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Quote
‘To place all the scattered pages of Earth history in their proper chronological order is by
no means an easy task’

(Arthur Holmes)
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Scale Next (GTSNext), the Earth Time Projects and the International Commission of Stratigraphy (ICS).

These programs and others have championed the compilation, standardization, enhancement, numerical age-dating, and
international public distribution of our progressive unraveling of Earth’s fascinating history.
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Preface

This study presents the science community and schools with
a new geologic timescale for circa four billion years of Earth
history. A chapter is also devoted to time scales for our moon
and neighboring planets. This book details many recent
advances in stratigraphy, the science of the layering of strata
and its content, in radiogenic and stable isotopes chronology,
and in age and duration calculations using orbital tuning
models. The new scale closely links radiometrically and
orbitally tuned age dates, and tries to provide comprehensive
error analysis on the ages of a majority of boundaries for the
geologic divisions of time. Much benefit is derived from the
steady increase in formal definition of stage boundaries such
that we have more stability in geologic unit definition than in
2004. This book thus presents Geologic Time Scale 2012
(GTS2012, as the successor of GTS2004).

It was in the year 2004 that two of us (FMG and JGO) with
a team of 39 (geo)scientists completed ‘A Geologic Time
Scale 2004’, quickly coined GTS2004, seven years after
Geologic Time Scale 1989 (GTS89) by Harland et al. saw the
light. GTS2004 originated from an original invitation by
Alan Smith of the five persons GTS89 team to undertake its
update, and publish it under the banner again of Cambridge
University Press. Our optimistic aim was to not only present
a standard international Geologic Time Scale with a compre-
hensive set of chapters on each Period of the Phanerozoic and
on Precambrian, but also provide a ‘teaching’ tool of key
disciplines that are the foundation of time scales.

As it turned out, GTS2004 and its rather hefty green book
were well received by the geoscience community. A great
many colourful time scales in laminated card-, page size-, and
wall chart formats also found its way to professional and
academic geoscientists, students, schools and geology
amateurs. Internet websites with the new scale, like http://
www.nhm2.uio.no/stratlex/ or https://engineering.purdue.
edu/Stratigraphy/ also are a great help to disseminate the
new GTS information in an efficient and essentially cost free
manner.

Besides being utilized as a scholarly and convenient
standard, GTS2004 also provided fruit and gave impetus to
a large body of new research in the fields of radiometrics,
chronostratigraphy, orbital tuning and other Earth science
specialties. One of the most rewarding aspects of science is
always to see results becoming the springboard for exciting
new developments, and unexpected new answers.

As a fruit of these intense developments we now proudly
present ‘The Geologic Time Scale 2012’. We say proudly,
because this even more hefty and full color GTS2012 tome,
builds on a tremendous amount of new information, much of
it generously assembled and contributed by a more than twice
as large team of specialists than the one that ‘stitched the
GTS2004 carpet’.

The fascination in creating a new geologic time scale is
that it evokes images of creating a beautiful carpet, using
many skilled hands. All stitches must conform to a pre-
determined pattern, in this case the pattern of physical,
chemical and biological events on Earth aligned along the
arrow of time. It is thus that this new scale is a tribute to the
truly close cooperation achieved by this new slate of
outstanding co-authors. We also consider the new time scale
a tribute to the scientific competence harbored and fostered
by the global geosciences community.

We are deeply grateful to all co-authors and contributors,
who, without reservation, accepted the challenge to be part of
this dedicated team, slowly (!) stitching and weaving this
carpet of time and its events that are Earth’s unique and
splendid history.

The Norwegian Arctic explorer, scientist and statesman
Fridtjof Nansen is quoted as once saying ‘The difficult is what
takes a little time, the impossible is what takes a little longer’.
To be frank, there were times when we encountered seem-
ingly impossible obstacles in what otherwise seemed to be
a fairly smooth, long distance sailing from one specialty
island to the next one, and staying in touch through a dense
network of emails. To say it simply: The challenge with the
construction of a detailed geologic time scale spanning
almost 4 billion years of Earth history is that it should not
have glaring gaps in time coverage.

During the gestation of GTS2012 it took ‘a little longer’
to cover some gaps that we were frankly told would be
impossible to bridge without (much) more field work, more
ocean floor coring, more laboratory research, and more
research money. An ‘impossible’ example is the fully
orbitally tuned Mesozoic and Cenozoic time scale. Our team
did not try to achieve this goal. Here we propose a fancy
hybrid, using an intricate construction of deterministic
orbital tuning plus cyclic rubber-banding of stages, direct
dating, stratigraphic reasoning and magnetostratigraphic
interpolation.
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Another, and unexpected impossibility turned out to be
the Upper Triassic gap in our time scale knowledge. A glaring
lack of age dates, tenuous correlations and competing but
startling different stage models, created a ‘quicksand’ of
information. Our solution surely is a temporary one, and we
consider our results to be a springboard to fill the ‘Triassic
gap’, that stretches for almost 30 million years.

Looking back at the eight years it took to complete
GTS2012, it is almost funny to consider that the book chapters
covering the oldest rocks and ‘some time before’, i.e.
Precambrian and Planetary were completed first, followed by
Late Proterozoic and Precambrian, whereas Mesozoic and
particularly Paleogene and Neogene book chapters were last.
We might consider that the younger record on Earth is more
complete, more easily accessible and more easily decipher-
able, but is also creates high-resolution data swamping.
Whatever the timing and delays in bringing some chapters to
market, we are grateful that all authors, without exception,
have strived to keep the chapters update and to the deadlines

initially posted us by Elsevier Publishing. To achieve clarity
and uniformity in scientific and artistic presentation, Gabi Ogg
drafted all of 300+ figures (as she accomplished also for
GTS2004 and GTS2008, including an up to date set of concise
figures with over sixty Global boundary Stratotype Sections
and Points (GSSPs). Christoper Scotese kindly provided
paleogeographic map reconstructions with the chapters.

We are pleased to acknowledge the excellent editorial
assistance of Julie Rousseau at the Geology Museum, Oslo.
Katy Morissey, with Elsevier, Boston, and Pauline Wilkinson,
with Elsevier, Oxford, who patiently awaited the fruits of our
labor, and we are obliged to them and Linda Versteeeg-
Buschman with Elsevier, Amsterdam, for their editorial
advice and assistance.

Felix M. Gradstein, James G. Ogg,
Mark D. Schmitz and Gabi M. Ogg

Oslo, Norway, W.Lafayette, IN, USA, and

Boise, ID, USA
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ORGANIZATIONS
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NDS82 Numerical Dating in Stratigraphy (Odin et al.,
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GTS82 A Geologic Time Scale (Harland et al., 1982)

DNAG83 Geologic Time Scale, Decade of North
American Geology (Palmer, 1983)

KG85 Kent and Gradstein (1985)

EX88 Exxon 1988 (Haq et al., 1988)

GTS89 A Geologic Time Scale 1989 (Harland et al.,
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OB93 Obradovich (1993)
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FAD First appearance datum

FCT Fish Canyon Tuff sanidine monitor standard (in Ar
eAr dating)

FOD First occurrence datum
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SL13 Sri Lanka 13 monitor zircon standard (in HReSIMS
dating)

TCs Taylor Creek Rhyolite sanidine monitor standard (in
AreAr dating)
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SYMBOLS

ka 103 years ago (kilo annum)

kyr 103 years duration

Ma 106 years ago (mega annum)
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F.M. Gradstein Chapter 1

Introduction

Abstract: The Geologic Time Scale is the framework for
deciphering and understanding the history of our planet. The
development of better methods and procedures for age dating
or cyclic tuning of sediments, and a refined relative scale with
more defined stages are stimulating the need for a compre-
hensive review of the Geologic Time Scale (GTS). The

construction of geologic time scales evolved as a result of
applying new ideas, new methods, and new data, now
resulting in GTS2012. Relative to GTS2004, dating, resolu-
tion and accuracy are improved, and its scope expanded as
detailed in this new time scale book with 32 chapters and 3
appendices.

Chapter Outline

1.1. A Geologic Time Scale 1

1.2. A Geologic Time Scale GTS2012 2

1.2.1. Recent Developments 2

1.2.2. Physical, Chemical and Paleontological Components

of GTS2012 4

1.2.3. Calibration Methods to Linear Time Used in GTS2012 4

1.3. How this Book is Arranged 13

1.4. Conventions and Standards 14

1.4.1. Universal Time 15

1.4.2. Ephemeris Time 15

1.5. Historical Overview of Geologic Time Scales 15

1.5.1. Arthur Holmes and Age-Thickness Interpolations 16

1.5.2. Past Phanerozoic Radiogenic Isotope Databases

and Time Scales 17

1.5.3. Paleozoic Scales 20

1.5.4. Mesozoic Scales 23

1.5.5. Cenozoic Scales 24

1.6. Stratigraphic Charts and Tables 26

References 27

1.1. A GEOLOGIC TIME SCALE

The Geologic Time Scale (GTS) is the framework for deci-
phering and understanding the long and complex history of our
planet, Earth, the third planet in the constellation around the
Sun, and the fifth largest in the solar system after Jupiter,
Saturn, Uranus and Neptune. As Arthur Holmes, the father of
the Geologic Time Scale, once wrote (Holmes, 1965, p. 148):
“To place all the scattered pages of earth history in their proper
chronological order is by no means an easy task”. Ordering
these scattered and torn pages, and understanding the physical,
chemical and biological processes that acted on them since
Earth appeared and solidified, requires a detailed and accurate
time scale. The time scale is the tool “par excellence” of the
geological trade, and insight into its construction, strengths,
and limitations greatly enhances its function and its utility. All
earth scientists should understand how the evolving time
scales are constructed and how their myriad of physical and
abstract data are calibrated rather than merely using the
numbers in them, plucked from a convenient wall chart or
laminated wallet card. This calibration to linear time of the
succession of events recorded in the rocks on Earth has three
components:

1. The international stratigraphic divisions and their corre-
lation in the global rock record,

2. The means of measuring linear time or elapsed durations
from the rock record, and

3. The methods of joining the two scales, the stratigraphic
one and the linear one.

For clarity and precision in international communication, the
rock record of Earth’s history is subdivided into a “chro-
nostratigraphic” scale of standardized global stratigraphic
units, such as “Devonian”, “Miocene”, “Zigzagiceras zigzag
ammonite zone”, or “polarity Chron C25r”. Unlike the
continuous ticking clock of the “chronometric” scale
(measured in years before the year AD 2000), the chro-
nostratigraphic scale is based on relative time units in which
global reference points at boundary stratotypes define the
limits of the main formalized units, such as “Permian”. The
chronostratigraphic scale is an agreed convention, whereas its
calibration to linear time is a matter for discovery or
estimation (Figure 1.1).

In contrast to the Phanerozoic that has an agreed upon
chronostratigraphic scale with formal stage boundary strato-
types, Precambrian stratigraphy is formally classified
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chronometrically, i.e. the base of each Precambrian eon, era,
and period is assigned a numerical age (Table 1.1). In Chapter
16, this GTS proposes a more realistic Precambrian time scale
using criteria derived from observable geological phenomena
in the rock record, including first continental red beds,
assembly of the first supercontinent, and appearance and
development of unicellular life in water.

The Moon, Earth’s only satellite, the Sun and the universe
surrounding the solar system play crucially important roles in

geology (think of tidal movements, global climatic change
and Milankovitch cyclicity, and meteorite impacts). Earth
GTS is a component of a much broader and longer scale, the
Astronomic Geologic Scale. Hence, this book for the first
time devotes an important chapter to geologic time scales for
our satellite Moon and our neighboring planets, Venus and
Mars. Geology and astronomy are interdependent. Milanko-
vitch cycles of Earth’s orbit govern our long-term climate,
and impacts of bolides have caused catastrophes and threaten
our continued existence on Earth.

A bias in chronostratigraphy is that the formal termi-
nology leans on the evolution of the animal kingdom, using
terms like Phanerozoic, Paleozoic, Mesozoic and Cenozoic.
In the 1970s P. Cloud advocated terms like Proterophytic and
Paleophytic, respectively, for his Periods III and IV in the
Precambrian. Instead, Paleoproterozoic, Mesoproterozoic and
Neoproterozoic have prevailed, based on a written suggestion
in 1988 by H. Hofmann to the Subcommission on Precam-
brian Stratigraphy. Far from proposing dual chronostrati-
graphic terminology with Protopaleophytic, Paleophytic,
Mesophytic, etc., Chapter 12 of this book focuses on the
implications of the evolving plant kingdom through time, as
a means of subdividing the rock record.

1.2. A GEOLOGIC TIME SCALE GTS2012

1.2.1. Recent Developments

During the last few years, there have been several major
developments that directly affect, and have considerable
impact on, the international geologic time scale.

A. Stratigraphic standardization through the work of the
International Commission on Stratigraphy (ICS) is
steadily refining the international chronostratigraphic
scale. Of the 100 stage or series units in the Phanerozoic
Eonothem, a majority now have ratified boundary defi-
nitions, compared to fewer than 45 in 2004, and just over

Chronostratigraphic
Scale

Stage
Norian

Carnian

Ladinian

Anisian

Chronometric
Scale

Ar/Ar

U/Pb

absolute
ages

astronomical
cycles

Geologic Time Scale
e.g.

GTS2012

Calibration

FIGURE 1.1 The construction of a geologic time scale is the merger of

a chronometric scale (measured in years) and a chronostratigraphic scale

(formalized definitions of geologic stages, biostratigraphic zonation units,

magnetic polarity zones, and other subdivisions of the rock record).

TABLE 1.1 Current Framework for Subdividing Earth Stratigraphy

Age in Ma Eon Era Definition of Base

To be discovered by
correlation from GSSPs and
dating. Base of Phanerozoic
dated at 541 Ma

Phanerozoic Cenozoic
Mesozoic
Paleozoic

Boundaries defined in rock
(chronostratigraphically) by GSSPs
(Global Boundary Stratotype Section
and Points)

Age of basal Proterozoic
defined as 2500 Ma

Proterozoic Neoproterozoic
Mesoproterozoic
Paleoproterozoic

Boundaries defined in time
(chronometrically) by arbitrary
assignment of numerical age.

Age of basal Archean not
defined

Archean Neoarchean
Mesoarchean
Paleoarchean
Eoarchean

Boundaries defined in time
(chronometrically) by arbitrary
assignment of numerical age
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30 in 2000. Details on the new and existing stage
boundary definitions are presented in Chapter 2.

B. In many cases, traditional European-based geological
stages have been replaced with new subdivisions that
allow global correlation. The Cryogenian and Ediacaran
Periods are “filling up” with stratigraphic information
and the latter is now a ratified period. New stages have
been introduced in Cambrian and Ordovician that allow
global correlations, in contrast to British, American,
Chinese, Russian or Australian regional stages. Long
ratified stage definitions in Silurian and Devonian are
undergoing long overdue revision to better reflect the
actually observed fossil and rock record. The Jurassic, for
a long time the only period in the Phanerozoic without
a formal definition for base and top, now has a formal
base in the Kuhjoch section in Austria. Only base
Cretaceous is still undefined, although realistic and
practical solutions exist (see Chapter 27). Curiously, the
largest stratigraphic knowledge gap pertains to Callovian
through Albian where no global stratotype section and
point (GSSPs) have yet been defined.

All Paleocene (Danian, Selandian, Thanetian), two
Eocene (Ypresian, Lutetian) and one Oligocene (Rupelian)
stage are now defined in the Cenozoic, and all but two
Neogene stages (Langhian and Burdigalian) have been
defined and ratified. The Pleistocene is formally divided
into three units, and Holocene has a new and formal defi-
nition. Quaternary, after 150 years of confusion, now has
a formal definition also, although it remains to be seen how
practical that definition is for the marine geosciences. The
latter defines and places the Gelasian Stage in the Neogene
(see Chapter 29).WhenQuaternarywas redefined, Tertiary
was not considered e which is a bad mistake, since the
latter is widely used, particularly in applied geosciences,
and by amateur geologists and in schools.

C. New or enhanced methods of extracting linear time from
the rock record have enabled age assignments with
a precision of 0.1% or better, leading to improved age
assignments of key geologic stage boundaries, and intra-
stage levels. A good protocol now exists to assign
uncertainty to age dates (see Chapter 6), and intercali-
brate the two principal radiogenic isotope techniques
using potassium-argon and uranium-lead isotopes.
Improved analytical procedures for obtaining uranium-
lead ages from single zircons have shifted published ages
for some stratigraphic levels to older ages by more than
1 myr (for example at the Permian/Triassic boundary).
Similarly, an astronomically assigned age for the neutron
irradiation monitor for the 40Ar-39Ar dating method
makes earlier reported ages older by 0.64%. Also, the
rhenium-osmium (187Re-187Os) shale geochronometer
has a role to play for organic-rich strata where there is
limited or no potential for ash bed dating with the

uranium-led isotopes. For example, Selby (2007)
obtained an age of 154.1� 2.2 Ma on the base
Kimmeridgian in the Flodigarry section on Isle of Skye,
NW Scotland. Details on the improved radiogenic isotope
methods are given in Chapter 6.

D. A welcome practice is that, instead of micro-and macro-
fossil events, global geochemical excursions are also
becoming defining criteria for chronostratigraphic bound-
aries, like the Corg positive anomaly at the Paleocene/
Eocene boundary. Carbon isotope excursions are close
proxies for base Cambrian, base Triassic and base Jurassic.
The famous iridium anomaly is at the Cretaceous/Paleo-
gene boundary. More GSSPs should use global geochem-
ical events.

E. Milankovitch-type orbital climate cyclicity has tuned the
Neogene geologic time scale (see Chapter 29), and for the
first time the classical seafloor spreading and magneto-
chron method to construct the Paleogene time scale has
been closely matched with the orbitally tuned scale (see
Chapter 28). Hence, magneto- and biochronology are
refined and stage boundary ages strengthened. Parts of
Jurassic and Cretaceous also benefit from sedimentary
cycle scaling, providing detailed estimates of stage
durations, e.g., for Lower and Upper Jurassic and mid-
Cretaceous stages.

F. As outlined in Chapters 3 and 20 through 23, improved
scaling of stages is feasible with composite standard
techniques on fossil zones as a means of estimating
relative zone durations. Although radiometric ages can be
more precise than zonal or fossil event assignments, the
uneven spacing and fluctuating accuracy and precision of
both radiometric ages and zonal composite scales demand
special statistical and mathematical techniques to calcu-
late the geologic time scale. This is outlined in Chapter
14, and in Chapters 20 through 28.

G. The assignment of error bars to ages of stage boundaries,
first advocated by Gradstein et al. (1994), attempts to
combine the most up-to-date estimate of uncertainty in
radiogenic isotope dating and in stratigraphic scaling into
one number. Although stratigraphic reasoning has a role
to play in arriving at uncertainties, the geosciences are no
less rigorous than physics and chemistry when it comes to
assigning realistic error bars to its vital numbers. The
statistical methods employed to construct GTS2012 are
outlined in Chapter 14.

Continual improvements in data coverage, methodology and
the standardization of chronostratigraphic units imply that no
geologic time scale can be final. The newGeologic Time Scale
2012 provides detailed insight into the most up-to-date
geologic time scale, and is the successor to Geologic Time
Scale 2004 (GTS2004 by Gradstein et al., 2004), and
GTS1989 (Harland et al., 1990). Despite detailed and wide-
spread documentation of new time scales, it is no surprise, as

3Chapter | 1 Introduction



Ruban (2011) points out, that subjective deviations from the
standard time scale in geology text books are not uncommon.
Authors may prefer different geologic time scales because of
deficiencies in distribution of standards among the interna-
tional geological community, changes in the standards them-
selves, or problems with applying standard stratigraphy to
regional geology. This leads to the obvious point that author-
itative communication of updates to the standard time scale
must be at a deliberate and slow pace to be effective. Minor,
quick updates need to be avoided. Having a new and formal
definition for a stage does notmean that the standard time scale
should be updated. Firstly, redefinition of stages and correla-
tions take many years to take effect in the scientific domain,
and secondly acceptance of a new age without updating
existing correlation schemes leads to correlation errors.
Particularly in the mineral and petroleum industries, the
introduction of a new time scale demands extensive invest-
ments in internal standardization and communication, and is
not a trivial undertaking. The only thing that is gained by the
publication and introduction of minimal geologic time scale
changes is resentment in the user, not eager to recalibrate data
for “minor” reasons.

The new Geologic Time Scale (GTS2012) Project, which
commenced in 2004, has involved over 65 geoscientists and
other specialists. The project includes contributions by past
and present chairs and other officers of different subcom-
missions of the ICS, geochemists and physicists working with
radiogenic and stable isotopes, stratigraphers using diverse
tools from traditional animal and plant fossils to sequence
stratigraphy to astronomical cycles to database programming,
and geomathematicians. GTS2012 is the first Geoscience
Time Scale handbook that is also presented digitally, and
made available via the internet by its publisher.

1.2.2. Physical, Chemical and
Paleontological Components of GTS2012

GTS2012 started by compiling scales of selected components
of Earth history including:

1. Formal international subdivisions of the Neoproterozoic
and Phanerozoic “rock-time” scale as ratified, or under
review for definition and ratification by the ICS. The
review of these 100þ subdivisions in Chapters 17 through
32 shows the considerable progress in the last decade
toward the goal of a full international standard for chro-
nostratigraphy, the backbone of the linear time scale.

2. A proposal to subdivide Precambrian time into eons, eras
and periods that reflect natural stages in planetary evolu-
tion rather than a subdivision in arbitrary numerical ages
(see Chapters 15 through 18).

3. Major biostratigraphic zonations and datums for each
geologic period in the latest Precambrian and the Phan-
erozoic. Next, composite biozonations, derived from the

constrained optimization and other scaling methods, were
assembled for several Paleozoic periods to compute
a relative scale for its zones and stages (Chapters 20e23).

4. Magnetic reversal patterns throughout the Phanerozoic
(Chapter 5), a key method in geologic correlation.

5. Major geochemical trends of strontium, carbon and
oxygen isotopes in seawater, furnishing insight into stage
duration and geologic correlation (Chapters 7e11).

6. Other significant events (ice ages, organic carbon peaks,
large igneous provinces, impacts, etc.) which are impor-
tant for global correlation.

7. High-resolution cyclic climatic and oceanographic
changes, that are physically and chemically recorded in
the sedimentary record (the ‘Milankovitch’ cyclicity),
astronomically tune the cycles in linear time (Chapters 4,
23, and 26e30).

This massive array of information was melded together to
produce a framework for Earth geologic history scaled to
linear time, using both quantitative and semi-quantitative
estimation and interpolation methods. The set of chro-
nostratigraphic units (stages, eras) and their computed ages
that constitute the main framework for GTS2012 is shown in
Figure 1.2, with detailed descriptions and stratigraphic
scales in appropriate chapters. The Neogene and Oligocene
portion is calibrated by astronomical cycles to within an
orbital-precession oscillation (~20 kyr). Parts of Paleogene,
Cretaceous, Jurassic and Triassic are also scaled using
Milankovitch cycle durations, with the 405-kyr eccentricity
oscillation being a stable tuner.

1.2.3. Calibration Methods to Linear Time
Used in GTS2012

GTS2012 time scale construction can be summarized in
4 steps:

Step 1. Construct an updated global chronostratigraphic
scale for the Earth’s rock record.
Step 2. Identify key linear-age calibration levels for the
chronostratigraphic scale using radiogenic isotope age
dates, and/or apply astronomical tuning to cyclic sedi-
ment, or scale and interpolate (near) linear segments of
stable isotope sequences.
Step 3. Interpolate the combined chronostratigraphic and
chronometric scale, for example with a cubic spline,
where direct information in specific stratigraphic intervals
is wanting.
Step 4. Calculate or estimate error bars on the combined
chronostratigraphic and chronometric information to
obtain a geologic time scale with estimates of uncertainty
on boundary ages and on unit durations.

The first step, integrating multiple types of stratigraphic
information in order to construct the chronostratigraphic
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FIGURE 1.2 The new Geologic Time Scale.
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scale, is the most time-consuming; it summarizes and
synthesizes centuries of detailed geological research, while
reconciling it with the most up-to-date information. The
second step, identifying which radiogenic isotope and cyclo-
stratigraphic studies would be used as the primary constraints
for assigning linear ages, is the one that has evolved most
rapidly since the last decade. Historically, time scale building
went from an exercise with very few, relatively inaccurate
radiogenic isotope dates, as used by Holmes (1947, 1960), to
one with many dates with greatly varying analytical precision
(like GTS1989).

The new philosophy, started in GTS2004 and expanded in
this study, is to select stratigraphically meaningful radiogenic
isotope dates with high analytical precision. More than 260
radiogenic isotope dates were thus selected for their reli-
ability and stratigraphic importance to calibrate the geologic
record in linear time. All age dates are detailed in Appendix 2
of this book.

In addition to selecting radiogenic isotope ages based
upon their stratigraphic control and analytical precision, we
also applied the following criteria or corrections (Chapter 6):

1. Stratigraphically constrained radiogenic isotope ages with
the U-Pb method on zircons were accepted from the
isotope dilution mass spectrometry (TIMS) method, but
not from the high-resolution ion microprobe (HR-SIMS,
also known as “SHRIMP”) that uses the Sri Lanka (SL)13
or other standards. Because of a dearth of data, an
exception was made for a few selected ion microprobe
ages in Devonian, although their large uncertainty limits
their usefulness.

2. 40Ar-39Ar radiogenic isotope ages were re-computed to be
in accord with the revised ages for laboratory monitor
standards: 527.0� 2.6 Ma for MMhb-1 (Montana horn-
blende), 28.51� 0.06 Ma for TCR (Taylor Creek sani-
dine), and 28.201� 0.046 Ma for FCT (Fish Canyon
sanidine). Systematic (“external”) errors and uncertainties
in decay constants are partially incorporated (see Chapter
6). As in GTS2004, no glauconite dates are used.

3. Uncertainty estimates for radiogenic isotopic dates now
take into account (a) if ages are based on multiple, over-
lapping, concordant U-Pb fractions, (b) if they show
increasing evidence of non-reproducibility and discor-
dance, and finally (c) those brought about by methodolog-
ical limitations. Although not as precise as U-Pb dates, the
accurate use of 40Ar-39Ar dates where no usable U-Pb dates
exist is now feasible with much more precise knowledge of
the apparent monitor age and 40K decay constant.

The bases of Paleozoic, Mesozoic and Cenozoic are bracketed
by analytically precise ages at their GSSP or primary corre-
lation markers, respectively 541� 0.63Ma, 252.16� 0.5 Ma,
and 66.04� 0.05 Ma, and there also are direct age dates on
base-Carboniferous, base-Permian, base-Jurassic, base-Cen-
omanian, and base-Eocene; but most other period or stage

boundaries prior to the Neogene lack direct age control. No
dates were available to GTS2012 for Barremian, Bathonian,
Norian, Kungurian through Wordian, Givetian, Pragian, Pri-
doli, Gorstian, Aeronian, Floian and large parts of Cambrian.
The Callovian through Hauterivian and Upper Triassic are
particularly low in stratigraphically meaningful radiometric
dates. Therefore, the third step, linear interpolation, still plays
a key role for most of GTS2012, as it did in GTS2004. This
detailed and high-resolution interpolation process incorpo-
rates several techniques, depending upon the available infor-
mation (Figure 1.3):

1. A composite standard of graptolite zones spanning the
uppermost Cambrian, Ordovician and Silurian interval
was derived from hundreds of sections in oceanic and
slope environment basins using the Constrained Optimi-
zation (CONOP) method (see Chapters 3, 20 and 21).
With average zone thickness from many sections taken to
be directly proportional to zone duration, the detailed
composite sequence was scaled using high-precision
zircon and sanidine age dates.

2. High-precision ID-TIMS U-Pb zircon ages of a great
many interstratified tuffs and tonsteins were used to cali-
brate the detailed litho-, cyclo- and biostratigraphic
framework of Carboniferous basins of Eastern Europe.
Age resolution of < 0.05%, or c. 100 kyr was obtained for
these Carboniferous volcanics. This precision allows the
resolution of time in the Milankovitch frequency band,
and confirms the long-standing hypothesis that individual
high-frequency Pennsylvanian cyclothems and bundles of
cyclothems into fourth order sequences are the eustatic
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FIGURE 1.3 Methods used to construct Geologic Time Scale GTS2012

integrate different techniques depending on the quality of data available

within different intervals.
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response to orbital eccentricity (c. 100 and 400 kyr)
forcing. Combining the new datings with orbital tuning of
fourth order sequences in the basins scales Carboniferous
stages with a new level of precision.

3. Only three Cretaceous stages have ratified GSSPs, but
reasonable stable consensus definitions exist for the other
nine (Chapter 27). The age model for the Berriasian
through Barremian ammonite zones is mainly derived
from correlations to the M-sequence of marine magnetic
anomalies plus intervals with Cyclostratigraphy and/or
linearization of strontium-isotope trends. The new datings
virtually agree with those derived using seafloor spreading
interpolation in GTS2004. The AptianeAlbian ammonite
zones are scaled according to their correlation to micro-
fossil and nannofossil datums, which, in turn, are scaled
by Cyclostratigraphy. Base Cenomanian has a direct age
date, obtained using the Japanese sediment record. A
spline-fit of numerous radio-isotopic dates from volcanic
ash horizons interbedded with Western Interior ammo-
nites with adjustments for Cyclostratigraphy of some
intervals provides a high-resolution numerical scale for
the Cenomanian through early Maastrichtian. The late
Maastrichtian correlations rely on microfossil datums
calibrated to a spline- and cycle-fit of C-sequence marine
magnetic anomalies.

4. Astronomical tuning of cyclic sediments was used for
Neogene, Oligocene, Paleocene and most of Eocene,
portions of the Cretaceous, Jurassic and Triassic. The
Oligocene through Neogene astronomical scale is directly
tied to the Present; the older astronomical scale provides
linear-duration constraints on polarity chrons, biostrati-
graphic zones and entire stages.

5. Proportional scaling was undertaken relative to compo-
nent biozones or subzones. This procedure was necessary
in portions of the Triassic and Jurassic. Devonian stages
were scaled from approximate equal duration of a set of
high-resolution subzones of ammonoids and conodonts
and tentative estimates of sedimentary cycles’ duration,
fitted to an array of dates.

The actual geomathematics employed for data sets in
OrdovicianeSilurian, Devonian, CarboniferousePermian,
part of JurassiceCretaceous and part of Eocene involved
cubic spline curve fitting to relate the observed ages to their
stratigraphic position. During this process the ages were
weighted according to their variances based on the lengths of
their error bars. A chi-square test was used for identifying and
reducing the weights of relatively few outliers with error bars
that are much narrower than could be expected on the basis of
most ages in the data set.

Stratigraphic uncertainty was incorporated in the weights
assigned to the observed ages during the spline-curve fitting.
In GTS2004, error bars were estimated using an MLFR
regression of the rectified spline. GTS2012 uses a more direct

approach by picking datings, spline fittings and interpolating
repeatedly to estimate how much a stage boundary age would
have varied. This is simulated by a Monte Carlo procedure,
picking random stratigraphic positions and dates with distri-
butions as given (normal or rectangular) and then running the
spline fitting anew with cross-validation. This is repeated say
10 000 times, producing a histogram of interpolated values
from which a 95% confidence interval can be derived.

The uncertainties on older stage boundaries systematically
increase, owing to potential systematic errors in the different
radiogenic isotope methods, rather than to the analytical
precision of the laboratory measurements (Figure 1.4). In
this connection, we mention that biostratigraphic error is
fossil event and fossil zone dependent, rather than age
dependent.

Ages and durations of Neogene stages derived from
orbital tuning are considered to be accurate to within
a precession cycle (~20 kyr) assuming that all cycles are
correctly identified, and that the theoretical astronomical
tuning for progressively older deposits is precise (Chapter 4).
Paleogene dating combines tuning, radiometrics and
C-sequence splining; hence, stage ages uncertainty is larger
and varies between 0.2 and 0.5 myr.

Table 1.2 lists the modified ages of stage boundaries in
GTS2012 relative to “A Geologic Time 2004” (GTS2004).
No ages shown for stages in the GTS2004 column means
there is no change in age in GTS2012, with ‘NA’ in
the Cambrian reflecting absence of those stages when
GTS2004 was conceived. Fifteen Phanerozoic stages have
been formally defined since 2004, about half with new
definitions. A majority of age changes in GTS2012 involve
a combination of improved radiometric methodology, higher
resolution interpolation methods, and better correlations
between key sections. Stages or series that changed by 2 myr
or more in GTS2012 are shown in red, with Bashkirian,
Artinskian, Carnian, Norian and Rhaetian showing the
largest numerical age differences. The latter three stages
also were problematic in GTS2004, due to lack of age dates
and uncertainty in correlations. Interestingly, Silurian stages
all become (much) older and Ordovician stages younger than
in GTS2004. Where the 95% uncertainty estimate of
a GTS2012 stage age exceeds the actual numerical age
change, this is also marked in red.

Figure 1.5 shows the actual number of dates per group of
stages and the contribution of U-Pb, Ar-Ar and other dating
techniques. A deficiency of age dates in Triassic and part of
Paleozoic increases the uncertainty in chronology. The fact
that very few Phanerozoic stage boundaries have direct dates
means that interpolation techniques are a vital part of time
scale construction.

A majority of radiogenic isotope age dates in GTS2004
was not available to GTS1989, as shown in Figure 1.6, and for
GTS2012 many new dates became available in 2011. Good
age dates are virtually all post 1990; many have a precision of
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FIGURE 1.4 Uncertainties (95% confidence) on radio-isotopic dates and interpolated numerical ages of stage boundaries. These uncertainties incorporate systematic errors in radio-isotopic

methods, but not biostratigraphic uncertainties on their calibrations (which may add an additional 1 myr or more in some cases). The uncertainties in scaling of stage boundaries incorporate other factors,

such as orbital tuning and seafloor spreading models (e.g., Cenozoic through Middle Jurassic) that may reduce uncertainties derived only from radio-isotopic dates. For example, orbital tuning relative to

the Present yields negligible uncertainties in the estimates of Neogene stage boundaries. Uncertainties indicated for some stage boundaries only apply to the working definitions in GTS2012. See also

Table 1.2.
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TABLE 1.2 Modified Ages of Stage Boundaries in this Book Relative to ‘A Geologic Time 2004’ (GTS2004)

Age/Stage GTS2004 GTS2012 Change in Myr
GTS2012 Uncertainty

in Myr (95%)

Quaternary TOP 0 0 (BP2000)

Holocene 0.0115 0.0118 0.0003 e

Tarantian 0.126 e

Ionian 0.781 e

Calabrian e 1.806 e e

Gelasian e 2.588 e e

Neogene Piacenzian 3.600 e e

Zanclean 5.333 e e

Messinian 7.246 e e

Tortonian 11.61 11.63 0.002 e

Serravallian 13.65 13.82 0.17 e

Langhian 15.97 0 e

Burdigalian 20.44 0 e

Aquitanian 23.03 0 e

Paleogene Chattian 28.4 28.1 �0.3 e

Rupelian 33.9 0 e

Priabonian 37.2 37.8 0.6 0.5

Bartonian 40.4 41.2 0.8 0.5

Lutetian 48.6 47.8 �0.8 0.3

Ypresian 55.8 56.0 0.2 e

Thanetian 58.7 59.2 0.5 e

Selandian 61.7 61.6 �0.1 e

Danian 65.5 66.0 0.5 0.5

Cretaceous Maastrichtian 70.6 72.1 1.5 0.2

Campanian 83.5 83.6 0.1 0.2

Santonian 85.8 86.3 0.5 0.5

Coniacian 89.3 89.8 0.5 0.3

Turonian 93.5 93.9 0.4 0.2

Cenomanian 99.6 100.5 0.9 0.4

Albian 112 113.0 1 0.4

Aptian 125 126.3 1.3 0.4

Barremian 130 130.8 0.8 0.5

Hauterivian 136.4 133.9 �2.5 0.6

Valanginian 140.2 139.4 �0.8 0.7

Berriasian 145.5 145.0 �0.5 0.8

(Continued )
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TABLE 1.2 Modified Ages of Stage Boundaries in this Book Relative to ‘A Geologic Time 2004’ (GTS2004)dcont’d

Age/Stage GTS2004 GTS2012 Change in Myr
GTS2012 Uncertainty

in Myr (95%)

Jurassic Tithonian 150.8 152.1 1.3 0.9

Kimmeridgian 155.7 157.3 1.6 1.0

Oxfordian 161.2 163.5 2.3 1.1

Callovian 164.7 166.1 1.4 1.2

Bathonian 167.7 168.3 0.6 1.3

Bajocian 171.6 170.3 �1.3 1.4

Aalenian 175.6 174.1 �1.5 1.0

Toarcian 183 182.7 �0.3 0.7

Pliensbachian 189.6 190.8 1.2 1.0

Sinemurian 196.5 199.3 2.8 0.3

Hettangian 199.6 201.3 1.7 0.2

Triassic Rhaetian 203.6 209.5 5.9 ~1

Norian 216.5 228.4 11.9 ~2

Carnian 228 237.0 9 ~1

Ladinian 237 241.5 4.5 ~1.0

Anisian 245 247.1 2.1 ~0.2

Olenekian 249.7 250.0 0.3 0.5

Induan 251 252.2 1.2 0.5

Permian Changhsingian 253.8 254.2 0.4 0.3

Wuchiapingian 260.4 259.8 �0.6 0.3

Capitanian 265.8 265.1 �0.7 0.4

Wordian 268 268.8 0.8 0.5

Roadian 270.6 272.3 1.7 0.5

Kungurian 275.6 279.3 3.7 0.6

Artinskian 284.4 290.1 5.7 0.2

Sakmarian 294.6 295.5 0.9 0.4

Asselian 299 298.9 �0.1 0.2

Carboniferous Gzhelian 303.9 303.7 �0.2 0.1

Kasimovian 306.5 307.0 0.5 0.2

Moscovian 311.7 315.2 3.5 0.2

Bashkirian 318.1 323.2 5.1 0.4

Serpukhovian 326.4 330.9 4.5 0.4

Visean 345.3 346.7 1.4 0.4

Tournaisian 359.2 358.9 �0.3 0.4
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TABLE 1.2 Modified Ages of Stage Boundaries in this Book Relative to ‘A Geologic Time 2004’ (GTS2004)dcont’d

Age/Stage GTS2004 GTS2012 Change in Myr
GTS2012 Uncertainty

in Myr (95%)

Devonian Famennian 374.5 372.2 �2.3 1.6

Frasnian 385.3 382.7 �2.6 1.0

Givetian 391.8 387.7 �4.1 0.8

Eifelian 397.5 393.3 �4.2 1.2

Emsian 407 407.6 0.6 2.6

Pragian 411.2 410.8 �0.4 2.8

Lochkovian 416 419.2 3.2 3.2

Silurian Pridoli 418.7 423.0 4.3 2.3

Ludfordian 421.3 425.6 4.3 0.9

Gorstian 422.9 427.4 4.5 0.5

Homerian 426.2 430.5 4.3 0.7

Sheinwoodian 428.2 433.4 5.2 0.8

Telychian 436 438.5 2.5 1.1

Aeronian 439 440.8 1.8 1.2

Rhuddanian 443.7 443.8 0.1 1.5

Ordovician Hirnantian 445.6 445.2 �0.4 1.4

Katian 455.8 453.0 �2.8 0.7

Sandbian 460.9 458.4 �2.5 0.9

Darriwilian 468.1 467.3 �0.4 1.1

Dapingian 471.8 470.0 �1.8 1.4

Floian 478.6 477.7 �0.9 1.4

Tremadocian 488.3 485.4 �2.9 1.9

Cambrian Age 10 NA 489.5 ~2.0

Jiangshanian NA 494 ~2.0

Paibian 501 497 4 ~2.0

Guzhangian NA 500.5 ~2.0

Drumian NA 504.5 ~2.0

Age 5 ’513’ 509 ~ 4 1.0

Age 4 NA 514 ~2.0

Age 3 NA 521 ~2.0

Age 2 NA 529 ~2.0

Fortunian 542 541 �1 1.0

Ediacaran Series 1 635

No ages shown for stages in the GTS2004 column means there is no change in age in GTS2012. In the Cambrian a majority of stage subdivisions was not available
in 2004. Eighteen stages have been formally defined since 2004, about half with updated definitions. A majority of age changes involves a combination of
improved radiometric methodology and higher stratigraphic resolution. Interestingly, Silurian stages all become (much) older and Ordovician stages younger.
Stages or series that changed boundary age by 2 myr or more in GTS2012 are shown in red, with Bashkirian, Artinskian, Carnian, Norian and Rhaetian changing
numerically most in age. Where the 95% uncertainty estimate of a GTS2012 stage age exceeeds the actual numerical age change, such is marked in red also.
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0.5% or better, although external errors are calculated more
conservatively in GTS2012. The first years of the new
millennium were not particularly productive in publishing
new age dates for chronostratigraphy, but the trend to higher
laboratory precision is clear and most welcome, clearly
challenging conventional biostratigraphy in potential resolu-
tion at specific strata levels.

1.3. HOW THIS BOOK IS ARRANGED

The foundation of the geologic time scale is the standardized
system of international stratigraphic units. In Chapter 2 the
construction of this international standard, the definition of
stage boundaries and the origin of the main divisions of eons
and eras are outlined.

Part II of the book contains 12 chapters detailing bio-
chronology, cyclostratigraphy and astrochronology, the
geomagnetic polarity time scale, radiogenic isotope geochro-
nology, strontium, osmium, sulfur, oxygen, and carbon isotope
stratigraphy, a brief history of plants, sequence stratigraphy
and sea-level change, and statistical procedures.

Biostratigraphy, or the use of fossils in the rock record for
zonal and event correlations and assignment of relative ages,
has merged with mathematical and statistical methods to
enable scaled composites of global succession of events.
Chapter 3 on biochronology summarizes these quantitative
methods, which were also used to construct the primary
standard for most of the Paleozoic time scale (from about 500
to 250 Ma). Biochronology is addressed from a philosophical-
historical and an applied point of view.

Periodic multi-thousand-year oscillations in the Earth’s
orbit and tilt relative to the Sun produce cyclic environmental
changes that are recorded in sediments. Chapter 4 summa-
rizes how these astronomical signals can be extracted from
the cyclic sediments, and used to construct a very high-
resolution time scale that can be tied to the present orbital
condition (linear time), or to measure actual elapsed time.
Cyclostratigraphy has calibrated the time scales for the
Neogene and Oligocene (i.e. for the past 34 million years),
and for portions of the Paleogene and Mesozoic.

Reversals of the Earth’s geomagnetic field are recorded by
sediments, by volcanic rocks, and by oceanic crust. Chapter 5
explains how the oceanic magnetic anomalies are calibrated
with ocean spreadingmodels to produce a powerful correlation
tool for sediments deposited during the past 160 million years.
These calibrated C-sequence and M-sequence polarity time
scales enable the assignment of ages to stage boundaries, and
to biostratigraphic and other stratigraphic events throughmuch
of that interval. Starting almost 50 years ago, geographic
distance calibrated marine magnetic anomaly profiles have
frequently been used to calculate geologic time scales; this
method is now being selectively replaced by orbital tuning.

Chapter 6 on radiogenic isotopes summarizes the evolving
techniques used to acquire high-precision ages from the rock

record. Its focus is on modern methods of generating age
dates suitable for calibrating the geologic time scale.
However, high precision does not always imply accuracy,
and this chapter explains some of the pitfalls introduced
by geological distortions or local laboratory standards.
Increasing laboratory accuracy also makes it more important
to consider uncertainty between methods. It is only through
knowledge of these external errors that ages from different
methods can be merged. The carbon 14C-12C dating method is
briefly dealt with in Chapter 30 on Quaternary.

In contrast with GTS2004, this new time scale book has
not one but five chapters dealing with stable isotopes stra-
tigraphy and geochronology. Stable isotopes of strontium
reveal a wealth of information about past environmental
conditions and geochemical cycling. Chapter 7 explains the
use of trends in the strontium isotope ratios of past seawater
for global correlation and for relative scaling of stratigraphic
events, and presents these trends for the past 600 million
years. Chapters 8, 9, 10 and 11 are new, and respectively
discuss osmium, sulfur, oxygen and carbon isotope stratig-
raphy, with focus on chronostratigraphy and geochronology,
with less emphasis on paleoceanography, where the methods
also have major applications.

The important chapter on “ABriefHistory of Plants” is also
new in GTS2012. The origin of plants on Earth dates back to
the Archean and coincides with the development of an
oxygenated atmosphere. Early plant life was restricted to the
oceans and included various forms of unicellular and multi-
cellular marine algae. The end of the Ordovician saw the first
emergence of a terrestrial flora. The cooler, moister climates in
certain regions of the Earth, together with the availability of
large, stable coastal environments and the formation of soils
allowed the migration of plants from the water to the land.
Chapter 12 gives a concise overview of the geologic history
of plants.

Sequence stratigraphy is a methodology that provides
a framework for sediments and their bounding surfaces in any
depositional setting, facilitating paleogeographic reconstruc-
tions and the prediction of facies and lithologies away from
control points. The sequence stratigraphic framework ties the
display of changes in stratal stacking patterns that occurs in
response to varying accommodation and sediment supply
through time (Catuneanu et al., 2011). Books have been filled
with this petroleum exploration-driven subject, of which most
are case history-type accounts that are kept to a minimum in
this text. In Chapter 13, the focus is sequence stratigraphy as
a tool, and a means to better understand strata in a four
dimensional framework. Although eustatic sea-level changes
are synchronous over the globe, their effect may be different
from basin to basin, depending on rates of relative movement
(change in accommodation space) and rates of sedimentation
and/or erosion (change in amount of rock fill). For example,
a rapid sea-level fall in an even more rapidly subsiding basin
leads to onlap instead of offlap, hence eustacy is best analyzed
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and described in regions which can be presumed to be
tectonically stable. Also, relating stage boundaries to third
order sequence boundaries can only be achieved in
conformable settings, not in disconformable settings with
otherwise well-defined sequences. Our fore-fathers, like
d’Orbigny, defined formations and stages in basin margin
settings riddled with hiatuses, but at that time focus was more
on the typical body of rock and its fossil content than the
boundaries and their correlative, high-resolution events.
However, predictive sequence-chronostratigraphy is no
substitute for chronostratigraphy using biozones or cyclic
tuning. Sequence boundaries are not necessarily chro-
nostratigraphic boundaries, and the hierarchy and magnitude
of many sequence stratigraphic changes are not known well
enough to become reliable, high-resolution predictive tools in
(subsurface) basins. At the time of writing, no academic
manual was in place that systematically listed sequences and
sequence boundaries in a stratigraphic database with type
sections and type events. Since more geologic data are being
presented in the literature linking orbitally induced climate
changes to sea-level changes and cycles to sequences,
GTS2012 wants to help portray that fundamental link.

Assembling the array of radiogenic isotope, biostrati-
graphic, cycles, geomagnetic, and other data into a unified
geologic time scale, and extrapolating the ages and uncer-
tainties to stratigraphic boundaries is the important topic of
Chapter 14, on statistical procedures. This chapter details the
theory and history of mathematics and statistics in time scale
building, and presents the numerical methods involved in the
calculation and construction of GTS2012. Whereas in
GTS2004 much of the text on time scale calculation for each
period was placed in this chapter, in GTS2012 we have opted
for moving period-relevant mathematical-statistical treatment
into each individual period chapter as much as possible. This
makes it easier for period specialists to keep track of all
relevant information, without tiresome cross-referencing.

Chapters 15 through 18 concern the Planetary Scale,
Precambrian (Archean and Proterozoic Eons), Cryogenian
Period and Ediacaran Period. These important topics have not
been previously covered in-depth by other GTS editions. The
Precambrian encompasses the 4 billion years from the
formation of the Earth to the evolution of multicellular life. In
addition to summarizing major geologic and geochemical
trends, the chapter on the Precambrian highlights the philo-
sophical difference in establishing chronostratigraphic
subdivisions based solely on linear age versus identifying
significant global events.

The Phanerozoic Eon (the past 541 million years of Earth’s
history) is subdivided into 12 periods from Cambrian through
Quaternary. Each of the unit chapters has three principal parts:

(1) an explanation of the formal subdivision into stages using
global boundary stratotypes associated with primary and
secondary correlation markers,

(2) a summary of the biostratigraphy, cyclostratigraphy,
geomagnetic stratigraphy and geochemical stratigraphy
features that are applied to construct high-resolution
relative time scales, and

(3) the methods of calibration to a linear time framework and
the actual time scale.

Each period chapter includes a detailed graphic presentation
of its integrated geologic time scale; these figures were drawn
by Gabi Ogg using a uniform scale as much as possible in all
chapters, to allow visual comparison of trends and rates.

The chapters on the Prehistoric scale and the
Anthropocene e Chapters 31 and 32 e are new to this book.
They present a vista on a vast and fascinating landscape of
historic geology not covered in GTS2004, linking geology to
humanoid biology, archeology and culture. The Archeo-
logical Scale summarizes the history of the late Pleistocene
and Holocene from the perspective of cultural and climatic
evolution. Dynamics and details in this youngest scale would
fill a great many books, but they are summarized here to
provide continuity from deep time to the time period we live
in. The Anthropocene (Chapter 32) is receiving increased
attention, in part due to the impact that mankind, and
particularly its industrial revolution, has on Earth’s global
environment and habitat. Extinction of life forms also appears
to be on the increase. Although not a formal epoch, it has
good potential for a GSSP or GSSA, and for detailed mapping
of its content.

1.4. CONVENTIONS AND STANDARDS

Ages are given in years before “Present” (BP). To avoid
a constantly changing datum, “Present” was fixed as AD 1950
(as in 14C determinations), the date of the beginning of
modern isotope dating research in laboratories around the
world. For most geologists, this offset of official “Present”
from “today” is not important. However, for archeologists and
researchers into events during the Holocene (the past 11 500
years), the offset between the “BP” convention from radio-
genic isotope laboratories and actual total elapsed calendar
years becomes significant. The offset between the current
year and “Present” has led many Holocene specialists to use
a “BP2000”, which calculates time relative to the year
AD 2000. This practice is also used in GTS2012.

For clarity, the linear age in years is abbreviated as “a”
(for annum), and ages are measured in ka, Ma or Ga for
thousands, millions, or billions of years before present.
Elapsed time or duration is abbreviated as “yr” (for year), and
longer durations are given in kyr or myr. Therefore the
Cenozoic began at 66 Ma, and spans 66 myr (to the present
day, defined as the year AD 2000).

The Ma and myr practice is confusing and inconsistent
both internally and with respect to SI (Le Système Interna-
tional d’Unités). As Holden et al. (2011) elegantly clarify
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(on behalf of IUPAC and IUGS), one and the same unit should
be used for absolute and relative measurements. This is in
compliance with quantity calculus, and its unit assignment for
continuous and interval scales. Hence, elapsed time or dura-
tion should also be abbreviated as in ka orMa. In these terms,
the Cenozoic began at 66 Ma, and spans or lasted 66 Ma. This
is similar to the use of m (meter) for both absolute depth/
distance and a depth/distance difference, and the use of �C for
both temperature and temperature difference. For example,
we say that the interval between two log markers in a bore-
hole is 450 m thick, and starts 900 m below ground level.
Despite this solution to an often fuzzy and confusing debate
with respect to the notation of age and duration units in earth
science, we will (for now) stick to the same format as used in
GTS2004, using both Ma, ka and myr, kyr units.

The uncertainties in computed ages or durations are
expressed as standard deviation (1-sigma (68% confidence)
or 2-sigma (95% confidence)). The uncertainty is indicated
by “�” and will have implied units of thousands or millions
of years as appropriate to the magnitude of the age. There-
fore, an age cited as “124.6� 0.3 Ma” implies a 0.3 myr
uncertainty (2-sigma, unless specified as 1-sigma) on the
124.6 Ma date. We present the uncertainties (�) on summary
graphs of the geologic time scale as 2-sigma (95%
confidence) values.

Geologic time is measured in years, but the standard unit
for time is the second s. Because the Earth’s rotation is not
uniform, this “second” is not defined as a fraction (1/86 400)
of a solar day, but as the atomic second. The basic principle
of the atomic clock is that electromagnetic waves of
a particular frequency are emitted when an atomic transition
occurs. In 1967, the Thirteenth General Conference on
Weights and Measures defined the atomic second as the
duration of 9 192 631 770 periods of the radiation corre-
sponding to the transition between two hyperfine levels of
the ground state of cesium-133. This value was established
to agree as closely as possible with the solar-day second.
The frequency of 9 192 631 770 hertz (Hz), which the defi-
nition assigns to cesium radiation, was carefully chosen to
make it impossible, by any existing experimental evidence,
to distinguish the atomic second from the ephemeris second
based on the Earth’s motion. The advantage of having the
atomic second as the unit of time in the International
System of Units is the relative ease, in theory, for anyone to
build and calibrate an atomic clock with a precision of 1
part per 1011 (or better). In practice, clocks are calibrated
against broadcast time signals, with the frequency oscilla-
tions in hertz being the “pendulum” of the atomic time
keeping device.

1 year is approximately 31.56 mega seconds (1 a¼
~31.56 Ms).

The Système International d’Unités (SI) conventions at
103 intervals that are relevant for spans of geologic time
through sizes of microfossils are:

109 giga G
106 mega M
103 kilo k
100 unity 1
10�3 milli m
10�6 micro m
10�9 nanno n

Although dates assigned in the geologic time scale are
measured in multiples of the atomic second as their unit of
time (year), there are two other types of seconds: mean solar
second and ephemeris second.

1.4.1. Universal Time

Universal time is utilized in the application of astronomy to
navigation. Measurement of universal time is made directly
from observing the times of transits of stars; since the Earth’s
rotation is not uniform, corrections are applied to obtain
a more uniform time system. In essence, universal time is the
mean solar time on the Greenwich meridian, reckoned in
days of 24 mean solar hours beginning with zero hour at
midnight, and derives from the average rate of the daily
motion of the Sun relative to the meridian of Greenwich. The
mean solar second is 1/86 400 of the mean solar day, but
because of non-uniformity this unit is no longer the standard
of international time.

1.4.2. Ephemeris Time

Ephemeris time (ET) is uniform, and is obtained from
observation by directly comparing the positions of the Sun,
Moon, and the planets with calculated ephemerides of their
coordinates. Webster’s dictionary defines ephemeris as any
tabular statement of the assigned places of a celestial body for
regular intervals. Ephemeris time is based on the ephemeris
second, which is defined as 1/31 556 925.9747 of the tropical
year for 1900 January 0 day 12 hour ET. The ephemeris day is
86 400 ephemeris seconds, which was the unit adopted in
1957 by the International Astronomical Union as the funda-
mental invariable unit of time.

1.5. HISTORICAL OVERVIEW OF
GEOLOGIC TIME SCALES

Weaving together the many data points on the loom of time
requires an elaborate combination of earth science and
mathematical/statistical methods. Hence, the time and effort
involved in constructing a new geologic time scale and
assembling all relevant information is considerable. Because
of this, and because continuously updating any common
standard in small measure with new information is not
advantageous to its stability, new geologic time scales span-
ning the entire Phanerozoic tend to come out sparsely
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(e.g., Harland et al., 1982, 1990; Gradstein and Ogg, 1996;
GTS2004: Gradstein et al., 2004). The current GTS2012 is
the newest major update of GTS2004, and it will also be
presented interactively in digital format, and distributed via
the internet.

In the absence of accepted accurate dates at each stage
boundary, estimating the ages of geologic stages is a chal-
lenge in time scale building, and various methods have been
employed by different compilations, including this GTS2012
version. It is a major challenge in itself to try to understand
the precision of radiogenic isotope ages, including calibra-
tions between different radiogenic isotope methods, now
that analytical errors are greatly reduced. An even larger
challenge is the quantification of the uncertainty in bio-
chronostratigraphic scaling, since its methodology is only
quantitative in part, and fossil taxonomy and sample position
are not expressed in numeric (un)certainty.

Figure 1.7 summarizes 12 geologic time scale methods
applied since 1937. Radiogenic isotope age dating, strati-
graphic reasoning, and biostratigraphic/geomagnetic cali-
brations are three cornerstones of time scale building.
Stratigraphic reasoning, although fuzzy, evaluates the
complex web of correlations around stage boundaries or other
key levels, and is paramount in the science of stratigraphy.
Good examples are the detailed time scale accounts in
Chapters 26, 27 and 28. Geomathematical methods involve
mathematical/statistical routines and interpolations that can
estimate margins of error on limits of stratigraphic units; such

errors are of two main types, stratigraphic and analytical (see
Chapter 14). Tuning cyclic sequences to orbital time scales,
either counting back from an anchor level such as the
“present”, or tuning individual cyclic segments with orbital
periodicities (floating time scale), has the potential to be the
most accurate calibration of the geologic time scale (see
Chapters 4, 28 and 29). Such an orbitally tuned time scale also
calibrates the analytical monitoring standards employed in
radiogenic isotope methods, as has now been achieved for the
40Ar-39Ar dating method.

1.5.1. Arthur Holmes and Age-Thickness
Interpolations

Arthur Holmes (1890e1965) was the first person to combine
radiogenic isotope ages with geologic formations in order to
create a geologic time scale. His book, The Age of the Earth
(1913, 2nd edition 1937), written when he was only 22, had
a major impact on those interested in geochronology. For his
pioneering scale, Holmes carefully plotted four radiogenic
isotope dates, one in the Eocene and three in the Paleozoic
from radiogenic helium and lead in uranium minerals, against
estimates of the accumulated maximum thickness of Phan-
erozoic sediments. If we ignore sizable error margins, the
base of Cambrian interpolates at 600 Ma, curiously close to
modern estimates. This new approach was a major improve-
ment over a previous “hour-glass” method that tried to esti-
mate maximum thicknesses of strata per period to determine
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their relative duration, but had no way of estimating rates of
sedimentation independently. As late as 1960, Holmes, being
well aware of its limitations, elegantly phrased it thus
(p. 184):

‘The [now obsolete] 1947 scale was tied to the five dates listed. In

order to estimate dates for the beginning and end of each period by

interpolation, I adopted a modification of Samuel Haughton’s cele-

brated principle of 1878 that “the proper relative measure of

geological periods is the maximum thickness of strata formed during

those periods”, and plotted the five dates against the cumulative

sums of the maximum thicknesses in what were thought to be their

most probable positions. I am fully aware that this method of

interpolation has obvious weaknesses, but at least it provides an

objective standard, and so far as I know, no one has suggested

a better one.’

In 1960, Holmes compiled a revised version of the age-
versus-thickness scale (Figure 1.8). Compared with the initial
1913 scale, the projected durations of the Jurassic and

Permian are more or less doubled, the Triassic and Carbon-
iferous are extended by about 50%, and the Cambrian gains
20 myr at the expense of the Ordovician.

1.5.2. Past Phanerozoic Radiogenic Isotope
Databases and Time Scales

As part of a Phanerozoic time scale symposium, W. B. Harland
and A. G. Smith coordinated a systematic, numbered radio-
genic isotope database with critical evaluations. Items 1e337
in The Phanerozoic Time-Scale: A Symposium (Harland
et al., 1964) were listed in the order as received by the
editors. Supplements of items 338e366 were assembled
by the Geological Society’s Phanerozoic Time-scale Sub-
Committee from publications omitted from the previous
volume or published between 1964 and 1968. Items
367e404, relating specifically to the Pleistocene, were
mostly provided by N. J. Shackleton. The compilation of
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these additional items with critical evaluations was included
in The Phanerozoic Time-Scale: A Supplement (Harland and
Francis, 1971). In 1978, R. L. Armstrong published a re-
evaluation and continuation of The Phanerozoic Time-Scale
database (Armstrong, 1978). This publication did not include
abstracting and critical commentary. These catalogs of items
1e404 and of Armstrong’s continuation of items 404e522
were denoted “PTS” and “A”, respectively, in later publica-
tions. Unfortunately, this useful list was not kept up.
Appendix 2, byMark Schmitz, in this book tries to fill this gap
by presenting the standardized list of radiogenic isotope ages
utilized to construct GTS2012.

The Armstrong study appeared in what is a very readable
and authoritative time scale compilation, edited by
G. V. Cohee, M. Glaessner and H. Hedberg (Cohee et al.,
1978). Earth scientists interested in the philosophical and
numeric background to modern time scales are encouraged
to read the short studies by D. J. McLaren (Dating and
Correlating), W. B. Harland (Geochronologic Scales), and
H. Hedberg (Stratotypes and International Geochronologic
Scales). These essays are full of stratigraphic insight and
foresight. For example, a statement by the late Digby
McLaren, powerful in its universal simplicity, runs:

‘Without correlation successions of time derived in one area are

unique and contribute nothing to understanding earth history

elsewhere.’

In the same volume, the chapters on Neogene of Paratethys,
Paleogene, Cretaceous, Permian, and Cambrian particularly
master the “art” of making scales, carefully balancing
biostratigraphy, chronostratigraphy and radiogenic isotope
ages. The ‘New Paleogene Numerical Scale’ by Hardenbol
and Berggren (1978) is one of only a small number of studies
that takes its chronostratigraphic starting point from the
definition and duration stages, in this case the classical
Paleocene, Eocene and Oligocene stage unit stratotypes (see
Figure 2.2 in Chapter 2). At that time the concept of boundary
stratotypes was still in its infancy, and boundaries between
Paleogene stages were arbitrarily interpolated using carefully
selected biostratigraphic criteria.

In 1976, the Subcommission on Geochronology recom-
mended an intercalibrated set of decay constants and isotopic
abundances for the U-Th-Pb, Rb-Sr and K-Ar systems, with
the uranium decay constants by Jaffey et al. (1971) as the
mainstay for the standard set (Steiger and Jaeger, 1977,
1978). This new set of decay constants necessitated system-
atic upward or downward revisions of previous radiogenic
isotope ages by 1e2%. In 2005, Villa and Renne published an
expanded list of ‘Decay Constants in Geochronology’,
emphasizing external uncertainties, i.e. uncertainty between,
rather than inside, methods.

In A Geological Time Scale (Cambridge University Press,
1982), Harland et al. standardized the MesozoicePaleozoic
portion of the previous PTS-A series to the new decay

constants and included a few additional ages published in
Contributions to the Geological Time Scale (Cohee et al.,
1978). Simultaneously, G. S. Odin supervised a major
compilation and critical review of 251 radiogenic isotope
dating studies as Part II of Numerical Dating in Stratigraphy
(Odin, 1982). This “NDS” compilation also re-evaluated
many of the dates included in the previous “PTS-A” series;
unfortunately, it is not always obvious why a particular age
was chosen in a population of age dates for one level. A
volume of papers on The Chronology of the Geological
Record (Snelling, 1985) from a 1982 symposium included re-
assessments of the combined PTS-NDS database, with addi-
tional data for different time intervals.

After applying rigorous selection criteria to the PTS-A
and NDS databases and incorporating many additional
studies (mainly between 1981 and 1988) in a statistical
evaluation, Harland and co-workers presented A Geological
Time Scale 1989 (Cambridge University Press, 1990).

The statistical method of time scale building employed by
GTS82, and refined by GTS1989, was derived from the
marriage of the chronogram concept with the chron concept,
both of which represented an original path to a more repro-
ducible and objective scale. Having created a high-tempera-
ture radiogenic isotope age data set, the chronogram method
was applied to minimize the misfit of stratigraphically
inconsistent radiogenic isotope age dates around trial
boundary ages to arrive at an estimated age of stage bound-
aries. From the error functions, a set of age/stage plots was
created (Appendix 4 in GTS1989) that depict the best age
estimate for Paleozoic, Mesozoic, and Cenozoic stage
boundaries. Because of wide errors, particularly in Paleozoic
and Mesozoic dates, GTS1989 plotted the chronogram ages
for stage boundaries against the same stages with relative
durations scaled proportionally to their component “chrons”.
For convenience, chrons were equated with biostratigraphic
zones. The chron concept in GTS1989 implied equal duration
of zones in prominent biozonal schemes, such as a conodont
scheme for the Devonian. In Chapter 14, this chronogram
method is discussed in more detail and compared with the
maximum likelihood method of interpolations using all
radiogenic isotope ages, not only chronostratigraphically
inconsistent ones.

The Bureau de Recherches Géologiques et Minières and
the Société Géologique de France published a stratigraphic
scale and time scale that was compiled by Odin and Odin
(1990). Of the more than 90 Phanerozoic stage boundaries, 20
lacked adequate radiogenic isotope constraints, the majority
of which were in the Paleozoic.

Three compilations spanning the entire Phanerozoic were
published in the late 1990s. A comprehensive review of the
geologic time scale by Young and Laurie (1996) was oriented
toward correlating Australian strata to international stan-
dards, and is rich in detail, graphics, and zonal charts.
Gradstein and Ogg (1996) assembled a composite
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Phanerozoic scale from various published sources, including
McKerrow et al. (1985), Berggren et al. (1995), Gradstein
et al. (1995), Roberts et al. (1995a), and Tucker and
McKerrow (1995). The International Stratigraphic Chart
(Remane, 2000) is a useful document for stratigraphic
nomenclature (including Precambrian), and included
a contrast of age estimates for stratigraphic boundaries
modified from Odin and Odin (1990), Odin (1994), Berggren
et al. (1995), and individual ICS subcommissions. However,
dual ages and dual error bars for stage boundaries serve little
purpose, and are confusing.

During the 1990s, a series of developments in integrated
stratigraphy and isotopic methodology enabled relative and
linear geochronology to be determined at unprecedentedly
high resolution. Magnetostratigraphy provided correlation of
biostratigraphic datums to marine magnetic anomalies for the
Late Jurassic through Cenozoic. Argon-argon dating of
sanidine crystals, and new techniques of uranium-lead
dating of individual zircon crystals, yielded ages for
sediment-hosted volcanic ashes with analytical precisions
less than 1%.

Comparison of volcanic-derived ages with those obtained
from glauconite grains in sediments indicates that the
majority of these grains yield systematically younger ages
(e.g. Gradstein et al., 1994; Selby 2009), thereby removing
a method formerly used for obtaining direct ages on strati-
graphic levels. The systematic uncertainty between high-
temperature, volcanic-derived ages and low-temperature age
estimates from glauconites, with a closure temperature of
only about 200�C, varied between 3 Ma and 18 Ma. Mild
heating or overburden pressure after burial may lead to loss of
argon, the daughter product measured in the 40K/40Ar clock in
glauconite. Another problem is that glauconite contains an
abundance of tiny flakes that allow argon to diffuse at low
temperatures. The result is that glauconite dates may be too
young. Because of such problems, which may be impossible
to detect without having access to other age dates, modern
geologic time scales avoid age dates based on glauconite.

Aspects of the GTS1989 compilation began a trend in
which different portions of the geologic time scale were
calibrated by different methods. The Paleozoic and early
Mesozoic portions continued to be dominated by refining
ways of integrating biostratigraphy with radiogenic isotope
tie points, whereas the late Mesozoic and Cenozoic utilize
oceanic magnetic anomaly patterns and astronomical tuning.

In late 2004, almost fifteen years after the last Harland
et al. scale, the Cambridge University Press published “A
Geologic Time Scale 2004”. The Introduction by the
publishers states:

‘An international team of over 40 stratigraphic experts, many

actively involved in the International Commission on Stratigraphy

(ICS), have helped to build the most up-to-date international

stratigraphic framework for the Precambrian and Phanerozoic.’

Gestation of the book took nearly ten years, and could not
have been finished without the help of the internet and effi-
cient e-mailing. The 589-page book, containing no less than
2600 literature references, achieved the goal of the ICS and
the authors to become in the words of the publishers: “an
invaluable reference source for academic and professional
researchers and students”. At the 2006 Geological Society of
America Annual Meeting the GTS2004 book received the
“Mary B. Ansari Best Reference Work Award” from the
Geoscience Information Society (GSIS).

GTS2004 could not have been achieved without the
invaluable effort and expertise of the international strati-
graphic community to formulate, define and find boundary
stratotypes for Phanerozoic periods and stages. The Global
Stratotype Section and Point (GSSP) concept is the best
means to define chronostratigraphic units, and to simplify the
conceptual underpinning by which the rock record may be
calibrated numerically. Classical stage unit stratotypes that
are almost invariable without upper and/or lower boundaries
cannot serve time scaling if standardization and typification
of their limits is wanting.

In 2004, 16 of the 44 Paleozoic stages, 22 of the 30
Mesozoic stages and 10 of the 20 Cenozoic stages did not yet
have formal definitions, but were assigned target definitions.
However, it should be remembered that almost 90% of Earth
history is pre-Phanerozoic, and that the Precambrian in
GTS2004 was chronometrically divided into only twelve
Global Standard Stratigraphic Ages (GSSA). Hence, the
biggest challenge was, and still is, to create geologically
meaningful units inside the longest stratigraphic unit on
Earth, and create more age dates. For the Phanerozoic in
2004, over 210 radiogenic isotope dates were utilized, con-
sisting of 114 U-Pb dates (103 isotope dissolution, ID-TIMS,
and 11 ion microprobe, HR-SIMS), 89 Ar-Ar dates, and a few
K-Ar and Rb-Sr dates. An elegant and insightful manner to
visualize the quality and quantity of radiogenic isotope data
underpinning GTS2004 is given in Miller (2006).

All chapters of the GTS2004 book followed the same
rigorously defined outline; drafting was centralized (by
Dr. Gabi Ogg) to provide standard scientific and artistic
rendering. The selected radiogenic isotope ages that were
standardized to the utmost are shown in comprehensive
tables within each period chapter. In order to achieve
GTS2004, authors of individual geologic period chapters, like
OrdovicianeSilurian, Cretaceous, etc., contributed the “raw
data” for the actual scale, but the scale itself was prepared by
a small team of authors. This way, time scaling procedures
were standardized and linear continuity between periods
secured.

As a regional companion to GTS2004, Roger Cooper and
his specialist team in Lower Hutt, New Zealand, produced the
monograph ‘The New Zealand Geologic Time Scale’
(NZGTS04: Cooper, 2004). The chapters in this erudite book
are also of interest to non-New Zealanders, not only for their
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well laid-out stratigraphic philosophy and methodology, but
also to learn how far New Zealand has come in regional stan-
dardization of stratigraphy. Stratigraphy has the same rules and
regulations at different scales, independent of time interval or
geography. In New Zealand considerable progress has been
made with proposing stratotypes (boundary stratotype sections
and pointse SSPs) for the biostratigraphically defined regional
stages. The spectacular Neogene record of theWanganui Basin
is important for understanding the relationship between global
sequences and orbital cycles in shallow marine settings.

Almost half of the 72 New Zealand regional stages have
boundary definitions and boundary stratotypes; a majority of
boundaries are based on fossil events that can be relatively
easily recognized. Exceptions are the Teurian Stage, whose
base is defined at the base of the boundary clay and iridium
anomaly used globally to define the upper boundary of the
Cretaceous System, the Waipawan Stage (Eocene), whose
lower boundary is based on the onset of the global carbon
(d13C) isotope excursion, and the Castlecliffian and Haweran
Stages (Pleistocene), whose lower boundaries are based on
the Ototoka and Tangitawa Tephras respectively.

This brings us to an important observation: Do we need
the New Zealand regional stages? This question has long been
debated. Although it is clearly advantageous for all earth
scientists to use a common set of stages, some sort of unit for
correlating local strata is needed. In a relatively isolated
region like New Zealand, which is heavily endowed with fine
grained, highly fossiliferous deposits in many, heavily faulted
sub-basins, correlation mostly relies on the fairly endemic
biostratigraphy. The regional biostratigraphy forms the
foundation for the regional chronostratigraphy. Although
magnetostratigraphy and cyclostratigraphy are making
inroads, particularly for the (late) Cenozoic, enabling direct
links to the standard international time scale, the regional
stages serve a distinctive correlation purpose. And since
calibration of the regional chronostratigraphy with the stan-
dard scale is making progress, the local stages and the
international ones become increasingly interlinked.

The concise introduction to NZGTS04 details both the
general philosophy behind building the time scale and the
subdivisions, as well as the dating methods, and the calibra-
tion of the regional stages to the standard chronostratigraphic/
geochronologic scale, and its uncertainties.

Chapters 2 through 13 of NZGTS04 systematically deal
with the Cambrian through Pliocene, Pleistocene, and Holo-
cene intervals of (“New Zealand”) time. The chapter for each
key period starts with a spectacular color photograph of some
of its best national outcrops, followed by descriptions on
biostratigraphy, chronostratigraphy and regional stages, plus
fossil range charts and chronostratigraphic standard tables.
Chapter thickness directly reflects regional prominence of the
period rock record. Hence, Carboniferous is less than half
a page, and Miocene an impressive 35 pages. Quantitative
biostratigraphy (the Ranking and Scaling and Constrained

Optimization methods discussed in Chapter 3) was applied to
create a composite sequence of the Paleogene biostratigraphic
record in the Taranaki Basin.

In 2008, the GTS2004 editors endeavored to bring out an
abridged, “pocket book” version of GTS2004 with Cam-
bridge University Press (Ogg et al., 2008). Its main purpose
was to update the chronostratigraphic scale with more
formalized stage boundaries, and present key data on the
existing time scale in a concise, handy and full color format. It
also included a laminated pocket time scale card. For
consistency and clarity, it was decided to use the same
numerical time scale that was used in GTS2004 for the
majority of the stage boundaries. A rare exception was
allowed if the new definitions for those boundaries are at
a different level than the previous “working” versions
(e.g., base of Serravallian, base of Coniacian, and bases of
Gzhelian, Kasimovian and Serpukhovian). However, only one
of these units now has a formal definition, and age interpo-
lations have changed in GTS2012.

1.5.3. Paleozoic Scales

The Paleozoic spans 289 myr between 541 and 252 Ma. Its
estimated duration has decreased by about 60 myr since the
scales of Holmes (1960) and Kulp (1961). Selected key
Paleozoic time scales are compared to GTS2012 in
Figure 1.9. Obviously, the biggest difference is the complete
set of Cambrian and Ordovician international stages, the
subject of detailed discussion in Chapters 19 and 20 respec-
tively. Interestingly, Silurian stages all become (much) older
and Ordovician stages younger than in GTS2004. Differences
in relative estimated durations of component period and
stages from 1960 through today are substantial (e.g., for the
Ludlow Stage in the Silurian, or for the Emsian Stage in the
Devonian). Whereas most of the Cenozoic and Mesozoic
have had relatively stable stage nomenclature for some
decades (Figure 1.10), the historical lack of an agreed
nomenclature for the Cambrian, Ordovician, Carboniferous
and Permian periods complicates any comparison of time
scales.

The 570 through 245 Ma Paleozoic time scale in
GTS1989 was derived from the marriage of the chronogram
method with the chron concept. The chron concept in
GTS1989 assumed equal duration of zones in prominent
biozonal schemes, such as a conodont scheme for the Devo-
nian. The two-way graphs for each period in the Paleozoic
were interpolated by hand, weighting tie points subjectively.
Error bars on stage boundaries calculated with the chrono-
gram method were lost in the process of drawing the best-fit
line. The fact that the Paleozoic suffered both from a lack of
data points and the existence of relatively large uncertainties
led to poorly constrained age estimates for stages; this
uncertainty is readily noticeable in the chronogram/chron
figures of GTS1989.
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FIGURE 1.9 Comparison at the period level of selected Paleozoic time scales with GTS2012. In some columns epochs and stages are stacked

together; scales of Holmes (1937, 1960) and Kulp (1961) are more detailed than shown.
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FIGURE 1.10 Comparison at the period level of selected Mesozoic time scales with GTS2012.
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The 545 through 248 Ma Paleozoic part of the Phanero-
zoic time scale of Gradstein and Ogg (1996) is a composite
from various sources, including the well-known scales by
McKerrow et al. (1985), Harland et al. (1990), Roberts et al.
(1995), and Tucker and McKerrow (1995).

The International Stratigraphic Chart (Remane, 2000)
provides two different sets of ages for part of the Paleozoic
stage boundaries. The column that has ages for most stages
appears to slightly update Odin and Odin (1990) and Odin
(1994), and is shown in Figure 1.9.

1.5.4. Mesozoic Scales

The Mesozoic time scale spans an interval of 186 myr, from
252 to 66 Ma, which is a decrease of ~60 myr since Holmes
(1937) and of ~35 myr compared to the scales of Holmes
(1960) and Kulp (1961). Selected key Mesozoic time scales
are compared to GTS2012 in Figure 1.10. The geologic time
scale for the Mesozoic has undergone major improvements
during the last two decades. Larson and Hilde’s (1975) marine
magnetic anomaly profile displayed by the Hawaiian
spreading lineation was adapted for scaling of the Oxfordian
through Aptian stages in KG85 and SEPM95, to compensate
for a paucity of isotope dates. Databases of radiogenic isotope
ages were statistically analyzed using various best-fit
methods to estimate ages of stage boundaries (GTS1989 and
SEPM95). Nevertheless, there are substantial differences in
the estimated ages and durations of stages and periods among
scales constructed in the last two decades. For example,
GTS1989 and SEPM95 estimated the Barremian Stage to be
over 6 myr long, whereas EX88 and Odin and Odin (1990)
suggested a duration of 2 myr. Now it is 4.5 myr.

Historic age differences are particularly obvious for the
JurassiceCretaceous transition: the TithonianeBerriasian
boundary (which still lacks an international definition) is
130 Ma in NDS82, 135 Ma in Remane (2000), but ~145 Ma in
GTS1989 and SEPM95, both of which excluded glauconite
dates. The level now remains stable near 145 Ma using an
adopted definition.

The Jurassic scales of van Hinte (1976), NDS82, KG85,
EX88, Westermann (1988), and SEPM95 relied on bio-
chronology to interpolate the duration of stages. As a first
approximation, it was assumed that the numerous ammonite
zones and/or subzones of the Jurassic have approximately
equal mean duration between adjacent stages. Toarcian and
Bajocian Stages have double the number of ammonite
subzones compared to the Aalenian, so were assumed to span
twice as much time (but the current duration is compared in
Table 1.2). The limited age control on the duration of the
entire Jurassic indicates that the average duration of each zone
is ~1 myr and each subzone is ~0.45 myr (e.g., Westermann,
1988). KG85 and SEPM95 also took into account some intra-
Jurassic age control points to constrain the proportional
scaling of the component stages. A smoothing spline fit was

applied by F. P. Agterberg in SEPM95 that incorporates the
error limits of the isotope age dates. At the individual subzone
or zonal level, this equal-duration assumption is known to be
incorrect. For example, McArthur et al. (2000) observed
a dramatic variability in Pliensbachian and Toarcian ammo-
nite zones when scaled to a linear trend in the 87Sr/86Sr ratio of
the oceans. However, the average of the durations is close.
Westermann’s (1988) estimate and application of a combined
strontium trend and cyclostratigraphy to Lower Jurassic stages
(Weedon et al., 1999) yielded relative durations for the Het-
tangian, Sinemurian, and Pliensbachian that are within error
limits of those of SEPM95.

The advent of 40Ar/39Ar radiogenic isotope age dates on
bentonites in local ammonite zones in a large part of the US
Western Interior Cretaceous was a significant improvement
for Late Cretaceous chronology. With this method,
Obradovich (1993) calibrated a Late Cretaceous time scale.
He rejected all ages derived from biotites in bentonites as too
young, and considered all his previous K-Ar ages on sanidines
to be obsolete. The monitor standards for 40Ar/39Ar dating
have undergone revisions during the late 1990s (see Chapter
6). The text of Obradovich (1993) implies that all ages were
normalized to a value of 520.4 Ma for the McLure Mountain
hornblende monitor MMhb-1, thereby requiring significant
recalculation to the current recommendation of 523.1 (~0.5
myr older for Late Cretaceous ages). But in fact, Obradovich
used the Taylor Creek (TC) rhyolite as an internal monitor
standard with a value of 28.32 Ma (J. Obradovich, pers.
comm., 1999), hence recalculation to the TC monitor value of
28.34 Ma used in GTS2004 was only on the order of 0.05 myr.
Correlation of the North American ammonite zonation and
Obradovich’s associated linear scale to Upper Cretaceous
European stages and zones was partially achieved through rare
interchanges of ammonite and other marine macrofauna
(reviewed in Cobban, 1993) and strontium isotope curves for
portions of the Campanian and Maastrichtian (e.g., McArthur
et al., 1993, 1994). Gradstein et al. (1994, 1995) incorporated
the high-precision 40Ar/39Ar data of Obradovich (1993); the
authors applied a cubic-spline fit to the data set. An even more
refined version of this analysis was the basis for the GTS2004
scale for Late Cretaceous (see Chapters 8 and 19 in the
GTS2004 book). Unfortunately, except for the basal Turonian,
it is difficult to associate the ammonite zones calibrated by
Obradovich (1993) with the international definitions of Late
Cretaceous stage boundaries.

In 2000, Pálfy et al. summarized 14 U-Pb TIMS dates
from the Lower and Middle Jurassic of Western Canada,
calibrated to regional ammonite stratigraphy. Complex U-Pb
systematics made it difficult to obtain precise ages for some
of the samples, and additional uncertainties arose when cal-
ibrating the regional biostratigraphy to the European standard
ammonite zonation, but this data set provided constraint on
the basal Jurassic through Toarcian stages as utilized in
GTS2004.
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Cyclostratigraphy, which now has become the primary
method of scaling the Cenozoic, has also been applied to
portions of the Triassic, Jurassic and Cretaceous time scales
(reviewed in Chapters 25e27 of this book). As an example,
Herbert et al. (1995) summarized orbitally tuned cycle
counts using geochemical and color data from outcrop and
core studies in northern and central Italy to estimate the
duration of the Cenomanian as 6.0� 0.5 myr, the Albian as
11.92� 0.2 myr, and the Aptian as 10.6� 0.2 myr. The
Cenomanian and Albian cycle-scaling results have been
verified by additional studies in Italy by Fiet et al. (2001)
and Grippo et al. (2004) using other proxies and methods of
spectral analysis. They are within the error bars of results
derived from statistical fits to the limited radiogenic isotope
data (e.g., SEPM95). The main differences seem to be in the
choice of the “pin” age for hanging the cycle series from the
base-Turonian or base-Cenomanian, the selected marker for
the yet-to-be-defined stage and substage boundaries within
the Albian and Aptian, and which orbital frequency is best
for tuning. This cycle scaling of the Albian (and Aptian)
events is used in GTS2012 (see Chapter 27), but a potential
nannofossil marker is incorporated for the AlbianeAptian
boundary.

1.5.5. Cenozoic Scales

The Cenozoic time scale from 66 Ma to Recent (radiometri-
cally set at AD 2000) contains stages that vary in duration from
almost 8 myr for the Lutetian to less than 1 myr for the
Gelasian, and with the Holocene Epoch being only 11 800 yr.
Although the Cenozoic Era is known in much detail, stan-
dardization of stage boundaries with consensus definitions and
GSSPs is not complete (see Chapters 28 and 29). All Cenozoic
standard stages are originally based on European stratotypes,
with the Neogene Mediterranean ones more difficult to
correlate worldwide due to increasing provincialism and dia-
chronism in faunal and floral events in the face of higher
latitude climatic cooling. Selected Cenozoic time scales are
compared to GTS2012 in Figure 1.11.

Since 1964, when B. F. Funnel presented the first, rela-
tively detailed and accurate Cenozoic time scale with radio-
genic isotope age estimates, many marine time scales have
been erected with a progressive enhancement of scaling
methods. Berggren (1972) and NDS82 combined radiogenic
isotope age dating stratigraphic reasoning, and
biostratigraphicegeomagnetic calibrations. Hardenbol and
Berggren (1978), GTS82, DNAG83, and EX88 added marine
magnetic reversal calibrations.

Whereas the Paleozoic and Mesozoic time scales
generally lack a unifying interpolation method, the marine
magnetic reversals profile provides a powerful interpolator
for the Cenozoic time scale. The large number of
geomagnetic field reversals since Late Santonian time,
coupled with a wealth of seafloor magnetic profiles, and

detailed knowledge of the radiogenic isotope age of
selected magnetic polarity reversals in lavas and sediments
provide a finely spaced scale. These are combined with
a line fit or cubic spline to produce spreading-rate models
for ocean basins and an associated magnetic polarity time
scale (see Chapter 5). An excellent account of the method
and its early applications is given by A. V. Cox in Harland
et al. (1982).

The method itself dates back to Heirtzler et al. (1968),
who selected a detailed profile in the South Atlantic from
anomalies 2 through 32. The only calibrated tie point was
magnetic anomaly 2A at 3.4 Ma, based on the radiogenic,
isotopically dated, magnetic reversal scale of Cox et al.
(1964) in Pliocene through Pleistocene lavas. Assuming that
ocean-floor spreading had a constant spreading rate of
1.9 cm/103 yr back through the Campanian (~80 Ma), ages
were assigned to the main Campanian through Pleistocene
polarity chrons. This ambitious extrapolation has turned out
to be within ~10% of later interpolations using a more
detailed composite seafloor profile, and an improved array of
age-calibrated tie points (Hardenbol and Berggren, 1978,
DNAG83, EX88, and GTS1989).

Cande and Kent (1992a,b, 1995) constructed a new
geomagnetic reversals time scale using a composite of marine
magnetic anomalies from the South Atlantic with short spli-
ces from fast-spreading Pacific and Indian Ocean segments,
better estimates of anomaly width, nine age tie points, and
a cubic-spline smoothing. Using an array of bio-magneto-
stratigraphic correlations with the Cande and Kent spreading
model, Berggren et al. (1995) compiled a comprehensive
Cenozoic time scale.

Orbital tuning has become the dominant method for
constructing detailed Neogene and now also Oligocene time
scales (e.g., Shackleton et al., 1990, 1999, 2000; Hilgen,
1991; Hilgen et al., 1995, 1997; Lourens et al. in GTS2004;
Pälike et al., 2006). These Milankovitch cycles of climate
oscillations are recorded in nearly all oceanic and continental
deposits, and their presence has become a requirement for
placement of stage-boundary stratotypes within the Neogene
(see Chapter 27). Among a long list of differences we
mention that the OligoceneeMiocene boundary appears
800 ka younger, but the TortonianeMessinian boundary is
120 ka older than in Berggren et al. (1995). In general, the
Cande and Kent (1995) geomagnetic polarity time scale for
the Late Neogene is slightly too young. Cycle tuning relative
to the well-dated base Paleogene has enabled scaling of
Paleocene magnetic chrons (Röhl et al., 2001) and refined
estimates of spreading rates for the South Atlantic profile (see
Chapter 5). If the current pace of cyclostratigraphy applica-
tions continues, it is quite likely that tuning to astronomical
cycles within the next decade will enable detailed scaling of
the whole of Cenozoic, and many more segments of the
Mesozoic. For Paleogene, the current state is dealt with in
some detail in Chapters 5 and 28.
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FIGURE 1.11 Comparison at the period level of selected Cenozoic time scales with GTS2012.
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1.6. STRATIGRAPHIC CHARTS
AND TABLES

The plethora of names for time and time-rock units in local
regions lends itself to the production of wall charts and
stratigraphic lexicons that visualize the links between
regional schemes and the standard scale. The international
standard was developed by the International Commission on
Stratigraphy (ICS), and in 2000 and 2004 was formally
published in conjunction with the International Geological
Congress (Remane, 2000; Gradstein et al., 2004). The
Commission for the Geological Map of the World (CGMW)
in Paris and the ICS closely collaborated on the map, and the
color coding of chronostratigraphic units on the standard
chart. The updated charts in PDF format are freely available
from websites https://engineering.purdue.edu/Stratigraphy/,
and http://www.nhm2.uio.no/stratlex/stratlexgts.html, and
also are distributed by CGMW.

Nearly all nations, states, and/or continents have compiled
regional chronostratigraphic charts or lexicons of regional
stratigraphy, a majority calibrated to GTS2004. Attractive
wall chart examples using the GTS2004 standard are from
India (Raju et al., 2005), Australia, the British Isles and other
regions (see https://engineering.purdue.edu/Stratigraphy/
tscreator/datapack/). Offshore Norway lithostratigraphic
charts may be obtained from http://www.nhm2.uio.no/norlex.

An Australian Phanerozoic Timescale (Young and Laurie,
1996) is an erudite and well-illustrated standard work
covering that part of the world. Detailed explanatory notes
make this study a valuable compendium of bio-, magneto-,
and chronostratigraphic information. There is a wealth of data
on Australian biostratigraphy in particular, that is well
documented in many charts and in a wall chart linking local
and standard zonations in one scheme.

In 1998, a team of specialists led by J. Hardenbol (Exxon)
published a set of eight, large-format charts summarizing the
MesozoiceCenozoic correlations and ages of biostratigraphic
(dozens of types), sequence stratigraphic, geomagnetic and
other events through the Mesozoic and Cenozoic Eras of the
past 250 million years (Hardenbol et al., 1998). These charts
were scaled to the numerical age scale of 1995 (Berggren
et al., 1995; Gradstein et al., 1995). The detailed calibrations
of fossil events and zonal units are particularly valuable, since
they involve many classical localities, classical taxa, and
classical zones in European basins.

Based on a suggestion by Gabi Ogg, James Ogg with
assistance of colleagues in the ICS set out in 2004 to produce
an interactive, digital version of the international, standard
CenozoiceMesozoicePaleozoic bio-magneto-sequence time
scale charts of Exxon. A sophisticated, albeit easy, time scale
graphics interface was put in place, coded masterfully in Java
by Adam Lugowski. The popular program called TSCreator

with its large and integrated data set is freely available from
the Purdue University website (https://engineering.purdue.
edu/Stratigraphy/tscreator/). Now there are more than
20 000 Cambrian through Holocene biostratigraphic, sea-
level, magnetic and geochemical events in the database, all
calibrated to GTS2012. Retro-calibration to GTS2004
(or GTS2008) is a simple internal conversion procedure.
Cross-correlations are in place for trilobites, conodonts,
graptolites, ammonoids, fusulinids, chitinozoans, mega-
spores, nannofossils, foraminifers, dinoflagellates, radiolar-
ians, diatoms, strontium-isotope, C-org and oxygen curves,
etc. Scalable vector graphics output is an easy option. A
majority of linear scale drawings including calibrated event
and zonal data discussed in this GTS2012 book were initiated
in TSCreator before being drafted.

In 2002, the Stratigraphic Table of Germany 2002
(Deutsche Stratigraphische Kommission, 2002) saw the light.
The wall chart is well laid out and documents the interrelation
of regional German rock units through Precambrian and
Phanerozoic time. Chronostratigraphic units of the standard
reference scale have the suffix -ium (in English -ian, and in
French -ien); this is elegant and deserves consideration in
other Germanic, including Nordic, languages where ortho-
graphic principles have occasionally “muddied” stage, series,
and system nomenclature. Linear time scale modifications for
parts of Paleozoic and Mesozoic are documented summarily.
The discrepancy between U-Pb TIMS and HR-SIMS dates in
the DevonianeCarboniferous is resolved by taking the
youngest possible estimate of age dates with the former
method and the oldest possible estimate of age dates with the
latter one. Essentially, a regression line is forced through the
opposite extremes of error bar values for successive age dates
to interpolate stages.

In 2005, a new time scale was developed for the
“Stratigraphische Tabelle von Deutschland 2002”, with
Devonian, Triassic and Late Jurassic scales being newly
created (Menning, 2005; Menning et al., 2005a, b). It is
a good thing that error bars on boundary ages are relatively
large, since limited external error analysis was performed on
radiogenic isotope data. It was erroneously reported by
Menning that GTS2004 used the maximum likelihood
method for error analysis on ages of stage boundaries,
rounded off to mostly 0.1 Ma/myr. In the final stage of
GTS2004 analysis, Ripley’s Maximum Likelihood fitting of
a Functional Relationship (MLFR) algorithm was indeed
used for error estimation, but final error bars on stage
boundary ages are an order of magnitude larger than
mentioned by Menning. The value of this German multi-
author 2005 compilation is in the correlation tables which link
a great many regional lithostratigraphic and chronostrati-
graphic units for Central Europe. Once that framework of
regional correlation is in place, an effort must be made to
calibrate it to the standard international geologic time scale,
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as was done successfully for example in New Zealand (see
above), and in Arabia through the outstanding geoscience
journal ‘GeoArabia’.

The sequel of publications on Arabian Plate Sequence
Stratigraphy (Sharland et al., 2004; Haq and Al-Qahtani,
2005; Simmons et al., 2007), are a combination of mega-style
Wheeler diagrams, maximum flooding horizon charts for
Arabian petroleum basins, and eustatic cycle charts with
linkage to reference outcrop and well sections. The author
teams detail the ability to recognize and correlate third order
depositional sequences across Arabia and between Arabia
and other plates, and indicate that these sequences are driven
by synchronous eustatic sea-level change. Mostly missing
from the studies is the extensive biostratigraphic documen-
tation that initially went into the analysis. The Simmons et al.
(2007) study recommends that stage boundaries should be
related to correlative conformities of sequence boundaries;
GSSPs should be placed in the conformable setting of third
order sequences. In the words of the authors;

‘this closely links chronostratigraphy with sequence stratigraphy

and honors the original concepts upon which many stages were first

described in the 19th Century.’

It might be mentioned here that the ICS undoubtedly would be
pleased to see auxiliary GSSP sections created in conformable
stratigraphic settings with (third order) sequence boundaries.
At the same time, the commercially driven sequence strati-
graphic literature should create a database with systematic
listings of the semi-regional sequentially numbered sequence
boundaries, calibrated with high-resolution biostratigraphy.
Making such a data set publicly available would be a big help
with advocating the GSSPs for sequences concept, and make
it easier to formally link sequences and stages.

That eustatic sea level, together with subsidence, controls
the sediment accommodation in a basin is well understood.
Cataloguing the semi-regional sequence stratigraphic inter-
pretations in terms of predictive orbital-forcing theory and its
effect on eustatics, is still in its infancy. Although it has long
been hypothesized that Milankovitch type cyclicity and
sequences are linked at the 405 000 y resolution, few pub-
lished studies actually try to empirically link sequences and
cycles. Good examples are by Gale et al. (1996, 1999) for the
CenomanianeTuronian cyclic record along continental
margins, by P. Heckel in Strasser et al. (2006) on Carbonif-
erous cyclothems, and by Boulila et al. (2011). More infor-
mation on this subject may be found in Chapter 13 on
sequence stratigraphy and sea-level change.
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Steiger, R.H., Jäger, E., 1978. Subcommission on Geochronology; conven-

tion on the use of decay constants in geochronology and cosmochro-

nology. In: Cohee, G.V., Glaessner, M.F., Hedberg, H.D. (Eds.),

Contributions to the Geologic Time Scale. American Association of

Petroleum Geologists Studies in Geology, 6, pp. 67e71.

Strasser, A., Hilgen, F.J., Heckel, P.H., 2006. Cyclostratigraphyeconcepts,

definitions and applications. Newsletters on Stratigraphy 42 (2),

75e114.

Tucker, R.D., McKerrow, W.S., 1995. Early Paleozoic chronology: A review

in light of new U-Pb zircon ages from Newfoundland and Britain.

Canadian Journal of Earth Sciences 32, 368e379.

Van Hinte, J.E., 1976. A Jurassic time scale. American Association of

Petroleum Geologist Bulletin 60, 489e497.

Villa, I.M., Renne, P.R., 2005. Decay constants in geochronology. Episodes

28, 50e51.

Weedon, G.P., Jenkyns, H.C., Coe, A.L., Hesselbo, S.P., 1999. Astronomical

calibration of the Jurassic time-scale from cyclostratigraphy in British

mudrock formations. Philosophical Transactions of the Royal Society

Series A 357, 1787e1813.

Westermann, G.E.G., 1988. Duration of Jurassic stages based on average and

scaled subzones. In: Agterberg, F.P., Rao, C.N. (Eds.), Recent Advances

in Quantitative Stratigraphic Correlation. Hindustan Publishing, Delhi,

pp. 90e100.

Young, G.C., Laurie, J.R., 1996. An Australian Phanerozoic Timescale.

Oxford University Press, Oxford, p. 279.

29Chapter | 1 Introduction



F.M. Gradstein and J.G. Ogg Chapter 2

The Chronostratigraphic Scale
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defined by their lower boundaries at Global Boundary Stra-
totype Sections and Points (GSSPs). The main criteria for
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means for global correlation. GSSP theory and criteria are
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visions of the international stratigraphic scale are summa-
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2.1. HISTORY OF GEOLOGIC
STRATIGRAPHIC STANDARDIZATION

The prodigious stratigraphic labors of the nineteenth century
resulted in innumerable competing stratigraphic schemes. To
impose some order, the first International Geological
Congress (IGC) in Paris in 1878 set as its objective the
production of a standard stratigraphic scale. Suggestions were
made for standard colors (Anonymous, 1882, p. 70e82),
uniformity of geologic nomenclature (p. 82e84), and the
adoption of uniform subdivisions (p. 85e87). There was also
a review of several regional stratigraphic problems. In the
succeeding congress in Bologna in 1881, many of the above
suggestions were taken substantially further, i.e. the interna-
tional geological maps were planned with standard colors for
stratigraphic periods and rock types (e.g., Anonymous, 1882,
p. 297e411), and annexes contained national contributions
toward standardization of stratigraphic classification, etc.
(p. 429e658).

In spite of this promising start, the IGCs did not have the
continuing organization to carry these proposals through,
except for the commissions that were established to produce
international geologic maps. The latter is now the Commis-
sion for the Geological Map of the World (CGMW; see www.
cgmw.org). Guides setting out the stratigraphic principles,
terminology, and classificatory procedures were prepared by
the International Commission on Stratigraphic Terminology
created in 1952 by the 19th IGC in Algiers, and now the
International Subcommission on Stratigraphic Classification

(ISSC) under the International Commission on Stratigraphy
(ICS). The International Stratigraphic Guide was published
in 1976 (Hedberg, 1976), and is now in its second edition
(Salvador, 1994; Murphy and Salvador, 1999). Systematic
updates to guides for subdisciplines of stratigraphy are being
issued, for example the ‘Newsletters on Stratigraphy’. Web-
sites dedicated to presenting summaries of different strati-
graphic zonations, regional scales and other stratigraphic
material include the ICS (www.stratigraphy.org), the
Geologic TimeScale Foundation (https://engineering.purdue.
edu/Stratigraphy) and Norwegian Stratlex (http://www.nhm2.
uio.no/stratlex), among others.

It was not until the establishment of the International
Union of Geological Sciences (IUGS) around 1960 that the
goal of establishing an international chronostratigraphic scale
had a means of fulfillment, through the IUGS’s International
Commission on Stratigraphy (ICS) and its many subcom-
missions. Guidelines for defining global chronostratigraphic
units were established (e.g., Cowie et al., 1986; enhanced by
Remane et al., 1996). At the occasion of the 28th IGC, the ICS
published the first Global Stratigraphic Chart that reflected
current stratigraphic use. At the 31st IGC in Rio de Janeiro,
the 32nd in Florence, and the 33rd in Oslo, new editions of that
International Stratigraphic Chart summarized the current
international standardization, and included abbreviations and
colors of the stratigraphic units as adopted by the CGMW
(see also Appendix 1 of this book). The main divisions of
geologic time with numerical ages of this GTS2012 are
summarized in Figure 2.1.
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Figure 2.1.  Units of the international
chronostratigraphic scale with
estimated numerical ages from the
GTS2012 age model.  Colors are
according to the Commission for the
Geological Map of the World, and the
RGB/CYMK values are given in
Appendix 1.
    Subdivisions of the Phanerozoic are
formally defined by a Global boundary
Stratotype Section and Point (GSSP) at
each lower boundary.  Thick yellow lines
between stages on this diagram denote
GSSPs approved by the International
Commission on Stratigraphy (ICS) and
ratified by the International Union
of Geological Sciences (IUGS).
    Precambrian units are formally defined
by absolute age (Global Standard
Stratigraphic Age — GSSA), with the
exception of the Ediacaran System
defined by a basal GSSP.
    Numerical ages assigned to unit
boundaries are subject to revision upon
formal decision or revision of GSSPs
and when enhanced radio-isotopic and
cyclostratigraphy studies enable
improvements to the age models. 
    Stratigraphic information and details
on  international and regional geologic
units can be found on the websites of
the ICS (www.stratigraphy.org) and the
Geologic TimeScale Foundation 
(https://engineering.purdue.edu/stratigraphy).

FIGURE 2.1

32 The Geologic Time Scale 2012



2.2. STAGE UNIT STRATOTYPES

It is not that long ago that stratigraphy spent its time dealing
with type sections of stages, and correlation of stage units in
terms of zones, and not fossil events. As mentioned in Chapter
1, the ‘New Paleogene Numerical Scale’, published in 1978 by
Hardenbol and Berggren, was a classical study that took its
chronostratigraphic starting point from the definition and
duration of stages, in this case the classical Paleocene, Eocene
and Oligocene stage unit stratotypes (Figure 2.2). The concept
of boundary stratotypes was at that time still in its infancy, and
boundaries between Paleogene stages were arbitrarily inter-
polated using carefully selected biostratigraphic criteria. The
stratotypes span less than half of Paleogene time; some are
simply facies equivalents rather than chronostratigraphically
distinct units. Only a few of these competing stage concepts are
preserved in the nomenclature of the present Paleogene
geologic time scale. As may be readily observed in Figure 2.2,
none of the modern Paleogene stages have their boundaries
defined in these unit stratotypes. International stages for the
Paleogene are defined at boundary stratotypes in which the
basal boundary of the stage is positioned relative to primary
and secondary biostratigraphic, geochemical or magnetic
polarity events for global correlation and, as it turned out,
none of the sections now selected as boundary stratotypes
(Chapter 28) also serve as potential unit stratotypes.

It can be readily understood that the absence of stage
boundary definitions may lead to uncertainty in stage corre-
lation. This is particularly the case if a regional or ad hoc
definition of a stage boundary provides no basis for “global
correlation”. A classic example is the existing regional suite of
stages or series in the Ordovician that was found unsatisfactory
in its entirety for global application. Reasons are the marked
faunal provincialism and facies differentiation throughout
most of the Ordovician. The Ordovician subcommission of the
ICS therefore undertook the identification of the best fossil-
based datums, wherever they are found, for global correlation.
These datum levels form the basis for the definition of global
chronostratigraphic (and chronological) units (Chapter 20). In
this respect, it deviated from the course followed by the Silu-
rian and Devonian subcommissions of the ICS, both of which
recommended the adoption of pre-existing (regional) stage or
series schemes for global use (Chapters 21 and 22).

The obvious weakness in using the unit stratotype
concept to actually define the whole stage is one of the
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defining arguments for the boundary stratotype concept, as
outlined further on in this chapter. But, as also can be argued,
a stage with only boundary definitions (base and top) opens
up an important philosophical debate. Namely, that the
branch of stratigraphy called chronostratigraphy has as its
fundamental building block the time-rock unit. A stage is
a time-rock unit, not just a time unit, and not just a rock unit.
Unfortunately, the boundary stratotype concept only outlines
and defines the boundaries of units, and not the content of
the unit. In a chronologic sense, it provides the abstract
duration of units, but not their content. It defines an
abstraction in time, and not a tangible unit in rock. Hence, it
can be argued that each stage should both have boundary
stratotypes and a unit stratotype.

At present, recent developments in integrated high-
resolution stratigraphy and astronomical tuning of continuous
deep marine successions combine potential unit stratotypes
and boundary stratotypes for global stages as basic building
blocks of the standard Global Chronostratigraphic Scale
(GCS), (Hilgen et al., 2006). For the late Neogene, Global
Boundary Stratotype Section and Point (GSSP) sections may
also serve as unit stratotypes, covering the interval from the
base of a stage up to the level that time - stratigraphically -
correlates with the base of the next younger stage in
a continuous and well-tuned deep marine succession
(Figure 2.3). The added value of such sections as unit stra-
totypes lies in the integrated high-resolution stratigraphy and
astronomical tuning. Such sections provide excellent age
control with an unprecedented resolution, precision and
accuracy within the entire stage. As such, they form the
backbone of the new integrated late Neogene time scale and
provide the basis for reconstructing Earth’s history. In this
way, a stage is also defined by its content and not only by its
boundaries. Our unit stratotype concept strengthens the
importance of time-rock units by allowing the introduction of
astronomically defined chronozones as formal chronostrati-
graphic units, thereby arguing against the elimination of the
dual classification of chronostratigraphy and geochronology.
Extending this concept to older time intervals requires that
well-tuned, continuous deep marine sections are employed,
thus necessitating the employment of multiple deep sea
drilling sites for defining (the remaining) stages and stage
boundaries in at least the Cenozoic and Cretaceous, and
possibly the entire Mesozoic. Evidently the construction of
the Geologic Time Scale should be based on the most
appropriate sections available while, where possible, taking
the historical concept of global stages into account.

2.3. GLOBAL BOUNDARY STRATOTYPE
SECTION AND POINT (GSSP)

How can one standardize such fragmentary and disparate
material as the stratigraphic record?

Even by the first IGC in 1878, the belief that the strati-
graphic systems and other divisions being described in any
one place were natural chapters of Earth history was fading,
and the need to adopt some conventions was widely recog-
nized. Even so, the practice continued of treating strata
divisions largely as biostratigraphic units. Even today, it is an
article of faith for many earth scientists that divisions of the
developing international stratigraphic scale are defined by the
fossil content of the rocks. To follow this through, however,
leads to difficulties: boundaries may change with new fossil
discoveries; boundaries defined by particular fossils will tend
to be diachronous; there will be disagreement as to which taxa
shall be definitive.

As elaborated by H. Hedberg (1976, p. 35), one of the
major champions of practical and rational thinking in strati-
graphic standardization:

In my opinion, the first and most urgent task in connection with our

present international geochronology scale is to achieve a better

definition of its units and horizons so that each will have standard

fixed-time significance and the same time significance for all geol-

ogists everywhere. Most of the named international chronostrati-

graphic (geochronology) units still lack precise globally accepted

definitions and consequently their limits are controversial and var-

iably interpreted by different workers. This is a serious and wholly

unnecessary impediment to progress in global stratigraphy. What we

need is simply a single permanently fixed and globally accepted

standard definition for each named unit or horizon, and this is where

the concept of stratotype standards (particularly boundary strato-

types and other horizon stratotypes) provides a satisfactory answer.

The standardization advocated by Hedberg and other strat-
igraphers has been the major task of the ICS through applica-
tion of the principle of boundary stratotypes; the current status
of this application is actively maintained in the official website
of the ICS. The traditional stratigraphic scale using stage stra-
totypes has evolved into a standard chronostratigraphic scale in
which the basal boundary of each stage is standardized at
a point in a single reference sectionwithin an interval exhibiting
continuous sedimentation. This precise reference point for each
boundary is known as the Global Stratotype Section and Point
(GSSP), and represents the point in time when that part of the
rock succession began. The global chronostratigraphic scale is
ultimately defined by a sequence of GSSPs.

It is now over 35 years since the first boundary stratotype
or GSSP “golden spike” was defined. It fixed the lower limit
of the Lochkovian Stage, the oldest stage of the Devonian, at
a precise level in an outcrop with the appropriate name of
Klonk in the Czech Republic (Martinsson, 1977). Paleon-
tologically, the base of the Lochkovian Stage coincides with
the first occurrence of the Devonian graptolite Monograptus
uniformis in bed No. 20 of the Klonk Section northeast of
the village of Suchomasty (Chlupá�c, 1993). However, once
the golden spike has been agreed, the discovery, say, of
Monograptus uniformis below the GSSP does not require
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FIGURE 2.3 The Rossello Composite Section (RCS, Sicily, Italy) is a prime example of the modified unit stratotype approach showing the orbital tuning of

the basic precession-controlled sedimentary cycles and the resulting astronomical time scale with accurate and precise astronomical ages for sedimentary

cycles, calcareous plankton events and magnetic reversal boundaries. The Zanclean and Piacenzian GSSPs are formally defined in the RCS while the level that

time-stratigraphically correlates with the Gelasian GSSP is found in the topmost part of the section. The well tuned RCS lies at the base of the EarlyeMiddle

Pliocene part of the Neogene Time Scale and the Global Standard Chronostratigraphic Scale and as such could serve as unit stratotype for both the Zanclean and

Piacenzian Stages.
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a re-definition of its position, but simply an acknowledgment
that the initial level chosen was not in fact at the lowest
occurrence of the particular graptolite. For this reason,
multiple secondary correlation markers, including non-
biostratigraphic methods, are desirable within each GSSP
section.

Each GSSP must meet certain requirements and
secondary desirable characteristics (Remane et al., 1996;
Table 2.1). The main considerations are: (1) that the boundary
is recognizable outside the GSSP locality, therefore it must be
tied to other events in Earth history that are documented in
sediments elsewhere; and (2) the reference GSSP section is
well exposed with the GSSP level within an interval of
apparent continuous sedimentation.

The choice of an appropriate boundary level is of para-
mount importance.

Before formally defining a geochronologic boundary by a GSSP, its

practical valuee i.e. its correlation potentiale has to be thoroughly

tested. In this sense, correlation precedes definition.

(Remane, 2003, p.12).

Without correlation, stratigraphic units and their constituent
boundaries are of not much use, and devoid of meaning for
Earth history. Most GSSPs coincide with a single “primary
marker”, which is generally a biostratigraphic event, but other
stratigraphic events with widespread correlation potential
should coincide or bracket the GSSP level. The choice of the
criteria for an international stage boundary can be a conten-
tious issue (e.g., Figure 2.4). Most primary markers for
GSSPs have been biostratigraphic events, but some have
utilized other global stratigraphic episodes (e.g., the iridium
spike at the base-Cenozoic, the carbon isotope anomaly at the
base-Eocene, the base of magnetic polarity Chron C6Cn.2n at
the base-Neogene, a specific Milankovitch cycle for base-
Pleistocene, etc.).

The requirement for continuous sedimentation across the
GSSP level and the bracketing correlation markers is to avoid

TABLE 2.1 Requirements for Establishing a Global

Stratotype Section and Point (GSSP).

1. Name and stratigraphic rank of the boundary

Including concise statement of GSSP definition

2. GSSP geographic and physical geology
Geographic location, including map coordinates
Geologic setting (lithostratigraphy, sedimentology, paleo-
bathymetry, post-depositional tectonics, etc.)
Precise location and stratigraphic position of GSSP level and
specific point
Stratigraphic completeness across the GSSP level
Adequate thickness and stratigraphic extent of section above
and below
Accessibility, including logistics, national politics and property
rights
Provisions for conservation and protection

3. Primary and secondary markers
Principal correlation event (marker) at GSSP level
Other primary and secondary markers e biostratigraphy,
magnetostratigraphy, chemical stratigraphy, sequence
stratigraphy, cyclostratigraphy, other event stratigraphy,
marine-land correlation potential
Potential age dating from volcanic ashes and/or orbital tuning
Demonstration of regional and global correlation

4. Summary of selection process
Relation of the GSSP to historical usage; references to
historical background and adjacent (stage) units; selected
publications
Other candidates and reasons for rejection; summary of votes
and received comments
Other useful reference sections

5. Official publication
Summary for full documentation in IUGS journal Episodes or
Newsletters on Stratigraphy
Digital stratigraphy (lith, paleo, mag, chem.) images & graphic
files submitted to ICS for public archive
Full publication in an appropriate journal

Revised from Remane et al. (1996) according to current procedures and
recommendations of the International Commission on Stratigraphy (ICS).

Different Concepts of Stage Boundaries
modified from cartoon in Birkelund et al.,1983

FAD

LAD

FIGURE 2.4 One reason that decisions on international boundaries of stages

are difficult. Two experts with different paleontological specialities arguing

over the suitable primary marker based on different biostratigraphic criteria.

Modified from Episodes 8: 89, fig. 6, 1985 (based on Birkelund et al., 1983).
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assigning a boundary to a known “gap” in the geologic record.
This requirement has generally eliminated most historical
stratotypes for stages (see Figure 2.2) that were commonly
delimited by flooding or exposure surfaces and formally
represent synthems. As a result the scope of classical stages is
modified, and either the traditional nomenclature is aban-
doned (e.g., the revised stage nomenclature for the Ordovi-
cian and Cambrian Periods), or an historical name is given
a slightly new meaning to update its practical usage.

Difficulties in identifying global correlation criteria,
problems introduced by biogeographic provincialism, and
the occasional need to abandon stage concepts based on
historical regional usage have slowed assignment of GSSPs
in some periods, as will be elaborated in many period
chapters of this volume. Suitable GSSPs with full docu-
mentation are proposed by stratigraphic subcommissions or
working groups under the ICS; they undergo approval voting
through the ICS and ratification by the IUGS, and then are
published.

At the time of writing (mid 2011) 64 of the 100 Phaner-
ozoic stage or series units have been defined by boundary
stratotypes, and the criteria for most primary markers to be
associated with GSSPs for other stages have been decided.
Nevertheless, base Cretaceous is still a highly contentious
issue, although elegant solutions exist with geomagnetics and
planktonic biota in deep water Tethyan sections, rather than
with traditional but unpractical ammonites. The great
majority of defined and probable GSSPs are in western
Europe (Figures 2.5, 2.6 and 2.7). This distribution mostly
reflects the historical accident that stratigraphic studies first
developed in western Europe, but is also due to tectonic
processes that kept western Europe in low-latitude shallow-
sea environments for much of the Phanerozoic Eon and have
subsequently exposed the richly fossiliferous sections that
were the basis of the historical compilation of the chro-
nostratigraphic scale.

On the website https://engineering.purdue.edu/
Stratigraphy/ the GSSP information is kept up to date with
the latest stage names (e.g., in the Cambrian), and which
stages have received formal and ratified boundary definition.

2.3. GLOBAL STANDARD STRATIGRAPHIC
AGE (GSSA)

Due to the fact that most Proterozoic and Archean rocks lack
adequate fossils for correlation, a different type of boundary
definition was applied for subdividing these eons into eras and
periods (see Chapter 16). For these two eons, the assigned
boundary, called a Global Standard Stratigraphic Age
(GSSA), is a chronometric boundary and is not represented by
a GSSP in rocks, nor can it ever be. However, although there
appears to be consensus that the division into eras is possible,
the finer period subdivisions often contain no dateable rocks,

which make their assignment difficult. An alternative
Precambrian classification based on stages in planetary
evolution with, in most cases, possible associated GSSPs, is
presented in Chapter 16.

2.4. OTHER CONSIDERATIONS FOR
CHOOSING A GSSP

The basic requirements for a GSSP are that it is located in
a stratigraphically continuous section; that it should be
readily accessible and well exposed; and that it should ideally
contain multiple markers suitable for global correlation. A
GSSP is the precise definition of the base of a stratigraphic
boundary in a rock sequence, but that boundary is defined
only at one point on Earth. Assignment of the chronostrati-
graphic boundary within other stratigraphic sections requires
correlation to the GSSP.

The ideal GSSP would be in a low-latitude, highly
fossiliferous, marine section (for global biostratigraphic
correlation) that contains cyclic sediments or interbedded
volcanic ash or lava beds (for isotopic dating or measurement
of durations), unambiguous magnetic polarity changes (for
high-precision global correlation), and one or more
geochemical signatures (to provide additional high-precision
global correlation markers).

Surprisingly perhaps, GSSPs located in sections that have
an abundant fauna may also introduce unknown correlation
errors, particularly if they are in shallow-water shelf envi-
ronments likely to give rise to a hiatus (Sadler, 1981; Sadler
and Strauss, 1990). It is unclear what contribution such
a hiatus makes to the overall global correlation uncertainties,
as opposed to GSSP events of purely evolutionary origin,
such as the presence or absence of a given fossil or fossils.

GSSPs are necessarily part of an outcrop exposed by uplift
and erosion, and most are in relatively undistorted strata.
However, some GSSPs, such as the Late Devonian GSSPs at
the Montagne Noire of southeastern France and base-
Maastrichtian GSSP, are tightly folded and may no longer
retain magnetostratigraphic, geochemical, or other secondary
markers for global correlation.

Absence of precise global markers for high-precision time-
scale work is a key problem that was glossed over in some
GSSP decisions. If the GSSP is defined in purely biostrati-
graphic or lithostratigraphic terms and there are no accom-
panying high-precision secondary markers, such as is the case
for some of the Silurian GSSPs, then the likely correlation
errors are at least 0.5 my and in some cases perhaps as high as
5 my. Such GSSPs are unsatisfactory and will eventually need
reconsideration (e.g., by working groups of the Silurian
Subcommission of the ICS established in 2002).

The ideal GSSP is at a horizon amenable to radiogenic
isotope and/or astronomical cycle calibration or is bracketed
by dateable horizons. This coincidence has been achieved for
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FIGURE 2.5 Distribution of ratified GSSPs in the Mesozoic and Cenozoic Eras (status mid 2011).
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FIGURE 2.6 Distribution of ratified GSSPs in the Paleozoic Era (status mid 2011).
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only a few GSSP placements (e.g., bases of all Pliocene and
Upper Miocene stages, the base of the Turonian Stage of the
Cretaceous, the base of the Triassic, and some Carboniferous
stage levels). If such a horizon is absent, it is essential to be
able to correlate to dateable horizons elsewhere using precise
global correlation markers.

The stratigraphic advances made by ocean drilling
(e.g., the Deep Sea Drilling Project or the Ocean Drilling
Program) were from multidisciplinary teams utilizing a wide
array of shipboard and down-hole investigations. By contrast,
GSSP golden spikes are most commonly placed in
well-exposed continental sections where the excellence of the
outcrop seems to preclude the need for more expensive
methods of sampling such as coring. Coring and multi-
method analysis of GSSP sections could provide a wealth of
data for high-precision time scale work as well as providing
secondary correlation markers. Previously unsuspected
events, such as a hiatus or subtle rhythmic sedimentary
patterns that cannot easily be detected by outcrop sampling,
might also be revealed. For example, magnetic susceptibility
has been fundamental for correlating Late Pleistocene sedi-
ments over a wide area of the northeast Atlantic (Robinson
et al., 1995) and for correlating and identifying the orbital
components in latest TriassiceJurassic successions in
England (Weedon et al., 1999). The GSSP for the base of the
Holocene Series (Quaternary System) is in an archived
Greenland ice core.

2.5. SUBDIVIDING LONG STAGES

The emphasis on defining and dating stage boundaries tends
to overlook the fact that some Paleozoic and Mesozoic
stages are (too) long in duration, and in need of formal
subdivision to enhance their use for correlations. Thirteen of
such stages, all over 10 myr long are: Fortunian, Katian,
Frasnian, Famennian, Tournaisian, Visean, Serpukhovian,
Sakmarian, Carnian, Norian, Aptian, Albian, and
Campanian. If possible, their internal middle and upper
boundaries should be subject to formal definition and GSSP
standardization, just like their lower boundaries.

2.6. DO GSSP BOUNDARY STRATOTYPES
SIMPLIFY STRATIGRAPHIC
CLASSIFICATION?

Since the global chronostratigraphic scale is ultimately
defined by a complete sequence of GSSPs, the limits of
chronostratigraphic units (stages) are fully defined in time.
Harland et al. (1990, p. 21) realized that the GSSP concept
leads to the redundancy of a separate set of hierarchical terms
for the time-rock domain:

The terms system, series, etc. are commonly referred to as “time-rock

units”. It is argued here that they are now redundant and even

confusing, being better replaced by reference to time divisions or rock

All GSSPs on present-day mapAll GSSPs on present-day map

Area used Area used 
to calibrate to calibrate 
M-sequenceM-sequence

Area used Area used 
to calibrateto calibrate
C-sequenceC-sequence

FIGURE 2.7 Geographic distribution of ratified GSSPs on a present-day (0 Ma) map (status mid 2011). Most of the GSSPs are in western Europe, where the

clustering has overlapped many additional GSSPs. The approximate oceanic areas used to calibrate the C- and M-sequences of the magnetic polarity time scale

are indicated by large rectangles (for details see Chapter 5).
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units, as the meaning requires. It is commonly assumed that the time-

rock couplets era- erathem, period-system, epoch-series, and age-

stage, as well as early-lower, mid-middle, and late-upper, are

precisely equivalent and should be selected only according to context

in sentence. It is simpler for the chronostratigraphic scale to apply

only the first term in each couplet. This is being recommended as

being convenient for both thought and expression. Some others adopt

the opposite simplification, i.e. Lower and Upper for time as well as

rock. On that basis Lower Cambrian time (for example) may be

expanded to “the time in which all Lower Cambrian rock formed (as

well as intervening time not represented by rock) falling within the

Early Cambrian time interval which in turn is defined by the two

(initial and terminal) GSSPs in rock, each point representing an event

in time”. The use of time-rock terms (e.g., Lower Cambrian) predates

the standardization of time terms, so it is an understandable perpet-

uation of an old habit that it is now nevertheless timely to replace. By

referring to Early Cambrian rather than Lower Cambrian, the defi-

nition (and concept) is more direct. Early Cambrian rocks are any

rocks formed in Early Cambrian time. The geologic period is defined

by the initial and terminal events represented by the GSSP. The system

is the rock estimated to have formed in that interval. It [the system]

cannot define the period because the system boundaries are

unknowable except at unconformities where the boundary rocks of

uncertain age are missing. This work eliminates the use of time-rock

terms such as system, without loss of meaning.

The same redundancy was elaborated by Walsh (2001).
J. Zalasiewicz and colleagues of the Stratigraphic Commis-
sion of the Geological Society of London phrased it elegantly,
by stating (J. Zalasiewicz, pers. comm., 2000):

We consider that the practice of Chronostratigraphy today defines

the time framework of Geochronology, because intervals of

geological time are now being precisely defined within rock

successions by GSSPs. The effect of this is that Chronostratigraphy

and Geochronology should become one and the same discipline, as

Harland et al. (1990) realized. For this one discipline we propose to

keep the name Chronostratigraphy, which is the definition and

application of a hierarchy of Eons, Eras, Periods, Epochs, Stages

and Chrons. The formal terms Eonothem, Erathem, System, Series,

Age and Chronozone thus become redundant. We include here the

use of “Stage” (rather than “Age” of the standard geochronologic

scale), which, as Harland et al., 1990 argued, liberates “Age” for

general use. The time units defined by Chronostratigraphy may be

qualified by Early/Mid/Late, but not by Lower/Middle/Upper. As an

example, one would not speak of “Lower January” or “Upper July”.

The qualifiers Lower/Middle/Upper continue to be applicable to the

rock bodies of lithostratigraphy. The time units defined by Chro-

nostratigraphy are founded within strata, but encompass all rocks on

Earth. The term Geochronology reverts to its original use of refer-

ring to obtaining numerical estimates of time, through radiogenic

isotope dating, the counting of Milankovitch cycles and so on.

The practice of using the term stage for both time and for
rock has the advantage of simplifying stratigraphy,

liberating age for general use, and avoids some ambiguity
and common confusion. The preferred hierarchy would be
eon, era, period, epoch, and stage. One speaks of the
beginning and end of a stage, or epoch or period in a time
sense, and when speaking about the lower part of a stage
refers to the rocks of that stage age and uses lithostrati-
graphic classification. Despite its simple elegance and
genuine practicality, this time scale book does not adhere to
this suggested practice, and a common new terminology has
not been pursued. More discussion on the challenging issue
of simplifying stratigraphy without stage stratotypes that
embody time and rock as correlative units is desirable. A
formal recommendation is required, before this handbook
simplifies chronostratigraphic terminology.
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F.M. Gradstein Chapter 3

Biochronology

Abstract: Biochronology attempts to rank, order and scale
fossil events and fossil ranges in linear time, and scale
regional stratigraphies with isochrons. Quantitative

stratigraphic methods assist to construct biochronologies that
underpin the geologic time scale.
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3.1. INTRODUCTION

‘Biostratigraphic correlation is not necessarily time correlation. It

may approximate time-correlation, or it may be the identification of

the same biofacies and potentially be diachronous, because

comparable fossil record in samples some distance apart, does not in

itself imply synchronicity of deposition.’

The above conservative statement is taken from the Interna-
tional Stratigraphic Guide (Salvador, 1994 p. 65e66). The
guide recognizes (and sparsely defines) the units and principles
of biostratigraphy, but does not recognize and define
biochronology. The most likely reason is that the latter is
a predictive interpretation, and not an observation and
description of fossil correlation. In its formal system, the guide
has no place for biochronology, since the latter resolutely
bypasses zones, stages and chronostratigraphy on its way to
geochronology.

Biochronology avoids the classical concept of zones (and
stages), in favor of “the organization of geologic time
according to the irreversible process of evolution in the
organic continuum” (Berggren and Van Couvering, 1978:
39). The authors lament that the essential desire to extend

correlation in time, is mistakenly seen as an activity in
stratigraphy, whereas it properly is an exercise in
geochronology.

Despite not being honored by the International Strati-
graphic Guide, biochronology is really what a great many
paleontologists and stratigraphers are after. Many studies aim
to generate an optimum network of fossil correlations,
thought to embody a reliable and high-resolution isochronous
time (lines) framework. Linking such a network with mag-
netochrons, stable and unstable isotope determinations, and
cyclothems, albeit in danger of inviting circular reasoning,
creates a geochronologic correlation framework.

Berggren and Van Couvering (1978), through a complex,
stepwise process of correlations and interpretations in the
marine and continental realms, using first appearance datum
(FAD) and last appearance datum (LAD) of microfossils and
magnetochrons and radiometric ages, eventually link
a planktonic microfossil (the FAD of Globigerina nepenthes)
with the FAD of the three-toed (two toes þ one hoof) horse
Hipparion around 12.5 Ma ago (Figure 3.1). The Chron
nomenclature on the figure is now obsolete, and the FADs
have changed, but the exercise stands as an early example of
biochronology.
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In this short chapter, we will explore several aspects and
methodologies in biochronology that bear on geologic time
scales.

3.2. PALEONTOLOGIC EVENTS

The key to biochronology and its building blocks are fossil
events. A fossil or paleontological event is the presence of
a taxon in its time context, derived from its position in a rock
sequence. Most commonly used are First Appearance and
Last Appearance Datum (FAD and LAD) (Figure 3.2). Since
the first or last appearance datum may be difficult to recog-
nize or distinguish where specimen numbers dwindle, or
become obscured by “noise” (like reworking of fossil tests), it
can be advantageous to substitute with first and last consistent
(or common) appearances. A first or last appearance datum is
termed consistent when such stratigraphic range endpoints
are part of an observed continuous stratigraphic range
(Figure 3.2).

If the fossil record encountered in stratigraphic sections
that we want to correlate and calibrate in time was ubiquitous
and perfect, i.e. if time alone determined the appearance,
range and disappearance of taxa, then biostratigraphy would
be a straightforward exercise. The science of biochronology,
as developed for the evolutionary first and last occurrence
datums of ocean plankton, in conjunction with geomagnetic
reversals in Deep Sea Drilling Sites, would be a matter of
systematic book keeping on a worldwide scale, only con-
strained by taxonomic deliberations. Unfortunately, the

paleontological record is highly imperfect, and its noise may
call for more intricate, or even murky, biostratigraphic deci-
sion making (for example when absence of occurrence is an
argument) that detracts from the validity of a potential bio-
chronologic framework.

Factors bearing on the quality of the fossil record are
shown in Figure 3.3. Together, these uncertainty factors may
be summarized as follows:

1. Quality and quantity of sampling
2. Specimen frequency of fossil taxa
3. Confidence of taxonomic identification
4. Influence of environmental change on the stratigraphic

range of taxa
5. Differential rate of taxon evolution in different parts of the

world
6. Time lag in migration of taxa, where correlation is

over large distances, or across major environmental
barriers.

A more extensive description of these factors may be found in
Gradstein et al. (1985).

If significant diachrony is observed for bioevents, e.g., by
plotting them against magnetochrons or isotope spikes in
two or more sections, then a numerical method or graphic
illustration should be devised to quantify the error bar on
bioevent correlations. As a matter of routine, latitudinal or
environmental shifts in event calibrations should be taken
into account. Biohorizons or biozones should be routinely
plotted in a manner such that no misleading isochroneity
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is portrayed, when not unequivocally demonstrated with
other means. At least one of the black box methods dis-
cussed below e i.e. RASC e has a facility to routinely
depict error bars on optimal event position and event
correlation.

3.3. QUANTITATIVE STRATIGRAPHY AND
BIOCHRONOLOGY

3.3.1. Methods

Most of the Paleozoic time scale in this book relies on
a construction where stages are first scaled “geologically”
with biostratigraphic compositing techniques, and then
stretched in linear time using key radiometric dates. The

advent of versatile and “clever” semi-quantitative and quan-
titative biostratigraphy methods is assisting with this
geological scaling. The methods also add a new dimension to
the construction of local or standard biochronologies, and
their time scale derivatives. In particular, three methods, each
with their own PC-based programs, merit attention when it
comes to scaling biostratigraphic data for standard or regional
time scales:

l graphic correlation
l constrained optimization
l ranking and scaling

Each of these three methods aims at a particular segment of
time scale building and application, using complex and/or
large microfossil data files. Constrained optimization has
been utilized directly in building early Paleozoic segments of
GTS2012, and graphic correlation played a key role in
building the biostratigraphic composite for the late Paleozoic
in GTS2004. Ranking and scaling has been used in
construction of regional biozonations and subsurface time
lines. In this chapter examples will be given of these
approaches; a summary of the numerical and graphic methods
is presented in Table 3.1.

3.3.2. Graphic Correlation

Rates of sediment accumulation have been used to derive
time scales. The simplest methods average fossil zone
thicknesses in several sections and assume that this thickness
is directly proportional to duration (e.g., Carter et al., 1980).
However, because zone boundaries are defined by the strati-
graphic ranges of one, or a few species, only a very small
subset of the total biostratigraphic information is used in the
exercise. A more serious deficiency is that sedimentation is
rarely constant (linear) through time, making the assumption
questionable.

Graphic correlation (Shaw, 1964; Edwards, 1984; Mann
and Lane, 1995; Gradstein, 1996; see also Table 3.1) is
a method that makes better use of the biostratigraphic infor-
mation in all sections, and is thus used for time scale
construction. The pioneering and original study concerning
this method and its applications was called ‘Time in Stratig-
raphy’ (Shaw, 1964), thus clearly implying “biochronology”.
Graphic correlation proceeds by pair-wise correlation of all
sedimentary sections with fossil ranges or events, to build up
a composite stratigraphic section of the combined and total
record in all sections. With each successive round of corre-
lation, biostratigraphic range-end events missing from the
composite are interpolated into it via a regression “line of
correlation” (LOC). At the same time, the stratigraphic ranges
of taxa in the composite are extended to accommodate the
highest range-tops and lowest range-bases recorded in any of
the sections used in the analysis. This procedure is based
on the assumption that, because of incomplete sampling,

Taxon observed

Taxon not observed

Taxon not present

Taxon present, but

true presence

sampling contamination

geological reworking

determination error

ecological exclusion

chronological exclusion

determination error

low population density

high sedimentation rate

poor preservation

FIGURE 3.3 Sampling factors bearing on the quality of the paleontologic

event record.
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non-preservation, unsuitable facies, and other reasons, local
sections will underestimate the true stratigraphic range of
species. Isotopic dates and other physical events can also be
interpolated (Prell et al., 1986). The composite section thus
becomes a hypothetical section that contains all stratigraphic
correlation events, and in which local taxon ranges are
extended to approximate their true range in time, as recorded
among all the sections.

When the composite section is based on a relatively large
number of individual stratigraphic sections, it has been
regarded as a good approximation of a relative time scale itself
(Sweet, 1984, 1988, 1995; Kleffner, 1989; Fordham, 1992).
These workers have used conodont-bearing carbonate sections
to build graphic correlation time scales for the Ordovician
and Silurian. It is assumed that variations in sediment accu-
mulation rate are evened out in the composite, during the

TABLE 3.1 Summary of Graphic and Numerical Methods in Biostratigraphy Used to Assist with the Construction of

Geologic Time Scales.

Graphic Correlation Constrained Optimization Ranking and Scaling

Programs GRAPHCOR, STRATCOR Program CONOP Programs RASC, CASC

Deterministic method e graphic
correlation in bivariate plots. Program
STRATCOR can also simulate probabilistic
solutions.

Mostly a deterministic method, but can
also simulate probabilistic solutions.
Constrained optimization with simulated
annealing and penalty score.

Probabilistic method e ranking, scaling
normality testing, and most likely
correlation of events; error analysis and
penalty score.

Uses event order and thickness spacing;
works best with data sets having both first
and last occurrences of taxa.

Uses event order, event cross-over, and
thickness spacing; data sets best have both
first and last occurrences of taxa.

Uses event order, and scores of cross-over
from well to well for all event pairs in the
ranked optimum sequence.

Best suited for small data sets; can also
operate on larger data sets.

Processes medium to large data sets. Processes large data sets fast; has data
input and multi-well data bookkeeper.

An initial standard section is selected, after
which section after section is composited
in the relative standard to arrive at a final
standard composite.

Treats all sections and events
simultaneously (operates a bit like
multidimensional graphic correlation).

Treats all sections and events
simultaneously.

Line of Correlation (LOC) fitting in section
by section plots; technique can be partially
automated.

Multidimensional LOC; automated fitting;
can generate several different composites
depending on run options.

Automated execution; generates several
scaled optimum sequences per data set
depending on run parameters, and tests to
omit ’bad’ sections or ’bad’ events.

Attempts to find maximum stratigraphic
range of taxa among the sections.

Attempts to find maximum or most
common stratigraphic ranges of taxa.

Finds average stratigraphic position of first
and/or last occurrence events.

Builds a composite of events by
interpolation of missing events in
successive section by section plots,
via the LOC.

Uses simulated annealing to find either the
’best’ or a good multidimensional LOC
and composite sequence of events.

Uses scores of event order relationships to
find their most likely order, which
represents the stratigraphic order found on
average among the sections.

Relative spacing of events is a composite
of original event spacing in meters in the
sections.

Relative spacing of events in the
composite is derived from original event
spacing in meters or sample levels.

Relative spacing of events in the scaled
optimum sequence derives from z-
transformation of cross-over frequencies.

No automatic correlation of sections;
composite standard can be converted in
time scale.

Correlates sections automatically; zonal
composite can be converted to time scale.

Optimum sequence can be scaled in linear
time; automated correlation of sections
using isochrones.

No error analysis; sensitive to geological
reworking and other ’stratigraphic noise’,
and sensitive to order in which sections are
composited during analysis.

Numerous numerical tests and graphical
analysis of stratigraphic results; finds best
break points for assemblage zones.

Three tests of stratigraphic normality of
sections and events; calculates standard
deviation of each event as a function of its
stratigraphic scatter in wells.

Interactive operation under DOS; graphic
displays of scattergrams and best-fit lines.

Batch operation under Windows; color
graphics displays shows progress of run.

Button operated under Windows, fast
batch runs; color graphics of output and
options for interactive graphics editing.
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process of LOC fitting and extension of stratigraphic ranges.
The composite units by which the composite section is scaled
are assumed to be of approximately equal duration (Sweet,
1988), and therefore are time units of unspecified duration
(“standard time units”). Finally, the relative scale can be
calibrated with radiometric dates that are tied to the
biostratigraphic scale. The assumptions, and some of the
problems with this method, are summarized by Smith (1993).

In a variation on the method, Cooper (1992) used graphic
correlation of long-ranging, deep-water, Ordovician
graptolite-bearing shale sections to test for uniformity
(steadiness) of depositional rate. A regional biostratigraphic
composite for Scandinavia was plotted against a composite
for Newfoundland and gave a reasonable approximation to
a rectilinear fit. The same two sections were then plotted
against an exceptionally long-ranging section for western
Canada, with the same result, and were taken to indicate that
sediment accumulation rates in the three regions were
approximately constant over time. The thickness scale for the
Scandinavian composite (the most fossiliferous one) was then
taken as a reasonable proxy for a relative time scale. This
scale was then adjusted as necessary to fit the relatively sparse
isotopic dates (Cooper, 1992) to give a calibration of Early
Ordovician graptolite zones and stages.

For GTS2004, graphic correlation was applied for the
Carboniferous and Permian time scale segment (Davydov
et al., 2004) in over 40 sedimentary sections, using over 4000
taxa from all available fossil groups.

3.3.3. Constrained Optimization

3.3.3.1. Method

A disadvantage of the graphic correlation method is that, for
practical reasons, only a limited number of sections and taxa
can be used in the final analysis. Another disadvantage is the
requirement for one of the sections to be adopted as the
starting “standard section”, the stratigraphic thickness
measurements of which become the initial composite units in
the composite section. Third, assumptions about relative
accumulation rates may bias the sequence of events in the
composite. These problems are avoided by automating
correlation procedure as a constrained optimization (CONOP
software, Kemple et al., 1995; Sadler and Cooper, 2003). Like
ranking and scaling (see below) it can complete the task of
sequencing (the ranking problem), before the task of scaling
(the spacing problem).

Instead of building a solution from the data, CONOP
works through a series of iteratively improved guesses about
the solution. Each guess is compared with the data; the misfit
between the solution and the data guides the next guess in
a process called “inversion”. Unfortunately, solution time
increases as 2N , where N is the number of events. This means
that for an exhaustive search of e.g., 124 events (LO and FO

of 62 taxa), the searching time becomes impractically long. In
order to find a good solution without waiting “forever”,
CONOP uses a version of the simulated annealing algorithm,
using heuristic search techniques; such a technique is inca-
pable of proof, but serves to guide to acceptable solutions.

The method is constrained in that it eliminates impossible
solutions (constraint), and then searches for the best of all the
possible ones (optimization). The method may be thought of
as fitting a multidimensional line of correlation (LOC)
simultaneously to all points in all sections. The composite
“true” section of events is that hypothetical sequence of
ordered and spaced events that causes the least net disruption
or penalty when the ranges of taxa in each of the well sections
are adjusted to match it. Like graphic correlation, the
observed tops of species in individual well sections are
extended stratigraphically upwards, and the bases extended
downward, to achieve a best fit. In this sense, the penalty
represents a measure of inconsistency of individual tops or
bases among the well sections, and is expressed in meters.
This penalty resembles that used in the method STRATCOR
(Gradstein, 1996) that keeps track of the cumulative amount
(distance) over all wells that events shift from their observed
position to their interpolated one. CONOP has a host of
other stratigraphic features, and was used to build the
OrdovicianeSilurian and Carboniferous composites for
GTS2004, and also for GTS2012.

3.3.3.2. Early Paleozoic Time Scale

The global composite section that scales the Ordovician and
Silurian stages in relative time utilizes the CONOP program.
For GTS2004, over 230 measured stratigraphic sections in
graptolite-bearing deep-water shales from around the world,
containing 1400 species, were compiled in a data set of fossil
ranges. The Ordovician part alone includes 119 sections,
containing 669 taxa with ranges wholly or partly in the
Ordovician. Since graptolite specimens are rarely, if ever,
found reworked, such “stratigraphic noise” is readily avoided.

For GTS2012, an impressive 512 measured stratigraphic
sections in graptolitic shales from around the world, and
containing more than 2000 species, were compiled in a data-
base that spans the latest CambrianeEarly Devonian. Ten
CONOP composite sequences were developed at various
stages as the database increased in size, from 177 sections to
430 sections. They provide a test of the stability of the time
scale as additional data are added. With the exception of the
very basal portion, every biostratigraphic event level in the
Ordovician composite is spanned by at least 10, and up to 80,
measured sections (averaging 57). Because planktonic grap-
tolites do not range below the base of the Ordovician, eight
trilobite and seven conodont species which range down into
the Late Cambrian, and which are present in graptolite-
bearing sections in the boundary interval, were included in the
database. These help compensate for the lack of graptolites.
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The final composite was built in two steps. In the first step,
the order of events was established by minimizing misfit
between the composite and each of the individual sections in
turn. The method operates heuristically, searching and
discovering, in what can be a very large number of operations,
which composite is best. Misfit was gauged by the net
distance that range-ends had to be extended among all
sections, as measured by the number of correlative
biostratigraphic event levels, rather than stratigraphic thick-
ness (as in graphic correlation). The composite is only an
ordinal sequence of events. The spacing is undetermined and,
unlike graphic correlation, assumptions about accumulation
rate do not influence the sequence.

In the second step, the spacing of every pair of adjacent
events in the composite was determined from the average of
the rescaled spacing of events in the sections. The observed
ranges in the individual sections were first extended to match
the composite sequence. The thickness of each section was
rescaled according to the number of events that it spanned in
the composite sequence. The scaling of the composite is
therefore derived from all of the sections, rather than from an
initial “standard section” as in graphic correlation, and it is
the ratio of the thicknesses between events that is used, not the
absolute thickness. The influence of aberrant sections,
incomplete preservation or non-uniform depositional rates is
thus minimized. Graptolite zone boundaries and stage
boundaries were then located in the composite, producing
a relative time scale for the Ordovician and Silurian (see
Chapter 20, Table 20.1 and Chapter 21, Table 21.1).

Altogether, 26 radiometric age dates, which were reliably
tied to the graptolite sequence and included in the compositing
process, were plotted against the relative (CONOP) time scale.
The resulting spline fit demonstrates the reliability of the
method (see Chapter 20, Fig. 20.13). These dates were then
used to calibrate the relative scale, which was adjusted
accordingly. In GTS2012, as in GTS2004, the linear scaling of
the CONOP graptolite composite was further refined through
the use of mathematical and statistical techniques, incorpo-
rating error analysis. The final result is a finely calibrated time
scale (see Chapter 20, Table 20.2 and Chapter 21, Table 20.2).

3.3.3.3. Antarctic Biochronology

Through the original work of Cody et al. (2008) and E. Tuzzi
(pers. comm., PhD study, 2009) high-resolution biostrati-
graphic age models are under development for the Neogene
history pertaining to the Antarctic ice sheet and adjacent
Southern Ocean. The Cody et al. (2008) publication inte-
grates comprehensive diatom biostratigraphy, magneto-
stratigraphy, and tephrostratigraphy from 32 Neogene
sections around the Southern Ocean and Antarctic continental
margin, and the result is shown below.

Figure 3.4 displays the calibration of the Total Range
Model composite sequence (y-axis) using the positions in the

CONOP optimal composite sequence of the 55 paleomag-
netic and ash events (red horizons), and their known absolute
ages. The temporal spacing of all intervening biostratigraphic
events in the composite section (x-axis) is found using
piecewise linear interpolation. The ages assigned generally
fall within the range of previous authors’ estimates, which are
shown for comparison.

The resulting circum Antarctic composite sequences
include range data of 116 diatom taxa (74 ofwhich are plotted in
Figure 3.5) as well as 52 paleomagnetic reversals and two
radiometrically dated ashes, which enable age calibration to
within an average of 0.15 myr for first and last appearances as
old as 18 Ma. Deviations of new model ages from previously
published estimates are generally small, and reflect the different
sample sizes available for traditional versus new quantitative
biostratigraphic calibrations. The results confirm the reliability
and regional isochroneity of most commonly utilized diatom
zonal marker events, identify many new potentially useful
events, and provide up to an order of magnitude greater
temporal resolution than traditional zonations.

According to R.D. Cody (pers. comm., 2009) there are
certainly many diatom species that occur in both the
Antarctic and the Arctic (especially in the early Neogene),
which begs the question of interregional correlation poten-
tial. Correlation of the ranges of similar taxa between the
two regions is problematic because (a) there appears to be
significant diachronism (i.e. on the order of several million
years!) for many of these FADs/LADs, and (b) there are
taxonomists who argue that these apparently cosmopolitan
taxa are not really the same taxa in both the Antarctic and
Arctic, even though they are morphologically indistin-
guishable, and are currently called by the same name in
sediments from both regions. That said, there is certainly the
potential to produce similar diatom composites (and prob-
ably achieve comparable resolution) for both the North
Pacific and the Equatorial Pacific regions!

3.3.4. Unitary Associations

The intricate method of unitary associations, initially
developed by Guex (1991), emphasizes the body of a zone as
a correlative unit, rather than its end points (events). A rigorous
adherence to this concept for subdivision of the fossil record
may lead to a loss of stratigraphic resolution (Figure 3.6).
The method combines information on all co-occurrences or
virtual co-occurrences of taxa, taking into account all
observed, or virtual combinations, and their relative order to
arrive at a stack of concurrent range zones. A virtual combi-
nation would be (a) if two taxa exchange order in lateral
sections, without actually co-occurring, or (b) two taxa co-
exist with a third taxon, without actually co-occurring. The
method also makes the range-through assumption, meaning
that taxa are considered to have been present at all levels
between their first and last appearance in any section. Often,
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complex relationships have to be resolved, not in the least since
no lower limit is set on the frequency of sections in which
a taxon occurs, or number of specimens observed.

The end result of this rigorous, deterministic compositing
of overlapping ranges is a stratigraphic succession of concur-
rent range zones, called a set of unitary associations. A unitary
association is the maximal grouping of mutually compatible
(contemporary) species that cannot be included in a larger
grouping, corresponding to the maximal overlap of interval of
co-occurrence of each of these species. These units have
minimal superpositional contradictions.

Original samples are correlated, using how well their
record compares to the unitary associations. A reproducibility
graph shows the superpositions of unitary associations that
are actually observed in the sections.

A set of unitary associations is assumed to be a set of
successive biochronozones, assumed to generate a so-called
biochronology. Originally developed with ammonites in
mind, this biochronology label for results thus conforms to
the informal concept that ammonite biozones inherently are
chronozones. Since, using the method, there is no inherent
calibration to a time scale, unitary associations are not an
exercise in biochronology as understood here.

3.3.5. Ranking and Scaling

3.3.5.1. Method

Both the graphic correlation and most options in the CONOP
methods belong in the category of deterministic stratigraphy
methods, and contrast with probabilistic methods. Deter-
ministic methods seek the total or maximum stratigraphic
range of taxa, whereas probabilistic methods estimate the
most probable or average range (Figure 3.7), to be accom-
panied by an estimate of stratigraphic uncertainty. Deter-
ministic methods assume that inconsistencies in the

stratigraphic range of a taxon from section to section or well
to well are due to missing data. In contrast, probabilistic
methods assume that the inconsistencies are the result of
random deviations from a most commonly occurring or
average stratigraphic range. Or, to say it in terms of youngest
occurrence events of taxa (or “tops” in exploration micropa-
leontology jargon): deterministic methods assume that there
is a true order of events, and that inconsistencies in the
relative order of tops from well to well are due to missing
data; probabilistic methods consider such inconsistencies to
be the result of random deviations from a most likely or
optimum sequence of tops.

The most probable order of stratigraphic events in a sedi-
mentary basin, with an estimate of uncertainty in event
position, best predicts what order of events to expect in a new
well or section. Calculation of the “true” order on the other
hand would be most comparable to conventional, subjective
results in range charts.

The principal method of probabilistic biostratigraphy is
called RASC (Gradstein et al., 1985; Agterberg and
Gradstein, 1999). RASC is an acronym for ranking and
scaling of biostratigraphic events; its sister method CASC
stands for correlation and standard error calculation. Data sets
may vary from a few (e.g., 4) to many (25 or many more)
wells or outcrop sections, and thousands of records depending
on requirement. For error analysis to have meaning, many
wells are better than few.

Unlike graphic correlation, the RASC method considers
the stratigraphic order of all (pairs of) fossil events in all wells

Zone B

Zone A

FIGURE 3.6 The overlap in stratigraphic ranges, shown as zones A and B,

is targeted and scored in the Unitary Associations method, and may have

robust potential for regional correlation. Individual stratigraphic range

segments outside zones A and B are ignored.
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simultaneously. It scores all order relationships of all event
pairs in a matrix, and, using various modifications of trino-
mial set theory, calculates the most likely order of events. In
this optimum sequence, each event position is an average of
all individual positions encountered in the wells. Standard
deviations (using RASC variance analysis) of the event
positions in the most likely (optimum) sequence are propor-
tional to the amount of their stratigraphic scatter in sections
when plotted against the optimum sequence.

Scaling of the optimum sequence in relative time is
a function of the frequency with which events in each pair in
the optimum sequence cross over their relative positions
(observed records) from well to well; the more often two
events cross over from well to well, the smaller their inter-
fossil distance. Using a statistical model for the frequencies of
cross-overs these estimates are converted to z values of the
normal distribution. Final distance estimates are expressed in
dendrogram format, where tightness of clustering is
a measure of nearness of events along a stratigraphic scale.

The scaled version of the optimum sequence features time
successive clusters, each of which bundles distinctive events.
Individual bundles of events are assigned zonal status. The
process of zonal assignment in the scaled optimum sequence
is subjective, as guided by the stratigraphic experience of the
users. Large inter-fossil distances between successive
dendrogram clusters agree with zonal boundaries, reflecting
breaks in the fossil record due to average grouping of event
extinctions. Such extinctions occur for a variety of reasons,
and may reflect sequence boundaries. From a practical point
of view, it suffices to say that taxa in a zone, on average, are
close together in relative time.

The CASC method and program takes the RASC zona-
tion, and calculates the most likely correlation of all events in
the zonation over all wells. Interpolated event positions have
error bars attached, and are compared to observed event
positions in the wells examined.

Since 1982, RASC and CASC have had stratigraphic
application to a variety of microfossils, including dinofla-
gellate cysts, pollen/spores, diatoms, radiolarians, benthic and
planktonic foraminifera, and also physical log markers
inserted in zonations. A majority of applications involve well
data sets from industry and from scientific ocean drilling.
Published literature on the method and its uses is extensive.

3.3.5.2. RASC Biochronology

Since the RASC scaled optimum sequence has a numerical and
linear scale, it may be converted to a time scale. A prerequisite
is that absolute age estimates are available for an appropriate
set of events in this scaled optimum sequence (e.g., from
planktonic foraminiferal or nannofossil events in standard
zonations). The more events in the scaled optimum sequence,
the better the stratigraphic resolution, shrinking the gap
between unevenly spaced events in estimated linear time. Next,

the conversion of the RASC scaled optimum sequence to
a local biochronology enables the stratigrapher familiar with
CASC to trace isochrons in the same way as zones are traced.
Examples of such exercises are presented in Gradstein et al.
(1985), and in Agterberg and Gradstein (1988) for the Ceno-
zoic, offshore Labrador and Newfoundland, and in Williamson
(1987) for the JurassiceCretaceous, offshore Newfoundland.

Figure 3.8 shows a close fit of subjective and likely traces of
Lower Cretaceous isochrons inGrandBanks ofNewfoundland
wells applying the CASCmethodology on amost likely RASC
zonation in 13 wells, using hundreds of fossil events. Auto-
mation of this process makes the method suitable for subsur-
face contouring using computer workstations.

3.3.5.3. Taranaki Basin Biochronology and
Geochronology

Below, a sophisticated application is summarized using both
RASC and CONOP in the Taranaki Basin, New Zealand
(Cooper et al., 2001).

The Taranaki Basin, New Zealand’s hydrocarbon
producing province, contains a highly fossiliferous Upper
CretaceouseCenozoic sedimentary succession, resting
unconformably on an erosional surface of varied relief that
cuts across a “basement” of Paleozoic and Mesozoic rocks.
The basin has a complex depositional history with deposi-
tional breaks, condensed intervals, contemporaneous faults
and folds, and lateral facies changes. Biostratigraphy from
over 80 wells is an essential tool to interpret depositional
history. Cooper et al. (2001) developed a detailed, statistically
based biozonation scheme for the purpose of increasing
stratigraphic resolution, and assessing depositional rates
across the basin. In addition, the team of stratigraphers
wanted to evaluate the relative merits of deterministic and
probabilistic approaches to quantitative biostratigraphic
subdivision and correlation.

In all, the data set of choice comprises eight wells, from
which 351 usable range tops of 351 foraminifers, nannofossils
and palynomorphswere extracted fromearly Paleocene through
early Miocene ages. In order to emphasize events that have
correlation potential, and to calculate event variances, those
events that occur in fewer than four wells were removed from
the data set. However, the methods allow unique events back in
the analysis, such as index fossils or localmarker horizons found
in fewer than four wells. The data set was thus reduced to 178
events in the eight wells, with first stages of analysis leading to
removal of 91 more events as being highly inconsistent in
position from well to well, or having tops elsewhere above the
youngest level sampled in the wells. The final data set hence
comprises 87 events, with 508 occurrence records.

Figure 3.9 shows the RASC zonation based on the scaled
optimum. The dendrogram identifies discrete clusters of
events that are separated by relatively large interevent
distances. In many cases boundaries between clusters
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correspond to a missing section, facies change, or formation
boundary. The clusters are used to define 18 interval zones.
Interpretation of those zones in terms of New Zealand stages
is shown on the left of the diagram (after Cooper et al.,
2001). Since the RASC and CONOP optimum Taranaki
sequences are remarkably similar, the hypothesis is
strengthened that a reliable zonation has been arrived at, that
can be explored further. Fifty-seven events in the CONOP
composite sequence were plotted against their expected
distribution in time, based on their known stratigraphic age
elsewhere in New Zealand (error bars shown) (Figure 3.10).
Anomalous events (open circles) and events stacked along
the y-axis were not used in time calibration of the compo-
site.The insert in the figure depicts the method of interpo-
lation of events (A and B) into the time scale to rescale the
zonation in linear time.

From the minor scatter of events in Figure 3.10, it is clear
that there is not a one to one correspondence between the
known stratigraphic tops of events in New Zealand and in the
Taranaki wells. The scatter likely would have been smaller if

more than eight wells had been analyzed, and the samples had
been cores instead of well cuttings. Nevertheless, the approach
shows how a biochronologic sequence can easily be developed
from quantitative zonations that have their own relative scale.

Themain conclusion of theTaranaki study is that theRASC
probable sequence and the CONOP composite sequence are
remarkably similar. Both the penalty score in CONOP and the
variance analysis in RASC detect event outliers well, with the
latter being statistically robust. Several stratigraphically
promising species events were detected, not generally used for
conventional biostratigraphy. The CONOP composite section
gives the best estimate of the “true” stratigraphic tops of taxa,
based on the eight well sections. It is consistent with the aims
of conventional biostratigraphy based on range-end events,
which are to establish zonation and correlation schemes based
on the (maximum) ranges of species. Hence, it relates best to
the conventional regional stratigraphy of New Zealand. The
RASC scaled optimum sequence, on the other hand, gives the
most probable order of events and its spacing and is particu-
larly useful as a predictive zonation and correlation tool for
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FIGURE 3.9 RASC scaled probable sequence for the Taranaki Basin and dendrogram based on the scaled distances between events. The dendrogram

identifies discrete clusters of events that are separated by relatively large interevent distances. Boundaries between clusters, in many cases correspond to

a missing section, facies changes, or formation boundaries. The clusters are used to define 18 interval zones. Interpretation of those zones in terms of New

Zealand stages is shown on the left of the diagram. (After Cooper et al., 2001).
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future exploration drilling in the basin. The probabilistic and
deterministic techniques are experienced as complementary in
order to best understand the biostratigraphical and bio-
chronological potential of a complex data set.

3.4. QUALITATIVE BIOSTRATIGRAPHY
AND BIOCHRONOLOGY
3.4.1. Nordic Neogene

Calibration of the subsurface Neogene marine sediments in
offshore Norway to the standard geologic time scale has long
been inadequate. One reason is that the Neogene scale is built

on the classical record in circum Mediterranean strata,
particularly Italy, and that biostratigraphic record cannot be
directly extrapolated to the North Sea. The coring of North
Atlantic Deep Sea Drilling and Ocean Drilling Project Sites is
challenging this obstacle to direct correlation. However, first
or second order correlation of local North Sea taxa and
physical events to the geomagnetic and stable isotope record
in ocean sites, where rather precise ages have been estab-
lished, is now possible. Through the study of Anthonissen
(2009), this calibration has now been accomplished, starting
from the regional North Sea Miocene, Pliocene and Pleisto-
cene record, and correlating that to two dozen sites in the
central and northern North Atlantic, Norwegian Sea,

FIGURE 3.10 Fifty-seven events in the CONOP composite sequence for the Taranaki Basin, New Zealand are plotted against their expected distribution in

time, based on their known stratigraphic age elsewhere (error bars shown). Anomalous events (open circles) and events stacked along the y-axis were not used in

time calibration of the composite. Insert depicts the method of interpolation of events (A and B) into the time scale to rescale the zonation in linear time.

(After Cooper et al., 2001).
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Labrador Sea and southeastern Arctic Ocean, whose record
can be better tied to the classical Mediteranean Neogene.

Firstly, the ocean record was broken down into latitudinal
slices, and the resulting calibrated bioevents were averaged
on a per region basis. Care was taken to evaluate possible
reworking, contamination signals and conflicting data and
interpretations, to generate the most reliable calibration age
per event. Secondly, weight was given to those sites that have
the highest sampling resolution, so as to minimize uncertainty
in the age-depth plots for each site.

First-order calibrations are those involving a direct and
onsite stratigraphic link between the respective bioevent and
the geologic time scale. This was commonly achieved by
a direct stratigraphic tie via the ocean sites to the standard
time scale (Lourens et al., 2004). Second-order calibrations
involved a correlation between the observed bioevent and
another locality with a corresponding stratigraphic level
which has a first order calibrated age. Third-order calibrations
involve two correlations.

Figure 3.11 shows the new, multi-group Nordic Miocene
biochronology and its direct and partly causal linkage to the
oxygen isotope (climate) record, paleoceanography and higher
order sequences. Microfossils are mainly planktonic and
benthic foraminifers and bolboformids (70 events), dinofla-
gellates and acritarchs (16 events), and marine diatoms
(6 events). Resolution is much decreased in Chattian and
Aquitanian, where calcareous dissolution in the North Sea well
record is severe. Twelve Nordic Miocene (NM) zones were
established, with precise ages for the zonal boundaries.
Resolution is highest during warm, non-glacial intervals,
particularly late BurdigalianeLangian.

The Global Boundary Stratotype and Point (GSSP)
correlative Mediterranean markers for the Miocene stages
that show best biostratigraphic approximation in the North
Atlantic, including the North Sea, are listed in Table 3.2. The
most easily recognized events are highlighted in bold. Nordic
Miocene zones are indicated.

In summary, standard stages can now be recognized in the
North Sea, instead of just Lower, Middle or Upper Miocene
assignments.

3.4.2. Nordic Paleogene

Original research at the University of Leuven (Van Simaeys
et al., 2005; De Man and Van Simaeys 2004; De Man et al.,
2010) has now placed the classical Oligocene (Rupelian and
Chattian) succession in the southern North Sea Basin in
a well-calibrated time scale, with a detailed biochronology
(Figure 3.12). Calibration of the mid-Oligocene dinocyst
events in the southern North Sea Basin is based on the
correlation with the pelagic succession of the Umbria-Marche
Apennines (central Italy). The latter has a detailed biostrati-
graphic, magnetostratigraphic and chemostratigraphic record
plus biotite-rich volcanic layers (Coccioni et al., 2008).

Svalbardella abundance in the central North Sea Basin is at
the same chronostratigraphic position as found in the central
Mediterranean records, and hence can be attributed to a mid-
Oligocene glacial maximum in conjunction with the Oi-2b
glacial event in magnetochron C9n (Van Simaeys et al.,
2005). The dinocyst correlation further suggests that this
mid-Oligocene glacial maximum, and the corresponding
glacio-eustatic sea-level fall are genetically related to the
unconformity between the Rupelian and Chattian stages in
the southern North Sea Basin.

The interpolated ages for the Rupelian/Chattian stage
boundary, located in the upper half of Chron 10n at meter level
188 in the Italian Monte Cagnero section, and corresponding to
the O4/O5 planktonic foraminiferal zonal boundary, are
28.36 Ma (paleomagnetic interpolation), 28.27� 0.1 Ma
(direct radio-isotopic dating), and 27.99Ma (astrochronological
interpolation). Using classical magnetochronology, GTS2004
placed the Rupelian/Chattian boundary within the upper part of
Chron 10n and assigned it an age of 28.45� 0.1 Ma. Strontium
isotope dates and glauconite dates bracket the historical
Rupelian/Chattian hiatal boundary in northern Belgium
between about 29 Ma and about 27 Ma (De Man et al., 2010).

The Monte Cagnero section is a potential candidate for
defining the Chattian Global Stratotype Section and Point
(GSSP). The proposed GSSP in the Apennines with an
estimated date of 28.2� 0.2 Ma honors the position of
the historically defined Rupelian Chattian boundary in
Belgium.

3.4.3. Australian Cambrian Stages

Chapter 19 in this book on the Cambrian Period outlines that
Australian stages are described as “biochronological” units and
are defined in terms of their contained fauna (Shergold, 1995,
1996; Laurie 2004, 2006). Boundary stratotypes are therefore
not designated. For example, the Templetonian Stage is fixed at
the base of the agnostoid trilobite Pentagnostus anabarensis
zone, and includes four agnostoid zones: the Pentagnostus
anabarensis, Pentagnostus praecurrens, Pentagnostus sher-
goldi, and Ptychagnostus gibbus zones. Templetonian is an
important stage because it contains cosmopolitan agnostoid
trilobites (e.g., Pentagnostus praecurrens and Ptychagnostus
gibbus), and oryctocephalid trilobites, both of which are also
significant for international correlation. Since there is no
inherent calibration to a time scale, this is not biochronology as
understood here, but biostratigraphy. Zones are not automati-
cally biochronological units.

3.4.4. Time Scale Creator

Biochronology is reaching a pinnacle in the massive data sets
generated with Time Scale Creator software (http://www.
tscreator.org). The method and data system confidently link
all events in the evolutionary “organic continuum” in an
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FIGURE 3.11 The Nordic Miocene Zonation for the northeastern North Atlantic region, showing detailed biochronologic calibration for many regional North Sea events through detailed correlation to

North Atlantic Deep Sea Drilling Sites and Ocean Drilling Project Sites where formal Neogene Mediterranean stage terminology is in use. Codes are: CN¼ Calcareous Nannofossil; PF¼ Planktonic

Foraminifera; BF¼Benthic Foraminifera; BO¼Bolboformid algae; DC¼Dinoflagellate cyst or acritarch. For details see Anthonissen (2009).
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elegant linear time framework. Time Scale Creator contains
tables of Precambrian through Holocene stratigraphic events
calibrated to GTS2004 ages. There are nearly 20 000
biostratigraphic, sea-level, and magnetic zones and special
stratigraphic levels, plus a suite of geochemical curves.
Documentation of zonal definitions, relative age assignments,
and information detailing how these events were recalibrated
to the Geologic Time Scale were also compiled. This included
updating cross-correlations and enhancing detail for selected
stratigraphic methods using trilobites, conodonts, graptolites,
ammonoids, fusulinids, chitinozoans, megaspores, nanno-
fossils, foraminifers, dinoflagellates, radiolarians, diatoms,
strontium-isotope, and C-org curves.

Numerical ages are calculated within the database using the
calibrations; therefore, all ages can be automatically recom-
puted when control ages are improved in future time scales.

Paleozoic sea-level sequences include the global
compilation prepared for the GeoArabia journal’s
CambrianeTriassic Arabian Platform Cycle Charts of
Sharland et al. (2004), and Haq and Al-Qahtani (2005). These
are in a similar format (but in color) as the original Hardenbol
chart series (Graciansky et al., 1998). Regional scales of
selected areas (e.g., Russia, China, North America and New
Zealand) are also included. Numerical and graphic methods
are being researched to quantify and illustrate error bars on
bioevent correlations.

TSCreator� automatically takes the reference database,
gets instructions from the user on the stratigraphic interval
and stratigraphic information to be displayed, and then
generates both on-screen and scalable-vector graphic (SVG)
renditions that directly input into drafting programs. Next, the
user can click on a value, zone or boundary in the charts on

TABLE 3.2 Correlative Events Between the N.Atlantic Region, Including North Sea, and the Standard Miocene Stages in the

Mediterranean

Low- to Mid-Latitudes High-Latitudes

Age (Ma) Stage/Subseries Base GSSP Correlative Markers Nordic Atlantic Approximations Nordic Zone

7.246 Messinian FO (consistent) Globorotalia
conormiozea group (PF)

D/SNeogloboquadrina atlantica coiling
change (PF)
LO Globorotalia miotumida (conomiozea)
group (PF)

NM10

11.608 Tortonian LO common Discoaster
kugleri (CN)
LO common Globigerinoides
subquadratus (PF)

LO Cerebrocysta poulsenii (DC)
Disappearance of Bolboforma clodiusi
(BO)
LO Uvigerina semiornata saprophila (BF)
LO Paragloborotalia mayeri (PF)
FO Bolboforma subfragoris (BO)
LO Elphidium antoninum (BF)

NM7/NM8b

13.82 Serravallian FO Sphenolithus
heteromorphus (PF)

LO (consistent) Globorotalia ex gr.
praescitulazealandica (PF)
LO Uvigerina tenuipustulata (BF)
FO Turborotalita quinqueloba
FO Globorotalia scitula (PF)

NM5/NM6

15.97 Langhian FO Praeorbulina glomerosa
(PF)

FO Praeorbulina glomerosa (PF)
Influx Common Sphaeroidinellopsis
disjuncta (PF)
FO Bolboforma reticulata (BO)
Disappearance G. ex gr. praescitula-
zealandica (PF)

NM4

20.43 Burdigalian FO Globigerinoides
altiaperturus (PF)

LO (consistent) Catapsydrax unicavus
(PF)
LO Thalassiphora pelagica (DC)

NM1/NM2

23.03 Aquitanian FO Paragloborotalia
kugleri (PF)
LO Reticulofenestra bisecta
(CN)

LO common Deflandrea phosphoritica
(DC)

NM0

TheGlobal Boundary Stratotype and Point (GSSP) correlative Mediterraneanmarkers for theMiocene stages showing best biostratigraphic approximation in the North
Atlantic, including North Sea. The most easily recognized events are highlighted in bold.Nordic Miocene zones are indicated. For details see Anthonissen (2009).
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(Figure used with permission of M.Simmons and GeoArabia). Figure designed prior to redefinition of the Chattian Stage; its present working definition is the base of C10n. 5
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the computer screen, and a window opens with an explanation
of the calibration, definition and interpolated age. A majority
of biochronostratigraphic figures in this book were initially
created with this software as a first step towards final drafting.
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L.A. Hinnov and F.J. Hilgen Chapter 4

Cyclostratigraphy and Astrochronology

Abstract: The Milankovitch theory that quasi-periodic
oscillations in the Earth-Sun position have induced significant
104-106 year variations in the Earth’s stratigraphic record of
climate is widely acknowledged. This chapter summarizes the

Earth’s astronomical parameters, the nature of astronomically
forced solar radiation, fossil astronomical signals in the
stratigraphic record, and the use of these signals in calibrating
geologic time.

Chapter Outline

4.1. Introduction 63

4.2. Earth’s Astronomical Parameters 64

4.3. The 405-kyr Metronome 67

4.4. Astronomically Forced Insolation 67

4.5. Cyclostratigraphy through Geologic Time 67

4.6. Constructing Astrochronologies and the ATS 71

4.7. Precision and Accuracy of the ATS 72

4.7.1. Seasonal Phase Relations 72

4.7.2. Tidal Dissipation, Dynamical Ellipticity and Climate

Friction 74

4.7.3. Solar System Diffusion 76

4.7.4. Summary of Uncertainties 76

4.8. Astrochronology-Geochronology Intercalibration 76

4.9. A New Astronomical Solution 78

References 78

4.1. INTRODUCTION

Paleoclimatological research has led to wide acceptance that
quasi-periodic oscillations in the Sun-Earth position, known
as Milankovitch cycles, have induced significant variations in
Earth’s past climate. These astronomically forced climate
variations have in turn influenced climate-sensitive sedi-
mentation, and thereby came to be fossilized in the Earth’s
cyclic stratigraphic, or cyclostratigraphic record. The sub-
discipline that has developed to study this record is known
today as cyclostratigraphy. The detection of astronomical
signals in cyclostratigraphy has been facilitated by impressive
advancements in celestial mechanics, which have provided
accurate models of Earth’s orbital-rotational behavior through
geological time, and also by equally notable improvements in
data collection and analysis.

A principal outcome of these developments has been the
recognition that the cyclostratigraphic record, when shown to
carry a signal specific to Earth’s astronomical parameters,
serves as a powerful chronometer. The astronomical cali-
bration of these cycles leads to astrochronology and
construction of the Astronomical Time Scale (ATS). High
quality data from the Cenozoic Era have demonstratively
preserved all of the astronomical cycles predicted by modern
celestial mechanics; the Neogene and Paleogene periods are
now almost completely astronomically calibrated, as reported
in Chapters 28 and 29, although serious problems remain in

the Paleogene. Cyclostratigraphy from more remote geolog-
ical ages cannot be calibrated fully or directly to the astro-
nomical variations, because of model limitations and
uncertainties in determining stratigraphic age. Nonetheless,
in numerous instances signals analogous to those of the
modeled astronomical variations have been detected in
cyclostratigraphy, prompting the development of “floating”
astrochronologies over extended time intervals (multiple
millions of years). Astronomically calibrated floating time
scales have now been proposed for intervals that extend
through entire stages in the Triassic, Jurassic and Cretaceous
periods, and are presented in Chapters 25, 26 and 27.

This chapter provides an introduction to the Earth’s
astronomical parameters, the nature of the astronomically
forced incoming solar radiation (insolation), and the
discovery of astronomically forced insolation signals in
cyclostratigraphy. For remote geologic times, partial astro-
nomical calibration with the modeled 405-kyr orbital eccen-
tricity variation is allowable; the construction and application
of the “405-kyr metronome” is explained. This is followed by
a summary of the cyclostratigraphy that was used in the
“absolute” and “floating” astrochronologies of A Geologic
Time Scale 2012 (GTS2012). A discussion of the precision
and accuracy that can be expected from astronomically cali-
brated cyclostratigraphy is also given. The chapter concludes
with remarks on recent inter-calibration efforts between

The Geologic Time Scale 2012. DOI: 10.1016/B978-0-444-59425-9.00004-4
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astrochronology and geochronology e the key to future
improvement in geologic time scale determination.

4.2. EARTH’S ASTRONOMICAL
PARAMETERS

The Earth undergoes quasi-periodic changes in its orienta-
tion relative to the Sun, as a consequence of interactions
between the Earth’s axial precession and variable orbit
induced by motions of the other planets. These changes may
be described in terms of the Earth’s astronomical parameters
(Figure 4.1). Quantification of these parameters has been
carried out numerous times in the past using analytical
approximations of the planetary motions; a brief history of
these computations is given in Laskar et al. (2004). Today,
models of the astronomical parameters are based on
computerized numerical integration, and include important
new variables, e.g., relativistic effects, flattening of the
Earth, Sun and Moon, Earth’s tidal deceleration, climate
friction, and other factors. The nominal La2004 model
includes all of the above-mentioned variables, and provides
an accurate orbital eccentricity model back to 40 Ma (Laskar
et al., 2004). A new La2010 solution extends accuracy back
to 50 Ma (Section 4.9). Further back in time, however,

modeling validity rapidly diminishes due to uncertainties in
model initial conditions and numerical integration error.
While the initial conditions can be improved, integration
error ultimately limits the validity of the model to approxi-
mately 60 Ma (Laskar, 2006).

Over the past 10 million years the Earth’s orbital eccen-
tricity has varied between 0 and 0.07 (Figure 4.2(a)) with
principal periods at 95 kyr, 99 kyr, 124 kyr, 131 kyr, 405 kyr,
and 2260 kyr (Figure 4.3(a)), caused by gravitational
perturbations from the motions of the other planets acting on
Earth’s orbital elements P and e (Figure 4.1). The obliquity
variation changes the Earth’s axial tilt by between 22� and
24� (Figure 4.2(b)), with a principal period at 41 kyr, and
lesser ones at 39 kyr, 54 kyr and 29 kyr (Figure 4.3(b)), due to
planetary motions acting mainly on orbital elements I and U

(Figure 4.1). The precession index represents the combined
effects of orbital eccentricity and the Earth’s axial precession
on the Sun-Earth distance (Figure 4.2(c)), and has principal
periods at 24 kyr, 22 kyr, 19 kyr and 17 kyr (Figure 4.3(c)).

Long-term secular changes in geophysical and astro-
dynamical factors are expected to have influenced the
frequencies and phasings of the astronomical parameters.
These factors include chaotic diffusion of the Solar System,
tidal dissipation of the Earth-Moon system, Earth’s dynam-
ical ellipticity and climate friction (Section 4.7). At present
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is anticlockwise; gravitational forces along the ecliptic of date from the Moon and Sun act on the Earth’s equatorial bulge and cause a clockwise precession j of

the rotation axis. This precession causes the vernal equinox point g to migrate clockwise along the Earth’s orbit, shifting the seasons relative to the orbit’s
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precession index esin6 to track Earth-Sun distance. Variations of e, ε and esin6 are shown in Figure 4.2.
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the effects of these factors are in the main known only
theoretically; the cyclostratigraphic record has yet to be
analyzed for the magnitude and timing of these factors.

4.3. THE 405-KYR METRONOME

While chaotic behavior has in all likelihood affected Earth’s
~100 kyr scale orbital eccentricity terms through geologic time,
the 405-kyr eccentricity cycle has remained relatively stable
over at least the past 250million years (Laskaret al., 2004). This
high-amplitude cycle is the consequence of gravitational
interactions between Jupiter and Venus, i.e. motions of their
orbital perihelia, g2eg5. The largemass of Jupiter is responsible
for the stability of the 405-kyr cycle, which has an estimated
uncertainty of ~500 kyr at 250Ma. Thus, this cycle can be used
as a basic calibration period for cyclostratigraphy; this approach
has been advocated by Laskar et al. (2004), and many others.
Today 405-kyr cyclicity has been recognized in many cyclo-
stratigraphic sequences, as demonstrated in the astrochronolo-
gies presented inChapters 25e29of this volume. It nowappears
that many of the so-called “third order sequences” in Mesozoic
stratigraphy are responses to the 405-kyr eccentricity cycle
through climate forcing by precession index carriers (e.g., Gale
et al., 2002; Boulila et al., 2010a).

To obtain the 405-kyr metronome, Laskar et al.
(2004) suggested using the simple formula:
e405¼ 0.027558� 0.010739 cos(243400 þ 3.20000t). However,
this formula is valid only for 0e100 Ma. To provide an
accurate metronome for the entire modeled 0e249 Ma, the
nominal La2004 orbital eccentricity series was down-sampled
to an 8 kyr spacing (down from 1 kyr given by Laskar et al.,
2004); bandpass filtering was applied to extract the 405-kyr
cycle. The filtered signal (normalized to unity) is the 405-kyr
metronome; four representative time slices are shown in
Figure 4.4. The depicted single-frequency metronome has been
included in TSCreator (Ogg, et al., 2011). The long-term goal
of astrochronology is to assign (“tune”) cyclostratigraphy to
the appropriate 405-kyr bins.

A slightly wider passband surrounding the 405-kyr term
includes the important g4eg3 modulation into the metronome
(Laskar et al., 2011). Figure 4.4 also displays this wide-band
metronome, which can vary significantly from the single-
frequency metronome. The wide-band metronome can be used
to accurately tune cyclostratigraphy over 0e40 Ma using
La2004, and over 0e50 Ma using La2010 (Section 4.9). Prior
to 50 Ma, however, the g4eg3 modulation is inaccurately
known (Section 4.7); for Mesozoic and older cyclostratigraphy
the single-frequency metronome should be assumed.

4.4. ASTRONOMICALLY FORCED
INSOLATION

The orbital parameters affect changes in the intensity and
timing of the incoming solar radiation, or insolation, at all

points on the Earth. When considered at interannual time
scales, these insolation changes comprise the well-known
Milankovitch cycles (Milankovitch, 1941; reissued in English
in 1998). Figure 4.5 compares Milankovitch’s original
calculation of northern summer insolation at 65�N with
a modern calculation based on La2004. Geographical loca-
tion, time of year, and even the time of day all determine the
relative contributions of the orbital parameters to the inter-
annual insolation (e.g., Berger et al., 1993; Berger et al.,
2010). For example, Figure 4.6 depicts the globally available
spectral power of orbitally forced daily insolation at the top of
the atmosphere on June 21 (solstice) and March 21 (equinox).
These examples are idealized in the sense that it is unlikely
that climate responds to insolation on only one day of the
year, but rather integrates insolation over certain times of the
year and collectively over specific geographic areas, possibly
over different areas at different times. This “climatic
filtering” alters the relative contributions of the orbital
parameters to the total output climate response, this even prior
to internal climate system responses to the insolation. Thus, it
is left to the discretion of the paleoclimatologist to determine
which time(s) of the year and at which location(s) a prevailing
climate has responded to insolation; this can require consid-
erable insight into the infinite number of ways that one can
sample insolation in space-time (Rubincam, 1994).

4.5. CYCLOSTRATIGRAPHY THROUGH
GEOLOGIC TIME

The prospect that Earth’s astronomical variations have
exerted large-scale climatic changes that could be detected
in the geologic record was already being debated in the 19th

century (e.g., Herschel, 1830; Adhémar, 1842; Lyell, 1867;
Croll, 1875). Early attempts to link astronomical effects to
paleoclimate are reviewed in Hilgen (2010). Gilbert (1895)
was the first to attribute the origin of limestone/shale cyclic
strata of the Cretaceous Niobrara chalks (Colorado, USA) to
astronomical forcing. Bradley (1929) counted varves in the
lacustrine oil shale/marl cycles of the Eocene Green River
formation (Utah, USA) estimating an average 21 630-year
time scale for the cycles, and pointing to the precession of
the equinoxes as a potential cause. The first correlation
between astronomically calculated insolation minima and
Late Quaternary ice age deposits of the Alps was made by
Köppen and Wegener (1924), who used insolation as
calculated by Milankovitch for critical latitudes and seasons
(i.e. similar to 65�N summer); this correlation and tuning
was also discussed at length in Milankovitch (1941).
Milankovitch (1941) was the first to attempt a quantitative
correlation between astronomically calculated insolation
minima and Late Quaternary ice age deposits of the Alps.
However, later radiocarbon studies of glaciation timings in
North America did not clearly corroborate Milankovitch’s
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insolation calculations, and the astronomical theory fell into
disfavor (review in Imbrie and Imbrie, 1979; update in
Broecker and Denton, 1989).

At the same time, significant progress had been made in
understanding the origins of the prevalent rhythmic stratifi-
cation of Mesozoic Alpine limestones (e.g., Schwarzacher,
1947, 1954). This research culminated in the seminal work of
Fischer (1964), who found that the meter-scale beds (the so-
called Lofer cyclothems) of the Triassic Dachstein Limestone
contained vertically repeating facies indicative of shallow
marine environments exposed to oscillating sea levels, with

a c. 40 kyr timing. However, glaciations were unknown for
the Triassic, raising doubts about the mechanisms by which
such sea-level oscillations could have occurred; the origin of
the Lofer cyclothems continues to be debated today
(e.g., Schwarzacher, 1993; Enos and Samankassou, 1998;
Cozzi et al., 2005).

It was not until investigation of the Late Quaternary deep-
sea sedimentary record that Milankovitch’s theory of climate
change was firmly validated. Emiliani (1955, 1966) explained
oxygen isotope fractionation in marine calcareous micro-
fauna as a function of ocean temperature and salinity;
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subsequently, Shackleton (1967) demonstrated that the
majority of change in the marine oxygen isotope fractionation
was linked to ocean volume (see also Dansgaard and Tauber,
1969). This result was followed by the landmark study of
Hays et al. (1976) in which the oxygen isotope record was
quantitatively linked to the Milankovitch cycles. Bolstered by
the advent of global paleomagnetic stratigraphy in combi-
nation with new radio-isotopic dates, it was subsequently
discovered that the same isotope signal, now encompassing
the entire Brunhes chron (0 to 0.78 Ma), was present in all of
the major oceans (Imbrie et al., 1984). Finally, calibration of
this proxy for global ocean volume to geological evidence for
large sea level changes (e.g., Chappell and Shackleton, 1986;
Waelbroeck et al., 2002) established, albeit indirectly, the
connection between the Quaternary ice ages and Milanko-
vitch cycles. Later research into polar ice stratigraphy
uncovered other isotope signals with strong orbital frequen-
cies, providing additional, overwhelming support for the
astronomical forcing theory (e.g., Petit et al., 1999; EPICA
Community Members, 2004).

Meanwhile, it was shown convincingly that the astro-
nomical tuning approach, using both oxygen isotopes and
sedimentary cycles, could be extended well beyond 800 ka,
i.e. the time of the last major glaciations (Shackleton et al.,
1990; Hilgen, 1991a,b). These milestone studies touched off
multiple initiatives to search for astronomical cycles in stra-
tigraphy back through geologic time, using isotopes as well as
other climate proxies, including facies stratigraphy, percent
carbonate, biogenic silica, magnetic susceptibility, wireline
logs, and grayscale scans (Table 4.1). Continental
PlioceneePleistocene sediments recovered from Lake Baikal

revealed a strong biogenic silica signal closely mimicking
that of the marine isotope record (e.g., Williams et al., 1997;
Prokopenko et al., 2006), as do the long Chinese loess
sequences (e.g., Sun et al., 2006). Deep sea drilling yielded
a continuous oxygen isotope signal spanning 0e6 Ma
(Shackleton et al., 1995), and today there is near-continuous
Milankovitch cycle coverage back to the start of the Cenozoic
Era from combinations of marine climate proxies from deep
sea drilling and outcrop studies (Chapters 28 and 29 of this
volume). The Cretaceous/Paleogene boundary was recently
the subject of a rigorous intercalibration effort between
astrochronology and geochronology (Section 4.8).

Strong evidence for astronomical forcing continues back
into the Mesozoic Era. Multi-million year long cyclostrati-
graphic successions from all three periods have been tapped for
astrochronology and are used in GTS2012 (Chapters 25, 26
and 27). The thick Upper Triassic continental lacustrine
deposits of eastern North America contain a nearly perfect
eccentricity signal that modulates facies successions linked to
wettingedrying climate cycles at precessional time scales.
Several of the Mesozoic successions which are now available
provide records of continuous astronomical signals that are 20
million years long or more; these include the AptianeAlbian
Piobbico core Tethyan sequence (Herbert et al., 1995) and the
CarnianeHettangian Pangean sequence from the Newark
Basin Coring Project (Olsen and Kent, 1999), and most
recently, the SmithianeCarnian Panthalassic chert sequences
of Japan (Ikeda et al., 2010). For geologic times prior to the
Late Triassic, the evidence for astronomically forced stratig-
raphy is generally less clear. One reason is that pre-Jurassic
oceanic sediments are not composed of the abundant,
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continuous rain of pelagic oozes as are the post-Jurassic ones.
Therefore, research is focused more on the prolific shallow
marine record, for which the primary evidence ofMilankovitch
forcing is more a systematic “interruption” rather than
a continuous recording (Fischer, 1995).

Paleozoic formations show clear evidence for astronom-
ical forcing, but none have been integrated into GTS2012.
The Permian Castile Formation, a varved marine evaporite

sequence, shows a strong, but short-lived Milankovitch signal
(Anderson, 1982, 2011). The spectacular shelf carbonate
cycles of the Pennsylvanian Paradox Basin (Utah, USA)
indicate high-frequency sea level oscillations with some
astronomical signal characteristics (Goldhammer et al.,
1994). The classic transgressiveeregressive cyclothems of
the Pennsylvanian world (e.g., Heckel, 2008) and the
rhythmic Mississippian hemipelagic limestones of Ireland
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(Schwarzacher, 1993) appear to express the dominant 405-kyr
eccentricity cycle, conclusions that have recently been sup-
ported by high-precision geochronology and cyclo-
stratigraphy of the Donets Basin, Ukraine (Davydov et al.,
2010). There are reports of astronomical-scale cycles in
Devonian formations (review in Tucker and Garland, 2010),
and for the Silurian (e.g., Crick et al., 2001; Nestor et al.,
2001, 2003). Stratigraphers have attempted to develop inte-
grated stratigraphy and some astrochronology for the Ordo-
vician (Kim and Lee, 1998; Gong and Droser, 2001;
Rodionov et al., 2003) but these efforts remain uncoordinated
and largely incomplete. The thick CambrianeOrdovician
cyclic carbonate banks found worldwide show abundant
evidence of Milankovitch-scale forcing, although the origins
of these high-frequency cyclic sequences remains unsettled
(e.g., Osleger, 1995). Research on Cambrian cyclo-
stratigraphy, although off to a productive start several decades
ago (e.g., Read, 1995), is presently inactive.

Precambrian cyclostratigraphy also has evidence for
astronomical-like signals. Several shallow marine carbonate
successions have been examined, including the meter-scale
shallowing upward cycles of the Rocknest Formation, the
relict of an early Proterozoic (1.89 Ga) passive margin
carbonate platform in the Northwest Territories, Canada
(Grotzinger, 1986), and the platform sequence of the late
Archean (2.65 Ga) Cheshire Formation, Zimbabwe (Hof-
mann et al., 2004). However, these records have not been
assessed with a specific astronomical model. It has also long
been speculated that the banded iron formations (BIFs), with
their strong, compound and sustained depositional cyclicity,
might have recorded early Milankovitch cycles (e.g., Ito
et al., 1993; Hälbich et al., 1993; Simonson and Hassler,
1996). Thus far only one study has attempted to quantify BIF
Milankovitch-band cyclicity (Franco and Hinnov, 2008).

4.6. CONSTRUCTING
ASTROCHRONOLOGIES AND THE ATS

The time predictability of the Earth’s astronomical parame-
ters invites the practice of using cyclostratigraphy as a high-
resolution geochronometer. While this application was
already considered by Croll (1867), it was Köppen and
Wegener (1924), using insolation curves calculated by
Milankovitch, who first calibrated theoretical astronomical-
band insolation (“canon of insolation”) directly to the
geologic record, adjusting approximately known ages of the
Late Quaternary Alpine ice ages to the insolation minima of
the calculated curves. Significant advances in astrochronol-
ogy began during the latter half of the 20th century with the
development of high-resolution global marine oxygen isotope
stratigraphy and magnetostratigraphy for the Pleistocene
Epoch (review in Kent, 1999).

Absolute astrochronologies recovered from cyclo-
stratigraphy are explicitly connected to the time scale of the
astronomical model. For GTS2012, a composite, continuous
cyclostratigraphy has provided an absolute astrochronology
from the present day back to the Oligocene/Eocene transition
(0e34 Ma). Calibration of a cyclostratigraphic sequence
begins with the assumption of a target astronomical curve.
This may take the form of an insolation signal that most likely
affected the climate that influenced sedimentation (e.g., 65�N
summer insolation assumed for Pleistocene astrochronology,
see Chapter 29), or it can be as simple as the sum of the
standardized orbital parameters (e.g., the ETP curve of Imbrie
et al., 1984). This assumption introduces a basic uncertainty,
because the true nature of the astronomical forcing of the
sediment is not known exactly. Hilgen et al. (2000), for
example, calibrated Miocene marl-clay deep sea cycles to two
possible target curves, 65�N summer insolation and the

TABLE 4.1 Sedimentary Parameters Linked to Astronomical Forcing and Climate Change

Sedimentary Parameter Associated Climate Conditions

EXTRINSIC (independent of sedimentation rate) Oxygen isotopes
Carbon isotopes
Clay assemblages
Microfossil assemblages

Temperature/salinity/precipitation/eustasy
Productivity/C-sequestration/redox conditions
Surface hydrology
Salinity/temperature

INTRINSIC (directly related to and/or influenced
by sedimentation rate)

Percent CaCO3, Si, Corg

Magnetic susceptibility
Microfossil abundance
Clay/dust abundance
Lithofacies
Sediment color
Grain size

Productivity
Sedimentation rate
Productivity
Surface hydrology/atmospheric circulation
Depositional environment
Productivity/redox conditions
Erosion intensity/hydrodynamics

Commonly measured sedimentary parameters that have been linked to orbitally forced climate change, and the inferred climate conditions. Extrinsic parameters vary
independently from sediment supply; intrinsic parameters are directly related to sediment supply, and their signals tend to be more dramatically influenced (distorted)
by changes in sedimentation rate (Herbert, 1994).
Hinnov & Hilgen
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precession index, correlating the mid-points of the marls to
the centers of the insolation maxima and precession minima.
These two calibrations produced chronologies that differ by
several thousand years for any given cycle; this was taken as
a fair representation of astrochronologic uncertainty. Other
questions persist about which model produces the most
accurate astrochronologies back through time related to
Earth’s tidal dissipation and dynamical ellipticity, which to
date have been assessed only in Neogene data (Section 4.7).

Floating astrochronologies are disconnected from abso-
lute time but are anchored to an independent geochronometer
(e.g., a radio-isotope-dated horizon, magnetic reversal, or
biozone boundary). The astronomical calibration is based
upon the assumption that the signal frequencies observed in
cyclostratigraphy can be related to one or several frequencies
predicted by astronomical modeling, for example, the 405-
kyr eccentricity cycle. It is assumed that planetary motions
are stable enough to be recognizable back to the geological
age represented by the data. This assumption holds reason-
ably well at least as far back as the Cretaceous/Paleogene
boundary (Westerhold et al., 2008, 2009), and there are
numerous key similarities between the cyclostratigraphic
record and astronomical modeling at times as remote as
Triassic (examples in Hinnov and Ogg, 2007).

The stratigraphic coverage of the ATS that has been
assembled for GTS2012 is summarized in Figure 4.7.
Considerable progress has been made in the Cenozoic ATS
since GTS2004. Astrochronology for the interval between 10
and 12Ma that had been based on the continental Orera section
in Spain is now replaced by the deep marine Monte dei Corvi
section (Hüsing et al., 2007). The downward extension of
Monte dei Corvi near La Vedova is used for the interval
between 13.5e14.3 Ma (Hüsing et al., 2010; Mourik et al.,
2010).Unfortunately,magnetization in the interval between 12
and 13.5 Ma is too weak, and reversal ages still have to be
calculated from marine anomaly profiles. The same is true for
the interval 16 to 23 Ma, but high-resolution studies of ODP
sites from Leg 208 (Walvis Ridge; Liebrand et al., 2011) and
IODP Leg 320 (equatorial Pacific) offer bright prospects for
solving the remaining problems in the Early Miocene ATS,
including that of the OligoceneeMiocene boundary, because
the cores have reliable magnetostratigraphic records.

The tuning of the EoceneeOligocene boundary interval
has also improved, in large part from analysis of the
EoceneeOligocene boundary section at Massignano in Italy
(e.g., Brown et al., 2009). Part of the Middle Eocene has also
been tuned using the classical Contessa section (Jovane et al.,
2010). Finally, much progress has been made in constructing
an ATS for the entire Paleocene and Early Eocene (Lourens
et al., 2005; Westerhold et al., 2007, 2008; Westerhold and
Röhl, 2009; Hilgen et al., 2010). This has used the intercal-
ibration of 40Ar/39Ar radio-isotope dating and astronomical
tuning to constrain a first-order tuning (Kuiper et al., 2008). In
principle, astronomical tuning prior to 40e50 Ma can only be

carried out at the 405-kyr eccentricity scale in view of limi-
tations in the accuracy of the astronomical solution (Section
4.7). Uncertainties still exist in the number of 405-kyr
eccentricity-related cycles in the Paleocene, and several
tuning options have been presented that reflect the uncertainty
(Westerhold et al., 2008; Hilgen et al., 2010). These problems
will likely be resolved in the coming years when high-
precision state-of-the-art single crystal 40Ar/39Ar sanidine
and U-Pb zircon ages become available from key strati-
graphic levels such as the CretaceousePaleogene,
PaleogeneeEocene and EoceneeOligocene boundaries.

The ATS has been extended, in “floating” form, into the
Mesozoic Era, spanning more than 75 % of the Mesozoic time
scale (Figure 4.7). The entire Maastrichtian has now been
tuned (Husson et al., 2011); two options are presented,
reflecting the ongoing uncertainty in the initial tuning to the
orbital eccentricity. Aside from longstanding gaps in the lower
Campanian and Turonian, there is continuous stratigraphic
coverage to the base of the Oxfordian. BajocianeBathonian
cyclostratigraphic analysis is ongoing (Zió1kowski and
Hinnov, 2010); the Callovian and Sinemurian stages are the
only gaps remaining in the Jurassic ATS. The Triassic ATS
continues to be dominated by the continental Newark series
record (Olsen and Kent, 1996). The Lower Triassic of the
Germanic Basin has now been analyzed by several groups
(e.g., Bachmann and Kozur, 2004; Menning et al., 2005); the
Middle Triassic remains unresolved, in part due to the “Late-
mar controversy” (Tanner, 2010).

4.7. PRECISION AND ACCURACY OF THE
ATS

A number of significant factors have been identified that limit
the precision and accuracy of the ATS. There are uncertainties
in the climatic forcing leading to any given cyclostratigraphic
record, and of the geophysical effects on the past precession
of the Earth, and in modeling Solar System diffusion prior to
40e50 Ma, as follows.

4.7.1. Seasonal Phase Relations

Tuning to the wrong insolation target curve can result in
tuning errors of up to 10e12 kyr (half a precession cycle). For
example, consider a marine sedimentary system that experi-
ences depositional cyclicity as the result of dilution of pelagic
carbonate from terrestrial run-off that peaks annually in early
spring (month of March) (Figure 4.8(a)); when insolation is
low, terrestrial run-off is correspondingly low, and pelagic
carbonate deposition is relatively high (Figure 4.8(b)). Thus,
tuning should match insolation minima with carbonate
maxima. Suppose that in error it is assumed that peak
summer-time ocean productivity was the cause of the pelagic
carbonate cyclicity (Figure 4.8(c)), and that a mid-summer
(month of July) insolation target is used to match carbonate
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FIGURE 4.7 Stratigraphic coverage of the ATS in GTS2012. 1dLourens et al. (2004); 2dHilgen et al. (2007); 3dHüsing et al. (2009); 4dHilgen et al. (2003); 5dHolburn et al. (2007); 6dHüsing

et al. (2010); 7dBillups et al. (2004); 8dPälike et al. (2006); 9dPälike et al. (2001); 10dJovane et al. (2010); 11dWesterhold and Röhl (2009); 12dLourens et al. (2005); 13dWesterhold et al.

(2007); 14dWesterhold et al. (2008); 15dKuiper et al. (2008) ; 16dHusson et al. (2011); 17dLocklair and Sageman (2008); 18dSiewert et al. (2011); 19dMeyers et al. (2012); 20dMeyers et al.

(2001); 21dMitchell et al. (2008); 22dLanci et al. (2010); 23dGale et al. (1999); 24dGale et al. (2011); 25dGrippo et al. (2004); 26dHuang et al. (2010a); 27dFiet and Gorin (2000); 28dSprovieri

et al. (2006); 29dHuang et al. (1993); 30dGiraud et al. (1995); 31dSprenger and Ten Kate (1993); 32dHuang et al. (2010b); 33dWeedon et al. (2004); 34dHuang et al. (2010c); 35dStrasser (2007);

36dBoulila et al. (2008a); 37dBoulila et al. (2008b); 38dBoulila et al. (2010a); 39dBoulila et al. (2010b); 40dHinnov and Park (1999); 41dSuan et al. (2008); 42dHuret (2006); 43dWeedon and

Jenkyns (1999); 44dWeedon et al. (1999); 45dKent and Olsen (2008); 46dRuhl et al. (2010); 47dWhiteside et al. (2010); 48dOlsen and Kent (1996); 49dBachmann and Kozur (2004); 50dKozur

and Bachmann (2005); 51dMenning et al. (2005); 52dSzurlies (2004).
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maxima to insolation maxima (Figure 4.8(d)). This results in
a systematic error in chronology that is on the order of ~3 kyr.
In sum, if very little to nothing is understood about the
conditions of sedimentary deposition relative to the local
seasonal climate, the seasonal uncertainty can be as large
as� 10e12 kyrs (half a precession cycle).

4.7.2. Tidal Dissipation, Dynamical
Ellipticity and Climate Friction

Through geologic time, the Earth’s rotation rate has
progressively decelerated as a result of tidal energy dissipa-
tion. Tidal dissipation results in an exchange of angular
momentum between the Earth and Moon, a decreasing Earth
rotation, increasing EartheMoon distance, and lunar reces-
sion (Figure 4.9(a)). Lunar laser ranging from August, 1969e
December, 1993 indicates a lunar recession rate of 3.82 cm/
yr, which corresponds to a change in length-of-day of 2.3 ms/
century. Geological data confirm that Earth’s rotation was
faster in the geological past, with apparently a 19-hour
length-of-day 1 billion years ago (Figure 4.9(b)). Changes in
rotation rate have not been uniform through time, with greater
deceleration occurring after 500 Ma.

The rotational deceleration increases the Earth’s preces-
sion rate p, and in turn, the obliquity and precession periods

(Berger et al., 1992; Laskar et al., 1993a; Ito et al., 1993;
Berger and Loutre, 1994). Table 4.2 shows the principal
obliquity and precession periods over the past 250 Ma
according to the La2004 nominal model, which assumes
a length-of-day evolution of 2.68 ms/century, close to the
2.3 ms/century measured by lunar laser ranging (Dickey
et al., 1994). In addition, Earth’s shape, or dynamical ellip-
ticity, also contributes to p.

Several pioneering studies have assessed Earth’s decel-
eration from the cyclostratigraphic record. Lourens et al.
(1996) compared astronomical models with different tidal
dissipation and dynamical ellipticity values to cyclostrati-
graphic (oxygen isotope) data from the Mediterranean,
Atlantic and Pacific oceans, concluding that the best fit was to
a model based on present-day values of dynamical ellipticity
and tidal dissipation. Likewise, Pälike and Shackleton (2000)
showed that present-day dynamical ellipticity and tidal
dissipation applied to astronomical tuning target curves for
the past 23 million years produced the best fit with ODP Leg
154 (Ceara Rise) cyclostratigraphy based on magnetic
susceptibility. However, in a study of an extremely high-
resolution cyclostratigraphic series from 2.4 to 2.9 Ma,
Lourens et al. (2001) found that half of present-day tidal
dissipation produced an astronomical model with the best fit.
As the global cyclostratigraphic database improves and
extends further back in geologic time, renewed investigation
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should clarify the long-term evolution of Earth’s tidal dissi-
pation and dynamical ellipticity, which are thought to change
as a function of continent/ocean configuration, core-mantle
processes and crustal loading (e.g., ice sheets).

Glacial loading of the Earth’s crust, i.e. climate friction, is
thought to engender “obliquity-oblateness feedback” and
secular change in Earth’s obliquity (tilt) angle (Bills, 1994;
Rubincam, 1995; Ito et al., 1995; Levrard and Laskar, 2003).
Thomson (1990) noticed systematic differences between the
spectral lines of the Pleistocene SPECMAP stack (Imbrie
et al., 1984) and those of the astronomical parameters, sug-
gesting that the recorded signal was perturbed as a result of

the repeated massive ice sheet loading/unloading in the
Northern Hemisphere. Thomson discovered a differential
phasing in the obliquity and precession bands of SPECMAP
that could be explained by varying the precession rate p
by� 10% at 100 000-year timescales (the scale of the glaci-
ations). Laskar et al. (1993a, b) point out that such a change
could allow for passage of p into resonance with the
s6� g6þg5 precession term and induce a ~0.5� increase in
maximum obliquity. Modeling shows that predicted longer
length-of-day in the near future will force precession into this
resonance (see Figure 14 in Laskar et al., 2004). However,
thus far, no evidence has been presented that Earth’s
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precession has undergone resonance as the result of climate
friction.

4.7.3. Solar System Diffusion

Modeling experiments demonstrate that the inner planets of
the Solar System experienced significant chaotic diffusion
throughout the remote past (Laskar 1990; Laskar et al., 1992;
Laskar, 1994). Over the past ~40 million years, the Earth and
Mars orbits have been in 2:1 secular resonance, described by
the argument q¼ (s4es3)� 2(g4eg3), where s3 and s4 are
secular frequencies defining the rotation of the ascending
nodes of the orbits, and g3 and g4 are secular frequencies for
the rotation of orbital perihelia of Earth and Mars (Matthews
et al., 1997; Laskar, 1999; Laskar et al., 2004). Prior to 40
million years ago, modeling indicates that the two orbits
experienced intermittent chaotic transitions, and 1:1 reso-
nance states, i.e. q¼ (s4es3)� (g4eg3) (e.g., Figure 23 in
Laskar et al., 2004). These resonance states may be observed
indirectly in paleoclimate data in long-period modulations of
Earth’s obliquity and precession index, in the beat frequencies
produced by the terms pþs3 (1/41 kyr) and pþs4 (1/39 kyr) in

the obliquity, and pþg3 (1/19.1 kyr) and pþg4 (1/18.9 kyr) in
the precession index, where p¼ 50.446771800/yr is the Earth
precession rate (variable through time due to tidal dissipation
and dynamical ellipticity). The term g4eg3 is also present in
Earth’s orbital eccentricity as a long-period modulation in the
~100 kyr variation, e.g., the beat frequency raised by g4eg5
(1/94.9 kyr) and g3eg5 (1/98.8 kyr).

Figure 4.10 shows s4es3 and g4eg3 in the modulation
envelopes of the La2004 obliquity and eccentricity, for which
the former has a ~1.2 myr periodicity, and the latter, a ~2.4
myr periodicity, over 0e10 Ma; also shown are the modula-
tions over 85e95 Ma to illustrate transient shortening of the
modulations from chaotic diffusion. These modulations have
been confirmed in Cenozoic stratigraphy, notably across the
MioceneeOligocene transition in deep-sea sedimentary
sequences recovered by the Ocean Drilling Program
(Shackleton et al., 1999; Pälike et al., 2004). In the future, the
documentation of EartheMars secular resonance states
throughout the Mesozoic Era will provide key constraints on
the gravitational parameters used in Solar System modeling
(Laskar 2003; Laskar et al., 2004).

4.7.4. Summary of Uncertainties

In Figure 4.11 the “tidal uncertainty” refers to lack of
knowledge about Earth’s past tidal dissipation and its effect
on the precession rate, which presents as an accumulating
deficit of years in the recorded obliquity and precession
cycles back through time (Figure 20.7 in Lourens et al.,
2004). As this amount accumulates, at some point it becomes
necessary to tune instead to the orbital eccentricity; this is
depicted at 50 Ma. At times prior to 50 Ma, astronomical
models diverge as the combined result of initial condition
uncertainties and integration error, with close agreement only
for the 405-kyr eccentricity cycle back to 250 Ma. Sometime
between 50 and 100 Ma, modeling indicates that a “transi-
tion” occurred in the resonance state between the Earth and
Mars orbits, which would have affected the 100-kyr eccen-
tricity variation. This is shown by the shaded area labeled
“transition”, at which point it becomes necessary to restrict
tuning to the 405-kyr cycle only. The precise timing of the
transition will be determined through future, detailed exam-
ination of the cyclostratigraphic record (Laskar et al., 2011).

4.8. ASTROCHRONOLOGY-
GEOCHRONOLOGY INTERCALIBRATION

The extension of the astronomical dating method into the
MiddleeEarly Pleistocene and Pliocene (Shackleton et al.,
1990; Hilgen, 1991a, b) stimulated much research directed at
the comparison of astronomical and radio-isotopic ages,
especially because astronomical ages proved to be signifi-
cantly older e by ~3 to 12% e than published K/Ar ages for
the same magnetic reversal boundaries. This discrepancy was

TABLE 4.2 Evolution of Obliquity and Precession Index

Periodicites from 0 to 250 Million Years Ago

(a)

Time (Ma) 54 kyr 41 kyr 39 kyr 29 kyr 28 kyr

0e5 53562 40917 39510 29727 28852

50e55 50710 39185 37975 28877 28003

100e105 47847 38865 36324 27910 27137

150e155 45188 35852 34807 27027 26233

200e205 42680 34211 33300 26130 25374

244e249 40502 32830 31949 25272 24582

(b)

Time (Ma) 24 kyr 22 kyr 19.0 kyr 18.9 kyr 16.5 kyr

0e5 23657 22336 19080 18947 16453

50e55 23052 21820 18716 18539 16168

100e105 22472 21304 18335 18090 15873

150e155 21863 20768 18077 17794 15574

200e205 21258 20206 17519 17391 15253

244e249 20691 19708 17129 17007 14968

Dissipation-induced changes in the main periods of the Earth’s obliquity
variation (a) and precession index (b) from 0 to 250 million years ago. Periods
are estimated over 5 million year intervals of the La2004 nominal solution
(Laskar et al., 2004) with 4p multi-taper amplitude spectra using Analyseries
(Paillard et al., 1996); values are in thousands of years.
Hinnov & Hilgen
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largely attributed to incomplete Ar degassing of basaltic bulk
rock samples used for dating the reversals (Hilgen et al.,
1991b). The switch to 40Ar/39Ar dating led to very accurate
and precise ages, but only the analytical error, leading in K/Ar
dating, was initially taken into account and not the full error of
~2.5% that included such factors as uncertainties in the decay
constants and mineral dating standards (Min et al., 2000). This
encouraged further research, as the error in astronomical
dating is comparatively small once the tuning itself is correct
(~0.1% between 5 and 10 Ma; e.g. Kuiper et al., 2008).

Following earlier attempts (e.g., Renne et al., 1994;
Hilgen et al., 1997), a direct intercalibration was achieved

through a direct comparison of astronomical and Ar/Ar
ages of ash beds intercalated in astronomically tuned
marine sections in the Melilla Basin in Morocco (Kuiper
et al., 2008). This study revealed a systematic offset with
astronomical ages being ~0.7% older. This offset was
removed by fitting the 40Ar/39Ar ages to the astronomical
ages by adjusting the age of the Fish Canyon tuff sanidine
(FCs) dating standard from 28.02� 0.28 Ma (Renne et al.,
1998) to 28.201� 0.046 Ma. Consequently, the error in the
astronomically calibrated FCs age is greatly reduced due to
the fact that uncertainties related to decay constants and
the age of the primary dating standard which together
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FIGURE 4.10 Amplitude modulations (AM) of the eccentricity (blue lines) and obliquity (green lines). The eccentricity modulations have a dominant

~2.45 myr periodicity, and the obliquity modulations have a 1.2 myr periodicity. These AM curves were estimated by applying Hilbert transforms to Taner

bandpass filtered (Taner, 2000) La2004 eccentricity and obliquity series over 0e249 Ma with a passband of 0.01025 � 0.00075 cycles/kyr (short eccentricity)
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modulations. The two excerpts illustrate (a) 2:1 secular resonance from 0e10 Ma, and (b) 1:1 resonance indicated by the frequency correspondence between
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dominate the full error in 40Ar/39Ar dating are effectively
eliminated.

The 28.201� 0.046 Ma FCs age has been independently
confirmed by 40Ar/39Ar dating of the A1 ashbed in the
astronomically tuned Faneromeni section, and U-Pb dating of
single zircon crystals in the Fish Canyon tuff and in ash beds
from the astronomically dated Monte dei Corvi section
(Rivera et al., 2011; Wotzlaw et al., 2010). These results
suggest that the FCs age of 28.30 Ma based on 40Ar/39Ar-U-
Pb pairs and neglecting astronomical dating (Renne et al.,
2010) is too old, and that an FCs age of 27.93 Ma based on
40Ar/39Ar-astrochronologic intercalibration of the Matayuma/
Brunhes transition (Channell et al., 2010) is too young. The
28.201� 0.046 Ma FCs standard is further supported by
a three-way intercalibration of 40Ar/39Ar, U-Pb and astro-
chronology across the Cenomanian/Turonian boundary
(Meyers et al., 2012), and by a direct comparison of U/Pb and
40Ar/39Ar ages of two ash beds from the Eocene Green River
Formation, allowing a direct comparison with the astronom-
ical solution for the first time (Smith et al., 2010). The
intercalibration guarantees that astronomical and 40Ar/39Ar
dating will produce the same age when the same event in
Earth history is dated. The astronomically calibrated FCs
standard provides unprecedented tight constraints for the
tuning of pre-Neogene successions. In this way, problems
such as the existing Eocene gap in the ATS or the reduced

reliability of the astronomical solution further back in time
can be circumvented.

4.9. A NEW ASTRONOMICAL SOLUTION

A new solution, La2010, has now been made available
(Laskar et al., 2011). This solution is limited to the orbital
eccentricity, and uses the new, highly accurate ephemeris
solution INPOP10 over short time scales (Fienga et al., 2009,
2010). La2010 is reliable back to 50 Ma, as compared to 40
Ma for La2004. This is a major improvement, as the solution
must be one order more accurate in order to extend its reli-
ability by an additional 10 myr (Laskar et al., 2004). La2010
will play a major role in solving problems presently
encountered in the tuning of the Paleocene and early Eocene
(Westerhold et al., 2008; Hilgen et al., 2010). It will shed light
on the possibility of long-period eccentricity forcing of
Eocene hyperthermals (Lourens et al., 2005) and Mesozoic
black shales (Mitchell et al., 2008).
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J.G. Ogg Chapter 5

Geomagnetic Polarity Time Scale

Abstract: The patterns of marine magnetic anomalies for the
Late Cretaceous through Neogene (C-sequence) and Middle
Jurassic through Early Cretaceous (M-sequence with deep-
tow extension) have been calibrated through magnetostrati-
graphic studies to biostratigraphy, cyclostratigraphy and
selected radio-isotope-dated levels. The majority of the
geomagnetic polarity time scale for the past 160 myr is
constructed by fitting spreading-rate models to these

constraints. The status of the geomagnetic polarity time scale
for each geological period is summarized in the appropriate
period chapters.

This chapter is a revision to the discussions in “The
Geomagnetic Polarity Time Scale” chapter in GTS2004 by
J.G. Ogg and A.G. Smith; and the age-models for the
C-sequence and M-sequence of polarity chrons are new to
GTS2012.
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5.1. PRINCIPLES

5.1.1. Magnetic Field Reversals and
Magnetostratigraphy

The principal goals of magnetostratigraphy are to document
and calibrate the global geomagnetic polarity sequence in
stratified rocks, to apply this geomagnetic polarity time scale
to the high-resolution correlation of marine magnetic anom-
alies, and to utilize the calibrated reference pattern of polarity
changes to correlate polarity zones among other sections.

Much of the material in this chapter is updated from
summaries in Harland et al. (1990). Extensive reviews on
general paleomagnetism are given by Merrill et al. (1996),
McElhinney and McFadden (2000), and Tauxe (2010), among
others. Magnetostratigraphy concepts, procedures and

selected applications are summarized by Opdyke and
Channell (1996) and by Langereis et al. (2010). The synthesis
by Langereis et al. (2010) is intended to become a chapter of
the International Stratigraphic Code, which currently consists
mainly of definitions for magnetic polarity units (Interna-
tional Subcommission on Stratigraphic Classification, 1979).

The Earth’s magnetic field has varied in its intensity and
direction through history. Fluid motions in the Earth’s outer
core generate a global magnetic field. About 90% of the
observed field at the surface approximates a dipole field. This
dipole component has an irregular drift or secular variation
about the Earth’s rotational axis, such that a time-averaged
field spanning about 10 000 years roughly coincides with the
Earth’s rotational poles. For reasons that are still not well
understood, at irregular times the polarity of the dipole
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magnetic field can reverse. To a first approximation,
geomagnetic reversals reflect a random process, with inter-
vals between successive reversals being independent of
previous polarity changes. The durations of polarity intervals
vary from as little as 30 kyr to several tens of millions of
years. The average frequency of geomagnetic reversals during
the Cenozoic is about two or three per million years; and the
most recent reversal was about 780 000 years ago. There are
intervals, such as the mid-Cretaceous, during which the
geomagnetic field did not undergo a reversal for up to 40 myr.

Ancient geomagnetic fields can be recorded by preferen-
tial orientation of iron-bearing grains when a sedimentary
rock was deposited, or when the grains in igneous rocks
cooled through their Curie points. In practice, secondary
magnetizations are acquired by sediment or lavas upon
compaction, lithification, diagenesis, long-term exposure to
other magnetic field directions, and other processes. There-
fore, various methods of demagnetization are required to
separate the later secondary components from the primary
magnetization directions. In addition to magnetostratigraphy,
the magnetic imprints are useful for determining past paleo-
magnetic directions for deducing tectonic motions.

By convention in paleomagnetism, the present-day
polarity is normal: lines of magnetic force at the Earth’s
surface are directed in towards the North magnetic pole and
the N-seeking pole of a compass needle points North (its
declination) (Figure 5.1). The inclination of the magnetic
field dips progressively steeper downward with increasing
latitude in the northern hemisphere and dips upward in the
southern hemisphere. When the polarity is reversed, the lines
of force are directed in the opposite direction and a compass
needle would point to the South. The sign of the inclination is
then reversed in both hemispheres.

Reversals of the polarity of the main geomagnetic dipole
field are geologically rapid events, typically less than 5000
years in duration, which occur at random intervals. Polarity
chrons are intervals of geological time having a predominant
(normal or reversed) magnetic field polarity that is delimited
by reversals (International Subcommission on Stratigraphic
Classification, 1979). Some publications refer to a “polarity
chron” as merely a “chron”. Although “chron” in the Inter-
national Stratigraphic Guide designates a formal subdivision
of a geological stage (e.g., “Mariae Chron” within the
Oxfordian stage), it is usually clear from the context whether
a chron refers to a magnetic polarity interval. Possible
ambiguities can be avoided by retaining the prefix “polarity”.

A polarity zone is the corresponding interval in a strati-
graphic section deposited during the polarity chron. The zone
or chron is called “normal-polarity” if the geomagnetic field
orientation is similar to the present dipole polarity, and
“reversed-polarity” if it is opposite in orientation (Figure 5.1).

The relative timing (position) of an event (level) within
a polarity chron (zone) is “defined as the relative position in
time or distance between the younger and older chronal

boundaries” (system of Hallam et al., 1985, p.126). In this
proportional stratigraphic convention, the placement of the
Danian/Selandian boundary occurs at C27n(0.3), indicating
that this level/event is 30% up within normal-polarity zone/
chron C27n. For clarity, the decimal fraction is best placed
after the polarity chron name enclosed in parentheses (Cande
and Kent 1992a); but some chapters in GTS2012 omit these
parentheses. [NOTE: Cande and Kent (1992a) had also rec-
ommended an inverted-stratigraphic placement in which,
C27r(0.3) in their notation indicated that 30% of reversed-
polarity Chron C27r followed the event. Their suggested
system mirrors the convention of measuring geological time
and the numbering magnetic anomalies backwards from the
present. GTS2012 uses the stratigraphic-placement system,
rather than this inverted-stratigraphic option.]

A hierarchical system for grouping polarity intervals
together for successively longer time intervals (International
Subcommission on Stratigraphic Classification, 1979) was

FIGURE 5.1 Polarity chrons, polarity subchrons, transition zones, and

excursions. [From Harland et al., 1982, their Figure 4.1.]
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modified by McElhinny and McFadden (2000) and further
modified here (Table 5.1). Cande and Kent (1992b) suggest that
anomalies with a time-span of <30 kyr should be named
cryptochrons. However, the distinction between “chron”,
“subchron” or “cryptochron” varies significantly among
workers, including the current chron/subchron designations for
subdivisions of the Cenozoic C-sequence geomagnetic polarity
time scale (e.g., Cande and Kent, 1992a; see Table 5.2).
Establishing a stable nomenclature for a succession of polarity
intervals, especially one that includes events of short durations
is a challenging problem (e.g., Langereis et al., 2010). In the
course of paleomagnetic research, each newdiscovery of a short
polarity interval changes the local polarity structure. This may
be seen in Figure 5.1, where prior to the discovery of the short
polarity interval labeled s3, only one reversed interval would
have been recognized spanning the intervals s2, s3 and s4.
Therefore in naming or numbering polarity intervals for strati-
graphic purposes, a hierarchical set of names is needed that does
not change drastically with the discovery of additional short
polarity intervals. Numbering of polarity intervals in the
sequence of their occurrence does not provide such a system.

Because polarity reversals are potentially recorded
simultaneously in rocks all over the world, these magneto-
stratigraphic divisions, unlike lithostratigraphic and
biostratigraphic divisions, are not time-transgressive. Thus,
the pattern of polarity reversals provides a unique global “bar-
code” for correlating polarity reversals recorded in rock
strata, a usage first suggested by Khramov (1958). Therefore,
magnetostratigraphy enables the correlation of rock strata
among diverse depositional and faunal realms and the
assignment of geologic ages to anomalies of marine magnetic
intensities. Considering that the polarity reversal transition
spans only about 5000 years, then paleomagnetic correlation
is the most precise method available for global correlation in
virtually all stratified rocks of all ages, but only directly at the
recorded reversal boundary.

The geomagnetic polarity time scale is a composite
reference pattern constructed from paleomagnetic analyses of
various sedimentary sections having detailed biostratigraphy
and by correlations with marine magnetic anomaly patterns. It
is essential to have some biostratigraphic constraints on the
polarity zone pattern resolved from any given section in order
to propose a non-ambiguous correlation to the reference
geomagnetic polarity time scale.

5.1.2. Marine Magnetic Anomaly Patterns

When magma cools beneath spreading ridges, its iron-rich
minerals acquire the direction of the ambient field at that
time. Marine magnetic anomalies are observed by shipboard
magnetometers as an enhanced magnetic field intensity over
crust that cooled during normal polarity and as a partially
cancelled magnetic field intensity over crust formed during
reversed polarity. The correlation of the linear patterns of
these marine magnetic anomalies was the initial evidence for
the theory of seafloor spreading, which was later verified by
drilling and dating of the oceanic basalt crust.

For Middle Jurassic to Present, the pattern and nomen-
clature of preserved ocean-floor magnetic anomalies with
their calibrations to biostratigraphy serve as a template
against which the polarity reversals in stratigraphic sections,
either on land or in deep-sea or other cores, can be identified.

5.1.3. Events, Excursions, Magnetic Anomaly
Wiggles and Cryptochrons

Magnetostratigraphic studies commonly reveal short-lived
polarity reversals of unknown extent or duration. These are
referred to by the informal term “event”. Events have several
origins; among them are excursions of the geomagnetic field,
paleointensity variations, and very short-duration polarity
reversals.

Even when the dipole field has a steady polarity, it
undergoes swings in direction with typical amplitudes of 15
degrees and periods of 102 to 104 years. This geomagnetic
secular variation is generally too small to be mistaken for the
180-degree changes in field direction that characterize polarity
reversals. Occasionally the field appears to undergo an
excursion characterized by a change in direction that exceeds
45� in declination, or even a brief (c. 3 to 6 kyr) interval of
opposite polarity. Excursions offer the potential of providing
very precise, but rarely observable, stratigraphic markers. At
least eight excursions have been identified in the past 0.78 myr
(e.g., Langereis et al., 1997), making it likely that they are
a common feature of the ancient geomagnetic field.

Detailed studies of magnetic anomalies from fast-spreading
ridges showseveral tiny “wiggles” that clearly reflect changes in
the paleomagnetic field (Cande andKent 1992a,b).A number of
the larger-amplitude wiggles are classified as subchrons repre-
senting short-lived field reversals, some of which are known

TABLE 5.1 Suggested Hierarchical Scheme for

Magnetostratigraphic (Rock) and Polarity Chron (Time)

Units

Magnetostratigraphic

Polarity Units (Rock

Record)

Geochronologic Unit

(Time Equivalent)

Approximate

Duration

(Years)

Polarity megazone Megachron 108e109

Polarity superzone Superchron 107e108

Polarity zone Chron 106e107

Polarity subzone Subchron 105e106

Polarity cryptozone Cryptochron <3�104

Modified from McElhinny & McFadden (2000, their Table 4.3)
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TABLE 5.2 C-Sequence Marine Magnetic Anomaly Distances and Age Model

Geological

Age

Age of

Base (Ma)

Distance (km) from

South Atlantic Spreading

Center (“CK92”)

Statistics on Uncertainties

(Table 4 of Cande and Kent, 1992)

Orbital Tuning; or Spline

Fit (Chrons C13reC23r)

CommentsPolarity Chron

Young

End
Old End

Width

(km) Anomaly

Mean

Width

95%

Confidence

Interval (km)

%

Error
Top (Ma) Base (Ma)

Duration

(myr)

NEOGENE

HOLOCENE 11.5 ka

PLEISTOCENE C1 C1n (Brunhes) 0.00 12.14 12.14 In 13.43 0.78 6.3 0 0.781 0.781 Base of Middle Pleistocene

(Ionian) ¼ base of Brunhes

Chron

Late (Tarantian) 0.126 C1r.1r (Matuyama) 12.14 15.37 3.23 lr 15.66 1.78 11.3 0.781 0.988 0.207

Middle (Ionian) 0.781 C1r.1n

(Jaramillo)

15.37 16.39 1.02 0.988 1.072 0.084

C1r.2r 1.072 1.173 0.101

C1r.2n (Cobb

Mountain)

1.173 1.185 0.012 Cobb Mountain

cryptochron is within early

part of Matuyama (C1r)

Chron

C1r.3r 16.39 27.80 11.41 1.185 1.778 0.593

Late (Calabrian) 1.806 C2 C2n (Olduvai) 27.80 31.51 3.71 2 13.95 0.58 4.1 1.778 1.945 0.167 Base of Calabrian is in

lower part of Olduvai

Chron

C2r.1r 31.51 35.04 3.53 1.945 2.128 0.183

C2r.1n

(Reunion)

35.04 35.57 0.53 2.128 2.148 0.020

(Gelasian) 2.588 C2r.2r (Matuyama) 35.57 41.75 6.18 2.148 2.581 0.433 Base of Pleistocene is near

base of Matuyama Chron

PLIOCENE C2A C2An.1n (Gauss) 41.75 49.44 7.69 2Ae3n.1 28.81 2.12 7.3 2.581 3.032 0.451 "Gauss Normal Chron"

(C2An) contains two

reversed intervals e Kaena

(2An.1r) and Mammoth

(2An.2r)

C2An.1r (Kaena) 49.44 50.70 1.26 3.032 3.116 0.084

C2An.2n 50.70 52.31 1.61 3.116 3.207 0.091

C2An.2r

(Mammoth)

52.31 54.10 1.79 3.207 3.330 0.123

Late (Piacenzian) 3.600 C2An.3n (Gauss) 54.10 58.03 3.93 3.330 3.596 0.266 Base of Piacenzian is base

of Chron C2An.3n

C2Ar (Gilbert) 58.03 66.44 8.41 3.596 4.187 0.591 "Gilbert Reversed Chron"

spans Chrons C2Ar

through C3r

C3 C3n.1n (Cochiti) 66.44 68.23 1.79 4.187 4.300 0.113

C3n.1r 68.23 70.56 2.33 4.300 4.493 0.193

C3n.2n (Nunivak) 70.56 73.56 3.00 3n.2e3r 26.31 3.52 13.3 4.493 4.631 0.138

C3n.2r 73.56 76.76 3.20 4.631 4.799 0.168

C3n.3n (Sidufjall) 76.76 78.26 1.50 4.799 4.896 0.097

C3n.3r 78.26 80.40 2.14 4.896 4.997 0.101
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Early (Zanclean) 5.332 C3n.4n (Thvera) 80.40 84.68 4.28 4.997 5.235 0.238 Base of Miocene is

in uppermost Chron C3r

MIOCENE C3r (Gilbert) 84.68 96.87 12.19 5.235 6.033 0.798

C3A C3An.1n 96.87 101.42 4.55 3Ae3B 29.61 1.79 6.0 6.033 6.252 0.219

C3An.1r 101.42 103.92 2.50 6.252 6.436 0.184

C3An.2n 103.92 109.60 5.68 6.436 6.733 0.297

C3Ar 109.60 116.70 7.10 6.733 7.140 0.407

C3B C3Bn 116.70 119.74 3.04 7.140 7.212 0.072

Late (Messinian) 7.246 C3Br.1r 119.74 120.62 0.88 7.212 7.251 0.039 Base of Messinian is in

lowermost Chron C3Br.1r

C3Br.1n 120.62 121.30 0.68 7.251 7.285 0.034

C3Br.2r 121.30 124.68 3.38 7.285 7.454 0.169

C3Br.2n 124.68 125.35 0.67 7.454 7.489 0.035

C3Br.3r 125.35 126.48 1.13 7.489 7.528 0.039

C4 C4n.1n 126.48 129.08 2.60 4 25.84 3.23 12.4 7.528 7.642 0.114

C4n.1r 129.08 130.83 1.75 7.642 7.695 0.053

C4n.2n 130.83 139.37 8.54 7.695 8.108 0.413

C4r.1r 139.37 142.49 3.12 8.108 8.254 0.146

C4r.1n 142.49 143.15 0.66 8.254 8.300 0.046

C4r.2r 143.15 152.32 9.17 8.300 8.771 0.471 Cryptochron C4r.2r-1

within C4r.2r (c. 8.661

e8.699 Ma)

C4A C4An 152.32 159.16 6.84 4A 20.02 2.14 10.7 8.771 9.105 0.334

C4Ar.1r 159.16 163.49 4.33 9.105 9.311 0.206

C4Ar.1n 163.49 165.16 1.67 9.311 9.426 0.115

C4Ar.2r 165.16 171.00 5.84 9.426 9.647 0.221

C4Ar.2n 171.00 172.34 1.34 9.647 9.721 0.074

C4Ar.3r 172.34 174.47 2.13 9.721 9.786 0.065

C5 C5n.1n 174.47 177.49 3.02 5 51.19 2.36 4.6 9.786 9.937 0.151

C5n.1r 177.49 178.38 0.89 9.937 9.984 0.047

C5n.2n 178.38 201.13 22.75 9.984 11.056 1.072

C5r.1r 201.13 203.44 2.31 11.056 11.146 0.090

C5r.1n 203.44 204.51 1.07 11.146 11.188 0.042

C5r.2r 204.51 213.04 8.53 11.188 11.592 0.404 Subchron C5r.2r-1

is within C5r.2r

(c. 11.263e

11.308 Ma)

(Tortonian) 11.63 C5r.2n 213.04 214.28 1.24 11.592 11.657 0.065 Base of Tortonian ¼ near

base of Chron C5r.2n

C5r.3r 214.28 223.52 9.24 11.657 12.049 0.392

C5A C5An.1n 223.52 226.81 3.29 5Ae5AB 41.01 2.42 5.9 12.049 12.174 0.125

C5An.1r 226.81 229.23 2.42 12.174 12.272 0.098

C5An.2n 229.23 234.25 5.02 12.272 12.474 0.202

C5Ar.1r 234.25 240.65 6.40 12.474 12.735 0.261

C5Ar.1n 240.65 241.35 0.70 12.735 12.770 0.035

C5Ar.2r 241.35 242.90 1.55 12.770 12.829 0.059

C5Ar.2n 242.90 243.94 1.04 12.829 12.887 0.058

C5Ar.3r 243.94 247.92 3.98 12.887 13.032 0.145

C5AA C5AAn 247.92 251.38 3.46 13.032 13.183 0.151

C5AAr 251.38 255.19 3.81 13.183 13.363 0.180

C5AB C5ABn 255.19 260.03 4.84 13.363 13.608 0.245

C5ABr 260.03 264.53 4.50 13.608 13.739 0.131

Middle (Serravallian) 13.82 C5AC C5ACn 264.53 273.28 8.75 5ACe5AD 25.64 2.28 8.9 13.739 14.070 0.331 Base of Serravallian ¼
upper Chron C5ACn

C5ACr 273.28 275.66 2.38 14.070 14.163 0.093

C5AD C5ADn 275.66 285.80 10.14 14.163 14.609 0.446

C5ADr 285.80 290.17 4.37 14.609 14.775 0.166

C5B C5Bn.1n 290.17 292.24 2.07 5B 28.22 1.30 4.6 14.775 14.870 0.095

C5Bn.1r 292.24 295.63 3.39 14.870 15.032 0.162

C5Bn.2n 295.63 298.45 2.82 15.032 15.160 0.128

(Continued)
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TABLE 5.2 C-Sequence Marine Magnetic Anomaly Distances and Age Modeldcont’d

Geological

Age

Age of

Base (Ma)

Distance (km) from

South Atlantic Spreading

Center (“CK92”)

Statistics on Uncertainties

(Table 4 of Cande and Kent, 1992)

Orbital Tuning; or Spline

Fit (Chrons C13reC23r)

CommentsPolarity Chron

Young

End
Old End

Width

(km) Anomaly

Mean

Width

95%

Confidence

Interval (km)

%

Error
Top (Ma) Base (Ma)

Duration

(myr)

(Langhian) 15.97 C5Br 298.45 318.39 19.94 15.160 15.974 0.814 Base of Langhian ¼ base of

Chron C5Br

C5C C5Cn.1n 318.39 324.87 6.48 5C 29.26 4.15 14.2 15.974 16.268 0.294

C5Cn.1r 324.87 325.65 0.78 16.268 16.303 0.035

C5Cn.2n 325.65 329.38 3.73 16.303 16.472 0.169

C5Cn.2r 329.38 330.95 1.57 16.472 16.543 0.071

C5Cn.3n 330.95 334.88 3.93 16.543 16.721 0.178

C5Cr 334.88 347.64 12.76 5D 23.22 2.39 10.3 16.721 17.235 0.514

C5D C5Dn 347.64 355.45 7.81 17.235 17.533 0.298

C5Dr.1r 355.45 360.88 5.43 17.533 17.717 0.184

C5Dr.1n 360.88 361.55 0.68 17.717 17.740 0.023 Cryptochron in C5Dr

C5Dr.2r 361.55 370.87 9.32 17.740 18.056 0.316

C5E C5En 370.87 382.45 11.58 5E 17.78 1.65 9.3 18.056 18.524 0.468

C5Er 382.45 388.64 6.19 18.524 18.748 0.224

C6 C6n 388.64 413.88 25.24 6 34.29 3.22 9.4 18.748 19.722 0.974

C6r 413.88 422.93 9.05 19.722 20.040 0.318

C6A C6An.1n 422.93 427.81 4.88 6A 18.91 1.46 7.7 20.040 20.213 0.173

Early (Burdigalian) 20.44 C6An.1r 427.81 434.18 6.37 20.213 20.439 0.226 Base of Burdigalian

(working version) ¼
approx. base of Chron

C6An.1r (used here) or of

Chron C6An.1n

C6An.2n 434.18 441.85 7.67 20.439 20.709 0.270

C6Ar 441.85 452.46 10.61 20.709 21.083 0.374

C6AA C6AAn 452.46 454.63 2.17 6AA 27.13 2.74 10.1 21.083 21.159 0.076

C6AAr.1r 454.63 461.59 6.96 21.159 21.403 0.244

C6AAr.1n 461.59 463.92 2.33 21.403 21.483 0.080

C6AAr.2r 463.92 468.97 5.05 21.483 21.659 0.176

C6AAr.2n 468.97 469.79 0.82 21.659 21.688 0.029

C6AAr.3r 469.79 472.08 2.29 21.688 21.767 0.079

C6B C6Bn.1n 472.08 475.99 3.91 6B 21.64 2.75 12.7 21.767 21.936 0.169

C6Bn.1r 475.99 477.29 1.30 21.936 21.992 0.056

C6Bn.2n 477.29 483.70 6.41 21.992 22.268 0.276

C6Br 483.70 490.61 6.91 22.268 22.564 0.296

C6C C6Cn.1n 490.61 495.05 4.44 6Cn 18.79 1.43 7.6 22.564 22.754 0.190

C6Cn.1r 495.05 498.54 3.49 22.754 22.902 0.148

(Aquitanian) 23.03 C6Cn.2n 498.54 501.55 3.01 22.902 23.030 0.128 Base of Miocene ¼ base of

Chron C6Cn.2n

PALEOGENE C6Cn.2r 501.55 506.47 4.92 23.030 23.233 0.203

OLIGOCENE C6Cn.3n 506.47 509.41 2.94 23.233 23.295 0.062

C6Cr 509.41 524.64 15.23 6Cr 17.88 1.50 8.4 23.295 23.962 0.667

C7 C7n.1n 524.64 525.92 1.28 7n 8.73 1.06 12.1 23.962 24.000 0.038

C7n.1r 525.92 527.29 1.37 24.000 24.109 0.109

C7n.2n 527.29 536.04 8.75 24.109 24.474 0.365

C7r 536.04 543.97 7.93 24.474 24.761 0.287

C7A C7An 543.97 547.82 3.85 7re7A 16.30 0.65 4.0 24.761 24.984 0.223

C7Ar 547.82 552.30 4.48 24.984 25.099 0.115

C8 C8n.1n 552.30 555.55 3.25 8n 18.71 1.27 6.8 25.099 25.264 0.165

C8n.1r 555.55 556.60 1.05 25.264 25.304 0.040

C8n.2n 556.60 571.04 14.44 25.304 25.987 0.683

C8r 571.04 583.30 12.26 8r 12.19 0.99 8.1 25.987 26.420 0.433

C9 C9n 583.30 607.96 24.66 9n 24.74 3.02 12.2 26.420 27.439 1.019

C9r 607.96 616.12 8.16 9r 8.18 0.59 7.2 27.439 27.859 0.420
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Late (Chattian) 28.09 C10 C10n.1n 616.12 622.16 6.04 10n 12.15 1.49 12.3 27.859 28.087 0.228 Base of Chattian (working

version) ¼ base of Chron

C10n.1n [NOTE: Base is

potentially at ~70% up in

"undifferentiated Chron

C10n" in candidate GSSP in

Italy (Coccioni et al., 2008),

which would project as

equivalent to C10n.1n.4]

C10n.1r 622.16 623.90 1.74 28.087 28.141 0.054

C10n.2n 623.90 628.29 4.39 28.141 28.278 0.137

C10r 628.29 645.65 17.36 10r 17.27 2.28 13.2 28.278 29.183 0.905

C11 C11n.1n 645.65 652.56 6.91 11n 18.59 1.75 9.4 29.183 29.477 0.294

C11n.1r 652.56 655.31 2.75 29.477 29.527 0.050

C11n.2n 655.31 664.15 8.84 29.527 29.970 0.443

C11r 664.15 674.26 10.11 11r 10.02 1.38 13.8 29.970 30.591 0.621

C12 C12n 674.26 686.50 12.24 12n 12.26 1.24 10.1 30.591 31.034 0.443

C12r 686.50 742.63 56.13 12r 56.21 3.09 5.5 31.034 33.157 2.123

C13 C13n 742.63 755.44 12.81 13 41.77 0.46 1.1 33.157 33.705 0.548

Early (Rupelian) 33.89 C13r 755.44 784.40 28.96 33.705 34.999 1.294 Base of Rupelian is

at Chron C13r.86

EOCENE C15 C15n 784.40 791.78 7.38 15 17.75 0.73 4.1 34.999 35.294 0.295 "C14" does not exist.

C15r 791.78 802.15 10.37 35.294 35.706 0.411

C16 C16n.1n 802.15 806.87 4.72 16 32.53 1.98 6.1 35.706 35.892 0.186

C16n.1r 806.87 810.93 4.06 35.892 36.051 0.159

C16n.2n 810.93 827.67 16.74 36.051 36.700 0.649

C16r 827.67 834.68 7.01 36.700 36.969 0.269

Late (Priabonian) 37.75 C17 C17n.1n 834.68 856.19 21.51 17 45.14 2.75 6.1 36.969 37.753 0.784 Base of Priabonian

(working version) assigned

as base of Chron C17n.1n

C17n.1r 856.19 859.46 3.27 37.753 37.872 0.119

C17n.2n 859.46 865.54 6.08 37.872 38.093 0.221

C17n.2r 865.54 867.33 1.79 38.093 38.159 0.065

C17n.3n 867.33 872.10 4.77 38.159 38.333 0.174

C17r 872.10 879.83 7.73 38.333 38.615 0.283

C18 C18n.1n 879.83 907.31 27.48 18n 41.39 2.86 6.9 38.615 39.627 1.012

C18n.1r 907.31 909.21 1.90 39.627 39.698 0.070

C18n.2n 909.21 921.21 12.00 39.698 40.145 0.447

Middle (Bartonian) 41.15 C18r 921.21 947.96 26.75 18r 26.74 0.75 2.8 40.145 41.154 1.010 Base of Bartonian (working

version) assigned as base of

Chron C18r

C19 C19n 947.96 954.12 6.16 19 29.69 2.11 7.1 41.154 41.390 0.235

C19r 954.12 977.65 23.53 41.390 42.301 0.912

C20 C20n 977.65 1006.06 28.41 20n 28.41 2.05 7.2 42.301 43.432 1.130

C20r 1006.06 1060.24 54.18 20r 54.18 3.58 6.6 43.432 45.724 2.292

C21 C21n 1060.24 1094.71 34.47 21n 34.47 2.90 8.4 45.724 47.349 1.625

(Lutetian) 47.84 C21r 1094.71 1117.55 22.84 21r 22.84 2.92 12.8 47.349 48.566 1.217 Base of Lutetian is Chron

C21r.6

C22 C22n 1117.55 1130.78 13.23 22n 13.23 1.06 8.0 48.566 49.344 0.778

C22r 1130.78 1150.83 20.05 22r 20.05 2.39 11.9 49.344 50.628 1.283

C23 C23n.1n 1150.83 1153.90 3.07 23 28.14 4.87 17.3 50.628 50.835 0.207

C23n.1r 1153.90 1155.75 1.85 50.835 50.961 0.126

C23n.2n 1155.75 1168.20 12.45 50.961 51.833 0.872

C23r 1168.20 1178.96 10.76 51.833 52.620 0.787

C24 C24n.1n 1178.96 1184.03 5.07 24 55.55 5.22 9.4 52.620 53.074 0.454

C24n.1r 1184.03 1185.61 1.58 53.074 53.199 0.125

C24n.2n 1185.61 1186.34 0.73 53.199 53.274 0.075

C24n.2r 1186.34 1188.05 1.71 53.274 53.416 0.142

C24n.3n 1188.05 1195.35 7.30 53.416 53.983 0.567

(Continued)
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TABLE 5.2 C-Sequence Marine Magnetic Anomaly Distances and Age Modeldcont’d

Geological

Age

Age of

Base (Ma)

Distance (km) from

South Atlantic Spreading

Center (“CK92”)

Statistics on Uncertainties

(Table 4 of Cande and Kent, 1992)

Orbital Tuning; or Spline

Fit (Chrons C13reC23r)

CommentsPolarity Chron

Young

End
Old End

Width

(km) Anomaly

Mean

Width

95%

Confidence

Interval (km)

%

Error
Top (Ma) Base (Ma)

Duration

(myr)

Early (Ypresian) 55.96 C24r 1195.35 1234.51 39.16 53.983 57.101 3.118 Base of Eocene is 1.14 myr

after beginning of Chron

C24r, or ca. Chron C24r.37

PALEOCENE C25 C25n 1234.51 1241.50 6.99 25 23.30 2.26 9.7 57.101 57.656 0.555

C25r 1241.50 1257.81 16.31 57.656 58.959 1.303

Late (Thanetian) 59.24 C26 C26n 1257.81 1262.74 4.93 26 46.00 2.81 6.1 58.959 59.237 0.278 Base of Thanetian is base of

Chron C26n

Middle (Selandian) 61.61 C26r 1262.74 1303.81 41.07 59.237 62.221 2.984 Base of Selandian is an

isotope-shift at 30

Precession cycles (0.61 myr

if 20.5-kyr cycles) above

base of C26r at GSSP

C27 C27n 1303.81 1308.70 4.89 27 21.90 3.02 13.8 62.221 62.517 0.296

C27r 1308.70 1325.71 17.01 62.517 63.494 0.977

C28 C28n 1325.71 1341.99 16.28 28 46.14 4.48 9.7 63.494 64.667 1.173

C28r 1341.99 1347.03 5.04 64.667 64.958 0.291

C29 C29n 1347.03 1358.66 11.63 64.958 65.688 0.730

Early (Danian) 66.04 C29r 1358.66 1371.84 13.18 65.688 66.398 0.710 Mesozoic/Cenozoic

boundary event is approx.

Chron C29r.5 in total C29r

span of c. 710 kyr,

according to cycles;

Husson

et al., 2011; Thibault et al.,

submitted)

CRETACEOUS C30 C30n 1371.84 1407.22 35.38 30e31n 57.30 5.73 10.0 66.398 68.196 1.798 Pre-Chron 29r C-Sequence

ages

based entirely on

cyclostratigraphy, due to

lack of adequate

radiometric age constraints.

Duration C30n ¼ 1.798

myr (Husson et al., 2011;

Thibault et al., submitted)

C30r 1407.22 1409.56 2.34 68.196 68.369 0.173 Duration C30r ¼ .173 myr

(Husson et al., 2011;

Thibault et al., submitted)
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C31 C31n 1409.56 1429.14 19.58 68.369 69.269 0.900 Duration C31n ¼ 0.9 myr

(Husson et al., 2011)

C31r 1429.14 1481.12 51.98 31r 51.98 3.43 6.6 69.269 71.449 2.180 Duration of C31r ¼ 2.18

myr (Husson et al., 2011).

Base of C31r is within the

lower Baculites grandis

ammonite zone is

constrained by Ar/Ar ages

of 70.65 �0.65 Ma

(2-sigma) within that zone

C32 C32n.1n 1481.12 1487.68 6.56 32 68.29 5.74 8.4 71.449 71.689 0.240 Duration of C32n.1n ¼
0.24 myr (Husson et al,

2011)

C32n.1r 1487.68 1493.94 6.26 71.689 71.939 0.250 Duration of C32n.1r

assigned as 0.25 myr (same

as GTS2004 spline fit)

MAASTRICHTIAN 72.05 C32n.2n 1493.94 1531.81 37.87 71.939 73.649 1.710 Base of Maastrichtian is

approximately at Chron

C32n.2n.9; or at 72.05 Ma

from spline fit to ammonite

zones. Duration of

C32n.1n ¼ 1.71 myr

(Huson et al., 2011)

C32r.1r 1531.81 1539.94 8.13 73.649 73.949 0.300 C32r.1r ¼ 0.3 myr (Husson

et al., 2011)

C32r.1n 1539.94 1542.32 2.38 73.949 74.049 0.100 C32r.1n ¼ 0.1 myr (Husson

et al., 2011)

C32r.2r 1542.32 1549.41 7.09 74.049 74.309 0.260 Duration of C32n.2r

assigned as 0.26 myr (same

as GTS2004 spline fit)

C33 C33n 1549.41 1723.76 174.35 33n 174.35 5.75 3.3 74.309 79.900 5.591 Base of C33n constrained

by Ar/Ar dates to be slightly

younger than 80.08 myr �
0.61; following Hicks’95, it

is extrapolated as 0.2 myr

younger ¼ 79.9 myr

CAMPANIAN 83.64 C33r 1723.76 1862.32 138.56 33r 138.56 5.82 4.2 79.900 83.640 3.740 Base of C33r assigned as

base of Campanian as in

N.Amer. ammonite

zonation; with age from

spline fit of the bracketing

bentonites

SANTONIAN C34 C34n 1862.32 83.64 Chron C33r may include

upper part of the English-

Chalk usage of Santonian

The kilometer placement for the Late Cretaceous through Neogene C-Sequence block model of marine magnetic anomalies is from a synthetic flow profile for the South Atlantic using relative distances from the spreading axis
(Cande and Kent, 1992a). Distances are tabulated to 2-decimal precision for preserving the relative widths of subchrons and for applying spreading rate models, but the actual accuracy is much
less e the relative uncertainties on kilometer-widths of each marine magnetic anomaly are tabulated in Cande and Kent (1992a).
The age model for converting the C-Sequence of marine magnetic anomalies (km) to numerical ages (Ma) is a combination of astronomical orbital tuning and spreading rate model derived from a spline fit to selected
radiometric ages. Details and references for the assigned ages are given in the Neogene and the Paleogene chapters of this book. The associated geological time scale framework is derived from biostratigraphic correlations to
C-sequence polarity chrons or independent ages obtained by astronomical or radiometric dating of stage boundaries or zonal datums (see Neogene and Paleogene chapters). Some Paleogene stage boundaries have not yet been
defined by a GSSP or an accepted primary marker, and therefore are assigned an age according to a possible placement with respect to the C-sequence time scale (see Chapter 28 on Paleogene). The composite biostratigraphic
and geomagnetic polarity time scales are illustrated in the Neogene, Paleogene and Cretaceous chapters.
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independently from magnetostratigraphic studies. Cande and
Kent (1992a) suggest that anomalies with a time-span of >30
kyr are well characterized and are probably true polarity
reversals. For example, the ~40-kyr subchron C5r.2r-1 has been
verified within Chron C5r.2r (Abdul Aziz et al., 2003).
However, most of the small-amplitude short-duration wiggles
are not yet unambiguously recognized in magnetostratigraphic
work.Anomalies with a time-span of less than 30 kyr are named
cryptochrons, and could be either very short-lived polarity
reversals, longer period variations in the intensity of the field or
geomagnetic field excursions (Cande and Kent 1992b).

5.2. LATE CRETACEOUS THROUGH
CENOZOIC GEOMAGNETIC POLARITY
TIME SCALE

5.2.1. C-Sequence of Marine Magnetic
Anomalies and Chron Nomenclature

The four youngest polarity chrons e Brunhes, Matuyama,
Gauss and Gilbert e span the past ~6 myr and were named
after important scientists in the field of geomagnetism. The
existence of these polarity chrons was established largely
through dating lava flows on land. Subchrons within these
intervals were named after the locality of their discovery e
e.g., Olduvai normal-polarity subchron after the Olduvai
Gorge (eastern Africa).

After the discovery of ocean-floor spreading, the marine
magnetic anomaly sequence of a long traverse in the South
Atlantic was taken as a marine standard for the polarity
pattern spanning the latest Cretaceous through Cenozoic. The
anomalies of this Cenozoic or “C-sequence” were numbered
from 1 to 34 (oldest). Refinements of this C-sequence led to
insertion of many additional anomalies with a complex letter-
number system, and the deletion of anomaly “14”.

The corresponding pair of polarity chrons (time) and
polarity zones (stratigraphy) are prefaced by the letter Ce for
Cenozoice before the namedmagnetic anomaly, with a suffix
n denoting the younger normal polarity interval or r denoting
the older reversed polarity interval, for instance Chron C15r
(e.g., Tauxe et al., 1984; Cande and Kent, 1992a). When
a major numbered polarity chron is further subdivided, the
resulting subchrons are denoted by a suffix of a corresponding
numbered polarity chron. For example, “C8n.2n” is the
second-oldest normal-polarity subchron comprising normal-
polarity Chron C8n. For the younger part of the time scale
(PlioceneePleistocene), the traditional names are often used
to refer to the chrons and subchrons (e.g., Brunhes ¼ C1n,
Matuyama ¼ C1r, Jaramillo subchron ¼ C1r.1n, etc.).

Cryptochrons are designated by appending to a chron or
subchron name the designation of “�1” (youngest), “�2”
(next older), etc.. For example, the youngest cryptochron, the
Emperor cryptochron, is in Chron C1n and designated
“C1n�1”.

5.2.2. Calibration and Ages of the Late
Cretaceous through Cenozoic Geomagnetic
Polarity Time Scale

A composite C-sequence magnetic anomaly pattern for the
latest Cretaceous and Cenozoic was assembled by Cande and
Kent (1992a, 1995) from a composite of South Atlantic
profiles enhanced by additional high-resolution profiles from
selected Pacific surveys (Table 5.2). Their numerical age
models, “CK92” followed by “CK95”, for this synthetic
magnetic anomaly pattern were calculated by applying
a cubic spline fit to selected radio-isotopic age controls
(Cande and Kent, 1992a, 1995) (Figure 5.2). The spline fit
method yielded an age model for the scale of “kilometers in
the South Atlantic marine magnetic profile”, and the numer-
ical ages of the limits of each polarity chron were derived
from their assigned placement on this magnetic anomaly
distance scale. In a revolutionary compilation, Berggren et al.
(1995) calibrated a vast array of biostratigraphic and chro-
nostratigraphic events to magnetostratigraphy, and then
derived the ages of datums and working versions of Cenozoic
stage boundaries from the “CK95” age model for the polarity
chrons. His detailed Cenozoic chronostratigraphic time scale
has been progressively enhanced, and the C-sequence is still
the main primary scale for assigning numerical ages to the
majority of Cenozoic and latest Cretaceous stratigraphic and
geochemical data.

Astronomical tuning of biomagnetostratigraphy sections
from ocean drilling sites and exposed pelagic sediments in
Mediterranean sections has yielded orbital-cycle durations for
several portions of this C-sequence of polarity chrons. The
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late Neogene portion (Chrons C1 through C4r at c. 8.3 Ma) of
the C-sequence age model in GTS2004 (Lourens et al., 2004)
had incorporated astronomical tuning tied to the present, and
the earliest Paleogene portion had used cycle-scaled durations
relative to a base-Cenozoic age of 65.5 Ma. Similar to the
procedure of Cande and Kent (1992), these segments were
joined by a spline fit to selected radio-isotopic ages.

In GTS2012, the astronomical tuning of the Neogene
polarity chrons has been extended through Chron C5Bn (14.9
Ma) (reviewed in Neogene chapter, this volume). The base of
the Langhian is near the base of Chron C5Br with an astro-
nomically calibrated age of 15.97 Ma and the base of the
Neogene (base of Chron C6Cn.2n) is at 23.03 Ma. The inter-
vening Chrons C5C through C6Cn (16e23 Ma) have the same
numerical ages as derived from the spline fit of GTS2004.

The Paleogene scale for the C-sequence and associated
biostratigraphic datums and chronostratigraphic boundaries
in GTS2012 is a merger of an astronomical-tuned Oligocene
suite (Chrons C6Cr through C13n) relative to present and
cumulative cycle-scaled durations for each early Eocene and
Paleocene polarity chron (Chrons C21n-C29r) relative to the
base-Cenozoic age of 66.0 Ma (see Chapter 28 for details).
The age model for Chrons C13r through C20r, a spline fit in
the interval from 34Ma to 48Ma, incorporates selected radio-
isotopic dates that constrain polarity zone ages (see Chapter
28, Tables 28.1 through 28.4). In contrast to the GTS2004
spline method, the spline fit (and uncertainties on derived
ages) has partially incorporated the statistics on uncertainties
for the individual marine magnetic anomalies (Table 4 of
Cande and Kent, 1992a); and these values are included in the
C-sequence summary compilation of Table 5.2.

The late Cretaceous portion of the C-sequence (Chrons
C29r through C33r) has been extensively studied in ocean-
drilling cores and outcrops of pelagic sediments. The bio-
magnetostratigraphic and carbon-isotopic correlations for this
MaastrichtianeCampanian interval have been scaled to 405-
kyr eccentricity cycles, and assigned ages according to the
cycle-offset from the base-Cenozoic at approximately Chron
C29r.5 (e.g., Husson et al., 2011; Thibault et al., in press).
The suite of duration-per-chron and numerical-age scaling by
Husson et al. (2011) is consistent with the few radio-isotopic
dates in this interval (Hicks et al., 1995, 1999; Hicks and
Obradovich, 1995; tabulated in Appendix 2 of this book). In
the case of short-duration chrons in which direct cycle-scaling
is inadequate to delimit the boundaries, the combined cycle-
durations for pairs of chrons, rather than single chrons, were
used for the composite scale, and those brief chrons were
assigned durations as derived from the GTS2004 spline fit to
Cande and Kent’s (1992a) marine magnetic anomaly widths.

Similar to the procedure used by Berggren et al. (1995),
the calibration of biostratigraphic datums and chronostrati-
graphic boundaries to this geomagnetic polarity time scale
yields the main numerical time scale for the latest Cretaceous,
Paleogene and early Neogene (e.g., Tables 5.2 and 28.4).

5.2.3. Implications of C-Sequence Age Model
for South Atlantic Spreading History

Applying a smoothed version of these computed chron ages
(Table 5.2) to the synthetic marine magnetic anomaly profile
of Cande and Kent (1992a) yields a schematic representation
of South Atlantic spreading rates (Figure 5.3). The general
trends of the Cande and Kent (1995), GTS2004 and GTS2012
models are quite similar e a rapid slowing in spreading rates
from Campanian through late Paleocene, a progressive
increase through the Eocene followed by a moderate Oligo-
cene slowing, then a rapid slowing from mid-Miocene to the
present. Even though there have been shifts in the timing and
the relative magnitudes of acceleration and slowing of
spreading rates in this South Atlantic reference profile, the
detailed curve in GTS2012 from cycle-stratigraphy chron-
duration analyses have generally supported the estimates
made from the small set of radio-isotopic age constraints of
Cande and Kent (1995). The next step would be to compile
a global plate-motion synthesis. For example, the early
Eocene acceleration at c. 50 Ma coincides with a general
change in plate tectonic motions at about Chron C21 (Doug
Wilson, written commun., 2011).

This generalized curve for the spreading rates from the
GTS2012 C-sequence age model required a multi-chron
smoothing and an approximate 5-myr sliding window. In
those intervals where cyclostratigraphy has provided
direct measurements of each chron’s duration (Maas-
trichtianePaleogeneeearly Eocene, Oligocene, and mid-
Miocene to present), the “standard” marine magnetic
pattern, as modeled by Cande and Kent (1992a), contains
major distortions. Firstly, if one applies the cycle-derived
durations of polarity chrons to the modeled widths of the
corresponding individual marine magnetic anomaly, the
short-term “apparent” spreading rates jump between chrons
by 50% or more. Anomalous jumping is present even when
using a sliding window to average three or more chrons.
This implies that the uncertainties on widths tabulated by
Cande and Kent (1992a, their Table 4) are probably
underestimates.

Secondly, the relative proportions of normal and reversed
polarity as recorded in astronomical tuning of magneto-
stratigraphy studies are shifted from the proportions in the
marine magnetic anomaly model. For example, the early
Oligocene interval of Chrons C9n through C11r is projected
as 60% reversed polarity according to the marine magnetic
anomaly model, but reversed polarity actually comprises
65% of this interval according to the cycle-scaled magne-
tostratigraphy. The Paleocene interval of Chrons C24r-C29r
is projected as 71% reversed polarity in the marine magnetic
anomaly model, but is observed to have 76% reversed
polarity in magnetostratigraphy. One possibility is that the
baseline for assigning limits for normal versus reversed
polarity blocks for some extended intervals that are
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dominated by reversed polarity in the marine magnetic
anomaly model is shifted and has over-emphasized normal
polarity. In contrast, within normal-polarity dominated
intervals such as the Maastrichtian, the marine magnetic
anomaly model may have exaggerated the relative durations
of short, reversed-polarity chrons (e.g., Chron C32n.1r is
less than half the marine magnetic anomaly modeled dura-
tion according to Husson et al., 2011).

The marine magnetic anomaly “reference model” of
Cande and Kent (1992a) tabulated in Table 5.2 will
require adjustment and enhancement when the astro-
nomical tuning of polarity chron durations has been
verified in multiple magnetostratigraphic sections. At this
stage, the dual sets in Table 5.2 of marine magnetic
anomaly parameters and of polarity chrons with their
hybrid age model from direct cyclostratigraphy merged
with segments derived from a spline fit that incorporates
that marine magnetic anomaly model should be consid-
ered as only an approximation of the actual history of the
Earth’s geomagnetic field. Similar concerns pertain to the
M-sequence model of marine magnetic anomalies as
compiled in the next section.

5.3. MIDDLE JURASSIC THROUGH EARLY
CRETACEOUS GEOMAGNETIC POLARITY
TIME SCALE

Magnetostratigraphic studies in combination with constraints
from drilling of oceanic crust have calibrated much of the
marine magnetic anomaly M-sequence to ammonite and
microfossil datums (see the Cretaceous and Jurassic chapters
of this book). However, in contrast to the C-sequence, which
has been calibrated to the astronomical time scale through the
Neogene and has an array of direct radio-isotopic ages on its
polarity zones through the Paleogene for a spline fit, the
M-sequence interval has only four radio-isotopic ages
directly on its polarity chrons, and two of these (ODP Site 801
and Site 765 into oceanic crust) have relatively large uncer-
tainties. Therefore, the M-sequence numerical age model was
constructed in four steps. These comprised compiling
a composite polarityekilometer marine magnetic model for
Pacific oceanic crust, determining a suite of spreading rates
for intervals of those M-sequence anomalies that had corre-
sponding durations calculated from cyclostratigraphy studies,
a simple line-fit to those spreading rates and projection to the
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older deep-tow-derived M-sequence, and assigning numerical
ages to the time-before-anomaly-M0 calculated from that
spreading-rate model by applying selected radio-isotopic
ages.

5.3.1. M-Sequence of Marine Magnetic
Anomalies

An extended ~35 myr interval of normal polarity, the
“Cretaceous Long NormalePolarity Chron” or polarity
Superchron C34n, extends from the early Aptian to approx-
imately the Santonian/Campanian boundary. Oceanic crust of
late Middle Jurassic through earliest Aptian age displays
a second series of magnetic anomalies, which were named the
‘M’ e for Mesozoic e series. The M-sequence for anomalies
and corresponding chrons of M0r through M25r was derived
from a block model of the Hawaiian lineations by Larson and
Hilde (1975) and has undergone relatively minor refinements
(e.g., Tamaki and Larson, 1988). The nomenclature has some
anomalies, for example, the M anomalies start at M0 (notM1)
and the younger set of Chrons M1 and M3 are normal polarity
while Chrons M2 and M4 are reversed polarity, whereas all
other marine magnetic anomalies/chrons fromM5 onward are
pairs of normal- and reversed-polarity (e.g., Chrons M5n and
M5r; M6n and M6r, etc.).

After the M-sequence was numbered, three events or
clusters of brief reversed-polarity excursions or subzones
were reported from the AptianeAlbian portion of Chron
C34n, particularly noted within drilling cores of deep-sea
sediments. Ryan et al. (1978) summarized these events and
suggested an “upward”, hence “negative numbering”
continuation to the M-sequence younger than polarity Chron
M0r: (a) Chron M“-1r” in late Aptian, with an alternate
designation as the “ISEA” event (Tarduno et al., 1990); (b)
Chron M“-2r” set of Middle Albian events; and (c) Chron
M“-3r” set in Late Albian. Further details on these enigmatic
“negative-numbered” sets, which have not been verified in
surveys of coeval marine magnetic anomalies, are discussed
in the Cretaceous chapter of this book.

5.3.2. Extension to M-Sequence from
Deep-Tow Magnetometer Surveys

Additional marine magnetic surveys in the Pacific extended
the M-sequence to marine magnetic anomaly M29
(e.g., Cande et al., 1978; Handschumacher et al., 1988).
Oceanic crust in the Pacific older than M29 was considered to
be a “Jurassic Quiet Zone”. Magnetic surveys into this region
using magnetometers towed at submerged depths near to the
seafloor (“deep-tow” profiles) revealed that this quiet zone
contained a complex suite of correlative anomalies
(e.g., Sager et al., 1998; Tivey et al., 2006; Tominaga et al.,
2008). The apparent “quiet” signature was a consequence of

two factors: an apparently weak intensity of the geomagnetic
field, and relatively high geomagnetic reversal rates causing
blurring of signals from the narrow bands of normal- and
reversed-magnetized oceanic crust when observed from
surface surveys. The deep-tow magnetic features that are
correlative among profiles are interpreted as a set of possibly
50 to 100 polarity chrons, which have been semi-arbitrarily
grouped into clusters with a nomenclature of “M26” through
“M44”. Pacific IODP Site 801 is within the marine anomaly
cluster “M42”, and the interpreted BajocianeBathonian age
of Site 801 implies that marine magnetic anomalies M26
through M44r should span the Oxfordian, Callovian, Batho-
nian and Bajocian stages.

The details of the marine anomaly clusters called M25A
and M26 are poorly resolved by the magnetic surveys due to
the very weak amplitude of the magnetic signal recorded in
the original Pacific Ocean study (Handschumacher et al.,
1988). We used the relative widths of polarity blocks
comprising these M25A and M26 anomaly clusters based on
survey data from the eastern Indian Ocean (Sager et al.,
1992).

However, unlike the standard polarity-pattern model for
sea-surface marine magnetic anomalies M0r through M25r,
the interpretation of the deep-tow surveys over magnetic
anomalies M27r through M44 depends on assumptions of
additional factors (Tominaga et al., 2008). A modeling of the
direct deep-tow profile overemphasizes the narrow-width
paleomagnetic intensity fluctuations just above the oceanic
crust relative to the longer distance trends, thereby creating
a polarity model of numerous short-duration, low-amplitude
polarity intervals. Alternatively, if the deep-tow data are
projected to a mid-depth level, then the close-spaced fluctu-
ations are tempered, and the longer-wavelength features are
emphasized. The mid-depth models are potentially a better
estimate of the main geomagnetic polarity history
(M. Tominaga, pers. comm. to J. Ogg, May 2011), hence
geophysical models for both interpretations of these pre-
M25r deep-tow magnetic anomaly profiles have been pub-
lished (e.g., Figure 11 in Tominaga et al., 2008). The actual
reversal history of the Earth’s geomagnetic field is perhaps
between these alternatives.

Outcrop-based magnetostratigraphy for the Oxfordian
through Bajocian is generally consistent with an interme-
diate interpretation between the polarity patterns derived
from the direct deep-tow model and the mid-depth-projec-
tion interpretation for such pre-M25 marine magnetic
anomalies (see Jurassic chapter, this volume). At the time of
writing, the oldest numbered M-sequence anomaly is M44r
of a projected age near the Aalenian/Bajocian stage
boundary. Verification of previous surveys and an extension
of the deep-tow profiles into Pacific crust of pre-M44r age
may enable an M-sequence model spanning the entire
Middle Jurassic (geophysical survey expedition in Nov-Dec,
2011, by Masako Tominaga et al.).
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5.3.3. Composite M-Sequence

A synthetic reference M-sequence pattern was constructed
from reference patterns of magnetic polarity versus ocean-
crust kilometers in the Pacific. The concept and philosophy is
similar to the construction of the “South Atlantic kilometer
scale” for the C-sequence marine magnetic anomalies (Cande
and Kent, 1992a, 1995; Berggren et al., 1995).

The M-sequence pattern is best documented at the trio
of expanding spreading centers that created the current
Pacific plate (e.g., Larson and Hilde, 1975). Channell et al.
(1995b) developed a composite scaling of marine magnetic
anomaly block models from approximately M0r through
M29r from the individual Pacific spreading centers. This
composite “CENT95” scaling is a more robust estimate of
the M-sequence pattern than the splicing of selected
profiles on the Hawaiian lineations by Larson and Hilde
(1975) (Roger Larson, pers. comm. to J. Ogg, 1997).
However, the CENT95 composite did not resolve some of
the fine-scale features in individual profiles that are also
documented by magnetostratigraphy and lacked adequate
resolution for anomalies older than approximately M22r.
Following the CENT95 procedure, a series of synthetic km-
distances were added to replicate the fine-scale structure of
the LarsoneHilde block model for several intervals and for
the revised relative durations of subchrons in M11An
observed from magnetostratigraphic studies (Channell
et al., 1995b, p. 60). Anomalies from M22r through M25n
were proportioned according to the Hawaiian-lineation
pattern of Larson and Hilde (1975) into the base-M22r to
base-M25n distance of the CENT95 composite. The base of
Chron M0r is the proposed GSSP primary marker of the
Aptian stage, and this level was used as the “zero-kilo-
meter” reference for the final scale.

Our synthetic M-sequence polarity-kilometer scale is
normalized to the kilometer distances from anomaly M0r
at a single spreading center (the “Hawaiian” ridge in the
Pacific). This normalization is supported by comparison
of the three main spreading centers operating in the
Pacific during the M-sequence (Tominaga and Sager,
2010). That compilation demonstrated that the relative
polarity block widths from the Hawaiian and Japanese,
and to some degree from the Phoenix, marine magnetic
anomaly lineation sets are similar. Even though the
spreading rates may have changed during the M-sequence
interval, such changes appear to have occurred nearly
synchronously and to the same relative degree in the
Hawaiian and Japanese centers.

A synthetic composite M-sequence, normalized to an
arbitrary span of 0 to 100 distance-units for anomalies M0r
through M29r, was derived from a statistical fit to multiple
magnetic profiles from the three Pacific spreading centers by
Tominaga and Sager (2010). They observed that individual
polarity blocks seem to have variable widths relative to

adjacent blocks among the composite patterns among each
spreading center, even though the general characteristics are
similar. A comparison of their three-spreading-center
composite to the CENT95 pattern for M25 to M0r (which is
essentially our GTS2012 pattern) indicated significant
distortions in some polarity-block intervals (Figure 13 in
Tominaga and Sager, 2010). For example, the widths of M16n
and M11n are significantly thinner relative to adjacent
polarity blocks when compared to the CENT95 model.
However, magnetostratigraphy in those intervals generally
supports the relative scaling of the CENT95 block model
(e.g., Speranza et al., 2005; Channell et al., 2010). Therefore,
we retained the CENT95 and Hawaiian polarity block models
for the GTS2012 synthetic M-sequence.

The continuation of the M-sequence into older oceanic
crust than M25r is best resolved in the magnetic anomaly
lineations created at the “Japanese” spreading center, which
were formed at a faster rapid spreading rate than those of
the Hawaiian set. We proportionally scaled the widths of
these oldest Japanese lineations observed by Sager et al.
(1998) and their modification/extension by Tominaga et al.
(2008) to fit the CENT95 Hawaiian-lineation scale by
comparing the kilometers between the middle of marine
magnetic anomalies M27r and M29r. This comparison
implies that the Japanese suite formed at a spreading rate
that was approximately 2.5 times faster than the Hawaiian
suite. Both of the deep-tow models for the pre-M25r marine
magnetic anomalies e the direct deep-tow fine-scale
features and the computed mid-depth projections (Sager
et al., 1998; Tominaga et al., 2008) e were transformed to
“Hawaiian-distances”. This method of projecting pre-M29r
marine magnetic anomalies of the Japanese-kilometer block
model onto the synthetic Hawaiian-kilometer pattern
implicitly assumes that there were no relative changes in
spreading rates between these two ridges during the
formation of this pre-M29r crust.

The synthetic profile of the full suite of M-sequence
marine magnetic anomalies scaled to the relative distances in
the Hawaiian lineation composite is given in Table 5.4 and
Figure 5.4, and some details of the constraints of the model
shown in Table 5.3.

5.3.4. Constraints on Spreading Rates for the
Composite M-Sequence Model

We applied durations derived from cyclostratigraphy to six
intervals of the M-sequence polarity pattern from Oxfordian
through Barremian (Table 5.4). Each selected interval
contains multiple polarity zones. This clustering partially
reduces the distortions that are inherent for cycle-durations on
any single polarity zone caused by the combined uncertainties
on the placement of that individual polarity zone relative to
astronomical cycles and on the interpreted width of the
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corresponding marine magnetic anomaly in the M-sequence.
The computed rates from the six intervals are within about
15% of each other, but with an apparent trend of gradual
slowing with geologic time:

(a) ChronsM37n toM28r. Cyclostratigraphy of the ammonite-
zoned Lower through Middle Oxfordian Terres Noires

Formation in the Vocontian Basin (SE France) indicated
a dominant 405-kyr long eccentricity signal (Boulila et al.,
2008a, 2010a). The Quen. mariae through Greg. trans-
versarium zones encompass long eccentricity cycles C1
(less an initial 50 kyr within the uppermost Callovian)
through C10 (plus 50 kyr into the following cycle C11) for

TABLE 5.3 Constraints on Spreading Rates for M-Sequence Magnetic Anomalies and Chrons

Base of Interval Top of Interval

Temporal and Geographic Span,

and Spreading Rate

Geologic Age

Chron

Calibration

Kilometers on

Composite

Hawaiian

M-Sequence

Biostratigraphic

Age

Chron

Calibration

Kilometers on

Composite

Hawaiian

M-Sequence

Span

from

Cycles

(myr)

Span

in km

Implied

Hawaiian

Spreading

Rate

(km/myr)

Center of

Interval

(km) for

Line-Fit
References

lower Barremian

(direct on

magnetostratigraphy)

Base M3r 114.2 Base of Aptian

(direct on

magnetostratigraphy)

Base M0r 0.0 4.3 114.2 26.6 57.1 Cyclostratigraphy ¼
Sprovieri et al. (2006)

directly on

magnetostratigraphic

sections of Channell et al.

(1995a, 2000) and Lowrie

and Alvarez (1984).

uppermost

Valanginian (direct on

magnetostratigraphy)

Base M11n 257.1 lower Hauterivian

(direct on

magnetostratigraphy)

Base M7n 158.8 3.58 98.3 27.5 207.9 Cyclostratigraphy ¼
Sprovieri et al. (2006)

directly on

magnetostratigraphic

section of Channell et al.

(1995a).

lower-mid-Berriasian

(base of Calpionellid

zone D1)

M16r.5 420.5 upper-mid-Berriasian

(base of Calpionellid

zone D3)

M16n.85 384.2 1.33 36.3 27.3 402.3 Cyclostratigraphy ¼
Sprenger and ten Kate

(1993); Magnetic

stratigraphy of

calpionellid zonation ¼
Ogg et al. (1984) and

averages from Channell

and Grandesso (1987).

Upper Kimmeridgian

(Base of

Aulacostephanus

autissiodorensis

ammonite zone)

M23n.5 712.0 Middle Tithonian

(Base of Pavlovia

pallasioides

ammonite zone)

M21r.1 636.9 2.85 75.2 26.4 674.4 Cyclostratigraphy ¼
Huang et al. (2010a);

Magnetic stratigraphy ¼
Ogg et al. (2010b, which

includes Ogg, Przybylski

and Coe (unpublished

Kimmeridge Clay) and

correlations to Ogg et al.

(1984).

Lower Kimmeridgian

(base of Idoceras

planula zone)

Base

M26n.1r

833.6 Middle Kimmeridgian

(base of Crussoliceras

divisum zone)

M24Ar.7 778.7 1.91 54.9 28.7 806.2 Cyclostratigraphy ¼
Boulila et al. (2008b,

2010b). Magnetic

stratigraphy ¼ Przybylski

et al. (2010a), Ogg et al.

(2010b).

Base of Oxfordian

(base

Quenstedtoceras

mariae zone)

M37n.1n.25 1023.7 Middle Oxfordian

(top of Gregoryceras

transversarium zone)

M29r.45 905.1 4.05 118.6 29.3 964.4 Cyclostratigraphy ¼
Boulila et al. (2008a,

2010a). Magnetic

stratigraphy ¼ Przybylski

et al. (2010b), Ogg et al.

(2010a).

Durations of polarity zones are derived from cyclostratigraphy. These durations imply that spreading rates for the corresponding oceanic crust (kilometers on synthetic
Hawaiian-block model of marine magnetic anomalies) was nearly constant (Figure 5.4). A linear line-fit to the minor trend of the distance versus spreading-rate values
has an intercept of 26.42� 0.07 km/myr at the base of M0r. The slope implies that spreading rates increased at 0.0023� 0.0012 km/myr per km of distance fromM0r
e older crust formed at higher spreading rates. This spreading-rate equation is used to calculate the total offset in time (myr) of each anomaly relative to M0r
(Table 5.4).
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TABLE 5.4 M-Sequence Marine Magnetic Anomaly Distances and Age Calibration

Geological

Age

Age of

Base (Ma) Polarity Chron

Distance (km) from Hawaiian

Spreading Center

Age Calibration (Spreading

Rate Model)

Comments

Young

End

Old

End

Width

(km)

Top

Ma

Base

Ma

Duration

(myr)

CENOMANIAN 100.5

Early CRETACEOUS within C34n M"-3r" ?? ~102 not known Not fully verified, and may be multiple

excursions; age is projected from

reported coincidence with

foraminifers

M"-2r" ?? ~108 not known Not fully verified, and may be multiple

excursions; age is projected from

reported coincidence with

foraminifers

ALBIAN 112.0

M"-1r" (or ISEA) ?? 118.5 0.10

C34n �9.808 125.93

M0 M0r �9.808 0.000 9.808 125.93 126.30 0.37 Duration of Chrom M0r is ~0.4 myr

from cyclostratigraphy in Italy

APTIAN 126.3 Base of Aptian ¼ Base of Chron M0r

M1 M1n 0.000 53.607 53.607 126.30 128.32 2.02

M1r (or ’M1’) 53.607 62.439 8.832 128.32 128.66 0.33

M3 M3n (or ’M2’) 62.439 74.613 12.174 128.66 129.11 0.46

M3r (or ’M3’) 74.613 114.185 39.572 129.11 130.60 1.49 Base of U. Barrem ¼ upper Chron M3r

M5 M5n (or ’M4’) 114.185 136.295 22.110 130.60 131.43 0.83

BARREMIAN 130.8 Base of Barremian assigned here as

Chron M5n(0.8)

M5r (or ’M5’) 136.295 144.678 8.383 131.43 131.74 0.31

M6 M6n 144.678 149.412 4.734 131.74 131.92 0.18

M6r 149.412 152.557 3.145 131.92 132.04 0.12

M7 M7n 152.557 158.782 6.225 132.04 132.27 0.23

M7r 158.782 166.232 7.450 132.27 132.55 0.28

M8 M8n 166.232 173.095 6.863 132.55 132.80 0.26

M8r 173.095 179.674 6.579 132.80 133.05 0.25

M9 M9n 179.674 186.405 6.731 133.05 133.30 0.25

M9r 186.405 194.062 7.657 133.30 133.58 0.29

M10 M10n 194.062 202.040 7.978 133.58 133.88 0.30

HAUTERIVIAN 133.9 Base of Hauterivian assigned here as

base of Chron M10n

M10r 202.040 211.178 9.138 133.88 134.22 0.34

M10N M10Nn.1n 211.178 218.137 6.959 134.22 134.48 0.26 The "N" of M10N was in recognition of

Fred Naugle by Larson and Hilde

(1975).

M10Nn.1r 218.137 219.117 0.980 134.48 134.51 0.04

M10Nn.2n 219.117 225.737 6.620 134.51 134.76 0.25

M10Nn.2r 225.737 226.217 0.480 134.76 134.78 0.02

M10Nn.3n 226.217 232.213 5.996 134.78 135.00 0.22

M10Nr 232.213 240.878 8.665 135.00 135.32 0.32

M11 M11n 240.878 257.083 16.205 135.32 135.92 0.60

M11r.1r 257.083 262.217 5.134 135.92 136.11 0.19

M11r.1n 262.217 262.717 0.500 136.11 136.13 0.02

M11r.2r 262.717 266.946 4.229 136.13 136.29 0.16

M11A M11An.1n 266.946 277.897 10.951 136.29 136.69 0.40

M11An.1r 277.897 279.117 1.220 136.69 136.74 0.05

M11An.2n 279.117 280.817 1.700 136.74 136.80 0.06

M11Ar 280.817 282.787 1.970 136.80 136.87 0.07

M12 M12n 282.787 287.797 5.010 136.87 137.06 0.19

M12r.1r 287.797 306.148 18.351 137.06 137.73 0.68
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M12r.1n 306.148 307.997 1.849 137.73 137.80 0.07

M12r.2r 307.997 311.677 3.680 137.80 137.94 0.14

M12A M12An 311.677 318.047 6.370 137.94 138.17 0.23

M12Ar 318.047 320.247 2.200 138.17 138.25 0.08

M13 M13n 320.247 324.815 4.568 138.25 138.42 0.17

M13r 324.815 331.276 6.461 138.42 138.66 0.24

M14 M14n 331.276 338.168 6.892 138.66 138.91 0.25

M14r 338.168 356.584 18.416 138.91 139.59 0.68

VALANGINIAN 139.4 Base of Valanginian assigned here as

Chron M14r(0.3)

M15n 356.584 366.264 9.680 139.59 139.94 0.36

M15 M15r 366.264 379.164 12.900 139.94 140.42 0.47

M16 M16n 379.164 412.472 33.308 140.42 141.64 1.22

M16r 412.472 428.465 15.993 141.64 142.22 0.58

M17 M17n 428.465 437.933 9.468 142.22 142.57 0.35

M17r 437.933 477.493 39.560 142.57 144.00 1.44

M18 M18n 477.493 494.915 17.422 144.00 144.64 0.63

M18r 494.915 505.139 10.224 144.64 145.01 0.37

BERRIASIAN 145.0 Base of Cretaceous (base of Berriasian)

assigned here as base of Chron M18r

Late JURASSIC M19 M19n.1n 505.139 508.767 3.628 145.01 145.14 0.13

M19n.1r 508.767 511.217 2.450 145.14 145.19 0.05

M19n.2n 511.217 540.261 29.044 145.19 146.28 1.09

M19r 540.261 547.398 7.137 146.28 146.54 0.26

M20 M20n.1n 547.398 557.487 10.089 146.54 146.90 0.36

M20n.1r 557.487 559.197 1.710 146.90 146.96 0.06

M20n.2n 559.197 580.172 20.975 146.96 147.72 0.76

M20r 580.172 600.286 20.114 147.72 148.44 0.72

M21 M21n 600.286 625.619 25.333 148.44 149.35 0.91

M21r 625.619 638.098 12.479 149.35 149.80 0.45

M22 M22n.1n 638.098 675.017 36.919 149.80 151.12 1.32

M22n.1r 675.017 676.237 1.220 151.12 151.17 0.04

M22n.2n 676.237 677.467 1.230 151.17 151.21 0.04

M22n.2r 677.467 678.677 1.210 151.21 151.25 0.04

M22n.3n 678.677 680.415 1.738 151.25 151.32 0.06

M22r 680.415 697.476 17.061 151.32 151.92 0.61

M22A M22An 697.476 701.268 3.792 151.92 152.06 0.14

TITHONIAN 152.1 Base of Tithonian assigned here as base

of Chron M22An

M22Ar 701.268 706.577 5.309 152.06 152.25 0.19

M23n 706.577 717.448 10.871 152.25 152.64 0.39

M23 M23r.1r 717.448 725.791 8.343 152.64 152.93 0.30

M23r.1n 725.791 726.549 0.758 152.93 152.96 0.03

M23r.2r 726.549 745.004 18.455 152.96 153.62 0.66

M24 M24n 745.004 752.069 7.065 153.62 153.87 0.25

M24r.1r 752.069 765.735 13.666 153.87 154.35 0.49

M24r.1n 765.735 766.493 0.758 154.35 154.38 0.03

M24r.2r 766.493 772.561 6.067 154.38 154.59 0.22

M24A M24An 772.561 776.353 3.792 154.59 154.73 0.13

M24Ar 776.353 784.190 7.837 154.73 155.01 0.28

M24B M24Bn 784.190 794.808 10.618 155.01 155.38 0.38

M24Br 794.808 799.358 4.551 155.38 155.54 0.16

M25 M25n 799.358 807.954 8.596 155.54 155.85 0.30

M25r 807.954 813.273 5.319 155.85 156.04 0.19 Marine magnetic anomaly series from

M25r through M27n are rescaled from

Handschmacher et al, (1988) and

Sager et al. (1992)

(Continued)
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TABLE 5.4 M-Sequence Marine Magnetic Anomaly Distances and Age Calibrationdcont’d

Geological

Age

Age of

Base (Ma) Polarity Chron

Distance (km) from Hawaiian

Spreading Center

Age Calibration (Spreading

Rate Model)

Comments

Young

End

Old

End

Width

(km)

Top

Ma

Base

Ma

Duration

(myr)

M25A M25An.1n 813.273 816.690 3.417 156.04 156.16 0.12

M25An.1r 816.690 818.472 1.783 156.16 156.22 0.06

M25An.2n 818.472 820.552 2.080 156.22 156.29 0.07

M25An.2r 820.552 823.227 2.674 156.29 156.39 0.09

M25An.3n 823.227 824.118 0.891 156.39 156.42 0.03

M25Ar 824.118 828.129 4.011 156.42 156.56 0.14

M26 M26n.1n 828.129 831.850 3.721 156.56 156.69 0.13

M26n.1r 831.850 833.613 1.763 156.69 156.75 0.06

M26n.2n 833.613 834.396 0.783 156.75 156.78 0.03

M26n.2r 834.396 835.963 1.567 156.78 156.84 0.06 ODP Site 761 drilled on middle of

anomaly M26n yielded Ar/Ar age of

155.3 Ma (� 3.4 myr; 1-sigma)

M26n.3n 835.963 838.901 2.938 156.84 156.94 0.10

M26n.3r 838.901 841.642 2.742 156.94 157.04 0.10

M26n.4n 841.642 842.230 0.588 157.04 157.06 0.02

M26r 842.230 847.713 5.484 157.06 157.25 0.19

KIMMERIDGIAN 157.3 Base of Kimmeridgian (pending GSSP

¼ Subboreal/Boreal usage) is base of

Chron M26r

M27 M27n 847.713 851.934 4.221 157.25 157.40 0.15

M-Sequence Extension (direct deep-tow model)
Marine magnetic anomaly series from

M27r to M41r are rescaled from deep-

tow surveys on Japanese lineations

(Sager et al.; 1998; Tominaga and

Sager, 2008) e direct signal, and mid-

depth projection

M27r 851.934 856.642 4.708 157.40 157.57 0.17

M28 M28n 856.642 865.256 8.614 157.57 157.87 0.30

M28r 865.256 869.563 4.307 157.87 158.02 0.15

M28An 869.563 872.417 2.855 158.02 158.12 0.10

M28Ar 872.417 879.128 6.711 158.12 158.36 0.24

M28Bn 879.128 880.581 1.452 158.36 158.41 0.05

M28Br 880.581 883.085 2.504 158.41 158.50 0.09

M28Cn 883.085 886.140 3.055 158.50 158.60 0.11

M28Cr 886.140 888.744 2.604 158.60 158.69 0.09

M28Dn 888.744 891.048 2.304 158.69 158.78 0.08

M28Dr 891.048 894.203 3.155 158.78 158.89 0.11

M29 M29n.1n 894.203 898.660 4.457 158.89 159.04 0.16

M29n.1r 898.660 899.512 0.851 159.04 159.07 0.03

M29n.2n 899.512 901.415 1.903 159.07 159.14 0.07

M29r 901.415 908.176 6.761 159.14 159.38 0.24

M29An 908.176 909.578 1.402 159.38 159.43 0.05

M29Ar 909.578 911.481 1.903 159.43 159.49 0.07

M30 M30n 911.481 915.037 3.556 159.49 159.62 0.12

M30r 915.037 919.645 4.608 159.62 159.78 0.16

M30An 919.645 922.499 2.855 159.78 159.88 0.10

M30Ar 922.499 923.401 0.901 159.88 159.91 0.03

M31 M31n.1n 923.401 927.858 4.457 159.91 160.07 0.16

M31n.1r 927.858 930.212 2.354 160.07 160.15 0.08

M31n.2n 930.212 931.013 0.801 160.15 160.18 0.03

M31n.2r 931.013 932.215 1.202 160.18 160.22 0.04

M31n.3n 932.215 933.467 1.252 160.22 160.26 0.04

M31r 933.467 935.020 1.553 160.26 160.32 0.05
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M32 M32n.1n 935.020 935.671 0.651 160.32 160.34 0.02

M32n.1r 935.671 936.522 0.851 160.34 160.37 0.03

M32n.2n 936.522 939.327 2.805 160.37 160.47 0.10

M32n.2r 939.327 940.829 1.502 160.47 160.52 0.05

M32n.3n 940.829 941.681 0.851 160.52 160.55 0.03

M32r 941.681 944.084 2.404 160.55 160.63 0.08

M33 M33n 944.084 952.598 8.514 160.63 160.93 0.30

M33r 952.598 956.405 3.806 160.93 161.06 0.13

M33An 956.405 958.658 2.254 161.06 161.14 0.08

M33Ar 958.658 960.662 2.003 161.14 161.21 0.07

M33Bn 960.662 962.615 1.953 161.21 161.28 0.07

M33Br 962.615 965.870 3.255 161.28 161.39 0.11

M33Cn.1n 965.870 966.972 1.102 161.39 161.43 0.04

M33Cn.1r 966.972 968.474 1.502 161.43 161.49 0.05

M33Cn.2n 968.474 971.980 3.506 161.49 161.61 0.12

M33Cr 971.980 977.840 5.860 161.61 161.81 0.20

M34 M34n.1n 977.840 980.294 2.454 161.81 161.89 0.08

M34n.1r 980.294 982.347 2.053 161.89 161.96 0.07

M34n.2n 982.347 983.699 1.352 161.96 162.01 0.04

M34n.2r 983.699 984.801 1.102 162.01 162.04 0.03

M34n.3n 984.801 985.702 0.901 162.04 162.06 0.02

M34n.3r 985.702 987.155 1.452 162.06 162.12 0.06

M34An 987.155 987.806 0.651 162.12 162.15 0.03

M34Ar 987.806 991.812 4.007 162.15 162.28 0.13

M34Bn.1n 991.812 994.567 2.754 162.28 162.37 0.09

M34Bn.1r 994.567 995.619 1.052 162.37 162.43 0.06

M34Bn.2n 995.619 996.320 0.701 162.43 162.46 0.03

M34Br 996.320 997.572 1.252 162.46 162.49 0.03

M35 M35n 997.572 1000.076 2.504 162.49 162.55 0.07

M35r 1000.076 1005.385 5.309 162.55 162.70 0.15

M36 M36n.1n 1005.385 1008.490 3.105 162.70 162.80 0.10

M36n.1r 1008.490 1010.543 2.053 162.80 162.86 0.06

M36An 1010.543 1011.795 1.252 162.86 162.90 0.04

M36Ar 1011.795 1012.396 0.601 162.90 162.92 0.02

M36Bn 1012.396 1013.247 0.851 162.92 162.95 0.03

M36Br 1013.247 1017.304 4.057 162.95 163.10 0.14

M36Cn 1017.304 1019.307 2.003 163.10 163.16 0.07

M36Cr 1019.307 1022.863 3.556 163.16 163.29 0.12

M37 M37n.1n 1022.863 1029.824 6.961 163.29 163.53 0.24

OXFORDIAN 163.5 Base of Oxfordian is assigned as Chron

M37n.1n(0.25)

Middle JURASSIC M37n.1r 1027.212 1030.518 3.305 163.53 163.65 0.11

M37n.2n 1030.518 1033.711 3.193 163.65 163.76 0.11

M37r 1033.711 1036.475 2.765 163.76 163.85 0.10

M38 M38n.1n 1036.475 1040.241 3.766 163.85 163.98 0.13

M38n.1r 1040.241 1041.644 1.402 163.98 164.03 0.05

M38n.2n 1041.644 1045.851 4.207 164.03 164.18 0.15

M38n.2r 1045.851 1047.013 1.162 164.18 164.22 0.04

M38n.3n 1047.013 1049.256 2.244 164.22 164.30 0.08

M38n.3r 1049.256 1052.461 3.205 164.30 164.41 0.11

M38n.4n 1052.461 1058.792 6.330 164.41 164.63 0.22

M38n.4r 1058.792 1060.755 1.963 164.63 164.69 0.07

M38n.5n 1060.755 1065.202 4.447 164.69 164.85 0.15

M38r 1065.202 1067.085 1.883 164.85 164.91 0.07

M39 M39n.1n 1067.085 1072.053 4.968 164.91 165.08 0.17

M39n.1r 1072.053 1075.299 3.245 165.08 165.20 0.11

M39n.2n 1075.299 1079.345 4.047 165.20 165.34 0.14

M39n.2r 1079.345 1081.228 1.883 165.34 165.40 0.07

M39n.3n 1081.228 1084.834 3.606 165.40 165.53 0.12

M39n.3r 1084.834 1088.480 3.646 165.53 165.65 0.13

M39n.4n 1088.480 1092.647 4.167 165.65 165.80 0.14

M39n.4r 1092.647 1097.495 4.848 165.80 165.96 0.17

(Continued)
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TABLE 5.4 M-Sequence Marine Magnetic Anomaly Distances and Age Calibrationdcont’d

Geological

Age

Age of

Base (Ma) Polarity Chron

Distance (km) from Hawaiian

Spreading Center

Age Calibration (Spreading

Rate Model)

Comments

Young

End

Old

End

Width

(km)

Top

Ma

Base

Ma

Duration

(myr)

CALLOVIAN 166.1 M39n.5n 1097.495 1100.981 3.486 165.96 166.08 0.12 Base of Callovian assigned here as

base of Chron M39n.3n (mid-depth)

M39n.5r 1100.981 1104.546 3.566 166.08 166.21 0.12

M39n.6n 1104.546 1107.271 2.724 166.21 166.30 0.09

M39n.6r 1107.271 1110.156 2.885 166.30 166.40 0.10

M39n.7n 1110.156 1112.079 1.923 166.40 166.47 0.07

M39n.7r 1112.079 1113.361 1.282 166.47 166.51 0.04

M39n.8n 1113.361 1116.125 2.765 166.51 166.61 0.10 Base of Callovian is from proportional

scaling of ammonite subzones, and is

not yet tied to magnetic stratigraphy

M39r 1116.125 1118.249 2.123 166.61 166.68 0.07

M40 M40n.1n 1118.249 1119.371 1.122 166.68 166.72 0.04

M40n.1r 1119.371 1124.419 5.048 166.72 166.89 0.17

M40n.2n 1124.419 1126.302 1.883 166.89 166.96 0.06

M40n.2r 1126.302 1128.826 2.524 166.96 167.05 0.09

M40n.3n 1128.826 1130.669 1.843 167.05 167.11 0.06

M40n.3r 1130.669 1137.080 6.410 167.11 167.33 0.22

M40n.4n 1137.080 1137.961 0.881 167.33 167.36 0.03

M40r 1137.961 1139.924 1.963 167.36 167.43 0.07

M41 M41n.1n 1139.924 1142.208 2.284 167.43 167.51 0.08

M41n.1r 1142.208 1147.457 5.249 167.51 167.69 0.18

M41n.2n 1147.457 1149.300 1.843 167.69 167.75 0.06

M41n.2r 1149.300 1152.224 2.925 167.75 167.85 0.10

M41n.3n 1152.224 1153.907 1.683 167.85 167.91 0.06

M41n.3r 1153.907 1156.792 2.885 167.91 168.01 0.10

M41n.4n 1156.792 1157.553 0.761 168.01 168.03 0.03

M41r 1157.553 1160.638 3.085 168.03 168.14 0.11

M42 M42n.1n 1160.638 1163.563 2.925 168.14 168.24 0.10

BATHONIAN 168.3 M42n.1r 1163.563 1166.528 2.965 168.24 168.34 0.10 Base of Bathonian assigned here as

base of Chron M42n.1n (mid-depth)

M42n.2n 1166.528 1167.129 0.601 168.34 168.36 0.02

M42n.2r 1167.129 1168.331 1.202 168.36 168.40 0.04

M42n.3n 1168.331 1169.733 1.402 168.40 168.45 0.05

M42n.3r 1169.733 1170.815 1.082 168.45 168.49 0.04

M42n.4n 1170.815 1171.496 0.681 168.49 168.51 0.02

M42n.4r 1171.496 1171.977 0.481 168.51 168.53 0.02 Site 801C is on anomaly M42n.4r ¼
168.4 � 1.7 Ma (Koppers et al., 2003)

M42n.5n 1171.977 1173.098 1.122 168.53 168.57 0.04

M42n.5r 1173.098 1173.739 0.641 168.57 168.59 0.02

M42n.6n 1173.739 1174.421 0.681 168.59 168.61 0.02

M42n.6r 1174.421 1174.821 0.401 168.61 168.63 0.01

M42n.7n 1174.821 1175.623 0.801 168.63 168.65 0.03

M42n.7r 1175.623 1176.304 0.681 168.65 168.68 0.02

M42n.8n 1176.304 1176.945 0.641 168.68 168.70 0.02

M42n.8r 1176.945 1178.107 1.162 168.70 168.74 0.04
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M42n.9n 1178.107 1179.990 1.883 168.74 168.80 0.06

M42n.9r 1179.990 1183.475 3.486 168.80 168.92 0.12

M42n.10n 1183.475 1184.116 0.641 168.92 168.95 0.02

M42n.10r 1184.116 1189.245 5.128 168.95 169.12 0.18

M42n.11n 1189.245 1189.926 0.681 169.12 169.14 0.02

M42r 1189.926 1192.530 2.604 169.14 169.23 0.09

M43 M43n.1n 1192.530 1192.971 0.441 169.23 169.25 0.02

M43n.1r 1192.971 1196.657 3.686 169.25 169.38 0.13

M43n.2n 1196.657 1199.461 2.805 169.38 169.47 0.10

M43n.2r 1199.461 1201.745 2.284 169.47 169.55 0.08

M43n.3n 1201.745 1203.228 1.482 169.55 169.60 0.05

M43n.3r 1203.228 1204.510 1.282 169.60 169.64 0.04

M43n.4n 1204.510 1205.431 0.922 169.64 169.68 0.03

M43n.4r 1205.431 1207.354 1.923 169.68 169.74 0.07

M43n.5n 1207.354 1209.318 1.963 169.74 169.81 0.07

M43r 1209.318 1211.561 2.244 169.81 169.89 0.08

M44 M44n.1n 1211.561 1212.923 1.362 169.89 169.93 0.05

M44n.1r 1212.923 1214.125 1.202 169.93 169.97 0.04

M44n.2n 1214.125 1214.806 0.681 169.97 170.00 0.02

M44n.2r 1214.806 1216.209 1.402 170.00 170.05 0.05

M44n.3n 1216.209 1217.210 1.002 170.05 170.08 0.03

M44n.3r 1217.210 1221.057 3.846 170.08 170.21 0.13

M44n.4n 1221.057 1221.537 0.481 170.21 170.23 0.02

M44n.4r 1221.537 1223.100 1.563 170.23 170.28 0.05

M44n.5n 1223.100 1223.581 0.481 170.28 170.30 0.02

BAJOCIAN 170.3 M44n.5r 1223.581 1225.664 2.083 170.30 170.37 0.07 Base of Bajocian assigned here as 80%

up in Chron M44n.1r (mid-depth)

AALENIAN M44n.6n 1225.664 1225.985 0.321 170.37 170.38 0.01

M44n.6r 1225.985 1227.908 1.923 170.38 170.45 0.07

M44n.7n 1227.908 1228.188 0.280 170.45 170.45 0.01

M44n.7r 1228.188 1229.350 1.162 170.45 170.49 0.04

M44n.8n 1229.350 1230.873 1.522 170.49 170.55 0.05

M44n.8r 1230.873 1231.594 0.721 170.55 170.57 0.02

M44n.9n 1231.594 1232.716 1.122 170.57 170.61 0.04

M44r 1232.716 1233.757 1.042 170.61 170.64 0.04

M45 M45n 1233.757 1234.398 0.641 170.64 170.67 0.02

M45r 1234.398 170.67

M-Sequence Extension (mid-depth deep-tow model)

KIMMERIDGIAN M27r 851.934 856.642 4.708 157.40 157.57 0.17

M28 M28n.1n 856.642 865.256 8.614 157.57 157.87 0.30

M28n.1r 865.256 869.563 4.307 157.87 158.02 0.15

M28n.2n 869.563 872.417 2.855 158.02 158.12 0.10

M28n.2r 872.417 879.128 6.711 158.12 158.36 0.24

M28n.3n 879.128 886.140 7.011 158.36 158.60 0.25

M28n.3r 886.140 888.744 2.604 158.60 158.69 0.09

M28n.4n 888.744 891.048 2.304 158.69 158.78 0.08

M28r 891.048 894.203 3.155 158.78 158.89 0.11

M29 M29n 894.203 901.415 7.212 158.89 159.14 0.25

M29r 901.415 908.176 6.761 159.14 159.38 0.24

M30 M30n 908.176 915.037 6.861 159.38 159.62 0.24

M30r 915.037 919.645 4.608 159.62 159.78 0.16

(Continued)
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TABLE 5.4 M-Sequence Marine Magnetic Anomaly Distances and Age Calibrationdcont’d

Geological

Age

Age of

Base (Ma) Polarity Chron

Distance (km) from Hawaiian

Spreading Center

Age Calibration (Spreading

Rate Model)

Comments

Young

End

Old

End

Width

(km)

Top

Ma

Base

Ma

Duration

(myr)

M31 M31n 919.645 927.858 8.213 159.78 160.07 0.29

M31r 927.858 930.212 2.354 160.07 160.15 0.08

M32 M32n 930.212 939.327 9.115 160.15 160.47 0.32

M32r 939.327 946.939 7.612 160.47 160.73 0.27

M33 M33n.1n 946.939 952.598 5.659 160.73 160.93 0.20

M33n.1r 952.598 956.405 3.806 160.93 161.06 0.13

M33n.2n 956.405 958.658 2.254 161.06 161.14 0.08

M33n.2r 958.658 960.662 2.003 161.14 161.21 0.07

M33n.3n 960.662 962.615 1.953 161.21 161.28 0.07

M33n.3r 962.615 965.870 3.255 161.28 161.39 0.11

M33n.4n 965.870 971.980 6.110 161.39 161.61 0.21

M33r 971.980 977.840 5.860 161.61 161.81 0.20

M34 M34n.1n 977.840 980.123 2.284 161.81 161.89 0.08

M34n.1r 980.123 991.181 11.058 161.89 162.28 0.39

M34n.2n 991.181 993.786 2.604 162.28 162.37 0.09

M34r 993.786 997.271 3.486 162.37 162.49 0.12

M35 M35n 997.271 999.154 1.883 162.49 162.55 0.07

M35r 999.154 1003.321 4.167 162.55 162.70 0.15

M36 M36n.1n 1003.321 1010.633 7.312 162.70 162.95 0.25

M36n.1r 1010.633 1014.692 4.059 162.95 163.10 0.14

M36n.2n 1014.692 1016.695 2.003 163.10 163.16 0.07

M36r 1016.695 1020.249 3.554 163.16 163.29 0.12

M37 M37n.1n 1020.249 1027.212 6.963 163.29 163.53 0.24

OXFORDIAN 163.5 Base of Oxfordian is assigned as Chron

M37n.1n(0.25)

Middle JURASSIC M37n.1r 1027.212 1030.518 3.305 163.53 163.65 0.11

M37n.2n 1030.518 1033.711 3.193 163.65 163.76 0.11

M37r 1032.114 1035.754 3.640 163.76 163.88 0.13

M38 M38n.1n 1035.754 1038.799 3.045 163.88 163.99 0.11

M38n.1r 1038.799 1040.722 1.923 163.99 164.05 0.07

M38n.2n 1040.722 1043.567 2.845 164.05 164.15 0.10

M38n.2r 1043.567 1045.971 2.404 164.15 164.24 0.08

M38n.3n 1045.971 1048.295 2.324 164.24 164.32 0.08

M38n.3r 1048.295 1051.500 3.205 164.32 164.43 0.11

M38n.4n 1051.500 1057.990 6.491 164.43 164.65 0.22

M38n.4r 1057.990 1061.596 3.606 164.65 164.78 0.12

M38n.5n 1061.596 1064.080 2.484 164.78 164.86 0.09

M38r 1064.080 1069.048 4.968 164.86 165.04 0.17

M39 M39n.1n 1069.048 1071.693 2.644 165.04 165.13 0.09

M39n.1r 1071.693 1080.107 8.414 165.13 165.42 0.29

M39n.2n 1080.107 1092.687 12.581 165.42 165.85 0.43

M39n.2r 1092.687 1097.014 4.327 165.85 166.00 0.15

M39n.3n 1097.014 1098.977 1.963 166.00 166.07 0.07
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CALLOVIAN 166.1 Base of Callovian assigned here as

base of Chron M39n.3n (mid-depth)

M39n.3r 1098.977 1103.505 4.527 166.07 166.23 0.16

M39n.4n 1103.505 1105.788 2.284 166.23 166.31 0.08

M39n.4r 1105.788 1108.753 2.965 166.31 166.41 0.10

M39n.5n 1108.753 1110.516 1.763 166.41 166.47 0.06

M39n.5r 1110.516 1113.040 2.524 166.47 166.56 0.09

M39n.6n 1113.040 1115.404 2.364 166.56 166.64 0.08

M39r 1115.404 1117.768 2.364 166.64 166.72 0.08

M40 M40n.1n 1117.768 1119.130 1.362 166.72 166.77 0.05

M40n.1r 1119.130 1122.616 3.486 166.77 166.89 0.12

M40n.2n 1122.616 1125.821 3.205 166.89 167.00 0.11

M40n.2r 1125.821 1128.305 2.484 167.00 167.08 0.09

M40n.3n 1128.305 1129.547 1.242 167.08 167.13 0.04

M40r 1129.547 1139.684 10.137 167.13 167.47 0.35

M41 M41n.1n 1139.684 1141.327 1.643 167.47 167.53 0.06

M41n.1r 1141.327 1142.649 1.322 167.53 167.58 0.05

M41n.2n 1142.649 1143.650 1.002 167.58 167.61 0.03

M41n.2r 1143.650 1144.692 1.042 167.61 167.65 0.04

M41n.3n 1144.692 1148.939 4.247 167.65 167.79 0.15

M41r 1148.939 1159.356 10.417 167.79 168.15 0.36

M42 M42n.1n 1159.356 1163.082 3.726 168.15 168.28 0.13

BATHONIAN 168.3 Base of Bathonian assigned here as

base of Chron M42n.1n (mid-depth)

M42n.1r 1163.082 1171.376 8.294 168.28 168.56 0.28

M42n.2n 1171.376 1173.940 2.564 168.56 168.65 0.09

M42n.2r 1173.940 1176.103 2.164 168.65 168.73 0.07

M42n.3n 1176.103 1179.629 3.526 168.73 168.85 0.12

M42n.3r 1179.629 1180.430 0.801 168.85 168.87 0.03

M42n.4n 1180.430 1187.161 6.731 168.87 169.11 0.23

M42r 1187.161 1191.128 3.966 169.11 169.24 0.14

M43 M43n.1n 1191.128 1192.690 1.563 169.24 169.30 0.05

M43n.1r 1192.690 1199.181 6.491 169.30 169.52 0.22

M43n.2n 1199.181 1202.426 3.245 169.52 169.63 0.11

M43n.2r 1202.426 1205.912 3.486 169.63 169.75 0.12

M43n.3n 1205.912 1209.037 3.125 169.75 169.86 0.11

M43r 1209.037 1212.883 3.846 169.86 169.99 0.13

M44 M44n.1n 1212.883 1219.614 6.731 169.99 170.22 0.23

M44n.1r 1219.614 1231.434 11.819 170.22 170.62 0.40

BAJOCIAN 170.3 Base of Bajocian assigned here as 80%

up in Chron M44n.1r (mid-depth)

AALENIAN M44n.2n 1231.434 1235.480 4.047 170.62 170.76 0.14

M44n.2r 1235.480 170.76

The Late Jurassic and Early Cretaceous M-sequence of marine magnetic anomalies is a synthetic flow profile for the Hawaiian spreading center of the Pacific. Distances are tabulated to 3-decimal precision for
preserving the relative widths of subchrons and for applying spreading rate models, but the actual accuracy is much less.
The age model for converting the marine magnetic anomaly pattern to absolute ages is spreading rate model derived from astronomical orbital tuning of polarity chrons and selected radio-isotopic ages. The
associated geological time scale framework is derived from biostratigraphic correlations to M-sequence polarity chrons. The composite biostratigraphic and geomagnetic polarity time scales are illustrated in the
Cretaceous and Jurassic chapters.

1
0
7

C
h
a
p
te
r
|
5

G
eo

m
agn

etic
P
o
larity

Tim
e
Scale



a total of 4.05myr. The analyzed interval can be correlated
at the ammonite subzone level to coeval magnetostrati-
graphic sections in England, Poland and Spain (Przybylski
et al., 2010b,Ogg et al., 2010a), implying a span frombase-
Oxfordian at M37n.1n.25 (at 1023.7 km in composite
HawaiianM-sequence) to M28r.45 (905.1 km). Therefore,
this 118.6 km interval formed at an average spreading rate
of 29.3 km/myr (Table 5.4).

(b) Chrons M26n to M24Ar. Cyclostratigraphy at La
Méouge (southeastern France) yielded durations for
each of the lower Kimmeridgian ammonite zones
(Boulila et al., 2008b, 2010b). The magneto-
stratigraphy for these same zones is from a nearby
section at Crussol, France (Przybylski et al., 2010a;
Ogg et al., 2010b). The average spreading rate for the
interval from the base of Chron M26n.1r through
M24Ar.7 is 28.7 km/myr.

(c) Chrons M23n to M21r. The cyclostratigraphy of the
Kimmeridge Clay in Dorset, England is calibrated to
Subboreal ammonite zones (Huang et al., 2010a; with an
adjustment by Chunju Huang for an additional 405-kyr
cycle within the Pect. elegansePect. wheatleyensis
ammonite zones). The Aud. autissiodorensis zone to the
base of the Pav. pallasioides zone spans 2.85 myr. The
magnetostratigraphy for this interval is partly derived
from exposures of the Kimmeridge Clay at Westbury
quarry for A. eudoxus/A. autissiodorensis zonal boundary

and on the Dorset coast for Pect, pectinatus/Pav. palla-
sioides zonal boundary (Ogg, Przybylski and Coe;
unpublished); but also from correlations to magneto-
stratigraphy of ammonite-zoned sections in Spain and
France (e.g., Ogg et al., 1984, 2010b; see Jurassic
chapter, this volume). The implied spreading rate of
26.4 km/myr has a relatively higher uncertainty because
of the imprecision of placing the ammonite zonal
boundaries within the broad magnetic polarity zones.

(d) ChronsM16r andM16n.This relatively short interval in the
middle Berriasian of southeastern Spain had a cyclo-
stratigraphy analysis from the lowest occurrence of Cal-
pionellopsis simplex (base of Calpionellid Zone D1)
through the lowest occurrence of L. hungarica (base of
Zone D3) (Sprenger and ten Kate, 1993). The corre-
sponding span in magnetic polarity chrons is estimated
from a composite of calpionellid-bearing sections in
southern Europe (e.g., Ogg et al., 1988; Channell and
Grandesso, 1987). The implied spreading rate for this 1.33
myr interval is 27.3 km/myr, but with a relatively high
uncertainty because of the imprecision of placing the cal-
pionellid zonal boundaries within the broad magnetic
polarity zones.

(e) Chron M11n to base of Chron M7n. Spectral analysis of
high-resolution carbon-13 records from this uppermost
Valanginian through lower Hauterivian interval using
magnetostratigraphic reference sections in Italy yielded

Barremian Hauteriv. Valanginian Berriasian Tithonian Kimmeridgian Oxfordian Callov. Bath. Bajoc.

Linear fit (smoothly decreasing spreading rates)

= interval of cycle-computed duration of magnetic chrons

Spreading Rates for M-Sequence Marine Magnetic Anomalies

(normalized for Hawaiian spreading center, Pacific)
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FIGURE 5.4 Spreading-rate model of the composite Hawaiian M-sequence. Durations from cyclostratigraphy on polarity zones imply that the spreading

rates for the corresponding oceanic crust (kilometers on synthetic Hawaiian-block model of marine magnetic anomalies) were nearly constant (Table 5.3). The

minor trend in the mean rate is modeled by a simple linear line-fit of the distance versus spreading-rate values. This spreading-rate trend is used to calculate the

total offset in time (myr) of each anomaly relative to M0r (Table 5.4). The “distance-span” of geologic stages is according to their calibration to polarity chrons

and the corresponding marine magnetic anomaly; and their computed numerical age is from this M-sequence model (Table 5.5).
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precession, short-term and long-term eccentricity cycles
(Sprovieri et al., 2006). The cycle-derived span of 3.58
myr implies a spreading rate of 27.5 km/myr.

(f) Chron M3r to base of Chron M0r. This Barremian
interval was analyzed by Sprovieri et al. (2006) in
Italian reference sections for magnetostratigraphy. The
set of magnetic polarity zones spans 4.30 myr, which is
similar to previous estimates from other Italian mag-
netostratigraphy sections (e.g., Herbert, 1992; Fiet and
Gorin, 2000; Wissler et al., 2004). This implies that the
114.19 km span of Hawaiian lineations had an average
spreading rate of 26.6 km/myr. [Note: The intervening
interval from M4n through M7n in the compilation by
Sprovieri et al. (2006) was omitted from spreading-rate
calculations because of apparent anomalous conden-
sations of some of the recorded polarity zones in their
Italian composite section relative to the Hawaiian
block model.]

5.3.5. Age model and Uncertainties for the
Composite M-Sequence Model

These six intervals are spaced through ~1000 km of the
composite Hawaiian marine magnetic anomaly M-sequence
and ~35 myr of geologic time. It appears that the spreading
rate for the Pacific plate was nearly constant, but gradually
slowing by about 10% from Oxfordian (29.3 km/myr)
through Barremian (26.5 km/myr) as its size increased
(Figure 5.3). A simple line-fit smooths the uncertainties with
each of the constraints and provides estimates of the inter-
vening spreading rates for marine magnetic anomalies M1n
through M37n. This linear model is projected for the
entire suite of marine magnetic anomalies M0r through M44r.

The linear line-fit has an intercept of 26.42 � 0.07 km/
myr at the base of M0r. The slope implies that spreading rates
increased at 0.0023 � 0.0012 km/myr per km of distance
from M0r, indicating that older crust formed at higher
spreading rates. This spreading-rate equation is used to
calculate the total offset in time (myr) of each anomaly
relative to M0r. For example, the Pacific crust at marine
magnetic anomaly M42n.4r, which is the location of ODP
Site 801c, has a computed age that is 43.2 myr prior to the age
of the base of M0r. The accumulated statistical uncertainty on
this M42n.4r age offset is only � 0.2 myr from the line-fit
intercept, but � 1.0 myr from the line-fit slope.

The age of the base of Chron M0r, hence of the
M-sequence age model, is constrained by a 40Ar/39Ar radio-
isotopic date of 125.4 � 0.2 Ma close to the top of a magnetic
reversal in the basaltic edifice of MIT Guyot (Pringle and
Duncan, 1995; published Ar-Ar age of 122.8 � 0.2 Ma from
plagioclase separates is recomputed to the GTS2012 FCs
sanidine monitor standard of 28.201 Ma). The onlap of
earliest Aptian marine sediments above this basalt and other

stratigraphic considerations are consistent with an assignment
of this reversed-polarity zone to polarity Chron M0r
(e.g., Pringle et al., 2003), as is summarized in the Cretaceous
chapter of this book. Chron M0r spans 0.4 to 0.5 myr (Herbert
et al., 1995; Huang et al., 2010b), therefore its base, which
is a proposed marker for the base of the Aptian Stage, is at
125.9 � 0.2 Ma. However, the age model used for the
AlbianeAptian in GTS2012 is based on the total cyclo-
stratigraphy duration (25.8 myr) relative to the base-Cen-
omanian (100.5 � 0.4 Ma), which assigns the base-Aptian
(base of M0r) at 126.3 � 0.4 Ma (see Cretaceous chapter, this
volume). This 126.3 Ma age for base of M0r and the statistical
line-fit to cycle-scaled spreading rates were projected for the
entire M0r through M44r succession (Table 5.5).

This age model has an excellent fit to the radio-isotopic age
of lower basaltic crust at ODP Site 801c (Koppers et al., 2003)
drilled on marine magnetic anomaly M42n.4r (Tominaga
et al., 2008). The U-Pb date of 168.4 � 1.7 Ma is remarkably
identical to the projected 168.5 Ma for M42n.4r on the
M-sequence. However, as explained above, there is an inherent
uncertainty of � 1.0 myr on this projected M42n.4r from the
spreading rate model, plus an additional� 0.3-myr uncertainty
from the age of M0r. Therefore, the fit of the Site 801c radio-
isotopic date and the M-sequence model is partly coincidental
considering the statistical uncertainties on each value.

This M-sequence model is supported by the radio-isotopic
constraint for the base of Chron M18r, which is a working
definition for the base of the Cretaceous. The M-sequence
model projects this chron age as 145.0 Ma (�0.8 myr), which
matches a recalibrated 40Ar/39Ar date of 145.5� 0.8 Ma from
reversed-magnetized (interpreted as magnetozone M18r) sills
intruded into earliest Berriasian pelagic sediments drilled at
ODP Site 1213B on Shatsky Rise (Mahoney et al., 2005).
Therefore, even though the derivation of the M-sequence age
model is relatively simplistic and rests on several assump-
tions, it is consistent with the limited set of cycle-scaled
spreading rates and radio-isotopic dates. Future Mesozoic
time scale research should have an emphasis on obtaining
precise radio-isotopic dates on M-sequence polarity chrons or
on biostratigraphic levels which can be unambiguously
correlated to the M-sequence pattern.

Most Late Jurassic (Oxfordian through Tithonian) and
Early Cretaceous (Berriasian through Barremian) ammonite
zones have been directly calibrated to M-sequence chrons and
tentatively correlated for the Middle Jurassic (Bajocian
through Callovian), thereby enabling age-model projections
to be placed on possible stage and substage boundaries
(reviewed and illustrated in the Cretaceous and Jurassic
chapters). Many microfossil (dinoflagellates, calpionellids)
and calcareous nannofossil datums have also been calibrated
for this time interval.

For the Middle Jurassic through Early Cretaceous time
scale of GTS2012, we applied the calculated M-sequence
time scale to the magnetostratigraphic calibrations of
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biostratigraphic datums and zonal boundaries to assign
numerical ages to stage boundaries and other events. Based on
the statistical line-fit, the uncertainty on these assigned ages
from this procedure will progressively increase from� 0.4 myr
for base-Aptian (M0r) to� 0.8 myr at base-Cretaceous (M18r)
to � 1.3 myr at base-Bathonian (M42n), assuming that the
magnetostratigraphic correlations are accurate.

5.4. GEOMAGNETIC POLARITY TIME
SCALE FOR EARLY JURASSIC AND OLDER
ROCKS

The oldest M-sequence polarity chron from Pacific marine
magnetic anomalies is of Middle Jurassic age. The

geomagnetic polarity time scale for earlier geological time
must be derived entirely by the progressive assembly and
verification of magnetostratigraphies from overlapping and
coeval stratigraphic sections. The status of the geomagnetic
polarity time scale for each individual period is summarized
in the corresponding chapter of this book.

Pre-Late Jurassic polarity chrons do not have a corre-
sponding marine magnetic anomaly sequence to provide an
independent nomenclature system. Some published magne-
tostratigraphic sections have designated the individual
polarity zones by a stratigraphic numbering or lettering
(upward or downward). For example, an “E” series derived
from cyclic lacustrine deposits in the eastern United States
spans the upper Triassic (Kent and Olsen, 1999). A systematic
nomenclature of polarity chrons could be developed by

TABLE 5.5 Implications of M-Sequence Age Model for Numerical Ages of Geologic Stages

Geologic Stage Basal Boundary

Selected Radio-Isotopic

Dates

Polarity Chron

Calibration

Kilometers on

Composite

Hawaiian

M-Sequence

Numerical

Age (Ma)

Uncertainty

(myr)

Aptian Base M0r 0 126.3 � 0.4 125.4 � 0.2 Ma; lowest
Aptian (Pringle and
Duncan, 1995)

Barremian 80% up in Chron M4 (M5n) 119 130.8 � 0.5

Hauterivian Base of Chron M10n 202 133.9 � 0.6 132.7 � 1.3; upper
Hauterivian (Aguirre Urreta
et al., 2008)

Valanginian 30% up in Chron M14r 351 139.4 � 0.7

Berriasian Base of Chron M18r 505 145.0 � 0.8 145.5 � 0.8; lowermost
Berriasian in Chron M18r
(Mahoney et al., 2005)

Tithonian Base of Chron M22An 701 152.1 � 0.9

Kimmeridgian Base of Chron M26r 848 157.3 � 1.0

Oxfordian 25% up in Chron M37n.1n 1024 163.5 � 1.1

Callovian Base of Chron M39n.3n
(mid-depth)

1101 166.1 � 1.2 164.6 � 0.2; early
Callovian (Kamo and
Riccardi, 2009)

Bathonian Base of Chron M42n.1n
(mid-depth)

1163 168.3 � 1.3 168.4 � 1.7; anomaly
M42n.4r at km 1171.7
(Koppers et al., 2003)

Bajocian 80% up in Chron M44n.1r
(mid-depth)

1222 170.3 � 1.4

Geologic stage boundaries are calibrated to polarity chrons, although some assignments are working definitions pending an official definition (see status of stages in
Jurassic and Cretaceous chapters, this volume). The computed numerical ages from the M-sequence model (Table 5.4) are compared to selected radio-isotopic dates
(40Ar/39Ar dates are converted to GTS2012 FCs standard).
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consensus when the completeness of these polarity sequences
has been verified and unambiguously correlated to biostra-
tigraphy, such as the proposed composite Triassic geomag-
netic time scale with numbered chrons within each
series/epoch (Hounslow and Muttoni, 2010). Another option
is a numbering of the major events from oldest to youngest
within each individual stage e e.g., polarity chron “Toarcian-
3n” (or “Toar.3n”) to indicate the 3rd major normal-polarity
chron upward from the base of the Toarcian stage. A version
of this type of stage-level nomenclature was used for
a preliminary (and now largely superseded) compilation of
polarity patterns by Ogg (1995). However, as with the
complexities in terminology within the C-sequence and M-
sequence, there is a subjective choice of designating and
delimiting chrons versus subchrons within an essentially
random pattern.

At a larger scale, some paleomagnetists, especially Soviet
workers, have proposed a series of Paleozoic “superzones” or
“hyperzones” characterized by a dominant magnetic polarity
or frequency of reversals (Irving and Pullaiah, 1976;
Khramov and Rodionov 1981; Algeo, 1996). In particular, the
late Carboniferous to late Permian has a reversed-polarity
Kiaman superzone followed by the mixed-polarity Illawarra
superzone. Other suggested first-order polarity features
include a “Burskan” reversed-polarity-bias superzone span-
ning middle Cambrian to middle Ordovician, and a “Nepan”
normal-polarity-bias superzone spanning late Ordovician to
late Silurian (Algeo, 1996).

Paleomagnetic reversals have been verified in rocks as old
as Archean (e.g., ~2.8 Ga; Strik et al., 2003). It has been
suggested that the rate of reversals has increased since the
Archean as the geomagnetic field becomes relatively less
stable (Biggin et al., 2008). Although there are many magne-
tostratigraphic studies of Precambrian basins, it is premature to
attempt to construct a composite polarity reversal scale. Such
projects provide a basic chronological framework for future
detailed magnetostratigraphic correlation and dating.

5.5. SUMMARY

l The geomagnetic polarity time scale associated with the
C- and M-sequences of marine magnetic anomalies of
Middle Jurassic through Neogene age is known in detail
and calibrated to an array of biostratigraphic datums.

l Astronomical dating by means of Milankovitch cycles
provides high precision ages or chron durations for the
majority of the C-sequence polarity time scale of the
Cenozoic and for portions of the Mesozoic. Ages for
the remainder of the C-sequence and for the M-sequence
are derived from cycle-calibrated spreading rate models
for synthetic marine magnetic anomaly composites (South
Atlantic for C-sequence, “Hawaiian” spreading ridge in
Pacific for M-sequence).

l Many Phanerozoic polarity patterns from pre-Late
Jurassic strata are calibrated to biostratigraphic scales, but
most of these sequences require additional verification and
complete coverage of geological stages before a system-
atic nomenclature can be proposed.
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M.D. Schmitz Chapter 6

Radiogenic Isotope Geochronology

Abstract: Herein we review the rapid and systematic
improvements in methodologies and intercalibration of the

U-Pb, 40Ar/39Ar and Re-Os radiogenic isotope geochrono-
meters as applied to time scale calibration.
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The science of radiogenic isotope geochronology, or radio-
metric dating, is an integral partner in the effort of con-
structing the geologic time scale, contributing the ability to
calibrate events in Earth history to absolute time. Thus,
radiometric dating provides an independent temporal frame-
work for testing correlation, assessing causal relationships
between processes and phenomena, and establishing the rates
of geologic and biologic processes.

The years between publication of the Geological Time
Scale 2004 (GTS2004) and this volume may be characterized
as a time of growing cooperation and collaboration amongst
the practitioners of geochronology, and between geochro-
nologists and other scholars of the stratigraphic record. In
response to scientific and infrastructure challenges, commu-
nity initiatives like Chronos, EARTHTIME, GTSNext
and EARTHTIME-EU have provided vehicles for inter-
disciplinary collaboration, cross-disciplinary training, and
unprecedented cooperation in analytical development. Their
impact on the construction and form of the geological time
scale has in turn been profound.

The North American and European EARTHTIME Initia-
tives for the Calibration of Earth History (www.earth-time.org;
earthtime-eu.eu) have been notable for fostering not only

communication between laboratories and practitioners of
geochronology, but also quantitative efforts at inter-laboratory
and inter-method calibration (Bowring et al., 2004). This
effort was spurred in part by the identification of systematic
biases between U-Pb and 40Ar/39Ar ages for the same rocks
(Min et al., 2000; 2001; 2003; Schmitz and Bowring, 2001;
Dazé et al., 2003; Kamo et al., 2003), as well as the recog-
nition within each methodology that potential systematic
errors (and their limitations for age accuracy) could no longer
be ignored, given improvements in analytical precision
(Ludwig, 1998; Renne et al., 1998b; Mattinson, 2000; Ville-
neuve et al., 2000; Begemann et al., 2001; Schmitz et al.,
2003). Specifically, a series of workshops between 2004 and
2009 brought representatives of many high-precision U-Pb
and 40Ar/39Ar laboratories together to plan, execute, and
assess the results of a series of inter-laboratory comparisons
using a variety of natural and synthetic standard materials.
A comprehensive description of these experiments is beyond
the scope of this review (Condon, 2005; Heizler, 2005);
however, many of their outcomes are highly relevant to time
scale calibration. Below we summarize the resulting major
improvements in radiometric dating, as applied to the
construction of the global geological time scale, first detailing
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improvements in geochronological practice, and then out-
lining the consequences of these improvements for the
construction of “the Geological Time Scale 2012”.

6.1. CHANGES IN GEOCHRONOLOGICAL
PRACTICE SINCE A GEOLOGICAL TIME
SCALE 2004

6.1.1. U-Pb

6.1.1.1. Mass Spectrometry

Isotope dilution thermal ionization mass spectrometry
(ID-TIMS) remains the benchmark method for the determi-
nation of high-precision U (uranium) and Pb (lead) isotope
ratios, due to its sensitivity, ion beam stability, small degree of
instrumental mass bias, and low instrumental blank levels
(Parrish and Noble, 2003). The geological sciences have seen
tremendous growth in the application of in situ methods for
U-Pb geochronology, including new generations of laser
ablation inductively coupled plasma mass spectrometers
(LA-ICPMS) and secondary ion mass spectrometers (SIMS).
These methods find limited use, however, in time scale
geochronology because of their intrinsic precision and
accuracy limits of >1% of the relative age (Black et al.,
2003b; Ireland and Williams, 2003; Kosler and Sylvester,
2003; Chang et al., 2006; Gehrels et al., 2008).

The basic analytical instrumentation and protocols for ID-
TIMS have changed little over the past decade. The precision
and accuracy required for the measurement of isotope ratios
on the picogram quantities of Pb found in single zircon
crystals remain best achieved via single-collector analysis
using a discrete dynode electron multiplier or Daly-type
conversion dynode photomultiplier detector, which is facili-
tated by the long-lived, stable ion beams produced by the
thermal source. Unlike their application in plasma mass
spectrometry (Johnston et al., 2009), arrays of multiple ion-
counting conversion dynode detectors have not achieved
prominence in TIMS due to their inferior gain stability.

Reductions in analytical blank levels e the amount of Pb
and U added to a sample during the dissolution and processing
for ID-TIMS e have been modest but important over the past
decade. Several laboratories now report blank levels as low as
several hundred femtograms of Pb, which allows the analysis
of increasingly younger, lower U, and smaller crystal frag-
ments. The vast majority of Miocene and older zircons can
now be analyzed by ID-TIMS with sub-per mil precision in
clean facilities, and this decrease in sample size also allows the
routine analysis of partial zircon crystals previously prepared
for cathodoluminescence imaging and/or in situ analysis.

6.1.1.2. CA-TIMS

The assumption of closed system behavior in a mineral-
isotopic system is a fundamental tenet of geochronology.

The preeminence of the U-Pb and 40Ar/39Ar methods for
precise and accurate geochronology stems in large part from
the geochronologists’ ability to test and validate this
assumption, through intrinsic properties of the isotope
systems and/or their analytical methodologies. In U-Pb
geochronology, the existence of two independent but chem-
ically identical decay chains with differing parent half-lives
provides three different radiometric ages (206Pb/238U,
207Pb/235U, and the derivative 207Pb/206Pb) for the assessment
of closed system behavior, or “concordance”. Concordance
between the three isotopic ages provides a particularly robust
test for post-crystallization closed system behavior in
Precambrian minerals, due to the rapid ingrowth of 207Pb and
the strong curvature of the concordia curve early in Earth
history. Unfortunately, the relative linearity of the concordia
curve in the Phanerozoic renders concordance an ineffective
tool for assessing Pb-loss or subtle inheritance.

Thus for the past several decades, a major limiting factor in
the precision and accuracy of U-Pb ages for Phanerozoic time
scale calibration, not to mention the efficiency of geochrono-
logical studies, has been the recognition and mitigation of
geological scatter in crystal populations due to Pb-loss and/or
subtle inheritance (Bowring and Schmitz, 2003; Davis et al.,
2003). The effects of these two forms of open system behavior
are particularly troublesome given the two-sided nature of the
problem; Pb-loss leads to younger apparent ages and inheri-
tance biasing analyses to older apparent ages. As highlighted
by Mundil et al. (2001), the averaging of these effects when
analyzing composite fractions of crystals can yield spurious
apparent ages. Because of this phenomenon, all ages of time
scale quality are now obtained on individual crystals or crystal
fragments. Until recently, efforts to mitigate Pb-loss and
crystal inheritance focused on a variety of magnetic separation
and physical abrasion protocols applied to zircon grains
(Krogh, 1982). The quandaries of subtle Pb-loss and inheri-
tance effects in high-resolution time scale U-Pb zircon analysis
are famously recorded in efforts to date the PermoeTriassic
boundary beds of south China (Bowring et al., 1998; Mundil
et al., 2001, 2004).

In what must be counted among the most influential
papers in U-Pb geochronology, Mattinson (2005) elegantly
solved the problem of Pb-loss in zircon with the development
of the chemical abrasion method. Chemical abrasion thermal
ionization mass spectrometry (CA-TIMS) combines a high-
temperature annealing step with successive partial dissolu-
tion in hydrofluoric acid to preferentially remove high U,
radiation damaged and thus more soluble portions of zircon
crystals e those domains that are most likely to have
undergone Pb-loss over geologic time (Silver and Deutsch,
1963). In contrast with prior attempts to mitigate Pb-loss
through chemical means (Mattinson, 1994a; Krogh, 1998;
Corfu, 2000; Davis and Krogh, 2001), CA-TIMS overcomes
problems of the preferential leaching of radiogenic daughter
products from otherwise undissolved zircon through the
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high-temperature (800e900�C) anneal. This pre-dissolution
anneal migrates lattice defects arising from low doses of
radiation out of low-U domains in zircon crystals, thus
apparently hardening those domains to the detrimental
effects of preferential leaching. Solubility contrasts between
this recovered crystalline low-U zircon and non-recoverably
damaged high-U zircon are enhanced, such that partial
dissolution in HF at moderate temperatures (<200�C) for
short times (<12 hours) can selectively and quantitatively
remove Pb-loss domains from zircon crystals at the micron
scale. The effectiveness of the CA-TIMS method was
demonstrated in a series of experiments on multi-grain
fractions of relatively simple igneous zircons lacking inher-
itance (Mattinson, 2005, 2010b). These experiments
systematically illustrate the effects of the high-temperature
anneal, the preferential dissolution of high-U domains during
subsequent chemical abrasion, and the minor volume of these
high-U domains in most zircon crystals.

In one of the first follow-on CA-TIMS studies, Mundil
et al. (2004) applied the method to zircon crystals from
volcanic ash beds in the PermoeTriassic boundary sections at
Shangsi and Meishan in south China. This study applied
a single intense chemical abrasion step to individual zircon
grains; a strategy necessitated by the potential presence of
inheritance in the volcanic zircon populations. Indeed, the
results demonstrated not only the efficient elimination of Pb-
loss, but also the relatively common phenomenon of slightly
but resolvably older crystals in the magmatic population
which may derive from either inherited cores or discrete
crystal recycling from earlier volcanic episodes. A number of
applications of the CA-TIMS method to time scale
geochronology have followed (Bowring et al., 2007; Rame-
zani et al., 2007; Davydov et al., 2010; Macdonald et al.,
2010; Schoene et al., 2010; Schmitz and Davydov, 2011).

In summary, CA-TIMS is now the standard treatment for
U-Pb zircon geochronology, and by dramatically reducing the
degree of geological scatter in zircon data sets, it is revolu-
tionizing the resolving power and application of ID-TIMS to
geochronological problems in time scale calibration and
beyond.

6.1.1.3. Isotope Tracers and Standards

The systematic uncertainties associated with the gravimetric
calibration of the isotope dilution tracer, or “spike”, used to
calculate U/Pb ratios have commonly received little attention.
In part this stems from the historical use of the U/Pb ratios
mainly as tests of concordancy, with primary age interpreta-
tion based upon the 207Pb/206Pb ratios, which are insensitive
to tracer calibration. This strategy is certainly true for
Precambrian geochronology, but has been promulgated into
time scale calibration studies as young as Devonian (Tucker
et al., 1990, 1995, 1998). Likewise, the historical degree of
precision and accuracy demanded from U/Pb ratios and ages

has been arguably less than that thought to result from tracer
calibration. Both of these historical trends are now untenable
for modern high-precision Phanerozoic geochronology.

Literature estimates of the precision and accuracy of
various mixed enriched or artificial Pb/U tracer calibrations
have ranged from 0.1% to 0.3% (Tucker et al., 1990; Black
et al., 2003a; Kamo et al., 2003; Schmitz et al., 2003;
Bachmann et al., 2007). Furthermore, while there have been
several batches of highly enriched 205Pb produced by various
processes and distributed to the geochronological community
(Parrish and Krogh, 1987), there was no systematic attempt to
create and widely distribute either mixed tracer or gravimetric
standard solutions. The desirability of a single set of either or
both mixed tracer solutions and gravimetric standards with
which to calibrate existing tracer solutions was highlighted at
the EARTHTIME II Workshop in Massachusetts in 2004.
This task was subsequently spearheaded by a consortium of
scientists from the NERC National Isotope Geosciences
Laboratory in the United Kingdom, the Massachusetts Insti-
tute of Technology, and the University of Santa Barbara,
resulting in the current availability of three mixed U/Pb
gravimetric solutions, two mixed tracer solutions, and three
synthetic mixed U/Pb “age” solutions for widespread distri-
bution to the U-Pb geochronological community (www.earth-
time.org; Parrish et al., 2006; Condon et al., 2007, 2008). The
tracer solutions were mixed from high purity 205Pb, 233U, and
235U; concentrations and 205Pb/235U and 233U/235U ratios
were optimized for single zircon analysis. An aliquot of this
tracer was also mixed with 202Pb to yield a double Pb-double
U spike for the comprehensive internal correction of instru-
mental mass bias.

The consistent use of these tracer and gravimetric
standard solutions improves the absolute accuracy of U-Pb
geochronological measurements, given their traceability
back to fundamental constants, gravimetry and the bench-
mark NIST SRMPb982 and SRMU500 standards. Further-
more, time scales constructed upon U-Pb ages derived
using these tracers and standards yield relative ages and
durations insensitive to uncertainties associated with tracer
calibration, thus breaking down a ~0.05% (absolute) age
resolution barrier imposed by the certification of the NIST
standards.

6.1.1.4. Decay Constants and Uncertainties

The importance of considering uncertainties in the nominal
values of decay constants used by the geochronological
community has received increasing attention as the precision
of radiometric ages has improved (Mattinson, 1987; Ludwig,
1998; Renne et al., 1998a; Begemann et al., 2001). Diffi-
culties in decay constant determination through direct
counting experiments for unenergetic decay or electron
capture decay modes have resulted in imprecise estimates,
excessive scatter between different apparently precise

117Chapter | 6 Radiogenic Isotope Geochronology



measurements, and even divergence in the consensus values
used in the geological and nuclear physics communities
(Min et al., 2000; Begemann et al., 2001; Scherer et al.,
2001; Nebel et al., 2011). By contrast, the energetic alpha
decay modes of 235U and 238U have lent themselves to
relatively easy activity measurements, culminating in the
experiments of Jaffey et al. (1971), whose decay constants
and uncertainties of 0.155 125 � 0.000 16 Ga�1 (238U) and
0.984 85 � 0.001 34 Ga�1 (235U) were recommended by
Steiger and Jaeger (1977) for consensus use in geochro-
nology. (All uncertainties quoted in the paper are given at the
2s or 95% confidence interval.)

Often referred to as the “gold standard” of geochronology,
even the 238U and 235U decay constants have been subject to
periodic scrutiny (Mattinson, 1987, 1994b, 1997; Renne
et al., 1998a; Begemann et al., 2001; Schön et al., 2004). The
most definitive treatment of decay constant uncertainties in
U-Pb geochronology is that of Ludwig (1998), who derived
statistical methodologies for the propagation of decay
constant errors on U-Pb, 207Pb/206Pb and discordia upper
intercept ages (Ludwig, 2000). Although no new direct
counting determinations of the U decay constants have been
attempted, several recent studies using geological materials
now demand a refinement of the Jaffey et al. (1971) decay
constants. Mattinson (2000) first suggested a possible
systematic bias in one or both of the U decay constants, from
the observation of consistent discordance between 206Pb/238U
and 207Pb/206Pb ages of bulk zircon fractions of Mesozoic
granitoids. In a comprehensive study of precise and repro-
ducible single zircon and xenotime analyses spanning over
three billion years in age, Schoene et al. (2006) also high-
lighted a consistent offset from concordia, and calculated
a revised ratio of the U decay constants. Mattinson (2010a)
re-examined a number of his original Mesozoic granitoids
and other widely used, high quality, zircon standard materials
with the chemical abrasion plateau method, confirming
the two earlier studies. The revised decay constant ratio
(l235/l238) resulting from these studies differs from that of
Jaffey et al. (1971) by 0.09% (although within the stated
uncertainties of that experiment) and is a factor of 5 more
precise. Both of the recent comprehensive studies favored the
likelihood of the bias being hosted in the excess scatter of the
235U counting experiments, and thus recommend revision of
the 235U decay constant to 0.985 71 � 0.000 12 Ga�1 using
the new decay constant ratio. This revision affects both
207Pb/235U and 207Pb/206Pb ages (shifting them to younger
values), and significantly reduces the propagated uncertainty
in 207Pb/206Pb and discordia upper intercept ages.

It is clear from these studies that care must be taken when
comparing the different ages internal to the U-Pb system. This
issue is particularly relevant to the construction of the global
geological time scale. Much of the literature for the Early
Paleozoic and Neoproterozoic relies upon interpretation of
207Pb/206Pb or upper intercept ages, while Late Paleozoic and

younger samples are predominantly interpreted based upon
206Pb/238U ages (or more rarely 207Pb/235U ages for mona-
zites). The use of the new decay constant ratio should bring
these ages into calibration alignment. An example of this
harmonization is the age of the Middle Devonian Tioga ashes
of North America. In two dating studies of separate locales,
apparently divergent ages were obtained for Tioga ashes
from zircon 207Pb/206Pb dates (391.4 � 1.8 Ma; Tucker et al.,
1998) and monazite 207Pb/235U dates (390.0� 0.5 Ma; Roden
et al., 1990). Using the new decay constant ratio, the zircon
206Pb/238U and monazite 207Pb/235U ages from these
two studies are effectively harmonized at 389.2 � 1.3 and
389.6 � 0.8 Ma, respectively (including tracer calibration
uncertainty). Finally, as with systematic tracer calibration
uncertainties, the decay constant uncertainties need not be
propagated when considering time scales, relative ages and
durations constructed solely upon U-Pb ages. However, decay
constant uncertainties must be propagated into ages when
comparing them to different radio-isotopic, sidereal, or
astronomic ages.

6.1.1.5. “Natural” 238U/235U

Analytical innovations, particularly in the application of
multi-collector plasma mass spectrometry, have led to
increased investigation of isotope fractionations in the
“heavy” elements, including uranium. A number of recent
studies have challenged the canonical value of the 238U/235U
ratio of 137.88 (Steiger and Jaeger, 1977) in a variety of
terrestrial and meteoritic materials (Stirling et al., 2005, 2006,
2007; Weyer et al., 2008; Amelin et al., 2009; Bopp et al.,
2009; Brennecka et al., 2010b). Richter et al. (2010) and
Condon et al. (2010) have reported high-precision measure-
ments for a variety of standard reference materials, measured
via double-spike isotope dilution thermal ionization mass
spectrometry with the gravimetric IRMM-3636 mixed
233U-236U tracer. The results highlighted the dispersion of the
U isotopic composition of these materials to values lower than
the canonical value; Condon et al. (2010) discussed their
implications for the improved calibration of mixed U-Pb
tracer solutions.

Other studies have highlighted departures from the
canonical U isotope ratio in natural materials, including
seawater, carbonates, ferromanganese crusts, anoxic sedi-
ments, and uranium ores (Stirling et al., 2007; Weyer et al.,
2008; Bopp et al., 2009; Brennecka et al., 2010a). Proposed
nuclear volume dependent (nuclear field shift) isotope frac-
tionation appears to be facilitated by oxidation-reduction
reactions in the surficial and near-surface environment
(Bigeleisen, 1996; Buchachenko, 2001; Schauble, 2007). The
implications of these natural variations in U isotope compo-
sition for dating zircons crystallizing during high-temperature
magmatic and metamorphic processes, where fractionations
are likely much smaller (Stirling et al., 2007), has recently
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been quantified by Hiess et al. (2010), who showed a small
variance in the U isotope composition of a variety of zircon
samples about a mean value only slightly lower than the
canonical value. These determinations will soon allow
a correction and propagation of associated uncertainty in the
natural 238U/235U (simultaneous with the use of the revised
235U decay constant) into the calculation of 207Pb/235U and
207Pb/206Pb ages.

6.1.1.6. Error Propagation

Although the U-Pb isotope system has historically been
subject to some of the most rigorous efforts to restrict the
propagation of errors for derived ages (Ludwig, 1980, 1998;
Mattinson, 1987; Roddick, 1987), the aforementioned
innovations in U-Pb isotopic analysis have warranted
a re-examination of the assumptions and transparency of the
algorithms for error propagation. Schmitz and Schoene
(2007) presented a complete set of linear error propagation
algorithms for ID-TIMS U-Pb age calculation, with an open-
source, spreadsheet-based, numerical formulation. In contrast
to previous treatments in the literature, this paper emphasized
the numerical transparency of the algorithm, with a smaller
set of initial assumptions regarding uncertainty significance
and covariance. The authors also quantitatively examined the
error budget for U-Pb ages, in order to highlight the most
fruitful efforts for reducing the uncertainties in individual
analyses. Under the auspices of EARTHTIME, McLean et al.
(2011) and Bowring et al. (2011) have developed a function-
ally similar algorithm and software platform, “UPb-Redux”,
which incorporates a linear algebraic approach to error
propagation and an open source software architecture. The
benefits of this algorithm include the efficient handling of
complex uncertainty covariance and the simultaneous prop-
agation of both random and systematic error contributions
into individual analysis and weighted mean age uncertainties.
The platform also features direct interoperability with the
System for Earth Sample Registration (SESAR), International
Geological Sample Number (IGSN), and EarthChem
(geochemical sample data) geoinformatics services and
databases. Similar interoperability is available between
these geoinformatics databases and two major 40Ar/39Ar
data reduction packages, ArArCalc (Koppers, 2002) and
MassSpec (Deino, 2011).

6.1.2. 40Ar/39Ar

The 40Ar/39Ar method, like its predecessor K-Ar dating,
utilizes the decay of 40K to 40Ar via electron capture. One
advantage of these methods is the ubiquity of potassium in
crustal rocks, and its specific concentration as an essential
constituent of silicate minerals including feldspars, micas and
amphiboles. Excellent historical and state-of-the-art over-
views of both methods have been previously published

(Dalrymple and Lanphere, 1969; McDougall and Harrison,
1999; Renne, 2000), and the strengths and limitations of the
methods for time scale calibration are described in some
detail in GTS2004 (Villeneuve, 2004). Below we report on
the innovations and progress in refining the precision and
accuracy of the 40Ar/39Ar method since the publication of
GTS2004.

6.1.2.1. Innovations

Increased automation of extraction lines and mass spec-
trometers has continued the trend toward higher sample
throughput and greater reproducibility in 40Ar/39Ar data.
Improvements in laser technology have made laser heating
and fusion methods more robust and commonplace. Single
crystal total fusion analysis of sanidine has emerged as the
preferred chronometric approach for volcanic ashes (Kuiper
et al., 2004; Nomade et al., 2005; Jourdan et al., 2009;
Smith et al., 2010). At the same time, the pitfalls of interlayer
alteration and 39Ar recoil phenomena in biotite have made
this mineral less attractive for high-precision dating
(Min et al., 2001). Looking to the near future, a new gener-
ation of multi-collector mass spectrometers equipped with
ion-counting channels and Faraday cups with high-ohmic
amplifiers are now being delivered to a number of 40Ar/39Ar
laboratories, and preliminary reports suggest their great
promise for improving data collection (Brumm et al., 2010).

A significant challenge for the 40Ar/39Ar community
arising from the aforementioned inter-laboratory calibration
experiments of the EARTHTIME Initiative is the identifica-
tion and mitigation of systematic biases in ages for the same
standard materials between laboratories (Heizler, 2005, 2006,
2008). Apparent age dispersion between laboratories clearly
shows that intra-laboratory analytical precision can outstrip
the inter-laboratory accuracy of the method. Innovative
experiments using a common traveling Ar pipette system are
currently in the planning stages, and are being designed to
isolate the source of inter-laboratory bias (Turrin et al., 2010).
The new generation of multi-collector mass spectrometers
may also improve the accuracy of the 40Ar/39Ar method.

6.1.2.2. Decay Constants and the Age of the Fish
Canyon Sanidine Monitor Standard

The 40Ar/39Ar method relies on the reproducible analysis of
a standard material with a homogeneous 40Ar*/40K and
known age, in order to calibrate the neutron fluence
controlling the 39Ar production reaction in a sample (the
J-value). Primary standards are those materials that have
absolute ages determined by 40K/40Ar or other methods,
while secondary standards are those whose ages are based on
40Ar/39Ar intercalibration with primary standards (Renne
et al., 1994, 1998b; Hilgen et al., 1997; McDougall and
Wellman, 2011). A surprisingly limited number of primary
standards emainly biotite and hornblende e have their ages
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linked to first principles 40K/40Ar measurements, the most
well documented being the GA-1550 biotite (McDougall and
Roksandic, 1974; McDougall and Wellman, 2011). Unfor-
tunately, even the best primary standard K-Ar analyses
cannot achieve the potential precision of 40Ar/39Ar ratio
analysis. A variety of natural volcanic sanidine crystal pop-
ulations, notably sanidine from the Fish Canyon Tuff (FCs),
have emerged as the highest quality, most reproducible, and
most commonly used secondary standard materials (Table
6.1). Because sanidine is difficult to quantitatively degas, the
absolute age of such materials is difficult to determine by the
K-Ar method, thus relegating them historically to being used
as secondary standards.

These difficulties in establishing the absolute ages of
40Ar/39Ar primary or secondary standards are exacerbated by
the large variance in estimates of the K decay constants
measured by counting experiments, and the potential for
inaccuracy in the currently utilized consensus values. Min
et al. (2000) reviewed the available activity database for the
40K decay modes (Endt and Van der Leun, 1973), highlighting
the dispersion in data beyond that acknowledged in Steiger
and Jaeger (1977), and the discrepancy between estimates of
the decay constants used by the geology and nuclear physics
communities. In fact, several studies of the past decade have
highlighted a likely bias between the 40Ar/39Ar and U-Pb ages
for quickly cooled volcanic and shallow plutonic rocks
resulting from inaccuracies in one or both of the assumed
K decay constants and monitor standard ages (Villeneuve

et al., 2000; Min et al., 2001, 2003; Schmitz and Bowring,
2001; Schoene et al., 2006).

Studies prior to the publication of GTS2004 established
precise and accurate intercalibration factors (R-values)
between the many primary and secondary 40Ar/39Ar standards
(Baksi et al., 1996; Renne et al., 1998b), and led to the set of
radiometric time scale calibration ages used in GTS2004,
harmonized to an apparent age for the FC sanidine of 28.02
Ma (with the 40K decay constants recommended by Steiger
and Jaeger (1977), Similar studies post-GTS2004 have
increased the number of robust intercalibration factors
between primary and secondary standards (Spell and
McDougall, 2003; Nomade et al., 2005; Jourdan et al., 2006).
Substantial effort has also been expended in attempts to
establish the absolute age of the FC sanidine by methods
other than K-Ar, thus allowing its use as a primary standard.
This goal is motivated by the potential for substantially
reducing the absolute uncertainty in 40Ar/39Ar dating, which
is dominated by uncertainties in the electron capture decay
constant, and the 40Ar*/40K of the primary standard,
e.g., GA-1550 biotite (Min et al., 2000).

In fact, determining the absolute age of FC sanidine has
proven a surprisingly difficult task over the past decade.
Several studies have illustrated the difficulties with calibrat-
ing the age of FC sanidine directly to the 238U decay constant
using ages for U-bearing accessory minerals (Schmitz and
Bowring, 2001; Dazé et al., 2003; Bachmann et al., 2007),
due to the petrologic complexity of the storage and eruption

TABLE 6.1 Preferred Ages of 40Ar/39Ar Standards Utilized in GTS2012

Standard Name Intercalibration Factor (R
i
FCs)

Apparent Age*

� int. (ext.) (Ma) References

FCs, FCT-3 28.201 � (0.046) Kuiper et al. (2008)

MMhb-1 21.4876 � 0.0079 527.0 � 0.3 (2.6) Renne et al. (1998)

Hb3gr 51.8780 � 0.0754 1081.5 � 2.4 (10.4) Jourdan and Renne (2007);
Jourdan et al. (2006)

TCs 1.0112 � 0.0010 28.51 � 0.06 (0.06) Renne et al. (1998)

GA-1550 3.5958 � 0.0031 99.44 � 0.17 (0.18) Jourdan and Renne (2007);
Renne et al. (1998b)

ACs 0.04229 � 0.00006 1.201 � 0.003 (0.003) Renne et al. (1998)

GHC-305 3.8540 � 0.0128 106.4 � 0.7 (0.7) Jourdan and Renne (2007);
Renne et al. (1998)

LP-6 4.6654 � 0.0058 128.0 � 0.3 (0.3) Baksi et al. (1996)

Bern 4 Mu 0.6606 � 0.0053 18.68 � 0.30 (0.30) Baksi et al. (1996)

Bern 4 Bi 0.6138 � 0.0050 17.36 � 0.28 (0.28) Baksi et al. (1996)

SB-3 6.0582 � 0.0249 164.5 � 1.3 (1.3) Baksi et al. (1996)

*All ages are referenced to Fish Canyon Tuff sanidine (FCs) ¼ 28.201 Ma.

120 The Geologic Time Scale 2012



dynamics of the Fish Canyon magma body (Bachmann and
Dungan, 2002; Bachmann et al., 2002), although recent work
involving microsampling discrete domains of crystals
(Crowley and Bowring, 2007) and/or tying ages to
geochemical indices (Wotzlaw et al., 2010) shows promise
for identifying and dating zircon grown during the climactic
eruptive interval.

Min et al. (2000) and Kwon et al. (2002) have established
the theoretical and mathematical basis for the inversion of
multiple pairs of apparent 40Ar/39Ar and U-Pb or sidereal ages
for the joint determination of the 40K decay constants
and 40Ar*/40K for the Fish Canyon sanidine standard.
The most recent inversion (Renne et al., 2010) used 16
volcanics dated by U-Pb and the historically dated eruption of
Vesuvius at 79 CE to arrive at values of FCs¼ 28.305� 0.036
Ma, lε¼ 0.057 55 � 0.000 16 Ga�1 and lb ¼ 0.497 37 �
0.000 93 Ga�1. While this method and result promise the most
comprehensive intercalibration between the 40Ar/39Ar and U-
Pb clocks, it awaits verification of most of the
utilized 40Ar/39Ar and U-Pb ratios and ages by other
laboratories.

An alternative approach is to intercalibrate the 40Ar/39Ar
chronometer to astronomical time. Early work (Renne et al.,
1994; Hilgen et al., 1997; Kuiper et al., 2004) laid the
foundations for the study of Kuiper et al. (2008), who
measured the 40Ar*/40K of populations of single sanidine
grains from several tuffs intercalated within an astronomi-
cally tuned marine succession of the Messinian Melilla Basin
of Morocco. Using the astronomical ages for seven tuffs, and
the total decay constant recommended by Min et al. (2000),
this study arrived at an absolute age for the FC sanidine
standard of 28.201 � 0.046 Ma, incorporating all sources of
analytical and systematic uncertainty. This result is consistent
with that previously obtained by Kuiper et al. (2004) for the
A1 ash layer in Messinian astronomically tuned sections of
Crete. A quorum of the 40Ar/39Ar community gathered at the
2009 EARTHTIME IV workshop in Denver, CO agreed upon
use of the Kuiper et al. (2008) values in the GTS2012
compilation.

6.1.3. Rhenium-Osmium (Re-Os)

The decay of 187Re to 187Os provides a chronometer that can
be applied in the stratigraphic record to organic-rich marine
sediments, whose Re and Os contents derive from equili-
bration with seawater at the time of sediment deposition
(Ravizza and Turekian, 1989; Ravizza et al., 1991; Cohen
et al., 1999; Creaser et al., 2002). Deposition of black shales
under hypoxic to anoxic conditions leads to concentration of
both Re and Os correlated with the organic matter content of
these rocks. The main analytical challenge is to separate the
hydrogenous Re and Os, which have equilibrated with
seawater and fractionated at the time of incorporation into
sediments, from the unequilibrated detrital Re and Os load

contained with mineral grains, which can bias age estimates
(Ravizza et al., 1991; Creaser et al., 2002; Selby and
Creaser, 2003).

6.1.3.1. Decay Constants and Uncertainties

Two independent studies, using very different approaches to
calibrating the 187Re decay constant, have arrived at similar
results. Smoliar et al. (1996) measured the Re-Os isotopic
systematics of a variety of iron meteorites and, by combining
the 4558 Ma Pb-Pb age of angrites with the slope of the
isochron for Group IIA iron meteorites, determined a decay
constant for 187Re of 0.016 66 � 0.000 05 Ga�1. Selby et al.
(2007) analyzed the Re-Os isotope systematics of molybde-
nites from granite hosted vein deposits, and calibrated the
Re-Os molybdenite model ages (highly radiogenic Os
isotopic compositions resulting from the high Re/Os ratios of
molybdenite eliminate the need for an isochron approach) to
coexisting U-Pb zircon ages to derive a decay constant of
0.016 689 � 0.000 031 Ga�1. It thus appears that the Re-Os
chronometer is accurately intercalibrated to the 238U decay
constant within the quoted uncertainties.

6.1.3.2. Improved Chemical Extraction Methods

Due to the variable Re and Os contents of organic-rich
sediments, all Re-Os ages are obtained via an isochron
approach, with the 187Re/188Os and 187Os/188Os ratios
measured by isotope dilution, negative thermal ionization
mass spectrometry (N-TIMS; Creaser et al., 1991; Völkening
et al., 1991). Whereas the first attempts to date organic-rich
marine sediments via the Re-Os chronometer (Ravizza and
Turekian, 1989; Ravizza et al., 1991; Cohen et al., 1999;
Creaser et al., 2002) utilized the chemical extraction methods
developed by the tracer isotope community, namely Carius
tube extraction in a reverse aqua regia medium (Shirey and
Walker, 1995), this relatively harsh extraction method was
found to be prone to contamination by the detrital Re-Os
budget of the silicate fraction of the sediment. Selby and
Creaser (2003) evaluated a more selective extraction method,
utilizing a mixture of chromic and sulfuric acids, which they
showed effectively accessed hydrogenous Re and Os from the
sediments while mitigating detrital contributions. The
improved quality and reproducibility of correlated sample
arrays on isochron diagrams were interpreted to reflect more
precise and accurate age determinations. Kendall et al. (2004)
reached a similar conclusion by comparing ages for Neo-
proterozoic Old Fort Point Formation black shales obtained
via both inverse aqua regia and CrO3eH2SO4 extraction
methods. These and earlier studies emphasized the need to
sample unweathered rock (preferably from a drill core) from
a restricted stratigraphic interval, in order to mitigate open
system behavior and variability in initial seawater isotopic
composition.
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This technique has been used to produce direct sedimen-
tation ages for a variety of Paleozoic and Mesozoic black
shales relevant to time scale calibration. Cohen et al. (1999)
obtained Re-Os isochron ages for Jurassic organic-rich shales
of England. Creaser et al. (2002) and Selby and Creaser
(2003) reported ages for the DevonianeCarboniferous
boundary obtained from black shales of the Late Devonian
Exshaw Formation of western Canada. However, the Re-Os
chronometer has seen its arguably most important applica-
tions in Proterozoic strata (Kendall et al., 2004, 2006, 2009),
where the lack of biostratigraphic constraints has historically
stymied attempts at regional and global chronostratigraphy.

6.2. CHANGES IN GEOCHRONOLOGICAL
STANDARDS APPLIED TO THE
GEOLOGICAL TIME SCALE 2012

6.2.1. Systematic Error Propagation

The application of multiple isotope chronometers (e.g.,
U-Pb, 40Ar/39Ar and Re-Os) across the time scale, and the
increasingly fine precision of those ages, has only heightened
the importance of quantifying systematic uncertainties, in
addition to the analytical uncertainties, of the radiometric
ages calibrating the geologic time scale. In contrast to
GTS2004, a particular emphasis in the treatment of radio-
metric data for the current time scale is the quantitative
propagation of systematic errors including tracer calibration
(U-Pb, Re-Os), fluence monitor reproducibility and intercal-
ibration factors (40Ar/39Ar), primary monitor standard age
(40Ar/39Ar), and decay constant uncertainties (all systems).

Those systematic errors that can lead to systematic biases
between experiments or between laboratories (e.g., tracer
calibration and fluence monitor uncertainties) are now
quantitatively propagated and reported in Appendix 2,
resulting in a robust uncertainty that can be used for
comparing data acquired via the same parent-daughter decay
chain, regardless of the experiment or laboratory. A second
age error is reported in Appendix 2, which additionally
propagates uncertainties associated with the decay constants
(and the age of the primary monitor standard for 40Ar/39Ar,
FC sanidine). This larger error provides for robust compar-
ison between isotopic systems.

We have departed to a degree from past practices by
rejecting the notion of nominal uncertainty assignments in
favor of more robust quantitative error propagation
drawing upon the original isotope ratios and analytical
parameters reported in the literature. Where such data were
available, ages and errors were recalculated and reinter-
preted; where such data were found lacking, the ages were
rejected. In this way, we seek to minimize the potential for
bias introduced by inaccurate legacy data masked by
nominally large uncertainties. This more rigorous culling
of legacy data for GTS2012 highlights the need and

complements efforts to reanalyze important stratigraphic
targets with the modern methodological improvements
highlighted earlier in this chapter.

6.2.2. Treatment of Legacy U-Pb Data

Particular attention has been paid to legacy U-Pb age deter-
minations compiled for GTS2012, in light of both systematic
error propagation and the aforementioned reanalysis of the U
decay constant ratio (l235/l238), which will affect the accurate
intercomparison of U-Pb (206Pb/238U and 207Pb/235U) and Pb-
Pb (207Pb/206Pb) ages. The value of careful reinterpretation of
legacy U-Pb data based upon the primary reported isotopic
ratios was recently highlighted for Silurian bentonites
(Bergström et al., 2008). These authors pointed out the
prevalent reliance upon 207Pb/206Pb isotope ratios, which are
relatively imprecise and prone to systematic decay constant
bias, in the legacy age interpretations for late Ordovician and
Silurian bentonites. Bergström et al. (2008) went on to
illustrate the better correspondence between their new CA-
TIMS-based 206Pb/238U ages and recalculated ages based
upon the 206Pb/238U isotope ratios and dates reported by
Tucker et al. (1990). A review of the literature shows that this
example is not an isolated occurrence, and that much of the
interpretation of zircon ages in studies dating from the 1980s
to the advent of chemical abrasion used 207Pb/206Pb or upper
intercept ages as the best interpretation of data sets illus-
trating variable discordance or excess variance.

In compiling the radiometric database for GTS2012, all
U-Pb ages were recalculated directly from the radiogenic
isotope ratios reported in the primary literature. This compi-
lation and analysis allowed the assessment of data quality, the
reinterpretation of age systematics based upon 206Pb/238U (or
207Pb/235U) versus 207Pb/206Pb isotope ratios, and the quanti-
tative propagation of systematic uncertainties (section 6.2.1).
Preferentially, ages were interpreted in terms of clusters of
analyses with equivalent 206Pb/238U dates, discarding outliers
using a 95% confidence interval test. In a limited number of
cases where data were too sparse or exhibited excessive
variance in the U-Pb ages, the 207Pb/206Pb dates were used for
age interpretation, with the appropriate propagated uncer-
tainties; such samples should be of high priority for analysis
using modern CA-TIMS methods.

6.2.3. Calibration of 40Ar/39Ar Data

As described in section 6.1.2, the 40Ar/39Ar method relies on
the reproducible analysis of a standard material with
a homogeneous 40Ar*/40K and known age. A major effort of
GTS2004 involved the harmonization of all time scale cali-
bration points to the FC sanidine monitor standard, using
published intercalibration factors. In GTS2012, all 40Ar/39Ar
ages utilized as time scale calibration points have been
recalculated to the revised age of the FC sanidine monitor
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standard of 28.201 � 0.046 Ma (Kuiper et al., 2008), using
the total K decay constant, ltotal ¼ 0.5463 � 0.0107 Ga�1 of
Min et al. (2000). Both internal (analytical) and external
(analytical þ systematic) age uncertainties have been prop-
agated using published intercalibration factors (Table 6.1) and
error equations (Renne et al., 1998; Kuiper et al., 2008).

6.2.4. Conclusions

In summary, the radiometric calibration of GTS2012 repre-
sents improvements related to:

a) the propagation of systematic uncertainties;
b) the rejection of legacy ages which could not be repro-

duced from the published literature data;
c) recalculation of ages and their errors from primary isotope

ratios reported in the literature;
d) harmonization of U-Pb and Pb-Pb ages using a new esti-

mate for the uranium decay constant ratio of Mattinson
(2010a); and

e) recalculation of all 40Ar/39Ar data to a new adopted age for
the FC sanidine monitor standard age of 28.201 � 0.046
Ma of Kuiper et al. (2008) using the total K decay constant,
ltotal ¼ 0.5463 � 0.0107 Ga�1 of Min et al. (2000), which
appears to provide the best available intercalibration of
40Ar/39Ar, 206Pb/238U, and astronomical clocks.

The decay constants used in GTS2012 are summarized in
Table 6.2.

We close with a reminder that the radiometric calibration
of the geological time scale is work in progress, and a caution
that the calibration promulgated in GTS2012 is not neces-
sarily more accurate than that of GTS2004 where there have
been no new geochronological contributions to time scale
calibration. Dramatic increases in the number of radiometric
calibration tie points for the Carboniferous Period or the
PermoeTriassic boundary contrast with moribund progress
for much of the Early Paleozoic, the Late Mesozoic and

Paleogene. Similarly, a surprising number of key volcanic ash
horizons throughout the Phanerozoic have yet to be revisited
with modern analytical methods like CA-TIMS (U-Pb), or
single grain laser fusion (40Ar/39Ar). It is hoped that this
update to the Geological Time Scale will do as much to
highlight its limitations, as demonstrate its utility for under-
standing the Earth system.
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Jourdan, F., Verati, C., Féraud, G., 2006. Intercalibration of the Hb3gr
40Ar/39Ar dating standard. Chemical Geology 231 (3), 177e189.

Kamo, S., Czamanske, G., Amelin, Y., Fedorenko, V., Davis, D., Trofimov, V.,

2003. Rapid eruption of Siberian flood-volcanic rocks and evidence for

coincidence with the PermianeTriassic boundary and mass extinction at

251 Ma. Earth and Planetary Science Letters 214 (1e2), 75e91.

Kendall, B., Creaser, R., Ross, G., Selby, D., 2004. Constraints on the timing

of Marinoan “Snowball Earth” glaciation by 187Re-187Os dating of

a Neoproterozoic, post-glacial black shale in Western Canada. Earth and

Planetary Science Letters 222 (3e4), 729e740.

Kendall, B., Creaser, R.A., Calver, C.R., Raub, T.R., Evans, D.A.D., 2009.

Correlation of Sturtian diamictite successions in southern Australia and

northwestern Tasmania by Re-Os black shale geochronology and the ambi-

guity of “Sturtian”-type diamictiteecap carbonate pairs as chronostrati-

graphic marker horizons. Precambrian Research 172 (3e4), 301e310.

124 The Geologic Time Scale 2012



Kendall, B., Creaser, R.A., Selby, D., 2006. Re-Os geochronology of post-

glacial black shales in Australia: Constraints on the timing of “Sturtian”

glaciation. Geology 34 (9), 729.

Koppers, A.A.P., 2002. ArArCALC-software for 40Ar/39Ar age calculations.

Computers & Geosciences 28 (5), 605e619.

Kosler, J., Sylvester, P.J., 2003. Present trends and the future of zircon in

geochronology: Laser ablation ICPMS. Reviews in Mineralogy and

Geochemistry 53 (1), 243.

Krogh, T.E., 1982. Improved accuracy of U-Pb zircon ages by the creation of

more concordant systems using an air abrasion technique. Geochimica

et Cosmochimica Acta 46, 637e649.

Krogh, T.E., 1998. Etch selection and abrasion techniques applied to

complex populations and revealed spurious ion probe ages. Mineral-

ogical Magazine 62A (2), 816e817.

Kuiper, K., Hilgen, F., Steenbrink, J., Wijbrans, J., 2004. 40Ar/39Ar ages of

tephras intercalated in astronomically tuned Neogene sedimentary

sequences in the eastern Mediterranean. Earth and Planetary Science

Letters 222 (2), 583e597.

Kuiper, K.F., Deino, A., Hilgen, F.J., Krijgsman, W., Renne, P.R.,

Wijbrans, J.R., 2008. Synchronizing rock clocks of Earth history.

Science 320 (5875), 500e504.

Kwon, J., Min, K., Bickel, P., Renne, P., 2002. Statistical methods for jointly

estimating the decay constant of 40K and the age of a dating standard.

Mathematical Geology 34 (4), 457e474.

Ludwig, K.R., 2000. Decay constant errors in U-Pb concordia-intercept ages.

Chemical Geology 166 (3e4), 315e318.

Ludwig, K.R., 1980. Calculation of uncertainties of U-Pb isotope data. Earth

and Planetary Science Letters 46 (2), 212e220.

Ludwig, K.R., 1998. On the treatment of concordant uranium-lead ages.

Geochimica et Cosmochimica Acta 62 (4), 665e676.

Macdonald, F.A., Schmitz, M.D., Crowley, J.L., Roots, C.F., Jones, D.S.,

Maloof, A.C., Strauss, J.V., Cohen, P.A., Johnston, D.T., Schrag, D.P.,

2010. Calibrating the Cryogenian. Science 327, 1241e1243.

Mattinson, J.M., 1987. U-Pb ages of zircons; a basic examination of error

propagation. Chemical Geology 66 (1e2), 151e162.

Mattinson, J.M., 1994a. A study of complex discordance in zircons using

stepewise dissolution techniques: Contributions to Mineralogy and

Petrology 116 (1e2), 117e129.

Mattinson, J.M., 1994b. Uranium decay constant uncertainties, and their

implications for higheresolution U-Pb geochronology. Abstracts with

Programs e Geological Society of America 26, 221.

Mattinson, J.M., 1997. Decay constants of 238U and 235U; history, present

status, future work. Abstracts with Programs e Geological Society of

America 29, 351.

Mattinson, J.M., 2000. Revising the “gold standard”, the uranium decay

constants of Jaffey, et al., 1971. EOS (Transactions, American

Geophysical Union) 81, S444.

Mattinson, J.M., 2005. Zircon U-Pb chemical abrasion (“CA-TIMS”)

method: Combined annealing and multi-step partial dissolution analysis

for improved precision and accuracy of zircon ages. Chemical Geology

220, 47e66.

Mattinson, J.M., 2010a. Analysis of the relative decay constants of 235U and
238U by multi-step CA-TIMS measurements of closed-system natural

zircon samples. Chemical Geology, 1e13.

Mattinson, J.M., 2010b. Extending the Krogh legacy: Development of the

CA-TIMS method for zircon U-Pb geochronology. Canadian Journal of

Earth Sciences 48 (2), 95e105.

McDougall, I., Harrison, T.M., 1999. Geochronology and Thermochronology

by the 40Ar/39Ar Method. Oxford University Press, New York, 269 pp.

McDougall, I., Roksandic, Z., 1974. Total fusion 40Ar/39Ar ages using HIFAR

reactor. Journal of the Geological Society of Australia 21 (1), 81e89.

McDougall, I., Wellman, P., 2011. Calibration of GA1550 biotite standard

for K/Ar and 40Ar/39Ar dating. Chemical Geology 280 (1e2), 19e25.

McLean, N., Bowring, J.F., Bowring, S.A., 2011. An algorithm for U-Pb

isotope dilution data reduction and uncertainty propagation. Geochem-

istry, Geophysics, Geosystems 10. 1029/2010GC003478.

Min, K., Farley, K., Renne, P., Marti, K., 2003. Single grain (U-Th)/He ages

from phosphates in Acapulco meteorite and implications for thermal

history. Earth and Planetary Science Letters 209 (3e4), 323e336.

Min, K., Mundil, R., Renne, P.R., Ludwig, K.R., 2000. A test for systematic

errors in 40Ar/39Ar geochronology through comparison with U/Pb analysis

of a 1.1-Ga rhyolite. Geochimica et Cosmochimica Acta 64 (1), 73e98.

Min, K., Renne, P., Huff, W., 2001. 40Ar/39Ar dating of Ordovician K-

bentonites in Laurentia and Baltoscandia. Earth and Planetary Science

Letters 185 (1e2), 121e134.

Mundil, R., Ludwig, K., Metcalfe, I., Renne, P., 2004. Age and timing of the

Permian mass extinctions: U/Pb dating of closed-system zircons.

Science 305 (5691), 1760e1763.

Mundil, R., Metcalfe, I., Ludwig, K., Renne, P., Oberli, F., Nicoll, R., 2001.

Timing of the Permian-Triassic biotic crisis: Implications from new

zircon U/Pb age data (and their limitations). Earth and Planetary Science

Letters 187 (1e2), 131e145.

Nebel, O., Scherer, E.E., Mezger, K., 2011. Evaluation of the 87Rb decay

constant by age comparison against the U-Pb system. Earth and Plan-

etary Science Letters 301 (1e2), 1e8.

Nomade, S., Renne, P., Vogel, N., Deino, A., Sharp, W., Becker, T.,

Jaouni, A., Mundil, R., 2005. Alder Creek sanidine (ACs-2): A

Quaternary 40Ar/39Ar dating standard tied to the Cobb Mountain

geomagnetic event. Chemical Geology 218 (3e4), 315e338.

Parrish, R., Noble, S., 2003. Zircon U-Th-Pb Geochronology by Isotope

Dilution-Thermal Ionization Mass Spectrometry (ID-TIMS). Reviews in

Mineralogy and Geochemistry 53 (1), 183e213.

Parrish, R.R., Bowring, S.A., Condon, D.J., Schoene, B., Crowley, J.L.,

Ramezani, J., 2006. EARTHTIME U-Pb tracer for community use.

Geochimica et Cosmochimica Acta 70, A473.

Parrish, R.R., Krogh, T.E., 1987. Synthesis and purification of 205Pb for U-

Pb geochronology. Chemical Geology 66, 103e110.

Ramezani, J., Schmitz, M., Davydov, V., Bowring, S., Snyder, W.,

Northrup, C., 2007. High-precision U-Pb zircon age constraints on the

Carboniferous-Permian boundary in the southern Urals stratotype. Earth

and Planetary Science Letters 256 (1e2), 244e257.

Ravizza, G., Turekian, K.K., Hay, B.J., 1991. The geochemistry of rhenium

and osmium in Recent sediments from the Black Sea. Geochimica et

Cosmochimica Acta 55 (12), 3741e3752.

Ravizza, G.E., Turekian, K.K., 1989. Application of the 187Re-187Os system

to black shale geochronometry. Geochimica et Cosmochimica Acta 53

(12), 3257e3262.

Renne, P., Mundil, R., Balco, G., Min, K., Ludwig, K., 2010. Joint deter-

mination of 40K decay constants and 40Ar*/40K for the Fish Canyon

sanidine standard, and improved accuracy for 40Ar/39Ar geochronology.

Geochimica et Cosmochimica Acta 74, 5349e5367.

Renne, P.R., 2000. K-Ar and 40Ar/39Ar Dating, Quaternary Geochronology:

Methods and Applications. AGU Reference Shelf 4. American

Geophysical Union, Washington, D.C, p. 77e100.

125Chapter | 6 Radiogenic Isotope Geochronology



Renne, P.R., Deino, A.L., Walter, R.C., Turrin, B.D., Swisher III, C.C.,

Becker, T.A., Curtis, G.H., Sharp, W.D., Jaouni, A.-R., 1994. Intercali-

bration of astronomical and radioisotopic time. Geology 22 (9), 783e786.

Renne, P.R., Karner, D.B., Ludwig, K.R., 1998a. Absolute ages aren’t

exactly. Science 282 (5395), 1840e1841.

Renne, P.R., Swisher, C.C., Deino, A.L., Karner, D.B., Owens, T.L.,

DePaolo, D.J., 1998b. Intercalibration of standards, absolute ages and

uncertainties in 40Ar/39Ar dating. Chemical Geology 145, 117e152.

Richter, S., Eykens, R., Kuhn, H., Aregbe, Y., Verbruggen, A., Weyer, S., 2010.

Newaveragevalues for then(238U)/n(235U) isotope ratiosof naturaluranium

standards. International Journal of Mass Spectrometry 295 (1e2), 94e97.

Roddick, J.C., 1987. Generalized numerical error analysis with applications

to geochronology and thermodynamics. Geochimica et Cosmochimica

Acta 51 (8), 2129e2135.

Roden, M.K., Parrish, R.R., Miller, D.S., 1990. The absolute age of the Eifelian

Tioga ash bed, Pennsylvania. Journal of Geology 98 (2), 282e285.

Schauble, E.A., 2007. Role of nuclear volume in driving equilibrium stable

isotope fractionation of mercury, thallium, and other very heavy

elements. Geochimica et Cosmochimica Acta 71 (9), 2170e2189.

Scherer, E., Munker, C., Mezger, K., 2001. Calibration of the lutetium-

hafnium clock. Science 293 (5530), 683e687.

Schmitz, M., Bowring, S., 2001. U-Pb zircon and titanite systematics of the

Fish Canyon Tuff: An assessment of high-precision U-Pb geochro-

nology and its application to young volcanic rocks. Geochimica et

Cosmochimica Acta 65 (15), 2571e2587.

Schmitz, M., Bowring, S., Ireland, T., 2003. Evaluation of Duluth Complex

anorthositic series (AS3) zircon as a U-Pb geochronological standard:

Newhigh-precision isotopedilution thermal ionizationmass spectrometry

results. Geochimica et Cosmochimica Acta 67 (19), 3665e3672.

Schmitz, M.D., Davydov, V.I., 2011. Quantitative radiometric and biostrati-

graphic calibration of the Pennsylvanian e Early Permian (Cisuralian)

time scale and pan-Euramerican chronostratigraphic correlation.

Geological Society of America Bulletin. doi: 10.1130/330325.1.

Schmitz, M.D., Schoene, B., 2007. Derivation of isotope ratios, errors, and

error correlations for U-Pb geochronology using 205Pb-235U-233U-spiked

isotope dilution thermal ionization mass spectrometric data. Geochem-

istry, Geophysics, Geosystems 8, 8e20.

Schoene, B., Crowley, J., Condon, D., Schmitz, M., Bowring, S., 2006.

Reassessing the uranium decay constants for geochronology using ID-

TIMS U-Pb data. Geochimica et Cosmochimica Acta 70 (2), 426e445.

Schoene, B., Guex, J., Bartolini, A., Schaltegger, U., Blackburn, T., 2010.

Correlating the end-Triassic mass extinction and flood basalt volcanism

at the 100 ka level. Geology 38 (5), 387.

Schön, R., Winkler, G., Kutschera, W., 2004. A critical review of experi-

mental data for the half-lives of the uranium isotopes 238U and 235U.

Applied Radiation and Isotopes 60 (2e4), 263e273.

Selby, D., Creaser, R., 2003. Re-Os geochronology of organic rich sedi-

ments: An evaluation of organic matter analysis methods. Chemical

Geology 200 (3e4), 225e240.

Selby, D., Creaser, R.A., Stein, H.J., Markey, R.J., Hannah, J.L., 2007.

Assessment of the 187Re decay constant by cross calibration of Re-Os

molybdenite and U-Pb zircon chronometers in magmatic ore systems.

Geochimica et Cosmochimica Acta 71 (8), 1999e2013.

Shirey, S.B., Walker, R.J., 1995. Carius tube digestion for low blank Re-Os

analysis. Analytical Chemistry 67, 2136e2141.

Silver, L.T., Deutsch, S., 1963. Uranium-lead isotopic variations in zircons;

a case study. Journal of Geology 71 (6), 721e758.

Smith, M.E., Chamberlain, K.R., Singer, B.S., Carroll, A.R., 2010. Eocene

clocks agree: Coeval 40Ar/39Ar, U-Pb, and astronomical ages from the

Green River Formation. Geology 38 (6), 527e530.

Smoliar, M.I., Walker, R.J., Morgan, J.W., 1996. Re-Os ages of Group IIA,

IIIA, IVA, and IVB iron meteorites. Science 271 (5252), 1099e1102.

Spell, T.L., McDougall, I., 2003. Characterization and calibration of
40Ar/39Ar dating standards. Chemical Geology 198 (3e4), 189e211.

Steiger, R.H., Jaeger, E., 1977. Subcommission on geochronology;

convention on the use of decay constants in geo- and cosmochronology.

Earth and Planetary Science Letters 36 (3), 359e362.

Stirling, C., Halliday, A., Porcell, D., 2005. In search of live 247Cm in the

early solar system. Geochimica et Cosmochimica Acta 69 (4),

1059e1071.

Stirling, C.H., Andersen, M.B., Potter, E.-K., Halliday, A.N., 2007. Low-

temperature isotopic fractionation of uranium. Earth and Planetary

Science Letters 264 (1e2), 208e225.

Stirling, C.H., Halliday, A.N., Potter, E.-K., Andersen, M.B., Zanda, B.,

2006. A low initial abundance of 247Cm in the early solar system and

implications for r-process nucleosynthesis. Earth and Planetary Science

Letters 251 (3e4), 386e397.

Tucker, R.D., Bradley, D.C., Ver Straeten, C.A., Harris, A.G., Ebert, J.R.,

McCutcheon, S.R., 1998. New U-Pb zircon ages and the duration and

division of Devonian time. Earth and Planetary Science Letters 158

(3e4), 175e186.

Tucker, R.D., Krogh, T.E., Ross Jr., R.J., Williams, S.H., 1990. Time-scale

calibration by high-precision U-Pb zircon dating of interstratified

volcanic ashes in the Ordovician and Lower Silurian stratotypes of

Britain. Earth and Planetary Science Letters 100, 51e58.

Tucker, R.D., McKerrow, W.S., Brandon, A.D., Goles, G.G., 1995. Early

Paleozoic chronology: A review in light of new U-Pb zircon ages from

Newfoundland and Britain. Canadian Journal of Earth Sciences ¼
Revue Canadienne des Sciences de la Terre 32 (4), 368e379.

Turrin, B.D., Swisher, C.C., Deino, A., Hemming, S.R., Hodges, K.,

Renne, P.R., 2010. “Smoking from the same pipe”: Development of an
40Ar/39Ar dating intercalibration pipette system. Abstract V23C-04

presented at 2010 Fall Meeting, AGU. Calif., San Francisco. Dec13e17.

Villeneuve, M., 2004. Radiogenic isotope geochronology. In:

Gradstein, F.M., Ogg, J.G., Smith, A.G. (Eds.), A Geological Time Scale

2004. Cambridge University Press, Cambridge, pp. 87e95.

Villeneuve, M., Sandeman, H.A., Davis, W.J., 2000. A method for inter-

calibration of U-Th-Pb and 40Ar-39Ar ages in the Phanerozoic. Geo-

chimica et Cosmochimica Acta 64 (23), 4017e4030.

Völkening, J., Walzcyk, T., Heumann, K.G., 1991. Osmium isotope ratio

determination by negative thermal ionization mass spectrometry. Inter-

national Journal of Mass Spectrometry and Ion Processes 105, 147e159.

Weyer, S., Anbar, A.D., Gerdes, A., Gordon, G.W., Algeo, T.J., Boyle, E.A.,

2008. Natural fractionation of 238U/235U. Geochimica et Cosmochimica

Acta 72 (2), 345e359.

Wotzlaw, J., Schaltegger, U., Kuiper, K.F., Guenther, D., 2010. Deriving

accurate eruption ages from complex zircon populations: Insights from

zircon trace element chemistry and intercalibration with astronomical

time: Abstract V31A-2312 presented at 2010 Fall Meeting, AGU. Calif.,

San Francisco. Dec 13e17.

126 The Geologic Time Scale 2012



J.M. McArthur, R.J. Howarth and G.A. Shields Chapter 7

Strontium Isotope Stratigraphy

Abstract: The 87Sr/86Sr value of Sr dissolved in the world’s
oceans varied though time in a known way, facts that allow
87Sr/86Sr to be used to date and to correlate marine

sedimentary rocks worldwide. In this work, the variation in
87Sr/86Sr is displayed graphically and the theory and practice
of the methodology is discussed.
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7.1. INTRODUCTION

The ability to date and correlate sediments using Sr
(strontium) isotope ratios (invariably 87Sr/86Sr) relies on the
fact that the 87Sr/86Sr value of Sr dissolved in the world’s
oceans has varied over time. In Figure 7.1, this variation is
shown plotted using the time scale given in this volume.
More detailed plots are given in Figure 7.2, and Table 7.1
tabulates the sources of the 4119 data-pairs used to plot the
curves in Figures 7.1 and 7.2. Comparison of the measured
87Sr/86Sr of Sr in a marine mineral with these calibration
curves can yield a numerical age for the mineral. The
degree to which numerical dating with strontium isotope
stratigraphy (SIS) can be accomplished rests, in part, on
how well the trend in marine-87Sr/86Sr through rock can be
turned into a trend through time. For reviews of SIS, the
reader is referred to McArthur (1994) and Veizer et al.
(1997, 1999).

Correlation can be accomplished by comparison of the
87Sr/86Sr trends in samples from more than one section
(Figure 7.3). Correlation avoids the need for a calibration
curve of 87Sr/86Sr against numerical age, but when corre-
lating with 87Sr/86Sr it is useful to know that at least some
parts of each section overlap in age in order to avoid
miscorrelation. Knowing the approximate age of a section
also avoids wasting time and money trying to date or
correlate with 87Sr/86Sr during times when marine-87Sr/86Sr

was changing little, or not at all (e.g., in Middle Devonian
times; van Geldern et al., 2006). Other uses for SIS include
estimating the duration of stratigraphic gaps (Miller et al.,
1988; Brasier et al., 1996), biozones (McArthur et al., 1993,
2000a) and Stages (Weedon and Jenkyns, 1999), and
revealing changes in sedimentation rate (McArthur et al.,
2000, 2007; Figure 7.4).

The method works only for marine minerals. It rests on the
assumption that the world’s oceans are homogeneous with
respect to 87Sr/86Sr and always have been so. Such uniformity of
87Sr/86Sr is expected, because the residence time of Sr in the
oceans today (z 106 years) is far longer than the time it takes
currents to mix the oceans (z 103 years), so the oceans are
thoroughly mixed on time scales that are short relative to the
rates of gain and loss of strontium. The degree towhich this was
true in past times is not known. Measured values of 87Sr/86Sr in
modern open oceans, and some large but restricted seaways
such as Hudson’s Bay and the Baltic Sea, are indeed uniform
for salinities down to 20 psu (DePaolo and Ingram, 1985;
Andersson et al., 1992; Paytan et al., 1993)whenmeasured at an
analytical precision of � 0.000 020. Today, values of 87Sr/86Sr
can be measured to a precision of� 0.000 003 (for the mean of
replicate analyses), so a further test is overdue of the assumption
of oceanic uniformity in 87Sr/86Sr.

When rivers locally lower the salinity of seawater,
marine-87Sr/86Sr is rarely altered at salinities above 20 psu,
a salinity at which a moderately diverse marine invertebrate
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fauna may live (Bryant et al., 1995). Nevertheless, when
dating coastal and shallow water faunas, it is wise to establish
that the local riverine inputs did not alter the 87Sr/86Sr of
seawater in the depositional environment.

Before being reported, measured isotopic ratios
for 87Sr/86Sr are normalized to a standard value of 0.1194 for
86Sr/88Sr. This procedure corrects for the large isotopic
fractionations between 84Sr, 86Sr, 87Sr and 88Sr that occur
during mass-spectrometric measurement and, coincidentally,
removes any natural fractionation. Nevertheless, the frac-
tionations can be measured using (presently) non-standard
techniques (e.g., Fietzke and Eisenhauer, 2006) and the
resulting un-normalized isotopic data have application in
some research fields (e.g., Krabbenhöft et al., 2010).

7.2. MATERIALS FOR STRONTIUM
ISOTOPE STRATIGRAPHY

Most of the Neogene Sr-calibration curve is based on analysis
of foraminiferal calcite, largely from DSDP/ODP sites
(e.g., works by Farrell 1995; Hodell 1991,1994; and Miller
and their collaborators 1988, 1991; Table 7.1). For Mesozoic
and Paleozoic sedimentary rocks, the most useful sample

media have proven to be belemnite guards (Jones et al.,
1994a,b) and brachiopod shells (Veizer et al., 1999), because
both materials resist diagenesis well. Acid-leached nanno-
fossil ooze (McArthur et al., 1993), ammonoid aragonite
(McArthur et al., 1994), atoll carbonates (Jenkyns et al.,
1995) and inoceramid prisms (Bralower et al., 1997) have all
yielded good data in the middle to late Mesozoic. Attempts to
use barite met with mixed success (Paytan et al., 1993; Martin
et al., 1995; Mearon et al., 2003). The use of conodonts for
Paleozoic studies has proven problematic; some samples with
a low color-alteration index (around 1), where minimal
alteration is implied (Martin and Macdougall, 1995), appear
to be abnormally high in 87Sr/86Sr, whilst others appear more
in line with expected results (e.g., Ruppel et al., 1996).

For strata of Cambrian age and older, when biogenic
calcite and apatitewere all but absent, samples comprise either
bulk micrite or early-diagenetic marine cement (the latter
rarely used in the Phanerozoic, but see Carpenter et al., 1991).
Trilobite calcite is largely untested as a medium, but may have
potential for Cambrian studies. The heterogeneous nature of
pre-Ordovician bulk carbonate means that diagenetic
screening is less diagnostic of alteration than it is for Phan-
erozoic biogenic calcite. Few studies report multiple 87Sr/86Sr
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FIGURE 7.1 Variation of 87Sr/86Sr through time: LOWESS fit to data sources in Table 7.1 for Phanerozoic (post-Cambrian) time, trend from data in

Table 7.2 for pre-Ordovician time.
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from a single stratigraphic horizon so as to allow a thorough
analysis of diagenetic alteration. Bulk rock also always
contains impurities that affect measured 87Sr/86Sr. Preleaching
the sample with, for example, ammonium acetate, may
remove some of the Rb and radiogenic Sr in non-carbonate
phases; for example, that on easily exchangeable sites in clay
minerals. As a consequence of these problems, assessments of
diagenetic alteration are made on a sample-by-sample basis,
and the assumption made that trends of 87Sr/86Sr may be
extrapolated from what are assessed to be the least-altered
samples. As a consequence, secular trends can sometimes not
be distinguished from post-depositional effects.

7.3. THE DATABASES USED FOR THIS
VOLUME

Data for post-Cambrian time, used for the LOWESS fit that is
shown in Figure 7.1 and diagrams for Phanerozoic time, were
compiled by J.M. McArthur from the sources tabulated in

Table 7.1. The database is updated from McArthur and
Howarth (2004) and uses 4119 data pairs. The fitted trend
through that data, together with fitted 95% confidence inter-
vals on the fitted line, is available in electronic format from
j.mcarthur@ucl.ac.uk. A separate database (the Bochum-
Ottawa Database; Veizer et al., 1999; Shields and Veizer,
2002; Prokoph et al., 2008) details over 5000 87Sr/86Sr results
for Phanerozoic and Precambrian time and, updated using
references in Table 7.1, was used to plot 87Sr/86Sr against time
for pre-Ordovician times.

7.4. NUMERICAL AGES

The calibration curve given here (Figures 7.1 and 7.2) uses
the GTS2012 time scale of this volume. Where original data
were reported to other time scales, the original ages have
been converted to the current time scale by appropriate
(usually linear) scaling between the nearest pair of numer-
ically dated stratigraphic tie points. The tie points are
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mostly period, epoch or stage/substage boundaries for the
Mesozoic and Paleozoic, supplemented by zone and chron
boundaries in the Cenozoic. In some instances, where the
local or regional stratigraphy has been revised since
the publication of a source of data, we have updated the
biostratigraphic and numerical age model used in original
publications.

The calibration curve shown in Figures 7.1 and 7.2 is
based on the measurement of 87Sr/86Sr in samples dated by
biostratigraphy, magnetostratigraphy and astrochronology.
Assigning numerical ages to sedimentary rocks by these
methods is not straightforward. In Figure 7.4, we illustrate
graphically how sedimentation rate links to the rate of change
in marine-87Sr/86Sr through time. It is the rate of change of
87Sr/86Sr with stratigraphic level in a section that is measured.
Turning that into a rate of change of 87Sr/86Sr through time is
seldom easy.

The calibration curve incorporates all the uncertainties on
the original numerical ages for the data used, including the
problems inherent in the interpolation, extrapolation and
indirect stratigraphic correlations necessary for age assign-
ment. These include problems of boundary recognition (both
bio- and magnetostratigraphic), diachroneity, and assump-
tions concerning sedimentation rate. Furthermore, most
Mesozoic and Paleozoic age models are still based on
radiometric dates and are no more accurate than those dates.

7.5. FITTING THE LOWESS DATABASE

For the post-Ordovician data, we fitted the calibration line to
data using the statistical non-parametric regression method
LOWESS (LOcally WEighted Scatterplot Smoother of
Cleveland, 1979; Chambers et al., 1983; Thisted, 1988;
Cleveland et al., 1992) to obtain a best-fit curve for the
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TABLE 7.1 Data for the Phanerozoic Interval: 4119 Data-Pairs

Author Normalizer (�106) Age Range Ma Interval

Ando et al. (2011): ODP 1120 �2 7 19 Miocene

Azmy et al. (1999) 30 420 443 Silurian

Bralower et al. (1997): DSDP 511 inoceramids 0 94 117 Aptian & Albian

Brand and Brenckle (2001): some 0 317 319 Miss. / Penn. Bdy.

Bruckschen et al. (1999): not USA data 30 332 353 Carboniferous

Callomon and Dietl (2000) 0 166.0 166.2 Callov. / Bathonian Bdy.

Carpenter et al. (1991) 3 372.2 Devonian tie-point

Clemens et al. (1993, 1995) �6 0 0.2 Recent

Cramer et al. (2011) �2 424 432 Silurian

Cummins and Elderfield (1994): brachiopods 11 331 334 Carboniferous

Denison et al. (1993) 102 43 64 Paleogene

Denison et al. (1994) 102 251 358 Carb. & Permian

Denison et al. (1997) 102 360 440 Silurian & Devonian

Denison et al. (1998) 102 445 488 Ordovician

DePaolo and Ingram (1985) �59 39 64 Paleogene

Ebneth et al. (2001): Texas and Australia 33 484 490 Cambrian / Ord. Bdy.

M. Engkilde, pers. comm. (1998) 0 144 176 Early Jurassic

Farrell et al. (1995): ODP 758 (part) �9 0 7 Neogene

Gao and Land (1991): new age model 108 470 491 Cambrian & Ordovician

Henderson et al. (1994) 17 0 0.4 Recent

Hesselbo et al. (2000) 0 190.8 Sinemur. / Pliensbach. Bdy.

Hodell et al. (1991): DSDP 588 and 588A 18 7 18 Miocene

Hodell and Woodruff (1994): DSDP 289 18 11 23 Miocene

Jenkyns et al. (1995) �12 102 126 Aptian & Albian

Jones et al. (1994a, b): UK; some 22 100 204 Jurassic

Koepnick et al. (1990) 102 203 251 Triassic

Korte et al. (2003) 25 204 252 Triassic

Korte et al. (2004) 25 250 254 PermoeTriassic Bdy.

Korte et al. (2006) 25 254 299 Permian

Martin and Macdougall (1995) �12 249 300 Permian

Martin et al. (1999): <13.8 Ma. ODP 926
(part)

22 5 14 Miocene

McArthur and Kennedy (unpub. data) 0 97 112 Cenomanian & Albian

McArthur et al. (1994): US Western Interior 0 70 84 Campanian & Maastr.

McArthur et al. (1998): Denmark & Antarctica 0 65 69 Cret / Paleogene. Bdy.

McArthur et al. (2000a, unpub. data): UK. 0 174 185 Pliensbachian & Toarcian

(Continued)
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87Sr/86Sr data as a function of time. Details of the fitting
procedure are given in Howarth andMcArthur (1997). Because
of the complex shape of the fit, and the very uneven density of
data points through time, the curve was optimized by being
fitted in numerous overlapping local segments. These were

then joined using splines at segment junctions. To obtain
a table for predicting age from 87Sr/86Sr, and the lower and
upper confidence limits on the age, we used inverse interpo-
lation of the fitted curve of 87Sr/86Sr and its 95% confidence
intervals (CIs) on the fitted line as a function of age.

TABLE 7.1 Data for the Phanerozoic Interval: 4119 Data-Pairsdcont’d

Author Normalizer (�106) Age Range Ma Interval

McArthur et al. (2000b): Skye, UK. 0 169 173 Aalenian / Bajocian Bdy.

McArthur et al. (2004): Speeton, UK 0 126 134 Hauterivian & Barremian

McArthur et al. (2006): Sicily 0 2.6 3.6 Pliocene

McArthur et al. (2007): France 0 131 143 BerriasianeHauterivian

Mead and Hodell (1995): ODP 689B 18 19 45 Cenozoic

Miller et al. (1991): ODP 608 �14 9 24 Miocene

Oslick et al. (1994): ODP 747A >16 Ma �14 16 25 Miocene

Page et al. (2009) �3 163 164 Callovian / Oxford. Bdy.

Qing et al. (1998): <463 Ma 5 424 441 Silurian

Reilly et al. (2002): DSDP 522 �14 23 34 Oligocene

Ruppel et al. (1996) �7 420 442 Silurian

Sugarman et al. (1995): ODP 525A �14 66 73 Maastrichtian

Young et al. (2009) 6 445 469 Ordovician

Zachos et al. (1992, 1999) 0 23 42 Paleogene
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A constant rate of increase in 87Sr/ 86Sr through time, dR/dt, appears 
in a sequence of rock as :

A varying rate of increase in 87Sr/ 86Sr through time, dR/dt, appears 
in a sequence of rock as :
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7.6. THE QUALITY OF THE FIT

7.6.1. Standards and Inter-Laboratory Bias

Measurements of 87Sr/86Sr are affected by inter-laboratory
bias. To correct for this, standards are run alongside samples

and the value of the standard is reported. Values of 87Sr/86Sr
are then adjusted by addition or subtraction to either standard
or sample values, by the amount needed to bring the standard
to the preferred value. Here, we correct data to a value of
0.710 248 for standard reference material NIST-987 (formerly
known as SRM-987), which is equivalent to correcting to
a value of 0.709 174 for EN-1, a modern Tridacna clam from
Eniwetok Atoll (prepared by the USGS). Some older work is
normalized to a SrCO3 standard, known as “E and A”, that
was prepared by the Eimer and Amend company. The
87Sr/86Sr value of E and A is 0.708 022 � 4 (2 s.e.,
n ¼ 34) relative to a value for NIST-987 of 0.710 248 (Jones
et al., 1994a). In a few cases, the magnitude of our normal-
ization differs from that used in the original source of data.

As replication of 87Sr/86Sr measurement can give mean
values precise to � 0.000 003 (Jones et al., 1994a; McArthur
et al., 2006), standards and interlaboratory bias should be
quantified to this precision, but this is seldom done. Few
laboratories have reported a comparison of 87Sr/86Sr in
NIST-987 and EN-1, the two common standards, at a preci-
sion of less than � 0.000 005. Interlaboratory bias, especially
for pre-1990 data, is as high as 0.000 020, so the uncertainty
in dating such bias introduces is the time-equivalent of �
0.000 020 in 87Sr/86Sr.

7.6.2. Confidence Limits on the LOWESS Fit

Fitting gives a best-fit curve of estimated 87Sr/86Sr as a func-
tion of age, and two-sided, 95% CIs on the fitted line
(Figure 7.5). These confidence intervals are included in the
LOWESS table available from the authors. These CIs are
analogous to the standard error of a mean ( � s/n). They are
smaller than, and should not be confused with, measures of
standard deviation, which quantifies the scatter of data about
a mean line (� s); the CIs give a confidence with which the
position of the mean line is known and say little about the
distribution of data about the mean line.

The width of the CI varies with numerical age, and is
dependent on both the density and spread of the calibration
data. For substantial segments of the Mesozoic, CI half-width
values approach � 0.000 005 and are seldom more than
� 0.000 010. Where data are abundant and samples well
preserved, e.g., 0e7 Ma, the half-width CI is around
� 0.000 003. Where data are few, e.g., early Devonian
(sensu lato), the uncertainty is much greater. Well-preserved
samples become rarer with increasing age so the uncertainty
envelope increases with age as sample quality deteriorates;
nevertheless, achieving a precision of � 0.000 015 for the
entire Paleozoic is not an unrealistic goal.

Assuming that the half-widths of the upper and lower
confidence intervals are about equal, then the total uncer-
tainty on an 87Sr/86Sr to be used to derive an age from
the curve can be computed by combining the uncertainty on
the measurement (sm, for example, � 0.000 020) with the

TABLE 7.2 Sources of Pre-Ordovician Data Used in the

Construction of Figure 7.1

Author Time Interval

Age Range,

(Ma)

Alvarenga et al. (2008) Ediacaran 635 580

Brasier et al. (1996) Ediacaran/Cambrian 670 520

Burns et al. (1994) Ediacaran 600 550

Calver (2000) Ediacaran 630 550

Derry et al. (1994) Cambrian 530 510

Ebneth et al. (2001) Cambrian 530 485

Fairchild et al. (2000) Cryogenian 800 720

Gorokhov et al. (1995) Tonian/Cryogenian 900 750

Halverson et al. (2007) Neoproterozoic 850 540

James et al. (2001) Cryogenian 670 540

Jiang et al. (2007) Ediacaran 630 545

Kaufman et al. (1996) Cambrian 545 525

Kouchinsky et al. (2008) Cambrian 530 495

McKirdy et al. (2001) Cambrian 670 640

Melezhik et al. (2009) Ediacaran 620 550

Miller et al. (2009) Tonian/Cryogenian 850 720

Misi et al. (2007) Ediacaran 630 600

Montañez et al. (1996) Cambrian 515 495

Nicholas (1996) Cambrian 545 525

Noguiera et al. (2007) Ediacaran 630 550

Pokrovskii et al. (2006) Ediacaran 620 550

Saltzman et al. (1995) Cambrian 495 490

Shields (1999) Neoproterozoic 850 500

Shields and Veizer (2002) Precambrian 3000 500

Shields et al. (2002) Cryogenian 670 600

Shields et al. (2007) Ediacaran 635 630

Valledares et al. (2006) Ediacaran 550 545

Walter et al. (2000) Neoproterozoic 850 550

Wotte et al. (2007) Cambrian 515 505

Yoshioka et al. (2003) Cryogenian 670 650
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uncertainty of the fitted curve (sc, for example, � 0.000 010)
as follows:

stotal ¼
�
s2m þ s2c

�1=2
; so stotal ¼ � 0:000023 (7.1)

The mean age is then derived from the mean 87Sr/86Sr of the
sample and the mean line of the calibration curve, whilst the
CIs on the age are given at the points on the calibration curve
that are 0.000 023 above and below the mean 87Sr/86Sr. The

CIs are mostly equal about the mean line but, in the few
places where they are not, it may be preferable independently
to calculate upper and lower bounds on ages.

7.6.3. Confidence Limits on
Measured 87Sr/86Sr

The uncertainty with which the mean (m) 87Sr/86Sr of
a sample is known, from n independent determinations of
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87Sr/86Sr, may be quantified if one assumes that the
measurement errors are normally distributed and so a two-
sided confidence interval applies:

Uncertainty ¼ � t1�a=2; n�1ðs=n1=2Þ; (7.2)

where s is the standard deviation of n observed 87Sr/86Sr
values, and t1�a/2, n�1 is the 100(1�a/2)th percentile of
Student’s t-statistic with (n � 1) degrees of freedom; a is the
risk (specified as a proportion) that the true (but unknown)
value of 87Sr/86Sr in the mineral, which is estimated by m,
will fall outside the specified confidence interval. Thus, a is
commonly set to 0.05 (5%) in order to obtain two-sided 95%
confidence limits on m. The t-statistic is used for this purpose,
rather than the 100(1�a/2)th percentile of the cumulative
normal distribution in order to correct for the fact that the
number of replicate determinations of 87Sr/86Sr is finite.
Increasing n decreases the uncertainty in m. For example, the
multipliers for two-sided 95% confidence limits when n ¼ 2,
3, 4, 5, and 10 are 12.71, 4.30, 3.18, 2.78, and 2.26,
respectively.

It may be possible to obtain only a single determination of
87Sr/86Sr (x) for a given mineral sample. If, for some reason
there exists a prior estimate of the expected value of
87Sr/86Sr (a), e.g., from measurements previously made on
presumed similar material, or the ratio has been estimated
from the 87Sr/86Sr curve and a knowledge of the sample’s
stratigraphic position, then, assuming x is the centre of
a normal distribution, Blachman and Machol (1987) showed
that a two-sided 100(1�a)% confidence interval on x is
given by:

x� ð1þ 0:484=aÞjx� aj (7.3)

If a is 0.05, the multiplier equals 9.68. Less conservative
bounds are obtained by inverting the prediction interval for
a single future observation. This gives:

x� z1�a=2 ð1þ 1=n0Þ1=2s0 (7.4)

In this case, s0 is a prior estimate of the standard deviation of
the distribution (assumed normal) from which x is drawn,
e.g., the pooled standard deviation based on n0 sets of
previous determinations of similar samples, and z1�a/2 is the
100(1�a/2)th percentile of the cumulative normal distribu-
tion. If a is 0.05, the multiplier equals 1.96.

7.6.4. Numerical Resolution
of the Fitted Curve

The uncertainty of an estimated numerical age obtained using
the calibration curve (Figures 7.1 and 7.2) depends on:

(i) the width of the 95% CI on the calibration curve,
(ii) the uncertainty on the measured 87Sr/86Sr,
(iii) the rate of change with time of marine-87Sr/86Sr (dR/dt).

Given that the best-defined parts of the calibration curve
have half-width CIs no better than � 0.000 003, and that this
is also the best-attainable precision on measurement of
87Sr/86Sr, application of Equation 7.1 above gives
a minimum total uncertainty in dating of around 0.000 004.
Given that the slope of the calibration curve (Figure 7.5)
rarely exceeds a value of 0.000 060 per myr, it follows that
the precision in dating with 87Sr/86Sr will not be better than
about � 0.1 myr. Correlation with 87Sr/86Sr avoids the
uncertainty involved in assigning numerical ages and the
accuracy with which that task can be accomplished depends
upon the rate at which 87Sr/86Sr changes through a section.

Under optimum conditions, e.g., with well-preserved
material and where dR/dt is steep, the precision with which
SIS can date and/or correlate marine strata can surpass fora-
miniferal biostratigraphy in the Cenozoic and ammonite
biostratigraphy in the Mesozoic. The utility and accuracy of
SIS declines with increasing sample age, because the method
relies on analysis of well-preserved samples, mostly of
biogenic calcite, and such samples become less common with
increasing age.

7.7. RUBIDIUM CONTAMINATION

Because 87Rb decays to 87Sr with the passage of time, the
87Sr/86Sr of even a perfectly preserved sample will increase
with age if it contains Rb. Luckily, most marine calcite
contains too little for this problem to arise, because Rb does
not easily substitute for Ca in calcite, and the concentration
of Rb in seawater is low (around 0.1 mg/L). Furthermore,
the decay rate of Rb is low, so the problem is rare even in
calcites of Paleozoic age. The larger cation site in arago-
nite, however, can incorporate more Rb than does calcite,
so corrections for radiogenic 87Sr/86Sr derived from Rb
may therefore be needed for aragonite. Corrections to
whole rock 87Sr/86Sr are more necessary and also more
problematic, as bulk rock invariably contains clay minerals
that incorporate Rb in concentrations of tens to hundreds of
ppm. Correcting for in situ Rb decay in such material
may yield unrealistically low original values of 87Sr/86Sr
(Gorokhov et al., 1995). As a rule of thumb, a Rb correction
may be needed if a sample contains more than 0.1 ppm of
Rb and is older than 50 Ma, but the presence of even that
amount of Rb in calcite (but not aragonite, which may
contain more) may signal alteration of the sample. A table
for making such Rb corrections can be found in McArthur
(1994).

7.8. COMMENTS ON THE LOWESS FIT

Some details of the GTS2012 database and fit require
comments.

Pliocene to Recent: For the period from 0 to 7 Ma, we
rely mostly on the data of Farrell et al. (1995) except
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between 2.6 and 3.6 Ma, where, to remove cyclic-like
artefacts in the data of those authors, we substituted that of
McArthur et al. (2006) obtained by analysis of Orbulina
universa from the Pliocene type-section at Punta Piccola,
Sicily, which is astronomically calibrated.

Oligocene / Early Miocene: From the data of Hodell et al.
(1991) we exclude that for Site 588C, which has an uncertain
age model; age models for DSDP/ODP Sites 588 and 588A
were updated for McArthur and Howarth (2004) and are
retained here. For Site 289 (Hodell and Woodruff, 1994), we
use a revised age model that includes breaks in the sequence
between 522 and 544 meters below seafloor. The update of
Miller et al. (1988) given in Reilly et al. (2002) is now
included for Site 522, as is the recent data of Ando et al.
(2011) but with a modified, shipboard, age model, rather than
the chemostratigraphic age model of those authors.

Paleogene: The 87Sr/86Sr curve for the Paleogene shows
sufficient slope for it to be potentially useful for dating
(Figure 7.2). From the KeP boundary (65.5 Ma) value of
0.707 830 � 0.000 008 (McArthur et al., 1998), 87Sr/86Sr
declines to 0.707 72 in the Ypresian (51 Ma) before rising
sharply to a maximum of 0.707 78 in the early Lutetian
(47 Ma) and then declining again to a second minimum of
0.707 73 in the earliest Bartonian (41 Ma). Thereafter, the
ratio increases steeply until modern times. For the Paleocene,
the low rate of decrease in 87Sr/86Sr, of around 0.000 08 per
myr, may allow a resolution in dating no better than 1 myr
when the curve for the interval is better defined.

Maastrichtian: For the Late Maastrichtian interval, we use
the data of Sugarman et al. (1995) and Barrera et al. (1997)
for DSDP Site 463, the latter after recalibration to the age
model of Li and Keller (1999). The results appear to agree
well with an independent assessment of the 87Sr/86Sr trend
given in Huber et al. (2008).

CampanianeCenomanian: The trend for Campanian time
is defined well by a combination of data from the ammonite-
zoned strata of the US western interior, and data from the
English chalk. The latter comprises mostly analysis of soft,
semi-indurated, acid-leached, white chalk and the data agree
well with data for belemnites from the same sections. The
interval Turonian-to-Cenomanian is poorly defined owing to
a scarcity of well-preserved samples in this interval, but the
available data suggest that the curve reaches a minimum of
0.707 280 in the later part of Turonian time.

AptianeAlbian: Of Bralower et al.’s (1997) data, we use
only that for inoceramids. As in GTS2004, we have adjusted
the Albian boundary ages of Bralower et al. (1997) to those in
this volume, but retain those authors’ apportionment of time
between them.

Jurassic: The interval is based on data from Jones et al.
(1994a,b), with replacement of the data as follows: for
Pliensbachian and Toarcian time, we use data in McArthur
et al. (2000a); for Berriasian, Valanginian, and Hauterivian
time, we use McArthur et al. (2007). In both publications,

numerical ages were assigned to biostratigraphic boundaries
on the basis of composited linear fits of 87Sr/86Sr to strati-
graphic level for successive short stratigraphic intervals. For
Hettangian and Sinemurian time, we use the belemnite data of
Jones et al. (1994a; see McArthur, 2007 for reasons) together
with those authors original age models, recomputed to the time
scale used here. The value of 87Sr/86Sr for the Sinemurian/
Pliensbachian boundary is based on Hesselbo et al. (2000).

TriassiceJurassic Boundary: We discard as incorrect the
age models and Sr-isotope curve for this boundary interval
given in McArthur and Howarth (2004), preferring the
interpretation of McArthur (2007; Figure 7.6) which excludes
the oyster data of Jones et al. (1994a) as reflecting alteration.
This new interpretation minimizes the inflection in 87Sr/86Sr
across the boundary.

Triassic: Two data for Rhaetian time are from Jones et al.
(1994a). The rest are from Korte et al. (2003). Peaks in
earliest and latest Triassic time are defined by analysis of
conodonts. Conodonts do not preserve 87Sr/86Sr well, so the
peak amplitudes have been reduced by omission of the higher
conodont values of 87Sr/86Sr, which may reflect alteration.
The steepness of the rise in 87Sr/86Sr in the very earliest
Triassic (Figure 7.2) might be revealing an undue compres-
sion of the time scale in the early Triassic, when the rate of
increase in marine-87Sr/86Sr was, on the present time scale,
around 0.000 110 per myr, nearly twice that of the steepest
rate during Cenozoic time, and more than the late Permian
rate of 0.000 097 per myr estimated by Martin and Macdou-
gall (1995).

Permian: We use a combination of data from Korte et al.
(2006) for the whole Permian, Denison et al. (1994) for
Ochoan time, and Martin and Macdougall (1995) for the latest
Permian time. These data sets differ and the differences
decrease the precision of the fit. Data from all three authors are
difficult to reconcile; further analysis is needed to define the
Sr-isotope curve through this interval. For example, the P/T
boundary value from Korte et al. (2004) appears to be around
0.707 24, whilst that for Martin and Macdougall (1995) is
around 0.707 40. Unpublished data of the authors confirm that
the Capitanian minimum in 87Sr/86Sr was around 0.706 850.

The durations given in this volume for earlier stages of
the Permian are markedly different to those in GTS2004. The
duration of the Sakmarian is reduced by 50% (from 10.2 myr
to 5.5 myr), that of the Artinskian is increased by 20%
(8.8 to 10.7 myr) and the duration of Kungurian is also
increased by 20% (5.0 to 6.0 myr). These changes introduce
more sinuosity to the 87Sr/86Sr curve than was apparent in
Korte et al. (2006) and this in itself may be revealing that
the new apportionment of time for this interval requires
re-examination.

Carboniferous: Data for Carboniferous time are mostly
from Bruckschen et al. (1999), but exclude data for samples
from the USA, owing to difficulty in correlation; it might be
better to use the Sr data to integrate US and European
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FIGURE 7.6 Interpretations of the variation in 87Sr/86Sr through the Triassic / Jurassic boundary interval. In (a) we show the model used for GTS2004, which

did not differentiate on the basis of sample type; in (b) we show an alternative fit that rejects conodont and oyster samples because of their propensity to alter on
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myrs), compared to GTS04, nearly equalizes the Jurassic and Triassic slopes of the curve for model (b) as used in this volume.
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stratigraphies. The data show a large spread, especially for
Serpukhovian and Visean times: values of 87Sr/86Sr around
332 Ma range from 0.707 637 to 0.707 805 even if extreme
outliers are ignored. Data from Germany group more tightly
than do data from Belgium, and are mostly higher (by about
0.000 070). The spread leads to high CIs on the fitted cali-
bration in this interval. Values of 87Sr/86Sr for tie-points at
specific times are provided by Cummins and Elderfield
(1994) for Dinantian time and by Brand and Brenckle (2001)
for the Mississippian/Pennsylvanian boundary interval at
Arrow Canyon, Nevada, USA.

Devonian: The curve for much of the Devonian derives
from van Geldern et al. (2006). This data defines the cali-
bration curve more tightly than did previous data for the
interval, and clearly show the breaks in slope of the curve at
the boundaries of the Middle Devonian. These points are
present in the data of Diener et al. (1996) but are obscured by
scattering of the data. The late Devonian data of van Geldern
et al. (2006) coincides with the time tie-point provided by the
data of Carpenter et al. (1991) for the A. triangularis con-
odont zone of the late Devonian Golden Spike and Nevis
carbonate reefs in Alberta, Canada. The SilurianeDevonian
boundary interval is fixed by the data of Frýda et al. (2002).

Silurian: The conodont data of Ruppel et al. (1996) agree
with later data of Azmy et al. (1999) and Cramer et al. (2011).
Successive time scales have shortened the duration of the
Gorstian, which has the effect of steepening the 87Sr/86Sr
curve in that interval, and introducing breaks in slope at the
stage boundaries. The original near linear increase through
time in 87Sr/86Sr reported by Ruppel et al. (1996) is thereby
made sinuous. The matter is well explained by Cramer et al.
(2011) and alluded to in Chapter 21 of this volume. That the
rate of change in 87Sr/86Sr with time changes sharply at stage
boundaries is strong evidence for a problem in this interval
with the assignment of numerical ages to stage boundaries.

Ordovician: The trend in 87Sr/86Sr across the Cambriane
Ordovician boundary differs markedly between data sets. We
have chosen to use Ebneth et al. (2001) for the Cam-
brianeOrdovician boundary interval and continue the Early
and Middle Ordovician trend using the data of Denison et al.
(1998) and Shields et al. (2003). The differences between
these authors are likely caused by artefacts of diagenesis, as
the data scatter considerably. As the apparent high rate of
decline through the Ordovician has prompted discussion about
its cause (Shields et al., 2003; Young et al., 2009), further
analysis, and better stratigraphy, are required to refine the
curve in this interval.Where unusually steep rates of change of
87Sr/86Srwith time have been noted before in a number of parts
of the geological record, they have diminished with improved
correlation, improved age models, or further analysis of better
samples.

Data gaps: Finally, Figure 7.2 reveals a paucity of reliable
data for many intervals of time (the late Albian to Turonian,
most of the Kimmeridgian and Tithonian, the early Devonian

and the DevonianeCarboniferous transition). This lack is
reflected in the large (> 0.000 015) half-width of the confi-
dence interval on the mean for the LOWESS fit (Figure 7.5)
for many intervals; to reduce this uncertainty substantially
will require some three to five accurate and precise 87Sr/86Sr
values per biozone.

7.9. Sr-ISOTOPE STRATIGRAPHY FOR
PRE-ORDOVICIAN TIME

Reconstruction of the seawater 87Sr/86Sr curve before the
Ordovician Period must overcome particular difficulties on
two fronts: poor age constraints and a lack of suitably well-
preserved materials for analysis. Both the relative and abso-
lute ages of older strata remain poorly constrained. Marker
fossils of the lower Cambrian tend to be endemic to specific
regions and facies, while Precambrian biostratigraphy is in its
infancy. The lack of a global stratigraphic framework has
necessitated the use of calibration schemes, which integrate
Sr- and C-isotope trends, geochronology, chemo-oceano-
graphic marker beds and sequence stratigraphy with the
emerging biostratigraphy (Shields, 1999; Robb et al., 2004).

In the absence of sufficiently large sets of well-
constrained 87Sr/86Sr data, we approach the reconstruction of
the seawater 87Sr/86Sr curve by first delimiting seawater
87Sr/86Sr at established chronostratigraphic tie-points using
the mutual agreement of multiple studies. Longer ranging Sr-
isotope studies are then used to trace broad trends between
tie-points, primarily using d13C features for global calibration
in the Precambrian. 87Sr/86Sr values are generally reported
here only to the fifth significant figure in recognition of the
poor resolution of the Precambrian and Cambrian 87Sr/86Sr
record. There are currently no adequate tie-points for
pre-800 Ma strata (Shields and Veizer, 2002).

Despite acknowledged difficulties, the use of Sr isotope
stratigraphy to correlate Neoproterozoic and Cambrian strata
remains promising due to the major increase in seawater
87Sr/86Sr from 0.705 to 0.709, which occurred between about
850 and 500Ma. Chronostratigraphic tie-point ages below are
currently accepted estimates based on the new geological
time scale given in this book.

1) 497 Ma: Late Cambrian SPICE interval e published data
are consistent with a rising trend through the mid-late
Cambrian from 0.70893 � 2 (latest Mayan stage in
Siberia) through the Epoch 3/4 boundary to the SPICE
interval across which least altered values are constrained
to 0.709 10 � 1 (Montañez et al., 2000; Kouchinsky
et al., 2008). Internally consistent data for the Elvinia-
Taenicephalus biozone boundary (the Steptoane
Sunwaptan boundary in Laurentia) indicate that seawater
87Sr/86Sr rose to its highest ever value after the SPICE
excursion, before falling from 0.709 25 to 0.709 14
through the upper Steptoan to 0.709 10 to 0.709 11 in the
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Sunwaptan (Saltzman et al., 1995). The conodont study of
Ebneth et al. (2001) traces this decrease further to
0.709 00 at the CambrianeOrdovician boundary.

2) 509 Ma: Cambrian Epoch 2/3 boundary e three studies
provide data across this boundary from Siberia, USA,
France and Spain. Least altered values in Montañez et al.
(2000) and Wotte et al. (2007) are mutually consistent,
while high Mg/Ca ratios indicate that the lower values of
Derry et al. (1994) arose during dolomitization. Least
altered values of 0.708 94� 3 imply that the 87Sr/86Sr rise
leveled off during Epoch 3 (Kouchinsky et al., 2008).

3) 541 Ma: PrecambrianeCambrian boundary e several
87Sr/86Sr studies span the PrecambrianeCambrian
boundary, the most comprehensive being that of Brasier
et al. (1996). That study and other work (Derry et al., 1994;
Kaufman et al., 1996; Nicholas, 1996; Valledares et al.,
2006; Jiang et al., 2007) constrain latest Ediacaran and
earliest Cambrian 87Sr/86Sr to c. 0.708 45 � 5. Least
altered samples fromMongolia, Siberia and China (Brasier
et al., 1996; Kaufman et al., 1996; Li et al., 2012) define
a decreasing trend through Epoch 1, during a global
increase in d13C, to reach a low of 0.708 05 � 5 after the
end of the Fortunian Stage (529 Ma), before rising again
through Epoch 2 (Derry et al., 1994).

4) c.575ec.550 Ma: Late Ediacaran e a striking feature of
the Ediacaran Period is a prolonged, highly negative,
likely global d13C excursion. Recent studies (Pokrovskii
et al., 2006; Melezhik et al., 2009) indicate that seawater
87Sr/86Sr increased from 0.708 02 to 0.708 62 during this
interval. Although the association with celestite in these
samples hints at a more restricted marine environment,
this rise is broadly consistent with 0.708 45 � 3 towards
the end of this excursion (Jiang et al., 2007), at a horizon
dated at 551 Ma (Condon et al., 2005), and with c. 0.7087
for least altered samples from Oman (Burns et al., 1994;
Brasier et al., 2000) and Australia (Calver, 2000). It
seems likely therefore that seawater 87Sr/86Sr reached
a Precambrian peak at c.550 Ma.

5) c.625ec.580 Ma: Early Ediacaran e there are only few
studies which can be used to constrain the Early Ediacaran
seawater 87Sr/86Sr curve between 630 and 580 Ma, using
the assumption that the rise to high d13C after end-
Cryogenian glaciation can be used as a global correlation
tool. High d13C values from Siberia are associated with
a rise in 87Sr/86Sr from 0.7072 to 0.7080. By comparison,
sparse 87Sr/86Sr data from possibly correlative, Early
Ediacaran samples of the lower Doushantuo Formation
(China) indicate a rise from c.0.7077 to 0.7078 to c.0.7080
to 0.7081 (Jiang et al., 2007). Several Brazilian studies
indicate that 87Sr/86Sr had previously decreased from
about 0.7078 to 0.7074 during the rise to high d13C (Misi
et al., 2007), indicating that there were possibly two peaks
during the Early Ediacaran.

6) 635ec.625 Ma: basal Ediacaran e the base of the Edia-
caran System is defined within the c.635 Ma post-glacial
“cap dolostone” of the Nuccaleena Formation in South
Australia. Although cap dolostones are not suitable for
87Sr/86Sr studies (e.g., Yoshioka et al., 2003), immediately
overlying limestone units have provided consistent data.
87Sr/86Sr values for Sr-rich samples (>3000 ppm) of the
Hayhook Formation (NW Canada) range between
0.707 14 � 2 (James et al., 2001) and are consistent with
data from post-glacial limestones of Namibia (Halverson
et al., 2007). In Namibia, least altered 87Sr/86Sr values rise
subsequently to 0.707 48 and then to c.0.7080 as d13C
values recover from�4.4& to 0&. High-Sr samples from
NW Canada define an increase from 0.707 28 to 0.707 53,
while least altered 87Sr/86Sr data from South America
consistently indicate a rise from c.0.7074 to 0.707 77�2
during the d13C recovery (Alvarenga et al., 2008;
Nogueira et al., 2007). Identical values (c.0.7077 to
0.7078) have been reported for basal Ediacaran barite
samples of NWAfrica at a comparable point in the post-
glacial d13C curve (Shields et al., 2007). Taken together,
these data indicate a rise in seawater 87Sr/86Sr from
c.0.7071 to c.0.7077 or higher during the post-glacial d13C
recovery to positive values.

7) c.665ec.650 Ma: late Cryogenian ‘Sturtian’e‘Marinoan’
non-glacial intervale immediately post-glacial limestones
of the Cryogenian Period reveal a rise in 87Sr/86Sr from
c.0.7067 to 0.7071 during the post-glacial d13C recovery.
Four regions of the world boast relevant data: Mongolia
from 0.706 75 to 0.707 09 (Shields et al., 1997), Namibia
from 0.706 85 to 0.706 99 (Yoshioka et al., 2003), NW
Canada from 0.706 68 to “unconstrained” (Kaufman et al.,
1997) and Australia from “unconstrained” to 0.707 06
(McKirdy et al., 2001). Extremely high d13C values>10&
are characteristic of the upper part of this non-glacial
interval and are associated with 87Sr/86Sr of
0.707 13e0.707 35 in Mongolia (Shields et al., 2002),
0.707 18e0.707 42 in NW Canada (Halverson et al.,
2007), and 0.707 25e0.707 35 in Namibia (Halverson
et al., 2007). 87Sr/86Sr values from Australia are generally
higher at this level and indicate the possibility of a peak at
c.0.7076 to 0.7078 (McKirdy et al., 2001).

8) c.750 Ma: early Cryogenian, pre-‘Sturtian’ interval e it
is currently unclear to what extent pre-glacial successions
can be considered contemporaneous, and therefore
whether the onset of glaciation can be used as a
chronostratigraphic tie-point. Nevertheless, 87Sr/86Sr
typically ranges between 0.7067 and 0.7069 (Halverson
et al., 2007) below glacial units. There is a possibility that
seawater 87Sr/86Sr fell to 0.7063 before glaciation in
Greenland (Fairchild et al., 2000; Sawaki et al., 2010).

9) c.800 Ma: Bitter Springs Excursion e age constraints are
particularly poor for the mid-Neoproterozoic; however,
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a negative d13C excursion at c.800 Ma in the Bitter
Springs Formation of central Australia may be of possibly
global significance based on least altered 87Sr/86Sr of
0.7063 at this level in Svalbard, NW Canada, Australia
and possibly Ethiopia, the presence of characteristic
acritarchs, and sequence stratigraphy (Halverson et al.,
2007). Below this level, 87Sr/86Sr ratios are even lower
with 0.7057e61 in the lower Bitter Springs Formation
(Walter et al., 2000), 0.7055 in NW Canada, 0.7052 in
Siberia (Gorokhov et al., 1995) and 0.7050 in Ethiopia
(Miller et al., 2009). The ages of these units are not well
constrained, but available data suggests 87Sr/86Sr
increased in seawater during the early Neoproterozoic
from 0.705 to 0.707 (Halverson et al., 2007) from c.850 to
c.750 Ma.
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B. Peucker-Ehrenbrink and G. Ravizza Chapter 8

Osmium Isotope Stratigraphy

Abstract: Osmium, an ultra-trace element in seawater, is
subject to strong authigenic enrichment in reducing marine
sediments, and to a lesser degree of enrichment in oxic marine
deposits. Temporal variations in sedimentary 187Os/188Os
ratio preserve a rich archive from several types of deposi-
tional environments that reflect changes on the Earth’s

surface. This chapter presents a compilation of marine Os
isotope records from the Pleistocene to the Precambrian, and
reviews the interpretations of these temporal variations,
focusing on the most highly resolved events in the Cenozoic
and Mesozoic.
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8.1. INTRODUCTION

The last review of the marine Os (osmium) isotope record was
published more than a decade ago (Peucker-Ehrenbrink and
Ravizza, 2000). In the intervening years, the data available to
constrain the history of 187Os/188Os variations in seawater has
expanded considerably (Table 8.1). The earlier review
includes discussion of Re and Os geochemistry that we have
not included here. Instead, we focus on the description and
interpretation of this more detailed seawater 187Os/188Os
record and its use as a stratigraphic tool (Figure 8.1). Recent
work has concentrated on generating higher resolution Os
isotope records from specific time slices, rather than
achieving even temporal coverage of the geologic record
(Figure 8.1). The approach is motivated both by the short
residence time of Os in seawater of ~10e50 kyr (see Peucker-
Ehrenbrink and Ravizza, 2000, for a summary), and the need
to assess the fidelity of bulk sediment analyses as opposed to
sediment leaches as proxy records of past seawater
187Os/188Os. This time-slice approach has developed to
include the use of Os isotopes as chemostratigraphic markers
of flood basalt volcanism (Cohen and Coe, 2002; Ravizza and
Peucker-Ehrenbrink, 2003a; Turgeon and Creaser, 2008),
a paleo-weathering proxy during abrupt warming events

(Ravizza et al., 2001; Schmitz et al., 2004), an indicator of
isolation of ocean basins (e.g., Arctic Ocean) from the global
oceanic circulation (Poirier and Hillaire-Marcel, 2009), and
the use of impact-induced Os isotope excursions to detect
large impacts in the sedimentary record and estimate
impactor size (Paquay et al., 2008).

The data reviewed here shows that large shifts in
187Os/188Os in seawater can be recognized in the sediment
record. In contrast to the muted temporal variations of
87Sr/86Sr in seawater, temporal variations in 187Os/188Os of
seawater span nearly the entire range between unradiogenic
(187Os/188Os z 0.13) volcanic or extraterrestrial sources and
radiogenic (187Os/188Os z 1.4) continental sources of Os to
the oceans (Peucker-Ehrenbrink and Ravizza, 2000).
However, smaller amplitude and higher frequency changes in
sediment Os isotope records cannot always be attributed to
changes in seawater 187Os/188Os. Subtle changes in oceanic
Os chemistry may be associated with spatial heterogeneities
in seawater 187Os/188Os, and challenge the notion that
seawater is spatially homogeneous with respect to Os isotope
composition. Alternatively, subtle offsets between coeval
sediment sequences may reflect local influence of non-
seawater-derived (i.e. detrital and extraterrestrial) Os on bulk
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TABLE 8.1 Summary of Osmium Isotope Data of Paleo-Seawater

References Core/Outcrop Location (lat., long.) Age Span (Ma) Sediment Type

Cohen et al., 2004 Saltwich Bay, Yorkshire, UK 178 e 179 organic-rich mudstone

Port Mulgrave, Yorkshire,
UK

178 e 181 organic-rich mudstone

Hawsker Bottoms,
Yorkshire, UK

181 organic-rich mudstone

Cohen et al., 1999 near Kimmeridge, Dorset,
UK

153 e 158 organic-rich mudstone

Port Mulgrave, Yorkshire,
UK

181 organic-rich mudstone

Lyme Regis and Charmouth,
Dorset, UK

199 e 205 organic-rich mudstone

Cohen & Coe, 2002 Lavernock Point, south
Wales, UK

205 e 207 organic-rich mudstone

St. Audrie’s Bay, southern
UK

205 e 209 organic-rich mudstone

Watchet Harbor, southern
UK

208 e 209 organic-rich mudstone

Dalai et al., 2005 Japan Sea 40�01’N, 138�12’E 0.0029 e 0.0218 hemipelagic clay; partly
laminated

Dalai et al., 2006 ODP Leg 199 Site 1218 8�53.38’N, 135�22.00’W 32.82 e 36.00 radiolarite, nannofossil
ooze

ODP Leg 199 Site 1219 7�48.01’N, 142�00.94’W 32.74 e 36.09 radiolarite, nannofossil
ooze

Dalai & Ravizza, 2006 ODP Leg 130 Site 806C 0�19.11’N, 159�21.70’E 0.012 e 0.205 white foram nannofossil
ooze

Oxburgh, 1998 V19-54 17�02’S, 113�54’W 0.019 e 0.18 metalliferous carbonate

V19-55 17�00’S, 114�11’W 0.00 e 0.25 metalliferous carbonate

Oxburgh et al., 2007 ODP Leg 165 Site 1002C 10�42.366’N, 65�10.166’W 0.0007 e 0.191 organic-rich silts

Paquay & Ravizza,
submitted

ODP Leg 138 Site 849 0�10.983’N, 110�183’W 1.36 e 1.60 diatomaceous nannofossil
ooze

Paquay et al., 2009 DSDP Leg 69 Site 480 27�54.10’N, 111�39.34’W 0.0093 e 0.014 organic-rich, diatomaceous
mud

ODP Leg 165 Site 1002C 10�42.366’N, 65�10.166’W 0.0092 e 0.014 organic-rich silts

Paquay et al., 2008 ODP Leg 177 Site 1090B 42�54.821’N, 8�53.984’E 35.25 e 36.06 nannofossil ooze

ODP Leg 199 Site 1219A 7�48.01’N, 142�00.94’W 34.78 e 35.84 radiolarian ooze

Pegram et al., 1992 LL44-GPC3 30�19.9’N, 157�49.9’W 0.19 e 63.35 pelagic clay

Pegram & Turekian, 1999 LL44-GPC3 30�19.9’N, 157�49.9’W 0.188 e 70.396 pelagic clay

Peucker-Ehrenbrink,
unpublished

ODP Leg 121 Site 757B 17�01.458’S, 88�10.899’E 5.497 e 9.348 nannofossil ooze
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TABLE 8.1 Summary of Osmium Isotope Data of Paleo-Seawaterdcont’d

References Core/Outcrop Location (lat., long.) Age Span (Ma) Sediment Type

Peucker-Ehrenbrink et al.,
1995

DSDP Leg 5 Site 39 32�48.28’N, 139�34.29’W 53 metalliferous pelagic clay

DSDP Leg 8 Site 74 6�14.20’S, 136�05.80’W 38, 42.1 metalliferous nannofossil
ooze

DSDP Leg 9 Site 77B 0�28.90’N, 133�13.70’W 37.9 metalliferous nannofossil
clay

DSDP Leg 16 Site 162 14�52.19’N, 140�02.61’W 48.7 metalliferous pelagic clay

DSDP Leg 20 Site 196 30�06.97’N, 148�34.49’E 80 metalliferous nannofossil
chalk ooze

DSDP Leg 34 Site 319 13�01.04’S, 101�31.46’W 15.8 metalliferous nannofossil
ooze

DSDP Leg 35 Site 323 63�40.84’S, 97�59.69’W 63.5 metalliferous nannofossil
claystone

DSDP Leg 91 Site 596 23�51.20’S, 165�39.27’W 0.104 e 78.63 metalliferous pelagic clay

DSDP Leg 92 Site 597 18�48.38’S, 129�46.23’W 26.3 clayey nannofossil ooze

ODP Leg 129 Site 801A 18�38.568’N, 156�21.57’E 57.1 metalliferous pelagic clay

Peucker-Ehrenbrink &
Ravizza, 2000

Core 10400, Atlantic 25�39.2’N, 30�57.6’W 0.01 e 0.35 pelagic clay

Peucker-Ehrenbrink &
Ravizza, in prep.

ODP Leg 115 Site 711A 02�44.56’S, 61�09.78’E 29.26 e 31.37 nannofossil ooze, partly
clayey

ODP Leg 199 Site 1218A 8�53.38’N, 135�22.00’W 30.07 e 30.75 nannofossil ooze

DSDP Leg 73 Site 522 26�6.843’S, 5�7.784’W 29.86 e 30.77 nannofossil ooze, minor
chalk

Ravizza, 1993 DSDP Leg 92 Site 597 18�48.38’S, 129�46.23’W 18.9 e 28 metalliferous carbonate

DSDP Leg 92 Site 598 19�00.28’S, 124�40.61’W 12.6 e 15.3 metalliferous carbonate

DSDP Leg 92 Site 598 19�27.09’S, 119�52.88’W 8.1 metalliferous carbonate

DSDP Leg 92 Site 600 18�55.74’S, 116�50.37’W 3.7 metalliferous carbonate

DSDP Leg 92 Site 601 18�55.22’S, 166�52.11’W 1.5 e 3.8 metalliferous carbonate

Ravizza, 2007 ODP Leg 145 Site 886C 44�41.38’N, 168�14.40’W 63.9 e 78.1 pelagic clay

Ravizza & Turekian, 1993 San Pedro Martir Basin, Gulf
of California

28�14.7’N, 112�21.0’W recent siliceous ooze

Carmen Basin, Gulf of
California

22�36.0’S, 14�07.0’E recent siliceous ooze

Walvis Bay, SE Atlantic 26�28.3’N, 110�00.0’W recent siliceous ooze

Jelly Fish Lake, Eil Malk Isl.,
Palau, Pacific

7�9.9’N, 134�21.25’E recent organic-rich sediment

Ravizza & Peucker-
Ehrenbrink, 2003a

Massignano, Italy 43�32.22’N, 13�35.60’E 32.99 e 35.82 marls, calcareous marls, red
to green

DSDP Leg 85 Site 574C 4�12.52’N, 133�19.81’W 33.38 e 34.81 metalliferous chalk, yellow
white chalk

DSDP Leg 73 Site 522 26�6.843’S, 5�7.784’W 32.44 e 34.5 buff to white nannofossil
ooze, minor chalk

(Continued)
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sediment 187Os/188Os records. Contributions from such non-
hydrogenous sources of Os can be minimized by either
analyzing bulk sediments that contain predominantly
hydrogenous Os (i.e. metalliferous carbonates: Ravizza,
1993; sediments rich in marine organic matter: Ravizza and
Turekian, 1992; Oxburgh et al., 2007), or by selectively
leaching Fe-Mn oxyhydroxides that contain predominantly
hydrogenous Os (Pegram et al., 1992).

Following a brief historical overview, we discuss several
time slices to illustrate the generalizations made above. In
the ensuing discussion we use several examples to illustrate
that abrupt, large amplitude changes in the marine
187Os/188Os record can be useful as chemostratigraphic
event markers. Additional examples show that recognizing

small amplitude, high frequency changes in seawater
187Os/188Os requires independent stratigraphic control of
very high quality.

8.2. HISTORICAL OVERVIEW

Efforts to reconstruct seawater 187Os/188Os variations began in
the early 1990s with a study of “leachable” Os from a slowly
accumulating pelagic clay sequence in the LL44eGPC3
piston core from the North Pacific (Figure 8.2; Pegram et al.,
1992). This work was motivated by studies of recent marine
sediments that suggested seawater-derived Os could be iso-
lated from bulk sediment samples by selective dissolution of
Fe- and Mn-oxides (Esser and Turekian, 1988) and that the

TABLE 8.1 Summary of Osmium Isotope Data of Paleo-Seawaterdcont’d

References Core/Outcrop Location (lat., long.) Age Span (Ma) Sediment Type

Ravizza & Peucker-
Ehrenbrink, 2003b

DSDP Leg 25 Site 245 31�32.02’S, 52�18.11’E 63 e 63.7 metalliferous carbonate

DSDP Leg 86 Site 577B 32�26.51’N, 157�43.40’E 64.32 e 67.49 white nannofossil ooze,
minor clay

DSDP Leg 74 Site 525A 29�04.24’S, 2�59.12’E 65 e 66.53 nannofossil ooze

Ravizza & Paquay, 2008 ODP Leg 159 Site 959A 3�37,659’N, 2�44.112’W 27.73 e 44.02 diatomite and chert

Ravizza et al., 2001 DSDP Leg 22 Site 213 10�12.75’S, 93�53.77’E 54.28 e 54.78 metalliferous carbonate

DSDP Leg 80 Site 549 49�05.28’N, 13�05.88’W 54.58 e 54.99 nannofossil ooze, partly
clayey

Ravizza et al., in prep. DSDP Leg 92 Site 598 19�00.28’S 124�40.61’W 12.554 e 14.699 metalliferous carbonate

ODP Leg 189 Site 1171C 48�29.9971’S,
149�06.7051’E

13.585 e 14.535 white nannofossil ooze

Reusch et al., 1998 DSDP Leg 92 Site 598 19�00.28’S, 124�40.61’W 10.96 e 15.7 metalliferous sediment

DSDP Leg 92 Site 597 18�48.38’S, 129�46.23’W 18.9 metalliferous sediment

DSDP Leg 73 Site 521 26�4.43’S, 10�15.87’W 7.6 e 15.5 iron-rich nannofossil clay/
ooze

Robinson et al., 2009 Scaglia Rossa Fmt., near
Gubbio, Italy

44�22’N, 12�35’E 65.51 e 68.00 pelagic limestone

ODP Leg 113 Site 690C 65�9.629’S, 1�12.296’E 65.52 e 68.49 muddy nannofossil chalk
(ooze)

DSDP Leg 86 Site 577B 32�26.51’N, 157�43.40’E 64.32 e 65.73 white nannofossil ooze

DSDP Leg 86 Site 577A 32�26.51’N, 157�43.40’E 65.66 e 68.40 white nannofossil ooze

Schmitz et al., 2004 Zumaya, Spain 43�18.1’N, 2�15.5’W 54.6 e 55.5 marl, limestone, clay

Tejada et al., 2009 Gorgo a Cerbara, Marche,
Central Italy

43�36’01"N, 0�06’08"E ~125 mudstone, organic-rich
shales, radiolarites

Turgeon & Creaser, 2008 ODP Leg 207 Site 1260B 9�15.931’N, 54�32.652’W 92.71 e 94.17 organic-rich sediments

Furlo, Central Italy 92.95 e 93.75 organic-rich shales

Williams & Turekian, 2004 ODP Leg 146 Site 893 34�17.25’N, 120�02.19’W 0.0005 e 0.126 laminated organic-rich,
silty, nannofossil clay
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187Os/188Os of this hydrogenous component was similar at
sites widely distributed throughout the world’s ocean basin
(Ravizza and Turekian, 1992). Following the pioneers of Os
isotope geochemistry (Herr et al., 1961; Hirt et al., 1963;
Allegre and Luck, 1980), early studies report variations in
187Os abundance relative to 186Os (i.e. 187Os/186Os). This
normalization was abandoned in favor of 188Os (i.e.
187Os/188Os; 187Os/188Os z 8.3 187Os/186Os) once it became
clear that natural variations in 186Os due to the long-lived a-
decay of 190Pt could be detected in crustal rocks (Walker et al.,
1997). Near the end of the 1990s, the 187Os/188Os of seawater
from the world’s various oceans was shown to be nearly
homogeneous, with a value of approximately 1.06 � 0.005
(Sharma et al., 1997; Levasseur et al., 1998; Woodhouse et al.,
1999). However, high precision analyses of 187Os/188Os from
a large suite of Mn crust surfaces revealed that North Atlantic
water is slightly more radiogenic than seawater in the other
ocean basins, suggesting that seawater may not be completely
homogeneous in the global ocean (Burton et al., 1999). The
most recent data suggest that there are regional Os isotope

heterogeneities in modern seawater that likely reflect a wide-
spread influence of anthropogenic impacts on the global Os
cycle (Chen et al., 2009).

Early work on LL44-GPC3 (Pegram et al., 1992) and
follow-on studies (Turekian and Pegram, 1997; Pegram and
Turekian, 1999) produced a valuable synoptic record of
Cenozoic 187Os/188Os changes in the deep North Pacific
spanning the last 65 million years (Figure 8.2). This record
reveals large secular variations from ratios as low as 0.233
above the CretaceousePaleogene boundary to much higher
values (0.993), similar to modern seawater, close to the core
top. In spite of the importance of this record, it is limited in
two important ways. First, the age model for most of this
core was based on coarse resolution ichtyolith biostratig-
raphy (Doyle and Riedel, 1979) and a constant hydrogenous
cobalt accumulation model (Kyte et al., 1993). Numerical
ages of Os isotope excursions in LL44-GPC3 are therefore
not readily correlated with the broader marine sediment
record. Second, the leaching method used may not have
isolated only hydrogenous Os (Peucker-Ehrenbrink and
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Ravizza, 1996; Pegram and Turekian, 1999), raising the
broader issue of the overall fidelity of the record as an
accurate indicator of seawater 187Os/188Os. Similar limita-
tions afflict reconstructions of 187Os/188Os in seawater that
are based on analyses of Fe-Mn crusts (Figure 8.3; Klemm
et al., 2005, 2008; Burton, 2006; Nielsen et al., 2009). We
discuss these valuable records of ocean chemistry in more
detail in a later section.

Analyses of bulk samples of metalliferous pelagic
carbonates, deposited on the flanks of mid-ocean ridges, were
employed to develop alternative records of Cenozoic
seawater 187Os/188Os variation that could be compared to the
LL44-GPC3 record (Ravizza, 1993; Peucker-Ehrenbrink
et al., 1995). Use of carbonate cores takes advantage of their
nannofossil and microfossil biostratigraphy to improve
chronologic control, relative to the pelagic clay record, and
allows correlation with carbon and oxygen isotope records of
calcareous micro- and nannofossils (e.g., Zachos et al., 2001).
Models of the sedimentary Os budget that describe Os isotope
composition of bulk sediment as a three-component mixture
of hydrogenous, lithogenic and extraterrestrial Os (Esser and
Turekian, 1988) were used to argue that the vast majority of
Os in these metalliferous sediments was hydrogenous in
origin (Ravizza, 1993). The similarity in 187Os/188Os of

recently deposited metalliferous sediments (Ravizza and
McMurtry, 1993; Ravizza et al., 1996) with the 187Os/188Os of
seawater, and of the similarity of bulk sediment and leach Os
isotope data from the same sample (Peucker-Ehrenbrink
et al., 1995; Reusch et al., 1998) support this conclusion.

Several independent approaches have suggested that the
marine residence time of Os was longer than the mixing time
of the modern ocean (Palmer et al., 1988), but substantially
shorter than that of Sr (strontium) (Richter and Turekian,
1993; Peucker-Ehrenbrink and Ravizza, 1996; Levasseur
et al., 1999a). The rapid accumulation rate of metalliferous
carbonates, approximately 1 cm/kyr, allowed investigation
of the marine Os isotope record on shorter time scales from
104 to 105 yrs (Oxburgh, 1996, 1998; Reusch et al., 1998).
These studies provided evidence of high frequency variations
in seawater 187Os/188Os, suggesting that the marine residence
time of Os was poised within the range of 10 000 to 50 000
years; i.e. sufficiently long that Os is well mixed in the global
ocean but short enough to record the globally integrated
change in oceanic inputs associated with glacialeinterglacial
cycles. More recent studies of organic-rich marine sediments
have yielded data consistent with a marine residence time
< 10 kyr (Dalai et al., 2005; Oxburgh et al., 2007). These are
discussed in more detail in the following section.
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8.3. PLEISTOCENE

Orbitally forced, glacialeinterglacial cycles are recorded in
sediment sequences in many ways. Efforts to recognize the
effects of glacialeinterglacial cycles have extended to the
marine Sr and Os isotope records, with limited success.
Repeated attempts to detect subtle (few parts per million)
variations in the marine 87Sr/86Sr have failed (Dia et al., 1991;
Clemens et al., 1993; Mokadem et al., 2007). This search was
in part motivated by evidence for release of radiogenic Sr
from incongruent weathering of young glacial moraines
(Blum and Erel, 1995). Radiogenic isotope systems with
shorter marine residence times than Sr are more likely to
record such glacialeinterglacial variations. Here we review
evidence from the marine 187Os/188Os record.

The first evidence for significant glacialeinterglacial
variations in the marine 187Os/188Os record came from

metalliferous carbonates from the East Pacific Rise (EPR;
Table 8.1; Oxburgh, 1998; Figure 8.4). These indicate less
radiogenic seawater during the height of marine isotope
stages (MIS) 2 (~20 ka) and, possibly, 6 (~150 ka), and
correlate with the record of dust accumulation in Antarctica
(Petit et al., 1990). This correlation could be caused by
decreased delivery of radiogenic Os from the continents due
to diminished continental runoff in drier glacial climates
(Oxburg, 1998). Alternatively, it could reflect increased
delivery of radiogenic Os from the continents during the
interglacials due to release of radiogenic Os from incongruent
weathering of glacial detritus after glacial retreat (Peucker-
Ehrenbrink and Blum, 1998). Modeling the rapid increase
from glacial to interglacial Os isotope required a short marine
residence time of Os of the order of �12 000 yr, and possibly
as short as 1200 yr (Oxburgh, 1998). This is significantly

FIGURE 8.3 Synoptic 187Os/188Os record of seawater of the past 75 Myr reconstructed from hydrogenous FeeMn crust (Burton et al., 1999), plotted against

depth in the crust. The crust surface (0 mm) approximates modern seawater 187Os/188Os (1.03). These very slowly accumulating crusts preserve long records of

ocean chemistry but are difficult to date. Distinctive features in the 187Os/188Os record of seawater such as the large amplitude excursions to low 187Os/188Os in

the late Eocene and at the KeT boundary help improve the chronology (Klemm et al., 2005, 2008; Burton, 2006). Note the overall similarity of this record to

those from leachable Os in pelagic clays (Figure 8.2), and to the more highly resolved sediment record (Figure 8.1).
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shorter than estimates of >10 000e54 000 yr that are based
on Os chemistry and mass-balance models (Palmer et al.,
1988; Richter and Turekian, 1993; Peucker-Ehrenbrink and
Ravizza, 1996; Sharma et al., 1997; Levasseur et al., 1999a).
Since the report of glacialeinterglacial variations in
187Os/188Os (Oxburgh, 1996, 1998), several groups have
provided somewhat conflicting evidence for the evolution
of seawater 187Os/188Os during the last 200 000 years
(Table 8.1, Oxburgh, 1998; Peucker-Ehrenbrink and Ravizza,
2000; Williams and Turekian, 2004; Dalai et al., 2005; Dalai
and Ravizza, 2006; Oxburgh et al., 2007; Paquay et al., 2009;
see Figure 8.4).

Three of those records are from restricted basins or
marginal seas; the Santa Barbara Basin (Peucker-Ehrenbrink
and Ravizza, 2000; Williams and Turekian, 2004), the Japan
Sea (Dalai et al., 2005), and the Cariaco Basin (Oxburgh
et al., 2007). Despite at least partial isolation of these basins
from the open ocean during glacial sea level low-stands, these
records, after careful consideration and corrections for non-
hydrogenous Os (e.g., Dalai et al., 2005) yield values similar
to the EPR record during glacial (187Os/188Os ¼ 0.94e0.97)
and interglacial (187Os/188Os ¼ 1.02e1.04) times and thus
likely reflect a secular trend. Combined, the data show less

radiogenic values during MIS 2, 4, and 6, and more radio-
genic values during MIS 1 and 5. Data for MIS 3, a warm
phase during the last glaciation, yield conflicting results, with
radiogenic values for samples from the EPR and less radio-
genic values in the Cariaco Basin (Oxburgh, 1998; Oxburgh
et al., 2007). Oxygen isotope data indicate that the Cariaco
Basin evolved in partial isolation from the open ocean
(Oxburgh et al., 2007), a fact that may explain the discrep-
ancy between 187Os/188Os values from the EPR and the
Cariaco Basin, if runoff into the Cariaco Basin is significantly
less radiogenic than contemporaneous seawater.

In contrast to these records from restricted basins and
marginal seas, data from pure carbonates from the Ontong
Java Plateau (Dalai and Ravizza, 2006, table 8.1) yield
187Os/188Os that are less radiogenic compared to data by
Oxburgh (1998) and Oxburgh et al. (2007). The reasons for
this discrepancy are not well understood. Dalai and Ravizza
(2006) suggest that enhanced flux of extraterrestrial matter to
this area, indicated by above-average 3He accumulation rates,
may have lowered the Os isotope composition of Ontong Java
Plateau sediments. This interpretation is supported by
unpublished data for pure carbonates of Miocene age from
ODP core 757B that also yield bulk 187Os/188Os values that
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are less radiogenic than contemporaneous seawater (Ravizza,
1993; Reusch et al., 1998). These carbonates show 3He
enrichments that may indicate enhanced delivery of extra-
terrestrial 3He by a meteor shower in the late Miocene (Farley
et al. 2006). Only after correction for extraterrestrial Os does
this bulk carbonate record reflect seawater-like 187Os/188Os.
An alternative interpretation of the less radiogenic values in
ODP 806 sediments is that they reflect real regional differ-
ences in the isotope composition of seawater, for instance,
less radiogenic seawater in the western Pacific. Early vertical
profiles of 187Os/188Os in the Indian and Pacific oceans were
homogeneous (Levasseur et al., 1998; Woodhouse et al.,
1999); analyses of surface waters from the western Equatorial
Pacific (Coral Sea: Martin et al., 2000) and the central
Atlantic (Ramirez et al., 2006), however, show lower Os
concentrations and 187Os/188Os. If the Os isotope signature of
carbonate sediments is mainly acquired in the photic zone,
less radiogenic surface waters may cause carbonate sediments
to be systematically less radiogenic than the deep water
187Os/188Os. The tendency of recent core-top carbonates to
have 187Os/188Os values slightly less radiogenic than
contemporaneous seawater (Oxburg, 1996) has been corrob-
orated by analyses of reef-building corals that yield
187Os/188Os less radiogenic than present-day seawater
(Levasseur et al., 1999b). If correct, this interpretation affords
a means of reconstructing Os isotope differences between
surface water, as recorded in pure carbonates, and deep
waters, as recorded in rapidly accumulating metalliferous
sediments.

Another largely unexplored aspect of the Pleistocene
seawater 187Os/188Os record is the isotope evolution of
seawater across the transition from the 40-kyr (obliquity) to
the 100-kyr (eccentricity) mode of climate variability in the
mid-Pleistocene, at about 900 ka. Geochemical data for soil
chronosequences developed on glacial moraines (Peucker-
Ehrenbrink and Blum, 1998) suggest that progressive removal
of regolith from glaciated shield areas surrounding the North
Atlantic drove seawater 187Os/188Os to more radiogenic
values. While the few existing data between ~4 Ma and 0.25
Ma indicate an increase in seawater 187Os/188Os from <0.9 to
~1.0e1.03, the fine structure of this increase has not been
reconstructed (Dalai and Ravizza, 2010). Mineralogical and
geochemical studies of glacial moraines formed before and
after the mid-Pleistocene climate transition (Roy et al., 2004)
suggest a significant loss of regolith from the Canadian Shield
during that transition. Together, these studies provide
a conceptual framework for the interpretation of marine
187Os/188Os during the mid-Pleistocene.

8.4. MIOCENE

The marine Os isotope record during the Miocene is poorly
constrained. The 187Os/188Os record from well-dated pelagic
carbonates (Ravizza, 1993, table 1; Peucker-Ehrenbrink et al.,

1995; Reusch et al., 1998) generally agrees with pelagic clay
and Mn-crust records. The similarity indicates that the marine
Os isotope record of the past 15 Myr is characterized by
a nearly linear increase from 187Os/188Os of ~0.7 to ~1.06 in
the modern ocean (Figure 8.1). An exception to the quasi-
linear increase may be the apparent transient excursion to
187Os/188Os values as low as 0.7 between 12 and 14 million
years ago that has been observed in three ferromanganese
crusts from the central Pacific and Atlantic oceans (Klemm
et al., 2005, 2008; Burton, 2006) and linked to the release of
unradiogenic Os during the eruption of the Columbia River
flood basalts (Klemm et al., 2008). However, it should be
noted that this feature has not been clearly identified in
marine sediments, whose ages can be determined with much
greater certainty than Mn crusts.

It is not widely appreciated that reconstructions of the Os
isotope record at low temporal resolution may fail to capture
important features of the record. More specifically, aliasing
can occur in records where the time gap between samples is
long compared to the marine residence time of Os. This point
is illustrated with an unpublished, detailed Os isotope record
from DSDP Site 598 that spans the middle Miocene Climate
Transition (MMCT; Figure 8.5). The same core has been
investigated by Reusch et al. (1998). The impetus for gener-
ating this high-resolution record was to employ the influence
of a major ice sheet expansion on the marine Os isotope
record as a paleo-weathering proxy. This more densely
sampled record reveals a subtle but readily discernable
minimum in 187Os/188Os, coincident with the most positive
benthic oxygen isotope values at ~13.6 Ma (Figure 8.5).
The overall slope of the 187Os/188Os curve at the onset of the
MMCT is negative, rather than positive as is implied by the
low-resolution record in Figure 8.1. The local minimum in
187Os/188Os is qualitatively similar to local minima associated
with recent glacial events, but on a longer time scale and with
smaller amplitude in 187Os/188Os. Although this trend has yet
to be duplicated at another location, the general agreement
between low-resolution data from this core, and DSDP core
521 in the South Atlantic (Reusch et al., 1998) indicates that
the data accurately reflect the 187Os/188Os of Miocene
seawater. It is also noteworthy that 187Os/188Os of bulk
sediments become markedly larger than the 187Os/188Os of
leachable Os across the core gap, suggesting the presence of
a radiogenic detrital Os component in the sediment or perhaps
contamination associated with drilling operations.

8.5. OLIGOCENE

We discuss two segments of the Oligocene record: the period
of the emplacement of the YemenieEthiopian flood basalts
and the transition from the Eocene into the Oligocene, the
latter including the major expansion of the Antarctic ice sheet
in the early Oligocene (Oi-1 event).
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YemenieEthiopian Flood Basalts

The emplacement of the YemenieEthiopian flood basalts left
a recognizable imprint on the 187Os/188Os record of seawater
(Peucker-Ehrenbrink and Ravizza.) This event illustrates the
importance of detailed stratigraphic information when
attempting to reconstruct the marine Os isotope record at high
temporal resolution. Figure 8.6 summarizes data from three
sites for which detailed magnetostratigraphy is available;
DSDP 522 in the South Atlantic (Tauxe and Hartl, 1997), ODP
711A in the western Indian Ocean (Touchard et al., 2003) and
ODP 1218 in the Equatorial Pacific (Lanci et al., 2005). The
stratigraphic data identify the onset of YemenieEthiopian
flood basalt volcanism at the base of magnetochron C11r, and
the termination of major volcanism at the base of C11n.1n
(Coulie et al., 2003). Data from Site 711, located approxi-
mately 3500 km southeast of the center of volcanic activity,
show a 0.05 unit dip in the marine 187Os/188Os, centered

around 30.8 Ma. Ash layers in these sediments mark the late,
siliceous phase of the eruptive period. In contrast to the Indian
Ocean record, the Pacific record from ODP Site 1218 does not
show a well-defined excursion to less radiogenic values, but
rather a series of spikes towards less radiogenic values. The
resolution of the record is insufficient to resolve the fine
structure of this distal record of the flood basalt eruption. The
Atlantic site also shows a pronounced excursion centered on
30.55 Ma. However, the background values in this record are
about 0.06 units more radiogenic than those in the Indian and
Pacific oceans. The chronologies of these cores were deter-
mined by linearly interpolating between magnetostratigraphic
and biostratigraphic datums. Age differences in the excursions
of ~0.2 Myr between cores may therefore reflect imperfect
alignment of the records. This is particularly likely for DSDP
522 and ODP 711A, where the C12n/C11r reversal boundary
coincides with gaps between cores, strongly suggesting that
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incomplete core recovery partially truncates sediments in C11r
and/or C12n. In contrast, multiple holes drilled at ODP Site
1218, integrated on a composite depth scale, provide
a complete record of magnetochron C11r in the Equatorial
Pacific.

If this excursion to less radiogenic 187Os/188Os values is
indeed related to the eruption of the YemenieEthiopian
flood basalts, the isotope signal is most pronounced in the
more proximal Indian and South Atlantic oceans. More
significantly, the variability in the marine 187Os/188Os record
during this episode of flood basalt volcanism is modest
compared to the observed variations coincident with erup-
tion of the Deccan traps (Ravizza and Peucker-Ehrenbrink,
2003a), emplacement of large igneous provinces at the
CenomanianeTuronian boundary (Turgeon and Creaser,
2008), and the formation of the Central Atlantic Magmatic
Province (Cohen and Coe, 2002). The data also require
either that the global ocean was not homogeneous with
respect to 187Os/188Os during the Oligocene, or that the bulk
pelagic carbonate records are systematically biased by Os
associated with terrigenous or extraterrestrial matter in the
bulk sediment. Systematic offsets like those shown in
Figure 8.6 are not uncommon in pelagic carbonate records.
Regardless of the cause(s) of these offsets, their existence
precludes chemostratigraphic applications that are directly
analogous to the chemostratigraphic application of the
marine Sr isotope record.

EoceneeOligocene Transition

The single most pronounced feature of the Cenozoic
187Os/188Os record of seawater is a minimum spanning the
EoceneeOligocene transition (EOT, Figure 8.1). This feature
has been documented at 10 sites around the world that
represent a variety of depositional settings (Table 8.1; Pegram
et al., 1992; Turekian and Pegram, 1997; Ravizza and
Peucker-Ehrenbrink, 2003b). In the most highly resolved
records, the lowest 187Os/188Os is ~0.25. While similarly low
values are associated with the CretaceouseTertiary boundary
(KTB) and late Eocene impacts, the EOT minimum is
distinctive because of its long duration and the lack of an Ir
(iridium) anomaly. The duration of the EOT isotope excursion
is approximately 2 Myr (Dalai et al., 2006), substantially
longer than the duration of impact-induced excursions in the
Os isotope record (Paquay et al., 2008). For the purposes of
this review, the EOT excursion is of special interest because it
provides examples of applications of the marine Os isotope
record as a chemostratigraphic marker horizon.

The EOT excursion was initially recognized in the Pacific
red clays (Table 8.1; Pegram et al., 1992; Turekian and
Pegram, 1997). Today, the best available record of the EOT
excursion is based on analyses of carbonate sediments from
the Equatorial Pacific (Table 8.1; Dalai et al., 2006;
Figure 8.7), at sites possessing good magnetostratigraphic age
models (Wade and Pälike, 2004). In cores with reliable
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magnetostratigraphies, the lowest 187Os/188Os consistently
falls within magnetochron C13r (Figure 8.7). More impor-
tantly, the rising limb of the isotope excursion crosses the
EoceneeOligocene boundary (EOB) and the abrupt shift in
benthic oxygen isotope records that marks the “green-house/
ice-house transition” (Figure 8.7). This allows the marine Os
isotope record to serve as proxy for the EOB in the absence of
more traditional stratigraphic markers.

Owing to its prominence in the marine Os isotope record
(Figure 8.1), the isotope excursion across the EOT has been
exploited as a chemostratigraphic datum to locate the
EoceneeOligocene Boundary in manganese (Mn) crusts
(Klemmet al., 2005;Burton, 2006;Nielsen et al., 2009), pelagic
clays (Ravizza and Peucker-Ehrenbrink, 2003b), and organic-
rich siliceous marine sediments (Figure 8.8, Ravizza and
Paquay, 2008).

The examples above emphasize the value of the Os
isotope excursion across the EOT as a chemostratigraphic
marker for both low- and high-resolution studies. The
distinction between the chemostratigraphic approach used
here and the application of the marine Sr isotope record to
chronological problems is worth noting. The globally
homogeneous and slowly changing 87Sr/86Sr of seawater,
reconstructed from well-preserved marine carbonates, is
being modeled to yield best-fit lines that assign each age
a unique 87Sr/86Sr (e.g., McArthur and Howarth, 2004). This
approach is not warranted for Os because substantial offsets
between coeval sediment sequences have been observed. A
prime example is the offset between isotope records from

ODP Sites 1219 and 1218 in the Equatorial Pacific
(Figure 8.7). Detailed correlation based on physical proper-
ties allows cores from these two sites to be placed on
a common composite depth scale, providing unambiguous
correlation of these records. While the EOT excursion is
readily apparent in both records, the absolute 187Os/188Os
values at the nadir of the excursion differ by 0.05 187Os/188Os
units. This offset cannot be readily explained as the influence
of non-hydrogenous Os in the bulk sediment, and we cannot
preclude the possibility that this offset reflects true differ-
ences in the 187Os/188Os of late Eocene seawater between the
sites. Thus, rather than trying to mimic the approach used in
Sr isotope stratigraphy, we choose to exploit “events” in the
marine Os isotope record as “chemostratigraphic markers”.
This approach is crudely analogous to using magnetic
reversals to constrain sediment chronology, but it is more
information-rich because it is not binary in character.

8.6. LATE EOCENE IMPACTS

The high-resolution 187Os/188Os record of the late Eocene
seawater (Figures 8.7 and 8.9; ODP Site 1090, ODP Site
1219) shows a short excursion towards unradiogenic (0.28)
values that coincide with elevated Os and Ir concentrations.
Two distinct microtektite horizons (e.g., Keller et al., 1987;
Wei, 1995), Ir anomalies (Montanari et al., 1993), and
shocked quartz with multiple sets of planar deformation
features (Clymer et al., 1996), link these anomalies to the
Chesapeake Bay and Popigai impact events (see Koeberl,

0.5

1.0

1.5

2.0

2.5 0.2

0.3

0.4

0.5

0.6

0.7

32 33 34 35 36
Age (Ma)

C12r C13n C13r
Oligocene Eocene

1
8

7
O

s
/
1

8
8
O

s
 
(
c

i
r
c

l
e

s
)

O
ns

et
 o

f O
lig

oc
en

e
gl

ac
ia

tio
n

C
1

6
n

.
1

n

FIGURE 8.7 Marine 187Os/188Os record of the Eocenee

Oligocene transition (Dalai et al., 2006) from ODP 1218

(black circles) and ODP 1219 (gray circles) with benthic

oxygen isotope variations in ODP 1218 (Coxall et al.,

2005) and magnetic reversal boundaries (Pälike et al.,
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2001, for a summary). A greater abundance of Earth-crossing
objects and interplanetary dust at that time may explain
a concomitant spike in the extraterrestrial 3He flux (Farley
et al., 1998). The magnitude of late Eocene and KTB
187Os/188Os anomalies scales with the putative size of the
impactor (Paquay et al., 2008). The characteristic shape of
these excursions e near instantaneous shifts to unradiogenic
values followed by exponential recoveries consistent with the
~25 kyr marine residence time of Os e can be utilized to
scrutinize the sedimentary records for other, as yet
undetected, impact events in the geologic record (Figure 8.9).
These features in the marine 187Os/188Os record are not only
marked by positive concentration anomalies of Os and Ir, but
also show a characteristic sudden decrease and subsequent
slow increase in Os/Ir values that are caused by more rapid
removal of extraterrestrial Ir from seawater (i.e. shorter
residence time) compared to the more protracted recovery of
Os concentrations (Paquay et al., 2008).

8.7. EARLY EOCENE

The marine 187Os/188Os record increased from ~0.3 at 60 Ma
to ~0.45 at 53 Ma during a period of warming climate that
was punctuated by transient warming events. The most

prominent of these events is the PaleoceneeEocene Thermal
Maximum (PETM), but smaller transient warmings suc-
ceeding the PETM have recently been identified (Zachos
et al., 2004; Lourens et al., 2005; Westerhold et al., 2005).
The best studied of these is the ELMO event. The marine
187Os/188Os evolution during the PETM is characterized by
a transient increase from 187Os/188Os ~0.34 to more radio-
genic values (187Os/188Os ~0.44), followed by a return to pre-
excursion values (Figure 8.10; Ravizza et al., 2001). This
excursion correlates with well-documented oxygen- and
carbon-isotope excursions that are thought to reflect the
transfer of light carbon to the ocean-atmosphere carbon pool
and resulting greenhouse warming (e.g., Dickens et al., 1995).
Ravizza et al. (2001) interpret this transient Os isotope
excursion as being a result of intensified continental delivery
of radiogenic 187Os, caused by enhanced silicate weathering
during the PETM. Isotope mass balance requires a 20e30%
increase in either the flux of continental Os or the isotope
composition of continental runoff. The transient nature of this
excursion is consistent with temperature-dependent silicate
weathering, a key mechanism that has been invoked as
a means of stabilizing global temperatures over geologic
times (e.g., Ebelmen, 1845; Chamberlin, 1897; Rubey, 1951;
Walker et al., 1981; Berner et al., 1983).
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Following the apex of the PETM Os isotope excursion,
dated at 55 Ma, the marine 187Os/188Os had returned to
values of ~0.34 by 54.5 Ma. New data from DSDP Hole 549
indicate 187Os/188Os values reaching PETM-like values of
~0.44 by 53.6 Ma. A second transient excursion to
187Os/188Os as high as 0.5 (Figure 8.10; Peucker-Ehrenbrink
and Ravizza, unpublished) is likely related to the ELMO
event that occurred approximately 2 Myr after the PETM,
according to astronomically tuned sediment records (Lou-
rens et al., 2005). The ELMO 187Os/188Os excursion is
smaller in magnitude (~0.45 to ~0.5) than the PETM Os
isotope excursion, consistent with the proposed smaller
warming effect of this transient greenhouse. Most notably,
the marine 187Os/188Os record appears to have reached a new
steady state just prior to and after the ELMO event that is
approximately identical to the maximum values reached
during the PETM. Although the fine structure of this secular
transition into a new steady state is not yet sufficiently well
known, it appears as if the PETM excursion marks the
beginning of this transition into the Eocene climate optimum.
Combined with evidence from the Pleistocene, transient
warming events are generally correlated with excursions to
more radiogenic 187Os/188Os, whereas transient cold events
cause the opposite effect.

8.8. PALEOCENE

The 187Os/188Os record of most of the Paleocene is poorly
defined except near its upper and lower boundaries (see the
preceding and following sections). The LL44eGPC3 record
hints at unradiogenic seawater with 187Os/188Os ~0.32
between about 57 and 61 Ma, but the onset and termination of
this low are poorly known (Figure 8.2). Potential sources of
unradiogenic Os include the early eruptive phase of the North
Atlantic Igneous Province that has been dated at 61�2 Ma
(Courtillot and Renne, 2003) and the Papuan Ultramafic Belt
ophiolite whose exhumation due to the convergence between
the Australian and Pacific plates has been 40Ar/39Ar-dated at
about 58 Ma (Lus et al., 2004). This ophiolite exposure is
approximately 400 km long and 40 km wide, and consists of
a sliver of 8 km thick former oceanic crust that is underlain by
Os-rich ultramafic rocks of similar thickness.

The second eruptive phase of the North Atlantic Igneous
Province is documented by the occurrence of chemically
more evolved ash layers in northern Central European sedi-
ment sections just beneath the onset of the carbon isotope
anomaly of the PETM (Schmitz et al., 2004). This eruptive
phase, 40Ar/39Ar-dated at 56�1 Ma (Courtillot and Renne,
2003), has been invoked as a trigger for the destabilization of
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sedimentary methane-hydrate deposits in the North Atlantic,
and release of isotopically light carbon at the PETM (Svenson
et al., 2004).

8.9. CRETACEOUS-TERTIARY (K-T)
BOUNDARY

In the composite Cenozoic 187Os/188Os record (Figures 8.1
and 8.2) the largest excursion from late Cretaceous values
close to 0.6 to unradiogenic, mantle-, and extraterrestrial-like
values of approximately 0.15, is close to the K-T boundary
(KTB). This feature coincides with the formation of the
largest preserved terrestrial impact crater in the Phanerozoic,
the 65.5 Myr Chicxulub crater (Izett et al., 1991; Knight et al.,
2003; note that the absolute age is inaccurate by ~0.5 Myr due
to the inaccuracy of the 40K decay constant; Renne et al.,
1998; Kuiper et al., 2008). Recent work has revisited the
Ar-Ar geochronology of the KTB and proposed an age of
65.95 Myr (Kuiper et al. 2008). The very first study of marine
Os isotope variations (Pegram et al., 1992) hinted at such

unradiogenic values near the KTB and raised concerns about
diffusion of Os from the KTB in core LL44eGPC3, a possi-
bility that Pegram et al. (1992) dismissed because of the oxic
nature of the sediments. Unradiogenic 187Os/188Os values for
KTB sediments (Luck and Turekian, 1983; Geissbühler,
1990), a transient excursion to unradiogenic values across this
boundary, and a comparison of bulk and leach analyses
(Peucker-Ehrenbrink et al., 1995), indicate that this feature
reflects an excursion in the isotope composition of seawater.

More recent data show that only a portion of the
187Os/188Os decline from 0.6 to 0.15 can be attributed to the
KTB impact event. A high-resolution study of pre-KTB
sediments in multiple cores reveals a decrease in 187Os/188Os
during the latest Maastrichtian that is followed by a stabili-
zation of 187Os/188Os values at ~0.4 just prior to the KTB
(Figure 8.11; Ravizza and Peucker-Ehrenbrink, 2003a;
Robinson et al., 2009). Evidence for transient warming in the
terrestrial (Wilf et al., 2003) and marine (Li and Keller, 1998)
records of late Maastrichtian climate indicate that the
decrease in and stabilization at less radiogenic 187Os/188Os
reflect the environmental consequences of the main eruptive
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phase of the Deccan Traps (Ravizza and Peucker-Ehrenbrink,
2003a). Lower resolution osmium isotope data from DSDP
Holes 245 and 577, which span the latest Maastrichtian and
earliest Paleocene, document the sudden decline to values of
~0.15 at the KTB as well as the recovery to values of ~0.4
within less than 0.5 Myr. The late Maastrichtian decrease in
187Os/188Os is not accompanied by anomalously high
PGE accumulation rates, in contrast to the KTB excursion
(Robinson et al., 2009).

Mass balance calculations indicate that the main phase of
the Deccan Trap eruption occurred just prior to the KTB
(Chicxulub) impact (Ravizza and Peucker-Ehrenbrink,
2003a; Paquay et al., 2008). As large impacts leave a recog-
nizable imprint on the marine Os isotope record for�100 kyr,
i.e. the duration of several residence times of Os in seawater,
it is unlikely that a putative second large impact offset by
~300 kyr from the KTB impact, as proposed by Keller et al.
(2004), was missed in these records, unless the impactor was
an achondrite.

8.10. PRE-CENOZOIC RECORDS

Efforts to reconstruct the pre-Cenozoic record of 187Os/188Os
in seawater face additional challenges to those discussed
above. The pelagic carbonate sequences, which are the focus
of much work, are rare in the early Mesozoic and are
essentially absent prior to the PaleozoiceMesozoic
boundary. Consequently, the focus of work in this older
portion of the marine Os isotope record shifts to marine
sediments with high organic carbon contents. The impetus

for such work is varied and ranges from precise 187Re-187Os
age determinations (Selby et al., 2007) of important geologic
boundaries (Selby and Creaser, 2005; Turgeon et al., 2007;
Selby et al., 2009), Cryogenian glaciations (Kendall et al.,
2004, 2006) and the onset of atmospheric oxygenation
(Hannah et al., 2004), to investigations of “events” in the
marine sedimentary record (Cohen et al., 1999, 2004; Cohen
and Coe, 2002, 2007; Turgeon and Creaser, 2008; Selby
et al., 2009). Straight linear trends in 187Re/188Os vs.
187Os/188Os diagrams (i.e. isochrons) and specifically the
187Os/188Os value at 187Re/188Os ¼ 0 (i.e. the “initial”
187Os/188Os at the time of deposition) can yield insights into
the isotope composition of paleo-seawater, provided that the
phases analyzed contain predominantly hydrogenous Os (see
review by Peucker-Ehrenbrink and Ravizza, 2000). Obtain-
ing meaningful initial 187Os/188Os for pre-Cenozoic sedi-
ments requires significant age corrections for in situ decay of
187Re since deposition. The most elegant studies in this area
entail construction of Re-Os isochrons from analyses of large
suites of samples from a narrow stratigraphic horizon to
determining both the age of the horizon and the 187Os/188Os
of seawater at the time of deposition (Cohen et al., 1999;
Selby and Creaser, 2005). Analyses of organic-rich siliceous
oozes spanning the EoceneeOligocene transition provide
empirical evidence, demonstrating that organic-rich sediment
records can be used to reconstruct 187Os/188Os variations of
paleo-seawater (Ravizza and Paquay, 2008). However,
McArthur et al. (2008) have pointed out that similar dis-
solved Os concentrations in river water and seawater make
the Re-Os systematics of organic-rich mudstone prone to
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regional variations. Consequently, these workers caution
against assuming that all organic-rich mud rocks yield initial
187Os/188Os ratios that are representative of the global ocean.

8.11. MESOZOIC

The solitary nature of the few available data sets yields the
very first insights into possible variations in 187Os/188Os of
pre-Cretaceous seawater (Figure 8.12). One of the most
dramatic and best documented transient excursions to un-
radiogenic 187Os/188Os of seawater coincides with the 3&
excursion to more positive d13C of bulk organic matter that
defines the onset of the Oceanic Anoxic Event 2 (OAE2) at
the CenomanianeTuronian boundary (Turgeon and Creaser,
2008; Selby et al., 2009). The sharp drop in 187Os/188Os from
~0.6 to ~0.16 (Turgeon and Creaser, 2008) just before or at
the onset of the OAE2, together with a prolonged (>100 000
yr) duration of unradiogenic 187Os/188Os, point to a sudden
onset and continuing release of unradiogenic Os to seawater.

This excursion has been documented in two cores from the
southern proto-North Atlantic and the western Tethys. It
therefore likely represents a global rather than a local event,
such as the large igneous, intraoceanic flood basalt provinces
(e.g., CaribbeaneColombian igneous province) that erupted
at the CenomanianeTuronian boundary and caused wide-
spread ocean anoxia that led to increased preservation of
organic matter (Turgeon and Creaser, 2008).

A similar rapid shift to unradiogenic seawater isotope
composition has been observed during the OAE1a
(Selli Level, Lower Aptian), where 187Os/188Os values
decline from pre-Selli Level values of ~0.7 to Selli Level
values of ~0.2, and then recover to post-Selli Level values of
~0.45 (Figure 8.12; Tejada et al., 2009). This major OAE that
triggered the deposition of thick, laminated organic-rich
sediments has been linked to the environmental perturbations
caused by the first major phase of eruptions of the unradio-
genic Ontong Java Plateau (OJP) during magnetic polarity
chron M0r. Tejada et al. (2009) propose a causal relationship
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between the observed shift to less radiogenic seawater and the
release of unradiogenic Os from the volcanic eruptions that
formed the OJP large igneous province.

Organic-rich mudstones have yielded the most complete
putative 187Os/188Os values for Late Triassic and Early
Jurassic seawater (Table 8.1; Cohen et al., 1999, 2004; Cohen
and Coe, 2002, 2007). These studies combine radiometric
dating of individual ammonite subzones with high-resolution
analyses of marine sediments across important sedimentary
transitions (e.g., Kemp et al., 2005). Examples are the Toar-
cian oceanic anoxic event (OAE, ~181 Ma, Cohen et al.,
2004) that may be coincident with the emplacement of the
KarooeFerrar large igneous province (Kemp et al., 2005;
Duncan et al., 1997), or the emplacement of the Central
Atlantic Magmatic Province (CAMP, ~200 Ma, Cohen and
Coe, 2007) at the JurassiceTriassic boundary. The observed
large and apparently rapid excursions in 187Os/188Os (from
~0.3 to ~1 for the Toarcian; from <0.1 to ~0.8 for the CAMP)
require large modulations in Os flux and/or the isotope
composition of sources that exceed all Cenozoic excursions in

the marine 187Os/188Os record. For the Toarcian OAE, for
example, Cohen et al. (2004) invoke a 400e800% increase in
continental Os delivery in the exaratum subzone. Enhanced
Os runoff was presumably caused by a dramatic increase in
global continental weathering during a methane-induced
transient global warming event that is marked by a ~3&
negative d13C excursion and a disputed accelerated increase
in marine 87Sr/86Sr (Cohen et al., 2004; Kemp et al., 2005;
McArthur, 2008). However, some of the ancillary data for
these sediments are difficult to reconcile with these sediments
recording global seawater chemistry. For example, Newton
et al. (2006) report large and rapid changes in d34S of carbon-
associated sulfate that are suggestive of deposition in
restricted western Tethys basins or in a strongly stratified
water column, unless the oceanic sulfate pool was much
smaller than that of the modern ocean. Interestingly,
187Re/188Os also decreases across this excursion, mainly
because of decreasing Re concentrations despite the lack of
significant changes in organic carbon contents. The decrease
in Re (and Os) concentrations in these sediments could be
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indicative of rapidly decreasing dissolved Re concentrations
that are more likely to occur in restricted basins or in strongly
stratified ocean basins. An additional complication is that
work on Early Jurassic sections in the eastern Tethys led
Wignall et al. (2006) to question the time-correlative nature of
the Early Jurassic extinction event across the Tethys. These
authors argue for asynchronous development of dysoxia and
extinctions. Clearly, marine sections from locations outside of
Northern Europe need to be investigated before the existing
studies can be confidently interpreted as global records of
ocean chemistry.

Given that most Re-Os work in the Mesozoic has
concentrated on OAEs, it is noteworthy that the recent work
by Xu et al. (2009), aimed at refining the age of the
AnisianeLadinian boundary within the Triassic Period, has
yielded two isochrones with initial 187Os/188Os ratios of 0.67
and 0.83. In summary, although the marine Os isotope record
of the Mesozoic is poorly established compared to the
Cenozoic, it seems likely that the dynamic range in seawater
187Os/188Os is comparable to that of the Cenozoic. However,
additional work is urgently needed to assess potential regional
contrasts in seawater 187Os/188Os. In this regard, the work of
Turgeon and Creaser (2008) stands out because large Os
isotope excursions are shown at two widely separated and
well-correlated sites.

8.12. PALEOZOIC AND PRECAMBRIAN

The few initial ratios for marine sediments of Paleozoic and
Precambrian ages (Figure 8.13) are interesting in that most of
the Paleozoic and Neoproterozoic (Cryogenian) data point to
radiogenic seawater compositions not unlike typical Cenozoic
values (187Os/188Os(i) ¼ 0.75� 0.40 at 354 � 49 Ma (Ravizza
and Turekian, 1989); 187Os/188Os(i) ¼ 0.42 � 0.01 at 361.3 �
2.4 Ma (Selby and Creaser, 2005); 187Os/188Os(i) ¼ 0.45e0.47
at 372.4 � 3.8 Ma (Turgeon et al., 2007); 187Os/188Os(i) ¼
0.69� 0.26 at 449� 22Ma (Finlay et al., 2010); 187Os/188Os(i)
¼ 0.62 � 0.03 at 607.8 � 4.7 (Kendall et al., 2004);
187Os/188Os(i) ¼ 0.95 � 0.01 at 643.0 � 2.4 Ma and
187Os/188Os(i)¼ 0.82� 0.03 at 657.2� 5.4 Ma (Kendall et al.,
2006); 187Os/188Os(i) ¼ 1.04 � 0.03 at 659.6 � 9.6 Ma
(Rooney et al., 2011)). In contrast, the only Paleoproterozoic
datum yields a chondritic initial ratio (187Os/188Os(i) ¼ 0.1121
� 0.0012 at 2316 � 7 Ma (Hannah et al., 2004)). If these data
reflect a general secular trend, the 187Os/188Os evolution of
Precambrian seawater may share similarities with the marine
87Sr/86Sr evolution that started to diverge in the Paleoproter-
ozoic from the chondritic evolution line towards a more
continental crustal composition (Zachariah, 1998). More of
such data is needed to illuminate the evolution of 187Os/188Os
in Precambrian seawater. Unfortunately, the analytical effort
required to obtain high-quality initial 187Os/188Os is substan-
tial, and progress towards a detailed reconstruction of
Precambrian seawater will likely be slow.
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A. Paytan and E.T. Gray Chapter 9

Sulfur Isotope Stratigraphy

Abstract: The sulfur isotopic composition of dissolved
sulfate in seawater has varied through time. Distinct varia-
tions and relatively high rates of change characterize certain
time intervals. This allows for dating and correlation of

sediments using sulfur isotopes. The variation in sulfur
isotopes and the potential stratigraphic resolution of this
isotope system is discussed and graphically displayed.
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9.1. INTRODUCTION

Sulfur isotope biogeochemistry has broad applications to
geological, biological and environmental studies. Sulfur is an
important constituent of the Earth’s lithosphere, biosphere,
hydrosphere and atmosphere, and occurs as a major constituent
or in trace amounts in various components of the Earth system.
Many of the characteristics of sulfur isotope geochemistry are
analogous to those of carbon and nitrogen, as all three elements
occur in reduced and oxidized forms, and undergo an oxidation
state change as a result of biological processes.

Sulfur as sulfate (SO4
2�) is the second most abundant

anion in modern seawater with an average present day
concentration of 28 mmol/kg. It has a conservative distribu-
tion with uniform SO4

2�/salinity ratios in the open ocean and
a very long residence time of close to 10 million years (Chiba
and Sakai, 1985; Berner and Berner, 1987). Because of the
large pool of sulfate in the ocean, it is expected that the rate of
change in either concentration or isotopic composition of

sulfate will be small, thus reducing the utility of this isotope
system as a viable tool for stratigraphic correlation or dating.

However, as seen in Figures 9.1, 9.2, 9.3 and 9.4, the
isotopic record shows distinct variations through time, and at
certain intervals, the rate of change and the unique features of
the record may yield a reliable numerical age. The features in
the record can also be used to correlate between stratigraphic
sections and sequences. This is particularly important for
sequences dominated by evaporites, where fossils are not
abundant or have a restricted distribution range, paramagnetic
minerals are rare, and other stratigraphic tools (for example,
oxygen isotopes in carbonates) cannot be utilized.

While the potential for the utility of sulfur isotope stra-
tigraphy exists, this system has not been broadly applied. The
examples for the application of S isotopes for stratigraphic
correlations predominantly focus on the Neoproterozoic and
often employ other methods of correlation such as 87Sr/86Sr
and d13C as well (Misi et al., 2007; Pokrovskii et al., 2006;
Walter et al., 2000).

The Geologic Time Scale 2012. DOI: 10.1016/B978-0-444-59425-9.00009-3

Copyright � 2012 Felix M. Gradstein, James G. Ogg, Mark Schmitz and Gabi Ogg. Published by Elsevier, B.V. All rights reserved.

167



It is important to note that the method works only for
marine minerals containing sulfate. Moreover, it is crucial
that the integrity of the record be confirmed to insure the
pristine nature of the record and lack of post-depositional
alteration (Kampschulte and Strauss, 2004). In the application
of sulfur isotopes it is assumed that the oceans are homoge-
neous with respect to sulfur isotopes of dissolved sulfate and
that they always were so. As noted above, uniformity is
expected because of the long residence time of sulfate in the
ocean (millions of years) compared to the oceanic mixing
time (thousands of years) and because of the high concen-
tration of sulfate in seawater compared to the concentration in
major input sources of sulfur to the ocean (rivers, hydro-
thermal activity, and volcanic activity). Indeed in the present
day ocean, seawater maintains constant sulfur isotopic
composition (at an analytical precision of � 0.2&) until it is

diluted to salinities well below those supportive of fully
marine fauna (Rees, 1970; Rees et al., 1978). The main
limitation to the broader application of this isotope system for
stratigraphy and correlation is the lack of reliable, high-
resolution, globally representative isotope records that could
be assigned a numerical age scale. As such records become
available the utility of this system could expand considerably.

9.2. MECHANISMS DRIVING THE
VARIATION IN THE S ISOTOPE RECORD

The chemical and isotopic composition of the ocean changes
over time in response to fluctuations in global weathering
rates and riverine loads, volcanic activity, hydrothermal
exchange rates, sediment diagenesis, and sedimentation and
subduction processes. All of these are ultimately controlled
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by tectonic and climatic changes. Specifically, the oceanic
sulfate d34S at any given time is controlled by the relative
proportion of sulfide and sulfate input and removal from the
oceans and their isotopic compositions (e.g., Bottrell and
Newton, 2006). S is commonly present in seawater and
marine sediments in one of two redox states:

1) in its oxidized state as sulfate and sulfate minerals, and
2) in its reduced form as H2S and sulfide minerals.

The oceanic sulfate d34S record provides an estimate for the
relative partitioning of S between the oxidized and reduced
reservoirs through time. Changes in both input and output of
sulfur to/from the ocean have occurred in response to changes
in the geological, geochemical and biological processes
(Strauss, 1997; Berner, 1999). These changes are recorded in
contemporaneous authigenic minerals which precipitate in
the oceanic water column.

Seawater contains a large amount of S (~40 � 1018

mol) that is present, as it has been for at least the past 500
million years, predominantly as oxidized, dissolved sulfate
(SO4

2�) (Holser et al., 1988; Berner and Canfield, 1989;
1999). Ancient oceans may have at times had lower sulfate
concentrations and thus sulfate residence times may have
been shorter (Lowenstein et al., 2001; Horita et al., 2002).
The largest input today is from river run-off from the
continent. The d34S value of this source is variable
(0 to 10&) but typically lower than seawater and depends
on the relative amount of gypsum and pyrite in the
drainage basin (Krouse, 1980; Arthur, 2000). Volcanism
and hydrothermal activity also are small sources of S for
the ocean, with d34S close to 0& (Arthur, 2000). The

output flux is via deposition of evaporites and other sulfate
containing minerals (d34Sevaporite y d34Sseawater) and
sulfides with d34Spyrite y �15& (Krouse, 1980; Kaplan,
1983). The typically light isotope ratios of sulfides are
a result of the strong S isotope fractionation involved in
bacterial sulfate reduction, the precursor for sulfide mineral
formation (Krouse, 1980; Kaplan, 1983). This results in
the S isotope ratios of seawater sulfate being higher than
any of the input sources to the ocean. Seawater sulfate
today has a constant d34S value of 21.0& � 0.2& (Rees
et al., 1978). It has also been suggested that in addition to
changes in the relative rate of burial of reduced and
oxidized S the marine d34S record has been sensitive to
the development of a significant reservoir of H2S in
ancient stratified oceans (Newton et al., 2004). Specifi-
cally, extreme changes over very short geological time
scales (such as at the PermianeTriassic boundary) along
with evidence for ocean anoxia could only be explained
via the development of a large, relatively short lived,
reservoir of H2S in the deep oceanic water column fol-
lowed by oceanic overturning and re-oxygenation of the
H2S.

The evidence that the S isotopic composition of seawater
sulfate has fluctuated considerably over time, until recently,
was based on comprehensive, though not continuous, isotope
data sets obtained from marine evaporitic sulfate deposits and
pyrite (Claypool et al., 1980; Strauss, 1993). More recently,
marine barite has been used to construct a continuous, high-
resolution S curve for the Cenozoic (Paytan et al., 1998) and
Cretaceous (Paytan et al., 2004). Methods to analyze the
sulfate that is associated with marine carbonate deposits
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(carbonate associated sulfate, CAS) have also been developed,
and new data sets using these methods are becoming available.
Specifically, CAS has been used to reconstruct global change
in the sulfur cycle on both long (Kampschulte and Strauss,
2004) and short (Ohkouchi et al., 1999; Kampschulte et al.,
2001) time scales. The new data from barite and from CAS
show considerably more detail and fill significant gaps in the
former data sets, revealing previously unrecognized structure
and increasing the potential for seawater S isotope curves to
serve as a tool for stratigraphy and correlation.

9.3. ISOTOPIC FRACTIONATION
OF SULFUR

The sulfur isotope fractionation between evaporitic sulfate
minerals and dissolved sulfate is approximately 1e2&
(Thode and Monster, 1965). Experiments and analyses of
modern evaporites show values 1.1 � 0.9& heavier than
dissolved ocean sulfate (Holser and Kaplan, 1966). Modern
barites measured by the SF6 method averaged 0.2& heavier
than dissolved ocean sulfate (Paytan et al., 1998). Carbonates
are also expected to have minor fractionation associated with
the incorporation of sulfate. The similarity between the d34S
value of sulfate minerals and dissolved sulfate means that
ancient sulfates can be used as a proxy for the d34S value of
the ocean at the time that the minerals formed.

Reduced S compounds are mostly produced in association
with processes of bacterial sulfate reduction. Dissimilatory
reduction (converting sulfate to sulfide) is performed by
heterotrophic organisms, particularly sulfate-reducing
bacteria. Bacterial sulfate reduction is an energy-yielding,
anaerobic process that occurs only in reducing environments
(Goldhaber and Kaplan, 1974; Canfield, 2001). Measured
fractionations associated with sulfate reduction under exper-
imental conditions range from �20 to �46& at low rates of
sulfate reduction to �10& at high reduction rates. The d34S
values of sulfides of modern marine sediments are typically
around�40&; however, a wide range from�40& toþ3& is
observed. Sulfate reduction and iron sulfide precipitation
continues only as long as:

1) sulfate is available as an oxidant,
2) organic matter is available for sulfate-reducing

bacteria, and
3) reactive iron is present to react with H2S.

In the marine environment, neither sulfate nor iron generally
limit the reaction. Instead, it is the abundance of easily
metabolized carbon that controls the extent of sulfate reduc-
tion. The broad range of d34S values observed in sulfides from
marine sediments results from variable fractionation associ-
ated with the different sedimentary settings and environmental
conditions during sulfate reduction (temperature, porosity,
diffusion rates, etc.) as well as other processes in the S cycle

that involve fractionation such as sulfur disproportionation
reactions (Canfield and Thamdrup, 1994; Habicht et al., 1998).

Assimilatory reduction occurs in autotrophic organisms
where sulfur is incorporated in proteins, particularly as S2� in
amino acids. Assimilatory reduction involves a valence change
fromþ6 to�2. The bonding of the product sulfur is similar to
the dissolved sulfate ion, and fractionations are small (þ0.5 to
�4.5&, Kaplan, 1983). The d34S value of organic sulfur in
extant marine organisms incorporated by assimilatory
processes is generally depleted by 0 to 5& relative to the ocean.

The wide array of environmental conditions that affect the
fractionation, together with the broad range of S isotopic values
of sulfide minerals at any given time, and post-depositional
alteration of assimilatory S into organic matter, limit the utility
of sulfites and S in old organic matter as tools for stratigraphy
and correlation, since measured values may not be represen-
tative of a global oceanic signature.

9.4. MEASUREMENT AND MATERIALS FOR
SULFUR ISOTOPE STRATIGRAPHY

9.4.1. Isotope Analyses

There are four stable isotopes of sulfur. The isotopes that are
commonly measured are 34S and 32S, as these are the two
most abundant of the four. In most but not all samples, the
sulfur isotopes are present in constant ratios to each other,
thus the others could be easily computed (but see Farquhar
et al., 2000). All values are reported as d34S relative to the
Cañon Diablo Troilite (CDT) standard (Ault and Jensen,
1963) using the accepted delta notation. Due to scarcity of the
CDT standard, secondary synthetic argentite (Ag2S) and
other sulfur-bearing standards have been developed, with
d34S values being defined relative to the accepted CTD value
of 0&. Samples are converted to gas (SO2 or SF6) and
analyzed on a gas ratio mass-spectrometer. Analytical
reproducibility is typically �0.2&.

9.4.2. Materials for S Isotope Analysis

9.4.2.1. Evaporites

Records of oceanic sulfur isotopes through time were origi-
nally reconstructed from the analyses of marine evaporitic
sulfate minerals (Holser and Kaplan, 1966; Claypool et al.,
1980). Evaporites contain abundant sulfate and their forma-
tion involves minimal and predictable fractionation, thus they
are suitable archives for this analysis. Claypool et al. (1980)
presented the first compilation of the secular sulfur isotope
record of seawater for the Phanerozoic (Figure 9.1) and their
work provides the basis for our understanding of the sulfur
isotope record. However, as a result of the sporadic nature of
evaporite formation through geological time this record is not
continuous. Moreover, evaporites are hard to date precisely
due to the limited fossil record within these sequences; thus
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the stratigraphic age control on the evaporitic-based sulfur
isotope record is compromised.

9.4.2.2. Barite

Like evaporites, the d34S of barite is quite similar to that of the
sulfate in the solution from which it precipitated. Marine
barite precipitates in the oceanic water column and is rela-
tively immune to diagenetic alteration after burial e thus it
records the changes in the sulfur isotopic composition of
seawater through time (Paytan et al., 1998, 2004). Moreover,
high-resolution, well dated and continuous records can be
developed as long as barite-containing pelagic marine sedi-
ments are available (Paytan et al., 1993). It must be stressed
that reliable seawater sulfur isotope records can only be
derived from marine (pelagic) barite and not diagenetic or
hydrothermal barite deposits (see Eagle et al., 2003 and
Griffith and Paytan 2012 for more details). A sulfur isotope
curve was obtained from pelagic marine barites of Cretaceous
and Cenozoic age with unprecedented temporal resolution
(Paytan et al., 1998, 2004; Figure 9.2). The high-resolution
curve shows some very rapid changes that could be instru-
mental for stratigraphic applications.

9.4.2.3. Substituted Sulfate in Carbonates

Sulfur is a ubiquitous trace element in sedimentary carbonates
(e.g., carbonate associated sulfate, CAS). Concentrations range

from several tens of ppm in inorganic carbonates to several
thousandppm in somebiogenic carbonates (Burdett et al., 1989;
Kampschulte et al., 2001; Lyons et al., 2004). While the
mechanism of sulfate incorporation into carbonates is not fully
understood, CAS is incorporated with little fractionation thus
recording seawater ratios. Carbonates offer an attractivemethod
for refining the secular sulfur curve, because of their abundance
in the geological record, ease of dating and relatively high
accumulation rates. Indeed, a record for Phanerozoic seawater
sulfur isotopes based on CAS has been compiled and published
(Kampschulte and Strauss, 2004; Figure 9.3). Extreme caution
must, however, be exercised in extracting CAS from samples
and interpreting the sulfur isotope data obtained because
carbonates are highly susceptible to post-depositional alteration
and secondary mineral precipitation which can obliterate the
record. The degree ofmodification can be assessed by obtaining
multiple records from distinct locations (or mineral phases) for
the same time interval and construction of secular trends
(Kampschulte and Strauss, 2004).

9.5. A GEOLOGICAL TIME SCALE
DATABASE

9.5.1. General Trends

The current sulfur isotope records include data sets from the
Cambrian to the present (Figures 9.4 and 9.5). While the
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FIGURE 9.5 LOWESS curve for the last 130 million years generated from marine barite data (Paytan et al., 2004); see also Table 9.1.
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focus of most studies is on shorter time scales and
the methods that are used are varied, the overlap agreement
among published records and a few long-term studies serve to
give a comprehensive view of the sulfur isotope record for the
Phanerozoic. Three long-term records have been compiled,
two based on evaporites (Claypool et al., 1980; Strauss,
1997) and one based on carbonate associated sulfate
(Kampschulte and Strauss, 2004).

A general trend can be seen in these records. In the
Cambrian, the average d34S value is 34.8 � 2.8& in the CAS
record (Kampschulte and Strauss, 2004) and around 30& in
the evaporite record (Claypool, et al., 1980; Strauss, 1997).
These relatively high values are sustained through the
Cambrian in the CAS record, ending with anomalously high
d34S values at the Cambrian/Ordovician boundary. After this
point, the d34S decreases steadily through the remainder of the
Paleozoic, reaching a minimum at the Permian/Triassic
boundary with an average value of 13.2� 2.5&. A similar but
less time constrained decrease is seen in the evaporite record.

Through the Mesozoic, the d34S values are generally
lower than in the Paleozoic, ranging between 14 and 20&.
The d34S values increase quite rapidly, from 13.2 � 2.5& at
the Permian/Triassic boundary to 17& in the Jurassic, and
decrease again to about 15& in the Early Cretaceous (Clay-
pool et al., 1980; Strauss, 1997; Kampschulte and Strauss,
2004). The value at the Cretaceous is about 19& but two
distinct excursions towards lower values are seen: one at ~120
Ma and the second at ~90 Ma (Paytan et al., 2004).
A decrease in d34S values from ~20& to 16& is seen in the
Paleocene before climbing sharply in the Early to Middle
Eocene to the near modern value of 21& where it remains
steady for the remainder of the Cenozoic (Paytan et al., 1998).

These broad trends can be useful in obtaining very general
stratigraphic information (e.g., typically only at the epoch
scale) but are not applicable for age assignments at resolution
better than tens of millions of years.

9.5.2. Time Boundaries

Strauss (1997) reviewed secular variations in d34S across time
boundaries characterized by profound biological or geolog-
ical changes. Due to the paucity of evaporite data, all these
time boundary studies have used data obtained from sedi-
mentary sulfides. The premise behind the study of S isotope
excursions at age boundaries is based on the expected
perturbations in the biosphere which may impact sulfate
reduction rates. During a catastrophic event, where produc-
tivity plunges, the d34S values of the oceans are expected to
decrease because of a reduction in organic matter availability,
leading to lower sulfate reduction. The subsequent biological
radiations should have the opposite effect. Accordingly, the
d34S values of the oceans should first decrease across a time
boundary associated with a catastrophic extinction or major
ecosystem reorganization, and then increase during the period

of recovery. The magnitude of the effect is related to the
intensity of the extinction event, the rate of recovery, and the
size of the oceanic sulfur reservoir.

Four extinction events have been studied (see Strauss,
1997 for references): the PrecambrianeCambrian,
the FrasnianeFamennian, the PermianeTriassic, and the
CretaceouseTertiary boundaries. Of these, only the
PermianeTriassic event shows the expected sulfur trend.
Fluctuations occur at the other boundaries, but no secular
(globally concurrent) variations have been observed (see also
Newton et al., 2004). In part, the reason for the inconsistent
results between sections and between extinction events may
be related to the inherent problems of analyzing sulfides
instead of sulfates and the multitude of controls impacting the
isotopic composition of sulfides. Therefore, local effects may
mask any global sulfur variations.

9.5.3. Age Resolution

Age resolution of the S isotope curve varies with the type of
data comprising the record and the specific objectives for the
various studies producing the data. The older sections
compiled from evaporite and CAS data have a lower resolu-
tion because of the scarcity of evaporites and because CAS
depends on the integrity of the carbonates and fossils used for
reconstruction, which, in many locations, are subjected to
extensive post-depositional alteration. In addition, large
temporal gaps between samples make it difficult to correlate
between sites and thus make exact age determinations chal-
lenging. Despite these limitations, robust records exist for
specific time periods and the confidence within each such
time interval is considerably improved over the earlier
evaporite records. The age resolution of records based on
barite are much better, but so far barite has been recovered
predominantly from pelagic sediments, limiting its applica-
bility to the last 130 Ma.

The Phanerozoic evaporite record, compiled by Clay-
pool et al. (1980) with further work done by Strauss
(1997), has several characteristics that make it difficult to
use for S stratigraphy. First, the record has large gaps in it
that leave long periods of time unaccounted for. In Clay-
pool et al. (1980), a best estimate curve was visually
approximated to combine and extrapolate between dispa-
rate data sets; however this smooths over finer fluctuations
that may be present. Second, the absolute S isotope values
recorded at each time point range considerably, con-
founding the issue. The range of d34S values within each
time interval is approximately 5& for most of the data sets
which makes pinpointing an age from a stratigraphic
perspective difficult since in many cases the broad fluctu-
ations that occur over time are within �5& (Figure 9.1).
Third, the ages used for each sample are approximate due
to the scarcity of fossils in sections used to compile the
isotope curves. Even in the evaporite record from Strauss
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(1999) that derives its ages after Harland et al. (1990), the
age uncertainty spans more than 10 million years depend-
ing on the segment (or specific time range), which makes it
difficult to use these data for stratigraphic correlation
(Strauss, 1999).

The S isotope record derived from CAS is more robust
(Figure 9.3). The record is consistent with the evaporite data
in the broad strokes (Figure 9.4) but a better constraint on the
ages of the samples is possible. The data sets presented in
Kampschulte and Strauss (2004) and references therein show
a record for the Phanerozoic that reduces the uncertainty in
age and S isotope values considerably from those associated
with evaporites. The CAS samples were taken from strati-
graphically well-constrained biogenic calcites (using the time
scale of Harland et al., 1990) with a resolution of 1e5 million
years within data sets. However, the data sets analyzed are not
continuous, leaving gaps that, while not as glaring as those in
the evaporite record, still limit the accuracy of a smooth curve
and may miss finer details. The CAS data that represent older
ages have a wider range of S isotope values than that of more
recent (younger) samples. For example, a “scatter” of �10&
and even up to 20& in the Cambrian and Ordovician is seen
for samples with similar ages. More recent samples have
narrower ranges, from 5& to 10&, and thus would be more
useful for stratigraphy, although in some places the low
temporal resolution still makes it difficult to distinguish noise
from trend (Kampschulte and Strauss, 2004).

The data compiled and presented in Kampschulte and
Strauss (2004) is presented as a moving average to create
a continuous curve (Figure 9.4). The effect is to smooth out
the observed variation that then make it difficult to assess the
error associated with both the isotope data set (e.g., d34S) and
the age resolution. This makes it difficult to resolve trends and
compare the data with other records or to use the curve for
precise sample age determination. The smoothed curve of
Kampschulte and Strauss (2004) can, however, be used to
assess the utility of certain sections (age intervals) of the
record for dating using S stratigraphy, but because the specific
data sets used to produce the smooth curve were not available
to us, evaluation of age resolution or a detailed statistical
LOWESS fit (McArthur et al., 2001) for derivation of
numeric ages using the CAS record cannot be compiled at this
time.

The marine barite record presented by Paytan et al. (1998,
2004) is derived from ocean floor sediment. The current record
goes back ~130 Ma. The barite-based S isotope curve provides
a record with a resolution of less than 1 million years with very
few gaps. The age of the samples is constrained by biostra-
tigraphy and Sr isotopes and typically has an error of less than
100 000 years. The continuous and secular (based on data from
multiple sites for each time interval) nature and the high
resolution of this record illuminate finer features that are
missed in the lower resolution evaporite and CAS records. The
record also has a narrower range of S isotope values for each

time point, further constraining the curve. These features make
it the most robust of the three available records thus far and the
most useful for stratigraphy, for the periods it covers. This
record serves to illustrate the potential use of S isotopes for
stratigraphy and, as more such detailed high-resolution secular
records (e.g., based on coherent data from multiple locations
and settings) become available for different geological periods,
S isotope stratigraphy can be more widely utilized. At the
moment, the limited availability of continuous high-resolution
secular data and the need for updated and better constrained
ages for previously published records are the biggest obstacles
to using sulfur isotopes as a stratigraphic tool.

9.5.4. Specific Age Intervals

While the current S record of the Phanerozoic is not ideal for
stratigraphic applications as discussed above, there is still
potential for using S as a stratigraphic tool for certain time
intervals within the Phanerozoic. The time periods best suited
to dating are those that are distinguished by rapid changes in
d34S. Identifying smaller fluctuations on the “plateaus” of the
isotope curve is difficult because of the limited temporal
resolution, and the relatively large error in the d34S compared
to the small fluctuations. These limitations make the potential
use of fine features for stratigraphic and correlation purposes
impossible at this stage.

At this time, the most useful record for S stratigraphy
applications is the marine barite curve that extends back to
130 Ma. The distinct features that appear in this
high-resolution curve show five time periods with relatively
abrupt changes in d34S that could lead to precise dating:
130e116Ma, 107e96Ma, 96e86Ma, 83e75Ma, and 65e45
Ma. Resolving ages during periods of smaller fluctuations is
possible but would likely necessitate a much larger data set in
order to match multiple points and avoid offsets between data
from distinct sites. The plateaus, notably from ~30Ma to about
2 Ma, where the S isotope values do not significantly change
are not useful because there are few features that can be teased
out and distinguished from sampling and analytical error.

Below we present the trends in the d34S isotope data for
each time period, together with a brief discussion of the utility
of the data for stratigraphy. Kampschulte and Strauss (2004)
showed that the Phanerozoic CAS record is consistent with,
and better constrained temporally than, the evaporite record.
For this reason, the trends discussed below will rely on the
CAS record from the Cambrian to the Jurassic (Kampschulte
and Strauss, 2004, and references therein) and the barite
record from Paytan et al. (1998, 2004) from the Cretaceous to
the present, unless otherwise specified.

9.5.4.1. Cambrian

The d34S data from the Cambrian consists of two sets of
carbonate associated sulfate records (Kampschulte and
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Strauss, 2004). The data are from 33 whole rock samples in
the Kuljumbe section in northwestern Siberia. Twelve
samples are from the lower Cambrian with an average d34S
value of 34.5 � 2.8&, and the remaining 21 are from the
middle and upper Cambrian e from 527.8e510.3 Ma e
showing d34S within the same range as the lower Cambrian.
The data show a distinct excursion that maximizes at 50.1&,
although it is unclear at this time if these latter values reflect
open ocean seawater sulfate or if the integrity of these
samples was compromised.

The age resolution that can be theoretically obtained using
the moving mean curve is 2.0 myr from 535 to 525 Ma and
2.8 myr from 525 to 511 Ma (but note that the curve averages
values over 5 myr) (Kampschulte and Strauss, 2004). When
looking at the raw data, one sees that there is a significant age
gap between the two time periods sampled that is smoothed
over in the moving mean. Additionally, while the d34S values
in both data sets are relatively high (>30&) and can be used
to identify samples of Cambrian age, the range of values is
similar for both sets and thus, without a larger data set that
fills in the gaps, distinguishing between older and younger
samples within the Cambrian may be difficult. Moreover, it is
important to verify the global nature of these isotope values
using data from other distinct sites such that post-deposition
alteration of the isotope values can be ruled out.

9.5.4.2. Ordovician

The CAS record in the Ordovician is composed of 16
samples. The temporal resolution of the record is between
1 and 8 million years with the older samples predominantly
~4 million years apart and the younger samples 1 million
years apart. The d34S values were determined from whole
rock in 15 of these samples, and for 12 of them brachiopod
shells were also used. The record shows a decrease from
a moving mean of 30& in the lower Ordovician to 24& in the
uppermost Ordovician (Kampschulte and Strauss, 2004).

The wide range of the measured d34S values (15e30&)
throughout the period complicates the picture. Without
a higher resolution data set, it is impossible to distinguish
whether the broad range represents real fluctuations and the
lower values (15&) are a true minimum. Specifically, when
considering the time resolution of the recorded, values of
15& and ~30& appear to occur within the same time frame
rendering the use of such records unreliable. However, on
a broader scale, the moving average of d34S values, which
plateaus around 24& at ~475 Ma and remains at that level
up to the Ordovician/Silurian boundary, can be distinguished
from other time periods.

9.5.4.3. Silurian

The Silurian shows a continued trend of decreasing d34S
values with a range from 35.6& to 21.5& in the CAS record
in 15 brachiopod shells and 17 whole rock samples over

30 myr (Kampschulte and Strauss, 2004). The Ordovician/
Silurian boundary exhibits the higher values (30e35&)
which drop by 1e2& in the Early Silurian. Following is
a narrower range of S isotope values from ~24e28& and the
moving mean shows a plateau in the record. The running
mean seems to smooth away the slight downward trend seen
in the raw data. Having the mean at odds with the trend in the
raw data makes the curve from this section within the Silurian
difficult to use for stratigraphic dating, because there is no
good way to resolve the inconsistencies without a more
complete record. Nevertheless, the range from ~24e28& is
distinctive to the Late Ordovician and Silurian.

9.5.4.4. Devonian

A total of 18 samples comprise the record for the Devonian.
d34S values in the Devonian show a downward trend,
decreasing from ~25& in the Late Silurian to ~19& in the
lower middle Devonian. The steep slope of the curve from
408e395 Ma make it useful for stratigraphy, specifically
a 6& change over 13 million years and an isotope analytical
error of 0.2& can yield an age resolution in the range of
0.5 million years. In the second section, from 395e381 Ma,
the curve plateaus; the moving average remains around
18.8e19.2 per mil. The remainder of the Devonian exhibits
a distinctive peak with d34S increasing from 23& in the
Frasnian age of the Late Devonian (371 Ma) to a maximum of
26.9& (Kampschulte and Strauss, 2004). The age resolution
of the data set varies between 1 and 4 myr with a gap of 8
million years over the Devonian/Carboniferous boundary.
The shape of the curve makes this section distinct and thus
potentially useful for stratigraphy; however, the moving mean
currently smooths the data. The range of values in the raw
data, along with the paucity of data that was used to construct
the curve in the Early Devonian, mean that this feature could
only be used if a large data set was available that could be
used to verify and refine the overall pattern.

9.5.4.5. Carboniferous

The Carboniferous is also characterized by a decrease in the
CAS data from ~20& in the Early Carboniferous (Missis-
sippian) to ~15& at 334 Ma where it remains until decreasing
to around 12& in the Late Carboniferous (Pennsylvanian;
Kampschulte and Strauss, 2004). The age resolution of the
record, based on the moving mean, ranges from 5.6 myr from
362 to 334 Ma in the Mississippian and 3e4 myr for the
remainder of the period. The overall range of values in the
raw data is narrower than for other sections, which makes
distinguishing between noise and trend easier. However, the
values plateau from 342.8 Ma to 309.2 Ma and leave only the
beginning and end of the period significantly distinguishable
for stratigraphic correlation. Thus, there is a potential for
stratigraphic applications for the Early and Late Carbonif-
erous, provided the available data is indeed representative of
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global trends. The potential age resolution for these time
intervals is in the range of about 1 million years (5& change
over about 20 million years).

9.5.4.6. Permian

The Permian record maintains the low d34S values that
characterize the end of the Carboniferous, around 12&.
This value is seen in the 16 samples analyzed for the Permian
(Kampschulte and Strauss, 2004). This overall d34S value is
distinctive for the period and is useful for dating it as a whole,
but the plateau in the record does not lend itself to more
precise stratigraphic dating or correlation within the Permian.

The Permian/Triassic boundary has been sampled at the
higher resolution of 1 myr (Kramm and Wedepohl, 1991;
Scholle, 1995; Newton et al., 2004; Algeo et al., 2007; Gorjan
et al., 2007) and shows distinct fluctuations that are useful
stratigraphically (see below).

9.5.4.7. Triassic

The transition from the Paleozoic to the Mesozoic is marked
by an abrupt shift in sulfur isotope values from the low 12&
value of the Late Permian to 29.7& in the lower Triassic. This
excursion is short and the rest of the Triassic maintains values
in the narrower range of 17.3 to 19.7& until the uppermost
Triassic where short-term fluctuations between 11.1& and
24.3& occur (Kampschulte and Strauss, 2004).

The excursion at the PermianeTriassic boundary to
29.7& is distinctive, but the later fluctuations are more
difficult to distinguish since the temporal trends of the data
are not easily resolved and the temporal resolution is low. The
age resolution for the majority of the Triassic is from <1 myr
at the PermianeTriassic boundary to 4 million years for the
rest of the record, with a gap from 234.7 to 224.7 Ma. The
excursion at the PermianeTriassic boundary of up to 17&
over only a few million years allows for age resolution of less
than 100 000 years; however a more coherent and high-
resolution curve should be produced prior to such application.
Regardless, provided the global nature of the trend is robust,
the distinct excursion at this time interval could clearly be
used for correlation between sections.

9.5.4.8. Jurassic

The Jurassic d34S values range from 14.2 to 18.0& with
two exceptional excursions. The first occurs in the lower
middle Jurassic with a d34S value of 23.4&. The second
occurs in the upper middle Jurassic with a d34S value of
20.7& (Kampschulte and Strauss, 2004). The potential for
detailed stratigraphy exists; however, the majority of the
data, 18 samples, is poorly constrained with an error of
�31.2 Ma that needs to be resolved before these samples
can be used for detailed stratigraphy (Kampschulte and
Strauss, 2004).

9.5.4.9. Cretaceous

The Cretaceous record (Figure 9.2) derived from marine barite
by Paytan et al. (2004) is a continuous record that has a reso-
lution of less than 1 million years. A negative shift from ~20
to15& occurs from 130 to 120 Ma, remaining low until 104
Ma when it rises to ~19& over 10 million years. There is
a small minimum at 88 Ma with a value of 18.0&, returning to
values of 18 to 19& at ~80 Ma for the remainder of the period.

These results generally agree with the CAS data from
Kampschulte and Strauss (2004). This record and the
observed fluctuations further illuminate variations that can
be seen when the finer scale rather than the smoothed
record is available. The finer detail and the observed
changes that occur particulary in the beginning of this
period make this record useful for stratigraphy and will be
discussed later in the chapter.

9.5.4.10. Cenozoic

A high-resolution barite curve for the Cenozoic (Figure 9.2)
with an age resolution of <1 myr shows d34S values of ~19&
at the Cretaceous/Tertiary boundary which drop precipitously
to ~17& at the Paleocene/Eocene boundary. Following this
minimum a relatively rapid rise to ~22& in the Early to Mid
Eocene is observed and this value is maintained until the
Pleistocene. The decrease and increase observed between
65 to 47 Ma are useful for stratigraphic purposes (see below).
A possible decrease of about 1& over the last 2 million years
is also evident but is defined by relatively few samples.

9.6. A DATABASE OF S ISOTOPE VALUES
AND THEIR AGES FOR THE PAST
130 MILLION YEARS USING LOWESS
REGRESSION

At this early stage of development in S isotope stratigraphy,
we can see the general trends for the record throughout the
Phanerozoic. These trends and values can be used for broad
age assignments and correlations at distinct intervals with
defined excursions (e.g., the PermianeTriassic boundary).
The goal of developing a LOWESS regression curve for
S isotopes and accompanying look-up tables has not yet been
realized. Currently, the limits to developing such tables
include the availability of raw data to construct secular trends,
the unknown error associated with age assignments, and gaps
in the data sets. The potential for using LOWESS regression,
however, can be illustrated by the marine barite data sets over
the Cretaceous and Cenozoic (Figure 9.5). The LOWESS
regression curve shown in Figure 9.5 was produced according
to McArthur et al. (2001).

Based on the LOWESS curve we calculated the age
resolution associated with the five age intervals that exhibit
abrupt changes in d34S: 130e116 Ma, 107e96 Ma,
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TABLE 9.1 Preliminary Look-Up Table for the Data set of Figure 9.5.

Age d34S Age d34S Age d34S Age d34S Age d34S

0.00 21.13 28.45 21.43 53.70 17.59 85.60 18.26 120.13 16.75

0.00 21.13 29.06 21.46 53.80 17.58 88.41 18.27 120.26 16.95

0.24 21.21 30.92 21.57 55.40 17.42 90.12 18.47 120.39 17.15

0.40 21.27 31.00 21.57 55.45 17.43 91.00 18.58 120.50 17.32

0.97 21.47 32.50 21.70 55.50 17.44 92.26 18.78 120.63 17.52

1.55 21.67 33.36 21.90 55.80 17.52 93.00 18.89 120.70 17.63

1.94 21.80 33.62 21.96 56.53 17.70 93.40 18.96 120.98 17.83

2.28 21.92 33.90 22.03 57.20 17.87 93.50 18.97 121.27 18.03

3.50 21.93 34.10 22.07 57.90 18.04 93.60 18.97 121.55 18.23

3.58 21.93 34.40 22.14 58.00 18.05 93.80 18.97 121.83 18.43

4.55 21.94 34.50 22.17 59.60 18.19 95.00 18.98 122.11 18.63

4.85 21.95 34.95 22.27 60.28 18.39 95.78 18.98 122.40 18.83

5.40 21.98 35.20 22.28 60.96 18.59 96.52 18.78 122.68 19.03

5.74 22.00 35.40 22.29 61.64 18.79 97.00 18.65 122.81 19.12

5.90 22.01 35.80 22.30 62.20 18.96 97.34 18.45 123.58 19.32

6.23 22.03 36.00 22.31 62.40 18.97 97.68 18.25 124.35 19.52

6.68 22.05 36.31 22.32 62.49 18.98 98.02 18.05 125.00 19.69

7.64 22.02 37.50 22.37 62.50 18.98 98.36 17.85 126.65 19.89

7.85 22.01 38.70 22.28 63.86 19.05 98.70 17.65 126.65 19.89

9.00 21.97 39.00 22.26 64.01 19.06 98.87 17.55 128.22 20.09

9.50 22.00 39.50 22.22 64.21 19.07 99.29 17.35 129.17 20.21

10.10 22.04 40.70 22.25 64.32 19.08 99.72 17.15

11.17 22.11 41.00 22.25 64.58 19.10 100.00 17.02

12.40 22.02 42.50 22.25 64.69 19.10 100.68 16.82

12.49 22.01 45.30 22.11 64.69 19.10 101.36 16.62

12.50 22.01 45.95 21.91 64.75 19.11 102.04 16.42

12.54 22.01 46.59 21.71 64.97 19.07 102.72 16.22

12.60 22.00 47.10 21.55 65.17 19.03 103.39 16.02

12.77 21.99 47.39 21.35 65.23 19.02 104.00 15.84

12.78 21.99 47.69 21.15 65.53 18.97 107.00 15.79

13.00 21.98 47.98 20.95 66.02 18.89 108.00 15.87

13.27 21.96 48.28 20.75 66.75 18.77 109.00 15.95

13.72 21.92 48.57 20.55 68.65 18.84 110.00 16.05

14.05 21.93 48.87 20.35 70.00 18.94 111.10 16.17

14.95 21.94 49.10 20.19 71.31 19.03 111.50 16.21

14.98 21.94 49.31 19.99 73.00 19.16 111.90 16.09

(Continued )
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96e86 Ma, 83e75 Ma, and 65e45 Ma. Age resolutions are
0.5 myr, 0.7 myr, 2.6 myr, 2.1 myr, and 1.5 myr respectively
based on the data and an analytical error of 0.2&. From this
curve we also generated a preliminary look-up table for the
data set (Table 9.1).

9.7. USE OF S ISOTOPES FOR
CORRELATION

S isotopes have not been widely used as the sole strati-
graphic tool for dating samples. The few examples in the

literature of S isotopes used for dating and correlation all
also use other methods such as d13C and 87Sr/86Sr at the
same time (Walter et al., 2000; Pokrovskii et al., 2006; Misi
et al., 2007). Some studies, particularly those focused on the
Permian/Triassic boundary (Scholle, 1995; Kramm, et al.,
1991; Algeo, et al., 2007; Gorjan, et al., 2007), use d13C,
87Sr/86Sr, biostratigraphy, paleomagnetism, and other
methods to correlate the S isotope records and use the S data
to investigate the causes and consequences of various
biogeochemical cycles across the boundary. Nevertheless,
the secular and defined trend in the S isotope record at this
time interval could be used for correlation and age
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TABLE 9.1 Preliminary Look-Up Table for the Data set of Figure 9.5.dcont’d

Age d34S Age d34S Age d34S Age d34S Age d34S

16.20 21.96 49.51 19.79 74.19 19.20 112.00 16.07

17.04 21.92 49.70 19.61 74.40 19.21 112.70 15.87

18.13 21.86 49.91 19.41 75.33 19.24 112.70 15.87

19.00 21.85 50.00 19.32 75.62 19.23 113.00 15.78

20.14 21.85 50.20 19.13 76.43 19.19 115.97 15.61

21.08 21.86 50.41 18.93 78.40 19.08 116.00 15.60

22.20 21.88 50.61 18.73 78.75 19.06 116.30 15.56

23.55 21.81 50.70 18.64 80.32 18.92 116.50 15.53

24.14 21.78 50.80 18.55 81.78 18.72 118.06 15.73

24.60 21.75 51.27 18.35 81.97 18.69 119.60 15.93

24.80 21.74 51.74 18.15 83.00 18.51 119.73 16.13

25.68 21.70 52.00 18.03 83.63 18.39 119.80 16.24

26.36 21.66 52.47 17.83 83.70 18.38 119.93 16.44

28.16 21.46 52.82 17.68 83.90 18.34 120.00 16.55

178 The Geologic Time Scale 2012



determination in the future where methods other than S
isotopes are not available or to refine age assignments based
on other records.

The utility of using S isotopes for correlation between
sites is illustrated in Figure 9.6 from Gray (2007). This study
focuses on the Paleocene Eocene Thermal Maximum at
56 Ma. Ocean Drilling Program (ODP) Site 1051 is located in
the North Atlantic and does not have a distinct record of the
Carbon Isotope Excursion in the d13C record as is typically
used for correlation purposes of this time interval, making it
difficult to correlate to other sites such as Site 1267 in the
South Atlantic. At both sites, however, a minimum in the d34S
record was recorded and used to align the two records. Ages
were determined by biostratigraphy.

S isotope data are becoming more widely available for
many study locations and, as illustrated above, have the
potential to become a more useful tool for stratigraphy and
correlation as we refine the global S isotope record. The
challenge in the next few years is to expand the available data
to produce a reliable, high-resolution, secular data set of
seawater S isotope values such that a high-resolution curve
atleast like the one currently available for the past 130 Ma but
ideally at even higher resolution could be produced and used
for age determination.
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E.L. Grossman Chapter 10

Oxygen Isotope Stratigraphy

Abstract:Variations in the 18O/16O ratios of marine fossils
and microfossils record changes in seawater 18O/16O and
temperature and form the basis for global correlation.
Relying on previous compilations and new data, this chapter
presents oxygen isotope curves for Phanerozoic foraminifera,
mollusks, brachiopods, and conodonts, and Precambrian
limestones, dolostones, and cherts. Periodic oxygen-isotopic
variations in deep-sea foraminifera define marine isotope

stages that, when combined with biostratigraphy and astro-
nomical tuning, provide a late Cenozoic chronostratigraphy
with a resolution of several thousand years. Oxygen isotope
events of late Cenozoic, Mesozoic, and Paleozoic age serve as
chemostratigraphic markers for regional and global correla-
tion. Precambrian oxygen isotope stratigraphy, however, is
hampered by the lack of unaltered authigenic marine
sediments.
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10.1. INTRODUCTION

Oxygen isotope stratigraphy has revolutionized our under-
standing of Earth’s paleoclimate. Oxygen isotope measure-
ments (18O/16O) of carbonate and phosphate fossils and
microfossils have enabled reconstruction of the paleotemper-
atures of Phanerozoic oceans, and yielded a highly refined
Neogene marine stratigraphy (Urey et al., 1951; Emiliani,
1955; Lisiecki and Raymo, 2005). Moreover, oxygen isotopes
are being increasingly applied to pre-Neogene stratigraphy as
scientists discover new isotopic events related to global climate
change. This chapter outlines the principles and pitfalls of
oxygen isotopic stratigraphy, and presents an overview of the
isotopic record of ocean sediments through 3.8 Ga of Earth
history. This record is based on more than 50 000 analyses of
Precambrian rocks and Phanerozoic fossils and microfossils
(available at http://www.pangaea.de and http://geoweb1.tamu.
edu/faculty/grossman/EGpubs.html) and has relied, and in
some cases built, upon compilations by Veizer et al. (1999),
Zachos et al. (2001), Shields and Veizer (2002), Knauth
(2005), Prokoph et al. (2008), and Cramer et al. (2009).

To apply oxygen isotope stratigraphy effectively, one must
understand and appreciate its terminology, standardization,

sample characteristics and diagenesis. These topics will be
discussed prior to introduction of the oxygen isotopic record.
The chronology for the data presented has been updated to the
GTS2012 time scale by interpolation fromGTS2004 ages. For
new data, where numerical ages were not given in the original
publication, age was estimated from biostratigraphic infor-
mation and elevation in the stratigraphic section. Several
features have been named on the basis of their d18O trend, such
as the Late Ordovician acme (LOa) and the Toarcian (Jurassic)
decline (TJd). These are discussed in terms of paleoclimate but
are not named as paleoclimate features (e.g., thermal
maximum) because the global nature of the isotopic feature
and the causal mechanism have not been established.

10.2. TERMINOLOGY AND
STANDARDIZATION

Isotopic fractionation between minerals and water is
described by the fractionation factor (a):

aA�B ¼ RA

RB

where R is the isotopic ratio (e.g., 18O/16O) and A and B are
the mineral and water respectively. Oxygen isotopic ratios are
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reported in delta (d) notation relative to an internationally
accepted standard (Table 10.1). The equation is defined as:

d ð&Þ ¼ 1000

�
Rx � Rstd

Rstd

�
¼ 1000

�
Rx

Rstd
� 1

�

where Rx and Rstd refer to the 18O/16O of the sample and
standard, respectively, and & is per mil (parts-per-thousand
in contrast to %, which is parts-per-hundred). For oxygen
isotopes, delta notation is defined by the equation:

d18O ð&Þ ¼ 1000

�ð18O=16OÞx � ð18O=16OÞstd
ð18O=16OÞstd

�

¼ 1000

� ð18O=16OÞx
ð18O=16OÞstd

� 1

�

The accepted oxygen isotope standards for reporting
data are SMOW (Standard Mean Ocean Water) and PDB
(Peedee Belemnite). SMOW is a composite of seawater
samples meant to approximate the average oxygen and
hydrogen isotopic composition of seawater (Craig, 1961).
Because the supply of SMOW has been exhausted, a new
water standard analytically indistinguishable in d18O from
SMOW was prepared and distributed (Gonfiantini, 1984;
Gröning, 2004). This water standard is referred to as
VSMOW (Vienna SMOW). Data for phosphates and silica
are reported versus VSMOW. To account for interlabor-
atory differences, researchers reporting phosphate d18O

data also report the value obtained for the phosphorite rock
standard NBS120 (either aliquot b or c; Vennemann et al.,
2002; Pucéat et al., 2010).

Oxygen isotope data for carbonate minerals are usually
reported relative to PDB or VPDB. PDB, a calcite from the
belemnite Belemnitella americana from the Cretaceous Pee-
dee formation in South Carolina, was first used as the working
standard for the pioneering isotopic paleotemperature studies
of Harold Urey and his group at the University of Chicago
(Urey et al., 1951). PDB powder has long been exhausted, so
secondary standards NBS-19 and NBS-20 are used for cali-
bration to PDB (Table 10.1). For carbonates, the recom-
mended practice is calibration to PDB using NBS-19 calcite
standard (d18O¼�2.20& versus PDB; Gonfiantini, 1984),
referred to as calibration to VPDB (Vienna PDB; Coplen et al.,
1996). To convert data between VPDB and VSMOW stan-
dardization (Coplen, 1988), the following equations are used:

d18Ox-VSMOW ¼ 1:03091 d18Ox-VPDB þ 30:91

d18Ox-VPDB ¼ 0:970017 d18Ox-VSMOW � 29:98

10.3. FRACTIONATION RELATIONS
AND PALEOTEMPERATURE SCALES

The d18O of authigenic sedimentary minerals depends on
precipitation temperature and the d18O of the oxygen
source � dissolved inorganic carbon (DIC¼ aqueous

TABLE 10.1 Standards Commonly or Historically Used for Reporting or Calibrating Oxygen Isotope Analyses.

Standard Material Distribution d18O (&) Reference

PDB or VPDB* Calcite (Peedee belemnite) exhausted 0 (by definition)

SMOW or VSMOWy Standard mean ocean water or Vienna SMOW IAEA, NIST 0 (by definition) 1

SLAPy Standard light Antarctic precipitation IAEA, NIST �55.5 (vs. VSMOW) 1

GISP Greenland ice sheet precipitation (water) IAEA, NIST �24.78 (vs. VSMOW) 1

IAEA-COe1 Marble IAEA �2.4 (vs. VPDB) 2

NBS-18 Carbonatite (igneous carbonate) IAEA, NIST �23.0 (vs. VPDB) 1

NBS-19y TS limestone (marble ring) IAEA, NIST �2.20 (vs. VPDB) 1

NBS-20 Solnhofen limestone exhausted �4.18 (vs. VPDB) 3

NBS-28 African glass sand IAEA, NIST 9.58 1

SRM (NBS) 120c Phosphorite rock NIST No established value 4

IAEA is the International Atomic Energy Agency and NIST is the US National Institute of Standards and Technology (see https://www-s.nist.gov/srmors/tables/view_
table.cfm?table¼104-10.htm).
1e Coplen et al. (1996)
2e Stichler (1995)
3e Blattner and Hulston (1978)
4e Vennemann et al. (2002)
*VPDB refers to data that is calibrated to NBS-19 with a d18O of �2.20& (Coplen et al., 1996)
yPrimary calibrating standard
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CO2þ bicarbonate ionþ carbonate ion), phosphate ions, or
silica. The oxygen isotopic compositions of the dissolved
species (DIC, phosphate, and dissolved silica) are controlled
by the d18O and temperature of ambient waters. Thermody-
namic relationships and bond vibrational frequencies can be
used to determine the mineral-water isotopic fractionation
relations, but the precise and accurate relations necessary for
paleothermometry require laboratory exchange experiments
(for temperatures >200�C), laboratory precipitation experi-
ments (O’Neil et al., 1969; Kim and O’Neil, 1997), and/or
natural experiments using minerals grown under known
conditions (Epstein et al., 1953; Grossman and Ku, 1986).

Epstein et al. (1953) developed the first practical oxygen
isotopic paleotemperature scale, basing their equation on

d18O measurements of biogenic carbonate (mostly mollusk
shells) and environmental waters (Table 10.2). The Epstein
et al. (1953) paleotemperature equation, including a term for
the isotopic composition of the water (Epstein and Mayeda,
1953), is:

Tð�CÞ ¼ 16:5� 4:3
�
d18OCaCO3

� d18Ow-AMW

�
þ 0:14

�
d18OCaCO3

� d18Ow-AMW

�2

where the d18OCaCO3
is equal to the d18O of calcium carbonate

relative to VPDB and d18Ow-AMW is equal to the d18O of the
ambient water versus “average marine water”. This average
marine water (AMW) was found to be 0.22& higher in d18O

TABLE 10.2 Commonly-Used 18O Fractionation Relations and Oxygen Isotopic Paleotemperature Equations for CaCO3,

Phosphate, and Silica.

Equation T Range (�C) Material Reference Comments

CaCO3-H2O fractionation
relations

1000 lna¼ 2.78 (106

T(K)�2)� 3.39
0 e 500 Calcite-water exchange

and synthetic calcite
O’Neil et al. (1969) High temperature exchange

(200e500�C) and calcite
synthesis (0 and 25�C)

1000 lna¼ 2.78 (106

T(K)�2)� 2.89
0 e 500 Calcite-water exchange

and synthetic calcite
Friedman and O’Neil (1977) Recalculation of O’Neil

et al. (1969) using revised
aCO2

-H2O (1.0412)

1000 lnacalcite-water¼ 18.03
(103 T(K)�1)� 32.42

10 e 40 Synthetic calcite Kim and O’Neil (1997) Yields lower equilibrium
values at low temperatures

1000 lnaaragonite-water¼ 17.88
(�0.13) (103 T(K)�1)� 32.42
(�0.46)

0 e 40 Synthetic aragonite Kim et al. (2007)

1000 lna¼ 3.26 (�0.4) (106

T(K)�2)þ 0.45 (�4.9)
1.5 e 24 Diatom silica, non-

exchangeable fraction
Juillet-Leclerc and Labeyrie
(1987)

Recent sediment samples

1000 lnasilica-water¼ 15.56
(103 T(K)�1)� 20.92

3.6 e 20 Diatomaceous silica Brandriss et al. (1998)

Oxygen isotope
paleotemperature equations

T (�C)¼ 16.5 e 4.3 (d18OCaCO3

� d18Ow-AMW)þ 0.14
(d18OCaCO3

� d18Ow-AMW)2

7.2 e 29.5 Biogenic aragonite and
calcite (roasted at 470�C)

Epstein et al. (1953) Term for water correction
added in Epstein and
Mayeda (1953)

T (�C)¼ 17.04� 4.34
(d18OCaCO3

� d18Ow)þ 0.16
(d18OCaCO3

� d18Ow)
2

4.5 e 23.3 Calcite from cultured
Patinopecten yessoensis

Horibe and Oba (1972) Cultured mollusks, Mutsu
Bay, Japan

T (�C)¼ 16.9� 4.38
(d18OCaCO3

� d18Ow-AMW) þ
0.10 (d18OCaCO3

� d18Ow-

AMW)2

Synthetic calcite Shackleton (1974) Quadratic approximation of
O’Neil et al. (1969)

T (�C)¼ 17.0� 4.52
(d18Ocalcite� dw-AMW)þ 0.03
(d18Ocalcite� dw-AMW) 2

14 e 30 Foraminiferal calcite Erez and Luz (1983) 50 e 90% of foraminiferal
test grown under controlled
conditions; corrected

(Continued)
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than SMOW (Craig, 1961), a value later updated to 0.27&
(Hut, 1987; Table 10.2). Thus, when using the Epstein et al.
(1953) equation, seawater d18O values reported versus
VSMOW must be corrected by subtracting 0.27&.

The first practical relationship for abiotic calcite-water
fractionation was that of O’Neil et al. (1969; Table 10.2).
Modified by Friedman and O’Neil (1977), this equation is

1000 lna ¼ �
2:78 x 106=T2

�� 2:89

where T is temperature in kelvin. Laboratory experiments by
Kim and O’Neil (1997) revised the equation for calcite:

1000 lnacalcite-water ¼ 18:03
�
103T�1

�� 32:42

The O’Neil et al. (and consequently the Friedman and
O’Neil) equation was reformulated in terms of d-notation by
Shackleton (1974) and later recalculated for a temperature
range of 0 to 60�C by Hays and Grossman (1991)

(Table 10.2). Additional carbonate 18O paleotemperature
relations have been defined for planktonic foraminifera (Erez
and Luz, 1983; Bemis et al., 1998), aragonitic mollusks and
foraminifera (Grossman and Ku, 1986), and synthetic
aragonite (Kim et al., 2007). The O’Neil et al. (1969) equa-
tion, as reformulated by Hays and Grossman (1991), is used
in this chapter. This equation deviates from the Kim and
O’Neil (1997) equation at low temperatures (e.g., ~3�C
warmer at 0�C), but agrees better with data for the deep-sea
benthic foraminifera Uvigerina (Shackleton, 1974) and the
Epstein et al. (1953) equation. Which equation is most
accurate, however, remains uncertain.

Two relations were commonly applied to oxygen isotopic
studies of phosphatic materials, one based on phosphate
within carbonate shells (Longinelli and Nuti, 1973) and the
other using phosphatic teeth and bone (Kolodny et al., 1983;
Table 10.2). A new phosphate-water fractionation relation by

TABLE 10.2 Commonly-Used 18O Fractionation Relations and Oxygen Isotopic Paleotemperature Equations for CaCO3,

Phosphate, and Silica.dcont’d

Equation T Range (�C) Material Reference Comments

T (�C)¼ 16.5� 4.80
(d18Ocalcite� dw-VPDB)
(low light)
T (�C)¼ 14.9� 4.80
(d18Ocalcite� dw-VPDB)
(high light)

15 e 25 Foraminiferal calcite Bemis et al. (1998) dw-VPDB values are obtained
by subtracting 0.27& from
d18O values reported versus
VSMOW

T (�C)¼ 15.7� 4.36
(d18OCaCO3

� d18Ow)þ 0.12
(d18OCaCO3

� d18Ow)
2

0 e 60 Synthetic calcite Hays and Grossman (1991) Quadratic approximation of
O’Neil et al. (1969);
includes correction of
Friedman and O’Neil (1977)

T (�C)¼ 20.6 � 4.34
(d18Oaragonite � d18Ow-AMW)

2.6 e 22.0 Biogenic aragonite Grossman and Ku (1986) Equation 1

T (�C)¼ 19.7� 4.34
(d18Oaragonite� d18Ow)

2.6 e 22.0 Biogenic aragonite Hudson and Anderson
(1989)

Equation 1 of Grossman and
Ku (1986) with water d18O
values cast in terms of
SMOW

T (�C)¼ 111.4� 4.3
(d18Ophosphate� d18Ow)

3.5 e 27.3 Phosphate in barnacle
and mollusk shells

Longinelli and Nuti (1973) Temperatures from
d18OCaCO3

. Data reported
versus SMOW

T (�C)¼ 113.3� 4.38
(d18Ophosphate � d18Ow)

3.5 e 25
(site averages)

Phosphate in fish bones
and teeth

Kolodny et al. (1983) Data are reported versus
SMOW

T (�C)¼ 118.7� 4.22
[(d18Ophosphateþ (22.6
� d18ONBS120c))� d18Ow]

3.5 e 28 Phosphate in fish teeth Pucéat et al. (2010) Data are reported versus
VSMOW (SMOW)

T (�C)¼ 5 (�0.3)� 4.1 (�0.4)
(d18Osilica� d18Ow� 40 [�
0.2])

4 e 27 Diatom frustules, siliceous
sponge spicules; dehydrated

Labeyrie (1974) Recent or living specimens

In paleotemperature equations, oxygen isotope data for CaCO3 are relative to PDB, whereas data for phosphate and silica are values referenced to SMOW (or
VSMOW). All water data (d18Ow) in paleotemperature equations are relative to SMOW except for d18Ow-AMW data, which are relative to “average marine water”.
These values equal those reported versus SMOW minus 0.27& (updated from 0.22&).
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Pucéat et al. (2010), however, is offset from these previous
equations by 2&. The equation is:

Tð�CÞ ¼ 118:7� 4:22
��
d18Ophosphate

þ �
22:6� d18ONBS120c

��� d18Ow

�
where d18ONBS120c is the value obtained for the standard
NBS120c and all values are reported relative to VSMOW.
Inclusion of a term for the value used for NBS120c is
necessary as interlaboratory comparisons yield a range of
0.9&, with reported values versus VSMOW of 21.7&
(e.g., Lécuyer et al., 1996; Trotter et al., 2008), 22.4&
(Joachimski et al., 2006, Data Repository item 2006058), and
22.6& (Vennemann et al., 2002). Differences between early
and later studies may reflect analytical differences between
laboratories and techniques.

Lastly, oxygen isotope fractionation relations for silica-
water equilibrium are based on opal (SiO2$nH2O) from sili-
ceous sediments (diatoms, sponge spicules; Labeyrie, 1974;
Juillet-Leclerc and Labeyrie, 1987; Table 10.2). The
temperature sensitivity of the paleotemperature equations for
carbonate, phosphate, and silica are similar, 0.21e0.24&
per �C (Table 10.2). Analytical precision for carbonate d18O
is typically better than� 0.1& (�1s), equivalent to a paleo-
temperature resolution of better than� 0.5�C. For phosphates
and silica, the analytical precision is about� 0.2&, providing
a paleotemperature resolution of about� 1�C.

10.4. APPLICATION PRINCIPLES
AND CONSIDERATIONS

The application of oxygen isotopes in stratigraphy requires
rapid changes in fossil d18O in response to rapid changes in
temperature and (or) global seawater d18O, the latter as
a result of changing glacial ice volume. Glacial-interglacial
cyclicity in the d18O of marine foraminifera provides a high-
definition oxygen isotope stratigraphy for the Neogene
(Emiliani, 1955; Shackleton and Opdyke, 1973; Lisiecki and
Raymo, 2005; Chapter 27 of this volume) and holds promise
for a refined Paleogene stratigraphy (Chapter 28 of this
volume). During glacial intervals the storage of 18O-depleted
water as glacial ice results in 18O-enrichment (higher d18O) in
seawater and consequently in marine authigenic minerals.
Lower temperatures during glacial intervals (e.g., Lea et al.,
2000) reinforce the 18O enrichment caused by glacial ice
accumulation. Deglaciation lowers seawater d18O and
combines with warming to produce lower marine carbonate
d18O values during interglacial intervals. The result is Late
Neogene glacialeinterglacial d18O cycles with amplitudes of
roughly 2& recorded in foraminifera from deep-sea sediment
cores. Because these glacialeinterglacial cycles are
responding predictably to variations in Earth’s orbit and tilt
(Milankovitch cycles; Hays et al., 1976), their chronology

can be tuned to the astronomical time scale. This has led to
high-resolution cyclostratigraphy (see later discussion and
Chapter 4 of this volume).

The principles used to develop the Neogene oxygen
isotope stratigraphy are being applied to older sediments.
Although the extension is limited by the availability of precise
radio-isotope ages, “floating” astronomical time scales (not
yet calibrated to an absolute age) exist for the Paleogene and
Mesozoic based on d18O and other data (Hinnov and Ogg,
2007). As the records reach further back in time, the clarity of
the glacial-interglacial d18O cycles is reduced by diminishing
ice volume, and decreased sample resolution and preservation.
Furthermore, the availability of seafloor sediments is limited
by the young age of the ocean floor (<180 Ma), making it
more difficult to obtain a continuous pre-Cenozoic sedimen-
tary record completely free of the influences of coastal
processes such as freshwater influx and restricted circulation.
Nevertheless, distinct events that can serve as stratigraphic
markers appear in the d18O records as old as Ordovician age.

The dual dependence of oxygen isotope values on
seawater d18O and temperature can hinder stratigraphic
applications. However, this dual dependence can amplify the
isotopic signal, as is discussed with respect to Neogene
marine isotopic stratigraphy. The same amplification should
apply for studies of other icehouse periods, such as the Late
Carboniferous and early Permian. For ice-free periods, global
seawater will be constant over short (less than tectonic) time
scales, simplifying the application of oxygen isotope stra-
tigraphy. However, in marginal marine environments such as
epicontinental seas, seawater d18O can vary locally and
complicate stratigraphic and paleoclimate applications.
Nevertheless, advances are being made through the combined
application of oxygen isotopes and other paleotemperature
proxies such as trace elements in calcium carbonate (e.g., Mg/
Ca; Lear et al., 2000; McArthur et al., 2007).

Disequilibrium fractionation in biogenic carbonate is
another factor that impacts oxygen isotope stratigraphy.
Termed “vital effect”, this phenomenon is closely tied to
taxonomy and physiology. Groups that typically secrete skel-
etons in oxygen isotopic equilibrium with ambient water
include mollusks, brachiopods, sclerosponges, and many
smaller foraminifera (e.g., González and Lohmann, 1985;
Grossman, 1987; Wefer and Berger, 1991; Swart et al., 1998).
In contrast, corals, echinoderms, and larger benthic forami-
nifera precipitate CaCO3 with d

18O values that can be as much
as 3& lower than equilibrium values. Fortunately, taxa
exhibiting vital effect, like corals, often precipitate carbonate
with d18O values that have a constant offset relative to equi-
librium values (e.g., Leder et al., 1996). Many researchers
working with benthic foraminifera add 0.64& to the d18O
values of Cibicidoides specimens to correct for vital effect and
calibrate to Uvigerina d18O values (Shackleton, 1974; Zachos
et al., 2001). Through attention to taxonomic differences,
selection of monospecific or monogeneric samples, and
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comparison with modern congeneric taxa, the influence of vital
effect in oxygen isotope studies can be obviated.

The pH of ambient waters has been shown to influence the
d18O of planktonic foraminifera (Spero et al., 1997). Zeebe
(1999) proposed that this pH dependence reflects the
proportion of oxygen in CaCO3 that is derived from bicar-
bonate ion, carbonate ion, and aqueous CO2, each of which
has a different d18O. For the pH range of modern seawater, 7.6
to 8.4, this equates to a d18O range of ~1&, with high d18O at
low pH (Beck et al., 2005). While this pH effect has been
demonstrated in foraminiferal d18O, little is known about pH
effects in macrofossil d18O. Phosphatic oxygen within
phosphate and carbonate minerals appears to be precipitated
in oxygen isotopic equilibrium with ambient dissolved
phosphate (Longinelli and Nuti, 1973; Kolodny et al., 1983).
The effect of pH on the d18O of phosphate oxygen has yet to
be explored but is likely minimal.

An overriding concern in oxygen isotope stratigraphy and
paleothermometry e and in all chemostratigraphy e is the
chemical preservation of the samples. Oxygen isotopic
compositions of fossils are especially susceptible to diagenetic
alteration, because diagenetic waters have an abundant supply
of H2O oxygen available for isotopic exchange. Good sample
preservation becomes increasingly rare with increasing sample
age and opportunity for diagenetic alteration. Low-magnesium
calcite is more resistant to diagenesis than high-magnesium
calcite or aragonite, and thus persists longer in the sedimentary
record. Biomineral phosphate is less susceptible to oxygen
exchange than low-Mg calcite and thus retains its oxygen
isotope signature longer (e.g., Luz et al., 1984; Wenzel et al.,
2000). Application of chert d18O stratigraphy is complicated
because chert is deposited as opal and undergoes dehydration
and recrystallization with diagenesis and lithification.

The effect of diagenesis on mineral d18O depends on the
diagenetic environment. Cenozoic planktonic foraminifera can
recrystallize on the cold, deep-ocean floor, altering d18O to
higher values. This process is believed to be responsible for
them recording cool tropical temperatures during warm
Cretaceous and Eocene times (“cool tropics paradox”; Schrag,
1999; Pearson et al., 2001). In contrast, recrystallization at
great depth below the sediment-water interface (e.g., >500 m)
can decrease d18O because of higher geothermal temperatures
(Miller et al., 1987). Recrystallization of limestones, cherts,
and fossils deposited in epicontinental seas usually results in
lower d18O values, reflecting exchange with 18O-depleted
meteoric water and/or higher burial temperatures.

10.5. SAMPLE MATERIALS

In selecting material for isotopic study, researchers must
consider:

(1) geographic and stratigraphic distribution,
(2) abundance,

(3) habitat,
(4) environmental range,
(5) resistance to diagenesis, and
(6) vital effect.

Studies of the Cenozoic and Cretaceous benefit from the
deep-sea records provided by sediment cores, especially from
cores collected by the Deep Sea Drilling Project (DSDP),
Ocean Drilling Program (ODP), and the Integrated Ocean
Drilling Program (IODP). These cores permit the preparation
of detailed, continuous isotopic records based on analyses of
benthic and planktonic foraminifera (e.g., Emiliani, 1955;
Shackleton and Opdyke, 1973; Savin et al., 1975; Miller
et al., 1987; Zachos et al., 2001). Compared with epiconti-
nental seas and nearshore environments, the deep-sea is much
less influenced by local variations in temperature and salinity.
Thus, deep-sea samples provide an isotopic record of salinity,
temperature, and ice volume that is less variable and more
representative of global ocean conditions. Foraminifera
produce low-Mg calcite tests that are, for many species,
precipitated at or near oxygen isotopic equilibrium with the
water (Erez and Luz, 1983). Planktonic foraminiferal tests are
typically more porous than benthic foraminiferal tests and are
thus more susceptible to diagenesis.

Understanding the depositional environment and paleo-
ecology of sample materials is essential in oxygen isotope
stratigraphy. Since ocean temperatures vary with season,
depth, and latitude, oxygen isotope records will depend on
paleogeography, depth habitat, and growth season
(Figure 10.1). As shown in Figure 10.1B, deep-sea benthic
foraminifera give higher (colder) d18O values than planktonic
foraminifera, and cool-water specimens (California Border-
land) yield higher d18O values than warm-water specimens
(Gulf of Mexico). Shallow-dwelling planktonic foraminifera
such as Globigerinoides ruber and Globigerina bulloides
have lower d18O values than deeper dwelling species such as
Neogloboquadrina pachyderma and Globorotalia menardii
(Ravelo and Hillaire-Marcel, 2007). The morphology of
planktonic foraminiferal tests provides clues to the depth
habitat of extinct species. For example, shallow-dwelling
(<50 m) species are mostly spinose whereas deep-water
(>100 m) species are mostly non-spinose (Bé, 1977). This
helps researchers distinguish records of surface and subsur-
face waters independent of the isotope values.

Because no deep-sea floor older than ~180Ma is preserved
in the ocean today, early Mesozoic and Paleozoic studies are
restricted to sediments from continental margins and epicon-
tinental seas. These samples are naturally biased toward
periods of high sea level and interglacials during icehouse
intervals. Belemnites are the preferred macrofossil for
Mesozoic isotopic studies. Pioneering researchers analyzed
belemnites (e.g., PDB standard) to study Cretaceous climate
(Urey et al., 1951). This is because belemnites can be large
and have calcitic mineralogy with a dense microcrystalline
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structure. Other Mesozoic isotopic studies have made use of
rare occurrences of aragonitic mollusk shells (e.g., Stahl and
Jordan, 1969; Anderson et al., 1994; Malchus and Steuber,
2002; Nützel et al., 2010).

Articulate brachiopod shells are favored for Paleozoic
oxygen isotope records because of their wide stratigraphic
distribution (early Cambrian to the Recent), abundance, and
resistance to diagenesis (Compston, 1960; Lowenstam, 1961;
Veizer et al., 1986; Popp et al., 1986; Grossman, 1994). The
resistance to diagenesis results from their calcitic mineralogy,
lowmagnesium content, relatively large size and thickness, and
dense microstructure. Because of this diagenetic resistance,
brachiopod shells are typically 2e3& higher in d18O than the
encasing, diagenetically modified bulk carbonate (Veizer et al.,
1999; Mii et al., 1999). The oxygen isotopic compositions of
mineral phosphates are believed to be more resistant to diage-
netic alteration than are brachiopod shells (e.g., Wenzel et al.,
2000; Joachimski et al., 2004). The resistance of phosphate
oxygen is derived from the slow oxygen exchange between

phosphate and water at ambient temperatures; however,
rapid exchange can occur with enzyme-catalyzed reactions
(Kolodny et al., 1983). Earlier studies suggested possible
alteration of phosphate d18O (d18OPO4

) in phosphorites based
on d18OPO4

� d18OCaCO3
trends and/or low d18OPO4

values
(Shemesh et al., 1988; McArthur and Herczeg, 1990).
However, newer techniques using smaller sample sizes have
yielded higher, less variable d18OPO4

values for Paleozoic
conodonts (e.g., Joachimski et al., 2009).

Oxygen isotope studies of the Precambrian have utilized
sedimentary rocks (cherts, limestones, and dolostones)
because of the absence of fossil hard parts. Precambrian
cherts are formed from opal precipitates in seawater
presumably during early diagenesis. Because of their imper-
meability, they are believed to strongly resist diagenesis after
formation (Knauth, 2005). Fine-grained limestones may also
undergo much of their recrystallization during early diagen-
esis (Veizer and Hoefs, 1976). However, even chalks contain
cements that alter the original isotopic composition of the
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FIGURE 10.1 A. Oxygen isotopic compositions of

gastropod shell (Conus ermineus) collected live from ~22 m

depth in the Gulf of Mexico (Gentry et al., 2008). The spec-

imen was serially sampled around the spire of the shell.

Dashed lines represent average measured seasonal tempera-

ture extremes. Note that d18O increases down. B. Oxygen

isotopic compositions of benthic (live and dead) and plank-

tonic (core-top) foraminifera and mollusks from the California

Borderland and the Gulf of Mexico. All samples are calcitic

except where noted. Data are from Leventer et al. (1983),

Grossman (1984), Grossman and Ku (1986), and Kennett and

Ingram (1995). Red bar represents the range of data in A. Note

that d18O increases to the left.
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bulk rock (Mitchell et al., 1997). Dolostones are typically
a product of diagenetic recrystallization of limestone and are
at best a last resort for oxygen isotope stratigraphy.

In isotopic studies of fossils, complications arise with
nektonic taxa, like belemnites, conodonts, and fishes, which
can live in surface or deep waters and can also accrete skeletal
elements far from their eventual site of deposition. Such issues
can be addressed by comparing isotopic trends in nektonic
species with those of coeval sessile benthic organisms such as
bivalves and brachiopods. Seasonal growth can introduce
more than 1& variability in d18O among co-occurring
samples. For example, planktonic foraminifera live for one to
two months and can have seasonally variable abundances
depending on species (e.g., Bé, 1977; Williams et al., 1981;
Sautter and Thunell, 1991). Isotopic and sclerochronology
studies of mollusk shells typically reveal faster growth during
optimal growth temperatures and slower growth at other
temperatures. This usually results in slow growth in winter and
rapid growth in summer (Figure 10.1A; Gentry et al., 2008),
but in low latitudes the opposite has also been observed (Jones
and Quitmyer, 1996; Kobashi et al., 2001). As a consequence,
seasonal temperature range may be underestimated and
average paleotemperature misrepresented. Focusing on trop-
ical localities helps to minimize the impact of seasonal vari-
ability on isotopic results.

Regional and seasonal variation in seawater d18O, espe-
cially in nearshore environments, also can influence d18O
records. Open-ocean surface seawater can vary from �0.2&
in the Southern Ocean where glacial meltwater contributes
18O-depleted water, to 1.1& within the subtropical high
pressure zone (GEOSECS, 1987; Schmidt et al., 1999).
Unusual nearshore environments, such as that off eastern
Greenland (glacial melting) or in the Gulf of Aqaba (evapo-
ration), yield extreme values for surface waters of �2.2
andþ2.0& respectively (GEOSECS, 1987; Al-Rousan et al.,
2003). Seasonal discharge from large river systems can have
a widespread effect. Spring discharge from the Mississippi-
Atchafalaya river system into the Gulf of Mexico lowers
surface salinities and seawater d18O above Stetson Bank,
150 km offshore and 450 km from the river mouth, by 4 psu
and 0.6& respectively (Gentry et al., 2008). Because of the
lower d18O of high-latitude precipitation (Rozanski et al.,
1993), high-latitude carbonates tend to be more variable in
d18O than low-latitude carbonates (e.g., Tripati et al., 2001).
For reasons of signal stability and sample availability, this
chapter will focus mainly on low-latitude samples.

10.6. OXYGEN ISOTOPE STRATIGRAPHY

10.6.1. Cenozoic

The oxygen isotopic record for Cenozoic surface and bottom
waters is based on planktonic and benthic foraminifera from
piston cores and DSDP, ODP, and IODP cores. The most

successful application of oxygen isotopes as stratigraphic
markers is the development of Neogene marine isotope stages
(MIS) based on changes in temperature and seawater d18O
during glacialeinterglacial cycles. First reported in Emiliani’s
(1955) breakthrough study of planktonic foraminifera from
deep-sea piston cores, these isotopic cycles were found to
conform to variations in Earth’s orbital parameters (Hays
et al., 1976), with periodicities corresponding to obliquity
(42 kyr), precession (19 and 23 kyr), and eccentricity
(100 kyr) (Figure 10.2; see Chapter 4 of this volume). The last
800e900 kyr of the isotopic record are dominated by high-
amplitude fluctuations with 100-kyr periodicity (eccentricity),
whereas the early Pleistocene and Pliocene record is domi-
nated by higher frequency variations with a period of 41 kyr
(obliquity) (Ruddiman et al., 1986). The 100-kyr eccentricity
cycle, along with the 400-kyr eccentricity cycle, has been
prevalent during other times in the Cenozoic, such as the
Paleocene, Oligocene and Miocene (Zachos et al., 2001;
Westerhold et al., 2005, 2008; Pälike et al., 2006).

The discovery of the astronomical periodicity to the
Pleistocene climate records led to astronomical tuning of the
Pleistocene time scale (SPECMAP; Imbrie et al., 1984;
Tiedemann et al., 1994). Figure 10.2 shows an astronomically
tuned d18O time scale for the Late Pliocene and Pleistocene
based on 38 229 isotopic analyses of benthic foraminifera from
57 globally distributed sites (the “LR04” stack; Lisiecki and
Raymo, 2005; see Chapter 28 of this volume). The LR04 stack
provides a high-resolution geochronology with uncertainty
varying from 40 kyr in the oldest section (5.3e5 Ma) to 15 kyr
for 4e3 Ma and 4 kyr for 1e0 Ma. To supplement these d18O-
based records, researchers are developing astronomical time
scales for earlier in the Cenozoic based primarily on Milan-
kovitch-related sedimentological properties such as magnetic
susceptibility and iron content measured by scanning X-ray
fluorescence (Hinnov and Ogg, 2007; Westerhold et al., 2008).

The long-term Cenozoic isotopic record of benthic fora-
minifera has been summarized by Savin et al. (1975), Savin
(1977), Miller et al. (1987), Zachos et al. (2001, 2008), and
Cramer et al. (2009). The record shows the now classic trend
of progressive cooling interrupted by warm events in the Early
Eocene (Early Eocene Climatic Optimum, EECO), late
Oligocene, and mid-Miocene (Mid-Miocene Climatic
Optimum, MMCO) (Figure 10.3). Many of these pronounced
isotopic changes serve as stratigraphic markers of global
extent that can be used for correlation. Relatively constant
d18O values in the early Paleocene are followed by a middle
Paleocene d18O maximum. Values then decline through the
late Paleocene until interrupted by a negative d18O spike near
the PaleoceneeEocene boundary (~55 Ma; Kennett and Stott,
1991; Norris and Röhl, 1999; Zachos et al., 2001). Commonly
known as the PaleoceneeEocene Thermal Maximum
(PETM), this isotopic event is believed to be caused by the
rapid release of oceanic methane hydrates from below the
sediment surface (Dickins et al., 1995). A second Eocene
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thermal maximum (ETM2; Figure 10.3) has been documented
based on oxygen and carbon isotopic analyses of carbonate-
poor sediments, suggesting additional gas hydrate release
events in Earth’s past (Lourens et al., 2005). Oxygen isotope
values reach a minimum during the EECO (52e50 Ma) then
increase throughout the Eocene, interrupted by the mid-
Eocene climatic optimum (MECO) at ~40.0 Ma (Bohaty
et al., 2009). Cenozoic cooling produced major Antarctic
glaciations in the earliest Oligocene, recorded in a sharp
1.0e1.5& increase at the EoceneeOligocene boundary (Oi1
glaciation; 33.55 Ma; Miller et al., 1991, 2008). In addition to

Oi1, Miller et al. (1991) identified seven other Oligocenee
Miocene zones (Oi2 and Mi1-Mi6) where the base of the zone
was defined by the maximum d18O value. The most distinctive
of these are Mi1 at the MioceneeOligocene boundary,
dated at 23.0Ma (Shackleton et al., 1999; Zachos et al., 2001),
and Mi3eMi4, the sharp Mid-Miocene increase at ~12e14
Ma (Savin et al., 1975; Kennett and Shackleton, 1975;
Miller et al., 1991). Through the Pliocene and Pleistocene
epochs, d18O continued to increase, reflecting expansion
of glaciers in the Northern Hemisphere (e.g., Maslin et al.,
1998).

Pleistocene Pliocene

Pliocene

Pleistocene

Age (ka)
FIGURE 10.2 Marine isotope stage boundaries defined based on the benthic d18O stack (“LR04”) constructed from the graphic correlation of 57 globally

distributed late Neogene isotopic records (from Lisiecki and Raymo, 2005). Also shown are geomagnetic chrons. Note that the vertical scale differs between

panels and that d18O increases down.

189Chapter | 10 Oxygen Isotope Stratigraphy



190 The Geologic Time Scale 2012



While the aforementioned isotopic trends and events are
recorded throughout theworld ocean, the degree of change can
vary between ocean basins (Cramer et al., 2009), resulting in
interbasinal d18O gradients that depend on deepwater circu-
lation patterns. Large interbasinal d18O gradients (>0.5&) are
seen for the Late Cretaceous and late PaleogeneeNeogene,
while small gradients (<0.5&) are characteristic of the early
Paleogene ocean (Figure 10.3; Cramer et al., 2009).

The d18O record for Cenozoic planktonic foraminifera is
more dispersed than that of the benthic foraminifera, because
of the geographic and temporal variability of surface-water
temperature and d18Ow (salinity) and the greater suscepti-
bility of planktonic foraminifera to diagenesis. At first glance
the record shows the same cyclicity as the benthic forami-
niferal record, with a late Cretaceous increase (cooling), early
Eocene decrease (warming), and mid-Eocene to Oligocene
increase (cooling) ocean (Figure 10.3; Savin, 1977; Miller
et al., 1991; Prokoph et al., 2008). The planktonic forami-
niferal record, however, shows little evidence of the strong
cooling trend seen in the deep sea and high-latitude surface.
The trend is tempered by relatively high d18O values for
planktonic foraminifera, suggesting cool tropical tempera-
tures during the warm Eocene and Cretaceous intervals.
These data, however, have since been challenged and attrib-
uted to diagenesis on the cool sea floor (e.g., Schrag et al.,
1995; Pearson et al., 2001). Exceptionally well preserved
(“glassy”) planktonic foraminifera from clay-rich sediments
yield lower d18O and warmer tropical paleotemperatures
during this time (Figure 10.3; Pearson et al., 2001, 2008;
Wilson et al., 2002; Bornemann et al., 2008). Supporting
evidence for warm low-latitude temperatures comes from
isotopic analyses of gastropods and bivalves (Andreasson and
Schmitz, 1998, Kobashi et al., 2001). While the isotopic
record from these well preserved fossils and microfossils
from continental shelf and hemipelagic sediments may show
greater influence of river influx than that of pelagic specimens
(Zachos et al., 2002), this effect accounts for only a small
portion of the difference (Pearson et al., 2002).

10.6.2. Mesozoic

The Mesozoic data compiled in Figure 10.4 is updated from
Veizer et al. (1999) and Prokoph et al. (2008), with additional
belemnite (e.g., Price et al., 2000; McArthur et al., 2007;

Wierzbowski and Joachimski, 2007; Mutterlose et al., 2009)
and planktonic foraminiferal data (e.g., Pearson et al., 2001;
Bornemann et al., 2008). The best preserved and most
complete record for the Triassic and Jurassic comes from
Europe (England, Spain, France, Italy, and Poland;
e.g., Anderson et al., 1994; Podlaha et al., 1998; Malchus and
Steuber, 2002; Jenkyns et al., 2002; Korte et al., 2005a). The
Triassic record is sparse, limited by availability of well-
preserved marine fossils. The predominant carbonate material
is brachiopod shells. Oxygen isotope values for tropical
brachiopods range from �6 to �0.5& and show an early
Carnian (~225 Ma) increase of 2& that is attributed to
cooling and to an increase in seawater d18O due to increased
evaporation (Korte et al., 2005a). Isotopic values for the latest
Triassic based on tropical/subtropical brachiopods average
�1.5� 1&, similar to d18O values for early Jurassic
belemnites from northern Europe (Jenkyns et al., 2002).

The northward movement of Europe during Triassice
Early Jurassic time shifted European samples from a tropical
to a temperate climate zone. The mean d18O values for
temperate and tropical Jurassic belemnites are similar, and
increase in the Early Jurassic to about �1& in the Pliensba-
chian, then sharply decrease in the Toarcian (TJd; ~181Ma) to
a minimum of about �3& (Figure 10.4). Data are sparse for
the Middle Jurassic, but rise to a CallovianeOxfordian acme
(COJa; c. 165Ma) of about 0.5&, then decline to lower values
of �1 to �1.5& in the Late Jurassic (161e152 Ma). If these
mostly European data represent the global climate, then they
imply a Toarcian warm interval, possibly linked to an oceanic
anoxic event (Podlaha et al., 1998; Bailey et al., 2003), and an
OxfordianeCallovian boundary cool interval (Dromart et al.,
2003). The TJd and COJa are distinct oxygen isotopic events
with potential use for correlation.

Oxygen isotope values of belemnites increase in the
early Cretaceous to a maximum of 0-1& near the
ValanginianeHauterivian boundary (~136 Ma), interpreted as
cooling to a late Valanginianeearly Hauterivian temperature
minimum (van de Schootbrugge et al., 2000; McArthur et al.,
2007). The d18O values then decline to a minimum of �2 to
�1& in the middle Barremian (~128 Ma), interpreted as
Barremian warming (Mutterlose et al., 2009).

High belemnite d18O values, sometimes equating to
paleotemperatures of less than 10�C in the early Middle
Jurassic, have been interpreted as indicating nektobenthic

FIGURE 10.3 Oxygen isotopic record for Late Mesozoic and Cenozoic tropical/subtropical fossils and microfossils. Shown are planktonic foraminiferal data

(updated from Prokoph et al., 2008) and deep-sea benthic foraminiferal data (modified from Cramer et al., 2009) based on DSDP, ODP, and IODP cores. Note

d18O increases to right in this and subsequent figures. Benthic foraminiferal data are corrected for genus-specific d18O vital effects by normalizing to Cibi-

cidoides spp. (e.g.,� 0.64& versus Uvigerina spp.). The thick black line represents the trend for the Pacific Ocean and is based on local linear regression

through site-wise interpolated data (see Cramer et al., 2009, for details). Error bars show the 90% confidence envelope. For Cretaceous benthic foraminiferal

data, trends are defined by lines showing the 95% confidence interval. Data trends for planktonic foraminifera are million year averages � one standard

deviation (1s). Data for mollusks (Conus gastropods) are averages for individual serially-sampled shells (Kobashi et al., 2001). The temperature scale in this

and subsequent figures is based on the Hays and Grossman (1991) reformulation of O’Neil et al. (1969) and shows temperatures associated with a seawater d18O

of a glacier-free world (�1& VSMOW; prior to ~35 Ma) and the modern interglacial ocean (0& VSMOW). Climate events from Zachos et al. (2008) and

Cramer et al. (2009); PETM¼ PaleoceneeEocene Thermal Maximum and ETM¼ Eocene Thermal Maximum.
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habitat (e.g., Dutton et al., 2007; Wierzbowski and Joa-
chimski, 2007). Other evidence for a nektobenthic habitat
include:

(1) d18O values similar to benthic foraminiferal values
and higher than planktonic foraminiferal values (Dutton
et al., 2007),

(2) low intra-annual variation in d18O, and
(3) d18O paleotemperatures similar to those of bivalves and

much lower than those of ammonites presumed to dwell
in the surface ocean (Wierzbowski and Joachimski, 2007,
2009).

Thus, the d18O trends based on belemnites likely reflect
temperature variations of subsurface waters, rather than
variations in sea-surface temperature.

Numerous studies have analyzed fossils from the Creta-
ceous Western Interior Seaway of North America. However,
the results have yielded enigmatic patterns, including anom-
alously low d18O values in shallow-dwelling taxa such as
nektonic mollusks and higher d18O values in infaunal
mollusks versus epifaunal ones (e.g., Wright, 1987; He et al.,
2005). Researchers suggest that these patterns reflect
a complex, salinity-stratified water column (e.g., Wright,
1987; Hudson and Anderson, 1989; He et al., 2005). Because
of this complexity, these data are not included in the Meso-
zoic compilation.

The isotopic record for the middle and late Cretaceous is
anchored with abundant analyses of foraminifera from DSDP
and ODP cores (Figures 10.3, 10.4). Both planktonic
(temperate and tropical) and benthic foraminiferal records
show a 2e3& decrease from the Albian (~110 Ma) to the
Turonian (~90 Ma), then a roughly 2& increase to
a maximum in the late Maastrichtian (~66 Ma; e.g., D’Hondt
and Arthur, 1996; Huber et al., 2002; Bornemann et al.,
2008). Relatively high d18O values for planktonic forami-
nifera have been interpreted as representing cool tropical
temperatures during warm intervals (“Cool Tropics Paradox”;
D’Hondt and Arthur, 1996). However, studies of planktonic
foraminifera from Cretaceous oozes and chalks typically used
for isotopic studies show textural evidence for significant
recrystallization (Pearson et al., 2001), supporting the
contention that the higher d18O values were caused by
diagenesis on the cool sea floor (Schrag, 1999; Pearson et al.,
2001). High d18O values for Late Cretaceous belemnites from
temperate regions support cool, Late Cretaceous tempera-
tures, whereas “glassy” planktonic foraminifera indicate
warm temperatures (Pearson et al., 2001). As discussed

earlier, belemnites are likely nektobenthic, producing hard
parts with isotopic records that represent sub-sea-surface
temperatures. Thus, the low d18O values and warm isotopic
temperature from “glassy” foraminifera likely represent the
best record of sea surface conditions of low-latitude oceans
during the Late Cretaceous.

10.6.3. Paleozoic

Brachiopod Shells

Ján Veizer and his colleagues have led in compiling a record
of Paleozoic isotope data based on brachiopod shells (Veizer
et al., 1999; Figure 10.5A). These data, updated by Prokoph
et al. (2008), have been further updated in this chapter.
One major change is the use of the Grossman et al. (2008)
database for the Permian and Carboniferous (available online
at http://www.chronos.org/resources/GrossmanYanceyApp_
1_PPP.xls).

Brachiopod d18O values are generally �10 to �4& for
the Cambrian and Ordovician, �8 to �2& for the Silurian
and Devonian, and �7 to 0& for the Carboniferous and
Permian (Figure 10.5A). The Paleozoic trend of decreasing
d18O with increasing age is a continuation of the trend for
Precambrian carbonate rocks and cherts (see later discussion).
The hypotheses to explain 18O-depleted Paleozoic fossils
were first proposed with regard to 18O-depleted Precambrian
rocks: (1) high temperatures (e.g., Knauth and Epstein, 1976;
Knauth, 2005) and (or) (2) low seawater d18O (Perry, 1967;
Veizer and Hoefs, 1976; Veizer et al., 1999; Jaffrés et al.,
2007) earlier in Earth history, or (3) the cumulative effects of
meteoric diagenesis with progressive age (e.g., Degens and
Epstein, 1962; Joachimski et al., 2004). The high variability
in the Paleozoic brachiopod values reported in Veizer et al.
(1999), 10& in some million-year time slices (Figure 10.5A),
is inconsistent with the marine habitat of these taxa. The
likely explanation for the low (e.g., <�6&) and variable
d18O values is diagenetic alteration of some samples
(Grossman et al., 2008; Joachimski et al., 2009).

To minimize the impact of diagenesis on brachiopod shell
d18O, many researchers have focused on thick specimens and
used cathodoluminescence petrography (Popp et al., 1986)
and microsampling techniques to target the best preserved
parts of shells (e.g., Grossman et al., 1991, 1993; Wenzel and
Joachimski, 1996; Mii et al., 1999, 2001; Samtleben et al.,
2001; Joachimski et al., 2004). In this chapter, emphasis has
been placed on data from these studies along with other data
from unusually well preserved units to better resolve a global

FIGURE 10.4 Oxygen isotope records of tropical and temperate fossils and microfossils for the Mesozoic updated from Prokoph et al. (2008). Deep-sea

benthic foraminiferal data are from the compilation of Cramer et al. (2009). The trend is defined by the 95% confidence interval. For temperate records, heavy

lines represent running means with a 4 myr window and 2 myr steps, and fine lines show� 1s. For the deep record with its better age control, 1 myr

averages� 1s are shown. COJa, and TJd are CallovianeOxfordian (Jurassic) acme and Toarcian (Jurassic) decline respectively. Isotopic temperatures assume

“ice-free” conditions (d18Oseawater¼�1& vs. VSMOW). To correct for aragonite-calcite d18O differences (Grossman and Ku, 1986), 0.6& is subtracted from

the d18O values of aragonitic taxa.
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(A) (B) (C)

FIGURE 10.5 Oxygen isotopic compositions of Paleozoic brachiopods (calcite) and conodonts (phosphate). Tropical/subtropical and temperate carbonate

data (A and B respectively) are modified and updated from Prokoph et al. (2008). “Select” tropical-subtropical data are represented by open dark gray circles

(see text for discussion); all other data shown as open light gray circles. Phosphate data (C) are corrected to an NBS120c value of 22.6& (Vennemann et al.,

2001; Joachimski et al., 2009; Pucéat et al., 2010). Only studies for which the value of NBS120c is given or determinable are used. These include Wenzel et al.

(2000), Joachimski et al. (2004, 2006, 2009), Korte et al. (2004), Kaiser et al. (2006), Bassett et al. (2007), and Buggisch et al. (2008). Thick lines are running

means with a 4 myr window and 2 myr steps. Light lines show values� 1s. Carbonate isotopic temperatures are based on the Hays and Grossman (1991)

reformulation of O’Neil et al. (1969) and phosphate isotopic temperatures are based on Pucéat et al. (2010), assuming seawater d18O of �1& (VSMOW). Use

of the Kolodny et al. (1983) equation for phosphates would yield temperatures as much as 8�C lower (see Pucéat et al., 2010 for discussion). LOa is latest

Ordovician acme, LSa is the late Silurian acme, MLDd is the mid-late Devonian decline, and ECi¼ early Carboniferous increase.
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tropical/subtropical d18O record for Paleozoic brachiopods
(Figure 10.5A). This approach provides “select” data with
reduced variability and higher average d18O values, allowing
better resolution of isotopic trends that serve as paleoenvir-
onmental indicators and stratigraphic markers (for details see
Grossman et al., 2008).

The earliest well-documented Paleozoic d18O event is
the latest Ordovician acme (LOa; Hirnantian, ~445 Ma;
Figures 10.5A, 10.6), which shows an increase from roughly
�4& to between �2 and 0& before returning to pre-shift
values (Marshall and Middleton, 1990; Qing and Veizer,
1994; Brenchley et al., 1994). This event of no more than
a million years duration has been recognized in samples
from Estonia, Sweden, North America and Argentina, and
coincides with Hirnantian glaciation (Brenchley et al., 1995;
Marshall et al., 1997).

Several studies have provided Silurian isotope stratigra-
phies based on brachiopods from Gotland (Samtleben et al.,
1996; Wenzel and Joachimski, 1996; Bickert et al., 1997;
Figures 10.5A, 10.7). A comprehensive study by Azmy et al.
(1998) has produced a Silurian isotope record based on
samples from Gotland, the Baltics, Scandinavia, Ukraine,
Poland, and Canada (Anticosti Island). These data are

supplemented by recent data from the Niagara Gorge area,
Canada (Brand et al., 2006). For most of the Silurian, d18O
values are relatively constant at �6 to �4&, then increase to
a late Silurian acme (LSa; Ludfordian, ~420 Ma) of as high
as�2& (Figure 10.7). These high values do not correlate with
any known glacial episode. Wenzel and Joachimski (1996)
hypothesized that the low pre-acme d18O values were due to
sequestration of 18O-rich saline water in the deep ocean.

The brachiopod d18O record for the Devonian is based on
samples from USA, Spain, Germany, Morocco, Russia
(Siberia), and China (Veizer et al., 1999; van Geldern et al.,
2006) (Figures 10.5A, 10.8). Values rise to a Middle Devo-
nian plateau of ~�3& then show a rapid mid-late Devonian
decline (MLDd) to a Givetian minimum of<�6&. The d18O
values remain mostly between �6 and �4& during the late
Devonian. These trends are interpreted in terms of tempera-
ture and seawater d18O change, with cool temperatures in the
early and middle Devonian and warm temperatures and lower
seawater d18O in the late Devonian (van Geldern et al., 2006).
Values remain low into the earliest Carboniferous and then
increase in the early Carboniferous (Popp et al., 1986; Veizer
et al., 1986; Mii et al., 1999).

The Carboniferous marine isotope record is well
expressed on the North American craton and the Russian

Anticosti Island
Baltic States

Mid-west USA
Argentina

Central Sweden

O
rd

ov
ic

ia
n

Si
lu

ria
n

Ka
tia

n
Ll

an
do

ve
ry

? ?

LOa

8 6 4 2 0 -2 -4 -6
C (‰) O (‰)

443.8

445.2

Age 
(Ma)

Hi
rn

an
tia

n

FIGURE 10.6 Isotopic data for brachiopods shells showing the latest

Ordovician acme (LOa) in d18O and d13C (modified from Brenchley et al.,

1995).

Si
lu

ria
n

Lu
dl

ow
W

en
lo

ck
Ll

an
do

ve
ry

G
or

st
ia

n
H

om
er

Sh
ei

nw
oo

d
Te

ly
ch

Ae
ro

ni
an

R
hu

dd
Lu

df
or

di
an

423.0

427.4

433.4

brach(‰, VPDB)

-6-5-4-3-2

17181920

cono (‰, 
VSMOW)

A

-4 -6-5-3-2

B

LSa

Age 
(Ma)

FIGURE 10.7 Oxygen isotope record for Silurian brachiopods and con-

odonts showing late Silurian acme (LSa). A. Data for brachiopod shells from

Gotland (gray circles: Samtleben et al., 1996 and Bickert et al., 1997; filled

triangles: Wenzel et al., 2000) and conodonts (blue diamonds: Wenzel et al.,

2000). Data from Wenzel et al. (2000) are for coeval brachiopod and con-

odont samples. B. Data for brachiopod shells from Gotland, the Baltics,

Scandinavia, Ukraine, Poland, and Anticosti Island, Canada (Azmy et al.,

1998). Boxes represent 2s values and bars refer to maximum and minimum

values.

195Chapter | 10 Oxygen Isotope Stratigraphy



Platform, which provide long stratigraphic records with well-
preserved shells. The d18O data are mostly between 0 and
�5&, yielding paleotemperatures mostly between 10 and
35�C for a seawater d18O of �1& (VSMOW; Figure 10.5A,
10.9). In contrast to the North American craton and Russian
Platform, many samples from central and western Europe
have d18O values much less than �5& (Figure 10.5A, gray
symbols; Bruckschen et al., 1999; Veizer et al., 1999) and
yield isotopic temperatures often exceeding 50�C (Grossman
et al., 2008). These very low values undoubtedly reflect
diagenetic alteration.

US craton data show:

(1) a 3& rise in the Tournaisian to values of �2 to 0&,
(2) a Visean decline to �4 to �3&, and
(3) a mid-Carboniferous increase of 1e2& with relatively

constant Pennsylvanian values of between �3 and �1&
(Figure 10.9A; Mii et al., 1999).

The d18O values of brachiopods from the Russian Platform
also show a d18O increase at the mid-Carboniferous
boundary (Bruckschen et al., 2001; Mii et al., 2001;
Grossman et al., 2002, 2008) (Figure 10.9B). Mii et al.
(1999) attributed the mid-Carboniferous increase to initia-
tion of continental glaciation. High resolution studies of the
mid-Carboniferous GSSP section at Arrow Canyon, Nevada
do not show the d18O increase seen in the US midcontinent

(Brand and Brenckle, 2001; Jones et al., 2003), perhaps
because the isotopic shift occurs above or below the
boundary section.

The greater than �1& d18O values for late Tournai-
sianeearly Visean brachiopods from the US midcontinent
show the influence of regional aridification and restricted
circulation on the isotopic record (Figure 10.9A; Grossman
et al., 2008). During this time the region experienced evap-
orite deposition. In the Pennsylvanian, the locus of evaporite
deposition shifted northwestward away from the US
midcontinent.

Recent studies of early Permian brachiopods show
an Asselian d18O maximum in Uralian specimens, and a
SakmarianeArtinskian d18O decline in Uralian and Australian
specimens (Korte et al., 2005b, 2008) (Figure 10.9). These
trends correlate with early Permian glaciation and deglaciation
respectively. However, North American and other Uralian
brachiopods fail to show this Asselian d18O maximum and
SakmarianeArtinskian decline, instead showing increasing
d18O values in the Kungarian, which are interpreted as
reflecting aridification (Grossman et al., 2008; Noret et al.,
2009). Regional differences in Permian and Carboniferous
isotopic stratigraphy undoubtedly reflect local to regional
variations in seawater temperature and d18O (as related to
salinity), and highlight the need for caution in developing
a global d18O stratigraphy for the Paleozoic.
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Conodonts

ThePaleozoic d18O record from conodonts is less variable than
that from “select” brachiopod shells, with an average standard
deviation of the running mean of 0.61& versus 0.81& for
brachiopod data (Figure 10.5C). As with the brachiopod
record, the conodont d18O record shows lower d18O values for
the early Paleozoic compared with the late Paleozoic.
Specifically, conodont and brachiopod records average about
2& lower for the late Ordovician to Devonian (18.3& and
�4.6& respectively) versus the Carboniferous and Permian
(20.5& and �2.4&). These high PermoeCarboniferous
values reflect the influence of late Paleozoic glaciation, though
the full impact of glaciationmay not be recorded because of the
decreased probability of marine sediment deposition during

the sea-level low stands that accompany glaciation. Assuming
a 1& increase from ice-free to icehouse interglacial condi-
tions, the remaining 1& difference could be explained by
warmer temperatures (~5�C) or lower seawater d18O values
(�1&) in the early Paleozoic, or some combination of the two.

Many of the key features of the d18OPO4
record mimic

those of the d18OCO3
record. Silurian brachiopod and con-

odont d18O values show the same Llandovery increase, mid-
Ludlow minimum, and late Ludlow acme (LSa; ~420 Ma;
Figures 10.5C, 10.7; Wenzel et al., 2000). Conodont isotopic
temperatures, first published as 24e33�C, similar to modern
sea surface temperatures (assuming d18Oseawater¼�1&),
become 30e39�C with the Pucéat et al. (2010) phosphatee
water 18O paleothermometer, similar to brachiopod isotopic
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temperatures (24e41�C). Thus, if conodonts retain their
original oxygen isotopic composition, probably well-
preserved brachiopod shells do as well. Isotopic trends for
Devonian brachiopods and conodonts are also similar, with
a mid-Devonian maximum and mid-late Devonian decline
(MLDd; Figures 10.5C, 10.8; Joachimski et al., 2004, 2009);
but brachiopods show a 1e1.5& larger negative shift in the
Givetian, resulting in unnaturally high paleotemperatures of
30e40�C (Joachimski et al., 2004). The recalculated con-
odont paleotemperature range based on running means is
27e38�C (again assuming d18Oseawater¼�1&), similar to
the range for brachiopod shells. The brachiopod and con-
odont d18O records for the Carboniferous are similar, in that
both show an increase in the early Carboniferous
(Figure 10.5). However, they differ in the late Visean in that
brachiopod d18O values decrease to about e3&, whereas
conodont values continue to rise through the Mississippian to
a late Mississippian maximum, before returning to more
moderate values in the Pennsylvanian (Buggisch et al., 2008;
Figure 10.5C). This divergence may reflect regional differ-
ences, as preliminary data for Uralian conodonts, like
Uralian and North American brachiopods, are low (M. Joa-
chimski, pers. comm., 2011). Application of the Pucéat et al.
(2010) equation suggests slightly lower temperatures for
Mississippian brachiopod shells (13e30�C) than conodonts
(17e32�C), except for the latest Mississippian when pub-
lished conodont paleotemperatures are lowest.

The high isotopic paleotemperatures for early Paleozoic
conodonts and brachiopod shells may reflect warm Earth
temperatures, lower seawater d18O (e.g., �2& VSMOW), or
diagenetic alteration of both brachiopod shells and con-
odonts. A detailed discussion of the causes of oxygen isotopic
variation is beyond the scope of this chapter. However, recent
clumped isotope studies of Ordovician and Silurian brachio-
pods argue for warm tropical temperatures (34e37�C) and
seawater d18O close to that of the modern ocean (�2 to �1&
VSMOW) (Came et al., 2007; Finnegan et al., 2011). Thus,
the assumptions of near-modern seawater d18O and retention
of original oxygen isotopic compositions in well preserved
brachiopod shells and conodonts may be justified.

10.6.4. Precambrian

Recent compilations by Shields and Veizer (2002) and
Knauth (2005) highlight the oxygen isotope trends in
Precambrian dolostones, limestones, and cherts. The chert
data compiled by Knauth (2005) are nearly all based on
platform deposits, believed to be chemically stabilized during
shallow burial. These represent, at best, early diagenetic
conditions. Carbonate rocks also provide at best a record of
early diagenetic conditions; note that Paleozoic carbonate
sediments typically average 2e3& lower in d18O than
brachiopod shells. Age control is difficult for Precambrian
samples, because of the paucity of radiogenic isotope

ages (see Chapter 16 of this volume). To address this issue,
Shields and Veizer (2002) differentiate carbonate data in
terms of those with well-constrained ages (known within
50 myr) and those with poorly constrained ages (>50 myr)
(Figure 10.10).

The isotopic data for Precambrian cherts and carbonates
are shown in Figure 10.10. Silica is enriched in 18O relative to
calcite by around 6&, but the temperature dependences of the
mineral-water fractionation are similar. Note that chert d18O
values are reported versus VSMOW, hence the reported
values (but not the actual 18O/16O ratios) are an additional
30& higher than carbonate values reported versus VPDB.
The key features of the Precambrian chert record are high
variability (>10& or more within time slices), and a roughly
10& increase from very low values in the Archean (8e22&
VSMOW) to less low values in the Proterozoic (17e32&
VSMOW) (e.g., Perry, 1967; Knauth and Epstein, 1976;
Knauth, 2005; Figure 10.10A). The 10& d18O change
equates to a temperature change of around 50�C. The high
variability is attributed to early diagenesis in meteoric waters
of variable d18O and/or later diagenesis associated with deep
burial and high temperatures (Knauth, 2005).

Precambrian dolomites and limestones also show high
d18O variability (>10&) and an increase from an average of
�17& in the early Archean to about �9& in the latest
Proterozoic (e.g., Veizer and Hoefs, 1976; Shields and
Veizer, 2002: data available online at http://www.science.
uottawa.ca/~veizer/isotope_data/PMCID-Version-1.1(a).xls;
Figure 10.10B). As with cherts, variability in carbonate d18O
is attributed to differing degrees and conditions of diagenetic
alteration (Shields and Veizer, 2002). As discussed earlier, the
d18O trends for Precambrian sedimentary rocks have been
interpreted as indicating:

(1) high Precambrian temperatures (e.g., Knauth and
Epstein, 1976; Knauth, 2005),

(2) low d18O for Precambrian seawater (Perry, 1967; Veizer
and Hoefs, 1976; Veizer et al., 1999; Jaffrés et al.,
2007), or

(3) the cumulative effects of meteoric diagenesis with
progressive age (e.g., Degens and Epstein, 1962).

Discussion of the merits of each of these hypotheses is
beyond the scope of this chapter; however, there is no doubt
that diagenesis had a strong influence on the d18O of
Precambrian sediments. Thus, oxygen isotopes presently
have little utility for Precambrian chemostratigraphy. Stron-
tium, carbon, and sulfur isotopes provide much more
promise.

10.7. SUMMARY

Oxygen isotope stratigraphy has revolutionized our under-
standing of Earth’s paleoclimate. Oxygen isotope measure-
ments (18O/16O) of carbonate and phosphate fossils and

198 The Geologic Time Scale 2012



microfossils have enabled reconstruction of paleotemper-
atures of Phanerozoic oceans and yielded a highly refined
Neogene marine stratigraphy. Moreover, oxygen isotopes are
being increasingly applied for pre-Neogene stratigraphy as
scientists discover new isotopic events related to global
climate change.

The oxygen isotopic record for the Precambrian is
hampered by the lack of marine sediments unmodified by
diagenesis. Values decrease with age and do not show
distinct, globally correlatable events. Phanerozoic fossils
and microfossils yield isotopic records, summarized in

Figure 10.11, that have moderate to great utility in stratig-
raphy. Data for the Cambrian and much of the Ordovician
are low and highly variable, and their fidelity is in question.
Thus, they are not included in the summary figure. Silurian
and Devonian values average lower than those of the
remaining Phanerozoic probably because of the absence of
continental glaciers and higher temperatures, though slightly
lower seawater d18O (�2& lower) cannot be ruled out.
Numerous features in the Phanerozoic isotopic record are
potential stratigraphic markers. In the Paleozoic record these
include the latest Ordovician acme (LOa), late Silurian acme
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FIGURE 10.10 A. Oxygen isotopic data for screened Precambrian chert samples from Knauth (2005). All samples are unmetamorphosed except 3800 Ma

specimens, which are no higher than greenschist facies. See Knauth (2005) for data sources. B. Oxygen isotopic compositions of Precambrian carbonate
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FIGURE 10.11 Oxygen isotopic stratigraphies for the Phanerozoic based on calcite (A) and phosphate (B) oxygen from fossils and microfossils. d18O values

are available from the author. Isotopic temperatures assume “ice-free” conditions (d18Oseawater¼�1& vs. VSMOW; O’Neil et al., 1969; Hays and Grossman,

1991). A. Calcite data and trend lines are from Figures 10.3, 10.4 and 10.5. See explanations in those figure captions. B. Phosphate data from Figure 10.5A plus

Anderson et al. (1994), Picard et al. (1998), Vennemann and Hegner (1998), Sharp et al. (2000), Dromart et al. (2003), and Billon-Bruyat et al. (2005). Dashed

intervals in continuous lines indicate gaps in record. Isotopic temperatures assume “ice-free” conditions (d18Oseawater¼�1& vs. VSMOW).

200 The Geologic Time Scale 2012



(LSa), mid-late Devonian decline (MLDd), and early
Carboniferous increase (ECi). The record for the early
Mesozoic (Triassic) is based on brachiopods and is as yet too
sparse to confidently identify isotopic features. However, the
Jurassic and Early Cretaceous records, based on belemnites,
show distinct features:

(1) a Toarcian (Jurassic) decline (TJd) and a Callo-
vianeOxfordian acme (COJa),

(2) an increase in the Early Cretaceous to a maximum near
the ValanginianeHauterivian boundary (136.4 Ma), and

(3) a decline to a minimum in the middle Barremian
(~128 Ma).

The availability of foraminifera from DSDP and ODP cores
permits a more open-ocean record for the Late Cretaceous.
These data show a large d18O decrease from Albian (~110
Ma) to Turonian (~91 Ma), followed by an increase to
a maximum in the late Maastrichtian (~66 Ma).

The well-characterized Cenozoic record includes
distinct events such as the PaleoceneeEocene Thermal
Maximum (PETM; ~55 Ma) and the Oligocene event Oi1
(33.55 Ma) which are already used as stratigraphic markers
(Figure 10.11). While the deep-sea Cenozoic record shows
systematic d18O increase reflecting cooling and glaciation,
the sea-surface record differs depending on whether anal-
yses are performed on “glassy” or less well-preserved
planktonic foraminifera. The integration of oxygen isotope
stratigraphy with biostratigraphy and astronomical tuning
has provided a late Neogene chronostratigraphy with
a resolution of several thousand years. Efforts are ongoing
to expand this approach into the early Neogene and
Paleogene.

Continued refinement of oxygen isotopic techniques,
development of diagenetic indicators and other paleo-
temperature proxies (e.g., clumped isotopes), and discovery
of new global climate-related d18O events will undoubtedly
lead to new applications of oxygen isotope stratigraphy to
Cenozoic, Mesozoic and Paleozoic sediments.
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Bé, A.W.H., 1977. An ecological, zoogeographic and taxonomic review of

Recent planktonic foraminifera. In: Ramsey, A.T.S. (Ed.), Oceanic

Micropalaeontology. Academic Press, London, pp. 1e100.

Beck, W.C., Grossman, E.L., Morse, J.W., 2005. Experimental studies of

oxygen isotope fractionation in the carbonic acid system at 15�, 25�, and
40�C. Geochimica et Cosmochimica Acta 69 (14), 3493e3503.

Bemis, B.E., Spero, H.J., Bijma, J., Lea, D.W., 1998. Reevaluation of the

oxygen isotopic composition of planktonic foraminifera: Experimental

results and revised paleotemperature equations. Paleoceanography 13

(2), 150e160.

Bickert, T., Patzold, J., Samtleben, C., Munnecke, A., 1997. Paleoenvir-

onmental changes in the Silurian indicated by stable isotopes in

brachiopod shells from Gotland, Sweden. Geochimica et Cosmochimica

Acta 61 (13), 2717e2730.

Billon-Bruyat, J.P., Lécuyer, C., Martineau, F., Mazin, J.M., 2005. Oxygen

isotope compositions of Late Jurassic vertebrate remains from litho-

graphic limestones of western Europe: Implications for the ecology of

fish, turtles, and crocodillans. Palaeogeography, Palaeoclimatology,

Palaeoecology 216 (3e4), 359e375.

Blattner, P., Hulston, 1978. Proportional variations of geochemical d18O

scales e an interlaboratory comparison. Geochimica et Cosmochimica

Acta 42, 59e62.

Bohaty, S.M., Zachos, J.C., Florindo, F., Delaney, M.L., 2009. Coupled

greenhouse warming and deep-sea acidification in the middle Eocene.

Paleoceanography 24, PA2207. doi:10.1029/2008PA001676.

Bornemann, A., Norris, R.D., Friedrich, O., Beckmann, B., Schouten, S.,

Sinninghe Damste, J.S., Vogel, J., Hofmann, P., Wagner, T., 2008.

Isotopic evidence for glaciation during the Cretaceous supergreenhouse.

Science 319 (5860), 189e192.

Brand, U., Azmy, K., Veizer, J., 2006. Evaluation of the Salinic I tectonic,

Cancaniri glacial and Ireviken biotic events: Biochemostratigraphy of the

201Chapter | 10 Oxygen Isotope Stratigraphy



lower Silurian succession in the Niagara Gorge area, Canada and USA.

Palaeogeography, Palaeoclimatology, Palaeoecology 241 (2), 192e213.

Brand, U., Brenckle, P., 2001. Chemostratigraphy of the Mid-Carboniferous

boundary global stratotype section and point (GSSP), Bird Spring Forma-

tion, Arrow Canyon, Nevada, USA. Palaeogeography, Palaeoclimatology,

Palaeoecology 165 (3e4), 321e347.

Brandriss, M.E., O’Neil, J.R., Edlund, M.B., Stoermer, E.F., 1998. Oxygen

isotope fractionation between diatomaceous silica and water. Geo-

chimica et Cosmochimica Acta 62 (7), 1119e1125.

Brenchley, P.J., Marshall, J.D., Carden, G.A.F., Robertson, D.B.R.,

Long, D.G.F., Meidla, T., Hints, L., Anderson, T.F., 1994. Bathymetric

and isotopic evidence for a short-lived Late Ordovician glaciation in

a greenhouse period. Geology 22 (4), 295e298.

Brenchley, P.J., Carden, G.A.F., Marshall, J.D., 1995. Environmental

changes associated with the “first strike” of the late Ordovician mass

extinction. Modern Geology 20, 69e82.

Bruckschen, P., Oesmann, S., Veizer, J., 1999. Isotope stratigraphy of the

European Carboniferous: Proxy signals for ocean chemistry, climate and

tectonics. Chemical Geology 161 (1e3), 127e163.

Bruckschen, P., Veizer, J., Schwark, L., Leythaeuser, D., 2001. Isotope stra-

tigraphy for the transition from the late Palaeozoic greenhouse in the

Permo-Carboniferous icehouseenew results. Terra Nostra 2001/4, 7e11.

Buggisch, W., Joachimski, M.M., Alekseev, A.S., Sevastopulo, G.,

Morrow, J.R., 2008. Mississippian d13Ccarb and conodont apatite d18O

recordse their relation to theLatePalaeozoicGlaciation. Palaeogeography,

Palaeoclimatology, Palaeoecology 268, 273e292.

Came, R.E., Eiler, J.M., Veizer, J., Azmy, K., Brand, U., Weidman, C.R.,

2007. Coupling of surface temperatures and atmospheric CO2 concen-

trations during the Palaeozoic era. Nature 449, 198e201.

Compston, W., 1960. The carbon isotopic composition of certain marine

invertebrates and coals from the Australian Permian. Geochimica et

Cosmochimica Acta 18, 1e22.

Coplen, T.B., 1988. Normalization of oxygen and hydrogen isotope data.

Chemical Geology 72, 293e297.
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M.R. Saltzman and E. Thomas Chapter 11

Carbon Isotope Stratigraphy

Abstract: Variations in the 13C/12C value of total dissolved
inorganic carbon (DIC) in the world’s oceans through time
have been documented through stratigraphic study of marine
carbonate rocks (d13Ccarb). This variation has been used to
date and correlate sediments. The stratigraphic record of
carbon isotopes is complex because the main process frac-
tionating 12C from 13C is photosynthesis, with organic matter
depleted in the heavy isotope (13C). The carbon isotope
record (on the geological time scales considered here) is to
a large extent defined by changes in the partitioning of carbon
between organic carbon and carbonate, and therefore linked
directly to the biosphere and the global carbon cycle. This
chapter summarizes d13Ccarb variations through geologic time
compiled from multiple literature sources. Materials analyzed
for curve-construction differ between authors and between
geological time periods, and one should carefully consider
whether skeletal carbonate secreted by specific organisms or

bulk carbonate has been used in evaluating or comparing
carbon isotope stratigraphic records. Mid-Jurassic through
Cenozoic curves have been mainly derived from pelagic
carbonates, and exhibit low amplitude d13Ccarb variability
(from�1 toþ4&) relative to curves for the earlier part of the
record (from �3 to þ8 & for the Phanerozoic, from �15 to
þ15& for the Proterozoic and Archean). The Mid-Jurassic
and older curves are dominantly based on data from platform
carbonates, which show greater variability and more spatial
heterogeneity. The different character of carbon isotope
curves derived from older platform carbonates as compared to
younger pelagic records may reflect primary and/or diage-
netic processes, difference in paleoenvironments, difference
in calcifying organisms, or inherent changes in the global
carbon cycle with geologic time and biotic evolution
(e.g., changes in reservoir size).
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11.1. PRINCIPLES OF CARBON ISOTOPE
STRATIGRAPHY

The potential ofmarine carbonate d13C trends and excursions to
date and correlate rocks relies on the fact that their 13C/12C
ratios have varied over time, mainly as the result of partitioning
of carbon between organic carbon and carbonate carbon reser-
voirs in the lithosphere (e.g., Shackleton andHall, 1984;Berner,
1990; Kump andArthur, 1999; Falkowski, 2003; Sundquist and
Visser, 2004). Precipitation of carbonates involves little carbon
isotopic fractionation relative to dissolved inorganic carbon
(DIC), and the d13C of carbonate is relatively insensitive to
changes in temperature (about 0.035& per �C; Lynch-Stieglitz,
2003). Therefore the d13C of inorganically and biologically
precipitated carbonate in the oceans is very close to that of the

DIC in the oceans (Maslin and Swann, 2005), the largest
reservoir in the recent ocean-atmosphere system (Figure 11.1).
To explain changes in this isotopic signatureweneed to consider
the global carbon cycle on different time scales (Falkowski,
2003; Sundquist and Visser, 2004).

Carbon cycling between the ocean and the atmosphere
occurs on time scales of <1000 years. At the present pH
conditions of sea water (7.5e8.3), >90% of the carbon in the
deep ocean is present as bicarbonate (HCO3

�). The deep
oceanic DIC reservoir is about 50 to 60 times as large as the
atmospheric reservoir was in pre-industrial times
(e.g., Ravizza and Zachos, 2003; Sundquist and Visser, 2004;
Sarmiento and Gruber, 2006; Houghton, 2007). Carbon in
the atmosphere is present as carbon dioxide (CO2),
whereas the lithosphere, which exchanges carbon with the
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ocean-atmosphere system on longer time scales (105e106

years), contains carbon in both organic matter and carbonate
rock (limestones and dolomites) (Berner, 1990).

The carbon isotopic composition of CO2 in the atmo-
sphere was about �6.4 & prior to anthropogenic fossil fuel
burning, close to the mantle value of about �6& (Sundquist
and Visser, 2004) (Figure 11.1). The photosynthetic fixation
of carbon using atmospheric CO2 involves a large negative
fractionation, so that all organic carbon compounds are
strongly depleted in 13C relative to atmospheric CO2

(e.g., Maslin and Thomas, 2003). Most Recent land plants use
the C3 photosynthetic pathway, and have d13C values
between �23 and �33& (mean value ~�26&). Plants in dry
regions (tropical grasses, salt water grasses) use a different
photosynthetic pathway (C4), and have d13C values ranging
from �9 to �16& (mean value ~�13&) (Maslin and
Thomas, 2003). The photosynthetic reaction pathways of
marine phytoplankton are less well-known; d13C values in
marine phytoplankton range between �10 and �32& (most
lie between �17 and �22&) depending upon temperature,
with values in the tropics ranging up to �13&, and at high
latitudes as low as �32& (Sarmiento and Gruber, 2006).

The d13C value of whole-ocean DIC has not been constant
over geologic time. Variations in d13C in DIC in the oceans
over time scales of tens of thousands of years or less, as for
instance seen in the Quaternary glacial/interglacial cycles,
can be understood in terms of redistribution of carbon among
the Earth’s surface carbon reservoirs, i.e. atmosphere, oceans,
biosphere and superficial sediments (see e.g., Sundquist and
Visser, 2004). Over time scales of hundreds of thousands to
millions of years, variations in d13C of DIC are mainly the

results of changes in the size and rate of the exchange fluxes
between the Earth’s surface carbon reservoirs and the litho-
sphere (e.g., Berner, 1990; Kump and Arthur, 1999; Sund-
quist and Visser, 2004; Maslin and Swann, 2005), specifically
storage in the lithosphere of varying amounts of carbon as
organic carbon relative to the amount stored in carbonates.
The lithospheric organic carbon reservoir includes coal
measures, oil and gas reserves, but is dominated by dispersed
organic matter (Figure 11.1). Presently the carbon out-flux
from the oceans into calcium carbonate is about 4 times as
large as the out-flux of carbon into organic matter (Shackleton
and Hall, 1984; Shackleton, 1987). If relatively more/less
carbon is removed from the oceans in organic matter (relative
to carbonate), the d13C value of DIC in the whole ocean
increases/decreases (Shackleton, 1987; Berner, 1990; Kump
and Arthur, 1999; Hayes et al., 1999; Derry et al., 1992; Des
Marais et al., 1992; Ravizza and Zachos, 2003; Sundquist and
Visser, 2004; Maslin and Swann, 2005). When there is net
deposition of organic matter globally, the d13C value of DIC
in the whole ocean increases; when there is net oxidation of
organic matter globally, the d13C value of DIC in the whole
ocean decreases.

The carbon isotopic composition of DIC in the oceans is
not only linked to the d13C of CO2 in the atmosphere through
exchange between the atmosphere and surface ocean, but also
through circulation between surface and deep waters in the
oceans: the “atmosphere is the slave of the ocean” because of
its much smaller size (Sundquist and Visser, 2004; Maslin and
Swann, 2005). A change in carbon isotope composition of the
large oceanic DIC reservoir is thus reflected in the isotopic
composition of other components of the carbon cycle, within

FIGURE 11.1 The carbon reservoirs of the

present (pre-industrial) carbon cycle with

their carbon isotopic composition. The

numbers showing the size of reservoirs are

expressed in the units presently most

commonly used in the literature: petagrams

carbon (Pg C, 1015 g carbon). Figure after

Dunkley-Jones et al., 2010.

208 The Geologic Time Scale 2012



times on the order of circulation of the deep sea (~1000 years)
(Figure 11.1): organic matter in marine and terrestrial sedi-
ments (Hayes et al., 1999), plant material (e.g., Robinson and
Hesselbo, 2004), carbonate nodules in soils (Ekart et al., 1999),
and carbonate in herbivore teeth (e.g., Koch et al., 1992).

This coupling between carbon isotope values in DIC and
organic matter may not have been in existence in the Protero-
zoic, when the reservoir of dissolved and particulate organic
carbon may have been much larger than that of DIC (Rothman
et al., 2003; Fike et al., 2006; McFadden et al., 2008; Swanson-
Hysell et al., 2010), although there are potentially diagenetic
explanations for this lack of coupling (e.g., Derry, 2010). Until
the early 1990s, changes in the sizes of the global reservoirs
were thought to have occurred on time scales of 105 to 106 years
or longer (the oceanic residence time of carbon being about 105

years), because oceanic deposition and erosion and weathering
on land cannot be reorganized quickly (e.g., Shackleton, 1987;
Magaritz et al., 1992; Thomas and Shackleton, 1996). More
recently, negative carbon isotope excursions (NCIEs) have been
documentedwith a duration of several ten thousands to hundred
thousands of years, with transition into the NCIE possibly
<<104 years, although this is still under discussion (Zachos
et al., 2007; Cui et al., 2011). Such NCIEs include the one
during the PaleoceneeEocene Thermal Maximum (PETM;
~56 Ma; e.g., Kennett and Stott, 1991; Sluijs et al., 2007),
smaller NCIEs during other late Paleocene and early Eocene
hyperthermal events (Cramer et al., 2003; Lourens et al., 2005),
and possibly earlier events, for example the Cretaceous and the
late-Early Jurassic ~183 Ma Oceanic Anoxic Events (Jenkyns,
1985, 2010; Gröcke, 2002; Gröcke et al., 2003; Cohen
et al., 2007; but see also McArthur et al., 2008) and the
PermoeTriassic extinction event (e.g., Magaritz et al., 1992;
Erwin, 1993; Bowring et al., 1998; Berner, 2002; Retallack and
Jahren, 2008). The origin of these rapid, global, NCIEs is under
debate, but they require a fast input of large amounts of isoto-
pically light carbon into the ocean-atmosphere from a litho-
spheric source, e.g., methane from dissociation of clathrates, as
proposed independently for the PermoeTriassic by Erwin
(1993) and for the PaleoceneeEocene by Dickens et al. (1995)
and Matsumoto (1995), or organic matter heated by volcanic
intrusions (Svensen et al., 2004), or various combinations of
oxidation of organic matter and hydrates (reviews by Zeebe
et al., 2009; Dickens 2011). Such NCIEs have been compared
to the effects of anthropogenic fossil fuel burning, which has
occurred over a few centuries, resulting in a decrease in d13C of
atmospheric CO2 from about �6.4 to �7.9& (Francey et al.,
1999), and propagating into the oceans (e.g., Quay et al., 1992;
Cao et al., 2009).

11.2. SPATIAL HETEROGENEITY OF d13C
OF DISSOLVED INORGANIC CARBON

Carbon isotope values in marine carbonates do not simply
reflect the average global d13C values of DIC in the oceans,

but are influenced by local primary and export productivity,
the regional and global pattern of ocean circulation, and
local to regional effects such as addition of light HCO3

� in
coastal regions. The equilibrium fractionation between dis-
solved CO2(aq) (thus atmospheric CO2) and bicarbonate (thus
dissolved inorganic carbon, DIC or SCO2) changes by about
0.1& per �C change in temperature. It follows that the d13C
value in DIC in surface waters at high latitudes (colder) is
higher with respect to the atmosphere than in the warmer,
low latitude ocean surface waters by ~ 2& (Lynch Stieglitz
et al., 1995; Lynch-Stieglitz, 2003). This equilibrium is not
achieved anywhere because surface waters are replaced too
quickly, but colder waters generally have higher d13C values
in DIC than warmer waters. Colder surface waters invariably
ventilate the deep ocean, so this effect (called “the solubility
pump”) would result in a surface-to-bottom gradient in
which the DIC in surface waters is isotopically lighter than
that in deep waters (Raven and Falkowski, 1999).

In most places in the present oceans we observe the
reverse, and the DIC of surface waters has d13C values that
are heavier by about þ2 to þ3& than deepwater values,
with the average whole ocean d13C value of total DIC within
about 1& of the average deepwater value of ~0&
(Figure 11.1) (e.g., Kroopnick, 1985; Gruber et al., 1999;
Sarmiento and Gruber, 2006). This vertical gradient is due to
biological activity (the “biological pump”, Raven and Fal-
kowski, 1999). Photosynthesis in the oceans is limited to the
photic zone, causing depletion in 12C in DIC in the surface
waters. The d13C values of DIC in waters below the photic
zone, down to the ocean floor, are lower than those in
surface waters, because organic matter sinks, and isotopi-
cally light carbon dioxide from its remineralization is added
to these waters. The magnitude of this vertical gradient
depends upon the primary productivity of the surface waters
and the export productivity of organic matter to deeper
waters: higher export productivity leads to a steeper
gradient, with the largest gradient in the present oceans
found to be around 3& (Raven and Falkowski, 1999; Sar-
miento and Gruber, 2006).

Remineralization of organic matter adds nutrients (nitrate,
phosphate) as well as DIC to the deeper waters in the oceans.
The concentration of nutrients and isotopically light carbon
derived from remineralization of organic matter increases
with increasing water-mass residence times (or “aging”) in
the deep ocean (e.g., Kroopnick, 1985; Lynch-Stieglitz, 2003;
Sarmiento and Gruber, 2006).

As a result of the aging process we see a generally good
correlation between d13C values in DIC and nutrient levels
(phosphate) in open ocean. This relationship can be determined
using the equation from Broecker and Maier-Reimer (1992):

d13C� d13CMO ¼ Dphoto=SCO2
MO C=Porg

ðPO4 � PO4
MOÞ

(1)
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where MO stands for mean ocean, Dphoto is the photosynthetic
fractionation factor and C/Porg is the carbon to phosphorus
ratio in marine organic matter. For the modern ocean
Dphoto¼�19&, d13CMO¼þ0.5&, SCO2

MO¼ 2200 mmol/
kg, PO4

MO¼ 2.2mmol/kg, and C/Porg¼ 128, and so equation
1 becomes:

d13C ¼ 2:9� 1:1 PO4 (2)

The d13C of modern tropical and temperate surface waters
that average 0.2 mmol/kg of PO4 is about 1.5& higher than
surface waters of the Antarctic, which contain the highest PO4

values (1.6 mmol/kg) of the surface oceans. The highest PO4

values in the modern ocean are found in the deep Pacific (up
to 3 mmol/kg), and these waters have a d13C of about �0.3&,
which differs modestly from mean ocean carbon at þ0.5&
with a PO4

MO¼ 2.2 mmol/kg (Broecker and Maier-Reimer,
1992). In the present oceans we thus see a difference in
isotopic composition of DIC in the deep Atlantic (younger
waters) and the deep Pacific (older waters), with the north
Pacific about 1& lighter than the Atlantic, and reflecting the
net aging of waters in the global deep-sea circulation pattern
from North Atlantic to North Pacific (Lynch-Stieglitz, 2003;
Ravizza and Zachos, 2003; Sarmiento and Gruber, 2006).

In semi-restricted water masses above modern carbonate
platforms, we see a fairly severe version of “aging”, i.e., an
increase in time during which the water has not been in
contact with the atmosphere (Patterson and Walter, 1994;
Immenhauser et al., 2002). In addition, lighter d13C values
occur in DIC in coastal waters, especially close to major river
inflows. The major sources of carbon contributing to DIC in
natural waters are CO2 derived from the decay of organic
matter in continental soils and from the dissolution of
carbonate, while in general the contribution of atmospheric
CO2 is negligibly small (Mook and Tan, 1991). The large
amounts of dissolved organic carbon (DOC) in rivers
contribute to light DIC in coastal waters upon their oxidation,
in addition to the DIC derived from oxidation of organic
matter due to plankton blooms in eutrophied coastal regions
where water column stratification develops seasonally
(Thomas et al., 2000; Fry, 2002; Diz et al., 2009).

Local to regional negative carbon isotope excursions in
restricted basins with a stratified water column have been
explained by advection of the isotopically light, organic
matter-derived, DIC formed within anoxic bottom waters
below a pycnocline, e.g. for the Toarcian and Kimmeridgian
events (Kuespert, 1982; Jenkyns and Clayton, 1986, 1997;
Saelen et al., 1998; Schouten et al., 2000). A similar process
on an ocean-wide scale has been proposed for the Permo-
Triassic, at which there was widespread anoxia in the global
ocean (Panthallasa), so that isotopically light carbon as well
as toxic H2S could have advected from below the pycnocline
(e.g., Erwin, 1993, 2006; Kump et al., 2005). Ventilation of
carbon from the ocean interior (i.e., redistribution of carbon

within the ocean-atmosphere system) even in the absence of
anoxia has also been proposed as the cause of some of the
smaller Eocene hyperthermals, but not for the PETM (Sexton
et al., 2011).

In conclusion, one can be confident that an observed
d13Ccarb trend represents global primary seawater DIC values
only if it is reproducible globally, and in a wide range of
depositional settings that have undergone differing degrees of
diagenetic alteration.

11.3. MATERIALS AND METHODS

In Figures 11.2 through 11.7, d13Ccarb is plotted according to
the time scale presented in this volume. Correlation among
stratigraphic sections by comparison of the d13C curves is
a common practice, but curves covering any time interval
show considerable spatial and temporal variability. In order to
be applied successfully for dating and correlating, d13Ccarb

excursions must therefore be recognized in sections from
different parts of the world, and d13Ccarb chemostratigraphy
must be carefully scrutinized and integrated into a bio-,
magneto- and sequence stratigraphic framework. We can use
the carbon isotope pattern to correlate and date more precisely,
as was done, for example, for the PaleoceneeEocene Thermal
Maximum or the Late Cambrian Paibian Stage, only when
we identify a CIE in coeval records from different environ-
ments, dated independently (e.g., Zachos et al., 2005;
Saltzman et al., 2000).

Carbon isotope records based on organic matter (d13Corg)
and in terrestrial carbonate nodules may also be used for
correlation (e.g., Koch et al., 1992), but long-term trends
through most of Earth history are in general less well known
and are not covered here in detail. Furthermore, d13Ccarb and
d13Corg measured in the same rocks may show significant
differences in the magnitude and/or timing of carbon isotope
excursions (e.g., in the Cambrian, Ordovician, Cretaceous
and Paleocene/Eocene e see Section 11.4) that may relate to
temporal changes in photosynthetic fractionation, or poor
carbonate preservation (e.g. Hayes et al., 1999; McCarren
et al., 2008; Jenkyns, 2010).

Materials analyzed for d13Ccarb differ between authors,
a fact that should be kept in mind when comparing d13C
curves. Which carbonate materials are analyzed depends on
availability and preservation of sediment, depositional envi-
ronments, and the presence of calcifying organisms evolving
through geological time. In addition, the choice of materials
is governed by the spatial and temporal scale of the problem
to be addressed.

11.3.1. Depositional Setting: Deep (Pelagic)
Versus Shallow

Pelagic calcifiers predominantly consist of calcareous
nannoplankton, which evolved in the late Triassic (Norian,

210 The Geologic Time Scale 2012



FIGURE 11.2 Variation of d13Ccarb from the Archean to Neoproterozoic. Data sources are indicated by vertical bars to right of data. Arrows mark well-studied excursions.
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FIGURE 11.3 Variation of d13Ccarb through the Cambrian and Ordovician. Data sources are indicated by vertical bars to right of data. Arrows mark well-studied excursions.
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FIGURE 11.4 Variation of d13Ccarb through the Silurian and Devonian. Data sources are indicated by vertical bars to right of data. Arrows mark well-studied excursions. 2
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FIGURE 11.5 Variation of d13Ccarb through the Carboniferous (Mississippian and Pennsylvanian) and Permian. Data sources are indicated by vertical bars to right of data. Arrows mark well-studied

excursions.
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FIGURE 11.6 Variation of d13Ccarb through the Triassic and Jurassic. Data sources are indicated by vertical bars to right of data. Arrows mark well-studied excursions.
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FIGURE 11.7 Variation of d13Ccarb through the Cretaceous and Cenozoic. Data sources are indicated by vertical bars to right of data. Arrows mark well-studied excursions.
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~215 Ma, Bown et al., 2004) and planktonic foraminifera,
which evolved in the Early Jurassic (Toarcian, ~183 Ma, Hart
et al., 2003). Both groups were originally restricted to
epicontinental seas, and then colonized the open ocean in the
Early Cretaceous (Roth, 1986). Subduction has destroyed
most pre-Jurassic oceanic crust, so deep-sea carbonates of
pre-Jurassic age are rarely preserved (Martin, 1995; Ridgwell
2005). This evolution of planktonic calcifiers, commonly seen
as part of the Mid-Mesozoic Revolution of life on Earth
(Vermeij, 1977), caused a major reorganization of the global
carbon cycle by shifting the locus of carbonate deposition
from the continental shelves to the deep open ocean, so that
biologically driven carbonate deposition could provide
significant buffering of ocean chemistry and of atmospheric
CO2 from that time on (Zeebe and Westbroek, 2003; Ridg-
well, 2005).

Jurassic through Cenozoic C-isotope records have been
derived mostly from pelagic carbonates (e.g., Scholle and
Arthur, 1980; Vincent and Berger, 1985; Shackleton, 1987;
Zachos et al., 2001, 2008; Cramer et al., 2009; Jenkyns, 2010),
either obtained by deep sea drilling in the oceans, where crust
younger than about Middle Jurassic is present (Jenkyns et al.,
2002; Katz et al., 2005), or from land sections, many of which
are located in the Mediterranean region of Europe
(e.g., Jenkyns, 2010). Such pelagic carbonates are dominantly
made up of carbonate secreted by planktonic organisms,
calcareous nannoplankton and planktonic foraminifera, with
a negligible contribution from benthic organisms (e.g., Milli-
man, 1993; Sarmiento and Gruber, 2006). For high-resolution
work, or analysis of indurated material from which single
fossils cannot be liberated, or to approximate the average
marine average d13C of the total carbonate produced and
preserved in the marine system, many researchers have been
using the bulk isotope record, which takes much less time to
produce (e.g., Shackleton and Hall, 1984; Shackleton, 1987;
Katz et al., 2005). The bulk record in pelagic carbonates is
dominated by carbonate secreted by the photosynthesizing
calcareous nannoplankton. Their carbonate gives an isotopic
value not typical for the waters in the surface mixed layer,
which outside the polar regions is limited to less than 100 m,
but for the deeper thermocline (e.g., Bown et al., 2004).

From times prior to the Middle Jurassic, only shallow-
water (platform), near-shore carbonate is preserved (Martin,
1995; Ridgwell, 2005). For Middle Jurassic sediments and
younger, platform and pelagic carbon isotope records can
both be used for correlation, and commonly show very similar
records (Ferreri et al., 1997; Amodio et al., 2008). However,
in ancient carbonate rocks it may be difficult to discern the
original depositional environment and water mass sampled by
individual materials, either because diagenesis of the sedi-
ment has masked the origins, or because the ecological niche
of a particular fossil is not known. The multiple, complex
origins of fine-grained (micritic) carbonate can also frustrate
such efforts (e.g., Minoletti et al., 2005).

11.3.2. Bulk Versus Component

For pelagic sections, researchers have measured the carbon
isotope signatures of pelagic calcifiers living at different
depths in the surface waters, as well as benthic organisms, so
that insight can be obtained regarding the structure of the
thermocline, as well as oceanic productivity and circulation
(e.g., Vincent and Berger, 1985; Lynch-Stieglitz, 2003;
Ravizza and Zachos, 2003; Maslin and Swann, 2005). The
deep-sea benthic signal is closest to that of whole ocean DIC
(though potentially complicated by ocean circulation
patterns, Section 10.2), but benthic foraminifera are gener-
ally very rare, so producing benthic records is time-
consuming (Zachos et al., 2001, 2008; Cramer et al., 2009).
In the production of all records from individual or groups of
fossils, researchers must take into account the details of
biocalcification, with different species calcifying carbonate
with different offsets from isotopic equilibrium, so that
taxonomic knowledge is required (e.g., Rohling and Cooke,
1999; Katz et al., 2003). In addition, infaunal species reflect
pore water d13C in DIC in pore waters and hence should be
excluded from analysis (Zachos et al., 2001, 2008; Cramer
et al., 2009).

Preservation of foraminifera in some Paleogene through
middle Cretaceous sediments is excellent and allows analyses
of separate species (Wilson and Norris, 2001), but more
commonly Paleogene and older sediments are too lithified for
separation of single species, and bulk samples of pelagic
carbonate must be analyzed (Scholle and Author 1980;
Jenkyns, 2010). Some studies, for example of the Jurassic,
have analyzed isolated macroscopic skeletal components
such as belemnites, but large skeletal materials commonly
give scattered data, even when screened for diagenetic alter-
ation (Podlaha et al.,1998; Jenkyns et al., 2002). Detailed
morphological analysis of shells (e.g., Cretaceous ammo-
nites) is needed to reliably detect diagenesis, which may
affect isotopic values even in specimens with good visual
preservation (Cochran et al., 2010).

In Paleozoic platform carbonates, the skeletal components
most commonly isolated for analysis are brachiopods,
composed of low-Mg (magnesium) calcite (e.g., Popp et al.,
1986; Grossman et al., 1991, 1993, 2008; Brand, 1982, 2004;
Wenzel and Joachimski, 1996; Veizer et al., 1999; Mii et al.,
1999). Brachiopod workers differ in their approaches to
sampling, reflecting the complex multi-layered nature of the
shell, taxonomic differences, and taphonomic differences, i.e.,
the variable preservation states encountered (e.g., Carpenter
and Lohmann, 1995; Veizer et al., 1999; Grossman et al.,
2008). Taxonomic influences (“vital effects”) on brachiopod
d13C have been recognized when systematic paleontology is
combined with isotope analysis (e.g., Mii et al., 1999; Batt
et al., 2007). For instance, the Carboniferous brachiopod
Composita has a consistently heavier carbon isotope compo-
sition than associated species (Mii et al., 1999).
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Others have analyzed bulk carbonate from Paleozoic
shallow-water platform settings, either because preserved
macrofossils were absent, or to maximize stratigraphic reso-
lution (e.g., Gao and Land, 1991; Ripperdan et al., 1992;
Joachimski and Buggisch, 1993; Saltzman et al., 1998, 2000;
Payne et al., 2004; Maloof et al., 2005). Precambrian
carbonates lack macroscopic skeletal components, so only
analysis of bulk materials is possible (e.g., Knoll et al., 1986;
Kaufman et al., 1991; Derry et al., 1992; Hoffman et al.,
1998; Halverson et al., 2006; Fike et al., 2006; Li et al.,
2009). Bulk sampling, which typically targets fine-grained
(micritic) carbonate, can be carried out by microdrilling in
order to isolate small amounts of material (i.e., 0.5e10 mg)
and avoid obvious secondary veins, while at the same time
providing enough material to be confident of a homogeneous
sample. Disc or ball mills are less selective but generate large
amounts of powder (~10e100 g) so that d13Ccarb can be
measured, as well as other proxies (e.g., strontium, sulfur,
organic carbon).

11.3.3. Diagenesis

The potential of diagenesis to alter primary d13C values
must be evaluated on a case-by-case basis (Marshall, 1992;
Cochran et al., 2010). In samples collected from outcrops
(in contrast to samples recovered by ocean or continental
drilling), isotopically light carbon (12C) may be introduced
in meteoric waters containing DIC from oxidized organic
matter. Meteoric diagenesis can alter carbonate towards
more negative d13C, with varying magnitude of the effect.
In general, meteoric water diagenesis results in lowered
d18O as well as d13C values, and correlation between the
two is thus commonly observed in samples affected by
diagenesis (Knauth and Kennedy, 2009; Cochran et al.,
2010). Some workers report preservation of original trends
even below major exposure surfaces (e.g., Halverson et al.,
2006), whereas others indicate alteration to more negative
d13C beneath exposure surfaces (e.g., Allan and Matthews,
1982; Lohmann, 1988; Algeo et al, 1992). Negative d13C
shifts have been combined with other geochemical param-
eters to identify exposure surfaces in cases when the
geologic evidence is subtle or cryptic (Railsback et al.,
2003).

The incorporation of 12C derived from oxidized organic
matter must be ruled out before an observed negative d13C
excursion can be considered a primary signal. Such incor-
poration is most common in sediments with a low CaCO3

content (e.g., Bralower et al., 1997; Zachos et al., 2005).
Reliable results for pelagic carbonate d13C trends were
obtained when the ratio of carbonate carbon to organic carbon
in the sediments was high, suggesting that a ratio of
approximately>7:1 may be a useful cutoff point (Scholle and
Arthur, 1980).

11.3.4. Global Versus Local Water Mass
Signals

Carbonates from epicontinental seas record DIC values from
water masses that did not have unrestricted circulation with
the open ocean (Section 11.2; e.g., Patterson and Walter,
1994; Holmden et al., 1998; Immenhauser et al., 2002). This
restriction allows larger amplitude and/or higher frequency in
d13C variability than the global ocean reservoir, which might
at least in part explain the observation that Cretaceous and
Cenozoic curves (Figures 11.7) generated from pelagic
carbonates record less variability than curves generated from
epicontinental sea carbonates (Figure 5 in Falkowski 2003;
Figures 11.2e11.6). Comparison of Jurassic and younger
platform carbonate records with those of pelagic carbonates,
however, indicates that the larger variability in older records
cannot be completely explained in this way, because curves
from platform carbonates strongly resemble coeval pelagic
curves (Ferreri et al., 1997; Mutti et al., 2006; Amodio et al.,
2008).

Furthermore, epicontinental sea carbonates may contain
low-Mg, high-Mg calcite, and aragonite, which fractionate
carbon differently (Romanek et al., 1992), and potentially
superimpose low amplitude (~1&) trends through time, as
observed in recent, mineralogically complex, platform
carbonates (Gischler et al., 2009). However, even for time
periods when epicontinental seas were particularly wide-
spread and local water mass d13C differences well docu-
mented (e.g., the Ordovician period), distinct d13C trends and
large excursions are still recognizable and can be correlated
globally (e.g., Patzkowsky et al., 1997; Ainsaar et al., 1999;
Young et al., 2005; Panchuk et al., 2005).

The above considerations pose significant challenges to
the use of d13C records as a global correlation tool, particu-
larly for periods when the amplitude of variation is low
(Figures 11.2e11.7). For d13C excursions larger than 1e2&,
broad-scale correlations may be confidently applied if inde-
pendent age control is available. However, if variations in
absolute magnitudes of excursions are observed locally, it
may be difficult to distinguish unconformities (i.e., parts of
the record not represented in the sediments) from the effects
of local epicontinental carbon cycling (e.g., Hirnantian;
Brenchley et al., 2003; Melchin and Holmden, 2006a). Even
for relatively young sediments (Paleocene/Eocene), minor
unconformities may make detailed correlations difficult
(e.g., McCarren et al., 2008).

In summary, d13Ccarb integrates the combined influence of
diagenesis, mineralogical variability, vital effects depending
upon the calcifying organisms, and vertical and/or horizontal
water mass differences depending upon productivity and ocean
circulation, so that onemust be cautious in identifying “global”
trends or excursions based on a limited number of d13C data
points. For bulk epicontinental carbonate analyses, a margin of
uncertainty of ~1& may be assumed (e.g., Halverson et al.,

218 The Geologic Time Scale 2012



2006), and for species-specific Cenozoic curves, ~0.5&
(Zachos et al., 2001, 2008; Cramer et al., 2009).

11.4. CORRELATION POTENTIAL
AND EXCURSIONS

The following discussion briefly summarizes the major
features and sources of data for the d13C curves in Figures
11.2e11.7. We do not discuss the use of d13Ccarb stratigraphy
on time scales of a few tens of thousands of years (orbital time
scales) as routinely used in studies of the Plio-Pleistocene ice
ages (Maslin and Swann, 2005), but increasingly for detailed
stratigraphy of older time periods.

Archean through Mesoproterozoic: A Precambrian
marine carbonate isotope database was published by Shields
and Veizer (2002), and its Archean to Mesoproterozoic
portion is plotted in Figure 11.2. More detailed curves for
parts of this time period have become available more recently,
but the difficulties of compiling these records are many. There
is a growing consensus regarding the pattern of changes,
beginning with the positive Lomagundi carbon isotope
excursion at ~2.22e2.058 Ga (Bekker et al., 2006; Melzehnik
et al., 2007). Following this period of anomalously high d13C,
values for the Paleoproterozoic are mostly between ~0& to
�3&, and then ~0& to þ2& in the late Paleoproterozoic
(Wilson et al., 2010). Relatively stable d13C at ~0� 2&
characterizes much of the Mesoproterozoic (Buick et al.,
1995; Knoll et al., 1995; Frank et al., 2003; Xiao et al., 1997;
Kah et al., 2001; Brasier and Lindsay, 1998; Bartley and Kah,
2004; Chu et al., 2007). Chu et al. (2007) correlated a rise in
d13C at ~1250e1300 Ma between China and sections in
Russia and Canada (Bartley et al., 2001; Frank et al., 2003;
Bartley and Kah, 2004). Kah et al. (1999) suggested that the
moderately positive values between ~�1.0 and þ4.0 &,
characteristic of the interval between 1300 and 800 Ma, could
be useful for broad time correlation, when compared with
earlier Mesoproterozoic (values near 0&) and younger
Neoproterozoic sections with values >þ5&.

Neoproterozoic: A Neoproterozoic d13Ccarb composite
was published by Halverson et al. (2006), and updated in
Halverson et al. (2007) (Figure 11.2). In addition to the data of
Halverson et al. (2006), data from Fike et al. (2006) and
Maloof et al. (2005) were included to complete the Neo-
proterozoic up to the base of the Cambrian. The carbon
isotopic record of the Neoproterozoic is extremely volatile,
with the lightest d13C values and largest net shifts of the entire
geologic time scale. This time is considered a period of very
large climatic swings, with fluctuations between “Snowball
Earth” with glaciation extending to low latitudes and “Super
Greenhouse” episodes, linked to variability in the carbon cycle
and atmospheric CO2 levels (Allen and L’Etienne, 2008).

The precise number of excursions remains the subject
of debate, reflecting in part the lack of independent

biostratigraphic constraints. As mentioned above, we can feel
confident about carbon isotopic stratigraphy only after eval-
uation of independent stratigraphic evidence. In the compi-
lation of Halverson et al. (2007), a large negative excursion
prior to 800 Ma (Bitter Springs Stage) is followed by a period
of heavy values between þ5 and þ10& that lasts for ~75
million years. Values fall spanning the Sturtian glaciation
(~711.5 Ma; Macdonald et al., 2010) before rising again to
levels observed prior to the glaciation. The negative shift
across the Marinoan glaciation (~635.2 Ma; Macdonald et al.,
2010) is similar to that in the Sturtian, but the return to heavy
values is slower, and the subsequent positive mid-Ediacaran
d13C excursion is more transient. Values drop for the fourth
time across the Gaskiers glacial interval (Shuram anomaly;
e.g., Fike et al., 2006; Grotzinger et al., 2011), and then rise to
around þ5& before falling again across the Precambriane
Cambrian boundary (Grotzinger et al., 1995; Condon et al.,
2005).

Cambrian: The Cambrian curve (Figure 11.3) is
compiled from Maloof et al. (2005), Dilliard et al. (2007),
and Saltzman (2005). The Lower Cambrian is characterized
by considerable volatility throughout. At least two large
positive shifts between ~535 and 525 Ma are known from
sections in Morocco (Maloof et al., 2005) and Siberia
(Kouchinsky et al., 2007), and younger excursions have
a lower amplitude (Brasier and Sukhov, 1998). A significant
negative excursion is apparent near the Epoch 2e3
boundary (Stage 4e5 boundary) (Montanez et al., 2000;
Zhu et al., 2006; Dilliard et al., 2007) and there may be
a younger event in the Drumian (Howley and Jiang, 2010).
The Steptoean Positive Carbon Isotope Excursion (SPICE)
at about ~495 Ma of the Paibian Stage (Furongian Epoch) is
one of the best known d13C excursions on a global scale, and
has been documented in sections in North America, China,
Australia, Siberia and Kazakhstan (Saltzman et al., 1998;
Glumac and Walker, 1998; Saltzman et al., 2000; Saltzman
et al., 2004; Kouchinsky et al., 2008; Gill et al., 2011), and
in the d13C of organic matter in Baltica (Ahlberg et al.,
2009) and Avalonia (Woods et al., 2011). The d13Corg shows
a smaller excursion that peaks earlier than the shift in
d13Ccarb (Saltzman et al., 2011). The final stage of the
Furongian is characterized by relatively low variability
associated with trilobite extinction events (e.g., Ripperdan
et al., 1992; Saltzman et al., 1995).

Ordovician: The Ordovician compilation is from five
different sources, including published and some unpublished
data (Saltzman et al., in prep) (Figure 11.3). Relatively steady
values with small excursions are recognized during the
Tremadocian (Buggisch et al., 2003; Saltzman, 2005) and low
amplitude and low frequency shifts are observed for the
Floian, Dapingian and Darriwilian in Argentina (Buggisch
et al., 2003), North America (Saltzman, 2005; unpublished)
and China (Munnecke et al., 2011). Most of this Early to
Middle Ordovician time period is characterized by unusually
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light values (below 0&). Positive shifts to values above
0& occur near the base of the Dapingian and in the mid-
Darriwilian (Buggisch et al., 2003; Ainsaar et al., 2010;
Saltzman et al., in prep). Two positive excursions occur in
global records in the lower Katian and Hirnantian (Brenchley
et al., 1994; Ainsaar et al., 1999, 2010; Patzkowsky et al.,
1997; Kump et al., 1999; Finney et al., 1999; Kaljo et al.,
2001; Saltzman and Young, 2005; Bergström et al., 2006,
2009, 2010; LaPorte et al., 2009; Young et al., 2010; many
others). The Hirnantian d13Ccarb positive excursion, occurring
during a period of global cooling and glaciation, reaches
peaks near þ7& globally (e.g., Nevada and Estonia; Kump
et al., 1999; Finney et al., 1999; LaPorte et al., 2009; Young
et al., 2010). Both the Katian and Hirnantian d13Ccarb

excursions are recorded in d13Corg (Patzkowsky et al., 1997;
LaPorte et al., 2009), but their timing and magnitudes may
differ (Young et al., 2008, 2010; Delabroye and Vecoli, 2010).
The basic shape of the d13C curves from brachiopod and bulk
rock studies agree well in records from the Upper Ordovician
(e.g., Brenchley et al., 1994; Marshall et al., 1997; Finney
et al., 1999; Kump et al., 1999).

Silurian: The Silurian compilation (Figure 11.4) is from
ten different sources (Compiled with help from B.D. Cramer).
The Llandovery Series is characterized by low-amplitude
variability with several small positive d13Ccarb excursions in
the early Aeronian, late Aeronian, and early Telychian as well
as a significant negative shift near the AeronianeTelychian
boundary (Põldvere, 2003; Melchin and Holmden, 2006b;
Munnecke and Männik, 2009; Gouldey et al., 2010).
Considerable data exist from the island of Gotland for the
Sheinwoodian through Ludfordian stages (Wenlock and
Ludlow) (Samtleben et al., 1996, 2000; Bickert et al., 1997;
Wenzel and Joachimski, 1996; Azmy et al., 1998; Wigforss-
Lange, 1999; Kaljo et al., 2003; Munnecke et al., 2003;
Jeppsson et al., 2007) and three prominent positive excursions
are recognized (the Ireviken, Mulde and Lau events). The
Ireviken event is associated with extinctions, and has been
recognized in brachiopods and micrite (bulk rock) from coeval
horizons from the Silurian of Gotland (Sweden) (Cramer et al.,
2010; Figure 11.8). Data from North America and Arctic
Canada confirm the shifts in the early Sheinwoodian
(Ireviken), Homerian andmiddle Ludfordian (Saltzman, 2001;
Cramer and Saltzman, 2005; Cramer et al., 2006a,b). The
Pridoli appears to be a relatively stable period in the curve
(Kaljo et al., 1997; Azmy et al., 1998) until a positive excur-
sion just before the boundary with the Devonian (Hladikova
et al., 1997; Saltzman, 2002b). The basic shape of the d13C
curves from brachiopod and bulk rock studies agrees well in
records from the Silurian (e.g., Wenzel and Joachimski, 1996;
Bickert et al., 1997; Azmy et al., 1998; Saltzman, 2001).

Devonian: The Devonian compilation (Figure 11.4) is
from seven different sources (Compiled with help from B.D.
Cramer). Carbon isotope curves tied to conodont zones are
known from Europe (Buggisch and Joachimski, 2006; van

Geldern et al., 2006) and North America (Saltzman, 2005). A
large positive excursion is recognized across the base of the
Devonian Lochkovian Stage in North America, Europe, and
Australia (Hladikova et al. 1997; Saltzman, 2002; Buggisch
and Joachimski, 2006). Values fell in the mid-Lochkovian
before reaching a broad peak in the Pragian. Emsian values
were low, and then gradually increased before a significant
negative shift in the late (not terminal) Givetian, which
occurred before a series of higher amplitude positive excur-
sions in the early to middle Frasnian, associated with the
falsiovalis, punctata, hassi, and jamieae conodont zones
(Yans et al., 2007; Racki et al., 2008). The excursions across
the FrasnianeFamennian boundary, associated with a major
extinction episode (e.g., Joachimski and Buggisch, 1993;
Joachimski, 1997; Joachimski et al., 2002) were followed by
a terminal Devonian positive excursion (Hangenberg) (Brand
et al., 2004; Kaiser, 2005; Buggisch and Joachimski, 2006;
Kaiser et al., 2008; Cramer et al., 2008; Myrow et al., 2011).
The basic shape of the d13C curves from brachiopod and bulk
rock studies agrees well in records from the Late Devonian
FrasnianeFamennian boundary interval (Joachimski and
Buggisch, 1993; van Geldern et al., 2006). However, some
Devonian excursions are poorly known or are yet to be
documented globally (e.g., Buggisch and Joachimski, 2006;
van Geldern et al., 2006; Myrow et al., 2011).

Mississippian and Pennsylvanian (Figure 11.5): The
Mississippian compilation is from Saltzman (2005), with data
from Batt et al. (2007) from the upper Visean and Serpu-
khovian (Chesterian). The Pennsylvanian curve is from
Saltzman (2003). The Tournaisian Stage contains a positive
excursion (Mii et al., 1999), with the heaviest values (~þ7&)
recorded in multiple sections in Nevada (Saltzman, 2002a)
and a smaller peak (~þ5&) recorded in Europe (Saltzman
et al., 2004). A negative shift in the Serpukhovian (Saltzman,
2003; Batt et al., 2007) occurred before the rise of values
across the base of the Pennsylvanian, although thicker
sequences show multiple excursions in the Chesterian (Wynn
and Read, 2007). No other prominent shifts are known
globally, and the curve is characterized by high frequency,
low amplitude variability in the Great Basin (Saltzman,
2003). As discussed in the section on global and local water
mass signals above, Panthalassian values from western North
America appear to be lighter than Tethyan values (Mii et al.,
1999; Bruckschen et al., 1999; Veizer et al., 1999; Saltzman,
2003; Buggisch et al., 2011).

Detailed Upper Mississippian (Chesterian) bulk rock d13C
curves show generally good agreement with values from the
secondary shell layers of associated brachiopods (Batt et al.,
2007). Other brachiopod layers (e.g., tertiary prismatic
layers), however, and taxa (Composita) show an offset from
bulk carbonate and secondary shell layers by as much as 2 to
5& (Batt et al., 2007). Lower Mississippian bulk carbonate
and brachiopod calcite d13C curves from widely separate
geographic regions reveal a large positive excursion that can
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be independently biostratigraphically correlated (Mii et al.,
1999; Saltzman et al., 2000; Saltzman, 2002, 2003).

Permian: The Permian compilation (Figure 11.5) is from
Tierney 2010, Buggisch et al. (2011) and Korte et al. (2004).
Brachiopod data from the Ural Mountains (Grossman et al.,
2008) and unpublished data from bulk rock studies in China
and Nevada show significant shifts in the Asseliane
Sakmarian and across the ArtinskianeKungurian boundary
intervals (Buggisch et al., 2011; Tierney 2010). The Middle
Permian Guadalupian Series is characterized by heavy values
in China, North America (Texas) and Japan (Korte et al.,
2005a; Isozaki et al., 2007; Buggisch et al., 2011), with
a negative excursion in the Capitanian (Wignall et al., 2009;
Bond et al., 2010). Lopingian values are generally high
(~þ5&) with two very large negative shifts in the Per-
mianeTriassic boundary interval, which have been correlated
to major extinctions (Jin et al., 2000; Korte et al., 2004; Payne
et al., 2004; Yin et al., 2008; Xie et al., 2008; Riccardi et al.,
2007; Algeo et al., 2007a, b; many others). The basic shape of
the d13C curves from brachiopod and bulk rock studies agrees
well in records from the Permian (Korte et al., 2005a; Isozaki
et al., 2007).

Triassic: The Triassic compilation (Figure 11.6) is from
Payne et al. (2004) (up to the Carnian), and Veizer et al.
(1999) and Korte et al. (2005b). The lowermost Induan Stage
(GriesbachianeDienerian) shows values generally increasing
overall, but punctuated by one or two excursions (e.g., Payne
et al., 2004; Galfetti et al., 2007; Horacek et al., 2007).
Curves for the Olenekian (SmithianeSpathian) show
extreme variability with positive shifts approaching þ8& in
some regions, and intervening negative shifts near �4&
(e.g., Hauser et al., 2001; Payne et al., 2004; Galfetti et al.,
2007; Horacek et al., 2007). Following a positive shift in the
early Anisian Stage, relatively stable values appear to char-
acterize the rest of the Middle Triassic, with values falling
towards the end of the Late Triassic (e.g., Preto et al., 2009).

Jurassic: The Jurassic compilation (Figure 11.6) is from
Katz et al. (2005), except for the period from 175 to 164 Ma,
which is from Jones, 1992 (compiled in Veizer et al., 1999). A
positive d13Ccarb excursion to values between þ5 and þ6&
occurred in the earliest Jurassic (Hettangian) in Italy (Van de
Schootbrugge et al., 2008), although this well-defined excur-
sion is not resolved in the lower-resolution compilation of
Katz et al. (2005) that was used for Figure 11.6. The positive

FIGURE 11.8 Carbonate carbon (d13Ccarb) isotope data from Got-

land, Sweden (Cramer et al., 2010). The italic lower-case ‘c’ bisected

by a thin gray line represents the last occurrence of conodont O.

polinclinata polinclinata, which is used to place the base of the

Wenlock Series. Each data point represents the average of three or

more brachiopod samples. This composite figure is synthetic in its

representation of unit thickness because each stratigraphic unit varies

across the island and data were collected from over 50 localities with

a maximum distance of over 60 km. The onset of the early Shein-

woodian (Ireviken) d13Ccarb excursion (open circle) occurs in this

composite between Datum 3 and Datum 6 of the Ireviken Event

(precisely at Datum 4).
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TriassiceJurassic boundary excursion is also observed in
separate studies of d13Corg from shales (Williford et al., 2009;
Whiteside andWard, 2011) and is also present in the carbonate
carbon compilation of Dera et al. (2011). A negative excursion
across the TriassiceJurassic boundary is also recognized
(Pálfy et al., 2001; Hesselbo et al., 2002; Korte et al., 2009; but
see also Van de Schootbrugge et al., 2008) and modeled as
resulting from the Central Atlantic Magmatic Province
(CAMP) eruptions and related methane release in a positive
feedback loop with warming (Beerling and Berner, 2002).

Another well-studied period of d13C changes occurs in the
Late PliensbachianeEarly Toarcian, where a large positive
excursion (Jenkyns, 1985, 1988) is preceded (Littler et al.,
2010) and punctuated by negative excursions in both marine
and terrestrial sequences (Hesselbo et al., 2000, 2007; Jenkyns
et al., 2002;Hermoso et al., 2009). The Early Toarcian positive
excursion is associated with excess global organic carbon
burial during an Oceanic Anoxic Event (Jenkyns et al., 2002;
Jenkyns, 2010). A negative d13C excursion in some Lower
Toarcian sections has been proposed to be a result of sampling
in restricted seaways (Van de Schootbrugge et al., 2005;
McArthur et al., 2008), but has also been interpreted as
resulting from the release of methane from gas hydrates
(Hesselbo et al., 2000, 2007). The younger Jurassic Aalenian
through Bajocian contains small shifts (e.g., Bartolini et al.,
1999; Sandoval et al., 2008; Dera et al., 2011), and the
Oxfordian contains significant positive and negative excur-
sions (e.g., Jenkyns et al., 2002; Gröcke et al., 2003; Weissert
and Erba, 2004; Katz et al., 2005). Smaller changes are
recognized throughout the KimmeridgianeTithonian (Barto-
lini et al., 1999; Schouten et al., 2000).

Cretaceous: The Cretaceous compilation (Figure 11.7) is
from Katz et al. (2005), and shows positive excursions
marking all Oceanic Anoxic Events (e.g., Jenkyns, 2010). The
Berriasian stage d13C curve is relatively stable before
a significant positive excursion (called the Weissert Event or
Late Valanginian Oceanic Anoxic Event; Jenkyns, 2010),
which occurred in the Valanginian (Weissert and Erba, 2004;
Westermann et al., 2010). Values decrease across the base of
the Hauterivian, but the Katz et al. (2005) compilation does
not resolve the positive excursion which has been described
from the uppermost Hauterivian Faraoni Oceanic Anoxic
Event (Jenkyns, 2010). A major positive excursion in the
early Aptian (Scholle and Arthur, 1980; Weissert and Erba,
2004) is associated with Oceanic Anoxic Event 1a (the Selli
Event). A more complex positive excursion, possibly
including several peaks, spans the late Aptian to early Albian
and is associated with Oceanic Anoxic Event 1b (the Paquier
Event; Jenkyns, 2010).

Awell known and widely documented global positive shift
in carbon isotope values occurs across the Cenomaniane
Turonian boundary (named the Bonarelli Event), correlates
with Oceanic Anoxic Event 2, and has been observed in
carbonate and organicmatter (Scholle andArthur, 1980; Arthur

et al., 1987; Sageman et al., 2006;Weissert et al., 2008; Barclay
et al., 2010).This event has beendocumented atmany locations,
including theWestern Interior of theUS, boreal shelf seas (UK),
western Tethys (Tunisia), and Tethys (Italy) (e.g., Erbacher
et al., 2005). Several records are high resolution, recognizing
orbital fluctuations (Lanci et al., 2010).The d13Ccarb andd

13Corg

excursions differ somewhat in magnitude and possibly in
timing, but in general the records can be well correlated
(e.g.Arthuret al., 1988; Erbacheret al., 2005). In some sections,
the positive carbon isotope excursion is preceded by smaller
negative events (Jenkyns et al., 2010). The remainder of Upper
Cretaceous is characterized by relatively minor variability
(e.g., Jarvis et al., 2006).

Cenozoic: The Cenozoic compilation of bulk isotope d13C
values is from Cramer et al., (2009) (Figure 11.7). Their
record also incorporates the high-resolution compilation of
Zachos et al., (2008). After a large positive shift in the middle
Paleocene, a major negative CIE (duration ~170 kyr)
occurred across the PaleoceneeEocene boundary interval,
associated with the extensively documented Paleocenee
Eocene Thermal Maximum (PETM) (Zachos et al., 2001,
2008; Sluijs et al., 2007). This event is considered by some to
represent a weak version of the Cretaceous Oceanic Anoxic
Events, with emission of isotopically light carbon from the
lithosphere into the atmosphere-ocean leading to rapid global
warming (Jenkyns, 2010). Several smaller negative excur-
sions associated with warming (hyperthermal events) have
been recognized in the upper Paleoceneelower Eocene
(Cramer et al., 2003; Lourens et al., 2005; Zachos et al.,
2010), but are not resolved in the Katz et al. (2005) record.
The benthic record shows that these events, lasting overall
30e40 kyr, are global, but they are not resolved in
Figure 11.7, where they show as a broad region of overall low
values in the lower Ypresian (e.g., Westerhold et al., 2011).

Globally recognized positive carbon isotope excursions
occur in the lowermost Oligocene just above the Eocenee
Oligocene boundary, across the OligoceneeMiocene
boundary (Figure 11.7), and in the middle Miocene (Burdi-
galian), before values become progressively lighter beginning
in about the middle Miocene. These three positive excursions
are all correlated with positive excursions in oxygen isotopes
in the same samples, indicative of episodes of global cooling
and expansion of ice-sheets on Antarctica (Shackleton and
Kennett, 1975; Savin, 1977; Berger et al., 1981; Miller et al.,
1987; Zachos et al., 2001, 2008; Cramer et al., 2009). Benthic
foraminiferal values for late Miocene through Recent show
a broad range (�1 to þ1.5&), reflecting the differences in
deep waters of the Pacific and Atlantic oceans, as the modern
circulation pattern and aging pattern developed at that time
(Cramer et al., 2009). A vast literature exists for Cenozoic
d13Ccarb measurements, and the reader is referred to the
compilations of Zachos et al. (2001, 2008) and Cramer et al.
(2009) for references and discussion of globally documented
shifts and excursions.
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11.5. CAUSES OF CARBON ISOTOPE
EXCURSIONS

Interpretation of carbon isotope excursions in terms of global
climate change is a topic of great interest, because of its
potential relevance for understanding direct and indirect
effects of future, anthropogenic climate change (such as
ocean acidification and deoxygenation) and for estimating
climate sensitivity of increasing atmospheric CO2 levels,
(e.g., NRC, 2011). Several episodes of extinction and/or rapid
evolutionary turnover have been speculated as having resul-
ted from an abrupt rise in temperature, caused by a rapid
influx of CO2 into the atmosphere from volcanogenic and/or
methanogenic sources, leading to an accelerated hydrological
cycle, increased continental weathering, enhanced nutrient
discharge to oceans and lakes, intensified upwelling and
increased organic productivity, as well as widespread oceanic
anoxia and acidification. These episodes range from the
termination of Snowball Earth episodes in the Neoproterozoic
(Kennedy et al., 2008), to the PermoeTriassic extinction
(Berner, 2002; Erwin, 2006; Payne and Kump, 2007; Retal-
lack and Jahren, 2008; Kidder and Worsley, 2010), the
JurassiceCretaceous Oceanic Anoxic Events, as well as the
PaleoceneeEocene Thermal Maximum (Cohen et al., 2007;
Dunkley-Jones et al., 2010; Jenkyns, 2010).

There has been considerable debate regarding how high
productivity can be sustained over geologic time scales
(e.g., several hundred thousand years for most OAEs) to
potentially cause positive d13C excursions (e.g. Kump and
Arthur, 1999). To achieve anoxia in the deeper waters,
replenishment of O2 from the surface must be slower than
the rate of decomposition of organic matter, seeming to
imply sluggish vertical circulation. However, export of
organic matter from the photic zone required to use the
available oxygen can imply high productivity in the surface
waters, particularly in cooler time periods in Earth history,
in which high latitude, deep water formation incorporates
high initial oxygen concentrations in sinking water masses
compared to warmer climates (e.g., Hotinski et al., 2001).
High productivity surface waters in turn can imply vigorous
circulation because the supply of nutrients from land is
very small compared with that from upwelling of nutrient-
rich intermediate and deeper waters (e.g., Hay, 2008). A
possible way to reconcile sustained high productivity
with sluggish circulation has been that the carbon to
phosphorus (C/P) ratio of the buried organic matter may
have increased due to the spread of anoxia, which lowers
rates of iron oxide formation and associated scavenging of
P (e.g., Van Cappellen and Ingall, 1994; Schrag et al.,
2002; Mort et al., 2007). Under such circumstances,
nitrogen fixation should also increase to counterbalance
loss of N to denitrification in anoxic waters (e.g., Murphy
et al., 2000; Anbar and Knoll, 2002; Kuypers et al., 2004;
Saltzman, 2005).

Increased preservation of organic matter under certain
conditions (e.g., anoxia, high sedimentation rates) can also
increase organic matter burial independent of primary
production (Bralower and Thierstein, 1984; Sageman et al.,
2003; Meyers et al., 2005; Cramer and Saltzman, 2005). In
addition, adsorption of carbon compounds onto clay-mineral
surfaces may have been an important variable in organic
matter burial (Kennedy et al., 2002), although this is
controversial for some time periods (e.g., Tosca et al., 2010).
Finally, changes in the d13C of the globally integrated
weathering (riverine) flux have been proposed as being at
least a partial cause for some d13C excursions (Godderis and
Joachimski, 2004), including some that are not obviously
linked to relatively high burial rates of organic matter
(e.g., Kump et al., 1999; Melchin and Holmden, 2006a,b).

11.6. CONCLUSION

In conclusion, the carbon isotopic record is of great value, not
only in stratigraphic correlation, but also because it has the
potential to assist us in unraveling the development of Earth’s
climate, evolution of its biota, and carbon dioxide levels in the
atmosphere. Our present knowledge, however, is limited,
because our interpretation of the global carbon isotope record
depends on our understanding of the global carbon cycle,
which decreases with increasing age of the records. Not only
do we lack information on physicochemical parameters, such
as ocean circulation (Hay, 2008), but many features of the
present global carbon cycle are linked to the present state of
biotic evolution. For instance, the increased abundance of C4
plants in the late Miocene may have affected the carbon
isotopic composition of the oceans and atmosphere (Derry
and France-Lanord, 1996; Kump and Arthur, 1999; Cerling
and Ehleringer, 2000).

The evolution and proliferation of pelagic calcifiers in the
Jurassic through Early Cretaceous thoroughly changed the
global carbon cycle and made it possible to buffer the satu-
ration state of the oceans (e.g., Zeebe and Westbroek, 2003;
Ridgwell, 2005). Evolution of land plants in the Devonian,
and the great expansion of the terrestrial biosphere in the
Carboniferous, must have affected carbon storage as well as
weathering of silicate minerals, which takes up CO2 from the
atmosphere (e.g., Berner, 1990; Royer et al., 2001). Evolution
of multicellular calcifying invertebrates in the early Phaner-
ozoic (e.g., Knoll and Carroll, 1999; Narbonne, 2010) led to
major changes in carbon secretion in the oceans, as well as
making it possible to select specific organisms for isotope
analysis. Oxygenation of atmosphere and oceans as the result
of the evolution of photosynthesis constitutes the largest
change in the carbon cycle during Earth history, possibly
occurring in steps, at 800e542Ma and 2300 Ma (Fike et al.,
2006).

Considerably more research is necessary, for example,
before we can confidently evaluate whether the
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Neoproterozoic carbon isotope record can indeed be inter-
preted as reflecting the functioning of an unfamiliar carbon
cycle (Rothman et al., 2003; Fike et al., 2006), or reflects
diagenetic processes (Knauth and Kennedy, 2009; Derry,
2010), and before we can confidently use the carbon isotope
record to its full potential.
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Kaljo, D., Hints, L., Martma, T., Nõlvak, J., 2001. Carbon isotope stratig-

raphy in the latest Ordovician of Estonia. Chemical Geology 175,

49e59.

Kaljo, D., Martma, T., Mannik, P., Viira, V., 2003. Implications of Gond-

wana glaciations in the Baltic late Ordovician and Silurian and a carbon

isotopic test of environmental cyclicity. Bulletin of Geological Society

of France 174 (1), 59e66.

Katz, M.E., Wright, J.D., Katz, D.R., Miller, K.G., Pak, D.K.,

Shackleton, N.J., Thomas, E., 2003. Early Cenozoic benthic forami-

niferal isotopes: Species reliability and interspecies correction factors.

Paleoceanography 18 (2), 1024. doi: 10.1029/2002PA000798.

Katz, M.E., Wright, J.D., Miller, K.G., Cramer, B.S., Fennel, K.,

Falkowski, P.G., 2005. Biological overprint of the geological carbon

cycle. Marine Geology 217, 323e338.

Kaufman, A.J., Hayes, J.M., Knoll, A.H., Germs, G.J.B., 1991. Isotopic

compositions of carbonates and organic carbon from Upper Proterozoic

successions in Namibia: Stratigraphic variation and the effects of

diagenesis and metamorphism. Precambrian Research 49, 301e327.

Kennedy, M.J., Peaver, D.R., Hill, R.J., 2002. Mineral surface control of

organic carbon in black shale. Science 295, 657e660.

Kennedy, M.J., Mrofka, D., von der Borch, C., 2008. Snowball Earth

termination by destabilization of equatorial permafrost methane clath-

rate. Nature 453, 642e645.

Kennett, J.P., Stott, L.D., 1991. Abrupt deep-sea warming, palaeoceano-

graphic changes and benthic extinctions at the end of the Palaeocene.

Nature 353, 225e229.

Kidder, D.L., Worsley, T.R., 2010. Phanerozoic Large Igneous Provinces

(LIPs), HEATT (Haline Euxinic Acidic Thermal Transgression)

episodes, and mass extinctions. Palaeogeography, Palaeoclimatology,

Palaeoecology 295, 162–191.

Knauth, L.P., Kennedy, M.J., 2009. The late Precambrian greening of the

Earth. Nature 460, 728e732.

Knoll, A.H., Hayes, J.M., Kaufman, A.J., Lambert, I.B., Swett, K., 1986.

Secular variation in carbon isotope ratios from Upper Proterozoic

successions of Svalbard and East Greenland. Nature 321, 832e838.

Knoll, A.H., Kaufman, A.J., Semikhatov, M.A., 1995. The carbon-isotopic

composition of Proterozoic carbonates e Riphean successions from

northwestern Siberia (Anabar Massif, Turukhansk Uplift). American

Journal of Science 295, 823e850.

Knoll, A.H., Carroll, S.B., 1999. Early animal evolution: Emerging views

from comparative biology and geology. Science 284, 2129e2137.

Koch, P.L., Zachos, J.C., Gingerich, P.D., 1992. Correlation between isotope

records in marine and continental carbon reservoirs near the Palaeocene/

Eocene boundary. Nature 358, 319e322.

Korte, C., Kozur, H.W., Joachimski, M.M., Strauss, H., Veizer, J.,

Schwark, L., 2004. Carbon, sulfur, oxygen, and strontium isotope

records, organic geochemistry and biostratigraphy across the Permian/

Triassic boundary in Abadeh, Iran. International Journal of Earth

Sciences 93, 565e581.

Korte, C., Jasper, T., Kozur, H.W., Veizer, J., 2005a. d18O and d13C of

Permian brachiopods: A record of seawater evolution and continental

glaciation. Palaeogeography, Palaeoclimatology, Palaeoecology 224,

333e351.

Korte, C., Kozur, H.W., Veizer, J., 2005b. d13C and d18O values of Triassic

brachiopods and carbonate rocks as proxies for coeval seawater and

paleotemperature. Palaeogeography, Palaeoclimatology, Palaeoecology

226, 287e306.

Korte, C., Hesselbo, S.P., Jenkyns, H.C., Rickaby, R.E.M., Spötl, C., 2009.
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S.R. Gradstein and H. Kerp Chapter 12

A Brief History of Plants on Earth

Abstract: Terrestrial plants first appeared in the course of
the Ordovician, and had a major role in surface weathering,
hydrological cycle, sediment fluxes and carbon burial from
the Middle Devonian onward. Angiosperms attained

dominance over gymnosperms during the Late Cretaceous,
and grasses became an important ecosystem as cooler and
drier climates became more common after the mid-
Cenozoic.
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1. INTRODUCTION

The origin of plants on Earth dates back to the Archean and
coincides with the development of an oxygenated atmo-
sphere. Early plant life was restricted to the ocean, and
included various forms of marine algae, both unicellular and
multicellular. The earliest plants were cystic, microalgal-like
organisms known as “acritarchs”; their first appearance
roughly corresponds with the ArcheaneProterozoic transi-
tion. Acritarchs dominate the microfossil record in Protero-
zoic and Cambrian rocks, where they are of considerable
biostratigraphic importance, and extend, in much reduced
diversity and abundance, up to the Holocene. In addition,
a large variety of other planktonic microalgae existed in the
Proterozoic. Algal macrofossils from the Precambrian,
however, are very scarce and include Bangia-like multicel-
lular red algae from the Hunting Formation of Arctic Canada
(ca. 1200 Ma) and Vaucheria-like multicellular algae from the
Neoproterozoic of Spitsbergen (800e700 Ma). The first
lichen-like organism is known from the Neoproterozoic of
south China (Doushantua Formation). The identity of the
ribbon-shaped, up to 0.5 m long, compression fossilGrypania
from the Negaunee Iron Formation, Michigan (ca. 2100 Ma)
remains obscure, although it has been interpreted as a giant
unicellular alga by some authors. The end of the Proterozoic
is marked by a worldwide increase of planktonic microalgae.

2. PALEOZOIC

The plant record of the Cambrian and Ordovician is restricted
to microfossils such as acritarchs and other planktonic algae,

spores and lichen-like organisms. A common Ordovician
marine fossil is the receptaculitid Fisherites reticulatus. Plant
life was marine during the Cambrian, but the Ordovician saw
the first emergence of a terrestrial flora. The cooler, moister
climates in certain regions of the Earth, together with the
availability of large and stable coastal environments and the
formation of soils, allowed the migration of plants from
the water to the land. Fossil evidence for the occurrence of
first land plants in the Early Middle Ordovician (Dapingian)
are spores with decay-resistant walls adapted to conditions of
land, away from the aquatic environment. Some of these have
been identified as liverwort spores, which supports the posi-
tion of these organisms as the earliest divergent lineage in
molecular-phylogenetic trees of the extant land plants. In
addition, spores of Cooksonia, the earliest known fossil land
plant and a representative of the rhyniophytes (see below), are
known from the Late Ordovician (Ashgill).

During the Silurian, terrestrial plant life expanded, as is
evidenced by spores as well as fragments of vascular tissue
(sieve tubes, tracheids) and plant cuticles. The earliest known
plant macrofossils date back to this period and include the
rhyniophyte Cooksonia from many Middle and Late Silurian
localities (Wenlock, Ludlow, Pridoli) and the lycophyte
Baragwanathia longifolia from the Ludlow of Australia.
Cooksonias are small plants, up to 6.5 cm in height but
usually much smaller, which consisted of dichotomously
branched stems without leaves and with primitive vascular
tissue, and bearing a terminal sporangium. A taller species,
Cooksonia paranensis, occured during in the early Lochko-
vian of Brazil. The Late Silurian age of Baragwanathia
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longifolia has long been doubted but has recently been
confirmed. It is a rather robust plant with branched stems
measuring up to 6.5 cm in diameter and containing well-
developed vascular elements. Leaf-like appendages, up to 4
cm long, densely cover the stems of this early lycophyte.

The Early and Middle Devonian saw a worldwide
expansion of terrestrial vegetation. Plant cover was of rather
low stature, up to ca. 1(e1.5) m in height with many forms
not exceeding 30 cm, and was largely made up of rhynio-
phytes, zosterophyllophytes, trimerophytes, and early lyco-
phytes. All of these are seedless, basal vascular plant groups
that were characterized by stems without leaves or by spiny,
leaf-like appendages, and (mostly) the absence of roots. They
grew in permanently moist or periodically inundated habitats
and became extinct in the Late Devonian with the exception
of the lycophytes, which persist today. The best-preserved
plant megafossils from this episode include various rhynio-
phytes from the Emsian of Scotland (Rhynie chert) such as
Aglaophyton major and Rhynia gwynne-vaughanii. Zoster-
ophylls (genus Zosterophyllum and others) are recorded from
the Lochkovian to the Frasnian but occurred mainly in the
Lower Devonian; trimerophytes (Psilophyton) are common in
the Lower and Middle Devonian (PragianeEifelian); and the
early lycophyte Drepanophycus is recorded from the Emsian
to the Late Devonian. The oldest macrofossils of fern-like
plants (cladoxylopsids, Rhacophytales) and bryophytes
(Metzgeriothallus) date back to the Givetian.

The spread of terrestrial plants during the Early and
Middle Devonian led to an elevation of chemical and physical
weathering rates, an increase in soil volume and changes in
the hydrological cycle and sediment fluxes. The worldwide
drop in atmospheric carbon dioxide during the Late Devonian
coincided with major floristic changes, including the disap-
pearance of the rhyniophytes, zosterophylls and trimer-
ophytes, the rise of the lycophytes, and the appearance of the
sphenophytes and progymnosperms. Elaborate leaves for
photosynthesis, roots for water uptake and mycorrhizal
associations for nutrient support are characteristic of the Late
Devonian plants, which include herbaceous as well as the first
arborescent forms with woody stems. The principal tree of the
Late Devonian is the lycopod Lepidodendron, which had
massive trunks consisting of thick layers of bark, and long,
spirally arranged leaves up to 1 m in length. Another common
plant of the Late Devonian is the progymnosperm Archae-
opteris, a tree with woody stems possessing gymnospermous
anatomy but dispersing by spores rather than by seeds.
Archaeopteris formed extensive woodlands in coastal
lowland areas in the middle and late Frasnian and persisted
into the Early Carboniferous. The first sphenophytes also date
back to the Frasnian and include the medium-sized horsetail
Archaeocalamites, whose arborescent descendents became
common in Mississippian and early Pennsylvanian wetlands.
The earliest seed plants (Moresnetia, Elkinsia) appeared in
the Famennian.

During the Carboniferous the lycophytes Lepidodendron
and Sigillaria were the most common trees, and produced up
to 80% of the biomass of Late Carboniferous forests. They
were much taller plants than their Devonian relatives. The
Carboniferous also saw the further rise of the ferns, the
sphenophytes and a strong radiation of seed plants, including
a great variety of arborescent forms. Psaronius (Marattiales)
is the most common tree fern of the Carboniferous, while the
arborescent horsetail Calamites was the principal spheno-
phyte, growing to 20 m in height in marshlands and lakes.
Seed ferns (calamopityaleans, lyginopterids, medullosans,
callistophytes) were the most common gymnosperms of the
Carboniferous. They included small and large trees, as well as
vines with fern-like fronds that dispersed by seeds (i.e.
embryos nested in nutrient-rich tissue and surrounded by
a thick, protective seed coat) rather than small, unicellular
spores, and had wind- or insect-dispersed pollen that
produced flagellate sperms which moved actively to the egg
inside the pollen chamber. The most advanced forms had
pollen-producing pollen tubes for the passive transport of
sperm to the egg cells. These were new adaptations of plants
to life on land, with lesser dependence on water, which would
eventually lead to the emergence of the angiosperms during
the late Mesozoic. Other seed plants that emerged in the
Carboniferous are the Cordaitales, an extinct group of
gymnosperms with large, strap-shaped leaves that existed
from the Mississippian through the Permian. They repre-
sented a conspicuous portion of the late Paleozoic flora, being
the largest trees in Pennsylvanian tropical forests (growing to
over 45 m tall) and also common in peatlands at higher lati-
tudes together with arborescent lycopods. Some cordaites are
also known from hinterland vegetations and other forms have
been reconstructed as medium-sized mangroves. The world’s
first conifers (Voltziales) also date back to the Pennsylvanian
and some of these, such as the Utrechtiaceae, closely
resembled the extant Norfolk pine.

Several carboniferous plant fossils may be used as strati-
graphic markers. The calamopitylean seed ferns Calamopitys
and Kalymma are characteristic of the Mississippean, while
species of the genus Medullosa (medullosans), Conostoma
(lyginopterids) and Callistophyton (callistophytes) are
restricted to the Pennsylvanian. The callistophytes were lianas
in the understory of theCarboniferous forest. Foliage of the fern
genera Dicksoniites, Mariopteris s.l. and Odontopteris are
characteristic fossils of the Upper Pennsylvanian and Lower
Permian of Europe and North America, and Hanskerpia is
a voltzialean conifer from the Pennsylvanian ofNorthAmerica.

Near the end of the Carboniferous, arborescent lycophytes
became extinct in Europe and North America, and were
replaced by arborescent tree ferns (Psaronius); arborescent
lycophytes only persisted into the Middle Permian in China.
The arborescent horsetails also declined by the end of the
Carboniferous. The disappearance of the arborescent spore
plants during the Permian and their replacement by seed plants
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(gymnosperms)was probably due to the increasedwarming and
aridification of the Earth’s climate. A great variety of new seed
plant groups appeared such as cycads, ginkgos, voltzialean
conifers and glossopterids. The latter are important biostrati-
graphic markers for the Permian of Gondwana and included
several hundreds of species. It is estimated that by the Late
Permian about 60%of theworld’s flora consisted of seed plants.

It thus appears that major changes occurred in the world’s
flora during the Permian (Figure 12.1). However, no cata-
strophic extinction similar to that of animals is observed in
the fossil record. Although many conifers (e.g. glossopterids,
cordaites) became extinct at the end of the Permian, new
forms of conifers reappeared in the Middle Triassic. In fact,
there is no evidence for any worldwide mass extinction event
in plants during geological history. The absence of cata-
strophic extinctions in plants, in contrast to animals, is
probably due to the excellent capability of plants to withstand
environmental stress, by shedding of leaves and surviving by
means of subterraneous roots, stems or propagules. Because
of these properties of plants, changes in the plant record
during geological time generally occur gradually, rarely
suddenly. Another important factor is that land plants are less
dependent on their direct environment than marine organ-
isms; plants are able to retreat in refugia.

3. MESOZOIC

Major changes in the world’s flora took place during the
Mesozoic. This geological era began with a short dominance
of bryophytes and small to medium-sized lycophytes during
the Early Triassic, followed by a radiation of the conifers
during the Middle Triassic. The major groups of conifers that
characterize today’s flora, such as Araucariaceae, Cupressa-
ceae (incl. Taxodiaceae), Pinaceae, Podocarpaceae, and
Taxaceae, as well as the now extinct Bennettitales, saw their
origin in this period. At the same time, cycads, ginkgos and
some new groups of seed ferns expanded, a trend that
continued during the Jurassic. The medium-sized lycophyte
Pleuromeia is characteristic for the Lower Triassic world-
wide, while corystospermid seed ferns such as Dicroidium are
important markers for the Triassic of Gondwana (also in the
Upper Permian of Jordan). Gondwanan sediments from this
time interval are also rich in fossil remains of podocarps.

The plant record of the Early Jurassic indicates a domi-
nance by large-leaved conifers (e.g. Araucariaceae, Pinaceae,
Voltziaceae) and ginkgos in cool temperate areas, while
small-leaved conifers (Cupressaceae, Podocarpaceae), Ben-
nettitales and ferns were common elements in the warmer
regions of the Earth. Araucariads attained their highest
diversity in the Jurassic and have gradually declined since
then, as opposed to the podocarps which did not decline until
today. Characteristic plants of this episode also include the
conifer Palaeotaxus from the Lower Jurassic and the fern
Neuropteris from the Lower, Middle and Upper Jurassic.

The Cretaceous finally saw the extinction of the Benne-
titales, and a steep rise of the angiosperms (flowering plants).
The first angiosperms probably appeared in the Early Creta-
ceous (Hauterivian), they are more common in the
AlbianeAptian and rapidly diversified and radiated during
the Middle Cretaceous. They seem to have originated in the
OldWorld tropics, and from there migrated to higher latitudes
and to the NewWorld. The absence of angiosperm wood from
Early or Middle Cretaceous ages indicates that the first
angiosperms were herbs or small shrubs, and that tree-like
forms developed later. Biostratigraphic markers of this period
include the fossil pollen types Clavatipollenites and Afro-
pollis from the Barremian to the Cenomanian and the enig-
matic Klitzschophyllites from the Early Cretaceous.

By the end of the Cretaceous the majority of today’s
angiosperm families had evolved, and angiosperms attained
worldwide dominance except at the highest latitudes, where
the vegetation was mainly composed of conifers and ferns.
Characteristic Northern Hemisphere conifers included Pina-
ceae (pines, firs, etc.) and Cupressaceae (e.g., mammoth
trees), while podocarps and araucariads predominated in the
Southern Hemisphere together with the southern beech
Notofagus. Ginkgos and cycads, which had been abundant in
the flora of the Triassic and Jurassic, declined in the Late
Cretaceous when they were outcompeted by the angiosperms.
Today, cycads still persist in the floras of Australia, South
Africa, Mexico and elsewhere, but ginkgos have disappeared
except for a single species, the living fossil Ginkyo biloba,
known from no more than two small natural populations in
southeastern China in spite of being widely cultivated as an
ornamental tree.

4. CENOZOIC

No major new plant groups appeared during the Cenozoic and
the world’s flora remained dominated by the angiosperms.
This period saw the origin and evolution of many plant genera
that characterize the extant flora of the Earth, and a steady
increase in species richness and turnover. The most dramatic
events in the plant record of the Cenozoic were the changes in
composition and distribution of the world’s vegetation in
response to changes in the global climate. During the Early
Cenozoic when the climate was warm and moist, the Earth
was largely covered by forests. The cooler and dryer mid-
Cenozoic, however, saw the replacement of these forests in
many areas by savannas, grasslands or dry scrublands. It is
estimated that at least 30% of the world’s vegetation during
the mid-Cenozoic consisted of grassland ecosystems.
A further cooling during the Late Cenozoic (Late Miocene
and Pliocene) led to an expansion of tundra vegetation and
a decrease of plant diversity at the highest latitudes. The
orogenic events and uplift of the world’s major mountain
ranges during this period led to the evolution of the rich alpine
flora that characterize the high mountains of today’s world.
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FIGURE 12.1 Summary of main events in plant history and stratigraphic markers. The terms Paleophytic, Mesophytic and Cenophytic are the equivalents of
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The Quaternary, finally, saw major reshuffling and distribu-
tional shifts in the world vegetation associated with the
glacialeinterglacial cycles.

The main events described here are also summarized in
Table 12.1.
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TABLE 12.1 Summary of Main Events in Plant History and Stratigraphic Markers

Precambrian: marine algae, acritarchs
Archean: no plants
Early Proterozoic (2100e1200): first unicellular algae
Late Proterozoic (1200e540): first multicelular algae

Cambrian: marine algae, acritarchs

Ordovician: marine algae, acritarchs, early lichens; Fisherites reticulatus
Early Ordovician: beginning of migration from sea to land; first land plants (liverworts)

Silurian: expansion of land plants; Cooksonia (Middle and Late Silurian), Baragwanathia longifolia (Ludlow)

Devonian: rise of many spore plant groups; expansion of herbaceous terrestrial vegetation; evolution of the first trees (Lepidodendron,
Archaeopteris, Archaeocalamites) and forests in the Late Devonian
Devonian: Drepanophycus
Early and Middle Devonian: rhyniophytes, Zosterophyllum, Psilophyton
Givetian: cladoxylopsids

Carboniferous: worldwide expansion of forests; radiation of the ferns; first seed plants
Carboniferous: Lepidodendron, Stigmaria, Sigillaria, Calamites, Psaronius, Neuropteris s.l., calamopityaleans, lyginopterids
Mississippian: Calamopitys, Kalymma
Mississippian to Early Pennsylvanian: Cardiopteridium
Pennsylvanian: Callistophyton, Conostoma, Medullosa, Lobatopteris, Hanskerpia
Late Pennsylvanian to Early Permian: Dicksoniites, Mariopteris s.l., Odontopteris

Permian: arborescent spore plants replaced by seed plants; rise of the gymnosperms; Glossopteris (Gondwana)

Triassic: radiation of the conifers; corystosperms (Gondwana), Pleuromeia

Jurassic: worldwide expansion of conifer forests; Archaeotaxus (Early Jurassic), Nilssoniopteris

Cretaceous: rise of the angiosperms; Klitzschophyllites (early Cretaceous), Clavatipollenites and Afropollis (Barremian to Cenomanian)

Cenozoic: domination of world vegetation by angiosperms; origin of extant plant genera; rise of species richness and turnover rate; major
changes in world vegetation due to climate change, orogenetic events and glacial/interglacial cycles
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M.D. Simmons Chapter 13

Sequence Stratigraphy and Sea-Level
Change

Abstract: The history of stratigraphic correlation and the
subdivision of geological time have long been associated with
understanding changes in sea level. Sequence stratigraphy
can be summarized as an attempt to subdivide sedimentary
successions (either at the local basinal scale or at the global
scale) into packages relating to changes in relative sea level.
Such sequences, being rooted in time-stratigraphy, can, for
example, be the basis for correlation and mapping of facies.
There is a growing set of observations that demonstrate the
synchronicity of some sea-level changes globally, leading to
the establishment of global eustatic models. These, in turn,

require an explanation for the driving mechanisms of eustatic
change. Growing direct and proxy evidence suggests a link
between climatic change and eustasy and hence the presence
of glacio-eustasy, even in “greenhouse” times. There are
strong links between sequence stratigraphy and the geological
time scale. Sequence stratigraphic surfaces, especially
correlative conformities, may form “natural boundaries” to
stages and are associated with biostratigraphic events. Such
an approach would mark a return to the criteria upon which
stages were originally defined.
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13.1. HISTORICAL LINKS BETWEEN
SEA-LEVEL CHANGE, SEQUENCE
STRATIGRAPHY AND THE GEOLOGICAL
TIME SCALE

Ever since the enormity of geological time began to be
appreciated in the early 19th Century (the “abyss of time” of
Hutton, quoted in Playfair (1805)), geologists have been
concernedwith its subdivision and subsequent correlation. The
cyclic nature of the sedimentary rock record was also known at
this time (e.g., Lavoisier, 1789; Cuvier, 1813) and it was not
long before geologists began relating sedimentary cyclicity to
the formal subdivisions of geologic time. Foremost amongst
these thinkers was Alcide d’Orbigny (1842, 1849, 1852). It
was d’Orbigny who introduced the term “étage” (“stage”)

which he described as “the expression of the boundaries which
Nature has drawn with bold strokes across the globe”
(d’Orbigny, 1842 as quoted in translation by Rioult, 1969).

Here then is a clear link between geological “events” and
the subdivision of geological time expressed by a pioneer in
the construction of the geological time scale (see also Monty,
1968; Rioult, 1969; Torrens, 2002). Events (such as sea-level
change) in Earth history could be used to define its subdivi-
sions. Although d’Orbigny did not expressly mention eustasy
(synchronous, global, sea-level change) e the great Swiss
geologist Eduard Suess (1888) defined that concept e put in
modern terms, he related faunal turnover to event stratigraphy
to develop distinct, time-controlled, fossil assemblages for
the subdivision and correlation of Earth history. Thus there
were natural boundaries within geologic time, a concept
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which has found favor with some modern-day stratigraphers
(Walliser, 1984, 1985; Mei Shilong, 1996; Simmons et al.,
2007).

During the later part of the 19th century and the early part
of the 20th century, the ideas of d’Orbigny were enthusiasti-
cally embraced by many geologists, first in Europe, and later
globally. This resulted in a plethora of stage nomenclature. By
the later part of the 20th century, this terminology became
rationalized and the process of the formal definition of stages
(and hence all other major subdivisions of geological time)
began (see reviews of Torrens, 2002; Castradori, 2002; Walsh,
2004; Walsh et al., 2004). Fundamental in this process has
been the definition of a Global Stratotype Section and Point
(GSSP) for each stage.

GSSPs are related to a defining event (as expressed in
a particular section somewhere on the planet). This is typi-
cally a paleontological event (e.g., the inception or extinction
of a species) that is thought to have great value in correlation.
The choice of defining paleontological event has often been
the subject of heated and vexed debatee consequently a large
number of stages still await the confirmation of a GSSP. In
this debate, the relationship of GSSP defining events to events
in Earth history is often forgotten, breaking the link between
the original ideas of d’Orbigny and our modern concepts.

Nonetheless a number of publications have stressed the
utility of sequence stratigraphy and eustatic sea-level change
as a tool for assisting in stratigraphic subdivision and GSSP
selection (Mei Shilong, 1996; Wang and Su, 2000; Wang X.,
1999, 2002; Wang H., 2000; Simmons et al., 2007). Hesselbo
et al. (2004a,b) and Hallam and Wignall (2004) have recently
debated the utility of sequence stratigraphy in defining
a potential base Hettangian GSSP in southwest England.

The idea that eustasy can be related to the correlation of
subdivisions of geological time is not a new one. Chamberlin
(1898, 1909) saw the potential for global sea-level change to be
the “ultimate basis for correlation”. Later Grabau (e.g., 1936,
1940) expressed eustasy as his “pulsation theory” and made
a case for the use of synchronous sea-level change as the
fundamental tool for correlation and stratigraphic subdivision
(Figure 13.1). Peter Vail and his Exxon colleagues, who pio-
neered the development of modern concepts of sequence
stratigraphy and eustatic sea-level change, suggested in 1977
that;

‘using global cycles with their natural and significant boundaries, an

international system of geochronology can be developed on

a rational basis.’

(Vail et al., 1977, p. 96)

The chronostratigraphic context of sequences continues to be
stressed by more recent ExxonMobil geologists (Snedden and
Liu, 2011).

Why then has sequence stratigraphy and eustatic sea-level
change not found favor as a primary method for correlation
and the subdivision of geological time? Or, outside of GSSP

definition, has it? In the hydrocarbon industry, sequence
stratigraphy is routinely used as the primary method for the
subdivision of strata within a basin, and for both intra- and
inter-basin correlation. This is not surprising given the
seismic and well data that the industry has access to, in which
sequence stratigraphic interpretation and thus correlation can
be reasonably clear. Working in the North Sea of NW Europe,
geologists will talk of the sequence stratigraphic scheme of
Partington et al. (1993) in the same way as they talk of the
standard units of geologic time. In the Middle East, the
scheme of Sharland et al. (2001) is often mentioned.
Furthermore, industry geologists, many with a global expe-
rience of high-quality stratigraphic data, can more readily
accept the concepts of eustasy and use global sea-level
curves, either those published or only available within the
industry.

Outside of the hydrocarbon industry, the use of sequence
stratigraphy/eustasy for the correlation and subdivision of
geologic time has been more muted. Whilst local sequence
stratigraphic studies on good quality outcrops (and sometimes
subsurface data) are legion, efforts to use a eustatic model are
limited. Published eustatic models are often criticized (see
Miall, 1997; Miall and Miall, 2001) for lack of supporting
data and difficulties with the precision of correlation, whilst
inconsistencies in sequence stratigraphic interpretation
hamper attempts at synthesis (unless one takes the time to
investigate global data sets in an internally consistent
manner e such efforts require the resources of industry and
hence are not published in detail for commercial reasons).
Nonetheless, a global synthesis of Phanerozoic eustasy is
emerging, which will have implications for the subdivision
and correlation of geologic time.

13.2. THE DEVELOPMENT OF EUSTATIC
AND SEQUENCE STRATIGRAPHIC
CONCEPTS

We should be clear that sequence stratigraphy and eustasy are
separate (although related) concepts. Sequence stratigraphy
can be summarized as an attempt to subdivide sedimentary
successions (at a variety of scales) into packages relating to
changes in relative sea level. Such sequences, being rooted in
time-stratigraphy, can, for example, be the basis for correla-
tion and mapping of facies. Eustasy is an understanding of
global synchronous sea-level change. Sequences can be
defined within a basin independently of any knowledge of
eustasy, but a number of sequence stratigraphers have argued
that key stratal surfaces within sequences appear to be
synchronous between basins.

Ever since Suess (1888) introduced the concept of eustasy,
there have been advocates for its use as a primary tool of
correlation and for the subdivision of geologic time. During
the early half of the 20th Century there was great enthusiasm
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for the concepts of eustasy, linked to an increasing recogni-
tion of cycles and rhythms in the sedimentary record e for
example the publications of Chamberlin, Schuchert, Stille,
Grabau, Ulrich, Barrell, Wanless, Weller, Moore, Shepard
and Umbgrove as listed in the excellent historical reviews of
Dott (1992) and Nystuen (1998). In particular, Grabau
(e.g., 1906, 1936, 1940) prompted many of the more modern
concepts of eustasy. Much of his work has stood the test of
time, not least because he based his ideas on a set of personal
global observations in North America, Europe and China (see
reviews of Johnson, 1992, 2009).

Papers by Sloss et al. (1949), Sloss (1963) (see also review
by Sloss, 1988) and Wheeler (1958, 1963) were important
landmarks in the concepts of sequence stratigraphy, empha-
sizing the concepts of unconformity bound units and time in
stratigraphy. However, it was not until oil companies began to
gather extensive, high-quality, seismic records of subsurface
successions, tied by wells with biostratigraphic and sedi-
mentological data, that the modern concepts of sequence
stratigraphy were born.

The pioneers of the sequence stratigraphic methodology
were the geologists and geophysicists of the oil company
Exxon and in particular their stratigrapher Peter Vail. The
basic methodology was described in a seminal AAPG
Memoir in 1977. Vail and his co-workers identified packages
of reflectors on seismic data, separated by what they termed
bounding surfaces. Within these packages, the seismic
reflectors displayed particular geometric styles. Assuming
that the reflectors represented the paleo-seafloor, pro-
gradation and retrogradation of, for example, the shelf edge
could be identified and this related to rising or falling relative
sea level.

Critical in the analysis of Vail et al. (1977) was the recog-
nition of breaks in the stratigraphic record often expressed as
subtle unconformities. These were interpreted to represent
major falls in sea level and were termed Sequence Boundaries
(SB). The sediment deposited and preserved between two
sequence boundaries was described as a Sequence. Subse-
quently other workers felt that sequences could be delimited,
not by sequence boundaries, but their counterpart, deposited at
the maximum rate of sea-level rise e the Maximum Flooding
Surface (MFS).

Terminology issues are discussed further below, but first
we must consider another important observation of Vail et al.
(1977) and the Exxon school. They noted that the sequences
they observed in seismic, well and outcrop data were of the
same age in the majority of basins they examined. They thus
determined that eustatic changes in sea level were the key
driver for the sequences they observed and that from this
a eustatic sea-level curve could be constructed. The first curve
was published in the 1977 memoir, and this was expanded
upon for the Mesozoic and Cenozoic by Haq et al. (1987,
1988). These curves generated great excitement in the world
of sedimentary geology, as an apparent pattern to Earth’s

sedimentary history could be discerned. For the oil industry
a powerful means of facies (i.e. reservoir, source, and seal)
prediction was being developed. Notwithstanding further
public domain developments in eustatic sea-level determi-
nation (e.g., Hardenbol et al., 1998; Sharland et al., 2001,
2004; Simmons et al., 2007; Haq and Sutter, 2008), the
concept of the recognition of eustasy as a mechanism for
driving stratigraphic sequences has been vigorously debated
in the literature (e.g., Miall, 1991).

Although modern sequence stratigraphy had its birth with
the advent of high-quality seismic data, the concepts of
sequence stratigraphy can be applied independent of this
data type. Wells and outcrops can be interpreted in terms of
their observed or implied vertical facies successions and then
correlated using biostratigraphy. Such correlations mimic
the geometries visible in seismic data and it is readily
possible to make regional interpretations using only outcrops
and wells.

13.3. ISSUES OF TERMINOLOGY

Students and newcomers to sequence stratigraphy are often
daunted by the jargon of the subject. There are indeed a large
(and growing!) number of terms to describe the component
parts of sequences, their bounding surfaces and expressions
of different states of sea level. What is even more confusing
is that since the mid-1980s, different sedimentological
schools of sequence stratigraphy have developed, each with
their own perceptions of how eustasy, sediment supply and
tectonics interact to deposit sequences and their inherent
geometries, or where particular bounding surfaces lie on
a relative sea-level curve (Figure 13.2). This has led in turn to
differing usage of the same terminology e for example,
differing usage of the term “correlative conformity”
(see Figure 13.2).

There are many excellent reference books and articles
on sequence stratigraphy (examples include Christie-Blick
and Driscoll, 1995; Emery and Myers, 1996; Miall, 1990,
1997; Nystuen, 1998; Posamentier and Allen, 1999;
Homewood et al., 2000; Coe, 2002; Catuneanu, 2006; Rey,
2006; Rusciadelli, 2008; Embry, 2009, 2010). As stressed
by Embry (2009, 2010), careful examination of the termi-
nology in these will reveal differences in concepts and
application. An important paper by Catuneanu et al. (2009)
attempts to provide a synthesis and standard use of this
terminology (see Figure 13.2).

Many geoscientists working in the hydrocarbon industry
continue to use the classic terminology of the Exxon school
(Mitchum et al., 1977; Haq et al., 1988, see also Emery and
Myers, 1996; Sharland et al., 2001; Davies et al., 2002). A
distillation of the key elements of sequence stratigraphy
(Figure 13.3) provides a practical and pragmatic approach to
the subject, whilst recognizing that variations of the model
exist.
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FIGURE 13.3 Simplification of common sequence stratigraphic terminology within the hydrocarbon industry (e.g., Simmons et al., 2007), following Mitchum et al., 1977, Haq et al., 1988, Emery and

Myers, 1996, and others. The relative sea-level curve is shown as symmetrical in shapee this is a simplification. As shown in Figure 13.12 it may be markedly asymmetric depending on the driving process

and the interaction of eustasy, tectonics and sediment supply.
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Consider a simple sea-level curve where the vertical axis
represents amount of sea-level change and the horizontal
axis represents time (Figure 13.3). The steepness of the
curve is thus a measure of the rate of sea-level change.
Within a cycle of sea-level change, certain turning points on
this curve reflect key sequence stratigraphic surfaces
(Sequence Boundaries/Correlative Conformities (SB/CC),
Maximum Regression Surfaces (MRS) and Maximum
Flooding Surfaces (MFS)). Portions of the curve between
these points lead to the deposition of bodies of sediment with
particular geometries and facies trends. These are termed
systems tracts. There is thus a link between a relative sea-
level curve and the geometries of progradation, retrograda-
tion and aggradation seen on seismic data, large scale
outcrops and log and/or outcrop correlations.

Three key surfaces develop in response to relative sea-
level change:

l A sequence boundary, and its basinward equivalent,
a correlative conformity, that develops in response to
a forced regression (Catuneanu et al., 2009 make a useful
distinction between forced and normal regressions, forced
being base-level change driven, normal being sediment
supply driven).

l A maximum regression surface that occurs only within
a basin at the top of a lowstand systems tract at the onset of
rapid sea-level rise.

l A maximum flooding surface that develops at the
maximum rate of transgression and which results in
widespread open marine, often condensed, facies.

We can distinguish between platform areas in which there will
be non-deposition and exposure during a major forced
regression, and basins in which there will always be contin-
uous deposition at all states of relative sea level.

In basin settings three systems tracts may be recognized:

l A Lowstand Systems Tract, deposited between the onset
of an increase in the rate of relative sea-fall (marked by
the correlative conformity surface) and the onset of rapid
sea-level rise (marked by the maximum regression
surface).

l A Transgressive Systems Tract, deposited between the
onset of sea-level rise (marked by the first sediments on
the maximum regression surface) and the maximum rate
of sea-level rise (marked by the maximum flooding
surface).

l A Highstand Systems Tract, deposited between the
maximum rate of sea-level rise (the maximum flooding
surface) and an increase in the rate of relative sea-level fall
(the correlative conformity).

In platform settings, two systems tracts may be recognized:

l A Transgressive Systems Tract which lies above an
exposure surface (sequence boundary) formed when the

rate of sea-level fall removed deposition from the platform
to the basin and which is capped by a maximum flooding
surface (see above).

l A Highstand Systems Tract (see above), capped in plat-
form setting by a sequence boundary.

The recognition of the key bounding surfaces of systems
tracts (sequence boundary/correlative conformity, maximum
regression surface and maximum flooding surface) is thus
critical to interpretation, and it is imperative that these are
recognized in a consistent manner depending on depositional
setting, then calibrated and correlated using biostratigraphic
and/or isotopic data in order to demonstrate the synchronicity
of sea-level change.

The shape, thickness and character of the three systems
tracts described above will vary depending on a range of
factors. Important to bear in mind are:

l Angle of shelf, slope and basin floor
l Rate of sediment supply
l Rate of subsidence/uplift
l Rate of relative sea-level change

Carbonate systems in particular can show a great deal of
variation from the standard model (for example, carbonate
ramps typically develop thin, but laterally extensive low-
stands, whereas rimmed shelves develop narrow lowstand
platforms (e.g., Handford and Loucks, 1993).

Nonetheless, the overall broad patterns of progradation vs.
retrogradation are constant within variations to the standard
model, such that these systems tracts and their bounding
surfaces should always be recognizable (although sometimes
quite subtly!) in outcrop and subsurface data of reasonable
quality.

13.4. USES OF SEQUENCE STRATIGRAPHY

Sequence stratigraphy has become established as a primary
interpretation methodology for petroleum geologists in the
last 30 years for the following reasons:

l It helps explain the true geometric relationship of sedi-
ment packages to one another. That is to say that because
the technique is based around an understanding of the
temporal and spatial relationship of sediments, we can
understand if, for example, they are physically connected
(useful for estimating reservoir volume, for example).
This is more effective than simple, and potentially
misleading, lithostratigraphic correlations.

l It is an effective means of combining various data sets
(e.g., biostratigraphy, sedimentology, wireline logs,
seismic, etc.) within one integrated framework.

l It is a powerful means of predicting away from known data
points. The geometries of sequence stratigraphy predict
what facies may be expected up and down systems tracts
and laterally. Hence the occurrence of reservoirs, source
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rocks and seals may be predicted regionally from rela-
tively sparse data sets.

All the above are valid benefits regardless of whether
a eustatic model underpins one’s view of sequence stratig-
raphy or not. However, if a eustatic model can be applied (as
we demonstrate) then other, powerful, benefits accrue:

l A framework for detailed and precise correlation,
mapping and isopaching exists.

l Use of analogues and generic play concepts is possible.

Outside of the direct economic benefits, sequence stratig-
raphy provides insight into the sedimentary evolution of the
Earth and the controls on this; for example, changes in
paleoclimate. These controls are, in turn, important for our
understanding of future climate change. We would also
argue that sequence stratigraphy linked to eustasy can
provide an understanding of key events in Earth history
leading to biological and sedimentary changes, and hence
events to assist in the definition of the subdivisions of
geological time.

13.5. THE SYNCHRONICITY OF GLOBAL
SEA-LEVEL CHANGES

The principles of sequence stratigraphy can be applied
within a basin without reference to driving mechanisms.
Relative sea-level changes are driven by a combination of
eustasy, tectonics and sediment supply. However, a number
of sequence stratigraphers, including pioneers such as Vail,
Haq and Hardenbol (e.g., Vail et al., 1977; Haq et al., 1987)
have observed that, throughout the Phanerozoic, a number of
sequence stratigraphic surfaces are synchronous across the
globe suggesting that a eustatic signal can be detected. This
concept has been challenged (e.g., by Miall, 1991, 1997)
because the evidence to determine this eustatic signal has
never been fully published, along with arguments of circular
reasoning and that sea-level curves are a self-fulfilling
prophecy when uncertainties in correlation are simply dis-
counted (see also Aubry, 1991). Others (e.g., Artyushkov
and Chekhovich, 2001; Artyushkov et al., 2008) have argued
that many third order, small scale, sea-level changes can be
explained by variations in local crustal uplift and subsi-
dence. Maclennan and Lovell (2002), Lovell (2010) and
Petersen et al. (2010) have argued that magmatic under-
plating of the crust can cause relatively rapid and high
frequency regional sea-level changes. As noted above,
tectonics, in all its guises, is doubtlessly responsible for part
of a local relative sea-level signal and expression e but this
should not rule out the possibility of a genuine eustatic
signature.

Some of the evidence for the synchronicity of sequence
stratigraphic surfaces is emerging. Volumes such as that
edited by De Graciansky et al. (1998) or by Sharland et al.

(2001) are helpful for demonstrating the data that lie behind
eustatic models. Haq and Schutter (2008) have recently
published their model of Paleozoic eustasy indicating the
reference and ancillary sections from which the model is
derived (although not their interpretation strategy or
biostratigraphic calibration).

General syntheses, including views on eustasy include:
Vail et al. (1977), Hallam (1984, 1992), Haq et al. (1987,
1988), Hardenbol et al. (1998), Sharland et al. (2001, 2004),
Miller et al. (2005a), Simmons et al. (2007) and Haq and
Schutter (2008). There are also important syntheses for
specific time periods. These include:

Ordovician: Nielsen (1992, 2004), Nicoll et al. (1992),
Ross and Ross (1992, 1995).
Silurian: Johnson (1996, 2006, 2009), Ross and Ross
(1996), Loydell (1998), Johnson et al. (1998), Melchin
et al. (1998), Ray et al. (2010), Brett et al. (2009).
Devonian: House (1983), House and Ziegler (1997),
Johnson et al. (1985), Ma et al. (2009).
Carboniferous: Ross and Ross (1987, 1988), Veevers and
Powell (1987), Izart et al. (2003), Heckel et al. (2007),
Heckel (2008), Rygel et al. (2008).
Permian: Ross and Ross (1988, 1995), Izart et al. (2003),
Rygel et al. (2008).
Triassic: Embry (1997), Gianolla and Jacquin (1998),
Kurushin (2001).
Jurassic: Hallam (1978, 2001), Ruban (2008).
Cretaceous: Röhl and Ogg (1996), Miller et al. (2003),
Crampton et al. (2006), Gale et al. (2002, 2008), Voigt
et al. (2008), Galeotti et al. (2009).
Cenozoic: Abreu and Anderson (1998), Miller et al.
(1998, 2008), Zachos et al. (2001), Sluijs et al. (2008),
Kominz and Pekar (2001), John et al. (2011).

Some differ from each other for the same time period. This is
not surprising as interpretation strategies may vary between
workers and views on biostratigraphic calibration may
differ.

As an example of the variations possible in interpretation
we can consider the Corallian (Oxfordian) succession of the
Dorset coast of southern England (Figure 13.4). This is
a mixed succession of clays, sandstones and limestones, in
which cyclicity has long been recognized (Arkell, 1933) and
which has been interpreted in terms of changing relative sea-
level by a significant number of workers. Comparison of
these interpretations shows a great deal of variation in the
placement of significant bounding surfaces such as
maximum flooding surfaces and sequence boundaries and
hence systems tracts. This highlights that interpretation
strategy will govern a resultant eustatic model if a strategy is
carried through multiple sections worldwide. All the workers
interpreting the Corallian succession presumably had good
reason to make their interpretation e one must therefore be
aware of the interpretation strategy that lies behind a eustatic
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curve when comparing any given section to that eustatic
curve.

Figure 13.5 compares Silurian eustatic events as described
in various publications. Differences can be seen to exist
between the models. These may arise because:

l The highs and lows of sea level are being picked in
a variety of ways. For example, Loydell (1998) has used
changes in graptolite diversity, whilst Johnson (2006) has
concentrated on facies patterns from a variety of tectoni-
cally stable basins. Haq and Schutter (2008) do not explain
their interpretation strategy, but it can be assumed to
follow a standard “Exxon school” approach.

l Biostratigraphic calibration from local zonation to global
standard zonation may vary.

Note that the error range on most highs and lows of sea level
will be at least the duration of the biozone in which they occur.
With this in mind, there is clearly some overlap and coinci-
dence of events. For example, most workers recognize a major
sea-level rise in the Aeronian, culminating in an MFS within
the convolutus Zone (the S10 MFS of Simmons et al., 2007).

Therefore, as a fundamental note of caution, before
considering how a succession relates to a published eustatic
sea-level curve or model, one should ask the question “is the
sequence stratigraphic interpretation strategy used to
construct this model the same as mine?” It is easy to find
mismatches with global curves if sequences are being inter-
preted in differing ways.

Nonetheless, there is some synthesis emerging, especially
when one considers major events. Arabian Plate Sequence
Stratigraphy (Sharland et al., 2001) demonstrated that 63
sequences of variousLate PrecambrianeNeogene ages could be
recognized and confidently correlated across Arabia. Given the
relative tectonic stability of Arabia, these sequences were
considered to be eustatic in origin. Davies et al. (2002) and
Sharland et al. (2004) made some revisions to the model and
increased the number of sequences in the model to 65. This
model did not try to impose any published eustatic curve
(e.g., Haq et al., 1987) onto theArabian successions. Rather, the
modelwas built “from the rocks up” and is internally consistent.
It is now possible to demonstrate that these generally third order
sequences (and others, as yet unpublished) occur in many other
parts of the globe, correlated at the biozone level (so to within
a resolution typically in the order of 500 000 years, although this
is variable). This confirms the eustatic nature of these sequences.

The global occurrence and correlation of some of the
“Arabian Plate” Cretaceous and Ordovician sequences has
been documented by Simmons et al. (2007), so to present
further proofs of the model, we use an example from the
Silurian (S10 MFS).

The S10 MFS lies in the convolutus Zone of the Early
Silurian (Llandovery, mid-Aeronian). As noted above (see
Figure 13.5) it relates to a major early Silurian eustatic high
that is recognized by several workers. It results from ongoing

deglaciation following the major, well-known Hirnantian
(latest Ordovician) glaciation event. The nature of the post-
glacial transgression requires a specific explanation for the
expression of this MFS in many sections (Figure 13.6). As sea
levels rose post-peak glaciation, the surface that was trans-
gressed was of undulose topography, the result of differential
glacial erosion. As transgression began, circulation was
restricted within the topographic lows, creating the preser-
vation of organic-rich facies (the transgressive “puddle”
model of Wignall (1991), see also Lüning et al. (2000),
although see also complications suggested by Loydell et al.
(2009)). S10 MFS is thus not in the most organic-rich black
shale facies (which are often Rhuddanian in age), but at the
base of less organic-rich facies which represent the flooding
of the highs surrounding the “puddles”.

A reference section for S10MFScanbedefinedwithin shales
with high palynomorph diversity transgressing regional highs
and reaching the onlap edge within the lower Qusaiba Member
(Qalibah/Tayyarat Formation), Saudi Arabia (Vaslet, 1990;
Mahmoud et al., 1992;Aoudeh andAl-Hajri, 1995;Al-Hajri and
Owens, 2000; Senalp and Al-Duaji, 2001; Miller and Melvin,
2005; Le Heron et al., 2005). Downlap onto the MFS has been
elegantly demonstrated from biostratigraphically constrained
log correlations by Miller and Melvin (2005).

In the reference section biostratigraphic control is provided
by graptolites of the Monograptus convolutus Zone
(El-Khayal, 1987;McClure, 1988;Mahmoud et al., 1992)with
associated palynomorphs (Le Herisse et al., 1995, 2000; Paris
et al., 1995; Miller and Melvin, 2005) of the alargada chiti-
nozoan Zone (e.g., Conochitina alargada and Plectochitina
sp. aff. P. nodifera). McClure (1988) and Vaslet (1990) have
demonstrated that the Qusaiba is of the convolutus Zone at the
onlap edge in outcrop (i.e. occurrence of the index taxon,
M. convolutus). Miller and Melvin (2005) have noted that the
occurrence of chitinozoan “n. sp. aff. Papulogabata” is locally
closely associated with MFS S10 in Saudi Arabia.

There are several other sections from North Gondwana
where S10 can be readily identified. Examples include:

l Algeria: Poueyto (1950) described black shales from the
Ougarta region associated with convolutus Zone grapto-
lites (�Storch, pers. comm., 2005) e Torquigraptus deci-
piens and Pristiograptus regularis (see also �Storch and
Kraft, 2009).

l Libya: �Storch and Massa (2003) have confirmed the
presence of the convolutus Zone around the margins of the
Murzuq basin by the occurrence of Glyptograptus cf
tamariscus and Neolagarograptus cf helenae.

l Iraq: Directly above “hot shales” at the base of the Akkas
Formation with the chitinozoan Conochitina armilata
suggesting the alagarda chitinozoan Zone (Aqrawi, 1998).

l Iran: Directly above transgressive black shales within the
lower Sarchahan Formation containing graptolites of the
convolutus Zone and chitinozoa of the alagarda Zone
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FIGURE 13.5 Comparison of various models of Silurian eustatic sea-level change. The duration of sea-level highs in blue and sea-level lows in red may

reflect biostratigraphic uncertainty, or a belief that sea-level highs and lows are of a substantial duration. Time scale is after Ogg et al. (2008). Only the major

events from each interpretation are shown. Mismatches in the timing of sea-level events may reflect differences in approaches to recognizing sea-level change

(e.g., timing of graptolite diversity changes (Loydell, 1998) versus global changes in facies (Johnson, 2006)) or differences in biostratigraphic calibration.

Nonetheless, some common events can be detectede for example a sea-level high within the convolutus Zone of Aeronian time is recognized by most workers.

Comparisons between Haq and Schutter (2008) and Johnson (2006) have also been made by Johnson (2009) who noted that whilst the Haq & Schutter’s

synthesis contains many more surfaces, there is some agreement with regard to the placement of major surfaces.
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FIGURE 13.6 Model for deposition of Early Silurian (typically Rhuddanian) “hot shales” in North Africa (after Lüning et al., 2000). Note that in this model

the subsequent Aeronian MFS does not lie in the organic-rich, black shale, facies.
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(Rickards et al., 2000; Ghavidel-Syooki, 2003; Ghavidel-
Syooki and Winchester-Seeto, 2004).

l China: A karstic and rocky shoreline in Wudang, Guizhou
Province, south China indicates a rise in sea level of at
least 63 m between the upper convolutus and lower
sedgwickii Zones (Johnson et al., 1998; Johnson, 2006).
Here the Silurian Kaochaitien Formation oversteps an
escarpment that was eroded into the Ordovician Huan-
ghuachong and underlying Guniutan formations.

Outside of northern Gondwana, we can draw on the following
biostratigraphically calibrated examples of S10 MFS:

l USA (Laurentia): the Trail Creek area of central Idaho
contains graptolitic shales of the convolutus Zone which
unconformably overlie Ordovician strata (Carter and
Chukin, 1977; Loydell, 1998).

l Russia (Laurentia): in parts of north-eastern Russia, the
convolutus Zone graptolitic shales of the Kolyma
Formation unconformably overlie Ordovician strata (Obut
et al., 1967, Loydell, 1998).

l Wales (Avalonia): in the Llangollen area of north-
eastern Wales, where RhuddanianeAeronian sequences
are dominated by bioturbated and unfossiliferous or
sparsely fossiliferous strata, the convolutus Zone is
conspicuous in being represented by black and dark gray
graptolitic mudstones and shales (Wills and Smith,
1922; Loydell, 1998). At Llanystumdwy, northwest
Wales (Baker, 1981) the convolutus Zone is unusual in
being identified in only one thin, black graptolitic
mudstone within otherwise barren mudstones (Loydell,
1998). In the southern Welsh Basin the Nant Brianne
Formation contains anoxic facies mudstones of con-
volutus Zone age within a dominantly oxic turbidite
succession (Schofield et al., 2009).

l Sweden (Baltica): at Kinnekulle the Kullatorp core reveals
convolutus Zone black laminated shale overlying unfossil-
iferous interbedded limestones and mudstones (Waern,
1948; Loydell, 1998). At the Gulleråsen-Sanden section,
Dalarna conglomerate occurs below dark graptolitic shales
of convolutus Zone age (Waern, 1960; Loydell, 1998).

It should be stressed that the expression of eustatically
generated sequences will vary from location to location,
dependent upon local tectonics and sediment supply. Varia-
tions in these may act to suppress or enhance the expression
of eustasy. Nonetheless, because third order eustatic changes
are likely to be rapid and of large amplitude (see discussion
below), they will still overprint most tectonic and sediment
supply variations.

For example, a sequence boundary/correlative conformity
that is created by eustasy can be tectonically enhanced if it is
coincident with hinterland uplift (e.g., as result of pre-rift
bulging). The uplifted hinterland will create enhanced sedi-
ment supply that, for example, will lead the lowstand above

the correlative conformity and the transgressive systems tract
above the sequence boundary to be more arenaceous and
hence distinctive. A eustatic lowstand on a passive margin can
be quite difficult to detect with only a negligible increase in
sediment supply from a forced regression.

13.6. CAUSALITY

13.6.1. The Magnitude and Pace of Eustatic
Change

The first step to understanding the driving mechanism for
eustasy is to determine the rate and magnitude of eustatic sea-
level change, since different rates and magnitudes imply
different driving mechanisms (Figure 13.7). Donovan and
Jones (1979), Dickinson et al. (1994), Miall (1997), Dewey
and Pitman (1998) and Miller et al. (2005b) have shown that
different mechanisms produce different amplitudes of sea-
level change and at different rates.

Thermal expansion/contraction of seawater, and varia-
tions in the volume of oceanic water stored as groundwater or
in lakes can create small (less than 10 m changes), rapid
(covering less than 10 000 years) eustatic shifts in sea level
(Jacobs and Sahagian, 1993). Tectonic processes, which
include changes in sea-floor spreading rates and continental
collisions, cause changes that, whilst in the realm of the
magnitude that we observe, are relatively slow in pace
(occurring over several million yearse often 10 million years
or more). Changes in the volume of seawater stored as land-
grounded ice operate on the scale of decimeter changes in
amplitude over periods ranging from 1000 to 500 000 years.

When deciphering the rock record for the causation of sea-
level change we should always remember that the signal
within the sedimentary rock record is an amalgamation of
short-term cyclic periodicity (e.g., orbital forcing), eustasy,
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and longer term tectonic cycles (Guillocheau, 1995)
(Figure 13.8).

13.6.2. Magnitude

Determining the amounts and rates of change is not simple,
and in the published literature early estimates of eustatic
change are constantly being revised in terms of magnitude,
usually downward.

In our unpublished proprietary work we have mapped the
distribution of facies belts on a continental margin scale for
the sea-level maxima (maximum flooding surface) and
minima (maximum regression surface) for each of our
sequences. Using a hypsometric approach on the relatively
stable continental margin of North Africa and the Middle
East, and assuming a fairly low-angle paleoslope (<1�), then
the shifts in facies belts seen typically imply sea-level
changes in the order of 20e60 m.

The problem with these estimates is that they do not take
into account subsidence and sediment loading across the
area of study. The correct determination of eustatic sea-level
change requires the backstripping of sedimentary succes-
sions, as applied by Michelle Kominz and Ken Miller and
their associates on the CenozoiceCretaceous successions of
the New Jersey margin (Miller et al., 2003, 2004; Kominz
et al., 2003, 2008; Van Sickel et al., 2004). Backstripping is
a one dimensional inverse model (Watts and Steckler, 1979)
that removes the effects of sediment loading from observed
basin subsidence. By assuming thermal subsidence on
a passive margin, the tectonic part of subsidence can be
removed and an estimate of eustasy obtained (Bond et al.,
1989). The sediments of the New Jersey margin are ideal for
backstripping, providing well-dated records of sedimenta-
tion and porosity-depth data to estimate sediment
compaction.

From the New Jersey data set it has been possible to show
that the global sea level changed by 20e80mduring short-term
fluctuations (Miller et al. (2005b) estimate<1 myr) within the
Late Cretaceous to Miocene. A comparable study by Sahagian
et al. (1996) onRussian Platformdata for theMiddle Jurassic to
Late Cretaceous suggests similar magnitudes of sea-level
change. Thus, although earlier estimates of eustatic sea-level
changes of as much as 160m (Haq et al., 1987, 1988) or 400m
(Vail et al., 1977) are no longer accepted, the magnitude of
eustatic change seems to be of an order that excludes thermal
expansion and contraction of seawater or groundwater storage
variations as being its primary cause (Figure 13.7).

13.6.3. Pace

Outside of the Late Neogene, where high-resolution chro-
nometers exist, calculating the precise rate of eustatic sea-
level change is difficult. However, there are successions
where the presence of cycles controlled by orbital forcing (i.e.
Milankovitch Cyclicity) allows a reasonably precise estimate
to be made of the duration of eustatic sea-level fall and rise.
Orbital forcing cycles include those arising from the eccen-
tricity of Earth’s orbit around the sun (each cycle c. 100 000
years); those arising from the obliquity of Earth’s tilt on its
axis (c. 40 000 years); and those arising from the precession
of the change in the direction of Earth’s axis of rotation,
relative to fixed stars (c. 20 000 years). Although there is
some controversy about our understanding of the duration of
these cycles in progressively older time periods (especially
the pre-Cenozoic) because of uncertain changes in celestial
mechanics, it is possible to make reasonably precise estimates
of the duration of depositional sequences in which orbital
forcing cycles can be recognized.

One such succession is the Late Jurassic Kimmeridge
Clay as exposed in southern England (Dorset) and in northern
France (Normandy) (Figure 13.9). The Kimmeridge Clay
represents a fully open marine succession rich in ammonites,
fish, reptiles and many other fossil remains. The ammonite
stratigraphy has long been well understood and provides
excellent stratigraphic control for correlation both within
north-west Europe and globally. Within the succession there
are clear cycles of bituminous shales and non-bituminous
mudstone. These cycles have been attributed by Waterhouse
(1985) and Weedon et al. (1999, 2004) to obliquity cycles
each with a duration of c. 38,000 years.

In addition to the 1 m scale orbital forcing cycles in the
Kimmeridge Clay, there are also larger decimeter-scale cyclic
bedding and these can readily be interpreted in terms
of sequence stratigraphy (see, for example Wignall, 1991;
Williams et al., 2001; Hesselbo, 2008). Within the overall
muddy Kimmeridge Clay succession of Dorset in southern
England, there are intervals that are rich in silt-size quartz.
These reflect sea-level lowering and basinward stepping of
fluvial sediment systems supplying this quartz (although the
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FIGURE 13.8 Sea-level change as expressed in the sedimentary record
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FIGURE 13.9 Sequence stratigraphic interpretation of Late Jurassic stratigraphy in Dorset, southern England and Boulonnais, northern France (after Williams et al., 2001) with timing derived from

orbital forcing (Weedon et al., 1999). A transgression occurs within the upper eudoxusebasal autissiodorensis Zones (Williams et al., 2001). This corresponds to J70 transgression of the Sharland et al.

(2001)eSimmons et al. (2007) model and can be timed by the presence of 12 38 Ka obliquity cycles as determined by Weedon et al. (1999) within the basinal Kimmeridge Clay succession. The

transgression is thus geologically rapid and is more suggestive of glacio-eustatic as opposed to tectono-eustatic controls. More work on the pace of transgression and regression in basinal successions with

orbital forcing “clocks” is required to continue to evaluate the pace of sea-level change and so comment on causality.
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succession remains relatively deep-water throughout). Above
a quartz-rich part of the succession, sediments become
increasingly fine grained and organic-rich, culminating in the
deposition of bituminous limestones with relatively high
TOC. An example of such a transgression occurs in the upper
part of the eudoxus Zone in the lower half of the Kimmeridge
Clay (Williams et al., 2001). Within the lower eudoxus Zone
it is possible to interpret a lowstand developed above
a correlative conformity to a sequence boundary. In the more
proximal setting of Normandy, the lowstand is represented by
the occurrence of sandstones (e.g., the Grès de Châtillion),
whilst the transgressive phase is highly condensed. The top of
the lowstand is the maximum regression surface (i.e. the
lowest point of sea-level fall), whilst a maximum flooding
surface occurs in the bituminous limestone (i.e. the maximum
rate of rise in sea level). The precise age of the MFS indicates
that this is the J70 sequence in terms of the nomenclature of
Sharland et al. (2001, 2004) and Simmons et al. (2007),
which is a global event.

A transgression occurs between the maximum regression
surface at the top of the quartz-bearing sequence and the
maximum flooding surface with the bituminous limestones.
Boulila et al. (2008, 2010) have also discussed the reduction of
clay content and increase in carbonate content in Kimmer-
idgian pelagic successions as being indicative of transgression.
Having established the position of the MRS and theMFS in the
succession, it is possible to then count the number of orbital
forcing cycles that occur between them, in order to calculate
the duration of the transgression. In this case there are
12 cycles present, which, if each has a duration of 38 000 years,
implies that the whole transgression took c. 456 000 years. This
is quite rapid e certainly approaching the pace assumed for
glacio-eustatic transgression. As this paper was being final-
ized, Huang et al. (2010) have published a similar analysis of
the Kimmeridge Clay. They noted that the 405 Kyr-long
eccentricity cycle plays a major role in controlling sedimentary
cyclicity, and that transgressive systems tracts in the
Kimmeridge Clay were indeed deposited as rapidly or even
more rapidly than described here. There is certainly a strong
link between depositional cyclicity and orbital forcing in the
Kimmeridge Clay. This indirectly suggests the potential for
glacio-eustasy, as it is hard to imagine other mechanisms
creating climate-linked changes in sea level.

A similar approach has been taken by Voigt et al. (2006) to
estimate the pace of eustatic sea-level change in the Late
Cenomanian. Global (Western Interior Basin USA, NW
Europe, Cauvery Basin India) correlations of sea-level
change in the Cenomanian can be calibrated by high-
resolution biostratigraphy and carbon isotopes (Gale et al.,
2002, 2005, 2008). The magnitude of one such transgression
in the geslinianum Zone of the Late Cenomanian can be
estimated as being in the range of 22 to 28 m from the
transgression of a rocky shoreline in the Dresden area of
Germany, and, from age calibrated from precession cycles, to

have a duration of 80 to 180 kyr (Voigt et al., 2006). The
authors conclude that this suggests glacio-eustasy. Other
global sea-level changes in the Cenomanian identified by
Gale et al. (2002, 2008) can be timed from the Milankovitch
time scale that exists for the Cenomanian (Gale, 1995; Gale
et al. 1999) e a transgression in the rhotomagense Zone of
the Middle Cenomanian has a duration of c. 150 kyr. Miller
et al. (2005a), Plint and Kreitner (2007) and Galeotti et al.
(2009) have also postulated glacio-eustatic controls for Late
Cenomanian sequences, with Miller et al. (2005a) showing
the coincidence between eustatic Middle Cenomanian sea-
level falls (Hancock, 2004) and significant positive oxygen
isotope valves suggesting polar-ice driven cooling.

Li et al. (2008) have provided another example of an
orbitally tuned time scale for a transgression, in this case
Ocean Anoxic Event (OAE) 1a, which is associated with the
Early Aptian K80 MFS of Sharland et al. (2001, 2004) and
Simmons et al. (2007). At sections in Italy, Mexico and DSDP
Site 398 off Iberia they have statistically examined the
percentage CaCO3 record and compared it to the d13C record,
which is a primary indicator of the OAE development. The
CaCO3 and magnetic susceptibility record can be interpreted
in terms of 20 kyr precession cycles. This indicates that the
OAE had a duration of c. 1 myr, but that much of the initial
change occurred within 27e44 kyr.

Although this work needs further development, there are
indications that the eustatic sea-level changes we observe in
the rock record have an amplitude of tens of meters and with
a pace of less than half a million years. This points to glacio-
eustasy as being the driving mechanism. Can this really be
valid for Mesozoic rocks said to be deposited in “greenhouse”
conditions?

13.6.4. The Presence of Volumetrically
Significant Ice during “Greenhouse”
Episodes

There is little dispute that changes in land-grounded ice
volumes have been the primary control of eustatic sea-level
changes over the last 30 million years or so (Abreu and
Anderson, 1998; Miller et al., 1998; Zachos et al. 2001).
During this time there is abundant direct and indirect
evidence for significant cycles of ice growth and destruction
at the poles, with its cyclicity linked to orbital forcing
(e.g., Abels et al., 2007). Tentatively, the Cenozoic record of
polar ice continues to be pushed back further and further into
the Paleogene (Miller et al., 2005a,b; Tripati et al., 2005,
2008; Eldrett et al., 2007; St John, 2008; Harris et al., 2010;
Peters et al., 2010; Dawber and Triparti, 2011; Dawber et al.
2011).

Outside of the Cenozoic, there is indisputable evidence for
major polar ice in the Late CarboniferouseEarly Permian, the
latest Ordovician and within the Neoproterozoic (Fisher,
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1984; Frakes et al., 1992; Eyles, 1993, 2008; Deynoux et al.,
1994; Ruddiman, 2008; Rygel et al., 2008). There is growing
evidence for significant glaciation affecting Gondwana in
parts of the Ordovician, Silurian, Devonian and Early
Carboniferous (e.g., Caputo and Crowell, 1985; Caputo et al.,
2008; Turner et al., 2011).

What then of the rest of the Phanerozoic? Earth history is
typically divided into “icehouse” episodes (periods with
pronounced polar glaciations) and “greenhouse” episodes
(times during which polar ice is thought to have been absent
or negligible) (Fisher, 1984). How reasonable is it to suppose
that Earth’s history has been dominated by these extreme
states over long periods of time? It is of course undeniable
that the Earth has experienced periods of extreme warming e
as evidenced by crocodiles and ferns at the poles during
the Late Cretaceous (Markwick, 1998) and major oxygen
isotope excursions (e.g., at the PaleoceneeEocene Thermal
Maximum) e but do these records prove a continuous state of
‘greenhouse’ conditions for large episodes of geological
time? Or is paleoclimate more variable than has been sus-
pected and there have been episodic “cold snaps” in green-
house times, leading to polar ice-sheet expansion (and
subsequently reduction) giving resultant changes in sea
level? Dera et al. (2011) have, for example, argued that

a compilation of paleoclimatic proxies for the Jurassic (often
regarded as ‘greenhouse’), demonstrates the remarkable
variability of the climate during this period.

There is a growing body of evidence to support the
presence of volumetrically significant polar ice during
greenhouse times (Miller, 2009). This evidence is of three
types:

(i) Direct evidence in the form of physical evidence within
sediments (e.g., dropstones, tillites, striated pavements
and glendonites);

(ii) Proxy evidence, typically in the form of isotopic data;
(iii) Indirect evidence in the form of the pace and amplitude

of the sea-level changes seen.

Over 20 years ago, Plint (1991) was tentatively suggesting
a glacio-eustatic control for Late Cretaceous sea-level cycles
seen in the Alberta foreland basin of Canada based on their
amplitude and pace. Paleoclimatic modeling can also be used
to assess the presence of polar ice.

Figure 13.10 illustrates some of the direct evidence for
polar ice in the Mesozoic, developing a compilation first
produced by Price (1999). This shows that for the Jurassic and
Cretaceous at least, there are several periods with ice-related
sediments, sedimentary structures and minerals (see also, for
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example, Hambrey and Harland, 1981; Deynoux et al. 1994;
Rogov and Zakharov, 2010). It is possible that such features
may have been previously overlooked on the assumption that
they could not exist in ‘greenhouse’ periods. There are now
increasing numbers of such records, although some remain
contentious (e.g., Bennett et al., 1996; Bennett and Doyle,
1996; Markwick and Rowley, 1998). Unfortunately many of
the direct evidence features are not precisely age-constrained
beyond stage level, which makes their calibration against
eustatic events difficult.

Not all glendonites and ice-rafted debris need indicate
major polar ice. Jones et al. (2006) have interpreted glen-
donites and ice-rafted debris (IRD) in the mid to late Permian
of eastern Australia to reflect cold upwelling waters.
However, the episodic record of glendonites and IRD in the
succession compares well with similar episodic occurrences
in, for example, the Paleocene and Eocene of Svalbard
(Spielhagen and Tripati, 2009) where glendonites are inter-
layered with coals, a situation which has been interpreted as
reflecting a much more highly variable climate than
commonly supposed, including polar ice.

Oxygen isotope data and magnesium/calcium ratios can
provide useful proxies for sea-water paleotemperature, and in
combination can yield information about potential ice
volumes. High-resolution compilations of such proxy data
have shown, for example, significant positive excursions in
d18O indicating marked sea-water cooling. It is tempting to
further relate these to ice sheet growth, especially when the
temperature data from Mg/Ca ratios is taken into account.
Isotopic data can often be compared with changes in sedi-
mentary facies, allowing calibration of proxy events with
potential eustatic events.

Figure 13.11 shows such an example from the Early
Jurassic of the Yorkshire coast in England. Here a lowstand is
developed in the latest Pliensbachian (spinatum Zone) as
determined by the occurrence of sharp-based sands within
basinal mudstones. During the lowstand, both d18O values
and Mg/Ca values show shifts towards cooling values, whilst
a positive shift in d18O seawater values can be interpreted to
indicate a period of ice sheet growth. This is coincident with
glendonite occurrence in Siberia (Kaplan, 1978; Nikitenko
et al., 2008; Rogov and Zakharov, 2010) and other indications
of possible polar ice (Brandt, 1986). During the subsequent
sea-level rise, proxy values shift towards warming and ice
sheet reduction, coupled with a negative shift in d13C, which
is thought to represent a catastrophic release of methane into
the atmosphere, most likely from gas hydrates (Hesselbo
et al., 2000; Jenkyns, 2003), and runaway greenhouse
warming, culminating in an MFS (J10 sensu Sharland et al.,
2001 and Simmons et al., 2007) in bituminous limestones of
the early Toarcian falciferum Zone. This period is associated
with elevated PCO2 values from plant stomata proxies
(McElwain et al., 2005). Kemp et al. (2005) have shown
by using astronomical tuning that the pace of warming was

faste occurring in 200 000 years or less. Similar proxy trends
have been observed in similarly aged sections worldwide
(e.g., Bailey et al., 2003; Rosales et al., 2004; Van de
Schootbrugge et al. 2005; Suan et al., 2008, 2010; Dera et al.,
2011). This example demonstrates the coincidence of shifts in
climatic change proxies with eustatically driven sequence
stratigraphic surfaces. It is difficult to envisage how climate
and eustasy can be linked except via ice volume changes. This
view is reinforced by recent data by Suan et al. (2010)
examining the coeval succession in the Lusitanian Basin of
Portugal. There, oxygen isotope proxy data suggests
a pronounced ~5�C seawater cooling in the late Pliensba-
chian, followed by a ~7e10�C seawater warming in the early
Toarcian.

The coincidence of climatic change and eustasy is further
amplified by the apparent concurrence of eustatic events and
orbital forcing cycles (for example Immenhauser and Math-
ews, 2004; Immenhauser, 2005; Gale et al., 2002; Boulila
et al., 2008, 2010).

There are growing numbers of data sets which show
similar linkage between climate proxy data and eustasy:

a) Miller et al. (1999, 2003, 2004, 2005a,b) indicate that
Late Cretaceous sea-level events seen in successions
along the New Jersey margin and the Russian Platform
(Sahagian et al., 1996) are synchronous and thus eustatic
in origin. Furthermore, they correspond with positive
oxygen isotope shifts suggesting cooling. For example
a Middle Cenomanian positive oxygen isotope shift
corresponds with a eustatic sea-level fall also recognized
by Gale et al. (2002, 2008) and Hancock (2004).

b) Bonnemann et al. (2008) have demonstrated a significant
positive oxygen isotope shift within the Turonian (in the
uppermost part of nannofossil zone CC11), in both
benthonic and planktonic foraminifera that, coupled with
data from the TEX86 proxy, suggest ice sheet growth. This
is coincident with a major sea-level fall and lowstand
development as demonstrated in well-dated sections from
New Jersey (Miller et al., 2005a,b), the Russian Platform
(Sahagian et al., 1996), Egypt (Kassab and Obaidalla,
2001) and Nigeria (Gebhardt, 2001).

c) Mutterlose et al. (2009) have concluded that a peak in
cold water nannofossil taxa coincident with glendonite
occurrence and a positive d18O excursion suggests global
cooling around the Aptian/Albian boundary possibly
associated with polar ice growth. The timing of this “cold
snap” is coincident with the K90 Sequence Boundary and
sea-level lowering described by Simmons et al. (2007)
and other indicators of cooling (e.g., glendonite and ice-
rafted debris occurrence in the Ermanga Basin, Australia
(Frakes and Francis, 1988; Frakes et al. 1995; De Lurio
and Frakes, 1999).

d) Galeotti et al. (2009) have studied coincident oxygen
isotope shifts and sequence stratigraphic events in
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FIGURE 13.11 Climatic cooling associated with a latest Pliensbachian lowstand as determined from a compilation of Mg/Ca ratio data and oxygen isotopes. The expression of the lowstand within the

stratigraphy of the Yorkshire coast (northern England) is shown. See text for further discussion.
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a CenomanianeConiacian base of slope sequence from
Abrozzo, central Italy. The inferred sea-level changes of
several tens of meters can be calibrated to synchronous
sea-level events from other parts of the world (Gale et al.,
2002, 2008; Miller et al., 2004, 2005a) and are thus
eustatic in origin, and, given the tie to the oxygen isotope
temperature/ice volume proxy, suggest a glacio-eustatic
origin.

e) Dromart et al. (2003) have noted the correspondence of a
positive d18O shift at the CallovianeOxfordian boundary
(see also data within Podlaha et al., 1998; Gruszczynski,
1998; Barskov and Kiyashko, 2000; Jenkyns et al., 2002;
Dera et al., 2011) with an episode of global sea-level fall
and expansion of Boreal ammonites into Tethyan waters
(see also Fortwengler et al., 1997). Palynological data
from the North Sea (Abbink et al. 2001) is suggestive of
a coeval temperature fall. This led Dromart et al. (2003) to
speculate on the presence of substantial ice sheets in the
high-latitude mountainous regions of far-east Russia.
Nunn et al. (2009), Price and Rogov (2009) and Nunn and
Price (2010) have provided comparable isotopic data for
this interval from Scotland and the Russian Platform and
drawn similar conclusions regarding a seawater temper-
ature fall and the development of at least temporary
icehouse conditions.

f) Elrick et al. (2009) have demonstrated linkage between
oxygen isotope shifts suggesting cooling and eustatic sea-
level lowering within the EarlyeMiddle Devonian,
a period generally regarded as being greenhouse.

g) Price and Nunn (2010) have used isotopic data from
glendonites and belemnites from Valanginian strata on
Svalbard to demonstrate cool temperatures consistent
with transient glacial polar conditions. Gréselle and Pittet
(2010) have suggested that the synchronicity (see also
Simmons et al., 2007), amplitude, pace and asymmetry of
transgressive-regressive cycles in the Valanginian are
strongly suggestive of glacio-eustasy.

However, not all proxy data appears to match suggested
eustatic events. McArthur et al. (2007), using Mg/Ca ratios
and oxygen isotopes, demonstrated a major cooling event that
begins in the verrucosum Zone of the Late Valanginian. This
is slightly younger than the sea-level lowering described by
Simmons et al. (2007) as K40SB (which lies in the underlying
campylotoxus Zone). This requires further investigation.
However, McArthur et al. (2007) concluded that polar ice
sheets existed in the Late ValanginianeEarly Hauterivian and
did exert a control on eustatic sea level, echoing other
suggestions of Early Cretaceous polar ice from Frakes and
Francis (1990), Weissert and Lini (1991), Francis and Frakes
(1993), Stoll and Schrag (1996), Alley and Frakes (2003),
Stuber et al., (2005) and Gréselle and Pittet (2010). However,
Littler et al., (2011) have published a contrasting view in
which they found little evidence for sea-surface temperature

variation in the ValanginianeHauterivian using the TEX86

proxy. The debate continues.
The developing science of paleoclimatic modeling using

General Circulation Models can be a useful indicator of the
presence of polar ice during ‘greenhouse’ periods (Price et al.,
1998). Sellwood and Valdes (2006, 2008) recently published
such models for several Mesozoic periods. Although these
were chosen by the authors as being especially warm periods
with assumed very high atmospheric CO2 values (four times
pre-industrial), even in these extreme states the poles are only
marginally ice free. Lower CO2 values (which we know are
not unreasonable for parts of the Mesozoic: McElwain et al.,
2005; Royer, 2006), would yield larger volumes of polar ice,
given the propensity for ice to develop whenever there are
polar located landmasses (Price et al., 1998). More research
using General Circulation Models with lower atmospheric
CO2 start-up values is required.

13.7. CONCLUSIONS

The presence of globally synchronous sequence stratigraphic
surfaces implies eustasy as the driving mechanism for such
sequences. This in turn requires a driving mechanism for
eustasy. The amplitude and pace of eustatic sea-level change
implies glacio-eustasy as a causal mechanism, even in
‘greenhouse’ periods. Whilst this seems to contradict
common preconceptions of the Earth’s climate, it can be
demonstrated that there is both increasing direct and proxy
evidence for polar glaciation in geological times commonly
regarded as ‘greenhouse’ periods. The coincidence between
the observed sedimentary response to sea-level change and
cooling and warming is particularly striking, suggesting that
episodic but rapid climate change, operating against a back-
ground of variably paced tectonics, large igneous province
emplacement and continental reconfiguration led to glacio-
eustatic change. It is probably time to disregard the paradigm
of climate being either ‘greenhouse or icehouse’ and realize
that through Earth’s history climate has been more variable
than often expressed.

There is substantial evidence for eustatically driven
stratigraphic sequences with a total duration from a full cycle
of sea-level change of between 0.5 and 3 million years (“third
order sequences”). It appears that these sequences are glacio-
eustatic in origin. Given our knowledge of the pacing of the
creation and destruction of ice sheets from Neogene/Quater-
nary records, it would be reasonable to assume that the
placement of sequence stratigraphic surfaces should be on
a sea-level curve that is both asymmetric and “spiky” in shape
(Figure 13.12).

Longer term changes in eustasy (progression over tens of
millions of years) are probably ascribable to tectono-eustatic
process such as variations in ocean ridge volumes
(e.g., Pitman, 1978; Heller and Angevine, 1985; Harrison,
1990).
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13.7.1. Towards the Integration of the
Geological Time scale, Sequence
Stratigraphy and Eustatic Sea-Level Change

The fundamental unit of chronostratigraphy is the stage. The
term “étage” (“stage”) as a unit of chronostratigraphic
measurement was introduced in the mid-19th century by
d’Orbigny. He recognized a stage as a period of time in which
a particular unique biota of life existed, bounded by upheavals
in Earth history. Examples of such cataclysms, sufficient to
affect life, included changes in sea-level. We know now that
sea-level changes are an important catalyst for evolutionary
processes, leading to the development of new species by the
destruction and creation of ecological niches.

Throughout the later part of the 19th century and the early
part of the 20th century, stage nomenclature diversified as efforts
to subdivide and classify geological time expanded. The clear
focus of stages became increasingly biostratigraphic, aimed at
linking stages to biozones, bioevents and their inherent pale-
ontological characterization. In the later part of the 20th century
to the present, time scale nomenclature has been rationalized to
the terminology that forms the core of this book. Crucial in this
process has been the definition of each accepted stage by the
creation of Geological Stratigraphic Sections and Points
(GSSPs) for each stage boundary. At the time of writing this
process is ongoing, although many stages now have an associ-
ated GSSP at their base.

The creation of GSSPs has been fraught with conflict and
debate to define an event and location for the boundary of
each stage. With biostratigraphy at the heart of stage
concepts, much effort has been expended in attempting
to define events (usually the inception or extinction of

particular species) to define stage boundaries. This requires
agreement (i) that a particular species can be consistently
identified and (ii) that its inception or extinction is effectively
globally synchronous and can be widely recognized. A good
location in which the agreed event occurs then needs to be
defined to complete the GSSP process.

The hot debates over GSSPs have led some stratigraphers
(Wang, 2002; Simmons et al., 2007) to wonder if GSSP
definition would be aided by a return to the original concepts
upon which stages were defined e that is to say, place the
boundaries at key geological events, such as sea-level
changes. In a basinal setting, the correlative conformity (as
used herein) is a surface that relates to rapid fall in sea level,
creating a sequence boundary on the platform (Christie-Blick
et al., 2007 discuss some of the challenges to be overcome
with this approach). Biostratigraphic events that can be
related to correlative conformities would seem to be good
candidates for GSSP events and so link sequence stratigraphy
to chronostratigraphy, as d’Orbigny first did in 1842.
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alopodes. Masson, Paris, p. 662.
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F.P. Agterberg, O. Hammer and F.M. Gradstein Chapter 14

Statistical Procedures

Abstract: The input for the calculation of a numerical time
scale is a set of radiometric dates with variable uncertainty in
both time (in myr) and stratigraphic position (in biozones).
These selected input dates are irregularly distributed with
respect to a biostratigraphic scale derived from graphical
correlation, constrained optimization, or a stack of successive

biozonal units. Spline fitting with error estimation produces
a linear time scale with error bars on the geologic stage
boundary ages. These methods were applied to Ordovi-
cianeSilurian, Devonian and Upper Cretaceous datasets.
A similar procedure was applied to radiometric dates and
distance from spreading center in the Paleogene.
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14.1. HISTORY

Geological time scales are constructed by combining strati-
graphic information with radiometric dates and their standard
deviations. The stratigraphic record that is used includes
litho-, bio-, chrono-, cyclo-, and magnetostratigraphy. For the
construction of several previous time scales, ages of stage
boundaries were estimated by applying the chronogram
method (Harland et al., 1982, 1990), or maximum likelihood
(Gradstein et al., 1994, 1995), to a worldwide database of
chronostratigraphically classified dates. These methods,
which can also be applied to more closely spaced zone
boundaries (Pálfy et al., 2000), resulted in age estimates
accompanied by approximate 95% confidence intervals. A
final time scale was obtained by calibration using graphical
and curve-fitting methods, including cubic smoothing splines.

Odin (1994) discussed three separate approaches to
numerical time scale construction: statistical, geochronolog-
ical, and graphical methods, but in the end preferred subjec-
tive reasoning to estimate ages of samples and stratigraphic
boundaries. Gradstein et al. (1994, 1995) used all three
approaches in a step-wise procedure involving maximum
likelihood, use of stratigraphically constrained dates, and
recalibration by curve fitting.

The chronogram method used by Harland et al. (1982,
1990) is suitable for estimation of the age of chronostrati-
graphic boundaries from a radiometric database, when most
rock samples used for age determination are subject to

significant relative uncertainty. Inconsistencies in the vicinity
of chronostratigraphic boundaries can then be ascribed to
imprecision of the age determination method.

Cox and Dalrymple (1967) originally developed an
approach for estimating the age of Cenozoic chron bound-
aries from inconsistent K-Ar age determinations of basaltic
rocks. Harland et al. (1982, 1990) adopted this method in
their calculations of ages of stage boundaries for the 1982 and
1990 time scales. The basic principle of this approach is as
follows: assuming a hypothetical trial age for an observed
chronostratigraphic boundary, rock samples from above this
boundary should be younger, and those below it should be
older. An inconsistent date is either an older date for a rock
sample known to be younger than the trial date, or a younger
date for a sample known to be older. The difference between
each inconsistent date and the trial age can be standardized by
dividing it by the standard deviation of the inconsistent date.
Thus relatively imprecise dates receive less weight than more
precise dates. The underlying assumptions are that: (1) the
rock samples are uniformly distributed along the time axis,
and (2) the error of each date satisfies a normal (Gaussian)
error distribution with standard deviation equal to that of the
age determination method used.

Standardized differences between inconsistent dates and
trial age can be squared and the sum of squares (written as E2)
can then be determined for all inconsistent dates
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corresponding to the same trial age. Chronograms constructed
by Harland et al. (1982) were U-shaped plots of E2 against
different trial ages spaced at narrow time intervals. The
optimum choice of age was at the trial age where E2 was
a minimum.

Agterberg (1988) made the following improvement to
this method. In addition to inconsistent dates, there are
generally more consistent dates for any trial age selected for
a chronostratigraphic boundary. The statistical maximum
likelihood method can be used to combine consistent with
inconsistent dates, resulting in an improved estimate of the
age of the chronostratigraphic boundary under consideration.
Each standardized difference with respect to a trial age was
interpreted as the fractile of the normal distribution in stan-
dard form, and transformed into its corresponding probability.
Summation of the logarithmically transformed probabilities
then yields the log-likelihood value of the trial date. In this
type of calculation, inconsistent dates receive more weight
than consistent dates. Consequently, the improvement
resulting from using consistent dates, in addition to the
inconsistent dates, is relatively minor. However, when there
are relatively few dates, use of the consistent dates yields
significantly better results. The log-likelihood function is
beehive-shaped. For examples, see Gradstein et al. (1995).

A general disadvantage of chronogram methods is that the
relative stratigraphic position of the sample is generalized
with respect to stage boundaries that are relatively far apart in
time. The relative stratigraphic position of one sample with
respect to another within the same stage is not considered. A
better approach is to incorporate relative stratigraphic posi-
tions of fewer samples for which precise age determinations
are available.

McKerrow et al. (1985) described the following type of
method to construct a numerical time scale for the Ordovi-
cian, Silurian, and Devonian. Use was made of an iterative
construction involving a sequence of diagrams wherein the
isotopic age of the sample was plotted along the x-axis and its
stratigraphic age along the y-axis. They stated (p.73):

‘Most graphs are constructed with definite numerical scales along

both the x and y axes; this is not the case with fig. 1, where only the

horizontal (x) axis is numerical. The vertical (y) axis is a strati-

graphic time scale, showing periods, series, stages and zones; the

precise duration of each of these time divisions is unknown. In fact

the whole object of this documentation is to determine, as far as

possible with the evidence available, what estimates can be given on

the duration of these stratigraphic divisions. Thus in the course of

preparing this figure, we have constructed a series of graphs, each

with slightly differing vertical scales, until we obtained a scale which

allowed a straight line to pass through almost all the rectangles

representing the analytical errors (2s) and the stratigraphic

uncertainties in the data we use’.

In a later paper on the Ordovician time scale, Cooper (1999)
used 14 analytically reliable and stratigraphically controlled

high-resolution TIMS U-Pb zircon dates and a single Sm-Nd
date. Adopting a modified version of the McKerrow method,
Cooper plotted these Ordovician dates along a relative time
scale that was then re-proportioned as necessary to achieve
a good fit with a straight line obtained by linear regression.
This method of relative shortening and lengthening of parts of
the Ordovician time scale was based mainly on a comparison
of sediment accumulation rates in widely different regions
and, to some extent, on empirical re-proportioning. Agterberg
(2002) subjected Cooper’s (1999) data to spline fitting and
found that the optimum smoothing factor corresponds to
a straight-line fit. He then used Ripley’s MLFR method to fit
a straight line in which stratigraphic uncertainty was
considered as well.

14.2. SPLINE FITTING IN GTS2004

The approach adopted by GTS2004 placed more emphasis on
the relative stratigraphic position of the few samples for
which precise age dates are available. It was based on
methods of straight-line construction applied to more or less
homogeneous data sets previously developed for Paleozoic
periods. The starting point for construction of numerical time
scales is a data set of radiometric ages, measured in millions
of years, with 2-sigma error bars, for samples positioned
along a relative stratigraphic scale of which the unit is
approximately proportional to time (also measured in
millions of years). In GTS2004, spline-curve fitting was used
to relate the observed ages to their stratigraphic position.
GTS2012 uses the same method except for a new approach to
the estimation of error bars on zonal boundaries.

14.2.1. Spline Fitting with Consideration of
Radiometric and Stratigraphic Errors

The first stage consists of fitting a cubic smoothing spline
curve according to the method previously described in detail
for the Mesozoic time scale in Gradstein et al. (1994, 1995)
and Agterberg (1988, 1994). As shown in the example in
Figure 14.1, age determinations are plotted in the vertical
direction (along the y-axis) against relative stratigraphic
position (x-axis). Relative stratigraphic position is according
to a continuous scale that is the same for all age determina-
tions used. To some extent, the scale initially used for relative
stratigraphic position determines the shape of the final spline
curve. A relative stratigraphic scale should be used that is as
close as possible to the numerical geologic time scale (in
millions of years) except for a linear transformation. Less
satisfactory relative stratigraphic scales used in the past
include scales based on sediment accumulation corrected for
differences in rates of sedimentation, the hypothesis of equal
duration of stages (Harland et al., 1982), and the hypothesis
of equal duration of biozones (Kent and Gradstein, 1986;
Harland et al., 1990; Gradstein et al., 1995).
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Each age determination is weighted according to the
inverse of its variance corresponding to the published 2-sigma
(or 1-sigma) error bar. If stratigraphic uncertainty is incor-
porated, this variance becomes s2t ðyÞ ¼ s2ðxÞ þ s2ðyÞ instead
of s2 (y). In Paleozoic applications, the stratigraphic error bars
can be relatively large. Stratigraphic uncertainty then adds to
the uncertainty expressed by the 2-sigma error bars of the age
determinations. Stratigraphic uncertainty can be neglected for
the Paleogene data set, where stratigraphic position will be set
equal to distance from the spreading center in the South
Atlantic (section 3.2 in chapter 8 in Gradstein et al., 2004).

A rectangular frequency distribution model represents
stratigraphic uncertainty better than the Gaussian frequency
distribution model employed for the measurement errors of
the dates. The underlying assumption is that a sample
reported to occur within a particular zone, or within two or
more consecutive zones, could occur anywhere within this
chronostratigraphic interval with equal probability for all
places where it truly occurs. If the length of a stratigraphic
error bar is written as q, the variance of a rectangular

frequency density distribution (with base q) is q2/12 instead of
q2/16 for the Gaussian distribution. This translates into
a standard deviation sðxÞ ¼ 1:15q=4. The stratigraphic error
bars to be used for analysis in this document were treated in
this manner (cf. Agterberg, 2002).

When stratigraphic standard deviations s(xi) are to be
combined with s(yi) values, care should be taken that both
s(xi) and s(yi) are expressed in millions of years. The
motivation for this strategy is comparable to that discussed
by Press et al. (1992: 661) for straight-line fitting with both
variables subject to uncertainty. The procedure goes back to
a simple method for dealing with this problem originally
devised in 1984 by Lebanon. In our applications, the final
spline curves are usually not very different from straight
lines and variances along both axes become comparable
when Ma is used for both scales. For s(xi) values, a good
approximation is obtained by setting the interval between
oldest and youngest observed ages along the relative scale
equal to the difference between these two ages in millions
of years.
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A cubic-smoothing spline f(x) is fully determined by n
pairs of values (xi, yi), the standard deviations of the dates
s(yi), and a smoothing factor (SF) representing the square root
of the average value of the squares of scaled residuals
ri ¼ ðyi � f ðxiÞÞ=sðyiÞ. In general, if all s(yi) values are
unbiased, SFz 1, or SF is equal to a value slightly less than 1
(cf. Agterberg, 1994: 874). If SF significantly exceeds 1, this
suggests that some or all of the variances used are too small
(under-reported). Thus the spline-fitting method may provide
an independent method of assessing mutual consistency and
average precision of published 2-sigma error bars.

The method of “leave-off-one” cross-validation can be
used to determine the optimum smoothing factor. In this
method, all observed dates yi, between the oldest and youn-
gest one, are successively left out from spline fitting with pre-
selected trial values of SF. The result is (n� 2) spline curves
for each SF tried. The cross-validation value for any SF is the
sum of squares of deviations between yi and estimated values
on the (n� 2) spline curves with the same xi values as yi. The
best SF has the smallest cross-validation value.

It is noted that even if the cross-validation pattern shows
a well-developed minimum at a value not close to 1, adoption
of the optimum SF value instead of SF¼ 1 generally
constitutes only a minor improvement of the spline curve. In
Paleozoic applications (see section 8.2, chapter 8 in Gradstein
et al., 2004), the optimum SF is generally smaller than 1.
Setting SF¼ 1 would result in slightly more smooth spline
curves.

Unless its unit is consistently proportional to geologic
time measured in millions of years, the numerical time scale
resulting from spline fitting is not linearly related to the initial
relative time scale. It is, however, linearly related to geologic
time in millions of years. This allows for gradual changes
over time in the original hypothetical process on the basis of
which the initial relative time scale is constructed. For
example, deviations from a straight line on a fitted spline
curve may represent corrections of changes in sedimentation
rate or rate of evolutionary change.

14.2.2. Treatment of Outliers

It often happens that a few points end up far away from the
smoothing spline curve. These outliers are handled by
assuming that their standard deviations must have been
underestimated. The procedure contains a step where outliers
are identified and their standard deviations adjusted. The
spline is then recomputed.

Individual scaled residuals are either positive or negative
and should be approximately distributed as Z values (from the
“normal” Gaussian frequency distribution). Their squares are
then chi-square distributed with one degree of freedom, and
can be converted into probabilities to test the hypothesis that
they are not greater than can be expected on the basis of the
s(y) values used for scaling the residuals. The sum of squares of

several scaled residuals is also approximately distributed as
chi-square but with a larger number of degrees of freedom.
A statistical test can therefore be used to identify the relatively
few outliers exhibiting error bars that are much narrower than
expected on the basis of most ages in the same data set.

The s(y) values are revised by replacing probabilities
that are too small (p<0.05) by 0.5. Setting the probability
equal to 50% is equivalent to replacing the chi-square value
by 0.4549. This is the same as adopting a new Z value of
0.674, because chi-square with a single degree of freedom is
Z2. The new s(y) value is then computed by dividing the old
Z value (scaled residual) by 0.674, and multiplying the
result by the original s(y).

14.2.3. Ages of Zonal Boundaries

Ages of zonal boundaries, and durations of zones, are esti-
mated by interpolating the spline curve (e.g., Figure 14.1). In
GTS2004, error bars on zonal boundaries were estimated
through a sequence of steps. First, the spline curve was
“rectified” by plotting the original dates yi on the x axis and
the spline values f(xi) on the y axis. This data set was sub-
jected to a linear regression (MLFR), giving error bars on
slope and intercept. These were again used to estimate
standard deviations of residuals. Finally, the latter deviations
formed the basis of errors on zonal boundaries using
adjustment and smoothing (“ramping”). This procedure
assumed that the spline fitting had provided an exact
adjustment for variation in slope of the stratigraphy versus
depth curve.

14.3. MODIFICATIONS IN GTS2012

During the last six years, new stratigraphic information,
including new age dates, has become available. This infor-
mation has been incorporated in this study, which is an update
of GTS2004. Statistical methods have not been changed
significantly except for a new method for the estimation of
error bars on stage boundary ages. The new age estimates
result mainly from the fact that new spline curves were fitted
relating updated age data sets to earlier time scales. These
earlier time scales were either GTS2004 or other geologic
time scales presented in this study.

In GTS2004, error bars were estimated using an MLFR
regression of the rectified spline. GTS2012 uses a more direct
approach, but also a somewhat different definition of errors.
Given our spline fitting procedure and the inaccuracy of the
estimates of radiometric dates and stratigraphic positions, we
may ask how much an interpolated zonal boundary date
would have varied if we carried out the datings, spline fitting
and interpolation repeatedly. This is simulated by a Monte
Carlo procedure, picking random stratigraphic positions and
dates with distributions as given (normal or rectangular) and
then running the spline fitting anew with cross-validation
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(Figure 14.1). This is repeated say 10 000 times, producing
a histogram of interpolated values from which a 95% confi-
dence interval can be derived. The procedure is computer
intensive; for each of the 10 000 Monte Carlo replicates,
a number of splines must be computed in the cross-validation
procedure. Analytical approaches for the computation of
confidence intervals on smoothing splines with error bars on
both axes are not available.

The analogy to actual repeated measurement is only
approximate, because the replicate distributions are not
centered on the actual precise radiometric dates, nominally
corresponding to the population means of repeated
measurement, but on estimated radiometric dates. We have
not investigated to what extent this may influence the
error bars.

Some replicates may have combinations of extreme
random data values that produce serious wiggles in the spline
curve. To reduce the possibly large effects of this phenom-
enon on interpolated values, the smoothing factor is auto-
matically increased from the optimum value until the curve is
monotonically increasing (no time reversal).

The splining procedure rests on the assumption that
absolute time is a smooth function of stratigraphic position.
This is a pragmatic, parsimonious assumption, but it is easy to
imagine situations where it is not true (e.g., a global hiatus).
Possible violations of the smoothness assumption may
increase error bars by an unknown amount.

Finally, it should be noted that the Monte Carlo procedure
for generating error bars assumes that the errors in radio-
metric dates are independent. In reality, these errors are par-
titioned into “internal” and “external” errors. Only the
internal errors are truly independent, while the external errors
are highly correlated across samples. Our treatment of all
errors as completely independent is expected to lead to some
underestimation of the errors on interpolated boundary ages.
For the estimation of error bars on durations we use only the
internal errors for the Monte Carlo procedure, because
external errors will influence the age of the lower and upper
boundaries of a stage or period by approximately the same
amount, and therefore will not contribute significantly to
duration error.
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K.L. Tanaka and W.K. Hartmann Chapter 15

The Planetary Time Scale

Abstract: Formal stratigraphic systems have been developed
for the surface materials of Earth’s Moon, Mars, and Mercury.
The systems are based on regional and global geologic
mapping, which establishes relative ages of surfaces delin-
eated by superposition, morphology, impact crater densities,
and other relations and features. Referent units selected from
the mapping determine time-stratigraphic bases and/or
representative materials characteristic of events and periods
for definition of chronologic units. Approximate absolute
ages of these units in most cases can be established using

crater size-frequency data. For the Moon, the chronologic
units and cratering record are calibrated by radiometric ages
measured from samples collected from the lunar surface by
the Apollo and Luna missions. Model ages for other cratered
planetary surfaces are constructed by two methods: (1) esti-
mating relative cratering rates with Earth’s Moon, and (2)
estimating cratering rates directly based on surveys of the
sizes and trajectories of asteroids and comets. Other cratered
bodies with estimated surface ages include Venus and the
Galilean satellites of Jupiter.
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15.1. INTRODUCTION AND
METHODOLOGIES

Stratigraphic studies of solid planetary surfaces residing
within our solar system but outside of Earth have led to
awareness that each planetary body or satellite has a unique
geological record, yet all share membership of a family of
objects that are evolving together. That shared history
particularly involves the interaction of these larger bodies
with populations of smaller objects transiting the solar
system, including meteoroids, asteroids, and comets. These
objects were especially abundant during earlier solar system
evolution, resulting in a record of impact craters preserved on
most solid planetary surfaces. Once it became widely
accepted that the craters on the Moon were mostly the result
of impacts, the cratering record became a quantitative means

for independently determining and constraining the relative
ages of geologic surfaces and features. As an example of the
strength of the method, Hartmann (1965) used statistics of the
then newly discovered Canadian impact craters to derive
correctly, prior to the Apollo missions, an age for the lunar
lava plains. Numbers of large eroded impact craters in several
provinces of the Canadian shield were divided by the area and
age of those provinces to give an estimated crater formation
rate in the EartheMoon system averaging over a time span of
roughly the last billion years. The conclusion of that paper
was that “comparison with crater counts on the Moon gives an
age of about 3.6 [Ga] for the lunar maria”. This estimate
turned out to be quite accurate. This suggests that the simple
technique of measuring crater densities on relatively homo-
geneous geological formations provides a fundamental
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framework that enables the determination of at least
approximate time scales for the planetary surfaces of the inner
solar system, including Earth’s Moon, Mars, Mercury, and
Venus. Clearly, there are additional challenges in applying the
system to other planets. For example, until we have ground-
truth calibration from a few sites on each planet, we must deal
with uncertainties of scaling from the current measurements
of impact rates on the Moon (and decameter-scale impact
rates on Mars) to impact rates on other planets. In principle,
however, the system will have further application in esti-
mating chronologies of geological formations where we do
not yet have samples for radiometric dating.

The space-age era of lunar research produced the under-
pinnings for the planetary time scale. High-resolution
imaging from orbiting spacecraft enabled complete photo-
geologic mapping of Earth’s Moon. The mapping in turn

provided the basis for the construction of a formal stratig-
raphy, built upon major impact and volcanic resurfacing
events used to demarcate periods of geologic activity.
Returned rock samples of key units in the stratigraphic record
permitted determination of radiometric ages useful for cali-
brating age vs. crater density (Figure 15.1), and constraining
the chronology of the stratigraphic unit boundaries. Such data
reveal the mean cratering rate over the past 3 or 3.5 Ga. More
recently, telescopic surveys have counted and measured the
sizes, trajectories, and velocities of asteroids and comets
directly, enabling quantitative estimates of modern cratering
rates for the EartheMoon system and beyond.

Establishment of a lunar chronology led to estimates of its
cratering rate history. Theoretical arguments, along with
observations of impactor populations and studies of their
dynamics, are used to model cratering rates of other planetary
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surfaces, where the impactors are thought to come largely from
the same source population. As with the Moon, geologic
mapping of other planetary surfaces delineates key stages and
events in the rock record that can be used to characterize and/or
demarcate geologic periods. Widespread surfaces formed at or
near important time boundaries can be used to determine crater
sizeefrequency distributions, which has been done for Mars
(Figure 15.2). Venus has only ~1000 craters, and, as on the
Earth, this number is too small for meaningful detailed age
determinations. Mercury has limited spacecraft data but shows
ancient, heavily cratered surfaces similar to those of cratered
lunar highland terrains. Outer planet satellites have variable
cratering records that include outer solar system sources of
bolides, which make their dating using crater-density tech-
niques highly conjectural. Great strides have beenmade toward
a useful planetary time scale (Figure 15.3), yet further
advancements are needed toovercomenon-uniformknowledge
of the various planetary bodies and remaining, large uncer-
tainties in many of the stratigraphic relationships, cratering

rates, and other observations and processes that determine the
accuracy and precision of planetary time scale boundaries.

15.2. TIME SCALES

15.2.1. Earth’s Moon

Lunar stratigraphy arose from results of the US Geological
Survey’s systematic mapping program in the 1960s and
early 1970s. At first the mapping was performed using
telescopic photographs at 1:1 000 000 scale. An early model
for the stratigraphy of part of the lunar nearside by Shoe-
maker and Hackman (1962) resulted in five time-strati-
graphic systems (pre-Imbrian, Imbrian, Procellarian,
Eratosthenian, and Copernican), based on mapping and
superposition relations among map units of the Copernicus
region, where the Copernicus and Eratosthenes craters and
basin and mare-fill materials of the Imbrium impact
dominate (Figure 15.4). The Lunar Orbiter IV mission of
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1967 provided low-sun photographs of the lunar nearside at
70 to 150 m resolution e about ten times better resolution
than telescopic photos (e.g., Figure 15.4). These data were
used in subsequent detailed geologic maps that were pub-
lished during the 1970s. Based largely on earlier mapping,

a synoptic geologic map of the nearside of the Moon at
1:5 000 000 scale was published utilizing the Shoemaker
and Hackman system that was tied to major impact basin-
and crater-forming events (Wilhelms and McCauley, 1971).
This early stratigraphy evolved over the following decades
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as further geologic mapping, crater counting, and radio-
metric-age analysis of returned lunar samples ensued.
The most recent and significant modifications were the
subdivision of the pre-Imbrian into the pre-Nectarian and

Nectarian (Stuart-Alexander and Wilhelms, 1975) and
division of the Imbrian System (which had earlier incor-
porated the Procellarian) into Upper and Lower Imbrian
Series (Wilhelms, 1987) (Figure 15.5).
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In addition to superposition relations, the relative ages of
lunar chronologic boundaries have been determined by
impact-crater dating methods, which are based on the inte-
grated production of craters onto a given surface from the

impact of bolides (e.g., Basaltic Volcanism Study Project,
1981; Wilhelms, 1987).

The most widely used is the sizeefrequency method,
in which crater rim diameters are measured and the

FIGURE 15.4 A. Lunar stratigraphy: Copernicus region of theMoon.Approximate location of this region is shown on a photograph of the Moon provided

by Gregory Terrance (Finger Lakes Instrumentation, Lima, New York; www.fli-cam.com). B. Copernicus crater (C) is 93 km in diameter and centered at lat

9.7�N, long 20.1�W. Copernicus is representative of bright-rayed crater material formed during the lunar Copernican Period. Its ejecta and secondary craters

overlie Eratosthenes crater (E), which is characteristic of relatively dark crater material of the Eratosthenian Period. In turn, Eratosthenes crater overlies

relatively smooth mare materials (M) of the Late Imbrian Epoch. The oldest geologic unit in the scene is the rugged rim ejecta of Imbrium basin (I), which

defines the base of the Early Imbrian Epoch (Lunar Orbiter IV image mosaic; north at top; illumination from right; courtesy of USGS Astrogeology Team).
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sizeefrequency distribution is plotted as number of craters
per unit area vs. crater diameter on log-log plots, using either
(a) cumulative densities of craters from largest to smallest,
(b) incremental densities of craters in diameter bins, usually
in factor of O2 increments, or (c) relative densities, in which
incremental counts are normalized to a power-law function
having a �3 slope (Crater Analysis Techniques Working
Group, 1979). Another method that has proved useful for
dating lunar surfaces is the determination of the largest craters
almost destroyed on a surface by subsequent cratering erosion
(Soderblom and Lebofsky, 1972; Boyce and Dial, 1975;
Wilhelms, 1980).

Dozens of absolute ages have been determined by labo-
ratory analysis of radioisotope abundances for lunar rocks
using a variety of radio-isotopic-decay systems. These dates,
along with inferences of their source rocks, have provided
important constraints to lunar chronology (e.g., Wilhelms,
1987; Neukum and Ivanov, 1994; Stöffler and Ryder, 2001).
Furthermore, crater dating methods can be calibrated statis-
tically to radiometric dates, thus enabling determination of
model absolute ages for surfaces where reliable crater density
distributions can be determined (e.g., Hartmann, 1970, 1972;
Ryder et al., 1991; Neukum et al., 2001).

15.2.1.1. Pre-Nectarian Period

This period covers the time from the formation of the Moon
until the formation of the Nectaris impact basin, as defined by
Stuart-Alexander and Wilhelms (1975). Materials of this age
form the oldest lunar deposits. Exposures occur where those
materials have not been subsequently buried and reworked
and are concentrated in the southern latitudes, especially
within the lunar farside 2500-km-diameter South Pole-Aitken
basin and two nearby swaths of highland terrain that extend
beyond the equator (Wilhelms, 1987). Mapped geologic units
of this age include basin interior and exterior materials and
intercrater terrain composed of crater and basin deposits.
These materials are largely of impact origin, including ejecta
forming mountainous ring structures and impact-melt
deposits within basin interiors. Materials of this age are all
believed to have been reworked by impacts. No surface
investigation of pre-Nectarian materials has been performed
yet, although they occur as fragments in samples returned
from other terrains, permitting their petrologic analysis and
radiometric dating. This results in large uncertainties for
determinations of impact and volcanic activity during this
early time, and cratering rates cannot yet be established when
they were most intense, following formation of the Moon.

Rocks of this age form the early crust of the Moon, which
has a low density (~3.0 g/cm2) (Haines and Metzger, 1980)
and consists mainly of the plutonic rocks anorthosite, norite,
and troctolite, dubbed the “ANT” suite (Taylor, 1975;
Prinz and Keil, 1977). Another important suite of rocks of the
ancient lunar highlands are highly differentiated materials

characterized by their enriched proportions of potassium (K),
rare-earth elements (REE), phosphorus (P), and other trace
elements, leading to the acronym “KREEP” (Hubbard et al.,
1971). The textures of these rocks and their contamination by
trace elements indicative of meteorite contamination suggest
that they originated as impact melts (e.g., McKay et al.,
1979). Impact melting and mixing of the early crustal rocks
thus account for the rich diversity in pre-Nectarian rock
composition and texture. In addition, the early crust and upper
mantle are commonly believed to result from differentiation
of a “magma ocean”, in which the lower density ANT
material buoyantly rose and separated from denser, ultramafic
material (Walker et al., 1975). KREEP-rich rocks may result
from mixing of such primitive magmas with later basaltic
magma (e.g., Taylor, 1982). Thus far, pre-Nectarian volcanic
rocks have not been identified with certainty and may have
been extensively altered by later impacts.

Pre-Nectarian samples and fragments have been radio-
metrically dated from ~4.52 to 3.93 Ga using 40Ar-39Ar,
Rb-Sr, Sm-Nd, U-Pb, and Pb-Pb methods (same methods
used for younger lunar samples; see summaries in Wilhelms,
1987 and Stöffler and Ryder, 2001). Solidification of the crust
was likely complex, with local hotspots, intrusions, and
intense bombardment, and apparently occurred from 4.4 to
4.2 Ga, after which the 30 preserved (11 are provisional)
impact basins of the period were formed. These impact basins
are>300 km in diameter, the largest of which is the proposed
Procellarum basin (3200 km in diameter) on the nearside, and
have been divided into nine age groups based on superposi-
tion relations (Wilhelms, 1987).

15.2.1.2. Nectarian Period

The Nectarian Period began with the formation of the 860-km-
diameter Nectaris basin and ended with the Imbrian impact
(Stuart-Alexander and Wilhelms, 1975). Nectarian materials
make up portions of the lunar highlands, originating with
Nectaris and several other basin-forming impacts aswell aswith
many scattered craters formed during this period. These mate-
rials also include local plains-forming deposits, some of which
may be volcanic. Inferences from geological mapping indicate
that Nectarian surfaces could have originally covered ~75% of
the lunar surface (Wilhelms, 1987). Basin interior and exterior
units have been divided into younger and older groups
(Wilhelms, 1987). Samples were collected of materials thought
to be related to three Nectarian basins e Nectaris, Serenitatis,
and Crisium e by the Apollo 16, 17, and Luna 20 missions,
respectively, but the relationships are inconclusive.

Nectarian materials largely consist of pre-Nectarian
materials reworked by pre-Nectarian impacts prior to
emplacement as Nectarian deposits. There appear to be 10 to
12 Nectarian basins >300 km in diameter, of which Crisium,
at 1060 km in diameter, is the largest. The amount of Nectarian
volcanism is unknown and could have been abundant
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if generated by large amounts of primordial heating induced
by intense bombardment; however, if most lunar volcanism
resulted from radioactivity, then Nectarian volcanism may
have been relatively minor. A potential line of evidence for
early volcanism are the oldest mare materials that were
subsequently buried by ejecta (e.g., Schultz and Spudis, 1979;
Antonenko et al., 1995). Hawke and Bell (1981) pointed out
dark halo craters, where impacts penetrated bright highland
material and ejected buried darkmaterial with basaltic spectra.

The Nectaris impact dates the beginning of the Nectarian
Period. Materials possibly associated with the impact have
radiometric ages of 3.92� 0.03 (Deutsch and Stöffler, 1987)
and 3.85� 0.05 (Stöffler et al., 1985) and a model crater-
density age of 4.10� 0.10 (Neukum and Ivanov, 1994).
A disagreement exists, however, as to how to assign ages to
large basin-forming events.Whilemost workers prefer that the
younger ages of molten inclusions in samples be used, Neu-
kum and Ivanov (1994) suggest that the younger ages reflect
post basin-forming events. Moreover, Hartmann (2003)
suggests that impact melts >4.0 Ga were sufficiently
comminuted by later impacts such that they are rarely
collected or dated by radiometric techniques. This is a signifi-
cant issue, because the duration of the Nectarian Period
constrains the impact rate’s temporal behavior. Many have
advocated that the basin-forming period was short (20 to
200million years) and therefore records a pronounced spike in
the cratering rate. Such advocates call this the “lunar cata-
clysm” or “late heavy bombardment” (e.g., Turner et al., 1973;
Stöffler and Ryder, 2001; Strom et al., 2005). Possible mech-
anisms that could generate such a sudden, short bombardment
include formation andmigration of the outer planets (Liou and
Malhotra, 1997; Levison et al., 2001) or changes in the orbital
eccentricities of Jupiter and Saturn (Gomes et al., 2005;
Tsiganis et al., 2005). Others (e.g., Hartmann, 2003) suggest
that a longer period of declining cratering, with spikes asso-
ciated with asteroid collisions, should not be ruled out.

15.2.1.3. Early Imbrian Epoch

The Imbrium basin is the third largest known impact basin on
theMoon at 1160 km in diameter. Formation of its deposits and
radial groove structures define the beginning of the Early
Imbrian Epoch. This huge basin includes pronounced uplifted
rings and thick primary ejecta (mapped as the Fra Mauro
formation) flung hundreds of kilometers across much of the
lunar nearside, but much of its interior is flooded by later mare
basalts.Additional primary and secondary ejecta, forming light-
colored deposits, were flung further afield. Orientale basin
(930 km in diameter) is the fourth largest and best-preserved of
the large lunar impact basins and displays an extensive ejecta
apron that partly superposes Imbrium basin ejecta. Orientale
deposits are included in this epoch. Potentially, mare basalts
underlie Orientale ejecta (Wilhelms, 1987), and some of the
earliest exposedmare basalts inOceanus Procellarum andMare

Nubium likelywere erupted during this period (Hiesinger et al.,
2003). All together, Early Imbrian materials covered ~20% of
the Moon by the end of the epoch (Wilhelms, 1987).

KREEP-rich Imbrium basin breccia and impact melt rocks
recovered at the Apollo 14, 15, and 16 landing sites yield ages
which have been used to produce either a 3.85� 0.02 Ga
(Wilhelms, 1987; Stöffler and Ryder, 2001) or a 3.77� 0.02Ga
(Stöffler and Ryder, 2001) age for the Imbrium basin-forming
event. Orientale has not been directly sampled yet and thus does
not have radiometric ages, but it appears to be older than the
mare basalts dated at 3.72 Ga (Wilhelms, 1987), as its ejecta do
not superpose nearby maria.

15.2.1.4. Late Imbrian Epoch

The top of the Early Imbrian Orientale basin materials defines
the base of the Late Imbrian (Wilhelms, 1987). This epoch
records the largest amount of mare basalts, which form two
thirds of the exposed nearside maria, or about one sixth of the
entire lunar surface. No large impact basins formed during
this period, but impact craters and their ejecta of this age are
scattered across the surface. Because the maria are plentiful
and were easily accessible to surface investigations, a wealth
of returned samples from Apollo 11, 15, 16, and 17 and Luna
24, along with remotely sensed data, characterize the texture,
composition, and age of these materials. Mare samples
discriminate multiple basalt compositions and likely erup-
tions at given sites, including some pyroclastic mantle
deposits. However, because of impact gardening, outcrops
generally are lacking and intact rocks are buried beneath
a regolith several meters thick; on the other hand, impacts
excavate samples from rocks buried tens of meters or more.

Geologic mapping and crater-dating studies have inves-
tigated detailed age relations within the materials of this
epoch (e.g., Wilhelms, 1987; Hiesinger et al., 2003). Earlier
materials generally occupy higher parts of the outer Pro-
cellarum basin and other isolated spots that were more readily
shielded from later volcanic resurfacing. As the Late Imbrian
began immediately after the Orientale impact, the age of
Orientale materials date this boundary, which was assigned to
3.8 Ga and a range of 3.85 to 3.72 by Wilhelms (1987) given
the ages of the Imbrium basin (see also discussion in Stöffler
and Ryder, 2001) and oldest measured Late Imbrian mare
basalts at the Apollo 17 site.

15.2.1.5. Eratosthenian Period

This period was introduced into lunar stratigraphy to repre-
sent a period of scattered cratering that produced deposits
of low to medium albedo superposed on Imbrian materials
based on telescopic observations of the Copernicus region, of
which Eratosthenes crater is representative (Shoemaker and
Hackman, 1962). More in-depth geological mapping and
crater counting, including the use of Lunar Orbiter IV images,
have indicated extensive, scattered outcrops of mare basalts
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of Eratosthenian age covering about 5% of the lunar surface
(e.g., Wilhelms and McCauley, 1971; Wilhelms, 1987;
Hiesinger et al., 2003).

Stratigraphically and chronologically, the beginning of the
Eratosthenian Period remains ill-defined, since dating of the
Eratosthenes cratering event is not well constrained.
Wilhelms (1980) correlated Eratosthenes with a sequence of
mare units, and later, Stöffler and Ryder (2001) constrained
the base of the Eratosthenian to at least the age of mare
materials of the Apollo 12 landing site (3.15� 0.04 Ga) but
younger than the Apollo 15 (3.30� 0.02 Ga) and Luna 24
(3.22� 0.02 Ga) mare basalts. Also to be considered is
whether that event merits a global stratigraphic boundary.
While there is no basin-forming impact around this time, it
does appear that mare volcanism transitioned from a period of
high, peak flux in the Late Imbrian to lessened and sporadic
production rates at ~3.3 Ga (Hiesinger et al., 2003). Such
a decline has a more widespread significance to lunar
geologic evolution and future work might consider this as an
alternative definition for the base of this period.

15.2.1.6. Copernican Period

Copernicus crater is one of the most pronounced bright-rayed
craters on the lunar nearside. Shoemaker and Hackman
(1962) associated the Copernican Period e the youngest era
of the Moon e with the span of preserved bright-rayed
craters. Since impact cratering and mare resurfacing have
gradually waned, materials of the Copernican cover only
a few percent of the lunar surface. Copernicus is generally
dated at 800� 15 Ma based on the age of degassing of
a granite fragment inferred to result from the Copernicus
impact (Bogard et al., 1994), but older ages have also been
proposed (see Stöffler and Ryder (2001) and references
therein). However, the Copernicus crater event did not occur
at or near the beginning of the record of bright-ray craters.

Thus, the beginning of the Copernican remains ill-defined.
Wilhelms (1987) cited the age of a sample from the Apollo 15
landing site, dated at 1.29� 0.04 Ga (Bernatowicz et al.,
1978) as the oldest possible Copernican sample, which could
have come from Aristillus or Autolycus craters. Ryder et al.
(1991), however, suggested that a ~2.1� 0.1 Ga date for
shock-melted KREEP basalt also collected at the Apollo 15
site may be Autolycus ejecta. The relatively degraded
appearance of Autolycus suggests that it may be among the
oldest bright-rayed craters, and thus a candidate event for
defining the beginning of the Copernican (Wilhems, 1987;
Stöffler and Ryder, 2001). Although mare volcanism has been
at its lowest rate during the Copernican, more than a dozen
local mare surfaces have model crater ages that could be of
this period (Hiesinger et al., 2003). The age of the youngest
lunar mare volcanism remains uncertain.

15.2.2. Mars

Little detail of the surface of Mars can be resolved telescop-
ically from Earth; thus study of its surface chronology had to
await spacecraft exploration, which began in the 1960s with
the Mariner missions. The stratigraphic basis for Mars was
largely initiated from the US Geological Survey’s program for
systematic mapping of 30 quadrangles of the surface at
1:5 000 000 scale primarily using the Mariner 9 mission
visible-wavelength images of the planet, mostly at 1 to 2 km/
pixel resolution. This work was collated into a global map at
1:25 000 000 scale that defined the Noachian, Hesperian, and
Amazonian Periods based on referent geologic terrains (Scott
and Carr, 1978). The same data were used to date surfaces
based on crater density determinations, and a much wider
range of ages was found than on the Moon (e.g., Hartmann,
1973). Mars was revisited during the late 1970s by the two
Viking Orbiters that produced tens of thousands of images

TABLE 15.1 Stratigraphic, Radiometric-Age, and Crater-Density Data for Lunar Chronologic Units

Chronologic Unit Referent Unit

Lower Radiometric-Age

Boundary (Ga)

No. Craters � 1 km

per 106 km2

No. Craters � 20 km

per 106 km2

Copernican Period Bright-rayed craters
(e.g., Copernicus)

2.2 to 1.25 <750 (mare)
<1000 (crater)

n/a

Eratosthenes Period Low-albedo craters
(e.g., Eratosthenes)

3.24 to 3.11 750 to ~2500 (mare) n/a

Late Imbrian Epoch Post-Orientale mare basalts 3.80 to 3.72 ~2500 (mare) to ~22000 28

Early Imbrian Epoch Imbrian basin materials 3.87 to 3.75 ~22000 to 48000 (basin) 18 to 33

Nectarian Period Nectaris basin materials 4.20 to 3.80 n/a 23 to 88

pre-Nectarian Period n/a ~4.5 n/a >70

See text for discussion of referent units and radiometric-age boundaries. Crater-density ranges from Wilhelms (1987: table 7.3).
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covering most of the surface at 100 to 300 m/pixel or better.
This resulted in an updated geological map of Mars at
1:15 000 000 scale (Scott et al., 1986e87) that was used by
Tanaka (1986) as a basis to subdivide the three chronologic
periods into eight epochs (Early, Middle, and Late Noachian;
Early and Late Hesperian; and Early, Middle, and Late
Amazonian) at multiple crater diameters (Figures 15.2, 15.3,
and 15.6). Subsequently, the referent map unit for the base
of the Amazonian Period was redefined for the surface of
a widespread deposit covering much of the northern plains of
Mars (Tanaka et al., 2005; Figure 15.7); the unit’s crater size-
frequency distribution is statistically consistent with the base
of the Amazonian as defined by Tanaka (1986). Detailed
reassessment of the crater density of this regional unit by
Werner et al. (2011) led to a reassignment of the density of
1 km craters for this boundary by Werner and Tanaka (2011).
The latter paper additionally fitted the epoch boundaries to
idealized sizeefrequency distributions at single crater diam-
eters and calculated ages based on the crater production
models of Ivanov (2001) and Hartmann (2005). Also, an
informal pre-Noachian period was defined from geologic
mapping and cratering analysis largely based on a topographic
model of the Martian surface derived from laser altimetry

measurements from the Mars Global Surveyor spacecraft at
460 m/pixel (e.g., Smith et al., 1999; Tanaka et al., 2005; Frey,
2006). The earlier Martian epochs are commonly thought to
correspond roughly with the early lunar periods, as the high
impact rates and crater sizeefrequency distributions were
shared (e.g., Neukum and Wise, 1976; Tanaka, 1986; Hart-
mann and Neukum, 2001; Strom et al., 2005).

The periods and epochs represent a collation of a complex
resurfacing history involving a variety of widespread events
and activities occurring over Martian geologic time. Begin-
ning in the late 1990s, exploration of the surface of Mars has
been unprecedented, involving the return of extensive
imaging, topographic, spectral, and geophysical data sets from
the Mars Global Surveyor, Mars Odyssey, Mars Express, and
Mars Reconnaissance Orbiter spacecraft in polar orbits around
the planet as well as from the robotic surface investigations of
Mars Pathfinder and Mars Exploration Rovers. Observations
of populations of Mars-crossing asteroids and comets and
theory on their evolution provide avenues for estimating the
cratering rate history ofMars, particularly when calibrated and
scaled to the lunar cratering rate (e.g., Basaltic Volcanism
Study Project, 1981; Neukum and Ivanov, 1994;Hartmann and
Neukum, 2001; Ivanov, 2001; Neukum et al., 2001).
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Application of the technique becomes more problematic at
smaller diameters, because the initial “input” size distribution
of small craters is harder to measure at small sizes. Secondary
cratering and atmospheric and resurfacing effects affect
small-sized craters preferentially (Chapman et al., 1969;
Hartmann, 1971; Chapman, 1974; Soderblom et al., 1974;
Basaltic Volcanism Study Project, 1981; Tanaka, 1986). Once
the “input” size distribution, or “production function”, has
been identified, however, the losses of small craters become
the very tool by which the resurfacing history can be estab-
lished (Basaltic Volcanism Study Project, 1981). Such an
input production function, down to decameter crater sizes, has
been reportedly measured on the Moon and in numerous
younger areas of Mars (Neukum et al., 2001; Hartmann, 2005;
Werner, 2006; Hartmann et al., 2007). As an example, if
a region is found where this size distribution is fitted down to

diameters of 50 m, with a strong deficiency below that, it
implies that erosion or deposition has obliterated craters
smaller than that e meaning that the vertical extent of the
erosion or deposition is of the order of the depth and/or rim
height of 50 m craters. A reported detection of decameter-
scale craters forming on Mars today (Malin et al., 2006)
suggests that in coming years it will be possible to refine our
knowledge of the precise production rate and size distribution
of small craters, at least in contemporary geologic time.

Considerable confusion has been introduced into this
subject by recent discussions of secondary cratering.
McEwen et al. (2005) and several other authors stated or
implied that crater counts generally attempt to tabulate only
primary craters, and therefore if a sizeable fraction of deca-
meter craters are secondaries, the whole method fails.
McEwen et al. (2005) suggest that craters <600 m in

VB
VB
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UP2

UP1 UP1
FIGURE 15.7 Part of south-central Utopia Planitia in the northern lowlands of Mars showing geologic units from Tanaka et al. (2005). Vastitas

Borealis units (VB) display a relatively bright (i.e. warmer), finely ridged, and hummocky surface bordered by a lobate margin. These units define the base of the

Amazonian Period. They overlie the smooth, locally knobby and ridged Late Hesperian Utopia Planitia 2 unit (UP2) that in turn embays depressions and scarps

marking the rolling and hollowed surface of the Early Hesperian Utopia Planitia 1 unit (UP1). Image base (centered near 19�N, 113�E; 412 km scene width;

north at top; illumination from lower left) consists of (1) a partly transparent Thermal Emission Imaging System daytime infrared image mosaic (~230 m/pixel)

in which brightness indicates surface temperature, overlying (2) a color shaded-relief digital elevation model fromMars Orbiter Laser Altimeter data (brown is

high, purple is low; ~460 m/pixel).
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diameter in Hesperian regions are 50% secondaries, which
may be correct. These authors, however, suggested enormous
errors in the crater-count methods and dates, by factors of
hundreds or a thousand. Their original statement is incorrect,
however, because most crater-count programs are not neces-
sarily restricted to primaries. Hartmann (1967) noted that the
discussions of decameter-scale and hectometer-scale lunar
craters seen in Ranger photos raised doubts about separating
primaries from secondaries, and therefore proposed that the
best method for dating would be to count the total mix of
semi-randomly scattered “field craters” (i.e. primaries þ
scattered secondaries), avoiding obvious clusters, rays, and
other such suspected concentrations of secondaries. Neu-
kum’s technique counts essentially these same craters,
although Neukum has estimated that most of the craters are
primaries (a conclusion that may be controversial but still
leads to counting all the scattered “field craters”). Thus
Hartmann and Neukum and their coworkers independently
count essentially the same craters. The reported formation
rate of new decameter craters on Mars turned out to be much
higher than predicted for primaries by McEwen et al. but
within a factor of three of the rates used in the Hartmann and
Neukum isochrons.

Additional information on the chronology and evolution of
Mars is provided by meteorites found on Earth that have
compositions indicating that they are rocks ejected byMartian
impacts. Most of these are igneous or surface lava rocks, and
they are believed to be ejected most efficiently from exposures
of coherent rock such as lava plains (Melosh, 1989). Clustered
ages and compositions suggest about four to nine ejection
sites (Nyquist et al. 2001). A support for the Martian crater
count dating technique is that counts in the 1970s, beginning
with Mariner 9 data and prior to recognition of Martian
meteorites, suggested ages of roughly to 2.0 to 0.1 Ga for
typical Martian lava plains. That age range matches the age
range for all but one of the Martian meteorite launch sites (the
remaining site, for meteorite ALH84001, appears to have been
an exposure of igneous cumulate of the ancient Martian crust).

The majority of the Martian meteorites belong to the SNC
(Shergotty-Nakhla-Chassigny) classes having basalt, lherzo-
lite, clinopyroxenite, and dunite compositions (e.g., Nyquist
et al., 2001 and references therein). Ferric oxide-rich dust
obscures detection of bedrock compositions using spectral
mapping techniques for large regions of Mars; where
observable, the bedrock generally has pyroxene-rich basaltic
to andesitic compositions, with local areas showing concen-
trations of hematite, phyllosilicate minerals, and hydrated
sulfates (e.g., Christensen et al., 2000a,b; Bibring et al.,
2005).

As can be seen, the literature addressing the chronology of
Mars is now extensive and complex, and expected new data
will permit further substantive reassessments of the strati-
graphic basis and crater-age modeling used in construction of
the Martian time scale.

15.2.2.1. Pre-Noachian Period

This informal period covers the time between formation of
the crust and development of the northern lowlands of Mars
(Frey, 2005, 2006; Nimmo and Tanaka, 2005). The signature
for this period is the record of “quasi-circular depressions”
(QCDs) evident in the topography and interpreted to be buried
impact basins (Frey et al., 2002). Materials of this period are
not known to be preserved as exposed surface units, but it is
possible that kilometers of uplift and erosion at Valles Mar-
ineris and elsewhere have exposed pre-Noachian wall rocks.
In addition, fragments dating from this time are expected to
be common within reworked Noachian materials. However,
one such fragment may be the Martian meteorite ALH84001,
which is an orthopyroxenite not of the SNC suite. ALH84001
has a range of radiometric ages between ~4.56 and 3.89 Ga;
Nyquist et al. (2001) suggest a preferred age of 4.51� 0.11
Ga based on Sm-Nd isotopic abundances. Later heating,
perhaps by impacts, may be responsible for the younger age
derived from 39Ar-40Ar and Rb-Sr measurements.

Because of bombardment, not much is known about other
geological activity during the pre-Noachian. Like the lunar
crust, the crust of Mars may have formed by solidification of
a magma ocean at ~4.5 Ga having the equivalent of a basaltic
andesite or andesite composition (Nimmo and Tanaka, 2005).
One apparent signature of this period is the intense crustal
remanent magnetization of highland region rocks as
measured by the magnetometer on board Mars Global
Surveyor (Connerney et al., 2001). The magnetization is
much weaker in and around Hellas and Argyre basins, the
northern lowlands, and the Tharsis topographic rise. Forma-
tion of these features as huge impact and/or magmatic events
likely obliterated the magnetic signatures, but the timing of
the end of the magnetic field is uncertain. If plate tectonism
was active during this period in the northern lowlands
(Connerney et al., 1999; Fairén et al., 2002), it must have
continued after cessation of the dynamo to account for the
weak magnetic remanence in the northern lowlands. Based on
the record of QCDs, pre-Noachian events by definition are not
preserved in the lowland crust, but do include many of the
large, basin-forming impacts that form highland QCDs (Frey,
2006). The densities of QCDs in the northern lowlands on top
of Utopia and other apparent, buried basins indicate that the
northern lowlands formed at ~4.13� 0.05 Ga (Frey, 2006),
based on extrapolation from 16 to 200 km diameter craters of
the crater-density vs. age scheme of Tanaka (1986) using a�2
power law. Because these large basins are superposed on the
stabilized northern lowlands but have little or no outcrop
(Xanthe Montes may be vestiges of the Chryse basin rim),
they define the top of the pre-Noachian.

15.2.2.2. Early Noachian Epoch

This epoch is defined by the outcrops of basin materials
associated with the Hellas, Argyre, Isidis, and other impacts,
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as well as isolated massif-forming materials in the Thaumasia
highlands that appear heavily cratered and embayed by
Middle Noachian and younger materials (Scott et al.,
1986e87; Tanaka, 1986; Dohm et al., 2001; Frey, 2006).
The boundaries of the Early Noachian are not precisely dated.
The beginning of the Early Noachian postdates formation of
the northern lowlands. Early Noachian materials cover only
~4% of the surface of Mars (Tanaka et al., 1988), apparently
because continued impact bombardment during the Middle
Noachian destroyed all but the highest-standing and perhaps
most-resistant Early Noachian outcrops. Model crater ages
for rim materials of Hellas, Argyre, and Isidis by Werner
(2008) range from 3.99 to 3.83 Ga; 13 of 16 additional impact
basins crater dated in that same study were in that age range
or older (as much as 4.11 Ga), indicating that most Martian
highland impact basins are Early Noachian.

15.2.2.3. Middle Noachian Epoch

In spite of the apparently short duration of this epoch,
surfaces of this age now cover about a fourth of the planet
but likely covered two thirds or more of the planet before
they were later resurfaced. They form rugged cratered
terrains made up primarily of impact ejecta and melt and
unknown amounts of volcanic and sedimentary rocks (Scott
et al., 1986e87; Tanaka et al., 1988). Most of the exposed
Middle Noachian materials occur in the equatorial and
southern highlands above the mean planetary radius (or zero
elevation datum), but also include the vast Arabia Terra
cratered materials at lower elevation. Although few Middle
Noachian outcrops occur within the Tharsis volcanic prov-
ince, such as in its Thaumasia highland region (Dohm et al.,
2001), Tharsis may have been emerging by then as a suffi-
ciently large volcanic rise to alter the gravity field and affect
drainage patterns (Phillips et al., 2001). Some exposures
within or beneath Middle Noachian outcrops show detec-
tions of phyllosilicates in near-infrared spectral data (Bibring
et al., 2005). Commonly, erosional scarps and crater rims
expose layered sequences in high-resolution (<10 m/pixel)
images (Malin and Edgett, 2001). Valles Marineris canyons
cut surfaces as old as Middle Noachian and expose layered
sequences that may be largely lava flows and perhaps sedi-
mentary rocks formed during the early growth of Tharsis
(Witbeck et al., 1991; McEwen et al., 1999; Malin and
Edgett, 2000).

The base of the Middle Noachian is not well defined, as
stratigraphic and crater-density relations of cratered terrain
materials that embay Early Noachian basin materials tend to
be poorly preserved due to later resurfacing. Tanaka (1986)
based his dating of the Middle Noachian on a c2 goodness-of-
fit test between lunar Nectarian and Middle Noachian size-
frequency distributions of craters >16 km in diameter using
the lunar data of Wilhelms et al. (1978), which places the base
of the Middle Noachian at 4.2 to 3.8 Ga using our inferred

correlative lunar chronology (Table 15.1). The crater size
distributions of these surfaces have different densities but
similar log-normal forms, which may be in part due an early
characteristic sizeefrequency distribution of impactors
(e.g., Strom et al., 2005). This accommodates the ranges
suggested by Hartmann and Neukum (2001; ~4.0 to 3.9 Ga),
Hartmann (2005; ~4.1 to 3.8 Ga), and Werner and Tanaka
(2011; 3.97 to 3.85 Ga).

15.2.2.4. Late Noachian Epoch

This epoch is characterized by deposition of intercrater plains
materials interspersed among and embaying Middle
Noachian cratered terrain materials. For the most part,
subsequent cratering has obliterated morphologies that could
have indicated their origins. In many cases, fluvial valleys
enter into the outcrops, indicating that the materials are of
fluvial or lacustrine origin (e.g., Irwin et al., 2002; Malin and
Edgett, 2003). Some outcrops include mosaics of low knobs
and mesas that indicate a disturbance and possible release of
water, perhaps due to sill intrusions (e.g., Wilhelms and
Baldwin, 1989). Late Noachian rocks of likely volcanic origin
cover parts of the Tharsis rise, form highly degraded massifs
south of Tharsis, and make up low edifices and furrowed
plains on southern and northeastern parts of the Hellas rim
(Scott and Tanaka, 1981; Tanaka, 1986; Crown et al., 1992;
Leonard and Tanaka, 2001). Degradation of Late Noachian
surfaces, including craters and their ejecta deposits, is
pervasive and can be explained both by impact gardening and
erosional effects from a thicker atmosphere and geothermal
heating (e.g., Tanaka et al., 1998; Craddock and Howard,
2002; Irwin et al., 2005; Fassett and Head, 2008a,b). Alto-
gether, exposed Late Noachian rocks cover ~12% of the
planet.

Comparison of the shapes of the sizeefrequency distri-
butions of craters for diameters>8 km indicate that combined
Late Noachian and Early Hesperian crater distributions match
the Imbrian distribution, which prompted Tanaka (1986) to
assign the base of the Late Noachian to the age of the base of
the Imbrian (3.80 to 3.72 Ga according to Table 15.1).
Hartmann and Neukum (2001) indicate that the base of the
Late Noachian is ~3.80 Ga and Hartmann (2005) suggests
~3.9 to 3.6 Ga (which encompasses the 3.86 to 3.85 Ga age
range of Werner and Tanaka (2011)); the latter, more
conservative estimate is used herein. Tanaka (1986) assigned
crater density ranges to the Late Noachian (Table 15.2) based
on measurements for parts (not all) of the mapped Late
Noachian outcrops.

15.2.2.5. Early Hesperian Epoch

Hesperian and younger rocks generally have sufficiently well-
preserved morphologies such that primary forms and textures
of lava flows, small volcanoes, impact craters, and other
similar features are recognizable. This appears to result from
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declines in the cratering rate and in atmospherically driven
resurfacing, including precipitation-fed erosion. Crater-
density determinations have greater accuracy than for
Noachian surfaces as superposed craters can be more reliably
discriminated from partly buried ones (e.g., Scott and Tanaka,
1981). Because of the decline in fluvial erosion, it appears
likely that most Early Hesperian and younger materials
scattered across the highlands and stacked within the canyons
of Valles Marineris are lava flows and volcanic air-fall and
other aeolian deposits (Scott et al., 1986e87; Chapman,
2002; Chapman and Tanaka, 2002; Irwin et al., 2002; Hynek
et al., 2003). Deposits covering much of the floor of Hellas
basin appear to be Early Hesperian and may have aeolian and/
or fluvial/lacustrine origins (Tanaka and Leonard, 1995;
Moore and Wilhelms, 2001). Locally, higher plains material
along the highland/lowland boundary may have been formed
by mass-wasting of Noachian materials (Tanaka et al., 2003,
2005). Collectively, Early Hesperian materials cover ~16%
of Mars.

The base of the Hesperian was originally assigned to the
base of plains-forming material making up Hesperia Planum
(Scott and Carr, 1978). However, this outcrop, while repre-
sentative of materials of this age, does not amount to a well-
constrained stratigraphic marker that can be used globally.
Tanaka (1986) measured a collective crater-density range for
this outcrop and for other Early Hesperian materials to define
crater ranges for this epoch (Table 15.2).

15.2.2.6. Late Hesperian Epoch

The Late Hesperian is not clearly defined stratigraphically at
present. Formerly, the epoch was based on materials of the
northern plains (the Vastitas Borealis Formation) as mapped
and characterized using Viking data (Scott et al., 1986e87;
Tanaka, 1986). However, more recent mapping using Mars
Global Surveyor and Mars Odyssey altimetry and image data
reassigned the surface of those materials to the base of the
Amazonian (Tanaka et al., 2005). This reassignment was not
sufficient to require changing the ranges of crater densities for
the Late Hesperian, as the Vastitas Borealis materials display
fairly uniform crater densities overlapping those defining the
Hesperian/Amazonian boundary (Tanaka, 1986). Given this
reassignment, Late Hesperian materials cover nearly 10% of
the planet. Other Late Hesperian materials include extensive
lava flows and volcanoes in the Tharsis and Elysium regions,
materials of outflow channels originating in Xanthe Terra and
entering into Chryse Planitia, south polar Dorsa Argentea
ridged plains deposits, and higher elevation plains deposits of
the northern lowlands (Scott et al., 1986e87; Witbeck et al.,
1991; Tanaka and Kolb, 2001; Tanaka et al., 2005). The lava
flows of this age are more distinct in morphology than those
of the Early Hesperian and may reflect a more viscous
rheology and less impact gardening. Radar sounding of the
Dorsa Argentea materials indicate that they are low-loss
materials likely to be ice-rich, which would indicate that the

TABLE 15.2 Referent Units and Crater-Density Data and Model Absolute Ages for Bases of Martian Chronologic Units.

Chronologic Unit

(Epoch) Referent Unit

No. Craters

� 1 km per 106 km2

No. Craters

� 5 km per 106 km2

No. Craters

� 16 km per 106 km2

Model Age of Lower

Boundary (Ga)

Late Amazonian Cerberus plains lava
flows

<160 n/a n/a 0.6 to 0.2

Middle Amazonian Lava flows, Amazonis
Planitia

160 to 600 <25 n/a 2.1 to 1.0

Early Amazonian Vastitas Borealis
materials

600 to 2100 25 to 67 n/a 3.46 to 2.0

Late Hesperian (Outflow-channel
deposits)

2100 to 3000 67 to 125 n/a 3.65 to 3.2

Early Hesperian Ridged plains material 3000 to 4800 125 to 200 <25 3.74 to 3.5

Late Noachian Intercrater plains
material

n/a 200 to 400 25 to 100 3.9 to 3.6

Middle Noachian Cratered terrain material n/a >400 100 to 200 4.2 to 3.8

Early Noachian Basin rim material n/a n/a >200 4.18 to 4.08

pre-Noachian n/a n/a n/a n/a ~4.5

Chronologic and referent units and crater densities from Tanaka (1986) and Werner and Tanaka (2011). See text for discussion of model age boundaries and Late
Hesperian referent unit.
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materials may have been frozen for >3 billion years (Plaut
et al., 2007).

The base of the Late Hesperian presently lacks a definitive
stratigraphic referent unit and is for now defined by the N(5)
¼125 crater density (Table 15.2), which is readily measured
on surfaces of about this age. Correspondingly, Hartmann and
Neukum (2001), Hartmann (2005), and Werner and Tanaka
(2011) provide model age estimates for this boundary that
range from 3.65 to 3.2 Ga.

15.2.2.7. Early Amazonian Epoch

The Amazonian Period on Mars was originally defined using
Mariner 9 images as the base of a cratered plains unit in
southwestern Amazonis Planitia (Scott and Carr, 1978).
Revised mapping using Viking Orbiter images was the basis
for reassigning the beginning of the Amazonian to the base of
a smooth plains material making up the lowermost member of
the Arcadia Formation in southern Acidalia Planitia (Tanaka,
1986). Contact relations have been difficult to establish with
confidence because of their subtlety as expressed in the
Mariner 9 and Viking Orbiter images. Those difficulties have
been largely overcome with laser altimetry data and high-
resolution visible-range images from Mars Global Surveyor
and thermal infrared and visible-range images from Mars
Odyssey. With the new data sets, the base of the Amazonian
was again redefined, but finally with much more secure
observations, as the surface of Vastitas Borealis units that
cover much of the northern plains (Tanaka et al., 2005). These
materials were thought to be voluminous deposits of the
Xanthe Terra outflow channels (e.g., Parker et al., 1989;
Tanaka et al., 2001; Kreslavsky and Head, 2002); however,
more recent data show that the deposits embay the outflow
channel floors and appear heavily reworked by periglacial and
soft-sedimentary style processes, as are parts of higher
northern plains units (e.g., Tanaka et al., 2003; Skinner and
Tanaka, 2007). The Vastitas Borealis units and a similar unit
covering the Isidis basin floor have fairly uniform densities of
craters >5 km in diameter and thus appear to constitute an
extensive, collective unit of relatively uniform age that covers
one eighth of the planet as presently exposed. Additional
Early Amazonian materials include extensive lava and sedi-
mentary flows of the Tharsis and Elysium rise and adjacent
plains and early sequences of layered, friable materials of the
Medusae Fossae Formation of possible volcanic origin (Scott
and Tanaka, 1982; Chapman, 2002; Hynek et al., 2003).
Some flows of the Elysium rise bury extensive tracts of the
Vastitas Borealis units in Utopia basin. Altogether, Early
Amazonian materials cover about 20% of the planet.

The surface of the Vastitas Borealis units that define the
beginning of the Early Amazonian possibly constitutes the
longest exposed major stratigraphic contact anywhere in
the solar system, and the surface of the units is perhaps the
most widespread, continuous surface of relatively uniform

age as well. Craters>1 km in diameter superposed on the unit
are well preserved and readily discriminated from the rimless,
circular depressions that apparently mark buried craters and
have a cumulative N(1) density of ~1200 determined from
counts at multiple sites (Werner et al., 2011). Because of
uncertainties in Martian crater production around this time
and the varied crater-density boundaries selected, model ages
vary extensively, including 3.3 to 2.9 Ga (Hartmann and
Neukum, 2001), 3.2 to 2.0 Ga (Hartmann, 2005), and 3.46 to
3.00 Ga (Werner and Tanaka, 2011). The modified definition
for the beginning of the Amazonian would readjust the N(1)
density for the boundary to ~70 to 75, which would lead to
a modest, ~0.1 to 0.2 Ga increase in model age estimates.
Another significant aspect of this surface is that it displays
a steeper crater sizeefrequency distribution for craters>5 km
in diameter (~�2 power-law slope) than nearly all other
surfaces on the Moon and Mars in this crater diameter range.
If this unique character reflects the pristine form of the crater
sizeefrequency distribution, then it would indicate that crater
counts for other surfaces generally are affected by relatively
higher obliteration of smaller craters and by contamination of
larger, buried craters (Tanaka et al., 2006).

15.2.2.8. Middle Amazonian Epoch

Two lava plains units mapped in Amazonis Planitia using
Viking Orbiter images were used originally to define the
beginning of the Middle Amazonian (Tanaka, 1986). This
region forms an essentially flat surface at kilometer scales
(Kreslavsky and Head, 2000). Some channel features on part
of this surface could be either lava or water-flooding features
(Fuller and Head, 2002). Post-Viking geologic mapping of the
northern plains resulted in improved mapping of the plains
units in this area, as the lava flow margins and their flow
patterns are much better resolved in the higher quality and
higher resolution data. Two lava plains units are now mapped
in northern Amazonis Planitia, which span the Middle
Amazonian (Tanaka et al., 2005). Additional materials of
Middle Amazonian age include a broad apron of lava flows
surrounding the Tharsis Montes and extensive tracts of the
highly eroded Medusae Fossae Formation (Scott et al.,
1986e87). The formation age of the aureoles of Olympus
Mons also appears to be Middle Amazonian (Tanaka et al.,
2005). Middle Amazonian rocks cover about 8% of the
planet.

Given the relatively limited extents and complex histories
of all Middle Amazonian materials, it appears that a globally
meaningful referent geological unit to define the base of the
Middle Amazonian is lacking. Of the two presently mapped
lava plains units of northern Amazonis Planitia, the Amazonis
Planitia 1 north unit is the oldest and thus the best candidate
for a revised referent unit for the Middle Amazonian.
Whereas detailed crater counts of this unit are presently
lacking, its N(5) density of 21.1� 3.9 is about right according
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to the crater-density boundaries of Tanaka (1986; see also
Table 15.2). Model ages for the beginning of this epoch are
highly uncertain because of permissible ranges in cratering
rates over this part of Martian history. Recently proposed
values include 2.1 and 1.4 Ga (Hartmann and Neukum, 2001),
~2.0 to 1.0 Ga (Hartmann, 2005), and 1.45 Ga to 880 Ma
(Werner and Tanaka, 2011). These constraints indicate that
some of the Martian meteorites may have originated
from Middle Amazonian materials. The Chassigny (dunite)
and Nakhlites (clinopyroxenites) have ages of ~1.35 and
~1.30 Ga, respectively, and are cumulate plutonic rocks
indicative of slow cooling and gradual crystallization
(e.g., Nyquist et al., 2001 and references therein).

15.2.2.9. Late Amazonian Epoch

Mars has remained a geologically dynamic planet through
this most recent era. The Late Amazonian Epoch was defined
by Tanaka (1986) using the plain of southern Elysium Planitia
as the referent. This plain appeared smooth in Viking Orbiter
images and small shields and fluvial channels emanating from
fissure systems in the plain were recognized. Most workers
now recognize the plain as volcanic; however, multiple
episodes of volcanism and fluvial discharge complicate its
history (e.g., Keszthelyi et al., 2000; Burr et al., 2002; Ples-
cia, 2003; Tanaka et al., 2005). Late Amazonian materials
also make up the youngest lava flows of the Tharsis Montes
and Olympus Mons, lava flows of southeastern Amazonis
Planitia, the youngest outcrops of the Medusae Fossae
Formation, a mantle deposit in northwestern Utopia Planitia,
ice and dust deposits of the polar plateaus, and largely frozen
dunes surrounding the north polar plateau (Tanaka, 1986;
Tanaka et al., 2005). These materials cover 4% of Mars.

Post-Viking mapping and crater-dating studies indicate
that most of the original referent unit of the Late Amazonian
is generally much younger and more stratigraphically
complex than previously thought. This in part appears to
result from the fact that the lava flows are thin, and thus only
partly bury craters superposed on underlying surfaces. This
was observed by Tanaka (1986), but its effect was not then
fully appreciated. Tanaka et al. (2005) remapped the mate-
rials into two Late Amazonian units e the Cerberus Fossae 2
and 3 units e of which the younger unit covers the lower
plains of Elysium Planitia and extends down Marte Vallis
into southern Amazonis Planitia. The older unit, which they
also designated as Late Amazonian, crops out in higher
plains areas, mostly north and west of the younger unit.
Detailed studies using Viking and Mars Global Surveyor
images indicate local model ages on the plains and associ-
ated Marte Vallis channel system of 200 to a few Ma
(Berman and Hartmann, 2002). The youngest model ages
(<100 Ma) generally rely on craters smaller than 100 m in
diameter. Although McEwen et al. (2005) suggest that
populations of craters <100 m in diameter have high

proportions of secondary craters for Late Amazonian
surfaces, it appears that complications from secondaries may
be negligible both in Elysium Planitia and on a few Middle
to Late Amazonian flows of southeastern Amazonis Planitia
(Amazonis Planitia 2 south unit of Tanaka et al. (2005))
where crater sizeefrequency distributions follow expected
isochron shapes down to 16 m diameters (Hartmann, 2007).
Note that if anomalously high concentrations of secondaries
were present in these areas, the true ages would be even
younger than the inferred model ages. Detailed crater counts
of the Cerberus Fossae 2 unit, which may more fittingly
define the base of the Late Amazonian, have not been
counted in detail. Based on the crater density assignment of
Tanaka (1986), the base of the Late Amazonian has model
ages of 550 and 300 Ma (Hartmann and Neukum, 2001), 600
to 200 Ma (Hartmann, 2005), and 387 to 235 Ma (Werner
and Tanaka, 2011). These age ranges indicate that the
basaltic and ultramafic, lherzolitic Martian meteorites known
as Shergotites formed during the early part of this epoch
(most workers agree with crystallization ages ranging from
~500 to 150 Ma (Nyquist et al., 2001), although older ages
have been suggested (Bouvier et al., 2005)). Whereas the
entire suite of Martian meteorites has >100 Ma crystalli-
zation ages, dating of their ages of ejection from Mars using
cosmic ray exposure dating and their residence times on
Earth indicate a range from about 20 to 0.7 Ma (Nyquist
et al., 2001 and references therein). Bombardment on Mars
continues apace with predicted cratering rates, as evidenced
by detections of primary craters 2 to 125 m in diameter
formed over a seven-year period (Malin et al., 2006;
Hartmann, 2007).

15.2.3. Mercury

Mercury has been labeled an “end-member planet” due to
being closest to the Sun. Its extremes include: the highest
density among the planets, the most intense solar radiation
and tidal forces, the highest diurnal temperature range, and
the most altered geochemistry from its primordial state
(Chapman, 1988). Mercury is too distant and too close to the
Sun to achieve effective geological data from Earth-based
observations. The three flybys of Mercury by Mariner 10 in
1974 and 1975 yielded image data at 100 to 1500 m/pixel for
much of one side. Because these were flybys and not orbits,
the data are foreshortened at the limbs, and the lighting
geometries were similar. Morphologic details are enhanced
by shading near the terminator, whereas albedo is more
defined near the limbs. Some stereo imaging also yields
topographic information. These data were used to produce
initial geological maps, and then all or parts of 9 quadrangles
of a series of 15 quadrangles covering Mercury at 1:5 000 000
scale. From the geological mapping, the first proposed stra-
tigraphy was developed around the Caloris group of map units
(Schaber and McCauley, 1980; McCauley et al., 1981).
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Spudis (1985; see review by Spudis and Guest, 1988)
expanded this scheme to apply across the imaged part of the
planet, based on an unpublished global geologic map by P.D.
Spudis (see review by Spudis and Guest, 1988).

In general, the major geologic events across Mercury
recorded by its surface morphology and albedo closely
correspond with the sequence of events recorded on the
surface of Earth’s Moon. The informal pre-Tolstojan period
occurred prior to the Tolstoj basin-forming event and
includes the earliest signatures of multi-ring basins. In most
of these, one ring tends to dominate in morphologic
expression and is thought to constitute the actual crater rim.
The basins <500 km in diameter were largely erased during
emplacement of widespread intercrater plains material also
during this period, which are commonly thought to be of
impact and at least partly volcanic origin (Strom, 1977). The
Tolstojan Period began with emplacement of a lineated
terrain unit associated with the Tolstoj basin impact, named
the Goya Formation. Additional Tolstojan deposits include
scattered crater, basin, and smooth plains materials. The
Caloris basin impact marks the beginning of the Calorian
Period. This huge impact, equivalent to the Imbrium and
Orientale basins of the Moon, was only partly imaged by
Mariner 10. It profoundly resurfaced Mercury and provides
a distinctive stratigraphic marker (e.g., Schaber and
McCauley, 1980; McCauley et al., 1981; Guest and Greeley,
1983). Materials of the Caloris Group include units related
to basin melt and rim materials and primary and secondary
ejecta, including some lineated ejecta. Hilly and furrowed
material occurs antipodal to Caloris basin and is thought to
result from global focusing of seismic waves from the
impact (e.g., Schultz and Gault, 1975). Caloris displays as
many as six basin rings and appears to be extensively
flooded by lavas that infilled the basin floor soon after the
impact; in turn, the lavas have been deformed by wrinkle

ridges and fractures (Spudis and Guest, 1988). Post-Caloris
smooth plains material of possible volcanic origin also
occurs extensively outside of the basin, and additional
craters and small basins formed during the remainder of the
Calorian Period. The Mansurian Period begins with the
formation of Mansur crater and includes slightly degraded
craters lacking bright rays and containing in some cases
smooth crater-floor materials probably made up of impact
melt. The base of the Kuiperian Period is ill-defined; this
period covers formation of bright-rayed craters as repre-
sented by Kuiper crater.

Table 15.3 shows the lunar counterparts to the Mercurian
periods as suggested by Spudis and Guest (1988). The
geologic evolution is remarkably similar in style, and hence
has similar referent units used to define the base of each
formal period. The Mercurian stratigraphic scheme shares
some of the same weaknesses as the lunar one, such as the
poor definition of the youngest Mansurian and Kuiperian
Periods. Moreover, the large crater and basin sizeefrequency
distributions of heavily cratered terrains on the Moon and
Mercury have similar forms (Strom and Neukum, 1988;
Strom et al., 2005). The model ages are thus borrowed from
the lunar scale in Table 15.1. However, the relative cratering
rates between the Moon and Mercury are not well known. As
discussed by Chapman (1988), a large remnant population of
near-sun heliocentric planetesimals may have been relatively
slowly swept up by Mercury, thereby increasing its cratering
rates following late heavy bombardment in relation to the
Moon. However, astronomical searches for such objects thus
far have not found any (Leake et al., 1987). Assuming that
such objects are not significant, Strom and Neukum (1988)
estimated relative cratering rates between the Moon and
Mercury. They proposed that Caloris basin formed at the end
of heavy bombardment at ~3.85 Ga and used this as a tie point
to determine other Mercurian ages. These include 4.06 Ga for

TABLE 15.3 Referent Units, Lunar Counterparts, and Crater-Density Data and Model Absolute Ages for Bases of

Mercurian Chronologic Units.

Period Referent Unit Lunar Counterpart

No. Craters � 20 km

per 106 km2

Lower Lunar Model Age

Boundary (Ga)

Kuiperian Bright-rayed craters
(e.g., Kuiper)

Copernican n/a 2.2 to 1.25

Mansurian Slightly degraded craters
(e.g., Mansur)

Eratosthenes <24� 7 3.24 to 3.11

Calorian Caloris Group Imbrian 58� 13 3.87 to 3.75

Tolstojan Goya Formation Nectarian 85� 14 4.20 to 3.80

pre-Tolstojan n/a pre-Nectarian ~>85 ~4.5

Most data from Spudis and Guest (1988). Model age boundaries are assumed to be roughly equivalent to those of their lunar counterparts (Table 15.1). The crater-
density boundary for the Mansurian is a maximum, based on the lowest crater-density measured for smooth plains material (Spudis and Guest, 1988, table III).
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Tolstoj basin and 4.02 to 4.22 for intercrater plains, which are
consistent with the lunar counterpart ages.

15.2.4. Venus

The surface of Venus remained obscure to human observers
until powerful radars could be used to transmit microwaves
through its dense atmosphere and receive echoed signals that
could image topography for morphologic analysis, as well as
measure altitude, roughness, reflectivity, emissivity, and other
wavelength-dependent physical properties of the surface. The
radars that have been used include Earth-based Arecibo and
Goldstone antennae and those flown by the Pioneer Venus
Orbiter, Venera 15 and 16, and Magellan orbiting spacecraft,
of which the latter provided the largest amount and highest
quality of data return. Additional information about the
surface was recovered by the Venera, Vega, and Pioneer
Venus landers, which mostly indicated basaltic compositions
(e.g., Grimm and Hess, 1997).

The surface of Venus is dominated by lavas, volcanoes,
and intensely deformed terrains dotted by nearly a thousand
impact craters and surficial materials produced by impacts
and by the debris generated by bolides that disintegrated as
they entered the atmosphere. An ongoing geological mapping
program of Venus, managed by the US Geological Survey and
supported by NASA, began in 1993 using the Magellan data
as well as many other studies and has contributed to an
understanding of its stratigraphic history. Because of the
paucity of superposed craters on Venusian terrains, crater-
density based investigations of surface units indicate
a generally young surface. The details of the stratigraphy are
suggestive but not definitive. The most consistent geologic
relation is that the complex and intensely deformed terrain
type generally known as tessera forms the oldest exposed
materials. Its crater age reflects the mean age of cessation of
sufficient deformation to destroy craters. What is controver-
sial is to what degree stratigraphic relations evident at local
scales can be extrapolated to regional and global scales,
where crater-counting constraints are not definitive. There are
global progressions evident in the mean crater densities for
tessera, types of volcanic plains, and volcano types that might
support planetwide surface evolution (e.g., Namiki and
Solomon, 1994; Price and Suppe, 1995; Price et al., 1996),
possibly justifying establishment of a system of discrete
chronologic units (Basilevsky and Head, 1995; Basilevsky
et al., 1997). Alternatively, Guest and Stofan (1999) and
Hansen (2000) suggested that Venusian surface evolution has
been complex, with overlapping ages of formation of the
various types of volcanic and tectonic features that the planet
displays and that crater-density data for large groupings of
features and outcrops must be used cautiously, if at all
(Hamilton and Stofan, 1996; Chapman and Zimbelman,
1998; Guest and Stofan, 1999; Hansen, 2000). The spread in
crater densities based on geological terrain types, however,

appears to be sufficient to refute early proposals that Venus
underwent a relatively brief, catastrophic resurfacing event
a few hundred million years ago (Hauck et al., 1998).
Nevertheless, the introduction of large amounts of water and
sulfur dioxide into the atmosphere from intense volcanism or
a large comet impact could have led to sufficient greenhouse
heating to largely control the global evolution of volcanism
and tectonism, by altering the mechanical properties and
thermal stress state of the lithosphere (Solomon et al., 1999;
Bullock and Grinspoon, 2001).

The mean surface age of Venus is calculated from the
planetwide crater density and estimated cratering rate. Strom
et al. (1994) indicate that this age is 288 þ311/�98 Ma (or
range of 599 to 190 Ma), Neukum and Ivanov (1994) suggest
630� 100 Ma, and McKinnon et al. (1997), given their
results (~750� 50 Ma) and that of previous workers,
conclude that 1000 to 300 Ma may be acceptable. These ages
suggest that mantle-plume driven resurfacing on Venus has
resulted in an overall resurfacing rate over the past several
hundred million years that is significantly higher than those of
Earth’s Moon, Mars, and Mercury, where volcanism has
declined over time, but less than that of Earth, where plate
tectonics has dominated resurfacing.

15.2.5. Other Cratered Bodies

These include small bodies of the inner system, such as the
moons of Mars, Phobos and Deimos, and the asteroids, as
well as outer planet satellites of Jupiter, Saturn, Uranus, and
Neptune. None of these have formal stratigraphic systems,
but some have simple to complex resurfacing histories
that have been investigated by geological mapping and
crater-density determinations. Also of interest are the
sizeefrequency distributions and orbits of asteroids and
comets that provide the current population of objects from
which impacts occur. Knowledge of these objects can be
used to model current and past impact rates and crater
sizeefrequency distributions (e.g., Zahnle et al., 1998, 2003;
Schenk et al., 2004; Strom et al., 2005).

Images of the asteroids Gaspra, Ida, and others taken by
various spacecraft and theMartian moons Phobos and Deimos
taken by Mars orbiters, show that these primordial objects
have lunar-like crater sizeefrequency distributions, including
densities indicative of equilibrium saturation in smaller
diameter ranges (e.g., Neukum and Ivanov, 1994; Chapman
et al., 1996; Veverka et al., 1997). However, the asteroid
Itokawa observed by the Hayabusa spacecraft is an uncratered
(yet impacted) rubble pile thought to have been produced by
re-agglomeration and sporadic impact shaking of a broken-up
parent asteroid (Fujiwara et al., 2006), which may be
a common make-up of larger asteroids (Whiteley et al., 2002).
Telescopic observations of main-belt asteroids (e.g., Jedicke
and Metcalfe, 1998; Yoshida and Nakamura, 2004) verify that
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largely the same population of projectiles, mainly asteroids,
has dominated the crater population of the inner solar system
(Neukum et al., 2001). However, asteroid bombardment rates
on planetary surfaces may include significant spikes caused by
the breakup of asteroids that shower asteroid fragments onto
planetary surfaces. Such showers may be indicated by the one
to two orders of magnitude increase in accretion rate of
L chondrite meteorites on Earth at ~500 Ma over a period of
~1 million years (Schmitz et al., 2003) and by moderate
increases in the rates of large impacts on the terrestrial planets
over the past ~100 million years. Proposed evidence for the
latter includes the Chicxulub impact at the Cretaceous/
Tertiary boundary on Earth (65 Ma) that may have resulted
from disruption of a large asteroid ~100 million years earlier
(Bottke et al., 2007).

Detailed observations of the surfaces of the satellites of the
outer solar system planets of Jupiter, Saturn, Uranus, and
Neptune were first made by flybys of the Voyager 1 and 2
spacecraft in the late 1970s. Those observations were sup-
plemented by higher resolution imaging campaigns for the
Galilean satellites (Io, Ganymede, Europa, and Callisto) of
Jupiter by the Galileo mission to the Jovian system from 1995
to 2003. The Cassini mission first collected data of the Jovian
system during a flyby in 2000e2001 and then entered the
Saturnian system in 2004. These missions enabled study of the
crater populations of the icy satellites. Additional compli-
cating factors in using these crater populations include the
relaxation of craters within the icy target materials
(e.g., McKinnon et al., 1991; Schenk et al., 2004). Each body
has its unique composition, thermal character, and resurfacing
history that affect the cratering record. The crater size-
frequency distributions of Ganymede, Callisto, and Europa
show discrepancies from that of Earth’s Moon, although the
sources of the differences are uncertain (e.g., Schenk et al.,
2004). These factors result in large uncertainties in modeling
cratering rates for outer solar system bodies. Some sparsely
cratered surfaces, such as those of Europa and large parts of
Enceladus, appear to be geologically young due to resurfacing
by eruption of volatiles, including plumes of gas and debris
vented from the south pole of Enceladus as observed by the
Cassini mission (Porco et al., 2006). In addition, if satellites
are rotating synchronously with their orbiting of the Sun, their
leading hemispheres are expected to be much more cratered
than their leeward ones. However, the hemispheres of the
more heavily cratered Ganymede and Callisto show little
signature of such an asymmetry, indicating that they may have
once rotated nonsynchronously (Schenk et al., 2004).

Controversy exists in how to interpret ages of outer solar
system surfaces from the cratering record. One view is that
modern sources of outer solar system projectiles, namely
ecliptic comets, were also the sources of ancient impacts
(Shoemaker and Wolfe, 1982). Ecliptic comets orbit near the
plane of the ecliptic and thus have enhanced planetary inter-
action; they are thought to originate from the Kuiper belt

(Duncan and Levison, 1997; Zahnle et al., 1998). In contrast,
Neukum et al. (1998, 1999) suggested that the entire solar
system was dominated by a single impactor population during
heavy bombardment, such that large impact basins on Gany-
mede and Callisto date back to that time. This assumption
leads to low impact rates, indicating that the surfaces date back
to ancient times. These two scenarios lead to widely varying
results for the Galilean satellites (Table 15.4). Farther out from
Jupiter, uncertainties grow larger regarding the populations of
impactors and sources that may also include broken-up
satellites (e.g., McKinnon et al., 1991).
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Chapter 16

A Chronostratigraphic Division of the
Precambrian
Possibilities and Challenges

Abstract: This chapter provides a review of events through Precambrian

Earth history, with the aim of providing an up-to-date foundation on
which to construct a chronostratigraphic revision of the Precambrian

time scale. The guiding principles used to develop a revised Precambrian
time scale follow Cloud’s vision to “.seek trend-related events that

have affected the entire Earth over relatively short intervals of time and

left recognizable signatures in the rock sequences of the globe.”, and
apply Gould’s historical principles of directionality and contingency.

Analysis of the Precambrian geological record reveals a series of
linked, causative events over time that can be used as a basis for a more

naturalistic time scale that better reflects our knowledge of events in the
history of our planet and can be used as a template for further research. A

revised Precambrian time scale envisages three eons:

1) A Hadean Eon, which extends from the time of formation of the solar

system (T0¼ 4567 Ma), to the age of Earth’s oldest rock (4030 Ma
Acasta Gneiss);

2) An Archean Eon, extending from the top of the Hadean Eon to the
time of the fundamental transition from an early, hotter, reducing

Earth to a more modern, cooler, oxidized Earth, at c. 2420 Ma;

3) A Proterozoic Eon, from the c. 2420 Ma Archean-Proterozoic
boundary to the base of the Phanerozoic Eon (542 Ma).

Each of the eons may be subdivided into a number of eras and periods

that can each be marked by a chronostratigraphic Global Stratotype
Section and Point (GSSP), excepting lowermost chronometric divisions

of the Hadean Eon and Paleoarchean Era. Suggestions are presented for
the age, name, and GSSP locality of each division.
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16.1. INTRODUCTION

One of the principal current activities of the International
Commission on Stratigraphy (ICS) is to erect Global
Stratotype Section and Points (GSSPs) for the standard
geological time scale, as a way of formalizing global chro-
nostratigraphy. Once a complete and mature proposal for
a GSSP is in place and (generally) published, that GSSP is
subsequently ratified by IUGS. The intended outcomes of this
task are an enhanced understanding of Earth evolution,
a common language for geological research, and a means of
communication with the general public about earth science
issues. GSSPs have been identified and formally ratified
through much of the Phanerozoic Eon at the erathem (era),
system (period), series (epoch), and stage (age) levels (paired
names refer to chronostratigraphic (chronometric) divisions),
including the first Precambrian GSSP defined for the Edia-
caran Period at the top of the Neoproterozoic (Figure 16.1;
Knoll et al., 2004).

The formal recognition of GSSPs through the rest of the
Precambrian is more problematic, since current divisions are

chronometric and based on round number averages of
minima of geotectonic activity, as compiled from an early
1980s summary of global geological data (Figure 16.1 and
Table 16.1; Plumb and James, 1986; Plumb, 1991). Although
this scheme has served the geosciences community over the
past 30 years, and has helped to emphasize some of the
significant changes on Earth in Precambrian time, it is out of
date and fails to do justice to the wealth of detail we now
know about Precambrian Earth history.

The shortcomings of the current geotectonics-based
chronometric division of Precambrian time are demonstrated
in three principal ways. The main problem is that the chro-
nometric boundaries are not tied to the actualistic rock record
and thus do not represent chronostratigraphic divisions with
which we can achieve the goals stated above (Bleeker, 2004a;
Van Kranendonk, 2008; Van Kranendonk et al., 2008a).
Indeed, successions show little, or no, significant changes in
lithostratigraphy in cases where continuous stratigraphic
records are preserved across existing time scale boundaries.
For example in the Hamersley Basin of Western Australia, the
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ArcheaneProterozoic boundary falls within the middle of
a thick succession of shales and banded iron formations
(BIF), with no apparent lithologic changes on either side
(Figure 16.2). The stratigraphic unsuitability of current time
scale boundaries applies particularly to the 200e250 Ma long
periods* of the Proterozoic, which are rarely used in the
literature as a result.

The second main problem with the current Precambrian
time scale is that the global tectonic events on which the
current scheme is based are known to be highly diachronous
and thus cannot be used to accurately reflect changes on
all continents equally well (Figure 16.3). The global dia-
chroneity of the supercontinent cycle, for example, is well
demonstrated by late Precambrian and Phanerozoic super-
continents, which were dispersing in some places at the same
time as they were aggregating in others, so that the geotec-
tonic record preserved in one continent differs dramatically
from that in another (e.g., Rodinia: Li et al., 2008).

The third major shortcoming of the current Precambrian
time scale is the lack of any formal representation of the very
early history of the Earth, from the time of planetary forma-
tion to the undefined base of the Archean (Figure 16.1).
However, we now have a much more thorough understanding
of the first 500 Ma period of Earth history, including an age
for the formation of the Earth and other planets of the solar
system, a mechanism and age for the Moon-forming event,
and the formation and destruction of early crust up to the
age of the oldest solid rock on Earth, as described in
Section 16.3.1.

As a result of these shortcomings, and because of a veri-
table explosion of new information on both the geological
development and biological evolution of Precambrian
Earth, the time is right to review the Precambrian and utilize
the wealth of new information to erect a revised, more
naturalistic, Precambrian time scale. In this chapter, a review is
presented of the 4 billion-year history of the Precambrian
(Section 16.3) and a proposal developed for a chronostrati-
graphic division of Precambrian time, based principally on
geobiological events that are recorded in the stratigraphic
record, but also linked to global geodynamics in awhole-Earth
model of planetary development (Sections 16.4 and 16.5).

16.1.1. Rationale

The proposed scheme developed herein follows the rationale
of Cloud (1972, p. 538), who wrote in regards to the division
of Precambrian time that:

‘.we seek trend-related events that have affected the entire Earth

over relatively short intervals of time and left recognizable
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FIGURE 16.1 The current Precambrian time scale, from the Interna-

tional Commission on Stratigraphy, based on Plumb and James (1986)

and Plumb (1991). Note that Precambrian is not a formal time scale unit and

that all divisions of the Precambrian are chronometric except for the base of

the Ediacaran, which is chronostratigraphic and marked by a GSSP. Only the

ages of era boundaries are shown in the Phanerozoic (Ph), for simplicity.

*Rather than use “myr” as an abbreviation for millions of years when

indicating duration and a separate “Ma” to denote numerical age, this

Precambrian chapter uses “Ma” for both temporal units.
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signatures in the rock sequences of the globe. Such attributes are

more likely to result from events in atmospheric, climatic, or bio-

logic evolution than plutonic evolution and hence should be more

characteristic of the sedimentary record than of the igneous or

metamorphic record, although the latter must be included in any

meaningful global assessment.’

This rationale is based on the observation that biological
evolution operates at a rate several orders of magnitude faster
than crust-forming events; i.e. tens of years to amillionyears for
biological evolution (e.g., Grant and Grant, 2008), versus

hundreds of millions of years for crust-forming events
(e.g., Condie, 1998). Thus, a change in Precambrian atmo-
sphere composition, or balanceof theglobal carbon budget,will
be recorded in the rock record as a near-instantaneous horizon
in comparison with changes in geotectonic development and,
importantly, across a range of depositional environments.
But we must also recognize that the biogeochemical cycles
defined in the ancient rock record by variations inC, S,O and Sr
and their isotopes, are controlled by tectonics of plate re-
organization through orogeny, which provides nutrients to the
oceans through weathering; ultimately, these changes are

TABLE 16.1 Explanation of Nomenclature Used at the Period Level in the Proterozoic Eon in the Current ICS Geologic Time

Scale

Period Name Base Derivation Geological Process

EDIACARAN GSSP, ~635 Ma Ediacara¼ from Australian Aboriginal term for
place near water

Evolution of first megascopic marine animals

Oldest record of megascopic marine life. GSSP in Australia coincides with termination of glaciations
and a pronounced carbon isotope excursion

CRYOGENIAN �850 Ma Cryos¼ ice; Genesis¼ birth Global glaciation

Glacial deposits, which typify the late Proterozoic, are most abundant during this interval

TONIAN �1000 Ma Tonas¼ stretch

Further major platform cover expansion (e.g., Upper Riphean, Russia.; Qingbaikou, China; basins of
Northwest Africa), following final cratonization of polymetamorphic mobile belts, below

STENIAN �1200 Ma Stenos¼ narrow Narrow belts of intense metamorphism
& deformation

Narrow polymetamorphic belts, characteristic of the mid-Proterozoic, separated the abundant
platforms and were orogenically active at about this time (e.g., Grenville, Central Australia)

ECTASIAN �1400 Ma Ectsis¼ extension Continued expansion of platform covers

Platforms continue to be prominent components of most shields

CALYMMIAN �1600 Ma Calymma¼ cover Platform covers

Characterized by expansion of existing platform covers, or by new platforms on recently cratonized
basement (e.g. Riphean of Russia)

STATHERIAN �1800 Ma Statheros¼ stable, firm Stabilization of cratons; Cratonization

This period is characterized on most continents by either new platforms (e.g., North China, North
Australia) or final cratonization of fold belts (e.g. Baltic Shield, North America)

OROSIRIAN �2050 Ma Orosira¼mountain range Global orogenic period

The interval between about 1900 Ma and 1850 Ma was an episode of orogeny on virtually all
continents

RHYACIAN �2300 Ma Rhyax¼ stream of lava Injection of layered complexes

The Bushveld Complex (and similar layered intrusions) is an outstanding event of this time; the age of
the Bushveld seems unlikely to change dramatically

SIDERIAN �2500 Ma Sideros¼ iron Banded iron formations

The earliest Proterozoic is widely recognized for an abundance of BIF, which peaked just after the
ArcheaneProterozoic boundary
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driven by changes in heat flow coming out of the mantle
(Cameron, 1982; Des Marais et al., 1992; Veizer et al., 1999;
Godderis and Veizer, 2000; Lindsay and Brasier, 2002; Squire
et al., 2006; Campbell and Allen, 2008).

A critical aspect in the perspective of any historical
analysis is the recognition of causative mechanisms behind
change, as outlined by Gould (1994, p. 5):

‘The organizing principles of history are directionality and contin-

gency. Directionality is the quest to explain (not merely document)

the primary character of any true history as a complex, but causally

connected series of unique events, giving an arrow to time by their

unrepeatability and sensible sequence. Contingency is the recogni-

tion that such sequences do not unfold as predictable arrays

under timeless laws of nature, but that each step is dependent

(contingent) upon those that came before, and that explanation

therefore requires a detailed knowledge of antecedent particulars.’

With these guiding principles in mind, this chapter contains
five major sections. Section 16.1 is an introduction; Section
16.2 presents a review of the history of Precambrian time
scale division; Section 16.3 discusses the series of major
events in Precambrian Earth history; Section 16.4 proposes
a model for the causative links behind changes in Precam-
brian Earth history; and Section 16.5 presents a proposal for
a revised, chronostratigraphic division of Precambrian time.
This new proposal better reflects the developmental stages of
the early Earth and the processes through the whole of
Precambrian time that gave rise to our modern Earth and the
complex biosphere it supports.

16.2. HISTORICAL REVIEW

16.2.1. Time scale Divisions and
Stratigraphic Principles

As outlined in Chapter 1 of this volume, the main benefit of
a geological time scale is that it provides geologists with
a common and precise language to discuss geologic time and
unravel Earth’s history. A primary goal of the ICS is to unite
the individual regional scales by reaching consensus on
a standardized nomenclature and hierarchy for stages defined
by precise GSSPs, wherever possible; in this “correlation
precedes definition” (Remane, 2003, p. 8).

Most GSSPs coincide with a single primary marker, which
is generally a biostratigraphic event, but other events with
widespread correlation e such as a rapid change in isotope
values or a geomagnetic reversal e also bracket or define
GSSPs. Unconformities or hiatuses near the boundary
interval must be avoided.

Following the principle of communication, the major
geologic time scale divisions (eons, eras, and perhaps
system/periods) must also be applicable to making geolog-
ical maps. And at some level, the time scale should permit

FIGURE 16.2 Stratigraphic column of Hamersley Basin, showing

available geochronology (adapted from Trendall et al., 2004). Note that

the current ArcheaneProterozoic boundary lies within the Mt McRae Shale

(tip of bold arrow, at right), which forms part of a continuous section of

alternating iron formation, shale and carbonate.
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clear and concise communication with the general public, to
give some idea of the events that led to modern Earth.

16.2.2. Historical and Current Subdivisions
of the Precambrian

16.2.2.1. Logan’s (1857) LaurentianeHuronian
Boundary and Stockwell’s “Kenoran” Event

For several decades prior to the advent of precise geochro-
nology and widespread dating of rocks, it was considered that
the rock record showed a principal division between mobilist
cratonic areas and stable continental platform successions.
Early results from K-Ar dating indicated that this transition
occurred at roughly 2.5 Ga, an age that continues to be used as
the division between the Archean and Proterozoic eons.

The earliest division of Precambrian rocks was made by Sir
William E. Logan, who divided what at the time were referred
to as the Azoic rocks of Canada into two “stratigraphical
groups”. These included an older Laurentian series of gneiss,
with generally steep dips of layering, and a younger, overlying
Huronian series of sedimentary rocks that are characterized by
low dips of bedding and include conglomerates that contain
pebbles and boulders of the adjacent gneiss (Logan, 1857).

In this short paper, Logan correctly inferred that the Huronian
series had not been deposited until the Laurentian series had
been transformed into gneiss. Significantly in terms of time
scale issues, Logan also recognized a distinct and important
feature of the Huronian series, in that it contained red feldspar
and blood-red jasper pebbles, which subsequent studies have
shown relate to the onset of an oxidizing atmosphere (see
Section 16.3.3).

More than a century later, Stockwell (1961, 1973) iden-
tified a cluster of K-Ar dates around 2480 Ma in the Superior
Province of Canada. He used this data to identify a late
Archean “Kenoran” event of mountain building, accompa-
nied by folding. This event correlates with the orogenic event
that Logan identified as having affected the older Laurentian
series prior to deposition of the Huronian series (now the
Huronian Supergroup). It is this relationship and this age that
continues to influence the Precambrian time scale to this day,
as the current ArcheaneProterozoic boundary.

Subsequently, the advent of more precise U-Pb zircon
dating led Stockwell (1982) to subdivide the Kenoran
orogeny into an early phase around 2650 Ma (based on U-Pb
zircon and titanite ages), and a later phase near 2555 Ma
(mostly based on Rb-Sr whole rock isochron ages). These
events are recognized in the middle to lower crustal section

FIGURE 16.3 Compilation of events for a selection of cratons, showing diachroneity in the ages of cratonization and emplacement of mafic dykes.
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exposed in the Kapuskasing uplift, where U-Pb dates on
metamorphic monazite and titanate indicate that Superior
Province crust continued to deform and cool through to
~2594 Ma (Krogh, 1993; Krogh and Moser, 1994). However,
more recent work has shown that c. 2512 Ma growth of
zircons is, in fact, related to emplacement of the Matachewan
dyke swarm and the onset of deposition of the Huronian
Supergroup during continental rifting (Moser and Heaman,
1997; Moser et al., 2008).

16.2.2.2. Many Countries, Many Time scales

Until recently (but continuing through the present), many
countries have used their own variations on the Precambrian
time scale, based on geological observations within their
national boundaries. Generally, this is true only for the
countries having the largest areas (e.g., Russia, Canada,
China), where a large amount of geology and a sufficient
amount of work has provided a basis for time scale divisions.
Significantly, this work has revealed that the geodynamic
history differs between continents, making global correlations
of geodynamic events near impossible. For example, Canada
has historically used the names Aphebian (2500e1750 Ma),
Helikian (1750e1000Ma), and Hadrynian (1000e542Ma) to
subdivide the Proterozoic, and has employed ages of 3400 Ma
and 3000 Ma to subdivide the Archean (Okulitch, 2004).

In eastern Europe, a major difference with the interna-
tionally approved time scale (Gradstein et al., 2004) is the
widespread use of Vendian to describe both a fossil assem-
blage and a time scale division in the latest Precambrian (see
review by McCall, 2006), both of which are now officially
referred to as the Ediacaran, based on the type section in
South Australia (Knoll et al., 2004).

Others have weighed in to the time scale debate on more
local and theoretical grounds. For example, Moorbath (2005)
suggested that the base of the Archean be placed at the age of
the oldest known mafic and ultramafic lavas from the North
Atlantic Craton, West Greenland, at c. 3.82 Ga (based on data
in Nutman et al., 1997, 1999 and Crowley 2003). He further
suggested that the Hadean be recognized as an eon that extends
from the formation of Earth to the end of the late heavy
meteor bombardment at 3.85 Ga, and that the intervening
period, from 3.85 to 3.82 Ga, be referred to as a transitional
HadeoeArchean interval, during which Earth was resurfaced
by global volcanism and sediment transport (Figure 16.4).

A key aim of the ICS is to overcome regional differences
and decide upon sections and time scale events that are global
and useful in terms of lithostratigraphic nomenclature and
understanding the history of the Earth.

16.2.2.3. Cloud’s Time scale and the Hadean

Preston Cloud (1972) devised one of the first holistic time
scale divisions for the Precambrian, based on four broad
modal trends in Earth history prior to the onset of the

Phanerozoic (representing geologically “modern” times; see
Figure 16.5).

Cloud identified the oldest modality as the Hadean,
a period of obscure geological record, from the formation of
Earth to the age “.of the oldest confidently dated rocks”.
Hadean is derived from the Greek word, Hades, the ancient
Greek underworld, and misty abode of the (God of the) Dead
(Hades), where all mortals go.

The second great modality was recognized as the Archean
(derived from the ancient Greek word Arkhe, meaning
beginning, or origin), from roughly 3.6 to 2.6 Ga, which
includes dominantly granitic (granodioritic) rocks and
gneisses with low K to Na ratios, enclosed or embedded in
belts of greenstones and volcaniclastic graywacke-like sedi-
ments. He recognized that there was no free O2 and that the
first autotrophs produced complex organic compounds, such
as carbohydrates, fats, and proteins, from simple inorganic
molecules, using energy from light (by photosynthesis) or
inorganic chemical reactions (chemosynthesis).

The third modality was an interval during which plutonic
rocks became more potassium-rich and sedimentary rocks
more cratonal (platformal), including plenty of clean
quartzites and thick carbonate sections near the top of
sequences that were terminated by great thicknesses of BIF.
He stated that platform sediments of this modality were not
subaerially oxidized, in contrast to those of the following
(Proterozoic) mode. Cloud named this modality the Proter-
ophytic, acknowledging “.the evolution of primitive plants
(blue-green algae and bacteria)” (now called cyanobacteria),
and he suggested that it covered the time interval of 2.6 to 1.9
Ga, or most of what is now the Paleoproterozoic.

The youngest modality was named the Proterozoic
(derived from the Greek for “early life”, coined by
S.F. Emmons in 1888, according to Windley, 1995), and
characterized by oxidized platformal sediments, rarity of
gypsum, and a preponderance of dolomite over calcite. The
Proterozoic was also characterized by the absence of Meta-
zoan fossils, tracks, burrows, or after-death imprints, and thus
Cloud (1972) placed the upper boundary at c. 680 Ma, near
the end of major glaciations and before the appearance of
fossil evidence for multicellular life.

A principal observation in this scheme was that deposition
of BIF ceased at nearly the same time as oxidized red bed
deposits appeared in the geologic record, reflecting the onset
of oxygenation of the atmosphere. Cloud (1972) also recog-
nized that oxygenic photosynthesis was the main source of
free oxygen in Earth’s atmosphere and oceans and he argued
that the deposition of widespread BIF before c. 1.9 Ga was
probably the result of biological O2 production in the
hydrosphere that was in fluctuating balance with a sink of
ferrous iron in solution in seawater, an idea rejuvenated by
Brake et al. (2002) and Konhauser et al. (2002). Another
important observation was that O2 could accumulate no faster
than a chemically equivalent mass of carbon is sequestered,
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FIGURE 16.4 Sketch of dated events, environments, and suggested time scale divisions for early Earth according to Moorbath (2005).
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and recognized that the first appearance of significant
carbonaceous deposits (metacoal or shungite deposits in
Russia) equated with this time interval and related to
oxygenation of the atmosphere (see Melezhik et al., 2005a).

The Plumb and James (1986) chronometric time scale
for the Precambrian, which was adopted by the ICS in 1990
(Plumb, 1991, see next section), subsumes this fundamental
transition to an oxygenated atmosphere within the Paleo-
proterozoic Era, whose upper boundary was placed at
1600 Ma.

16.2.2.4. The Current Precambrian Time scale

Plumb and James (1986) provided the basis for the current
Precambrian time scale (Figure 16.1), in which:

‘.Precambrian time.shall be divided according to the chrono-

metric division.in which time boundaries have been selected so as

to enclose or delimit principal cycles of sedimentation, orogeny, and

magmatism, but in which boundaries are defined in years without

specific reference to any bodies of rock..Rock units should be

assigned into that timescale only on the basis of the interpretation or

perception of the unit’s isotopic age.’

(Plumb, 1991, p. 139).

The Plumb and James (1986) time scale reflects global geo-
dynamic events that are based on a compilation of
“comprehensive time-rock charts” completed in the early
1980s, near the start of the precise U-Pb zircon-dating

revolution that has since transformed earth science and our
understanding of the planet in so many ways. This time scale
was based on comparing events in different cratons and
choosing appropriate chronometric (round number) bound-
aries at times of minimal activity or actual gaps in the known
geological record that suited most, or at least the best-known,
cases. In this way, the boundaries represent averages of
processes that are gradational over periods of hundreds of
millions of years.

The Precambrian is not a formal stratigraphic unit, but
simply refers to all rocks that formed prior to the beginning of
the Cambrian Period (base of Phanerozoic) and by its very
nature therefore includes the full period of time back to the
formation of the Earth. The current scheme reaffirmed the
pre-existing Archean and Proterozoic eons, but at the time of
publication, the age of the Earth was not well defined and the
knowledge concerning Earth’s oldest rocks was poorly con-
strained. This is reflected in the current time scale by an
undefined base of the Archean Eon, although it is roughly
indicated at about 4.0 Ga. The Archean Eon is currently
subdivided into four eras; the c. 4.0e3.6 Ga Eoarchean,
3.6e3.2 Ga Paleoarchean, 3.2e2.8 Ga Mesoarchean, and
2.8e2.5 Ga Neoarchean (Figure 16.1).

The Proterozoic Eon begins at 2.5 Ga, which is the
approximate time by which most graniteegreenstone crust had
formed. The Proterozoic Eon is subdivided into 10 periods,
generally of 200-Ma duration, grouped into three eras: the
2.5e1.6 Ga Paleoproterozoic, 1.6e1.0 Ga Mesoproterozoic,
and 1.0 Gae542 Ma Neoproterozoic (Figure 16.1). Except for
the Ediacaran Period, the Proterozoic periods were chosen to
reflect large-scale tectonic or sedimentary features (Plumb,
1991). The base of the Cryogenian Period/System is currently
not defined, but estimated to be around 850 Ma.

16.2.2.5. The Geon Concept

The Geon (geological eon) concept has been advocated by
Hofmann (1990) as a way of overcoming regional differences
in stratigraphy and nomenclature, and the problems associ-
ated with an imperfect geological record. The idea is to use
a universal calendar system with numerical units appropri-
ately large enough to encompass major geological develop-
ments (basin formation, orogenic belts, etc.), but independent
of regional variations in these events. Geons are specified
100-million-year intervals of geological time, counted back-
wards from the present and numbered after the first integer of
each 100-million-year period (Figure 16.6); e.g., 65 million
years ago belongs in Geon 0, 180 million years ago belongs in
Geon 1, 3465 million years ago belongs in Geon 34.

According to Hofmann (1990), benefits of the Geon
concept include:

1. it is numerical, direct and simple
2. it is easy to learn, remember and apply
3. it is necessary to learn only one word
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FIGURE 16.5 Cloud’s (1972) view of the evolution of the early Earth,

showing the principal characteristics relating to biological change.
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4. it transcends language barriers
5. it is geopolitically neutral
6. it is a logical extension of the calendar system
7. it provides time slices of equal duration
8. it is versatile and facilitates quantitative studies
9. it is applicable beyond Earth to planets and stars
10. it is helpful in communicating with non-geologists

Although there are some advantages to a purely chrono-
metric, Geon-based time scale, it fails as a primary time scale
in the same way and for the same reasons that the current
Precambrian time scale fails e it is based on round numbers
and has no basis in real Earth rocks. This does not mean that
Precambrian time cannot, or should not, be divided into
Geons and used in parallel with a chronostratigraphic time
scale: it can, and geochronologists and many geologists will
always talk about Precambrian rocks in terms of their age
(e.g., “The 2720e2650 Ma graniteegreenstone belts of the
Yilgarn Craton, Western Australia were deformed at 2630 Ma
during orogeny related to.”). And certainly, for purposes of
quantitative (areal, volumetric, and temporal) analysis, the
Geon time scale may provide a useful tool. But dividing the
history of the Earth into 100-million-year time bins does
nothing to convey the nature and rates of evolutionary
changes of our planet and the life upon it, nor does it indicate
the contingency of history in the development of these
changes, and thus the Geon concept fails as a means to
communicate with non-geologists, one of the principal
requirements of any time scale. Furthermore, a Geon-based
time scale would be impractical for mapping purposes.

16.2.2.6. More Recent Suggestions

Bleeker (2004a,b) suggested a more naturalistic approach to
the Precambrian time scale (Figure 16.6). He suggested the
use of a period of accretion and differentiation, in addition to
a Hadean Eon for the early history of the Earth (following
Cloud, 1972). In addition, and also following Cloud (1987),
Bleeker (2004a) suggested that a transitional period between
the Archean and Proterozoic be established, from the base
of giant iron formations to the first appearance of bona fide
red beds, thus recognizing the transition to an oxygenated
atmosphere (Figure 16.6). He suggested that features such as
the Great Dyke of Zimbabwe might be a useful time marker,
if equivalents could be found in stratified rocks, and since
then he has attempted to “barcode” the geological history of
continents in terms of their mafic magmatic events (Bleeker
and Ernst, 2006).

Robb et al. (2004) suggested using stable isotope stra-
tigraphy (C, O, Sr and S) in the Precambrian to denote periods
of significant change, specifically for the Neoproterozoic, but
potentially also for the period of oxygenation of the
atmosphere.

Zalasiewicz et al. (2004) suggested ending the distinction
between the dual stratigraphic terminology of time-rock units

(of chronostratigraphy) and geologic time units (of geochro-
nology). In their view, chronostratigraphy should be used to
define eons, eras, and periods, etc., whereas geochronology
should be used to refer to numerical age dating. They also
suggested the use of early and late as subdivisions of chro-
nostratigraphic units, rather than lower and upper.

As mentioned earlier, Moorbath (2005) advocated that
a Hadean Eon extend from the time of formation of the solar
system (denoted as T0) until what he inferredwas the end of the
late heavy bombardment at 3850 Ma (Figure 16.4). He also
envisaged a transitional HadeoeArchean period, duringwhich
Earth was resurfaced by global volcanism and sediment
transport prior to the formation and stabilization of the oldest
intact piece of crust in western Greenland. He envisaged this
period as lasting only a few tens of millions of years and
regarded this as “.the most influential and exciting part of
Earth’s entire geological time scale.” (Moorbath, 2005, p. 822).

Nisbet (1991) suggested the upper boundary of a ‘Hadean
Eon’ be placed at the moment of the first self-replication on
Earth, but noted that we do not know when that moment was,
a situation which is likely to remain for some time and thus
renders this suggestion impractical. Goldblatt et al. (2009a)
proposed a Chaotian Eon for the period of planet formation,
and a Hadean Eon for the following, early period of Earth
history up to 4.0 Ga. These authors further proposed subdi-
vision of the Hadean into three eras (Paleo-, Meso- and Neo-)
and each era into two periods, based on aspects of the
geological record. These aspects will be further discussed
below (see Section 16.5).

16.2.3. Problems with Past and Current
Precambrian Time scales

16.2.3.1. Cloud’s Time scale

Although elegant in its broad outline, Cloud’s (1972) time
scale has some difficulties in practical terms, the most
significant of which is the diachronous timing of cratoniza-
tion of Archean terrains and the appearance of platformal
sedimentary successions (transition from modality 2 to 3 of
Cloud, 1972). It is now known that this process was highly
diachronous from one craton to the next, with some cratonic
nuclei having formed by 2.83 Ga with a 2.78e2.63 Ga plat-
formal cover sequence (Pilbara Craton and Mount Bruce
Supergroup, Australia), others with 2.65 Ga cratonization
ages and 2.45e2.2 Ga cover sequences (e.g., Superior Craton
and Huronian Supergroup, Canada), and still others with 2.0
Ga graniteegreenstone type crust and still younger cover
sequences (e.g., Fennoscandian Shield) (Figure 16.3).

16.2.3.2. The Current Precambrian Time scale

Several features of the current ICS stratigraphic chart relating
to the Precambrian time scale have raised concern within the
geological community, primary among which is the
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chronometric scheme used for eon, era and system period
boundaries that are based purely on round number chrono-
metric divisions and ignore stratigraphy (Cloud, 1987;
Bleeker, 2004a,b).

The current chronometric scheme for Precambrian time
was partly chosen because of a relative paucity of potential
biological criteria. Round number divisions of the scheme
have worked reasonably well because there was relatively
little precise geochronological information available at the
time of compilation (more than 30 years ago) to disprove
these broad divisions. The existing chronometric scheme is
now unsatisfactory because there has been a veritable
explosion of new geoscientific information on the geo-
dynamic evolution of Precambrian terrains and on the geo-
biological evolution of the planet. In addition, there are now
thousands of precise U-Pb zircon age dates, and many
detailed isotopic studies of stratigraphic sections. The new
data have revealed that many of the current divisions are
either misplaced in terms of global geodynamic events,
impractical in terms of global correlation, or meaningless in
terms of significant lithostratigraphic, biogeological, and
biogeochemical changes that have since been recognized and
critically assessed to a significant degree across the globe.

Undefined Base of the Archean

One of the most unsatisfactory aspects of the current ICS
time scale is the undefined lower boundary of the Archean

and unascribed nature of events in the early history of the
Earth (Figure 16.1). One of the key advances in under-
standing Earth evolution has been the discovery of truly
ancient zircon crystals in Archean conglomerates at Jack
Hills in Western Australia, which extend back to 4404 Ma
and contain a wealth of information about conditions on very
early Earth (Mojzsis et al., 2001; Wilde et al., 2001; Valley
et al., 2002; Crowley et al., 2005; Cavosie et al., 2007;
Ushikubo et al., 2008). Also significant has been the
discovery of a number of very old terrains (older than
3.6 Ga) in cratons around the world, including what is
currently Earth’s oldest dated rock, the c. 4030 Ma Acasta
Gneiss in northern Canada (Bowring and Williams, 1999;
see Van Kranendonk, 2007a). These discoveries, together
with age dating of the Moon and meteorites, have yielded
a great deal of knowledge about the early history of our solar
system that is completely missing from the current time
scale (Figure 16.7).

Critically, the current time scale does not include any
reference to these early events, a time which is widely
referred to in the literature as “the Hadean”, following the
initial definition by Cloud (1972). Currently, any use of
Hadean is informal as it has not been defined, but its wide-
spread and general usage suggests it should be considered for
a formal subdivision of Precambrian time, as applied to the
time period from around 4.0 Ga back to the age of formation
of the Earth/solar system.

Meteorites Earth Moon

Ar-Ar ages on chondrites

Phosphates chondrites
(disturbance events)

brecciated Achondrites

Accretion, differentiation and
partial melting
CAIs and AOAs
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Differentiated magma ocean
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FIGURE 16.7 Summary of early solar system events (compiled from the literature cited in Section 16.3.1).
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Archean Eras

The Eoarchean (?e3.6 Ga), Paleoarchean (3.6e3.2 Ga),
Mesoarchean (3.2e2.8 Ga), and Neoarchean (2.8e2.5 Ga)
eras of the Archean Eon broadly correspond to peaks in the
amount of preserved crust. This is particularly so for the
Neoarchean Era, when a great deal of highly mineralized
graniteegreenstone crust was formed (Barley et al., 1998;
Condie, 1998, 2004). These divisions have been useful, in
part because they each cover a considerable amount of time
(300e400 Ma) in relation to geodynamic cycles and the
cooling rate of the Earth, which is on the order of 50e100�C/
Ga (Pollack, 1997; Herzberg et al., 2007). In geobiological
terms, the Archean Eon is characterized by microbial life,
with varied claims as to whether or not each of the three main
branches of life (Archea, Bacteria, and Eukarya) had evolved
during this time (see below). What is clear is that life left
traces in the rock record as far back as 3.8e3.5 Ga and
became much more widespread and varied in the rock record
from 3.0 Ga onwards, in part because of the better preser-
vation of younger rocks, and in part because of the wider
development of shallow-water environments on stable, larger
continents after this time. Ever more complete and detailed
knowledge regarding the evolution of early life and conti-
nents has allowed for the better division of Archean time, as
described below (see Section 16.3.2).

ArcheaneProterozoic Boundary

Since the definition of the ArcheaneProterozoic boundary at
2.5 Ga, it has become apparent that this age does not reflect
a unique time of synchronous global change in tectonic style
from mobile, soft and weak continental crust to stable, cold
and rigid continental lithosphere, as was previously believed.
Rather, it is now well understood that this process was highly
diachronous on Earth, with stabilization of continental crust
happening at different times in different places. For example,
in the Pilbara Craton, the deposition of “post-tectonic” sedi-
mentary and volcanic rocks of the Fortescue Group occurred
at 2.78e2.63 Ga, at the same time as most “mobilist”
Archean graniteegreenstone crust formed on other cratons,
including such large continental nuclei as the Superior
(Canada) and Yilgarn (Australia) cratons (Percival, 2007;
Kositcin et al., 2008) (Figure 16.3). And whereas most typical
Archean graniteegreenstone crust had formed by about
2.6 Ga, this is not the case everywhere. For example, the
Dharwar Craton of India contains voluminous granites at
2.5 Ga, whose intrusion was accompanied by greenstone
sagduction and formation of typical graniteegreenstone
patterns (Chardon et al., 1996, 1998). Furthermore, granitee
greenstone type crust, including komatiites (an ultramafic
extrusive igneous rock widely considered typical of the
Archean and to erupt from hotter-than-present mantle; Arndt
et al., 2008), continued to form until c. 2.1 Ga in West Africa
(Abouchami et al., 1990; Boher et al., 1992; Sylvester and

Attoh, 1992) and the Guiana Shield (Capdevila et al., 1999),
and until 2.0e1.9 Ga in the Central Lapland greenstone belt
(Hanski et al., 2001) and in parts of the Trans-Hudson Orogen
in Canada (e.g., the Flin Flon Belt: Stern et al., 1999; Syme
et al., 1999) (see Section 16.3.3.4).

Another widely cited example of a possibly geo-
dynamically significant event across the ArcheaneProter-
ozoic boundary is the emplacement of mafic dyke swarms
during what has been interpreted as a global period of mafic
magmatism at 2.45 Ga (Heaman, 1997). Indeed, Nisbet
(1982) suggested that the Great Dyke of Zimbabwe could be
used as a rock definition for the ArcheaneProterozoic
boundary. However, this so-called global event is in reality
highly diachronous, as indicated by the fact that the first
large mafic dyke swarm was emplaced into the Pilbara
Craton at 2772 Ma, followed by emplacement of the Great
Dyke of Zimbabwe at 2574 Ma, 2505e2490 Ma dykes in
Karelia, 2496e2450 Ma dykes in Superior Craton (Mata-
chewan dykes), 2445e2436 Ma dykes in Karelia, and a dyke
swarms of a range of ages continuing thereafter (Figure 16.3;
Wingate and Giddings, 1999; Wingate, 2000; Bleeker and
Ernst, 2006).

A third major, and possibly the most significant, problem
with the current ArcheaneProterozoic boundary is that, in the
few places where a continuous stratigraphic section is
preserved that spans this boundary, the currently defined age
of 2.5 Ga does not correspond with a major change in
lithology. This is shown by the stratigraphy of the Hamersley
(Australia) and Transvaal (South Africa) basins, which shows
that 2.5 Ga falls in the middle of a long period of continuous
BIF and alternating shale deposition that extends from
2.63e2.42 Ga (Figure 16.2). One criterion that does appear to
change across this boundary, however, is the appearance of
a negative europium anomaly in shales, reflecting a dramatic
increase in the (exposure and) weathering of granitic rocks
(Taylor and McLennan, 1985). However, it is yet to be
determined whether this is a temporally discrete, or a gradual,
change, and whether or not this feature can be used as an
effective chronostratigraphic time marker.

In summary, comparisons of global geodynamic and
stratigraphic data show that the ArcheaneProterozoic
boundary, as currently defined, does not correspond precisely
and uniquely with a global change in tectonic style, the onset
of global mafic magmatism and rifting, or a distinct change in
lithostratigraphy. For these reasons, it must be considered
whether or not the current ArcheaneProterozoic boundary
should be redefined.

Proterozoic Eras

The Paleoproterozoic (2.5e1.6 Ga), Mesoproterozoic
(1.6e1.0 Ga), and Neoproterozoic (1.0 Gae542 Ma) eras
vary significantly in duration (460e900 Ma) and encompass
major changes both in Earth history and biological evolution.
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For example, the Paleoproterozoic spans the rifting, amal-
gamation and rifting of supercontinents, as well as the re-
appearance of significant volumes of BIF, the oxygenation of
the Earth, the first appearance of eukaryotes, and a number
of other significant geobiological revolutions that are indi-
cated by excursions in several different isotopic systems (see
Section 16.3.3). There is concern that the Paleoproterozoic
Era, in particular, is too long, and should be subdivided to
better reflect some of these major changes in Earth history.
Another aspect is that many significant tectonic and/or
geodynamic aspects of Earth evolution are not reflected
in the current time scale; for example, the appearance
of the first ophiolites at c. 2.0 Ga (Kontinen, 1987; Scott
et al., 1991), which some consider to mark the onset of truly
modern plate tectonic processes (e.g., Hamilton, 1998, 2003,
2007; Stern, 2005).

There has also been criticism that the end of the Paleo-
proterozoic (1.6 Ga) does not tie in well with global geo-
dynamic events and should better be placed nearer to 1.7 Ga,
the end of most tectonic activity associated with amalgam-
ation of the supercontinent Nuna (Columbia). The end of the
Mesoproterozoic corresponds roughly with the terminal
amalgamation of the supercontinent Rodinia (Li et al., 2008).
However, Rodinia continued to amalgamate until c. 900 Ma,
so the 1.0 Ga age for the end of the Mesoproterozoic is
therefore also suspect in terms of practical use.

Proterozoic Systems/Periods

The round number subdivision of the Proterozoic into several
systems/periods based on broad orogenic characteristics
(Figure 16.1; Plumb, 1991) has not met with success and is
only rarely used in the literature. Partly this is because the
duration of each system/period (200e250 Ma) is too short for
geodynamic cycles (225e300 Ma, as reflected by worldwide
cycles of eustatic sea-level change: Payton, 1977; Krapez,
1993), and partly because the suggested events do not occur
on all continents.

16.2.4. Recent Advances in Precambrian
Stratigraphy

Since the previous compilation of events relating to the divi-
sion of Precambrian time was made in the 1980s, there has
been a veritable explosion of geoscientific information,
particularly in regard to the acquisition of high-precision U-Pb
zircon dates of rocks and magmatic, metamorphic, exogenic,
exoplanetary, and hydrothermal events, as well as rates of
change (e.g., Krogh, 1973; Compston et al., 1984; Kröner
et al., 1991; Krogh et al., 1993; Condie, 1998; Rasmussen
and Fletcher, 2002; Davis, D. W. et al., 2003; Ireland et al.,
2008). There have also been major advances in terms of high
quality, detailed map coverage of large areas (Heather and
Shore, 1999; Van Kranendonk, 1999; Percival et al., 2006; Van

Kranendonk et al., 2007a). Even more importantly, there has
been the recognition and delineation of major global geo-
biological events (Fedonkin, 1996), most specifically the
stepwise rise in atmospheric O2 (e.g., Holland, 1984, 1994,
2002; Des Marais et al., 1992; Farquhar et al., 2000; Catling
et al., 2001; Pavlov and Kasting, 2002; Farquhar and Wing,
2003), changes in the global carbon and sulfur cycles
(e.g., Cameron, 1982; Hayes et al., 1992; Hayes, 1994;
Mojzsis, 2007), extremes in global temperature over time
(e.g., Kirschvink, 1992; Fedo et al., 1997; Hoffman et al.,
1998; Kirschvink et al., 2000), and the interaction between
mantle dynamics, geotectonics, geochemistry, and geobiology
(e.g., Föllmi, 1995; Lindsay and Brasier, 2002; Squire et al.,
2006; Pearson et al., 2007; Campbell and Allen, 2008). All of
this has led to a more thorough understanding of Precambrian
Earth and, particularly, to the causes behind changes preserved
in the rock record. It is these major new advances e and there
are several new, important papers every month! e that now
gives the opportunity to construct a revised chronostrati-
graphic division of Precambrian time. What follows below is
based on the published literature available at the beginning
of 2011.

16.3. PRECAMBRIAN EARTH HISTORY
e A PROGRESS REPORT

Ever since Earth formed from the accumulation of dust and
gas as part of the solar system at T0 (¼ 4567 Ma), our planet
has undergone secular change. This was the result of slow
cooling and compositional differentiation from a sphere of
molten silicate material after the Moon-forming giant impact
event at 4.50 Ga, to a planet with a core, mantle, and crust,
and an atmosphere and oceans. Somewhere along the way e
and quite early in its development e Earth also acquired
a biological community of living organisms. These two
components e the geodynamic and the geobiological e have
co-evolved until the present day, with the additional influence
of extra-terrestrial events which were more important early in
Earth history, but that continued to affect biological evolution
through to the Phanerozoic.

For almost four billion years prior to the Cambrian
explosion of multicellular animals, life on Earth was domi-
nated by single-celled organisms. This period of time is
referred to as the Precambrian, an informal name that refers to
the period of Earth history from the base of the Cambrian, at
c. 541 Ma (see Chapter 19; Amthor et al., 2003; but see also
Bowring et al., 2007), back to the formation of the planet at
T0¼ 4567 Ma (see Section 16.3.1.1).

The lack of a diverse and well-preserved fossil record
going back in time through the Precambrian, the generally
decreasing volume of preserved crust, and increasing degree
of metamorphism and tectonic disturbance of that crust over
this time period, as well as the uncertainties in the
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configuration of the continents, all contribute to making the
establishment of a chronostratigraphic time scale for the
Precambrian more challenging. Nevertheless, we have pro-
gressed a long way in our understanding of Earth evolution
over its 4.5 billion year history, and have recognized a number
of significant changes over time, not only in how the planet
operated and why, but also in terms of how and when major
evolutionary developments of the biosphere were achieved.

In this review, Precambrian Earth history is divided into
four main stages of planetary development, based on rates of
change as preserved in the rock record: Nascent Earth
(4.56e4.03 Ga), Juvenile Earth (4.03e2.78 Ga), Adolescent
Earth (2.78e1.78 Ga), and Mature Earth (1.78epresent).
Each of these stages contains a series of temporally distinct
events, or periods, with characteristic rock (or in the earliest
stage, isotopic and mineral) associations.

16.3.1. Nascent Earth (4.567e4.03 Ga)

16.3.1.1. Accretion of the Solar System
(4.567e4.40 Ga)

Dating of meteorites using a wide array of isotope systems e
including short-lived, now-extinct radionuclides e show that
condensation and accretion of rocky components within the
inner solar nebula occurred at T0¼ 4567� 1 Ma, from
material already depleted in the volatile elements that had
earlier been swept by the solar wind to the outer nebula and
incorporated into the giant gas planets (Figure 16.7; Allègre
et al., 1995; Amelin et al., 2002; Bevan, 2007; Burkhardt
et al., 2008; Nyquist et al., 2009; Bouvier and Wadhwa,
2010). The cited errors in this section are those published by
the original studies, but a new study by Brennecka et al.
(2010) shows that the actual errors of early solar system
events may be� 5 Ma.

CaeAl-rich refractory inclusions (CAIs) and amoeboid
olivine aggregates were the first solids to form in the solar
nebula, at between 4567.1 and 4568.3� 0.7 Ma, when the sun
was an infalling (class 0) and evolved (class 1) protostar
(Amelin et al., 2009; Kleine et al., 2009; Krot et al., 2009;
Bouvier andWadhwa, 2010). Chondrules and the fine-grained
matrix of primitive chondrites formed 1e4 Ma after CAIs, as
free-floating objects in the solar nebula, when the Sun was
a classical (class II) and weak-lined T-Tauri (class III) star
(Baker et al., 2005; Hutcheon et al., 2009; Krot et al., 2009;
Scott and Sanders, 2009). The subsequent process of colli-
sional accretion to form protoplanetary bodies occurred in
a stochastic fashion (Taylor, 2007), such that within only
500 000 years after T0, some protoplanetary bodies were fully
accreted (Wadhwa et al., 2009). Most rocky bodies experi-
enced core formation, differentiation and partial melting
between 1 and 11 Ma after T0, while subsequent disturbance
events continued to c. 4500 Ma, during late stages of accre-
tion (Figure 16.7; Allègre et al., 1995; Carlson and Lugmair,

2000; Boyet et al., 2003; Walter and Trønnes, 2004; Baker
et al., 2005; Bevan, 2007; Zahnle et al., 2007; Burkhardt
et al., 2008; Krot et al., 2009).

Recent data from W isotopes suggest that Earth accretion
initially progressed rapidly, over 10e30 Ma, through equi-
librium accretion and metallic core segregation directly from
the silicate mantle; the surface of Earth at this time would
have been a magma ocean (Figure 16.7; Kleine et al., 2004;
Jacobsen, 2005; Wood et al., 2008; Halliday and Wood,
2009). Mars differentiated within ~40 Ma of T0, and both it
and the Earth are now thought to have formed from super-
chondritic bulk compositions (Caro et al., 2008; Kleine et al.,
2009), although Walter and Trønnes (2004) have suggested
that the non-chondritic Sm-Nd and Lu-Hf signature of upper
mantle rocks on Earth may be accounted for by long-term
isolation of Mg-perovskite, Ca-perovskite and ferropericlase
that crystallized and sank into the deep mantle during frac-
tionation at c. 4356 Ma.

The discovery of isotopic similarity between lunar and
Earth rocks (Wiechert et al., 2001; Pahlevan and Stevenson,
2005; Toubol et al., 2007) discounted early models of Moon
capture by Earth’s gravitational field and led to the idea of
their co-evolution through a Moon-forming giant impact
event between a Mars-sized protoplanetary impactor, Theia
(between 0.1e0.2 Earth masses), and nascent Earth that had
attained 90% of its current mass (Figure 16.8; Jacobsen,
2005; Taylor, 2007; Zahnle et al., 2007). This giant impact
event is now considered to have occurred late in the accre-
tionary history, at ~4500 Ma, following a ~40 Ma hiatus in
accretion; this event would have led once more to a magma
ocean on early Earth (Kleine et al., 2004, 2009; Toubol et al.,
2007; Halliday, 2008; Halliday and Wood, 2009).

Impact simulation models suggest that the vast majority of
material in the Moon originated from the impactor, which
collided with Earth with an impact angle near 45�
(Figure 16.8; Canup, 2004, 2008). On Mars, a relatively large
surface area is inferred to be ancient e c. 4500 Ma (Nyquist
et al., 2001; Solomon et al., 2005), and recent studies suggest
that the Martian hemispheric dichotomy occurred as the result
of a late-accretionary giant impact, ~100 Ma after planetary
accretion (Nimmo et al., 2008).

The weak gravity field of the Moon and dry accretion
history led to development of its anorthositic crust, which
formed through plagioclase flotation in a magma ocean,
following solidification of 80e85% of the original melt
within about 100 Ma of the impact event (4417� 6 Ma,
Nemchin et al., 2009). This anorthositic crust insulated the
molten mantle for a considerable period of time, leading to
continuous magmatism from 4350e3900 Ma (Meyer et al.,
1989). Interestingly, this age range is similar to that obtained
from the Jack Hills detrital zircons on Earth (Figure 16.9;
Pidgeon et al., 2010). On Earth, the greater gravitational
energy allowed it to retain a water-rich atmosphere. The
presence of water increases the solubility of plagioclase in
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melts and thus plagioclase did not crystallize within the early
magma ocean and no anorthositic crust formed on Earth
(Albarède and Blichert-Toft, 2007).

By 4.46e4.45 Ga, Earth had attained its present size, the
core had differentiated, and the planet had retained its
atmosphere (Allègre et al., 1995). The post-Moon forming
magma ocean had completely differentiated by 4.4e4.3 Ga
(Blichert-Toft and Arndt, 1999). Kramers (2007) suggested
that freezing of the magma ocean would lead to a gravita-
tionally unstable mantle, which overturned and led to the
formation of a huge mafic crust. By 4 Ga, the mantle had
already obtained its current redox state, due to loss of He2þ to

space and mixing of oxidants, such as ferric iron (Fe3þ),
water, and carbonate (Arculus and Delano, 1980; Catling
et al., 2001; Delano, 2001).

Xenon isotopes suggest that heat escaped much faster on
early Earth than today, driven by magmatism, rather than
conduction through the lithospheric lid, and that the surface
was renewed over a time scale on the order of 1e10 Ma for
the first billion years of Earth history (Coltice et al., 2009).
These results strongly argue against modern-style plate
tectonics occurring prior to c. 3.5 Ga, or to significant
formation of continental crust prior to this time (e.g., Bennett
et al., 2010).

Heavy bombardment of the Moon continued, with the
formation of many of the maria in the period 3.9e3.75 Ga, as
a result of the impact of several large (100 km diameter)
meteorites (Cohen et al., 2000). It is unclear, however,
whether this period represents an unusual late heavy
bombardment, or whether the spike in ages partly represents
the effects of preservation potential and limited sampling of
what was more likely a gradually decreasing intensity of
meteorite bombardment since the Moon-forming impact
event (Hartmann, 2003; Stöffler et al., 2006; Norman, 2009).
Large impacts may have had a significant and long-lasting
thermal influence on the mantle, both on the Moon and Earth,
causing widespread melting. Compositionally, too, these
impactors may have added material as a “late veneer”,
enriched in PGEs (platinum group elements), into the upper
mantle (Maier et al., 2009). This, in combination with
depletion of PGEs from lower mantle into the core, would

(a)

(b)

FIGURE 16.8 (a) The Moon-forming giant impact event at c. 4.5 Ga,

showing a Mars-sized protoplanetary body (Theia) colliding with a primitive

Earth; (b) Computer simulation model of the Moon-forming giant impact, in

which oblique collision of protoplanet Theia with an already differentiated

Earth (blue core, orange mantle) causes the mantles of both to be vaporized.

Some of this material ends up back in Earth’s orbit and forms a circum-

terrestrial disk from which the Moon coalesces shortly afterward. Both

images from Spudis (1990).
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have led to an early mantle that was stratified in trace
elements.

On Earth, only tiny zircon crystals and a few small,
scattered fragments of crust exist from the period 4.4e3.6 Ga.
Given Earth’s much greater mass, the continued meteorite
bombardment that pummeled the lunar crust to 3.9 Ga must
also have affected Earth. Evidence that Earth was affected by
the late heavy bombardment is found in the form of tungsten
isotope heterogeneities from metasedimentary rocks of the
Isua supracrustal belt, in western Greenland (Schoenberg
et al., 2002). One possible reason for the lack of more direct
evidence for this event (e.g., shocked zircons) is that along
with its greater mass, Earth also contained more internal heat
than the Moon and so contained a molten mantle and thinner
crust than the Moon. Another possible factor is that the crust
was largely basaltic and thus there were no zircons or quartz
to be shocked by the impacts. The high energy and size of
these late meteorites meant they would have penetrated
Earth’s crust and stirred the mantle, leading to resurfacing of
much of the Earth by basaltic lavas. Thus, it is perhaps no
coincidence that continental crust was not widely preserved
on Earth until after the late heavy bombardment tailed off,
after 3.9 Ga (Van Kranendonk, 2007a).

Early models envisaged the formation of Earth’s atmo-
sphere and oceans through volcanic outgassing of the mantle
(Rubey and Poldervaart, 1955). However, it is now considered
that delivery of these excess volatiles (H2O, CO2, N2, HCl) to
the surface proceeded through impact degassing during
planetary accretion, such that the atmosphere and ocean
should have started as the planet formed (Lange and Ahrens,
1982; Matsui and Abe, 1986a,b). Modeling studies show that
accretion would have included material from the outer solar
system (2.5e3.5 astronomical units), where icy planetesimals
and meteorites have approximately the same deuterium/
hydrogen ratio as do Earth’s oceans; only ~10% of volatiles
are considered to have been imported from comets (Mor-
bidelli et al., 2000; Kasting and Catling, 2003).

Three possible sources of water on Earth have been
proposed:

1) Water-containing rocky planetesimals, similar to carbo-
naceous chondrites;

2) Icy planetesimals, such as comets;
3) The solar nebula.

However, the D/H ratio of water on Earth indicates that it did
not come from comets. Rather, it is considered that Earth
accreted in a dry state, and, although it may have had an early
atmosphere, this would have been blasted off by the Moon-
forming giant impact event at 4.50 Ga, which created
a magma ocean and vapor silicate atmosphere that lasted for
several millions of years (Liu, 2004). It is now widely agreed
that late addition of water was imported by icy asteroids,
perturbed into Earth’s orbit by the gravitational effect of
Jupiter (Albarède and Blichert-Toft, 2007; Kramers, 2007).

Solidification of the magma ocean resulted in outgassing
of CO2 and H2O from the mantle, resulting in a CO2-rich
early atmosphere. The oceans formed later, with the onset of
dense, supercritical H2O condensation at 450� 20�C. CO2

was removed from the atmosphere as a dense supercritical
H2OeCO2 mixture during ocean formation when surface
temperatures had cooled to 300�C (Liu, 2004).

Although the oceans and atmosphere probably formed
early in planetary evolution, the last ocean-vaporizing
impactor (�440 km diameter) occurred around 4.3e4.1 Ga
(Sleep et al., 1989), such that the origin of life (or at least the
precursor to present life) was unlikely prior to this time
(Kasting and Catling, 2003).

16.3.1.2. Isotopic Evidence for an Early Basaltic
Protocrust

The mineral and rock record of Earth’s earliest crust begins at
4404� 8 Ma, the age of the oldest detrital zircon grain from
Jack Hills in Western Australia. Detrital zircons and SmeNd
isochrons are the only record of crust-forming processes on
Earth prior to 4404e4030 Ma, the age of the oldest dated rock
from the Acasta gneiss complex (see Section 16.3.2.1).

Lead isotope patterns and anomalous 142Nd/144Nd ratios
in early Archean metasedimentary rocks and 176Hf/177Hf
ratios of 3.7e4.4 Ga old detrital zircons point to a vanished
crust that persisted through much of early Earth history
(Vervoort and Blichert-Toft, 1999; Kamber et al., 2003;
Kamber, 2007; Kramers, 2007). Specifically, Pb isotopic
heterogeneity in 3.82e3.65 Ga rocks from West Greenland
(North Atlantic Craton) has been used to infer the coexistence
of enriched and depleted mantle domains, or, more likely, the
separation of protocrust by 4.3e4.1 Ga (Kamber et al., 2003;
Kamber, 2007; Blichert-Toft and Putchel, 2010). This
protocrust may have formed by remelting or differentiation of
even more ancient basaltic crust. Indeed, the presence and
involvement of >4 Ga crustal remnants, including enriched
basaltic protocrust, in the formation of other early Archean
terrains is now much more widely recognized (Iizuka et al.,
2006, 2008; O’Neil et al., 2008; Upadhyay et al., 2009;
Tessalina et al., 2010). However, new isotopic evidence
supports only a limited amount of continental crust on the
early Earth (Bennett et al., 2010).

142Nd excesses relative to modern basalts exist in
a variety of 3.8e3.6 Ga rocks from southwest Greenland
(North Atlantic Craton) and indicate Sm/Nd fractionation to
have commenced before 4.35 Ga to form a strongly evolved
crustal component (Harper and Jacobsen, 1992; Bennett
et al., 1993; Caro et al., 2006; Kamber, 2007). This 142Nd
anomaly is absent from rocks younger than 3.7 Ga, and when
combined with Hf isotopes of ancient zircons and Nb/Th
evolution models, provides strong evidence that the reser-
voirs that resulted from Hadean silicate differentiation were
homogenized by this time through effective and rapid
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recycling of the crust (Collerson and Kamber, 1999; Kam-
ber, 2007). However, evidence from combined Sm-Nd and
Lu-Hf isotopic studies suggest that a depleted reservoir
persisted though at least all of the Archean (Blichert-Toft
and Putchel, 2010).

16.3.1.3. Hadean Zircons from Jack Hills

The oldest directly dated crustal materials on Earth are
detrital zircons from low-grade Archean (c. 3.0 Ga) meta-
conglomerates and quartzites from the Jack Hills greenstone
belt, and a variety of nearby belts in the northwestern part of
the Yilgarn Craton, Australia (Froude et al., 1983; Compston
and Pidgeon, 1986; Wilde et al., 2001; Wyche, 2007). These
�3.05 Ga rocks contain detrital zircons with a range of ages
from c. 3700 Ma back to an astonishing 4404� 8 Ma (Wilde
et al., 2001; Crowley et al., 2005; Cavosie et al., 2007).

Heterogeneous hafnium isotope values on 4.37e4.01 Ga
Jack Hills detrital zircons were used to suggest the early
formation of continental crust, probably as early as
4.45� 0.02 Ga (similar to on Mars) (Zhang, 2002; Harrison
et al., 2005; Hopkins et al., 2008), supporting other work
(Bennett et al., 1993; Blichert-Toft et al., 1999; Bizzarro
et al., 2003; Harley and Kelly, 2007). Oxygen isotope values
from these same zircons suggest crystallization from proto-
liths that were affected by low-temperature alteration, which
has been used to suggest the presence of cool liquid water at
4.2 Ga (Mojzsis et al., 2001; Wilde et al., 2001; Cavosie
et al., 2005; Valley et al., 2005). The oxygen isotope data has
been used in combination with other results to infer the
formation of continental crust by convergent margin mag-
matism at plate boundary interactions (i.e. subduction
zones), and that this occurred essentially continuously from
4.5e4.2 Ga, with parts of the crust taking on continental
characteristics by c. 4.35 Ga (Harrison et al., 2005, 2008;
Ushikubo et al., 2008; Harrison, 2009). Rollinson (2008),
however, cautioned that the Jack Hills zircons could have
crystallized in granitic melts derived from hydrous partial
melting of hornblende gabbros in the roof zone of axial
magma chambers, as in modern oceanic crust, and Nutman
and Heiss (2009) also pointed out that the low magmatic
temperatures could simply relate to late-stage zircon crys-
tallization in melts that were originally much hotter. Bennett
et al. (2010) also caution against inference of significant
volumes of Hadean continental crust, based on combined Hf
and 142Nd isotopic signatures from 3.87e3.63 Ga rocks from
southwest Greenland and China. A more recent model
suggests that the early Earth was characterized by a thick
basaltic crust that underwent local partial melting to form
relatively low volumes of tonalite (Kemp, 2010).

16.3.1.4. Origins and Early Evolution of Life

The origin(s) of life on Earth are not known and remain one of
the biggest challenges facing science. Following the famous

UreyeMiller experiments of the early 1950s (Miller, 1953),
which showed that it was relatively simple to create organic
molecules from inorganic components, a major advance in
understanding the origin(s) of life was made with the recog-
nition that the tree of life is composed of three main branches
and that the last common ancestor of all of these were ther-
mophiles (Stetter, 1996; Pace, 1997). Furthermore, many
hyperthermophilic, deep-branching organisms share the same
metabolic pathway of reducing elemental sulfur to H2S, with
both H2 and organic compounds as an electron donor (Stetter
and Gaag, 1983; Stetter, 1996; Mojzsis, 2007); thus, it is most
likely that life started in hydrothermal environments where
seawater is circulated down along fractures deep into the
Earth’s crust, heated up, and returned to the surface in warm
to hot vein systems (Russell, 1996; Nisbet and Sleep, 2001;
Rothschild and Mancinelli, 2001; Kelley et al., 2005). Most
researchers agree that in these systems, anaerobic metabolism
arose first, as it derives energy from the oxidation of organic
compounds faster and more efficiently than aerobic metabo-
lisms using O2 (Russell and Hall, 2006). What makes
hydrothermal systems so exciting to early life studies is that
they are natural reactors, where many types of complex
chemical reactions occur as a result of the interaction between
hot water and rocks of the Earth’s crust (Russell and Hall,
2006; Wächtershäuser, 2006). Most of us are aware of these
systems through spectacular on-land examples, where water
that has been circulated down into the crust and heated by
volcanic activity erupts back to the surface as hot springs and
geysers, as, for example, in Geysir, Iceland, and Yellowstone,
USA. But far more common are hydrothermal systems that
erupt underwater in the marine environment, where hot water
interacts with basaltic and/or ultramafic rocks of the oceanic
crust. Most of these systems are high-temperature black
smokers along the axis of mid-oceanic spreading centers.
Cooler, white smokers occur off-axis and in other marine
environments, where the heating of seawater within the crust
is less extreme and the products of watererock interactions
are significantly different from those formed under higher-
temperature regimes.

For many years, black smokers were considered a possible
site for the origins of life (Russell et al., 1988; Russell, 1996;
Nisbet, 2000). However, current thinking suggests that rather
than high-temperature black smokers, where temperatures are
commonly too high for even the most extreme hyper-
thermophiles (Miller and Bada, 1988), a more likely envi-
ronment for the origin of life is in alkaline, low-temperature,
hydrothermal systems in oceanic crust, where mineral reac-
tions may form the purine coding elements of RNA and
amino acids, all trapped within tiny iron sulfide cavities
(Holm et al., 2006; Russell and Hall, 2006; Martin and
Russell, 2007). Watererock interactions in oceanic litho-
sphere have even been shown to produce HCN (Holm and
Neubeck, 2009). Recently, the importance of the serpentini-
zation of oceanic crust as a source of energy to promote the
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development of life has been identified (Russell et al., 2010).
According to Russell and Hall (2006), the fluxes of energy
and nutrients available in hydrothermal mounds encouraged
differentiation of the first microbes into Bacteria and Archea.
It is widely considered that these two main branches of life e
including most of the principal biochemical pathways that
sustain the modern biosphere e had evolved early in Earth
history, probably prior to 3.7 Ga (Russell and Hall, 2006), and
almost certainly by 3.5 Ga (Nisbet and Sleep, 2001), when it
appears from morphological and geological data that life
was already diverse and occupied different niches (Van
Kranendonk, 2006; Van Kranendonk et al., 2008b; see
Section 16.3.2.4).

A promising technique for estimating the time scale of
prokaryote evolution has been achieved using phylogenetic
relationships. For example, Battistuzzi et al. (2004) have used
phylogenetic results from the analysis of amino acid
sequences from 32 proteins common to 72 species of
prokaryotes and eukaryotes and estimated phylogenetic
relationships and divergence times with a local clock method.
These authors estimate an origin of life prior to 4.1 Ga,
methanogenesis at 4.1e3.8 Ga, anaerobic methanotrophy
after 3.1 Ga, phototrophy prior to 3.2 Ga, and aerobic meth-
anotrophy by 2.8e2.5 Ga.

16.3.2. Juvenile Earth (4.03e2.78 Ga)

16.3.2.1. Early Crustal Remnants (4.03e3.53 Ga)

After the formation of the first crust(s) during the initial,
chaotic, ~500 Ma period of Earth accretion, increasingly
voluminous differentiated (felsic, continental) crust became
preserved in an ever-increasing number of geological terrains
over the period 4.03e3.53 Ga. Crustal remnants from this
period are generally small (in terms of exposed surface area)
and consist predominantly of highly metamorphosed and
strongly deformed meta-igneous rocks, particularly sodic
granitic rocks of the tonaliteetrondhjemiteegranodiorite
(TTG) series (e.g., Bickford et al., 2007; Iizuka et al., 2007a,b;
Kröner, 2007). However, some of these terrains, commencing
at about 3.85 Ga, also include small remnants of very ancient
supracrustal rocks, best known from the North Atlantic
Craton and the northern part of the Superior Craton (Bridg-
water and McGregor, 1974; Allaart, 1976; Nutman et al.,
1997; Appel et al., 1998; O’Neil et al., 2007, 2008).

Xenon isotopes suggest that heat escaped much faster on
early Earth than it does today, driven by magmatism rather
than conduction through the lithospheric lid, and that the
surface was renewed in a time scale on the order of 1e10 Ma
for the first billion years of Earth history (Coltice et al., 2009).
A small volume of continental crust in early Earth is also
indicated by initial Nd, Hf and Pb isotopic ratios from the
oldest orthogneisses, which derive from essentially homo-
geneous early Archean mantle (Kamber et al., 2002). Models

based on PbePb ratios, SmeNd and trace element modeling
suggest that a basaltic protocrust existed prior to 3.8 Ga, but
was recycled back into the mantle due to the lack of a stabi-
lizing lithosphere (Figure 16.10; Vervoort and Blichert-Toft,
1999; Kamber et al., 2003; Kramers, 2007). McCulloch
(1993) suggested that the more volatile-rich, less depleted
mantle of the Archean would have been less viscous than in
the Proterozoic. This behavior has been confirmed experi-
mentally in olivine, whereby olivine’s yield strength
decreases by as much as a factor of ~140 in the presence of
H2O at a confining pressure of 300 MPa (Hirth and Kohlstedt,
1996). Consequently, hot oceanic crust would be recycled and
readily de-volatilized into the upper mantle, preserving a high
viscosity hydrous layer above a more depleted, low viscosity,
dry, lower mantle. As the mantle cooled into the Proterozoic
and Phanerozoic, subduction processes allowed progressively
deeper penetration of volatiles into the lower mantle e this
factor may perhaps explain, in part, the change from
submerged to exposed continents at c. 2.5 Ga (Arndt, 1999).

These results strongly argue against modern-style plate
tectonics prior to c. 3.5 Ga, or to significant formation of
continental crust prior to this time (e.g., McCulloch and
Bennett, 1994). A lack of early Precambrian plate tectonics
is supported by thermal evolution models, which suggest
that subduction of large plates did not occur prior to ~3 Ga,
the time when Earth reached a thermal maximum; prior to
this time, heat loss was smaller than heat production,
meaning rapid mantle convection (Labrosse and Jaupart,
2007), thick, buoyant oceanic crust (Sleep and Windley,
1982), and smaller plates (e.g., de Wit and Hart, 1993).
However, there is geological evidence that some form of
plate tectonics had commenced by at least 3.8 Ga (Polat
et al., 2002; Jenner et al., 2009), although quite likely in
a style that differed significantly from modern-style plate
tectonics (e.g., Davies, 1995; Martin and Moyen, 2002;
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Smithies et al., 2003; Martin et al., 2005); by 3.1 Ga, there is
agreement that modern-style subduction had commenced, at
least locally (Smithies et al., 2005a; Van Kranendonk et al.,
2007a, 2010; Pease et al., 2008).

Acasta Gneiss Complex, Slave Craton, Canada

The oldest dated rock on Earth is a 4031� 3 Ma tonalitic
gneiss that forms part of the 4.03e3.94 Ga Acasta gneisses of
the northwestern Canada Slave Craton (Stern and Bleeker,
1998; Bowring and Williams, 1999; Iizuka et al., 2007a,b).
These rocks include a heterogeneous mixture of foliated to
gneissic tonalite, granodiorite, trondhjemite, granite,
amphibolites, diorite, and gabbroic rocks (Figure 16.11(a);
Bowring et al., 1990; Bowring and Williams, 1999; Iizuka
et al., 2007a,b). A 4.2 Ga xenocrystic zircon discovered in
these rocks combines with a 4.1 Ga Nd model age to indicate
an even older history in the formation of this small, but
ancient piece of crust (Bowring et al., 1989; Iizuka et al.,
2008). Similarly cryptic, very ancient histories of Paleo-
archean crustal remnants have been discovered in south-
eastern India and Western Australia (Pilbara and Yilgarn
cratons) (Wyche, 2007; Upadhyay et al., 2009; Tessalina
et al., 2010).

Itsaq Gneiss Complex, North Atlantic Craton,
Southwestern Greenland

(with a contribution from A. P. Nutman)
The 3000 km2 Itsaq Gneiss Complex (IGC) of south-

western Greenland forms one of several distinct terranes
within the North Atlantic Craton, which extends from eastern
Canada, across Greenland, and into Scotland (Nutman et al.,
1989, 1996, 2002, 2007). The IGC contains the largest
exposure of early Archean rocks in the world and is domi-
nated by banded tonalitic gneiss, comprising tonalitic proto-
liths representing juvenile sialic crust emplaced at between
3870 and 3620 Ma, and later granitic bodies that formed by
melting of that juvenile crust during subsequent orogenic

events (Nutman et al., 1999). A diverse suite of mafic,
ultramafic and siliceous rocks occurs as enclaves and tectonic
intercalations within the banded gneisses. Identified proto-
liths include metabasalts (mostly with island arc-like and
MORB chemistry), layered gabbroeultramafic complexes,
rare slivers of depleted mantle, chemical sedimentary rocks,
including BIF, and rare felsic volcanic and clastic sedimen-
tary rocks. Supracrustal rocks are locally well preserved in the
Isua supracrustal belt (Figure 16.11(b) and (c)), whereas
older, more highly metamorphosed supracrustal rocks occur
on the island of Akilia, in the southern part of the IGC
(Bridgwater and McGregor, 1974; Allaart, 1976; Nutman
et al., 1997; Appel et al., 1998).

Recent studies have demonstrated that the Isua supracrustal
belt and surrounding granitic terrain is composed of two
tectonically juxtaposed crustal slices, including c. 3810e3800
Ma supracrustal rocks and contemporaneous tonalities, and c.
3710e3690Ma supracrustal rocks intruded by 3720e3690Ma
tonalitic rocks (Nutman et al., 2002, 2007, 2009). These
crustal slices were juxtaposed at c. 3650e3550 Ma, through
terrane accretion at a convergent margin, and then intercalated
with younger rocks during 2.8e2.7 Ga terrane accretion
and collisional orogeny that affected the whole of the North
Atlantic Craton (Nutman et al., 1999, 2002; Hanmer and
Greene, 2002).

Nuvvuagittuq Supracrustal Belt, Superior Province,
Canada

A small sliver of Eoarchean, or possibly Hadean, supracrustal
rocks (Nuvvuagittuq supracrustal belt) is preserved in the
northeastern part of the Superior Province, Canada. This iso-
clinally folded belt contains predominantly mafic amphibolite
rocks with rare felsic schists, oxide-rich and quartz-rich iron
formations, and possible conglomeratic units, and meta-
morphosed gabbro and ultramafic sills (Dauphas et al.,
2007; O’Neil et al., 2007, 2008; David et al., 2009). The
dominant lithology is a heterogeneous, cummingtonite-rich

(a) (b) (c)

FIGURE 16.11 (a) Outcrop photograph of Earth’s oldest rock, the Acasta Gneiss (photograph courtesy of T. Iizuka); (b) (c) Photos of well-preserved

supracrustal rocks from the Isua supracrustal belt, including flattened pillow structures in 3720e3710 Ma boninitic metabasalts (b) and folded primary bedding

in BIF from the c. 3750 Ma dividing metasedimentary unit (c) Photographs courtesy of Allen Nutman.
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(quartzebiotiteeplagioclase � anthophyllite � garnet) amphi-
bolite gneiss of uncertain protolith. With highMgO (4e16 wt%)
and generally moderate silica (40e56 wt%) and iron contents
(7e14 wt%), basaltic to andesitic compositions are favored,
possibly derived from a suprasubduction zone setting (O’Neil
et al., 2007, 2011).

The age of the belt is constrained by U-Pb ages of
3817� 16 Ma from a felsic schist within the belt, and by
a 3661� 4 Ma age from surrounding tonalites; a Nd-depleted
mantle model age of c. 3.9 Ga appears to confirm the age of
this belt (David et al., 2009). However, Nd data from the
cummingtoniteeamphibolite unit indicate that these rocks
preserve lower 142Nd/144Nd ratios than the terrestrial standard
(ε142Nd¼�0.07 to �0.15) and produce a 146Sm-142Nd
isochron with an age of 4280 þ 53/�81 Ma. Although this
data have been interpreted as evidence that these rocks may
represent the oldest preserved crustal section on Earth
(O’Neil et al., 2008), the zircon and Nd model age data
suggest that the Hadean isochron may reflect the age of the
source from which the rocks were originally derived and not
the actual age of the belt itself.

16.3.2.2. Stable Cratonic Lithosphere and the First
Signs of Life (3.49e2.82 Ga)

Collerson and Kamber (1999) showed from analysis of
TheUeNb systematics that the area of continental crust grew
most rapidly from 3.5e2.0 Ga and has been broadly recycled
since that time through subductioneerosion, a process that
has balanced continental growth at island arcs since the
Proterozoic (Scholl and von Huene, 2007). Major growth of
continental crust at c. 3.0 Ga is supported by more recent
studies of Hf in zircons, gold deposits, and Re-Os studies of
sulfides from sub-continental mantle lithosphere (Griffin and
O’Reilly, 2007a; Frimmel, 2008; Hawkesworth et al., 2010).
At about 3 Ga, petrological estimates of mantle potential
temperature suggest that the mantle may have been at its
hottest temperature since the accretionary period of Earth
history, due to the effects of internal heating exceeding
surface heat loss (Labrosse and Jaupart, 2007; Herzberg et al.,
2010). Modern-style plate tectonics was operational, at least
locally, by 3.2 Ga (Smithies et al., 2005a; Van Kranendonk
et al., 2007a, 2010), consistent with results from numerical
modeling that shows the viability of Archean plate tectonics
(Van Hunen and van den Berg, 2008).

The oldest well-preserved crustal remnants on Earth
include two small (200� 200 km) areas of 3.49e3.2 Ga, low-
strain and (generally) low-metamorphic-grade supracrustal
rocks in the Pilbara Craton of Western Australia (East Pilbara
Terrane) and the eastern Kaapvaal Craton in southern Africa
(Barberton greenstone belt), sometimes referred to collec-
tively as Vaalbara on account of their similar crustal histories
(Figure 16.12). These crustal remnants formed on a founda-
tion of still older crust, up to 3.82 Ga or even 4.1 Ga, at least

some of which was sialic in composition (Chavagnac, 2004;
Van Kranendonk et al., 2007a,b, 2009; Tessalina et al., 2010).
Greenstone successions in these two cratons consist of
dominantly maficeultramafic volcanic rocks and subordinate
felsic volcanic rocks, chert, and clastic sedimentary rocks that
were deposited over similar intervals from 3.53e3.42 Ga,
3.35e3.32 Ga, and 3.27e3.22 Ga (Figure 16.10; Byerly et al.,
1996; Lowe and Byerly, 2007; Van Kranendonk et al.,
2007a,b, 2009). Deposition of each group was accompanied
by the emplacement of widespread and voluminous, domi-
nantly TTG, granitic rocks that became progressively more
potassium rich through time, culminating with local A-type
granites with rapakivi texture emplaced at 3.24 Ga (Smithies
et al., 2003; Champion and Smithies, 2007; Moyen et al.,
2007; Van Kranendonk et al., 2007a,b). Crust formation was
coeval with the development of a thick, highly depleted, and
buoyant subcontinental mantle lithosphere in these terrains,
resulting from high degrees of melt extraction (Wilson et al.,
2003; Griffin et al., 2004; Smithies et al., 2005b; Griffin and
O’Reilly, 2007a,b).

By ~3 Ga, these stable pieces of cratonic lithosphere
provided a basement for the development of widespread,
thick platform successions, including the 3.02e2.94 Ga De
Grey Supergroup in Australia and the 3.0e2.9 Ga Pongola
and Witwatersrand supergroups in southern Africa
(Figure 16.13; Hegner et al., 1984; Walraven and Pape, 1994;
Gold, 2006; McCarthy, 2006; Van Kranendonk et al., 2007a).
Each of these supergroups is several kilometers thick and
deposited e at least in part e under subaerial conditions with
evidence of terrestrial biological communities, including
probable cyanobacterial mats (Mossman and Dyer, 1985;
Hallbauer, 1986; Noffke et al., 2003, 2006, 2008; Marsh,
2006; McCarthy, 2006).

16.3.2.3. Early Atmosphere and Climate

(with a contribution from J. Kasting)
The composition of the atmosphere on early Earth is much

debated, with most supporting a reducing atmosphere, with
little or no oxygen (Figure 16.14; Cloud, 1972; Holland,
1994; Krupp et al., 1994; Farquhar et al., 2000, 2007; Far-
quhar andWing, 2003; Domagal-Goldman et al., 2008; Krull-
Davatzes et al., 2010), and others supporting a limited amount
of oxygen, at least periodically (Ohmoto et al., 2006; Ono
et al., 2006; Hoashi et al., 2009; Smith et al., 2010). Debate
concerning the composition of the early atmosphere goes
back to 1924, when the Russian biologist, A. I. Oparin, wrote
a book, later translated into English (Oparin, 1938), in which
he suggested that the early atmosphere was rich in highly
reduced gases, such as hydrogen (H2), methane (CH4), and
ammonia (NH3). This view was later supported by experi-
ments performed by a US graduate student, Stanley Miller,
under the tutelage of his advisor Harold Urey, in which they
successfully synthesized amino acids and other biologically
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important organic compounds using spark discharge in
a highly reduced atmosphere (Miller, 1953). So, the concept
of a highly reduced primitive atmosphere became entrenched
in the scientific community, particularly amongst biologists
interested in the origin of life.

At nearly the same time as the famous MillereUrey
experiment, the geologist William Rubey began arguing that
the early atmosphere was a weakly reduced mixture consist-
ing mostly of N2 and CO2 (Rubey and Poldervaart, 1955). His
reasoning was that the atmosphere was produced largely by
volcanic outgassing, and modern volcanic gases are only
weakly reduced. This model was later developed more fully
by Walker (1977), who added the concept of redox balance:
hydrogen and other reduced gases outgassed from volcanoes
must be largely balanced by hydrogen lost to space. He
assumed that the escape rate occurred at the diffusion-limited
rate; i.e. as fast as it could possibly go, given the presence of

a static background atmosphere composed mostly of N2 and
CO2. This generates atmospheric H2 mixing ratios of the
order of 10�4 to 10�3, depending on the magnitude of the
assumed volcanic outgassing rate (Walker, 1977; Kasting,
1993; Holland, 2002; Canfield et al., 2006). The corre-
sponding atmospheric O2 concentrations, as calculated with
photochemical models, vary with altitude from ~10�3 in the
upper stratosphere (around 60 km), to ~10�13 near the surface
(Kasting, 1993).

Since Walker’s book was written, the concept of atmo-
spheric redox balance has been more fully elaborated. Rain-
out of reduced and oxidized species from the atmosphere can
also affect the atmospheric redox state. The full atmospheric
hydrogen budget includes these terms, along with outgassing
and escape of H2 (or H) (Figure 16.14; Kasting, 1993; Kasting
and Catling, 2003). The rainout terms are typically of the
order of 10% of the budget if volcanic outgassing rates were
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FIGURE 16.12 Comparative events between the Pilbara (Australia) and Eastern Kaapvaal (South Africa) cratons, showing their similar temporal

evolution.
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high, as calculated by Holland (2002). However, these terms
can dominate the hydrogen budget if hydrogen outgassing
rates were lower, as predicted by Sleep (2005) and Canfield
et al. (2006). Importantly, rainout of oxidized species, such as
H2SO4 and H2O2, would have kept prebiotic O2 concentra-
tions low even if the volcanic outgassing rate of hydrogen was
essentially negligible (Segura et al., 2007). Also keeping O2

concentrations low was the reaction between O2 and
reducing components in the sulfate-poor Archean oceans,
particularly dissolved, reduced iron (Cloud, 1972, 1973;
Walker and Brimblecombe, 1985; Walker, 1987; Foriel et al.,
2004).

CH4mayalsohave been an important component of the early
atmosphere, especially after methanogens started producing it
(Figure 16.14). Kharecha et al. (2005) have explored the effects
of a methanogenic Archean marine ecosystem on atmospheric
CH4 concentrations. Anoxygenic photosynthesis, based on H2,

Fe, and S, was also included in certain of their simulations. In
their model, methane was produced by the (biologically
mediated) reaction, CO2 þ 4 H2 / CH4 þ 2 H2O, as well
as by methanogenesis based on fermentation of organic
matter produced from anoxygenic photosynthesis. The rate of
methane production was found to be limited by the rate of gas
transfer through the atmosphereeocean surface, which can be
estimated using arguments based on “piston velocities”
(Broecker and Peng, 1982). Surprisingly, Kharecha et al.
(2005) found that CH4 should have been generated at rates
that are comparable to today, even though the Archean
ecosystem was entirely different from the modern one. The
lifetime of CH4 in a low-O2 atmosphere is approximately 1000
times longer than today (10 000 yr versus 10 yr); hence, a flux
of this magnitude could have produced an atmospheric CH4

mixing ratio of 1000 ppmv or larger (Pavlov et al., 2001a). At
these concentrations, CH4 is an effective greenhouse gas and
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could have helped warm the early climate, as described further
below.

CH4 could have been abundant on the prebiotic Earth, as
well, if the impact rate from comets and asteroids was high.
Models for impact degassing of comets and asteroids predict
that CH4 should have been the major carbon species gener-
ated under most circumstances (Kress and McKay, 2004;
Hashimoto et al., 2007; Schaefer and Fegley, 2007). It is not
expected to have been a major component of volcanic gases,
at least after the upper mantle had achieved its present redox
state, which occurred by 3.5 Ga or earlier (Frost and
McCammon, 2008). CH4 is destroyed by short-wavelength
UV photolysis and by reaction with OH radicals produced
from longer-wavelength H2O photolysis. Hence, its concen-
tration would have depended on the balance between the
solar UV flux, which decreased with time (Ribas et al.,
2005), and the impact rate of comets and asteroids. The latter
number is highly uncertain. During the 1980s and 1990s,
most modelers assumed that the impact rate declined expo-
nentially with time (e.g., Sleep et al., 1989; Kasting, 1990).
This assumption was based on the notion that the early Earth
experienced a protracted period of heavy bombardment from
4.5 Ga until about 3.8 Ga. Geologists who studied Moon
rocks, though, had long ago concluded that the Moon (and
the Earth) experienced a pulse of bombardment around
3.8e3.9 Ga (Ryder, 2003 and references therein). This
“pulse” hypothesis is supported by a new theoretical model
(Gomes et al., 2005; Tsiganis et al., 2005), termed the “Nice
model”, which shows how continued migration of the outer

planets following accretion could have led to just such a late
pulse in the flux of small bodies through the inner solar
system. If the Nice model is correct, then the Hadean Earth
between 4.4e4.0 Ga may have experienced a relatively
small impact flux and, hence, should have contained rela-
tively little CH4.

Domagal-Goldman et al. (2008) have suggested that low
D33S values measured in the Mesoarchean (Figure 16.15) are
the result of a thick organic haze in the absence of free
oxygen. Significantly, the c. 2.9 Ga Pongola Supergroup
contains the oldest evidence of glaciation on Earth, indicating
at least locally cool atmospheric conditions at this time (Von
Brunn and Gold, 1993; Young et al., 1998), and possibly even
a weakly oxidized atmosphere (Ono et al., 2006; Smith et al.,
2010), although alternative explanations for minor D33S
anomalies at this time have been proposed (Farquhar et al.,
2007). Continental glaciation probably requires mean surface
temperatures of 20�C or below, based on the more recent
climate record (Kasting, 1987). Evidence from paleo-
weathering profiles may also support a milder Archean
climate (Holland, 1984; Condie et al., 2001; Sleep and
Hessler, 2006), although some of this evidence is disputed
(Lowe, 2007).

Claims of hot, fire-opal Archean oceans (Knauth and
Lowe, 2003; Robert and Chaussidon, 2006) have been
largely discounted, and the high temperatures reinterpreted
as the effects of (in many cases seafloor) hydrothermal
alteration (Kasting et al., 2006; Van Kranendonk, 2006;
Shields and Kasting, 2007). More recent studies using
oxygen and hydrogen isotopes in chert from the Barberton
greenstone belt also support a moderate climate (�40�C) at
3.42 Ga (Hren et al., 2009; Blake et al., 2010), similar to
results from ancestral sequence reconstruction using amino
acids in elongation factor proteins (Gaucher et al., 2008).

From a theoretical standpoint, it would be surprising if
the early Earth was hot because the Sun is thought to have
been significantly less bright at that time. Solar evolution
models (e.g., Gough, 1981) predict that the Sun was origi-
nally ~30% less luminous at 4.6 Ga than today and that it has
brightened more or less linearly with time (Kasting, 2005). If
such models are correct e and nearly all astronomers agree
that they are e then high concentrations of greenhouse gases
(and N2: Goldblatt et al., 2009b) would have been needed
simply to keep the early oceans from freezing. A cooler early
Earth would have resulted in less silicate weathering and
a consequent buildup of volcanic-derived CO2, which would
have helped warm the planet (Figure 16.14). Climate model
calculations for c. 2.9 Ga suggest that a combination of ~0.03
bars of CO2 (100 times the present atmospheric level) and
1000 ppmv of CH4 (600 times higher than present) could
have kept the Earth warm at that time (Haqq-Misra et al.,
2008).

Huston and Logan (2004) noted that the Archean rock
record is characterized by the presence of barite in rocks
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FIGURE 16.15 Temporal variations of S, C,

and Fe isotopic systems through the

Precambrian. (a) D33S of sedimentary sulfides

(orange bar, MDF¼ range of mass-dependent

fractionation after Farquhar et al., 2000); PAL¼
% of present atmospheric level of oxygen (log-

arithmic scale; from Canfield, 2005); (b) d34S of

sedimentary sulfides (red diamonds) and of

seawater sulfate (blue lines); (c) d13C of kero-

gens; (d) d13C of carbonates (black triangles

denote time of Paleoproterozoic glaciations);

(e) d56Fe of diagenetic sediments; (f) relative

abundance of BIF. Gray shade indicates time of
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sources cited in the text.
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>3.2 Ga and <1.8 Ga, and by abundant BIFs in the inter-
vening interval (3.2e1.8 Ga). They ascribe the older occur-
rences of sulfates to the presence of an upper ocean layer
(locally) enriched in sulfates that were produced through
atmospheric photolytic reactions, rather than biological
activity. From 3.2e2.4 Ga (actually 2.3 Ga), they ascribe low
seawater sulfate to removal by the activity of bacterial sulfate
reduction. After 2.3 Ga, the increase in atmospheric oxygen
resulted in oxidative weathering of sulfides in continental
rocks and an associated increase in seawater sulfate
concentrations (see Section 16.3.3). Archean oceans are also
regarded as having been significantly oversaturated in
CaCO3 (Grotzinger and Kasting, 1993), although their major
ion concentrations and ratios were similar to modern oceans,
reflecting the dominance of hydrothermal processes at mid-
ocean ridges (Hardie, 2003; Foriel et al., 2004).

The zero to positive d56Fe values for rocks >3.1 Ga
(Figure 16.15) are accepted to reflect partial oxidation of
marine hydrothermal Fe2þaq, suggesting that the amount of
oxidant was limited (e.g., Dauphas et al., 2004; Johnson and
Beard, 2006; Whitehouse and Fedo, 2007a). Because it is
generally (although not universally) thought that atmospheric
O2 contents were low in the Paleoarchean (Holland, 1984),
the oxidant was most likely anaerobic photosynthetic Fe2þaq

oxidation, based on experimental data (Croal et al., 2004) and
evidence that UV-photo oxidation is inhibited in experiments
that use natural seawater fluid compositions (Konhauser et al.,
2007a).

16.3.2.4. Early Life

(with contributions from W. Altermann, C.M. Johnson and
B.L. Beard)

Possibly the oldest record of life is that occurring as
carbon isotopic signatures from 3.83e3.7 Ga, amphibolite
facies metamorphosed supracrustal rocks from the Akilia
enclave and Isua supracrustal belt in southwest Greenland
(Schidlowski et al., 1979; Schidlowski, 1988; Mojzsis et al.,
1996; Rosing, 1999), but most of these claims have been
controversial (see Whitehouse and Fedo, 2007b). Schidlowski
et al. (1979) reported d13CPDB values between �6 and �25&
in a variety of rock types, including what were considered to
be metacarbonates, and considered this to be a signature of
early life based on the principle that organisms preferentially
sequester 12C over 13C during metabolic processes. However,
the metacarbonate samples have since been shown to be the
products of extensive metasomatism (Rose et al., 1996;
Rosing et al., 1996) and the graphite to be a product of
carbonate breakdown to reduced carbon during metamorphic
and/or metasomatic processes (Naraoka et al., 1996; Van
Zuilen et al., 2002, 2003; McCollom, 2003; McCollom and
Seewald, 2006).

Rosing and Frei (2004) interpreted �25& d13C values in
some of the Isua rocks as typical organic content of pelagic

sediments, from planktonic prokaryotes, that released oxygen
in the photic zone. However, geological uncertainties do not
allow for an unequivocal interpretation of the environment in
which the carbon analyzed by Rosing and Frei (2004)
accumulated.

Mojzsis et al. (1996) described isotopically light graphite
as inclusions in apatite crystals in amphibolite-facies Isua
supracrustal rocks and in a granulite-facies BIF from Akilia
Island, which they and a subsequent study (McKeegan et al.,
2007) interpreted as indicative of biogenic carbon in sedi-
mentary apatite. However, the significance of the Akilia
supracrustal enclave as the host of c. 3.83 Ga biogenic
graphite has proved to be contentious because of e amongst
other things (Lepland et al., 2002, 2005) e the typical
occurrence of graphite in fluid inclusion trails and clusters
together with CO2 and CH4 (Lepland et al., 2011). Such an
association was interpreted to reflect abiogenic graphite
precipitation from carbonic fluids during a polyphase meta-
morphic history.

A different signature of life in Greenland rocks was sug-
gested by Rosing (1999), who presented geological, petro-
graphic, and carbon isotopic data regarding graphite globules
in c. 3.8 Ga metaturbiditic and pelagic metasedimentary rocks
from the Isua supracrustal belt that supports an interpretation
as the metamorphosed remnants of biogenic detritus.
Whereas the bulk of Isua graphite is formed by metamorphic
alteration of Fe-carbonate, this mechanism is not applicable
for the graphite globules described above (Van Zuilen et al.,
2002, 2003). Thus, the original biogenic interpretation of
graphite globules (Rosing, 1999) remains unchallenged, and
it is possible that these represent the oldest currently known
traces of terrestrial life.

Macroscopic fossil evidence of early life is preserved in
a wide variety of rocks deposited during the second part of
this time interval. The oldest, widely accepted evidence of life
comes from the c. 3.49 Ga Dresser Formation in the Pilbara
Craton, where stromatolites and possible microfossils are
preserved in a thin succession of carbonates, sandstones and
hydrothermal precipitates deposited under intermittently
shallow-water conditions within a volcanic caldera setting
(Figure 16.16; Walter et al., 1980; Buick and Dunlop, 1990;
Ueno et al., 2001, 2004; Van Kranendonk, 2006; Van Kra-
nendonk et al., 2008b; Tessalina et al., 2010). Chemical and
isotopic evidence in support of a diverse microbial commu-
nity has also been presented for this formation (Shen et al.,
2001; Ueno et al., 2006; Philippot et al., 2007; Van Kra-
nendonk et al., 2008), as well as for other, nearly contem-
poraneous rocks (e.g., Blake et al., 2010; Wacey et al., 2010).
Possible cyanobacterial microfossils from the 3.46 Ga Apex
chert (Schopf locality) are controversial (Schopf, 1993;
Brasier et al., 2002, 2005; Schopf et al., 2002, 2007), but new
discoveries of different forms of stromatolites, microfossils,
and carbonaceous matter of biological origin in 3.35e3.0 Ga
rocks from the Pilbara and Kaapvaal cratons are still being
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made (Figure 16.13; Walsh and Lowe, 1985; Hofmann et al.,
1999; Tice and Lowe, 2004, 2006; Kiyokawa et al., 2006;
Banerjee et al., 2007; Duck et al., 2007; Furnes et al., 2007;
Marshall et al., 2007; Sugitani et al., 2007, 2010; Glikson
et al., 2008; Javaux et al., 2010), some of which closely
resemble earlier finds from similar age rocks in South Africa
(Walsh, 1992).

The existence of cyanobacteria in the earlier Archean was
supported primarily by morphological indicators (Walsh,
1992; Schopf, 1993; Altermann and Schopf, 1995; Alter-
mann, 2007a), but it was widely assumed that cyanobacterial
metabolism was far too advanced for such early stages in the
evolution of life, and simple morphological criteria for
taxonomy were criticized as unreliable because of post
mortem alterations. Others, however, have held to Schopf’s
(1993) original interpretation of cyanobacteria, with some
restrictions because of diagenetic and thermal alteration
(Kazmierczak and Kremer, 2002; Altermann, 2005, 2007b).
More recent morphological and biomarker studies support the
rare, though excellent, preservation of complex microbial
morphologies by 3.2e3.0 Ga, if not 3.5 Ga, in a variety of
geological settings (Mason and von Brunn, 1977; Rasmussen,
2000; Duck et al., 2007; Marshall et al., 2007; Schopf et al.,
2007; Sugitani et al., 2007, 2010; Glikson et al., 2008).

Although 3.49e3.35 Ga stromatolites already show
phototactic behavior (Walter et al., 1980; Hofmann et al.,
1999; Allwood et al., 2006, 2007; Van Kranendonk, 2010a),
direct evidence for photosynthesis is difficult to prove and
no direct irrefutable evidence for oxygenic photosynthesis in
the early Archean exists. Olson (2006) proposed that there
was no evolutionary pressure for the development of
oxygenic photosynthesis in the presence of H2 as the
primary electron donor for carbon fixation in the early

Archean (see also Tice and Lowe, 2006). Early anoxygenic
photosynthesis may have involved H2 and H2S as reductants,
and experimental results support a key role of anoxygenic
photosynthetic microbes in early stromatolite formation
(Bosak et al., 2007). Only when the abundant source of H2

was reduced by bacterial methanogenesis is it likely that
sulfur-driven photosynthesis may have developed at around
3.5 Ga. This is consistent with the geological setting of
Dresser Formation stromatolites within a sulfur-rich
volcanic caldera (Van Kranendonk, 2006; Van Kranendonk
et al., 2008b).

Another reductant for photosynthesis might have been
ferrous iron, which would also support the deposition of BIFs
(Catling et al., 2001; Kappler et al., 2005). Many workers
have argued that the earliest photosynthesis was anoxygenic,
specifically anaerobic photosynthetic Fe2þ oxidation,
because Fe2þaq was probably the most important electron
donor in the early Archean oceans (e.g., Widdel et al., 1993;
Canfield, 2005; Canfield et al., 2006; Olson, 2006). Anaer-
obic photosynthetic Fe2þ oxidation produces organic carbon
and Fe3þ:

ð1Þ4Fe2þaq þ CO2 þ 4Hþ þ light0CH2Oþ 4Fe3þaq þ H2O

which, at circumneutral pH, produces ferric oxide/hydroxide
precipitates:

ð2ÞFe3þaq þ 3H2O0FeðOHÞ3 þ 3Hþ

Microbial methanogenesis has been traced by Ueno et al.
(2006) in fluid inclusions in hydrothermal chert veins con-
taining methane with carbon isotopic composition of �58&,
next to H2O and CO2. The authors discuss the possibility of
thermophilic methanogens thriving above 80�C as being

(a) (b)

FIGURE 16.16 Earliest macroscopic evidence of life on Earth. (a) Wrinkly laminated microbial mats (black, foreground) and domical stromatolites of the

c. 3.49 Ga Dresser Formation, Pilbara Craton (Australia); (b) Cross-sectional view of incipiently branching, coniform stromatolite in finely bedded dolostone of

the c. 3.4 Ga Strelley Pool Formation, Pilbara Craton (Australia).

325Chapter | 16 A Chronostratigraphic Division of the Precambrian



responsible for this strong isotopic fractionation, and compare
the preserved methane to that produced by CO2 reduction or
acetate fermentation in modern methanogens. This discovery
fits nicely with the suggestion that methanogen niches were
most abundant where CO2-rich Archean ocean water flowed
through serpentinites (Sleep and Bird, 2007). Bacterial
depletion of 34S in pyrite through sulfate-reducing bacteria
was found in the same rocks by Shen et al. (2001). The
presence of sulfate-reducing bacteria was also inferred by
Grassineau et al. (2006) for rocks c. 3.24 Ga. A new habitat
for early life appears for the first time in the rock record at
c. 3.0 Ga, with colonization of shallow sandy environments
by photoautotrophic microorganisms, likely to be cyanobac-
teria (Noffke et al., 2003, 2006, 2008; Noffke, 2008),
although evidence for microbial mats in shallow sandy
environments has also been described in older rocks from the
Pilbara Craton (c. 3.4 Ga: Van Kranendonk, 2007b, 2010a).

The H2-driven bacterial anoxygenic photosynthesis was
certainly developed prior to the advanced chlorophyll
a photosynthesis (Schopf, 1992). However, its geochemical
isotopic signature would be almost indistinguishable from
that of oxygenic photosynthesis in the fossil record because
of the large range overlap in d13C values (Schidlowski,
1988; Mojzsis et al., 1996). Although the timing of the
evolutionary steps in the development of different metabo-
lisms is controversial, it seems reasonable that they were
invented in the Archean and that oxygenic photosynthesis
was present at least by the Neoarchean, if not earlier
(3.2e2.9 Ga: e.g., Buick, 1992, 2008; Des Marais, 2000;
Anbar et al., 2007; Nisbet et al., 2007). It is also probable
that aerobic respiration may also have been initiated in the
Archean (Towe, 1990). Battistuzzi et al. (2004) note that the
evolution of phototrophy would be at risk of extensive
damage by UV radiation in the absence of an ozone layer
prior to the Great Oxidation Event at c. 2.3 Ga (see Section
16.3.3.3). Pigments such as carotenoids function as photo-
protective compounds and are present in all the photosyn-
thetic eubacteria and in groups that are partly or mostly
associated with terrestrial habitats (e.g., actinobacteria,
cyanobacteria, and Deinococcus-Thermus). These authors
also point out that these three groups also share a high
resistance to dehydration and that, as such, their common
ancestor was adapted to land environments, which they
suggest were colonized at 3.05 Ga, prior to the divergence of
actinobacteria from cyanobacteria þ Deinococcus at c. 2.78
Ga. They conclude that previous geological evidence for
cyanobacteria prior to ~3.0 Ga should be re-evaluated.

Evidence for a rapid diversification of bacterial lineages in
the Archean was provided by David and Alm (2011), who
mapped the evolutionary history of gene families across the
three domains of life onto a geological timeline. The results
show a brief period of genetic innovation and de-novo gene
family birth at between 3.33e2.85Ga,which gave rise to 26.8%
of the extant gene families involved in electron transport

and respiratory pathways. After ~2.85Ga, rates of gene loss and
gene transfer stabilized at roughly modern-day levels.

16.3.3. Adolescent Earth (2.78e1.78 Ga)

For almost a billion years, from 2.78e1.78 Ga, Earth experi-
enced a tumultuous adolescence of irreversible change that
transformed a hot, juvenile, rapidly convecting planet with
small, mostly submerged protocontinents, nascent plate
tectonics, and primitive life (prokaryotes), into a mature, cooler
planet with large, rigid, emergent continental land masses,
modern-style plate tectonics, a supercontinent cycle, and more
complex life (eukaryotes) (e.g., Cloud, 1972; Holland, 1994;
Condie, 1998; Rogers and Santosh, 2002; Parman, 2007).
Significantly, these global geological changes were accompa-
nied by chaos in the biosphere, as reflected by the largest
excursions in chemical tracers of biological activity at any time
in Earth history (Figure 16.15), and by the formation of many
significant ore deposits, including vast resources of BIF.

This combination of geological and biological changes
was initiated by widespread mantle melting and crust
formation (2.78e2.63 Ga) resulting in one or more super-
continents (Superia and Sclavia). These changes developed in
concert with the gradual rise in atmospheric oxygen from
c. 2.7 Ga, which culminated in the Great Oxidation Event at
2.3e2.2 Ga (Figure 16.17; Veizer et al., 1989; Holland, 1994,
2002; Farquhar et al., 2000; Bekker et al., 2004), and passed
into a period of environmental stability after c. 1.78 Ga. As
outlined below (see Section 16.4), this billion-year-long
period of Earth history can be divided into a linked series of
causative events, each of which is recorded in the geological
rock record by a distinctive assemblage of rocks and/or
isotopic characteristics (see Table 16.4).

16.3.3.1. The Late Archean Superevent: Rapid
Crust Formation and Explosion of Microbial
Life (2.78e2.63 Ga)

Rapid Crustal Growth

The period 2.78e2.63 Ga is distinguished by arguably the
greatest volume of crust produced at any time in Earth history,
possibly forming one or more supercontinents (Figure 16.18;
Kenorland and Superia and/or Sclavia: Aspler and Chiar-
enzelli, 1998; Condie, 1998; Isley and Abbott, 2002; Bleeker,
2003). This growth was most likely caused by a catastrophic
overturn event (flush instability) in the mantle (Stein and
Hofmann, 1994; Breuer and Spohn, 1995; Davies, 1995;
Condie, 1998, 2000, 2004; Condie et al., 2001; O’Neill et al.,
2007; Pearson et al., 2007; Maurice et al., 2009; Safanova
et al., 2010). Some modeling suggests that nearly 100% of the
continental crust had been formed by c. 2.5 Ga (or even
earlier: Armstrong, 1981, 1991), with all subsequent growth
balanced by the effects of subductioneerosion (Scholl and
von Huene, 2007; Hawkesworth et al., 2010).
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Whereas some have suggested that the zircon peaks
through Earth history that were compiled by Condie (1998)
reflect only a fluke of preservation (e.g., Kemp et al., 2006;
Hawkesworth et al., 2009), this is discountede at least for the
2.8e2.5 Ga peak in zircon ages e by evidence for a large
mantle melting event associated with this peak in crustal
growth, by a temperature change of the mantle, a possible
change in the style of subduction, and by well-established
indicators of major change in many different proxies for
crustal composition, such as shale compositions (Taylor and
McLennan, 1985; Richter, 1988; Condie and Wronkiewicz,
1990; Condie, 1993, 2008; Barley et al., 1998, 2005; Condie
et al., 2001; Isley and Abbott, 2002; Pearson et al., 2007;
Herzberg et al., 2010).

The 150 million-year-long period from 2.78e2.63 Ga
witnessed the creation of large areas of graniteegreenstone
crust, as well as areas of high-grade gneiss (Windley and
Bridgwater, 1971). Both of these types of terrain contain very
good evidence of plate tectonics (e.g., Bridgwater et al., 1974;
Nutman et al., 1989; Card, 1990; Calvert et al., 1995; Davis,
1998; Van Kranendonk, 2004, 2011; Percival, 2007; Windley
and Garde, 2009), despite some differences with modern
counterparts (Smithies, 2000; Martin et al., 2005) and skep-
ticism by some researchers about any form of Archean plate
tectonics (Hamilton, 1998, 2003, 2007; Stern, 2005). Studies
have suggested that plate motions were as fast as, or up to five
times faster, than any known from the Phanerozoic (Strik et al.,
2003; Blake et al., 2004). In addition to crust that formed as
a direct result of subductioneaccretion processes, there is clear
evidence that at least some late Archean graniteegreenstone
crust formed as a result of mantle plumes (Tomlinson and
Condie, 2001; Bédard, 2006; Van Kranendonk et al., 2007b;
Van Kranendonk, 2011) and some models suggest crust
formation by the interaction between these two (plume and
plate) superimposed tectonic processes (e.g., Nelson, 1998;
Wyman et al., 2002).

Supracrustal sequences within crust that formed during
this time interval commonly contain a relatively high volume
of komatiites, a type of ultramafic lava or volcaniclastic rock,
with >18% MgO (Viljoen and Viljoen, 1969; Arndt et al.,
2008). There are two geochemical types: Barberton, or Al-
depleted, komatiites, and Munro, or Al-undepleted, komati-
ites (Arndt, 2003). Both are derived from melting an
anhydrous, unusually hot (1700e1900�C) and deep, source,
~250�C hotter than ambient mantle (Herzberg et al., 2007;
Berry et al., 2008). Barberton-type komatiites were derived
through 30% fractional melting in the presence of garnet, at
P>10 GPa (300 km), within a rising mantle plume source
(Arndt, 2003; Herzberg et al., 2007). Munro-type komatiites
were derived from the melting of a cooler plume source, with
50% fractional melting, but without garnet being present and
therefore derived from shallower in the mantle. A cooler
source for Munro-type komatiites is consistent with their
generally younger age (typically 2.7 Ga) than Barberton-type

komatiites (3.5 Ga), although both types are found in the
Neoarchean Abitibi greenstone belt (Superior Province,
Canada: Sproule et al., 2002), and recent petrological data
suggest that the mantle may have been hotter during this
younger part of the Archean (Herzberg et al., 2010). Signif-
icantly, komatiites do not represent oceanic crust, as they
derive from too great a depth and commonly contain evidence
of eruption onto (and contamination by and mixing with)
older continental crust, as part of widespread cover sequences
(Arndt and Jenner, 1986; Claoué-Long et al., 1988; Bleeker
et al., 1999; Chavagnac, 2004; Trofimovs et al., 2004;
Maurice et al., 2009).

The presence of widespread komatiite eruption in the
period 2.78e2.63 Ga, in combination with the zircon
evidence for a large volume of crust generated during this
period and the petrological evidence for a hotter mantle,
attests to an anomalous period of mantle activity (Condie,
1995, 1998; Davies, 1995; Arndt, 2004; Herzberg et al.,
2010). Many suggestions have been made as to the cause of
the large volume of crust formation, including: a superplume,
or swarm of plumes; an avalanche of subducted continental
lithosphere into the deep mantle, causing it to upwell and melt
through decompression; or overturn of a two-layered mantle
(Condie, 1995, 1998; Davies, 1995; Barley et al., 1998;
Condie et al., 2001; Rey et al., 2003; O’Neill et al., 2007).
Whatever the cause, the anomalous mantle activity resulted in
prolonged, widespread, and extensive volcanism. This would
have pumped enormous volumes of volcanic gases (CO2,
H2S, SO2) into the atmosphere. Recent experience of the
effects of even a single large volcanic eruption on the atmo-
sphere (e.g., Robock et al., 2009) and on the composition of
weathering products (Gislason et al., 2009), show that the
widespread volcanism of the Late Archean Superevent would
have had a very significant effect on the composition of the
atmosphere and the oceans, causing them to become highly
reducing. Such a highly reducing late Archean atmosphere is
indicated by the widespread occurrence of massive sulfide
deposits of this age (Barley et al., 1998; Condie et al., 2001),
as well as by the largest D33S anomalies in Earth history
commencing at about 2.65 Ga (Figure 16.12; Farquhar et al.,
2000; Farquhar and Wing, 2003).

Late Archean greenstone successions commonly contain
BIFs, including silicate, carbonate, and sulfide facies types
that may be up to several hundreds of meters thick and extend
laterally for several hundred kilometers in folded greenstone
belts (Peter, 2003; Klein, 2005). In most cases, these
“Algoma-type” BIFs can be directly associated with volca-
nism, and thus represent local exhalatives. In contrast,
younger, “Superior-type”, or cratonic basin-type BIFs were
deposited on continental margins as a result of upwelling,
reduced, deep seawater and its interaction with more oxygen-
rich, near-surface waters (Cloud, 1973; Klein and Beukes,
1989; Trendall and Blockley, 2004; Beukes and Gutzmer,
2008). A recent study in the Yilgarn Craton has shown that
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late Archean hematiteemagnetiteepyrite BIF was precipi-
tated abiogenically, first as low-Fe jaspilitic chert from
reduced hydrothermal exhalations that interacted with a pool
of free O2, and subsequently through enrichment and reduc-
tion to magnetite and then pyrite through the actions of
interbasinal fluid circulation (Czaja et al., 2010a).

Explosion in Microbial Life
(With a Contribution from C. Johnson)

The period of late Archean crustal growth was accompanied
by large excursions in many of the chemical proxies of
microbial life, including d13Ckerogen (to �61&), d56Fe (to
�3.1&), d34S (to �20&), and, in the younger half of the
period, D33S (to þ8&; Figure 16.15). These proxies show
that life was significantly out of equilibrium with geological
processes during this period, that the atmosphere was highly
reducing (Rye and Holland, 1998; Farquhar et al., 2000;
Farquhar and Wing, 2003), and that equilibrium between the
biosphere and geological processing was not re-established
until sometime after ~2.45 Ga, when the Earth cooled and
oxygen levels started to rise in the atmosphere (see Sections
16.3.3.3, 16.3.3.4).

One of the best preserved and most fossiliferous strati-
graphic units deposited in this time period is the c. 2725 Ma
Tumbiana Formation of the Fortescue Group, in the Pilbara
region of Western Australia (age from Blake et al., 2004).
This formation consists of widespread stromatolitic carbon-
ates deposited under lacustrine, fluvial and very shallow, shelf
to coastal marine conditions (Figure 16.19; Walter, 1983;
Buick, 1992; Sakurai et al., 2005; Bolhar and Van Kra-
nendonk, 2007; Awramik and Buchheim, 2009). Low
seawater sulfate is indicated by the absence of sulfate evap-
orite minerals and presence of halite crystal moulds (Buick,
1992; Eriksson et al., 2005; Awramik and Buchheim, 2009),
although minor amounts of evaporative sulfates have been
found in contemporaneous carbonates elsewhere (Golding
and Walter, 1979). The presence of giant aragonite botryoids
and stratiform sheets of magnesian calcite in rocks of similar
age have been used to infer a late Archean ocean significantly
oversaturated in CaCO3 (Grotzinger and Kasting, 1993).

Tumbiana stromatolites are diverse and display clear
phototactic behavior, including palimpsest fabrics after erect
filaments (Figure 16.19; Buick, 1992). They also contain
local, poorly preserved microfossils (Schopf and Walter,
1983), and organic globules and aragonite nanocrystals that
are remarkably similar to the organo-mineral building blocks
of modern stromatolites dominated by cyanobacteria (Lepot
et al., 2008). Kerogens from these stromatolitic carbonates
and other near-contemporaneous rocks yield d13C values of
up to �61&, indicative of methanotrophy or anaerobic
oxidation of methane coupled to bacterial sulfate reduction
(Hayes, 1983, 1994; Schidlowski, 1988; Packer, 1990; Buick,
1992; Rye and Holland, 1998; Hinrichs, 2002). Modeling

suggests that under conditions of low seawater sulfate
(<200 mM), 30e70% of carbon was processed through
metanogenesis at this time, with methane escaping into, and
accumulating in, the atmosphere (Habicht et al., 2002).
Indeed, the global and highly negative d13C isotopic values
characterizing this time period prompted Hayes (1994) to
suggest that this period could be referred to as the “Age of
Methanotrophs”.

Detailed analysis of Tumbiana Formation stromatolites
has identified two sources of kerogen, including sulfur-rich
globules interpreted as microbial cells selectively preserved
through polymerization by early diagenetic sulfurization that
was fuelled by bacterial sulfate reduction (Lepot et al.,
2009). Buick (1992) argued that the lack of sulfate in the
lacustrine deposystem, together with the textural evidence of
phototactic behavior, could be used as evidence in favor of
oxygenic photosynthesis and thus the presence of cyano-
bacteria at this time, forming part of a complex microbial
ecosystem that also may have included sulfate reduction

FIGURE 16.19 Branching, columnar stromatolite (above) and

palimpsest fabrics after erect filaments (below) from the 2.72 Ga

Tumbiana Formation, Fortescue Group (Australia).
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(Kakegawa and Nanri, 2006), although this latter process is
considered to have been minor prior to 2.5e2.4 Ga (Halevy
et al., 2010). Evidence of a complex microbial ecosystem in
Tumbiana Formation stromatolites was confirmed by Tho-
mazo et al. (2011), who showed 15N-enrichments that
probably record the onset of nitrification and denitrification
under the influence of oxygen. Production of oxygen by
cyanobacteria has also been inferred by the presence of
primary hematite formed from the flow of oxygenated
groundwater at >2.76 Ga elsewhere in the Pilbara (Kato
et al., 2009).

Cyanobacterial molecular fossils (steranes and related
products of carbon maturation) were apparently discovered
by Brocks et al. (1999) through analysis of ~2.7 Ga Jeerinah
Formation shale of Western Australia. These molecular
biomarkers, together with carbon isotopic values, were used
as clear evidence of the existence of oxygenic photosynthetic
processes at this time. Surprisingly, however, eukaryotic
biomarkers from the same rocks were reported in the same
publication, and this shed serious doubts on the validity of this
discovery, as eukaryotic development is widely regarded as
having arisen much later in Earth history.

Nevertheless, Eigenbrode et al. (2008) have indepen-
dently confirmed the presence of methylhopane biomarker
hydrocarbons in Neoarchean formations from the Mount
Bruce Supergroup of Western Australia. Further support has
been recently derived from c. 2.6e2.5 Ga rocks of the
Kaapvaal Craton by Waldbauer et al. (2009), who reported on
late Archean bitumens that contain hopanes attributable to
bacteria, potentially including cyanobacteria and methano-
trophs, but also steranes of eukaryotic origin. An early
appearance of eukaryotes is supported by phylogenies based
on small subunit RNA genes and whole genomes (Pace, 1997;
House and Fitz-Gibbon, 2002). Thus, together with argu-
ments discussed above, as well as geochemical data (see
Schopf, 2004 for an overview), the molecular fossil
biomarker evidence strongly supports that cyanobacterial
oxygenic photosynthesis was fully established and evolved
well before (�2.7 Ga) the atmosphere became more fully
oxidized at c. 2.3 Ga (see Sections 16.3.3.3 through 16.3.3.5;
Brocks et al., 2003; Kato et al., 2009).

A vital cyanobacteria-based biosphere is at least partly
evidenced by the presence of thick black shale deposits at this
time, a classic geologic biosignature of marine plankton
(e.g., Sleep and Bird, 2007; Buick, 2008). However, low
levels of biologically available nitrogen may have limited the
growth of oxygen-producing plankton, and this, together with
a highly reducing atmosphere and oceans, may have
combined to delay the accumulation of oxygen in the atmo-
sphere (e.g., Godfrey and Falkowski, 2009). Indeed, Pavlov
et al. (2001a,b) and Kasting (2005) have suggested that the
late Archean atmosphere was characterized by high methane
concentrations and even a Titan-like organic haze produced at
a rate comparable to the modern rate of organic carbon burial

in marine sediments and accounting for the pronounced low-
d13C kerogens in late Archean sediments (Hayes, 1994).

At ~2.75 Ga, several hundred million years before the
initial increase in atmospheric O2, d

56Fe values decrease to
the lowest values yet measured in sedimentary rocks
(Figure 16.15). This shift is seen in sedimentary sulfides,
organic-carbon-rich bulk shales, and BIFs, suggesting
a widespread shift in Fe cycling across many marine envi-
ronments (Johnson and Beard, 2006). These isotopic varia-
tions contrast with the vast majority of Fe in the crust, as well
as in the bulk of sedimentary detritus of Archean to modern
age, which has a d56Fe value near zero, independent of
atmospheric O2 contents (Beard et al., 2003a,b; Yamaguchi
et al., 2005).

Two competing proposals have been put forth to explain
the highly negative d56Fe excursions at this time. One inter-
pretation favors abiological processes, whereby oxidation of
marine hydrothermal Fe2þaq during BIF genesis, or oxide
precipitation on continental shelves, produced negative d56Fe
values in seawater, which was directly incorporated into
sulfide-rich marine sedimentary rocks (Rouxel et al., 2005;
Dauphas and Rouxel, 2006; Anbar and Rouxel, 2007). These
authors rejected microbial Fe cycling as an explanation for
the Fe isotope excursions, arguing that insufficient quantities
of low d56Fe may be produced by microbial processes such as
dissimilatory iron reduction (DIR).

In contrast, Johnson et al. (2008a,b) proposed that the
large negative excursion in d56Fe values reflected an expan-
sion in DIR prior to the rise in atmospheric O2, followed by
a contraction in geographic extent<2.3 Ga, as BSR expanded
in response to increasing seawater sulfate contents
(Figure 16.15). Anaerobic metabolisms such as DIR would
have thrived in the oceans prior to the rise in atmospheric O2,
particularly if reactive Fe fluxes at 2.8e2.3 Ga had high Fe3þ/
Fe2þ ratios, as expected to occur as oxygen sinks were
consumed prior to the rise in ambient O2.

Development of oxygenic photosynthesis marked a one to
two order of magnitude increase in ocean primary produc-
tivity relative to anaerobic photosynthesis (e.g., Des Marais,
2000; Canfield et al., 2006; Rosing et al., 2006). Oxygenic
photosynthesis is most simply written as:

ð3ÞH2Oþ CO2 þ light0CH2Oþ O2

Ambient O2, when combined with riverine or hydrother-
mally sourced Fe2þaq, would react at circumneutral pH to
produce ferric oxide precipitates:

ð4Þ2Fe2þaq þ 1=
2O2 þ 5H2O02FeðOHÞ3 þ 4Hþ

Reactions 1e4 produce the essential components required
to support heterotrophic respiration, including DIR, which
may be written:

ð5Þ4FeðOHÞ3 þ CH2Oþ 8Hþ04Fe2þaq þ CO2 þ 11H2O
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DIR is phylogenetically diverse, found throughout the
Bacteria and Archaea, including hyperthermophiles, sulfate
reducers, nitrate reducers, and methanogens, involving a wide
variety of electron donors (e.g., Lovley et al., 2004), and is
considered to be one of the earliest microbial metabolisms on
Earth (Vargas et al., 1998; Lovley, 2004).

16.3.3.2. Continental Maturation, Rusting of the
Oceans and the Widespread Microbial
Production of Oxygen (2.63e2.42 Ga)

(with a contribution from C. Johnson and B. Beard)
The time period 2.63e2.42 Ga is characterized by waning

crustal growth, and at the same time by stiffening and
emergence of the continents (Arndt et al., 2001; Flament
et al., 2008; Rey and Coltice, 2008). This led to the wide-
spread development of shallow, stable continental shelves on
which flourished widespread microbial communities fed by
a release of nutrients from continents that were tied more
deeply to the hydrological weathering cycle. This bloom of
microbial life started pumping out significant amounts
of oxygen, which filled reductant sinks in the oceans e
especially dissolved reduced iron e and precipitated vast
amounts of BIF on many continents (e.g., Catling et al.,
2001). Indeed, the first chemical traces of oxygen are
recognized during this time period, showing that the trans-
formation to an oxygenated atmosphere had begun (Siebert
et al., 2005; Anbar et al., 2007; Wille et al., 2007).

Continental growth slowed significantly after ~2.63 Ga,
with only minor crustal growth recorded in a relatively few
cratons to 2.5e2.42 Ga (e.g., Condie, 1998, 2000; Hartmann
et al., 2006; Condie et al., 2009), such as the Slave and Rae
provinces (Canada), Gawler Craton (Australia), North China
Craton (China), and Dharwar Craton (India) (Jayananda et al.,
2000; Davis, W. J. et al., 2003; Geng et al., 2006; Belousova
et al., 2009; Berman et al., 2010). As with the earlier part of
the Archean, tectonic styles of crust formation during this later
stage of the Archean included plate tectonics (growth through
subduction/accretion: Jayananda et al., 2000) and also the
effects of partial convective overturn due to weak lithosphere
(Chardon et al., 2002). However, most other pieces of crust
had become stabilized by this time through the effects of
widespread partial melting and depletion of the mid to lower
crust, emplacement of post-tectonic granites, and maturation
of the mantle root (e.g., Moser et al., 2008).

Widespread cratonization at c. 2.63 Ga was immediately
followed by the deposition of thick, platformal successions
from 2.63e2.42 Ga. An increased area of shallow continental
shelves and a highly reducing atmosphere promoted cyano-
bacterial activity and the production of oxygen at this time,
leading to a gradual rise in oxygen e as reflected by various
chemical proxies (Siebert et al., 2005; Anbar et al., 2007;
Wille et al., 2007; Kaufman et al., 2008; Lindsay, 2008; Frei
et al., 2009; Godfrey and Falkowski, 2009; Reinhard et al.,

2009; Kendall et al., 2010; Sethumadhav et al., 2010).
Detailed studies show that microbial life was complex, highly
advanced and diverse, including both sulfur and aerobic
nitrogen cycling, in addition to cyanobacterial oxygenic
photosynthesis (Ono et al., 2003, 2009; Kamber and White-
house, 2007; Kaufman et al., 2008; Partridge et al., 2008;
Garvin et al., 2009; Czaja et al., 2010b). Despite the wide-
spread production of oxygen at this time and evidence for
a shallow surface oxidized layer in the oceans probably
resulting from the activity of phototrophic plankton, sulfur
isotopes indicate that the atmosphere and deep oceans were
still highly reducing (Figure 16.15; Klein and Beukes, 1989;
Farquhar et al., 2000; Pavlov et al., 2001a,b, 2003; Farquhar
and Wing, 2003; Reinhard et al., 2009). Deepwater environ-
ments were characterized by deposition of black shales and
BIF, indicating continued reducing conditions in deep marine
basins (Figure 16.20). Shallow water deposits include wide-
spread stromatolitic carbonate platforms dominated by cya-
nobacteria (Altermann and Schopf, 1995; Kazmierczak and
Altermann, 2002; Kazmierczak et al., 2009). Local evaporite
deposits of calcium sulfates have also been described from
rocks of this age, together with halite casts (Simonson et al.,
1993; Sumner and Grotzinger, 2000; Hardie, 2003; Eriksson
et al., 2005; Gandin et al., 2005; Gandin and Wright, 2007).
Post-depositional alteration of evaporites to carbonates and
chert is ascribed to the activity of bacterial sulfate reduction,
whose effects are preserved as variable d34S values of pyrite
(Gandin et al., 2005). Large and abundant crystal fans in the
c. 2.5 Ga CampbellrandeMalmani carbonate platform of
South Africa have been interpreted to represent pseudo-
morphs after aragonite that were precipitated as crusts
directly onto the seafloor, and to reflect unusually high
supersaturation of calcium carbonate and high HCO3

�

concentrations in the latest Archean oceans (Sumner and
Grotzinger, 2000, 2004). However, many of the crystal fans
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clearly cut through (i.e. have grown within) previous
carbonate sediment, and occur only in shallow-water envi-
ronments; thus, the occurrence of such crystals most likely
represents the effects of diagenesis, possibly as a result of
evaporative conditions (W. Altermann, pers. comm., 2009).

The largest volume of BIF in Earth history was deposited
over this period, as “Superior-type”, or cratonic basin-type
iron formation (Figure 16.15). The best studied of these
deposits include the coeval Hamersley (Australia) and
Transvaal (South Africa) basins, with correlated impact
spherule layers between the two basins (Simonson et al.,
2009), despite a varied lithostratigraphy (Altermann and

Nelson, 1998; Pickard, 2002, 2003; Trendall et al., 2004;
Eriksson et al., 2007). BIFs of this age also occur on many
other continents, including South America, Russia, and North
America (Figure 16.21; see Beukes and Gutzmer, 2008). The
Hamersley Basin contains several units of BIF, totaling 900 m
in thickness, with individual units up to 142 m thick
(Trendall, 1972). These are interbedded with units of black
shale, green “shale” (technically still iron formation with
30e40 wt% Fe), and carbonate (Figure 16.2).

Three different scales of layering have been recognized in
the BIF, including millimeter-scale couplets of iron and silica
(microbands), centimeter-scale bundles of laminated rocks

FIGURE 16.21 Comparative stratigraphic columns across the ArcheaneProterozoic transition, showing major accumulations of BIFs (red) and glacial

deposits (light brown, with irregular ellipses overprint). Yellow¼ clastic sedimentary rocks; blue¼ carbonates; green¼ basaltic rocks and dolerite; pale

yellow¼ felsic volcanic rocks; gray-blue¼Mn-rich sedimentary rocks; light pink¼ granite. Numbers inside columns denote U-Pb zircon or Pb-Pb carbonate

age dates (sources of information cited in text).
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(mesobands), and decimeter to meter-scale macrobands, with
at least some of the variation in layering controlled by orbital
procession (Trendall and Blockley, 1970; Trendall, 1972). In
Australia, BIFs were deposited on a continental platform,
mostly below storm wave base, through upwelling of deep
ocean Fe derived from (?mid-ocean) hydrothermal systems,
which mixed with surficial O2 in what was probably a layered
ocean at this time (Figure 16.20; Cloud, 1973; Morris and
Horwitz, 1983; Klein and Beukes, 1989; Beukes et al., 1990;
Towe, 1990; Klein and Ladeira, 2000; Trendall and Blockley,
2004; Beukes and Gutzmer, 2008; Steinhoefel et al., 2009).
Many researchers now consider that bacteria e specifically
iron-oxidizing bacteria e probably had a direct role in
precipitating the iron formations (e.g., Konhauser et al., 2002,
2007a; Beukes and Gutzmer, 2008; Croal et al., 2008; Crowe
et al., 2008). A variety of models to explain the variation
between Fe- and Si- rich bands have been proposed, including
a decoupled source of Fe (mid-ocean ridges) and Si (conti-
nental weathering: Hamade et al., 2003), the effects of
temperature fluctuations in the oceans on iron-oxidizing
bacteria (Posth et al., 2008), or positive feedbacks during
chemical alteration of oceanic crust (Wang, Y. et al., 2009).

“Superior-type” BIFs at ~2.5 Ga, such as the Brockman
and Kuruman iron formations, are interpreted by Johnson
et al. (2008a,b) as reflecting extensive DIR activity, supported
by exceptionally high Fe, but low S, fluxes. Johnson et al.
(2008a,b) argued that the negative d56Fe values in Neo-
archean and Paleoproterozoic marine sedimentary rocks
cannot reflect those of the open oceans, as proposed by
Rouxel et al. (2005) and Anbar and Rouxel (2007), because
large ranges in d56Fe values are measured over centimeter
distances in BIFs and black shales, which would require rapid
changes in seawater d56Fe values and is inconsistent with the
generally accepted long ocean residence times for Fe during
this period. Moreover, Johnson et al. (2008a,b) noted that
abiologic mechanisms for producing negative d56Fe values,
such as extensive oxidation and precipitation that produces
very low Fe contents in the remaining fluid, cannot explain
the occurrence of negative d56Fe values in Fe-rich rocks such
as BIFs. In a review of Fe isotope data from experimental
systems and natural environments, Johnson et al. (2008a)
noted that DIR produces several orders of magnitude larger
quantities of low- d56Fe Fe than abiologic processes such as
oxidation and precipitation, lending support to the interpre-
tation that the negative d56Fe values in Neoarchean and
Paleoproterozoic rocks may largely reflect biological Fe
cycling.

The effects of thickening and strengthening of the conti-
nental lithosphere at the end of the late Archean growth cycle
(e.g., Flament et al., 2008), when combined with the insu-
lating effects resulting from the formation of one or more
supercontinents (e.g., Coltice et al., 2007), led to the wide-
spread emplacement of maficeultramafic sills and dykes
from 2.57e2.42 Ga, although dykes were also emplaced into

crust outside of this range, at both older and younger ages
(Figure 16.3; Heaman, 1997; Nemchin and Pidgeon, 1998;
Vogel et al., 1998; Ernst and Buchan, 2001; Grant et al., 2009;
Kulikov et al., 2010; Nilsson et al., 2010). This widespread
maficeultramafic magmatism was tied to lithosphere exten-
sion and breakup of supercontinent(s) in the prelude to the
next global supercycle that led to global tectonism and the
formation of supercontinent Nuna (Columbia) in the interval
2.0e1.75 Ga (see Section 16.3.3.5).

16.3.3.3. Mantle Slowdown, Global Cooling and
the Great Oxidation Event (2.42e2.25 Ga)

The period 2.42e2.25 Ga is perhaps the least represented
time interval in the geological record after c. 4 Ga (Condie,
1998, 2000), and has recently been interpreted to reflect
a global magmatic shutdown over 250 Ma (Condie et al.,
2009). However, there is at least some evidence of geological
activity, both in terms of basin sedimentation and in mag-
matism (e.g., Vuollo and Huhma, 2005; Feybesse et al., 2006;
Dos Santos et al., 2009; Berman et al., 2010; French and
Heaman, 2010), so that, although a complete shutdown of the
mantle during this time period is unlikely, global geological
activity certainly slowed significantly following on from the
late Archean mantle-crust blowout (Figure 16.19). One
possible reason for this magmatic slowdown is a significant
cooling of the mantle (e.g., Davies, 1995), leading to an
episode of stagnant-lid behavior (O’Neill et al., 2007; Ernst,
2009), similar to the apparently dominant tectonic style of
Venus (Turcotte et al., 1999). Accompanying this period
of severely limited geological activity was the global cooling
of the atmosphere and concomitant rise in atmospheric
oxygen, resulting in widespread glacial deposits (Figures
16.15 and 16.18; Kirschvink et al., 2000; Canfield, 2005).
Atmospheric cooling itself likely had a feedback effect on the
mantle, further slowing down mantle convection and
limiting plate tectonics and crustal growth during this period
(Lenardic et al., 2008; Landuyt and Bercovici, 2009).

Decreasing mantle temperatures led to thickening and
strengthening of the continental lithosphere that, when
coupled with cooling and thinning of the oceanic lithosphere,
led to the emergence of continents and a change in the
balance between volcanism and hydrothermal alteration prior
to this time, and weathering and erosion of continents
thereafter, with exposed rocks increasingly tied to hydrolog-
ical rock weathering cycles (Vlaar, 2000; Flament et al.,
2008; Rey and Coltice, 2008).

Recent studies of mass-independent fractionation of sulfur
isotopes have shown that the level of atmospheric oxygen
rose to >10�5 present atmospheric level (PAL) by 2.4e2.3
Ga during a period of widespread, or possibly global, glaci-
ation (Figures 16.15, 16.21; Kirschvink, 1992; Kirschvink
et al., 2000; but see also Young, 2002). Goldblatt et al. (2006)
regard this change as a major switch between two stable
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steady states for atmospheric oxygen, between an early, low-
oxygen steady state, and a younger, high-oxygen steady state,
with the change brought on by ultraviolet shielding of the
troposphere. After the Paleoproterozoic glacial episode,
oxygen levels in the atmosphere rose in a stepwise manner,
leading to current levels only after the Neoproterozoic
glaciations at c. 700 Ma (Des Marais et al., 1992; Kasting and
Catling, 2003) (see Section 16.3.4.3).

The Paleoproterozoic glacial event is characterized by up
to three intervals over the period 2450e2220 Ma, as gleaned
primarily from the well-studied, rift-related Huronian Super-
group in North America (Figures 16.21 and 16.22; Coleman,
1908; Roscoe, 1973; Nesbitt and Young, 1982; Krogh et al.,
1984; Corfu andAndrews, 1986; Roscoe andCard, 1993; Fedo
et al., 1997; Young and Nesbitt, 1999; Ojakangas et al., 2001).
Glaciogenic rocks of this age have also been reported from
South Africa (Visser, 1971; Bekker et al., 2001, 2004; Hannah
et al., 2004; Polteau et al., 2006), Australia (Trendall, 1981;
Martin, 1999), Finland (Marmo and Ojakangas, 1984), and
India (Sinha-Roy et al., 1993; Mazumder et al., 2000). Orig-
inally considered to include low-latitude glaciations (Evans
et al., 1997; Williams and Schmidt, 1997), this is now in some
doubt (Hilburn et al., 2004), although the association of glacial
rocks with deposits characteristic of tropical settings
(carbonate rocks, red beds and evaporites: Gay andGrandstaff,
1980; Nesbitt and Young, 1982; Ojakangas et al., 2001)
supports a nearly global, at least partially low latitude, glaci-
ation event, as do quite highly negative d13Ccarbonate values (to
�15&) from glacial diamictites and cap carbonates of this
period (Lindsay andBrasier, 2002; Bekkeret al., 2005; Polteau
et al., 2006; Van Kranendonk, 2010b).

In South America, carbonates overlying BIFs in the Minas
Supergroup are 2420� 19 Ma, but show no stratigraphic or
carbon isotopic evidence of deposition during glaciation,
which appears not to be recorded in this area (Babinsky
et al., 1995; Bekker et al., 2003a). Rather, unconformably
overlying carbonates contain the distinctive positive d13C
values (þ5 to þ8&) of the LomagundieJatuli isotopic
excursion (2.22e2.06 Ga: see Section 16.3.3.4) and are
<2125 Ma (Bekker et al., 2003a). A post 2420 Ma age of
glaciations is also inferred for glacial deposits in Australia,
from detrital zircon data (Takehara et al., 2010), and from
South Africa, based on an unpublished age of 2415� 6 Ma
from the non-glaciogenic Koegas Formation underlying the
glaciogenic Makganyene Formation (Figure 16.21; Kirsch-
vink et al., 2000).

Dating of xenotime overgrowths from the Gordon Lake
Formation, stratigraphically overlying the highest of three
glacial units (Gowganda Formation) in the Huronian Super-
group suggests that glaciation may have occurred at, or after,
2376� 13 Ma (Ray et al., 2008). In the Lake Superior region,
a population of 20 detrital zircons from the correlative gla-
ciogenic Enchantment Lake Formation of the Chocolay
Group indicates a maximum age of deposition of 2317

� 6 Ma (Ojakangas, 1988; Vallini et al., 2006). Diagenetic
pyrites in C-rich shales from the Timeball Hill Formation in
between glacial diamictites in South Africa, which are
inferred to correlate with the second and third glacial events
in the Huronian, have yielded a Re-Os age of 2316� 7 Ma
(Hannah et al., 2004). The dated pyrites lack mass-indepen-
dent sulfur isotope fractionation and have highly negative
d34S values. When combined with the fact that they are
interbedded with a thick ironstone layer consisting of hema-
titic pisolitic ferricretes and oolitic ironstone beds, these
features strongly indicate a rise in atmospheric oxygen to
>10�5 PAL by this time (Prasad and Roscoe, 1996; Farquhar
et al., 2000; Bekker et al., 2004; Hannah et al., 2004; Coetzee
et al., 2006; see also Papineau et al., 2007). These data
contrast with evidence of a reducing atmosphere at 2450 Ma,
immediately before the glaciations (Utsunomiya et al., 2003).

A minimum age for the glaciations is given by the
2219� 3 Ma to 2210� 3 Ma Nipissing diabase intrusions
that cut through the Huronian Supergroup (Corfu and
Andrews, 1986; Noble and Lightfoot, 1992), by the
2222� 12 Ma Hekpoort and Ongeluk lavas that overlie
glacial units in South Africa, and by the 2209 Ma� 15 Ma
Cheela Springs basalt that overlies glacial rocks in Australia
(Figure 16.21; Cornell et al., 1996; Martin et al., 1998).

In Western Australia, glacial diamictites of the Turee
Creek Group (Meteorite Bore Member: Trendall, 1981;
Martin, 1999) lie conformably on BIF of the underlying
Hamersley Group across a 15 cm thick transitional chert unit
that grades from jaspilitic chert with mm-thick bands of iron
formation at the base, through jaspilitic chert in the middle, to
gray chert at the top (Figure 16.23; Van Kranendonk, 2010b).
The transitional chert unit is conformably overlain by a green,
pyritic mudstone with sparse dropstones that marks the base
of the Turee Creek Group and onset of clastic, glaciomarine
deposition (Figure 16.24). This mudstone unit is overlain by

FIGURE 16.22 Paleoproterozoic tillite of the Gowganda Formation,

Huronian Supergroup (Canada); note red, oxidized, granitic clasts.
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three beds of coarse sandstone containing angular to sub-
angular quartz clasts, locally abundant detrital pyrite, and
outsize clasts of porphyritic rhyolite, carbonate, and a variety
of other lithology within a siltstone matrix. The uppermost of
these sandstones contains a thin (1 cm), continuous carbonate
bed near its base, which has d13C values of �5&. Shale
overlying the glacial sandstones still contains dropstones, and
contains a distinctive, Mn-rich BIF (up to 7.4 wt% MnO)
(Figure 16.24; Van Kranendonk, 2010b).

Sulfur isotope data on pyrite from this section shows that
it contains authigenic pyrite with small, but definite D33S
anomalies (�0.83 to 0.96&: Williford et al., 2011) that are
comparable to the range reported for the Pecors Formation
(�0.07 to 0.88&) deposited between the first two glacial
episodes in the Huronian Supergroup (Papineau et al., 2007).
A 90& range in d34S in Meteorite Bore Member pyrite
(�45.5 to 46.4&: Williford et al., 2011) is significantly larger
than any observed prior to the Neoproterozoic and implies
that seawater sulfate concentration had increased above 200
mmol by the time of deposition (Habicht et al., 2002). The
Paleoproterozoic increase in seawater sulfate concentration is

FIGURE 16.23 Field photograph of the conformable depositional

contact between BIF and the transitional chert unit (TC) of the

Hamersley Group and overlying glacial mudstones and sandstones of the

Turee Creek Group; author’s finger points to the site of a possible GSSP for

the ArcheaneProterozoic boundary at the top of the transitional chert.
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FIGURE 16.24 (a) Stratigraphic section and S isotope data from the proposed ArcheaneProterozoic boundary at the contact of the Hamersley Group and

Turee Creek Group, Western Australia (from Van Kranendonk, 2010a and Williford et al., 2011); (b) closeup of transitional chert unit, showing gradation from

iron formation at very base, through jaspilitic chert, to gray chert at top, reflecting progressive scrubbing of iron from the oceans; (c) large, well-rounded

dropstone of porphyritic rhyolite in glacial mudstone and sandstone; (d) banded Mn-rich (up to 7 wt%) iron formation overlying the glacial deposits.
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thought to have been driven by increased oxidative weath-
ering of sulfides on the continents and has been constrained
by 2322� 15 Ma rocks that do not exhibit S-MIF (Bekker
et al., 2004).

Highly negative d13C values in the Timeball Hill Forma-
tion (South Africa) were used to infer the presence of
seawater sulfate and its reduction by bacteria (Cameron,
1983). Moderately negative d13C values from Turee Creek
Group carbonates (�5 &: Lindsay and Brasier, 2002; Van
Kranendonk, 2010b), indicate support for global glaciation in
the Paleoproterozoic (Kirschvink et al., 2000). Conversely,
the presence of strongly positive d13C values from carbonate
rocks of the Duitschland Formation, from units interbedded
with glacial diamictites (Bekker et al., 2001; Guo et al.,
2009), suggests a prelude to the younger (2.25e2.06 Ga),
global, LomagundieJatuli C isotopic excursion and at least
local imbalance between organic production and carbon
burial via an organic carbon cycle operative during the
Paleoproterozoic glaciations (see Section 16.3.3.4 and Coet-
zee et al., 2006).

Many models have been proposed to account for the rise in
O2 at this time. Some have suggested that it marks the advent
of oxygenic photosynthesis (e.g., Hedges et al., 2001; Blank,
2004; Kopp et al., 2005), or that cyanobacteria were restricted
to freshwater environments prior to 2.4 Ga before diversifying
into marine environments (Blank and Sánchez-Baracaldo,
2010). However, the discovery of cyanobacterial microfossils
and biomarkers in much older rocks (2.5 Ga: Altermann
and Schopf, 1995; Kazmierczak and Altermann, 2002;
Kazmierczak et al., 2009), together with chemical evidence
of their existence even well back into the Archean (Cloud,
1972; Siebert et al., 2005; Ono et al., 2006; Anbar et al.,
2007; Wille et al., 2007; Hoashi et al., 2009; Kato et al.,
2009), demonstrate that photosynthetic production of O2

commenced much earlier (e.g., Nisbet et al., 2007) and that
the rise of O2 in the atmosphere at ~2.4 Ga was due to
filling up of reductant sinks (reduced Fe and S) in the
world’s oceans, combined with a reduction in the volume of
reducing gases being emitted into the atmosphere by
a lesser degree of volcanism as a function of a cooling Earth
system (see Section 16.4 and e.g., Barley et al., 2005).

A number of authors have suggested that atmospheric O2

rose in response to the collapse of a methane greenhouse
atmosphere as a result of the irreversible loss of H2 to space
(Catling et al., 2001; Zahnle et al., 2006). Alternatively,
Campbell and Allen (2008) suggested that the rise in atmo-
spheric oxygen was associated with the formation of super-
continents, in which the development of supermountains
provided nutrients (Fe, P) to the oceans, which provided the
means for a bloom in cyanobacteria and a resultant marked
increase in photosynthetic O2 (see also Lindsay and Brasier,
2002). Kump and Barley (2007) suggested that an increase in
subaerial volcanism and associated, more oxidized, volcanic
gases (viz SO2) led to the rise in atmospheric O2, reflecting the

maturation of continents. This theme was followed up by
Holland (2009), who suggested that the gradual increase in
the oxidation state of the atmosphere resulted from an
increase in the CO2/H2O and/or SO2/H2O ratios of volcanic
gases. Konhauser et al. (2009) suggested that a depletion in
oceanic Ni e as a function of reduced komatiitic volcanism
and cooling mantle temperatures e stifled the activity of
methanogens and led to a reduction in atmospheric methane,
prior to, or contemporaneous with, a rise in O2. Thus, as
suggested by Melezhik (2006), it appears there may have
been many overlapping causes for the Paleoproterozoic
glaciations and rise in oxygen.

The increase in d56Fe values between ~2.5 and 2.3 Ga
(Figure 16.15) is interpreted by Johnson et al. (2008a) to
reflect contraction of DIR in terms of its influence on Fe
cycling in the open oceans as seawater sulfide contents
increased through increased bacterial sulfate reduction (BSR)
activity; increasing sulfide would have titrated reactive Fe,
decreasing its availability to support DIR. The increase in
range of d34S values after ~2.4 Ga records an increase in
seawater sulfate contents, producing relatively large S isotope
fractionations during BSR, when sulfate is in “excess”
(Canfield, 2001). However, sulfate contents probably
remained in the 1e2 mM range, significantly lower than the
28 mM concentrations in the modern oceans (Kah et al.,
2004). Following the initial rise in atmospheric O2 contents at
~2.3 Ga, Rouxel et al. (2005) and Anbar and Rouxel (2007)
suggested that near-zero or positive d56Fe values are char-
acteristic of seawater Fe under an O2-bearing atmosphere.
Biogeochemical redox cycling of Fe and Mn has been
recognized in c. 2.3 Ga rocks of the Hotazel sequence in
South Africa (Tsikos et al., 2010), a feature which can be used
to infer the presence of a redoxcline within basins
(e.g., Dellwig et al., 2010).

16.3.3.4. Breakout Magmatism, the Lomagundie
Jatuli Carbon Isotopic Excursion, and the First
Eukaryotes (2.25e2.06 Ga)

The period from 2.25e2.06 Ga witnessed a dramatic rise in
the level of atmospheric oxygen and was perhaps the most
novel period in Earth history in terms of new rock types, with
the deposition for the first time of: red beds in continental and
marine settings under conditions of oxidative continental
weathering; widespread Ca-sulfates in shallow marine envi-
ronments (Figure 16.25); and phosphorites and Mn-rich
sedimentary rocks in deeper-water environments (manganese,
like Fe, is soluble as Mn2þ and is deposited through oxidation
reactions to Mn3þ or Mn4þ) (Perttunen, 1985; Holland, 1994,
2002, 2005; Martin et al., 1998; El Tabakh et al., 1999;
Ojakangas et al., 2001; Pirajno and Grey, 2002; Lehtinen
et al., 2005; Pollack et al., 2009; Maheshwari et al., 2010). In
addition, this period is characterized by renewed magmatic
activity on a global scale, but unlike its late Archean

336 The Geologic Time Scale 2012



predecessor, this event is accompanied by highly positive
excursions in the d13C composition of carbonate rocks,
known as the LomagundieJatuli carbon isotopic excursion
(LJE) (Figure 16.26; Karhu and Holland, 1996; Melezhik
et al., 1999a, 2005a, 2007). Perhaps most significantly, this
period of progressively increasing atmospheric O2 is also the
time of the first recorded eukaryotic fossils (2.1 Ga: Han and
Runnegar, 1992), representing perhaps the first of several
direct links between rising levels of atmospheric oxygen and
the increasing evolutionary complexity of life (Margulis and
Sagan, 1986; see Section 16.3.4.2).

Many other pieces of geological evidence support the
Great Oxidation Event at this time, including the following:

l Hydrothermal uranium ores took the place of detrital
uraninite placer deposits;

l Paleosols and surficial deposits became oxidized;
l The concentration of redox-sensitive elements (U, Mo, V)

in carbonaceous shales began to increase;

l Phosphorites made their first appearance (Figure 16.17;
Holland, 1994, 2005; Pollack et al., 2009).

In addition, manganiferous iron formations became significant
and gave rise to giant ore bodies whose mineralization was
formed during sediment deposition at 2.2e2.06 Ga from
a layered, partly oxidized ocean affected by biogeochemical
cycling of Fe and Mn and then concentrated during younger
events (Evans et al., 2001; Roy, 2006; Schneiderhan et al.,
2006; Dellwig et al., 2010; Tsikos et al., 2010). It is not
surprising that there is a correlation between phosphorite and
Mn-rich deposits, as P andMn are in close association, formed
through an excess of organic carbon deposited into seas by
planktonic organisms (Kholodov and Nedumov, 2009).

Perhaps the best section where the change to a more
oxidized atmosphere is recorded is in the Huronian Super-
group of North America, where rocks of the Lorrain Forma-
tion rest on an oxidized paleosol on the last of the three
underlying glacial diamictites, contain 34S-enriched
(d34S¼þ 15&), stratiform, nodular anhydrite, and include
limestones with unusually high d13Ccarbonate values of up to
þ9.5&, characteristic of the worldwide LomagundieJatuli
isotopic excursion (Figure 16.26; Cameron, 1983; Prasad and

FIGURE 16.25 Polished rock slab showing gypsum crystals in

carbonate from the c. 2.2 Ga Yerrida Basin, Western Australia. From

Pirajno and Grey (2002).

FIGURE 16.26 d13C variations in early Paleoproterozoic sedimentary

carbonates based on high-precision U-Pb and Re-Os age data (for

references see Melezhik et al., 2007). Vertical bars represent d13C variation,

and horizontal bars indicate uncertainty in age. 1eSeidorechka Sedimentary

Formation, Imandra/Varzuga Greenstone Belt, NW Russia; 2eDuitschland

Formation, Transvaal Basin, S. Africa; 3eSericite Schist Formation, Kuu-

samo Schist Belt, Finland; 4eDunphy and Portage formations, Labrador

Trough, Canada; 5ePistolet Subgroup, Labrador Trough, Canada; 6eLower
Vistola Formation; 7eSiltstone Formation, Kuusamo Schist Belt, Finland;

8eKuetsjärvi Sedimentary Formation, Pechenga Greenstone Belt, NW

Russia; 9eHoutenbek Formation, Transvaal Basin, S. Africa; 10eKolosjoki

Sedimentary Formation, Pechenga Greenstone Belt, NW Russia. aeend of

mass-independent fractionation of sulfur isotopes; beabundant marine

sulfates; cefirst sedimentary phosphorites; debreak-up of Archean super-

continent. Arrow-headed lines show stratigraphic d13C trend within the

formation.
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Roscoe, 1996; Bekker et al., 2006). These features indicate
a significant rise in atmospheric oxygen (e.g., Martin et al.,
1998), a related increase in marine sulfate concentration
through the oxidative weathering of sulfides from exposed
continental rocks (Cameron, 1983; Canfield et al., 2000;
Schröder et al., 2008), and the onset of widespread bacterial
sulfate reduction. This is well constrained as having occurred
between the end of the global glaciations (<2316 Ma) and
the emplacement of the c. 2220 Ma Nipissing diabase that
cuts through the Huronian Supergroup (Papineau et al.,
2007).

Further evidence of a much more highly oxidized atmo-
sphere thereafter comes from hematitic paleoweathering
profiles on c. 2220 Ma basalts in South Africa (Holland and
Beukes, 1990; Wiggering and Beukes, 1990; Rye et al., 1995;
Holland and Rye, 1997; Rye and Holland, 1998; Yang et al.,
2002; Yang and Holland, 2003) and from red beds and
hematitic rhyodacites of the c. 2060 Ma, subaerial, Rooiberg
Group (Twist and Cheney, 1986; Eriksson and Cheney, 1992).
In between these events, there is at least some evidence for at
least local marine anoxia (Bau and Alexander, 2006).

Breakout Magmatism

The time period 2220e2200 Ma is marked by a global event
of basaltic magmatism, representing a breakout event after
the prolonged period of slowed mantle activity in the
preceding 200e250 Ma (Figure 16.21; Condie et al., 2009).
Thick flood basalt sequences of this age are recorded from
Western Australia (2209� 15 Ma Cheela Springs Basalt:
Martin et al., 1998) and South Africa (2222� 12 Ma Hek-
poort and Ongeluk lavas: Cornell et al., 1996; Dorland,
2004). Equivalent intrusive rocks from North America
include the extensive 2219� 3 Ma to 2210� 3 Ma Nipissing
diabase intrusions (Corfu and Andrews, 1986; Noble and
Lightfoot, 1992) and Seneterre dykes (2216 þ8/�4 Ma:
Buchan et al., 1996), as also recorded in India (French and
Heaman, 2010), and in China (2199� 11 Ma gneisses and
2193� 15 Ma gabbros: Zhao et al., 2008; Wang et al., 2010).
Extensive graniteegreenstone terrains were also formed at
this time in West Africa (2229� 42 Ma Birimian: Abou-
chami et al., 1990; Feybesse et al., 2006) and central Brazil
(2.23e2.20 Ga Mineiro belt: Ávila et al., 2010; 2209� 32
Ma Crixás greenstone belt: Jost et al., 2010). Geological and
isotopic data have shown that the 2.25e2.0 Ga granite
(dominantly TTG)egreenstone Man Craton of West Africa
formed as dominantly juvenile crust (εNd(2100 Ma)¼þ3.6 to
þ1.2) in an oceanic plateau setting, through 5e15% melting
of slightly depleted lherzolite in deep mantle plumes, which
produced huge amounts of tholeiites in a short time (Abou-
chami et al., 1990; Boher et al., 1992; Lompo, 2009). Esti-
mates of crustal growth rates in this craton are 60% higher
than present. Sylvester and Attoh (1992) presented strati-
graphic and geochemical data for Birimian greenstones and

showed that they consist of tholeiitic basalt and overlying
calc-alkaline intermediate to felsic volcanic rocks that are
similar to those in many Archean greenstone belts,
concluding that:

‘.hence, the Archean-Proterozoic boundary may not coincide with

a worldwide, fundamental change in crust-mantle evolution.’

(Sylvester and Attoh, 1992, p. 377).

LomagundieJatuli Isotopic Excursion

(contributed by V. A. Melezhik)
The discovery of 13C-rich Paleoproterozoic sedimentary

carbonates in the Jatuli complex, Russian Karelia (Galimov
et al., 1968), and in the Lomagundi province in Zimbabwe
(Schidlowski et al., 1976), presented geologists with a major
puzzle concerning its significance. It took over a decade
for the first realization (Baker and Fallick, 1989a,b), and
a further decade for wide international acceptance, of the fact
that these carbonates represent one of the major perturbations
of the global carbon cycle (Karhu and Holland, 1996) and
the largest magnitude known positive excursion of d13C
in sedimentary carbonates at any time in Earth history
(Figure 16.26; Melezhik et al., 1999a). The Lomagundie
Jatuli Event (LJE) appears to be an integral part of a series of
other prominent Paleoproterozoic environmental events,
whose interrelationship remains intriguing and only partially
resolved (Melezhik et al., 2005a).

Considering the existing age constraints, it appears that
the LJE developed after the “Huronian-age” glaciation
(Bekker et al., 2005; Kopp et al., 2005; Melezhik, 2006). The
mass-independent sulfur isotope data suggests that the LJE
post-dates the initial accumulation of atmospheric O2 (Bekker
et al., 2004; Hannah et al., 2004; Anbar et al., 2007; Kaufman
et al., 2008). It is also evident that the LJE coincides with
worldwide terrestrial “red beds” and abundant Ca-sulfates
(Melezhik et al., 2005b). An unprecedented accumulation of
Corg-rich sediments, known as the Shunga Event, occurred in
its aftermath (Melezhik et al., 1999b).

The currently available absolute chronology of the LJE
(Bau et al., 1999; Lindsay and Brasier, 2002; Hannah et al.,
2004) does not provide robust age constraints on its onset, its
duration, nor its internal structure. The onset of the LJE has
not been constrained. Buick et al. (1998) reported a positive
isotopic shift at around 2330 Ma (Hannah et al., 2004) from
the Transvaal Supergroup. However, Bekker et al. (2001)
argued that this may represent an earlier, separate isotopic
shift prior to the LJE per se (Figure 16.26). Data from Fen-
noscandia indicate that the accumulation of 13C-rich
carbonates was underway by c. 2200 Ma, whereas the
termination of the isotopic event was inferred at c. 2060 Ma
(Karhu, 1993). The global nature of the LJE has recently been
verified by Maheshwari et al. (2010) and a recently obtained
age of 2058� 2 Ma from Fennoscandia provides a direct time
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constraint on the end of the LJE (Melezhik et al., 2007), thus
suggesting a minimum c. 140 Ma interval characterized by
13C-rich carbonate accumulation.

The termination of the LJE coincides with a change in the
tectonic regime from active rifting to passive margin thermal
subsidence resulting in a global paleogeographic restructur-
ing of major landmasses (e.g., Mazumder et al., 2000). It also
corresponds exactly to the age of emplacement and extrusion
of one of the world’s largest magmatic provinces, the Bush-
veld Magmatic Province, comprising both the Rustenburg
Layered Suite and the genetically related Rooiberg Group of
subaerial volcanics (see Section 16.3.3.5; Buchanan et al.,
2002; Armstrong et al., 2010). Large, shallow-water
carbonate platforms and shallow-water carbonate shelves
colonized by stromatolite-forming cyanobacteria drowned
and disappeared in several continents at this time (Melezhik
et al., 1997; Bekker and Eriksson, 2003; Bekker et al.,
2003a,b; Wanke and Melezhik, 2005).

The LJE was followed by the onset of the c. 2000 Ma
Shunga Event, an unprecedented accumulation of Corg-rich
sedimentary rocks and generation of giant petroleum
deposits (Melezhik et al., 1999b, 2004, 2005a; Mossman
et al., 2005), formation of the earliest phosphorites, and the
emergence of an aerobic pathway in biogeochemical
recycling of organic matter (Fallick et al., 2008) (see
Section 16.3.3.5). The latter may explain an intriguing
feature of the LJE, namely the lack of a subsequent
compensating low d13C excursion (Karhu and Holland,
1996; Melezhik et al., 2007). A negative d13C might be
anticipated to follow an episode of enhanced organic
carbon burial as recycling and remineralization proceeded.
This is also a characteristic feature of extinction events
(Magaritz, 1989) and of ventilation, or turnover, of deep
anoxic basins (e.g., Aharon and Liew, 1992), which have
been considered to be one of the possible causes of the
LJE. However, the creation of a new locus for organic
carbon recycling, since the active biomass reservoir within
the sediments and crust endures, might have resulted in no
net return of oxidized organic carbon of low d13C to the
oceaneatmosphere system to become recorded by sedi-
mentary carbonate d13C (Fallick et al., 2008).

Phosphorites

(contributed by D. Papineau)
Worldwide occurrences of sedimentary phosphate

deposits appear in the rock record after the Paleoproterozoic
glaciations, suggesting that phosphogenesis was related to
a global chemo-oceanographic change and probably not only
to restricted, local, conditions (Papineau, 2010) . A list of
Paleoproterozoic phosphate deposits is shown in Table 16.2,
which also includes details on the age constraints, associated
sediments and minerals and estimated tonnage of P2O5, when
available.

One of the oldest and largest Paleoproterozoic phosphate
deposits is the 2.2e2.0 Ga stromatolitic phosphorites that are
embedded in a dolomite sequence in theAravalli Supergroup in
Rajasthan, India, composed mainly of carbonate fluorapatite
(Banerjee, 1971; Chauhuan, 1979; Papineau et al., 2009). The
Aravalli stromatolitic phosphorites were deposited in a semi-
restricted environment and are hosted in dolomites with
d13Ccarb values near 0&, but which have been regionally
correlated to other dolomites with high d13Ccarb values
(Maheshwari et al., 1999; Sreenivas et al., 2001). Relatively
high d13Corg values in these stromatolitic phosphorites have
been attributed to high levels of primary productivity during
deposition, which were likely stimulated by the abundance of
phosphate in various Aravalli environments (Banerjee et al.,
1986; Sreenivas et al., 2001) and may also relate to high
d13Ccarb values of contemporary carbonate. Another of the
older phosphorite deposits includes uraniferous phosphorite
bands in carbonates and graphitic gneisses in the c. 2.1Ga Jatuli
Group (Laajoki and Saikkonen, 1977; Äikäs, 1980, 1981).

Several large Paleoproterozoic phosphorites occur in the
region of the Kursk Magnetic Anomaly (western Russia and
Ukraine), on the SinoeKorean platform, and in the Aldan
Shield (northeastern Russia) (Table 16.2; Yudin, 1996).
Phosphorites in the Kursk Magnetic Anomaly typically occur
in carbonaceous sedimentary rocks within intracratonic rift
basins often associated with large BIFs (Nikitina and Shchi-
panskiy, 1987). In the Susong Group in China, phosphorites
have up to 26% P2O5 and occur in dolomites, cherts and
graphitic schists stratigraphically above a conglomerate, as
part of a transgressive sequence (Longkang and Zhendong,
1988). In the Chinpingshan area of China, Paleoproterozoic
apatite-rich deposits are hosted in carbonates that are often
manganiferous (Yudin, 1996). In Siberia and Yakutia of
northeastern Russia, poorly dated Paleoproterozoic phos-
phorite deposits occur in highly metamorphosed skarn rocks
and contain large reserves, estimated at 130 million tons
(Guily, 1989; Yudin, 1996). Many of these deposits share
similarities in depositional environments and mineralogical
characteristics by preserving relatively high amounts of
organic matter and/or sulfides, which are likely related to
biological processes during deposition and diagenesis.

In North America, several Paleoproterozoic phosphorites
occur along the southern shore of the Superior Craton. Ura-
niferous phosphatic sedimentary rocks in Minnesota contain
up to 25% P2O5 in the form of nodular apatites (Ullmer, 1981,
1985; McSwiggen et al., 1986). Uranium (U4þ) likely
substitutes for Ca2þ during the diagenetic formation of apatite
and may have adsorbed onto organic matter in the depositional
environment. Although relatively restricted in extent, phos-
phorites of Minnesota occur in graphitic and pyritiferous
shales or mudstones that stratigraphically overlie a basal
conglomerate. Nearby, in the Baraga Group in northern
Michigan and its equivalent in western Ontario, phosphorites
with up to 15% P2O5 occur in argillites and cherts, as pebbles,
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TABLE 16.2 Paleoproterozoic Phosphate-Rich Sedimentary Rocks

Geographic and

Geological Location Age Constraints

Host Lithology and

Associated Minerals Phosphate Occurrences

Estimates

P2O5 Reserve

P2O5 Range

or Average References

North America

Michigamme Fm., Baraga
Group, Michigan

1.80e1.87 Ga Cherty dolomite with pyrite
and argillite beds*

Carbonate fluorapatite
nodules, thin beds and
possibly stromatolites

e 15% Manusco et al. (1975),
Cannon and Klasner (1976),
Hall (1985)

Thomson Fm., Minnesota 1.80e1.87 Ga Carbonaceous shales with
minor chert and pyrite*

Apatite-rich beds and fine-
grained apatite in granular
mosaic or nodule
(uraniferous)

e 9e25% Ullmer (1981, 1985),
McSwiggen et al. (1986)

Menihek and Ferriman Fm.,
Knob Lake Group, Labrador
and Québec

1.87e1.88 Ga Cherty carbonaceous and
pyritiferous turbidites

Phosphate beds and
fragments and phosphate
clasts (uraniferous)

e e Pufahl et al. (2006), Bell and
Thorpe (1986)

Thelon Fm. and Hornby
Group, N.W.T.

1.72e1.85 Ga Saprolites, lithic quartz
arenite and arkose with
euhedral hematite cubes*

Fluorapatite, goyazite (Sr,Al)
and baricite (Mg, Fe)
cements, veins and crystals
(uraniferous)

e 4e34% Miller (1983), Miller et al.
(1989), Gall and Donaldson
(2006)

Fennoscandia

Pilgujarvi Fm., Pechenga
Belt, NW Russia

1.90e2.06 Ga Schist, gritstones and
sandstones with graphite
and sulfides*

Carbonate fluorapatite
nodules, concretions,
lenses, stromatolites, and
oolites

e 2e11% Yudin (1996); Bekasova and
Dudkin (1982)

Ludikovi Group, Onega
Basin, NW Russia

1.98e2.06 Ga Organic-rich greywacke
with pyrite and stromatolitic
dolomite with magnesite
bands*

Phosphate nodules and
clasts

e e Melezhik et al. (1999; 2005)

Jatuli-type formations
(~16 occurrences), Finland

2.06e2.10 Ga Carbonate marbles,
graphitic gneisses, skarn
rocks*

Uraniferous phosphorite
bands, lenses and fine
disseminations

>50 Mt 3e19% Äikäs (1980, 1981), Laajoki
and Saikkonen (1977)

Tuomivaara and Pahtavaara
Fms., Kainuu Belt, Finland

1.90e2.08 Ga Iron formations with
sulfides, carbonate and
graphite*

Fluorapatite bands e 1e13% Gehör (1994)

Vihanti, Nilsiä, and
Nuottijärvi areas, Finland

1.88e1.92 Ga Dolomites, gneisses and
skarn rocks

Uraniferous phosphorite
bands, lenses and fine
disseminations

3 e25% Rehtijärvi et al. (1979),
Vaasjoki et al. (1980)
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Africa

Upper Lomagundi,
Zimbabwe

2.1e2.22 Ga Shales Phosphate beds e e Master (1991)

FB formation, Francevillian
Supergroup, Gabon

c. 2.0 Ga Black shales, cherts and
Fe-Mn formation*

Apatite nodules with
silicified rims

e Up to 2.5% Mossman et al. (2005)

Asia

Bish, Amursk, Tagnarar,
Mustolaakh, Niryandzha,
Seligdar and Dorozhnyy
sectors, Aldan Shield,
Yakutia

Paleoproterozoic Carbonate skarns and
chlorite schists

Apatite 100e130 Mt 1e16% Yudin (1996); Guliy (1989)

Chinpingshan area, China Paleoproterozoic Carbonates, Mn-carbonates Apatite ~17 Mt 13e17% Yudin (1996)

Liuping Fm., Susong Group,
China plus 3 other related
major deposits

c. 1.85 Ga Dolomite, graphitic
schist, and chert*

Phosphorite beds and lenses e 7e26% Longkang and Zhendong
(1988)

Sinpkhup, Singpung and
Yongby areas, North Korea

Paleoproterozoic Mica schist and carbonates* Apatite ~>90 Mt 6e20% Yudin (1996), Bushinkii
(1966), Notholt and Sheldon
(1986)

Jhamarkotra Fm., Aravalli
Supergroup, India

1.9e2.2 Ga Dolomite and ferruginous
carbonate*

Stromatolitic and
amorphous carbonate
fluorapatite

>65 Mt 10e37% Banerjee (1971), Chauhan
(1979)

Slyudyanka, Siberia, Russia Paleoproterozoic Carbonates, quartzites and
skarn rocks*

Fluoroapatite beds ~50 Mt 1e20% Yudin (1996), Bushinskii
(1966)

Tim, Yastrebov and Rylsk
suites, Kursk Magnetic
Anomaly, Russia

Paleoproterozoic Carbonaceous schists and
black shale

Phosphorite beds, nodules,
pebbles and breccia

e 5e24% Borovskaya et al. (1985),
Nikitina and Shchipanskiy
(1987), Sozinov and
Kazantsev (1978)

Krivoy Rog Basin, Ukranian
Shield

Paleoproterozoic Sandstones and
metapelites*

Phosphorite clasts, pebbles
and beds

e 1e28% Yatsenko et al. (1988)

*Occurs in a transgressive sequence stratigraphically above a conglomerate unit unconformably sitting on Archean basement.
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thin beds, and as small rounded laminated structures that are
possibly stromatolites (Manusco et al., 1975; Cannon and
Klasner, 1976; Hall, 1985). Further east in Québec and Lab-
rador, cherty carbonaceous and pyritiferous turbidites also host
uraniferous phosphorite beds (Bell and Thorpe, 1986).

In Fennoscandia, uraniferous phosphorite beds are bound
in metamorphosed sedimentary rocks and have similar ages
as the North American phosphorites. For instance, dolomites
and apatite-rich gneisses with up to 24% P2O5 host thin
phosphorite beds in various schist belts in western and central
Finland (Rehtijärvi et al., 1979; Vaasjoki et al., 1980). In the
Pechenga area of northwestern Russia, 1.90 to 2.06 Ga
phosphorites in organic-rich sediments occur as concretions,
beds, oolites and stromatolites in carbonaceous gritstones,
shales and other sedimentary rocks (Bekasova and Dudkin,
1982; Yudin, 1996). The Pechanga Belt has been geochro-
nologically correlated with the Onega Basin, where phos-
phate concretions occur in organic-rich and sulfidic shales
(Melezhik et al., 1999b, 2005b).

Similar to the Aravalli stromatolitic phosphorites in
India, phosphorite occurrences in the organic-rich zone of
the Ludikovi Group of Fennoscandia are noteworthy exam-
ples of the intimate relationship between phosphorites and
microbial activity. In fact, these phosphorites are part of
a transgressive suite and occur stratigraphically above stro-
matolitic dolomites with a d13Ccarb excursion (Melezhik
et al., 2007), possibly suggesting a connection between
phosphorites and primary productivity. In central and
northern Finland, fluorapatite bands a few centimeters thick
occur in organic-rich Paleoproterozoic sulfide facies BIFs of
the Kainuu Schist Belt (Gehör, 1994). Possibly co-eval
phosphorites in BIFs in Lapland of northern Sweden contain
up to 18% P2O5 (Parák, 1973).

Models of Phosphogenesis

The origin of phosphorites is still not well understood and
there are several hypotheses for their origin, including bio-
logical, chemical, and volcano sedimentary (see reviews in
Kazakov, 1937; Bushinskii, 1966; Cook and Shergold, 1986;
Konhauser et al., 2007b). Kazakov (1937) recognized
a striking similarity between the various phosphorites of the
Russian platform, where most occurrences are part of
a transgressive sequence and lie stratigraphically above basal
conglomerates followed by arenaceous and/or argillaceous
sandstones (see also Table 16.2). It was then proposed that the
source of phosphorus in phosphorites was mineralized
organic matter in deep marine environments, and that
nutrient-rich water masses then ascended to continental
shelves to form phosphate deposits (Kazakov, 1937). Many
phosphorite deposits in the ocean today occur in areas of
upwelling where phosphate, regenerated from the recycling
of organic matter in the deep ocean, is brought to coastal areas
and triggers blooms of primary productivity, such as along the

coasts of southwestern Africa (Namibia: Bremner and
Rogers, 1990), Baja California (Jahnke et al., 1983), and
southwestern South America (PerueChile: Veeh et al., 1973).

A simplified illustration of the upwelling model is shown
in Figure 16.27, where cyanobacterial blooms in upwelling
areas produce large quantities of organic matter that
concentrate phosphorus. During decomposition and sedi-
mentation processes, phosphorus is liberated from organic
matter and can either return to the water column by upwelling
or become concentrated in deep sediments.

Non-upwelling areas such as estuaries and semi-restricted
embayments can also be host to phosphate deposits and/or
authigenic carbonate fluorapatite (Bremner and Rogers,
1990). For instance, diagenetic phosphate minerals have been
observed in the Long Island Sound and Mississippi Delta in
the United States (Ruttenberg and Berner, 1993), and phos-
phorites occur along the eastern and southern coast of Aus-
tralia (O’Brien and Veeh, 1980).

Most organic matter burial in marine sediments occurs in
non-upwelling areas where deltaic shelf-estuarine sediments
are deposited. In these environments, pore waters solutions in
sediments often become enriched in dissolved phosphate due
to its release during organic decomposition by anaerobic
heterotrophic microbial communities (Berner, 1990). During
early diagenesis, phosphorus can be released from organic
matter, but also from iron oxides in anoxic sediments, which
may also play a role in phosphogenesis (Ingall and Jahnke,
1994; Van Cappellen and Ingall, 1994). Oceanic islands and
seamounts can also host sedimentary phosphorites because
these sites expose sediments to oxygen minimum zones (see
Glenn et al., 1994 and references therein). At the transition
between anoxic and oxygenated waters in the water column,
phosphogenesis can be promoted by microbial communities
of primary producers in the euphotic zone, as well as those
involved in the anoxic recycling of organic matter and the
regeneration of phosphate. Another possible link in the model
for phosphogenesis are major glaciations, where post-glacial
oceanic overturn after thawing could drive a rise in sea level
and upwelling of phosphorus-rich bottom waters (Arthur and
Jenkyns, 1981; Cook and Shergold, 1984; Donnelly et al.,
1990; Glenn et al., 1994).

The formation of sedimentary phosphorites ultimately
depends on a significant enrichment of phosphorus from
seawater by microbial activity and the recycling of this
organic matter in sediments (Figure 16.27). Microbial influ-
ence on the formation of phosphorites is conspicuous, and
different microorganisms probably have a range of involve-
ment from heterotrophy and phosphorus regeneration to
active apatite biomineralization. The detailed mechanisms
involved in the precipitation of authigenic carbonate fluor-
apatite from seawater or during diagenesis are not well
established, but carbon, oxygen and sulfur isotopic evidence
of carbonate and sulfate in carbonate fluorapatite suggests that
diagenetic processes, especially microbial sulfate reduction
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and fermentation, play important roles (Kolodny and Kaplan,
1970; McArthur et al., 1980, 1986; Benmore et al., 1983).
The precipitation of carbonate fluorapatite ultimately occurs
during early or late diagenesis from the decay of organic
matter.

Eukaryotes

The rise of atmospheric oxygenation in the Paleoproterozoic
was followed by a significant leap in biological evolution,

creating new opportunities for large aerobic organisms,
specifically multicellular oxygen-respiring eukaryotic
organisms (Figure 16.28). Euykaryotes, representing the most
fundamental separation among known life forms (Margulis
and Sagan, 1986), appear to have developed in this time
period, or somewhat before. The oldest macroscopic
eukaryotic fossil is Grypania spiralis, a coiled megascopic
eukaryotic alga from the nearly 2 Ga Negaunee Iron
Formation of Michigan (Han and Runnegar, 1992). Large
colonial organisms with coordinated growth in an oxygenated

FIGURE 16.28 Diagrammatic sketch showing the differences between prokaryotic and eukaryotic cells. Redrawn from Lane (2009).

FIGURE 16.27 Simplified illustration of the flow of phosphate in an upwelling model for phosphogenesis. Sedimentary phosphate accumulations as seen

in the Precambrian are shown as red ovals (for concretions or nodules), curved lines (for thin beds), stromatolite columns and small dots (for fine dissemi-

nations) in various lithotypes (shaleeBIF, limestone, sandstoneechert and conglomerate from bottom up). The water column is color-coded to represent redox

states as turquoise (oxic and photic zone), blue (redox transition zone) and green (deep anoxic zone). From Papineau (2010).
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environment have been inferred for nearly contemporaneous,
~2.1 Ga, rocks from Gabon, West Africa, based on pyrite
nodules in siltstones (Albani et al., 2010) and sterane
biomarkers of eukaryotic origin (Dutkiewicz et al., 2007).
Macroscopic eukaryote fossils and trace fossils have also
been described from the 2.0e1.8 Ga Stirling Range biota of
Western Australia (Rasmussen et al., 2002, 2004; Bengston
et al., 2007), in the c. 1.9 Ga Belcher Group (northern Can-
ada: Hofmann, 1976), and in the c. 1.9 Ga Pechenga green-
stone belt (northwest Russia: Akhmedov et al., 2000). The
rise of eukaryotes at this time matches evidence from whole
genome sequence analysis (Hedges et al., 2001), although it
must be emphasized that there is new biomarker evidence for
eukaryotes at 2.6e2.5 Ga (Waldbauer et al., 2009; see Section
16.3.3.1), micropaleophytes have been described from c. 2.4
Ga rocks in China (Sun and Zhu, 1998), and the anaerobic
metabolism of basal eukaryotes is consistent with an origin
early in Earth history.

Eukaryote development is linked to the rise of oxygen,
because these large (104e105 � the volume of bacteria),
complex, heterotrophic cells satisfy their ATP (adenosine
triphosphate) needs through the oxidative breakdown of
reduced organic compounds (e.g., Margulis et al., 1976;
Martin and Müller, 1998). They replicate through sexual
division of DNA bound in chromosomes, and contain
a complex suite of internal features, including a nucleus
separated from the rest of the cell by a membrane, mito-
chondria (which use oxygen), and chloroplasts that have
chlorophyll and are capable of photosynthesis (Figure 16.28).
Significantly, chloroplasts and mitochondria are capable of
direct division, despite being part of a larger protist cell. This
evidence, combined with the fact that both mitochondria and
chloroplasts have their own protein-synthesizing machinery
that more closely resembles those of prokaryotes, led to the
interpretation that the origin of the eukaryotic cell was
through endosymbiosis between a prokaryotic host (an
archaebacterium, capable of withstanding high temperatures
and acidic conditions) and photosynthetic cyanobacteria
(forming the chloroplasts in eukaryotic cells) (Figure 16.29;
Margulis, 1970, 1993; Margulis and Sagan, 1986; Joen,
1991). Two more detailed symbiosis hypotheses have since
been developed. These include the “hydrogen hypothesis”,
whereby symbiosis occurred between an anaerobic, autotro-
phic prokaryotic host (methanogenic archaebacterium) that
utilized the hydrogen and carbon dioxide waste products of
anaerobic metabolism by a fermentative a-proteobacterium
ancestor to the mitochondrion (Martin and Müller, 1998). The
“syntrophy hypothesis” is quite similar, but involves the
symbiosis between a methanogenic archaea and d-proteo-
bacteria (ancestral sulfate-reducing myxobacteria: Moreira
and López-Garcı́a, 1998; López-Garcı́a and Moreira, 1999).
In these models, mitochondria are thought to have derived
from a later, independent symbiotic event. A key advance of
the eukaryotes was that they were able to generate large

amounts of energy, relative to prokaryotes, by packing
hundreds of mitochondria into a single cell and thereby
dramatically increasing their size. Sexual reproduction led to
mitosis and hence to more rapid and complex evolutionary
change, enhanced by increasingly complex symbiosis. It
appears that a major development in eukaryote evolution
occurred at 2.1e1.8 Ga, possibly as a result of eukaryotes
acquiring chloroplasts at the time when oxygen rose to levels
of 1e2% PAL (Knoll, 1992).

FIGURE 16.29 The Margulis endosymbiosis model of eukaryote

development. Redrafted from López-Garcı́a and Moreira (1999).
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16.3.3.5. Global Orogenesis, Reappearance of
BIF, Natural Uranium Reactors, and Shungite
(c. 2.06e1.78 Ga)

The period 2.06e1.78 Ga represents one of the most signifi-
cant periods of crustal growth in Earth history (Figure 16.18;
Condie, 1998, 2004), which initiated with the emplacement of
theworld’s largest layeredmaficeultramafic igneous intrusion
(Rustenberg Layered Suite) and associated volcanic and
granitic rocks (Rooiberg Group) of the Bushveld Magmatic
Province, at 2.06Ga (Schweitzer et al., 1995; Buchanan, 2006;
Cawthorne et al., 2006; Armstrong et al., 2010; Vantongeren
et al., 2010). This global tectonism led to the formation of
a new supercontinent, Columbia (Nuna) at ~1.8 Ga (Zhao
et al., 2002; Reddy and Evans, 2009), and coincided with the
end of the LeJ isotopic excursion (Melezhik et al., 2007).
Komatiites reappeared during this event in several places,
including Fennoscandia at 2056� 25Ma (Hanski et al., 2001),
French Guiana at 2.11� 0.09 Ga (Capdevila et al., 1999), and
in the Ottawa Islands of the Trans-Hudson Orogen of North
America, at 1.9 Ga (Arndt et al., 1987). Iron formations also
make a reappearance over this interval, indicating the presence
of at least partly reducing ocean basins (see below). Two
examples of the first true ophiolites also appear in the rock
record during this time, including the c. 2.0 Ga Purtuniq
ophiolite of the Cape Smith Belt in the Trans-Hudson Orogen
(Scott et al., 1991), and the contemporaneous Jormua ophiolite
in Baltica (Kontinen, 1987). Oceanic crust was thicker than
at present (Moores, 1993) and ophiolite formation was asso-
ciated with ocean closure following a long-lived rifting event
in North America (Halls et al., 2008).

Global terrane accretion and orogenesis (including ultra-
high-temperature metamorphism: Santosh et al., 2007) at
1.92e1.76 Ga led to the formation of the supercontinent
Columbia (Nuna) (Hoffman, 1989; Myers et al., 1996; Rogers
and Santosh, 2002; Wardle et al., 2002; Zhao et al., 2002;
Cawood and Tyler, 2004; Ansdell et al., 2005; Reddy and
Evans, 2009). This huge increase in magmatic and tectonic
activity has been interpreted as relating to a mantle superswell
(Hoffman, 1989) and/or mantle overturn event (Davies,
1995), and almost certainly led to an increase in atmospheric
carbon dioxide as a result of increased volcanism, and thus
the reappearance of reducing oceans and iron formations.

A number of distinct rock types were deposited over this
interval, including phosphorites and unusually organic-rich
black shales, called shungites (see below). Oxygen levels had
risen to such a degree that natural fission reactors developed
in some of the black shale deposits. The increase in atmo-
spheric oxygen levels also led to the continued development
of eukaryotes.

Reappearance of Iron Formation

Thick deposits of iron formation reappear in the geological
record at between c. 2.0e1.75 Ga. In contrast to their older,

well-banded counterparts, these deposits are characterized by
granular iron formation, consisting of peloids and ooliths
(Figure 16.30), and commonly with thin irregular bedding,
cross-bedding, and local stromatolites, indicating deposition
in shallow water conditions (e.g., Williams and Schmidt,
2004; Pirajno et al., 2009). Analysis of Fe isotopes from iron-
rich stromatolites suggests at least the local activity of iron-
oxidizing microbes at this time (Planavsky et al., 2009). In
some cases at least, precipitation of Fe is directly associated
with volcanic activity (Williams and Schmidt, 2004) in
foredeep settings (Hoffman, 1987; Schneider et al., 2002).

The oldest examples of iron formation during this interval
are 2.02 Ga rocks along the margin of the Wyoming Craton
(Frei et al., 2008), whereas the youngest deposits occur in two
separate basins in Western Australia, and are <1.8 Ga (Ras-
mussen and Fletcher, 2002; Evans et al., 2003; Halilovic
et al., 2004; Pirajno et al., 2009; Wilson et al., 2010). These
young ages for iron formation in Western Australia contradict
the hypothesis that the 1.85 Ga Sudbury Impact caused the
global disappearance of BIF, through stirring of the world’s
oceans (Addison et al., 2005; Slack and Canon, 2009; Cannon
et al., 2010). Rather, the young age of these deposits show
that BIFs disappeared gradually from the world’s oceans, at
different times in different places.

Most consider that the Paleoproterozoic oceans were
stratified, with reducing conditions and abundant dissolved
iron in the deep oceans, and an oxidized upper layer
(e.g., Planavsky et al., 2009; Poulton et al., 2010). This is
supported by the deposition of uranium-rich sedimentary
rocks, phosphorites and manganese-rich deposits, all of
which require both a reducing water body and an oxidized
component for solution transfer and deposition, respectively.
The dominant precipitation of iron formation under shallow-
water conditions over this time interval suggests that the
oxidized ocean layer was relatively thin, and/or that the
continental shelves were much wider than during Archean
BIF deposition. Deposition of iron formation at this time
may have limited primary productivity by scavenging P from
the oceans through adsorption (Bjerrum and Canfield, 2002).

Shungite

(Contributed by V. Melezhik)
The LomagundieJatuli Event and the 2.2e2.1 Ga “red

bed environments” on the Fennoscandian Shield were
abruptly superseded by an unprecedented accumulation of
organic carbon-rich formations, representing the worldwide
Shunga Event (Melezhik et al., 2005b). Such formations,
dated to 2.01 Ga (Hannah et al., 2006), were the source rocks
for giant petroleum deposits (Melezhik et al., 2004), whose
oil reservoirs were largely destroyed during the 1.92e1.79 Ga
Svecofennian orogenesis, although the southeastern part of
the shield preserves a spectacular petrified oil field and oil
spills.
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Natural Fission Reactors

Another result of the rise in oxygen is that uranium was
mobilized from older continental rocks and sediments (where
it was bound as uraninite, formed under anoxic conditions)
into solution within oxidized water bodies. In restricted
oxidized water bodies, this could lead to significant enrich-
ment of uranium. Gauthier-Lafaye and Weber (2003) and
Coogan and Cullen (2009) have suggested that redeposition
of this uranium at the margins of such bodies (or at the che-
mocline with reducing bottom waters) resulted in the high
concentrations that led to the formation of critical natural
fission reactors at Oklo and Bangombé in the Franceville
Basin, Gabon, at c. 2.0 Ga (Gauthier-Lafaye et al., 1996).
Associated manganese deposits also formed through

a process of dissolution and reprecipitation in layered water
bodies (Gauthier-Lafaye and Weber, 2003).

16.3.4. Adult Earth (~1.78epresent)

(with a contribution from F. Pirajno)
The billion-year-long period from the end of iron forma-

tion deposition at ~1.78 Ga until the onset of widespread
glaciation and the rather restricted reappearance of BIFs
commencing at ~0.8 Ga is marked by relative stability of the
major isotopic systems (Figure 16.15). This is despite the fact
that a major supercontinent, Rodinia, formed at 1.3e0.9 Ga
and lasted for ~150 Ma through this interval (Li et al., 2008).
Supercontinent assembly was accompanied by a rise in the

FIGURE 16.30 Photomicrographs of typical granular iron formation from the c. 1.8 Ga Earaheedy Basin, Western Australia. (a) peloidal granular iron

formation; (b) green stilpnomelane shales and finely granular iron formation; (c) cut section of drillcore showing granular iron formation and contact with fine-

grained clastic sediment; (d) closeup of iron formation in (c), showing Fe-coated grains and broken-off Fe coatings of grains. (From Pirajno et al., 2009)
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concentration of seawater sulfate and the commencement of
variations in the d13C record for the first time since the Pale-
oproterozoic glaciations (Figure 16.15). Supercontinent
formation followed on from a global period of extensional
rifting of the 1.8 Ga supercontinent, Nuna (Columbia).
However, accretionary tectonics continued locally after the
formation of Nuna (Columbia), leading to the assembly of the
Mawson continent in Australia/Antarctica, to 1600 Ma (Payne
et al., 2009), and accretion of the Yavapai (1.8e1.69 Ga) and
Mazatzal (1.71e1.62 Ga) orogens onto the southwestern
part of North America (Karlstrom and Bowring, 1988). Dia-
chronous breakup of Rodinia through widespread rifting
commenced at 825 Ma, at about the time of the onset of the
first of the widespread Neoproterozic (Cryogenian) glaciations
(see Section 16.3.4.3), and continued through to 600Ma, when
the western part of the new supercontinent Gondwanaland had
already begun to aggregate (Li et al., 2008).

A distinctive suite of anorogenic rocks known as
the anorthositeemangeriteecharnockiteerapakivi granite
(AMCG) suite was emplaced into Paleoproterozoic orogenic
belts and their forelands through much of the middle Prote-
rozoic, from 1.6e1.3 Ga (Emslie, 1991; Anderson and Mor-
rison, 2005). This suite is characterized by high temperature
granitic magmas that developed through extensive crystal-
liquid fractionation from voluminous melts. In part, these
magmas were derived from the partial melting of older crust,
but they were also derived from remelting of underplated
tholeiitic basalt (Emslie et al., 1994; Frost and Frost, 1997;
Anderson and Morrison, 2005; Dall’Agnol et al., 2005) that
derived from mantle melting episodes during continental
breakup of previously thickened crust, associated with
a mantle superswell (e.g. Hoffman, 1989; Windley, 1995). A
mantle connection is confirmed by aluminous orthopyroxene
megacrysts in anorthositic rocks, which indicate crystalliza-
tion at pressures of 6.2e11 kbar, or lower crustal to upper
mantle depths (Emslie et al., 1994). Similar conditions
associated with extensional collapse of the Grenville Orogen
led to the emplacement of AMCG suite rocks there at 1.1e1.0
Ga (Windley, 1993; Anderson and Morrison, 2005).

Oxygen levels continued to rise during this period (Des
Marais et al., 1992; Canfield, 2005), and the absence of
massive siderite beds in rocks younger than c. 1.8 Ga is
testament to the falling partial pressure of atmospheric CO2

(Ohmoto et al., 2004). However, methane concentrations
could have remained high during the Proterozoic, keeping the
continents warm through a thin organic haze in the atmo-
sphere (Pavlov et al., 2003; Kasting, 2005).

Two types of distinctive ore deposits characterize this
period, both of which can be related to a rise in atmospheric
oxygen (Holland, 2005). The first deposit type is unconfor-
mity-related U deposits, which formed at between c. 1.74
and 0.8 Ga, particularly in Canada and Australia (Marmont,
1987; Jefferson et al., 2007; Pirajno, 2009). These deposits
are associated with major unconformities and occur above

and below a paleosurface separating predominantly low-
grade fluvial and lacustrine Proterozoic metasedimentary
sequences from older, paleoweathered, metamorphosed
basement (Kerrich et al., 2005). The unconformity acted as
a redox front between oxidizing (above) and reducing
(below) domains, with mineralization resulting from initial
dissolution and transport of uranium under initially
oxidizing, near-surface conditions (sedimentary brines:
Polito et al., 2005) and subsequent precipitation under
reducing conditions of diagenetic and/or meteoritic fluids
(Hiatt et al., 2010).

The second ore deposit type is giant sediment-hosted
exhalative, stratiform, massive sulfide (or SEDEX) deposits,
which formed mostly between 1.8e1.0 Ga; these include the
largest massive sulfide deposits in the world (e.g., the Broken
Hill and Mt. Isa deposits in Australia, the Sullivan deposit in
Canada: Barley and Groves, 1992; Pirajno, 2009). These
deposits arose through the flow of hydrothermal fluids (heated
basinal brines: Kyser, 2007) that rose up along graben-
bounding faults to exhale at higher levels within the upper
parts of thick sedimentary successions in reduced sedimentary
units such as shale, siltstone or mudstone and intercalated
carbonate rocks (Pirajno, 2009). Alteration envelopes bearing
locally significant Mn indicate that the reduced, ore-bearing
fluids mixed with oxidized fluids and that this caused precip-
itation of the ores. In higher levels parts of basins, the oxidized
fluids may have derived from meteoric waters, whereas in
deeper parts of basins they may have derived from strati-
graphically low evaporites. The formation of some SEDEX
may have been associated with high heat flow and the
emplacement of high heat producing granites emplaced during
the breakup of Nuna (Columbia), with the heat being produced
by radiogenic decay of U, Th and 40K (Groves et al., 2005).

16.3.4.1. Canfield Ocean (1.78 Gae750 Ma)

Canfield (1998, 2004) has suggested that the middle Protero-
zoic oceans were stratified, with an oxygenated surface layer
and euxinic deeper waters characterized by a vast, even global,
reservoir of H2S. This model is supported by observations of
low seawater sulfate (5e15% of modern values) and anoxic,
sulfidic deepwaters (Lyons et al., 2000; Shen et al., 2002;
2003; Arnold et al., 2004; Kah et al., 2004), and by the pres-
ence of massive sulfide deposits. Atmospheric oxygen levels
have been estimated to be in the range 8e15% PAL at this time
(Figure 16.14). Canfield (2005) and Buick (2007) have sug-
gested that N2O may have become an important greenhouse
gas. The transition from iron-rich, oxygen-deficient Paleo-
proterozoic oceans to sulfidic oceans is considered to reflect
the result of one or both of the following effects associated
with the rise in atmospheric oxygen:

1) Filling up of the oceanic Fe oxygen sink;
2) Enhanced sulfide weathering of exposed continental rocks

led to an increased flux of sulfates to the oceans, where
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they underwent widespread microbial dissimilatory
sulfate reduction to produce sulfides.

Although there is some significant support for the second
model (e.g., Poulton et al., 2004), others have suggested that
there may have been strong lateral and vertical gradients in
seawater sulfate concentrations reflecting a more complex
system for mid-Proterozoic oceans (Lyons et al., 2009; Pufahl
et al., 2010). One significant difference compared with the
earlier cessation of BIF deposition at 2.4 Ga is that the
cessation of iron formation deposition at c. 1.78 Ga is not
marked by the widespread occurrence of Mn-rich deposits:
why this should be so remains to be investigated.

16.3.4.2. Eukaryote Diversification

Eukaryotic organisms commenced diversification during the
middle Proterozoic. The oldest reported eukaryotic acritarchs
are from the ~1800 Ma Changzhougou Formation in China
(Lamb et al., 2009). Multicellular organisms have also been
recognized in 1700 Ma rocks from China (Zhu and Chen,
1995) and Haines (1997) described tool marks made by algal
filaments in ~1.75 Ga rocks from northern Australia. Gry-
pania spiralis, the oldest eukaryote fossil (c. 2.1 Ga; see also
Section 16.3.3.4), has also been found in ~1600e1450 Ma
rocks in India (Sarangi et al., 2004; Sharma and Shukla,
2009), China (Du et al., 1986), and the USA (Walter et al.,
1976). The long persistence of this fossil has been used to
suggest a limited evolution of eukaryotes due to the persis-
tence of deep-sea euxinia, which may have kept ocean Mo
inventories low and depressed Fe, thereby limiting the supply
of fixed N to, and rate of N2 fixation by, eukaryotes (Knoll,
1992; Anbar and Knoll, 2002; Glass et al., 2009).

By the middle Proterozoic (1500e1400 Ma), however, it
appears from macroscopic and microfossil evidence that
eukaryotes had started to diversify, and by 1200 Ma, the fossil
record shows significant eukaryote diversity, as well as
microfossil evidence for putative fungal affiliations and
terrestrial microbial communities in a more fully oxygenated
environment (Knoll, 1992, 2003; Butterfield, 2000; Javaux
et al., 2001, 2004; Knoll et al., 2004; Nagovitsin, 2009; Parnell
et al., 2010). An example of older macroscopic fossils is the
“string of beads”, which is found at a number of localities in
~1500e1400Ma rocks, and is interpreted as primitive seaweed
(metaphytes) with holdfasts (Grey and Williams, 1990;
Fedonkin and Yochelson, 2002; Grey et al., 2002; Martin,
2004). Simple acritarchs appear in the fossil record at about
middle Proterozoic time (~1500 Ma), followed by more
complex acritarchs, together with evidence for terrestrial
habitation from 1200e1000Ma onwards (see also Chapters 17
and 18; Knoll, 1992, 2003; Heckman et al., 2001; Prave, 2002;
Knauth and Kennedy, 2009). Other evidence for a pre-glacial
expansion of eukaryotes includes the first definitive appearance
of green algae and heterotrophic eukaryotes (Porter, 2004).

Despite the rise of eukaryotes during this time interval,
a severe limit was placed on their development in the form of
hydrogen sulfide in the deep “Canfield” oceans, which
restricted oxygenated niches and bound up essential nutrients.

16.3.4.3. Late Proterozoic Environmental
Instability (850e582 Ma)

(with a contribution from P.F. Hoffman)
Beginning at about 850e800 Ma, Earth entered a second

major period of Proterozoic environmental instability after
a “hiatus” of almost 1 billion years. Although yet to be
formally defined (see Chapters 17 and 18), the Cryogenian
Period lasted for ~250 Ma and was characterized by at least
two widespread, probably even global, glaciations that were
accompanied by large positive and negative d13C excursions.
The early part of this period was marked by unprecedented
stromatolite proliferation and diversification (Grotzinger and
Knoll, 1999), but then by a decline in stromatolite forms and
disappearance of early marine microsparite crack fill (molar
tooth structure).

Between c. 750e580 Ma, there is a growing consensus
that three intercontinental e even possibly global e glacia-
tion events occurred, evidence for which is preserved as
glacially derived diamictites deposited in passive rift basins
formed during the breakup of Rodinia (Mawson, 1949; Har-
land, 1964; Harland and Rudwick, 1964; Hambrey and Har-
land, 1985; Kirschvink, 1992; Powell et al., 1993; Young,
1995; Hoffman et al., 1998; Hoffman and Schrag, 2002;
Goddéris et al., 2007; Eyles, 2008). These events are repre-
sented by glacial or proximal proglacial deposits on many of
the known paleocontinents and microcontinents; examples
have now been found in western North America (Young,
1995), China (Wang and Li, 2003), Australia (Young and
Gostin, 1991), West Africa (Deynoux et al., 2006), South
America (Pecoits et al., 2007), and Oman (Allen, 2007)
(Figure 16.31 Table 16.3).

According to U-Pb zircon chronometry of tuffs in
bounding strata, the three glaciations include the 720e658Ma
Sturtian glaciation; 655e635 Ma Marinoan glaciation; and
584e582 Ma Gaskiers glaciation (Fanning and Link, 2004;
Hoffmann et al., 2004; Condon et al., 2005; Halverson et al.,
2005; Fanning, 2006; Kendall et al., 2006; Babinsky et al.,
2007; Etienne et al., 2008; Zhang et al., 2008). There is less
secure evidence in central and southern Africa, in China, and
in Brazil, of a more limited glaciation around 750 Ma
(e.g., Frimmel et al., 1996; Borg et al., 2003; Babinsky et al.,
2007; see Chapters 17 and 18).

Neoproterozoic glacial deposits are characterized by
abrupt onsets and terminations, are associated with “cap
carbonates” that have unusual sedimentological, geochem-
ical, and isotopic characteristics, and were deposited
during post-glacial seawater rise (e.g., James et al., 2001).
These rocks are also associated with the return of BIFs
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(and subsequently phosphorites and Mn deposits) to the rock
record after an absence of almost one billion years (see
Section 16.3.3.5). Glacial deposits of this age are character-
ized by rapid shifts to both highly positive and highly negative
d13Ccarb values (Hoffman et al., 1998; Kirschvink et al., 2000;
Hoffman and Schrag, 2002; Macdonald et al., 2010), and this
period was also a time of worldwide black shale deposition
(Condie et al., 2001) and low oceanic sulfate (Hurtgen et al.,

2002). Significantly, fossils of multicellular animals also
appear in the rock record at this time (calcified fossils of
sponge-grade metazoans: Maloof et al., 2010), and their
development has been linked to a rise in oxygen levels near
the end of the major glaciations (see Section 16.3.4.4).

Combined sedimentological and paleomagnetic evidence
reveals that tidewater glaciers existed close to the paleo-
equator during parts of the middle and late Cryogenian
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FIGURE 16.31 Reconstructions of supercontinent Rodinia at 720 Ma and 630 Ma, showing the distribution of known glacial deposits (blue stars).

Sourced from Li et al. (2008) and Hoffman (1989).
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TABLE 16.3 Neoproterozoic Glacigenic Formations by Paleocontinent

Paleocontinent mid-Cryogenian end-Cryogenian mid-Ediacaran

1. Alaska-Chukotka Hula Hula

2. Amazonia Puga Serra Azul

3. Arabia Gubrah Fiq

4. Ayn Shareef

5. Arequipa Chiquerı́o

6. Australia Sturt Elatina

7. Areyonga Olympic

8. Walsh Landrigan Egan

9. Marinoan

10. Avalonia Gaskiers

11. Squantum

12. Baltica Smalfjord Mortensnes

13. Moelv

14. Glusk

15. Churochnaya

16. Cadomia Granville

17. Congo Grand Petite

18. Chuos Ghaub

19. Inférieure Supérieure

20. Laurentia Surprise Wildrose

21. Toby Vreeland

22. Rapitan Stelfox (Ice Brook)

23. Ulvesø Storeelv

24. Petrovbreen Wilsonbreen

25. Port Askaig Stralinchy-Reelan Inishowen-Loch na Cille

26. Konnarock

27. India Blaini

28. Iran Rizu

29. Kalahari Kaigas Numees

30. Kazakhstan Baykonur?

31. North China Fengtai

32. Rio Plata Sierra del Volcán

33. Sao Francisco Macaúbas

34. Siberia Ballaganakh Bol’shoy Patom

35. South China Chang’an Nantuo

36. Tarim Bayisi Tereeken Hankalchoug

37. Tuva-Mongolia Maikhan Ul Tsagan Oloom

38. West Africa Jbéliat

39. Bakoye

40. Kodjari
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TABLE 16.3 Neoproterozoic Glacigenic Formations by Paleocontinentdcont’d

1. Northeastern Brooks Range, Arctic Alaska

2. Alto Paraguay, Mato Grosso, southwestern Brazil

3. Hajar Mountains, northeastern Oman

4. Mirbat coast, southwestern Oman

5. Chiquerı́o-Arequipa-Antofalla block, southern Peru and northern Chile

6. Adelaide geosyncline, South Australia

7. Centralian superbasin, central Australia

8. Kimberleys, Western Australia

9. Avalon Peninsula, southeastern Newfoundland, eastern Canada

10. Boston basin, Massachusetts, eastern United States

11. East Finnmark, northern Norway

12. Sparagmite basins, southern Norway

13. East European platform, Russia

14. Polyudov Ridge, northern Urals, northeastern Russia

15. Brittany, northwestern France

16. Zambian copper belt, Zambia and southern Congo

17. Otavi platform, northern Namibia

18. West Congo belt, Angola and Congo Republic

19. Death Valley, California, western United States

20. Rocky Mountains, British Columbia, western Canada

21. Mackenzie Mountains, Northwest Territories and Yukon Territory, Canada

22. Fjord region, central East Greenland

23. Ny Friesland and Nordaustlandet, northeastern Svalbard

24. Dalradian, southwestern Scotland and northwestern Ireland

25. Southern Appalachians, eastern United States

26. Lesser Himalaya, northern India

27. Lut block, central Iran

28. Gariep belt, southwestern Namibia and northwestern South Africa

29. Kazakh block, Kazakhstan

30. SinoeKorean craton, North China

31. Tandilia, northern Argentina

32. Bambuı́ platform, eastern Brazil

33. Patom foredeep, south-central Siberia

34. Yangtze platform, South China

35. Quruqtagh, Xinjiang, northwestern China

36. Dzabkhan basin, southwestern Mongolia

37. Taoudeni basin, Adrar, Mauritania

38. Taoudeni basins, Tambaoura Plateau, Mali

39. Volta basin, Benin, Burkina Fasso and northern Ghana
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(Embleton and Williams, 1986; Sumner et al., 1987; Evans,
2000; Hoffman and Schrag, 2002; Trindade and Macouin,
2007). The conformable occurrence of glacial deposits within
thick successions of carbonate strata suggests that some
glaciers flowed into the warmest parts of the ocean, and this
can be used to infer that colder areas of the world were
frozen e a situation referred to as “snowball” Earth
(Kirschvink, 1992; Hoffman and Schrag, 2002). Harland
(1964) recognized that such pan-glacial episodes might
provide a basis for global stratigraphic correlation. This was
conceptually adopted in the selection of the GSSP for the base
of the Ediacaran Period (Knoll et al., 2004).

In the “snowball” Earth model, marine geochemical
anomalies (e.g., BIFs, global ‘cap’ carbonates, and boron,
sulfur and carbon isotope excursions) were used to suggest
that the world’s oceans may have been ice-covered for long
periods (Kirschvink, 1992; Hoffman et al., 1998; Hoffman,
1999; Hoffman and Schrag, 2002; Kasermann et al., 2010).
In this model, the unusual aggregation of the Rodinia
Supercontinent around the equator led to a substantial
increase in albedo and in the silicate weathering rate, leading
to a drawdown of atmospheric CO2 and consequently,
a significantly cooler planet (Kirschvink, 1992; Schrag et al.,
2002). Planetary cooling led to one or more periods of global
glaciation, each of which may have shut down biological
activity and restricted the exchange of seawater with atmo-
spheric oxygen, prompting a return of seawater to anoxic
conditions and near-mantle d13C values of �6& (Hoffman
and Schrag, 2002; Macdonald et al., 2010). Ocean anoxia
resulted in the increased concentration of dissolved ferrous
iron sourced from hydrothermal ridges that, when mixed with
renewed oxygenated seawater as glacial episodes waned,
precipitated onto the seafloor as BIF (see Canfield et al.,
2008). Global glaciation events were terminated by the
buildup of volcanic-derived CO2 in the atmosphere, creating
a runaway greenhouse that melted the glaciers (e.g., Pierre-
humbert, 2004). Sea-level rise following glacial events was
accompanied by the rapid deposition of cap carbonates, whose
origin is still controversial; some regard these rocks as
evidence of rapid CO2 drawdown immediately upon degla-
ciation (Hoffman and Schrag, 2002; Kasermann et al., 2010);
others suggest deposition in response to carbonate weathering
of exposed continental shelves (Higgins and Schrag, 2003), or
to microbial activity (Elie et al., 2007); whereas Kennedy
et al. (2001, 2008) suggest these features relate to rapid
destabilization of vast gas hydrate/methane clathrate reserves
that had been stored in permafrost during the “snowball”
events, an idea that has at least partial support from carbon
isotope evidence from China (Wang et al., 2008). Increased
weathering at the end of glaciations resulted in an increased
supply of nutrients to the oceans and a biological bloom,
leading to increased burial of organic material, widespread
production of methane, and a resultant decrease in d13C
values of seawater (e.g., Halverson et al., 2002).

Predictive tests of the “snowball” Earth hypothesis iden-
tified by Kirschvink (1992) that have been met include:

1) Glacial units should be more or less synchronous (but see
below);

2) Lithological successions are similar in different conti-
nents, reflecting the global scale of climate fluctuations;

3) An association of glacial units with BIFs, indicative of
ocean anoxia.

Additional support for a series of global climatic changes
over this period is evidenced by:

4) The successful correlation of carbon isotopic excursions
across the world (Halverson et al., 2005; Lindsay et al.,
2005; Macdonald et al., 2010).

Despite the broad success of the “snowball” Earth model in
explaining many of the features of Neoproterozoic geology,
several problems exist with some of the details. For example,
it has been found that BIFs predate Neoproterozoic glacia-
tions in some places, which has been used to suggest that the
BIFs relate to the increased rifting and basin development
associated with Rodinia break-up, rather than the effects of
prolonged sea ice cover and ocean anoxia (i.e. BIFs depos-
ited after glaciations: Johnston et al., 2010). Also, it is now
well documented that the Sturtian glaciation was markedly
regional and/or diachronous over a fairly long duration
(almost 80 Ma), much longer than was inferred from
modeling climatic feedback effects in the “snowball” Earth
hypothesis (500 000 years: Hoffman and Schrag, 2002).
Furthermore, detailed analysis of some successions indicates
alternations between cold and temperate, non-glacial,
conditions, or evidence for oscillatory glaciations, thus
ruling out extreme “snowball” Earth events and a complete
biological shutdown (Leather et al., 2002; Allen and Eti-
enne, 2008; Passchier and Erukanure, 2010), and thus
leading to models of a “slushball” Earth with an equatorial
belt of open water (e.g., Hyde et al., 2000). Questions have
also been raised as to how multicellular life could have
developed in an ice-covered world. Finally, Le Hir et al.
(2009) presented modeling data that showed continental
weathering alone cannot account for the volume of cap
carbonates.

These objections aside, most would agree that Neo-
proterozoic Earth experienced a period of deep cooling,
although the cause(s) of the onset of these events are disputed
(see Williams, 1975, 1993; Williams et al., 1998; Pais et al.,
1999; Rautenbach, 2001; Schrag et al., 2002).

16.3.4.4. Increasing Oxygen, the Rise of Animals,
and Post-Glacial Phosphorites

(with a contribution from D. Papineau)
Neoproterozoic glaciations were accompanied by the rise

of atmospheric oxygen and of complex, multicellular animals
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(diapause eggs and embryos in South China and sponge
biomarkers in Oman: Knoll and Carroll, 1999; Knoll, 2003;
Love, 2006; Gaidos et al., 2007; Yin et al., 2007; Saul, 2009;
Wang, X. et al., 2009). Deepwater, benthic, soft-bodied
macrofossils (Ediacaran biota) appeared soon after the mid-
Cryogenian glaciation (Narbonne, 2005; Yuan et al., 2011),
and broadly coincided with a rise of atmospheric free oxygen
above ~0.1 present atmospheric level after the end of the
Marinoan glaciation event (655e635 Ma), a period also
characterized by a significant release of methane from
melting permafrost, and of ocean acidification (Fike et al.,
2006; Canfield et al., 2007; McFadden et al., 2008; Shields-
Zhou and Och, 2011).

Perhaps the oldest evidence for metazoans comes from
~850 Ma-old rocks from Canada, where Neuweiler et al.
(2009) have discovered textural evidence of metazoan-grade
tissue. Calcified fossils of sponge-grade metazoans have also
been discovered in pre-Marinoan rocks from South Australia
(Maloof et al., 2010). However, metazoans did not really
develop until the ice ages had changed the environment
through rising levels of oxygen after the Marinoan glaciation
(e.g., Bao et al., 2008; Love et al., 2009; Shields-Zhou and
Och, 2011; Yuan et al., 2011).

The late Proterozoic glaciations were followed by the
widespread deposition of phosphorites (Table 16.2; Papineau,
2010), a red algal bloom (Elie et al., 2007), and development
of fungi (Yuan et al., 2005). Increased weathering rates during
this period of global rifting are likely to have perturbed the
carbonesilicate cycle and led to a decrease in atmospheric
CO2 levels (Berner, 1993). Global Neoproterozoic glaciations
also contributed to widespread weathering of continental
crust, which is evidenced in part by an unprecedented global
increase in 87Sr/86Sr (Veizer et al., 1983; Donnelly et al.,
1990; Kaufman et al., 1993; Kennedy et al., 1998; Brasier
et al., 2000; Shields and Veizer, 2002; Shields, 2008), high
chemical index of alteration of shales (Condie et al., 2001),
and the widespread deposition of detrital clay minerals, an
event that has been referred to as the “clay mineral factory”
(Kennedy et al., 2006). Because rivers are the dominant
sources of sulfate for the ocean, the seawater sulfate
concentration increased during this period of high weathering
rates and increased redox states.

Sedimentary sulfides and sulfates in Neoproterozoic
interglacial and post-glacial marine sedimentary rocks record
wide variations in d34S values, as well as 34S-enriched
compositions of sulfide and sulfate minerals immediately after
glaciations (Gorjan et al., 2000; Hurtgen et al., 2005; Fike
et al., 2006; Halverson and Hurtgen, 2007; Fike and Grot-
zinger, 2008). This is consistent, in part, with microbial sulfate
reduction in oceans with increased sulfate concentrations
(e.g., Habicht et al., 2002). The expected consequence of high
weathering rates in the Neoproterozoic is higher fluxes of
phosphate delivery by rivers to seawater that should have
stimulated photosynthetic oxygen production (Lenton and

Watson, 2004). High nutrient delivery was also facilitated by
the rise of the Transgondwanan supermountains during the
late Early Cambrian period (Squire et al., 2006).

High nutrient supply at the NeoproterozoiceCambrian
boundary has been correlated with episodes of carbon
isotope excursions that were contemporaneous with
hydrocarbon burial and evaporite deposition (Brasier,
1991). Evidence for high rates of primary productivity
between and after the Neoproterozoic glaciations is
preserved as various geochemical and geological signa-
tures. For instance, Neoproterozoic interglacial and post-
glacial carbonates enriched in 13C occur almost everywhere
that sequences of this age are preserved (see Kaufman
et al., 1997; Shields and Veizer, 2002; Halverson et al.,
2005, and references therein). Organic biomarker evidence
has also been used to infer high rates of primary produc-
tivity after a Neoproterozoic snowball Earth event, which
has been proposed as due to high nutrient availability from
weathering (Elie et al., 2007).

Large sedimentary phosphorite deposits are abundant in the
late NeoproterozoiceCambrian, which was a time interval
when oceanic circulation experienced dramatic changes.
Stagnation of the oceans during snowball Earth events
was followed by periods of vigorous circulation during
continental breakup, which could have been conducive to
phosphorite formation (Donnelly et al., 1990). Major Neo-
proterozoiceCambrian phosphorite deposits occur in North
and South America, Africa, Europe, Asia and Australia
(Notholt and Sheldon, 1986), and most of them strati-
graphically overlie glacially-derived sedimentary rocks (Cook
and Shergold, 1984). For instance, major phosphorites occur
stratigraphically above glacial tillites in the Australian Ade-
laide Geosyncline (Howard, 1986), in the Chinese Doushantuo
Formation (Yueyan, 1986), in the West African Volta and
Taoudeni Basins (Slansky, 1986; Flicoteaux and Trompette,
1998), in the Brazilian Bambuı́ Group and correlative
sequences (Dardenne et al., 1986; Misi et al., 2006), in the
Khubsugul Basin and related deposits of the Mongoliane
Siberian region (Ilyin et al., 1986; Yanshin, 1986), and many
other places in Vietnam, Kazakstan, Pakistan, India, Europe
and North America. Many of these phosphorites formed during
major transgressions (Brasier, 1980) and along newly rifted
continental margins.

Biological involvement in the formation of Neo-
proterozoiceCambrian phosphorites is preserved as various
types of biological structures. Microorganisms were
important in the formation of these phosphorites, as evi-
denced in part by several examples of stromatolitic phos-
phorites (with columnar carbonate fluorapatite) of Cambrian
age in Australia (Southgate, 1980; Schmidt and Southgate,
1982), Algeria (Bertrand-Sarfati et al., 1997), China
(Yueyan, 1986), Russia (Yanshin, 1986), and elsewhere.
Perhaps even more striking is the fact that many phospho-
rites of Late NeoproterozoiceCambrian age preserve unique
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remains of multicellular organisms, including animal
embryos (Xiao et al., 1998, 2007; Steiner et al., 2004),
brachiopods (Cowan et al., 2005), and various other fossils
of eukaryotic organisms (Cook and Shergold, 1984; Brasier,
1990).

Shortly after the end of the Neoproterozoic glaciations,
exceptional fossils of early animal evolution are preserved in
marine sedimentary rocks, and these include new macro-
scopic organisms shaped as spheres, disks, fronds, worms
and other radial and bilateral body architectures
(e.g., Runnegar, 1991; Grotzinger et al., 1995; Jensen et al.,
1998; Narbonne, 1998, 2005; Canfield et al., 2007). The
Neoproterozoic rise in atmospheric oxygen was also
responsible for the most significant leap in biological
diversity and complexity in Earth history, the Cambrian
explosion. New organisms that emerged in the oceans of the
Early Cambrian include sponges, brachiopods, conodonts
and trilobites, and many of these metazoans had bio-
mineralized skeletons, complex shapes, and undulated/
articulated bodies.

16.4. A LINKED, CAUSATIVE SERIES
OF EVENTS IN PRECAMBRIAN EARTH
EVOLUTION

The events outlined in this chapter show that Precambrian
Earth was characterized by a distinctly non-uniform, highly
episodic development, marked by periods of intense
geological activity interspersed with periods of relative
quiescence e a sort of punctuated equilibrium of planetary
evolution (Table 16.4, Figure 16.18; Condie, 1995, 1998,
2000, 2004; Davies, 1995; Campbell and Allen, 2008;
Condie et al., 2009). Whereas some have suggested that such
apparent non-uniformitarian activity reflects only the biased
preservation of an incomplete geological record (Kemp
et al., 2006; Hawkesworth et al., 2009, 2010), such notions
are discounted by the fact that peaks of crustal growth e as
defined by peaks in zircon ages e correlate with peaks in the
rate and volume of komatiites, plume-derived magmas in
LIPs, and BIF, and with changes in the biosphere (Isley and
Abbott, 1999; Abbott and Isley, 2002; Lindsay and Brasier,

TABLE 16.4 Causative Events in Precambrian Earth History

4568 Ma Gravitational collapse of an interstellar dust cloud / formation of the Sun, planets, and meteorites

4404 Ma Cooling / formation of first crust, atmosphere and oceans, and origin of life; but high internal heat and continued meteor
bombardment / rapid and thorough crustal recycling

4030 Ma Cooling, differentiation, and tapering of bombardment / preservation of first crust

3490 Ma Cooling, differentiation, and tapering of bombardment / first stable protocontinents, with shallow-water stromatolites

3000 Ma Cooling and differentiation / widespread crust extraction and first emerged continental platform successions with terrestrial
microbial communities

2780 Ma Widespread crust formation at the crossover point of heat generation and conductive heat loss / mantle warming and crust-
forming superevent, high pCO2, bloom of (?cyanobacterial) microbial life / rise in O2 and global methanogenesis

2630 Ma Decreasing mantle activity / diminishing crust formation, but widespread hydrothermal activity and precipitation of BIF;
microbial development limited by largely submerged continents

2420 Ma Continued mantle cooling/ continental emergence, increased silicate weathering, drawdown of CO2, loss of methane and global
cooling / decreased magmatism, global glaciations, rise in O2

2250 Ma Mantle warming/ global breakout magmatism, increase in atmospheric CO2, bloom in microbial life/ rise in O2, positive d
13C

excursions (LJE), deposition of phosphorites, Ca-sulfates, and Mn deposits, rise in eukaryotes

2068 Ma Mantle superswell/ global rifting and orogeny, reduced deep oceans with deposition of iron formation and shungite, but oxidized
upper oceans and formation of natural uranium fission reactors

1780 Ma Nuna (Columbia) supercontinent assembly / increased weathering, higher seawater sulfate concentrations and sulfate reduction
/ sulphidic “Canfield” ocean, giant sulfide deposits

850 Ma Breakup of Rodinia / increased volcanism, reducing oceans, low oceanic sulfate, deposition of BIF and global black shales

750 Ma Equatorial concentration of continents, increased albedo, and rift-related uplift/widespread and/or global glaciations, slowdown
of biological activity

635 Ma Rise in volcanic-generated atmospheric pCO2/Deglaciation, sea-level rise, global deposition of cap carbonates / rapid CO2

drawdown, rise in oxygen / Ediacaran fauna

542 Ma Formation of Gondwana Supermountains / increased silicate weathering and supply of nutrients to oceans, CO2 drawdown, rise
in atmospheric O2 / Cambrian explosion
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2002; Sleep and Bird, 2008), proving beyond reasonable
doubt that crustal growth was indeed episodic through the
Precambrian (McCulloch and Bennett, 1994; Stein and
Hofmann, 1994; Parman, 2007; Pearson et al., 2007; Condie
et al., 2009).

Furthermore, a number of features of the geological
record show that the nature of continental crust changed
uniquely at c. 2.5 Ga, not only in terms of composition
(Condie and Wronkiewicz, 1990; Taylor and McLennan,
1985), but also in terms of crustal rigidity and exposure
above sea level (Arndt, 1999; Eriksson et al., 1999, 2006;
Flament et al., 2008; Rey and Coltice, 2008). The data
therefore suggest that crustal growth developed progressively
and episodically from ~4.03e2.5 Ga (McCulloch and Ben-
nett, 1994), peaked at c. 2.5 Ga, and has been essentially
recycled in an approximately steady state through the
supercontinent cycle ever since (Taylor and McLennan,
1985; Bowring and Housh, 1995; Scholl and von Huene,
2007; Bennett et al., 2010).

The differences in crustal composition and behavior
across the 2.5 Ga transition are due to a markedly hotter
Archean mantle, estimated to be 3 to 4 times hotter than
today. Such increased mantle temperatures resulted in raised
isotherms within continental lithosphere, thereby creating
softer lithosphere with a greater propensity to melt under any
superimposed stress, such as lateral compression
(e.g., Cruden et al., 2006; Rey and Houseman, 2006; O’Neill
et al., 2007; see also Hansen 2007). Numerical modeling has
shown that these uniquely Archean conditions would have
resulted in a tectonic mode termed stagnant lid behavior,
whereby periods of rapid subduction relating to planetary-
scale resurfacing events were interspersed with periods of
relative quiescence (Abbott and Isley, 2002; O’Neill et al.,
2007; Condie et al., 2009). The crustal record, combined with
numerical modeling results, shows that this style of tectonics
affected Earth through to at least 1.78 Ga, with quiescent
periods marked by low rates of volcanism, increased levels of
atmospheric oxygen (low D33S values), and cool climatic
conditions. These contrast with resurfacing events that are
characterized by high rates and volumes of magmatism, high
atmospheric CO2 (large D33S anomalies), high degrees of
continental weathering, and e once cyanobacteria had
become establishede high rates of microbial activity, leading
to perturbations in the carbon cycle (Figure 16.15; Hayes and
Waldbauer, 2006). Such periods of rapid crust formation are
analogous with events caused by the Cretaceous superplume
event (e.g., rapid crust formation, high pCO2, oceanic euxi-
nia), which derived from episodic, anomalous heat flow from
lower mantle domains (Leckie et al., 2002; Herzberg and
Gazel, 2009).

Indeed, given our knowledge of thermodynamics, it is
likely that all of the changes wrought throughout Precambrian
Earth history were ultimately driven by, and relate to, secular
changes in, and the episodic nature of, heat flow from the

coreemantle boundary (e.g., Richter, 1988; Greff-Lefftz and
Legros, 1999; Labrosse and Jaupart, 2007; O’Neill et al.,
2007; Condie et al., 2009; Landuyt and Bercovici, 2009;
Herzberg et al., 2010). These changes apply not only to
changes in crustal development and composition through
time, but also to the establishment of, and changes in, the
biosphere, as shown in Figure 16.32 (Kirschvink, 1992;
Lindsay and Brasier, 2002; Schrag et al., 2002; Squire et al.,
2006; Campbell and Allen, 2008).

In general, the geological data show that changes in heat
flow from the mantle resulted in periods of rapid crust
formation that were accompanied by high volumes of mag-
matism and volcanic-derived CO2. This changed the
composition of the atmosphere and oceans and led to
increased microbial activity and the deposition of iron
formations (Figure 16.32). The huge release of mantle heat
during these periods of rapid crust formation, accompanied
by blanketing of the coreemantle boundary by newly sub-
ducted lithosphere (e.g., Santosh, 2010) e but possibly also
reflecting geodynamical changes caused by core oscillations
induced by lunaresolar tidal forces (Greff-Lefftz and Legros,
1999) e resulted in subsequent cooling of the mantle and
associated slowdown of magmatic activity, a decrease in
volcanic-derived CO2, slowing in the rate of microbial
activity, cooling of the atmosphere, and deposition of glacial
rocks.

Three of these major cycles can be recognized in the
Precambrian geological record, each characterized by an
initial, 200 Ma-long, burst of geological activity associated
with the breakout of mantle-derived magmas, accompa-
nied, and outlasted, by widespread deposition of iron
formations (Figure 16.32). This was followed in the first
two cycles by cooling of the atmosphere, glaciation, and
the rise in atmospheric oxygen. The events of cycle two
were followed by a major perturbation in the carbon cycle
(the LomagundieJatuli Event), and subsequent deposition
of highly carbonaceous shales (the worldwide Shunga
Event: Melezhik et al., 2005a). Cycle three partially
commenced at c. 2.22 Ga with breakout magmatism
on many continents, but did not really take off until
c. 2.06 Ga, with the emplacement and eruption of the
Bushveld Igneous Province and aggregation of Supercon-
tinent Nuna (Columbia) (2.06e1.78 Ga). That the start of
cycle three (2.25e2.06 Ga) partially overlapped with the
follow-on effects of cycle two may explain the
LomagundieJatuli Event (2.25e2.06 Ga) and Shunga
Event (c. 2.0 Ga), as increased atmospheric CO2 associated
with breakout magmatism, combined with increased
nutrients (P, N) resulting from high weathering rates
associated with the decline of the immediately preceding
glaciations, provided essentially perfect conditions for
a prolonged microbial bloom.

Two of the major series of causative linked events remain
controversial and are discussed in more detail below: 1) the
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origin and driving force behind the late Archean superevent;
2) the rise in oxygen levels.

16.4.1. The Late Archean Superevent

Many researchers ascribe the deposition of late Archean
BIF and rise in atmospheric oxygen to the evolutionary
development of oxygenic photosynthetic cyanobacteria. It
is thought that cyanobacteria flourished on widespread
continental shelves, newly formed during a period of rapid
crustal growth and supercontinent amalgamation at
2.8e2.5 Ga, through uniformitarian plate tectonic
processes (the so-called “Late Archean Superevent”:
Cloud, 1973; Barley et al., 1998; Rey et al., 2003; Guo
et al., 2009). The newly created oxygen was first used to
oxidize reduced chemical species e such as ferrous iron
dissolved in seawater and sulfide minerals in weathering
profiles e depositing huge volumes of BIF and sulfates as
a result (Cloud, 1973; Cameron, 1982). It was only after
these sinks were saturated with oxygen that it began to
accumulate in the atmosphere, which occurred by ~2.3 Ga
(Holland, 2002; Bekker et al., 2004). Cooling of the
atmosphere following the deposition of BIF accompanied
the rise in oxygen, as shown by the widespread appearance
of glacial deposits at this time (Evans et al., 1997;
Kirschvink et al., 2000).

However, three major problems exist with this model:

1) If the period of rapid crustal growth relates to uniformi-
tarian plate tectonic processes, then why do late Archean
terrains contain unusually high volumes of deep mantle-
derived komatiite? Why are they so endowed in gold and
base-metal deposits? And why do they immediately
precede a unique, global change in crustal composition
and continental freeboard (Taylor and McLennan, 1985;
Arndt, 1999)?

2) Many recent studies support the rise of oxygenic cyano-
bacteria well prior to the Great Oxidation Event, at 2.7 Ga
(Buick, 1992; Wille et al., 2007; Kato et al., 2009), or
even much earlier (2.9e3.46 Ga: Altermann et al., 2006;
Ohmoto et al., 2006; Ono et al., 2006; Hoashi et al.,
2009). If this was the case, then why was BIF deposited in
such concentrations at 2.6e2.4 Ga and not earlier? What
caused the widespread deposition of these unusual rocks?
And what caused the environmental chaos at 2.8e2.4 Ga,
if not the evolutionary development of oxygenic cyano-
bacteria? Was the atmosphere somewhat reducing, with
oxidized oases? Or was it more extreme, with high
concentrations of CO2 and methane? Were oceans alka-
line or acidic? What changes occurred in atmospheric
composition over this period?

3) How did this period of change come to an end and why?
What caused the deposition of BIF to cease and the
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atmosphere to cool? And when did this occur e was it
globally synchronous, or are glacial deposits diachronous
and deposited at different times on different continents?

A variety of models have been presented to explain some, or
in a few cases all, of the changes associated with this tran-
sitional period, but they are insufficiently constrained in terms
of real field evidence, absolute ages and causative relation-
ships. For example, Barley et al. (1997) proposed that
extreme environmental conditions and deposition of BIF
during the latest Archean were caused by prolonged volca-
nism driven by rising mantle superplumes, but they lacked
supporting geochronological and geochemical data. Camp-
bell and Allen (2008) noted that peaks in global zircon ages
preceded steps in the rise of oxygen (Des Marais et al., 1992;
Canfield, 2005) and postulated that periods of supercontinent
amalgamation formed supermountains that eroded quickly,
thereby releasing nutrients (Fe, P) into the oceans and leading
to an explosion of cyanobacteria and increased burial of
organic carbon and pyrite. This in turn led to a rise in oxygen
because its drawdown through reaction with these elements
was decreased. However, this model is negated (at least for
the earliest stage) by the fact that the bulk of late Archean
crust was only eroded to shallow levels (5� 2 km: Galer and
Mezger, 1998) and that this period was one of pronounced
low continental freeboard (Eriksson et al., 1999); thus, the
postulated supermountains did not exist at this time.

Rather, it is suggested that the changes wrought on Earth
across the ArcheaneProterozoic transition are part of a series

of causative, linked events and that the rise of oxygen was
intimately related to interconnected geological and biological
processes, as follows (Figure 16.33):

1. Secular decline in mantle heat to below the level of
conductive heat loss through the crust at ~2.8 Ga
(Labrosse and Jaupart, 2007), gave rise to cooling of
oceanic lithosphere and the onset of widespread plate
tectonics. Rapid sinking of these plates gave rise to
anomalous heat loss through a series of deep mantle
plumes (Herzberg et al., 2010), resulting in widespread
crust formation (2.8e2.7 Ga) /

2. Widespread mantle melting, rapid crust production, and
depletion of lower crust, leading to widespread generation
of granites and formation of stable, buoyant lithosphere
(2.7e2.63 Ga) /

3. Extreme global volcanism pumped huge volumes of gases
into the atmosphere and resulted in an extreme greenhouse
atmosphere (~60e100�C?) with high pCO2. Deep chem-
ical weathering of newly erupted (and exposed) volcanic
rocks resulted in the deposition of kilometers of chemical
sedimentary rocks around the world, including vast
resources of BIF (2.63e2.42 Ga) /

4. Emergence of continents and secular cooling of the
mantle led to cooling of the geotherm, due to the parti-
tioning of radiogenic elements into the top 5e10 km of the
continental crust. Increased oxygen production, coupled
with drawdown of atmospheric CO2 in crustal and oceanic
sinks cooled the atmosphere, deposited glacial rocks, and

FIGURE 16.33 A causative, linked series of events

across the ArcheaneProterozoic boundary transition:

1) radiogenic heat flow decreases to below the rate of

oceanic heat flow, meaning that oceanic crust starts to cool

for the first time in Earth history; 2) major peak in juvenile

crustal growth (planetary resurfacing event of O’Neill

et al., 2007), releasing huge volumes of CO2 into the

atmosphere and causing a rise of methanogens;

3) increased hydrothermal flux and chemical weathering

results in precipitation of huge volumes of BIF; 4) mantle

cooling and a decrease in hydrothermal Fe and volcanic

CO2 following the Late Archean Superevent (1e3),

combined with an increase in oxygen production from

cyanobacterial respiration results in atmospheric oxidation

and global magmatic slowdown; 5) microbial bloom

resulting from delivery of increased nutrients to the oceans

following deglaciation, combined with increased atmo-

spheric pCO2 from renewed volcanism, results in

disequilibrium in the biosphere e the LomagundieJatuli

isotopic excursion.
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gave rise to an oxidized atmosphere (2.42e2.22 Ga:
e.g., Buggisch et al., 2010) /

5. Chemical weathering of continents following glaciation
buffered atmospheric pCO2, boosted primary productivity
by flooding ecosystems with nutrients (P, N, Fe, etc.), and
increased oxygen production, leading to disequilibrium
and chaos in the biosphere (2.22e2.06 Ga).

16.4.2. The Rise in Atmospheric O2

and the LJE

(with a contribution from D. Papineau)
At present, there is no consensus on the causative mech-

anism(s) responsible for the LJE. Increased carbon burial was
originally proposed (Baker and Fallick, 1989a,b) and is still
considered by some (Karhu and Holland, 1996; Bekker et al.,
2001, 2003a) as the most plausible driving force. However,
Melezhik and Fallick (1996) recognized the LJE as a paradox
because of the absence of geological evidence for buried
carbon to compensate 13C-rich carbonates, although some
minor “black shales” have been reported in association
with 13C-rich carbonates (Bekker et al., 2001, 2003a,b).
Yudovich et al. (1991), and Hayes and Waldbauer (2006)
linked the LJE to fermentative and methanogenic diagenesis
in deeper levels of the sediment column as a response to
increasing concentration of O2. However, the large range in
d13C variations that is commonly associated with such
diagenesis (Watson et al., 1995) is not seen in any 13C-rich
Paleoproterozoic carbonate sections (Melezhik et al., 1999a).
Aharon (2005) appealed to a redox-stratified ocean model
that implies decoupling of the P and C cycles. However, long-
term (i.e. >1 Ma) stagnation of the ocean circulation cannot
be physically sustained (Sarmiento and Herbert, 1988).
Despite the obvious problem in finding driving forces for the
LJE, it has nevertheless been given global significance (Baker
and Fallick, 1989a,b; Karhu and Holland, 1996; Melezhik
et al., 1999a; Aharon, 2005).

The consequences of combined higher tectonic activity
during global rifting (Heaman, 1997; Barley et al., 2005;
Bekker et al., 2006; Halls et al., 2008) and the cessation of
glaciations at 2.2 Ga resulted in increased weathering rates
that perturbed the carbon-silicate cycle as more Ca and Mg
became available in seawater for carbonate precipitation and
thereby led to a decrease in atmospheric CO2 levels (Berner,
1993). A natural effect of increased delivery to seawater of
material from eroded continental crust is more phosphate,
since rivers are the most important sources of phosphorus to
the oceans (Föllmi, 1995, 1996; Papineau, 2010). The
Sr isotope record of Paleoproterozoic carbonates shows an
increase in 87Sr/86Sr from 0.7022 to 0.7046 between 2.5 and
1.9 Ga (Veizer and Compston, 1976), which is consistent with
higher weathering rates during Paleoproterozoic periods of
elevated tectonic activity (e.g., Blum and Erel, 1995). A re-

evaluation of this global shift based on the lowermost
87Sr/86Sr for Paleoproterozoic carbonates, which attempts to
exclude possible Sr contribution from detrital clay minerals,
showed a similar trend (Shields and Veizer 2002; Shields,
2007), but also some exceptions with low 87Sr/86Sr during the
LJE in a few localities (Bekker et al., 2003b). Evidence for
intense weathering after the Paleoproterozoic glaciations also
comes from a substantial increase in the chemical index of
alteration (CIA) in shales deposited after the glaciations
(Nesbitt and Young, 1982; Condie et al., 2001) and the
widespread distribution of mature quartz sandstones in almost
all Paleoproterozoic post-glacial successions (Bekker et al.,
2006). Oxidative weathering also leads to higher levels of
cations (e.g., Ca2þ, Mg2þ, Naþ and Kþ) and anions
(e.g., PO4

3�, SO4
2� and Cl�) in seawater, and the widespread

deposition of sulfate evaporites after the Paleoproterozoic
glacial period (Cameron, 1983; El Tabakh et al., 1999;
Bekker et al., 2006) is also consistent with high weathering
rates under intense greenhouse conditions.

Because photosynthetic organisms quickly incorporated
phosphorus, it is likely that the continuous riverine supply of
phosphorus stimulated cyanobacterial blooms along coast-
lines, and that phosphogenesis occurred wherever environ-
mental and paleoceanographic conditions were adequate.
Sedimentation in newly formed intracontinental rift basins,
along with subsequent flooding of these new continental
margins, constitute ideal sites for microbial communities to
thrive, possibly because of their proximity to elevated nutrient
sources. Active Paleoproterozoic rift basins are sites where
diverse and abundant stromatolites often developed, especially
in shallow-marine environments along the newly formed
continental margin where carbonates commonly preserve
d13Ccarb excursions (e.g. Wanke and Melezhik, 2005).

Possible connections between d13Ccarb excursions and
high rates of primary productivity have been suggested before
(Aharon, 2005; Kump and Arthur, 1999; Melezhik et al.,
1999a). In fact, the common stratigraphic association of
phosphorites with 13C-enriched carbonates suggests
a connection with atmospheric oxygenation and possibly also
with high productivity. Calculations have shown that
increased weathering flux of phosphorus to the oceans after
major glaciations can stimulate photosynthetic oxygen
production (Lenton and Watson, 2004) and this may be
a reason for the occurrence of positive d13Ccarb excursions in
proximity to continents along newly rifted margins.

What is interesting to also consider is the possible
connection between renewed volcanism at this time and the
disequilibrium in the biosphere as reflected by the global LJE
(Lindsay and Brasier, 2002; Melezhik et al., 2005a). Typi-
cally, global volcanism results in a warming of the atmo-
sphere as a result of increased volumes of atmospheric CO2,
which in turn leads to increased rates of chemical weathering,
drawdown of CO2 and eventual cooling of the atmosphere,
commonly leading to glaciation (e.g. Buggisch et al., 2010).
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However, in the case of the Paleoproterozoic, there is no
evidence for a post 2.0 Ga glaciation, but rather a recurrence
of BIF, while at the same time there is also evidence for
a dramatic increase in atmospheric oxygen with the appear-
ance of widespread evaporitic sulfates and red beds
(e.g. Holland, 1994).

It is suggested that the increase of volcanism at 2.2 Ga,
coinciding with increased marine nutrients derived from
deglaciation and rift-related weathering of continents, led to
a prolonged microbial bloom and burial of organic carbon
during the LJE. As volcanism slowed towards the end of the
LJE, a rise in oxygen levels promoted weathering of sulfides
in continental crust, which delivered increased levels of
sulfate to the oceans, where a resultant bloom of sulfate-
reducing organisms led eventually to highly reducing deep
oceans and shungite, all of which ceased when a new
biogeochemical balance in the carbon cycle between
oxygenic photosynthesis and aerobic respiration was estab-
lished by the end of the global shungite event.

16.4.3. Linked Events and GSSPs

What is especially exciting about the series of contingent
events identified above for the period 2.78e1.78 Ga is that
each of the events is global, and each commences almost
immediately after the preceding event, with minimal over-
lap. As such, these events are eminently suitable for use
as time scale divisions, and their rapid transitions are
amenable for use as GSSPs, as shown diagrammatically in
Figure 16.32.

16.5. A REVISED PRECAMBRIAN
TIME SCALE

The overview of the geological data presented in the previous
sections shows that Precambrian Earth evolved in a distinct
series of linked events, each of which arose directly as a result
of antecedent events, and thus they accord well with Gould’s
(1994) historical principles of directionality and contingency
(see Section 16.1). Each event has global significance. This
allows for the very real possibility of a fully revised
Precambrian time scale, founded on the linked geological
development of the planet and evolution of the biosphere, and
based on the extant rock record, with real boundaries marked
by GSSPs in type sections. Nine events may qualify for such
(see below), with the base Ediacaran Period already formal-
ized with a GSSP (Chapter 18), and the upper level of the
Precambrian formalized with the GSSP for the base Cambrian
Period (Chapter 19).

Specifically, the history outlined in Section 16.3 indicates
the following main Precambrian events (in italics) and first
appearances:

l formation of the first solid solar system materials at 4567
Ma

l accretion of the EartheMoon system, to ~4500 Ma
l first appearance of crustal material in the rock record, in

the form of individual zircon grains, dated to 4404 Ma
l first appearance of a coherent rock, at 4030 Ma
l first appearance of well-preserved supracrustal rocks,

c. 3810 Ma (Isua supracrustal belt)
l first appearance of macroscopic fossils (stromatolites) in

well-preserved crustal rocks, at �3481 Ma
l first appearance of terrestrial biological communities in

stable continental platforms (e.g., the Pongola Super-
group), at c. 3 Ga

l crust-forming superevent, 2.78e2.63 Ga
l first appearance of highly negative d13Ckerogen values from

widespread stromatolitic carbonate platforms, at 2.74 Ga
l deposition of widespread BIF, 2.63e2.42 Ga
l first appearance of global glaciations and bedded carbonate

rocks with d13Ccarbonate values of �6&, after 2.42 Ga
l global magmatic shutdown, glaciations, and the Great

Oxidation Event, 2.42 e2.25 Ga
l global breakout magmatism, onset of the LJE, and first

appearance of phosphorites, Ca-sulfates, and eukaryotes,
c. 2.25 Ga

l LJE event, 2.25e2.06 Ga
l Unprecedented accumulation of organic carbon (Shunga

Event), and onset of reducing oceans with return of BIF,
2.06 Ga

l global orogeny and deposition of BIF, 2.06e1.78 Ga
l isotopic stability of the biological tracers, sulfidic deep

oceans, and the diversification of eukaryotes, 1.78e0.85 Ga
l first appearance of metazoans, 850 Ma
l first appearance of global glaciations and negative

d13Ccarbonate values, c. 750 Ma
l global glaciations, 750e582 Ma (Cryogenian)
l first appearance of Ediacaran fossils (Ediacaran)

The question then arises as how best to group Precambrian
events into periods, eras and eons. For example, one could
argue on a purely temporal basis that the series of events
presented herein could be divided into a short accretionary
event (4.56e4.03 Ga), then a set of long-duration events
from 4.03e2.78 Ga, followed by a set of relatively rapid
events from 2.78e1.78 Ga, a long period with fewer events
from 1.78 Gae850 Ma, and finally a series of shorter events
from 850e542 Ma. Such a scheme is satisfying in that
it identifies differences in the rate of change over the
development of our planet, as with human development
(e.g., nascent, juvenile, adolescent, and mature stages; see
Section 16.3). However, such a purely temporal scheme
pays no attention to the nature of the events themselves or
their lithostratigraphic characteristics. Importantly, such
a division ignores the fact that we are laden with the
historical precedent of existing time scale nomenclature, in
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particular the well-established Archean and Proterozoic
eons and their chronometric boundary at 2.5 Ga. This
division is so firmly established that it severely limits the
degree of flexibility in revising the time scale, as any radical
departure would almost certainly be ignored by the vast
majority of earth scientists.

In order to provide a useful and illustrative scheme for the
division of the nearly four billion years of Precambrian time
that will be accepted by stratigraphic specialists, the broad
geological community and the general public, one must first
recognize the most significant lithostratigraphic changes
in Earth history and use these to define the first-order
divisions e the eons.

One can regard the events outlined above as indicating two
fundamental changes over the course of Precambrian time.
First is the development of stable crust, such that it was able to
remain on the surface of the Earth and provide both a habitat
for emerging life and a foundation for the preservation of
a stratigraphic record from which we have been able to unravel
the history of our planet. The second fundamental change is the
transition from a warm, greenhouse, early Earth, with reducing
oceans and atmosphere, widespread deposition of BIF, and
only primitive life, to a cooler, more modern Earth with an
oxidized atmosphere and more complex life (eukaryotes).
Stratigraphically, this second major change is dramatically
represented by the disappearance of BIF from the rock record
and appearance of widespread, thick, glacial deposits at about
2.42 Ga, a well-constrained transition that could be used to
represent the ArcheaneProterozoic boundary (Figure 16.21).

16.5.1. A Hadean Eon

With these fundamental divisions in mind, a possible chro-
nostratigraphic revision of the Precambrian time scale is
presented in Figure 16.34. In this scheme, the Precambrian
time scale is divided into three eons, formally recognizing for
the first time a Hadean Eon for the earliest period of Earth
history, extending from the age of formation of the solar
system at T0¼4567 Ma, to the age of Earth’s oldest dated rock
from the Acasta Gneiss Complex, at 4030 Ma. An older
subdivision of the Hadean relates to the early accretionary
history of the Earth, from the age of formation of the solar
system (T0¼ 4567 Ma) to the age of the oldest preserved
crustal material on Earth, the 4404� 8 Ma detrital zircon
from the Jack Hills greenstone belt of Western Australia
(Wilde et al., 2001) e this could be named the Chaotian Era
to represent a chaotic period of accretion (modified from
Goldblatt et al., 2009a). Ayounger era within the Hadean Eon
could be established for the time interval represented by the
age of the oldest detrital zircon (4404 Ma) to the age of the
oldest preserved rock (4030 Ma Acasta Gneiss), and could be
named the “Jack Hillsian Era”, or “Zirconian Era” (modified
from Goldblatt et al., 2009a), after the Jack Hills greenstone
belt that contains the best record of detrital zircons over this

interval. Both the lower (4567 Ma) and upper (4030 Ma) age
limits for the Hadean Eon would necessarily be defined as
chronometric boundaries, as there is no preserved stratig-
raphy. The upper age limit of the Hadean Eon would also
serve as the lower limit of the Archean Eon.

16.5.2. The Archean Eon

A revised Archean Eon can be defined as the time of
Precambrian history from the first appearance of preserved
rocks at the Earth’s surface (4030 Ma Acasta Gneiss), to the
first appearance of widespread glacial rocks, cooler Earth
conditions, and the rise of atmospheric oxygen at c. 2420 Ma.
The Archean Eon may be divided into three eras and six
periods (Figure 16.34).

16.5.2.1. Paleoarchean Era: 4030e3490 Ma

The Paleoarchean Era is proposed to extend from 4030e3490
Ma and to be defined as the time when continental crust was
being progressively more widely preserved on the Earth’s
surface, but as gneissic terrains in a highly deformed state.
Possible traces of life were preserved in supracrustal rocks,
but definitive signs of life are restricted to the following era.
This oldest Archean era could be subdivided into two periods:
an older Acastan Period (4030e3810 Ma), named after the
Acasta Gneiss Complex of the Slave Craton, Canada, which is
representative of the dominantly gneissic crust formed during
this time; and a younger, Isuan Period (3810e3490 Ma),
named after the Isua supracrustal belt of the North Atlantic
Craton, western Greenland, which contains the oldest well
preserved supracrustal rocks with recognizable primary
structures. The upper age limit for the Paleoarchean Era is
defined as the first appearance of well-preserved signs of life,
as defined for the Mesoarchean Era, below. The lower
boundary and “AcastaneIsuan” boundary would necessarily
be defined as chronometric boundaries, as there is no
preserved stratigraphy, whereas the upper age limit for the
Paleoarchean Era may be defined by a GSSP, as described
below.

16.5.2.2. Mesoarchean Era: 3490e2780 Ma

A revised Mesoarchean Era would have a lower boundary
with the Paleoarchean Era at a GSSP, which could be defined
by the first appearance of definitive evidence of life in well-
preserved rocks from the North Pole region of the Pilbara
Craton, Australia. This evidence occurs in the form of fossil
stromatolites within the Dresser Formation of the Warra-
woona Group (Pilbara Supergroup), as first described by
Walter et al. (1980), but subsequently confirmed by a variety
of others (Buick and Dunlop, 1990; Philippot et al., 2007;
Van Kranendonk, 2007a, 2010b; Van Kranendonk et al.,
2008b). The lower age limit of this era is constrained by
a Pb-Pb age of 3490 Ma on syn-depositional barite from the
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FIGURE 16.34 Proposed scheme for a fully revised Precambrian time scale: clock symbols¼ chronometric boundaries; green spikes¼ boundaries where
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lower part of the Dresser Formation, and a U-Pb SHRIMP
zircon age from the unconformably overlying, upper (non-
barite-bearing, non-stromatolitic) part of the Dresser
Formation, at 3481� 2 Ma (Thorpe et al., 1992; Van
Kranendonk et al., 2008b). The GSSP would be sited at the
lower contact of the Dresser Formation, where it lies on
pillow basalts of the older North Star Basalt. Based on these
data, an age of 3490 Ma is recommended as the best estimate
of the age for the base of the Mesoarchean Era. The Dresser
Formation is well-exposed within a series of gently to
moderately dipping rocks of the North Pole Dome, and has
a conformable contact with underlying basalts, so that it is
suitable to be used as a GSSP.

The Mesoarchean Era may be divided into two periods
(Figure 16.34). An older period, from 3490e3020 Ma,
represents the time of development of the first stable conti-
nental nuclei of the Pilbara and Kaapvaal cratons, including
their buoyant, stable subcontinental mantle lithospheric
keels. The lower boundary of this period would be the same
as that which defines the base of the Mesoarchean, at the first
appearance of definitive evidence for life within well-
preserved supracrustal rocks of the Pilbara Craton. Abun-
dant and diverse evidence for life exists throughout this
period (see Van Kranendonk, 2007a, 2010b for a review). A
suitable name could be the Vaalbaran Period, after the type
areas of the Kaapvaal and Pilbara cratons, or a name that
reflects the development of continental nuclei, or proto-
cratonic kernals.

A younger Mesoarchean period relates to the first
appearance of stable platformal successions that contain
evidence of microbial colonization of shallow sandy envi-
ronments. A number of basins with well-preserved super-
groups are preserved on the Pilbara and Kaapvaal cratons,
including the famous Witwatersrand and Pongola super-
groups in South Africa (3.0e2.9 Ga), and the De Grey
Supergroup in Australia (3.02e2.94 Ga: Figure 16.13).
Both of the supergroups in South Africa contain well-
preserved evidence of terrestrial microbial communities, and
candidate GSSPs could be considered near the base of these
successions. Alternatively, the base of the De Grey Super-
group in Australia is well exposed and a GSSP could be
erected at the conformable contact between a discontinuous
basal conglomerate and overlying quartz-rich sandstone
within the Gorge Creek Group, at the base of the De Grey
Supergroup, dated at c. 3020 Ma (Van Kranendonk, 2004b;
Van Kranendonk et al., 2007a). The advantage of a GSSP in
the Gorge Creek Group is that it would include all of the
stable continental successions (Dominion Group can be
excluded, as it is moderately to steeply dipping, meta-
morphosed, and of limited extent). A candidate name for this
period could be the Pongolan Period, named after the >9 km
thick Pongola Supergroup (Gold, 2006), in which evidence
for terrestrial microbial communities is well preserved
(Noffke et al., 2003, 2008). The upper boundary for this

period would be a GSSP that marks the lower boundary of the
Neoarchean Era (see below).

16.5.2.3. Neoarchean Era: 2780e2420 Ma

A revised Neoarchean Era is proposed to encompass the
period of abundant crustal growth and recycling, major ore-
forming events (including the widespread deposition of
BIF), and the widespread bloom of microbial life that
occurred over the period from 2780e2420 Ma. This era is
capped by the onset of major, worldwide glaciations and
the change to a more oxygenated atmosphere.

The Neoarchean Era may be divided into two periods:
a lower period (2780e2630 Ma) encompassing the time of
rapid and voluminous crust formation, widespread flourishing
of microbial life on newly created continental shelves, and
highly negative d13C values; and a younger period that
encompasses the global deposition of BIF, highly positive
D33S values, and the gradual emergence of continents. Sug-
gested names are theMethanian Period for the older part of the
era, to reflect the dominance of methanotrophs during this
interval (Hayes’ (1994) “Age of methanotrophs”), and the
Siderian Period for the younger part of the Neoarchean Era,
reflecting the enormous volumes of BIF deposited on many
continents around the world at this time.

The lower boundary of the Neoarchean Era and Metha-
nian Period should be sited at a point near the onset of
widespread crust formation, which a global compilation of
data indicates was at ~2780 Ma, and below the first appear-
ance of highly negative d13Ckerogen values (Hayes and
Waldbauer, 2006). The best-preserved succession that
includes both a fairly complete record of the onset of global
magmatism at this time, as well as evidence of widespread
microbial life and methanotrophy (e.g., Packer, 1990; Buick,
1992), is the Fortescue Group in Western Australia. Eruption
of this succession of continental flood basalts commenced at
2775� 10 Ma (Arndt et al., 1991). A GSSP for the lower
boundary of the Neoarchean Era could be placed at the lower
contact of the oldest flood basalt unit, the Mount Roe Basalt,
which lies conformably on clastic sedimentary rocks of the
Bellary Formation (Thorne and Trendall, 2001). This locality
is preferred over a site within the Ventersdorp Supergroup of
South Africa, as this succession is significantly younger
(c. 2700 Ma) and lies well within the middle of the period of
rapid and voluminous crust formation, although protobasinal
phases of the supergroup together with the Gabarone Granite
Complex (2780.6� 1.8 Ma) and Kanye Volcanic Formation
(2769.3� 2.3 Ma) are close in age to that of the Mount Roe
Basalt (van der Westhuizen et al., 2006).

The boundary separating the Methanian Period from the
Siderian Period should correspond to the first appearance of
widespread Hamersley-type BIF. The type area for this is in the
Hamersley Basin of Western Australia (Trendall and Blockley,
1970, 2004), where the �2597� 5 Ma Marra Mamba Iron
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Formation lies in transitional, conformable contact on the
2629� 5 Ma Jeerinah Formation of the Fortescue Group
(Davy, 1985; Williams, 1989; Trendall et al., 1998, 2004), and
it is possible that this contact be used as a GSSP.

16.5.3. The ArcheaneProterozoic Boundary

The younger of the first-order divisions of Precambrian time
is recognized as the boundary between the Archean and
Proterozoic eons. In the revised, chronostratigraphic scheme
developed herein, this boundary is placed at the major change
between a reducing early Earth, characterized by granitee
greenstone type crust, reducing atmosphere and oceans,
abundant BIF, and primitive microbial life, to a cooler, more
modern Earth characterized by the supercontinent cycle, an
oxidized atmosphere, cooler climate, and development of
eukaryotic life (see also Young, 1973). This change occurred
at ~2420 Ma, which is the current best estimate of the age of
disappearance of Hamersley-type BIFs from the rock record
and first appearance of widespread glacial deposits (see
Sections 16.3.3.2 and 16.3.3.3). This boundary has the
potential to be represented by a GSSP at a locality in Western
Australia, where glaciogenic rocks of the lower Turee Creek
Group lie conformably on the topmost BIF of the Hamersley
Group (Figure 16.23). The Western Australian example
appears to be the most suitable section, as it contains the
disappearance of the D33S isotopic signature characteristic of
this interval (Williford et al., 2011), and because all other
Paleoproterozoic sections are represented by an unconform-
able lower contact at the base of the first glacial deposits. The
Turee Creek Group is also highly suitable, as it documents
both the onset of, and coming out of, the glaciation event,
based on the carbon isotope record and occurrence of over-
lying Mn-bearing units (Figure 16. 24; Van Kranendonk,
2010a). More detailed investigations of this potential GSSP
boundary section are underway.

16.5.4. The Proterozoic Eon

A revised Proterozoic Eon is envisaged to extend from the
ArcheaneProterozoic boundary at ~2420 Ma, to the end of
the Edicaran Period, which is marked by the GSSP at the base
of the Phanerozoic Eon (Paleozoic Era, Cambrian Period). As
with the current Proterozoic Eon, a revised Proterozoic Eon
based on chronostratigraphy is envisaged to consist of three
eras (Paleoproterozoic, Mesoproterozoic, and Neo-
proterozoic), but the boundary ages for these divisions differ
from their current ages and their subdivisions into periods
would also differ from current practice (Figure 16.34).

16.5.4.1. Paleoproterozoic Era: 2420e1780 Ma

A revised Paleoproterozoic Era would include the period of
worldwide glaciations, oxygenation of the atmosphere and

rise of eukaryotes, the reappearance of iron formation in the
rock record, and the formation of the supercontinent Nuna
(Columbia). This era would extend from the first appearance
of glacial deposits at ~2420 Ma to the disappearance of BIF
at ~1780 Ma, encompassing the breakup of late Archean
supercontinent(s) and subsequent formation of the Nuna
(Columbia) supercontinent.

The Paleoproterozoic Era could be divided into three
periods, based on distinct rock assemblages and isotopic
signatures. The oldest period relates to the period of world-
wide glaciations, global mantle slowdown, and oxygenation
of the atmosphere, from 2420 Ma to about 2250 Ma
(e.g. Holland, 1994, 2002; Kirschvink et al., 2000; Condie
et al., 2009). This period could be named the Oxygenian
Period, as it is during this time that widespread evidence for
an oxidizing atmosphere first appears (see Section 16.3.3.3).
The lower boundary of this period would be marked by the
ArcheaneProterozoic GSSP, and the upper boundary by the
defining GSSP of the subsequent period (Figure 16.34).

The next period within a revised Paleoproterozoic Era
should recognize the extraordinary LomagundieJatuli d13C
isotopic excursion event, which occurred at a global scale over
the time period from 2250e2060 Ma. This period is also
characterized by the first Eukaryote fossils and thus two
possible names could be the Jatulian or Eukaryian Period.
Two immediately apparent possibilities for a basal GSSP are at
the conformable base of the Lorrain Formation in the Huronian
Supergroup (Canada) (Figure 16.21), or the Ahmalahti/
Neverskrukk formations in the Pechenga greenstone belt.

The final period of a revised Paleoproterozoic Era is
represented by the time of crustal aggregation to form
supercontinent Columbia (Nuna), a period characterized by
the deposition of thick, organic-rich sedimentary units to
form shungite, and a return of iron formations, from about
2060e1780 Ma. A suggested name is the ‘Columbian
Period’. Possible GSSP localities include the base of the
Rooiberg Group in South Africa, marking the onset of volu-
minous magmatism associated with this period, or at the base
of the Kolasjoki Formation in the Pechenga greenstone belt.

16.5.4.2. Mesoproterozoic Era: 1780e850 Ma

A revised Mesoproterozoic Era would extend from c. 1780
Ma to ~850 Ma and encompass the period of environmental
stability marked by sulfidic deep oceans, the slow diversifi-
cation of eukaryotes, and the disassembly of supercontinent
Nuna (Columbia) and subsequent aggregation of supercon-
tinent Rodinia (1.3e0.9 Ga). No subdivisions of this era into
periods have yet been recognized.

A number of possibilities exist for a basal GSSP for
a revised Mesoproterozoic Era, including the first appearance
of acritarchs, the first sulfidic ocean deposits, or perhaps at the
base of successions with giant sulfide deposits. These
attractive possibilities have yet to be investigated in detail.
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16.5.4.3. Neoproterozoic Era: 850e541 Ma

A revised Neoproterozoic Era is considered to commence
with the breakup of Rodinia and first appearance of evidence
for environmental instability, at c. 850 Ma. Currently, the
Neoproterozoic subcommission of the ICS is investigating
changes and possible GSSPs within the Neoproterozoic Era,
and so far has established an Ediacaran Period (~635 Ma -
541Ma) (Figure 16.34; Knoll et al., 2004) for the youngest
part of the era. This subcommision is working towards the
establishment of a Cryogenian Period for the time of the
major Neoproterozoic glaciations (but note that the youngest,
or Gaskiers glaciation, lies within the Ediacaran Period: see
Chapter 18). At present, neither a type locality nor an age has
been established for the base GSSP of a Cryogenian Period,
but global correlations of d13C and Sr isotope anomalies give
hope that a GSSP may be defined in the foreseeable future
(see Chapter 17).

16.5.5. Summary of Proposed Changes and
GSSPs

In summary, the results of a global compilation of available
knowledge suggest that changes in Earth history throughout
the Precambrian relate to a causative, linked series of events
that are recorded in the rock record and that can be used to
erect a chronostratigraphic division of the Precambrian time
scale (Figure 16.34).

Three Precambrian eons can be identified, relating to:

1) the early development of the planet (Hadean Eon:
4567e4030 Ma);

2) a major period of crust formation and establishment of
a biosphere, characterized by a highly reducing atmo-
sphere (Archean Eon: 4030e2420 Ma);

3) a period marked by the progressive rise in atmospheric
oxygen, supercontinent cyclicity, and the evolution of
more complex (eukaryotic) life (Proterozoic Eon:
2420e542 Ma).

Each of these eons may be subdivided into a number of eras
and periods that reflect lower-order changes in the geological
record (Figure 16.34).

0 ~4567 Ma: start of Hadean Eon/ Chaotian Era; start of the
solar system, formation of Earth; chronometric boundary,
on CaeAl-rich refractory inclusions in meteorites

0 4404 Ma: end of Chaotian Era/start Jack Hillsian (Jaco-
bian) Era; end of major accretion and Moon-forming
giant impact, and first appearance of crustal material;
chronometric boundary on oldest detrital zircon from
Jack Hills greenstone belt (Yilgarn Craton, Australia)

0 4030 Ma: end Hadean Eon (Jack Hillsian (Jacobian)
Era)/start Archean Eon (Paleoarchean Era, Acastan

Period); start of the stratigraphic record; chronometric
boundary at world’s oldest rock in the Acasta Gneiss
(Slave Craton, Canada)

0 3810 Ma: end Acastan Period/start Isuan Period; first
appearance of supracrustal rocks; chronometric boundary
in the Isua supracrustal belt (North Atlantic Craton,
western Greenland)
3490 Ma: end Paleoarchean Era (end Isuan Period)/start
Mesoarchean Era (Vaalbaran Period); well-preserved
crustal lithosphere with macroscopic evidence of fossil
life; GSSP at base of stromatolitic Dresser Formation
(Warrawoona Group, Pilbara Supergroup, Australia)
~3020 Ma: end Vaalbaran Period/start Pongolan Period;
first appearance of stable continental basins, containing
evidence of microbial life in terrestrial environments;
GSSP just above the base of the De Grey Supergroup
(Pilbara Craton, Australia)
~2780 Ma: end Mesoarchean Era (Pongolan Period)/start
Neoarchean Era (Methanian Period); onset of global
volcanism associated with late Archean superevent and
of highly negative d13Ckerogen values; GSSP at base of
Mount Roe Basalt (Fortescue Group, Mount Bruce
Supergroup, Australia)
~2630 Ma: end Methanian Period/start Siderian Period;
first appearance of global BIFs; GSSP at base of Marra
Mamba Iron Formation (Hamersley Group, Mount Bruce
Supergroup, Australia)
~2420 Ma: end Archean Eon (Neoarchean Era, Siderian
Period)/start Proterozoic Eon (Paleoproterozoic Era,
Oxygenian Period); first appearance of glacial deposits,
rise in atmospheric oxygen, and disappearance of BIF;
GSSP at base of Kazput Formation (Turee Creek Group,
Mount Bruce Supergroup, Australia)
~2250 Ma: end Oxygenian Period/start Jatulian (or
Eukaryian) Period; end of glaciations and first appearance
of cap carbonates with high d13C values (start of Loma-
gundieJatuli isotopic excursion), and of oxidized paleo-
sols and red beds; GSSP at base of Lorrain Formation
(Cobalt Group, Huronian Supergroup, Canada)
2060 Ma: end Jatulian (or Eukaryian) Period/start Colum-
bian Period; end of LomagundieJatuli isotopic excursion
and first appearance of widespread global volcanism and
iron formations: GSSP at conformable base of Rooiberg
Group (Bushveld Magmatic Province, Kaapvaal Craton,
South Africa), or at base of the Kuetsjärvi Volcanic
Formation (Pechenga greenstone belt, Fennoscandia)
~1780Ma: end Paleoproterozoic Era (Columbian Period)/
start Mesoproterozoic Era; first appearance of sulphidic
reducing oceanic deposits, first acritarchs, and succes-
sions with giant sulfide ore deposits; GSSP, unassigned
~850 Ma: end Mesoproterozoic Era/start Neoproterozoic
Era (Cryogenian Period); onset of d13C anomalies?;
GSSP, unassigned
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~635 Ma: end Cryogenian Period/start Ediacaran Period;
GSSP at conformable contact at base of cap carbonate
overlying Marinoan glaciation
541 Ma: end Proterozoic Eon (Neoproterozoic Era,
Ediacaran Period)/start Phanerozoic Eon (Paleozoic Era,
Cambrian Period).

The suggested changes proposed herein, including the four
chronometric and ten chronostratigraphic (GSSP) bound-
aries listed above, are intended as a guide for future
discussions and refinements of the Precambrian time scale,
and will need to be ratified by the members of the Precam-
brian subcommission and formally accepted by the ICS
before they can be accepted for use by the geological
community. The goal over the next few years is to develop
proposals for the major eons and their boundaries and then
work down through the era and period boundaries, forming
working groups to decide on the best sections for GSSPs and
the most suitable names to use.

It is recognized that change is never easy and consensus
often difficult, but I believe that changing the Precambrian
time scale will be of significant benefit to the community as
a whole and will help to drive new research that will unveil
new truths about the history of our planet.
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Precambrian Research 72, 235e245.

Babinsky, M., Vierra, L.C., Trindale, R.I.F., 2007. Direct dating of the

Sete Lagoas cap carbonate (Bambuı́ Group, Brazil) and implica-

tions for the Neoproterozoic glacial events. Terra Nova 19,

401e406.

Baker, A.J., Fallick, A.E., 1989a. Evidence from Lewisian limestones for

isotopically heavy carbon in two thousand million year old sea water.

Nature 337, 352e354.

Baker, A.J., Fallick, A.E., 1989b. Heavy carbon in two-billion-year-old
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Bau, M., Romer, R.L., Lüders, V., Beukes, N.J., 1999. Pb, O, and C isotopes

in silicified Moodraai dolomite (Transvaal Supergroup South Africa):

Implications for the composition of Paleoproterozoic seawater and

‘dating’ the increase of oxygen in the Precambrian atmosphere. Earth

and Planetary Science Letters 174, 43e57.

Bau, M., Alexander, B., 2006. Preservation of primary REE patterns without

Ce anomaly during dolomitization of Mid-Paleoproterozoic limestone

and the potential re-establishment of marine anoxia immediately after

the “Great Oxidation Event”. South African Journal of Geology 109,

81e86.

Beard, B.L., Johnson, C.M., Skulan, J.L., Nealson, K.H., Cox, L., Sun, H.,

2003a. Application of Fe isotopes to tracing the geochemical and bio-

logical cycling of Fe. Chemical Geology 195, 87e117.

Beard, B.L., Johnson, C.M., Von Damm, K.L., Poulson, R.L., 2003b. Iron

isotope constraints on Fe cycling and mass balance in oxygenated Earth

oceans. Geology 31, 629e632.

Bédard, J., 2006. A catalytic delamination-driven model for coupled genesis

of Archaean crust and sub-continental lithospheric mantle. Geochimica

et Cosmochimica Acta 70, 1188e1214.

Bekasova, N.B., Dudkin, O.B., 1982. Composition and nature of concre-

tionary phosphorites from the early Precambrian of Pechenga (Kola

Peninsula). Lithology and Mineral Resources 16, 625e630.

Bekker, A., Kaufman, A.J., Karhu, J.A., Beukes, N.J., Swart, Q.D.,

Coetzee, L.L., Eriksson, K.A., 2001. Chemostratigraphy of the Paleo-

proterozoic Duitschland Formation, South Africa: Implications for

coupled climate change and carbon cycling. American Journal of

Science 301, 261e285.

Bekker, A., Eriksson, K.A., 2003. A Paleoproterozoic drowned carbonate

platform on the southeastern margin of the Wyoming Craton: A record of

the Kenorland breakup. Precambrian Research 120, 327e364.

Bekker, A., Sial, A.N., Karhu, J.A., Ferreira, V.P., Noce, C.M.,

Kaufman, A.J., Romano, A.W., Pimentel, M.M., 2003a. Chemo-

stratigraphy of carbonates from the Minas Supergroup, Quadrilátero
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(Eds.), Dyke Swarms: Time Markers of Crustal Evolution. Taylor &

Francis, London, pp. 3e26.

Blichert-Toft, J., Arndt, N.T., 1999. Hf isotope compositions of komatiites.

Earth and Planetary Science Letters 171, 439e451.

Blichert-Toft, J., Putchel, I.S., 2010. Depleted mantle sources through time:

Evidence from Lu-Hf and Sm-Nd isotope systematic of Archean

komatiites. Earth and Planetary Science Letters 297, 598e606.

Blichert-Toft, J., Albarede, F., Rosing, M., Frei, R., Bridgwater, D., 1999. The

Nd and Hf isotope evolution of the mantle through the Archean: Results

from the Isua supracrustals,WestGreenland, and from theBirimian terranes

of West Africa. Geochimica et Cosmochimica Acta 63, 3901e3914.

Blum, J.D., Erel, Y., 1995. A silicate weathering mechanism linking

increases in 87Sr/86Sr with global glaciation. Nature 373, 415e418.

Boher, M., Abouchami, W., Michard, A., Albarede, F., Arndt, N.T., 1992.

Crustal growth in West Africa at 2.1 Ga. Journal of Geophysical

Research 97, 345e369.

Bolhar, R., Van Kranendonk, M.J., 2007. A non-marine depositional setting

for the northern Fortescue Group, Pilbara Craton, inferred from trace

element geochemistry of stromatolitic carbonates. Precambrian

Research 155, 229e250.

Borg, G., Kärner, K., Buxton, M., Armstrong, R., van der Merwe, S.W.,

2003. Geology of the Skorpion Supergene Zinc deposit, southern

Namibia. Economic Geology 98, 749e771.

Bosak, T., Greene, S.E., Newman, D.K., 2007. A likely role for anoxygenic

photosynthetic microbes in the formation of ancient stromatolites.

Geobiology 5, 119e126.

Bouvier, A., Wadhwa, M., 2010. The age of the Solar System redefined by

the oldest Pb-Pb age of a meteoritic inclusion. Nature Geoscience 3,

637e641.

Bowring, S.A., King, J.E., Housh, T.B., Isachsen, C.E., Podsek, F.A., 1989.

Neodymium and lead isotope evidence for enriched early Archean crust

in North America. Nature 340, 222e225.

Bowring, S.A., Housh, T.B., Isachsen, C.E., 1990. The Acasta Gneisses:

remnant of Earth’s early crust. In: Newsom, H.E., Jones, J.H. (Eds.),

Origin of the Earth. Oxford University Press, New York, pp. 319e343.

Bowring, S.A., Housh, T., 1995. The Earth’s early evolution. Science 269,

1535e1540.

Bowring, S.A., Williams, I.S., 1999. Prisocan (4.00e4.03 Ga) orthogneisses

from northwestern Canada. Contributions to Mineralogy and Petrology

134, 3e16.

Bowring, S.A., Grotzinger, J.P., Condon, D.J., Ramezani, J., Newall, M.J.,

Allen, P.A., 2007. Geochronologic constraints on the chronostrati-

graphic framework of the Neoproterozoic Huqf Supergroup, Sultanate

of Oman. American Journal of Science 307, 1097e1145.

Boyet, M., Blichert-Toft, J., Rosing, M., Storey, M., Télouk, P., Albarède, F.,
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G.A. Shields-Zhou, A.C. Hill and B.A. Macgabhann Chapter 17

The Cryogenian Period

Abstract: The Cryogenian Period is characterized by evidence
for at least two prolonged episodes of widespread, even global,
glaciation and the contemporaneous reappearance of sedi-
mentary iron formations. The pre-glacial portion marks the
disappearance of early marine microsparite crack fill (molar
tooth structure), a decline in diversity of stromatolite forms,
proliferation then decline in organic-walled microfossil
(acritarch) biodiversity, appearance of vase-shapedmicrofossils

(possible testate amoebae), and the beginning at c. 800 Ma of
a series of negative d13C excursions. The later Cryogenian is
typified by very high d13Ccarb and d34Spyr values in its non-
glacial part, and the onset of glaciation which culminates in the
worldwide deposition of cap dolostones that marks the start of
the Ediacaran Period. The chronometrically defined base of the
Cryogenian Period (850Mae c. 635Ma) is set to be replaced in
coming years by a Global Stratotype Section and Point (GSSP).
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17.1. HISTORICAL BACKGROUND

The notion of a widespread glaciation during the late
Precambrian was already advanced (e.g., Kulling, 1934; Lee,
1936; Mawson, 1949) when Brian Harland (Harland, 1964a,
b) suggested using glacial deposits to define a new addition to
the international geological time scale. Harland’s Infracam-
brian or Varangian System began at the onset of the great
“Infracambrian” glaciations, and ended at the appearance of
recognized Cambrian faunas. The Subcommission on Pre-
Cambrian Stratigraphy of the ICS was against using the term
“Infracambrian” and suggested its abandonment along with
“Eocambrian” and “Subcambrian” in 1969. The term
“Precambrian” survived the cull despite calls for its removal
(e.g., Cloud and Glaessner, 1982), while “Infracambrian” is
still used today although it has lost the precise stratigraphic
significance suggested by Harland (Figure 17.1).

In 1971, Dunn et al. took up the case for a “Late Pre-
Cambrian” system beginning at the Sturtian glacial deposits
of Australia, to which they tentatively assigned an age of
750 Ma (Figure 17.1). This informal new system attracted
support among the geological community and was referred to
variously as the “Vendian” (extended downward from its
original definition) or the “Sinian” (which has had various
definitions since inception). Harland augmented his

Infracambrian concept by suggesting that the Sinian Era
comprise Sturtian and Vendian subdivisions (Harland et al.,
1982, 1990). Despite widespread use of all of these rock-
based terms, however, purely chronometric subdivisions were
introduced in 1988 (Plumb and James, 1986; Plumb, 1991)
with the Neoproterozoic Era (1000 Ma e Cambrian) divided
into the Tonian Period (1000 Ma e 850 Ma), the Cryogenian
Period (850 Ma e 650 Ma), and the then-unnamed “Neo-
proterozoic III” Period (650 Ma e Cambrian).

As geochronological data have improved, some of these
subdivisions no longer cover the aspect of the geological
record to which their name refers. For example, the chrono-
metric Cryogenian Period (850 Ma e 650 Ma) was later
discovered not to contain the peak of Neoproterozoic glaci-
ation, which occurred after 650 Ma (Hoffmann et al., 2004).
Consequentially, over the past decade there has been a move
to abandon all chronometric subdivisions and return to a rock-
based geological time scale for the Precambrian using the
GSSP concept of global stratotype sections and points
(e.g., Bleeker, 2004 and chapter 15 of this book).

The first Precambrian period to be redefined was the
Neoproterozoic III, the GSSP of which defines the upper
boundary of the Cryogenian Period. Following the discovery
of undisputed soft-bodied organic remains, including many of
possible animal grade (Sprigg, 1947; Glaessner, 1984;
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Fedonkin, 1990; Narbonne, 2005), it was proposed that the
Vendian be further subdivided (Harland and Herod, 1975;
Harland et al., 1990). In the same vein, some proposed a new
period to incorporate these fossil remains, beginning within
pink-colored, post-glacial “cap carbonate” dolostones in
South Australia (Cloud and Glaessner, 1982) which had
already been postulated to be correlative (Dunn et al., 1971)
and are now known to be of global extent (Knoll et al.,
2004a). The “Ediacarian” period of Cloud and Glaessner
(1982) was literally set in stone 22 years later by the inter-
national geological community when the new ‘Ediacaran
Period’ was ratified in 2004 (Knoll et al., 2004a,b, 2006),
carved out of the chronometrically defined terminal Prote-
rozoic, with the defined base of the Ediacaran (and thus the
top of the Cryogenian) now some 15 myr younger than the
original chronometric definition.

The Ediacaran GSSP was a significant departure from the
Phanerozoic convention, for the first time defining a GSSP on
a geochemical and paleoclimatic, rather than biostratigraphic
change, despite the presence of the eponymous Ediacaran
fossil assemblages. Indeed the Ediacaran fossils have proved
difficult to place in a biostratigraphic framework, with
different characteristic fossil assemblages in different paleo-
geographic areas in different paleoecological environments at
different times (e.g., Waggoner, 1999; Grazhdankin, 2004;
Narbonne, 2005). The Cryogenian, without widespread fossil
assemblages even of the Ediacaran type, has no potential for
macroscopic biostratigraphy. As a result of this and the
historical lack of accurate radiometric dates for Cryogenian
sections, correlation of Cryogenian sections worldwide has
been difficult. Over the past decade, however, strontium and
carbon isotope chemostratigraphy has dramatically improved
our understanding of the Cryogenian System, and more
recently, palynological biostratigraphy has emerged as
a potential stratigraphic tool.

On this basis, in his “prescription for Cryogenian stra-
tigraphy”, the chairman of the Neoproterozoic Subcommis-
sion of the ICS advocated a chronostratigraphic definition for
the Cryogenian Period, beginning at the base of the Sturtian
glacial interval and ending at the basal Ediacaran GSSP
(Knoll, 2000). As a result, Harland’s Sturtian (Harland et al.,
1990) plus his lowermost glacial Vendian are set to become
the new Cryogenian Period, although the question of how to
define the base was until recently a matter of much debate. As
noted, stratigraphically useful fossils become increasingly
less common in the earlier Neoproterozoic, while locally,
evidence for glaciation can be ambiguous (e.g., Eyles and
Januszczak, 2004). Even where glacial influence can be
demonstrated (Etienne et al., 2008), the onset of glaciation in
any one region seems unlikely to correspond to a globally
correlative stratigraphic horizon (e.g., Kendall et al., 2009),
a consideration which led earlier workers to introduce the
purely chronometric scale for the base of the Cryogenian
(Plumb and James, 1986). With these issues in mind, an

integrated approach to global stratigraphic correlation seems
to be the most likely way to establish a chronostrati-
graphically defined Cryogenian Period.

After a series of discussions, the Neoproterozoic
Subcommission reached consensus in August 2009 on
a working definition for the base of the Cryogenian. Based on
returns from 32 voting members, the base:

‘should be placed within an outcrop section at a precisely defined

stratigraphic level (GSSP) beneath the oldest clearly glacigenic

deposits in a Neoproterozoic succession’.

Recent geochronological constraints on Neoproterozoic
glaciation (see Section 17.2 below) imply that any new GSSP
will likely result in a considerably shorter Cryogenian Period,
more in line with its Phanerozoic counterparts. Because of the
inherent difficulties in establishing GSSPs in the fossil-poor
Precambrian, the chosen section will need to:

‘demonstrate proven potential for global C- and Sr-isotope strati-

graphic correlation and preferably be amenable to microfossil

biostratigraphy, isotope geochronology and other forms of global

correlation such as magnetostratigraphy’.

17.2. GEOCHRONOLOGICAL
CONSTRAINTS ON THE CRYOGENIAN
CLIMATE RECORD

Each new high-precision age results in incremental improve-
ments in global stratigraphic correlation with U-Pb single
zircon thermal ionization ages of particular significance (Table
17.1). Recently, new age constraints have strengthened the
case for age equivalence of all basal Ediacaran cap dolostones.
They have helped to show that some putative “Cryogenian”
glacial deposits are of post-Cryogenian age, e.g., the Gaskiers
unit in Newfoundland (580� 1 Ma: Bowring et al., 2003),
while other supposedly “Cambrian” deposits are now known
to be of Cryogenian age (Shields et al., 2007). Recent U-Pb
and, increasingly, Re-Os data confirm the division of Cry-
ogenian glaciations into two main episodes (c. 720 e c. 660
Ma and c. 650e635 Ma), although older diamictites
(e.g., Kaigas Formation: Frimmel et al., 1996) hint at localized
earliest or pre-Cryogenian glacial activity. U-Pb isotope
geochronology has become the final arbiter of seawater C and
Sr isotope curves, which can then be used to calibrate the pace
of biological and geological evolution (Shields, 1999; Mac-
donald et al., 2010).

17.2.1. Age Constraints on Pre- or Earliest
Cryogenian Glaciation

Although there are some indications for locally cool condi-
tions between 750 and 720 Ma, there is no firm evidence
for widespread glaciation during the Neoproterozoic before
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TABLE 17.1 Selected age constraints for the Cryogenian Period, as published

No.

Material

Analyzed Location Formation

Date as Originally

Reported GTS2012 Comment

10 Ash Mauritania Tèniagouri Group 604� 6 Ma, Lahondère
et al. 2005

Minimum constraint on Jbéliat diamictite
(Late Cryogenian glaciation and cap
carbonate)

9 Granite Ethiopia Negash Granite 606� 0.9 Ma, Miller et al.
2003

Minimum constraint on Negash diamictite
(Late Cryogenian glaciation and cap
carbonate)

8 Black Shale Canada Old Fort Point 607.8� 4.7 Ma, Kendall
et al. 2004

Minimum constraint on Ice Brook
diamictite (Late Cryogenian glaciation and
cap carbonate)

7 Ash Mauritania Tèniagouri Group 609.77� 5.5 Ma,
Lahondère et al. 2005

Minimum constraint on Jbéliat diamictite
(Late Cryogenian glaciation and cap
carbonate)

6 Leucogranite Ethiopia Hauzien
Leucogranite

613.4� 0.9 Ma, Miller et al.
2003

Minimum constraint on Negash diamictite
(Late Cryogenian glaciation and cap
carbonate)

5 Andesite China Zhamoktei 615� 6 Ma, Xu et al. 2009 Minimum constraint on Hankalchough
diamictite (Late Cryogenian glaciation and
cap carbonate)

4 Ash China Doushantuo 628.3� 5.8 Ma, Yin et al.
2005

Minimum constraint on Nantuo diamictite
(Late Cryogenian glaciation and cap
carbonate)

3 Ash China Doushantuo 632.5� 0.5 Ma, Condon
et al. 2005

Minimum constraint on Nantuo diamictite
(Late Cryogenian glaciation and cap
carbonate)

2 Ash China Lantian 635� 5.4 Ma, Chu et al.
2005

Minimum constraint on Nantuo diamictite
(Late Cryogenian glaciation and cap
carbonate)

1 Ash China Doushantuo 635.23� 0.6 Ma, Condon
et al. 2005

Minimum constraint on Nantuo diamictite
(Late Cryogenian glaciation); direct
constraint on Late Cryogenian cap
carbonate

BASE OF
EDIACARAN

BASE OF EDIACARAN

CR 64 Ash Namibia Ghaub 635.5� 1.2 Ma, Hoffmann
et al. 2004

Syn-depositional constraint on Ghaub
diamictite (Late Cryogenian glaciation);
direct constraint on end of glacial
deposition, maximum constraint on cap
carbonate

CR 63 Ash China Nantuo 636.3� 4.9 Ma, Zhang, S.
et al. 2008a

Syn-depositional constraint on Nantuo
diamictite; direct constraint on end of
glacial deposition

CR 62 Black Shale Australia Black River
Dolomite

640.7� 4.7 Ma, Kendall
et al. 2009

Minimum constraint on Julius River (Early
Cryogenian glaciation); direct constraint
on post-glacial black shale, Xingiug
Cryogenian Warm Interval

CR 61 Black Shale Australia Tapley Hill 643� 2.4 Ma, Kendall et al.
2006

Minimum constraint on Sturt diamictite
(Early Cryogenian glaciation); direct
constraint on post-glacial black shale, Late
Cryogenian Warm Interval
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TABLE 17.1 Selected age constraints for the Cryogenian Period, as publisheddcont’d

No.

Material

Analyzed Location Formation

Date as Originally

Reported GTS2012 Comment

CR 60 Detrital
Zircon

Australia Marino 649� 17 Ma, Ireland et al.
1998

Maximum constraint on Marino diamictite
(Late Cryogenian glaciation)

CR 59 Detrital
Zircon

Australia Marino 649� 17 Ma, Ireland et al.
1998

Maximum constraint on Marino diamictite
(Late Cryogenian glaciation)

CR 58 Ash China Datangpo 654.5� 3.8 Ma, Zhang, S.
et al. 2008a

Maximum constraint on Nantuo diamictite
(Late Cryogenian glaciation), direct
constraint on Late Cryogenian Warm
Interval

CR 57 Black Shale Australia Aralka 657.2� 5.4 Ma, Kendall
et al. 2006

Minimum constraint on Areyonga
diamictite (Early Cryogenian glaciation);
direct constraint on post-glacial black
shale, Late Cryogenian Warm Interval

CR 56 Australia Wilyerpa 659� 6 Ma, Fanning and
Link 2008

CR 55 Ash China Datangpo 662.9� 4.3 Ma, Zhou et al.
2004

Maximum constraint on Nantuo diamictite
(Late Cryogenian glaciation), direct
constraint on Late Cryogenian Warm
Interval

CR 54 Tuff USA Pocatello 667� 5 Ma, Fanning and
Link. 2004

Minimum constraint on Scout Mountain
(Early Cryogenian glaciation), direct
constraint on Late Cryogenian Warm
Interval

CR 53 Ash China Datangpo 667.3� 9.9 Ma, Yin et al.
2005

Maximum constraint on Nantuo
diamictite, Late Cryogenian glaciation

CR 52 Gabbro Antarctica Cotton Plateau
Gabbro

667.8� 0.6 Ma, Goodge
et al. 2002

Syn-depositional constraint on Goldie
diamictite, Early Cryogenian glaciation

CR 51 Authigenic
Monazite

Australia Enorama 680� 23 Ma, Mahan et al.
2010

Maximum constraint on Elatina diamictite
(Late Cryogenian glaciation); minimum
constraint on Appila diamictite (Early
Cryogenian glaciation)

CR 50 Rhyolite USA Edwardsburg 684� 4 Ma, Lund et al.
2003

Syn-depositional constraint on Placer
Creek diamictite, Early Cryogenian
glaciation

CR 49 Rhyodacite USA Edwardsburg 685� 7 Ma, Lund et al.
2003

Syn-depositional constraint on Wind River
Meadows diamictite, Early Cryogenian
glaciation

CR 48 Rhyolite USA Battle Mountain
Granite

705� 2 Ma, Tollo and
Aleinikoff 1996

Syn-depositional constraint on Mechum
River diamictite, Early Cryogenian
glaciation

CR 47 Tuff USA Pocatello 711� 4 Ma, Fanning and
Link 2004

Syn-depositional constraint on Scout
Mountain diamictite, Early Cryogenian
glaciation

CR 46 Ash Oman Ghadir Manqil 711.8� 1.6 Ma, Allen et al.
2002

Syn-depositional constraint on Ghubrah
diamictite, Early Cryogenian glaciation

CR 45 Diabase Greenland Granville Fjord
Sill

712� 2 Ma, Denyszyn et al.
2009b

Franklin Large Igneous Province 14� N
paleopole

CR 44 Diabase Canada Craig Harbour
Dyke

713� 2 Ma, Denyszyn et al.
2009a

Franklin Large Igneous Province 13� N
paleopole

(Continued)
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TABLE 17.1 Selected age constraints for the Cryogenian Period, as publisheddcont’d

No.

Material

Analyzed Location Formation

Date as Originally

Reported GTS2012 Comment

CR 43 Diabase Canada Cape Faraday
Dyke

713� 3 Ma, Denyszyn et al.
2009a

Franklin Large Igneous Province 10� N
paleopole

CR 42 Diabase Canada Sill intruding
Wynniatt
Formation

716.33� 0.5 Ma,
Macdonald et al. 2010

Franklin Large Igneous Province

CR 41 Tuff Canada Upper Mount
Harper Group

716.47� 0.2 Ma,
Macdonald et al. 2010

Syn-depositional constraint on Upper
Mount Harper Group diamictite, Early
Cryogenian glaciation

CR 40 Rhyolite Clast USA Pocatello 717� 4 Ma, Fanning and
Link 2004

Maximum constraint on Scout Mountain
diamictite, Early Cryogenian glaciation

CR 39 Rhyolite Canada Mount Harper
Volcanic
Complex

717.43� 0.1 Ma,
Macdonald et al. 2010

Maximum constraint on Upper Mount
Harper Group diamictite, Early
Cryogenian glaciation

CR 38 Diabase Canada Cadogan Glacier
Dyke

721� 2 Ma, Denyszyn et al.
2009b

Franklin Large Igneous Province 3� S
paleopole

CR 37 Diabase Greenland Qaanaaq Dyke 721� 4 Ma, Denyszyn et al.
2009b

Franklin Large Igneous Province 19.5� N
paleopole

CR 36 Ash Oman Ghadir Manqil 723� 16 Ma, Brasier et al.
2000

Syn-depositional constraint on Ghubrah
diamictite, Early Cryogenian glaciation

CR 35 Andesite China Bayisi 725� 10 Ma, Xu et al. 2009 Syn-depositional constraint on Bayisi
diamictite, Early Cryogenian glaciation

CR 34 Ash China Nuiguping 725� 10 Ma, Zhang,
Q. R. et al. 2008

Maximum constraint on Jiangkou
diamictite, Early Cryogenian glaciation

CR 33 Detrital
Zircon

Australia Kanpa 725� 11 Ma, Nelson, 2002

CR 32 Gneiss Canada Deserters Range
Gneiss

728� 9 Ma, Evenchick
et al. 1984

Maximum constraint on Mt. Lloyd George
diamictite, Early Cryogenian glaciation

CR 31 Granite USA Laurel Mills
Granite

728.9� 1.2 Ma, Tollo and
Aleinikoff 1996

Maximum constraint on Mechum River
diamictite, Early Cryogenian glaciation

CR 30 Metagabbro Egypt ‘Younger
metavolcanics’

730� 22 Ma, Ali et al. 2009 Maximum constraint on Atud diamictite,
Early Cryogenian glaciation

CR 29 Felsic Lava Zambia Luamata Breccia 735� 5 Ma, Key et al. 2001 Minimum constraint on Luamata Breccia
diamictite, Early Cryogenian glaciation

CR 28 Ash China Banxi Group 736� 2 Ma, Gan et al. 1993 Maximum constraint on Chang’an
diamictite, Early Cryogenian glaciation;
Minimum constraint on Banxi Group
dropstones

CR 27 Carbonate Brazil Sete Lagoas 740� 22 Ma, Babinski et al.
2007

Minimum constraint on Jequitai
diamictite, Early Cryogenian glaciation

CR 26 Granitoid Ethiopia Rama Granitoid 740� 42 Ma, Tadesse et al.
2000

Maximum constraint on Negash
diamictite, Early Cryogenian glaciation

CR 25 Ash China Bayisi 740� 7 Ma, Xu et al. 2009 Syn-depositional or maximum constraint
on Bayisi diamictite, Early Cryogenian
glaciation; same sample as Xu et al. 2005

CR 24 Rhyolite Namibia Rosh Pinah 741� 6 Ma, Frimmel et al.
1996

Minimum constraint on Kaigas diamictite,
earliest or pre-Cryogenian glaciation
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TABLE 17.1 Selected age constraints for the Cryogenian Period, as publisheddcont’d

No.

Material

Analyzed Location Formation

Date as Originally

Reported GTS2012 Comment

CR 23 Rhyolite USA Grandfather
Mountain

742� 2 Ma, Fetter and
Goldberg 1995

Maximum constraint on Grandfather
Mountain diamictite, Early Cryogenian
glaciation

CR 22 Ash USA Kwagunt 742� 6 , Karlstrom et al.
2000

Maximum constraint on Sixty Miles
diamictite, Early Cryogenian glaciation

CR 21 Ash Namibia Naauwpoort 746� 2 Ma, Hoffman et al.
1996

Maximum constraint on Chuos diamictite,
Early Cryogenian glaciation

CR 20 Ash China Liantuo 748� 12 Ma, Ma et al.
1984

Maximum constraint on Gucheng
diamictite, Early Cryogenian glaciation

CR 19 Rhyolite Namibia Skorpion
Rhyolite

751.9� 5.5 Ma, Borg et al.
2003

Minimum constraint on Kaigas diamictite,
earliest or pre-Cryogenian glaciation

CR 18 Porphyry
Clast

Egypt Atud 752� 33 Ma, Ali et al. 2010 Maximum constraint on Atud diamictite,
Early Cryogenian glaciation

CR 17 Granitoid
Clast

Egypt Atud 754� 15 Ma, Ali et al. 2010 Maximum constraint on Atud diamictite,
Early Cryogenian glaciation

CR 16 Granite Clast Canada Sayunei 755� 18 Ma, Ross and
Villeneuve 1995

Maximum constraint on Rapitan
diamictite, Early Cryogenian glaciation

CR 15 Ash China Bayisi 755� 15 Ma, Xu et al. 2005 Syn-depositional or maximum constraint
on Bayisi diamictite, Early Cryogenian
glaciation

CR 14 Granitoid Ethiopia Deret Granitoid 757� 30 Ma, Tadesse et al.
2000

Maximum constraint on Negash
diamictite, Early Cryogenian glaciation

CR 13 Rhyolite USA Mt. Rodgers 758� 12 Ma, Aleinikoff
et al. 1995

Maximum constraint on Konnarock
diamictite, Early Cryogenian glaciation

CR 12 Detrital
Zircon

China Xieshuihe 758� 23 Ma, Yin et al.
2003

Maximum constraint on Gucheng
diamictite, Early Cryogenian glaciation

CR 11 Ash Namibia 758.5� 3.5 Ma, Hoffman
et al. 1996

Maximum constraint on Chuos diamictite,
Early Cryogenian glaciation

CR 10 Ash Namibia Devede 759.3� 1.3 Ma, Halverson
et al. 2005

Maximum constraint on Chuos diamictite,
Early Cryogenian glaciation

CR 9 Felsic Lava Zambia Mwasia Group 763� 6 Ma, Key et al. 2001 Maximum constraint on Grand
Conglomerat diamictite, Early Cryogenian
glaciation

CR 8 Granitoid
Clast

Saudi Arabia Nuwaybah 765� 22 Ma, Ali et al.
2009a

Maximum constraint on Nuwaybah
diamictite, Early Cryogenian glaciation

CR 7 Felsic Lava Zambia Mwasia Group 765� 5 Ma, Key et al. 2001 Maximum constraint on Grand
Conglomerat diamictite, Early Cryogenian
glaciation

CR 6 Granitoid
Clast

Saudi Arabia Nuwaybah 766� 5 Ma, Ali et al. 2009a Maximum constraint on Nuwaybah
diamictite, Early Cryogenian glaciation

CR 5 Granite Namibia Lekkersing
Granite

771� 6 Ma, Frimmel et al.
2001

Maximum constraint on Kaigas diamictite,
ealiest or pre-Cryogenian glaciation

CR 4 Ash China Xiuning 776� 11 Ma, Yin et al.
2005

Maximum constraint on Gucheng
diamictite, Early Cryogenian glaciation

CR 3 Rhyolite Australia Boucot Volcanics 777� 7 Ma, Fanning in
Press 2000

Maximum constraint on Sturtian
diamictite, Early Cryogenian glaciation

(Continued)
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c. 720 Ma. In China, extreme O isotope composition for
hydrothermally altered rocks provide controversial evidence
for cold conditions at 748� 3 Ma (Zheng et al., 2007), while
dropstones in the uppermost Banxi Group of South China
may also conceal the very beginnings of glaciation there
above a level dated at 736� 3 Ma (Gan et al., 1993). A
felsic lava overlying the Luamata Breccia in Zaire has been
dated to 735� 5 Ma (Key et al., 2001), the Kaigas dia-
mictite in Namibia has been suggested to be older than either
741 (� 6) Ma (Frimmel et al., 1996) or 751.9� 5.5 Ma
(Borg et al., 2003), and a carbonate whole-rock Pb-Pb date
from Brazil suggests the Jequitai diamictite to be older than
740� 22 Ma (Babinski et al., 2007). A precise age of
726� 1 Ma is also known for the Leger granite in Oman,
which ought to predate the deposition of the entire Mirbat
Group (Allen, 2007). As well as these age constraints, other
pre-glacial ages include 742� 6 Ma (Karlstrom et al.,
2000); 746� 2 Ma (Hoffman et al., 1996); 742� 2 Ma

(Fetter and Goldberg, 1995) and 717.4� 0.2 Ma (Macdonald
et al., 2010).

17.2.2. Age Constraints on Early Cryogenian
Glaciation

The earlier Cryogenian glaciation (“Sturt”), evidence for
which commonly underlies limestones of a warmer “inter-
glacial” interval, appears to have lasted longer than either the
mid-Ediacaran or the late Cryogenian glaciations. Age
constraints range widely, however, indicating either that the
earlier Cryogenian glaciation comprises several globally
diachronous events or that it was extremely prolonged. Syn-
glacial ages include the 716.5� 0.3 Ma age (Macdonald
et al., 2010) for the Rapitan glacial in NW Canada, which is
also associated with low-latitude 10�e14� paleopoles of the
Franklin Large Igneous Province (Denyszyn et al. 2009a,b;
Macdonald et al., 2010), the 711� 4 Ma age for the Scout

TABLE 17.1 Selected age constraints for the Cryogenian Period, as publisheddcont’d

No.

Material

Analyzed Location Formation

Date as Originally

Reported GTS2012 Comment

CR 2 Ash China Xiuning 780� 10 Ma, Yin et al.
2005

Maximum constraint on Gucheng
diamictite, Early Cryogenian glaciation

CR 1 Australia Skillogalee
Dolomite

797� 5 Ma, Drexel et al.
2008

? BASE OF CRYOGENIAN ? ? BASE OF CRYOGENIAN ?

8 Tuff Australia Rook Tuff 802� 10 Ma, Fanning et al.
1996

7 Monazite Scotland Lochindorb
Pegmatites

806� 3 Ma, Noble et al.
1998

Maximum constraint on Port Askaig
diamictite, early Cryogenian glaciation,
and Kinlochlaggan diamictite, ?Late
Cryogenian glaciation

6 Ash China Wuqiangxi 809.3� 8.4 Ma, Zhang, S.
et al. 2008b

Maximum constraint on Dongshanfeng
diamictite, Early Cryogenian glaciation

5 Tuff Canada Fifteen Mile
Group unit PF1a

811.51� 0.3 Ma,
Macdonald et al. 2010

Maximum constraint on Upper Mount
Harper Group diamictite, Early
Cryogenian glaciation

4 Australia Gairdner Dyke
Swarm

824� 4 Ma, Glikson et al.
1996

3 Australia Gairdner Dyke
Swarm

827� 6 Ma, Wingate et al.
1998

2 Detrital
Zircon

Brazil Bebedouro 874� 9 Ma, Babinski et al.
2004

Maximum constraint on Bebedouro
diamictite, Early Cryogenian glaciation

1 Detrital
Zircon

Brazil Duas Barras 900� 21 Ma, Pedrosa-
Soares et al. 2000

Maximum constraint on Macaúbas
diamictite, Early Cryogenian glaciation

In the absence of formal stratigraphic subdivision of the Cryogenian or biostratigraphic control, no attempt has been made to standardize and intercalibrate the age
determinations.
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Mountain diamictite member of the Pocatello Formation in
Idaho (Fanning and Link, 2004), the 725� 10 Ma date for the
Bayisi diamictite in China (Xu et al., 2009), and the 714� 1
Ma for the Ghubrah Formation of Oman (Bowring et al., 2007;
Allen, 2007). [Note that this Gubrah Formation age has also
been cited as 711.8� 1.6 Ma (Allen et al., 2002) and has never
been published]. Where basal post-glacial strata have been
dated, their ages are generally much younger, e.g., 662.9� 4.3
Ma in China (Zhou et al., 2004); 667� 5 Ma in the USA
(Fanning and Link, 2004), and 680� 23 Ma in Australia
(Mahan et al., 2010), although some dates suggest glacial
deposition may have continued this late (for example the
667.8� 0.6 Ma age for volcanics in the diamictite-containing
Goldie Formation in Antarctica (Goodge et al., 2002);
however, evidence for the glaciogenic origin of this unit
admittedly remains equivocal). It is immediately apparent that
there is a vast difference between the onset and culmination of
this earlier ice age, which could have spanned more than
55 million years. Because glacial deposits may represent only
a fraction of the time during which there is glaciation (Zhang
et al., 2008a), a full appreciation of early Cryogenian Earth
history will be difficult to obtain for some time to come.

17.2.3. Middle Cryogenian Age Constraints

The hypothesis of a globally significant Late Cryogenian
Warm Interval (LCWI, between the Sturt and Elatina glaci-
ations in Australia) has been confirmed by C, S and Sr isotope
stratigraphy (Figure 17.2). Age constraints suggest, however,
that it was relatively short, perhaps lasting only between
about 660 and 650 Ma (Zhou et al., 2004; Fanning and Link,
2008). Recent Re-Os studies on dark shales give surprisingly
young ages for this level (Kendall et al., 2006, 2009), which if
confirmed would indicate that this warm interval may have
begun as late as 645 Ma in Australia, though a recent Th-U-
total Pb date of 680� 23 Ma (Mahan et al., 2010) on authi-
genic monazite from a younger level would appear to
contradict this.

17.2.4. Age Constraints on Late Cryogenian
Glaciation

The hypothesis that all basal Ediacaran, post-glacial cap-
dolostone units are globally correlative (e.g., Dunn et al.,
1971; Knoll et al., 2006) stands firm in the light of increas-
ingly robust age constraints from around the world. The top of
the cap dolostone in South China, which ought to mark by
correlation with the Nuccaleena Formation in Australia the
end of the Cryogenian Period, is constrained in age to
635.2� 0.4 Ma (Condon et al., 2005). Glaciogenic strata
from Namibia provide an identical age of 635.6� 0.5 Ma
(Hoffmann et al., 2004), suggesting a globally synchronous
deglaciation. A SHRIMP II U/Pb age of 636.3� 4.9 Ma from
lowermost strata of the glaciogenic Nantuo Formation in

South China (Zhang et al., 2008b) additionally implies that
some glaciogenic strata cover only a relatively short period of
time biased towards the end of the glacial episode. The top of
the underlying non-glaciogenic Datangpo Formation is con-
strained in the same study to <654.5� 3.8 Ma.

17.3. THE BIOSTRATIGRAPHIC BASIS FOR
A CRYOGENIAN PERIOD

Little is known about the syn-glacial ecosystem, but all the
major eukaryote lineages seem to have survived, i.e. the
opisthokonts (e.g., fungi), the Amoebozoa (specifically
the lobose amoebae), the plants (specifically the green and red
algae), the chromalveolates (specifically the ciliates and
dinoflagellates), the Rhizaria (specifically the filose testae
amoebae) and the excavates for which there is no fossil record
(Porter, 2004). Many groups seem even to have proliferated,
e.g., our own ancestors, presumably single-celled opistho-
konts, likely evolved during this time. Despite such theoret-
ical biodiversity during global glaciation, it is difficult to
establish the identity of particular microfossils using their
organic-walled “acritarch” remains.

Although knowing their biological affinity is not essential
for categorizing fossils, Precambrian biostratigraphy still
remains in its infancy. There is currently no biostratigraphic
marker fossil or fossil group which can be used to define the
Cryogenian Period. This problem derives partly from
a paucity of data, but also because there are few robust age
constraints that can test the correlation potential of fossil
taxa. Nevertheless, it is clear that the pre-glacial, early-
mid Neoproterozoic was a time of eukaryotic invention
(Figure 17.3), as was the period immediately following end-
Cryogenian deglaciation. Consequently, fossils do exist that
are characteristic of the periods before and after the Cry-
ogenian glaciations, and these could potentially be used to
bracket this time globally. Although the glacial interval is
mostly shrouded in mystery, this may be because of a lack of
studies focusing on glaciogenic strata (e.g., Corsetti et al.,
2003). Rare, but enigmatic macroscopic discoidal fossils in
Late Cryogenian Warm Interval strata of Canada, Algeria,
and Russia (Hofmann et al., 1990; Bertrand-Sarfati et al.,
1995; Nagovitsin et al., 2008) should act as an encourage-
ment that fossils remain to be discovered in this interval.
However, given that discoidal fossils may also represent non-
metazoan remains (MacGabhann, 2007; Grazhdankin and
Gerdes, 2007; Matz et al., 2008), the biological and
biostratigraphic significance of such fossils remains uncertain
at this stage.

24-isopropylcholestanes, believed to be the hydrocarbon
remains of C30 sterols produced by marine demosponges,
have also been recovered from Late Cryogenian Warm
Interval strata (Love et al., 2009), though sponge spicules
remain conspicuous only by their absence (Sperling et al.,
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FIGURE 17.2 Global d13C, 87Sr/86Sr and biostratigraphic correlation of the Australian Cryogenian assuming a c. 635 Ma age (Hoffmann et al., 2004; Condon

et al., 2005) for the Elatina glaciation and global equivalents. The circled numbers on the time scale correspond to the following Australian geochronological ages:

(1) 827� 6 Ma (Wingate et al., 1998) and 824� 4 Ma (Glikson et al., 1996), Gairdner Dyke Swarm, central Australia; (2) 802�10 Ma, Rook Tuff, Adelaide Rift

Complex (Fanning et al., 1986); (3) 797� 5 Ma, Skillogalee Dolomite, Adelaide Rift Complex (Drexel et al., 2008; Reid, 2009); (4) 725� 11 Ma detrital age,

uppermost Kanpa Formation, westernOfficer Basin (Nelson, 2002); (5) 659� 6Ma,Wilyerpa Formation, AdelaideRift Complex (Sturt Tillite correlative) (Fanning

and Link, 2008); (6) 657.2� 5.4Ma, Aralka Formation, Amadeus Basin, central Australia (Kendall et al., 2006); (7) 647.2� 10Ma and 645.1� 4.8Ma, Tindelpina

ShaleMember, AdelaideRift Complex (Kendall et al., 2006); (8) 640.7� 4.7Ma, BlackRiverDolomite, northwest Tasmania (Kendall et al., 2009); (9) 657� 17Ma

detrital age, Marino Arkose Member, Umberatana Group, Adelaide Rift Complex (Ireland et al., 1998); (10) 575� 3 Ma, volcanics overlying Yarra Creek Shale,

King Island (Calver et al., 2004); (11) 582� 4 Ma, rhyodacite flow beneath Croles Hill Diamictite, northwest Tasmania (Calver et al., 2004); (12) 556� 24 Ma

detrital age, Bonney Sandstone,Wilpena Group, Adelaide Rift Complex (Ireland et al., 1998).Australia: d13C data from Hill et al. (2000b), Hill and Walter (2000),

Hill (2005), Calver (1998), Walter et al. (2000) and McKirdy et al. (2001). 87Sr/86Sr ratios from Fanning (1986) and reproduced in Hill et al. (2000b) (Gillen

Member, Bitter Springs Formation), Shields and Hill (upubl. data) (Unit 3, Loves Creek Member, Bitter Springs Formation), Calver (1998) (Julius River Member,

Black River Dolomite, northwest Tasmania), and McKirdy et al. (2001) (Brighton Limestone and Trezona Formation, Adelaide Rift Complex). First records of

Cerebrosphaera buickii and Baicalia burra from the Hussar Formation, western Officer Basin (Grey and Cotter, 1996; Cotter, 1999; Hill et al., 2000a; Grey et al.,

2005), and the Johnnys Creek beds, Amadeus Basin (Grey et al., 2011). The first record of C. buickii in the Adelaide Rift Complex is in the Anama Siltstone
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Member of the Rhynie Sandstone (Grey et al., 2011), which is older than the Skillogalee Dolomitewhere bothC. buickii and B. burra occur (Hill et al., 2000a; Grey

et al., 2005; Grey et al., 2011). First record of vase-shaped microfossils from the Black River Dolomite, northwest Tasmania (Saito et al., 1988), which could

correlate with the Hussar or Kanpa Formations (western Officer Basin) and the Skillogalee Dolomite (Adelaide Rift Complex) (Calver, 1998; Hill andWalter, 2000;

Grey et al., 2011). Canada: d13C data from Halverson (2006) (Little Dal Group and Coates Lake Group), and Hoffman and Schrag (2002) and James et al. (2001)

(Windemere Supergroup). 87Sr/86Sr ratios from Narbonne et al. (1994), Kaufman et al. (1997) and Halverson et al. (2007b). ~780 Ma age for the Little Dal Basalt

(Jefferson and Parrish, 1989; Harlan et al., 2003). Abbreviations: CLG, Coates Lake Group; Grain, Grainstone Formation; Gyp, Gypsum Formation; Keele, Keele

Formation; Ru, Rusty Shale; Tw, Twitya Formation. Svalbard: d13C data from Halverson et al. (2005, 2007b). 87Sr/86Sr ratios from Halverson et al. (2005,

2007a,b). First record of C. buickii, upper Lower Dolomite Member, Svanbergfjellet Formation (Butterfield et al., 1994). First record of vase-shaped microfossils

from the lowermost Draken Formation (e.g., Knoll et al., 1991). Abbreviations: Elbo, Elbobreen Formation; Svanbergfj, Svanbergfjellet Formation. Scotland: d13C

data from Prave et al. (2009), and for the Bonahaven Dolomite also from Brasier and Shields (2000). 87Sr/86Sr ratios from Thomas et al. (2004), and for the Lossit

Limestone from Brasier and Shields (2000). Stratigraphy scale bars are for limestone units only; siliciclastic unit thicknesses as shown are not to scale. Abbre-

viations: Appin, Appin Limestone; B, Badenyon Limestone; Bal, Ballachulish Limestone; Bona, Bonahaven Dolomite; C, Craignish/Adrishaig Phyllites;

Cr, Craighouse Formation; D, Degnish Limestone; Ea, Easdale area; Ford, Fordyce Limestone; Isl, Islay Limestone; Lismore, Lismore Limestone; Lossit, Lossit

Limestone; Mor, Mortlach Formation, Sandend Limestone Member; Shir, Shira Limestone; T, Tobar Fuar Limestone. Alaska: d13C data from the Katakturuk

Dolomite, northeastern Brooks Range (Macdonald et al., 2009b). Ethiopia: d13C data from Alene et al. (1999, 2006). 87Sr/86Sr data from Alene et al. (2006).

Abbreviations: Assem, Assem Limestone; Mai Kenetal, Mai Kenetal Limestone; Tsed, Tsedia Limestone; Werii, Werii Limestone. Namibia: d13C data from

Halverson et al. (2005). 87Sr/86Sr ratios from Yoshioka et al. (2003) and Halverson et al. (2007a). 746 Ma age from Hoffman et al. (1996) and 760 Ma age from

Halverson et al. (2005). Abbreviations: Abenab, Abenab Subgroup. Mongolia: d13C data from Shields et al. (2002) and Macdonald et al. (2009a). 87Sr/86Sr data

from Shields et al. (2002). Abbreviations: K, Khongoryn member; M, Maikhan Ul member; T, Tayshir member; Tsagaan Ol. Fm, Tsagaan Oloom Formation.

Informal member names after Macdonald et al. (2009a). USA: d13C data from Dehler et al. (2005). ~770Ma age fromWilliams et al. (2003) and 742 Ma age from

Karlstrom et al. (2000). First record of C. buickii, Tanner Member, Galeros Formation, Chuar Group (Nagy et al., 2009). First record of vase-shaped microfossils

from the Kwagunt Formation, Chuar Group (Porter and Knoll, 2000; Porter et al., 2003; Nagy et al., 2009). Abbreviations: Galeros, Galeros Formation;

KW, Kwagunt Formation.

FIGURE 17.2 (Continued).
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2009). The occurrence of both discoidal fossils and sponge
biomarkers in the Late Cryogenian Warm Interval may
support hypotheses of climate-driven biospheric change,
supported to an extent by “molecular clock” minimum
evolution dates for the origin of the Metazoa at 664 Ma and
the Eumetazoa at 634 Ma (Peterson and Butterfield, 2005),
which correspond closely to the available radiometric dates
on glacial strata.

Evidence for the pre-glacial expansion of eukaryotes
includes the first definitive green algae and then the first
heterotrophic eukaryotes, some of which were biomineralized
by silica (Porter, 2004). The appearance of these “vase-
shaped microfossils” (VSM), e.g., Melanocyrillium sp.,
heralds the onset of glaciation in six or more regions of the
world (Figure 17.3), and in at least three areas this coincides
with a marked fall in eukaryotic phytoplankton diversity
(Nagy et al., 2009). The combination of Sr and C isotope
chemostratigraphy establishes the relative timing of these

appearances globally (Figure 17.2). Some characteristic
acritarchs, such as Cerebrosphaera buickii, are known only
from pre-glacial (<810 Ma) mid-Neoproterozoic strata, but
some older taxa may be found in Ediacaran successions too
(Moczwydlowska-Vidal, 2008), indicating that glaciation
may not have caused a true mass extinction of phytoplankton
lineages. Others disagree, arguing that several important taxa
do not carry through to the Ediacaran Period, e.g., Trachy-
strichosphaera, Cymatiosphaeroides (Sergeev, 2006). Inter-
estingly, the FAD of Cerebrosphaera buickii seems to precede
the FAD of VSMs at three localities (Svalbard, USA and
Australia), while both are associated with a c. 800 Ma interval
of negative C isotope values, coincident with a jump from
87Sr/86Sr of 0.7055e0.7057 to 0.7062e0.7063 (Figure 17.4).
Unraveling the complex web of regional taxonomic nomen-
clature and differing preservational styles will be key to
progress in Cryogenian acritarch biostratigraphy, and requires
coordinated effort on a global scale.

(a) (b) (c)

(d) (e) (f)

(g)

FIGURE 17.3 Photomicrographs of key Cryogenian microfossils. (a) Cerebrosphaera buickii from Svanbergfjellet Formation, Spitsbergen, HUPC 62763,

86-G-33-2S, SEM (Photo courtesy of N. Butterfield; for details see Butterfield et al., 1994); (b) Cerebrosphaera buickii from the Hussar Formation, Officer

Basin, Australia, Lancer 1, 605.14 m/2, W-44-3 (Photo courtesy of K. Grey); (c) Leiosphaeridia crassa from the Kanpa Formation, Officer Basin, Australia,

Hussar 1, 1275.0 m, T-63-4 (Photo courtesy of K. Grey; for details, see Grey and Cotter, 1996); (d) Bonniea dacruchares, a vase-shaped microfossil (VSM) from

the Chuar Group, USA (Photo courtesy of S. Porter; for details, see Porter et al., 2003); (e) Irridinitus? sp., a Twitya ‘disc’, from the Twitya Formation, Canada

(Photo courtesy of G. Narbonne; for details, see Hofmann et al., 1990); (f) Acaciella australica, from Jay Creek, Amadeus Basin, Northern Territory, polished

slab showing branching columns (Photo courtesy of K. Grey); (g) Baicalia burra, core face from drillhole Empress 1A, c. 775 m, Kanpa Formation, Officer

Basin, Western Australia.
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17.4. AN INTEGRATED APPROACH TO
GLOBAL STRATIGRAPHIC CORRELATION

The climatic extremes of the Neoproterozoic, as well as asso-
ciated changes in ocean composition, provide us with addi-
tional tools for global stratigraphic correlation in the absence of
a global biostratigraphic framework. In particular, isotopic
trends (Sr, C and S) are used widely for this purpose due to their
anomalously extremevalues during this interval. Sr isotopes are
of especial importance, as post-glacial carbonates can be
distinguished by their 87Sr/86Sr ratios. The integration of
various stratigraphically useful geological phenomena is
leading to improved global stratigraphic correlation of the
Neoproterozoic. Isotope stratigraphy can be used to test
the correlation potential of fossil assemblages and to interpret
the environmental effects of widespread tectonic upheaval,
including the splitting apart of the supercontinent Rodinia early
in theCryogenian Period and the reamalgamation ofmany of its
constituent parts between c. 640 Ma and c. 520 Ma.

17.4.1. Early Cryogenian Period

Age constraints are particularly poor for the mid-Neo-
proterozoic; however, a negative d13C interval at c. 800 Ma in
the Loves Creek Member of Bitter Springs Formation of
central Australia (Hill et al., 2000b) is of probable global

significance based on its occurrence in Svalbard (Halverson
et al., 2005) and North America (Halverson, 2006; Mac-
donald et al., 2010), and possibly also Ethiopia (Alene et al.,
2006) and Scotland (Prave et al., 2009). This negative interval
of d13C values is preceded by a rise in least altered 87Sr/86Sr
from 0.7055e0.7057 to 0.7062e0.7064 in Australia (Hill
et al., 2000b; Hill and Grey, in press), which compares with
data from Canada (Halverson et al., 2007a), Svalbard (Hal-
verson et al., 2007a,b), Ethiopia (Alene et al., 2006) and
Scotland (Thomas et al., 2004). Below this level, 87Sr/86Sr
ratios are even lower with 0.7055 in NW Canada (Halverson
et al., 2007a), 0.7052 in Siberia (Gorokhov et al., 1995) and
0.7052 in Ethiopia (Miller et al., 2009). The ages of these
units are not particularly well constrained but available data
suggest a general increase in seawater 87Sr/86Sr during the
early Neoproterozoic from 0.705 to 0.707 (Halverson et al.,
2007a) from c. 850 to c. 750 Ma.

The “Bitter Springs anomaly” approximately coincides
with the first record of the acritarch Cerebrosphaera buickii in
Australia (Hill et al., 2000a; Grey et al., 2005, 2011; Hill and
Grey, in press) and Svalbard (Butterfield et al., 1994). The first
record of C. buickii is slightly younger in Australia, probably
due to the absence of suitable facies for palynology in Australia
at this stratigraphic level. The first record of C. buickii in the
USA is also consistent with those in Australia and Svalbard
(Nagy et al., 2009). Following the first record of C. buickii are
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FIGURE 17.4 Summary Figure for Earth system change during the Neoproterozoic Era showing summary seawater 87Sr/86Sr curve (two possibilities are
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first records of vase-shaped microfossils in Australia (Saito
et al., 1988), Svalbard (Knoll et al., 1991) and the USA (Porter
and Knoll, 2000; Porter et al., 2003; Nagy et al., 2009).

17.4.2. Pre-Glacial Cryogenian

It is currently unclear to what extent the onset of glaciation can
be used as a chronostratigraphic tie-point, although the onset of
low-latitude glaciation needs from theoretical considerations to
have been approximately coeval (Halverson et al., 2010).
Without more supporting data, therefore, it cannot be assumed
that all pre-glacial isotope data in Figure 17.2 are contempora-
neous. Nevertheless, it appears that 87Sr/86Sr rose to
0.7067e0.7069 in Svalbard (Halverson et al., 2007b), Scotland
(Brasier and Shields, 2000; Thomas et al., 2004) and Ethiopia
(Alene et al., 2006) during the pre-glacial interval before falling
to 0.7063 before glaciation inGreenland (Fairchild et al., 2000),
Scotland (Sawaki et al., 2010) andCanada (Coates LakeGroup:
Narbonne et al., 1994; Kaufman et al., 1997), remaining at
0.7063 during glaciation (Black River Dolomite, northwest
Tasmania: Calver, 1998). C. buickii probably became extinct
before the beginning of the Sturt glaciation in Australia (Eyles
et al., 2007; Haines et al., 2008; Grey et al., 2011). The carbon
isotope record shows that d13C values decreased to negative
values but recovered before deposition of diamictite in Scotland
(Sawaki et al., 2010), while there is evidence for the onset of
ferruginous conditions before glaciation from at least one
succession (Johnston et al., 2010).

17.4.3. Late Cryogenian Warm Interval
(LCWI)

Post-glacial limestones of the Cryogenian Period reveal a rise
in 87Sr/86Sr from 0.7068 to 0.7071 during the post-glacial
d13C recovery. Five regions of the world boast relevant data:
Mongolia from 0.7068 to 0.7071 (Shields et al., 1997),
Namibia from 0.7068 to 0.7072 (Yoshioka et al., 2003;
Halverson et al., 2007a), NW Canada to 0.7071 (Kaufman
et al., 1997), Australia to 0.7071 (McKirdy et al., 2001), and
Scotland to 0.7071 (Thomas et al., 2004). Extremely high
d13C values >10& are characteristic of the upper part of this
non-glacial interval where 87Sr/86Sr peaks at 0.7071e0.7072
and d34S values of sedimentary pyrite are anomalously
elevated (Gorjan et al., 2000, 2003). d13C values decrease to
an extreme low before end-Cryogenian (Marinoan) glacia-
tions at several localities around the world (Figures 17.2 and
17.4); there may also have been other negative d13C features
during the LCWI (Macdonald et al., 2009a).

17.4.4. Lowermost Ediacaran

The base of the Ediacaran System is defined within the
c. 635 Ma post-glacial “cap dolostone” of the Nuccaleena
Formation in South Australia. Although cap dolostones are

not suitable for 87Sr/86Sr studies (e.g., Yoshioka et al., 2003),
immediately overlying limestone units have provided
consistent data. 87Sr/86Sr values for Sr-rich samples (>3000
ppm) of the Hayhook Formation (NWCanada) range between
0.707 14� 2 (James et al., 2001) and are consistent with data
from post-glacial limestones of Namibia (Halverson et al.,
2007a). In Namibia, least altered 87Sr/86Sr values rise
subsequently to 0.707 48 and then to c. 0.7080 as d13C values
recover from �4.4& to 0&. High-Sr samples from NW
Canada define an increase from 0.707 28 to 0.707 53, while
least altered 87Sr/86Sr data from South America consistently
indicate a rise from c. 0.7074 to 0.707 77� 2 during the d13C
recovery (Alvarenga et al., 2007; Nogueira et al., 2007).
Identical values (c. 0.7077e0.7078) have been reported for
basal Ediacaran barite samples of NWAfrica at a comparable
point in the post-glacial d13C curve (Shields et al., 2007).
Taken together (Figure 17.4), these data indicate a rise in
seawater 87Sr/86Sr from c. 0.7071 to c. 0.7077 or higher
during the post-glacial d13C recovery to positive values. The
rate of the 87Sr/86Sr increase remains unconstrained; however,
data are consistent with a rapid rise to an early Ediacaran peak
of between c. 0.7077 and c. 0.7080 due to an increased
weathering flux after the Cryogenian glaciations.

17.5. POTENTIAL SUBDIVISION OF THE
CRYOGENIAN PERIOD

17.5.1. The Base of the Cryogenian Period

At present, the base of the Cryogenian Period is defined
chronometrically at 850 Ma. Few age constraints exist to
identify this level in sedimentary successions from around the
world. The base of the chronostratigraphically defined Cry-
ogenian Period is yet to be established but:

‘should be placed within an outcrop section at a precisely defined

stratigraphic level (GSSP) beneath the oldest clearly glacigenic

deposits in a Neoproterozoic succession’.

The emphasis on glacial strata will likely lead to a shorter
Cryogenian Period more in line with its Phanerozoic coun-
terparts, and with a base close in age to the Dunn et al. (1971)
estimate of c. 750 Ma. Pre-glacial C isotopic excursions,
cross-correlated with their Sr isotopic signatures, may
provide the means of global stratigraphic correlation of the
chosen horizon but the potential use of biostratigraphy for
this purpose remains limited. If the appearance of VSMs and
characteristically depauperate microfossil assemblages can
be shown to be contemporaneous worldwide using isotope
stratigraphy, and to coincide with global climate change, then
successions which contain such evidence may arise as future
candidates for the global stratotype section and point (GSSP)
for the base of the Cryogenian System (Period). The Bitter
Springs C isotope excursion and its possible global correla-
tives fit within the current definition of the Cryogenian
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Period but may fall outside any new definition in which case
they may provide the means of subdividing the pre-Cry-
ogenian Tonian Period.

17.5.2. The Late Cryogenian Warm Interval

This LCWI interval has emerged as a globally recognizable
stratigraphic interval, which is amenable to C, S and Sr
isotope stratigraphic correlation. The base of the post-glacial
succession commonly contains dark limestone but it remains
to be established that this level is synchronous on a global
scale (e.g., Kendall et al., 2009).

17.5.3. The End of the Cryogenian Period

The end of the Cryogenian Period is defined by the GSSP
marking the base of the Ediacaran Period in the post-glacial
Nuccaleena Formation (cap dolostone) in South Australia
(Knoll et al., 2006). Cap dolostone formation around the
world, thus the deglaciation terminating the Cryrogenian, is
believed to be roughly contemporaneous at c. 635 Ma
(Condon et al., 2005).
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Chapter 18

The Ediacaran Period

Abstract: The Ediacaran System and Period was ratified in
2004, the first period-level addition to the geologic time scale
in more than a century. The GSSP at the base of the Ediacaran
marks the end of the Marinoan glaciation, the last of the truly
massive global glaciations that had wracked the middle
Neoproterozoic world, and can be further recognized world-
wide by perturbations in C-isotopes and the occurrence of
a unique “cap carbonate” precipitated as a consequence of
this glaciation. At least three extremely negative isotope
excursions and steeply rising seawater 87Sr/86Sr values
characterize the Ediacaran Period along with geochemical
evidence for increasing oxygenation of the deep ocean envi-
ronment. The Ediacaran Period (635e541 Ma) marks

a pivotal position in the history of life, between the micro-
scopic, largely prokaryotic assemblages that had dominated
the classic “Precambrian” and the large, complex, and
commonly shelly animals that dominated the Cambrian and
younger Phanerozoic periods. Diverse large spiny acritarchs
and simple animal embryos occur immediately above the
base of the Ediacaran and range through at least the lower half
of the Ediacaran. The mid-Ediacaran Gaskiers glaciation
(584e582 Ma) was immediately followed by the appearance
of the Avalon assemblage of the largely soft-bodied Ediacara
biota (579 Ma). The earliest abundant bilaterian burrows and
impressions (555 Ma) and calcified animals (550 Ma) appear
towards the end of the Ediacaran Period.
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18.1. HISTORICAL BACKGROUND

Designation of the Ediacaran Period in 2004 reflected the
gradual solution of a problem that had vexed even Charles
Darwin in his writing of The Origin of Species (1859), the
apparently abrupt appearance of diverse groups of shelly
fossils at the base of the Cambrian System without any
obvious pre-Cambrian ancestors. Darwin attributed this
absence to massive record failure, a view formalized by
Walcott (1914) in his designation of the “Lipalian Interval” of
erosion beneath the base of the Cambrian. The concept of
a global period of erosion prior to the Cambrian was soon
contradicted by discovery of thick successions of largely
unmetamorphosed strata concordantly beneath the base of the
Cambrian in numerous localities worldwide, most notably
the “Sinian” in China (Grabau, 1922), the “Marinoan” in
Australia (Mawson and Sprigg, 1950), and the “Vendian” in
Russia (Sokolov, 1952). These names were originally
proposed as regional lithostratigraphic units that later
assumed a chronostratigraphic significance, but scarcity of
reliable radiometric dates and a lack of consistent criteria for
correlation frustrated early attempts to extend these divisions
globally.

The first and perhaps most distinctive criteria recognized
were Ediacara-type fossil impressions. Ediacaran megafossils
were first described in the late 19th century (Billings, 1872)
but few paleontologists at that time were willing to accept the
widespread occurrence of megascopic pre-Cambrian life, and
even the complex Ediacaran fossils reported from Namibia
and Australia in the 1930s and 1940s were tentatively
regarded as “Cambrian” by their discoverers (Gehling et al.,
2000). Ford’s (1958) description of the unequivocally pre-
Cambrian frond Charnia from central England led Glaessner
(1959) to propose a global “Ediacara Fauna” of large, soft-
bodied, animal-like fossils that immediately preceded the
Cambrian, a concept that exists to the present day and has
proven instrumental in subsequent recognition of a terminal
Proterozoic system. A year later, Termier and Termier (1960)
proposed the “Ediacarien” as a pre-Cambrian chronostrati-
graphic interval characterized by this distinctive fossil
assemblage. Discovery of abundant and diverse microfossils,
including probable embryos and resting cysts of early animals
(Xiao et al., 1998; Cohen et al., 2009a,b), significantly
enhanced the prospects for Ediacaran biostratigraphy
(Vorob’eva et al., 2009a).

Climatic indicators also provide critical information
for Neoproterozoic subdivision. Late pre-Cambrian glacial
deposits were first recognized in the late 1800s (Thomson,
1871; Reusch, 1891) with steadily increasing number of
reports throughout the 20th century (Hoffman and Li, 2009).
In a landmark paper, Harland and Rudwick (1964) summa-
rized studies showing evidence of late pre-Cambrian glacial
deposits on every continent except Antarctica, and proposed
the “Infra-Cambrian” as a period of continental glaciation

before the Cambrian. Evidence that these glacial deposits
consistently predated Ediacara-type fossils in the same
sections led Harland and Herod (1975; see also Harland et al.,
1989) to propose an Ediacaran Epoch (with Ediacara-type
megafossils) in the upper half of a Vendian Period above basal
diamictites. Cloud and Glaessner (1982) proposed that the
“Ediacarian” instead be defined as a period with its base at the
top of the Marinoan tillites and their equivalents worldwide.

Neoproterozoic strata are characterized by major, appar-
ently synchronous isotopic excursions in carbon (Knoll et al.,
1986; Kaufman and Knoll, 1995; Halverson et al., 2005,
2010), strontium (Kaufman et al., 1993; Halverson et al.,
2007, 2010), and sulfur (Halverson et al., 2010), that provide
a third criterion for recognition and correlation of a terminal
Neoproterozoic system worldwide. Neoproterozoic isotope
excursions are not unique in either shape or magnitude, but
in conjunction with biostratigraphy (Kaufman et al., 1991;
Narbonne et al., 1994), climatic indicators (Kaufman et al.,
1997), and precise U-Pb dates (Grotzinger et al., 1995),
provide an exceptionally useful tool for global correlation of
Neoproterozoic strata.

The International Commission on Stratigraphy established
a Working Group (later Subcommission) on the Terminal
Proterozoic Period at the IGC in Washington in 1989. Over
the succeeding decade and a half, the Working Group/
Subcommission formally visited terminal Neoproterozoic
sections on five continents and held a series of international
symposia to discuss the features that could be used to define
and correlate a terminal Neoproterozoic system. These
scientific discussions corresponded with rapid discoveries of
new scientific techniques in geochronology, isotope chemo-
stratigraphy, sequence stratigraphy, and paleontology that
significantly elucidated the characteristics and history of the
Neoproterozoic Earth. After 10 years of investigation, a series
of ballots increasingly focused the decision on the position of
the GSSP and name for this new period (see Knoll et al., 2006
for details of the ballots and opinions). The first ballot
(December 2000) asked whether the stratigraphic level of the
GSSP should be placed at:

1) The base of the Varanger/Marinoan glacial deposits
(Sokolov and Fedonkin, 1982);

2) The cap carbonate atop these deposits (Cloud and
Glaessner, 1982);

3) A biostratigraphic level corresponding to the first
appearance of Ediacaran macrofossils in a local section
(Jenkins, 1981); or

4) Some other level.

Most of the voting members believed that a boundary at the
top rather than the base of the Varanger/Marinoan glacial
deposits would be more significant in Earth evolution, since
most Neoproterozoic glacial deposits would be regarded as
Cryogenian, whereas all known assemblages of diverse
Ediacara-type fossils would fall into the succeeding period.
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It was also likely that the end of a glacial interval marked by
a distinctive cap carbonate would probably be more easily
correlated than the onset of glaciation, as the latter would
likely be highly diachronous both regionally and globally.
There was little support for placing the system-level boundary
at the first appearance of megafossils, but it was considered
that this level might prove useful in later subdivision of the
period into series or stages. The second ballot (March 2003)
received a strong mandate (63% of votes cast) for placing
a GSSP defined using these agreed characteristics at the
“Enorama Creek Section, Flinders Ranges, South Australia”.
The final ballot (September 2003) received overwhelming
approval (89% of votes cast) to establish the GSSP for the
Terminal Proterozoic Period “at the base of the Nuccaleena
Formation cap carbonate, immediately above the Elatina
diamictite in the Enorama Creek section, Flinders Ranges,
South Australia” and a clear mandate (79% of votes cast) that
the new period and system be named the “Ediacaran”. These
decisions were ratified by the ICS on 20 February 2004. A
full-length description of the GSSP and the selection process
was subsequently published in Lethaia (Knoll et al., 2006).

18.2. CAP CARBONATES AND THE BASE
OF THE EDIACARAN SYSTEM

The GSSP for the Ediacaran System in Enorama Creek,
Australia was fixed at the base of the Nuccaleena Dolomite,
a 6-m-thick, distinctive dolostone that caps the Mar-
inoan glaciomarine diamictites of the Elatina Formation
(Figure 18.1(c)). The Nuccaleena Dolomite is composed of
buff-weathering, creamy pink microcrystalline dolomite
organized in centimeter-scale event beds. Meter-scale
teepee-like structures and horizontal sheet cracks filled with
synsedimentary calcite cement are common. C isotopes
become increasingly negative, from about �2 to �3.5&,
upward through the Nuccaleena Dolomite (see Knoll et al.,
2006 and references therein).

Strikingly similar “cap carbonates” or “cap dolomites”
occur on the top of Marinoan glacial deposits (or an uncon-
formity surface corresponding to this glaciation) worldwide
(Figure 18.1(a) and (c), and serve as a superb global lithos-
tratigraphic and chemostratigraphic marker for the base of the
Ediacaran. Marinoan cap carbonates are typically less than
10 m thick, and like the cap at the GSSP are buff-weathering
dolostones with horizontal sheet cracks and meter-scale
teepee-like structures. Other features typifying Marinoan cap
carbonates include macropeloids, unusual stromatolite facies,
barite crystals, and cylindrical tubes of carbonate (Kennedy,
1996; James et al., 2001; Hoffman and Shrag, 2002; Jiang
et al., 2006). Marinoan cap dolostones are commonly overlain
by limestones rich in aragonite crystal fans and/or by deep-
water fine-grained siliciclastics. This suite of features permits
most or all basal Ediacaran (post-Marinoan) caps to be readily

distinguished from the dark, bituminous limestones that char-
acterize older post-Sturtian caps (Kennedy et al., 1998) and
from the white micritic (recrystallized to sparry calcite) lime-
stone cap on the top of the younger (mid-Ediacaran) Gaskiers
diamictite (Myrow and Kaufman, 1999). Interpretations of
Neoproterozoic cap carbonates vary considerably, but most
involve a perturbation in the saturation state of the oceans
accompanying the rapid meltdown of continental ice sheets
(see Shields, 2005; Hoffman et al., 2007; Hoffman, 2011; and
references therein).

18.3. THE BIOSTRATIGRAPHIC BASIS FOR
THE EDIACARAN PERIOD

18.3.1. Ediacaran Megafossils and Trace
Fossils

Ediacara-type fossil impressions provide the most distinctive
and readily recognizable characteristic of the Ediacaran Period,
and appear to be a reliable indicator of the upper part of this
system worldwide (Figures 18.2 and 18.3). Ediacara-type
fossils are centimeter- tometer-scale impressions of soft-bodied
organisms that typically were preserved at the bases of event
beds of sand or volcanic ash (see recent reviews in Waggoner,
2003; Narbonne, 2005; Gehling et al., 2005; Fedonkin et al.,
2007; Xiao and Laflamme, 2009). The affinities of the Ediacara
biota are contentiouse some groups such as the rangeomorphs
and erniettomorphs may not be ancestral to any Phanerozoic or
living life forms, whereas other forms such as Dickinsonia and
Kimberella preserving evidence of locomotion and feeding
arguably represent stem-group animals (Narbonne, 2005;
Gehling et al., 2005; Xiao and Laflamme, 2009).

Assemblages of Ediacara-type fossil impressions have been
reported frommore than 30 regions worldwide. A few possible
Ediacaran precursors (Hofmann et al., 1990) and Ediacaran
survivors (Hagadorn et al., 2000) are known, but in general
Ediacara-type fossil impressions are strictly restricted to the
upper half of the Ediacaran System. Some occurrences
(e.g., Finnmark in northern Europe) are low in diversity and/or
contain only simple discs such as Aspidella, Nemiana, and
Heimalora that are of limited use in biostratigraphy. Diverse
assemblages suitable for biostratigraphy have been described
from Australia (Flinders Ranges), Europe (White Sea, Urals,
Ukraine, and central England), North America (Newfound-
land, Mackenzie Mountains), and Africa (Namibia); low
diversity assemblages with one or more widespread and age-
diagnostic taxa are known from Asia (central China, Oman),
and North America (British Columbia, Mojave Desert, and
North Carolina). Possible Ediacaran megafossils described
from India and South America require further study and
substantiation. In general, Ediacaran megafossils and trace
fossils are relatively common in both shallow- and deep-water
siliciclastics (see reviews inWaggoner, 2003; Narbonne, 2005)
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(A) (B)

(C) (D)

(E) (F)

FIGURE 18.1 Key Ediacaran sections. (A) Overview of c. 1 km upper Cryogenianebasal Ediacaran strata near Shale Lake, NW Canada. The prominent

light ridge and scree marks the basal Ediacaran cap carbonate overlying the (Marinoan) Ice Brook Tillite. After James et al., 2001, Figure 4A. (B) Overview of

the Flinders Ranges succession at Wilpena Pound. The lip of the syncline marks the disconformable base of the Cambrian over shallow-water Ediacaran

sandstones and shales. Ediacara-type fossil impressions occur in the banded sandstones below the massive quartzite ridge at the top of the bluff. Photo by

J.G. Gehling. (C) Close-up of the basal Ediacaran GSSP at Enorama Creek. Jim Gehling’s right foot stands on the top of the uppermost bed of Marinoan

diamictite; the GSSP is located midway between his two feet where siltstone is topped by pure buff-weathering dolomite marking the base of the Nuccaleena

cap carbonate. A prominent tepee structure is visible on the right. After Knoll et al., 2006, Figure 7. (D) Interbedded black shale and argillaceous dolostone in

the lower Doushantuo Formation in the Yangtze Gorges area, South China. Stratigraphic thickness in the photograph is about 7 m. (E) Mid-Ediacaran (582 Ma)

Gaskiers Tillite from Harbour Main, Newfoundland. Strata strongly dipping, with stratigraphic top to the left of the photograph. Note abundant clasts and

increasing red colour upwards through the Gaskiers Formation, white capping limestone (left of figure), and overlying thin turbidites of the Drook Formation.

Inset shows a striated clast in the Gaskiers Formation. (F) Uppermost Ediacaran strata at Swartpunt, Namibia showing stratigraphic levels of key fossils and beds

of volcanic ash. The section is approximately 125 m thick. See Narbonne et al. (1997) for details.
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and have also been reported sporadically from deep-water
carbonates (Blueflower Formation in NW Canada: Narbonne
and Aitken, 1990, MacNaughton et al., 2000; Khatyspyt
Formation in Siberia: Grazhdankin et al., 2008), enhancing
global correlation based on megafossils and trace fossils.
Calcifiedmegafossils are common in latest Ediacaran shallow-
water carbonates worldwide, but Ediacara-type impressions
occur only rarely in these facies and this has severely hindered
correlation of megafossil zones into the microfossil-rich
phosphatic carbonates and shales of central Asia.

Available dates allow three broad assemblages
(Figure 18.2) to be recognized (Waggoner, 2003; Narbonne,
2005; Xiao and Laflamme, 2009). Each assemblage exhibits
a major evolutionary innovation in complex multicellularity,
segmentation, mobility, or calcification that is unknown from
previous assemblages and is inferred to represent a significant
development in the evolution of life. Use of these assem-
blages for biostratigraphy is complicated by obvious evidence

for both environmental (Grazhdankin, 2004) and taphonomic
(Narbonne, 2005; Gehling et al., 2005) influences on their
composition, but this problem is not unique to Ediacaran
megafossils and affects all fossil groups of all ages to varying
degrees.

The Avalon assemblage (579e559 Ma; Figures 18.2
and 18.3(g) is known only from deep-water deposits in
Newfoundland (Misra, 1969; Narbonne and Gehling, 2003;
Narbonne, 2004; Gehling and Narbonne, 2007; Hofmann
et al., 2008; Narbonne et al., 2009), England (Ford, 1958;
Boynton and Ford, 1995; Brasier and Antcliffe, 2009), and
the Sheepbed Formation of NW Canada (Narbonne and
Aitken, 1990, 1995). Grazhdankin et al. (2008) showed
that some long-ranging, cosmopolitan taxa of the Avalon
assemblage (such as Charnia andHiemalora) persist in deep-
water deposits to the end of the Ediacaran, but these younger
deep-water assemblages typically also contain Ediacaran
fossils typical of the younger Ediacaran assemblages
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FIGURE. 18.2 Ediacaran megafossil zonation. After Xiao and Laflamme (2008).
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with which they occur (e.g., Hofmann and Mountjoy, 2010).
The Avalon assemblage (s.s.) consists largely of rangeo-
morphs (Figure 18.2 and Figure 18.3G), fossils consisting of
centimeter-scale elements exhibiting self-similar branching
that were used as modules to build decimeter- to meter-scale

constructions such as Charnia, Bradgatia, and Fractofusus
(Narbonne, 2004). Palaeopascichnus and other body fossil
impressions consisting of serial arrangements of hollow
chambers also make their first appearance at this time
(Gehling et al., 2000; Haines, 2000; Seilacher et al., 2003).

(A)

(C)

(E)

(G)

(B)

(D)

(F)

(H)

FIGURE 18.3 Ediacaran macrofossils.

(A) Dickinsonia tenuis; (B) Spriggina

floundersi; (C) Kimberella quadrata; (D)

Parvancorina minchami; (E) Eoandromeda

octobrachiata; (F) Tribrachidium heraldicum;

(G) Fractofusus misrai; (H) Charniodiscus

arboreus. Specimens AeE & H from the

Ediacara Member, Rawnsley Quartzite, South

Australia; specimen G from Mistaken Point

Formation, SE Newfoundland. Specimens A,

E & G field specimens. Scale 1cm for AeG,

10 cm for H. Diagram provided by J.G.

Gehling.
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The oldest Ediacara-type fossils are large rangeomorph
fronds (Trepassia wardae) and other fossil impressions that
occur approximately 150 m below an ash dated at 579 Ma
(Bowring in Van Kranendonk et al., 2008; Appendix 2 of this
book) in the Drook Formation of eastern Newfoundland
(Narbonne and Gehling, 2003). This is only 3 million years
after the end of the Gaskiers glaciation and also corresponds
with geochemical evidence for a significant rise in deep-sea
oxygen levels (Canfield et al., 2007), implying a causal
relationship between Neoproterozoic glaciation, oxygena-
tion, and the rise of complex eukaryotic life (Narbonne,
2010). Ediacaran fossils have not been found in age-
equivalent shallow-water deposits, implying that these early
experiments in complex megascopic life originated in deep-
sea settings (Narbonne, 2005). Liu et al., 2010 described
possible trace fossils from a single bed at Mistaken Point, but
these equivocal structures may represent cnidarian trails (Liu
et al., 2010), trails of large coenocytic protists (Knoll, 2011),
or even stem impressions of poorly preserved fronds. In
general, trace fossils and other evidence of mobility are
either absent (Jensen et al., 2006) or exceedingly rare (Liu
et al., 2010) from the Avalon assemblage worldwide.

The White Sea assemblage (558e550 Ma; Figures 18.2
and 18.3(a)e(e), (g) is best known from shallow-water
settings in the White Sea, Urals, and Ukraine in eastern
Europe (Fedonkin, 1981, 1990, 1992) and in the Flinders
Ranges of Australia (Sprigg, 1949; Glaessner andWade, 1966;
Jenkins, 1992; Gehling et al., 2005); the Blueflower Formation
of NW Canada (Narbonne and Aitken, 1990; Narbonne,
1994) is a probable equivalent from deep-water. The White
Sea assemblage contains a depauperate assemblage of
rangeomorph taxa, many of them holdovers from the
preceding Avalon assemblage. New developmental plans
include erniettomorphs (e.g., Pteridinium and Phyllozoon),
which show a modular construction of soda-straw-shaped
elements. Segmented forms (e.g., Dickinsonia, Windermeria),
some of which show polarity and possible cephalization
(e.g., Spriggina, Kimberella), provide iconic images of the
Ediacara biota (Figure 18.3). These segmented fossils are
commonly regarded as stem-group bilaterians (Gehling, 1991;
Fedonkin and Waggoner, 1997; Peterson et al., 2008), but
other interpretations have also been suggested (see review in
Sperling and Vinther, 2010). Rare and typically contentious
burrows have been reported sporadically from older strata
ranging back to the Paleoproterozoic, but the oldest abundant
and reasonably unequivocal bilaterian animal burrows appear
worldwide 555 million years ago, coincident with the White
Sea assemblage (Martin et al., 2000). Simple, unbranched,
subhorizontal burrows such as Planolites and Helminthoi-
dichnites dominate the assemblage, with some like Torro-
wangea showing beaded fills implying peristalsis and active
backfill (Narbonne and Aitken, 1990; Jensen et al., 2006).
Most of these simple Ediacaran trace fossil genera also range
into the Phanerozoic, but the appearance of abundant

Ediacaran burrows in both deep- and shallow-water facies of
the White Sea assemblage may mark a significant evolu-
tionary and biostratigraphic event.

TheNama assemblage (549e542Ma; Figure 18.2) is best
known from the classic shallow-water occurrences in Namibia
(Gürich, 1933; Germs, 1972; Narbonne et al., 1997; Grot-
zinger et al., 2000; Grazhdankin and Seilacher, 2002, 2005)
and also shallow-water carbonates in Oman (Amthor et al.,
2003) and the Dengying Formation of China (Sun, 1986; Zhao
et al., 1988; Hua et al., 2005; Weber et al., 2007; Chen et al.,
2008), and deeper-water siliciclastics and carbonates of the
Khatyspyt Formation of eastern Siberia (Fedonkin 1987;
Grazhdankin et al., 2008). These contain depauperate
assemblages of Ediacara-type fossil impressions, mainly
rangeomorphs and erniettomorphs, most of them also known
from the preceding assemblages (Xiao and Laflamme, 2009).
Trace fossils include the first simple treptichnids (Jensen et al.,
2000). The worldwide appearance of calcified megafossils,
principally Cloudina and Namacalathus (Grant, 1990; Grot-
zinger et al., 2000; Hofmann et al., 1985), represents an
important evolutionary event of probable biostratigraphic
significance. U-Pb dates and fossils from Namibia (Grotzinger
et al., 1995; Narbonne et al., 1997) and Oman (Amthor et al.,
2003) show that soft-bodied erniettomorphs and Ediacaran
calcified megafossils both became extinct at the end of the
Ediacaran, 542 million years ago, immediately prior to the
Cambrian explosion of shelly fossils.

Carbonaceous compressions interpreted as fleshy algae
occur sporadically throughout the Ediacaran, especially in the
phosphatic carbonates and shales of Asia. These exceptional
fossil assemblages are important in showing the level of
macroscopic complexity achieved in Ediacaran soft-bodied
algae and potentially even animals, but the need for excep-
tional preservation limits their value in biostratigraphy. The
Lantian assemblage of eastern China (Yuan et al., 1999, 2011),
presently dated somewhere between 635 and 577Ma based on
correlation with the classic Yangtze sections, contains centi-
meter-scale branching algae along with problematic fossils
informally compared with cnidarians and simple bilaterians.
Several Lantian taxa also range into the younger Miaohe biota
of the Doushantuo Formation (Xiao et al., 2002) which is late
Ediacaran (approximately 551 Ma; Condon et al., 1995) and
contains a diverse flora of megascopic algae and problematica.
The presence of the eight-armed spiral body fossil Eoan-
dromeda (Figure 18.3(e) in both theMiaohe biota of China and
the Ediacara biota of Australia supports other evidence that the
carbonaceous compressions of the Miaohe biota and the
Ediacara-style sandstone impressions of the White Sea biota
were contemporaneous (Zhu et al., 2008).

18.3.2. Ediacaran Microfossils

The lower part of the Ediacaran System is characterized by
a group of relatively large acanthomorphic (spiny) acritarchs
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FIGURE 18.4 Ediacaran microfossils. (A) Tianzhushania spinosa Yin and Li, 1978. Acanthomorph from the lower Doushantuo Formation at Wuhe,

Guizhou Province, South China. Thin section WD-71-5. Coordinates 35 � 153. (B) Magnified view of (A) showing process morphology and multilaminate

structure surrounding vesicle. (C) Wengania minuta Xiao, 2004. Multicellular alga from the Doushantuo Formation at Nantuocun, Yangtze Gorges, South

China. Thin section NTC-4-5. Coordinates 3 � 131. (D) Parapandorina raphospissa Xue et al., 1995. Exposed animal embryo from the upper Doushantuo

Formation at Weng’an, Guizhou Province, South China. Sample number 1001-WJY98-18E. (E) Meghystrichosphaeridium reticulatum Xiao and Knoll, 1999.

Acanthomorph from the upper Doushantuo Formation at Weng’an, Guizhou Province, South China. Sample number 601-WJY98-18E. (F) Magnified view of

(E) showing process morphology and reticulate pattern on vesicle wall. (G) Tanarium conoideum Kolosova, 1991. Acanthomorph from the upper Doushantuo

Formation, Yangtze Gorges area, South China. Image courtesy of Pengju Liu. (H) Tanarium conoideum Kolosova, 1991. Acanthomorph from the Tanana

Formation, Giles 1 drillhole, Officer Basin, South Australia. Image courtesy of Sebastian Willman. Reproduced with permission from Willman and

Moczyd1owska (2008). White scale bar ¼ 100 mm. Black scale bar ¼ 10 mm.
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that are known as DoushantuoePertatataka acritarchs
(DPAs) (Zhou et al., 2001, 2007), Ediacaran Complex Acan-
thomorph-dominated Palynoflora (ECAP) (Grey et al., 2003),
or large ornamented Ediacaran microfossils (LOEMs) (Cohen
et al., 2009b). These acritarchs are 50e1000 mm (typically
400e600 mm) in diameter and ornamented with processes of
different morphologies (Figure 18.4). Although a few spiny
acritarch species are present in theMesoproterozoic (Xiao et al.,
1997; Javaux et al., 2001; Nagovitsin, 2009) and early Neo-
proterozoic (Butterfield et al., 1994; Butterfield, 2005), Edia-
caran acanthomorphs tend to have a greater maximum diameter
and a greater taxonomic diversity. There are more than 200
described species of Ediacaran acanthomorphs, and the list
keeps growing. These taxonomically diverse and morphologi-
cally complex acanthomorphs contrast sharply to late Ediacaran
leiosphere acritarchs that lack processes and to basal Cambrian
acanthomorphs that are extremely small (typically <50 mm in
diameter) (Moczyd1owska, 1991, 1998; Yao et al., 2005; Dong
et al., 2009).

Ediacaran acanthomorphs provide a useful biostratigraphic
tool for Ediacaran subdivision and correlation. These acan-
thomorphs have been described from Ediacaran shales, cherts,
and phosphorites in South China (Yuan and Hofmann, 1998;
Zhang et al., 1998; Zhou et al., 2001; Xiao, 2004; McFadden
et al., 2009), Australia (Zang and Walter, 1992; Grey, 2005;
Willman et al., 2006; Willman and Moczyd1owska, 2008),
Siberia (Moczyd1owska et al., 1993; Nagovitsyn et al., 2004;
Moczyd1owska, 2005; Vorob’eva et al., 2008), India (Tiwari
and Azmi, 1992; Tiwari and Knoll, 1994; Shukla et al., 2008),
Svalbard (Knoll, 1992), and Baltica (Vidal, 1990; Veis et al.,
2006; Vorob’eva et al., 2006, 2009a,b). In search for
a biostratigraphic resolution, one is tempted to ask whether
biozones of Ediacaran acanthomorphs can be recognized and
used in biostratigraphic subdivision and correlation. Indeed,
five Ediacaran acritarch assemblage zones have been distin-
guished in Australia and these can be correlated in the Ade-
laide Rift Complex, Officer sub-Basin, and Amadeus Basin
(Grey, 2005). The biozones are, in ascending order:

(1) the Leiosphaeridia jacuticaeLeiosphaeridia crassa Ass-
emblage Zone;

(2) theAppendisphaera tabifica (¼Appendisphaera barbata)e
Alicesphaeridium medusoidumeGyalosphaeridium pul-
chra Assemblage Zone;

(3) the Tanarium conoideumeSchizofusa risoriae
Variomargosphaeridium litoschum Assemblage Zone;

(4) Tanarium irregulareeCeratosphaeridium glaberosume
Multifronsphaeridium pelorium Assemblage Zone; and

(5) Ceratosphaeridium mirabileeDistosphaera australicae
Apodastoides verobturatus Assemblage Zone.

Except for the first assemblage zone, which is characterized
by smooth-walled leiospheres, the other four zones are all
characterized by large acanthomorphs. Although it is unclear
whether these assemblage zones can be recognized beyond

Australia, there is some encouraging evidence that a moderate
biostratigraphic resolution can be achieved in inter-regional
correlation based on Ediacaran acanthomorphs. For example,
Vorob’eva and colleagues recognized three acritarch assem-
blages from the Vychegda Formation in the northeastern
margin of Baltica (Vorob’eva et al., 2009b). These authors
interpreted the lower Vychegda assemblage as pre-Sturtian
Cryogenian, but the middle and upper assemblages share
some broad similarity with Grey’s assemblage zone (1) and
zones (2)e(5), respectively; their correlation predicts that the
majority of the Cryogenian, including the Sturtian and Mar-
inoan glaciations, is represented by a cryptic unconformity
between the lower and middle Vychegda assemblages. In
South China, Ediacaran acanthomorphs are found in the
Doushantuo Formation. They first occur immediately after
the basal Doushantuo cap dolostone atop the Marinoan-age
Nantuo diamictite, and continue to be present until the onset
of upper Doushantuo negative d13C excursion EN3 that is
equivalent to the Shuram negative d13C excursion (Zhou
et al., 2007). Viewed at the broadest scale, there is seemingly
a discrepancy between the Australia and South China record;
in Australia, Ediacaran acritarchs began with leiospheres and
it is not until after the Acraman impact that the first acan-
thomorphs appeared, whereas in South China there is no
leiosphere-dominated interval and acanthomorphs diversified
shortly after the Marinoan glaciations (Yin et al., 2007). This
discrepancy can be resolved if we accept some degree of
regional variation in Ediacaran acanthomorph diversity.
Recent analysis of the South China data shows that two
acanthomorph biozones can be recognized, with the lower
biozone characterized by Tianzhushania spinosa and the
upper biozone by Ericiasphaera rigida (McFadden et al.,
2009). New data (Liu et al., in press) suggest that the upper
Doushantuo acanthomorph biozone is taxonomically more
similar to Grey’s assemblage zones (2)e(5) and to the upper
Vychegda assemblage zone. Thus, it is possible that the
Tianzhushania spinosa-dominated acanthomorph biozone in
the lower Doushantuo Formation is present only in South
China and perhaps northern India (Tiwari and Knoll, 1994),
and elsewhere this interval is dominated by leiospheres. The
difference could be due to ecological, biogeographical, or
taphonomical factors. If this is substantiated in the future,
then it is conceivable to divide the Ediacaran System into
three large-scale microfossil zones e a lower zone dominated
by Tianzhushania spinosa and leiospheres, a middle zone
characterized by Ericiasphaera, Tanarium, Appendisphaera,
Variomargosphaeridium and many other acanthomorphs, and
an upper zone characterized by simple leiospheres.

Although there are some promising data suggesting the
biostratigraphic importance of Ediacaran acanthomorphs,
there are several challenges which limit the full potential of
these microfossils. First, diagnostic acanthomorphic acri-
tarchs are well known from shallow-water sediments in Asia,
Australia, and Europe but have not yet been reported from
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truly deep-water deposits or any other continents, reducing
their effectiveness for global correlation and integration with
the early stages of Ediacaran macrofossils as recorded in
Avalon and NW Canada. Second, Ediacaran acritarchs can be
preserved in shales (as two-dimensional carbonaceous
compressions) or in cherts and phosphorites (in three
dimensions). Thus, different methods (e.g., acid maceration
and thin sectioning) are used in the extraction and observation
of these microfossils. It has been shown that taphonomic
alteration can introduce significant morphological noise in the
taxonomic study of Ediacaran acanthomorphs (Grey and
Willman, 2009). As such, there have been some taxonomic
inconsistencies between systematic treatments based on thin
section and maceration materials, although recent efforts have
successfully focused on resolving some of these taxonomic
issues. Also, environmental factors and preservational bias
can lead to variation in the geographic and stratigraphic
distribution of Ediacaran acanthomorphs (Zhou et al., 2007);
this is especially evident in the smooth leiospheres, which
characterize uppermost Ediacaran strata worldwide but also
occur as default taxa in some early Ediacaran microfossil
assemblages where acanthomorphs may have been excluded
by environmental or taphonomic variables. It should be noted,
however, that these challenges are not unique to Ediacaran
acanthomorphs; they are general problems that all bio-
stratigraphers have to face. Careful taphonomical and paleo-
environmental analyses will help us to maximize the
biostratigraphic potential of Ediacaran acanthomorphs.

Ediacaran successions also yield several other groups of
microfossils and mesofossils, but these fossils have limited
biostratigraphic significance, either because of their restricted
geographic distribution or because of their rather long strati-
graphic range. Of the former category are animal embryo
fossils, tubularmicrofossils, andmulticellular algal fossils from
theDoushantuoFormation (Xiao et al., 1998, 2000, 2002, 2004;
Liu et al., 2008).Of the latter category are various coccoidal and
filamentous cyanobacteria (Venkatachala et al., 1990; Tiwari
andAzmi, 1992; Zhang et al., 1998; Shukla et al., 2005), aswell
as Chuaria-, Tawuia-, and Longfengshania-like carbonaceous
compressions (Tang et al., 2006, 2007, 2008). Of potential but
unproven biostratigraphic significance is Salome hubeiensis e
a giant multisheathed filamentous cyanobacterium that has
been found in the Krol Group in northern India (Shukla et al.,
2008) and the Doushantuo Formation in South China (Zhang
et al., 1998), and Vendotaenia-like fossils that have been found
in upper Ediacaran (<555 Ma) successions in Russia, South
China, and Namibia (Cohen et al., 2009a; Gnilovskaya, 1990;
Zhao et al., 1988).

18.3.3. Ediacaran Glaciations

In contrast with the Cryogenian, in which abundant evidence of
continental glaciation dominates the sedimentary record
despite largely equatorial positions for most of the continents,

Ediacaran glacial deposits are rare and typically isolated
despite their generally more polar positions. In their recent
compilation, Hoffman and Li (2009) listed 13 probable Edia-
caran glacial deposits located on eight paleocontinents. The
best-known Ediacaran glacial deposit is the Gaskiers Forma-
tion from Avalonian Newfoundland (Eyles and Eyles, 1989;
Myrow and Kaufman, 1999) which is dated at 582e584 Ma by
ash beds below, within, and immediately above the glacial
deposits (Bowring in Hoffman and Li, 2009; Appendix 2 of
this book). The Gaskiers Formation is a 250 m-thick, deep-
water, glaciomarine deposit that is similar to Cryogenian
glacial deposits in showing significant iron enrichment
upwards and in locally exhibiting a cap carbonate (0.5 m thick
composed of white-weathering sparry calcite) in an otherwise
completely carbonate-free succession (Figure 18.1E). Simi-
larity in their sedimentary and paleontological succession
and sparse U-Pb dates imply that the Squantum Diamictite of
Massachusetts and perhaps the Mortensnes Formation of
northern Norway may be correlative with the Gaskiers.

There are some preliminary data implying that there may
have been more than one glaciation in the Ediacaran Period.
The age of the Gaskiers glaciations is tightly constrained
between 584 and 582 Ma, firmly placing it before the termi-
nation of the Shuram negative d13C excursion. The Hankal-
chough glaciation in the Quruqtagh area, the Hongtiegou
glaciations in North China, however, may post-date the
Shuram negative d13C excursion (Shen et al., 2010). Also,
several authors have argued for the presence of glacial dia-
mictites near the EdiacaraneCambrian boundary in Kazakh-
stan, Kyrgyzstan, and Siberia (Chumakov, 2009; Kaufman
et al., 2009).

18.3.4. Chemical Evolution of Ediacaran
Oceans

18.3.4.1. Carbon Isotopes (Figure 18.5)

Basal Ediacaran “cap dolostones” are characterized by
negative d13Ccarb values (Knoll et al., 2006), which tend to
become more negative during cap carbonate deposition
reaching minima of about �5&, after which they return to
near 0& within about 3 million years (Condon et al., 2005).
The seawater d13C trend through the subsequent early Edia-
caran is poorly constrained due to age uncertainties. However,
a return to very high positive d13Ccarb values (þ6 to 10&) has
been noted from many sections, e.g., NW Namibia and NE
Svalbard (Halverson et al., 2005) and Brazil (Misi and Veizer,
1998), while the number of negative excursions recorded can
be as many as five (Sawaki et al., 2010).

A dominant feature in the Ediacaran d13C record is
an unusually negative d13Ccarb excursion with values
below �10&, commonly referred to as the Shuram (or
ShurameWonoka) anomaly (Burns and Matter, 1993). Its
magnitude is large, but its precise duration, age, and origin are
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uncertain (Grotzinger et al., 2011). Despite challenges to
a primary interpretation for this anomaly (Knauth andKennedy,
2009; Derry, 2010), its global duplication at the same approx-
imate level within successions exhibiting a diverse range of
facies, including Sr-rich limestones in Siberia (Pokrovskii et al.,
2006; Melezhik et al., 2009; Le Guerroué, 2010), argues for
a primary oceanographic origin. Although no unambiguous
evidence for both glaciation and the full anomaly occurs in any
single stratigraphic succession, the isotopic signature of dolo-
mite beds within Member E in the uppermost Nyborg Forma-
tion (Norway) implies that theMortensnes glaciation post-dated
the nadir of the negative anomaly (Halverson et al., 2005).
However, others disagree on the basis of pre-anomaly dia-
mictites and evidence for cooling, respectively (Prave et al.,
2009; Sawaki et al., 2010). In South China, at least
three negative anomalies are present within the Doushantuo
Formation with the upper anomaly EN3, perhaps coeval to the
Shuram anomaly, ending by 551Ma (Condon et al., 2005). Low
d13Ccarb values of the Shuram anomaly (EN3) appear to be
decoupled from the coeval organic carbon (d13Corg) record
(Calver, 2000; Fike et al., 2006;McFadden et al., 2008;Bjerrum
and Canfield, 2011; Grotzinger et al., 2011). However, the
significance of themiddle Ediacaran d13Corg record is debatable
as the relationship between d13Ccarb and d

13Corg is not the same
in every succession.

A significant and short-lived negative d13C anomaly
coincides with the EdiacaraneCambrian boundary worldwide

(e.g., Magaritz et al., 1986; Narbonne et al., 1994; Knoll et al.,
1995; Saylor et al., 1998; Amthor et al., 2003) and serves as
a global geochemical marker of this boundary.

18.3.4.2. Strontium Isotopes (Figure 18.5)

Reconstruction of the seawater 87Sr/86Sr curve before the
Ordovician Period suffers greatly from a lack of suitably well-
preserved materials, which necessitates careful sample
selection and preparation (Kaufman et al., 1993; Bailey
et al., 2000). Nevertheless, strontium isotope stratigraphy
can potentially resolve stratigraphic conflicts caused by
the ambiguity and circular reasoning inherent in matching
otherwise identical d13C excursions because of the magnitude
of the rise in seawater 87Sr/86Sr during the Ediacaran period
(w0.7071 to w0.7087).

Although cap dolostones are not suitable for 87Sr/86Sr
studies (e.g., Yoshioka et al., 2003), immediately overlying
limestone units have provided consistent data. 87Sr/86Sr
values for Sr-rich rocks of the Hayhook Formation (NW
Canada) yielded 0.707 14 � 2 (James et al., 2001) which is
consistent with data from post-glacial limestones of Nami-
bia (Halverson et al., 2007) as well as pre-Ediacaran non-
glacial strata from Mongolia, Canada and Namibia (Shields
et al., 2002; Halverson et al., 2007). In Namibia, least
altered 87Sr/86Sr values rise subsequently to c. 0.7080 as
d13C values recover from �4.4& to 0&. High-Sr samples
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FIGURE 18.5 Summary figure of current understanding of ocean composition evolution during the Ediacaran Period showing 1) a generalized

seawater 87Sr/86Sr curve (two possibilities are shown for the Ediacaran Period with the curve of Sawaki et al. (2008) for South China uppermost); 2) a simplified

d13C curve based on various records (see text); and 3) ocean redox evolution based on Fe speciation studies (Canfield et al., 2007, 2008; Li et al., 2010) whereby

dashed lines represent more intermittent and full lines relatively continuous redox conditions.
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from NW Canada show an increase to 0.707 53, while least
altered 87Sr/86Sr data from South America trace a rise from c.
0.7074 to 0.707 77 � 2 during the d13C recovery (de Alvar-
enga et al., 2007; Nogueira et al., 2007). Identical values (c.
0.7077e0.7078) have been reported for basal Ediacaran
barite samples of NW Africa at a comparable point in the
post-glacial d13C curve (Shields et al., 2007). Taken together,
these data indicate a rise in seawater 87Sr/86Sr from c. 0.7071
to c. 0.7077 or higher during the post-glacial d13C recovery to
positive values which lasted at least 3 million years (Condon
et al., 2005).

In order to constrain the early Ediacaran seawater
87Sr/86Sr curve, the assumption must be made that the rise to
high d13C after end-Cryogenian glaciation was a global trend.
Several Brazilian studies indicate that 87Sr/86Sr decreased
from its post-glacial peak of ~0.7078 to ~0.7074 during the
rise to high d13C (Misi et al., 2007). Decreasing 87Sr/86Sr
during an interval of high d13C finds further support from
South China (Sawaki et al., 2010), and may be followed by a
second rise in 87Sr/86Sr from ~0.7072 to ~0.7080 (Pokrovskii
et al., 2006). The most complete 87Sr/86Sr record derives from
South China, and indicates a complicated, but as yet uncon-
firmed, trend with three 87Sr/86Sr peaks during the Ediacaran
Period (Sawaki et al., 2010).

Recent studies from Siberia (Pokrovskii et al., 2006;
Melezhik et al., 2009) indicate that seawater 87Sr/86Sr
increased from ~0.7080 to ~0.7086 during the major Shuram
excursion of the late Ediacaran. This late Ediacaran 87Sr/86Sr
peak is broadly consistent with published data for 13C-
depleted strata from South China (Jiang et al., 2007; Sawaki
et al., 2010) situated below a horizon dated at 551 Ma
(Condon et al., 2005), and with contemporaneous data from
Oman (Burns et al., 1994) and Australia (Calver, 2000).
Several 87Sr/86Sr studies span the PrecambrianeCambrian
boundary, the most comprehensive being that of Brasier et al.
(1996). That study and other work (Derry et al., 1994;
Kaufman et al., 1996; Nicholas, 1996; Valledares et al., 2006;
Jiang et al., 2007) constrain latest Ediacaran and earliest
Cambrian 87Sr/86Sr to c. 0.708 45 � 5. Least altered samples
from Mongolia and Siberia (Brasier et al., 1996; Kaufman
et al., 1996) indicate that seawater 87Sr/86Sr decreased
through the PrecambrianeCambrian transition interval to
reach a low of 0.708 05 � 5 during Cambrian Stage 2.

18.3.4.3. Sulfur Isotopes

Evaporite sulfate deposits are scarce during the Ediacaran
Period and so, with few exceptions, knowledge of seawater
d34Ssulfate through this interval derives mainly from carbonate
associated sulfate (CAS), trace sulfate in phosphorite and
from barite. According to CAS data, predominantly high
d34Ssulfate and low D34S values near 0& prevail in the basa-
l Ediacaran Period although absolute values are variable
(Halverson et al., 2010). Barite d34Ssulfate data indicate,

however, that seawater d34Ssulfate had reached its Ediacaran
norm of w20& by the end of the basal Ediacaran negative
d13C excursion (Shields et al., 2007). By the early Cambrian
d34Ssulfate, as measured in a variety of minerals, including
evaporites, francolite, and carbonate, was high (35e40&) in
most basins (e.g., Strauss, 1993; Holser and Kaplan, 1966;
Shields et al., 1999; Kampschulte and Strauss, 2004;
Schröder et al., 2004). However, d34Ssulfate values from the
late Ediacaran in South China (McFadden et al., 2008) and
southern Namibia (Ries et al., 2009) are generally lower, with
concomitant decreases in D34S.

The Ediacaran sulfur isotope record is filled in by
a detailed data set of d34Ssulfate (CAS) and d

34Spyrite data from
the Nafun Group, Oman (Fike et al., 2006) and pyrite data
from the Pertatataka Formation, central Australia (Gorjan
et al., 2000). The Oman record, along with other fragmentary
data (Figure 18.1), indicate that more typical d34Ssulfate values
close to 20& are the norm for the Ediacaran Period, although
here again CAS data appear to contradict evaporite results
(e.g., cf. Fike et al., 2006 with Schröder et al., 2004). At the
same time, data from both Oman and central Australia
display a spike to positive d34Spyrite values in the early
Ediacaran Period, followed by a gradual decrease through the
middle Ediacaran Period, resulting in a steady increase in
D34S e a predictable result of increasing seawater sulfate
concentrations (Halverson and Hurtgen, 2007). Detailed
d34Ssulfate (CAS) records have been produced across the
onset of the ShurameWonoka anomaly. In Oman, a spike in
d34Ssulfate to þ29& coincides with the anomaly (Fike et al.,
2006). Across the presumably equivalent interval in Death
Valley (Kaufman et al., 2007) and South China (McFadden
et al., 2008), d34Ssulfate decreases to values < 20&. Although
variability and inconsistency can possibly be explained by
unusually low sulfate concentrations in seawater (Halverson
and Hurtgen, 2007; Canfield et al., 2008), there is still no
consensus Ediacaran d34S curve. It seems that seawater
sulfate was isotopically heterogeneous (Ries et al., 2009),
inferred correlations are inaccurate, or the measured sulfur
isotope compositions in some or all of the sedimentary
successions do not preserve reliable signatures of primary
seawater composition.

18.3.4.4. Redox Proxies (Figure 18.5)

The redox state of the global ocean has gradually changed
from anoxic and ferruginous on the early Earth to fully
oxygenated in our modern world. Ediacaran sediments
sampled mainly shallow marine and near-continent deep-
water regimes during a critical stage in this evolution (Can-
field and Poulton, 2011).

The impressive range of d34Spyrite and d34Ssulfate values
which are typical of the Neoproterozoic are commonly inter-
preted in terms of a low sulfate ocean (Halverson and Hurtgen,
2007). This is consistent with the observation that seawater

424 The Geologic Time Scale 2012



during both the Cryogenian and Ediacaran periods was occa-
sionally rich in dissolved ferrous iron (Hoffman and Schrag,
2002). Fe speciation studies shed further light on the redox
state of the oceans and are being carried out increasingly on
Neoproterozoic successions (Canfield et al., 2008). Sediments
deposited under an oxic water column tend to contain a lower
ratio of reactive iron than those deposited under an anoxic
water column with a proposed cut-off at 38% reactive versus
total iron (Raiswell et al., 1988; Lyons and Severmann, 2006).
Neoproterozoic sediments deposited beneath storm wave base
typically exhibit high FeHR/FeT ratios indicating that anoxia
was common in the deeper marine environment. However,
sulfidic conditions are so far only indicated during the pre-
glacial Neoproterozoic and post-glacial early Cambrian
(Canfield et al., 2008), suggesting ferruginous rather than
sulfidic (euxinic) anoxia during the early Ediacaran. Because
ferruginous conditions can only arise when the molar flux of
FeHR to the deep ocean is greater than half the flux of sulfide,
their reappearance during the Neoproterozoic after an absence
of more than a billion years is consistent with a low sulfate
ocean reservoir.

According to Canfield et al. (2007), anoxic ferruginous
conditions in the deep marine environment give way to more
oxic conditions after the Gaskiers glaciation in Newfound-
land, but ferruginous and even sulfidic conditions may have
persisted longer in some regions (Canfield et al., 2008; Li
et al., 2010). If redox structure changes of the Ediacaran
ocean represent a global oceanographic phenomenon, then Fe
speciation and other redox-sensitive geochemical parameters
such as Mo/TOC (Scott et al., 2008) may assist in global
stratigraphic correlation as well as environmental interpreta-
tion of the Ediacaran Period.

18.3.5. Radiometric Dating

Key U-Pb dates from the Ediacaran System and immediately
adjacent Cryogenian and Cambrian strata are listed in
Appendix 2. The base of the Ediacaran is well constrained by
dates of 635.5 � 0.6 Ma from the top of the Cryogenian
Ghaub Tillite in Oman and dates of 635.2 � 0.6 Ma within
the Ediacaran cap carbonate overlying the Cryogenian Nan-
tuo Tillite and 632.5 � 0.5 Ma a few meters higher in the
Doushantuo Formation in central China. The top of the
Ediacaran in Namibia is constrained by dates of 540.61 �
0.67 Ma immediately below and 538.18 � 1.11 Ma imme-
diately above the disconformable contact with the overlying
Lower Cambrian (Appendix 2, recalculated from Grotzinger
et al., 1995) and is constrained by dates of 542.37 � 0.28 Ma
immediately below and 541.00� 0.29 Ma immediately above
the top of the Ediacaran in Oman (Appendix 2, recalculated
from Bowring et al., 2007). The occurrence of effectively
identical dates from two different continents provides robust
constraints for both the base (635 Ma) and top (542e540 Ma)
of the Ediacaran Period.

Key U-Pb dates within the Ediacaran Period include the
beginning and end of the Gaskiers glaciation in Avalon, all
three megafossil assemblages, and the end of the late acan-
thomorph acritarch assemblage (Appendix 2). These precise
dates significantly constrain the subdivision and correlation
within the upper half of the Ediacaran System. However, most
Ediacaran U-Pb dates are from the upper part of the system,
with only three dates constraining events in the first 50
million years of the Ediacaran. The often quoted dates for the
Gaskiers glaciation and the Avalon macrofossil assemblage in
Newfoundland are thus far available only in abstracts and on
websites that have not yet been subjected to rigorous scien-
tific review.

18.4. TOWARDS AN EDIACARAN
CHRONOSTRATIGRAPHY

From the above, it is clear that megafossil biostratigraphy,
microfossil biostratigraphy, C- and Sr-chemostratigraphy,
precise U-Pb dates, and climatic events can be used to
subdivide the Ediacaran into broad divisions that might form
the basis for series and stage level subdivisions. All of these
indicators are strongly affected by facies and preservational
factors (see the respective discussions above), requiring the
use of multiple biological and geochemical proxies from
multiple regions to provide a robust Ediacaran subdivision.
These problems are not currently critical in the lower third
of the Ediacaran (635e600 Ma), which contains a Tianz-
hushania-dominated microfossil assemblage in Australia and
China and apparently lacks evidence for Ediacara-type
megafossils worldwide. A distinctive cap carbonate at the
base of the Ediacaran overlying Marinoan glacial deposits,
low 87Sr/86Sr (0.7071e0.7080) and a rise to high d13C ratios
in marine carbonates, and evidence of widespread deep-water
anoxia also characterize this interval worldwide. Similarly,
there is little problem in large-scale subdivision and corre-
lation in the uppermost part of the Ediacaran (560e542 Ma),
in which a wide variety of marine facies worldwide contain
a leiosphere microfossil assemblage and numerous Ediacaran
megafossils. Abundant U-Pb dates, high 87Sr/86Sr ratios
(>0.7080) and moderate positive d13C values in marine
carbonates, and proximity to the overlying Cambrian also
significantly constrain uppermost Ediacaran correlations.

Uncertainty in correlating siliciclastic and carbonate
facies in the middle part of the Ediacaran (600e560 Ma)
hinders global correlation and our understanding of the
transition between the basal and uppermost Ediacaran.
Phosphatic carbonates and fine siliciclastics of this age in
central Asia contain diverse acanthomorphic acritarchs
and embryos in carbonate strata that are amenable to an array
of chemostratigraphic techniques, but apparently lack either
radiometric age constraints or Ediacaran megafossils
(McFadden et al., 2008). In contrast, deep-water siliciclastics
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in Newfoundland and England contain abundant Ediacara-
style megafossils of the Avalon assemblage beneath volcanic
ash beds suitable for radiometric dating, but carbonates
suitable for chemostratigraphy are virtually absent and only
nondiagnostic leiosphere microfossils are preserved in these
thermally mature strata (Hofmann et al., 1980; Myrow,
1995). The Gaskiers glaciation (582e584 Ma) marks
a significant divide that at least regionally separates Edia-
caran strata with deep-water anoxia and apparently lacking
Ediacaran megafossils from upper Ediacaran strata with
regionally developed deep-water oxic environments and
abundant Ediacaran megafossils (Canfield et al., 2007).
However, the Gaskiers glaciation is known only from Ava-
lonia and possibly Baltica, and its global correlation and the
synchroneity of the associated deep-sea oxygenation event
remain uncertain. Major changes in the microfossil assem-
blages of central Asia coincide with prominent negative
C isotope excursions marking probable sequence boundaries
(McFadden et al., 2008), and attempts to correlate these
excursions with the negative C isotope excursion marked by
the Gaskiers cap carbonate (Myrow and Kaufman, 1999)
provide a potential vehicle for global correlation in this
critical interval. Two distinct correlations consistent with all
available radiometric dates and biostratigraphic and
sequence-stratigraphic data emerge from this (Figure 18.6).

Our preferred correlation (Figure 18.6(a) regards EN2 in
the Doushantuo Formation of central China as correlative
with the Gaskiers glaciation in Avalonia (Condon et al., 2005;
Cohen et al., 2009b; Sawaki et al., 2010). This correlation
results in two series of approximately equal length, the upper
of which can be subdivided into three stages. The “lower
series” (635e582 Ma) comprises a single stage that locally
exhibits a Tianzhushania-dominated microfossil assemblage
and lacks evidence for Ediacara-type megafossils anywhere
in the world. Geochemically it is characterized by low
87Sr/86Sr ratios in marine carbonates and shows evidence of
widespread deep-water anoxia. The “upper series” (582e541
Ma) begins at the top of the Gaskiers glaciation or its
equivalent level outside of Avalonia, and is characterized by
abundant Ediacaran megafossil impressions, high 87Sr/86Sr
ratios in marine carbonates, and local evidence of deep-water
oxygenation. One testable implication of this correlation is
that the Avalon rangeomorph-dominated megafossil assem-
blage should be temporally equivalent to the late acantho-
morph acritarch assemblage and the acme of the Doushantuo
phosphatized embryos (Condon et al., 2005), and that
together these might define the basal stage (Stage 2; 580e560
Ma) of the “upper series”. The middle stage of this series
(Stage 3; 560e550 Ma) exhibits the widespread but non-
diagnostic terminal Ediacaran leiosphere assemblage and
more complex macrofossils including the erniettomorphs,
bilaterian impressions, abundant bilaterian burrows, and
the Miaohe biota of carbonaceous compressions. A similar
but less diverse assemblage of Ediacaran megafossils,

plus abundant calcified metazoans including Cloudina and
Namacalathus, characterize the uppermost division (Stage 4;
550e541 Ma) of the Ediacaran.

An alternative and partly overlapping correlation
(Figure 18.6(b) regards EN3 in the Doushantuo Formation of
central China as correlative with the Gaskiers glaciation in
Avalonia (Xiao, 2004, 2008; Xiao et al., 2004; Fike et al.,
2006; Zhou et al., 2007). This correlation results in three
series, each corresponding to one of the three major Ediacaran
microfossil assemblages. The “lower series” would range from
the base of the Ediacaran (635 Ma) to EN2 (not yet dated but
probably about 600 Ma based on this correlation) and locally
exhibits a Tianzhushania-dominated microfossil assemblage
and a lack of evidence for Ediacara-type megafossils anywhere
in the world; it is geochemically characterized by depleted
87Sr/86Sr ratios in marine carbonates and evidence of wide-
spread deep-water anoxia. The “middle series” (approximately
600 Ma to 582 Ma based on this correlation) is characterized
by the more widespread late acanthomorph acritarch assem-
blage and the acme of Doushantuo phosphatized embryos; all
other biological and chemical characters are broadly similar to
that of the underlying “lower series”. The “upper series” would
be identical to that defined in our preferred correlation, and
might similarly be divisible into three stages based primarily
on Ediacaran megafossils. This correlation is consistent with
the view that there may be a distinct stratigraphic separation
between acanthomorphic acritarchs in the “lower” and “middle
series” and Ediacaran megafossils in the “upper series” (Knoll
and Walter, 1992), but determination of the microfossil
assemblage coeval with the Avalon macrofossil assemblage is
needed to test this model.

Correlations 1 and 2 both satisfy all available biostrati-
graphic and radiometric data (Figure 18.6(a) and (b), and
the bases of EN2 and EN3 in the Doushantuo Formation
both coincide with flooding surfaces that can be interpreted
as a eustatic response to Gaskiers deglaciation. The
preferred correlation is driven by the realization that the
EN3, which terminated ~551 Ma, could not have lasted
more than 10 myr (Condon et al., 2005), and is also
consistent with slightly 18O-enriched carbonates that have
been interpreted as evidence for global cooling (Sawaki
et al., 2010). Carbonates suitable for isotopic analysis are
absent from the fossiliferous parts of the Avalon, White Sea,
and Flinders Ranges successions, but equivalent fossil
assemblages in NW Canada are associated with mainly
positive C isotope values and high 87Sr/86Sr ratios in marine
carbonates (Narbonne et al., 1994; Kaufman et al. 1997),
also consistent with our preferred correlation. The alterna-
tive correlation is supported by a Pb-Pb isochron age of 599
� 4 Ma on phosphorites from the upper Doushantuo
Formation (above EN2 based on regional correlation) at
Weng’an (Barfod et al., 2002). Both of these correlations
make significant predictions, and obtaining additional
radiometric dates from key Ediacaran fossil successions or
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discovery of Ediacaran megafossils associated with acan-
thomorph acritarchs would provide critical tests of both
correlations.

Both correlations recognize a similar “upper series” rich
in Ediacara-type fossil impressions overlying middle Edia-
caran glacial deposits (Gaskiers glaciation or its equivalent).
This is a stratigraphic interval that is remarkably similar
to Sokolov’s (1952) original concept of the “Vendian Series”
of western Russia. The most significant problem with
formalizing an upper series for the Ediacaran System is the
present uncertainty in the correlation of the lower boundary of
this series between the siliciclastic strata of Europe, Australia,
and North America (rich in megafossil impressions) and the
phosphatic carbonates of central Asia (rich in microfossils
and amenable to a wide array of chemostratigraphic tech-
niques). Resolution of this problem is likely to come from
integrated macrofossil, microfossil, and chemostratigraphic
studies of mixed siliciclasticecarbonate successions and/or
the discovery of additional datable horizons.

18.5. EDIACARAN e LAST PERIOD OF THE
PROTEROZOIC OR FIRST PERIOD OF THE
PHANEROZOIC?

The Ediacaran Period represents the transition between the
Proterozoic and the Phanerozoic, and as such shares attributes
of both eons. The pre-Cambrian time interval presently rep-
resented by the Ediacaran Period was traditionally regarded
as part of the Proterozoic, and this was reflected in its formal
designation as the terminal period of the Proterozoic (Knoll
et al., 2004, 2006). However, recognition of the “visible life”
afforded by the iconic soft-bodied Ediacara biota and
molecular clock evidence for Ediacaran and potentially even
Cryogenian origins for some modern animal groups bring up
the question whether it might alternatively be considered as
the basal period of the Paleozoic and Phanerozoic, a view
debated without resolution by Cloud and Glaessner (1982)
and later discussed by Butterfield (2007). Redefining the base
of the Phanerozoic to include the Ediacaran would be a high
profile change that would require the revision of most
geological textbooks, maps, stratigraphic columns, and cross-
sections worldwide. Is this change justified?

Both stratigraphic arguments have merit, but in the greater
part we concur with the traditional view that the Ediacaran
Period is best regarded as the terminal period of the Prote-
rozoic. All of the authors of this chapter support the view that
stem-group animals were present among the Ediacaran biota,
but even this broad consensus is debated by some workers.
In contrast with the nearly pervasive abundance of animal
skeletons and burrows in most Phanerozoic marine strata,
Ediacaran megafossils occur only very rarely and highly
discontinuously and are not known from the lower half of the
Ediacaran. Similarly, in contrast with the massive changes in
engineering properties of Phanerozoic marine sediments
worldwide through “biological bulldozing” (Thayer, 1979;
Seilacher, 1999) and the accumulation of hard parts (Kidwell
and Jablonski, 1983), megascopic Ediacaran organisms had
only minimal impact on their sedimentary environment.
Ediacaran glaciations and associated isotopic excursions
provide a link with those of the Cryogenian. These points
support retention of the Ediacaran Period as the terminal
period of the Proterozoic, and none justify the enormous
logistical problems that would be associated with its transfer
to the Phanerozoic.

The Ediacaran Period represents an important interval in
Earth evolution, and exhibits a unique biological, chemical,
and cryogenic character, fully justifying its definition as
a distinct geological period (Knoll et al., 2004, 2006). In
addition to these unique characters, the Ediacaran exhibits
numerous characters transitional between the Proterozoic and
Phanerozoic, and the nature of these transitions have and will
provide avenues for fruitful research on changes in the Earth
system through time. This ongoing research will also further
facilitate the correlation and future subdivision of the Edia-
caran Period, the most recently named period of the geologic
time scale.
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S. Peng, L.E. Babcock and R.A. Cooper Chapter 19

The Cambrian Period

Abstract: Appearance of metazoans with mineralized skeletons,
“explosion” in biotic diversity and disparity, infaunalization of the
substrate, occurrence of metazoan Konservat Fossil-Lagerstätten,
establishment of most invertebrate phyla, strong faunal provin-

cialism, dominance of trilobites, globally warm climate (greenhouse
conditions), opening of the Iapetus Ocean, progressive equatorial
drift and separation of Laurentia, Baltica, Siberia, and Avalonia from
Gondwana all characterize the Cambrian Period.
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19.1. HISTORY AND SUBDIVISIONS

The name “Cambrian” is derived from Cambria, the classical
name for Wales. Cambria is latinized from the Welsh name
Cymru, which refers to the Welsh people. The term
“Cambrian” was first used by Adam Sedgwick (in Sedgwick
and Murchison, 1835) for the “Cambrian successions” in
North Wales and Cumberland (northwestern United
Kingdom). Sedgwick, (portrayed in Figure 19.1) divided
strata of the area into three groups; Lower, Middle, and Upper
Cambrian. Some strata originally defined as Cambrian were
included by Murchison (1839) in the lower part of the Silu-
rian. This led to a long drawn-out conflict on the boundary
position between the two systems. To end the dispute, Lap-
worth (1879) excluded the disputed strata from both systems
and proposed the interval as a new system, the Ordovician
(Stubblefield, 1956; Cowie et al., 1972; Bassett, 1985). In
1960, the term Cambrian was officially accepted at the 21st

International Geological Congress (IGC) in Copenhagen,
Denmark, as the lowest system of the Paleozoic. As used
today, the name Cambrian applies only to part of the “Lower
Cambrian” as defined by Sedgwick in 1852. The modern
usage excludes the Tremadoc and Arenig slates from the

system; the lower boundary has been shifted downward
considerably (Peng et al., 2006; Babcock et al., 2011:
Figure 1). Figure 19.2 gives a chart showing the chro-
nostratigraphic subdivisions of the Cambrian System adopted
by the Cambrian Subcommission of the International
Commission on Stratigraphy (ISCS), global standard stages,
series, and GSSPs ratified by the ICS and IUGS through
March 2012. Other provisional subdivisions are identified
with numbers. Potential GSSP levels are also indicated
(revised from Babcock et al., 2005).

The Cambrian marks an important phase in the history of
life on Earth. The system is characterized by the appearance
of numerous animals (metazoans) bearing mineralized skel-
etons, and by a rapid diversification of animals commonly
referred to as the “Cambrian explosion”. Nearly all animal
phyla known from the fossil record appeared during the
Cambrian Period. The biostratigraphically most useful fossil
group is the trilobites, especially agnostoid trilobites, which
show a remarkable evolutionary diversification, particularly
in the upper half of the Cambrian. Inarticulate brachiopods,
archaeocyaths, conodonts, acritarchs, and diverse skeletal
remains referred to as “small shelly fossils” also provide good
biostratigraphic control in appropriate facies. Trace fossils
have been used to zone the lowermost part of the system and
to identify its base. The principal regional biostratigraphic
zonal schemes of the Cambrian are shown in Figure 19.3.
Also shown on this three-part figure are the carbon isotope
curve and its (named) excursions, the principal bioevents and
geomagnetic polarity reversal trends.

Among non-biostratigraphic correlation criteria, excur-
sions of stable isotopes, particularly carbon (d13C), play an
increasingly important role in recognizing global or regional
stratigraphic tie points and boundary positions. Many widely
recognizable carbon isotopic excursions in the Cambrian seem
to correlate with important biotic events (Peng et al., 2004a;
Babcock et al., 2005; Zhu et al., 2006). For example, the base
of the Paibian Stage, which coincides with the first appearance
of the cosmopolitan agnostoid trilobite Glyptagnostus retic-
ulatus, is closely associated with the onset of the SPICE
excursion (Steptoean PositIve Carbon isotopic Excursion;
Saltzman et al., 2000; Peng et al., 2004a; Figure 19.3).

For many years there was no international agreement on
standard chronostratigraphic (or geochronologic) subdivi-
sions of the Cambrian, nor was there international agreement
on positions of series and stage boundaries within the system.
Following Sedgwick’s (1852) practice, the Cambrian has
traditionally been divided into lower, middle, and upper parts
(corresponding to series/epochs) in most parts of the world.
Unfortunately, due to the absence of an internationally
accepted standard, the boundary of each series (epoch) was
placed at a chronostratigraphic level that varied from region
to region. The placement of the base of the Middle Cambrian
was especially subject to widely differing interpretations
(Geyer, 1990, 1998, 2005; Geyer et al., 2000). Numerous

FIGURE 19.1 Portrait of Adam Sedgwick (1785e1873) at 82 years of

age by Lowes (Cato) Dickensen, 1867. Courtesy of Sedgwick Museum, UK.
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different nomenclatures for regional stages were established
over the years, and there was little uniformity from region to
region. Sometimes terminology even varied within individual
regions or according to stratigraphic practice (Babcock et al.,
2011).

Through the years, differing stratigraphic philosophies
have been used for definition of series and stages. Most
older definitions of series and stages were based on the
unit-stratotype concept (see Salvador, 1994), in which
a unit is defined and characterized with reference to a type
section. The lower and upper boundaries of a unit are
normally specified by reference to a type section. Some of

the more recently established definitions, however, have
been based on the boundary-stratotype concept, in which
a point in strata is used to define the base of a series or
stage, and in which the upper limit of each chronostrati-
graphic unit is automatically defined by the base of the
overlying chronostratigraphic unit. The recently introduced
global chronostratigraphic units all have definitions based
on the boundary-stratotype concept.

The first steps toward achieving internationally accept-
able subdivisions of the Cambrian, and toward definition of
those subdivisions, were taken at the 1960 IGC. At this
conference, the idea of the subcommission on Cambrian
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FIGURE 19.2 Chart showing chronostratigraphic subdivisions of the Cambrian System adopted by the International Subcommission on Cambrian
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stratigraphy was born. Since its foundation in 1964, the
International Subcommission on Cambrian Stratigraphy
(ISCS) has worked to develop an internationally applicable,
standard chronostratigraphic scale for the Cambrian
System. From 1964 on, extensive studies of Cambrian
stratigraphy have been carried out throughout the world to

resolve correlation problems in various facies and biogeo-
graphic realms, to identify the stratigraphic horizons
having best correlation potential on intracontinental and
global scales, and to establish global boundary stratotype
sections and points (GSSPs) of formal chronostratigraphic
units. In 1968, the ISCS decided that resolving the problem

FIGURE 19.3 (Continued).
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of the “base of the Cambrian System” should be one of its
first tasks towards a precise definition of the system. In
1972, the first working group of the Cambrian Subcom-
mission (called the Working Group on the Precambriane
Cambrian Boundary) was established. After two decades of
study, a GSSP for the base of Cambrian, the first GSSP for
the system, was erected in the Fortune Head section,
eastern Newfoundland, Canada, in 1992 (Narbonne et al.,

1987; Landing, 1991, 1994; Brasier et al., 1994). The
boundary position is identified by a significant change in
trace fossil associations (see Figure 19.4(c)) This criterion
supplanted the other historic criteria for marking the
boundary level, namely the appearance of trilobites
(Walcott, 1890a; Wheeler, 1947), and the appearance of
pre-trilobitic skeletal faunas (Rozanov, 1967; Cowie,
1978). It also extended the base of the system to a level
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FIGURE 19.4 (A) and (B) GSSP at the base of the Cambrian System, Terreneuvian Series, and Fortunian Stage; Fortune Head section, Newfoundland,

Canada; (C) zonation of trace fossils and body fossils associated with the basal Cambrian GSSP as recognized at the time of boundary ratification (1992); (D)

the trace fossil Trichophycus pedum (Seilacher, 1955), whose first appearance datum (FAD) at the time of boundary ratification coincides with the base of the

Fortunian Stage.
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well below both trilobites and the earliest small shelly
fossils (SSFs). With formal definition of the base of the
Cambrian in the section at Fortune Head, Newfoundland,
Canada, the system “added” a thick pre-trilobite interval
bearing trace fossils of Phanerozoic aspect and small shelly
fossils. Prior to ratification of the Cambrian base in 1992,
this “added” section was correlated with the upper part of
the Proterozoic.

The CambrianeOrdovician boundary was defined in 1997
with ratification of the Ordovician base (Cooper and Nowlan,
1999; Cooper et al., 2001). This was followed by an accel-
eration in the pace of the work of the ISCS toward sub-
dividing the Cambrian System. A detailed, region-by-region
correlation chart of the Cambrian was published by Geyer
et al. (2000). On this chart, 14 stratigraphic levels were
recognized as having strong correlation potential. Voting
members of the ISCS identified six of those levels as being
recognizable on global or intercontinental scales (see GSSP
levels on Figure 19.2), and therefore potentially useful for
defining global stages (Geyer and Shergold, 2000). This led to
the establishment of a number of working groups charged
with further, detailed study of these levels. Following further
investigation, four intra-Cambrian GSSPs have so far been
erected in northwestern Hunan and western Zhejiang, China,
and the Great Basin, USA (Peng et al., 2004a, 2009a;
Babcock et al., 2007). Other GSSPs will be decided upon in
the near future.

Addition of a thick pre-trilobitic interval to the traditional
Lower Cambrian opened discussions on the possibility of
dividing the system (period) into four series (epochs)
(see Figure 19.2). Important to the discussion were two
significant facts:

1) the suggestion from geochronologic dating that the
expanded Early Cambrian Epoch represents a duration of
time that is longer than the traditional Middle and Late
Cambrian combined; and

2) longstanding recognition that the traditional Early
Cambrian bears a clear and important bioevent, the
appearance of trilobites. This event has long been viewed
as useful for defining an epoch boundary (Figure 19.2).

Four-fold regional subdivisions of the Cambrian were
proposed for Laurentia by Palmer (1998) and South China by
Peng (2000a,b). In 2004, it was the unanimous opinion of
participants in a Cambrian Subcommision workshop held in
South Korea that four series should be established for the
global chronostratigraphic scale of the Cambrian System.
Subsequently, the subcommission approved a subdivision of
the system with one sub-trilobitic series and three trilobite-
dominated series (Peng and Babcock, 2005a; Babcock et al.,
2005; Figures 19.2 and 19.3).

In the current conceptual model of the Cambrian, the
system is further subdivided into 10 global stages
(Figure 19.2). Because of strong faunal provincialism in the

earlier part of the Cambrian Period, the lower half of the
Cambrian System (i.e. the lower two series) bears only a few
levels that have potential for global or intercontinental
correlation. For this reason, these two series may each be
subdivided into two stages. More diverse faunas in the upper
half of the Cambrian System enable subdivision of each series
into three stages. As illustrated in Figure 19.2, the levels used
for defining stages in the upper half of the Cambrian are based
on the first appearance datum (FAD) horizons of key species
of agnostoid trilobites. Apart from the base of the system, no
agreement has yet been reached on the criteria to be used for
defining stages of the lower half of the Cambrian, but atten-
tion is now focusing on several horizons deemed to have
intercontinental correlation potential.

In accordance with ICS standards, units of the new
Cambrian chronostratigraphic time scale are to be defined by
Global boundary Stratotype Sections and Points (GSSPs). To
avoid any possible confusion with regional series and stage
concepts applied previously, the Cambrian Subcommission
decided to introduce a set of new globally applicable names
for all series (epochs) and stages (ages) as new GSSPs are
established. The new terms are based on geographic features,
preferably ones associated with the GSSP-bearing sections,
and all are defined according to the boundary-stratotype
concept. By the end of 2011, five Cambrian stages (Fortunian,
Drumian, Guzhangian, Paibian, and Jiangshanian) and two
series (Terreneuvian and Furongian) had received formal
names (Figure 19.2; Babcock et al., 2007; Peng et al., 2004a,
2009a; Landing et al., 2007). Other series and stages are as
yet undefined, and have received provisional numerical
designations.

19.1.1. Terreneuvian Series

The GSSP for the base of the Terreneuvian Series is located in
the lower Mystery Lake Member of the Chapel Island
Formation in the Fortune Head section of the Burin Peninsula,
eastern Newfoundland, Canada (Figure 19.4(b); Landing,
1994, 1996, 2004). The Terreneuvian Series is a fully sub-
trilobite-bearing succession, characterized in its lower part by
complex, substrate-penetrating (i.e. Phanerozoic-type) trace
fossils, and in its higher part by diverse, biomineralized
(calcareous and phosphatic) or secondarily phosphatized
small shelly fossils (Landing et al., 1989).

The name “Terreneuvian” evokes “Terre Neuffve”, which,
prior to a spelling reform, was the formal name for the 17th

century French colony in Newfoundland that essentially
corresponds to the Burin Peninsula. The base of the series is
conterminous with the base of the Phanerozoic Eonothem, the
Paleozoic Erathem, the Cambrian System, and the Fortunian
Stage. The GSSP for the Cambrian System was ratified by the
ICS and the IUGS at the 29th International Geological
Congress at Kyoto, Japan, in 1992 (Brasier et al., 1994;
Landing, 1994). The Cambrian’s lowest series and stage were
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not formally named at that time. Afterward, they were
provisionally termed Series 1 and Stage 1 of the Cambrian
System, respectively. In 2006, the Cambrian Subcommission
voted to apply the name “Terreneuvian” to the lowermost
series and “Fortunian” to the lowermost stage of the series.
The new terms were approved by the ICS and ratified by the
IUGS in 2007 (Landing et al., 2007).

The current concept is that the Terreneuvian Series
comprises two stages, the Fortunian Stage and an overlying
stage provisionally called Cambrian Stage 2. The Terre-
neuvian Series is overlain by a series provisionally termed
“Cambrian Series 2”. The base of Series 2 has not been
defined yet, but is expected to be close to the horizon marking
the first appearance of trilobites in Gondwana. That horizon
and its GSSP, once they are ratified, will automatically define
the top of the Terreneuvian Series.

19.1.1.1. Fortunian Stage and the Base of the
Cambrian System

The Fortunian Stage was named for the Fortune Head
section, which contains the GSSP, on the southern Burin
Peninsula, eastern Newfoundland, Canada. The Fortunian is
the lowest stage of the Terreneuvian Series and the
Cambrian System. The GSSP is a point that lies 2.4 m above
the base of what was earlier referred to as “Member 2” of
the Chapel Island Formation (Narbonne et al., 1987). This
horizon is exposed in coastal cliffs low in the 440-m-thick
Fortune Head section, and just above the transition to
a storm-influenced facies (Narbonne et al., 1987; Landing,
1994; Brasier et al., 1994) (Figures 19.4(a),(c)). The units
earlier termed members 1 and 2 of the Chapel Island
Formation (Narbonne et al., 1987) constitute the lower part
of what is now called the Mystery Lake Member of the
Chapel Island Formation (Landing, 1996). The GSSP coin-
cides with the first appearance datum (FAD) of the ichno-
fossil Phycodes pedum (now referred to by various authors
as Trichophycus pedum, Treptichnus pedum, or Manykodes
pedum; Figure 19.4(d)), as recognized at the time of
boundary ratification. The FAD of T. pedum defines the base
of the T. pedum Ichnozone, an assemblage zone based on
trace fossils. It reflects the appearance of complex sediment-
disturbing behavior by multiple epifaunal and infaunal
animals. Since the time of boundary ratification, it has been
shown that the lowest occurrence of T. pedum is slightly
below the GSSP level (Gehling et al., 2001). Strata below
the GSSP in the lower part of the Mystery Lake Member
include uppermost Proterozoic (Ediacaran) layers assigned
to the Harlaniella podolica Ichnozone. The highest observed
occurrence of H. podolica is 0.2 m below the GSSP, and the
lowest observed occurrence of a low-diversity SSF assem-
blage is about 400 m higher in the succession (Narbonne
et al., 1987; Landing et al., 1989). The lowest trilobite-
bearing strata (assigned to the Callavia broeggeri Zone) lie
approximately 1400 m above the GSSP (Landing, 1996).

However, a major regional unconformity (a type-1 sequence
boundary) separates the Terreneuvian Series from the over-
lying trilobite-bearing strata (provisional Series 2) across the
Avalon paleocontinent, including areas both in eastern North
America (such as eastern Newfoundland), and in the United
Kingdom (Landing, 1996, 2004).

19.1.1.2. Stage 2 (Undefined)

The base of the second stage of the Cambrian has not yet
been defined. Likewise, a criterion for defining the
boundary has not yet been determined. Few biostrati-
graphically defined levels within the Terreneuvian Series
have good potential for intercontinental or even global
correlation. Ultimately, the FAD of a small shelly fossil
(SSF) or an archaeocyath may be used to define the base
(Babcock et al., 2005). SSFs of the Terreneuvian Series
have been studied extensively during the last two decades,
especially in Siberia, South China, Avalonia, and Laurentia.
Although most seem to be highly endemic, a few species
have potential in long distance correlation (Li et al., 2007).
The micromollusk (rostroconch) Watsonella crosbyi, for
example, has wide distribution in the sub-trilobitic strata of
Siberia, South China, Australia, Mongolia, Kyrgyzstan,
Avalonian North America (eastern Newfoundland and
Massachusetts), and France (Demidenko, 2001). It ranges
through a narrow stratigraphic interval and occurs in both
carbonate and siliciclastic successions. The mollusk Alda-
nella attleborensis, which usually co-occurs with W. cros-
byi, is also widely distributed. Specimens are known from
the sub-trilobite strata of Siberia, South China, Tarim, Iran,
and possibly Spain. Archaeocyaths have excellent applica-
tion in biostratigraphic zonation of the lower part of the
traditional Lower Cambrian of Siberia, but high faunal
provincialism and endemism limit the potential of this
group for interregional correlation (Zhuravlev, 1995; Kruse
and Shi, 2000).

19.1.2. Series 2 (Undefined)

Series 2 is the first trilobite-dominated series. It has fewer
levels having intercontinental correlation potential than the
two younger series because of strong provincialism and
endemism among trilobite faunas. The series is likely to be
divided into two stages. The base of the series is expected to
be placed at a horizon close to the first appearance of
trilobites.

During Epoch 2 of the Cambrian Period the world oceans
experienced an explosive diversification of metazoans, but the
faunas, particularly the polymerid trilobites and archaeo-
cyaths, were highly provincial (Kobayashi, 1971, 1972;
Debrenne, 1992; Palmer and Repina, 1993; Kruse and Shi,
2000; Álvaro et al., in press). Olenellid and redlichiid trilo-
bites, which characterize two separate faunal provinces,
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diversified during Epoch 2. The olenellids, eodiscids, and
most redlichiids became extinct close to the end of the epoch,
a significant bioevent recognized as the oldest mass extinction
of trilobites.

19.1.2.1. Stage 3 (Undefined)

The base of Cambrian Stage 3, which is also the base of
Cambrian Series 2, has not been defined. This boundary is
expected to be marked by a significant and widely recog-
nizable bioevent that will divide the lower half of the
Cambrian as equally as possible. The FAD of trilobites, with
its historic aspects, is a possibility for the boundary position,
although the FAD of an SSF could eventually be selected as
the primary marker of the boundary. In any case, definition
of the base of provisional Stage 3 will divide the lower half
of the Cambrian subequally into a sub-trilobitic series and
a trilobite-dominated series. Such a distinction of two series
has been introduced in Laurentia as the Begadean and
Waucobian series (Palmer, 1998), in South China as the
Diandongian and Qiandongian series (Peng, 2000a,b, 2003),
in western Gondwana (Morocco and Iberia) as the
Cordubian and Atlasian series (Geyer and Landing, 2004),
and in Avalonia as the Placentian and Branchian series
(Landing, 1992).

Precise correlation of a horizon marked solely by the FAD
of trilobites will be hard to achieve, because trilobites appear
in strata at slightly different times in different regions.
Differences in the point of appearance among different
regions are due to diachroneity, and to the appearance of the
earliest trilobites immediately above unconformities in many
regions. If the first appearance of trilobites were accepted as
a marker for the lower boundary of provisional Stage 3 (and
Series 2), the most likely regions for defining the GSSP are
Siberia, western Gondwana (Morocco and Iberia), and
western Laurentia. The earliest occurrences of trilobites as
recognized currently on other paleocontinents appear to be
younger in age. The earliest trilobites include Profallataspis
jakutensis in Siberia, Hupetina antiqua in Morocco, and
Fritzaspis in Laurentia. In Siberia, P. jakutensis occurs 10 m
above the base of the Atdabanian Stage (Astashkin et al.,
1990, 1991; Shergold et al., 1991; Varlamov et al., 2008a); in
Morocco, the FAD of H. antiqua coincides with the base of
the Issendelenian Stage (Geyer, 1990, 1995); and in western
Laurentia Fritzaspis, Profallotaspis?, Amplifallotaspis, and
Repinaella all occur below the lower boundary of the Mon-
tezuman Stage, and the Waucobian Series (Palmer, 1998,
Hollingsworth, 2007, 2011).

To sidestep issues associated with use of a trilobite as the
correlation tool coinciding with the base of Stage 3, it is
possible that an SSF such as Pelagiella subangulata or
Microdictyon effusum might be selected. The micromollusk
P. subangulata has a narrow stratigraphic range and is
widely distributed through Siberia, South China, Australia,

Antarctica, Iran, India, continental Europe (Germany and
Sardinia), the United Kingdom, Canada (Nova Scotia), and
Kazakhstan. Sclerites of the armored lobopod M. effusum are
known from Siberia, South China, Australia, the United
Kingdom, Baltica, Kazakhstan, and Laurentia. At least eight
species of Microdictyon have been named, and some may be
synonyms, so a taxonomic overhaul of the genus is required.

19.1.2.2. Stage 4 (Undefined)

The base of provisional Stage 4 has not been formally
defined. One level, the base of the interval bearing the
eodiscoid trilobites Hebediscus, Calodiscus, Serrodiscus, and
Triangulaspis, referred to as the HCST band (Geyer, 2005),
was proposed as a potential stage marker in the upper part of
the traditional Lower Cambrian (Geyer and Shergold, 2000),
but it has not received broad support from members of the
Cambrian Subcommission. Instead, the subcommission has
favored placing the base of Stage 4 at a level coinciding with
the FAD of a single trilobite species. Possibilities include
a species of Olenellus (s.l.), Redlichia (s.l.), Judomia, or
Bergeroniellus (Babcock et al., 2011). Such a position would
be at a level roughly corresponding to the base of the Dyeran
Stage of Laurentia (Palmer, 1998), the base of the Duyunian
of South China (Peng, 2000a,b, 2003), and the base of the
Botoman Stage of Siberia (Repina et al., 1964; Khomentov-
sky and Repina, 1965).

Stage 4 spans almost the entire range of Olenellus (s.l.)
and Redlichia (s.l.), the representative forms of the “ole-
nellid” and “redlichiid” faunal realms. Both olenellid and
redlichiid trilobites became extinct near the end of the stage.

19.1.3. Series 3 (Undefined)

The conterminous base of provisional (undefined) Series 3
and Stage 5 has also been referred to as the “LowereMiddle
Cambrian boundary”. The traditional usage stems from
separate works by Brøgger (1878, 1882, 1886) and Walcott
(1889a,b; 1890a,b), who developed concepts of the “Early
Cambrian” and “Middle Cambrian” that were of different
duration and that were applied in different faunal provinces
(Robison et al., 1977; Fletcher, 2003; Geyer, 2005). Up to the
present, there has been considerable variance in the horizon
interpreted as the “LowereMiddle Cambrian boundary”
(Geyer and Shergold, 2000; Shergold and Cooper, 2004).

The base of Series 3 has not been defined but will possibly
be placed at a level close to one of the traditional, regional
usages of the “LowereMiddle Cambrian boundary”, either the
boundary concept as used in Laurentia and eastern Gondwana,
or that as used in Baltica. The top of the series was defined
automatically as the lower boundary of the Furongian Series.
That horizon coincides with the FAD of the agnostoid trilobite
Glyptagnostus reticulatus, a level that lies two full biozones
(the Linguagnostus reconditus and Glyptagnostus stolidotus
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zones) above the traditional “MiddleeUpper Cambrian
boundary” (Peng et al., 2004a). Therefore Cambrian Series 3
does not equal the traditionalMiddleCambrian anymore but is
greatly expanded in concept.

The series is divided into three stages, of which only the
middle and the upper stages have been formally defined.
Cambrian Epoch 3 was a time in which trilobite faunas
recovered from the mass extinction near the end of Epoch 2
(Álvaro et al., in press). Trilobite diversity increased
dramatically, so there is a major change in faunal composition
on Cambrian continents. The series is characterized by the
predominance of widespread ptychagnostid and diplagnostid
agnostoids, and by endemic paradoxidid and ptychopariid
polymerids. In addition, oryctocephalid and bathynotid
polymerids predominate in the lower part of the series,
whereas anomocarid and damesellid polymerids are more
common in the upper part of the series. Ceratopygid poly-
merids emerged in the uppermost stage of the series.

19.1.3.1. Stage 5 (Undefined)

The base of Cambrian Stage 5 is undefined at present. Recent
investigations indicate that oryctocephalid trilobites evolved
quickly through the time interval of the traditional “Lowere
Middle Cambrian boundary”. On account of this, they will
have an important role in correlating the base of the stage. In
2006, during its meeting in South Australia, the Cambrian
Subcommission decided to investigate two levels, both
marked by first appearances of oryctocephalid trilobite
species, which could be used to define the conterminous base
of Cambrian Series 3 and Stage 5. The levels are at the FAD
of Oryctocephalus indicus and the FAD of Ovatoryctocara
granulata, which is slightly lower in stratigraphic position
(Figures 19.2, 19.3 and 19.5). Both levels appear to have good
potential for interprovincial and intercontinental correlation
(Sundberg and McCollum, 1997; McCollum and Sundberg,

1999; Geyer and Shergold, 2000; Fletcher, 2003, 2007;
Geyer, 2005; Geyer and Peel, 2011; Naimark et al., 2011),
and the associated trilobites make it possible to recognize the
levels widely in most Cambrian regions (Geyer, 2005). A final
decision on the primary boundary criterion and a GSSP will
hinge largely on investigations of sections in the Great Basin
(USA), South China, and Siberia. If an O. indicus-based
GSSP is erected for the base of Stage 5 and Series 3, it would
correspond closely to the traditional “LowereMiddle
Cambrian boundary” of Laurentia and eastern Gondwana, as
it would coincide with the base of the Delamaran Stage
(Lincolnian Series) of Laurentia (Palmer, 1998) and the base
of the Taijiangian Stage (Wulingian Series) of South China
(Peng, 2000a,b; Peng and Babcock, 2001). If anO. granulata-
based GSSP is erected, it would correspond closely to the
“LowereMiddle Cambrian boundary” as recognized in
northern Siberia (Korovnikov, 2005).

Regardless of the choice of primary correlation criterion,
the base of Stage 5 will correspond to a sharp, high-
magnitude, negative shift in carbon isotopic (d13C) values
(�4&). This, the ROECE excursion (RedlichiideOlenellid
Extinction Carbon isotope Excursion), is one of the largest
negative carbon isotope excursions known from the
Cambrian (Zhu et al., 2006; Figure 19.3 and Section 19.2.7).
The excursion begins just below the traditional “Lowere
Middle Cambrian boundary” as recognized in Laurentia, and
suggests the onset of major paleoceanographic and paleo-
climatic changes associated with the extinction of olenellid
trilobites in Laurentia and redlichiid trilobites in Gondwana
(Montañez et al., 2000).

19.1.3.2. Drumian Stage

The Drumian Stage is the middle stage of Series 3. The name,
which was ratified in 2006, is derived from the Drum
Mountains in northern Millard County, western Utah, USA
(Figure 19.6(c)). The base of the stage is defined by a GSSP
coinciding with the FAD of a cosmopolitan agnostoid trilobite
Ptychagnostus atavus (Figures 19.6(b), (d)). The GSSP is
located 62 m above the base of the Wheeler Formation in the
Stratotype Ridge section of the Drum Mountains (Babcock
et al., 2004, 2007; Figures 19.6(a),(d)). Ptychagnostus atavus
has been identified from almost all major Cambrian regions of
the world (e.g., Robison et al., 1977; Rowell et al., 1982;
Robison, 1999; Peng and Robison, 2000; Geyer and Shergold,
2000; Shergold and Geyer, 2003; Babcock et al., 2004, 2007),
and, even long before definition of the boundary level, had
been in use as a zonal guide fossil in deposits of Baltica,
Gondwana, Kazakhstania, and Laurentia (e.g., Westergård,
1946; Robison, 1976, 1984; Öpik, 1979; Ergaliev, 1980;
Geyer and Shergold, 2000; Peng and Robison, 2000).
In addition to the FAD of P. atavus, two other related,
cosmopolitan agnostoid species help constrain the base of the
Drumian Stage. The first appearance of P. atavus always

(A) (B)

FIGURE 19.5 Key polymerid trilobite guide fossils associated with the

conterminous base of provisional Series 3 and Stage 5. (A)Ovatoryctocare

granulata (B) Oryctocephalus indicus.
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FIGURE 19.6 (A) and (C) Drumian Stage GSSP in the Stratotype Ridge section, Drum Mountains, Utah, USA. Stratigraphic distribution of trilobites

close to the base of the Drumian Stage in the Stratotype Ridge section, Drum Mountains, Utah, USA; (B) Ptychagnostus atavus (Tullberg, 1880), an agnostoid

trilobite whose first appearance datum (FAD) coincides with the base of the Drumian Stage; (D) Stratigraphic distribution of trilobites close to the base of the

Drumian Stage in the Stratotype Ridge section, Utah, USA (redrawn after Babcock et al., 2007).
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succeeds the first appearance of Ptychagnostus gibbus, and it
precedes the first appearance of Ptychagnostus punctuosus.
Both P. gibbus and P. punctuosus have been widely used as
zonal guide fossils (Geyer and Shergold, 2000).

The base of the Drumian Stage can be recognized on
a global scale not only by the FAD of Ptychagnostus atavus,
but also by significant changes in polymerid trilobite faunas,
conodont faunas, and by a carbon isotope excursion. The
position coincides closely with the bases of two biozones
based on polymerid trilobites: the Bolaspidella Zone of
Laurentia (Robison, 1976; Palmer, 1998, 1999; Babcock
et al., 2004, 2007) and the Dorypyge richthofeni Zone of
South China (Peng et al., 2004b). It also corresponds closely
to a turnover in conodonts near the base of Gapparodus
bisulcatus-Westergaardodina brevidens Assemblage Zone
(Dong and Bergström, 2001a,b). The base of the stage
corresponds to the onset of a medium-scale negative carbon
excursion (Babcock et al., 2007; Brasier and Sukhov, 1998),
referred to as the DICE excursion (DrumIan Carbon isotope
Excursion (Zhu et al., 2006; Figures 19.3 and 19.6; see also
Section 19.2.7).

19.1.3.3. Guzhangian Stage

The Guzhangian Stage is the third and last stage of Series 3.
The name is derived from Guzhang County in the Wuling
Mountains of northwestern Hunan Province, China. The base
of the Guzhangian Stage is defined by a GSSP that coincides
with the FAD of the cosmopolitan agnostoid trilobite Lejo-
pyge laevigata (Figures 19.7C, D). The GSSP, which was
ratified in 2007, is 121.3 m above the base of the Huaqiao
Formation in the Luoyixi section, exposed along a roadcut on
the south bank of the Youshui River, 4 km northwest of the
town of Luoyixi (Peng et al., 2009a; Figure 19.7(b)).

Lejopyge laevigata, which is the primary correlation tool
for the base of the Guzhangian Stage, has been recognized in
all Cambrian paleocontinents (e.g., Westergård, 1946; Cowie
et al., 1972; Robison, 1976, 1984; Öpik, 1979; Geyer and
Shergold, 2000; Peng and Robison, 2000; Axheimer et al.,
2006; Peng et al., 2006). The species has been used as a zonal
guide fossil in Baltica, Gondwana, Kazakhstania, Siberia,
Laurentia, and eastern Avalonia. In addition to the FAD of
L. laevigata, two other congeneric species, Lejopyge armata
and L. calva, can be used to help constrain the position of the
Guzhangian base. Lejopyge laevigata consistently appears
slightly above the first appearance of either Lejopyge armata
(in Australia, South China, North China, Kazakhstan, Siberia,
and Sweden) or L. calva (in Laurentia).

The Guzhangian GSSP can be tightly constrained by
stratigraphic criteria other than just the ranges of Lejopyge
species. The Guzhangian base is above the last occurrence
datum (LAD) of the agnostoid Goniagnostus nathorsti, and
below the FAD of the agnostoid Proagnostus bulbus. The first
appearance of L. laevigata closely corresponds to the first

appearance of damesellid trilobites (e.g., Palaeodotes, Para-
blackwelderia, Blackwelderia) in South China and Kazakh-
stan (Ergaliev, 1980, Ergaliev and Ergaliev, 2004; Peng et al.,
2004b, 2006). It also approximately coincides with a faunal
change associated with the base of the Paradoxides for-
chhammeri Zone in western Avalonia (Geyer and Shergold,
2000).

The range of L. laevigata has long been used regionally
as a major stratigraphic marker. The FAD of L. laevigata
defines the base of the Ayusokian Stage in Kazakhstan, the
base of the Boomerangian Stage in Australia (Öpik, 1967;
Geyer and Shergold, 2000), and the base of the Aldanaspis
Zone in Siberia (Egorova et al., 1982). By using the first
appearance of L. laevigata, rather than its local abundance,
the base of the Scandinavian L. laevigata Zone has been
moved downward to the base of the Solenopleura? brachy-
metopa Zone (Axheimer et al., 2006). This change makes
the base of the Guzhangian Stage identical with the base of
the revised L. laevigata Zone in Scandinavia (a zone that
now embraces the traditional Solenopleura? brachymetopa
Zone; Ahlberg et al., 2009).

The Guzhangian Stage embraces the interval of the
traditional “MiddleeUpper Cambrian boundary”. In Sweden,
the traditional “Upper Cambrian” was marked by the base of
the Agnostus pisiformis Zone (Westergård, 1946). Peng and
Robison (2000) stated that the “MiddleeUpper Cambrian
boundary” in Sweden is commonly drawn at a position
marking the local abundance of A. pisiformis rather than its
first appearance. Recently, Linguagnostus reconditus was
reported from the A. pisiformis Zone in Sweden, and it is
associated with abundant A. pisiformis (Ahlberg and Ahlgren,
1996; Ahlberg, 2003). This suggests that the traditional
“MiddleeUpper Cambrian boundary” of Sweden is very
close to, if not identical with, the base of the Linguagnostus
reconditus Zone. The L. reconditus Zone is the third of four
agnostoid zones recognized within Guzhangian Stage strata
of South China.

19.1.4. Furongian Series

The Furongian Series is the uppermost series of the Cambrian
System. Its name is derived from Furong, which means lotus,
in reference to Hunan Province, the Lotus State of China. The
GSSP for the conterminous base of the Furongian Series and
its lowermost stage, the Paibian Stage, is located in the
Wuling Mountains of northwestern Hunan, China. The GSSP
coincides with the FAD of Glyptagnostus reticulatus, a level
that is stratigraphically much higher than the traditional
“MiddleeUpper Cambrian boundary” as recognized earlier
in Sweden. Definition of a GSSP for the base of the Forungian
Series resulted in an “Upper Cambrian” that was restricted in
length compared to that of traditional usage because the
Agnostus pisiformis Zone of Sweden, which corresponds to
two biozones as used in South China, was excluded (Ahlberg,
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2003; Axmeimer et al., 2006; see also preceding discussion of
the Guzhangian Stage).

The upper boundary of the Furongian Series is automati-
cally defined by the base of the Tremadocian Series (Lower
Ordovician). The basal Tremadocian GSSP coincides with the
FAD of the conodont Iapetognathus fluctivagus.Currently, the

majority opinion within the Cambrian Subcommission is that
the Furongian should be subdivided into three subequal stages.
The lowermost stage (Paibian) and the middle stage (Jiang-
shanian) have already been ratified. The base of the upper stage
is expected to coincide with, or be close to, the FAD of an
agnostoid, Lotagnostus americanus (Babcock et al., 2005).

FIGURE 19.7 (A) and (B) Guzhangian Stage GSSP in the Luoyixi section, Hunan, China; (C) Lejopyge laevigata (Linnarsson, 1869), an agnostoid trilobite

whose first appearance datum coincides with the base of the Guzhangian Stage; (D) Stratigraphic distribution of trilobites close to the base of the Guzhangian

Stage in the Luoyixi section, Hunan, China (redrawn after Peng et al., 2009a).
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The Furongian Epoch marks a time of great faunal turn-
over among polymerid trilobites. Stepwise extinction of
polymerids in Gondwana and Laurentia at the end of Epoch 3
was followed by recovery during the early part of the
Furongian. In eastern Gondwana, damesellid trilobites were
replaced by leiostegiid (e.g., Chuangia and Prochuangia) and
ceratopygid trilobites. In Laurentia, the Furongian Series
corresponds to the Pterocephaliid Biomere, and strata are
zoned according to the record of evolution in pterocephaliid,
elviniid, and saukiid polymerids. In Baltica, evolutionary
changes in olenid trilobites allows for fine regional zonation
of the series. Agnostid and pseudagnostid agnostoids are
important for regional and global subdivision of the series.

19.1.4.1. Paibian Stage

The base of the Paibian Stage, and the base of the Furongian
Series, is defined by a GSSP coinciding with the first
appearance of the cosmopolitan agnostoid trilobite Glyptag-
nostus reticulatus (Figure 19.8(b),(d)). The stage is named for
Paibi, a village in Huayuan County, about 35 km west of
Jishou, northwestern Hunan, China. The GSSP, which was
ratified in 2003, is 369 m above the base of the Huaqiao
Formation along a south-facing hill in the Paibi section
(Figure 19.8(a),(d)).

The FAD of Glyptagnostus reticulatus is one of the most
widely recognizable stratigraphic horizons in the Cambrian.
Even before its selection as the criterion for marking the base
of the Paibian Stage and Furongian Series, G. reticulatus was
used as a zonal guide fossil in Siberia, Kazakhstan, South
China, Australia, and Laurentia. The interval containing the
FAD of G. reticulatus marks a time of significant faunal
change, and that change has been formalized in various
regional stratigraphic schemes. The position corresponds to
the base of the Pterocephaliid Biomere or the base of the
Steptoean Stage in Laurentia, the base of the Idamean Stage
in Australia, the base of the Sakian Stage in Kazakhstan, the
base of the Maduan Horizon in Siberia, and the base of the
Furongian Series in Scandinavia (Terfelt et al., 2008). The
level is also near the base of a large positive shift in d13C
values, referred to as the Steptoean PositIve Carbon isotope
Excursion (SPICE excursion) (Saltzman et al., 2000;
Figure 19.3; see also Section 19.2.7).

19.1.4.2. Jiangshanian Stage

The base of the Jiangshanian Stage is defined by a GSSP
coinciding with the first appearance of the cosmopolitan
agnostoid trilobite Agnostotes orientalis (Figure 19.9(c),(d)).
The stage is named for Jiangshan County, Zhejiang Province,
China. The GSSP, which was ratified in 2011, is 108.12 m
above the base of the Huayansi Formation in the Duibian B
section (Figure 19.9(a),(d)). The stratotype section is exposed
in natural outcrops situated at the base of Dadoushan Hill,
west of Duibian Village (Peng et al., 2009a).

The holotype of A. orientalis (Kobayashi, 1935) is poorly
preserved, and because the species was poorly characterized
originally, a number of junior synonyms have been
proposed. In some regions, the species is better known by
these synonyms, such as Pseudoglyptagnostus clavatus,
Agnostotes (Pseudoglyptagnostus) clavatus, A. clavata, and
Glyptagnostotes elegans. Currently the species is recognized
from South China (Hunan and Zhejiang), South Korea,
Siberia (Kharaulakh Ridge, northeast Siberian Platform,
Chopko River of the Norilsk Region, northwest Siberian
Platform), southern Kazakhstan (Malyi Karatau), and Lau-
rentia (Mackenzie Mountains and southeastern British
Columbia).

In many regions A. orientalis and the polymerid trilobite
Irvingella co-occur (Lazarenko, 1966; Öpik, 1967; Ergaliev,
1980; Peng, 1992; Pratt, 1992; Chatterton and Ludvigsen,
1998; Choi, 2004; Hong et al., 2003; Varlamov et al., 2005;
Peng et al., 2009a; Ergaliev and Ergaliev, 2008; Varlamov and
Rozova, 2009), and both trilobites can be used to constrain the
base of the Jiangshanian Stage. Together, the two trilobites
have been used as zonal guide fossils in South China,
northeastern Siberia, northwestern Siberia, and South Korea.
Irvingella, however, has a wider paleogeographic distribution
(Geyer and Shergold, 2000), and it allows close correlation
into Australia, Baltica, Avalonia, eastern and western Lau-
rentia, Argentina, and probably Antarctica. In South China
and Canada, A. orientalis and Irvingella angustilimbatamake
their first appearances at the same stratigraphic level (Peng,
1992; Pratt, 1992; Peng et al., 2009b). This is true even in the
Duibian B section, which contains the GSSP. The horizon
corresponds to the base of the Taoyuanian Stage as used
previously in South China (Peng and Babcock, 2001, 2008;
Shergold and Cooper, 2004) and the base of the Procer-
atopyge rectispinata Zone in the Mackenzie Mountains. The
base of the P. rectispinata Zone lies somewhat below the base
of the Sunwaptan Stage of Laurentia, but above the base of
the Elvinia Zone, the uppermost zone of the stage. The FAD
of A. orientalis corresponds closely to the base of the Iverian
Stage in Australia, the base of the Parabolina spinulosa Zone
of Sweden and England, the base of the Pseudagnostus
vastuluseIrvingella tropica Zone of Kazakhstan (Ergaliev
and Ergaliev, 2008), and a level that is somewhat below the
base of the “Tukalandyan Stage” of Rozova (1963) or within
the Chekurovian Stage of Lazarenko and Nikiforiv (1972) in
Siberia. The FAD of A. orientalis lies in a position corre-
sponding to the upper part of the SPICE excursion, a large
positive shift in d13C values (Figure 19.3; see also Section
19.2.7; Peng et al., 2009b).

19.1.4.3. Stage 10 (Undefined)

The base of Cambrian Stage 10, the uppermost stage of the
Furongian Series and the Cambrian System, is undefined. The
Cambrian Subcommission favors marking the base at or close
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FIGURE 19.8 (A) and (C) GSSP of the Furongian Series and Paibian Stage in the Paibi section, Hunan, China; (B)Glyptagnostus reticulatus (Angelin, 1851),

an agnostoid trilobite whose first appearance datum coincides with the base of the Furongian Series and Paibian Stage; (D) Stratigraphic distribution of trilobites

close to the base of the Furongian Series and Paibian Stage in the Paibi section, Hunan, China (redrawn after Peng et al., 2004a).
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to the FAD of the cosmopolitan agnostoid trilobite Lotag-
nostus americanus (Figures 19.2 and 19.10). The L. ameri-
canus level seems to be widely recognizable, as the species
has been recognized (commonly with names of junior

synonyms; Peng and Babcock, 2005b) from open-shelf lith-
ofacies of all major Cambrian paleocontinents. The species,
as interpreted by most recent workers (Peng and Babcock,
2005b; Terfelt et al., 2008; Lazarenko et al., 2011), is known

FIGURE 19.9 (A) and (B) GSSP of the Jiangshanian Stage in the Duibian B section, Zhejiang, China; (C) Agnostotes orientalis (Kobayashi, 1935), an

agnostoid trilobite whose first appearance datum coincides with the base of the Jiangshanian Stage; (D) Stratigraphic distribution of trilobites close to the base of

the Jiangshanian Stage in the Duibian B section, Zhejiang, China (redrawn after Peng et al., 2009b).
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from South China (Hunan, Zhejiang, and Anhui), Northwest
China (Kuruktagh and northern Tianshan), Siberia, Kazakh-
stan, Uzbekistan, eastern Avalonia (England and Wales),
western Avalonia (eastern Newfoundland), Baltica, Australia
(Tasmania), New Zealand, and Laurentia (Canada and
Nevada). In China and Kazakhstan, L. americanus is used as
a zonal guide fossil (Xiang and Zhang, 1985; Lu and Lin,
1989; Peng, 1992; Ergaliev, 1992). The co-occurrence of
L. americanus with Hedinaspis in certain regions enables
correlations to be extended even further. If a GSSP for Stage
10 is established at the FAD of L. americanus, the boundary
level will correspond to the bases of the L. americanus Zone
(agnostoids) and Ctenopyge spectabilis Zone (polymerids) in
Sweden (Terfelt et al., 2008, 2011), the base of the Aksayan
Stage in Kazakstan, the base of the Niuchehean Stage in
South China, and possibly the bases of both the Payntonian
Stage in Australia and the Ketyan Horizon in Siberia.

On account of the importance of Lotagnostus for inter-
continental correlation, species concepts and the paleogeo-
graphic distribution of included species are in the process
of re-evalution. Peng and Babcock (2005b) considered
L. americanus to show moderate intraspecific variation, and
to have a widespread distribution. Rushton (2009) recognized
two subspecies of L. americanus: L. americanus americanus
and L. americanus trisectus. Lazarenko et al. (2011) recog-
nized Lotagnostus obscurus as separate from L. americanus.
Westrop et al. (2011) adopted the view that agnostoids should
be considered to have very little intraspecific variation, and in
doing so, rejected earlier interpretations of intraspecific
variability in L. americanus. As a consequence of this view,

which is at odds with most recent interpretations of species
concepts in agnostoids (e.g., Pratt, 1992; Robison, 1984,
1994; Ahlberg and Ahlgren, 1996; Peng and Robison, 2000;
Ahlberg et al., 2004; Lazarenko et al., 2011), including
statistical studies based on large populations (Rowell et al.,
1982), Westrop et al. (2011) recommended recognition of
several described forms including L. trisectus as species
distinct from L. americanus. In the view of Westrop et al.
(2011), L. americanus should be restricted to specimens from
a single locality in Quebec, Canada.

Two conodont species, Eoconodontus notchpeakensis and
Cordylodus andresi, have been suggested as possible markers
for the base of the uppermost Cambrian stage. One of these is
the euconodont E. notchpeakensis, which is recognizable in
western Utah, USA (Miller et al., 2006, 2011; Landing et al.,
2010, 2011) and elsewhere. Transport of the elements of this
and other euconodont species allows for the identification of
E. notchpeakensis through peritidal, platform, and slope
deposits of Laurentia, Gondwana, Baltica, and Kazakhstan
(Dubinina, 2009; Landing et al., 2010, 2011). This species
has its first observed appearance in Laurentia at the base of
the E. notchpeakensis Subzone of the Eoconodontus Zone
(conodonts), equivalent to the middle of the Saukia Zone
(Saukiella junia Subzone, polymerid trilobites). The FAD
coincides with the onset of the TOCE (Top of Cambrian
carbon isotope Excursion), a d13C excursion alternatively
referred to as the HERB Event (Ripperdan, 2002; Miller et al.,
2006; but see Landing et al., 2011, who recognized
two separate excursions/events). Eoconodontus notchpea-
kensis has a long stratigraphic range, extending into the

(A) (B)FIGURE 19.10 Lotagnostus americanus (Billings, 1860), an

agnostoid trilobite key to recognizing the base of provisional

Stage 10. (A) a specimen showing weak scrobiculation; (B)

a specimen showing well-developed scrobiculation.
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Iapetognathus fluctivagus Zone of the Lower Ordovician. The
onset of the TOCE excursion (Figure 19.3; see also Section
19.2.7) is at present regarded as occurring about halfway
through provisional Stage 10, and the return to positive d13C
values occurs a little below the Ordovician base. A stage
whose base would be identified by the FAD of E. notchpea-
kensiswould be about half the stratigraphic thickness of Stage
10 as currently envisioned. The FAD of the euconodont
Cordylodus andresi at the base of the Cordylodus proavus
Zone in Utah, USA, marks another horizon that could serve as
the base of the uppermost Cambrian stage (Miller et al.,
2006). This position is recognizable intercontinentally, and
occurs above the first appearance of E. notchpeakensis. A
stage whose base would be identified by the FAD of C.
andresi would represent a thickness less than half that
currently envisioned for Stage 10. If either E. notchpeakensis
or C. andresi were selected as the marker for the base of
provisional Stage 10, this stage would represent a much
shorter span of time than any other Cambrian stage/age. If the
E. notchpeakensis level were selected, the terminal Cambrian
stage would represent a time duration of about 2 myr, and if
the C. andresi level were selected, the stage would represent
even less time.

19.1.5. Regional Cambrian Stage Suites

Regional stages and series have been erected for many parts
of the Cambrian world. Examples of intensively studied areas
are South China, Australia, Siberia, and Laurentia
(Figure 19.11).

19.1.5.1. Cambrian Stages of South China

A chronostratigraphy for South China with boundary-
stratotype-based stages and series has been developed recently
(Peng et al., 1998, 1999, 2000a,b; Peng, 2000a,b, 2003, 2008;
Peng and Babcock, 2001; Figure 19.11). Apart from the
lowermost two stages, the stages are based on sections in the
Jiangnan Slope Belt, where the Cambrian succession yields
rich agnostoids having significance for global or interconti-
nental correlation. The lower boundary of the Cambrian
System in South China has been difficult to identify using
Trichophycus pedum (Zhu et al., 2001; Steiner et al., 2007).
Instead, the BACE (BAse of Cambrian isotope Excursion)
d13C excursion is a more reliable stratigraphic marker. South
China is home to the GSSPs of three global stages, the Guz-
hangian, Paibian, and Jiangshanian. Once these global stages
were established, it became advantageous to replace regional
stage names having essentially the same concept and content.

Jinningian: The lowest stage of the Cambrian System in
South China was proposed by Peng (2000a,b). It refers to the
strata in the Yuhucun Formation below the “Marker B” (or
“China B Point”) in the Meishucun section, a GSSP candi-
date for the boundary, near Meishucun town, Jinning County,

eastern Yunnan Province, (Luo et al., 1984, 1990, 1991,
1992, 1994; Cowie et al. 1989; Brasier et al., 1994). “Marker
B” is one of the key levels proposed in the late 1980s as
a possibility for the global PrecambrianeCambrian
boundary. The Jinningian Stage embraces the oldest small
shelly fossil zone, the Anabarites trisulcatuseProtohertzina
anabarica Zone, which is characterized by the predomi-
nance of simple, low-diversity hyolithids. The base of the
SSF zone was originally defined at “Marker A”, the observed
lowest occurrence of SSFs in the Meishucun section. In the
Meishucun section an unconformity lies slightly below
“Marker A”, and a relatively thick interval, corresponding to
the Daibu Member of northeastern Yunnan (Zhu et al.,
2001), is missing. The Daibu Member is regarded as part of
the Cambrian System (Li et al., 2001). Trichophycus pedum
was reported as occurring within the A. trisulcatuseP. ana-
barica Zone in the Meishucun section, much higher than
“Marker A”, but this is apparently not its lowest occurrence.
As originally defined, the base of the Jinningian Stage is the
base of the Cambrian System. The horizon equivalent to the
basal Cambrian GSSP, however, remains unknown in South
China (Zhu et al., 2001).

Meishucunian: The name of the stage was originally
proposed as a lithologic unit, the Meishucun Formation (Jiang
et al., 1964), which comprises sub-trilobite sequences of
“phosphate-bearing beds” in the basal part of the Meishucun
section. Qian (1997) regarded this formation as the first stage
of the Cambrian System of China, but failed to define its base
at that time. Subsequently, Luo et al. (1994) revised the stage
concept, drawing the base of the stage at the base of the
ParagloboriteseSiphogonuchites Zone (i.e. “Marker B”),
which coincides with a major change in SSF fauna marked by
the abrupt appearances of phosphatized micromollusks and
problematica. It is also the base of Bed 7 in the section.
“Marker B” was selected as a possibility for the base of the
Cambrian System by the PrecambrianeCambrian boundary
Working Group of the Cambrian Subcommission (Xing et al.,
1991; Cowie, 1985; Luo et al., 1994). The point is positioned
in the Xiaowaitoushan Formation in the Meishucun section,
and is currently identified by the FAD of the hyolithid
Paragloborilus subglobosus. The Meishucunian Stage covers
an interval occupied by three biozones with abundant and
diverse small shelly fossils and an interzone that is poorly
fossiliferous (Luo et al., 1994; Peng and Babcock, 2001;
Steiner et al., 2007).

Nangaoan: As originally defined (Peng, 2000a), the base
of the stage is placed at the FAD of trilobites, as this level
represents an important event in biotic development. This
criterion has also been provisionally adopted by the Cambrian
Subcommission to define the base of provisional global Stage
3 (Peng and Babcock, 2005a, 2008; Babcock et al., 2005;
Babcock and Peng, 2007). In practice, the base of the Nan-
gaoan Stage is drawn at the lowest observed occurrence of
Tsunyidiscus niutitangensis in the middle part of Bed 5 of the
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Xiaosai section near Xiaosai, Yuqing County, eastern Guiz-
hou Province (Zhang et al., 1979). The bed belongs to the
Niutitang Formation, which is composed of black shale.
Detailed work is expected to define the base of the stage more
precisely.

The Nangaoan Stage is the oldest trilobite-bearing stage in
South China, with its lower part characterized by the occur-
rences of diverse eodiscoids (Tsunyidiscus, Neocobboldia,
Sinodiscus, and Hupeidiscus) associated with protolenids

(Paraichangia) in eastern Guizhou and the occurrence of the
Chengjiang Biota in eastern Yunnan. The redlichiid Para-
badiella has been reported from South China (Zhang, 1987).
It is one of the earliest trilobites, but the redlichiids as a whole
are regarded as having evolved from fallotaspidoids (Jell,
2003). As defined, the base of the stage corresponds closely to
base of the traditional Chiungchussuan Stage of Yunnan.

Duyunian: Peng (2000a) defined the base of the Duyunian
Stage by the FAD of Arthricocephalus duyunensis, a junior

TABLE 19.1 GSSPs of the Cambrian Stages, with Location and Primary Correlation Criteria (Status Jan. 2012)

Stage GSSP Location
Latitude,

Longitude
Boundary Level Correlation Events Reference

Stage 10 Trilobite FAD of
Lotagnostus
americanus. An
internal
substage division
might be
FAD of Cordylodus
andresi conodont

Jiangshanian Duibian B Section,
Jiangshan County, Zhejing
Province, China

28�48.958’N
118�36.896’E

108.12m above base
of the Huayansi Formation

Trilobite, FAD of
Agnostotes orientalis

Science in
China, Ser. D,
Earth Science
52/4, 2009

Paibian Wuling Mountains,
Huayuan County, NW
Hunan Province, China

28�23.37’N
109�31.54’E

At 396 m above the
base of the Huaqiao
Formation

Trilobite FAD
Glyptagnostus
reticulatus

Lethaia 37,
2004

Guzhangian Louyixi, Guzhang County,
NW Hunan Province, S.
China

28�43.20’ N;
109�57.88’ E

121.3 m above the base
of the Huaqiao Formation

Trilobite FAD
Lejopyge
laevigata

Episodes 32/1,
2009

Drumian Drum Mountains,
Millard County, Utah, USA

39�30.705’N
112�59.489’W

At the base of a dark-gray
thinly laminated calcisiltite
layer, 62 m above the base
of the Wheeler Formation

Trilobite FAD
Ptychagnostus atavus

Episodes 30/2,
2007

Stage 5 candidate sections
are Wuliu-Zengjiayan (east
Guizhou, China) and Split
Mountain (Nevada, USA)

Trilobite, potentially
FAD
of Oryctocephalus
indicus/Ovatorycara
granulata

Stage 4 Trilobite, FAD of
Olenellus or
Redlichia

Stage 3 Trilobites etheir
FAD

Stage 2 Small Shelly Fossil,
or Archaeocyath
species

Fortunian
(base Cambrian)

Fortune Head,
Burin Peninsula,
E Newfoundland, Canada

47�4’34.47"N
55�49’51.71"W*

2.4m above the base of
Member 2 in the Chapel
Island Formation

Trace fossil FAD
Trichophycus pedum

Episodes
17/1&2, 1994;
Episodes,
30/3, 2007

*according to Google Earth
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FIGURE 19.11 Principal regional stage schemes of the Cambrian, and the four-fold division of the system into series adopted by the International

Commission on Stratigraphy (ICS). See text for discussion of caveats in applying the numerical scale to stage boundaries.
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synonym of A. chauveaui as pointed out by some authors
(Lane et al., 1988, Blaker and Peel, 1997; McNamara et al.,
2003). The lower boundary of the stage lies in the Niutitang
Formation, about 25 m above the base of Bed 10 in the Jiu-
menchong section near Nangao, Danzhai, eastern Guizhou
(Zhang et al., 1979). Subsequent investigations suggest that
A. chauveaui occurs in the boundary stratotype section earlier
than in other sections of eastern Guizhou (Zhou Zhiyi, pers.
comm.). A. chauveaui is widely distributed in South China
and is also recorded from Greenland (Lane et al., 1988; Geyer
and Peel, 2011). In the Jiumenchong section, its observed
lowest occurrence is near the base of the Balang Formation.
The Duyunian Stage occupies an interval with four trilobite
zones (Peng, 2000a,b), which are characterized by the early
development of oryctocephalids and the flourishing of red-
lichiids. In the top part of the stage, the cosmopolitan trilobite
Bathynotus, the cosmopolitan trilobite Ovatoryctocara, and
various primitive ptychopariids occur. They comprise much
of the first assemblage of the Kaili Biota. There is a medium-
scale faunal extinction event at the end of the Duyunian Age
(Yuan et al., 2002; Zhen and Zhou, 2008), and only about
25% of the trilobite genera present in the upper Duyunian
range upward into the overlying Taijiangian Stage.

Taijiangian: The base of the stage is defined by the FAD
of the cosmopolitan trilobite Oryctocephalus indicus, which
occurs in the lower part of the Kaili Formation, close to the
traditional LowereMiddle Cambrian boundary as recog-
nized in China. The boundary interval is exposed in a hill-
side section between Wuliu and Zengjiayan, near Balangcun
Village, Jianghe County, eastern Guizhou. The FAD of
O. indicus lies at the base of Bed 10, which is 52.8 m above
the base of the Kaili Formation (Zhao et al., 2001). Origi-
nally the Taijiangian Stage was represented by three zones,
the Oryctocephalus indicus Zone (lowermost), the Pty-
chagnostus gibbus Zone, and the Ptychagnostus atavus Zone
(uppermost). However, the concept of the stage is revised
herein by restricting it to the two lower zones and referring
the Ptychagnostus atavus Zone to the overlying Wangcunian
Stage. This revision brings the regional stages of South
China into conformance with global chronostratigraphy.
The base of the P. atavus Zone coincides with the base of the
Drumian Stage (global usage) and the Wangcunian Stage
(South China usage). Yao et al. (2009) recognized an addi-
tional zone, the Peronopsis taijiangensis Zone, in the upper
part of what was originally recognized as the O. indicus
Zone.

The Taijiangian Stage is characterized by the abundance
and high diversity of oryctocephids in the lower zone, and the
occurrence of the cosmopolitan agnostoid Ptychagnostus
gibbus in the upper zone. The base of the Taijiangian Stage
will probably coincide with, or be close to, the base of
provisional Stage 5 of the Cambrian System if the base of the
global stage is finally selected at a position close to the FAD
of O. indicus.

Wangcunian: The base of the Wangcunian Stage, defined
originally at the FAD of the cosmopolitan agnostoid trilobite
Ptychagnostus punctuosus (Peng et al., 1998) in the Huaqiao
Formation near Wangcun, Yongshun County, northwestern
Hunan Province, was shifted downward to the level marked
by the FAD of Ptychagnostus atavus (Peng, 2009). This level
lies 1.2 m above the base of the Huaqiao Formation in the
Wangcun section (Peng and Robison, 2000; Peng et al.,
2004b) and coincides with the base of the global Drumian
Stage. This revision has been made to conform to the new
global correlation standards for the Drumian and Guzhangian
stages. The succeeding Youshuian Stage has been replaced by
the global Guzhangian Stage, the base of which is drawn at
the FAD of Lejopyge laevigata, a position that is below the
base of the Youshuian Stage as originally defined (at the FAD
of Linguagnostus reconditus). As revised, the Wangcunian
Stage in South China is characterized by the diversification of
ptychagnostid and hypagnostid agnostoids, the diversification
of corynexochid and proasaphiscid trilobites, the occurrence
of lisaniids (Lisania, Qiandonaspis) in the upper part, and the
first appearance of the agnostoid trilobite Lejopyge armata
and the damesellid Palaeodotes near the top of the stage.
More than 90 trilobite taxa, of which 25 are agnostoid trilo-
bites (Peng and Robison, 2000; Peng et al., 2004b), occur in
the type area of the Wangcunian Stage.

Guzhangian: The Guzhangian Stage is a global stage that
replaces the regional Youshuian Stage (as revised, with the
base moved downward from the FAD of Linguagnostus rec-
onditus to coincide with the FAD of Lejopyge laevigata). The
base of the stage is defined by a GSSP in the Luoyixi section,
a roadcut on the south bank of the Youshui River, opposite the
Wangcun section. The Wangcun section is the stratotype for
the abandoned Youshuian Stage. As recognized by Peng and
Robison (2000), the stage is represented in its type area by
four successive agnostoid zones: the Lejopyge laevigata
Zone, the Proagnostus bulbus Zone, the Linguagnostus rec-
onditus Zone, and the Glyptagnostus stolidotus Zone. The
base of the Linguagnostus reconditus Zone is closely
correlative with the base of the traditional Upper Cambrian as
defined in Sweden by Westergård (1922, 1947; see also Peng
and Robison, 2000; Ahlberg, 2003; Ahlberg et al., 2004;
Axheimer et al., 2006).

The Guzhangian Stage is characterized by a high abun-
dance and diversification of trilobites, especially ones in the
families Clavagnostidae, Damesellidae, and Lisaniidae, and
by the genera Lejopyge, Linguagnostus, Proagnostus, Tor-
ifera, and Fenghuangella. More than 150 taxa have been
described from the Guzhangian Stage, of which 45 are
agnostoid trilobites (Peng and Robison, 2000; Peng et al.,
2004b). There is a major faunal extinction event near the end
of the Guzhangian Age, an event resulting in the extinction
of more than 90% of taxa. In the type area, all but one of the
dameseliid trilobites are confined to the stage; only one
species ranges upward. The extinction event is also
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recognized as the faunal crisis at the beginning of the Ida-
mean Stage of Australia (Öpik, 1966; Shergold and Cooper,
2004), and the top of the Marjumiid Biomere of Laurentia
(Palmer, 1979, 1984, 1998; Ludvigsen and Westrop, 1985;
Saltzman et al., 2000).

Paibian: The Paibian Stage is also a global stage, applied
now as a regional stage in South China because of its origin. It
replaces the abandoned Waergangian Stage as used previ-
ously for South China. The GSSP that defines the base of the
stage coincides with the FAD of the cosmopolitan agnostoid
Glyptagnostus reticulatus in the upper part of the Huaqiao
Formation of the Paibi section, near Paibi, Huayuan, north-
western Hunan. A remarkable faunal turnover occurs at the
beginning of the stage with the first co-appearances of
a number of taxa e i.e. the leiostegiid Chuangia, the pagodiid
Prochuangia, the eulomiid Stigmatoa, the olenid Olenus, the
lisaniid Shengia quadrata, the agnostoid Glyptagnostus
reticulatus, and diverse species of Pseudagnostus and Pro-
ceratopyge, of which only a few species range upward from
the underlying Guzhangian Stage (Peng, 1992; Peng et al.,
2004b). The Paibian trilobite fauna marks a recovery period
following the end-Guzhangian extinction. Only about 30 taxa
occur in three successive zones.

Jiangshanian: The Jiangshanian Stage is another global
chronostratigraphic unit applied as a regional stage for South
China. It replaces the revised Taoyuanian Stage (Peng, 2008),
which is restricted to the lower part of the original Taoyuanian
Stage, corresponding to the interval below the level marked
by the FAD of Lotagnostus americanus. The upper part of the
original Taoyuanian Stage was proposed as a new stage, the
Niuchehean Stage (see Niuchehean Stage below).

The GSSP that defines the base of the Jiangshanian Stage
coincides with the FAD of the cosmopolitan agnostoid
Agnostotes orientalis in the upper part of the Huayansi
Formation of the Duibian B section, at Duibian, western
Zhejiang. In the boundary stratotype section, and also the
Wa’ergang section, northwestern Hunan, the FAD of A. ori-
entalis coincides with that of Irvingella angustilimbata (Peng,
1992; Peng et al., 2009b). As a cosmopolitan polymerid
trilobite, I. angustilimbata can also be used to constrain the
base of the Jiangshanian Stage. The stage is characterized by
the diversification of the agnostioid subfamily Pseudagnos-
tinae, with successive separation of Pseudagnostus, Rhap-
tagnostus, and Neoagnostus; the diversification of the
superfamily Leiostegioidae; and the first occurrences of
Dikelocephaloidea, Saukiidea, Hapalopleuridae, Shumardii-
dae, and Macropygiinae. In northwestern Hunan the Jiang-
shanian Stage contains 70 trilobite taxa in four biozones.

Niuchehean:The Niuchehean Stagewas proposed by Peng
(2008) for the upper part of the abandoned Taoyuanian Stage
as originally defined. It is the uppermost stage of the
Cambrian System in South China. The base of the stage is
defined at the base of the Lotagnostus americanus Zone in the
Wa’ergang section, Taoyuan, northwestern Hunan. The top of

the stage in the stratotype section is the level marked by the
first appearance of the conodont Iapetognathus fluctivagus
within the conodont Cordylodus lindstromi Zone (Dong et al.,
2004). This level also lies within the trilobite Hysterolenus
Zone, and coincides with the base of the global Tremadocian
Stage of the Ordovician System. The stage is named for
Niuchehe, a township that governs Wa’ergang Village. The
base of the uppermost global stage of the Cambrian System
will probably be defined at or close to the FAD of L. ameri-
canus (Peng and Babcock, 2005a; Babcock et al., 2005). The
stage embraces four and a half assemblage zones, collectively
containing more than 80 trilobite taxa in its type area (Peng,
1984, 1990, 1992). It is characterized by the abundance and
diversification of ceratopygiids (Charchaqia, Diceratopyge,
Hedinaspsis, Hunanopyge, Macropyge, Promacropyge, Yue-
pingia, Hysterolenus, Onychopyge); the diversification of
eulomimids (Archaeuloma, Proteuloma, Euloma, Karataspis,
Ketyna); the appearance of remopleuriids (Fatocephalus,
Ivshinanspis), nileids (Trodssonia, Shenjiawania), pilekids
(Parapilekia) and harpidiids (Eotrinucleus); the separation of
true asaphids from ceratopygids; and the occurrence of
leiostegiids and saukiids. Agnostoids of the stage are domi-
nated by members of the family Agnostidae. Apart from
trilobites, the Niuchehean Stage in the type area is also
characterized by the occurrences of euconodonts, including
Cordylodus proavus, and by primitive nautiloids (Peng, 1984).

19.1.5.2. Australian Cambrian Stages

Australian stages were summarized by Shergold (1995),
Young and Laurie (1996), and Kruse et al. (2009), on which
the following outline is based (Figure 19.11). The stages are
described as “biochronological” units (see also Chapter 3,
Section 3.4.3) and are defined in terms of their contained
fauna (Shergold, 1995). Boundary stratotypes therefore have
not been designated. Apart from the Ordian, the stages dis-
cussed below were all erected in the Georgina Basin of
western Queensland.

Pre-Ordian: Stages have not yet been designated for
most of the traditional Lower Cambrian of Australia. Archae-
ocyaths, small shelly fossils, and trilobite correlations indicate
that the Atdabanian to Toyonian Stages of the Siberian Platform
and the AltayeSayan Foldbelt of Russia can be recognized
through southern and central Australia. Ichnofaunas in central
and southernAustralia are thought to possibly correlatewith the
Tommotian and Nemakit-Daldynian (Walter et al., 1989;
Bengtson et al., 1990; Shergold, 1996).

Ordian: TheOrdian Stagewas originally proposed by Öpik
(1968) as a time and time-rock division of the Cambrian
characterized by the occurrence of the Redlichia chinensis
faunal assemblage. The Templetonian Stage, “a liberal inter-
pretation of Whitehouse’s (1936) Templetonian series” (Öpik,
1968), was originally conceived by Öpik as containing the
Xystridura templetonensis assemblage of western Queensland,
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followed by faunas of the Ptychagnostus gibbus (under the
name ofTriplagnostus gibbus) Zone. In practice, it is difficult to
distinguish the Redlichia and Xystridura faunas because four
species of Xystridura, similar eodiscoid and ptychoparioid
trilobites, some bradoriid ostracodes, and chancelloriids occur
in rocks of both Ordian and early Templetonian ages.
Accordingly Shergold (1995) regarded the Ordianeearly
Templetonian as a single stadial unit, but recently Laurie (2004,
2006) redefined the base of Templetonian Stage based on
recognition of three pre-P. gibbus agnostoid zones in southern
Georgina Basin drillholes, and thereby defined the top of the
Ordian Stage. The Ordian Stage had long been regarded as the
earliest traditional Middle Cambrian Stage in Australia even
though it apparently correlates with the Longwangmiaoan
Stage of China (Shergold, 1997; Chang, 1998; Geyer et al.,
2000, 2003; Peng, 2003) and with the Toyonian Stage of the
Siberian Platform (Zhuravlev, 1995), both of which are tradi-
tionally regarded as terminal “Lower” Cambrian. Based on
recent biostratigraphic information, Kruse et al. (2009)
considered the Ordian Stage to be at least partly (and possibly
entirely) equivalent to Stage 4 of Series 2 (or the uppermost part
of the traditional Lower Cambrian).

Templetonian: Laurie (2004, 2006) redefined the base of
the Templetonian Stage, fixing its base at the base of the
agnostoid trilobite Pentagnostus anabarensis Zone. That
biozone is succeeded by two additional agnostoid zones, the
Ptychagnostus praecurrens (under the name Pentagnostus
praecurrens) Zone and the Pentagnostus shergoldi Zone.
These three agnostoid zones equal the interval recognized as
early Templetonian Stage by Shergold (1995), who divided
Templetonian Stage into lower and upper portions, and
annexed each portion to adjacent stages to produce the
OrdianeLower Templetonian Stage and the Upper Floran
Stage respectively. As revised (Laurie, 2004, 2006), the
Templetonian Stage includes four agnostoid zones: the
Pentagnostus anabarensis, Ptychagnostus praecurrens,
Pentagnostus shergoldi, and Ptychagnostus gibbus zones. The
Templetonian is an important stage because it contains
cosmopolitan agnostoid trilobites (e.g., Ptychagnostus
praecurrens and Ptychagnostus gibbus), and oryctocephalid
trilobites (Shergold, 1969), both of which are significant for
international correlation.

Floran: As originally defined (Öpik, 1979), the Floran
Stage contained the agnostoid trilobite zones of Ptychag-
nostus atavus (under the name of Acidusus atavus) and
Euagnostus opimus. This concept was revised by Shergold
(1995) to include subjacent strata of the late Templetonian
zone of Ptychagnostus gibbus, argued on the grounds of
faunal continuity (overlap in the ranges of P. atavus and P.
gibbus in the Georgina Basin, western Queensland) and
sequence stratigraphy (Southgate and Shergold, 1991). By
redefining the Templetonian Stage, the base of the Floran has
been restored to its original proposed level (Laurie, 2004,
2006; Kruse et al., 2009). The Floran Stage embraces only

two agnostoid zones, the Ptychagnostus atavus Zone and the
overlying Euagnostus opimus Zone, and its base coincides
with the base of the global Drumian Stage, the base of the
revised Wangcunian Stage of South China, and the base of the
Marjuman Stage of North America.

Undillan: The Undillan Stage, defined by Öpik (1979), is
based on the fauna of two agnostoid zones, the Ptychag-
nostus punctuosus Zone and the succeeding Goniagnostus
nathorsti Zone. A third zone, based on Doryagnostus del-
toides, containing 15 agnostoid species including P. punc-
tuosus and G. nathorsti, was recognized by Öpik (1979) in
the Undilla region of the Georgina Basin. The agnostoid
fauna of the Undillan Stage has a cosmopolitan distribution.
Agnostoids apart, the trilobites include ptychoparioids,
anomocarids, mapaniids, damesellids, conocoryphids, cor-
ynexochids, nepeiids, and dolichometopids, all of wide-
spread distribution.

Boomerangian: The Boomerangian Stage (Öpik, 1979) is
essentially the Lejopyge laevigata Zone divided into three.
A Ptychagnostus cassis Zone at the base is overlain by zones
defined by the polymerid trilobites Proampyx agra and Hol-
teria arepo. Boomerangian agnostoids are accompanied by
a range of polymerid trilobites including species of Cen-
tropleura, dolichometopids, olenids, mapaniids, corynex-
ochids, and damesellids. A “Zone of Passage”, characterized
by the occurrence of Damesella torosa and Ascionepea jan-
itrix, was interposed by Öpik (1966, 1967) between the
Boomerangian (uppermost Middle Cambrian) and Mind-
yallan (considered at that time to mark the beginning of the
Upper Cambrian) stages. Subsequently, Daily and Jago
(1975) restricted this zone to the Boomerangian, and placed
the MiddleeUpper Cambrian boundary within the early
Mindyallan Stage.

Mindyallan: Originally, Öpik (1963) defined the Mind-
yallan Stage to include a Glyptagnostus stolidotus Zone
(above) and a “pre-stolidotus” Zone (below). Subsequently
Öpik (1966, 1967) revised the stage, placing the G. stolid-
otus Zone in the upper Mindyallan and dividing the
underlying strata into an initial Mindyallan Erediaspis
eretes Zone and an overlying Acmarhachis quasivespa
(under the name of Cyclagnostus quasivespa) Zone. The E.
eretes Zone contains 45 trilobites, including 18 agnostoid
genera. The polymerid trilobites belong to a wide variety
of families: anomocarids, asaphiscids, catillicephalids,
damesellids, leiostegiids, lonchocephalids, menomoniids,
nepeiids, norwoodiids, rhyssometopids, and tricrepice-
phalids are represented. The A. quasivespa Zone has 18
species of trilobites confined to it, but many other species
range upward from lower zones. Daily and Jago (1975)
proposed subdividing the A. quasivespa Zone into two
assemblages based on the occurrence of Leiopyge cos
and Blackwelderia sabulosa. Because L. cos appears to be
synonymous with L. armata, a late Middle Cambrian taxon,
they drew the MiddleeUpper Cambrian boundary between
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these two assemblages. Only eight species range from
Öpik’s (1966, 1967) A. quasivespa Zone into the overlying
G. stolidotus Zone. The G. stolidotus Zone contains 75
species; some (asaphiscids, auritamids, catillicephalids,
norwoodiids, and raymondinids) have Laurentian biogeo-
graphic affinities, and some (damesellids and liostracinids)
have Chinese biogeographic affinities.

Idamean: The Idamean Stage, as introduced by Öpik
(1963), encompassed five successive assemblage zones: the
Glyptagnostus reticulatus with Olenus ogilviei Zone, the
Glypagnostus reticulatus with Proceratopyge nectans Zone,
the Corynexochus plumula Zone, the Erixanium sentum
Zone, and the Irvingella tropica with Agnostotes inconstans
Zone. This biostratigraphic scheme was criticized by Hen-
derson (1976, 1977), who proposed an alternative zonation in
which the two zones with Glyptagnostus were united into
a single G. reticulatus Zone, the Corynexochus Zone was
renamed the Proceratopyge cryptica Zone, and the Erixa-
nium sentum Zone was subdivided into a zone of E. sentum
followed by a zone of Stigmatoa diloma. The name Irvin-
gella tropicaeAgnostotes inconstans Zone was changed to
Irvingella tropica Zone. Henderson’s schemewas adopted by
Shergold (1982). The Irvingella tropica Zone is now regar-
ded as the lowermost zone of the succeeding Iverian Stage
(see Shergold, 1982, for justification; Shergold, 1993).

There was a major faunal crisis at the beginning of the
Idamean. Few Mindyallan trilobite genera and no Mindyallan
species survived the extinction (Öpik, 1966). There was also
a major reorganization of trilobite families, as outer-shelf
communities dominated by agnostoids, olenids, ptero-
cephaliids, leiostegiids, eulomids, and ceratopygids abruptly
replaced those of the shallow shelf Mindyallan biota. Sher-
gold (1982) recorded a total of 69 Idamean taxa, which permit
a highly resolved biochronology enabling precise interna-
tional correlations.

Iverian: The Iverian Stage (Shergold, 1993) was proposed
for the concept of a post-Idameanepre-Payntonian interval in
the eastern Georgina Basin, western Queensland, the only
region where a probable complete sequence has so far been
described (Shergold, 1972, 1975, 1980, 1982, 1993). Pale-
ontologically the Iverian Stage is clearly distinguished. On
the basis of trilobites, it is characterized by:

l The occurrence of the cosmopolitan genus Irvingella in
Australia;

l The diversification of the agnostoid subfamily Pseu-
dagnostinae during which Pseudagnostus, Rhaptagnostus,
and Neoagnostus separate and become biostratigraphi-
cally important;

l Diversification of the Leiostegioidea, especially the
families Kaolishaniidae and Pagodiidae;

l The first occurrence of the Dikelocephaloidea, Remo-
pleuridoidea, and Shumardiidae; and

l The separation of the true asaphids from ceratopygids.

As a result, nine trilobite assemblage zones have been recog-
nized based on successive species of Irvingella, Peichiashania,
Hapsidocare, and Lophosaukia (Shergold, 1993). Subse-
quently theHapsidocare lilyensis and the Rhaptagnostus clarki
patuluseCaznaia squamosa assemblage zones were united
into a single R. c. patuluseC. squamosaeH. lilyensis
Assemblage Zone (Shergold and Cooper, 2004; Kruse et al.,
2009). More than 160 trilobite taxa occur in the type area of the
Iverian Stage.

Payntonian: As defined by Jones et al. (1971), the Payn-
tonian Stage is recognized on the basis of its trilobite
assemblages (Shergold, 1975), its base lying at the point in its
type section (Black Mountain, western Queensland), where
the co-mingled LaurentianeAsian assemblages of the Iverian
are replaced by others of only Asian biogeographic affinity.
These are dominated by tsinaniid, leiostegioidean, saukiid,
ptychaspidid, dikelocephaloidean, and remopleuridoidean
trilobites. A tripartite zonal scheme is applicable following
biostratigraphic revisions suggested by Nicoll and Shergold
(1992), Shergold and Nicoll (1992), and Shergold (1993). In
ascending order, these zones are based on Sinosaukia
impages, Neoagnostus quasibilobus with Shergoldia nomas,
andMictosaukia perplexa. These zones are fully calibrated by
a comprehensive conodont biostratigraphy (Nicoll, 1990,
1991; Shergold and Nicoll, 1992). The Payntonian Stage
contains a total of 30 trilobite taxa.

Datsonian: The concept of the Datsonian Stage remains as
defined by Jones et al. (1971), with its base located at the FAD
of the conodont Cordylodus proavus. Only rare trilobites,
Onychopyge and leiostegiids, occur, and these are insufficient
for the establishment of a trilobite biostratigraphy. Accord-
ingly, the Datsonian Stage is defined solely on the basis
of conodonts and embraces three successive zones: the
C. proavus Zone, the Hirsutodontus simplex Zone, and the
C. prolindstromi Zone.

Warendan: The Warendan (corrected from Warendian by
Kruse et al., 2009) Stage was originally defined at the base of
the conodont Cordylodus prioneScolopodus Assemblage
Zone (Jones et al., 1971). Revision of the cordylodids by
Nicoll (1990, 1991) resulted in introduction of a single zone
of C. lindstromi to replace the assemblage zone as the
lowermost zone of the Warendan Stage because C. prion was
recognized as a part of the septimembrate apparatus of the
eponymous species (Shergold and Nicoll, 1992).

The Warendan Stage of Australia is inferred to be
Cambrian in the basal part, and Ordovician through most of
its extent. In the Ordovician stratotype at Green Point,
Newfoundland, Canada, the FAD of the conodont Iapetog-
nathus fluctivagus, which is the guide event for the base of
the Ordovician, lies within the interval containing the co-
ranging species C. lindstromi and C. prion (Cooper et al.,
2001). The Ordovician base thus correlates to a level above
the base of the C. lindstromi Zone in the Green Point section.
At Wa’ergang, South China, C. prion also first occurs within
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the C. lindstromi Zone (Dong et al., 2004). Although
I. fluctivagus has not been identified from Warendan Stage
strata of Australia, correlations based on co-occurring taxa
from the sections in Canada and China suggest that the
lowermost part of the stage is correlative to the uppermost
Cambrian.

19.1.5.3. Siberian Cambrian Stages

The first attempts to develop a Cambrian chronostratigraphy
in the former USSR were based on sections of the Siberian
Platform (Pokrovskaya, 1954; Suvorova, 1954). A scale with
four Lower Cambrian stages and twoMiddle Cambrian stages
was accepted as the national standard of the Soviet Union at
the All-Union Stratigraphic Meeting in 1982. In addition to
the LowereMiddle Cambrian stages, the Upper Cambrian
standard scale for the Soviet Union adopted the stages
established by Ergaliev (1980, 1981) in the Malyi Karatau
Range, Kazakhstan, which then was a republic of the USSR.
Presently there is no officially accepted standard for the
traditional Upper Cambrian of Russia (including the Siberian
Platform). Upper Cambrian stages used here for Siberia are
only a regional standard, recognized as stages (“super-
horizons”) in a section measured on the Kulymbe River in the
KoyuyeIgarka Region, northwestern Siberia (Rozova, 1963,
1964, 1968, 1970), each of which includes two regional
“horizons”. The lower boundary of the Cambrian in Siberia is
commonly drawn between the Tommotian Stage and the
underlying Nemakit-Daldynian Stage. In Russia, the Nem-
akit-Daldynian Stage usually has been regarded as Precam-
brian (Vendian) (Khomentovsky, 1974, 1976, 1984;
Khomentovsky and Karlova, 1993, 2005; Rozanov et al.,
2008; Varlamov et al., 2008b), although on biostratigraphic
and carbon isotopic evidence it has been widely regarded
internationally as the lowermost Cambrian. All traditional
Siberian stages (Figure 19.11) are unit-stratotype-based, with
the stage boundaries defined at the base of either a biozone or
a lithologic unit.

Nemakit-Daldynian: The Nemakit-Daldyn Stage was
named for the Nemakit-Daldyn River, Kotuy River Basin,
northwestern Siberia, Russia. The stage name was intro-
duced directly from a lithologic unit, the Nemakit-Daldyn
“horizon”. As originally proposed by Savitsky (1962), the
horizon comprises a carbonate succession cropping out on
the upper reaches of the Nemakit-Daldyn River, and both its
lower and upper boundaries are defined at disconformities.
The stage was proposed by Khomentovsky (1976, 1984),
who recognized the Nemakit-Daldynian Stage as the
uppermost of three successive stages (“horizons”) that he
proposed for the Vendian System (Yudomian Series) of the
Yudoma-Anabar facies region. The Nemakit-Daldynian
Stage is characterized by the appearance of the first skeletal
fossils belonging to the Anabarites trisulcatus Zone, the
oldest small shelly fossil (SSF) assemblage, and by fauna of

the succeeding Purella antiqua Zone (Khomentovsky and
Karlova, 1993). No lower boundary can be reliably defined
at the type section of the Manukai (Nemakit-Daldyn)
Formation of the eastern Pre-Anabar Area, which
was formally regarded as the stratotype of the stage (V.V.
Khomentovsky, pers. comm., 2007). Practically, the lower
boundary of the stage is recognized by the change of strata
bearing Ediacaran fossils to the strata bearing SSFs of the
A. trisulcatus Zone; the upper boundary is placed at the
boundary between the P. antiqua Zone and the overlying
Nochoroicyathus sunnaginicus Zone.

Tommotian: The Tommotian Stage was named for the town
of Tommot on the Aldan River, Russia. As originally defined
(Rozanov, 1966; Rozanov and Missarzhevsky, 1966; Rozanov
et al., 1969), the Tommotian was the lowermost stage of the
Cambrian, represented by a stage stratotype with 85-m-thick
successions in the middle reaches of the Aldan River, cropping
out from Dvortsy to Ulakhan-Sulugur Creek. The stage is
characterized by the abrupt appearance of SSFs including
hyoliths, gastropods, inarticulate brachiopods, and problem-
atica, and by the occurrence of primitive archaeocyath sponges
having simple systems of porous walls and septae. Trilobites
have not been found in the Tommotian Stage. The pre-trilobite
stage embraces three successive zones based on archaeocyath
assemblages. In ascending order, they are the Nochoroicyathus
sunnaginicus Zone, the Dokidocyathus regularis Zone, and the
Dokidocyathus lenaicus Zone (previously Dokidocyathus
lenaicuseTumuliolynthus primigenius Zone). The base of the
stage is drawn at the base of the N. sunnaginicus Zone.

Atdabanian: The Atdabanian Stage, named for Atdaban
Village on the Lena River, Russia, was named by Zhuravleva
et al. (1969) for strata cropping out between the mouth of the
Negyurchyune River and the mouth of Achchagyy-Kyyry-
Taas Creek (Zhuravlev and Repina, 1990). The lower half of
the stage is not exposed in the stratotype area, and the lower
boundary of the stage is defined elsewhere (at the base of
Bed 4 in the Zhurinsky Mys section, along the Lena River;
Varlamov et al., 2008a). Profallotaspis, the oldest trilobite
known from Siberia, first appears 2.6 m above the boundary
in Bed 4. The stage is characterized by the first appearance
and the early development of trilobites, dominated by fal-
lotaspidids, in the lower half, and increasing diversity of
trilobites in the upper half. The stage embraces four trilobite
zones; in ascending order they are the Profallotaspis jaku-
tensis Zone, the Fallotaspis Zone, the Pagetiellus anabarus
Zone, and the JudomiaeUktaspis (Prouktaspis) Zone. The
stage is also characterized by a sharp increase in archae-
ocyaths that bear compound skeletal elements; this is
regarded as the second evolutionary stage in this fossil
group. Four archaeocyath-based zones have been estab-
lished for the stage (Rozanov and Sokolov, 1984). Mollusk
and SSF diversity is rather low in the lower part of the stage,
and the upper part of the stage is characterized by SSFs
having intercontinental distributions.
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Botoman: The Botoman Stage (alternatively referred to in
literature as the Botomian Stage) was named by Repina et al.
(1964) for the Botoma River, a tributary in the middle reaches
of the Lena River, Russia. The stage stratotype section lies on
the left bank of the Botoma River (Rozanov and Sokolov,
1984), and the lower boundary of the stage is at the base of
unit III, within the Perekhod Formation, in the Ulakhan-
Kyyry-Taas section located 1.5 km downstream from the
Ulakhan-Kyyry-Taas Creek mouth (Rozanov and Sokolov,
1984). The stage base corresponds to the conterminous base
of a trilobite biozone (the Bergeroniellus micmacci-
formiseErbiella Zone) and an archaeocyathan biozone (the
Porocyathus squamosuseBotomocyathus zelenovi Zone). The
stage is characterized by a high diversity of trilobites,
archaeothyaths, brachiopods, rare mollusks, and various
hyoliths. Trilobites first appearing above the base of the stage
include Neocobboldia, Protolenus, Bergeroniellus, Berger-
oniaspis, Micmaccopsis, Erbiella, and Judomiella. The
trilobites are numerous and diverse, especially in the lower
half, in which protolenids predominate. In contrast, trilobite
diversity in the upper half of the stage is greatly reduced. The
archaeocyaths, which are abundant and diverse, but restricted
to only the basal part of the stage in the stratotype section, are
characterized mainly by forms having complex walls.

Toyonian: The Toyonian Stage was introduced as the
national standard stage of the uppermost Lower Cambrian in
the former USSR (Spizharsky et al., 1983). The name is
derived from Ulakhan-Toyon Island on the Lena River,
Russia. The stage stratotype is in a carbonate succession that
crops out in the middle reaches of the Lena River between Tit-
Ary and Elanka villages. Previously this interval of strata was
named the Lenan Stage by Repina et al. (1964) and the
Elankan Stage by Rozanov (1973). The lower boundary of the
stage is drawn at the base of the Keteme Formation, which is
also the base of the Bergeroniellus ketemensis Zone, in the
stratotype section. However, the principal guide fossil,
B. ketemensis, and other trilobites first appear 6 m above the
lower boundary (Zhuravlev and Repina, 1990). The stage
embraces three trilobite zones: the Bergeroniellus ketemensis
Zone, the Lermontovia grandis Zone, and the Anabaraspis
splendens Zone. Trilobites of the Toyonian Stage include
edelsteinaspidids, dorypygids (Kootenia, Kooteniella), and
dinesidians (Erdia), and these forms predominate in the
Anabar-Sinsk facies region. In the Yudoma-Olenek facies,
menneraspidid, lermontoviine, and paramicmaccine trilobites
are more common. In general, archaeocyaths occur
throughout the stage, but in the stratotype section they are
confined to the L. grandis Zone. The Toyonian Age is
regarded as the fourth (and last) evolutionary stage of
archaeocyaths. The archaeocyaths became extinct before the
end of the Toyonian. Hyolithids are represented by forms
having shells with polygonal cross-sections.

Amgan: The Amgan Stage was named for the Amga
River, a tributary of the Aldan River, Russia. Its stratotype is

in the middle reaches of the Amga River (Chernysheva,
1961). The base of the Amgan Stage is placed at the base of
the Schistocephalus Zone, 27 m above the base of the Elanka
Formation on the Lena River, near Elanka Village. The
Schistocephalus Zone corresponds to the Oryctocara Zone of
the Yudoma-Olenek facies region (Egorova et al., 1976).
In the Yudona-Olenek facies region, the zone is succeeded by
the Kounamkites Zone, the Ptychagnostus gibbus Zone, and
the Tomagnostus fissuseParadoxides sacheri Zone. More
than 100 trilobite taxa of Amgan age have been documented
from the stratotype area (Chernysheva, 1961; Egorova et al.,
1976). The stage is characterized by a turnover of faunas, and
includes the first appearances of paradoxidids (Pardoxides,
Schistocephalus), oryctocephalids (Oryctocara, Ovator-
yctocara, Oryctocephalus, Tonkinella), ptychopariids (Kou-
namkites, Ptychoparia), and agnostoids after the extinction of
the “Lower Cambrian” ellipsocephalids (Bergeroniellus,
Lermotovia, Paramicmacca, Protolenus, Protolenellus), and
redlichiids (Redlichia, Redlichina).

Mayan: The Mayan Stage was named for the Maya
River, a tributary of the Aldan River, Russia, by Egorova
et al. (1982). The stage stratotype comprises a number of
outcrops on the Yudoma and Maya rivers. The lower
boundary of the stage was previously drawn at the base of
the Anopolenus henrici Zone (Chernysheva, 1967), but
Egorova et al. (1982) advocated shifting the boundary
downward to the base of the underlying Tomagnostus fissuse
Paradoxides sacheri Zone. The upper boundary of the stage
was also defined, but imprecisely, by the disappearance of
Lejopyge, Goniagnostus, etc., and by the abundant appear-
ance of “Late Cambrian” trilobites such as Homagnostus
fecundus, Buttsia pinga, and Toxitis in the Kharaulakh area.
In northwestern Siberia, the top of the stage is characterized
by the disappearance of Maiaspis, Aldanaspis, Buitella, etc.,
and by the appearance of Pauciella prima, Nganasanella,
and Homagnostus paraobesus (Egorova et al., 1982). More
than 230 trilobite species were documented by Egorova et al.
(1982), including various agnostoids, most of which are
widely distributed.

Kulyumbean: The Kulyumbean Stage is named for the
middle reaches of the Kulyumbe River (Rozova, 1963), on the
northwestern Siberian platform, Russia. The stage is sub-
divided into two “horizons”, the Nganasanian Horizon
(below) and the Tavgian Horizon (above). The lower
boundary of the stage is drawn at the base of a 10-m-thick
limestone breccia that occurs at the bottom of the Nganasa-
nian Horizon. The trilobite fauna in the Kulyumbean Stage is
characterized by a high diversity of polymerid trilobites
comprising acrocephalitids, eoacidaspidids, lonchocephalids,
crepicephalids, pterocephalids, catillicephalids, etc., all of
which are basically endemic forms. A few agnostoids, such as
the widely distributed Nahannagnostus nganasanicus, are
also present in the stage. With wide distributions, the
agnostoids suggest a correlation to the upper Marjuman Stage
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in the Mackenzie Mountains, Canada (Pratt, 1992), and to the
upper Guzhangian Stage of South China and Northwest China
(Zhou et al., 1996; Peng and Robison, 2000).

Gorbiyachinian: The Gorbiyachinian Stage was named
for the Gorbiyachin River, a tributary of the Kulyumbe River
(Rozova, 1963, 1968), Russia. The stage stratotype directly
overlies the Kulyumbean Stage stratotype, both of which are
in the middle reaches of the Kulyumbe River. The lower
boundary of the Gorbiyachinian Stage is identified by the
abundance of the plethopeltid trilobite Koldinia mino. As
originally defined by Rozova (1963), the Gorbiyachinian
Stage embraces two “horizons”, the Maduan Horizon, and the
overlying Entsian Horizon. The upper boundary of the stage
is drawn at a level where the illaenurid trilobite Yurakia
yurakiensis occurs in abundance. The stage is characterized
by a turnover of trilobite faunas, with only a single species
ranging upward from the underlying Kulyumbean Stage into
the stage in the stratotype section (Rozova, 1968). The
trilobite fauna comprises various endemic polymerids, and
characteristic forms are Acidaspidina, Maduiya, Kulyumbo-
peltis, Taenicephalus, and Parakoldinia. The equivalent of the
stage in the Chopko River section (Varlamov et al., 2005) is
characterized by the occurrence of the agnostoid Agnostotes
orientalis and the polymerid Irvingella, both of which have
cosmopolitan distributions.

Tukalandian: The Tukalandian Stage derives its name
from the Tukalandy River, a tributary of the Khantai River
(Rozova, 1963, 1968), Russia. The base of the Tukalandian
Stage is defined by the local abundance of Yurakia yur-
akiensis in the stratotype section, where Tukalandian strata lie
in succession over strata of the Gorbiyachinian Stage. The
upper boundary of the stage is defined by the occurrence of
the eulomid trilobiteDolgeuloma abunda. The Tukalandian is
characterized by the presence of various endemic polymerid
trilobites, primarily eulomids (Kujandaspis¼ Ketyna), aphe-
laspidids (Amorphella), advanced eoacidaspidids (Eoacidas-
pis), lonchocephalids (Graciella, Monosulcatina, Nordia,),
and illaenurids (Polyariella, Yurakia), and by a turnover of
trilobite faunas with no species ranging upward from the
underlying Gorbiyachinian Stage (Rozova, 1968). The stage
is subdivided into two horizons, the Yurakian Horizon below
and the Ketyan Horizon above.

Khantaian: The Khantaian Stage is named for the Khantai
River, a tributary of the Yenisey River, in northwestern
Siberia, Russia. Its lower boundary with the Tukalandian
Stage is defined by the appearance of the trilobite Dolgeu-
loma abunda (Rozova, 1963, 1968).

The Khantaian Stage of Russia is inferred to be uppermost
Cambrian in the lower part and Lower Ordovician (Trem-
adocian Stage) in the upper part. Originally (Rozova, 1963)
the Khantaian Stage was not subdivided. Later, Rozova
(1968) subdivided the stage into two “horizons”, the Mansian
Horizon and the Loparian Horizon, and assigned both to the
Upper Cambrian. Present in the upper part of the Loparian

Horizon is the graptolite Dictyonema flabelliforme (a
cosmopolitan species that elsewhere first occurs in the
Tremadocian Stage). This inference of an Ordovician age for
that part of the Loparian Horizon is supported by the presence
of the polymerid trilobite Plethopeltides, which has an
Ordovician aspect. The trilobites that characterize the stage
include Pseudoacrocephalites, Kaninia, Dolgeuloma, and
Mansiella, all of which are endemic and of low diversity.

19.1.5.4. Laurentian Cambrian Stages

The use of Cambrian stage and series nomenclature in Lau-
rentia was recently reviewed by Babcock et al. (2011). Two
sets of regional names have been used, but neither extends
through the entire system.

The development of a stadial nomenclature for Laurentia
has until recently (Palmer, 1998) been complicated by the
concept of the biomere (“segment of life”) introduced by
Palmer (1965a) and subsequently discussed by Stitt (1975),
Palmer (1979, 1984), Taylor (1997, 2006) and others. As
originally defined, a biomere is a regional biostratigraphic unit
bounded by an abrupt extinction event on the shallow cratonic
shelf. When this happens to trilobite faunas, an evolving shelf
fauna is replaced by a new, low-diversity fauna dominated by
simple ptychoparioid trilobites invading from the outer-shelf or
shelf break. The new fauna then evolves until another extinction
event occurs. Six such cycles were suggested by Palmer (1981),
but the lower two are as yet undefined. In ascending order they
are the “Olenellid”, “Corynexochid”, Marjumiid, Pter-
ocephaliid, Ptychaspid, and Symphysurinid biomeres.

Ludvigsen and Westrop (1985) considered biomeres to be
stages because they were based on an aggregate of trilobite
zones and subzones. They named three stages in the “Upper”
Cambrian, Marjuman, Steptoean, and Sunwaptan, using
reference sections in western North America showing the
biomere pattern. These stage names were intended to replace
the obsolete terms Dresbachian, Franconian, and Trem-
pealeauan, which were based on trilobite assemblages from
formations in the Upper Mississippi Valley area that had been
in long-term use for the Upper or MiddleeUpper Cambrian
(e.g., Lochman-Balk andWilson, 1958). These terms continue
to be used in certain circumstances, however, particularly in
subsurface studies. Palmer (1998) considered biomeres to be
retained as units subtly different from stages, and extended
Ludvigsen and Westrop’s (1985) proposed sequence of stages
for the Laurentian Cambrian based on trilobites (Figure 19.11,
column 6). The portion of the Cambrian named by Palmer
(1998) as the Begadean Series, and regarded as pre-trilobitic,
still lacks defined stages. However, Hollingsworth (2007,
2011) subsequently reported a small assemblage of polymerid
trilobites from the upper part of this interval.

Montezuman: The Montezuman Stage (Palmer, 1998) was
named for the Montezuma Range, Nevada, USA. Its base is
defined by the appearance of characteristic fallotaspidid
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trilobites. As in Morocco and Siberia, the fallotaspidids are
followed by nevadiids and holmiids. At least three families of
Olenellina, which are different from olenellines of the suc-
ceeding stage (see generic range charts in Palmer and Repina,
1993), are present in the Montezuman Stage. The Montezu-
man Stage also contains the oldest Laurentian archaeocyaths.

Dyeran: The Dyeran Stage (Palmer, 1998) was named for
the town of Dyer, Nevada, USA, and covers the biostrati-
graphic interval that for many years was assigned to the
Olenellus Zone. The Olenellus Zone of historic usage has
subsequently been regarded as multizonal (Palmer and
Repina, 1993; Palmer, 1998; Webster, 2011). The base of the
stage coincides with a major change in the olenelloid fauna
following the nevadiid-bearing late Montezuman. A similar
change was documented by Fritz (1992) from British
Columbia, Canada. Olenellid trilobites are characteristic of
the Dyeran Stage.

Delamaran: The stratotype of the Delamaran Stage
(Palmer, 1998) is the Oak Spring Summit section, Delamar
Mountains, Nevada, USA. The stage embraces the “Cor-
ynexochid” Biomere and the PlagiuraePoliella, Albertella,
and Glossopleura Zones in restricted-shelf environments
(Palmer and Halley, 1979; Eddy and McCollum, 1998). It is
characterized by ptychoparioid, corynexochid, zacanthoidid,
dolichometopid, and oryctocephalid trilobites.

Topazan: The Topazan Stage was erected (Sundberg,
2005) by restriction of the Marjuman Stage. Recognition of
the Topazan Stage resulted from restoration of the base of the
overlying Marjuman Stage to its original proposed level
(Ludvigsen and Westrop, 1985; contra Palmer, 1998), the
FAD of the cosmopolitan agnostoid Ptychagnostus atavus
(see Marjuman Stage, below). The Topazan Stage is defined
as the interval between the top of the Delamaran Stage and the
base of the Marjuman Stage (as restricted; Sundberg, 2005).
The stage was named for the Topaz Internment Camp (active
during World War II), located some 25 km to the southwest of
the stratotype. The base of the stage is defined within a shale
sequence, 2.6 m above the base of the upper shale member of
the Chisholm Formation at section Do2 of Sundberg (1990,
1994) in the DrumMountains, Utah, USA. The basal 10 cm of
the stage contains the FAD of the polymerid trilobite Pro-
ehmaniella basilica.

The Topazan Stage embraces only a single polymerid
zone, the Ehmaniella Zone, which is subdivided into four
subzones: the Proehmaniella Subzone, the Elrathiella
Subzone, the Ehmaniella Subzone, and the Altioccullus
Subzone. In outer-shelf facies, the agnostoid Ptychagnostus
praecurrens and P. gibbus zones characterize the Topazan
Stage. Almost 70 trilobite taxa of Topazan age have been
documented from Nevada and Utah (Sundberg, 1994, 2005).

Marjuman: TheMarjuman Stage (Ludvigsen andWestrop,
1985; emended by Palmer, 1998; restricted by Sundberg,
2005) takes its name from Marjum Pass in the House Range,
Utah, USA, and was intended to replace the Marjumiid

Biomere. Ludvigsen andWestrop (1985) originally defined the
base of the Marjuman Stage at the base of the Ptychagnostus
atavus Zone (which closely corresponds to the base of the
Bolaspidella Zone based on polymerid trilobites) but this was
not a major extinction event according to Palmer (1998).
Ludvigsen and Westrop (1985) equated the Marjuman Stage
with the Marjumiid Biomere (Palmer, 1981), but the biomere
event occurred earlier on the inner-shelf with a major change
from trilobites of the Glossopleura Zone to those of the
Ehmaniella Zone (Proehmaniella Subzone; Sundberg, 1994).
In open-shelf environments, this event corresponds to the base
of the BathyuriscuseElrathina Zone. Palmer (1998) moved
the base of the Marjuman Stage downward to coincide with the
lowest occurrence of Proehmaniella basilica, which marks the
base of the Marjumiid Biomere as he (Palmer, 1981) envi-
sioned it. The revised stage embraced three polymerid trilobite
zones; in ascending order they are the Ehmaniella Zone (with
the P. basilica Subzone at the base), the Bolaspidella Zone,
and the Crepicephalus Zone (Palmer, 1999).

Sundberg (2005) restored the original concept of Lud-
vigsen and Westrop’s (1985) Marjuman, and proposed a new
Topazan Stage (see Topazan Stage, above) for the interval
between the top of the underlying Delamaran Stage and
the base of the Marjuman Stage as defined at the base of the
Ptychagnostus atavus Zone. Subsequently the base of
the P. atavus Zone, which coincides with the FAD of the
eponymous species in the Drum Mountains of northern
Millard County, Utah, was designated as the primary
stratigraphic marker coinciding with the GSSP for the
Drumian Stage of global chronostratigraphy (Babcock et al.,
2007). The Marjum Pass, Utah, section, for which the
Marjuman Stage was named, shows considerable structural
complications, and the true first appearance of P. atavus
there is unknown.

The Marjuman is characterized in open-shelf environ-
ments by cedariid trilobites, four zones of which were
documented by Pratt (1992). Cedariid and crepicephalid
trilobites characterize inner-shelf facies of the Marjuman
Stage. The Marjuman Stage, as conceptualized by Ludvigsen
and Westrop (1985) and Sundberg (2005), embraces agnos-
toid zones from the Ptychagnostus atavus Zone to the Glyp-
tagnostus stolidotus Zone, and corresponds to the Drumian
through Guzhangian stages of global usage.

Steptoean: The Steptoean Stage (Ludvigsen and Westrop,
1985) was named for Steptoe Valley, in the Duck Creek
Range, near McGill, eastern Nevada, USA, and was intended
to replace the Pterocephaliid Biomere. The base of the stage
is defined at the base of the Aphelaspis Zone, which also
corresponds to the base of the Pterocephaliid Biomere
(Palmer, 1965b). The Aphelaspis Zone contains Glyptag-
nostus reticulatus, which allows precise correlation globally.
Above the Aphelaspis Zone, the Steptoean Stage embraces
the Dicanthopyge, Prehousia, Dunderbergia, and lower
Elvinia zones in restricted-shelf environments. The
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Glyptagnostus reticulatus, Olenaspella regularis, and O.
evansi zones characterize the Steptoean Stage in outer-shelf
facies. The Parabolinoides calvilimbata and Proceratopyge
rectispinata faunas, documented by Pratt (1992), are typical
of open-shelf environments.

Sunwaptan: The Sunwaptan Stage was named (Ludvigsen
and Westrop, 1985) for Sunwapta Creek, Wilcox Peak, Jasper
National Park, in southern Alberta, Canada, and was intended
to replace the Ptychaspid Biomere (see Longacre, 1970; Stitt,
1975). The base of the Sunwaptan Stage is at the base of the
Irvingella major Subzone of the Elvinia Zone, which Chat-
terton and Ludvigsen (1998) argued should be regarded as
a separate zone. This is succeeded by the Taenicephalus
Zone, the Stigmacephalus oweni fauna, and the Ellipsoce-
phaloides Zone in the lower Sunwaptan, and the Illaenurus
Zone, and most of the Saukia Zone in the upper Sunwaptan.
More than 130 trilobite taxa of Sunwaptan age have been
documented from Alberta by Westrop (1986), and from the
District of Mackenzie, Northwest Territories, Canada, by
Westrop (1995). Characteristic are dikelocephalid, ptychas-
pidid, parabolinoidid, saukiid, ellipsocephaloid, illaenurid,
and elviniid trilobites.

Skullrockian: The Skullrockian Stage (Ross et al., 1997)
was named from Skull Rock Pass in the House Range,
Utah, USA. It was originally conceived of as the lowermost
stage of the Ibexian Series, which at the time was consid-
ered to be Lower Ordovician. The base of the Skullrockian
is defined by conodonts at the base of the Hirsutodontus
hirsutus Subzone of the Cordylodus proavus Zone. On the
polymerid trilobite zonal scale this level corresponds to the
base of the Eurekia apopsis Zone (Ross et al., 1997; Miller
et al., 2006). The E. apopsis Zone has a limited trilobite
fauna, as does the overlying Missisquoia Zone, and the
primary group used for high-resolution correlation is
conodonts.

The Skullrockian Stage of Laurentia is Cambrian in the
lower part, and Lower Ordovician through most of its
stratigraphic extent. Following definition of the Ordovician
GSSP at the FAD of the euconodont Iapetognathus flucti-
vagus, a position that is partway up through the Skullrockian
Stage, the lower part of the stage (through the Cordylodus
lindstromi Zone of conodont zonation and the Symphysurina
brevispicata Subzone of the Symphysurina Zone of poly-
merid trilobite zonation) was automatically reassigned to the
Cambrian. Most of the stage remained assigned to the
Ordovician, however (Miller et al., 2003, 2006). Difficulties
in achieving precise correlation between the horizon con-
taining I. fluctivagus from the Ordovician stratotype at Green
Point, Newfoundland, Canada, and western Utah, USA,
where the Skullrockian was defined, were discussed by
Miller et al. (2003). As a result, redefinition of the Skull-
rockian Stage has not taken place, nor has a replacement
stage whose base corresponds to the base of the Ordovician,
been proposed.

19.2. CAMBRIAN STRATIGRAPHY

19.2.1. Faunal Provinces

The Cambrian Period is noteworthy from a biologic stand-
point because it marks the appearance of most multicellular
phyla that have populated the Earth. Faunal provincialism
tended to be strong, and biostratigraphic zonal schemes based
on benthic and nektobenthic taxa generally cannot be applied
beyond their provincial boundaries.

Álvaro et al. (in press) summarized the history of studies
on Cambrian trilobite biogeography, and provided a compre-
hensive review based on an updated database of Cambrian
genera. Most authors have recognized biogeographic differ-
entiation into two main provinces during Cambrian Epoch 2
(Kobayashi, 1972; Palmer, 1973; Cowie, 1971; Lu et al.,
1974; Lu, 1981; Chang, 1989; Palmer and Repina, 1993;
Álvaro et al., in press). One faunal province, the Redlichiid
Province of Gondwana, is characterized by endemic red-
lichiids, pandemic ellipsocephaloids, and eodiscids. The
other faunal province, the Olenellid Province, comprising
much of Baltica, Laurentia, and Siberia, is characterized by
endemic olenellids, pandemic ellipsocephaloids, and eodis-
cids. An overlap in the geographic ranges of taxa character-
istic of both major provinces in some peri-Gondwanan
margins led Pillola (1991) to erect the intermediate Bigotinid
Province.

For trilobites of Epoch 3 and the Furongian Epoch, Palmer
(1973) and others (e.g., Sdzuy, 1972; Jell, 1974; Chang, 1989)
have recognized more complicated biogeographic schemes.
Terms such as Pacific (or North American) and Atlantic (or
AcadoeBaltic) have often been used to distinguish biogeo-
graphic units. Chang (1989) characterized the Pacific Province
using an assemblage of centropleurid, xystridurid, and olenid
trilobites, and characterized the Atlantic Province using an
assemblage of paradoxidid and olenid trilobites. The Aca-
doeBaltic Province (sensu Sdzuy, 1972), is characterized by
the persistent presence of a paradoxididesolenopleuride
conocoryphid assemblage, and was widespread through Ava-
lonia, the Mediterranean and central-European areas, and Bal-
tica (Álvaro and Vizcaı̈no, 2003). Babcock (1994a,b) showed
that this trilobite assemblage was widely distributed in cool
marine waters of various latitudes, including in deep water
surrounding tropical Laurentia. Quantitative analysis of a large
data set of Cambrian genera led Jell (1974) to recognize three
trilobite provinces: 1.Columban inNorth andSouthAmerica; 2.
Viking in Europe, maritime North America, and northwestern
Africa; and 3. Tollchuticook in Asia, Australia, and Antarctica.
Palmer (1973), Robison (1976), and Pegel (2000), among
others, have recognized differentiation between trilobite faunas
of outer-shelf and inner-shelf areas of low-latitude continents
such as Laurentia and Siberia.

Biogeographic studies on Cambrian trilobites have played
an integral role in the recognition of tectonostratigraphic
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terranes. In general, the juxtaposition of trilobites represent-
ing two distinct faunal units in neighboring strata has been
used to help infer the boundary of an accreted terrane
(e.g., Secor et al., 1983; Samson et al., 1990). However,
Babcock (1994b) advised caution in such interpretations, as
warm water shelf faunas can occur in close association with
cooler water faunas of adjacent deep water in tropical regions.
Stratigraphic and structural/tectonic evidence must be used to
supplement biogeographic information to arrive at a conclu-
sion as to a terrane’s provenance. Today, a complex mosaic of
tectonostratigraphic terranes is recognized, particularly for
areas such as Europe, Asia, and the margins of North
America. Álvaro et al. (in press) analyzed the biogeographic
affinities of trilobites among all Cambrian continents and
numerous terranes. These results are in general agreement
with more classical interpretations of biogeographic prov-
inces, but provide considerable additional information about
biogeographic links between regions.

Archaeocyaths also showed provincialism during the
Cambrian Period. Debrenne (1992) identified three archae-
ocyathan faunal provinces that existed in the early half of the
Cambrian:

1. An Afro-European Province, which possibly extends to
China, characterized by Anthomorphidae;

2. An Australo-Antarctica Province characterized by Flin-
dersicyathidae, Metacyathidae, and Syringocnemidae;
and

3. A Siberian Province characterized by genera belonging to
all of these families.

Kruse and Shi (2000), who analyzed the distributions of
archaeocyaths statistically, recognized five provinces:

1. SiberiaeMongolia;
2. EuropeeMorocco;
3. Central AsiaeEast Asia;
4. AustraliaeAntarctica; and
5. North AmericaeKoryakia.

19.2.2. Trilobite Zones

The most widely used fossil group for biostratigraphic
zonation of the Cambrian are the trilobites, the best known
group of Paleozoic arthropods. Beginning in provisional
Series 2, they enable fine stratigraphic subdivision and good
correlation reliability. In general, polymerid and agnostoid
trilobites have different biogeographic distributions and
correlation value. Polymerid species and genera tend to be
endemic to individual regions or paleocontinents and are thus
of greatest use in correlating deposits of the continental shelf
and platform (Robison, 1976, Babcock, 1994a; Peng et al.,
2004b; Babcock et al., 2007, 2011). Agnostoid species tend to
be much more widespread, and many are cosmopolitan. They
are of great value in correlating open-shelf to shelf-margin

deposits intercontinentally (Westergård, 1946; Robison,
1976, 1984, 1994; Öpik, 1979; Peng and Robison, 2000;
Ahlberg, 2003; Ahlberg et al., 2004; Peng et al., 2004a;
Babcock et al., 2007, 2011).

In the latter half of the Cambrian, trilobite diversification
and evolutionary turnover was extreme. For this reason, fine
zonations of polymerids and agnostoids have been established
on the major paleocontinents (Figure 19.3). Pelagic agnos-
toids enable global correlation of Series 3 and Furongian
strata (Westergård, 1946; Öpik, 1979; Peng and Robison,
2000; Peng and Babcock, 2005b; Babcock et al., 2011).
Thirteen agnostoid zones have been defined, with the zonal
bases being placed at the first appearances of eponymous
species. In ascending order, these are the Ptychagnostus
gibbus, Ptychagnostus atavus, Ptychagnostus punctuosus,
Goniagnostus nathorsti, Lejopyge armata, Lejopyge laevi-
gata, Proagnostus bulbus, Linguagnostus reconditus, Glyp-
tagnostus stolidotus, Glyptagnostus reticulatus, Agnostotes
orientalis, and Lotagnostus americanus zones (Robison,
1984; Peng and Robison, 2000; Peng and Babcock, 2005b).
Some zones, such as the G. nathorsti and L. armata zones, are
not recognized on all paleocontinents (Robison and Babcock,
2011; Babcock et al., 2011).

China, Russia, North America, Scandinavia, and Aus-
tralia have the most complete Cambrian trilobite zonal
successions. Those of South China, Siberia, North Amer-
ica, and Australia are shown in Figure 19.3. Historically,
differing biostratigraphic philosophies have been applied in
different regions, and these have resulted in differing
concepts of trilobite zones. In North America, for example,
the concept of a zone was commonly based on the range
of a characteristic species or genus (an interval-zone;
Robison, 1994). In Australia, China, Scandinavia, and
Russia, species zones or assemblage zones have been most
commonly applied. In Scandinavia, the pre-Furongian
agnostoid zones were, until recently (Terfelt et al., 2008;
Ahlberg et al., 2009), based on local abundance of epon-
ymous species (Westergård, 1946; Peng and Robison,
2000; Axheimer et al., 2006). Increasingly in recent years,
zones based on the first appearances of characteristic
species have been replacing the older, regional concepts of
zones. Particularly where widespread species, such as
agnostoids, are the characteristic species of zones, this
practice has led to precise correlation regionally and
intercontinentally.

19.2.3. Archaeocyathan Zones

More than 300 genera of regular Archaeocyatha and Radio-
cyatha are known from carbonate platforms in the lower half
of the Cambrian (Kruse and Shi, 2000). Archaeocyaths have
been used extensively for biostratigraphy in certain regions.
The most detailed archaeocyathan biostratigraphy has been
developed in Siberia, where the Tommotian Stage embraces
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three successive assemblage zones, the Atdabanian four, the
Botoman three, and the Toyonian three (Debrenne and
Rozanov, 1983; Zhuravlev, 1995). Archaeocyathan zones
have also been established in South Australia (five), Laurentia
(nine), Spain (eleven), Morocco (four) and South China (four)
(Zhuravlev, 1995; Yang et al., 2005). Problems associated
with correlation of these areas on the basis of archaeocyaths
are primarily due to regional endemism. For example, Kruse
and Shi (2000) noted that of the 240 archaeocyathan species
occurring in Australia and Antarctica, only 26 are shared
between the two continents and only genera with wide
stratigraphic distributions are common to Australia and
Siberia (Zhuravlev and Gravestock, 1994).

19.2.4. Small Shelly Fossil Zones

The primarily and secondarily phosphatic skeletonized
microfossils, termed small shelly fossils (SSFs), occur in
differing levels of abundance in the lower half of the
Cambrian. In South China, Siberia, and Australia, SSFs are
usually used in regional biostratigraphy. A detailed regional
SSF biostratigraphy with three assemblage zones embracing
eight subzones has been developed for the Diandongian
Series of South China with the Jinningian Stage embracing
five subzones and the Meishucunian Stage (s.s.) three (Luo
et al., 1984). However, Qian et al. (1999) subsequently
recognized only four assemblage zones for the series but
added four assemblage zones for the overlying Qiandongian
Series. In Siberia, SSF biostratigraphy with two zones has
only been developed for the Nemakit-Daldynian Stage,
although a diverse SSF assemblage occurs in the basal part
of the succeeding Tommotian Stage (Khomentovsky and
Karlova, 1993). In Australia, three informal SSF zones have
been established in the Arrowie and Stansbury basins
(Demidenko et al., 2001; Jago et al., 2006). An SSF
biostratigraphy or succession has also been developed for the
Terreneuvian Series of England, Poland, Iran, southern
France, and Mongolia (Brasier, 1984, Keber, 1988;
Or1owski, 1992, Hamdi et al., 1989; Khomentovsky and
Ginsher, 1996). Because of apparent regional endemism,
small shelly fossil correlation is more or less limited and
problematic. It is not entirely certain at present how much of
the apparent endemism of SSFs is related to the development
of separate taxonomic nomenclature in separate regions of
Cambrian exposure.

19.2.5. Conodont Zones

Conodont elements, including slender, simple cones referred
to as protoconodonts, range through Cambrian strata begin-
ning about the middle of the Terreneuvian Series (Bengtson,
1976). In both Siberia and South China, the protoconodont
Protohertzina has been used as an eponymous genus of the
AnabariteseProtohertzina Zone that occurs in the basal part

of a regional stage (Nemakit-Daldynian in Siberia; Jinningian
in South China). Conodonts begin to diversify in the middle
of Epoch 3, and in the Furongian they are sufficiently
common and differentiated to be used biostratigraphically.

Conodonts of the Furongian Series, including proto-
conodonts, paraconodonts, and euconodonts, have been most
intensively studied in the Great Basin (e.g., Miller, 1980, 1988;
Landing et al., 2011; Miller et al., 2011), western Queensland,
Australia (Black Mountain; Druce and Jones, 1971; Nicoll and
Shergold, 1992; Shergold and Nicoll, 1992), and South China
(Dong and Bergström, 2001a,b; Dong et al., 2004). In Utah, 11
subzones have been defined through the interval of the upper
Sunwaptan Stage through the lower Skullrockian Stage (Saukia
junia Subzone of the Saukia Zone through the Symphysurina
bulbosa Subzone of the Symphysurina Zone) (Miller, 1980;
Milleret al., 2006). The subzones are named forProconodontus
posterocostatus, Proconodontus muelleri, Eoconodontus
notchpeakensis, Cambrooistodus minutus, Hirsutodontus hir-
sutus, Fryxellodontus inornatus, Clavohamulus elongatus,
Hirsutodontus simplex, Clavohamulus hintzei and Cordylodus
lindstromi Zone (which has lower and upper subzones). In
Australia, a little more than seven conodont assemblages have
been recognized through provisional stages 9 and 10. These
assemblage zones are, in ascending order, based on Teridontus
nakamurai, Hispidodontus resimus, Hispidodontus appressus,
Hispidodontus discretus, Cordylodus proavus, Hirsutodontus
simplex, Cordylodus prolindstromi, and Cordylodus lindstromi
(basal part only) (Shergold and Nicoll, 1992; Kruse et al.,
2009). Dong and Bergström (2001a,b) and Dong et al. (2004)
developed a comprehensive conodont biostratigraphy with
a little more than 11 zones ranging through the interval of the
Drumian Stage through the Furongian Series in Hunan, China.
In ascending order, the zones are the Gapparodus bisulca-
tuseWestergaardodina brevidens Zone, Shandongodus pris-
cuseHunanognathus tricuspidatus Zone, Westergaardodina
quadrata Zone,Westergaardodina matsushitaieW. grandidens
Zone, Westergaardodina luieW. ani Zone, Westergaardodina
cf. calixeProoneotodus rotundatus Zone, Proconeotodus ten-
uiserratus Zone, Proconeotodus Zone, Eoconodontus Zone,
Cordylodus proavus Zone, Cordylodus intermedius Zone, and
C. lindstromi Zone (lower part).

19.2.6. Magnetostratigraphy

Two types of magnetostratigraphic information have been
used for correlation of Cambrian strata, magnetic polarity
studies and magnetic susceptibility studies. Most work has
involved development of a magnetic polarity time scale
(Figure 19.3). To the present, such a time scale remains
incomplete, for reasons summarized by Trench (1996).
Detailed studies however, have been undertaken through parts
of all four series, with the most intense research being
concentrated on the CambrianeOrdovician boundary
interval. So far, magnetic susceptibility work has been
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applied only to strata within the Drumian Stage and to strata
near the base of the stage.

Kirschvink and Rozanov (1984), Kirschvink et al. (1991),
and Varlamov et al., (2008b) provided a detailed magneto-
stratigraphic polarity scale for the uppermost Terreneuvian
Series and lower part of Series 2 derived from studies along the
Lena River of Siberia. In the Tommotian and Atdabanian
stages, as used regionally on the Siberian Platform, Kirschvink
and Rozanov (1984) and Kirschvink et al. (1991) found many
polarity reversals. The Tommotian correlates approximately to
the upper part of Stage 2, and the Atdabanian correlates
approximately to the lower tomiddle part of Stage 3. Pavlovand
Gallet (2001) challenged the interpretation of Kirschvink and
Rozanov’s (1984) results because the paleomagnetic pole they
obtained differs significantly fromother pole positions obtained
from the Siberian Platform, and because a predominant
reversed polarity is most often observed for this time interval
(Khramov and Rodionov, 1980; Pisarevsky et al., 1997).
Nevertheless, the information from Siberia is essentially in
agreement with results obtained from Morocco and South
China near the equivalents of the TommotianeAtdabanian
boundary (Kirschvink et al., 1991, 1997), where several
magnetic reversals were discovered. Magnetostratigraphic
information, calibrated with chemostratigraphic results, can be
used in a general way to correlate among these three areas
(Kirschvink et al., 1991).

Rudimentary magnetostratigraphic polarity results are
available for the Botoman and Toyonian stages of Siberian
usage (middle to upper part of Series 2), derived from studies
along the Lena River of Siberia (Kirschvink and Rozanov,
1984; Kirschvink et al., 1991; Varlamov et al., 2008b). These
results show two long episodes each of normal and reversed
polarity. The Botoman correlates approximately to upper
Stage 3elowermost Stage 4, and the Toyonian correlates
approximately to lower-middle Stage 4. In contrast, magne-
tostratigraphic data from the Yuanshan Member of the
Chiungchussu Formation (also known as Maotianshan Shale)
from the Chengjiang area, eastern Yunnan, China, reveal
a relatively high frequency of magnetic pole reversals
(Yin, 2002). In the Yuanshan Member, which is the unit
containing the Chengjiang Biota, at least 29 magnetic polarity
intervals are recognized. This member correlates to the
lowermost part of Stage 3 (lower Nangaoan Stage of South
China regional usage).

Magnetic polarity studies have been conducted on several
paleocontinents in the CambrianeOrdovician boundary
interval, and studies from the middle of Series 3 through the
lower Furongian have been reported from Siberia. Early, and
rather limited, investigations in strata adjacent to the Ordo-
vician base were made by Kirschvink (1978a,b) and
Klootwijk (1980) in central and South Australia. More
detailed information comes from studies across the
CambrianeOrdovician boundary interval at Black Mountain
in western Queensland, Australia (Ripperdan and Kirschvink,

1992; Ripperdan et al., 1992), at Batyrbai, southern
Kazakhstan (Apollonov et al., 1992), at Dayangcha and
Tangshan, North China (Ripperdan et al., 1993; Yang et al.,
2002), and along the Kulyumbe River, northwestern Siberian
Platform (Pavlov and Gallet, 2001, 2005; Kouchinsky et al.,
2008). Geomagnetic results for the Drumian through Paibian
stages were reported from the Kulyumbe River section of
Siberia by Pavlov and Gallet (1998, 2001, 2005), Kischvink
and Raub (2003), Pavlov et al. (2008) and Kouchinsky et al.
(2008). Combining results, a composite magnetic polarity
time scale is now available from the Drumian Stage upward
into the Tremadocian Stage of the Ordovician System (Kou-
chinsky et al., 2008).

According to Kouchinsky et al. (2008), the “Middle
Cambrian” (presumably equivalent to Series 3) has up to 100
geomagnetic reversals, although data were presented only for
the Drumian and Guzhangian stages. A total of 100
geomagnetic intervals correspond to a reversal frequency of
10 per million years, an extremely high rate. In the “Upper
Cambrian” (Furongian Series), only 10 to 11 magnetic
intervals were recognized, and this corresponds to a reversal
rate of about 1 per million years. This is an order of magni-
tude lower rate than for Series 3. The Furongian is dominated
by intervals of reversed polarity, most of them relatively long,
and mostly short intervals of normal polarity. Except for
a short interval of normal polarity in the lower part of the
stage, the Paibian shows a long interval of continuous
reversed polarity. The longest interval of normal polarity in
the Furongian Series is close to the top of the series. The
initial Ordovician is dominated by periods of normal polarity
with a couple intervals of reversed polarity (Ripperdan et al.,
1993; Yang et al., 2002; Pavlov and Gallet, 2005). Only two
to three geomagnetic intervals were recognized from the
Tremadacian Stage (Ordovician) by Kouchinsky et al. (2008).

Studies of magnetic susceptibility have recently been
applied to limited intervals of the Drumian Stage, and to strata
adjacent to the base of the stage. Magnetic susceptibility
shows excellent potential for high-resolution correlation, and
adds to the magnetostratigraphic information obtained
through magnetic polarity studies. A detailed profile across
the interval containing the Drumian Stage GSSP in the Drum
Mountains, Utah, USA, shows a positive deflection in
magnetic susceptibility that correlates precisely to the
beginning of the DICE d13C excursion (Babcock et al., 2009).
Halgedahl et al. (2009) showed that higher in the Drumian
Stage, peaks in magnetic susceptibility can be matched
among sections within the same general area of Utah.

19.2.7. Chemostratigraphy

A significant and stratigraphically important body of
chemostratigraphic information now exists. Particularly
important are stable isotopes of carbon (d13C) and strontium
(87Sr/86Sr) (Figure 19.12).
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Zhu et al. (2006) synthesized previous studies of d13C
isotopic values in Cambrian deposits (e.g., Derry et al., 1994;
Zhang et al., 1997; Brasier, 1993; Brasier and Sukhov, 1998;
Saltzman et al., 1998; Montañez et al., 2000; Corsetti and
Hagadorn, 2001; Buggisch et al., 2003; Peng et al., 2004a,
2006; Zhu et al., 2004; Babcock et al., 2005; Guo et al., 2005;
Maloof et al., 2005; Kouchinsky et al., 2005) and added new
information from carbonates of South China to develop
a generalized curve encompassing the entire Cambrian System.
They recognized 10 distinct isotopic excursions, many of
which coincide with important biotic events such as evolu-
tionary radiations and extinctions, or with times of taphonomic
windows (Figure 19.12). Three positive d13C excursions
recorded in the Terreneuvian Series correspond to times when
faunas of small shelly fossils (SSFs) radiated on the Yangtze
Platform. Only the last of these three excursions has been
named (the ZHUCE excursion, or ZHUjiaqing Carbon isotope
Excursion; Zhu et al., 2006). The CARE excursion (Cambrian
Arthropod Radiation isotope Excursion; Zhu et al., 2006) is
a positive shift in d13C values associated with the appearance
of a wide variety of arthropod fossils, particularly in major
Konservat-lagerstätten. The extinction of acritarchs and other

organisms near the end of the Ediacaran Period corresponds to
a strong negative shift in d13C values recorded in carbonate
sediments (BACE excursion, or Basal Cambrian Carbon
isotope Excursion; Zhu et al., 2006). Mass extinctions of SSFs
during Cambrian Stage 2 (SHICE excursion, or SHIyantou
Carbon isotope Excursion; Zhu et al., 2006), extinction of
archaeocyaths in Stage 4 (AECE excursion, or Archaeocyathid
Extinction Carbon isotope Excursion; Zhu et al., 2006), and
extinction of redlichiid and olenellid trilobites at the end of
Stage 4 (ROECE excursion, or RedlichiideOlenellid Extinc-
tion Carbon isotope Excursion; Zhu et al., 2006) are all asso-
ciated with strong shifts toward negative d13C values. The
SPICE excursion (Steptoean PositIve Carbon isotope Excur-
sion; Saltzman et al., 1998) corresponds to the Pterocephaliid
Biomere of Laurentia (Saltzman et al., 1998; Peng et al.,
2004a; Zhu et al., 2006). Onset of this large positive excursion
marks the extinction of marjumiid trilobites (at the top of the
Marjumiid Biomere) in Laurentia. A similar biotic turnover is
recognized at an equivalent horizon in eastern Gondwana
(Peng et al., 2004a). Subsequent extinction of pterocephaliid
trilobites in Laurentia (at the top of the Pterocephaliid Bio-
mere) is reflected in a return of d13C values to near zero.

FIGURE 19.12 Carbon isotope (d13C) and strontium isotope (87Sr/86Sr) chemostratigraphy of the Cambrian System and comparison to biotic events.

The carbon isotope chemostratigraphy and comparison to biotic events is modified from Zhu et al. (2006) and Miller et al. (2006). The strontium curve is

a composite derived from curves for the upper Terreneuvian and lower Series 2 (Derry et al., 1994); upper Series 2 through Series 3 (Montañez et al., 2000); and

much of the Furongian (Saltzman et al., 1995; Kouchinsky et al., 2008) except the uppermost part of Stage 10 (Ebneth et al., 2001).
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Each Cambrian series is bracketed by a pair of distinct
carbon isotopic excursions. The base of the Cambrian corre-
sponds to the onset of the BACE excursion, which reaches
a peak value exceeding �6 &. The base of Series 2 is asso-
ciated with the onset of the CARE excursion, which reaches
a peak value of about þ2.5 &. The base of Series 3 is asso-
ciated with the ROECE excursion, which reaches a peak value
exceeding �4 &. The base of the Furongian Series is associ-
ated with the onset of the SPICE excursion, which reaches
a peak value exceeding þ4 &. The peak of the TOCE
excursion (Top of Cambrian isotope Excursion; Zhu et al.,
2006) is just below the base of the Ordovician, and its peak
value is about �3.5 &. The TOCE excursion has also previ-
ously been referred to as the HERB Event (Ripperdan, 1992).

The d13C curve has emerged as an increasingly powerful
tool for intercontinental and intracontinental correlation of
Cambrian strata, especially in regions where the primary bio-
logic marker for a key horizon is absent. In the upper half of the
Cambrian, all GSSPs defined to date are in outer-shelf to slope
environments, and correlation into shallow epeiric seas of the
continental interiors has in the past been hindered by strong
differentiation of trilobite faunas collected from these ecolog-
ically different environments. In outer-shelf and slope envi-
ronments, agnostoids are the primary guide fossils, and in
inner-shelf environments, endemic polymerids are the primary
guide fossils. Recognizable carbon isotopic excursions such as
the SPICE (Saltzman et al., 1998) and DICE (DrumIan Carbon
isotope Excursion; Howley et al., 2006; Zhu et al., 2006;
Babcock et al., 2007; Howley and Jiang, 2010) excursions have
been used to overcome the problem of extending interconti-
nental correlations based on outer-shelf- and slope-dwelling
agnostoids into shallow shelf seas. At the base of the Cambrian,
because of difficulty recognizing the horizon marked by the
FAD of Trichophycus pedum outside of the Avalonian paleo-
continent, constraining the base of the system inter-
continentally is more commonly performed by means of the
BACE excursion (e.g., Corsetti and Hagadorn, 2001; Zhu et al.,
2001, 2006; Amthor et al., 2003; Babcock et al., 2011).

Studies suggest a relationship between eustatic sea-level
history and the carbon isotopic curve for the Cambrian. Fine-
scale eustatic information is not yet available for the entire
system, but well-resolved interpretations (e.g., Miller et al.,
2003; Peng et al., 2004a; Babcock et al., 2005; Howley et al.,
2006; Howley and Jiang, 2010) suggest a close correspon-
dence in the timing of sea-level change and changes in d13C
values. The base of the Drumian Stage, which is in the lower
phase of a eustatic rise, is associated with the end of the DICE
excursion (Howley et al., 2006; Babcock et al., 2007; Howley
and Jiang, 2010). The base of the Paibian Stage is also in the
lower part of a eustatic rise, and it is associated with the onset
of the SPICE excursion (Peng et al., 2004a).

Data on the temporal variation of strontium isotopes
(87Sr/86Sr) are now available through most of the Cambrian,
although the scale of resolution is variable. The most detailed

information exists for the lowermost Terreneuvian Series, and
from about the base of Series 3 through the Ordovician.
Reconstruction of a high-resolution seawater 87Sr/86Sr curve
for the entire Cambrian has been hindered, principally because
of the perceived lack of suitable, well-preserved materials for
analysis. Until recently, vague intercontinental age constraints,
particularly in the lower half of the system, contributed to the
difficulty of generalizing results to a global scale.

For much of the Cambrian, the fossils preferred for
87Sr/86Sr analyses are rare. Suitably robust low-Mg calcite
brachiopod shells and apatite conodont elements are not
particularly common except in some of the uppermost
Cambrian strata. Phosphatic small shelly fossils and
brachiopods, which have potential for 87Sr/86Sr studies, are
essentially untested, as are low-Mg calcite trilobite exoskel-
etons. All of these remain as potentially promising alterna-
tives for Cambrian studies.

To date, bulk micrite or early marine cements generally
have been the preferred materials for constraining Cambrian
seawater 87Sr/86Sr ratios. The heterogeneous nature of bulk
carbonate necessitates, however, that diagenetic alteration
needs to be assessed geochemically on a sample-by-sample
basis. Samples having least-altered compositions are extrap-
olated from diagenetic trends. Few studies report enough data
from any one stratigraphic horizon to enable a thorough
diagenetic analysis, which means that inferred secular trends
may in fact be the result of post-depositional effects rather
than the result of the isotopic evolution of seawater. This
needs to be borne in mind when considering the Sr isotope
record shown in Figure 19.12.

Several 87Sr/86Sr studies span the ProterozoiceCambrian
boundary interval. The most comprehensive work is that of
Brasier et al. (1996). Results of that study and others (Derry
et al., 1994; Kaufman et al., 1996; Nicholas, 1996; Valledares
et al., 2006; Jiang et al., 2007; Sawaki et al., 2008) constrain
latest Ediacaran and earliest Cambrian 87Sr/86Sr to about
0.708 45� 0.0005. Least-altered samples from Mongolia and
Siberia (Brasier et al., 1996; Kaufman et al., 1996) reveal
a decreasing trend to a low of 0.708 05� 0.0005 by the end of
the Terreneuvian, before rising through Series 2.

Three studies provide data from close to the base of Series
3. Values from least-altered samples reported by Montañez
et al. (2000) from the Great Basin (USA) and Wotte et al.
(2007) from France and Spain are mutually consistent,
whereas high Mg/Ca ratios indicate that the slightly lower
values reported by Derry et al. (1994) from Siberia, Russia,
developed at the time of dolomitization. The values of
0.708 91e0.708 98 on least-altered samples are not signifi-
cantly different from those reported by Kouchinsky et al.
(2008) for samples from higher in Series 3 (Drumian and
Guzhangian stages).

Published data show an increasing trend of 87Sr/86Sr
values from the middle to upper part of Series 3 through most
of the Furongian Series. The trend is abruptly reversed with
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a decrease in 87Sr/86Sr values near the top of the series. Values
near the base of the Guzhangian Stage are 0.708 93� 0.0002,
and they increase until close to the top of the Paibian Stage
(Furongian Series). Values on least-altered samples in the
SPICE interval (Paibian Stage) reach 0.709 10� 0.0001
(Montañez et al., 2000; Kouchinsky et al., 2008). Isotopic
data reported from western North America (Saltzman et al.,
1995) for the ElviniaeTaenicephalus biozone boundary
(lower part of the Jiangshanian Stage) are internally consis-
tent and imply that seawater 87Sr/86Sr rose to its highest ever
value (0.709 25) in the Jiangshanian Stage, before falling
sharply to 0.709 14 near the top of the Jiangshanian Stage,
and to 0.709 10e0.709 11 in Stage 10. A study by Ebneth
et al. (2001) on samples from conodont elements confirms
that this decrease continued to 0.709 00 near the base of the
Ordovician.

19.2.8. Sequence Stratigraphy

Mei et al. (2007) provided a summary of second- and third-
order eustatic changes in South China during the Cambrian
(Figure 19.13). They recognized two second-order
sequences that correspond to firstly the Terreneuvian Series

plus Series 2; and secondly Series 3 plus the Furongian
Series. Within the TerreneuvianeSeries 2 sequence, five
third-order sequences were recognized, a large one termi-
nating in the upper part of Stage 2, another large one
extending to near the top of Stage 3, and three cycles of short
duration through upper Stage 3 and Stage 4. Seven third-
order cycles of short to moderately long duration occupy the
Series 3eFurongian sequence.

More detailed sea-level histories have been provided by,
among others, Babcock et al. (2005, 2007), Howley et al.
(2006), Miller et al. (2003, 2006), Jago et al. (2006), Peng
et al. (2009a,b), and Howley and Jiang (2010). Babcock et al.
(2005, 2007) and Peng et al. (2009a,b) showed that the first
appearances of some agnostoid guide fossils in the upper half
of the Cambrian closely follow small-scale eustatic rises of
sea level. Agnostoid biozones therefore begin in the lower
parts of transgressive systems tracts.

19.2.9. Cambrian Evolutionary Events

The Cambrian records two important, and evidently linked,
evolutionary events; the “Cambrian explosion” (Cloud, 1968)
and the “Cambrian substrate revolution” (e.g., Bottjer et al.,

FIGURE 19.13 Cambrian sequence stratigraphy, showing

second- and third-order cycles recognized from Guizhou,

South China (redrawn after Mei et al., 2007).
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2000). These biotic transformations are inseparably linked as
components of a larger-scale, sweeping reorganization of
marine ecosystems referred to as the Early Paleozoic Marine
Revolution (Babcock, 2003).

The Cambrian explosion refers to the first great evolu-
tionary radiation during the Phanerozoic (e.g., Cloud, 1968;
Runnegar, 1982; Bengtson, 1994; Briggs et al., 1994; Chen
et al., 1996; Fortey et al., 1996; Conway Morris, 1998; Hou
et al., 1999). The radiation, which largely consisted of
metazoans, essentially began in the Terreneuvian Series
with the introduction of the first biota of small shelly fossils
(SSFs), although it is perhaps more appropriate to view the
Cambrian explosion as a starting point for reorganization of
biotic systems that had a longer Proterozoic history
(e.g., Conway Morris, 1998; Babcock, 2005). All skeleton-
ized metazoan phyla have a fossil record dating to the
Furongian Epoch or earlier (Landing et al., 2010), and most
invertebrate phyla were established by the Drumian Age.
Biomineralized skeletons had evolved in a limited number
of animals, Cloudina (Hua et al., 2005), Namacalathus
(Hoffman and Mountjoy, 2001; Amthor et al., 2003), and
possibly the inferred hexactinellid sponge Palae-
ophragmodictya (Gehling and Rigby, 1996), during the
Ediacaran Period but most clades that evolved bio-
mineralized skeletons did so during the Cambrian Period
(Terreneuvian Epoch or Epoch 2). Through the Terre-
neuvian, Series 2, and Series 3, there was a spectacular burst
in diversity (number of species and genera) and in disparity
(number of distinct body plans). Brasier (1979) gave an
extensive review of the fossil record during the early half of
the Cambrian.

Fossil groups involved in the Cambrian explosion include
prokaryotes; eukaryotic protoctists, acritarchs, and chitino-
zoans; larger algae and vascular plants; Parazoa (Porifera,
Chancelloriida, Radiocyatha, Archaeocyatha, Stromatopor-
oidea); Radiata; Bilateria (Priapulida, Sipunculida, Mollusca,
Annelida, Arthropoda including Lobopoda and Tardigrada,
Pogonophora, Brachiopoda, Ectoprocta, Phoronida, Mitro-
sagophora and Tommotiida, mobergellids, Echinodermata,
Hemichordata, Chaetognatha, Conodontophorida, and Chor-
data). Brasier (1979) also commented on phyletic changes,
skeletal changes, niche changes, size changes, and environ-
ment-related changes. In attempting to explain the “Cambrian
explosion”, Brasier (1982, 1995a) attempted to link Cambrian
“bioevents” to sea-level fluctuation and oxygen depletion, to
nutrient enrichment (Brasier, 1992a,b) and, finally, to
eutrophy and oligotrophy (Brasier, 1995b,c).

The Cambrian explosion was not a single evolutionary
burst. Increasingly detailed resolution of the stratigraphic
record, made possible in large measure by application of
carbon isotope chemostratigraphy, shows a series of radia-
tions, often punctuated by extinctions (Zhu et al., 2006;
Figure 19.12). At least two major waves of radiation of small
shelly fossils, a radiation of archaeocyaths, a radiation of non-

trilobite arthropods, and several waves of radiation of trilo-
bites, characterize the Cambrian fossil record.

A lengthy review (Zhuravlev and Riding, 2001) discussed
the ecology of the Cambrian radiation in the context of life
environments, community patterns and dynamics, and
“ecologic radiation” of major fossil groups, with important
chapters on paleomagnetically and tectonically based maps of
global facies distribution, and supercontinental amalgamation
as a trigger for the “explosion”, climate change, and biotic
diversity and structure. Babcock (2003) provided further
discussion of the ecologic context of the early Phanerozoic
body fossil and trace fossil record, attributing much of the
increasing preservability of fossils to factors linked with
escalation in predatoreprey systems.

Insight into Cambrian diversity patterns is provided by
“Konservat Fossil-lagerstätten”; deposits containing exqui-
sitely well-preserved fossils, particularly of non-
biomineralized (“soft”) body parts. They are known globally
from approximately 40 localities (Conway Morris, 1985;
Babcock et al., 2001) if the “Orsten”-type preservation style
of Sweden, China, and elsewhere (e.g., Maas et al., 2006) is
included. The richest and most spectacular lagerstätten are in
the Buen Formation of Greenland (e.g., Conway Morris et al.,
1987; Conway Morris and Peel, 1990; Budd, 1997; Budd and
Peel, 1998; Babcock and Peel, 2007), the Yuanshan Member
of the Chiungchussu Formation or Maotianshan Shale
(Chengjiang Biota) of Yunnan, China (e.g., Chen et al., 1996;
Hou et al. 1999; Luo et al., 1999; Babcock et al., 2001), the
Burgess Shale of British Columbia (e.g., Conway Morris,
1977, 1985; Whittington, 1977; Briggs et al., 1994), and the
Kaili Formation of Guizhou, China (e.g., Zhao et al., 1999,
2002, 2005, 2011). Collectively, deposits of the Great Basin
(e.g., Gunther and Gunther 1981; Robison, 1991; Briggs
et al., 2005, 2008; Robison and Babcock, 2011; Stein et al.,
2011) have also produced spectacular material, but in lower
numbers than these other localities.

The Cambrian substrate revolution (e.g., Seilacher and
Pfluger, 1994; Bottjer et al., 2000) has been used to describe
the changes in marine substrates through Cambrian time,
changes that were evidently coupled to biotic radiation.
Marine substrates of the Ediacaran Period were largely
stabilized by microbial mat communities (Gehling, 1999).
The relatively few known Ediacaran traces fossils were
essentially surface traces. More penetrative traces appear in
the Cambrian, especially in Series 3. In the upper Furongian,
traces penetrating up to several centimeters are not unusual,
and some sedimentary layers are well bioturbated (Droser and
Bottjer, 1989). Thus, the Cambrian substrate revolution
involves a transition from mat-dominated substrates to more
fluidized, bioturbated substrates. Correlated with this change
is a decline in helicoplacoid echinoderms and other organ-
isms having a “mat sticking” life habit, or other life habit that
was dependent on microbial mats (Bottjer et al., 2000).
Among the available bioturbators of the Cambrian were
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a variety of priapulid and other worms (Conway Morris,
1977). Babcock (2003) showed that polymerid trilobites
increasingly burrowed into Cambrian substrates, sometimes
in search of prey, which themselves were burrowers.

19.3. CAMBRIAN TIME SCALE

19.3.1. Age of the EdiacaraneCambrian
Boundary

The base of the Cambrian Period has received considerable
attention from geochronologists, in part because of the
major biotic changes that occurred during the late Edia-
caraneCambrian interval. For this reason, calibration of the
lower boundary of the Cambrian, and thus of the Paleozoic
Era and Phanerozoic Eon, is relatively well constrained.
Further refinement in calibration of the boundary probably
depends more on advances in biostratigraphy than in
geochronology, particularly on the discovery of new
stratigraphic sections and fossil occurrences that help in the
definition and correlation of the boundary. Dated samples
used for calibration of the Cambrian Period are listed in
Appendix 2 of this volume. The age and two sigma error
range given in the original cited references are adjusted
here, following the guidelines and procedures outlined in
Chapter 6. In the following account the adjusted ages are
used.

A U-Pb date of 540.61� 0.88 (originally given as
543.3� 1) Ma on volcanic ashes in the upper Spitskopf
Member of the Schwarzrand Subgroup in Namibia is assigned
to the latest Ediacaran (Grotzinger et al., 1995) and provides
a maximum age constraint on the base of the Cambrian. The
Spitskopf Member is overlain, with erosional contact, by the
Nomtsas Formation, U-Pb dated at 538.18� 1.24 Ma, the
basal beds of which contain the trace fossil Trichophycus
pedum. Interestingly, some elements of the globally distrib-
uted Ediacaran biota are found stratigraphically just above the
dated ash bed in the Spitskopf Member, indicating that, at
least locally, Ediacaran-grade organisms range into the
lowermost Cambrian (Grotzinger et al., 1995). Similar faunal
relationships have been found in South Australia (Jensen
et al., 1998). Additional reports of putative Ediacaran-grade
organisms in Cambrian strata of other regions (e.g., Conway
Morris, 1993; Jensen et al., 1998; Hagadorn et al., 2000; Shu
et al., 2006; Babcock and Ciampaglio, 2007) suggest that
some but not all members of the biota became extinct prior to
the end of the Ediacaran Period.

On the data from Namibia the adjusted age of the base of
the Cambrian is close to 540 Ma (Brasier et al., 1994; Grot-
zinger et al., 1995), an age consistent with other zircon dates,
stratigraphically less constrained, from Siberia (Bowring
et al., 1993), and from the upper Ediacaran (Grotzinger et al.,
1995; Tucker and McKerrow, 1995).

In the Ara group of Oman, chemostratigraphic and pale-
ontologic data on subsurface samples are interpreted to
indicate the simultaneous occurrence of an extinction of
Neoproterozoic biomineralized, skeletonized fossils (Nama-
calathus and Cloudina) and a large-magnitude negative
excursion in carbon isotopes (Amthor et al., 2003; Bowring
et al., 2003, 2007; Figure 19.14), the BACE excursion (Zhu
et al., 2006), which is widely equated with the boundary
(Grotzinger et al., 1995; Bartley et al., 1998; Corsetti and
Hagadorn, 2001; Kimura and Watanabe, 2001; Zhu et al.,
2006). Following Bowring et al. (2007) the ash bed at the
peak of the isotope excursion (sample BB-5, 1 m above the
base of the A4C carbonate unit) gave an adjusted age of
541.00� 0.63 Ma (2-sigma). Nine meters below the top of
the next lowest carbonate unit (A3C, sample MKZ-11B) an
ash bed has an adjusted age of 542.37� 0.63 Ma. From
3 m above the base of the same unit (A3C), a further ash bed
has yielded an adjusted age of 542.9� 0.63 Ma (sample
Minha-1A). If we accept the peak of the negative carbon
isotope excursion as coinciding with the Ediacaran/Cambrian
boundary, then the Oman sequence suggests an age of at least
541 Ma for the base of the Cambrian.

The Namibian sequence, which has the best paleonto-
logical constraints, suggests an age close to 540 Ma for base
of the Cambrian, whereas the Oman sequence, which prob-
ably has better radiometric control, suggests 541 Ma. The two
ages overlap in their uncertainty brackets, indicating good
control on the age of this important stratigraphic boundary.
Bowring and Schmitz (2003) regarded the Oman data as
providing the best constraints on the age of the boundary.
Pending further information, we regard 541.0� 0.63Ma to be
the maximum age for the Ediacaran/Cambrian boundary and
for the base of the Paleozoic and Phanerozoic. The difference
between the age of the top of the Cambrian Period (i.e. of the
beginning of the Ordovician) at 485.4 Ma, and the bottom,
541.0 Ma, gives 55.6 myr for the duration of the period.

19.3.2. Age of Internal Boundaries

Ages of internal Cambrian boundaries are generally poorly
constrained, especially in its lower part, and caution should be
exercised when using the numerical scale in Figures 19.3,
19.11, 19.12, 19.13 and 19.15. Within the Furongian, which is
finely zoned by trilobite biostratigraphy, stages are here
proportioned approximately according to the number of
trilobite zones they contain. In Australia, Siberia, and South
China, three to seven zones are recognized. This method is
also used for stages of Series 3, where agnostoid trilobites
provide reliable zonation and inter-regional correlation.
In South China the series is divided into 11 biozones, with
a single polymerid zone at the base and 10 agnostoid zones
above. The method, however, assumes a more or less constant
rate of evolutionary turnover and a uniformity in
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paleontologic practice in zonal designation, which are not
only unproven, but are unlikely to be true.

Fossil diversity and abundance diminish passing down-
wards through the lower part of Cambrian Series 3, Cambrian
Series 2, and the Terreneuvian Series and, as a result, the
biostratigraphic framework becomes increasingly vague. In
the lower part of the Terreneuvian Series, resolution of the
time scale is limited as much by lack of biostratigraphically
useful fossils as by lack of radio-isotopic data. Our estimates
of stage durations become correspondingly intuitive and the
estimated ages of stage boundaries in the Terreneuvian Series
shown in Figures 19.3, 19.11 and 19.15 should be regarded as
highly approximate.

In the uppermost Furongian, a volcanic sandstone in North
Wales gives a maximum age for the Ctenopyge bisulcata
Subzone, the lowermost subzone of the Peltura scar-
abaeoides Zone, of 488.71� 2.78 Ma (Davidek et al., 1998;
Landing et al., 2000). In Sweden, all Furongian polymerid
subzones, as recognized traditionally, have been elevated to
zones that correspond to a set of newly proposed agnostoid
zones, and all traditional “superzones”, including the
P. scarabaeoides Zone, have been abandoned (Terfelt et al.,
2008, 2011). The elevated Ctenopyge bisulcata Zone overlies

the agnostoid Lotagnostus americanus Zone, which corre-
sponds to three elevated polymerid zones. The base of the
Lotagnostus americanus Zone is defined by the FAD of the
eponymous species and coincides with the base of Cambrian
Stage 10. This level lies a single agnostoid zone, or three
polymerid zones (elevated from subzones), below the
C. bisulcata Zone. If we assume the average duration of an
agnostoid zone is about 1 myr (Peng and Robison, 2000), or
slightly less, the base of Stage 10 is likely to be about
489.5 Ma.

The Taylor Formation in Antarctica (Encarnación et al.,
1999) has yielded zircons with a recalculated weighted mean
age of 502.1� 3.50 Ma on ashes interbedded with trilobite-
bearing limestones assigned to the Undillan Stage. Based on
the number of agnostoid zones, we can estimate the age of the
base of the Furongian Series. This boundary lies six agnostoid
zones above the base of the Undillan Stage of Australia, and
six zones above the base of the Wangcunian Stage in South
China. The base of the Furongian Series, and Paibian Stage, is
therefore likely to be about 496 or 497 Ma; we take 497 Ma to
be the best estimated age. The base of the Jiangshanian Stage
is estimated to be about 494 Ma, as it lies three agnostoid
zones above that boundary. The base of the traditional Upper

FIGURE 19.14 Stratigraphy of the Huqf

Supergroup, Oman. Inset map shows loca-

tion (red circle) of the subsurface basin in the

Sultanate of Oman where U-Pb dates were

obtained close to the EdiacaraneCambrian

boundary (redrawn after Amthor et al., 2003,

with permission of the authors). The numer-

ical age dates were revised by Bowring et al.

(2007). Chemostratigraphic and paleonto-

logic data indicate the near-simultaneous

occurrence of an extinction of Ediacaran

fossils (Namacalathus and Cloudinia) and the

BACE d13C excursion, a large-magnitude,

short-lived negative excursion in carbon

isotopes that is widely equated with the

boundary.
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FIGURE 19.15 Distribution of the numerical age dates utilized for Cambrian geochronology based on 206Pb/238U and 207Pb/206Pb radiometric analyses (see

text of Section 19.3 and Appendix 2 for stratigraphic and/or method details).
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Cambrian as commonly applied in most regions is at a posi-
tion below the base of the Furongian Series. It is equivalent to
the base of the Agnostus pisiformis Zone, which is close to the
base of the Linguagnostus reconditus Zone of South China
(Peng and Robison, 2000; Ahlberg, 2003; Ahlberg et al.,
2004) or to the base of its equivalent Acmarhachis quasivespa
Zone of Australia. The base of the traditional Upper
Cambrian is about 499 Ma.

Ash beds associated with “upper Lower Cambrian” pro-
tolenid trilobites (O. granulatae“P”. howleyi Zones) in
southern New Brunswick, Canada (Landing et al., 1998),
have yielded zircons that give a recalculated weighted mean
age of 508.05� 2.75 Ma. The beds were correlated with the
Toyonian Stage of Siberia but are better correlated with
the Ovatoryctocara granulata Zone in the basal part of the
Amgan Stage. An ash bed in the Upper Comley Sandstone of
Shropshire, United Kingdom, has given a weighted mean
206Pb/238U age of 509.02� 0.79 Ma on four (of six) single-
grain fractions (Harvey et al., 2011). Beds immediately
overlying this position yield trilobites including Paradoxides
harlani, which indicate that the P. harlani Zone of
Newfoundland, Canada, is correlative with the Oryctoce-
phalus indicus Zone of South China and Laurentia (Geyer,
2005; Fletcher, 2006) and the base of the traditional “Middle
Cambrian” (St. David’s Series) in Shropshire. The ash bed
thus helps to constrain the age of the base of Series 3.
Although it conflicts with the age of the stratigraphically
lower New Brunswick ash bed (508.05� 2.75 Ma) reported
by Landing et al. (1998), the conflict is easily accommodated
within the error ranges for the two dates (Figure 19.15). Taken
together, the two dates give a reasonably well-corroborated
age for the base of Series 3 close to 509 Ma.

Also from Shropshire, an ash bed in the Lower Comley
Sandstone has given a weighted mean 206Pb/238U age of
514.5� 0.81 (Harvey et al., 2011). The ash bed lies within
the Callavia trilobite Zone, which was correlated by the
authors with Stage 3 (Series 2) of the Cambrian. It is based
on only two (of seven) concordant single-grain zircon
fractions. However, it is generally consistent with the
Moroccan ash bed ages of Landing et al. (1998) and
corroborates our scale. In Pembrokeshire in South Wales, an
ash bed at Cwm Bach in the Caerfai Bay Shales has given an
age of 519.38� 0.28 Ma, based on five (of six) concordant
single-grain zircon fractions, consistent with an age of
519� 1 Ma for the same formation by Landing et al. (1998).
The dated ash bed is correlated with a horizon within the
Lower Comley Sandstone Formation on the presence of the
bradoriid arthropod Indiana lentiformis (Siveter and Wil-
liams, 1995; Harvey et al., 2011). Although biostratigraphic
control is not good, the radio-isotopic age is well corrobo-
rated and is used here.

Ash beds from Morocco are taken as representing the
“middle Botomian to Toyonian” (Landing et al., 1998). Five
single-grain zircon analyses give an adjusted weighted mean

age of 515.56� 1.16 Ma. The age of the base of Series 2 is
poorly constrained and is here taken to be about 521 Ma.

The upper Adoudou Formation ash bed in the Anti-Atlas
Mountains of Morocco gives a good U-Pb weighted mean
zircon age of 525.23� 0.61 Ma (Maloof et al., 2005). On the
basis of the correlation of a þ7& d13C excursion at the dated
level with a global excursion at the Tommotian/Nemakit-
Daldynian boundary, an age of 525 Ma can be applied to this
boundary. Ash beds in New Brunswick, Canada, with an age
of 530.02� 1.20 Ma, from the “Placentian Series”, the upper
part of the trace fossil Rusophycus avalonensis Zone, are
regarded as equivalent to the Nemakit-Daldynian Stage of
Siberia (Isachsen et al., 1994), providing a rather loose
numerical calibration for the Nemakit-Daldynian.

To summarize, the duration of the Cambrian is regarded as
55.6 myr, ranging from 541.0 to 485.4 Ma (Figures 19.3,
19.11, 19.12, 19.13, 19.15). The base of the Furongian Series
is near 497 Ma, the base of Cambrian Series 3 is near 509 Ma,
and the base of Series 2 is approximately 521 Ma. The
Furongian lasted for approximately 10 myr, Series 3 lasted for
approximately 12 myr, Series 2 lasted for approximately
12 myr, and the Terreneuvian Series lasted for approximately
20 myr. Although only a crude approximation, we estimate
uncertainty of stage boundary ages to be approximately
2.0 Ma, except for the near-direct or direct date at the base
and top of the Cambrian and the Paibian (see Figure 1.7 of
Chapter 1). More U-Pb (CA-TIMS) intra-Cambrian radio-
metric dates are urgently required.
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Chapter 20

The Ordovician Period

Abstract: Rapid and sustained biotic diversification reached
its highest levels in the Paleozoic. A prolonged “hot-house”
climate through Early Ordovician, cooling through Middle
Ordovician and changing to “ice-house” conditions in Late
Ordovician, global glaciation, oceanic turnover and mass
extinction at end of period, strong fluctuations in eustatic
sea level, appearance and diversification of pandemic

planktonic graptolites and conodonts important for correla-
tion, moderate to strong benthic faunal provincialism, re-
organization and rapid migration of tectonic plates
surrounding the Iapetus Ocean and migration of the South
Pole from North Africa to central Africa all characterize the
Ordovician Period. All seven Ordovician stages have
formalized GSSPs.
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20.1. HISTORY AND SUBDIVISIONS

Named after the Ordovices, a northern Welsh tribe, the
Ordovician was proposed as a new system by Lapworth in
1879. It was a compromise solution to the controversy over
strata in North Wales that had been included by Adam Sedg-
wick in his Cambrian System, but which were also included by
Murchison as constituting the lower part of his Silurian
System. Although it was initially slow to be accepted in Brit-
ain, where it was instead generally called Lower Silurian well
into the twentieth century, the Ordovician was soon recognized
and used elsewhere, such as in the Baltic region and Australia.
The name Ordovician was officially adopted at the 1960
International Geological Congress in Copenhagen.

Black graptolite-bearing shales are widely developed
in Ordovician sedimentary successions around the world.
Lapworth (1879e1880) described the stratigraphic distribu-
tion of British graptolites at the same time that he proposed
the Ordovician System, and graptolites have played a major
role in the recognition and correlation of Ordovician rocks
since that time. Lapworth demonstrated as long ago as 1878,
in southern Scotland, the fine biostratigraphic precision that
can be achieved with this group. In the last several decades,
conodonts have proved to be of comparable global biostrati-
graphic value in the carbonate facies. In the shelly facies,
developed mainly on the continental shelf and platform,
trilobites and brachiopods are used extensively for local and
regional zonation, and coralestromatoporoid communities
enable biostratigraphic subdivision in the Upper Ordovician.
Many other biotic groups became established and diversified
during the Ordovician and enable biostratigraphic subdivision
in local regions. Chitinozoan and acritarch zonations are
being developed and both groups are useful for providing
long-range correlation with good precision.

Subdivision of the Ordovician into Upper and Lower, or
Upper, Middle and Lower parts has been very inconsistent
(Jaanusson, 1960; Webby, 1998). The International
Subcommission on Ordovician Stratigraphy (Ordovician
subcommission) voted to recognize a three-fold subdivision
of the system (Webby, 1995), now accepted by the Interna-
tional Commission on Stratigraphy (ICS) as the series, Lower,
Middle and Upper Ordovician.

Because of marked faunal provincialism and facies
differentiation throughout most of the Ordovician, no existing
regional suite of stages or series has been found to be satis-
factory in its entirety for global application. The Ordovician

subcommission therefore undertook to identify the best
fossil-based datums, wherever they are found, for global
correlation, and to use these for definition of global chro-
nostratigraphic (and chronologic) units (Webby, 1995, 1998).
In this respect, it deviated from the course followed by the
Silurian and Devonian subcommissions, both of which rec-
ommended the adoption of pre-existing (regional) stage or
series schemes for global use.

During the early 1990s, the Ordovician subcommission
established a number of working groups to investigate and
recommend levels within the period that were suitable for
international correlation, and therefore for defining international
stages (Webby, 1995, 1998). Seven general chronostratigraphic
levels were certified as primary correlation levels for the seven
international stages. They are based on the first appearance of
key graptolite or conodont species. All boundaries have been
formally voted on and are defined by a global stratigraphic
section and point (GSSP). From the bottom upwards they are
Tremadocian, Floian, Dapingian, Darriwilian, Sandbian,
Katian, and Hirnantian (Figure 20.1(a) and (b)).

20.1.1. Stages of the Lower Ordovician

20.1.1.1. CambrianeOrdovician Boundary
and the Tremadocian Stage

The base of the Tremadocian Stage, the Lower Ordovician
Series, and the CambrianeOrdovician boundary is defined by
a GSSP in the Green Point section of western Newfoundland
(Figure 20.2), in Bed 23 of the measured section (lower
Broom Point Member, Green Point Formation) (Cooper and
Nowlan, 1999; Cooper et al., 2001). This level coincides with
the appearance of the conodont Iapetognathus fluctivagus
(base of the I. fluctivagus Zone) at Green Point, and is just
4.8 m above the appearance of planktonic graptolites, which
therefore can be taken as a proxy for the boundary in shale
sections (Figure 20.2). This definition enables both grapto-
lites and conodonts to be used in correlation of the boundary,
and resolved a controversy extending back for at least
90 years (Henningsmoen, 1972).

The boundary also coincides with the appearance of the
cosmopolitan trilobite Jujuyaspis borealis and lies within the
Symphysurina bulbosa species complex (Loch et al., 2009),
both of which are useful for correlation in carbonate succes-
sions. It lies at the peak of the largest positive excursion in the
d13C curve through the boundary interval (Ripperdan and
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Base of the Tremadocian Stage of the Ordovician System
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FIGURE 20.2 Stratigraphic ranges of graptolites and conodonts at Green Point, the global stratotype section for base of the Tremadocian Stage and

of the Ordovician System, western Newfoundland, Canada. The boundary is placed at the first appearance of the conodont Iapetognathus fluctivagus (Nicoll

et al., 1992) (subfigure (c), specimen is 0.5 mm long), 4.8 m below the first appearance of planktonic graptolites, and the zonal graptolite taxa Rhabdinopora
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shown. Note that the sequence youngs from right to left and is overturned (photograph by S.H. Williams).
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Miller, 1995; Cooper et al., 2001) and during the globalmarine
transgression that followed the Acerocare regressive event.

The upper and lower boundaries of the stage almost
exactly coincide with those of the British Tremadoc Series
(Rushton, 1982) (Figure 20.1(b)). This name was approved
for the global stage by the ICS in 1999. The Tremadocian
Stage thus encompasses the interval during which planktonic
graptolites became established as a major component of the
oceanic macroplankton, became widely distributed around
the world, and became taxonomically diverse.

The graptolite fauna of the early part of the Tremadocian
is dominated by the evolutionary complex Rhabdinopora
and Anisograptus (Cooper et al., 1998; Erdtmann, 1988), and
that of the later part by other anisograptids, particularly
Paradelograptus, Paratemnograptus, Kiaerograptus, Aoro-
graptus, Araneograptus, Hunnegraptus, and Clonograptus
(Maletz, 1999; Maletz and Egenhoff, 2001). Cooper (1999a)
recognized nine global graptolite chronozones e in upward
sequence, the zones of Rhabdinopora praeparabola, R. fla-
belliformis parabola, Anisograptus matanenesis, R. f.
anglica, Adelograptus, Paradelograptus antiquus, Kiaero-
graptus, Araneograptus murrayi and Hunnegraptus copiosus
(see also Maletz, 1999).

The early Tremadocian contains two widespread con-
odont zones (Figure 20.1): the zones of Iapetognathus fluc-
tivagus and Cordylodus angulatus, equivalent to the
graptolite zones of R. praeparabola to P. antiquus. The
middle and late Tremadocian is finely subdivided into six
conodont subzones (Löfgren, 1993), within the zones of
Paltodus deltifer and Paroistodus proteus, equivalent to the
three graptolite zones, Kiaerograptus, A. murrayi, and
H. hunnebergensis. The two sets of zones have been closely
integrated by means of the conodont- and graptolite-bearing
shaleecarbonate sections of southwest Sweden (Löfgren,
1993, 1996), providing a global correlation framework of
high precision for the Tremadocian Stage.

20.1.1.2. Floian Stage

The base of the Floian, the second stage of the Ordovician, is
defined by a GSSP at the first appearance of the graptolite
Tetragraptus approximatus in the section exposed in the
Diabasbrottet quarry on the northwestern slope of Mount
Hunneberg, in the province of Västergötland, southern Swe-
den (Figure 20.3) (Maletz et al., 1996; Bergström et al.,
2004). This biostratigraphic datum can be widely recognized
throughout low- to middle-paleolatitude regions and has
proved a distinctive and reliable marker. It is also the level
adopted for the base of the revised British Arenig Series
(Fortey et al., 1995) and thus is employed in a high-
paleolatitude region. The name is derived from the village of
Flo, located about 5 km southeast of the GSSP. The GSSP was
ratified by the ICS in 2002 and the stage name in 2005.

The stage base coincides with the base of the graptolite
zone of T. approximatus, of global distribution. It lies just
above the base of the conodont subzone of Oelandodus
elongatuseAcodus deltatus, the highest subzone of the
P. proteus Zone in the Baltic (mid-paleolatitude) sequence
(Bergström et al., 2004). It lies at, or very close to, the base
of the deltatusecostatus Zone of the midcontinent (low-
paleolatitude) realm. The boundary lies within the Megis-
taspis (Paramegistaspis) planilimbata trilobite zone.

During the Floian Stage there is a spectacular increase in
the diversity and abundance of graptolites, driven by expansion
of the Dichograptidae and Sigmagraptidae, and anisograptid
graptolites become rare. Graptolite species diversity reaches its
highest level in the Lower to Middle Ordovician. There is also
a peak in the faunal turnover rate at this time. The Floian is
a relatively finely zoned part of the Ordovician in low-
paleolatitude regions such as Australasia and Laurentia.

20.1.2. Stages of the Middle Ordovician

20.1.2.1. Dapingian Stage

The base of the Dapingian Stage, and of the Middle Ordo-
vician Series, is defined by the first appearance of the con-
odont, Baltoniodus? triangularis (Wang et al., 2005). The
GSSP is at the base of SHod16, 10.57 m. above the base of the
Dawan formation, in the Huanghuachang section near
Yichang, southern China (Figure 20.4) (Wang et al., 2005).
The level is 0.2 m. below the first appearance of the conodont
Microzarkodina flabellum, and approximates the boundary
between the lower and upper graptolite subzones of the
Azygograptus suecicus Zone. This level is nearly coincident
with the base of the Belonechitina henryi chitinozoan Bio-
zone. Well known phylogenetic conodont lineages, including
Baltoniodus, Trapezognathus, Periodon and Microzarkodina
span the boundary, enabling good correlation (Figure 20.4)
(Bergström and Löfgren, 2009). The boundary level is
close to the first appearance of the global correlation
graptolite, Isograptus victoriae victoriae. It lies within the
AmpullulaeBarakella felix acritarch assemblage zone. The
Dapingian Stage was ratified by the ICS in 2007.

The Dapingian spans the evolutionary development of
Isograptus and its derivatives (particularly the Isograptus
victoriae and Parisograptus caduceus groups), providing fine
zonal subdivision and correlation. Two Australasian stages
and five zones are represented e in upward sequence, the
zones of Isograptus victoriae victoriae, I. v. maximus, I. v.
maximodivergens (Castlemainian stage), and Oncograptus
upsilon and Cardiograptus morsus (Yapeenian stage).

20.1.2.2. Darriwilian Stage

The GSSP for the base of the Darriwilian Stage lies at the first
appearance of the graptolite Undulograptus austrodentatus in
the Huangnitang section, near Changshan, Zhejiang Province,
southeast China (Figure 20.5) (Chen and Bergström, 1995;
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FIGURE 20.3 Stratigraphic ranges of graptolites and conodonts in the Diabasbrottet section, Mt Hunneberg, Sweden, the global stratotype section

for the base of the Floian Stage. The boundary point is placed at the first appearance of Tetragraptus approximatus (arrow) in this section. After Bergström

et al. (2004: Figure7).
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FIGURE 20.4 Stratigraphic succession across the boundary interval for the formal base of the Dapingian Stage, Huanghuachang GSSP section,

Hubei, China, showing stratigraphic ranges of conodonts, chitinozoans and graptolites, and the d13Ccarb isotope curve. Baltoniodus triangularis, the

conodont used for locating the GSSP for the Dapingian Stage, Huanghuachang section, Yichang, southern China. (A): Pa element, lateral view, specimen is 0.23

mm in height; (B): Sa element, posterior view, specimen is 0.16 mm in height. From Wang et al. (2005: Figure 4).
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Mitchell et al., 1997). This level lies just above the first
appearance of Arienigraptus zhejiangensis and marks the
onset of a major change in taxonomic composition of the
graptolite fauna in most parts of the world, from one domi-
nated by dichograptids and isograptids to one dominated by
diplograptids and glossograptids. The rapid evolutionary
radiation of the Diplograptacea along with the appearance of
several distinctive pseudisograptid and glossograptid species
provide a global transition that is readily recognized in many
graptolite sequences around the world. The stage was
approved by the ICS in 1997.

The stage base lies very close to, and immediately above,
the base of the conodont zone of Microzarkodina parva,
which marks the appearance of both M. parva and Balto-
niodus norrlandicus, in the Baltoscandian succession. It lies
close to the appearance of the zone fossil Histiodella sinuosa
in the North American (midcontinent) conodont succession
(Chen and Bergström, 1995).

The stage corresponds exactly to the Australasian stage
after which it is named (VandenBerg and Cooper, 1992),
comprising the four graptolite zones Da1 Undulograptus
austrodentatus, Da2 Undulograptus intersitus, Da3 Pseudo-
climacograptus decoratus, and Da4 Archiclimacograptus
riddellensis. It marks the progressive increase in relative
abundance of diplograptid graptolites. In the middle
Darriwilian Da3 Zone, a narrow diversity peak marks a sharp
and short-lived expansion of a diverse dichograptacean and
glossograptacean assemblage, including didymograptids
sigmagraptids, sinograptids, isograptids, and glossograptids
(Cooper et al., 2004; Sadler et al., 2011). It is followed by an
extinction event, at the end of the Da3 Zone, one of the most
severe within the Ordovician prior to the Hirnantian. In the
upper Darriwilian Stage, graptolite diversity was greatly
reduced.

In terms of the Baltoscandian conodont zones, the Darri-
wilian Stage embraces the (middle and upper) norrlandicus
Zone, the variabilis, suecicus, and serra Zones, and the lower
anserinus Zone. In terms of the midcontinent conodont zones,
the Darriwilian Stage ranges from the sinuosa Zone, through
holodentata, polystrophos, and friendsvillensis Zones to the
lower sweeti Zone.

20.1.3. Stages of the Upper Ordovician

20.1.3.1. Sandbian Stage

The base of the Sandbian Stage, and of the Upper Ordovician
Series, is defined at the first appearance of the globally
distributed zonal graptolite, Nemagraptus gracilis. The
GSSP is in outcrop E14b, located on the south bank of Sularp
Brook at the locality known as Fågelsång in the Province of
Scania, Sweden, 1.4 m below the Fågelsång Phosphorite
marker bed in the Dicellograptus Shale (Figure 20.6)
(Bergström et al., 2000). This level coincides with the base

of the N. gracilis graptolite zone (Finney and Bergström,
1986). Nemagraptus gracilis is also used to define the base of
the British Caradoc Series (Fortey et al., 1995), the Aus-
tralasian Gisbornian Stage (VandenBerg and Cooper, 1992)
and the Chinese Hanjiang Series. The base lies near the
middle of the conodont zone of Pygodus anserinus (at
approximately the base of the Amorphognathus inaequalis
Subzone), which has global correlation value. The level also
corresponds to the middle part of the Laufeldochitina stentor
chitinozoan zone. The stage name is derived from the
community of South Sandby, where the GSSP lies. The
GSSP was approved by the ICS in 2002 and the name in 2005
(Nõlvak et al., 2006)

Following an abrupt decline in the later part of the
Darriwilian, graptolites expanded in diversity through the
Sandbian, a trend driven by proliferation of the Dicrano-
graptidae. Dichograptids are rare and diplograptids
abundant.

20.1.3.2. Katian Stage

The base of the Katian Stage is taken at the first appearance
of the global correlation graptolite, Diplacanthograptus
caudatus (Figure 20.7). The GSSP is at a point 4.0 m above
the base of the Bigfork Chert in a quarried exposure along
Black Knob Ridge, about 5 km northeast of Atoka in
southeastern Oklahoma (Goldman et al., 2007). The level is
very close to the first appearances of several other wide-
spread graptolite species: D. lanceolatus, Corynoides
americanus, Orthograptus pageanus, O. quadrimucronatus
and Neurograptus margaritatus (Figure 20.7). The base of
the stage lies high in the North American conodont zone of
Amorphognathus tvaerensis, just below the base of the
Plectodina tenuis Zone, and in the middle-upper part of the
chitinozoan Spinachitina cervicornis Zone. Other important
marker horizons are the Millbrig and Kinnekulle
K-bentonite complexes in Eastern North America and
Scandinavia respectively, which lie just below the GSSP
level, and the beginning of the Gutenberg (GICE) positive
d13C excursion (Figure 20.7).

The name Katian is derived from Katy Lake (now drained)
near the southern end of Black Knob Ridge (Bergström et al.,
2006a). The GSSP and stage name were ratified by the ICS in
2005. The upper part of the Katian, equivalent to the Aus-
tralasian zones Bol-Bo3 (C. uncinatuseP. pacificus), contains
a rich graptolite fauna including dicellograptids, climacog-
raptids (Appendispinograptus and Euclimacograptus) and
orthograptids (the ‘DCO’ fauna), and species diversity
reached a peak (Chen et al., 2005). It was followed, at the end
of the Katian, by the most severe depletion in diversity of the
entire Ordovician, during which the DCO fauna, along with
a wide range of other fossil groups (see below), was
completely extinguished (Melchin and Mitchell, 1991; Chen
et al., 2005; Finney et al., 2007).
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(C)

Base of the Sandbian Stage of the Ordovician System at Fagelsang,
Southern Sweden
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FIGURE 20.6 Stratigraphic ranges of graptolites and chitinozoans across the base of the Nemagraptus gracilis Biozone at the E14b outcrop,

Fågelsång, Sweden, global stratotype section for the Sandbian Stage. Position of samples are marked with x’s along the range bars. From Bergström et al.

(2000: Figure 5).
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FIGURE 20.7 Stratigraphic column (in subfigure E) with a range chart of graptolites, conodonts, and chitinozoans for the Black Knob Ridge section,

Oklahoma, USA, global stratotype section for the Katian Stage (from Goldman et al., 2007: Figure 5). The carbon isotope stratigraphy of the

SandbianeKatian transition shows the sharply defined GICE positive excursion considered to have inter-regional, possibly global, correlation value (see also

Figure 20.10).Diplacanthograptus caudatus from the Big Fork Chert at Black Knob Ridge is shown in subfigures A and B; the first appearance of this species in

this section coincides with the GSSP for the base of the Katian Stage (photograph by D. Goldman), scale bar is 1 mm. Subfigure C is the chitinozoan index

Belonechitina robusta (Eisenack); the specimen is from the lowermost Viola Springs Formation, Sect. D near Fittstown, Oklahoma, USA (figure supplied by J.

Nõlvak). Length of scale bar is 0.1 mm. Recent active quarrying near the GSSP will require an assessment of possible damage to the section and whether an

alternative section needs to be considered. D. Goldman pers. comm. February 2012.
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20.1.3.3. Hirnantian Stage

The uppermost stage of the Ordovician is the Hirnantian. The
stage closely corresponds to the classical Hirnantian, the
uppermost subdivision of the Ashgill regional series of Brit-
ain, and is named after the Hirnant Limestone at Bala in
Wales. The lower stage boundary is placed at the first
appearance of the graptolite, Normalograptus extra-
ordinarius, and the GSSP is at Wangjiawan, 42 km north of
Yichang City, western Hubei, China (Figure 20.8) (Chen et
al., 2006). The Hirnantian Stage coincides with major
climatic oscillations and eustatic events, and one or more
strong positive carbon isotope excursions (Figure 20.8),
events associated with the end Ordovician glaciation
(Brenchley et al., 2003; Brenchley, 2004; Melchin and
Holmden, 2006). Graptolites, along with many other fossil
groups (see below), were drastically reduced in diversity to
only a few lineages and were almost completely wiped out, in
the graptolite zones of Normalograptus extraordinarius and
N. persculptus. A distinctive shelly fossil association, the
HirnantiaeDalmanitina fauna (commonly referred to as the
‘Hirnantia fauna’) (Figure 20.8), is widely distributed around
the world in strata of latest Ordovician (generally Hirnantian)
age (Rong and Harper, 1988). The Hirnantian stage spans the
chitinozoan biozones of Spinachitina taugourdeaui and
Chonochitina scabra (Paris et al., 2004).

The top of the stage is defined by the base of the overlying
Silurian System at the base of the Akidograptus ascensus
Zone, marked by the first appearance of the graptolite Aki-
dograptus ascensus in the Dob’s Linn section of southern
Scotland (Melchin and Williams, 2000).

20.2. PREVIOUS STANDARD DIVISIONS

The British series e Tremadoc, Arenig, Llanvirn, Llandeilo,
Caradoc, and Ashgill e established in North Wales and
England, have been the most widely used chronostrati-
graphic units around the world prior to the present interna-
tionally defined stages, and it is likely that they will continue
to be useful, particularly in high-paleolatitude regions. The
classical British series divisions that came into use at the
turn of the century were applied to the British graptolite
zonal succession by Elles in 1925. It is in the sense of Elles
(1925) that the series have been most widely applied and
correlated around the world (Skevington, 1963; Fortey et al.,
1995), but there has always been a problem of how to relate
the graptolite-based divisions to the classical divisions
which were tied to “type areas” containing shelly faunas.
This problem has been considerably alleviated by redefining
the series using graptolite bioevents (Fortey et al.,
1995, 2000).

The series have been fully reviewed in several papers
(Whittington et al., 1984; Fortey et al., 1991, 1995, 2000). The
following summary accepts the recommendations in these

works. Fortey et al. (1995) recommend boundary stratotype
sections and levels and, for all but the Ashgill, boundaries
based on a graptolite datum. They expanded the Llanvirn to
include the Llandeilo of Elles, relegating the Llandeilo Series
to stage status and reducing the number of series in the
Ordovician to five. This classification is outlined here.

20.2.1. Tremadoc

Sedgwick (1847) introduced the stratigraphical term Tremadoc
Group for trilobite-, graptolite-, and mollusk-bearing strata in
Wales. Salter (1866) excluded the beds with Rhabdinopora
sociale, referring them to the underlying Lingula flags, and
Marr (1905), who introduced the term Tremadoc Series, fol-
lowed Salter’s classification. Most authors (Fearnsides, 1905,
1910; Whittington et al., 1984; Fortey et al., 1995), however,
have included the Rhabdinopora-bearing beds in the Trem-
adoc, the “type area” for which is in North Wales around the
town of Tremadog (Fortey et al., 1995). Reviews are given in
Whittington et al. (1984).

A base for the British Tremadoc Series has been proposed
by Fortey et al. (1991) to be at Bryn-llyn-fawr in NorthWales,
at the horizon of appearance of Rhabdinopora flabelliforme,
sensu lato, about 2 m above the base of the Dol-cyn-afon
Member of the Cwmhesgen Formation. This level was
adopted by Fortey et al. (1995). The level equates to that
taken as a proxy for base of the Ordovician System in shale
sections (Cooper et al., 2001). The Tremadoc Series thus
closely corresponds in scope with the international Trem-
adocian Stage.

20.2.2. Arenig

Following Sedgwick’s (1852) reference to rocks around the
mountain Arenig Fawr as characterizing a broad lithological
division of the Lower Paleozoic overlying the Tremadoc, the
Arenig Series became established as the second division in
the Ordovician of Britain (Fearnsides, 1905). The base is an
unconformity in the type area, and there has been much
debate about its international correlation (Whittington et al.,
1984). Following Fortey et al. (1995) the base is taken at the
base of the Tetragraptus approximatus Zone, thereby bringing
definition of the boundary into accord with general interna-
tional usage (Skevington, 1963). The best section in Britain
that spans this level is Trusmador in the Lake District, but the
zone base cannot yet be located with any precision. The base,
as redefined by Fortey et al. (1995), also accords with the base
of the international Floian Stage.

20.2.3. Llanvirn

The Llanvirn Group was erected by Hicks (1881) for rocks
previously referred to as “Upper Arenig” and “Lower
Llandeilo” in sections near Llanvirn Farm, southwest Wales.
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Its base has generally been taken at the base of the Didy-
mograptus artus Zone (Elles, 1925) and Fortey et al. (1995)
indicate an appropriate section for boundary stratotype in the
Llanfallteg Formation in South Wales. This boundary cannot
be precisely located in low paleolatitudes and has not been
favored as an international correlation datum by the Ordovi-
cian subcommission. Fortey et al. (1995) incorporated as
a stage within the Llanvirn the entire Llandeilo Series, as it
has generally been used internationally. The “historical”
Llandeilo lies largely within the redefined Caradoc
(see below).

20.2.4. Caradoc

The Caradoc Sandstone (Murchison, 1839), exposed adjacent
to the hill Caer Caradoc, near Church Stretton, south Shrop-
shire, is the basis of the name Caradoc Series. The type
section became accepted as the Onny River section but,
unfortunately, in this region the base of the series is an
unconformity (Whittington et al., 1984). Consequently, there
has been uncertainty about age and correlation of the base.
Internationally, the base of the Caradoc Series has generally
been taken at the base of the graptolite zone of Nemagraptus
gracilis, following Elles (1925) and the British Geological
Survey. However, this level has been found to lie well down in
the “historical” Llandeilo Series, causing much confusion.
Fortey et al. (1995) take the base to be at the base of the
gracilis Zone thus removing the bulk of the historical Llan-
deilo Series to the Caradoc. The base, thus defined, accords
with the base of the Sandbian Stage.

20.2.5. Ashgill

The “Ashgillian Series” was erected by Marr (1905) who
subsequently (1913) designated the Cautley district of
northwest Yorkshire as the “type area”. The base of the
Ashgill Series was taken by Fortey et al. (1991) to be at
Foggy Gill in the Cautley district, at a level marking the
appearance of a number of shelly fossils, including the
trilobites Brongniartella bulbosa and Gravicalymene jugi-
fera and the brachiopods Onniella cf. argentea and Chone-
toidea aff. radiatula. The absence of diagnostic graptolites
and conodonts in the Foggy Gill section has led to
continuing debate about correlation of this level with the
graptolite and conodont successions, even within Britain
(Williams and Bruton, 1983; Whittington et al., 1984).
Fortey et al. (1995) correlate the base with a level within the
Pleurograptus linearis Zone, and close to, but just above, the
base of the conodont zone of Amorphognathus ordovicicus.
On the basis of chitinozoan correlations, Vandenbroucke et
al. (2005) suggest a much lower level, in the middle Katian.
Here we provisionally followWebby et al. (2004a) and align
its base with the base of the Bolindian Stage and the A.
ordovicicus zone.

20.2.6. Australasian Stages

Graptolite-based stages were established in Victoria, Aus-
tralia, in the late nineteenth and early twentieth centuries
(Hall, 1895; Harris and Keble, 1932; Harris and Thomas,
1938). A suite of nine stages has been used for the Ordovician
of Australia and New Zealand for over 70 years (Harris and
Thomas, 1938; Thomas, 1960; VandenBerg and Cooper,
1992). In upward sequence they are the Lancefieldian,
Bendigonian, Chewtonian, Castlemainian, Yapeenian, Darri-
wilian, Gisbornian, Eastonian, and Bolindian Stages. They
have proved to be widely applicable in graptolite successions
around the world, particularly those representing low-
paleolatitude regions (30� N to 30� S of the paleoequator),
such as North America, Cordilleran South America, Green-
land, and Spitsbergen. As originally defined and used, the
nine stages were, in effect, groupings of graptolite zones (see
below) and their lower boundaries were taken at zone
boundaries (Figure 20.1).

Only one stage, the Lancefieldian, has a lower boundary
formally defined by a boundary stratotype (Cooper and
Stewart, 1979). In a move toward establishing the remaining
stages as chronostratigraphic units, bioevents and reference
sections for defining their lower boundaries have been given
by VandenBerg and Cooper (1992). One stage, the Darriwi-
lian, has since been adopted for international use, with a lower
boundary stratotype (GSSP) established in China (see above).

The Australian stages have been used by Cooper and
Sadler (2004), Sadler et al. (2009) and herein (Figure 20.1)
for calibration of the Ordovician time scale because they are
readily correlated with other regional stage successions and
with the international stage GSSPs.

20.2.7. Ordovician Stage Slices

In an attempt to define correlation units finer than stages for
the analysis of biodiversification, Webby et al. (2004b)
proposed a set of what they called “time slices”. Six primary
divisions (labeled 1e6, essentially equivalent to the six
Ordovician stages) and 19 secondary divisions (labeled 1aed,
2aec, 3aeb, 4aec, 5aed, and 6aec) were listed. As Berg-
ström et al. (2009) have pointed out, the designation “time
slice” implies that these are chronostratigraphic units;
however, their original definitions were rather broad and their
status is not entirely clear. They have nevertheless proved to
be useful for infra stage-level correlation and have become
increasingly common in the literature (e.g. Trotter et al. 2008;
Shields et al. 2003; Nõlvak et al. 2006). Bergström et al.
(2009) revised and redefined the units, calling them “stage
slices”, and recognizing 20 in all (Figures 20.9 and 20.10).
They (Bergström et al., 2009, p. 102) stated that, in terms of
stratigraphic scope, “a stage slice falls between a stage and
a faunal zone, that is, it corresponds to a substage or super-
zone”. On the same page, stage slices are said to be “informal,

503Chapter | 20 The Ordovician Period



FIGURE 20.9 International Ordovician stages and selected regional suites of Ordovician stages and series. The calibration, taken from Figures 20.11,

12, and 13, applies to the Australasian stage boundaries. Other regions are calibrated by correlation with the Australasian stages. Stage slices are from Bergström

et al. (2009).
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FIGURE 20.10 Left panel, Ordovician stage slices, their lower boundary definitions, and their relationship to the stages (from Bergström et al., 2009: Figure 2). Centre panel, generalized, composite
13Ccarb curve compiled by Bergström et al. (2009: Figure 2), based on the following sources: Floian and Tremadocian (Buggisch et al., 2003), Sandbian, Darriwilian and Katian (Kaljo et al., 2007),

Hirnantian (Finney et al., 1999). Right panel, oxygen isotope compositions of bioapatite of conodonts from Canada and Australia, 2-sigma error bars shown (Trotter et al., 2008: Figure 2). Note: stage

slices are given equal duration, vertical axis not to scale. For details see text.
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but defined chronostratigraphic units”. Although it remains
debatable as to whether they are essentially chronostrati-
graphic or biostratigraphic in nature, the clearer definitions in
Bergström et al. render the units less ambiguous and more
useful. We regard the units as informal and follow the defi-
nitions of Bergström et al. (2009), all but one of which define
a lower boundary based on a geographically widespread
graptolite or conodont bioevent. The exception is the Hir-
nantian Hi2 stage slice, the lower boundary of which is at the
top of the global d13C excursion (HICE). In terms of defini-
tion, the stage slices are directly equivalent to the Austral-
asian graptolite zones which have been used widely for
inter-regional correlation of graptolite sequences. The 20
stage slices, and the bioevents on which they are based, are
listed in Figure 20.10.

20.3. ORDOVICIAN STRATIGRAPHY

20.3.1. Biostratigraphy

The two most reliable and cosmopolitan fossil groups for
correlation in the Ordovician are graptolites and conodonts.
Graptolites are the most abundant in shale sections, particu-
larly those of the outer continental shelf, slope and
ocean, whereas conodonts are most abundant in carbonate
sections of the shelf and platform. Together they provide
a biostratigraphic correlation framework that can be applied
with high precision across a wide range of facies and lat-
itudinal zones (Bergström, 1986; Cooper, 1999b). Other fossil
groups that are useful for regional and inter-regional correla-
tion include trilobites, brachiopods, and, in Upper Ordovician
carbonate facies, corals and stromatoporoids (Webby et al.,
2000, 2004a). Chitinozoans and acritarchs are increasingly
being used for global correlation (Achab, 1989; Paris, 1996;
Webby et al., 2004b; Grahn and Nõlvak, 2007). Chitinozoans
first appear at the base of the Ordovician and diversify through
the period, reaching a total of 35 genera and a peak in raw
diversity in the late Darriwilian (Paris et al., 2004).

20.3.1.1. Graptolite Zones

Graptolites (Phylum Hemichordata) were a major component
of the Ordovician macroplankton. They lived at various
depths in the ocean waters (Chen, 1990; Cooper et al.,
1991; Chen et al., 2001), were particularly abundant along
continental margins in upwelling zones (Fortey and Cocks,
1986; Finney and Berry, 1997), and are found in a wide range
of sedimentary facies. Many graptolite species dispersed
rapidly, are widespread globally, and are of relatively short
stratigraphic duration, lasting for 2 myr or less. These attri-
butes combine to make them extremely valuable fossils for
zoning and correlating Ordovician and Silurian strata
(Skevington, 1963; Cooper and Lindholm, 1990; Webby et
al., 2004a). Together with conodonts, they are the primary
fossil group for global correlation of Ordovician successions.

One of the most detailed and best-established regional
zonal schemes, spanning almost the entire Ordovician, is that
of Australasia (Figure 20.1; Harris and Thomas, 1938;
Thomas, 1960; VandenBerg and Cooper, 1992), widely
applicable in low-paleolatitude regions (“Pacific Province”,
30� Ne30� S). Thirty zones, two of which are divided into
subzones, are recognized giving an average duration of
1.5 myr each. Zones are based on the stratigraphic ranges of
species, most zone boundaries being tied to first appearance
events. The zone boundaries have been calibrated by Sadler et
al. (2009) by the CONOP (constrained optimization) method
using a data set of 430 stratigraphic sections from around the
world. This method seeks the earliest occurrence of each
taxon in any section and builds a composite that can differ in
detail from the regional successions of first and last appear-
ance events. The most representative zonal scheme for middle
to high paleolatitudes (“Atlantic Province”) is that of southern
Britain (Zalasiewiscz et al., 2009) where some 16 zones span
the Tremadoc to middle Caradoc, averaging 2.3 myr each.
Many species were cosmopolitan and correlation between
high- and low-paleolatitude regions is well controlled
throughout most of the period. Other important graptolite
zonal schemes for correlation are those of Cordilleran North
America, eastern North America, Scandinavia, and South
China (Figure 20.1).

20.3.1.2. Conodont Zones

Conodonts are tooth-like structures of primitive chordates,
small eel-like animals that were predators, living in shoals in
Paleozoic seas (Aldridge and Briggs, 1989). They were most
abundant on continental shelves and were readily preserved in
shelf carbonates. Conodonts are composed of calcium phos-
phate and can be extracted from the carbonate rock by acid
digestion. The conodont animal roamed widely, and some
species are found in a wide range of sedimentary environ-
ments and geographical regions, making them valuable
fossils for long-range correlation. Conodonts range from the
early Cambrian to the Triassic and are used as zone fossils in
all these periods.

In the Ordovician, conodont fauna, like graptolite fauna,
are distributed in two major biogeographic provinces (Sweet
and Bergström, 1976, 1984). A warm-water province ranged
about 30� N and S of the Equator, and a cold-water province
extended poleward from 30e40� latitude. The warm-water
province, typified by the North American midcontinent
region (Sweet and Bergström, 1976), contains a diverse and
rich fauna that can be finely zoned e 26 zones are listed in
Figure 20.1 and some of these are subdivided into subzones.
The cold-water province is best known from the North
Atlantic region in which 17 zones and several subzones are
recognized. The two zonal successions provide good resolu-
tion through the Lower and Middle Ordovician. In the Upper
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Ordovician, there are 11 warm-water zones and only three
cold-water zones.

20.3.2. Evolutionary Events e The
Ordovician Radiation and Mass Extinction

The Ordovician Period encompasses one of the greatest
evolutionary radiations recorded in the history of life (Webby
et al., 2004a). This is generally known as the Great Ordovician
Biodiversification Event or GOBE. Marine biodiversity
increased three-fold between the end of the Cambrian and the
middle Sandbian, to reach a level (about 1600 genera) that was
not significantly exceeded during the remainder of the Paleo-
zoic and the earlyMesozoic (Sepkoski, 1995) or possibly, up to
the Paleocene (Alroy, 2008). The cause of this radiation is not
clear but several factors favoring biodiversification were
evident during the Ordovician, including the widespread
development of shallow continental seas, marked geographic
provincialism, strong magmatic and tectonic activity and
a relatively low-diversity starting base in the late Cambrian.
Two spectacular bursts in diversity took place, one in the late
Arenig and the other in the late Llanvirn to early Caradoc,
mainly through expansion in what Sepkoski has termed the
Paleozoic Evolutionary Fauna. A bottom dwelling community
dominated by suspension-feeders was installed and many new
megaguilds introduced (Bottjer et al., 2001). Bioturbation
increased and biotic tiering above and below the sedimente
water interface expanded the range of niche space. Brachio-
pods, trilobites, corals, echinoderms, bryozoans, gastropods,
bivalves, nautiloids, graptolites, and conodonts all show major
generic increases through the Ordovician (Sepkoski, 1995;
Webby et al., 2004a). They replace the trilobite-dominated
communities of the Cambrian Evolutionary Fauna. Successive
community replacements in an onshore-to-offshore direction
saw the nature of the marine fauna change almost completely,
from the Cambrian to the Silurian (Sepkoski and Sheehan,
1983), and a pattern established that was to last for the
following 200 myr of the Paleozoic.

Barnes et al. (1995) recognized five major evolutionary
events through the Ordovician, based on the faunal histories
of conodonts, trilobites and graptolites. The events are
marked by marked depletion of diversity for each group,
followed by a radiation into a more diversified fauna. These
all lie at stage or series boundaries:

(1) The base of the Tremadocian Stage (and base of the
Ordovician),

(2) The base of the Floian Stage,
(3) The base of the Darriwilian Stage,
(4) The base of the Sandbian Stage, and
(5) The base of the Hirnantian Stage.

The basal-Ordovician event marks the origination of
euconodonts and planktonic graptolites, the abundant

appearance of new platform trilobites and early radiation of
inarticulate brachiopods and nautiloid cephalopods. Signifi-
cant faunal turnover in all three groups, as well as other
groups such as brachiopods and nautiloid cephalopods, mark
the following three evolutionary events. The last event marks
the second greatest mass depletion in diversity in the Paleo-
zoic. Each evolutionary event is accompanied by a significant
eustatic event.

The late Katian to Hirnantian depletion in diversity was
driven by a mass extinction (Bambach et al., 2004). Esti-
mates of losses range from 22e26% of all marine animal
families, 49e61% of genera and about 85% of species,
making it one of the largest in the Phanerozoic (Brenchley,
1989; Jablonski, 1991; Sepkoski, 1995; Sheehan, 2001).
Trilobites, brachiopods, graptolites, echinoderms, conodonts,
coral, and chitinozoans were drastically reduced in generic
diversity, and the event caused a major faunal turnover. The
extinction event coincides with the climatic and sea-level
fluctuations associated with the latest Ordovician glaciation,
and was probably brought about, at least in part, by
a combination of factors such as reduced shelf- and platform-
habitable space, cold and fluctuating temperature, and
perturbation of the ocean stratification and circulation
systems (Brenchley, 1989).

20.3.3. Magnetostratigraphy

The Ordovician is dominated by a w20-myr reversed-
polarity “Moyero” superchron that spans the upper Trem-
adocian through Darriwilian stages (Pavlov and Gallet, 2005).
Magnetostratigraphic studies, mainly in sedimentary
sequences from Siberia, have documented only two signifi-
cant normal-polarity intervals in the lower Tremadocian, but
potentially a higher frequency of reversals in the uppermost
Darriwilian through Katian (summarized in Pavlov and
Gallet, 2005). The majority of the Ordovician magnetic
polarity scale awaits detailed calibration to biostratigraphy
and verification in multiple sections.

20.3.4. Carbon Isotope Stratigraphy

A continuous d13C curve for the entire Ordovician is not yet
available from any single continent. A synthetic curve,
compiled from a number of regional curves, has recently been
published by Bergström et al. (2009) and is reproduced in
Figure 20.10. These authors calibrate the curve to the Ordo-
vician stage slices which they redefine (see above), and which
are readily correlated to many regional stage schemes. The
curve is built from the following regional curves:

The Hirnantian curve from Monitor Range, central
Nevada (Finney et al., 1999; Berry et al., 2002);
The Katian curve from the eastern Midcontinent of North
America (Bergström et al., 2007);
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The SandbianeDarriwilian curve from Estonia (Kaljo et
al., 2007); and
The DapingianeTremadocian curve from Argentina
(Buggisch et al., 2003).

Although it is composite and generalized, Bergström et al.
(2009) believe the synthetic curve is representative of the
changes in d13C values through the period.

The carbon isotope stratigraphy of the Katian and Hir-
nantian stages has been most intensively studied. In these
stages the curve shows several sharply defined positive
excursions, several of which (including the Hirnantian HICE
and Katian GICE) have been shown to be of high inter-
regional, possibly global, correlation value (Ainsaar et al.,
2004, 2010; Barta et al., 2007; Kaljo et al., 2004, 2007;
Ludvigsen et al., 2004; Young et al., 2005; Melchin and
Holmden, 2006; Bergström et al., 2006b, 2007, 2010;
Schmitz and Bergström, 2007). A prominent positive excur-
sion in the Darriwilian is widely recognized in Baltoscandia
(Kaljo et al., 2004, 2007; Ainsaar et al., 2010) but may be
missing from Cordilleran North America (Saltzman and
Young, 2005). In the Tremadocian Stage and latest Cambrian,
a number of short-lived excursions have been recognized,
with apparently good correlation value, in Precordilleran
Argentina, Australia, South China and Utah (Ripperdan et al.,
1992; Ripperdan and Miller, 1995; Buggisch et al., 2003).

20.3.5. Eustatic and Climatic Events

Eustatic curves for the Ordovician have been proposed by
several authors (e.g., Woodcock, 1990; Thorshøj Nielsen,
1992, 2004; Nicoll et al., 1992; Ross and Ross, 1995;
Kanygin et al., 2010). Although consensus on a global
eustatic pattern has yet to be achieved (Munnecke et al.,
2010), several significant, abrupt eustatic changes are widely
recognized (Figure 20.1), and include the Acerocare, Black
Mountain and Ceratopyge Regressive Events in the Trem-
adocian, the major transgression in the Floian, the regression
in the Dapingian to early Darriwilian, the transgression in the
Sandbian, and the regression(s) in the Hirnantian. This last
event probably had multiple phases and was associated with
glaciation in high paleolatitudes (Brenchley, 1984, 1989;
Brenchley et al., 1994, Ghienne, 2003, Melchin and Holm-
den, 2006) and a mass extinction event (Sepkoski, 1995).
A distinctive cold-water shelly fauna known as the “Hirnantia
fauna” can be recognized globally in the Hirnantian Stage.

Using oxygen isotopic composition of apatite in con-
odonts determined by the SHRIMP II ion microprobe, Trotter
et al. (2008) present evidence that tropical seawater temper-
atures changed through the Ordovician in four main phases:

i) sustained cooling during the Early Ordovician (~15.3 to
18.3& d18O V-SMOW) reflecting a shift from warm
greenhouse conditions (~42�C) to modern equatorial
temperatures over about 20 myr;

ii) climate stability for about 20 myr from Darriwilian to
middle Katian;

iii) a rapid temperature drop during the late Katian and
Hirnantian marking the Hirnantian glaciation;

iv) a rapid return to equatorial temperatures by the early
Silurian.

When changes in the isotopic composition of seawater are
allowed for (Finnegan et al., 2011), somewhat higher Late
Ordovician sea surface temperatures result. Using d18Ocarb

determined in brachiopods, bryozoans, crinoids, corals and
trilobites, these authors found tropical sea surface tempera-
tures stayed within the range 32e37�C from the early Katian
to the late Aeronian. d18Owater values indicate the buildup of
pre-Hirnantian ice sheets at least intermittently during the
Katian. This initial glaciation of Gondwana in the Katian
occurred with little or no cooling of the tropical oceans, and
tropical sea surface temperatures of 34e37�C exceeded the
present day range. During the Hirnantian glacial maximum
they cooled but remained in excess of 30�C, indicating a steep
latitudinal temperature gradient. In the Aeronian, tempera-
tures were rapidly restored to Katian levels.

Biological, sedimentological, geochemical and isotopic
evidence suggests a long interval of predominantly green-
house conditions from the Early Ordovician to early Katian,
with N-limiting oceans and widespread anoxia. It was during
this interval that global biodiversity dramatically expanded.
The global oceaneatmosphere system changed during the
Katian to more volatile and predominantly icehouse condi-
tions, with P-limiting and more ventilated oceans, which
persisted through the late Katian, Hirnantian and Silurian
(Saltzman and Young 2005; Saltzman 2005; Trotter et al.,
2008; Ainsaar et al., 2010; Munnecke et al., 2010; Finnegan
et al., 2011). The Hirnantian represents a short, intense glacial
episode within this protracted interval of icehouse conditions.

20.3.6. Sr Isotope Stratigraphy

The 87Sr/86Sr curve for the interval is based on the data of
Denison et al. (1998), Shields et al. (2003) and Young et al.
(2009). Marine 87Sr/86Sr was around 0.7090 at the beginning
of the Ordovician and decreased slowly through the Trem-
adocian, Floian, and Dapingian. Around the time represented
by the Pygodus serra Zone (North Atlantic conodont zona-
tion) of the Darriwilian, values of 87Sr/86Sr began a more
rapid decrease that continued through the Sandbian and early
Katian, before beginning a long-term increase in 87Sr/86Sr
through the Silurian (Chapters 7 and 21). The rate of rapid
decrease in 87Sr/86Sr is difficult to assess, owing to uncer-
tainty over whether, in the ash-rich sediments of the North
American Sandbian and Katian, alteration has increased or
decreased the 87Sr/86Sr of bulk micrite (Denison et al., 1999;
Young et al., 2009) and macrofossils (Shields et al., 2003).
The rate of change is between 0.000 045 and 0.000 080 per
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myr, making it the highest, or amongst the highest, in the
Phanerozoic. According to Shields et al. (2003) and Young et
al. (2009) the decrease arose through rapid weathering of
volcanics of mantle affinity viz. island-arc volcanic rocks in
Kazakhstan, and the island-arc volcanic rocks associated with
the Taconic Orogeny of eastern Laurentia.

20.4. ORDOVICIAN TIME SCALE

20.4.1. Radiogenic Isotope Dates

Although many radiogenic isotope dates have been obtained
from Ordovician rocks (e.g., Gale, 1985; Kunk et al., 1985;
McKerrow et al., 1985; Odin, 1985; Tucker and McKerrow,
1995; Harland et al., 1990; Compston and Williams, 1992),
only few reach the standard of precision, analytical quality,
and biostratigraphic constraint desirable for time scale cali-
bration. An initiative by R.J. Ross and his colleagues in North
America and Britain in the late 1980s systematically sampled
and dated British volcanic ash beds which can be biostrati-
graphically constrained by, or reliably correlated with, the
British graptolite zones. Zircon separations from the samples
were initially dated by the fission track method (Ross et al.,
1982), but the resulting dates had unacceptably long uncer-
tainty intervals for refining the time scale. However, zircons
from many of the samples were subsequently dated by the
U-Pb method and have produced the high-precision dates
used in the present calibration. In addition, volcanogenic
zircons have been recovered by other workers from ash beds
in North America and Baltica, and other localities in Britain.

Tucker and McKerrow (1995) reviewed the available
dates and rejected all but those based on zircon crystals and
determined using the U-Pb isotope system, except for
a selected number of dates by the 40Ar/39Ar and Sm-Nd
methods, using other minerals. They produced a calibration
for the Early Paleozoic that became widely accepted. We
follow Tucker and McKerrow in accepting only the high-
resolution, biostratigraphically constrained dates. Eleven of
the dated Ordovician samples that were used by Tucker and
McKerrow are used here. They range in age from middle
Darriwilian to earliest Silurian. The stratigraphic and radio-
genic isotope ages have been revised as follows and are
shown in Appendix 2 of this book, which summarizes the
isotopic data, dating method, and biostratigraphic constraints.

Dates previously reported under various uranium and lead
isotopic decay systems (206Pb/238U, 207Pb/235U, and
207Pb/206Pb), have, where possible, here been mapped onto
the 206Pb/238U decay system (see Chapter 6). Similarly, error
propagation of analytical, tracer/standard and decay constant
errors has been treated consistently and rigorously for each
published age. All dates have been reappraised for analytical
and biostratigraphic reliability. The few 40Ar/39Ar ages have
also been recalibrated to the Kuiper et al. (2008) FCs standard
age of 28.201 � 0.046 with associated systematic error

propagation. The ages for many of the dated samples in
Appendix 2 therefore differ from those given in the original
publications, and several of the dates used for time scale
calibration by Cooper and Sadler (2004) and Sadler et al.
(2009) are here revised or rejected. Also, the biostratigraphic
age assignments of some samples are revised following
a reassessment of the associated fauna or of its correlation.

For reasons discussed by Villeneuve (2004), zircon dates
determined with the high-resolution secondary ion mass
spectrometry (HR-SIMS) method in the Canberra Geochro-
nological Laboratory (Compston and Williams, 1992;
Compston, 2000a,b), using standard SL13, are not employed
here in Ordovician time scale construction.

Two dates accepted byTucker andMcKerrowwere rejected
in GTS2004; their dated item 16, a Sm-Nd date on the Bor-
rowdale Volcanics in the Lake District, has a large error range
and poor biostratigraphic constraint, and their dated item 17,
from Llanwrtyd Wells in Wales, has poor biostratigraphic
constraint. Two further dates used by Tucker and McKerrow
and inGTS2004 are rejectedhere.An 40Ar/39Ar date of 454.1�
2.0 Ma (item 20a) on biotite from the Millbrig K-bentonite
(Kunk et al., 1985) and an 40Ar/39Ar date of 455� 3 Ma (item
18) on biotite and sanidine from K-bentonite at Kinnekulle,
Sweden (Kunk and Sutter, 1984) are analytically inferior to
newer age determinations of these bentonites.

Since 1995, three 40Ar/39Ar age determinations on biotites
have been published that are acceptable for calibration of the
Ordovician time scale. The K-bentonite in the Dalby Lime-
stone atMossenQuarry at Kinnekulle, Sweden, has been dated
by Min et al. (2001). Five concordant 40Ar/39Ar plateau
spectra give a weighted mean age of 457.4 � 2.9 Ma when
recalibrated to FCs 28.201 � 0.046 (Kuiper et al., 2008), in
good agreement with the 206Pb/238U zircon age of this
bentonite reported by Tucker and McKerrow (1995), here
recalculated as 456.9� 2.10Ma. The same authors (Min et al.,
2001) also dated the Dieke K-bentonite at Lexington Quarry,
Kentucky. Nine concordant 40Ar/39Ar plateau spectra gave
a weighted mean age of 452.4 � 2.7 Ma when recalibrated to
FCs 28.201 � 0.046 Ma (Kuiper et al., 2008). This age is
within error of the 206Pb/238U zircon age determination on the
same unit reported in Tucker (1992) and here recalculated as
454.5 � 1.10 Ma. The stratigraphically higher Millbrig K-
bentonite has given a (recalculated) weighted mean age of
450.6� 2.60 Ma based on three concordant 40Ar/39Ar plateau
spectra (Min et al., 2001). This age is within error of the
206Pb/238U zircon age reported for the Millbrig K-bentonite
(Huff et al., 1992) here recalculated as 452.92� 1.35Ma. The
Kinnekulle, Diecke and Millbrig K-bentonites are of similar
biostratigraphic age (Phragmodus undatus conodont zone,
lateDiplograptus multidens graptolite zone) and the spread of
their radiogenic isotope ages (450.6e457.4 Ma) is large.
However, the dated Millbrig samples come from different
localities (Kentucky and Missouri) and this may also apply to
the Diecke samples. In view of the profusion of K-bentonite
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horizons of about this age in North America and Baltica
(Kolata et al., 1996; Sell and Samson, 2011), some dates may
not apply to their identified source bentonite, which may, in
part, account for the spread of ages.

In addition, five zircon age determinations are here added
to the data set. Zircons in two K-bentonite beds in the lower
member of the Los Azules Formation in the Precordillera of
Argentina have been dated by the isotope dilution method
(Huff et al., 1997). One of these (ARG-1) has yielded three
multigrain zircon fractions (14 grains in total) which give
a weighted mean 206Pb/238U age of 465.46 � 3.53 Ma. A rich
graptolite fauna of early Darriwilian (Da2) Zone age is inter-
bedded with the bentonites (Mitchell et al., 1998) making it
one of the biostratigraphically best-constrained dated samples
in the Ordovician.

Avolcanic arc-related rhyolite body in the Tyrone Volcanic
Group of Northern Ireland has been dated by the isotope dilu-
tion method (Cooper et al., 2008). Zircon crystals from very
fine-grained rhyolite at Formil Hill were chemically abraded.
Three (out of four) single grain fractions gave a weightedmean
206Pb/238U age of 473 � 0.94 Ma. The rhyolite lies strati-
graphically below graphitic pelite and black chert which, at
Slieve Gallion nearby, has yielded the global correlation
graptolite, Isograptus victoriae lunatus. This horizon lies in the
I.v. lunatus Zone, just below the base of the Dapingian Stage.

A K-bentonite in the Chelsey Drive Group on Cape Breton
Island, Nova Scotia has given a weighted mean 207Pb/206Pb
age of 481.13 � 2.76 Ma, based on six multigrain zircon
samples (Landing et al., 1997). The olenid trilobite Peltocare
rotundifrons is found below and above the dated bentonite
bed, and the conodont Scandodus is found 3.5 m below. These
taxa suggest an age in the late Tremadocian. Peltocare
rotundifrons is found elsewhere in the Chelsey Drive Group
associated with the graptolites Hunnegraptus sp. cf. copiosus
and Adelograptus of quasimodo type, supporting the late
Tremadocian assignment which is accepted here. Although
the biostratigraphic constraint on this bentonite bed is not
tight, the bentonite is important in lying within what is
otherwise a long, undated interval in the Early Ordovician.

Two closely spaced pyritic, tuffaceous sandstone beds in
the Bryn-Llyn-Fawr road section, in the Dolgellau Formation
of North Wales, have given a weighted mean 207Pb/206Pb age
of 486.78 � 2.57 Ma based on 14 single zircon grains
(Landing et al., 2000). Although the zircon crystals provide
only a maximum age for the volcanic sandstone, their age is
inferred to be close to that of the sandstone. The sandstone
overlies strata with Acerocare Zone trilobites (late Cambrian)
and is immediately overlain by strata with planktonic grap-
tolites, including Rhabdinopora flabelliformis parabola,
a zonal indicator in the lower Tremadocian. The dated zircon-
bearing bed lies very close to the CambrianeOrdovician
boundary.

Also from the Dolgellau Formation, at Ogof-Ddu near
Criccieth in NorthWales, a crystal-rich volcanic sandstone has

yielded ninemultigrain zircon fractions (Davidek et al., 1998).
The weighted mean 207Pb/206Pb age is 488.71 � 2.78 Ma for
the zircons, which themselves are inferred to be of similar age
to that of the enclosing volcanic sandstone. The sandstone lies
17 m below the appearance level of the early Ordovician
graptolite Rhabdinopora flabelliformis sociale and is inter-
bedded with mudstone and siltstone with calcareous nodules
that contain a rich trilobite fauna representing the Peltura
scarabaeoides Zone (late Cambrian). Thus, this date provides
a maximum age for the volcanic sandstone that underlies the
CambrianeOrdovician boundary, and is consistent with the
preceding zircon date on Dolgellau volcanic sandstone.

Altogether, 26 radiogenic isotopically dated samples are
regarded as of sufficient analytical quality and biostratigraphic
constraint to be used for calibration of the Ordovician and
Silurian time scales (Appendix 2). They range from latest
Cambrian to earliest Devonian in age. The 16 intra-Ordovician
dates are unevenly distributed, and the Early Ordovician, in
particular, is sparsely populated. All Ordovician dated
samples, except for two using the 40Ar/39Ar method, are based
on zircons that are analyzed by the ID TIMS method.

20.4.2. Building the Ordovician and Silurian
Composite Standard

Quantitative methods for interpolating period boundaries
between nearby radiogenic isotope dates have been used by
Harland et al. (1990) and, for interpolating Mesozoic stage
boundaries, by Gradstein et al. (1994), both of whom also
estimate the associated error. But where radiogenic isotope
dates are sparse, as in much of the Early Paleozoic, these
methods cannot be applied and some way of estimating stage
durations is necessary. The compromise procedures have
received little rigorous attention in the past. Generally, some
arbitrary assumption is made, explicitly or implicitly.

In some previous time scales, stages are simply assumed to
be of more-or-less uniform duration or scaled according to
the number of biozones that they contain (Boucot, 1975;
McKerrow et al., 1985;Harland et al., 1990).Another approach
assumes constancy in sedimentation rate, so that stage duration
can be estimated from its mean stratigraphic thickness (Chur-
kin et al., 1977). This assumption requires judicious selection
of the reference section. Graphic correlation has been
employed to utilize the stratigraphic thickness of one reference
section in which the fossil ranges have been adjusted according
to collections made elsewhere (Sweet, 1984, 1988, 1995;
Kleffner, 1989; Fordham, 1992). Cooper (1999b) compared
graphic correlations from different regions as a test for
steadiness of depositional rate. Generally, some unspecified
combination of thesemethods and assumptions, plus ameasure
of intuition, is employed (Tucker and McKerrow, 1995).

As discussed in Chapters 1 and 3 of this book, a number of
quantitative, or semi-quantitative, methods of biostratigraphic
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correlation can be adapted to derive relative time scalese that
is, scales that estimate the relative proportions of stageswithout
recourse to radiogenic isotope dates. These are, of course,
uncalibrated inmillions of years. The constrained optimization
(CONOP) correlation technique, developed by Kemple et al.
(1995) and Sadler (2001), uses evolutionary programming
techniques to find a composite range chart with optimal fit to all
the field observations. Thus, it resembles a multidimensional
graphic correlation in the sense that it considers all the local
stratigraphic sections. It differs, however, in treating all
sections simultaneously and avoids the need to select an initial
“standard reference section”. A closer analogy exists between
CONOP and algorithms that search for the most parsimonious
cladogram. For time scale work, a well-studied, pandemic
fossil group with good biostratigraphic utility is required.
Dated tuff beds that are associated with these fossils may be
included in the optimization process. For building Ordovician
and Silurian time scales, the good documentation and high
resolution of graptolite biostratigraphy and the scattered
radiogenic isotope dated volcaniclastic beds render the
CONOP method suitable. The principles and methodology of
applying constrained optimization to time scale development
are summarized by Sadler and Cooper (2003) and described in
detail by Sadler et al. (2009; see also Chapter 3 in this book),
who use the graptolite successions of the Ordovician and
Silurian to develop and demonstrate the method.

Five hundred and twelve measured stratigraphic sections
in graptolitic shales from around the world, containing more
than 2000 species, have been compiled in a database that
spans the latest CambrianeEarly Devonian. Ten composite
sequences were developed at various stages as the database
increased in size from 177 sections to 430 sections. They
provide a test of the stability of the time scale as additional
data are added. With the exception of the very basal portion,
every biostratigraphic event level in the Ordovician
composite is spanned by at least 10, and at most 80, measured
sections, averaging 57. Because planktonic graptolites do not
range below the base of the Ordovician, eight trilobite and
seven conodont species which range down into the Late
Cambrian and which are present in graptolite-bearing
sections in the boundary interval, have been included in the
database. These help compensate for the lack of graptolites.

In the global composite the order and spacing of events
provide a proxy for a biochronology, once calibrated with the
age dates. The order and spacing are determined separately,
because the spacing requires simplifying assumptions that
need not compromise determination of the optimal order (a
crucial difference from graphic correlation). First, the optimal
order of events is established by minimizing misfit in
sequence between the composite and all of the individual
sections. Misfit is determined primarily by the net number of
event horizons through which the observed range ends must
be extended in order to make all the observed range charts fit
the same composite sequence. The composite, at this stage, is

only an ordinal sequence of events, and is based purely on the
sequences of events observed in the measured sections.

Next, the spaces between events in the optimal composite
sequence are scaled by the following procedure. The observed
fossil ranges in the individual sections are extended as
necessary to match the composite sequence, and missing taxa
are added. The total thickness of each section is then rescaled
according to the number of events that it spans in the
composite sequence (assumes that net biologic change is
a more reasonable guide to relative duration, in the long term,
than raw stratigraphic thickness). Finally, the spacing of every
pair of adjacent events in the composite is determined from
the average of the rescaled spacings of events in the sections
(this assumes that relative thickness is a reasonable guide to
relative duration in the short term).

The scaling of the composite is therefore derived from all
of the sections, and it is the ratio of the thicknesses between
events that is used, not the absolute thickness. The influence of
aberrant sections, incomplete preservation, and non-uniform
depositional rates is thus minimized. Where evolutionary
change is rapid, many range-end events fall at the same
horizon in measured sections; these “zero spacings” are
included in the averaging process and prevent high diversity
from being misinterpreted in terms of long time intervals. The
procedure is more vulnerable to intervals of extraordinarily
low diversity. The graptolite clade survived long after the close
of the Ordovician Period, but had very low diversity at the start
of the Ordovician. We should anticipate that the composite
spacings are least reliable near the base of the system.

Events in the scaled composite are spaced along a scale of
arbitrary “composite units”. The scale spans the entire grap-
tolite clade, and includes the Silurian and Ordovician periods.
This scaled composite is itself a proxy time scale. Graptolite
zonal boundaries and stage boundaries are located in the
scaled composite to produce a relative time scale for the
Ordovician. The zones thus recognized are chronozones
rather than biozones in the sense that they are tied to global
datums rather than local or regional bioevents.

20.4.2.1. Calibration of Stage Boundaries
by Composite Standard Optimization

The Floian Tyrone Volcanics, the three Wenlock bentonites
(Hörsne, Djupvik and Wren’s Nest) and the Devonian
Kalkberg dated bentonites, which became available, or
whose biostratigraphic age has been revised, since the
OrdovicianeSilurian composite for GTS2012 was built,
have been located in the composite by the graptolite taxa
associated with them, either directly in outcrop or by
correlation. The stratigraphic range in the composite is taken
as the stratigraphic uncertainty and the mid-point in this
range is the level. All other radiogenic isotope dated ash beds
used for calibration were included in the optimizing and
compositing processes and have been built into the
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composite sequence, along with their stratigraphic uncer-
tainty ranges.

A bivariate plot of the ages of dated samples against their
position in the composite (Figure 20.11) shows the distribu-
tion of dated samples to be generally rectilinear (R2 ¼
0.9805). Although there is no a priori reason that this best fit
should approach linearity, the latter generally is taken to
indicate good accordance between the compositing and
scaling procedures on the one hand and the radiogenic isotope
dating on the other. The chronometric error for radiogenic
isotopically dated samples shown is the 2-sigma error asso-
ciated with the dates, as re-evaluated by Schmitz and Ville-
neuve (Chapter 6 of this book) and given in Appendix 2. The
stratigraphic error shown is as explained above. An

improvement in fit is achieved by a polynomial curve (R2 ¼
0.9924), which suggests some non-linearity in the scaled
composite. The polynomial equation (Figure 20.11) enables
the precise level of all taxon range-end events in the
composite, including the zone and stage boundary-defining
events, to be converted to chronometric ages.

The compositing and scaling process therefore has most
influence on the relative duration of shorter time intervals e
stages and zones e and the dated events have most influence
on the durations of longer time intervalse series and periodse
and on the overall fit of the regression line and the resulting
calibration. The calculated durations and boundary ages using
the polynomial equation for the Ordovician stages and zones,
are given in Table 20.1. Note that rounding procedures can
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FIGURE 20.11 Calibration of the OrdovicianeSilurian graptolite composite standard of Table 20.1 using regression. The y-axis is the chronometric scale in
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TABLE 20.1 Ordovician Australasian graptolite zones in the CONOP composite and ages of their lower boundaries.

Stage Graptolite Zone

Level in

Composite

(%)

Polynomial

Age (Ma)

GTS 2012 (Spline)

Age (Ma)
2-Sigma

Duration

myr

Base Silurian Akidograptus ascensus 56.927 445.33 443.83 1.546

Hirnantian Bo5 Normalograptus
persculptus

56.065 445.84 444.43 1.490 0.6

Hirnantian Bo4 Normalogr. extraordinarius 55.060 446.44 445.16 1.378 0.73

Katian Bo3 Paraorthograptus pacificus 52.692 447.92 447.02 1.138 1.86

Katian Bo2 pre-pacificus zone 51.968 448.38 447.62 1.077 0.6

Katian Bo1 Climacograptus? uncinatus 51.079 448.96 448.38 0.964 0.76

Katian Ea4 Dicellograptus gravis 49.381 450.10 449.86 0.770 1.48

Katian Ea3 Dicranograptus kirki 48.899 450.44 450.28 0.735 0.42

Katian Ea2 Diplacanthogr. spiniferus 47.850 451.17 451.21 0.719 0.93

Katian Ea1 Diplacanthogr. lanceolatus 45.855 452.61 452.97 0.679 1.76

Sandbian Gi2 Orthograptus calcaratus 41.525 455.93 456.63 0.857 3.66

Sandbian Gi1 Nemagraptus gracilis 39.389 457.68 458.36 0.893 1.73

Darriwilian Da4 Archiclimacogr.
riddellensis

34.879 461.56 461.95 0.765 3.59

Darriwilian Da3 Pseudoclimacogr.
decoratus

32.320 463.87 463.97 0.796 2.02

Darriwilian Da2 Undulograptus intersitus 30.200 465.83 465.66 0.867 1.69

Darriwilian Da1 Undulograptus
austrodentatus

28.232 467.69 467.25 1.107 1.59

Dapingian Ya1-2 Oncograptus upsilon 26.935 468.92 468.31 1.224 1.06

Dapingian Ca4 I. victoriae
maximodivergens

26.577 469.26 468.61 1.260 0.3

Dapingian Ca3 Isograptus victoriae
maximus

26.402 469.43 468.75 1.270 0.14

Dapingian Ca2 Isograptus victoriae
victoriae

24.959 470.82 469.96 1.418 1.21

Floian Ca1 Isograptus victoriae lunatus 24.423 471.33 470.42 1.429 0.46

Floian Ch1-2 Didymograptus
protobifidus

22.118 473.55 472.41 1.454 1.99

Floian Be1-4 Pendeograptus fruticosus 18.197 477.30 475.97 1.352 3.56

Floian La3 Tetragraptus approximatus 16.342 479.03 477.72 1.388 1.75

Tremadocian La2b Araneograptus murrayi 14.101 481.07 479.86 1.561 2.14

Tremadocian La2a Aorograptus victoriae 13.369 481.72 480.55 1.638 0.69

Tremadocian La1b Psigraptus 12.202 482.74 481.67 1.653 1.12

Tremadocian La1b R.scitulum & Anisograptus 9.479 485.01 484.28 1.821 2.61

Tremadocian pre-
La

R. flabelliformis parabola 8.753 485.59 484.97 1.857 0.69

Tremadocian e Iapetognathus fluctivagus 8.334 485.91 485.37 1.862 0.4

The age derived from the polynomial regression is given together with the spline age used here. From this calibration, the ages of other zonal suites, and of the
Ordovician stage boundaries, are derived by correlation.
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result in slight discrepancy between stage durations and ages of
boundaries.

20.4.2.2. Uncertainty in the Composite Standard

Four sources of uncertainty in the Ordovician and Silurian
biochronology, chronostratigraphy and time scale itself were
recognized by Sadler et al. (2009). First, radio-isotopic
uncertainty (usually expressed as 2s) has little effect on our
scale because dated events are used as an ordered ensemble
and stage boundary ages are derived by regression. Second,
optimization uncertainty (“best-fit” intervals of Sadler and
Cooper, 2003), which derives from variation in successive
composites based on the same data set, is minor; events are
relatively stable in repeat re-runs of the composite.

Third, boundary-placement uncertainty derives from the
range of positions in the compositewithinwhich a stage or zone
boundary could equally well be placed. Boundary placement is
subjective and depends on matching a local succession, to
which the zone applies, with the composite, which is global.
The age regression enables conversion of this uncertainty to
a time interval in myr. Although boundary-placement uncer-
tainty is not cumulative, the relative duration of zones within

stages is quite uncertain for some zones, particularly in the
Lower Ordovician (see also Sadler et al., 2009).

Fourthly, the most conservative estimate of uncertainty
(between-composite uncertainty) derives from variation in
age among 10 successive composites, built as the database
expanded (from 177 sections and 570 taxa to 430 sections and
1928 taxa) and as alternative optimizing rules were tried.
Regressions were fitted in four of these, and were all nearly
linear (R2 greater than 0.95: Sadler et al., 2009: Figure 5). The
between-composite uncertainties on ages of zone bases in
four composites are shown in Figure 20.12. These uncer-
tainties are very conservative estimates of stability.

20.4.3. Age of Stage Boundaries

In the final analysis for the age of the stage boundaries and
stage duration in the Ordovician and Silurian, the chrono-
metric and stratigraphic ages of the radiogenic isotope
dates were subjected to a cubic spline fit as described in
Chapter 14, based on the approach used in GTS2004. Points
were weighted according to the procedure given in that
chapter, taking both radiometric and stratigraphic errors
into account. A smoothing factor of 1.45 was calculated by
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cross-validation. Two of the 26 points did not pass the chi-
squared goodness-of-fit test at a significance level of
p<0.01. These points were O4 (c2¼7.01; p¼0.0081) and
S5 (c2¼6.66; p¼0.0099). No post-hoc adjustments were
made to the weighting of these points. The resulting spline
(Figure 20.13) is close to linear through the Ordovician.
A lessening of slope in the Llandovery has the effect of
shortening the duration of this series relative to its duration
in the composite.

Interpolated stage boundary ages are given in Tables 20.1
and 20.2. The ages computed from the polynomial fit
described earlier in this chapter are within the error bars of the
ages computed from the spline. The only exception is for the
base Aeronian, where the polynomial interpolation age is
1.3 myr older than the spline age, which has a 2-sigma error
bar of 1.2 myr.

The Tremadocian lasted from 485.4 to 477.7 Ma, for
a duration of 7.7 � 0.7 myr. The Floian lasted 7.8 � 1.2 myr,
from 477.7 to 470.0 Ma (duration calculated from 2-decimals
ages and then rounded up). The Dapingian Stage ranged from
470.0 to 467.3 Ma, for a duration of 2.7 � 0.3 myr. The
Darriwilian lasted for 8.9� 0.9 myr, from 467.3 to 458.4 Ma,
and is thus the longest stage in the Ordovician and Silurian.
The Sandbian Stage started at 458.4 and ended at 453.0 Ma,
lasting 5.4� 0.4 myr. The Katian ran from 453.0 to 445.2 Ma
for 7.8 � 1.3 myr and the Hirnantian lasted only 1.3 � 0.2
myr, from 445.2 Ma to base Silurian at 443.8 Ma.

The Early Ordovician had a duration of 15.4 � 1.3 myr,
the Middle Ordovician 11.6 � 1.0 myr and the Late Ordo-
vician 14.5 � 1.5 myr.

The scale differs from that of GTS2004 and Sadler et al.
(2009), mainly because of the revision of the chronometric
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FIGURE 20.13 Geochronology of the Ordovician and Silurian series with boundary ages and error bars using a smoothing spline fitted through the 26

radiometrically dated ash beds used for calibrating the Ordovician and Silurian scales (Appendix 2) plotted on the CONOP composite (X-axis) against their

analytical age (Y-axis). Compared to GTS2004 the base Ordovician is younger (485.4� 1.9 versus 488.3 � 1.7 Ma) and the base Devonian older (419.2 � 3.2

versus 416.0 � 2.8 Ma). Base Silurian stays virtually identical in age. Using the regression of Figure 20.11 on the data, most of the stage boundary ages are

(almost) within the error bars of the spline fit. Error bars are larger near the base Ordovician and top Silurian because of the lack of high-resolution constraining

points in the Cambrian and Devonian.
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and

FIGURE 20.14 Comparison of GTS2012 with previous time scales; Cooper and Sadler (2004) is GTS2004 (see text for discussion).
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TABLE 20.3 GSSPs of the Ordovician stages, with location and primary correlation criteria (status Jan. 2012)

Stage GSSP Location
Latitude,

Longitude
Boundary Level Correlation Events Reference

Hirnantian Wangjiawan North
section, N of Yichang city,
Western Hubei Province,
China

30�59’2.68"N
111�25’10.76"E

0.39 m below the base
of the Kuanyinchiao Bed

Graptolite FAD
Normalograptus
extraordinarius

Episodes 29/3, 2006

Katian Black Knob Ridge Section,
Atoka, Oklahoma (USA)

34�25.829’N
96�4.473’W

4.0 m above the base of
the Bigfork Chert

Graptolite FAD
Diplacanthograptus
caudatus

Episodes 30/4, 2007

Sandbian Sularp Brook, Fågelsång,
Sweden

55�42’49.3"N
13�19’31.8"E*

1.4 m below
a phosphorite marker
bed in the E14b outcrop

Graptolite FAD
Nemagraptus gracilis

Episodes 23/2, 2000

Darriwilian Huangnitang section,
Changshan, Zhejiang
Province, SE China

28�51’14"N
118�29’23"E*

base of Bed AEP 184 Graptolite FAD
Undulograptus
austrodentatus

Episodes 20/3, 1997

Dapingian Huanghuachang section,
NE of Yichang city, Hubei
Province, S, China

30�51’ 37.8"N
110�22’ 26.5"E

10.57 m above base of
the Dawan Formation

Conodont FAD of
Baltoniodus triangularis

Proposal in Episodes
28/2, 2005

Floian Diabasbrottet,
Hunneberg, Sweden

58�21’32.2"N
12�30’08.6"E

in the lower Tøyen
Shale, 2.1 m above the
top of the Cambrian

Graptolite FAD Tetragraptus
approximatus

Episodes 27/4, 2004

Tremadocian
(base
Ordovician)

Green Point Section,
western Newfoundland

49�40’58.5"N
57�57’55.09"W*

at the 101.8 m level,
within Bed 23, in the
measured section

Conodont FAD
Iapetognathus fluctivagus

Episodes 24/1, 2001

*according to Google Earth

TABLE 20.2 Geochronology of the OrdovicianeSilurian Stages for GTS2012, with a Comparison to GTS2004

Period Epoch Stage

Base Ma

GTS2012

Est. �
myr (2s)

Epoch

Duration (myr)

Est. � myr

(2s)

Stage

Duration (myr)

Est. � myr

(2s)

Base Ma

GTS2004

Devonian Early Lochkovian 419.2 3.2 416

Silurian Pridoli 423.0 2.3 3.8 1.0 3.8 1.0

Ludlow Ludfordian 425.6 0.9 2.6 1.1 421.3

Gorstian 427.4 0.5 4.4 1.6 1.8 0.5 422.9

Wenlock Homerian 430.5 0.7 3.1 0.6 426.2

Sheinwoodian 433.4 0.8 6.0 0.7 2.9 0.3 428.2

Llandovery Telychian 438.5 1.1 5.1 1.0 436

Aeronian 440.8 1.2 10.4 1.4 2.3 1.3 439

Rhuddanian 443.8 1.5 3.0 0.5 443.7

Ordovician Late Hirnantian 445.2 1.4 1.4 0.2 445.6

Katian 453.0 0.7 14.6 1.5 7.8 1.3 455.8

Sandbian 458.4 0.9 5.4 0.4 460.9

Middle Darriwilian 467.3 1.1 8.9 0.9 468.1

Dapingian 470.0 1.4 11.6 1.0 2.7 0.3 471.8

Early Floian 477.7 1.4 7.8 1.2 478.6

Tremadocian 485.4 1.9 15.4 1.3 7.7 0.7 488.3
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and stratigraphic age of many of the dated samples, discussed
above, the addition of eight new age dates to the data set, and
the rejection of four age dates used in previous scales. For the
present scale, a much larger biostratigraphic data set has been
utilized (512 sections and 2000 taxa, versus 256 sections and
1400 taxa) giving higher stratigraphic resolution (Figure
20.14).

The error bars on boundary ages are large near the base
Ordovician and top Silurian because of the lack of con-
straining points in the Cambrian and Devonian. This is
unavoidable at this stage because creating a long spline from
base Cambrian through Devonian, or even younger, is not
warranted. Cambrian and Devonian stage scaling is not well
constrained, and there are fewer stratigraphically precise
radiogenic isotope ages. Hence, the endpoints using the spline
of the internal OrdovicianeSilurian scaling are respectively
the top Cambrian and base Devonian constraining boundary
ages.

Most of the GTS2004 ages are outside the spline error
bars, such that the Ordovician ages have here generally
been moved significantly up (younger) and the Silurian
significantly down (older) relative to GTS2004. The
OrdovicianeSilurian boundary stays almost in position
at 443.8 � 1.5 Ma (443.7 � 1.5 in GTS2004). The
CambrianeOrdovician boundary is here estimated at 485.4�
1.9 Ma, considerably younger than in GTS2004 (488.3 � 1.7
Ma). This new estimate is well within the error limit of
age date O1 in Appendix 2 (see also Figure 19.15 in the
previous chapter on the Cambrian Period) close to the
CambrianeOrdovician boundary. The base Devonian is here
419.2� 3.2 Ma, compared with 416.0� 2.8 Ma in GTS2004.
The consequence of this is that both the Ordovician and
Silurian have been considerably shortened. The new duration
of the Ordovician is 41.5 � 2.2 myr (was 44.6 myr in
GTS2004), while the duration of the Silurian is 24.6 �1.6
myr (was 27.7 myr in GTS2004).
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Marco, J.C., Rábano, I. (Eds.), Proceedings of the Sixth International

Graptolite Conference of the Graptolite Working Group (IPA) and the

1998 Field Meeting of the International Subcommission on Silurian

Stratigraphy (ICS-IUGS), pp. 222e223. Madrid.

Munnecke, A., Calner, M., Harper, D.A.T., Servais, T., 2010. Ordovician and

Silurian sea-water chemistry, sea level, and climate: A synopsis.

Palaeogeography, Palaeoclimatology, Palaeoecology 296, 389e413.

Murchison, R.I., 1839. The Silurian System Founded on Geological

Researches in the Counties of Salop, Hereford, Radnor, Montgomery,

Caermarthen, Brecon, Pembroke, Monmouth, Gloucester, Worcester,

and Stafford: With Descriptions of the Coal-fields, and Overlying

Formations. John Murray, London. 2 vols.

Nielsen, A.T., 2004. Ordovician sea level changes: A Baltoscandian

perspective. In: Webby, B.D., Paris, F., Droser, M.L., Percival, I.G.

(Eds.), The Great Ordovician Biodiversity Event. Columbia University

Press, New York, pp. 84e93.

Nicoll, R.S., Thorshøj Nielsen, A., Laurie, J.R., Shergold, J.H., 1992. Prelimi-

nary correlation of latest Cambrian to Early Ordovician sea level events in

Australia and Scandinavia. In: Webby, B.D., Laurie, J.R. (Eds.), Global

Perspectives on Ordovician Geology: Proceedings of the 6th International

Symposium on the Ordovician System, University of Sydney, Australia,

15e19 July 1991. Balkema Press, Rotterdam, pp. 381e394.
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Chapter 21

The Silurian Period
Abstract: The features of the Silurian Period include a rapid
recovery in biodiversity after the end-Ordovician extinction
event, a highly dynamic climate accentuated by multiple
short-lived events, strong eustatic sea level fluctuations and
oceanic turnover, associated with extinction of moderate

scale. Land colonization occurred, alongside general
convergence of continental plates and low levels of faunal
provincialism, closure of Iapetus Ocean, narrowing of Rheic
Ocean and migration of the South Pole over South American
and South African Gondwana.
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21.1. HISTORY AND SUBDIVISIONS

The Silurian System was erected by Murchison (1839) and
named after the Silures, a Welsh borderland tribe. As origi-
nally conceived, the Silurian embraced rocks that were
claimed as Cambrian by Sedgwick, leading to a protracted
debate. The disputed rocks were separated out as the new
Ordovician System by Lapworth in 1879, but the debate
lingered and Lower Silurian was used in Britain in parallel
with Ordovician for many years, while Gotlandian was used
in parallel with upper Silurian in some regions. Eventually,
the name Silurian was officially adopted in its restricted
(upper Silurian) sense by the IGC in Copenhagen in 1960
(Sorgenfrei, 1964). The rather complex nomenclatural history
of definition and subdivision of the Silurian System has been
reviewed byWhittard (1961), Cocks et al. (1971) and Holland
(1989). Melchin et al. (2004) provided a recent general
summary of the Silurian System.

As with the Ordovician, black shales are widely developed
in Silurian sedimentary successions around the world and
graptolites have proved to be valuable fossils for correlation.
However, compared to the Ordovician it was a time of rela-
tively low faunal provincialism. Over 30 successive graptolite
zones are recognized widely around the world, providing
a subdivision and correlation framework of extraordinary
precision. Based on the present scale and generalized grap-
tolite zonation there are 36 globally recognizable zones,
within a span of slightly less than 25 myr. Although variable
in duration, the zones represent an average of approximately
0.68 myr. Conodonts have proved to be of considerable global
biostratigraphic value in shallow-water carbonate facies and
the conodont biostratigraphic scale is rapidly becoming
increasingly well resolved. A rich and diverse fauna is present
in the shelly facies where trilobites and brachiopods are
used extensively for zonation, and coralestromatoporoid
communities enable local biostratigraphic subdivision and
correlation. Chitinozoan and acritarch zonations have been
developed for several regions and are proving to be useful for
correlation in many circumstances. Vertebrate microfossil,
sporomorph and radiolarian zonations are also being devel-
oped for the Silurian.

Very recently, variations and excursions in the record of
stable isotopes, particularly carbon, have proved to be an
important tool for correlation, as well as for understanding the
record of paleoenvironmental changes through Silurian time.

21.2. SILURIAN SERIES AND STAGES

The Silurian comprises four series, the Llandovery, Wenlock,
Ludlow and Pridoli in upward sequence. All series and their
constituent stages (Figure 21.1) have designated lower
boundary stratotype sections and points (Bassett, 1985;
Cocks, 1985). All of the GSSPs were biostratigraphically
defined with reference to standard graptolite zones, although

the index taxa for these zones (Figure 21.2) are not found at
some of the GSSP localities.

21.2.1. Llandovery Series

Named from the type area in Dyfed, southern Wales, the
Llandovery Series comprises three stages, approved by the
ICS (Bassett, 1985); the Rhuddanian, Aeronian and Telychian
stages. The Aeronian Stage is approximately, but not exactly,
equivalent to the previously employed Idwian and Fronian
stages.

21.2.1.1. Rhuddanian Stage

Although the stage is named for the Cefn-Rhuddan Farm in
the Llandovery area, its lower boundary stratotype section
and point are at Dob’s Linn in the southern uplands of
Scotland, defined at a point 1.6 m above the base of the
Birkhill Shale in the Linn Branch Trench section
(Figure 21.3). This point was previously regarded as coinci-
dent with the local base of the Parakidograptus acuminatus
Zone (Cocks, 1985). Recent resampling and systematic
revisions have shown, however, that Parakidograptus acu-
minatus has its first occurrence datum 1.6 m above this level
and that the succession can be readily subdivided, both at this
section and globally, into a lower Akidograptus ascensus
Zone and upper Parakidograptus acuminatus Zone (Melchin
and Williams, 2000). Melchin and Williams (2000) therefore
proposed that the base Akidograptus ascensus Zone, marked
by the first occurrences of A. ascensus (Figure 21.2(a)) and
Parakidograptus praematurus (the latter was identified by
Williams (1983) as P. acuminatus sensu lato), be regarded as
the biostratigraphic horizon that is coincident with the base of
the Silurian System. This proposal was recently ratified by the
International Union of Geological Sciences (Rong et al.,
2008). Thus redefined, the Rhuddanian Stage spans the Aki-
dograptus ascensus to Coronograptus cyphus zones.

21.2.1.2. Aeronian Stage

The Aeronian Stage is named for the Cwm-coed-Aeron Farm
in the Llandovery area. The stratotype section and point are
located in the Trefawr Formation, in the Trefawr track section
500 m north of the Cwm-coed-Aeron Farm, between Locality
71 and 72 of Cocks et al. (1984). The stratotype point is just
below the level of occurrence of Monograptus austerus
sequens which indicates the Demirastrites triangulatus Zone
(Bassett, 1985; Cocks, 1989) (Figure 21.4). However,
M. austerus sequens has previously been reported from only
one other locality, also in Wales (Sudbury, 1958; Hutt, 1974),
where its level of first occurrence is within, but significantly
higher than, the base of the D. triangulatus Zone. In addition,
at the stratotype section, the D. triangulatus Zone is confi-
dently represented by only a single fossil horizon (Davies
et al., 2011). Thus, although the stratotype point can be shown
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to occur between levels representing the C. cyphus and
D. triangulatus zones, it cannot be shown to correlate
precisely with the boundary between those zones, and it
probably represents a level within the D. triangulatus Zone.

The Aeronian Stage is generally regarded as extending
through the Stimulograptus sedgwickii Zone, although in
parts of Wales this zone can be subdivided into a lower
Stimulograptus sedgwickii Zone and upper Stimulograptus

halli Zone (Loydell, 1991). In this case, the latter is regarded
as the uppermost graptolite zone of the Aeronian Stage
(although see discussion of the Telychian Stage, below).

21.2.1.3. Telychian Stage

The Telychian Stage is named for the Pen-lan-Telych Farm.
The stratotype section and point are located in an abandoned
quarry that forms part of the Cefn-cerig Road section, at
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locality 162 of Cocks et al. (1984) and Cocks (1989),
approximately 31 m below the top of the Wormwood
Formation. Biostratigraphically, it is marked at a level above
the highest occurrence of the brachiopod Eocoelia intermedia
and below the first appearance of Eocoelia curtisi (Bassett
1985) (Figure 21.5). This was regarded as corresponding with
the base of the Spirograptus turriculatus Zone and this was
considered to be supported by the occurrence of Para-
diversograptus runcinatus in the beds above the stratotype
level, although not at the stratotype section.

Loydell et al. (1993) revised the species of the genus
Spirograptus and found that the stratigraphically lower
specimens previously assigned to S. turriculatus and S.
turriculatus minor actually belong to a distinct, new
species, S. guerichi (Figure 21.2(c)). Accordingly, those
authors found that the strata that had previously been
assigned to the lower part of the S. turriculatus Zone (the
S. turriculatus minor Zone of some authors and the Ras-
trites linnaei Zone of others) could be regarded as
belonging to a globally correlatable S. guerichi Zone. This
zone is now regarded as the lowest graptolite zone of the

Telychian. However, it should be noted that Para-
diversograptus runcinatus, the only identifiable graptolite
that has been found in the lowest Telychian beds in the
vicinity of the stratotype, is known to have its first
occurrence in upper Aeronian strata elsewhere in Wales
(Loydell, 1991), although it reaches its acme in the lower
S. guerichi Zone. In addition, Doyle et al. (1991) showed
that elsewhere in Britain, the last occurrence of Eocoelia
intermedia occurs within the upper part of the Stim-
ulograptus sedgwickii Zone rather than at the base of the S.
guerichi Zone. Thus, there remains some uncertainty
regarding the precise correlation of the stratotype point
with the graptolite zonation, but it appears to occur within
the upper part of the S. sedgwickii Zone.

Recent work has documented the occurrence of S. guerichi
in strata above the level of the GSSP, at approximately the
same level of the previous record of P. runcinatus (Davies
et al., 2010). However, the same study and also that of Davies
et al. (2011) showed that the strata in between the last
occurrence of Eocoelia intermedia and below the first
appearance of Eocoelia curtisi at the GSSP locality are
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structurally disrupted, and mudrocks within that interval and
in higher strata contain graptolites and chitinozoans indicative
of a mid-Sheinwoodian age intermixed with sediments con-
taining typically Telychian brachiopods in a sedimentary
mélange. This evidence shows that the Telychian stratotype

locality does not record a continuous stratigraphic succession
through the upper Aeronian and lower Telychian.

Standard graptolite zonations have previously shown the
Telychian extending upward through the Monoclimacis
crenulata Zone, overlain by the Cyrtograptus centrifugus

FIGURE 21.2 Illustrations of graptolite zonal index species for zones indicative of stage boundaries (see text for explanation). A) Akidograptus

ascensus Davies, holotype SM A10021, camera lucida drawing by Michael Melchin. B) Demirastrites triangulatus triangulatus (Harkness), lectotype BGS

GSM6941, redrawn from Zalasiewicz (2008). C) Spirograptus guerichi (Loydell, �Storch and Melchin), holotype CGS P�S359/1, redrawn from Loydell et al.

(1993, text-Figure 6D). D) Cyrtograptus centrifugus Bou�cek, CGS P�S572, redrawn from �Storch (1984, Figure 7H). E) Cyrtograptus murchisoni Carruthers,

counterpart of holotype BGS GSM10718, redrawn from Zalasiewicz and Williams (2008). F) Neodiversograptus nilssoni (Barrande), neotype TCD 9735D,

redrawn from Palmer (1971, Figure 8A). G) Saetograptus leintwardinensis leintwardinensis (Hopkinson), lectotype BU1527, redrawn from Zalasiewicz (2000).

H) Neocolonograptus parultimus (Jaeger), holotype PMHUg607.1, redrawn from Jaeger (in K�rı́z et al., 1986, Figure 31). I) Cyrtograptus lundgreni Tullberg,
lectotype LU O546T, redrawn from Williams and Zalasiewicz (2004, text-Figure 8A). Abbreviations for type numbers: SM e Sedgwick Museum, Cambridge

University; BGS e British Geological Survey; CGS e Czech Geological Survey; TDC e Trinity College Dublin; BU e Birmingham University; PMHU e

Paläontologisches Museum, Museum für Naturkunde, Humboldt-Universität; LU e Lund University. All scale bars are 1 mm.
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FIGURE 21.3 A) Photograph of the GSSP for the base of the Silurian System at Dob’s Linn, Scotland. Yellow stick is 1 m in length. Strata are overturned.

Photo by Michael Melchin. B) Map of the GSSP for the base of the Silurian System at Dob’s Linn, Scotland. C) Stratigraphy and ranges of selected graptolite

taxa at the GSSP for the base of the Silurian System at Dob’s Linn, Scotland. Ranges after Williams (1983), Melchin et al. (2003) and Rong et al. (2008). Taxon

names updated after Chen et al. (2005).
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Zone. However, recent work, especially in Bohemia (�Storch,
1994) and Wales (Loydell and Cave, 1996) has shown that
the “standard” British zonation was incomplete and that
between the M. crenulata and C. centrifugus zones there
occur strata readily assignable to the Oktavites spiralis,

Stomatograptus grandiseCyrtograptus lapworthi and
Cyrtograptus insectus zones. Therefore, the Telychian is
now regarded as extending from the S. guerichi Zone
through the C. insectus Zone (although see discussion of the
Sheinwoodian Stage, below).

FIGURE 21.4 A) Photograph of the GSSP for the base of the Aeronian Stage at Trefawr track cutting, Crychan Forest, Wales. Photo by Michael Melchin.

B) Map of the GSSP for the base of the Aeronian Stage. Exposures are shown in dense black. The locality numbers correspond to the numbers in the profile.

C) Stratigraphy and ranges of key taxa at the GSSP for the base of the Aeronian Stage (from Cocks et al., 1984).
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FIGURE 21.5 A) Photograph of the GSSP for the base of the Telychian Stage at Cefn-cerig Quarry, near Llandovery, Wales. Geologic hammer indicates the

scale. Photo by Michael Melchin. Strata are not overturned. B) Map of the GSSP for the base of the Telychian Stage, locality numbers refer to numbers on the

profile. C) Stratigraphy and ranges of key taxa at the GSSP for the base of the Telychian Stage (from Cocks, 1989). Note that level thought to represent

Wormwood-Cerig formational contact has been recently reinterpreted as a regional synsedimentary slide surface (Davies et al., 2010, 2011) and the overlying

strata as a sedimentary mélange containing a mix of sediments yielding both Telychian and Sheinwoodian fossils.
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21.2.2. Wenlock Series

The Wenlock Series is named for the type area, Wenlock
Edge, in the Welsh borderlands of England. It has been
divided into two stages, the lower Sheinwoodian Stage and
the upper Homerian Stage.

21.2.2.1. Sheinwoodian Stage

The type locality for the Sheinwoodian Stage occurs in
Hughley Brook, 200 m southeast of Leasowes Farm and
500 m northeast of Hughley Church. The stratotype point is
the base of the Buildwas Formation as described by Bassett
et al. (1975) and Bassett (1989). The stratotype point occurs
within the Pterospathodus amorphognathoides amorphog-
nathoides conodont zonal group (sensu Jeppsson, 1997a),
between the base of acritarch zone 5 and the last occurrence
of P. am. amorphognathoides (Mabillard and Aldridge, 1985)
(Figure 21.6). This level was considered to be approximately
correlative with the base of the Cyrtograptus centrifugus
graptolite zone, although no graptolites are known to occur in
the boundary interval at the stratotype section.

The occurrence of Monoclimacis aff. vomerina and Pris-
tiograptus watneyae higher in the Buildwas Formation,
together with species indicative of the M. greistoniensis and
M. crenulata zones in the underlying Purple Shales Formation
were regarded as indicating that the stratotype point was near
the centrifugusecrenulata zonal boundary. However, as noted
above, it has since been demonstrated that three graptolite
zones can be identified between these zones.

Loydell (2008a, 2011a) reviewed the data pertaining to
the biostratigraphic position of the GSSP for the base of the
Wenlock. He noted that the conodont data suggested that the
GSSP was within a few centimeters of the base of the Upper
Pseudooneotodus bicornis Zone (Jeppsson, 1997a), or Datum
2 of the Ireviken Event (Jeppsson, 1998). He also noted that
data from Estonia and Latvia (Loydell et al., 1998, 2003)
indicated that this conodont datum was correlative with
a level near the base of the Cyrtograptus murchisoni Zone, the
graptolite zone above the C. centrifugus Zone. Chitinozoan
data from the GSSP section (Mullins and Aldridge, 2004) also
strongly supported the conclusion that the GSSP was correl-
ative with a level near the base of the C. murchisoni Zone.
However, more recent conodont data from the east Baltic
region suggest that the base of the upper Ps. bicornis Zone
(Ireviken Datum 2) occurs at a level high within the
C. murchisoni Zone, rather than near its base (Mannik,
2007a), and this correlation is supported by a recent global
graphic correlation study by Kleffner and Barrick (2010).
Most recently, in a global study of the biostratigraphy and
carbon isotope chemostratigraphy of this interval, Cramer
et al. (2010a) provided evidence that both Ireviken Datum 2
and the base of the C. murchisoni Zone typically occur within
less than 200 kyr of the position of the base of the Wenlock
Series at its GSSP and, for purposes of correlation, either

could be regarded as a good proxy for that level. However,
given that the evidence clearly suggests that the GSSP for the
base of the Wenlock does not coincide with the graptolite
biostratigraphic level originally intended (base of C. cen-
trifugus Zone), the International Subcommission on Silurian
Stratigraphy is considering whether the biostratigraphic
correlation should be revised, or if a new GSSP should be
sought that coincides with the base of the C. centrifugus
Zone. As a result, Figures 20.1 and 20.11 show two tentative
levels for the correlation of this boundary, base of
C. centrifugus Zone as originally intended, and a level near
the base of C. murchisoni Zone and base of the Upper
Ps. bicornis conodont zone, as indicated by the current GSSP.

21.2.2.2. Homerian Stage

The stratotype locality for the base of the Homerian Stage is
in the north bank of a small stream that flows into a tributary
of Sheinton Brook inWhitwell Coppice, which is 500 m north
of the hamlet of Homer. The stratotype point is within the
Apedale Member of the Coalbrookdale Formation, at the
point of first appearance of a graptolite fauna containing
Cyrtograptus lundgreni (Figure 21.7). Underlying strata
contain graptolites of the C. ellesae Zone (Bassett et al., 1975;
Bassett, 1989). Although the faunas of the C. ellesae and
C. lundgreni zones seem to be stratigraphically and taxo-
nomically distinct in this and some other regions, recent work
in Wales has shown a succession where the first occurrence of
C. lundgreni is below that of C. ellesae (Zalasiewicz et al.,
1998; Williams and Zalasiewicz, 2004). In addition, Loydell
(2011b) suggested that C. ellesae and C. lundgrenimay be the
same species. Whether or not this is true, the currently
available data suggest that the ranges of the zonal index taxa
may be incomplete at the stratotype section and that the
stratotype point for the Homerian is likely to be within the
C. lundgreni Zone rather than at its base.

21.2.3. Ludlow Series

The Ludlow Series is named for the type area near the town of
Ludlow, in Shropshire, England. It has been divided into two
stages, the lower Gorstian Stage and the upper Ludfordian
Stage.

21.2.3.1. Gorstian Stage

The stratotype locality for the base of the Gorstian Stage is in
a disused quarry, the Pitch Coppice Quarry, 4.5 km west-
south-west of the town of Ludlow. The stratotype point is the
base of the Lower Elton Formation where it overlies the Much
Wenlock Limestone Formation (Holland et al., 1963; Lawson
and White, 1989). Graptolites questionably assigned to
the zonal index species Neodiversograptus nilssoni
(Figure 21.2(f)) and Saetograptus varians collected imme-
diately above the base of the Lower Elton Formation indicate
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Base of the Sheinwoodian Stage (and Wenlock Series) in  Hughley Brook,
southeast of Leasows Farm, Great Britain
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Base of the Homerian Stage of the Silurian System, in a Tributary to the
Sheinton Brook, near the Hamlet of Homer, United Kingdom
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that this unit occurs within the N. nilssoni Zone (Figure 21.8).
However, the absence of graptolites from other parts of the
HomerianeGorstian interval in the type area makes it
impossible to precisely correlate the stratotype point with the
base of that zone. Lawson andWhite (1989) noted that neither
the shelly fossils nor the conodonts are useful in providing
a more refined biostratigraphic definition of the stratotype
point. Thomas and Ray (2011) provided isotope data indi-
cating that the GSSP level occurs above the upper peak of the
Homerian (Mulde) positive carbon isotope excursion.

21.2.3.2. Ludfordian Stage

The locality of the stratotype of the Ludfordian Stage is at
Sunnyhill Quarry, approximately 2.5 km southwest of the
town of Ludlow. The level coincides with the contact between
the Upper Bringewood Formation and the Lower Leintwar-
dine Formation (Lawson and White, 1989) (Figure 21.9). The
graptolite Saetograptus leintwardinensis leintwardinensis
(Figure 21.2G) occurs in the basal beds of the Lower Leint-
wardine Formation, and it becomes common higher in the
formation. The underlying Upper Bringewood Formation is
devoid of identifiable graptolites, although the Lower
Bringewood Formation contains graptolites indicative of the
P. tumescens/S. incipiens Zone. Therefore, the stratotype
point is considered to approximate the base of the S. leint-
wardinensis Zone (Lawson andWhite, 1989), although it may
occur within the lower part of that zone.

The stratotype level is also marked by the disappearance
of a number of distinctive brachiopod taxa, as well as changes
in relative abundances among others. No distinctive conodont
taxa appear at the stratotype point. However, there are
significant changes in the palynological assemblages at or
near the formational contact (Lawson and White, 1989).
Carbon isotope data indicate a weak (~1&) positive shift
beginning approximately 50 cm below the GSSP level
(Cherns, 2011).

21.2.4. Pridoli Series

The Pridoli Series is named for the P�rı́dolı́ area, near Prague,
Bohemia, Czech Republic. This series has not been sub-
divided into stages. The stratotype section is the Po�záry
section in the Daleje Valley, near �Reporyjie, Prague (K�rı́z
et al., 1986; K�rı́z, 1989). The stratotype point is in bed 96,
approximately 2 m above the base of the Po�záry Formation,
marked by the first appearance of Neocolonograptus par-
ultimus (Figures 21.2(h) and 21.10). Graptolites are absent
from the immediately underlying strata, however, so it is
possible that the stratotype point occurs within the lower part
of that zone. A number of other fossil groups are common in
the type area of the Pridoli besides the graptolites, but only
chitinozoans show potential for more detailed biostrati-
graphic correlation in this region. The base of the

Fungochitina kosovensis chitinozoan zone occurs approxi-
mately 20 cm above the stratotype point.

21.2.5. Other Important Stage
Classifications

Although a number of regions of the world have had
a regional series and stage classification, the majority of these
have fallen out of usage since the global standard series and
stage stratotype sections and points were defined. The
generally high degree of faunal cosmopolitanism has greatly
facilitated the global usage of the standard time scale.
However, there remain significant intervals in which corre-
lation between the graptolite biostratigraphic scale and that of
conodonts and carbonate shelf facies are imprecise. As
a result, in the East Baltic Region, which has a long history of
detailed faunal and stratigraphic study in mainly carbonate
strata, workers continue to refer to a scale of regional stages
(East Baltic Regional Stages, Figure 21.11) based on faunal
and facies changes in that area (Bassett et al., 1989).

The interior of Laurentia, including the midcontinent
regions of the USA and Canada, has also seen some continued
usage of regional series and stages. Unlike the Baltic,
however, the terminology has not been consistently employed
in different regions within North America, and many of the
series and stage boundaries have not been clearly defined.
Cramer et al. (2011a) reviewed the current state of under-
standing of the North American series and stage terminology
and its correlation with the global standard, and identified
a number of intervals where there remains considerable
uncertainty in this correlation.

21.3. SILURIAN STRATIGRAPHY

21.3.1. Biostratigraphy

Much of the sedimentary record of the Silurian in basinal,
and continental margin settings is represented by graptolite-
bearing mudrocks. In the paleo-tropical regions, epiconti-
nental settings are dominated by carbonate successions,
commonly with well-developed reefs. In later Silurian
time, large evaporite basins developed in some epeiric
basins. Glacial deposits, mainly of Llandovery age, have
been recognized in South America (e.g., Caputo 1998;
Dı́az-Martinez and Grahn, 2007).

The Silurian Period was generally a time of relative
convergence of continental landmasses and narrowing and
closing of ocean basins (Cocks, 2000). One of the results of
this is the generally low degree of provincialism seen in
marine faunas. However, another result of this convergence is
tectonic uplift in several orogenic belts and a number of areas
that were dominated by marine sedimentation through much
of Ordovician and Early Silurian time become sites of
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Base of the Ludfordian Stage of the Silurian System at Sunnyhill
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FIGURE 21.10 A) Map of the GSSP for the base of the Pridoli Series in the Daleje Valley, Prague, Czech Republic. B) Lithologic log of the GSSP section

showing numbered sample levels and ranges of some key taxa (fromK�rı́z, 1989). C) Photograph of the GSSP for the base of the Pridoli Series. Photo by Michael

Melchin.
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continental sedimentation or non-deposition by the end of the
Silurian.

As in the Ordovician, the two fossil groups that have been
most widely used in Silurian biostratigraphic correlation are
the graptolites and conodonts. Reference to the GSSPs for the
series and stages is mainly by relation to the graptolite zones,
although conodonts, chitinozoans, and carbon isotopes are
increasingly being used for correlation with GSSPs. A
number of shelly fossil groups, especially brachiopods, have
proved to be useful for regional correlation, as have acri-
tarchs, microvertebrate remains, and, in some circumstances,
land plant spores.

21.3.1.1. Graptolite zones

Graptolites (Phylum Hemichordata) were a component of the
Silurian macroplankton. As in the Ordovician, they lived at
various depths in the ocean waters (e.g., Underwood, 1993;
Cooper and Sadler, 2010), were particularly abundant in
upwelling zones along continental margins (Finney and Berry,
1997) and are found in a wide range of sedimentary facies.
Most graptolite species dispersed rapidly, are geographically
widespread, and are of relatively short stratigraphic duration
(0.5e4 myr). These attributes combine to make them
extremely valuable fossils for the zonation and correlation of
strata. Together with conodonts, they are the primary fossil
group for global correlation of Silurian sequences and the
biostratigraphic levels that are used to correlate the Silurian
GSSPs are all based on graptolite zones (Figure 21.1).

The most established zonal scheme as the “standard” for
Silurian graptolite biostratigraphy (Harland et al., 1990)
has traditionally been based on the British zonation
(e.g., Rickards, 1976), which was recently updated and
refined by Zalasiewicz et al. (2009). The exception is the
Pridoli zonation, which is based on the succession in Bohemia
(e.g., K�rı́z et al., 1986). However, recent efforts have been
undertaken to establish a globally recognizable, standard
zonation, based on widely recognizable episodes of faunal
change rather than the succession of any particular region.

A first step toward this was the publication of the
“generalized graptolite zonal sequence” (Subcommission on
Silurian Stratigraphy, 1995; Koren’ et al., 1996), which was
assembled for the purpose of a coordinated study of global
paleogeography, but was also used for a study of patterns of
global diversity and survivorship in Silurian graptolites
(Melchin et al., 1998). In the course of the latter study it was
found that a number of the generalized zones recognized by
Koren’ et al. (1996) could be readily subdivided and still
recognized in several different paleogeographic regions of the
world. Further refinements of the Generalized Graptolite
Zonation were presented in Melchin et al. (2004), Sadler et al.
(2009) and Cramer et al. (2011a,b). The graptolite zonation
presented here represents a slight refinement of the one
published by Cramer et al. (2011a). The criterion used in this

zonation, as was the case for the original Generalized Grap-
tolite Zonation (Koren’ et al., 1996), was that zonal base
should be recognizable in at least three different paleogeo-
graphic regions of the world.

Figure 21.1 shows the remarkable precision in correlation
obtainable using Silurian graptolites. The 36 graptolite zonal
divisions of the Silurian span 24.6 myr and thus average
approximately 683 000 years each in duration. At the regional
level, where more zones are recognized in some intervals, the
precision is even better.

21.3.1.2. Conodont Zones

Conodonts are tooth-like structures in the feeding apparatus
of small lamprey-like primitive chordates (Aldridge and
Briggs, 1989). They are most readily preserved in, and
extracted from, carbonate facies; however, the free-swimming
conodont animal roamed widely and some species are found
in a broad variety of lithologies and depositional environ-
ments, making them an important tool for global stratigraphic
correlation. The fluorapatite (calcium phosphate) conodont
elements are typically extracted via acid digestion using either
acetic or (preferably) formic acid. In particularly dolomitic
Silurian carbonate rocks, the use of buffered formic acid has
greatly improved the yield (number of elements/kg of rock)
during digestion.

Exceptionally detailed conodont biozonations have been
constructed for portions of the Silurian (Wenlock and
Ludlow: Jeppsson, 1997a; Jeppsson et al., 2006; Telychian:
Männik, 1998, 2007b; Ludfordian to Pridoli: Corradini and
Serpagli, 1999; Corriga and Corradini, 2009), although other
portions of the Silurian remain much less well refined
(e.g., Rhuddanian and Aeronian). At the finest scale of
resolution (<500 kyr), it is becoming clear that the first
appearances of some zonally important conodont species are
not always synchronous globally (Cramer et al., 2010b).
Although similar difficulties can be found among Silurian
graptolites, these diachroneities must be addressed when
working at extremely high resolution (i.e. approaching the
Milankovitch band). The conodont zonation of the Baltic
Basin remains the most highly refined of any Silurian paleo-
continent, and the recognition of these zones is in its infancy
globally. In the comparatively few studies published from
outside of Baltica that have been conducted at sufficient
resolution and using suitable digestion techniques, the vast
majority of the Baltic zones appear to be recognizable. The
composite biozonation used here (Figure 21.1) is from
Cramer et al. (2011a), which was constructed specifically to
include the entire Silurian and to be more globally applicable
than previously published zonations.

21.3.1.3. Chitinozoan Zones

Chitinozoa are organic-walled microfossils of unknown bio-
logical affinities, although many accept the hypothesis that
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they were the planktonic egg capsules of some metazoan.
They occur in a variety of marine facies and many species
were geographically widespread and relatively short-lived.
Verniers et al. (1995) proposed a global biozonation for
Silurian chitinozoa, based on correlation of well-known
successions in Laurentia, Avalonia, Baltica and Gondwana
(Figure 21.1). Global biozonal levels are defined by well-
established taxa whose first appearances are regarded as
synchronous in two or more distinct paleogeographic regions.
Many of these biozonal levels have been defined or recog-
nized in direct reference to global stratotype sections and
points. A new, refined, global chitinozoan biozonation is
currently in preparation.

21.3.1.4. Other Zonal Groups

The Subcommission on Silurian Stratigraphy (1995), which
produced generalized zonations for graptolites, conodonts
and chitinozoans, also provided Silurian zonations for spores
and vertebrates (Figure 21.1). The former, which has been
slightly revised by Burgess and Richardson (1995), is
particularly important in that it provides the possibility for
biostratigraphic correlation in terrestrial strata and between
the terrestrial and marine realm. The vertebrate zonation,
based mainly on disarticulated remains (ichthyoliths), was
refined by Märss et al. (1995).

21.3.2. Physical Stratigraphy

21.3.2.1. Magnetostratigraphy

Our understanding of the magnetostratigraphic scale for the
Silurian System is still in a very preliminary state and is based
on incomplete data from only a few localities. Based on the
presently available data it appears that much of the Silurian is
characterized by a mixed polarity, with a predominantly
normal phase through much of the Wenlock (Figure 21.1;
Trench et al., 1993).

21.3.2.2. Chemostratigraphy

Chemostratigraphic analyses are now available at fairly high
levels of stratigraphic resolution for all or most of the Silurian
System for the d13C and Sr isotopic systems (Figure 21.11).
Curves for the d18O system are less complete and/or provide
lower resolution than those of d13C and Sr (Munnecke et al.,
2010) (see further discussion below).

Carbon Isotope Stratigraphy

The carbon isotopic ratio of Silurian seawater, measured
either in carbonate (d13Ccarb) or in organic matter (d13Corg),
was highly variable through time and indicates that the global
carbon cycle and global climate system were less stable
during the Silurian than in almost any other period during the
Phanerozoic. As is the case with most of the Paleozoic, the

d13Ccarb record is better known than the d13Corg record, and
throughout the rest of this chapter we will be referring to the
d13Ccarb record unless otherwise indicated. Significant posi-
tive excursions to the carbon isotopic ratio of Silurian
seawater occurred during the early and late Aeronian, early
Telychian, early to middle Sheinwoodian, middle to late
Homerian, middle Ludfordian, and during the latest Pridoli e
crossing the base of the Devonian (see Cramer et al., 2011a
and references therein; Figure 21.11). The Sheinwoodian
(Samtleben et al., 1996), Ludfordian (Samtleben et al., 1996)
and SilurianeDevonian boundary (Saltzman, 2002) positive
d13Ccarb excursions have all been shown to have exceeded
þ5.0& (VPDB). Although the late Aeronian excursion has
been well recorded in deep-water strata (Melchin and
Holmden, 2006), it has rarely been documented from
carbonate facies. Wenzel (1997) recorded values >4.5&
during this excursion. Similarly, the Homerian excursion
tends to be of lower amplitude than those that occurred during
the Sheinwoodian or Ludfordian in any given basin; however,
values greater than þ4.0& have been recorded from Hom-
erian strata and this relationship is not always the case in
every basin (e.g., Podolia : Kaljo et al., 2007). The Ludfor-
dian excursion is exceptional in its amplitude (typically
>þ8.0&) in that it is likely the largest post-Cambrian
excursion of the entire Phanerozoic. By the middle Ludfor-
dian, it had been more than 100 million years since the carbon
isotopic ratio of the global ocean had been at such an elevated
level.

Carbon isotope chemostratigraphy can be used to inves-
tigate changes in the global carbon cycle and the oceane
atmosphereebiosphere system, and, in addition, can be used
as a purely stratigraphic tool. It is in the latter capacity that the
Silurian d13Ccarb record has become among the most highly
resolved of any period of the Paleozoic. Because d13C che-
mostratigraphy can be recovered from strata that contain
conodonts or graptolites (i.e. from carbonate or clastic
settings), carbon isotope chemostratigraphy has become an
invaluable tool for comparing and refining the correlation
between biostratigraphically useful groups, such as graptolite
and conodont biostratigraphy, which are infrequently found
together in the stratigraphic record (e.g., Kaljo and Martma,
2006; Cramer et al., 2010a).

Whereas the utility of carbon isotope chemostratigraphy is
broadly recognized throughout the Silurian community, the
relationship between the carbon isotopic record and Silurian
biotic/global climate events remains a highly contentious
issue (e.g., Cramer and Saltzman, 2007; Loydell, 2007,
2008b; Cramer and Munnecke, 2008; Munnecke et al., 2010).
As is the case with the majority of the positive carbon isotope
excursions during the Paleozoic, paleobiodiversity events
occurred immediately prior to and/or during the onset of
positive excursions, whereas the majority of any given
excursion coincides with the post-extinction/recovery phase
of the biotic event. Quantitative marine paleoproductivity
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data only exist for the Ludfordian (Lau) positive excursion
and indicate a crash in marine productivity during the positive
excursion (Sticanne et al., 2006). Reconstruction of Silurian
sea levels remains problematic (Munnecke et al., 2010).
However, it is clear that the positive excursions persisted
through several sea-level cycles that were likely on the order
of eccentricity (400 kyr), given that the excursions themselves
were typically on the order of 1e1.5 myr in duration. The
d13Corg record typically mirrors that of d13Ccarb during the
Silurian, although the magnitudes of the excursions in d13Corg

are typically muted compared to the same isotopic event in
the d13Ccarb record.

Oxygen Isotope Stratigraphy

A number of published oxygen isotope (d18O) curves for the
Silurian show very similar trends (Wenzel and Joachimski,
1996; Samtleben et al., 1996; Azmy et al., 1998; Heath et al.,
1998; Lehnert et al., 2010; Munnecke et al., 2010). There is
a slight general trend toward reduction in d18O values through
Silurian time, and superimposed on this trend are a number of
significant positive excursions of approximately 1e3.5&
magnitude, that roughly match in timing with positive
excursions in the d13Ccarb record (e.g., �Zigait _e et al., 2008;
Lehnert et al., 2010; Munnecke et al., 2010). Bickert et al.
(1997) demonstrated that the oxygen isotope variations within
the Silurian are too large to be interpreted as being solely the
result of either temperature, ice-volume or salinity alone.
Similarly, the Llandovery with its unequivocal record of
continental glaciations should correspond with some of the
largest variations in d18O; however, this is not the
case (see Munnecke et al., 2010). There is considerable
controversy surrounding the reliability of different media
(e.g., brachiopod carbonate, whole-rock carbonate, conodont
phosphate, vertebrate phosphate) of analysis for the d18O
record, as well as the significance of long-term, secular trends
in terms of estimation of seawater temperatures (e.g., Came
et al., 2007; Trotter et al., 2008; Pucéat et al., 2010).
Considerable further research is required, particularly inde-
pendent methods to verify changes in the parameters that can
control d18O (salinity, temperature, ice-volume, etc.); for
example, by applying clumped-isotope paleothermometry for
temperature, fluid inclusion analysis for salinity, etc.

Strontium Isotope Stratigraphy

The strontium isotopic ratio (87Sr/86Sr) of Silurian seawater
shows a generally increasing trend from roughly 0.707 95
during the early Rhuddanian to roughly 0.708 70 during the
latest Pridoli (Cramer et al., 2011c; Figure 21.11). This
Silurian trend is a continuation from the latest Hirnantian,
following the Katianeearly Hirnantian low recorded from the
Ordovician. Previous composites have indicated that
87Sr/86Sr values continue to increase throughout the Silurian
(e.g., Ruppel et al., 1996; Azmy et al., 1999; Veizer et al.,

1999), although recent recalibrations of available data indi-
cate that the inflection from rising to more stable values may
have taken place within the Pridoli. It is clear, however, that
the descending limb of the Late OrdovicianeSilurianeEarly
Devonian 87Sr/86Sr record (Veizer et al., 1999) did not begin
in earnest until the Devonian. Uncertainty in the duration of
stages within the Silurian time scale prohibits meaningful
discussion of the rates of change in the Silurian 87Sr/86Sr
record; however, the Ludlow portion of the 87Sr/86Sr curve
appears to be an interval of interest (Cramer et al., 2011c).
The successive reduction in the length of the Ludlow since the
time scale of Harland et al. (1990) (see Melchin et al., 2004;
Ogg et al., 2008; Sadler et al., 2009) forces the Silurian
87Sr/86Sr curve to have a significant inflection point in the rate
of change in 87Sr/86Sr at or near the base of the Ludlow Series
to more rapidly increasing values throughout the Ludlow.
Further refinement to the radiometric age calibration of the
Silurian time scale is required to fully interpret the Silurian
87Sr/86Sr record.

The Silurian trend toward higher 87Sr/86Sr values
throughout the period is most readily explained by the
paleogeographic/paleotectonic history of the Silurian. The
paleocontinents of Baltica, Avalonia and Laurentia were
colliding throughout the Silurian period as the three paleo-
continents amalgamated during this time. Laurentia alone had
a collisional margin many thousands of kilometers long,
including its northern, eastern, and to a lesser extent, southern
margins. All else being equal however, a reduction in the rate
of sea-floor spreading and/or increased weatherability and
weathering of old sialic strata likely contributed to the overall
increasing trend (Cramer et al., 2011c). Improved Silurian
87Sr/86Sr data, particularly in conjunction with detailed
chronostratigraphy of graptolites, conodonts or carbon
isotopes is sorely needed. 87Sr/86Sr chemostratigraphy can
provide a useful tool for chronostratigraphic correlation at the
stage level throughout the Silurian, and is particularly useful
in settings where biostratigraphy and chemostratigraphy are
either unavailable or unlikely to be produced.

21.3.2.3. Eustasy

A considerable body of literature exists on the effort to
construct a eustatic curve for the Silurian Period. There have
been several different approaches to the problem of esti-
mating eustatic changes. Johnson (1996) and Munnecke et al.
(2010) summarized a series of earlier papers in which the sea-
level histories of individual regions have been reconstructed
mainly based on the use of benthic assemblages and sedi-
mentary structures. Sea-level curves for each region are then
correlated and compared to identify global signals. Johnson
et al. (1998) added to this the study of submergence of
paleotopographic features as measures of absolute sea-level
change. Ross and Ross (1996) also employed biofacies data,
but also incorporated some lithofacies information, although
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their curve is based almost entirely on sections in Laurentia.
Johnson (2006) provided an update of the Silurian eustatic
record, based on this approach (Figure 21.11), and included
a discussion of the relationship between sea-level change and
the patterns of extinction and oceanic events.

In contrast, Loydell (1998; see Figure 21.11) defined
episodes of sea-level rise and fall based primarily on identi-
fication of the oxidation state of the strata under investigation
and the graptolite fauna contained therein. For example,
graptolitic shales, in which, he argued, transgressive intervals
are recognized as being generally condensed and organic-rich
with diverse graptolite faunas, whereas regressive intervals
are thicker and less organic-rich with more depauperate
graptolite assemblages. This method has some advantages in
that the graptolite biostratigraphy provides a more precise and
globally correlatable temporal control. In addition, it is also
based mainly on deeper-water successions, which are less
susceptible to truncation by subaerial exposure and erosion.
On the other hand, this method provides no means of deriving
quantitative estimates of magnitudes of sea-level change, and
the oxidation state of the sea floor need not necessarily be
related to sea level.

A recent paper that interprets global eustatic patterns
during the Silurian is by Haq and Schutter (2008), and is
based upon sequence stratigraphic interpretation of records
from cratonic basin successions. Intriguingly, Haq and
Schutter’s record proposes a higher number of short-term
global sea-level fluctuations than any of the previous studies
(Figure 21.11). Johnson (2010) provided a detailed discus-
sion and comparison of the methodologies and results of the
Johnson (2006) and Haq and Schutter (2008) sea-level
studies.

Reconstruction of Silurian sea levels is complicated
especially by two issues: 1) the interpretation of the strati-
graphic record, and 2) the chronostratigraphic correlation of
the studied sections. It is often the case that the inability to
sufficiently correlate stratigraphic sections, either with each
other or with the Silurian time scale, produces diametrically
opposing curves (e.g., Munnecke et al., 2010, Figure 2).

21.3.2.4. Climatic Events

There is considerable controversy surrounding the various
means used to estimate climatic conditions during the Silu-
rian (e.g., Landing and Johnson, 1998; Munnecke et al., 2003;
Cramer and Saltzman, 2007; Calner, 2008; Loydell, 2008b;
Cramer and Munnecke, 2008; Munnecke et al., 2010).
Nevertheless, it is now clear that the history of Silurian
climate was extremely dynamic, as recorded in the high
frequency and high-magnitude fluctuations in C and O
isotopic values (Munnecke et al., 2010; Cramer et al., 2011a),
as well as depositional patterns indicating pronounced
changes in ocean state (e.g., Jeppsson, 1990; Brunton et al.,
1998; Page et al., 2007).

Following the major glacial event of the Late Ordovician
(e.g., Brenchley et al., 1994) there were several episodes of
glacial advance in the Llandovery (e.g., Caputo, 1998; Dı́az-
Martinez and Grahn, 2007) and the Hirnantian glacial interval
is perhaps better thought of as the Late Ordovician to Early
Silurian glacial interval (e.g., the “Early Palaeozoic Icehouse”
interval of Page et al., 2007). As noted above, the existence of
significant excursions in the record of d18O and d13C that
persist through several sea-level cycles and that, in many ways,
resemble the glacially related events of the Late Ordovician
(Munnecke et al., 2003; �Zigait _e et al., 2008), indicate that it is
possible that there were later Silurian glacial episodes that have
yet to be documented in the physical stratigraphic record.
Regardless, the frequency and magnitude of several of the
Silurian isotopic shifts clearly indicate that this time interval
was a period of rapidly evolving climatic and environmental
conditions. In addition, many of these events are closely
associated with intervals of biotic change, most clearly seen in
the record of graptolites and conodonts (Figure 21.11).

21.3.2.5. Volcanism and K-Bentonite Stratigraphy

Volcanic ash beds or K-bentonites have been widely reported
through the Silurian, particularly from Europe and eastern
North America (e.g., Bergström et al., 1998a). Geochemical
studies of these bentonites suggest that those distributed over
Laurentia, Avalonia, and Baltica can be attributed to at least
three different volcanic centers within the closing Iapetus and
Rheic ocean basins (Bergström et al., 1997; Huff et al., 2000).
However, some of these individual K-bentonite units have
been shown by geochemical fingerprinting to be geographi-
cally very widespread and serve as excellent marker beds for
high-resolution, regional correlations (e.g., Bergström et al.,
1998b; Batchelor et al., 2003; Ray, 2007; Kiipli et al.,
2008a,b; Ray et al., 2011). Bentonites also provide the prin-
cipal source of crystals for radiogenic isotope dates within
stratigraphic successions for calibration of the Silurian time
scale (see below).

21.4. SILURIAN TIME SCALE

As with the Ordovician, there have been many published
radiogenic isotope dates for calibrating the Silurian time scale
(Gale, 1985; Kunk et al., 1985; McKerrow et al., 1985; Odin,
1985; Snelling, 1985; Harland et al., 1990; Tucker et al.,
1990; Compston and Williams, 1992; Tucker and McKerrow,
1995; Compston, 2000a,b; Bergström et al., 2008). Unfortu-
nately, few of these dates are of sufficient analytical reli-
ability, precision and biostratigraphic constraint to meet
modern standards for time scale calibration. Following
the practice of Paleozoic time scale geochronologists
(e.g., Tucker and McKerrow, 1995; Tucker et al., 1998;
Gradstein et al., 2004 and numerous publications referred to
therein), we use mainly those dates that are based on
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volcanogenic minerals preserved in ash beds that are inter-
bedded with age-diagnostic fossiliferous strata and dated
using either U-Pb or Ar-Ar methods.

21.4.1. Radiogenic Isotope Age Dates

Under the new standardized treatment (see Chapter 6), dates
previously reported under various uranium and lead isotopic
decay systems (206Pb/238U, 207Pb/235U, and 207Pb/206Pb)
have, where possible, here been mapped onto the 206Pb/238U
decay system. Similarly, error propagation of analytical,
tracer/standard and decay constant errors has been treated
consistently and rigorously for each published age. All dates
used in our calibration have been reappraised since Gradstein
et al. (2004) for analytical and biostratigraphic reliability. The
few 40Ar/39Ar ages have also been recalibrated to the Kuiper
et al. (2008) FCs standard age of 28.201 � 0.046 (2s) Ma
with associated systematic error propagation. The radiogenic
isotope ages for many of the dated samples in Appendix 2,
therefore, differ from those given in the original publications.
All of the dates used for time scale calibrations by Melchin
et al. (2004) are here revised or rejected. For reasons dis-
cussed by Villeneuve (2004), zircon age determinations
determined with the high-resolution secondary ion mass
spectrometry (HR-SIMS) method in the Canberra Geochro-
nological Laboratory (Compston and Williams, 1992;
Compston, 2000a,b), using standard SL13, are not employed
in Silurian time scale construction. Details of the dated
samples used here are given in Appendix 2. The following
comments refer mainly to the reliability of the biostrati-
graphic constraints on the dated samples.

Of the six Silurian radiogenic isotope dates used for cali-
bration by Tucker and McKerrow (1995), three are accepted
here (their dated items 22, 23, 26). Date No. 22 is from the
Birkhill Shales, Scotland (206Pb/238U age of 439.57� 1.13Ma:
Toghill, 1968; Ross et al., 1982; Tucker et al., 1990). Although
the exact level of the bentonite in the section is uncertain
(Cooper and Sadler, 2004; Bergström et al., 2008), we accept
the assignment of Ross et al. (1982) of this bentonite to the
Coronograptus cyphusZone. Date No. 24 is from the Telychian
in the Buttington brick pit at Welshpool, Wales, and previously
assigned to theMonoclimacis crenulata Zone (206Pb/238Uageof
429.20 � 2.67 Ma) by Tucker and McKerrow (1995). This
“zone” at Buttington is now known to span at least four grap-
tolite zones, the zones ofM. crenulata (sensu stricto),Oktavites
spiralis, Cyrtograptus lapworthi and Cyrtograptus insectus
(Loydell and Cave 1993, 1996). It is also uncertain which of
several bentonite beds in the quarry was sampled, and how
broadly Tucker and McKerrow interpreted the concept of the
M. crenulata zone. There is therefore a wide range of strati-
graphic uncertainty about the dated bentonite and the “safest”
range to use is the zonal range Spirograptus turriculatus to
middle Cyrtograptus lapworthi Zone, which encompasses the
Tarannon Shales Formation from which the bentonite was

collected (D. Loydell, pers. comm.). However, because of its
biostratigraphic uncertainty, we do not use this date for
calibration.

The dated item No. 26 of Tucker and McKerrow, from
the upper Whitcliffe Formation, Ludlow (206Pb/238U age of
420.88� 2.39 Ma: Tucker and McKerrow, 1995; Tucker et al.,
1998), was rejected byMelchin et al. (2004) and by Sadler et al.
(2009). Although analytically acceptable, it is not tied to
a graptolite or conodont horizon and therefore to a level in the
CONOP composite. It is included here, however, with a wide
stratigraphic uncertainty. From regional correlations, the age
is taken as post-Saetograptus leintwardinensis Zone to pre-
Neocolonograptus ultimuseN. parultimus Zone in the
Ludfordian.

Two samples dated by the Ar-Ar method are included
here. An Ar-Ar date on a sedimentary breccia in the Descon
Formation of Esquibel Island, southeastern Alaska (Tucker
and McKerrow item No. 23: Churkin and Carter, 1970; Ross
et al., 1982; Kunk et al., 1985) is rather loosely constrained
by biostratigraphy. The breccia is “autobrecciated”, contains
juvenile volcanic material including crystals of hornblende,
pyroxene and plagioclase, but no age-diagnostic fossils. An
Ar-Ar total gas age on hornblende gave 436.2 � 5 Ma, here
revised to 441.9 � 5.2 Ma. The bed lies 4 m above graptolites
of the Coronograptus cyphus Zone, and this zone was taken as
the age of the breccia by Tucker and McKerrow (1995).
Bergström et al. (2008) point out that the breccia could be as
young as strata equivalent to S. sedgwickii Zone, which is
reported from a younger part of the Descon Formation. Here
we take a broad stratigraphic age uncertainty interval for the
breccia, extending from the base of the Coronograptus
cyphus Zone to the top of the S. sedgwickii Zone, and the level
as the midpoint in this range. An Ar-Ar date on biotite in
a bentonite bed in the Middle Elton Formation, Shropshire,
UK gave 423.7 � 1.7 Ma (Kunk et al., 1985), here revised to
430.6� 2.9 Ma. The stratigraphic correlation of the bentonite
given by Ross et al. (1982), Neodiversograptus nilssoni to
Lobograptus scanicus zones, Gorstian Stage, is here taken as
the stratigraphic uncertainty interval for the sample and the
level as the midpoint in this range. The Laidlaw Volcanics of
Canberra, Australia, dated by the K-Ar and Rb-Sr methods
(420.7 � 2.2 Ma: Wyborn et al., 1982) and accepted by
Melchin et al. (2004), fails the analytical quality screening
protocols of the present database and is here rejected.

Five high-quality zircon dates have become available
since publication of the Silurian time scale of Melchin et al.
(2004). The first is from the Osmundsberget K-bentonite of
Dalarna, Sweden (Bergström et al., 2008). Four out of five
zircons yielded a weighted mean 206Pb/238U age of 438.74 �
1.11 Ma; one zircon was affected by inheritance. The grap-
tolites Spirograptus turriculatus and Streptograptus johnsoni
are found in the section about 0.5 m below the K-bentonite,
and S. turriculatus is also present 0.5 m above it (Loydell and
Maletz, 2002). We take the overlap in range of Spirograptus
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turriculatus and Streptograptus johnsoni in the CONOP
composite as the stratigraphic uncertainty range and the
midpoint in this range as the level. A second K-bentonite
from Dalarna, in the Kallholn Shale, gave a 206Pb/238U age of
437.0 � 0.5; however, uncertainty about its biostratigraphic
age and correlation led Bergström et al. (2008) to reject it for
time scale calibration, and we have not included it here.

The other four of the five new high-quality zircon
206Pb/238U dates since Melchin et al. (2004), come from
Cramer et al. (submitted). Preliminary dating of the Ireviken
Bentonite from Gotland, Sweden, was reported by Jeppsson
et al. (2005), but the complete analytical details remained
unavailable until recently. Cramer et al. (submitted), using the
CA-ID-TIMS method of Mattinson (2005) and Condon et al.
(2007), show that 11 out of 15 zircons yielded a weightedmean
206Pb/238U age of 431.80� 0.71 Ma for the Ireviken Bentonite
from the Lusklint 1 outcrop (for locality guide see Eriksson
and Calner, 2005). At this well-studied section (e.g., Jeppsson,
1997a,b), the Ireviken Bentonite occurs 2.85 m above the
Lusklint Bentonite (the local reference level), which is roughly
8.28 m above sea level. The Ireviken Bentonite occurs within
the Lower Visby Formation and is within the Upper Pseu-
dooneotodus bicornis conodont zone between Datum 2 and
Datum 3 of the Ireviken Event (Jeppsson, 1997a,b). Based on
our present knowledge of the base Wenlock GSSP, Datum 2 of
the Ireviken Event is likely within a few centimeters of the
“golden spike” at Hughley Brook (see above; Mabillard and
Aldridge, 1985; Jeppsson, 1997a; Cramer et al., 2010a), and
the Ireviken Bentonite is 14 cm above Datum 2 in the Lusklint
1 outcrop. Based upon biostratigraphic correlation of the
conodont zonations with the graptolite zonations (e.g., Cramer
et al., 2010a), as well as the correlation of bentonites
throughout the Baltic where they co-occur with graptolites
(e.g., Aizpute core: Kiipli et al., 2008b), the Ireviken Bentonite
occurs within theCyrtograptus murchisoni graptolite zone, and
is below the onset of the Sheinwoodian (Ireviken) positive
d13C excursion (Munnecke et al., 2003).

The second new date from the Swedish island of Gotland
comes from the outcrop Hörsne 3 (Laufeld, 1974; Kiipli et al.,
2008b). The name “Grötlingbo Bentonite” was first given to
a 38 cm-thick bentonite recognized in the Grötlingbo drill core
(Jeppsson and Calner, 2003), where it occurs within the
Gothograptus nassaePristiograptus dubius parvus graptolite
zone (Calner et al., 2006). The only identified exposure of this
bentonite on Gotland is the Hörsne 3 locality where it is 30 cm
thick (Kiipli et al., 2008b). At Hörsne 3, the Grötlingbo
Bentonite is within strata equivalent to the Mulde Brickclay
Member of the Halla Formation and within the Ozarkodina
bohemica longa conodont zone (Jeppsson et al., 2006; Kiipli
et al., 2008b). A bentonite from the Hörsne 3 locality was
previously dated using K-Ar at 425.8 � 6.0 Ma by Odin et al.
(1986: sample B126). The Grötlingbo Bentonite has been
correlated more broadly around the East Baltic by Kiipli et al.
(2008a,b), who demonstrated that the identification and

correlation based on the mineralogy of magmatic phenocrysts
is consistent with its biostratigraphic position throughout the
Baltic Basin. This sample (G05-335LJ of Kiipli et al., 2008b)
comes from the upper part of the 30 cm-thick exposure and five
out of nine zircons yielded a weighted mean 206Pb/238U age of
428.47 � 0.72 Ma (Cramer et al., submitted). The Grötlingbo
Bentonite occurs within the rising limb of the first peak of the
Homerian “Mulde” positive d13C excursion (compare Calner
et al., 2006; Kaljo et al., 2007; and Kiipli et al., 2008b).

The third and final new date from Gotland comes from
the Djupvik 1 locality (Jeppsson, 1982; Eriksson and Calner,
2005), and was previously studied by Odin et al. (1986:
sample B108) and Batchelor and Jeppsson (1999). Odin
et al. (1986) determined a K-Ar age of 427.4 � 6.0 Ma from
this locality. The lower of two bentonites separated by 16 cm
was sampled (G03-340LJ of Kiipli et al., 2008b) by Cramer
et al. (submitted) and six out of nine zircons yielded
a weighted mean 206Pb/238U age of 428.06 � 0.68 Ma. This
bentonite occurs within the Djupvik Member of the Halla
Formation, within the Kockelella ortus absidata conodont
zone (Kiipli et al., 2008b) and likely correlates to a position
near the boundary between the Colonograptus praedeubeli
and C. deubeli graptolite zones. The Djupvik Member, and
the bentonites contained therein, roughly marks the position
of the low point between the two peaks of the Homerian
“Mulde” positive d13C excursion (Calner et al., 2006).

The final new date included by Cramer et al. (submitted)
comes from Wren’s Nest Hill, Dudley, England. This
bentonite occurs in Lion’s Mouth Cavern within the upper-
most part of the Upper Quarried Limestone Member of the
Much Wenlock Limestone Formation, near the base of PS12
(Parasequence 12) of Ray et al. (2010). By correlation to the
base Ludlow GSSP, this bentonite (Wren’s Nest Hill 15: Ray
et al., 2011) likely corresponds with a level only a few
centimeters below the golden spike at Pitch Coppice Quarry
(see above). There is little direct biostratigraphic information
available from this outcrop; however, through the detailed
correlation of Ray et al. (2010), and the position of the
bentonite with respect to the base of the Lower Elton
Formation, this bentonite can be correlated to a position very
near the top of the Colonograptus ludensis graptolite zone
and the Kockelella ortus absidata conodont zone, just above
the final conclusion of the Homerian “Mulde” positive d13C
excursion (Ray et al., 2010). Cramer et al. (submitted) report
that six out of eleven zircons yielded a weighted mean
206Pb/238U age of 427.77 � 0.68 Ma.

Two further dated samples e a bentonite from the Late
Ordovician and one from the Early Devoniane help constrain
the age of the lower and upper boundaries of the Silurian
respectively. A tuff bed in the Late Ordovician (Ashgill)
Hartfell Shales of Scotland (dated item No. 21 of Tucker and
McKerrow, 1995), gave a U-Pb age (Tucker et al., 1990) here
revised to 448.88 � 1.17 Ma. Similarly, Tucker et al. (1998)
report a weighted mean 207Pb/206Pb age here recalculated
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using the U decay constant ratio of Schoene et al. (2006) as
415.48� 2.71 Ma based on nine multigrain zircon fractions in
a K-bentonite from the Kalkberg Formation (Helderberg
Group), Cherry Valley, New York, that was used to help
constrain the age of the composite in the Early Devonian
(Melchin et al., 2004; Sadler et al., 2009), and for calibration of
the Devonian time scale (Kaufmann, 2006). The Kalkberg
Formation, and most of the lower Helderberg Group, contains
the zonal conodont Icriodus woschmidti, indicating a level that
can be correlated with the M. uniformis graptolite zone.
However, work in progress (M. Kleffner and J. Ebert, pers.
comm.) indicates that this zonal assignment needs revision. The
“Kalkberg” bentonite lies most probably not in the Kalkberg
Formation but in the overlying New Scotland Formation, and
the bentonite is probably at least one conodont zone above the
woschmidti and postwoschmidti levels. Further, Carls et al.
(2007) have revised the correlation of thewoschmidtiZone and
suggest that it lies above, not at, the base of the Devonian. Its
exact equivalent in the graptolite sequence is uncertain but the
zone base lies in the early part of the early Lochkovian in their
view. Taken together, these revisions suggest that the “Kalk-
berg” bentonite lies somewhere in the middle or late Lochko-
vian. In this study we therefore use the graptolite proxy taxa
M. praehercynicus þ M. hercynicus nevadensis for biostrati-
graphic position of the bentonite; their combined range in the
composite gives the stratigraphic error and the midpoint of this
combined range gives the stratigraphic age.

Thus, we have listed a total of eleven radiogenic isotope
dates, nine of which lie within the Silurian Period (Appendix 2;
see also Figures 20.11 and 20.13). The five most recently dated
samples (Osmundsberg, Ireviken, Hörsne, Djupvik and Wren’s
Nest) stand out as having both reliable biostratigraphic
constraint and conforming with the modern CA-ID-TIMS
analytical technique. Of the remaining six, several are far from
ideal where analytical procedure is concerned although, as
mentioned above, all analyses have passed the screening
protocols adopted in this work for quality control on analytical
procedure. Most of the remaining six also have biostratigraphic
problems and Bergström et al. (2008) questioned the suitability
of several of them for time scale calibration. Because of the
dearth of reliable dates for calibration of the Silurian scale, we
have retained as many as possible. The middle part of the
Silurian Period is now well constrained and the main areas of
concern are the earliest and latest parts of the period. The
numerical ages of both the SilurianeDevonian boundary and
the OrdovicianeSilurian boundary are likely to change when
high-quality dating in these intervals becomes available.

21.4.2. Methods of Estimating Relative
Duration of Zones and Stages

Because there are so few high-quality radiogenic isotope
dates available for the calibration of the Silurian, the

quantitative methods of interpolating stage boundaries used in
other parts of the time scale by Harland et al. (1990) and
Gradstein et al. (1994) cannot be applied. As with the
Ordovician, various proxy time scales have been devised by
previous workers, in which the stage durations are estimated
by some other method. Almost all of them rely on assump-
tions about either uniformity of depositional rate or stage or
zone duration.

The chronogram (minimized misfit) method of boundary
calibration developed by Harland et al. (1990) is a means of
estimating the age of stage boundaries from radiogenic
isotope dates. Twenty-four radiogenic isotope dates in Silu-
rian rocks were used, spanning a wide range of dating
methods and quality. Almost none of these dates are accepted
here as of sufficient analytical reliability and biostratigraphic
control. It is not surprising, therefore, that Harland et al.
(1990) found that most chronograms for Silurian stage
boundaries were:

‘either poor or meaningless and [stage durations] must be estimated

using chron interpolation.’

For chrons, they used graptolite zones. Thus, the number
of graptolite zones present was a primary guide to the dura-
tion of each stage. This rule, however, was not consistently
applied. The method assumes uniformity in graptolite zone
duration and in paleontological practice. Similar assumptions
about zone duration in Silurian time scale construction were
employed, in whole or in part, by Gale (1985), McKerrow
et al. (1985), and Tucker and McKerrow (1995).

In an alternative approach, the thicknesses of fossiliferous
stratigraphic sections through Silurian zones and stages are
used to estimate their duration. Kleffner (1989) developed
a composite section through the Silurian, using the graphic
correlation method of Shaw (1964). Forty-two conodont- and
graptolite-bearing carbonate and carbonate-shale sections,
mostly in North America but also from Europe, were used,
and the Cellon section in Austria was selected as the standard
reference section. In this exercise, the stratigraphic ranges of
species in the Cellon section are extended to match the
maximum ranges observed among the correlated sections,
and species not present in the Cellon section are similarly
composited into it based on their maximum ranges in other
sections. The Cellon section thus becomes a composite,
scaled section of all compared sections. The conodont and
graptolite zone boundaries recognized in the composite
section are regarded as defining chronozones because they are
based on global rather than local stratigraphic ranges. The
composite section was then regarded by Kleffner (1989) as
a proxy time scale. It is graduated in “composite time units”,
which are derived from the original stratigraphic thickness
units of the Cellon section. Zone and stage boundaries are
located within it based on the composite stratigraphic ranges
of the defining species. Fordham (1998) illustrated how
dependent the graphic correlation time scale is on choice of
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the initial standard reference section, the Cellon section in
Austria. Some method of minimizing, or normalizing for,
thickness bias is therefore needed, and composite sections
derived by graphic correlation, without a test for steadiness of
depositional rate may be unreliable.

21.4.3. Relative Duration of Stages
from Constrained Optimization

As in the Ordovician, Silurian deep-water shales have the
prerequisite for a high-resolution time scale, i.e. rich
successions of graptolite faunas, inter-bedded ash layers with
dateable zircon crystals, and minimally interrupted accumu-
lation. The constrained optimization method of Kemple et al.
(1995) and Sadler (1999, 2004), using the CONOP family of
programs, can be used to combine graptolite ranges in many
measured sections into a scaled composite sequence. The
method is fully described in Sadler et al. (2009), and is briefly
outlined in Chapters 3 and 20 of this book. The Silurian and
Ordovician time scales have been built from a composite
derived from 512 graptolitic, primarily deep-water strati-
graphic successions from around the world from latest
Cambrian to Early Devonian in age, containing over 2000
species. Approximately half of the sections range wholly or
partly in the Silurian.

Themethodused for developing a relative (proxy) time scale
for the Silurian is the same as that used for the Ordovician,
outlined inmoredetail inChapter 20of this volume.All sections
have been treated simultaneously, avoiding the bias introduced
by choice of the initial standard reference section as in graphic
correlation. Otherwise, our automated compositing procedure
closely resembles Edwards’ (1979) “no-space” variant of
graphic correlation. The result is an optimized, scaled, global
composite sequence of events. The order and spacing of events
in the scaled composite serve as a proxy time scale (Table 21.1).
Stage boundaries are located in the composite, as they are tied to
graptolite first-appearance events, although, as noted in the
discussions of the GSSPs (above), there is significant uncer-
tainty in the precisionwithwhich someof theGSSPs can be tied
to the relevant graptolite events.

21.4.4. Calibration of Stage Boundaries
by Composite Standard Optimization

The eleven ash beds dated by radiogenic isotopes discussed
above, in combination with the CONOP scaled composite,
enable calculation of the duration of Silurian global graptolite
zones and the time scale. The level within the CONOP
composite of each dated ash bed is determined from the
graptolite fossils associated with it, either directly in outcrop or
by correlation. When the composite levels for the dated ash
beds are plotted against the geochronometric scale
(Figure 20.13), the overall linearity of the CONOP composite

can be tested. Both the polynomial and spline fitted curves pass
close to all five of the precise and accurate Silurian dates (R2¼
0.9924, Figure 20.11). The slightly sinuous curve suggests that
the composite deviates only slightly from linear.

Although there is no a priori reason that this particular
best fit of x and y axis data should approach linearity, the
latter generally is taken to indicate good accordance between
the compositing and scaling procedures on the one hand and
the radiogenic isotope dating on the other. The chronometric
error for radiogenic isotopically dated samples shown is the
2-sigma error associated with the dates as re-evaluated by
Mark Schmitz (herein) and given in Appendix 2. The strati-
graphic error shown is as explained in Chapter 20.4.2.2. The
fitted curves enable the precise age of all events in the
composite to be converted to chronometric ages. Global
graptolite zones vary in duration from 0.10 myr or less to 2.69
myr (Table 21.1).

21.4.5. Age of Stage Boundaries

In the final analysis for the age of the stage boundaries and
stage duration in the Silurian (and Ordovician), the chrono-
metric and stratigraphic ages of the radiogenic isotope dates
were subjected to a cubic spline fit as described in Chapter
14, based on the standard approach used in GTS2004. Points
were weighted according to the procedure given in that
chapter, taking both radiogenic isotope and stratigraphic
errors into account. A smoothing factor of 1.45 was calcu-
lated by cross-validation. Two of the 27 points did not pass
the chi-squared goodness-of-fit test at a significance level of
p<0.01. These points were O4 (c2¼7.01; p¼0.0081) and S5
(c2¼6.66; p¼0.0099). No post-hoc adjustments were made
to the weighting of these points. The resulting spline
(Figure 20.13 in Chapter 20 on the Ordovician Period) is
close to linear through the Ordovician, but a lessening of
slope in the Llandovery has the effect of shortening the
duration of this series relative to its duration in the
composite.

Interpolated Silurian stage boundary ages are given in
Table 21.2. The ages computed from the polynomial fit
described earlier in this chapter are within the error bars of the
ages computed from the spline. The only exception is for the
base Aeronian, where the polynomial interpolation age is 1.3
myr older than the spline age, which has a 2-sigma error bar
of 1.2 myr.

The base of the Silurian is 443.8 � 1.5 Ma, and its top is
419.2 � 3.2 Ma; the duration of the Silurian is thus 24.6 � 1.6
myr. The durations of the four series (and age of their bases)
are as follows: Llandovery 10.5� 1.4 myr (base at 443.8� 1.5
Ma),Wenlock 6.0� 0.7 myr (base at 433.4� 0.8Ma), Ludlow
4.4 �1.6 myr (base at 427.4 � 0.5 Ma) and Pridoli 3.8 � 1.0
myr (base at 423.0 � 2.3 Ma). The Rhuddanian Stage lasted
from 443.8 to 440.8 Ma, for a duration of 3.0 � 0.5 myr.
Aeronian lasted 2.3 �1.3 myr, from 440.8 to 438.5 Ma.
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TABLE 21.1 Silurian graptolite zone and stage levels in the CONOP composite and computed ages of their lower boundaries

Stage Zone

Level in

Composite (%)

Polynomial

Age (Ma)

GTS 2012

(Spline) Age (Ma) 2-Sigma Duration (myr)

Lochkovian Monograptus yukonensis 98.805 413.28 416.25 3.8622

Lochkovian M. hercynicus hercynicus 97.146 415.74 417.86 3.3827 1.61

Base Devonian Monograptus uniformis 95.764 417.64 419.2 3.1939 1.34

Pridoli Monograptus pernerie
M. transgrediens

93.634 420.33 421.26 2.7449 2.06

Pridoli Monograptus bouceki 92.720 421.40 422.13 2.5765 0.87

Pridoli Neocolonogr. lochkovensis
eN. lochkovensis branikensis

91.970 422.24 422.83 2.3214 0.69

Pridoli Neocolonogr. parultimuse
N. ultimus

91.835 422.39 422.96 2.2755 0.13

Ludfordian Monograptus formosus 91.054 423.24 423.69 1.9388 0.73

Ludfordian B. cornutuseP. podoliensise
Neocolonogr. kozlowskii

89.668 424.65 424.96 1.1531 1.27

Ludfordian S. leintwardinensiseS. linearis 88.986 425.32 425.57 0.8673 0.61

Gorstian Lobograptus scanicus 87.409 426.78 426.93 0.5663 1.36

Gorstian Neodiversograptus nilssoni 86.886 427.24 427.36 0.5306 0.43

Homerian Colonograptus ludensis 86.196 427.83 427.92 0.4949 0.56

Homerian Colonograptus? praedeubelie
C? deubeli

85.854 428.12 428.18 0.4796 0.26

Homerian Pristiograptus dubius parvuse
Gothogr. nassa

84.428 429.27 429.26 0.5714 1.08

Homerian Cyrtograptus lundgreni 82.749 430.54 430.45 0.7347 1.19

Sheinwoodian Cyrtogr. rigiduseMonogr.
antennulariuseM. belophorus

79.828 432.56 432.36 0.8929 1.59

Sheinwoodian Monograptus firmuse
M. riccartonensis

79.460 432.80 432.59 0.8827 0.23

Sheinwoodian Cyrtograptus murchisoni 78.194 433.60 433.35 0.8418 0.76

Telychian Cyrtograptus centrifugus 78.015 433.71 433.46 0.8469 0.11

Telychian Cyrtograptus insectus 77.715 433.90 433.63 0.8418 0.17

Telychian Cyrtograptus lapworthi 75.021 435.49 435.15 0.9439 1.52

Telychian Oktavites spiralis interval 73.099 436.57 436.15 1.1020 1.00

Telychian Monoclimacis crenulata 72.369 436.97 436.51 1.1633 0.36

Telychian Monoclimacis griestoniensis 72.156 437.09 436.61 1.1786 0.10

Telychian Monograptus crispus 70.871 437.78 437.2 1.2500 0.59

Telychian Spirograptus turriculatus 68.668 438.95 438.13 1.1939 0.93

Telychian Spirograptus guerichi 67.777 439.42 438.49 1.0867 0.36

Aeronian Stimulograptus sedgwickii 67.075 439.78 438.76 0.9949 0.27

Aeronian Lituigraptus convolutus 65.940 440.38 439.21 0.9031 0.45

(Continued )
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TABLE 21.1 Silurian graptolite zone and stage levels in the CONOP composite and computed ages of their lower

boundariesdcont’d

Stage Zone

Level in

Composite (%)

Polynomial

Age (Ma)

GTS 2012

(Spline) Age (Ma) 2-Sigma Duration (myr)

Aeronian Monogr. argenteusePri.
leptotheca

65.299 440.72 439.47 0.8724 0.26

Aeronian Demi. pectinatuseD.
triangulatus

62.282 442.33 440.77 1.2296 1.30

Rhuddanian Coronograptus cyphus 60.677 443.20 441.57 1.5051 0.80

Rhuddanian Cystograptus vesiculosus 59.077 444.09 442.47 1.5510 0.90

Rhuddanian Parakidograptus acuminatus 57.576 444.95 443.4 1.5663 0.93

Base Silurian Akidograptus ascensus 56.927 445.33 443.83 1.5459 0.43

Note that recent work has shown that the combined Colonograptus? praedeubelieC? deubeli, Bohemograptus cornutusePolonograptus podoliensise
Neocucullograptus kozlowskii, and Neocolonograptus parultimuseN. ultimus can each be readily subdivided in two for the purposes of global correlation
(e.g., Cramer et al., 2011a,b) but the boundaries between the split zones have not been precisely locatedwithin the CONOP composite and are shown at approximate
levels within the correlation charts (Figs 21.1, 21.11).

TABLE 21.2 Geochronology of the OrdovicianeSilurian Stages for GTS2012, with a Comparison to GTS2004

Period Epoch Stage
Base Ma

GTS2012

Est. � myr

(2s)

Epoch

Duration

myr

Est. � myr

(2s)

Stage

Duration

myr

Est. � myr

(2s)

Base Ma

GTS2004

Devonian Early Lochkovian 419.2 3.2 416

Silurian Pridoli 423.0 2.3 3.8 1.0 3.8 1.0

Ludlow Ludfordian 425.6 0.9 2.6 1.1 421.3

Gorstian 427.4 0.5 4.4 1.6 1.8 0.5 422.9

Wenlock Homerian 430.5 0.7 3.1 0.6 426.2

Sheinwoodian 433.4 0.8 6.0 0.7 2.9 0.3 428.2

Llandovery Telychian 438.5 1.1 5.1 1.0 436

Aeronian 440.8 1.2 10.5 1.4 2.3 1.3 439

Rhuddanian 443.8 1.5 3.1 0.5 443.7

Ordovician Late Hirnantian 445.2 1.4 1.3 0.2 445.6

Katian 453.0 0.7 14.5 1.5 7.8 1.3 455.8

Sandbian 458.4 0.9 5.4 0.4 460.9

Middle Darriwilian 467.3 1.1 8.9 0.9 468.1

Dapingian 470.0 1.4 11.6 1.0 2.7 0.3 471.8

Early Floian 477.7 1.4 7.8 1.2 478.6

Tremadocian 485.4 1.9 15.4 1.3 7.7 0.7 488.3
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The Telychian Stage ranged from 438.5 to 433.4 Ma for
a duration of 5.1 � 1.0 myr, being thus the longest stage in the
Silurian Period. The Sheinwoodian lasted for 2.9 � 0.3 myr,
from 433.4 to 430.5 Ma. The Homerian Stage started at 430.5
and ended at 427.4 Ma, lasting 3.1� 0.6 myr. The Gorstian ran
from 427.4 to 425.6 Ma for 1.8 � 0.5 myr and is the shortest
stage in the Silurian. The Ludfordian lasted 2.6 � 1.1 myr,

from 425.6 to 423.0 Ma and the Pridoli spans 3.8 �1.0 myr to
the base of the Devonian from 423.0 to 419.2 Ma.

The error bars on boundary ages are large near the top of
the Silurian; this is due to a lack of well-constrained data
points in the Pridoli and lower part of the Devonian. More and
stratigraphically better constrained age dates will reduce
uncertainty.

FIGURE 21.12 Comparison of the CONOP time scales of Melchin et al. (2004, GTS2004), Sadler et al. (2009), and present (GTS2012), showing series

and stages. Note that in the Melchin et al. (2004) and Sadler et al. (2009) papers, the base of theWenlock was drawn at a level correlative with the base of the C.

centrifugus Zone, whereas in the GTS2012 column it is drawn at the base of the overlying C. murchisoni Zone (see text for explanation).
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GSSPs of the Silurian Stages, with Location and Primary Correlation Criteria (Status Jan. 2012)

Stage GSSP Location

Latitude,

Longitude Boundary Level Correlation Events Reference

Pridoli (Series) Po�záry Section, �Reporyjie,
Prague, Czech Republic

50�01’39.82"N
14�19’29.56"E*

Within Bed 96 Graptolite FAD Neocolonograptus
parultimus

Episodes 8/2, 1985; Geol.
Series, Nat. Mus. Wales 9,
1989

Ludfordian Sunnyhill Quarry,
near Ludlow, UK

52�21’33"N
2�46’38"W*

Coincident with the
base of the Leintwardine
Formation

Imprecise. May be near base of
Saetograptus leintwardinensis
graptolite zone

Lethaia 14; Episodes 5/3,
1982; Geol. Series, Nat.
Mus. Wales 9, 1989

Gorstian near Ludlow, UK 52�21’33"N
2�46’38"W*

Coincident with the base
of the Lower Elton
Formation

Graptolite FAD Saetograptus
varians

Lethaia 14; Episodes 5/3,
1982; Geol. Series, Nat.
Mus. Wales 9, 1989

Homerian Sheinton Brook,
Homer, UK

52�36’56"N
2�33’53"W*

Within upper part of the
Apedale Member of the
Coalbrookdale Formation

Graptolite FAD Cyrtograptus
lundgreni

Lethaia 14; Episodes 5/3,
1982; Geol. Series, Nat.
Mus. Wales 9, 1989

Sheinwoodian Hughley Brook, UK 52�34’52"N
2�38"20"W*

Base of the Buildwas
Formation

Imprecise. Between the base of
acritarch biozone 5 and LAD of
conodont Pterospathodus
amorphognathoides. The current
GSSP does not coincide with the
base of the Cyrtograptus
centrifugus Biozone, as was
supposed when the GSSP was
defined. Restudy recommends
a slightly higher and correlatable
level on conodonts ethe Ireviken
datum 2, which coincides
approximately with the base of
the murchisoni graptolite biozone

Lethaia 14; Episodes 5/3,
1982; Geol. Series, Nat.
Mus. Wales 9, 1989

Telychian Cefn-cerig Road Section,
Wales, UK

51.97�N
3.79�W**

Approximately 31 m below
the top of the Wormwood
Formation

Just above LAD of brachiopod
Eocoelia intermedia and below
FAD of Eocoelia curtisi

Episodes 8/2, 1985;
Geol. Series, Nat. Mus.
Wales 9, 1989

Aeronian Trefawr Track Section,
Wales, UK

52.03�N
3.70�W**

Within Trefawar Formation Graptolite FAD Monograptus
austerus sequens

Geol. Series, Nat. Mus.
Wales 9, 1989

Rhuddanian
(base Silurian)

Dob’s Linn, Scotland 55.44�N
3.27�W**

1.6m above the base of
the Birkhill Shale Formation

Graptolite FAD Akidograptus
ascensus

Episodes 8/2, 1985;
Episodes 31/3, 2008

*according to Google Earth
**derived from map
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R.T. Becker, F.M. Gradstein and O. Hammer Chapter 22

The Devonian Period

Abstract: All seven Devonian stages have been defined by
GSSPs, but revisions of the base of the Emsian and of the
DevonianeCarboniferous boundary are currently underway.
Most of the Devonian Period was a time of exceptionally high
sea-level stand and inferred widespread equable climates, but
glaciations occurred immediately before its end in the south
polar areas of Gondwana (South America, Central and South
Africa). There is even evidence for contemporaneous moun-
tain glaciers in tropical latitudes (in the Appalachians of
eastern North America). The cold-water Malvinocaffric
Province of southern Gondwana existed throughout the Early
Devonian but disappeared stepwise in the Middle Devonian.
Most present-day continental areas and shelves were grouped
in one hemisphere, creating a giant “Proto-Pacific” or Pan-
thalassia Ocean, whose margins are poorly preserved in

allochthonous terrains. Following the tectonic events of the
Caledonian orogeny of Laurasia, many “Old Red Sandstone”
terrestrial deposits formed. After the closure of the narrow
Rheic Ocean early in the Devonian, Eovariscan tectonic
movements occurred in the Upper Devonian in the western
Proto-Tethys of Europe and North Africa. Other active fold
belts existed in western North America (early Antler
orogeny), Polar Canada, in the Appalachians, in the Urals,
along the southern margin of Siberia, in NW China, and in
eastern Australia. The Devonian is the time of greatest
carbonate production, with a peak of reef growth, and of the
greatest diversity of marine fauna in the Paleozoic. Vascular
plants became established near the end of the Middle Devo-
nian and early in the Middle Devonian tetrapods appeared,
which spread and diversified in the Upper Devonian.
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22.1. HISTORY AND SUBDIVISIONS

Until recently, there was considerable confusion over the use
of the term Devonian because the boundaries were used
differently in various parts of the world. A broad, interna-
tional review of the Devonian Period is given in Devonian of
the World (McMillan et al., 1988) and in House (1991).

The Devonian System was established by Sedgwick and
Murchison (1839) when it was recognized through the then
unpublished work of Lonsdale (1840) that marine rocks in
southwest England were the equivalent of terrestrial Old Red
Sandstone deposits in Wales, the north of England, and
Scotland; an early recognition of facies change. Murchison’s
definition of the boundary between the Silurian System and
the Old Red Sandstone in Wales and the Welsh Borders has
some ambiguities, but general opinion is that the Ludlow
Bone Bed was very close to the intention. However, other
boundaries were used over the next century (White, 1950).
The result was that there was no clear definition of the
boundary in what may be called the type area, and no
consistent practice among British geologists. All this was of
little help for international correlations.

Following the detailed work on British graptolites by Elles
and Wood (1901e1918), it was recognized that graptolites
were last present in the late Ludlow below the Ludlow Bone
Bed. Therefore, the extinction of graptolites was considered
to be the major guide to the position of the base of the
Devonian elsewhere in the world. It was not until 1960 that it
became clear from evidence outside the British Isles that
graptolites continued long after the time equivalent of the
Ludlow Bone Bed. This evidence came from the work of
R. Thorsteinson (Geological Survey of Canada) on Ellesmere
Island, and the association of monograptids with basal
Emsian (late Early Devonian) rocks in Europe. Thus the base
of the Devonian, as defined by the extinction of graptolites,
especially in continental Europe and Asia, belongs to a level
well above the Ludlow Bone Bed. This definition raised the
SilurianeDevonian boundary to near the Psammosteus
Limestone (Richardson et al., 1981).

As to the DevonianeCarboniferous boundary, it could be
argued that Sedgwick and Murchison (1840) placed the top of
the Devonian at a fairly unambiguous boundary in north
Devon, but faunal and floral studies were not then precise
enough for accurate correlation. As a result, stratigraphic
levels were taken that were subsequently demonstrated to be
inaccurate, or other names were used for strata where there
was some uncertainty of assignment. In the latter category
were names such as Kinderhookian in North America, and
Etroungt and Strunian in continental Europe.

In 1960, a committee was established by the International
Union of Geological Sciences (IUGS) to make recommen-
dations on the position of the SilurianeDevonian boundary,
which led to its recommendations being accepted at
the International Geological Congress (IGC) in Montréal
in 1972. Martinsson (1977) has summarized the procedure
and conclusions. A separate working group considered the
DevonianeCarboniferous boundary.

Recommendations of GSSPs for all boundaries of system,
series, and stage divisions for the Devonian were completed
by the Subcommission on Devonian Stratigraphy (SDS) and
ratified by IUGS in 1996, and in the following year accounts
of all decisions were published. Summary accounts have been
published subsequently in two special volumes (Bultynck,
2000a,b). Since some of the stages are much longer than those
in other systems, and since there are important times of
second-order global extinction and sedimentary perturba-
tions, giving natural breaks within stages (e.g., House, 1985;
Walliser, 1996), the SDS is currently working on formal
substage definitions.

The Devonian is divided into the Lower, Middle, and
Upper Series. The Lower Devonian is divided into the
Lochkovian, Pragian, and Emsian stages, the Middle into
the Eifelian and Givetian stages, and the Upper into the
Frasnian and Famennian stages. Recently it has become
clear that the basal Emsian GSSP of Uzbekistan lies far
below the base of the classical Emsian of German usage,
and that it correlates with a level in the lower half of the
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classical Pragian of Bohemia (Carls et al., 2008). Kaiser
(2009) provided new conodont data from the Devonian/
Carboniferous boundary stratotype section, and showed that
the current boundary level lies higher than originally
thought, and that it cannot be correlated with precision into
any other section. Consequently, both GSSPs are subject to
ongoing revision.

The current standard international chronostratigraphic
divisions for the Devonian are given in Figure 22.1. There
are also many terms widely used as local and regional

stages, e.g., for the Lower Devonian, the Gedinnian and
Siegenian. For the Emsian, a subdivision into formal Lower
and Upper substages has been decided by the SDS but the
precise level is still under discussion. The goal is to find an
appropriate level for international correlation near the
Zlichovian/Dalejan boundary of Bohemian terminology. In
the past, it was the miscorrelation of the Dalejan deepening
event with the Eifelian deepening that led to many compli-
cations in the definition of the LowereMiddle Devonian
boundary. The term Couvinian (Figure 22.1) is now
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a regional term of the Ardennes only. In 2006, the SDS
decided to subdivide the Givetian into Lower, Middle, and
Upper substages, with the latter positioned close to the old
base of the Upper Devonian of German tradition, which was
defined by the ammonoid succession (base of Pharciceras
faunas). The German Upper Devonian Stufen, Adorfian, Neh-
denian, Hembergian, Dasbergian, and Wocklumian
(Figure 22.1), are now regional terms.TheFrasnianwasdecided
by the SDS in 2006 to be formally subdivided into Lower,
Middle and Upper substages and precise levels have been
selected (Becker, 2007a) but are not yet ratified by the ICS. The
rather long Famennian will include four substages named as
Lower, Middle, Upper and Uppermost Famennian. The latter
will roughly equal the outdated Strunian of Belgian regional
chronostratigraphy. It is important to note that in several cases
(sub)stage names may have been used somewhat differently in
the past.

22.1.1. Lower Devonian Series

The GSSP for the SilurianeDevonian boundary, basal-Lower
Devonian Series, and basal-Lochkovian Stage is at Klonk in
the Czech Republic as documented in Martinsson (1977), in
which D. J. McLaren recounts the scientific and political
problems in reaching a decision on its placement. Important
faunal characters used in the initial definition were the entry
of the graptolite Monograptus uniformis and the Warburgella
rugulosa group of trilobites.

22.1.1.1. Lochkovian

The basal-Devonian and basal-Lochkovian GSSP is situated
southwest of Prague, in the Czech Republic, in the Paleozoic
area known as the Barrandian, where the Klonk section
(Figure 22.2) near Suchomasty is a natural 34 m cliff section
embracing the latest Silurian (Pridoli) and the early Loch-
kovian. The sequence comprises rhythmically deposited
allochthonous limestones with autochthonous intervening
shales. The GSSP is within Bed 20, a 7e10 cm unit
“immediately below the sudden and abundant occurrence of
M. uniformis uniformis and M. uniformis angustidens in the
upper part of that bed” (Jaeger, 1977, p. 21). Chlupá�c and
Hladil (2000) reviewed the stratigraphy of the type section
and summarized the detailed subsequent work on the faunal
and floral sequence at the GSSP. Conodont and graptolite
fauna have enabled this stage to be recognized in most parts
of the world. The conodont scale is now revised, since Carls
et al. (2007) demonstrated that the base of the Devonian is
best approximated by the entry of Caudicriodus hesperius,
not by the traditional woschmidti Zone. True Caud. wosch-
midti (in the sense of its type) enter higher in the Lochko-
vian, even later than the previously supposed descendent
Caud. postwoschmidti. Richardson and McGregor (1986) and
Richardson et al. (2000) provided spore evidence for

correlation of the Lochkovian areas and facies not covered by
conodonts and graptolites. Trilobite lineages (Acastella and
Warburgella) provide precise correlation markers in
neritic facies. Saltzman (2002), Buggisch and Mann (2004),
Kleffner et al. (2009), and Zhao et al. (2011) show that the
SilurianeDevonian boundary can be approximated by
a significant positive carbon isotope excursion. It can be
separated from a topmost Silurian isotopic peak and extinc-
tion interval (transgrediens Event) in the Barrandian (Manda
and Frýda, 2010).

22.1.1.2. Pragian

The base of this stage is defined by the GSSP at Velka
Chuchle near Prague (Figure 22.3), Czech Republic
(Chlupá�c and Oliver, 1989; reviewed by Chlupá�c, 2000).
The primary correlation marker for this boundary used to be
the first occurrence of the conodont Eognathodus sulcatus,
but recent taxonomic restrictions now place early Pragian
specimens in the genus Gondwania (Bardashev et al.,
2002), and more specifically in G. juliae (Yolkin et al.,
2011). Other forms which are important include the
dacryoconarid Nowakia (Turkestanella) acuaria. Murphy
(2005) and Slavı́k et al. (2007) suggested that the oldest
eognathodids should be assigned to Eo. irregularis (which
also falls in Gondwania of Bardashev et al., 2002) and they
commence in the Barrandian slightly below the GSSP level
(Slavı́k and Hladil, 2004). Eo. sulcatus is no longer the
defining species for the Pragian; in the sense of its type
material the species does not enter before the middle Pra-
gian. The GSSP is sandwiched within the range of early
Eognathodus/Gondwania between the first occurrence of
Caudicriodus steinachensis morphotype beta slightly below
and the entry of Now. (T.) acuaria just above. Both taxa
have a wide geographical distribution. Chitinozoans are
useful for recognizing the boundary interval and provide
a link to the spore zonation. Ranges of other invertebrate
taxa around the GSSP are given by Chlupá�c (2000). As the
spore zonation is currently defined (Steemans, 1989), the
base of the Pragian falls within a spore zone such that it
cannot be accurately defined using palynology but, never-
theless, fairly accurate placing has been achieved in several
areas elsewhere (Richardson et al., 2000). Slavı́k et al.
(2007) and Carls et al. (2008) emphasize that the prob-
lematic Emsian GSSP places up to two thirds of the clas-
sical Pragian of Bohemia into the Emsian. Unintentionally,
the stage has lost more than half of its original duration.
The Pragian conodont zonation is still in a state of flux after
all three traditional zones have been discarded (Slavı́k,
2004a; Murphy, 2005; Slavı́k et al., 2007). Currently there
is no precise correlation between Europe and North
America. Yolkin et al. (2011) proposed a succession with
a new subzone for Uzbekistan, which has the potential to
become a standard.
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22.1.1.3. Emsian

The GSSP for the basal Emsian is in the Zinzi’ban Gorge
(Figure 22.4) of the Kitab National Park in Uzbekistan (Yolkin
et al., 1998). The key conodont used for the stage definition is
Polygnathus kitabicus, which falls in the genus Eocostapo-
lygnathus of Bardashev et al. (2002) (see comments in Becker
and Aboussalam, 2001). However, the “kitabicus boundary”

lies much lower than the base of the Emsian in the classical
region of Germany (Carls and Valenzuela-Rı́os, 2007; Jansen,
2008; Carls et al., 2008) and it correlates with a position in the
lower half of the Praha Limestone of Bohemia (Slavı́k et al.,
2007). Consequently, and after completion of the required 10
year moratorium, the SDS decided in 2008 to revise the Emsian
base. The entry of Eoc. kitabicus and the current GSSP shall
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FIGURE 22.2 The basal-Devonian (basal-Lochkovian) GSSP at Klonk near Suchomasty, Barrandian, Czech Republic. A) Lithological log and ranges
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FIGURE 22.3 The basal-Pragian GSSP at Velka Chuchle, S of Prague, Barrandian, Czech Republic.A) Section detail around the GSSP level at the base

of Bed 12, with the plate explaining the stratotype (photo by L. Slavik), B) Photo of an “Eognathodus sulcatus s.l.” (or specimen of Gondwania) from the GSSP

Bed (Slavik and Hladil, 2004, pl. 1, Figure 9), C) Locality map, D) Lithological log with ranges of important index fossils in relation to the GSSP (based on data

from Chlupá�c and Hladil, 2000, and Slavı́k and Hladil, 2004; with updated taxonomy)
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Base of the Emsian Stage of the Devonian System at

Zinzil’ban Gorge, Uzbekistan.
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define a future Upper Pragian substage whilst the Emsian base
shall be raised to a level near the entry of P. excavatus, with
a new GSSP in the Zinzi’ban Gorge (Becker, 2009). Based on
brachiopodeconodont correlations in Celtiberia (Spain), this
new conodont level will be close to the traditional Emsian base.

The Czech terms Zlichovian and Dalejan are currently
used informally for regional substages (Figure 22.1). A
formal Lower/Upper Emsian substage boundary shall be
placed close to the traditional ZlichovianeDalejan boundary
(Chlupá�c and Lukes, 1999), above the extinction of Aneto-
ceras faunas and close to the entry of the dacryoconarid Now.
cancellata. Problems of this substage definition have been
summarized by Becker (2007b). Recent ammonoid (Becker
et al., 2010) and dacryoconarid data (Kim, 2011) suggest
a short overlap of last typical lower Emsian goniatites with
first Now. cancellata in Uzbekistan.

A major paleoecological changeover in pelagic areas is
shown by the reduction and loss of the graptolites, with the
uniserial monograptids becoming extinct within the basal
Emsian. Closely above, coiled ammonoids enter and become
a dominant group in marine facies until their extinction at the
close of the Cretaceous. The Daleje Shale, within the Emsian,
marks a transgressive pulse that is widely recognized in
Europe and North Africa and gave rise to the term Daleje
Event. In the past, this level in many areas was erroneously
assigned to the Eifelian.

22.1.2. Middle Devonian Series

22.1.2.1. Eifelian

The base of the Middle Devonian Series and of the Eifelian
Stage is drawn at a GSSP at Wetteldorf Richtschnitt
(Figure 22.5) in the Prüm Syncline of the Eifel District of
Germany (Ziegler and Werner, 1982; Ziegler, 2000). The
recommendation of the SDS was ratified at meetings of the
IUGS held with the ICS in Moscow in 1984. A primary
correlation marker for this boundary is the junction of the
Polygnathus costatus patulus and P. costatus partitus conodont
zones (Weddige, 1977, 1982), which lies somewhat below the
anoxic pulse of the global Chote�c Event that occurred near the
end of the partitus Zone (e.g., Berkyová, 2009). The GSSP is in
a trench, and the locality is protected by a building (the Happel
Hut) erected in 1990 by the Senckenbergische
Naturforschende Gesellschaft. As this boundary is in the Eifel
Hills, its definition involved a minor change from historical
usage of the term Eifelian in the area, but the upper boundary,
discussed below, had been defined in several ways. The
multiphase, global Ka�cak Event (e.g., House, 1996; Schöne,
1997) occurred at the end of the Eifelian. Based on
Appalachian Foreland successions, DeSantis and Brett (2011)
proposed two additional smaller bioevents associated with
eustatic changes between the Chote�c and Ka�cák intervals, the
Bakoven and Stony Hollow events.

22.1.2.2. Givetian

The base of the Givetian Stage is drawn at a GSSP in southern
Morocco at Jebel Mech Irdane (Figure 22.6) in the Tafilalt
area of the eastern Anti Atlas, 12 km southwest of Rissani
(Walliser et al., 1996; Walliser, 2000; Ellwood et al., 2003,
2011a; Schmitz et al., 2006, Walliser and Bultynck, 2011).
The primary correlation marker for this boundary is the base
of the Polygnathus hemiansatus conodont zone, correspond-
ing to the upper part of the former P. ensensis Zone. The
oldest maenioceratid ammonoids (Bensaidites koeneni)
commence one bed below the boundary, and, based on
evidence from the Eifel region, the spore Geminospora
lemurata slightly above it (Streel et al., 2000a).

The SDS’s recommendation was ratified at an IUGS
meeting in London in 1994. The original Givet Limestone, and
Assisse de Givet, in the Ardennes, gave the name to the stage,
which had been defined in several different ways, based either
on local neritic characters or on inferred correlation with fauna
in pelagic areas. The lower boundary of the present stage is not
too far below the base of the Givet Limestone and very close to
the entry of the classical Givetian brachiopod Stringocephalus
(Bultynck and Hollevoet, 1999). In Morocco, the boundary
falls in the top part of the polyphase Ka�cák Event interval.

Following a proposal by Bultynck and Gouwy (2002), the
Givetian is formally subdivided into three substages. The SDS
decided in 2006 to accept the proposal (e.g., Bultynck, 2005) to
place the base of the Middle Givetian at the base of the
P. rhenanusevarcus conodont zone. Following the proposal by
Aboussalam and Becker (2002), the Upper Givetian includes
most of the interval with pharciceratid ammonoid faunas that
traditionally were placed in the Upper Devonian; it is defined
by the base of the (Lower) Schmidtognathus hermanni cono-
dont zone (Becker, 2007a) and coincides with a global eustatic
rise. The SDS Givetian substage definitions have not yet been
ratified by the ICS. The global Taghanic Event or crisis interval
lies at the top of the Middle Givetian (e.g., Aboussalam, 2003;
Aboussalam and Becker, 2011; Marshall et al. 2011). Two
international small-scale bioevents, the Lower and Upper
pumilio events (Lotmann, 1990), fall in the lower and middle
part of the Middle Givetian.

22.1.3. Upper Devonian Series

22.1.3.1. Frasnian

There have been considerable historic differences in the
definitions of the base of the Upper Devonian, which
hampered international correlations. These disputes are now
rendered irrelevant by the selection of a GSSP for the base of
the Upper Devonian Series and of the Frasnian Stage at Col
du Puech de la Suque in the southern Montagne Noire, France
(Feist and Klapper, 1985; Klapper et al., 1987; House et al.,
2000a). The section is overturned and the GSSP lies at the
base of Bed 42a’ of the succession (Figure 22.7). Guides to
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Base of the Eifelian Stage (Base of the Middle Devonian Series)

of the Devonian System near Schönecken-Wetteldorf, Germany
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Base of the Givetian Stage of the Devonian System

at Jebel Mech Irdane, Morocco
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Base of the Frasnian Stage of the Devonian

System at Col du Puech de la Suque, Montagne Noire, France. 
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the boundary are the first representatives of the conodont
genus Ancyrodella that are variably named as an early mor-
photype of Ad. rotundiloba (Klapper, 1985), as Ad. pristina
(e.g., Sandberg et al., 1989), or as Ad. rotundiloba pristina
(e.g., Aboussalam and Becker, 2007). The taxonomic dispute
has been summarized by Klapper (2000a). The GSSP forms
the base of the Montagne Noire zone MN 1 (Klapper, 1989),
which equals the rotundiloba pristina Zone and falls within
the lower part of theMesotaxis falsiovalis Zone of Ziegler and
Sandberg (1990). The zonal index species of the latter is
an invalid synonym of the Chinese M. guanwushanensis
(Aboussalam and Becker, 2007), which questions its use. In the
type area for the naming of the stage (Frasnes, Belgium), the
GSSP level almost coincideswith the baseof the FrasnesGroup.
The entry of the goniatite genus Neopharciceras occurs
immediately above the GSSP in Bed 43 (Korn, in House et al.,
2000a), and this provides a useful correlation with Asian
successions. There are no sufficient brachiopodor palynomorph
data that enable an easy correlation into neritic and terrestrial
clastic deposits. Somepolygnathid conodonts have potential for
the correlation into more shallow-water carbonates.

The SDS decided to formally subdivide the Frasnian into
three substages (Becker, 2007a). Following a proposal by
Becker and House (1999), the base of the Middle Frasnian is
placed at the base of the MN 5 or Palmatolepis punctata
conodont zone, which coincides with the transgressive and
hypoxic Middlesex Event, isotopic signals (e.g., Balinski
et al. 2006), and the first entry of the goniatite Sandberger-
oceras (Becker et al., 1993). Based on a proposal by Ziegler
and Sandberg (1997), the base of the Upper Frasnian coin-
cides with the eustatic semichatovae Transgression that
allowed the wide spread of the name-giving palmatolepid
conodont low in MN Zone 11. At the same time a significant
goniatite radiation occurred. Streel and Loboziak (2000)
summarize the potential of miospores to follow these levels
into the nearshore and terrestrial realm. The ICS has not yet
ratified the SDS decisions on Frasnian substages.

22.1.3.2. Famennian

In the past, the base of the Famennian Stage has been placed
at different levels, reflecting, in part, problems of correlation
between faunal groups. The new definition for the base of the
Famennian proposed by the SDS was ratified by the IUGS in
1993. The GSSP is very close to the base of the Famennian as
formerly used in the Famenne area in Belgium (Bultynck and
Martin, 1995). It lies above the Upper Coumiac Quarry
(Figure 22.8), N of Cessenon, Montagne Noire, France
(Becker et al., 1989; Klapper et al., 1993; House et al.,
2000b). The boundary falls at the junction of the Palmatolepis
linguiformis (or MN 13c, Girard et al., 2005) and Lower
Pa. triangularis conodont zones (Klapper, 2000a; zonal
revision by Klapper et al., 2004, and Klapper, 2000a). The
GSSP does not coincide with the entry (FAD) of Pa.

triangularis, but with the extinction of Frasnian palmatole-
pids (especially of Pa. bogartensis), ancyrodellids, and
ancyrognathids, and the FAD of Pa. subperlobata in beds
with a sudden flood occurrence of Pa. ultima. The Gephur-
oceratidae and Beloceratidae become extinct at the boundary;
most tornoceratid lineages become Lazarus Taxa (Becker,
1993a). The Lower Famennian marker genus Cheiloceras
enters significantly higher, which suggests a long delay of
post-event recovery. At the GSSP section, both anoxic pulses
of the Lower and Upper Kellwasser Events are present. The
GSSP level is immediately above the latter, a level known to
be one of major extinctions in other regions.

Based on a proposal by Streel et al. (1998) and after
a prolonged discussion, the SDS decided in 2003 to formally
subdivide the Famennian into four substages. The position of
the substage boundaries is still a matter of debate. The old
German classification with Upper Devonian II (Nehdenian),
III/IV (Hembergian), V (Dasbergian), and VI (Wocklumian)
is not adopted internationally but has been used in pelagic
settings of widely distant basins in several continents (e.g., in
Australia and in Russian basins). It has been proposed to
place the Uppermost Famennian at the base of the Upper
Palmatolepis gracilis expansa conodont zone (Streel, 2005),
which allows an approximation with the widely used but not
formally recognized Strunian stage of regional Ardenne
chronostratigraphy (Streel et al., 2006). P. gracilis gonio-
clymeniae, Bispathodus ultimus, and Pseudopolygnathus
trigonicus are the main index species that allow an easy
identification of the proposed substage level. Streel (2009)
provided an update of Famennian miosporeeconodont
correlation, and Becker et al. (2002) and Becker and House
(2009) provided an update of Famennian ammonoid zones
and their conodont correlation. The two pulses of the global
Condroz Events (Becker, 1993a) ended a long phase of
global high sea level (“Nehden-Event”) at the end of the
Lower Famennian, followed by a short, significant trans-
gression in the Lower marginifera Zone. The Enkeberg
Event (House, 1985) is an interval of small-scale overturn in
pelagic faunas. Three global hypoxic and transgressive
events interrupted the overall shallowing trend of the Middle/
Upper Famennian, the Lower and Upper Annulata Events
high in the Upper P. rugosa trachytera conodont zone and the
biphasic Dasberg Crisis around the boundary of the Lower
and Middle expansa zones (Becker, 1993a; Becker et al.,
2004a; Hartenfels et al., 2009; Hartenfels and Becker, 2009;
Racka et al. 2010).

22.1.3.3. Base of the Carboniferous

Following the recommendations of a special working group
on the boundary, the IUGS, in 1989, accepted a GSSP for the
DevonianeCarboniferous boundary at La Serre (Figure 22.9),
near Cabrières, Montagne Noire, southern France (Paproth
et al., 1991; Feist et al., 2000). The current GSSP guide is the
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Base of the Famennian Stage of the Devonian System

near the Upper Coumiac Quarry in Montagne Noire, France
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FIGURE 22.8 The basal-Famennian GSSP in the Upper Quarry at Coumiac, Montagne Noire, southern France.A) Geographic position of the GSSP N

of Cessenon, B) Typical specimen of Palmatolepis ultima from the GSSP Bed (photo by G. Klapper) just above the Upper Kellwasser level, C) Lithological log

with the ranges of marker conodonts and goniatites around the GSSP (based on combined records of Klapper et al. 1993, Schülke, 1995, House et al., 2000b, and

Girard et al., 2005), D) Outcrop of the GSSP section at Upper Coumiac Quarry.

571Chapter | 22 The Devonian Period



entry of the conodont Siphonodella sulcata in a supposed
gradual transition from S. praesulcata (Flajs and Feist, 1988),
but the taxonomy of the group is problematic (Kaiser and
Corradini, 2011), and the type of the index species is poorly
known, much younger, and lost. Kaiser (2009) confirmed that
S. sulcata morphotypes identical to those that were used to
define the GSSP occur much lower than previously known at
La Serre (Ziegler and Sandberg, 1996), and the assumed
S. praesulcataesulcata lineage is not preserved in mostly
reworked faunas from oolites. The current GSSP level lies
high in the sulcata Zone and cannot be correlated with
precision into any other section but most likely with a level
above the entry of the classical Carboniferous goniatite
Gattendorfia elsewhere. Hence, a GSSP revision is inevitable.

The DevonianeCarboniferous transition is well-defined
palynologically by the last appearance of Retispora
lepidophyta, which disappears at the LN/VI zone boundary just
beneath the first occurrence of Siphonodella sulcata in the
Hasselbachtal auxiliary stratotype section (Becker and Paproth,
1993; Becker, 1996) in Germany (Higgs et al., 1993). A second
auxiliary stratotype was designated in more neritic facies at
Nanbiancun, NW of Guilin, Guangxi Province, South China
(Yu, 1988) but there is also a dispute concerning its conodont
stratigraphy and correlation with the La Serre GSSP (e.g., Ji,
1989; Gong et al., 1991). A first-order global mass extinction,
especially of goniatites, clymeniids, trilobites, corals, and
stromatoporoids, occurred below the boundary and coincided
with the initial anoxic pulse (main Hangenberg Event) of the
prolonged Hangenberg Crisis, and with the onset of a positive
carbon isotope excursion (Kaiser et al., 2006, 2011). The short-
termed but significant main glacial phase (e.g., Streel et al.,
2000a; Caputo et al., 2008) and major sea-level fall
(Hangenberg Regression) followed the mass extinction and
black shale event. Wicander et al. (2011), however, provided
evidence for several glacial episodes in Bolivia, with an initial
phase that seems to predate the mass extinction level. Spores
from the event interval (LNmiospore zone) are partly abnormal
(Filipiak and Racki 2010). Subsequently, the post-glacial
topmost Famennian transgression and peak of isotopic excur-
sion (Cramer et al., 2008) in the Protognathodus kockeli Zone
(formerly Upper praesulcata Zone) saw the initial radiation of
Carboniferous-type ostracods, conodonts, ammonoids, trilo-
bites, brachiopods, and corals (e.g., Korn et al., 1994).

22.2. DEVONIAN STRATIGRAPHY

22.2.1. Biostratigraphy

There are refined zonations in pelagic facies using especially
ammonoids, conodonts, entomozoid ostracods, dacryoconarids,
and for the Lower Devonian, monograptid graptolites. The
acritarch zonation is less detailed. For neritic facies, brachio-
pods, trilobites, and ostracods are regionally important, but
faunas tend to havemany endemic characteristics.Chitinozoans
occur both in the pelagic and in the neritic facies. In the
terrestrial facies, miospores, macroplants, and fish are strati-
graphically useful. Many problems still remain on the correla-
tion of the refined pelagic zonations with those of neritic and
terrestrial facies (e.g., Becker and Kirchgasser, 2007). In near-
shore facies, miospores provide an important correlation tool.
A listing of zones and their general correlation is given
in Figures 22.10 and 22.11, and is elaborated inWeddige (1996)
and Bultynck (2000b).

22.2.1.1. Conodont Zonations

Fundamental studies by Bischoff and Ziegler (1957) and
Ziegler (1962) led to a very refined conodont zonation of
considerable value in Devonian correlation. The terminology
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FIGURE 22.9 Log of the current DevonianeCarboniferous boundary

at La Serre, Trench E, stratotype section in the Montagne Noire,

southern France. More section details are in Figure 23.2 of Chapter 23.
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FIGURE 22.10 Devonian chronostratigraphy and major marine biostratigraphy. Biostratigraphic scales include conodonts, ammonoid zonation with

selected guide taxa, graptolites (in the Lochkovian/Pragian), entomozoid ostracods, dacryoconarids and chitinozoans. Details are given in the text, and in House

(2002) and Bultynck (2000a,b).
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FIGURE 22.10 (Continued).
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FIGURE 22.10 (Continued).
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placoderms
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FIGURE 22.11 Devonian terrestrial facies zonations for macroplants and spores, and the zonations for sharks, armored fish and Acanthodians (spiny

fish). For details see text.
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for the Upper Devonian has been revised by Sandberg and
Ziegler (1973) and Ziegler and Sandberg (1984, 1990).
Important revisions for the Lower Devonian were published
by Valenzuela-Rı́os and Murphy (1997), Murphy and Valen-
zuela-Rı́os (1999), Slavı́k (2004a,b), Slavı́k and Hladil (2004),
Murphy (2005), Slavı́k et al. (2007), and Yolkin et al. (2011).
The Givetian zonation was revised and further developed by
Bultynck (1985, 1987), Aboussalam (2003), Aboussalam
and Becker (2007), and Narkiewicz and Bultynck (2010). A
Frasnian zonation, based originally on the Montagne Noire
(southern France) succession, (Klapper, 1989, 2000b), is
more detailed then the so-called “standard zonation”, and
can be applied globally. Its correlation with the zonation of
Ziegler and Sandberg (1990) is given in Klapper and Becker
(1999). Important additional data for the Frasnian can be
found in Klapper et al. (1996), Klapper (2007b), and
Ovnatanova and Kononova (2008); the latter monograph
enables the correlation into more shallow-water facies
dominated by polygnathids. Schülke (1999), Klapper et al.
(2004), Girard et al. (2005), and Klapper (2007a) improved
the precise conodont biostratigraphy around the Frasniane
Famennian boundary. Famennian zonation problems are
emphasized by Corradini (2008), Hartenfels et al. (2009),
Hartenfels and Becker (2009), and Hartenfels (2011), with
emphasis on the classical Scaphignathus velifer and Poly-
gnathus styriacus zones. Changes near the
DevonianeCarboniferous boundary are proposed by Kaiser
et al. (2009). The updated zonation scheme is shown in
Figure 22.11. Apparent zone subdivisions (e.g., Lower
expansa Zone) are full zones, not subzones. Principal
problems of “standard zonations” were recently discussed by
Bultynck (2007). Significant progress in graphic correlation
(e.g., Klapper et al., 1995; Klapper 1997; Belka et al. 1997;
Gouwy and Bultynck 2000, 2003; Gouwy et al. 2007) allows
the establishment of the complete ranges and reliability of
many conodont taxa. Bultynck (2003) summarized the
potential of icriodids for alternative zonations, especially in
neritic settings.

22.2.1.2. Ammonoid Zonations

Coiled ammonoids appeared low in the Emsian of its classical
sense (e.g., Klug, 2001), above a level with first abundant
bactritids (Klug et al., 2008). The Upper Devonian zonation
compiled byWedekind in 1917 established that goniatites and
clymeniids provide an important correlation tool in marine,
and especially pelagic, facies.Much further precision has been
added: for the Lower Devonian by Chlupá�c and Turek (1983),
Becker andHouse (1994), Ruan (1996),Klug (2001, 2002), De
Baets et al. (2010), Becker et al. (2010), Becker and Abous-
salam (2011), and Ebbighausen et al. (2011); for the Middle
Devonian by House (1978), House et al. (1985), Becker and
House (1994), Klug (2002), Becker et al. (2004b), and Becker
(2005); for the Upper Devonian (Frasnian) by Matern (1931),

House and Ziegler (1977), Becker et al. (1993, 2000), Becker
and House (1994), House and Kirchgasser (1993, 2008), and
others; and for the Famennian by the work of Lange (1929),
Schindewolf (1937), Korn and Luppold (1987), Clausen et al.
(1989), Becker (1992, 1993a,b), Korn et al. (1994, 2000), Korn
(1999, 2004), Becker et al. (2002), Nikolaeva (2007), Har-
tenfels and Becker (2009), and others. A review of zones was
published by Becker and House (2000), who extended the
zonal scheme of Wedekind, using Latin numbering into the
Middle and Lower Devonian. The zonation, recognizing
updates inBecker andHouse (2009), is shown on Figure 22.10.

22.2.1.3. Ostracod Zonation

The development of pelagic ostracods in the Devonian has
contributed a very detailed biostratigraphic tool (Figure 22.10).
Major initial studies were conducted by Rabien (1954) and
Blumenstengel (1965). Benthic ostracods are excellent indi-
cators of ecotypes, but a global biozonation has not been
established, although the evolution of several groups
(e.g., polyzygiids) provides time markers that can be widely
used. The biostratigraphic role of ostracods in the Devonian has
been reviewed by Groos-Uffenorde et al. (2000).

22.2.1.4. Dacryoconarid Zonation

The use of planktonic tentaculitids for stratigraphy has
resulted in the recognition of their importance for biostra-
tigraphy. Major contributions result from the work of Alberti
(e.g., 1982, 1998, 2000). In the Lower Devonian, taxonomic
advance is required to solve correlation problems and to
improve the base for the revision and subdivision of the
Pragian and Emsian. Kim (2011) provided new data for the
Emsian stratotype region. For the Middle Devonian and
Frasnian, ranges of stratigraphically important forms are
summarized in Liashenko (1967) and Sauerland (1983).

22.2.1.5. Radiolarian Zonation

Radiolaria may be abundant in Devonian deeper-water, outer
shelf to oceanic siliceous sediments but their zonation is still
in a stage of development (e.g., Holdsworth and Jones, 1980;
Schwartzapfel and Holdsworth, 1996; Aitchison et al., 1999;
Wang et al., 2000) with some focus in the Upper Devonian.
Especially useful for correlation are recently described joint
radiolarianeconodont assemblages (e.g., Zhang et al., 2008;
Obut and Shcherbanenko, 2008; Izokh et al., 2008), for
example at the FrasnianeFamennian boundary.

22.2.1.6. Palynomorph Zonations

Several basic spore zonations have been proposed. A scheme
by Streel et al. (1987) used lettered abbreviations, while that
of Richardson and McGregor (1986) used a more standard
form (Figure 22.11). For the Lower Devonian the work of
Steemans (1989) is fundamental. An analysis of spore records
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in relation to the conodont zonation of eastern Europe is given
by Avkhimovitch et al. (1993). The miospore zonation in
relation to GSSP boundaries has been treated in detail by
Mark-Kurik et al. (1999) and Streel et al. (2000b); the
FrasnianeFamennian boundary is reviewed by Streel et al.
(2000a) and Obukhovskaya et al. (2000). Matyja and Turnau
(2008) provided a Middle Devonian miosporeeconodont
correlation, which was extended by Turnau and Narkiewicz
(2011). Significant advances in the study of miospores from
South America (e.g., Melo and Loboziak, 2003) allow a floral
correlation with the Euramerican zonation (Loboziak and
Melo, 2002). The fast plant radiation in the Upper Devonian
and around the DevonianeCarboniferous boundary provides
an especially detailed zonation (revised in Maziane et al.,
1999), which has been correlated with the conodont succes-
sion (Streel, 2009).

Acritarchs are organic-walled microfossils of unknown
and probably varied biological affinities, but their strati-
graphical use, especially in the Middle and Upper Devonian
has increased. At present, the current zonation falls behind
that of some other groups in resolving power. Reviews of
zonations are given by Molyneux et al. (1996) and Le Hérissé
et al. (2000).

Progress towards a global Devonian chitinozoan zonation
was last summarized by Paris et al. (2000). Based on detailed
studies in South America (e.g., Grahn, 2003; Grahn andMelo,
2004), it has been significantly improved in subsequent years
and, at least in western Gondwana, can be correlated with the
miospore zonation (Grahn, 2005; Grahn et al., 2010).

22.2.1.7. Plant Megafossil Zonation

Vascular plants, which began well before the Devonian, rise
in dominance during the period and the oldest forests occur in
the Upper Givetian. A broad division of the Devonian into
seven zones was suggested by Banks (1980) and this has been
further refined by Edwards et al. (2000), whose zonation,
extending Banks’ numbers, is shown in Figure 22.11.

22.2.1.8. Vertebrate Zonations

The Devonian is marked by the evolution of tetrapods;
vertebrates with limbs and digits, which are only of very
broad stratigraphical use due to the rarity of specimens and
relative isolation of most known genera. Tetrapod trackways
have recently been discovered in the Eifelian of Poland
(Niedzwiedzki et al., 2010). The earliest body fossils are
known from the Frasnian of Latvia, Scotland, and China
(Clack, 2002; latest global review in Blieck et al., 2007,
2010). During the Devonian these vertebrates are in many
ways fish-like and aquatic, and fully terrestrial tetrapods are
not known before the earliest Carboniferous (Tournaisian).

In terrestrial facies, fish are helpful in age determination
(Figure 22.11). Several zonations have developed using
various fish groups and teeth and other micro-vertebrate

remains. Major zonations include those for thelodonts and
heterostracans and for placoderm and acanthodian fish, and
are of importance for the difficult problem of marine to non-
marine correlation. A summary of achievements in Paleozoic
vertebrate biostratigraphy was published by Blieck and
Turner (2000). In open shelf environments, shark teeth
assemblages give a widely applicable zonation (e.g., Ginter
and Ivanov, 2000; Ginter et al., 2002), which, however, is less
detailed than that of the co-occurring conodonts or
ammonoids.

22.2.2. Physical Stratigraphy

22.2.2.1. Extinction and Hypoxic Event
Stratigraphy

Several time-specific facies have been recognized in the
Devonian and often coincide with extinction events. Many of
these are associated with contemporaneous dark limestone or
shale episodes in widely separated basins of different conti-
nents and are interpreted as global hypoxic/anoxic events.
The events are generally named after type sections or litho-
stratigraphic units showing characteristic facies development
(Figure 22.12). General reviews of these episodes include
those by Walliser (1996: with a different event terminology
based on index taxa) and House (1985, 2002). Manda and
Frýda (2010) explored extinctions around the Silurian/
Devonian boundary. Emsian events were investigated by
Garcı́a-Alcalde (1997), Klug et al. (2008), and Becker and
Aboussalam (2011); the lower Eifelian Chote�c Event by
Koptı́ková et al. (2008), Koptı́ková (2011) and Elrick et al.
(2009); the upper Eifelian Ka�cák Events by Budil (1995),
House (1996), Schöne (1997), Marshall et al. (2007),
DeSantis et al. (2007), Ellwood et al. (2011a), and Troth et al.
(2011); the Givetian pumilio Events by Lottmann (1990); the
Taghanic Crisis by Aboussalam (2003), Baird and Brett
(2008), and Aboussalam and Becker (2011); the Frasnes
Events by Becker and Aboussalam (2004) and Aboussalam
and Becker (2007); events around the Lower/Middle Frasnian
boundary in thematic volumes by Balinski et al. (2006) and
Racki et al. (2008) as well as by Sliwinski et al. (2011); the
Upper Frasnian Kellwasser Crisis by, amongst many others,
Buggisch (1972, 1991), Sandberg et al. (1988), Schindler
(1990, 1993), Joachimski and Buggisch (1993), Becker and
House (1994), Racki (1999, 2005), Murphy et al. (2000),
Morrow (2000), Joachimski et al. (2001), Ma and Bai (2002),
Racki and House (2002), Balinski et al. (2002), Becker
(2006), Hartkopf-Fröder et al. (2007), and Riquier et al.
(2007); the Annulata Events by Becker (1992), Becker et al.
(2004a), Korn (2004), Hartenfels et al. (2009), and Racka
et al. (2010); the Dasberg Crisis by Hartenfels and Becker
(2009), Marynowski et al. (2010), and Myrow et al. (2011);
and the Hangenberg Events by Bless et al. (1993), Becker
(1996), Caplan and Bustin (1999), Streel et al. (2000b),
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FIGURE 22.12 Generalized isotope (carbon, oxygen, and strontium) stratigraphy in the Devonian Period based on Denison et al. (1997), Aboussalam (2003),

Buggisch and Mann (2004), Buggisch and Joachimski (2006), Joachimski et al. (2004), and Kaiser et al. (2006, 2008). Also shown are the standard conodont

zonation (on the left), and the relative global sea-level trends and cycles (on the right).
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Marynowski and Filipiak (2007), Brezinski et al. (2010),
Filipiak and Racki (2010), and Kaiser et al. (2006, 2008,
2009).

All these include pulses of rapid sea-level changes and,
using sequence stratigraphy, can be used for correlation
across facies barriers. Although much emphasized in
numerous publications, the Upper Kellwasser Event
(FrasnianeFamennian boundary) may not be the greatest
extinction event at invertebrate family level in the Devonian.
The Taghanic, Hangenberg, and, perhaps, Ka�cák Events are
almost similar in their geographic extent, and the Hangenberg
mass extinction was at least as severe as the Upper Kellwasser
extinction.

22.2.2.2. Cyclostratigraphy

Numerous publications deal with Devonian cyclic sediments
but few case studies have tried to use these to improve and
calibrate the time scale. Cycles in thick carbonate platforms
(e.g., Chen and Tucker, 2003) or mostly clastic successions
(Clark et al., 2009) often lack sufficient biostratigraphic
control. Cyclic pelagic carbonates and carbonateeshale
alternations offer the best correlation and tuning potential due
to their calm, relative complete deposition and conodont and/
or ammonoid content. Milankovitch orbital cyclicity has been
applied for determining times scales in the Devonian for the
Lower Devonian (Chlupá�c, 2000), Givetian (6.5 myr dura-
tion; see House, 1995), Givetian to Frasnian (Bai, 1995), and
Famennian (Bai et al., 1995). In neither case has detailed
harmonic analysis been applied to sections, but the
presumption has been made that dominant cycles may be
precession or eccentricity cycles. The inadequacies of the
radiometric scale make checking this difficult. One result is to
demonstrate that conodont zones are not of equal duration.

A preliminary study of the cyclicity in the Hollardops
Limestone of southern Morocco (Brett et al., 2012) produces
the same number of cycles (a little less than 160) in two
outcrops at c. 80 km distance. If these are based on preces-
sion, then the upper part of the laticostatus conodont zone
(the basal part of the upper Emsian or the Icriodus fusiformis
Zone) alone could have lasted c. 3 myr. This is in agreement
with considerable thicknesses in some regions. Currently the
number of cycles of the supposedly very long serotinus and
patulus zones has not yet been counted with precision in SW
Morocco. Chlupá�c (2000) gave an estimate of cycles within
the Daleje Shale of Bohemia, a correlative of the Hollardops
Limestone, as 100e130; not too far off. The number of cycles
in the subsequent limestone, covering the serotinus and
patulus zones, was estimated as 150e250. If the cyclic signal
remains the same, then one can assume another c. 4 myr
for the higher part of the upper Emsian, which gives a total
of 7 myr.

Concerning the duration of conodont zones in the
Famennian, there are data from a pelagic section in the

northern Renish Massif (Oese: Hartenfels, 2011 and unpub-
lished data), where the microfacies of cycles have been
studied, and where zonal boundaries were fixed with great
precision. This data set is better than Kaufmann’s (2006)
estimates based on the thickness of zones in a single section,
i.e. the Lali Section (Ji and Ziegler, 1993), where the sedi-
mentology is virtually unstudied. Tentative estimates of the
number of cycles and durations for the Upper/Uppermost
Famennian in the Oise Road Section, northern Rhenish
Massif, are as follows: the Hangenberg Event Interval may
represent c. 300 kyr (a guess, based on three rough glacial
cycles), praesulcata Zone e 44 cycles (base Lower prae-
sulcata Zone to base Hangenberg Event), Upper expansa
Zone e 29 cycles, Middle expansa Zone e 84 cycles
(certainly much longer than the other zones), Lower expansa
Zone e 23 cycles, Upper postera/styriacus Zone e 21 cycles,
Lower postera/styriacus Zone e 19 cycles, Upper trachytera
Zone e c. 20 cycles, Lower trachytera Zone e c. 43 cycles,
Uppermost marginifera Zone e >30 cycles (zonal base still
open, cycles less pronounced, higher sedimentation rate),
within the upper part of the praesulcata Zone the Wocklu-
meria sphaeroides ammonoid zone has 16 cycles. Kaufmann
(2006) gives c. 5 myr for the interval from the base of the
Lower trachytera Zone to the D/C boundary. The c. 280
cycles of the same interval at Oese, therefore, can translate
well into precession.

Above relative subdivisions of stages using a combination
of observed sedimentary cycles and regional sedimentary
thickness comparison of parts of stages is input in the scaling
shown in Table 22.2; these data complement the relative zonal
scaling shown in this table.

22.2.2.3. Chemostratigraphy

Many publications have used inorganic geochemistry data to
fingerprint, interpret and correlate Devonian black shale units
(e.g., Robl and Barron, 1988; Rimmer et al., 2004) and anoxic
event levels, especially the Kellwasser Beds (e.g., McGhee
et al., 1986; Goodfellow et al., 1988; Bratton et al., 1999; Ma
and Bai, 2002; Tribovillard et al., 2004; Pujol et al., 2006;
Riquier et al., 2005, 2007; Ma et al., 2009) or the Ka�cák
(Ellwood et al., 2011a), “punctata” (¼ Middlesex, Sliwinski
et al., 2011) and Annulata events (Racka et al., 2010). Paleo-
productivity proxies, redox-sensitive and trace elements can
contribute to detailed event stratigraphy, whereas rare earth
element (REE) studies (e.g., Grandjean-Lécuyer et al., 1993;
Girard and Albarède, 1996; Girard and Lecuyer, 2002) are less
conclusive.

Supposed impact signatures near the EifelianeGivetian
(Ellwood et al., 2003; contra: Racki and Koeberl, 2004) and
FrasnianeFamennian boundaries that might be used for
correlation, including iridium anomalies (e.g., Playford et al.,
1984; Wang et al., 1991), could not be substantiated in
subsequent studies (McGhee et al., 1986; Claeys et al., 1996;
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Girard et al., 1997; Schmitz et al., 2006), or are local features
and do not coincide with extinction levels (Wang, 1992; Wang
et al., 1994; Marini et al., 1997). The well-dated Frasnian
Flynn Creek (e.g., Schieber and Over, 2005) and Alamo
impacts (e.g., Warme and Sandberg, 1996; Morrow et al.,
2009) were regional events in the Frasnian of North America
but they occurred close to the global Timan and Middlesex
events.

Measurements of total organic carbon (TOC) contents of
carbonates and shales aid the recognition of Devonian anoxic
events (e.g., Joachimski et al., 2001; Kaiser et al., 2006;
Hartkopf-Fröder et al., 2007; Marynowski and Filipiak, 2007)
and are useful in event stratigraphy. Based on the mostly high
thermal maturity of Devonian sediments, organic geochem-
istry analyses, including biomarkers and sterane/hopane
ratios, are geographically restricted but document episodic
changes in primary producers (e.g., Joachimski et al., 2001)
that can be used for correlation. For example, biomarkers of
green sulfur bacteria give evidence for anoxia reaching the
open ocean photic zone in Upper Kellwasser time (Hartkopf-
Fröder et al., 2007), in the subsequent lower Famennian
(Marynowski et al., 2011), and during the Annulata (Racka
et al., 2010) and Dasberg events (Marynowski et al., 2010).

The stratigraphic use of stable isotope data has increased
significantly through numerous studies. Initially (Talent et al.,
1993; Hladiková et al., 1997), carbon isotopes were analyzed
in order to identify changes in the global carbon reservoirs in
association with global events. Complete carbon isotope
curves for the Devonian of Europe (Figure 22.12) based on
whole rock data or brachiopods are available through the
work of Buggisch and Mann (2004), Buggisch and Joa-
chimski (2006), and Van Geldern et al. (2006). Positive
isotopic d13C spikes can be recognized, partly in individual
biomarkers (Joachimski et al., 2002). They characterize the
SilurianeDevonian boundary or Klonk Event (Saltzman,
2002; Buggisch and Mann, 2004; Kleffner et al., 2009;
Manda and Frýda, 2010; Zhao et al., 2011), the lower Pragian
(Buggisch and Mann, 2004), the Basal Zlichov (Buggisch and
Mann, 2004), Ka�cák (Hladiková et al., 1997), pumilio
(Buggisch and Joachimski, 2006), Taghanic (Aboussalam,
2003), Frasnes (Buggisch and Joachimski, 2006), Middlesex
(Yans et al., 2007, Sliwinski et al., 2011), Kellwasser
(e.g., Joachimski and Buggisch, 1993; Joachimski et al.,
2001, 2002; Stephens and Sumner, 2003; Chen et al., 2005), ?
Dasberg (Myrow et al., 2011), and Hangenberg events
(Schönlaub et al., 1992; Brand et al., 2004; Kaiser, 2007;
Kaiser et al., 2006, 2008; Cramer et al., 2008). Diagenetic
overprinting and locally variable primary producers do not
allow us to use the magnitude of isotopic excursions for
correlation (e.g., Da Silva and Boulvain, 2008) and may cause
misleading local negative spikes (e.g., Zheng et al., 1993).

Widespread diagenetic alteration of carbonates prevents
the use of whole rock oxygen isotope data (e.g., Halas et al.,
1992; Hladiková et al., 1997; Chen et al., 2005) for

correlation and paleotemperature reconstructions (Brand,
2004) in the Devonian. At least in the Middle and Upper
Devonian, oxygen data from conodont phosphate (Elrick
et al., 2009; Joachimski et al., 2009) are superior to
measurements of supposed pristine brachiopod calcite (Joa-
chimski et al., 2004; Van Geldern et al., 2006). There are
oxygen isotopic peaks that suggest sudden paleoclimate
changes associated with the Kellwasser (Joachimski and
Buggisch, 2002) and Hangenberg events (Kaiser et al., 2006).
The available data set is still too incomplete to use oxygen
isotope data for the construction of the Devonian time scale.

The 87Sr/86Sr of marine Sr through the interval (Diener
et al., 1996; Denison et al., 1997; Van Geldern et al., 2006)
shows a broad trough, centered on the basal Eifelian to
Middle Givetian that reaches 0.7078 at its minima between an
early Devonian high of 0.7087 and an early Carboniferous
high of 0.7083. This range is large enough to offer much
potential for using Sr isotope stratigraphy in the interval.
However, reliable data (Brand, 2004) are best obtained from
pristine brachiopod calcite, not from conodont phosphate
(Kürschner et al., 1993; Ebneth et al., 1997; Veizer et al.,
1997) or whole rock measurements (e.g., Carpenter et al.,
1991; Chen et al., 2005).

Based on fluctuations in oceanic circulation, productivity,
and bacterial sulfate reduction rates, sulfur isotope data have
proved to be useful event stratigraphic markers at the
FrasnianeFamennian boundary (e.g., Geldsetzer et al., 1987;
Halas et al., 1992; Wang et al., 1996; Joachimski et al., 2001).
Simon et al. (2007) used a still limited data set to reconstruct
a curve for the sulfur isotope composition of Devonian marine
sulfate, which shows a significant depression centered in the
middle Emsian and with a broad high in the Lower/Middle
Famennian.

Only few studies have so far utilized neodymium isotopic
changes for Devonian stratigraphy. Water mass movements
with sea-level fluctuations are recorded in values measured
from conodont phosphate. Dopieralska et al. (2006) showed
that the basal Upper Frasnian semichatovae Transgression
can be recognized by the sudden incursion of oceanic water
with more radiometric values on the northern Gondwana
shelf, whilst the eustatic pre-Hangenberg shallowing is
recorded in the Sudetes by an unusual fall of εNd(t) values.

22.2.2.4. Eustatic Changes / Sequence
Stratigraphy

In a broad sense, sea-level changes in the Devonian have been
commented upon at least since the collative work of French in
the nineteenth century. A more systematic comparison
between New York (USA) and Europe was published as an
initial attempt to create a Devonian eustatic curve by House
(1983). This was improved using detailed conodont evidence
for the Laurussian area, leading to the sea-level curve and
depophase terminology of Johnson et al. (1985), which soon
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became awidely quoted standard that is still recycled in recent
publications. However, the “Johnson et al. curve” is not based
on a sequence stratigraphic approach and concentrates on the
correlation of times of fastest and maximum transgression.

Many publications have summarized regional relative sea-
level curves, with some focus on short-termed eustatic fluc-
tuations reflected by sudden hypoxic events. Prominent and
regular sea-level oscillations in thick shallow-water carbonate
platforms and siliciclastics, unfortunately, mostly lack precise
age control. Regional reviews correlated against the stan-
dardized conodont time scale were bundled in a thematic
volume by House and Ziegler (1997). The clear separation of
sequence boundaries and transgressive maxima and the bio-
stratigraphically tuned correlation of regional curves will
soon result in a revised curve with third- and fourth-order
global sequences. Age revisions and refinements have been
proposed for the Lower Devonian by Garcı́a-Alcalde (1997)
and Ver Straeten (2001), for the Givetian by Witzke et al.
(1988), Klapper (1992), Day et al. (1996), Aboussalam
(2003), Baird and Brett (2003), Brett et al. (2011), and
Aboussalam and Becker (2011), for the Frasnian by Klapper
(1992), Day et al. (1996), Racki et al. (2004), andWhalen and
Day (2008), and for the Famennian by Becker et al. (1993),
Bless et al. (1993), Becker (1993b), and Hartenfels and
Becker (2009), and are recognized in Figure 22.12.

22.2.2.5. Magnetic Susceptibility (MS)

The usage of magnetic susceptibility signatures for the
Devonian has been advanced much through the work of B.B.
Ellwood and co-authors (e.g., Crick et al., 1997; Ellwood
et al., 2000, 2001). Normalized against sample mass and in the
absence of strong diagenetic overprint, cyclic changes in the
magnetic susceptibility reflect changes in the detrital input of
dia-, para- and ferromagnetic minerals. This is especially
useful in carbonate facies with good biostratigraphical control
(e.g., Whalen and Day, 2008). However, the interpretation of
involved sea-level and climate changes and the correct
correlation of MS values require microfacies analysis, the
identification of possibly fluctuating mineral contents that
carry the magnetic signal, and an understanding of detrital
depositional factors (e.g., Hladil et al., 2006). The importance
of MS work has been demonstrated, especially in relation
to GSSPs and the events associated with them. The
SilurianeDevonian boundary interval has been analyzed by
Crick et al. (2001), and the Lower Devonian generally by
Ellwood et al. (2001) and Koptı́ková et al. (2010).Work on the
Chote�c Event (Koptı́ková, 2011) and the EifelianeGivetian
boundary and associated Ka�cák Event (Crick et al., 1997;
Hladil et al., 2002) has established correlations between North
Africa southern France, and the Czech Republic, and led to the
proposal to establish a “magnetostratotype” (Crick et al.,
2000) and formal magnetozones (chrons and subchrons; Ell-
wood et al., 2006). Ellwood et al. (2011a,b) extended this

approach to use cycles of MS values and the MS zones to
propose a floating time scale for the whole Givetian, with
a duration of c. 200 kyr for the Ka�cák Event. Gersl and Hladil
(2004) and Nawrocki et al. (2008) studied the Lower/Middle
Frasnian boundary interval in order to trace Middlesex Event
equivalents in European carbonate platforms. The
FrasnianeFamennian boundary and Kellwasser Events have
been analyzed by Crick et al. (2000) and Riquier et al. (2007).
Studies on shallow-water carbonate platforms (Da Silva and
Boulvain, 2002, 2006; Hladil et al., 2006) provide detailed
cyclic signals that, in the absence of fine biostratigraphic
control, are still difficult to correlate with the conodont scale.
Within IGCP 580 on “Application of magnetic susceptibility as
a paleoclimate proxy on Paleozoic sedimentary rocks and
characterization of the magnetic signal” many Devonian
successions are investigated and many new results were pub-
lished in 2010 in a special volume (13/4) ofGeologica Belgica.

22.2.2.6. Gamma Ray Spectrometry

Correlations based on outcrop g-ray spectrometry have been
introduced in the Devonian stratigraphic literature only rather
recently. Theyprovide cyclic signals that are correlatedwithMS
data and interpreted in terms of sea-level changes, sometimes
also with color analysis (spectral reflectance, Koptı́ková et al.,
2010). Several studies have contributed to event and cyclo-
stratigraphy in the Middle Devonian to Frasnian (Gersl and
Hladil, 2004; Hladil et al., 2006; Bábek et al., 2007; Koptı́ková,
2011). High-resolution data across the FrasnianeFamennian
boundary are less distinctive (Bond et al., 2004) but identify the
Annulata Event in Poland.

22.3. DEVONIAN TIME SCALE

22.3.1. Previous Scales

Devonian geological time scales have been composed by
Tucker et al. (1998), Compston (2000), Williams et al.
(2000), and more recently by GTS2004 (House and Grad-
stein, 2004) and Kaufmann (2006). Noticeable in reviews of
the Devonian time scale are the limited number of good
quality and chronostratigraphically fixed radiometric age
dates within the period. As a result, various assumptions have
been made to arrive at estimates of duration and boundary
ages of the stages, such as equal duration of stages or of zones
or subzones, particularly for conodonts, even though the
available cyclostratigraphic data suggest that these assump-
tions have no logical base. Despite these stratigraphic
misgivings, one does not have to look far back in literature to
realize that the relative number of subzones per stage was
often utilized for their relative scaling (see for example
chapters on the Mesozoic periods in GTS2004). The finer the
subdivisions on this stratigraphic ruler, and the more
successive age dates, the better the scaling. In those cases,
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there simply was no alternative scaling method available for
geochronology.

Older time scales that assumed constant sedimentation
rates, or relied on the subjective views of specialists on
probable durations, have now generally been discarded. A
comparison of the age of the base and/or top of the Devonian
Period with the corresponding duration, from selected time
scales published during the last two decades is given in
Table 22.1.

Although a substantial number of key dates were published
after Harland et al. (1990) and Young and Laurie (1996) pre-
sented their limited evidence and interpolations, the Devonian
time scale is still not well established. Recently, newDevonian
age dates were published for the Pragian (Parry et al., 2011),
Emsian (Kaufmann et al., 2005), Givetian/Frasnian (Comp-
ston, 2004), FrasnianeFamennian boundary (Kaufmann et al.,
2004; Turgeon et al., 2007), and DevonianeCarboniferous
boundary (Trapp et al., 2004; Selby and Creaser, 2005). A
problem is the discrepancy between U-Pb zircon dates for key
Devonian levels using TIMS and HR-SIMS (SHRIMP) dates
as discussed by Tucker et al. (1998), Compston (2000), Wil-
liams et al. (2000), and House and Gradstein (2004). SHRIMP
ages on average are 1.3% younger ages (~5 myr) for Devonian
stages than TIMS ages. Using such information, GTS2004
“normalized” SHRIMP ages that use the SL13 monitor stan-
dard, but not those that use the QGNG monitor standard. In
addition to the problems posed by accurate laboratory proce-
dures, by standards, and by constants in radiometric age dating,
there is the matter of critical analysis of the biostratigraphic
assignments of the sample levels (e.g. Streel, 2000). For
example, the Australian Phanerozoic time scale (Young and
Laurie, 1996) was analyzed by Klapper (2000b; response by
Young, 2000), who criticized biostratigraphic assumptions in

relation to the series boundary data points. In the case of the
Los Frailes Stockwork, Rio Tinto, an age just above the
DevonianeCarboniferous boundary was plotted, although
there is no exact biostratigraphic placement. Similarly, Wil-
liams et al. (2000) show aU-Pb age for the Horses Glen Lower
Tuffs of 387.5� 0.2 Ma. The unusually low analytical error
strongly contrasts with a stratigraphic range spanning late
Frasnian and possibly well into Famennian time; thus, the date
does not contribute to the Devonian time scale. The age pub-
lished for central Victorian volcanics by Compston (2004) has
no biostratigraphic control since the age of the associated
Taggerty fish fauna is absolutely unclear in the long
GivetianeFrasnian interval.

For the construction of the Devonian geologic time scale
in GTS2004, radiometric ages, mainly generated with the
U/Pb ID-TIMS method, were plotted against the relative (sub)
zone-stage scale (“House scale”). Approximate radiometric
and stratigraphic errors were also taken into account. The
relative scale “juggled” the high-resolution ammonoid and
conodont (sub) zonations, such that shortest segments were
fairly close to equal duration. The latter is not unlike the
abandoned chron concept of GTS1989 by Harland et al.
(1990: see Chapter 1). At the same time a fairly linear
two-way fit was achieved. In the final analysis, the age
obtained from the Devonian data of 416.7� 2.9 Ma for the
top of the Silurian was abandoned in favor of 416.0� 1.4 Ma,
which resulted from the better-constrained data for the
Ordovician and Silurian periods.

The best-fit line for the two-way plot (Figure 14.5 in
GTS2004) of radiometric ages against the zones and stages
was calculated by a cubic spline fitting method that combines
stratigraphic uncertainty estimates with the 2-sigma error bars
of the radiometric data. This is achieved with Ripley’s MLFR
procedure (Chapter 8 in GTS2004); a smoothing factor of
about 1.4 was calculated with cross-validation. The chi-
square test of residuals indicated that the 0.5-myr error bar on
the 390.0 Ma monazite date (No. 6 in Table 14.2 of GTS2004)
was too narrow, and an “average” error bar was used instead.
This, together with the large error bars on some other Emsian
dates, reduces its duration. A straight-line fit, as produced by
Tucker et al. (1998), would substantially increase the duration
of the Emsian Stage.

To get some idea of the sensitivity of the scaling to these
simplifying assumptions, the Devonian time scale was also
calculated in GTS2004 using the relative scale of Tucker et al.
(1998), where the stages are proportioned to an empirical
scheme of graphic correlation and/or biostratigraphic intui-
tion. The pesavis conodont zone is now placed in the early
Pragian. There is no significant difference between the ages in
the “House” and the Tucker scales, but this might have been
different had there been more detailed age dates to match the
much higher resolution in the zonal schemes. For GTS2004,
the House scale was preferred because it reduces the duration
of the Emsian and Lochkovian stages in line with

TABLE 22.1 Comparison of Age and Duration of the

Devonian Period in Selected Time Scales Published

Base

(Ma)

Top

(Ma)

Duration

(myr)

Harland et al. (1990) 408.5 362.5 46

Young and Laurie (1996) 410 354 56

Tucker et al. (1998) 418 362 56

Compston (2000b) (1) 411.6 359.6 52

Compston (2000b) (2) 418 362 56

Williams et al. (2000a) 418 362 56

Gradstein et al. (2004) 416� 2.8 359.2� 2.5 56.8

Kaufmann (2006) 418.1� 3.0 360.7� 2.7 57.4

This study 419.2� 3.2 358.9� 0.4 60.3
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biostratigraphic reasoning and intuition. The scale also
increases the duration of the Pragian Stage, which agrees with
the analysis of cyclicity in the limestones in the classical
Devonian sections of the Barrandian (Czech Republic) that
suggest that the Pragian is not much shorter than the under-
lying Lochkovian (Chlupá�c, 2000). This, however, does not
consider the significant shortening (by more than 50%) of the
Pragian by the too low Emsian GSSP (in relation to the
traditional Pragian boundaries of the Prague Basin).

Kaufmann (2006) made an ambitious attempt to improve
the Devonian time scale, assisted by 13 biostratigraphic U/Pb
ID-TIMS zircon and monazite ages. New are two Emsian age
dates, and one basal Tournaisian date (Trapp et al., 2004;
Kaufmann et al., 2005). No 40Ar/39Ar or HR-SIMS dates
were used, and the radiometric age dates were confined
solely to the Devonian and the earliest Carboniferous. No use
was made of Silurian and Carboniferous scaling in GTS2004,
which hampers the placement of this new scale in the stan-
dard Phanerozoic geologic time scale, and substantially
weakens ages and precision of top and base Devonian. For
scaling the Devonian stages along the y-axis of a two way
graph, Kaufmann (2006) employed a mixture of simple
graphic correlation, thickness of single sedimentary sections,
and “biostratigraphic intuition” on duration of zones, shuf-
fled such that a linear fit channel was arrived at (see
Figure 22.13). In some cases, like Emsian and Upper/
Uppermost Famennian zones and stage, relative durations are
quite uncertain (B. Kaufmann, pers. comm., 2006), since
there is no support for zonal durations from graphic corre-
lation of comparable sedimentary sections, tuned sedimen-
tary cycles, or subzonal duration constraints. Although there
is no a priori reason that this particular best fit of x and y axis
data should approach linearity, the latter often is taken to
indicate good agreement between the compositing and
scaling procedures on the one hand and the radiometric
dating on the other. But one can reasonably question why
a linear fit should result.

As commented upon by F.P. Agterberg (pers. comm.,
2006), adding 2 myr to the 2-sigma error of individual ages by
B. Kaufmann is subjective, but interestingly it is comparable
to results achieved along different lines in GTS2004. In that
study, Devonian stage boundary uncertainties were obtained
by multiplying age by 0.000 685, after an elaborate analysis
considering various sources of uncertainty. The mean Kauf-
mann uncertainty is 3.2 myr and mean GTS2004 uncertainty
is 2.7 myr, where rounding-off would give the same results.

The major difference between the Devonian scales in
GTS2004 and in Kaufman (2006) is that the base of the
Eifelian is nearly 6 myr younger in the latter, and conse-
quently the Emsian Stage is much longer than in GTS2004.
Contributing to this long duration are the 392.2 � 1.5 Ma age
used for the Wetteldorf “Hercules I” zircon tips, plus the very
long “serotinus” Zone, which together bring the Tioga ash
dates (items D6 and D7 in Appendix 2 of this volume, and

“Tioga age dates” in Figure 22.13) on the linear channel fit.
Hydrogen fluoride leaching of the zircons without annealing
may have changed the U-Pb content (F. Corfu, pers. comm.
2007), and the real “Hercules I” age may be between 400 and
390 Ma, with an uncertainty that covers 10 myr or less.
Figure 22.13 shows the Devonian time scaling employed by
Kaufmann (2006).

22.3.2. Radiometric Data

The detailed and high-resolution conodonteammonoid
zonation for the Devonian, with over 60 zones (Figures 22.10
and 22.11), is in stark contrast to the less than eighteen
radiometric age dates employed in Devonian time scale
building, some of which have a � 6 myr uncertainty. The
duration of the conodont and ammonoid zones are estimated
to vary between less than 200 kyr to more than 2.5 myr (Table
22.2). The best radiometric coverage is in the upper part of the
Devonian and in the lowermost Carboniferous. Spacing and
quality of the radiometric dates is such that the middle
Emsian and part of the Frasnian and lower Famennian are not
covered. The Givetian Stage does not contain any dates.

Appendix 2 of this book lists 16 Devonian through
lowermost Carboniferous U/Pb TIMS, and 2 Lower Devonian
HR-SIMS (SHRIMP) radiometric age dates that were judged
suitable for time scale construction (see items D1-18 and cb1
and 2). Unfortunately, there is a large spread in analytical and
stratigraphic uncertainty. Three Re-Os dates are listed that
have useful biostratigraphic constraints, but were not incor-
porated in the spline fit of Figure 22.14. The U/Pb age dates of
Red Deer Creek Tuff, the Nordegg Tuff, the Caldera Complex
rhyolite and the Zeigler Pit monazites have analytical
uncertainties below 1.0 myr, and appear to have good strati-
graphic control.

In order to provide constraints on the age of the base of the
Devonian, we included the extrapolated age of 419.2� 3.2Ma
for the SilurianeDevonian boundary (see Chapter 21). To
increase resolution across the DevonianeCarboniferous
boundary two earliest Carboniferous age dates were initially
considered for time scale construction. Trapp et al. (2004)
used U-Pb isotope dilution-thermal ionization mass spec-
trometry (ID-TIMS) for zircons from two successive basal
Tournaisian bentonites of the Hasselbachtal Auxiliary Stra-
totype to reinterpolate the boundary at 360.7� 0.7 Ma.
However, our fitting suggests these ages to be slightly old. This
is independently confirmed by three high-resolution
CA-TIMS age dates closely below and above the Devon-
ianeCarboniferous boundary in the Rhenish Mountains
(Items D18, cb1 and cb2 in Appendix 2 of this book). The
interpolated age of the DevonianeCarboniferous boundary
using the three new dates is 358.9� 0.4 Ma. This new high-
precision age estimate confirms that the GTS2004 age of 359.2
Ma (with a small uncertainty tentatively set at 1 myr) for the
DevonianeCarboniferous boundary was reasonable.
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FIGURE 22.13 Devonian geologic time scale constructed by Kaufmann (2006). For details see Section 22.3.1 of this chapter.
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TABLE 22.2 Scaling and durations of the Devonian conodont zonal subdivisions (“Becker scale”) as input for the spline fit of

zones þ stages versus radiometric ages in Figure 22.14

Stage

Conodont

Zone

Zonal

Position (Ma)

GTS2012

(Spline) age (Ma) 2-Sigma Duration myr Curve

Tournaisian sulcata 359.20 358.94 0.393 Spline

Famennian kockeli 359.79 359.10 0.408 0.16 Spline

Famennian praesulcata 361.54 359.84 0.571 0.74 Spline

Famennian expansa 365.10 362.27 0.974 2.43 Spline

Famennian styriacus 366.15 363.01 1.096 0.74 Spline

Famennian trachytera 367.80 364.19 1.439 1.18 Spline

Famennian marginifera 371.06 366.69 1.806 2.50 Spline

Famennian rhomboidea 372.24 367.73 1.837 1.04 Spline

Famennian crepida 374.61 370.11 1.796 2.38 Spline

Famennian triangularis 376.39 372.24 1.628 2.13 Spline

Frasnian linguiformis 376.99 373.04 1.510 0.80 Spline

Frasnian bogartensis 377.99 374.48 1.469 1.44 Spline

Frasnian winchelli 378.76 375.65 1.500 1.17 Spline

Frasnian feisti 379.36 376.54 1.628 0.89 Spline

Frasnian plana 379.95 377.40 1.750 0.86 Spline

Frasnian proversaehousei 380.72 378.43 1.939 1.03 Spline

Frasnian nonagintaeprimus 381.73 379.58 2.138 1.15 Spline

Frasnian punctata 382.56 380.38 2.189 0.80 Spline

Frasnian transitans 382.97 381.25 0.995 0.87 Straight-line These error bars

Frasnian rotundiloba 384.99 382.69 0.883 1.44 Straight-line

Givetian norrisi 385.58 383.10 0.847 0.41 Straight-line not directly

Givetian disparilis 387.06 384.15 0.765 1.05 Straight-line

Givetian hermanni 388.25 384.99 0.709 0.84 Straight-line

Givetian semialternans 388.84 385.41 0.704 0.42 Straight-line comparable

Givetian ansatus 390.03 386.25 0.679 0.84 Straight-line

Givetian rhenanusevarcus 390.98 386.92 0.684 0.67 Straight-line with

Givetian timorensis 391.51 387.30 0.694 0.38 Straight-line

Givetian hemiansatus 392.10 387.72 0.694 0.42 Straight-line spline errors

Eifelian ensensis 392.75 388.18 0.791 0.46 Straight-line

Eifelian eiflius 393.29 388.56 0.821 0.38 Straight-line

Eifelian kockelianus 393.88 388.97 0.847 0.41 Straight-line

Eifelian australis 394.47 389.23 1.000 0.26 Spline

Eifelian costatus 395.95 391.62 0.929 2.39 Spline

Eifelian partitus 396.84 393.25 1.245 1.63 Spline

Emsian patulus 397.73 394.91 1.648 1.66 Spline

Emsian serotinus 399.21 397.68 2.133 2.77 Spline

586 The Geologic Time Scale 2012



22.3.3. Age of Stage Boundaries

For the Devonian and lowermost Carboniferous segments of
GTS2012, we used the radiometric dates discussed in the
previous section, including their lambda errors (Appendix 2).
The three Re-Os dates D11, D12 and D17 were not included.
Their inclusion produced undesirable curvature in the spline
through the Lower Famennian, which has no age dates to
corroborate such curvature. Stratigraphic positions with their
rectangular error bars were assigned for all age dates
according to the chronostratigraphic scale in Table 22.2. The
zonal position of the conodont zonation in the Devonian
stages is based on our initial scaling estimate of stages and
zones (see also discussion of cyclostratigraphy in Section
22.2.2). The age of the base Devonian, with error bars, was
specified according to the boundary age and error of the
OrdovicianeSilurian spline (Chapter 21).

In a first run of the smoothing spline procedure outlined in
Chapter 14, the cross-validation suggested an optimal
smoothing factor of 1.85. With such a high smoothing factor,
six of the data points did not pass the c2 test (D4, c2¼8.12,
p¼0.004; D5, c2¼21.7, p¼0.000; D6, c2¼5.45, p¼0.020;
D8, c2¼7.85, p¼0.005; D9, c2¼4.86, p¼0.032; and D15,

c2¼4.43, p¼0.035). For each of these points, the combined
stratigraphic and radiometric error sxy was therefore
increased to enforce a p value of 0.5.

The adjusted errors were used for a second computation of
the spline. In this new run, the optimal smoothing factor was
0.45. The resulting final spline is seen in Figure 22.14.

The Givetian does not contain any radiometric dates, and
the shape of the spline is relatively unconstrained in this
interval as long as it is monotone. To estimate the upper and
lower boundaries of the Givetian, we therefore made a prag-
matic exception to the standard procedure, reverting to
straight-line interpolation between the closest points along
the scale (D7 and D9). As for the spline, error bars for this
straight line were estimated by a Monte Carlo procedure,
randomly moving D7 and D9 within their stratigraphic and
radiometric errors. This method gives a duration for the
Givetian of 5.0 myr, closer to the 6.5 myr of House (1995),
based on assumed precessional cycles, than the 4.3 myr
resulting from the spline. Interestingly, Ellwood et al. (2011b)
recently suggested 5.6 myr, based on the analysis of cyclic
magnetosusceptibility data.

The interpolated Devonian stage boundaries and their
bootstrapped confidence intervals are given in Table 22.3. The

TABLE 22.2 Scaling and durations of the Devonian conodont zonal subdivisions (“Becker scale”) as input for the spline fit of

zones þ stages versus radiometric ages in Figure 22.14dcont’d

Stage

Conodont

Zone

Zonal

Position (Ma)

GTS2012

(Spline) age (Ma) 2-Sigma Duration myr Curve

Emsian laticostatus 400.11 399.30 2.357 1.62 Spline

Emsian inversus 400.99 400.86 2.526 1.56 Spline

Emsian nothoperbonus 402.18 402.80 2.571 1.94 Spline

Emsian gronbergi 403.37 404.55 2.587 1.75 Spline

Emsian excavatus 404.55 406.11 2.622 1.56 Spline

Emsian kitabicus 405.74 407.57 2.582 1.46 Spline

Pragian profunda 408.11 410.19 2.755 2.62 Spline

Pragian base Pragian (within
irregularis zone)

408.70 410.78 2.776 0.59 Spline

Lochkovian irregularis 409.29 411.35 2.776 0.57 Spline

Lochkovian gilberti 409.89 411.90 2.730 0.55 Spline

Lochkovian pandora 410.77 412.70 2.684 0.80 Spline

Lochkovian trigonicus 411.67 413.48 2.592 0.78 Spline

Lochkovian transitans 412.26 414.01 2.587 0.53 Spline

Lochkovian eleanorae 412.85 414.54 2.505 0.53 Spline

Lochkovian omoalpha 413.74 415.38 2.357 0.84 Spline

Lochkovian postwoschmidti 415.52 417.27 2.224 1.89 Spline

Lochkovian hesperius 417.00 418.98 2.847 1.71 Spline
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TABLE 22.3 Interpolated Ages of Devonian Epoch and Stage Boundaries, with Bootstrapped Error Bars (One-Sided)

Period Epoch Stage

Base Ma

GTS2012

Est. � myr

(2s)

Epoch

Duration

(myr)

Est. � myr

(2s)

Stage

Duration

(myr)

Est. � myr

(2s)
GTS2004

Carboniferous Early
Miss.

Tournaisian 358.9 0.4 359.2

Devonian Late Famennian 372.2 1.6 13.3 0.8 374.5

Frasnian 382.7 1.0 23.8 2.0 10.5 2.5 385.3

Middle Givetian 387.7 0.8 5.0 not
calculated

391.8

Eifelian 393.3 1.2 10.6 not
calculated

5.6 1.9 397.5

Early Emsian 407.6 2.6 14.3 2.6 407.0

Pragian 410.8 2.8 25.9 2.0 3.2 1.2 411.2

Lochkovian 419.2 3.2 8.4 3.5 416.7

Base Dev

D1
D2

D3

D4
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D6

D7
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358.9±0.4

FIGURE 22.14 Construction of the Devonian time scale using a cubic spline fit on 17 selected radiometric ages for Devonian and lowermost Carboniferous scaled

chronostratigraphically listed inAppendix2 of this book.Radiometric error bars are 2-sigma, stratigraphic (scaling) error bars represent total uncertainty.The blue line

shows the exception made for the Givetian, which is not properly constrained by the spline. Spline construction details are in Section 22.3 of this chapter.
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base of the Devonian is at 419.2� 3.2 Ma, and its top is
358.9� 0.4 Ma. The durations of the three epochs and seven
stages are as follows:

Early Devonian lasted 25.9� 2.0 myr, with the Lochko-
vian Stage lasting 8.4� 3.5 myr (base at 419.2� 3.2 Ma), the
Pragian Stage 3.2� 1.2 myr (base at 410.8� 2.8 Ma), and the
Emsian Stage 14.3� 2.6 myr, starting at 407.6� 2.6 Ma.
The Pragian is the shortest stage in the Devonian at 3.2 myr,
and the (unrevised) Emsian is the longest stage in the
Devonian, followed by the Famennian (13.3 myr).

The Middle Devonian has a duration of 10.6 myr, with
the Eifelian lasting 5.6� 1.9 myr (starting at 393.3� 1.2
Ma), and the Givetian 5.0 myr (starting at 387.7� 0.8 Ma).
The latter stage was estimated to be 4.5 myr in duration by
Kaufmann (2006). Because of the relatively unconstrained
cubic spline in this interval, no confidence limits are

calculated for the Middle Devonian Epoch and the Givetian
Stage.

The Late Devonian started at 382.7� 1.0 Ma and ended at
358.9� 0.4 Ma, lasting 23.8� 2.0 myr, almost as long as the
Early Devonian. The Frasnian Stage lasted 10.5� 2.5 myr,
and the Famennian Stage 13.3� 0.8 myr; the latter starts at
372.2� 1.6 Ma.

The error bars decrease in magnitude through the
Devonian, reflecting more accurate and more precise
(U/Pb) dates in the younger part of the period. But, looking
at the spline fit of Figure 22.14, one cannot avoid the
consideration that the Tioga monazite dates D7 and D8, of
the P. costatus conodont zone of the middle Eifelian, would
fit better if they were from a chronostratigraphic level that
is one or two conodont zones higher. This deserves inves-
tigation, with the GTS2004 results suggesting this even

GSSPs of the Devonian Stages, with Location and Primary Correlation Criteria (Status Jan. 2012)

Stage GSSP Location

Latitude,

Longitude Boundary Level Correlation Events Reference

Famennian Coumiac Quarry,
near Cessenon,
Montagne Noire,
France

43�27’40.6"N
3�02’25"E*

Base of Bed 32a Conodont FAD
Palmatolepis
subperlobata and
flood occurrence of
Palmatolepis ultima

Episodes 16/4, 1993

Frasnian Col du Puech de la
Suque, Montage
Noire, France

43�30’11.4"N
3�05’12.6"E*

Base of Bed 42a’ at
Col du Puech de la
Suque section E

Conodont FAD
Ancyrodella
rotundiloba

Episodes 10/2, 1987

Givetian Jebel Mech Irdane,
Morocco

31�14’14.7"N
4�21’14.8"W*

Base of Bed 123 Conodont FAD
Polygnathus
hemiansatus

Episodes 18/3, 1995

Eifelian Wetteldorf, Eifel
Hills, Germany

50�08’58.6"N
6�28’17.6"E*

21.25m above the
base of the exposed
section, base of unit
WP30

Conodont FAD
Polygnathus costatus
partitus

Episodes 8/2, 1985

Emsian Zinzil’ban Gorge,
Uzbekistan

39�12’N 67�18’20"E Base of Bed 9/5 in
the Zinzil’ban Gorge
in the Kitab State
Geological Reserve

Conodont FAD
Eocostapolygnathus
kitabicus

Episodes 20/4, 1997

Pragian Velká Chuchle,
Prague, Czech
Republic

50�00’53"N
14�22’21.5"E*

Base of Bed 12 in
Velká Chuchle
Quarry

Conodont FAD
Eognathodus
sulcatus sulcatus or,
better, of
Caudicriodus
steinachensis Morph
beta

Episodes 12/2, 1989

Lochkovian (base
Devonian)

Klonk, near Prague,
Czech Republic

48.855�N
13.792�E**

Within Bed 20 Graptolite FAD
Monograptus
uniformis

IUGS Series A, 5,
1977

*according to Google Earth
**derived from map
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more strongly (see Figure 14.5 of the chapter on Devonian
in Gradstein et al., 2004).

The GTS2004 ages for the Frasnian and Famennian
lower stage boundaries are outside the GTS2012 spline error
bars for these levels. This is significant, since the accuracy
and precision of the dates in this interval are considered to
be good. We consider that this part of the Devonian scale is
maturing, although more infra-stage dates are desirable, not
only focusing on the Hangenberg Event but also on the
zones and biochronology leading up to that. The Givetian
needs age dates to corroborate its 5 myr duration. The new
and total duration of the Devonian is 60.3 myr (compared to
57.5 myr in GTS2004).

Note: After completion of this text, Parry et al. (2011)
published a high-resolution U-Pb zircon age of 411.5� 1.3 Ma
for an andesite lava within the Rhynie Outlier of NE Scotland.
Using spores the chronostratigraphy of this level is in the
interval from? lowermost Pragian through Lower Emsian.
Accordingly, the LochkovianePragian boundary should
predate 411.5 Ma, and the PragianeEmsian boundary should
be younger or could approximate this age. Uncertainty about
the PragianeEmsian boundary definition should be resolved
prior to refinement of the boundary age.
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Revista Española de Micropaleontologı́a 35, 1e8.

Grahn, Y., 2005. Devonian chitinozoan biozones of western Gondwana. Acta

Geologica Polonica 55, 211e227.

Grahn, Y., Melo, J.H.G., 2004. Integrated Middle Devonian chitinozoan and

miospore zonation of the Amazonas Basin, northern Brazil. Revue de
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Paläodiversität. Münstersche Forschungen zur Geologie und Paläonto-

logie 105, 17e527.

Hartenfels, S., Becker, R.T., 2009. Timing of the global Dasberg Crisis e

implications for Famennian eustasy and chronostratigraphy. Palae-

ontographica Americana 63, 69e95.

Hartenfels, S., Becker, R.T., Tragelehn, H., 2009. Marker conodonts around the

globalAnnulataEvents and the definition of anUpper Famennian substage.

Subcommission on Devonian Stratigraphy Newsletter 24, 40e48.
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Chapter 23

The Carboniferous Period

Abstract: Only the GSSPs for the Bashkirian (base of the
Pennsylvanian), Visean and Tournaisian (base of the
Mississippian) have been formalized, although the latter
now has complications.

The supercontinent Pangea caused major changes in
ocean circulation, biogeographic differentiation, high bio-
provincialism, diversification of land plants and increased
continental weathering rates and storage of organic carbon as
coal, strong fluctuations of atmospheric carbon doxide,
significant global cooling and warming and sharp sea-level

fluctuations, cyclic marine sequences, appearance of reptiles
(with amniotic egg reproduction) and occupation of new (dry-
land) niches, extinction or decreasing role of early Paleozoic
biota such as stromatoporids, tabulate corals, trilobites,
ostracods, heavily armored marine fish, appearance or very
rapid diversification of Foraminifera, ammonoids, fresh-
water pelecypods, gastropods, sharks, ray-finned fishes, and
wingless insects. The Late Carboniferous-Early Permian
Kiaman Superchron is the longest known period of predom-
inantly reversed polarity.
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23.1. HISTORY AND SUBDIVISIONS

Due to climatic variability and tectonic and volcanic activity,
the Carboniferous was a time of incredible diversification and
abundant terrestrial biota. It signifies Earth’s first episode of
widespread, massive coal formation and consequently oxygen
and CO2 variability. The commercial production of coal led to
the early development of Carboniferous stratigraphic classi-
fications in three major regions; Western Europe, Eastern
Europe, and North America. Indeed, the name Carboniferous
is derived from the Italian Carbonarium (charcoal producer)
or Latin carbo (charcoal) and ferrous (i.e. bearing). The term
Carboniferous was first used in an adjectival sense by Kirwan
(1799) and as an informal term for the section heading to
describe “Coal-measures or Carboniferous Strata” by Farey in
1811 (Ramsbottom, 1984). Later it became a common term
for coal-producing sediments in Great Britain and Western
Europe. Four stratigraphic units, in ascending order, were
included:

1. The Old Red Sandstone, later assigned to the Devonian.
2. The Mountain, or Carboniferous Limestone, first listed by

William Phillips in 1818.
3. The Millstone Grit, proposed by Whitehurst in 1778.
4. The Coal Measures, proposed by Farey in 1807.

Conybeare and Phillips (1822) constituted these units as
the Carboniferous or Medial Order, and Phillips (1835)
coined the term Carboniferous System (Ramsbottom,
1984).

Even though the Carboniferous was one of the first-
established geological periods, it is one of the most compli-
cated and confusing in terms of stratigraphic classification
and correlation. The reasons for this confusion are:

1. The assembly of the supercontinent Pangea by the colli-
sion of Laurussia with Gondwana, the Variscan, and
Hercynian orogenies, and the subsequent nearly complete
separation of tropical and subtropical shelves by this
supercontinent.

2. The Gondwana superglaciation and the consequent drastic
climatic changes, sea-level fluctuations, and significant
biogeographic differentiation.

The current subdivision of the Carboniferous Period as
favored by the Subcommission on Carboniferous Stratigraphy
of the ICS is shown in Figure 23.1, and selected regional
stages are illustrated in the same figure. Some progress in
stage boundary definition has been achieved since GTS2004
(Davydov et al., 2004), but new complications have arisen. As
of March 2010, the major division of the Carboniferous
Period into the Mississippian and Pennsylvanian subperiods
and the base of Visean Global Stage within the Mississippian
have been officially ratified. At the same time the GSSP
established for the DevonianeCarboniferous boundary
(Paproth et al., 1991) has a problem with its defining event,
the FAD of the conodont Siphonodella sulcata, and thus with
the defined boundary (Kaiser, 2009).

23.1.1. Evolution of Traditional European
and Russian Subdivisions

In Western Europe, the Carboniferous System was histori-
cally divided into the Lower Series (marine Mountain
Limestone or Dinantian) and the Upper Series (predomi-
nantly terrestrial Millstone Grit and Coal Measures). Two
independent regional stages were developed in the Dinantian
of Belgium and Great Britain (Figure 23.1).

Several parallel chronostratigraphic schemes have been
developed in Europe. Traditionally, the Carboniferous was
subdivided into an older (Dinantian) and a younger
(Silesian) portion, separated by the first occurrence of
the ammonoid species Cravenoceras leion. With the defini-
tion of the mid-Carboniferous boundary at the FAD of
Declinognathodus noduliferus, which marks a much younger
horizon, the old subdivision scheme became obsolete.

In Belgium, the subdivision of the Early Carboniferous can
be traced back to Dumont (1832), who named the Calcaires de
Tournai andVisé (named after two towns inwestern and eastern
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Belgium, respectively), which later became the official chro-
nostratigraphic stages. The base of the Tournaisian coincides
with the base of the Carboniferous, and the base of theViséan is
defined by the FADofEoparastaffella simplex. Later, substages
were introduced, in ascending order subdividing the Tournai-
sian into the Hastarian and Ivorian, and the Viséan into the
Moliniacian, Livian, and Warnantian. The Hastarian was
introduced on the base of an outcrop at the Meuse River,
northeast of the Hastière-Lavaux church (Hance et al., 2006a).
The substage correlates with the foraminiferal zones MFZ1 to
MFZ3 and part of MFZ4, rugose coral zones RC1 and RC2,
Siphonodella conodont interval, and with the ammonoid Gat-
tendorfiaeEocanites Zone as well as with part of the Gonio-
cycluseProtocanitesZone (Poty et al., 2006). The Ivorianwith
the stratotype Yvoir on the right bank of the Meuse River
between Namur and Dinant has a base defined by the FAD of
Polygnathus communis carina (Hance et al., 2006b). It corre-
sponds to the foraminiferal zones MFZ4 to MFZ8, the rugose
coral zones RC3 to RC4b1, the Polygnathus communis carina
and Scaliognathus anchoralis conodont zones, and part of the
ammonoid GoniocycluseProtocanites Zone and Fasciper-
icycluseAmmonellipsitesZone. The base of theMoliniacian is
coupled with the base of the Viséan; it is named after the stra-
totype near the village of Salet, on the left flank of theMolignée
valley, about 4 km WSW of Yvoir (Devuyst et al., 2006). The
substage corresponds with the foraminiferal zones MFZ9 to
MFZ11, the rugose coral zones RC4b2 toRC5, the lower part of
the FascipericycluseAmmonellipsites Zone, and part of the
BollanditeseBollandoceras Zone. The Livian, after a cliff and
quarry at Lives, on the right bank of the Meuse valley (Hance
et al., 2006c) has a base at the FAD of Koskinotextularia and
Pojarkovella nibelis, at the base of the “Banc d’or de Bachant”.
It is obviously a short substage and correlates with the forami-
niferal zones MFZ12, the rugose coral zones RC6, and part of
the BollanditeseBollandoceras ammonoid Zone. The War-
nantian, with the stratotype Camp de César quarry at Thon-
Samson near Namur, has a base defined by the base of the thick
bed of dark bioclastic limestone overlying the beige algal
limestones of the top of the Livian. It has a long stratigraphic
range including the foraminiferal zones MFZ13-MFZ15, the
rugose coral zones RC7 and RC8, and the Entogonites to
LusitanoceraseLyrogoniatites ammonoid zones.

Classically, the Late Carboniferous in Belgium began with
the Namurian stage, named after outcrops in the vicinity of
the citadel at Namur in central Belgium (Purves, 1883;
Dusar, 2006). This unit, which now spans the Mis-
sissippianePennsylvanian boundary, has been replaced by
international stages (e.g., Serpukhovian, Bashkirian). The
following Westphalian (after the Westphalian coal mining
area) and Stephanian (after the city of Saint-Étienne in eastern
central France) are used mainly in the coal mining areas.

In Great Britain, the subdivision of the Early Carbonif-
erous was initiated in the late 19th Century, and the pioneering
work of Vaughan (1905) provided the first biostratigraphic

scheme based on the occurrence of corals and brachiopods.
Based on this, later investigations e e.g., by Bisat (1924) e
led to a finer subdivision, also using ammonoids. The first
formal chronostratigraphic scheme was then introduced by
George et al. (1976) and discussed by Ramsbottom (1981),
Riley (1993), and Waters and Davies (2006).

The oldest of the Carboniferous substages is the Cour-
ceyan with the stratotype at the Old Head of Kinsale in
Ireland. Its base coincides with the DevonianeCarboniferous
boundary. It correlates with the Hastarian and older part of the
Ivorian of the Belgium scheme. The Chadian is named after
Chatburn near Clitheroe, Lancashire; its base is defined by the
first lithological change below the entry of the genus
Eoparastaffella. As Riley (1993) found when reinvestigating
the type locality, the FOD of the proposed foraminifer
Eoparastaffella does not coincide with the proposed stage
boundary but occurred much higher in the type section. He
thus proposed the subdivision into early and late Chadian for
the Tournaisian and the Viséan portions, respectively.

The following four substages belong in the Viséan,
beginning with the Arundian. Its stratotype is at Hobbyhorse
Bay, Dyfed (SouthWales) and its base is defined by the base of
the Pen-y-Holt Limestone. TheHolkerian, with a stratotype at
Barker Scar, south Cumbria, has the same duration as the
Livian in Belgium. It begins with the base of the Park Lime-
stone Formation; coinciding with the FOD of the corals
Carcinophyllum vaughani and Lithostrotion minus as well as
the brachiopods Davidsonia carbonaria, Composita ficoides,
and Linoprotonia corrugatohemispherica. The Asbian, with
the stratotype at Little Asby Scar, Ravenstonedale, Cumbria,
already belongs to the upper Viséan. The base of the Potts Beck
Limestone and the FOD of the corals Dibunophyllum
bourtonense, Siphonodendron pauciradiale, S. juncerum,
and Palaeosmila murchisoni, as well as the brachiopods
Linoprotonia hemispherica and Daviesiella llangollensismark
the base of the substage. Finally, the Brigantian, with the
stratotype Janny Wood near Dent, Cumbria, begins with the
Peghorn Limestone and the FOD of the corals Diphyphyllum
lateseptatum, Actinocyathus floriformis, Nemistium edmondsi,
and Palastrea regia as well as the brachiopods Productus
hispidus, P. productus, and Pugilis pugilis.

The two following substages composed the Serpu-
khovian stage. The Pendleian, which is named after Pendle
Hill in Lancashire, and which has its stratotype in Light
Clough, Lancashire, is traditionally defined by the FAD of
the ammonoid Cravenoceras leion. The first occurrence of
the conodont species Lochriea ziegleri, which is supposed to
be the index fossil for the base of the Serpukhovian, is
slightly below Cravenoceras leion, meaning that the two
boundaries are not identical. The Arnsbergian is named
after the town of Arnsberg in the Rhenish Mountains, but has
its stratotype at Slieve Anierin, Co. Leitrim (Ireland). Its
base is defined by the FAD of the ammonoid Cravenoceras
cowlingense.
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Seven British regional substages compose the Bashkirian.
These are the following units, together with their stratotypes
and index ammonoid species defining their bases:

Chokierian (Stonehead Beck, Yorkshire; Isohomoceras
subglobosum),
Alportian (Blake Brook, Derbyshire; Hudsonoceras
proteus),
Kinderscoutian (Samlesbury Bottoms near Blackburn,
Lancashire; Hodsonites magistrorus),
Marsdenian (Park Clough, Derbyshire; Bilinguites
gracilis),
Yeadonian (Orchard Farm, Derbyshire; Cancelloceras
cancellatum),
Langsettian (Langsett, Derbyshire; Gastrioceras sub-
crenatum marine band), and
Duckmantian (Duckmanton, Derbyshire; Anthracocer-
atites vanderbeckei marine band).

The Bolsovian (stratotype is Bolsover, Derbyshire),
defined by the Donetzoceraas aegirianum marine band,
already belongs in the Moscovian.

In Germany, chronostratigraphic units have been
proposed for the Dinantian (i.e. Lower Carboniferous in old
terminology), but these names, which derive from localities
in the Rhenish Mountains, have been used only sporadi-
cally. These are Balvian (after the Devoniane
Carboniferous boundary beds exposed near Balve), corre-
sponding to the Gattendorfia Stufe, Erdbachian (after the
Erdbach Limestone), corresponding to the “Pericyclus
Stufe” in previous understanding, and Aprathian (after the
trilobite locality in the Aprath Shales), corresponding to the
“Goniatites Stufe” in previous understanding (Paproth
et al., 1963; Korn, 2006).

Between 1841 and 1845, Murchison and others (Murchi-
son, 1845), in collaboration with Russian geologists and
based on Russian sections, divided the Carboniferous into
Lower, Middle and Upper stages, which were later elevated to
series (Möller, 1878, 1880). In terms of recent chro-
nostratigraphy, Möller’s Upper Series include the Upper
Pennsylvanian and most of the Cisuralian (Lower Permian)
Series, excluding the Kungurian Stage, and therefore all three
proposed series were approximately equal. Subsequently, the
Cisuralian portion of the succession was excluded from
Möller’s Upper Series. The remaining Lower, Middle, and
revised Upper series then constituted a three-fold subdivision
of the Carboniferous that became the tradition in Russia and
surrounding territories in Eastern Europe and Asia.

Munier-Chalmas and Lapparent (1893) named these three
Carboniferous subdivisions the Dinantian (Mountain
Limestone), Moscovian, and Uralian stages. The Westphalian
(Millstone Grit and Coal Measures combined) and
Stephanian Stages were also established by these geologists
in terrestrial successions of Western Europe as equivalents to
the Moscovian and Uralian in the marine facies. This was the

first attempt to build a dual marineeterrestrial classification
for the Carboniferous, which is still advocated by some
geologists (Wagner and Winkler Prins, 1997), but is not
accepted by the ICS. In the 19th century, the majority of
Russian geologists accepted a two-fold subdivision of the
Carboniferous. Nikitin (1890) proposed the Serpukhovian
(type locality near Serpukhov City) and placed it at the
highest position in the Lower Carboniferous. He proposed to
divide the Upper Carboniferous into the Moscovian and
Gzhelian stages with type localities around Moscow
(Moscovian) and a series of exposures near the villages of
Gzhel, Pavlovo-Posad, and Noginsk (Gzhelian), along the
Klyazma River and in the Oksko-Tsna Swell (Nikitin, 1890,
pp. 77e78). The Moscovian originally included all the
present-day Kasimovian, and the Gzhelian included the rest
of the Carboniferous, and also the Asselian Stage (Lower
Permian) of the modern scale. The Kasimovian (initially
known as the Tiguliferina Horizon) was separated from the
Moscovian by Ivanov (1926) and was named by Dan’shin
(1947). Teodorovich (1949) suggested this unit should be
a chronostratigraphic stage and regarded the Gzhelian (in the
modern sense) to be the uppermost stage of the Carbonif-
erous. Ruzhencev (1945) proposed the Orenburgian Stage,
equal to the “Pseudofusulina” Horizon of Rauser-Chernousova
(1937), in the southern Urals, as the terminal Carboniferous
stage. Because of a miscorrelation to the Russian Platform,
the Orenburgian was thought to be the equivalent of the lower
Asselian (Pnev et al., 1975; Harland et al., 1990) and was
removed from the Russian stratigraphic scale. However, this
miscorrelation was recognized and the Orenburgian succes-
sion was returned to the Carboniferous once again (Davydov
and Popov, 1986), where it is generally merged with the
Gzhelian Stage. Development of Carboniferous stratigraphy
during the 19th and early 20th centuries in Western Europe
was summarized in the Heerlen Congresses in 1927 and 1935
(Heerlen Classification), in which a two-fold division of the
Carboniferous was formalized and the Lower Carboniferous
was replaced by the Dinantian. The latter was divided into
two stages; the Tournaisian (proposed by de Koninck in 1872)
and the Visean (proposed by Dupont in 1883). The Upper
Carboniferous (later named the Silesian) was also divided
into two stages; the Namurian (name proposed by Purves in
1883 for the equivalent of the Millstone Grit), and the
Westphalian, each with three divisions (A, B, and C;
Ramsbottom, 1984).

Further biostratigraphic studies in marine and terrestrial
successions in Western Europe, particularly of ammonoids
and plants, resulted in significant refinement of the regional
stratigraphic scale into 16 stages from the Tournaisian
through Westphalian with separate British and Belgium
scales (George et al., 1976). Details on the history of the
Carboniferous classification in Western Europe can be found
in George et al. (1976), Ramsbottom (1984), and Wagner and
Winkler Prins (1997).
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23.1.2. Evolution of Traditional North
American Subdivisions

In the USA, the Carboniferous was subdivided into the
Mississippian, or lower Carboniferous, proposed by
Alexander Winchell in 1870, and the Pennsylvanian, or upper
Carboniferous, proposed by J. J. Stevenson in 1888, each of
which was put forward as an independent system by Williams
(1891). Predominantly marine rocks of early Carboniferous
age were assigned to the Mississippian, with type localities in
the upper Mississippi Valley. Kinderhookian, Osagean,
Meramecian and Chesterian are the subdivisions most
commonly used in the US Geological Survey and other
geological communities in the USA (Lane and Brenckle,
2005). Originally established as unconformable bounding
units, they later received comprehensive biostratigraphic
characteristics and became regional chronostratigraphic units
in North America (Lane and Brenckle, 2005).

Kinderhookian was first designated near the village of
Kinderhook, Pike County, Illinois, as a sequence between
the upper Devonian Louisiana Limestone and lower
Osagean Burlington Limestone (Meek and Worthen,
1861). The proposed international definition of the
DevonianeCarboniferous boundary at the FAD of Siphon-
odella sulcata conodont brings the base of the Kinderhookian
up to the base of Horton Creek Formation (Collinson, 1961;
Conkin and Conkin, 1974). The top of the Kinderhookian is
an unconformity between the Chouteau Formation and the
Meppen Limestone that corresponds with the base of
Osagean Regional Stage in the North American Mississip-
pian type area. The term was proposed for the sequence from
the base of Meppen Limestone to the top of lower Warsaw
Formation (Williams, 1891) in the area along the Osage River
in St. Clair County, Missouri (Lane and Brenckle, 2005). The
base of the Osagean chronostratigraphic unit corresponds to
the Gnathodus punctatus conodont zone that is missing in the
type area (Lane, 1974).

The Meramecian was originally defined as a Meramec
Group at the Meramec Highlands Quarry along Meramec
River, southwest of St. Louis, Missouri (Ulrich, 1904). The
group includes the Warsaw Formation, Spergen Hill (Salem)
and the St. Louis Limestones. In terms of biostratigraphy the
base of the Meramecian in the type area is only characterized
with local brachiopods and foraminifers, and appears within
the Gnathodus texanus conodont zone (Lane and Brenckle,
2005).

Chesterian is named after the Chester Group that was
established near the town of Chester in southern Illinois
(Worthen, 1860, 1866). The original group has recently been
adjusted, putting the Grove Church Shale in the upper part
and Ste. Genevieve Formation near the bottom. The
MeramecianeChesterian boundary is quite prominent, and is
associatedwith the boundary between theHindeodus scituluse
Apatognathodus scalenus and Gnathodus bilineatus conodont

zones, and with the appearance of the asteroarchaediscids
Foraminifera. The Chesterian Stage in the type area is incom-
plete and approximately the upper third of this chronostrati-
graphic unit is missing (Lane and Brenckle, 2005).

Coal-producing beds in the state of Pennsylvania were
termed Pennsylvanian and considered as the stratigraphic
equivalents of the western European “Coal Measures”. The
Pennsylvanian included the Pottsville Conglomerate, Lower
Productive Coal Measure, and Upper Barren Coal Measures.
The type localities for the Pennsylvanian stages occur in
marine cyclic sequences in the North American midcontinent
basin in Arkansas (Morrowan), Oklahoma (Atokan), central
Iowa (Desmoinesian), along the Missouri River in Iowa and
Missouri (Missourian), and in east-central Kansas (Virgilian).

The Morrowan Stage was first recognized as a formation
in northwestern Arkansas (Adams and Ulrich, 1904). It was
regarded as a series (Moore, 1944) and later as a stage equal
to a zone of primitive fusulinid Millerella (Moore and
Thompson, 1949). The base of this stage in the type area, and
in many other places in North America, appears to be dis-
comformable with an exception at the mid-Carboniferous
GSSP in Nevada and some basinal facies in Arkansas (Lane
et al., 1999). In the United States and South America
this stage is recognized by a very low diversity and highly
provincial foraminiferal assemblage. The equivalent of the
Morrowan in western Canada and Canadian Arctic has more
diverse fauna, but belongs to another Boreal (Uralian) prov-
ince. Two parallel conodont zonations, a shallow-marine and
a deeper marine one, have been developed within Morrowan
sequences (Lane, 1977; Barrick et al., 2004).

The Atokan Stage was originally designated as a forma-
tion exposed near the town of Atoka in southwestern Okla-
homa (Taff and Adams, 1900). Like the Morrowan, it was
regarded as an unconformably bounded series and then as
a stage equal to the fusulinid genozones Profusulinella and
Fusulinella (Moore, 1948; Moore and Thompson, 1949). It
was later found that the base of the Atokan coincides with the
FAD of Eoschubertella fusulinid (Groves, 1986), and this
position is now commonly accepted. Thus, the Atokan Stage
is divided into three fusulinid zones in order: Eoschubertella,
Profusulinella and Fusulinella (Wilde, 1990). The taxonomic
composition of these zones is highly provincial. The Atokan
conodont zonation is poorly developed with two zones in
shallow-water (Neognathodus) and deeper water settings
(Barrick et al., 2004).

The name of the Desmoinesian Stage derives from the Des
Moines Formation that is exposed along the Des Moines River
in Central Iowa (Keyes, 1893). It was later commonly regarded
as a series and then a stage (Moore and Thompson, 1949). The
Desmoinesian in the type area is a classic succession of cyclic
shales, limestone, coals and sandstone in the northern Mid-
continent that is recognized together with the Missourian and
the Virgilian as a glacio-eustatic cyclothem (Wanless and
Shepard, 1936; Heckel, 1986). The stage in the type locality is
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unconformable upon the Atokan (Lambert and Heckel, 1990)
but in the Ardmore Basin, Oklahoma the contact between
Atokan and Desmoinesian stages is transitional (Clopine,
1992). The Desmoinesian has also been defined as a zone of
Beedeina (and/or Fusulina) and Wedekindellina characterized
by a very provincial species (Moore and Thompson, 1949).
The stage lower boundary is not precisely defined, and is
questionable due to the transitional character of evolution
between Fusulinella and Beedeina and between Fusulinella
and Wedekindellina (Clopine, 1992). The exact position of the
AtokaneDesmoinesian boundary in the conodont succession
remains unresolved. The basal Desmoinesian possesses a con-
odont fauna in its type region that includes the first occurrences
of Neognathodus caudatus Lambert, Idiognathodus amplificus
Lambert, and Idiognathodus obliquus Kozitskaya and
Kossenko. Two parallel shallow-water Neognathodus and
deeper water Idiognathodus/Swadelina zonations were
proposed for the Desmoinesian Stage (Barrick et al., 2004).

The name Missourian was proposed at the same time
and in the same formational status as the Desmoinesian
(Keyes, 1893), and is part of the classic limestone dominated
cyclothems in the Northern Midcontinent Shelf (Heckel,
1986). It was considered formally as a stage at the same time
as the Desmoinesian (Moore and Thompson, 1949). The
original base of the stage coincided with an unconformity at
the base of the Pleasanton Group, and also with one of the
major extinction events in the North American province,
with the loss of most Desmoinesian invertebrates and a slow
recovery that took a significant time (>1 myr). The unit was
considered as the lower part of the fusulinid Triticites zone,
although the genus appears above the lower third of the stage
(Thompson et al., 1956). Later, the base of the stage was
redefined at the base of the provincial fusulinid Eowaer-
ingella Zone (Stewart, 1968), as well as by the appearance of
the ammonoid Pennoceras (Boardman et al., 1990), and the
conodont Streptognathodus (s.l.) (Barrick et al., 2004).
Recently the base of the Missourian was defined by the FAD
of Idiognathodus eccentricus in the basinal shales that are
equivalent to the Exline Limestone, which lies within the
Pleasanton Group in the Northern Midcontinent shelf
(Barrick et al., 2004).

The Virgilian Stage, named after a town in east-central
Kansas, was established as a series (Moore, 1932) and later
as a terminal stage of the Pennsylvanian “System” (Moore
and Thompson, 1949). Like the Missourian Stage, it was an
unconformity-bounded unit that included sets of limestone-
dominated cyclothems of the Douglas, Shawnee and
Wabaunsee groups. The Admire and the lower part of
Council Grove groups that now are part of the Carboniferous
were originally included in the Permian. The biostratigraphic
content of the stage was neither precise nor prominent. The
stage was considered as the upper part of the fusulinid
Triticites Genozone and ammonoid Uddenites Genozone
(Moore and Thompson, 1949). Recently, the Virgilian was

divided into five conodont zones (Barrick et al., 2004) with
its base fixed by the FAD of the conodont Streptognathodus
simulator and the FAD of the ammonoid genus Schumardites
(Boardman et al., 2006). This boundary appears above the
top of the Douglas Group, i.e. much higher than the tradi-
tional boundary at the base of this group (Moore and
Thompson, 1949). Usage of the Pennsylvanian stages is only
feasible for the USA and South America (N. American
province). More details on the establishment and internal
units of the Pennsylvanian stages can be found in Heckel
(1999).

23.1.3. Status of the International Scale

The first international attempt to build a global Carboniferous
scale integrating the various chronostratigraphic classifications
was made during the Eighth International Congress on
Carboniferous Stratigraphy and Geology in Moscow (Bouroz
et al., 1975). Two subsystems of the Carboniferous, the
Mississippian and the Pennsylvanian, were subdivided into two
series to successfully merge the system used in North America
with the three-fold divisions employed in the former USSR
(Wagner and Winkler Prins, 1994). Tournaisian, Visean, Ser-
pukhovian, Bashkirian, Moscovian, Kasimovian, and Gzhelian
were proposed as global Carboniferous stages (Figure 23.1).
Bouroz et al.’s proposal significantly advanced the development
of an international Carboniferous stratigraphy. Within a few
years several working groups were founded (Brenckle and
Manger, 1990), and two major Carboniferous boundariese the
base of the Carboniferous Period and themid-Carboniferous (or
MississippianePennsylvanian) boundary e were accepted as
GSSPs (Paproth et al., 1991; Lane et al., 1999). Recently, the
base of the Visean Stagewas ratified at Penchong, south China.
The top of the Carboniferous is established by the GSSP for the
base of the Permian (Davydov et al., 1998).

23.1.4. Mississippian Subsystem
(Lower Carboniferous)

After several glaciation events during the Late Devonian
(Famennian), with corresponding extinction events in marine
and terrestrial biota (e.g., the Kellwasser and Hangenberg
Events), the beginning of the Carboniferous (late Tournai-
sian) was probably free of ice sheets (Buggisch et al., 2008;
Kaiser et al., 2008; Joachimski et al., 2009). However, except
for late Visean (middle Chesterian) and late Gzhelian
(late Virgilian), most of the rest of the Carboniferous
was a time of extensive pulses of glaciation (Fielding et al.,
2008a; Birgenheier et al., 2009) accompanied by high-
frequency sea-level fluctuations and corresponding global
transgressiveeregressive sequences (Ramsbottom, 1973;
Ramsbottom et al., 1978; Veevers and Powell, 1987).

During the Mississippian, there was generally unob-
structed marine communication between paleo-Tethyan and
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Panthalassan shelves. Therefore, Mississippian marine faunas
are generally worldwide in their distribution and latitudinal
differences are more strongly developed than are longitudinal
differences (Ross and Ross, 1988).

23.1.4.1. DevonianeCarboniferous Boundary
and the Tournaisian Stage

The DevonianeCarboniferous boundary interval was a time of
global regression with a major sequence boundary located
slightly below it (Paproth et al., 1991). TheGSSP for the base of
the Tournaisian Stage, Mississippian Subperiod and Carbonif-
erous Period has been defined in trench E at La Serre section,
Montagne Noire, southern France (Paproth et al., 1991)
(Figure 23.2). The section lies on the southern slope of the La
Serre hill, 2.5 km southwest of the village of Cabrières, near the
“classic” base of the Gattendorfia ammonoid Stufe.

The boundary is defined in Bed 89 at the FAD of the
conodont Siphonodella sulcata, within the evolutionary
lineage of S. praesulcataeS. sulcata. The transitional
boundary beds in the section consist of platy and nodular
cephalopod-bearing and oolitic limestone, and contain
a mixture of pelagic and near-shore biota that show signs of
minor transport before lithification (Flajs and Feist, 1988). The
La Serre section has recently been restudied and S. sulcatawas
found 0.45 m below the proposed boundary. Also, the co-
occurrence of S. praesulcata and S. sulcata above a facies
break shows that the evolutionary lineage from S. praesulcata
to S. sulcata, which was previously claimed for the definition
of the D/C boundary, is obviously absent at La Serre (Kaiser,
2009). All these new data result in issues that affect not only
the Carboniferous time scale but also the GSSP concept.

Several solutions have already been proposed to resolve
these issues, including re-evaluating the defining species and
phylogenies (Corradini and Kaiser, 2009; Kaiser, 2009;
Tragelehn, 2009; Corradini et al., 2010). The Devonian and
Carboniferous subcommissions of the IGC have formed
a task group to work on the DevonianeCarboniferous
boundary problem (Richards and Task Group, 2009), but for
the moment the Devonian/Carboniferous boundary remains at
bed 89 in La Serre section.

Auxiliary stratotype sections (ASS) for the Devoniane
Carboniferous boundary are located in the Hasselbachtal,
Sauerland area, Germany (Becker and Paproth, 1993) and in
Nanbiancun, southern China (Wang, 1993). The former is the
more important because of the presence of several volcanic
ashes within the DevonianeCarboniferous transition that
were dated previously (Claoue-Long et al., 1995). These
Rhenish Mountain ashes have now been re-collected and re-
dated with ID-TIMS (Davydov et al., 2008a). The results are
presented below (see Section 23.3).

The last appearance datum (LAD) of the miospore Retis-
pora lepidophyta (Retispora lepidophytaeVerrucosisporites
nitidus Biozone [LN]) almost coincides with the FAD of
the conodont Siphonodella sulcata. In the ammonoid

zonation, the base of the Tournaisian coincides with the first
entry of Gattendorfia (Kullmann et al., 1990). The major
extinctions of ammonoids (particularly clymeniids) occurred
during the Hangenberg Event of the latest Famennian
extinction crisis (House, 1993; Korn, 1993). In the type area in
the FrancoeBelgian basin, the basal Tournaisian is charac-
terized by foraminiferal MFZ1 unilocular zone (Poty et al.,
2006). The FAD of the foraminiferal species Chernyshinella
glomiformis and Tournayella beata appear slightly above.

23.1.4.2. Visean

Historically, the Visean Stage, like the Tournaisian, was
established in southern Belgium. The base of the Visean was
first officially defined in 1967 by the International Congress on
Carboniferous Stratigraphy and Geology at the lowest marbre
noir (i.e. first black limestone) intercalation in the Leffe facies
at the Bastion Section in the Dinant Basin (George et al., 1976;
Hance et al., 1997). This boundary coincided with the first
occurrence of the foraminiferal genus Eoparastaffella, and
occurs less than 1 m below the FAD of the conodont Gna-
thodus homopunctatus (Devuyst et al., 2003).

Because of the historical priority of achieving
stratigraphic stability in international stratigraphic practice, the
TournaisianeVisean boundary working group decided to keep
the base of the Visean as close as possible to the classical level
(Hance et al., 1997). A significant turnover in pelagic fossils
(either conodonts or ammonoids) does not occur near the
classical TournaisianeVisean boundary, so it was proposed to
define the boundary within the foraminiferal phylogenetic
lineage of Eoparastaffella genus. The disappearance of deeper-
water “Tournaisian” conodonts and the entry of shallow-water
“Visean” Foraminifera in the classic FrancoeBelgian basin
appears to be an ecological event related to a significant sea-
level drop in late Tournaisianeearly Visean time. Hence, this
faunal change may be of questionable chronostratigraphic
significance (Hance et al., 1997). Simple morphological
parameters of Eoparastaffella, identifying two successive
morphotypes (types 1 and 2, corresponding, respectively, to E.
rotunda typica and E. simplex typica) can be used by non-
foraminiferal specialists to recognize this evolution and iden-
tify the base of the Visean. This proposal has been accepted as
the most appropriate definition of the classic base of the
Visean. The definition is the first benthic marker within the
entire Paleozoic. The GSSP section for the base of the Visean
Stage is the base of bed 83 in Pengchong section, Guangxi,
South China (Figure 23.3), that corresponds with the FAD of
Eoparastaffella simplex (Devuyst et al., 2003; Richards and
Aretz, 2009). A final report on the ratification of this GSSP and
publication in Episodes will be issued.

23.1.4.3. Serpukhovian

The Serpukhovian Stage was proposed by Nikitin (1890) as
the terminal stage of the lower Carboniferous “Series” and
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FIGURE 23.3 GSSP section for the base of the Visean Stage of the Carboniferous System in the Pengchong section, Guangxi Autonomous Region,

South China.
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was named after Serpukhov City, where the stage is exposed
in a series of quarries and localities along the Oka River. The
Serpukhovian is the shortest chronostratigraphic unit in the
Mississippian. In the type area of the Moscow syncline, it is
represented by an unconformably bounded sequence of open-
to restricted-marine shallow carbonate and mixed carbo-
nateesiliciclastic rocks.

The Serpukhovian in the Russian Platform and
surrounding regions is informally divided into lower and upper
substages and into five horizons (regional stages); Tarusian
(Tarusky), Steshevian (Steshevsky), Protvinian (Protvinsky),
Zapaltubinian (Zapaltubinsky), and Voskresenian (Voskre-
sensky), the last two being almost completely absent in the
type area (Makhlina et al., 1993).

More complete successions of the upper Serpukhovian
and its transition to the Bashkirian are present in the Donets
Basin, in the northern portion of Timan-Pechora, and in the
Urals as well in Central Asia, Cantabrian Mountains and
China. In North America it comprises an upper Chesterian
Stage (Figure 23.1).

The ViseaneSerpukhovian transition coincides with
a major Gondwanan glaciation (Mii et al., 2001; Saltzman,
2003; Davydov et al., 2010; Gulbranson et al., 2010) and
sharp climatic changes coupled with severe marine biotic
endemism. In the type area in the Moscow Basin, the
ViseaneSerpukhovian transition deposits were restricted, and
connections with open basins in the east (Urals), south
(Precaspian), and north (Timan-Pechora) were short lived
and/or limited. Benthic faunas in the Russian Platform are
diachronous in their distribution, which is controlled mostly
by ecological rather than by evolutionary factors (Makhlina
et al., 1993).

The lower boundary of the Serpukhovian still remains
uncertain. In the type section in the Moscow Basin the
traditional base of the stage coincided with the base of
Tarusian Horizon (Shvetsov, 1932). The fauna around the
ViseaneSerpukhovian boundary is somewhat transitional and
often diachronous laterally (Makhlina et al., 1993). Although
the ViseaneSerpukhovian boundary is fixed at the base of the
local Pseudoendothyra globosaeNeoarchasediscus parvus
foraminiferal zone, this is an acme zone. The index taxa and
other species range from the Venevian Horizon of the Visean
into the Serpukhovian (Gibshman, 2003). The zone corre-
sponds with the Cf7 Foraminifera Zone and/or the MFZ16
Foraminifera Zone in FrancoeBelgian basins (Conil et al.,
1991; Poty et al., 2006).

The Task Group of the Subcommission on the Carbon-
iferous of the ICS, responsible for defining the GSSP close
to the ViseaneSerpukhovian (Namurian) boundary,
proposed the conodont species Lochriea ziegleri as an index
for the base of global Serpukhovian Stage (Nigmadganov
and Nemirovskaya, 1992; Skompski et al., 1995). The
occurrence of this species was reported in the upper Visean
in many sections throughout Europe (Brigantian Stage) and

Asia (Skompski et al., 1995; Belka and Lehmann, 1998;
Kulagina et al., 2006; Akhmetshina et al., 2008; Kullmann
et al., 2008) and in the middle Venevian Horizon in the
Moscow Basin (Makhlina et al., 1993; Davydov et al.,
2004). Thus, the proposed boundary appears within the
uppermost Visean. Recent data from the Donets Basin
suggests the FAD of Lochriea ziegleri to be 1e1.5 myr
older than the traditional base of the Serpukhovian in the
Moscow Basin (Davydov et al., 2010). Several sections
now are under detailed study, and are being considered as
potential candidates for the GSSP of the Serpukhovian
Stage (Richards and Task Group, 2008) in the Urals
(Nikolaeva et al., 2009a,b), S. China (Yuping and Wang,
2005) and Spain (Nemyrovska, 2005; Sanz-Lopez et al.,
2007).

23.1.5. Pennsylvanian Subsystem (Upper
Carboniferous)

23.1.5.1. MississippianePennsylvanian Boundary
and the Bashkirian Stage

The beginning of the Pennsylvanian coincides with a signifi-
cant mid-Carboniferous glaciation and consequent sea-level
drop forming a sequence boundary in many sections. Veevers
and Powell (1987) proposed that this boundary marks the
beginning of a major Gondwanan glaciation and climate
cooling. However, several pulses of glaciation within the mid
Carboniferous have now been recognized. One of them is in
the early-middle Serpukhovian and one of the largest was in
the early-middle Bashkirian (Saltzman, 2003; Fielding et al.,
2008a; Grossman et al., 2008; Bishop et al., 2009).

The Bashkirian Stage was established in the early 1930s
(Semikhatova, 1934) in the mountains of Bashkiria (currently
the Bashkortostan Republic) in the southern Urals, Russia.
Several sections have been suggested as a stratotype for the
Bashkirian, but since the mid 1970s, the Askyn section, one of
the best exposed and studied sections in the type area, has
been accepted as a hypostratotype for the stage (Semikhatova
et al., 1979; Sinitsyna and Sinitsyn, 1987; Nemirovskaya and
Alekseev, 1994; Kulagina et al., 2001; Kulagina and
Pazukhin, 2002). The basal beds of the Bashkirian as it was
defined, were originally characterized by the appearance of
the Foraminifera species Pseudostaffella antique, i.e. the base
of the Bashkirian within the chronostratigraphic succession
was much higher than its modern position.

The GSSP for the beginning of the Pennsylvanian and of
the Bashkirian Stage is defined within the transition from
Gnathodus girty simplex to Declinognathodus noduliferus
s.l., and has been fixed in Arrow Canyon, in the Great Basin,
Nevada, USA (Lane et al., 1999) (Figure 23.4). The type
section is located approximately 75 km northwest of Las
Vegas, on the east side of a strike valley immediately north of
Arrow Canyon gorge. The GSSP boundary horizon is located
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FIGURE 23.4 The GSSP for the beginning of the Pennsylvanian and of the Bashkirian Stage in Arrow Canyon, in the Great Basin, Nevada, USA. The

type section is located approximately 75 km northwest of Las Vegas.
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within the lower part of the Bird Spring Formation. During
Carboniferous time, Arrow Canyon was situated near the
paleoequator in a pericratonic tropical to subtropical seaway
that extended from southern California through western
Canada and into Alaska (Lane et al., 1999). The succession
which contains the mid-Carboniferous boundary interval
comprises numerous high-order transgressiveeregressive
sequences driven by glacio-eustatic fluctuations caused by
ongoing glaciation in Gondwana. Transgressive bioclastic
and mixed bioclasticesiliciclastic limestones and fine sand-
stone sequences are separated by regressive mudstone,
oolitic, and brecciated limestone intervals (Richards et al.,
2002; Barnett and Wright, 2008; Bishop et al., 2009).

An alternative model of evolution of Declinognathodus
noduliferus s.l., in the eastern Hemisphere has been proposed
within the chronocline Gnathodus postbilineatuse
Declinognathodus praenoduliferuseDeclinognathodus nod-
uliferus (Nemyrovska, 1999). It suggests a polyphyletic
origin for Declinognathodus noduliferus, and thus a potential
diachroneity of the boundary between Eastern and Western
Hemispheres cannot be excluded. Several subspecies are
recognized within the Declinognathodus noduliferus s.l. The
GSSP in Arrow Canyon is defined at the FAD of D. nod-
uliferus inaequalis, whereas in Spain D. noduliferus bernes-
gae appears in the strata that are dated with ammonoids and
conodonts as Serpukhovian (Sanz-Lopez et al., 2006).

The mid-Carboniferous boundary GSSP is coincident
with the base of the noduliferuseprimus conodont zone of
Baesemann and Lane (Baesemann and Lane, 1985). Beds
below the mid-Carboniferous boundary contain an abundant
archediscacean foraminiferal assemblage that is dominated
by the eosigmoilines Eosigmoilina robertsoni and
Brenckleina rugosa, and these species disappear slightly
above the mid-Carboniferous boundary (samples 62 and 63 at
Arrow Canyon). The foraminifer Globivalvulina bulloides is
a useful marker to approximate the boundary, although in
Japan, Arctic Alaska, the Pyrenees, and the Donets Basin it
appears slightly below the boundary. The Foraminifera
Millerella pressa and M. marblensis are also informal
markers for the boundary, although primitive Millerella
appears already in the late Mississippian (Brenckle et al.,
1997).

In the eastern hemisphere (Arctic, Pyrenees, Russian
Platform, Urals, Donets Basin, Central Asia, Japan), the base
of the Bashkirian is marked by the occurrence of species of
the foraminiferal genus Plectostaffella: Pl. varvariensis,
P. jakhensis, P. posochovae, and P. bogdanovkensis; however,
the first primitive representatives of the genus appear slightly
below the mid-Carboniferous boundary (Aizenverg et al.,
1983). The base of the Bashkirian in the Urals and
surrounding regions coincides with the boundary between the
Monotaxinoides transitorius and Plectostaffella varvariensis
(or Plectostaffella posokhovae) foraminiferal zones
(Kulagina et al., 1992).

In the ammonoid zonation, the mid-Carboniferous
boundary is identified at the base of the Homoceras Zone or
Isohomoceras subglobosum Zone of Great Britain, Nevada,
and Central Asia (Ramsbottom and Saunders, 1985;
Kullmann and Nikolaeva, 2002). However, it is most likely
that the first Isohomoceras subglobosum in Nevada and
Central Asia occurs slightly earlier, in the latest Mississippian
(Serpukhovian) (Nigmadganov and Nemirovskaya, 1992;
Titus and Manger, 2001).

23.1.5.2. Moscovian

The classic sedimentary sequence of shallow-marine bio-
clastic limestone intercalated with colorful clays outcropping
in and around the Moscow area gave rise to the Moscovian
Stage (Nikitin, 1890). The quarry near the village of
Myachkovo has been proposed as the type section of the
stage. However, as mentioned earlier, the original Moscovian
unit also included strata at locations around the villages of
Khamovniki and Dorogomilovo, now within Moscow, and
near the villages of Voskresensk and Yauza, east of Moscow.
These sediments are now referred to the early-late
Kasimovian Stage in terms of modern chronostratigraphy.
Fortunately, the sequence at Myachkovo quarry belongs to the
late Moscovian, keeping the Moscovian Stage valid.

Ivanov (1926) was the first to recognize the significant
difference between fauna in the limestone of Khamovniki,
Dorogomilovo, Voskresensk, and Yauza and fauna from
Moscovian strata. He named these different sequences the
“Teguliferina” Horizon (i.e. a regional stage in the Russian
sense) after an attractive and common brachiopod. Dan’shin
(1947) named this horizon Kasimovian, as these sediments are
well exposed near the city of Kasimov in theOksk-Tsna Swell.

Ivanova and Khvorova (1955) and Makhlina et al. (1979)
provided detailed sedimentology and stratigraphy of
Moscovian through Gzhelian Stages in the Moscow Basin.
Four horizons with chronostratigraphic meaning in the Mos-
covian Stage were established by Ivanov (1926), in ascending
order: Vereisky, Kashirsky, Podol’sky, and Myachkovsky.
Later these units were proposed to be substages or stages
(Ivanova andKhvorova, 1955), andwidely used in this sense in
equatorial and subequatorial belts of the eastern hemisphere.
However, these units were not recognized elsewhere.

In the type area of the Moscow Basin, strata of the Mos-
covian Stage unconformably overlie limestones assigned to
the Mississippian, with Bashkirian strata missing. The
lowermost Moscovian (Vereian Horizon) is made up of three
formations: Shatskaya, Aljutovskaya, and Ordynskaya
(Ivanova and Khvorova, 1955). The lower formation is
a siliciclastic and largely terrestrial sequence with no marine
fossils recovered. Recently, the Aljutovskaya Formation has
been extended downwards to include a siliciclastic unit
commonly referred to as the Shatskaya Formation (Makhlina
et al., 2001). The latter has been excluded from the practice
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due to nomenclature problems. In the type section of the
Aljutovskaya Formation, a characteristic fusulinid species
Aljutovella aljutovica and the conodont species Declinogna-
thodus donetzianus were found 3 m above its base (Makhlina
et al., 2001). Aljutovella aljutovica is an index species of the
foraminiferal zone, commonly accepted as defining the base
of the Moscovian in the former Soviet Union. The Aljutovella
aljutovica fusulinid zone correlates widely through the entire
northern and eastern margins of Pangea (Kulagina et al.,
2009). However, because of significant provincialism of
fusulinid assemblages between eastern and western hemi-
spheres, only conodonts can be used to define the base of the
Moscovian Stage in the global chronostratigraphic scale.
Nemirovska (1999) proposed the Declinognathodus donet-
zianus conodont species as indicative of the base of the
Moscovian Stage. This species is widely distributed
geographically (in the Moscow Basin, Urals, northwestern
Europe, Spain, Canadian Arctic, Alaska, and Japan) and its
evolutionary position is clearly recognized (Nemyrovska
et al., 1999; Goreva and Alekseev, 2007). Both conodont and
fusulinid species occur in the basal beds of the Moscovian
Stage in its type area, and hence can be used for defining the
traditional BashkirianeMoscovian boundary. However, in the
sections where the BashkirianeMoscovian transition is
complete Declinognathodus donetzianus appears earlier than
Aljutovella aljutovica (Ueno and Nemirovska, 2008;
Davydov, 2009; Kulagina et al., 2009). Thus, the defined base
of the Moscovian Stage will be slightly older than the tradi-
tional boundary (Davydov, 2009).

Recently the FAD of Diplognathodus ellesmerensis has
been proposed as another potential marker event to define
the boundary (Groves and Task Group, 2007). This species
possesses a distinct morphology and has global distribution.
However the majority of conodont workers noted that it is
infrequent elsewhere, is usually represented by young
specimens, and its taxonomy and phylogeny is so poorly
known that this species is not the best choice for the
boundary definition (Groves and Task Group, 2008).
Besides, the FAD of the species seems to be about 0.5 Ma
younger than the traditional boundary (Davydov et al.,
2010).

It is most likely that the base of the Moscovian in North
America approximates with the first appearance of the genus
Profusulinella in the region (Moore and Thompson, 1949;
Groves et al., 1999).

In the ammonoid zonation, the BashkirianeMoscovian
boundary coincideswith either the base of theWinslowocerase
Diaboloceras Zone (a zone based on genera, rather than
species) on the Russian Platform and Urals (Ruzhenzev and
Bogoslovskaya, 1978), or with the Eowellerites Zone in
western Europe and North America (Ramsbottom and
Saunders, 1985). It is most likely that the base of the
Eowellerites Zone is slightly older than the base of the
WinslowoceraseDiaboloceras Zone.

23.1.5.3. Kasimovian

The Kasimovian Stage was originally included in the
Moscovian (Nikitin, 1890). It was the last stage in the
Pennsylvanian Series to be established in the Moscow Basin
(Teodorovich, 1949). Ivanov (1926) was the first to recog-
nize the independence of the “Teguliferina” Horizon
(Kasimovian Stage) from the Moscovian, and considered it
to be an “Upper Carboniferous” unit (in the sense of the
three-fold Russian classification of the Carboniferous) as
opposed to the “Middle Carboniferous” Moscovian Stage.
He placed the base of his “Teguliferina” Horizon at the
limestone conglomerate in the base of the local “sharsha”
lithostratigraphic unit.

Macrofossil assemblages of the Teguliferina Horizon in
the type region, comprising mostly brachiopods and pelec-
ypods, have only local correlative potential. A more widely
recognizable definition of the Kasimovian Stage was
proposed by Rauser-Chernousova and Reitlinger (1954),
using the first occurrence of the fusulinid species Obsoletes
obsoletes and Protriticites pseudomontiparus. Although
these species were only found in the “sharsha” unit of the
upper Suvorovskya Formation of the lowermost Kasimovian
(i.e. a few meters above the original boundary proposed by
Ivanov, 1926), the base of the Kasimovian has convention-
ally been placed at the conglomerate marking the base of
the local “garnasha” lithostratigraphic unit of the lower
upper Suvorovskya Formation, i.e. slightly below its orig-
inal position.

The fusulinid definition proposed by Rauser-Chernousova
and Reitlinger (1954) for the Kasimovian has been accepted
for some years in the shallow-marine sections in Eurasia.
After the evolution of Obsoletes and Protriticites became
better understood (Kireeva, 1964; Davydov, 1990), it was
suggested that the MoscovianeKasimovian boundary should
be placed between the latest Moscovian Praeobsoletes
burkemensis and Protriticites ovatus fusulinid zone and the
early Kasimovian Obsoletes obsoletes and Protriticites
pseudomontiparus fusulinid zone (Davydov, 1990). In the
Moscow Basin, the boundary was placed 1.0e1.5 m below
the base of the “garnasha” lithostratigraphic unit, at the base
of the local “lyska” lithostratigraphic unit within the upper
Peskovskaya Formation, which traditionally has been
included in the uppermost Moscovian (Davydov, 1997). This
boundary coincides with a eustatic sea-level low and,
consequently, with disconformities represented in many
sections around the world (Davydov, 1997; Ehrenberg et al.,
1998; Davydov and Krainer, 1999; Leven and Davydov,
2001).

In the North American midcontinent this boundary occurs
two major cycles below the previously proposed upper
Pennsylvanian major sequence boundary at the base of the
Hepler Shales of the Pleasanton Group (Ross and Ross, 1988;
Heckel et al., 1998).
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Although the working group of the ICS Subcommission
for the Carboniferous that was set up to establish the
GSSP for the MoscovianeKasimovian boundary has been
active for nearly 20 years, and has gained significant insight
into boundary correlations (Ueno and Task Group, 2009), no
decision regarding the definition of this boundary has been
forthcoming. The conodont species Streptognathodus
subexcelsus, that characterized the basal beds of the
Kasimovian Stage in the Moscow Basin, has been described
recently (Goreva and Alekseev, 2006), and its correlation
potential is not clear. Idiognathodus saggitalis (Kozitskaya
et al., 1978) and Idiognathodus turbatus (Rosscoe and
Barrick, 2009) are proposed as potential index taxa for
a GSSP of the MoscovianeKasimovian boundary, but appear
well above the existing boundary within the middle
Kasimovian (Goreva et al., 2009; Rosscoe and Barrick,
2009). If this boundary position is accepted, significant
redefinition of both the Moscovian and Kasimovian stages
would be required. According to new Donets Basin data, from
where Idiognathodus saggitalis was originally described, the
new boundary will be nearly 1 Ma younger than that in
traditional use (Davydov et al., 2010). Consequently, the
duration of the Kasimovian will be more than 5 times shorter
than the Moscovian (1.8 myr vs 9.5 myr).

An alternative definition of the GSSP within the evolu-
tionary chronocline of primitive and advanced fusulinids
belonging in the genus Protriticites has been proposed
recently (Davydov, 2007; Davydov and Khodjanyazova,
2009). These fauna are widely distributed throughout the
Tethyan and Boreal biogeographic provinces and have now
also been found in the North American Great Basin within
mid to upper Desmoinesian Strata (Wahlman et al., 1997;
Davydov et al., 1999). Although using benthic markers to
define a GSSP could be considered a disadvantage, it is
successfully used for the base of the Visean (Devuyst et al.,
2003). The proposed fusulinid definition will keep the
MoscovianeKasimovian boundary at its classical level, and
will give stability to the generally accepted Pennsylvanian
scale.

In the ammonite zonation, the MoscovianeKasimovian
boundary is set at the base of theDunbariteseParashumardites
Zone (Ruzhenzev, 1974). However, this zone is different from
the Parashumardites Zone of Ramsbottom and Saunders
(1985), which characterizes the base of the Missourian. The
DunbariteseParashumardites Zone occurs at the base of the
Wewoka Formation of the Desmoinesian (Ruzhenzev, 1974).
The base of the DunbariteseParashumardites Zone most
probably correlates with the Wewokites Subzone of the Well-
erites Zone (Boardman et al., 1994). A long-standing
suggestion from ammonoid study is that the base of the
Kasimovian Stage lies within the upper Desmoinesian (Ruz-
henzev, 1974), and this is now supported by evidence from
fusulinids (Davydov, 1997) and conodonts (Rosscoe and Bar-
rick, 2009).

23.1.5.4. Gzhelian

The Gzhelian Stage, proposed in the late 19th century
(Nikitin, 1890), only became widely used in the middle of the
20th century, in connection with the fusulinid zonation
established in the Moscow Basin (Rauser-Chernousova,
1941) and elsewhere in the Boreal and Tethyan faunal prov-
inces. The name of the stage comes from the small village of
Gzhel’, famous for porcelain teapots and earthenware,
produced from the lower Gzhelian clay, which is still mined
around the area. A series of localities proposed by Nikitin as
types of the stage near the villages of Rusavkino, Amerevo,
Pavlovo-Posad and Noginsk, became type sections for
a regional division (i.e. horizons) of the stage (Rosovskaya,
1950; Makhlina et al., 1979). The top of the Gzhelian has
changed position through time and has stabilized only
recently, when the GSSP for the base of the Permian was
ratified (Davydov et al., 1998).

The traditional lower boundary of the Gzhelian Stage is at
the base of the Rusavkino Formation, exposed near the village
of Gzhel’. It is an unconformity (Makhlina et al., 1979)
interpreted to be a second-order sequence boundary (Briand
et al., 1998). The first appearance of the fusulinid species
Rauserites rossicus and R. stuckenbergi were traditionally
considered as the operational definition of the boundary
(Rauser-Chernousova, 1941; Rosovskaya, 1950). However,
this definition, due to foraminiferal provincialism, was not
applicable in Pantalassa and the eastern margin of Pangaea.
Additionally, in the Moscow Basin these taxa occur slightly
higher than the traditional base of the Gzhelian, in the upper
Rusavkino Formation (Isakova and Ueno, 2007; Davydov,
et al., 2008b; Alekseev et al., 2009). The conodont Strep-
tognathodus simulator (sensu stricto) Ellison has recently
been accepted as the best global marker by the ICS boundary
Task Group (Heckel et al., 2008). In the Moscow Basin, this
species occurs in the upper Rusavkino Formation, 5e6 m
above the traditional boundary and co-incident with the
occurrence of traditional fusulinid markers (Davydov, et al.,
2008b; Goreva et al., 2009). In the North American Mid-
Continent this species occurs at the highstand within the
Oread cyclothem (Barrick et al., 2008). Two alternative
phylogenetic chronoclines of the appearance of St. simulator
have been proposed as the boundary definition (Chernykh,
2005; Barrick et al., 2008), although there is an opinion that
ancestral forms in both lineages are synonyms (Chernykh
et al., 2006).

Two sections have been proposed recently to fix the Kasi-
movianeGzhelian boundary in the gobal scale. The first one is
the Usolka section, where the conodont chronocline St. prae-
nuntiuseSt. simulator has been established and well docu-
mented. This section also possesses several horizons with
fusulinids and numerous volcanic ash beds that are particularly
frequent within the boundary transition (Chernykh et al., 2006;
Davydov et al., 2008b).High-precisionU/Pb radiometric dating
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of zircons has beenperformed from25ashes inUsolka (Schmitz
and Davydov, 2011) as well as Sr/Sr isotopes from conodonts
(Schmitz et al., 2009). The second candidate is a Nashui section
located in S. China and still under current study (Ueno and Task
Group, 2009). In the ammonoid succession, the lower boundary
of the ShumarditeseVidrioceras ammonoid zone has been
conventionally placed at the base of the Gzhelian Stage
(Bogoslovskaya, 1984). Both indexes appear at the base of the
newly defined global Gzhelian Stage in North America (Finis
ShaleMember of theGrahamFormation in north-central Texas)
and inCentralAsia (Popov et al., 1989; Popov, 1999;Boardman
et al., 2006). In the southern Urals, however, Shumardites
ranges from the upper Gzhelian to the top of the Carboniferous
(Popov et al., 1985; Davydov et al., 1994).

23.2. CARBONIFEROUS STRATIGRAPHY

23.2.1. Biostratigraphy

23.2.1.1. Biostratigraphic Zonations of
Ammonoids, Foraminifers and Conodonts

Brachiopods were the first fossil group that was used to
calibrate the Carboniferous stratigraphic sequence for the
Mississippian in western Europe (Delépine, 1911) and for the
Pennsylvanian in eastern Europe (Nikitin, 1890). Although
brachiopods are still used within certain regions
(e.g., Carter, 1990; Legrand-Blain, 1990; Poletaev and Laz-
arev, 1994), their correlation potential is considered to be
essentially local.

Since the beginning of the 20th century, the ammonoid
successions in the Mississippian and early Pennsylvanian of
western Europe (Bisat, 1924, 1928; Schmidt, 1925;
Ramsbottom and Saunders, 1985; Korn 1996, 2006) and in
the entire Carboniferous in eastern Europe (Ruzhenzev, 1965;
Ruzhenzev and Bogoslovskaya, 1978) have served as chro-
nostratigraphic standards in inter-regional and global corre-
lation (Figure 23.5).

Together with the ammonoid zonations, the benthic fora-
miniferal zonation established in the Mississippian (Lipina
and Reitlinger, 1970; Mamet and Skipp, 1970; Conil et al.,
1977) and Pennsylvanian (Rauser-Chernousova, 1941, 1949;
Rosovskaya, 1950; Solovieva, 1977; Ross and Ross, 1988) is
the most practical inter-regional biostratigraphic standard
(Figure 23.5). However, because of significant provincialism
in both groups of fossils, particularly at the time of assembly
of Pangea, and the beginning of the Carboniferous Gondwana
glaciation, different standard zonations are used for eastern
and western hemispheres (i.e. for Eurasia and surrounding
areas in the east, versus America in the west).

Over the last three decades, the conodont succession,
although being the least studied and also to some degree
provincial, has become the most reliable tool for calibration
and geochronological boundary definition within the
Carboniferous (Figure 23.5). The zonations established in the

Mississippian and Pennsylvanian in North America and
Europe (Higgins, 1975; Sandberg et al., 1978; Dunn, 1970;
Lane et al., 1971, 1980; Barskov and Alekseev, 1975; Bar-
skov et al., 1980) are used worldwide and are actively being
refined (Skompski et al., 1995; Nemyrovska, 1999;
Chernykh, 2002; Lambert et al., 2002; Chernykh, 2005;
Alekseev and Goreva, 2007).

23.2.1.2. Other Marine Micro- and Macrofauna
(Corals, Radiolarians, Ostracods)

The majority of the other biostratigraphic events are cali-
brated relative to ammonoid, conodont, and foraminiferal
scales. Although a global coral zonation has been proposed
(Sando, 1990), Mississippian corals have generally only
regional biostratigraphic significance (Poty, 1985; Kosso-
vaya, 1996; Bamber and Fedorowski, 1998), but good
biogeographic and paleo-environmental utility.

Radiolaria, as a pelagic microfossil group, have high
biostratigraphic potential (Nazarov and Ormiston, 1985;
Holdsworth and Murchey, 1988; Gourmelon, 1987; Nazarov,
1988; Braun and Schmidt-Effing, 1993; Won, 1998; Chuva-
shov et al., 1999). However, their zonation in the Carbonif-
erous is poorly developed and has been utilized, generally,
only at regional levels.

Ostracods are widely distributed in the Carboniferous and
in several regions were utilized for detailed regional
biostratigraphy (Chizhova, 1977; Gorak, 1977; Crasquin,
1985; Abushik et al., 1990). However, the chronostratigraphic
value of ostracods is limited by paleoecological, facies, and
paleoclimatic factors.

Crinoids, because of the rare occurrence of complete
specimens, are not commonly used in Carboniferous
biostratigraphy. However, an alternative classification of
crinoid columnals and stems and biostratigraphic zonation at
the stadial level has been proposed by Stukalina (1988).
Because of the ontogenetical approach of this classification, it
can potentially be used for detailed biostratigraphy over large
areas. Crinoid stems occur in a wide variety of facies and
environmental conditions.

23.2.1.3. Plants and Palynology

Plants were one of the first fossil groups utilized for dating
Carboniferous coal basins. The Carboniferous was a time of
considerable evolutionary activity in the creation of large
taxonomic clusters with provincial differentiations. Zonal
floristic successions have been proposed in several regions
along the equatorial climatic belt and were unified by Wagner
(1984) into 16 floral zones for the entire Carboniferous. Floral
successions in the higher latitudes, such as the Angara
Province in the northern hemisphere (Meyen et al., 1996) and
the Gondwana Province in the southern hemisphere
(Archangelsky et al., 1995), are much less developed.
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Palynological assemblages provide one of the most
common dating methods for Carboniferous coal fields and
hydrocarbon deposits. Although the palynological spore
assemblages are different from region to region, they are
successfully used in several basins (Inosova et al., 1976;
Clayton et al., 1977;Byvsheva et al., 1979;Owens, 1984;Higgs
et al., 1988; Byvsheva and Umnova, 1993; Peppers, 1996).

23.2.2. Physical Stratigraphy

23.2.2.1. Magnetostratigraphy

The Carboniferous polarity scale is not yet well known, but
current views based on composite sections are summarized in
Figure 23.5. The most significant general feature of the
Carboniferous magnetic field is a long late Carboniferous
interval of reverse polarity that continues into the early
Permian, forming the Kiaman chron of predominantly reverse
polarity (Hounslow et al., 2004).

In terms of the magnetostratigraphic classification devel-
oped in the former Soviet Union, the Mississippian and Penn-
sylvanian belong to the Donetzian mixed normalereversal
megazone with two superzones: Tikhvinian and Debaltzevian
(Khramov and Rodionov, 1981). The former includes the
stratigraphic interval from the Upper Devonian (mid Frasnian)
up to the base of the Serpukhovian. The Debaltzevian Super-
zone is equal to the SerpukhovianeMoscovian stratigraphic
interval. The Tournaisian magneto-zonal portion of the scale is
based on data from the far east of Russia and Belgian classical
sections (Kolesov, 1984, 2001).

The ViseaneSerpukhovianeBashkirian part of the
magneto-zonal scale is based on sections from northern and
central Appalachian Pennsylvania, New Brunswick, Nova
Scotia (DiVenere and Opdyke, 1991a,b), Donets Basin, and
Moscow Basin (Khramov et al., 1974; Khramov, 2000). Post-
Bashkirian magnetostratigraphy is based on sections from
Australia, Donets Basin, the southern Urals, North Caucasus,
and Central Asia (Irving and Parry, 1963; Khramov and
Davydov, 1984, 1993; Davydov and Khramov, 1991; Opdyke
et al., 2000).

The late Pennsylvanian belongs to the PermoeCarbonif-
erous Reversed Hyperchron interval, or “Kiaman”, as origi-
nally described in Australia by Irving and Parry (1963). The
Kiaman Hyperchron is recognized as a long period of
reversed polarity of Earth’s magnetic field, spanning
approximately 50e60 myr, and it has been considered as one
of the most important Paleozoic magnetostratigraphic
markers. The age of the base of the Kiaman has not been
resolved in terms of the chronological scale. In Australia, the
base of the Kiaman was originally defined immediately above
the Paterson Volcanics beds, and dated as 309e310 Ma
(Palmer et al., 1985) as it was thought to be close to the base
of Westphalian of the western European stratigraphic scale, or
to the base of Atokan in terms of the North American scale.

However, the age of the Paterson Volcanics has been rein-
terpreted as 328.5 � 1.4 Ma (Claouè-Long et al., 1995),
which would place the base of the Kiaman in the type area
within the upper Visean or lower Serpukhovian (Opdyke and
Channell, 1996).

The youngest pre-Kiaman normal polarity zone age has
been found within approximately Westphalian A strata (i.e.
mid Atokan and uppermost Bashkirian) in Nova Scotia and in
the Northern Appalachians (DiVenere and Opdyke, 1991a).
Similarly, a normal polarity zone radiometrically constrained
within 317 and 313 Ma has been found in eastern New South
Wales, Australia (Opdyke et al., 2000), essentially at the same
level as in the Northern Appalachians.

Khramov (1987) found three normal polarity zones in
the Donets Basin within the loweremiddle Moscovian.
Opdyke et al. (1993) re-studied the BashkirianeMoscovian
sequences in Donets Basin but did not confirm the proposed
magneto-zones as Moscovian. However, Khramov (2000)
suggested that the zones in the BashkirianeMoscovian in
Donets Basin are present in the siliciclastic rocks (siltstones
and sandstones), which were not studied by Opdyke et al.
(1993).

A single but pronounced normal polarity zone within the
lower Kiaman Hyperzone, originally found in Donets Basin
(Khramov, 1963), was reported in southwest USA, Germany,
Caucasus, southern Urals, and Central Asia (Peterson and
Nairn, 1971; Dachroth, 1976; Khramov and Davydov, 1984).
This zone has been named the “Kartamyshian” (Davydov and
Khramov, 1991). In the southern Urals and Central Asia, the
Kartamyshian Zone has been precisely constrained within the
uppermost Carboniferous fusulinid zone Ultradaixina
bosbytauensiseSchwagerina robusta and therefore is an
important magnetostratigraphic marker for separation of the
Carboniferous and Permian periods.

23.2.2.2. Chemical Stratigraphy: Stable Isotopes
of Sr, O and C

In the Carboniferous, chemostratigraphy has only recently
become useful, and Chapters 7, 10 and 11 in this book
summarize and illustrate current trends in stable isotopes
ratios of strontium, oxygen and carbon (Figure 23.6). The
degree of lithification in many Paleozoic rocks makes
alteration of original chemical signals a significant problem
(Grossman et al., 1996). For 87Sr/86Sr stratigraphy, one of
the most useful fossils are brachiopods with thick, large non-
luminescent shells (Bruckschen et al., 1999), but whole rock
samples have also proven useful in establishing coarse
trends (Denison et al., 1994). Conodonts were initially
thought to have little potential for chemostratigraphy
(Martin and Macdougall, 1995; Ruppel et al., 1996), but
stratigraphic sections of the Southern Urals contain abun-
dant and well-preserved conodont fauna for precise
biostratigraphic correlation. Common volcanic ash beds
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intercalated in the conodont series and dated by U-Pb zircon
geochronology (Schmitz and Davydov, 2011) were used to
produce a seawater Sr curve (Schmitz et al., 2009) that
shows a significant reduction in data scatter compared to
earlier curves (Denison et al., 1994; Veizer et al., 1999;
Bruckschen et al., 1999). The relatively flat late Moscovian
through mid-Gzhelian seawater Sr curve is generally
consistent with that of Bruckschen et al. (1999). The data
from the Urals define a decreasing trend in 87Sr/86Sr,
beginning in the mid-Gzhelian through the mid-Sakmarian

(Schmitz et al., 2009). The range of 87Sr/86Sr in the
Carboniferous is large (from 0.707 67 to 0.708 31; Figure
23.6). The poor quality of the 87Sr/86Sr curve for most of the
period owes much to the difficulty of correlating sections
used in curve construction.

Reconnaissance curves for d13C and d18O have been
produced by Veizer et al. (1999). Refined curves of these
isotopes precisely tied to the chronostratigraphic scale have
been published (Mii et al., 1999; Bruckschen et al., 1999;
Grossman et al., 2002;Saltzman, 2003).Themost recent studies
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of d18O from conodont biogenic apatite show three major
positive shifts ofþ2& andþ1.5&V-SMOWin the earliest and
middle-late Tournaisian and in middle Serpukhovian, respec-
tively, that are interpreted as reflecting climatic cooling and
changes in ice volume (Buggisch et al., 2008).

Three major, possibly global, peaks in d13C distribution
were found in the latest Devonian and Carboniferous studies.
Two sharp but low amplitude positive and negative excursions
in the late praesulcata conodont zone have been reported
recently in the Carnic Alps (Kaiser et al., 2006) and North
American Mid-Continent (Cramer et al., 2008) that suggests
the global nature of these changes. Two negative shifts in
early Siphonodella crenulata and in the middle of Gnathodus
typicus conodont zones were reported in southern Europe
(Kaiser et al., 2006; Buggisch et al., 2008). A brief but sharp
positive excursion of d13C up to þ7& corresponds to the
middle Tournaisian (upper Kinderhookian) Siphonodella
isosticha conodont zone (lower Mc5 Zone) in southeast
Idaho, southeast Nevada, northeastern Utah, northern Iowa,
and western Europe (Bruckschen et al., 1999; Mii et al., 1999;
Saltzman, 2003; Buggisch et al., 2008).

A moderate but distinct rise in d13C was found recently in
the middle Serpukhovian Gnathodus bilineatus bollandensis
conodont zone (Buggisch et al., 2008). A large d13C shift of
approximately þ6& has been documented in the early Penn-
sylvanian in the paleo-Tethyan regions (Popp et al., 1986;
Bruckschen et al. 1999; Mii et al., 1999; Grossman et al.,
2002; Saltzman, 2003). In North America, this shift is late
Chesterian and early Morrowan (SerpukhovianeBashkirian)
and is reduced by þ1.5e2.5&, which most probably reflects
changes in ocean circulation patterns associated with the
closing of the Rheic-Tethys equatorial seaway.

Based on the timing of the d13C divergence between North
America and Europe, the isolation of Paleo-Tethys began in
the late Serpukhovian. Similarly, the onset of the provin-
cialism of benthic fauna (western Euramerica versus Paleo-
Tethys) is coincident with this paleotectonic event (equatorial
seaway closure). All these data support a scenario in which
the closure of a subequatorial oceanic gateway during the
assembly of Pangea altered the oceanic distribution of
nutrients and led to the enhanced poleward transport of heat
and moisture. This change marks the transition from a cool,
moisture-starved Gondwana to the ice-house world of the
Pennsylvanian and Early Permian (Saltzman, 2003).

Pennsylvanian d13C data are still scarce and not well con-
strained chronostratigraphically. It should be noted that d13C
shifts preceded major coal burial. The middle Tournaisian
positive d13C excursion is 5e6 myr earlier than late Tournai-
sian and early Visean coal burial in the Moscow Basin, East
Siberia, and the Urals; the large d13C shift across the Mis-
sissippianePennsylvanian transition also appears approxi-
mately 5e6 myr earlier than the major coal burial in western
Europe, Donets Basin, the Appalachian Basin, and northern
China. If this is a general rule, then itmight be expected that for

the Permian coal-forming episodes, a d13C shift in the
ArtinskianeKungurian would have preceded the burial of
KungurianeRoadian coal and a similar shift in Capitanian
time would have preceded Wuchiapingian coal burial.

23.2.2.3. Sequence Stratigraphy and
Cyclostratigraphy

Sequence stratigraphy is widely applicable to the Carbonif-
erous cyclic sequences because the cycles are generally
considered to be glacio-eustatic and, therefore, global in
distribution (Ramsbottom, 1977; Caputo and Crowell, 1985;
Veevers and Powell, 1987). Ross and Ross (1987, 1988); Haq
and Schutter (2008) proposed global frameworks of trans-
gressiveeregressive depositional cycles in the marine shallow-
water cratonic shelves of the CarboniferousePermian tropical
and subtropical regions (Figure 23.6).

The Late Paleozoic hosts some of the most dramatic
manifestations of sedimentary cyclicity in response to global
climate changes. The Pennsylvanian cyclothems of the
Euramerican basins have been hypothesized for over seven
decades as the sedimentary response to glacio-eustatic fluc-
tuations driven by changes in the Earth’s orbital parameters
(Wanless and Shepard, 1936; Ramsbottom, 1977; Heckel,
1986, 1994). Various authors have imposed assumed periods
on the fourth- and fifth-order sequences comprising cyclo-
themic successions, in order to estimate the durations of stage
and period divisions of the time scale (Heckel, 1986;
Algeo and Wilkinson, 1988; Boardman and Heckel, 1989;
Connolly and Stanton, 1992; Dickinson et al., 1994).

While astrochronology and its cyclostratigraphic appli-
cation have matured as powerful means of calibrating the
absolute age of younger Cenozoic sediments (Shackleton
et al., 1999; Lourens et al., 2004; Westerhold et al., 2008),
these methods have seen little confident application to
Paleozoic strata. This is in part due to limiting assumptions of
tidal dissipation and chaotic diffusion in the inner solar
system for the accurate theoretical calculation of precession
and obliquity variations which prevent their extrapolation to
deep time (Laskar, 1990, 1999; Berger et al., 1992); however,
eccentricity-driven orbital variations e particularly the long
period, 404 ka cycle controlled by gravitational interaction
between Earth, Jupiter, and Venus e are recognized as
theoretically stable throughout the Phanerozoic (Berger et al.,
1992; Laskar, 1999; Hinnov, 2000, 2004) and may be
observed in some well-preserved and continuous sedimentary
strata (Herbert, 1999; Olsen and Kent, 1999).

Despite its potential, the application of quantitative cyclo-
stratigraphy to create a robust chronostratigraphic framework
for the Late Paleozoic has been historically stymied by the lack
of independent radiometric constraints e and tests e for cycle
periods. Recent studies of the biostratigraphic correlation of
cyclothems across Euramerica from the Russian platform from
the Donets Basin of the Ukraine to the Midcontinent USA have
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successfully demonstrated the relative age correlations and
synchrony between cycles across basins (Heckel et al., 2007).
However, these correlations hinge upon the assumption of
simultaneous first occurrences of taxa between basins e
correlations which to date have been untestable within
a radiometrically constrained global time scale. Neither are
such correlations by themselves able to establish the absolute
age and quantitative periods of cyclothems.

Recent studies on high-precision radiometric dating of ash
beds within bio- and cyclostratigraphical-rich Carboniferous
successions in eastern Europe for the first time have quantita-
tively demonstrated that the fourth-order and higher-frequency
sequences exhibited by cyclothemic sedimentation represent
transgressiveeregressive eustatic changes, due to both long-
and short-period orbital eccentricity forcing. In the Serpu-
khovian Ostrava Formation of the Upper Silesian Coal Basin of
the Czech Republic, Gastaldo et al. (2009) calibrated the
duration of high-frequency coal-bearing terrestrial-paralic
cyclothems at 0.83 � 0.24 myr, overlapping at the 95% confi-
dence interval with the short period eccentricity cycle. For this
calibration the authors used a pair of U-Pb isotope dilution
thermal ionization mass spectrometry (ID-TIMS) zircon tuff
ages. In paralic, cyclothemic Moscovian strata of the Donets
Basin of the Ukraine, Davydov et al. (2010) demonstrated, on
thebasis of sevenU-Pb ID-TIMSzirconages, that the individual
high-frequency cyclothems and bundles of cyclothems into
fourth-order sequences are the eustatic response to orbital
eccentricity forcing (c. 100 and 404 ka). In the case of the
Donets Basin, the long period eccentricity cycle is a dominant
signal, as has been proposed observationally for “major”
cyclothems of the Midcontinent USA (Heckel, 1986; Veevers
and Powell, 1987; Connolly and Stanton, 1992). These findings
are elaborated on in Section 23.3.4.

23.2.2.4. Paleoclimate

The Late Paleozoic is commonly regarded as a time of global
greenhouseeicehouse climate transition. The most recent
data suggest multiple phases of glaciation and deglaciation,
although the number of these phases, their extent and age
constraints are debated (Isbell et al., 2003; Fielding et al.,
2008b; Montanez et al., 2007). Marine biotas are sensitive to
local, regional or global environmental changes and the
exceptionally well-studied benthic Foraminifera are among
the best indices of paleoenvironments. The Cenozoic record
of benthic Foraminifera diversity (Hallock et al., 1991) shows
a strong correlation with well-studied climatic changes for
that time (Zachos et al., 2001), and this model of the inter-
action between tropical benthic Foraminifera and climate
may be applied to the Late Paleozoic.

Recent symbiont-bearing larger Foraminifera are restricted
to the euphotic zone of tropical and warm-temperate seas.
Their species distribution alters with changes in primary
limiting factors; temperature, light, water movement, substrate

and nutrients. Temperature determines geographic distribution
and affects depth distribution of larger Foraminifera by the
development of a shallow thermocline that truncates the
distribution of shallower species and excludes species adapted
to the deepest euphotic zone. Within these constraints, light is
the most important primary factor, because larger Foraminifera
are at least partly dependent upon photosynthesis by their algal
endosymbionts for growth and calcification (Hohenegger,
2004). As pointed out by this author, temperature restricts
larger Foraminifera to those geographical regions or water
depths characterized by temperatures never falling below 14�C
for several weeks. These are important observations relevant to
our data, suggesting that larger Foraminifera in warm-water
tropical conditions may occupy a wider variety of depth
environments, whereas in cooler-water, upwelling, or higher
latitude cooler climates, larger foraminifers will be limited to
very shallow conditions which experience the appropriate
range of temperature (>14e15�C). Shallow water assem-
blages of recent larger Foraminifera with optimal water
temperatures (20e30�C) generally are muchmore diverse then
those with temperatures greater than 30�C and/or less than
20�C (Murray, 2006; Beavington-Penney and Racey, 2004).

The data on diversity of larger benthic and planktonic
Foraminifera with symbionts (Hallock et al., 1991) when
plotted against the data on PaleoceneeMiocene green-
houseeicehouse transition (Zachos et al., 2001) clearly suggest
that diversity minima correspond to icehouse conditions, and
diversity maxima correlate with greenhouse, warm climates.
Our model for the climatically controlled diversity of fora-
minifers in Late Paleozoic borrows from Cenozoic
observations.

Foraminifera were advanced single-cell organisms in the
Late Paleozoic, and were distributed in tropicalesubtropical
belts (up to 40e45 degrees south/north latitude) within
carbonate to mixed carbonateesiliciclastic shallow water
settings. This paleogeographic distribution and their known
sensitivity to paleoenvironment, coupled with their high-
resolution spatial and temporal framework, provides the basis
for the paleobiogeography and paleoclimate model presented
here. Although most Paleozoic benthic Foraminifera
(including all larger Foraminifera such as fusulinids) became
extinct at the end of the Permian, their paleobiology and
paleoecology is inferred from studies of Recent benthic taxa.

The GraphCor quantitative biostratigraphic method was
used to create a composite section and adjust ranges of taxa
(Davydov et al., 2003). The data sets for the Mississippian
and Pennsylvanian include 96 sections, including type
sections in the Urals and Russian Platform with additional
data from Central Asia and the Arctic. Taxonomy is internally
consistent. The data set includes information from limited
areas of northern Pangaea, but it most likely reflects global
climatic change patterns. Plotting the diversity of taxa against
time, using the linearly scaled composite section, shows clear
trends that reflect changes in climate (Figure 23.7). The scale
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and dynamics of foraminiferal diversity change (lower during
cool, higher during warmer periods) must be further tested
with other climate proxies (e.g., stable isotopes, paleosoil
proxies, etc.). Some of the diversity minima (e.g., Early
Tournaisian) are not supported by current geochemical data
(Kaiser et al., 2006; Buggisch et al., 2008) and might have
been caused by several factors, including local/regional
climate changes, oceanic shelf anoxia, sea-level changes etc.
Other diversity minima (e.g., III cooling event, Late Tour-
naisian) match well with geochemical evidence of glaciations
(Saltzman, 2003). In the Mississippian, the diversity of
Foraminifera progressively rose and reached a maximum in
the late Visean (over 120e160 species). At that time, Fora-
minifera displayed the lowest level of provincialism and
nearly global distribution within the tropicalesubtropical
belts, and correspond to what has been suggested to be the
warmest climate in Mississippian time (Reitlinger, 1975).

There is a significant negative shift in diversity in the early
Serpukhovian, with one small positive shift in the middle
Serpukhovian. The first negative shift approximately corre-
sponds with the onset of glaciations inferred recently in
Australian successions (Fielding et al., 2008a). The glaciation
events in Australia, however, are only imprecisely con-
strained with palynomorph, provincial brachiopod biostra-
tigraphy, and SHRIMP ages, and hence, age uncertainty
is high (>5e7 myr). The second negative shift at the
SerpukhovianeBashkirian boundary corresponds with
a pronounced glaciation event that is widely recognized
(e.g., Mii et al., 2001; Saltzman, 2003; Fielding et al., 2008b).

During the late Bashkirian through Asselian time, the
frequency and amplitude of negative/positive diversity shifts
increased (Figure 23.7). The minima in diversity are associ-
ated with cooling events constrained in Australia and
Argentina (Fielding et al., 2008a; Gulbranson et al., 2010)
and surrounding regions (Scheffler et al., 2003) and with
cooling events suggested from geochemical proxies
(Montanez et al., 2007) that match reasonably well with
minimum Foraminifera diversity peaks .

The diversity in the MoscovianeAsselian shifts between
a minimum of 40 species and a maximum of 90e120 species,
with one large peak (over 400 species) near the
CarboniferousePermian transition. This large peak coincides
with major evolutionary events and the rapid migration of
tropical taxa into the high latitudes (Sphaeroschwagerina,
Likharevites, etc.). The CarboniferousePermian transition is
associated with a short, but sharp and significant, global

warming event. The proposed model of biota/climate inter-
action should be tested further with different approaches and
methods.

23.3. CARBONIFEROUS TIME SCALE

23.3.1. Radiometric Data

The detailed and high-resolution conodonteforaminifere
ammonoid zonation for the Carboniferous, with over 35e40
zones (Figure 23.5) is now constrained with 36 radiometric
dates employed in time scale building for this period
(Appendix 2, items d18 and cb1-35). This is a significant
improvement over GTS2004 with only three reliable ID-
TIMS age dates. With the duration of the Carboniferous
Period being 60 myr, the average resolution of a zone is
equivalent to 1.5e1.0 myr, although individual zone duration
varies widely. The Mississippian is still poorly characterized
(with few, stratigraphically scattered, high-precision ages)
whereas the many high-precision ages in the Pennsylvanian
are distributed evenly throughout.

There is disagreement in estimates of the age of Carbon-
iferous stage boundaries because of the local use of older
40Ar/39Ar and SHRIMP ages in western Europe and Australia
(Menning et al., 2006; see Table 23.1). The new ID-TIMS
data from the Rhenish Mountains, Donets Basin and the Urals
provide a solid and more reliable framework for the
Carboniferous, and contribute to numerical age stability
(Davydov et al., 2010; Schmitz and Davydov, in press).

Analysis at Boise State University of bentonite samples
from the DevonianeCarboniferous transition from the
Rhenish Mountains (Aprike and Hasselbachtal sections) in
Germany now suggests the age of the D/C boundary to be
close to what was proposed in GTS2004 (Davydov et al.,
2004). Two of the bentonite horizons (u2 and u3) are
preserved in the upper Wocklum Limestone, the upper of
which was sampled and studied (age date d18 of 359.24 Ma
in Appendix 2 of this volume). Three bentonite horizons
(a1, a2, and a3) are found in the Hangenberg Limestone
and the first two (a1 and a2) were sampled and analyzed
(age dates cb1 of 358.71 Ma and cb2 of 358.43 Ma in
Appendix 2). All three dates (d18, cb1 and cb2) have less
than 0.5 myr external uncertainties. As discussed in
more detail below, our revised age estimate for the
DevonianeCarboniferous boundary and base Tournaisian
Stage is 358.88 � 0.4 Ma.

FIGURE 23.7 Dynamics of warm-water benthic Foraminifera species diversity in northern Pangaea during MississippianeCisuralian. The maximal
peaks in diversity associated with warming events, whereas minimal peaks represent cooling (glaciation) events labeled with Latin numbers (IeXV). Previously

proposed glaciation/cooling events: I e Buggisch et al., 2008 (B1); II e Kalvoda, 2002; III e Saltzman, 2003; Kalvoda, 2002; Buggisch et al., 2008 (B2);

IV e Kalvoda, 2002; VeVIII, XIIeXV e Fielding et al., 2008a (Eastern Australia); Buggisch et al., 2008 (B3), Gulbranson et al., 2010 (Ar1); VIe Mii et al.,

2001; Saltzman, 2003; VIII e Gulbranson et al., 2010 (Ar2) e the age is reinterpreted here as the glacial event appears below the age 310 and above 312 Ma;

IXeX e Scheffler et al., 2003; XIIeXV e Montanez et al., 2007. Regional stage nomenclature and numerical ages slightly differ from GTS2012.

=
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Twelve new radiometric ages in the master GTS2012
radiometric data set in Appendix 2, from early Tournaisian
through late Moscovian, were obtained by us in the Donets
Basin. A new age constraint from the lower Mokrovolno-
vakhskaya [C1

1 (A)] Series goes some way towards remedying
the dearth of radiometric (and particularly ID-TIMS U-Pb
zircon) ages for the global Mississippian subperiod (Davydov
et al., 2004; Menning et al., 2006). The age of 357.26 � 0.08
Ma obtained from an ash near the base of the C1

t b2
biostratigraphic zone is consistent with an age for the Dev-
onianeCarboniferous boundary of 358.88 Ma, and supports
the proposition of a much shorter duration of the Hastarian
Substage of the Tournaisian in western Europe (Davydov
et al., 2004; Haq and Schutter, 2008; Menning et al., 2006).
Two samples collected within and at the top of the C1

vc zonee
which reliably correlates with the lower Moliniacian (Late
Chadian) of the lowermost Visean in western Europe e
provide a minimum age of 346.3 Ma for the base of the global
Visean Stage; i.e. one million years older than proposed in the
most recent time scale compilations (Davydov et al., 2004;
Menning et al., 2006). An age of 342.01 � 0.10 Ma from
a bentonite in the lower Styl’skaya Formation extends the
duration of the Tulian and consequently the Holkerian
Substage up to 6 myr (Davydov et al., 2010).

A dramatic change in the standard Carboniferous time
scale is provided by the new age of 328.14 � 0.11 Ma
obtained from the c11 coal sample, in the C1

vg2 biozone.

According to foraminifers (Betpakodiscus cornuspiroides)
and ammonoids (Eumorphoceras), this coal correlates with
the lower Steshevian Horizon of the Serpukhovian in the
Russian Platform, and the Pendleian (E1 Zone) of western
Europe. This age pushes the lower boundary of the Serpu-
khovian down to approximately 330 Ma e i.e. about 4 myr
older than in previous global time scale compilations. Similar
ages were recently obtained from the aforementioned tonstein
in the Upper Silesian Basin (Gastaldo et al., 2009) with dates
of 328.84 � 0.38 and 328.01 � 0.36Ma; their host strata
correlate with the lower and middle Pendleian Substage of
western Europe.

Radiometric calibrations of the Pennsylvanian time scale
have relied mainly upon a series of 40Ar/39Ar sanidine ages
from the Donets Basin (Hess et al., 1999), the Upper Silesian
Basin and several central European (Sahr, Ruhr, Bohemian,
Intra-Sudetic) basins (Hess and Lippolt, 1986; Burger et al.,
1997). A new radiometric date for the l3 coal of the Donets
Basin of 312.01 � 0.08 Ma (Davydov et al., 2010) may be
directly compared to the result of Hess et al. (1999) for
a correlative sample of the l3 coal of 305.5 � 1.5 Ma. Beyond
the obvious contrast in precision, the accuracy of the signif-
icantly younger 40Ar/39Ar sanidine age is clearly called into
question. Even taking into account systematic errors associ-
ated with decay constants and monitor standards (Min et al.,
2000; Renne et al., 1998; Villeneuve et al., 2000; Kuiper
et al., 2008), this sanidine age is anomalously young.
Although this phenomenon was noted and interpreted as
indicating systematic problems with biostratigraphic corre-
lation (Hess et al., 1999), it is apparent from new results from
the Donets Basin that instead this age suffers from a system-
atic analytical or geological bias. The stratigraphic fidelity of
40Ar/39Ar sanidine ages from other European basins is simi-
larly suspect, although the large errors on these ages make it
generally difficult to assess the degree of bias (Davydov et al.,
2004). In summary, these imprecise Carboniferous sanidine
ages appear to be plagued by one or a combination of
systematic analytical errors and open system behavior, and
are thus superseded by the new accurate and precision U-Pb
ages from Donets Basin for Pennsylvanian time scale
calibration.

Current studies in the Urals that have provided a new age
date of 333.9 Ma from the Visean (late Aleksian) strata at
Verkhnyaya Kardailovka and three new Bashkirian ages from
the Kljuch section are the first robust radiometric constraints
in this stage (Schmitz and Davydov, in press).

Although the Kljuch ages reside in the middle-upper
Bashkirian, they strengthen the ability of the CONOP
composite (see below) to indicate an age for base Bashkirian
near 323 Ma. Similarly, the age of the top of the Bashkirian
(base Moscovian) can be estimated from the Urals composite
via the occurrence of the proposed index of the global
Moscovian stage, Declinognathodus donetzianus, in the Basu
section (Kulagina et al., 2009). The interpolated radiometric

TABLE 23.1 Comparison of Age Estimates and Durations

of Carboniferous Subperiods from Selected Time Scales

Published in Recent Years

Mississippian Pennsylvanian

Base
(Ma)

Top
(Ma)

Duration
(myr)

Top
(Ma)

Duration
(myr)

Harland et al. (1990) 362.5 322.8 39.7 290 32.8

Young and Laurie (1996) 354 314 40 298 16

Tucker et al. (1998) 362

Compston (2000) 359.6

Ross and Ross (1988) 360 320 40 286 34

Jones (1995) 356 317 39 300 17

Menning et al. (2000) 354 312 42 292 20

Menning et al. (2000) 354 320 34 292 28

Menning et al. (2006) 358 320 38 296 24

Heckel (2002) 320 290 30

GTS2004 359.2 318.1 41.1 299.0 19.1

GTS2012 358.9 323.2 35.7 298.9 24.3
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age of this horizon in the Urals composite is in excellent
agreement (�0.1 Ma) with our interpretation of the age of the
first occurrence of D. donetzianus in the K1 Limestone of the
Donets Basin (Ueno and Nemirovska, 2008) at 314.6 Ma,
based on a tonstein age of 314.40 � 0.06 Ma in the overlying
k3 coal.

Most extensive dating of tonsteins has been made from
the Moscovian Stage, as many shafts in Donets Basin are
actively mining coal of this age. Six ages were obtained
from coals k3, k7, l1, l3 (two samples from different shafts),
m3, and n1. These samples (items cb14e19 in Appendix 2)
and their associated cyclostratigraphic calibration of the
Late Pennsylvanian dramatically change our understanding
of the distribution of time in the Moscovian Stage (see
below).

23.3.2. Carboniferous and Permian
Composite Standard

In order to integrate and calibrate zonal successions of fora-
minifers, conodonts, and ammonoids relative to each other,
and to construct the Carboniferous and Permian chro-
nostratigraphic (relative) scale, quantitative zonation and
correlation were employed. Modern methods of quantitative
biostratigraphic analysis hold promise for a robust ordination
of bioevents (and other unique events like dated ash beds) and
estimation of the true ranges of taxa.

We have utilized the CONOP9 program (Sadler and
Cooper, 2003; Sadler et al., 2003) to develop a stratigraphic
composite for the Donets Basin and Urals, Guadalupian
Mountains and S. China. As described in Sadler et al. (2009),
the compositing process goes in several steps:

1) Construction of an overall ordering of events (ordinal
composite sequence) compiled from a database that
involves both paired events (first and last occurrences of
taxa, for which range extensions are allowed) and
unpaired dated events (radiometrically dated ash beds, for
which relative separation is fixed) in a variety of strati-
graphic sections;

2) Scaling of the intervals between events in the composite
sequence according to the relative position of events in all
the measured sections (and constrained by the absolute
positions of dated events), after the observed ranges have
been extended and missing taxa inserted to match the best-
fit composite sequence; and

3) Identifying key index taxa to locate the relative age of
standard zone and stage boundaries within the scaled
composite section.

In Donets Basin, the composite from late Devonian to
Asselian was built with 2641 species of foraminifers, con-
odonts, ammonoids and algae (5282 paired bioevents) and
357 unpaired events (coals and limestone) including 9 ash

beds from 46 wells and sections (Brazhnikova et al., 1967;
Aizenverg et al., 1963; Alekseeva et al., 1983; Aizenverg
et al., 1983; Vdovenko, 2001; Nemirovskaya, 1999; Fohrer
et al., 2006; Davydov, 1992, 2009; Davydov and
Khodjaniyazova, 2009; Davydov et al., 2010). The
composite in the Urals is based on 1156 Visean through
Kungurian species of foraminifers (including fusulinids),
conodonts and ammonoids (2312 paired bioevents) in 27
stratigraphic sections, and include 29 ash beds coded as
dated unpaired events (Schmitz and Davydov, in press). The
Guadalupian composite is based on the biostratigraphic data
from the Glass and Del Norte Mountains, and Apache
Mountains in the type area, Texas (Wardlaw, 2000; Yang and
Yancey, 2000; Nestell et al., 2006; Wardlaw and Nestell,
2010). In addition, four sections (Tieqiao, Maoershan,
Pingxiang and Dachongling) from S. China also were inte-
grated in the composite (Shen et al., 2007; Zhang et al.,
2008, 2010). The Guadalupian composite includes 286
species of conodonts and foraminifera and one volcanic ash
fromMonzanita bed in the Nipple Hill (Bowring et al., 1998;
Nicklen, 2003).

The Lopingian composite is built with 33 sections in
S. China, Iran, Azerbaijan, Armenia, Pakistan, Italy, Austria,
Turkey, Canadian Artic and Greenland and includes 316
species of conodonts, foraminifera, ammonoids and
radiolaria. Eight ash beds from well biostratigraphically
constrained sections (Meishan and Shangsi sections) dated
with ID-TIMS (Mundil et al., 2004) integrated in the
Lopingian composite. Paleomagnetic events turned out to be
frequently inconsistent with biostratigraphy for the Lopin-
gian composite and were not involved in the compositing
process.

Our methods follow those of Chapters 20 and 21 in this
volume for the global OrdovicianeSilurian graptolite clade,
although in contrast we have worked with a multi-taxa
(conodont, fusulinid, ammonoid) database within a fairly
restricted geographic province. Because the analyzed data are
derived from a series of closely connected basins, problems of
provincialism and migration are mitigated. Secondly, we have
used consistent taxonomies provided by well-recognized
regional specialists (Brazhnikova and co-workers in Donets
Basin; Kulagina and Pazukhin e Mississippianelower
Pennsylvanian foraminifers and conodonts; Chernykh and
Davydovemiddle PennsylvanianeCisuralian conodonts and
foraminifers; Ruzhenzev, Bogoslovskaya and Nikolaeva e
MississippianeCisuralian ammonoids).

Figure 23.8 shows the Carboniferous composite standard
with its main zonal units. Table 23.2 lists the composite
standard values of the zones (before rescaling with radio-
metric ages), and of the incorporated ash beds with their
numbered radiometric age dates, with 95% confidence limits
and external error estimates. Table 23.2 covers both
Carboniferous and Permian and is further discussed in
Chapter 24 dealing with the Permian Period.
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23.3.3. Calibration of Carboniferous Stage
Boundaries by Composite Standard
Optimization

The Carboniferous composite standard may be rescaled using
age estimates of its events, as shown in Figure 23.8. As dis-
cussed in the previous section, the composite is based on the
order and relative spacing of a large number of fossil events in
many stratigraphic sections for the Urals, with all radiometric
ages included; the composite is complemented by a Visean to
Serpukhovian composite from the Donets Basin. The
composite standard is scaled (rubber-banded) to a linear scale
such that the best-fit line is straight in Figure 23.8, allowing
calibration of zones and stages discussed below. Theoreti-
cally, a linear fit would only ensue, without rubber banding
the composite, with a priori assumptions about either
uniformity of depositional rate or stage or zone duration.

The composite is well constrained for late Serpukhovian
through Bashkirian, and late Moscovian through early
Artinskian time. By contrast, the middle Moscovian in the
Urals remains relatively poorly studied, while the Mississip-
pian is sparser in its compiled bioevent density compared
with the Pennsylvanian and Cisuralian. Continued refinement
of these intervals is likely as new and reliable biostratigraphic
data become available.

From the Urals composite we extracted the necessary
range extensions of key index taxa for the foraminiferal and
conodont interval zone assemblages of the Visean through
Artinskian. In fact, we found that most first appearance levels
for the interval zone assemblages in our composite were not
adjusted, or adjusted only slightly (<0.1 myr), compared with
the first observed datums of the index taxa in our intensively
studied, taxonomically rich sections with numerous dated ash
beds (e.g., Usolka, DTR, DTQ). Notable exceptions were: the
late Moscovian (Myachkovian) FAD of Neognathodus
roundyi, which adjusted downward 0.6 Ma with respect to its
first occurrence in the DTQ section; the early Gzhelian
(Rusavkian) FAD of St. vitali, which shifted downward
0.4 myr with respect to its first occurrence in the Usolka
section; and the early Sakmarian (Tastubian) FAD of
Sw. merrilli which adjusted 0.6 myr relative to its first
occurrence in the Usolka section, and to a level similar to the
first occurrence ofM. uralensis. In rare instances, for example
the latest Bashkirian Aljutovella tikhonovicheVerella spicata
Zone and middle Moscovian Fusulinella priscoidea Zone, the
foraminiferal indexes were not present in the data sets; these
zones were defined by their position within the neighboring
zones and by the zonal assemblages.

The composite is scaled by our radiometric ages to
directly establish the absolute ages of the FADs of index taxa
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FIGURE 23.8 The Carboniferous composite standard may be rescaled using radiometric age estimates of its events (coloured dots on the best-fit line). The

composite standard is rescaled (rubber-banded) to a linear scale such that the best-fit line is straight, allowing calibration of zones and stages discussed in

Section 23.3.4. Regional stage nomenclature and numerical ages are retained as per composite standard and slightly differ from the finalized scale of GTS2012.
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TABLE 23.2 Listing of the Composite Standard Values of the Zones and of the Incorporated Ash Beds with their Radiometric

Age Dates, with 95% Confidence Limits and External Error Estimates

Stage Conodont Zone Base

Age in Ma with 95% C.L.

and l Error

Composite

Level

Triassic Hindeodus parvus

Triassic Base Triassic at 252.2� 0.5 2656.73

Changhsingian 252.5 � 0.42 2658.97

Changhsingian Clarkina zhejiangensiseC. meishanensis 2650.18

Changhsingian Clarkina deflectaeyini 2642.84

Changhsingian Clarkina changxingensis 2634.36

Changhsingian 253.24 � 0.46 2627.25

Changhsingian Clarkina subcarinata 2624.21

Changhsingian 253.7 � 0.46 2616.07

Changhsingian Clarkina wangi 2610.63

Wuchiapingian Clarkina longicuspidata 2602.74

Wuchiapingian Clarkina orientalis 2589.19

Wuchiapingian Clarkina transcaucasica 2568.28

Wuchiapingian 257.3 � 0.51 2560.59

Wuchiapingian Clarkina guangyuanensis 2557.66

Wuchiapingian Clarkina leveni 2548.11

Wuchiapingian Clarkina asymmetrica 2536.38

Wuchiapingian Clarkina dukouensis 2527.15

Wuchiapingian Clarkina postbitteri postbitteri 2515.97

Capitanian Jinogondolella granti 2500.23

Capitanian Jinogondolella xuanhanensis 2484.46

Capitanian Jinogondolella prexuahanensis 2471.35

Capitanian Jinogondolella altudaensis 2453.61

Capitanian Jinogondolella shannoni 2446.09

Capitanian Jinogondolella postserrata 2438.82

265.35 � 0.46 2435.07

Wordian Jinogondolella aserrata 2393.78

Roadian Jinogondolella nankingensis 2354.18

Kungurian Neostreptognathodus prayi 2318.76

Kungurian Neostreptognathodus pnevi 2277.23

Artinskian Neostreptognathodus pequopensis 2247.87

Artinskian Sweetognathus clarki 2222.49

Artinskian 288.21 � 0.34 2518.44

Artinskian 288.36 � 0.35 2513.92

Artinskian Sweetognathus whitei 2141.53

(Continued)
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TABLE 23.2 Listing of the Composite Standard Values of the Zones and of the Incorporated Ash Beds with their Radiometric

Age Dates, with 95% Confidence Limits and External Error Estimatesdcont’d

Stage Conodont Zone Base

Age in Ma with 95% C.L.

and l Error

Composite

Level

Sakmarian 290.5 � 0.35 2138.88

Sakmarian 290.81 � 0.36 2133.26

Sakmarian 291.50 � 0.36 2104.31

Sakmarian Sweetognathus anceps 2045.88

Sakmarian Sweetognathus binodosus 2028.15

Sakmarian Sweetognathus merrilli 1987.05

Asselian Streptognathodus postfususeMeso. pseudostriataeMeso. striata 1963.27

Asselian 296.69 � 0.37 1956.62

Asselian Streptognathodus fususeMesogondolella simulata 1951.14

Asselian Streptognathodus constrictuseMesogondolella belladontae 1940.86

Asselian 298.05 � 0.56 1931.16

Asselian Streptognathodus sigmoidaliseStrep. cristellaris 1929.93

Asselian 298.49 � 0.37 1921.55

Asselian Streptognathodus isolatus 1915.96

Gzhelian 299.22 � 0.37 1912.24

Gzhelian Streptognathodus wabaunsensiseSt. fissus 1897.67

Gzhelian 300.22 � 0.37 1889.68

Gzhelian Streptognathodus simplexeStreptognathodus bellus 1878.96

Gzhelian 301.29 � 0.36 1876.25

Gzhelian 301.82 � 0.36 1873.47

Gzhelian Streptognathodus virgilicus 1862.09

Gzhelian Streptognathodus vitali 1850.17

Gzhelian 303.1 � 0.36 1842.09

Gzhelian Streptognathodus simulator 1838.22

Kasimovian 303.54 � 0.39 1837.87

Kasimovian Streptognathodus praenuntius 1833.48

Kasimovian 304.42 � 0.36 1830.75

Kasimovian Streptognathodus firmus 1831.54

Kasimovian Idiognathodus toretzianus 1826.12

Kasimovian 304.83 � 0.36 1823.94

Kasimovian Streptognathodus cancellosus 1817.76

Kasimovian 305.52 � 0.36 1815.63

Kasimovian Idiognathodus sagittalis 1810.48

Kasimovian 305.95 � 0.37 1808.17

Kasimovian 305.96 � 0.36 1803.58

Kasimovian Streptognathodus subexcelsuseSwadelina makhlinae 1796.11
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TABLE 23.2 Listing of the Composite Standard Values of the Zones and of the Incorporated Ash Beds with their Radiometric

Age Dates, with 95% Confidence Limits and External Error Estimatesdcont’d

Stage Conodont Zone Base

Age in Ma with 95% C.L.

and l Error

Composite

Level

Moscovian 307.26 � 0.36 1792.33

Moscovian 307.66 � 0.37 1787.42

Moscovian 308.36 � 0.38 1781.19

Moscovian 308.5 � 0.36 1778.65

Moscovian Neognathodus roundyieStreptognathodus cancellosus 1775.64

Moscovian 310.55 � 0.38 1764.26

Moscovian Neognathodus medexultimuse
Streptognathodus concinnus

1758.17

Moscovian 312.01 � 0.37 1749.94

Moscovian 312.23 � 0.37 1746.73

Moscovian 313.16 � 0.37 1736.65

Moscovian Streptognathodus dissectus 1741.31

Moscovian Neognathodus uralicus 1722.03

Moscovian 314.4 � 0.37 1719.12

Moscovian Declinognathodus donetzianus 1715.12

Bashkirian Neognathodus atokaensis 1694.87

317.54 � 0.38 1688.24

318.63 � 0.40 1681.38

Bashkirian Declinognathodus marginodosus 1676.49

319.09 � 0.38 1670.76

Bashkirian Idiognathodus sinuosus 1658.96

Bashkirian Neognathodus askynensis 1646.68

Bashkirian Idiognathoides sinuatus 1619.93

Bashkirian Declinognathodus noduliferus 1607.79

Serpukhovian Gnathodus postbilineatus 1563.82

Serpukhovian Gnathodus bollandensis 1523.07

328.14 � 0.40 1501.14

Serpukhovian Lochriea cruciformis 1472.26

Serpukhovian Lochriea ziegleri 1445.34

333.95 � 0.39 1392.63

Visean Lochriea nodosa 1425.61

Visean Lochriea mononodosa 1380.45

Visean Gnathodus bilineatus 1355.06

Visean Gnathodus praebilineatus 1307.06

342.01 � 0.42 1281.96

Visean Gnathodus texanus 1231.97

(Continued)
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defining the regional conodont and fusulinid biozones for the
Urals. Given the common usage of the Russian Platform
regional substages for correlation throughout eastern
Euramerica, we also illustrate their best scaling with respect
to the Urals composite, and the global stages of the
Pennsylvanian and Early Permian. Prior iterations of the
PennsylvanianeCisuralian global time scale have suffered
from a paucity of radiometric calibration points, except an
ID-TIMS zircon-based age for the PermoeCarboniferous
boundary from the Usolka section (Ramezani et al., 2007).
Significant changes in the durations of the constituent stages
are thus unsurprising; we now examine these changes to the
time scale resulting from integration of our Uralian results
with those of the correlative Donets Basin (Davydov et al.,
2010).

As mentioned above, analysis of new bentonite samples
from DevonianeCarboniferous transition sections provides
a revised age estimate for the DevonianeCarboniferous
boundary and base Tournaisian Stage of 358.88 � 0.4 Ma.
This age was arrived at from CONOP analysis integrating
our three age dates within standard chronostratigraphy,
biostratigraphic, sedimentologic and geochemical data

compiled from sections in Rhenish Mountains, Carnic Alps,
Italy, France, N. America Midcontinent, Urals and China
(Ji et al., 1989; Korn, 1992, 1993; Over, 1992; Schonlaub
et al., 1992; Becker and Paproth, 1993; Becker, 1996;
Kaiser et al., 2006, 2008; Kaiser, 2009). In total, 25
sections were involved in the quantitative CONOP analyses
with 209 events, including FADs LADs of the taxa, ashes,
and the base of the Hangenberg black shale. In addition,
carbon peak cycles in Rhenish sections were run as
unpaired events. The events that were involved, including
the FAD of the index-species of the base of Carboniferous
S. sulcata, were then calibrated in terms of radiometric
ages, leading to the age of the current Devoniane
Carboniferous boundary being 258.88 Ma (� 0.06 internal
error, and � 0.4 and/myr external error) (Davydov et al.,
2011). Since the current definition of the boundary requires
revision (Kaiser, 2009), the age of the boundary may
undergo adjustment.

Using six new ages for Moscovian tonstein (Appendix
2), the base of the Moscovian Stage shifts down to near
314.6 Ma (one fourth-order cycle below coal k3 from which
the oldest Moscovian age was obtained). The top of the

TABLE 23.2 Listing of the Composite Standard Values of the Zones and of the Incorporated Ash Beds with their Radiometric

Age Dates, with 95% Confidence Limits and External Error Estimatesdcont’d

Stage Conodont Zone Base

Age in Ma with 95% C.L.

and l Error

Composite

Level

345.0 � 0.41 1208.19

345.17 � 0.41 1206.37

Visean Gnathodus pseudosemiglabereScaliognathus anchoralis 1187.23

Tournaisian Gnathodus semiglaberePolygnathus communis 1171.98

Tournaisian Dollimae bouckaerti 1159.77

Tournaisian Gnathodus typicuseSiphonodella isosticha 1113.32

Tournaisian upper Siphonodella quadruplicataePatrognathus andersoni 1090.48

357.26 � 0.42 1059.84

Tournaisian Siphonodella sandbergieSiph. belkai 1051.66

358.43 � 0.42 1037.63

358.71 � 0.42 1010.44

Tournaisian Siphonodella duplicata 1027.91

Tournaisian Siphonodella sulcata Base Tournaisian at 358.88
� 0.4

991.64

359.25 � 0.42 987.56

Famennian
(Devonian)

Siphonodella praesulcata 359.44 � 0.42 981.972

This table covers both Carboniferous and Permian. The table is built the same way as Tables 20.2 and 21.2 in the chapters dealing with the Ordovician and Silurian
periods, the only difference being that for the CarboniferousePermian a multi-fossil database was developed, not only based on one group (graptolites).
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Moscovian (e.g., the base of the traditional Kasimovian in
the N3 limestone) is calibrated as 306.6 Ma, thus the
duration of the Moscovian Stage increases to 8 myr as
opposed to 6e7 myr in Davydov et al. (2004) and Menning
et al. (2006). The duration of the Moscovian approximately
equals the duration of the Kasimovian and Gzhelian
together.

Both the traditional and alternative definitions for the
base of the Kasimovian Stage can be assigned numerical
ages based upon our tuned cyclostratigraphic model for
the Late Pennsylvanian. As noted above, the traditional
base of the Kasimovian (at the FADs of fusulinid Pro-
triticites pseudomontiparus and the conodont Streptogna-
thodus subexcelsus) in the N3 limestone is calibrated as
306.6 Ma. On the other hand, the FAD of the conodont
Streptognathodus saggitalis in the O2 limestone is cali-
brated at 305.2 Ma. In the latter case, the durations of the
Moscovian and Kasimovian stages change to 9.4 and
2.0 myr, respectively.

The base of the Gzhelian Stage, taken as the FAD of the
conodont Streptognathodus simulator, is calibrated via the
extension of our tuned cyclostratigraphic model at 303.4 Ma,
thus constraining the durations of the traditional Kasimovian
(3.2 myr) and Gzhelian stages (4.7 myr). This age of the base
of the Gzhelian Stage in the Donets Basin is in good agree-
ment with independent geochronological data for the same
FAD in the Usolka section of the southern Urals (Schmitz and
Davydov, in press).

Davydov et al. (2010) have proposed a high-resolution
(� 0.1 myr) age model for the late Pennsylvanian based upon
the direct dating and tuning of fourth-order sequences of the
Donets Basin (Ukraine) to the 404 ka long-period eccentricity
cycle. U-Pb zircon ages for seven tonsteins in the Moscovian
strata of the basin provided multiple affirmative tests of this
orbital control on the cyclothem depositional framework
compiled by Izart et al. (1996). The Donets cyclostratigraphic
model was then extended upward through the Kasimovian
and Gzhelian succession to the limits of marine sedimentation
at the base of the Permian in the Donets Basin, utilizing the
sequence stratigraphic interpretations of Izart et al. (2006),
with occasional modifications. Unfortunately, no dateable ash
beds were recovered from the Kasimovian and Gzhelian of
the Donets Basin with which to test this cyclostratigraphic
extrapolation. The abundance of ash bed ages for the Kasi-
movianeGzhelian in the Urals reported in this study, as well
as the relative ease of biostratigraphic correlation between the
two basins, provides an opportunity for testing and comparing
the two independently derived, cyclicity (Donets) versus
radiometrically (Urals) calibrated chronostratigraphic models
for the Late Pennsylvanian.

Figures 23.9(a) and (b) illustrate these tests by com-
paring the absolute ages of the FADs of various
conodont taxa, estimated for the Donets Basin via cyclo-
stratigraphic calibration of its lithostratigraphic (and

integrated biostratigraphic) framework, and for the Urals
Basin via the radiometrically calibrated composite. In
Figure 23.9(a), the six Moscovian U-Pb zircon ages cali-
brating the Donets Basin cyclostratigraphy are illustrated, as
are their projections through the sequence stratigraphic
interpretations of Izart et al. (1996, 2006) to the lithostrati-
graphic framework of the Donets Basin.

The base of the Gzhelian Stage, as defined by the first
occurrence of St. simulator (Ellison) in the O6 limestone
(Goreva and Alekseev, 2007), was previously estimated at
303.2 Ma based on the Donets Basin cyclostratigraphic
model (Davydov et al., 2010). In the Urals composite, this
taxon’s first occurrence is assigned an age of 303.4 Ma as
constrained by bracketing ash beds in the Usolka section;
this slightly older age for the base of the global Gzhelian
Stage is preferred, given its more direct relationship to dated
ash beds.

There is a remarkable agreement between the two inde-
pendent age models (Donets Basin and Urals) as evidence
that our Pennsylvanian time scale is remarkably accurate, and
resolved at a high level of precision of the calibrating ash bed
ages. The radiometric age near 299 Ma of the Carboniferous
roof is constrained at the FAD of the Permian base index
conodont Streptognathodus isolatus with several closely
spaced ashes in the Usolka section (Ramezani et al., 2007;
Schmitz and Davydov, in press).

23.3.4. Age of Stage Boundaries

In the final analysis for the age of the stage boundaries and the
stage durations in the Carboniferous (and Permian) periods,
the chronometric and stratigraphic ages of the radiogenic
isotope dates were subjected to a cubic spline fit
(Figure 23.10). The method is described in Chapter 14,
largely based on the approach used in GTS2004. Composite
standard values are those before linear rescaling (Table 23.2).
Points were weighted according to the procedure given in
Chapter 14, taking radiometric errors into account. A
smoothing factor of 1.2 was calculated by cross-validation.

As mentioned above, analysis of new bentonite samples
from DevonianeCarboniferous transition sections provides
a revised age estimate for the DevonianeCarboniferous
boundary and base Tournaisian Stage of 358.9� 0.4 Ma. This
age estimate anchors the lower end of the cubic spline;
the anchor for the upper end of the spline is the age of the
PermianeTriassic boundary at 252.2 � 0.5 (see also
Chapters 24 and 25).

All of the 46 points passed the chi-squared goodness-of-fit
test at a significance level of p < 0.01. The resulting spline
(Figure 23.10) is fairly linear through the Carboniferous,
apart from a slight increase in the duration of scaling zones
(decreased turnover rate) in the Bashkirian.

Interpolated stage boundary ages with their error bars
and durations are given in Table 23.3. Interestingly, the ages
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Podolskian

FIGURE 23.9A Lithostratigraphy and sequence stratigraphy through the Moscovian succession of the central exposed Donets Basin (modified from figure 3

of Izart et al., (1996)), with position of six radiometric ages obtained in our study. Projection of stratal architecture onto a time linear scale constrained by ash

bed ages reveals the consistent c. 400 ka tempo of the 4th order sequences of Izart and coworkers. Only a few high frequency cycles in the lowermost Moscovian

must be reinterpreted as 4th order major transgressions to maintain consistency with the model. Tuning of these 4th order sequences to the long eccentricity cycle

allows calibration of the biostratigraphic record at a resolution of c. 100 ka.
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These cycles are present
in surface of

P
redonets Trough

FIGURES 23.9B Lithostratigraphy and sequence stratigraphy through the KasimovianeGzhelian succession of the central exposed Donets Basin (modified

from figure 12 of Izart et al., (2006)). The long eccentricity cycle tuning of 4th order sequences derived for the Moscovian succession is extrapolated upward to

the CarboniferousePermian boundary constrained at 298.7Ma (Ramezani et al., 2007) in the Usolka parastratotype section of the Urals. High frequency and 4th

order sequences of the Kasimovian and early Gzhelian are well developed, lending more confidence to the cyclostratigraphic calibration. Although cyclicity

becomes more ambiguous in the increasingly continental upper Gzhelian succession, only modest reinterpretation of Izart et al’s (2006) 4th order sequences as

higher frequency cycles is necessary to align the base of the Asselian in the Donets Basin with the radiometric constraint from the Urals.
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computed through the linear regression fit described earlier
in this chapter (Section 23.3.3, Figure 23.8 and Table 23.3)
only differ within decimal values from the ages computed
with the cubic spline. Although a majority of the regression
ages are outside the error estimate for the cubic spline age of
the stage boundaries used for the standard geochronology of
the Carboniferous, this does not detract from the discussion
on the relation between sequences and cycles in Section
23.3.3.

Tournaisian lasted from 358.9 � 0.2 to 346.7 � 0.4 Ma,
for a duration of 12.2 � 0.2 myr Visean lasted 15.8 � 0.2
myr from 346.7 � 0.4 to 330.9 � 0.3 Ma, thus being the
longest stage in the Phanerozoic. The Serpukhovian Stage
ranged from 330.9 � 0.3 to 323.2 � 0.4 Ma, for a duration
of 7.7 � 0.2 myr Bashkirian lasted for 8.1 � 0.2 myr from
323.2 � 0.4 to 315.2 � 0.2 Ma. The Moscovian Stage
started at 315.2 � 0.2 and ended at 307 � 0.2 Ma, lasting
8.2 � 0.1 myr Kasimovian ran from 307 � 0.2 to 303.7 �
0.1 Ma for only 3.3 � 0.1 myr, thus being the shortest
Carboniferous stage, and the Gzhelian lasted 4.8 � 0.1 myr
from 303.7 � 0.1 Ma to base Permian at 298.9 � 0.2 Ma

(Table 23.4). Mississippian had a duration of 35.7 myr, and
Pennsylvanian 23.3 myr. The Carboniferous Period lasted
from 358.9 to 298.9 Ma, for a duration of 60 myr.

The geochronologic scale for the Carboniferous differs
from that in GTS2004 (Table 23.3) because of the dramatic
increase in the number, accuracy and precision of radio-
metric age dates discussed above, and changes in the
definition of stages. For the present scale, a more detailed
and a much larger biostratigraphic data set has been used
than in GTS2004, giving higher stratigraphic resolution.
Relative to GTS2004, the base Bashkirian is almost 5 myr
older, and the base Moscovian almost 4 myr; base Serpu-
khovian is 3.1 myr older and base Visean 1.4 myr. For the
other stage boundaries, age changes are in decimal values
only.

The error bars on boundary ages are relatively small,
mainly because radiometric ages have become precise. No
estimate was provided on the chronostratigraphic uncertainty
of radiometric ages, or the uncertainty in the composite
standard itself; error estimates may slightly increase if this
information was to be taken into account.
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FIGURE 23.10 Geochronology of the Carboniferous and Permian stages with error bars on the radiometric ages. Use is made of a smoothing spline fit

on the two way plot between the composite standard scaling of the stages (Table 23.2) and radiometric ages. There are 32 carefully selected and standardized

radiometric age dates for the Carboniferous and 14 for the Permian (Table 23.2), including lower (D/C) and upper (P/T) boundary age assignments. For details

see text.

638 The Geologic Time Scale 2012



TABLE 23.3 Geochronology of the Carboniferous and Permian Periods

Stage Base

GTS2012 Linear Regression GTS2004

Scale Ma 2-Sigma Duration 2-Sigma Ma Ma

Changhsingian 2610.63 254.2 0.3 2.0 . 254.2 253.8

Wuchiapingian 2515.97 259.8 0.4 5.6 0.2 260.0 260.4

Capitanian 2438.82 265.1 0.4 5.3 0.2 265.0 265.8

Wordian 2393.78 268.8 0.5 3.7 0.1 270.0 268.0

Roadian 2354.18 272.3 0.5 3.5 0.1 275.0 270.6

Kungurian 2277.23 279.3 0.6 7.0 0.1 282.0 275.6

Artinskian 2141.53 290.1 0.2 10.7 0.2 290.0 284.4

Sakmarian 1987.05 295.5 0.4 5.5 0.1 295.0 294.6

Asselian 1915.96 298.9 0.2 3.4 0.1 298.7 299.0

Gzhelian 1838.22 303.7 0.1 4.8 0.1 303.4 303.9

Kasimovian 1796.11 307.0 0.2 3.3 0.1 306.7 306.5

Moscovian 1715.12 315.2 0.2 8.2 0.1 314.6 311.6

Bashkirian 1607.79 323.2 0.4 8.0 0.2 322.8 318.1

Serpukhovian 1445.34 330.9 0.3 7.7 0.2 330.0 326.4

Visean 1187.23 346.7 0.4 15.8 0.2 346.0 345.3

Tournaisian 991.64 358.9 0.4 12.2 0.2 358.9 359.2

The age of the stage boundaries, the duration of the stages and the 95% confidence limits are derived from cubic spline interpolation shown in Figure 23.10.
Composite standard values of stage boundaries are also listed. Error estimates on stage boundary ages use the external errors on radiometric ages in Appendix 2, and
the internal (laboratory) errors on stage durations (see Chapter 14). To the right are columns with the GTS2004 age of the stage boundaries, and stage boundary ages
using linear regression on the composite standard of Figure 23.8.

TABLE 23.4 Geochronology of the Carboniferous Period

Period Subperiod Stage

Age of Base

(Ma)

Est. � myr

(2-Sigma) Duration (myr)

Est. � myr

(2-Sigma)

Permian 298.9 0.2

Carboniferous

Pennsylvanian

Gzhelian 303.7 0.1 4.8 0.1

Kasimovian 307.0 0.2 3.3 0.1

Moscovian 315.2 0.2 8.2 0.1

Bashkirian, base Pennsylvanian 323.2 0.4 8.0 0.2

Mississippian

Serpukhovian 330.9 0.3 7.7 0.2

Visean 346.7 0.4 15.8 0.2

Tournaisian, base Mississippian,
(base Carboniferous)

358.9 0.4 12.2 0.2

Devonian
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115, 703e706.

Becker, R.T., 1996. New faunal records and holostratigraphic correlation of

the Hasselbachtal D/C-boundary auxiliary stratotype (Germany).
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zoogéographie du carbonifére inférieur d’aprés les foraminiféres. Con-
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Chapter 24

The Permian Period

Abstract: Pangea moves north. Ice-house to greenhouse
(humid to arid) climate transition; dramatic reduction of coal
swamps and amphibian habitat; some spore-bearing plants
extinct; major evaporites; changes in internal and external
carbonate invertebrate skeletons; major diversification of
fusulinacean foraminifers, ammonoids, bryozoans, and

brachiopods, then major end-Permian extinction of fusulina-
cean foraminifers, trilobites, rugose and tabulate corals,
blastoids, acanthodians, placoderms, and pelycosaurs;
dramatic reduction of bryozoans, brachiopods, ammonoids,
sharks, bony fish, crinoids, eurypterids, ostracodes, and
echinoderms.
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24.1. HISTORY AND SUBDIVISIONS

In 1841, after a tour of Russia with French paleontologist
Edouard de Verneuil, Roderick I. Murchison, in collabo-
ration with Russian geologists, named the Permian System
to take in the “vast series of beds of marl, schist, limestone,
sandstone and conglomerate” that surmounted the
Carboniferous System throughout a great arc stretching
from the Volga eastwards to the Urals, and from the Sea of
Archangel to the southern steppes of Orenburg. He
proposed the name “Permian” based on the extensive region
that composed the ancient kingdom of Permia; the city of
Perm lies on the flanks of the Urals. Murchison (1872,
p. 309) indicated that:

‘the animals and plants of the Permian era, though chiefly of new

species, are generically connected with those of the preceding or

Carboniferous epoch, whilst they are almost wholly dissimilar to

those of the next succeeding period, the Trias.’

In 1845 he included rocks now known as Kunguriane
Tatarian in age and for a time the underlying strata (Artin-
skian, etc.) were known as Permo-Carboniferous, i.e. inter-
mediate between Carboniferous and Permian (Dunbar, 1940).

As early as 1822 (e.g., Conybeare and Phillips, 1822), the
Magnesian Limestone and New Red Sandstone of England
were well known, as were the equivalent German Rotlie-
gendes and Zechstein (a traditional miner’s name) with its
valuable Kupferschiefer. However, all these rocks lacked
richly fossiliferous strata, were difficult to correlate, and
unsuitable to justify the erection of a new system in Western
Europe.

In North America, J. Marcou recognized Permian rocks
between 1853 and 1867 in a large area from the Mississippi to
the Rio Colorado, and noted two divisions analogous to those
in western Europe. He accordingly suggested the name
Dyassic as more suitable than Permian and proposed
a combined Dyas and Trias as a major period. Murchison
(1872, p. 442) summarized Marcou’s reports as follows:

‘the discovery of strata containing many true Permian species in the

northwestern part of Texas and along the eastern edge of the Rocky

Mountains teaches us that all of the seas of Paleozoic time, even the

very last of them, had a very great extension and were inhabited by

similar groups of animals over enormously wide areas.’

Murchison (1872, p. 309) also rejected the notion of Dyas
saying:

‘I resist the introduction of a new name founded upon a local binary

division which, though good in Saxony, is inapplicable to many other

countries, in several of which the separation is tripartite.and thus I

prefer the simpler geographic name ‘Permian’, which, like ‘Silu-

rian’, involves no theory.’

For further historical details on the history of the Permian
Period see GTS1989 (Harland et al., 1990, pp. 46e47).

The Permian divides itself naturally into three series
(Figure 24.1). In the classic area of the southern Urals, the
Upper Carboniferous and Lower Permian (or Cisuralian) are
well represented by marine deposits and abundant biota. This
marine dominance disappears in the Kungurian, and the
Middle Permian (or Guadalupian) and Upper Permian (or
Lopingian) are dominated by terrestrialemarginal-marine
deposits. The Guadalupian deposits of West Texas are
dominated by diversified and well-studied marine fossil
assemblages, and the deposits are the subject of seminal
studies in sequence stratigraphy. China, Iran, and the Trans-
Caucasian region are exemplary for their Upper Permian
deposits and biota.

Permian biostratigraphy has been greatly refined over the
last three decades, especially through a detailed under-
standing of the distribution of conodonts in relation to
ammonoids and fusulinaceans; these refined correlations
form the basis for the following discussion.

24.1.1. The Cisuralian Series: Lower Permian

The base of the Permian was originally defined in the Ural
Mountains of Russia to coincide with strata marking the
initiation of evaporite deposition (Murchison, 1841), now
recognized as within the Kungurian Stage. Since 1841, the
base has been lowered repeatedly to include a succession of
faunas with post-Carboniferous affinities. Karpinsky (1874)
identified clastic successions that Murchison had included in
the British Millstone Grit, as being younger, transitional
between Carboniferous and Permian, and termed them the
Artinskian Series. His subsequent classic study of the abun-
dant ammonoid fauna (Karpinsky, 1889) led him to add the
interval to the Permian. Further study, especially of ammo-
noids, led Ruzhenzev (1936) to recognize the Sakmarian as an
independent lower subdivision of the Artinskian. In turn, he
subdivided the Sakmarian, and referred the lower interval to
the Asselian Stage (Ruzhenzev, 1954). The base of the
Asselian and of the Permian Period was defined by the
appearance of the ammonoid families Paragastrioceratidae,
Metalegoceratidae, and Popanoceratidae, concurrent with the
first inflated fusulinaceans referable to “Schwagerina” (i.e.
Sphaeroschwagerina).

The base of the Asselian Stage, defined by reference to
both ammonoids and fusulinaceans, received progressively
greater recognition, and eventually official Russian status
(Resolutions of the Interdepartmental Stratigraphic
Committee of Russia and its Permanent Commissions, 1992)
following Ruzhenzev’s original proposal.

The Cisuralian was proposed by Waterhouse (1982) to
comprise the Asselian, Sakmarian, and Artinskian stages.
The Kungurian was included in the Cisuralian (Jin et al.,
1997), so that it corresponded to the Lower Permian as
recognized in Russia (Likharew, 1966; Kotlyar and Stepa-
nov, 1984) and corresponded better to the Rotliegendes of
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Harland et al. (1990). The Uralian Series, named by de
Lapparent in 1900, interpreted by Gerasimov (1937) to
include pre-Kungurian stages of the Lower Permian, and
utilized by Jin et al. (1994), has been abandoned because the
name caused too much confusion from a history of varied
usage.

24.1.1.1. Asselian

The GSSP for the beginning of the Permian Period and for the
base of the Asselian Stage is located at Aidaralash Creek,
Atobe region, northern Kazakhstan (Davydov et al., 1998).
The section is approximately 50 km southeast of the city of
Atobe. A stone and concrete marker with a plaque has been
erected at the Aidaralash section, marking the exact location
of the GSSP, and the boundary between the Carboniferous
and Permian Periods.

The strata of Late Paleozoic age at Aidaralash Creek were
deposited on a narrow, shallow-marine shelf that formed
the western boundary of the orogenic zone to the east. The
fluvialedeltaic conglomerateesandstone successions grade
upward into transgressive, marginal marine sequences (beach
and upper shore face) that, in turn, grade upward into massive
mudstoneesiltstone and fine sandstone beds with ammonoids,
conodonts, and radiolaria, interpreted as maximum flooding
units. The maximum flooding zone is overlain by a regressive
sequence (progressively, offshore to shoreface to delta front),
which in turn is capped by an unconformity with an overlying
conglomerate. The critical GSSP interval is completely within
a maximum flooding unit, free of disconformities.

The position of the GSSP is at the first occurrence of the
conodont Streptognathodus isolatus, which developed from
an advanced morphotype in the S. wabaunsensis chro-
nomorphocline. This is located 27 m above the base of Bed
19, Aidaralash Creek (Davydov et al., 1998).

The first occurrences of Streptognathodus invaginatus and
S. nodulinearis, also species within the “wabaunsensis”
chronomorphocline, nearly coincide with the first occurrence
of S. isolatus in many sections, and can be used as accessory
indicators for the boundary.

The GSSP is 6.3 m below the traditional fusulinacean
boundary, i.e. the base of the Sphaeroschwagerina vulgaris
aktjubensiseS. fusiformis Zone (Davydov et al., 1998;
Figures 24.2 and 24.3). The latter can be widely correlated
with Spitsbergen, the Russian Platform, Urals, Central Asia
China, and Japan, and is of practical value in identifying
proximity to the Asselian Stage base.

The traditional ammonoid boundary, 26.8 m above the
GSSP, includes the termination of the Prouddenitese
Uddenites lineage at the top of Bed 19, and the introduction of
the Permian taxa Svetlanoceras primore and Prostacheoceras
principale in Bed 20 (Davydov et al., 1998; Figures 24.1 and
24.2). The evolution from Artinskia irinae to A. kazakh-
stanica may be a chronomorphocline that crosses the

CarboniferousePermian boundary. Difficulties with the
ammonoid taxa are that they are relatively rare and many taxa
are endemic.

Utilization of magnetostratigraphy to assist with recog-
nition and correlation of the CarboniferousePermian
boundary is difficult because it is within the Kiaman Long
Reversed-Polarity Chron (see the geological time scale chart
insert of this book). However, Davydov et al. (1998) cite
reports that show that most of the Ultradaixina
bosbytauensis eSchwagerina robusta fusulinacean zone, just
below the CarboniferousePermian boundary in Aidaralash, is
characterized by normal polarity. That same stratigraphic
polarity relationship is also known elsewhere in the southern
Urals, and the northern Caucasus and Donetz Basin, and
possibly correlates with the normally polarized magnetic
zone in the Manebach Formation of the Thuringian Forest
(Menning, 1987).

The conodont succession observed at Aidaralash is dis-
played in several sections in the southern Urals, especially the
basinal reference section at Usolka. It is also displayed in the
Red Eagle cyclothem of the midcontinent of the USA
(Boardman et al., 1998, 2009), in the West Texas regional
stratotype Wolfcamp Hills (Wardlaw and Davydov, 2000),
and in south China (Wang, 2000), as well as in many other
intervening localities, and, therefore, serves as an excellent
boundary definition.

24.1.1.2. Sakmarian

Two alternative definitions for the base-Sakmarian have been
considered. The first proposed boundary for the Sakmarian
Stage is near the level originally proposed by Ruzhenzev
(1950) in the same Kondurovsky section, Orenburg Province,
Russia. A conodont succession exhibiting the evolutionary
change within the chronomorphocline from Sweetognathus
expansus to S. merrilli at 115 m above the base (uppermost
Bed 11 of Chuvashov et al., 1993a,b) is the proposed
definition.

The boundary originally proposed by Ruzhenzev (1950)
was at the base of Bed 11, at an unconformable formation
break and based on the change in fusulinacean faunas, with
Sakmarella (Pseudofusulina) moelleri occurring above the
break. The actual introduction of the S. moelleri group occurs
in Beds 6e12 (Wardlaw et al., 1999), with traditional
S. moelleri occurring in Bed 12, just a few meters above the
first occurrence of S. merrilli. Sweetognathus merrilli is
widespread and its FAD is well constrained throughout Kansas
in the upper part of the Eiss Limestone of the Bader Limestone,
but the presence of associated Streptognathodus spp. at the
latter locality may indicate diachroneity within this “lineage”.

Furthermore, the local first occurrences of S. merrilli are
clearly diachronous (communication between Henderson and
Kotlyar, 2009, Permophiles, 54: 4), likely because in many
sections this taxon is very rare andmay bepresent as amigration
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FIGURE 24.2 Global boundary and stratotype section (GSSP) for the CarboniferousePermian boundary at Aidalarash in Kazakhstan. Semi-

permanent plaque marks the boundary; the index conodont shows the holotype of Streptognathodus isolatus (left, 1.2mm long and right 0.8mm long).
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FIGURE 24.3 Global boundary and stratotype section (GSSP) for the Roadian Stage of the Guadalupian Series at Stratotype Canyon, Texas, USA.

Holotype of Jinogondolella nankingensis; it is 1.0 mm long.
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event; test samples at Kondurovsky failed to produce any
specimens. As a result, a second definition at the FAD ofMes-
ogondolella uralensis within the chronomorphocline of M.
pseudostriata toM.arcuata toM.uralensis at 51.6meters above
base (mab) of the Usolka section is now preferred (Schmitz and
Davydov, 2011). This taxon is present at Kondurovsky at 104.2
meters above base just below the FO of S. merrilli.

24.1.1.3. Artinskian

The Artinskian Stage was proposed by Karpinsky in 1874, for
the sandstone of the Kashkabash Mountain on the right bank
of the Ufa River, near the village of Arty. This is the strato-
type, and Karpinsky (1891) studied abundant and diverse
ammonoids in several exposures and small quarries along the
Ufa River. The taxonomically diverse ammonoid assemblage
from the Arty area was distinctly more advanced than the
Sakmarian one in terms of cephalopod evolution and this
stimulated Karpinsky (1874) to define two regional belts with
ammonoids: the lower, at Sakmara River, and the upper, at
Ufa River.

The SakmarianeArtinskian boundary deposits are well
represented in the Dal’ny Tulkus section, a counterpart of the
Usolka section. The upper part of the Sakmarian Stage (Beds
28e31) at the Usolka River and Bed 18 at the Dal’ny Tulkus
section are composed of dark-colored marl, argillite, and
carbonate mudstone, or less commonly, detrital limestone
with fusulinacean foraminifers, radiolaria, rare ammonoids,
and bivalves. The upper part of the Sakmarian includes
fusulinaceans characteristic of the Sterlitamakian Horizon
including Pseudofusulina longa, P. fortissima, P. plicatissima,
Leeina urdalensis, and L. urdalensis abnormis.

The best GSSP section is the Dal’ny Tulkus section, in
Russia, at a point defined by the FAD of Sweetognathus
“whitei” within the chronomorphocline S. binodosus to
S. anceps to S. “whitei” at 2.7 m above bed 4 (Schmitz and
Davydov, 2011). The succession of S. binodosus to S.“whitei”
can also be recognized in the lower Great Bear Cape Forma-
tion, southwest Ellesmere Island (Henderson, 1988; Beau-
champ and Henderson, 1994; Mei et al., 2002) and possibly in
the Schroyer-Florence limestones of the Chase Group Kansas
(Boardman et al., 2009), but at this latter locality species of
Streptognathodus spp. suggest an older age. The defining
taxon is in quotes to denote some taxonomic problems asso-
ciated with comparisons to type specimens of S. whitei from
Wyoming (Rhodes, 1963). Specimens of S. “whitei” in the
Canadian Arctic and in the Urals are found above high
frequency cyclothems. Henderson (2010) summarized prog-
ress on the definition and indicated additional correlation tools
in strontium isotopes and radiometric ages.

24.1.1.4. Kungurian

The stratotype of the Kungurian Stage was not defined when
the stage itself was established (Stuckenberg, 1890).

Sometime later, the carbonateesulfate section exposed along
the Sylva River, upstream of the town of Kungur, was arbi-
trarily accepted for the stratotype. In line with the new
position of the Kungurian lower boundary at the base of the
Sarana Horizon (Chuvashov et al., 1999), the original stra-
totype section in this area consists of:

1) The Saraninian Horizon, including reefal limestone of the
Sylva Formation and its lateral equivalent the Shurtan
Formation, composed of marls and clayey limestone;

2) The Filippovian Horizon; and
3) The Irenian Horizon.

A disadvantage of the section is the poor fossil content of the
limey Kamai Formation underlying the Sarana Horizon;
it contains only small benthic foraminifers, bryozoans, and
brachiopods, with taxa unsuitable for age determination.
However, another section of ArtinskianeKungurian boundary
deposits, located near the Mechetlino settlement on the Yur-
yuzan’ River, has a better fossil assemblage both below and
above the boundary interval, and had been selected as
a possible stratotype for the base-Kungurian at the FAD of the
conodont Neostreptognathodus pnevi in bed 19 (Chuvashov
et al., 2002). Subsequent test collections, however, did not
yield any conodonts, nor did sampled volcanic ash beds
provide minerals useful for dating. Therefore a second section
is currently under consideration for the base-Kungurian
GSSP. The Rockland section occurs in the Pequop Mountains
of northeastern Nevada (p. 5 of Permophiles 54; 2009) and
demonstrates the chronomorphocline from N. pequopensis to
N. pnevi; detailed sampling was conducted in July 2010 to
determine the first occurrence.

The Cisuralian is divided into stages based on the FADs of
specific species from three lineages of conodonts. The first,
the base of the Permian, and for that matter the zones of the
Asselian, is based on the widespread occurrence of Strep-
tognathodus species, as is most of the upper Pennsylvanian.
Specimens of the genus become progressively rare and less
widespread after the beginning of the Sakmarian, and are
extinct by the mid-Sakmarian. The Sakmarian will be defined
within a Mesogondolella lineage, and the Artinskian and
Kungurian stages will be based on a lineage of Sweetognathus
and its derived descendant Neostreptognathodus.

24.1.2. The Guadalupian Series: Middle
Permian

The Guadalupian was first proposed by Girty at the turn of the
last century for the spectacular fossils found in the Guadalupe
and Glass Mountains of West Texas. These faunas have been
well documented, and represent an unprecedented display in
an exhumed, well-preserved backreef, reef, and basin facies.
The West Texas depositional basins represent a tropical North
American faunal suite, well removed from the more typical
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tropical Tethyan fauna of Asia and Europe. The Middle
Permian was a time of strong provincialism and presents
some complexities for correlation. The formal establishment
of the Guadalupian and its constituent stages is based on the
evolution of a single genus of conodont, Jinogondolella. The
genus has a limited distribution, though it is common in West
Texas and South China.

24.1.2.1. Roadian

The GSSP for the base of the Roadian Stage, Guadalupian
Series, Middle Permian, is in Stratotype Canyon, Guadalupe
Mountains National Park, Texas, USA (Figure 24.3). The
marker horizon is the first evolutionary appearance of the
conodont Jinogondolella nankingensis from its ancestors
Mesogondolella idahoensis idahoensis and M. idahoensis
lamberti (Mei and Henderson, 2002), at 42.7 m above the
base of the black, thin-bedded limestone of the Cutoff
Formation, and 29 cm below a prominent shale band in the
upper part of the El Centro Member (Glenister et al., 1999).
This member consists of skeletal carbonate mudstone with
one shale bed, deposited in a basinal setting, proximal to the
slope. In terms of magnetostratigraphy, the Cutoff Formation
indicates reversed polarity, and may fall in the Kiaman
reversed superchron. The GSSP of the Roadian Stage was
ratified in 2001.

24.1.2.2. Wordian

The GSSP for the beginning of the Wordian Stage in the
Guadalupian series is located in Guadalupe Pass, Texas;
a short distance from Stratotype Canyon (Figure 24.4). The
marker horizon for this stage is the first evolutionary
appearance of Jinogondolella aserrata from its ancestor
J. nankingensis at 7.6 m above the base of the Getaway Ledge
outcrop section in Guadalupe Pass, Guadalupe Mountains
National Park, Texas, USA. This level is just below the top of
the Getaway Limestone Member of the Cherry Canyon
Formation, a succession of skeletal carbonate mudstone in
a base of slope depositional setting (Glenister et al., 1999).
Like the Roadian sediments in the type area, Wordian Stage
limestone of Guadalupian National Park also displays
reversed polarity. The GSSP of theWordian Stage was ratified
in early 2001.

24.1.2.3. Capitanian

Like the GSSPs for the Roadian and Wordian stages in the
Middle Permian, the GSSP for the Capitanian Stage was also
selected in the Guadalupe National Park (Figure 24.5). The
marker horizon for the Capitanian Stage is the first evolu-
tionary appearance of the conodont Jinogondolella post-
serrata within the lineage J. nankingensis to J. aserrata to
J. postserrata. This level is at 4.5 m in the outcrop section at
Nipple Hill, in the upper Pinery Limestone Member of the

Bell Canyon Formation (Glenister et al., 1999). The GSSP is
in a monotonous succession of pelagic carbonate, represent-
ing a lower slope depositional setting. An ashbed at 37.2 m
below the base of the J. postserrata entry (Bowring et al.,
1998) yields a date of 265.35 � 0.46 Ma (Item P9 in
Appendix 2 of this volume). Some samples in the Pinery
Limestone and overlying Lamar Limestone of the Bell
Canyon Formation display normal polarity, with the first
normal polarity indicative of the approximate position of the
Illawarra reversal occurring below the FAD of J. postserrata
in the Upper Wordian. The GSSP of the Capitanian Stage was
ratified in early 2001.

The abundant and well-preserved conodont faunas of
West Texas show that the genus of Jinogondolella and its
species evolved through short-lived transitional morpho-
types, generally through a mosaic of paedomorphogenesis
(retention of juvenile characters in later growth stages).
The first species of the genus, J. nankingensis, is also the
marker for the Guadalupian and its basal stage, the
Roadian. The species is abundant in West Texas and South
China, but occurs rarely in several other sites (i.e. Cana-
dian Arctic, Pamirs); however, its distribution along the
western coast of Pangea represents a geographic cline from
the tropical Delaware Basin (West Texas) to the upwelling-
influenced Phosphoria Basin (Idaho) to temperate Cana-
dian Arctic and exhibits overlap with several genera,
especially within the Phosphoria Basin where it is abun-
dant, and provides excellent correlation globally (Hender-
son and Mei, 2007).

The Illawarra geomagnetic reversal is an important tie
point for the Guadalupian and proximity to the base of the
Capitanian. The Illawarra reversal is well known from the
lower part of the Tatarian in the Volga region of Russia
(Gialanella et al., 1997). It has also been documented from
Pakistan. Haag and Heller (1991) show that normal polarity
starts at the base of the Wargal Formation in the Nammal
Gorge, Salt Range, which is the base of the Illawarra reversal
(F. Heller, pers. comm; 1998). Peterson and Nairn (1971)
record a reversal in West TexaseNew Mexico that has been
interpreted with additional study by Menning (2000) to occur
just below the upper Pinery Limestone Member of the Bell
Canyon Formation.

The ammonoid genus Waagenoceras has long been
associated with the Guadalupian, and, in particular, the
Wordian, but it also occurs within the Upper Roadian
according to GSSP definitions above. The distribution of the
conodont Jinogondolella, which characterizes the Guadalu-
pian, is common in the tropical zone of South China and West
Texas and the upwelling area of the Phosphoria Basin. Its
rarer appearances around the margin of the Tethyan tropical
zone and temperate zones bordering the Tethys and the
northern margin of Pangea link it to other faunal provinces,
making the Guadalupian an appropriate standard for the
Middle Permian.
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24.1.3. The Lopingian Series: Upper Permian

The Lopingian (Huang, 1932), Dzhulfian (Furnish, 1973),
Transcaucasian, and Yichangian (Waterhouse, 1982) have
been proposed for the uppermost Permian series. Of these, the

Lopingian appears to be the first formally designated series
name to be based on relatively complete marine sequences.
The Lopingian Series comprises two stages: the Wuchiapin-
gian and the Changhsingian. Shen et al. (2010) provided
a high-resolution Lopingian time scale.

FIGURE 24.4 Global boundary and stratotype section (GSSP) for the Wordian Stage of the Guadalupian Series at Getaway Ledge section, Texas,

USA. Holotype of Jinogondolella aserrata; it is 1.0 mm long on the left and 0.9 mm long on the right.
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FIGURE 24.5 Global boundary and stratotype section (GSSP) for the Capitanian Stage of the Guadalupian Series at Nipple Hill, Texas, USA.

Holotype of Jinogondolella postserrata; it is 1.1 mm long.
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The Tatarian of the traditional Volga region of Russia is
mostly a continental deposit and corresponds largely to the
upper Guadalupian; it does not serve as a comprehensive
subdivision of the Upper Permian.

The upper boundary of the Permian (i.e. the base of
the Triassic) in the original type area, the Buntsandstein
of Germany, and in the Urals is non-marine and unsuit-
able for worldwide correlation. The functional definition
for the base of the Triassic was for a long time the
base of the ammonoid Otoceras Zone of the Himalayas
(Griesbach, 1880). The first appearance of the
conodont Hindeodus parvus is more widespread than
Otoceras and provides a precise basis for base-Triassic
(Chapter 25).

24.1.3.1. Wuchiapingian

The boundary between the Guadalupian and Lopingian
series and the base of the Wuchiapingian Stage was histor-
ically designated to coincide with a global regression, i.e.
with the boundary surface between the Middle and the
Upper Absaroka Megasequences. Extensive surveys of
marine sections demonstrate that few sections can be
considered to be continuous across the Guadalupiane
Lopingian boundary. Sections with a complete succession of
open-marine fauna are particularly rare. Guadalupiane
Lopingian boundary successions were reported from Aba-
deh and Jolfa in Central Iran, from southwestern USA, and
the Salt Range. The Laibin Syncline in Guangxi Province,
China, is unique among these sections in that it contains
a complete and inter-regionally correlatable succession of
open-marine conodont zones and other diverse fossils. The
GSSP for the Lopingian Series (Figure 24.6) coincides with
the first occurrence of Clarkina postbitteri postbitteri within
an evolutionary lineage from C. postbitteri hongshuiensis to
C. dukouensis at the base of Bed 6k of the Penglaitan
section. The Tieqiao (Rail-Bridge) section on the western
slope of the syncline is proposed as a supplementary refer-
ence section (Jin et al., 2001). The Wuchiapingian GSSP
was ratified in 2004 (Jin et al., 2006a).

24.1.3.2. Changhsingian

Initially, the GSSP for the Changhsingian Stage was
formally recommended as the horizon between the Clar-
kina orientalis and the Clarkina subcarinata zones, which
was located at the base of Bed 2, the base of the Changxing
Limestone in Section D at Meishan, Changxing County,
Zhejiang Province, China (Zhao et al., 1981). Further
research revealed that the base of the Changhsingian Stage
should be defined within the Clarkina longicuspidatae
Clarkina wangi lineage based on a better understanding of
conodont taxonomy and evolution (Mei et al., 2004). The
GSSP for the Changhsingian (Figure 24.7) at the first
occurrence of C. wangi within Bed 4 in Section D at

Meishan, Changxing County, China was ratified in 2005
(Jin et al., 2006b).

The basal part of the Changxing Limestone, and,
therefore, the boundary interval of the Wuchiapingiane
Changhsingian, is marked by the occurrence of advanced
forms of Palaeofusulina, and the ammonoid families Tapa-
shanitidae and Pseudotirolitidae, which still approximate
the lower Changhsingian in the new definition.

The Dzhulfian and Dorashamian stages of Transcaucasia
correspond respectively, to the Wuchiapingian and Changh-
singian. However, the successions in the basal part of the
Dzhulfian Stage and the top portion of the Dorashamian Stage
are not as well developed in their type areas as corresponding
intervals in the standard succession of South China (Iranian-
Chinese Research Group, 1995).

24.2. REGIONAL CORRELATIONS

24.2.1. Russian Platform

Increased research on the Permian of Russia
(e.g., Chuvashov and Nairn, 1993; Esaulova et al., 1998;
Chuvashov et al., 2002) has led to significant changes from
the traditional stratigraphic scheme for the Russian platform
discussed earlier. The scheme was largely based on the
distribution of ammonoids. For the Lower Permian, i.e.
Cisuralian, the much more common fusulinids and con-
odonts now provide a refined zonation. The traditional
“Upper” Permian units of Russia have much less common
ammonoids, fusulinaceans, and conodonts than the Cisura-
lian, but detailed work has greatly improved biostratigraphic
correlation (Figure 24.8).

The Kungurian is sparsely fossiliferous at best. To
improve its correlation potential, the upper horizon of the
traditional Artinskian, the Saranian, the last unit with a well-
developed, fully marine fauna, was taken as a reliable horizon
for world-wide correlation. Further, the conodont succession
from Neostreptognathodus pequopensis to Neostreptognat-
hodus pnevi was taken as a reliable evolutionary event to
establish a base for the Kungurian (Chuvashov et al., 2002).
This boundary was discussed previously under the Kungurian
of the Cisuralian, and corresponds to a Neostreptognathodus
evolutionary event in the regional stratotype of the Leo-
nardian, which indicates that the newly revised Kungurian
and the Leonardian are nearly equivalent.

The Ufimian has been abandoned by the All Russian
Stratigraphic Commission because it represents terrestrial and
marginal-marine facies of the upper Kungurian (the Irenian,
lower Ufimian) and the lower Kazanian (the Sokian, upper
Ufimian). However, there is no known section that shows
Sokian (lower Kazanian) lying on Irenian (upper Kungurian),
so problems still exist in interpreting this boundary interval.

The Tatarian, basically a series of stacked soils in its type
area, is difficult to correlate. It does contain the Illawarra
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(C) (D)

FIGURE 24.6 Global boundary and stratotype section (GSSP) for the Wuchiapingian Stage of the Permian System at Penglaitan section, southern China.

Holotype of Clarkina postbitteri postbitteri; it is 1 mm long.
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FIGURE 24.7 Global boundary and stratotype section (GSSP) for the Changhsingian Stage of the Permian System at Meishan section D, Zhejiang Province,

China. Holotype of Clarkina wangi; it is approx. 1 mm long.
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FIGURE 24.8 Permian time scale and magnetic polarity, conodont, fusulinacean, ammonoid, and general transgressiveeregressive sequences.

Magnetic polarity scale compiled from Irving (1963), Khramov, (1963), Peterson and Nairn (1971), Khramov and Davydov (1984), Steiner (1988), Haag and

Heller (1991), Heller et al. (1995), Opdyke and Channell (1996), and Opdyke et al., (2000).
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geomagnetic reversal in its lower part, which ties that part to
the uppermost Wordian. The age of the youngest Tatarian is
an open question. Sequence stratigraphy suggests that the
upper Tatarian and Capitanian are roughly equivalent, but the
Tatarian top may be a little younger. There is a sharp
changeover in fossil taxa at the Tatarian Vetluzhian boundary
suggesting a significant unconformity (Figure 24.1).

24.2.2. Germanic Basin

The Germanic Basin is only briefly dealt with here. Zechstein
1 (Figures 24.1 and 24.8) contains a fairly diverse marine
microfauna that includes the conodonts Mesogondolella bri-
tannica and Merrillina divergens. This assemblage occurs
above the Illawarra reversal, which is within the upper part of
the Rotliegendes. Both tie Zechstein 1 to the early Wuchia-
pingian (Mei and Henderson, 2001). How much time is
reflected in the remaining Zechstein units is unknown; the
evaporites could represent very short depositional intervals
between long hiatuses, or a very short interval similar to that
of the Ochoan of west Texas.

24.2.3. Pamirs

The fusulinaceans and, to a lesser extent, the ammonoids are
well known from the Pamirs (Figure 24.8). The fusulinacean
zonation serves as the standard for the shallow-water Permian
of the Tethyan. Conodonts indicate correlation potential, and
require major investigation.

24.2.4. Salt Range

The Salt Range (Figure 24.1) does not serve as a regional
standard, but has inter-bedded temperate and Tethyan
fauna. Of major importance are the overlapping of ranges
of Merrillina praedivergens, Neoschwagerina margaritae,
and the Illawarra reversal within the lower part of the
Wargal Limestone, below a significant unconformity within
that formation, indicating that all are at least part upper
Wordian and Capitanian. Above the unconformity occur
common Iranognathus and a succession of Clarkina
species.

24.2.5. South China

The regional stages developed for South China (Figure 24.1)
are very much defined by their fossil constituents. From
Sheng and Jin (1994) the following can be discerned:

Zisongianeis based on the fusulinid Pseudoschwagerina
uddenieP. texana Zone and the Sphaeroschwagerina Zone.

Longlinian e is based on the biostratigraphic sequence
between the last Pseudoschwagerina and the first Misellina
(not an easy concept to establish as a stage). The Zisongian and
Longlinian are collectively referred to as the Chuanshanian

Series and are approximately equal to the Asselian and Sak-
marian (Figure 24.1).

Luodianian e is based on the fusulinid Misellina Zone.
Xiangboan e is based on the fusulinid Cancellina Zone.

The Luodianian and Xiangboan are collectively referred to
the Chihsian Series; the base of the Chihsian as discussed in
many papers is diachronous, but nearly approximates the
base-Artinskian (Figure 24.1).

Kuhfengian e is based on the first occurrence of the
conodont Jinogondolella nankingensis (the same definition of
the Roadian), but in many areas of South China the local first
occurrence of J. nankingensis is almost certainly younger
(upper Roadian) than the FAD in west Texas. The Kuhfengian
also includes the range of J. aserrata.

Lengwuan e includes the ranges of the conodonts Jino-
gondolella shannoni and J. xuanhanensis and is based on the
first occurrence of J. postserrata (the same definition of the
Capitanian). The Kuhfengian and Lengwuan are collectively
referred to the Maokovian (Figure 24.1) and are equivalent to
the Guadalupian.

Wuchiapingian e is based on the first occurrence of the
conodont species Clarkina postbitteri postbitteri, just above
the origin of this genus.

Changhsingian e is based on the first occurrence of the
conodont Clarkina wangi near the base of the Changxing
Limestone.

Both the Wuchiapingian and Changhsingian definitions
have been modified, voted, and ratified as GSSPs and are
dealt with under the Lopingian (Upper Permian).

24.2.6. West Texas

Both the Wolfcampian and Ochoan (Figure 24.1), the
former based on a sequence of delta front conglomerate,
sandstone, and siltstone, and the latter based on basin-
filling evaporites, pose problems for correlation. Conodonts
from scattered units in the Wolfcampian suggest that the
top bed of the Grey Limestone Member of the Gaptank
Formation contains Streptognathodus isolatus Zone con-
odonts and, therefore, signifies the base of the Permian. The
overlying Neal Ranch Formation has conodonts and fusu-
linaceans in scattered limestones, and contains Streptog-
nathodus isolatus and S. barskovi (Wardlaw and Davydov,
2000). The upper part of the Neal Ranch Formation and the
lower part of the overlying Lenox Hills Formation yield
only sparse fauna. Sweetognathus whitei is present along
with common fusulinaceans in the upper part of the Lenox
Hills Formation. The Skinner Ranch and Cathedral Moun-
tain formations (Leonardian) yield an abundance of fauna.
In the base of the Skinner Ranch Formation, below the first
occurrence of common Neostreptognathodus “exsculptus”
is a sparse fauna of N. pequopensis, which correlates with
the Upper Artinskian. Similarly, the Road Canyon and
Word formations yield abundant and diverse fauna. Slope
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and basinal equivalents of the Vidrio Formation and
Capitan Limestone also yield excellent microfossil
assemblages.

Recent studies have documented conodonts and radio-
larians in the Reef Trail Member of the Bell Canyon
Formation that indicate proximity to the Guadalupiane
Lopingian boundary (Lambert et al., 2010; Maldonado and
Noble, 2010). In the Tansill Formation (the shelf equivalent
of the Lamar Limestone Member of the Bell Canyon
Formation), there is a sparse fauna dominated by a species
of Sweetina (Croft, 1978). Virtually the same species is
found overlying the evaporites of the Ochoan stage, within
the Rustler Formation (above the Castille and Salado
formations), implying that the deposition of the basin-
filling evaporites occurred in much less than one conodont
zone.

24.3. PERMIAN STRATIGRAPHY

24.3.1. Biostratigraphy

24.3.1.1. Conodont Zonation

Since conodont biostratigraphy is critical to the standard
Permian stratigraphy, it is briefly reviewed here. The species
listed in Figure 24.8 are arranged according to first appear-
ance; zone boundaries are not included to reflect that some
taxa range through more than one zone.

The Lower Permian (Cisuralian Series) conodont
zonation is derived from a variety of published and
unpublished sources. The Asselian and Lower Sakmarian
zonation, based on the succession of Streptognathodus
species, is from Chernykh et al. (1997), Boardman et al.
(1998), and Wardlaw et al. (1999) as well as two books by
Valeri Chernykh published in Russian (Chernykh, 2005,
2006). This succession is well represented in Kansas and
the southern Ural Mountains of Russia. The Sakmarian
succession is based on a lineage of Sweetognathus and
Mesogondolella species; the latter is best known in the
Urals of Russia (Chernykh, 2005, 2006), but is also being
found in other areas now.

The Artinskian zonation is based on species of Sweet-
ognathus and Neostreptognathodus and reflects the major
changeover in the forms dominating shelf fauna during this
interval. It is largely based on material from the southern
Urals (Chernykh, 2005, 2006).

The Kungurian zonation is based on the succession of
Neostreptognathodus species modified from Wardlaw and
Grant (1987) from West Texas, USA.

The Middle Permian (Guadalupian Series) conodont
zonation is from Wardlaw and Lambert (1999) and Wardlaw
(2000), except that the rapid succession of upper Guadalupian
Jinogondolella (altudaensis, prexuanhanensis, and xuanha-
nensis) are all overlapped by J. altudaensis and considered as

subzone indicators of that zone. This succession is well
represented in West Texas and South China.

The Upper Permian (Lopingian Series) conodont zona-
tion of successive Clarkina species from Mei et al. (1994,
1998), as modified by Wardlaw and Mei (1998), reflects the
compromise (Henderson et al., 2001) for definition of the
base-Lopingian using redefined C. postbitteri hon-
gshuiensis and C. postbitteri postbitteri (Henderson et al.,
2002). Also, even though the classic definition of the
Changhsingian was the first appearance of C. subcarinata,
a dramatic changeover in fauna occurs within Bed 4 in the
Changxing Limestone from one dominated by C. orientalis
and C. longicuspidata (Wuchiapingian) to one dominated
by C. wangi (Mei et al., 2001), which marks a boundary
closer to the base of the formation and more acceptable to
non-conodont workers. This succession is well represented
in both South China and the Dzhulfa area of Iran and
Transcaucasia.

24.3.1.2. Fusulinacean Zones

The species shown in Figure 24.8 are listed as close as
possible to their point of origin. Zone boundaries are not
defined because it is not possible in many cases to precisely
correlate them with the conodont zonation. Significant turn-
overs occur in the Kungurian (from schwagerinids to neo-
schwagerinids) and in the Upper Capitanian (loss of large
fusulinaceans). In the southern Urals, sequence boundaries
coincide with the bases of several fusulinacean zones.
Eustatic lowstands correspond to significant fusulinacean
extinction events. The base of the Asselian (i.e. the base of the
Permian), and the base of the Sakmarian coincide with low-
stands, and some fusulinacean zones coincide with high-
stands. Therefore, fusulinacean speciation appears to be
associated with both highstands and lowstands. Sea-level
lowstands may have been very stressful for global fusulina-
cean assemblages, and may have been a catalyst for both
speciation and extinction. Highstands also may have created
environmental opportunities and appear to be more closely
associated with fusulinacean speciation than extinction.
Sequence boundaries located within fusulinacean zones
perhaps reflect local tectonism or local climatic changes.

24.3.2. Physical Stratigraphy

24.3.2.1. The Illawarra Geomagnetic Polarity
Reversal

As mentioned earlier, the Illawarra geomagnetic reversal
(Figure 24.1) is an important tie point for the Guadalupian
Series and proximity to the base of the Capitanian Stage. The
reversal is near the top of the J. aserrata Zone in West Texas
and near the top of the M. praedivergens Zone in the Salt
Range.

669Chapter | 24 The Permian Period



In the Guadalupe Mountains, a tuff near the projected
position of the Illawarra, within the top of the range of
J. aserrata, just below the first occurrence of J. postserrata,
the indicator for the Capitanian, yields a date of 265.35� 0.46
Ma (Item P9 in Appendix 2 of this volume), but this date may
be too young due to Pb-loss in zircons unmitigated by physical
abrasion methods, and is awaiting reanalysis.

24.3.2.2. Geochemistry

The seawater 87Sr/86Sr curve (Figure 24.9) indicates that
a minimum value for all of Phanerozoic time occurred during
the Capitanian. The driving mechanism of the Late Permian
variations appears to have been climate change rather than
tectonic; Pangea was assembled and fairly stable through this
interval with little mid-ocean ridge activity that would nor-
mally produce a decrease in the isotopic values. The period of
decreasing seawater 87Sr/86Sr for the EarlyeMiddle Permian
begins with a waning ice age, and continues in association
with high continental aridity and low external runoff attrib-
uted to the huge Pangean landmass. The increase in the

isotopic values during the Late Permian and Early Triassic
may be related to increased continental weathering by climate
changes associated with volcanism from E-Meishan and
Siberian Traps volcanism (Algeo et al., 2012). The Asselian
is marked by high-frequency cyclothems associated with
glacial eustasy, and this is consistent with higher values in
oxygen isotopes indicating cooler temperature. A fluctuating
trend around a mean d18O value of �2& begins in the mid-
Sakmarian and continues through much of the remaining
Permian indicating an overall warmer climate following
glaciation. Though not apparent in the oxygen-18 curve, there
is faunal evidence for significant cooling after the early
Roadian in the Sverdrup Basin continuing for most of the rest
of the Permian (Henderson, 2002) and cooling in the Cap-
itanian in the Salt Range, indicating bipolarity in cooling
during much of the Middle Permian. There is considerable
evidence for a runaway greenhouse and significant increase in
temperatures in the latest Permian and Early Triassic.

Marine extinctions began in a step-wise function
following the Guadalupian. This suggests significant temp-
erature fluctuations and the beginning of mass extinction
coincided with the increase in 87Sr/86Sr. This further
suggests an amelioration of the climate, leading to a
decrease in continentality, an increase in precipitation, and
an overall declining sea level in the Upper Permian, with
more area exposed to erosional processes.

There are many excursions in the global carbon cycle that
overall shows a negative trend, but include significant
positive excursions in the Sakmarian, Roadian and early
Changhsingian and significant negative excursions in the
Kungurian, early Wuchiapingian and the most significant
negative carbon excursion just below the PermianeTriassic
boundary. The latter excursion is related to the final
extinction event of the Permian indicating a sharp decrease
in productivity and burial of organic carbon at the very end
of the Permian. Although there is still some uncertainty
associated with the causes leading to Earth’s greatest
extinction (Erwin, 1993, 1995), there is a general consensus
emerging that it is associated with effects related to Siberian
Traps volcanism.

24.4. PERMIAN TIME SCALE

24.4.1. Radiometric Age Dates

Although precise age constraints are in place for the base and
top of the Permian, the Permian time scale is among the least
internally constrained in the Phanerozoic. Most of the current
precise radiometric dates are available for the lower and
upper parts of the Permian, but few for the Middle Permian.
Many stratigraphically precise and analytically accurate
radiometric dates have been acquired for GTS2012, and new
high-temperature annealing techniques and interlaboratory
correlation are leading to very precise results. As a result,

FIGURE 24.9 Geochemical trends during the Permian Period. The sche-

matic carbon isotope curve is a composite of two segments. The first is from

Buggisch et al. (2011) for the Upper Carboniferous to mid-Capitanian based

on the Naqing slope to basinal carbonate succession in South China

(Kungurian-Roadian boundary has been shifted down to about 560 meters

based correlation with the Murgabian). The second is from Shen et al. (2010)

based on South China sections of Late Capitanian to Early Triassic age. The

schematic 87Sr/86Sr curve is also based on two sets of data including Schmitz

et al. (2009) for the Upper Carboniferous through Artinskian with a projec-

tion into the Kungurian and Early Guadalupian and Korte et al. (2003) for the

Late Permian to Early Triassic. The schematic oxygen isotope curve (inverted

scale) is derived from Korte et al. (2008). Large-scale global shifts to higher

oxygen-18 values in carbonates are generally interpreted as cooler seawater

or glacial episodes, but there are many other contributing factors (e.g., Veizer

et al., 1999; Wallman, 2001).
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many age dates presented in GTS2004 are now considered
inaccurate. Furthermore, the intra-Permian scale is still
heavily dependent on relative zonal scaling and is approxi-
mate at best. Recent research in the Urals has produced
numerous new dates within the Asselian to Early Artinskian
interval that has changed stage boundaries significantly from
GTS2004 (Schmitz and Davydov, 2011; see Chapter 23).

Below, we discuss current additions to the Permian
radiometric database; all age dates are listed with internal (lab
based) uncertainties at the 95% level. The complete radio-
metric data set for the Permian Period used for GTS2012 is in
Appendix 2 of this volume.

Ramezani et al. (2003) collected volcanic ash beds
within mideramp carbonate as well as offshore mixed car-
bonateesiliciclastic successions in three southern Urals
sections: Usolka, Dal’ny Tulkus road cut, and Dal’ny Tulkus
quarry. One ash layer in the Usolka section is 0.6 m above the
CarboniferousePermian boundary. It contains numerous
zircons and the conodont Streptognathodus isolatus e the
index species for the base of the Permian. Preliminary results
from TIMS analyses of the U-Pb ratios in zircons from this
ash, and others stratigraphically just above and below the
CarboniferousePermian boundary, suggest an age of 299 Ma
for the boundary, to which an uncertainty of 1 myr was
assigned. Ramezani et al. (2007) reported four U-Pb zircon
ages at the Usolka section that bracket the Carboniferouse
Permian boundary (299.22� 0.13 Ma and 298.49� 0.13 Ma)
placing the boundary at 298.7 � 0.15 Ma. Three ash beds
from Usolka constrain the AsselianeSakmarian boundary at
295.0 � 0.18 Ma, and three ash beds at Dal’ny Tulkas
constrain the SakmarianeArtinskian boundary at 290.0 �
0.26 Ma (see Appendix 2). These boundaries are respectively
0.4 myr and 5.6 myr older than reported in GTS2004.
Continuing paleontologic and geochronologic studies in the
southern Urals provide an even more robust data set for
precise calibration of the Upper Carboniferous through the
Cisuralian interval of the time scale (e.g., Schmitz and
Davydov, 2011).

Bowring et al. (1998) discussed several important TIMS
dates, of which a few are well constrained within the proposed
stratotypes for the Middle and Late Permian. In particular, an
age of 265.3 � 0.2 Ma from just below the ratified GSSP for
the base of the Capitanian in the lower unit of the Bell Canyon
Formation below the Pinery Limestone Member nearly
coincides with the estimated age of 265 Ma by Menning
(1995) for the Illawarra reversal, although it is possible that
Pb-loss might mean that this age is too young. Menning (in
Glenister et al., 1999) places the Illawarra reversal within this
important section between the isotopically-dated horizon and
the conodont-defined base of the Capitanian. The Illawarra is
suggested to date near 266 Ma in Figure 24.1.

Bowring et al. (1998) reported several TIMS dates from
the Meishan section in China, including the lower boundary
of the Changhsingian Stage. A date of 253.4 � 0.2 Ma was

derived from Bed 7, above the first occurrence of Clarkina
wangi (top of Bed 4) and immediately below the first
occurrence of Clarkina subcarinata (sensu strictu) (Bed 8).
Mundil et al. (2001, 2004) discussed several important
TIMS dates, of which several are well constrained within the
proposed stratotypes for the Late Permian. Controversy
regarding estimates of the timing and tempo of the
PermoeTriassic extinction at the time of compilation of
GTS2004 has been largely resolved through the application
of the chemical abrasion method to zircons from ash beds in
the Meishan and Shangsi sections of south China. New and
revised dates reported in Shen et al. (2010) from Meishan
and Shangsi sections that bracket the wangi Zone and the
base of the Changhsingian Stage indicate an age of 254.2 �
0.07 Ma.

Computation of the age of the PermianeTriassic
boundary in GTS2004 was based on two series of consec-
utive TIMS age dates of Bowring et al. (1998) at the GSSP
sections at Meishan and a correlative locality near Heshan in
China, The final estimate for the age of the boundary at that
time was reported at 251.0 � 0.2 Ma. New dates reported in
Shen et al. (2010), together with some recently released,
indicate that the PTB is now dated to 252.17 � 0.06 Ma
(Shen et al., 2011).

24.4.2. Permian Composite Standard

In order to integrate and calibrate zonal successions of fora-
minifers, conodonts, and ammonoids, and to construct
a Permian composite biostratigraphic scale, composite stan-
dard techniques were undertaken using CONOP-9. The
composite standard technique was applied to a joint
CarboniferousePermian data set that is discussed in Section
23.3.3 of Chapter 23, and included here, in part, as Table 24.1
and Figure 24.10. Stability and resolution of the composite
will increase with more TIMS-type radiometric dates; at least
one or two per stage is a desirable goal.

With the base of the Permian near 299 Ma, at the base of
the S. isolatus conodont zone, and the top of the Permian,
at the base of the parvus conodont zone near 252 Ma, the
Permian lasted about 47 myr. The Artinskian and Kungur-
ian are the longest stages, and the Changhsingian is the
shortest stage (Table 24.2). Permian conodont zones appear
to range in duration from 0.35 myr in the Changhsingian to
3.5 myr in the Roadian and Wordian, with many around
1 myr.

24.4.3. Age of Stage Boundaries

In the final analysis for the age of the stage boundaries and
stage durations in the Permian (and Carboniferous) periods,
the chronometric and stratigraphic ages of the radiogenic
isotope dates of Appendix 2 of this volume were subjected to
a cubic spline fit. The method is described in Chapter 14,
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TABLE 24.1 Listing of the Composite Standard Values of the Zones and of the Incorporated Ash Beds with their Radiometric

Age Dates, with 95% Confidence Limits and External Error Estimates

Stage Conodont Zone Base

Age in Ma with 95%

C.L. and l error Composite Level

Triassic Hindeodus parvus

Triassic Base Triassic at 252.2 � 0.5 2656.73

Changhsingian 252.5 � 0.42 2658.97

Changhsingian Clarkina zhejiangensise
C. meishanensis

2650.18

Changhsingian Clarkina deflectaeyini 2642.84

Changhsingian Clarkina changxingensis 2634.36

Changhsingian 253.24 � 0.46 2627.25

Changhsingian Clarkina subcarinata 2624.21

Changhsingian 253.7 � 0.46 2616.07

Changhsingian Clarkina wangi 2610.63

Wuchiapingian Clarkina longicuspidata 2602.74

Wuchiapingian Clarkina orientalis 2589.19

Wuchiapingian Clarkina transcaucasica 2568.28

Wuchiapingian 257.3 � 0.51 2560.59

Wuchiapingian Clarkina guangyuanensis 2557.66

Wuchiapingian Clarkina leveni 2548.11

Wuchiapingian Clarkina asymmetrica 2536.38

Wuchiapingian Clarkina dukouensis 2527.15

Wuchiapingian Clarkina postbitteri
postbitteri

2515.97

Capitanian Jinogondolella granti 2500.23

Capitanian Jinogondolella
xuanhanensis

2484.46

Capitanian Jinogondolella
prexuanhanensis

2471.35

Capitanian Jinogondolella altudaensis 2453.61

Capitanian Jinogondolella shannoni 2446.09

Capitanian Jinogondolella postserrata 2438.82

265.35 � 0.46 2435.07

Woardian Jinogondolella aserrata 2393.78

Roadian Jinogondolella nankingensis 2354.18

Kungurian Neostreptognathodus prayi 2318.76

Kungurian Neostreptognathodus pnevi 2277.23

Artinskian Neostreptognathodus
pequopensis

2247.87

Artinskian Sweetognathus clarki 2222.49

Artinskian 288.21 � 0.34 2518.44
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TABLE 24.1 Listing of the Composite Standard Values of the Zones and of the Incorporated Ash Beds with their Radiometric

Age Dates, with 95% Confidence Limits and External Error Estimatesdcont’d

Stage Conodont Zone Base

Age in Ma with 95%

C.L. and l error Composite Level

Artinskian 288.36 � 0.35 2513.92

Artinskian Sweetognathus whitei 2141.53

Sakmarian 290.5 � 0.35 2138.88

Sakmarian 290.81 � 0.36 2133.26

Sakmarian 291.50 � 0.36 2104.31

Sakmarian Sweetognathus anceps 2045.88

Sakmarian Sweetognathus binodosus 2028.15

Sakmarian Sweetognathus merrilli 1987.05

Asselian Streptognathodus postfusus
eMeso. pseudostriata
eMeso. striata

1963.27

Asselian 296.69 � 0.37 1956.62

Asselian Streptognathodus fususe
Mesogondolella simulata

1951.14

Asselian Streptognathodus
constrictuse
Mesogondolella
belladontae

1940.86

Asselian 298.05 � 0.56 1931.16

Asselian Streptognathodus
sigmoidaliseStrep.
cristellaris

1929.93

Asselian 298.49 � 0.37 1921.55

Asselian Streptognathodus isolatus 1915.96

Gzhelian 299.22 � 0.37 1912.24

Gzhelian Streptognathodus
wabaunsensiseSt. fissus

1897.67

Gzhelian 300.22 � 0.37 1889.68

Gzhelian Streptognathodus simplexe
Streptognathodus bellus

1878.96

Gzhelian 301.29 � 0.36 1876.25

Gzhelian 301.82 � 0.36 1873.47

Gzhelian Streptognathodus virgilicus 1862.09

Gzhelian Streptognathodus vitali 1850.17

Gzhelian 303.1 � 0.36 1842.09

Gzhelian Streptognathodus simulator 1838.22

Kasimovian 303.54 � 0.39 1837.87

Kasimovian Streptognathodus
praenuntius

1833.48

Kasimovian 304.42 � 0.36 1830.75
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based on the approach used in GTS2004. Composite standard
values are those before linear rescaling (Table 24.1). Points
were weighted according to the procedure given in Chapter
14, taking external radiometric errors into account for the
stage boundary age estimates. A smoothing factor of 1.2 was
calculated by cross-validation.

As mentioned above, analysis of new bentonite samples
from DevonianeCarboniferous transition sections provides
a revised age estimate for the DevonianeCarboniferous
boundary and base of the Tournaisian Stage: 358.9 � 0.4 Ma.
This estimate anchors the lower end of the cubic spline; the
anchor for the upper end of the spline is the age of the Permiane
Triassic boundary at 252.2� 0.5 (see also Chapters 23 and 25).

All of the 46 points passed the chi-squared goodness-of-fit
test at a significance level of p<0.01. The resulting spline (see
Figure 23.10 in Chapter 23 on the Carboniferous Period) is
fairly linear through the Carboniferous, apart from a slight
increase in the duration of scaling zones (decreased turnover
rate) in the Bashkirian.

Interpolated stage boundary ages with their error bars and
durations are given in Tables 24.2 and 24.3. The lower
boundary ages for the Kungurian and Roadian, when
computed through the linear regression fit described earlier
in this chapter (Section 24.4.1), differ substantially from the

ages computed with the cubic spline, and less so for the
Wordian. This is no surprise, given the absence of Middle
Permian radiometric dates. The other regression ages are
either well within or just outside the error estimate for the
cubic spline age of the Permian stage boundaries. The
discrepancies will decrease with a more detailed and more
stable composite standard and more suitable radiometric
ages.

The base-Permian and base-Asselian interpolate at 298.9
� 0.2 Ma. Asselian lasted from 298.9 � 0.2 to 295.5 � 0.4
Ma, for a duration of 3.4 � 0.1 myr. Sakmarian lasted 5.5 �
0.1 myr, from 295.5 � 0.4 to 290.1 � 0.2 Ma (durations
calculated from 2-decimal values). The Artinskian Stage
spanned 290.1� 0.2 to 279.3� 0.6 Ma for a duration of 10.8
� 0.2 myr, thus being the longest ranging in the Permian
Period. Kungurian lasted for 7 � 0.1 myr, from 279.3 � 0.6
to 272.3 � 0.5 Ma. The Roadian Stage started at 272.3 � 0.5
Ma and ended at 268.8 � 0.5 Ma, lasting 3.5 � 0.1 myr.
Wordian ran from 268.8 � 0.5 to 265.1 � 0.4 Ma for 3.7 �
0.1 myr, and Capitanian from 265.1 � 0.4 to 259.8 � 0.4 Ma
for 5.3� 0.2 myr. Wuchiapingian lasted 5.6 � 0.8 myr, from
259.8 � 0.4 Ma to 254.2 � 0.3 Ma, and Changhsingian
started at 254.2� 0.3 Ma and ended at the PermianeTriassic
boundary at 252.2� 0.5 Ma. The Changhsingian Stage is the

FIGURE 24.10 Construction of the Permian time scale composite. Radiometric age dates for the Permian in Appendix 2 are plotted against the relative

zonal scale. For details see text.
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TABLE 24.2 Geochronology of the Carboniferous and Permian Periods

Stage Base

GTS2012 Linear Regression GTS2004

Scale Ma 2-Sigma Duration 2-Sigma Ma Ma

Changhsingian 2610.63 254.2 0.3 2.0 . 254.2 253.8

Wuchiapingian 2515.97 259.8 0.4 5.6 0.2 260.0 260.4

Capitanian 2438.82 265.1 0.4 5.3 0.2 265.0 265.8

Wordian 2393.78 268.8 0.5 3.7 0.1 270.0 268.0

Roadian 2354.18 272.3 0.5 3.5 0.1 275.0 270.6

Kungurian 2277.23 279.3 0.6 7.0 0.1 282.0 275.6

Artinskian 2141.53 290.1 0.2 10.7 0.2 290.0 284.4

Sakmarian 1987.05 295.5 0.4 5.5 0.1 295.0 294.6

Asselian 1915.96 298.9 0.2 3.4 0.1 298.7 299.0

Gzhelian 1838.22 303.7 0.1 4.8 0.1 303.4 303.9

Kasimovian 1796.11 307.0 0.2 3.3 0.1 306.7 306.5

Moscovian 1715.12 315.2 0.2 8.2 0.1 314.6 311.6

Bashkirian 1607.79 323.2 0.4 8.0 0.2 322.8 318.1

Serpukhovian 1445.34 330.9 0.3 7.7 0.2 330.0 326.4

Visean 1187.23 346.7 0.4 15.8 0.2 346.0 345.3

Tournaisian 991.64 358.9 0.4 12.2 0.2 358.9 359.2

The age of the stage boundaries, the duration of the stages and the 95% confidence limits are derived from cubic spline interpolation shown in Figure 23.10.
Composite standard values of stage boundaries are also listed. Error estimates on stage boundary ages use the external errors on radiometric ages in Appendix 2, and
the internal (laboratory) errors on stage durations. All durations calculated from 2-decimal values. To the right are columns with the GTS2004 age of the stage
boundaries and stage boundary ages using linear regression on the composite standard of Figure 24.10.

TABLE 24.3 Geochronology of the Permian Period

Period Epoch Stage Age of Base (Ma) Est. � Ma (2-Sigma) Duration (myr) Est. � myr (2-Sigma)

Triassic Induan (top of Permian) 252.20 0.5

Permian

Lopingian

Changhsingian 254.2 0.3 2.0

Wuchiapingian 259.8 0.4 5.6 0.2

Guadalupian

Capitanian 265.1 0.4 5.3 0.2

Wordian 268.8 0.5 3.7 0.1

Roadian 272.3 0.5 3.5 0.1

Cisuralian

Kungurian 279.3 0.6 7.0 0.1

Artinskian 290.1 0.2 10.7 0.2

Sakmarian 295.5 0.4 5.5 0.1

Asselian (base of Permian) 298.9 0.2 3.4 0.1

Carboniferous
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Stage GSSP Location Latitude, Longitude Boundary Level Correlation Events Reference

Changhsingian Meishan, Zhejiang
Province, China

31� 405500N
119�42022.900E

Base of Bed 4a-2, 88 cm
above the base of the
Changxing Limestone at the
Meishan D Section

Conodont FAD Clarkina
wangi

Episodes 29/3,
2006

Wuchiapingian Penglaitan, Guangxi
Province, South China

23�41004300N
109�19001600E

Base of Bed 6k in the
Penglaitan Section

Conodont FAD Clarkina
postbitteri postbitteri

Episodes 29/4,
2006

Capitanian Nipple Hill, SE Guadalupe
Mountains, Texas, USA

31�54032.800N
104�47021.100W

4.5m above the base of the
outcrop section of the
Pinery Limestone Member
of the Bell Canyon
Formation

Conodont FAD
Jinogondolella postserrata

Wordian Guadalupe Pass,
Texas, USA

31�51056.900N
104�49058.100W

7.6m above the base of the
Getaway Ledge outcrop
section of the Getaway
Limestone Member of the
Cherry Canyon Formation

Conodont FAD
Jinogondolella aserrata

Roadian Stratotype Canyon,
Texas, USA

31�52036.100N
104�52036.500W

42.7m above the base of the
Cutoff Formation

Conodont FAD
Jinogondolella nankingensis

Kungurian Candidates are in southern
Ural Mtns., Russia, or
Pequop Mtns., Nevada

Near FAD of conodont
Neostreptognathus pnevi

Artinskian Candidates are in southern
Ural Mtns.

FAD of conodont
Sweetognathus whitei

Sakmarian Candidates are
Kondurovsky
or Usolka section, Russia.

Near FAD of conodont
Sweetognathus merrilli or
Mesogondolella uralensis

Asselian (base Permian) Aidaralash Creek,
Kazakhstan

50�1404500N
57�53’29"E*

27m above the base of Bed
19, Aidaralash Creek

Conodont FAD
Streptognathodus isolatus

Episodes 21/1, 1998

**derived from map

*according to Google Earth

6
7
6

T
h
e
G
eo

lo
gic

Tim
e
Scale

2
0
1
2



shortest stage in the Permian with just 2 myr duration, and it
is one of the shortest in the Phanerozoic. The Cisuralian
Epoch or Early Permian stretches between 298.9 and 272.3
Ma, and has a duration of 26.6 myr. Guadalupian started at
272.3 Ma and its upper boundary has an age of 259.8 Ma, it
being 12.5 myr long. The upper epoch of the Permian, the
Lopingian, started at 259.8 Ma to the base Triassic at 252.2
Ma, thus lasting 7.6 myr. The total duration of the Permian
Period is 46.7 myr, from 298.9 to 252.2 Ma.

The geochronologic scale for the Permian differs
substantially from that in GTS2004 for the lower boundary
ages of Artinskian, Kungurian and Roadian; and less so for
the other six stages. Nevertheless, the latter changes are
outside the GTS2004 error limits. Particularly for the
Middle Permian there is an urgent need for stratigraphically
meaningful radiometric information.
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J.G. Ogg Chapter 25

Triassic

Abstract: The Triassic is bound by two mass extinctions that
coincide with vast outpourings of volcanic flood basalts. The
Mesozoic begins with a gradual recovery of plant and animal
life after the end-Permian mass extinction. Conodonts and
ammonoids are the main correlation tools for marine deposits.
The Pangea supercontinent has no known glacial episodes
during the Triassic, but the modulation of its monsoonal

climate by Milankovitch cycles left sedimentary signatures
useful for high-resolution scaling. Dinosaurs begin to domi-
nate the terrestrial ecosystems in latest Triassic. In contrast to
the rapid evolution and pronounced environmental changes
that characterize the Early Triassic through Carnian, the
Norian-Rhaetian of the Late Triassic was an unusually long
interval of stability in Earth history.
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Our understanding of the Triassic underwent a revolution
after 2002. Collaborations among geochemists, paleomag-
netists, paleontologists and other stratigraphers have
concentrated on its exciting boundary intervals, but have
also enabled compilation of a comparatively detailed bio-
mag-geochem-cyclostratigraphy scale for much of the
Triassic. Abundant high-precision radio-isotopic dates,
coupled with enhanced methods for global correlation and
detailed compilations of geochemical oscillations, have
revealed a startling inequality in duration of Triassic subdi-
visions and pace of evolutionary and environmental change.
The Norian of Late Triassic apparently spans nearly three
times the duration of the entire Early Triassic (Induan and
Olenekian). The early half of that brief Early Triassic has
been revealed as a brief interval of pronounced environmental
stress and extraordinarily rapid evolutionary turnover.

This knowledge and the inevitable new questions and
debates have been partially summarized in review articles and
special volumes. In particular, the book The Triassic Timescale
(Lucas, 2010a) contains separate papers on every main strati-
graphic topic (e.g., history and status of chronostratigraphy,
biostratigraphy of different marine and terrestrial groups,
magnetic polarity time scale, radio-isotopic age database, etc.).

25.1. HISTORY AND SUBDIVISIONS

The Trias of Friedrich August von Alberti (1834) united
a trio of formations widespread in southern Germany e
a lower Buntsandstein (“colored sandstone”), Muschelkalk
(“clam limestone”) and an upper Keuper (non-marine reddish
beds). These continental and shallow-marine formations
were difficult to correlate beyond Germany and therefore
most of the traditional stages (Anisian, Ladinian, Carnian,
Norian, Rhaetian) were named from ammonoid-rich
successions of the Northern Calcareous Alps of Austria.
However, the stratigraphy of these Austrian tectonic slices
proved unsuitable for establishing formal boundary strato-
types, or even deducing the sequential order of the stages
(Tozer, 1984). For example, the Norian was originally
considered to underlie the Carnian stage, but after a convo-
luted scientificepolitical debate (reviewed in Tozer, 1984),
the Norian was established as the younger stage. Over 50
different stage names have been proposed for subdividing the
Triassic (tabulated in Tozer, 1984).

The Subcommission on Triassic Stratigraphy (Interna-
tional Commission on Stratigraphy) adopted seven standard
Triassic stages in 1991 (Visscher, 1992); but the general lack
of unambiguous historical precedents for placement of
Triassic stage boundaries slowed the establishment of formal
GSSPs (Figure 25.1). European stratigraphers commonly use
substages with geographic names, whereas North American
stratigraphers prefer a generic lower/middle/upper nomen-
clature (e.g., Fassanian substage versus Lower Ladinian).

Details of the history, definitions and correlation of
Triassic subdivisions include the Albertiana newsletters and
annual reports of the Subcommission on Triassic Stratigraphy
(ICS), Tozer (1967, 1984) and Lucas (2010b).

25.1.1. The PermianeTriassic Boundary

25.1.1.1. End-Permian Ecological Catastrophes
and Defining the Base of the Mesozoic

The Paleozoic terminated in a complex environmental
catastrophe and mass extinction of life. This sharp
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FIGURE 25.1 Summary of Triassic stage nomenclature and status.

Stages with ratified GSSPs are indicated by the first-appearance datum (FAD)

of the main correlation marker, which are ammonoids except for the conodont

Hindeodus parvus at the beginning of the Triassic. Numerical age model for

this Triassic diagram is “option 2” (long Rhaetian; shorter Carnian).
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evolutionary division led J. Phillips (1840, 1841) to introduce
the Mesozoic (“middle life”, with Triassic at the base)
between the Paleozoic (“old life”, ending with the Permian)
and the Kainozoic (“recent life”, after the Cretaceous). The
latest Permian to earliest Triassic events include the
progressive disappearance of up to 80% of marine genera,
pronounced negative carbon isotope and strontium isotope
anomalies, the massive flood basalts of the Siberian Traps,
widespread anoxic oceanic conditions, a major sea-level
regression and exposure of shelves followed by a major
transgression, a “chert gap” and “coal gap”, and replacement
of reefal ecosystems with microbial-dominated carbonate
precipitation (e.g., reviews by Holser and Magaritz, 1987;
Erwin, 1993, 2006; Kozur, 1998; Hallam and Wignall, 1999;
Erwin et al., 2002; Wignall, 2007; Knoll et al., 2007; Met-
calfe and Isozaki, 2009a; Korte et al., 2010; and many other
compilations). The majority of ecosystems did not fully
recover until near the end of the Early Triassic.

A common hypothesis is that the onset of the enormous
Siberian continental flood basalts was the main contributor to
the end-Permian wave of extinctions. Release of aerosols and/
or carbon dioxide, coupled with their cooling/warming feed-
backs on ocean circulation and stratification and on terrestrial
systems, precipitated a progression of environmental and
ecological stresses. A plethora of models have been published,
and there is not yet a consensus on whether cooling (“plume
winter”) or super-greenhouse warming was the most important
climate change producing the extinctions. Debate also
continues regarding the role of sea-level change, whether the
end-Permian mass extinction is two close-spaced events
caused by different environmental factors, and the relative
timing and magnitudes of marine and terrestrial turnovers
(e.g., Yin et al., 2007; Wignall, 2001, 2007; Korte et al., 2010;
Isozaki, 2009; Lucas, 2009; Metcalfe and Isozaki, 2009b; Preto
et al., 2010; etc.). Even though many of the ecological features
resemble the aftermath of the asteroid impact that concluded
the Mesozoic, the end-Paleozoic strata have not yielded
unambiguous signatures of a bolide catastrophe. Radio-
isotopic dating of the Siberian Trap succession and paleon-
tology of inter-trap levels has not yet provided definitive
correlations to PermianeTriassic boundary interval levels.
Indeed, the published, high-resolution ages of the main Sibe-
rian Traps when compared to the dated interbedded tuffs in
South China that bracket the main episodes of mass extinction
would imply that the volcanism did not begin until after the
mass extinctions (e.g., Burgess and Bowring, 2010). Addi-
tional, high-resolution analyses with unambiguous strati-
graphic control are therefore desired (Mundil et al., 2010).

The mass disappearance of the Paleozoic fauna and
flora, coupled with the widespread occurrence of a major
regressionetransgression unconformity in most regions, led
to a dilemma. It was easy to recognize the bleak final act of
the Permian, but how should the beginning of the Mesozoic
be defined? The base of the Buntsandstein in SW Germany

defined the original Trias concept (von Alberti, 1834), but it
is a diachronous boundary within continental beds, now
assigned to the upper Permian. Similarly, the base of the
Werfen Group (base of Tesero Oolite) in the Italian Alps is
a diachronous facies boundary. Ammonoids are the common
biostratigraphic tool throughout the Mesozoic, and the
Otoceras ammonoid genus was long considered to be the
first “Triassic” form. Therefore, Griesbach (1880) assigned
the Triassic base to the base of the Otoceras woodwardi
Zone in the Himalayan region, but this species is only known
from the Peri-Gondwana paleomargin of eastern Tethys
(e.g., Iran to Nepal). The first occurrence of Otoceras
species in the Arctic realm (Otoceras concavum Zone) was
used by Tozer (1967, 1986, 1994) as a Boreal marker of the
base of the Triassic, but is now known to appear significantly
prior to Otoceras woodwardi in the Tethyan realm (Krystyn
and Orchard, 1996). The progressive evolution of the con-
odont Hindeodus genus through the PermianeTriassic
boundary interval provided global correlation markers with
no obvious facies dependence; however, conodont biostra-
tigraphy requires special processing and identification
experience. Non-biological correlation markers, such as
carbon isotope excursions or magnetic polarity changes are
conclusive when preserved (e.g., Newell, 1994), but can
suffer from diagenetic overprints.

In 2000, the Triassic subcommission chose the first
occurrence of the conodont Hindeodus parvus (¼ Isarcicella
parva of some earlier conodont studies) within the
evolutionary lineage Hindeodus typicaliseH. latidentatus
praeparvuseH. parvuseH. postparvus as the primary corre-
lation marker for the base of the Mesozoic and Triassic. This
biostratigraphic event is the first cosmopolitan correlation
level associated with the initial stages of recovery following
the end-Permian mass extinctions and environmental
changes. Global correlations indicate that this conodont
species appears just after the carbon isotope (d13C) minimum,
although its lowest occurrence may be slightly earlier in some
local successions (e.g., Payne et al., 2009). This level is
slightly lower than the base of the Otoceras woodwardi
ammonoid zone of the Himalayas. The revised definition for
the base-Triassic assigns the Otoceras concavum and lower-
most portion of Otoceras boreale ammonoid zones of the
Arctic (the lower part of the “Griesbachian” substage of
Tozer, 1967) into the Permian (e.g., Baud, 2001; Baud and
Beauchamp, 2001).

In continental settings, the correlated level to this
conodont event is close to the disappearance of typical
Permian Dicynodon tetrapods after an interval of co-
occurrence with “Triassic” dicynodont Lystrosaurus
(Kozur, 1998).

The choice of the first appearance of this conodont
to serve as the primary marker for the beginning of the
Triassic implies that former traditional concepts of the
PermianeTriassic boundary, such as the disappearance of
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typical Permian marine fauna, rapid facies changes, extensive
volcanism and onset of isotope anomalies are now assigned to
the latest Permian.

25.1.1.2. PaleozoiceMesozoic Boundary
Stratotype (Base of Triassic)

The GSSP for the base of the Mesozoic Erathem, the Triassic
System and the Induan Stage is at the base of Bed 27c at
a section near Meishan, Zhejiang Province, southern China
(Figure 25.2). This level coincides with the lowest occurrence
of the conodont Hindeodus parvus (Yin et al., 2001, 2005).
This Meishan section also hosts the GSSP for the underlying
Changhsingian Stage of the uppermost Permian, has been
supplemented by complete coring of the Changhsingiane
earliest Triassic interval (220 m; e.g., Cao et al., 2009), and is
now within a special GeoPark that includes a museum of
Earth’s history. Indeed, the formal park-like setting with
sculptures and educational exhibitions is probably the most
impressive GSSP site for the geologic record.

Approximately 18 cm below the GSSP is the former
“boundary clay”, bentonite (Bed 25), which has been sampled
extensively as methods for Ar/Ar and U/Pb radio-isotopic
dating evolved in methodology and precision (e.g., Renne
et al., 1995; Bowring, 1998; Metcalfe et al., 1999; Erwin
et al., 2002; Mundil et al., 2001, 2004, 2010; Shen et al., 2010,
2011). This “boundary clay” is now placed approximately two
brief conodont zones below the base of the Triassic. Another
volcanic-ash clay, approximately 8 cm above the GSSP (Bed
28), enables a narrow bracketing of the age of the Per-
mianeTriassic boundary. Therefore, this is one of the few
boundary GSSPs that can be precisely dated by radio-isotope
methods. As techniques and calibrations have evolved, the
measured date for this boundary level has progressively
shifted to older ages, from c. 248 Ma to c. 252 Ma.

Other important reference sections for the events across
the PermianeTriassic boundary are in the Dolomites of Italy
(e.g., Broglio Loriga and Cassinis, 1992; Wignall and Hallam,
1992), in the Canadian Arctic (e.g., Tozer, 1967), in the Salt
Ranges of Pakistan (e.g., Baud et al., 1996), in sections within
Iran (e.g., Kozur, 2007), in marine and terrestrial strata in
South China (e.g., Metcalfe et al., 2009c; Glen et al., 2009)
and in terrestrial beds of the Karoo Basin.

25.1.2. Subdivisions of the Lower Triassic

A multitude of stage and substage nomenclatures have been
applied to the Lower Triassic interval. The Triassic
subcommission adopted the current subdivision into a lower
Induan stage and an upper Olenekian stage in 1991. The
Induan and Olenekian stages of Kiparisova and Popov (1956,
revised in 1964) were named after exposures in the Indus river
basin in the Hindustan region of Asia and in the lower reaches
of the Olenek river basin of northeast Siberia, respectively.

A suite of four substages is widely used. In an imaginative
procedural twist, these Griesbachian, Dienerian, Smithian
and Spathian substages are named after exposures along
associated small creeks on Ellesmere and Axel Heiberg
islands in the Canadian Arctic, which in turn were named
after the Triassic paleontologists e Carl L. Griesbach
(1847e1907), Carl Diener (1862e1928), James Perrin Smith
(1864e1931) and Leon Spath (1888e1957) e who played
important roles in Lower Triassic biostratigraphy (Tozer,
1965). These substages were originally defined by grouping
of ammonoid zones.

25.1.2.1. Induan

The Induan Stage is informally divided into two substages.
The lower substage, Griesbachian, is named after Griesbach
Creek on northwest Axel Heiberg Island. The definition of the
PermianeTriassic boundary implies that the lower portion of
the original Griesbachian of Tozer (1965, 1967) is now
assigned to the uppermost Permian.

The Dienerian substage is named after Diener Creek of
northwest Ellesmere Island. The Griesbachian/Dienerian
boundary is marked by the appearance of Gyronitidae
ammonoids. This substage boundary is recognized in Canada
and in the Himalayas as the boundary between Otoceras and
Meekoceras ammonoid-bearing beds of Diener (1912) and in
the Salt Range of Pakistan at the base of the Lower Ceratite
Limestone (Tozer, 1967).

25.1.2.2. Olenekian

History, Definition, and Boundary Stratotype Candidates

The Olenekian Stage was originally proposed from sections
in Arctic Siberia, whereas the stratotype for the Induan stage
was in the Hindustan region of PakistaneIndia. Neither
region has fossiliferous strata spanning their mutual boundary
e the Induan in the Olenek River basin is marginal marine to
lagoonal, and ammonoids in the transitional interval in the
Hindustan region are rare or absent (Zakharov, 1994). The
lower Olenekian is marked by the appearance of a diverse
ammonoid assemblage of Hedenstroemia, Meekoceras,
Juvenites, Pseudoprospingites, Arctoceras, Flemingites and
Euflemingites. A sea-level regression caused a scarcity of age-
diagnostic conodonts and bivalves during the latest Induan to
earliest Olenekian, but the transition seems to be within the
lower portion of the Neospathodus pakistanensis conodont
zone (Zakharov, 1994; Paull, 1997; Orchard and Tozer, 1997).
Proposed ammonoid-based biostratigraphic definitions of the
stage boundary were the highest occurrence of the ammonoid
Gyronites subdharmus and the lowest occurrence of the
representatives of the Meekoceras or Hedenstroemia ammo-
noid genera (Zahkarov et al., 2000, 2002). The base of its
lower Smithian substage was originally defined as the base of
a broad Euflemingites romunderi ammonoid zone (Tozer,
1965, 1967), then the biostratigraphy was revised to add
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a Hedenstroemia hedenstroemi ammonoid zone (e.g., Orch-
ard and Tozer, 1997). Conodonts were undergoing
a pronounced evolutionary evolution at the beginning of the
Olenekian; and, even though some taxonomic details remain
to be resolved, the widespread distribution and resolution of
Neospathodus species provide the main method for inter-
regional correlations (Orchard, 2010).

Therefore, the base-Olenekian task group selected the
lowest occurrence of the conodont Neospathodus waageni
sensu lato as the primary boundary marker. Correlation of
ammonoid and conodont events among paleogeographic
provinces indicates equivalence of the first occurrence of
N. waageni with the lowermost part of the Rohillites rohilla
ammonoid zone (Spiti region of Tethyan realm), slightly
below the lowest occurrence of Flemingites and Euflemingites
ammonoid genera (S. China, Tethyan realm), and lower part
of Lepiskites kolyhmensis Zone (Siberia, Boreal realm; which
is just above the regional Hedenstroemia hedenstromia Zone)
(Zakharov et al., 2009). This level is also just prior to the peak
of the first Triassic positive excursion in d13C, slightly below
the top of the second major Triassic reversed-polarity mag-
netozone (LT2r of Hounslow and Muttoni, 2010), and just
above a widely recognizable sequence boundary (Subcom-
mission on Triassic Stratigraphy, annual reports of 2008 and
2009; Krystyn et al., 2007a).

Two leading candidate GSSPs for this transition are
a roadside outcrop near Chaohu city in the Anhui Province of
eastern China (Tong et al., 2004; Sun et al., 2007; Chinese
Triassic Working Group, 2007) and a section near Mud (Muth)
village in the Spiti valley of northwest India (Krystyn et al.,
2007a,b). A preliminary vote to select Mud as the GSSP was
put on hold in 2008 when the desired conodont marker was
identified in strata lower than the proposed GSSP level.

Smithian and Spathian Substages

A major environmental and evolutionary event occurs within
the Olenekian. The boundary between its two substages, the
Smithian and the succeeding Spathian, has been termed the
“biggest crisis in Triassic conodont history” (Orchard, 2007a,
Goudemand et al., 2008). It is marked by a sudden reduction
of ammonoid diversity back to initial Triassic conditions, and
shift from latitudinal to cosmopolitan distributions (Brayard
et al., 2009a), and coincides with a major positive peak in
carbon-13 (d13C) and climatic shift (e.g., Galfetti et al.,
2007a).

These two informal substages of the Olenekian Stage were
named after Smith and Spath creeks on Ellesmere Island of the
Canadian Arctic. The Spathian substage is characterized by
Tirolites, Columbites, Subcolumbites, Prohungarites and
Keyserlingites ammonoid genera. In these original stratotypes,
the SmithianeSpathian boundary was placed at the base of the
Olenekites pilaticus ammonoid zone, but there appears to be
a missing biostratigraphic interval in the type region (Tozer,

1967; Orchard and Tozer, 1997). The ammonoids recovered in
the early Spathian, with a dramatic evolutionary radiation
accompanied by the development of a pronounced latitudinal
gradient of diversity (Brayard et al., 2009a). The exciting
discovery of major geochemical, climatic and paleontological
events at the global scale that coincide with this substage
boundary has led to speculations of concurrent volcanic
release of carbon dioxide, and/or enhanced storage and pres-
ervation of organic matter in the ocean (e.g., Payne and Kump,
2007; Galfetti et al., 2007a,b,c).

25.1.3. Subdivisions of the Middle Triassic

25.1.3.1. Anisian

History, Definition, and Boundary Stratotype Candidates

The Anisian Stage was named after limestone formations near
the Enns (¼ Anisus) River at Grossreifling, Austria (Waagen
and Diener, 1895). The original Anisian stratotype lacks
ammonoids in the lower portion, and its lower limit was later
clarified in the Mediterranean region (Assereto, 1974). The
appearance of a number of ammonoid genera, including
Aegeiceras, Japonites, Paracrochordiceras and Paradanubites,
may be used to define the base of the Anisian within different
regions (e.g., Gaetani, 1993). However, other markers are
suggested that may provide a more global correlation value.
The lowest occurrence of the Chiosella timorensis conodont
slightly precedes the ammonoid level and can be correlated to
North American and Asian stratigraphy (Orchard and Tozer,
1997; Orchard, 2010). The boundary interval is close to a peak
in carbon-13 (d13C) values. A shift from reversed-polarity- to
normal-polarity-dominated magnetostratigraphy (base of
normal-magnetozone MT1n of Hounslow and Muttoni, 2010)
has been formally proposed as a primary global boundary
marker that can be unambiguously correlated between Boreal
and Tethyan faunal realms (Hounslow et al., 2007).

The current candidate for the base-Anisian GSSP at Desli
Caira Hill in north Dobrogea, Romania (Gradinaru et al., 2007)
is within a condensed Hallstatt limestone facies that may be
missing a partial ammonoid zone in the boundary interval
(Subcommission on Triassic Stratigraphy annual report, 2009).
A potential alternative is a conodontemagneticeisotope
reference section at Guandao in the Nanpanjiang Basin
(Guizhou Province, South China) where volcanic ashes
within the boundary interval also produced radio-isotopic
dates (c. 247 Ma; e.g., Lehrmann et al., 2006). However, this
section lacks a good ammonoid record and the chro-
nostratigraphic reliability of the lowest occurrence of the
conodont Chiosella timorensis marker is questioned
(Ovcharova et al., 2010). An additional complication
arose when C. timorensis was reported from within the
Neopopanoceras haugi ammonoid zone in Nevada, one zone
below the base of the Anisian in the western United States
ammonoid zonation (Goudemand et al., submitted to
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Geobios; M. Orchard, pers. comm. to J. Ogg, 2011).
Therefore, even when the correlations among different
stratigraphic methods are clarified, no single section span-
ning the boundary interval has yielded satisfactory records
for the combined suite of proposed markers.

Anisian Substages

The Anisian Stage has three to four informal substages.
Assereto (1974) proposed a stratotype for the Lower Anisian
(also called “Aegean” or “Egean”) in beds with Para-
crochordiceras ammonoids at Mount Marathovouno on Chios
Island (Aegean Sea, Greece). The Middle Anisian is some-
times subdivided into two substages: a lower “Bithynian”,
named by Assereto (1974) after the Kokaeli Peninsula
(Bithynia) of Turkey, and an upper “Pelsonian”, from the
Latin name for the region around Lake Balaton in Hungary
(Pia, 1930) spanning the Balatonites balatonicus ammonoid
zone (Assereto, 1974). The Upper Anisian is also called
“Illyrian” after the Latin term for Bosnia (Pia, 1930).

25.1.3.2. Ladinian

History, Definition, and Boundary Stratotype Candidates

The Ladinian Stage arose after a heated semantic argument of
“Was ist norisch?” (Bittner, 1892), when it was realized that
most of the strata that had defined a “pre-Carnian” Norian
Stage (Mojsisovics, 1869) were actually deposited after the
Carnian (Mojsisovics, 1893). This debate and the emergence
of the Ladinian Stage split the Vienna geological establish-
ment (vividly reviewed by Tozer, 1984). The Ladinian, named
after the Ladini inhabitants of the Dolomites region of
northern Italy, encompassed the Wengen and Buchenstein
beds (Bittner, 1892).

This historical major revision and even partial inversion of
upper Triassic stratigraphy, coupled with uncertainties about
correlation potentials and definition of ammonoid zones,
contributed to discussions in assigning the basal limit of the
Ladinian Stage (e.g., Gaetani, 1993; Brack and Rieber, 1994;
Mietto andManfrin, 1995;Brack et al., 1995;Vörös et al., 1996;
Muttoni et al., 1996a;Orchard andTozer, 1997;Pálfy andVörös,
1998). The ammonoid contenders for the primary correlation
markers were distributed over at least two zones; including the
lowest occurrence of representatives of theKellnerites genus, of
the Nevadites genus, of the Eoprotrachyceras genus, of the
Reitziites reitzi species, and of the Aplococeras avisianum
species. In addition, the lowest occurrence of the Budur-
ovignathus conodont genus was considered.

The base of the Eoprotrachyceras curionii Zone (lowest
occurrence of Eoprotrachyceras ammonoid genus, which is
the onset of the Trachyceratidae ammonoid family) was
eventually preferred. The Bagolino section (eastern
Lombardian Alps, Province of Brescia, Northern Italy) was
selected for its multiple stratigraphic records, including
bracketing of the boundary interval by dated volcanic ashes

(Brack et al., 2005). The Ladinian GSSP at Bagolino is
located at the top of a distinct 15e20 cm thick interval of
limestone nodules in a shaly matrix (“Chiesense groove”),
located at approximately 5 m above the base of the
Buchenstein Beds (Figure 25.3). The Ladinian GSSP site is
accessible through a geological pathway with explanatory
notes and ammonoid casts (Brack, 2010). The Nevadites
secedensis ammonoid zone of the lowermost Buchenstein
Beds, which was historically assigned as Ladinian
(e.g., Bittner, 1892), has now become the uppermost zone of
the Anisian. Secondary global markers include the lowest
occurrence of the conodont Budurovignathus praehungaricus
and a brief normal-polarity magnetozone (MT8n of Houn-
slow and Muttoni, 2010) within the uppermost Anisian. The
bracketing U-Pb dated volcanic ashes indicate a boundary age
of approximately 241 Ma (Brack et al., 2005).

Ladinian Substages

Mojsisovics et al. (1895) divided the Ladinian into two
substages e Lower or Fassanian (named after Val di Fassa in
northern Italy, where it was equated to the Buchenstein Beds
and Marmolada Limestone), and Upper or Longobardian
(named after the Langobard people of northern Italy, and
spanning the Wengen Beds). The substage boundary is
approximately at the base of the Protrachyceras lon-
gobardicum ammonoid zone in the Alpine zonation or the
base of Meginoceras meginae ammonoid zone in the Cana-
dian zonation.

25.1.4. Subdivisions of the Upper Triassic

The Upper Triassic consists of three stages e Carnian, Norian
and Rhaetian e that were originally defined by characteristic
ammonoids (Mojsisovics, 1869). However, these units were
originally recognized in different locations in the northern
Alps of Austria with uncertain stratigraphic relationships.
Indeed, until 1892, Norian units were considered to underlie
the Carnian. It was only after resolving this major geological
controversy that the name “Norian” applied to the same units
after recognition that they were younger than Carnian
(reviewed in Tozer, 1984).

25.1.4.1. Carnian

History, Revised Definition, and Boundary Stratotype
Candidates

The Carnian stage, either named after localities in the Kärnten
(Carinthia) region of Austria, or after the nearby Carnian
Alps, was originally applied to Hallsatt Limestone beds
bearing ammonoids of Trachyceras and Tropites (Mojsi-
sovics, 1869, p. 127). The first occurrence of the ammonoid
Trachyceras (¼ base of Trachyceras aon Zone in Tethys or
Trachyceras desatoyense Zone in Canada) was the traditional
base, although it appears that a Trachyceras datum would be
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Base of the Ladinian Stage of the Triassic System at Bagolino,

Northern Italy

(B)

(C) (D)(A)

(E)

FIGURE 25.3 GSSP for base of the Ladinian Stage at Bagolino, Italy. The GSSP level coincides with the lowest occurrence of Eoprotrachyceras

ammonoid genus (base of Eoprotrachyceras curionii Zone). Photos provided by Peter Brack.

688 The Geologic Time Scale 2012



(C)(A)

(B)
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FIGURE 25.4 GSSP for base of the Carnian Stage at Prati di Stuores/Stuores Wiesen (Dolomites, northern Italy). The GSSP level coincides with the

lowest occurrence of the cosmopolitan ammonoid Daxatina (base of Daxatina canadensis Subzone, lowest subzone of Trachyceras Zone), and is near the

lowest occurrence of conodont Paragondolella polygnathiformis (inset “B”). Photos of outcrop and conodont provided by Manuel Rigo.
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asynchronous and not cosmopolitan (e.g., Mietto and Man-
frin, 1999). Mojsisovics et al. (1895) included the St. Cassian
Beds of northern Italy in a revised Carnian subdivision;
therefore the level with lowest occurrence of the cosmopol-
itan ammonoid Daxatina at the Prati di Stuores type locality
in the Dolomites (northern Italy) was proposed for the base-
Carnian GSSP (Broglio Loriga et al., 1998). This section has
relatively rapid sedimentation and proved suitable for
multiple types of stratigraphy and therefore it was ratified ten
years later (2008). Two other reference sections with multiple
biostratigraphic successions are in Spiti in Himalaya of
northwest India (Balini et al., 1998, 2001) and the New Pass
section of Nevada (USA).

The Carnian GSSP at Prati di Stuores/Stuores Wiesen is
45 m above the base of the St. Cassian (San Cassiano) Forma-
tion (Figure 25.4) (Mietto et al., in press). This level was
selected to coincide with the lowest occurrence of the ammo-
noid Daxatina (base of Daxatina canadensis Subzone, lowest
subzone of a broad Trachyceras Zone). Secondary markers are
the lowest occurrences of the conodont “Paragondolella”
polygnathiformis and the palynomorphs Vallasporites ignacii
and Patinasporites densus (Mietto et al., 2007, in press). The
evolutionary transition from Daonella to Halobia bivalves is
probably near this level (McRoberts, 2010). The Carnian GSSP
is just above the base of a normal-polarity magnetic magneto-
zone (S2n in the local scale of Borglio Loriga et al., 1999; or
UT1n in the synthesis scale of Hounslow and Muttoni, 2010),
and lies just above an interpreted maximum flooding surface
within Sequence Lad 3 of Hardenbol et al. (1998).

The ratified placement of the base-Carnian at the
appearance of Daxatina ammonoids, rather than the Trachy-
ceras aon ammonoid, implies that the Carnian now begins in
the middle of the classical “uppermost Ladinian” Frankites
regoledanus ammonoid zone.

Carnian Substages and Wet Intermezzo

Mojsisovics et al. (1895) subdivided the Carnian into three
substages (Cordevolian, Julian and Tuvalian) corresponding
to his three ammonoid zones. Cordevolian (his Trachyceras
aon Zone), from the St. Cassian Beds, was named after the
Cordevol people who lived in this area of northern Italy.
Julian (Trachyceras aonoides Zone) was based on the Raibl
Formation of the Julian Alps in southern Austria. The Tuva-
lian (Tropites subbullatus Zone) was named after the Tuval
mountains, the Roman term for the region between Berch-
tesgaden and Hallein near Salzburg, Austria. Mojsisovics’
trio of ammonoid zones were later split into additional zones;
but his main divisions can be correlated among regions.

Stratigraphers often combine the Cordevolian and Julian
into a single Lower Carnian, with the Lower/Upper Carnian
boundary traditionally assigned as the first occurrence of
Tropites ammonoids (base of the Tropites subbullatus
ammonoid zone of Tethys and Tropites dilleri Zone of

Canada). The ammonoid change at this substage boundary is
more significant than at the bases of either the Carnian or the
Norian stages (Tozer, 1984), conodont diversity may have
been reduced to two genera (Mazza et al., 2010), and there
were major changes in radiolarians and other faunal groups
(Kozur and Bachmann, 2010).

An unusual climateeoceanographic event in the latest
Julian has various regional names e e.g., “Reingraben turn-
over” (Schlager and Schöllnberger, 1974), “Raibl Event”,
“Carnian pluvial episode” (Simms and Ruffell, 1989), and
“Middle Carnian Wet Intermezzo” (Kozur and Bachmann,
2010). This episode was initially recognized within the Alpine
region by the termination of the prograding reef-building of
the earlier Carnian by terrigenous clastics (Raibl Formation)
and within the Germanic Basin by an influx of fluvial to
brackish-water sands (Stuttgart Formation or Schilfsandstein).
Black shale facies developed in restricted basins
(e.g., Hornung and Brandner, 2005), and an absence of
carbonate components in adjacent oceanic basins has been
interpreted as a rise in carbonate compensation depth (CCD)
(Rigo et al., 2007). There is growing evidence that this
simultaneous climateeoceanographic excursion, biotic crisis
and anomalous facies package can be recognized globally
(e.g., Simms and Ruffel, 1989; L. Krystyn and H. Kozur, pers.
comm. to J. Ogg, 2010). The triggers for both the onset of this
“Carnian pluvial episode” and its sudden termination could be
a combination of paleogeographic and paleoceanographic
factors (e.g., Kozur and Bachmann, 2010). The eruption of the
Wrangellia flood basalts may also have had an effect (Dal
Corso et al., 2012). The distinct fossil assemblages within this
“wet intermezzo” interval provide an important means of
calibration among terrestrial settings (conchostracans, pollen,
ostracod and tetrapod biostratigraphy) from the southwest
USA to the Germanic Basin and into marine settings
(ammonoid, conodont, ostracod and bivalve biostratigraphy)
(Roghi et al., 2010; Kozur and Weems, 2010). The abrupt end
to this “wet intermezzo” interval in the Germanic-Alpine
region coincides with the Lower/Middle Carnian substage
boundary as assigned by ammonoid biostratigraphy.

25.1.4.2. Norian

History, Revised Definition, and Boundary Stratotype
Candidates

Norian derives its name from the Roman province of Noria,
south of the Danube and including the area of Hallstatt,
Austria (Mojsisovics, 1869). The stratigraphic extent of strata
assigned as “Norian” have a contorted history (Tozer, 1984).

Ammonoid successions in Nevada and British Columbia
led to a proposal that the base of the Norian be assigned to the
base of the Stikinoceras kerri ammonoid zone, which overlies
the Klamathites macrolobatus Zone (Silberling and Tozer,
1968). This level is approximately coeval with a Tethyan
placement between the Anatropites and Guembelites
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jandianus ammonoid zones (Krystyn, 1980; Orchard et al.,
2000). Examinations of conodont lineages have indicated that
the first appearance ofMetapolygnathus ex gr.M. echinatus is
at approximately the beginning of the Stikinoceras kerri
ammonoid zone and coincides with a major faunal turnover
(Orchard, 2010). It is approximately coincident with the FAD
of the widespread Halobia austriaca bivalve; therefore, this
level has become favored for assigning the base of the Norian.

The leading candidates for the Norian GSSP (based on the
FAD of Metapolygnathus echinatus conodont) are Pizzo
Mondello in Sicily (Muttoni et al., 2001; Nicora et al., 2007)
or Black Bear Ridge on Williston Lake of northeast British
Columbia (Orchard et al., 2001; Orchard, 2007b; McRoberts,
2007; Orchard et al., in prep.). The section at Black Bear
Ridge did not yield a useful magnetostratigraphy; whereas the
recommended Norian GSSP level at Pizzo Mondello coin-
cides with the top of a narrow reversed-polarity magnetozone
(magnetozone “PM4r” in local terminology; or “UT12r” in
the synthesis of Hounslow and Muttoni, 2010) and is just
above a positive shift in d13C (Nicora et al., 2007).

Norian Substages

The Norian is traditionally subdivided into three substages,
following Mojsisovics et al. (1895). The boundary between
the lower Norian (or “Lacian”, after the Roman name for the
Salzkammergut region of the northern Austrian Alps) and
middle Norian (or “Alaunian”, named for the Alauns, who
lived in the Hallein region of Austria during Roman times) is
the base of the Tethyan Cyrtopleurites bicrenatus ammonoid
zone. The base of the upper Norian (or “Sevatian”, after the
Celtic tribe who lived between the Inn and Enns rivers of
Austria) is generally assigned as the base of the North
American Gnomohalorites cordilleranus ammonoid zone or
the Tethyan Sagenites quinquepunctatus ammonoid zone;
however, there has not been a consistent usage of this Seva-
tian substage and some include the underlying Halorites
macer ammonoid zone within it (e.g., Kozur, 1999).

25.1.4.3. Rhaetian

The Rhaetian was the first Triassic stage to be established,
when Carl Wilhelm Ritter von Gümbel (1861) applied the
term to strata containing the pteriid bivalve Rhaetavicula
contorta, such as the Kössen Beds of Austria. This distinction
bivalve is found in shallow-marine facies from the western
Tethys and across northwestern Europe. His “Rhätische
Gebilde” name was derived from either the Rhätische Alpen
or the Roman province of Rhaetium. For a while, it appeared
that the Rhaetian interval would be incorporated into the
Jurassic (and perhaps renamed as a “Bavarian Stage”) or
incorporated into the Norian Stage (reviewed in Lucas,
2010a). For example, the Rhaetian was eliminated in some
Triassic time scales (e.g., Zapfe, 1974; Palmer, 1983; Tozer,
1984, 1990). In 1991, the Subcommission on Triassic

Stratigraphy decided to retain the Rhaetian as an independent
stage. Many options were considered for the primary
biostratigraphic marker for the lower boundary.

In 2010, the base of the Rhaetian was placed by the Task
Group at the lowest occurrence of the conodont Misikella
posthernsteini (Krystyn, 2010). This conodont is a phyloge-
netic descendent ofMisikella hernsteini, but is very rare at the
beginning of its range. Therefore, several secondary markers
should also be employed to assign the base of the Rhaetian
(Krystyn, 2010) including:

(1) Lowest occurrence of conodont Epigondolella mosheri
(morphotype B sensu Orchard),

(2) Lowest occurrence of ammonoid Paracochloceras suessi
and the closely allied genus Cochloceras and other taxa,

(3) Disappearance of ammonoid genus Metasibirites,
(4) Lowest occurrence of radiolarian Proparvicingula mon-

iliformis and other species (Carter and Orchard, 2007),
(5) Disappearance of Monotis bivalves, except for continu-

ation by dwarf Monotis species in parts of the Tethys
(McRoberts et al., 2008), and

(6) Just below is a prominent change from an extended
normal-polarity magnetozone upward into a reversed-
polarity magnetozone (UT23n to UT23r in the tentative
NorianeRhaetian composite scale of Hounslow and
Muttoni, 2010).

The leading candidate for the Rhaetian GSSP is the Stein-
bergkogel section near Hallstatt, Austria (Krystyn et al.,
2007c,d). The published magnetostratigraphy from the
condensed interval spanning the proposed boundary has been
verified; but correlation to the cycle-scaled magnetic polarity
scale from non-marine strata (Newark group) is disputed
(e.g., Gallet et al., 2007; Muttoni et al., 2010; Hounslow and
Muttoni, 2010; Hüsing et al., 2011). Other important refer-
ence sections are in British Columbia, Canada and in Turkey.

25.2. TRIASSIC STRATIGRAPHY

Ammonoids dominate the historical zonation of the Triassic,
but conodonts have become the major tool for global corre-
lation. Thin-shelled bivalves (e.g., Daonella, Halobia, etc.)
provide important regional markers. During much of the
Triassic, the sedimentary record across the Pangea super-
continent was dominated by terrestrial deposits, therefore
widespread conchostracan, tetrapod and plant remains are
important for global correlation.

Other biostratigraphic, magnetostratigraphic, chemo-
stratigraphic and other events are typically calibrated to these
standard ammonoid or conodont zones. Extensive compila-
tions and inter-correlation of Triassic stratigraphy of Euro-
pean basins were coordinated by Hardenbol et al. (1998), and
a suite of detailed Triassic stratigraphic scales are in The
Triassic Timescale (Lucas, 2010a).
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25.2.1. Marine Biostratigraphy

25.2.1.1. Ammonoids

The ammonoid successions of the Alps and Canada have
historically served as global primary standards for the
Triassic (reviews in Tozer, 1967, 1984; Balini et al., 2010).
Ammonoids were nearly extinguished at the end of the
Permian, with termination of three of the four major Permian
clades. However, the rare surviving ammonoids diversified
much faster than other marine groups following this catas-
trophe (Brayard et al., 2009a; Marshall and Jacobs, 2009).
The entire Triassic ceratitid group of Ammonoidea is usually
considered to have been derived from the morphologically
simple Ophiceras genus survivor. This rapid surge in
diversity was interrupted by major waves of extinction at the
end of the Smithian substage (mid-Olenekian), base of
Anisian and end of Julian substage (mid-Carnian)
(e.g., Brayard et al., 2009a, b). Peak diversity was attained in
middle Norian. A decline in diversity through the latest
Triassic culminated in apparently only a single genus,
Psiloceras, surviving the end-Triassic mass extinctions and
rapidly evolving to conquer the Jurassic seas.

Despite their historical importance in subdividing the
Triassic, there is not yet a standardized ammonoid zonation (or
nomenclature) for the alpine regions. For example, Mietto and
Manfrin (1995) proposed a generalized standard for the Middle
Triassic of the Tethyan realm that utilized first appearances of
widespread genera to define zones and major species to define
subzones. However, this zonal scheme was immediately rejec-
ted by some alpineworkers (e.g., critiques byBrack and Rieber,
1996, and Vörös et al., 1996). Contributing to this situation are
the lack of consensus definitions of species and genera, histor-
ical confusions with taxonomy and relative chronostratigraphic
placement of taxa, distinct latitudinal and endemic assemblages,
use of assemblage or association zones, omission by many
authors to provide clarity in their definition of zonal boundaries,
and a current reduction in the number of active ammonoid
specialists (Balini et al., 2010).

A selection of Triassic zonations and their main index
ammonoids are given by Balini et al. (2010). The diagrams in
this chapter are a generalized version for the Tethyan and
North American realms derived from different sources
(e.g., Kozur, 2003 and pers. comm., 2010; Balini et al., 2010;
McRoberts, 2010). A sample suite of Tethyan zones are
summarized in Table 25.3.

25.2.1.2. Conodonts

Conodonts are phosphatic feeding apparatuses of an
enigmatic pelagic swimmer. The conodont taxa are based on
variability of these jaw-like elements, and these evolving
features enable widespread correlation of Triassic strata.
After surviving the end-Permian mass extinctions and diver-
sifying explosively in the early Olenekian (Orchard, 2007a),

the conodonts mysteriously vanished at the end of the
Triassic. Compilations of the calibrations among conodont
zones and ammonoids have been proposed for several realms,
including Canada (e.g., Orchard and Tozer, 1997), the Tethys
region (e.g., Muttoni et al., 1998; Krystyn et al., 2002; Kozur,
2003) and European basins (Vrielynck, 1998). Even though
there are persistent problems due to the lack of a consensus on
standardized taxonomy/nomenclature, paleogeographic vari-
ability, artifacts from preservation and other factors, the
conodonts have proven to be the most important means of
inter-regional correlation. Orchard (2010) compiled ranges of
major conodont taxa relative to regional ammonoid zones for
the intervals spanning Triassic stage boundaries.

25.2.1.3. Bivalves

The end-Permian mass extinctions terminated the dominance
by the communities of brachiopods, crinoids (and other pel-
matozoan echinoderms) and bryozoans that had been typical
of Paleozoic marine sea beds. Bivalve and gastropod mollusk
communities are typical of Early Triassic shelves, with a later
increase in the importance of scleractinian corals. Among the
Triassic bivalves, a succession of pelagic forms of thin-shelled
“flat clams” (pectinacean pteriid bivalves) were largely
restricted to deeper water settings and tend to occur in high
densities on certain bedding planes (Hallam, 1981). These
genera (Claria, Enteropleura, Daonella, Halobia, Monotis,
etc.), which have no modern counterparts, are valuable for
global Triassic correlations because their species have both
widespread distributions and a mean duration of only 1e2
myr. Their Jurassic and Cretaceous relatives (Bositra, Buchia,
inoceramids) occupied the same settings. The first compre-
hensive summary of the ranges of these Triassic pelagic
bivalves relative to ammonoid zones is by McRoberts (2010),
who defined 30 discrete zones and regional variants.

25.2.1.4. Radiolarians

The sand-sized opaline skeletons of radiolarians are typically
found in Triassic deep-marine facies. After the end-Permian,
the most severe extinction event for radiolarians, diversity
slowly increased through the Early Triassic, then surged in the
Anisian to reach a maximum in early Carnian. Diversity
declined through the Late Triassic until the end-Triassic mass
extinctions again decimated the radiolarian genera
(O’Dogherty et al., 2010).

Radiolarian datums and zonations have been compiled for
different regions, including alpine exposures (e.g., De Wever,
1982, 1998; Kozur and Mostler, 1994; Kozur, 2003), Japan
(e.g., Sugiyama, 1997) and western North America
(e.g., Blome, 1984; Carter, 1993; Carter and Orchard, 2007).
A correlation among these regional zonations and a summary
for the ranges of the main 281 genera (including schematic
images) relative to Triassic substages has been compiled by
O’Dogherty et al. (2010).
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25.2.1.5. Other Microfossils

Except for radiolarians, marine microfossil biostratigraphy
has not yet been developed as a widespread correlation tool
within the Triassic. In contrast to Permian and Jurassic
syntheses, the benthic foraminifer stratigraphy of the Triassic
has not been compiled on a global scale. Regional scales
include a stratigraphic summary of larger benthic forami-
nifera of the Tethyan realm (Peybernes, 1998) and zonations
proposed for the Caucasus (e.g., Vuks, 2000, 2007).

Calcareous nannofossils are only known from Carnian and
younger strata, and the first “real coccoliths” appear in the
Norian (von Salis, 1998; Bown, 1998).

Records of dinoflagellates are rare, and the oldest repre-
sentative of this groupmay beMiddle Triassic (Hochuli, 1998).
However, a latest Triassic species, Rhaetogonyaulax rhaetica,
is an important means for correlating Rhaetian strata.

25.2.1.6. Reefs

Although not biostratigraphy, per se, there are broad trends in
global shallow-water carbonate systems during the Triassic.
The metazoan communities that built Permian reefs were
completely destroyed in the end-Permian mass extinction, and
a “reef gap” ensued that spanned much of the Early Triassic.
Simultaneously, there was an Early Triassic “chert gap”
following the termination of the extensive Permian chert
accumulations (Beauchamp and Baud, 2002). The accompa-
nying extinction of many benthic grazers probably contributed
to the distinctive microbial-dominated carbonates (stromato-
lites, wavy-laminated micrites, oolites) that are characteristic
of the earliest Triassic (e.g., Flügel, 2002). Elevated carbon
dioxide levels and/or a pulse of carbonate saturation following
CO2-induced dissolution in an ocean that lacked deep-water
carbonate buffering may have contributed to this latest
Permian and earliest Triassic interval of microbial and oolitic
limestones (e.g., Payne et al., 2007, 2009; Xie et al., 2010).
This Early Triassic “reef gap” was mainly caused by a lack of
reef-building biota, rather than a crisis in carbonate produc-
tion/accumulation (Preto et al., 2010). Microbial-sponge and
Tubiphytes reef communities with a modest contribution from
the oldest crown-type scleractinian corals are characteristic of
themiddle and lateAnisian (Kiessling, 2010). Growth rates for
some late Anisian through Ladinian reefs were phenomenal,
with radio-isotopic dates suggesting up to 500m/myr for some
platforms in the Dolomites of northern Italy (e.g., Brack et al.,
2007; Meyers, 2008). The Ladinianeearliest Carnian peak of
these microbial-sponge reefs was terminated by the events
associated with the mid-Carnian pluvial event (“wet inter-
mezzo”) (e.g., Stefani et al., 2010). Scleractinian corals
contributed to the second phase of reef expansion, which
peaked in the late Norian (Kiesling, 2010). A rapid sea-level
fall near the time of the Norian/Rhaetian boundary contributed
to the end-Norian cessation of the spectacular Dolomia Prin-
cipale/Hauptdolomit platforms of the Alps and other regions

(e.g., Berra et al., 2010). The end-Rhaetianwave of extinctions
led to a reef crisis that mirrored the end-Permian episode, and
reefs were again rare through much of the Early and Middle
Jurassic (Kiessling, 2010).

25.2.1.7. Marine Reptiles

Beginning in earliest Triassic, the seas became inhabited by
large marine reptiles. Ichthyopterygia (“fish flippers”, or
Ichthyosaurs) with their dolphin-like morphology and
Sauropterygia (“lizard flippers”) that retained a more croco-
dile-like form rapidly diversified during the Early Triassic
(e.g., Motani, 2010). The adaptation of the ichthyosaurs to the
open seas, perhaps including a warm-blooded anatomy,
enabled their expansion in the Middle and Late Triassic as
coastal habitats for other marine reptiles declined (Motani,
2010). Most of the Sauropterygia clade vanished during the
Late Triassic, although the long-necked JurassiceCretaceous
plesiosaursmay represent an emergence from a distant branch.

25.2.2. Terrestrial Biostratigraphy

The terrestrial successions of tetrapods (amphibians, reptiles,
earliest mammals), plants (spores/pollen, macroflora) and
lacustrine organisms (ostracods, and especially con-
chostracans) are broadly inter-correlated in different regions
of Pangea. The calibration of the evolving terrestrial
ecosystems to marine-based Triassic stages and substages is
fairly well established for the Lower Triassic via a distinctive
cycle-scaled magnetostratigraphy in the Germanic Basin, but
ties are much less certain and controversial through the
Middle and Upper Triassic. An unambiguous correlation of
the cycle-scaled magnetostratigraphy of the CarnianeNorian
lacustrine-rich strata of the Newark Group from the rift
valleys of easternmost North America to the magneto-
stratigraphy of Tethyan marine zones would enable a precise
Late Triassic time scale. However, the inter-regional cali-
bration of the pollenetetrapodeconchostracan occurrences
within those Newark beds is disputed (e.g., Kozur and
Weems, 2010; Irmis et al., 2010; Lucas, 2010c,d).

Other non-marine biostratigraphy, including charophyte
cysts (gyrogonites or calcified spores of charophyte green
algae), macrofossil plant assemblages, ostracods, bivalves
and fishes, can be useful on a regional scale, but have not yet
been developed for use in global correlations (e.g., review by
Lucas, 2010c).

25.2.2.1. Tetrapods and Dinosaurs

The Mesozoic is popularly known as the “Age of Dinosaurs”,
but these famed reptiles did not diverge from other tetrapods
until the mid-Triassic. The suite of proposed global zones for
tetrapod stratigraphy for Pangea is largely based onwidespread
occurrences of select semi-aquatic tetrapods (both reptiles and
amphibians) whose thick skulls, body armor, or other resistant
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body parts were commonly preserved in the sedimentary
record. The Pangean configuration enabled many of these
forms to spread across most of the world’s land area, therefore
the lowest occurrences of distinctive widespread genera enable
subdivision of the Triassic into eight “land-vertebrate fau-
nachrons” (LVFs) (Lucas, 1998, 1999, 2010d and references
therein). These “LVFs” have an inter-continental correlation
potential that is approximately equivalent to standard Triassic
stages (Figure 25.2 ¼ NON-MARINE scales); although the
placement relative to marine-based substages has not yet been
firmly established for all LVFs (e.g., Irmis et al., 2010). When
skeletal material is not available, distinctive footprints of
tetrapods are a secondary, but less precise, method of correla-
tion (Klein and Lucas, 2010).

The predominant terrestrial or semi-aquatic forms in the
Early Triassic were therapsids, a major lineage of synapsids
(“fused arch”) that are considered to be “mammal-like
reptiles” (e.g., Fraser, 2006). Three groups of therapsids
survived the end-Permian mass extinctione cynodonts (“dog-
toothed”), dicynodonts (“two dog-toothed”, with two tusks in
the upper jaw) and large-skulled therocephalian (“beast head”)
carnivores. The therapsids diminished in importance through
the Triassic, but true mammals, of which the oldest record is
a mouse-sized Adelobasileus of Late Triassic (e.g., Lucas,
2008), are interpreted as being derived from this group. The
type-area for the Early Triassic LVFs is the Karoo Basin in
South Africa. The Lootsbergian LVF begins in latest Permian
with the first appearance of Lystrosaurus, a squat, dog-sized,
dicynodont herbivore that may have been semi-aquatic. The
extinction of the Dicynodon dicynodont is approximately at
the end of the Permian (Lucas, 2009). The lowest occurrence
of the robustly built Cynognathus cynodont defines the base of
the Nonesian LVF, which is approximately equivalent to the
marine Olenekian Stage.

The Middle Triassic LVFs (Perokvan and Berdyankian)
are derived from the lowest occurrences of massive temno-
spondyl amphibians (Eocyclotosaurus and Mastodonsaurus
giganteus, respectively) in the Ural foreland basin in Russia.

Diapsid (“two arches”) reptiles had diverged into different
major orders during the Early Triassic, and its Archosauria
(“ruling reptiles”) group (dinosaurs, pterosaurs, crocodiles,
etc.) would dominate the terrestrial and aerial ecosystems of
the Late Triassic through Cretaceous. The first occurrences of
types of crocodile-like phytosaurs and of large armored
herbivore aetosaurs, which resembled elongate armadillos
with stout claws, define most of the Late Triassic LVFs. The
fossil-rich deposits of the Chinle Basin of southwest USA are
the main reference sections for four Late Triassic LVFs. The
Otischalkian and Adamanian LVFs of Carnian are defined by
FADs of phytosaurs Parasuchus (¼ Paleorhinus) and Rutio-
don, respectively, and the late Carnian and early Norian-aged
Revueltian LVF begins with the aetosaur Typothorax cocci-
narium. The Apachean LVF of approximately latest Norian
and Rhaetian age is defined by the FAD of the phytosaur

Redondasaurus (e.g., Lucas, 2010d). The Jurassic begins with
the FAD of the crocodylomorph Protosuchus, defining the
base of the Wassonian LVF.

Within this tetrapod-LVF framework, the main groups of
dinosaurs seem to have radiated during the late Middle
Triassic (e.g., Heckert and Lucas, 1999; Fraser, 2006). The
major dinosaur lineages (Sauropodomorpha, Theropoda and
Ornithischia divisions) became established during the early
Carnian, as indicated by the Ischigualasto assemblage of
Argentina and of other future continents (e.g., summary table
in Nesbitt et al., 2009). Dinosaurs became dominant land
reptiles in the Norian.

25.2.2.2. Conchostracans

Conchostracans or clam shrimps are brackish-to-freshwater
crustaceans (Class Branchiopoda, Order Conchostraca) with
a chitinous bivalve carapace of two lateral valves that are
typically 2 to 40 mm in length. Their tiny drought-resistant
eggs were easily dispersed by wind and water, and rapidly
hatched upon exposure to suitable environments. These
characteristics and their brief life cycle of only one to three
weeks enabled conchostracans to become widespread in lakes
and temporary pools throughout Pangea. Their distinctive
carapaces were preserved in lacustrine, salt flat and floodplain
deposits. Even though conchostracans are present in pre-
Permian through modern sediments, their potential for
biostratigraphy and inter-regional correlation has only been
fully developed in Triassic strata (e.g., Kozur and Weems,
2010, and references therein). The application of con-
chostracan biostratigraphy for other time intervals awaits
careful studies of taxonomy, recognition of distinctive taxa,
and calibration to other biostratigraphic scales.

Approximately 30 conchostracans zones and regional
variants have been defined within the Triassic. These zones
have been recognized and inter-correlated within the
Germanic Basin, through the southwest USA, in the Newark
Supergroup of easternmost North America and within other
regions (summarized in Kozur and Weems, 2010; see also
Kozur and Bachmann, 2008). Correlations to marine-based
Triassic substages are constrained by interbedded ostracod
zones, palynology zones, distinctive facies shifts (e.g., the
mid-Carnian “wet intermezzo”) and cycle-scaled magnetic
magnetozones. The zonal detail of conchostracans enables an
important calibration of the tetrapod “land-vertebrate fau-
nachrons” (LVFs) to marine substages and aids in projecting
magnetostratigraphy and radio-isotopic ages between terres-
trial and marine strata.

25.2.2.3. Plants, Pollen and Spores

Spores and pollen are important for correlation of marine and
terrestrial strata. However, most taxa have relatively long
ranges, and changes in assemblages may indicate local
climatic-ecosystem shifts rather than a useful temporal
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marker. Selected compilations of Triassic palynology and
plant ecosystem evolution are those of Wing and Sues (1992),
Warrington (2002) and Traverse (2007). Palynoflora zona-
tions for Triassic strata have been compiled for the Alpine and
Germanic regions (e.g., Visscher and Brügman, 1981;
Visscher et al., 1994; Hochuli, 1998; Herngreen, 2005;
Kürschner and Herngreen, 2010), Australia (Helby et al.,
1987), southwest United States (Litwin et al., 1991; Cornet,
1993), Newark Basin of eastern United States (e.g., Cornet,
1977; Cornet and Olsen, 1985), and Arctic (Van Veen et al.,
1998). However, only the Upper Triassic and lowest Jurassic
have a detailed inter-regional compilation among different
continents (Cirilli, 2010).

Regional diversity of palynomorphs declined at the time
of the end-Permian mass extinctions of shallow-marine
faunas (Kürschner and Herngreen, 2010). Latest Permian
plant ecosystems may have undergone a short-lived explosion
in abundance in lycopods that interrupted the dominance by
gymnosperms to create a c. 10-kyr “spore-spike” within the
major negative 13C isotope decline, but the plant communi-
ties rapidly recovered before the main catastrophic marine
extinction (Hochuli et al., 2010). Widespread marine clastics
of lower Triassic (Olenekian to lower Induan) record
a uniquely cosmopolitan “acritarch spike” assemblage of
lycopsid spores, small acanthomorph acritarchs and Luna-
tisporites coniferalean pollen (e.g., Balme and Foster, 1996).
Diversity of both pollen and spores peaked in the Germanic
Basin during LadinianeCarnian (Kürschner and Herngreen,
2010). Globally during this time, there is a rapid diversifi-
cation of Circumpolloid genera. This broad episode was
followed, at least in the Tethyan realm, by a gradual change in
palynofloral assemblages without abrupt changes from Car-
nian into earliest Hettangian (e.g., Cirilli, 2010).

Even though the palynology shifts are generally gradual
and mainly important at regional scales, the trends can help
identify major hiatuses and correlations in terrestrial records.
For example, the strata slightly below flood basalts in the
Newark rift basins in the eastern North America display
a relatively sharp transition from diverse assemblages of
monosaccate and bisaccate pollen to an overlying assemblage
containing 60e90% Corollina meyeriana spores, and this
level was considered as a regional marker for the Triassic/
Jurassic boundary (e.g., Cornet, 1977, pp. 175e184; Cornet
and Olsen, 1985; Fowell and Olsen, 1993, 1995). However,
similar palynological changes are recorded near the base of
the typical Rhaetian of Europe (e.g., Schuurman, 1979;
Orbell, 1983; Van Veen, 1995), therefore some palynologists
have interpreted this level to be a major hiatus that includes
most of the Rhaetian stage (e.g., Cirilli et al., 2009), as is also
indicated by the conchostracan assemblages (Kozur and
Weems, 2005, 2010). This interpretation of the absence of the
uppermost Norian and most of the Rhaetian between the
radio-isotopic-dated flood basalts and the underlying cycle-
scaled magnetozones of the Newark Supergroup lacustrine

strata would have a major implication for the Late Triassic
age scale, as will be discussed in Section 25.3.

25.2.3. Physical Stratigraphy

25.2.3.1. Magnetostratigraphy

The compilation of the magnetic polarity time scale for
the Triassic is better developed than for the Jurassic or for
any of the Paleozoic systems. A concentrated effort by
paleomagnetists working closely with biostratigraphers and
cyclostratigraphers during the 1990s and the first decade of the
21st century has revealed approximately 50 main magneto-
zones and twice as many lesser polarity subzones (Hounslow
andMuttoni, 2010). The composite polarity scale from marine
strata has been calibrated to ammonoid and conodont datums
in different regions. A parallel polarity scale from terrestrial
settings has been partly correlated to conchostracan zones and
scaled with cycle-stratigraphy. Magnetic reversals are globally
synchronous; therefore, the placement of biostratigraphic
datums relative to distinctive polarity patterns has been used to
determine diachroneity or local distortions in relative timing
of markers and a polarity boundary may potentially be used as
the primary marker for at least one Triassic GSSP (e.g., GSSP
for Anisian by Hounslow et al., 2007). Within Triassic
substages, the average of about four major and five minor
polarity intervals commonly display a characteristic pattern.
However, the sheer abundance of magnetic polarity chrons
and lack of broad fingerprints in the patterns at the stage level
implies that utilization of Triassic magnetostratigraphy for
inter-regional or inter-facies correlations requires adequate
biostratigraphic constraints.

The total of the 133 validated magnetozones in the
Triassic have a mean reversal rate of 2.6/myr, which is similar
to the average Cenozoic rate of geomagnetic reversals
(Hounslow and Muttoni, 2010). The apparent reversal rate of
the Early and Middle Triassic (4/myr) is twice the average
rate within the Late Triassic.

Each magnetostratigraphy study employed a different
system for labeling the observed magnetozones. The verifi-
cation of these studies by demonstrating reproducibility
within the biostratigraphic constraints among different
regions enables a nomenclature for the main and minor
polarity chrons. In the milestone synthesis by Hounslow and
Muttoni (2010), the subjective groupings into main magne-
tozones are systematically numbered within each Triassic
series (e.g., MT7 is the seventh “main” polarity episode,
although it may contain several brief polarity subchrons, with
a normal-polarity-dominated portion followed by a reversed-
polarity-dominated portion). An alternative would be to label
each magnetozone according to the Triassic subzone (e.g., Illy-
N2; for the second cluster of normal-polarity in the Illyrian
substage of Anisian; which is the same as “MT7n”, thereby
enabling a user to immediately know the approximate age
relationship (e.g., suggested scales in Ogg et al., 2008). This
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“stage-abbreviation-then-number” system is the same
nomenclature philosophy as is used for Phanerozoic sequences
(e.g., Hardenbol et al., 1998). In the summary figures, both
options are shown. In any case, there is a caveat that portions of
these composite polarity patterns are not well calibrated to
boundaries of ammonoid (or conodont) zones and the scaling
of the patterns within zones is probably distorted by variable
sedimentation rates in the reference sections.

The following summary is mainly from Hounslow and
Muttoni (2010), and only a selection of their main reference
sections for bio-magnetic calibrations and conclusions are
given here. In addition to placing the generalized patterns
onto the relevant biostratigraphic scales, they standardized
the stratigraphy of the different regional sections onto
a common Tethyan ammonoid-zone scale.

Early Triassic Magnetic Polarity Scales

The Induan stage has two pairs and the Olenekian has seven
pairs of polarity chrons that are correlated to Boreal ammo-
noid and conodont datums in the Arctic (e.g., Ogg and
Steiner, 1991; Hounslow et al., 2008a,b) and to conodont
ranges in several Tethyan sections in China (e.g., Steiner
et al., 1989; Heller et al., 1995; Glen et al., 2009), Iran and
Italy. The PermianeTriassic boundary is near the base of
a relatively long normal-magnetozone (“LT1n” or “Gries-
N1”; Steiner, 2006). This feature can be identified in the
composite magnetostratigraphy from terrestrial deposits
within the Germanic Basin (e.g., Nawrocki, 1997; Szurlies,
2004, 2007), implying that the base-Triassic is approximately
the base of the Buntsandstein Formation.

The correlation of the marine-based magnetic polarity
scale to this Germanic Basin polarity pattern is well estab-
lished. There is a distinctive dominance of reversed polarity
in the upper Induan and lowermost Olenekian followed by
predominantly normal polarity in upper Lower Triassic in
both scales; which enables a one-to-one correlation of the
individual cycle-scaled Buntsandstein magnetic polarity
chrons to those in the marine composite (e.g., Szurlies, 2007;
Hounslow and Muttoni, 2010). The same change in polarity
dominance and other features are tentatively used to assign
geologic stages/substages to terrestrial deposits in the Karoo
Basin, southwestern USA and Russia (Hounslow and Mut-
toni, 2010: fig. 4). Therefore, the proposed astronomical
cyclicity can be projected via these bio-magnetostratigraphic
correlations to estimate the time spans for Lower Triassic
stages and substages. The resulting stage durations generally
agree with the estimates derived from radio-isotopic ages
(e.g., Menning et al., 2005; Kozur and Bachmann, 2005,
2008; but see Galfetti et al., 2007b for an alternate conclusion
in which the Spathian substage is significantly longer than the
combined Griesbachian, Dienerian and Smithian stages,
a conclusion that is difficult to reconcile with the cycle-
magnetostratigraphic model).

Middle Triassic Magnetic Polarity Scale

The seven main polarity pairs of the Anisian display domi-
nance by normal polarity in the lower substages (Aegean,
Bithynian) followed by a relative dominance by reversed
polarity through the lowermost Ladinian. This pattern is
derived from sections containing Boreal ammonoid zones in
Spitsbergen (arctic Norway; Hounslow et al., 2008a,b) and
from those with conodont ranges in China (e.g., Lehrmann
et al., 2006); Albania (e.g., Muttoni et al., 1996b), Romania
(e.g., Gradinaru et al., 2007), Austria (Muttoni et al., 1996a)
and other regions. The distinctive switch in dominance of
polarity is the first-order constraint on projecting ages onto
terrestrial facies in the Germanic Basin (e.g., Nawrocki and
Szulc, 2000; Szurlies, 2007), the Catalan and Iberian basins of
Spain (e.g., Dinarés-Turell et al., 2005), England and China
(Hounslow and Muttoni, 2010: fig. 4).

The main reference sections for the eight main polarity
pairs of the Ladinian are in the alpine region of Italy
and Austria (Seceda, Mayerling, Stuores sections; e.g., Gallet
et al., 1998; Broglio Loriga et al., 1999; Muttoni et al.,
2004a).

Late Triassic Magnetic Polarity Scales

The alpine Mayerling and Stuores sections, plus Bolücektasi
Tepe in Turkey (Gallet et al., 1992), are the main reference
sections for the Julian substage (lower Carnian). There are no
adequate biostratigraphic controls on magnetostratigraphic
studies that might span the middle Carnian (lower two
ammonoid zones of Tuvalian substage); therefore Hounslow
and Muttoni (2010) assigned a “holding” nomenclature of
“UT5eUT9” with a temporary schematic pattern similar to
zones “E2eE5” of the terrestrial deposits of the lower
Newark supergroup (Kent et al., 1995). As of the year 2010,
this was the only significant gap in the Triassic composite
magnetic polarity time scale.

The upper Carnian through Norian pattern is mainly
derived from the GSSP candidate for base-Norian at Pizzo
Mondello in Sicily (Muttoni et al., 2001, 2004b) and the
Silickà Brezovà section of Turkey (Channel et al., 2003). The
uppermost Norian to lowermost Rhaetian is calibrated to
conodont datums in Austria (Scheiblkogel: Gallet et al.,
1998; and the candidate for the Rhaetian GSSP at Stein-
bergkogel: Krystyn et al., 2007c,d, and Hüsing et al., 2011).
A pair of thick overlapping sections in the southern Alps
(Brumano and Italcementi Quarry: Muttoni et al., 2010) spans
the middle Rhaetian through lowermost Hettangian, although
minor faults complicate the stratigraphy.

In general, the eight main magnetozones (UT13eUT20)
of the lower Norian (Lacian and Alaunian substages) have
a dominance by reversed polarity; whereas the three main
polarity Zones of the upper Norian (Sevalian) have approxi-
mately equal proportions of normal and reversed polarity. The
basal Rhaetian is mainly reversed (“UT23reUT24”);

696 The Geologic Time Scale 2012



followed by a prevalence of normal polarity that continues
into the Hettangian.

During the Late Triassic, a series of rift valleys along the
western margin of the future Central Atlantic accumulated very
thick successions of lacustrine deposits that recorded climatic
responses to Milankovitch orbital cycles. Drilling of these
Newark basin strata has yielded a complete 30myr cycle-scaled
pattern of the magnetic reversal history during the Late Triassic
(Kent et al., 1995). A few meters above the brief reversed-
polarity E23r zone is a palynological turnover event, and a few
centimeters higher the lacustrine deposits are overlain by the
OrangeMountain basalts, part of the onset of a regional Central
Atlantic Magmatic Province dated at approximately 201.5 Ma
(e.g., Mundil et al., 2010). Therefore, Kent and Olsen (1999
with 2002online update) assigned an age of 202Ma to the top of
E23 and tuned the cyclic stratigraphy using the 404-kyr
eccentricity cycle and a 1.75-myr-long modulating cycle to
project the ages of the late Triassic polarity pattern. Based on
palynology (e.g., Cornet, 1977), the base of the Norian was
tentatively assigned to Newark magnetozone E13 at the base of
the Passiac Formation (Olsen et al., 1996), but projected to
a much lower level by other interpretations (e.g., option 2 of
Muttoni et al., 2004b). However, there is the problem of the
palynological turnover event below the basalts, which was
originally considered to mark the Rhaetian/Hettangian
boundary and hence the Triassic/Jurassic boundary (e.g., Kent
and Olsen, 1999); but other palynology and conchostracan
investigations interpret this as a major hiatus at the Norian/
Rhaetian boundary with the majority of the Rhaetian being
absent (e.g., Kozur and Weems, 2005; Cirilli et al., 2009).

Depending on the choice of interpreted placement of the
Carnian/Norian boundary and the continuity of the uppermost
NorianeRhaetian for the Newark succession, there are many
published versions of how the cycle-scaled Newark polarity
pattern might correlate to the upper Carnian, Norian and
Rhaetian magnetostratigraphy from marine sections and
composites (e.g., options 1 and 2 ofMuttoni et al., 2004b; Ogg,
2004; Ogg et al., 2008; options A, B and C of Hounslow and
Muttoni, 2010; Gallet et al., 2007; Muttoni et al., 2010; Lucas
et al., submitted; etc.). Radio-isotopic age control on the New-
ark lacustrine beds or on Norian and Rhaetian magnetozones or
identification of unambiguous markers in the terrestrial and
marine facies is required. Once there is an established correla-
tion of the terrestrial to the marine polarity patterns, then the
extensive cycle-scaled Newark suite will provide a precise
duration and timing for most of the events in the Late Triassic.

25.2.3.2. Chemical Stratigraphy

Major excursions in carbon, sulfur and strontium isotopes in
uppermost Permian and lower Triassic and in the uppermost
Rhaetian through early Hettangian strata arewell documented.
The recognition of global excursions in carbon and strontium
isotopes during the majority of the Middle and Upper Triassic
is relatively less developed than in adjacent geological periods

owing to a dearth of extended sections with high-resolution
biostratigraphy and unambiguous global correlation.
Comprehensive reviews are by Tanner (2010a) and within the
geochemical stratigraphy chapters of this volume.

Carbon, Oxygen and Sulfur Stable Isotopes

The main set of end-Permian marine mass extinctions occurs
abruptly within a broader major negative excursion in carbon
isotopes in both marine carbonates and organic carbon. High-
resolution studies indicate that the stepwise downward trend
in negative carbon isotopes was interrupted by a minor
positive isotope excursion that approximately coincided with
this main marine extinction level, followed by the minimum
13C values immediately above the basal Triassic (e.g., Korte
and Kozur, 2010; Hermann et al., 2010; Luo et al., 2011).
This pronounced trend toward negative carbon isotope values
may have been caused by a combination of decreased marine
productivity and influx of light carbon from volcanic, soil-
carbon or methane sources (e.g., Holser and Magaritz, 1987;
Baud et al., 1989, 1996; Krull and Retallack, 2000; Yin et al.,
2001; Sephton et al., 2002a; Erwin et al., 2002; Korte et al.,
2010; Horacek et al., 2010a).

Three positive peaks in 13C occur in the lower Triassic: the
lower-middle of the Smithian substage, the base of the Spa-
thian substage, and a broader peak in late Spathian through
lower Anisian. The carbon isotope values never return to the
relatively heavy d13C of þ4& that characterizes the Late
Permian (Figure 25.4; Chapter 11). The measured magnitude
of these shifts vary among regional syntheses (e.g., the peak of
the middle Smithian excursion is 7& in the compilation of
Payne et al. (2004), but 2e3& in the compilations of Korte
et al., (2005) and Galfetti et al. (2007b, 2008)). The curve in
Figure 25.4 is a generalized synthesis of the main trends from
these studies. An abrupt drop in ammonoid and conodont
diversity is associated with the onset of the positive 13C
excursion at the base of the Spathian substage (Galfetti et al.,
2007a). A hypothesis for the origin of these relatively high-
amplitude excursions is that there were multiple pulses of
carbon release during phases of eruption and intrusion of the
Siberian Traps flood basalts (e.g., Payne and Kump, 2008).

Carbon isotopes generally remain in the þ1.5 to þ2.5&
range throughout most of the Middle Triassic, then rise to
a broad d13C peak of c. þ3.5& upper Carnian through lower
Norian (Veizer et al., 1999; Hayes et al., 1999; Korte et al.,
2005). A brief, but significant, negative carbon isotope
excursion is reported from the mid-Carnian (Dal Corso et al.,
2012). A brief positive d13C peak in organic in organic carbon
components at the NorianeRhaetian boundary has been
tentatively attributed to widespread oceanic stagnation coin-
cident with extinction of deep-water invertebrate fauna
(Sephton et al., 2002b), but this requires verification in
additional sections. The late Rhaetian (end-Triassic) mass
extinctions coincide with a negative carbon isotope excursion,
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which, like the end-Permian event, may be linked to wide-
spread volcanism, oceanic productivity collapse and release
of methane (e.g., Pálfy et al., 2001; Ward et al., 2001; Hes-
selbo et al., 2002; Ruhl et al., 2009). However, the interpre-
tation of these carbon isotope records may be distorted by
facies variations in some sections.

Oxygen isotope trends and other paleoenvironmental
evidence indicate a general progressive cooling from Late
Permian through the Triassic. The global 18O pattern suggests
a total cooling of about 4�C in tropical seas (Veizer et al.,
2000; Wallman, 2001; Korte et al., 2005).

The uppermost-Permian through Lower Triassic is char-
acterized by two extraordinary high-amplitude excursions in
sulfur isotopes. Evaporite and carbonate-associated sulfates
display low d34S values of c. 10& prior to the end-Permian
mass extinction, followed by a brief excursion to approxi-
mately 25e30& near the end-Permian and a second broader
peak to similar values near the InduaneOlenekian boundary
(DienerianeSmithian substage boundary) (e.g., Kampschulte
and Strauss, 2004; Newton et al., 2004; Horacek et al.,
2010a,b; Luo et al., 2010). One interpretation for the rate and
magnitude of these excursions is that sequestered hydrogen
sulfide in a latest Permian anoxic ocean was released by
oceanic overturning (e.g., review in Payne and Gray, Chapter
9 of this volume); and that the oceanic sulfate reservoir was
anomalously low, perhaps less than 15% of modern size (Luo
et al., 2010). Sulfur isotope stratigraphy within the rest of the
Triassic is currently at a low-precision reconnaissance status.

Strontium and Osmium Isotope Ratios

The curve of marine 87Sr/86Sr through the Triassic
(Figure 25.4) is dominated by a broad trough bounded by twin
peaks in the late-Early and latest Triassic (e.g., review in
McArthur et al., Chapter 7 of this volume). Values of
87Sr/86Sr show a sharp rise through the latest Permian into
a late-Olenekian maximum (0.7082), a minimum (0.7076) in
early Carnian, a second peak (c. 0.7080) in late Norian, fol-
lowed by a rapid decline through the Rhaetian (to c. 0.707 65)
that ended upon eruption of the end-Triassic Central Atlantic
Magmatic Province (CAMP) (Koepnick et al., 1990; Korte
et al. 2003; Cohen and Coe, 2007).

The major rise in marine 87Sr/86Sr during the Late
Permian and Early Triassic may be a long-term response to
increased continental weathering following the glacial
climates of the early Permian (Martin and Macdougall, 1995).
The abrupt initiation of the end-Triassic downturn in marine
87Sr/86Sr coincided with major flood basalt outpouring along
the future Central Atlantic seaway, followed by the prolonged
decline in 87Sr/86Sr to the end of the Pliensbachian (Jones and
Jenkyns, 2001; McArthur et al., 2001; Jenkyns et al., 2002).
Except for the broad trough of Carnian and Early Norian, the
rate of change of 87Sr/86Sr through the Triassic offers some
promise for global correlation at high resolution.

Osmium isotope stratigraphy has not yet been systemati-
cally compiled for the Triassic. Analysis of black shales of
latest Anisian from Svalbard yielded as initial 187Os/188Os
ratio of 0.83 � 0.03, the highest recorded ratio for global
seawater between the earliest Cambrian and the late Early
Jurassic (Xu et al., 2009). This peak remains to be verified
and delimited in additional sections. Mirroring the strontium
curve of late Triassic, a plunge in initial 187Os/188Os ratio
from a late Norian peak of 0.75 is interrupted by a brief
excursion to high (radiogenic) ratios upon eruption of the
CAMP (e.g., Cohen and Coe, 2007; Peucker-Ehrenbrink and
Ravizza, Chapter 8 of this volume).

25.2.3.3. Cyclostratigraphy

The monsoon-dominated climate of the Pangea mega-
continent was sensitive to Milankovitch cycles, especially the
precessioneeccentricity components of these orbitalecli-
mate oscillations. The interpretations and controversies con-
cerning these Triassic cyclic deposits are critically examined
by Tanner (2010b). Extended and quasi-continuous deposits
of continental facies which have excellent magneto-
stratigraphy in central Europe and eastern North America are
the basis of cycle-scaled polarity patterns for the Early and
the Late Triassic. In theory, these successions should be the
Rosetta stone to project cycle-scaled durations onto marine
sequences for a precise relative time scale, similar to what has
been developed for the Cenozoic. In practice, there is a lack of
a unique pattern match for correlation of these extended
intervals of cycle-scaled magnetostratigraphies with marine-
based composite polarity patterns.

Variations in clastic input into the Buntsandstein basins of
central Europe during the Early Triassic provide a detailed
regional stratigraphy that is applicable to surface exposures
and downhole logs (e.g., reviews in Röhling, 1991; Bach-
mann and Kozur, 2004; Szurlies, 2004; Menning et al., 2005;
Feist-Burkhardt et al., 2008). The cycles, spanning about
10e20 m with sandstones fining upward into more clay-rich
sediments, are generally interpreted as oscillations between
more arid and more humid conditions. Constraints from
terrestrial biostratigraphy (conchostracan, pollen spores)
combined with radio-isotope ages on the span of the Early
Triassic indicate that the depositional sequences appear to
coincide with the 100-kyr short eccentricity cycle
(e.g., Bachmann and Kozur, 2004; Menning et al., 2005).
However, the expected 400-kyr-long eccentricity has not been
unambiguously resolved. The magnetostratigraphy from the
Buntsandstein, especially within the lower portion which has
relatively longer duration polarity zones and biostratigraphic
constraints, is fairly well correlated to the Early Triassic
composite (Szurlies, 2007; Hounslow and Muttoni, 2010).
Even though a monotonic 100-kyr periodicity is not expected
for short eccentricity and there is a possibility of “missing
beats” at possible exposure horizons within this
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Buntsandstein succession, the projected cycle-scaling of the
marine zonation and associated Early Triassic substages via
this magnetostratigraphy is a close fit to radio-isotopic ages
and was used here for detailed scaling of the Early Triassic
and early Anisian.

Interbedded marls and limestones of shallow-marine
origin spanning the PermianeTriassic boundary interval in the
Austrian Alps display cycles with ratios matching Milanko-
vitch periodicities, and have been interpreted to imply that the
latest Permian extinction and negative carbon isotope spike
spanned less than 30 kyr (Rampino et al., 2000, 2002).

The Latemar massif in the Italian Dolomites was an atoll-
like feature with a core of flat-lying Anisian and Ladinian
platform carbonates. Oscillations in sea level were created
over 500 thin depositional cycles (Goldhammer et al., 1987).
Stacking patterns and spectral analysis of the sea-level oscil-
lations had been interpreted as representing precession
modulated by short-term (100 kyr) eccentricity, therefore
yielding an implication that the Latemar deposit spans
approximately 10 myr (Goldhammer et al., 1990; Hinnov and
Goldhammer, 1991). In contrast, U-Pb ages from coeval tuff-
bearing basinal deposits appear to constrain the Latemar
platform to span only 2 to 4myr (e.g., Brack et al., 1996, 1997;
Mundil et al., 1996; Hardie and Hinnov, 1997; and extended
review in Tanner, 2010a). A possible solution to this disparity
is that an extremely rapid rate of platform construction (c. 500
m/myr or greater) enabled recording of sub-Milankovitch sea-
level oscillations with misleading similarity in ratios to pre-
cessioneeccentricity (e.g., Kent et al., 2004, 2006; Hinnov,
2006;Meyers, 2008). This debate demonstrates that any cycle-
stratigraphic analysis based on a single section requires veri-
fication from other independent basins and facies.

Radiolarian-rich pelagic chert successions from Japan
spanning the Middle Triassic are characterized by ribbon
bedding. These chert-clay couplets have been interpreted as
productivity fluctuations induced by 20-kyr precession
cycles, and the longer-term trends in bed thickness corre-
spond to 100-kyr and 405-kyr eccentricity cycles (Ikeda et al.,
2010). These cyclostratigraphic interpretations, the tentative
correlation of radiolarian taxa to geologic stages, a potential
long-term modulation of c. 3.6 myr, and the continuity of the
bedded-chert sections await further verification.

Studies of similar oscillating Lofer facies within upper
Triassic platform carbonates of the Austrian Alps played an
important role in developing fundamental concepts of
cyclostratigraphy (e.g., Fischer, 1964), but the reality of
regular cyclicity in these deposits has also been debated
(e.g., Satterley, 1996, versus Schwarzacher, 2005, and Cozzi
et al., 2005; reviewed in Tanner, 2010b).

During the late-Middle Triassic through Early Jurassic,
a set of rift basins formed as Pangea underwent an initial phase
of breakup. The thick Newark Group of lacustrine sediments
from these tropical basins are characterized by oscillations
between semi-stagnant deep lakes and arid playas as the

intensity of monsoonal rains responded to Earth’s precession
modulated by short-term (c. 100 kyr) and long-term (c. 400
kyr) eccentricity cycles. Spectral analysis of sediment facies
successions in a series of deep-drilling cores enabled compi-
lation of a cycle-scaled stratigraphic record, including
a detailed polarity pattern that is unprecedented in its 30-myr
temporal span (e.g., Kent et al., 1995; Olsen et al., 1996; Kent
and Olsen, 1999). As discussed previously, the comparison of
the cycle-scaled terrestrial polarity signature to the unscaled
marine magnetostratigraphy does not always provide a unique
match. However, uppermost Triassic lacustrine deposits with
alternating red-to-green coloration at St. Audrie’s Bay have
yielded both a magnetostratigraphy (Hounslow et al., 2004)
and an interpreted 3.7-myr cyclostratigraphy (Kemp and Coe,
2007) that have a polarity scaling resembling the upper New-
ark interval of polarity zones E19n-E16n.

25.2.3.4. Sequence Stratigraphy

Triassic sea-level trends and sequences of different relative
magnitudes have been compiled for Boreal basins
(e.g., Embry, 1988; Mørk et al., 1989; Skjold et al., 1998), the
classic Germanic Trias (e.g., Aigner and Bachmann, 1992;
Geluk and Röhling, 1997), the Dolomites and Italian Alps
regions (e.g., De Zanche et al., 1993; Gaetani et al., 1998;
Gianolla et al., 1998) and other regions. Some of these
sea-level trends appear to correlate on an inter-basin to
global scale (e.g., Haq et al., 1988; Hallam, 1992; Embry,
1997; Gianolla and Jacquin, 1998), The significant
disparity in some proposed major global features for the
Triassic (e.g., Hardenbol et al., 1998, compared to Haq and
Al-Qahtani, 2005, or to Simmons et al., 2007) is difficult to
resolve, because the supporting details of reference sections
and biostratigraphic control are generally not adequately
published.

The major sequences in Figure 25.7 are mainly based on
a widely used compilation and systematic numbering system
by Jacquin and Vail (1998). In this compilation, the main first-
order Triassic sea-level trend is dominated by a single cyclee
a progressive transgression that began in the latest Permian,
peaks in the AnisianeLadinian boundary interval, followed
by a regression to the Late Norian (sequence boundary
“No2”). The second major transgressioneregression cycle
beginning in the Rhaetian reaches a peak in the late Jurassic.
Superimposed on these main cycles are at least four second-
order facies cycles (major sequence boundaries Ol4 in
uppermost Olenekian, Lad3 in uppermost Ladinian, Car3 in
mid-Carnian, and No2 in uppermost Norian). These, in turn,
have up to 23 proposed third-order sequences (Gianolla and
Jacquin, 1998). In contrast, Simmons et al. (2007) have
published a general Triassic scale with 7 main sequences
(Tr10 to Tr80). The long-term eustatic sea-level curve of Haq
and Al-Qahtani (2005) displays a late Ladinian through early
Carnian transgression between a general Induan through early
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Ladinian lowstand to a general late Carnian through mid-
Rhaetian highstand. A schematic intermediate-term sea-level
curve can be constructed by offsetting the amplitudes of the
Triassic sequences of Hardenbol et al. (1998) from the long-
term Triassic curve of Haq and Al-Qahtani (2005) following
advice of Bilal Haq (pers. comm., 2006; and available as
a column within the TimeScale Creator visualization suite,
www.tscreator.org). These proposed Triassic suites of
sequences and sea-level trends await published documenta-
tion of the different compilations and a community consensus
on the regional versus global components.

25.2.3.5. Other Major Stratigraphic Events

Large Igneous Provinces

The Triassic is delimited by two major volcanic provinces:
the Siberian Traps at the base and the Central Atlantic
Magmatic Province at the top.

The Siberian Traps, exposed mainly on the Siberian
craton, was one of the most voluminous volcanic eruption
provinces of the Phanerozoic, with an estimated volume of
over 2 million cubic kilometers of basalt flows and volcani-
clastic rocks (e.g., Large Igneous Provinces Commission,
2008; and review by Reichow et al., 2004). The volcanic
province on the Siberian craton is generally subdivided into
four distinct geographic regions: Noril’sk, Putorana, Nizh-
naya Tunguska and Maimecha-Kotuy. The main pulses of the
voluminous Siberian Traps flood basalts are approximately
coeval with the latest Permian mass extinctions, and the
waning stages of this volcanic activity continued into the
earliest Triassic (e.g., Renne et al., 1995; Erwin et al., 2002
and references therein; Reichow et al., 2009).

The Wrangellia terrane, which is accreted to British
Columbia and Alaska, contains a major episode of tholeiitic
flood volcanism in submarine and subaerial environments.
Radiometric dating (c. 227 and 232 Ma; see Table 25.1)
and the overlying fossiliferous strata indicate an eruption
during the Carnian. The original volcanic volume is esti-
mated as 1 million cubic kilometers (e.g., Greene et al.,
2008, 2010, 2011; Large Igneous Provinces Commission,
2008). The Wrangellia eruptions may have caused a major
negative excursion in carbon isotopes in the mid-Carnian
(Dal Corso et al., 2012).

The Central Atlantic Magmatic Province (CAMP) has
ages clustering at c. 201 Ma just prior to TriassiceJurassic
boundary and is considered to have been a major causal factor
in the end-Triassic extinctions (e.g., Marzoli et al., 1999;
Jourdan et al., 2009a; Schoene et al., 2010). The total
extrusive volume may have been even greater than the Sibe-
rian Traps.

Major Bolide Impacts

The 100-km diameter Manicouagan impact structure of
Quebec is the only Phanerozoic impact structure that has

melt rock directly dated by modern U/Pb methods (214.56
� 0.05 Ma; Ramezani et al., 2005, and Hodych and
Dunning, 1992, as re-evaluated by Jourdan et al., 2009b; see
Table 25.1). This impact event and associated environmental
catastrophe may have contributed to the large-scale turnover
of continental tetrapods during mid-Norian, during which
dinosaurs attained dominance over competing families
(e.g., Benton, 1986, 1993; Lucas, 2010d). However, no
record of this impact or major environmental catastrophe
has yet been discovered within the extensive lacustrine
deposits of the Newark Group of northeastern North
America.

Two significant impacts, with craters of c. 40 km diameter,
are assigned to the Triassic. The Araguainha crater in Brazil
has a reported Early Triassic age of 244.4 � 3.25 Ma, and the
Saint Martin crater in Manitoba, Canada, has an estimated
mid-Triassic age of 220 � 32 Ma (Earth Impact Database,
2010).

25.3. TRIASSIC TIME SCALE

After the publication of GTS2004, the Triassic was the focus
of extensive sampling and application of ultra-high-resolution
methods by different geochronology laboratories. Triassic
and uppermost Permian strata enabled testing enhanced
techniques for single-zircon dating, provided sets for inter-
calibration of U-Pb and Ar-Ar methods and the standardiza-
tion of procedures among laboratories. The new age sets have
replaced or called into question nearly all of the Triassic
radiogenic isotope ages published before 2004 (reviewed by
Mundil et al., 2010). The initiation and termination of the
Triassic Period have been constrained by a remarkably
extensive suite of ages, implying a span from 252.2 to 201.3
Ma (51 myr).

25.3.1. Constraints from Radio-Isotopic
Dates

As of the time of this compilation (early 2011), approxi-
mately 30 radio-isotopic dates constrain the Triassic numer-
ical time scale (see Chapter 6 of this volume). An extensive
set of 206Pb/238U CA-TIMS dates from analyses of individual
zircons treated by annealing followed by chemical abrasion
have replaced the dates derived from multi-grain analyses and
K-Ar methods. An extensive evaluation of these earlier
published dates has been compiled by Mundil et al. (2010),
and their selection of preferred Triassic dates from marine
strata and estimates for stage-boundary ages has been largely
followed in the composite Phanerozoic radio-isotopic age
constraint table (see radio-isotopic dating chapter (Chapter
6), this volume). Some additional newly published dates
(e.g., Schoene et al., 2010; Bowring in Shen et al., 2010; Shen
et al., 2011) are included, along with some additional
secondary guide ages that require future re-evaluation. A
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TABLE 25.1 Selected Triassic Radio-isotopic Dates – Terrestrial strata or Flood basalts

NOTE: This is only a subset of the published age suites for most of these episodes. See the selected references for reviews.

Event

Primary

controls

(*)

Source

(location)

Age for

GTS2012;

uncertainty

(95%) in myr

Annotation; Dated

Material; Method Locality; formation; biostratigraphy

Primary

Reference

Review

Reference (and

evaluation

comments from

references)

Central Atlantic Magmatic Province (CAMP; end-Triassic)

X North Mtn.
basalt; Fundy

201.38 �0.02 NMB-03-1 re-dated; Zircon
from basalt; 206Pb/238U
ID-TIMS; Annealing/
chemical abrasion, single
grain

Fundy Basin, Nova Scotia, Canada.
Pegmatitic lenses within the lowest basalt flow of the
North Mountain basalt
(often regarded as the oldest CAMP basalt flow in North
America); same locality as Hodych and Dunning (1992).

Schoene
et al., 2010.

See also: Schaltegger
et al., 2008.

X CAMP peak 201.09 �0.7 NEW-CUL sets; Biotite and
plagioclase from ten sill and
lava flow samples; Ar/Ar

Composite from Newark and Culpeper basins Marzoli
et al., 2011.

X North Mtn.
basalt; Fundy

201.33 �0.9 NS3; Plagioclase from
basalt; Ar/Ar

Fundy Basin, Nova Scotia, Canada. East Ferry Member of
North Mountain basalt (often regarded as the oldest CAMP
basalt flow in North America).

Jourdan
et al., 2009a.

X North Mtn.
basalt; Fundy

200.62 �0.8 NS19, NS21; Plagioclase
from pegamitite; Ar/Ar

Fundy Basin, Nova Scotia, Canada. Pegmatitic lenses within East
Ferry Member of North Mountain basalt (often regarded as the
oldest CAMP basalt flow in North America).

Jourdan
et al., 2009a.

secondary
guide

North Mtn.
basalt; Fundy

201.7 +1.4/-1.1 PSM6, GRAD285,286;
Zircon from basalt; 206Pb/
238U

Fundy Basin, Nova Scotia, Canada. North Mountain basalt
(often regarded as the oldest CAMP basalt flow in North
America). Base of basalt flows are 20m above a turnover in
palynology and vertebrate assemblages that was tentatively
considered equivalent to Triassic-Jurassic boundary.

Hodych and
Dunning, 1992.

Pálfy et al., 2000a.

secondary
guide

Palisades;
Newark Basin

200.9 �1 PSM8; Zircon and
baddeleyite from basalt; U-
Pb

Newark Basin, eastern U.S. Palisades sill. Palisades and
Gettysburg sills are considered to be feeders for regional basalt
that immediately overlies a turnover in palynology and vertebrate
assemblages that was tentatively considered equivalent to
Triassic-Jurassic boundary.

Dunning and
Hodych, 1990.

Pálfy et al., 2000a.

secondary
guide

Gettysburg sill;
Newark Basin

201.3 �1 PSM7; Zircon from basalt;
U-Pb

Newark Basin, eastern U.S. Gettysburg sill. [See above note on
Palisades]

Dunning and
Hodych, 1990.

Pálfy et al., 2000a.

Manicouagan Impact Crater (mid-Norian)

X Melt rock 214.56 �0.05 Zircons from melt rock;
206Pb/238U and ArAr

Manicouagan crater in east-central Quebec, Canada. "Melt rock
sheet (ca. 230m) underlying the central island of the 65-km-
diameter Manicouagan crater."

Hodych and
Dunning, 1992.

Jourdan et al., 2009b.

X Melt rock 215.5 (� not
given in
reference)

Zircons from melt rock;
206Pb/238U

Manicouagan crater in east-central Quebec, Canada.
"Melt rock sheet (ca. 230m) underlying the central island of the
65-km-diameter Manicouagan crater."

Ramezani
et al., 2005.

(Continued)
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TABLE 25.1 Selected Triassic Radio-isotopic Dates – Terrestrial strata or Flood basaltsdcont’d

NOTE: This is only a subset of the published age suites for most of these episodes. See the selected references for reviews.

Event

Primary

controls

(*)

Source

(location)

Age for

GTS2012;

uncertainty

(95%) in myr

Annotation; Dated

Material; Method Locality; formation; biostratigraphy

Primary

Reference

Review

Reference (and

evaluation

comments from

references)

Wrangellia Large Igneous Province (mid-Carnian)

X Vancouver 232.2 �1 207Pb/206Pb Vancouver Island, Canada. Large igneous province (LIP; >1
million km2) of Wrangellia. Potential causation factor in
"Carnian pluvial event" just below onset of M. nodosus conodont
in Apennines (Furin et al., 2006; "This apparent coincidence
needs to be further tested with new radiometric dates for this LIP
and of the Carnian crisis."

Mortensen and
Hulbert, 1992.

Furin et al., 2006.

X Vancouver 227 �3 207Pb/206Pb Vancouver Island, Canada. Large igneous province (LIP; >1
million km2) of Wrangellia. Potential causation factor in
"Carnian pluvial event" just below onset of M. nodosus conodont
in Apennines (Furin et al., 2006: "This apparent coincidence
needs to be further tested with new radiometric dates for this LIP
and of the Carnian crisis."

Parrish and
McNicoll, 1992.

Furin et al., 2006.

Selected Constraints on Terrestrial Vertebrate Megafauna (Carnian-Norian)

x Petrified Forest
Fm.; AZ

201 (� not
given in
reference)

Black Forest (Ramezani);
Redeposited zircons;
206Pb/238U. U-Pb ID-
TIMS single-zircon

Petrified Forest National Park, Arizona,
southwest USA, Black Forest Bed of the Petrified Forest
Formation. Lower-mid Revueltian of tetrapod zonation.
"dinosaurs . were still not a dominant component of the
ecosystem".

Ramezani
et al., 2009.

"Results indicate that
the lower two-thirds
of the Petrified Forest
section was deposited
within a period of ca.
10 Myr entirely within
the Norian Stage of
Late Triassic."

x Petrified Forest
Fm.; AZ

211 �0.7 Black Forest (Heckert);
Redeposited zircons; U-Pb.
air-abraded ID-TIMS

Petrified Forest National Park, Arizona, southwest USA, Black
Forest Bed of the Petrified Forest Formation. Lower-mid
Revueltian of tetrapod zonation. "dinosaurs . were still not
a dominant component of the ecosystem".

Heckert
et al., 2009.

"consistent with the
approximately 218
Ma Carnian-Norian
boundary in the
Newark Supergroup,
not a "long Norian"
extending to
approximately 228
Ma as recently
proposed"

x Petrified Forest
Fm.; AZ

213.15 (� not
given in
reference)

Flattops 1; Redeposited
zircons; 206Pb/238U. ID-
TIMS single-zircon

Petrified Forest National Park, Arizona, southwest USA. Flattops
1 sandy interval, lower Petrified Desert formation. Projected to
be lower part of Revueltian of tetrapod zonaton.

Ramezani
et al., 2009.

"Adamanian-
Revueltian faunal
turn-over occurred
between 219.37 and
213.15 Ma.

x Petrified Forest
Fm.; AZ

219.37 (� not
given in
reference)

Sonsela Sst; Redeposited
zircons; 206Pb/238U. ID-
TIMS single-zircon

Petrified Forest National Park, Arizona, southwest USA. Just
below Sonsela Sandstone, in middle of Sonsela member. Upper-
middle Adamanian of tetrapod zonation (Lucas, 2010)

Ramezani
et al., 2009.

x Petrified Forest
Fm.; AZ

223.1 (� not
given in
reference)

Blue Mesa (Ramezani);
Redeposited zircons;
206Pb/238U. ID-TIMS
single-zircon

Petrified Forest National Park, Arizona, southwest USA. Upper
part of Blue Mesa member. Middle of Adamanian of tetrapod
zonation (Lucas, 2010)

Ramezani
et al., 2009.
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x Petrified Forest
Fm.; AZ

220.9 �0.6 Blue Mesa (Heckert);
Redeposited zircons; U-Pb.
air-abraded ID-TIMS

Six Mile Canyon area, western New Mexico, southwest USA. "A
volcanic-rich litharenite at the base of the Blue Mesa Member of
the Petrified Forest Formation". Middle of lower Adamanian of
tetrapod zonation (Lucas, 2010). "Palynostratigraphic constraints
supported by vertebrate and conchostracan biostratigraphy
assign a Carnian age to the Blue Mesa Member, which is
consistent with the approximately 218 Ma Carnian-Norian"
boundary in the Newark Supergroup (Heckert et al., 2009)"

Heckert
et al., 2009.

"Comparison to the
astronomically-
calibrated Late
Triassic polarity
timescale indicates
that the Black Forest
Bed likely
corresponds to the
normal chron E16"

x Petrified Forest
Fm.; AZ

219.2 �0.7 Blue Mesa (Mundil);
Redeposited zircons;
206Pb/238U. CA-TIMS

Six Mile Canyon area, western New Mexico, southwest USA.
Tuffaceous sandstone at base of Blue Mesa Member, Petrified
Forest Formation, Chinle Group. Middle of lower Adamanian of
tetrapod zonation (Lucas, 2010).

Mundil and
Irmis, 2008.

x Ischigualasto;
Argentina

230.59 �0.3 Ischigualasto; Sanidine from
bentonite; 40Ar/39Ar

northwest Argentina. Ischigualasto Formation, Herr Toba
bentonite. Earliest dinosaurs are included in this extensive
tetrapod assemblage. Ischigualasto Fm has fauna considered
equivalent to Adamanian of southwest USA (assigned to late
Carnian by Lucas, 2010). The assemblage "slightly overlaps and
mostly overlies the Herr Toba bentonite" (Lucas, 2010).

Rogers et al.,
1993.

Furin et al., 2006.

Italian volcanic center (Ladinian-Anisian)

secondary
guide

Predazzo; n.
Italy

237.3 +0.4/-1.0 U-Pb Dolomites, Italy. Predazzo volcanics. Pálfy et al. (2003)
"tentatively assign to the Regoledanus ammonite zone" (highest
zone of Ladinian). They schematically show the biostratigraphic
uncertainty as spanning that entire zone.

Brack et al.,
1997.

Siberian Traps (Permian-Triassic boundary interval)

x Noril’sk 250.2 �0.6 Ar-Ar Noril’sk region, Russia. Bracketing age for upper part of 3.5 km
succession (part of an extensive suite, and review).

Reichow
et al., 2009.

x Noril’sk 251.81 �1.1 Ar-Ar Noril’sk region, Russia. Bracketing age for lower part of 3.5 km
succession (part of an extensive suite, and review).

Reichow
et al., 2009.

x Upper Traps 251.1 �0.3 Upper Traps
(Kamo’03);
Zircons from
volcanics; U-Pb

MaymechaeKotuy area (northeastern part of the
Siberian flood-volcanic province), Russia. Lavas of the
uppermost unit of volcanic sequence – Delkansky Suite
(trachydacitic and trachyrhyodacitic samples). "This is
a maximum age because 1400 m of high-Ti, Mg-rich lava of the
Meymechinsky Suite lies above the Delkansky Suite, and may
represent a few hundred thousand years of eruptive activity."

Kamo et al.,
2003.

x Lower Traps 251.7 �0.4 Lower Traps (Kamo’03);
Perovskite; U-Pb

MaymechaeKotuy area (northeastern part of the Siberian flood-
volcanic province), Russia. Lavas of the uppermost unit of
volcanic sequence – 350 m thick, melilite-bearing, mela-
nephelinitic to limburgitic rocks of the Arydzhansky Suite.

Kamo et al.,
2003.

secondary
guide

Noril’sk 251.2 �0.3 Traps (Kamo’96); Zircon
and
Badellyite; U-Pb

Noril’sk-1 gabroic intrusion. Siberian Traps. Age is from Noril’sk-
1 gabbroic intrusion, which cuts lower third of the Traps.

Kamo et al.,
1996.

Bowring et al., 1998.

secondary
guide

Noril’sk 250.1 �1.5 Traps (Renne’95); Biotite;
Ar-Ar

Noril’sk-1 gabroic intrusion. Siberian Traps. Age is from Noril’sk-
1 gabbroic intrusion, which cuts lower third of the Traps. [Ar-Ar
on bulk Hornblende sample yielded isochron of 249.3 �1.6
Ma.]

Renne et al.,
1995.

secondary
guide

Traps 251.5 �1.6 GRAD317, 318;
Hornblende, Whole Rock;
Ar-Ar

Siberian Traps [Increased uncertainty on recalculated age
"incoporated uncertainty in the standard’s age" (Renne et al.,
1995). Internal error was only 0.30 myr.]

Renne and Basu,
1991.

Renne et al., 1995.
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selected suite of radio-isotopic dates from major flood basalt
episodes and from strata that constrain terrestrial vertebrate
evolution are also compiled (Table 25.1).

Nearly all the ages from marine strata having adequate
biostratigraphic control are clustered within the early half of
the Triassic (c. 255 to 239 Ma) and within a brief interval
spanning the TriassiceJurassic boundary (c. 202e200 Ma).
In particular, there is a 30-myr gap in reliable dates encom-
passing the upper half of the Triassic. Therefore, this age gap
remains an interval of controversy in correlation of terrestrial
zonations (e.g., dinosaur evolution) to marine stages.

The PermianeTriassic boundary is well constrained as
approximately 252.2 Ma (U-Pb, TIMS) from sets of samples
from the Induan GSSP at Meishan, Zhejiang Province and the
Shangsi section from Sichuan Province in China (between
samples of Bowring re-dated MAW-b25 and Mundil
SH32(29)). Shen et al. (2010 2011) estimate the P/T
boundary (U-Pb, TIMS) at 252.16 Ma. However, the Ar-Ar
age estimate is slightly younger e Reichow et al. (2009)
obtained an age from sanidines in volcanic-ash Bed 28 about
8 cm above the GSSP at Meishan of 248.25� 0.14 Ma (based
on a monitor standard FCs of 28.02 Ma) which converts to
249.85 � 0.14 Ma using the revised FCs monitor standard of
28.201 Ma. Renne et al. (2010) suggest a “best-fit” (U-Pb,
plus recalculated Ar-Ar using a slightly older FCs of 28.30
Ma) of 252.3 � 0.2 Ma. The FCs standard of 28.201 Ma is
used in other GTS2012 radio-isotopic tables, therefore we
adopt the P/Tage of 252.16 Ma, with an estimated uncertainty
of � 0.2.

At first glance, the U-Pb TIMS age sets would seem to
imply that the onset of the eruption of the main basalt
complex of the Siberian Traps of Russia (Table 25.1) slightly
post-dates the mass extinction; which would contradict the
presumed volcanic-induced cause for the end-Permian
extinctions. However, a comparison of ages derived by the
Ar-Ar methods from the Meishan GSSP and the Siberian
Traps indicates an overlap with the main mass extinction
(Reichow et al., 2009). This apparent discrepancy between
the implications of the independent U-Pb and Ar-Ar suites
requires further study (Burgess and Bowring, 2010).

The base of the Olenekian Stage, or rather a leading
candidate level for placing a future GSSP, may be slightly
older than sample CHIN-40 that yielded 251.2 � 0.2 Ma
(Galfetti et al., 2007b).

The base of the Anisian Stage, as potentially recognized
by conodont zonation in southern China, was estimated as
247.2 � 0.1 Ma (between samples PGD Tuff-3 and Tuff-2)
by Lehrmann et al. (2006). However, U-Pb dates from
a nearby ammonoid-bearing basinal section suggest that the
ammonoid-defined (top of haugi Zone) placement for the
base-Anisian maybe be slightly younger than 246.9 Ma
(Ovtcharova et al., 2010).

The base of the Ladinian is constrained to be between
239.3 � 0.2 Ma (sample FP2 of mid-Ladinian; Brühwiler

et al., 2007) and 242.1 � 0.6 Ma (sample Mundil MSG.09 at
the Grenzbitumen horizon near base of the uppermost Anisian
Nevadites secedensis ammonoid zone; Mundil et al., 2010).
Mundil et al. (2010) estimate the AnisianeCarnian bound-
ary as 242.0 Ma. However, this boundary age would
truncate the Nevadites secedensis ammonoid zone, and an
Ar-Ar measurement on sanadines in MSG.09 from the same
Grenzbitumen horizon by Mundil et al. (2010) yielded
240.95 � 0.5 Ma (after adjusting the original 239.5 � 0.5 Ma
to an FCs monitor standard of 28.201 Ma). Therefore,
pending further work to converge the Ar-Ar and U-Pb ages on
the Grenzbitumen horizon, the base-Ladinian is estimated
as c. 241.5 � 1 Ma.

Spanning the LadinianeCarnian boundary is a gap of
about 9 myr in radio-isotopic dates that satisfy both analytical
criteria (e.g., suite accepted by Mundil et al., (2010), for their
table 3) and biostratigraphic control. However, a U-Pb date of
237.3 Ma (þ0.4/�1.0) from the Predazzo granites of northern
Italy (Brack et al., 1997) was tentatively correlated to the
Frankites regoledanus ammonite zone (highest zone of
Ladinian) by Pálfy et al. (2003). A new high-precision age of
237.85 � 0.05 Ma has been obtained from a set of seven CA-
TIMS-processed single zircons from a volcanic ash in the
Alpe di Siusi/Seiser Alm section of northern Italy within the
Upper Ladinian, but it has an imprecise correlation to
ammonite zones (Mietto et al., in press). A volcanic ash from
the southern Appenines yielding a date of 230.9 � 0.06 Ma
(sample Aglianico; Furin et al., 2006) was tentatively
assigned as mid-upper Carnian, and may be near the base of
the Tuvalian substage (H. Kozur, pers. comm., 2010). The
date from this horizon is similar to Ar-Ar ages from strata in
Argentina containing some of the earliest dinosaurs (Ischi-
gualasto Formation). If one uses the Predazzo granite as
a constraint within the latest Ladinian ammonite zone, then
a provisional assignment of 237 � 1 Ma is assigned to the
LadinianeCarnian boundary.

Although no reliable Norian or early Rhaetian radio-
isotopic ages have been published, there are suggestions that
the Norian may extend to 225 Ma or older. Suites of rede-
posited zircons within sediments of the southwestern USA
that have yield Adamanian and Revueltian tetrapods and early
dinosaurs have enabled a temporal framework for that
interval of tetrapod evolution (Table 25.1). The array of dated
horizons suggests that the "Adamanian-Revueltian faunal
turneover occurred between 219.37 and 213.15 Ma”
(Ramezani et al., 2009). However, the correlation of the
NorianeCarnian stage boundary interval to these deposits is
controversial. If the base-Norian is close to 225 Ma, then:

‘A mid-Norian age for the Adamanian to Revueltian land vertebrate

faunachron boundary, as suggested by the revised Late Triassic

timescale, is no longer compatible with the idea that the faunachron

boundary is coincident with the Carnian-Norian Stage boundary.’

(Ramezani et al., 2010)
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Alternatively, palynology, vertebrate and conchostracan
biostratigraphy correlations from the southwestern USA to
the Germanic Basin and European stages are interpreted to
imply that the Adamanian is mainly Carnian, and that the
redeposited zircon dates are:

‘consistent with the approximately 218 Ma Carnian-Norian

boundary in the Newark Supergroup, not a "long Norian" extending

to approximately 228 Ma as recently proposed.’

(Heckert et al., 2009)

Resolution of this ten-million-year divergence in opinion
on the placement of the CarnianeNorian boundary requires
future acquisition of radio-isotopic dates on marine-zoned
lowermost Norian.

There are no constraints from radio-isotopic dates on the
NorianeRhaetian boundary; nor estimates from cycle stra-
tigraphy on the possible durations of the Rhaetian or the
Norian stages.

In contrast, the TriassiceJurassic boundary has a precise
radio-isotopic age. Schoene et al. (2010) project that the T/J
boundary age is 201.31 Ma ( � 0.18/0.38/0.43) based on
constraints from ammonoid-bearing strata in Peru (LM4-90
and LM4-100/101) and a similar age from the former GSSP
candidate section in New York Canyon, Nevada. They
conclude that initiation of the main phase of the Central
Atlantic Volcanic Province (CAMP, Table 25.1) preceded
the TriassiceJurassic boundary by only c. 70 kyr (or
a maximum of 290 kyr if the extremes on the uncertainties
are applied). Radio-isotopic ages from CAMP flows in
North America and Morocco and cyclostratigraphy of
intervening periods of sedimentation within the flow
succession indicate that the main phase of eruptions was
a brief peak spanning c. 600 kyr (e.g., Whiteside et al.,
2007; Jourdan et al., 2009a; Marzoli et al., 2011). A
proposed significant age difference between these major
volcanic eruptions and the marine extinctions (e.g., Pálfy
et al., 2000a,b) is now considered to have been an artifact
from those multi-grain zircon analysis techniques (reviewed
in Mundil et al., 2010).

25.3.2. Early and Middle Triassic Scaling

The primary method for assigning numerical ages to the Early
Triassic is the cycle-scaled magnetostratigraphy from the
Germanic Basin (Figure 25.5). The following assumptions are
made:

(a) The base of the Triassic is 252.16 Ma (Shen et al., 2010,
2011). The uncertainty of 0.2 myr on this U-Pb isotopic
agewould apply to all numerical ages, but not to the cycle-
derived durations (e.g., if the base-Triassic is shifted older
by 0.1 myr, then the base-Olenekian and base-
Anisian must also be shifted older by the same 0.1 myr).

(b) The Germanic Basin cycles are a uniform 100-kyr
Milankovitch orbital-climate signal with the base of the
Triassic at the base of Calvorde cycle s1.2 and the base of
the Anisian at the base of Röt cycle s7.1 (Bachmann and
Kozur, 2004; Kozur and Bachmann, 2005; Menning
et al., 2005). Therefore, the 51 cycles span 5.1 myr,
which is identical to the span of 5.2 myr for the combined
Induan and Olenekian stages derived from radio-isotopic
dates (c. 252.16 to 247 Ma).

(c) The magnetostratigraphy from these cycle-scaled
deposits in the Germanic Basin (Szurlies, 2004, 2007) is
correlated to the ammonoid-zoned Early Triassic bio-
magnetostratigraphy of the Boreal realm according to
Hounslow and Muttoni (2010: fig. 4). Their correlation
utilizes the main trends in polarity patterns, although
there may be alternative correlations of the details of the
meter-scaled Boreal polarity pattern to the cycle-scaled
Germanic pattern.

(d) Assigned regional working definitions of stage and sub-
stage boundaries are according to their traditional place-
ment relative to Boreal ammonoid zones; with a mean
position of each ammonoid zone relative tomagnetozones
taken as the approximate middle of the uncertainty
interval in the summary diagrams of Hounslow and
Muttoni (2010). Some of these substage boundary
assignments may not correspond to future GSSPs or to
current working definitions in other regions (e.g., in China
where the majority of radio-isotopic dates originate).

(e) Conodont zones and other stratigraphic scales are placed
relative to Boreal ammonoid zones according to selected
correlation diagrams of other paleontologists (e.g., charts
by Hardenbol et al., 1998; Hounslow et al., 2008b; etc.).

These assumptions yield a suite of numerical age assignments
for placement of Lower Triassic stages as currently used in
the Boreal faunal realm:

Dienerian substage base (base of Proptychites candidus
ammonoid zone) is estimated by Hounslow and Muttoni
(2010) as 25% up in magnetozone LT2n (¼ magnetozone
CG5n of Szurlies, 2007). This has a projected age from the
cycle-stratigraphy of 250.9 Ma.

Olenekian stage boundary (base of Smithian substage;
base of Hedenstroemia hedenstroemi ammonoid zone) is near
the base of magnetozone LT3n, which they correlate to
magnetozone CG6n of Szurlies (2007). This yields an esti-
mated numerical age of 250.0 Ma. This projected age is
significantly younger than a radio-isotope-derived estimate
from China of c. 251.2 Ma � 0.2 (Galfetti et al., 2007b),
which may indicate different placements of the base-
Olenekian, a miscorrelation between Boreal and Germanic
magnetostratigraphy, or a distortion in the cycle stratigraphy.

Spathian substage base (base of Bajarunia euomphala
ammonoid zone in Svalbard or Siberia zonation)
is approximately 70% up in Hounslow and Muttoni’s
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Early Triassic Time Scale
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FIGURE 25.5 Early Triassic time scale with magnetic polarity chrons, selected biostratigraphic zonations and Germanic Basin cyclostratigraphy and

main lithostratigraphic units. Potential definitions of the Olenekian and Anisian stage boundaries are indicated by dashed lines; but the final decisions will be

made by the International Commission on Stratigraphy. Germanic-basin cycles are interpreted as eccentricity-induced 100-kyr climatic oscillations

(e.g., Szurlies, 2004, 2007; Menning et al., 2005; Kozur and Bachmann, 2005, 2008). Magnetostratigraphy correlated to that cycle-scale is modified from

Szurlies (2007) and Hounslow and Muttoni (2010). A selection of marine biostratigraphy relative to the magnetostratigraphy and/or adjacent zonations is

represented by generalized ammonoid zones for the Tethyan and Boreal (western North America) realms (e.g., Kozur, 2003 and pers. comm., 2010; Balini et al.,

2010; McRoberts, 2010) and conodont zonation for Tethyan realm (Kozur, 2003; and pers. comm., 2010). Terrestrial biostratigraphy, which is calibrated to

the Germanic-basin cycles, is represented by conchostracan zones calibrated to the Germanic-basin cycles (Kozur and Weems, 2010, and Kozur, pers. comm.,

2010).
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normal-polarity-dominated interval of LT5n-7n which they
correlate to magnetozone CG8n of the Germanic Basin. The
implied base-Spathian age is 248.5 Ma.

The base of the Anisian is assigned as the base of Röt
Formation of Germany and the base of magnetozone MT1n of
Hounslow and Muttoni (2010), which is upper part of magne-
tozoneCG10r of Szurlies (2007). The cycle-stratigraphy age for
the base of Anisian (base of Middle Triassic) is 247.06 Ma.

The base of the Bithyrian substage of the lower Anisian is
estimated by Hounslow and Muttoni (2010) as approximately
the base of polarity subzone MT3r.3. This subzone spans the
upper third of CG11r of Szurlies (2007) in the uppermost Rot
Formation, therefore implying a cycle-stratigraphy age of
246.36Ma.The implied short durationof theunderlyingAegean
substage is consistent with its compact thickness relative to the
Germanic Basin cycle-stratigraphy (Szurlies, 2007) and a radio-
isotopic age of 246.3 � 0.07 Ma in early Anisian at Guizhou,
China (sample GDGB-0, Ramezani et al., 2007).

There is no verified cycle stratigraphy calibrated to
ammonoid/conodont biostratigraphy for the middle and upper
Anisian or Ladinian. Therefore, until additional constraints
become accepted, a schematic display of ammonite zones
within each interval was incorporated, in which the relative
duration of ammonite zones was apportioned according to
their relative number of ammonite subzones or allocating 1.5
“subzonal units” for undivided zones. The Tethyan ammonite
zonal scheme was selected as the standard; therefore all other
apparent ages for other biostratigraphic, magnetostratigraphic
or chemostratigraphic scales are according to the estimated
correlations to this Tethyan scale. This scaling was done for
the Bithyrian, Pelsonian and Illyrian substages relative to the
U-Pb-derived age of 242.1 Ma for the base of the uppermost
Anisian Nevadites secedensis ammonoid zone. A similar
scaling was applied for the Ladinian from the 241 � 1 Ma for
the lower boundary relative to the interim assigned age of
237 Ma for the base-Carnian.

This Anisian through Carnian interval awaits a CONOP-
type compilation of multiple biostratigraphic sections to
achieve a more realistic scaling of biozones within each stage.

25.3.3. Late Triassic Scaling

The relative durations of the Carnian, Norian and Rhaetian
stages and the assignment of numerical ages to events within
them has been a debated topic with extreme divergence of
models. When this chapter was prepared (March, 2011), there
was a lack of any reliable radio-isotopic dates within the latest
Carnian through early Rhaetian constrained by marine-based
biostratigraphy. There is a high-resolutionmagnetostratigraphy
scaled to Milankovitch cycles from lacustrine strata in the
Newark Basin that spanned much of the Norian and Carnian
(and maybe Rhaetian). However, this pattern lacked an
adequate “fingerprint” to correlate with compilations of mag-
netostratigraphy of marine-zoned strata (e.g., two options of

Muttoni et al., 2004b, and in Ogg et al., 2008; three options
discussed in detail within Hounslow and Muttoni, 2010).

The “puzzle” of how to correlate the polarity zones is
illustrated in Figure 25.6(a), which assumes an arbitrary
Rhaetian duration of 3 myr and assigned the Carniane
Norian boundary as 223Ma. In this initial scale, the ammonoid
zones (and their magnetic polarity patterns) within each stage
have been uniformly scaled by allocating equal durations for
each ammonoid subzone and 1.5 subzonal equivalents for
those ammonoid zones that have no subzonal divisions. It is
obvious that there are many options for visually correlating
between the Newark cycle-magnetostratigraphy and the Late
Triassic outcrop-based polarity patterns. Once such a correla-
tion is attained, then the duration of each Late Triassic
ammonoid zone would be known, plus estimates of sediment
accumulation rate changes within the reference sections.

However, in addition to ambiguous matching of magnetic
polarity patterns, there are at least four main factors in inter-
regional correlation, each of which is disputed:

(1) Whether the published correlation of terrestrial-based
biostratigraphy (conchostracans, palynology, tetrapods)
from the Germanic Basin and the southwest USA to the
stratigraphic sequences in the Newark basins and to
marine-based stages and substages is valid.

(2) Whether the Newark lacustrine cycle succession (the
standard for the scaling of magnetostratigraphy) is contin-
uous, andwhether the overlying basalts dated at 201Ma are
conformably overlying the highest lacustrine deposits
without a significant break in deposition. These factors
determine whether numerical ages can be reliably assigned
to the magnetozones. For example, some paleontologists
have interpreted amajor stratigraphic hiatus omitted at least
part of the Rhaetian stage below the basalts (e.g., Cirilli
et al., 2009; Kozur andWeems, 2005), and a comparison of
cycle-magnetostratigraphy below the CAMP volcanics in
Morocco suggested a c. 1-myr hiatus that shortened amajor
normal-magnetozone (E22n) in the Newark reference
succession about 1.8 myr below its CAMP volcanics
(Deenen et al., 2010a; Deenen, 2010, p. 60).

(3) Deciding on the temporal proximity of the upper-mid
Carnian U-Pb date of 230.9 � 0.1 Ma (Aglianico date in
Phanerozoic table in Chapter 6 of this volume) relative to
the base of the Norian, and whether a poorly documented
date of 225 � 3 Ma (Gehrels et al., 1987) is a reliable
constraint on base of the early Norian.

(4) Selecting an appropriate correlation of Rhaetian mag-
netostratigraphy to the Newark succession, thereby con-
straining the upper limit of the Norian relative to Newark
cyclostratigraphy (e.g., Hüsing et al., 2011, compared to
other options in Hounslow and Muttoni, 2010).

Therefore, the two end-members that represent current
(August, 2011) published views will be summarized and
diagrammed in this chapter.
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Late Triassic Time Scale
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FIGURE 25.6 The Late Triassic magnetic correlation puzzle. (a) The ambiguity in correlating Upper Triassic magnetic polarity scales derived from

two independent sources. Lacustrine basins of the Newark Supergroup (eastern USA) have yielded a high-resolution magnetic polarity pattern with

durations derived from Milankovitch cycles (Kent et al., 1995), but lack direct calibrations to marine stratigraphy. Magnetostratigraphy from ammonite- or

conodont-zoned marine sections have been assembled into a composite bio-magnetostratigraphy scale (modified from Hounslow and Muttoni (2010) by

adding stage-based abbreviations for major polarity zones to their “UT” numbering), but lack cycle stratigraphy to estimate elapsed durations. This initial

bio-magnetostratigraphy reference pattern is scaled by assigning equal durations to ammonite subzones. Several possible correlations are possible due to:

(1) the lack of a distinctive “fingerprint” to correlate cycle-scaled polarity zones to marine sections that have uncertain continuity in sedimentation rates,

(2) uncertainties in the correlation of terrestrial biostratigraphy (Newark) to marine biostratigraphy, and (3) possible significant gaps in both

records. (b) Examples of two suggested end-member correlations are shown: (Left) a “Long-Tuvalian” and absence of Rhaetian in the Newark



cycle-magnetostratigraphy (modified after Lucas et al., submitted, and others), and (Right) a “Long-Rhaetian” spanning the upper Newark cycle-mag-

netostratigraphy that would imply a short-duration Carnian (modified after Muttoni et al., 2010; Hüsing et al., 2011; and others). In each case, the ages for

the top of the Triassic (201.3 Ma) and base of the Carnian (237.0 Ma) are the same. See text for details. In each option, the potential definitions of the Norian

and Rhaetian stage boundaries are indicated by dashed lines; the final decisions will be made by the International Commission on Stratigraphy. For

GTS2012, the numerical age scale of the second option (“Long-Rhaetian”) was selected for scaling the upper Triassic in other diagrams.
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Option #1 e Long-Duration Tuvalian Substage and
Absence of Rhaetian in Newark Cycle-
Magnetostratigraphy (Left Column in Figure 25.6(b)

One fit of this model (modified after Lucas et al., submitted,
and Kozur and Weems, 2010) incorporates six main paleon-
tological and stratigraphic conclusions:

(1) The upper-mid Carnian U-Pb date of 230.9 � 0.1 Ma is
above the Carnian pluvial event and just below lowest
occurrence of the conodont P. carpathicus (same as
M. carpathicus, because genus assignment of carpathi-
cus is not yet established). This M. carpathicus Zone
begins below the base of the T. subbullatus ammonoid
zone, therefore this radio-isotopic age is assigned to the
middle of the underlying T. dilleri ammonoid zone of
lowest Tuvalian substage.

(2) The upper Stockton Formation of the Newark Group has
conchostracans of the lower Tuvalian Gregoriusella n. sp.
Zone (Kozur and Weems, 2010). Therefore, Newark
magnetozones E8 or E7 are in the lowermost Tuvalian.
The estimated age of c. 237.0 Ma for the base of the
Carnian implies that the four main magnetozone pairs and
three subzones (UT1n-UT4r of Hounslow and Muttoni,
2010) are compacted into approximately 5 myr, therefore
should correlate to a relatively high-frequency interval in
the older portion of the Newark magnetic polarity pattern,
hence potentially within the E1-E6 interval.

(3) Newark magnetozone E11r (a relatively long reversed-
polarity interval in the middle of Lockatong Formation)
correlates with the upper-Lower Tuvalian (upper mid-
Carnian). Common taxa indicate that the conchostracan
Laxitextella seegisi Zone of the Germanic Basin is coeval
with the Howellisaura princetonensis conchostracan
zone of the Newark succession in this interval and with
the Anyuanestheria wingatella conchostracan zone of
southwest USA within the lower Adamanian land verte-
brate faunal chron (e.g., Kozur and Weems, 2010). This
zone in the Lehrberg Beds of the Weser Formation in the
Germanic Basin (following the Stuttgart Formation of
Schilfsandstein deposited during the “mid-Carnian
pluvial episode”) contains ostracod Simeonella nostor-
ica, which is common in the marine lower Tuvalian of
Hungary and Austria (Kozur and Weems, 2010, p. 332).
Therefore, Newark magnetozone E11r is correlated with
the T. subbullatus ammonoid zone and its relatively long
reversed-magnetozone “Subb-R” (“UT10r” of Hounslow
and Muttoni, 2010).

(4) The Tropites subbullatus ammonoid zone of the Tuvalian
usually encompasses a relatively thicker lithostrati-
graphic interval than most CarnianeNorian ammonoid
zones; therefore, it conceivably spans a correspondingly
greater interval of time (H. Kozur, pers. comm., 2010).

(5) Palynostratigraphy had placed the CarnianeNorian
boundary in the Newark Supergroup succession near the

base of the Passaic Formation (e.g., Cornet and Olsen,
1985) or within Newarkmagnetozone E13 (as used in Kent
and Olsen, 1999). Magnetostratigraphy of the proposed
base-NorianGSSPat PizzoMondello (Muttoni et al., 2001,
2004a) places the boundary horizon at the top of a relatively
narrow reversed-magnetozone (PM4r) between two rela-
tively longer normal-magnetozones. One interpretation is
that this CarnianeNorian boundary level corresponds to
the top of Newark magnetozone E13r. (NOTE: In contrast,
Muttoni et al. (2004a) prefer a correlation to the top of
magnetozone E7; which is c. 10-myr older.)

(6) The Rhaetian stage is not represented in the uppermost
Newark succession. In sections of the upper Passaic
Formation which have yielded conchostracans, the fauna
represent the Shipingia olseni Zone of uppermost Norian
(no well-dated Rhaetian section in any part of the world
has yielded any Shipingia) overlain locally by a very
short interval of the uppermost E. brodieana Zone of
latest Rhaetian (Kozur and Weems, 2005, 2010). The
uppermost Sevatian, lower Rhaetian and part of the upper
Rhaetian are not present. Therefore, the numerical ages
of the magnetozones of the underlying Newark Super-
group cannot be assigned using cycle-stratigraphy
“downward” from the overlying basalts of 201 Ma.

These constraints imply a “Long Tuvalian” with Newark
magnetozone E7 near the base of the Tuvalian, the 230.9 Ma
radio-isotopic age in the middle of the T. dilleri ammonoid
zone, the Newark magnetozone E11r in the middle of the T.
subbullatus ammonoid zone, and the top of Newark magne-
tozone E13r (c. 4 myr later) marking the base of the Norian.

A conservative estimate is to assign the base of the
Tuvalian (base of the T. dilleri ammonoid zone) as 232 Ma
and to position this boundary at the base of E7r. Then,
assuming that the Newark cycle-magnetic sequence is
complete, an age can be assigned to each magnetozone
progressively upward and downward from this E7r control
age. This implies that the age of the top of magnetozone E13r,
which was interpreted as the CarnianeNorian boundary (item
#5 above), is c. 221.9 Ma. The uppermost portion of the
preserved Newark magneto-
stratigraphy, the lower portion of magnetozone E24n of the
uppermost Norian, is projected as 206.5 Ma. The Noriane
Rhaetian stage boundary would be slightly younger than this
level, hence about 205.5 Ma. The age of the TriassiceJurassic
boundary at 201.3 Ma would imply that the Rhaetian was 4
myr in duration, which would be essentially the time-span for
the interpreted hiatus in the Newark succession.

If the base of the Carnian is assigned as exactly 237 Ma,
then the age assignments to Newark magnetozones imply that
the basal Carnian reversed-polarity zone Daxa-R corresponds
to Newark magnetozone E2r.

One can propose a suite of possible correlations of the
magnetostratigraphy patterns of the other ammonoid zones of
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the Carnian and Norian to this model of the age-assigned
Newark magnetic pattern. One set of possible Newark-
to-ammonoid zone correlations has partially used the relative
number of ammonoid subzones per zone as an approximate
guide to relative durations for adjacent zones. The scaling
of polarity patterns within individual ammonite zones
is according to magnetostratigraphy reference sections
(e.g., Hounslow and Muttoni, 2010), and only the placement
of ammonite zonal boundaries have been adjusted for the
potential fit to the Newark cycle-scaled polarity pattern.
There is the caveat that portions of these composite polarity
patterns are not well calibrated to ammonoid (or conodont)
zones. Such a model could be tested in different ways, such as
obtaining cycle-stratigraphy from the ammonite-zoned
reference sections or clarifying the magnetostratigraphy
within middle Carnian ammonoid zones (e.g., T. dilleri) to
ascertain the predicted presence of a long reversed-polarity
interval (E8r) from the Newark succession.

In the illustrated Option 1 model, the 36-myr span of the
Late Triassic is allocated to equal ~16-myr durations for the
Carnian and Norian, and a 4-myr “short” Rhaetian.

Option #2 e Short-Duration Carnian and Presence of
a Long Rhaetian in Newark Cycle-Magnetostratigraphy
(Right Column in Figure 25.6(b)

At the other end of the spectrum of models, the suite of
biostratigraphic interpretations is relaxed in favor of a hiatus-
free Newark succession that is continuous into the CAMP
basalts of 201.4 Ma. This assumption is combined with
additional interpretations from magnetostratigraphy patterns
and radio-isotopic ages:

(1) The ages of all Newark magnetozones are computed
downward from the CAMP age of 201.4 Ma.

(2) The Rhaetian is fully present in the uppermost Newark
magnetostratigraphy. There is no lithostratigraphic
evidence for the interpreted major biostratigraphic gap in
the uppermost Newark lacustrine cycles (P. Olsen, pers.
comm., 2010), and studies of cycle-magnetostratigraphy
of coeval deposits in other basins indicate a nearly
identical time span (within 20 kyr) for the uppermost
magnetozones to the onset of CAMP volcanics (Deenen,
2010; Deenen et al., 2010b). Therefore, the narrow
UT27r of the latest Hettangian in the composite by
Hounslow and Muttoni (2010) is correlated with mag-
netozone E23r of the uppermost Newark. The underlying
upper and middle Rhaetian magnetozones (BIT5r to
BIT1r/UT24r) are progressively correlated to Newark
magnetozones through E22r (Muttoni et al., 2010).

(3) The cluster of reversed-polarity-dominated magneto-
zones in the lower Rhaetian is underlain by a relatively
thick normal-polarity magnetozone UT22n. This may
imply that this lowermost Rhaetian interval is interpreted
as condensed in the Austrian reference section; therefore

this suite corresponds to the expanded set of reversed-
polarity dominated E20r-E17r underlain by normal-
polarity magnetozone E16n-E17n in the Newark
succession (Option A of Hounslow and Muttoni, 2010, or
similar model by Hüsing et al., 2011). The Noriane
Rhaetian boundary is assigned to just above the base of
E17r with an age of 209.5 Ma. A similar “8-myr Rhae-
tian” model was proposed by McArthur (2008, 2010)
upon applying a uniform rate of change to the declining
87Sr/86Sr ratios from latest Norian through Sinemurian.

(4) The polarity change at the CarnianeNorian boundary at
the candidate GSSP of Pizzo Mondello corresponds to the
base of E7n (Muttoni et al., 2004a) with an age projected
from the Newark cycle-magnetostratigraphy of c. 228.5
Ma. This is consistent with reported ages of c. 225 Ma for
lower Norian strata (e.g., Gehrels et al., 1987).

(5) Given these correlations for the top and base of the
Norian, then the general trends in polarity dominance
would project the base of the Alaunian stage (base of
UT17r, above a relatively thick normal-polarity Magnus-
N/UT17n) to the base of Newark magnetozone E13r, and
the base of the Sevatian (base of Quin-N/UT21n) to
perhaps the base of Newark magnetozone E15n (Option
A of Hounslow and Muttoni, 2010). One problem is that
the outcrop-derived magnetostratigraphy within the mid-
Norian Alaunian substage has more interpreted magne-
tozones than the Newark cycle-magnetostratigraphy; and
this apparent inconsistency was noted by Hounslow and
Muttoni (2010) in their similar Option A for Norian
correlations.

(6) Correlations within the Carnian proceed downward from
the assigned base-Norian at E7r. This would imply that
the A. spinosus ammonite zone may be slightly longer
than the preceding T. subbullatus Zone, and that the
apparently simple polarity pattern of that T. subbullatus
Zone requires further resolution. The duration of the
Carnian is much shorter than the Norian, with the Juliane
Tuvalian substage boundary projected as approximately
midway at 233.5 Ma.

In this model, the 36-myr span of the Late Triassic is
apportioned among a “long” 8-myr Rhaetian, a 19-myr
Norian, and a ~10-myr Carnian.

We selected the second option (short-duration Carnian
and long Rhaetian) for the Triassic summary figures (Figure
27.7; Tables 27.2 and 27.3). This choice was partly influenced
by reported radio-isotopic dates of 223e225 Ma (223.81 �
0.78 Ma and 224.52 � 0.22 Ma) derived by U-Pb CA-TIMS
methods from single zircons from volcanic tuffs in the Nicola
Group of British Columbia that are constrained by conodont
assemblages to bracket the Lower/Middle Triassic boundary
interval as used in North America (Diakow et al., 2011). If
confirmed, then these dates would be inconsistent with the
“long-Carnian” option.
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TABLE 25.2 Comparison of Triassic Age Model of GTS2012 (Dual Versions) with Selected Previous Publications

GTS2004

Concise

GTS2008

Alternate

(Modified from

Brack et al., 2005)

Mundil et al.

(2010)

GTS2012

Option 1

(Long Carnian)

GTS2012

Option 2 (Long

Norian-Rhaet)

Derivation and Uncertainty (95%

Confidence) in GTS2012

Base Duration Base Duration Base Duration Base Duration Base Duration

Jurassic
(Hettangian)

199.6 200.9 201.5 201.3 201.3 Age assigned from bounding radio-isotopic
dates; therefore, uncertainty ¼ � 0.2 myr.

Rhaetian 203.6 4 204.5 3.6 x 205.4 4.1 209.5 8.2 Dashed e See text for options. Basal
placement is also awaiting GSSP decision. Not
possible to estimate uncertainty, but probably
� 1 myr under the assumptions of each model.

Norian 216.5 12.9 228.8 24.3 <230 221.0 15.7 228.4 18.9 Dashed e See text for options. Basal
placement is also awaiting GSSP decision. Not
possible to estimate uncertainty, but probably
� 2 myr under the assumptions of each model.

Carnian 228.7 12.2 236.8 8 <236 237.0 16.0 237.0 8.7 Age estimated from radio-isotopic dates
immediately below base; therefore,
uncertainty ¼ � 1 myr.

Ladinian 237 8.3 240.5 3.7 242 241.5 4.5 241.5 4.5 Age assigned from bounding radio-isotopic
dates; therefore, uncertainty ¼ � 1 myr.

Anisian 245.9 8.9 247.4 6.9 247.2 5.2 247.1 5.6 247.1 5.6 Dashed e Basal-age derived from cycles in
Germanic Basin from base-Triassic; consistent
with radio-isotopic constraints, therefore
uncertainty ¼ � 0.2 myr (or � 0.5 with
external errors).

Olenekian 249.5 3.6 251 3.6 251.3 4.1 250.0 2.9 250.0 2.9 Dashed e Basal-age derived from cycles in
Germanic Basin from base-Triassic; Basal
placement is awaiting GSSP decision.
Uncertainty estimated as � 0.5 myr.

Induan 251 1.5 252.5 1.5 252.3 1 252.2 2.2 252.2 2.2 Age assigned from bounding radio-isotopic
dates; therefore, uncertainty ¼ � 0.2 (or � 0.5
myr with external errors).

Permian
(Changhsingian)

Values are rounded to nearest 0.1 myr. “Option 2” of GTS2012 is used for summary figures and other tables. The term ‘Dashed’ under the ‘Derivation’ column indicates either that there is not yet a GSSP level to
define that stage, and/or the assigned age depends on different views of stratigraphers on correlations of potential stage boundaries to reference Newark Basin magnetostratigraphy.
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TABLE 25.3 Interpolated Numerical Ages for Tethyan Ammonoid Zones

Stage/Age Substage/Sub-Age Tethyan Zone

Basal Age

(Ma)
Notes on Calibration of Zone Base and Selected Zonal Usages

JURASSIC (Hettangian) base Early Hettangian Psiloceras spelae 201.30 Base of Jurassic (by definition)

TOP of Zone 201.50 Assigned as arbitrary 0.1 myr below top of C. crickmayi (N. Amer.) following
schematic of Guex et al. (EPSL, 2004, fig. 4).

Choristoceras marshi 202.16 Base at 30% in Newark Chron E23n. Subzones of Chor. marshi Zone are assigned as
separate zones in some schemes e e.g., Kozur (2003, table 3; and in Bachmann-Kozur
(2004) divided into an upper Chor. marshi subzone and a lower Chor. ammonitiforme
subzone.

"Choristoceras" haueri 204.26 Base at approximately 90% up in combined M. hernsteinie
M.posthernsteini conodont zone. Kozur (2006, pers. comm. to J. Ogg): “Choristoceras
haueri Zone is junior synonym of the later Vandites stuerzenbaumi Zone.” However,
his scheme (2003; and 2006 sent to J. Ogg) has an upper substage of Vandites
stuerzenbaumi.

Rhaetian base Cochloceras suessi 209.46 Derived from FAD ofM.posthernsteini (assigned as lowest part of Newark Chron E17r).
Onset of Cochloceras genus is coincident with FAD of conodont M. posthernsteini
(base of Rhaetian).

Metasibirites spinescens 211.45 Approximately 30% up in Newark Chron E16n. Formerly considered completely
Norian as a Sagenites reticulatus Zone; but revised with Rhaetian GSSP “cutting former
zone” by Krystyn (pers. comm. L. Krystyn) Begins in latest late Norian ¼ relatively
brief). Krystyn’s version would continue into Rhaetian (instead of a Cochloceras suessi
Zone).

Sevatian Sagenites quinquepunctatus 213.97 60% up in Newark Chron E14r. Was a subzone of a larger
R. suessi Zone, but following Kozur’ 2003, it is shown here as a separate zone. (NOTE:
The zonal/subzonal division for Sagenites quinquepunctatus through Rhaetian interval
varies among authors (e.g., SEPM/GTS2004 versus Kozur’2003).)

Halorites macer 215.23 70% up in Newark Chron E14n. Kozur (2003, and pers. comm. J.Ogg, 2006) puts this
ammonite zone into Sevatian, rather than Alaunian; and correlates with base of M.
bidentata conodont zone (his expanded version of that zone). GTS2004 has this zone
with 2 subzones (lower Amarassites semiplicatus, upper “unnamed”; but these are not
indicated in Kozur’s diagrams ¼> omitted here ¼> relative age span is different.

Mesohimavatites columbianus 216.90 Base at base of Newark Chron E13r. Zone was called Himavites hogarti in GTS2004
(using SEPM’98), but Kozur (2003; and Bachmann and Kozur, 2004) calls this
Mesohimavatites columbianus (projecting that zone from British Columbia), with no
indicated subzones. However, McRoberts (2010) (bivalve chart) hasHima. hogarti and
an underlying Hima. watsoni Zone. Confusing lack of “standard scale”.

Alaunian Cyrtopleurites bicrenatus 217.42 65% up in combined Newark Chron E13n.

Juvavites magnus 218.16 15% up in combined Newark Chron E13n.

Malayites paulckei 224.53 95% up in Chron E8r. Subzones of Malayites (based on Krystyn et al., fig. 1) are given
equal duration.

Norian base Lacian Guembelites jandianus 228.35 Base of Newark Chron E7n. Kozur uses S. kerri (N.Amer. zone) for this “standard zone”.

Anatropites spinosus 231.08 Base of Newark Chron E4n. (see note below).

Tropites subbullatus 232.69 Uncertain (no magnetostratigraphy); therefore proportioned from equal subzones (two
subzonal units in relative duration). Kozur’s 2003 “standard” uses N. Amer. zones of K.
macrolobatus and T. welleri for middle-upper Tuvalian.

Tuvalian Tropites dilleri 233.50 Uncertain (no magnetostratigraphy). No subzonal divisions ¼> scaled as “1.5
subzonal units” in relative duration.

Austrotrachyceras austriacum 234.58 Two subzonal units in relative duration.

(Continued)
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TABLE 25.3 Interpolated Numerical Ages for Tethyan Ammonoid Zonesdcont’d

Stage/Age Substage/Sub-Age Tethyan Zone

Basal Age

(Ma)
Notes on Calibration of Zone Base and Selected Zonal Usages

Julian Trachyceras aonoides 235.39 No subzonal divisions¼> scaled as “1.5 subzonal units” in relative duration. (see note
below).

Trachyceras aon 236.19 No subzonal divisions ¼> scaled as “1.5 subzonal units” in relative duration. T.
aonoides and T. aon (and even D. canadensis) are combined into a general
Trachyceras zone in some zonal schemes.

Carnian base “Cordevolian” Daxatina canadensis 237.00 Base of Carnian e main marker at GSSP. Fixed at 237 Ma. No subzonal divisions ¼>
scaled as “1.5 subzonal units” in relative duration.

Frankites regoledanus 237.90 No subzonal divisions ¼> scaled as “1.5 subzonal units” in relative duration.

Protrachyceras neumayri 238.50 One subzonal unit in relative duration. Zone status in Balini (2010) (used here). (see
note below).

Longobardian Protrachyceras longobardicum 239.10 One subzonal unit in relative duration. Zone status in
Balini (2010) (used here). Kozur (2003) shows an
undivided “Protrachy. archelaus” Zone with
P.neumayrieP.longobardicum subzones.

"Eotrachyceras" gredleri 239.70 One subzonal unit in relative duration. Zone is not used on some charts; but is on
Balini (2010) and McRoberts (2010).

Protrachyceras margaritosum 240.30 One subzonal unit in relative duration. Zone is merged with P. gredleri for a united
“P. gredleri” on some charts; but is on Balini (2010) and McRoberts (2010).

Ladinian base Fassanian Eoprotrachyceras curionii 241.50 GTS2004 e Radiometric age of 241.5 ( � 1.5 myr) ¼ control on scaling of Anisian
eLadinian. E. curionii spans two subzonal units in relative duration.

Nevadites secedensis 242.10 Radiometric age of 242 ( � 1 myr). Nevadites secedensis Zone is called Nevadites
Zone by some authors, after the FAD of the first species of this genus.

Reitziites reitzi 242.57 Zone is called “Hungarites” Zone by some authors. Two subzonal units in relative
duration.

Kellnerites felsoeoersensis 243.05 Two subzonal units in relative duration.

Illyrian Paraceratites trinodosus 243.99 Four subzonal units in relative duration. Zone has alternative zone/subzone divisions
(e.g., Table 2 in Kozur (2003); Bachmann-Kozur (2004) is used here ¼> middle
subzone is “two” subzonal units).

Schreyerites binodosus 244.47 Two subzonal units in relative duration.

Pelsonian Balatonites balatonicus 244.94 Two subzonal units in relative duration.

Acrocordiceras ismidicus 245.30 1.5 subzonal units in relative duration (no subzone divisions). Was called
“Aghdarbandites” ismidicus in Kozur (2003); but McRoberts (2010) uses
“Acrochodiceras” (same genus as coeval British Columbia zone)

Nicomedites osmani 245.65 1.5 subzonal units in relative duration (no subzone divisions).

Lenotropites caurus 246.01 1.5 subzonal units in relative duration (no subzone divisions).

Bithyrian Silberlingites mulleri 246.36 Base of Bithyrian¼ set as base of ChronMT3r.3 (1/3rd up in CG11r of Szurlies (2007)¼
uppermost Rot. 1.5 subzonal units in relative duration (no subzone divisions). Applied
Bithynian zonation of Kozur (2003) which has the lower two zones of Boreal scale,
then elevates subzones of former Kocelia super-zone for upper two divisions.

Pseudokeyserlingites guexi 246.71 The two Aegean zones are given equal durations. Paracrochordiceras has equivalent of
5 subzones in Boreal realm.
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Anisian base Aegean Japonites welteri 247.06 Base-Anisian is not yet defined. Base-Anisian set here using Menning cycle-strat as
base of Rot (upper unit of Bundsandstein). Cycles and radio-isotope dating both suggest
this age should be ~247 Ma. Zonation of Kozur (2003) used for Aegean zones.

Neopopanoceras haugi 247.71 Equivalent to K. subrobustus zone of Boreal (Orchard, May 2007, pers. comm.). That
zone spans Chrons LT6r through mid-LT9r in Spitsbergen, based on fig. 3 of Hounslow-
Muttoni (2010)) ¼> relatively long and would eliminate most of “Lower” Spathian (as
they had to do on their diagram). But, if use Canada Arctic magnetostratigraphy, then it
begins later at base-LT8r (dashed).

Prohungarites-Subcolumbites 247.90 Four Spathian zones below N. haugi given equal durations. Approximately equivalent
to base-Tozericeras pakistanum in Himalayas.

Procolumbites 248.09 Four Spathian zones below N. haugi given equal durations.

Columbites parisianus 248.27 Four Spathian zones below N. haugi given equal durations.

Spathian Tirolites cassianus 248.46 Base of Spathian in Boreal realm is about 70% up in Chron LT5n-7n of Hounslow-
Muttoni (2010) (¼ a single CG8n). Szurlies (2004) has the conchostracan-correlated
base-Spathian at about 75% up in his Chron CG7n (which may be a small gap) ¼ base
of Detfurth cycles in Germanic system. Four Spathian zones below N. haugi given
equal durations for now.

Anasiirites kingianus 248.56 Set as base of A. tardus (Boreal), which is middle of Chron LT6 of Hounslow-Muttoni
(2010); which would be approximately middle of Szurlies (2007) Chron CG8n. Very
brief in Hounslow-Muttoni (2010) composite.

Meekoceras gracilitatis 249.49 One third up in Smithian substage.

Olenekian base Smithian Flemingites flemingianus 250.01 Near the base of Chron LT3n of Hounslow-Muttoni (2010), which they correlate to
magnetozone CG6n of Szulies (2007).

Rohillites rohilla 250.23 Short zone that was assigned to “Flemingites” genus in basal Smithian, but now is
assigned as Rohillites due to GSSP usage ¼> assigned as 2/3rds up between G.
frequens and top of Dienerian.

Dienerian Gyronites frequens 250.65 Bachmann and Kozur (2004) display base as about 1/4 up in Dienerian.

"Pleurogyronites" planidorsatus
e Discophiceras

251.05 Zone in Bachmann and Kozur (2004) shown as spanning uppermost “Gangetian”
(uppermost Griesbachian) and lowermost Dienerian ¼> spans the substage boundary
(put at approximate middle of zone).

Ophiceras tibeticum 251.42 Revised (Kozur (2004)) zonation for Griesbachian substage has uncertain correlations,
therefore each zone (3.5) is dashed as equal duration.

Otoceras woodwardi 251.79 (see above note).

TRIASSIC base Griesbachian (pars.) Otoceras fissisellatum 252.16 Radiometric age on GSSP from Chen et al., (2010) is 252.16 Ma. Revised (Kozur 2004)
zonation for Griesbachian substage has uncertain correlations, therefore each zone
(3.5) is dashed as equal duration.

Ages of Carnian through Rhaetian zones are assigned through their calibration to the bio-magnetostratigraphic scale (e.g., Hounslow and Muttoni, 2010) with its estimated equivalence to the Milankovitch-
cycle-scaled magnetic polarity time scale from the Newark Basin of eastern USA using the “Long Rhaetian” option (see sections 25.2.3 and 25.3.3). Placement of some stage boundaries is approximate or they are
working definitions pending decision of the International Commission on Stratigraphy. Two-decimal ages are given to show relative durations among the zones; and uncertainties are equal to or greater than the
uncertainties on the boundaries of its stage (Table 25.2). Ammonoid zonations vary among authors, and this scale is based mainly on Kozur (e.g., Kozur, 2003; Bachmann and Kozur, 2004; and pers. comm. to J.
Ogg), Balini et al. (2010), and McRoberts (2010). The column of notes should be considered as informal remarks on calibrations and different zonal usages. Details for subzone age models and for calibrations
of other biostratigraphic zonations can be found in pop-up windows for item within the TimeScale Creator database; www.tscreator.org.
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FIGURE 25.7 (Continued).

FIGURE 25.7 Summary of numerical ages of epoch/series and age/stage boundaries of the Triassic with selected marine biostratigraphic zonations

and principle trends in sea level. (“Age” is the term for the time equivalent of the rock-record “stage”.) Potential definitions of the Olenekian, Anisian, Norian

and Rhaetian are indicated by dashed lines; the final decisions will be made by the International Commission on Stratigraphy. For GTS2012, the numerical age

scale of the second option (“Long-Rhaetian”) was selected for scaling the upper Triassic. Magnetic polarity pattern is modified from Hounslow and Muttoni

(2010). Marine biostratigraphy columns are representative ammonoid zones for the Tethyan and Boreal (western North America) realms (e.g., Kozur, 2003 and

pers. comm., 2010; Balini et al., 2010; McRoberts, 2010) and conodont zonation for North American realm (e.g., Orchard and Tozer, 1997; Orchard, 2010).

Terrestrial biostratigraphy is represented by tetrapod “faunachrons” with defining first appearances (Lucas, 2010d), generalized sporeepollen zones (Kürschner

and Herngreen, 2010) and Conchostracan zones (Kozur andWeems, 2010; Kozur, pers. comm., 2010). The major sequences are from Jacquin and Vail (1998, as

inter-calibrated in Hardenbol et al., 1998). For details in Early Triassic, see expanded scale in Figure 25.5. Additional Triassic zonations, geochemical trends,

sea-level curves, etc. are compiled in the internal data sets within TimeScale Creator (www.tscreator.org).
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25.3.4. Summary

During the past decade, Triassic workers have defined most
of the stages, greatly enhanced the inter-correlation of
biostratigraphic zones, enabled compilation of a nearly
complete magnetic polarity pattern calibrated to marine
biostratigraphic datums, discovered major excursions in
stable isotopes (especially carbon isotope excursions
within the lower Triassic), and achieved or rejected cycle-
stratigraphic scaling of several intervals. A generalized
synthesis of selected Triassic stratigraphic scales is
compiled in Figure 25.7; and additional geochemical

trends are summarized in the geochemical chapters of this
volume.

Extensive radio-isotopic dating with advanced techniques
have replaced nearly the entire radiometric data set used in
GTS2004 and established well-constrained numerical ages for
the bases of the Early Triassic (Induan Stage), of both Middle
Triassic stages (Anisian, Ladinian) and top of the Triassic
(base of Hettangian Stage). There are lingering major uncer-
tainties on the numerical ages and durations of the Upper
Triassic stages. Establishing a robust Late Triassic time scale
requires definitive radio-isotopic ages and cyclostratigraphy
on marine sections that have standard biostratigraphy.
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TABLE 25.4 GSSPs of the Triassic Stages, with Location and Primary Correlation Criteria (Status Jan. 2012)

Stage GSSP Location
Latitude,

Longitude
Boundary Level Correlation Events Reference

Rhaetian Key sections in Austria, British
Columbia (Canada), and
Turkey

Near FADs of the conodont
Misikella posthernsteini, the
ammonite Paracochloceras, and
radiolarian Proparvicingula
moniliformis

Norian Candidates are Black Bear
Ridge in British Columbia
(Canada) and Pizzo
Mondello, Sicily (Italy)

Base of Stikinoceras kerri
ammonoid zone and near FAD
of Metapolygnathus echinatus

Carnian Section at Prati di Stuores,
Dolomites, Italy

46�31’3700N
11�55’4900E

GSSP is base of marly
limestone bed SW4, 45m
from base of San Cassiano
Formation

FADs of the ammonoid Daxatina,
the conodont “Paragondolella”
polygnathiformis and Halobia
bivalves. Just above base of S2n
magnetic polarity zone and above
the maximum flooding surface of
Sequence Lad 3 of Hardenbol et al
(1998)

Episodes 35,
2012
(in press)

Ladinian Bagolino, Province of Brescia,
Northern Italy

45�49’09.500N
10�28’15.500E

Base of a 15e20 cm thick
limestone bed overlying
a distinctive groove
(“Chiesense groove”) of
limestone nodules in
a shaly matrix, located
about 5m above the base
of the Buchenstein Beds

FAD of ammonite Eoprotrachyceras
curionii (base
of the E. curionii Zone). FAD of
conodont Budurovignathus
praehungaricus is in the uppermost
Anisian

Episodes 28/4,
2005

Anisian Candidate section at Desli
Caira (Dobrogea, Romania);
significant sections in
Guizhou Province (China)
and South Primorye (Russia)

FAD of conodont Chiosella
timorensis or Magnetic e base
of magnetic normal-polarity
chronozone MT1n

Olenekian Candidate GSSPs Chaohu,
China and Mud (Muth)
village, Spiti valley, India

FAD of conodont Neospathodus
waageni, just above base of
Rohillites rohilla ammonite zone,
and below lowest occurrence of
Flemingites and Euflemingites
ammonite genera. Within
a prominent positive Carbon-13
peak, and just above widely
recognizable sequence boundary

Induan (base
Triassic)

Meishan, Zhejiang Province,
China

31� 4’47.2800N
119�42’20.9000E

Base of Bed 27c in the
Meishan Section

FAD of conodont Hindeodus
parvus

Episodes 24/2,
2001

*according to Google Earth
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inevitable surprises. Additional or alternative zonal schemes are avail-

able through the TimeScale Creator visualization datapacks (www.

tscreator.org). Early drafts of this Triassic synthesis were reviewed by

Mike Orchard, who also provided in-press radio-isotopic dates sup-

porting the “short Carnian” scaling. Gabi Ogg prepared all of the figures.

Further advances in formalizing GSSPs, zonal schemes, inter-regional

correlations, and eventual consensus on the best numerical age model

interpolations will be found in the Albertiana newsletters of the

Subcommission on Triassic Stratigraphy.

The compilation and application of cycle stratigraphy to enhance the

Mesozoic time scale was partially supported by U.S. National Science

Foundation grant EAR-0718905 (J. Ogg, L. Hinnov).
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Evolution of Early Triassic outer platform paleoenvironments in the

Nanpanjiang Basin (South China) and their significance for the biotic

recovery. Sedimentary Geology 204, 36e60.

Gallet, Y., Besse, J., Krystyn, L., Marcoux, J., Théveniaut, H., 1992. Mag-
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Erläuterungen zur Stratigraphischen Tabelle von Deutschland. News-

letters on Stratigraphy, 41(1/3), pp. 173e210.

Metcalfe, I., Nicoll, R.S., Black, L.P., Mundil, R., Renne, P.,

Jagodzinski, E.A., Wang, C., 1999. Isotope geochronology of the

Permian-Triassic boundary and mass extinction in South China. In:

Yin, H., Tong, J. (Eds.), Pangea and the Paleozoic-Mesozoic Transition.

China University of Geosciences Press, Wuhan, pp. 134e137.

Metcalfe, I., Isozaki, Y. (Eds.), 2009a. End-PermianMass Extinction: Events &

Processes, Age&Timescale, CausativeMechanism(s)&Recovery. Journal

of Asian Earth Sciences, 36(6), pp. 407e540.

Metcalfe, I., Isozaki, Y., 2009b. Current perspectives on the Permian-Triassic

boundary and end-Permian mass extinction: Preface. In: Metcalfe, I.,

Isozaki, Y. (Eds.), End-Permian Mass Extinction: Events & Processes,

Age & Timescale, Causative Mechanism(s) & Recovery. Journal of

Asian Earth Sciences, 36(6), pp. 407e412.

Metcalfe, I., Foster, C.B., Afonin, S.A., Nicoll, R.S., Wang, X., Lucas, S.G.,

2009c. Stratigraphy, biostratigraphy and C-isotopes of the Permiane-

Triassic non-marine sequence at Dalongkou and Lucaogou, Xinjiang

Province, China. In: Metcalfe, I., Isozaki, Y. (Eds.), End-Permian

Mass Extinction: Events & Processes, Age & Timescale, Causative

Mechanism(s) & Recovery. Journal of Asian Earth Sciences, 36(6), pp.

407e412.

Meyers, S.R., 2008. Resolving Milankovitchian controversies: The Triassic

Latemar Limestone and the Eocene Green River Formation. Geology

36, 319e322.

Mietto, P., Manfrin, S., 1995. A high resolution Middle Triassic ammonoid

standard scale in the Tethys Realm: A preliminary report. Bulletin de la
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Geophysical Journal International 127, 503e514.

Muttoni, G., Kent, D.V., Meço, S., Balini, M., Nicora, A., Rettori, R.,

Gaetani, M., Krystyn, L., 1998. Towards a better definition of the

Middle Triassic magnetostratigraphy and biostratigraphy in the Tethyan

realm. Earth and Planetary Science Letters 164, 285e302.

Muttoni, G., Kent, D.V., DiStefano, P., Gullo, M., Nicora, A., Tait, J.,

Lowrie, W., 2001. Magnetostratigraphy and biostratigraphy of the

Carnian/Norian boundary interval from the Pizzo Mondello section

(Sicani Mountains, Sicily). Palaeogeography, Palaeoclimatology,

Palaeoecology 166, 383e399.

Muttoni, G., Nicora, A., Brack, P., Kent, D.V., 2004a. Integrated Anisian-

Ladinian boundary chronology. Palaeogeography, Palaeoclimatology,

Palaeoecology 208, 85e102.

Muttoni, G., Kent, D.V., Olsen, P.E., DiStefano, P., Lowrie, W.,

Bernasconi, S.M., Hernandez, F.M., 2004b. Tethyan magneto-

stratigraphy from Pizzo Mondello (Sicily) and correlation to the Late

Triassic Newark astrochronological polarity time scale. Geological

Society of America Bulletin 116, 1043e1058.

Muttoni, G., Kent, D.V., Flavio, J., Olsen, P., Rigo, M., Galli, M.T.,

Nicora, A., 2010. Rhaetian magnetostratigraphy from the Southern Alps

(Italy): Constraints on Triassic chronology. Palaeogeography, Palaeo-

climatology, Palaeoecology 285, 1e16.

Nawrocki, J., 1997. Permian to Early Triassic magnetostratigraphy from the

Central European Basin in Poland: Implications on regional and

worldwide correlations. Earth and Planetary Science Letters 152,

37e58.

Nawrocki, J., Szulc, J., 2000. The Middle Triassic magnetostratigraphy from

the Peri-Tethys basin in Poland. Earth and Planetary Science Letters 182,

77e92.

Nesbitt, S.J., Smith, N.D., Irmis, R.B., Turner, A.H., Downs, A.,

Norell, M.A., 2009. A complete skeleton of a Late Triassic Saurischian

and the early evolution of dinosaurs. Science 326, 1530e1533.

Newell, N.D., 1994. Is there a precise Permian-Triassic boundary? Permo-

philes 24, 46e48.

Newton, R.J., Pevitt, E.L., Wignall, P.B., Bottrell, S.H., 2004. Large shifts in

the isotopic composition of seawater sulphate across the Permo-Triassic

boundary in northern Italy. Earth and Planetary Science Letters 218,

331e345.

Nicora, A., Balini, M., Bellanea, A., Bowring, S.A., Di Stefano, P.,

Dumitrica, P., Guaiumi, C., Gullo, M., Hungerbuehler, A., Levera, M.,

Mazza, M., McRoberts, C.A., Muttoni, G., Preto, N., Rigo, M., 2007.

The Carnian/Norian boundary interval at Pizzo Mondello (Sicani

Mountains, Sicily) and its bearing for the definition of the GSSP of the

Norian Stage. Albertiana 36, 102e129.

O’Dogherty, L., Carter, E.S., Gorican, S., Dumitrica, P., 2010.

Triassic radiolarian biostratigraphy. In: Lucas, S.G. (Ed.), The

Triassic Timescale. Geological Society, Special Publication, 334, pp.

163e200.

Ogg, J.G., 2004. The Triassic Period. In: Gradstein, F.M., Ogg, J.G.,

Smith, A.L. (Eds.), A Geologic Time Scale 2004. Cambridge University

Press, Cambridge, pp. 271e306.

Ogg, J.G., Steiner, M.B., 1991. Early Triassic magnetic polarity time scale e

integration of magnetostratigraphy, ammonite zonation and sequence

stratigraphy from stratotype sections (Canadian Arctic Archipelago).

Earth and Planetary Science Letters 107, 69e89.

Ogg, J.G., Ogg, G.M., Gradstein, F.M., 2008. Triassic Period. In: Ogg, J.G.,

Ogg, G.M., Gradstein, F.M. (Eds.), Concise Geologic Time Scale.

Cambridge University Press, Cambridge, pp. 95e106.

Olsen, P.E., Kent, D.V., Cornet, B., Witte, W.K., Schlische, R.W., 1996.

High-resolution stratigraphy of the Newark rift basin (early Mesozoic,

eastern North America). Geological Society of America Bulletin 108,

40e77.

Orbell, G., 1983. Palynology of the British Rhaetian. Bulletin of the

Geological Survey of Great Britain 44, 1e44.

Orchard, M.J., 2007a. Conodont diversity and evolution through the latest

Permian and Early Triassic upheavals. Palaeogeography, Palaeo-

climatology, Palaeoecology 252, 93e117.

Orchard, M.J., 2007b. A proposed Carnian-Norian Boundary GSSP at Black

Bear Ridge, northeast British Columbia, and a new conodont framework

for the boundary interval. Albertiana 36, 130e141.

Orchard, M.J., 2010. Triassic conodonts and their role in stage boundary

definitions. In: Lucas, S.G. (Ed.), The Triassic Timescale. Geological

Society, Special Publication, 334, pp. 139e161.

Orchard, M.J., Tozer, E.T., 1997. Triassic conodont biochronology, its

intercalibration with the ammonoid standard, and a biostratigraphic

summary for the Western Canada Sedimentary Basin. Bulletin of

Canadian Petroleum Geology 45, 675e692.

Orchard, M.J., Carter, E.S., Tozer, E.T., 2000. Fossil data and their bearing

on defining a Carnian-Norian (upper Triassic) boundary in western

Canada. Albertiana 24, 43e50.

Orchard, M.J., Zonneveld, J.P., Johns, M.J., McRoberts, C.A., Sandy, M.R.,

Tozer, E.T., Carrelli, G.G., 2001. Fossil succession and sequence stra-

tigraphy of the Upper Triassic of Black Bear Ridge, northeast British

Columbia, a GSSP prospect for the Carnian-Norian boundary. Alberti-

ana 25, 10e22.

Ovtcharova, M., Bucher, H., Goudemand, N., Schaltegger, U., Brayard, A.,

Galfetti, T., 2010. New U/Pb ages from Nanpanjiang Basin (South

China): Implications for the age and definition of the Early-Middle

Triassic boundary. Geophysical Research Abstracts 12, EGU2010-

12505-3.

Pálfy, J., Vörös, A., 1998. Quantitative ammonoid biochronological assess-

ment of the Anisian-Ladinian (Middle Triassic) stage boundary

proposals. Albertiana 21, 19e26.

Pálfy, J., Smith, P.L., Mortensen, J.K., 2000a. A U-Pb and 40Ar/39Ar time

scale for the Jurassic. Canadian Journal of Earth Sciences 37, 923e944.

Pálfy, J., Mortensen, J.K., Carter, E.S., Smith, P.L., Friedman, R.M.,

Tipper, H.W., 2000b. Timing the end-Triassic mass extinction: First on

land, then in the sea? Geology 28, 39e42.

Pálfy, J., Demeny, A., Haas, J., Hetenyi, M., Orchard, M.J., Veto, I., 2001.

Carbon isotope anomaly and other geochemical changes at the Triassic-

Jurassic boundary from a marine section in Hungary. Geology 29,

1047e1050.

Pálfy, J., Parrish, R.R., David, K., Voros, A., 2003. Mid-Triassic integrated

U/Pb geochronology and ammonoid biochronology from the

Balaton Highland (Hungary). Journal of the Geological Society 160,

271e284.

727Chapter | 25 Triassic



Palmer, A.R., 1983. Geologic Time Scale, Decade of North American

Geology (DNAG). Geological Society of America, Boulder.

Parrish, R.R., McNicoll, V.J., 1992. U/Pb age determinations from the

southern Vancouver Island area, British Columbia. In: Radiogenic Age

and Isotopic Studies: Geological Survey of Canada, Paper, 91-2, 79e86.

Paull, R.K., 1997. Observations on the Induan-Olenekian boundary based on

conodont biostratigraphic studies in the Cordillera of the western United

States. Albertiana 20, 31e32.

Payne, J.L., Kump, L.R., 2007. Evidence for recurrent Early Triassic

massive volcanism from quantitative interpretation of carbon isotope

fluctuations. Earth and Planetary Science Letters 256, 264e277.

Payne, J.L., Lehrmann, D.J., Wei, J., Orchard, M.J., Schrag, D.P.,

Knoll, A.H., 2004. Large perturbations of the carbon cycle during

recovery from the end-Permian extinction. Science 305, 506e509.

Payne, J.L., Lehrmann, D.J., Follet, D., Seibel, M., Kump, L.R., Riccardi, A.,

Altiner, D., Sano, H., Wei, J.-Y., 2009. Erosional truncation of upper-

most Permian shallow-marine carbonates and implications for Permian-

Triassic boundary events: Reply. Geological Society of America

Bulletin 121, 957e959.

Peybernes, B., 1998. Larger benthic foraminifer. Column for Triassic chart

of Mesozoic and Cenozoic sequence chronostratigraphic framework of

European basins, by Hardenbol, J., Thierry, J., Farley, M.B., Jacquin,

Th., de Graciansky, P.-C., and Vail, P.R. (coordinators). In: de

Graciansky, P.-C., Hardenbol, J., Jacquin, Th., Vail, P.R. (Eds.), Meso-

zoic-Cenozoic Sequence Stratigraphy of European Basins. SEPM

Special Publication, 60 Chart 8.

Phillips, J., 1840. Palaeozoic Series. In: Long, G. (Ed.), The Penny Cyclo-

paedia of the Society for the Diffusion of Useful Knowledge, vol. 17.

Charles Knight, London, pp. 153e154.

Phillips, J., 1841. Figures and Descriptions of the Palaeozoic Fossils of

Cornwall, Devon and east Somerset. Longman, Brown, Green and

Longmans, London.

Pia, J., 1930. Grundbegriffe der Stratigraphie mit ausführlicher anwendung
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Chapter 26

Jurassic

Abstract: Ammonites exploded in diversity after the end-
Triassic near-extinction of their precursor taxa and have been
the main tool for global correlation for nearly two centuries.
The Pangea super-continent split during mid-Jurassic into

Laurasia and Gondwana separated by a Tethys-Atlantic
seaway. Late Jurassic organic-rich shales would later provide
nearly half of our oil-gas source rocks. Dinosaurs dominated
the land surface, and their cousins took to the air.
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26.1. HISTORY AND SUBDIVISIONS

26.1.1. Overview of Jurassic

The immense wealth of fossils, particularly the ammonites
with their diversity of ornamented spirals, in the Jurassic
strata of Britain and northwest Europe were a magnet for
innovative geologists. Modern concepts of biostratigraphy,
chronostratigraphy, correlation, sequence stratigraphy and
paleogeography grew out of their studies. Among recent
excellent reviews of Jurassic stratigraphy and environments
are those by Hallam (1975), Page (2005) and a special
Jurassic thematic issue of Proceedings of the Geologists’
Association (2008, Vol. 119, Issue 1).

The term “Jura Kalkstein” was applied by Alexander von
Humboldt (1799) to a series of carbonate shelf deposits
exposed in the mountainous Jura region of northernmost
Switzerland. Even though he recognized that these strata were
distinct from the German Muschelkalk (middle Triassic), he
erroneously considered his unit to be older. Alexander
Brongniart (1829) coined the term “Terrains Jurassiques”
when correlating this “Jura Kalkstein” to the Lower Oolite
Series (now assigned to Middle Jurassic) of the British
succession. Leopold von Buch established a three-fold
subdivision for the Jurassic. The basic framework of von Buch
has been retained as the three Jurassic series, although the
nomenclature has evolved (BlackeBrowneWhite,
LiaseDoggereMalm, and currently LowereMiddleeUpper).

Alcide d’Orbigny (1842e1851, 1852) grouped the
Jurassic ammonite and other fossil assemblages of France and
England into 10 main divisions, which he termed “étages”
(stages). Seven of d’Orbigny’s stages are used today, but none
of them has retained its original meaning. Simultaneously,
Quenstedt (1858) subdivided each of the three Jurassic series
of von Buch of the Swabian Alb of southwestern Germany
into six lithostratigraphic subdivisions characterized by
ammonites and other fossils (Geyer and Gwinner, 1979).
Quenstedt had denoted his subdivisions by Greek letters
(alpha to zeta). Alfred Oppel, his pupil, was the first to
successfully correlate Jurassic units among England, France
and southwestern Germany. Oppel (1856e1858) modified
d’Orbigny’s stage framework and further subdivided the
Jurassic into biostratigraphic zones. His basic philosophy of
defining the bases of Jurassic stages and substages according
to ammonite zones in marginal-marine sections was retained

at the Colloque du Jurassique à Luxembourg 1962 (Maube-
uge, 1964; see also Morton, 1974) during which the majority
of the current suite of eleven Jurassic stages were formalized.

Establishing the precise limits of those stages with GSSPs
has beenmore difficult and is not yet complete. The traditional
subdivision of the Jurassic was mainly based on shallow-
marine deposits of the northwest European basin (England to
southwest Germany). Hiatuses or other complications
commonly punctuate these “stratotypes” and their boundaries,
and many of the ammonite taxa represent only certain paleo-
climate realms in the Jurassic paleogeography. In particular,
a pronounced provinciality during the Late Jurassic has
inhibited efforts to assign GSSPs. Establishing reliable high-
resolution correlations to tropical (Tethyan), Pacific, deep-sea,
terrestrial and other settings has commonly remained tenuous.
Nevertheless, these European basins contain all of the ratified
GSSP sites and nearly all of the proposed ones for the chro-
nostratigraphic framework of the Jurassic (Figure 26.1).

Detailed reviews of the history, subdivisions, biostrati-
graphic zonations, and correlation of individual Jurassic
stages are compiled in several sources, including Arkell

System Series Stage Boundary Horizons (GSSPs)
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FIGURE 26.1 Summary of Jurassic stage nomenclature and status.
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(1933, 1956), Morton (1974, 2008), Cope et al. (1980a,b),
Harland et al. (1982, 1990), Krymholts et al. (1982), Burger
(1995) and Groupe Français d’Étude du Jurassique (1997).
An extensive on-line library of Jurassic stratigraphy articles
with an emphasis on Eurasia is maintained at www.jurassic.
ru/epubl.htm. The International Commission on Jurassic
Stratigraphy website is http://jurassic.earth.ox.ac.uk/.

26.1.2. Subdivisions of the Lower Jurassic

A marine transgression in northwest Europe during the latest
Triassic and Early Jurassic deposited widespread clay-rich
calcareous deposits. These distinctive strata in southwest
Germany were called the Black Jurassic (“Schwarzer Jura”)
by vonBuch (1839), and named “Lias” in southern England by
Conybeare and Phillips (1822). This serieswas subdivided into
three stages (Sinemurian, Liasian, and Toarcian) by d’Orbigny
(1842e1851, 1852). Oppel (1856e1858) replaced the Liasian
with a Pliensbachian Stage, and Renevier (1864) separated the
lower Sinemurian as a distinct Hettangian Stage. Widespread
hiatuses or condensation horizons mark the bases of the clas-
sical Sinemurian, Pliensbachian and Toarcian stages.

26.1.2.1. TriassiceJurassic Boundary

The original Sinemurian Stage of d’Orbigny (1842e51,
1852) extended to the base of the Jurassic. Indeed, the original
extent of the Lower Jurassic tentatively included beds that are
now assigned to the Rhaetian of uppermost Triassic (Bonebed
of southwest Germany, portions of Penarth Beds in England,
Rhätische Gruppe of German and Austrian Alb, etc.). Oppel
(1856e1858) redefined the base of the Jurassic as the lowest
ammonite assemblage characterized by Psiloceras planorbis
species that overlay the Bonebed. He referred to characteristic
coastal sections in southern England including Lyme Regis in
Dorset and Watchet in Somerset.

The end-Triassic mass extinction terminated many groups
of marine life, including the conodonts, whose distinctive
phosphatic jaw elements constitute a primary zonation for
much of the Paleozoic and Triassic, and the majority of
ammonoids. Indeed, in the few regions with continuous depo-
sition there is an interval devoid of either typical latest-Triassic
taxa (e.g., conodonts orChoristoceras ammonoids) or earliest-
Jurassic forms (e.g., Psiloceras ammonites). A sea-level fall
produced extended gaps in many shallow-marine sections;
therefore, the boundary between upper Triassic and the over-
lying lower Jurassic was commonly a sequence boundary and
hiatus (Hesselbo and Jenkyns, 1998; Hallam and Wignall,
1999). Ammonite diversity was very low in late Rhaetian time
(Choristoceras marshi zone), and the Hettangian genus Psilo-
ceras must be derived from the Triassic genera of the family
Discophyllitidae, which lived mainly in the open sea (Hill-
ebrandt, 1997). The informal base of the Jurassic (Hettangian
Stage) in southern England was the initial influx of these

Psiloceras ammonites (Psiloceras planorbis species) during
the early stages of the transgression; but this local migration
event was deemed unsuitable for an international definition.
However, species within the genus Psiloceras are ubiquitous
from the eastern Pacific and Tethys to the European Boreal
province; therefore, one option was to utilize the earliest forms
for a base-Jurassic definition. However, the earliest form, Psi-
loceras spelae, first occurs during a global sea-level fall that
caused an extended gap in shallow seas, therefore this taxa is
only found in rare complete sections (e.g., Peru, Alps, Nevada)
(Bloos, 2008; Hillebrandt and Krystyn, 2009).

Other non-ammonoid possibilities that were considered for
defining a precise base-Jurassic level that could be globally
correlated included a major turnover of siliceous radiolarian
microfossils or a negative excursion in carbon isotopes. After
a major international effort to correlate environmental and
biostratigraphic events associated with the end-Triassic
extinctions and the extensive eruption of the Central Atlantic
Magmatic Province at ~201Ma (e.g., review byHesselbo et al.,
2007a), it was decided to utilize the earliest forms ofPsiloceras
ammonites. The base of the Jurassic is thus placed at the initial
stages of biological recovery from the end-Triassic extinction.
High-precision U-Pb radio-isotopic dating demonstrated
a coincidence between the onset of the Central Atlantic
Magmatic Province eruptions and the end-Triassic mass
extinctions; and a delay of only about 100 kyr until the recovery
at the beginning of the Jurassic (e.g., Schoene et al., 2010).

The GSSP for the base of the Jurassic (base of Hettangian
Stage) was ratified in 2010 as the Kuhjoch section within the
Northern Calcareous Alps of Austria (Figure 26.2). The GSSP
level, 5.80 m above the base of the Tiefengraben Member of
the Kendelbach Formation, corresponds to the local lowest
occurrence of the ammonite Psiloceras spelae (new subsp.
tirolicumHillebrandt and Krystyn). Other markers include the
lowest occurrences of the widely distributed continental
palynomorph Cerebropollenites thiergartii (Kuerschner et al.,
2007), of the aragonitic foraminiferPraegubkinella turgescens
and of the ostracod Cytherelloidea buisensis (Hillebrandt
et al., 2008). The d13Corg record shows an initial negative
excursion near the boundary between the underlying Koessen
and the Kendelbach formations, and a shift to more positive
d13Corg at the GSSP level; and this carbon isotope signature
provides a primary method for high-resolution correlation to
other sections (e.g., Ruhl et al., 2009; Deenen et al., 2010).
This Austrian section has some problems, including limited
exposed stratigraphic extent, ammonite species are sparse and
ranges are difficult to delimit, lack of magnetostratigraphy
zones, no identified cyclic sediments to provide estimates of
elapsed durations among events, and a possible tectonic
break (thrust fault) about 4 m below the GSSP that may have
truncated part of the palynology record (e.g., Bonis et al.,
2009; Warrington, 2010). Nevertheless, compared to other
candidates, the Kuhjoch section appeared to represent the best
available uppermost Triassic and lowermost Jurassic
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FIGURE 26.2 GSSP for base of Jurassic (base of Hettangian Stage) at Kuhjoch section, Northern Calcareous Alps, Austria. The GSSP level coincides

with the lowest occurrence of ammonite Psiloceras spelae (new subsp. tirolicum Hillebrandt and Krystyn), marking the beginning of a new marine ecosystem

after the major end-Triassic extinctions. The brief negative-excursion in carbon isotopes is approximately simultaneous with those end-Triassic extinctions and

main eruption phase of the Central Atlantic Magmatic Province. Photo provided by Axel von Hillebrandt.
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succession with multiple biostratigraphy and carbon isotope
signatures.

26.1.2.2. Hettangian

Renevier (1864) proposed the Hettangian Stage to encompass
the Psiloceras planorbis and Schlotheimia angulata ammo-
nite zones as interpreted by Oppel. The stage was named after
a quarry near Hettange-Grande village in Lorraine (north-
eastern France), 22 kilometers south of Luxembourg,
although the strata in this locality are primarily sandstone
with no fossils in the lower part.

The assignment of the base-Jurassic GSSP is only slightly
older than the informal base of the Hettangian Stage placed at
the initial entry of Psiloceras planorbis ammonites into
southern England. Cyclostratigraphy of the main Hettangian
reference sections in Britain indicate that this downward
extension, as measured relative to carbon isotope signatures
near the TriassiceJurassic boundary, is on the order of 100 kyr
(Ruhl et al., 2010). This cyclostratigraphy indicates that the
Hettangian spans about 2 myr in the British sections; a dura-
tion consistent with radio-isotopic dating constraints from
Peru (Schaltegger et al., 2008; Schoene et al., 2010).

There are no accepted groupings into substages of the
three Hettangian ammonite zones (Psiloceras planorbis,
Alsatites liasicus and Schlotheimia angulata).

26.1.2.3. Sinemurian

History, Definition and Boundary Stratotype

The Sinemurian Stage was named by d’Orbigny (1842e51,
1852) after the town of Semur-en-Auxois (Sinemurum
Briennense castrum in Latin) in the Cote d’Or department in
the Burgundy region of east-central France. After the estab-
lishment of the Hettangian Stage incorporated its former
lower ammonite zones (Renevier, 1864), the base of the
revised Sinemurian was assigned to the proliferation of the
Arietitidae ammonite group, particularly the lowest occur-
rence of the early genera Vermiceras and Metophioceras
(base of Metophioceras conybeari Subzone of the Arietites
bucklandi Zone). However, that informal stage boundary was
not defined by a generally accepted species or assemblage
(Sinemurian Boundary Working Group, 2000), and a strati-
graphic gap exists between the Hettangian and Sinemurian
throughout most of northwest Europe.

Sedimentation was continuous across the boundary interval
in rapidly subsiding troughs in western Britain. Therefore, the
boundary GSSP was placed in interbedded limestone and
claystone at a coastal exposure near East Quantoxhead inKilve,
Somerset, England (Page et al., 2000; Sinemurian Boundary
Working Group, 2000; Bloos and Page, 2002) (Figure 25.3).
TheGSSPat 0.9m above the base ofBed 145 coincideswith the
lowest occurrence of arietitid ammonite genera Vermiceras and
Metophioceras. This level is near the highest occurrence of the
ammonite genus Schlotheimia that is characteristic of the

uppermost Hettangian. This turnover of ammonite genera is
a global event for correlating the boundary interval (Sinemurian
Boundary Working Group, 2000; Bloos and Page, 2002).

Upper Sinemurian Substages

The Sinemurian Stage has two substages. The Colloque du
Jurassique à Luxembourg 1962 (Maubeuge, 1964) assigned
the base of an upper stage, called Lotharingian (named by
Haug (1910) after the Lorraine region of France) to the base
of the Caenisites turneri ammonite zone. However, current
usage follows Oppel (1856e1858) in assigning the base of
the Lotharingian substage as the base of the overlying
Asteroceras obtusum Zone (e.g., Krymholts et al., 1982;
Groupe Français d’Étude du Jurassique, 1997). The lower
substage does not have a secondary name.

26.1.2.4. Pliensbachian

History, Definition and Boundary Stratotype

The Pliensbachian Stage was proposed by Oppel (1856e1858)
to replace the Liasian stage of d’Orbigny, which lacked
a geographic base. The stagewas namedafter the outcrops along
the Pliensbach stream near the village of Pliensbach (Geppin-
gen, 35 km southeast of Stuttgart) in the Baden-Württemberg
district of Germany. Even though this section has an uncon-
formity to the underlying Sinemurian, the lowest ammonite
subzone in this section (Phricodoceras taylori Subzone of the
Uptonia jamesoni Zone) was used as the base of the Pliensba-
chian Stage (e.g., Dean et al., 1961; Meister, 1999a).

At this level, the Psiloceratoidea ammonites, which
dominated the lower stages of Hettangian and Sinemurian
disappear, and the Eoderoceratoidea superfamily diversifies
to dominate the NE European fauna of the Pliensbachian
Stage (Meister et al., 2003). This faunal event occurs globally.
However, a sedimentary or paleontological gap between the
Pliensbachian and Sinemurian sequences is a common
feature. Of 27 regions considered by the Pliensbachian
boundary working group, only a single candidate in North
Yorkshire, England, was satisfactory for a potential GSSP
(Meister, 1999a,b; Meister et al., 2003, 2006).

At the coastal section of Wine Haven at Robin Hood’s
Bay, Yorkshire, the GSSP in the “Pyritous Shales Member” is
within a claystone bed, 6 cm above a nodule layer
(Figure 26.4). This level coincides with the lowest ammonite
occurrences of Bifericeras donovani species and Apoder-
oceras genera (Meister et al., 2006). Secondary markers
include a brief reversed-polarity magnetozone within the
uppermost Sinemurian and a sharply defined negative carbon
isotope excursion peaking in the lowermost Pliensbachian
(Meister et al., 2006; Korte and Hesselbo, 2011). An auxiliary
reference section at Aselfingen in the historical area in
southwest Germany is in condensed limestone and clay with
rare ammonites, but allows calibration of secondary markers
of ostracods and dinocysts (Meister, 1999a).
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Base of the Sinemurian Stage of the Jurassic System at
East Quantoxhead, West Somerset, SW England.
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Base of the Pliensbachian Stage of the Jurassic System at
Wine Haven, Yorkshire, UK.
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Upper Pliensbachian Substages

The Pliensbachian Stage has two substages. The lower
substage of Carixian was named by Lang (1913) after Carixia,
the Latin name for Charmouth in England. The upper
substage of Domerian was named by Bonarelli (1894, 1895)
after the type section in the Medolo Formation at Monte
Domaro in the Lombardian Alps of northern Italy.

The Colloque du Jurassique à Luxembourg 1962
(Maubeuge, 1964) assigned the boundary between the Car-
ixian and Domerian substages to the base of the Amaltheus
margaritatus ammonite zone, at the appearance of the
Amaltheus genera (typically Amaltheus stokesi). This level is
approximately coincident with a major sequence boundary in
British sections (Hesselbo and Jenkyns, 1998).

26.1.2.5. Toarcian

History, Definition and Boundary Stratotype

The Toarcian Stage was defined by d’Orbigny (1842e1851,
1852) at the Vrines quarry, 2 km northwest of the village of
Thouars (Toarcium in Latin) in theDeux-Sèvres region ofwest-
central France. The thin-bedded succession of blue-gray marl
and clayey limestone spans the entire Toarcian with 27 ammo-
nite horizons grouped into 8 ammonite zones (Gabilly, 1976).

The ToarcianePliensbachian boundary interval is the first
phase of a major extinction event in western Europe among
rhynchonellid brachiopods, ostracod faunas, benthic Fora-
minifera and bivalves, and marks a turnover in ammonites and
belemnites. The base of the Toarcian is marked by a massive
surge of Dactylioceratide (Eodactylites) ammonites and
extinction of the boreal amaltheid family. The magnitude of
the base-Toarcian extinction event appears to be a phenom-
enon of regional extent rather than global (Hallam, 1986).
This episode is followed approximately one ammonite zone
higher by a second extinction phase that coincides with
a widespread anoxic event and a pronounced extinction
among benthic invertebrates, such as bivalves and brachio-
pods (e.g., review in Wignall and Bond, 2008). Seawater
strontium isotope ratios, which had been declining since the
Hettangian, reach a minimum within this boundary interval.

At Thouars and throughout northwest Europe, the base of
the Toarcian strata is an important maximum flooding surface
above a major sequence boundary and associated condensa-
tion or gaps in the Dactylioceras tenuicostatum ammonite
zone. This widespread hiatus necessitated selection of
candidate GSSPs in the Mediterranean region where gaps in
the succession are less pronounced (Elmi, 1999). The selected
primary marker of the Toarcian GSSP was the lowest
occurrence of a diversified Eodactylites ammonite fauna
(Odactylites simplex horizon, sensu Goy et al., 1996).

The official candidate is at Ponto do Trovao section,
Peniche, western Portugal. A GSSP level at the base of Bed
15e was approved at the Jurassic Congress in 2006 (Elmi,
2006), but Serge Elmi’s death delayed submission of a formal

proposal for ICS/IUGS ratification. The candidate GSSP level
coincides with the lowest occurrence of the ammonite
Eodactylites polymorphum. This Tethyan Eodactylites fauna
interval correlates with the NW European Protogrammoceras
paltus horizon and is succeeded by an “English” Ortho-
dactylites succession (Elmi, 2003). A proposed complemen-
tary section spanning the uppermost Pliensbachian and
lowermost Toarcian ammonite zones at Almonacid de la
Cuba in the Iberian Range of central-eastern Spain has
detailed magnetostratigraphy and isotope stratigraphy
(carbon, oxygen, strontium) (Comas-Rengifo et al., 2010a,b).

Upper Toarcian Substages

There is no agreement on the number of substages of the
Toarcian. A binary subdivision following the division by
Oppel (1856e1858) places a substage boundary at the base of
the Haugia variabilis ammonite zone, at the appearance of
abundant Phymatoceratinae group of ammonites, particularly
theHaugia genus (e.g., Krymholts et al., 1982; Burger, 1995).
An alternate three-substage division (e.g., Groupe Français
d’Étude du Jurassique, 1997) groups the Haugia variabilis
and underlying Hildoceras bifrons zones into a Middle
Toarcian, and places the limit of an Upper Toarcian at the
base of the Grammoceras thouarsense Zone.

26.1.3. Subdivisions of the Middle Jurassic

Black Lower Jurassic clays (“Schwarzer Jura”) in south-
western Germany are overlain by strata containing clayey
sandstone and brown-weathering ferruginous oolite. This
lithologic change to the Brown Jurassic (“Brauner Jura”) of
Quenstedt (1858) has been retained as the base of the Middle
Jurassic (base of Aalenian). The Middle Jurassic in southern
England is characterized by shallow-marine carbonates of the
Lower Oolite group of Conybeare and Phillips (1822), which
comprised an expanded “Bathonian” stage of d’Omalius
d’Halloy (1843). The lower portion of d’Omalius d’Halloy’s
Bathonian was classified as a separate “Bajocian” stage by
d’Orbigny (1842e1851, 1852). In turn, Mayer-Eymar (1864)
further removed the lower portion of d’Orbigny’s Bajocian
into a distinct “Aalenian” Stage.

Oppel (1856e1858) assigned the upper limit of his Middle
Jurassic series or “Dogger” at the base of the Kellaway Rock of
England, or the base of the Callovian Stage of d’Orbigny
(1842e1851, 1852). This Callovian stage was shifted into the
Middle Jurassic series by the Colloque du Jurassique à Lux-
embourg 1962 (Maubeuge, 1964) as preferred byArkell (1956).

The bases of the Aalenian through Bathonian stages have
been marked by GSSPs in expanded sections of rhythmic
alternations of limestone and marl. The placement of a base
for the Callovian Stage has been hindered by a ubiquitous
condensation or hiatuses in strata of northwest Europe.
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26.1.3.1. Aalenian

History, Definition and Boundary Stratotype

The Aalenian Stage was proposed by Karl Mayer-Eymar
(1864, and redefined in 1874) for the lowest part of the
“Brauner Jura” in the vicinity of Aalen at the northeastern
margin of the Swabian Alb (Baden-Württemberg, south-
western Germany) where iron ore was mined from the asso-
ciated ferruginous oolite sandstones (Dietl and Etzold, 1977;
Rieber, 1984). His Aalenian stratotype truncated the Bajocian
Stage of d’Orbigny (1842e1851, 1852) at the base of the
Sonninia sowerbyi ammonite zone.

The biostratigraphic placement of the base of the Middle
Jurassic was the evolution of the ammonite subfamilies
Grammoceratinae and Leioceratinae, especially the first
occurrence of species of the genus Leioceras, which evolved
from Pleydellia. The Aalenian GSSP in the Fuentelsaz
section in the Iberian Chain of Spain corresponds to this
ammonite marker (Goy et al., 1994, 1996; Cresta et al.,
2001). The base of marl Bed FZ107 in the Fuentelsaz section
of alternating marl and limestone coincides with the first
occurrence of Leioceras opalinum (base of Leioceras opali-
num Zone) (Figure 26.5). The magnetostratigraphy of Fuen-
telsaz correlates to a composite magnetic pattern derived
from other sections in Europe. A secondary reference section
for basal Aalenian is at Wittnau near Freiburg in south Ger-
many (Ohmert, 1996).

Middle and Upper Aalenian Substages

The four ammonite zones of the Aalenian are grouped into
three substages; the Lower Aalenian is the Leioceras opali-
num Zone, the Middle Aalenian comprises the Ludwigia
murchisonae and Brasilia bradfordensis zones, and the Upper
Aalenian is the Graphoceras concavum Zone.

26.1.3.2. Bajocian

History, Definition and Boundary Stratotype

The Bajocian Stage was named by d’Orbigny (1842e1851,
1852) after the town of Bayeux in Normandy (Bajoce in Latin).
The abandoned quarries are now overgrown, and the nearby
coastal cliff section of Les Hachettes indicates that most of the
early Bajocian is absent at a hiatus and erosional surface.
Indeed, most of the late Bajocian is largely condensed into
a 15-cm-thick layer (Rioult, 1964). Ammonite lists of
d’Orbigny indicate that he erroneously assigned species of
upper Toarcian to lower Bajocian and vice versa. This confu-
sion was one reason for Mayer-Eymar (1864) to distinguish
a new Aalenian Stage between the Toarcian and Bajocian.

The Colloque du Jurassique à Luxembourg 1962 (Maube-
uge, 1964) defined the Bajocian Stage to begin at the base of
the Sonninia sowerbyi ammonite zone and extend to the top of
the Parkinsonia parkinsoni Zone. However, the holotype of the
Sonninia sowerbyi index species was later discovered to be

a nucleus of a large Sonniniidae (Papilliceras) from the over-
lying Otoites sauzei Zone (Westermann and Riccardi, 1972).
Therefore, the basal ammonite zone of the Bajocian was
redefined to be the Hyperlioceras discites Zone, with the zonal
base marked by the lowest occurrence of the ammonite genus
Hyperlioceras (Toxolioceras), which evolved from Graph-
oceras (both in ammonite family Graphoceratidae).

Two sections recorded this ammonite datum with
supplementary biostratigraphic and magnetostratigraphic
data e Murtinheira at Cabo Mondego in Portugal (selected
for the GSSP) and Bearreraig Bay on the Isle of Skye in
Scotland (selected as an Auxiliary Stratotype Point) (Pavia
and Enay, 1997). The GSSP of Cabo Mondego is at the base
of Bed AB11 in a rhythmic alternation of gray limestone and
marl (Henriques, 1992; Henriques et al., 1994; Pavia and
Enay, 1997) (Figure 26.6). The GSSP level is just below the
base of a normal-polarity magnetozone.

Upper Bajocian Substage

The base of the Upper Bajocian is the base of the Strenoceras
(Strenoceras) niortense ammonite zone. In older literature,
the base was assigned as the base of a Strenoceras sub-
furcatum zone, until it was recognized by Dietl (1981) that the
holotype of the index species belongs to Garantiana and had
originated from the overlying zone, therefore this sub-
furcatum zone became invalid. The base of the Upper Bajo-
cian corresponds to a major turnover of ammonite genera.

26.1.3.3. Bathonian

History, Definition and Boundary Stratotype

The Bathonian Stage was named by Jean Julien d’Omalius
d’Halloy (1843) after the town of Bath (Bathonium in Latin)
in southwest England, where oolitic limestones are exposed
in a number of quarries. But this stratotype succession is
incomplete and lacks adequate characterization by ammo-
nites (Torrens, 1965). The lower half of this original
Bathonian was reclassified in the system of d’Orbigny
(1842e1851, 1852) as a Bajocian Stage exposed in Nor-
mandy, but d’Orbigny did not specify a revised stratotype for
the truncated Bathonian, nor provide an unambiguous lower
boundary. Indeed, d’Orbigny’s original description suggests
that he had included the equivalent of the present “Lower
Bathonian” substage within his Bajocian stratotype (Rioult,
1964). A century of confusion ended when the base of the
Bathonian Stage was defined by the Colloque du Jurassique à
Luxembourg 1962 (Maubeuge, 1964) as the base of the
Zigzagiceras zigzag ammonite zone.

The basal Bathonian is well developed in cyclic alter-
nations of marl and limestone in southeastern France. The
Bathonian GSSP was placed at the base of limestone bed
RB071 at Ravin du Bès, Bas Auran near Digne, Basses-
Alpes, France (Innocenti et al., 1988; Fernández-López,
2007, Fernández-López et al., 2009) (Figure 26.7). This
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(D)

Base of the Aalenian Stage of the Jurassic System at Fuentelsaz, Spain
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FIGURE 26.7 GSSP for base of the Bathonian Stage at Ravin du Bès, Bas-Auran area, Alpes de Haute Provence, France. The GSSP level coincides

with the lowest occurrence of ammonite Gonolkites convergens (base of Zigzagiceras zigzag Zone). Photo provided by Sixto Fernández-López.
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level coincides with the lowest occurrence of ammonites
Gonolkites convergens (base of Zigzagiceras zigzag Zone)
and Morphoceras parvum. The GSSP level is just below the
local lowest occurrence of calcareous nannofossil Watz-
naueria barnesiae (base of zone NJT11).

An auxiliary section for the Bathonian Stage at Cabo
Mondego, near the Bajocian GSSP site, provides comple-
mentary data about the biochronostratigraphic subdivision and
ammonite succession of the Sub-Mediterranean parvum
Subzone and the Northwest European convergens Subzone.
Neither section has yielded an unambiguous cyclostratigraphy
or magnetostratigraphy.

Middle and Upper Bathonian Substages

The Bathonian is generally divided into three substages, with
the base of the Middle Bathonian placed at the base of the
Procentes progracilis ammonite zone.

A divergence of ammonite assemblages in the upper
Middle Bathonian has resulted in different basal-definitions
for an Upper Bathonian substage in each province. In the Sub-
Mediterranean province (Tethyan province), a Middle/Upper
Bathonian boundary is assigned to the base of the Hec-
ticoceras (Prohecticoceras) retrocostatum Zone. In the
Northwest European province (Boreal province), a substage
boundary is commonly assigned to the base of the Procerites
(Procerites) hodsoni Zone, which is a significantly older level
(Groupe Français d’Étude du Jurassique, 1997).

26.1.3.4. Callovian

History, Definition and Boundary Stratotype

The Callovian Stage was named by d’Orbigny (1842e1851,
1852) after Kellaways (various spellings in the geological
literature) in Wiltshire, 3 km northeast of Chippenham,
England, because he considered “Calloviensis” to be
a derivative of the place name. The “Kelloways Stone”
contains abundant cephalopods, including Ammonites callo-
viensis (called Sigaloceras calloviensis in current taxonomy).
Oppel (1856e1858) placed the base of his “Kelloway
gruppe” at the base of the Macrocephalites macrocephalus
Zone, or at the lithologic contact of the Upper Cornbrash to
the underlying Forest Marble Formation (currently the upper
part of the Clydoniceras discus Subzone of uppermost
Bathonian). At this level, ammonites of the genus Macro-
cephalites replace Clydoniceras, but the Upper Cornbrash is
a condensed deposit “representing but a fraction of the time-
intervals involved” (Cope et al., 1980).

Callomon (1964, 1999) noted that the base of the Mac-
rocephalites macrocephalus Subzone in “standard chro-
nostratigraphy” was initially defined as the base of Bed 4 by
Arkell (1954) at the Sutton Bingham section near Yeovil,
Somerset, England, therefore this level served as the de facto
GSSP for the base of the Callovian Stage. However, the lowest
occurrence of Macrocephalites genus was later discovered to

be in strata equivalent to the Upper Bathonian (Dietl, 1981;
Dietl and Callomon, 1988). Therefore, the “standard”
Macrocephalites macrocephalus Zone was abandoned, and
the base of the Callovian was assigned to the lowest occur-
rence of the genus Kepplerites (Kosmoceratidae), which
defined a basal horizon of Kepplerites (Kepplerites) keppleri
(base of K. keppleri Subzone of Macrocephalites herveyi
Zone) in the Sub-Boreal province (Great Britain to southwest
Germany). The uppermost Bathonian is the hockstetteri
horizon (var. hockstetteri of Clydoniceras discus) of the
C. discus Subzone, C. discus Zone.

The boundary between the uppermost Bathonian and
basal Callovian is rarely preserved. A proposed GSSP with an
apparently complete boundary at the resolution level of
ammonite successions is in the Albstadt district of the Swa-
bian Alb in the Baden-Württemberg region of southwest
Germany (Dietl, 1994; Callomon and Dietl, 2000). The
Macrocephalen-Oolith Formation (Unit ε of the Brown Jura
facies) is a condensed facies of ferruginous-oolite-bearing
clay to marly limestone, and the compact Bathoniane
Callovian boundary interval is bounded by unconformities
and may contain minor hiatuses. The magnetostratigraphy
from this suggested GSSP has not yet been verified in other
sections. This potential GSSP at base of Bed 6a in the
Albstadt-Pfeffingen section has not yet been adopted by the
International Stratigraphic Commission. A more expanded
section in the Novgorod region of Russia is an additional
candidate (Guzhikov et al., 2010).

In the Sub-Mediterranean province (southern Paris Basin
to North Africa and Italy, the basal Callovian zone is the
Bullatimorphites (Kheraiceras) bullatus Zone defined by the
range of the index species (Groupe Français d’Étude du
Jurassique, 1997). Strong ammonite biogeographic differ-
ences required these two regions to have distinct and poorly
correlated zonations up to the middle of the Callovian.

Middle and Upper Callovian Substages

The Callovian Stage is generally divided into three substages.
The substage boundaries correspond to two important
changes in ammonite fauna, but ammonite provincialism and
utilization of different faunal successions led to different
placements within each province that do not necessarily
coincide (Groupe Français d’Étude du Jurassique, 1997).

In the Sub-Boreal province, the Lower/Middle Callovian
substage boundary is placed at the base of the Kosmoceras
(Zugokosmoceras) jason Zone (base of Kosmoceras
(Zugokosmoceras) medea Subzone), above the Sigaloceras
(Sigaloceras) calloviense Zone (Sigaloceras (Cata-
sigaloceras) enodatum Subzone). In the Sub-Mediterranean
province, the Lower/Middle Callovian boundary is placed at
the base of the Reineckeia anceps Zone (Reineckeia stuebeli
Subzone) above the Macrocephalites (Dolikephalites) graci-
lis Zone (Indosphinctes patina Subzone). These two levels are
considered approximately coeval.
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The Middle/Upper Callovian substage boundary in the
Sub-Boreal province is assigned to the base of the Peltoceras
(Peltoceras) athleta Zone (Kosmoceras (Lobokosmoceras)
phaeinum Subzone) above the Erymnoceras coronatum Zone
(Kosmoceras (Zugokosmoceras) grossouvrei Subzone). The
Middle/Upper Callovian boundary in the Sub-Mediterranean
province is assigned to the base of the Peltoceras (Peltoceras)
athleta Zone (Hecticoceras (Orbignyiceras) trezeense
Subzone) above the Erymnoceras coronatum Zone
(Rehmannia (Loczyceras) rota Subzone), or approximately
a subzone higher than in the Sub-Boreal province (Groupe
Français d’Étude du Jurassique, 1997).

26.1.4. Subdivisions of the Upper Jurassic

The brownish-weathering deposits “Braunner Jura” of the
Middle Jurassic in southwestern Germany are overlain by
units dominated by calcareous claystone and limestone. The
base of the current Upper Jurassic (base of Oxfordian) coin-
cides approximately with this lithologic change to the White
Jurassic (“Weisser Jura”) of Quenstedt (1858). This Upper
Jurassic interval is approximately equivalent to the Middle
and Upper Oolite group of Conybeare and Phillips (1822) in
England; which is also known as ‘Malm’ from the local name
for the clayey oolitic limestone. Both the White Jurassic of
southwest Germany and the English “Malm” strata undergo
a shallowing-upward trend in the latest Jurassic that termi-
nates in non-marine facies or erosional truncation.

d’Orbigny (1842e1851, 1852) named four stages
(Oxfordian, Corallian, Kimmeridgian, and Portlandian) after
reference sections in southern England, and he designated the
base of the Cretaceous as a “Purbeck stage” followed by
a “Neocomian stage”. Oppel (1856e1858) eliminated
d’Orbigny’s Corallian and Portlandian stages to extend the
Kimmeridgian stage to the base of the Purbeckian (also
considered to be Cretaceous). Oppel had left an interval
“unassigned” between his Oxfordian and Kimmeridgian
groups (his Diceras arietina Zone, approximately equivalent
to the Upper Calcareous Grit Formation of Dorset, England).
Later, Oppel (1865) created a new uppermost Jurassic stage,
the “Tithonian”, in the Mediterranean region that encom-
passed the upper part of his previous “Kimmeridgian group”
and extended through the former Purbeckian to the base of the
Neocomian stage. However, Oppel did not specify the limits
or reference sections for this Tithonian stage concept. This
confusing situation was further distorted when the “Berria-
sian” Stage of Coquand (1871) came into common use to
designate the lowermost Cretaceous, even though it over-
lapped with the original concept of Oppel’s Tithonian Stage.

The combination of (1) shuffling of Upper Jurassic stage
nomenclature, (2) imprecise definitions, (3) a pronounced
faunal provincialism during the majority of the Upper
Jurassic that precluded precise correlation even within
northwest Europe, and (4) widespread hiatuses in the

reference sections resulted in a proliferation of regional stage
and substage nomenclature. Finally, after a century of debate,
the Colloque du Jurassique à Luxembourg 1962 (Maubeuge,
1964) voted to “return to the original sense of this stage
[Oxfordian] as defined by A. d’Orbigny and given precision
by W.J. Arkell” and to discontinue the regional usage of
a “Purbeckian” stage, because it was primarily a local facies.
However, the controversy over other Upper Jurassic stage
definitions and the placement of the Jurassic/Cretaceous
boundary led the Collogue to “refer the question back for
consultation among interested specialists”. These issues have
yet to be satisfactorily resolved.

During the 1980s and 1990s, the International Subcom-
mission on Jurassic Stratigraphy decided that the Upper
Jurassic consists of three stages: Oxfordian, Kimmeridgian and
Tithonian. Through a fortunate episode of biogeography, an
inter-regional biostratigraphic definition of the base of the
Oxfordian is well established with ammonites. However, it has
proven difficult to correlate potential definitions for the bases
of the Kimmeridgian and Tithonian stages, and long-held
traditions of regional equivalence have proven to be erroneous.

26.1.4.1. Oxfordian

History, Definition and Boundary Stratotype

The Oxfordian Stage of d’Orbigny (1842e1851, 1852),
named after the town of Oxford in south-central England with
reference to the Oxford Clay Formation, was overlain by his
“Coralline Stage”. Oppel (1856e1858) incorporated the
majority of that “Corallian Stage” into an expanded “Oxfor-
dian group”. In an error of correlation, he simultaneously
considered the base of his Oxfordian to be the lithologic base
of the Oxford Clay Formation onto the Kelloway Rock in
Yorkshire (now considered to be approximately the Lower/
Middle Callovian boundary) and the biostratigraphic top of
the Peltoceras athleta ammonite zone (now considered to be
the middle of Upper Callovian). He also left “unassigned”
a suite of strata between his “Oxfordian” and the overlying
Kimmeridgian Stage.

Ammonites across the Callovian/Oxfordian boundary
interval were studied by Arkell (1939, 1946), who placed this
boundary at the lowest occurrence of Vertumniceras mariae
(now placed in the Quenstedtoceras genus) above Quen-
stedtoceras lamberti, or essentially at the base of the Oxford
Clay Formation. This is similar to the historical usage in
southwest Germany, where the Upper or “White” Jurassic
begins just above the Lamberti Knollen bed. The Colloque du
Jurassique à Luxembourg 1962 (Maubeuge, 1964) selected
Arkell’s biostratigraphic definition for the base of the
Oxfordian Stage. This Colloque also assigned the upper limit
of the Oxfordian as the top of the Ringsteadia pseudocordata
ammonite zone in the Boreal province.

The main biostratigraphic event is the “Boreal Spread”, an
extensive expansion of the Boreal Cardioceratidae ammonites
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from their Arctic province across Europe and mixing with
Mediterranean-province fauna rich in Phylloceratidae ammo-
nites (Page et al., 2010a). The current candidate for the
Oxfordian GSSP is a coastal section at Redcliff Point near
Weymouth, Dorset, southern England (Page et al., 2010b). The
GSSP in this clay-rich section would be placed at the lowest
occurrence of ammonite Cardioceras redcliffense, which
would define the base of the Cardioceras scarburgense
Subzone of the Quenstedtoceras mariae Zone. This level is
within the youngest part of a normal-polarity magnetozone
correlated to marine magnetic anomaly M37n (Ogg et al.,
2010a, 2011). Recognition of this level with other biostrati-
graphic groups is not yet established, but the level is imme-
diately followed by a widespread surge in primitive planktonic
foraminifers (Oxford et al., 2002). One concern is that the
exposure is in an active landslip that lacks any lithological
marker near the boundary; therefore, there may be cryptic slip
planes related to the landslip that might cut out or repeat strata
(S. Hesselbo, pers. comm. to J. Ogg, 2011).

The ammonite biostratigraphy across the Q. lamberti to
Q. mariae transition interval has been studied in expanded dark
claystone successions in southeast France (e.g., Fortwengler
and Marchand, 1994; Page et al., 2010b) where two sections
had been recommended as complimentary basal-Oxfordian
GSSPs (Melendez, 1999). Even though the same Cardioceras
redcliffense horizon was identified, these French sections have
not yet proved suitable for other stratigraphic correlation
methods except for dinoflagellates, therefore this GSSP
candidate may be considered as an auxiliary reference section
(e.g., Melendez, 2002, 2003, 2006).

Middle and Upper Oxfordian Substages

The base of a Middle Oxfordian substage is commonly placed
at base of the ammonite Perisphinctes (Arisphinctes) plica-
tilis Zone of the Tethyan and Sub-Boreal faunal provinces,
which is coeval with the base of the Cardioceras densipli-
catus Zone of the Boreal province.

Beginning with the Middle Oxfordian, faunal differenti-
ation among faunal realms became more pronounced and has
inhibited standardization and correlation of regional ammo-
nite zones. In addition, even though regional zonal nomen-
clatures have commonly remained constant, the assigned
biostratigraphic boundaries of these “standard” zonal units
have been undergoing redefinitions (e.g., G1owniak et al.,
1997, 2008; Groupe Français d’Étude du Jurassique, 1997;
among others).

In the Sub-Mediterranean province (Tethyan province), the
base of an Upper Oxfordian substage is commonly assigned to
the base of the Perisphinctes (Dichotomoceras) bifurcatus
Zone; although the definition of the zonal base is not always
consistent among regional studies. In the Sub-Boreal province,
the Middle/Upper substage boundary is assigned as the base of
the regional Perisphinctes cautisnigrae Zone, and the Boreal
province uses the base of the regional Amoeboceras serratum

Zone. Cross-regional ammonite markers and magnetostrati-
graphic studies suggest that these three levels are within about
250 kyr of each other (base of A. serratum is youngest; base of
P. cautisnigrae is oldest).

26.1.4.2. Kimmeridgian

History, Definition and Boundary Stratotype

The Kimmeridgian Stage was named by d’Orbigny
(1842e1851, 1852) after the coastal village of Kimmeridge
in Dorset, England, where the spectacular cliffs of black
Kimmeridge Clay expose a continuous record of that interval.
Oppel (1856e1858) expanded the Kimmeridgian downward
by incorporating a portion of d’Orbigny’s former “Corallian
stage”, but, rather than assign a boundary between the
Oxfordian and Kimmeridgian, he left the intervening Upper
Calcareous Grit Formation “unassigned”. Oppel initially
indicated that the Kimmeridgian “group” would continue
upward to the base of the Purbeck (his base of Cretaceous),
but later, Oppel (1865) inserted a Tithonian Stage as the
uppermost Jurassic stage. Therefore, neither of the bound-
aries of the Kimmeridgian Stage was adequately defined.

The Oxfordian/Kimmeridgian boundary was defined by
Salfeld (1914) after studying the Perisphinctidae ammonite
succession from the boundary interval. He proposed a Ring-
steadia anglica Zone (now called Ringsteadia pseudocordata
Zone) in the uppermost Oxfordian and that the base of the
Kimmeridgian would correspond to the appearance of Picto-
nia. The Colloque du Jurassique à Luxembourg 1962
(Maubeuge, 1964) fixed the base of the Kimmeridgian as the
base of the Pictonia baylei Zone in the Sub-Boreal province.
This level is considered equivalent to the base of the Amoe-
boceras bauhini Zone of the Boreal realm, although the precise
definitions of the corresponding zonal boundaries are disputed.
However, due to faunal provincialism that began in the middle
Oxfordian, the ammonite zonations of Great Britain (Boreal
and Sub-Boreal provinces) could not be correlated to the Sub-
Mediterranean province (Tethyan province). The Colloque du
Jurassique à Luxembourg 1962 (Maubeuge, 1964) indicated
that this level was equivalent to the base of the Sutneria pla-
tynota Zone of the Sub-Mediterranean province.

However, this presumed equivalence was later demon-
strated to be incorrect from comparisons of dinoflagellate cyst
assemblages (Brenner, 1988; Poulson, in Melendez and
Atrops, 1999) and rare incursions of ammonites from the
Boreal province into the Sub-Mediterranean successions in
Poland and in the Swabian Alb (Atrops et al., 1993; Matyja
and Wierzbowski, 1997, 2002, 2006a,b; Schweigert and
Callomon, 1997). These constraints on the correlation among
faunal provinces near the Oxfordian-Kimmeridgian boundary
imply that much of the upper Epipeltoceras bimammatum
Zone and Idoceras planula Zone of the Sub-Mediterranean
Province of the Tethyan province, which had constituted the
entire upper half of that regional “Upper Oxfordian”, should
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be coeval with the lowest Kimmeridgian (Amoeboceras
bauhini Zone and Amoeboceras bayi horizon of the Amoe-
bites kitchini Zone) of the Boreal province (Matyja et al.,
2006). This offset in the regional “Oxfordian/Kimmeridgian”
boundary placements by one-and-a-half ammonite zones
(c. 1.3 myr) has been demonstrated by comparing magneto-
stratigraphy of Great Britain (Sub-Boreal and Boreal prov-
inces) with different regions in the Sub-Mediterranean
province (Przybylski et al., 2010a). The temporal offset had
created a dilemma in selecting a GSSP for the base of the
Kimmeridgian Stage, because an initial choice must be made
between faunal provinces and the corresponding definition of
the Oxfordian/Kimmeridgian boundary (reviewed in Atrops,
1999; Melendez and Atrops, 1999; and Wierzbowski, 2001,
2002, 2010). It was decided by the OxfordianeKimmeridgian
boundary working group to retain a definition similar to
Salfeld (1914) of the appearance of Pictonia in the Sub-
Boreal province.

An intertidal coastal section in dark-gray claystone at
Flodigarry, Staffin Bay, Isle of Skye (northwest Scotland) has
yielded detailed Sub-Boreal and Boreal ammonite succes-
sions and a magnetostratigraphy (e.g., Sykes and Callomon,
1979; Wierzbowski et al., 2006; Matyja et al., 2006;
Przybylski et al., 2010a). Even though this Flodigarry section
was accepted as the GSSP location in 2007, it took additional
years to agree on the precise Pictonia ammonite horizon
(a new Pictonia flodigarriensis taxon or the previous usage of
Pictonia densicostata). The impasse will probably be decided
based upon which level has wider correlation potential
(Wierzbowski, 2010). In GTS2012, we have utilized the
proposed Pictonia flodigarriensis level, which corresponds
almost exactly to the base of a reversed-polarity interval that
is correlated as magnetic polarity chron M26r.

Upper Kimmeridgian Substage

In the Sub-Boreal province, the base of an Upper Kimmer-
idgian substage is the ammonite Aulacostephanoides muta-
bilis Zone, whereas in the Sub-Mediterranean province, it is
typically assigned to the base of the Aspidoceras acanthicum
Zone. Magnetostratigraphy suggests that the Sub-Mediterra-
nean placement is about 0.3 myr younger than the Sub-Boreal
assignment (Ogg et al., 2010a,b). An alternate assignment in
the Boreal province, the base of ammonite Aulacostephanus
eudoxus zone, is one ammonite zone higher than the Sub-
Boreal substage placement, or about 0.8 myr younger.

26.1.4.3. Tithonian

History, Definition and Boundary Stratotype

In an enlightened departure from the lithology-based strato-
type concept, Oppel (1865) defined the Tithonian Stage solely
on biostratigraphy. In mythology, Tithon is the spouse of Eos
(Aurora), goddess of dawn, and Oppel used this name in
a poetic allusion to the dawn of the Cretaceous. He referenced

sections in western Europe, from Poland to Austria, for the
characteristics of the Tithonian.

The base of Oppel’s Tithonian was placed at the top of the
Kimmeridgian Aulacostephanus eudoxus ammonite zone,
which can be recognized in both the Sub-Boreal and Sub-
Mediterranean faunal provinces. Later, Neumayr (1873)
established the Hybonoticeras beckeri Zone above the A.
eudoxus Zone in the Sub-Mediterranean province and
assigned it to the Kimmeridgian Stage.

Neumayr’s revised placement of the Tithoniane
Kimmeridgian boundary corresponded closely with the
boundary between the “Portlandian” and Kimmeridgian
stages as initially assigned by Alcide d’Orbigny (1842e1851,
1852), who had assigned “des Ammonites giganteus et Irius”
as Portlandian index fossils. However, d’Orbigny did not visit
England, and he inadvertently combined fossil assemblages
from outcrops at Bologna in Italy with a name derived from
a “type section” on Portland Island in England. The
“Ammonite irius” is one representative of the Gravesia genus,
which has a lowest occurrence in the basal Hybonoticeras
hybonotum Zone of the revised Tithonian. Accordingly, the
Gravesia gravesiana ammonite zone was assigned as the
basal zone of the British Portlandian [Tithonian] Stage by
Salfield (1913). Following Salfield’s oral presentation to the
Geological Society of London, it was noted that the chro-
nostratigraphic term “Kimmeridgian” only partially encom-
passed the “Kimmeridgian Clay” Formation; therefore it was
recommended that Salfield “should invent a dual nomencla-
ture e one for the stratigraphical and another for the
zoological sequence” and replace “Kimmeridgian Stage” by
a new name (in Salfield, 1913). Unfortunately, this enlight-
ened recommendation was not pursued, and a confusing
equivalence of a “Kimmeridgian Stage” with the “Kimmer-
idge Clay” Formation and associated lifting the base of
d’Orbigny’s “Portlandian” stage became common usage in
England, but a lower TithonianeKimmeridgian boundary
was used elsewhere in Europe. In Britain, the Kimmeridge
Clay Formation was arbitrarily subdivided into a lower and
upper member at the approximate KimmeridgianeTithonian
boundary level at the lowest occurrence of Gravesia grave-
siana at the “Maple Ledge” bed (reviewed in Cox and Gallois,
1981). The “Tithonian” was formally adopted as the name of
the uppermost stage of the Jurassic by a vote of the Interna-
tional Commission on Stratigraphy in September, 1990.

The Second Colloquium on the Jurassic System, held in
Luxembourg in 1967, recommended that the top of the
Kimmeridgian be assigned to the base of the Gravesia
gravesiana Zone (Resolution du deuxième Colloque du
Jurassique à Luxembourg, 1970). However, Cope (1967)
subdivided the lowermost Tithonian portion of the Upper
Kimmeridge Clay into several ammonite zones based on
successive species of his reconstituted Pectinatites genus and
abandoned Salfield’s two Gravesia zones. Cope raised the
upper limit of the uppermost Kimmeridgian Aulacostephanus
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autissiodorensis Zone to the base of his new Pectinatites
(Virgatosphinctoides) elegans Zone, thereby effectively lift-
ing the associated biostratigraphic division between Lower
and Upper Kimmeridge Clay. Cox and Gallois (1981) note
that the top of the international Kimmeridgian Stage now falls
within the middle of Cope’s expanded A. autissiodorensis
Zone in the Sub-Boreal province, therefore, they suggested
reinstating a truncated Gravesia gravesiana Zone below the
P. (V.) elegans Zone.

In addition to this complex history of changing concepts,
the extreme provincialism of macrofossils and microfossils has
proven a daunting challenge to find a suitable GSSP definition
that is amenable to global correlation. The Tithoniane
Kimmeridgian boundary interval in the Tethyan faunal realm is
marked by the simultaneous lowest occurrence of the ammo-
nites Hybonoticeras aff. hybonotum and Glochiceras lith-
ographicum (base of H. hybonotum Zone), immediately
followed by the lowest occurrence of the Gravesia genus.
Candidate sections in southeast France for the GSSP include
a thick pelagic-limestone succession just below a castle on
Crussol mountain overlooking the Rhône river just west of
Valence (Atrops, 1982, 1994) and at a quarry within a military
training area at Canjuers (Var district) (Atrops et al., in prep.).
The base of the H. hybonotum Zone at Crussol is at the base of
normal-polarity zoneM22An (Ogg et al., 2010b). TheCanjuers
quarry did not yield a magnetostratigraphy, but its ammonite
succession is better established. Other potential GSSP sections
include the Swabian region of southern Germany (Olóriz and
Schweigert, 2010).

Upper Tithonian Substage

In the Tethyan faunal domain, the base of an Upper Tithonian
substage is informally assigned to a major turnover in
ammonite assemblages at the base of the Micracanthoceras
microcanthum Zone. This level is approximately where cal-
pionellid microfossils become important in the biostrati-
graphic correlation of pelagic limestone and is at the base of
normal-polarity chron M20n.

Bolonian-Portland and Volgian Regional Stages
of Europe

The century of controversy over the subdivision and
nomenclature for the uppermost Jurassic and lowermost
Cretaceous stages, coupled with markedly distinct ammonite
assemblages in different regions of Europe, led to extensive
usage of regional stages.

The Volgian Stage in western Russia was established by
Nikitin (1881), capped by a Ryazanian Horizon (Bogoslov-
sky, 1897), and later extended downward (Resolution of the
All-Union Meeting on the unified scheme of the Mesozoic
stratigraphy for the Russian Platform, 1955) (reviewed in
Krymholts et al., 1982). The Volgian is zoned by ammonite
assemblages that are extensively distributed in the Boreal

faunal realm, therefore it became the standard in the northern
high latitudes outside of Britain. However, the zonations are
different among the Russian Platform, northern Siberia,
subpolar Urals, and Spitsbergen regions (e.g., Rogov and
Zakharov, 2009). In 1996, the Russian Interdepartmental
Stratigraphic Committee resolved to equate the Lower and
Middle Volgian (Ilowaiskya klimovi through Epivirgatites
nikitini ammonite zones of the Russian Platform) to the
Tithonian Stage, assign the Upper Volgian (Kachpurites ful-
gens through Craspedites nodiger ammonite zones) to the
lowermost Cretaceous, and use only Tithonian and Berriasian
as chronostratigraphic units in the Russian geological time
scale (Rostovtsev and Prozorowsky, 1997). In the Russian
Platform region of the Boreal realm, the boundary between
Lower and Middle “Volgian” regional substages is assigned at
the base of the Dorsoplanites panderi ammonite zone.

The “Bolonian” and “Portlandian” have been promoted
as “secondary standard stages” for usage in southern English
regional geology, especially in Dorset (e.g., Cope 1993,
1995, 2003; Taylor et al., 2001), but have not been widely
adopted. In the Sub-Boreal faunal province in Britain, the
base of the “Portlandian” regional stage, named by
d’Orbigny (1842e1851) after Isle of Portland in Dorset, is
placed at the base of the Progalbanites albani ammonite
zone at the base of the Portland Sand Formation. The
“Bolonian” was named by Blake (1881) after the Boulogne-
sur-Mer section at Pas-de-Calais, northwest France. The
“Bolonian” of Britain is equivalent to the upper Kimmer-
idgian Clay Formation between the TithonianeKimmerid-
gian boundary and the Portland Sand, or Pectinatites
(Virgatosphinctoides) elegans through Virgatopaviovia fit-
toni ammonite zones. The overlying “Portlandian” is
equivalent to the Portland Formation in Dorset, or Pro-
galbanites albani through approximately the Titanites
anguiformis ammonite zones (usage varies).

The approximate correlation and scaling of ammonite
zonations among the Boreal (Volgian), Sub-Boreal (Bolonian,
regional upper Kimmeridgian) and Tethyan (Tithonian)
stages has been only partially resolved through applying
magnetostratigraphy (e.g., Hou�sa et al., 2007; Ogg et al.,
2010b) and detailed inter-correlation webs of macrofossil
biostratigraphy (e.g., Rogov and Zakharov, 2009; Rogov,
2010a,b). The base of the Volgian in Russia appears to
coincide exactly with the base of the Tithonian in western
Europe (Rogov and Price, 2010).

Top of Tithonian (Base of Cretaceous)

In contrast to most geological systems, there are nearly no
“global events” within the uppermost Jurassic and lowermost
Cretaceous. Indeed, it has been nearly impossible to find any
significant widespread biostratigraphic, geochemical or other
marker for inter-regional correlation within this interval. As
a result, the span of the Tithonian varies among regions, among
usage of different paleontological markers (ammonites,
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calpionellids, nannofossils) and among secondary stratigraphic
correlation methods (e.g., magnetostratigraphy). The Tethyan-
based ammonite definition for the base of the Cretaceous as the
base of the Berriasella jacobi Zone appears to fall within the
middle of relatively long ammonite zones in both the Sub-
Boreal (Subcraspedites preplicomphalus Zone) and Boreal
(Craspedites nodiger Zone) provinces. The base of reversed-
polarity chron M18r was suggested as a convenient global
correlation horizon near the clustering of possible biostrati-
graphic-based boundaries (Ogg and Lowrie, 1986). The
recognition of this magnetozone in Sub-Boreal and Boreal
realms (e.g., Ogg et al., 1994; Hou�sa et al., 2007) has enabled
inter-regional correlations; therefore, by default, this base-
M18r level is gaining support as a global marker for a Jurassic/
Cretaceous boundary (W. Wimbledon, chair of Jurassice
Cretaceous boundary working group, pers. comm., 2010).
Another alternative is to make a more dramatic shifting of the
“Tethyan” JurassiceCretaceous boundary, and utilize more
major evolutionaryeenvironmental events that occur in the
mid-Tithonian or upper Berriasian (e.g., shift that uncertain
boundary by a half-stage or more). Less dramatic would be
adopting the base of Chron M17r, which is about 1 myr after
top-M18r, but corresponds relatively close to the Boreal/Sub-
Boreal usage of Ryazanian/Volgian and Purbeckian/Bolonian
regional stage boundaries (e.g., Figure 26.8).

In GTS2012, we utilize the base of chron M18r for
assigning the numerical age to the top of the Jurassic.

26.2. JURASSIC STRATIGRAPHY

The ammonite successions of Europe have historically
served as global primary standard for the Jurassic. Other
biostratigraphic, magnetostratigraphic, chemostratigraphic
and other events are typically calibrated to these standard
European ammonite zones. An extensive compilation and
inter-correlation of Jurassic stratigraphy of European basins
was coordinated by Hardenbol et al. (1998), but later
workers have greatly enhanced or revised portions of these
comprehensive chart series. Correlation outside of these
European basins, especially to terrestrial realms, remains
relatively uncertain. Due to pronounced climateeoceanic
provincialism during the Late Jurassic, this interval has been
the most challenging for global correlations (e.g., summary
by Zeiss, 2003).

26.2.1. Marine Biostratigraphy

26.2.1.1. Ammonites

Alfred Oppel (1856e1858) developed the concept of
a biostratigraphic zone, and used ammonites to define two-
thirds of his 33 Jurassic zones. Jurassic ammonite zonations
have undergone constant revision since Oppel, and the
Jurassic is currently subdivided into 70 to 80 zones and

typically 160 to 170 subzones in each faunal realm.
Reviews of the development, definitions and inter-correla-
tion of European ammonite zonations are in Thierry (1998,
including correlation charts), Krymholts et al. (1982), and
Groupe Français d’Étude du Jurassique (1997). The preci-
sion of correlation of the northwest European standard to
the regional ammonite zones of western North America
(e.g., Pálfy et al., 2000a) and of Russia (e.g., Zakharov
et al., 1997; Rogov, 2004, 2010a,b; Rogov and Zakharov,
2009) and of other regions depends on the varying
provinciality of genera and index species. Globally, up to
seven suborders of Order Ammonoidea are recognized; and
these range through up to 20 biogeographic provinces and
subprovinces (Page, 2008).

Only a single genus, the Psiloceras of basal Jurassic,
appears to have survived the end-Triassic mass extinction of
the ammonoids. This single form, indeed probably only
a single P. spelae species, rapidly diversified into over twenty
ammonite genera during the Hettangian (Guex, 1995; Guex
et al., 2004). A multi-stage “Early Toarcian crisis” caused
a lesser bottleneck, followed by a rapid recovery (e.g., Dera
et al., 2010). In the Bajocian, the first Perisphinctoidea
evolved and became the globally most important ammonites
of the Late Jurassic (Page, 2008).

Belemnites, the cousins of the ammonites, have local
Jurassic zonations that provide correlation to the stage or
substage level (e.g., Combemorel, 1998).

Nomenclature for many of the Jurassic ammonite zones
can be misleading. According to the International Strati-
graphic Code, biostratigraphic zones are named according to
the genus and species of associated taxa (e.g., Kotetishvilia
compressissima Zone begins with the lowest occurrence of
that ammonite taxon) combined with the appropriate term for
the kind of biostratigraphic unit. This system is followed for
most Paleozoic, Triassic and Cretaceous ammonoid zona-
tions. In contrast, some Jurassic ammonite specialists in
northwest Europe advocate and apply “Standard Chro-
nozones”, in which the nomenclature is not directly associ-
ated with the temporal range of the name-giving species
(e.g., Callomon, 1985, 1995). Therefore, a standard Eudoxus
Zone (capitalized, non-italics, no genus designation) of the
Kimmeridgian in southern England has a base defined at bed
E1 at a quarry near Westbury, Wiltshire (Birkelund et al.,
1983), and continues to the base of the Autissiodorensis Zone,
which was assigned as the top of Flats Stone Band bed at
beach exposures of the Kimmeridge Clay near the village of
Kimmeridge, Dorset (Cox and Gallois, 1981; tables in Cox,
1990). In some cases, the “name-species” may not appear
until quite high in its “Standard Chronozone” e e.g., the
lowest occurrence of ammonite Cardioceras cordatum is in
the upper third of the “Cordatum Zone”. Unfortunately, the
basal limits of many of these “standard chronozones” remain
unstandardized among regions and specialists and have
changed through the decades; which often creates correlation
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FIGURE 26.8 Inter-regional correlation of Late Jurassic and earliest Cretaceous ammonite zones and regional stages. Magnetostratigraphic corre-

lations to the marine magnetic anomaly M-sequence and cycle stratigraphy provide the reference numerical scale and absolute durations for Tethyan ammonite

zones (e.g., Galbrun, 1984; Ogg et al., 1984, 2010a; Boulila et al., 2008b, 2010a,b; Pruner et al., 2010). Sub-Boreal ammonite calibrations to Tethyan zone and/

or M-sequence incorporates magnetostratigraphy (e.g., Ogg et al., 1994; Przybylski et al., 2010a,b), cycle stratigraphy for scaling of “Bolonian” succession

(e.g., Huang et al., 2010b), and biostratigraphic correlations (e.g., Wierzbowski et al., 2006; G1owniak et al., 2008; Wimbledon et al., 2011). Boreal calibrations

of Russian Platform to Northern Siberia and to Sub-Boreal zones are mainly biostratigraphic (e.g., Rogov and Zakharov, 2009; Rogov, 2010b; Rogov and Price,

2010; Harding et al., 2011) supplemented with magnetostratigraphy for the Late Volgian of Northern Siberia (Hou�sa et al., 2007). However, the reference

sections for Boreal zonations and for the PortlandianeRyazanian of the Sub-Boreal realm commonly have ammonite levels separated by stratigraphic gaps,

therefore this lack of continuity precludes exact inter-regional correlations (e.g., charts in Harding et al., 2011). In addition, some ammonite zones are poorly

defined (e.g., Cope, 2007, recommended abandoning the Paracraspedites oppressus Zone of England). This summary diagram is modified from Ogg et al.

(2010b) with recommendations by William Wimbledon and Mikhail Rogov.



problems for non-ammonite workers. For example, the base
of the Kimmeridgian is accepted as the base of the Baylei
Zone, but, as of 2010, there is disagreement whether this zone
begins with the lowest occurrence of the ammonite Pictonia
flodigarriensis or the slightly later Pictonia densicostata.
Both systems e a regional designation of Jurassic standard
chronozones versus a nomenclature based on ammonite bio-
zones e have defenders (mainly Jurassic ammonite special-
ists in the former case) and critics.

For clarity in our charts and tables (e.g., Tethyan zones in
Table 26.3), we have included the genera of the ammonite
“index” species, but with a caution that these are not always
the “guide” species of the named zone.

26.2.1.2. Fish and Marine Reptiles

Ray-finned fish of the primitive teleost group, to which most
living bony fish belong, were on the rise, but there is no
established zonation. The earliest large filter feeders, pachy-
cormids up to 9 m long, are known from the Middle Jurassic
into the Cretaceous (Calvin, 2010; Friedman et al., 2010).

The most famous dwellers of the Jurassic seas were
abundant large marine reptiles (Sauropterygia) comprised
of long-necked plesiosaurs (“near lizard”), shorter-necked
pliosaurs (“more lizard”) and the streamlined dolphin-like
ichthyosaurs (“fish lizard”). The Callovian and Late
Jurassic assemblages included the pliosaur, Liopleurodon,
the world’s largest known carnivore of over 15 m in length
(Page, 2005).

26.2.1.3. Other Marine Macrofauna

Brachiopod zonations for northwest Europe and for the
northern part of the Tethyan province provide important
markers within individual basins and approach the resolution
of ammonite zones in some stages of the Jurassic
(e.g., Alméras et al., 1997; Laurin, 1998). The Buchia genus
of bivalves is used for correlations within the Oxfordiane
Hauterivian strata, especially within the circum-Boreal realm
of Eurasia and western North America, and several buchiid
zones have been calibrated to ammonite zonations
(e.g., Jeletzky, 1965; Surlyk and Zakharov, 1982; Zakharov,
1987; Sha and Fürsich, 1994; Zakharov et al., 1997).
However, the correlation potential of brachiopods and the
slower-evolving successions of bivalves and gastropods are
compromised by their benthic habits, which can be reflected
in ecological-facies associations and provincialism (reviewed
in Hallam, 1976; Cope et al., 1980b).

Ostracodes are small (0.2 to 1.5 mm) crustaceans with
calcified bivalved shells. They are a major constituent of
shallowmarine and brackish benthic faunas, and their evolving
assemblages enable a biostratigraphic resolution approaching
that provided by ammonite zones, especially within portions of
the Lower and Middle Jurassic (e.g., reviews by Cox, 1990;
Colin, 1998).

26.2.1.4. Foraminifers and Calpionellids

Jurassic benthic Foraminifera datums and zonations have
been developed for both calcareous and agglutinated forms.
Compilations are available for the British and North Sea
region (e.g., Copestake et al., 1989), for larger benthic
Foraminifera in the Tethyan domain (Peyberne, 1998), and
smaller benthic Foraminifera in European basins (Ruget and
Nicollin, 1998). The earliest planktonic Foraminifera genus is
meroplanktonic Conoglobigerina (only in Bajocian) and the
first fully planktonic Globuligerina occurs from Bathonian
onward (Simmons et al., 1997).

Calpionellids are vase-shaped pelagic microfossils of
uncertain origin, which appeared in the late Tithonian and
continued until the middle of the Early Cretaceous (Remane,
1985). They provide important correlation markers, espe-
cially in pelagic carbonates of the Tethyan-Atlantic seaway
(reviewed by Remane, 1998).

26.2.1.5. Calcareous Nannofossils

The Mesozoic history of nannofossils consists of distinct
diversification episodes (summarized in de Kaenel et al.,
1996; Bown et al., 2004; Erba, 2006). The earliest known
calcareous nannofossils appeared in the mid-Triassic; but
most of the initial robust types vanished during the end-
Triassic extinctions. A single surviving coccolithophorid
algal species diversified near the Hettangian/Sinemurian
boundary; and the major radiation of Jurassic placolith coc-
coliths (plates from coccolithophores) took place during
Pliensbachian to early Toarcian. A second major pulse of
diversification within the AalenianeBajocian boundary
interval included the genus Watznaureria, which would
dominate most assemblages during the rest of the Jurassic and
entire Cretaceous (e.g., Erba, 1990; Olivero, 2008). A major
overturn of Tethyan nannofossil assemblages took place in
the late Tithonian. The Jurassic closed with the appearance of
nannoconids, a heavily calcified form, which are often
regarded as the first effective carbonate-producers in the
Mesozoic oceans and contributed to the nannofossil-rich
limestones that characterize the Cretaceous pelagic realm
(Erba, 2006; Casellato et al., 2008). The onset of calcareous
nannoplankton, their size and general morphology and the
diversification trends may be responses to the chemistry of the
oceaneatmosphere system, especially pCO2 and Mg/Ca ratio
(Erba, 2006).

Jurassic nannofossil zonations and markers in the Boreal/
Sub-Boreal realm are calibrated to ammonite zones in
northwestern Europe (e.g., Bown et al., 1988; Bown, 1998;
von Salis et al., 1998). Nannofossil datums in the Tethyan/
Sub-Mediterranean realm are partially calibrated to ammo-
nite zones (e.g., de Kaenel et al., 1996; Mattioli and Erba,
1999; Mailliot et al., 2006) and to late Jurassic magnetic
polarity zones (e.g., Bralower et al., 1989; Channell et al.,
2010; Casellato, 2010).
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26.2.1.6. Dinoflagellate Cysts

Organic-walled cysts of dinoflagellates are an important
correlation tool for the North Sea, where their datums are
correlated to ammonite zones of the Boreal realm
(e.g., Woollam and Riding, 1983; Riding and Ioannides,
1996; Ioannides et al., 1998). Several of these markers also
occur in the Tethyan realm, but the ranges and correlation to
ammonite zones are not as well established (Habib and
Drugg, 1983; Ioannides et al., 1998). Independent dinocyst
zonations have been developed for the Jurassic of Australia
(Helby et al., 1987), for the upper Jurassic of New Zealand
(Wilson, 1984) and for other basins.

26.2.1.7. Radiolarians

Siliceous radiolarians are a major component of Jurassic
pelagic sediments deposited under high productivity condi-
tions, but their tests are rarely preserved jointly with arago-
nitic ammonite shells. Detailed radiolarian zonations for the
Middle and Late Jurassic have been developed for the western
margin of North America (e.g., Pessagno et al., 1993, 2009),
for Japan (Matsuoka and Yao, 1986; Matsuoka, 1992), for the
former Tethyan seaways exposed in Europe (Baumgartner,
1987; INTERRAD Jurassic-Cretaceous Working Group,
1995; De Wever, 1998), and for the North Sea (Dyer and
Copestake, 1989; Dyer, 1998).

These zonations can be partially correlated to each other;
however, the calibration of the radiolarian assemblages to
standard geological stages and to the reference ammonite
scales of Europe has been challenging and controversial
(e.g., Pessagno and Meyerhoff Hull, 1996). An example is
the divergent correlations for the radiolarian assemblage
overlying basalt at Ocean Drilling Program (ODP) Site 801,
which provided a key age control on the Calloviane
Oxfordian portion of the marine magnetic anomaly M-
sequence and global spreading rates. The radiolarian
assemblages from the basal and inter-pillow sediments were
originally interpreted as “late Bathonian to early Callovian”
(Shipboard Scientific Party, 1990; Matsuoka, 1992;
reviewed in Ogg et al., 1992), but were re-interpreted as
equivalent to “middle Oxfordian” of western North America
by Pessagno and Meyerhoff Hull (1996). In contrast, the
same radiolarian assemblages were assigned to “Bajocian”
(Bartolini et al., 2000; Bartolini and Larson, 2001) based
partly on the zonal calibrations developed by the INTER-
RAD Jurassic-Cretaceous Working Group (1995) for the
Mediterranean region. Possible contributing factors to this
divergence are diachroneity of radiolarian or ammonite
datums and ranges among basins, errors in taxonomy
assignments, imprecise correlation of radiolarian markers to
regional ammonite stratigraphy, and miscorrelation of
ammonite assemblages among paleogeographic provinces
(Pessagno and Meyerhoff Hull, 1996; Kiessling et al., 1999;
reviewed in Pessagno et al., 2009).

26.2.2. Terrestrial Biostratigraphy

26.2.2.1. Dinosaurs

Dinosaurs are the most famous Jurassic fauna and the largest
land animals that ever lived. Even though they dominated the
terrestrial herbivores and carnivores, the biostratigraphic
ranges of these enormous creatures are not well established
relative to marine-based stages. A set of six generalized
“land-vertebrate faunachrons” (LVFs) can be partially
correlated across Pangea (Lucas, 2009).

Crocodile-like crurotarsan archosaurs were the main
competitors of dinosaurs during the Late Triassic, but their
mass extinction in latest Triassic enabled the dinosaurs to
flourish and diversify. This crurotarsan extinction either
coincided with the major mass extinction of marine life
induced by environmental impacts of the CAMP flood basalt
eruptions (e.g., Whiteside et al., 2010) or began slightly
earlier (Lucas et al., 2011). The Jurassic begins with the
appearance of the crocodylomorph Protosuchus, defining
the base of the Wassonian LVF. The Dawan LVF begins with
the appearance of theropod Megapnosaurus (“Syntarsus”),
a 3-m long bipedal dinosaur, in approximately mid-
Sinemurian.

No dinosaur genera are shared among any of the conti-
nents through most of the Middle Jurassic, despite the
presumed high mobility of the enormous sauropod dinosaurs
(Lucas, 2009). A vaguely calibrated Dashanpuan LVF of
possible Bajocian age and a Tuojiangian LVF of possible
BathonianeCallovian age are characterized by stegosaur and
sauropod assemblages.

The sparse record of dinosaurs in Lower and Middle
Jurassic strata contrasts with the rich fossil deposits of the
Upper Jurassic, such as the Morrison Formation of western
North America. This KimmeridgianeTithonian interval
included the carnivores of Allosaurus and Ceratosaurus, the
huge sauropod Brachiosaurus, and moderate-sized ornitho-
pids (iguanodontids and hypsilophodontids). The Como-
bluffian LVF, named from a Morrison excavation site, is
coeval with the Ningjiangouan LVF of China (Lucas, 2009).
These deposits can be partially correlated to the Kimmer-
idgian stage through magnetostratigraphy (e.g., Steiner et al.,
1987), which is consistent with U-Pb ages of 152e156 Ma
(Trujillo et al., 2006, 2008).

Flying over this Jurassic park were pterosaurs, which had
evolved during the Late Triassic. The first bird, the renowned
Archaeopteryx fossils from lagoonal settings in southern
Germany, appeared in the Tithonian. Theropod ancestors to
the future birds are known from the Oxfordian (Hu et al.,
2009; Stone, 2010; Choiniere et al., 2010).

26.2.2.2. Plants, Pollen and Spores

Terrestrial ecosystem stratigraphy has uncertain correlation
to the Jurassic marine record. Sporomorph records suggest
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that the land plant ecosystems did not change significantly
during the interval of end-Triassic mass extinctions in the
marine realm, and paleobotanists often combine the Rhae-
tian flora with Early Jurassic ones (e.g., Dobruskina, 1994;
van Konijnenburg-van Cittert, 2008). However, some
regional macroplant records indicate up to an 85% decline in
species richness on the local scale, partly because some plant
types are not well represented by the sporomorph record
(Mander et al., 2010). Cycads, ginkgos, and conifers have
diverse assemblages that respond to local climate
(e.g., review by van Konijnenburg-van Cittert, 2008, for
UK), but only a few regional sporeepollen zones/ranges
have been published for selected time intervals
(e.g., Srivastava, 1987, for NormandyeGermany; Morris
et al., 2009, for offshore Norway). Transitional forms
between gymnosperms and the angiosperms plants which
diversify in the Cretaceous, are interpreted from floral
assemblages from North China that are below an ash bed
dated as ~162 Ma, hence are early Kimmeridgian or older
(Chang et al., 2009; see Table 26.1).

26.2.3. Physical Stratigraphy

26.2.3.1. Magnetostratigraphy

The details and calibrations of the Jurassic magnetic polarity
time scale have been considerably enhanced relative to
the schematic patterns given in GTS2004. The Jurassic
magnetic polarity patterns are primarily compiled from
ammonite-bearing sections in Europe, with the Sinemurian
and the Callovian stages remaining the main uncertain
intervals.

The Late Jurassic M-sequence of marine magnetic
anomalies has been correlated via magnetostratigraphy to
ammonite zones. Polarity chrons prior to the Callovian do not
have a corresponding marine magnetic anomaly sequence to
provide an independent nomenclature or scaling system.
Incorporating abbreviations derived from the corresponding
ammonite zone or stage is one option (e.g., Ogg, 1995); and
a similar philosophy was applied at the series-level for the
Triassic compilation by Hounslow and Muttoni (2010).
However, until the polarity pattern spanning each stage has
been adequately verified, a standardized nomenclature system
is premature.

Early Jurassic through Aalenian Magnetic Polarity Scale

The Hettangian stage is dominated by normal-polarity in the
Paris Basin (Yang et al., 1996), England (Hounslow et al.,
2004) and in the Hartford Basin of eastern North America
(Kent et al., 1995; Kent and Olsen, 2008) with only three brief
well-documented reversed-polarity zones (“H24reH26r” of
Kent and Olsen, 2008). Cycle stratigraphy of the Hartford
Basin sequence enables assignment of the polarity ages
relative to the radio-isotope-dated CAMP basalts (Kent and

Olsen, 2008), which suggests that the uppermost reversed-
polarity zone “H26r” is at the base of Sinemurian.

The Sinemurian in outcrop sections is dominated by
reversed-polarity with relatively brief normal-polarity zones
(e.g., Channell et al., 1984; Steiner and Ogg, 1988). A
detailed magnetostratigraphic study of a Paris Basin core
was interpreted as indicating numerous additional brief
polarity changes (Yang et al., 1996); but the absence of such
features in outcrop studies suggests that most of these
were single-sample anomalies or possible other artifacts.
The approximate ammonite-zoned stratigraphy of that
borehole provides better biostratigraphic constraints on the
main features of the Sinemurian polarity pattern, and
a generalized column from that study is used for the
GTS2012 scale.

The lower Pliensbachian (Carixian substage) is also
dominated by reversed polarity. The main polarity patterns
are consistent between the major studies in southern Swit-
zerland (Horner, 1983; Heller, 1983) and a Paris Basin
borehole (Moreau et al., 2002). However, a detailed study in
central Italy (Speranza and Parisi, 2007) is difficult to
correlate to the first two compilations, and this contrast may
be a combination of different ammonite subzonal schemes,
hiatuses and redeposited intervals, variable sedimentation
rates and other factors. Therefore, the polarity patterns within
each ammonite zone according to the synthesis by Moreau
et al. (2002) are used in GTS2012, based on the mid-points of
their reinterpreted ammonite zone boundaries. Additional
sections are required to determine a reproducible bio-mag-
netostratigraphy. Speranza and Parisi (2007) have interpreted
two unusually long-duration intervals of transitional or
intermediate polarity during earliest Pliensbachian, but these
await confirmation.

The upper Pliensbachian (Domerian substage) through
Aalenian polarity pattern is primarily from a detailed study in
southern Switzerland (Horner, 1983; Horner and Heller,
1983). This pattern has been enhanced and calibrated to other
regional ammonite zones in several other study areas. The
upper Pliensbachian bio-magnetostratigraphy has been
revised using a borehole in the Paris Basin and reanalysis of
the Switzerland ammonite datums (Moreau et al., 2002).
Details across the PliensbachianeToarcian boundary in
southern Spain verified the main features of the southern
Switzerland pattern, and enabled correlation at a subzonal
level (Comas-Rengifo et al., 2010b).

The Toarcian bio-magnetostratigraphy composite is also
based on the southern Switzerland suite (Horner, 1983;
Horner and Heller, 1983) with enhanced biostratigraphy from
the relatively condensed type Toarcian section at Thouars in
France (Galbrun, 1988, revised using the inter-province
ammonite zone correlation by Thierry, 1998) and the
expanded lower and middle Toarcian in Spain (Osete et al.,
2007; Comas-Rengifo et al., 2010b). The proportional scaling
of magnetic zones within ammonite subzones in the lower
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TABLE 26.1 Selected Radio-Isotopic Ages from Terrestrial and Flood-Basalt Deposits of Uppermost Triassic, Jurassic and Lowermost Cretaceous

Selected Jurassic Radio-isotopic Dates – Terrestrial strata or Flood basalts

NOTE: This is only a subset of the published age suites for most of these episodes. See the selected references for reviews.

EVENT Primary controls
(*)

Source (location) Age for GTS2012;
uncertainty (95%) in
myr

Annotation;
Dated Material;
Method

Locality; formation; biostratigraphy Primary Reference Review Reference (and evaluation
comments from references)

Morokweng crater

X Morokweng 145.2 �0.8 Recrystallized
zircons; U-Pb

Morokweng crater (70 km diameter);
Kalahari desert of South Africa

Hart et al., 1997;
Koeberl et al.,
1997

Jourdan et al., 2009b, evaluation:
"Zircon age is indistinguishable from
biotite 40Ar/39Ar age at 143 � 4 Ma."

Morrison Formation (famous dinosaur deposits, usually considered to be Kimmeridgian)

X upper Morrison 152.37 �0.62 Trujullo’06; zircons
from bentonite; U-Pb
SHRIMP

south of Laramie; southeastern Wyoming.
upper Morrison Formation, smectitic
mudstone. Dinosaurs – Apatosaurus,
Allosaurus, Camarasaurus; etc.

Trujillo et al.,
2008.

X upper Morrison 156.3 �2 Trujullo’06; zircons
from bentonite; U-Pb
SHRIMP

Ninemile Hill, Medicine Bow, southeastern
Wyoming. upper third of Morrison
Formation, smectitic mudstone. Same level
as dinosaur Quarry Nine, Como Bluff,
Wyoming. Magnetostrat by Steiner would
suggest Kimmeridgian (M22-M24 interval).

Trujillo et al.,
2006.

secondary guide upper Morrison 149 �1 PSM55; sanidines
from bentonite; Ar-Ar,
Laser fusion

Brushy Basin Member 6, upper Morrison
Formation. Set of 6 stratigraphic intervals in
upper part of Brushy Basin member above
a change in clay mineralogy, considered to
be a regional hiatus. Ostracod and
charophyte assemblages suggest
Kimmeridgian in lower part to Tithonian in
upper part.

Kowallis et al.,
1998.

Pálfy et al., 2000a. The suite of 6 ages
from the Brushy Basin Member are
stratigraphically consistent. Pálfy
et al. (2000a) increase all Ar-Ar
uncertainties by an additional 2.5 myr
to indicate ’external errors’ due to
calibration of radiometric decay
constants and other factors.

secondary guide upper Morrison 149.9 �.8 PSM54; sanidines
from bentonite; Ar-Ar,
Laser fusion

Brushy Basin Member 5, upper Morrison
Formation

Kowallis et al.,
1998.

Pálfy et al., 2000a.

secondary guide upper Morrison 150.2 �1 PSM53; sanidines
from bentonite; Ar-Ar,
Laser fusion

Brushy Basin Member 4, upper Morrison
Formation

Kowallis et al.,
1998.

Pálfy et al., 2000a.

secondary guide upper Morrison 150.2 �1.1 PSM52; sanidines
from bentonite; Ar-Ar,
Laser fusion

Brushy Basin Member 3, upper Morrison
Formation

Kowallis et al.,
1998.

Pálfy et al., 2000a.

secondary guide upper Morrison 151.1 �1 PSM51; sanidines
from bentonite; Ar-Ar,
Laser fusion

Brushy Basin Member 2, upper Morrison
Formation

Kowallis et al.,
1998.

Pálfy et al., 2000a.

secondary guide upper Morrison 151.2 �.5 PSM50; sanidines
from bentonite; Ar-Ar,
Laser fusion

Brushy Basin Member 1, upper Morrison
Formation

Kowallis et al.,
1998.

Pálfy et al., 2000a.

N.China (angiosperm precursors)

secondary guide Lanqi Formation 161.7 �0.4 LQ07-1; sanidines
from bentonite; Ar-Ar,
Laser fusion

Yujiagou village of Beipaio City, Lioining,
North China. Lanqi Formation (basal),
above Haifanggou Formation bearing plant
assemblages that include interpreted
precursors to angiosperms.

Chang et al., 2009.

(Continued)
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TABLE 26.1 Selected Radio-Isotopic Ages from Terrestrial and Flood-Basalt Deposits of Uppermost Triassic, Jurassic and Lowermost Cretaceousdcont’d

Selected Jurassic Radio-isotopic Dates – Terrestrial strata or Flood basalts

Bajocian

secondary guide mid-Bajoc., Utah 167.3 �0.8 PSM37; sanidines
from bentonite; Ar-Ar

Gunlock, Carmel Formation, Utah, USA.
Bivalve correlation of Carmel Formation to
ammonite-bearing Twin Creek Formation
indicates an age of late Early to early Late
Bajocian (according to Imlay, 1967, 1980)

Kowallis et al.,
1993

Pálfy et al., 2000a. The suite of 6 ages
from the Brushy Basin Member are
stratigraphically consistent. Pálfy
et al. (2000a) increase all Ar-Ar
uncertainties by an additional 2.5 myr
to indicate ’external errors’ due to
calibration of radiometric decay
constants and other factors. Age is
slightly older than with previous K-Ar
and Rb-Sr methods.

Karoo Volcanic Province (early Toarcian)

X Karoo sills 182.7 �0.4 zircons from
dolerites; U-Pb

Karoo Basin, South Africa. "sampled 48
pegmatites found in thick sill intrusions
from different parts of the basin, separated
by as much as 1000 km. Thirteen contained
fresh euhedral and inclusion-free zircons
suited for high resolution dating." (no
details on localities within the abstract).
Usually considered as the cause for onset of
a negative carbon-isotope excursion and
widespread organic-rich sediments of mid-
lower Toarcian.

Polteau et al.,
2010.

Mean of 13 sites; which had range of
182.3 to 183.0 Ma (all overlapped
within the average uncertainty of
0.4 myr).

X Karoo sills 182.5 �0.4 G39974-596m;
zircons from
dolerites; U-Pb ID-
TIMS (multi-grain)

Borehole G39974, Calvinia area, western
Karoo Basin, South Africa. Ecca Group,
pegmatite interval in lowermost sill in
borehole; below Prince Albert formation,
596m level in borehole.

Svensen et al.,
2007.

"The five analyses plot on or slightly to
the right of the Concordia curve but
have uniform 206Pb/238U ages of
182.7 to 182.2 Ma, which are
reflected in the Concordia age of
182.5�0.4 Ma."

X Karoo lavas 183.4 �1.6 plagioclase from
basalt; Ar-Ar

Lesotho, South Africa. Lesotho basalts –
from the main Normal-polarity upper
interval (NOTE: mean age is anomalously
younger than mean age of underlying
reversed-polarity flows).

Jourdan et al.,
2007.

X Karoo lavas 182.7 �0.7 plagioclase from
basalt; Ar-Ar

Lesotho, South Africa. Lesotho basalts
(different locations within lava sequence).
Mean of 4 ages from lower Reversed
polarity suite, and 1 age from overlying
normal-polarity suite (Fig. 3 in Jourdan et
al., 2007).

Jourdan et al.,
2007.

X Karoo lavas 179.2 �1.8 NN13-NN45; basalt;
K-Ar (not Ar-Ar)
Cassignol-Gillot
technique

Naude’s Nek in South Africa, near the
southern border of Lesotho. upper 650 m
(normal magnetic polarity) of the traps of
Lesotho lava pile, the main remnant of the
Karoo traps. Usually considered as the
cause for onset of a negative carbon-isotope
excursion and widespread organic-rich
sediments of mid-lower Toarcian.

Moulin et al.,
2011.

X Karoo lavas 184.8 �2.6 NN57; basalt; K-Ar
(not Ar-Ar) Cassignol-
Gillot technique

Naude’s Nek in South Africa, near the
southern border of Lesotho. lower 115 m
(reversed magnetic polarity) of the traps of
Lesotho lava pile, the main remnant of the
Karoo traps. Possible cause for onset of
a negative carbon-isotope excursion of
basal Toarcian.

Moulin et al.,
2011.

end-Rhaetian CAMP basalts – See Triassic table

Argon-argon ages have been adjusted to a FCs monitor standard of 28.201 Ma. There are many other studies of these episodes or deposits; see references for reviews and syntheses. The ‘Annotation’ column is the
orginal sample identification in the publication or a shortened designation.
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and middle Toarcian synthesis by Osete et al. (2007) was used
for the GTS2012 chart.

Details on the magnetostratigraphy at the Toarciane
Aalenian boundary and AalenianeBajocian boundary come
from the respective GSSPs at Fuentelsaz in Spain (Goy et al.,
1996; Cresta et al., 2001) and Capo Mondego in Portugal
(Henriques et al., 1994; Pavia and Enay, 1997).

M-Sequence of Marine Magnetic Anomalies and
Bajocian through Late Jurassic Magnetic Polarity Scale

The M-sequence of marine magnetic anomalies provides
a reference pattern and chron nomenclature for the magne-
tostratigraphy from Upper Jurassic through Lower Cretaceous
fossiliferous sections. The most commonly used M-sequence
is derived from the Pacific spreading centers as a combination
of the Hawaiian and Japanese magnetic lineations with
a slowly varying spreading rate (see Chapter 5 of this
volume). The oldest magnetic anomaly that is documented in
all ocean basins is M25.

Numerous high-resolution magnetostratigraphy studies of
Kimmeridgian and Tithonian strata have calibrated ammo-
nites, calpionellids and calcareous nannofossils from the Sub-
Mediterranean faunal province and DSDP cores from the
central Atlantic to polarity chronsM25 throughM18 (e.g., Ogg
et al., 1984, 1991; Lowrie and Ogg, 1986; Ogg, 1988;
Bralower et al., 1989; Speranza et al., 2005; Channell et al.,
2010; Pruner et al., 2010; Przybylski et al., 2010a). These
calibrations constrain the relative duration of each ammonite
zone within the Kimmeridgian and Tithonian stages. In turn,
orbital-climate cycles recorded in Kimmeridgian and Titho-
nian strata enable computation of actual durations for some of
the zones and polarity chrons and, thereby a determination of
oceanic spreading rates for the associated marine magnetic
anomalies (e.g., Ogg et al., 2010b; see Chapter 5 of this
volume). The succession and relative widths of the modeled
marine magnetic anomalies from M18r (base of Cretaceous)
through M25r of the “classic” Hawaiian magnetic lineation
M-sequence (e.g., Larson and Hilde, 1975) have been an
excellent match to these cycle-magnetic composites, whereas
a new model that averaged three Pacific lineation sets
(Tominaga and Sager, 2010) seems to be slightly distorted.
Calibration of Boreal sections to this magnetic time scale has
been partially achieved for the Kimmeridgian and Tithonian
(e.g., Ogg et al., 1994, 2010b; Hou�sa et al., 2007; Przybylski
et al., 2010a). Reversed-polarity Chron M25r is early
Kimmeridgian.

Marine magnetic anomalies older than Chron M25 are
both closer spaced and lower in amplitude. Magnetic profiles
over pre-M26 oceanic crust in the Pacific (Cande et al., 1978;
Handschumacher et al., 1988) have been supported and
extended by deep-tow surveys (Sager et al., 1998; Tivey et al.,
2006; Tominaga et al., 2008) indicating a possible set of
between 50 to 100 polarity chrons (semi-arbitraily grouped
into clusters with a nomenclature of “M26” through “M44”).

Pacific IODP Site 801 is within the marine anomaly cluster
“M42”, and the interpreted BajocianeBathonian age of Site
801 implies that marine magnetic anomalies M26 through
M44 should span the Oxfordian, Callovian, Bathonian and
potentially the Bajocian stage.

However, unlike the standard sea-surface polarity model
of M0r through M25r, the interpretation of the deep-tow
surveys is more ambiguous. A direct modeling of the deep-
tow signals emphasizes the narrow paleomagnetic intensity
fluctuations near the oceanic crust; thereby creating a model
of numerous short-duration, low-amplitude polarity intervals.
Alternatively, if the deep-tow data are projected to a mid-
depth level, then close-spaced narrow-width fluctuations are
diminished and the wider-width features are emphasized.
Therefore, both geophysics models for pre-M25r marine
magnetic anomaly interpretations are published, with the
hypothesis that the actual reversal history of the Earth’s
geomagnetic field is perhaps between these alternatives
(e.g., Tominaga et al., 2008). Indeed, the outcrop-based
magnetostratigraphy for the Oxfordian through Bajocian
seems consistent with an intermediate model for such pre-
M25 marine magnetic anomalies (Figure 26.9).

Magnetostratigraphic studies in Oxfordian strata with Sub-
Mediterranean ammonite zonation in Spain and Poland yiel-
ded a frequency of reversal patterns that seemed consistent
with the extended Pacific model (e.g., Steiner et al., 1986;
Juárez et al., 1994, 1995; Ogg and Gutowski, 1996), but
correlations were ambiguous. Scaling of Oxfordian ammonite
zones and subzones by cycle stratigraphy (Boulila et al.,
2008a, 2010a) enabled a better approximation of the durations
of the polarity zones observed within each of those subzones.
Therefore, a composite magnetostratigraphy compiled from
approximately 20 Oxfordian sections in Europe with partial
cycle-scaling verified themain features of the deep-towpattern
from M26 through M37 (Przybylski et al., 2010b; Ogg et al.,
2010a). Chron M37n of that marine magnetic anomaly model
was correlated to the CallovianeOxfordian boundary.

Magnetostratigraphy investigations of Callovian strata in
England, France and Poland are generally dominated by
normal polarity with relatively few reversed-polarity intervals
(e.g., Ogg et al., 1990; Channell et al., 1990; Belkaaloul et al.,
1995, 1997; Callomon and Dietl, 2000; Guzhikova et al.,
2010; and unpublished sections of Ogg et al.). These
reversed-polarity clusters are mainly in the Bathoniane
Callovian boundary interval, within the Macrocephalites
gracilis ammonite zone, two in the Erymnoceras coronatum
Zone, and in the latest Callovian. Similar normal-polarity
dominance is interpreted for marine magnetic anomaly
clusters M37eupper M39; and the reversed-polarity clusters
are correlated to similar features in the mid-depth anomaly
model (Figure 26.9). The implied span of Callovian-aged
Pacific crust encompassed by anomalies M37eM39 is
approximately half of the span of the Oxfordian-aged crust
(intervals of anomalies M26eM37).
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FIGURE 26.9 Magnetostratigraphic correlations to possible geomagnetic polarity time scales as interpreted from deep-tow marine magnetic

anomalies (Tominaga et al., 2008); see Chapter 5 of this volume for age model. The deep-tow data can be interpreted from the records near the seafloor as

a series of relatively high-frequency events or by projecting those signals to a mid-depth level to enhance the higher-amplitude and more major events.

Magnetostratigraphic records from a composite of ammonite-zoned land outcrops (see text for sources, with suggested nomenclature of main polarity features

within each stage) suggest that the mid-depth model may be more appropriate. The suggested correlation enables assignment of Tethyan ammonite zones to the

extended M-sequence age model (see Table 26.3). BajocianeBathonianeCallovian sequences were calibrated to these ammonite zones by Hardenbol et al.

(1998). The GTS2012 age model suggests that many of these fine-scale sequences may coincide with orbital-climate cyclic caused by the 405-kyr eccentricity

oscillations. The age model and correlation require additional cycle and magnetostratigraphy studies of Callovian through Bajocian strata.



A suite of Bathonian and Bajocian ammonite-rich sections
in Spain display a complex magnetic polarity pattern of
frequent reversals within a reversed-polarity dominance
(Steiner et al., 1987). These features are consistent with the
interpreted high-frequency and reversed-polarity bias of pre-
M39n deep-tow marine magnetic anomalies (Figure 26.9).
ODP Site 801 is on deep-tow marine magnetic anomaly M42;
but the relationship of its radiolarian assemblages to geologic
stages is disputed (see discussion on Jurassic radiolarians
above). However, the model that the lower units of oceanic
crust at Site 801 formed during late Bajocian is consistent
with the general match of magnetostratigraphy to trends of
marine magnetic anomalies. As with the Oxfordian, a reliable
correlation to the deep-tow record will require extensive cycle
tratigraphy or other means of adjusting the Calloviane
Bajocian magnetostratigraphy records for variable sedimen-
tation rates and hiatuses. Once this is achieved, then the ages
and spreading rates for the earliest history of the Pacific plate
can be determined. The suggested correlation in GTS2012 is
based on a visual fit of the main normal- or reversed-polarity
trends of the BathonianeBajocian magnetostratigraphy to the
mid-depth deep-tow model. This tentative correlation awaits
additional deep-tow marine magnetic surveys to verify the
Pacific pattern (cruise by M. Tominaga et al. is scheduled for
NoveDec 2011) and further land-based magnetostratigraphy.
At this point, one can only conclude that the main trends in
relative polarity dominance appear to be consistent with the
mid-depth deep-tow marine magnetic surveys of Pacific crust
of this same age span (Figure 26.9).

26.2.3.2. Geochemical Stratigraphy

The main geochemical anomalies of the Jurassic which are
important for inter-regional correlation are at the Triassice
Jurassic boundary interval and within the lowest Toarcian. A
comprehensive compilation of Jurassic chemostratigraphy
trends and excursions by Jenkyns et al. (2002) was enhanced
by a detailed synthesis of the geochemical signatures asso-
ciated with JurassiceCretaceous anoxic events (Jenkyns,
2010). Aspects of Jurassic trends for these different
geochemical systems are also within the relevant geochemical
chapters in this volume. The wealth of detailed studies and
models on these Jurassic geochemical events and trends
means that only a very small subset of representative articles
are cited below.

Carbon Stable Isotopes

The end-Triassic mass extinctions coincide with a negative
carbon isotope excursion that may be linked to widespread
volcanism of the massive CAMP flood basalts, oceanic
productivity collapse and release of methane (e.g., Pálfy et al.,
2001; Hesselbo et al., 2002, 2007a; Ruhl et al., 2009; see
Chapter 25 of this volume). The brief latest Rhaetian “initial”
negative excursion is followed by an earliest Hettangian

“main” excursion. Carbon-13 rises to a peak between þ5 and
þ6& in the mid-Hettangian, followed by a stabilization at
about þ5& during the late Hettangian through Sinemurian
(e.g., Williford et al., 2007; van de Schootbrugge et al., 2008).
The positive carbon isotope excursion of the mid-Hettangian
after the end-Triassic extinctions may reflect decreased skel-
etal carbonate production accompanied by increased organic
carbon burial and elevated atmospheric carbon dioxide levels
(van de Schootbrugge et al., 2008).

The lower Toarcian exhibits similar but even larger
geochemical excursions. A significant negative excursion in
carbon-13 beginning at the PliensbachianeToarcian boundary
spans nearly the lower half of the basal ammonite subzone
(Bodin et al., 2010). Due to common condensation in the
boundary interval, this basal episode is not as well-studied as
the first phase of the major “Toarcian Oceanic Anoxic Event”
(T-OAE) that follows it.

This T-OAE event is heralded by a major negative carbon
isotope excursion (c. �5 to �7& shift in organic-hosted C-
13), which is the largest excursion in the Mesozoic, if not the
whole Phanerozoic. The onset of this excursion at the base of
the Harpoceras falciferum Zone (second ammonite zone of
Toarcian; equivalent to Harpoceras serpentinum in Tethyan
realm) is commonly thought to coincide with the initial phase
of eruptions of the large KarooeFerrar igneous province in
AfricaeAntarctica at c. 183 Ma (e.g., Pálfy and Smith, 2000;
Kerr, 2000; Kemp et al., 2005); however, direct U-Pb dates
within the T-OAE of c. 182 Ma suggest that an initial Karooe
Ferrar eruption may have caused the basal Toarcian carbon
isotope excursion, and later eruptive phases led to the T-OAE
suite. This carbon isotope excursion marks the beginning of
widespread occurrence of organic carbon-rich marine deposits,
such as the Posidonienschiefer of Germany and Jet Rock of
England. The burial of these organics contributed to the
termination of the negative isotope excursion and the following
broader positive isotope peak in carbon-13. A major trans-
gression during the upper Dactylioceras tenuicostatum and
lower H. falciferum zones contributed to this episode
(e.g., Hallam, 1981; Jenkyns, 1988), and negative steps in the
carbon isotope excursion seem to coincide with flooding
surfaces in the sea-level rise (Hesselbo and Pienkowski, 2011).
The oxygen-poor conditions contributed to the bivalve
extinction pulses during the earliest Toarcian (e.g., Wignall and
Bond, 2008). As with the end-Triassic episode, this Toarcian
event is interpreted as the cascading effects from volcanic-
induced global warming, with the periodic step-wise rapid
surges in the initial C-13 decline suggesting contributions from
destabilization of submarine methane hydrate with its ultra-
negative C-13 ratios (e.g., Hesselbo et al., 2000, 2007b; Kemp
et al., 2005; Cohen et al., 2007). The estimated duration for
this C-13 negative excursion depends on the assignment of
Milankovitch periodicity to the observed facies and
geochemical oscillations (e.g., Cohen et al., 2007; Kemp et al.,
2011; contrasted with Suan et al., 2008). The greenhouse
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warming and associated enhanced hydrological cycle caused
amplified weathering and nutrient influx from continents and
the stratification and enhanced burial of stimulated organic
productivity in semi-restricted regional basins and shelves,
especially in the “Western Europe Euxinic Basin”
(e.g., Gómez and Goy, 2011). These changes in environmental
and sedimentewater interface conditions caused distortions in
carbon, sulfur and strontium isotope ratios (e.g., synthesis in
Jenkyns, 2010).

A negative excursion in carbon-13 is reported near the
SinemurianePliensbachian boundary (Jenkyns et al., 2002;
Korte and Hesselbo, 2011). Positive, isotopically heavy,
carbon isotope excursions occur within Pliensbachian, in the
lower Aalenian and in the lower Bajocian; and isotopically
light values characterize the AalenianeBajocian and
BajocianeBathonian boundary intervals (e.g., Bartolini et al.,
1996, 1999; Jenkyns et al., 2002; Morettini et al., 2002,
Sandoval et al., 2008).

The Oxfordian contains significant positive and negative
excursions in C-13 (e.g., Padden et al., 2001, 2002; Jenkyns
et al., 2002; Gröcke et al., 2003; Weissert and Erba, 2004), of
which a relatively brief pronounced positive peak within the
upper Perisphinctes plicatilis ammonite zone might serve as
a useful global correlation horizon (e.g., Pearce et al., 2005;
G1owniak and Wierzbowski, 2007). Smaller changes are
recognized throughout the KimmeridgianeTithonian
(e.g., Bartolini et al., 1999); however, these features have not
yet been calibrated to ammonite zones. The Jurassice
Cretaceous boundary interval has generally low C-13 values,
but lacks any carbon isotope excursions to aid in global
correlation of the system boundary (Weissert and Channell,
1989; Jenkyns et al., 2002; Zák et al., 2011).

Oxygen Stable Isotopes and Other Climate Proxies

The Jurassic is commonly considered as an interval of
sustained warmth without any well-documented glacial
deposits. Oxygen isotope records of oceanic temperature
trends are patchy and heavily biased toward records from
Europe and Russia (e.g., Veizer et al., 1999, 2000; Jenkyns
et al., 2002; Zakharov et al., 2006). However, occurrences
of glendonites, a form of carbonate concretion within
claystone or other terrigenous clastics, are generally
considered as an indicator for cold to near-freezing
conditions. Glendonite occurrences are observed in high-
latitude settings during a few Jurassic intervals (Rogov and
Zakharov, 2010). From these proxies, it appears that the
average climates were an overall warm period (lighter
O-18 values) from the Hettangian through a peak in the
Toarcian, but with a possible cold (glendonite-rich) interval
during the latest Pliensbachian and an early Toarcian
greenhouse episode coinciding with a major carbon isotope
excursion (e.g., Korte and Hesselbo, 2011). Cooler
temperatures in the Aalenian culminated in a peak in
glendonite abundance in the Bajocian. There are only rare

reports of glendonites in the Bathonian through lower
Callovian (Rogov and Zakharov, 2010). No cold-climate
markers are found to support a postulated “cold snap” and
glacial-induced sea-level regression at the Calloviane
Oxfordian boundary (e.g., Dromart et al., 2003), although
the middle Callovian may have been an intermediate
climate optimum followed by a relative cooling
(e.g., Cecca et al., 2005; Zakharov et al., 2006). No
glendonites are recorded from the Upper Jurassic, during
which there is a trend toward more equable climates e the
Boreal/Tethyan temperature difference of c. 7e9�C in the
middle Oxfordian decreases toward the end-Jurassic (Zák
et al., 2011). Greenhouse conditions reached a maximum
during the Kimmeridgian (e.g., Frakes, 1979; Valdes and
Sellwood, 1992; Frakes et al., 1992; Zahkarov et al., 2006)
coinciding with a peak in global sea level. In Britain, the
humid Kimmeridgian was followed by aridity through the
end of the Jurassic (e.g., Hesselbo et al., 2009). These
general temperature trends are consistent with other pale-
oclimate indicators (Jenkyns et al., 2002).

Modeling of Jurassic climates suggests that atmospheric
carbon dioxide levels were at least four times the present
level (reviewed by Sellwood and Valdes, 2008). An
elevated carbon dioxide level may have played a role in the
relatively shallow carbonate-compensation depth (CCD) in
the oceans (e.g., Ogg et al., 1992; Ogg, 2007). An explo-
sion in productivity by calcareous plankton during the
Tithonian, especially the robust nannoconid types of
nannoplankton, contributed to the lowering of the CCD and
onset of the chalk (“creta”) deposits that characterize the
lower Cretaceous in all ocean basins. A decrease in pCO2

during the Tithonian may have been a major factor in this
evolutionary surge of calcified plankton (e.g., Erba, 2006;
Casellato et al., 2008).

Strontium and Osmium Isotope Ratios

Marine 87Sr/86Sr through the Jurassic progressively decreased
from its end-Norian peak (0.707 95) to an intermediate low
(0.707 08) at the end of the Pliensbachian, indicating
a minimum in contribution of radiogenic Sr-87 from weath-
ering of continental crust or ancient sediments relative to non-
radiogenic Sr-87 from hydrothermal alteration of mid-ocean
ridge basalts (Jones et al., 1994a,b; McArthur et al., 2000,
2001; Jones and Jenkyns, 2001; McArthur and Howarth,
2004; Chapter 7 of this volume). The initial stages of the
downturn in marine 87Sr/86Sr from the latest Norian peak
(0.707 95) spanned the major flood basalt outpouring of the
“Central Atlantic Magmatic Province” along the future
Central Atlantic seaway in the latest Rhaetian, but the inter-
pretation of the impact of these CAMP eruptions and major
environmental shifts upon the rate of change in the oceanic
strontium ratios depends on estimates for the duration of the
Rhaetian and Hettangian stages and the filtering of Sr ratios
derived from different fossil types (Cohen and Coe, 2007;
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McArthur, 2008, 2010). Similarly, the effects of the early
Toarcian KarooeFerrar volcanic province on the rate and
timing of the reversal in strontium isotope trends depends on
estimates of the elapsed duration of the earliest Toarcian
ammonite zone (e.g., Kemp et al., 2005; Cohen and Coe,
2007; McArthur et al., 2008; Jenkyns, 2010). In contrast, the
short residence time of osmium enabled recording of
pronounced excursions in response to the chemical weath-
ering of the fresh basalts of the end-Triassic and early Toar-
cian flood basalts (e.g., Cohen et al., 2004; Cohen and Coe,
2007), although estimates of the magnitude of the global
signal can be distorted by basinal effects.

By assuming that this decrease was linear through the
Hettangian, Sinemurian and Pliensbachian stages, and
scaling the slope with cycle stratigraphy in the lower
Pliensbachian, Weedon and Jenkyns (1999) estimated that
the minimum duration of these three stages are 2.86, 7.62
and 6.67 myr, respectively, for a total of 17.15 myr. A similar
calculation using an expanded Lower Jurassic database
(McArthur et al., 2001; also used in GTS2004) yields 3.10,
6.90, and 6.60 myr, respectively, for a total of 16.90 myr.
However, a much shorter Hettangian duration is derived if
oyster-derived values are largely removed (McArthur,
2008). Fitting this trend (without oyster-derived points)
through the Rhaetian would imply an estimated duration of
up to 8 myr for that Rhaetian stage (McArthur, 2010). In
GTS2012, a similar linear fit to the decreasing Sr curve was
used to scale the relative durations of the individual Sine-
murian through middle Toarcian ammonite zones.

Strontium isotope ratios progressively rose during the
Toarcian and crested with a sustained plateau (0.707 30)
through the Aalenian. Strontium isotope ratios again
decreased through the Bajocian to middle Callovian, with
a possible shoulder spanning the BajocianeBathonian
boundary (Jones et al., 1994b).

During the early Oxfordian, marine 87Sr/86Sr reached its
lowest ratio (0.706 86) throughout the entire Phanerozoic
(McArthur et al., 2001). This pronounced episode may indicate
a major pulse of seafloor hydrothermal activity (Jones et al.,
1994b; Jones and Jenkyns, 2001), which is supported by the
formation and expansion of new spreading centers as Pangea
began its breakup, and by interpretations of other geochemical,
deep-sea sediment and spreading-rate evidence (e.g., Ogg et al.,
1992). The only Phanerozoic minimum that approached this
ultra-low 87Sr/86Sr ratio was at the end of the Middle Permian.

After the middle Oxfordian, the strontium isotope ratio
began a long-term increase that peaked in the Barremian of
Early Cretaceous during the ammonite P. elegans Zone. The
limited data set for seawater Os isotopic composition also
shows a rapid change from low 187Os/188Os (c. 0.25) in Cal-
lovian to more radiogenic values (c. 0.6) in Kimmeridgiane
Tithonian, which may suggests progressive radiogenic crustal
material into the late Jurassic ocean (Cohen et al., 1999; Selby,
2007).

Except within the plateaus during the Aalenian and the
Oxfordian, the rapidly changing ratios of marine 87Sr/86Sr
enable global correlation at high resolution (McArthur et al.,
2001).

26.2.3.3. Cyclostratigraphy

Contributed by Chunju Huang
Astronomically forced cyclostratigraphy has become an

important tool in measuring Jurassic geologic time and
establishing “floating” astronomical time scales. The signa-
tures of orbital eccentricity forcing of the precession index
dominates much of Jurassic cyclostratigraphy; therefore,
most Jurassic cyclostratigraphic scales have a resolving
power of the long-eccentricity cycle (0.4 myr) or short-
eccentricity (0.1 myr). Obliquity (~37-kyr period) forcing had
a lesser, although still important, role.

Early and Middle Jurassic Cyclostratigraphy

Hettangian Obliquity-dominated cyclicity in the Blue Lias
Formation of southern England yields a minimum duration of
1.29 myr for the Hettangian Stage, but this estimate incor-
porates known stratigraphic breaks (Weedon, 1985; Weedon
et al., 1999). A maximum of 2.4 myr duration for the Het-
tangian Stage is suggested from tuning of lacustrine
sequences in eastern North America to long-period eccen-
tricity signals (Kent and Olsen, 2008). Cycle stratigraphy of
the relatively complete St. Audrie’s Bay (UK) section yielded
a total Hettangian span of 1.8 myr with estimates for each
ammonite zone (P. planorbis ~0.25 myr; A. liasicus ~0.75
myr; S. angulata ~0.8 myr) (Ruhl et al., 2010). These dura-
tions, plus an adjustment for the pre-planorbis interval to the
base-Jurassic, are consistent with radio-isotopic ages for
the limits of the Hettangian, and are significantly shorter
than the 3.1 myr total duration in GTS2004 that had been
based on the assumption of a linear strontium isotope trend
(McArthur et al., 2001). However, re-evaluation of the Sr
isotope data sets indicates that a 2-myr-duration Hettangian is
consistent (McArthur et al., 2008).

Sinemurian Within the Blue Lias Formation at Lyme Regis
(southern England), a 0.34 myr span was interpreted for the
A. bucklandi Zone of lowermost Sinemurian (Weedon, 1985;
Weedon et al., 1999). However, Ruhl et al. (2010) obtained
600 kyr for only the lower part of the C. bucklandi Zone at St.
Audrie’s Bay, and a duration of 0.73 kyr was obtained for this
ammonite zone upon re-study of Weedon’s 1985 magnetic
susceptibility data (Huang et al., 2010a). The other five
standard ammonite zones of the Sinemurian have not yet been
astronomically calibrated.

Pliensbachian A minimum duration of 6.67 myr for the
Pliensbachian is estimated from precession-dominated
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cyclicity in the Belemnite Marls of southern England
(Weedon and Jenkyns, 1999), combined with linear strontium
isotope trends and cycle-stratigraphic data from Robin
Hood’s Bay in northeast England (van Buchem et al., 1994)
and Breggia Gorge in southern Switzerland (Weedon, 1989).
This is consistent with the minimum estimate of 5 myr
derived from precession-dominated strata in northern Italy
(Hinnov and Park, 1999). Two of the ammonite zones at
Breggia Gorge have spans estimated from cycles: P. davoei
(~0.40 myr) of middle Pliensbachian, and the P. spinatum
(~0.89 myr) of uppermost Pliensbachian (Weedon, 1989).
The combined A. margaritatus and P. spinatum zones span an
estimated 3 myr according to interpreted cycles within the
Sancerre core of France (Huret et al., 2008, in prep.).

Toarcian The facies and high-resolution geochemical records
from outcrops spanning the lower Toarcian display definite
oscillations, especially through the major carbon isotope
excursion and widespread organic-enriched “oceanic anoxic
event” deposits. However, there is disagreement on whether
the dominant cycles are a product of 20-kyr precession, 40-kyr
obliquity, or 100-kyr precession (e.g., Kemp et al., 2011;
Cohen et al., 2007; Suan et al., 2008). If precession cycles are
the main feature, then the onset and the main episode of C-13
depletion were brief episodes (c. 80 kyr and 120 kyr, respec-
tively) that are comparable to the signature and span of the
PETM (PaleoceneeEocene Thermal Maximum), therefore
suggesting a similar oceaneatmosphereecarbon cycle
response that may have involved methane hydrate releases
(Cohen et al., 2007). However, if the main cyclicity is
a product of eccentricity, then these events were more
extended (c. 150 kyr and 450 kyr, respectively), therefore
requiring sustained inputs of light carbon (e.g., Suan et al.,
2008).

This ambiguity in cycle-stratigraphic analyses includes
the remainder of the Toarcian. A duration of 0.8 myr for the
basal D. tenuicostatum ammonite zone (or coeval D. poly-
morphum Zone, depending on region) and of 1.2 myr for the
overlying zone (H. levisoni, H. serpentinum, or H. falcife-
rum, depending on region) is estimated from a 100-kyr
eccentricity interpretation applied to a 38-m-thick section at
Peniche, Portugal (Suan et al., 2008). However, a conden-
sation of the basal meters of this Peniche outcrop is sug-
gested by the carbon isotope patterns within a more
expanded 220 m-thick coeval section in Morocco (Bodin
et al., 2010).

Carbonate cycles interpreted as obliquity-dominated
oscillations within the Sogno Formation in northern Italy
yielded an 11.37 � 0.05 myr duration for the combined
Toarcian and Aalenian stages (Hinnov and Park, 1999;
Hinnov et al., 1999). Huret et al. (2008) estimated a 7.3 myr
minimum duration for the Toarcian as recorded in the
Sancerre core (France). The magnetic susceptibility data
from this Sancerre core were further analyzed and retuned

on 405-kyr long-eccentricity signals (Huang et al., 2010a;
Boulila et al., in press) resulting in a minimum total Toar-
cian span of 8.3 myr. The duration of each zone was esti-
mated as D. tenuicostatum (minimum of 1 myr), H.
serpentinum (1.08 myr), H. bifrons (2.12 myr), H. variabilis
(3.01 myr), G. thouarsense (0.26 myr), P. dispansum (0.26
myr), D. pseudoradiosa (0.43 myr) and P. aalensis (0.13
myr); although the boundaries of some of these ammonite
zones were poorly delimited in the cored material. A
modified version of these cycle durations is used in
GTS2012.

Aalenian The Aalenian strata of Sogno (Italy) display pre-
cessioneeccentricity patterns. Tuning the longer period to
405 kyr yields the total duration of 3.85 myr (Huret et al.,
2008) used in GTS2012. The estimated durations for the
ammonite zones are: L. opalinum (2.0 myr), L. murchisonae
(0.8 myr), B. bradfordensis (0.4 myr), and G. concavum
(0.43 myr); although placements of some of these ammonite
zonal boundaries are indirectly assigned according to cali-
brated nannofossil datums.

BajocianeCallovian Cycle stratigraphy has been inter-
preted only for short intervals within the Bajocian, Bathonian
and Callovian stages. The Gnaszyn Formation (Poland)
suggests the Lower Bathonian spans a minimal of 2 myr
based on tuning to cycles interpreted as 100 kyr (Ziólkowski
and Hinnov, 2009). Potential durations from the well-defined
lithologic oscillations across the Bathonian GSSP Ravin du
Bès section, SE France (Fernández-López et al., 2009)
suggest ammonite zone durations for P. parkinsoni (~0.6 myr)
of uppermost Bajocian; and Z. zigzag (~0.6 myr) and
P. aurigerus (~0.2 myr) of lower Bathonian.

Analysis of boreholes to test the feasibility of radioactive-
waste storage into upper Callovian clay-rich deposits in the
Paris Basin indicated that the Upper Callovian spanned 0.9 �
0.1 myr and the middle Callovian E. coronatum Zone spanned
a similar 0.9 � 0.1 myr (Huret, 2006; Lefranc et al., 2008).

Late Jurassic Cyclostratigraphy

The majority of the Late Jurassic has been scaled by cycle
stratigraphy, and the Boreal and Tethyan data sets have been
merged using magnetostratigraphic inter-correlations. The
intervals of cycle-scaled magnetozones were correlated to
the M-sequence of marine magnetic anomalies, thereby
enabling a spreading rate model. A linear fit to these cycle-
determined spreading rates was projected to the pre-Oxfor-
dian deep-tow record of marine magnetic anomalies, which,
in turn, was used as a reference magnetic polarity scale
to correlate the main features of the Bajocian through Cal-
lovian magnetostratigraphy. These predictions will be tested
by further cycle-stratigraphic studies of Middle and Late
Jurassic strata.
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Oxfordian Cycle stratigraphy of the ammonite-zoned Lower
to Middle Oxfordian Terres Noires Formation in the Vocon-
tian Basin (SE France) indicated a dominant 405-kyr signal,
and a total span for the lowermost four ammonite zones of
4.1 myr (Boulila et al., 2008a, 2010a). Even though the total
duration is similar to the estimate in GTS2004, the distribu-
tion of time among ammonite zones and subzones is
considerably different. For example, the basal Q. mariae
ammonite zone occupies nearly 2.1 myr, in contrast to the 0.6
myr estimated in GTS2004; whereas the G. transversarium
Zone spans 0.65 myr, only half of its estimated duration in
GTS2004. The long span for the Q. mariae ammonite zone is
verified by independent cycle stratigraphy analysis of French
boreholes (Lefranc et al., 2008).

Middle Oxfordian through Lower Kimmeridgian carbonate
platform successions with rare ammonite levels in the Swiss
and French Jura Mountains record major depositional
sequences in response to sea-level changes (e.g., Gygi et al.,
1998; Gygi, 2000). Small-scale oscillations within these
sequences were interpreted as a record of short-term 100-kyr
eccentricity orbital-climate cycles to give an estimate of
durations of the associated ammonite zones (summarized in
Strasser, 2007), although it is probable that there are “missing
beats” at some emergent surfaces of sequence boundaries.

KimmeridgianeTithonian Cycle stratigraphy at La Méouge
(France) yielded durations for the lower Kimmeridgian
ammonite zones (Boulila et al., 2008b, 2010b) that were quite
similar to magnetostratigraphy-derived estimates in
GTS2004, indicating that the calibration of polarity zones and
the associated ammonite zones to the M-sequence magnetic
anomalies and the spreading model for those Pacific
Hawaiian lineations was reliable.

Lithologic and magnetic-susceptibility variations within
the Kimmeridge Clay Formation of Dorset (southern
England) appear to be associated with obliquity, with perhaps
minor contributions from precession (e.g., Waterhouse, 1995;
Weedon et al., 1999). Condensation within the lower two
ammonite zones precluded deriving a cycle stratigraphy, but
early studies of portions of the main Kimmeridge Clay
(e.g., Weedon et al., 1999) demonstrated the importance of
obtaining a complete record. Therefore, the Kimmeridge Clay
was continuously cored with calibrations to individual
ammonite zones (e.g., Cope, 2009), and a record of its
cyclicity was derived from multiple proxies (Morgans-Bell
et al., 2001; Weedon et al., 2004). This data set was further
refined and tuned to 405-kyr and 100-kyr eccentricity signals
(Huang et al., 2010b). The middle part of A. autissiodorensis
ammonite zone through the top of V. fittoni Zone spans
3.72 myr. This duration incorporates a refinement based on
correlation to French magnetostratigraphy sections, which
implies that there are three 405-kyr cycles within an ambig-
uous cycle stratigraphy interval (either two or three 405-kyr
cycles) of the Pect. elegansePect. wheatleyensis ammonite

zones in the Kimmeridgian Clay (Figure 2 of Huang et al.,
2010b; Ogg et al., 2010b). This total span is similar to the
3.91 myr estimate based only on 38-kyr obliquity tuning
(Weedon et al., 2004).

The lower part of the Volgian Hekkingen Formation
(GreenlandeNorwegian Seaway) (Swientek, 2002) overlaps
with a portion of the astronomically-forced cycles in the
Kimmeridge Clay. Upon incorporating potential Sub-Boreal-
to-Boreal correlations of ammonite zones, the composite
cyclicity of the two formations indicates a duration of 6.03myr
for the Lower and Middle Volgian, and possibly a 5.2 myr
duration for the Upper Volgian (Huang et al., 2010c).

26.2.3.4. Sequence Stratigraphy

Jurassic sea-level trends have been compiled for various
intervals in different basins. Examples include: Britain and
North Sea (e.g., Partington et al., 1993; Coe, 1995; Hesselbo
and Jenkyns, 1998; Taylor et al., 2001; Hesselbo, 2008),
SwitzerlandeFrance (e.g., Gygi et al., 1998; Gygi, 2000;
Strasser, 2007; Colombié and Rameil, 2007), Russia
(Sahagian et al., 1996) and Arabia (Sharland et al., 2001,
2004; Al-Husseini and Matthews, 2006). The regional trends
have been compared on a global scale to construct global
sequence-stratigraphy scales and eustatic curves (e.g., Arkell,
1956; Hallam, 1978, 1981, 1988, 2001; Haq et al., 1988;
Hardenbol et al., 1998).

The main Jurassic sea-level trend is a progressive rise
from the latest Triassic until the late Kimmeridgian (peaking
in the A. eudoxus ammonite zone). A major sea-level fall
trend through the Tithonian reaches a minimum in the late
Berriasian. Superimposed on this main cycle are several
major sequences (e.g., Figure 26.9).

Assignments of even fine-scale sequences depend on
interpretation models for the response of sediment facies
(other than obvious emergent soils or flooding surfaces) to
relative sea-level changes. Therefore interpretations vary
among stratigraphers in assigning small-scale sequences
within a given region (e.g., comparison charts within Hes-
selbo and Jenkyns, 1998; Newell, 2000; Taylor et al., 2001;
Hesselbo, 2008; and Simmons, Chapter 13 of this volume).
For example, the same relative enrichment in carbonate
within Kimmeridgian basinal successions can be interpreted
as a sea-level maximum-flooding episode (e.g., Boulila et al.,
2010b, 2011) or as a sea-level lowstand (e.g., Mattioli et al.,
2011) depending on whether the carbonate is considered to be
mainly pelagic or mainly export wafted from adjacent
carbonate platforms.

Many of these fine-scale sequences appear to correspond
to 405-kyr long-eccentricity-induced orbital-climate cycles.
For example, the main sequences interpreted from carbonate-
clay changes in the Lower Oxfordian of southern France and
from sand-influxes and hiatuses in the lower-to-middle
Oxfordian of the Dorset coast (England) represent these
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405-kyr orbital-climate oscillations (Boulila et al., 2010a;
Ogg et al., 2010a). In this particular case, a lowstand exposure
in Dorset corresponds to an episode of carbonate-enrichment
in the basinal successions of SE France. A 405-kyr periodicity
is indicted when the fine-scale BajocianeBathoniane
Callovian sequences of Hardenbol et al. (1998) are plotted on
the GTS2012 timescale for the associated ammonite zones
(Figure 26.9). It remains speculative whether these periodic
fine-scale sequences represent major eustatic sea-level
oscillations (e.g., storage of water in high-latitude or high-
altitude glaciers) or if they are mainly advances/retreats of
local coastlines in response to 405-kyr climate cycles altering
regional weathering styles and runoff (and oceanic produc-
tivity). High-resolution correlation and systematic interpre-
tation of such sequences are required among different
paleogeographic realms.

26.2.3.5. Other Major Stratigraphic Events

Large Igneous Provinces

Central Atlantic Magmatic Province (CAMP) The Central
Atlantic Magmatic Province may be the largest known large
igneous province of flood basalts and sills (e.g., Marzoli et al.,
1999; Hames et al., 2000). The eruptive centers of this
c. 10 million km2 volcanic outpouring extended from
northern South America across eastern North America and
western Sahara to Spain. The recalibrated radio-isotopic dates
center on ~201 Ma, just prior to the base of the Jurassic (Table
26.1). Therefore, the massive CAMP eruptions are considered
to be major causal factors in the end-Triassic mass extinctions
(e.g., Olsen et al., 2003; Hesselbo et al., 2002, 2007a; Wignall
and Bond, 2008; Jourdan et al., 2009a; Marzoli et al., 2011).

KarooeFerrar and the GTS2012 Age Model for Basal-
Toarcian The Karoo basalts in South Africa and the Ferrar
volcanics in Antarctica are part of a volcanic province with
a total original volume of ~5 million km3 (White, 1997). The
numerous radio-isotopic dates span from about 185 to 179 Ma
(e.g., selected suite in Table 26.1; reviewed in Jourdan et al.,
2007; Moulin et al., 2011).

The lower 100 m of the Karoo basalts in the Lesotho
region are reversed magnetic polarity. The main overlying
suite is entirely normal polarity, and a possible hiatus between
these polarity units is indicated by intervening aeolian
deposits and the possible clustering of their radio-isotopic
ages (Prévot et al., 2003; Moulin et al., 2011). Ages for the
lower reversed-magnetized Karoo episode and earliest sills
average at approximately 182.7� 0.7 Ma (e.g., Jourdan et al.,
2007; Svensen et al., 2007). The initiation and age span of the
overlying main normal-polarity KarooeFerrar suite is less
constrained (e.g., 183.4� 1.6 Ma is reported in Jourdan et al.,
2007, compared to mean of 179.2 � 1.8 Ma as computed by
Moulin et al., 2011).

The eruption of the KarooeFerrar large igneous province
is commonly considered as the primary trigger for the early
Toarcian “Oceanic Anoxic Event” suite of organic-rich
strata, major geochemical anomalies (e.g., the largest
negative excursion in carbon-13 during the Mesozoic), and
faunal extinctions (e.g., Jones and Jenkyns, 2001; Wignall,
2001; Pálfy et al., 2002; Wignall and Bond, 2008). The
T-OAE began at the base of the H. serpentinum ammonite
zone (or coeval H. levisoni or H. falciferum Zone), which is
0.8 myr above the Pliensbachian/Toarcian boundary
according to cycle stratigraphy of Suan et al. (2008) or
perhaps 1.2 myr after including an adjustment for basal
condensation (e.g., Bodin et al., 2010). However, the mag-
netostratigraphy of the lower H. serpentinum ammonite
zone and the upper underlying D. tenuicostatum Zone is
normal polarity; whereas only the lowermost part of the
D. tenuicostatum Zone is reversed polarity (e.g., Comas-
Rengifo et al., 2010a,b). Therefore, it is likely that the
eruption of the lower reversed-polarity Karoo basalts was
associated with the basal-Toarcian negative carbon isotope
excursion, hence an age of 182.7 � 0.7 Ma is assigned to this
boundary level.

Tuffs from within a set of deposits with a carbon isotope
negative excursion that had been interpreted as the early
Toarcian T-OAE episode yielded U-Pb dates of 180.6 � 0.4
Ma and 181.4� 0.2 Ma (Mazzini et al., 2010). However, even
though these dates are consistent with the mean age of 179.2
� 1.8 Ma for the upper normal-polarity basalts of the Karoo
province (Moulin et al., 2011), there is stratigraphic evidence
suggesting that these beds are reworked deposits of mid-
Toarcian (H. bifrons ammonite zone) that yielded fortuitous
clusters of zircon dates (S. Hesselbo and A. Al-Suwaidi, pers.
comm. to J. Ogg, and in prep.).

Merging the cycle stratigraphy constraints on durations
with the radio-isotopic dates suggests a possible age model in
which the initial eruption of the reversed-polarity Karoo
basalts at ~182.7 Ma caused the basal “boundary” carbon
isotope excursion. Then, after a relative quiescence, the
second and main eruptive phase began ~1 myr later at ~181.7
Ma to initiate the “main T-OAE” carbon isotope excursion
with a minimum in C-13 that lasted through ~180.3 Ma. For
lack of direct radio-isotopic ages on the base-Toarcian GSSP
level, this assumption that the LIP caused the carbon isotope
excursion at the PliensbachianeToarcian boundary is the age-
model adopted in GTS2012.

Major Bolide Impacts

A modest iridium anomaly has been reported from near the
palynology-defined TriassiceJurassic boundary in the eastern
United States; and associated features, such as the fern spike
and apparent suddenness of the terrestrial extinctions, had
suggested a possible impact relationship (Olsen et al., 2003).
However, extensive follow-up research has failed to support
this hypothesis.
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Puchezh-Katunki crater in Volga Federal District of
Russia has a diameter of 80 km (Earth Impact Database,
2010). Its age, based on pollen, implies a relatively large
impact during the Bajocian, but there are no reliable radio-
isotopic dates available (reviewed by Jourdan et al., 2009b)

Morokweng crater in the Kalahari desert of South Africa
has a similar diameter (70 km) (Earth Impact Database,
2010) with a “recommended” age from U-Pb and Ar-Ar
analyses of 145.2 � 0.8 Ma (Jourdan et al., 2009b). This
implies an impact event very close to the Jurassic/
Cretaceous boundary.

26.3. JURASSIC TIME SCALE

The primary reference scales for most stage boundaries and
other events in Jurassic stratigraphy are the ammonite zones
for the Tethyan and Sub-Boreal faunal realms (Figure 26.10).
The numerical age scale for these ammonite zones requires
integration of several constraints, in approximate order of
importance:

(a) Selected radio-isotopic dates, especially for Hettangian,
Toarcian and Berriasian.

(b) Durations of ammonite zones derived from cycle stra-
tigraphy, especially in Hettangian, ToarcianeAalenian,
and OxfordianeTithonian.

(c) Calibrations of ammonite zones via magnetostratigraphy
to a spreading rate model calibrated to numerical ages for
the early Pacific plate; especially in Oxfordian through
Tithonian, but also a preliminary correlation for Bajocian
through Callovian.

(d) Proportional scaling of ammonite zones/subzones
derived from assumptions of geochemical trends
(e.g., linear trends in strontium isotope variation in
SinemurianePliensbachian)

(e) Proportional scaling of ammonite zones according to
relative numbers of subzones in the intervals that do not
have adequate constraints by one of the above methods.

In turn, the assignment of numerical ages for most of the other
Jurassic stratigraphic events is according to their calibrations
to this age model for the ammonite zonations.

The assumptions, scaling methods and derived numerical
age for each Jurassic stage are summarized in Table 26.2, and
each Tethyan ammonite zone in Table 26.3.

26.3.1. Constraints from Radio-Isotopic
Dates

It is ironic that the radio-isotopic database constraining the
Jurassic time scale in GTS2012 has fewer “control dates”
than were used in GTS2004. In turn, GTS2004 largely fol-
lowed the analysis of Pálfy et al. (2000a), who had compiled
a database of 55 latest Triassic through Tithonian ages
derived from U-Pb and 40Ar/39Ar methods, of which only 12

were from publications of pre-1995 vintage. That compilation
had included recalibration of North American ammonite
zones or specific ammonite datums to the standard Northwest
European zones and associated definition of geological stages
(e.g., Pálfy et al., (1997), observed that there were approxi-
mately 25% erroneous identifications of Toarcian ammonites
at the species level in other reference biostratigraphic
sections).

The more restrictive GTS2012 criteria for incorporation
of radio-isotopic dates from U-Pb methods require only
single-zircon analyses (no multi-grain) by CA-TIMS which
must follow treatments of annealing followed by chemical
abrasion; whereas, nearly all U-Pb ages in GTS2004 were
multi-grain zircon analyses without this type of treatment.
In striking contrast to post-2003 radio-isotopic studies of
Triassic strata, only a few U-Pb dates for the Jurassic have
been acquired by these methods. Unfortunately, nearly all
of the U-Pb dates compiled by Pálfy et al. (2000a) had
utilized multi-grain analyses without these pre-processing
techniques. However, many of these Jurassic radio-isotopic
dates are retained as “secondary guides” in GTS2012,
because the values still provide an indication of the
approximate age (e.g., comparisons of U-Pb dating from
basal-Triassic indicate that earlier methods are usually
within 2 myr of the newer analysis results). Additional
U-Pb dates for Pliensbachian and Bathonian are as cited by
Pálfy (2008).

Dates derived from 40Ar/39Ar methods reported in
GTS2004 are recalculated to the monitor standard FCs value
of 28.20 Ma (see discussions and tables in Chapter 6 of this
volume). This shift from the GTS2004 standard of 28.02 Ma
added ~1 myr to each value published before 2009.

The TriassiceJurassic boundary has a precise radio-
isotopic age. Based on constraints from dated ammonoid-
bearing strata in Peru (LM4-90 and LM4-100/101) and
a similar age from the former GSSP candidate section in New
York Canyon, Nevada, Schoene et al. (2010) project the T/J
boundary age to be 201.31 Ma (� 0.18/0.38/0.43). The onset
of the main phase of the Central Atlantic magmatic Province
(CAMP) preceded the TriassiceJurassic boundary by only c.
70 kyr (or a maximum of 290 kyr if the extremes on the
uncertainties are applied). An apparent age difference
between these major volcanic eruptions and the end-Triassic
marine extinctions in GTS2004 (e.g., Pálfy et al., 2000b) was
an artifact from multi-grain zircon analysis techniques
(reviewed in Mundil et al., 2010).

The HettangianeSinemurian boundary is constrained by
U-Pb ages of 199.5 � 0.2 Ma from boundary interval Peru
(Schaltegger et al., 2008) and 198.0 � 0.6 Ma in early
Sinemurian from Hungary (reported in Pálfy and Mundil,
2006).

There are no U-Pb ages from marine strata of the middle
Sinemurian through Bathonian that meet the restrictive
GTS2012 criteriae all dates from biostratigraphic-constrained
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intervals are multi-grain zircon analyses or have biostrati-
graphic uncertainties that exceed one ammonite zone.
However, these lower-quality dates (Appendix 2) suggest the
base-Pliensbachian is ~190 Ma, the base-Toarcian is ~183 Ma,
and the base-Aalenian is ~176 Ma. The Bajocian/Bathonian
boundary interval is ~169 Ma, based on 40Ar/39Ar dating of
lower volcanic units in ODP Site 801 (Koppers et al., 2003);

although there is a large uncertainty on the biostratigraphic age
of these basalts.

The BathonianeCallovian boundary is ~165 Ma, based
on a U-Pb date of 164.6 � 0.2 Ma from an ash bed in
Argentina with ammonites of possible early Callovian age
(Kamo and Riccardi, 2009). Earlier analyses of multi-grain
zircon suites from this same ash bed had yielded 161.0 � 0.5
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TABLE 26.2 Summary of the Derivation of the Jurassic Numerical Age Models for Stages and for the Primary Scale of Tethyan Ammonite Zones

(Tabulated in Table 26.3)

Stage

Spline-Fit

Age; (Ma)

Spline-Fit

Uncertainty

(2-Sigma)

Revised

Age (Ma)

Estimated

Uncertainty

(2-Sigma)

Duration

(myr)

Calibration

(Brief)

Stage Primary Marker and

GSSP or Working Definition;

Calibration

Method to

Compute Basal

Age of Stage

Method for Scaling Ammonite

Zones within Stage

CRETACEOUS

(Berriasian)

144.6 1.5 145.0 0.8 Base of Chron

M18r

Not yet defined. Set as Base of

Chron M18r.

Cycle-scaled

spreading rate

model for Pacific

M-sequence.

Tithonian 150.8 1.4 152.1 0.9 7.1 Base of Chron

M22An

Not yet defined. Set as Base of

Chron M22An, which is nearly

coeval with base of H. hybonotum

ammonite zone at Crussol

Mountain, France.

[same] Tethyan zones have

magnetostratigraphic placements;

Sub-Boreal zones (England) have

a mixture of cycle-durations and

magnetostratigraphic placements.

Kimmeridgian 156.0 1.7 157.3 1.0 5.2 Base of Chron

M26r

Base of P. baylei ammonite zone

(Isle of Skye), using lowest

occurrence of P. flodigarriensis

ammonite (not yet ratified) which

is essentially coeval with Base of

Chron M26r at the GSSP.

[same] Tethyan and Sub-Boreal zones

have magnetostratigraphic

placements; and some of their

cycle-derived durations are

constraints on the Pacific

M-sequence spreading model.

Oxfordian 162.5 1.1 163.5 1.1 6.2 25% up in

Chron M37n.1n

Base of Q. mariae ammonite

zone. GSSP is not yet decided,

but this level at Redcliff (England)

candidate has been correlated to

25% up in Chron M37n.1n of

deep-tow extension to

M-sequence.

Cycle-scaled

spreading rate

model for Pacific

M-Sequence

(deep-tow

extension).

Tethyan and Sub-Boreal zones and

subzones have

magnetostratigraphic placements;

and some of their cycle-derived

durations are constraints on the

Pacific M-sequence spreading

model.

Callovian 165.8 0.9 166.1 1.2 2.6 Base of Chron

M39n.3n

(mid-depth)

Base of B. bullatus ammonite

zone. GSSP is not yet decided. In

magnetostratigraphy from the

Albstadt-Pfeffingen GSSP candidate

(Swabia, Germany), this level is

the base of a brief normal-polarity

zone, which is interpreted to be the

base of marine magnetic anomaly

M39n.3n in the deep-tow extension

(mid-depth projection) to

M-sequence.

[ same ] Most Tethyan and Sub-Boreal

zones (and some subzones) have

magnetostratigraphy with possible

correlations to the mid-depth

deep-tow extension to the Pacific

M-sequence spreading model.
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TABLE 26.2 Summary of the Derivation of the Jurassic Numerical Age Models for Stages and for the Primary Scale of Tethyan Ammonite Zones

(Tabulated in Table 26.3)dcont’d

Stage

Spline-Fit

Age; (Ma)

Spline-Fit

Uncertainty

(2-Sigma)

Revised

Age (Ma)

Estimated

Uncertainty

(2-Sigma)

Duration

(myr)

Calibration

(Brief)

Stage Primary Marker and

GSSP or Working Definition;

Calibration

Method to

Compute Basal

Age of Stage

Method for Scaling Ammonite

Zones within Stage

Bathonian 168.6 0.7 168.3 1.3 2.2 Base of Chron

M42n.1n (mid-

depth)

Base of Z. zigzag ammonite zone

at Ravin du Bès, Bas Auran (France).

In magnetostratigraphy of Spain,

this level is the base of a normal-

polarity zone, which is interpreted

to be the base of marine magnetic

anomaly M42n.1n in the deep-tow

extension (mid-depth projection) to

M-sequence.

[ same ] Most Tethyan zones have

magnetostratigraphy (Spain) with

possible correlations to the mid-

depth deep-tow extension to the

Pacific M-sequence spreading

model. Subzones within each

zone dashed. Lower Bathonian

zones scaled proportionally to the

relative number of subzones, due

to uncertainty in limits for P.

aurigerus Zone in reference

section.

Bajocian 171.3 0.9 170.3 1.4 2.0 80% up in

Chron M44n.1r

(mid-depth)

Base of H. discites ammonite zone

at Cabo Mondego (Portugal). In

combined magnetostratigraphy of

Spain and Switzerland, this level is

in the uppermost part (c. 80% up)

of a reversed-polarity-dominated

zone, interpreted to be marine

magnetic anomaly M44n.1r in the

deep-tow extension (mid-depth

projection) to M-sequence.

[ same ] Most Tethyan zones have

magnetostratigraphy (Spain) with

possible correlations to the mid-

depth deep-tow extension to the

Pacific M-sequence spreading

model. However, portions of

uppermost Bathonian and the

Middle and Lower Bathonian

scaled proportionally to the

relative number of subzones, due

to ambiguities in deep-tow

models.

Aalenian 176.2 1.8 174.1 1.0 3.8 3.85 myr before

base of

Bajocian

Base of L. opalinum ammonite

zone at Fuentelsaz (Spain).

Durations of

Toarcian and

Aalenian ammonite

zones from cycle

stratigraphy.

Durations of Aalenian ammonite

zones from cycle stratigraphy

(France, Italy).

Toarcian 183.4 0.6 182.7 0.7 8.6 U-Pb age on

initial reversed-

polarity

phase of Karoo

basalts.

Base of D. tenuicostatum

ammonite zone; but GSSP

not yet decided (probably

in either Portugal or Spain).

High-resolution

U-Pb radio-isotopic

age.

Base of Toarcian is onset of

a major carbon isotope excursion

that is assumed to be the initial

reversed-polarity eruptive phase

of Karoo igneous province, dated

as ~182.7 �0.7 Ma. Durations of

Toarcian ammonite zones from

cycle-stratigraphy (France for

H. serpentinum upward; Portugal

for D. tenuicostatum).
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Pliensbachian 190.2 1.0 190.8 1.0 8.1 51% of

combined

Sinemurian-

Pliensbachian

span

Base of U. jamesoni ammonite

zone at Robin Hood’s Bay

(England).

Linear trend in

strontium isotopes

from base-

Sinemurian through

the Pliensbachiann

to the base of

Toarcian.

Linear trend in strontium isotopes

for upper Pliensbachian zones

(Sub-Boreal). Lower

Pliensbachian zones scaled

proportional to the relative

number of subzones, due to

uncertain zonation in this interval

in the strontium isotope reference

sections.

Sinemurian 199.2 0.5 199.3 0.3 8.5 Cycle strat from

base ¼ U-Pb

radio-isotope

age

Base of A. bucklandi ammonite

zone at East Quantoxhead

(England).

High-resolution

U-Pb radio-isotopic

ages.

Proportional to the relative

number of subzones, due to

uncertain zonation between stage

limits in the strontium isotope

reference sections.

Hettangian 201.3 0.2 201.3 0.2 2.0 U-Pb radio-

isotope age

Lowest occurrence of the

ammonite Psiloceras spelae at

Kuhjoch (Austria).

Bracketed by high-

resolution U-Pb

radio-isotopic ages.

Cycle stratigraphy (England).

Values are rounded to nearest 0.1 myr. Spline fit through the database of JurassiceCretaceous radio-isotopic ages (Appendix 2) was run, then the final age model incorporated cycle stratigraphic constraints on stage
and zone durations, segments with linear trends in strontium isotopes (SinemurianePliensbachian), removing anomalous jumps in Pacific spreading rates (late Jurassic through early Cretaceous) and other
stratigraphic or radio-isotopic constraints (see text).
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TABLE 26.3 Interpolated Numerical Ages for Tethyan Ammonite Zones

Stage/Age Tethyan Zone
Basal Age

(Ma)
Notes on Calibration and Zonation

CRETACEOUS basal working

definition (base-M18r) is in

lower part of this zone

Berriasella jacobi 145.95 Dash at about Chron M19n.2n.3; due to probable distortions in sedimentation in the compact reference sections e at Puerto Escano (Pruner

et al., 2010), base is about M19n.2n.1. At Sierra Gorda (Ogg et al., 1984), this zone base is M19n.2n.55 (þ/�.05); Uncertainty in

magnetostratigraphic correlation to top of Tithonian Durangites Zone is �.05 of polarity chron M19n.2n ¼ approx. 0.04 myr. Base-Berriasian,

using base-M18r, is WITHIN this zone.

Durangites 146.61 Placed at Chron M20n.1n.8. At Puerto Escano (Pruner et al., 2010), is about M20n.1n.65. Higher at Sierra Gorda (Ogg et al., 1984) at M19r.1

(þ/�.2); which is only about 0.1 myr higher. Uncertainty in magnetostratigraphic correlation to base of Tithonian Durangites Zone is �.2 of

polarity chron M19r ¼ approx. 0.08 myr.

Micracanthoceras

microcanthum

147.72 Base Chron M20n (þ/�.1) at both Sierra Gorda (Ogg et al., 1984) and Puerto Escano (Pruner et al., 2010). The zones of P. transitorius and

"Simplisphinctes" are combined into a Microcanthum Zone in some schemes (used here; following diagarm from F. Oloriz); but separated as

zones in the main reference section. Base of Calpionellid Zone A1 is just above base of Microcanthum Zone.

Micracanthoceras ponti /

Burckhardticeras peroni

148.08 Chron M20r.5 (þ/�.1).

Semiformiceras fallauxi 149.87 Chron M22n.95 (þ/�.05).

Semiformiceras semiforme 150.41 Chron M22n.6 (þ/�.1); Semiformiceras semiforme (¼ zone of Haploceras (Volanites) verruciferum).

Semiformiceras darwini 150.94 Chron M22n.25 (þ/�.05); Semiformiceras darwini (¼ zone of Virgatosimoceras albertinum); subzones arbitrarily given equal durations.

Tithonian base Hybonoticeras hybonotum 152.06 Base Chron M22An (þ/�.1).

Hybonoticeras beckeri 153.55 Chron M23r.2r.1 (þ/�.05) Subzones given equal duration.

Aulacostephanus eudoxus 153.96 Full name ¼ Aulacostephanus (Pseudomutabilis) eudoxus. Base ¼ Chron M24r.1r.8 (þ/�.1).

Aspidoceras acanthicum 154.47 Base ¼ Chron M24r.2r.6 (þ/�.1).

Crussoliceras divisum 154.84 Assigned as Chron M24Ar.6 (þ/�.1).

Ataxioceras hypselocyclum 155.60 Full name of Zone ¼ Ataxioceras (A.) hypselocyclum. Assigned as Chron M25n.8 (þ/�.1).

Sutneria platynota 156.02 Chron M25r.1 (þ/�.1). Cycles ¼> 0.40 myr duration. French sections (e.g., Crussol) indicate a 1:2:3 relative duration of the subzones.

Idoceras planula 156.75 Base ¼ base Chron M26n.1r. Duration from Cycles (Strasser, 2007) was 0.3 to 0.4 myr, but there is apparently a 0.4 myr "missed beat" ¼> 0.75

myr total fits magnetostratigraphy.

Kimmeridgian base (base of

a Boreal ammonite zone) is in

middle of this Tethyan zone

Epipeltoceras bimammatum 158.54 Base ¼ Chron M28Ar.25. Span of full Bimammatum Zone by Strasser (2007) had as 1.2 myr; but there is apparently a missing 0.4 myr "missed

beat"; plus another 0.1 myr for entire Bimammatum zone scaling.

Perisphinctes bifurcatus 159.44 Full name of zone ¼ Perisphinctes (Dichotomoceras) bifurcatus. Base ¼ Chron M29r.5 (approx. due to hiatus in Aguilon, Spain,

magnetostratigraphy reference section). Only 1.5 cycles of 100 kyr known in lower part of zone. Total duration for Bifurcatus zone of 0.9 myr,

based partly on scaling relative to M-sequence.

Gregoryceras transversarium 160.09 Base ¼ approx. base Chron M30An. Cycle duration ¼ 0.65 (Boulila et al., 2010).

Perisphinctes plicatilis 160.84 Full name ¼ Perisphinctes (Arisphinctes) plicatilis. Approx. base of Chron M32r on short-wavelength deeptow ¼ average of Spain and Dorset.

Cardioceras cordatum 161.39 Full name ¼ Cardioceras (C.) cordatum. Base ¼ approx. Chron M33Bn.5.

Oxfordian base Quenstedtoceras mariae 163.47 Base of Oxfordian is assigned here as M37n.1n.25. Full name ¼Quenstedtoceras (Q.) mariae. Cycle duration (Boulila et al., 2008a) is ~2.1 myr.

Quenstedtoceras lamberti 163.81 Full name of zone¼Quenstedtoceras (Lamberticeras) lamberti. Base had been ChronM37n.2n.3 (þ/�.2); but is in R-zone in England. Cycle strat

(Huret et al., 2006) implies Lamberti is about 0.76 myr duration.

Peltocoeras athleta 163.97 Base ¼ within lower Chron M38n.1n in mid-depth deep-tow model. Cycle-strat implies very brief zone (0.1 myr in Huret et al., 2006).
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Erymnoceras coronatum 164.50 Chron M38n.4n.7 in mid-depth deep-tow model.

Reineckeia anceps 164.63 Chron M38n.4n.1 in mid-depth deep-tow model. Implied short duration fits cycles (0.2 myr) of Huret et al. (2006).

Macrocephalites gracilis 165.59 Full zone name ¼ Macrocephalites (Dolikephalites) gracilis. Base ¼ Chron M39n.2n.6 in mid-depth deep-tow model.

Callovian base Bullatimorphites bullatus 166.07 Full name ¼ Bullatimorphites (Kheraiceras) bullatus. Base ¼ base Chron M39.3n in mid-depth deep-tow model (assumed small-N at Albstadt

proposed GSSP for base-Callovian is this level).

Clydoniceras discus 166.24 Full zone name ¼ Clydoniceras (C.) discus (Late-Middle Bathonian ammonite subzones (or 1.5 s.z. if single-subzone zone ¼ total of 10) given

equal duration from base-subcontractus to base-Callovian).

Hecticoceras retrocostatum 166.49 Full zone name ¼ Hecticoceras (Prohecticoceras) retrocostatum. (See note on C. discus for scaling method.)

Cadomites bremeri 166.66 Full zone name ¼ Cadomites (C.) bremeri. (See note on C. discus for scaling method.)

Morrisiceras morrisi 166.78 Full zone name ¼ Morrisiceras (M.) morrisi. M. morrisi Zone given a single-zone (1.5 s.z.) duration. (See note on C. discus for scaling method.)

Tulites subcontractus 166.91 Full name ¼ Tulites (T.) subcontractus. Base placed as Chron M40n.2n.8, which equates magnetostratigraphy-zone "Subc-R" with Chron

M40n.1r. Zone given 1.5 s.z. duration. (See note on C. discus for scaling method.)

Procerites progracilis 167.37 Full zone name ¼ Procerites (P.) progracilis. (Early Bathonian ammonite subzones (total of 6) given equal duration from base-subcontractus to

base-Bathonian.)

Procerites aurigerus 167.82 Full name ¼ Procerites (Siemiradzkia) aurigerus. Base may be at base of Chron M41n.3n; but magnetostrat had undifferentiated Zigzag and

Aurigenus zones ¼> subzone scaling was done. (See note on P. progracilis for scaling method.)

Bathonian base Zigzagiceras zigzag 168.28 Full name ¼ Zigzagiceras (Z.) zigzag. Assigned as Chron Base M42n.1n in mid-depth deep-tow model.

Parkinsonia parkinsoni 168.69 Full name ¼ Parkinsonia (P.) parkinsoni. (Late Bajocian ammonite subzones

(6 of them in Parkisoni and Garantiana zones) are given equal duration.)

Garantiana garantiana 169.11 Full zone name ¼ Garantiana (G.) garantiana. Calibrated as Base of Chron M42n.4n in mid-depth deep-tow model.

Strenoceras niortense 169.45 Full zone name ¼ Strenoceras (S.) niortense. (Early-Middle Bajocian ammonite subzones (14 of them) are given equal duration.)

Stephanoceras humphriesianum 169.70 Full zone name ¼ Stephanoceras (S.) humphriesianum. (See note on S. niortense for scaling method.)

Sonninia propinquans 169.87 Full subzone name ¼ Emileia (Otoites) sauzei. (See Note on S. niortense for scaling method.)

Witchellia laeviuscula 170.13 Full subzone name ¼ Euhoploceras (Fissilobiceras) ovalis. (See note at S. niortense for scaling method.)

Bajocian base Hyperlioceras discites 170.30 Full zone name ¼ Hyperlioceras (H.) discites. Assigned as Chron M44n.1r.8 of mid-depth deep-towmodel (uppermost-Aalenian long-reversed-

polarity zone is interpreted as this Chron, and the onset of the long-normal-polarity zone "Disc-N2" interpreted as Chron M44n.1n).

Graphoceras concavum 170.83 Duration was interpreted as 0.43 myr by Huret et al., 2008; but shifted here by 0.1 myr to partly adjust its magnetostratigraphy (which, also, might

have uncertainties) to fit base of Chron M44n.1r in deep-tow model.

Brasilia bradfordensis 171.29 Duration from cycle stratigraphy of Huret et al. (2008) Genus is "Ludwigia" in some schemes. Ludwigia murchisonae Zone of S.Switzerland also

includes a bradfordensis Zone (This follows Arkell’s usage).

Ludwigia murchisonae 172.13 Duration from cycle stratigraphy of Huret et al. (2008).

Aalenian base Leioceras opalinum 174.15 Duration from cycle stratigraphy of Huret et al. (2008).

Pleydellia aalensis 174.43 Duration from Chunju Huang (pers. comm., 10 Jan 2010) restudy of cycle stratigraphy by Huret et al. (2008) who has slightly shorter duration.

However, for P. aalenis and D. pseudoradiosa an adjustment of 0.15 myr was made (shifted from pseudoradiosa to aalensis). Dash base – exact

position of zonal limits with respect to cycles is not precise.

Dumortieria pseudoradiosa 174.71 Cycle strat duration (Huret et al., 2008; as revised by Chunju Huang). Dash base e exact position of zonal limits with respect to cycles is not

precise.

Phlyseogrammoceras

dispansum

174.97 Cycle strat duration (Huret et al., 2008; as revised by Chunju Huang). Dash base e exact position of zonal limits with respect to cycles is not

precise.

Grammoceras thouarsense 176.23 Cycle strat duration (Huret et al., 2008; as revised by Chunju Huang). Dash base e exact position of zonal limits with respect to cycles is not

precise.

Haugia variabilis 178.24 Cycle strat duration (Huret et al., 2008; as revised by Chunju Huang). However, this led to a pronounced distortion in Sr isotope trend; therefore

a portion is shifted to the overlying G. thouarsense Zone (of which its zonal base is not well established relative to the cycle strat).

(Continued)
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TABLE 26.3 Interpolated Numerical Ages for Tethyan Ammonite Zonesdcont’d

Stage/Age Tethyan Zone
Basal Age

(Ma)
Notes on Calibration and Zonation

Hildoceras bifrons 180.36 Cycle strat duration (Huret et al., 2008; as revised by Chunju Huang).

Harpoceras serpentinum 181.70 Onset of main OAE ¼ base of H. serpentinum (see Hesselbo et al., 2007, about problems with inter-regional correlation; this is their preferred

assignment). The basal age derived from cycle duration of underlying zone determines the age assignments of all overlying ToarcianeAalenian

cycle-scaled-duration zones.

Toarcian base Dactylioceras tenuicostatum 182.70 Full name ¼ Dactylioceras (Orthodactylites) tenuicostatum. Age is 182.7 � 0.7 Ma ¼ Karoo lavas (same dates using mean Ar-Ar converted

(Jourdan et al., 2007) with �0.7 and U-Pb (EGU abstract by Moulin et al., 2010) with �0.4)). Eruption of these reversed-polarity basalts is

assumed to cause the LOWER

C-13 excursion, which is in a reversed-polarity interval. Duration of zone was estimated as 0.3 myr from linear Sr isotope trend; but Os isotopes

(e.g., Cohen et al., 2007) suggest a longer span; and cycle strat (Suan et al., 2008) yields

c. 0.8 myr (Chunju Huang, 2010, pers. comm., computed as 1.0 myr). Used Suan et al.’s published (2008) 0.8 myr used here, plus 0.2 myr for

condensed boundary (Bodin et al., 2011).

Emaciaticeras emaciatum 183.49 Scaling from linear Sr trends in England to Sub-Boreal zones; and calibration to Tethyan zone.

Arieticeras algovianum 185.31 Scaling from linear Sr trends in England to Sub-Boreal zones; and calibration to Tethyan zone.

Fuciniceras lavinianum 187.56 Relatively long duration, due to linear Sr-trend scaling in England implying an expanded A. margaritatus Zone.

Prodactylioceras davoei 188.54 Lower Pliensbachian ammonite subzones are given equal duration.

Tragophylloceras ibex 189.35 Scaling from linear Sr trends in England to Sub-Boreal zones; and calibration to Tethyan zone. Ibex Zone in Tethyan realm doesnot extend as old

as Boreal Ibex, according to SEPM chart (Hardenbol et al., 1998).

Pliensbachian base Uptonia jamesoni 190.82 Scaling from linear Sr trends in England.

Echioceras raricostatum 192.81 Scaling from linear Sr trends in England.

Oxynoticeras oxynotum 193.81 Sinemurian ammonite subzones (17 of them) are given equal duration.

Asteroceras obtusum 195.31 Sinemurian ammonite subzones (17 of them) are given equal duration.

Caenisites turneri 196.31 Sinemurian ammonite subzones (17 of them) are given equal duration.

Arnioceras semicostatum 197.80 Full subzone name ¼ Coroniceras (Paracoroniceras) charlesi.

Sinemurian base Arietites bucklandi 199.30 Basal age from U-Pb dating of base-Sinemurian interval.

Schlotheimia angulata 200.10 Duration from cycle stratigraphy in England (Rohl et al., 2010).

Alsatites liasicus 200.85 Duration from cycle stratigraphy in England (Rohl et al., 2010).

Psiloceras planorbis 201.10 Former base of Jurassic in British stratigraphy. Assigned as 0.1 myr above base of P. pacificum (hence 0.2 above base of P. tilmanni), based on

Kozur’s and Lucas’s schematic diagrams of TriassiceJurassic boundary events. Duration from cycle stratigraphy in England (Rohl et al., 2010).

JURASSIC (Hettangian) base Psiloceras spelae 201.30 Basal "new" zone (may be called "Psiloceras tilmanni") not present in traditional England zonation, and the Tethyan zonation lacks

standardization here. Appears to have a brief duration (0.2 myr assigned here).

Placement of some stage boundaries are approximate or are working definitions pending decision of the International Commission on Stratigraphy. Usage of zones/subzones varies among Tethyan regions, and this
suite is mainly for the Sub-Mediterranean province. Two-decimal ages are given to show relative durations among the zones; and uncertainties on those ages are equal to or greater than the uncertainties on the
boundaries of its stage (Table 26.4). The column of notes are informal remarks on calibrations and different zonal usages. (Details for subzone age models; and for calibrations of other biostratigraphic zonations can
be found in pop-up windows for those items within the TimeScale Creator database; www.tscreator.org)
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Ma (Odin et al., 1992); which emphasizes the importance of
the new standards for zircon processing and single-grain
analysis techniques.

There are no dates from the Late Jurassic that meet
GTS2012 standards, and the secondary guides are contradic-
tory in some intervals. The suites suggest that the base-
Oxfordian is ~162Ma and the base-Kimmeridgian is ~156Ma,
but with large uncertainties. A date of 154.1 � 2.2 Ma (Selby,
2007) obtained by a novel 187Re/188Os method from black
shales just above the proposed base-Kimmeridgian GSSP on
the Isle of Skye awaits confirmation by other techniques in
coeval sections.

The JurassiceCretaceous boundary, using the working
definition of base of magnetic polarity chron M18r, is con-
strained by a recalibrated 40Ar/39Ar date of 146.5 � 1.6 Ma
on reversed-polarity sills intruding earliest Berriasian sedi-
ments on the Shatsky Rise of the Pacific (Mahoney et al.,
2005).

The majority of this limited data set of radio-isotopic
dates is consistent with the Jurassic age model of GTS2012;
but definitive dating is urgently needed on strata having
cosmopolitan biostratigraphic markers and employing
modern zircon processing.

26.3.2. Direct Spline-Fitting of Radio-Isotopic
Age Suite

As a first approximation, an initial spline-fit model was per-
formed of all JurassiceCretaceous radio-isotopic ages
(Appendix 2) versus their estimated placements (with
uncertainties) on the primary Tethyan ammonite zonation. In
the first run with a smoothing factor of 1.5, there were 11
radio-isotopic dates, mainly in the Jurassic, that did not pass
the chi-squared test. This reflects the inconsistency among
some of these published ages or their estimates biostrati-
graphic assignments. Therefore, a second run relaxed the
smoothing factor to 0.975.

However, the parameters for this combined Jurassice
Cretaceous run resulted in several high-precision Late
Cretaceous dates no longer falling within their known
ammonite zones. Therefore, a pair of second spline-fits were
made with the Late Cretaceous segment using a different
smoothing factor to the Jurassic and Early Cretaceous
segment. The computed Jurassic stage boundaries are indi-
cated in the spline columns of Table 26.2. This second spline-
fit mainly altered the projected age from the first spline-fit for
the base-Aalenian (175.6 versus 176.2 Ma) and caused minor
0.2 myr shifts to some other levels. One surprising implica-
tion from the radio-isotopic database is that the durations of
the Callovian, Bathonian and Bajocian stages are relatively
short (less than ~2.5 myr each); a conclusion that is supported
by the Callovian-cycle stratigraphy estimates, but is consid-
erably less than the average of ~3.5 myr for these three stages
in GTS2004.

The Jurassic radio-isotopic set for this spline had been
augmented by including one date from the lower Karoo
basalts (182.7 � 0.7 Ma; Jourdan et al., 2007) assigned to the
PliensbachianeToarcian carbon isotope excursion interval.

However, the Jurassic scale based only on this fit to radio-
isotopic ages (which included dates derived from multi-
zircon methods) had inconsistencies with other constraints.
Some of the main problems were:

(1) Toarcian and Aalenian durations from cycle stratigraphy
had been estimated as ~8.3 (or ~8.6 after adjusting for
base-Toarcian condensation) and ~3.9 myr; but the
Spline #2 fit yielded 7.2 and 4.9 myr, respectively. This is
probably reflecting that there is only a single Aalenian
radio-isotopic date (with a biostratigraphic uncertainty
greater than the entire lower Aalenian interval).

(2) The spline-fit Tithonian yields a span for that stage of 6.3
myr. When incorporating the magnetostratigraphic corre-
lations to M-sequence, it would require that the Hawaiian
marine magnetic anomaly reference scale had a spreading
rate of 28.3 km/myr in Kimmeridgian, surging to 31.3 km/
myr in Tithonian, then returning to 27.7 km/myr in Ber-
riasian. This suggests that the spline-fit Tithonian is 10%
“too long” in duration as estimated only from the spline-
fit. In contrast, the Site 801 age constraint of 168.7 � 1.7
Ma for the age of marine magnetic anomaly M42n.4r that
is near the BajocianeBathonian boundary would require
a dramatic 40% increase in the spreading rates of the
Pacific synthetic Hawaiian reference profile from a steady
22 km/myr in BajocianeCallovian to a steady 28 km/myr
in OxfordianeKimmeridgian.

(3) The spline-fit durations for Sinemurian and Pliensba-
chian would require that the strontium isotope trend
change to a lesser slope as it passes from Hettangian to
Sinemurian, then dramatically surge to a very high slope
in the Pliensbachian, before leveling out in the lower
Toarcian. Alternatively, considering that there are no late
Sinemurian or early Pliensbachian radio-isotopic age
constraints, then the durations of these stages could be
derived by assuming a linear strontium isotope trend, as
suggested by McArthur et al. (2001).

Therefore, the pure spline-fit to the limited Jurassic suite of
radio-isotopic age constraints wasmodified to incorporate stage
(and zone) durations obtained from cycle stratigraphy, use of
stable geochemical trends (SinemurianePliensbachian), and
incorporationofPacific spreading rates that avoid stage-to-stage
discontinuities.

26.3.3. Jurassic Numerical Age Model

The dearth of high-precision radio-isotopic ages with unam-
biguous precise biostratigraphic calibrations requires portions
of the Jurassic numerical age scale to be interpolated from
matching magnetostratigraphy from cycle-derived durations
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for stage/zones, from matching magnetostratigraphy of
outcrops to the spreading rate model for the M-sequence of
marine magnetic anomalies, from assumptions of linear
trends in Sr isotopic ratios, and from relative numbers of
ammonite subzones.

The main radio-isotopic controls are at the basal limits of
the Hettangian and the Sinemurian stages; an assumption that
the well-dated onset of the KarooeFerrar large igneous prov-
ince was the primary cause of the initiation of the major carbon
isotope excursion in the basal Toarcian, and the consistency of
the cycle stratigraphy-scaled M-sequence pattern of Middle
Jurassic through Early Cretaceous with secondary guides from
radio-isotopic dates. This Jurassic agemodel requires testing by
acquiring radio-isotopic dates with precise biostratigraphic
placements, verification from independent cycle stratigraphy
analyses, and obtaining a reliable pre-Oxfordian marine
magnetic anomaly reference scale for calibrating the Bajocian
through Callovian magnetostratigraphy.

26.3.3.1. Early Jurassic Scaling

Hettangian

The Triassic/Jurassic boundary age is 201.3 � 0.2 Ma
according to bracketing U-Pb dates (Schoene et al., 2010).
This is currently the only well-documented U-Pb zircon age
with narrow 95% confidence limits (2-sigma) that directly
constrains a stage boundary within the Jurassic! Each of the
Hettangian ammonite zones of Britain is cycle-scaled for
a total of 1.8 myr (Ruhl et al., 2010). An additional 0.2 myr
was added to the basal zone to compensate for the correlation
of the ammonite-barren pre-planorbis interval of Britain to
the first occurrence of the precursor species to P. planorbis
that marks the base-Jurassic GSSP.

Sinemurian

The Hettangian cycle stratigraphy projects the base-Sine-
murian as 199.3 Ma, which is consistent with the 199.5 � 0.2
Ma for this boundary interval in Peru (Schaltegger et al.,
2008). An uncertainty of 0.3 myr is estimated for this 199.3
Ma boundary age.

As in GTS2004, the Sinemurian/Pliensbachian boundary
is extrapolated by assuming a linear decline in the cycle-
scaled Sr trend from base-Sinemurian through base-Toarcian
(LOWESS fit of McArthur et al., 2001). At the Pliensbachian/
Toarcian boundary, the strontium isotopes reach a minimum
followed by a sharp upward increase in earliest Toarcian,
which perhaps may be related to the initial eruptive phase of
the Karoo flood basalts. Based on this assumption of a linear
Sr isotope trend, the Sr isotope values at the Sinemurian/
Pliensbachian boundary imply an age assignment that is 51%
between base-Sinemurian (199.3 Ma) and base-Toarcian
(182.5 Ma), therefore at 190.7 Ma.

The Sinemurian ammonite zones are scaled proportion-
ally to the relative number of component subzones (total of 17

subzones distributed within the 6 ammonite zones). This
assumption of equal subzonal units was necessitated because
of uncertainties in correlation of the individual zonal
boundaries to the main strontium isotope trend line and the
lack of verified cycle durations for any of the zones.

Pliensbachian

As explained above, the Sinemurian/Pliensbachian boundary
was extrapolated from an assumption of linear Sr isotope
trends as 190.8 Ma. The uncertainty on this extrapolation is
difficult to estimate; therefore an arbitrary � 1 myr is
indicated.

The relative durations of the upper Pliensbachian zones
(Sub-Boreal realm) are scaled according to their correlations
to the linear-decay strontiumisotope trend. The lower
Pliensbachian zones are scaled proportionally to the relative
number of subzones, due to uncertainties in zonal correla-
tion to main strontium isotope trend line. Tethyan ammonite
zones are correlated to Sub-Boreal using published charts
(e.g., Groupe Français d’Étude du Jurassique, 1997;
Hardenbol et al., 1998).

Toarcian

The base-Toarcian is marked by the onset of a major negative
excursion in carbon isotopes, and it is suggested that the
basal-Toarcian of reversed-polarity magnetization is coeval
with the reversed-polarity initial eruptive episode of
KarooeFerrar flood basalts. A mean age of 182.7 � 0.7 Ma
for these basalts and earliest sills is therefore assigned as the
onset of the base-Toarcian carbon isotope excursion (see
above discussions under Large Igneous Provinces).

Toarcian ammonite zones of France have durations from
cycle stratigraphy (e.g., Suan et al., 2008; Huang et al.,
2010a; Boulila et al., in press). An additional 0.2 myr was
added to the basal ammonite zone to compensate for the
condensation of the basal Toarcian carbon isotope excursion
in those reference sections as compared to an expanded 220-
m-thick coeval section in Morocco (Bodin et al., 2010). Some
ammonite zones within the middle and upper Toarcian have
uncertain zonal boundaries relative to the detailed cycle
stratigraphy, therefore their limits were partially adjusted
according to relative thicknesses and numbers of component
subzones in other reference sections (e.g., an adjustment
of 0.15 myr was added to P. aalensis from the adjacent
D. pseudoradiosa).

26.3.3.2. Middle Jurassic Scaling

Aalenian

The Toarcian spans ~8.5 myr e 8.3 myr from the cycle
stratigraphy in reference sections, plus a minor compensation
for the condensed basal portion in those sections. This
projects the base-Aalenian as 174.1 Ma. The uncertainty on
this age is estimated as 0.8 myr, based on the 0.5 myr
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uncertainty on base-Toarcian plus an additional allowance for
cycle stratigraphy values that await verification in additional
reference sections.

The Aalenian ammonite zones are scaled from cycle
stratigraphy, and the stage spans a total of 3.85 myr (Huret
et al., 2008). Therefore, the Aalenian/Bajocian boundary is
170.3 Ma.

Bajocian

From uppermost Aalenian through the Barremian Stage of the
Cretaceous, the ages of stage boundaries and most ammonite
zones are derived from magnetostratigraphic calibration to
the M-sequence of Pacific marine magnetic anomalies. In
turn, the assigned numerical ages are from the spreading rate
model for that M-sequence. As explained in the Geomagnetic
Polarity Timescale chapter (Chapter 5 of this volume), that
spreading rate model is a linear fit to a suite of six intervals of
cycle-scaled durations for clusters of polarity chrons and the
associated magnetic anomalies between early Oxfordian to
Barremian. The linear fit implies that the spreading rate had
a gradual slowing from early Oxfordian through the Barre-
mian. This spreading rate model from base-Aptian (base of
Chron M0r, assigned as 126 Ma) back through base-Oxfor-
dian (Chron M37n.1n.25) is projected for the earlier pre-M37
set of magnetic anomalies obtained from deep-tow surveys.

Results from drilling of anomaly M42n.4r at ODP Site
801 suggest that this crustal interval formed near the
BathonianeBajocian boundary and has a U-Pb age of 168.4
� 1.7 Ma (Koppers et al., 2003). This is an excellent fit to the
linear-fit spreading rate model for the M-sequence, which
projects an age of 168.5 Ma for this same anomaly.

The Aalenian/Bajocian boundary is approximately 80%
up within a relatively long reversed-polarity magnetozone
(Henriques et al., 1994; Pavia and Enay, 1997). Based on the
estimated 170.3 Ma age of this boundary derived from cycle
stratigraphy relative to the base-Toarcian (182.7 Ma) and the
projected M-sequence of marine magnetic anomalies, this
reversed-polarity magnetozone is correlated to polarity chron
M44n.1r.

The magnetostratigraphy of Bajocian reference sections
(Steiner et al., 1987) is used to partially constrain the age
model for the Bajocian. For example, the base of ammonite
zone G. garantiana is at the beginning of a relatively long
normal-polarity magnetozone correlated to Chron M42n.4n,
therefore it is assigned an age of 169.1 Ma according to the
M-sequence age model (Figure 26.9). Where the magneto-
stratigraphic correlations or limits of ammonite boundaries
are less precise, then the relative durations of Bajocian
ammonite zones are apportioned according to relative
numbers of component subzones.

Bathonian

The Bajocian/Bathonian boundary is at the base of a normal-
polarity magnetozone that is tentatively correlated with

Chron M42n.1n. This has a projected age of 168.3 Ma
according to the M-sequence age model, and is supported by
the 168.7 �1.7 Ma date for the older marine magnetic
anomaly M42n.4r as drilled at ODP Site 801 (adjusted from
Koppers et al., 2003).

As with the Bajocian, several of the Bathonian ammonite
zones are correlated via magnetostratigraphy to the M-
sequence polarity pattern and therefore have extrapolated
numerical ages. Other intervals necessitated scaling accord-
ing to relative numbers of component ammonite subzones.
These extrapolated ages fit well with the 167e163 Ma range
of secondary radio-isotopic age guides.

Callovian

The base of the Callovian is within a normal-polarity-domi-
nated interval that is tentatively correlated with Chron
M39n.3n of the M-sequence pattern and hence has a projected
age of 166.1 Ma (with ~1 myr uncertainty). This is consistent
with the 164.6 � 0.2 Ma age on early Callovian from
Argentina (Kamo and Riccardi, 2009), although the ammo-
nites from that section lack cosmopolitan markers.

Each Callovian ammonite zone has tentative correlations
to the M-sequence. Some of these correlations incorporate
estimated durations from cycle stratigraphy of those zones
(e.g., according to Huret et al. (2008), the R. anceps Zone
spans only about 0.2 myr and P. athleta only about 0.1 myr).

This suite of correlations of magnetostratigraphy to the
M-sequence model, although inevitably subject to possible
alternative matches, implies that the three stages e Bajocian,
Bathonian and Callovian e had approximately equal dura-
tions of only 2.0 to 2.6 myr. These relatively brief stages are
consistent with the spline-fit of the few radio-isotopic age
constraints (Appendix 2; and Table 26.2) and with the cycle
stratigraphy analyses of Callovian ammonite zones in bore-
holes (Huret et al., 2006; Lefranc et al., 2008).

The uncertainties on the extrapolated boundary ages are
based on the 0.3myr uncertainty on the base of ChronM0r that
is the age control for the M-sequence and the statistical
uncertainties on the spreading rate line-fit slope (see Chapter 5
of this volume). The total uncertainty is estimated as � 0.8
myr at base-Cretaceous (M18r) that progressively increases to
� 1.3 myr at base-Bathonian (M42n), assuming that the
magnetostratigraphic correlations are accurate.

The projection of the Pacific spreading rate model to
pre-Oxfordian marine magnetic anomalies interpreted from
deep-tow data requires verification of the polarity signatures,
cycle-stratigraphic work on BajocianeBathonianeCallovian
zones/chrons, and additional direct radio-isotopic dating. If
the magnetostratigraphic correlations to the M-sequence are
supported by future studies, then the uncertainty on the
duration of each stage is probably only about 10% of its total
current estimated span, based on the cycle-scaled spreading
rates in KimmeridgianeOxfordian and the consistency
of the base-Bajocian age “projected downward from
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base-Oxfordian” with the cycle-scaled span of the Toarcian
and Aalenian that gives the same base-Bajocian age “pro-
jected upward from base-Toarcian”. At this time, the age
model used in GTS2012 for the Middle Jurassic should be
regarded as a hypothesis awaiting testing.

26.3.3.3. Late Jurassic Scaling

The progressive efforts of numerous investigators have
compiled magnetostratigraphy patterns from nearly every
ammonite zone of the Sub-Boreal and Tethyan realms, and
correlated these to the M-sequence of marine magnetic
anomalies. Several of the Oxfordian and Kimmeridgian
ammonite zones have durations computed from cycle stra-
tigraphy (e.g., Boulila et al., 2008a,b, 2010a,b), which, in
turn, are important controls on the Pacific spreading rate
model for that M-sequence (see Chapter 5). The magneto-
stratigraphy of cycle-scaled Sub-Boreal sections of Tithonian
age are consistent with this model.

Oxfordian

The Callovian/Oxfordian boundary at 25% up in Chron
M37n.1n has a projected M-sequence age of 163.5 Ma. This
is older than “secondary guide” ages in the Oxfordian; but
none of those dates were obtained from single-zircon analyses
or ODP basalts with unambiguous ages.

Each Oxfordian ammonite zone has its age derived from
a merger of it cycle-derived and magnetostratigraphic
correlation to the M-sequence (e.g., Boulila et al., 2010a;
Ogg et al., 2010a; Przybylski et al., 2010a). The Oxfordian
spans 6.0 myr, of which 2.0 myr is within the basal Q.
mariae ammonite zone according to cycle stratigraphy from
SE France (Boulila et al., 2008a). This is a major change
from GTS2004, in which that ammonite zone was estimated
from condensed sections in Britain as spanning only about
0.6 myr.

Kimmeridgian

The base of the Kimmeridgian, using the Boreal/Sub-Boreal
definition of the base of the P. baylei ammonite zone corre-
sponds to the base of Chron M26r with a projected age of
157.25 Ma. This is within the uncertainty on the recalibrated
40Ar/39Ar date (156.3 � 3.4 Ma) obtained from within
oceanic basalts drilled at Site 765 on marine anomaly M26r
(Ludden, 1992).

Each Kimmeridgian ammonite zone has its age derived
from magnetostratigraphic correlation to the M-sequence.
The implied durations of zones are generally consistent
with the cycle-derived durations from cycle stratigraphy
(e.g., Boulila et al., 2008b, 2010b; Strasser, 2007), although
the span of a couple of the ammonite zones implied
“missing cycle beats” at sequence boundaries. For example,
the Idoceras planula Zone of basal Kimmeridgian is
estimated as ~0.35 myr by Strasser (2007), but the

magnetostratigraphy implies a duration of 0.75 myr,
implying that a full 400-kyr-long eccentricity cycle is
probably missing at the regional Oxf-8 sequence boundary
below its transgressive base.

Tithonian

The base of the Tithonian is assigned here as the base of
Chron M22An, which is essentially coeval with the historical
boundary in Tethyan ammonite stratigraphy. The corre-
sponding M-sequence age is 152.1 Ma.

Each Tithonian ammonite zone of the Sub-Mediterranean
faunal realm has its age derived from magnetostratigraphic
correlation to the M-sequence (Figure 26.8). The ages of Sub-
Boreal/Boreal zones are estimated from a combination of rare
correlation levels to the Sub-Mediterranean succession,
magnetostratigraphy (e.g., Ogg et al., 1994; Hou�sa et al.,
2007), and scaling from cycle stratigraphy (e.g., Huang et al.,
2010b).

Aworking definition for the Jurassic/Cretaceous boundary
is the base of Chron M18r, which we have adopted for the
GTS2012 time scale summary. The M-sequence model
projects this age as 145.0 Ma, which matches a recalibrated
40Ar/39Ar date of 145.5 � 0.8 Ma from reversed-magnetized
(interpreted as magnetozone M18r) sills intruded into earliest
Berriasian pelagic sediments drilled at ODP Site 1213B on
Shatsky Rise (Mahoney et al., 2005).

As with the Middle Jurassic ages projected from the
M-sequence calibrations, the uncertainties on these extrap-
olated boundary ages are also estimated as � 1 myr. The
crucial factor is the reliability of the age-model for the
M-sequence. Even though it is derived from cycle-derived
durations for intervals of magnetozones within the early
Cretaceous (three intervals) and late Jurassic (three inter-
vals) and is consistent with radio-isotopic dates within the
Early Cretaceous, the numerical ages of pre-Berriasian
marine magnetic anomalies ultimately hinge on a fairly
simplistic spreading rate model of a gradual increase in
Pacific spreading from Bajocian through Barremian.

26.3.4. Summary

This Jurassic compilation should be considered as a work in
progress. The combination of extensive cycle stratigraphy
studies and enhanced methods of radio-isotopic dating has
greatly refined the numerical age scale for the Jurassic, but
several intervals lack adequate constraints.

In general, the assigned or extrapolated ages have shifted to
slightly older values relative to the estimates in GTS2004
(Table 26.4). The extension of the M-sequence by deep-tow
magnetometer surveys into Middle Jurassic crust in the Pacific
enabled tentative correlation of the magnetostratigraphy of
the Callovian through Bajocian. The cycle-scaling of the
M-sequence spreading rate model has greatly reduced the
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estimated statistical uncertainties on Middle and Late Jurassic
ages relative to the estimates in GTS2004; although the mag-
netostratigraphic calibration of the Middle Jurassic awaits an
improved pre-M29 marine magnetic model, confirmation of
the polarity pattern for each ammonite zone, and additional
cycle stratigraphy analyses of the durations of the component
ammonite zones in multiple independent sections.

The greatest relative change in the numerical age scale
relative to GTS2004 is in the earliest Jurassic. In this interval,

the dates derived frommulti-zircon methods (e.g., Pálfy et al.,
2000b) have been replaced with significantly more precise
dates (and older values) derived from enhanced processing for
single-zircon analyses. Similar high-resolution redating of
horizons and the acquisition of new radio-isotopic ages is
required for the majority of the Jurassic.

When cycle-stratigraphic durations of ammonite zones
have been verified in additional sections, then the Jurassic
will have a very stable scaling for use in global correlation.

TABLE 26.4 Jurassic Age Model of GTS2012 and Comparison with GTS2004 (Gradstein et al., 2004).

GTS2004 GTS2012

Base

Est.

Uncertainty Duration Base

Est.

Uncertainty Duration

Derivation in GTS2012; and

Differences from GTS2004

Cretaceous (Berriasian) 145.5 4.0 145.0 0.8 Base of Chron M18r used to assign
base-Cretaceous, instead of mid-
Chron M19n

Tithonian 150.8 4.0 5.3 152.1 0.9 7.1 Ages of M-sequence; hence TitheOxf
shifted older than GTS2004 e partly
due to Ar-Ar monitor change, partly
due to new spreading rate model

Kimmeridgian 155.7 4.0 4.9 157.3 1.0 5.2 "

Oxfordian 161.2 4.0 5.5 163.5 1.1 6.2 "

Callovian 164.7 4.0 3.5 166.1 1.2 2.6 Ages of CallovianeBathoniane
Bajocian derived from radio-isotope
age constraints and M-sequence
spreading rate model (deep-tow
extension) ¼> much shorter stage
durations than in GTS2004.

Bathonian 167.7 3.5 3 168.3 1.3 2.2 "

Bajocian 171.6 3.0 3.9 170.3 1.4 2.0 "

Aalenian 175.6 2.0 4 174.1 1.0 3.8

Toarcian 183.0 1.5 7.4 182.7 0.7 8.6 Duration of Toarcian from cycle-
stratigraphy is 1 myr longer than
estimate in GTS2004

Pliensbachian 189.6 1.5 6.6 190.8 1.0 8.1 Durations of Pliensbachian and
Sinemurian increased due to older
age for base-Sinemurian

Sinemurian 196.5 1.0 6.9 199.3 0.3 8.5 Radio-isotopic U-Pb age for base-
Sinemurian

Hettangian 199.6 0.6 3.1 201.3 0.2 2.0 Age assigned from bounding U-Pb
radio-isotopic dates from single
zircons. Duration of Hettangian from
cycle stratigraphy.

Triassic (Rhaetian)

Values are rounded to nearest 0.1 myr.
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TABLE 26.5 GSSPs of the Jurassic Stages, with Location and Primary Correlation Criteria (Status Jan. 2012)

Stage GSSP Location

Latitude,

Longitude Boundary Level Correlation Events Reference

Tithonian Candidates are Mt. Crussol or
Canjuers (SE France) and
Swabia, Germany

Near base of Hybonoticeras
hybonotum ammonite zone and
lowest occurrence of Gravesia
genus, and the base of magnetic
polarity chronozone M22An

Kimmeridgian Candidate is Flodigarry (Isle
of Skye, NW Scotland)

Ammonite, near base of Pictonia
flodigarriensis ammonite zone of
Boreal realm, and the base of
magnetic polarity chronozone
M26r

Oxfordian Candidate is at Redcliff Point
(Dorset, SW England)

Ammonite Cardioceras redcliffense
Horizon at base of the Cardioceras
scarburgense Subzone
(Quenstedtoceras mariae Zone)

Callovian Candidates are Pfeffingen,
Swabian Alb, SW Germany, a
nd Novgorod region, Russia

Ammonite, FAD of the genus
Kepplerites (Kosmoceratidae)
(defines base of Macrocephalites
herveyi Zone in Sub-Boreal
province of Great Britain to
southwest Germany)

Bathonian Ravin du Bès, Bas-Auran area,
Alpes de Haute Provence,
France

43�57’38”N
6�18’55”E*

Base of limestone bed
RB071

Ammonite, FAD of Gonolkites
convergens (defines base of
Zigzagiceras zigzag Zone) and
Morphoceras parvum

Episodes 32/4,
2009

Bajocian Murtinheira Section, Cabo
Mondego, Portugal

40�11’57”N
8�54’15”W*

Base of Bed AB11 of the
Murtinheira Section

Ammonite FAD Hyperlioceras
mundum, H. furcatum, Braunsina
aspera, B. elegantula

Episodes 20/1,
1997

Aalenian Fuentelsaz, Spain 41�10’15”N
1�50’W

Base of Bed FZ 107 in
Fuentelsaz Section

Ammonite FAD Leioceras
opalinum and Leioceras lineatum

Episodes 24/3,
2001

Toarcian Peniche (Portugal) Ammonite, near FAD of
a diversified Eodactylites ammonite
fauna; correlates with the NW
European P. paltus Horizon

Pliensbachian Robin Hood’s Bay, Yorkshire
Coast, England

54�24’25”N
0�29’51”W

Base of Bed 73b at Wine
Haven, Robin Hood’s Bay

Ammonite association of
Bifericeras donovani and
Apoderoceras sp

Episodes 29/2,
2006

Sinemurian East Quantoxhead, SW England 51�11’27.3”N
3�14’11.2”W*

0.90m above the base of
Bed 145

Ammonite FAD Vermiceras
quantoxense, Vermiceras palmeri

Episodes 25/1,
2002

Hettangian
(base Jurassic)

Kuhjoch Section, Karwendel
Mountains, Austria

47�29’02”N
11�31’50”E

5.80m above the base of the
Tiefengraben Member of the
Kendelbach Formation

FAD of Psiloceras spelae

*according to Google Earth
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Comas-Rengifo, M.J., Arias, C., Gómez, J.J., Goy, A., Herrero, C.,

Osete, M.L., Palencia, A., 2010b. A complementary section for the

proposed Toarcian (Lower Jurassic) global stratotype: The Almonacid

De La Cuba Section (Spain). Stratigraphy and Geological Correlation

18, 133e152.

Combemorel,R., 1998.Belemnites. Columns for Jurassic chart ofMesozoic and

Cenozoic sequence chronostratigraphic framework of European basins, by

Hardenbol, J., Thierry, J., Farley, M.B., Jacquin, Th., de Graciansky, P.-C.,

and Vail, P.R. (coordinators). In: de Graciansky, P.-C., Hardenbol, J.,

Jacquin, Th., Vail, P.R. (Eds.), Mesozoic-Cenozoic Sequence Stratigraphy

of European Basins. SEPM Special Publication, 60 Chart 7.

Conybeare, W.D., Phillips, W., 1822. Outlines of the Geology of England

and Wales, with an Introduction Compendium of the General Principles

of that Science, and Comparative Views of the Structure of Foreign

Countries, Part 1. William Phillips, London, p. 470.

Cope, J.C.W., 1967. The paleontology and stratigraphy of the lower part of

the Upper Kimmeridge Clay of Dorset. Bulletin of the British Museum.

Natural History, Geology Series 15, 3e79.

Cope, J.C.W., Getty, T.A., Howarth, M.K., Morton, N., Torrens, H.S., 1980a.

A correlation of Jurassic rocks in the British Isles. Part One: Introduc-

tion and Lower Jurassic. Geological Society, Special Report 14, 73.

Cope, J.C.W., Duff, K.L., Parsons, C.F., Torrens, H.S., Wimbledon, W.A.,

Wright, J.K., 1980b. A correlation of Jurassic rocks in the British Isles.

Part Two: Middle and Upper Jurassic. Geological Society, Special

Report 15, p. 109.

Cope, J.C.W., 1993. The Bolonian Stage: An old answer to an old problem.

Newsletters on Stratigraphy 28, 151e156.

Cope, J.C.W., 1995. Towards a unified Kimmeridgian Stage. Petroleum

Geoscience 1, 351e354.

Cope, J.C.W., 2003. Latest Jurassic stage nomenclature. International

Subcommission on Jurassic Stratigraphy Newsletter 30, 27e29.

Cope, J.C.W., 2007. Drawing the line: The history of the JurassiceCretaceous

boundary. Proceedings of the Geologists’ Association 119, 105e117.

Cope, J.C.W., 2009. Correlation problems in the Kimmeridge Clay Forma-

tion (Upper Jurassic, UK): Lithostratigraphy versus biostratigraphy and

chronostratigraphy. Geological Magazine 146, 266e275.

Copestake, P., Johnson, B., Morris, P.H., Coleman, B.E., Shipp, D.J., 1989.

Jurassic. In: Jenkyns, D.G., Murray, J.W. (Eds.), Stratigraphical Atlas of

Fossil Foraminifera. The British Micropalaeontological Society, Chi-

chester, pp. 125e272.

Coquand, H., 1871. Sur le Klippenkalk du département du Var et des Alpes-
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Dietl, G., Callomon, J.H., 1988. Der Orbis-Oolith (Ober-Bathonium, Mittl.

Jura) von Sengenthal/Opf. Fränk. Alb, und siene Bedeutung für Korre-

lation und Gliederung der Orbis-zone. Stuttgarter Beiträge zur Natur-
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Physiques et Mathématiques, Luxembourg, p. 948.

Mayer-Eymar, C., 1864. Tableau Synchronistique des Terrains Jurassiques.

J. Höfer, Zurich.

785Chapter | 26 Jurassic



Mazzini, A., Svensen, H., Leanza, H.A., Corfu, F., Planke, S., 2010. Early

Jurassic shale chemostratigraphy and U-Pb ages from the Neuquén

Basin (Argentina): Implications for the Toarcian Oceanic Anoxic Event.

Earth and Planetary Science Letters 297, 633e645.

McArthur, J.M., Donovan, D.T., Thirlwall, M.F., Fouke, B.W., Mattey, D.,

2000. Strontium isotope profile of the early Toarcian (Jurassic)

Oceanic Anoxic Event, the duration of ammonite biozones, and

belemnite paleotemperatures. Earth and Planetary Science Letters 179,

269e285.

McArthur, J.M., Howarth, R.J., Bailey, T.R., 2001. Strontium isotope stra-

tigraphy: LOWESS Version 3: Best fit to the marine Sr-isotope curve for

0e509 Ma and accompanying look-up table for deriving numerical age.

Journal of Geology 109, 155e170.

McArthur, J.M., Howarth, R.J., 2004. Sr-isotope stratigraphy: The Phaner-

ozoic 87Sr/86Sr-curve and explanatory notes. In: Gradstein, F.M.,

Ogg, J.G., Smith, A.G. (Eds.), A Geologic Time Scale 2004. Cambridge

University Press, Cambridge, pp. 96e105.

McArthur, J.M., Algeo, T.J., van de Schootbrugge, B., Li, Q., Howarth, R.J.,

2008. Basinal restriction, black shales, Re-Os dating, and the early

Toarcian (Jurassic) oceanic anoxic event. Paleoceanography 23,

PA4217. doi: 10.1029/2008PA001607.

McArthur, J.M., 2008. Comment on ‘The impact of the Central Atlantic

Magmatic Province on climate and on the Sr- and Os-isotope evolution

of seawater’ by Cohen, A. S. and Coe, A. L. 2007, Palaeogeography,

Palaeoclimatology, Palaeoecology, 244, 374e390. Palaeogeography,

Palaeoclimatology, Palaeoecology 263, 146e149.

McArthur, J.M., 2010. Correlation and dating with strontium-isotope stra-

tigraphy. In: Whittaker J.E., Hart M.B. (Eds.), Micropalaeontology,

Sedimentary Environments and Stratigraphy: A Tribute to Dennis Curry

(1912e2001). The Micropalaeontological Society, Special Publications,

4, pp. 133e145.

Meister, C., 1999a. Report of the Sinemurian-Pliensbachian Boundary

Working Group. International Subcommission on Jurassic Stratigraphy

Newsletter 26, 33e42.

Meister, C., 1999b. Report of the Sinemurian-Pliensbachian Boundary

Working Group. International Subcommission on Jurassic Stratigraphy

Newsletter 27, 25e26.

Meister, C., Blau, J., Dommergues, J.-L., Feistburkhardt, S., Hart, M.,

Hesselbo, S.P., Hylton, M., Page, K., Price, G., 2003. A proposal for the

Global Boundary Stratotype Section and Point (GSSP) for the base of

the Pliensbachian Stage (Lower Jurassic). Elogae Geologicae Helvetiae

96, 275e298.

Meister, C., Aberhan, M., Blau, J., Dommergues, J.-L., Feist-Burkhardt, S.,

Hailwood, E.A., Hart, M., Hesselbo, S.P., Hounslow, M.W., Hylton, M.,

Morton, N., Page, K., Price, G.D., 2006. The Global Boundary

Stratotype Section and Point (GSSP) for the base of the Pliensbachian

Stage (Lower Jurassic), Wine Haven, Yorkshire, UK. Episodes 29,

93e106.

Melendez, G., 1999. Report of the Callovian e Oxfordian Boundary

Working Group. International Subcommission on Jurassic Stratigraphy

Newsletter 26, 61e67.

Melendez, G., Atrops, F., 1999. Report of the Oxfordian-Kimmeridgian

Boundary Working Group. International Subcommission on Jurassic

Stratigraphy Newsletter 26, 67e74.

Melendez, G., 2002. Oxfordian Working Group. International Subcommis-

sion on Jurassic Stratigraphy Newsletter 29, 10.

Melendez, G., (convenor), 2003. Oxfordian Working Group. International

Subcommission on Jurassic Stratigraphy Newsletter 30, 16e18.

Melendez, G., 2006. Oxfordian Working Group [with contributions by Page,

K.N., Atrops, F. and Rogov, M.]. International Subcommission on

Jurassic Stratigraphy Newsletter 33, 16e19.

Moreau, M.-G., Bucher, H., Bodergat, A.-M., Guex, J., 2002. Pliensbachian

magnetostratigraphy: New data from Paris Basin (France). Earth and

Planetary Science Letters 203, 755e767.

Morettini, E., Santantonio, M., Bartolini, A., Cecca, F., Baumgartner, P.O.,

Hunziker, J.C., 2002. Carbon isotope stratigraphy and carbonate

production during the Early-Middle Jurassic: Examples from the

Umbria-Marche-Sabina Apennines (central Italy). Palaeogeography,

Palaeoclimatology, Palaeoecology 184, 251e273.

Morgans-Bell, H.S., Coe, A.L., Hesselbo, S.P., Jenkyns, H.C., Weedon, G.P.,

Marshall, J.E.A., Tyson, R.V., Williams, C.J., 2001. Integrated stratig-

raphy of the Kimmeridge Clay Formation (Upper Jurassic) based on

exposures and boreholes in south Dorset, UK. Geological Magazine

138, 511e539.

Morris, P.H., Cullum, A., Pearce, M.A., Batten, D.J., 2009. Megaspore

assemblages from the Are Formation (Rhaetian-Pliensbachian) offshore

mid-Norway, and their value as field and regional stratigraphic markers.

Journal of Micropalaeontology 28, 161e181.

Morton, N. (Ed.), 1974. The definition of standard Jurassic Stages.
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Chapter 27

Cretaceous

Abstract: The breakup of the former Pangea supercontinent
culminated in the modern drifting continents. An explosion of
calcareous nannoplankton and foraminifers in the warm seas
created massive chalk deposits. A surge in undersea volcanic

activity enhanced super-greenhouse conditions in the middle
Cretaceous. Angiosperm plants bloomed on the dinosaur-
dominated land during late Cretaceous. The Cretaceous
dramatically ended with an asteroid impact.
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27.1. HISTORY AND SUBDIVISIONS

27.1.1. Overview of the Cretaceous

The “Terrain Crétacé” was established by J.G.J. d’Omalius
d’Halloy (1822) to encompass the Chalk (creta in Latin) that
characterizes a major unit of strata in the Paris Basin and
across much of Europe. He defined the “Terrain” in 1823 to
include “the formation of the chalk, with its tufas, its sands
and its clays”.

William Smith had already mapped four stratigraphic
units between the “lower clay” (Eocene) and the “Portland
Stone” (Jurassic). His units were grouped by Conybeare and
Phillips (1822) into two main divisions e an upper Chalk and
the formations below. This two-fold division, adopted in
England and France at an early stage, has persisted as the two
Cretaceous series and epochs.

Alcide d’Orbigny (1840) divided the Cretaceous fossil
assemblages of France into five divisions, which he termed
“étages” (stages): Neocomian, Aptian, Albian, Turonian and
Senonian. He later added a “Urgonian” (between the
Neocomian and Aptian) and a “Cenomanian” (between
Albian and Turonian). The term “Neocomian” had been
coined by Thurmann in 1836 for the strata in the vicinity of
Neuchâtel, Switzerland. This Neocomian has been sub-
divided into the three stages of Berriasian, Valanginian and
Hauterivian following the recommendation of Barbier,
Debelmas and Thieuloy in the Colloque sur le Crétacé infé-
rieur (Barbier and Thieuloy, 1965). d’Orbigny’s “Urgonian”
stage has been replaced by a “Barremian” stage and an
expanded Aptian stage. The “Senonian” (named by
d’Orbigny after the Sénones people of the Burgundy region,
France) has been divided into four stages: Coniacian, San-
tonian, Campanian and Maastrichtian.

The uppermost units of the chalks of the Danish coast,
which had traditionally been included within the Cretaceous,
are now classified as a Danian Stage of the lowermost
Cenozoic. The termination of the Cretaceous is now defined
by a major mass extinction and impact-generated iridium
anomaly horizon at the base of this Danian Stage.

The boundaries of the twelve historical Cretaceous stages
were primarily defined by ammonites in France and the
Netherlands (Birkelund et al., 1984; Kennedy, 1984). Refined
recognition or proposed definitions of the basal boundaries of
these stages have other global criteria, including geomagnetic

reversals, carbon isotope excursions and microfossil datums
(see summary table at end of this chapter).

Historical usage, coupled with the expertise of members
of the various boundary working groups, has dictated a pref-
erential selection of boundary stratotypes (GSSPs) for most
stages and substages to be within western European basins.
However, a major problem in Cretaceous chronostratigraphy
is how to correlate these regional biostratigraphic events and
associated stage boundary definitions to other paleogeo-
graphic and paleoceanographic realms. At the time of prep-
aration of this book (Sept, 2011), only three of the twelve
Cretaceous stages had ratified GSSPs (Cenomanian,
Turonian, Maastrichtian) (Figure 27.1).

System Series Stage Boundary Horizons (GSSPs)
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FIGURE 27.1 Summary of Cretaceous stage nomenclature and status.

Stages with ratified GSSPs are indicated by the first-appearance datum (FAD)

of the main correlation marker (planktonic foraminifer, ammonite, etc.) or

other primary correlation level.
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27.1.2. Subdivisions of the Lower Cretaceous

As of late 2011, none of the six Lower Cretaceous stages
(Berriasian through Albian) have GSSP-based definitions.

The subdivisions of the Berriasian through Aptian stages
of the Lower Cretaceous were originally derived from
exposures in southeast France and adjacent northwest Swit-
zerland. In this region, the paleogeographic Vocontian trough
and adjacent margins preserved a nearly continuous record,
generally in limestoneemarl successions. The fauna and
microflora thriving in the tropical ocean of this Tethyan realm
did not extend into the colder Boreal realm of northwest
Europe and other northern regions; therefore, the Boreal
equivalents of most of these Tethyan-defined stages remain
uncertain.

Traditionally, the primary markers that were considered
for defining stage and substage boundaries of the Berriasian
through Barremian were the lowest or highest occurrence of
species of ammonoids. However, in an effort to achieve global
correlation potential, these macrofossil datums have been
replaced or enhanced by magnetostratigraphic, geochemical
or microfossil events. For example, proposed bases of the
Berriasian Stage (base of Cretaceous) and the Aptian Stage
are magnetic reversals, and a possible correlation marker for
the base of the Albian Stage is a widespread organic-
enrichment episode.

27.1.2.1. JurassiceCretaceous Boundary
and Berriasian

TithonianeBerriasian (J/K) Boundary Definition

The Cretaceous is the only Phanerozoic system that does not
yet have an accepted global boundary definition, despite over
a dozen international conferences and working group meet-
ings having been dedicated to the issue since 1974
(e.g., reviews by Zakharov et al., 1996; Cope, 2007;
Wimbledon et al., 2011). The difficulties in assigning a global
Jurassic/Cretaceous boundary are the combined product of
historical usage, of the lack of any major faunal change
between the latest Jurassic and earliest Cretaceous, of
pronounced provincialism of marine fauna and flora, of the
long-term “Purbeckian regression” of global sea level that
caused hiatuses or condensations in the main reference
sections of England and Russia, and of persistent debates on
which stratigraphic markers might provide the most useful
global correlation levels.

The Tithonian Stage of latest Jurassic was defined by A.
Oppel (1865) to include all deposits in the Mediterranean
area that lie between a restricted Kimmeridgian and
“Valanginian”, but no representative section or upper limit
was designated. A “Berriasian” was proposed for a lime-
stone succession near the village of Berrias (Ardèche
Département, southeast France) (Coquand, 1871; reviewed
in Rawson, 1983). Originally conceived as a subdivision of

Valanginian, this interval was subsequently often referred
to as “Infra-Valanginian” until the concept and name of
“Berriasian” was eventually brought back into use. To some
degree, this “Berriasian” Stage overlapped with the original
concept of the Tithonian Stage. The historical lower
boundary of the Berriasian lacks any significant faunal
change; indeed the basal part of the Berrias stratotype lacks
any diagnostic ammonites (Cope, 2007). The Colloque sur
la limite Jurassique-Crétacé (1975) voted to define the base
of the Berriasian as the base of the Berriasella jacobi
ammonite subzone, which was a shift downward from
a previous vote (1963) to use the base of the Pseudosub-
planites grandis Subzone (reviewed in Wimbledon et al.,
2011).

Some workers have suggested assigning at least a portion
of this historical Berriasian Stage into the Jurassic, and
assign the Jurassic/Cretaceous boundary to the base of the
“middle Berriasian” at the beginning of the Subthurmannia
occitanica Zone (Subthurmannia subalpina Subzone)
(Remane, 1991) or even raised to the beginning of the
current Valanginian Stage (e.g., Rawson, 1990, as cited in
Zakharov et al., 1996). The ammonite turnover at the base of
the Subthurmannia occitanica Zone corresponds to the
effective base of the ammonite zonation at the historical
Berrias stratotype:

‘.because of the virtual ammonites and the frequency of intervals

with reworked sediments below that zone.’

(Hoedemaeker et al., 2003)

This level also has an advantage in that it can be correlated to
the Sub-Boreal realm, where it is approximately coincident
with the base of the Runctonia runctoni ammonite zone, it is
close to the Boreal regional Volgian/Ryazanian stage
boundary, and it coincides with a widespread depositional
sequence boundary of possible eustatic significance
(reviewed in Hoedemaeker and Leereveld, 1995).

The current Berriasian Working Group of the Interna-
tional Commission on Cretaceous Stratigraphy has worked
to integrate regional ammonite zonations, calpionellid
zones, calcareous nannofossil datums, palynomorphs
and magnetostratigraphy (Wimbledon et al., 2011;
summarized in Figure 27.2). Its emphasis is on identifying
a GSSP level near markers of both regional and global
significance.

(a) Magnetostratigraphy has proven to be a reliable
method for placing biostratigraphic events into
a common framework (e.g., summaries in Ogg and
Lowrie, 1986; Speranza et al., 2005; Channell et al.,
2010), correlating stratigraphic scales of Tethyan
(e.g., Pruner et al., 2010) and Boreal (e.g., Hou�sa et al.,
2007) regions, and comparing marine and non-marine
facies (e.g., Purbeck facies of England by Ogg et al.,
1991, 1994).
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‘Magnetostratigraphers, pragmatically, have seen magneto-

zone M18r as a workable J/K boundary indicator, being the first

long, reversed interval (after the very long M19n) as one works

up-sequence from the Jurassic. . The base of M18r has been

chosen as a significant event, in preference to the short

magnetic intervals below (M19n.1r, M19n.1n) .’

(Wimbledon et al., 2011)

In GTS2012, we have selected this working definition
of the base of Chron M18r as the Jurassic/Cretaceous
boundary.

(b) Ammonites will always be a primary method of
approximate correlation of the Jurassic/Cretaceous
boundary interval within different regional basins. But,
as indicated in Figure 27.2, it appears that there are no

ammonite-zone boundaries that are synchronous among
the main European regions within the basal Cretaceous
transition interval.

(c) Calpionellid microfossils, especially the “explosion” of
small, globular Calpionella alpina that marks the base of
the Calpionellid Zone B, are very useful for deep-shelf to
pelagic limestone facies. In contrast to the endemic
ammonite assemblages, Calpionella alpina occurs from
Mexico to Tibet (reviewed in Wimbledon et al., 2011).

(d) Calcareous nannoplankton underwent a rapid diversifi-
cation within this interval. Several main and secondary
events, especially within the nannoconnid lineage of
heavily calcified forms, enable a high-resolution subdi-
vision (e.g., Casellato, 2010). Indeed, this surge in the
evolution and abundance of nannoplankton had a major
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role in the deposition of the chalk “creta” that charac-
terizes the Cretaceous (e.g., reviews in Roth, 1989; Erba,
2006; and Casellato et al., 2008).

In a suggested boundary stratotype at the Puerto Escano
section (Cordoba province, Spain), the pelagic limestone
facies contains magnetostratigraphy, ammonoids, calpio-
nellids and calcareous nannoplankton (Tavera et al., 1994;
Pruner et al., 2010).

PortlandianePurbeckian and VolgianeRyazanian

Alcide d’Orbigny (1849e50) used the facies of Portland
Limestone and non-marine Purbeck facies of England and
northern France as the Portlandian and Purbeckian stages, but
this usage has been largely discontinued (reviewed in Cope,
2007). The Berriasian stage, nearly regardless of its eventual
basal definition, encompasses at least half of the Purbeck
succession based on correlations using magnetostratigraphy
(e.g., Figure 27.2, and Ogg et al., 1994) and palynology.
However, the succession of ammonites endemic to the Boreal
realm required different zonations, none of which could be
reliably correlated to the Berriasian of the Tethyan realm (see
Figure 26.8 in the Jurassic chapter (26) this volume). A regional
Volgian stage was defined by Nikitin (1881) and later extended
downward (Gerasimov and Michailov, 1966) to approximately
coincide with the base of the Tithonian (reviewed in Cope,
2007). On the Russian Platform and in Siberia, the Volgian
is followed by a Ryazanian regional stage (Sazonov, 1951),
and use of “VolgianeRyazanian” had been applied to the
stratigraphy of other North Sea and high-latitude regions.
The base of the regional Ryazanian Stage is assigned as the
Praetollia maynci or Chetaites sibiricus ammonite zone
(Russian Platform versus Siberian zonations). This level was
thought to correlate to the base of the Ructonia ructoni
ammonite zone of eastern England, but these levels may not
be equivalent (Hancock, 1991; Hardenbol et al., 1998).
Magnetostratigraphy from Siberian sections suggests that the
base of theRyazanian Stage iswithin themiddle to upper part of
Chron M18n (Hou�sa et al., 2007).

The top of the regional Ryazanian is probably close to the
base of the Valanginian Stage, as revised by Hoedemaeker
et al. (2003).

Berriasian Substages

The three main ammonite zones of the Berriasian Stage in the
Tethyan region are generally used as informal substages
(e.g., Reboulet et al., 2011). No boundary stratotypes for
these substages have yet been recommended. The base of the
Middle Berriasian in the Mediterranean region (base of
Subthurmannia occitanica Zone) correlates to the lower
portion of polarity Chron M17r.

The base of the Upper Berriasian substage in the Medi-
terranean region is currently placed at the base of the

Malbosiceras paramimounum ammonite subzone (base of
Subthurmannia boissieri Zone) (Zakharov et al., 1996). This
level is close to the base of Calpionellid Zone D, and is in the
middle of magnetic polarity zone M16r (M16r.5) (Galbrun,
1984). Magnetostratigraphic correlation to southern England
tentatively projects this level to be within the Runctonia run-
ctoni ammonite zone of the Boreal realm (Ogg et al., 1991).

27.1.2.2. Valanginian

History, Definition and Boundary Stratotype

The original type section of the Valanginian included all post-
Jurassic strata to the base of the “Marnes de Hauterive” in
shallow-marine facies at Seyon Gorge near Valangin
(Neuchâtel, Switzerland) (Desor, 1854; Desor and Greesly,
1859; reviewed in Rawson, 1983). Because this section is
poor in ammonoids, a pair of “hypostratotypes” at Angles
(Alpes-de-Haute-Provence province) and Barret-le-Bas
(Hautes-Alpes province) in southeast France have served as
reference sections (Busnardo et al., 1979). The base of the
Valanginian was provisionally placed at the base of the
Thurmanniceras otopeta ammonite zone (Busnardo et al.,
1979; Birkelund et al., 1984).

Taxonomic and correlation problems with the ammonoid
successions (e.g., Bulot et al., 1993) led the Valanginian
Working Group (Hoedemaeker et al., 2003) to recommend
moving the base of the Valanginian Stage upward to the base
of Calpionellid Zone E, defined by the first occurrence of
Calpionellites darderi (Bulot et al., 1996; Aguado et al.,
2000). This transferred the T. otopeta ammonite zone into the
Berriasian Stage. This level can be traced from France to
Mexico, is associated with other bioevents, and coincides
with rare migrations of cold-water taxa into the Tethyan realm
(reviewed in Aguado et al., 2000). Magnetostratigraphice
calpionellid studies in Italy and Spain have indicated an
apparent 300 000-year variability or diachroneity of the base
of Calpionellid Zone E between the middle of magnetic
polarity Chron M14r to earliest part of polarity Chron M14n
(Channell and Grandesso, 1987; Channell et al., 1987; Ogg
et al., 1988). One candidate GSSP at Montbrun-les-Bains in
southeast France is within alternating limestone and marl
with well-preserved ammonoid and calpionellid successions,
where the proposed boundary level is followed by the lowest
occurrence of ammonite Thurmanniceras pertransiens (Blanc
et al., 1994). However, this French section was unsuitable for
magnetostratigraphy. Another candidate GSSP section at
Barranco de Cañada Luenga, south of Cehegı́n in southeast
Spain, has integrated ammonoid, nannofossil and magneto-
stratigraphy, but poorer preservation of calpionellids (Aguado
et al., 2000).

Correlation of the base of Valanginian from the Tethyan
realm into the Boreal realm is not precise. However, episodes
of ammonoid migration and comparisons of nannofossil and
dinoflagellate cysts suggest a correspondence near the base of
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the regional usage of “Valanginian” in northwest Germany
and England (Bulot et al., 1996; Leereveld, 1995).

Upper Valanginian Substage

The base of the Upper Valanginian is traditionally placed at
the base of the distinctive Saynoceras verrucosum ammonite
zone, which can also be recognized in the West European
province of the Boreal realm. Magnetostratigraphic, chemo-
stratigraphic and microfossil markers (e.g., Channell et al.,
1993) await calibration with this ammonoid datum. Potential
boundary stratotypes in southeast France (section at Vergol)
and in the Betic Cordillera of Spain are being considered
(Bulot et al., 1996; Subcommission on Cretaceous Stratig-
raphy, 2009). The base of the Upper Valanginian is marked by
the onset of a major sea-level transgression, and the following
pronounced sea-level highstand is associated with the greatest
ammonoid diversity of the Valanginian in the Mediterranean
faunal province (Hoedemaeker and Leereveld, 1995;
Reboulet, 1996; Reboulet and Atrops, 1999).

27.1.2.3. Hauterivian

History, Definition and Boundary Stratotype

The original Hauterivian Stage in the area of Hauterive
(Neuchâtel, Switzerland) encompassed “marnes à Astieria”
(later transferred to Valanginian), “marnes bleues d’Hauterive”
and “Pierre Jaune de Neuchâtel” formations (Renevier, 1874;
reviewed in Rawson, 1983). The base of the Hauterivian in the
Tethyan realm is traditionally recognized by the lowest
occurrence of the ammonite species Acanthodiscus radiatus.
Reboulet (1996) suggested that the base of the Radiatus zone
should be defined by the first occurrence of the ammonite
genus Acanthodiscus (Reboulet and Atrops, 1999).

Expanded sections of ammonoid-rich, limestoneemarl
alternations in southeast France have served as the reference
for this stage. The section at the village of La Charce in this
region is the proposed global boundary stratotype for both
the base of the Hauterivian Stage and base of the Upper
substage (Thieuloy, 1977; Mutterlose et al., 1996). Inter-
realm exchanges of dinoflagellate cyst and ammonoid
assemblages suggest that the traditional Boreal usage of
“Hauterivian” (base of Endemoceras amblygonium ammo-
nite zone) is nearly coeval with this candidate GSSP level in
the Tethyan realm (Leereveld, 1995; Mutterlose et al.,
1996). Magnetostratigraphic sections in Italy were origi-
nally interpreted so that the base of the Hauterivian was
nearly coincident with the beginning of magnetic polarity
Chron M11n (Channell et al., 1995a). This interpretation
was later revised to assign the base of the Hauterivian to be
near the base of the next higher Chron M10n (e.g., Weissert
et al., 1998). This magnetostratigraphic placement was
supported by later studies (e.g., McArthur et al., 2007), and
is consistent with the cycle-scaled duration of the
Valanginian.

Upper Hauterivian Substage

The traditional base of the Upper Hauterivian substage in
the Tethyan realm was the highest occurrence of Neo-
comitinae ammonoids and lowest occurrence of the
ammonite Subsaynella sayni, but these events cannot be
recognized in the Boreal realm. Therefore, it was recom-
mended that the highest occurrence of the calcareous nan-
nofossil Cruciellipsis cuvillieri should serve as the global
marker for the base of the Upper Hauterivian (Mutterlose
et al., 1996). The highest occurrence of C. cuvillieri has
been reported from the middle of the Subsaynella sayni
ammonite zone (Bergen, 1994) and is near the base of
magnetic polarity zone M8r in Italy (Channell et al., 1993,
1995a). The section at La Charce that is being considered
as the Hauterivian GSSP could also be a candidate for the
Lower/Upper substage boundary section (Subcommission
on Cretaceous Stratigraphy, 2009).

27.1.2.4. Barremian

History, Definition and Boundary Stratotype

The original Barremian concept of Coquand (1861) with
a type locality near Barrême (Alpes-de-Haute-Provence,
southeast France) was a vague assignment to an assemblage
of belemnites and ammonoids that also encompassed the
current Upper Hauterivian substage. Busnardo (1965) rede-
fined the Barremian Stage using the roadside exposures of
Angles in southeast France as the type locality.

The base of the Barremian is marked by the lowest
occurrence of the Taveraidiscus hugii auctorum (formerly
called “Spitidiscus” hugii) (Hoedemaeker et al., 2003) and
the Avramidiscus vandeckii ammonite group. A candidate for
the global boundary stratotype is at Rı́o Argos near Car-
avaca, Spain (Company et al., 1995, Rawson et al., 1996a).
The boundary interval in Italy falls within the uppermost
part of magnetic polarity zone M4n (at approximately Chron
M4n.8 ¼ “M5n.8”) (Bartolocci et al., 1992; Channell et al.,
1995a). Correlation to the Boreal realm by dinoflagellate
cysts indicates that this base of the Barremian Stage is
approximately at the base of the “Hoplocrioceras” rar-
ocinctum ammonite zone (Leereveld, 1995; Rawson et al.,
1996a).

Upper Barremian Substage

The boundary between the Lower and Upper Barremian is
placed at the lowest occurrence of the ammonite Ancylo-
ceras vandenheckei (Rawson et al., 1996a; Reboulet et al.,
2011). The proposed substage GSSP is near Caravaca,
Spain, (Company et al., 1995). This substage boundary
level is within the uppermost part of magnetic polarity
zone M3r (at approximately Chron M3r.8) in Italy (Bar-
tolocci et al., 1992; Channell et al., 1995a) and is corre-
lated to the lower part of the Paracrioceras elegans
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ammonite zone of the Boreal realm (Leereveld, 1995;
Rawson et al., 1996a).

27.1.2.5. Aptian

History, Definition and Boundary Stratotype

The Aptian Stage was a vague designation by Alcide
d’Orbigny (1840) for strata containing “Upper Neocomian”
fauna and named after the village of Apt (Vaucluse province,
southeast France). The extent and nomenclature of the Aptian
and underlying stages have undergone major revisions
(vividly reviewed by Moullade et al., 2011). The French
sections are poor in ammonoids; therefore, the classical
marker for the base of the Aptian was the lowest occurrence
of the deshayesitid ammonite Prodeshayesites in northwest
Europe (Rawson, 1983; Moullade et al., 1998a,b; Hoede-
maeker et al., 2003). However, the local lowest occurrence of
this ammonite genus is commonly associated with a major
progressive transgression in earliest Aptian, and virtually no
ammonoid-bearing section represents a continuous and
complete BarremianeAptian boundary interval (Erba et al.,
1996). Therefore, the proposed primary marker for base of the
Aptian Stage is the beginning of magnetic polarity Chron
M0r. A quite different boundary concept was proposed by
Moullade et al. (2011), who on historical grounds recom-
mended converting the lower three ammonite zones of the
current Aptian into a Bedoulian Stage, and beginning the
Aptian at the base of the Dufrenoyia furcata Zone (marked by
lowest occurrence of Dufrenoyia ammonite genus) with
a GSSP near Roquefort-La Bédoule in southeastern France.
Reboulet et al. (2011) reject the usage of Bedoulian
(see below under “Substages of Aptian”). The GTS2012 scale
retains the current Aptian/Barremian usage with its working
boundary definition as the base of Chron M0r.

The proposed global boundary stratotype in pelagic
limestone at Gorgo a Cerbara in central Italy has an integrated
stratigraphy of paleomagnetics, biostratigraphy (calcareous
nannofossils, planktonic foraminifers, radiolarians, dinofla-
gellates) carbon isotope chemostratigraphy, and cycle stra-
tigraphy (Erba et al., 1996, 1999; Channell et al., 2000).
Cyclic stratigraphy implies that the lowest occurrence of
a Prodeshayesites ammonite in uppermost polarity zone M0r
occurs about 300 000 years after the boundary (Herbert, 1992;
Channell et al., 1995a; Erba et al., 1996). An important event
about 1 myr after the boundary is Oceanic Anoxic Event
“OAE1a”, marked by widespread organic-rich shale
(e.g., Selli level in Italy, Goguel level in southeast France,
Fischschiefer in northwestern Germany) and the beginning of
a positive carbon-13 isotopic excursion (Weissert and Lini,
1991; Mutterlose and Böckel, 1998; Li et al., 2008). This
carbon isotope signature provides a correlation between
magnetic Chron M0r and the basal Aptian Deshayesites
oglanlensis ammonite zone in southeastern France
(Subcommission on Cretaceous Stratigraphy, 2009).

Substages of the Aptian

Two substages are recommended for subdividing the Aptian
Stage. The Lower/Upper substage boundary is at the base of
the Epicheloniceras martinoides ammonite zone in the stan-
dard Tethyan zonation which is approximately equivalent to
the base of the Tropaeum bowerbanki ammonite zone of the
Boreal zonations (Reboulet et al., 2011). At this level, there is
an important change in ammonite fauna in both the Tethyan
and Sub-Boreal realms.

This level coincides with a traditional boundary between
a lower “Bedoulian” and an upper “Gargasian” stage, which
were based on sections at Cassis-La Bédoule (Bouches du
Rhône province; near Marseilles) and at Gargas (near Apt) in
southern France, although historical usage of “Bedoulian”
was only for the lower portion of this Lower Aptian
(Moullade et al., 2011). A comprehensive synthesis has been
compiled for the integrated stratigraphy of the type Bedoulian
(Moullade et al., 1998a,b; Ropolo et al., 1998) and type
Gargasian (Moullade and Tronchetti, 2004; Moullade et al.,
2004, 2005; and later articles in Notebooks on Geology). The
lowest occurrence of the planktonic foraminifer Prae-
hedbergella luterbacheri is just above the substage boundary
followed by the lowest Globigerinelloides ferreolensis
(Moullade et al., 2005), and the lowest calcareous nannofossil
Eprolithus floralis (base of Zone NC7) slightly precedes the
boundary (Moullade et al., 1998b).

In France, an additional uppermost substage of “Clan-
sayesian” was added when Breistroffer (1947) moved the thin
“Clansayes” horizon from Albian into the underlying Aptian.
However, this substage was not considered useful because:

(a) The reference sections at Gargas (near Apt) and
Clansayes are not suitable for correlation purposes
(Rawson, 1983);

(b) The rationale for a separate “Clansayesian” substage is
questioned (e.g., Owen, 1996a; Casey et al., 1998); and

(c) The Aptian/Albian boundary has not yet been defined
and could potentially include a large part of the
Clansayesian interval.

The IUGS Lower Cretaceous Ammonite Working Group or
“Kilian Group” voted to:

‘abandon the terms Bedoulian, Gargasian and Clansayesian as they

are not recognized internationally, but mainly used in France .
Moreover, the type sections of these French substages do not offer

good prospects (low number and/or bad preservation of ammonoids)

.’

(reported in Reboulet et al., 2011)

27.1.2.6. Albian

History, Definition and Boundary Stratotype

The Albian Stage was named after the Aube region (Roman
name was Alba) in northeast France (d’Orbigny, 1842). The
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placement of the Aptian/Albian boundary has a convoluted
history and is currently undecided. The main sets of proposed
microfossil or macrofossil markers are near one of three
organic-rich episodes in Europe, each of which have been
calibrated to cycle stratigraphy. The working version used in
GTS2012 is near the middle of these three episodes.

Prior to 1947, the base of the Albian was assigned as the
base of the Nolaniceras nolani ammonite zone. Breistroffer
(1947) shifted this zone and the overlying Hypacanthoplites
jacobi ammonite zone into an expanded uppermost Aptian,
thereby placing the base of the Albian in the Northwest
European faunal province of the Boreal realm at the base of
the Leymeriella tardefurcata ammonite zone with a basal
level characterized by Leymeriella schrammeni. However,
this boundary interval in western Europe is marked by
endemic ammonites, and the occurrences of the earliest
Leymeriella ammonite species (e.g., L. schrammeni)
appear to be restricted to northern Germany (Casey, 1996;
Hart et al., 1996; Mutterlose et al., 2003). This choice for an
AptianeAlbian boundary interval also coincides with
a widespread hiatus associated with a major sequence
boundary; therefore, the L. schrammeni ammonite subzone is
represented by sediments in only isolated localities (e.g., the
Harz foredeep of north Germany and in north Greenland)
(H. Owen, pers. comm., 1999). An important section asso-
ciated with the lowest occurrence of the earliest “anterior”
form of L. schrammeni is at Vörhum, near Hannover in
northern Germany (Hart et al., 1996; Mutterlose et al., 2003).
However, Mutterlose et al. (2003) conclude that defining “the
base of the Albian on these criteria cannot be used in a global
context”, therefore an alternate biostratigraphic or
non-biostratigraphic marker must be identified. In southeast
England, the base of the Albian was placed above a trans-
gressive condensation horizon at the lowest occurrence of
ammonite Farnhamia farnhamensis (Casey, 1961; Hesselbo
et al., 1990; Hart et al., 1996). Whether the F. farnhamensis
ammonite subzone is equivalent to the L. schrammeni
Subzone of northern Germany is debated (Owen, 1996a, b;
Casey, 1996). As a result, ammonite-based definitions for the
base of the Albian Stage and its component substages are
controversial (reviewed in Hancock, 2001, and in Owen,
2002).

The AptianeAlbian boundary interval in deep-water
facies of the Tethyan realm is commonly in clay-rich facies
punctuated by four main widespread organic-rich horizons
and associated carbon isotope excursions e the “Jacob”,
“Kilian”, “Paquier” (called “Urbino” in Italy) and “Leen-
hardt” levels in reference sections of southeastern France. An
array of options are being considered as potential definitions
for the base of the Albian (summarized from Hart et al., 1996;
Mutterlose et al., 2003; Gale et al., 2011; Petrizzo et al., in
press). The options are listed in approximate descending
stratigraphic order:

(a) Base of the Lyelliceras lyelli ammonite subzone (base of
Hoplites dentatus Zone) of the Sub-Boreal realm, which
has been traditionally assigned as the base of the Middle
Albian substage (Hancock, 2001; Owen, 2002). This
relatively extreme suggestion was to resolve the ambig-
uous global correlation using ammonites near the tradi-
tional Aptian/Albian boundary, and would shorten the
Albian by ~3 million years.

(b) Lowest occurrence of ammonite Douvilleiceras ex. gp.
mammillatum (which is the top of the Leymeriella tar-
defurcata Zone). This may be near the “Leenhardt”
organic-rich level (Gale et al., 2011).

(c) “Paquier/Urbino” organic-rich event (coinciding with
“oceanic anoxic event” OAE 1b). The beginning of this
event is nearly coincident with the lowest occurrence of
ammonite Leymeriella tardefurcata (Kennedy et al.,
2000a), but may be difficult to reliably correlate outside
of southeastern France. This was advocated by Gale et al.
(2011; Figure 60); and, according to their cycle stratig-
raphy correlations, would shorten the traditional “Early
Albian” to less than 1 million years. However, a proposal
in 2007 to place the Albian GSSP in the Tartonne section
at the lowest occurrence of ammonite Leymeriella tar-
defurcata and the nearly coincident base of the Paquier
organic-rich episode did not receive a quorum vote from
the Albian working group. Rejection reasons included
the perceived low stratigraphic value of ancillary
biostratigraphic markers (ammonites, foraminifers, etc.)
(Subcommission for Cretaceous Stratigraphy, 2009).

(d) Highest occurrence of ammonite Hypacanthoplites
jacobi.

(e) Lowest occurrence of the earliest “anterior” form of
Leymeriella schrammeni, with a reference section at
Vörhum in northern Germany (Hart et al., 1996;
Mutterlose et al., 2003). A volcanic ash just above this
level was dated by U-Pb as 113.1 � 0.3 Ma (Selby et al.,
2009). The L. schrammeni zone of the Boreal realm
precedes the regional Leymeriella tardefurcata Zone, and
overlaps with the upper extend of Hypacanthoplites
jacobi (Mutterlose et al., 2003).

(f) Microfossil datums near the “Kilian” organic-rich bed:
(i) The lowest occurrence of calcareous nannofossil

Praediscosphaera columnata (subcirculular form;
called P. cretacea in some earlier studies), which is
the base of nannofossil zone NC8, may be just
above this Kilian level according to calibrations to
an Italian cycle stratigraphy reference section
(e.g., Fiet et al., 2001; Grippo et al., 2004; Huang
et al., 2010). This nannofossil event has been
a candidate marker for global boundary correlation
(e.g., Hart et al., 1996; Owen, 2002), and may occur
near the lowest occurrence of the ammonite
L. schrammeni in Germany (Mutterlose et al.,
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2003). However, the evolution from elliptical to
round is a transition, so it is difficult to unambigu-
ously differentiate the “subcircular” P. columnata
from its ancestors or descendants (e.g., Kennedy
et al., 2000a; Mutterlose et al., 2003; P. Bown, pers.
comm., 2011).

(ii) An abrupt turnover in planktonic foraminifers begins
with the extinction of Paraticinella eubejaouaensis
planktonic foraminifer (a commonly used base-
Albian working definition among microfossil
workers) just below the Kilian level in southeastern
France (e.g., Petrizzo et al., in press). The lowest
occurrence of the planktonic foraminifer Micro-
hedbergella miniglobularis is within the Kilian
level, is followed by the lowest occurrence of Mi.
renilaevis in the middle of the Kilian episode, then
the lowest occurrence of Mi. rischi (Huber and
Leckie, 2011; Huber et al., 2011; Petrizzo et al., in
press). This succession of close-spaced foraminifer
events is also observed in drill sites within the
southern and northern Atlantic and within the Indian
Ocean.

(g) “Jacob” organic-rich shale and coeval carbon-13
isotopic excursion; which, according to cycle stratig-
raphy (Huang et al., 2010) is about 2 myr before the
FAD of the subcircular Praediscosphaera columnata
nannofossil.

(h) base of Hypacanthoplites jacobi ammonite zone (first
occurrence of Hypacanthoplites ammonite genus). This
proposal would shift the informal “Clansayesian”
interval, that Breistroffer (1947) had assigned as
uppermost Aptian, back into the lowermost Albian to
restore the historical usage of Albian (Moullade et al.,
2011).

In GTS2004 (Gradstein et al., 2004), the base of the Albian
Stage was assigned to the lowest occurrence of the
calcareous nannofossil Praediscosphaera columnata (sub-
circular form). This Aptian/Albian boundary assignment
(base of nannofossil zone NC8) is retained in GTS2012.
Despite problems in precision taxonomy caused by the
evolutionary succession in morphology, the datum can be
put into a temporal context based on cycle stratigraphy
spanning the entire AlbianeAptian (e.g., Huang et al.,
2010), is near the “Kilian” carbon isotope excursion and the
base of the Microhedbergella rischi foraminifer zone, can
be applied to global oceanic sediments, and is approxi-
mately dated by a precise U-Pb age in Germany (Selby
et al., 2009). It is possible that one of the events in the
turnover of planktonic foraminifer species in this same
“Kilian” interval will be utilized as the main base-Albian
reference marker (e.g., Huber et al., 2011; Petrizzo et al., in
press).

However, considering the range of current proposals, the
AptianeAlbian boundary may eventually be ratified with
a definition that ismuch older by ~2myr, or younger by ~2myr.

Substages of the Albian

The traditional base of the Middle Albian is placed at the
lowest occurrence of the ammonite Lyelliceras lyelli (base of
Hoplites dentatus Zone) (Gale et al., 2011). The appearance
of this ammonite in the European marginal basins is
a temporary incursion of a more southern and cosmopolitan
form (Owen, 1996a). A proposed boundary stratotype lies
within dark gray clay-rich strata near St-Dizier, northern
France (Hart et al., 1996; Hancock, 2001).

The base of the Upper Albian is assigned to the lowest
occurrence of the ammonite Dipoloceras cristatum (Hart
et al., 1996; Gale et al., 2011). This event commonly coin-
cides with a transgression following a major sequence
boundary (e.g., Hesselbo et al., 1990; Amédro, 1992;
Hardenbol et al., 1998), thereby causing the Middle/Upper
Albian substage boundary interval to be quite condensed and
probably incomplete at the key sections along the English
Channel at Wissant (Pas-de-Calais province, northwest
France) and at Folkstone (Kent, United Kingdom) (Hart et al.,
1996). Therefore, an expanded basinal clay-rich section at
Col de Palluel in southeast France was extensively studied as
a substage GSSP candidate and tied to cyclostratigraphy
(Gale et al., 2011).

27.1.3. Subdivisions of the Upper Cretaceous

The majority of the Late Cretaceous subdivisions were
derived from facies successions in marginal marine to chalk
facies within eastern France and the Netherlands. The original
Turonian and Senonian stages of d’Orbigny (1847) were
progressively subdivided into the current six stages. However,
few of the classical stratotypes are suitable for placing the
limits of the stages.

A diverse array of primary markers are used or under
consideration for defining stage and substage boundaries,
including ammonoids, inoceramid bivalves, planktonic fora-
minifers, pelagic crinoids and magnetic polarity chrons.

27.1.3.1. Cenomanian

History, Definition and Boundary Stratotype

In 1847, d’Orbigny converted the lower portion of his
original Turonian into a Cenomanian Stage and assigned the
type region as the vicinity of the former Roman town of
Cenomanum, now called Le Mans (Sarthe region, northern
France) (d’Orbigny, 1847, p. 270). The conventional
ammonoid markers for the base of the Cenomanian were the
lowest occurrence of the acanthoceratid genus Man-
telliceras, which was derived from the genus Stoliczkaia of
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Upper Albian, or the lowest occurrence of the genus
Neostlingoceras.

Because these ammonoid groups are relatively rare in
many regions (Hancock, 1991), the Cenomanian Working
Group selected the lowest occurrence of the planktonic
foraminifer, “Rotalipora” globotruncanoides (¼ R. brotzeni
of some studies and now classified as Thalmanninella glo-
botruncanoides), as the basal boundary criterion for the
Cenomanian Stage. This foraminifer level is slightly lower
than the lowest occurrence of the Cenomanian ammonoid
marker of Mantelliceras mantelli. The Mont Risou section in
southeast France was chosen as the GSSP section (Tröger and
Kennedy, 1996; Gale et al., 1996) (Figure 27.3) and ratified
in 2002 (Kennedy et al., 2004). In many regions, the
AlbianeCenomanian boundary interval is coincident with
a widespread hiatus and condensation associated with
a major sequence boundary (e.g., Tröger and Kennedy, 1996;
Hardenbol et al., 1998).

Substages of the Cenomanian

The sudden entry of the ammonite genera Cunningtoniceras
and Acanthoceras s.s. is a major biostratigraphic event in
Europe. The base of the Middle Cenomanian is currently
placed at the lowest occurrence of the ammonite Cunning-
toniceras inerme at the Southerham Gray Quarry in the Sus-
sex province of England) (Tröger and Kennedy, 1996). The
lowest occurrences of ammonite Acanthoceras rhotomagense
and the beginning of a positive carbon-13 isotope excursion
are approximately 5 couplets higher (~100 kyr) (Gale, 1995).
This Lower/Middle Cenomanian boundary interval is missing
over large regions due to its coincident with a major sequence
boundary (e.g., Hardenbol et al., 1998).

The replacement of Acanthoceras ammonites by the
Calycoceras genus is commonly used to mark the base of the
Upper Cenomanian (Hancock, 1991). A marker for the base
of the Upper Cenomanian has not yet been selected, but the
placement will probably be near the limits of, or within, the
Acanthoceras jukesbrownei ammonite zone (Tröger and
Kennedy, 1996). This zone is coeval with the Dunvegano-
ceras pondi Zone of the Western Interior, the base of which is
used by Cobban et al. (2006) for their Upper/Middle substage
boundary.

27.1.3.2. Turonian

History, Definition and Boundary Stratotype

The concept of the Turonian Stage has undergone continual
redefinition (reviewed in Bengtson et al., 1996). The Turonian
proposed by d’Orbigny in 1842 was later divided by him
(d’Orbigny, 1847) into a lower Cenomanian Stage and an
upper Turonian Stage. The name is derived from the Tours or
Touraine region of France (Turones and Turonia of the
Romans), and d’Orbigny (1852) clarified his later definition
by selecting a type region lying between Saumur (on the

Loire river) and Montrichard (on the Cher river). In this
region, the lowest Turonian formation contains the ammonite
Mammites nodosoides, therefore its lowest occurrence was
considered the marker for the base of the Turonian Stage
(e.g., Harland et al., 1990). Below this level is a worldwide
oceanic anoxic event (OAE 2), a major positive excursion in
carbon-13 isotopes, and a mass extinction of over half of
ammonoid and brachiopod genera (e.g., Schlanger et al.,
1987; Kerr, 1998).

After considering several potential placements, the
Turonian Working Group placed the base of the Turonian at
the lowest occurrence of the ammonite Watinoceras devon-
ense (two ammonite zones below the Mammites nodosoides
Zone) near the global oceanic anoxic event (Bengtson et al.,
1996). The global boundary stratotype section and point is at
Rock Canyon Anticline, east of Pueblo (Colorado,
west-central USA) (Kennedy and Cobban, 1991; Bengtson
et al., 1996; Kennedy et al., 2000b, 2005) (Figure 27.4) and
was ratified in 2003. The maximum major carbon isotope
peak associated with the oceanic anoxic event occurs 0.5 m
above the boundary. The age of the CenomanianeTuronian
boundary is well constrained by 40Ar/39Ar ages from
bentonites as 94 Ma (Obradovich, 1993; Meyers et al., 2010).

Substages of the Turonian

The base of the Middle Turonian is marked by the lowest
occurrence of ammonite Collignoniceras woollgari. The
candidate for the GSSP is the base of Bed 120 in the Rock
Canyon Anticline section, approximately 5 m above the
GSSP defining the base of the Turonian Stage in the same
section (Bengtson et al., 1996; Kennedy et al., 2000b).

The base of the Upper Turonian is not yet formalized,
but potential datums are the lowest occurrences of the
ammonite Subprionocyclus neptuni in the Sub-Boreal realm
(e.g., Germany, England), of the ammonite Romaniceras
deverianum in the Tethys realm (e.g., southern France,
Spain), of the ammonite Scaphites whitfieldi in the North
American Western Interior (as used by Cobban et al., 2006,
and GTS2012) or of an inoceramid bivalve, Inoceramus
perplexus (¼ Mytiloides costellatus in some studies)
(Bengtson et al., 1996; Wiese and Kaplan, 2001).

27.1.3.3. Coniacian

History, Definition and Boundary Stratotype

Coquand (1857a,b) defined the Coniacian Stage with the type
locality at Richemont Seminary near Cognac (Charente
province, northern part of the Aquitaine Basin, western
France). In this region, basal Coniacian glauconitic sands
overlie Turonian rudistid-bearing limestones. The entry of
ammonoid Forresteria (Harleites) petrocoriensis was used to
mark the base of the Coniacian Stage. However, there can be
problems in identifying this species, and ammonoids can be
rare or absent in important Coniacian sections (Hancock,

802 The Geologic Time Scale 2012



1991; Kauffman et al., 1996). Therefore, the Coniacian
Working Group redefined the Coniacian Stage and its
substage boundaries using lowest occurrences of widespread
inoceramid bivalves that lived in the chalk seas.

The proposed marker for the base of the Coniacian is the
lowest occurrence of inoceramid bivalve Cremnoceramus
deformis erectus (¼ C. rotundatus (sensu Tröger non Fiege)),
which is above the lowest occurrence of F. (H.) petrocoriensis

δ

(A)

(B)

(C) (D)

FIGURE 27.3 GSSP for base of the Cenomanian Stage at Mont Risou, southeastern France. The GSSP level coincides with the lowest occurrence of the

planktonic foraminifera Rotalipora globotruncanoides (now classified as “Thalmanninella globotruncanoides”). Photo of the marker foraminifer (provided by

Atsushi Ando) is the metatype of globotruncanoides from the type locality (Ando and Huber, 2007).
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FIGURE 27.4 GSSP for base of the Turonian Stage near Pueblo, Colorado, USA. The GSSP level coincides with the lowest occurrence of the ammonite

Watinoceras devonense. Photo provided by Jim Kennedy.
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in Europe. This inoceramid is present throughout the
EuropeeAmerican biogeographic province and in the
Tethyan realm, and can be easily correlated to the North
Pacific and southern hemisphere (Walaszczyk et al., 2010).

A candidate boundary stratotype is the active Salzgitter-
Salder Quarry, southwest of Hannover (Lower Saxony prov-
ince, northern Germany) with an extensive upper Turonian
through lower Coniacian succession with macrofossils,
microfossils and geochemistry (Kauffman et al., 1996;
Walaszczyk and Wood, 1998; Walaszczyk et al., 2010).
However, at Salzgitter-Salder, the boundary interval is
condensed and may contain a minor hiatus in uppermost
Turonian. The most complete succession across the actual
boundary is at S1upia Nadbrze _zna in central Poland
(Walaszczyk andWood, 1998; Walaszczyk et al., 2010), but it
is limited to only a very brief interval spanning the latest
Turonian and earliest Coniacian and is poorly exposed.
Therefore, a composite GSSP is being proposed that will use
both of these reference sections.

The lowest occurrence of inoceramid bivalve Cremno-
ceramus deformis erectus correlates approximately to the
base of the Scaphites preventricosus ammonite zone of the
North American Western Interior basin (Cobban et al., 2006).
Bentonites from this ammonite zone and the uppermost
Turonian zone have yielded 40Ar/39Ar ages indicating
a boundary age of 90 Ma (Obradovich, 1993; Siewert, 2011;
Siewert et al., in press).

Substages of the Coniacian

The base of the Middle Coniacian is placed at the lowest
occurrence of the inoceramid bivalve genus Volviceramus,
which is at or near the lowest occurrence of ammonoid Per-
oniceras (Peroniceras) tridorsatum (Kauffman et al., 1996).
Potential boundary stratotypes are near Dallas-Fort Worth
(Texas, southern USA) or Seaford Head in southern England.
The base of the Upper Coniacian is placed at the lowest
occurrence of the inoceramid bivalve Magadiceramus sub-
quadratus (Kauffman et al., 1996). No stratotypes have yet
been proposed for this substage boundary.

27.1.3.4. Santonian

History, Definition and Boundary Stratotype

The Santonian Stage was named after Saintes (Cognac,
southwest France) by Coquand (1857b), who placed the lower
boundary at a glauconitic hardground capping Santonian
chalk.

The sudden turnover from Magadiceramus inoceramid
bivalves to the lowest occurrence of the widespread inocer-
amid Cladoceramus (¼Platyceramus) undulatoplicatus has
been selected as the marker for the base of the Santonian
(Lamolda et al., 1996). No other significant calcareous
microfossil or nannofossil datums occur near this level e
significantly below are the lowest Lucianorhabdus cayeuxii

nannoplankton (base of Zone UC11c) and lowest rare
Dicarinella asymetrica planktonic foraminifers (base of
D. asymetrica Zone) (Lamolda et al., 2011; Gale et al., 2007).
(The FAD of Dicarinella asymetrica planktonic foraminifers
had been a competing candidate marker for the boundary.)
There are lesser and some newly described calcareous
nannofossils that may provide correlation into other facies
(Blair and Watkins, 2009).

The leading GSSP candidate is a working quarry to the
south of Olazagutia in the Navarra region of Spain (D’Hondt
et al., 2007, special issue of Cretaceous Research; Lamolda
et al., 2011). The Olazagutia section is not ideal e the
biostratigraphic record may be incomplete and the abandoned
quarry wall might be unsuitable for future sampling. An alter-
native candidate is TenMile Creek, Dallas County, Texas (Gale
et al., 2007), where portions of the record are a composite of
overlapping sections. The Olazagutia section was approved as
the GSSP candidate by the Subcommission on Cretaceous
Stratigraphy, and submitted to the ICS in early 2012.

The lowest occurrence of the inoceramid Cladoceramus
undulatoplicatus boundary marker is just below the base of
the Clioscaphites saxitonianus ammonite zone of the North
American Western Interior (Walaszczyk and Cobban, 2007).
A set of 40Ar/39Ar ages from bracketing bentonites indicate
a boundary age near 86 Ma (Obradovich, 1993; Siewert,
2011; Siewert et al., in press).

Substages of the Santonian

The traditional Santonian has three substages, but no markers
for boundary stratotypes have yet been formalized. A possible
datum for the base of the Middle Santonian is the extinction
of the same Cladoceramus undulatoplicatus inoceramid
bivalve that marks the ConiacianeSantonian boundary
(Lamolda et al., 1996).

The lowest occurrence of stemless crinoid Uintacrinus
socialis is commonly used to place the base of the Upper
Santonian, and this level is near the FAD of nannofossil
Arkhangelskiella cymbifomis (Lamolda et al., 1996; Dhont
et al., 2007). Magnetostratigraphy of chalk successions in
southern England suggested that the base of this Uintacrinus
socialis Zone is at or just below the base of reversed-polarity
Chron C33r (Montgomery et al., 1998), but this has not yet
been confirmed in other sections. If the magnetostratigraphy
is supported and the base of Chron C33r is selected as the
main base-Campanian marker, then the traditional “Upper
Santonian” in the English Chalk would be reassigned as
lowermost Campanian (A. Gale, pers. comm., 2011).

27.1.3.5. Campanian

History, Definition and Boundary Stratotype

The Campanian Stage of Coquand (1857b) was named after
the hillside exposures of Grande Champagne near Aubeterre-
sur-Dronne (45 km west of Périgueux, northern Aquitaine
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province, France), but the bulk of the type “Campanian” at
Aubeterre is now classified as Maastrichtian (e.g., van Hinte,
1965; Séronie-Vivien, 1972).

The lower part of the type section had no obvious base to
the shallow-water limestone formation. The base of the
Campanian was placed at the lowest occurrence of ammonoid
Placenticeras bidorsatum by de Grossouvre (1901), but this
extremely rare species is not a practical marker (reviewed in
Hancock and Gale, 1996). In contrast, stemless crinoids of the
Uintacrinus and Marsupites genera, with their planktonic or
benthic habitat, have a near-global distribution in shelf chalks
(Gale et al., 1995). Therefore, the extinction of crinoid
Marsupites testudinarius has been a provisional boundary
marker for the base of the Campanian Stage (Hancock and
Gale, 1996), although the occurrence of this taxon is
restricted to certain environments. The base of the traditional
Campanian is at or within the lower portion of reversed-
polarity Chron C33r (e.g., Montgomery et al., 1998). There-
fore, the Campanian Working Group is considering using the
beginning of Chron C33r as the primary boundary definition,
thereby enabling global recognition in pelagic, continental
and other non-shallow-marine settings (A. Gale, pers. comm.
and discussions at NERC Workshop on Late Cretaceous,
University College London, June 2011). A side effect might
be to shift the traditional “upper Santonian” of the English
Chalk succession to the lowermost Campanian.

Potential boundary stratotypes might be the Waxahachie
dam spillway section (north central Texas) if the crinoid
marker is selected (Gale et al., 2008), or, if the base of C33r is
chosen, perhaps the Gubbio section in Italy with its classic
compilation of bio-magnetostratigraphy (e.g., Alvarez et al.,
1997; Lowrie and Alvarez, 1977).

The base-Campanian is generally correlated to the base of
the Scaphites leei III ammonite zone of the North American
Western Interior (e.g., Cobban et al., 2006). The age of the
base of this ammonite zone is constrained by 40Ar/39Ar dates
to be between 83 and 84 Ma (Obradovich, 1993; Siewert,
2011; Siewert et al., in press).

Substages of the Campanian

The Campanian is generally subdivided into Lower, Middle
and Upper substages of approximately equal duration, but
there are not yet any formal recommendations for primary
markers or boundary stratotypes for substages. In the North
American Western Interior, these substage bases are infor-
mally placed by Cobban (1993; and Cobban et al., 2006) as
the lowest occurrences of ammonoids Baculites obtusus and
Didymoceras nebrascense, respectively. In northwest Europe,
the base of the belemnite Belemnitella mucronata is often
used for a single Upper/Lower Campanian division marker,
and this level projects slightly below the “Middle/Lower”
Campanian boundary in North American usage (A. Gale,
Aug. 2011 correlation chart to J. Ogg).

27.1.3.6. Maastrichtian

History, Definition and Boundary Stratotype

The Maastrichtian Stage was introduced by Dumont (1849)
for the “Calcaire de Maastricht” with a type locality at the
town of Maastricht (southern Netherlands, near the border
with Belgium). The stratotype was fixed by the Comité
d’étude du Maastrichtian as the section of the Tuffeau de
Maastricht exposed in the ENCI company quarry at St.
Pietersberg on the outskirts of Maastricht, but this local
detrital-carbonate facies would correspond only to part of the
upper Maastrichtian in current usage (reviewed in Rawson
et al., 1978, and Odin, 2001). A revised concept of the
Maastrichtian Stage was based on belemnites in the white
chalk facies. Accordingly, the base of the stage was assigned
to the lowest occurrence of belemnite Belemnella lanceolata,
with a reference section in the chalk quarry at Kronsmoor (50
km northwest of Hamburg, north Germany (e.g., Birkelund
et al., 1984; Schönfeld et al., 1996). The lowest occurrence of
ammonoid Hoploscaphites constrictus above this level
provided a secondary marker. Comparison of strontium
isotope stratigraphy and indirect correlations by ammonoids
indicate that this level is approximately equivalent to the base
of the Baculites eliasi ammonoid zone of the North American
Western Interior (Landman and Waage, 1993; McArthur
et al., 1992).

However, the belemnite Belemnella lanceolata is not
a useful marker into the Tethyan faunal realm, whereas the
ammonoid Pachydiscus neubergicus has a much wider
geographical distribution (reviewed in Hancock, 1991).
Therefore, in a mixed decision, the Maastrichtian Working
Group recommended the base of the Maastrichtian to be
assigned as the lowest occurrence of ammonoid Pachydiscus
neubergicus (Odin et al., 1996).

The ratified GSSP boundary is in an abandoned quarry
near the village of Tercis les Bains in southwest France, at
90 cm below a coincident lowest occurrence of Pachydiscus
neubergicus and Hoploscaphites constrictus ammonoids
(Odin, 1996, 2001; Odin and Lamaurelle, 2001)
(Figure 27.5). The GSSP level was selected as arithmetic
mean of 12 biohorizons with correlation potential, including
ammonoids, dinoflagellate cysts, planktonic and benthic
foraminifers, inoceramid bivalves and calcareous nanno-
fossils (Odin and Lamaurelle, 2001). The history, stratig-
raphy, paleontology and inter-continental correlations are
extensively compiled in a special volume (Odin, 2001). The
weakly magnetized limestones at the Tercis stratotype did not
yield a magnetostratigraphy above the upper-middle Cam-
panian. A complex discussion of debated correlations of the
Tercis GSSP to sections having magnetostratigraphy,
geochemistry, North American ammonoid zones, strontium
isotope curves, radio-isotopic-dated bentonites, and other
markers was presented in GTS2004. Most of those uncer-
tainties have now been resolved through a combination of
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FIGURE 27.5 GSSP for base of the Maastrichtian Stage at Tercis, France, is 90 cm below the lowest occurrence of the ammonoid Pachydiscus

neubergicus. Photos provided by Andy Gale.
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carbon isotope stratigraphy studies, inoceramid correlations,
cycle-stratigraphic scaling of C-sequence chrons, and revised
spline-fit to recalibrated 40Ar/39Ar dates.

The Tercis GSSP is just below a bed with the lowest
Endocostae typica inoceramids (Walaszczyk et al., 2002).
The base of the E. typica Zone is equated with the base of the
Baculites baculus Zone in the North American ammonite
succession (Cobban et al., 2006). The age for the base of this
ammonite zone is 72.1 Ma according to the GTS2012 spline-
fit of dates from bracketing bentonites, as will be explained
below. Interpretations of the macrofossil occurrences and
microfossil stratigraphy of Tercis imply that the base of the
Maastrichtian Stage projects approximately as the base of the
Belemnella obtusa belemnite zone of northwest Germany
(e.g., Hancock et al., 1993; Burnett et al., 1998); therefore,
one zone higher than the “traditional” use of the base of the
Belemnella lanceolata Zone for placing the base-
Maastrichtian.

These correlations are supported by a distinctive carbon
isotope stratigraphy across the Tercis GSSP compared to
other MaastrichtianeCampanian reference sections, espe-
cially the chalk successions of northern Germany and the
magnetostratigraphy-calibrated curve from Gubbio, Italy
(Voigt et al., 2010, and in prep.). The GSSP level is just below
a minimum in the carbon isotope curve seen in all sections,
implying that the base-Maastrichtian correlates to the base of
the Belemnella obtusa belemnite zone in north Germany, to
approximately the base of nannofossil zone UC17 (highest
occurrence of Broinsonia parca constricta; although this
datum displays diachroneity among the studied sections), and
approximately 7/8ths up in magnetic polarity Chron C32n.2n
(~C32n.2n.88). According to the GTS2012 age model for the
C-sequence, which incorporates cycle-scaled polarity zone
durations for the Maastrichtian set (Husson et al., 2011), the
projected age for C32n.2n.88 is 72.1 Ma. This is exactly the
same as the GTS2012 spline-fit age of 72.1 Ma for the base of
the Baculites baculus Zone in the North American ammonite
succession. (Note: the initial GSSP summary by Odin (2001,
pp. 775e782) had a slightly lower set of proposed
correlations.)

This agreement between the independent sets of correla-
tions implies that the base-Maastrichtian is essentially
equivalent to the base of the Belemnella obtusa belemnite
zone, the base of the Endocostae typica inoceramid zone, the
base of the Baculites baculus ammonite zone of North
American, and approximately to the base of nannofossil zone
UC17. The magnetostratigraphic placement is Chron
C32n.2n.88, and the GTS2012 age for all of these base-
Maastrichtian levels is approximately 72.1 Ma.

Upper Maastrichtian Substage

The Maastrichtian is commonly divided into two substages,
although there is no agreement on the boundary criterion for
the base of the Upper Maastrichtian (Odin et al., 1996; Odin,

2001). One potential marker is the lowest occurrence of
ammonoid Pachydiscus fresvillensis with a possible strato-
type at Zumaya in northern Spain (Kennedy et al., 1995,
unpublished; Odin et al., 1996). The lowest occurrence of
ammonoid Hoploscaphites birkelundi (formerly “H. aff.
nicolleti) is an informal marker for the base of the Upper
Maastrichtian in the North American Western Interior
(Landman and Waage, 1993; Cobban, 1993; Cobban et al.,
2006). Alternative criteria include a magnetic polarity
reversal (e.g., base of Chron C31n), the extinction of rudistid
reefs, or the extinction of the majority of inoceramid
bivalves.

27.2. CRETACEOUS STRATIGRAPHY

Similarly to the Jurassic, the ammonite and other macrofossil
zones of European and North American basins had provided
the traditional standards for subdividing Cretaceous stages.
With the advent of petroleum and scientific drilling, micro-
fossil datums from pelagic successions are commonly used
for global correlations, especially when augmented by mag-
netostratigraphy. Cycle stratigraphy has now enabled scaling
of many of these zonations, and detailed carbon isotope
curves are becoming a major method for inter-regional
correlation.

27.2.1. Marine Biostratigraphy

Ammonoids dominate the historical zonation of the Lower
Cretaceous of Europe. Belemnites, inoceramid bivalves and
pelagic or benthic crinoids (e.g., Marsupites) provide
important macrofossil horizons within the Upper Cretaceous
of northwest Europe, and buchiid brachiopods are used for
correlation within the Lower Cretaceous of the Boreal realm.
Important microfossil biostratigraphic zonations include
planktonic foraminifers, calcareous nannoplankton, dinofla-
gellate cysts, and calpionellids.

27.2.1.1. Ammonites

Extreme faunal provincialism necessitated the establishment
of different regional scales throughout most of the Creta-
ceous, and these regional scales were commonly non-
standardized among publications. To partially rectify this
situation, the grouping of ammonoid datums into zones and
subzones has undergone significant revisions since 1990.
Only a few of the Cretaceous ammonoid zones compiled by
Hancock (1991) are currently used by the various Cretaceous
working groups (e.g., Rawson et al., 1996b; Reboulet et al.,
2011). The relative grouping into zones also varies among
regions and stages. For example, many of the high-resolution
“zones” of the North American Western Interior would be
classified as “horizons” in the broader zonal schemes used in
Europe.
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In particular, the IUGS Lower Cretaceous Working
Group (“Kilian Group”) has been striving to develop
a systematic zonation for the Tethyan region that can be
applied over large regions (Hoedemaeker et al., 1993;
Reboulet et al., 2006, 2009, 2011). In particular, the new
schemes have a more logical nomenclature in which most of
the revised zones begin with the first occurrence of the index
species. This is in contrast to the irregular association of
zonal spans with their “index” taxa in the “traditional”
schemes for the Cretaceous and still used for much of the
Jurassic. As a result, the current (Aug. 2011) Tethyan
zonation for Berriasian through Albian (Figure 27.6) has
only a few zonal names in common with the Lower Creta-
ceous zonation in Hardenbol et al. (1998) or even in
GTS2004. For example, the uppermost Albian “classic
Stoliczkaia dispar Zone”, which had varying definitions
among different authors, is replaced by elevating its
subzones to zone status (summarized by Kennedy in Gale
et al., 2011). These zones are cross-calibrated to microfossil
datums and cycle stratigraphy in southeastern France (Gale
et al., 2011). The “Kilian Group” is now undertaking the
challenging task of correlating the revised Tethyan scales to
the Boreal ammonite zonations.

This revision of zone definitions, taxonomic changes
in genera assignment of index species, and extensive high-
resolution subzonal divisions will simplify and standardize
correlations, but will undoubtedly lead to confusion when
trying to decipher zonal scales in older literature. Another
problem is that details of reference sections for these revised
and enhanced zonations have not yet been published; there-
fore, it is uncertain how to correlate other microfossil,
geochemical and paleomagnetic stratigraphy to the zones.
Estimates of zonal durations with the revised definitions also
require precise placement onto the existing reference sections
that had been used for strontium isotope trends and cycle
stratigraphy. For GTS2012, estimates of the placement of
these renamed/redefined zones relative to the former
“inter-calibrated” ammonite zones were used to make an
approximate age model.

A detailed ammonite zonation for the Cenomanian
through lower Maastrichtian of the North American Western
Interior has been standardized by Cobban (1993) and
Cobban et al. (2006). The co-occurrence of similar inocer-
amid taxa in North America and in Europe has enabled
correlation of most European ammonite zones (and other
marine macrofossils) to this North American scale
(summarized in Figure 27.6).

27.2.1.2. Other Marine Macrofauna

Upper Cretaceous chalk-rich successions of northwest
Europe have a variety of markers and zonations based on
belemnites, pelagic crinoids and other echinoderms
(e.g., belemnite zonations summarized by Combemorel and

Christensen, 1998). Inoceramid bivalves provide an important
tool for correlation within Late Cretaceous basins, especially
within the North American Western Interior (e.g., D’Hondt,
1998; Cobban et al., 2006). Rudist bivalves enable correlation
of shallow-water carbonate platforms (reviewed by Masse
and Philip, 1998). Ostracode datums and associated zones are
correlated to Boreal and Tethyan ammonoid zones within the
lower Cretaceous, and to Boreal belemniteeechinoderm
zonations within the upper Cretaceous (reviewed by Colin
and Babinot, 1998).

27.2.1.3. Foraminifera and Calpionellids

The remarkable evolution, diversification and global spread
of planktonic foraminifera in mid Cretaceous provide
a series of high-resolution global markers from Aptian
through Maastrichtian (e.g., Robaszynski and Caron, 1995;
Bralower et al., 1995, 1997; Premoli Silva and Sliter, 1999).
There are only relatively broad and geographically restricted
biozones in Berriasian through Barremian. The taxonomy of
this group is currently under revision using a more system-
atic and evolutionary framework (e.g., Mesozoic Planktonic
Foraminiferal Working Group, 2006). The Early Cretaceous
zonal scale in Figure 27.6 uses the synthesis by Robaszynski
(in Hardenbol et al., 1998) with selected modifications
(e.g., Erba et al., 1999; composite scales by Shipboard
Scientific Party, 2004). The AptianeAlbian zonation
includes various revisions (Erba et al., 1999; Leckie et al.,
2002; Huber and Leckie, 2011; Petrizzo et al., in press; and
B. Huber, pers. comm., 2011). The revised Late Cretaceous
foraminifer zonation and its correlation to geologic stages
and nannofossil datums is partially from a Late Cretaceous
microfossil workshop at University College London
(June 2011), which incorporated revised ranges, taxonomy
revisions and zonation recommendations by Petrizzo et al.
(2011) and others.

A detailed suite of correlations of smaller and larger
benthic foraminifera datums to ammonoid zones is partially
established (e.g., Magniez-Jannin, 1995; Arnaud-Vanneau
and Bilotte, 1998), although these zonations are mainly
applicable to European basins.

Calpionellids are enigmatic pelagic microfossils with
distinctive vase-shaped tests in thin-section. Calpionellids
appeared in the Tithonian and vanished in the latest Val-
anginian or earliest Hauterivian (Remane, 1985), and their
abundance in carbonate-rich shelf to basinal settings within
the Tethyan realm enables biostratigraphic correlation prior to
the increase in the diversity of planktonic foraminifera. Six
standard zones (Allemann et al., 1971) with finer subdivisions
(e.g., Remane et al., 1986) provide the basic framework for
interregional correlation (summarized by Remane, 1998).
There are variations upon this basic framework (e.g., Pruner
et al., 2010), but a nomenclature using lettered zones is
a common system (Figure 27.6).
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FIGURE 27.6 Summary of numerical ages of epoch/series and age/stage boundaries of the Cretaceous with selected marine biostratigraphic

zonations and principal trends in carbon isotopes and sea level. (“Age” is the term for the time equivalent of the rock-record “stage”.) Potential definitions

for Cretaceous stages are indicated; the final decisions will be made by the International Commission on Stratigraphy. Selected marine macrofossil biostra-

tigraphy columns for Early Cretaceous are ammonoid zones for the Tethyan realm (Sub-Mediterranean province; Reboulet et al., 2011) and Boreal realm (Sub-

Boreal province based mainly on Thierry, 1998; with lower Albian from Mutterlose et al., 2003). For detailed regional ammonite zonations in earliest

Cretaceous, see expanded scale in Figure 26.8 in Jurassic chapter (this volume). Marine macrofossil zones for Late Cretaceous are ammonoids of the Western

Interior of USA (a full list of zone names is in Table 27.3) and inoceramids of North America and Europe (Cobban et al., 2006; with partial modification by A.

Gale, pers. comm., 2010). Selected microfossil zones are planktonic foraminifers (composite from Robaszynski, 1998; Huber et al., 2008; Huber and Leckie,

2011; Petrizzo et al., 2011; and other sources, including B. Huber and M.R. Petrizzo, pers. comm., 2011) and early Cretaceous calpionellid zones (Remane,

1998). Early Cretaceous calcareous nannofossil zones are Boreal (BC; Bown et al., 1998) and Tethyan (CC with selected zone/subzone markers; with cali-

brations compiled from Bergen, 1994; Bralower et al., 1995; and other sources, including J. Bergen, P. Bown and E. de Kanael, pers. comm., 2007e2010).

810 The Geologic Time Scale 2012



FIGURE 27.6 (Continued).

Late Cretaceous UC zones are relatively cosmopolitan; and the calibration of the main markers was provided by Jackie Lees and the Late Cretaceous

microfossil workshop (July, 2010). The 13C curve (with widespread anoxic events) is a synthesis of generalized trends with relative magnitudes: Berriasian

through middle-late Aptian from Föllmi et al. (2006) with early Aptian modifications from Renard et al. (2005), the late Aptian to early Albian generalized from

Herrle et al. (2004), middle and late Albian from Gale et al. (2011), Cenomanian through Campanian from Jarvis et al. (2006), early Maastrichtian from Voigt

et al. (2010, and submitted) and late Maastrichtian from Thibault et al. (in press); although values of the observed 13C measurements are usually systematically

offset among different regions. The mega-cycles of sea-level trends are from Jacquin and de Graciansky (1998) and Hardenbol et al. (1998). Additional

Cretaceous zonations, geochemical trends, sea-level curves, etc. are compiled in the internal data sets within TimeScale Creator (www.tscreator.org).
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27.2.1.4. Calcareous Nannofossils

The Cretaceous period was named for the immense chalk
formations that blanket much of northwestern Europe, and the
main components of this chalk are calcareous nannofossils.
Following their rapid surge in abundance at the end of the

Jurassic (e.g., Caselleto et al., 2008), calcareous nannofossils
remained ubiquitous throughout the Cretaceous and Cenozoic
in all oceanic settings and sediments above the carbonate
dissolution depth.

Calibrations of major calcareous nannofossil datums to
ammonoid zones or magnetic polarity zones have been

FIGURE 27.6 (Continued).

812 The Geologic Time Scale 2012



established for several intervals in the Tethyan and Boreal
realms (e.g., Lower Cretaceous of Tethyan realm by Bergen,
1994: Bralower et al., 1995; Erba et al., 1999; Channell
et al., 2000, 2010; Lower Cretaceous of Sub-Boreal-Boreal
realm by Bown, 1998; Upper Cretaceous by Burnett et al.,

1998; von Salis, 1998; Huber et al., 2008; and the Late
Cretaceous microfossil workshop at University College
London, June 2011). The calibrations for the zonations in
Figure 27.6 are a synthesis of selected zonal scales and
markers.
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27.2.1.5. Organic and Siliceous Microfossils

Organic-walled cysts of dinoflagellates have been correlated
directly to ammonoid zones in the Tethyan realm for
Berriasian through Turonian, and in the Boreal realm for
Berriasian through Aptian (compiled by Monteil and
Foucher, 1998). In some intervals, these widespread dinofla-
gellate cysts have helped to resolve uncertainties in inter-
regional correlations (e.g., earliest Cretaceous between
Sub-Boreal and Boreal realms by Harding et al., 2011;
BarremianeAptian between Tethyan and Austral realms by
Oosting et al., 2006).

Siliceous radiolarians (pelagic sediments), charophytes
(brackish-water algae tests) and calcareous algae have
a relatively low resolution set of datums and zones compared
to other Cretaceous microfossil groups (e.g., respective
syntheses by De Wever, 1998; Riveline, 1998; and Masse,
1998). Siliceous diatoms evolved in the Jurassic, but did not
undergo a major evolutionary radiation until the mid-
Cretaceous, especially after the CenomanianeTuronian
boundary (e.g., Round et al., 1990; Sinninghe Damsté et al.,
2004).

27.2.2. Terrestrial Biostratigraphy

It is beyond the scope of this chapter to make a thorough
review of terrestrial biostratigraphy, and only a few high-
lights will be mentioned. Authoritative books on this topic
include Lucas et al. (1998), Woodburne (2004), and Kemp
(2005).

Dinosaurs, the most renowned group of Cretaceous
vertebrates, provide only a broad biostratigraphy (Lucas,
1997). Early Cretaceous sauropods were smaller, but ornith-
opods (such as Iguanodon) were larger than their Jurassic
cousins. Stegosaurs, iguanodontid and hypsilophodontid
ornithopods and sauropods (except in South America) were
nearly extinct by the end of the Early Cretaceous. The rapid
diversification of angiosperms (flowering plants) displaced
gymnosperms in the mid-Cretaceous, and this was probably
a major factor in the evolution of the suite of hadrosaurid
ornithopods, ceratopsians, and ankylosaur browsers. This
suite and their tyrannosaurid and coelurosaurian theropod
predators were dramatically terminated at the end of the
Cretaceous.

The Yixian Formation of Aptian age (Table 27.1) in China
is famous for the well-preserved Jehol Biota (plants, birds,
terrestrial life). Radio-isotope dating has yielded an early
Aptian age for the main Yixian Formation fossil localities
(Table 27.1). The Jehol Biota and other localities indicate that
placental and marsupial mammals appeared near the end of
the Early Cretaceous. The North American mammal age
“Judithian” began in the early Campanian (e.g., Jinnah et al.,
2009), and the earliest NALMA of “Aquilan” is possibly of
Santonian age.

27.2.3. Physical Stratigraphy

27.2.3.1. Magnetostratigraphy

Cretaceous Portion of M-Sequence

The M-sequence of marine magnetic anomalies formed from
the Late Jurassic to the earliest Aptian. Several bio-
magnetostratigraphic studies have correlated Early Creta-
ceous calpionellid, calcareous microfossil and dinoflagellate
datums to the M-sequence polarity chrons (e.g., Channell and
Gradesso, 1987; Channell et al., 1987, 1993, 1995b, 2000,
2010; Ogg, 1987, 1988; Speranza et al., 2005; Pruner et al.,
2010). Correlation of Tethyan ammonite zones to the
M-sequence has been achieved for the Berriasian spanning
Chrons M18 to M15 (Galbrun, 1984), the Berriasiane
Valanginian boundary interval spanning M15 to M13
(Ogg et al., 1988; Aguado et al., 2000), and the Hauterivian
and Barremian spanning portions of M10N to M1 (Cecca
et al., 1994; Channell et al., 1995a). Polarity zone M0r is
a primary marker associated with the proposed GSSP at the
base of the Aptian. When coupled with a spreading rate model
for the Pacific magnetic lineations within each individual
stage (see the chapter on geomagnetic polarity time scale),
these correlations also constrain the relative duration of each
ammonite zone within the Berriasian, Hauterivian and Bar-
remian stages.

Correlation of Boreal ammonite zones to the M-sequence
has been directly achieved only for the equivalent of
uppermost Tithonian and Berriasian in Siberia (Hou�sa et al.,
2007) and indirectly for the equivalent of the Berriasian
Stage in the Purbeck beds of southern England (Ogg et al.,
1991, 1994).

Reported Brief Subchrons Within Aptian and Albian

An extended normal-polarity Chron C34n, or “Cretaceous
Normal Polarity Superchron”, spans the early Aptian
through to the middle Santonian. Brief reversed-polarity
chrons have been reported from three intervals e middle
Aptian, middle Albian, and mid-late Albian e especially
within drilling cores of deep-sea sediments. However, none
of these proposed subchrons have been unambiguously
interpreted from marine magnetic anomaly surveys, nor have
M"-2r" or M"-3r" been verified in outcrop sections. The
following summary is revised from GTS2004; and the
reported possible placement relative to microfossil zones is
illustrated in Figure 27.6.

Ryan et al. (1978) proposed a negative numbering for
these three “pre-M0r” reversed-polarity events or clusters of
events:

(1) M"-1r" in middle Aptian with a biostratigraphic age near
the base of the Globigerinelloides algerianus planktonic
foraminifer zone (Pechersky and Khramov, 1973; Jarrard,
1974; VandenBerg et al., 1978; Keating and Helsley,
1978a,b,c; Hailwood, 1979, VandenBerg and Wonders,
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TABLE 27.1 Selected Radio-Isotopic Ages from Terrestrial and Flood-Basalt Deposits of Uppermost Jurassic, Cretaceous and

Lowermost Paleogene

Note: This is only a subset of the published age suites for most of these episodes. See the selected references for reviews.

Event

Source

(Biostrat;

Location)

Age for

GTS2012

Uncertainty

(95%)

Annotation;

Dated

Material;

Method Locality; Formation; Biostratigraphy

Primary

Reference

[Review

Reference]

Jehol Biota (BarremianeAptian)

Yixian 121.96 0.50 Mt9, Mt14,

ZCZ28;

Andesite (bulk

matrix); Ar-Ar

step-heating;

weighted mean

of 3 flows

Mashenmiao-Zhuanchengzi section (121�E,
41.5�N), Yixian Basin, 17 km southwest of the

Yixian City, in western Liaoning, northeast

China. Lower part of Yixian Formation of

intercalated volcanic and lacustrine

sedimentary rocks. Paleomagnetic behavior of

all 12 sampled levels in volcanics are

interpreted as a primary reversed-polarity;

therefore Chron M0r was proposed, but age

indicates M“-1r” in the GTS2012 scale.

He et al., 2008.

Yixian 125.38 0.10 P4T-1, P1T-2;

Sanidine

separates from

tuffs; Ar-Ar,

Laser

fusion; Single

crystals,

mean age

Two sites in main fossil-bearing region of

Sihetun, western Liaoning, northeast China.

Tuffs interbedded directly in the fossiliferous

horizons (Bed 6) of the lower Yixian

Formation. P4T-1 (Jianshangou section) is

50cm above the type specimen of primitive

mammal Zhangheotherium

quinquecuspidens. PIT-2 (Sihetun section) is

3.4 m above the layer bearing the type-

specimen of primitive bird Confuciusornis

sanctu.

Swisher et al., 1999.

Yixian 124.88 0.16 YX07-4;

Sanidine

separates from

tuff; Ar-Ar;

mean

plateau age

Site in main fossil-bearing region of Sihetun,

western Liaoning, northeast China.

Tuff interbedded directly in the fossiliferous

horizons (Bed 6) of the lower Yixian

Formation. Same level as Swisher’s P1T-2.

Chang et al., 2009.

[Renne et al.,

2010.]

Yixian 125.65 0.17 P1T-2; Zircons

from tuff;
206Pb/238U;

weighted mean

from 13

zircones

Site in main fossil-bearing region of Sihetun,

western Liaoning, northeast China. Tuff

interbedded directly in the fossiliferous

horizons (Bed 6) of the lower Yixian

Formation. Same level as P1T-2 of Swisher

et al. (1999) and YX07-4 of Chang et al.

(2009).

Renne et al., 2010.

Paraná-Etendeka flood basalts (ValanginianeHauterivian)

Parana,

Uruguay

133.06 0.26 PR94-7; Zircons

from tuff;
206Pb/238U;

weighted mean

from 13 zircons

4 km west of Lascano, SE Uruguay. Arequita

Formation. Sample is a

quartzeplagioclaseesanidine phyric

rhyolitie ash-flow tuff (ignimbrite), taken

about 20m up in the 50m thick tuff. Late-

stage eruption of the voluminous flood

volcanic province.

Renne et al., 2010.

134.30 0.80 OU-99 Dacite;

Baddeleyite/

zircon;
206Pb/238U

Ourinhos (northern Paraná Basin), South

Brazil. Felsic volcanic rock (hypocrystalline

Chapecó-type dacite), considered to be

regional onset of flood basalt volcanism in

northern and western portions of province.

Janasi et al., 2011.

(Continued)
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1980; Lowrie et al., 1980; Tarduno et al., 1989; Ogg
et al., 1992). This subchron has also been called the
"ISEA" event from an Italian outcrop sample code
(Tarduno et al., 1989), and has an estimated duration of
less than 100 000 years (Tarduno, 1990). Based on cycle
stratigraphy, the base of this foraminifer zone is at
approximately 122 Ma in the GTS2012 scale. Andesite
volcanic beds in the lower Yixian Formation of China,
which are interpreted as eruptions during a reversed-
polarity episode, have a similar date of 122.0 � 0.5 Ma
(He et al., 2008).

(2) M"-2r" set of Middle Albian events near the boundary of
the Biticinella breggiensis and Ticinella primula plank-
tonic foraminifer zones (Keating and Helsley, 1978a;
Jarrard, 1974; VandenBerg and Wonders, 1980; Tarduno
et al., 1992; Shipboard Scientific Party, 1998; Ogg and
Bardot, 2001).

(3) M"-3r" set in Late Albian (Green and Brecher, 1974;
Jarrard, 1974; Hailwood, 1979), which may occur at the
end of the Praediscosphaera cretacea or within the
Eiffellithus turriseiffeli nannoplankton zones (Tarduno
et al., 1992).

Another reversed-polarity event, possibly near the
AptianeAlbian boundary, has been reported within basalt
flows with a radiometric age of 113.3 �1.6 Ma (Gilder et al.,
2003).

Cretaceous Portion of C-Sequence

Polarity Chrons C33r through lower C29r have been corre-
lated to microfossil and nannofossil datums from basal
Cenomanian to the base of the Cenozoic (e.g., Alvarez et al.,

1977; Lowrie and Alvarez, 1977; Huber et al., 2011). This
polarity time scale has been calibrated in the western interior
seaway of North America to regional ammonoid zones and an
array of 40Ar/39Ar dates from bentonites (e.g., Obradovich,
1993; Hicks and Obradovich, 1995; Hicks et al., 1995, 1999;
Lerbekmo and Braman, 2002), and Chrons C32 through C29
have been scaled from cycle stratigraphy in ocean drilling
cores (Herbert et al., 1995; Husson et al., 2011) (see tables in
Chapters 5 and 28). The base of Chron C33r was reported as
being within the regional “upper Santonian” of England
(Montgomery et al., 1998), but this polarity reversal is now
being considered to mark the base of the Cenomanian
(A. Gale, pers. comm., 2011). The ages on the Campaniane
Maastrichtian portion of the C-sequence constrain the
synthetic age-distance model for the magnetic anomalies of
the South Atlantic (revised from Cande and Kent, 1992, 1995;
see Chapter 5).

27.2.3.2. Geochemical Stratigraphy

Carbon Stable Isotopes and Carbon-Enrichment
Episodes

Several significant excursions in the carbon cycle punctuate
the Cretaceous stratigraphic record (Figure 27.6), of which
the early Aptian “Selli” and latest Cenomanian “Bonarelli”
events are the most significant global events. Most of the
major positive excursions (>1.5&) in carbon-13 are asso-
ciated with widespread organic-rich sediments and drowning
of carbonate platforms, and appear to be preceded by or
coincide with the eruption of major flood basalt provinces
which provided a source of the excess carbon (e.g., reviews
and syntheses by Weissert et al., 1998; Jenkyns, 1999, 2010;

TABLE 27.1 Selected Radio-Isotopic Ages from Terrestrial and Flood-Basalt Deposits of Uppermost Jurassic, Cretaceous and

Lowermost Paleogenedcont’d

Note: This is only a subset of the published age suites for most of these episodes. See the selected references for reviews.

Event

Source

(Biostrat;

Location)

Age for

GTS2012

Uncertainty

(95%)

Annotation;

Dated

Material;

Method Locality; Formation; Biostratigraphy

Primary

Reference

[Review

Reference]

Overview Main pulse c.

135e133 Ma

Summary;

Sanidines from

alkaline

igneous; Ar-Ar

Regional overview; plus suites of ages from

Paraguay (western margin of igneous province)

eMain pulse c. 133e135 Ma; but with

precursor phases and late stages of activity.

Extensive review of

Ar-Ar ages for Paraná

eEtendeka flood

basalts in Gibson

et al., 2006; with

summary in Gibson,

2006.

Radio-isotopic ages with the 40Ar/39Ar method have been adjusted to a FCs monitor standard of 28.201Ma. There are many other studies of these episodes or deposits;
see references for reviews and syntheses. The ‘Annotation’ column is the original sample identification in the publication or a shortened designation.
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Larson and Erba, 1999; Erba, 2004; Wortmann et al., 2004;
see also Chapter 11, this volume). The middle Cretaceous
concentrations of black shale deposits, which are the source
rocks for over a quarter of current oilegas deposits, were
originally considered as indications of widespread oceanic
anoxic events (“OAE”) (e.g., Schlanger and Jenkyns, 1976).
Enhanced oceanic productivity, perhaps in response to
greenhouse conditions, also played a role (e.g., Hochuli et al.,
1999; Leckie et al., 2002; Jenkyns, 2010). The nomenclature
for the main events is partly derived from distinctive Euro-
pean horizons and an “OAE” numbering.

(1) A Late Valanginian positive C-13 excursion of ~2 & has
an onset in the mid-Valanginian (base of Say. verrucosum
ammonite zone), peaks in the following Neocomites
peregrinus ammonite zone, and returns to background
levels at the beginning of the Hauterivian (Lini et al.,
1992; Channell et al., 1993; Weissert et al., 1998). The
excursion approximately coincides with the early phases
of eruption of the ParanáeEtendeka large igneous prov-
ince of South America and Namibia (Erba et al., 2004).
The onset of this excursion, informally called the
“Weissert” episode after one of its discoverers, is her-
alded by four thin organic carbon-rich layers (“Barrande”
layers B1 to B4) in the Vocontian basin of southeastern
France (Reboulet, 2001, Reboulet et al., 2003).

(2) A latest Hauterivian (“Faraoni”) organic-enrichment
episode during the Pseudothurmannia catulloi ammonite
subzone (middle of Ps. ohmi Zone) is documented by
a pair of organic-rich sediments in Mediterranean and
Atlantic pelagic sections (Bodin et al., 2006). It coincides
with only a relatively minor positive C-13 excursion
(e.g., Baudin et al., 1997, 1999; Coccioni, 2003; Föllmi
et al., 2006). This level coincides with a maximum
flooding interval and regional drowning of platforms, and
occurs 0.5 myr before the base of the Barremian (Bodin
et al., 2006).

(3) An Early Aptian excursion (“OAE1a”) with a complex
C-13 signature that begins in the Desh. deshayesi
ammonite zone has been extensively studied. The
organic-rich “Selli” event (called “Goguel” level in SE
France) in the lower portion of the Leopoldina cabri
foraminifer zone is preceded by a negative excursion in
C-13 and followed by a major positive C-13 excursion
(e.g., Weissert and Lini, 1991; Weissert et al., 1998;
Mutterlose and Böckel, 1998; Moullade et al., 1998b;
Hochuli et al., 1999; Larson and Erba, 1999; Leckie
et al., 2002; Renard et al., 2005). A global “nannoconid
crisis” of a major decrease of these rock-forming
calcareous nannofossils precedes and continues through
the main episode of black shales (e.g., Erba, 1994, 2004).
The beginning of this OAE1a Selli event appears to be
synchronous with the main eruptive phase of the massive
Ontong Java Plateau flood basalts in the eastern

equatorial Pacific. The major positive isotope excursion
continues into the early Late Aptian. A relatively minor
organic-rich “Noir” bed at the base of the Upper Aptian
Epicheloniceras martinoides ammonite zone in the
reference sections in southeastern France is at the top of
the main positive isotope peak, and another minor
“Fallot” organic-rich level occurs at a minimum in C-13
near the top of that ammonite zone (Föllmi et al., 2006).

(4) A complex multi-phase set of oscillating positive and
negative excursions spanning the AptianeAlbian
boundary interval contains four widespread organic-rich
layers in the reference sections of southeastern France e
the “Jacob”, “Kilian”, “Paquier” (called “Urbino” in
Italy) and “Leenhardt” levels (Bréheret, 1988; Weissert
and Bréheret, 1991; Bralower et al., 1993; Weissert et al.,
1998; Leckie et al., 2002; Föllmi et al., 2006; Gale et al.,
2011). The designation of “OAE1b” has been applied
either to all or to only part of this interval, especially the
“Jacob” level. Cycle stratigraphy studies have quantified
the placement of the Jacob, Kilian and Paquier/Urbino
events as approximately 36, 31 and 26.5 long-eccentricity
405-kyr cycles prior to the base-Cenomanian, respec-
tively (e.g., Fiet et al., 2001; Grippo et al., 2004; Huang
et al., 2010; Gale et al., 2011; see Figure 27.6).

(5) An “OAE1c” middle Albian excursion (called “Jassines”
event in Gale et al., 2011) is associated with an organic-
rich “Amadeus” layer (after Mozart) or “Toolebuc” level
(e.g., Leckie et al., 2002; Coccioni, 2003).

(6) An “OAE1d” latest Albian excursion (e.g., Erbacher
et al., 1996; Leckie et al., 2002) or the series of positive
isotope excursions called the “Albian/Cenomanian
Boundary Event” (Gale et al., 2011) coincides with a set
of organic-rich “Breistroffer” or “Pialli” layers.

(7) The major “OAE2” CenomanianeTuronian boundary
excursion spans the Meto. geslinianum to Watin. devon-
ense ammonite zones, with the peak in uppermost Cen-
omanian (e.g., Schlanger et al., 1987; Jenkyns et al.,
1994; Kerr, 1998; Jenkyns, 1999, 2010; Jarvis et al.,
2011). The associated organic-rich level is named
“Bonarelli” after its occurrence in central Italy.

In addition to these major excursions, there are a multitude of
lesser, but commonly named, isotopic events that enable high-
resolution correlations within each Cretaceous stage
(e.g., syntheses by Erba, 2004; Herrle et al., 2004; Föllmi et al.,
2006; Jarvis et al., 2006; Voigt et al., 2010). A selection of
these syntheses that are tied to ammonite zones of southeastern
France (Early Cretaceous) and of NW Europe (Late Creta-
ceous) have been merged into a synthetic curve of the major
trends in Figure 27.6. The selected sets are the Berriasian
through middle-late Aptian from Föllmi et al. (2006; but
inserting the isotopeeammonite calibration within the Early
Aptian OAE1a in Desh. deshayesi ammonite zone from
Renard et al., (2005)), the late Aptian to early Albian from
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Herrle et al. (2004), middle and late Albian from Gale et al.
(2011), Cenomanian through Campanian from Jarvis et al.
(2006) andMaastrichtian fromVoigt et al. (2010; and in prep.).

Oxygen Stable Isotopes and Other Climate Proxies

Oxygen isotope records of oceanic temperature trends
through the Cretaceous are patchy; and many of these records
may be overprinted to create a false impression of cooler
values (e.g., Pearson et al., 2001; Wilson et al., 2002; see also
Chapter 10, this volume).

Some isotopic and paleontological studies have suggested
that the overall warm Early Cretaceous was punctuated by
cold spells during the BerriasianeValanginian boundary
interval, during earliest Late Valanginian and during the
earliest Aptian (e.g., Weissert and Lini, 1991; Hochuli et al.,
1999; Miller et al., 1999; Pucéat et al., 2003). Paleontologic
and isotopic evidence indicate that globally averaged surface
temperatures during the middle part of the Cretaceous were
more than 10�C higher than today (e.g., reviews by Barron,
1983; Huber et al., 1995, 2002; Bice et al., 2002). The general
model for the middle through late Cretaceous, from isotopic
records from DSDP-ODP sites, uplifted chalk and fish tooth
enamels, is that there was an overall warming trend from the
early Aptian to a peak in the early Turonian, followed by
a gradual cooling trend through the end of the Maastrichtian
(e.g., Douglas and Savin, 1975; Jenkyns et al., 1994; Clarke
and Jenkyns, 1999; Wilson et al., 2002; Pucéat et al., 2003;
Miller et al., 2004). However, even this “supergreenhouse”
interval may have experienced cooling to produce glaciations
that affected sea levels (e.g., Miller et al., 1999, 2003, 2004;
Bornemann et al., 2008).

Strontium and Osmium Isotope Ratios

The marine 87Sr/86Sr record displays a progressive rise from
the Berriasian to a maximum of 0.707 493 in the Barremian
P. elegans ammonite zone (see Chapter 7, this volume). If one
assumes that this was a quasi-linear trend through the
Valanginian and Hauterivian, then the relative duration of
each ammonite zone and its subzones can be estimated from
the reference sections in southeastern France (McArthur
et al., 2007).

The strontium isotope ratio decreases to a pronounced
minimum of 0.707 220 just before the Aptian/Albian
boundary, rises sharply in the Early Albian, flattens to a broad
maximum through the mid-to-late Albian, then declines to
a late Turonian minimum of approximately 0.707 275. From
this Turonian minimum, it rises to 0.707 830 at the end of the
Cretaceous.

These 87Sr/86Sr trends enableglobal correlation and relative
dating (e.g., McArthur et al., 1993), except on the cusps of
reversals (Aptian/Albian boundary, Late Turonian, middle
Barremian (sensu lato) or where the curve is relatively
flat (e.g., mid-to-late Albian). For example, the age of the

CampanianeMaastrichtian was calibrated in GTS2004, using
87Sr/86Sr curve correlations between Kronsmoor, Germany
and the North American Western Interior (Chapter on Creta-
ceous in GTS2004).

27.2.3.3. Cyclostratigraphy

Contributed by Chunju Huang
Nearly the entire Cretaceous has been scaled using

astronomically-forced cycle stratigraphy, especially using the
long-eccentricity 405-kyr and short-eccentricity 100-kyr
cycles. A precise “tie to Present” that utilizes the stable
405-kyr signal awaits unambiguous and continuous scaling of
the Paleogene, and a reliable model of how different sediment
regimes respond to maximum and to minimum intervals of
this eccentricity oscillation.

This review will highlight only a few cycle stratigraphy
studies, especially those which are directly used in scaling the
GTS2012 Cretaceous bio-magnetostratigraphy.

Early Cretaceous Cyclostratigraphy

BerriasianeValanginian A cycle stratigraphy in south-
eastern Spain from the lowest occurrence of Calpionellopsis
simplex to the lowest occurrence of L. hungarica implies that
the span of Calpionellid Zones D1 and D2 is about 1.3 myr
(Sprenger and ten Kate, 1993). The corresponding span in
magnetic polarity Chrons M16r and M16n is estimated from
a composite of calpionellid-bearing sections in southern
Europe (e.g., Ogg et al., 1988; Channell and Grandesso,
1987), and was used as a constraint on the M-sequence
spreading rate model (see Chapter 5 on the Geomagnetic
Time Scale, this volume).

Sections in the middle Berriasian in the Swiss and French
Jura suggest durations for the subzones of Berr. privasensis
(300e400 kyr), Dal. dalmasi (500e600 kyr) and Malbo.
paramimounum (900e1000 kyr) (Strasser et al., 2004). The
implied 1.8 myr span is nearly identical to the 1.7 myr span in
the GTS2012 scale based on magnetostratigraphic correlation
of these zones (e.g., Galbrun, 1984) to the M-sequence age
model.

For regional stages in the Boreal realm, Huang et al. (in
prep.) estimate a duration of ~5.2 myr (almost thirteen
405-kyr cycles) for Upper Volgian, ~1.8 myr for Ryazanian
and ~5.3 myr (thirteen 405-kyr cycles) for Valanginian
Stage based on 405-kyr tuning from high-resolution gray-
scale logging of cores from the GreenlandeNorwegian
Seaway. However, there are only indirect biostratigraphic
constraints on the placement of these regional stage
boundaries.

In ammonite-rich pelagic carbonates of the Vocontian
basin in southeast France, the uppermost Berriasian Thur-
manniceras otopeta Subzone through lower Valanginian
Busnardoites campylotoxus ammonite zone spans an esti-
mated minimum of 3.15 myr, and the upper Valanginian
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Sayno. verrucosum ammonite zone through Teschenites
callidiscus Subzone (uppermost Valanginian) spans an esti-
mated 2.75 myr. Therefore, the Valanginian portion of this
interval would have a minimum duration of ~5.5 myr
(Huang et al., 1993, and similar results by Giraud, 1995, and
by Giraud et al., 1995). After adjusting for the current
placement of the Valanginian boundaries, these results are
consistent with the 5.5-myr Valanginian span derived from
magnetostratigraphic correlation to the M-sequence
age model.

There are other cycle stratigraphy analyses of portions of
the Valanginian (e.g., Sprovieri et al., 2006; Amodio et al.,
2008), but with less precise biostratigraphic control.

HauterivianeBarremian Spectral analysis of high-resolu-
tion carbon-13 records from the uppermost Valanginian
(Chron M11n) through lower Hauterivian (Chron M7n)
magnetostratigraphic reference sections in Italy yielded
precession, short-term and long-term eccentricity cycles
(Sprovieri et al., 2006). The cycle-derived span of 3.58 myr
for this chron interval was used to scale the M-sequence
spreading rate model (See Chapter 5 on the Geomagnetic
Time Scale, this volume).

The lower Hauterivian Acanthodiscus radiatus through
Lyticoceras nodosoplicatum ammonite zones span an
estimated minimum of 2.40 myr, and the upper Hau-
terivian Subsaynella sayni ammonite zone to the lowest
occurrence of C. emerci (possible base of Barremian
Stage) spans an estimated 2.93 myr, for a total Hauterivian
minimum duration of 5.3 myr in southeast France (Huang
et al., 1993, and similar results by Giraud, 1995, and
Bodin et al., 2006). Huang et al. (1993) estimated
a duration of 5.3 myr for the Hauterivian Stage from the
Vocontian Basin (southeast France) and coeval strata in the
western central Atlantic Ocean (DSDP sites 391C, 534A,
603B). This was confirmed by Fiet et al. (2006) who
applied more rigorous analyses to the same Vocontian
Basin sections to obtain 5.3 � 0.4 myr. The shorter (3.9
myr) duration in GTS2012 probably indicates a difference
in placement of the stage boundaries, and is consistent
with the 3.5 myr duration for the Hauterivian from cycle
stratigraphy analysis of Italian magnetostratigraphy
sections (Sprovieri et al., 2006). Durations for uppermost
Hauterivian ammonite zones were estimated from cycle
stratigraphy by Bodin et al. (2006). Their duration esti-
mates are considerably greater than the scalings derived by
McArthur et al. (2007) based on a model of linear trends
in Hauterivian strontium isotope curves; but that portion of
the strontium isotope database was relatively poorly
constrained.

The Barremian has been analyzed by several teams using
magnetostratigraphic reference sections in Italy. Chron M3r
to the base of Chron M0r, encompassing most of the Barre-
mian interval, spans 4.3 myr according to Sprovieri et al.

(2006). Their result is similar to estimates in nearby sections
(e.g., Herbert, 1992; Fiet and Gorin, 2000; Wissler et al.,
2004; although Bodin et al., 2006, estimated ~4.5 myr), and is
used for the M-sequence spreading rate model of GTS2012.
Durations of individual Barremian ammonite zones were
estimated from cycle stratigraphy by Bodin et al., 2006. Even
though some of their Tethyan zonal boundaries are different
than those that were later recommended by the “Kilian
Group” (e.g., Reboulet et al., 2006, 2009, 2011) and the
schematic sections did not indicate the ammonite biostratig-
raphy, the durations are partially incorporated into the
GTS2012 age model, especially in the uppermost Hauterivian
and lowermost Barremian.

AptianeAlbian An international effort has yielded a cycle
stratigraphy for the entire AptianeAlbian interval and its
planktonic foraminifer and calcareous nannofossil datums
(e.g., Erba et al., 1999; Fiet, 2000; Fiet et al., 2001; Grippo
et al., 2004; Huang et al., 2010; Gale et al., 2011). There is
a total of 62.5 long-eccentricity cycles of 405 kyr from the
base of Cenomanian downwards to the top of Chron M0r
(Huang et al., 2010). If the AptianeAlbian boundary is
placed at the first occurrence (FAD) nannofossil Pre-
dicosphaera columnata (subcircular), then the Albian
spans 12.45 myr (Grippo et al., 2004; Huang et al., 2010)
and the Aptian down to the top of Chron M0r spans 12.8
myr (Huang et al., 2010). Chron M0r spans 490 � 0.25 kyr
in cycle stratigraphy of the Cismon APTICORE of Italy
(Malinverno et al., 2010), therefore, the entire Aptian stage
spans 13.3 myr.

The early Aptian organic-enrichment episode (OAE1a
or “Selli”) spans 1.11 � 0.11 myr according to cycle
stratigraphy (e.g., Malinverno et al., 2010); and precession
cycles in a section at Marcoulline, France, indicate that the
Globigerinelloides ferreolensis foraminifer zone spans 760
kyr (Kuhnt and Moullade, 2007). This listing is only
a selected subset of the extensive array of studies in these
intervals.

Late Cretaceous Cyclostratigraphy

CenomanianeTuronian A cycle stratigraphy has been
constructed for most of the uppermost Albian, Cenomanian
and lower Turonian in western Europe (Gale, 1995; Gale
et al., 1999), although there are potentially some missed-
beats in the succession of the interpreted 212 precession-
couplets, which have not been analyzed by spectral-analysis
techniques. According to the couplet-counting, the duration
of the Middle and Late Cenomanian (Cunningtoniceras
inerme through N. juddii ammonite zones) is 3.0 myr (Gale
et al., 1999). The Early Cenomanian (Mantelliceras mantelli
and Mant. dixoni ammonite zones) has a partial cycle stra-
tigraphy, but indicates a minimum span of about 1.5 myr. In
the Vocontian Basin of SE France, there are 22 couplets,
considered to be precession cycles, within the
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Neostlingoceras carcitanense Subzone in outcrops of
apparent continuity down through the uppermost Albian
(Gale, 1995) implying that the N. carcitanense Subzone
spans at least 0.44 myr. Herbert et al. (1995) estimated the
duration for the Cenomanian Stage as 6 � 0.5 myr based on
precessional chronology and carbonate cycles at the South
Atlantic DSDP sites 356, 357, 516F, 525A, 527, 528, 529,
and at Zumaya (Spain) and Italian pelagic series.

Gale et al. (2002) interpreted 12 sea-level sequences in
the Cenomanian as being driven by 405-kyr long-eccen-
tricity cycles through the high-resolution ammonite corre-
lation of marine successions in southeast India and
northwest Europe to demonstrate that these sea-level
changes are globally synchronous.

The organic-rich OAE2 “Bonarelli” level at Furlo of
the Scaglia Bianca Formation in the Umbria-Marches
region of Italy was estimated to have a cycle-derived
duration of ~1.8 myr (Mitchell et al., 2008). In contrast,
the OAE2 organic-rich interval at Wunstorf in northern
Germany has an eccentricityeprecession-derived duration
of 430e445 kyr (Voigt et al., 2008). Durations of each
ammonite zone have been derived from a cyclic-bedded
succession across the CenomanianeTuronian boundary in
the Western Interior Basin of North America and used with
interbedded radio-isotope-dated bentonites to obtain
a precise age for that stage boundary (Meyers et al., 2010,
2012). There are numerous other cycle stratigraphy anal-
yses of individual ammonite zones and other intervals
within the CenomanianeTuronian (e.g., Sageman et al.,
2006; Kuhnt et al., 2009).

ConiacianeSantonian Borehole-resistivity and litho-
stratigraphy of the Niobrara Formation of the Western
Interior Basin tied to North American ammonite zones in
coeval outcrops has been tuned to short- and long-eccen-
tricity cycles (Locklair and Sageman, 2008). The regional
usage of the Coniacian stage spans 3.4 � 0.13 myr, and
the Santonian spans 2.39 � 0.15 myr. The Coniacian
chalks in the Anglo-Paris Basin display eight depositional
cycles. If these correspond to a 405-kyr eccentricity
rhythm, then the Coniacian stage (as used in England)
spans 3.3 myr (Grant et al., 1999), similar to the North
American estimate.

CampanianeMaastrichtian The long span of the Campa-
nian, coupled with imprecise microfossil biostratigraphy,
hiatuses from sea-level changes, and a widespread low-
carbonate facies within the lower Campanian in oceanic cores
has precluded a full cycle stratigraphy for this interval. The
problems can be seen in the divergent “minimum” cycle-
derived durations for this stage, which, according to radio-
isotopic dating, should span at least 11 myr. The “middle
substage” in marlelimestone beds from northern Germany
spans a minimum of 3.6 myr (Niebuhr et al., 2005);

and interpreted long-eccentricity in chalk of Lägerdorf-
Kronsmoor of northern Germany suggests a total Campanian
span of 6.2 myr (Voigt and Schönfeld, 2010). Estimates of
~10 myr were obtained by counting interpreted 100-kyr short-
eccentricity and precession cycles in central Tunisia (Hen-
nebert et al., 2009).

In contrast, a reproducible and tuned cycle stratigraphy
calibrated to C-sequence Chrons C29r through C32r and to
microfossil datums has been obtained from analysis of
magnetic susceptibility and grayness-scanning from ODP
(Ocean Drilling Program) Holes 1258A (Leg 207, equatorial
Atlantic), 1267B (Leg 208, South Atlantic), 762C (Leg 122,
Indian Ocean) and DSDP (Deep Sea Drilling Program) Hole
525A (Leg 74, South Atlantic) (Husson et al., 2011). This
8 myr record includes detailed durations for each polarity
chron and subchron. For example, this composite cycle stra-
tigraphy places the Cenozoic (“K/T” boundary) at 0.30 �
0.02 myr above the beginning of Chron C29r.

27.2.3.4. Sequence Stratigraphy

Cretaceous marginal-marine to deep shelf successions in
Europe and North America record an abundance of basinal
and regional transgressions and regressions. At the largest
scale, the Cretaceous strata encompass a single trans-
gressiveeregressive cycle (the “North Atlantic” cycle of
Jacquin and de Graciansky, 1998). The lower boundary is
a widespread unconformity during Late Berriasian, the
transgression peaked in the Early Turonian, and average sea
levels continued to decrease into the Paleocene.

The common features from an extensive suite of compi-
lations edited by de Graciansky et al. (1998) were assembled
in a comprehensive synthesis and systematically numbered
from the base of each stage (Hardenbol et al., 1998). Coeval
emergent horizons recorded by AptianeAlbian seamount
carbonate platforms in the central Pacific Ocean imply that
some of these depositional sequences reflect global eustatic
sea-level oscillations (Röhl and Ogg, 1996). Detailed analysis
of facies successions and biostratigraphic constraints across
the Arabian Plate yielded a detailed sequence stratigraphy for
the Cretaceous (e.g., Sharland et al., 2001, 2004; Simmons
et al., 2007; van Buchem et al., 2011), in which many of the
main features appear to coincide with the Europeane
American-derived sequence scale. The magnitude and cause
of these sea-level changes during the presumed “super-
greenhouse” of the mid-Cretaceous remain controversial
(e.g., Miller et al., 2003, 2004) and some features require
additional verification (for example, the mid-Valanginian
“major sea-level lowstand excursion” may be partially an
artifact of the selected reference sections).

Details of the Cretaceous sequence stratigraphy are
continually undergoing refinement, but the major global
oscillations have probably been identified (see also Chapter
13 on sequence stratigraphy, this volume). The main large-
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scale deepening and shallowing trends from the SEPM’98
sequence stratigraphy charts (Hardenbol et al., 1998) are
summarized on Figure 27.6.

27.2.3.5. Other Major Stratigraphic Events

Large Igneous Provinces

At least five major large igneous provinces formed during the
Cretaceous. Most of these appear to be associated with major
distortions in the global carbon budget as indicated by
excursions in carbon isotopes, widespread organic-rich shales
or “OAE” episodes, increased oceanic carbonate dissolution,
and other changes in climate and oceanic chemistry
(e.g., Larson and Erba, 1999; Jones and Jenkyns, 2001; Bice
et al., 2002). Age constraints and possible feedbacks from
these episodes are reviewed by Wignall (2001) and Courtillot
and Renne (2003); and selected ages are summarized in
Table 27.1.

(1) ParanáeEtendeka, ~136e133 Ma. The early stages of
rifting of the South Atlantic were accompanied by
extrusion of a large igneous province onto South America
(Paraná flood basalts) and smaller fields in Namibia
(Etendeka Traps). The full suite of volcanic activity may
have had multiple pulses that spanned over 10 myr, but
the main pulse of tholeiitic volcanism appears to be
between 135 and 133 Ma (e.g., Stewart et al., 1996;
Gibson, 2006; Gibson et al., 2006; dates are after
adjustment to a 40Ar/39Ar FCs monitor age of 28.20 Ma).
The central Paraná volcanic suite spans a minimum of
a triplet of polarity zones (normalereversedenormal)
(Mena et al., 2006). The onset of the northern and
western Paraná volcanics from U-Pb dating of badde-
leyite/zircon is 134.3 � 0.8 Ma (Janasi et al., 2011). The
onset and main eruptive phase of the ParanáeEtendeka
flood basalts approximately coincides with the late Val-
anginian “Weissert” C-13 positive excursion
(e.g., Weissert et al., 1998; Erba et al., 2004), which has
a GTS2012 age assignment of ~136 � 1 Ma.

(2) Ontong Java PlateaueManihiki Plateau, ~125e123
Ma. During the middle of the early Aptian, the largest
series of volcanic eruptions of the past quarter-billion
years built the Ontong Java Plateau and Manihiki
Plateau in the western equatorial Pacific. A series of
deep-sea drilling legs documented that the multi-
kilometer-thick series of volcanic flows forming the
Ontong Java Plateau occurred during a short time span
at ~125e122 Ma (e.g., Mahoney et al., 1993; Chambers
et al., 2004). A controversial theory is that its initiation
may have been caused by a bolide impact (Ingle and
Coffin, 2004). The upper portions of the basalt flows are
interbedded with pelagic sediments of the lower portion
of the Leopoldina cabri foraminifer zone (Mahoney
et al., 2001; Sikora and Bergen, 2004). A cascade of

environmental effects from the eruption of the Ontong
Java Plateau is the suspected culprit for the organic-rich
deposits associated with the Early Aptian “OAE1a” or
“Selli” episode which has an estimated age of 125e124
Ma and was followed by a large positive carbon isotope
excursion (e.g., Larson, 1991; Tarduno et al., 1991;
Larson and Erba, 1999).

(3) Kerguelen PlateaueRajmahal Traps, ~118 Ma. The
Kerguelen plateau in the southern Indian Ocean is the
second largest oceanic plateau after the Ontong Java
Plateau. The peak of construction of the southern and
largest portion may have been simultaneous with the
eruption of the formerly adjacent Rajmahal Traps of
eastern India at ~118 Ma (reviewed in Wignall, 2001,
and in Courtillot and Renne, 2003). This episode prob-
ably contributed to the broad carbon isotope excursion
that characterizes the late Aptian. A second eruptive
episode at ~83 Ma enlarged the Kerguelen Plateau and
constructed the Broken Ridge (Courtillot and Renne,
2003).

(4) CaribbeaneColumbian Province, ~90 Ma. The Car-
ibbeaneColumbian volcanic province is a large Pacific
Ocean plateau that was later emplaced between the North
and South American plates. Its eruption may have
contributed to the end-Cenomanian OAE2 carbon isotope
excursion (e.g., Kerr, 1998); however, its apparent
average age of 89.5 � 0.3 Ma, coincides with the Tur-
onianeConiacian boundary (Courtillot and Renne,
2003).

(5) Deccan Traps, ~66e65 Ma. The Deccan Traps cover
most of central India. Their eruption peak at ~66 Ma
coincides with the catastrophic termination of the
Cretaceous (Courtillot and Renne, 2003).

In addition to these large igneous provinces, pulses of large-
scale volcanism constructed the Shatsky Rise in the central
Pacific during the earliest Cretaceous (Mahoney et al., 2005),
the Madagascar Traps at ~87 Ma (Bryan and Ernst, 2008), and
the Sierra Leone Rise in the central Atlantic at about 73 Ma
(Ernst and Buchan, 2001; Large Igneous Provinces
Commission, 2011).

Major Bolide Impacts

Five impact craters with diameters greater than 40 km are
currently documented from the Cretaceous (details from
Joudan et al., 2009, and Earth Impact Database, 2010; unless
otherwise noted).

(1) Morokweng crater (~70 km; or perhaps originally over
100 km) in the Kalahari desert of South Africa has
a “recommended” age from U-Pb and 40Ar/39Ar analyses
of 145.2 � 0.8 Ma (Koeberl et al., 1997; Reimond et al.,
1999; Jourdan et al., 2009). This coincides with the
JurassiceCretaceous boundary interval, although there is
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no unambiguous evidence of a wave of extinctions of
this age.

(2) Mjølnir crater (~40 km) offshore northern Norway has an
estimated age of c. 144 � 3 Ma based on biostratigraphy
of regional coring that indicates the impact was near the
VolgianeRyazanian boundary interval (Smelror et al.,
2001; Tsikalas, 2005).

(3) Tookoonoka crater (~50 km) in west Queensland, Aus-
tralia, has a poorly constrained age estimated as 128 � 5
Ma.

(4) Kara crater (~65 km) in the northern Urals of Russia is
dated as 70.3 � 2.2 Ma.

(5) the immense Chicxulub crater (~170 km) in Yucatan,
Mexico, that dramatically terminated the Mesozoic Era at
66.0 Ma.

27.3. CRETACEOUS TIME SCALE

The numerical time scale for the Cretaceous consists of three
main “primary scales”:

(1) Tethyan ammonite zones of Berriasian through Barre-
mian are calibrated to the M-sequence age model
(Chapter 5, this volume),

(2) microfossil zones in AptianeAlbian are calibrated to
cycle stratigraphy that is constrained by radio-isotopic
dates, and

(3) North American ammonite zones of Cenomanian through
early Maastrichtian that have an abundance of inter-
bedded bentonites with radio-isotopic ages are scaled
with cycle stratigraphy and a spline fit.

Most other Cretaceous events are assigned ages according to
their calibration to these primary biostratigraphic scales or via
direct calibrations to the M-sequence or C-sequence chrons.

27.3.1. Constraints from Radio-Isotopic
Dates

Compared with any other Phanerozoic interval, the Late
Cretaceous has the highest concentration of radio-isotopic
dates derived from bentonites interbedded with fossiliferous
limestone (see Figure 1.5 of Chapter 1 and Appendix 2, this
volume). In contrast, the Early Cretaceous has only a few
well-constrained radio-isotopic ages; and a selected subset of
the main constraints is briefly reviewed here.

The TithonianeBerriasian boundary (base of Creta-
ceous) is constrained by a 40Ar/39Ar date of 145.5 � 0.8 Ma
on reversed-polarity sills intruding earliest Berriasian
sediments on the Shatsky Rise of the Pacific (Mahoney
et al., 2005). A BerriasianeValanginian age older than
~138 Ma is supported by U-Pb dates from calcareous
nannofossil-zoned sediments in the Great Valley of
California (Shimokawa, 2010).

Deposits in the Neuquén Basin of Argentina that are
correlated to the basal ammonite zone of the Upper Hau-
terivian substage yielded a U-Pb SHRIMP age of 132.7 � 1.3
Ma (Aguirre Urreta et al., 2008). Basalts from Resolution
Guyot in the Pacific with reversed-polarity magnetization
interpreted as Chron M5r or M3r of Barremian yielded
a 40Ar/39Ar age from whole rock incremental heating of 128.4
� 2.1 Ma (Pringle and Duncan, 1995a); but this method and
its biostratigraphic constraints are not considered to be
conclusive.

Several dates indicate that the Aptian begins at approx-
imately 126 Ma. The basaltic basement on the Ontong Java
Plateau, which is interbedded and overlain by limestone
assigned to the Leopoldina cabri foraminifer zone (Mahoney
et al., 2001; Sikora and Bergen, 2004), yielded an average
40Ar/39Ar age of 124.3 � 1.8 Ma (Chambers et al., 2004).
As noted above, the eruption of this massive igneous prov-
ince is considered to be a causal factor in the OAE1a or
“Selli” episode of carbon-rich oceanic sediment accumula-
tion and carbon isotope excursion that begins at about 0.5
myr after the end of Chron M0r (hence about 0.9 myr after
the beginning of the Aptian) and spans about 1.1 myr
(Larson and Erba, 1999; Malinverno et al., 2010). Dating of
reversed-polarity basalts at MIT Guyot in the Pacific yielded
an age of 125.4 � 0.2 Ma (Pringle and Duncan, 1995b; as
recomputed to FCs of 28.201 Ma). The overlying basalt is
a transition into a well-developed soil that is overlain by
transgressive marine sediments containing early Aptian
nannofossils, and then capped by a thick shallow-water
carbonate platform. Initially, the reversed-polarity zone had
been interpreted to be the uppermost portion of polarity
Chron M1r of middle Barremian, but the nannofossil criteria
and the character of the carbon isotope values from the
overlying sediments are consistent with interpreting this
zone as uppermost Chron M0r of basal Aptian (Pringle et al.,
2003). Chron M0r spans 0.4 myr (e.g., Herbert et al., 1995),
therefore its base, which is a proposed marker for the base of
the Aptian Stage, is at approximately 126.0 Ma. This is
consistent with a U-Pb date of 124.07 � 0.17 from calcar-
eous nannofossil-zoned sediments of Early Aptian in the
Great Valley of California (Shimokawa, 2010) and an Ar-Ar
date of 124.3 � 1.8 Ma from basalts of Ontong Java Plateau
(Chambers et al., 2004) that are considered to be coeval
with the onset of Early Aptian OAE1a anoxic horizon
(Table 27.1).

In contrast, a volcanic episode of reversed polarity within
continental deposits of the Yixian Formation of China yielded
a 122.0 � 0.5 Ma date from the 40Ar/39Ar step-heating
method (He et al., 2008). He et al. (2008) had interpreted this
reversed-polarity event to be during Chron M0r, thereby
implying that the base of the Aptian was younger than
123 Ma. Assuming that the dating and interpretation of the
magnetic polarity are reliable, another alternative is that this
eruption captured the brief M“-1r” or ISEA event of mid-
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Early Aptian (c. 122 Ma; see summary in Magneto-
stratigraphy section of this chapter).

A volcanic ash within the basal Albian strata in northwest
Germany yielded a U-Pb age of 113.1 � 0.3 Ma (Selby et al.,
2009). The top of the basal Cenomanian ammonite subzone
has a 40Ar/39Ar date of 99.8 � 0.4 Ma (Obradovich et al.,
2002).

From the lowest Cenomanian through lower Maas-
trichtian, there are nearly 45 radio-isotopic-dated horizons
from the Western Interior Basin of North America (detailed in
Appendix 2). A Late Cretaceous time scale for North
American ammonoid zones was initially calibrated by
Obradovich (1993) from his extensive suite of 40Ar/39Ar dates
on bentonites using a multi-grain analysis of sanidine grains
at the USGS lab. He added additional dates from sections
calibrated to CampanianeMaastrichtian magnetostratigraphy
(Hicks et al., 1995, 1999), then summarized and enhanced the
sets using a refined ammonite zonation for the Western
Interior Basin (Cobban et al., 2006). The collections of
sanidine grains from Obradovich’s separates have been
undergoing single-crystal analyses to narrow the uncertainties
at the University of Wisconsin at Madison; and this group has
analyzed additional horizons and applied U-Pb dating to
zircons from the same levels (e.g., Siewert, 2011; Siewert
et al., in press;* Meyers et al., 2012). Supporting U-Pb and
Ar-Ar results have been contributed by Quidelleur et al.
(2011) from Japanese sections, including verification that the
base of the Cenomanian is at approximately 100.0 Ma.

The youngest ammonite-zoned age from the Western
Interior suite is ~69.9 Ma in the earliest Maastrichtian. The
MaastrichtianeDanian boundary (base of Cenozoic) is well-
dated as ~66.0 Ma (see Chapter 28 on the Paleogene, this
volume).

27.3.2. Direct Spline-Fitting of Radio-
Isotopic Age Suite

An initial spline fit incorporated the majority of the Creta-
ceous and Jurassic suite of radio-isotopic ages (Appendix 2)
and their bio-chronostratigraphic assignments with uncer-
tainties to a merged scale of North American Western Interior
ammonite zones (Late Cretaceous) and Tethyan ammonite
zones (basal Cenomanian through Jurassic). Some Cretaceous
radio-isotope dates were omitted that were difficult to
correlate to the primary ammonite zonal scale (e.g., the
Kneehills Tuff within Triceratops dinosaur beds). The spline-
fit processed by Øyvind Hammer used the methods described
in Chapter 14 on Geomathematics (this volume). The first
spline run with a smoothing factor of 1.5 indicated that 11
dates did not pass the chi-squared distribution test (mainly in

the Jurassic); therefore a second spline run relaxed the
smoothing factor to 0.975.

However, the relaxed fit for this spline did not fully utilize
the detailed high-precision radio-isotope dates with excellent
ammonite zone placements for the Late Cretaceous. As
a result, many of those dates were no longer being assigned by
that spline-fit into the computed age ranges for those zones.
Therefore, a second hybrid spline was constructede in which
the Late Cretaceous had a stricter spline-fit model, and the
Early Cretaceous through Jurassic had a less restrictive
smoothing factor. The resulting estimates for Cretaceous
stage boundaries are listed under “Spline” in Table 27.2. The
main change was for base of Hauterivian, which differed by
0.4 myr between these two spline-fit versions.

This Spline #2 also yielded a set of smoothly varying
durations for the ammonite zones. However, in many intervals
of the Cretaceous, this smoothly varying scaling can be
enhanced by using the durations for individual ammonite
zones based on cycle stratigraphy. For example, the cycle-
scaled duration of the Pseudaspidoceras flexuosum ammonite
zone is 0.45 myr (Meyers et al., 2012), but the spline-fit
projects it as 0.84 myr, twice the actual duration. In other
intervals, improved scalings of ammonite zones can incor-
porate calibrations to the Pacific M-sequence, relative scal-
ings from linear strontium isotope trends (e.g., McArthur
et al., 2007) or correlations to cycle-scaled microfossil zones
(e.g., Grippo et al., 2004; Huang et al., 2010; Gale et al.,
2011).

The spline-fit was therefore enhanced by incorporating
these other sets of stratigraphic studies or integrated stratig-
raphy (e.g., the Bayesian statistical method by Meyers et al.,
2012, that optimizes the merger of radio-isotopic dates with
the cycle stratigraphy in the TuronianeCenomanian
boundary interval). In most cases, the modification of the ages
for those stage boundaries based on the enhanced calibrations
of the ammonite zones is less than 0.3 myr from one of the
spline-fit versions.

27.3.3. Cretaceous Numerical Age Model

The primary standards for Cretaceous calibrations are the
ammonite zones of the Tethyan realm (Berriasian through
Albian) and North American Western Interior (Cenomanian
through mid-Maastrichtian) (Table 27.3). The age model
for the Berriasian through Barremian ammonite zones is
mainly derived from correlations to the M-sequence of marine
magnetic anomalies (see Geomagnetic Time Scale, Chapter 5)
plus intervals with cycle stratigraphy and/or linearization of
strontium isotope trends (Table 27.3). The AptianeAlbian
ammonite zones are scaled according to their correlation with
microfossil and nannofossil datums, which, in turn, are scaled

* Sarah Siewert et al. had kindly provided us with their first manuscript submission. However, their resubmission as GTS2012 was going to press had applied

slightly different statistical methods, therefore some computed dates shifted by up to 0.15 myr.
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TABLE 27.2 Summary of the Derivation of the Cretaceous Numerical Age Model for Stages and the Main Ammonite Zonations

Stage

Spline-

Fit

Age;

(Ma)

Spline-Fit

Uncertainty

(2-Sigma)

Revised

Age

(Ma)

Estimated

Uncertainty

(2-Sigma)

Duration

(myr)

Calibration

(Brief)

Stage Primary Marker

and GSSP or Working

Definition; Calibration

Method to

Compute Basal

Age of Stage

Method for Scaling

Ammonite Zones

within Stage

PALEOGENE

(Danian)

66.0 0.1 66.0 0.1 Ar-Ar radio-

isotope age

Iridium anomaly caused

by bolide impact.

Maastrichtian/

Paleocene boundary

¼ 66.0 Ma

(radiometrics in

GTS2012) ¼ Chron

C29r.5 (Husson

et al., 2011, cycle

stratigraphy).

Maastrichtian 72.1 0.2 72.1 0.2 6.1 Bracketing

radio-isotopic

ages

GSSP at Tercis, France, is

90 cm below the lowest

occurrences of the

ammonoids Pachydiscus

neubergicus and

Hoploscaphites

constrictus. Carbon-13

curves imply that GSSP

level is about 85% up in

Chron C32n.2n.88.

Equivalence with

base of Baculites

baculus ammonite

zone of Western

Interior which is

bracketed by Ar-Ar

dates. This age is

same as cycle-

scaled C32n.2n.88

relative to base-

Cenozoic.

Spline-fit of Western

Interior zones

relative to Ar-Ar

dates from

interbedded ash

beds for Lower

Maastrichtian.

Foraminifer and

nannofossil datums

for Maastrichtian are

calibrated to

C-sequence

magnetostratigraphy.

Campanian 83.8 0.2 83.6 0.3 11.6 Bracketing

radio-isotopic

ages

GSSP is not yet decided.

Set here as base of Chron

33r. Alternate base-

Campanian is the

extinction of crinoid

Marsupites testudinarius.

Assumed

equivalence with

base of Scaphites

leei III ammonite

zone of Western

Interior which is

bracketed by Ar-Ar

dates.

Spline-fit of Western

Interior zones

relative to Ar-Ar

dates from

interbedded ash

beds. Foraminifer

and nannofossil

datums for upper
Campanian are

calibrated to

C-sequence

magnetostratigraphy.

Santonian 86.2 0.2 86.3 0.5 2.6 Bracketing

radio-isotopic

ages

Lowest occurrence of

inoceramid

Cladoceramus

undulatoplicatus.

Assumed to be

equivalent to the

base of the

Clioscaphites
saxitonianus

ammonite zone of

the Western Interior,

which is bracketed

by Ar-Ar and U-Pb

dates.

Mainly from cycle

stratigraphy

durations for these

Western Interior
zones, plus spline-fit

of zones relative to

Ar-Ar dates from

interbedded ash

beds.

Coniacian 89.7 0.1 89.8 0.4 3.5 Bracketing

radio-isotopic
ages

Current working

placement is the lowest
occurrence of the

Cremnoceramus

rotundatus inoceramid

bivalve.

Assumed to be

equivalent to the
base of the Scaphites

preventricosus

ammonite zone of

the Western Interior,

which is bracketed

by Ar-Ar and U-Pb

dates.

Mainly from cycle

stratigraphy
durations for these

Western Interior

zones, plus spline-fit

of zones relative to

Ar-Ar dates from

interbedded ash

beds.
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TABLE 27.2 Summary of the Derivation of the Cretaceous Numerical Age Model for Stages and the Main Ammonite

Zonationsdcont’d

Stage

Spline-

Fit

Age;

(Ma)

Spline-Fit

Uncertainty

(2-Sigma)

Revised

Age

(Ma)

Estimated

Uncertainty

(2-Sigma)

Duration

(myr)

Calibration

(Brief)

Stage Primary Marker

and GSSP or Working

Definition; Calibration

Method to

Compute Basal

Age of Stage

Method for Scaling

Ammonite Zones

within Stage

Turonian 94.0 0.2 93.9 0.2 4.1 Bracketing

radio-isotopic

ages

GSSPat Pueblo, Colorado,

coincides with lowest

occurrence of the

ammonite Watinoceras

devonense and is in the

middle of a global positive

excursion in carbon-13

isotopes.

GSSP level is

bracketed by

widespread

bentonites that have

yielded age of 93.79

to 93.96 Ma; and

cycle-extrapolated

as 93.90 � 0.16 myr

(Meyers et al.,
2010).

Mainly from cycle

stratigraphy

durations for these

Western Interior

zones.

Cenomanian 100.3 0.3 100.5 0.4 6.6 Bracketing

radio-isotopic

ages

GSSP at Mt. Risou in SE

France coincides with the

first appearance datum

(FAD) of foraminifer

Rotalipora

globotruncanoides, which

is 6 m lower than base of
M. mantelli ammonite

zone at this section.

The uppermost part

of the N.

caractanense

Subzone (basal

subzone of

Cenomanian) is

~99.86 � 0.37 Ma
(Obradovich et al.,

2002), and cycle

stratigraphy scaling

of its duration (0.44

myr) ¼ 100.3 Ma,

and a slight 0.25 myr

offset to the GSSP

marker below

implies the base of

the Cenomanian is

100.5 � 0.4 Ma.

Spline-fit of Western

Interior zones

relative to Ar-Ar

dates from

interbedded ash

beds, plus cycle-

stratigraphy
durations for some

zones.

Albian 113.1 0.2 113.0 0.4 12.5 12.5 myr

below base of

Cenomanian

Working definition for

GTS2012 is the first

appearance datum (FAD)

of Praediscosphaera

columnata (subcircular).

GSSP not yet decided.

Total of 30.75 cycles

of 405 kyr from base

of Cenomanian to

FAD of P. columnata

in Piobbico core.

Ammonite zones of

the Tethyan realm

have been correlated

to most of the

nannofossil and

foraminifer datums

that are in the Albian

cycle stratigraphy

scale.

Aptian 125.9 0.5 126.3 0.4 13.3 25.8 myr

below base of

Cenomanian

is the base of

Chron M0r

Working definition for

GTS2012 is the base of

Chron M0r. GSSP not yet

decided.

Total of 62.5 cycles

of 405 kyr from base

of Cenomanian to

top of M0r (hence,

25.31 myr), plus

0.49 myr for cycle

duration of M0r ¼
total of 25.8 myr

before base-

Cenomanian.

Ammonite zones of

the Tethyan realm

have been correlated

to most of the

nannofossil and

foraminifer datums

that are in the Aptian

cycle stratigraphy

scale.

(Continued)
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TABLE 27.2 Summary of the Derivation of the Cretaceous Numerical Age Model for Stages and the Main Ammonite

Zonationsdcont’d

Stage

Spline-

Fit

Age;

(Ma)

Spline-Fit

Uncertainty

(2-Sigma)

Revised

Age

(Ma)

Estimated

Uncertainty

(2-Sigma)

Duration

(myr)

Calibration

(Brief)

Stage Primary Marker

and GSSP or Working

Definition; Calibration

Method to

Compute Basal

Age of Stage

Method for Scaling

Ammonite Zones

within Stage

Barremian 130.5 0.5 130.8 0.5 4.5 Chron M5n.8 Base of Spitidiscus hugii

ammonite zone; assigned

as 80% up in Chron M5n.

GSSP not yet decided.

Chron M5n.8 from

cycle-scaled

spreading rate

model for Pacific

M-sequence.

Base of the Upper

Barremian (base of

Ancyloceras

vandenheckii Zone)

is approximately

90% up in Chron

M3r; and zones

above/below are

scaled according to
cycle stratigraphy

durations (e.g.,

Bodin et al., 2006) or

using relative

numbers of

subzones.

Hauterivian 133.5 0.5 133.9 0.6 3.1 Base of Chron

M10n

Base of Acanthodiscus

radiatus ammonite zone
of Tethyan realm is near

the beginning of Chron

M10n (e.g., Weissert and

others), as supported by

later studies (e.g,

McArthur et al., 2007),

and consistent with the

cycle-scaled duration of

the Valanginian. Assigned

as base M10n. GSSP not

yet decided.

Base of Chron M10n

from cycle-scaled
spreading rate

model for M-

sequence of marine

magnetic anomalies

in Pacific.

Late Hauterivian

zones scaled
according to cycle

stratigraphy

durations

(e.g., Bodin et al.,

2006); and Early

Hauterivian using

relative duration of

each ammonite

subzone derived

from the assumption

by McArthur et al.

(2007) of a linear

trend in strontium

isotope values.

Valanginian 139.0 0.8 139.4 0.7 5.5 Chron M14r.3 Base of Tirnovella

pertransiens ammonite

zone in Tethyan realm,

which is 30% up in Chron

M14r. GSSP not yet

decided.

Chron M14r.3 from

cycle-scaled

spreading rate

model for Pacific

M-sequence.

Relative duration of

each ammonite

subzone within the

stage is derived from

the assumption by

McArthur et al.

(2007) of a linear

trend in strontium

isotope values.

Berriasian 144.6 1.5 145.0 0.8 5.6 Base of Chron

M18r

Not yet defined. Set as

Base of Chron M18r for

GTS2012, but may

eventually be assigned to

a calpionellid, nannofossil

or ammonite datum.

Base of Chron M18r

from cycle-scaled

spreading rate

model for Pacific

M-sequence.

Correlation of

Tethyan ammonite

zones to

M-sequence

magnetostratigraphy.

Values are rounded to nearest 0.1 myr. A spline fit through the database of JurassiceCretaceous radio-isotopic ages (Appendix 2) was run, then the final age model
incorporated cycle stratigraphic constraints on stage and zone durations, segments with linear trends in strontium isotopes (SinemurianePliensbachian), removing
anomalous jumps in Pacific spreading rates (late Jurassic through early Cretaceous) and other stratigraphic or radio-isotopic constraints (see text).
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TABLE 27.3 Interpolated Numerical Ages for Ammonite Zones of the Early Cretaceous Tethyan Faunal Realm and the Late

Cretaceous Western Interior Realm

Stage/Age Tethyan Zone
Basal Age

(Ma)
Notes on Calibration and Zonal Usages

PALEOGENE base TOP 66.00

[Few usable ammonites] 68.08 DOTTED eNo constraints.

Jeletzkytes nebrascensis 68.69 DOTTED eUsed average durations of H. birkelundae
through J. nebrascensis from spline-fit (0.61 myr).

Hoploscaphites nicolleti 69.30 DOTTED eUsed average durations of H. birkelundae
through J. nebrascensis from spline-fit (0.61 myr).

Hoploscaphites birkelundae 69.91 Base is uppermost age constraint on Cretaceous spline
(base constrained by 70.08 � 0.37 Ma in underlying
uppermost B. clinolobatus). Used average durations of H.
birkelundae through J. nebrascensis from spline-fit (0.61
myr). Cobban et al. (2006) spelled it as “birkelundae”
instead of their previous “birkelundi”.

Baculites clinolobatus 70.44 Top of zone contains bentonite dated as 70.08 � 0.37 Ma.
0.53 myr duration from spline-fit of dated interbedded
bentonites in W. Interior.

Baculites grandis 71.13 Zone contains bentonite dated as 70.66 � 0.65 Ma. 0.69
myr duration from spline-fit of dated interbedded
bentonites in W. Interior.

Maastrichian base
equivalent

Baculites baculus 72.05 Duration ¼ 0.92 myr from spline-fit of dated interbedded
bentonites in W. Interior.

Baculites eliasi 72.74 Zone contains bentonite dated as 72.50 � 0.31 Ma.
Duration ¼ 0.69 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites jenseni 73.27 Duration ¼ 0.53 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites reesidei 73.63 Upper half of this zone contains bentonite dated as 73.41
Ma (� 0.47). Duration ¼ 0.36 myr (spline-fit of dated
interbedded bentonites in W. Interior).

Baculites cuneatus 73.91 Duration ¼ 0.28 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites compressus 74.21 Contains bentonite dated as 74.04 Ma (� 0.39). Duration
¼ 0.30 myr (spline-fit of dated interbedded bentonites in
W. Interior).

Didymoceras cheyennense 74.60 Duration ¼ 0.39 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Exiteloceras jenneyi 75.08 Contains bentonite dated as 74.85 Ma (� 0.43). Duration
¼ 0.48 myr (spline-fit of dated interbedded bentonites in
W. Interior).

Didymoceras stevensoni 75.64 Duration ¼ 0.56 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Didymoceras nebrascense 76.27 Duration ¼ 0.63 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites scotti 76.94 Contains bentonite dated as 76.62 Ma (� 0.51). Duration
¼ 0.67 myr (spline-fit of dated interbedded bentonites in
W. Interior).

(Continued)
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TABLE 27.3 Interpolated Numerical Ages for Ammonite Zones of the Early Cretaceous Tethyan Faunal Realm and the Late

Cretaceous Western Interior Realmdcont’d

Stage/Age Tethyan Zone
Basal Age

(Ma)
Notes on Calibration and Zonal Usages

Baculites reduncus 77.63 Zone in Cobban et al. (2006); not in GTS2004 that used an
earlier Cobban zonation. Duration¼ 0.69myr (spline-fit of
dated interbedded bentonites in W. Interior).

Baculites gregoryensis 78.34 Duration ¼ 0.71 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites perplexus 79.01 Duration ¼ 0.67 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites sp. (smooth) 79.64 Duration ¼ 0.63 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites asperiformis 80.21 Duration ¼ 0.57 myr (spline-fit of dated interbedded
bentonites in W. Interior). Reported to span Chron C33r/
C33n polarity reversal (Leberkmo, 1989; who reports
a 79.92 � 0.6 Ma age).

Baculites maclearni 80.67 Duration ¼ 0.46 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites obtusus 80.97 Contains bentonites dated as 80.62 Ma (� 0.40) and
81.30 � 0.55 Ma. Duration ¼ 0.30 myr (spline-fit of
dated interbedded bentonites in W. Interior).

Baculites sp. (weak flank
ribs)

81.13 Duration ¼ 0.16 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Baculites sp. (smooth) 81.28 Duration ¼ 0.15 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Scaphites hippocrepis III 81.53 Duration ¼ 0.25 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Scaphites hippocrepis II 82.00 Contains bentonites dated as 81.71 Ma (� 0.51) and 82.29
� 0.34 within lower part of zone. Duration ¼ 0.47 myr
(spline-fit of dated interbedded bentonites in W. Interior).

Scaphites hippocrepis I 82.70 Duration ¼ 0.76 myr (spline-fit of dated interbedded
bentonites in W. Interior); but reduced to 0.7 to fit base-
Campanian extrapolated age.

Campanian base
equivalent

Scaphites leei III 83.64 Age of base is extrapolated as 83.64 � 0.23 Ma by
(Siewert, 2011; or 83.75 � 0.11 Ma by Siewert et al., in
press). Duration was estimated as 0.9 myr (spline-fit of
dated interbedded bentonites in W. Interior).

Desmoscaphites bassleri 84.08 Cycle strat duration ¼ 0.44 myr (Siewert et al., in press).
Contains bentonites dated as 84.33 � 0.27 and 84.43 �
0.15 Ma.

Desmoscaphites erdmanni 84.52 Cycle strat duration ¼ 0.44 myr (Siewert et al., in press).
Contains bentonite dated as 84.57 � 0.35 Ma in upper
part.

Clioscaphites choteauensis 85.23 Base-age from cumulative cycles from base-Santonian;
and top-age from cumulative cycles from base-Campanian
(Siewert et al., in press).

Clioscaphites vermiformis 85.56 Cycle strat duration ¼ 0.33 myr (Siewert et al., in press).
Contains bentonite dated as 85.55 � 0.25 Ma in middle of
zone.
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Stage/Age Tethyan Zone
Basal Age

(Ma)
Notes on Calibration and Zonal Usages

Santonian base
equivalent

Clioscaphites saxitonianus 86.26 Age is extrapolated as 86.26� 0.45Ma by Siewert, 2011; or
86.35 � 0.11 Ma by Siewert et al., in press. Cycle strat
duration of zone ¼ 0.70 myr (Siewert et al., in press). Base-
Santonian is lowest occurrence of the widespread
inoceramid bivalve Cladoceramus undulatoplicatus.
Following chart in Cobban et al. (2006), this level is equated
to the base of theC. saxitonianus ammonite zone ofWestern
Interior; but Gale (chart to J. Ogg, Aug 2011) projects as
uppermost S. depressus Zone.

Scaphites depressus 87.86 Cycle strat duration ¼ 1.60 myr (Siewert et al., in press).
Contains bentonites dated as 86.98 � 0.24 and 87.11 �
0.15 Ma in its lower part. Sometimes a hybrid zone of
Scaphites depressuseProtexanites bourgeoisianus

Scaphites ventricosus 88.77 Base-age from cumulative cycles from base-Coniacian;
and top age from cumulative cycles downward from base-
Santonian (Siewert et al., in press).

Coniacian base
equivalent

Scaphites preventricosus 89.77 Cycle strat duration ¼ 1.0 myr (Siewert et al., in press).
Contains bentonite dated as 89.09 � 0.33 Ma in upper
part, and 89.30� 0.27 and 89.37� 0.15 Ma in lower part.
Formerly “Forresteria allaudieScaphites preventricosus”
Zone; but called S. preventricosus in Cobban et al. (2006).

Scaphites mariasensis 89.87 Duration ¼ 0.10 myr (spline-fit of dated interbedded
bentonites in W. Interior). Formerly Forresteria peruana;
but now Scaphites mariasensis in Cobban et al. (2006).

Prionocyclus germari 89.98 Duration ¼ 0.11 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Scaphites nigricollensis 90.24 Contains bentonite dated as 89.86 � 0.26 Ma. Duration ¼
0.26 myr (spline-fit of dated interbedded bentonites in W.
Interior).

Scaphites whitfieldi 90.65 Duration ¼ 0.41 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Scaphites ferronensis 91.08 Duration ¼ 0.43 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Scaphites warreni 91.34 Duration ¼ 0.26 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Prionocyclus macombi 91.41 Contains bentonites dated as 91.07 � 0.28 and 91.37 �
0.16 in uppermost and 91.30 � 0.27 in lower part of this
zone. Duration is only 0.07 myr from spline-fit of dated
interbedded bentonites in W. Interior; which may indicate
one or more of these levels require re-dating.

Prionocyclus hyatti 91.60 Contains bentonite dated as 91.15 � 0.26 Ma. Duration ¼
0.19 myr (spline-fit of dated interbedded bentonites in W.
Interior).

Collignoniceras praecox 92.08 Duration ¼ 0.48 myr (spline-fit of dated interbedded
bentonites in W. Interior). Formerly called Prionocyclus
percarinatus; but renamed in Cobban et al. (2006)

(Continued)

829Chapter | 27 Cretaceous



TABLE 27.3 Interpolated Numerical Ages for Ammonite Zones of the Early Cretaceous Tethyan Faunal Realm and the Late

Cretaceous Western Interior Realmdcont’d

Stage/Age Tethyan Zone
Basal Age

(Ma)
Notes on Calibration and Zonal Usages

Collignoniceras woollgari 92.90 Basal age from cumulative cycles from base-Turonian;
upper age from cumulative spline-fit durations from base-
Coniacian.

Mammites nodosoides 93.35 Cycle strat duration ¼ 0.45 myr (Meyers et al., 2012).

Vascoceras birchbyi 93.45 Cycle strat duration ¼ 0.1 myr (Meyers et al., 2012).

Pseudaspidoceras
flexuosum

93.55 Cycle strat duration ¼ 0.1 myr (Meyers et al., 2012).
Contains bentonite dated as 93.67� 0.26 Ma in top part of
this zone.

Turonian base Watinoceras devonense 93.90 The base of the Turonian Stage is at the base of Bed 86 of
the Bridge Creek Limestone Member, west of Pueblo,
Colorado, USA. The GSSP coincides with the first
occurrence of the ammoniteWatinoceras devonense, is in
the middle of a global positive excursion in carbon-13
isotopes, and is bracketed by widespread bentonites that
have yielded age of 93.79 to 93.96 Ma; and cycle-
extrapolated as 93.90 � 0.15 myr (Meyers et al., 2010,
2012). Cycle strat duration ¼ 0.35 myr (Meyers et al.,
2012); contains bentonite dated as 93.79 � 0.26 Ma in
upper part of this zone.

Nigericeras scotti 93.98 Cycle strat duration ¼ 0.08 myr (Meyers et al., 2012).

Neocardioceras juddii 94.15 Cycle strat duration ¼ 0.17 myr (Meyers et al., 2012).
Contains bentonite set dated as 94.10, 94.01 and 94.29Ma
(all about � 0.2) are in upper part of this zone.

Burroceras clydense 94.27 Duration ¼ 0.11 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Sciponoceras gracile
(Euomphaloceras
septemseriatum)

94.39 Sciponoceras gracile was subdivided into two zones in
Cobban et al. (2006). Duration of upper ¼ 0.12 myr
(spline-fit of dated interbedded bentonites in W. Interior).
Contains bentonite dated as 94.20 � 0.28 Ma.

Sciponoceras gracile
(Vascoceras diartianum)

94.57 Sciponoceras gracile was subdivided into two zones in
Cobban et al. (2006). Duration of lower ¼ 0.21 myr
(spline-fit of dated interbedded bentonites in W. Interior).
Contains bentonite dated as 94.43 � 0.29 Ma.

Dunveganoceras conditum 94.78 Duration ¼ 0.21 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Dunveganoceras albertense 95.01 Duration ¼ 0.23 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Dunveganoceras
problematicum

95.24 Duration ¼ 0.23 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Dunveganoceras pondi 95.47 Formerly called Calycoceras canitaurinume

Dunveganoceras pondi.Duration¼ 0.23 myr (spline-fit of
dated interbedded bentonites in W. Interior). Contains
bentonite dated as 95.32� 0.61 Ma.

Plesiacanthoceras
wyomingsense

95.67 Duration ¼ 0.20 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Acanthoceras amphibolum 95.81 Duration ¼ 0.14 myr (spline-fit of dated interbedded
bentonites in W. Interior). Contains bentonites dated as
95.53 � 0.16 and 95.87 � 0.1 Ma.

Acanthoceras bellense 95.90 Duration ¼ 0.09 myr (spline-fit of dated interbedded
bentonites in W. Interior).
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Acanthoceras muldoonense 95.98 Duration ¼ 0.08 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Acanthoceras granerosense 96.08 Duration ¼ 0.10 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Conlinoceras tarrantensee
Conlinoceras gilberti

96.24 Duration ¼ 0.16 myr (spline-fit of dated interbedded
bentonites in W. Interior). Contains bentonite dated as
96.12 � 0.31 Ma.

[ gap in N.Amer. zonation ] 97.26 Duration ¼ 0.43 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Neogastroplites maclearni 97.76 Duration ¼ 0.50 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Neogastroplites americanus 98.19 Duration ¼ 0.43 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Neogastroplites muelleri 98.75 Duration ¼ 0.56 myr (spline-fit of dated interbedded
bentonites in W. Interior).

Neogastroplites cornutus 99.17 Duration ¼ 0.28 myr (spline-fit of dated interbedded
bentonites in W. Interior); changes to 0.35 to fit overlying
adjustment. Contains bentonite dated as 99.25� 0.41 Ma.

BASE of N. Amer.
ammonite zonation

Neogastroplites haasi
(N. American zonation)

99.81 Contains bentonites dated as 99.24 � 0.7 and 99.46 �
0.59 Ma; which is consistent with dated bentonites from
M. saxbii Subzone.

Cenomanian base is
about 0.2 myr below

Mantelliceras mantelli
(Tethyan zonation)

100.25 The upper Mantelliceras saxbii s.z. (Europe) contains
bentonite dated as 99.70 � 0.38 Ma near base. The top of
N. carcitanense Subzone (lower subzone) contains
bentonite dated as 99.89 � 0.37 near top, and cycle
stratigraphy scaling of that subzone duration (0.44 myr)
and a slight offset to the GSSP marker below implies the
base of the Cenomanian is ~100.25 Ma.

Arrhaphoceras briacensis 100.91 Full name ¼ Arrhaphoceras (Praeschloenbachia)
briacensis. "introduced by Scholz (1973) for an uppermost
Albian interval in which Mortoniceras and Ostlingoceras
(O.) puzosianum were absent, and Hyphoplites had
appeared." (Kennedy, in Gale et al., 2011). Spans Albian/
Cenomanian boundary. Projected as 1 cycle (405 kyr)
below base-Cenomanian at Col de Palluel (Gale et al.,
2011).

Mortoniceras perinflatum 101.41 Full name ¼ Mortoniceras (Subschloenbachia)
perinflatum. Begins at FAD of index species; which is
projected as 2 1/4 cycles (of 405 kyr) below base-
Cenomanian at Col de Palluel (Gale et al., 2011).

Mortoniceras rostratum 101.72 Full name ¼ Mortoniceras (Subschloenbachia) rostratum.
Short zone defined by FAD of index species, which begins
3 cycles (of 405 kyr) below base-Cenomanian at Col de
Palluel (Gale et al., 2011); or just above base of P. buxtorfi
foram zone. GTS2004: Base of S. dispar correlated to
base of R. appenninica foraminifer zone (cycle-scaled
as 100.9 Ma).

Mortoniceras fallax 103.13 Base (poorly delimited) is about 6 1/2 cycles (of 405 kyr)
below base-Cenomanian at Col de Palluel, and coincides
with FAD of Turriseffeli nannofossil (Gale et al., 2011).

(Continued)
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Mortoniceras inflatum 103.94 Dashed (see last sentence). Base is FAD of index species
¼ 8 1/2 cycles (of 405 kyr) below base-Cenomanian at
Col de Palluel, and is at base of T. ticinensis Foram zone
(Gale et al., 2011) BUT, there may be a hiatus in their
section at this point.

Mortoniceras pricei 106.98 Base is FAD of index species above LAD of D.cristatum
(underlying zone index). Base is 16 cycles (of 405 kyr)
below base-Cenomanian at Col de Palluel (Gale et al.,
2011).

Diploceras cristatum 107.59 FAD of D. cristatum defines base of Upper Albian; and
"traditionally" was a subzone in an expanded M.
inflatum, but raised to zone status (e.g., review by
Kennedy in Gale et al., 2011). Base is 17 1/2 cycles (of
405 kyr) below base-Cenomanian at Coll de Palluel, and
is just above base of T. praeticinensis Foram zone (Gale
et al., 2011). In GTS2004, the base of extended
M. inflatum (with D. cristatum as subzone) was assigned
as FAD of foraminifer B. breggiensis (base of T.
praeticinensis Subzone in Leckie et al., 2002), which is
essentially same correlation.

Euhoplites lautus 108.25 Base of lautus/nitidus. No direct assignment to Foram
zones. Equal subzones in Middle Albian of Boreal zones
used for scaling.

Euhoplites loricatus 109.56 Base of loricatus/intermedius. No direct assignment to
Foram zones. Equal-subzones in Middle Albian of Boreal
zones used for scaling.

Hoplites dentatus 110.22 Base of Upper Albian ¼ Base of dentatus/lyelli Zone/
Subzone (full zone name ¼ Hoplites (Hoplites) dentatus).
No direct assignment to Foram zones; but Gale et al.
(2011) assign (dashed) at 25 1/4 cycles (of 405 kyr) below
base-Cenomanian. Duration scaled according to its 2
subzones.

Douvilleiceras
mammillatum

110.87 Base of mammillatum/perinflata. There is a problem of
correlation to Tethys; summarized in Reboulet et al. (2011;
Kilian Group report). Herrle and Mutterlose (2003) dash in
their composite section the zone base at 15 m above
Paquier organic-rich layer, compared to 90 m span
between Kilian and Paquier ¼> considering these two
levels are 4.6 cycles of 0.405 myr apart, a constant
accumulation rate assigns the base-mammillatum as
approximately 1 cycle (0.405 myr) above Paquier (used
here).

Leymeriella tardefurcata 111.27 Tethyan version correlates with base of Paquier organic-
rich layer, which is 26.6 cycles below base-Cenomanian
(Huang et al., 2010; Gale et al., 2011). NOTE: In N.
Germany regional zonation, there is another ammonite
zone of lowest Albian below L. tardefurcata.

Albian base in GTS2012
(working version) is in
upper part of this
Tethyan zone

Hypacanthoplites jacobi 115.64 Base of H. jacobi is dashed as 1/2 up in T. bejaouensis
Foram zone (on composite meters) by Herrle et al. (2004)
in SE France composite. It is a very long zone in SE France
sections and crosses the base-Albian working definition
used in GTS2012.
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Acanthohoplites nolani 116.83 Zone is also called "Nolaniceras nolani". Base of Nolani
(hence, top of P. nutfieldiensis Zone) is dashed as 1/4th up
in T. bejaouensis Foram zone (on composite meters) by
Herrle et al. (2004) in SE France composite.

Parahoplites melchioris 118.02 Base of P. melchioris or "Parahoplites nutfieldiensis"
ammonite zone is at base of T. bejaouaensis Foram
zone in SE France (summarized in Herrle et al., 2004);
and that Foram zone is cycle-scaled relative to ApteAlb
boundary (Huang et al., 2010) ¼ scale for GTS2012.

Epicheloniceras martinoides 122.98 Base of E.martinoides ammonite zone (full name ¼
Cheloniceras (Epicheloniceras) martinoides; called
Epicheloniceras subnodosocostatum on SEPM chart) is
at base of G. ferreolensis Foram zone in SE France
(summarized in Herrle et al., 2004); and that Foram
zone is cycle-scaled relative to ApteAlb boundary
(Huang et al., 2010). Equivalent to Cheloniceras
(Epicheloniceras) martinoides Zone.

Dufrenoyia furcata 123.88 Base of D. furcata Zone ¼ base of nannofossil E. floralis
in SE France (Moullade et al., 1998); therefore used
Aptian cycle-placement of this event relative to Apte
Alb boundary (Huang et al., 2010).

Deshayesites deshayesi 125.71 Base of D. deshayesi ¼ FAD of foraminifer R. angustus
in SE France; therefore used Aptian cycle-placement of
this event relative to ApteAlb boundary (Huang et al.,
2010). D. deshayesi to D. oglanlensis (3 zones)
assigned equal duration.

Deshayesites forbesi 126.01 Also calledDeshayesites weissi in some zonations. DASH –
midway between base of D. deshayesi and D. oglanlensis
Zone an "unnamed" subzone was added to the base when
an "upper" subzone was created (Kilian group; 2011).

Aptian base equivalent Deshayesites oglanlensis 126.30 Working version for base of Aptian is base of polarity
Chron M0r; and the base of D. oglanlensis is assumed to
be close to this level. D. tuarkyricus Zone is used as
basal Aptian in some charts; but the D. tuarkyricus
index species is only found in Turkmenistan; therefore,
IUGS Lower Cretaceous group proposes D. oglanlensis.
Zone is approximately equivalent to Prodeshayesites
fissicostatus of Boreal realm.

Imerites giraudi 127.47 Barremian tethyan ammonite zone ’I. giraudi’ replaces
’Heroceras astieri’ in some other zonal scales. Was
a brief zone (in GTS2008) but that former range was
demoted to a subzone (Killian group; 2009/2011), and
the zone name extended upward to encompass the
previous two "overlying zones" as subzones. Upper
Barremian zones assigned equal duration until cycle
stratigraphy or magnetostratigraphy calibrations are
accomplished.

Gerhardtia sartousi 128.63 Barremian tethyan ammonite zone ’H. sartousi’ (or
’sartousiana’) is a subzone of the ’H. feraudianus’ zone in
some other zonal scales.

(Continued)
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Ancyloceras vandenheckii 129.41 Approximately Chron M3r.8 in Italy (Bartolocci et al.,
1992; Channell et al., 1995a). Barremian tethyan
ammonite zone ’A. vandenheckii’ has replaced the lower
portion of the ’Emiriceras’ barremense’ of other zonal
scales.

Moutoniceras
moutonianum

129.60 Was named "Coronites darsi" in GTS2008, which is now
used the basal horizon in this new zone. Zones of Lower
Barremian were extensively revised (Kilian Group, 2002).
In particular, the former "H. caillaudianus" was subdivided
into 3 zones. Upper 3 zones of Early Barremian given
equal durations.

Kotetishvilia
compressissima

129.78 Former base ofHolcodiscus caillaudianus Zone. Zones of
Lower Barremian were extensively revised (Kilian Group,
2002). Formerly "Pulchellia" compressissima". Barremian
tethyan ammonite zones of ’Holcodiscus caillaudianus’
(formerly spelled ’H. callaudi’) and ’N. nicklesi’ were
incorporated as subzones in a single zone ’Pulchellia
compressissima’ in earlier time scales. Upper 3 zones of
Early Barremian given equal durations.

Nicklesia pulchella 129.97 N. pulchella was elevated to zone status by Killian Group
(2002); was formerly a horizon. Upper 3 zones of Early
Barremian given equal durations.

Nicklesia nicklesi 130.37 Cycle stratigraphy (Bodin et al., 2006) suggests a duration
of about 0.4 myr. Barremian Tethyan ammonite zone N.
nicklesi had incorporated a former separate zone ’Niclesia
pulchella’ of SE France as its upper horizon (Hoedemaeker
et al., 1993). This former zone only occupied a few beds in
the Angles section, and could not be recognized without
the index species.

Barremian base Taveraidiscus hugii 130.77 Chron M5n.8. Full name ¼ Taveraidiscus hugii auctorum.
Formerly called Spitidiscus hugii. Cycle stratigraphy
(Bodin et al., 2006) suggests a duration of about 0.4 myr.
New subzone at base (Reboullet et al., 2009).

Pseudothurmannia ohmi 131.57 Cycle stratigraphy (Bodin et al., 2006) suggests a duration
of about 0.8 myr. Formerly called Pseudothurmannia
angulicostata auctorum.

Balearites balearis 132.37 Cycle stratigraphy (Bodin et al., 2006) suggests a duration
of about 0.8 myr. Genus was formerly Pseudothurmannia.

Pleisiospitidiscus ligatus 132.68 Duration ¼ 21% of pre-balearis Hauterivian (McArthur
et al., 2007). Hauterivian tethyan ammonite zone
"Plesiospitidiscus ligatus" is sometimes in quotes, because
the index species is not a true ’P. ligatus’, but ’sed subseq.
litt.’

Subsaynella sayni 133.09 Duration ¼ 27% of pre-balearis Hauterivian (McArthur
et al., 2007).

Lyticoceras nodosoplicatus 133.35 Duration ¼ 17% of pre-balearis Hauterivian (McArthur
et al., 2007).

Crioceratites loryi 133.59 Duration ¼ 16% of pre-balearis Hauterivian (McArthur
et al., 2007).
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by cycle stratigraphy. A spline-fit (Spline #2, as explained
above) of numerous radio-isotopic dates from volcanic ash
horizons interbedded with Western Interior ammonites with
adjustments for cycle stratigraphy of some intervals provides
a high-resolution numerical scale for the Cenomanian through
early Maastrichtian. The late Maastrichtian correlations rely
on microfossil datums calibrated to a spline- and cycle-fit
of C-sequence marine magnetic anomalies.

Only three Cretaceous stages have ratified GSSPs, there-
fore the numerical ages for the other stages are based on the
ages for selected working definitions (e.g., base of Aptian

placed at base of magnetic polarity Chron M0r; base of
Albian assigned to the lowest occurrence of a nannofossil in
the cycle-scaled reference section) (Table 27.2).

27.3.3.1. Early Cretaceous Scaling

Berriasian Through Barremian

An extensive suite of studies by numerous magneto-
stratigraphy groups have calibrated nearly every ammonite
zone, microfossil zone and major geochemical excursion
from the Tethyan realm to the M-sequence of marine

TABLE 27.3 Interpolated Numerical Ages for Ammonite Zones of the Early Cretaceous Tethyan Faunal Realm and the Late

Cretaceous Western Interior Realmdcont’d

Stage/Age Tethyan Zone
Basal Age

(Ma)
Notes on Calibration and Zonal Usages

Hauterivian base Acanthodiscus radiatus 133.88 Base of Chron M10n (GTS2004 had as base Chron M11n,
using an earlier published correlation). A. radiatus duration
is 19% of duration of pre-balearis Hauterivian (McArthur
et al., 2007).

Criosarasinella furcillata 134.98 C. furcillata duration is 20% of duration of Valanginian
(McArthur et al., 2007). Former "Neocomites (Teschenites)
pachydicranus" Zone has been completely replaced in new
zonal scheme by Kilian Group (2002). New upper zone has
2 subzones (Teschenites callidiscus and C. furcillata).

Neocomites peregrinus 135.81 N. peregrinus duration is 15% of duration of Valanginian
(McArthur et al., 2007).

Saynoceras verrucosum 136.41 S. verrucosum duration is only 11% of duration of
Valanginian (McArthur et al., 2007).

Busnardoites campylotoxus 137.68 B. campylotoxus duration is 23% of duration of
Valanginian (McArthur et al., 2007).

Valanginian base Tirnovella pertransiens 139.39 Base of Chron M14r.3. T. pertransiens duration is 31% of
duration of Valanginian (McArthur et al., 2007). Name
"Thurmanniceras" pertransiens has also been used for this
ammonite.

Subthurmannia boissieri 141.93 Chron M16r.5. "Fauriella" and "Berriasella" have also been
used as genus names for this species "boissieri".

Subthurmannia occitanica 143.57 Chron M17r.3. "Neocomites" and "Tirnovella" subalpina
have also been used for this ammonite.

Berriasian working
definition (base-M18r) is
in lower part of this zone

Berriasella jacobi 145.95 About Chron M19n.2n.3; uncertain due to probable
distortions in sedimentation in the compact reference
sections. At Puerto Escano (Pruner et al., 2010) base is about
M19n.2n.1. At Sierra Gorda (Ogg et al., 1984), zone base is
M19n.2n.55 (þ/-.05). A potential definition for base-
Berriasian. Base of Chron M18r (working version for
boundary in GTS2012) is within this zone.

NOTE: placement of some stage boundaries are approximate or are working definitions pending decision of the International Commission on Stratigraphy. Usage of
zones/subzones varies among Tethyan regions, and this suite is mainly for the Sub-Mediterranean province following recommendations of the IUGS Lower Cretaceous
Ammonite Working Group or “Kilian Group” (e.g., Reboulet et al., 2011). Western Interior zones are from Cobban et al. (2006). Two-decimal ages are given to show
relative durations among the zones; and uncertainties are equal to or greater than the uncertainties on the boundaries of its stage (Table 27.4). The column of notes
includes informal remarks on calibrations and different zonal usages. Details for subzone age models and for calibrations of other biostratigraphic zonations can be
found in pop-up windows for item within the TimeScale Creator database; www.tscreator.org.
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magnetic anomalies. Cycle stratigraphy has provided
constraints on the duration of suites of these M-sequence
chrons and of several ammonite zones. In turn, these cycle-
duration segments, coupled with radio-isotopic dating of
Chron M0r, enable assignment of numerical ages to each
polarity chron (see Chapter 5 on the geomagnetic time scale,
this volume), and therefore to all biostratigraphic datums
that are calibrated to that M-sequence. Uncertainties are
derived from the variance on the M-sequence line-fit model
plus the uncertainty on the radio-isotopic date near the base of
Chron M0r.

The base of the Berriasian is assigned in GTS2012 to the
base of Chron 18r, which has an age of 145.0 � 0.8 Ma from
the M-sequence model. This is consistent with a recalibrated
40Ar/39Ar date of 145.5 � 0.8 Ma from reversed-magnetized
(interpreted as magnetozone M18r) sills intruded into earliest
Berriasian pelagic sediments drilled at ODP Site 1213B on
Shatsky Rise (Mahoney et al., 2005). Each Berriasian
ammonite zone is calibrated to the M-sequence.

The base of the Valanginian (base of Tirnovella per-
transiens ammonite zone in the Tethyan realm) is assigned
here as Chron M14r.3, which has an age of 139.4 � 0.7 Ma.
Magnetostratigraphy within ammonite-zoned sections span-
ning the bulk of the Valanginian (e.g., southeastern France)
has been largely unsuccessful. However, ammonite-zoned
sections have yielded a pronounced trend in strontium
isotopes (McArthur et al., 2007). Therefore, the relative
duration of each ammonite subzone within the stage is
derived from the assumption by McArthur et al. (2007) of
a linear trend in those isotope values.

The base of the Hauterivian (base of Acanthodiscus
radiatus ammonite zone of the Tethyan realm) is near the
beginning of Chron M10n (e.g., Weissert et al., 1998;
McArthur et al., 2007), which has a model age of 133.9 �
0.6 Ma. The implied 5.5-myr duration of the Valanginian is
consistent with cycle stratigraphy of that stage. The
internal scaling of the lower and middle Hauterivian is
similar to the Valanginian, in which the proportional
duration of each ammonite subzone relies on the estimates
for that subzone from strontium isotope trends (McArthur
et al., 2007). The uppermost ammonite zones (B. balearis
and P. ohmi) are each about 0.8 myr in duration, based on
the generalized estimates from cycle stratigraphy by Bodin
et al. (2006).

The base of the Barremian (base of Spitidiscus hugii
ammonite zone) is approximately 80% up in Chron M5n,
which implies an age of 130.8 � 0.5 Ma. The base of the
Upper Barremian (base of Ancyloceras vandenheckii Zone) is
approximately 90% up in Chron M3r; and the base of the
Aptian is assigned as the base of Chron M0r. Between these
three calibrated levels, the suites of ammonite zones, which
have been extensively redefined and renamed since GTS2004
(e.g., Reboulet et al., 2006, 2009, 2011), are proportionally
scaled according the relative numbers of subzones (Upper

Barremian), as equal zones (Lower Barremian above
N. nicklesi Zone) and according to generalized cycle stratig-
raphy estimates by Bodin et al. (2006) assigning 0.4 myr
durations for both the T. hugii and N. nicklesi zones. The
Barremian awaits a more precise method of scaling these
newly defined sets of Tethyan ammonite zones and their
correlations to other zonations.

It is anticipated that direct calibrations of each Val-
anginianeHauterivianeBarremian ammonite zone to the M-
sequence will be acquired and verified in the future. This will
require sections in which the ammonite zone boundaries are
precisely delimited by ranges of ammonites; a feature that is
sometimes only estimated in the reference sections currently
used by these different studies. Therefore, the age model for
scaling events within the Valanginian, Hauterivian and Bar-
remian stages should be considered as a temporary model that
awaits detailed enhancement.

Aptian and Albian

The relative placement and duration of nannofossil and
foraminifer datums and zones through the entire Aptian and
Albian has been calibrated by a series of cycle stratigraphy
studies in Italian reference sections and drilling projects
(e.g., Erba et al., 1999; Fiet, 2000; Fiet et al., 2001; Grippo
et al., 2004; Huang et al., 2010; Gale et al., 2011).

Ammonite zones of the Tethyan realm have been corre-
lated to most of these same nannofossil and foraminifer
datums from reference sections in southeastern France,
including outcrops that have been suggested as possible
stratotypes for substage boundaries e Lower and Middle
Aptian, including Bedoulian and Gargasian historical strato-
types (e.g., Moullade et al., 1998b, 2005; Renard et al., 2005),
Middle Aptian through Lower Albian (synthesis in Herrle
et al., 2004), and Middle Albian through basal Cenomanian
(Gale et al., 2011). A portion of the middle-Lower Aptian
(D. deshayesi ammonite zone and adjacent intervals) of the
GTS2012 composite ammoniteemicrofossil scale uses indi-
rect inter-calibrations using the distinctive carbon isotope
trends associated with organic-enrichment episode OAE1a in
ammonite-bearing (Renard et al., 2005) and foramin-
iferenannofossilebearing sections (synthesis in Erba, 2004).
The bases of three ammonite zones in the lower and middle
Albian (Douvilleiceras mammillatum, Euhoplites loricatus,
and Euhoplites lautus) are lacking a direct inter-calibration to
these foraminiferenannofossil datums in the cycle stratig-
raphy reference sections; therefore, these were proportionally
scaled assuming equal durations of their component
subzones. The ammoniteeforaminifer correlations to cycle
stratigraphy imply that the middle Aptian ammonite Epi-
cheloniceras martinoides Zone Spans nearly one third of the
Aptian, which is consistent with its thickness relative to
foraminifer zones and to adjacent ammonite zones in refer-
ence sections. The correlations imply that the organic-rich
Jacob (OAE 1b) event in the lower part of the
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Hypacanthoplites jacobi Zone in southeastern France refer-
ence sections (Herrle et al., 2004) is 2 myr before the working
definition for the base of the Albian (FAD of nannofossil P.
columnata), which verifies the conjectured placement of this
episode in the cycle stratigraphy records in Italian sections
(e.g., Huang et al., 2010).

Most of these ammonite zones and subzones are relatively
cosmopolitan, and the majority of sea-level oscillations on
European margins, microfossil biostratigraphy, geochemical
trends, carbon-burial episodes and other datums are calibrated
to these ammonite zones/subzones (e.g., charts in Hardenbol
et al., 1998; Herrle et al., 2004; Föllmi et al., 2006).

Assignment of numerical ages onto this cycle-scaled
AptianeAlbian integrated stratigraphy requires at least one
radio-isotopic date. There are three dated horizons that are
most relevant and have relatively high precision relative to the
cycle stratigraphy events (details in Appendix 2, this volume).

(1) Base of Cenomanian ¼ 100.5 Ma (� 0.4) Obradovich
et al. (2002) dated two horizons that assign the age for the
top of the Albian. An 40Ar-39Ar age of 99.89 � 0.37 Ma
(recalibrated to GTS2012 monitor FCs age of 28.201 Ma)
from the uppermost part of the Graysonites wooldridgei
ammonite zone, which is equivalent to European subzone of
Neostlingoceras carcitanense, the lowermost subzone of the
Mantelliceras mantelli Zone, or the basal ammonite subzone
of the Cenomanian. The overlying lowermost part of the
Mantelliceras saxbii ammonite subzone yielded a date of
99.70 � 0.38 Ma. Therefore, the age for the top of the
N. carcitanense Subzone is ~99.8 Ma (� 0.4 myr). In the
Vocontian Basin of SE France, there are 22 couplets within
the Neostlingoceras carcitanense Subzone in outcrops of
apparent continuity down through the uppermost Albian
(Gale, 1995). If, following Gale (1995), we assign these
couplets to be precession cycles (20 kyr), then the N. car-
citanense Subzone spans at least 0.44 myr; therefore, its
basal age is projected as ~100.25 Ma (� 0.4). At the Risou
GSSP section, the base of the N. carcitanense Subzone is 6 m
above the GSSP (base of foraminifer Thalmanninella glo-
botruncanoides), and the relative spacing of the immediately
underlying foraminifer datums of uppermost Albian relative
to their cycle-scaling in Italy (Grippo et al., 2004; Gale et al.,
2011) implies a rapid sedimentation rate; therefore, it is
estimated that the Cenomanian GSSP is ~0.25 myr below the
base of the N. carcitanense Subzone, or 100.5 (� 0.4) Ma.

This age for the basal Cenomanian ammonite zone is
supported by Ar-Ar and U-Pb dates from Japan (100.83 �
1.00 Ma from Ar-Ar analyses of biotite separates from within
the M. saxbii ammonite zone; and 99.7 � 1.1 Ma from LA-
ICPMS U-Pb method on 12 zircon grains from a level nearly
coeval with the local FAD of Thalmanninella globo-
truncanoides (primary marker of AlbianeCenomanian
boundary)).

The dating of this Mantelliceras mantelli basal-Cen-
omanian ammonite zone in Japan has been questioned by
methods that compare North American Western Interior and
European successions of dinoflagellate cysts and other events
(e.g., graphical correlation of dinoflagellate cysts by Oboh-
Ikuenobe et al., 2007; macrofossils by Scott, 2007, 2009;
Scott et al., 2009). These studies prefer a correlation of the
base-Cenomanian with the Clay Spur Bentonite at the top of
the Mowry Shale, which has a recalibrated age of 97.88 �
0.69 Ma (Appendix 2 of this book). This would imply that the
Neogastroplites haasi through Neo. muelleri, and perhaps
evenNeo. americanus and Neo. maclearni ammonite zones of
the Western Interior are Albian, rather than the Cenomanian
assignment for these zones as implied by the Obradovich
et al. (2002) and Quidelleur et al. (2011) radio-isotopic dates
from the Mantelliceras mantelli Zone in Japan. This inter-
regional correlation problem and implications for timing of
sea-level variations (e.g., Oboh-Ikuenobe et al., 2008) and
other AlbianeCenomanian boundary correlations needs to be
explored further. It is noted that graphic correlation is sensi-
tive to sedimentation rate changes between sections that may
distort high-resolution correlations (F. Gradstein, pers.
comm., 2011). GTS2012 utilizes the current direct radio-
isotopic dating of the Mantelliceras mantelli Zone and its
subzones and therefore extrapolates the base-Cenomanian as
100.5 Ma.

(2) Base of Albian ¼ 113 Ma The Albian, using a working
definition for its base as the FAD of nannofossil P. colum-
nata (subcircular), spans 30.75 long-eccentricity cycles of
405 kyr, for a total duration of 12.45 myr (Grippo et al.,
2004; Huang et al., 2010). Using the base-Cenomanian age
of 100.5 � 0.4 Ma implies a base-Albian age of 112.95 Ma
(� 0.4). This is supported by a U-Pb age of 113.08 � 0.14
Ma from zircons in a tuff located 65 cm above a local
working definition for the base-Albian (first occurrence of
the ammonite Leymeriella (Proleymeriella) schrammeni
anterior) at Vöhrum clay pit near Hannover, Germany (Selby
et al., 2009). The FAD of nannofossil P. columnata
(subcircular) is approximately near this dated level
(Mutterlose et al., 2003).

(3) Chron M0r, near base of Aptian ¼ 126 Ma There is
a total of 62.5 long-eccentricity cycles of 405 kyr from base of
Cenomanian to top of Chron M0r (Huang et al., 2010).
Therefore, the top of M0r is 25.3 myr before the base-Cen-
omanian (100.5 � 0.4 Ma), which would imply an age of
125.8� 0.4 Ma. This overlaps with an 40Ar-39Ar age of 125.4
� 0.2 Ma (recalibrated to FCs of 28.201 Ma) from reversed-
polarity basalts of MIT Guyot in the Pacific interpreted as
being within polarity zone M0r (Pringle et al., 2003; see
details in Chapter 5 on the Geomagnetic Time Scale, this
volume).
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TABLE 27.4 Cretaceous Age Model of GTS2012

GTS2008/GTS2004 GTS2012

Derivation in GTS2012; and

Differences from GTS2008

(and GTS2004)

Base Est. Uncertainty Duration Base Est. Uncertainty Duration

PALEOGENE
(Danian)

65.5 0.3 66.0 0.1 Radio-isotopic dates with
revised Ar-Ar monitor standard

Maastrichtian 70.6 0.6 5.1 72.1 0.2 6.1 Cycle stratigraphy calibration of
C-sequence; and correlation via
Carbon-13

Campanian 83.5 0.7 12.9 83.6 0.3 11.6 Radio-isotopic dates with
revised Ar-Ar monitor standard

Santonian 85.8 0.7 2.3 86.3 0.5 2.6 Radio-isotopic dates with
revised Ar-Ar monitor standard
and cycle stratigraphy

Coniacian 88.8 1.0 3 89.8 0.4 3.5 Radio-isotopic dates with
revised Ar-Ar monitor standard
and cycle stratigraphy [Note:
GTS2004 had a different
correlation to N. Amer.
ammonite zones that was
revised in GTS2008 - the value
shown here]

Turonian 93.6 0.8 4.8 93.9 0.2 4.1 Radio-isotopic dates with
revised Ar-Ar monitor standard
and cycle stratigraphy

Cenomanian 99.6 0.9 6 100.5 0.4 6.6 Radio-isotopic dates with
revised Ar-Ar monitor standard

Albian 112.0 1.0 12.4 113.0 0.4 12.5 Cycle stratigraphy; agrees with
radio-isotopic U-Pb date

Aptian 125.0 1.0 13 126.3 0.4 13.3 Cycle stratigraphy; agrees with
radio-isotopic dates with
revised Ar-Ar monitor standard

Barremian 130.0 1.5 5 130.8 0.5 4.5 Cycle stratigraphy calibration of
M-sequence

Hauterivian 133.9 2.0 3.9 133.9 0.6 3.1 Cycle stratigraphy calibration of
M-sequence [Note: GTS2004
had an earlier published
calibration to M-sequence that
was revised in GTS2008 - the
value shown here]

Valanginian 140.2 3.0 6.3 139.4 0.7 5.5 Cycle stratigraphy calibration of
M-sequence

Berriasian 145.5 4.0 5.3 145.0 0.8 5.6 Cycle stratigraphy calibration of
M-sequence. [Note: GTS2004/
GTS2008 had used base of
a Tethyan ammonite zone;
GTS2012 uses a slightly higher
magnetic chron.]

JURASSIC
(Tithonian)

Cretaceous age model of GTS2012 and comparison with The Concise Geologic Time Scale (GTS2008; Ogg et al., 2008) and GTS2004 (Gradstein et al., 2004).
Values are rounded to nearest 0.1 myr.
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TABLE 27.5 GSSPs of the Cretaceous Stages, with Location and Primary Correlation Criteria (Status Jan. 2012)

Stage GSSP Location
Latitude,

Longitude
Boundary Level Correlation Events Reference

Maastrichtian Tercis les Bains,
Landes, France

43�40’46.1“N
1�06’47.9“W*

Level 115.2 on platform
IV of the geological site
at Tercis les Bains

Mean of 12
biostratigraphic
criteria of equal
importance. Closely
above is FAD of
ammonite
Pachydiscus
neubergicus

Episodes 24/4,
2001

Campanian Candidates are in
Italy and in Texas

Either Crinoid,
extinction of
Marsupites
testudinarius; or base
of magnetic polarity
chronozone C33r

Santonian Leading candidate is
Olazagutia (Spain)

Inoceramid bivalve,
FAD of
Cladoceramus
undulatoplicatus

Coniacian Leading candidates
are in Poland (Slupia
Nadbrzena) and
Germany (Salzgitter-
Salder Quarry)

Inoceramid bivalve,
FAD of
Cremnoceramus
deformis erectus

Turonian Pueblo, Colorado,
USA

38�16’56“N
104�43’39“W*

Base of Bed 86 of the
Bridge Creek Limestone
Member

Ammonite FAD
Watinoceras
devonense

Episodes 28/2,
2005

Cenomanian Mount Risou,
Hautes-Alpes,
France

44�23’33“N
5�30’43“E

36 m below the top of
the Marnes Bleues
Formation on the south
side of Mont Risou

Planktonic
foraminifer FAD
Thalmanninella
globotruncanoides

Episodes 27/1,
2004

Albian Southeastern France Candidates include:
(1) calcareous
nannofossil, FAD of
Praediscosphaera
columnata, (2)
carbon isotope
excursion (black
shale episode), (3)
planktonic
foraminfer or
ammonite markers

Aptian Candidate is Gorgo
a Cerbara, Piobbico,
Umbria-Marche,
central Italy

Base of magnetic
polarity chronozone
M0r; near base of
Paradeshayesites
oglanlensis
ammonite zone

(Continued)
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The duration of Chron M0r from cycle stratigraphy is
0.5 myr, therefore the Aptian begins 25.8 myr below the
base of the Cenomanian (Huang et al., 2010), or at 126.3
Ma (� 0.4) using the 100.5 � 0.4 Ma value. Therefore, the
beginning of Chron M0r was set at 126.3 Ma (� 0.4) for the
age model applied to the M-sequence polarity time scale
(see Chapter 5 on the Geomagnetic Time Scale, this
volume). This 126 Ma age for the base of the Aptian is
supported by a U-Pb date of 124.07 � 0.24 Ma from the
early Aptian Chiastozygus litterarius biozone (NC6;
subzone 6b) (Shimokawa, 2010) and Ar-Ar dating of 124.3
� 1.8 Ma on lower Aptian basalts of the Ontong Java
Plateau (Chambers et al., 2004).

27.3.3.2. Late Cretaceous Scaling

Ash beds within Cenomanian through lower Maastrichtian
ammonite zones of the North American Western Interior have
been systematically collected and dated (Obradovich, 1993;
Hicks et al., 1995; Hicks and Obradovich, 1995; Hicks et al.,
1999; Cobban et al., 2006; Meyers et al., 2010, 2012; Siewert,

2011; Siewert et al., in press). There are nearly 45 radio-
isotopic dates from sanidine feldspar crystals (40Ar/39Ar) or
zircons (U-Pb); therefore, this interval is the best-dated
succession in the entire Phanerozoic. In addition, many of the
ammonite zones have cycle-scaled durations (e.g., Locklair
and Sageman, 2008; Meyers et al., 2012; Siewert et al., in
press).

In GTS2004, the Late Cretaceous time scale was based
on a spline-fit of the existing database of 40Ar/39Ar dates to
estimate the ages of the full suite of Western Interior
ammonite zones. As explained in the previous section, we
applied a similar spline-fit to a revised ammonite zonation
(Cobban et al., 2006) with an expanded and recalibrated
set of radio-isotopic ages (Appendix 2). The spline results
were adjusted to incorporate constraints of cycle-scaled
durations for a subset of those ammonite zones. The fit to
radio-isotope dates implied that ammonite zones in some
intervals are very brief, followed by intervals with rela-
tively long-duration zones; these projections require testing
with cycle stratigraphy and independent radio-isotopic
dating.

TABLE 27.5 GSSPs of the Cretaceous Stages, with Location and Primary Correlation Criteria (Status Jan. 2012)dcont’d

Stage GSSP Location
Latitude,

Longitude
Boundary Level Correlation Events Reference

Barremian Candidate is Rı́o
Argos near Caravaca,
Murcia province,
Spain

Ammonite, FAD of
Taveraidiscus hugii
auctorum e

Avramidiscus
vandeckii group

Hauterivian Candidate is La
Charce village,
Drôme province,
southeast France

Ammonite, FAD of
genus Acanthodiscus
(especially A.
radiatus)

Valanginian Candidates are near
Montbrun-les-Bains
(Drôme province, SE
France) and Cañada
Luenga (Betic
Cordillera, S. Spain)

Calpionellid, FAD of
Calpionellites
darderi (base of
Calpionellid Zone E);
followed by the FAD
of ammonite
“Thurmanniceras”
pertransiens

Berriasian (base
Cretaceous)

Candidates include
base of magnetic
polarity chronozone
M18r, or near FAD of
ammonite
Berriasella jacobi

*according to Google Earth

840 The Geologic Time Scale 2012



Ages for other stratigraphic scales are assigned based on
correlations to this primary age-scale of Western Interior
ammonite zones (Table 27.3). In particular, only one of the
Late Cretaceous stages (the Cenomanian/Turonian boundary)
is defined relative to one of these Western Interior ammonite
zones. The possible definitions being considered for the other
Late Cretaceous stages or the estimated placement of stage
boundaries relative to these ammonite zones are discussed in
the first part of this chapter. For the “working scale” of Late
Cretaceous of GTS2012, we have generally used the place-
ments for geologic stages by Cobban et al. (2006). The
numerical ages from the spline-fits for these stage boundaries
are nearly identical to those proposed by Meyers et al. (2010,
2012) for the base-Turonian and by Siewert et al. (in press)
for the base-Coniacian, base-Santonian and base-Campanian;
therefore, we used their published detailed analyses for the
ages of each of those boundaries. However, a caveat: the
eventual GSSP definition for some of these stages may be
chosen at levels that could be considerably different from
these working definitions.

Correlation of other stratigraphic scales (e.g., European-
based macrofossil and microfossil zones) to the Western
Interior ammonites is based partly on shared inoceramid and
calcareous nannofossil taxa, some common ammonites,
strontium isotope trends, carbon-13 trends, magneto-
stratigraphy and other methods (e.g., Cobban, 1993;
McArthur et al., 1993, 1994; Hardenbol et al., 1998).

We have assigned the base-Campanian to be coeval with
the base of Chron C33r, which puts a constraint on the earliest
portion of the C-sequence. The duration of all Maastrichtian
and upper Campanian chrons are known from cycle stratig-
raphy (Husson et al., 2011; see Chapter 5, this volume). Most
foraminifer and nannofossil datums are correlated to those
polarity chrons (e.g., Burnett et al., 1998; Huber et al., 2008),
and therefore can be assigned numerical ages from the
C-sequence age model. Carbon isotope curves from Campa-
nianeMaastrichtian magnetostratigraphy reference sections
and coeval macrofossil-zoned sections provide a similar set of
numerical age assignments (e.g., Voigt et al., 2010, in press).
As noted above for the Maastrichtian GSSP, these different
correlation methods converged on its correlation to the base
of the Baculites baculus ammonite zone of North America,
approximately to the base of nannofossil zone UC17, a mag-
netostratigraphic placement at Chron C32n.2n.88, and
a numerical age of 72.1 Ma (� 0.2).

The end of the Cretaceous occurred at 66.0 Ma (� 0.1),
based on radio-isotopic dating and the placement of this mass
extinction level relative to the C-sequence polarity time scale
(See Chapter 28 on the Paleogene, this volume).

27.3.4. Summary

An integrated scaling for a selection of Cretaceous stratig-
raphy is illustrated in Figure 27.6. A comparison of the

projected ages and durations of the geologic stages to those
of The Concise Geologic Time Scale (GTS2008; Ogg et al.,
2008) is compiled in Table 27.4. The durations of stages
range from over 10 myr for Aptian, Albian and Campanian
to less than 3 myr for the Santonian. The differences in the
age models for GTS2008 and GTS2012 are relatively minor,
mainly a ~1 myr shift to older ages due to the revised Ar-Ar
monitor standard. This general stability suggests that the
global efforts to integrate cycle stratigraphy with high-
precision radio-isotope dates and improved inter-zonal
calibrations are converging on a reliable Cretaceous time
scale.

However, several of these stages are not yet defined by
GSSPs, and those decisions may select different horizons
for global correlations than are used as the working defi-
nitions for these stages in GTS2012. The numerical age
model for stratigraphic events might be relatively stable,
but the future assignment of those events into chro-
nostratigraphic stages may shift when the GSSPs are
eventually decided.

The next major improvement in the Cretaceous numerical
age model will occur when the floating intervals of cycle
stratigraphy are unambiguously tied to the Present by using
the stability of the 405-kyr long-eccentricity cycle. At least
four factors precluded accomplishing this achievement for
GTS2012:

(a) The Eocene gap in astronomical-cycle chrono-
stratigraphy;

(b) The inherent uncertainties on the radio-isotopic age
constraints which equal or exceed one eccentricity cycle;

(c) Gaps in the composite records to enable splicing among
basins; and

(d) Uncertainties on which component of the recognized
facies alternations in the deep basins (e.g., carbonate-rich
versus clay-rich intervals) are indicative of the minimum
or the maximum phases on that eccentricity orbital-
climate curve.

When these uncertainties are overcome, then the precision of
the age assignments for the datums calibrated to those
Cretaceous cycles will become less than 0.1 myr. An even
more critical hurdle is the lack of verified inter-calibration of
the different stratigraphic scales among regions
(e.g., complications of faunal provincialism during Early
Cretaceous, and how to correlate into terrestrial realms) and
among methods (e.g., direct calibration of microfossil zona-
tions to the dated Western Interior ammonite zones). Chro-
nostratigraphic databases, such as the “CRET1” set of ranges
of fossil taxa in selected worldwide sections (Scott, 2011),
will aid in achieving this goal. The next generation of
Cretaceous time scales will follow the lead of the Paleozoic
(see Chapters 20, 21 and 23 of this book) in uniting statistical
analyses of biostratigraphic data with cycle stratigraphy,
radio-isotopic dates and terrestrial records.
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In many respects, these correlation puzzles are reasons
why so few of the Cretaceous stages have been assigned
stable definitions based on globally useful GSSPs.
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supérieur (étage Urgonien de d’Orbigny). Mémoires de la Société
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Universität Hamburg, 77, pp. 545e575.

Scott, R.W., 2007. Calibration of the Albian/Cenomanian boundary by

ammonite biostratigraphy: U.S. Western Interior. Acta Geologica Sinica

81, 940e948.

Scott, R.W., 2009. Uppermost Albian biostratigraphy and chronostratigraphy.
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Chapter 28

The Paleogene Period

Abstract: All Paleocene stages (i.e., Danian, Selandian and
Thanetian) have formally ratified definitions, and so have the
Ypresian and Lutetian Stages in the Eocene, and the Rupelian
Stage in theOligocene. The Bartonian, Priabonian andChattian
Stages are not yet formally defined. After the global catastrophe
and biotic crisis at the CretaceousePaleogene boundary,
stratigraphically important marine microfossils started new
evolutionary trends, and on land the now flourishing mammals

offer a potential for stratigraphic zonation. During the Paleo-
gene the global climate, being warm until the late Eocene,
shows a significant cooling trend culminating in amajor cooling
event in the beginning of the Oligocene, preparing the condi-
tions for modern life and climate. Orbitally tuned cyclic sedi-
mentation series, calibrated to the geomagnetic polarity and
biostratigraphic scales, have considerably improved the reso-
lution of the Paleogene time scale.
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28.1. HISTORY AND SUBDIVISIONS

28.1.1. Overview of the Paleogene

The Cenozoic (originally Cainozoic) Era (Phillips, 1841)
derives its name from the relatively new (kainos) biota,
compared to the Mesozoic Era. The Cenozoic Era is sub-
divided into the Paleogene (palaios ¼ old, genos ¼ birth),
Neogene and Quaternary periods. The term Tertiary (Ardu-
ino, 1759) has been traditionally used to indicate the time
interval between the Mesozoic and the Quaternary and
therefore comprises the Paleogene and the Neogene. The use
of the term Tertiary is discouraged, since the term is equally
as antiquated as Primary and Secondary, and the latter have
fallen into disuse in the 20th century. However, the term
Tertiary still has widespread use, in particular since the rati-
fication of the term Quaternary as a period (Head et al., 2008).

The Paleogene System is subdivided into three series
(Figure 28.1): the Paleocene, Eocene, and Oligocene,
referring again to the evolution of the biota (eos ¼ dawn and
oligos ¼ little). In his original subdivision of the Tertiary,
Lyell (1833) introduced the term Eocene to refer to the older
part of the Tertiary in the classical European Cenozoic
basins, in which he recognized less than 3% of extant
mollusk species. Later, Beyrich (1854), working mainly in
northern Germany, separated the Oligocene from the
Eocene. Naumann (1866) combined the Eocene and Oligo-
cene in his “Paleogen Stufe”, as opposed to the “Neogen
Stufe” of Hörnes (1853) which included not only the
Miocene and the Pliocene, but also fauna of the Pleistocene.
Finally, Schimper (1874), added the Paleocene based on
paleobotanic studies in the Paris Basin and other basins of
West Europe, although this met with opposition for a long
time (e.g., Mangin, 1957).

Larger foraminifera, and particularly the nummulites,
have played an important role in the development of Paleo-
gene biostratigraphy, and French-speaking stratigraphers
such as Renevier (1873), Haug (1908e11), and Gignoux
(1950) have used the term “Nummulitique” as an equivalent

of Paleogene, but this term has now disappeared from
stratigraphic practice.

The three Paleogene series have been formally subdivided
into nine stages (Figure 28.1) as decided by the International
Subcommission on Paleogene Stratigraphy at the 1989
International Geological Congress in Washington (Jenkins
and Luterbacher, 1992). The Paleocene Series is further
subdivided into the Danian, Selandian and Thanetian stages,
the Eocene Series into the Ypresian, Lutetian, Bartonian and
Priabonian stages and the Oligocene Series into the Rupelian
and Chattian stages, all stages being listed successively from
old to young. All the unit stratotypes of these stages, as well
as several other now disused Paleogene stages, were histori-
cally defined in the mid 19th and early 20th century in the
North Sea Basin and its southern part, the Paris Basin (see
Pomerol, 1981a).

In the last three decades, the practice of Paleogene stra-
tigraphy has been based on classical Berggren et al. (1985,
1995) magnetobiochronology, emphasizing calcareous
microfossils, and has recently been revised by Berggren and
Pearson (2005) and Wade et al. (2011). Organic-walled
dinoflagellate cysts (dinocysts) have also been recognized as
a valuable additional tool in Paleogene stratigraphy, espe-
cially in shallow basins of the northern hemisphere.

Originally, the definition and characterization of the unit
stratotypes were needed to reconstruct the fine lines of
Paleogene historical geological evolution. Developing
a high-resolution time scale for the evolution of our planet,
however, requires precise chronostratigraphy and geochro-
nology of well defined levels that can be correlated between
areas. Therefore, since the 1980s the GSSP concept has
dominated Paleogene stratigraphic research in the attempts
that have been made to precisely define the boundary stra-
totypes of the stages at particular physical levels in well-
documented sections. A major concern in the definition of
the Paleogene GSSPs has been that the geographic locations
of the traditional unit stratotypes did not prove suitable for
defining the boundaries of the stratotypes. As stratigraphic
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communication requires stability and coherence over time in
the definitions of the published terminology, boundary stra-
totypes and GSSPs have been sought that reasonably respect
the stage definitions as they were originally defined in the
historical areas.

As of late 2011, the global stratotype sections and points
(GSSP) defining the bases of the Paleogene series have been
formally ratified: the base of the Danian Stage as the
CretaceousePaleogene boundary, the base-Ypresian as the
PaleoceneeEocene boundary, and the base-Rupelian as
the EoceneeOligocene boundary. In addition, the GSSPs of
the Selandian, Thanetian and Lutetian stages have been rati-
fied. GSSP proposals for Priabonian and Chattian are being
prepared for submission. Although the original Bartonian
sections in England are well studied, a suitable GSSP for this
stage is yet to be found.

28.1.2. Definition of the Base of the Danian

According to stratigraphic rules, the definition of the lower-
most stage of the Paleogene, the Danian, also defines the
bases of the Paleocene Series, the Paleogene System, of
the Tertiary and of the Cenozoic Erathem. Therefore
the base of the Danian also represents the much-discussed
CretaceousePaleogene (K/Pg) or CretaceouseTertiary (K/T)
boundary level.

28.1.2.1. The Danian Stage

The Danian Stage, named after its type area in Denmark, was
introduced by Desor (1847) following his studies of echinoids
within the Cerithium and the Bryozoan Limestones at Stevns
Klint and Fakse on Seland (for a history and modern defini-
tion, see Floris and Thomsen, 1981). The Danian in the type
area corresponds to the interval between the top of the
Maastrichtian Chalk and the basal conglomerate of the
Selandian. Its range there spans the calcareous nannoplankton
Zones NP1eNP4 (Martini, 1971), planktonic foraminifera
Zones P0eP2 (Guembelitria cretacea Zone to Praemurica
uncinata Zone; Berggren and Pearson, 2005; Wade et al.,
2011), and includes dinoflagellate cyst Viborg Zone 1
(Heilmann-Clausen, 1988), all of definite Paleogene character
(e.g., Michelsen et al., 1998, and references therein). Before
they were recognized as being of Paleogene age, however,
these Danian strata were originally considered to be the
youngest stage of the Cretaceous (Desor, 1847); consequently
a supposedly younger stage at the base of the Paleogene was
introduced by Dewalque (1868): the Montian (after Mons,
Belgium). The Montian, however, has lost its significance, as
in its type section it represents only the later part of the
Danian Stage in its present definition, and also because of the
poor stratotype conditions (Robaszynski, 1981; De Geyter
et al., 2006).

28.1.2.2. The Danian GSSP

The base-Danian GSSP (Figure 28.2) has been fixed in
a section of Oued Djerfane, 8 km west of El Kef (168 km
southwest of Tunis), in Tunisia (coordinates N036�09013.200,
E008�38054.800) and ratified by IUGS in 1991. Details of the
GSSP section and a summary of the studies since the original
definition have been published by Molina et al. (2006).

The GSSP level has been defined at the rusty colored base
of a 50 cm thick boundary clay. A similar layer occurs in many
K/Pg sections worldwide and it includes an iridium anomaly,
microtektites, Ni-rich spinel crystals and shocked quartz. Since
the seminal paper by Alvarez et al. (1980) on the events at the
K/Pg boundary, their causes, the impact of an extraterrestrial
body, inter-relationships and consequences have been much
debated (e.g., Schulte et al., 2010). The bulk of this layer was
deposited during a few days and the level is considered
isochronous all over the world, in marine as well as in conti-
nental sections. It corresponds to a drastic change in the marine
plankton, the extinction of the ammonites and the demise of
the dinosaurs, and is accompanied by biotic turnover/crises in
many other groups of organisms, all of which can be used for
correlation purposes (Molina et al., 2006). The GSSP level
represents the moment of the extraterrestrial impact, implying
that all sediments generated by the impact are already Danian
in age. The CretaceousePaleogene boundary is also marked by
a 2e3& negative carbon isotopic excursion in calcite and
organic matter that formed in ocean surface waters.

Concerns about the possible degradation of the El Kef
GSSP section have led Molina et al. (2009a) to propose
several well-studied auxiliary sections at varying distances
from the original meteorite impact (Chicxulub, Yucatan
Mexico). The sections are located in Mexico (Bochil and
Mulato), Spain and southwest France (Caravaca, Zumaia
and Bidart) and near the GSSP itself in Tunisia (Aı̈n Settara
and Ellès). They can be correlated to the GSSP at El Kef using
the geochemical and mineralogical impact evidence, and by
using biozonations in particular those of planktonic forami-
nifera, calcareous nannofossils and dinoflagellate cysts
(Figure 3 in Molina et al., 2009a).

Using a combination of 40Ar/39Ar and astronomical ages
at the classical Zumaia section, Kuiper et al. (2008) have
proposed an age of ~65.95 Ma for the Cretaceous/ Paleogene
boundary. The most reliable estimate of the position of the
K/Pg boundary with respect to the magnetostratigraphic scale
is based on astronomical data and situates the GSSP at C29r.5
(Westerhold et al., 2008).

28.1.3. Definition of the Base
of the Selandian

28.1.3.1. The Selandian Stage

The division of the Paleocene Series into three stages,
Danian, Selandian and Thanetian, was decided at the IGC in
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Base of the Danian Stage of the Paleogene System at El Kef, Tunisia
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FIGURE 28.2 The Danian GSSP located at El Kef in Tunisia (B). Photograph (A) in Ogg et al. (2008) and stratigraphic data (C) from Molina et al. (2006).
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Washington (Jenkins and Luterbacher, 1992). Before this
threefold subdivision of the Paleocene became official in
1989, many stratigraphers used a twofold subdivision, and the
present Selandian Stage was in fact included in the younger
Thanetian Stage (Harland et al., 1990; for a review see Bignot
et al., 1997).

The Selandian Stage was originally introduced by
Rosenkrantz (1924) based on a succession composed of
conglomerates, greensand (Lellinge Greensand), marls
(Kerteminde Marl), and clays that unconformably overlie the
upper Danian limestones and underlie the ash-bearing Mo-
Clay (upper Paleocene to lower Eocene, see Hansen 1979) in
Denmark, and is typified in the Copenhagen area (e.g., Perch-
Nielsen and Hansen, 1981; Berggren, 1994). Towards the top
of this sedimentary sequence a considerable overlap exists
with the original Thanetian type section (see Bignot et al.,
1997) and in the international threefold subdivision of the
Paleocene only the lower part is referred to as Selandian; in its
type area this Selandian contains characteristic dinoflagellate
cyst assemblages (Zones Viborg 2 and 3 pro parte of
Heilmann-Clausen, 1985, 1988; see also Figure 23 in
Michelsen et al., 1998) and calcareous nannoplankton (Zones
NP4 pro parte, NP5eNP6 of Martini, 1971; e.g., Thomsen,
1994). The DanianeSelandian boundary in the North Sea
area ends a long lasting period of marine carbonate sedi-
mentation; this explains why it was common until the mid
20th century to consider the top of the Danian chalks as the
Cretaceous/Tertiary boundary.

The now disused Heersian Stage, introduced by Dumont
(1851) and named after the Heers village 20 km northwest of
Liège in Belgium, is equivalent to the middle and upper
Selandian (De Geyter et al., 2006).

28.1.3.2. The GSSP of the Selandian

The Selandian GSSP was ratified in 2008, as extensively
documented by the Paleocene Working Group (Schmitz et al.,
2008, 2011; Figure 28.3). The GSSP of the Selandian is
placed in the section exposed at Itzurun Beach in Zumaia,
Basque Country, northern Spain (coordinates 43� 17057.100N,
2� 15039.600W). The Zumaia section is part of a continuous
lower Santonian to lower Eocene sea-cliff outcropping along
the coast of the Gipuzkoa province halfway between Bilbao
and San Sebastian. The precise GSSP level is defined at the
base of the red marls of the Itzurun Formation, and overlies
the uppermost limestone bed of the limestoneemarl couplets
in the upper part of the Aitzgorri Limestone Formation. The
sediments are deep marine deposits, and sedimentation is
thought to be continuous as bed-by-bed correlation is possible
across the whole outcrop. The change from the Aitzgorri
Limestone Formation to the Itzurun Formation marls is
considered the deep water correlative conformity of the major
Se1 sequence boundary and sea-level low as described in
Hardenbol et al. (1998). Detailed stratigraphic studies show

that this lithologic change at the Selandian GSSP is time
equivalent to the facies shift from Danian limestones to
Selandian detrital sediments in the type area of Denmark,
suggesting therefore the effect of the same sea-level event
(Schmitz et al., 1998).

The GSSP occurs approximately at the top of the lower
third of Chron C26r. The age of the boundary can be further
estimated using astrocyclicity (Dinarès-Turell et al., 2007;
Schmitz et al., 2008) and theGSSP is reported at 32 precession
cycles above the top of C27n in the Zumaia section. More
recently, in a comparative study between the Bjala section in
Bulgaria and the Zumaia section, Dinarès-Turell et al. (2010)
have refined the placement of the chron C27n at Zumaia, and
report the Selandian GSSP to occur at 30 precession cycles
above the top of C27n. A globalmarine correlation event of the
GSSP level is the second radiation of the calcareous nanno-
fossil Fasciculithus (base Zone NP5), that is situated just
above the base of the Selandian. For regional correlations the
end of the acme of the Braarudosphaeraceae nannofossil
family can also be used (Steurbaut and Sztrákos, 2008;
Bernaola et al., 2009). Several foraminiferal events around the
boundary can be used to bracket the GSSP level. However, it
should be noted that the now defined GSSP of the Selandian is
distinctly younger than a previous informal working definition,
as used in GTS2004, which placed the DanianeSelandian
boundary at the lowest occurrence of the planktonic foraminifer
Morozovella angulata at the base of Zone P3. The base of the
Selandian is also about 600 kyr younger than the latest Danian
Event (Bornemann et al., 2009), a distinctly developed strati-
graphic level observed in Egypt and Tunisia, and until 2007
considered as an alternative for the placement of the GSSP
of the Selandian (Guasti et al., 2006; Schmitz et al., 2008;
Sprong et al., 2009).

28.1.4. Definition of the Base
of the Thanetian

28.1.4.1. The Thanetian Stage

The Thanetian is the youngest stage of the Paleocene. The
name of this stage was first used by Renevier (1873), but its
meaning was subsequently narrowed by Dollfus (1880), who
included only the Thanet Sands, the type strata on the Isle of
Thanet in southeast England. Since then the Thanetian has
always been used sensu Dollfus (Curry, 1981). These strata
contain calcareous nannoplankton Zones NP6 pro parte up to
NP9 pro parte (Martini, 1971) and dinoflagellate cyst Zones
Viborg 3 pro parte to 6 (Heilmann-Clausen, 1985, 1988) and
D4beD5a (Costa and Manum, 1988). The Thanet Sands span
polarity Chrons C26n, C25 and the lower part of C24r
(Ali and Jolley, 1996).

The Landenian has been used as an approximately
equivalent alternative stage name in the past. This is named
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Base of the Selandian Stage of the Paleogene System
in the Zumaia Section, Spain
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after a town in central Belgium, and was introduced by
Dumont (1839, 1849) (Curry, 1981; De Geyter et al., 2006).

28.1.4.2. The GSSP of the Thanetian

The Thanetian GSSP proposal was ratified in 2008, as
extensively documented by the Paleocene Working Group
(Schmitz et al., 2008, 2011; Figure 28.4). The GSSP of the
Thanetian is placed in the section exposed at Itzurun Beach in

Zumaia, Basque Country, northern Spain (coordinates
43� 17058.400N, 2� 15039.100W), the same section in which the
Selandian GSSP has been defined (see Section 28.1.3.2).

The precise level of the Thanetian GSSP in the Zumaia
section occurs 8 precession cycles, or 2.8 m, above the base
of the core of a distinct clay rich level, about 1 m thick and
with a reduced carbonate content and an increased
magnetic susceptibility. The GSSP level corresponds to the
base of magnetochron C26n, or the C26r/C26n reversal.
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The GSSP level occurs c. 6.5m above the base of Member
B of the Itzurun Formation; this Member B contains
indurated limestone beds, in contrast to the underlying
Member A which only consists of marls. The distinct clay
horizon is characterized by a marked change in calcareous
nannofossil and foraminifera content, known as the short-
lived Mid-Paleocene Biotic Event (MPBE) (Bernaola et al.,
2007). The MPBE is located c. 4.5 m above the first occur-
rence of H. kleinpelli, the Zone NP6 marker, and within
planktonic foraminifera Zone P4. A major increase in the
abundance of the dinoflagellate Alisocysta gippingensis is
considered a useful event for recognizing the base of the
Thanetian within the North Sea Basin, while the last occur-
rence of Palaeoperidinium pyrophorum and Palae-
ocystodinium australinum/bulliforme are late Selandian events
that are useful for inter-regional correlations (Schmitz et al.,
2008).

28.1.5. Definition of the Base of the Ypresian

The Ypresian is the lowermost stage of the Eocene Series and
accordingly, the base of the Ypresian also defines the base of
the Eocene (Salvador, 1994). It is succeeded successively by
the overlying Eocene stages of the Lutetian, Bartonian and
Priabonian.

28.1.5.1. The Ypresian Stage

The Ypresian Stage was originally introduced by Dumont
(1849) to include the clayey to fine-sandy shelf-facies strata
lying between the terrestrial to marginally marine Landenian
(see section 28.1.4.1) and the marine Brusselian (see section
28.1.6.1) in western Belgium. Dumont (1851) later assigned
the upper, sandier part of this stage to a separate Paniselian
Stage (Willems et al., 1981). The Paniselian (named after the
Mont-Panisel hill near Mons in southern Belgium), however,
is a poorly defined term and became obsolete as a chro-
nostratigraphic term (De Geyter et al., 2006), leaving the
Ypresian as it was originally defined by Dumont (1849). The
term Ypresian is derived from the town of Ieper (Dutch
spelling) or Ypres (French translation), located in western
Belgium.

TheYpresian sediments in the type area arewell constrained
by dinocyst and calcareous nannoplankton associations,
by sequence-stratigraphic analysis and magnetostratigraphy
(e.g., Ali et al. 1993; Vandenberghe et al., 1998, 2004;
Steurbaut, 2006).

Cuisian and Ilerdian are regional stage names that have
been used in parallel with the Ypresian (Pomerol, 1981a). The
Cuisian has been defined and used in the Paris Basin, but it
was recommended to refrain from applying the term by
Bignot (1981). In the Tethyan realm, the Ilerdian is a regional
Mediterranean stage (Hottinger and Schaub, 1960; Plaziat,
1981) corresponding to an important phase in the evolution of

the larger foraminifera which is not represented in northwest
European basins. Based on integrated stratigraphic studies,
the base of the Ilerdian was recently correlated to the base of
the Ypresian (Pujalte et al., 2009; Scheibner and Speijer,
2009). In a larger foraminifera zonation, the position of the
Ilerdian and the Cuisian occurs in between Thanetian and
Lutetian (Figure 28.8).

28.1.5.2. The GSSP of the Ypresian

The events taking place in the PaleoceneeEocene boundary
interval, their inter-relations, and possible causes have been
intensively studied by the ISPS PaleoceneeEocene Boundary
Working Group (e.g., reviews in Aubry et al., 1998, 2003,
2007; Schmitz et al., 2001). Although several biostratigraphic
events occur in this boundary interval, a geochemical event,
namely the onset of a pronounced negative carbon isotope
excursion (CIE), has been selected as the best criterion for the
recognition and correlation of the PaleoceneeEocene
boundary (Figure 28.5).

This event at the base of the Eocene was estimated to be
0.94 myr younger than the base of magnetochron C24r by
cyclostratigraphy (Norris and Röhl, 1999). In a more recent
cyclostratigraphic approach, Westerhold et al. (2008) have
found the base PETM at C24r.36. The carbon isotope signal
has the advantage of being observable in both marine and
terrestrial successions (Stott et al., 1996). The carbon isotope
excursion is the expression of the PaleoceneeEocene thermal
maximum (PETM), a major global warming event tradition-
ally related to a sudden release of methane from seafloor
clathrates (e.g., Dickens et al., 1997). The CIE coincides with
major paleontological events: a deep-sea benthic-foraminif-
eral extinction event, diversifications in planktonic forami-
nifera, calcareous nannofossils and larger foraminifera,
a global acme of the dinocyst Apectodinium in the marine
environment, and in the terrestrial environment with
a mammal dispersal event in North America which defines the
base of the Wasatchian Land Mammal Age (references in
Aubry et al., 2007).

The GSSP of the Ypresian and the Eocene is located in the
Dababiya section near Luxor in Egypt (Dupuis et al., 2003;
Aubry et al., 2007). The Dababiya section is located on the
east bank of the upper Nile Valley, 23 km south of Luxor and
30 km north of Esna (coordinates 25�30004.700N,
32� 31019.1400E). The GSSP level is located at the base of the
Dababiya Quarry Member of the Esna Shale Formation. It is
defined at the base of a thin dark gray clayey horizon, the
Dababiya Quarry Bed 1, which underlies the 2-m-thick, partly
phosphatic and laminated Dababiya Quarry beds 2 to 5. The
Dababiya Quarry Beds distinctly weather out in the field
making it easy to locate the GSSP level at its base.

This GSSP definition defines the base of the Ypresian at
a slightly older age than the base of the traditional and
historical Ypresian type section in the Ieper area in Belgium.
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Base of the Ypresian Stage of the Paleogene System at Dababiya, Egypt 
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FIGURE 28.5 The Ypresian GSSP located at Dababiya, Egypt (B). The photograph (A) and the stratigraphic data (C) are based on Aubry et al. (2007).
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In fact, the CIE-defined base of the Ypresian occurs in the
historical type area almost at the base of the fluvio-lagoonal
upper part of the Landenian (see Section 28.1.4.1; Steurbaut,
2006). In 2003, the IUGS ratified the GSSP of the base of the
Eocene as being also the GSSP of the Ypresian Stage,
thereby attributing a slightly older age to the base of the
Ypresian Stage; moving it from 54.8 Ma (see also Hardenbol
et al., 1998) to 55.80 � 0.2 Ma in GTS2004. Hence, base
Eocene and base Ypresian are ratified together in one defi-
nition. It is therefore not meaningful and not recommended
to introduce an additional stage name for this very short time
interval between the GSSP of the Ypresian and its old
historical base. The “Sparnacian”, as discussed by Aubry
et al. (2003) in this context (see also Berggren and Pearson,
2005), had already been omitted from the Paleogene stages
by Pomerol in 1981, as being of less importance and non-
marine.

28.1.6. Definition of the Base of the Lutetian

28.1.6.1. The Lutetian Stage

The Lutetian was defined in the Paris Basin, Lutetia being the
Roman name for Paris. According to its author, De Lapparent
(1883), the Lutetian Stage (early-Middle Eocene) is typified
by the “Calcaire grossier” of the Paris Basin. As no stratotype
section was indicated by De Lapparent, a neostratotype was
selected by Blondeau (1981) near Creil, approximately 50 km
north of Paris, at St. Leu d’Esserent and St. Vaast-les-Mello.
The type-Lutetian contains typical larger foraminifera
(Nummulites laevigatus, Orbitolites complanatus) and, to
a lesser extent, palynomorphs and calcareous nannoplankton.
Traditionally in open marine sequences, the base of the
Lutetian was recognized by the lowest occurrence of the
planktonic foraminifer Hantkenina nuttalli (or the former
P9/P10 zonal boundary: e.g., Berggren et al., 1995;
GTS2004, p. 386). However, it was recently shown
convincingly that this species does not appear at the base of
C21r, but at the base of C20r, i.e. about 3 myr later (Wade
et al. 2011). Another traditional criterion used to approach the
base of the Lutetian was the C22n/C21r boundary (Molina
et al., 2011). Currently, the base of the Lutetian is considered
to be slightly younger than the first appearance of Turbor-
otalia frontosa. Blondeau et al. (1965) have discussed the
correlation of the Lutetian with other, now obsolete, stage
names in the Belgian Basin, such as Brusselian, Ledian,
Wemmelian (see also De Geyter et al., 2006) and the
Bracklesham Beds of the Hampshire Basin in England.

28.1.6.2. The GSSP of the Lutetian

A Lutetian GSSP was ratified in 2011 (Molina et al., 2011;
Figure 28.6). Due to the presence of an important global sea-
level drop near the YpresianeLutetian boundary, a contin-
uous boundary stratotype had to be sought in deep-water

deposits outside the historical Paris Basin. The Agost (Molina
et al., 2000) and Gorrondatxe (Molina et al., 2009b) sections
in Spain have been extensively studied for this purpose. The
GSSP for the Lutetian is proposed in the cliffs of the Gor-
rondatxe (or Azkorri) beach section near Getxo village in the
western Pyrenees (province of Biscay, Basque Country, North
Spain) at coordinates 43� 220 46.4700 N and 3� 000 51.6100 W.
The Gorrondatxe section is mostly composed of hemipelagic
marls and limestones; thin-bedded siliciclastic turbidites
occur but are distal and do not scour the hemipelagic marls.
The GSSP level is at 167.85 m of the Gorrondatxe section in
a dark marly level occurring in the section 2.15 m below
a prominent 15-cm-thick turbidite at meter 170. This marly
level coincides with a global maximal flooding event (Molina
et al., 2011). The GSSP level can be correlated with the
lowest occurrence of the nannofossil Blackites inflatus, cor-
responding to the base of Subzone CP12b within Zone NP14.

The calcareous nannofossil Blackites inflatuswas found to
almost coincide with the base of the original Lutetian stra-
totype. Counting 39 precession cycles between the base of
C21r and the lowest occurrence of Blackites inflatus deter-
mines an age about 819 kyr younger than the base of this
magnetochron boundary (Molina et al. 2011). This gives an
age of 47.78 Ma for the GSSP, based on the GTS2004 age of
base C21r; the GSSP is also estimated 507 kyr older than the
C21r/C21n boundary (Molina et al. 2011) leading to the
GSSP position at chron C21r.6. This GSSP level is close to
the base of the original Lutetian stratotype, and also coincides
with the base of the Earnley Formation in the Hampshire
Basin in the UK.

28.1.7. Definition of the Base
of the Bartonian

28.1.7.1. The Bartonian Stage

The Bartonian (Mayer-Eymar, 1858) refers to the marine
clays and sands of the Barton Beds of the Hampshire Basin,
central southern England, exposed in the coastal section
between Highcliff and Barton-on-Sea (Curry, 1981). These
Barton Beds contain a rich and diversified dinoflagellate cyst
assemblage including Rhombodinium draco and Rhombodi-
nium porosum. The planktonic microfossils in the Bartonian
type area, NP17 and P13e14 (or E12eE13 of Berggren and
Pearson (2005) and Wade et al. (2011)), are generally
considered indicative of a middle Eocene age for the Barto-
nian, in contrast to the late Eocene Priabonian containing
Isthmolithus recurvus (Hardenbol and Berggren, 1978).

In the late 19th century, the base of the Bartonian in the
type area was taken at the base of a horizon rich in Num-
mulites prestwichianus (Curry, 1981). Hooker (1986) shifted
the base of the Barton Clay Formation downwards to a major
lithological boundary, namely a thin glauconitic and pebbly
omission surface. In fact this shift means the return to the
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original definition of the Barton Beds by Prestwich in 1857
(Curry, 1981). In the type section, the thickness involved in
the shift is minimal, but laterally the thickness involved in the
shift increases and the shifted interval is called the Hunting-
bridge Division, occurring in the top of the Bracklesham
Beds. The Huntingbridge Division, underlying the Barton
Clay, which itself is composed of Lower and Middle Barton
Beds, is now included in the Barton Clay Formation, together
with the Barton Clay Beds. The overlying Becton Sand
Formation corresponds to the Upper Barton Beds or Barton
Sand (King, 2006).

Cavelier and Pomerol (1986), following Hooker (1986),
proposed placing the base of the standard Bartonian Stage at
the base of the Huntingbridge Beds in the top of the Brack-
lesham Beds in England. In a review of data on the type
Bartonian, these authors report that the Lower Barton Beds
correspond to the Rhombodinium draco Zone (W10) (D10b in
Figure 28.9), and the base of the Bartonian is situated in the
upper part of NP16. These authors also report radiometric
ages of 38.9 � 1.8 and 39.6 � 1.8 Ma for the Lower Barton
Beds, and 39.1 � 1.5 Ma for the Huntingbridge Beds in the
type area. This redefinition explains why the base of the
Barton Clay Formation in recent British stratigraphic tables,
such as in King (2006) and Dawber et al. (2011), is put in the
upper Lutetian rather than in the Bartonian.

Although the Barton Beds have yielded a rich marine
fauna, they contain relatively few species suitable for long
distance correlation. It has been suggested that the base of the
Bartonian occurs near the common occurrence of the
calcareous nannofossil Reticulofenestra reticulata (mis-
quoted in Ogg et al., 2008, p. 131) and close to the C19n/C18r
magnetochron boundary.

The upper limit of the Bartonian in its historical type area
remains poorly defined, since it corresponds to a widespread
sea-level lowstand and therefore it is frequently marked by
a hiatus separating it from the Priabonian. In the past in
France, also poorly defined regional stages such as the
Auversian, a substage of the Lower Bartonian (Pomerol,
1981b), Marinesian (Schuler et al., 1992), and the Biaritzian
have been introduced, which in part overlap with the
Bartonian (Pomerol, 1981c; Cavelier and Pomerol, 1986).

28.1.7.2. The Criterion for the Base of the
Bartonian

At the present time no formal proposal has been made for
a Bartonian GSSP. Awell-documented section, unfortunately
also with some shortcomings, has been published. This is near
the classical Contessa Highway in the Umbrian Apennines in
Italy containing Lutetian and Bartonian strata (Jovane et al.,
2007). Several distinctive lithologic marker beds occur near
the C19n/C18r magnetochron boundary and also foraminif-
eral and nannofossil events occur around that boundary
that could help correlation. A clear oxygen and carbon isotope

excursion starts about 6 m above the C19n/C18r magnetochron
boundary, within C18n.2n and is accompanied by a significant
planktonic foraminifera turnover. This is comparable to the
middle Eocene climatic optimum as observed in the Indiane
Atlantic sector of the Southern Ocean (Bohaty and Zachos,
2003) and is also identified in the Barton Clay Formation of the
Hampshire Basin in the UK (Dawber et al., 2011).

In the absence of a formal Bartonian GSSP, it seems
reasonable, from the data in the Hampshire Basin and the
Contessa Highway section, to keep the base Bartonian as it
was defined in the previous GTS, namely at the C19n/C18r
boundary.

28.1.8. Definition of the Base
of the Priabonian

28.1.8.1. The Priabonian Stage

The Upper Eocene Priabonian Stage (Munier Chalmas and
De Lapparent, 1893) has its historical type section in
Priabona, northern Italy (Roveda, 1961; Hardenbol, 1968;
Barbin, 1988). Hardenbol (1968) discusses the historical
evolution of the usage of the term Priabonian since its
introduction by Suess (1868). In the propositions at the end of
the Colloque sur l’Eocène (BRGM, 1968), several para-
stratotype sections were designated in the same area in
addition to the type section.

Bryozoan marls and limestones, as well as small Num-
mulites beds are included in the shallow water facies of the
Priabonian at the type locality (Barbin, 1988). The Priabonian
in the type section contains rare planktonic foraminifera, such
as Turborotalia cerroazulensis, assigned to upper Zone E15
and E16, and spans the calcareous nannofossil Zones NP19/
20 with Isthmolithus recurvus (Roth et al., 1971); this age
estimate is confirmed by the recognition of the dinoflagellate
cyst Melitasphaeridium pseudorecurvatum Zone in the
historical type section (Brinkhuis and Biffi, 1993).

The Ludian is a regional stage name used in the Paris Basin
that can be attributed to the Priabonian (Schuler et al., 1992).

At the BartonianePriabonian boundary in Western
Europe, uplift by the Pyrenean tectonic phase can be
recognized in many regions. Another particularity of the
Priabonian is the occurrence of at least two small impact-
related iridium anomalies reported from several sections
(Coccioni et al., 2000; Vonhof et al., 2000). This, apparently
general, increase in flux of extraterrestrial material during
the late Eocene has been related to the massive impact at
Chesapeake Bay along the US Mid Atlantic coast dated at
about 35.5 Ma (Gohn et al., 2009).

28.1.8.2. The Criterion for the Base of the
Priabonian

At the present time no formal proposal has been made for
a Priabonian GSSP. The Bartonian/Priabonian boundary has
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been placed at the lowest occurrence of Chiasmolithus
oamaruensis, marker of the base of NP18, in Berggren et al.
(1985, 1995).

In the GTS2004 and in Ogg et al. (2008), this base Pria-
bonian criterion was replaced by the slightly older base of
magnetochron C17n.1n. This criterion change was inspired
by doubt on the clear-cut nature of the nannoplankton event,
and by the possibility of recognizing the magnetochron
boundary in non-marine facies (H.P. Luterbacher, pers.
comm., 2010).

Agnini et al. (2011) have presented an integrated bio-
magnetostratigraphy of the Alano di Piave section in the
Venetian southern Alps of Italy in which they propose the base
of the Tiziano volcanic crystal tuff bed as the Priabonian
GSSP. The section is about 50 km away from the historical
Priabona section, and is close to Possagno (45�54051.1000N
and 11�5504.8700E), one of the deep-water parastratotype
sections chosen during the Colloque sur l’Eocène (BRGM,
1968) but unfortunately itself poorly outcropping. Calcareous
microfossils and palynomorphs are abundant in the hemi-
pelagic marls of the section. Paleomagnetic signals and
calcareous biohorizons, based on their reliable intercalibration
at ODP Site 1052, show that the section spans the interval
from the upper part of chron C18r to the basal part of chron
C16r. The boundaries between the different chrons can be well
identified, allowing good age control in the section. The
suggested Tiziano bed is immediately above the lowest
occurrence of Chiasmolithus oamaruensis. However, accord-
ing to the analysis in the Alano section, this seems to occur in
chron 17n.2n, and not as commonly assumed in chron 17n.1n.
The age estimate of the Tiziano bed, based on different time
scales, varies between 37.537 (GTS2004) and 37.833 Ma
(Cande and Kent, 1995); several micropaleontological corre-
lation criteria are available around the Tiziano bed (Agnini
et al., 2011). The historical Priabonian section that contains
I. recurvus at its base starts somewhat higher than the Tiziano
bed, as in the Mediterranean I. recurvus becomes common
higher in C16n (Figure 4 in Coccioni et al., 1988).

Although the Alano section is a good candidate for
a Priabonian GSSP, in the absence of a formal Priabonian
GSSP it seems reasonable for practical reasons to keep the
base Priabonian as it was defined in the previous GTS, being
the base of magnetochron C17n.1n.

28.1.9. Definition of the Base of the Rupelian

A threefold subdivision of the Oligocene was introduced by
Beyrich (1854). There has been some stratigraphic confusion
related to the Oligocene or Eocene nature of some stages,
especially relating to stages such as the Latdorfian and
Tongrian (see e.g., table in Cavelier and Pomerol, 1983; table 1
in Schuler et al., 1992).

A pragmatic chronostratigraphic scheme for the stan-
dardization of the Oligocene in two stages was provided by

Hardenbol and Berggren (1978), who distinguished two
easily recognizable lithostratigraphic units in the historical
Oligocene stratotype area of northwest Europe:

(i) A lower open marine, clayey unit, which includes the
typical Rupelian type area sediments; and

(ii) An upper, predominantly shallow-marine, sandy unit,
which incorporates the type section of the Chattian.

This proposal has been followed ever since, and the twofold
subdivision became official in the IGC of Washington in 1989
(Jenkins and Luterbacher, 1992). According to stratigraphic
rules (Salvador, 1994), the base of the Rupelian Stage equals
the base of the Oligocene Series.

28.1.9.1. The Rupelian Stage

The name Rupelian was introduced by Dumont (1849) for
the Boom Clay deposits exposed in a series of brick yards
along the rivers Rupel and Scheldt in Belgium. This clay
deposit constituted the upper Rupelian of Dumont, while
a lower Rupelian part consisting of a clay-like deposit, the
Nucula comta clay, between two sand deposits, was
exposed in northeast Belgium. In its outcrop area, the
Boom Clay, is substantially eroded but it becomes thicker
and stratigraphically more complete in the subsurface of
North Belgium (Vandenberghe et al., 2001; Van Simaeys
and Vandenberghe, 2006). These Rupelian clays form
a characteristic and continuous deposit in a large part of the
North Sea area. Distinct layering in the clay reflects mainly
41 kyr obliquity cycles (Abels et al., 2007). Several char-
acteristic layers of septaria (carbonate concretions)
systematically occur in the clay, explaining the name
Septarienton that is used in Germany. Many macro- and
microfossil groups have been studied in the stratotype area
(references in Vandenberghe, 1981; Van Simaeys and
Vandenberghe, 2006). Calcareous nannoplankton Zones
NP23 and NP24 and planktonic foraminifera Zones O1 to
O4 (Berggren and Pearson 2005; Wade et al., 2011) were
recognized in the clay, and a benthic foraminiferal and
a dinoflagellate cyst zonation have been established in the
Rupelian stratotype (references in Van Simaeys and Van-
denberghe, 2006).

Within the concept of a threefold subdivision of the
Oligocene by Beyrich (1854), the historical stratotype as
defined by Dumont in 1849 was considered as the Middle
Oligocene, between the Lower Oligocene Latdorfian (Ritz-
kowski, 1981a) and theUpperOligoceneChattian (Ritzkowski,
1981b). However, the twofold subdivision of the Oligocene
advocated by Hardenbol and Berggren (1978) became the
standard practice. The Upper Oligocene Chattian remained
unchanged. The newly introduced Lower Oligocene, after the
definition of the base-Oligocene GSSP (see Section 28.1.9.2.)
and more detailed micropaleontologic studies (Stover and
Hardenbol, 1993; Brinkhuis and Visscher, 1995), appeared to
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encompass the approximately correlative regional stages
Latdorfian (Germany) and Tongrian (Belgium), as well as the
historical Rupelian Stage. However, the name Rupelian is now
used for the whole newly defined Lower Oligocene. Conse-
quently this baseRupelian is older than the base of the historical
Rupelian stratotype and a lowermost Rupelian sedimentary
sequence, below the Boom Clay, containing calcareous
nannoplankton ZoneNP21 occurs at the very base of the Lower
Oligocene Rupelian (Vandenberghe et al., 2003, 2004).

Two events which are usually associated with the start of
the Oligocene in fact occur between this lowermost Rupelian
sequence (NP21) and the overlying sequences containing the
Boom Clay and starting in calcareous nannoplankton Zone
NP22. These events are the Oi-1 most significant oxygen
isotope cooling event (Zachos et al., 1996; De Man et al.,
2004a), and the “Grande Coupure” in the mammal record,
separating Eocene from Oligocene vertebrate fauna after new
land bridges had been created (Woodburne and Swisher,
1995; Vandenberghe et al., 2003). The considerable faunal
and floral changes at the EoceneeOligocene transition have
been related to widespread cooling (e.g., Premoli Silva et al.,
1988; Vonhof et al., 2000).

Before the Rupelian was officially adopted by the ICS as
the Lower Oligocene stage name, the “Stampian” has been
used in the Paris Basin for the Lower Oligocene; it consists
mainly of fine marine sands with aeolian sands at the top,
and includes continental “Sannoisian” facies at the base and
Etampes limestone at the top (Cavelier, 1981; Cavelier and
Pomerol, 1977, 1983; Plaziat et al., 2009).

28.1.9.2. The GSSP of the Rupelian

The GSSP of the Rupelian Stage and the Oligocene Series has
been defined in the Massignano section, 10 km southeast of
Ancona, on the Adriatic coast of northern Italy (Premoli Silva
et al., 1988; Premoli Silva and Jenkins, 1993) (Figure 28.7).
The GSSP was defined in an abandoned quarry on the east
side of the AnconaeSirolo road near Massignano; at coor-
dinates 43�32058.200N and 13�36003.800E. The Massignano
section covers a continuous, 23 m, Upper Eocene to Lower
Oligocene sequence of open marine marls and calcareous
marls. The GSSP is defined at the base of a greenish-gray
0.5-m-thick marl bed, 19 m above the base of the section. The
key marker of the GSSP is the extinction of the hantkeninid
planktonic foraminifera (Figure 28.7(b)) at the top of Zone
E16, which lies within nannofossil Zone NP21, and magnetic
polarity Chron 13r.1r. However the normal-polarity subzone
C13r.2n observed in the Massignano section is not present
in marine magnetic surveys, which is the basis of the
C-sequence km model and therefore the GSSP position pro-
jected to the magnetic polarity scale is better expressed as
C13r.86, as was already reported in GTS2004. K-Ar and Ar-
Ar dating of biotite grains from 4.3 m below the base of the
GSSP give an age of 34.6 � 0.3 Ma, suggesting a numerical

age of 34 Ma for the GSSP itself (Premoli Silva and Jenkins,
1993). The selection of this GSSP for the base of the Oligo-
cene honors the original meaning of the Oligocene with
a threefold subdivision as defined by Beyrich (1854) who
considered the Latdorfian transgression as the start of the
Oligocene (see also Brabb, 1968).

28.1.10. The Definition of the Base
of the Chattian

28.1.10.1. The Chattian Stage

The upper Oligocene Chattian was introduced and defined
with the “Kasseler Meeressande” as the name-giving strata in
Hessen in Germany by Fuchs (1894), who recognized their
similarity to the Doberg strata near Bünde (Westphalia,
Germany). Goerges (1957) selected the section at Doberg as
the stratotype, and Ritzkowski (1981b) presented a detailed
drawing of this section. The stratigraphy of key Chattian
sections in the North Sea Basin is discussed by Van Simaeys
et al. (2004).

The most distinct biostratigraphic marker characterizing
the base of the Chattian in the North Sea Basin is the record of
the Asterigerina guerichi guerichi benthic foraminifer bloom
event, known as the Asterigerina Horizon. It is a biohorizon
recognized over the entire North Sea Basin. In shallow marine
facies it is a suitable regional stratigraphic correlation marker
to define the base of the Chattian in the North Sea area.
Other benthic foraminiferal bioevents also characterize the
RupelianeChattian boundary in the North Sea Basin
(De Man et al., 2004b).

The Asterigerina Horizon falls within NP24, adopting the
lowest occurrence (LO) of Helicosphaera recta as the
substitute marker of the base of Zone NP24 (Van Simaeys
et al., 2004). The lower unit A of the Chattian is within Zone
NP24 according to a classical threefold subdivision based on
pectinid ranges (Anderson, 1961); the middle and the upper
subdivisions, B and C, are situated in Zone NP25, defined in
the North Sea Basin by the lowest occurrence of Pontos-
phaera enormis. Chattian A and B make up the Eochattian as
defined by Hubach (1957) and Chattian C corresponds to the
Neochattian of this author.

Dinocyst assemblages are diverse and well preserved in
both the Rupelian and the Chattian of the North Sea (Köthe,
1990). The lowest occurrence of Artemisiocysta cladodicho-
toma coincides with the onset of the Asterigerina guerichi
guerichi bloom marking the base of the Chattian in the North
Sea Basin. The RupelianeChattian boundary in its historical
North Sea type area falls in a short hiatus associated with the
Svalbardella event known to have occurred in the middle and
upper part of chron C9n (Van Simaeys et al., 2005a,b); the
migration of the high-latitude dinocyst Svalbardella cook-
soniae into low latitudes reflects the influence of anomalously
cool surface waters. Its occurrence in Chron C9 relates this
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Base of the Rupelian Stage of the Oligocene Epoch in the Massignano
Section near Ancona, Italy.
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event to the important mid-Oligocene cooling event observed
in deep-sea benthic foraminiferal oxygen isotope records
described by Miller et al. (1998) (see Section 28.3.2); it is
thought that a significant sea-level lowering accompanied this
cold climatic spell and caused the general hiatus in the
historical Oligocene type areas, making the areas unsuitable
for the definition of a GSSP.

The presence of the larger foraminifer Miogypsina sep-
tentrionalis in the middle part of the Doberg Chattian refer-
ence section (Anderson et al., 1971) and the abundant
Asterigerina guerichi guerichi (De Man and Van Simaeys,
2004) are indicators of tropical to subtropical conditions.

28.1.10.2. The Criterion for the Base of the
Chattian

No formal proposition for the GSSP Chattian has yet been
made. Chronostratigraphically meaningful calcareous
plankton are sparse in the generally marginal marine sedi-
mentary environment of the historical reference sections,
paleomagnetic signals are poor, and radiometrically datable
volcanic horizons are absent. Therefore, a continuous, well-
calibrated base Chattian GSSP section offering good corre-
lation potential, has to be sought outside the North Sea Basin.

Three pelagic sections in the Umbria-Marche northeastern
Apennines of Italy provide continuous information on the
Rupelian to Chattian transition: Pieve d’Accinelli, Monte
Cagnero and Contessa (Coccioni et al., 2008). The base
Chattian marker in the sections figured by these authors
occurs at the highest or last common occurrence of Chilo-
guembelina cubensis or between planktonic foraminiferal
Zones O4 and O5 (Berggren and Pearson, 2005; i.e. subzones
P21a and P21b of Berggren et al., 1995); based on this
criterion the level at meter 188 in the Monte Cagnero section
is a potential GSSP for the Chattian. The highest common
occurrence of C. cubensis is considered by Coccioni et al.
(2008) to be a robust event, contrary to the analysis of Van
Simaeys et al. (2004) indicating this event to be diachronous
among basins and most likely controlled by paleolatitude and
paleobiogeography. Also the appearance of the colder-water
immigrant dinoflagellate Distatodinium biffi occurs in these
Mediterranean sections very close to the last occurrence of
Chiloguembelina cubensis. In the North Sea D. biffi occurs in
the top of the Rupelian (Van Simaeys et al., 2005a), but this
apparent contradiction is solved in Pross et al. (2010) by
introducing D. biffi s.s and s.l, with D. biffi s.s occurring in the
base of the Chattian.

The suggested GSSP level is within calcareous nannofossil
ZoneNP24 and in the upper part of Chron 10n. Volcano-clastic
biotite-rich layers were found in all three sections and inter-
polation between these levels suggests an age of 28.3� 0.2Ma
for the RupelianeChattian boundary at this location (Coccioni
et al., 2008). Sr isotope and glauconite dates of the historical
Rupelian and Chattian stratotype areas bracket the

RupelianeChattian boundary between about 29 Ma and about
27Ma (DeMan et al., 2010), therefore the proposedGSSP level
at Monte Cagnero is consistent with the original position of the
historical stratotypes. At Monte Cagnero a choice could be
made amongst several criteria to identify the Rupeliane
Chattian boundary, including: last occurrence of Chilo-
guembelina cubensis, last common occurrence of Sphenolithus
distentus, Svalbardella abundance, a glacio-climatic oxygen
isotope excursion or base of Chronozone 10n. This section at
Monte Cagnero is therefore a good candidate for a GSSP of the
Chattian. However, as no formal proposition for the GSSP has
yet been made, and as in the previous GTS Luterbacher et al.
(2004) also placed the RupelianeChattian boundary within
Chron 10n, at the base of C10n.1n near the position of the last
common occurrence of Chiloguembelina cubensis, between
P21a and P21b, it seems practical to keep this position as the
base of the Chattian.

The PaleogeneeNeogene boundary (base of the Aquita-
nian Stage) coincides with the magnetic reversal from
polarity Chron C6Cn.2r to C6Cn.2n in the section at Lemme-
Carrosio, northern Italy (Steininger et al., 1997), orbitally
tuned at 23.03 � 0.1 Ma (see Chapter 29).

28.2. PALEOGENE BIOSTRATIGRAPHY

The biostratigraphy of Paleogene marine successions is well
established, using several microfossil groups. Calcareous
nannofossils and planktonic foraminifera are the two most
widely used groups for biostratigraphic purposes in open
marine deposits, especially in low- and mid-latitude settings
where deposition occurs above the carbonate compensation
depth (CCD). In areas where calcareous remains do not
preserve well (below CCD or in restricted basins) alternative
biostratigraphic schemes have been established. These are
based on organic microfossils, notably dinocysts, or siliceous
microfossils such as radiolarians. In siliciclastic neritic facies,
dinoflagellates are also particularly useful; information con-
cerning Paleogene dinocyst distribution is most comprehen-
sive for the mid latitudes of the northern hemisphere. Larger
foraminifera are a key stratigraphic tool in carbonate-domi-
nated shallow-marine low-to-middle latitudes. Calibration
between various biostratigraphic schemes can be achieved in
areas where pelagic and continental margin taxa co-occur.
The Paleogene is also marked by rapid diversification of land
mammals, yielding detailed terrestrial zonations.

Figure 28.1 shows the correlation of Paleogene stages,
magnetostratigraphy, and standard marine zonations based on
lower to mid latitude planktonic foraminifera, calcareous
nannoplankton and larger foraminifera. Additional regional
biozonal schemes are provided for radiolarians and dinofla-
gellate cysts (Figure 28.9). The intricate terrestrial zonations
for North America and Europe with mammalian fossils and
the calibration of the regional terrestrial “stages” with the
Paleogene standard stages are shown in Figure 28.10.
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28.2.1. Foraminifera

28.2.1.1. Planktonic Foraminifera

The application of planktonic foraminifera to Paleogene
stratigraphy (Figure 28.1) has been primarily developed in
two areas: the southern part of central Asia (e.g., Subbotina,
1953) and the Caribbean (e.g. Bolli, 1957a,b). In the late
1950s and 1960s, planktonic foraminifera became one of the
main biostratigraphic tools, and assumed even greater
importance with the advent of scientific ocean drilling.
Paleogene planktonic foraminifera and associated zonations
have been discussed by many authors (e.g., Bolli, 1966; Blow,
1979; Bolli and Saunders, 1985; Toumarkine and Luter-
bacher, 1985; Berggren et al., 1985, 1995; Berggren and
Miller, 1988; Olsson et al., 1999; Berggren and Pearson,
2005; Pearson et al., 2006; Wade et al., 2011). The planktonic
foraminiferal zonation used here is based on the most recent
update of Wade et al. (2011). Planktonic foraminifera can be
best used in open-marine deposits of the low-to-middle lati-
tudes. Important marker species are generally absent in higher
latitudes and zonations proposed for high latitudes are
therefore considerably less detailed (Jenkins, 1985).

Estimates of the number of planktonic foraminifera
species surviving the CretaceousePaleogene boundary mass
extinction vary between authors, depending on the amount of
taxa in basal Danian beds considered as either in situ or
reworked (e.g., Olsson, 1970; Keller, 1988; Olsson and Liu,
1993; Arz et al., 1999). The proposed survivors are small
opportunistic species belonging to the genera Heterohelix,
Guembelitria, and Hedbergella. The recovery of planktonic
foraminifera during the Paleocene led to a high degree of
diversification, thereby allowing a detailed biostratigraphic
subdivision. Olsson et al. (1999) provided a state-of-the-art
atlas of the taxonomy, phylogeny and biostratigraphy of
Paleocene planktonic foraminifera. Several new genera
developed during the early Paleocene, in particular forms
with spinose tests (Subbotina and Parasubbotina), muricae
(Praemurica), and smooth surfaces (Globanomalina) (Olsson
et al., 1999). The late early Paleocene (Zones P2eP3;
~61e62 Ma) is marked by the appearance and first diversi-
fication of the symbiont bearing genera Acarinina, Igorina
and Morozovella (Norris, 1996; Quillévéré et al., 2001).
During the late Paleocene to early Eocene, tropical to
subtropical open-marine assemblages are usually dominated
by representatives of Morozovella and Acarinina. These
genera provide numerous biozonal markers starting at the
base of Zone P3a (Morozovella angulata; at ~62 Ma) up to
middle Eocene Zone E10 (Acarinina topilensis; at ~43 Ma).

Members of the Paleogene Planktonic Foraminiferal
Working Group recently published a comprehensive and
excellently documented atlas of Eocene planktonic forami-
nifera (Pearson et al., 2006). The atlas provides up-to-date
views on their taxonomy, phylogeny and biostratigraphy. The
basal Eocene (during the PETM) is characterized by an

increase or even proliferation of Acarinina, both in conti-
nental margin basins (e.g., Molina et al., 1999; Speijer et al.,
2000; Guasti and Speijer, 2007) and in the open ocean
(e.g., Kelly et al., 1996, 1998; Pardo et al., 1997). Some taxa
(M. allisonensis, A. sibaiyaensis, A. africana and A. multi-
camerata) flourished during, and are largely restricted to, the
PETM (Kelly et al., 1996; Berggren and Ouda, 2003; Guasti
and Speijer, 2008) and allow a threefold subdivision of the
former upper Paleocene to lower Eocene Zone P5 into three
distinct zones (P5, E1, E2; Pardo et al., 1999; Speijer et al.,
2000; Berggren and Pearson, 2005).

The early Eocene also witnessed the first appearance of
new genera with a distinct morphology, such as Catapsydrax,
Globoturborotalita, Jenkinsella and Pseudohastigerina. These
were joined in the middle Eocene by e.g., Clavigerinella,
Globigerinatheka, Hantkenina, Morozovelloides and Turbor-
otalia (Pearson et al., 2006). These genera provide a range
of distinct middle to upper Eocene biostratigraphic markers,
some of which have very short stratigraphic ranges
(e.g., Orbulinoides beckmanni). Maximum diversity in Eocene
planktonic foraminifera was reached during the early part of
the middle Eocene, prior to the extinction of Morozovella,
Globanomalina and Igorina. From then on, pulses of extinc-
tion led to generally less diverse planktonic assemblages and
a series of last appearances constitute the majority of middle to
upper Eocene biostratigraphic events (Pearson et al., 2006).

The EoceneeOligocene boundary is generally considered
to correspond to the extinction of the last representatives of
the genera Hantkenina and Cribrohantkenina (e.g., Wade and
Pearson, 2008), although some studies suggest that this
extinction is diachronous (e.g., van Mourik and Brinkhuis,
2005). The early Oligocene is generally dominated by small-
sized low-diversity globigerinid assemblages, but the diver-
sity and average size of the assemblages gradually recovered
somewhat during late Oligocene, when non-carinate
Globorotalia started to diversify (Bolli and Saunders, 1985).

Clearly, the numerous changes proposed in the forami-
niferal biostratigraphy of the Oligocene (and to a lesser extent
the Eocene) since GTS2004 indicate that it is not yet as well
constrained as the biostratigraphy of the Paleocene. The
reliance on numerous last appearances makes the middle
Eocene and Oligocene biozonation scheme also more
vulnerable to reworking.

28.2.1.2. Larger Benthic Foraminifera

Many of the west European centers in which the science of
stratigraphy evolved during the 18th and 19th centuries are
located on Paleogene strata rich in larger foraminifera.
Hence, larger foraminifera played a key role in the develop-
ment of the Paleogene stratigraphy, as demonstrated by the
now abandoned term “Nummulitique”, which corresponds to
the “Paleogene”. Larger foraminifera continue to be a deci-
sive stratigraphic tool in shallow-marine low-to-middle
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latitude areas (Figures 28.1, 28.8). Zones for larger forami-
nifera are ideally based on successions of biometric pop-
ulations within phylogenetic lineages; species are essentially
morphometric units. During the second half of the 20th

century, several monographs on larger foraminifera groups
have considerably increased their stratigraphic usefulness
(e.g., Hottinger, 1960, 1977; Less, 1987; Schaub, 1981).

The Danian and early Selandian larger foraminiferal
assemblages are poorly differentiated and consist mainly of
a few rotaliids. They mark the start of the recovery from the
extinction of virtually all larger foraminiferal genera at the
K/Pg boundary.

Within the Thanetian, the rapid radiations of the alveoli-
nids and orthophragminids followed by that of the nummu-
litids at the onset of the Ypresian gave origin to several
phylogenetic lineages within each group which allow a well-
defined zonation of the upper Thanetian, Ypresian, Lutetian
and lower Bartonian.

A major change took place within the Bartonian, with the
extinction of Alveolina and large Nummulites. The younger
part of the Bartonian and the Priabonian are characterized by
relatively small nummulitids and other rotaliids and by
orthophragminids. Within the larger foraminiferal assem-
blages, the EoceneeOligocene boundary is not marked by
drastic changes. The subdivisions of the Oligocene based on
larger foraminifera are mainly based on lepidocyclinids,
miogypsinids, and nummulitids.

A general larger foraminiferal zonation of the Paleocene
and Eocene of the Tethyan area (between the Pyrenees and
India) was proposed by Serra-Kiel et al. (1998) as one of the
results of IGCP Project 286 Early Paleogene Benthos and
provides a widely used reference framework. Cahuzac and
Poignant (1997) proposed a similar larger foraminiferal
zonation for the OligoceneeMiocene of the west European
basins. The “letter-stage” subdivision of the Indo-Pacific
Cenozoic (Leupold and van der Vlerk, 1936; Adams, 1970;
Chaproniere, 1984; Boudagher-Fadel and Banner, 1999) is
based on larger foraminifera. These are also largely used in
the western hemisphere (Barker and Grimsdale, 1936;
Butterlin, 1988; Caudri, 1996).

The Tethyan zonations proposed by Serra-Kiel et al.
(1998) and the Oligocene part of the zonation by Cahuzac and
Poignant (1997) are shown in Figure 28.8. The correlation
between the planktonic zonations and those based on larger
foraminifera is partly based on direct correlation (e.g., Molina
et al., 2003) and partly through correlation with magneto-
stratigraphic data (mostly from Spain: e.g., Burbank et al.,
1992; Molina et al., 1992; Serra-Kiel et al., 1994) and cali-
bration with the integrated time scale of Berggren et al.
(1995). It should be noted, however, that larger foraminiferal
successions are generally discontinuous and that it is not
possible to accurately pinpoint the positions of biozonal
boundaries in the time scale with great confidence. This is
particularly true for the Paleocene and the Oligocene.

For the Paleocene and Eocene, we largely followed the
correlations between the Shallow Benthic Zonation (SBZ)
scheme and the magnetostratigraphy and the partially indirect
correlation with the oceanic planktonic schemes as indicated
by Serra-Kiel et al. (1998), and modified this scheme to the
updated magnetobiostratigraphic schemes. Around the Tha-
netian/Ypresian and Ypresian/Lutetian boundaries, new data
led to improvements in the correlation scheme. Specifically,
Serra-Kiel et al. (1998) correlated the basal Ilerdian SBZ5
with the upper Thanetian. It is now well established that this
zone corresponds with the basal Ypresian and thus that the
classical Ilerdian stage correlates entirely with the lower
Ypresian (Scheibner and Speijer, 2009; Pujalte et al., 2009).

28.2.1.3. Smaller Benthic Foraminifera

Smaller benthic foraminifera can be useful for correlation of
both shallow- and deep-water Paleogene sedimentary
sections. In the following text section we address calcareous
and agglutinated benthics separately.

Agglutinated Foraminifera

The majority of Paleogene agglutinated taxa occupy deeper
marine habitats on fine-grained siliciclastic wedges off
continental margins. Hence, deeper marine shales in many
petroleum basins are rich in deep-water agglutinated
foraminifera (DWAF); the latter is particularly true for
Paleogene sediments in basins around the North Atlantic, the
Carpathians (flysch sediments), the Caribbean and New
Zealand (e.g., Gradstein et al., 1994; Hornibrook et al.,
1989). In general fine-grained, high-latitude sediments,
poor in carbonate harbor diversified agglutinated benthic
assemblages.

There is no major taxonomic turnover of DWAF at the
K/Pg boundary, or in the Paleogene itself, although the PETM
is marked by distinct faunal shifts, leading to temporary
widespread blooms of Repmanina (Glomospira) charoides
(e.g., Kaminski et al., 1994; Galeotti et al., 2004). Paleo-
environmental changes in basins, often the result of shal-
lowing due to sediment infill, basin uplift, or the return of
carbonate facies truncate the stratigraphic range of various
taxa. Well-known examples of such regional stratigraphic
truncations are the late Paleocene disappearance of the Lizard
Springs assemblage of Trinidad and the middle-late Eocene
disappearance of flysch-type agglutinated assemblages in the
Carpathians.

There are over 150 stratigraphically useful cosmopolitan
Paleogene deeper-water agglutinated benthic foraminifera,
and many taxa have stratigraphic ranges that vary slightly or
even markedly from basin to basin. However, correlation
of wells within a basin can be accomplished with local
zonations (e.g., Hornibrook et al., 1989; Gradstein et al.,
1994; Kaminski and Gradstein, 2005). These zonations are
particularly useful in regions where calcareous planktonic
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FIGURE 28.8 Paleogene zonation of larger benthic foraminifera with selected taxa.
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microfossils are generally rare and only present in narrow
stratigraphic intervals. For example, in exploration wells in
deep-marine sediments in the central and northern North Sea,
Adercotryma agterbergii is a useful marker for the lower
Oligocene (Rupelian), Ammomarginulina aubertae for the
middle Eocene, Reticulophragmium intermedium for the
lower Eocene (approx. Ypresian), R. pauperum and Rzeha-
kina minima for the upper Paleocene (Thanetian), and
Ammoanita ingerlisae for the middle Paleocene (approx.
Selandian).

Smaller Calcareous Benthic Foraminifera

Just as investigations of the agglutinated taxa received a boost in
the late 1970s and 1980s from petroleum exploration in North
Atlantic and other continental margin basins and deep-sea
scientific drilling, the study of calcareous smaller benthic
foraminifera also advanced significantly. Remarkably diverse
bathyaleabyssal Paleogene assemblages were discovered that
turned out to have some stratigraphic potential, although rare or
patchy single taxa distributions require the use of zonal
assemblages. The assemblages at the same time track important
paleoceanographic changes. Themost important turnover of the
calcareous benthic fauna took place during the Paleocenee
Eocene thermal maximum (see Section 28.3.2.). At that time,
benthic deep-sea fauna at many sites experienced a severe
reduction in diversity and composition with a ~40% extinction
ofmanyVelasco-type taxa (e.g., Thomas and Shackleton, 1996;
Thomas, 2007). Well known deep-sea taxa that became extinct
are Stensioeina beccariiformis, Angulogavelinella avnimelechi,
Cibicidoides velascoensis, Bulimina velascoensis, Pullenia
coryelli and Aragonia velascoensis. At shallower depths
extinction during the PETM was less severe, although marked
faunal turnovers are observed in shallow continental margin
sequences (e.g., Speijer et al., 1996; Stassen et al., 2012).

The genus Turrilina with the species T. brevispira and
T. robertsi in the uppermost Paleocene through Eocene
(planktonic foraminifer Zones P5eE14), the species T. alsa-
tica in the lower Oligocene (Rupelian), and the related
Rotaliatina bulimoides in middle Eocene through lower
Oligocene are examples of taxa that have global correlation
potential in deep neritic and bathyal environments, particu-
larly in mid-high latitudes with shale facies. Similarly, the
extinction of Nuttallides truempyi during a long-term turn-
over at the end of the Eocene (Thomas, 2007) is a useful
bathyaleabyssal event, as is the appearance of the genus
Siphonina in the late Eocene, and of Sphaeroidina in the early
Oligocene.

28.2.2. Calcareous Nannoplankton

The recognition of calcareous nannofossils as a useful tool
for biostratigraphic correlations is generally credited to
Bramlette and co-workers (Bramlette and Riedel, 1954;

Bramlette and Sullivan, 1961; Bramlette and Wilcoxon,
1967). Following these pioneer efforts, intensive taxonomic
and biostratigraphic studies have been carried out which
formed the basis for the presently existing calcareous nan-
nofossil biozonal schemes for the Mesozoic and Cenozoic.

28.2.2.1. Development of Zonations

In the middle of the last century, several authors described
species that are important for the correlation of Paleogene
marine sediments in Europe and North America (Bramlette
and Riedel, 1954; Deflandre and Fert, 1954; Martini, 1958,
1959a,b; Stradner, 1958, 1959a,b; Brönnimann and Stradner,
1960). In the 1960s, significant contributions to Paleogene
zonations were made (Bramlette and Sullivan, 1961;
Bystricka, 1963, 1965; Hay, 1964; Sullivan, 1964, 1965;
Bramlette and Wilcoxon, 1967; Hay and Mohler, 1967; Hay
et al., 1967). But it was only in the 1970s with the onset of
scientific ocean drilling that calcareous nannofossils became
one of the most important biostratigraphic microfossil
groups.

The two most widely used Paleogene zonal schemes are the
standard NP-zonation of Martini (1971), and the CP-zonation
of Bukry (1973, 1975; emended by Okada and Bukry, 1980)
(Figure 28.1). Martini’s zonation relied on studies of land
sequences from largely temperate areas, whereas Bukry’s
zonation was developed in low-latitude oceanic sections.

High-resolution studies (e.g., Romein, 1979; Perch-Nielsen,
1985; Varol, 1989; Aubry, 1996) redefined and subdivided
these zones. For example, a fourfold subdivision was
proposed for Zone NP10, and Zones NP19 and NP20 were
combined because Sphenolithus pseudoradians is an unreli-
able marker at the base of Zone NP20. Aubry and Villa (1996)
emended Zone NP25 in the late Oligocene with a threefold
subdivision that accounts for the definition of the
ChattianeAquitanian boundary (OligoceneeMiocene
boundary). Fornaciari and Rio (1996) proposed a twofold
subdivision of Zone NP25 for the Mediterranean region, and
redefined the top of the zone with the last common occurrence
(LCO) of Reticulofenestra bisecta, because the zonal marker
species H. recta extends well into the Miocene (Rio et al.,
1990). The LCO of R. bisecta is very close to the Oligocenee
Miocene boundary (Berggren et al., 1995).

The detailed scheme of calcareous nannofossil zones and
key events in Figure 28.1 is largely based on the magneto-
biostratigraphic correlations of the Pacific Equatorial Age
Transect (PEAT) program (Pälike et al., 2010).

Calcareous nannoplankton responds quickly to changes in
the thermal structure of oceanic water masses. As a conse-
quence, the presence and stratigraphic ranges of marker
species strongly differ from low to high latitudes. Therefore,
the “standard zonal schemes” are only partially applicable to
sedimentary sequences of the North Sea and the sub-Antarctic
South Atlantic and modified Paleogene zonations have been

876 The Geologic Time Scale 2012



proposed for these areas (Wise, 1983; van Heck and Prins,
1987; Varol, 1989, 1998; Wei and Wise, 1990a,b; Crux, 1991;
Wei and Pospichal, 1991; Steurbaut, 1998).

28.2.2.2. Evolutionary Trends

Following the biotic crisis at the K/Pg boundary, calcareous
nannoplankton underwent a major diversification in the early-
middle Paleocene giving rise to several key genera for
biostratigraphy (e.g., Fasciculithus, Chiasmolithus, Spheno-
lithus, Discoaster, and Helicosphaera). A major taxonomic
turnover took place at the PaleoceneeEocene boundary
interval in response to the PaleoceneeEocene thermal
maximum (PETM). The RhomboastereTribrachiatus lineage
and the Discoaster radiation characterize the zones at the
PaleoceneeEocene transition (Angori and Monechi, 1996;
Aubry, 1996, 1998a).

While the early Paleogene calcareous nannoplankton
evolution reflects an increasing temperature trend and oligo-
trophic conditions, the late Paleogene calcareous nanno-
plankton evolution is influenced by climatic deterioration and
eutrophication. A progressive decline in diversity with a low
rate of evolution characterizes this interval (Aubry, 1992,
1998b). A pronounced taxonomic turnover occurred near
the middle-late Eocene boundary. A sharp impoverishment
in species of the genus Discoaster took place prior to
the EoceneeOligocene boundary with the extinction of the
last two representatives of the rosette-shaped discoasters
D. barbadiensis and D. saipanensis (Monechi, 1986; Nocchi
et al., 1988).

A large number of nannofossil extinctions took place in
the early Oligocene. This decreasing diversity trend
continued through the Oligocene, in particular at high lati-
tudes; it is actually reversed at low latitudes with a radiation
of the genera Sphenolithus and Helicosphaera. A succession
of several last occurrences characterizes the Oligocenee
Miocene transition.

Recent onshore drilling in Tanzania revealed extremely
diverse tropical Paleogene nannofossil assemblages with
numerous newly described species and genera (Bown, 2005,
Bown and Dunkley-Jones, 2006). These data suggest that in
oceanic sediments the tiniest and most fragile species are
generally selectively removed from the assemblage during
and after deposition. This also means that in an absolute
sense Paleogene nannofossil diversity might be significantly
underestimated.

28.2.3. Radiolaria

(Revised by C.J. Hollis)
Investigations contributing to a detailed Cenozoic radio-

larian biostratigraphy have been carried out largely on deep-
sea sediment samples in which calcareous microfossils
co-occur, or on cores with magnetostratigraphy or other

methods for estimating sediment age. This calibration is
essential because radiolarians are commonly absent in stage
stratotypes. For this reason, a two-step correlation via
calcareous nannofossils is usually unavoidable. The latter
group can then be tied to the geomagnetic polarity time scale
(GPTS), epoch/series boundaries, and numerical age esti-
mates, thus allowing for accurate correlation of zonations
across paleobiogeographic boundaries.

Riedel (1957) was the first to realize the potential of
radiolarians for stratigraphic purposes. The Cenozoic zona-
tion of Riedel and Sanfilippo (1970, 1971) has received only
minor modifications and additions (Moore, 1971; Nigrini,
1971, 1974; Foreman, 1973; Maurasse and Glass, 1976;
Saunders et al., 1985) and is the standard scheme for low-
latitude regions (Sanfilippo et al., 1985).

A late Eocene to Pleistocene northern high-latitude
zonation was developed for the Norwegian and Greenland
Seas by Bjørklund (1976). Independent zonations for the
Antarctic sediments have been established by Petrushevskaya
(1975), Takemura (1992), and Abelmann (1990) who
proposed two zones for the upper Oligocene. Takemura and
Ling (1997) extended the Paleogene high-latitude Southern
Ocean zonation into the late Eocene mainly based on material
from ODP Legs 114 and 120.

Foreman (1973) created the first lower Paleogene low-
latitude radiolarian zonation based on material from DSDP
Leg 10 in the Gulf of Mexico. The lowermost upper Paleo-
cene Bekoma campechensis Zone was introduced by
Nishimura (1987), who subsequently (1992) subdivided this
zone into three subzones. Hollis (1993, 1997) established the
first complete Paleocene zonation based on onshore
CretaceousePaleogene sections in New Zealand and DSDP
site 208, Lord Howe Rise. This zonation may have wider
application to mid to high latitudes. However, radiolarian-
bearing lower Paleocene records have been encountered only
infrequently beyond the Southwest Pacific (e.g., Hollis and
Kimura, 2001). Kozlova (1999) established a boreal zonation
for the lower Paleogene based on previous biostratigraphic
studies by herself and other Russian micropaleontologists of
Paleocene and Eocene strata in Russia and adjoining regions.

For the Paleogene record, where magnetostratigraphic
data are not available for most radiolarian sequences,
Sanfilippo and Nigrini (1998) used a combination of data
from previous literature and an unpublished integrated
compilation chart based on data from DSDP/ODP Legs
1e135 to construct a composite chronology of radiolarian
zonal boundary events tied to numerical ages. Sanfilippo and
Nigrini (1998) also introduced code numbers for the radio-
larian zonation for the low-latitude Pacific, Indian and
Atlantic oceans (RP1eRP22 for the Paleogene and
RN1eRN17 for the Neogene). This low-latitude zonation and
the mid-latitude South Pacific Paleogene radiolarian zona-
tions (Hollis, 1993, 1997, 2002; Hollis et al., 1997, 2005),
which are both calibrated to planktonic foraminiferal and
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calcareous nannofossil zones, are shown in Figure 28.9. A
limited number of corrections have been made compared to
GTS2004.

Study of a nearly complete radiolarian record for the
upper Lower Paleocene to upper Middle Eocene (Sanfilippo
and Blome, 2001) in ODP Hole 1051A (Leg 171B), western
North Atlantic, resulted in a well-resolved succession of 200
bioevents for low-latitude zones RP6 to RP16. Comparison
of the stratigraphic ranges of species from Hole 1051A with
those from the tropics indicates that a high proportion of
these species have diachronous first and/or last occurrences.
Similarly, delayed first occurrences and early last occur-
rences are a feature of radiolarian index species in the South
Pacific Paleogene. As an example, nine species have first
occurrences at the PaleoceneeEocene boundary in New
Zealand (Hollis, 2006), whereas five of these species first
occur in the late Paleocene in low-latitudes. This appears to
reflect the poleward expansion of the ranges of warm-water
radiolarians at times of pronounced global warmth such as
the PaleoceneeEocene thermal maximum (PETM). Two
well-known radiolarian index species have first occurrences
at the onset of the PETM: Podocyrtis papalis and
Phormocyrtis turgida (Sanfilippo and Blome, 2001; Hollis,
2006).

28.2.4. Dinoflagellate Cysts

Applications of fossil dinocysts in global Paleogene biostra-
tigraphy and paleoecology have been reviewed in detail in
several papers, including Williams and Bujak (1985), Powell
(1992), Stover et al. (1996), Williams et al. (1998, 2004),
and Fensome andWilliams (2004). These compilations indicate
that the stratigraphic range of a given Paleogene dinocyst is
rarely synchronous worldwide. Many authors have demon-
strated climatic and environmental control on the stratigraphic
distribution of taxa in the Paleogene (e.g., Brinkhuis, 1994;
Wilpshaar et al., 1996; Bujak and Brinkhuis, 1998; Crouch
et al., 2001). Several dinocyst papers also deal with the differ-
entiation of northern and southern hemisphere assemblages
and/or endemic Antarctic assemblages (e.g., Wilson et al.,
1998; Wrenn and Hart, 1988; Truswell, 1997; Guerstein et al.,
2002; Brinkhuis et al., 2003a,b).

Williams et al. (2004) recognized the need to accommo-
date both latitudinal and hemispherical control of dinocyst
assemblages in Paleogene distribution charts. Accordingly,
these authors give ranges for low, mid, and high latitudes in
both northern and southern hemispheres, and the contribution
also updates data presented in Williams et al. (1998).

Information concerning Paleogene dinocyst distribution
is most comprehensive for the mid latitudes of the northern
hemisphere. This is a reflection of the more intense study
of assemblages from these regions, notably from north-
west Europe (particularly the greater North Sea Basin).
Although first-order calibration of dinocyst events against

magnetostratigraphy is largely absent, reliable age control is
possible through published studies on the biostratigraphy of
type sections of the Paleogene stages. This is supplemented
by large volumes of largely unpublished subsurface data. The
succession of dinocyst events offshore of northwest Europe is
becoming better documented in the public domain
(e.g., Harland et al., 1992; Mudge and Bujak, 1996; Neal,
1996; Powell et al., 1996; Mangerud et al., 1999). An over-
view of Paleogene index dinocyst events for northwest
Europe is presented in Figure 28.9.

Recent high-latitude ocean drilling (ODP leg 189, Tasman
Plateau; IODP 302, Lomonosov Ridge, Arctic Sea) has been
providing a wealth of new high-latitude paleoenvironmental
and stratigraphic data, especially on the early to middle Eocene
(e.g., Sluijs et al., 2006, 2009, 2011; Warnaar et al., 2009),
leading to a better global coverage of dinocyst distribution. A
compilation of biostratigraphic ranges for five different lat-
itudinal zones (low latitude and high and mid latitude for each
hemisphere) is provided by Brinkhuis et al. (2009).

28.2.5. Mammals

(Revised by J.J. Hooker)
During the Paleogene, the various continental masses had

distinctive land mammal faunas. These exhibit rapid evolu-
tion and have been much used for the correlation of non-
marine strata. Inter-continental correlation, however, has
often proved problematic owing to endemism, except during
geologically brief periods of faunal inter-change facilitated
by paleogeographic features such as land bridges.

Because mammals are generally rarer as fossils than are
invertebrates or microbiota, and because of the often laterally
discontinuous nature of continental strata, occurrences may
be in isolated exposures whose superpositional relationships
are unknown. A notable exception, however, is the strati-
graphically and geographically extensive sequences in
western North America. Solutions to the problems of corre-
lating isolated mammalian fauna have varied.

Series of broad biochronologicalebiostratigraphic units
known as “land mammal ages” have been widely applied,
with a separate series in each continent for North America
(NALMA), Europe (ELMA), Asia (ALMA), and South
America (SALMA). These can stand independently when
correlation to standard marine biostratigraphies and to global
chronostratigraphyegeochronology is uncertain.

Owing to endemism, smaller biostratigraphice
biochronological units vary from having continent-wide
applicability to only local use. These may be conventional
biozones or, commonly in Europe, reference levels (MP).
Reference levels purport to order superpositionally isolated
fauna according to evolutionary grade, avoiding the problem
of fixing boundaries (Schmidt-Kittler, 1987). In practice,
because of referral of a fauna other than the reference fauna to
a given reference level, a temporal range is spanned and
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a reference level is thus used in much the same way as
a standard assemblage biozone (Aguilar et al., 1997). An
alternative solution to the isolation problem is the application
of parsimony to concurrence (Alroy, 1992).

Calibration of mammalian biostratigraphice
biochronological systems to the geomagnetic polarity time
scale is most extensively documented in North America
and Europe (Aguilar et al., 1997; Janis, 1998; Secord,
2008; Smith et al., 2008; Gunnell et al., 2009) and recently
also in Asia (Ting et al., 2011). It has been achieved either
directly or via links with other biostratigraphies, through
intercalation with marine strata or through co-occurrence of
mammalian and other zonal indicators in paralic facies
(e.g., Smith and Smith, 2003; Hooker and Weidmann,
2007). Radiometric dating is helping parts of the European,
central Asian, South American, and Australasian sequences
(Flynn and Swisher, 1995; Aguilar et al., 1997; Kay et al.,
1999; Franzen, 2005), which are otherwise still proving
difficult to correlate globally. The broadly construed
Casamayoran unit was until recently thought to be early
Eocene in age. One of its two component SALMAs, the
Barrancan, has now been radiometrically dated, which
shifts it to late Eocene, thereby shifting the Mustersan (Kay
et al., 1999). No LMA or zonal system currently exists
in Africa, but magnetostratigraphic and sequence strati-
graphic studies are improving calibration (Gingerich, 1992;
Kappelman et al., 1992; Gheerbrant et al., 1998).

Three major faunal turnovers occurred in the Paleogene,
at or close to epoch/series boundaries. The first, at the
beginning of the Paleogene, set the scene for rapid evolu-
tionary radiation and continental endemism following the
major tetrapod extinctions. Most of this Paleocene radiation is
recorded in the first one and a half million years of the epoch
in North America and is represented by the Puercan NALMA.
Correlation of the Puercan to continental strata elsewhere in
the world is difficult.

The second major faunal turnover at the Paleocenee
Eocene boundary coincides with the carbon isotope excursion
associated with the PETM. The turnover involved similar
innovations in all three northern hemisphere continents, and
is known as the Mammalian Dispersal Event (MDE). This
marks the first appearance of many modern mammalian
orders, especially primates, bats, artiodactyls, perissodactyls,
and proboscideans. The PETM and MDE coincide with the
beginning of the Wasatchian NALMA (Bowen et al., 2001)
and probably also of the Neustrian ELMA (Hooker, 1998).
The end of the Wasatchian has been recently found to be older
than previously thought thanks to magnetostratigraphic
studies (Clyde et al., 2001).

The third major faunal turnover, at the end of the
Headonian, in the earliest Oligocene, was less widespread,
but well represented in Europe where it is known as the
Grande Coupure. It marks the extinction of many endemic
European taxa and the incoming of new ones from Asia.

A supposedly contemporaneous major turnover in central
Asia, termed the Mongolian Remodelling (Meng and
McKenna, 1998) is now better dated radiometrically and
magnetostratigraphically (Kraatz and Geisler, 2010)
and may be younger than the Grande Coupure. A less major
turnover, but with some elements similar to the Grande
Coupure, occurs slightly earlier at the beginning of the
Ergilian (Dashzeveg, 1993).

Figure 28.10 shows the current state of knowledge on
calibration of LMAs and relevant biozones (concurrent range
zones, CRZ, and interval zones, IZ).

28.3. PHYSICAL STRATIGRAPHY

28.3.1. Magnetostratigraphy

The reversal history of the Earth’s magnetic field in the form
of the GPTS has been the backbone of the Cenozoic and,
hence, the Paleogene time scale ever since it was constructed
for the first time (Heirtzler et al., 1968). Until 1990, the GPTS
was established by applying a limited number of radio-
isotopically dated age calibration points in seafloor anomaly
profiles; the combination of radio-isotopic age determina-
tions and polarities of lava samples was used to construct
the GPTS for the last 5 million years (e.g., Mankinen and
Dalrymple, 1979).

The correlation of magnetostratigraphic records of land-
based sections and deep-sea cores to the GPTS provides
numerical ages for bioevents and chronostratigraphic bound-
aries, and is used to construct integrated magneto-
biochronostratigraphic scales. The role ofmagnetostratigraphy
has changed with the advent of astronomical dating; it now
directly provides numerical ages for reversal boundaries
through (linear) interpolation of the sedimentation rate
between astronomically dated calibration points. This has
become a standard approach for the Neogene and is now
being extended into the Paleogene and even already into the
Cretaceous. As a consequence, magnetostratigraphy of cyclic
deep-marine carbonate successions has become more
important for time scale construction itself. In this respect,
ODP Site 1218 in the equatorial Pacific provides an
outstanding example, offering an excellent high-resolution
magnetobiostratigraphy and an equally high-resolution and
high-quality stable isotope record for the entire Oligocene
and Lower Miocene, which in combination with other proxy
records has been tuned to astronomical target curves (Pälike
et al., 2006). The classical magnetostratigraphy of the Con-
tessa Highway section has been considerably improved for
the Middle Eocene to investigate the Middle Eocene
Climatic Optimum (Jovane et al., 2007). The K/Pg boundary
section of Zumaia provided a reliable magnetostratigraphy
for the entire Paleocene (Dinares-Turell et al., 2003, 2007),
and has further been improved using an integrated strati-
graphic approach (Dinares-Turell et al., 2010). All the above
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magnetostratigraphic records provide the basis for attempts
to construct an astronomical e polarity e time scale for the
Paleogene (see Section 28.4).

In addition, magnetostratigraphic records are still
extremely useful for generating magnetostratigraphic age
models for sedimentary successions based on their correlation
to the GPTS (or APTS in case reversal ages are based on
tuning). Paleogene examples are the magnetostratigraphic
framework established for the Bighorn Basin in North
America to unravel faunal, climate and basin evolution
(Clyde et al., 2007), for the Tibetan Plateau to constrain
climate and uplift history (Dupont-Nivet et al., 2007; Wang
et al., 2008), for Cenozoic ocean drilling cores to constrain
planktonic foraminiferal biochronology (Wade et al., 2011),
and for Antarctic cores to reconstruct glaciation history
(Florindo et al., 2005).

28.3.2. Climatic Evolution and Events

Carbon and oxygen stable isotope analyses are routinely
performed in many stratigraphic studies of Paleogene
sequences. The data reflect respectively biological produc-
tivity, changes in the carbon cycle and climatic changes, all
related to each other (see Chapter 11).

An integral perspective on the climate evolution during
the Paleogene has been possible through the study of oxygen
isotopes of deep-sea benthics in ocean drill cores; the data are
represented on classical curves by Miller et al. (1987) and
Zachos et al. (1993, 1999) (Figure 28.11).

After the climatic optimum in the Late Cretaceous and
a relative cooling during the Maastrichtian, the isotope shift to
lighter oxygen points to a general warming during the
Paleocene and the lower Eocene where the warmest times of
the whole Paleogene are recorded between about 50 and
52 Ma ago. From this Early Eocene Climatic Optimum
(EECO) onwards, the oxygen becomes heavier, pointing to
a cooling of the climate. At the EoceneeOligocene transition
a major jump to an even cooler climate is observed, which
recovers to late Eocene temperatures only at the end of the
Oligocene, before renewed cooling takes place in the begin-
ning of the Neogene. These long term trends are generally
considered to be related to important tectonic phenomena.
The North Atlantic rifting and associated volcanism at the end
of the Paleocene and the beginning of the Eocene could
explain the early Eocene warm times, whilst the reduction in
seafloor spreading rates during the later Eocene is associated
with the cooling; the plate evolution with the opening of the
Tasmania and Drake passages and the installation of a circum
Antarctic ocean current is commonly associated with the
sudden cooling in the beginning of the Oligocene (see Zachos
et al., 2001).

Superposed on this general climatic trend are several
short-lived events, taking only some tens to a few hundred
thousand years, and observed in different paleogeographic

settings. As this type of research is rapidly developing, the
nomenclature and coding in use for these events have not
settled. The events recognized are discussed from old to
young (Figure 28.11). The Dan-C2 is a sequence of two
short events observed in both carbon and oxygen isotopes
and is thought to represent a redistribution of existing
carbon in the biosphere at about 65.2 Ma (Quillévéré et al.,
2008). Slightly preceding the Selandian, the Latest Danian
Event (LDE) is recognized at about 62 Ma in the Tethys,
Atlantic and Pacific; it is situated within Zone P3, in and
close to the base of C26r (Bornemann et al., 2009; West-
erhold et al., 2011). The LDE appears to correlate to the
mammal transition from Torrejonian to Tiffanian in North
America and from Shanghuan to Nongshanian in Asia
(Clyde et al., 2008, 2010). A thin clay-rich dissolution layer
at Shasky Rise was described as the Mid-Paleocene Biotic
Event (MPBE) or Early Latest Paleocene Event (ELPE)
(Bralower et al., 2002; Petrizzo, 2005). The event has also
been reported from the Zumaia section (Bernaola et al.,
2007). The position of the event is situated close to the top
of C26r (Bernaola et al., 2007; Westerhold et al., 2011).
According to Westerhold et al. (2011) data are still too
sparse to conclude that the ELPE was a global hyper-
thermal-type event (Figure 28.11).

Definitely the most discussed and most widely recognized
event is the PaleoceneeEocene Thermal Maximum (PETM)
at the base of the Eocene. Albeit short lived, it is characterized
by the highest global temperatures of the Cenozoic. The onset
of a 2e3& negative carbon isotopic excursion (CIE) marks
the PaleoceneeEocene boundary (Kennett and Stott, 1991;
Schmitz et al., 2001). The isotopic anomaly developed within
a few thousand years in both the deep and the shallow ocean
indicating that the entire oceanic carbon reservoir experi-
enced a rapid change in isotopic composition. It took
~200 kyr before d13C returned to its background levels. The
oceanic perturbation is also shown by benthic fauna turnovers
and dissolution phenomena leading to changing carbonate
compensation depth, phenomena also observed with other
hyperthermal events. The d13C anomaly has been used for
marineeterrestrial correlations (Koch et al., 1992). This study
showed that the ClarkforkianeWasatchian land-mammal
turnover and the major extinction event among benthic
foraminifera in the deep sea at ~56 Ma are more or less
coeval, triggered by the same global environmental
perturbation.

Another hyperthermal event following the PETM, is the
Eocene Thermal Maximum 2 (ETM2, including the ELMO
bed at Walvis Ridge) or the d13C excursion H1. It is followed
after about 100 kyr by another isotopic excursion, known as
H2, occurring just below the top of C24r. The ETM2 occurs
about 2 myr after the PETM and it has similar isotopic and
microfaunal characteristics, although they are less
pronounced (Lourens et al., 2005; D’haenens et al., 2012).
Lourens et al. (2005) suggested that both the PETM and
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ELMO are paced by astronomical cyclicity, although this is
controversial (Westerhold et al., 2007).

ETM3, also known as the K or X event, has been recog-
nized in C24n.1n (Agnini et al., 2009). The H and K codes
originate from an analysis by Cramer et al. (2003), who
recognized almost 20 rapid negative d13C excursions, labeled
A to L in ocean drilling cores within the interval of
C24neC25n time. These authors have argued that the nega-
tive excursions were related to maxima in eccentricity, but
also observed that the CIE at the PETM occurred at
a minimum in the eccentricity cycle and therefore suggest
a probably more stochastical than orbital control. However,
Lourens et al. (2005) do link the PETM to a 405-kyr eccen-
tricity maximum and further claimed that the PETM and
ETM2 events are paced by the very long 2.0-myr eccentricity
cycle, although this relation is not generally accepted (see
also Westerhold et al., 2007).

A last supra-regionally recognized Eocene thermal event
is the Mid Eocene Climatic Optimum (MECO) having typical
hyperthermal properties regarding carbon and oxygen
isotopes, oscillation in CCD, and a short duration of about
500 kyr; it occurs in the top of C18r or in C18n.2n. at 40 to
40.5 Ma during the Bartonian (Bohaty et al., 2009; Luciani
et al., 2010).

The remarkable cooling at the beginning of the Oligocene
is something already noted by earlier workers in the oxygen
isotopes of coastal shell material from the North Sea area
(e.g., Buchardt, 1978). The global nature of this cooling drop
and the existence of several other cooling events during the
Oligocene have been recognized and coded by Miller et al.
(1991). It is generally recognized that the Oligocene coolinge
the transition from greenhouse to icehouse e is associated
with the buildup of permanent ice masses on Antarctica. The
subsequent recognition of Oligocene cooling events in many
other sections has led to some confusing coding, and the one
by Pekar et al. (2002), amended by Wade and Pälike (2004),
and the timing estimates for the events made by these authors,
is followed here. The oldest event, bringing the major cooling,
is recognized bymany authors to occur a few 100 kyr later than
the GSSP Rupelian, and is coded Oi1 and estimated to occur at
33.5Ma. The Oi1a, Oi1b, Oi2, Oi2* oxygen isotope events are
Rupelian events in C12, C11 and C10 magnetochrons. The
cooling event at the RupelianeChattian boundary is coded
Oi2a and occurs in the base of C9r. Chattian events, coded
Oi2b and Oi2c, occur respectively in the upper part of C9n and
in magnetochron C7. The cooling event at the Oligocenee
Miocene boundary is coded Mi 1. All these Oligocene cooling
events have been shown to be related to 405-kyr, 127-kyr,
96-kyr eccentricity cycles and 1.2-myr obliquity cycles (Päl-
ike et al., 2006).

This succession of cooling events with warmer times is
thought to reflect the waxing and waning of an ice mass on
Antarctica. Consequently this must have also had an influ-
ence on eustacy. Eustasy estimates for the Oligocene Oi

events are based on Pleistocene calibration and sea-level
changes associated with these events are estimated to be in
the order of 50 to 65 m (Wade and Pälike, 2004). Oxygen
fluctuations during the earlier Paleogene are more difficult to
approach in terms of eustasy as the pre-Oligocene glacio-
eustatic origin of the oxygen excursions is more debatable
given the more controversial presence of continental ice
volumes. However the correlation of sea-level variations
between tectonically independent basins, as derived from
sequence stratigraphic analysis, and the correlation of such
sea-level fluctuations with isotopic data have been put
forward as strong arguments for the reality of glacio-eustacy
also in the pre-Oligocene (Abreu and Haddad, 1998). Abreu
and Anderson (1998) have demonstrated this for the Middle
and Upper Eocene and Abreu and Haddad (1998) have even
suggested the presence of polar ice as early as the Aptian,
based on the similarity between Cretaceous and Eocene
isotope values.

Logically, the eustatic sea-level cycles should leave their
impact on the sedimentary architecture of strata, especially
on the shelves. This architectural pattern was discovered on
seismic sections and described in the classical AAPG
Memoir 26 edited by Payton (1977). Vail et al. (1977)
concluded from the interbasinal comparison that the sedi-
mentary sequences, with a duration of about 1 to 2 myr,
commonly referred to as third order, could be correlated
worldwide and therefore had to be eustatic; these sequences
formed the basis for the construction of a global sea-level
curve. It was already suggested from the beginning that these
third-order sequences were of glacio-eustatic origin, infer-
red from the rate of change of sea level. The idea was
complemented by field data and a comprehensive sea-level
chart, coded for the sequence boundaries, was published by
Haq et al. (1987), and followed later by a new study on
European basins (Hardenbol et al., 1998). However seismic
resolution was limited at that time. The present recognition
that Milankovitch steering of the sedimentary record has
occurred generally and produces analogous sedimentary
patterns on different scales smaller than the third-order
scale, the duration of which is even approached by the long-
duration obliquity of 1.2 myr (see also Boulila et al., 2011),
made it clear that the published charts are not standard
eustasy charts. Nevertheless, some of the recognized fluc-
tuations are strongly suspected to have a eustatic origin (see
also Chapter 13); interbasinal comparison of sea-level
signals remains an essential part of the demonstration of
eustasy for which, however, Milankovitch scale stratigraphic
resolution is required.

The major transgressiveeregressive cycles recognized in
the Paleogene have been represented on Figure 28.1; this curve
is based on a combination of the major T-R facies cycles and
major sequence boundaries identified in Hardenbol et al.
(1998), and adding the major cooling event in the earliest
Oligocene.
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28.4. PALEOGENE TIME SCALE

The Paleogene time scale can be constructed in two funda-
mentally different ways. The traditional way is to use the
geomagnetic polarity time scale (GPTS) as backbone; the
GPTS is constructed using seafloor anomaly profiles in
combination with a limited number of radio-isotopically
dated age control points. The alternative method is astro-
nomical dating; this provides direct numerical ages for
magnetic reversals and bio-events by tuning cyclic sedi-
mentary successions to astronomical target curves. Both
methods will be presented independently from one another,
although astronomical dating critically depends on selected
radio-isotopic ages for first-order tuning to 405-kyr eccen-
tricity. Subsequently, it will be discussed which age model is
preferred to construct the Paleogene time scale in GTS2012.

28.4.1. Radio-Isotopic Age Model

Due to progress with cyclostratigraphy and astrochronol-
ogy, the importance of radio-isotopic dating in constructing
the Paleogene time scale is decreasing, but it is still
required for scaling of selected intervals, and for providing
anchor points, like at the CretaceousePaleogene and
PaleoceneeEocene boundaries. The radio-isotopic ages
discussed in this chapter (Table 28.1) are directly linked via
magnetostratigraphy to the GPTS and the South Atlantic
seafloor spreading profile, and can thus be directly used to
calibrate the Paleogene time scale (see Figure 28.12a). All
ages are based on carefully calibrated high-temperature
radio-isotopic dating. This also holds for a limited number
of ages which are not directly calculated from a radio-
isotopic age, but are an offset from a radio-isotopic age tie-
point; the duration of this offset is calculated with the help
of cyclostratigraphy. The age of the FCT (Fish Canyon tuff)
40Ar/39Ar monitor in GTS2012 is 28.201 Ma (was 28.02
Ma in GTS2004; see Chapter 6). The new FCT monitor age
makes all 40Ar/39Ar ages 1.0064� or 0.64 % older than in
GTS2004. All 40Ar/39Ar ages reported below are thus
reported relative to the new FCT age.

Recalculation of 40Ar/39Ar ages close to the Cretaceouse
Paleogene boundary yields age estimates close to ~66.0 Ma
(Kuiper et al., 2008; see also Table 28.1), instead of 65.5 �
0.3 Ma in GTS2004. We further incorporated recalculated
single crystal 40Ar/39Ar sanidine ages of Swisher et al. (1992)
from the K/Pg boundary up to base C28n. The Belt ash with
a recalculated multicrystal sanidine age of 59.39 � 0.30 Ma
is assigned a position of C26r.85 based on the magneto-
stratigraphy of the Southeast Polecat Bench section (Secord
et al., 2006).

Before 2011, there was no direct radio-isotopic age for the
Paleocene/Eocene boundary, as defined by the d13C excursion
within the lower part of C24r. However, Charles et al. (2011)
have now documented a single crystal U/Pb zircon age for an

ash bed in the lower part of the PETM in two cyclic sections
from Spitsbergen. The radiometric data were reprocessed by
Mark Schmitz for error analysis, yielding an age of 55.785 �
0.034/0.075 Ma (without/with decay constant error, using
a ET535 spike calibration error of � 0.05% to be consistent
with the rest of GTS2012) for the ash bed. Using cycle scaling
for two different sections which contain the ash bed, Charles
et al. (2011) arrive at an age of 55.846 � 0.118 Ma (55.728 to
55.964) for the base of the PETM and, hence, base Eocene.
Danish ash -17 has been dated at DSDP site 550 by single
crystal 40Ar/39Ar sanidine dating, yielding a recalculated age
of 55.48 Ma that is indistinguishable from the 40Ar/39Ar age of
the supposedly correlative Skraenterne Formation tuff on
Greenland (Storey et al., 2007). This ash is placed in the
middle of C24r (C24r.5) based on the magnetostratigraphy of
DSDP site 550 (Storey et al., 2007). Note, however, that this
position is not without uncertainty as a hiatus is supposedly
present between the PETM and the -17 ash bed (see West-
erhold and Röhl, 2009; Hilgen et al., 2010). 40Ar/39Ar dating
initially yielded an age of 52.8� 0.3 Ma for the Willwood ash
inWyoming (USA), which magnetostratigraphically coincides
with base C24n.1n (Wing et al., 1991; Tauxe et al., 1994). This
age was obtained relative to MMhb-1 (McClure Mountain
hornblende) at 520.4 and is recalculated to 53.45 � 0.3 Ma.
The ash was redated by Smith et al. (2004), yielding a signif-
icantly younger recalculated age of 52.93 Ma � 0.23 Ma. It is
this age that we selected for the Willwood ash and, hence, base
C24n.1n, as Smith et al. (2004) used single to three crystal
aliquots instead of multi-crystal aliquots for dating.

An important radio-isotopic data set that is partly mag-
netostratigraphically constrained comes from the Lower
Eocene of the Greater Green River and surrounding basins in
North America (e.g., Smith et al., 2008). The calibration of
the magnetostratigraphy to the GPTS is based in particular on
Clyde et al. (1997, 2001), who initially provided two possible
correlations, but later favored the older correlation.
Comparing the radio-isotopic ages of the intercalated tuffs
with the GPTS (i.e. CK95: Cande and Kent, 1995), Smith
et al. (2003) initially started from the younger correlation, and
assumed that C23n was not expressed due to weak natural
remanent magnetization intensities and erratic demagnetiza-
tion behavior. They switched to the older option of Clyde
et al. (2001; see also Clyde et al., 2004; Machlus et al., 2004)
in the Smith et al. (2008) paper. In this paper they used single
and multicrystal 40Ar/39Ar sanidine ages from seven mag-
netostratigraphically constrained ash beds to revise the GPTS
of Cande and Kent (1995) for the interval from C24 up to
C20; the resultant reversal ages were significantly younger by
1 to 1.5 million years, but the discrepancies were already
reduced with respect to an initial attempt by Machlus et al.
(2004) to revise the polarity time scale.

Recently, Smith et al. (2010) published mutually consis-
tent 40Ar/39Ar and U/Pb ages for two ash layers, using the FCs
age of 28.201 Ma of Kuiper et al. (2008) to calculate the
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TABLE 28.1 Paleogene Radiometric and Cyclostratigraphic Ages for the C-Sequence Polarity Chrons

Placement in

Polarity Chron

Distance (km) in

S. Atlantic

Profile
Age (Ma) Type Dated Unit Locality; Formation; Calibration Geological Age

Source or

Review

References

C5Br (base) 318.4 � 1.4 15.97 Base-Langhian (assigned chron). early Neogene see Chapter 29
(Neogene)

C6An.1r (base) 434.18 � 0.3 20.34 Aquitanian/Burdigalian boundary (assigned chron).
Proportional-placement in chron implies “0.0” km
uncertainty (if this is precise chron-age definition);
plus an additional 4% uncertainty on 6.4km
anomaly width (¼ 0.3 km).

early Neogene see Chapter 29
(Neogene)

C6Cn.2n (base) 501.55 � 0.1 23.03 Oligocene/Miocene boundary (assigned chron).
Proportional-placement in “lower” chron implies
“0.0” km uncertainty (if this is definition); plus an
additional 4% uncertainty on 3km width (0.1 km).

base of Neogene see Chapter 29
(Neogene)

Uppermost C9n
(assumed C9n.95
� 0.05)

584.53 � 2.8 27.0 � 0.1 40Ar/39Ar MCA98-7 208.3 mab, Monte Cagnero section, northeastern
Apennines, Italy. Scaglia Cinerea Formation.
Proportional-placement in “uppermost” chron C9n
(5% of width of 24.7 km) implies “1.3” km
uncertainty; plus an additional 6% uncertainty on
24.7 km width (1.5 km) ¼ 2.8 km.

early Chattian Coccioni et al.,
2008

Uppermost C12r
(assumed C12r.85
� 0.1)

694.9 � 7.3 31.8 � 0.2 40Ar/39Ar MCA/84-3 145.5 mab, Monte Cagnero section, northeastern
Apennines, Italy. Scaglia Cinerea Formation.
Proportional-placement in uppermost chron C12r
(10% of width of 56.1 km) implies “5.6” km
uncertainty; plus an additional 3% uncertainty on
56.1 km width (1.7 km) ¼ 7.3 km.

late Rupelian Coccioni et al.,
2008

C13r.4 � 0.05 772.82 � 2.0 34.4 � 0.2 40Ar/39Ar MAS/86-14.7 Massignano, near Ancona, northeastern
Apennines, Italy. Diagram in Brown et al., 2009
indicates 14.7m ash is about 3.5-m up in 9-m C13r;
therefore C13r.4 � 0.05 if constant sedimentation
rate. Uncertainty on exact position, plus 2%
uncertainty on 29 km width of C13r ¼ 2.0 km.

latest Eocene Odin et al., 1991;
Hilgen and Kuiper,
2009; Brown
et al., 2009

C13r.14 � 0.03 780.3 � 1.5 35.2 � 0.2 40Ar/39Ar MAS/86-12.7 Massignano, near Ancona, northeastern
Apennines, Italy. Diagram in Brown et al., 2009
indicates 14.7m ash is about 1.3-m up in 9-m C13r;
therefore C13r.14 � 0.03 if constant sedimentation
rate. Uncertainty on exact position, plus 2%
uncertainty on 29 km width of C13r ¼ 1.4 km.

latest Eocene Odin et al., 1991;
Hilgen and Kuiper,
2009; Brown
et al., 2009

C20n.1 � 0.1 1003.22 � 3.5 43.35 � 0.5 40Ar/39Ar Mission Valley
ash

California. Mission Valley Formation. Proportional-
placement in chron implies 2.8 km uncertainty;
plus an additional 3% uncertainty on width
(0.7 km).

middle Eocene Prothero and
Emry, 1996;Walsh
et al., 1996; Smith
et al., 2010.
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C21n.75 � 0.1 1068.89 � 4.6 46.24 � 0.5 40Ar/39Ar DSDP Hole
516F

40Ar-39Ar dating of magnetostratigraphy in
DSDP Hole 516F. Proportional-placement in
chron implies 3.4 km uncertainty; plus an
additional 4% uncertainty on width (1.2 km).

middle Eocene
(earliest Lutetian)

Swisher and
Montanari, in
prep, cited in
Berggren et al.
1995 (postscript);
Smith et al., 2010.

C21r.1 � 0.1 1115.27 � 3.8 48.41 � 0.21 40Ar/39Ar Blue Point
Marker ash

Absaroka volcanic province, western USA.
Overlies Aycross Formation and Trout Peak
Trachyandesite. Proportional-placement in chron
implies 2.3 km uncertainty; plus an additional 3%
uncertainty on width (1.5 km).

early Eocene
(latest Ypresian)

Hiza, 1999; Flynn,
1986 and
references therein;
Smith et al., 2010.

C22n.45 � 0.1 1124.83 � 2.5 48.96 � 0.33 40Ar/39Ar Continental
tuff

Bridger Basin, western USA. Bridger Formation.
Proportional-placement in chron implies 1.3 km
uncertainty; plus an additional 4% uncertainty on
width (1.2 km).

early Eocene
(Ypresian)

Smith et al., 2008,
2010; Clyde et al.,
2001

C24n.1n (base) 1184.03 � 0.5 52.93 � 0.23 40Ar/39Ar Willwood
ash

Bighorn Basin, western USA. Willwood Formation.
Proportional-placement in chron (c. �5%
assumed) implies 0.25 km uncertainty; plus an
additional 5% uncertainty on width (0.25 km).

early Eocene
(early Ypresian)

Wing et al., 1991;
Smith et al., 2004,
2010; Clyde et al.,
1994; Tauxe et al.,
1994

C24r.5 � 0.1 1214.93 � 5.65 55.48 � 0.12 40Ar/39Ar Ash-17 DSDP Site 550, north Atlantic. Proportional-
placement of PETM placement within chron
(C24r.5 � 10% approx.) ¼ �3.9 km; plus 4.5%
uncertainty on chron-width (¼ 1.75 km) ¼ 5.65 km
total uncertainty.

earliest Eocene Storey et al., 2007

C24r.375 � 0.05 1219.83 � 3.71 55.785 � 0.075 206Pb/238U SB01-01
bentonite

Longyearbyen section, Spitsbergen, Svalbard
Archipelago. Bentonite is 10.90 m above the base
of the Gilsonryggen Member, Frysjaodden
Formation, within the PETM carbon isotope
excursion. Assigned as 0.045 myr above PETM
(assigned as C24r.36) ¼> C24r.375. Uncertainty of
placement within chron (same as PETM, or 5%
approx.) ¼ �1.95 km; plus 4.5% uncertainty on
chron-width (¼ 1.75 km).

earliest Eocene Charles et al.,
2011

C24r.36 � 0.05 1220.41 � 3.71 55.85 � 0.10 CYCLES PETM relative to 206Pb/238U-dated bentonite (see
above). Proportional-placement of PETM
placement within chron (C24r.36 � 5% approx.) ¼
�1.95 km; plus 4.5% uncertainty on chron-width
(¼ 1.75 km).

Paleocenee
Eocene boundary

Charles et al.,
2011

C24r (base) 1234.51 � 1.75 56.95 � 0.12 CYCLES P/E boundary (¼ C-spike) is c. 1.1 myr after the
end of Chron C25n, added to PETM age above.
Km-uncertainty assumed as half of the uncertainty
on total width of C24r, or 4.5 % of 39.14 km ¼
1.75 km.

late Paleocene Westerhold et al.,
2008

(Continued)
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TABLE 28.1 Paleogene Radiometric and Cyclostratigraphic Ages for the C-Sequence Polarity Chronsdcont’d

Placement in

Polarity Chron

Distance (km) in

S. Atlantic

Profile
Age (Ma) Type Dated Unit Locality; Formation; Calibration Geological Age

Source or

Review

References

C26n (base) 1262.74 � 2.53 59.18 � 0.30 CYCLES Duration of C26r is 2.93 kyr. Cyclo-
magnetostratigraphy (central Atlantic & Caribbean).
Uncertainty is km-uncertainty on K/P boundary
(1.3) plus 3% on 41.0 km width of C26r.

early to late
Paleocene
boundary

Westerhold et al.,
2008; Hilgen,
2010 (averaged)

C26r.9 � 0.05 1266.8 � 4.1 59.39 � 0.3 40Ar/39Ar Belt Ash Southeast Polecat Bench section, northern Bighorn
Basin, Wyoming, USA. Silver Coulee beds, Fort
Union Formation. About 85% up in Chron C26r
according to published magstrat summary diagram
¼ C26r.85 � 0.05, or 1266.85 � 2.05 km; plus c.
5% uncertainty on 41km width ¼ total of 4.1 km
uncertainty.

late Paleocene Secord et al.
(2006)

C26r (base) 1303.81 � 2.53 62.11 � 0.3 CYCLES Duration of C27neC27r is 1.29 kyr. Cyclo-
magnetostratigraphy (central Atlantic & Caribbean).
Uncertainty is km-uncertainty on K/P boundary
(1.3) plus 3% on 41.0 km width of C26r.

early to late
Paleocene
boundary

Westerhold et al.,
2008; Hilgen,
2010 (averaged)

C27r (base) 1325.71 � 2.15 63.40 � 0.3 CYCLES Interpolated duration of C28neC28r of 1.46 myr
(Hilgen, 2010 reinterpretation of Westerhold et al.,
2008). Cyclo-magnetostratigraphy (central Atlantic
& Caribbean). Uncertainty is km-uncertainty on K/P
boundary (1.3) plus 5% on 17.0 km width of C27r.

mid-Danian Westerhold et al.,
2008; Hilgen,
2010

C28r.9 � 0.1 1342.5 � 1.3 64.73 � 0.12 40Ar/39Ar U-Coal;
Swisher’93

Montana. “Rocks immediately above the W-Coal
through the U-Coal, which include the Farrand
Channel, are in a zone of reversed polarity,
correlated here with chron C28r..” (Swisher et al.,
1993). 40Ar-39Ar age on U-Coal, at C28n/C28r
transition (5% assumed). Proportional-placement in
chron implies 0.3 km uncertainty; plus an
additional 10% uncertainty on width (0.5 km).

early Danian Swisher et al.,
1993.

C28r (base) 1347.03 � 1.55 64.86 � 0.3 CYCLES Duration of C29n is 720 kyr � 0.03. Cyclo-
magnetostratigraphy (south Atlantic & Spain).
Uncertainty is km-uncertainty on K/P boundary
(1.3) plus 5% on 5.0 km width of C28r.

early Danian Westerhold et al.,
2008; Hilgen,
2010 (averaged)

C29n.9 1348.19 � 1.8 64.94 � 0.12 40Ar/39Ar W-Coal;
Swisher’93

Uppermost-C29n Montana. “Rocks immediately
above the W-Coal . are in a zone of reversed
polarity, correlated here with chron C28r. .”
(Swisher et al., 1993). 40Ar-39Ar age on W-Coal, at
about 90% up (�5% assumed) in polarity zone
C29r. Proportional-placement in chron implies 0.6
km uncertainty; plus an additional 10% uncertainty
on width (1.2 km).

early Danian Swisher et al.,
1993.
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C29n (base) 1358.66 � 1.3 65.58 � 0.3 CYCLES Base of C29n is 420 kyr above K/P boundary (total
duration of C29r ¼ 720 kyr - 300 kyr for K/P to
base-C29r). Cyclo-magnetostratigraphy (south
Atlantic & Spain). Uncertainty is km-uncertainty
on K/P boundary.

earliest Danian Westerhold et al.,
2008; Husson
et al., 2011

C29r.8 1361.3 � 1.3 65.611 � 0.15 40Ar/39Ar HFZ-Coal;
Swisher’93

Upper-C29r Montana. “Rocks up to midway
between the HFZ- and Y-coals are contained in
a zone of reversed polarity, correlated here with
chron C29r. .” (from Swisher’93). 40Ar-39Ar age on
HFZ-Coal, at about 80% up (�5% assumed) in
polarity zone C29r. Proportional-placement in
chron implies 0.5 km uncertainty; plus an
additional 5% uncertainty on width (0.8 km).

earliest Danian Swisher et al.,
1993.

C29r.57 1364.33 � 1.3 65.84 � 0.12 40Ar/39Ar Z-Coal;
Swisher’93

Hell Creek, Garfield County, Montana. Z-coal
bentonite; Hell Creek bentonite (lower of two
volcanic ash beds in 1-m-thick Lower Z coal seam
at base of Fort Union Fm. Assumed to be only
50 kyr after base-Cenozoic (which is assigned as
Chron C29r.5). A 5% uncertainty in position in
chron, plus the 5% uncertainty on 13.1 km width of
chron.

just above base
of Cenozoic

Swisher et al.,
1993.

C29r.57 1364.33 � 1.3 66.28 � 0.18 40Ar/39Ar Z-coal
bentonite

Hell Creek, Garfield County, Montana. Z-coal
bentonite; Hell Creek bentonite (lower of two
volcanic ash beds in 1-m-thick Lower Z coal seam
at base of Fort Union Fm. Assumed to be only
50 kyr after base-Cenozoic (which is assigned as
Chron C29r.5). A 5% uncertainty in position in
chron, plus the 5% uncertainty on 13.1 km width of
chron.

just above base
of Cenozoic

Swisher et al.,
1993.

C29r.5 1365.25 � 1.3 65.99 � 0.12 40Ar/39Ar IrZ-coal
bentonite

Ir Hill (named after iridium anomaly in lowest
lignite) - Hauso Flats, Garfield County; eastern
Montana. 2-mm bentonite in middle of 4-cm
basal lignite (IrZ after a small iridium anomaly in
its lower half) at base of Tullock Formation. The
Tullock Formation overlies the dinosaur-bearing
Hell Creek Formation with the highest in-situ
dinosaur 3.3 m below. Assumed to be exactly base-
Cenozoic. A 5% uncertainty in position in chron,
plus the 5% uncertainty on width (13 km) of chron.

base of Cenozoic Swisher, et al.
1993; Kuiper et al.
2008

C29r (base) 1371.84 � 2.24 66.30 � 0.3 CYCLES Cyclo-magnetostratigraphy (ODP site 1267B as
primary reference). 300 � 20 kyr relative to K/T
boundary. Km-uncertainty assumed as half the
uncertainty on total width of C28eC29.

latest
Maastrichtian

Husson et al.,
2011

(Continued)
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TABLE 28.1 Paleogene Radiometric and Cyclostratigraphic Ages for the C-Sequence Polarity Chronsdcont’d

Placement in

Polarity Chron

Distance (km) in

S. Atlantic

Profile
Age (Ma) Type Dated Unit Locality; Formation; Calibration Geological Age

Source or

Review

References

C30n (base) 1407.22 � 2.87 68.20 � 0.3 CYCLES Cyclo-magnetostratigraphy (ODP site 1267B as
primary reference). 2.2 � 0.02 myr relative to K/T
boundary. Km-uncertainty assumed as half the
uncertainty on total width of C30eC31n.

Late Maastrichtian Husson et al.,
2011

C31n (base) 1429.14 � 2.87 69.22 � 0.2 CYCLES Cyclo-magnetostratigraphy (ODP site 762C as
primary reference). 3.22 � 0.01 myr relative to
K/T boundary. Km-uncertainty assumed as half
the uncertainty on total width of C30eC31n.

Late Maastrichtian Husson et al.,
2011

C31n (base) 1481.12 � 1.72 71.40 � 0.3 CYCLES Cyclo-magnetostratigraphy (ODP site 762C as
primary reference). 5.4 � 0.02 myr relative to K/T
boundary. Km-uncertainty assumed as half the
uncertainty on total width of C31r.

base Late
Maastrichtian

Husson et al.,
2011

C32n (base) 1531.81 � 2.87 73.60 � 0.3 CYCLES Cyclo-magnetostratigraphy (ODP site 762C as
primary reference). 7.6 � 0.02 myr relative to K/T
boundary. Km-uncertainty assumed as half the
uncertainty on total width of C32.

early
Maastrichtian

Husson et al.,
2011

C32r (base) 1549.41 � 2.87 74.10 � 0.3 CYCLES Cyclo-magnetostratigraphy (ODP site 762C as
primary reference). 8.1 � 0.02 myr relative to K/T
boundary. Km-uncertainty assumed as half of the
uncertainty on total width of C32.

early
Maastrichtian

Husson et al.,
2011

C33n (base) 1723.76 � 2.88 79.84 � 0.5 40Ar/39Ar US western interior (Elk Basin 40Ar-39Ar ages and
magnetostratigraphy). Km-uncertainty assumed as
half of the uncertainty on total width of C33n.

mid-Campanian Hicks et al., 1995

C33r (base) 1862.32 � 2.91 83.6 � 0.5 40Ar/39Ar 40Ar-39Ar age constraints on biostratigraphy
(84.35 � 0.27 in latest-Santonian Desmoscaphites
bassleri ammonite zone) associated with
magnetostratigraphy. Km-uncertainty assumed as
half of the uncertainty on total width of C33r.

~ base Campanian
(was uppermost
Santonian in
GTS2004)

Obradovich, 1993

Selected Paleogene radio-isotopic dates and selected cyclostratigraphy durations for C-sequence polarity chrons C5Br through C33r that were used for the cubic spline-fit in Figure 28.12a. Details on radio-isotopic
dates are given in Appendix 2. All Ar-Ar ages are recalculated to FCs of 28.201 Ma. Chron-events are assigned positions (km) in the South Atlantic seafloor spreading profile of Cande and Kent (1992) based on
proportion position in chron, rather than attempting to adjust for trends in spreading rate within the anomaly. Uncertainties on km-placement partially incorporate the uncertainty on magnetic-anomaly widths
from tables in Cande and Kent (1992).
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40Ar/39Ar ages. In addition, ages proved older than previously
published ages for the same ash layers. These older 40Ar/39Ar
ages resulted from eliminating samples with low radiogenic
40Ar* that produce a bias towards young ages. Unfortunately,
the position of these two ash beds is magnetostratigraphically
not constrained. Here we select the original tie points used by
Smith et al. (2008) for the revision of the GPTS, recalculated
to 28.201 Ma and after (minor) removal of 40Ar/39Ar dates
with low 40Ar* (M.E. Smith, pers. comm., 2011; see Table
28.2). However, we excluded the LT and 6th tuff as their
position relative to the magnetostratigraphy and thus the chron
boundaries remains uncertain (M.E. Smith, pers. comm.,
2011). These two tie points are responsible for the large
discrepancy between the revised GPTS of Smith et al. (2008)
and CK95 (Smith et al., 2008). Moreover, inclusion of these
tie points would result in an aberrant increase in spreading
rates followed by a decrease which are difficult to explain.
Following the selection of tie points by Smith et al. (2008), we
used 40Ar/39Ar ages of 46.24 � 0.5 Ma for an ash bed from
DSDP Site 516F approximately at the magnetostratigraphic
level of C21n(0.67) (Berggren et al., 1995 (postscript)) and of
43.35 � 0.5 Ma for the Mission Valley ash bed in California
(Prothero and Emry, 1996; Walsh et al., 1996).

Numerous radio-isotopic ages are available for the interval
around the EeO boundary, both from the deep-marine
succession in Italy and the continental succession in North
America. Single crystal 40Ar/39Ar anorthoclase ages of
Swisher and Prothero (1990) and Prothero and Swisher (1992)
for the interval between C15/16 and C11 in North America are
not included as they are inconsistent (i.e. ~300e400 kyr older)
with ages for some of the same ash beds published in an
abstract by Obradovich et al. (1995); in addition the calibra-
tion of the magnetostratigraphy to the GPTS remains prob-
lematic (see Hilgen and Kuiper, 2009 for details). The Italian
dates are mainly old K-Ar and some 40Ar/39Ar ages of biotite
and should thus preferably not be used for time scale
construction. Nevertheless, in the absence of more reliable
sanidine dates, we included 40Ar/39Ar biotite ages of two ash
layers (Odin et al., 1991) that occur in the reversed polarity
interval of C13r in the E/O boundary stratotype section of
Massignano (e.g., see Brown et al., 2009). It is important to
note that the short normal polarity interval directly above the
18 m level corresponds to C13n in Odin et al. (1991) and that
the ages given in Brown et al. (2009) do not represent
40Ar/39Ar ages, but are based on all the available age data in
1993 (Montanari et al., 1993: i.e. K/Ar, 40Ar/39Ar, U/Pb and
Rb/Sr). Based on the magnetostratigraphy, these two ash beds
are assigned positions C13r.14 and C13r.4. Earliest Chattian
tuffs in Italy assigned to the base of polarity Chron C9n have
an age of 28.28� 0.30 Ma (Odin et al. 1991; Cande and Kent,
1992; Wei, 1995). This is K-Ar on a single biotite separate,
with no standards mentioned. Presumably, based upon related
literature, this age was calculated with respect to FCT biotite
at 27.84 Ma. This is a low confidence biotite result and hence

is discarded here. Recently, 40Ar/39Ar biotite ages were pub-
lished from three sections in Northern Italy in a proposal for
defining the Rupelian/Chattian boundary (Coccioni et al.,
2008). In the absence of more reliable sanidine ages, we
selected recalculated biotite ages of 31.8� 0.2 and 27.0� 0.1
Ma of two ash beds, which occur at 145.6 and 208 m in the
Monte Cagnero section; these ash beds are assigned a position
of C12r.85 and C9n.95, respectively. We refrained from
incorporating the dataset of McIntosh et al. (1992) as the
combined single crystal 40Ar/39Ar sanidine ages and polarity
directions come from the discontinuous ignimbrite succession
of the Eocene-Oligocene Mogollon-Datil volcanic field in
New Mexico. However, this is arguable as this study provides
by far the best radioisotopic data at present available for the
interval across the Eocene-Oligocene boundary.

The Oligocene/Miocene boundary as defined by its GSSP
in the Carrosio/Lemme section (Steininger et al., 1997) has
not been directly dated, but is associated with base C6n.2n
with an orbitally tuned age of 23.03 Ma and an uncertainty of
0.1 kyr that is also used in the Neogene time scale. This age is
included for consistency with that time scale. For details see
Chapter 29 on the Neogene Period.

28.4.2. Astronomical Age Model

As far as numerical calibration is concerned, the Paleogene
time scale, like its predecessor in GTS2004 (Luterbacher et al.,
2004), remains a time scale in transition towards one that is
fully underlain by astronomical tuning. As yet, this has not
been achieved, resulting in a time scale of which the age model
is only partially tuning based. Moreover, existing literature
reveals uncertainties and discrepancies for the tuning of parts
of the Paleogene. At present, not all these uncertainties and
discrepancies have been solved in a satisfactory way.

The Paleogene time scale in GTS2004 (Luterbacher et al.,
2004) was constructed based on an integration of well con-
strained radio-isotopic ages, the GPTS and cyclostratigraphy.
However, at present, more stringent quality criteria are applied
as far as geochronology is concerned (i.e. preferably single
crystal 40Ar/39Ar sanidine and U/Pb zircon dates) and, in
2004, Paleogene cyclostratigraphy was still in its infancy. The
cyclostratigraphy was especially based on cycle counts in old
DSDP holes for Chron 29 (e.g., Herbert, 1999) and in ODP
holes for the older part of the Paleogene (e.g., Röhl et al.,
2001, 2003). These studies focused on duration of magneto-
chrons and, apart from a premature effort of Ten Kate and
Sprenger (1992), did not attempt to include a tuning as no
reliable astronomical solution was available for this interval at
that time. These studies have largely been superseded by more
recent cyclostratigraphic studies, which aim to tune the entire
Paleogene on at least the 405-kyr eccentricity scale, using new
astronomical solutions (La2004: Laskar et al., 2004; La2010:
Laskar et al., 2011). These studies are used here in con-
structing an astronomical time scale for the Paleogene.
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TABLE 28.2 Comparison of Estimated Ages for Paleogene C-Sequence Polarity Chrons from Cyclostratigraphy

Polarity Chron Pälike et al., 2006

Pälike et al.

2001

Brown et al. 2009

Hyland et al. 2009

Jovane et al. 2010

Westerhold et al. 2007, 2008

Westerhold & Röhl 2009 Hilgen et al. 2010 Smith et al. GTS2012

1218 Man 1218 Auto 1052 Italy option 1 option 2 option 3 2008 2010

Astro-Age

Model

C6Cn.2n 23.024 23.026 23.024

C6Cn.2r 23.233 23.278 23.233

C6Cn.3n 23.295 23.340 23.295

C6Cr 23.962 24.022 23.962

C7n.1n 24.000 24.062 24.000

C7n.1r 24.109 24.147 24.109

C7n.2n 24.474 24.459 24.474

C7r 24.761 24.756 24.761

C7An 24.984 24.984 24.984

C7Ar 25.099 25.110 25.099

C8n.1n 25.264 25.248 25.264

C8n.1r 25.304 25.306 25.304

C8n.2n 25.987 26.032 25.987

C8r 26.420 26.508 26.420

C9n 27.439 27.412 27.439

C9r 27.859 27.886 27.859

C10n.1n 28.087 28.126 28.087

C10n.1r 28.141 28.164 28.141

C10n.2n 28.278 28.318 28.278

C10r 29.183 29.166 29.183

C11n.1n 29.477 29.467 29.477

C11n.1r 29.527 29.536 29.527

C11n.2n 29.970 29.957 29.970

C11r 30.591 30.617 30.591

8
9
4

T
h
e
G
eo

lo
gic

Tim
e
Scale

2
0
1
2



C12n 31.034 31.021 31.60 31.034

C12r 33.157 33.232 33.23 33.157

C13n 33.705 33.705 33.78 33.705

Olig/Eoc ¼ 86%
up in C13r

33.79 33.79 33.93

C13r 35.126 35.126 34.73 34.999

C15n 35.254 35.254 34.97 35.294

C15r 35.328 35.328 35.185 35.14 35.706

C16n.1n 35.554 35.554 35.524 35.892

C16n.1r 35.643 35.643 35.605 36.051

C16n.2n 36.355 36.355 36.051 36.700

C16r 36.668 36.668 36.404 36.969

C17n.1n 37.520 37.520 37.300 37.785

C17n.1r 37.656 37.656 37.399 37.908

C17n.2n 37.907 37.907 37.618 38.135

C17n.2r 37.956 37.956 37.692 38.202

C17n.3n 38.159 38.159 37.897 38.380

C17r 38.449 38.449 38.186 38.668

C18n.1n 39.554 39.554 39.441 39.686

C18n.1r 39.602 39.602 39.486 39.756

C18n.2n 40.084 40.084 39.828 40.12 40.201

C18r 41.358 41.358 41.25 41.204

C19n 41.510 41.510 41.51 41.438

C19r 42.54 42.12 42.37 42.351

C20n 43.79 43.16 43.42 43.505

C20r 46.31 45.71 45.99 45.942

C21n 47.396 47.791 48.191 47.837 46.52 46.80 47.837

C21r 48.661 49.056 49.456 49.102 48.30 48.59 49.102

C22n 49.299 49.694 50.094 49.740 49.07 49.37 49.740

C22r 50.768 51.163 51.563 51.209 49.71 50.01 51.209
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TABLE 28.2 Comparison of Estimated Ages for Paleogene C-Sequence Polarity Chrons from Cyclostratigraphydcont’d

Polarity Chron Pälike et al., 2006

Pälike et al.

2001

Brown et al. 2009

Hyland et al. 2009

Jovane et al. 2010

Westerhold et al. 2007, 2008

Westerhold & Röhl 2009 Hilgen et al. 2010 Smith et al. GTS2012

1218 Man 1218 Auto 1052 Italy option 1 option 2 option 3 2008 2010

Astro-Age

Model

C23n.1n 50.992 51.387 51.787 51.433 49.88 50.18 51.433

C23n.1r 51.064 51.459 51.859 51.505 50.04 50.34 51.505

C23n.2n 51.443 51.838 52.238 51.884 50.50 50.80 51.884

C23r 52.243 52.638 53.038 52.684 52.23 52.54 52.684

C24n.1n 52.633 53.028 53.428 53.074 52.59 52.91 53.074

C24n.1r 52.758 53.153 53.553 53.199 52.71 53.03 53.199

C24n.2n 52.833 53.228 53.628 53.274 52.75 53.07 53.274

C24n.2r 52.975 53.370 53.770 53.416 52.89 53.21 53.416

C24n.3n 53.542 53.937 54.337 53.983 53.44 53.76 53.983

Eoc/Pal ¼ ~36% up in C24r 55.53 55.93 56.33 56.00

C24r 56.660 57.055 57.455 57.101 57.101

C25n 57.197 57.612 58.012 57.656 57.656

C25r 58.551 58.935 59.335 58.959 58.959

C26n 58.878 59.273 59.673 59.237 59.237

C26r 61.774 62.154 62.554 62.221 62.221

C27n 62.098 62.468 62.868 62.517 62.517

C27r 63.079 63.463 63.863 63.494 63.494

C28n 64.028 64.385 64.785 64.667 64.667

C28r 64.205 64.572 64.972 64.958 64.958

C29n 64.912 65.282 65.682 65.688 65.688

Pg/C ¼ ~50% up in C29r 65.28 65.68 66.08 65.95 65.950

C29r 65.625 66.007

Age estimates based on cyclostratigraphy and correlations to astronomical target curves. The three Paleocene options of Westerhold et al. (2008) have been extended up to C21n using astronomical durations of (1)
3118 kyr for C24r (Westerhold et al., 2007) and (2) based on a tuning to stable 405-kyr long eccentricity for C24n.3n to C21n of Westerhold and Röhl (2009; see their Table 1). In addition, chron age estimates of
Smith et al. (2008, 2010) are shown based on a combination of 40Ar/39Ar ages and magnetostratigraphy from the greater Green River basin. The GTS2012 astronomical age model (right-most column) is based on
ODP Site 1218 (manual fit of Pälike et al., 2006) for the upper Paleogene (chrons C6C-C13n) and on Hilgen et al. (2010) combined with the extended option 2 of Westerhold et al. (2008) for the lower Paleogene
(chrons C24-C21n) placed on top of C25n with an age of 57.101 Ma. The model is completed by applying a 6th order polynomial fit for chrons C13r through C23r to bridge the gap between the astronomical age
models above and below.
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The age calibration of the Neogene in GTS2012 is based
almost entirely on astronomical tuning (ATNTS2012). This
astronomical time scale is rapidly extended towards older
time intervals. The entire Oligocene was tuned in a single
effort, using climatic proxy records of ODP Site 1218 in the
Pacific with its excellent magneto-bio-cyclostratigraphy
(Pälike et al., 2006). Despite the advancement, seafloor
spreading rates suggest that minor problems may still exist
in the tuning of the OeM boundary interval and the oldest
part of the Oligocene (D. Wilson, pers. comm., 2011).
Indeed, recent attempts to tune the EeO boundary interval in
land-based marine sections in Italy arrived at slightly older
ages for this boundary (33.91e33.95 Ma) and the C13n
reversal boundaries (Brown et al., 2009; Hyland et al.,
2009), while Jovane et al. (2006) obtained a slightly younger
age. In addition, an attempt has been made to tune the Upper
Eocene in ODP core 1052 (Pälike et al., 2001), while the
Middle Eocene was recently tuned in the Contessa section
by Jovane et al. (2010). However, it remains unclear whether
the first-order tuning to 405-kyr eccentricity of Jovane et al.
(2010) is correct as their reversal ages remain very close to
the ages of CK95 which they used to establish their initial
tuning. Overall, the Eocene proved particularly difficult to
tune, because the shallow position of the calcite compen-
sation depth (CCD) at the time prevented the deposition of
cyclic carbonate-rich sediments in the marine realm most
suitable for tuning. Recently, IODP Leg 320 focused timely
on this time interval (Pälike et al., 2008), and its cores may
prove instrumental in constructing a reliable tuning for the
Eocene. Nevertheless, several attempts have been made to
establish a tuning for the older part of the Eocene; these
attempts are linked to the tuning of the entire Paleocene
down to the K/Pg boundary.

Recognizing 24 � 405-kyr eccentricity related cycles,
Westerhold et al. (2008) tuned the entire Paleocene but, due
to the Eocene gap in the astronomical time scale, had to
present three different options, each with a 405-kyr offset
(Table 28.2). Kuiper et al. (2008) used an astronomically
calibrated age of 28.201 � 0.046 Ma for the FCs dating
standard to recalculate 40Ar/39Ar ages of ash beds found
directly above the K/Pg boundary in continental successions
of North America; these ages were subsequently used to
constrain the tuning of the older part of the Paleocene in the
K/Pg boundary section at Zumaia (Spain) on the ~405-kyr
eccentricity scale. The resulting age of ~65.95 Ma for the
boundary proved incompatible with the two main tuning
options in Westerhold et al. (2008), but was consistent with
the third that had been added for consistency with the astro-
nomically calibrated age of the FCs standard.

A critical evaluation of the cyclostratigraphic interpreta-
tion of Westerhold et al. (2008) indicated that 25 rather than
24 � 405-kyr cycles are present in the Paleocene (Hilgen
et al., 2010). As a result, Hilgen et al. (2010) retuned the
Paleocene on the 405-kyr eccentricity scale, starting from an

age 65.95 Ma for the K/Pg boundary and assuming that 25 �
405-kyr cycles are present (Table 28.2). This resulted in an
age of ~56.0 Ma for the base of the PETM and, hence, the
PaleoceneeEocene boundary (Hilgen et al., 2010; 55.93 Ma
ofWesterhold et al., 2008, 2009). A tuning to short (~100 kyr)
eccentricity is unrealistic in view of the limited reliability of
the astronomical solution in this interval as far as the short
eccentricity cycle is concerned. The tuning can be extended
upwards (i.e. up to base C21n) by incorporating the cyclo-
stratigraphic interpretation and tuning of proxy records from
ODP sites 1258 (Leg 207, Demerara Rise) and 1262 (Leg
208, Walvis Ridge) (Lourens et al., 2005; Westerhold et al.,
2007, 2008; Westerhold and Röhl, 2009). Note that option 2
of Westerhold et al. (2007) and Westerhold and Röhl (2009)
is followed for this interval as we distinguish 25 instead of 24
� ~405-kyr cycles in the Paleocene (see caption to Table
28.2). In this way an astronomical-tuned time scale is con-
structed for the entire Paleocene and Early Eocene, covering
the interval from ~66 to 47 Ma (Table 28.2). We did not
incorporate tuned reversal ages for the MiddleeLate Eocene
as it is not clear whether published tunings are correct. For
the interval between 47 and 34 Ma, we preferred to calculate
ages for magnetic reversal boundaries using the synthetic
anomaly profile of Cande and Kent (1992) and an interpo-
lation between the nearest older and younger astronomically
dated reversal boundary (i.e. C21n(o) at ~47.8 Ma, and
C13n(o) at 33.705 Ma, using a 6-order polynomial interpo-
lation; Table 28.3: “Astronomic age model with 6-order
polynomial fit in Eocene”).

28.4.3. Age Model Comparison and Final
Time Scale

Above, the Paleogene time scale is constructed in two different
ways, yielding partly diverging results. Firstly, we created
a Paleogene time scale from the integration of well-constrained
radiogenic isotope age dates, the geomagnetic polarity time
scale (GPTS) and the magnetochronology of the South
Atlantic seafloor spreading profile. Carefully selected cyclo-
stratigraphic arguments were added to the magnetochronology.
This data set is detailed in Section 28.4.1. Secondly, cyclo-
stratigraphy and astrochronology are used, using a 6-order
polynomial fit for bridging the cyclostratigraphic gap in the
Eocene. The resulting chron ages for this combined astrocyclic
and best fit model are in Table 28.3 (column with astronomical
age model with 6-order polynomial fit in Eocene). This data set
is the one that was detailed in Section 28.4.2. Both age models
are used to calculate South Atlantic seafloor spreading history
and ages for Paleogene GSSPs, as the position of the latter
relative to chron boundaries is known.

Figure 28.12A displays the cubic spline for the Paleo-
gene radiometric GTS solution, using the dates and km
interpolation in Table 28.1. The initial smoothing factor was
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TABLE 28.3 Numerical Age Models for Paleogene C-Sequence Polarity Chrons

Marine Magnetic Anomaly

Profile CK92/95 GTS2004 Radio-Isotopic Age Model

Astronomic Age Model with

6-order Polynomial Fit in Eocene Combined Age Model

Polarity

Chron

Distance,

Old End

(km)
Age (Ma) Age (Ma)

Age, Old

End (Ma)

2 Sigma

(myr)

Duration

(myr)

2 Sigma

(myr) Age (Ma)

Duration

(myr)

D

Astro-

Radio

(myr)

Age, Old

End (Ma)

Duration

(myr)

C6Cn.2n 501.55 23.8 23.03 23.03 0.04 0.13 0.00 23.024 e �0.007 23.03 0.13

C6Cn.2r 506.47 23.999 23.249 23.25 0.04 0.22 0.01 23.233 0.209 �0.017 23.23 0.20

C6Cn.3n 509.41 24.118 23.375 23.38 0.04 0.13 0.00 23.295 0.062 �0.088 23.30 0.06

C6Cr 524.64 24.73 24.044 24.09 0.05 0.71 0.02 23.962 0.667 �0.127 23.96 0.67

C7n.1n 525.92 24.781 24.102 24.15 0.05 0.06 0.00 24.000 0.038 �0.150 24.00 0.04

C7n.1r 527.29 24.835 24.163 24.21 0.05 0.07 0.00 24.109 0.109 �0.106 24.11 0.11

C7n.2n 536.04 25.183 24.556 24.63 0.05 0.42 0.01 24.474 0.365 �0.160 24.47 0.36

C7r 543.97 25.496 24.915 25.02 0.06 0.38 0.01 24.761 0.287 �0.258 24.76 0.29

C7An 547.82 25.648 25.091 25.21 0.07 0.19 0.01 24.984 0.223 �0.222 24.98 0.22

C7Ar 552.30 25.823 25.295 25.43 0.07 0.22 0.01 25.099 0.115 �0.327 25.10 0.11

C8n.1n 555.55 25.951 25.444 25.58 0.08 0.16 0.01 25.264 0.165 �0.321 25.26 0.16

C8n.1r 556.60 25.992 25.492 25.64 0.08 0.05 0.00 25.304 0.040 �0.332 25.30 0.04

C8n.2n 571.04 26.554 26.154 26.34 0.09 0.71 0.02 25.987 0.683 �0.356 25.99 0.68

C8r 583.30 27.027 26.714 26.94 0.10 0.59 0.02 26.420 0.433 �0.516 26.42 0.43

C9n 607.96 27.972 27.826 28.09 0.12 1.16 0.05 27.439 1.019 �0.655 27.44 1.02

C9r 616.12 28.283 28.186 28.47 0.12 0.37 0.02 27.859 0.420 �0.607 27.86 0.42

C10n.1n 622.16 28.512 28.45 28.74 0.13 0.27 0.01 28.087 0.228 �0.652 28.09 0.23

C10n.1r 623.90 28.578 28.525 28.82 0.13 0.08 0.00 28.141 0.054 �0.675 28.14 0.05

C10n.2n 628.29 28.745 28.715 29.01 0.14 0.20 0.01 28.278 0.137 �0.734 28.28 0.14

C10r 645.65 29.401 29.451 29.77 0.16 0.76 0.04 29.183 0.905 �0.587 29.18 0.91

C11n.1n 652.56 29.662 29.74 30.06 0.17 0.30 0.02 29.477 0.294 �0.588 29.48 0.29

C11n.1r 655.31 29.765 29.853 30.18 0.17 0.12 0.01 29.527 0.050 �0.654 29.53 0.05

C11n.2n 664.15 30.098 30.217 30.55 0.18 0.37 0.02 29.970 0.443 �0.581 29.97 0.44
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C11r 674.26 30.479 30.627 30.97 0.19 0.42 0.02 30.591 0.621 �0.377 30.59 0.62

C12n 686.50 30.939 31.116 31.46 0.19 0.49 0.03 31.034 0.443 �0.428 31.03 0.44

C12r 742.63 33.058 33.266 33.61 0.26 2.15 0.26 33.157 2.123 �0.450 33.16 2.12

C13n 755.44 33.545 33.738 34.08 0.31 0.47 0.07 33.705 0.548 �0.374 33.71 0.55

C13r 784.40 34.655 34.782 35.14 0.42 1.06 0.14 34.999 1.294 �0.143 35.00 1.29

C15n 791.78 34.94 35.043 35.41 0.44 0.27 0.03 35.294 0.295 �0.117 35.29 0.30

C15r 802.15 35.343 35.404 35.79 0.45 0.38 0.03 35.706 0.411 �0.084 35.71 0.41

C16n.1n 806.87 35.526 35.567 35.96 0.46 0.17 0.01 35.892 0.186 �0.070 35.89 0.19

C16n.1r 810.93 35.685 35.707 36.11 0.47 0.15 0.01 36.051 0.159 �0.058 36.05 0.16

C16n.2n 827.67 36.341 36.276 36.72 0.49 0.61 0.05 36.700 0.649 �0.017 36.70 0.65

C16r 834.68 36.618 36.512 36.97 0.50 0.25 0.02 36.969 0.269 �0.002 36.97 0.27

C17n.1n 856.19 37.473 37.235 37.75 0.52 0.78 0.07 37.785 0.816 0.032 37.75 0.78

C17n.1r 859.46 37.604 37.345 37.87 0.52 0.12 0.01 37.908 0.123 0.036 37.87 0.12

C17n.2n 865.54 37.848 37.549 38.09 0.51 0.22 0.02 38.135 0.228 0.042 38.09 0.22

C17n.2r 867.33 37.92 37.61 38.16 0.52 0.07 0.01 38.202 0.067 0.044 38.16 0.07

C17n.3n 872.10 38.113 37.771 38.33 0.52 0.17 0.02 38.380 0.178 0.047 38.33 0.17

C17r 879.83 38.426 38.032 38.62 0.52 0.28 0.03 38.668 0.288 0.052 38.62 0.28

C18n.1n 907.31 39.552 38.975 39.63 0.51 1.01 0.11 39.686 1.018 0.058 39.63 1.01

C18n.1r 909.21 39.631 39.041 39.70 0.51 0.07 0.01 39.756 0.070 0.058 39.70 0.07

C18n.2n 921.21 40.13 39.464 40.14 0.50 0.45 0.04 40.201 0.445 0.056 40.14 0.45

C18r 947.96 41.257 40.439 41.15 0.50 1.01 0.09 41.204 1.003 0.049 41.15 1.01

C19n 954.12 41.521 40.671 41.39 0.50 0.24 0.02 41.438 0.234 0.048 41.39 0.24

C19r 977.65 42.536 41.59 42.30 0.48 0.91 0.08 42.351 0.913 0.049 42.30 0.91

C20n 1006.06 43.789 42.774 43.43 0.42 1.13 0.11 43.505 1.154 0.073 43.43 1.13

C20r 1060.24 46.264 45.346 45.72 0.28 2.29 0.27 45.942 2.438 0.218 45.72 2.29

C21n 1094.71 47.906 47.235 47.35 0.20 1.62 0.18 47.837 1.895 0.488 47.35 1.62

C21r 1117.55 49.037 48.599 48.57 0.20 1.22 0.12 49.102 1.265 0.536 48.57 1.22

C22n 1130.78 49.714 49.427 49.34 0.22 0.78 0.06 49.740 0.638 0.396 49.34 0.78

C22r 1150.83 50.778 50.73 50.63 0.22 1.28 0.07 51.209 1.469 0.581 50.63 1.28

C23n.1n 1153.90 50.946 50.932 50.83 0.22 0.21 0.01 51.433 0.224 0.598 50.83 0.21

C23n.1r 1155.75 51.047 51.057 50.96 0.22 0.13 0.01 51.505 0.072 0.544 50.96 013

(Continued)
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TABLE 28.3 Numerical Age Models for Paleogene C-Sequence Polarity Chronsdcont’d

Marine Magnetic Anomaly

Profile CK92/95 GTS2004 Radio-Isotopic Age Model

Astronomic Age Model with

6-order Polynomial Fit in Eocene Combined Age Model

Polarity

Chron

Distance,

Old End

(km)
Age (Ma) Age (Ma)

Age, Old

End (Ma)

2 Sigma

(myr)

Duration

(myr)

2 Sigma

(myr) Age (Ma)

Duration

(myr)

D

Astro-

Radio

(myr)

Age, Old

End (Ma)

Duration

(myr)

C23n.2n 1168.20 51.743 51.901 51.83 0.21 0.87 0.04 51.884 0.379 0.051 51.83 0.87

C23r 1178.96 52.364 52.648 52.62 0.18 0.79 0.04 52.684 0.800 0.064 52.62 0.79

C24n.1n 1184.03 52.663 53.004 53.00 0.16 0.38 0.02 53.074 0.390 0.073 53.07 0.45

C24n.1r 1185.61 52.757 53.116 53.12 0.15 0.12 0.01 53.199 0.125 0.078 53.20 0.13

C24n.2n 1186.34 52.801 53.167 53.18 0.15 0.06 0.00 53.274 0.075 0.098 53.27 0.08

C24n.2r 1188.05 52.903 53.286 53.31 0.15 0.13 0.01 53.416 0.142 0.109 53.42 0.14

C24n.3n 1195.35 53.347 53.808 53.87 0.11 0.56 0.04 53.983 0.567 0.112 53.98 0.57

C24r 1234.51 55.904 56.665 56.94 0.06 3.07 0.15 57.101 3.118 0.158 57.10 3.12

C25n 1241.50 56.391 57.18 57.49 0.08 0.55 0.02 57.656 0.555 0.168 57.66 0.56

C25r 1257.81 57.554 58.379 58.74 0.11 1.25 0.06 58.959 1.303 0.217 58.96 1.30

C26n 1262.74 57.911 58.737 59.11 0.12 0.37 0.02 59.237 0.278 0.122 59.24 0.28

C26r 1303.81 60.92 61.65 62.07 0.13 2.95 0.11 62.221 2.984 0.155 62.22 2.98

C27n 1308.70 61.276 61.983 62.40 0.12 0.33 0.01 62.517 0.296 0.119 62.52 0.30

C27r 1325.71 62.499 63.104 63.52 0.09 1.13 0.05 63.494 0.977 �0.030 63.49 0.98

C28n 1341.99 63.634 64.128 64.56 0.04 1.03 0.06 64.667 1.173 0.108 64.67 1.17

C28r 1347.03 63.976 64.432 64.87 0.04 0.31 0.02 64.958 0.291 0.090 64.96 0.29

C29n 1358.66 64.745 65.118 65.56 0.04 0.69 0.04 65.688 0.730 0.127 65.69 0.73

Radioisotopic, astronomical (middle columns) and combined (right columns) age models for Paleogene chron boundaries as discussed in the text. Also shown are the differences between the astronomical and
radioisotopic age models and the positions of chron boundaries in the marine magnetic anomaly profile and their age in CK92/95 and GTS2004.
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FIGURE 28.12 Age models of C-sequence marine magnetic anomalies in the South Atlantic for two Paleogene GTS solutions. (A) Spline fit of selected

Paleogene radio-isotopic dates for chron age-distances and selected cyclostratigraphy durations (Table 28.1); the interpolated chron ages are tabulated under

“Radio-Isotopic Age Model” columns in Table 28.3. (B) Chron age-distances (diamonds) from the “Combined Age Model” (rightmost column in Table 28.3)

that incorporated “Astro-AgeModel” (right column of Table 28.2) for Chrons C6C through C13n, a bridging polynomial for Chron C15n, the spline-fit to radio-

isotope dates for Chrons C15r-C23r (as shown in the upper “A” panel, and the Astro-Age Model for Chrons C24n-C29r).
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1.125. Five points did not pass the chi-squared test at
p>0.05: 767.02 km, 772.82 km, 1150.83 km, 1214.93 km
and 1222.82 km. Hence the uncertainties were increased for
these data points. The final smoothing factor is 0.475. The
complete C-sequence results are tabulated in Table 28.3
(middle part) and the stage boundary ages in Table 28.4
(middle part under “radio-isotope age model”).

The GTS2012 orbitally tuned cycle ages for the
C-sequence are shown in Table 28.3 (right side), and the
orbitally tuned cycle ages for the Paleogene stage boundaries
in Table 28.4. Comparison of the chron ages reveals that the
two age models are remarkably consistent, even though
significant discrepancies are found around 28 and 50Ma, with
differences exceeding 0.5 myr (Table 28.3, column with delta
astro-radio). Around 50 Ma, the astronomically derived ages
are older, while they are younger around 28 Ma. A smaller
discrepancy with differences of up to 200 kyr is found around
60 Ma, with astronomical ages being older (Table 28.3,
column with D astro-radio).

Problems that exist in the radio-isotopic age model
include the use of less suitable minerals (biotite) and multi-
crystal e instead of single crystal e dating for some of the
tie points, and also the link to the magnetostratigraphy and
the calibration of this magnetostratigraphy to the polarity
time scale. Biotite ages had to be included around the E/O
boundary in absence of more reliable single crystal
40Ar/39Ar sanidine or U/Pb zircon ages, but are in fact
unsuitable for high-resolution time scale work. A recent
study revealed that their ages can be hundreds of thousands
years too old at the young end of the time scale (Hora et al.,
2010). Uncertainty in the placement relative to the magne-
tostratigraphy and, hence, in the chronozonal assignment is
the reason for removing two data points from the original set
of seven tie points selected by Smith et al. (2008) to revise
the GPTS. However, also for some of the selected tie points
this chron position is not without uncertainty. For instance,
several alternative magnetostratigraphic interpretations/
records have been published for the Massignano section in
Italy; this section provides two biotite dates of Late Eocene
age that are included as tie points in radio-isotopic age
model. Uncertainties also exist for geological reasons in the
chron placement of some of the older ashes (Belt, -17) as we
will see when the main discrepancies between the two age
models are discussed.

The astronomical age model is also uncertain for several
reasons. In the first place, it can be questioned whether the
tuning to ~405-kyr eccentricity of the Paleocene (and early
Eocene), although apparently constrained by recalculated
single crystal 40Ar/39Ar sanidine dates (of Swisher et al.,
1993), is correct. The recalculated ages were not part of an
interlaboratory assessment; they have only been analyzed in
a single laboratory, but are consistent with 40Ar/39Ar ages of
K/Pg boundary tektites of Haiti (Izett et al., 1991). Results
from an interlaboratory comparison project revealed

discrepancies of up to 1e1.5% (Heizler et al., 2008). This is
pertinent because Swisher and Prothero (1990) published
much older single crystal 40Ar/39Ar sanidine ages than
Obradovich and others (1995; see Hilgen and Kuiper, 2009)
for the same ash layers of late Eocene age in North America,
while single crystal ages of Swisher et al. (1993) were used
to constrain the tuning of the K/Pg boundary in the Zumaia
section (Kuiper et al., 2008). However, the Eocene discrep-
ancy might have a geological origin (contamination, Sahy
et al., 2011) and, thus, have no bearing on the reliability of
the K/Pg boundary ages. Nevertheless, an uncertainty in the
tuning of one cycle to 405-kyr eccentricity can not be
excluded until additional state-of-the-art single crystal
40Ar/39Ar sanidine and U/Pb zircon ages have been pub-
lished, preferably from different laboratories and from
different key stratigraphic levels, such as the K/Pg, P/E and
E/O boundaries.

As far as the tuning uncertainty is concerned, a 405-kyr
younger tuning is more likely than a 405-kyr older tuning
(see e.g., Hilgen et al., 2010). Such a younger tuning
would reduce discrepancies with the radio-isotopic ages
from North America (Smith et al., 2008), which are
responsible for the discrepancies around 50 Ma, and
restore the inferred relation between the obliquity domi-
nated interval at ODP site 1258 and the supposedly
correlative 2.4 myr eccentricity minimum as inferred by
Westerhold and Röhl (2009). However, such a younger
tuning would at the same time result in discrepancies with
the radio-isotopic age model in the interval between 66
and 52 Ma, and a shift towards younger ages is not
corroborated by published radio-isotopic ages. Our age
model is consistent with single crystal 40Ar/39Ar sanidine
ages of ash beds of early Paleocene age from the conti-
nental succession of North America published two decades
ago (Swisher et al., 1993), as these were used to establish
the initial tuning (Kuiper et al., 2008). U/Pb ages of 66.1
Ma for the K/Pg boundary and of 64.7 Ma for C28r have
been presented in abstracts (e.g., Bowring et al., 2008) and
are consistent with the astronomical time scale presented
in Section 28.4.2 as well. The same holds for the U/Pb
zircon age of 55.785 � 0.034 Ma for the ash bed inter-
calated in the lower part of the PETM on Spitsbergen
(Charles et al., 2011). Combined with cyclostratigraphy,
this resulted in an age of 55.84 for the PETM base, which
is, within error, compatible with the astronomical age of
55.93 Ma. This is encouraging as the youngest U/Pb ID-
TIMS age of an ash bed, following new preparation
techniques, might be very close to the eruption age
(Schaltegger et al., 2009). Also the 40Ar/39Ar sanidine age
of 52.93 � 0.12 Ma for the Willwood ash in North America
(Smith et al., 2004) is consistent with the astronomical age
of 53.021 Ma for the base C24n.1n. Up to now, there are no
published radio-isotope data for the interval between the K/
Pg boundary and C24n.1n that unambiguously support
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TABLE 28.4 Summary of Paleogene Stage Boundary Calibrations to C-Sequence Polarity Chrons with Corresponding Ages and Durations

Calibration GTS2004

Radio-Isotopic

Age Model

Astronomical

Age Model

Combined Age

Model ¼ Final

GTS2012 Version

Epoch Age/Stage

Base of Stage eChron

Assignment or Cycle-Offset

from Chron Boundary
(Ma)

Distance

(km) in S.

Atlantic

Profile

Uncertainty

(km)

Age of

Base

(Ma)
2 Sigma Duration Age Duration

Age of

Base

2

Sigma Duration

Langhian Base of Chron C5Br. 16.0 318.39 0.46 15.97 0.04 15.97 15.97

Burdigalian Assigned here as base of Chron
C6An.1r; but another option is base
of Chron C6An.1n.

20.4 434.18 0.27 20.34 0.04 4.36 20.34 4.36 20.44 4.47

Miocene Aquitanian Base of Chron C6Cn.2n. 23.0 501.55 0.12 23.03 0.04 2.70 23.03 2.70 23.03 2.59

Chattian Assigned here as base of Chron
C10n.1n. [NOTE: Base of Chattian
is potentially at ~70% up in
“undifferentiated Chron C10n” in
candidate GSSP in Italy (Coccioni
et al., 2008), which would project
as equivalent to C10n.1n.4.]

28.4 622.16 0.36 28.74 0.13 5.71 28.09 5.06 28.09 5.06

Oligocene Rupelian Chron C13r.86; this chron may
include a brief normal-polarity
cryptochron near the top of Eocene.

33.9 759.49 2.03 34.23 0.33 5.49 33.89 5.80 33.9 5.8

Priabonian Assigned here as base of Chron
C17n.1n.

37.2 856.19 0.65 37.75 0.52 3.53 37.83 3.94 37.8 0.5 3.9

Bartonian Assigned here as base of Chron
C18r; but potential GSSP may be as
low as mid-C19r.

40.4 947.96 0.53 41.15 0.52 3.40 41.22 3.40 41.2 0.5 3.4

Lutetian Approximately C21r.6. [NOTE:
another estimate for GSSP is 39
precession cycles (0.80 myr if
20.5-kyr cycles) above base of
Chron C21r].

48.6 1103.85 2.51 47.82 0.20 6.67 48.29 7.07 47.8 0.2 6.7

(Continued)
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TABLE 28.4 Summary of Paleogene Stage Boundary Calibrations to C-Sequence Polarity Chrons with Corresponding Ages and Durationsdcont’d

Calibration GTS2004

Radio-Isotopic

Age Model

Astronomical

Age Model

Combined Age

Model ¼ Final

GTS2012 Version

Epoch Age/Stage

Base of Stage eChron

Assignment or Cycle-Offset

from Chron Boundary
(Ma)

Distance

(km) in S.

Atlantic

Profile

Uncertainty

(km)

Age of

Base

(Ma)
2 Sigma Duration Age Duration

Age of

Base

2

Sigma Duration

Eocene Ypresian This PETM isotope excursion
begins at c. 1.4 myr above the base
of Chron C24r, or at approximately
C24r.36 (Westerhold et al., 2008).
An U-Pb age of 55.79 Ma is about
0.05 myr above the base of the
PETM

55.8 1220.41 1.96 55.84 0.03 8.02 55.93 7.64 56.0 8.1

Thanetian Base of Chron C26n. 58.7 1262.74 0.15 59.12 0.13 3.28 59.24 3.31 59.2 3.3

Selandian The isotope shift begins at 30
precession cycles (0.62 myr if
20.5-kyr cycles) above base of C26r
at GSSP.

61.7 1303.81
km
to
reference
Chron;
then
subtract
0.62 myr

1.23 61.45 0.13 2.33 61.60 2.36 61.6 2.4

Paleocene Danian Mesozoic/Cenozoic boundary is
approximately Chron C29r.5.
Chron C29r.5 in total C29r span of
c. 710 kyr, according to cycles
(Husson et al., 2011; Thibault et al.,
submitted)

65.5 1365.30 1.30 65.95 0.05 4.50 65.95 4.35 66.04 0.05 4.4

Maastrichtian Base of Maastrichtian is
approximately at Chron C32n.2n.9;
or at 72.05 Ma from spline-fit to
ammonite zones (see Cretaceous
chapter).

70.6 1497.70 0.88 72.10 0.19 6.15 72.1 0.2 6.1

NOTE: Km-uncertainty on fixed
chron-bases (definitions) uses half
of the percent-error on mean width
in Cande-Kent table. For estimated
placements (e.g., C29r.5), a �0.05
chron uncertainty was assumed.

The computed ages from the two C-sequence models in Table 28.3 (spline-fit to all values in Table 28.1, and a selected composite of cyclostratigraphy and spline-fit) are compared to GTS2004. The full
spline-fit also provided statistics on uncertainties and only a few of these are estimated for the cyclostratigraphy based model. The final Paleogene numerical time scale for GTS2012 is the cyclostratigraphy
based model with a portion of the Eocene radio-isotope spline of Figure 28.12a. Durations in rightmost column have been rounded.
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a 405-kyr younger tuning. The radio-isotopic ages of the
Belt and -17 ash beds apparently result in chron boundary
ages that are 100e200 kyr younger than the astronomically
derived age estimates, but there is a more logical geological
explanation for this offset (see below).

Another uncertainty that remains in the astronomical age
model is the age of the FCs dating standard as recalculated
40Ar/39Ar ages were used to constrain the first-order tuning to
405-kyr eccentricity (Kuiper et al., 2008; Hilgen et al., 2010).
However, recently published ages for this standard vary
between 27.93 and 28.305� 0.036 Ma (Channell et al., 2010;
Renne et al., 2010), and include the astronomically calibrated
age of 28.201 � 0.046 Ma of Kuiper et al. (2008) applied
throughout GTS2012. The latter age was employed to (re)
calculate single crystal 40Ar/39Ar sanidine ages in order to
constrain the astronomical tuning of the Paleocene on the
405-kyr cycle scale (Kuiper et al., 2008; Hilgen et al., 2010).
The age has been independently confirmed by new sanidine
ages of an ash layer in a well-tuned section of the Mediter-
ranean Neogene (Rivera et al., 2011). Application of the age
also results in consistency between 40Ar/39Ar and U/Pb ages
for the Bishop tuff, where other ages result in a less coherent
picture (Rivera et al., 2011). Together, this suggests that the
age of 28.305 Ma of Renne et al. (2010) based on Ar/Ar-U/Pb
age pairs is too old and that the age of 27.93 Ma of Channell
et al. (2010) is too young. However, a different FCs age does
not explain the age discrepancy between the astronomical and
radio-isotopic time scale as it would similarly affect both
scales.

Another uncertainty in the astronomical age model is that
one 405-kyr cycle may have been overlooked in the cyclo-
stratigraphic studies of the deep-sea cores. As such, discus-
sion is still ongoing whether the Paleocene contains 24 or
25 � 405-kyr cycles (Westerhold et al., 2008; Hilgen et al.,
2010). Evidently, this has consequences for the astronomical
age model presented here (Section 28.4.2), as we assume that
25 � 405-kyr cycles are present. A missing 405-kyr cycle
might also be responsible for the abrupt beginning of the
discrepancy around 50 Ma. This will be outlined below, as we
will next discuss the main misfits between the radiometric and
astronomical models around 60, 50 and 28 Ma from old to
young.

28.4.3.1. The 60 Ma Discrepancy

The discrepancy between 63 and 57 Ma with astronomical
ages being 100 to 200 kyr older is most likely related to the
inclusion of the Belt ash and ash -17 as tie points in the
radio-isotopic age model. The chron position of the Belt ash is
given as C26r.85 on the basis of the magnetostratigraphy of
the Southeast Polecat Bench section, but a hiatus is inferred at
the base of the reversed of C26r, while in addition the sedi-
mentation rate is assumed to increase (Secord et al., 2006). As
a consequence the position of the Belt ash is probably higher

up in C26r, which would explain the younger radio-isotopic
ages for the chron boundaries in this interval. Downward
extrapolation of the C26n sedimentation rate in the Polecat
Bench section, starting from the astronomical ages of the
chron boundaries, yields an age of 59.35 Ma for the Belt ash,
which is in perfect agreement with its 40Ar/39Ar age of
59.39� 0.3 Ma. However, this would correspond to a position
at 0.963 within C26r rather than the C26r.9 incorporated in
Table 28.1 on the basis of its magnetostratigraphic position.
This seemingly small difference is largely responsible for the
~200 kyr as C26r is almost 3 million years long. The same
reasoning applies to ash -17, as a hiatus is inferred on the
basis of the biostratigraphy between ash -17 and the PETM
(see Westerhold et al., 2008; Hilgen et al., 2010); again this
would result in radio-isotopic ages of chron boundaries that
are too young.

28.4.3.2. The 50 Ma Discrepancy

Around 50 Ma, the astronomical age model point reveals
a duration of 380 kyr for C23n.2n (and a total duration of
708 kyr for C23n) as compared to 870 kyr (and 1200) in the
radio-isotopic age model, which is more than twice as long.
The astronomical age model gives a duration of 800 kyr for
C23r, which is consistent with a 790 kyr duration according
to the radio-isotopic age model. The 400e500 kyr differ-
ence remains essentially the same from C23n up to C21r,
and is largely balanced by the longer astronomical duration
for C20r and C21r between ~47.5 and ~43.5 Ma. The
comparison shows that the problem resides in the short
astronomical duration of C23n.2n (or C23n as the reversal
of C23n.1r is not well resolved at ODP Sit 1258); this
duration shows a 1:1 ratio to the duration of C23r. This is
in sharp contrast with the observed 1:2 width ratio of
C23n.2n and C23r in the synthetic anomaly profile of the
southern Atlantic of Cande and Kent (1992) (note that this
ratio is in fact based on the incorporation of data from
Indian Ocean profiles). The same ratio is found in anomaly
profiles from different ocean basins (e.g., Heirtzler et al.,
1968; LaBrecque et al., 1977).

Excluding an abrupt global increase (doubling) of
spreading rates in C23n.2n, several options remain to
explain the discrepancy around 50 Ma. The first option is
that a 405-kyr eccentricity related cycle has been missed by
Westerhold and Röhl (2009) in the interval of ODP Site
1258 that corresponds to C23n.2n. Checking the detailed
patterns shows that the cyclostratigraphic interpretation is
not straightforward and that a missing cycle cannot be
excluded. Evidently, independent confirmation of the cycle
pattern from other cyclic deep-marine records is needed to
solve this problem. Another explanation would be a fault or
hiatus of 400e500 kyr, or e coincidentally e one 405-kyr
cycle, in the C23n interval. This was originally not
precluded by Suganuma and Ogg (2006), although the
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improved splice and nannofossil biostratigraphy helped to
solve some of these issues (Westerhold and Röhl, 2006).
Also the magnetostratigraphic interpretation is not without
difficulty, but additional land-based measurements proved
very useful in this respect (Suganuma and Ogg, 2006;
Westerhold and Röhl, 2009). In fact, the total astronomical
duration for the C24n.3n(o) to C21r(y) interval is roughly
400-kyr shorter (note that the identification of base C24 and
C22r(y) to C21n at site 1258 is not disputed) than the
duration according to the radio-isotopic age model.
Combined this makes a fault/hiatus of approximately 400-
kyr, or a missing 405-kyr cycle the most likely explanation
for the observed discrepancies between the two age models
around 50 Ma. This would imply that the radio-isotopic age
model is better in this interval. The fact that the discrep-
ancy is again compensated between C21n(y) and C20n(o);
i.e. over 4 myr, is most likely a consequence of the spline,
as it starts directly above the last directly astronomically
dated tie point, where the interpolation using the CK95
anomaly profile starts in the astronomical age model
(see Section 28.4.2).

28.4.3.3. The 28 Ma Discrepancy

The major discrepancy between the two age models around
28 Ma is most likely related to the incorporation of the
40Ar/39Ar biotite ages of the two ash layers in the Monte
Cagnero section as tie points in the radio-isotopic age
model (see Section 28.4.1; Coccioni et al., 2008). In fact,
biotite ages are considered unsuitable for high-resolution
time scale studies and they were only used in the absence of
more reliable sanidine ages. The problem of biotite ages is
nicely demonstrated by the recent study of Hora et al.
(2010), indicating that offsets to older ages in the order of
hundreds of thousands of years might be anticipated at the
younger end of the geological time scale. Nevertheless, the
observed discrepancy seems to be too large to be explained
in this way. The discrepancy would have been significantly
reduced - to w200 kyr - if we would have included the
single crystal 40Ar/39Ar sanidine ages of McIntosh et al.
(1992; see also Hilgen and Kuiper, 2009) in our radioiso-
topic age model instead of the biotite ages of Coccioni et al.
(2010).

The fact that Oligocene spreading rates vary more
smoothly according to the radio-isotopic age model results
from the limited number of tie points applied while astro-
nomical dating attempts to date every single magnetic
reversal boundary. The more jumpy spreading rates result-
ing from the astronomical age model are probably due to
small uncertainties in the tuning or in locating the exact
reversal position in the magnetostratigraphy, although latter
uncertainties are very small at ODP Site 1218 used to
establish the astronomical polarity time scale for the entire
Oligocene (Lanci et al., 2005; Pälike et al., 2006).

Nevertheless independent testing of the tuning in other
deep-sea cores such as those recently recovered during
IODP legs 320/321 (Pälike et al., 2008) is needed as e
minor e uncertainties may still exist in the tuning around
the EeO and OeM boundaries.

28.4.3.4. Paleogene Time Scale

Finally, we have to select the age model that we are going
to use for building the Paleogene time scale. Evidently,
neither of the current two radio-isotopic and astronomical
age models is better over the entire range of the Paleogene.
The astronomical age model can be held responsible for the
discrepancies around 50 Ma, even though the exact cause of
the discrepancy remains uncertain (i.e. hiatus, missing
cycle). On the other hand, the radio-isotopic age model is
most likely responsible for the discrepancies observed
around 60 and 28 Ma. Apparently, the best solution would
be a combination of both age models. For this purpose, we
selected the astronomically derived ages for the chron
boundaries between 66 and 53 Ma, and between 37 and 23
Ma. The ages for the chron boundaries in between then
come from the radio-isotopic age model. The resulting
chron boundary ages are given in Table 28.3 (combined age
model column), and it is this polarity time scale that forms
the backbone of our integrated Paleogene time scale (Table
28.4, right column). In fact, such a hybrid time scale nicely
demonstrates that the Paleogene time scale is in a state of
transition towards a time scale that is fully underlain by
astronomical dating.

The preferred Paleogene geochronology for GTS2012 is
thus tabulated in Table 28.4 (under “Combined age model
¼ final GTS2012 version”). It shows the age of the bases
for the nine Paleogene stages, the associated 2-sigma
uncertainty as far as derived from direct radiometric or
cubic spline interpolations, and the duration in millions of
years for each stage. Durations are listed with rounded off
decimal fractions. The base Danian and base Paleocene is
66.04 � 0.05 Ma; the stage lasted 4.4 myr. The Selandian
had a duration of 2.4 myr, and its base is 61.6 Ma. Base
Thanetian is 59.2 Ma and the stage lasted 3.3 myr. The base
Ypresian and base Eocene is 56.0 Ma; the stage is the
longest in the Paleogene with 8.1 myr. Base Lutetian is 47.8
� 0.2 Ma and the stage is 6.7 myr long. Base Bartonian is
41.2 � 0.5 Ma and Bartonian lasted 3.3 myr. Priabonian
started at 37.8 � 0.5 Ma and lasted 3.9 myr. The Oligocene
Epoch and Rupelian Stage started at 33.9 Ma, and the stage
lasted 5.8 myr. The final stage of the Oligocene, the
Chattian, started at 28.09 Ma and lasted 5.06 myr. Orbital
tuning of more Paleogene sections, resolving discrepancies
in geomagnetic polarity assignments for selected Eocene
strata, and formal definition of the Bartonian, Priabonian
and Chattian stage boundaries will lead to further refine-
ment of Paleogene geochronology.
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Muttoni, G., Pälike, H., Rio, D., Spofforth, D.J.A., Stefani, C., 2011.

Integrated bio-magnetostratigraphy of the Alano section (NE Italy):

A proposal for defining the middle-late Eocene boundary. Geological

Society of America Bulletin 123, 841e872.

Aguilar, J.-P., Legendre, S., Michaux, J., 1997. Actes du Congrès Biochrom’97

Montpellier, 14e17 Avril. Biochronologie mammalienne du Cénozoı̈que
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Argentina. Revista Española de Micropaleontologia 34, 105e116.

Gunnell, G.F., Murphey, P.C., Stucky, R.K., Townsend, K.E.B., Robinson, P.,

Zonneveld, J.-P., Bartels, W.S., 2009. Biostratigraphy and bio-

chronology of the latest Wasatchian, Bridgerian, and Uintan North

American Land Mammal “Ages”. In: Albright III, L.B. (Ed.), Papers on

Geology, Vertebrate Paleontology, and Biostratigraphy in honor of

Michael O. Woodburne. Museum of Northern Arizona Bulletin, 65,

pp. 279e330.

Hansen, J.M., 1979. Age of the Mo-Clay Formation. Bulletin Geological

Society of Denmark 27, 89e91.

Haq, B.U., Hardenbol, J., Vail, P.R., 1987. Chronology of fluctuating sea

levels since the Triassic. Science 235, 1156e1167.

Hardenbol, J., 1968. The Priabon type section (Italy). Mémoires du Bureau

de Recherches géologiques et minières 58, 629e635.

Hardenbol, J., Berggren, W.A., 1978. A new Paleogene numerical time scale.

In: Cohee, G.V., Glaessner, M.F., Hedberg, H.D. (Eds.), Contributions to

the Geologic Time Scale. American Association of Petroleum Geolo-

gists Studies in Geology, 6, pp. 213e234.

Hardenbol, J., Thierry, J., Farley, M.B., Jacquin, T., de Graciansky, P.-C.,

Vail, P.R., 1998. Mesozoic and Cenozoic sequence chronostratigraphic

framework of European Basins. In: de Graciansky, P.-C.,

Hardenbol, J., Jacquin, T., Vail, P.R. (Eds.), Mesozoic and Cenozoic

Sequence Stratigraphy of European Basins. SEPM Special Publica-

tion, 60, pp. 3e14.

Harland, W.B., Armstrong, R.L., Cox, A.V., Craig, L.A., Smith, A.G.,

Smith, D.G., 1990. A Geologic Time Scale 1989. Cambridge University

Press, Cambridge, p. 263.

Harland, W.B., Hine, N.M., Wilkinson, I.P., 1992. Paleogene biostratigraphic

markers. In: Knox, R.W.O.’B., Holloway, S. (Eds.), Paleogene of the

Central and Northern North-Sea. British Geological Survey, Notting-

ham, pp. A1eA5.

Haug, E., 1908e1911. Les Périodes géologiques. In: Traité de Géologie,
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Eocaens. Einführung der Stufen Ilerdien und Biarritzien. Eclogae

Geologicae Helvetica 53, 453e480.

Hubach, H., 1957. Das Oberoligozän des Dobergs bei Bünde in Westfalen.

Berichte der naturhistorischen Gesellschaft 103, 5e69.

Husson, D., Galbrun, B., Laskar, J., Hinnov, L.A., Thibault, N., Gardin, S.,

Locklair, R.E., 2011. Astronomical calibration of the Maastrichtian.

Earth and Planetary Science Letters 305, 328e340.

Hyland, E., Murphy, B., Varela, P., Marks, K., Colwell, L., Tori, F.,

Monechi, S., Cleaveland, L., Brinkhuis, H., van Mourik, C.A.,

Coccioni, R., Bice, D., Montanari, A., 2009. Integrated stratigraphic and

astrochronologic calibration of the Eocene-Oligocene transition in the

Monte Cagnero section (northeastern Apennines, Italy): A potential

parastratotype for the Massignano global stratotype section and point

(GSSP). Geological Society of America Special Paper 452, 303e322.

Izett, G.A., Dalrymple, G.B., Snee, L.W., 1991. 40Ar/39Ar age of Cretaceous-

Tertiary boundary tektites from Haiti. Science 252, 1539e1542.

Janis, C.M. (Ed.), 1998. Evolution of Tertiary Mammals of North America.

Terrestrial Carnivores, Unglulates and Ungulate-Like Mammals, Vol. 1.

Cambridge University Press, Cambridge, p. 691.

Jenkins, D.G., 1985. Southern mid-latitude Paleocene to Holocene

planktic foraminifera. In: Bolli, H.M., Saunders, J.B., Perch-

Nielsen, K. (Eds.), Plankton Stratigraphy. Cambridge University

Press, Cambridge, pp. 263e282.

Jenkins, D.G., Luterbacher, H.P., 1992. Paleogene stages and their bound-

aries: Introductory remarks. Neues Jahrbuch für Geologie und Pal-
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Köthe, A., 1990. Paleogene dinoflagellates from northwest Germany-biostra-

tigraphy and paleoenvironment. Geologisches Jahrbuch A118, 3e111.

Kozlova, G.E., 1999. Paleogene boreal radiolarians from Russia. VNIGRI, St

Petersburg, p. 323.

Kraatz, B.P., Geisler, J.H., 2010. Eocene-Oligocene transition in central Asia

and its effects on mammalian evolution. Geology 38, 111e114.

Kuiper, K.F., Deino, A., Hilgen, F.J., Krijgsman, W., Renne, P.R.,

Wijbrans, J.R., 2008. Synchronizing rock clocks of Earth history.

Science 320, 500e504.

LaBrecque, J.L., Kent, D.V., Cande, S.C., 1977. Revised magnetic polarity

time scale for Late Cretaceous and Cenozoic time. Geology 5,

330e335.

Lanci, L., Parés, J.M., Channell, J.E.T., Kent, D.V., 2005. Oligocene mag-

netostratigraphy from equatorial Pacific sediments (ODP Sites 1218 and

1219, Leg 199). Earth and Planetary Science Letters 237, 617e634.

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M.,

Levrard, B., 2004. A long term numerical solution for the insolation

quantities of the Earth. Astronomy and Astrophysics 428, 261e285.

Laskar, J., Fienga, A., Gastineau, M., Manche, H., 2011. La2010: A new

orbital solution for the long term motion of the Earth. Astronomy and

Astrophysics 532 A89. doi: 10.1051/0004-6361/201116836.
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Monechi, S., Ogg, J.G., Powell, J., Röhl, U., Sanfilippo, A., Schmitz, B.,

2004. The Paleogene Period. In: Gradstein, F.M., Ogg, J.G., Smith, A.G.

(Eds.), A Geologic Time Scale 2004. Cambridge University Press,

Cambridge, pp. 384e408.

Lyell, C., 1833. Principles of Geology: Being an inquiry how far the former

changes of the Earth’s surface are referable to causes now in operation,

Vol. III. John Murray, London, p. 398.

Machlus, M., Hemming, S.R., Olsen, P.E., Christie-Blick, N., 2004.

Eocene calibration of geomagnetic polarity time scale reevaluated:

Evidence from the Green River Formation of Wyoming. Geology 32,

137e140.

Mangerud, G., Dreyer, T., Søyseth, L., Martinsen, O., Ryseth, A., 1999.

High-resolution biostratigraphy and sequence development of the

Paleocene succession, Grane Field, Norway. Geological Society Special

Publication 152, 167e184.

Mangin, J.-P., 1957. Remarques sur le terme Paléocène et sur la limite
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Stampien, au sud de Paris (entre Eure et Seine). Bulletin d’Information
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Schmitz, B., Pujalte, V., Nuñez-Betelu, K., 2001. Climate and sea-level

perturbations during the initial Eocene thermal maximum: Evidence

from siliciclastic units in the Basque Basin (Ermua, Zumaia and Tra-

bakua Pass). Palaeogeography, Palaeoclimatology, Palaeoecology 165,

299e320.

Schmitz, B., Alegret, L., Apellaniz, E., Arenillas, I., Aubry, M.-P., Baceta, J.-

U., Berggren, W.A., Bernaola, G., Caballero, F., Clemmensen, A.,

Dinarès-Turell, J., Dupuis, C., Heilmann-Clausen, C., Knox, R., Martı́n-

917Chapter | 28 The Paleogene Period



Rubio, M., Molina, E., Monechi, S., Ortiz, S., Orue-Etxebarria, X.,

Payros, A., Petrizzo, M.R., Pujalte, V., Speijer, R., Sprong, J.,

Steurbaut, E., Thomsen, E., 2008. Proposed Global Stratotype Sections

and Points for the bases of the Selandian and Thanetian stages (Paleo-

cene Series). Report of the International Subcommission on Paleogene

Stratigraphy, 52. Available at. http://www.earth-prints.org/bitstream/

2122/3795/1/pwg20.pdf.

Schmitz, B., Pujalte, V., Molina, E., Monechi, S., Orue-Etxebarria, X.,

Speijer, R.P., Alegret, L., Apellaniz, E., Arenillas, I., Aubry, M.-P.,

Baceta, J.I., Berggren, W.A., Bernaola, G., Caballero, F.,

Clemmensen, A., Dinarès-Turell, J., Dupuis, C., Heilmann-Clausen, C.,
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logique de Belgique 115, 287e306.

Steurbaut, E., 1998. High-resolution holostratigraphy of middle Paleocene to

early Eocene strata in Belgium and adjacent areas. Palaeontographica.

Abteilung A Palaeozoologie-Stratigraphie 247, 91e156.

Steurbaut, E., 2006. Ypresian. Geologica Belgica 9, 73e93.

Steurbaut, E., Sztrákos, K., 2008. Danian/Selandian boundary criteria and

North Sea Basin-Tethys correlations based on calcareous nannofossil

918 The Geologic Time Scale 2012



and foraminiferal trends in SW France. Marine Micropaleontology 67,

1e29.

Storey, M., Duncan, R.A., Swisher III, C.A., 2007. Paleocene-Eocene

Thermal Maximum and the opening of the northeast Atlantic. Science

316, 587e589.

Stott, L.D., Sinha, A., Thiry, M., Aubry, M.-P., Berggren, W.A., 1996. Global

d13O changes across the Paleocene-Eocene boundary: Criteria for

terrestrial-marine correlations. Geological Society Special Publication

101, 381e399.

Stover, L.E., Hardenbol, J., 1993. Dinoflagellates and depositional sequences

in the Lower Oligocene (Rupelian) Boom Clay Formation, Belgium.
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Williams, G.L., Bujak, J.P., 1985. Mesozoic and Cenozoic dinoflagel-

lates. In: Bolli, H.M., Saunders, J.B., Perch-Nielsen, K. (Eds.),

Plankton Stratigraphy. Cambridge University Press, Cambridge,

pp. 847e964.

Williams, G.L., Brinkhuis, H., Bujak, J.P., Damassa, S.P., Hochuli, P.A.,

de Verteuil, L., Zevenboom, D., 1998. Ceonoiz Era - dinoflagellates.

In: de Graciansky, P.C., Hardenbol, J., Jacquin, T., Vail, P.R. (Eds.),

Mesozoic and Cenozoic Sequence Stratigraphy of European Basins.

SEPM Special Publication, 60, pp. 764e765. Chart 3.

Williams, G.L., Brinkhuis, H., Pearce, M.A., Fensome, R.A., Weegink, J.W.,

2004. Southern Ocean and global dinoflagellate cyst events compared:

Index events for the Late Cretaceous-Neogene. In: Exon, N.F.,

Kennett, J.P., Malone, M.J. (Eds.), Proceedings of the Ocean Drilling

Program, Scientific Results, 189, pp. 1e98.

Williamson, T.E., 1996. The beginning of the Age of Mammals in the San

Juan Basin, New Mexico: Biostratigraphy and evolution of Paleocene

mammals of the Nacimiento Formation. Bulletin of the New Mexico

Museum of Natural History and Science 8, 1e141.

Wilpshaar, M., Santarelli, A., Brinkhuis, H., Visscher, H., 1996. Dinofla-

gellate cysts and mid-Oligocene chronostratigraphy in the central

Mediterranean region. Journal of the Geological Society 153, 553e561.

Wilson, G.S., Roberts, A.P., Verosub, K.L., Florindo, F., Sagnotti, L., 1998.

Magnetobiostratigraphic chronology of the Eocene-Oligocene transition

in the CIROS-1 core, Victoria Land margin, Antarctica: Implications for

Antarctic glacial history. Geological Society of America Bulletin 110,

35e47.

Wing, S.L., Bown, T.M., Obradovitch, J.D., 1991. Early Eocene biotic and

climatic change in interior western North America. Geology 19,

1189e1192.

920 The Geologic Time Scale 2012



Wise, S.W., 1983. Mesozoic and Cenozoic calcareous nannofossils recov-

ered by Deep Sea Drilling Project Leg 71 in the Falkland Plateau region,

Southwst Atlantic Ocean. Initial Reports of the Deep Sea Drilling

Project 71, 481e550.

Woodburne, M.O., 1987. Cenozoic Mammals of North America. University

of California Press, Berkeley, p. 336.

Woodburne, M.O., Swisher, C.C., 1995. Land mammal high-resolution

geochronology, intercontinental overland dispersals, sea level, climate,

and vicariance. In: Berggren, W.A., Kent, D.V., Hardenbol, J. (Eds.),

Geochronology, Time Scales and Global Stratigraphic Correlations.

SEPM Special Publication, 54, pp. 335e364.

Wrenn, J.H., Hart, G.F., 1988. Paleogene dinoflagellate cyst biostratig-

raphy of Seymour Island, Antarctica. In: Feldman, R.M.,

Woodburne, M.O. (Eds.), Geology and Paleontology of Seymour

Island, Antarctic Peninsula. Geological Society of America Memoir,

169, pp. 321e447.

Zachos, J.C., Lohmann, K.C., Walker, J.C.G., Wise, S.W., 1993. Abrupt

climate change and transient climates during the Paleogene: A marine

perspective. Journal of Geology 101, 91e213.

Zachos, J.C., Quinn, T.M., Salamy, S., 1996. High resolution (104 yr) deep-

sea foraminiferal stable isotope records of the Eocene-Oligocene

climate transition. Paleoceanography 11, 251e266.

Zachos, J.C., Opdyke, B.N., Quinn, T.M., Jones, C.E., Halliday, A.N., 1999.

Early Cenozoic glaciation, antarctic weathering, and seawater 87Sr/86Sr:

Is there a link? Chemical Geology 161, 165e180.

Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends,

rhythms, and aberrations in global climate 65 Ma to present. Science

292, 686e693.

921Chapter | 28 The Paleogene Period



F.J. Hilgen, L.J. Lourens and J.A. Van Dam
With contributions by A.G. Beu, A.F. Boyes, R.A. Cooper,

W. Krijgsman, J.G. Ogg, W.E. Piller and D.S. Wilson

Chapter 29

The Neogene Period

Abstract: An Astronomically Tuned Neogene Time Scale
(ATNTS2012) is presented, as an update of ATNTS2004 in
GTS2004. Thenew scale is not fundamentally different from its
predecessor and the numerical ages are identical or almost so.
Astronomical tuning has in principle the potential of generating
a stable Neogene time scale as a function of the accuracy of the
La2004 astronomical solution used for both scales. Minor
problems remain in the tuning of the Lower Miocene.

In GTS2012 we will summarize what has been modified
or added since the publication of ATNTS2004 for incorpo-
ration in its successor, ATNTS2012. Mammal biostratig-
raphy and its chronology are elaborated, and the regional
Neogene stages of the Paratethys and New Zealand are
briefy discussed. To keep changes to ATNTS2004 trans-
parent we maintain its subdivision into headings as much as
possible.
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29.1. CHRONOSTRATIGRAPHY

As in ATNTS2004, and despite the unfortunate decision by
the ICS/IUGS to define a NeogeneeQuaternary at 2.60 Ma
coincident with the Gelasian base and PlioceneePleisto-
cene boundary (Gibbard and Head, 2010; Gibbard et al.,
2010), we will keep the Neogene here extending up to the
Recent. The Neogene thus includes the Miocene, Pliocene,
Pleistocene and Holocene (Figure 29.1). The reasons for

this have been outlined in Berggren (1998), Lourens et al.
(2004), Hilgen et al. (2008), McGowran et al. (2009), Van
Couvering et al. (2009) and Aubry et al. (2009). In this
respect we favor an inclusive compromise solution
regarding the formal definition of the Quaternary, a solution
that does justice to the two main traditions (i.e. the
Neogene marine and Quaternary continental) in the chro-
nostratigraphic subdivision of the younger part of the
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FIGURE 29.1 Neogene stratigraphic subdivisions

with summary definitions of the formalized stage

boundaries. The upper Cenozoic chronostratigraphy rati-

fied by the IUGS in 2009 shifted the Gelasian Stage into

the Pleistocene Series and a QuaternaryeNeogene system

boundary was defined at this level (c. 2.6 Ma). Previously,

the Gelasian Stage comprised the upper Pliocene sub-

series; which is the chronostratigraphy favored by the

authors of this chapter.
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Cenozoic. Such inclusive solutions either define the
Tertiary and Quaternary as sub-erathems of the Cenozoic
with its Paleogene and Neogene periods (Aubry et al.,
2005), or define the Quaternary as a “hanging” sub-period
within the Neogene (Pillans and Naish, 2004).

The base of the Quaternary is now formally defined at
2.60 Ma, coincident with the Gelasian GSSP. Nevertheless we
keep the PlioceneePleistocene boundary at 1.81 Ma, and
divide the Pliocene into an Older and Younger Pliocene Series
to maintain/restore hierarchy in our preferred chronostrati-
graphic scheme (Lourens, 2008). We are adopting this
policy because the “Gelasian shift”, which results in
a 44% expansion of the Pleistocene, has received much
resistance concerning stability of literature and principles of
chronostratigraphy. Stratigraphic communication requires
stability and coherence through time in the meaning of the
long published and established terminology.

An important limitation of the GSSP approach is that it
focuses on stage boundaries rather than on the bodies that are
defined. Hilgen et al. (2006) argued for a reconsideration of
the unit stratotype concept for stages, albeit in a different way
than anticipated by Hedberg (1976), to fit the needs of the
imminent astronomical time scale (see also Aubry, 2007).
These unit stratotypes cover the entire stage in a complete and
continuous succession, preferably contain the formally
defined stage boundaries, and their astronomical tuning and
integrated stratigraphy (e.g., magnetostratigraphy, calcareous
plankton biostratigraphy, isotope stratigraphy) underlies the
age calibration of the standard geological time scale. Prime
examples in the Neogene are the Rossello Composite section
in Sicily as unit stratotype for the Zanclean and Piacenzian
stages of the Pliocene, and the Monte dei Corvi section as unit
stratotype for the Tortonian (Hüsing et al., 2009) and Serra-
vallian stages of the Miocene. Similarly, in the Paleogene, the
Zumaia section can be considered as unit stratotype for the
Danian and Selandian stages of the Paleocene (Dinarès-Turell
et al., 2003, 2007; Schmitz et al., 2011).

Tuned ages of reversal boundaries and bioevents
were incorporated in the ATNTS2004 and so remain in
ATNTS2012. It is our intention that the Milankovitch cycles
used for the tuning and underlying the age calibration of the
time scale will be formally designated as chronozones with
their own numbering system, starting from the stable 405-kyr
eccentricity cycle (e.g., Pälike et al., 2006a) once the tuning of
the entire Cenozoic is completed (see also Hilgen et al., 2006).

29.2. STAGES

29.2.1. Global Stages

In this section, we will briefly summarize the GSSPs that were
already defined at the time of publication of GTS2004. We
will go into more detail for GSSPs that were subsequently

defined, or that are yet to be defined (see also Figure 29.1 and
Table 29.1).

29.2.1.1. Miocene

GSSPs of the Miocene stages of the Messinian and Tortonian
had both been formally defined at the time of publication of
GTS2004. In addition, the Aquitanian GSSP was de facto
defined by the formal definition of the Oligocene-Miocene
boundary in the Lemme-C section, at least if we start from
a hierarchical ordering of chronostratigraphic units. In the
meantime the Serravallian GSSP has been formally desig-
nated and ratified. Progress has been made in the selection of
potential boundary sections and guiding criteria for defining
the Langhian GSSP. The Burdigalian GSSP remains a major
concern, especially because marine sections spanning the
boundary interval and potentially suitable for astronomical
tuning have so far not been found in the Mediterranean.

29.2.1.1.1. Aquitanian

The Aquitanian GSSP, and hence the Paleogene/Neogene
boundary, is formally defined in middle bathyal, massive and
laminated siltstones with several nodule levels in the Lemme-
Carrosio section in northern Italy (Steininger et al., 1997;
Figure 29.2). The GSSP, located at the 35 m level as measured
downward from the top of the section, corresponds closely
with the calcareous nannofossils Sphenolithus delphix

TABLE 29.1 ATNTS2012 Ages of Neogene Stage

Boundaries and Duration of Stages

Stage/(Sub)Series Base (Ma) Duration (myr)

Holocene 0.0117 0.0117

Upper Pleistocene 0.1272 0.1155

Ionian 0.781 0.6538

Calabrian 1.81 1.029

Gelasian 2.59 0.78

Piacenzian 3.60 1.01

Zanclean 5.33 1.73

Messinian 7.25 1.92

Tortonian 11.63 4.38

Serravallian 13.82 2.19

Langhian 15.97 2.15

Burdigalian 20.43 4.46

Aquitanian 23.03 2.60
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(its range) and S. capricornutus (FO), and with the
C6Cn.2n(o) reversal boundary. The identification e and
synchronicity e of these events has been confirmed by high-
resolution biostratigraphic correlations to ODP site 522 in the

South Atlantic Ocean (Raffi, 1999; Shackleton et al., 2000).
In terms of the standard, low-latitude, calcareous nannofossil
zonation, the boundary falls within the older part of zones
NN1 and CN1. The boundary further closely corresponds to

(A) (B)

(C)

FIGURE 29.2 Global Boundary Stratotype Section and Point (GSSP) for the Aquitanian Stage and Paleogene/Neogene boundary at Lemme-

Carrosio, Italy, showing section (A), location (B), and lithologic log and magneto-biostratigraphic data (C).
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oxygen isotope event Mi-1, and also the TB1.4 highstand of
supercycle TB1 of Haq et al. (1987).

The poorly defined age of 23.8 Ma for the boundary in
Berggren et al. (1995) based on the chronogram age of Har-
land et al. (1990) was replaced by the astronomical age of
22.9� 0.1 Ma of Shackleton et al. (2000). The latter age
became 23.03 Ma when retuned to the La2004 solution, and it
was this age, 0.77 myr younger than in the Berggren et al.
(1995) time scale, that was incorporated in ATNTS2004 as
the age for the base of the Miocene. This age is maintained in
ATNTS2012 (Table 29.1).

29.2.1.1.2. Burdigalian

No consensus exists regarding the criterion and age of the
Aquitanian/Burdigalian boundary. Four options exist: the
Paragloborotalia kugleri LO (N4eN5 transition) at 21.12 Ma
(Berggren et al., 1995), the Helicosphaera ampliaperta FO
(MNN2aeMNN2b transition) at 20.43 Ma (Fornaciari and
Rio, 1996), the top of Chron C6An dated at 20.04 Ma
(Berggren et al., 1995), and the Sphenolithus belemnos FO
(NN3eNN4 transition) dated at 19.03 Ma (Haq et al., 1987)
(ages according to the ATNTS2004e2012 time scale).
The Aquitanian/Burdigalian boundary in ATNTS2004 was
provisionally placed to coincide with the H. ampliaperta FO,
dated astronomically at 20.43 Ma at Ceara Rise. This was
chosen because the age lies close to the estimated Sr/Sr age
(~20.0e20.1 Ma, CK92 recalibrated to ATNTS2004e2012)
for the base of the Burdigalian in the stratotype area of
Saucats, and because of the absence and presence of
H. ampliaperta in the historical stratotypes of the Aquitanian
and Burdigalian, respectively (Poignant et al., 1997a,b).

No suitable sections for defining the Burdigalian GSSP
have so far been identified, and it is now seriously being
considered to define the boundary in an (I)ODP core in the
open ocean. For this purpose ODP sites 1090 (subarctic South
Atlantic) (Billups et al., 2004) and 1264/1265 (Walvis Ridge)
might qualify, although it will be interesting to see what
comes out of the sites recently drilled during IODP Leg 321/
322 in the equatorial Pacific (Pälike et al., 2008).

29.2.1.1.3. Langhian

Based onmarly to sandy successions exposed in (among others)
the Bormida valley in the middle of the Langhe (Piedmont
Basin, Italy), Pareto (1865) introduced the Langhian Stage for
the middle part of the Miocene, above the now discarded
Bormidian and below the Serravallian (he considered the
Tortonian as belonging to the Pliocene Series). The original
concept was modified by Mayer-Eymar, who in 1868 limited
the term to the upper, mainly marly, part of the succession (the
so-called “Pteropod Marls”). Since then the “Pteropod Marls”
of the Piedmont Basin (now known as the Cessolo Formation.)
have become a synonym of the Langhian, and a stratotype
section was selected accordingly near the village of Cessolo in

the Bormida valley (Cita and Premoli Silva, 1968). The Lan-
ghian has long been held synchronous to the Burdigalian, but it
is now clear that the type Burdigalian is considerably older than
the type Langhian sensu Mayer-Eymar (1868) (but not sensu
Pareto, 1865).

Planktonic foraminiferal studies indicate that the first
evolutionary appearance of Praeorbulina glomerosa occurs at
the base of the Langhian and that the first evolutionary
appearance of Orbulina suturalis (N8e9 boundary in the
zonal scheme of Blow, 1969) is found in its upper part.
Calcareous nannofossils (Fornaciari et al., 1997) indicate that
the base of the type Langhian predates the Helicosphaera
ampliaperta LO and contains Sphenolithus heteromorphus,
and hence falls within Zone NN4 of Martini (1971). The
Langhian top lies within the S. heteromorphus range and thus
belongs to Zone NN5 (Fornaciari et al., 1997).

Lower Limit of the Langhian Stage, Base Middle
Miocene The base of the Langhian, and thus the
LowereMiddle Miocene boundary, is widely accepted to be
approximated by the Praeorbulina datum (see Rio et al.,
1997). At this stage it is preferable to locate the Langhian
GSSP in a position close to both Chron C5Cn and the
Praeorbulina datum, in agreement with common and
consolidated practice. However, the historical stratotype at
Cessolo with terrigenous and turbiditic sediments in its lower
part is less suitable for defining the GSSP. We have provi-
sionally placed the Langhian GSSP to coincide with the top of
C5Cn.1n, dated astronomically at 15.974 Ma in ATNTS2004
(Lourens et al., 2004; Table 29.1).

Two potentially suitable sections for defining the Langhian
GSSP are the downward extension of the La Vedova beach
section in northern Italy (Montanari et al., 1997; Mader et al.,
2004) and St. Peter’s Pool on Malta. Both sections were pre-
sented in considerable detail at the RCMNS (Regional
Committee onMediterranean Neogene Stratigraphy) congress
in Naples (2e6 September 2009), but more research is needed
to examine the suitability of both sections for defining the
Langhian GSSP. The study of these sections is part of
the ongoing Italian research project (PRIN 2006 e prot.
2006047534 e “In search of the Global Stratotype Sections
and Points of the Burdigalian and Langhian Stages and
paleoceanographic implications”) directed at defining the
remainingGSSPs (Langhian and Burdigalian) in the Neogene.

Recently, results of integrated high-resolution magneto-
stratigraphic and calcareous plankton biostratigraphic studies
of the La Vedova and St. Peter’s Pool sections have been
published (Foresi et al., 2011; Turco et al., 2011a). At La
Vedova, the reversal boundary that corresponds to the top of
C5Cn.1n is found in the interval marked by the so-called
mega-beds of Montanari et al. (1997). However, the
Praeorbulina datum, marked by the FO of P. glomerosa curva
according to Turco et al. (2011b), is located much higher in
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the section, close to the C5Bn.2n/C5Br reversal boundary.
These authors follow the taxonomic concept of Blow (1956,
1969) and include P. sicanus under the genus Globiger-
inoides. The authors also conclude that the Praeorbulina
datum is insufficient to define the base of a chronostrati-
graphic unit, not only because of the controversial taxonomic
concepts, but also because of its rarity and diachroneity, and
its discontinuous distribution. At this stage, the best criterion
to identify the base of the Langhian thus seems to be the top
of Chron C5Cn. The bioevent that approximates the magnetic
reversal is the LCO of the nannofossil H. ampliaperta, which
is a reliable event in the Mediterranean, but defies exportation
to open ocean sites at low-latitudes (Turco et al., 2011a).

St. Peter’s Pool, situated along the east coast of Malta,
offers an alternative section for defining the Langhian GSSP
(Foresi et al., 2011). This cyclic, deep-marine section
provides an excellent calcareous plankton biostratigraphy
which allows a straightforward correlation to the La Vedova
section (Iaccarino et al., 2011). The section is easily acces-
sible and contains the Burdigalian/Langhian boundary on the
basis of (1) the historical criterion that P. glomerosa sicana
FO (¼ G. sicanus FO of Foresi et al., 2011) occurs at the base
of the Langhian stratotype (Rio et al., 1997) and (2) that it is
close to the top of the C5Cn.1n (Lourens et al., 2004), but the
magnetostratigraphy is unfortunately of a rather poor quality
(Mazzei et al., 2009; Foresi et al., 2011; Iaccarino et al.,
2011).

Ongoing studies focus on the cyclostratigraphy and the
astronomical tuning of these sections, which is considered an
important criterion for defining GSSPs in the Neogene. The
younger La Vedova beach section has been studied in detail,
and an astronomical tuning established (Hüsing et al., 2009).
Also the downward extension covering the interval for
defining the GSSP looks promising from an orbital tuning
perspective (Iaccarino et al., 2009). A preliminary astro-
nomical tuning and astrobiochronology have been established
for the alternative St. Peter’s Pool section on Malta (Lirer
et al., 2009). Following these studies a decision will be made
regarding which section and criterion are most suitable for
defining the Langhian GSSP. Evidently, both sections have
their strong and weak points and are complementary to each
other, with La Vedova having a higher quality magneto-
stratigraphy and St. Peter’s Pool a better preservation of the
calcareous plankton. The latter is important for biostratig-
raphy and stable isotopes.

29.2.1.1.4. Serravallian

The Serravallian GSSP has been formally proposed, accepted
and ratified after the publication ofATNTS 2004 (Hilgen et al.,
2009). Until recently the Sphenolithus heteromorphus LOwas
considered the primary guiding criterion to define the Serra-
vallian GSSP (Lourens et al., 2004). However, the S. hetero-
morphusLO is demonstrably diachronous between the tropical

Atlantic and the Mediterranean with astronomical ages of
13.523 and 13.654 Ma, respectively (Backman and Raffi,
1997; Abels et al., 2005). Among others for this reason, the
Serravallian GSSP was defined at the formation boundary (i.e.
at top “Transitional Bed”) between the Globigerina Limestone
and Blue Clay Formation in the Ras-il-Pellegrin section on
Malta (Figure 29.3), coincident with the termination of the
mid-Miocene climate transition (e.g., Flower and Kennett,
1993)marked by the end ofMi-3b (Miller et al., 1991, 1996) or
E3 (Woodruff and Savin, 1991) oxygen isotope shift and the
carbon isotope excursion CM6 (Woodruf and Savin, 1991).
Although a formation boundary is not favored according to
GSSP guidelines (Remane et al., 1996), the level was selected
because the isotope shift can readily be recognized worldwide.
The abruptness and short duration (~40 kyr) of the Mi-3b
isotope shift is particularly evident in the high-resolution
isotope records that have recently been produced from various
ODP sites in different oceanic basins (e.g., Shevenell et al.,
2004; Holbourn et al., 2005; Tian et al., 2008).

Integrated stratigraphic correlations of the Serravallian
GSSP section to other sections in the Mediterranean are
straightforward. For this purpose both primary calcareous
plankton events, as well as secondary events such as the
paracmes can be used. The Helicosphaera walbersdorfensis
FCO is a reliable biostratigraphic marker event of regional
importance for the Mediterranean middle Miocene
(e.g., Fornaciari et al., 1996; Rio et al., 1997; Raffi et al.,
2003). The succession of calcareous plankton bioevents at
Ras-il-Pellegrin is essentially the same as found in Monte dei
Corvi (Montanari et al., 1997; Hilgen et al., 2003) and DSDP
Site 372 (Abdul Aziz et al., 2008a; Di Stefano et al., 2008).
The GSSP postdates the H. walbersdorfensis FCO and
precedes the S. heteromorphus L(C)O. These two events
respectively mark the MNN5a-b and MNN5b-6 boundaries in
the standard Mediterranean zonation (Fornaciari et al., 1996;
Raffi et al., 2003), and bracket the base of the Serravallian in
its historical stratotype (Rio et al., 1997).

In the open ocean, as in the Mediterranean, the GSSP
precedes the NN5-6 zonal boundary of the standard low-
latitude zonation of Martini (1971) and the CN4-5 zonal
boundary of the Okada and Bukry (1980) zonation, both
defined by the S. heteromorphus L(C)O. Despite its dia-
chronous character between the Mediterranean and low-lati-
tude tropical Atlantic, the S. heteromorphus LO is known to
be a reliable event on a global scale, although it has rarely
been calibrated directly to a reliable magnetostratigraphy
and/or cyclostratigraphy. In the low-latitude open ocean the
calcareous nannofossil events S. heteromorphus and C. flor-
idanus LCOs occur above oxygen isotope event Mi-3b.

The succession of well-defined planktonic foraminiferal
events around the GSSP can be used to export the boundary to
other marine sections in the Mediterranean. The GSSP falls
within the upper part of Orbulina suturaliseG. peripheror-
onda Zone (MMi5) of the Mediterranean zonal scheme of
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Base of the Serravallian Stage of the Miocene Series

in the Ras il Pellegrin Section, Fomm Ir-Rih Bay, Malta.
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Iaccarino and Salvatorini (1982) and Sprovieri et al. (2002),
recently emended by Iaccarino et al. (2005). In the open
ocean, the GSSP falls within standard low-latitude zones
N10/11 of Blow (1969) and (sub)tropical zone M7 of
Berggren et al. (1995).

The magnetobiostratigraphic record of continental
sections in Spain shows that the GSSP coincides with a major
mammal turnover event in Europe (van der Meulen et al.,
2005; van Dam et al., 2006) at the end of a ~300 kyr cooling
phase that started at 14.1 Ma, i.e. close to the MN5e6
boundary (as defined by the FHA of Megacricetodon gersii,
section 29.3.1). This zonal boundary definition marks the
middleelate Aragonian and Orleanian/Astaracian boundaries
(Eurasian mammal stages). The boundary further falls within
the younger part of Chron C5ACn (Abels et al., 2005) and
supposedly coincides with sequence boundary TB2.5.

The sedimentary cycle patterns in the Ras-il-Pellegrin are
not characteristic enough to allow straightforward astronom-
ical tuning. The tuning problems were, however, overcome by
using astrochronometric ages of high-resolution calcareous
plankton bioevents from the well-tuned Tremiti Islands and
Monte dei Corvi sections (Hilgen et al., 2003). This tuning
resulted in an age of 13.82 Ma for the formation boundary
between the Globigerina Limestone and Blue Clay and, hence,
for the Serravallian GSSP (Table 29.1). The tuning also
pointed to a particular orbital configuration, i.e. minimum
eccentricity related to the 405-kyr cycle and minimum obliq-
uity amplitude related to the 1.2-Myr cycle, at times of the
major isotope shift associated with the Middle Miocene
climate transition (Abels et al., 2005; Holbourn et al., 2005).

A high-resolution study of the Globigerina Limestone
underlying the GSSP suggests that the transitional bed might
be associated with a condensed interval or a hiatus (Mourik
et al., 2010). Similar indications for the existence of a hiatus
were found for ODP Site 1146 of Holbourn et al. (2005,
2007). This site serves as an open ocean reference for this
interval. On the other hand, the La Vedova High Cliff section
in Italy is apparently continuous, but its location high in the
cliffs makes it difficult to reach (Mourik et al., 2010). Despite
these problems, the proposed linkage between the Serraval-
lian GSSP and the Mi-3b isotope shift remains intact.

29.2.1.1.5. Tortonian

The Tortonian GSSP has been formally defined at the mid-
point of the sapropel of cycle 76 in the Monte dei Corvi
section (northern Italy) astronomically dated at 11.625 Ma
(Hilgen et al., 2003, 2005; Hüsing et al., 2007; Figure 29.4
and Table 29.1). The inferred correlation of the GSSP to
Chron C5r.2n has been confirmed in the meantime (Hüsing
et al., 2007), thereby guaranteeing global correlation poten-
tial. The GSSP closely coincides with the calcareous nanno-
fossil Discoaster kugleri LCO and thus with the MNN7bec
zonal boundary in terms of the standard Mediterranean

zonation (Raffi et al., 2003). It falls within Zone NN7 of the
standard low-latitude zonation of Martini (1971) and in Zone
CN6 of the Okada and Bukry (1980) zonation.

The GSSP corresponds to the lower part of N14 in the
standard low-latitude zonation of Blow (1969), but applica-
tion of the standard zonation is useless in the Mediterranean
in view of the strong diachroneity of the zonal marker events.
Finally the GSSP level coincides closely with oxygen isotope
event Mi-5 and the associated glacio-eustatic sea-level low-
stand of supercycle T3.1 and concurrent deep-sea hiatus NH4
(Hilgen et al., 2005).

29.2.1.1.6. Messinian

The Messinian GSSP, ratified in 2000, is designated at the
base of the reddish marl of basic cycle OA15 in section Oued
Akrech, located in Morocco on the Atlantic side of the
Mediterranean, with an astronomical age of 7.246 Ma (Hilgen
et al., 2000a,b; Figure 29.5; Table 29.1). The boundary falls in
the middle of the reversed-polarity interval that corresponds
to Subchron C3Br.1r and coincides closely with the first
regular occurrence of the planktonic foraminiferal Globor-
otalia miotumida (¼conomiozea) group. The GSSP falls
within subtropical interval Zone M13B, and marks the tran-
sitional Mt9eMt10 zonal boundary of Berggren et al. (1995)
in terms of standard planktonic foraminiferal zonal schemes.
In terms of calcareous nannofossil biostratigraphy the GSSP
lies within Zones NN11b and CN9b of Martini (1971) and
Okada and Bukry (1980), respectively.

29.2.1.2. Pliocene

All GSSPs of Pliocene stages have been formally defined
and ratified. The base of the Zanclean and Miocene/Plio-
cene series boundary is formally defined at the base of the
Trubi Marl Formation in the Eraclea Minoa section
(Figure 29.6). This level marks the basal Pliocene flooding
of the Mediterranean following the (Messinian) salinity
crisis at the end of the Miocene and is positioned five
precession-related cycles below the Lower Thvera magnetic
reversal boundary (Figure 29.6). The definition is in line
with the original distinction of Lyell (Van Couvering et al.,
2000). The Piacenzian GSSP is formally defined at the base
of the beige marl of basic cycle 77 in the Punta Piccola
partial section of the Rossello Composite, close to the
Gilbert/Gauss reversal boundary (Castradori et al., 1998;
Figure 29.7). The Gelasian GSSP (now officially the base of
the Quarternary system and of the Pleistocene series) is
defined at the top of sapropel A5 (the so-called Nicola bed)
in the San Nicola section, in marine isotope stage 103 close
to the Gauss/Matuyama reversal (Rio et al., 1998;
Figure 30.3 in Chapter 30). The reader is referred to
ATNTS2004 (Lourens et al., 2004) and the above cited
papers for further detail (see also Figure 29.1 and
Table 29.1).
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(A) (B)

(C)

FIGURE 29.4 Global Boundary Stratotype Section and Point (GSSP) for the Tortonian Stage at Monte dei Corvi, Italy, showing section (A), location

(B), and lithologic log and magneto-bio-cyclostratigraphic data (C).
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(A)

(D)

(B)

(C)

FIGURE 29.5 Global Boundary Stratotype Section and Point (GSSP) for the Messinian Stage at Oued Akrech, Morocco, showing location (A), section

(B), the Globorotalia miotumida marker species (C), and lithologic log and magneto-bio-cyclostratigraphic data (D).
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29.2.1.3. Pleistocene

GSSPs of Pleistocene stages have not been formally defined,
except for the former PlioceneePleistocene boundary
(Figure 30.2), which following the hierarchical ranking of the

chronostratigraphic scheme should correspond to the base of
the oldest Pleistocene stage, for which Cita et al. (2006, 2008)
proposed to reintroduce the Calabrian. The notion to retain the
name “Calabrian” stems from its historical use, despite the fact
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that the historical stratotype itself proved much younger. The
base of the marine claystone overlying the sapropelic marker
bed “e” close to the top of the Olduvai in the Vrica section can
be maintained as the GSSP (Figure 29.1; Table 29.1). (As this
volume went to press, the IUGS ratified the name “Calabrian”
for this stage as defined by the GSSP at Vrica.) A GSSP has
been proposed for the Upper Pleistocene in the Amsterdam
Terminal borehole at the level that marks the first signs of

climate warming following the end of the Saalian Glacial (Litt
and Gibbard, 2008). The proposal was accepted by the ICS,
but has not (yet) been ratified by the IUGS. The Ionian GSSP
for the LowereMiddle Pleistocene boundary has not been
formally defined. The most likely criterion is the
BrunheseMatuyama magnetic reversal boundary (base of
Chron 1n: Head et al., 2008) and candidate sections are
Montalbano Jonico (Ciaranfi and d’Alessandro, 2005;

Base of the Piacenzian Stage of the Pliocene Epoch at Punta Piccola, Sicily, Italy
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Ciaranfi et al., 2010); Valle di Manche (Capraro et al., 2005),
Italy; and Chiba, Japan. Even though the Montalbano Jonico
section is suitable for astronomical tuning (Ciaranfi et al.,
2010) and is in many aspects judged superior for defining the
GSSP, the section has been remagnetized (Sagnotti et al.,
2010), while the BrunheseMatuyama is considered by many
as the guiding criterion (Figure 29.1; Table 29.1).

29.2.1.4. Holocene

The GSSP of the Holocene Series has been formally defined in
the Greenland ice core from NorthGRIP (NGRIP) at the
1492.45 rm depth level (Figure 30.14 in Chapter 30) that marks
the first signs of climatic warming at the end of the Younger
Dryas cold phase as recorded in particular by an abrupt change
in deuterium excess and accompanied by more gradual
changes in d18O, dust concentration, a range of chemical
proxies, and annual layer thickness (Walker et al., 2009). The
level has been assigned an age of 11 700 yr b2k (years before
2000) based on annual layers counts, with an estimated
uncertainty of 99 yr at the 2s level (Figure 29.1; Table 29.1).

29.2.2. Regional Stages

Apart fromglobal stages, regional stages are still widely applied
as standard chronostratigraphic units on a regional scale and
their linkage to the global stages is important. Belowwe shortly
summarize the subdivision in regional stages of the Paratethys
and New Zealand in the light of ATNTS2012 (Figure 29.8).

29.2.2.1. Central and Eastern Paratethys
(Wout Krijgsman/Werner E. Piller)

Plate-tectonic collision of the northward moving Africae
Arabian continents with Eurasia led to the formation of the
AlpineeHimalayan mountain chain during the Oligoe
Miocene. These mountains subdivided the ancient Tethys
Ocean into a northern Paratethys and a southern Mediterra-
nean domain, separated by shallow sills from the Atlantic and
Indian Ocean. The Paratethys was a large epicontinental sea
that stretched from western Europe into central Asia at the
beginning of the Oligocene (~35 Ma ago), significantly
influencing the paleoclimate and paleoenvironment of Eurasia
(e.g., Rögl, 1998; Popov et al., 2006). A complex combination
of regional tectonic uplift and glacio-eustatic sea-level
lowering caused progressive sea retreat to the present-day
remnants: the Black Sea and the Caspian Sea. Paratethys
environments gradually evolved from open marine settings
into restricted marine and, ultimately, even into lacustrine
settings. Associated with this transformation, marine fauna
became increasingly replaced by highly endemic, fresh to
brackish water biota. The Paratethys furthermore controlled
mammalmigration patterns out of Africa andAsia into Europe
and strongly influenced the radiation and evolution lines of
endemic marine invertebrates.

Gradual growth of the AlpineeCarpathianeDinarides
orogenic system during the Miocene induced progressive
restriction of the Western, Central and Eastern Paratethys.
This geodynamically controlled paleogeographic and
biogeographic differentiation caused major difficulties in
stratigraphic correlation between the different parts of the
Paratethys and the Mediterranean (Piller et al., 2007) and led
to the establishment of regional chronostratigraphic scales
for the Paratethys, which are well documented in the series
Chronostratigraphie und Neostratotypen (Cicha et al., 1967;
Steininger and Sene�s, 1971; Báldi and Sene�s, 1975; Papp
et al., 1973, 1974, 1978, 1985; Stevanovi�c et al., 1990).

These regional stages are generally defined on the basis of
characteristic faunal assemblages (mainly mollusks, fora-
minifers, and ostracods), which are mostly endemic to the
Paratethys Sea. Correlations to the standard GTS are gener-
ally strongly debated because radiometric age determinations
are scarce and magnetostratigraphic studies are generally
controversial. As a consequence, the ages of the Paratethyan
stage boundaries can differ by more than a million years in the
various geological time scales.

Here we focus on the Neogene time scale for the Central
and Eastern Paratethys regions (Figure 29.8), which started to
diverge during the Middle to Late Miocene by the uplift of the
Carpathian orogen. In the Central Paratethys, all stratotypes
correspond to periods of relative sea-level highstands, and
regional stage boundaries generally correspond with
erosional gaps interpreted to reflect sea-level lowstands.
Because of the overall absence of absolute age control, the
regional time scale is generally based on correlations to the
global sea-level curves of Haq et al. (1987) and/or Hardenbol
et al. (1998).

In the Central Paratethys (Figure 29.8), the Paleogene/
Neogene boundary is located within the Egerian Stage. This
Stage is followed by the Eggenburgian, which is marked by
the first occurrence (FO) of Oopecten gigas (Schlotheim).
Sequence stratigraphically, the Egerian/Eggenburgian
boundary corresponds to sea-level lowstand Aq2 at an
approximate age of 21.5 Ma. The base of the next Ottnangian
Stage is defined by the FO of Pecten hermansenni (Dunker)
and is correlated to the lowstand Bur3 at an age of 18.2 Ma.
The Ottnangian/Karpatian boundary is marked by the sudden
ingression of many faunal elements from the Mediterranean,
and is biostratigraphically defined at the FAD of Uvigerina
graciliformis. The base of the Karpatian is correlated to the
sea-level rise at the beginning of highstand Bur4, which
results in an age of ~17.3 Ma. The base of the Badenian was
originally defined with the FO of Praeorbulina and is
consequently considered to correspond to the base of the
Langhian in the Mediterranean, with an age of 15.97 Ma.
However, the FO of this taxon is not a suitable marker, as
discussed under Langhian in Section 29.2.1. The Badenian/
Sarmatian boundary corresponds to a major turnover in faunal
elements, triggered by strong restriction of the connections to

935Chapter | 29 The Neogene Period



Q
ua

te
rn

ar
y

N
eo

ge
ne

Pe
r. Epoch/Age

           (Stage)

M
io

ce
ne

Pl
io

ce
ne

Pl
ei

st
oc

en
e

Paleogene

Aquitanian

23.03

Burdigalian

20.44

Langhian

15.97

Serravallian

13.82

Tortonian

11.63

Messinian

7.25

Zanclean

5.33

Piacenzian
3.60

Gelasian
2.59

Calabrian

Tarantian

1.81

Ionian0.78
0.126

AGE
(Ma)

0

5

10

15

20

Holoc.

Polarity
Chron

C6C

C6B

C6AA

C6A

C6

C5E

C5D

C5C

C5B

C5AD

C5AC
C5AB
C5AA

C5A

C5

C4A

C4

C3B

C3A

C3

C2A

C2

C1

Neogene & Quaternary Regional Subdivisions

ParatethysNew Zealand

defining eventsstages
defining
events R T

Mega-
Cycles

Central

Waitakian

Otaian

Altonian

Clifdenian

Lillburnian

Waiauan

Tonga-
porutuan

Kapitean

Opoitian

Waipipian
Mangapanian

Nukumaruan

Castlecliffian

Haweran

Wc

Wp

Wo

Tk

Tt

Sw

Sl

Sc

Pl

Po

Lw

Wq Rangitawa tephra

Ototoka tephra

Zygochlamys

delicatula

Phialopecten thompsoni

Reticulofenestra

pseudoumbilica

(provisional)
Globoconella

puncticulata s.s.

Sectipecten wollastoni

(Globoconella

conomiozea)

Fohsella

peripheroronda

(Globoconella

conica)

Globoconella

praescitula

Globoconella miotumida

(Bolivinita quadrilatera

group)

Orbulina suturalis

Praeorbulina curva

Ehrenbergina

marwicki lineage

MIS52MIS52

Ge2Ge2
Ge1
Pia2Pia2

Pia1Pia1

Za2

Za1Za1

Me2Me2

Me1Me1

Tor2Tor2

Tor1Tor1

Ser3Ser3

Ser2Ser2

Ser1Ser1

Bur5/
Lan1
Bur5/
Lan1

Bur4Bur4

Bur3Bur3

Bur2Bur2

Bur1Bur1

Aq2Aq2

Aq1Aq1

Za2

Ge1

Sa
rm

at
ia

n 
s.

l.
Ba

de
ni

an

Pannonian

Sarmatian
s.s.

Badenian

Karpatian

Ottnangian

Eggen-
burgian

Egerian

Kimmerian

Pontian

Maeotian

Kotsakhurian

Sakaraulian

Karadzhalgian
Aq2

low stand

Bur3
low stand

Ser3
low stand

Ser4/Tor1
low stand

TG14

Uvigerina

graciliformis

Khersonian

Bessarabian

Volhynian

Konkian

Karaganian

Chokrakian

Tarkhanian

Eastern

W
an

ga
nu

i S
er

ie
s

Ta
ra

na
ki

 S
er

ie
s

So
ut

hl
an

d 
Se

rie
s

Pa
re

or
a 

Se
rie

s
La

nd
on

 S
.

Internat. Chronostrat. 2012
Epoch/Age

           (Stage)

M
io

ce
ne

Pl
io

ce
ne

Pl
ei

st
oc

en
e

Paleogene

Aquitanian

23.03

Burdigalian

20.44

Langhian

15.97

Serravallian

13.82

Tortonian

11.63

Messinian

7.25

Zanclean

5.33

Piacenzian
3.60

Gelasian
2.59

Calabrian

Tarantian

1.81

Ionian0.78
0.126

Q
ua

te
rn

ar
y H

GTS 2004

FIGURE 29.8 Regional Neogene stages for New Zealand and the Paratethys, defining events and correlations to standard global stages. For the

Paratethys, subdivisions are shown both for the Central and Eastern Paratethys. The upper Cenozoic chronostratigraphy ratified by the IUGS in 2009 shifted the

Gelasian Stage into the Pleistocene Series and a QuaternaryeNeogene System boundary was defined at this level (c. 2.6 Ma). The Gelasian was formerly the

upper Pliocene (as shown in GTS2004).
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the open ocean. The most recent correlation is to the Ser3
lowstand at an age of 12.7 Ma. The Sarmatian/Pannonian
boundary shows a marked change from fully marine to
dominantly lacustrine faunal elements with a high degree of
endemism, correlated to the lowstand Ser4/Tor1 at 11.60 Ma.
The Late Miocene to Pliocene time scale for the Central
Paratethys is still very controversial. Many authors have
correlated the upper Pannonian to the Pontian Stage of the
Eastern Paratethys following Stevanovi�c et al. (1990). Others
seriously dispute this correlation and argue that the Pontian
Stage should be dismissed from the Central Paratethys time
scale (Magyar et al., 1999; Piller et al., 2007).

In the Eastern Paratethys (Figure 29.8), the regional time
scale for the Early Miocene comprises three stages: Kar-
adzhalgian, Sakaraulian and Kotsakhurian. These stages are
all poorly dated and we here follow the stratigraphic scheme
of Rögl (1996) who roughly correlates the Karadzhalgian to
the Aquitanian and the Sakaraulian (base 20.43 Ma) plus
Kotsakhurian (base ~18.8 Ma) to the Burdigalian. The base of
the Tarkhanian (15.97 Ma) is correlated to the base of the
Langhian and therefore the Badenian as well. Four stages in
the Eastern Paratethys form the equivalent of the Badenian
stage of the Central Paratethys: the Tarkhanian, Chokrakian,
Karaganian and Konkian. The base of the Sarmatian is
considered to correspond to a Paratethys-wide environmental
change and has consequently the same age (12.7 Ma) as in the
Central Paratethys. The top of the Sarmatian is much younger
in the Eastern Paratethys (boundary with Maeotian at 8.3 Ma;
Vasiliev et al., 2004) than in the Central Paratethys (boundary
with Pannonian at 11.6 Ma), which is in serious disturbance
with the stratigraphic concept of stages. Consequently, the
Sarmatian in the Eastern Paratethys is commonly referred to
as the Sarmatian s.l. compared to the Sarmatian s.s. of the
Central Paratethys. A preferred alternative solution, already
adapted in several time scales, is to promote the Eastern
Paratethys substages Volhynian, Bessarabian and Khersonian
to stage level. Similar problems have arisen in recent inte-
grated stratigraphic results for the latest Miocene Pontian
stage of the Eastern Paratethys. The MaeotianePontian
boundary corresponds to a Paratethyan-wide marine flooding
(Odessian Transgression) at an age of 6.05 Ma (Krijgsman
et al., 2010). In the Dacian basin (Romania) the Pontian
extends up to 4.7 Ma where it is followed by the Dacian
Stage, but in the eastern Black Sea basin (Russia) the Pontian/
Kimmerian boundary is located at a much older age of 5.5 Ma
(Krijgsman et al., 2010). Also here consensus on a new
stratigraphic scheme has to be derived in the near future.

Recently, high-resolution magnetostratigraphic studies on
long and continuous sedimentary successions of the Carpa-
thian foredeep of Romania resulted in straightforward
correlations to the ATNTS and a robust chronology for the
Dacian Basin (Vasiliev et al., 2004, 2005). The magnetic
signal of these sedimentary deposits was carried by two
different populations of greigite; a biogenic component of

primary origin generated by magnetotactic bacteria, and an
authigenic component of secondary origin that formed by
early diagenetic processes (Vasiliev et al., 2007). In contrast
to previous assumptions, these greigite components provided
reliable records of the ancient geomagnetic field variations
and can excellently be used for magnetostratigraphic dating if
the proper demagnetization techniques are applied. Radio-
isotopic datings of volcanic ashes, based on astronomically
integrated Ar/Ar standards, now also allow direct correlation
to the ATNTS (Kuiper et al., 2008; De Leeuw et al., 2010).
The combination of these new developments holds great
promise that more stage boundaries will be more accurately
dated in the near future.

29.2.2.2. New Zealand (Alan Beu/Roger Cooper/
Andrew Boyes)

Neogene regional stages of New Zealand have been
reviewed recently by Cooper (2004), integrating biostratig-
raphy (mollusca, foraminifera, palynology), sequence stra-
tigraphy, tephrostratigraphy, and magnetic polarity
stratigraphy. Because of New Zealand’s position astride the
AustraliaePacific plate boundary, Neogene marine rocks are
very widespread. Some Neogene sequences in New Zealand
also are extremely thick, e.g., in theWairoa syncline, northern
Hawke’s Bay, the Tongaporutuan to Waipipian stages (early
Late Miocene to mid-Pliocene) comprise a succession 9000 m
thick. The fauna and flora also are highly endemic in this
remote southwest Pacific area, although widespread plank-
tonic groups such as dinoflagellates and calcareous nanno-
fossils are, of course, as useful in New Zealand as elsewhere.
Regional stages have seemed essential for subdividing the
great thicknesses of Cenozoic rocks (Figure 29.8).

The OligoceneeMiocene boundary falls near the middle
of the Waitakian regional stage, and is recognized by the
highest occurrence (HO) of the planktonic foraminifer Glo-
bigerina euapertura. The WaitakianeOtaian boundary is
defined by the lowest occurrence (LO) of the benthic fora-
minifer Ehrenbergina marwicki in the Bluecliffs section, Otaio
River, and no planktonic foraminiferal criteria have been
discovered at this level. Almost all younger stages of Miocene
to early Pliocene age are defined at planktonic foraminiferal
events. The exception is the base of the Kapitean Stage (latest
Miocene), which is defined by the LO of the pectinid bivalve
Sectipecten wollastoni at Kapitea Creek, Westland, almost
coinciding with the LO of Globoconella conomiozea. Strato-
type Sections and Points (SSPs) have not been defined for the
Miocene or early Pliocene stages, as suitable localities for
the designation of SSPs require further research. The base
of the Opoitian Stage, which almost exactly coincides with the
MioceneePliocene boundary, is defined by the LO of Glo-
boconella puncticulata (sensu stricto). It is also easily iden-
tified by Mollusca, as Cucullaea, Notocorbula, Falsicolus,
“Lentipecten” (new genus) and Aturia all become extinct in
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FIGURE 29.9 Neogene mammal-based chronological systems. Europe: (left) definition of Mammal Neogene (MN) Units as Interval Biochrons based on

First and Last Historical Appearances (see Table 29.2); (right) definition MN units by reference localities after De Bruijn et al. (1992), with estimated ages

(Azanza et al., 1997; Garcés et al., 1997; Van Dam et al., 2006; Kälin and Kempf, 2009, among others); separation of MN7 and MN8 reference localities after

Kälin and Kempf (2009). Asia: (left) Late MioceneePliocene South Asian events (Pakistan) after Hussain et al. (1992), Barry et al. (2002, in press) and

Behrensmeyer et al. (2007), and calibration of formations after Barry et al. (in press), and calibration of older units to European chronology after Van der Made

(1999); (right) East Asian (Chinese) Ages, NMU units and their calibration to MN units after Qiu et al. (1999) and Qiu and Li (2003). North America: (left)
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New Zealand at this level. The base of the Waipipian Stage
provisionally is defined in deep-water rocks by the HO of the
calcareous nannofossil Reticulofenestra pseudoumbilica. In
shallow-water limestone and shell beds, the size reached in the
anagenetic evolution of the pectinid bivalve Phialopecten
marwicki is used to define the Waipipian boundary; pop-
ulations in which specimens reach >110 mm in height are
defined as Waipipian. Above this level, SSPs were defined for
Pliocene and Pleistocene stages by Beu (compiler) in Cooper
(2004), and the succession has been studied well by integrated
stratigraphy (Figure 29.8). Mollusca are abundant in shallow
facies, and provide the traditional and, in many areas, still the
most appropriate criteria for biostratigraphy.

The base of the Mangapanian Stage (Middle Pliocene) is
defined at an SSP at the base of Mangapani Shellbed in
Waitotara Valley. The pectinid Phialopecten marwicki
evolved abruptly at this horizon into P. thompsoni. This level,
dated at 3.0 Ma, coincides approximately with HO Truncor-
otalia crassaconica and the base of the upper dextral coiling
zone of T. oceanica. No events are recognised at the base of
the Late Pliocene (Gelasian), which falls between Parihauhau
and Te Rama Shellbeds in Wanganui Basin, to judge from its
position immediately above the GausseMatuyama magnetic
reversal. The base of the Nukumaruan Stage is designated at
a provisional SSP at the base of Hautawa Shellbed, between
the Rangitikei and Turakina valleys. At this level, the cold-
water Zygochlamys delicatula molluscan fauna appeared
abruptly in Wanganui Basin from the subantarctic, at the first
sign of late Pliocene cooling in New Zealand late Neogene
marine faunas. This coincides with the base of a brief overlap
zone of the top of the upper dextral coiling zone of Trun-
corotalia oceanica with the HO of T. crassula, dated at
2.4 Ma (in MIS 97) in DSDP Site 1123 (G.H. Scott, pers.
comm.). The base of the Castlecliffian Stage is defined at an
SSP at the base of the Pleistocene Ototoka Tephra (1.63 Ma,
in MIS 57) in the Castlecliff section, on the Wanganui coast.
At this level, 15 genera of distinctive Nukumaruan Mollusca
become extinct in Wanganui Basin. The base of the Haweran
Stage is defined by an SSP at the base of Rangitawa Tephra
(0.34 Ma, in MIS 10) in Rangitawa Stream, Rangitikei Valley.

29.3. BIOSTRATIGRAPHY

29.3.1. Vertebrates

Mammals are by far the most useful organisms to date and
correlate Cenozoic terrestrial sediments. At the same time,

the nature of the mammal record differs from that of the
record of stratigraphically important marine organisms.
Firstly, instead of being more or less continuously vertically
and horizontally distributed, mammal fossils occur spot-wise
in the field, albeit often in association (in “localities” or
“sites”). Some types of sites, such as karstic faunas from
fissure fillings, lack a stratigraphic context entirely, but may
still be very useful for biochronological correlation when they
contain many taxa. Secondly, the geographic domain of taxon
events (appearances, disappearances) tends to be relatively
small, due to strong endemism and diachroneity (e.g., Alroy,
1998; Walsh, 1998; Van Dam et al., 2001; Van Dam, 2003;
Van der Meulen et al., 2011). Finally mammal faunas tend to
contain more intrinsic temporal information than most marine
faunas, which is due to rapid morphological and irreversible
evolution.

The number of magnetochronologically and/or radio-
metrically controlled mammal-faunal sequences has steadily
increased during the past three decades. This has resulted in
a standard dating precision of mammal localities thus dated in
the order of ~0.1 myr. The overall success in matching
magnetic polarity patterns to the geomagnetic polarity time
scale has also made it evident that continental sequences are
more continuous than once thought. This temporal continuity
has become especially clear from the results of cyclo-
stratigraphy studies, resulting in the astrochronological cali-
bration of continental sedimentary sequences. This new and
promising approach has brought the temporal accuracy and
precision of mammal sites potentially down to 0.01 myr
(e.g., Abdul Aziz et al., 2004; Hordijk and De Bruijn, 2009).
Localities that lack first-order correlations to the numerical
time scale can nevertheless be dated relatively precisely if
they (and the calibrated sites to which they are tied) contain
many taxa. Obviously, the precision of such correlations
increases with faunal overlap, and hence with geographical
proximity. The multivariate analysis of faunal content itself is
very helpful for interpolation, either by using presencee
absence information (e.g., Alroy, 1994, 2000), or stage of
morphological evolution (such as size: Legendre and
Bachelet, 1993). We refer to Walsh (1998) and Lindsay
(2003) for thorough discussions on the principles of mammal-
based chronology and correlation.

In order to chronologically place increasing numbers of
taxa and localities, at some point chronological systems have
been erected for each continent except for Antarctica
(Figure 29.9). The concept of Land Mammal “Age” is central
to most of these systems. The insertion of quotation marks

definition North American Land Mammal Ages (NALMAs) and subunits based on Tedford et al. (2004) and Bell et al. (2004) with modifications (see Table

29.2); (right) NALMA boundaries based on multivariate analysis of faunas (Alroy, 2000), and on calibrations (95) to the numerical time scale, (27 paleo-

magnetic constraints are not updated). South America: definition and chronology of South American Land Mammal Ages (SALMAs) based on Flynn and

Swisher (1995) with modifications (see text). Africa: (left) faunal sets of Pickford (1981) with correlation to European chronology after Van der Made (1999).

Australia: Australian Land Mammal Ages based on multivariate analysis of faunas (Megirian et al., 2010). The upper Cenozoic chronostratigraphy ratified by

the IUGS in 2009 shifted the Gelasian Stage into the Pleistocene Series and a QuaternaryeNeogene System boundary was defined at this level (c. 2.6 Ma). The

Gelasian was formerly the upper Pliocene (as shown in GTS2004).
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reflects the fact that almost none of the continental mammal-
based units have been defined geochronologically, i.e. by
a GSSP. One could even argue whether ages other than the
contemporaneous marine ones that are included in the Stan-
dard Global Geochronologic Scale should be defined at all.
Standard stages/ages are defined precisely because they are
meant to define slices of time, i.e. independent of taxonomy
and diachrony (see Walsh, 1998). In addition, the use of one
system enhances communication between workers in the
marine and continental record (Van Dam et al., 2001).
Although the problem is largely semantic, two solutions exist
for the definition problem of continental-wide mammal-based
units:

1) Defining the units bio-chronostratigraphically (on the
basis of rock-based biozones) instead of geo-
chronostratigraphically (e.g., Steininger, 1999), or

2) Defining them faunistically by the contents of type
localities (e.g., De Bruijn et al., 1992).

Whether these considerations should have consequences for
the use of the stage/age extension “-an” for mammal-based
units is an open question. For practical purposes these names
are retained here (Figure 29.9).

In continents with a longer history of mammal paleon-
tology, such as Europe and North America, the faunal
contents and ages of most units have been established rela-
tively well. Most recent discussions therefore focus on the
exact ages of boundaries, the uncertainties of which are often
related to the nature of the record, as discussed above.
Sampling effects are not always appreciated, as specimen
frequencies obviously affect the duration of confidence
intervals preceding first and succeeding last appearances
(Walsh, 1998; Van Dam, 2003).

The state of the art of the Neogene mammal-based chro-
nological systems as used on the various continents is
summarized below (Figure 29.9). Information on relevant
paleomagnetic and radiometric calibrations is also provided,
although no effort has been made to be complete.

29.3.1.1. Europe

With regard to European Neogene mammal chronology, two
”schools of thought”, the “stratigraphic school” and “faunal
school”, have developed side by side (see Van Dam, 2003;
Lourens et al., 2004). The stratigraphic approach, conforming
to the strict biostratigraphic and chronostratigraphic/
geochronologic principles as stated in the international
stratigraphic guides, is partly rooted in well-exposed and
relatively continuous series of the Iberian Peninsula and
central Europe (e.g., Switzerland). In these areas “stages”/
“ages” such as the Vallesian and Turolian have been defined
on the basis of rock units (e.g., Crusafont and Truyols, 1960)
and detailed local rodent biozonations have been constructed
(e.g., Van de Weerd, 1976; Kälin and Kempf, 2009). The

stratigraphic approach has also been applied at the scale of
Europe as a whole (e.g., MN ¼Mammal Neogene Zones and
Megazones in Steininger, 1999), with zones preferentially
defined by one or several taxa. This resulted in proposals to
base European-wide (MN) zones on the calibrations to the
Geomagnetic Polarity Time Scale of first appearances of
specific taxa (species or genera) in Spain and (for a large part
of the Early Miocene) in Switzerland (e.g., Agustı́ et al.,
2001).

The faunal approach utilizes complete faunas as means of
dividing time (biochronology sensu Lindsay, 2003) and has
its roots in the works of Thaler (e.g., Thaler, 1965). As the
temporal information of the faunas themselves is used,
explicit stratigraphic support is less important. Reference
localities define rather than illustrate European mammal-
based units (e.g., MN units of De Bruijn et al., 1992). In its
extreme form, the reference localities constitute an ordinal
scale, i.e. boundaries do not exist. Part of the discussion
surrounding MN zones/units and their calibration stems from
the fact that both approaches use the name “MN”, as intro-
duced by Mein during the early 1970s (Mein, 1976). Mein
himself did not adhere to a strict stratigraphic or faunal
approach; neither did he define zones formally after taxon
names, nor did he follow Thaler in using reference localities
to define the zones (these were added later, Fahlbusch, 1976).
Mein’s apparent intention to have an efficient chronologic
tool rather than a formalized system explains why criteria
were modified and why geographic subdivisions were applied
(e.g., Mein, 1990, 1999). Similarly, “stage”/“age” names have
been used in two ways, either as chronostratigraphic/
geochronologic units, or as biochronological units. In both
cases, the units combine several MN units (Table 29.2).

Traditionally, calibrations to the numerical time scale for
European faunas and units have depended on magneto-
stratigraphy, although radiometric dates from volcanics in
association with mammal occurrences have been compiled as
well (e.g., Swisher, 1996; Kuiper et al., 2004; Carbonell et al.,
2008; Abdul Aziz et al., 2009; Wagner et al., 2011). In
addition, direct calibrations of mammal sites with intercalated
Paratethys and open marine records have been used as well
(for example, Aguilar, 1982; Rögl and Daxner-Höck, 1996;
Costeur et al., 2007). Quantitative estimates for ages of non-
calibrated sites have been produced by multivariate analysis
of faunal list information (appearance event ordination,
e.g., Hernández-Fernández et al., 2004; Domingo et al.,
2007).

Magnetostratigraphic records straddling the Oligocenee
Miocene transition have been constructed for Spain and
Switzerland (Levèque, 1993, Schlunegger et al., 1996, Agustı́
et al., 2001), with the latter country also being responsible for
the most accurate Early Middle Miocene calibrations
(Schlunegger et al., 1996, Kälin and Kempf, 2009). Most
important mammal-related magnetostratigraphic records for
the middle Miocene have been compiled for Spain (Daams
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TABLE 29.2 Defining Criteria for Neogene Mammal-based Stratigraphy/Chronology in Europe and North America

Europe

Unit Option 1: Base Defined by Selected Appearance Events Event Age Based On Option 2: Age Based on Age Reference Locality

(MQ2¼) MN19 FHA Arvicola Fejfar et al. (1998); Wagner et al. (2011) Undefined

(MQ1¼) MN18 FHA Mimomys savini Fejfar et al. (1998); Maul et al. (2007) Undefined

MN17 FHA Mimomys pliocaenicus (¼M. ostramosensis) Opdyke et al. (1997); Oms et al. (1999) Saint Vallier

MN16 FHA Mimomys hajnackensis (¼ M. hassiacus) Vangenheim et al. (2005) Arondelli/Triversa

MN15 FHA Mimomys Hordijk and de Bruijn (2009) Perpignan (Serrat d’en Vacquer)

MN14 FHA Promimomys Hordijk and de Bruijn (2009) Podlesice

MN13 FHA Apodemus gudrunae Garcés et al. (1998); Agustı́ et al. (2006) El Arquillo 1

MN12 FHA Parapodemus barbarae Krijgsman et al. (1996); Van Dam et al. (2001) Los Mansuetos

MN11 FHA Parapodemus lugdunensis Krijgsman et al. (1996); Van Dam et al. (2006) Crevillente 2

MN10 FHCA Progonomys Alcalá et al. (2000); Van Dam et al. (2006) Ması́a del Barbo

MN9 FHA Hippotherium Garcés et al. (1997b), Vasiliev et al. (2011) Can Llobateres

MN7þ8 FHA Megacricetodon crusafonti Daams et al. (1999a,b) La Grive M; Steinheim (MN7); Anwil (MN8)

MN6 FHA Megacricetodon gersii Daams et al. (1999a,b) Sansan

MN5 LHA Ligerimys florancei van der Meulen et al. (2011) Faluns Pont Levoy e Thenay

MN4 FHCA Democricetodon Kempf et al. (1997); Agustı́ et al. (2011); Van der
Meulen et al. (2011)

La Romieu

MN3 FHA Ligerimys Kälin (1997); Kempf et al. (1997) Wintershof-West

MN2 FHA Ritteneria Schlunegger et al. (1996); Kälin (1997) Montaigu (MN2a); Laugnac (MN2b)

MN1 LHA Theridomyidae Schlunegger et al. (1996); Engesser (1997) Paulhiac

North America

Unit Option 1: Base Defined by Appearance Events

Rancholabrean FA Bison

Irvingtonian II FA Microtus meadensis

Irvingtonian 1 FA Microtus

Blancan V FA Mictomys vetus, Plioctomys rinkeri

Blancan III-IV FA Pliopotamys

Blancan I-II FA Mimomys, Ophiomys, Ogmodontomys

(Continued)
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TABLE 29.2 Defining Criteria for Neogene Mammal-based Stratigraphy/Chronology in Europe and North Americadcont’d

North America

Hemphillian 4 FA Eocoileus, Lutra, Miopetaurista, Mustela, Propliophenacomy, Sminthosinis, Trigonictis

Hemphillian 3 FA Agriotherium, Castor, Felis, Magalonyx, Ochotona, Plesiogulo, Pliozapus, Prosomys

Hemphillian 2 FA Enhydritherium, Eomellivora, Indarctos, Lutravus, Machairodus, Neotragocerus, Somocyon, Thinobadistes

Hemphillian 1 FA Crusafontina, Kansasimys, Lemoynea, Paramicrotoscoptes, Pliometanastes, Pliotomodon

Clarendonian 3 FA Actiocyon, Hoplictis, Platybelodon

Clarendonian 2 FA Barbourofelis

Clarendonian 1 FA Pseudoceras

Barstovian 2 FA Ramoceras

Barstovian 1 FA Plithocyon, Zygolophodon

Hemingfordian 2 FA Aphelops, Copemys, Dinogale, Eomys, Mionictis, Peraceras, Petauristodon, Plionictis, Pseudaelurus, Sthenictis, Teleoceras

Hemingfordian 1 FA Aletomeryx, Amphictis, Amphycyon, Antesorex, Brachyiopotherium, Craterogale, Desmatolagus, Edaphocyon, Euroxenomys, Floridaceras, Leptarctus,
Miomustela, Oreolagus, Phoberocyon, Plesiosorex, Potamotherium, Ursavus

Arikareean 4 FA Barbouromeryx, Cynelos, Paracosoryx, Problastomeryx

Arikareean 3 FA Cephalogale, Menocera, Moropus, Ysengrinia, Zodiolestes

Upper Part. Definitions of European MN units based on 1) revised selection of single-taxon appearance events and 2) reference localities (see Fig. 29.9). FHA¼ First Historical Appearance (in Europe), LHA¼ Last
Historical Appearance (in Europe), FHCA ¼ First Historical Common Appearance (in Europe). FHA estimated as midpoint between age of well-calibrated Oldest Known Record (OKR, in Europe) and age of next
older well-documented and well-calibrated locality. Similar estimations apply to LHA and FHCA. FHA, LHA, OKR concepts after Walsh (1998).
Lower part. Definition of North American Land Mammal “Ages” and their subdivisions based on First Appearances (FA) of immigrant taxa (Fig. 29.9). After Tedford et al. (2004) and Bell et al. (2004), with
modifications as proposed by Martin et al. (2008) and Pagnac (2009).
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et al., 1999; Casanovas-Vilar et al., 2008) and Switzerland
(Kälin and Kempf, 2009) with additional information from
southern Germany (Abdul Aziz et al., 2009). Late Miocene
calibrations have been documented for Spain (Garcés et al.,
1996, 1998, 2003; Krijgsman et al., 1996a; Opdyke et al.,
1997; Van Dam et al., 2001; Abdul Aziz et al., 2004) and
Eastern Europe (Vangenheim and Tesakov, 2008a,b, in press).
Important latest Miocene to Pliocene magnetobiostrati-
graphic records are based on data from Spain (Garcés et al.,
1997; Opdyke et al., 1997; Oms et al., 1999) and from
Greece, several of which are in association with radiometri-
cally dated levels (Sen et al., 1986; Swisher, 1996; Van Vugt
et al., 1998; Steenbrink et al., 2006; Hordijk and De Bruijn,
2009). MioePliocene compilations primarily focused on the
Neogene of Spain can be found in Agustı́ et al. (2001) and
Van Dam et al. (2006).

The first column in Figure 29.9 shows the mammal
chronological units according to both “schools” (note that
with the Neogene defined sensu Gradstein et al. (2004), the
two youngest units can comfortably be numbered MN18 and
19). Both options are presented in their extreme form: by
displaying boundaries as single-taxon events (thereby
constituting interval zones/biochrons, left) and by displaying
reference localities (right). Taxon selection (Figure 29.9) is
based on earlier schemes (e.g., Fejfar et al. 1998; Agustı́
et al., 2001; Kälin and Kempf, 2009; Van der Meulen et al.,
2011), while reference locality choice is based on De Bruijn
et al. (1992) and Kälin and Kempf (2009). Because the
systems are unambiguous in terms of their definition, both
represent a good starting point for future refinement,
involving replacements of some taxa by others (or possibly
several taxa, e.g., disjunct Oppel zones, see Walsh, 1998), or
replacements and additions of reference localities that are
both species-rich and well dated. In the current sequence of
reference localities, several (notably MN6e7, and MN9e10)
are very close in age, which may be considered undesirable.
Note that different definitions for MN units may lead to
situations in which a reference locality for one MN unit
correlates to another MN unit as defined by events (for
example MN9e10). In general, by choosing the taxon-range
approach, boundaries may change with new finds. By
choosing reference localities, ages are fixed by definition, but
the correlation procedure (i.e. of entire faunas) is more
complex.

29.3.1.2. Asia

Because Europe and Asia basically constituted one continent
during the Neogene, faunal similarities have developed
between the two areas through time, and these can be used for
correlation. For instance, the Neogene mammal units for
Anatolia can be correlated to MN units without too much
problem (De Bruijn et al., in press). Various local magneto-
stratigraphic correlations have been realized (see Krijgsman

et al., 1996b; Sen, 1996; Kappelman et al., 2003). With
increasing distance from Europe, as in the case of the Middle
East or Central Asia, the uncertainty of correlation becomes
larger. Nevertheless rough correlations of mammal localities
in these areas to the MN system can be made (e.g., Sotnikova
et al., 1997).

The Chinese Neogene mammal record has steadily grown.
The faunas are mainly concentrated in the northern and
northwestern part of the country (Qiu et al., 1999; Qiu and Li,
2003). Although a rough correlation to the European system
can be made, the establishment of an independent system
appeared to be useful. Pioneered by Qiu et al. (1979),
a system of five “ages” is now in use (see Qiu and Li, 2003). A
framework of finer units at the level of, and correlated to,
European MN units was presented by Qiu et al. (1999).
Because of the paucity of volcanic materials in continental
Chinese sediments, direct calibrations to the numerical time
scale mostly depend on magnetostratigraphic records, which
are beginning to be compiled for various basins (e.g., Flynn
et al., 1997a; Song et al., 2003; Wang et al., 2003; Zhang
et al., 2007). Up-to-date information on Chinese Neogene
mammal chronology can be found in Wang et al. (in press).

The Siwaliks formations in South Asia have produced an
exceptionally rich and complete Neogene mammal record,
especially in its younger part (from the upper Lower Miocene
onwards). The main mammal sequence originates from the
Potwar plateau in Pakistan and is well calibrated to the
Geomagnetic Polarity Time Scale (Barry et al., 2002).
Although local interval zones were defined at some point,
South Asian mammal ages have never been erected, which is
related to the temporal control already achieved by direct
correlation to the numerical time scale, and by the relatively
small size of the studied region (Flynn et al., 1990). Early
Miocene faunas from South Asia are best known from
Baluchistan (Dera Bugti beds, Welcomme et al., 1997).

29.3.1.3. North America

The first major compilation dealing with North American
mammal chronology is the paper of Wood et al. (1941), in
which 19 Cenozoic “Provincial Ages” (including one
unnamed Pleistocene one) were defined as periods of time
characterized by their fauna (mainly at genus level). The units
were named after types (local formations or faunas) in
western North America, where the record is richest. Bound-
aries were kept somewhat flexible in order to be modified in
the future. Index fossils, additional characteristic fossils, as
well as first and last appearances, accompanied these original
age definitions. The loose wayWood et al.’s (1941) units were
defined, also would characterize the MN zones that were
subsequently defined in Europe (Mein, 1976). Savage (1962)
introduced the name North American Land Mammal “Ages”
(NALMAs), with the quotation marks indicating that these
were not defined on the basis of time-stratigraphic stages.
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A shift towards taxon-based definitions took place when it
was proposed to use immigrants for defining the base of each
age (Repenning, 1967), an approach that was used in the
major reviews of Tedford et al. (1987, 2004). Subsequently,
some of the NALMAs have been strictly defined by
biostratigraphic zones or even boundary stratotypes (see
Walsh, 1998; Woodburne, 2004).

Eight NALMAs are in use for the Neogene (see
Figure 29.9) with the base of the Irvingtonian positioned in
the latest Pliocene. Some modifications of the definition of
ages have been proposed since the last major update by
Tedford et al. (2004). Firstly, it has been suggested to redefine
the base of the Late Barstovian (Ba2) by the entry of
Ramoceras instead of that of Gompotheriidae, resulting in an
age of 15.0 (Pagnac, 2009) instead of 14.8 Ma (Tedford et al.,
2004). Secondly, the base of the Irvingtonian is set at 2.0 Ma
following the proposal of Martin et al. (2008) to define it by
the immigration of Microtus as dated between 2.06 and 1.95
Ma in the Meade Basin, Kansas (for this option also see Bell
et al., 2004 and Woodburne, 2006). Because they were
defined according to evolutionary stage and not the criteria of
Woodburne (1977), Blancan 2 and 4 were not included as
formal units into the recent subdivision of Bell et al. (2004).
Here we combine them with Blancan 1 and 3, respectively.

Traditionally, calibrations of Neogene faunas to the
numerical time scale in North America have depended in
particular on radiometric (and fission-track) dates (Wood-
burne and Swisher, 1995). About a hundred MioePliocene
dates have been included into the compilations of Bell et al.
(2004) and Tedford et al. (2004), which also contain paleo-
magnetic calibrations. Biochronologically important local
Early Miocene magnetostratigraphic records have been
produced for the Arikareean of the Great Plains (Nebraska)
by MacFadden and Hunt (1998) and of the Columbian
Plateau (E. Oregon) by Allbright et al. (2008), and for the
early Hemingfordian of the California Coast (Peninsular
Ranges) by Prothero and Donohoo (2001). Middle Miocene
paleomagnetic calibrations have been documented for the
latest Hemingfordian and Barstovian of the Southern Great
Basin (New Mexico) by Barghoorn (e.g., Tedford and Bar-
ghoorn, 1993), for the Barstovian of the Northern Great Basin
(California) by MacFadden et al. (1990a), and of the Northern
Rocky Mountains (Montana, Idaho) by Burbank and
Barnosky (1990), Zheng (1996) and Barnosky et al. (2007).

Late Miocene magnetostratigraphic records have been
compiled for the Clarendonian of the Northern Great Basin
(Mojave Desert, California) by Prothero and Tedford (2000)
and Whistler et al. (2009), and for the Late Clarendonian and
Hemphillian of the Southern Great Basin (New Mexico) by
MacFadden (1977). Magnetostratigraphy for the latest
Miocene to Pliocene (Late Hemphillian to Blancan) was
performed in the Peninsular Ranges (California) by Allbright
(1999) and in the Northern Great Basin (Nevada) by Lindsay
et al. (2002). Magnetostratigraphic correlations have been

made for the PlioePleistocene (BlancaneIrvingtonian) in
a series of regions (such as California, Idaho, Arizona, New
Mexico, Texas, Kansas, Florida) since the 1970s (see Bell
et al., 2004, for references).

Alroy (e.g., 2000) has applied multivariate analysis
(appearance event ordination) of faunal contents to rank
North American mammal faunas and estimate their ages
using a set of calibrations. An algorithm to break the time-
ordered sequence into natural units has resulted in a scheme
reproducing the intervals of the successive NALMAs
reasonably well, although boundary ages slightly differ. Some
units, such as the long Arikareean, could house several new
ages.

29.3.1.4. South America

The knowledge of South American Neogene mammal history
has rapidly increased, although gaps still remain, both
temporally and spatially. The richest Early Neogene records
undoubtedly occur in Patagonia (e.g., Madden et al., 2010),
whereas Late Neogene mammal records are well exposed in
the western and southern pampas region of Argentina
(e.g., Alberdi et al., 1995). The evidence from lower-latitude
and Andean regions is more spotty, but gradually accumu-
lating (e.g., Flynn et al., 1995; MacFadden et al., 1995; Kay
et al., 1997; Flynn, 2010). After the pioneering work of
Pascual et al. (1965), South American Land Mammal “Ages”
(SALMAs, Marshall et al., 1983) for the Neogene were
defined on the basis of faunal content (Figure 29.9). A series
of calibrations of SALMA boundaries to the numerical time
scale were compiled by Flynn and Swisher (1995), followed
by successive refinements (e.g., Cione and Tonni, 2005).
40Ar/39Ar, K-Ar and fission track dates have proven to be
useful in constraining the age of mammal faunas and various
SALMAs. In addition, various important paleomagnetic
records have been compiled since the 1980s.

Recent paleomagnetic and radiometric results for the
Early Miocene Colhuehuapian, the “Pinturan” and Santa-
crucian in Patagonia (Ré et al., 2010a,b) support an
~21e18.75 Ma age range of the former. The Pinturan has
been proposed either as a new age or subage of the Santa-
crucian for the interval 18.75e16.5 Ma (Kramarz et al.,
2010). Additional magnetostratigraphic and radio-isotopic
ages are available for the coastal and Andean Santacrucian in
Patagonia (Marshall et al., 1986; Fleagle et al., 1995; Blis-
niuk et al., 2005). MiddleeLate Miocene calibrations have
been published for the Laventan in Colombia (Flynn et al.,
1997b; Madden et al., 1997), southern Bolivia (MacFadden
et al., 1990b), southern Ecuador (Hüngerbühler et al., 2002),
the Andean forelands of western Argentina (Jordan et al.,
1996; Irigoyen et al., 2000), and Patagonia (Kay et al., 1998).

Late Miocene paleomagnetic calibrations for the Huay-
querian and Montehermosan in Bolivia and NW Argentina
have been compiled by Marshall et al. (1983), Butler et al.
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(1984), and MacFadden et al. (1990b). On the basis of
40Ar/39Ar dating of impact glass in the Buenos Aires region it
has recently been suggested to place the Late Miocene Cha-
sicoan between ~10 and 8.7 Ma (Zárate et al., 2007). Various
new calibrations (radiometric dates, paleomagnetism) of
mammal-bearing faunas from the Late MioceneePliocene
(Montehermosan, Chapadmalalan, Uquian ¼ Marplatan)
have been published for NWArgentina (Marshall et al., 1982,
Walther et al., 1996), coastal Argentina (Orgeira, 1990),
Bolivia (MacFadden et al., 1993), and most recently, Peru
(Campbell et al., 2010). Finally, various magnetostratigraphic
calibrations have been realized for the Lujanian (Pleistocene,
e.g., Orgeira, 1990; Nabel et al., 2000).

29.3.1.5. Africa

The African Neogene mammal record is unevenly distributed
in time and space. For example, rich and well-dated
sequences are present in Kenya and other parts of eastern
Africa. The over-representation of late Neogene faunas is
partly due to the intensive search for hominine fossils. No
African land mammal ages have been defined, although the
scheme of Pickford (1981) for eastern Africa is still consid-
ered useful (Figure 29.9). The calibrations of mammal
localities to the numerical time scale in northern Africa
depend on biochronological correlation to Europe, as well as
on some magnetostratigraphic records (e.g., Benammi et al.,
1996, Benammi and Jaeger, 2001). Radiometric dates are
especially important for the age calibration of eastern African
faunas. Age calibrations of the South African
PlioePleistocene hominine cave sites are sometimes contro-
versial. Here we refer to Werdelin (2010) for an overview of
the chronology of African Neogene mammal-bearing locali-
ties and sections.

29.3.1.6. Australia

Extending earlier work (e.g., Stirton et al., 1968; Woodburne
et al., 1985), a system of Australian Land Mammal Ages has
recently been proposed (Megirian et al., 2010). Despite the
fact that the mammal record is patchy and not well calibrated,
the faunas themselves allow for subdivision in larger units.
The “Ages” have been defined statistically (by constrained
seriation) with five of them (see Figure 29.9) applying
to the Neogene, with the Wipajirian extending backward
into the Oligocene, and the Naracoortean forward into the
Pleistocene.

29.3.2. Microfossil Zonations

29.3.2.1. Planktonic Foraminifera

Wade et al. (2011) provided an excellent and timely review of
the planktonic foraminiferal biostratigraphy and chronology
of the entire Cenozoic and made some important improve-
ments compared to previously published schemes. As far as

the Neogene is concerned, major revisions are made to the
fohsellid lineage of the middle Miocene, while the criteria for
the recognition of Zones M7, M8 and M9 have been modified
with additional adjustments regarding the Globigerinatella
lineage to Zones M2 and M3.

Ages are provided both according to the now obsolete, but
still widely used, CK95 polarity time scale (Cande and Kent,
1992, 1995), and to the ATNTS2004 of Lourens et al. (2004).
The ATNTS2004 ages for the faunal events are largely
maintained in ATNTS2012 (Figure 29.10 and Appendix 3),
since only minimal changes in magnetic reversal ages, used to
calculate the ages of the foraminiferal event, have been
introduced relative to ATNTS2004. New ages can easily be
calculated, as Wade et al. (2011) give the position of all
foraminiferal events relative to the reversal boundaries. This
age determination is different from that of the calcareous
nannofossil events which are based on direct tuning of the
cyclic successions in which the events are found (see Section
29.3.3.2).

In the Mediterranean, calcareous plankton biostrati-
graphic events of Langhian age have been linked to the
ATNTS2004 using the magnetobiostratigraphy of DSDP Site
372 (Abdul Aziz et al., 2008a; Di Stefano et al., 2008) and
land-based sections such as La Vedova and St. Peter’s Pool
(Turco et al., 2011a; Foresi et al., 2011). These sectionse and
core e have been used to establish an integrated calcareous
plankton zonal scheme for the Langhian that is directly linked
to magnetostratigraphy, but that is only partially underlain by
astronomical tuning (Di Stefano et al., 2008). This zonal
scheme represents the downward extension of a scheme that
has previously been established for the Tortonian and
Serravallian.

29.3.2.2. Calcareous Nannofossils

Raffi et al. (2006) presented an extensive review of the
astrochronological ages of Recent to late Oligocene calcar-
eous nannofossil datum events. Biohorizons included those of
the widely used “standard” nannofossil zonations of Martini
(1971) and Okada and Bukry (1980), as well as supplemen-
tary biohorizons defined in the literature. The biohorizons
were selected on the basis of an unambiguous taxonomy of
index taxa, their biostratigraphic usefulness and their pres-
ence in directly astronomically dated sections and cores. The
approach means that the astrochronological age estimates are
directly linked to ATNTS2012 (Figure 29.10).

A critical aspect is that the tuning of the cyclic deep-sea
cores and land-based sections used for the astro-
biochronology should be reliable, and consistent with the
tuning of the sections/cores used to build the ATNTS2012.
For instance, it is becoming clear that the tuning of ODP Leg
154 records of Shackleton and Crowhurst (1997) needs to
undergo some revision. This will result in different astro-
nomical ages for selected bioevents up to ~100 kyr (Zeeden
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FIGURE 29.10 Neogene stratigraphic subdivisions, geomagnetic polarity scale, standard zonations of planktonic foraminifers, larger benthic

foraminifers and calcareous nannofossils, and main trends in eustatic sea level. The upper Cenozoic chronostratigraphy ratified by the IUGS in 2009 shifted

the Gelasian Stage into the Pleistocene Series and a QuaternaryeNeogene System boundary was defined at this level (c. 2.6 Ma). The Gelasian was formerly the

upper Pliocene (as shown in GTS2004).
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et al., 2011). Similarly, a revision of the tuning of proxy
records of early Miocene age may result in different ages for
nannofossil events in the coming years.

Di Stefano et al. (2008) presented a high-resolution
calcareous nannofossil biostratigraphy for the Mediterranean
Langhian that is directly integrated with the planktonic
foraminiferal biostratigraphy and magnetostratigraphy.

29.3.2.3. Diatoms and Radiolarians

The recovery of deep-marine sediments through deep-sea
drilling led to the development of many radiolarian zonal
schemes for the Neogene. However, these zonations are only
applicable on a regional scale. The zonal standard developed
for the equatorial Pacific provides one of the best examples
(e.g., Baldauf and Iwai, 1995), partly because it is directly
linked to the excellent magnetostratigraphy of ODP Leg 138
sites for the last 13 myr, thus facilitating a reliable and
straightforward calibration to the APTS. The diatom bio-
chronology of the more problematic early Miocene interval
has recently been published by Barron (2006). Middle to late
Miocene diatom zones have been established in the Oga
Peninsula section, an onshore succession regarded as the
Neogene reference section for northeast Japan (Koizumi
et al., 2009). Cody et al. (2008) developed a new chro-
nostratigraphic framework for the Southern Ocean by inte-
grating diatom biostratigraphy, magnetostratigraphy and
tephrostratigraphy from 32 Neogene sections around the
Southern Ocean and Antarctic continental margin, and used
the Constrained Optimization technique to establish the best
possible correlations having a temporal significance (see also
Chapter 3, Figs. 3.4, 3.5 and text). Such a framework is
required to study the Neogene history of the Antarctic ice
sheet and Southern Ocean in detail.

As for the diatoms, many regional radiolarian zonal
schemes have been developed over the last decades. Sanfi-
lippo and Negrini (1998) merged the existing low-latitude
zonations for different oceanic basins into a single standard
low-latitude zonal scheme, introducing a formal code for the
resulting radiolarian zones (RN1e17 for the Neogene). No
major improvements have been made since the publication of
the ATNTS2004 (see Figure 29.11). The development of the
radiolarian biostratigraphy and chronology for the Late
Neogene was briefly reviewed by Haslett (2004). Wang and
Chen (2005) used the radiolarian species Cycladophora
davisiana as a high-resolution stratigraphic tool and proxy of
the glacial Subarctic Pacific Intermediate Water in the Bering
Sea during the late Quaternary.

29.3.2.4. Dinoflagellates (see also Figure 29.11)

Dybkjaer and Piasecki (2010) presented a new dinocyst
zonation for the eastern North Sea which reconsiders and
redefines existing zonations. This zonation is important as
Neogene biostratigraphy in the North Sea Basin has been

problematic as a consequence of the occasionally limited
connection with the North Atlantic Ocean. This resulted in
the absence of many key marker species of calcareous
plankton, especially those important for recognizing chro-
nostratigraphic boundaries. This problem has apparently been
solved by the new dinocyst stratigraphy, because strati-
graphically important taxa do occur in the North Sea, also in
marginal marine settings.

A southern North Sea Miocene dinoflagellate cyst zona-
tion was published by Munsterman and Brinkhuis (2004).
Application of the dinocyst biochronology that came out of
detailed correlations to the North Atlantic and Mediterranean
resulted in the first detailed age model for the Miocene in the
subsurface of the Netherlands.

Dinoflagellate biostratigraphy was further successfully
applied to get a better age control on the Badenian stratotype
(Rögl et al., 2008) and to correlate regional stages indepen-
dently to global chronostratigraphy and the paleomagnetic
time scale in the southern North Sea (Kuhlmann et al., 2006).
A Pliocene and Pleistocene dinoflagellate cyst and acritarch
zonation was further published for the eastern North Atlantic
(De Schepper and Head, 2009) which reaches a level of detail
that surpasses earlier studies. The dinoflagellate events and
zonation for northwestern Europe are shown in Figure 29.11.

Dinoflagellates were also integrated in a new multi-group
microfossil zonation that comprises seven Nordic Pliocene
(NP) zones, with zonal duration ranging from 300 000 to
600 000 years (Anthonissen, 2009). Figure 3.11 of Chapter 3
shows the new, multi-group Nordic Miocene biochronology
and its direct and partly causal linkage to the oxygen isotope
(climate) record, paleoceanography and higher order
sequences. Microfossils are mainly planktonic and benthic
foraminifers and bolboformids (70 events), dinoflagellates
and acritarchs (16 events), and marine diatoms (6 events). The
zonation and event stratigraphy for this Nordic record can
now be correlated to the Mediterranean stages. As a result,
standard stages can be assigned in the North Sea, instead of
just Lower, Middle or Upper Miocene assignments.

29.4. EVENT STRATIGRAPHY

29.4.1. Polarity Sequences

29.4.1.1. Anomaly Profiles and Magneto-
stratigraphy (with Doug S. Wilson)

The GPTS was traditionally based on seafloor anomaly
profiles combined with a limited number of radio-isotopically
dated tie points (Cande and Kent, 1995). But, for the
Neogene, this approach has been replaced by astronomical
dating of sections having a reliable magnetostratigraphy with
cycle tuning producing astronomical ages for magnetic
reversal boundaries at the same time. In ATNTS2004, unin-
terrupted astronomical ages for polarity reversals only go
back to 12 Ma, with reliable astronomical reversal ages only
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FIGURE 29.11 Neogene dinoflagellate cyst zonation for northwestern Europe, and datums and radiolarian zonation for the low latitudes oceanic

basins, with their estimated correlation to magnetostratigraphy and calcareous nannoplankton zones. The upper Cenozoic chronostratigraphy ratified by

the IUGS in 2009 shifted the Gelasian Stage into the Pleistocene Series and a QuaternaryeNeogene System boundary was defined at this level (c. 2.6 Ma). The

Gelasian was formerly the upper Pliocene (as shown in GTS2004).
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TABLE 29.3 ATNTS2012 Chron Ages and Comparison with ATNTS2004

Chron ATNTS2012 ATNTS2004 6 Husing Wilson CK95 L&R 2005 Billups Palike et al., 2006

Final Mourik This Study CK95mod 1090 1218 Man 1218 Aut

T C1n 0.000 0.000 0.000 0.000 0.000

B C1n 0.781 0.781 0.000 0.780 0.780

T C1r.1n 0.988 0.988 0.000 0.990 0.991

B C1r.1n 1.072 1.072 0.000 1.070 1.075

T C2n 1.778 1.778 0.000 1.770 1.781

B C2n 1.945 1.945 0.000 1.950 1.968

T C2An.1n 2.581 2.581 0.000 2.581 2.608

B C2An.1n 3.032 3.032 0.000 3.040 3.045

T C2An.2n 3.116 3.116 0.000 3.110 3.127

B C2An.2n 3.207 3.207 0.000 3.220 3.210

T C2An.3n 3.330 3.330 0.000 3.330 3.319

B C2An.3n 3.596 3.596 0.000 3.580 3.588

T C3n.1n 4.187 4.187 0.000 4.180 4.184

B C3n.1n 4.300 4.300 0.000 4.290 4.306

T C3n.2n 4.493 4.493 0.000 4.480 4.478

B C3n.2n 4.631 4.631 0.000 4.620 4.642

T C3n.3n 4.799 4.799 0.000 4.800 4.807

B C3n.3n 4.896 4.896 0.000 4.890 4.898

T C3n.4n 4.997 4.997 0.000 4.980 4.989

B C3n.4n 5.235 5.235 0.000 5.230 5.254

T C3An.1n 6.033 6.033 0.000 5.894

B C3An.1n 6.252 6.252 0.000 6.137

T C3An.2n 6.436 6.436 0.000 6.269

B C3An.2n 6.733 6.733 0.000 6.567

T C3Bn 7.140 7.140 0.000 6.935

B C3Bn 7.212 7.212 0.000 7.091

T C3Br.1n 7.251 7.251 0.000 7.135

B C3Br.1n 7.285 7.285 0.000 7.170

T C3Br.2n 7.454 7.454 0.000 7.341

B C4n.1n 7.642 7.642 0.000 7.562

T C4n.2n 7.695 7.695 0.000 7.650

B C4n.2n 8.108 8.108 0.000 8.072

T C4r.1n 8.254 8.254 0.000 8.225

B C4r.1n 8.300 8.300 0.000 8.257

T C4An 8.771 8.769 0.002 8.771 8.699

(Continued )
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TABLE 29.3 ATNTS2012 Chron Ages and Comparison with ATNTS2004dcont’d

Chron ATNTS2012 ATNTS2004 6 Husing Wilson CK95 L&R 2005 Billups Palike et al., 2006

Final Mourik This Study CK95mod 1090 1218 Man 1218 Aut

B C4An 9.105 9.098 0.007 9.105 9.025

T C4Ar.1n 9.311 9.312 �0.001 9.311 9.230

B C4Ar.1n 9.426 9.409 0.017 9.426 9.308

T C4Ar.2n 9.647 9.656 �0.009 9.647 9.580

B C4Ar.2n 9.721 9.717 0.004 9.721 9.642

T C5n.1n 9.786 9.779 0.007 9.786 9.740

B C5n.1n 9.937 9.937

T C5n.2n 9.984 9.984

B C5n.2n 11.056 11.040 0.016 11.056 10.949

T C5r.1n 11.146 11.118 0.028 11.146 11.052

B C5r.1n 11.188 11.154 0.034 11.188 11.099

T C5r.2r-1n 11.263 11.263

B C5r.2r-1n 11.308 11.308

T C5r.2n 11.592 11.554 0.038 11.592 11.476

B C5r.2n 11.657 11.614 0.043 11.657 11.531

T C5An.1n 12.049 12.014 0.035 12.049 11.935

B C5An.1n 12.174 12.116 0.058 12.174 12.078

T C5An.2n 12.272 12.207 0.065 12.272 12.184

B C5An.2n 12.474 12.415 0.059 12.474 12.401

T C5Ar.1n 12.735 12.730 0.005 12.735 12.678

B C5Ar.1n 12.770 12.765 0.005 12.770 12.708

T C5Ar.2n 12.829 12.820 0.009 12.829 12.775

B C5Ar.2n 12.887 12.878 0.009 12.887 12.819

T C5AAn 13.032 13.015 0.017 13.032 12.991

B C5AAn 13.183 13.183 0.000 13.183 13.139

T C5ABn 13.363 13.369 �0.006 13.363 13.302

B C5ABn 13.608 13.605 0.003 13.608 13.510

T C5ACn 13.739 13.734 0.005 13.739 13.703

B C5ACn 14.070 14.095 �0.025 14.070 14.076

T C5ADn 14.163 14.194 �0.031 14.163 14.178

B C5ADn 14.609 14.581 0.028 14.609 14.612

T C5Bn.1n 14.775 14.784 �0.009 14.775 14.800

B C5Bn.1n 14.870 14.877 �0.007 14.870 14.888

T C5Bn.2n 15.032 15.032 0.000 (15.000) 15.034

B C5Bn.2n 15.160 15.160 0.000 (15.215) 15.155

T C5Cn.1n 15.974 15.974 0.000 16.014 15.914 15.898 15.898 15.899
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TABLE 29.3 ATNTS2012 Chron Ages and Comparison with ATNTS2004dcont’d

Chron ATNTS2012 ATNTS2004 6 Husing Wilson CK95 L&R 2005 Billups Palike et al., 2006

Final Mourik This Study CK95mod 1090 1218 Man 1218 Aut

B C5Cn.1n 16.268 16.268 0.000 16.293 16.167 16.161 16.161 16.162

T C5Cn.2n 16.303 16.303 0.000 16.327 16.197 16.255 16.255 16.256

B C5Cn.2n 16.472 16.472 0.000 16.488 16.343 16.318 16.318 16.319

T C5Cn.3n 16.543 16.543 0.000 16.556 16.404 16.405 16.405 16.406

B C5Cn.3n 16.721 16.721 0.000 16.726 16.557 16.498 16.498 16.499

T C5Dn 17.235 17.235 0.000 17.277 17.052 17.003 17.003 17.004

B C5Dn 17.533 17.533 0.000 17.615 17.355 17.327 17.327 17.328

T C5Dr.1n 17.717 17.717 0.000 17.825 17.530 17.511 17.511 17.512

B C5Dr.1n 17.740 17.740 0.000 17.853 17.579 17.550 17.550 17.551

T C5En 18.056 18.056 0.000 18.281 17.950 17.948 17.947 17.948

B C5En 18.524 18.524 0.000 18.781 18.396 18.431 18.431 18.432

T C6n 18.748 18.748 0.000 19.048 18.634 18.614 18.615 18.616

B C6n 19.722 19.722 0.000 20.131 19.606 19.599 19.598 19.599

T C6An.1n 20.040 20.040 0.000 20.518 19.955 19.908 20.000 20.001

B C6An.1n 20.213 20.213 0.000 20.725 20.144 20.185 20.226 20.227

T C6An.2n 20.439 20.439 0.000 20.996 20.390 20.420 20.425 20.425

B C6An.2n 20.709 20.709 0.000 21.320 20.687 20.720 20.651 20.652

T C6AAn 21.083 21.083 0.000 21.768 21.099 21.150 21.114 21.114

B C6AAn 21.159 21.159 0.000 21.859 21.183 21.191 21.196 21.197

T C6AAr.1n 21.403 21.403 0.000 22.151 21.455 21.457 21.506 21.507

B C6AAr.1n 21.483 21.483 0.000 22.248 21.546 21.542 21.627 21.636

T C6AAr.2n 21.659 21.659 0.000 22.459 21.743 21.737 21.744 21.743

B C6AAr.2n 21.688 21.688 0.000 22.493 21.776 21.780 21.783 21.780

T C6Bn.1n 21.767 21.767 0.000 22.588 21.865 21.847 21.861 21.853

B C6Bn.1n 21.936 21.936 0.000 22.750 22.019 21.991 22.010 21.998

T C6Bn.2n 21.992 21.992 0.000 22.804 22.070 22.034 22.056 22.062

B C6Bn.2n 22.268 22.268 0.000 23.069 22.323 22.291 22.318 22.299

T C6Cn.1n 22.564 22.564 0.000 23.353 22.596 22.593 22.595 22.588

B C6Cn.1n 22.754 22.754 0.000 23.535 22.772 22.772 22.689 22.685

T C6Cn.2n 22.902 22.902 0.000 23.677 22.911 22.931 22.852 22.854

B C6Cn.2n 23.030 23.030 0.000 23.800 23.031 23.033 23.024 23.026

Also shown are ages according to CK95 (Cande and Kent, 1995) and astronomical reversal ages according to Hüsing et al. (2009), Mourik et al. (2010), Lisiecki and
Raymo (2005), Billups et al. (2004) and Pälike et al. (2006, both manual and automatic). Finally, modified CK95 ages according to Billups et al. (2004) and ages of
“missing” reversals based on seafloor spreading rates (Wilson, this chapter) are shown.
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being available for very short intervals around 16 and 23 Ma
(Lourens et al., 2004; Table 29.3).

The tuning of the LowereMiddle Miocene (and Oligo-
cene) was initially based on ODP Leg 154 (Ceara Rise,
equatorial Atlantic) sites lacking a magnetostratigraphy,
using especially but not exclusively high-resolution obliquity
dominated records of magnetic susceptibility (Shackleton
et al., 1999). Shackleton et al. (2000) also tuned a high-
quality stable isotope record from Ceara Rise to arrive at an
age of 23.03 Ma (retuned to La2004 of Laskar et al., 2004, see
Lourens et al., 2004, Pälike et al., 2006b) for the Oligocenee
Miocene boundary.

At Ceara Rise, the interval between 14 and 18 Ma has
proved especially problematic due to lack of data. Moreover
no magnetostratigraphy is available as an independent check
on the continuity of the succession. As a consequence, ages
for chron boundaries in ATNTS2004 (Lourens et al., 2004)
were obtained indirectly, namely by using seafloor anomaly
profiles of the AntarcticeAustralian plate pair and the valid
assumption of near-constant spreading rates for this plate pair,
using the few astronomically dated reversals in this interval as
constraint. A spreading rate of 67.7 mm/yr provided a good fit
with the astronomical ages for C5n.2n(o)eC5Ar.2n(o)
(Abdul Aziz et al., 2003a) and C5Bn.2n(o) and C5Cn.1n(y)
(Shackleton et al., 2001). Extrapolating this rate to the
beginning of the Neogene predicted an age of 23.18 for
C6Cn.2n(o). To match the tuned age of 23.03 Ma, a minor
rate change at C5En(o) (18.52 Ma) was introduced with a rate
of 69.9 mm/yr prior to the change. The resultant ages for the
reversal boundaries were added to the list of astronomically
dated reversals to complete the dating of all (sub)chrons of the
last 23 myr (Table 29.3).

The lack of reliable magnetostratigraphic data of tuned
Lower to Middle Miocene sections was apparently solved
with the tuning of the benthic d18O record of ODP Site 1090,
having a magnetostratigraphy that could unequivocally be
calibrated to the GPTS (Billups et al., 2004). The final tuning
was essentially consistent with that proposed by Shackleton
et al. (1999, 2000), providing independent evidence for the
revised younger age of ~23.0 Ma for the OligoceneeMiocene
boundary. In addition the tuning provided astronomical ages
for polarity Chrons C7n through C5Cn.1n between 24.1 and
15.9 Ma (Table 29.3). The new ages are generally consistent
within one obliquity cycle with those obtained by rescaling
the Cande and Kent (1995) time scale using the new age of the
OeM boundary (23.03 Ma) and the same middle Miocene
control point (14.8 Ma) used by Cande and Kent (Table 29.3).
Remarkably enough, differences with the ATNTS2004
reversal ages are significantly larger, ranging from þ232 kyr
to �92 kyr.

In principle the astronomical reversal ages of Billups et al.
(2004) should replace the existing ages in ATNTS2004 based
on interpolation of seafloor spreading rates (see above).
However, application of the same seafloor spreading rate

approach used in ATNTS2004 shows that the ages of Billups
et al. (2004) do not resolve existing flaws in the CK95 scale
and are also not consistent with inferred near-constant or
constantly changing seafloor spreading rates in the Pacific; it
is therefore unlikely that these ages are correct. This obser-
vation has important consequences, because the proxy
records used by Billups et al. (2004) to establish their astro-
nomical tuning are correlated in detail to the tuned records of
Ceara Rise, on which also the tuning of the O/M boundary
interval is based. In fact, following the construction of the
tuned ODP Site 1090 age model, these correlations were
considered independent evidence that the Ceara Rise tuning,
and hence the astronomical age for the O/M boundary, were
correct.

The same spreading rate argument also holds for tuned
reversal ages published by Pälike et al. (2006a), which reveal
differences of up to ~100 kyr with the ages of Billups et al.
(2004) (Table 29.3). Proxy records of ODP site 1264 in the
southern Atlantic look promising to solve this issue (Liebrand
et al., 2011), but have not yet been tuned. However, they have
been correlated in great detail to the records from ODP sites
926/929 and 1090 used by Billups et al. (2004).

Inview of these uncertainties we decided not to incorporate
the reversal ages of Billups et al. (2004) or Pälike et al. (2006a)
in the ATNTS2012, but to stick to the ATNTS2004 ages until
the problems encountered in the tuning of the Lower Miocene
have been solved (Table 29.3). Improved astronomical ages for
this time interval may come from the ODP leg 208 sites
(Liebrand et al., 2011) and the recently drilled IODP leg 321/
322 sites (Pälike et al., 2008). This conservative approach is
justified by the same seafloor spreading rate approach which
demonstrates that in principle only minor adjustments of the
ATNTS2004 reversal ages are to be expected. This statement is
made after the new ages for reversal boundaries in the 10e15
Ma interval were included in the analysis. Most likely the age
of the O/M boundary will have to undergo only a minor
change, in the order of ~100 kyr or less.

Further progress came from a much improved magneto-
stratigraphy and slightly revised tuning of the marine Monte
dei Corvi section in northern Italy (Hüsing et al., 2007). This
study resulted in accurate astronomical ages for reversal
boundaries in the interval between 12.5 and 8.5 Ma, partly
replacing ages that were based on the tuning of the conti-
nental Orera section in Spain (Abdul-Aziz et al., 2003a). The
Monte dei Corvi beach section of Montanari et al. (1997) and
Hilgen et al. (2003) was recently extended downwards to
include the La Vedova section covering the interval from 14.2
to 15.3 Ma. The integrated stratigraphic study of this section
resulted in a coherent tuning providing reliable astronomical
ages for bioevents and reversal boundaries in this Middle
Miocene time interval (Hüsing et al., 2009; Table 29.3). The
La Vedova beach section has been extended upwards in the
high cliffs to close the approximately one million-year gap
with the Monte dei Corvi section that results from the
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landslide that covered part of the succession along the beach.
This La Vedova High Cliff section is important as it covers the
interval of the Mi-3b isotope shift that marks the
LanghianeSerravallian boundary and reveals the imprint of
the increase in the East Antarctic ice sheet and associated
glacio-eustatic sea-level fall in the Mediterranean (Mourik
et al., 2010; Table 29.3).

Unfortunately, theMonte dei CorvieLaVedova composite
still contains a missing interval between 13.4 and 13.6Ma that
is covered by the landslide, although this interval has now been
exposed along the beach after storms. In addition, the paleo-
magnetic signal for the interval between 12 and 13.4 Ma is too
poor to obtain a reliable magnetostratigraphy (Hilgen et al.,
2003; Hüsing et al., 2007). Chron boundary ages for this

missing interval were obtained from seafloor spreading rate
history of five plate pairs in the Pacific; they are based on
assuming constant rate for both CocosePacific and
NazcaePacific for C5r.2neC5ABn(b), and taking a weighted
average of the resulting ages (Figure 29.12; Table 29.3).
Basically, the older ages for C5r relative to ATNTS2004
propagate to C5An but not older. Only for C5An.2n(b) does the
difference between using only CocosePacific or
NazcaePacific exceed 0.015 Myr.

29.4.1.2. Excursions and Cryptochrons

Significant progress was also made in the detection and
astronomical dating of so-called magnetic excursions and
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cryptochrons. An excellent summary of the variability of the
Earth’s magnetic field as recorded in ODP cores is provided
by Lund et al. (2006). As before, special attention is paid to
the occurrence of excursions in the Brunhes Chron
(e.g., Thouveny et al., 2004; Channell, 2006) and their link to
relative paleo-intensity records, such as the Sint2000 of Valet
et al. (2005). This record provides an excellent means for
high-resolution correlations between cores, and between
cores and other proxies of the strength of the Earth’s magnetic
field as recorded in sediment and ice cores. It was extended
back to 3 Ma, using cores from the equatorial Pacific
(Yamazaki and Oda, 2005). A particularly interesting ques-
tion that arises is the potential link with orbital control and
climate (Courtillot et al., 2007; Xuan and Channell, 2008;
Thouveny et al., 2008). New K/Ar and 40Ar/39Ar ages of the
Laschamp event (Guillou et al., 2004) are now consistent with
a new Greenland ice core chronology based on multi-
parameter annual layer counting (Svensson et al., 2006). The
existence of cryptochron C2r.2r-1 was confirmed in lava
sequences on Hawaii and Cape Verde islands with apparently
inconsistent 40Ar/39Ar ages of 2.514� 0.039 and 2.40� 0.03
Ma, respectively (Herrero-Bervera et al., 2007; Knudsen
et al., 2009). Note that these ages were calculated respectively
relative to 1.194 Ma for Alder Creek sanidine and 28.04 Ma
for FCT-3 biotite.

Three cryptochrons labeled C5n.2n-1 to C5n.2n-3 are
present in the normal polarity interval of C5n.2n (Evans
et al., 2004), but do not correspond with the cryptochrons
previously identified in NE Pacific marine anomaly
profiles; these excursions have now been dated astronom-
ically at 10.154e10.157, 10.311� 2 and 10.826e10.829
Ma (Evans et al., 2007). These ages are in good agreement
with ages found for C5n.2n-2 and C5n.2n-3 at Monte dei
Corvi, where C5n.2n-1 was not unambiguously identified,
most likely as a consequence of the somewhat lower
sampling resolution in this interval (Hüsing, 2008). These
astronomical ages are in good agreement with the astro-
nomical ages for the excursions reported from ODP Site
1092. Another excursion, labeled C4r.2r-1, was recorded in
sediments off the Antarctic Peninsula (Acton et al., 2006),
but had previously already been detected and astronomi-
cally dated in the Mediterranean (Hilgen et al., 1995;
Krijgsman et al., 1995). Besides their importance for
unraveling the behavior of the Earth’s geodynamo, such
excursions and cryptochrons can be useful for increasing
the temporal resolution of magnetostratigraphic correla-
tions and dating, although care should be taken to ensure
that the signal has a primary character.

29.4.1.3. Magnetostratigraphy

Magnetostratigraphy remains a primary tool to use the
ATNTS for establishing initial age models or to date
successions lacking a distinct cyclicity. In particular it has

successfully been applied to date sedimentary successions in
China (e.g., Tibetan and Loess Plateaus), which is critical in
reconstructing late Cenozoic deformation and uplift history
(e.g., Fang et al., 2005) and the initiation and intensification
of the Asian Monsoon (e.g., Nie et al., 2008).

Magnetostratigraphy continues to play a crucial role in the
study of our ancestors. Prime examples are the application of
magnetostratigraphy in the Orche Basin to date Early Pleis-
tocene faunas and hominid occupation sites in Spain (Scott
et al., 2007) and in the classical Koobi Fora Formation in
Kenya to solve the problem encountered in locating the
position of the Upper Olduvai reversal boundary (Lepre and
Kent, 2010). Muttoni et al. (2010) present a critical evaluation
of the magnetostratigraphic and radio-isotopic age constraints
on key sites in southern Europe and propose a window
between the Jaramillo Subchron and the BrunheseMatuyama
boundary (i.e. Subchron C1r.1r, 0.99e0.78 Ma) for the early
presence of hominids in the area. They argue that this is
related to the so-called mid-Pleistocene climate transition,
and in particular to MIS22, the first prominent cold glacial of
the Pleistocene characterized by a marked aridification of
North Africa and Eastern Europe.

Magnetostratigraphy further played a crucial role in
solving problems related to regional chronostratigraphic
scales and the dating of such scales. A prime example is the
progress made in establishing a reliable and consistent
chronostratigraphic framework for the Paratethys that is
accurately dated (e.g., Vasiliev et al., 2004).

29.4.2. Sequence Stratigraphy (see also
Section 29.6.1.2)

The Phanerozoic record of global sea-level change was
reviewed by Miller et al. (2005). The record of the last 100
myr from the US mid-Atlantic coastal plain was presented in
detail by Browning et al. (2008). From the Oligocene to the
early Pliocene, sea-level changes were in the order of 30 to
60 m, mostly governed by growth and decay of the Antarctic
ice sheet (Miller et al., 2005). A middle Miocene d18O
increase is associated with deep-water cooling and two ice-
growth events resulting in the development of a permanent
East Antarctic ice sheet. Northern hemisphere ice sheets have
existed since at least the middle Miocene, but large ice sheets
and changes in ice volume giving rise to sea-level changes of
60 to 120 m only began during the late Pliocene to Holocene
(2.5 to 0 Ma).

Neogene sequence stratigraphy on the US mid-Atlantic
coastal plain is dominated by two major depositional phases
(Browning et al., 2008). The first phase in the late early to
middle Miocene is characterized by a prograding shelf under
a strong wave-dominated deltaic influence associated with
marked increases in sediment supply and in accommodation
due to local sediment loading. The second phase occurred
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during the past 10 myr and is characterized by low accom-
modation. During this phase, coastal systems were eroded as
a consequence of a long-term sea-level lowstand and low
rates of sediment supply due to bypassing (Browning et al.,
2008). In more detail, eight Miocene sequences were distin-
guished and correlated regionally (Browning et al., 2006).
These sequences can be correlated to global d18O increases,
suggesting a glacio-eustatic origin.

Another classical region for sequence stratigraphy is New
Zealand. It is famous for the detailed study of higher-order, in
particular sixth order, stratigraphic sequences of late Pliocene
and Pleistocene age (Saul et al., 1999). Sixth-order sequences
have now also been described from the Middle Pliocene and
Upper Miocene (Hendy and Kamp, 2004; Naish et al., 2005)
and are similarly related to mainly obliquity controlled
glacio-eustatic sea-level changes, while four second-order
sequences have been identified in the Neogene (Kamp et al.,
2004). Sequence stratigraphy has also been successfully
applied in the Paratethys (Strauss et al., 2006; Schreilechner
and Sachenhofer, 2007; see also Piller et al., 2007).

29.4.3. Volcanic Ash Layers and
Tephrochronologies

Tephrostratigraphy, i.e. the stratigraphic application of
pyroclastic layers, in particular volcanic ash beds, as a tool for
correlating and dating sedimentary successions, is becoming
increasingly important, because tephras represent unique time
horizons. In the Neogene, this is the case both for very young
time intervals, such as the last 1000 years, the last glacial
termination or the last glacial cycle, and for older time
intervals.

Tephrostratigraphy was used to verify the lichonometric
dating of glacial landforms of the past ~400 years to study
potential linkages between glacier fluctuations and climate,
such as the North Atlantic oscillations and the Little Ice Age
(Bradwell et al., 2006). Turney et al. (2004) discuss the
potential of e and protocol for e developing an integrated
tephrostratigraphic and tephrochronologic framework for the
last glacial termination. The initiative is part of INTIMATE
(“INTegration of Ice core, MArine and TErrestrial records of
the Last Termination”), a core project of the INQUA Palaeo-
climate Commission, that has the integration of data sets from
ice core, marine and land records for the interval between the
Last Glacial Maximum and the Early Holocene and the study
of iceeseaeatmosphere interactions and feedbacks during
the last GlacialeInterglacial transition as its objective.
Application of tephrostratigraphy is considered especially
important because of the difficulties encountered in radio-
carbon dating in this interval. This can be circumvented using
tephras intercalated in ice cores and piston cores dated
independently by annual layer counts (e.g., Lowe et al.,
2007).

The classical tephrostratigraphy and tephrochronology
developed for the last 200 kyr in the Mediterranean is based
on deep-sea piston cores (Keller et al., 1978) and is directly
linked to both oxygen isotope and sapropel chronologies
(e.g., Lourens, 2004) and pyroclastic flows onland. It is now
increasingly and successfully applied in continental, espe-
cially lacustrine, settings, and is a key to linking continental
and marine records in the Mediterranean in detail (e.g., Wulf
et al., 2004, 2008; Wagner et al., 2008).

Special attention is further paid to develop geochemical
criteria (“fingerprinting”) to distinguish between different
ash layers to enhance their time-stratigraphic application
(e.g., Santacroce et al., 2008) in key areas such as the
Antarctic (Narcisi et al., 2010). Excellent examples come
from the construction and application of a tephrostratig-
raphy and tephrochronology for the Pacific offshore central
America and New Zealand (Kutterolf et al., 2008a,b; Lowe,
D.J., et al., 2008).

29.4.4. Tektites and Impacts

Since the publication of ATNTS2004, significant contribu-
tions have been made in the field of Neogene tektites and
impacts. Remarkably, a large impact from a low density
extraterrestrial object has been postulated at the base of the
Younger Dryas on the basis of a marked Ir-peak and the
presence of such materials as microspherules, nanodiamonds
and fullerenes (Firestone et al., 2007). This event would
account for Younger Dryas cooling, the megafauna extinction
and termination of Clovis culture. However, more recent
studies cast serious doubts upon the validity of an impact
event as the explanation for the Younger Dryas. A study of
elements belonging to the platinum group did not produce
evidence for a large chondritic body impact (Paquay et al.,
2009), while alleged impact-related nanodiamonds (Kennett
et al., 2009) most likely represent aggregates of graphene-
and graphene/graphane-oxides (Daulton et al., 2010) and
carbon spherules are in fact fungal remains that are present in
layers both below, at and above the base of the Younger Dryas
(Scott et al., 2010).

Evidence in the form of so-called Dakhleh Glass was
found for an impact event in the western Desert of Egypt
between ~100 and 200 ka (Osinski et al., 2007). The glass
was dated at 145� 19 ka (Renne et al., 2010a) and the
potential consequences for the Middle Stone Age occupants
of Dakhleh Oasis were discussed (Smith et al., 2009). Remote
sensing and field studies were used to demonstrate that
Bajada del Diablo represents a new and remarkable crater-
strewn field in Argentina (Acevedo et al., 2009).

The Australasian tektite strew field has been enlarged with
tektite findings on Antarctica (Folco et al., 2009), but the
impact crater remains to be discovered. However, the prob-
able location of the crater can be more narrowly defined with
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new findings of microtektites and unmelted ejecta in deep-sea
cores (Glass and Koeberl, 2006; Prasad et al., 2007).

The problem of the age of the Ries impact crater and
associated Moldavite tektites has apparently been solved by
new 40Ar/39Ar stepwise heating and total fusion experiments
on tektites, resulting in an age of 14.68� 0.11 Ma for the
event (Di Vicenzo and Skala, 2009). This age is essentially
consistent with results from an integrated stratigraphic study
of the Brock horizon in the Upper Freshwater Molasse of the
North Alpine Foreland Basin (Abdul Aziz et al., 2008b).

29.4.5. Event Stratigraphy and the
Astronomical Time Scale

The importance of a high-resolution integrated and astro-
nomically tuned time scale, such as the ATNTS2012 or its
predecessor ATNTS2004, for event stratigraphy is amply
demonstrated by case studies of the Mediterranean Neogene,
especially those concerning the Messinian salinity crisis
(MSC). The application of such time scales resulted in a much
better age control and, hence, understanding of the complex
combination of events that lead to the onset, culmination and
termination of the MSC (e.g., Krijgsman et al., 1999, 2001;
Roveri and Manzi, 2006). Similarly the application of a tuned
time scale resulted in a much better separation and, hence,
comprehension of paleoenvironmental changes that affected
the Mediterranean during the late Tortonian and early
Messinian (Hüsing et al., 2009).

29.5. RADIO-ISOTOPIC AGES

29.5.1. 40Ar/39Ar Dating

29.5.1.1. Intercalibration with Astronomical
Dating

During the last 25 years, the conventional 40K/40Ar method
has been replaced by the 40Ar/39Ar method for dating
potassium-bearing minerals of Neogene age, because the
latter is fast, precise and reproducible and allows parent (first
converted to 39Ar by neutron irradiation) and daughter isotope
to be simultaneously measured by the same method and on
the same small sample aliquot; as such it even allows single
crystal dating.

Nevertheless, the full error in 40Ar/39Ar dating remained
unacceptably large (>2.5%) compared with U/Pb and astro-
nomical dating. This large error mainly stems from uncer-
tainties in the primary dating standard (to which secondary
standards e used in the actual dating to calculate the age of
the unknown sample e are calibrated) and the decay
constants. Following earlier efforts (e.g., Renne et al., 1994;
Hilgen et al., 1997), a rigorous attempt has been made during
recent years in the Mediterranean Neogene to significantly
reduce this error. This was achieved by calibrating the

40Ar/39Ar dating method directly to the astronomical dating
method by means of a direct comparison between single
crystal 40Ar/39Ar sanidine and astronomical ages for the same
ash layers intercalated in astronomically tuned open marine
sections in the Melilla Basin in Morocco. The ~0.65 %
difference between astronomical and 40Ar/39Ar ages, with the
latter being consistently younger, was removed by increasing
the age of the most widely used secondary dating standard,
the Fish Canyon Tuff sanidine, from 28.02� 0.28 (Renne
et al., 1998) to 28.201� 0.046 Ma (Kuiper et al., 2008). The
main advantage of using this astronomical age for the FCT
sanidine is that uncertainties in the decay constants and the
age of the primary dating standard, which contribute most to
the full error in 40Ar/39Ar dating ages, are eliminated (Kuiper,
2003), resulting in a reduction of the full error by an order of
10. In the meantime, this age has been independently
confirmed by 40Ar/39Ar dating of the a1 ash bed in the well-
tuned Faneromeni section (Rivera et al., 2011) and by direct
single zircon crystal U/Pb dating of the Fish Canyon Tuff
itself (Wotzlaw et al., 2011), using new sample preparation
techniques (Schaltegger et al., 2009). Together, this suggests
that the age of 28.305 Ma based on Ar/AreU/Pb pairs and
disregarding astronomical dating (Renne et al., 2010b) might
be too old. This confirmation is important because a recent
study shows that the Brunhes/Matuyama boundary lies at the
young end of marine isotope stage (MIS) 19 with an age of
773.2� 0.3 ka for the mid-point of the reversal (Channell
et al., 2010). This age is ~7 kyr younger than the presently
accepted astrochronological age for the polarity reversal and
consistent with the best 40Ar/39Ar constraints if an age of
27.93 Ma for FCs is applied, rather than the 28.201 Ma
suggested by Kuiper et al. (2008). However, Rivera et al.
(2011) show that uncertainty in the age of the B/M boundary
might be the cause for the discrepant young age of the FCT
sanidine.

For geological time scale work, the astronomical cali-
bration of the 40Ar/39Ar dating method is critical because it
guarantees that both methods will in principle produce the
same age when the same event is dated. It is important to
realize that this was not the case in GTS2004 when an age of
28.02 Ma was accepted for the FCT sanidine. As a conse-
quence, the numerical age calibration of parts of the time
scale were based not only on different method but on methods
that yielded significantly different ages for the same event.
For this reason, the age of 28.201 Ma has been adopted in
GTS2012 as the age for the FCs standard and all 40Ar/39Ar
ages have been recalculated relative to this age.

29.5.1.2. Applications

Another very important application of the astronomically
dated FCs standard is that it provides tight constraints for the
astronomical tuning of cyclic pre-Neogene successions down
to the correlative 400-kyr eccentricity cycle (Kuiper et al.,
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2008). The approach was made obvious using the K/Pg
boundary as case history. Starting from an FCT sanidine age
of 28.201 Ma, the recalibrated age of 65.97 Ma for the
boundary was used to constrain the tuning of the K/Pg
boundary in the Zumaia section in Spain to the nearest
400-kyr cycle. This tuning yielded an age of 65.95 Ma, i.e.
significantly older than the age of 65.5 Ma adopted in
GTS2004 (which was calculated relative to a FCs age of
28.02 Ma).

However, a serious drawback recently came from an
interlaboratory comparison study carried within the frame-
work of the Earthtime programme. Under controlled experi-
mental conditions this study revealed much larger age
differences between laboratories than the quoted precision
(McLean et al., 2008). However, the new age of ~65.95 Ma is
consistent with the recent U/Pb ages for the K/Pg boundary
interval (Bowring et al., 2008), indicating that the intercali-
bration and 40Ar/39Ar ages for the boundary are both essen-
tially correct.

Despite these ongoing uncertainties in the exact intercal-
ibration, 40Ar/39Ar dating has been successfully applied over
the last years to independently test the astronomical tuning of
the Serravallian/Tortonian boundary stratotype section at
Monte dei Corvi (Kuiper et al., 2005) and to solve existing
inconsistencies between the marine and continental record
(Kuiper et al., 2004).

Apart from the intercalibration issue, 40Ar/39Ar dating
continues to play a crucial role in dating hominid- and artefact-
bearing successions and sites. Direct 40Ar/39Ar dating of the
hominid-bearing level at Dmanisi confirmed the age of ~1.8
Ma, i.e. close to the PlioePleistocene boundary, for the oldest
human remains in Eurasia (Garcia et al., 2010). 40Ar/39Ar
dating further revealed that the Middle Stone Age (MSA)
technology evolved asynchronously in NE Africa and indicate
that the oldest known MSA consistently predates fossils that
belong to the earliest Homo sapiens (Morgan and Renne,
2008). 40Ar/39Ar age measurements, in combination with
correlations to Mediterranean sapropels, indicate an age of
195� 5 ka for hominins in Ethiopia, making them the earliest
well-dated anatomically modern humans that have been
described (McDougall et al., 2008; Joordens et al., 2011).

29.5.2. U/Pb Dating

The Neogene is at the young end for U/Pb dating. Most U/Pb
work in the Neogene is directed at intrusion dating and
reconstructing metamorphic and exhumation histories.
However, it has also been applied to date volcanic activity,
such as the ignimbrites and lavas of the Late Miocene Heise
volcanic field, with implications for the fate of Yellowstone
hotspot calderas (Bindeman et al., 2007), and volcanic arc
activity in the SW Pacific (Mortimer et al., 2010). It has
further been used to find out whether extrusion ages reflect
magma generation processes at depth (Cesare et al., 2009).

In sedimentary successions of the Neogene, U/Pb dating is
mainly used for dating detrital zircons to assess the spatial
and temporal extent of sediment transport and the composi-
tion of the hinterland. However, U/Pb dating of ash layers is
also used to date Neogene successions directly and recon-
struct the paleoenvironmental and paleoclimatic history of,
e.g., the Central Andes (Uba et al., 2009; Mulch et al., 2010)
and NW Argentina (Bywater-Reyes et al., 2010). The U/Pb
method has further been used for dating lacustrine tufa in
continental successions in California (Cole et al., 2005),
a latest Miocene aragonitic coral in the Caribbean (Denniston
et al., 2008), a Miocene fossil track site in Hungary (Pálfy
et al., 2007) and the Sterkfontein hominin site in South Africa
(Walker et al., 2006; Pickering and Kramers, 2010). U/Pb
dating of groundwater table related speleothems was used to
constrain a young 6 Ma age for tectonically driven incision of
the Grand Canyon (Karlstrom et al., 2008).

Another important application of U/Pb zircon dating of
Neogene ash layers lies in the direct comparisonwith 40Ar/39Ar
and astronomical ages for the same layers. This will shed light
on the intercalibration with 40Ar/39Ar dating and on zircon
residence times in the magma chamber through comparison
with the astronomical ages (Wotzlaw and Schaltegger, 2011).

29.5.3. 14C and 230Th/234U Dating

Radiocarbon dating remains the single most powerful tool to
date organic material younger than 50 ka, although dissolved
inorganic carbon (DIC) is datable by this method as well. The
method has undergone major innovative advancements
during the last decade since the publication of GTS2004
(e.g., Bronk Ramsey et al., 2010), despite the fact that it has
reached a relatively mature stage. These developments
include extension of the calibration further back in time
using, among others, varved lacustrine successions (Staff
et al., 2009) and Kauri trees from New Zealand (Hogg et al.,
2006), and the construction of the standard IntCal09 and
Marine09 calibration curves, extending the previous IntCal04
and Marine04 curves from 26 to 50 ka (Reimer et al., 2009).
For the latter purpose, widely different archives such as
pristine corals (e.g., Fairbanks et al., 2005) and planktonic
foraminifera of marine successions of the Cariaco Basin and
Iberian margin (e.g., Bard et al., 2004; Hughen et al., 2006)
were employed.

Important developments were further made in analytical
procedures and techniques such as the pre-treatment of bone
material to eliminate contamination (Bronk Ramsey et al.,
2004) and the use of ultra-filtration techniques and of low
blanks in mass spectrometer extraction lines to measure very
small or old samples (Pigati et al., 2007). Finally the appli-
cation of Bayesian statistical techniques (e.g., Bronk Ramsey,
2009) allowed radiocarbon ages to be combined with
evidence from other sources such as stratigraphy. Together,
these developments now make it possible to directly date
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prehistoric rock paintings by dating the pigments themselves,
resulting in the remarkable, but still disputed, old age of the
Chauvet Cave paintings (e.g., Valladas et al., 2005; Pettitt and
Pike, 2007; Pettitt, 2008) and to tackle major scientific issues
such as the MiddleeUpper Paleolithic transition and associ-
ated dispersal of modern humans in Europe (e.g., Mellars,
2006; Blockley et al., 2008; Jöris and Street, 2008), the
human population and dispersal of the New World
(e.g., Waters and Stafford, 2007; Goebel et al., 2008), the
regional and global significance of millennial-scale climate
events (e.g., Fedele et al., 2008) and for instance the impact of
the Campanian ignimbrite eruption (e.g., Turney et al., 2010).

U-series dating of fossil corals remained a vital tool for
reconstructing Pleistocene sea-level history, for instance by
revealing timing, magnitude and duration of the high-stand
during the last interglacial (Dumas et al., 2006; Muhs et al.,
2011). Further improvements were made in correcting for
open system behavior (Scholz et al., 2004; Thompson and
Goldstein, 2005) and in extending the method further back in
time (Stirling and Andersen, 2009). In fact it can now be
applied to date 600-ka old samples with a 2s uncertainty of
better than 15 kyr (Andersen et al., 2008). Importantly, the
method can reliably be applied to resolve sea-level changes
on sub-Milankovitch time scales (e.g., Thompson and
Goldstein, 2005; Thomas et al., 2009).

Uranium-thorium dating continues to produce excellently
dated climate proxy records, in particular d18O, of speleo-
thems. High-resolution intricate records from the Sanbao and
Hulu caves in China now dating back to 224 000 years played
a crucial role in improving marineecontinental correlations
and in deciphering phase relations with respect to orbital
forcing (Wang et al., 2001; Cheng et al., 2009).

Other methods for dating young samples, such as optically
stimulated luminescence (OSL: Lian and Roberts, 2006;
Wintle and Murray, 2006) and electron spin resonance (ESR)
dating, have also undergone rapid developments during the
last decade. This is especially the case for luminescence
dating, although the relatively large uncertainty remains
problematical. Nevertheless, the method is becoming more
reliable e and applicable to more environments e with single
crystal dating (Duller, 2008) and is applicable to grains with
an age of only a few tens to hundreds of years (Wintle, 2008).
Infrared stimulated luminescence (IRSL) dating of feldspars
has potential for extending the method further back in time
from 100 ka to ~1 Ma (Wintle, 2008; Kars et al., 2008).

29.5.4. 87Sr/86Sr

Strontium isotope stratigraphy remains to be used in the
Neogene, also after publication of ATNTS2004 (Lourens et al.,
2004), as it provides a powerful tool to correlate and date
marine sequences in the Cenozoic, especially when other more
accurate and precise dating techniques fail. The method relies
on matching the 87Sr/86Sr value of a sample to a standard curve

of the 87Sr/86Sr of ocean water through time (see Chapter 7).
Gleason et al. (2004) used magnetostratigraphy, radiolarian
biostratigraphy and fish teeth Sr isotope stratigraphy to date
a 16 m long piston core in the equatorial Pacific. Ages based on
the three different methods are generally consistent, but the Sr
isotope ages are superior where the magnetostratigraphy is
problematical. They therefore conclude that cores containing
red clay of eolian origin can be reliably dated by the fish teeth
strontium technique. This is crucial for the numerous and
otherwise nondatable red clay cores from the vast red clay
province of the Pacific, where it may be the only available
reliable method for dating the stratigraphic record. Sr isotope
stratigraphy was further applied to date, among others, the
stratigraphic succession in the Neotectonic Hatay Graben in
southern Turkey (Boulton et al., 2007), the interglacial events
of Late Neogene age that occurred in the James Ross Island
region, northern Antarctic Peninsula (Smellie et al., 2006), and
the history of a deep-water coral mound in the northeast
Atlantic (Kano et al., 2007).

However, 87Sr/86Sr isotope ratios can also be employed to
reconstruct inter-connectivity between basins by testing
whether they both plot on the standard open ocean curve (see
curve in Chapter 7) or that one (or both) reveals a deviating
pattern related to enhanced riverine influence. This has been
applied to determine whether the Paratethys was discon-
nected from the open ocean and Mediterranean across the
MioceneePliocene boundary (Vasiliev et al., 2010). They
found similar values as in the Mediterranean “Upper
Evaporites/Lago Mare” facies, indicating that deviating
87Sr/86Sr values in the “Upper Evaporites/Lago Mare”, i.e. at
the end of the Messinian salinity crisis (see also Matano
et al., 2005), could have been caused by drowning of the
Mediterranean by Eastern Paratethys waters. Using dinofla-
gellate biochronology, Munsterman and Brinkhuis (2004)
were able to show that previous ages obtained by 87Sr/86Sr
dating were incorrect as they are markedly affected by
continental run-off.

29.6. CLIMATE CHANGE AND
MILANKOVITCH CYCLES

29.6.1. Oxygen and Carbon Isotopes
(d18O, d13C)

29.6.1.1. Oxygen (d18O)

PlioePleistocene

A major step forward in oxygen isotope stratigraphy and
chronology was the publication of a benthic stack (labeled
LR04) from 57 globally distributed sites for the last 5.3 myr,
thus covering the entire Pliocene and Pleistocene (Lisiecki
and Raymo, 2004). The stacking is used to reduce noise
thereby improving quality and allowing the identification of
24 new marine isotope stages in the early Pliocene. The LR04
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age model is based on tuning the d18O stack to a simple ice
model, using the June 21 insolation at 65�N as input function.
This tuning was done in a conservative way by using stacked
sedimentation rates as additional age model constraints.
Despite this conservative tuning strategy, the LR04 benthic
stack exhibits significant coherency with insolation in the
obliquity band throughout the entire 5.3 myr and in the
precession band for more than half of the record.

By contrast Huybers (2007) followed an alternative non-
tuning strategy to establish an age model for the last 2 myr
using depth in cores as a proxy for time. Oxygen isotope
records tied to this age model provide a detailed record of
glacial variability, indicating a dominant obliquity control
over the entire interval, thus including the last ~800 000 years
with its prominent 100-kyr glacial cyclicity.

Miocene

The latest Miocene is marked by a distinct glacial interval
ranging from ~6.3 to 5.5 Ma, followed by a major deglacia-
tion lasting from oxygen isotope stage TG12 to 9 in terms of
standard oxygen isotope stages. Remaining problems in the
tuning of this characteristic interval and its relation with the
Messinian salinity crisis in the Mediterranean were solved by
Van der Laan et al. (2005, 2006). Westerhold et al. (2005)
presented a tuned stable isotope record for the remaining part
of the Late Miocene and the Serravallian part of the Middle
Miocene (i.e. from 7.35 e 13.80 Ma).

Holbourn et al. (2005, 2007) published tuned Middle
Miocene isotope records of Pacific ODP sites 1146 and 1237
with the aim to unravel the orbital pacing of the mid-Miocene
climate transition and “Monterey” carbon isotope excursion.
These studies showed the very high potential for developing
a standard isotope stratigraphy for this time interval and
revealed marked and abrupt changes in dominant orbital
frequencies from precession and eccentricity to obliquity and
back that mirrors the additional control by the very long period
2.4 myr eccentricity cycle, with relatively enhanced obliquity
influence during eccentricity minima. Holbourn et al. (2007)
further state that the obliquity-paced changes favored the
transition into the “Icehouse” state of the climate system.

The early Miocene interval has been covered by Billups
et al. (2004) and Pälike et al. (2006a), using ODP sites 1090
from the South Atlantic and 1218 from the equatorial Pacific,
respectively. These high-resolution studies are critical to test
the validity of the initial oxygen isotope stratigraphy devel-
oped by Miller et al. (1991,1996) based on low-resolution
records from the Atlantic. Unfortunately, the tuning of these
records remains problematical, but this may be solved
through the use of high-resolution records from ODP site
1264. These records have been correlated in great detail to the
isotope records of ODP sites 1090 and 926/929 and reveal
marked ~100-kyr fluctuations in d18O following peak glacial
episodes (Liebrand et al., 2011).

Finally, Tian et al. (2008) used ODP site 1148 in the South
China Sea to construct a benthic stable isotope record for the
entire Neogene Period, using an age model based on the
astronomical tuning of natural gamma radiation and color
reflectance from the same site. These records were used to
distinguish between linear and non-linear responses in the
climate system to orbital forcing.

Modeling Temperature and Ice Volume

Recent developments in ice-sheet modeling enabled the deep-
sea benthic d18O record to be decomposed into a temperature
and ice-volume component (Bintanja et al., 2005a,b; Bintanja
and Van de Wal, 2008; De Boer et al., 2010, 2011; Lourens
et al., 2010). The model takes advantage of the mass
conservation of d18O on a global scale, while an inverse
routine guarantees that changes in ocean d18O caused by both
land ice sheet growth (sea level change) and deep-ocean
temperature change are in agreement with marine benthic
d18O reconstructions. The ice-sheet model includes a variable
isotopic sensitivity and isotopic lapse rate, the mass balance
height feedback, the mass balance albedo feedback and the
adjustment of the underlying bedrock.

In the early stages of development, the ice-sheet model
was forced with sea level reconstructions over the past
120 000 years to derive the air temperatures at sea level in
areas where the northern hemisphere (NH) ice sheets grow
(40�e80�N) through an inverse routine (Bintanja et al.,
2005a). The outcome of that study yielded a TNH recon-
struction, which is highly coherent with the classical Vostok
temperature record. Nevertheless an obvious limitation of
this work was that global sea-level observations are limited,
which motivated Bintanja et al. (2005b) to incorporate the
marine benthic d18O record as forcing. In addition, they
applied a simple parameterization to separate deep-water
temperature from ice-volume changes, based on a linear
relation between deep-water temperature and d18O
(Duplessy et al. 2002), and an idealized climate model
(Bintanja and Oerlemans, 1996) relating changes in deep-
ocean temperature to atmospheric temperature changes.
This new method was first applied to calculate temperature
and sea level over the past million years (Bintanja et al.,
2005b), and later to explore the mechanisms of the Mid-
Pleistocene Transition (Bintanja and Van de Wal, 2008),
both focusing on the climate in the NH, as only the
Eurasian and North American ice sheet complexes were
modeled explicitly. Their temperature reconstruction was
compared to alkenone-derived equatorial temperatures
(Lawrence et al. 2006) for the past 3 myr, indicating similar
strength for most of the glacials (Bintanja and Van de Wal,
2008).

The last step in the model sequence until now is the
explicit inclusion of ice sheets in the southern hemisphere
(SH), allowing a longer time span to be covered, since for
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FIGURE 29.13 Modeled sea level and northern hemisphere temperature changes during the Neogene (De Boer et al., 2010). The stacked benthic d18O

record of Zachos et al. (2008) was smoothed, rescaled to ATNTS2004 and interpolated to obtain a continuous record with a time resolution of 100 years. The

upper Cenozoic chronostratigraphy ratified by the IUGS in 2009 shifted the Gelasian Stage into the Pleistocene Series and a QuaternaryeNeogene system

boundary was defined at this level (c. 2.6 Ma). The Gelasian was formerly the upper Pliocene (as shown in GTS2004).
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warmer conditions of the Neogene ice-volume changes are
dominated by changes in the SH (De Boer et al., 2010, 2011).
To keep computing time manageable, this has been done at
the expense of the complexity of the ice-sheet models used.
Hence, five 1-D ice sheets, rather than the two 3-D ice-sheet
models used previously (Bintanja et al., 2005b; Bintanja and
Van de Wal, 2008), were used to reconstruct temperature and
sea level over the past 35 myr (see Figure 29.13). Sea level
results of these late Cenozoic runs are in good agreement with
the reconstructions by Miller et al. (2005) for the past 10 myr,
as the Miller record is derived from the d18O by scaling. Large
differences occur, however, for the lower part of the Neogene.
Results of the deep-water temperature change since the
Miocene by De Boer et al. (2011) are comparable to the
results by Lear et al. (2000), although the modeled temper-
atures are considerably lower during the Middle Miocene
than the Mg/Ca-based data.

29.6.1.2. Carbon Isotopes (d13C)

Holbourn et al. (2007) published high-resolution tuned
middle Miocene benthic isotope records of Pacific ODP
sites to portray the “Monterey” carbon isotope excursion in
detail. The event lasted from 16.9 to 13.5 Ma and consists
of nine 400-kyr cycles, which show high coherence with
long period eccentricity. Their results suggest that eccen-
tricity played a crucial role in middle Miocene climate
evolution through the modulation of long-term carbon
budgets. Such long-period eccentricity related changes in
d13C continue throughout the Early Miocene (e.g., Zachos
et al., 2001; Liebrand et al., 2011) and the entire Oligocene
(Pälike et al., 2006b) and lag similar changes in d18O in the
400-kyr band, while they are in phase in the ~100-kyr band.
This can be explained by an amplification of the longer
period forcing due to the long residence time of carbon in
the ocean along with a dampening effect of deep-sea
sedimentary carbonate dissolution on shorter eccentricity
time scales (Pälike et al., 2006b). A plausible mechanism
invokes continental weathering with enhanced and delayed
response to 400-kyr eccentricity forcing as a consequence
of the long time scale associated with weathering
(Holbourn et al., 2007).

In the latest Miocene, d13C records reveal a strong 41-kyr
obliquity signal that is inversely related to obliquity related
variations in d18O, pointing to large-scale glacial-controlled
variations in the deep-sea carbon reservoir (Van der Laan
et al., 2012).

29.6.2. Sedimentary Cycles

Apart from proxies, Milankovitch cycles are expressed as
sedimentary cycles in the stratigraphic record. These cycles
are well developed in deep-sea sections and cores, often in the
form of marlelimestone alternations. Care should be taken

that these cycles represent primary cycles and do not result
from diagenetic unmixing. Many carbonate cycles reveal
a diagenetic overprint, but unequivocal parameters should be
used to test their primary origin (Westphal et al., 2010).
Nevertheless, carbonate cycles and related proxies, such as
magnetic susceptibility and color, have been intensively used
for the construction of the astronomical time scale
(e.g., Hilgen, 1991; Tiedemann et al., 1994). As an example,
they were applied in the extension of the astronomical time
scale for the Mediterranean Neogene back to 15 Ma (Hüsing
et al., 2009; Mourik et al., 2010) and for the astronomical
tuning of Neogene deep-sea sediments from the South China
Sea (Tian et al., 2008).

However, sedimentary cycles related to astronomical
climate forcing are also found in continental settings. For
instance, the Orera section in Spain contains a shallow
lacustrineemudflat succession, which is characterized by
a remarkable regular alternation of dolomitic carbonate and
mudstones that allowed astronomical tuning (Abdul Aziz
et al., 2003b). This tuning was used to determine astronom-
ical ages for reversal boundaries older than 10 Ma (Abdul
Aziz et al., 2003a). In this way, the Mediterranean based A(P)
TS was extended to ~13 Ma, although ages have now been
replaced by those derived from the marine Monte dei Corvi
section (Hüsing et al., 2007).

Sedimentary cycles are also found in the Paratethys (see
Piller et al., 2007). Vasiliev et al. (2004) arrived at a period
close to that of climatic precession for cycles deposited in
lacustrine to deltaic environments during the Miocene and
Pliocene in the eastern Paratethys. Sedimentary cycles
expressed in spontaneous potential logs of the Central
Paratethys are also astronomically controlled and were
used to establish high-resolution correlations to the tuned
deep-marine record of the Mediterranean (Lirer et al.,
2009).

29.6.3. Ice Cores

Important developments since the publication of
ATNTS2004 are the completion of the drilling of the EPICA
Dome C hole, thereby extending the ice core record
over ~800 000 years and covering the last 8 full
glacialeinterglacial cycles (e.g., Loulergue et al., 2008), and
the construction of an independent age model, which facil-
itates a better e temporal e comparison with proxy records
from other important climate archives. For EPICA Dome C,
an age model was developed, using a snow accumulation and
mechanical ice flow model, and a set of independent age
markers with absolute ages that have a maximum uncer-
tainty of 6 kyr back to 800 ka (EDC3 chronology of Parrenin
et al., 2007). This age model as well as other age models
were used among others to reconstruct dusteclimate inter-
actions (Lambert et al., 2008), moisture source and
temperature based on deuterium excess (Stenni et al., 2010),
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orbital and millennial scale changes in CO2 and CH4 (Lüthi
et al., 2008; Loulergue et al., 2008), and environmental
changes, using chemical proxies such as non-sea-salt
calcium (Wolff et al., 2010).

More accurate age models were further constructed for e
parts of e Greenland ice cores by using 1) a multi-parameter
counting of annual layers between 15 and 42 ka, later
extended to 60 ka, thereby extending the Greenland Ice Core
Chronology 2005 (GIC05 of Rasmussen et al., 2006;
Andersen et al., 2006; Svensson et al., 2006, 2008), and
2) a detailed paleoclimate comparison in combination with
paired 14C and Pb/Th ages on pristine corals (Shackleton
et al., 2004). Volcanic events were used to synchronize
Greenland ice cores (Rasmussen et al., 2008), while inter-
hemispheric methane synchronization provides a crucial and
powerful link with Antarctic ice cores (e.g., EPICA
community members, 2006; Capron et al., 2010; Schüpbach
et al., 2011). Finally, the INTIMATE group presented
a revised protocol for time stratigraphic correlation in the
North Atlantic region over an extended period from 8 to 30 ka
(Lowe et al., 2008). The NGRIP isotope record and associ-
ated GIC05 chronology are proposed as regional stratotype,
Bayesian/based statistical procedures for age model
construction, tephrochronology for validating regional
correlations and INTCAL04 for calibration with radiocarbon
dates (Lowe et al., 2008), although the latter now has to be
updated to INTCAL09. Clearly, such accurate high-resolution
time scales are critical for understanding climate change on
orbital and millennial time scales in detail (e.g., Rohling
et al., 2009).

29.7. ASTRONOMICALLY TUNED
NEOGENE TIME SCALE e ATNTS2012

29.7.1. New Data

The cyclostratigraphy of the deep-marine Monte dei Corvi
section in central Italy was slightly revised and retuned to the
La2004 solution (Hüsing et al., 2007). The much improved
magnetostratigraphy of the lower part could be calibrated
straightforwardly to the APTS and provided astronomical
ages for all polarity reversals between 8.5 to 12.5 Ma. The
new ages replace previous reversals ages for reversals based
on the tuning of the continental Orera section in Spain (Abdul
Aziz et al., 2003a) and incorporated in ATNTS2004 (Lourens
et al., 2004). This tuning has been extended in the La Vedova
Beach and High Cliff sections, covering the interval between
13.5 and 15.3 Ma (Hüsing et al., 2009; Mourik et al., 2010).
The La Vedova composite section has further been extended
along the beach but a robust tuning remains to be established
for this section that is one of the candidate sections for
defining the Langhian GSSP (Turco et al., 2011a; Iaccarino
et al., 2011).

29.7.2. Solution La2004 Versus La2010

Recently a new astronomical solution, La2010, became
available (Laskar et al., 2011) that is reliable back to 50 Ma as
far as eccentricity is concerned as compared to 40 Ma for
La2004 (Laskar et al., 2004). The major improvement in
La2010 is a better adjustment of the parameters and initial
conditions through a fit over 1 myr to a special version of the
high accurate numerical ephemeris INPOP08 (Fienga et al.,
2009). However, we decided not to switch to the new solution
because 1) the new solution solves only the orbital part used
to calculate eccentricity, but not precession and obliquity, and
2) it is virtually identical to La2004 for the last 23 myr of the
Neogene. The new solution will be critical in helping to solve
problems encountered in the tuning of the Paleogene (see
Chapter 28).

29.7.3. ATNTS2004 and 2012

Differences between ATNTS2004 and 2012 are relatively
minor as can be expected from a geological time scale that is
underlain by astronomical tuning. Relative to ATNTS2004,
ages for chron boundaries remained the same for the last 8
myr and for the interval between 16 and 23 Ma. Maximal age
differences between the two scales is ~50 kyr over the last
15 myr, and resulted from the replacement of astronomical
reversal ages based on continental sections by ages based on
deep marine sections (see Section 29.4.1).

29.7.4. The Age of the Paleogene/Neogene
Boundary

The age of the Paleogene/Neogene boundary is kept at 23.03
Ma, i.e. the same as in ATNTS2004, although uncertainties
remain in the tuning of the Early Miocene, including the
boundary interval (Table 29.1). In anticipation of a final
tuning, we refrained from changing the age as long as the
tuning problems have not been adequately solved.

29.7.5. Incorporation of Global
Chronostratigraphic Boundaries

Incorporation of the standard chronostratigraphic units, the
stages, in ATNTS2012 is straightforward as most of the
GSSPs have been defined in the same sections used to
construct the astronomical time scale that directly underlies
the age calibration of ATNTS2012 (see also Lourens et al.,
2004). Since ATNTS2004, the Serravallian GSSP has been
added to the list of Neogene stage GSSPs that have been
formally designated (Hilgen et al., 2009). Significant progress
has further been made in evaluating sections and guiding
criteria for defining the Langhian GSSP in the near future
(Iaccarino et al., 2011).
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GSSPs of the Neogene stages, with Location and Primary Correlation Criteria (Status Jan. 2012)

Stage GSSP Location
Latitude,

Longitude
Boundary Level Correlation Events Reference

Piacenzian Punta Piccola, Sicily, Italy 37�17’20“N
13�29’36”E*

Base of the beige marl bed
of small-scale carbonate
cycle 77 with an age of
3.6 Ma

Precessional excursion
347 from the present
with an
astrochronological
age estimate
of 3.600 Ma

Episodes
21/2, 1998

Zanclean Eraclea Minoa, Sicily, Italy 37�23’30“N
13�16’50”E

Base of the Trubi Formation Insolation cycle 510
counted from the
present with an age
of 5.33 Ma

Episodes
23/3, 2000

Messinian Oued Akrech, Morocco 33�56’13“N
6�48’45”W

Base of reddish layer of
sedimentary cycle number
15

First regular occurrence
of planktonic foraminifer
Globorotalia miotumida
and the FAD of the
calcareous nannofossil
Amaurolithus
delicatus

Episodes
23/3, 2000

Tortonian Monte dei Corvi Beach,
near Ancona, Italy

43�35’12“N
13�34’10”E

Mid-point of sapropel layer
of basic cycle number 76

Last Common
Occurrences
of the calcareous
nannofossil Discoaster
kugleri and the
planktonic foraminifer
Globigerinoides
subquadratus

Episodes
28/1, 2005

Serravallian Ras il Pellegrin section,
Fomm Ir-Rih Bay, west
coast of Malta

35�54’50“N
14�20’10”E

Formation boundary
between
the Globigerina Limestone
and Blue Clay

Younger end of Mi3b
oxygen isotopic event
(global cooling episode)

Episodes 32/
3, 2009

Langhian Candidate sections are La
Vedova (Italy) and St.
Peter’s Pool (Malta)

Top of magnetic polarity
chronozone C5Cn.1n

Burdigalian Potentially in
astronomically-tuned ODP
core

Near FAD of calcareous
nannofossil H.
ampliaperta

Aquitanian
(base
Neogene)

Lemme-Carrioso Section,
Allessandria Province, Italy

44�39’32“N
08�50’11”E

35m from the top of
the section

Base of magnetic
polarity chronozone
C6Cn.2n; FAD
of calcareous
nannofossil
Sphenolithus
capricornutus

Episodes
20/1, 1997

*according to Google Earth
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29.7.6. Incorporation of Zonal Schemes

Incorporation of the standard calcareous nannoplankton
zonal scheme in ATNTS2012 is straightforward as the
events on which the zonal scheme is based are all defined in
tuned sections and cores (Raffi et al., 2006). This is
different from the recently published review and update of
the standard planktonic foraminiferal zonation (Wade et al.,
2011) in which the link is mostly through magneto-
stratigraphy and its calibration to the polarity time scale of
ATNTS2012. With respect to ATNTS2004, this will result
in minor age changes up to 50 kyr for the interval between
8.5 and 15 Ma.

29.7.7. Advantages of the New Time Scale

ATNTS2012 has the same advantages as its predecessor,
ATNTS2004. Work is in progress to finalize a Neogene time
scale that is fully underlain by astronomical tuning and is
essentially stable and will not change anymore.
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2007. Strontium isotopic and micropalaeontological dating used to help

redefine the stratigraphy of the neotectonic Hatay Graben, southern

Turkey. Turkish Journal of Earth Sciences 16, 141e179.

Bowring, S., Johnson, K.R., Clyde, W., Ramezani, J., Miller, I., Peppe, D.,

2008. A Paleocene timescale for the rocky mountains: Status and

potential. Geological Society of America, Abstracts with Programs 40

(6), 322.

Bradwell, T., Dugmore, A.J., Sugden, D.E., 2006. The little ice age glacier

maximum in Iceland and the north Atlantic oscillation: Evidence from
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Hüsing, S.K., Kuiper, K.F., Link, W., Hilgen, F.J., Krijgsman, W., 2009.

The upper Tortonian-lower Messinian at Monte dei Corvi (northern

Apennines, Italy): Completing a Mediterranean reference section for

the Tortonian Stage. Earth and Planetary Science Letters 282,

140e157.

Huybers, P., 2007. Glacial variability over the last two million years: An

extended depth-derived age model, continuous obliquity pacing, and the

Pleistocene progression. Quaternary Science Reviews 26, 37e55.

Iaccarino, S., Salvatorini, G., 1982. A framework of planktonic foraminiferal

biostratigraphy for early Miocene to late Pliocene Mediterranean area.

Paleontologia Stratigrafica ed Evoluzione 2, 115e125.

Iaccarino, S.M., Premoli Silva, I., Biolzi, M., Foresi, M.L., Lirer, F.,

Petrizzo, M.R., 2005. Practical manual of Oligocene to middle Miocene

planktonic foraminifera. International School on Planktonic Forami-

nifera 4th Course, 14e18 February. University of Perugia Press, Perugia.

Iaccarino, S.M., Turco, E., Cascella, A., Gennari, R., Hilgen, F.J.,

Sagnotti, L., 2009. Integrated stratigraphy of La Vedova section (Conero

Riviera, Italy), a potential candidate for the Langhian GSSP. 13th

RCMNS conference Naples, Abstract volume, 20e21.

Iaccarino, S.M., Di Stefano, A., Foresi, L.M., Turco, E., Baldassini, N.,

Cascella, A., Da Prato, S., Ferraro, L., Gennari, R., Hilgen, F.J., Lirer, F.,

Maniscaldo, R., Mazzei, R., Riforgiato, F., Russo, B., Sagnotti, L.,

Salvatorini, G., Speranza, F., Verducci, M. 2011. High-resolution inte-

grated stratigraphy of the Mediterranean early-middle Miocene:

comparison with the Langhian historical stratotype and new perspectives

for the GSSP. Stratigraphy 8, 199e215.

Irigoyen, M.V., Buchan, K.L., Brown, R.L., 2000. Magnetostratigraphy of

Neogene Andean foreland-basin strata, lat. 33oS, Mendoza province,

Argentina. Geological Society of America Bulletin 112, 803e816.

Joordens, J.C.A., Vonhof, H.B., Feibel, C.S., Lourens, L.J., Dupont-

Nivet, G., van der Lubbe, J.H.J.L., Sier, M.J., Davies, G.R., Kroon, D.,

2011. An astronomically-tuned climate framework for hominins in the

Turkana Basin. Earth and Planetary Science Letters 307, 1e8.

Jordan, T.E., Tamm, V., Figueroa, G., Flemings, P.B., Richards, D.,

Tabbutt, K., T. Cheatham, T., 1996. Development of the Miocene

Manantiales foreland basin, Principal Cordillera, San Juan, Argentina.

Revista Geológica de Chile 23, 43e79.
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Pälike, H., 2011. Antarctic ice sheet and oceanographic response to

eccentricity forcing during the early Miocene. Climate of the Past 7,

869e880.

Lindsay, E., 2003. Chronostratigraphy, biochronology, datum events, Land

Mammal Ages, stage of evolution, and appearance event ordination.

Bulletin of the American Museum of Natural History 279, 212e230.

Lindsay, E., Mou, Y., Downs, W., Pedersson, J., Kelly, T., Henry, C.,

Trexler, J., 2002. Recognition of the Hemphillian/Blancan boundary in

Nevada. Journal of Vertebrate Paleontology 22, 429e442.

Lirer, F., Di Stefano, A., Foresi, L.M., Turco, E., Iaccarino, S.M.,

Mazzei, R., Salvatorini, G., Baldassini, N., Da Prato, S., Verducci, M.,

Sprovieri, M., Pelosi, N., Vallefuoco, M., Angelino, A., Ferraro, L.,

2009. Towards the Langhian astro-biochronology of Mediterranean

deep marine records. 13th RCMNS conference Naples, Abstract volume,

20e21.

Lisiecki, L.E., Raymo, M.E., 2005. A Pliocene-Pleistocene stack of 57

globally distributed benthic d18O records. Paleoceanography 20,

PA1003. doi: 10.1029/2004PA001071.

Litt, T., Gibbard, P.L., 2008. A proposed Global Stratotype Section and Point

(GSSP) for the base of the Upper (Late) Pleistocene Subseries

(Quaternary System/Period). Episodes 31, 260e261.

Loulergue, L., Schilt, A., Spahni, R., Masson-Delmotte, V., Blunier, T.,

Lemieux, B., Barnola, J.-M., Raynaud, D., Stocker, T.F., Chappellaz, J.,

2008. Orbital and millennial-scale features of atmospheric CH4 over the

past 800,000 years. Nature 453, 383e386.

Lourens, L.J., 2004. Revised tuning of Ocean Drilling Program Site 964 and

KC01B (Mediterranean) and implications for the d18O, tephra, calcar-

eous nannofossil, and geomagnetic reversal chronologies of the past 1.1

Myr. Paleoceanography 19, PA3010. doi: 10.1029/2003PA000997.

Lourens, L.J., 2008. On the Neogene-Quaternary debate. Episodes 31,

239e242.

Lourens, L.J., Hilgen, F.J., Laskar, J., Shackleton, N.J., Wilson, D., 2004.

The Neogene Period. In: Gradstein, F.M., Ogg, J.G., Smith, A.G. (Eds.),

A Geologic Time Scale 2004. Cambridge University Press, Cambridge,

pp. 409e440.

Lourens, L.J., Becker, J., Bintanja, R., Hilgen, F.J., Tuenter, E., van de

Wal, R.S.W., Ziegler, M., 2010. Linear and non-linear response of late

Neogene glacial cycles to obliquity forcing and implications for the

Milankovitch theory. Quaternary Science Reviews 29, 352e365.

Lowe, J.J., Blockley, S., Trincardi, F., Asioli, A., Cattaneo, A.,

Matthews, I.P., Pollard, M., Wulf, S., 2007. Age modelling of late

Quaternary marine sequences in the Adriatic: Towards improved

precision and accuracy using volcanic event stratigraphy. Continental

Shelf Research 27, 560e582.

Lowe, J.J., Rasmussen, S.O., Björck, S., Hoek, W.Z., Steffensen, J.P.,

Walker, M.J.C., Yu, Z.C., 2008. Synchronisation of palaeoenvironmental

events in the North Atlantic region during the Last Termination: A

revised protocol recommended by the INTIMATE group. Quaternary

Science Reviews 27, 6e17.

Lowe, D.J., Shane, P.A.R., Alloway, B.V., Newnham, R.M., 2008. Finger-

prints and age models for widespread New Zealand tephra marker beds

erupted since 30,000 years ago: A framework for NZ-INTIMATE.

Quaternary Science Reviews 27, 95e126.

Lund, S., Stoner, J.S., Channell, J.E.T., Acton, G., 2006. A summary of

Brunhes paleomagnetic field variability recorded in ocean drilling

program cores. Physics of the Earth and Planetary Interiors 156,

194e204.
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B. Pillans and P. Gibbard Chapter 30

The Quaternary Period

Abstract: The Quaternary Period, comprising the Holocene
and Pleistocene Epochs, encompasses the last ~2.6 Ma during
which time Earth’s climate was strongly influenced by bi-
polar glaciation and the genus Homo first appeared and
evolved. The base of the Quaternary System/Period and
Pleistocene Series/Epoch is defined by the GSSP for the

Gelasian Stage at Monte San Nicola section in Italy. The base
of the Holocene Series/Epoch is defined at a depth of 1492.45
m in the NGRIP ice core from Greenland, with an age based
on annual layer counting, of 11 700 years b2k (before
AD2000), with a 2s uncertainty of 99 years; it is the first and
only GSSP to be defined in an ice core.
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30.1. EVOLUTION OF TERMINOLOGY

The classification and interpretation of the youngest strati-
graphic sequences, variously known as Pleistocene, Holocene
or Quaternary, have been a matter of much debate. During the
first two decades of the 19th century many of the sequences
were attributed to the biblical flood (the “Diluvial” theory).
This theory could account for unconsolidated sediments that
rested unconformably on Tertiary rocks and capped hills, and
that commonly contained exotic boulders and the remains of
animals, many still extant. A flood origin for the “Diluvium”
was the accepted paradigm by most eminent geologists of the
time, including Buckland and Sedgwick.

During voyages of polar exploration, floating ice had
frequently been seen transporting exotic materials, providing
an explanation for the boulders in Diluvium, and reinforcing
the Diluvial theory. This explanation led to the adoption of the
term “drift” to characterize the sediments. However, geolo-
gists working in the Alps and northern Europe had been
struck by the extraordinary similarity of the “drift” deposits,
and their associated landforms, to those being formed by
modern mountain glaciers. Several observers, such as Per-
raudin, Venetz-Sitten, and de Charpentier, proposed that the
glaciers had formerly been more extensive, but it was the
paleontologist Agassiz who first advocated that this extension
represented a time that came to be termed the Ice Age by
Goethe.

After having convinced Buckland and Lyell of the validity
of his Glacial Theory in 1840, Agassiz’s ideas became
progressively accepted. The term Drift became established
for the widespread sands, gravels, and boulder clays thought
to have been deposited by glacial ice. Meanwhile, Lyell had
already proposed the term Pleistocene in 1839 for the post-
Pliocene period closest to the present. He defined this period
on the basis of its molluscan faunal content, the majority of
which are still extant. However, the term Quaternary (Qua-
ternaire or Tertiaire récent) had already been proposed in
1829 by Desnoyers for marine sediments in the Seine Basin
(Bourdier, 1957, p. 99). However the term had been in use
from the late 18th century, originating with the Italian mining
engineer, Giovanni Arduino (1714e1795), who distinguished
four separate stages or “orders”: Primary, Secondary, Tertiary
and Quaternary, comprising the Artesine Alps, the Alpine
foothills, the sub-Alpine hills and the Po Plain, respectively
(Schneer, 1969; Ellenberger, 1994).

Both terms e Pleistocene and Quaternary e became
synonymous with the Ice Age and also with the period during
which humans evolved. However, unlike the Pleistocene
concept, the span of the Quaternary included Lyell’s original
“Recent”, later named Holocene by the 3rd International
Geological Congress (IGC) in London in 1885. The term
Holocene (meaning “wholly recent”) refers to the percentage
of living organisms and was defined by Gervais (1867e1869)
“for the post-diluvial deposits approximately corresponding

to the post-glacial period” (Bourdier, 1957, p. 101). The
Holocene period was originally considered to represent a fifth
era or Quinquennaire (Parandier, 1891), but this division was
deemed to be “excessive”; details are given in Bourdier
(1957) and de Lumley (1976).

Because the terms Primary and Secondary have been
abandoned and attempts have been made to suppress Tertiary,
the continued use of Quaternary has been regarded by some
stratigraphers as somewhat archaic. Alternative terms, such as
Anthropogene (extensively used in the former USSR) or
Pleistogene (suggested by Harland et al., 1990), have been
proposed, but neither have found favor. Subsequently, Grad-
stein et al. (2004) did not include Quaternary as the youngest
period of the Cenozoic Era. Rather, they designated the
Quaternary as an informal climatostratigraphic unit,
spanning:

‘an interval of oscillating climatic extremes (glacial and interglacial

episodes) that was initiated at about 2.6 Ma, therefore encompassing

the Holocene and Pleistocene epochs and Gelasian Stage of late

Pliocene.’

(Gradstein et al., 2004, p. 441)

After exhaustive discussions between the International
Commission on Stratigraphy (ICS) and the International
Union for Quaternary Research (INQUA), a formal decision
on the chronostratigraphic status of the Quaternary was
reached in 2009, resulting in the ratification of the Quaternary
Period/System and revised base of the Pleistocene Epoch/
Series (Gibbard et al., 2010).

The evolving definition of the Quaternary is summarized
in Figure 30.1.

30.2. THE PLIOePLEISTOCENE BOUNDARY
AND DEFINITION OF THE QUATERNARY

In 1948, at the 18th International Geological Congress
in London, agreement was reached to place the Pliocenee
Pleistocene boundary:

‘at the horizon of the first indication of climatic deterioration in the

Italian Neogene succession.’

(King and Oakley, 1949)

Furthermore it was agreed that the boundary should be based
on marine faunas and that the lower Pleistocene should
include not only the marine sediments of the Italian Calabrian
Stage (a stage introduced by Gignoux in 1910), but also
continental deposits of the Villafranchian Stage.

The initial Calabrian boundary was thought to be marked
by the first appearance of the cold-water molluscan indicators
Arctica islandica and Hyalinea baltica (Sibrava, 1978), but
Ruggieri and Sprovieri (1979) showed that Hyalinea baltica
appears slightly later. Subsequently, while various sections in
southern Italy competed for the position of stratotype, it
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became clear that marine microfossils in conjunction with
magnetostratigraphy were the best criteria for defining the
boundary (Haq et al., 1977; Backman et al., 1983; Tauxe
et al., 1983).

After more than three decades of investigations, the GSSP
for the PlioceneePleistocene boundary and the beginning of
the Pleistocene was placed by a joint INQUA and ICS
working group (IGCP Project 41) at the base of marine
claystones conformably overlying bed e at the Vrica section
(39� 020 18.6100 N, 17� 080 05.7900 E), approximately 4 km
south of Crotone on the Marchesato Peninsula, Calabria,
southern Italy (Figure 30.2; Aguirre and Pasini, 1985; Bassett,
1985). The boundary, which has an astronomically tuned age
of 1.806 Ma (Lourens et al., 1996), is some 3 to 6 m (rep-
resenting an interval of 10e20 ky) above the top of the
Olduvai normal polarity subchron (Bassett, 1985).

The magnetostratigraphy of the Vrica section has been
investigated by Haq et al. (1977), Tauxe et al. (1983), Zij-
derveld et al. (1991) and, most recently, by Roberts et al.
(2010), who showed that the complex polarity pattern at the top
of the Olduvai Subchron is the result of authigenic growth of
iron sulphide minerals such as greigite and pyrrhotite.
However, uncertainties arising from the complex magneto-
stratigraphic record at Vrica result in maximum age

differences of less than 50 ka for the upper Olduvai reversal
(Roberts et al., 2010) and hence a similar uncertainty in the
boundary may be assumed.

The decision to assign the base-Pleistocene GSSP was:

‘isolated from other more or less related problems, such as . the

status of the Quaternary within the chronostratigraphic scale.’

(Aguirre and Pasini, 1985)

However, many “Quaternary” scientists, especially those
workingwith terrestrial and climatic records, continued to favor
defining the “Quaternary” as beginning significantly before the
base-Pleistocene GSSP. As a result, the status and chrono-
stratigraphic rank of Quaternary was not formally established.

The London 1948 IUGS recommendations included the
notion that the base-Pleistocene boundary should be placed at
the first evidence of climatic cooling. However, the Vrica
GSSP boundary level is not the first severe cold-climate
oscillation of the late Cenozoic. While the first evidence of
continental glaciation in the northern hemisphere comes from
ice-rafted debris in the Greenland Sea in the mid-Paleogene,
around 44 Ma (Tripati et al., 2008), it is now well established
that global cooling around 2.7 to 2.6 Ma is the event that best
characterizes the beginning of the Quaternary/Pleistocene ice
ages (Pillans and Naish, 2004; Gibbard et al., 2005; Ogg and
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Pillans, 2008; Sarnthein et al., 2009). This major cooling
takes place at a stratigraphic position equivalent to the base of
the Gelasian Stage (Rio et al., 1998), the GSSP for which is
defined in marine sediments at Monte San Nicola in Sicily
(Figure 30.3) and can be easily correlated with Marine
Isotope Stage (MIS) 103 in the ocean sediments (see
discussion in Suc et al., 1997).

This older level corresponds to the Gauss/Matuyama
magnetic epoch boundary (2.6 Ma) as well as being
approximately coeval with the base of the Netherlands’
terrestrial Praetiglian Stage, the base of the New Zealand
Nukumaruan Stage and the base of the classic Chinese loess
sequence (Figure 30.4). The event is clearly defined in the
marine oxygen isotope stratigraphy and coincides with the
first major influx of ice-rafted debris into the middle latitude
of the North Atlantic (Shackleton et al., 1984; Shackleton,
1997; Partridge, 1997a). The fossil mammalian record also
shows changes that are obvious near the Gauss/Matuyama
reversal marking the boundary between the Early andMiddle
Villafranchian (Rook and Martinez-Navarro, 2010).

In June 2009, the Executive Committee of the Interna-
tional Union of Geological Sciences (IUGS) formally ratified
a proposal by the ICS to define the base of the Quaternary
System at the GSSP for the Gelasian Stage at Monte San
Nicola in Italy (Gibbard et al., 2010). At the same time the
base of the Pleistocene was also lowered to coincide with the
Gelasian GSSP. Thus, the Gelasian Stage was transferred
from the Pliocene Series to the Pleistocene Series
(Figure 30.1). Alternative views on the position for the
PlioceneePleistocene boundary have been discussed by Van
Couvering (1997), Partridge (1997b) and Lourens (2008).

30.3. SUBDIVISION OF THE PLEISTOCENE

Two major types of subdivisions have been proposed for the
Pleistocene Series. A standard subdivision at stage level has
been advocated by workers based on sections in elevated
shallow-marine sediments in Italy (Figure 30.4). Indeed,
with the ratification, in 2009, of the Gelasian Stage as the
basal stage of the Pleistocene, the International Stratigraphic
Guide requires that the rest of the Pleistocene should be
subdivided into one or more formal stages (Cita and Pillans,
2010). At the same time, however, earth scientists concerned
with terrestrial and to a lesser extent shallow-marine
sequences have adopted regional subdivision schemes. The
regional schemes have found favor despite the difficulties of
worldwide correlation. In these schemes, larger, subseries
(sub-epoch) scale units have been adopted. For example, in
the former USSR, and particularly in European Russia, the
Pleistocene is divided into the Eopleistocene, equivalent to
the Early Pleistocene subseries, and the Neopleistocene,
equivalent to the Middle and Late Pleistocene subseries
(Anonymous, 1982, 1984; Krasnenkov et al., 1997). The
most recent proposal for a revised stratigraphical scheme for

the last 1 Ma in the Eastern European Plain is given by Shik
et al. (2002).

A quasi-formal tripartite subdivision of the Pleistocene
into Lower (Early), Middle and Upper (Late) has been in use
since the 1930s. The first usage of the terms Lower, Middle,
and Upper Pleistocene was at the second International
Quaternary Association (INQUA) Congress in Leningrad in
1932 (Woldstedt, 1962), although they may have been used in
a loose way before this time. Their first use in a formal sense
in English was by Zeuner (1935, 1959) and Hopwood (1935)
and was based on characteristic assemblages of vertebrate
fossils in the European sequence.

30.3.1. Lower Pleistocene

Cita et al. (2008) proposed the Calabrian Stage, as the next
youngest Pleistocene stage above the Gelasian, with a GSSP
defined at Vrica section, former GSSP for the Pleistocene
Series (Figure 30.2). Thus, the Lower Pleistocene Subseries
would comprise both the Gelasian and Calabrian Stages. In
November 2011, the IUGS ratified the Calabrian Stage.

30.3.2. Middle Pleistocene

Participants at the Burg Wartenstein Symposium “Stratig-
raphy and Patterns of Cultural Change in the Middle Pleis-
tocene”, held in Austria in 1973, recommended that:

‘The beginning of the Middle Pleistocene should be so defined as to

either coincide with or be linked to the Matuyama Reversed Epoch

and the Brunhes Normal Epoch of palaeomagnetic chronology.’

(Butzer and Isaac, 1975, appendix 2)

A similar recommendation was made by the INQUA
Commission on Stratigraphy/ICS Working Group on Major
Subdivision of the Pleistocene, at the XIIth INQUA Congress
in Ottawa in 1987, which placed the LowereMiddle
boundary at the BrunheseMatuyama magnetic reversal
(Richmond, 1996). However, although potential GSSPs in
Japan, Italy and New Zealand were discussed, no decision
was reached. Pillans (2003) also advocated the Matuyamae
Brunhes boundary (MBB) as the key marker, emphasizing
that it constituted the most recognizable chronostratigraphic
marker in weathered continental deposits.

At present the SQSWorking Group on the LowereMiddle
Pleistocene Boundary is considering candidate sections in
Italy and Japan, having resolved at the 32nd International
Geological Congress in Florence in 2004 to place the
boundary as close as possible to the MBB. The age of the
MBB is estimated to be 781 ka in the astronomically tuned
time scale (Lourens et al., 2004), though recent papers by
Dreyfus et al. (2008), Channell et al. (2010) and Suganuma
et al. (2010) support a slightly younger age of ~770 ka.

Cita et al. (2006) have proposed an Ionian Stage above the
Calabrian Stage in Italian marine sections. The basal boundary
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FIGURE 30.4 (Continued).
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of the Ionian Stage is represented in two sections, Valle di
Manche in Calabria (Rio et al., 1996; Massari et al., 2002;
Capraro et al., 2005) and Montalbano Jonico in the central part
of the Apennine foredeep (Cita and Castradori, 1995; Ciaranfi
et al., 2001; Ciaranfi and D’Alessandro, 2005; Cita et al., 2006;
Joannin et al. 2008; Ciaranfi et al. 2010). Both sequences have
been correlatedusingmultiple parameters, including calcareous
nannofossil biochronology, palynology, isotope stratigraphy
and tephrostratigraphy. The Montalbano Jonico section would
represent the more suitable boundary stratotype (Cita et al.
2006), except that attempts to obtain a magnetostratigraphy
from this section have been unsuccessful (Sagnotti et al. 2010).

It is proposed that the Middle Pleistocene Subseries
comprises a single stage e the Ionian Stage. A Working
Group of the ICS Subcommission for Quaternary Stratig-
raphy (SQS) is currently considering three candidate sections
for the GSSP e the Montalbano Jonico and Valle di Manche
sections in Italy (see above) and the Chiba section in Japan
(Pickering et al. 1999).

30.3.3. Upper Pleistocene

The boundary between the Middle and Upper Pleistocene has
yet to be formally defined by the IUGS. However, as long ago
as the 2nd INQUA Congress in Leningrad in 1932, a decision
was made to define the boundary at the base of the Last
Interglacial (Eemian Stage). More recently, the lower

boundary of the Upper Pleistocene has been placed at the base
of Marine Isotope Stage 5 (MIS 5), based on a proposal from
the INQUA Commission on Stratigraphy (Richmond, 1996).
This proposal naturally follows from the acceptance that MIS
5, substage e, is the ocean equivalent of the terrestrial north-
west European Eemian Stage interglacial (Shackleton, 1977).

However, detailed pollen analyses of deep sea cores west
of Portugal have shown that the base of MIS 5 is some 6 ka
earlier than the base of the Eemian (Shackleton et al., 2003)e
see Figure 30.5. Consequently, Gibbard (2003) and Litt and
Gibbard (2008) have proposed that, in keeping with the
historical association of the boundary with the base of the
Eemian, the GSSP should be defined in a high-resolution core
sequence from the Amsterdam Terminal e which is both the
parastratotype and unit-stratotype of the Eemian Stage (Van
Leeuwen et al., 2000).

Both the stage and the stage boundary are recognized on
the basis of multidisciplinary biostratigraphy, the boundary
being placed at the expansion of forest tree pollen above 50%
of the total pollen assemblage, the standard practice in
northwest Europe (Gibbard, 2003). In particular, the GSSP in
the Amsterdam Terminal borehole is based on the steep rise of
the Betula (birch tree) pollen curve at this point (Litt and
Gibbard, 2008). A similar increase in the Betula curve is
characteristic of many Eemian pollen diagrams across Europe
and is thought to be a synchronous response to climatic
amelioration, perhaps within a matter of decades as is

FIGURE 30.4 Quaternary / Pleistocene time scale. At present the subseries (subepoch) divisions of the Pleistocene are not formalized. Series, and thereby

systems, are formally defined based on Global Stratotype Section and Points (GSSP) of which two divide the Quaternary System into the Holocene and

Pleistocene Series. The formal base of the Pleistocene, as ratified in 2009, coincides with a GSSP at Monte San Nicola in southern Italy, marking the base of the

Gelasian Stage (Rio et al., 1994, 1998). The Gelasian GSSP at 2.58 Ma replaces the previous Pleistocene base GSSP (~1.8 Ma, defined at Vrica, southern Italy).

It is based on the internationally recognised formal chronostratigraphical/geochronological subdivisions of the Quaternary System/Period; the Pleistocene and

Holocene Series/Epochs, and finally the Early/Lower, Middle, Late/Upper Pleistocene Subseries/Subepochs.

The base of the Holocene is located in the North-GRIP ice core of the Greenland Ice Core Project (NGRIP: Walker et al., 2009). The deep-sea based,

climatically defined stratigraphy is taken from oxygen isotope data obtained from tests of fossil benthonic (ocean-floor dwelling) foraminifera, retrieved from

deep-ocean cores from 57 locations around the world. The plots depict d18O (the ratio of 18O versus 16O) of a stacked record as processed by Lisiecki and

Raymo (2005). Their calibrated ages for the last seven major glacial terminations are included. It is plotted against the magnetostratigraphic time scale prepared

and modified from Funnell (1996), supplemented with Calabrian Ridge (CR) magnetic event ages (cf. Lourens, 2004). Shifts in this ratio are a measure of global

ice volume, which is dependent on global temperature and which determines global sea level. Planktonic foraminifera and calcareous nannoplankton provide an

alternative biostratigraphical means of subdivision of marine sediments. The micropaleontological zonation is taken from Berggren et al. (1995). The Italian

shallow marine stages are derived from Van Couvering (1997) modified by Cita et al. (2006) (cf. also Cita and Pillans, 2010). In view of their duration, covering

multiple climate cycles and periods for which regional stage units of markedly shorter duration have been defined, these “standard stages” are considered as

“super stages”. Two plots of isotope measurements from Antarctic ice cores are shown.

For the Chinese loess deposits the chart shows the sequence of paleosols (units S0 to S32) for the Jingbian site in northern China (Ding et al., 2005). High values

of magnetic susceptibility indicate repeated episodes of weathering (soil formation), predominantly in interglacials with relative strong summer monsoon. In

intercalated strata (units L1 to L33; accumulated during glacials) the proportion of coarser grains (grains > 63 mm, % dry weight) is a signal of progressive

desertification in Central Asia. The magnetic and grain-size data is plotted on the Chinese Loess Particle Time Scale (Ding et al., 2002). Alternating

loessepaleosol sequence accumulation throughout NE China coincides with the beginning of the Pleistocene and buries the more intensively weathered

Pliocene “Red Clay” Formation (An et al., 1990).

The Siberian Lake Baikal provides a bioproductivity record from the heart of the world’s largest landmass, an area of extreme continental climate. High

concentrations of biogenic silica indicate high aquatic production during interglacials (i.e. lake diatom blooms during ice-free summer seasons). The composite

biogenic silica record from cores BDP-96-1, -96-2 and -98 is plotted on an astronomically tuned age scale (Prokopenko et al., 2006). The NW European stages

are taken from Zagwijn (1992) and de Jong (1988). The British stages are taken from Mitchell et al. (1973), Gibbard et al. (1991) and Bowen (1999). The

Russian Plain stages are from Stratigraphy of the USSR: Quaternary System (1982, 1984), Krasnenkov et al. (1997), Shik et al. (2002), Iossifova (pers. comm.)

and Tesakov (pers. comm.). In addition, the Russian Pleistocene is also frequently divided into the Eopleistocene, equivalent to the Early Pleistocene Subseries,

and the Neopleistocene, equivalent to the Middle and Late Pleistocene Subseries. The North American stages are taken from Richmond (unpublished). The New

Zealand stages are from Pillans (1991) and Beu (2004). (after Cohen and Gibbard, 2010)

=
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observed at the transition from the Last Glacial to the Holo-
cene. An age of 127.2 ka is estimated for the base of the
Eemian from a varved-dated record at Monticchio in Italy
(Brauer et al., 2007), where the chronology is based on
a combination of tephrochronology and annual layer counting.

Cita and Castradori (1995) proposed the Tarantian Stage
for the interval corresponding to the Upper Pleistocene, i.e.
from the base of the Eemian to the base of the Holocene, for
marine sequences in Italy. Thus the Upper Pleistocene would
comprise a single stage (Figure 30.1).

30.4. TERRESTRIAL SEQUENCES

30.4.1. Glacial Deposits and
Climatostratigraphy

In contrast to the rest of the Phanerozoic, the uppermost
Cenozoic has a long-established tradition of sediment
sequences being divided on the basis of represented climatic
changes, particularly those sequences based on glacial
deposits in central Europe and mid-latitude North America.
This approach was adopted for terrestrial sequences by early

workers because it seemed logical to divide till (glacial dia-
micton) sheets and non-glacial deposits or stratigraphical
sequences into glacial (glaciation) and interglacial periods,
respectively (cf. West, 1968, 1977; Bowen, 1978). In other
words, the divisions were fundamentally lithological.
However, the overriding influence of climatic change on
sedimentation and erosion has meant that, despite the enor-
mous advances in knowledge during the last 150 years,
climate-based stratigraphic classification (climatostratig-
raphy) has remained central to the subdivision of Quaternary
sequences. Indeed, the subdivision of deep-sea sediment
sequences into Marine Isotope Stages (MIS) is itself based on
the same basic concept (see below).

For at least the first half of the 20th century the preferred
climatostratigraphic scale for the Pleistocene was that
developed for the Alps at the turn of the century by Penck and
Brückner (1909e11).

For the Alps, the sequence in increasing age was:

Würm Glacial (Würmian)
Riss-Würm Interglacial
Riss Glacial (Rissian)
Mindel-Riss Interglacial
Mindel Glacial (Mindelian)
Günz-Mindel Interglacial
Günz Glacial
Donau-Günz Interglacial
Donau Glacial
?Biber Glacial

For other glaciated regions, including northern Europe,
Britain, Russia, North America and New Zealand separate
named glacial/interglacial sequences were also developed
(see Figures 30.4 and 30.6).

Before the impact of the ocean-core isotope sequences, an
attempt was made to formalize the climate-based strati-
graphical terminology in the American Code of Stratigraphic
Nomenclature (American Commission on Stratigraphic
Nomenclature, 1961), in which so-called geologic-climate
units were proposed. Here a geologic-climate unit is based on
an inferred widespread climatic episode defined from
a subdivision of Quaternary rocks (American Commission on
Stratigraphic Nomenclature, 1961). Several synonyms for this
category of units have been suggested, the most recent being
climatostratigraphical units (Mangerud et al., 1974) in which
a hierarchy of terms is proposed. These units are neither
referred to in the standard stratigraphic codes by Hedberg
(1976) nor Salvador (1994), and are not followed in New
Zealand, but are included in the local Norwegian Code
(Nystuen, 1986). Boundaries between geologic-climate units
were to be placed at those of the stratigraphic units on which
they were based.

The American Commission on Stratigraphic Nomencla-
ture (1961) defines the fundamental units of the geologic-
climate classification as follows:
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AGlaciation is a climatic episode during which extensive
glaciers developed, attained a maximum extent, and receded.
A Stadial (“Stade”) is a climatic episode, representing
a subdivision of a glaciation, during which a secondary
advance of glaciers took place. An Interstadial (“Interstade”)
is a climatic episode within a glaciation during which
a secondary recession or standstill of glaciers took place. An
Interglacial (“Interglaciation”) is an episode during which the
climate was incompatible with the wide extent of glaciers that
characterize a glaciation.

In Europe, following the work of Jessen and Milthers
(1928), it is customary to use the terms interglacial and
interstadial to define characteristic types of non-glacial

climatic conditions indicated by vegetational changes (Table
30.1); interglacial to describe a temperate period with
a climatic optimum at least as warm as the present interglacial
(Holocene: see below) in the same region, and interstadial to
describe a period that was either too short or too cold to allow
the development of temperate deciduous forest or the equiv-
alent of interglacial-type in the same region.

In North America, mainly in the USA, the term intergla-
ciation is occasionally used for interglacial (cf. American
Commission on Stratigraphic Nomenclature, 1961). Like-
wise, the terms stade and interstade may be used instead of
stadial and interstadial, respectively (cf. American Commis-
sion on Stratigraphic Nomenclature, 1961). The origin of
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TABLE 30.1 Examples of Chronostratigraphical Substage Divisions of Interglacial (Temperate) Stages and Related Cold

(Glacial) Stages of the Middle and Late Pleistocene

Chronostratigraphical Substagesc
Vegetation

Aspect

Characteristic

Vegetation

Cold stage e An e Wo e De early glacial herb-dominated

Temperate

stage

Cromerian

(~750 ka)

Cr IV Hoxnian

(~350 ka)

Ho IV Ipswichian

(~125 ka)

Ip IV Flandrian

(post-10 ka)

post-temperate birchepine forest

Cr III Ho III Ip III Fl III late temperate mixed deciduouse

coniferous forest

Cr II Ho II Ip II Fl II early temperate deciduous forest

Cr I Ho I Ip I Fl I pre-temperate birchepine forest

Cold stage l Be l An l Wo l De late glacial herb-dominated

aModified after West (1968) and West & Turner (1968).
bFor the Holocene (Flandrian), correlations with the zones of Godwin (1975) are also indicated.
ce, early; l, late; Be, Beestonian; An, Anglian; Wo, Wolstonian; De, Devensian.
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these terms is not certain but the latter almost certainly derive
from the French word stade (m), which is unfortunate since in
French stade means (chronostratigraphical) stage (cf. Michel
et al., 1997), e.g., stade isotopique marin ¼ marine isotope
stage.

It will be readily apparent that, although in longstanding
usage, the glacially based terms are very difficult to apply
outside glaciated regions, i.e. most of the world. Moreover,
as Suggate and West (1969) recognized, the term glaciation
or glacial is particularly inappropriate since modern
knowledge indicates that cold rather than glacial climates
have tended to characterize the periods intervening between
interglacial events. They therefore proposed that the term
“cold” stage (chronostratigraphy) be adopted for “glacial” or
“glaciation”. Likewise, they proposed the use of the term
“warm” or “temperate” stage for interglacial, both being
based on regional stratotypes. The local nature of these
definitions indicates that they cannot necessarily be used
across great distances or between different climatic prov-
inces (Suggate and West, 1969; Suggate, 1974; West, 1968,
1977) or indeed across the terrestrialemarine facies
boundary (see below). The use of mammalian biostrati-
graphic data, in particular the evolution of voles, offers the
possibility of long-distance correlations between local
assemblages. In addition, it is worth noting that the subdi-
vision into glacial and interglacial is mainly applied to the
Middle and Late Pleistocene.

Both interglacial and glacial, or temperate and cold, stages
have been subdivided into substages and zones. This is ach-
ieved in interglacial stages using paleontological, particularly
vegetational, assemblages. The cyclic pattern of interglacial
vegetation that typifies all known temperate events in Europe
was developed as a means of subdividing, comparing, and
therefore, characterizing temperate events by West (1968,
1977) and Turner and West (1968). In this scheme, temperate
(interglacial) event sequences are subdivided into four
substages: pre-temperate, early temperate, late temperate, and
post-temperate. Finer-scale zonation schemes are also
commonly in use throughout Europe and the former USSR
(Table 30.1).

Late Middle- and Late Pleistocene glacial stages have
been divided on various bases, but in the northern hemisphere
the division is based on a combination of vegetation, lithology
and occasionally pedological evidence, often resulting in an
unfortunate intermixture of chrono- and climatostrati-
graphical terminology. Chronological control for Middle and
Lower Pleistocene glacial deposits comes from teph-
rochronology (e.g., Boellstorff, 1978), K/Ar and 40Ar/39Ar
dating of intercalated lavas (e.g., Geirsdottir and Eriksson,
1994; Singer et al., 2004), magnetostratigraphy (e.g., Roy
et al., 2004) and cosmogenic nuclide dating (e.g., Balco et al.,
2005; Balco and Rovey, 2010).

The last glacial stage (Weichselian, Valdaian, Devensian,
Wisconsian) has particularly been divided into three or four

substages (Early Middle or Pleni-glacial, Late Weichselian,
etc., and Late-glacial), using geochronology (mainly 14C).
Boundaries are defined at specific dates, especially in the last
30 ka (Table 30.1).

A widely used event term, the Last Glacial Maximum,
frequently abbreviated to LGM, is used to refer to the
maximum global ice volume during the last glacial cycle
(CLIMAP, 1981). It corresponds to the trough in the marine
isotope record centered on c. 18 14C ka BP (Martinson et al.,
1987) and the associated global eustatic sea-level low also
dated to 18 14C ka BP (Yokoyama et al., 2000). According to
Clark et al. (2009), most ice sheets were at their LGM posi-
tions from 26.5 ka to 19 to 20 ka cal BP. The LGM has also
been assigned chronozone status (23e19 or 24e18 ka cal BP
dependent on the dating applied) by Mix et al. (2001) who
consider the event should be centered on the calibrated date at
21 ka cal BP. (i.e. LGM sensu stricto). However, since the
post-MIS 5e (last interglacial, Eemian Stage) last maximum
glaciation occurred much earlier in some areas than in others,
the term LGM should be used with caution (Ehlers and
Gibbard, 2011; Ehlers et al., 2011). Moreover, the chro-
nozone has neither been formally defined nor named from
a type locality. It is therefore currently of informal status.
However, the SQS are investigating the possibility of formally
defining this and related terms (e.g., Heinrich event) at
present.

30.4.2. Loess Deposits

In contrast to continental glacial sequences, which tend to be
fragmentary, thick aeolian dust (loess) deposits in Europe and
Asia (particularly China) are essentially continuously depos-
ited, much like deep-ocean sediment. In all areas, the loess
deposits consist of two major stratigraphic units e loess and
paleosols e representing climatically controlled variations in
loess accumulation and weathering processes. In the classic
sections on the Chinese Loess Plateau, 34 soileloess couplets
have been identified in loess deposits more than 150 m
thick, with the Gauss/Matuyama paleomagnetic boundary
(~2.6 Ma) located within loess L33 (Rutter et al., 1991; Yang
and Ding, 2010) e see Figure 30.7. Paleosol horizons are
characterized by higher magnetic susceptibility, finer grain
size and redder colors than the intervening loess horizons and
can be correlated throughout the Loess Plateau.

Underlying the lowermost loess layer (L34), is the so-called
Red Clay, which is still of aeolian origin, but which has been
weathered much more strongly than the overlying loess. The
boundary between the Red Clay and L34 is dated to ~2.8 Ma,
and is characterized by a dramatic increase in grain size and
loess accumulation rates, interpreted as a major climate shift
from long-lasting warm humid conditions to large amplitude
cold/dry and warm/humid oscillations (Yang and Ding, 2010).
There was also a large increase in aridity over the dust source
region.
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FIGURE 30.7A Magnetic susceptibility and grain-size variations in four Chinese loess sections. Soil horizons are characterized by high magnetic susceptibility values, which may be used to

correlate between sections, in addition to magnetostratigraphy. (Yang and Ding, 2010) 9
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30.4.3. Ice Cores

In the past three decades, the drilling of cores into ice sheets in
various parts of the world has revolutionized our records of
detailed climatic change. An independent record of Late
Pleistocene and Holocene climatic changes has been derived
from d16O/d18O ratios and other measurements in cores
through the Greenland and Antarctic ice sheets (Johnsen et al.,
1972; Dansgaard et al., 1993, EPICA Community Members,
2004) and from other areas, including temperate and tropical
ice caps in Asia, Africa and South America (Thompson et al.,
1989, 1995, 2002). These have provided spectacularly unri-
valled sequences which allow annual resolution of climatic
events. In one case (Kilimanjaro Ice Cap) the ice cores may
become the only physical record if present rates of ice cap
melting continue e Thompson et al. (2009) have estimated
that the ice cap could disappear within the next few decades.

From a stratigraphical point of view, it is the recognition of
patterns of a wide range of climatically controlled parameters
that provide potentially very high-resolution correlation tools
in ice cores. Detailed patterns arise from determination of
aerosol particles, dust, trace elements, spores, or pollen grains,
etc., that have fallen onto the ice surface and become incor-
porated into the annual ice layers. They include, for example,
dust from wind activity (e.g., Delmonte et al., 2004) or
volcanic eruptions (e.g., Zielinski et al., 1997; Davies et al.,
2010). Trace gases such as carbon dioxide or methane can be
trapped in air bubbles within ice crystals and provide long,
continuous records of atmospheric greenhouse gas concentra-
tions (Luthi et al., 2008). In addition, naturally and artificially
occurring radioactive isotopes present in the ice layers can be
used to provide an independent chronology for dating the ice
core sequences (e.g., Dreyfus et al., 2008).

Most cores span the Holocene and provide an annu-
ally resolved sequence for the current interglacial.
However, the Dome C core in Antarctica extends back to
nearly 800 ka (Figure 30.8; EPICA Community Members,
2004; Luthi et al., 2008), while in Greenland detailed
cores from the Greenland Ice Core Project (GRIP) and
the Greenland Ice Sheet Project (GISP) have been
obtained that provide a sequence that extends at least as
far back as the Last (Eemian) Interglacial (North
Greenland Ice Core Project Members, 2004). Chronology
comes from a combination of annual layer counting, ice
flow modeling and independent age markers (Andersen
et al., 2006; Parrenin et al., 2007; Svensson et al., 2008).
These sequences have revolutionized our understanding of
patterns and rates of global climate changes, as well as
the interlinking of the oceaneatmosphereeterrestrial
systems (cf. Lowe and Walker, 1997, for a more detailed
discussion).

The climatically determined subdivisions of ice core
sequences have been used as a basis for an event-based
stratigraphy at least for the end of the last glacial period, by

FIGURE 30.7B Weinan loess from Shiling Yang. 34 soileloess couplets

have been identified, with the Gauss/Matuyama paleomagnetic boundary

(~2.6 Ma) located within loess L33. Paleosol horizons (S levels) are char-

acterized by higher magnetic susceptibility, finer grainsize and redder colors

than the intervening loess (L) horizons and can be correlated throughout the

Loess Plateau.

FIGURE 30.8 The first is the 420 ka-long plot from the Vostok core and

shows atmospheric d18O (Petit et al. 1999), determined from gas bubbles in

the ice. This atmospheric d18O is inversely related to d18O measurements

from seawater and therefore is a measure of ice volume. It can also be used to

separate ice volume and deepwater temperature effects in benthic forami-

niferal d18O measurements. The deuterium measurements (dD) for the last

800 ka are from the 3.2 km deep EDC core in Dome C (EPICA Community

Members, 2004; Jouzel et al., 2007). They come from samples of the ice itself

and give a direct indication of Antarctic surface paleotemperature.
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Björck et al. (1998). In this scheme warmer and cooler events
are referred to as stadials or interstadials, in common with
other climatostratigraphic schemes applied to the Quaternary
(see also Figure 30.9).

30.4.4. Speleothems

Advances in high-precision U/Th dating methods over the
past decade have permitted precise dating of carbonate
deposits in caves (speleothems) such as stalagmites and
stalactites. In a series of ground-breaking papers, Wang et al.
(2001, 2004) and Cheng et al. (2006, 2009) have demon-
strated that the paleoclimate record (principally d18O) in
speleothems is as detailed as that in ice cores, and with
comparable dating precision (Figure 30.9).

30.4.5. Long Lake Records

Comparable evidence to that from ice cores has been
retrieved in the last three decades by the recovery of sedi-
ment cores and associated studies of deep lake basins in the
interiors of the continents. These investigations have
produced sedimentary records of environmental changes
over time spans of a few to hundreds of thousands of years,
and in some rare cases of the whole Quaternary. Examples
include Lake Baikal in Asia (Prokopenko et al., 2006), Lake
George in Australia (Singh et al., 1981), Lake Malawi in
Africa (Lyons et al., 2007), Lake Biwa in Japan (Fuji, 1988),
Tenaghi Phillipon in Greece (van der Weil and Wijmstra,
1987a,b; Tzedakis et al., 2006), Lake Van in Turkey (Litt
et al., 2009), La Grande Pile in France (Woillard, 1978; de
Beaulieu and Reille, 1992), the Great Salt Lake in the USA
(Eardley et al., 1973), and the Bogotá Basin in Columbia
(Hooghiemstra, 1989). The long sequences in these basins

preserve lithological, biological and geochemical records of
past environmental changes which, together with the iden-
tification of climatic and physical events such as magnetic
reversals and tephra strata, can be correlated to global, as
well as regional stratigraphies (e.g., Hooghiemstra and Sar-
miento, 1989). The correlation is achieved by defining
individual climatic or chronostratigraphies for each basin
which are then compared and correlated with external
sequences, mainly the marine isotope record (e.g., Tzedakis
et al., 1997, 2006). For example, the Siberian Lake Baikal
provides a bioproductivity record from the centre of the
world’s largest landmass, an area of extreme continental
climate. High concentrations of biogenic silica indicate high
aquatic productivity during interglacials (i.e. lake diatom
blooms during ice-free summer seasons). The composite
biogenic silica record from cores BDP-96-1, BDP-96-2 and
BDP-98 is plotted on an astronomically tuned age scale
(Prokopenko et al., 2006; Prokopenko and Khursevich,
2010) e see Figure 30.4.

30.4.6. Mammal Biochronology and the
Villafranchian “Stage”

The term “Villafranchian” was introduced by Pareto (1865) as
a continental stage referring to fluvial and lacustrine sediments
in the Villafranca d’Asti (Piedmont) region of Italy that con-
tainedmammal fossils. Gignoux (1916) proposed a correlation
with the marine Calabrian Stage, which resulted in the Villa-
franchian being associated with the basal Pleistocene.
However, the Villafranchian is now known to span the period
from about 3.5 to 1.0 Ma (i.e., PlioceneeLower Pleistocene)
and is defined as a Mammal Age, or biochronological unit
based on the evolution of large European mammals (Rook and
Martı́nez-Navarro, 2010) e Figure 30.10.
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30.5. OCEAN-SEDIMENT SEQUENCES

Because the span of Quaternary time includes our own,
a different order of discrimination is possible and different
methods are rapidly developing. The principal development
in the Pleistocene time scale depends on the regularity of the
climatic cycle that was discovered around 1875 by Croll and
developed, especially, by Milankovitch. This approach was
not taken seriously by Quaternary geologists until Zeuner
(1945), Emiliani (1955), Broecker et al. (1968) and Evans
(1971) were among those to recalculate and relate the
astronomical parameters, testing, for example, 42- and
100-ky cycles against other phenomena, such as the newly
established oxygen isotope curve from the oceans. The first
rigorous treatment using wide-ranging techniques was by
Hays et al. (1976). Isotope studies from the bottom sedi-
ments of the world’s oceans since then have indicated as
many as 52 Quaternary glacial/interglacial cycles and have
clearly shown that the continental evidence can be very
fragmentary.

The marine oxygen isotope scale makes use of the fact
that, when continental ice builds up as a result of global
cooling and sea level is lowered, the ice is depleted in d18O
relative to the ocean water, leaving the ocean water enriched
in d18O. The oxygen isotope composition of calcareous
foraminifera and coccoliths, and of siliceous diatoms, varies
in direct proportion to that of the water (cf. Shackleton and
Opdyke, 1973, for discussion of the limitations of isotope
stratigraphy). The 16 stages of Emiliani (1955, 1966)
obtained from Caribbean and Atlantic sediment cores were
extended to 22 by Shackleton and Opdyke (1973) after
analysis of the V28-238 core from the equatorial Pacific.
Subsequently another equatorial Pacific core V28-239
(Shackleton and Opdyke, 1976) and an Atlantic core (Van
Donk, 1976) extended the reconstruction of glaciale
interglacial variability through the PlioceneePleistocene
boundary. Later developments under the flag of the Deep Sea
Drilling Program resulted in the extension of the isotope
record into the Early Pleistocene and Pliocene (Shackleton
and Hall, 1989; Ruddiman et al., 1987; Raymo et al., 1989).
The sequence shown in Figure 30.4 is a composite benthic
d18O record from 57 globally distributed sites, containing
more than 38 000 individual measurements, to maximize the
signal-to-noise ratio (Lisiecki and Raymo, 2005).

As regards nomenclature, the events differentiated in
isotope sequences are termed marine isotope stages (MIS);
this term is preferred by paleoceanographers to the previously
widely used oxygen isotope stages (OIS). This is because of
the need to distinguish the isotope stages recognized from
those identified from ice core or speleothem sequences
(Shackleton, pers. comm.). The stages are numbered from the
present day (MIS 1) backwards in time, such that cold-
climate or glacial events are assigned even numbers and warm
or interglacial (and interstadial) events are given odd

numbers. Individual events or substages in marine isotope
stages are indicated either by lower-case letters or in some
cases by a decimal system, thus MIS 5 is divided into warm
substages 5a, 5c, and 5e, and cold substages 5b and 5d, or 5.1,
5.3, 5.5, and 5.2 and 5.4, respectively, named from the top
downwards. This apparently unconventional top-downwards
nomenclature originates from Emiliani’s (1955) original
terminology and reflects the need to identify oscillations
down cores from the ocean floor.

The biggest problem with climate-based nomenclature,
like the marine isotope stratigraphy, is where the boundaries
should be drawn. Ideally, the boundaries should be placed at
a major climate change. However, this is problematic because
of the multifactorial nature of climate. But since the events
are only recognized through the responses they initiate in
depositional systems and biota, a compromise must be
agreed. Although there are many places at which boundaries
could be drawn, in principle in ocean-sediment cores they are
placed at midpoints between temperature maxima and
minima. The boundary points thus defined in ocean sequences
are assumed to be globally isochronous, although a drawback
is that temperatures may be very locally influenced and may
also show time lag. The extremely slow sedimentation rate
of ocean-floor deposits and the relatively rapid mixing rate
of oceanic waters argue in favor of the approach. Attempts
to date these MIS boundaries are now well established
(Martinson et al., 1987).

30.6. LANDeSEA CORRELATION

In recent years it has become common to correlate terrestrial
sequences directly with the marine isotope stages estab-
lished in deep-sea cores. This arises from the need felt to
correlate local sequences to a regional or global time scale,
occasioned by the fragmentary and highly variable nature of
many terrestrial sequences. The realization that more events
are represented in the deep-sea, and indeed ice core,
sequences than were recognized on land, together with the
growth in geochronology, has often led to the replacement of
locally established terrestrial time scales. Instead, direct
correlations of terrestrial sequences to the global isotope
scale are advanced, as advocated, for example, by Kukla
(1977). The temptation to do this is understandable, but
there are serious practical limitations to this approach
(cf. Schlüchter, 1992).

In reality, there are very few means of directly and reliably
correlating between the ocean and terrestrial sediment
sequences. Direct correlation can be achieved using markers
that are preserved in both rock sequences, such as magnetic
reversals or tephra layers, and, rarely, fossil assemblages
(particularly pollen). However, this is normally impossible
over most of the record and in most geographical areas. Thus
these correlations must rely on direct dating or less reliably on
the technique of “curve matching”, a widely used approach in
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the Quaternary. The latter can only reliably be achieved where
long, continuous terrestrial sequences are available, such as
long lake records (e.g., Tzedakis et al., 1997), but even here it
is not always straightforward (e.g., Watts et al., 1995) because
of overprinting by local factors. Moreover, the possibility of
failure to identify “leads-and-lags” in timing by the matching
of curves is very real. In discontinuous sequences which
typify land and shelf environments, correlations with ocean-
basin sequences are potentially unreliable, in the absence of
fossil groups distributed across the facies boundaries or
potentially useful markers.

Increasingly, highly characteristic events are used as
a basis for correlation. This event stratigraphy (e.g., Björck
et al., 1998; Lowe et al., 1999; Alloway et al., 2007), typi-
cally using deposition of a tephra layer or magnetic reversals,
can also include geological records of other potentially
significant events such as floods, tectonic movements,
changes of sea level and climatic oscillations. Such occur-
rences, often termed “sub-Milankovitch events”, may be
preserved in a variety of environmental settings and thus offer
important potential tools for high- to very high-resolution
cross-correlation.

Of particular importance are the so-called “Heinrich
Layers” which represent major iceberg-rafting events in
the North Atlantic Ocean (Heinrich, 1988; Bond et al.,
1992; Bond and Lotti, 1995). These detritus bands can
potentially provide important lithostratigraphical markers
for intercore correlation in ocean sediments and the
impact of their accompanying sudden coolings (Heinrich
Events) may be recognizable in certain sensitive

terrestrial sequences such as ice cores and speleothems
(Figure 30.9). Similarly the essentially time-parallel
periods of abrupt climate change termed “terminations”
(Broecker and Van Donk, 1970), seen in marine isotope
records, can also be recognized on land as sharp changes
in pollen assemblage composition or other parameters, for
example, where sufficiently long and detailed sequences
are available, such as in long lake cores (cf. Tzedakis
et al., 1997) and in speleothems (Cheng et al., 2009; see
Figure 30.11). However, their value for correlation may
be limited in high-sedimentation-rate sequences because
these “terminations” are not instantaneous but have
durations of several thousand years (Broecker and
Henderson, 1998). These matters essentially concern
questions of resolution and scale.

Of greater concern for the development of a high-resolution
marineeterrestrial correlation is that different proxies respond
at different rates and in different ways to climate changes and
these changes themselves may be time-transgressive. This has
been forcefully demonstrated in marine cores off Portugal by
Sanchez-Goñi et al. (1999) and Shackleton et al. (2003) where
the MIS 6/5 boundary has been shown to have not been coeval
with the SaalianeEemian Stage boundary on land, as was
previously assumed (see also Figure 30.5). The same
point concerns the MIS 1e2 boundary, which pre-dates the
HoloceneePleistocene boundary by some 2000e4000 years.
Thus high-resolution land sequences and low-resolution
marine sequences must be correlated with an eye to the detail
since it cannot be assumed that the boundaries recognized in
different situations are indeed coeval.
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Notwithstanding these problems of detail, which will no
doubt be further resolved as new evidence becomes avail-
able, it is now generally possible to relate the onshoree
offshore sequences fairly reliably at a coarse scale at least
for the last glacialeinterglacial cycle (Upper/Late Pleisto-
cene). This was first proposed by Woillard (1978), but is
now well established (e.g., Tzedakis et al., 1997). Beyond,
things are very much more complicated. Witness, for
example, the longstanding disagreements over the nature
and duration of the northwest European Saalian Stage,
already referred to above (Litt and Turner, 1993). Questions
of whether the Holsteinian/Hoxnian temperate (interglacial)
stage relates to MIS 9 or 11 (e.g., Grün and Schwarcz, 2000;
Geyh and Müller, 2005), and thus the immediately
preceding Elsterian/Anglian glacial stage (cf. Zagwijn,
1992) to MIS 10 or 12 (Turner, 1998; de Beaulieu and
Reille, 1995; Litt et al., 2008) or even MIS 8, and precisely
how many interglacial-type events occur within the Saalian,
leave much potential for inaccuracy that cannot be resolved
by “counting backwards” methods. In the absence of reli-
able dating these correlations represent little more than
a matter of belief.

30.6.1. Wanganui Basin, New Zealand

An outstanding example of successful landesea correlation
comes from the shallow marine and coastal sedimentary
sequences of Wanganui Basin, a back-arc basin in the North
Island of New Zealand, where a cycle-by-cycle correlation
between marine isotope stages and basin sediments has been
achieved for the entire Quaternary (Naish et al., 1998)
(Figure 30.12).

Wanganui Basin is one of a small number of continental-
margin basins in which sediment accumulation kept pace with
subsidence throughout the Quaternary Period, resulting in
a 5 km thick sequence of NeogeneeQuaternary age. The
basin fill consists of cyclic, unconformity-bound strata rep-
resenting shelf and coastal depositional environments. Gentle
regional uplift and southward migration of the basin depo-
center have resulted in on-land exposure of the sequence,
including a broad flight of marine terraces spanning the last
700 ka (Pillans, 1983).

Chronology comes from fission track-dated tephras (Pil-
lans et al., 2005), magnetostratigraphy (Pillans et al., 1994),
biostratigraphy, amino-acid racemization (Bowen et al.,
1998), luminescence (Berger et al., 1992) and radiocarbon
dating, coupled with cyclostratigraphic correlation to the
marine isotope record (Naish et al., 1998; Pillans et al., 2005).

Regional and global correlations of the shallow marine
sequence in Wanganui Basin have been made to Taupo
Volcanic Zone (Alloway et al., 2005), deep-sea cores east of
New Zealand (Alloway et al., 2005; Pillans et al., 2005), and
the classic PlioePleistocene sections in Italy (Beu and
Edwards, 1984; Naish et al., 1998).

30.6.2. Ross Sea, Antarctica

In the austral summer of 2006/2007, the ANtarctic Geological
DRILLing Program (ANDRILL) recovered a 1284.87-m-
long core from beneath the Ross Ice Shelf at 77.89�S in
Antarctica, spanning the last 13 Ma (McKay et al., 2009;
Naish et al., 2009), the uppermost 190 m of which spans the
Quaternary Period (Figure 30.13). Chronology is based on
biostratigraphy, magnetostratigraphy and 40Ar/39Ar ages of
interbedded volcanics. The core contains a cyclic succession
of subglacial, glaciomarine and marine sediments that
comprises some 58 sequences of orbital-scale duration.

The glaciomarine cycles in the core, each bounded glacial
surfaces of erosion, reflect fluctuations in the extent of the Ross
Ice Shelf, which is largely controlled by oscillations in the size
of the West Antarctic Ice Sheet (Naish et al., 2009). The Late
Pliocene and Early Pleistocene cycles are characterized by
subglacial diamictite (till) overlain by diatom-bearing marine
mudstones and diatomites, the latter interpreted as representing
open-water deposition associated with a warmer than present
climate.Middle Pleistocene cycles are dominated by subglacial
diamictite overlain by thin mudstones interpreted as ice-shelf
deposits (McKay et al., 2009).

The youngest marine diatomite in the core occurs at
a depth of ~90 m, and is correlated with warmer than present
conditions during MIS 31, representing partial collapse of the
West Antarctic Ice Sheet (Naish et al., 2009; Pollard and
DeConto, 2009).

30.7. PLEISTOCENEeHOLOCENE
BOUNDARY

In a previous edition of this book (Harland et al., 1990) it was
stated that “this boundary was thought to correspond to a
climatic event around 10 000 radiocarbon years before present
(BP)”. At the time, the boundary was considered likely to be
standardized in a varved lacustrine sequence in Sweden (cf.
Mörner, 1976). It was originally proposed at the VIII INQUA
Congress in Paris in 1969 and was subsequently accepted by
the INQUA Holocene Commission in 1982 (Olausson, 1982).
The climatic amelioration on which this boundary is identified
is well established in a variety of sediments, particularly in
northern Europe and North America. In Scandinavia, it
corresponds to the following boundaries: European Pollen
Zones IIIeIV, the Younger Dryasepre-Boreal and Late
Glacialepost-Glacial (Mörner, 1976; Mangerud et al., 1974).
However, this boundary definition was not formally ratified by
the ICS. If it had been defined precisely at 10 000 (14C yr BP),
it would have been the first stratigraphic boundary later than
the Proterozoic to be defined chronometrically.

In 2008, the PleistoceneeHolocene boundary was defined
at a depth of 1492.45 m in the NGRIP ice core from Green-
land, with an age, based on annual layer counting, of 11 700
years b2k (before AD2000), with a 2s uncertainty of 99 years
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FIGURE 30.12 (top). Coastal outcrop of basin cycles 33 to 35 (MIS29 to 25), Okehu Stream, Castlecliff Beach, Wanganui Basin. Kaimatira Pumice

Sand contains volcaniclastic sediment from the Potaka Tephra eruption (1.00 Ma) in the Taupo Volcanic Zone. (Pillans et al., 2005)

(bottom). Generalized cross-section of Wanganui Basin, New Zealand, showing stratigraphic relationships between marine terraces, and major

lithostratigraphic units of the shallow marine basin-fill, including correlation to the marine isotope record of ODP Site 677.

Major tephras: A. Rangitawa (0.345 Ma), B. Kupe (0.63 Ma), C. Kaukatea (0.86 Ma), D. Potaka (1.00 Ma), E. Rewa (1.20 Ma), F. Pakihikura (1.58 Ma),

G. Waipuru (1.79 Ma), H. Ohingaiti (Pillans et al., 2005).

Major biostratigraphic datums (coccoliths): Eh. FAD Emiliania huxleyi, Pl. LAD Pseudoemiliania lacunosa, Ra. LAD Reticulofenestra asanoi, Hs. LAD

Helicosphaera sellii, Go. FAD Geophyrocapsa oceanica, Gs. Geophyrocapsa sinuosa (Naish et al., 1998).
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FIGURE 30.13 Stratigraphic and chronologic summary of the upper 450 m of the AND-1B core showing 32 sedimentary cylces of ice sheet advanceeretreatereadvance during the last 4 Myr

(Naish et al., 2009). Lithologies (rock-types) are plotted against depth. Glacial proximity curve tracks the relative position of the grounding line through (I) ice-contact, (P) ice-proximal, (D) ice-distal and

(M) marine environments and provides a proxy for ice sheet extent (McKay et al., 2009). Cycle duration is constrained by chronostratigraphic datums coded A-Z (Table 1). The chronostratigraphy allows

correlation of some cycles (blue shading) with time series of (A) stacked benthic d18O record (Lisiecki and Raymo, 2005), (B) model output Antarctic ice volume (Pollard and DeConto, 2009), (C) deep

southwest Pacific Ocean ventilation (Hall et al., 2001), (D) southwest Pacific Ocean sea-surface temperatures (Crundwell et al., 2008) (E) Antarctic air temperature (Jouzel et al., 2007). Right-hand side of

figure illustrates key phases in the dynamics and thermal evolution of the West Antarctic Ice Sheet during the onset and duration of the Quaternary Period. Courtesy of Tim Naish.
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(Walker et al., 2008). The boundary is most clearly marked by
an abrupt decrease in deuterium excess values, indicating
rapid warming within a period of 1 to 3 years and over
subsequent decades. Other indicators, which change more
slowly, include d18O, dust concentration, annual layer thick-
ness and a range of chemical species (Figure 30.14).

30.8. HOLOCENE SERIES

Holocene is the name for the most recent interval of Earth
history and includes the present day. Although generally
regarded as having begun 10 000 radiocarbon years, or the
last 11 500 calibrated (i.e. calendar) years, before present (i.e.

The location of the Pleistocene–Holocene boundary at 1492.45 m is
shown in the enlarged lower image.

(a) The δ18O record through
the Last Glacial–Interglacial
Transition, showing the
position of the Pleistocene–
Holocene boundary in the
NGRIP core. 

(b) High-resolution multi-
parameter record across the
Pleistocene–Holocene
boundary: δ18O, electrical
conductivity (ECM), annual
layer thicknesses corrected
for flow-induced thinning
(lcorr) in arbitrary units, Na+
concentration, dust content,
and deuterium excess.

Pleistocene – Holocene Boundary in the NGRIP Ice Core, Greenland
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FIGURE 30.14 Holocene GSSP. Visual stratigraphy of the NGRIP core between 1491.6 and 1493.25 m depth obtained using a digital line scanner. In this

photograph, the image is “reversed” so that clear ice shows up black, and cloudy ice (which contains impurities such as micrometer-sized dust particles) shows

up white. The visual stratigraphy is essentially a seasonal signal and reveals annual banding in the ice. The position of the PleistoceneeHolocene boundary at

1492.45 m is shown in the enlarged lower image (Walker et al., 2009).
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1950), the base of the Holocene is now assigned an age of
11 700 years b2k (before AD2000) as described above. The
term “Recent” as an alternative to Holocene is invalid and
should not be used. Sediments accumulating or processes
operating at present should be referred to as “modern” or by
similar synonyms.

The term Flandrian, derived from marine transgression
sediments on the Flanders coast of Belgium (de Heinzelin and
Tavernier, 1957), has often been used as a synonym for
Holocene (Figure 30.2). It has been adopted by authors who
consider that the present (Holocene) interglacial should have
the same stage status as previous interglacial events and thus
be included in the Pleistocene. In this case, the latter would
thus extend to the present day (cf. West, 1968, 1977, 1979;
Hyvärinen, 1978). This usage, although advocated particu-
larly in Europe, has been losing ground in the last three
decades (cf. Lowe and Walker, 1997, p. 16) and is now
untenable with formal ratification of the Holocene Series.

Various zonation schemes have been proposed for the
Holocene (Flandrian) Epoch. The most established is that of
Blytt and Sernander (cf. Lowe and Walker, 1997), which was
developed for peat bogs in Scandinavia in the late 19th to
earliest 20th centuries. Their terminology, based on interpreted
climatic changes, comprised, in chronological order, the pre-
Boreal, Boreal, Atlantic, sub-Boreal, and sub-Atlantic. This
scheme was refined by the Swede von Post and others, using
pollen analysis throughout Europe. Today this terminology
remains in use in northern Europe, although it has been largely
displaced by precise numerical chronology, particularly from
14C dating, which has shown that the biostratigraphically
defined zone boundaries are diachronous (cf. Godwin, 1975).
An attempt to fix these boundaries to precise dates was
proposed for northern Europe by Mangerud et al. (1974).

In prehistoric times, as well as later, climatic events have
largely served to identify the divisions elaborated by modern
14C, as well as other dating techniques, such as tephro-
chronology, and dendrochronology as well as human history.
Using these techniques Holocene time can be divided into
ultra-high-resolution divisions. For example, recent devel-
opments indicate that cyclic patterns of climate change of
durations as short as 200 years can be differentiated and
potentially used for demonstrating equivalence in peat
sequences, while ice cores and annually laminated lacustrine
sequences allow even more highly resolved correlations.

30.9. “ANTHROPOCENE SERIES”

A recent proposal has been suggested to establish a new series/
epoch, following theHolocene, to be termed theAnthropocene
(Crutzen, 2002). This term is being increasingly employed to
identify the current interval of anthropogenic global environ-
mental change, and might be proposed on stratigraphical
grounds (it should not be confusedwith the termAnthropogene
which was used in the former USSR as a synonym for

Pleistocene). It might be adopted at formal series/epoch level
for the time since the start of the Industrial Revolution or
possibly earlier (cf. Ruddiman, 2003), when changes sufficient
to leave a global stratigraphic signature distinct from that of
the Holocene or of previous Pleistocene interglacial phases
occurred. A boundary definition could be made, either using
a GSSP or by adopting a numerical date (i.e. Global Standard
Stratigraphic Age, GSSA). Formal adoption of this term
depends on its practicality, particularly to earth scientists
working on younger parts of Holocene successions (Zalasie-
wicz et al., 2008; see also Chapter 32 of this volume). From the
perspective of the far future, this datum would provide
a distinctive stratigraphical boundary.

30.10. QUATERNARY DATING METHODS

There is a much wider range of geological dating techniques
underpinning Quaternary chronology than for earlier periods
of the geological time scale. Some of the techniques are solely
applied to Quaternary deposits, while others can also be
applied to older deposits. Here, we briefly summarize the
principles and applications of the less familiar, but nonethe-
less important, Quaternary dating methods (Table 30.2). The
time ranges over which each of the methods are used are
shown in Figure 30.15. General references on Quaternary
dating methods include Easterbrook (1988), Rutter and Cato
(1995), Wagner (1998), Noller et al. (2000), Walker (2005)
and the Encyclopedia of Quaternary Science (Elias, 2007).

RADIOCARBON or carbon-14 dating is probably the
most familiar and widely used dating method in the Quater-
nary. Radiocarbon (14C) is a cosmogenic radioactive isotope
that is produced in the upper atmosphere by cosmic ray
bombardment. It is then mixed through the atmosphere and
the oceans and is incorporated into the bodies of animals and
plants as well as non-organic carbonate deposits such as
speleothems. After death of an organism or after the 14C is
locked into a mineral structure, it undergoes radioactive
decay, with a half life of 5730 years. The method is therefore
used for dating a wide range of organic and inorganic mate-
rials, such as shell, wood, charcoal, peat and coral, that are up
to about 50 000 years old. Since the amount of 14C in the
atmosphere is not constant over time, conversion of radio-
carbon age to calendar age utilizes calibration curves from
dated tree rings (Reimer et al., 2004).

LUMINESCENCE. Natural radiation (a, b, g and
cosmic) produces electron and hole pairs which can be
trapped at defects in a crystal lattice. Luminescence is
emitted when electrons liberated from the traps by heating
(thermoluminescence or TL) or exposure to visible-
wavelength light (optically stimulated luminescence or
OSL) or infra-red light (infra-red stimulated luminescence or
IRSL) recombine with trapped holes. The greater the radia-
tion dose accrued, the greater the resulting luminescence.
Age is found by calibrating the luminescence with known
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radiation doses, in combination with measurements of the
environmental dose rate. The luminescence method dates
the last time a sample was heated or exposed to sunlight, and
is especially used for dating pottery (time of heating) and
aeolian deposits (last exposure to sunlight). Samples up to
about 1 million years old may be dated in some circum-
stances (e.g., Huntley et al. 1993).

ELECTRON SPIN RESONANCE (ESR). As with lumi-
nescence dating, ESR dating relies on radiation producing

unpaired electrons in crystal lattices, with the concentration
of unpaired electrons increasing with time and radiation
dose. However, in ESR dating the proportion of trapped
electrons is measured directly (using an ESR spectrometer),
rather than from the luminescence emitted by the electrons.
The method is commonly used for dating carbonates such as
corals, shells and speleothems, but arguably its most
important application is the dating of fossil teeth (Grün,
2006, 2007).
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FIGURE 30.15 Quaternary dating methods grouped according to type of age result produced (Colman et al., 1987), showing age ranges over which

each method can be applied.

TABLE 30.2 Classification of Quaternary Dating Methods According to Type of Method Employed

Siderealy Isotopic Radiogenic

Chemical/

Biological Geomorphic Correlation

Historical records Radiocarbon Fission-track Amino acid racemization Weathering rinds Paleomagnetism

Dendrochronology K/Ar and Ar/Ar Luminescence Obsidian hydration Soil development Stable isotopes

Varve chronology Uranium series Electron spin
resonance

Lichenometry Geomorphic position Biostratigraphy

Ice cores Cosmogenic isotopes Soil chemistry Rate of deposition Lithostratigraphy

(UþTh)/He Rate of deformation Orbital variations

U/Pb Tephrochronology

210Pb Tektites

Rock varnish

(modified from Colman et al., 1987)
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COSMOGENIC NUCLIDES. Cosmic ray interactions
produce 3He, 10Be, 21Ne, 26Al, and 36Cl in the atmosphere and
lithosphere. Accumulation of these nuclides reflects duration
of cosmic ray exposure within the upper 1e2 m of Earth’s
surface and also varies with altitude and latitude. Useful
reviews include Gosse and Phillips (2001), Blard et al. (2006)
and Balco et al. (2008). The technique is very important for
dating moraines and rock surfaces associated with glacial
erosion (e.g., Barrows et al., 2002; Balco et al., 2005; Phillips
et al., 2009; Balco and Rovey, 2010).

URANIUM-SERIES. Based on decay or accumulation of
various parent/daughter isotopes in the U-series decay
chains, especially 234U/238U and 230Th/234U, the method is
commonly used for dating carbonates such as cave speleo-
thems (Cheng et al., 2009) and fossil corals (Stirling and
Andersen, 2009). The method is generally not suitable for
dating fossil mollusks because, unlike corals, mollusks do
not incorporate U into their structure during growth. Rather,
the uranium in mollusk shells is incorporated after death, by
diagenetic processes. However, Eggins et al. (2005) have
shown that laser ablation multi-collector ICPMS measure-
ments can allow dating of mollusks in some circumstances.

Dating of peat has also been attempted (e.g., Geyh and
Müller 2005).

WEATHERING RINDS. The depth of chemical weath-
ering on the surfaces of rocks progressively increases over
time, to produce a weathering skin or rind. Has been used for
dating glacial moraines and river terraces (e.g., Colman and
Pierce, 1981; Knuepfer, 1988).

AMINO-ACID RACEMIZATION (AAR). Living organ-
isms contain dominantly L-amino acids. After death, the
amino acids undergo diagenetic changes, including racemi-
zation which converts L-amino-acids into D-amino-acids.
The D/L ratio increases over time, at a rate dependent on
temperature. Widely used for correlation and dating of coastal
deposits containing molluscan shells (e.g., Bowen et al.,
1998). Can be used to calculate paleotemperatures when age
is independently known (e.g., Miller et al., 1997).

ANNUAL LAYER COUNTING (including dendrochro-
nology, varves, corals and ice cores). Trees rings, seasonally
layered sediments, ice cores and the carbonate skeletons of
various fossils (corals) all contain annual layers that can
provide unparalleled precision in dating Quaternary events
and deposits.

GSSPs of the Quaternary Stages, with Location and Primary Correlation Criteria (Status Jan. 2012)

Stage GSSP Location Latitude, Longitude Boundary Level Correlation Events Reference

Holocene Series NorthGRIP ice core,
central Greenland

75.10�N
42.32�W

1492.45 m depth in
Borehole NGRIP2

End of the Younger
Dryas Stadial,
which is reflected in
a shift in deuterium
excess values

Journal of Quaternary
Science 24/1, 2009;
Episodes 31/2, 2008

Upper Pleistocene
(Tarantian)

Amsterdam-Terminal
borehole,
Netherlands

52�22’45"N
4�54’52"E

63.5 m below
surface

Base of warm Marine
Isotope Stage 5e, before
final glacial episode of
Pleistocene

Middle Pleistocene
(Ionian)

Candidate sections in
Italy (Montalbano
Jorica or Valle di
Manche) and Japan
(Chiba)

Magnetic e Matuyama/
Brunhes magnetic reversal
(base of
Chron 1n)

Calabrian Vrica, Italy 39�02’18.61"N
17�08’05.79"E

Base of the marine
claystone overlying
the sapropelic
marker Bed ’e’

~15 kyr after end of
Oldovai normal
polarity chron

Episodes 8/2, 1985

Gelasian Monte San Nicola,
Sicily, Italy

37�08’48.8"N
14�12’12.6"E*

Base of marly layer
overlying sapropel
MPRS 250 with an
age of 2.588Ma

Corresponds to Gauss/
Matuyama magnetic
epoch boundary;
precessional cycle
250 from the present,
Marine Isotope Stage
103, with an age of
2.588 Ma

Episodes 21/2, 1998;
Episodes, 33/3, 2010;
Journal of Quaternay
science 25/1, 2010

*according to Google Earth
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Bulletin de la Société Géologique de France, Series 4 (14),

324e348.

Godwin, H., 1975. The History of the British Flora, second ed. Cambridge

University Press, Cambridge, p. 541.

Gosse, J.C., Phillips, F.M., 2001. Terrestrial in situ cosmogenic nuclides:

Theory and application. Quaternary Science Reviews 20, 1475e1560.

Gradstein, F.M., Ogg, J.G., Smith, A.G. (Eds.), 2004. A Geologic Time Scale

2004. Cambridge University Press, Cambridge, p. 589.

Grün, R., 2006. Direct dating of human remains. Yearbook of Physical

Anthropology 49, 2e48.

Grün, R., 2007. Electron spin resonance dating. In: Elias, S.A. (Ed.),

Encyclopedia of Quaternary Science, vol. 2. Elsevier, Amsterdam,

pp. 1505e1516.

Grün, R., Schwarcz, H.P., 2000. Revised open system U-series/ESR age

calculations for teeth from Stratum C at the Hoxnian Interglacial type

locality, England. Quaternary Science Reviews 19, 1151e1154.

Hall, I.R., McCave, I.N., Shackleton, N.J., Weedon, G.P., Harris, S.E., 2001.

Intensified deep Pacific inflow and ventilation in Pleistocene glacial

times. Nature 412, 809e812.

Haq, B.U., Berggren, W.A., Van Couvering, J.A., 1977. Corrected age of the

Plio/Pleistocene boundary. Nature 269, 483e488.

Harland, W.B., Armstrong, R.L., Cox, A.V., Craig, L.E., Smith, A.G.,

Smith, D.G., 1990. A Geologic Time Scale 1989. Cambridge University

Press, Cambridge, p. 263.

Hays, J.D., Imbrie, J., Shackleton, N.J., 1976. Variations in the Earth’s orbit:

Pacemaker of the ages. Science 194, 1121e1132.

Hedberg, H.D., 1976. International Stratigraphic Guide. Wiley Interscience,

New York, p. 200.

Heinrich, H., 1988. Origin and consequences of cyclic ice-rafting in the

Northeast Atlantic Ocean during the past 130 000 years. Quaternary

Research 29, 142e152.

de Heinzelin, J., Tavernier, R., 1957. Flandrien. In: Pruvost, P. (Ed.), Lexique

Stratigraphique International, vol. 1. Centre National de la Recherche

Scientifique, Europe. Paris, p. 32.

Hooghiemstra, H., 1989. Quaternary and Upper-Pliocene glaciations and

forest development in the tropical Andes: Evidence from a long high-

resolution pollen record from the sedimentary basin of Bogotá,
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million years at Tenaghi Philippon: Revised chronostratigraphy and

long-term vegetation trends. Quaternary Science Reviews 25,

3416e3430.

Van Couvering, J., 1997. Preface, the new Pleistocene. In: Van Couvering, J.

(Ed.), The Pleistocene Boundary and the Beginning of the Quaternary.

Cambridge University Press, Cambridge, pp. iiexvii.

Van Donk, J., 1976. A record of the Atlantic Ocean for the entire Pleistocene

Epoch. Geological Society of America Memoir 145, 147e163.

1009Chapter | 30 The Quaternary Period



Van Leeuwen, R.J.W., Beets, D.J., Bosch, J.H.A., Burger, A.W.,

Cleveringa, P., van Harten, D., Herngreen, G.F.F., Kruk, R.W.,

Langereis, C.G., Meijer, T., Pouwer, R., de Wolf, H., 2000. Stratigraphy

and integrated facies analysis of the Saalian and Eemian sediments in

the Amsterdam-Terminal borehole, the Netherlands. Netherlands Jour-

nal of Geosciences 79, 161e198.

Wagner, G.A., 1998. Age Determination of Young Rocks and Artifacts.

Springer, Berlin, p. 466.

Walker, M., 2005. Quaternary Dating Methods. Wiley, Chichester, p. 286.

Walker, M., Johnsen, S., Rasmussen, S.O., Steffensen, J.P., Popp, T.,

Gibbard, P., Hoek, W., Lowe, J., Andrews, J., Bjorck, S., Cwynar, L.,

Hughen, K., Kershaw, P., Kromer, B., Litt, T., Lowe, D.J., Nakagawa, T.,

Newnham, R., Schwande, J., 2008. The Global Stratotype Section and

Point (GSSP) for the base of the Holocene Series/Epoch (Quaternary

System/Period) in the NGRIP ice core. Episodes 31, 264e267.

Walker, M., Johnsen, S., Rasmussen, S.O., Popp, T., Steffensen, J.P.,

Gibbard, P., Hoek, W., Lowe, J., Andrews, J., Bjorck, S., Cwynar, L.,

Hughen, K., Kershaw, P., Kromer, B., Litt, T., Lowe, D.J., Nakagawa, T.,

Newnham, R., Schwander, J., 2009. Formal definition and dating of the

GSSP (Global Stratotype Section and Point) for the base of the Holo-

cene using the Greenland NGRIP ice core, and selected auxiliary

records. Journal of Quaternary Science 24, 3e17.

Wang, Y.J., Cheng, H., Edwards, R.L., An, Z.S., Wu, J.Y., Shen, C.-C.,

Dorale, J.A., 2001. A high-resolution absolute-dated late Pleistocene

monsoon record from Hulu Cave, China. Science 294, 2345e2348.

Wang, X., Auler, A.S., Edwards, R.L., Cheng, H., Cristalli, P.S., Smart, P.L.,

Richards,D.A., Shen, C.-C., 2004.Wet periods in northeasternBrazil over

the past 210 ka linked to distant climate anomalies. Nature 432, 740e743.

Watts, W.A., Allen, J.R.M., Huntley, B., 1995. Vegetation history and

palaeoclimate of the last glacial period at Lago Grande di Monticchio,

southern Italy. Quaternary Science Reviews 15, 133e153.

van der Weil, A.M., Wijmstra, T.A., 1987a. Palynology of the lower part

(78e120 m) of the core Tenaghi Philippon II, Middle Pleistocene,

Greece. Review of Palaeobotany and Palynology 52, 73e88.

van der Weil, A.M., Wijmstra, T.A., 1987b. Palynology of the 112.8e197.8 m

interval of the core Tenaghi Philippon II, Middle Pleistocene, Greece.

Review of Palaeobotany and Palynology 52, 89e117.

West, R.G., 1968. Pleistocene Geology and Biology, first ed. Longmans,

London, p. 377.

West, R.G., 1977. Pleistocene Geology and Biology, second ed. Longmans,

London, p. 440.

West, R.G., 1979. Further on the Flandrian. Boreas 8, 126.

West, R.G., Turner, C., 1968. The subdivision and zonation of interglacial

periods. Eiszeitalter und Gegenwart 19, 93e101.

Woillard, G.M., 1978. Grande Pile peat bog: A continuous pollen record for

the past 140 000 years. Quaternary Research 9, 1e21.
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The Prehistoric Human Time Scale

Abstract: The hominin phylogenetic tree based on compar-
ative skeletal morphology is less robust than those of most
other animal groups, because hominin fossils are rare and
poorly preserved. After a slow start in the Miocene and
Pliocene, there was much more rapid evolution through the
Pleistocene. Speciation, dispersal and extinction events often
coincided in time with episodes of increased tectonic activity

or more rapid climatic and vegetational change, and in space
with areas of high biodiversity, such as south and east Africa
and Mediterranean regions. Throughout the Pleistocene, there
is much more abundant evidence for numerous hominin tool
types, but at present most of the cultural changes do not seem
to coincide with known evolutionary changes.
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31.1. INTRODUCTION

In his classic books The Origin of Species (1859) and The
Descent of Man (1871), Charles Darwin implied that modern
humans (Homo sapiens) arose in Africa from some ancestor
resembling an ape. In the mid-19th century the only known
primate fossils that could support his suggestion were of the
European Mid-Late Pleistocene Neanderthal man (Homo
neanderthalensis) and the African Miocene ape Dry-
opithecus. Consequently, it was a long time before his ideas
were confirmed by the discovery of other hominid fossils of
intermediate date, many of them from Africa.

Thomas Huxley (1863) also suggested a phylogeny link-
ing African apes to modern humans, based on anatomical
details. In recent decades, this has been confirmed by studies
of macromolecules such as proteins (Sarich and Wilson,
1967; Andrews and Cronin, 1982), which undergo more
regular evolutionary changes than morphological character-
istics. Subsequent genetic studies have also shown that the

chimpanzees of various parts of Africa are the nearest ape-
like relatives to Homo sapiens. Originally their divergence
from an unknown common ancestor (gorilla/chimpanzee þ
human last common ancestor) was dated to the Mid-Miocene
(~14 Ma), but the genome studies suggest it occurred in the
Late Miocene (5e7 Ma) (Kumar et al., 2005; Patterson et al.,
2006). Fossil remains from numerous African, Asian
and European sites now indicate rapid subsequent
(PlioePleistocene) evolution of the human line, with the
appearance of perhaps as many as twenty morphologically
distinct species ultimately leading to Homo sapiens in the
Mid-Late Pleistocene.

Because of their genetic similarity (c. 97 %, according to
Kumar et al., 2005), modern humans and chimpanzees are
separated from other members of the Hominidae family, such
as gorillas and orangutans, as the sub-family Homininae. All
are within the Primate Order of the Class Mammalia. Humans
are fully bipedal, apes are not, but the tree-dwelling
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chimpanzees are occasionally bipedal. Very few chimpanzee
fossils are known. The two modern African species Pan
troglodytes (bonobo) and Pan paniscus (chimpanzee) are
thought to have separated late in the Early Pleistocene around
1 Ma. Little is known of their earlier relatives, but it is
unlikely that the African ape from which humans separated
(the chimpanzee/human last common ancestor) was exactly
the same as a modern chimpanzee.

When Linnaeus (1758) introduced the nameHomo sapiens,
unusually he provided no morphological description of either
the genus or the species, and working definitions of both
remain elusive even today (Tattershall and Schwartz, 2009). As
a result, the morphological differences between modern man
and earlier hominins are inadequately defined. In addition,
fossil hominin remains are rare, often poorly preserved and
almost always incomplete, so that the differences between
them are not clearly defined, and phylogenetic linkages are
correspondingly speculative. Even more than in other branches
of paleontology, paleoanthropology has vacillated between the
designation of new species or subspecies for almost every new
discovery and the tendency to shoehorn almost any new
material into a minimum of existing categories.

In what follows, summarized in Figure 31.1, we present
what we believe to be the modern consensus view of hominin
phylogeny, omitting most of the numerous contrary opinions
for the sake of brevity. However, it is inevitable that this
picture will change as further fossil remains are discovered.
The main morphological feature widely taken as evidence for
evolutionary development is cranial capacity, as an indicator
of brain size. Even this is adequately justified only within
groups representing single clades shown to be morphologi-
cally cohesive in other ways, though among the various
hominins so far distinguished there is a general if somewhat
irregular increase from about 300 cm3 in the Late Pliocene to
1800 cm3 in the Late Pleistocene, followed by a small
decrease to the present. Encephalization quotient, the ratio of
actual brain mass to that expected after adjustment for body
size, is perhaps a more appropriate factor, as it increases more
linearly, from about 2.5 in chimpanzee to 7.8 in modern
humans, but it is often impossible to calculate this from
incomplete fossil remains.

31.2. HOMININ PHYLOGENY AND
MIGRATION EPISODES

31.2.1. Hominins Predating Homo

Within the last two decades, several hominin fossils post-
dating divergence from chimpanzee have been discovered in
the late Miocene and Pliocene deposits of Ethiopia, Kenya
and Chad. They have been attributed to three different genera;
Ardipithecus (WoldeGabriel et al., 1994; White et al., 1994),
Orrorin (Senut et al., 2001) and Sahelanthropus (Brunet
et al., 2002), respectively, though the last two may be variants

of an early form of Ardipithecus known as A. kadabba (Haile-
Selassie et al., 2004). Sahelanthropus tchadensis and Orrorin
tugenensis date from 6e7 Ma; both were probably bipedal
and after the chimpanzee could be the earliest hominins, but
conclusions are tentative because their fossil remains are
sparse (Lockwood, 2008).

Much more abundant material is known for the somewhat
later Ardipithecus ramidus from the Lower Aramis Member
of the Pliocene Sagantole Formation exposed in the Middle
Awash valley of the Afar Rift in Ethiopia (White et al., 2009).
The date of this hominin, as indicated by 39Ar/40Ar dates for
volcanic tuff horizons above and below the Lower Aramis
Member, is 4.4 Ma. The skeletal remains and associated
paleobiological evidence suggest it was bipedal and had
a small brain, similar in size (300e350 cm3) to that of modern
chimpanzees, ate a more omnivorous diet than modern (fruit-
eating) chimpanzees, and clambered, often on its palms, in
humid cool woodland, which was interspersed with small
patches of moist grassland. So, even if bipedality originated
in response to the appearance of an East African savannah
habitat, as often postulated, it did not necessarily preclude
a later return to the woodland environment. However,
assigning an individual species to a particular habitat is often
uncertain because of the problem of time-averaging within
sediments (Hopley and Maslin, 2010). An earlier Ardipithe-
cus from the Middle Awash valley, transitional in morphology
between A. kadabba and A. ramidus is dated to 5.2e5.8 Ma
(Haile-Selassie, 2001).

Probably the next youngest predecessor of Homo was
Australopithecus, examples of which date from African
deposits ranging in age from about 4.2 to 1 Ma (Figure 31.1).
The first discovery was of a juvenile skull found at Taungs,
South Africa, in 1924 and named Australopithecus africanus
(Dart, 1925). Remains of this species have also been found at
three other sites in South Africa (Sterkfontein, Makapansgat
and Gladysvale), where they have been dated by the associated
fauna and by electron spin resonance to 2.5e3.0Ma. An earlier
species (Australopithecus afarensis) is represented by
a mandible fragment older than 4.15 Ma found at Tabarin,
Kenya (Ward and Hill, 1987), by jaw fragments, teeth and
footprints dated to 3.5e3.7 Ma at Laetoli, Tanzania (Leakey
et al., 1976), by a jaw and other bones found at Maka, Ethiopia
and dated to 3.4e3.9 Ma (White et al., 1993), and by a partial
female skeleton (“Lucy”), dated to 3.2Ma, found atHadar in the
Afar region of Ethiopia (Johanson, 2009). A. afarensis had
anatomical features of the hand, wrist, pelvis, knee, ankle and
foot indicating that it was bipedal and had abandoned a wood-
land habitat. Ayet earlier species, Australopithecus anamensis,
from the Early Pliocene (4.2e3.9 Ma) of the Afar region, and
also known from the Lake Baringo (Bishop and Chapman,
1970; Hill, 1985) and Lake Turkana (Patterson et al., 1970;
Ward et al., 2001) districts in Kenya, shows several skeletal
characteristics transitional between Ardipithecus ramidus and
Australopithecus afarensis (White et al., 2009).
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Later, more advanced Australopithecines, which may
have been transitional to Homo, include A. garhi, from the
Early Pleistocene (~2.5 Ma) at Bouri in the Middle Awash
valley (Asfaw et al., 1999), and A. sediba, two partial skel-
etons of which, recently discovered at Malapa Cave in the
Sterkfontein area of South Africa, have been dated to
1.78e1.95 Ma (Berger et al., 2010). A. garhi had a cranial
capacity of approximately 450 cm3.

Another group originally named Australopithecus
(A. aethiopicus, A. boisei and A. robustus), sometimes known
as the robust Australopithecines but now generally separated
as the genus Paranthropus, have been found in Late Pliocene
and Early Pleistocene deposits dating from about 3.0 Ma in
various parts of Africa. They differed from the gracile
Australopithecines described above in possessing heavier

skulls with cranial capacities up to 530 cm3, and probably
diverged from the Ardipithecus ramiduseAustralopithecus
afarensis line in the Late Pliocene, but evolved slowly and
eventually died out around 1.1 Ma. Measurements of stable
carbon isotopes in Australopithecine teeth suggest that most
had a diet consisting of mixed C3 (moist woodland)
and C4 (dry grassland) plants (e.g., Sponheimer and
Lee-Thorp, 1999).

31.2.2. Early Forms of Homo in the Early
and Mid Pleistocene

The earliest species attributed toHomo date from the first part
of the Early Pleistocene (2.4e1.9 Ma) mainly at East African
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sites, such as Olduvai Gorge in Tanzania (Leakey et al.,
1964), Hadar, Omo and Gona in Ethiopia, and Koobi Fora and
Lokalalei in Kenya. Remains attributed to two different
species, Homo habilis and Homo rudolfensis, occur at Koobi
Fora, but Olduvai Gorge and other sites have only H. habilis.
These early species of Homo were taller than Austral-
opithecus and had generally larger cranial capacities,
500e680 cm3 in H. habilis and 750 cm3 in H. rudolfensis.
Nevertheless, on account of the small difference in cranial
capacity, Wood and Collard (1999) suggested that H. habilis
was more closely related to the robust Australopithecines than
to other species of Homo. About 2 Ma, Homo habilis may
have migrated further than earlier hominins, as somewhat
similar skeletal remains have been found in parts of Africa
remote from the eastern rift (South Africa, Malawi, Algeria)
and in the Arabian Peninsula (Dennell and Roebroeks, 2005).

Two new species appeared about 1.9 Ma in East Africa,
Homo erectus and Homo ergaster. H. ergaster is known
mainly from Africa, the best example being the almost
complete skeleton of a boy dated to 1.6 Ma found near the
River Nariokotome in West Turkana, Kenya (Walker and
Leakey, 1993). H. erectus also originated in East Africa
(Conroy et al., 1978; Clark et al., 1994), but soon dispersed
more widely, probably reaching all parts of Africa except the
rainforest of the Congo basin, and migrating through north-
east Egypt, Israel, Syria and Turkey (the “Levant Corridor”)
to become established in Georgia (Gabunia et al., 2000;
Rightmire et al., 2006), China (Tangshan Archaeological
Team, 1996) and Java (Sartono, 1991) by about 1.8 Ma. In
East Africa it was contemporary with H. habilis for several
hundred thousand years, but it had a slightly bigger brain and
was probably better adapted to endurance running and animal
hunting (Brambel and Leibermann, 2004). The increased
energy obtained from a more meat-rich diet was probably
important for brain development.

By about 0.8 Ma, H. erectus had migrated to Israel
(Saragusti and Goren-Inbar, 2001), and soon afterwards
reached Europe. A mandible found at Mauer near Heidelberg
in 1907 (Schoetensack, 1908; Mounier et al., 2009) and dated
to about 0.5 Ma has long been attributed to Homo hei-
delbergensis, though the justification for a separate species is
sometimes questioned. Early Mid Pleistocene remains attrib-
uted to H. erectus or H. heidelbergensis have also been found
elsewhere in Germany (Vl�cek, 1978) and in many other parts
of Europe, including France (de Lumley and de Lumley, 1974),
Greece (Poulianos, 1971), Italy (Ascenzi et al., 1996),
Hungary (Thoma, 1966) and southern England (Roberts and
Parfitt, 1999). At the Sima de los Huesos site in the Sierra de
Atapuerca, northern Spain (Arsuaga et al., 1993; Falguères
et al., 1999; Lozano et al., 2009), abundant remains of what
was probably an earlier offshoot of H. erectus, dated to
0.8e1.2 Ma, have been namedHomo antecessor (Figure 31.1).

There is also evidence of a remnant population of
H. erectus persisting in various parts of Africa through the

Mid Pleistocene. Perhaps the most famous is a skull with
very large brow ridges found in 1921 at the Broken Hill
leadezinc mine in Rhodesia (now known as the Kabwe
Mine, Zambia). Originally named Homo rhodesiensis
(Woodward, 1921), this specimen and an associated tibia
(Trinkaus, 2009) are now attributed to an African equivalent
of H. heidelbergensis, though with some affinities to H.
erectus. Exact dating has always been uncertain, but asso-
ciated micro-mammal remains suggest it could be as recent
as 200 ka (Avery, 2002).

In northern Europe, H. heidelbergensis often lived in
caves and rock shelters during colder stages of the Mid
Pleistocene, though in lower latitudes and warmer periods
temporary tent-like shelters were probably built in open
areas from timber and animal skins weighed down by
large stones (de Lumley and Boone, 1976). Hearths at the
Gesher Benot Ya’aqov site in Israel provide the earliest
evidence for controlled use of fire at approximately 595 ka
(Goren-Inbar et al., 2004). Apart from providing warmth,
illumination at night and protection from predators, fire was
probably important in evolutionary development as it
allowed food to be cooked (Wrangham and Carmody,
2010), making it more digestible and removing bacteria and
other pathogens.

The cranial capacity of H. erectus ranged from about
600 cm3 in the early part of its history to 1250 cm3 in skulls
dated to about 450 ka from the Zhoukoudian caves near
Beijing (China). It seems to have become extinct by about 150
ka. But on the island of Flores (Indonesia), which has been
inhabited by hominins at least periodically since 1Ma (Brumm
et al., 2010), H. erectus probably persisted until almost 12 ka
as the dwarf (“hobbit”) species Homo floresiensis, which had
a cranial capacity of only 380 cm3 (Brown et al., 2004).

Two new hominin species emerged in the later Mid
Pleistocene. The populations of Homo heidelbergensis in
Eurasia are thought to have been the immediate ancestor of
Homo neanderthalensis, and those of Homo erectus remain-
ing in East Africa the ancestor of Homo sapiens. The range of
cranial capacity in H. sapiens (1350e1450 cm3) is greater
than those of later H. erectus and H. heidelbergensis
(1100e1400 cm3). But all three had smaller skulls than
H. neanderthalensis, which had a maximum cranial capacity
exceeding 1800 cm3, though this does not necessarily imply
greater intelligence.

31.2.3. Homo Neanderthalensis in the Mid
and Late Pleistocene

H. neanderthalensis generally inhabited cooler mid-latitude
regions of the northern hemisphere, such as France, Belgium,
Germany, Italy, southern England, Spain and northern Arabia,
though in warmer periods, such as parts of marine isotope
stages (MISs) 5, 4 and 3, they also migrated temporarily
across the eastern Alps and Carpathian Mountains into Poland
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(Skrzypek et al., 2011) and parts of Asia as far east as
Uzbekistan and the Altai Mountains of southern Siberia
(Krause et al., 2007). The enlarged brain could have resulted
from environmental conditions at these latitudes, such as the
need to improve sight in low winter light levels.

The earliest putative Neanderthal remains, found at Pra-
dayrol in France, were dated by electron spin resonance to
330 � 5 ka, within MIS 9 (Blackwell et al., 2007). The most
recent, c. 40e28 ka (late MIS 3), are from final refugia to
which the species had retreated in southern Iberia, notably
Gorham’s Cave, Gibraltar (Finlayson et al., 2006). Nean-
derthals seem to have been the first hominin species to bury
their dead. This probably explains why their fossil remains
are significantly more abundant than those of earlier species,
the corpses of which were probably cannibalized or left on the
surface for their flesh and bones to be consumed by carnivore
animals.

Neanderthals were shorter and stockier than either
H. erectus or H. sapiens, with an almost triangular thorax and
broad pelvis. This shape decreased surface area, and has long
been interpreted as an adaptation to life in mid-latitudes
during the long cold stages of the Mid and Late Pleistocene.
But Stewart (2005) has questioned this, and Aiello and
Wheeler (2003) have argued that such features were not
necessarily an advantage in cold conditions, where the main
problem is frostbite of exposed skin. H. neanderthalensis also
had a large nose, which may have served to warm cold air
before it entered the lungs. The numerous other cranial and
mandibular characteristics that distinguish it from H. sapiens
were listed by Tattershall and Schwartz (2006), and justify
their separation as distinct species (Harvati et al., 2004).
Analyses of carbon and nitrogen isotopes in the collagen of
fossil bones indicate that European Neanderthals had a very
meat-rich diet, whereas contemporary H. sapiens was more
omnivorous (Richards and Trinkaus, 2009). More speculative
behavioral and social differences between the two species are
discussed by Stringer (2011) in his chapters 5 and 6.

The main contraction of Neanderthal populations after c.
40 ka broadly coincides with the deteriorating and strongly
oscillating climate of MIS 3. The large Campanian Ignimbrite
eruption of the Phlegrean Fields (central Italy) around 39.3 ka
may have combined with the extremely cold Heinrich Event 4
to produce a “volcanic winter” that initiated Neanderthal
extinction (Golovanova et al., 2010). At Gorham’s Cave their
final disappearance may coincide with the increase in global
ice volume and steepening of the latitudinal temperature
gradient that occurred at the MIS 3/2 boundary c. 24 ka
(Tzedakis et al., 2007). However, these climatic changes may
not be the sole reason for their extinction, as they would also
have affected H. sapiens, which survived them. Elsewhere in
Europe the disappearance of Neanderthals seems to coincide
roughly with the arrival of H. sapiens. The two species prob-
ably co-existed for short periods, and would have competed for
decreasing food resources in the deteriorating environmental

conditions. H. sapiens was taller, faster, better at endurance
running, and thus a more efficient hunter, but also could have
introduced new diseases from the tropics that proved fatal to
H. neanderthalensis (Wolff and Greenwood, 2010).

More speculatively, Valet and Valladas (2010) noted the
coincidence of the progressive decline in European Nean-
derthal populations with the period of weak geomagnetic field
intensity between the Laschamp (40.4 � 1.1 ka) and Mono
Lake (32.4� 0.3 ka) excursions. At this time, western Europe
would have been shielded less efficiently from high energy
particles of cosmic and solar origin, so they suggested that
local depletion of atmospheric ozone and increased exposure
to UVB radiation could have weakened Neanderthal health,
causing skin cancer, suppressed immunity to disease and eye
cataracts that restricted hunting ability. In comparison,
contemporary H. sapiens populations were more widely
distributed and were less affected in areas, such as Africa,
eastern Europe and Asia, where the geomagnetic field
strength was not weakened as much.

Over the last 2e3 decades, some of the relationships
between later hominin groups previously based on skeletal
morphology have been reassessed by detailed sequencing of
nuclear and mitochondrial DNA extracted from selected
fossil remains; mitochondrial DNA is transmitted through the
female line only, and is often more useful for evolutionary
studies as it mutates more quickly than nuclear DNA. As
DNA degrades more rapidly at higher temperatures and in
acidic conditions, all endogenous forms are preserved better
in remains found at higher latitudes, such as those inhabited
by H. neanderthalensis, and especially from limestone caves.
Comparison of DNA sequences from well-preserved fossil
bones of three different H. neanderthalensis specimens with
those from modern H. sapiens from five different parts of the
world by Green et al. (2010) suggested that the two species
had a common ancestor between about 825 ka and 440 ka, but
(in broad agreement with the fossil record) had separated
before 270 ka. It also showed that present-day populations of
Eurasian areas share slightly more (1e4 %) of their genes
with H. neanderthalensis than do the native populations of
Sub-Saharan Africa, as might be expected from the known
occurrence of Neanderthal fossils.

31.2.4. The Denisovans

A complete mitochondrial DNA genome obtained by Krause
et al. (2010) from a fossil phalanx (finger bone) found in
Denisova Cave in the Altai Mountains, an area known to have
been inhabited by H. neanderthalensis, indicated that the
hominin from which the phalanx came shared a much earlier
(~1.04 Ma) common ancestor with neanderthalensis and
sapiens than that shared by H. neanderthalensis and
H. sapiens alone (466 ka). As the cave deposit in which it was
found dates from between 50 ka and 30 ka, the considerably
greater age of this most recent common ancestor suggests the
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existence of a third otherwise unknown Late Pleistocene
hominin, which may have separated from Homo erectus
populations in eastern Asia. Krause et al. (2010) considered it
premature to distinguish this as a separate species, so they
described the “Denisovans” as a “sister group” to the Nean-
derthals (Figure 31.1).

Further studies of the nuclear DNA extracted from the
same phalanx (Reich et al., 2010), including comparisons
with the nuclear DNA of present-day human groups, indi-
cated that, although there has been no Denisovan genetic
contribution to the modern Mongolian and Chinese pop-
ulations of the Altai region, 4e6 % of the genes of the present
Melanesian population of Papua New Guinea are inherited
from the Denisovans. So there was some interaction between
the Denisovans and Melanesian ancestors, though probably
not in southern Siberia; this implies a Denisovan migration
from Siberia to Melanesia, possibly in response to deterio-
rating climatic conditions in MIS 3 or 2.

31.2.5. The Origin of Homo Sapiens

Hominins with a large proportion of anatomical features
resembling those of modern Homo sapiens became common
in East and South Africa between 195 and 100 ka, and
eventually dispersed to all parts of the world other than the
polar regions (Rightmire, 2001). The first evidence for
emergence of H. sapiens in Africa during this period was
provided by analyses of mitochondrial DNA and derivation of
a single common ancestor for 147 modern humans distributed
around the world (Cann et al., 1987). More recently, it has
been confirmed by further comparisons of mitochondrial,
nuclear and Y-chromosome DNA sequences from modern
African populations (Stringer, 2011, chapter 7), though
attempts to extract uncontaminated DNA from fossil remains
of H. sapiens have not yet been successful. Morphometric
studies of hominin remains also support an African origin for
early H. sapiens. For example, crania from the Middle Awash
valley of Ethiopia, which are similar in size and general shape
to modern human skulls from Oceania and Australia, have
been dated to 160e154 ka (White et al., 2003), and an
anatomically modern child’s jaw from Jebel Irhoud,
Morocco, has been dated to 160 ka (Smith et al., 2007).

Compared with H. erectus, H. sapiens developed reduced
post-canine dentition, a smaller jaw but more prominent chin,
a more barrel-shaped chest and shorter forearms, but the two
were broadly similar in height. Unlike those of all earlier
hominins, including chimpanzee, the skull of H. sapiens is
more globular and has an upright forehead with almost no
brow ridges. These changes may have been associated with
differences in brain shape and structure of the larynx, which
allowed the development of articulate speech. The brain has
a large energy requirement, and for H. sapiens this was
probably met by a more carnivorous diet than that of
H. erectus, though lipids obtained from a seafood diet in

coastal regions of Africa may also have been important in
development of the H. sapiens brain (Parkington, 2006).

Compared with earlier hominins, and indeed almost all
other mammals apart from some aquatic and subterranean
species, H. sapiens also has a greatly decreased cover of body
hair. In fact, much of the 2e3% difference between the
modern human and chimpanzee genomes lie in the genes that
control skin properties (e.g., scuff resistance) resulting from
the change to hairlessness. This change may have originated
in the need for more efficient cooling of a body that often had
to expend large amounts of energy in hunting animal food
(Jablonski, 2010). The ability to dissipate body heat by more
efficient sweating may also have permitted enlargement of the
brain, which is one of the human body’s most temperature-
sensitive organs, though retention of scalp hair may have been
necessary to provide some insulation for the top of the head
exposed directly to the sun in the open savannah environment
of Africa.

The need to find new hunting areas because of a simulta-
neous increase in human population and decrease in prey
animals, may account for an initial migration ofH. sapiens out
of Africa into southeastern Arabia by c. 125 ka (Armitage
et al., 2011) and into Israel between 120 and 90 ka (Valladas
et al., 1987; Grün and Stringer, 2000). At this time (MIS 5),
the climate of north Africa and the Near East was considerably
wetter than today, with numerous lakes, rivers and forest that
could have assisted migration (Petraglia, 2011). A small but
robust mandible and teeth dated to>100 ka from Zhiren Cave
in Guizhou Province, southern China, have also been attrib-
uted to an early form ofH. sapiens (Liu et al., 2010). However,
with no evidence for anatomically modern hominins between
Arabia and China at this time, Dennell (2010) suggested that
they could represent a late form of H. erectus that had become
more gracile over time in an isolated situation.

The main dispersal of H. sapiens from Africa into the
Near East and Europe through the “Levant Corridor” prob-
ably occurred much later during Greenland Interstadial (GIS)
14/13 of the ice core record (part of MIS 3). At this time
(55e49 ka), migration was assisted by an increase in low
latitude summer insolation, which led to northward extension
of summer monsoon rainfall in Africa. Simultaneously a mild
humid period in Europe resulted from resumption of North
Atlantic meridional overturning (Müller et al., 2011). The
MIS 3 migration into Europe was probably interrupted by the
brief but sharp climatic deterioration of Heinrich Event H5 c.
48 ka, but resumed when Atlantic circulation was reinstated
in GIS 12 (c. 47 ka). However, GIS 12 initiated a long period
of rapid climatic change, to which H. sapiens already in
Europe adapted by innovation in technology and social
organization (Gamble, 2009). This timing of the main
dispersal of H. sapiens from Africa into Europe is supported
by molecular studies, which suggest that most modern human
populations had migrated out of Africa by about 60 ka
(Harpending and Rogers, 2000).
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From the Near East, it is likely that after about 50 ka
H. sapiens migrated eastwards to India, southeast Asia and
Indonesia, probably using coastal routes to avoid arid and
often mountainous inland areas. Numerous short sea cross-
ings across Indonesia led to Australia by about 40 ka, and
a northward route through China and eastern Russia may
eventually have led across the Bering Strait to North America
by about 13 ka. However, these suggested routes are only
weakly supported by evidence from human remains or
artifacts.

In warmer regions, early H. sapiens sometimes con-
structed temporary homes using poles, large bones, skins and
stones, but caves or rock shelters were the main form of
habitation, especially in the increasingly cold conditions of
higher latitudes in late MIS 3 and MIS 2. One of the first
hominin fossils ever discovered is an ochre-stained complete
skeleton of H. sapiens found in Paviland Cave, South Wales,
by William Buckland (1823). Originally thought to be an
interred Roman prostitute, it was termed the “red lady of
Paviland”, but the skeleton is actually that of a young man
aged 26e30, which has now been radiocarbon dated to ~ 33
ka (MIS 3). The arrival of ice sheets at the height of the Last
Glaciation (~ 20 ka) temporarily drove H. sapiens southwards
out of Britain, Denmark and other north European areas for
several thousand years in the middle of MIS 2, though they
returned during the Allerød or Windermere Interstadial,
which is equivalent to Greenland Interstadial 1 (GI-1,
14.70e12.65 ka BP) in the ice core record.

The rapid climatic amelioration at the beginning of the
Holocene (11.7 ka) led to a large increase in the population of
H. sapiens in many regions. The hunter-gatherer economy,
which had persisted throughout the later Pliocene and Pleis-
tocene, initially remained unchanged in many areas, but the
need to sustain the rapidly expanding population prompted
the development of agricultural techniques, such as the
domestication of animals (goats, sheep, cattle) and the culti-
vation of arable crops (mainly cereals). Agriculture in turn led
to development of farming settlements, which progressively
replaced the earlier nomadic lifestyle, and sparked a rapid
advancement towards modern civilization.

31.3. THE PALEOENVIRONMENTAL
CONTEXT OF EARLY HOMININ
EVOLUTION

The Late Miocene to Mid Pleistocene period of hominin
evolution leading from the chimpanzee/human last common
ancestor eventually to Homo sapiens was one of progressive
though irregular global cooling. In the main evolutionary
arena, East Africa, it was also one of massive tectonic
changes leading to progressive but irregular fragmentation of
the vegetation and an increase in overall aridity. The overall
East African aridification is mainly indicated by the carbon

isotope records of secondary carbonates in paleosols (Levin
et al., 2004; Wynn, 2004; Segalen et al., 2007) and of
n-alkanes in marine sediments (Feakins et al., 2005), both of
which suggest a progressive shift from C3 (woodland) to C4
(tropical grassland) vegetation types (Figure 31.2). The
gradual drying has been attributed to rifting and uplift of the
region (Sepulchre et al., 2006).

However, in the Early and Mid Pleistocene, the pattern of
overall aridification was punctuated by three main episodes of
highly variable climate, oscillating between very wet and
unusually dry, which have been dated to approximately
2.7e2.5, 1.9e1.7 and 1.1e0.9 Ma (Figure 31.2). The
evidence for these is provided by the record of large, deep
ephemeral lakes in the Kenyan and Ethiopian Rifts (Trauth
et al., 2005, 2007), by variations in the abundance of Saharan
dust reaching the eastern Mediterranean (Larrasoaña et al.,
2003) (Figure 31.2) and by peaks in eastern Mediterranean
seafloor sapropel, which probably resulted from changes in
discharge of the River Nile (Lourens et al., 2004). Where the
lacustrine records have been investigated in detail, as for the
2.7e2.5 Ma episode in the Chemeron and Baringo Basins of
the Kenya Rift (Deino et al., 2006; Kingston et al., 2007) and
the 1.9e1.7 Ma episode in the Koobi Fora Formation of the
Turkana Basin (Lepre et al., 2007), separate sub-phases of
higher lake levels, often indicated by diatomite beds, have
been identified with a cyclicity related to the 23 ka astro-
nomical cycle of precession. Similar precessional cyclicities
have also been recognized in the Mediterranean sapropel
record (Lourens et al., 2004) and in the dust record of the
eastern Mediterranean (Larrasoaña et al., 2003), North
Atlantic and Indian Ocean (de Menocal, 1995, 2004), though
the dust and sapropel records are negatively correlated.

The three main episodes of intense wetedry climatic
oscillation seem to correlate with maxima in the 400 ka
component of the astronomical eccentricity cycle. Although
these occurred every 400 ka before 2.7 Ma, after this time the
strongest maxima recur at 800 ka intervals, and the weaker
intervening 400 ka maxima (at about 2.2, 1.4 and 0.6 Ma) are
not so easily identified in the lake records. Because of the link
with the eccentricity cycle, the three episodes correlate with
important global climatic transitions (Trauth et al., 2005), the
2.7e2.5 Ma episode with a considerable intensification of
northern hemisphere glaciation following closure of the
Straits of Panama (Haug and Tiedemann, 1998), the 1.9e1.7
Ma episode with intensification and shift in the east-west
zonal atmospheric circulation known as the Walker Circula-
tion (Ravelo et al., 2004) and the 1.1e0.9 Ma episode with
the change from 41 ka to 100 ka glacialeinterglacial cycles,
often known as the Mid Pleistocene Revolution (Berger and
Jansen, 1994) (Figure 31.2). The three global climatic tran-
sitions led to polar ice expansion and compression of
the Intertropical Convergence Zone, the latter influencing the
strength of the southeast Asian monsoon and increasing the
sensitivity of East Africa to precessional forcing of rainfall.
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Coupled with the orographic changes resulting from uplift of
the Kenyan and Ethiopian Plateaux, the increased sensitivity
resulted in a rift valley climate that, by analogy with the
climate and lake history of the last 150 ka, could have
produced lakes up to 150 m deep with an increase in annual
precipitation of only 15e30% (Bergner et al., 2003).

Apart from the climatic variability in East Africa
resulting from precessional cycles, even shorter range vari-
ability was likely because precessional forcing of climate is
not smooth but sinusoidal (Maslin et al., 2005), with short
periods (<2000 years) of strong forcing separated by longer
periods (>8000 years) of weaker forcing. This would have
caused lakes to appear rapidly in the rift valley, probably in
less than 500 years, then persist for several millennia before
disappearing equally rapidly (Deino et al., 2006; Kingston
et al., 2007). The profound effects such rapid climatic
changes would have had on the vegetation of East Africa

also had important implications for the speciation and
dispersal of hominins in the region (Maslin and Christensen,
2007). In particular, Maslin and Trauth (2009) have pointed
out that:

1. In the 2.7e2.5 Ma episode, Australopithecus africanus,
A. garhi, Homo rudolfensis, H. habilis and Paranthropus
aethiopicus all first appeared, there was a minor migration
of H. habilis out of Africa and A. africanus later became
extinct.

2. In the 1.9e1.7 Ma episode, H. erectus, H. ergaster and
P. robustus first appeared, there was a major migration of
H. erectus out of Africa and H. habilis, H. rudolfensis and
H. ergaster all became extinct.

3. Finally, in the 1.1e0.9 Ma episode, there was another
migration of H. erectus from Africa into Europe,
H. heidelbergensis first appeared and P. robustus became
extinct.
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FIGURE 31.2 Relationship of hominin evolution to global climate transitions and indicators of African environments.
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Where it is possible to date them precisely, these speciation,
dispersal and extinction events seem to have occurred mainly
at the beginning and end of the episodes of enhanced climate
variability. This supports an extreme version of the Variability
Selection Hypothesis of human evolution (Potts, 1998),
which has been refined as the Pulsed Climate Variability
Hypothesis (Maslin and Trauth, 2009).

The episodes of enhanced climate variability also resulted
in an increase in relief in many parts of the world in response
to increased erosion and isostatic uplift, as indicated by river
terrace sequences (Westaway et al., 2009). The second
episode (1.9e1.7 Ma) coincides with the migration of
H. erectus from East Africa into Asia via the “Levant
Corridor”, a region that suffered especially strong erosional
isostasy and possibly also tectonic uplift (Schattner, 2010) in
this part of the Mid Pleistocene. The increased relief in this
previously semi-arid area probably led to moister conditions
with denser vegetation and more lakes, which may have
facilitated the migration ofH. erectus (King and Bailey, 2006).

31.4. HOMININ INDUSTRIES AND THE
TERMINOLOGY OF PREHISTORIC
PERIODS

Compared with the rare hominin skeletal remains (bones and
teeth), artifacts provide a much more abundant record of
human presence and the development of human activities.
Based on the raw materials used and the typology of artifacts,
the period from the first appearance of Homo early in the
Pleistocene until the start of the historic period has been
divided into the Old Stone Age (Paleolithic), Middle Stone
Age (Mesolithic), New Stone Age (Neolithic), Bronze Age
and Iron Age. By convention, the Paleolithic ends and the
Mesolithic begins at the Pleistocene/Holocene boundary, so
the Paleolithic is almost exactly equivalent to the Pleistocene.

Apart from the end of the Paleolithic coinciding with the
close of the Pleistocene, there are no clear time lines between
the various archaeological periods. Their boundaries are
often irregularly diachronous because they depend upon the
slow migration of tool-making techniques from region to
region or on the indigenous development of techniques at
different times in different places (Figure 31.3). Also each
species of Homo did not occupy all areas continuously from
the time of its first appearance. Long gaps in the human
record of many regions have been attributed to factors such
as climatic deterioration, depletion of food resources or
changes in land distribution resulting from major modifica-
tions to sea level.

The Paleolithic is further divided into Lower, Middle and
Upper. Based on the association of artifacts with human fossil
remains, the Lower Paleolithic is roughly equivalent to the
lifespans of Homo habilis and Homo rudolfensis, and the
Middle Paleolithic to those of Homo erectus, H. antecessor,

H. ergaster, H. heidelbergensis and H. neanderthalensis. The
Upper Paleolithic, Mesolithic and later archaeological
periods coincide with the presence of Homo sapiens.

31.5. EARLY AND MID PLEISTOCENE
TECHNOLOGIES

31.5.1. The Lower Paleolithic

No hominid predating Homo produced stone tools that can
definitely be identified as such in Pliocene or earlier deposits,
though there is some evidence in the Late Pliocene (~ 3.4
Ma) of Ethiopia for sharp (probably natural) rock flakes
having been used for butchery (McPherron et al., 2010).
However, both of the earliest species in the Early Pleistocene
(H. habilis and H. rudolfensis) produced rudimentary stone
tools of the Lower Paleolithic Oldowan culture. H. habilis
(handy/able/skilful man) was in fact named originally
because of its association with stone tools (Leakey et al.,
1964), which may have been essential to the meat-eating diet
that facilitated brain enlargement. Oldowan tools consisted
of natural stream cobbles of basalt, quartzite, chert or other
hard rock which have been crudely knapped by striking them
with a larger softer hammerstone, so as to remove sharp-
edged flakes that could be used for cutting meat and plant
material or extracting marrow from animal bones. At some
sites, these “pebble-tools” are associated with the skeletal
remains of Australopithecines as well as Homo spp, but there
is no hard evidence that the former were responsible for
producing tools in this way.

Three phases of the Oldowan culture can be distinguished.
The Pre-Oldowan, which has been recognized at Gona, Omo
and Hadar in East Africa and dates from 2.6e2.0 Ma, consists
of flakes produced by simply striking cobbles with a ham-
merstone against an anvil stone; the unifacial flakes were used
and the remaining corestones rejected. As the earliest remains
of H. habilis are from 2.4 Ma, the earliest stone tools predate
current knowledge of the species with which they are thought
to be associated. In the Classic Oldowan, recognized more
widely and dating from 1.9e1.6 Ma, the cobble was struck
either against an anvil stone or while being held in the hand,
and many of the cores were used for chopping and not simply
rejected; also, there was some tendency towards characteristic
shaping of flakes and cores. Finally, in the Developed Old-
owan (1.6e1.5 Ma), recognized mainly at Olduvai and Koobi
Fora, stones held in the hand were chipped from both sides to
produce proto-bifaces with sharper and stronger cutting
edges, and large numbers of flakes were skillfully fashioned
into skin scrapers.

Chopper-core and simple flake industries resembling the
Oldowan are also known from numerous sites outside East
Africa, including raised beaches in Morocco, Spain and
Portugal, high river terraces in Hungary, northern Punjab,
Thailand, Malaya and Java and lake deposits in Italy, northern
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Germany and the Czech Republic. The dating of these sites is
often imprecise, but many seem to be considerably younger
than those in East Africa, reflecting either slow migration of
the Oldowan culture away from Africa or independent
emergence of similar techniques in later periods. For
example, in the Ceprano basin of central Italy, Classic Old-
owan pebble tools (unifacial chopping and percussion tools
with cores and hammerstone flakes) are associated with
a fragmentary cranium of “archaic” morphology found in
lacustrine deposits now dated to MIS 11 (430e385 ka)
(Manzi et al., 2010).

31.5.2. The Middle Paleolithic

The more advanced Middle Paleolithic Acheulian culture,
dating from about 1.9 Ma in East Africa, emerged at
approximately the same time as the appearance of H. erectus
and H. ergaster. Bifaces known as handaxes were more
common than in the Developed Oldowan and showed a wider
range of shapes, which often differ between regions, sug-
gesting a conscious attempt repeatedly to produce tools of
characteristic shape. Because of the long overlap in time
between late H. habilis and early H. erectus, the Acheulian
and Oldowan cultures are found together in East and South
Africa between about 1.9 Ma and 1.5 Ma. Outside Africa,
handaxes probably produced by H. erectus first appeared later
in the Early Pleistocene, about 1.2 Ma in Israel (Bar-Josef and
Goren-Inbar, 1993), 0.9 Ma in southern Spain (Scott and
Gibert, 2009) and 0.8 Ma in southern China (Yamei et al.,
2000). But they are not found in other parts of Asia, where
Oldowan tools persisted until about 200 ka.

Unlike the proto-bifaces of the Developed Oldowan
culture, handaxes were worked symmetrically, often by
hammering with bone, antler or wood as well as stone. This
allowed greater control over the shape of the finished arti-
facts, with secondary flaking to make the handaxes thinner
and retouching of flakes for further sharpening. On average,
handaxes had cutting edges at least four times longer than
Oldowan cores and flakes. Microwear studies suggest that
they were multi-purpose tools, probably used for butchering
animal carcasses, scraping hides, cutting timber and gathering
plant material for bedding (Schick and Toth, 1993), and
possibly also for digging for roots or soil animals. At African
sites in particular, they are often associated with tools known
as cleavers, which had a straight cutting edge transverse to
their longest axis; these were probably also used for butch-
ering, cutting vegetables or working timber.

The oldest tools in northern Europe, dating from 1.0e0.7
Ma and attributable to either H. erectus or H. heidelbergensis,
are from Pakefield and Happisburgh at almost 53� N in
eastern England (Parfitt et al., 2005, 2010). The assemblages
at these sites consist of cores, flakes and retouched flakes but
do not include handaxes, which appeared somewhat later in

northern Europe, about 0.5 Ma (Monnier, 2006). The classic
Acheulian flint handaxes found widely in the early Middle
Pleistocene river terrace and lacustrine deposits of Europe,
including those from the historically important sites of St
Acheul near Abbeville in northern France and Hoxne and
Swanscombe in southern England, were probably also the
work of the same species. In these areas, as elsewhere, there
are also approximately contemporaneous chopper-core
industries (the Abbevillian in France and Clactonian in
Britain), which show some resemblance to the Classic Old-
owan, and suggest continuing coexistence of tool-making
traditions originating with H. habilis and H. erectus or
H. heidelbergensis. The oldest known wooden tools, hunting
spears more than 2 m long from Schoeningen in Germany,
date from approximately 400 ka and were probably the work
of H. heidelbergensis (Thieme, 1997).

Handaxe industries of the Mid-Late Pleistocene are also
widespread in Africa, the Near East and India, but dating is
almost always imprecise. At Sidi Abderrahman in Morocco,
handaxes are associated with a mandible fragment of
H. erectus, but where hominin remains have been found at
other sites they have usually been attributed to the later
H. neanderthalensis or even H. sapiens. Handaxes found on
Crete (Strasser et al., 2011) and other Mediterranean islands,
which are surrounded by deep water and could not have been
connected to Africa, the Near East or Europe, even when sea
level fell eustatically during cold stages of the Mid and Late
Pleistocene, suggest an ability to cross open water during the
Middle Paleolithic.

The numerous stone tools found at European Neanderthal
sites are mainly of the later Middle Paleolithic Mousterian
industry, which is named after the type site at Le Moustier in
the Dordogne region of France. Mousterian artifacts generally
consist of flakes shaped into triangular knives, burins,
scrapers and spearheads or toothed for use as saws, and
a small number of cordate or triangular handaxes made from
discoidal cores. Compared with the general purpose Acheu-
lian handaxes, these tools were more specialized, had
increased cutting edges and could be reshaped or sharpened,
so that they lasted longer. Similar tools have also been found
in the Near East, north Africa and India (Petraglia et al.,
2007), but are here thought to be at least partly the work of
early H. sapiens. In the Near East, the industry is known as
Jabrudian after a rock shelter site in Syria (Waechter, 1952).

After MIS 8, Mousterian tool production was often based
on the Levallois technique (Dibble and Bar-Yosef, 1995),
which involved pre-shaping a flake on the core before it was
removed (Figure 31.4). Small flakes were first removed from
the entire cortex of a flint nodule to produce an oval core,
a striking platform was then prepared at one end and a single
large flake detached by a sharp blow on the platform, thus
leaving behind a “tortoise core” with a single concave
surface and a multifaceted convex outer surface. Because
the Levallois technique was very wasteful of raw material,
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sites with large numbers of tortoise cores are mainly found
close to rich sources of good quality flint, such as Baker’s
Hole and Purfleet in the lower Thames valley (Roe, 1981;
Wymer, 1985) and near Onival on the Normandy coast
(Vallin et al., 2006).

A late development of the Levallois technique, dating
from MIS 5 and MIS 4 in parts of southern, western and
central Europe, north Africa and the Near East, involved the
preparation of two flat striking platforms, one at either end of
the original core, and the production of numerous elongate
prismatic blades from that core. These were the precursor of
the prismatic blades that dominated the subsequent Upper
Paleolithic industries. Locally some late Levallois blades
were modified to create crude spearheads and arrowtips.

Techniques resembling Levallois are also known from
Mousterian sites in more distant areas, including South Africa
(Clark, 1959, pp. 126e127), India (Wainwright and Malik,
1967), China (Chang, 1987), Crimea (Marks and Chabai, 2006)
and Uzbekistan, but their dating is imprecise, so it is unclear
whether they were made by migrating Neanderthals or devel-
oped independently. In many areas artifacts with features of
those commonly found at Upper Paleolithic sites are curiously

mixed with typical Middle Paleolithic tools, suggesting either
that there were local invasions by early H. sapiens or local
advances in human cognitive and industrial abilities.

In South Africa, Middle Paleolithic sites of various ages
from 160 ka to about 80 ka, including Pinnacle Point (Marean
et al., 2007) and Blombos Cave (Henshilwood et al., 2009),
provide evidence for the exploitation of red ochre (hematite)
and other pigments, probably for body decoration. Blombos
Cave and other Middle Paleolithic sites in Israel and Morocco
also contain numerous pierced shells of the marine gastropod
Nassarius, which were probably strung together, again for
body decoration.

31.6. THE EARLIEST TECHNOLOGIES OF
HOMO SAPIENS e THE UPPER
PALEOLITHIC

The dispersal of H. sapiens through the “Levant Corridor” in
MIS 3 after 55 ka introduced the main wave of Upper
Paleolithic culture to Europe and Russia. It spread rapidly
through southern Europe, where it has long been attributed to

FIGURE 31.4 Production of Mousterian tools by the Levallois technique.
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the Cro-Magnon race, named after five skeletons found in the
Abri de Crô-Magnon rock shelter, Dordogne (Lartet, 1868),
but was slower to reach northern areas such as Belgium and
Britain. In Russia it had reached the Altai Mountains by 43 ka
(Brantingham et al., 2001), the Don Valley by 41 ka (Holliday
et al., 2007) and the northern Urals (67� N) by 40 ka
(Svendsen et al., 2010).

Stone tools, forming the various Leptolithic (thin or light
stone) industries, consisted of thin delicate blade-like
implements fashioned from carefully prepared two-platform
cores of flint or other fine hard stone. This technique utilized
the raw material more economically, and allowed the
production of numerous specialized forms of tool
(e.g., spearheads, arrowtips, harpoons, awls, scrapers, knives)
often with greatly increased length of cutting edge per unit
volume of flint. Some weapons and tools (e.g., needles, picks)
were also made from bone, tusk and antler. Rock painting,
sculpture and the production of personal ornaments
(e.g., ivory bead necklaces) flourished in some areas (Guthrie,
2005). Upper Paleolithic mural art, usually on the walls of
caves, is common in France (Clottes, 2003) and Spain, but
rare elsewhere. Portable art objects, such as ivory figurines,
are known mainly from France, Germany, Italy and western
Russia, and simple musical instruments (flutes) carved from
ivory or bird bones are known from caves in southwestern
Germany (Conard et al., 2009). Eyed bone needles suggest
production of clothing and bedding for insulation against the
cold, and features of some fossil foot bones indicate the use of
shoes (Trinkaus and Shang, 2008).

Most habitation sites were again in caves and rock shelters
but, where these were not available, temporary structures
were probably built in open country, including huts and tents
of animal skin or reed stretched over a frame of timber or
bone. However, these materials decompose rapidly and there
is little evidence for them in the archaeological record.
Locally semi-underground dwellings, known as zemlyankas
in the Slovak Republic, were constructed.

The abundance of archaeologically rich Upper Paleolithic
sites in France, often with well-developed stratigraphy within
the range of radiocarbon dating, led to the recognition of five
Upper Paleolithic stages, each with characteristic tool types,
which can often be recognized elsewhere in Europe. In
approximate date order, these stages are:

1. Perigordian (45e20 ka), which probably evolved from the
local Mousterian, as at some sites there are intermediate
industries stratified between them. Six substages have been
recognized, the earliest of which (the Châtelperronian) is
characterized by thin flakes and flint knives with curved
backs, the last (Gravettian) by straight-backed knives. The
Châtelperronian probably represents a transition from the
Mousterian, as the two have many tool types in common.

2. Aurignacian (40e20 ka), which is characterized by spears
and blades other than the Châtelperronian and Gravettian

knives and by highly developed bone and ivory work, such
as points with oval or lozenge-shaped cross-sections, and
miniature female figurines or “venuses”. Approximately
contemporaneous with the Perigordian, the Aurignacian
seems to represent a different industrial tradition intro-
duced from the Near East, and principally associated with
the Cro-Magnons. Five Aurignacian substages, each with
distinct tool types, have been recognized.

3. Solutrean (21e19 ka), which is characterized by beauti-
fully flaked bifacial leaf-shaped flint projectile points and
fine bone artifacts such as eyed needles. The origin and
fate of this short-lived industry are still uncertain.

4. Magdalenian (19e13 ka), which is characterized by finely
worked bone and antler tools, including awls, harpoons,
tridents and needles, and long flint blades used as scrapers
or borers. In the southwest Paris Basin, the late Magda-
lenian includes a distinctive asymmetrically pointed
(beak-shaped) boring tool resembling those known as
“Zinken” from Upper Paleolithic (Hamburgian) sites in
north Germany.

5. Azilian (12e11 ka), which is confined to the Pyrenean
region in south-western France and northern Spain, and
consists of small, less refined blades, scrapers and
harpoons.

The Late Devensian (MIS 2) glaciation of Britain and Den-
mark, and the associated severe periglacial conditions of
Holland and Belgium, divided the Upper Paleolithic of these
countries into two separate parts, often known as the Early and
Late Upper Paleolithic. The Early Upper Paleolithic is mainly
equivalent to the Aurignacian and Gravettian, the Late to the
Magdalenian. Bone and antler tools of the British Aurignacian
date from as early as 40 ka, but the British Gravettian artifacts
are probably younger. During both Early and Late Upper
Paleolithic periods there would have been a land connection
with France across the dry floor of the eastern English Channel.
A land connection across the southern North Sea basin may
also account for characteristic blade points from Beedings
(Jacobi, 2007) and other sites in eastern England, which
resemble those from Upper Paleolithic sites in Belgium,
Thuringia and Poland dated to 38e37 ka.

The Later Upper Paleolithic in Britain, named Creswel-
lian after several cave sites at Creswell Crags (Nottingham-
shire), includes flint blades obliquely truncated to form points
at each end, “Zinken” and barbed bone points. These are
known from numerous cave sites in northern and southern
parts of both England and Wales, most of which date from the
Windermere Interstadial, equivalent to Interstadial 1 (GI-1,
14.7e12.65 ka) in the Greenland ice core record, though
a few, some of them even open sites, are dated to the subse-
quent Loch Lomond Stadial (¼ Greenland Stadial 1 or GS-1,
12.65e11.7 ka). Cresswell Crags sites have also yielded rare
examples of the earliest known cave art in Britain, including
engravings of birds, bison and a horse’s head.
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In central and eastern Europe, industries known as Sze-
letian, Jerzmanovician and Bohunician, which are again
transitional in type from the Mousterian to the Aurignacian,
occur at cave sites in Hungary, Poland and the Czech
Republic, respectively. They include numerous bifacial leaf-
shaped points or “Blattspitzen”. More widespread are the
somewhat later Aurignacian and Gravettian artifact assem-
blages found in Austria, Germany, Poland, the Czech
Republic, Hungary, Rumania, Bulgaria, Yugoslavia and
Greece, suggesting a degree of cultural uniformity in the
earlier Upper Paleolithic across most of Europe. The
Gravettian site of Willendorf, in the Danube valley, Austria, is
famous for a female clay statuette known as the “Venus of
Willendorf”. The later Magdalenian industries of north
Germany (the Hamburgian), Switzerland, Poland, the Slovak
Republic and western Russia are again remarkably similar to
those of France; the available dates suggest a north-easterly
migration of later Upper Paleolithic people during Greenland
Stadial 2 (GS-2) and GI-1. Over 200 open Upper Paleolithic
sites are known from the loess plains and river valleys of
western Russia and Ukraine. One of the most famous is
Kostenki on a low terrace of the River Don, where numerous
venuses, points used as knives similar to those found at
Willendorf, and the earliest known example of a hafted flint
axehead have been recorded.

In western Asia, artifact assemblages with weaker
affinities to the French Aurignacian are recorded from caves
and rock shelters at Mount Carmel and Jabrud (the Antelian
industry) and in the Zagros Mountains of Iraq and Iran (the
Baradostian and later Zarzian industries). Elsewhere in Asia,
possible Upper Paleolithic industries are very different from
those of Europe, but are poorly dated and often mixed with
earlier tool types, including Mousterian or even chopper-
core tools. The earliest definite evidence for human activity
in Japan includes Upper Paleolithic retouched blades and
leaf points often made from obsidian, which have been
found at over 10 000 sites with calibrated radiocarbon dates
ranging from 23 ka to about 15 ka (Kudo, 2005). There are
suggestions of Early and Middle Paleolithic industries
dating from 600 ka to 35 ka on the island of Honshu and
elsewhere in Japan, but their human origin and dates have
been strongly disputed (Bleed, 1977; Oda and Keally, 1986),
and at least some of the artifacts have recently been exposed
as fakes. In the Lake Baikal region of Siberia, there are
numerous rich sites showing a combination of Mousterian
and Upper Paleolithic artifacts, including Mousterian points
and tortoise cores and Upper Paleolithic blades, bone
venuses, needles and awls, and a chisel formed from
a retouched flint blade and an antler handle (Coles and
Higgs, 1969).

The distinction between Middle and Upper Paleolithic
industries is also blurred throughout Africa. In South Africa,
leptolithic industries, generally described as Magosian, are
interbedded with industries of the Middle Stone Age or

transitional from it, as at Klasies River Mouth (Eastern Cape)
and Howieson’s Poort (Cape Province). The successions at
these sites cover various short periods between 72 and 60 ka
(Jacobs et al., 2008). The Magosian probably developed
from African Middle Stone Age traditions, because
a progressive transition from one to the other can be traced at
the Border Cave in KwaZulu-Natal (Butzer et al., 1978), but
whether this happened in more than one area and at more
than one time is uncertain. In Swaziland, one of the earliest
known mines was used from about 40 ka for extraction of
hematite, probably for use as a ritual cosmetic (Dart and
Beaumont, 1969). In North Africa, another industry transi-
tional between the Middle and Upper Paleolithic (the
Aterian) occurs in Tunisia and Morocco, and seems to cover
a long period from late MIS 5 to after 18 ka. It was
progressively replaced after 40 ka by a true but poorly
developed Upper Paleolithic industry (the Dabban), and this
in turn by the Oranian industry in northwest Africa and the
Sebilian of the Nile Valley in Egypt, both of which span the
period from about 14 ka to 11 ka.

The human occupation of Australia dates from at least
32 ka, and possibly as early as 62 ka, based on a range of
radiocarbon and thermoluminescence dates for cremations
and burials at Lake Mungo, New South Wales (Gill, 1966;
Bowler et al., 1970; Barbetti and Allen, 1972; Thorne et al.,
1999; O’Connell and Allen, 2004). In this period, the sea level
was probably low enough to permit migration of H. sapiens
from Indonesia. Other Australian occupation sites dating
from MIS 4 or MIS 3 include Rottnest Island, Devil’s Lair,
Nauwalabila and Malakanunja (Hiscock, 2008). The earliest
Australian stone industries, which continued well into the
Holocene and even into historic times in Tasmania, consisted
of unspecialized flakes, scrapers and chopper cores resem-
bling some Oldowan tools, though with the notable addition
at several sites of hafted and ground axeheads fashioned from
fine-grained volcanic rocks and hornfels. Similar axeheads
also occur in New Guinea, but are unknown from Australian
sites post-dating about 12 ka, so they suggest a migration into
Australia by people from New Guinea who subsequently
abandoned or lost that particular manufacturing technique.
They did not appear in Europe until the Neolithic (mid
Holocene) period.

The earliest human artifacts found widely in North
America, the Paleoindian bifacially flaked fluted projectile
points of the Clovis culture (Haynes, 2002), date mainly from
about 13 ka. The first of these artifacts were found in New
Mexico in the 1930s and since then the origin of the culture
has been hotly disputed. The commonest theory is that a few
Upper Paleolithic people migrated from eastern Russia across
a Beringia land bridge using Inuit methods of arctic travel, but
no artifacts resembling Clovis points are known from any part
of Asia. Also, the Wisconsian ice barrier formed over Alaska
by the coalescence of the Cordilleran and Keewatin ice sheets
probably persisted until the mid Holocene so that, unless
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there was an unlikely temporary “ice-free corridor” about
13 ka, any migration from Asia to North America is more
likely to have occurred before the barrier was established in
MIS 3 or 2. In support of this, a few pre-13 ka dates have been
obtained for isolated human remains, footprints and stone
tools in southeastern USA, and Central and South America,
including Chile and Venezuela (Pearson and Ream, 2005).
Based on the similarity of Clovis points to the Solutrean leaf-
shaped points of southern France and Spain, and the fact that
earlier sites dating from 14e18 ka occur mainly in south-
eastern USA, Stanford and Bradley (2002) proposed that the
initial invasion of the Americas was from western Europe
across the Atlantic, but this is accepted by few American
archaeologists.

31.7. HOLOCENE TECHNOLOGIES e
MESOLITHIC, NEOLITHIC, BRONZE AGE
AND IRON AGE

31.7.1. Mesolithic

This period of the early Holocene is often known as the Epi-
Paleolithic, because there was no real cultural change from the
Upper Paleolithic and in many areas the two are difficult to
separate. The term Mesolithic is used mainly in northern
Europe; Epipalaeolithic is used elsewhere, often for cultures
showing a partial transition to the agricultural practices which
distinguish the Neolithic. In most areas the Paleolithic hunter-
gatherer lifestyle continued, but at the Abu Hureyra site in
Syria (Moore, 1988) and in the Epipaleolithic Natufian culture
of the Levant (Munro, 2003) there is some evidence for
cultivation of crops even as early as 13 ka. The rapid climatic
amelioration at the beginning of the Holocene (c. 11.7 ka)
resulted in a large population increase, at least in mid-latitude
regions of the northern hemisphere, where Mesolithic artifacts
are much more abundant than Upper Paleolithic. Initially,
population would have increased by migration from areas to
the south, but in Europe the widespread Mesolithic riverside
and lakeside sites, which provided a range of plant and animal
foods as well as supplies of fresh water and timber, suggest
some preference for semi-permanent settlement over a purely
nomadic lifestyle, and this could have led to a gradual increase
in indigenous populations.

The Mesolithic of most European areas was characterized
by the production of large numbers of very small blades
(microliths), which were often mounted singly on a shaft to
form projectiles such as arrows, or in groups to form saw-like
tools. Other stone tools included axeheads, adzes and picks;
antler and bone were also used to make spearheads, fishing
hooks and barbed harpoons. Dugout canoes were used for
river transport, and there is evidence for more extensive
domestication of dogs than in the Upper Paleolithic. Various
names are used for this type of industry (Bailey and Spikins,
2008), including Maglemosian in Denmark, Scandinavia,

north Germany and Britain, Swiderian in northeast Europe
and Sauveterrian in France, Belgium and Switzerland. In
southwest France and northern Spain, the microlith-rich
Tardenoisian industry may have developed from the Upper
Paleolithic Azilian.

The frequent recovery of Mesolithic artifacts by fishing
trawlers and seismic mapping of shallow seafloor areas, such
as the southern North Sea (Gaffney et al., 2007), suggest that
much of the evidence for Mesolithic occupation and migration
was lost during the early Holocene eustatic rise of sea level.

31.7.2. Neolithic

The start of the Neolithic is defined by the widespread initi-
ation of serious farming methods, which strengthened the
lifestyle based on long-term settlements, and led to early
farmsteads and villages. Farming seems to have begun in the
“Fertile Crescent”, an arcuate region of increased rainfall
extending from western Syria and northern Jordan eastwards
to Iraq, and including the Tigris and Euphrates valleys. At
Abu Hureyra, an 11.5 ha site in the Middle Euphrates Valley
(Moore, 1988), and Tell Aswad near Damascus, the earliest
evidence for settlements of semi-subterranean houses built of
mudbricks and with plastered walls and floors dates from
9.5e10 ka. For food, the occupants of these villages partly
used wild plants, such as einkorn wheat and vetches, but they
also cultivated arable crops, including emmer wheat, barley,
lentils and peas, and domesticated sheep and goats. In addi-
tion, baskets and mats were woven from straw, and bone
artifacts and stone bowls were produced, the hard stone being
imported from Anatolia, perhaps by trading agricultural
products. Later, the small early Neolithic settlements along
the Euphrates developed into larger towns of the Urukian
civilization. The first of these dating from ~ 8 ka was probably
the walled town of Jericho, which then had a human pop-
ulation exceeding 2000. About 6 ka, the much larger city of
Uruk was built in southern Iraq; its buildings of kiln-fired
bricks, often with internal walls adorned with mosaics,
covered an area of 6 km2 and served a population probably
exceeding 40 000.

In other areas, farming began much later, for example
around 6 ka in northwest Europe and the UK. It is possible
that it evolved here through the creativeness of an indigenous
(Mesolithic) human population in response to demands to
feed the expanding population. But slow migration of farming
communities from the Near East best explains a strong
SEeNW gradient in modern human DNA characteristics
across Europe (Evison, 1999); at no other time could this
gradient have been created by mixing a sufficiently large
population from the southeast with a much smaller indige-
nous European population. Neolithic farming resulted in the
introduction of new artifacts, such as stone sickles and
primitive wooden ploughs (ards), and the improvement of
stone axeheads by grinding and polishing for more efficient
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tree-felling and working of timber. In many areas, soil culti-
vation on slopes resulted in widespread deposition of foot-
slope colluvium and a change in river deposits from organic
peat to inorganic alluvium.

Another characteristic of the Neolithic was the wide-
spread introduction of pottery. This appeared in the Fertile
Crescent around 10.5 ka, though here there was a brief Pre-
Pottery Neolithic Period. It also appeared about the same time
at the Nanzhuangtou site in the Yellow River valley in China,
but elsewhere the first appearance of pottery coincides with
the first evidence for farming; for example, in Greece, the
earliest (plain) pottery dates from 8.5 ka, and in northwest
Europe from 6 ka. At some sites, large amounts of pottery
were produced; for example many thousand crude bevel-
rimmed bowls dating from 5e6 ka have been found at the
Syrian city of Tel Brak. Pottery is especially useful in
Holocene archaeology, as different pot shapes, tempering
methods and glazing patterns can be used for dating and
reconstructing migration or trading routes. Other Neolithic
inventions included stone-paved streets and canals dating
from about 8.0 ka in Mesopotamia, the production of silk in
China from about 5.6 ka, oval burial mounds and wetland
timber trackways, such as the Sweet Track across the
Somerset Levels in England, which has been dated by
dendrochronology to 5.8 ka.

Early-mid Holocene coastal flooding resulting from
worldwide eustatic or local isostatic changes in relative sea
level was again responsible for the loss of much evidence of
Neolithic civilization. Alignments of dressed stone blocks on
the sea floor close to the coasts of India, China, Japan, Malta
and other countries provide (often contested) evidence for
drowned prehistoric cities and harbors, though dating is
usually uncertain.

31.7.3. The Bronze Age

This period resulted from the discovery that ores such as
malachite can easily be smelted with charcoal to produce
metallic copper, from which a range of weapons (swords,
daggers, spearheads and armor), tools (axeheads, adzeheads,
knives), domestic ware (pans, drinking vessels) and decorated
ritualistic items could be cast using moulds of clay or stone.
In some areas, the earliest metal artifacts were manufactured
from copper alone, which was first mined c. 6 ka in the
Balkans and other Mediterranean areas. But pure copper is
soft and techniques for alloying it with tin to produce the
much harder bronze were developed within a few centuries.
The earliest bronze artifacts thus originated in areas where
both mineable copper and tin ores were located, though far-
ranging trading routes were soon established to other regions,
particularly for the rarer tin ore cassiterite. For example,
isotopic analyses have shown that tin from Cornwall (south-
west England) was traded by sea as far away as the Aegean
and other eastern Mediterranean regions. The oldest surviving

sea-going vessel, built of timber planks sewn together with
yew string, is known from Dover in southeast England.

The earliest bronze artifacts, and therefore the local
beginning of the Bronze Age, date from about 5.3 ka in
Mesopotamia (the Akkadian culture) and north Caucasus (the
Maykop culture), from 5.2 ka in the Aegean region, Egypt,
Anatolia and Levant, from 5.0 ka in the Indus valley (the
Harrapan culture), from 4.3 ka in mainland Europe, from
4.2 ka in Britain, from 4.0 ka in China (the Majiayao culture)
and from as late as 2.8 ka in Korea. In Sub-Saharan Africa
there is almost no evidence for prehistoric use of bronze, so
that the Neolithic was followed directly by the Iron Age.
Bronze Age graves, in which warrior leaders were buried
individually, often with bronze, gold and pottery grave goods,
occur widely, frequently beneath circular mounds. In some
areas henge monuments (e.g., Stonehenge in southern
England) were constructed, or at least begun, in the later
Bronze Age. These earthworks provide the earliest evidence
for the emergence of religious beliefs.

Superimposed on the overall warming trend of the early
Holocene and gradual cooling in the later Holocene, there
were several millennial-scale climatic oscillations similar to
the Bond and DansgaardeOeschger cycles of MIS 3e2, some
of which probably influenced civilization development and
population migration during the Holocene. For example,
beneath the late Holocene desert sands of north Africa, high
resolution near-infrared satellite imagery has revealed wide-
spread evidence of early Holocene stone circles and villages,
which were probably occupied by hunter-gatherer commu-
nities living in a savannah environment, and of a later agri-
cultural period with mudbrick towns, palaces and tombs
covered by earth mounds. Mid-Holocene (~5.5 ka) aridifi-
cation led to abandonment of these sites, so that occupation
was restricted to areas fed by surface waters, especially the
Nile valley. The ancient (Predynastic) Egyptian civilization,
with evidence of advanced pottery and jewelry manufacture,
architectural and artistic abilities, was established in the Nile
Valley by 5 ka, and the first large temple-surrounded pyra-
mids with causeways to the Nile were built as “Old Kingdom”
royal burial sites about 4.5 ka. Later, a cool and arid event
influencing southern Asia after about 4.2 ka led to partial
collapse of several urban early Bronze Age civilizations,
including the Akkadian of Mesopotamia, the Harrapan of the
Indus Valley, the Hilmand in Afghanistan and the Hongshan
of China. This climatic change also extended to north Africa,
where severe drought prevented normal flooding of the Nile
and terminated the Egyptian “Old Kingdom” about 4.15 ka.

The classic civilizations of the eastern Mediterranean,
including that of Greece, probably originated in the later
Bronze Age between 4 ka and 3 ka. One of the most advanced
was the Minoan civilization of Crete, where excavations at
the trading port of Knossos by Evans (1921) showed the
existence of numerous high-status 2e3 storey stone buildings
with windows and intricately painted plaster walls. The city
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of Akrotiri on the island of Santorini was another affluent
Bronze Age trading port of the eastern Mediterranean at this
time, but was destroyed by the paroxysmal eruption of Thera
c. 1628 BC (Friedrich et al., 2006), an event which was
probably handed down by oral tradition and became Plato’s
legend of Atlantis. The earliest forms of writing, including
pictograms and hieroglyphs cut into baked clay or stone
tablets, originated in Egypt and Mesopotamia around 5 ka and
persisted until 1.7 ka, though other writing methods were
introduced in Greece about 2.9 ka.

31.7.4. The Iron Age

Bronze was progressively replaced by iron for the manufacture
of artifacts from about 4.0 ka in Anatolia, 3.2 ka in Meso-
potamia, parts of the Indian Subcontinent and eastern Europe,
2.8 ka in western Europe and China and 2.3 ka in Japan. Iron
was eventually used more widely than bronze, principally
because iron ores such as hematite and bog iron ore are much
more widespread than copper and tin ores. By 2.5 ka, it was in
almost universal use in Europe, Asia and Africa. The main
advantage of iron over bronze is its hardness, so that tools and
weapons can bear sharper and longer lasting cutting edges,
though the higher melting point of iron demanded better
smelting techniques. No other metals were required to produce
an alloy, and most artifacts were of wrought iron, though steel
containing up to 1.7 % carbon was locally produced, for
example in Tanzania (Schmidt and Avery, 1978).

The Iron Age terminated in any area with the beginning of
the historical period and the greatly increased production of
written documents. This occurred during the Hellenic period
in Greece, the spread of the Roman Empire elsewhere in
Europe (e.g., AD 43 in England), the start of Confucianism in
China and the beginning of Buddhism in India.

31.7.5. New World Holocene

The prehistoric paleoindian and aboriginal populations
(H. sapiens) of America and Australia were probably direct
descendants of the first (MIS 4eMIS 2) immigrants, with few
or no subsequent invasions. In both continents the life-styles
remained as nomadic hunter-gatherers, with the late persis-
tence of stone tools and very little evidence for agricultural
activities until c. 4.7 ka in Mesoamerica. The first pottery in
America dates from c. 4.0 ka and the first metal tools from c.
2.9 ka, but neither are known from pre-colonial Australia,
where organized agriculture was made difficult by climatic
conditions.

31.8. CONCLUSIONS

Because hominin fossils are rare, often incomplete and poorly
preserved, the current phylogenetic tree based on comparative
morphology is less robust than those for most other animal

groups. In part it has been over-simplified by expanding
species such as Homo erectus to include too wide a diversity
of skeletal material. The recently developed molecular and
genetic methods will almost certainly provide greater clarity
in the future, but they are dependent on the availability of
suitably preserved material, which means the advances they
bring will mainly contribute to the history of more recent
species, notably Homo heidelbergensis, H. neanderthalensis
and H. sapiens. Also, every new fossil discovery and
analytical result demonstrates the amazing diversity of the
hominin sub-family. Paleoanthropology is still at a very early
stage in assessing this diversity, so the establishment of a clear
human phylogeny is still a long way off.

At present one aspect is clear e that the evolution of
hominins through the Pleistocene was especially rapid. The
clear coincidence in time between hominin speciation/
dispersal/extinction events and episodes of tectonic activity or
rapid climatic/vegetational change demonstrates the impor-
tance of these geological processes in driving or at least
strongly influencing hominin evolution and development.
However, an especially puzzling aspect of hominin history is
that despite the persistence of numerous species for relatively
long periods during the Late Pliocene and Early and Mid
Pleistocene, chimpanzee and anatomically modern humans are
the only hominins that survived through the Late Pleistocene
into the Holocene. Many other mammals became extinct in the
latest Pleistocene and early Holocene, either because of
changes in climate and vegetation (food) or through excessive
hunting, but this occurred too late to explain the disappearance
of Homo erectus, H. heidelbergensis, H. neanderthalensis, the
Denisovans and others.

It would be reasonable to expect that the much more
abundant evidence provided by the numerous tool types
found throughout the Pleistocene would supplement evidence
from the fossils in constructing a history of hominin evolu-
tion. There are certainly a few examples of biological
developments apparently leading to cultural change, such as
the appearance of leptolithic industries in Europe with the
arrival of Homo sapiens and the disappearance of Mousterian
tools with the extinction of H. neanderthalensis. However,
there are also too many exceptions for the cultural evidence to
be generally useful in an evolutionary context (Tattershall,
1998). The reasons for this may well emerge when the
complexity of earlier parts of the human phylogenetic tree is
better understood, but for the moment paleoanthropological
studies and investigations of tool typology must be treated
independently, both being related to the increasingly detailed
Pleistocene time scale by judicious use of the growing range
of available dating methods.
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Butthof, A., Höber, B., Höffner, B., Siegemund, M., Weihmann, A.,

Nusbaum, C., Lander, E.S., Russ, C., Novod, N., Affourtit, J.,

Egholm, M., Verna, C., Rudan, P., Brajkovic, D., Kucan, Z., Gusic, I.,

Doronichev, V.B., Golovanova, L.V., Lalueza-Fox, C., de la Rasilla, M.,

Fortea, J., Rosas, A., Schmitz, R.W., Johnson, P.L., Eichler, E.E.,

Falush, D., Birney, E., Mullikin, J.C., Slatkin, M., Nielsen, R., Kelso, J.,
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Vl�cek, E., 1978. A new discovery of Homo erectus in central Europe. Journal

of Human Evolution 7, 239e251.

Waechter, J.d’A., 1952. The excavation of Jabrud and its relation to the

prehistory of Palestine and Syria. Annual Report of London University

Institute of Archaeology 8, 10e28.

Wainwright, G.J., Malik, S.C., 1967. Recent field research on problems of

archaeology and Pleistocene chronology in peninsular India. Proceed-

ings of the Prehistoric Society 33, 132e146.

Walker, A., Leakey, R.E. (Eds.), 1993. The Nariokotome Homo erectus

skeleton. Harvard University Press, Cambridge, Ma, p. 457.

Ward, S., Hill, A., 1987. Pliocene hominid partial mandible from Tabarin,

Baringo, Kenya. American Journal of Physical Anthropology 72, 21e37.

Ward, C.V., Leakey, M.G., Walker, A., 2001. Morphology of Austral-

opithecus anamensis from Kanapoi and Allia Bay, Kenya. Journal of

Human Evolution 41, 255e368.

Westaway, R., Bridgland, D.R., Sinha, R., Demir, T., 2009. Fluvial

sequences as evidence for landscape and climatic evolution in the late

Cenozoic: A synthesis of data from IGCP 518. Global and Planetary

Change 68, 237e253.

White, T.D., Suwa, G., Hart, W.K., Walter, R.C., WoldeGabriel, G.,

de Heinzelin, J., Clark, J.D., Asfaw, B., Vrba, E., 1993. New discoveries

of Australopithecus at Maka in Ethiopia. Nature 366, 261e265.

White, T.D., Suwa, G., Asfaw, B., 1994. Australopithecus ramidus, a new

species of early hominid from Aramis, Ethiopia. Nature 371,

306e312.

White, T.D., Asfaw, B., DeGusta, D., Gilbert, H., Richards, G.D., Suwa, G.,

Howell, F.C., 2003. Pleistocene Homo sapiens from Middle Awash,

Ethiopia. Nature 423, 742e747.

White, T.D., Asfaw, B., Beyene, Y., Haile-Selassie, Y., Lovejoy, C.O.,

Suwa, G., WoldeGabriel, G., 2009. Ardipithecus ramidus and the

palaeobiology of early hominids. Science 326, 75e86.

WoldeGabriel, G., White, T.D., Suwa, G., Renne, P., de Heinzelin, J.,

Hart, W.K., Heiken, G., 1994. Ecological and temporal placement

of early Pliocene hominids at Aramis, Ethiopia. Nature 371,

330e333.

Wolff, H., Greenwood, A.D., 2010. Did viral disease of humans wipe out the

Neanderthals? Medical Hypotheses 75, 99e105.

Wood, B., Collard, M., 1999. The human genus. Science 284, 65e71.

Woodward, A.S., 1921. A new cave man from Rhodesia, South Africa.

Nature 108, 371e372.

Wrangham, R., Carmody, R., 2010. Human adaptation to the control of fire.

Evolutionary Anthropology 19, 187e199.

Wymer, J.J., 1985. The Palaeolithic Sites of East Anglia. Geobooks,

Norwich, p. 400.

Wynn, J.G., 2004. Influence of Plio-Pleistocene aridification on human

evolution: Evidence from paleosols of the Turkana Basin, Kenya.

American Journal of Physical Anthropology 123, 106e118.

Yamei, H., Potts, R., Baoyin, Y., Zhengtang, G., Deino, A., Wei, W.,

Clark, J., Guangmao, X., Weiwen, H., 2000. Mid-Pleistocene

Acheulean-like stone technology of the Bose Basin, south China.

Science 287, 1622e1626.

1032 The Geologic Time Scale 2012
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The Anthropocene

Abstract: He Anthropocene is a currently informal term to
signify a contemporary time interval in which surface
geological processes are dominated by human activities, now
being studied by an ICS working group as regards potential
formalization within the Geological Time Scale. Its devel-
oping stratigraphic signature includes components that are

lithostratigraphic, biostratigraphic, and chemostratigraphic;
and these vary from being approximately synchronous to
strongly diachronous. Formalization will depend upon both
scientific justification and utility to working scientists, and
upon the choice of an effective boundary, whether by GSSP or
GSSA.
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The idea that the emergence of Homo sapiens e and partic-
ularly the growth of a complex cultural and material civili-
zation e precipitated a new geological age has been mooted
for well over a century. Stoppani (1873) coined the
“Anthropozoic Era”, noting that the arrival of humans had
introduced on Earth a “new telluric force which in power and
universality may be compared to the greater forces of the
earth”, a phenomenon described also via the “Psychozoic” of
Joseph Le Conte (1879), while Marsh (1864) detailed
examples of large-scale anthropogenic change across the
Earth. Edouard Le Roy (1927), influenced by Vladimir Ver-
nadsky and Teilhard de Chardin, produced the concept of the
“noösphere”, a concept developed further by Vernadsky
himself (1945).

The ideas were in part developed philosophically, being
linked with ideas such as “cephalization” (Dana, 1863), that
is, of unidirectional progress culminating in the ascent and
dominance of humankind. They were thus controversial, and
ignored or dismissed by most mainstream geologists. Berry
(1925), for instance, said that the span of human influence
was tiny as regards geological time and stratal thickness, and
considered Le Conte’s “Psychozoic Era” as a stratigraphic
irrelevance. The terms were never adopted, formally or
informally, and essentially were forgotten by all except
historians of the earth sciences (Grinevald, in press; see also
Steffen et al., 2011a).

32.1. THE ANTHROPOCENE

That situation changed when Crutzen introduced the term
“Anthropocene” (Crutzen and Stoermer, 2000; Crutzen, 2002).
This was at a time when the scale and significance of human
influence on Earth surface processes was being increasingly
accepted by mainstream scientists (including earth scientists).
Hence, the term, unlike its predecessors, quickly began to be
used in peer-reviewed scientific literature (e.g.,Meybeck, 2003;
Steffen et al., 2004; Crossland, 2005; Syvitski et al., 2005;
Andersson et al., 2006) and in formal and informal discussion,
and has been widely disseminated in public media
(e.g., Kolbert, 2011; Walsh, 2012). Thus, the term has now
become part of the scientific (and vernacular) lingua franca.

However, the term currently has no formal status within
the geological time scale, either as regards hierarchical level
(age, epoch, period, era?) or definition, particularly as regards
its beginning (“base”) and where and how that might be
defined. Noting, though, its increasing use, members of the
Stratigraphy Commission of the Geological Society of
London (Zalasiewicz et al., 2008) examined the term, and
considered that a reasonable case may be made for its
formalization. Subsequently, an Anthropocene Working
Group of the Subcommission of Quaternary Stratigraphy of
the International Commission of Stratigraphy was initiated, its
brief being to further examine the stratigraphic justification of
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the term and its utility for earth (and other) scientists.
Subsequent publications involving the group or its members
include Ellis et al. (2010), Zalasiewicz et al. (2010), a series of
papers in Williams et al. (2011), and Steffen et al. (2011b).

We here discuss the Anthropocene in terms of signals
preserved in recently and currently accumulating strata, as
these are the signals that, in ancient strata, provide our
understanding of Earth history. We note that humans typically
live on land, a largely erosional realm. However, human
activities also impact the sea and coastal regions, where
a more continuous record is accumulating. The land also
includes many sediment traps (lakes, swamps and so on) that,
while geologically short-lived, are nevertheless an object of
study for Quaternary and other scientists.

In this account we briefly assess the stratigraphic signature
of the Anthropocene, consider possible levels for its begin-
ning and its geological longevity, and discuss practical
aspects of formalization, including its hierarchical level and
the selection of a GSSP (Global Stratigraphic Section and
Point) or GSSA (Global Stratigraphic Standard Age).

32.2. STRATIGRAPHIC SIGNATURE

Lithostratigraphic signals: Direct and indirect signals may
be distinguished. More or less direct signals include those
associated with construction, agriculture and irrigation
(including the modification of rivers: Syvitski and Kettner,
2011; Merritts et al., 2011). These are substantial, globally
being the dominant means of surface sediment transport
today (Hooke, 2000; Wilkinson, 2005; Figure 32.1), with
anthropogenically modified terrain now covering >50% of
the Earth’s land surface (Ellis, 2011). The deposit of buildings
and rubble associated with urban areas is moreover litho-
logically distinctive, and indeed can be mapped as a lithos-
tratigraphic unit, such as the “Made Ground” of British
Geological Survey maps (Price et al., 2011).

Indirect signals include, for instance, the shifts in sedi-
mentary facies belts associated with sea-level change (see
below) and with ocean acidification. The latter will likely
have profound effects on carbonate sedimentation, if current
trends continue through this century (Zeebe et al., 2008;
Tyrrell, 2011). These include hindering the production of
biogenic carbonate, especially on coral reefs and in pelagic
settings (see below also), and the creation of a dissolution
layer within already-deposited oceanic oozes (cf. that asso-
ciated with the PaleoceneeEocene Thermal Maximum
acidification event: Zachos et al., 2005).

Sequence stratigraphic signals: An “Anthropocene sea-
level rise effect” to date has been geologically insignificant,
being of the order of half a metre (Figure 32.1). Glacioeu-
static rise, however, significantly lags behind atmospheric
chemistry and temperature change on human time scales,
given the long response times of the major ice sheets.
Geologically, in a Quaternary world with substantial polar

ice, eventual sea-level change has been estimated as 10e30 m
per degree centigrade (Rahmstorf, 2007), thus suggesting, if
IPCC (2007) temperature predictions are broadly correct,
a geologically near-future sea-level rise of a few to several
tens of metres, centuries to millennia hence (see also Over-
peck et al., 2006). If sustained (Tyrrell et al., 2007; Tyrrell,
2011) this would produce a marine transgressive signal
particularly affecting shelf and coastal environments and also,
via near-shore sediment storage, influencing deeper (turbi-
dite) environments.

Biostratigraphic signals: Anthropogenic change to the
Earth’s biota is now pervasive, both on land (where its effects
are most clearly visible and easily studied) and in the sea.
Extinction rates, the most obvious indicator of change, are
currently perhaps 100e1000 times background rates
(Millennium Ecosystem Assessment, 2005). These very high
rates are recent, and so the Earth has thus far only lost a small
proportion of its biodiversity. However, many more species
are classed as threatened, endangered or critically endangered
(IUCN), and continuation of present trends could produce
a mass extinction event comparable to the “Big Five” of
Phanerozoic history in as little as a few centuries (Barnosky
et al., 2011; Figure 32.2).

Current biodiversity change is driven by habitat loss
associated with urbanization and agriculture, the latter in itself
creating a clear palynological signal (e.g., Graf and Chmura,
2007) that extends into coastal regions. In the marine realm,
human predation is now extensive (Myers and Worm, 2003;
Worm et al., 2006), though concentrated on the top of the food
chain, rather than on the protists and invertebrates that provide
the bulk of the biostratigraphic signal. However, the latter
are already affected by 20th century warming and acidifi-
cation (Caldeira and Wickett, 2003; Orr et al., 2005; Hoegh-
Guldberg et al., 2007) and these stressors are projected to
increase throughout this century and beyond (IPCC, 2007;
Wilson, 2002; Thomas et al., 2004; Zeebe et al., 2008). Range
changes have already occurred (Edwards, 2009) and are pre-
dicted to develop on a greater scale (compare the polewards
spread of the dinoflagellate Apectodinium at the Paleocenee
Eocene Thermal Maximum: Crouch et al., 2001). Extinctions
are likely where tolerances are exceeded, giving rise to major
biofacies transitions. For instance, experiments suggest that
net coral reef loss (and hence the start of major decline of these
ecosystems) takes place at carbon dioxide levels above
560 ppm (Kleypas and Yates, 2009), a level likely to be
reached by the end of this century. Lacustrine ecosystems have
been changed, too, often effectively irreversibly, by acid
deposition (Jeffries et al., 2003; Wright and Schindler, 2004).

Perhaps the most striking signal to date is that of cross-
global species invasions, at a rate and on a scale unique in
Earth history (Figure 32.2). Terrestrial biotas worldwide now
commonly include up to a quarter of total species (and up to
a half of plant species) as invasives (McNeely, 2001). Marine
invasive species may be less in total, but are more rapidly
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FIGURE 32.1 Stratigraphically significant trends over the last 15 000 years (after Zalasiewicz et al., 2008) and over the past 250 years. (After Steffen

et al., 2004, 2007).
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growing (SEBI, 2010; see also Molnar, 2008). The numbers
far exceed reported extinctions, with some 10 000 invasive
species reported from Europe alone (SEBI, 2010).

Chemostratigraphic signals: These include heavy metal
traces, detectable initially from Graeco-Roman smelting and
subsequently from post-Industrial Revolution vehicle emis-
sions (Dunlap et al., 1999) and widespread and distinctive
organic molecules (such as polyaromatic hydrocarbons) from
hydrocarbon combustion (Kruge, 2008; Vane et al., 2011).
Isotopic signals include global shifts in carbon isotope ratios,

again from fossil fuel burning, and these are already detect-
able in marine biogenic sediments (Al-Rousan et al., 2004),
as are artificial radionuclides from atomic bomb tests
(see below). The approximate doubling in size of the surface
nitrogen cycle by humans (Galloway et al., 2008) is also
likely to produce stratigraphic signals, perhaps expressed as
nitrogen isotope shifts (Savard et al., 2009) or as deposition of
organic-rich facies linked to ongoing spread of marine “dead
zones” (Diaz and Rosenberg, 2008).

32.3. BEGINNING OF THE
ANTHROPOCENE?

As regards duration, there are three levels at which the
beginning of a putative Anthropocene geological time interval
might be placed.

Early Holocene: Ruddiman (2003) has proposed that the
observed slow increase inCO2 levels from260 to 280 ppmover
the second half of the Holocene was, firstly, caused by human
agricultural (though pre-industrial) activities, and, secondly,
was instrumental in maintaining interglacial conditions for
a few millennia longer than in the two previous interglacials
(OIS 7 and 5e; cf. Petit et al., 1999). In this interpretation, the
Holocene is profoundly anthropogenically influenced per se,
and so the beginning of an “Anthropocene” thus defined may
be placed somewhere in early Holocene time.

However, this thesis remains controversial (e.g., Broecker
and Stocker, 2006; Stocker et al., 2010). And, even if true, it
represents an effective prolongation of “Holocene” conditions
that would not, from a far future perspective, give rise to strata
that were clearly distinguishable from those of previous
Quaternary interglacials.

Beginning of Industrial Revolution: This is effectively
the level chosen by Crutzen (2002), where the combination of
industrialization and the acceleration of population growth
created a clear step change in the human signal (Figures 32.1
and 32.2). Here the biotic (biostratigraphic), geomorpholog-
ical (lithostratigraphic) and geochemical changes noted above
begin to introduce a stratigraphic signal qualitatively different
from that of the earlier Holocene and that of preceding inter-
glacials. Industrialization, of course, has been diachronous
globally. Significant iron-smelting took place in 11th century
China, for instance, and coal-burning occurred in medieval
England (Steffen et al., 2007); the global phenomenon began
in the UK in the late 18th century, spreading to central Europe
by the mid-19th century, then to North America and beyond.
However, the beginning of the 19th century may reasonably
approximate the beginning of this phenomenon.

Mid-twentieth century: A significant increase in human
activity took place following the Second World War, and this
has been termed the “Great Acceleration” by Steffen et al.
(2007), of population growth, industrialization, agriculture and
the novel use of atomic fission in bombs, which is of
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stratigraphic as well as societal importance. Since 1950, for
instance, world population doubled, the global economy
increased some 15-fold, automobile use rose by a yet greater
amount, and humans switched from being a largely rural to
a largely urban species. Environmental indicators reflect this
pattern (Figure 32.1), with nearly three-quarters of anthropo-
genic CO2 rise, say, occurring in this interval; the rate of rise
considerably exceeds that at the end of the last glacial phase
(cf. Monnin et al., 2001). These trends, both industrial and
environmental, are currently accelerating (Steffen et al., 2007).

32.4. FUTURE DURATION OF THE
ANTHROPOCENE?

Part of the rationale for the Anthropocene hinges on the
likely duration of anthropogenic effects, and thus on the
stratigraphic thickness of strata that may come to be
“Anthropocene”, even if anthropogenic pressures diminished
or ceased in the near future. Direct lithostratigraphic
signalse e.g., the production of “urban strata” are likely to be
the shortest lived, persisting for millennia only, and creating
an “event bed” in terrestrial and coastal facies. Indirect
signals relating to CO2 release (warming, acidification, sea-
level rise) have been projected as substantial and long-lived
(Pagani et al., 2010; Park and Royer, 2011), perhaps pre-
venting glaciations for hundreds of thousands of years
(Archer, 2005; Tyrrell et al., 2007; Tyrrell, 2011) and halting
any potential future intensification of Quaternary icehouse
conditions (Crowley and Hyde, 2008). The biostratigraphical
signal will be effectively permanent: even with future
recovery of biodiversity, that will take place over million-year
time scales by comparison with past biological crises (Hart,
1996), incoming floras and faunas will be clearly distinct
from those that preceded the change.

32.5. FORMAL CONSIDERATION OF THE
ANTHROPOCENE

Thus, although we are at most only two centuries into an
interval that might be termed the Anthropocene, it is likely
only the beginning of stratigraphically significant changes
that will endure over geological time scales, modified by
a variety of feedbacks, including human ones (Kellie-Smith
and Cox, 2011). Some of the changes are taking place
immediately e notably the direct lithostratigraphical ones
and biotic phenomena such as species invasions. Others,
because of lag effects, are in their early phases: atmospheric
warming and direct effects thereof, and the “extinction debt”
(Tilman et al., 1994) where there is a time gap between
habitat loss and species extinctions. Yet others, such as sea-
level rise, have scarcely begun. In addition some near-future
effects are effectively predictable (ocean acidification). Other
effects are less predictable, particularly those that involve

multiple feedback loops, such as the pattern and timing of
thresholds (or “tipping points”) within global warming
(Schneider, 2004; Lenton et al., 2008).

There clearly is more work to do in quantitatively and
qualitatively comparing these anthropogenic changes with
those of previous perturbations in Earth history. However, we
consider that the sum total of stratigraphically relevant
changes e physical, chemical, and biological e that have
taken place to date in themselves justify the consideration of
the term Anthropocene, in reflecting near-surface geological
conditions distinct from those of the earlier Holocene or of
previous Quaternary interglacial phases.

What remains to be resolved is whether the introduction
of the term as a formal unit will serve a useful purpose for
earth (and other) scientists, particularly to those working on
late Quaternary strata, and especially Holocene workers.
The alternative would be to continue regarding it as an
informal unit. Formalization would have the advantage of
helping scientific communication by precisely defining the
unit as regards duration, recognition and hierarchical level. It
may also be significant to the wider community (e.g., Nature,
2011; Tickell, 2011; Vidas, 2011).

There follows the question of scale; the Anthropocene,
at any hierarchical level, would be thus far the briefest
chronostratigraphic unit in the geological time scale.
However, the scale is utilitarian, in that the Holocene (but
one of many Quaternary interglacials) is currently the
briefest Epoch by some orders of magnitude. Yet, because
of its geological importance (literally comprising the ground
under our feet), its status has never been seriously ques-
tioned. The Anthropocene is now emerging as of compa-
rable significance.

32.6. DEFINITION

This is one of the questions being debated by the Working
Group, but we consider that a potential boundary for the
Anthropocene should reflect either of the early 19th century or
mid-20th century candidate levels noted above. The latter
includes a practical stratigraphic marker: radionucleides from
atmospheric A-bomb tests detectable within strata including
ice cores (Schwikowski, 2004; Turetsky et al., 2004; Marshall
et al., 2007). But, by comparison with the newly defined
Holocene boundary (Walker et al., 2009), an Anthropocene
boundary that more nearly reflects the beginning of global
industrialization and its effects may be more appropriate. Any
level selected should, at this temporal reach, offer annual
resolution, as does, almost, the reference level for the
beginning of the Holocene Epoch, placed in an ice core
(Walker et al., 2009).

The Anthropocene may be defined either by a GSSP
(Global Stratigraphic Section and Point) or a GSSA (Global
Standard Stratigraphic Age). The former might be placed in,
for instance, lake sediment, annually layered ice/snow, or
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laminated marine sediment such as that of the anoxic Santa
Barbara Basin (Thunnell et al., 2005). Normal deep-ocean
sediment would not suffice, since mixing through
bioturbation would make the boundary (and indeed
commonly the entire Anthropocene interval) not separately
distinguishable.

Equally, for current use, a selected GSSA (say set at 1800)
would be practically effective as a boundary to trace in
sedimentary sections, and would be perhaps more familiar for
archaeologists and other scientists.

Recognition of Anthropocene strata will be attended by all
the problems of correlation typically encountered with older
strata, albeit at a finer temporal scale. Thus, recognition
cannot be made simply by the recognition of anthropogenic
effects alone, for most of these have been diachronous across
the globe. However, a combination of stratigraphic and
archeological methodologies should allow reasonably effec-
tive discrimination. This would especially be the case if the
boundary selected were to coincide with the beginning of the
nuclear age. The incoming of ubiquitous radioactive
contamination should provide an unambiguous signal in both
marine and non-marine deposits, whether visibly anthopo-
genically influenced or not.

32.7. HIERARCHICAL LEVEL

The hierarchical scale of the Anthropocene, if formalized,
should reflect the scale of environmental perturbation as
recorded by stratigraphic indicators, by comparison with
those seen in the deep time record. Possibilities include
defining the Anthropocene as an age (or stage), that is, as
a subdivision of the Holocene; this is the most conservative
stance. However, we have shown here that sufficient change
has been forced on the Earth system to take it beyond
Holocene norms of sedimentation, biota and chemistry (see
also Worldwatch Institute, 2009, pp. 20e21, table 2.1;
Röckstrom et al., 2009), with estimates of period- or era-scale
biotic change within centuries (e.g., Barnosky et al., 2011).
Thus, status as an epoch seems currently appropriate and
conservative. Continuation of current trends over this century
may lead to its consideration as a period (or greater); we hope
that effective societal mitigation will prevent this outcome.
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No.
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d

E
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h
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Sample Locality Formation
GTS2012 

Age (Ma) 

± 2σ
(without λ  

errors)

± 2σ
(with λ 

errors)

Type

Quaternary -- not compiled

Neogene -- partial list

Pliocene

Miocene

Messinian

Tortonian

N4 GiD-3 Monte Gibliscemi section, near 
Mazzarino, Sicily 11.55 ± 0.02 ± 0.02 40Ar/39Ar

Langhian

N3 GiF-1 Monte Gibliscemi section, near 
Mazzarino, Sicily 11.97 ± 0.04 ± 0.04 40Ar/39Ar

Serravallian

N2 A2 ash layer
La Vedova section, between 
Ancona and Il Trave, Adriatic coast, 
Italy

Schlier Formation, 4.4 m above A0 14.86 ± 0.02 ± 0.02 40Ar/39Ar

N1 A0 ash layer
La Vedova section, between 
Ancona and Il Trave, Adriatic coast, 
Italy

Schlier Formation 14.97 ± 0.02 ± 0.02 40Ar/39Ar

Burdigalian

Aquitanian

Paleogene

Oligocene

Chattian

Pg21 MCA98-7
208.3 mab, Monte Cagnero section, 
northeastern Apennines, Italy Scaglia Cinerea Formation 27.0 ± 0.1 ± 0.1 40Ar/39Ar

Rupelian

Pg20 MCA/84-3
145.5 mab, Monte Cagnero section, 
northeastern Apennines, Italy Scaglia Cinerea Formation 31.8 ± 0.2 ± 0.2 40Ar/39Ar

Eocene

Priabonian

Pg19 MAS/86-14.7
Massignano, near Ancona, 
northeastern Apennines, Italy Scaglia Cinerea Formation 34.4 ± 0.2 ± 0.2 40Ar/39Ar

Pg18 MAS/86-12.7
Massignano, near Ancona, 
northeastern Apennines, Italy Scaglia Cinerea Formation 35.2 ± 0.2 ± 0.2 40Ar/39Ar

Bartonian

Lutetian

Pg17

Mission Valley 
ash, SDSNH 
Loc. 3428

La Mesa, California terrestrial facies of Mission Valley Formation 43.35 ± 0.50 ± 0.50 40Ar/39Ar

Pg16
DSDP Hole 
516F DSDP Hole 516F 46.24 ± 0.50 ± 0.50 40Ar/39Ar

Ypresian

Pg15

68-0-51, 3497; 
Blue Point 
Marker ash

Two-Ocean Plateau and Irish Rock 
locales, Absaroka volcanic 
province, western USA

overlies Aycross Formation 48.41 ± 0.21 ± 0.21 40Ar/39Ar

Pg14

CP-1; 
Continental 
Peak tuff

Bridger Basin, western USA Bridger Formation 48.96 ± 0.28 ± 0.33 40Ar/39Ar

Pg15 TR-5; Sixth tuff Bridger Basin, western USA Wilkins Peak Member 49.92 ± 0.10 ± 0.21 40Ar/39Ar

Pg14
TR-6; Layered 
tuff Bridger Basin, western USA Wilkins Peak Member 50.11 ± 0.09 ± 0.20 40Ar/39Ar

Pg!3 Willwood ash Bighorn Basin, western USA Willwood Formation 52.93 ± 0.23 ± 0.23 40Ar/39Ar

Pg12 Ash-17 DSDP Site 550, north Atlantic 55.48 ± 0.12 ± 0.12 40Ar/39Ar

Pg11
SB01-01 
bentonite

Longyearbyen section, 
Spitsbergen, Svalbard Archipeligo

10.9 m above base of the Gilsonryggen 
Member, Frysjaodden Formation, within the 
PETM carbon isotope excursion

55.785 ± 0.034 ± 0.075 206Pb/238U
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Primary radiometric age details Zone assignment Primary biostratigraphic age details Reference

Weighted mean laser fusion age for ten (of 10) multigrain 
aliquots of feldspar, using FCs fluence monitor. earliest Tortonian at Globigerinoides subquadratus LCO Kuiper et al., 2005

Weighted mean laser fusion age for nine (of 10) multigrain 
aliquots of feldspar,using FCs fluence monitor. latest Serravallian below Discoaster kuglieri FCO Kuiper et al., 2005

Weighted mean laser fusion age for seven (of 8) multigrain 
aliquots of biotite, using FCs fluence monitor. near Influx E of G. dehiscens and Acme b B of P. siakensis Hüsing et al., 2010

Weighted mean laser fusion age for seven (of 9) multigrain 
aliquots of biotite, using FCs fluence monitor. near Influx E of G. dehiscens and Acme b B of P. siakensis Hüsing et al., 2010

Weighted mean of four biotite incremental heating plateau 
ages, originally calibrated using FCs = 27.84 Ma. lower NP25, upper Zone O5 Coccioni et al., 

2008

Weighted mean of two biotite incremental heating plateau 
ages, originally calibrated using FCs = 27.84 Ma. lowermost NP23 mid Globorotalia sellii

Coccioni et al., 
2008

One multi-grain biotite  fusion age originally calibrated to LP-
6 biotite = 127.7 Ma.

uppermost NP16, lower 
CP16a uppermost NP16, lower CP16a

Odin et al., 1991; 
Hilgen and Kuiper, 
2010

One multi-grain biotite  fusion age originally calibrated to LP-
6 biotite = 127.7 Ma.

upper NP16, upper 
CP15b upper NP16, upper CP15b

Odin et al., 1991; 
Hilgen and Kuiper, 
2010

Laser fusion single-crystal sanidine analyses, originally 
calibrated to TCs = 28.32 Ma; no analytical data published. NP16, CP14a coccoliths Reticulofenestra umbilica (Levin) and Discoaster 

distinctus Martini; magnetostratigraphic control

Obradovich, 
unpublished data 
cited in Walsh et 
al., 1996

Laser fusion of biotite and sanidine separates, no analytical 
data published. NP15, CP10 NP15, CP10; magnetostratigraphic control

Swisher and 
Montanari, in prep, 
cited in Berggren 
et al. 1995 
(postscript)

Weighted mean of multi-grain feldspar (46.8% of gas) and 
multi-grain hornblende (98.7% of gas) incremental heating 
plateau ages, originally calibrated using FCs = 27.84 Ma.

magnetostratigraphic control Hiza, 1999; Flynn, 
1986

Weighted mean age of 12 (of 16) laser fusion analyses on 
small multi-grain aliquots of sanidine, using FCs as fluence 
monitor.

magnetostratigraphic control
Smith et al., 2010, 
2008; Clyde et al., 
2001

Weighted mean age of 119 (of 142) incremental heating 
single and multi-grain biotite plateau ages; corroborated by 
laser fusion analyses on single and multi-grain aliquots of 
sanidine, using FCs as fluence monitor.

magnetostratigraphic control

Smith et al., 2010, 
2008, 2006; 
Machlus et al., 
2004; Clyde et al., 
1997, 2001

Weighted mean age of 64 (of 73) laser fusion analyses on 
small multi-grain aliquots of sanidine, using FCs as fluence 
monitor.

magnetostratigraphic control
Smith et al., 2010, 
2008, 2006; Clyde 
et al., 1997, 2001

Weighted mean age of 16 laser-fusion and 4 five-step laser 
incremental heating analyses on 1-3 crystal aliquots of 
sanidine, using FCs as fluence monitor.

Lystitean-Lostcabinian (Wa6-Wa7) North American land 
mammal age (NALMA) substage boundary; 
magnetostratigraphic control

Smith et al., 2004; 
Wing et al., 1991; 
Clyde et al., 1994, 
Tauxe et al., 1994

Weighted mean age of 38 laser fusion analyses on single 
and multi-grain aliquots of sanidine, originally calibrated to 
FCs = 28.02 Ma.

above the PETM carbon isotope excursion Storey et al., 2007

Weighted mean age of five (of 13) single zircon crystal 
analyses, utilizing CA-TIMS and the ET535 spike (0.05% 
error in tracer calibration).

within the PETM carbon isotope excursion Charles et al., 
2011
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Primary radiometric age details Zone assignment Primary biostratigraphic age details Reference

Weighted mean age of 23 laser  fusion analyses on 20 grain 
aliquots of sanidine, originally calibrated to TCs = 28.34 Ma. magnetostratigraphic control Secord et al., 2006

Weighted mean age of 10 single crystal sanidine laser 
fusions from two samples, originally calibrated to FCs = 
27.84 Ma.

lower Puercan Swisher et al., 
1993

Weighted mean age of 35 single crystal sanidine laser 
fusions from two samples, originally calibrated to FCs = 
27.84 Ma.

lower Puercan Swisher et al., 
1993

Weighted mean age of 10 single crystal sanidine laser 
fusions from two samples, originally calibrated to FCs = 
27.84 Ma.

lower Puercan Swisher et al., 
1993

Weighted mean age of 33 multi-grain sanidine laser fusions 
from two samples, originally calibrated to FCs = 27.55 Ma.

base of the Puercan and at the K–P boundary as defined by 
the highest appearing local occurrences of in situ dinosaur 
fossils, Cretaceous pollen, and an iridium anomaly

Dalrymple et al., 
1993; Izett et al., 
1991; Obradovich, 
1993

Weighted mean age of 33 single crystal sanidine laser 
fusions from two samples, originally calibrated to FCs = 
27.84 Ma.

base of the Puercan and at the K–P boundary as defined by 
the highest appearing local occurrences of in situ dinosaur 
fossils, Cretaceous pollen, and an iridium anomaly

Swisher et al., 
1993; Kuiper et al., 
2008

Weighted mean age of 9 single crystal sanidine laser 
fusions, originally calibrated to FCs = 27.84 Ma.

base of the Puercan and at the K–P boundary as defined by 
the highest appearing local occurrences of in situ dinosaur 
fossils, Cretaceous pollen, and an iridium anomaly

Swisher et al., 
1993; Kuiper et al., 
2008

Weighted mean age of 52 laser fusions on single or several 
tektites, originally calibrated to FCs = 27.55 Ma. debris from KT impact event

Dalrymple et al., 
1993; Izett et al., 
1991; Obradovich, 
1993

Weighted mean age of 5 plateau ages on single tektites, 
originally calibrated to FCs = 27.84 Ma. debris from KT impact event Swisher et al., 

1992
Weighted mean age of 5 plateau ages on glassy (andesitic) 
rock chips, originally calibrated to FCs = 27.84 Ma. debris from KT impact event Swisher et al., 

1992

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor; no analytical data 
published.

Triceratops dinosaur zone Obradovich, 1993

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor.

Baculites clinolobatus 
ammonite zone 
(uppermost)

Top of Baculites clinolobatus ammonite zone Hicks et al., 1999

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor.

Baculites grandis 

ammonite zone.
Baculites grandis ammonite zone. Hicks et al., 1999

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor; no analytical data 
published.

Baculites eliasi 

ammonite zone.
Baculites eliasi ammonite zone.

Cobban et al., 
2006

Weighted mean age of 10 multi-grain sanidine laser fusion 
analyses, originally using FCs = 27.84 Ma as fluence 
monitor.

Baculites reesidei 

ammonite zone 
(uppermost)

top of Baculites reesidei ammonite zone Baadsgaard et al., 
1993

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor.

Baculites compressus 

ammonite zone Baculites compressus ammonite zone Hicks et al., 1999

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor.

Exiteloceras jenneyi 
ammonite zone Exiteloceras jenneyi ammonite zone Hicks et al., 1999

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor; no analytical data 
published.

5m above lowest occurrence of foraminifer Globotruncanita 

calcarata
Obradovich, 1993

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor.

Baculites scotti 
ammonite zone Baculites scotti ammonite zone Hicks et al., 1999

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor.

Baculites obtusus to B. 

perplexus ammonite 
zone

Baculites obtusus to B. perplexus ammonite zone Hicks et al., 1995

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor.

Baculites obtusus 
ammonite zone Baculites obtusus ammonite zone Hicks et al., 1999

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor.

Baculites obtusus 
ammonite zone Baculites obtusus ammonite zone Hicks et al., 1995

Weighted mean age of four small multi-grain zircon 
analyses, utilizing physical abrasion and in-house UNIGE 
spike (0.1% error in tracer calibration).

late Early Campanian 
(Sca. hippocrepis III to 
Bac. obtusus zone 
interval)

upper part of the Aspidolithus parcus (CC 18) calcareous 
nannoplankton zone; and middle of Globotruncanita elevata 
foraminifer zone

Bernoulli et al., 
2004
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Primary radiometric age details Zone assignment Primary biostratigraphic age details Reference

Weighted mean age of 35 (of 43) laser  fusions on 1-3 grain 
aliquots of sanidine, using FCs as fluence monitor -- as 
presented in Siewert (2011); but Siewert et al. (in press) add 
additional fusions and revise as 81.84 ±0.11/0.22 Ma.

Scaphites hippocrepis II 
ammonite zone lower Scaphites hippocrepis II ammonite zone Siewert, 2011; 

Obradovich, 1993

Four (of 5) multigrain chemically-abraded zircon fractions; ID
TIMS.

Late Santonian to 
earliest Campanian?

Local Globotruncana arca planktonic zone. Within lower 
Inoceramus japonicus zone, which Walaszczyk and Cobban () 
cite as "Late Santonian evolutionary
descendant of Platyceramus ezoensis"; althugh Quidelleur et 
al. (2011) show as earliest "Campanian".

Quidelleur et al., 
2011

Weighted mean age of two samples, including 62 (of 78) 
laser  fusions on 3-4 grain aliquots of sanidine, using FCs as 
fluence monitor -- as presented in Siewert (2011); but 
Siewert et al. (in press) add additional fusions and revise as 
84.41 ±0.14/0.24 Ma.

Desmoscaphites bassleri 
ammonite zone Desmoscaphites bassleri ammonite zone Siewert, 2011; 

Obradovich, 1993

Four (of 17) youngest single grain zircon analyses yield a 
weighted mean 206Pb/238U age, utilizing CA-TIMS and 
ET535 spike (0.05% error in tracer calibration).

Desmoscaphites bassleri 
ammonite zone Desmoscaphites bassleri ammonite zone Siewert, 2011; 

Obradovich, 1993

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor; no analytical data 
published.

Just below Boehmoceras fauna of "Uppermost Santonian" Obradovich, 1993

Weighted mean age of 30 (of 46) laser  fusions on 5-7 grain 
aliquots of sanidine, using FCs as fluence monitor -- as 
presented in Siewert (2011); but Siewert et al. (in press) 
revise as 84.55 ±0.24/0.37 Ma..

Clioscaphites erdmanni 
ammonite zone (upper) Upper part of Clioscaphites erdmanni ammonite zone Siewert, 2011; 

Obradovich, 1993

Weighted mean age of two samples, including 40 (of 46) 
laser  fusions on 7-10 grain aliquots of sanidine, using FCs 
as fluence monitor -- as presented in Siewert (2011); but 
Siewert et al. (in press) add an additional sample and revise 
as 85.66 ±0.09/0.19 Ma.

Clioscaphites 

vermiformis ammonite 
zone (middle)

lower-Upper part of Clioscaphites vermiformis ammonite zone Siewert, 2011; 
Obradovich, 1993

Weighted mean age of two samples, including 30 (of 48) 
laser  fusions on 5 grain aliquots of sanidine, using FCs as 
fluence monitor -- as presented in Siewert (2011); but 
Siewert et al. (in press) revise as 85.84 ±0.24/0.37 Ma.

Top of Clioscaphites 

saxitonianus ammonite 
zone

Top of Cladoceramus undulatoplicatus inoceramus bivalve 
zone, equivalent to top of Clioscaphites saxitonianus 
ammonite zone

Siewert, 2011; 
Obradovich, 1993

Weighted mean age of three samples, including 107 (of 126) 
laser  fusions on 4-5 grain aliquots of sanidine, using FCs as 
fluence monitor -- as presented in Siewert (2011); but 
Siewert et al. (in press) revise as 87.13 ±0.09/0.19 Ma.

middle of Scaphites 

depressus ammonite 
zone

Protexanites bourgeoisianus (Scaphites depressus) ammonite 
zone

Siewert, 2011; 
Obradovich, 1993

Seven (of 11) single grain zircon analyses yield a weighted 
mean 206Pb/238U age, utilizing CA-TIMS and ET535 spike 
(0.05% error in tracer calibration).

middle of Scaphites 

depressus ammonite 
zone

Protexanites bourgeoisianus (Scaphites depressus) ammonite 
zone

Siewert, 2011; 
Obradovich, 1993

Weighted mean age of two samples, including 76 (of 90) 
laser  fusions on 2-10 grain aliquots of sanidine, using FCs 
as fluence monitor -- as presented in Siewert (2011); but 
Siewert et al. (in press) revise as 89.32 ±0.11/0.24 Ma.

Scaphites 

preventricosus 
ammonite zone (upper-
middle)

Forresteria alluaudi - Scaphites preventricosus ammonite zone 
(upper ash bed)

Siewert, 2011; 
Obradovich, 1993

Four (of 18) single grain zircon analyses yield a weighted 
mean 206Pb/238U age, utilizing CA-TIMS and ET535 spike 
(0.05% error in tracer calibration).

Scaphites 

preventricosus 
ammonite zone (lower-
middle)

Forresteria alluaudi - Scaphites preventricosus ammonite zone 
(lower ash bed)

Siewert, 2011; 
Obradovich, 1993

Weighted mean age of two samples, including 58 (of 63) 
laser  fusions on 8->10 grain aliquots of sanidine, using FCs 
as fluence monitor -- as presented in Siewert (2011); but 
Siewert et al. (in press) revise as 89.87 ±0.10/0.18 Ma.

Scaphites nigricollensis 
ammonite zone Scaphites nigricollensis ammonite zone Siewert, 2011; 

Obradovich, 1993

Weighted mean age including 40 (of 45) laser  fusions on 
single grain aliquots of sanidine, using FCs as fluence 
monitor -- as presented in Siewert (2011); but Siewert et al. 
(in press) revise as 91.24 ±0.09/0.23 Ma.

Top of Prionocyclus 

macombi ammonite zone
Top of Prionocyclus macombi ammonite zone; 0.9 m above P. 

macombi and 6 m below Scaphites warreni

Siewert, 2011; 
Obradovich, 1993

Five (of 11) single grain zircon analyses yield a weighted 
mean 206Pb/238U age, utilizing CA-TIMS and ET535 spike 
(0.05% error in tracer calibration).

Top of Prionocyclus 

macombi ammonite zone
Top of Prionocyclus macombi ammonite zone; 0.9 m above P. 

macombi and 6 m below Scaphites warreni

Siewert, 2011; 
Obradovich, 1993

Weighted mean age of two samples, including 83 (of 103) 
laser  fusions on 1-5 grain aliquots of sanidine, using FCs as 
fluence monitor.

Prionocyclus hyatti 

ammonite zone Prionocyclus hyatti ammonite zone Siewert, 2011; 
Obradovich, 1993

Weighted mean age including 33 (of 41) laser  fusions on 5 
grain aliquots of sanidine, using FCs as fluence monitor.

Top of Pseudaspidoceras 

flexuosum ammonite 
zone

Top of Pseudaspidoceras flexuosum ammonite zone (zone 
below V. birchbyi Zone)

Meyers et al., 
2012; Obradovich, 
1993

Two youngest (of 11) single grain zircon analyses yield a 
weighted mean 206Pb/238U age, utilizing CA-TIMS and 
ET535 spike (0.05% error in tracer calibration).  [Not used in 

Late Cretaceous spline fit.]

Top of Pseudaspidoceras 

flexuosum ammonite 
zone

Top of Pseudaspidoceras flexuosum ammonite zone (zone 
below V. birchbyi Zone)

Meyers et al., 
2012; Obradovich, 
1993
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No.
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Sample Locality Formation
GTS2012 

Age (Ma) 

± 2σ
(without λ 

errors)

± 2σ
(with λ 

errors)

Type

K19
SK069; crystal 
tuff middle part of Yezo Group 100.83 ± 1.00 ± 1.00 40Ar/39Ar

K18
R8943B; crystal 
tuff

Kyoei-Sakin-zawa, Hokkaido, 
Japan middle part of Yezo Group 99.89 ± 0.37 ± 0.37 40Ar/39Ar

K17
TNGt005; 
crystal tuff

Tengunosaw valley, Hokkaido, 
Japan Hikagenosawa Fm.; Yazo Group 99.70 ± 1.10 ± 1.10

206Pb/238U 
LA-ICPMS

Early

Albian

K16
75-O-06 (OB93-
31); bentonite

Peace River "Gates", British 
Columbia

Hulcross Formation, bentonite in its upper 50 
m. 107.89 ± 0.30 ± 0.30 40Ar/39Ar

K15 Vohrum tuff
Vöhrum clay pit situated 30 km east 
of Hannover, 1.6 km SW of 
Vöhrum, NW Germany

Schwicheldt Ton Member, Gault Formation.  2-
cm-thick tuff horizon 65 cm above the (local 
usage) "Aptian/Albian boundary"

113.08 ± 0.07 ± 0.14 206Pb/238U

Aptian

K14
OB93-32; 
bentonite

Otto gott clay pit, Sarstedt, 21 km 
SE of Hannover, Germany 114.84 ± 1.30 ± 1.30 40Ar/39Ar

K13
PA-140, tuff 
layer

Bano Nuevo Volcanic Complex, 
near Cerro Mirador, central 
Patagonian Cordillera, Argentina

volcanics conformably overlie unconsolidated 
sands of the Apeleg Formation 120.90 ± 1.10 ± 1.10

206Pb/238U 
ion probe

K12
MC-44, MC-84, 
MC-86-1; lavas

Bano Nuevo Volcanic Complex, 
near Cerro Mirador, central 
Patagonian Cordillera, Argentina

volcanics conformably overlie unconsolidated 
sands of the Apeleg Formation 122.20 ± 1.50 ± 1.50 40Ar/39Ar

K11

144-878A-46M-
1, 46M-2, 79R-
3; hawaiites

ODP Leg 144, MIT guyot, western 
Pacific 122.18 ± 1.43 ± 1.43 40Ar/39Ar

K10 MC888; tuff

outcrops along McCarty Creek, 2 
miles north of Paskenta, Tehama 
County, Great Valley, California, 
USA

Great Valley Group 124.07 ± 0.16 ± 0.24 206Pb/238U

K9

40R-1, 41R-1, 
42R-5, 45R-1; 
plagioclase 
phenocrysts 
from 
volcaniclastic 
rocks

ODP Site 1184 (Leg 192), eastern 
salient of Ontong Java Plateau, 
western equatorial Pacific

Four samples from cores into subunit IIE in 
the lower part of the volcaniclastic 
succession.

124.32 ± 1.80 ± 1.80 40Ar/39Ar

K8

SG7, SGB25, 
ML475, KF36, 
KF53; whole 
rock basalts

on-shore sections of Ontong Java 
Plateau basalts, central Malaita, 
Solomon Islands; equivalent to OJP 
basalts drilled in ODP Site 807

Malaita Volcanic Group 125.98 ± 2.86 ± 2.87 40Ar/39Ar

K7

144-878A-89R-
4, 91R-3; 
plagioclase from 
alkalic basalts

ODP Site 878 (Leg 144), MIT guyot, 
western Pacific 125.45 ± 0.41 ± 0.43 40Ar/39Ar

Barremian

Hauterivian

K6
Caepe Malal; 
tuff layer Neuquén Basin, Argentina

Interbedded between shales of the upper 
member (Agua de la Mula) of the Agrio 
Formation

132.70 ± 1.30 ± 1.30
206Pb/238U 
ion probe

Valanginian

K5 MC873A; tuff

outcrops along McCarty Creek, 2 
miles north of Paskenta, Tehama 
County, Great Valley, California, 
USA

Great Valley Group 133.51 ± 0.22 ± 0.29 206Pb/238U

K4 XZ0506; rhyolite

Kadong section, south side of 
Yamzho Iyumco Lake, 28.75N, 
90.70E, ca. 51km ESE of Nagarze, 
Tibet.

Rhyolite is from unit 13 of the upper (volcanic 
and volcaniclastic) part of Sangxiu Formation 136.00 ± 3.00 ± 3.00

206Pb/238U 
ion probe
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Primary radiometric age details Zone assignment Primary biostratigraphic age details Reference

Mean of five multi-grain biotite separates, originally using 
FCs = 28.02 Ma as fluence monitor.

Mantelliceras mantelli

ammonite zone (upper 
subzone)

Above occurrence of Mantelliceras saxbii ammonite Quidelleur et al.,

2011

Single or multi-grain sanidine laser fusion analysis, originally 
using TCs = 28.32 Ma as fluence monitor.

Mantelliceras mantelli

ammonite zone (top of 
lower subzone)

Graysonites woodridgei ammonite zone (equivalent to 
European subzone of Neostlingoceras carcitanense); upper 
part

Obradovich et al.,

2002

Eleven concordant spots on 12 zircon grains.

uppermost 
Arrhaphoceras 

briacensis ammonite 
zone

Nearly coeval with local FAD of pelagic forminifer 
Thalmanninella globotuncanoides (primary marker of Albian-
Cenomanian boundary)

Quidelleur et al.,

2011

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor; no analytical data 
published.

Euhoplites loricatus

ammonite zone
Pseudopulchellia pattoni zone of North American Western 
Interior. Correlated to mid-Middle Albian, Euhoplites loricatus

zone of Europe.
Obradovich, 1993

Weighted mean of five (of 7) single and 2-3 grain zircon 
fractions, utilizing CA-TIMS and the ET535 spike (0.05% 
error in tracer calibration)

Leymeriella tardefurcata

(lower subzone)
65 cm above the first occurrence of the ammonite Leymeriella 

(Proleymeriella) schrammeni anterior 
Selby et al., 2009

Multi-grain sanidine laser fusion analysis, originally using 
TCs = 28.32 Ma as fluence monitor; no analytical data 
published.

Parahoplites melchioris

to top of H. jacobi zone 
due to uncertain zone 
usage

Parahoplites nutfieldiensis ammonite zone (but definition of 
this zone is not provided) Obradovich, 1993

Weighted mean of 14 (of 17) spot analyses analyzed by 
SHRIMP II (ANU), using the TEMORA zircon standard.

Deshayesites forbesi 

through E. martinoides 

zones due to vague 
biostrat

upper beds of the Apeleg Formation have been dated as early 
Aptian based on the presence of the ammonite Tropaeum or 
Australiceras sp.

Suarez et al., 2010

Weighted mean of three hornblende 40Ar/39Ar plateau or 
isochron ages, originally calculated with FCs = 28.02 Ma as 
the fluence monitor.

Deshayesites forbesi 

through E. martinoides 

zones due to vague 
biostrat

upper beds of the Apeleg Formation have been dated as early 
Aptian based on the presence of the ammonite Tropaeum or 
Australiceras sp.

Suarez et al., 2010

Weighted mean of three whole rock 40Ar/39Ar isochron 
ages, originally calculated with TCs = 27.92 Ma as the 
fluence monitor.

D. forbesi to base of D. 

furcata ammonite zone

MIT seamount normally magnetized, upper hawaiite lavas; 
platform carbonates 25 m above volcanic basement are 
assigned to the C. litterarius nannofossil biozone (NC6).  
Implied to be younger than Chron M0r

Pringle and 
Duncan, 1995

Weighted mean of youngest five (of 7) 1-4 grain zircon 
fractions, utilizing CA-TIMS and in-house UNC spike (0.1% 
error in tracer calibration), with analytical error expanded in 
accommodate geologic scatter.

D. forbesi to base of D. 

furcata ammonite zone

Chiastozygus litterarius biozone (NC6) –  Text says NC6A 
subzone, as supported by the first occurrence of C. litterarius

and the last occurrence of Conusphaera rothii in MC887, a 
sample found below MC888.  But, LAD of C. rothii = defines 
base subzone 6B, not 6A => sample is lower NC6B.

Shimokawa, 2010

Weighted mean of 6 (of 8) laser fusions on 4-5 grain aliquots 
of plagioclase, sampled from four core intervals, originally 
calibrated to FCs = 28.02 Ma.

mid-D. deshayesi to D. 

furcata ammonite zone
The oldest sediment overlying basement on the crest of the 
Ontong Java Plateau occurs within the upper part of the 
Leupoldina cabri planktonic foraminiferal zone.

Chambers et al., 
2004

Weighted mean of 5 whole rock incremental heating plateau 
ages, originally calculated with FCT-3 biotite = 27.55 Ma.

mid-D. deshayesi to D. 

furcata ammonite zone

The oldest sediment overlying basement on the crest of the 
Ontong Java Plateau (ODP sites) occurs within the upper part 
of the Leupoldina cabri planktonic foraminiferal zone; but there 
are no biostratigraphic constaints on these Malaita exposures.

Tejada et al., 2002

Weighted average of plagioclase 40Ar/39Ar isochron ages, 
originally calculated with TCs = 27.92 Ma as the fluence 
monitor

Deshayesites forbesi 

ammonite zone

MIT seamount lower alkalic basalts at reversed-upward-to-
normal polarity transition; interpreted as top of Chron M0r*.

Pringle and 
Duncan, 1995

Weighted mean of fifteen (of 20) spot analyses analyzed by 
SHRIMP II (ANU), using the TEMORA zircon standard.

Subsaynella sayni 

ammonite zone (lower)
within the Spitidiscus riccardii ammonoid zone, correlated with 
the lower Subsaynella sayni zone of the Tethys

Aguirre Urreta et 
al., 2008

Weighted mean of youngest eight (of 10) 3-5 grain zircon 
fractions, utilizing CA-TIMS and in-house UNC spike (0.1% 
error in tracer calibration), with analytical error expanded in 
accommodate geologic scatter.

Val/Haut boundary 
interval (C. furcillata - A. 

radiatus zones)

Fossils of P. fenestrata, R. nebulosus, C. angustiforatus, 

Cyclagelosphaera deflandrei, Eiffellithus windii, Metadoga 

mercurius, R. wisei, and Tubodiscus verenae place this 
sample in the C. oblongata (NK3) biozone – R. wisei (NK3A) 
subzone

Shimokawa, 2010

Weighted mean of fifteen spot analyses analyzed by 
SHRIMP II (Beijing), using the TEMORA zircon standard

T. pertransiens - C. 

furcillata ammonite 
zones

Sample is above a Calcicalathina oblongata–Speetonia 

colligata assemblage of calcareous nannofossils, but minimum 
age is unconstrained.  Assigned here as Valanginian.

Wan et al., 2010
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No.
P

e
r
i
o

d

E
p

o
c

h

A
g
e

Sample Locality Formation
GTS2012 

Age (Ma) 

± 2σ
(without λ 

errors)

± 2σ
(with λ 

errors)

Type

K3 MC180.5; tuff
outcrops along Kelly Road, 
Paskenta, Tehama County, Great 
Valley, California, USA

Great Valley Group 137.62 ± 0.07 ± 0.21 206Pb/238U

Berriasian

K2

CA-6189; 
rhyolite 
ignimbrite

12 m thick rhyolitic ignimbrite of the 
Lago Norte Vocanic Complex, 
overlying a 50 m thick fossiliferous 
marine succession

Lago Norte Volcanic Complex, overlying a 
thin succession of Toqui Formation 
intercalated in the Ibáñez Formation

137.30 ± 1.20 ± 1.20
206Pb/238U 
ion probe

K1 GC-670; tuff

Outcrops on south side of 
Grindstone Creek, west of State 
Road 306, Glen County, Great 
Valley, California, USA

Great Valley Group 138.46 ± 0.21 ± 0.29 206Pb/238U

Jurassic

Late

Tithonian

J19
Shatsky Rise 
basalt sills

ODP Hole 1213B (Leg 198) on 
Shatsky Rise, northwest Pacific 

Lithologic Unit IV.  Whole-rock = Core 28R-2 
(1-6cm) and 30R-3 (1-6cm).  Feldspars from 
Core 33R-3 (115-120cm)

146.48 ± 1.62 ± 1.63 40Ar/39Ar

Kimmeridgian

J18
Staffin black 
shale

Flodigarry, Staffin Bay, Isle of Skye, 
U.K. = proposed GSSP for base-
Oxfordian.

Flodigarry Shale Member, Staffin Formation. 
Sampled Bed 35 at approximate proposed 
GSSP level is 1.30±0.1m below Concretion-
rich marker Bed 36.

154.10 ± 2.10 ± 2.20 Re-Os

Oxfordian

J17

ODP 801C-15R-
4 92–96, 
tholeiitic basalt

ODP Site 801, Pigafetta basin, 
western Pacific; marine magnetic 
anomaly M43r

Upper basalts 161.17 ± 0.70 ± 0.74 40Ar/39Ar

J16

ODP 801C-15R-
4 92–96, 
oceanic tholeiitic 
basalt

ODP Site 801, Pigafetta basin, 
western Pacific; marine magnetic 
anomaly M43r

Upper basalts 159.86 ± 3.32 ± 3.33 40Ar/39Ar

Middle

Callovian

J15 boundary ash
Chacay Melehué, Neuquén Basin, 
western Argentina Chacay Melehué/Los Molles Formation 164.64 ± 0.20 ± 0.27 206Pb/238U

Bathonian

Bajocian

J14

Samples ODP 
801C-30R-4 37-
41 and 801C-
31R-4 138-143

ODP Site 801, Pigafetta basin, 
western Pacific; marine magnetic 
anomaly M43r

Tholeiitic basalts (ca. 750 mbsf; this unit 
extends from ca. 500 mbsf to base of hole at 
ca. 950 mbsf).  Samples from oceanic 
thoeiitic basalt crystalline groundmass.

168.72 ± 1.71 ± 1.73 40Ar/39Ar

J13
GUN-F; 
bentonite

near top of Gunlock section, 
Carmel Formation, Utah, USA

Crystal Creek Member, Carmel Formation, 
Utah, USA 168.35 ± 1.30 ± 1.31 40Ar/39Ar

J12
GUN-4; 
bentonite

near bottom of Gunlock section, 
Temple Cap Formation, Utah, USA

uppermost Temple Cap Formation, Utah, 
USA 171.48 ± 1.20 ± 1.22 40Ar/39Ar

Aalenian

J11 Eskay Rhyolite
Eskay rhyolite east, Eskay Creek 
gold mine, Iskut River map area, 
NW British Columbia

Salmon River Formation, Hazelton Group 174.10 ± 0.68 ± 0.72 206Pb/238U

Early

Toarcian

J10
PCA-YR-1; 
volcanic ash

Yakoun River, Queen Charlotte 
Islands, British Columbia Whiteaves Formation 181.40 ± 0.73 ± 0.78 206Pb/238U
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Suárez, M., De La Cruz, R., Aguirre-Urreta, B., Fanning, M., 2009. Rela-

tionship between volcanism and marine sedimentation in northern

Austral (Aisén) Basin, central Patagonia: Stratigraphic, UePb SHRIMP

and paleontologic evidence. Journal of South American Earth Sciences

27 (4), 309e325.
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Appendix 3

Cenozoic and Cretaceous Biochronology
of Planktonic Foraminifera and Calcareous
Nannofossils

D. Erik Anthonissen and James G. Ogg(compilers)

These compilations of selected planktonic foraminifer and calcareous nannofossil events and zones are based on previous detailed syntheses.
The main events are tabulated only for the temperate and tropical realms. Information on the biostratigraphy of boreal, austral and other
realms are given in the cited syntheses or are in the appropriate chapters in this book. Dates are revised to the GTS2012 age models, and
numerous enhancements were added. The calibration-references are either to the syntheses that were used, to the original source studies
(especially for Cenozoic foraminifera), or acknowledge inputs received from other specialists. The entries under comments are a very brief
summary of the calibrations; therefore, the cited references should be used for details and clarifications. As with all compilations, these tables
are a work in progress; and we thank the experts that have contributed to improving portions of these listings. Syntheses for siliceous, organic
and other microfossil biostratigraphy are summarized in the appropriate chapters in this book, and detailed and updated versions of all
stratigraphic scales can be accessed as datasets and graphics at the TimeScale Creator (www.tscreator.org) or Geologic TimeScale Foundation
(http://stratigraphy.science.purdue.edu) websites.

Table Captions

APPENDIX TABLE A3.1 Cenozoic Planktonic Foraminiferal Biochronology.
The regional age-calibrations for events are mainly from Lourens et al. (2004; as GTS2004 appendix table A2.3 for Quaternary-Neogene) and
Berggren et al. (1995a, b) with revisions and enhancements by Berggren and Pearson (2005) and Wade et al. (2011). Zonal definitions are
summarized in Wade et al. (2011). The “GTS2012 scaling” column is the reported earliest first-appearance or latest last-appearance datum
among the regions. Bridget Wade aided on the clarification of some zones and calibration of selected events.

APPENDIX TABLE A3.2 Cretaceous Planktonic Foraminiferal Biochronology.
The synthesis of events and zones by Robaszynski (1998, as a chart set) has been progressively enhanced by detailed studies of outcrops and
ocean drilling sites and by integrated compilations prepared for ocean drilling legs. The Late Cretaceous and Aptian-Albian successions of events
were enhanced during a workshop on Late Cretaceous microfossil stratigraphy (Univ. College London, June 2011, hosted by Jackie Lees and Paul
Bown) and from communications and in-press publications by Brian Huber, Maria Rose Petrizzo and Paul Sikora.

APPENDIX TABLE A3.3 Quaternary-Neogene Calcareous Nannofossil Biochronology.
The regional age-calibrations of events are mainly from Lourens et al. (2004; as GTS2004 appendix table A2.2 for Quaternary-Neogene) and
Berggren et al. (1995a, b). Raffi et al. (2006) placed most of these events onto a detailed isotope-stratigraphy framework. The “GTS2012 scaling”
column is the reported earliest first-appearance or latest last-appearance datum among the regions.

APPENDIX TABLE A3.4 Paleogene-Cretaceous Calcareous Nannofossil Biochronology.
The syntheses of events and zones by Erba et al. (1995) and Von Salis (1998, as a chart set) have been progressively enhanced by detailed studies of
outcrops and ocean drilling sites and by integrated compilations prepared for ocean drilling legs. The listed Paleogene events were reviewed and
enhanced by Paul Bown. The Late Cretaceous events and calibrations were revised during a workshop on Late Cretaceous microfossil
stratigraphy (Univ. College London, June 2011, hosted by Jackie Lees and Paul Bown), with additional communications from Dave Watkins. The
UC scale of Late Cretaceous zones (Burnett et al., 1998) is diagrammed in Chapter 27 (this volume). Jim Bergen aided in an earlier compilation for
the Early Cretaceous events.
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Magnetochron/ 

Marine Isotope 

Stage

STAGE (AGE)
Indo-

Pacific
Atlantic

Indo-

Pacific
Atlantic

T = Top/LAD; B = Base/FAD; 
X = Coiling change; ** = 

Regional age only
This 

study

Published 
Error NA M SA I SP EP SO NP

(various authors, 
see ref's)

T Globorotalia flexuosa 0.07 0.07 ~C1n.913 (late 
Brunhes); MIS 4

** T Globigerinoides ruber 
rosa [Indo-Pac.] 0.12 0.12 0.12 ~C1n.85 (late 

Brunhes)
0.126

B Globigerinella calida 0.22 0.22 C1n.715 (late 
Brunhes); MIS 7

** B Globigerinoides ruber 
rosa [Med.] 0.33 0.33 C1n.57 (middle 

Brunhes)

B Globorotalia flexuosa 0.40 0.40 C1n.486  (mid-
Brunhes); MIS 11

B Globorotalia hirsuta 0.45 0.45 C1n.42 (mid-
Brunhes); MIS 12

PT1b/ 

PT1a

PT1b/ 

PT1a
T Globorotalia tosaensis 0.61 0.9 0.61

EP: C1n.165 
(early Brunhes); 
SP: C1r.1r (latest 

Matuyama) 

B Globorotalia hessi 0.75 0.75 C1n.04 (basal 
Brunhes)

0.781
** X Pulleniatina coiling 
change random to dextral 
[Pacific]

0.80 0.80 C1r.1r (upper)

** B Globorotalia excelsa 
[Med.] 1.00 1.00 mid-C1r.1n 

(Middle Jaramillo)

T Globoturborotalita 
obliquus 1.30 ± 0.1 1.30 -

T Neogloboquadrina 
acostaensis 1.58 ± 0.03 1.58 -

T Globoturborotalita 
apertura 1.64 ± 0.03 1.64 -

** B Globigerina 
cariacoensis [Med.] 1.78 1.78 Top C2n (Top 

Olduvai)
1.806

PT1a/ 

PL6

PT1a/ 

PL6

T Globigerinoides 
fistulosus 1.88 ± 0.03 1.88 (1.77) SA: Chron C2n 

(Olduvai)

N22/ 

N21

** B Globorotalia 
truncatulinoides [S. Atl.] 1.93 ± 0.03 2.00 1.93 2.58

SP: C2r/C2An 
(Gauss/Matuyama

)
T Globigerinoides 
extremus 1.98 ± 0.03 1.98 -

B Pulleniatina finalis 2.04 ± 0.03 2.04 -
** T Globorotalia exilis 
[Atl.] 2.09 ± 0.02 2.09 ~C2r.2n.5 

(Reunion)
** B Pulleniatina 
(reappearance) [Atl.] 2.26 ± 0.03 2.26 Early Matuyama 

(below Reunion)

T Globorotalia pertenuis 2.30 2.30 (2.60) -

T Globoturborotalita woodi 2.30 ± 0.02 2.30 -

PL6/ 

PL5

** T Globorotalia 
pseudomiocenica [Indo-
Pac.]

2.39 2.39 Early Matuyama 
(below Reunion)

PL6/ 

PL5

** T Globorotalia 
miocenica [Atl.] 2.39 ± 0.02 2.39

~C2r.3r.8 (Early 
Matuyama, below 

Reunion)

T Globorotalia limbata 
[Atl.] 2.39 ± 0.02 2.39 2.24 -

N22/N2

1

** B Globorotalia 
truncatulinoides [Pac.] 2.58 2.00 1.93 2.58

SP: C2r/C2An 
(Gauss/Matuyama

)
2.588

T Globoturborotalita 
decoraperta 2.75 ± 0.03 2.75 -

** X Globorotalia 
crassaformis (S coiling) 
[Med.]

2.91 2.91 C2An.1n (late 
Gauss)

T Globorotalia 
multicamerata 2.98 ± 0.03 2.98 C2An.1r (Kaena)

** X Globorotalia 
crassaformis (D coiling) 
[Med.]

3.00 3.00 C2An.1n (late 
Gauss)

Table A3.1.  Cenozoic Planktonic Foraminiferal Biochronology.

AGE (Ma)

After Berggren et 
al. (1995a) and 

Wade et al. (2011) 
with emended 

M14

PT1b

BIOHORIZON (DATUM)
GTS2012 scaling

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)

PT1b

N22

After Blow (1969, 
1979), Kennett & 

Srinivasan (1983), 
Berggren et al. 

(1995a), Chaisson 
& Pearson (1997), 

Pearson & 
Chaisson (1997)

PT1a

PL6

Tarantian (Lt. 
Pleist.)

Ionian (M. 
Pleist.)

Calabrian

Gelasian

PT1a

N21

N22

PL6

CALIBRATED AGES COMPARED GLOBALLY

PL5
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Joyce et al. (1990) Calibrated in the Gulf of Mexico to ~C1n.913 = Same chron-age calibration as Berggren et al. (1995) = late Brunhes (Stage 4); 0.068 Ma

Thompson et al. (1979) Calibrated to magnetics in the South Pacific and Indian Ocean to ~C1n.85 (0.12 Ma) in Wade et al. (2011), based on Thompson et al., 1979.

Chaproniere et al. (1994) Calibrated in the South Pacific to C1n.715 = Same chron-age calibration as Berggren et al. (1995) = late Brunhes (Stage 7); 0.22 Ma [Chaproniere et al., 1994]

Lourens (unpublished) in Lourens et al. (2004) Cycle-calibrated in the Eastern Mediterranean

Joyce et al. (1990) Calibrated in the Gulf of Mexico to C1n.486 = Same chron-age calibration as Berggren et al. (1995) = mid-Brunhes (Stage 11); 0.401 Ma

Pujol & Duprat (1983) South Atlantic calibration to C1n.42 = Same chron-age calibration as Berggren et al. (1995) = mid-Brunhes (stage 12); 0.45 Ma.

EP: Mix et al. (1995), Shipboard Scientific Party 
(1990); SP: Chaproniere et al. (1994)

Astronomically tuned from Equatorial Pacific ODP Legs 111 & 138. Berggren et al. (1995) had assigned as early Brunhes; 0.65 Ma (= C1n.165); and noted that 
Globorotalia tosaensis LAD is placed earlier, at latest Matuyama (0.9 Ma) by Caproniere et al. (1994).

Chaproniere et al. (1994) Calibrated in the South Pacific to C1n.04 = Same chron-age calibration as Berggren et al. (1995) = basal Brunhes ; 0.75 Ma.

Pearson (1995), Wade et al. (2011) Astronomical age by Wade et al. (2011), based on ODP Hole 144-871A (Marshall Islands) in Pearson (1995). Uppermost C1r.1r

Glaçon et al. (1990), Channel et al. (1990) Calibrated to the middle of Jaramillo subchron in the Tyrrhenian Sea, ODP Leg 107.

Chaisson & Pearson (1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

Bickert et al. (1997a), Chaisson & Pearson (1997), 
Shipboard Scientific Party (1995) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

Bickert et al. (1997a), Chaisson & Pearson (1997), 
Shipboard Scientific Party (1995) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

Glaçon et al. (1990), Channel et al. (1990) Mediterranean datum. Same chron-age calibration as Berggren et al. (1995)

SA: Chaisson & Pearson (1997). EP: Jenkins & 
Houghton (1989)

SA: Astronomically tuned from Leg 154 (925, 926). EP: Astronomically tuned as 1.77 Ma from Leg 111 (677) in Jenkins & Houghton (1989) but  this was based 
on widely spaced core catcher samples according to Wade et al. (2011). These authors also note the mistake in Berggren et al. (1995b, table 6) where 1.6 Ma 
should read 1.77 Ma.

SA: Bickert et al. (1997a), Chaisson & Pearson 
(1997), Shipboard Scientific Party (1995); M: 
Lourens et al. (1996a), Zijderveld et al. (1991), 
Hilgen (1991a); SP: Dowsett (1988)

Highly diachronous marker for the base of N22 (Dowsett, 1988). The astronomically calibrated subtropical South Atlantic age is favoured here.

Chaisson & Pearson (1997) Astronomically tuned from ODP Sites 925 & 926.

Chaisson & Pearson (1997) Astronomically tuned from ODP Sites 925 & 926.

Berggren et al. (1985a) Atlantic Ocean only. Astronomically tuned from ODP Sites 925 & 926. Berggren et al (1995) assign to Reunion Subchron; 2.15 Ma = C2r.2n.5.

Chaisson & Pearson (1997) Astronomically tuned from ODP Sites 925 & 926.

SA: Bickert et al. (1997a), Chaisson & Pearson 
(1997), Shipboard Scientific Party (1995); EP: 
Keigwin (1982)

Astronomically tuned from ODP Sites 925 & 926. Wade et al. (2011) show both the 2.30 Ma age from Lourens et al. (2004) and a 2.60 Ma age according to 
Berggren et al. (1995b) who assigned it to top Gauss Subchron at 2.60 Ma (= C2An.1n.95) in the South Atlantic and East Equatorial Pacific based on Keigwin 
(1982). The better constrained  astronomically calibrated age is here retained.

Chaisson & Pearson (1997) Astronomically tuned from ODP Sites 925 & 926.

Berggren et al. (1995a) See discussion under Zone PL5 in Berggren et al. (1995a)

Bickert et al. (1997a), Chaisson & Pearson (1997), 
Shipboard Scientific Party (1995). Magnetochron 
according to Berggren et al. (1995b)

Astronomically tuned from ODP Sites 925 & 926. Essentially same as Berggren et al (1995b), who assigned to early Matuyama (below Reunion Subchron); 
2.30 Ma [a] =C2r.3r.8. 

SA: Bickert et al. (1997a), Chaisson & Pearson 
(1997), Shipboard Scientific Party (1995); EP: Mix et 
al. (1995), Shipboard Scientific Party (1990), 
Shackleton et al. (1995b), Shackleton et al. (1995a)

Wade et al. (2011) prefer the LAD (2.39 Ma) at Atlantic Sites 925 & 926. Astronomically tuned later in the East Equatorial Pacific as 2.24 from ODP Legs 111 & 
138  

SA: Bickert et al. (1997a), Chaisson & Pearson 
(1997), Shipboard Scientific Party (1995); M: 
Lourens et al. (1996a), Zijderveld et al. (1991), 
Hilgen (1991a); SP: Dowsett (1988)

Highly diachronous marker for the base of N22 (Dowsett, 1988). 

Chaisson & Pearson (1997) Astronomically tuned from ODP Sites 925 & 926.

Langereis & Hilgen (1991), Hilgen (1991b) Mediterranean coiling change D->S.  C2An.1n.25 = Same chron-age calibration as Berggren et al. (1995) = C2An.1n (late Gauss); 2.92 Ma.

Chaisson & Pearson (1997); Berggren et al. (1995b), 
Berggren et al. (1985a), Pujol (1983), Berggren et al. 
(1983)

Astronomically tuned from ODP Sites 925 & 926. Berggren et al. (1995b) assign as C2An.1r (Kaena); 3.09 Ma [a] = C2Ar.1r.3. Berggren et al (1995b) 
magnetochron based on Pujol (1983) and Berggen et al. (1983), Rio Grande Rise DSDP 72, South Atlantic.

Langereis & Hilgen (1991), Hilgen (1991b) Mediterranean coiling change. C2An.1n.1 = Same chron-age calibration as Berggren et al. (1995) = C2An.1n (late Gauss); 3.00 Ma.

COMMENTSCALIBRATION REFERENCES
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Magnetochron/ 

Marine Isotope 

Stage

STAGE (AGE)
Indo-

Pacific
Atlantic

Indo-

Pacific
Atlantic

T = Top/LAD; B = Base/FAD; 
X = Coiling change; ** = 

Regional age only
This 

study

Published 
Error NA M SA I SP EP SO NP

(various authors, 
see ref's)

AGE (Ma)

After Berggren et 
al. (1995a) and 

Wade et al. (2011) 
with emended 

M14

BIOHORIZON (DATUM)
GTS2012 scaling

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)

After Blow (1969, 
1979), Kennett & 

Srinivasan (1983), 
Berggren et al. 

(1995a), Chaisson 
& Pearson (1997), 

Pearson & 
Chaisson (1997)

CALIBRATED AGES COMPARED GLOBALLY

PL5/ 

PL4

** T Dentoglobigerina 
altispira [Atl.] 3.13 ± 0.02 3.17 3.13 3.47

M: C2An.2n (late 
Mammoth to early 

Kaena); SA: 
C2An.1r (Kaena)

PL4/ 

PL3

** T Sphaeroidinellopsis 
seminulina [Atl.] 3.16 ± 0.02 3.19 3.16 3.59

M: top Mammoth; 
SA: C2An.1r.0 
(base Kaena)

** X Globorotalia 
crassaformis (S coiling) 
[Med.]

3.16 3.16
C2An.2n (late 

Mammoth, early 
Kaena)

** T Globorotalia 

cibaoensis [S. Atl.] 

(unconfirmed)

3.23 (?) ± 0.03 3.23 C3n.2n (Nunivak)

** B Globorotalia inflata 
[S. Atl.] 3.24 2.0-2.2 2.09 3.24

NA: C2r.1r - 
C2r.2r; M: early 
Matuyama; SA: 
C2An.2r.7 (top 

Mammoth)
** X Globorotalia 
crassaformis (D coiling) 
[Med.]

3.26 3.26 C2An.2r.6 (mid-
Mammoth)

** T Globorotalia cf. 
crassula [N.Atl.] 3.29 3.29  C2An.2r.3 (lower 

Mammoth)
B Globigerinoides 
fistulosus 3.33 3.33 C2An.2r.0 (base 

Mammoth)
N21/ 

N19-

N20

N21/ 

N19-

N20

B Globorotalia tosaensis 3.35 3.35 ~C2An.3n.92

** T Pulleniatina 
(disappearance) [Atl.] 3.41 ± 0.03 3.41 3.45 EP: ~C2An.3n.5

PL5/ 

PL4

** T Dentoglobigerina 
altispira [Pac.] 3.47 3.13 3.47

M: C2An.2n (late 
Mammoth to early 

Kaena); SA: 
C2An.1r (Kaena)

PL4 B Globorotalia pertenuis 3.52 ± 0.03 3.52 3.45 EP: ~C2An.3n.5

PL4/ 

PL3

** T Sphaeroidinellopsis 
seminulina [Pac.] 3.59 3.17 3.16 3.59

M: top Mammoth; 
SA: C2An.1r.0 
(base Kaena)

3.600
** T Pulleniatina primalis 
[Pac.] 3.66 3.66 ~C3Ar.9 (late 

Gilbert reversal)
** B Globorotalila 
miocenica [Atl.] 3.77 ± 0.02 3.77 C2An.3n

T Globorotalia 
plesiotumida 3.77 ± 0.02 3.77 -

PL3/ 

PL2

PL3/ 

PL2
T Globorotalia margaritae 3.85 ± 0.03 3.81 3.85 3.58

 M: late Gilbert; 
EP: Base 
C2An.3n 

(Gauss/Gilbert)

X Pulleniatina coiling 
sinistral to dextral 4.08 ± 0.03 4.08 3.95 EP: Just above 

Cochiti
** T Pulleniatina 
spectabilis [Pac.] 4.21 4.20 C3n.1n.8 (Top 

Cochiti)

B Globorotalia 
crassaformis sensu lato 4.31 ± 0.04 4.5 3.58 4.31 4.50

NA: C3n.2n; M: 
Base C2An.3n 

(Gauss/Gilbert); 
SP: C3n.2n.85

PL2/ 

PL1

PL2/ 

PL1

T Globoturborotalita 
nepenthes 4.37 ± 0.01 4.37 4.20 EP: C3n.1n.8 (Top 

Cochiti)

** B Globorotalia exilis 
[Atl.] 4.45 ± 0.04 4.45 -

T Sphaeroidinellopsis 
kochi 4.53 ± 0.17 4.53 -

T Globorotalia cibaoensis 4.60 4.55 4.60 NA: C3n.2n 
(Nunivak)

PL2

PL1

PL5

PL3

PL2

Piacenzian

Zanclean

PL3

N21

N19-20 N19-20
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COMMENTSCALIBRATION REFERENCES

M: Lourens et al. (1996a), Zachariasse et al. (1989), 
Hilgen (1991b); SA: Chaisson & Pearson (1997), 
Shipboard Scientific Party (1995), Tiedemann & 
Franz (1997), Berggren et al. (1995b); EP: Mix et al. 
(1995), Shipboard Scientific Party (1990), 
Shackleton et al. (1995b), Shackleton et al. (1995a)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. This LAD is reported as slightly earlier (3.19 Ma) in eastern Mediterranean and much earlier 
(3.47 Ma) at Pacific ODP Legs 111 and 138.  Berggren et al. (1995) had similar assignment in the South Atlantic -- C2An.1r (Kaena); 3.09 Ma. However, 0.08 
myr earlier in Mediterranean in late Mammoth to early Kaena C2An.2n; or about 3.17 Ma, equivalent to a calibration of about C2Ar.1r.3.

M: Lourens et al. (1996a), Zachariasse et al. (1989), 
Hilgen (1991b); SA: Chaisson & Pearson (1997), 
Shipboard Scientific Party (1995), Tiedemann & 
Franz (1997), Berggren et al. (1995b); EP: Mix et al. 
(1995), Shipboard Scientific Party (1990), 
Shackleton et al. (1995a)

Astronomically tuned as 3.14 Ma from Atlantic ODP Sites 925 & 926. Wade et al. (2011) used this 3.16 Ma age. This LAD is reported as slightly earlier (3.17 
Ma) in astronomically tuned eastern Mediterranean and much earlier (3.59 Ma) at astronomically tuned Pacific ODP Legs 111 and 138. Berggren et al. (1995) 
assigned as base Kaena (3.12 Ma = C2An.1r.0) and noted that Pliocene foram 'Sphaeroidinellopsis seminulina' LAD occurs about 0.1 m.y. earlier (top of 
Mammoth, or 3.21 Ma) in the Mediterranean.

Langereis & Hilgen (1991), Hilgen (1991b) Mediterranean coiling change. Same chron-age calibration as Berggren et al. (1995b) = C2An.2n (late Mammoth, early Kaena); 3.17 Ma = C2An.2n.5 

Chaisson & Pearson (1997); Lourens et al. (2004); 
Wade et al. (2011)

NOTE: Wade et al. (2011) write: "The extinction of Globorotalia cibaoensis was used to subdivide Zone PL1 and had a calibration of 4.6 Ma in BKSA95. 
However, Chaisson and Pearson (1997; Atlantic ODP Sites 925 & 926) reported a much younger LAD for this species which was adopted by Lourens et al. 
(2004) to give an astronomical age on 3.23 Ma. As the much younger LAD at Ceara Rise is yet to be confirmed we use the 4.6 Ma calibration of BKSA95."

NA: Anthonissen (2008), Flower (1999), Weaver & 
Clement (1987); M: SA: Berggren et al. (1985a), 
Berggren et al. (1983), Pujol (1983); SA: M: Lourens 
et al. (1996a), Zijderveld et al. (1991), Hilgen 
(1991a)

Astronomically tuned in the eastern Mediterranean. Same chron-age calibration as Berggren et al. (1985a) in the South Atlantic as top Mammoth, 3.25 Ma (= 
C2An.2r.7). Berggren et al. (1995b) note that this FAD occurs about 1 myr later (early Matuyama, or about 2.09 Ma) in Mediterranean and North Atlantic. In 
Berggren et al.'s (1995b) table 5 the South Atlantic age was apparently accidentally deleted but should be top of Mammoth chron, or about 3.25 Ma (as in 
earlier draft of this paper and in Berggren et al.,1985)

Langereis & Hilgen (1991), Hilgen (1991b) Mediterranean coiling change. Same chron-age calibration as Berggren et al. (1995) = mid-Mammoth, 3.26 Ma (= C2An.2r.6).

Weaver & Clement (1987) North Atlantic LAD. Same chron-age calibration as Berggren et al. (1995), lower Mammoth, 3.30 Ma (= C2An.2r.3).

Hays et al. (1969) Wade et al. (2011) astrochonology age implies same chron-age calibration as Berggren et al. (1995b), originally from Hays et al. (1969), of C2An.2r (base 
Mammoth) with an age of 3.33 Ma (= C2An.2r.0).

Hays et al. (1969) Wade et al. (2011) astrochonology age implies same chron-age calibration as Berggren et al. (1995b) at just below Mammoth, [3.35 Ma in CK95 = 
C2An.3n.92]. Berggren et al. (1995b) magnetochron assignment according to Hays et al (1969).

Chaisson & Pearson (1997), Shipboard Scientific 
Party (1995), Tiedemann & Franz (1997), Saito et al. 
(1975), Keigwin (1982)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995b) have similar calibration as C2An.3n (3.45 Ma [a] = C2An.3n.5). 
Berggren et al. (1995b) magnetochron designation was based on Saito et al. (1975) and Keigwin (1982) 

Wade et al. (2011); M: Lourens et al. (1996a), 
Zachariasse et al. (1989), Hilgen (1991b); SA: 
Chaisson & Pearson (1997), Shipboard Scientific 
Party (1995), Tiedemann & Franz (1997), Berggren 
et al. (1995b); EP: Mix et al. (1995), Shipboard 
Scientific Party (1990), Shackleton et al. (1995b), 
Shackleton et al. (1995a)

Astronomically tuned LAD is reported much earlier (3.47 Ma) at Pacific ODP Legs 111 and 138 than in South Atlantic (ca. 3.13 Ma) [Wade et al. (2011)].

SA: Chaisson & Pearson (1997), Shipboard 
Scientific Party (1995), Tiedemann & Franz (1997); 
EP: Keigwin (1982)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995) assigned as Chron C2An.3n (3.45 Ma = C2An.3n.5) in the Caribbean 
and East Equatorial Pacific (Keigwin, 1982).

M: Lourens et al. (1996a), Zachariasse et al. (1989), 
Hilgen (1991b); SA: Chaisson & Pearson (1997), 
Shipboard Scientific Party (1995), Tiedemann & 
Franz (1997), Berggren et al. (1995b); EP: Mix et al. 
(1995), Shipboard Scientific Party (1990), 
Shackleton et al. (1995a)

Base of Pacific PL4 -- This LAD is reported as much earlier (3.59 Ma) at Pacific ODP Legs 111 and 138.  Wade et al. (2011) say: "The duration of Biochron PL4 
is estimated to be 30 kyr in the Atlantic Ocean and 110 kyr in the Pacific Ocean." [see S. seminulina [Atl.] notes at 3.16 Ma]

Keigwin (1982) Wade et al. (2011) astrochronology implies same chron-age calibration as Berggren et al. (1995) = late Gilbert reversed (3.65 Ma = Chron C3Ar.9) from the 
Pacific study of Keigwin (1982)

Chaisson & Pearson (1997), Shipboard Scientific 
Party (1995), Tiedemann & Franz (1997), Berggren 
et al. (1983), Pujol (1983)

Astronomically tuned from Atlantic ODP Sites 925 & 926. Berggren et al. (1995) assigned as C2An.3n (3.55 Ma = Chron C2An.3n.1). Magnetochron 
assignment according to Berggren et al. (1983) and Pujol (1983).

Chaisson & Pearson (1997), Shipboard Scientific 
Party (1995), Tiedemann & Franz (1997)  Astronomically tuned from South Atlantic ODP Sites 925 & 926.

M: Lourens et al. (1996a), Hilgen (1991b), Langereis 
& Hilgen (1991), Berggren et al. (1995b); SA: 
Chaisson & Pearson (1997), Shipboard Scientific 
Party (1995), Tiedemann & Franz (1997); EP: Saito 
et al. (1975)

Cycle-calibrated in Eastern Mediterranean as 3.81 Ma. This LAD is reported slightly earlier (3.85 Ma) at astronomically tuned South Atlantic Sites 925 & 926. 
This calibration was used by Wade et al. (2011) and is retained here. Berggren et al. (1995) assigned as Gauss/Gilbert boundary in the Eastern Equatorial 
Pacific (3.58 Ma = Base Chron C2An.3n) based on Saito et al. (1975). They reported this event to have occurred 0.2 m.y. earlier in Mediterranean (late Gilbert, 
or 3.79 Ma). The LCO occurs in the Mediterranean just above Cochiti Subchron (3.96 Ma). 

SA: Chaisson & Pearson (1997), Shipboard 
Scientific Party (1995), Tiedemann & Franz (1997); 
EP: Saito et al. (1975), Keigwin (1982)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995b) assigned this event to just above the Cochiti subchron in the Equatorial 
Pacific based on Saito et al. (1975) and Keigwin (1982).

Hays et al. (1969) Pacific only. Same chron-age calibration as Berggren et al. (1995) as top of Cochiti Subchron, (4.20 Ma = Chron C3n.1n.8).  P. spectabilis LAD near top of 
Cochiti subchron according to Hays et al. (1969) at Pacific sites. 

NA: Anthonissen (2009a), Bylinskaya (2005), 
Weaver & Clement (1987); M: Hilgen (1991b), 
Langereis & Hilgen (1991); SP: Chaproniere et al. 
(1994)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995b) assigned as Nunivak Subchron (4.50 Ma = Chron C3n.2n.85) in the 
South Pacific based on Chaproniere et al. (1994). Berggren et al. (1995b) reported it to occur about 1 m.y. later (Gilbert/Gauss boundary, or 3.58 Ma) in the 
Mediterranean based on Langereis & Hilgen (1991) and Hilgen (1991b). North Atlantic age similar to South Pacific.

SA: Chaisson & Pearson (1997), Shipboard 
Scientific Party (1995), Tiedemann & Franz (1997); 
EP: Hays et al. (1969), Saito et al. (1975), Berggren 
et al. (1983), Pujol (1983)

Astronomically tuned from Atlantic ODP Sites 925 & 926. Berggren et al. (1995b) assign as top Cochiti Subchron; 4.20 Ma = Chron C3n.1n.8 based on sites in 
the Equatorial Pacific.

Chaisson & Pearson (1997), Shipboard Scientific 
Party (1995), Tiedemann & Franz (1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

Chaisson & Pearson (1997), Shipboard Scientific 
Party (1995), Tiedemann & Franz (1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926. Typographic error in Lourens et al. (2004) where "Bottom" should read "Top". 

Wade et al. (2011); NA: Weaver & Clement (1986); 
SA: Berggren et al. (1983), Poore et al. (1983)

Wade et al. (2011) write: "The extinction of Globorotalia cibaoensis was used to subdivide Zone PL1 and had a calibration of 4.6 Ma in BKSA95 based on S. 
Atlantic DSDP Site 519 where the the event coincided with the FAD G. crassaformis and within C3r (Gilbert lower part) at ~4.60 Ma.. However, Chaisson and 
Pearson (1997) reported a much younger LAD for this species which was adopted by Lourens et al. (2004) to give an astronomical age on 3.23 Ma. As the 
much younger LAD at Ceara Rise is yet to be confirmed we use the 4.6 Ma calibration of BKSA95." Chaisson & Pearson (1997) write: "The distinction between 
H. cibaoensis and H. scitula is difficult to make, which may account for the departure from the published range at Site 925."  Also in the South Atlantic, Berggen 
(1977, in Hodell & Kennett, 1986), recorded the LAD of G. cibaoensis as coinciding with the FAD of calcareous nannofossil Ceratolithus acutus (5.35 Ma) in 
South Atlantic piston cores. In North Atlantic DSDP Site 609, Weaver & Clement (1986) recorded this event within C3n.2n (Nunivak) at ~4.55 Ma. For this 
GTS2012 table, we have therefore chosen to follow Wade et al. (2011) in retaining the older age, pending further study.
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Magnetochron/ 

Marine Isotope 

Stage

STAGE (AGE)
Indo-

Pacific
Atlantic

Indo-

Pacific
Atlantic

T = Top/LAD; B = Base/FAD; 
X = Coiling change; ** = 

Regional age only
This 

study

Published 
Error NA M SA I SP EP SO NP

(various authors, 
see ref's)

AGE (Ma)

After Berggren et 
al. (1995a) and 

Wade et al. (2011) 
with emended 

M14

BIOHORIZON (DATUM)
GTS2012 scaling

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)

After Blow (1969, 
1979), Kennett & 

Srinivasan (1983), 
Berggren et al. 

(1995a), Chaisson 
& Pearson (1997), 

Pearson & 
Chaisson (1997)

CALIBRATED AGES COMPARED GLOBALLY

T Globigerinoides seiglei 4.72 5.0-5.2 4.72

SA: C3n.4n 
(Thvera); EP: 

~C3n.2r.5 (above 
Sidufjall)

5.333

N19-20/ 

N18

N19-20/ 

N18

B Sphaeroidinella 
dehiscens sensu lato 5.53 ± 0.04 5.53 5.2 EP: C3n.4n.13 

(basal Thvera)

N18/ 

N17b

PL1/ 

M14

** B Globorotalia tumida 
[Pac.] 5.57 5.72 (5.57) (5.57) 5.57

EP:  ~C3r.45 
(early Gilbert)

** B Globorotalia pliozea 
[S. Pac.] 5.67 5.67 SP: ~C3r.45 (early 

Gilbert)

** B Globorotalia 
sphericomiozea [S. Pac.] 5.67 5.67 SP: ~C3r.45 (early 

Gilbert)

N18/ 

N17b

PL1/ 

M14

** B Globorotalia tumida 
[Atl.] 5.72 ± 0.04 5.72 (5.57) (5.57) 5.57 EP:  ~C3r.45 

(early Gilbert)

B Turborotalita humilis 5.81 ± 0.17 5.81 -

T Globoquadrina 
dehiscens 5.92 (5.92) 5.92 (5.5) SP: C3r.15; EP: 

~C3r.7

B Globorotalia margaritae 6.08 ± 0.03 6.0 (5.1) 6.08 (6.5)

NA: ~C3An.1n.5; 
(M: ~C3r.8 mid-

Thvera); SP: 
C3An.2n

M14/ 

M13b

** T Globorotalia 
lenguaensis [Pac.] 6.14 8.58 8.97 6.14 6.14

SA: upper C4An; 
EP: C3An.1n; SP: 

~C3An.1n.5

B Globigerinoides 
conglobatus 6.20 ± 0.41 6.20 C3r.25 (lowermost 

Gilbert)

X Neogloboquadrina 
acostaensis coiling 
sinistral to dextral

6.37 6.37 6.35 6.20 EP: C3An.2n

** T Globorotalia 
miotumida (conomiozea) 
[temperate]

6.52 6.4-6.7 6.52 NA: C3An.2n

N17b/ 

N17a

N17b/ 

N17a
B Pulleniatina primalis 6.60 6.60 6.60 SP: C3An.2n.5

** T Globorotalia nicolae 
[Med.] 6.72 6.72 -

X Neogloboquadrina 
acostaensis coiling dextral 
to sinistral

6.77 6.77 C3Ar.8

** B Globorotalia nicolae 
[Med.] 6.83 6.83 -

X Neogloboquadrina 
atlantica coiling dextral to 
sinistral

6.99 6.99 C3Ar.3

7.246

** B Globorotalia 
miotumida (conomiozea) 
[temperate]

7.89 7.7 7.89 NA: C4n.1r

B Candeina nitida 8.43 ± 0.04 8.43 (8.1) EP: (C4r.1r.7)

B Neogloboquadrina 
humerosa 8.56 (9.52) 8.56 EP: C4r.2r.5

N17a/ 

N16

N17a/ 

N16

M13b/ 

M13a

M13b 

/M13a

B Globorotalia 
plesiotumida 8.58 ± 0.03 (9.3) 8.58 8.3 EP: C4.2r.9

B Globigerinoides 
extremus 8.93 ± 0.03 8.93 8.3 EP: C4.2r.9

N17b

N17aN17a

M14-
M13b

Messinian

M14

M13b

N18

N17

PL1
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COMMENTSCALIBRATION REFERENCES

SA: Keigwin (1982); EP: Berggren et al. (1983), 
Pujol (1983), Leonard et al. (1983)

Same chron-age calibration as Berggren et al. (1995), above Sidufjall subchron at 4.7 Ma = C3n.2r.5 in the Equatorial Pacific. LAD G. seiglei observed in Hole 
502 (Caribbean) within Thvera Subchron (Keigwin, 1982)

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997); EP: Hays et al. (1969), Saito et al. 
(1975)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995b) assign as early Gilbert reversed; 5.2 Ma = C3n.4n.13 in the Equatorial 
Pacific.

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997); I: Srinivasan & Sinha (1992); EP: 
Shipboard Scientific Party (1990), Shackleton et al. 
(1995b), Shackleton et al. (1995a), Saito et al. 
(1975), Keigwin (1982); SP: Hodell & Kennett (1986)

Astronomically tuned from South Atlantic ODP Sites 925 & 926, but Globorotalia tumida FAD is reported as later (5.57 Ma) at astronomically tuned Pacific ODP 
Legs 111 & 138. Berggren et al. (1995) dated this event in Hole 588 and found it to be synchronous in other SW Pacific sites (586B,587,590) and in Indian 
Ocean (Holes 114,219,237,238). This FAD is at a comparable position, but without paleomagnetic control, at Hole 806B (Ontong-Java Plateau). They assign as 
in Chron C3r (early Gilbert); 5.6 Ma = C3r.45

Srinivasan & Sinha (1992) Same chron-age calibration as Berggren et al. (1995b) = Chron C3r (early Gilbert); 5.6 Ma = C3r.45 [Datum levels in C3r scaled proportionally to match 
Berggren's relative spacing.]. 'Globorotalia pliozea' FAD is dated in Hole 588 (SW Pacific).

Srinivasan & Sinha (1992), Hodell & Kennett (1986) Same chron-age calibration as Berggren et al. (1995) = C3r (early Gilbert); 5.6 Ma = C3r.45 [Datum levels in C3r scaled proportionally to match Berggren's 
relative spacing. ]. 'Globorotalia sphericomiozea' FAD is dated in Hole 588 (SW Pacific).

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997); I: Srinivasan & Sinha (1992); EP: 
Shipboard Scientific Party (1990), Shackleton et al. 
(1995b), Shackleton et al. (1995a), Saito et al. 
(1975), Keigwin (1982); SP: Hodell & Kennett (1986)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Globorotalia tumida FAD is reported as later (5.57 Ma) at astronomically tuned Pacific ODP 
Legs 111 & 138. Berggren et al. (1995) dated this event in Hole 588 and found it to be synchronous in other SW Pacific sites (586B,587,590) and in Indian 
Ocean (Holes 114,219,237,238). This FAD is at a comparable position, but without paleomagnetic control, at Hole 806B (Ontong-Java Plateau). They assign as 
C3r (early Gilbert); 5.6 Ma = C3r.45

Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

EP: Hays et al. (1969), Saito et al. (1975), Berggren 
et al. (1983), Pujol (1983); SP: Srinivasan & Sinha, 
Hodell & Kennett (1986)

Astrochronology age by Wade et al. (2011) is same chron-age calibration as Berggren et al. (1995) = C3r (early Gilbert), 5.8 Ma = C3r.15. [Datum levels in C3r 
scaled proportionally to match Berggren's relative spacing.]  LAD is calibrated in ODP Hole 588 in SW Pacific, and is synchronous in nearby Holes 
586B,587,590 and in Indian Ocean. However, Berggren (1994 version of SEPM compilation) indicated that this LAD is apparently diachronous by about 1 myr 
from C3Bn (6.8 Ma) in subtropics to C3r.7 (5.5 Ma) in tropics. Wade et al. (2011) clarify: "However, Hodell and Kennett (1986) have shown the LAD of G. 
dehiscens to be diachronous, and the extinction appears to occur earlier in higher latitudes in comparison to tropical sites."

NA: Weaver & Clement (1987); M: Langereis and 
Hilgen (1991) SA: Chaisson & Pearson (1997), 
Shackleton & Crowhurst (1997); SP: Chaproniere et 
al. (1994)

Astronomically tuned from Atlantic ODP Sites 925 & 926. Extensive notes in Berggren et al. (1995a), who place the global FAD in C3An (mid) at 6.0 Ma (= 
C3An.1n.5) in the North Atlantic.  The FAD is considered diachronous between the SW Pacific and Indian Ocean, observed to occur above (Ontong-Java Hole 
806B) and below (Tonga Platform Hole 840) the FAD of G. tumida (Srinivasan & Sinha,1992). Calibrated to C3An.2n at South Pacific Tonga Platform. The FAD 
is nearly 1 myr later in the Mediterranean (about 5.32), where its inital occurrence is recorded immediately above base Zanclean in mid-Thvera [~C3r.8] and 
first common occurrence (FCO) only shortly thereafter at 5.07 Ma (Langereis and Hilgen, 1991).

NA: Zhang et al. (1993), Aubry (1993); SA: 
Shackleton & Crowhurst (1997), Turco et al. (2002), 
Poore et al. (1983); SP: Chaproniere et al. (1994); 
EP: Chaisson & Leckie (1993)

Pacific calibration: Same scaling as Berggren et al. (1995a) - LAD is directly calibrated to C3An.1n in ODP Hole 840 (Tonga Platform, SW Pacific) and Hole 
806B (Ontong-Java Plateau, equatorial West Pacific).  This LAD occurs just below FAD of P. primalis at ODP 840 and just above it at ODP 806B.  The 
corresponding age is about 6.0 Ma (Cande & Kent, 1995). Chron-age assignment = C3An.1n at 6.0 Ma = C3An.1n.5.  See discussion in NOTE below for older 
Atlantic age, which is significantly older than reported in Berggren et al. (1995a) (derived from the Tonga Plateau, SW Pacific) -- this Atlantic revision, Wade et 
al. (2011) argued would place this event within the M13a Subzone, "inconsistent with the established order of bioevents".  Wade et al. (2011) argued that they 
retained the Berggren et al. (1995) age for stability, pending further investigation. In contrast to Wade et al. (2011), this study chooses to honour  both 
calibrations and recognizes significant diachrony between the Atlantic and Pacific ages of  LAD of G. lenguaensis.

Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997), Berggren et al. (1983), Pujol 
(1983), Poore et al. (1983)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Magnetochron assignment in South Atlantic DSDP Leg 72 according to Berggren et al. (1985a) 
references.

NA: Krijgsman et al. (unpubl.) in Lourens et al. 
(2004); M: Krijgsman et al. (1999), Hilgen & 
Krijgsman (1999), Sierro et al. (2001); EP: 
Srinivasan & Sinha (1992)

Astronomically tuned from the Eastern Mediterranean (6.35 Ma) and Morocco (6.37 Ma) in Lourens et al. (2004). Wade et al. (2011) astrochron age of 6.20 Ma 
projects about 0.3 myr "higher" than the chron-age calibration of Berggren et al. (1995b) = C3An.2n; 6.2 Ma (?6.4Ma?) = C3An.2n.5

NA: Weaver & Clement (1987), Clement & Robinson 
(1986); M: Krijgsman et al. (1999), Hilgen & 
Krijgsman (1999), Sierro et al. (2001)

Cycle-calibrated in Eastern Mediterranean. North Atlantic magnetochron designation based on DSDP Leg 94 (Hole 609, 609B).

I & SP: Srinivasan & Sinha (1992)
Wade et al. (2011) astrochronology age projects same chron-age of Berggren et al. (1995) = C3An.2n; 6.4 Ma (= C3An.2n.5). 'Pulleniatina primalis' FAD occurs 
at this age in the SW Pacific region (Sites 587,588,590; and at 806B, but without paleomagnetic calibration, and Indian Ocean (Sites 214,219,238).  FAD is 
slightly above FAD of G. lenguaensis at Hole 840.

M:Krijgsman et al. (1999), Hilgen & Krijgsman 
(1999), Sierro et al. (2001) Cycle-calibrated in Eastern Mediterranean

SP: Srinivasan & Sinha (1992) Wade et al. (2011) astrochronology age projects as same with chron-age of Berggren et al. (1995a) = C3An.2r; 6.6 Ma = C3Ar.8.

M: Krijgsman et al. (1999), Hilgen & Krijgsman 
(1999), Sierro et al. (2001) Cycle-calibrated in Eastern Mediterranean.

NA: Weaver & Clement (1987), Clement & Robinson 
(1986), Spiegler & Jansen (1989)

Wade et al. (2011) astrochronology age same as chron-age of Berggren et al. (1995a) = C3Ar; 6.8 Ma = C3Ar.3. Neogloboquadrina atlantica (D to S) was 
calibrated to magnetics in North Atlantic DSDP Hole 609, 611 and Norwegian Sea Hole 642.

NA: Anthonissen (2009a), Hodell et al. (2001), 
Weaver & Clement (1987), Clement & Robinson 
(1986); M: Krijgsman et al. (1994), Hilgen et al. 
(1995)

Cycle-calibrated in the Eastern Mediterranean. Calibrated to magnetostratigraphy in North Atlantic DSDP Leg 94 Holes 611C, 610E. Anthonissen (2009a) 
compared this event (according to depth in Flower, 1999) in North Atlantic Site 982 (Rockall Plateau) to the orbitally tuned isotope record of ODP Site 982 in 
Hodell et al. (2001), with a re-calibrated age to ATNTS04 of 7.7 Ma for the northeast Atlantic.

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997); EP: Chaisson & Leckie (1993), 
Berggren et al. (1995a)

Astronomically tuned from South Atlantic ODP Sites 925 & 926.  Berggren et al. (1995) assign an age for 'Candeina nitida' FAD as recorded in Hole 806B 
(Ontong-Java Plateau), with correction of estimates made by Berggren et al. (1995a).  See the explanantion of the mistake in the Chaisson & Leckie (1993) 
age model (under the remarks for FAD G. cibaoensis in Berggren et al.,1995a).  Berggren et al. (1995a) assign as (C4r.1r); (8.1) = C4r.1r.7.

NA: Anthonissen (2009a), Spezzaferri (1998), 
Israelson & Spezzaferri (1998); EP: Ryan et al. 
(1974), Berggren et al. (1985a), Berggren et al. 
(1995a)

Wade et al. (2011) astrochronology age projects as same with chron-age for the Equatorial Pacific in Berggren et al. (1995a), based on Berggren et al. (1985a). 
They assign as C4r.2r; 8.5 Ma = C4r.2r.5. In the North Atlantic, the FAD of N. humerosa was recorded in ODP Hole 918D (Irminger Basin) by Spezzaferri 
(1998) with a strontium isotope value according to Israelson & Spezzaferri (1998), recalibrated to McArthur et al. (2001) strontium isotope age model in 
Anthonissen (2009a), 9.52 Ma.

NA: Zhang et al. (1993), Aubry (1993); SA: Chaisson 
& Pearson (1997), Shackleton & Crowhurst (1997); 
EP: Chaisson & Leckie (1993)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995) note that 'Globorotalia plesiotumida' FAD is recorded in Hole 806B 
(Ontong-Java Plateau, Equatorial Pacific), but its FAD was difficult to define owing to questionable lower occurrences.  Berggren et al. (1995) assigned the FAD 
based on its lowest questionable occurrence, but its effective FCO may be about 0.5 m.y. higher (coeval with FAD of Globorotalia cibaoensis).  In the Gulf of 
Mexico, the FAD is recorded in upper part of Nannofossil Zone NN10, similar to the lower Pacific occurrences, and overlaps the upper part of Discoaster bollii 
range with the FAD slightly below FAD of nannofossil Minylitha convallis FAD (Zhang et al., 1993; Aubry, 1993).  A similar FAD level is in Buff Bay, Jamaica 
(Berggren, 1993; Aubry, 1993).  Berggren et al. (1995) assign the age as (C4r.2r); (8.3 Ma) = C4.2r.9 based on the Equatorial Pacific.

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997); EP: Chaisson & Leckie (1993), 
Berggren et al. (1995a)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Recorded in Hole 806B (Ontong-Java Plateau, equatorial Pacific), with correction of Chaisson 
& Leckie (1993) estimates made by Berggren et al. (1995a).  See the explanantion of the mistake in the Chaisson & Leckie (1993) age model (under the 
remarks for FAD G. cibaoensis in Berggren et al.,1995a).  Berggren et al. (1995a) had at (C4r.2r); (8.3 Ma) = C4.2r.9.
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Atlantic

Indo-

Pacific
Atlantic

T = Top/LAD; B = Base/FAD; 
X = Coiling change; ** = 

Regional age only
This 

study

Published 
Error NA M SA I SP EP SO NP

(various authors, 
see ref's)

AGE (Ma)

After Berggren et 
al. (1995a) and 

Wade et al. (2011) 
with emended 

M14

BIOHORIZON (DATUM)
GTS2012 scaling

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)

After Blow (1969, 
1979), Kennett & 

Srinivasan (1983), 
Berggren et al. 

(1995a), Chaisson 
& Pearson (1997), 

Pearson & 
Chaisson (1997)

CALIBRATED AGES COMPARED GLOBALLY

** T Globorotalia 
lenguaensis [Atl.] 8.97 8.58 8.97 6.14 6.14

SA: upper C4An; 
EP: C3An.1n; SP: 

~C3An.1n.5

** B Neogloboquadrina 
pachyderma [Ind.] 9.37 9.37 I: C4Ar.1n.5

B Globorotalia cibaoensis 9.44 ± 0.05 9.44 EP: (C4n.2n)

B Globorotalia juanai 9.69 ± 0.26 9.69 (8.1) EP: (C4r.1r.7)

N16/ 

N15

N16/ 

N15

M13a/ 

M12

M13a/ 

M12

** B Neogloboquadrina 
acostaensis [(sub)tropical] 9.83 ± 0.06 10.9 10.57 9.83 NA: C5n.2n.05

** T Globorotalia 
partimlabiata [Med.] 9.94 9.94 -

T Globorotalia challengeri 9.99 9.99 -

** T Neogloboquadrina 
nympha [Ind.] 10.20 10.20 I: C5n.2n.8

N15/ 

N14

N15/ 

N14

M12/ 

M11

M12/ 

M11

** T Paragloborotalia 
mayeri/siakensis 
[(sub)tropical]

10.46 ± 0.02 11.40 11.19 10.46 NA: C5r.2r.2

** B Neogloboquadrina 
acostaensis [temperate]

10.57 10.9 10.57 9.83 NA: C5n.2n.05

B Globorotalia limbata 10.64 ± 0.26 -
T Cassigerinella 
chipolensis 10.89 10.89 -

B Globoturborotalita 
apertura 11.18 ± 0.13 11.18 -

B Globorotalia challengeri 11.22 11.22 -

B regular Globigerinoides 
obliquus 11.25 11.54 11.25 -

** T Paragloborotalia 
mayeri/siakensis 
[temperate]

11.40 11.40 11.19 10.46 NA: C5r.2r.2

B Globoturborotalita 
decoraperta 11.49 ± 0.04 11.49 -

T Globigerinoides 
subquadratus 11.54 11.54 -

11.608
N14/ 

N13

N14/ 

N13

M11/ 

M10

M11/ 

M10

B Globoturborotalita 
nepenthes 11.63 ± 0.02 11.8 11.63 NA: C5r.3r.3

N13 N13 M10 M10 ** B Neogloboquadrina 
group [Med.] 11.78 11.78 -

N13/ 

N12

N13/ 

N12

M10/ 

M9b

M10/ 

M9b

T Fohsella fohsi, Fohsella 
plexus 11.79 ± 0.15 11.9 11.79 NA: top C5An.1n

** T Globorotalia panda 
[Ind.] 11.93 11.93 I: C5r.3r.3

T Clavatorella bermudezi 12.00 12.00 -

** T Paragloborotalia 
mayeri sensu stricto 
[Med.]

12.07 12.07 -

** T Tenuitella selleyi, T. 
pseudoedita, T. 
minutissima, T. 
clemenciae [Ind.]

12.37 12.37 I: C5An.2n.5

** B Paragloborotalia 
partimlabiata [Med.] 12.77 12.77 -

N16

M12M12

M11 M11N14

M13aM13a

Tortonian

N16

N15

N14

N15
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COMMENTSCALIBRATION REFERENCES

NA: Zhang et al. (1993), Aubry (1993); SA: 
Shackleton & Crowhurst (1997), Turco et al. (2002), 
Poore et al. (1983); SP: Chaproniere et al. (1994); 
EP: Chaisson & Leckie (1993)

Atlantic calibration: Astronomically tuned in South Atlantic ODP Sites 925 & 926 (8.97 Ma in Lourens et al. 2004). In Hole 519 (S. Atl.), calibrated to upper C4An 
(about 8.7 Ma) in Poore et al. (1983).  In E68-136 (Gulf of Mexico), the LAD occurs about 10m above the FAD of G. plesiotumida (=base of N17) and within 
range of Minylitha convallis and above the LAD of Discoaster bollii.  In contrast, in E66-73, the LAD is at the same level as FAD of G. plesiotumida (8.58 Ma), 
and below the FAD of M. convallis and LAD of D. bollii (Zhang et al., 1993; Aubry, 1993). This Atlantic and Gulf age is significantly older than in the SW Pacific --
see discussion on Pacific placement  above. This Atlantic assignment, Wade et al. (2011) argued, would place this event within the M13a Subzone, 
"inconsistent with the established order of bioevents" therefore they retained the SW Pacific age for stability. In contrast, this study chooses to honour  both 
calibrations and recognizes significant diachrony between the Atlantic and Pacific ages of  LAD of G. lenguaensis. The Atlantic event is herein no longer used 
as a zonal marker between M13b and M14 and the resulting zone in the Atlantic scheme is therefore a M14-M13b composite, pending further investigation.

I: Berggren (1992) Same chron-age calibration as Berggren et al. (1995), calibrated in Holes 748, 751 (Kerguelen Plateau, south Indian Ocean) = Chronn C4Ar.1n; >9.2 Ma = 
C4Ar.1n.5.

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997); EP: Chaisson & Leckie (1993), 
Berggren et al. (1995a)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Recorded in Hole 806B (Ontong-Java Plateau, equatorial Pacific), with correction of Chaisson 
& Leckie (1993) estimates made by Berggren et al. (1995a).  See the explanantion of the mistake in the Chaisson & Leckie (1993) age model (under the 
remarks for FAD G. cibaoensis in Berggren et al.,1995a).  Berggren et al. (1995a) had at Chron C4n.2n; (7.8 Ma)

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997); EP: Chaisson & Leckie (1993), 
Berggren et al. (1995a)

Astronomically tuned from Atlantic ODP Sites 925 & 926. Berggren et al. (1995) assign an age for 'Globorotalia juanai' FAD as recorded in Hole 806B (Ontong-
Java Plateau), with correction of estimates made by Berggren et al. (1995a).  See the explanantion of the mistake in the Chaisson & Leckie (1993) age model 
(under the remarks for FAD G. cibaoensis in Berggren et al.,1995a).  Berggren et al. (1995a) assign as Chron C4r.1r; (8.1) = C4r.1r.7.

NA: Berggren et al. (1985a), Miller et al. (1985), 
Miller et al. (1991); SA: Chaisson & Pearson (1997), 
Shackleton & Crowhurst (1997), Turco et al. (2002)

Astronomically tuned in the South Atlantic and Eastern Mediterranean. This FAD is younger (9.8 Ma) in South Atlantic Sites 925 & 926 than in cycle-calibrated 
Eastern Mediterranean (10.57 Ma).  Wade et al. (2011) expound further: "The cyclostratraphic age of the LO of Neogloboquadrina acostaensis (9.83 Ma) is 
derived from Ceara Rise (Chaisson and Pearson, 1997). This calibration was adopted by Lourens et al. (2004) and is significantly younger (1.07 myr) than in 
Berggren et al. (1995a) (10.90 Ma) and would move this event from early Subchron C5n.2n to Subchron C5n.1n. Turco et al. (2002) noted the diachrony of the 
LO of Neogloboquadrina acostaensis between low latitudes and the Mediterranean.  The age used in Berggren et al. (1995a) is calibrated to the 
magnetostratigraphy at Site 563 (Miller et al., 1985) and the discrepancy in calibrated ages may be due to further diachrony between the tropical and 
subtropical Atlantic Ocean, however, we note that the order of bioevents is consistent between Ceara Rise and Site 563."  Berggren et al. (1995) note that 
'Neogloboquadrina acostaensis' FAD is calibrated in Holes 558 and 563 and 608 in the North Atlantic at the base of chron C5n = C5n.2n; 10.9 Ma (= C5n.2n.05

M: Hilgen et al. (2005), Hilgen et al. (2000a) Cycle-calibrated in Eastern Mediterranean.

SA: Shackleton & Crowhurst (1997), Turco et al. 
(2002) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

I: Berggren (1992) Same chron-age calibration as Berggren et al. (1995a) -- Miocene foram 'Neogloboquadrina nympha' LAD is calibrated in Holes 748, 751 (Kerguelen Plateau, 
south Indian Ocean) = C5n.2n; 10.1 Ma = C5n.2n.8.

NA: Berggren et al. (1985a), Miller et al. (1985), 
Miller et al. (1991); M: Hilgen et al. (2005), Hilgen et 
al. (2000a); SA: Shackleton & Crowhurst (1997), 
Turco et al. (2002)

Here merged as P. siakensis/mayeri due to the ongoing taxonomic controversy. Turco et al. (2002): "According to Bolli and Saunders (1982, 1985), P. siakensis 
represents a junior synonym of P. mayeri. Other authors ... following the species concept of Blow (1969) regarded P. siakensis and P. mayeri as distinct 
species, but have different opinion about the distribution range and the phylogeny of P. mayeri." Astronomically tuned from South Atlantic ODP Sites 925 & 926 
and cycle tuned in the Eastern Mediterranean as "Top Paragloborotalia siakensis" in Lourens et al (2004). Wade et al. (2011) clarify: "The extinction of 
Paragloborotalia mayeri has been recalibrated to 10.53 Ma as per Chaisson and Pearson (1997) (given as siakensis in Turco et al., 2002). This is significantly 
younger (870 kyr) than the reported age of 11.40 Ma in Berggren et al. (1995a). The interpolated age would place this event mid-C5n.2n rather than C5r.2r. 
Hilgen et al. (2000a) noted the diachrony  between the tropical Atlantic Ocean and the Mediterranean; and diachrony with higher latitudes was suggested by 
Miller et al. (1991)." The older "Top P. mayeri" event in cycle-tuned Mediterranean (12.07 Ma in Lourens et al., 2004) is here used as a separate regional event. 

NA: Berggren et al. (1985a), Miller et al. (1985), 
Miller et al. (1991); SA: Chaisson & Pearson (1997), 
Shackleton & Crowhurst (1997), Turco et al. (2002)

Astronomically tuned in the South Atlantic and Eastern Mediterranean. This FAD is younger (9.8 Ma) in South Atlantic Sites 925 & 926 than in cycle-calibrated 
Eastern Mediterranean (10.57 Ma).  Wade et al. (2011): "The cyclostratraphic age of the LO of Neogloboquadrina acostaensis (9.83 Ma) is derived from Ceara 
Rise (Chaisson and Pearson, 1997). This calibration was adopted by Lourens et al. (2004) and is significantly younger (1.07 myr) than in Berggren et al. 
(1995a) (base C5n.2n; 10.90 Ma) and would move this event from early Subchron C5n.2n to Subchron C5n.1n. Turco et al. (2002) noted the diachrony of the 
LO of Neogloboquadrina acostaensis between low latitudes and the Mediterranean.  The age used in Berggren et al. (1995a) is calibrated to the 
magnetostratigraphy at Site 563 (Miller et al., 1985) and the discrepancy in calibrated ages may be due to further diachrony between the tropical and 
subtropical Atlantic Ocean, however, we note that the order of bioevents is consistent between Ceara Rise and Site 563."  The cycle tuned age from the 
Mediterranean is here preferred.

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Shackleton & Crowhurst (1997), Turco et al. 
(2002) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Shackleton & Crowhurst (1997), Turco et al. 
(2002) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

M: Hilgen et al. (2005), Hilgen et al. (2000a); SA: 
Shackleton & Crowhurst (1997), Turco et al. (2002) Astronomically tuned from South Atlantic ODP Sites 925 & 926 and in the Eastern Mediterranean. The subtropical South Atlantic age is here favored.

NA: Berggren et al. (1985a), Miller et al. (1985), 
Miller et al. (1991); M: Hilgen et al. (2005), Hilgen et 
al. (2000a); SA: Chaisson & Pearson (1997), 
Shackleton & Crowhurst (1997), Turco et al. (2002)

Here merged as P. siakensis/mayeri due to the ongoing taxonomic controversy [See discussion above for "sub-tropical" entry.]  Astronomically tuned from S. 
Atlantic ODP Sites 925 & 926 and cycle tuned in the Eastern Mediterranean as "Top Paragloborotalia siakensis" in Lourens et al (2004). This is about 1 myr 
"above" the projected chron-age (11.4 Ma = C5r.2r.2) of Berggren et al. (1995a) from N. Atlantic Sites 558, 563 and 608, where LAD of 'N. mayeri' was 
observed in close juxtaposition with FAD of 'N. acostaensis', essentially eliminating Zone N15 (=M12).  Wade et al. (2011) clarify: "The extinction of 
Paragloborotalia mayeri has been recalibrated to 10.53 Ma as per Chaisson and Pearson (1997) (given as siakensis in Turco et al., 2002). This is significantly 
younger (870 kyr) than the reported age of 11.40 Ma in Berggren et al. (1995a). The interpolated age would place this event mid-C5n.2n rather than C5r.2r. 
Hilgen et al. (2000a) noted the diachrony  between the tropical Atlantic Ocean and the Mediterranean; and diachrony with higher latitudes was suggested by 
Miller et al. (1991)." The older "Top P. mayeri" event in cycle-tuned Mediterranean (12.07 Ma in Lourens et al., 2004) is here used as a separate regional event. 

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Shackleton & Crowhurst (1997), Turco et al. 
(2002)

Astronomically tuned from South Atlantic ODP Sites 925 & 926.  Tortonian GSSP coincides almost exactly with the Last Common Occurrences of the 
planktonic foraminifer Globigerinoides subquadratus in the Eastern Mediterranean.

NA: Berggren et al. (1985a), Berggren (1993), Miller 
et al. (1991), Miller et al. (1994); SA: Shackleton & 
Crowhurst (1997), Turco et al. (2002)

Astronomically tuned from South Atlantic ODP Sites 925 & 926.  Berggren et al. (1995) notes that 'Globoturborotalita nepenthes' FAD occurs in North Atlantic 
Sites 563 and 608 and basal Buff Bay Fm., Jamaica = C5r.3r; 11.8 Ma = C5r.3r.3. The astronomically calibrated age is here favored.

M: Hilgen et al. (2005), Hilgen et al. (2000a) Cycle-calibrated in Eastern Mediterranean.

NA: Berggren et al. (1985a); SA: Chaisson & 
Pearson (1997), Shackleton & Crowhurst (1997)

Astronomically tuned "F. fohsi s.l." from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995a) note that Miocene foram 'Globorotalia fohsi robusta' LAD 
is calibrated in North Atlantic Hole 563 = C5An.1n; 11.9 Ma = top C5An.1n. Wade et al. (2011) on Fohsella lineage: "Taxonomic subdivision of this gradual 
chronocline into species and subspecies is inevitably subjective".

I: Berggren (1992), Wright & Miller (1992), Berggren 
et al. (1985a)

Berggren et al. (1995): 'Globorotalia panda' is calibrated in Hole 747A (Kerguelen Plateau, south Indian Ocean); with magnetic stratigraphy reinterpreted in 
Wright & Miller (1992) = C5r.3r; 11.8 Ma = C5r.3r.3.

SA:  Shackleton & Crowhurst (1997), Turco et al. 
(2002) Astronomically tuned from South Atlantic ODP Sites 925 & 926. See note on last common occurrence at 13.82 Ma.

M: Hilgen et al. (2005) Cycle-calibrated in the eastern Mediterranean. See the comment for "T Paragloborotalia mayeri/siakensis"

I: Li et al. (1992) Berggren et al. (1995) -- Miocene foraminifers 'Tenuitella selleyi' through "clemenciae" simultaneous LADs are calibrated in Hole 747A (Kerguelen Plateau, 
south Indian Ocean) = Chron C5An.2n (C5An.2n.5).

M: Hilgen et al. (2005) Cycle-calibrated in Eastern Mediterranean.
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Magnetochron/ 

Marine Isotope 

Stage

STAGE (AGE)
Indo-

Pacific
Atlantic

Indo-

Pacific
Atlantic

T = Top/LAD; B = Base/FAD; 
X = Coiling change; ** = 

Regional age only
This 

study

Published 
Error NA M SA I SP EP SO NP

(various authors, 
see ref's)

AGE (Ma)

After Berggren et 
al. (1995a) and 

Wade et al. (2011) 
with emended 

M14

BIOHORIZON (DATUM)
GTS2012 scaling

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)

After Blow (1969, 
1979), Kennett & 

Srinivasan (1983), 
Berggren et al. 

(1995a), Chaisson 
& Pearson (1997), 

Pearson & 
Chaisson (1997)

CALIBRATED AGES COMPARED GLOBALLY

B Globorotalia 
lenguanensis 12.84 ± 0.05 12.84 -

B Sphaeroidinellopsis 
subdehiscens 13.02 13.02

M9b/ 

M9a

M9b/ 

M9a
B Fohsella robusta 13.13 ± 0.02 12.3 13.13 NA: C5An.2n.5

M9a M9a T Cassigerinella 
martinezpicoi 13.27 13.27

N12/ 

N11

N12/ 

N11

M9a/M

8

M9a/ 

M8
B Fohsella fohsi 13.41 ± 0.04 12.7 13.41 NA: C5Ar.2r.8

B Neogloboquadrina 
nympha 13.49 13.49 13.73 NA: C5ABn.5; I: 

C5AB (base)

** T Globorotalia 
praescitula [S. Atl.] 13.73 13.73 11.90 I: C5An.1n

N11/ 

N10

N11/ 

N10
M8/M7 M8/M7 B Fohsella "praefohsi" 13.77 (12.7) 13.77 (NA: C5Ar.2r.8)

T Fohsella peripheroronda 13.80 14.6 13.80 NA: base C5ADn

13.82

T regular Clavatorella 
bermudezi 13.82 13.82 -

T Globorotalia 
archeomenardii 13.87 13.87 -

N10/N9 N10/N9 M7/M6 M7/M6 B Fohsella peripheroacuta 14.24 14.24 (SA: base C5ADr)

B Globorotalia 
praemenardii 14.38 14.38 -

T Praeorbulina sicana 14.53 14.53 SA: base C5ADr

T Globigeriantella insueta 14.66 14.66

T Praeorbulina glomerosa 
sensu stricto 14.78 14.78 SA: base C5B.1n

T Praeorbulina circularis 14.89 14.89 -

N9/N8 N9/N8
M6/ 

M5b

M6/ 

M5b
B Orbulina suturalis 15.10 15.10 SA: mid-C5Bn.2n

B Clavatorella bermudezi 15.73 15.73 -

** T Globorotalia miozea 
[Ind.] 15.85 15.85 I: C5Br.15

B Praeorbulina circularis 15.96 15.96 NA: C5C.1n.95

15.97
B Globigerinoides 
diminutus 16.06 (16.06) (SA: C5Cn.1n.7)

B Globorotalia 
archeomenardii 16.26 16.26 -

M5b/ 

M5a

M5b/ 

M5a

B Praeorbulina glomerosa 
sensu stricto 16.27 16.27 SA: C5Cn.1n.8

M5a M5a B Praeorbulina curva 16.28 16.28 NA: base 
C5Cn.1n

N8/N7 N8/N7
M5a/ 

M4b

M5a/ 

M4b
B Praeorbulina sicana 16.38 16.38 SA: C5Cn.2n.55

M4b M4b T Globorotalia incognita 16.39 16.39 I: C5Cn.2n.5

M4b/ 

M4a

M4b/ 

M4a
B Fohsella birnageae 16.69 16.69 SA: C5Cn.3n.1

B Globorotalia miozea 16.70 16.70 I: C5Cn.3n.1

B Globorotalia zealandica 17.26 17.26 I: C5Dn.9

N11

N10

N9

N8

N7

M8 M8

M4aM4a

M7

M6

M5b

M6

M5b

M7

N11

N10

N9

Serravallian

Langhian

Burdigalian

N7

N8
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COMMENTSCALIBRATION REFERENCES

SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Shackleton & Crowhurst (1997), Shackleton et 
al. (1999), Turco et al. (2002) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Chaisson & Pearson (1997), Shackleton et al. 
(1999), Turco et al. (2002); NA: Berggren (1992), 
Wright & Miller (1992), Berggren et al. (1985a)

Astronomically tuned from South Atlantic ODP Sites 925 & 926.  Berggren et al. (1995a) note that 'Globororotalia fohsi robusta' FAD is based on revised 
interpretation of magnetostratigraphy of North Atlantic Hole 563, in turn based on stable isotope studies in Wright & Miller (1992) = Chron C5An.2n 
(C5An.2n.5). Wade et al. (2011) on Fohsella lineage:  "Taxonomic subdivision of this gradual chronocline into species and subspecies is inevitably subjective".   

SA: Shackleton & Crowhurst (1997), Shackleton et 
al. (1999), Turco et al. (2002) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

NA: Berggren et al. (1985a), Wright & Miller (1992); 
SA: Chaisson & Pearson (1997), Shackleton & 
Crowhurst (1997), Shackleton et al. (1999)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995a) assign Miocene foram 'Globorotalia fohsi s.str.' FAD is based on 
reinterpretation of Wright & Miller (1992) magnetostratigraphy at Hole 563, in turn based on stable isotope studies at Holes 747A and 608 = C5Ar.n1–2 (undiff.); 
12.7 Ma = placed here as middle or Chron C5Ar.2r.8. Wade et al. (2011) on Fohsella lineage:  "Taxonomic subdivision of this gradual chronocline into species 
and subspecies is inevitably subjective".

NA: Wright & Miller (1992); I: Berggren (1992) Berggren et al. (1995a) -- 'Neogloboquadrina nympha' FAD is recorded in Holes 747A, 751, Indian Ocean Kerguelen Plateau assigned to polarity chron C5AB 
(base).  In North Atlantic Hole 608, the FAD occurs in sample assigned to polarity chron C5AAr, just above C5ABn => averaged here as Chron C5ABn.5.

SA: Shackleton et al. (1999), Turco et al. (2002); I: 
Berggren (1992), Wright & Miller (1992), Berggren et 
al. (1985a)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995a) listed LAD as much younger in C5An.1n or 11.9 Ma; therefore the cycle-
calibration needs comparison to other sites.  Berggren et al's calibration was in Hole 747A (Kerguelen Plateau, south Indian Ocean); with magnetic stratigraphy 
reinterpreted in Wright & Miller (1992) = Chron C5An.1n. In the northeastern Atlantic (Site 982 and 918) "Top regular Globorotalia praescitula/zealandica group" 
has an age of ca. 13.8 Ma in Anthonissen, (2009b).

NA: Berggren et al. (1985a), Wright & Miller (1992); 
SA: Shackleton et al. (1999), Turco et al. (2002)

Astronomically tuned from Atlantic ODP Sites 925 & 926. Berggren et al (1995) assigned  'Globorotalia praefohsi' FAD to a much younger level, based on 
reinterpretation of magnetostratigraphy at North Atlantic Hole 563, in turn based on stable isotope studies at Holes 747A and 608 (Wright & Miller, 1992) = 
C5Ar.n1–2 (undiff.) = placed here at Chron C5Ar.2r.8. Note  this North Atlantic FAD age-assignment was nearly identical to FAD of 'Gt. fohsi s.str.'

NA: Berggren et al. (1985a); SA: Shackleton et al. 
(1999), Pearson & Chaisson (1997)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al. (1995a) used to define base of Mediterranean Zone Mt7, with age assignment 
of C5ADn (lower); 14.6 Ma = base C5ADn = nearly 1 myr older than South Atlantic assignment.

SA: Shackleton et al. (1999), Turco et al. (2002)

Astronomically tuned from South Atlantic ODP Sites 925 & 926, and considered LAD of "regular" by Lourens et al. (2004). Note that Wade et al. (2011) list this 
LAD without "regular" as "LAD C. bermudezi" following Pearson & Chaisson (1997) at 303.56 mcd in Hole 926A with an age of 13.8 Ma. However, detailed 
analysis of Hole 926A by Turco et al. (2002) resulted in a significantly higher "LAD C. bermudezi" at 268.74 mcd and an age of 12.0 Ma according to Lourens et 
al. (2004) astrochronology. Turco et al. (2002) did identify a "LRO" last regular occurrence of C. bermudezi at 299.34 mcd, approximating the Pearson & 
Chaisson observation. We therefore retain the "regular" for this event at 13.82 Ma, appreciating that the LAD at 12.0 Ma may not be a useful correlation level 
due to very rare abundances of this taxon.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997), Berggren et al. (1985a), Ryan et al. (1974)

Was used by Berggren et al (1995a) to define base of Serravallian stage. Astronomically tuned from South Atlantic ODP Sites 925 & 926. Berggren et al 
(1995a) assigned as C5B.1n; placed here at base of C5ADr = nearly 0.5 myr older than Atlantic-ODP cycle-strat assignment.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997), Berggren et al. (1983), Pujol (1983) Astronomically tuned from Atlantic ODP Sites 925 & 926. Also in the South Atlantic (DSDP Leg 72) Berggren et al. (1995a) had assigned as Chron C5B.1n.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Astronomically tuned from South Atlantic ODP Sites 925 & 926.

SA: Berggren et al. (1983) Berggren et al. (1995a) = C5B.1n; 14.8 Ma.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997)

Astronomically tuned from South Atlantic ODP Sites 925 & 926.  [In Lourens et al. (2004) GTS2004 Neogene foraminifer appendix it was accidentally marked 
as FAD, should be LAD].

SA: Poore et al. (1983), Berggren et al. (1985a)
Berggren et al. (1995a) used Orbulina suturalis (age of 15.09 Ma, based on mid-C5Bn.2n; which had 15.1 Ma in South Atlantic DSDP Leg 73) to define base of 
Zone M6.  However, Lourens et al. (GTS2004) used FAD Orbulina universa FAD at 14.73 Ma based on astronomically tuned from Atlantic ODP Sites 925 & 
926. Wade et al. (2011) argued for retaining the age estimate from Berggren et al. (1995a) due to "the rarity of Orbulina at the beginning of its range at Ceara 
Rise (Pearson and Chaisson, 1997)."

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997), Wade et al. (2011)

Astronomically tuned from South Atlantic ODP Sites 925 & 926. Was assigned as 14.89 Ma in Lourens et al. (GTS2004), but Wade et al. (2011) note the 
mistake in Shackleton et al. (1999) and propagated in that GTS2004 table where 14.8 Ma should read 15.8 Ma for FAD C. bermudezi. Calibrated to 
ATNTS2004 of Lourens et al. (2004) with an age of 15.73 Ma according to Wade et al. (2011).

I: Li et al. (1992) Berggren et al. (1995a) -- 'Globorotalia miozea' LAD is calibrated in Hole 747A, Kerguelen Plateau, Indian Ocean; as within lower polarity chron C5B.1n or 
C5Br (lower); assigned as 15.9 Ma on CK'95 scale = C5Br.15.

NA: Berggren et al. (1985a), Wade et al. (2011)
Wade et al. (2011) calibrate FAD as 15.96 Ma.  Berggren et al (1995) had a similar age using C5Cn.1n (upper); 16.0 Ma = C5C.1n.95. Berggren et al. (1985a) 
writes: "sequential appearance of praeorbulinid taxa occurs in "normal" (DSDP Hole 563) and expanded (DSDP Hole 558) sequence of anomaly 5C correlative 
in North Atlantic."

SA: Berggren et al. (1983), Berggren et al. (1985a)
Berggren et al. (1985a) writes: "FAD Globigerinoides diminutus occurs in Hole 516 [South Atlantic DSDP Leg 72] about 15 m below FAD Orbulina suturalis in 
an interval with no paleomagnetic data and about 5 m above FAD P. sicana in mid-part of Chron C5CN (Berggren et al., 1983)" = (C5Cn.2n); (16.1 Ma) = 
(C5Cn.1n.7). Further investigation at other sites is required to test this calibration.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Age estimated from South Atlantic ODP Sites 925 & 926 (Lourens et al., 2004)

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997), Berggren et al. (1983), Berggren et al. 
(1985a)

Age estimated from Atlantic ODP Sites 925 & 926 (Lourens et al., 2004).  Berggren et al (1995a) uses to define base of Medit. Zone Mt5b, and assign to 
C5Cn.1n (upper) in South Atlantic Hole 516 DSDP Leg 72; 16.1 Ma = C5Cn.1n.8.  Berggren et al. (1985a) writes: "FAD Praeorbulina glomerosa occurs in Hole 
516 [South Atlantic DSDP Leg 72] about 15 m below FAD Orbulina suturalis in an interval with no paleomagnetic data and about 5 m above FAD P. sicana in 
mid-part of Chron C5CN (Berggren et al., 1983)" 

NA: Berggren et al. (1985a), Wade et al. (2011)
Wade et al. (2011) astrochronology age projects as same chron-age calibration as Berggren et al. (1995) = mid-C5Cn; 16.3 Ma = base C5Cn.1n. Berggren et 
al. (1985a) writes: "sequential appearance of praeorbulinid taxa occurs in "normal" (DSDP Hole 563) and expanded (DSDP Hole 558) sequence of anomaly 5C 
correlative in North Atlantic."

SA: Berggren et al. (1983), Berggren et al. (1985a), 
Wade et al. (2011)

Age of 16.97 Ma was estimated from Atlantic ODP Sites 925 & 926; in Lourens et al. (2004) -- however this implied revised calibration to polarity chrons would 
seem to invert Medit. zones Mt4b and Mt5a of Berggren et al. (1995a). Berggren et al. (1995a) assign age as Chron C5Cn.2n (mid) and write: "LAD P. sicana 
occurs in interval of no paleomagnetic data about 20 m above FAD P. sicana which occurs in anom. 5C correlative in Hole 516 (Berggren et al., 1983)." Wade 
et al. (2011) write: 'Praeorbulina taxa are rare at Ceara Rise (Pearson and Chaisson, 1997) and therefore were not included in the revised calibration, and we 
have retained the ages reported in Berggren et al. (1995a) for FAD Orbulina suturalis (15.1 Ma), FAD Praeorbulina circularis, (16.0 Ma), FAD Praeorbulina 
curva (16.3 Ma) and Praeorbulina sicana (16.4 Ma)." We tentatively follow the Wade et al. (2011) assessment until further sites are investigated.

I: Berggren (1992) Berggren et al. (1995) -- 'Globorotalia incognita' LAD is calibrated in Hole 747C, Kerguelen Plateau = Chron C5Cn.2n (mid).

SA: Berggren et al. (1983), Wade et al. (2011)

Wade et al. (2011) astrochronology age projects as same chron-age calibration as Berggren et al. (1995) -- 'Globorotalia birnageae' (former genus) FAD is 
calibrated in Hole 516, South Atlantic = ca. Chron C5Cn.3n.1.  Subzone "M4b" is 'Globigerinoides bisphericus Partial Range Zone' (FAD of Globorotalia 
birnageae to FAD of Praeorbulina sicana) (Berggren et al., 1995).  This short subzone spans the upper part of the 'N7' zone -- and now seems to be entirely 
WITHIN Zone M5 (after cycle-calibration).  The FAD of G. birnageae is difficult to determine precisely because of its intergradation with Gl. trilobus s.str.

I: Berggren (1992) Berggren et al. (1995) note 'Globorotalia miozea' FAD is recorded in Hole 751, Kerguelen Plateau, south Indian Ocean = C5Cn.3n (lower); 16.7 Ma = placed at 
C5Cn.3n.1, and used to define base of Medit. Zone Mt4. 

I: Berggren (1992), Li et al. (1992)
Wade et al. (2011) astrochronology age projects as same chron-age calibration as Berggren et al. (1995) -- 'Globorotalia zealandica' is recorded in Indian 
Ocean Kerguelen Plateau Hole 747A (Li et al. 1992); and observed in lower part of polarity zone C5Dn in Hole 751 (Berggren 1992) = Chron C5Dn (upper) 
(C5Dn.9). Wade et al. (2011): Mistake in Berggren et al. (1995) where "LAD G. zealandica" should have read "FAD G. zealandica"
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Magnetochron/ 

Marine Isotope 

Stage

STAGE (AGE)
Indo-

Pacific
Atlantic

Indo-

Pacific
Atlantic

T = Top/LAD; B = Base/FAD; 
X = Coiling change; ** = 

Regional age only
This 

study

Published 
Error NA M SA I SP EP SO NP

(various authors, 
see ref's)

AGE (Ma)

After Berggren et 
al. (1995a) and 

Wade et al. (2011) 
with emended 

M14

BIOHORIZON (DATUM)
GTS2012 scaling

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)

After Blow (1969, 
1979), Kennett & 

Srinivasan (1983), 
Berggren et al. 

(1995a), Chaisson 
& Pearson (1997), 

Pearson & 
Chaisson (1997)

CALIBRATED AGES COMPARED GLOBALLY

T Globorotalia semivera 17.26 17.26 SA: C5Dn.9

N7/N6 N7/N6
M4a/ 

M3

M4a/ 

M3
T Catapsydrax dissimilis 17.54 18.3 17.54 NA: C5Dn.9

B Globigerinatella insueta 
sensu stricto 17.59 17.59 -

** T Globoquadrina 
dehiscens forma spinosa 
[S. Atl.]

17.61 17.61 SA: C5Dr.6

B Globorotalia praescitula 18.26 18.26 SA: C5En.5

T Globoquadrina 
binaiensis 19.09 19.09 -

M3/M2 M3/M2 B Globigerinatella sp. 19.30 19.30 -
B Globoquadrina 
binaiensis 19.30 19.30 -

B Globigerinoides 
altiaperturus 20.03 20.03 M: base C6r

(20.44)

T Tenuitella munda 20.78 20.78 I: C6Ar.8

B Globorotalia incognita 20.93 20.93 I: C6Ar.4

T Globoturborotalita 
angulisuturalis 20.94 20.94 SA: C6Ar.4

N5/N4b N5/N4b
M2/ 

M1b

M2/ 

M1b
T Paragloborotalia kugleri 21.12 21.5 21.12 M: C6Ar.6

T Paragloborotalia 
pseudokugleri 21.31 21.31 SA: C6Ar.4

B Globoquadrina 
dehiscens forma spinosa 21.44 21.44 SA: C6AAr.1n.5

T Dentoglobigerina 
globularis 21.98 21.98 SA: C6Bn.1r.3

N4b/ 

N4a

N4b/ 

N4a

M1b/ 

M1a

M1b/ 

M1a

B Globoquadrina 
dehiscens 22.44 22.44 M: C6Br.5

T Globigerina ciperoensis 22.90 22.90

B Globigerinoides trilobus 
sensu lato 22.96 22.96

N4a/ 

P22

N4a/ 

P22

M1a/ 

O7

M1a/ 

O7
B Paragloborotalia kugleri 22.96 23.0 22.96 SA: base 

C6Cn.2n
23.03

T Globigerina euapertura 23.03 23.03 I: C6Cn.1n

T Tenuitella gemma 23.50 23.50 I: C6Cr.7
B common 
Globigerinoides 
primordius

23.50 23.50 SA: C6Cr.7

O7/O6 O7/O6
B Paragloborotalia 
pseudokugleri 25.21 25.21 NA: C7n; EP: 

C8n.1n.3

O6 O6 B Globigerinoides 
primordius 26.12 26.12 NA: C8r.7

P22/ 

P21

P22/ 

P21
O6/O5 O6/O5

T Paragloborotalia opima 
sensu stricto 26.93 27.30 SA: C9n.9

(28.09)

T common 
Chiloguembelina cubensis 28.09 28.09 28.5 M: base C10n.1n; 

I: mid-C10n

P21/ 

P20

P21/ 

P20
O4/O3 O4/O3

B Globigerina 
angulisuturalis 29.18 29.18 29.18 29.18 NA, SA, EP: top 

C11n

B Tenuitellinata juvenilis 29.50 29.50 I: C11n.1r.5

T Subbotina angiporoides 29.84 29.84 29.84 SA & I: C11n.2n.3

P20/ 

P19

P20/ 

P19
O3/O2 O3/O2

T Turborotalia 
ampliapertura 30.28 30.28 30.28 NA & SA: C11r.5

P19 P19 O2 O2 B Paragloborotalia opima 30.72 30.72 NA: C12n.5

N6-N5

O3O3

M2 M2

M3

O7

M1bM1b

M1aM1a

M3

Chattian

N4a

P22 
(N3)

N4bAquitanian

Rupelian

N4b

P20 
(N1)

N6-N5

O7

P21 
(N2)

P21 
(N2) O5/O4 O5/O4

N4a

P22 
(N3)

P20 
(N1)
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COMMENTSCALIBRATION REFERENCES

SA: Berggren et al. (1983) Calibrated in the South Atlantic DSDP Leg 72 with the same chron assignment as "LAD of G. zealandica" in Berggren et al' (1995a) based on Berggren et al. 
(1983). [Note that this "LAD" should read "FAD" G. zealandica according to Wade et al. (2011).] 

NA: Berggren et al. (1985a); SA: Shackleton et al. 
(1999), Pearson & Chaisson (1997)

Age estimated from Atlantic ODP Sites 925 & 926; in Lourens et al. (GTS2004 Neogene foraminifer appendix).  Berggren et al. (1995a) calibrate 'Catapsydrax 
dissimilis' LAD as recorded in Holes 558, 563, North Atlantic; and observed at top of polarity zone C5Dr in Hole 608 in interval of strong dissolution = Chron 
C5Dn (upper) = placed at C5Dn.9.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997)

Age estimated from South Atlantic ODP Sites 925 & 926; in Lourens et al. (GTS2004 Neogene foraminifer appendix) -- Note that this is much higher FAD than 
estimated calibrations by Berggren et al. (1995a); which results in Zone M3 being nearly non-existent.  Berggren et al. (1995a) -- 'Globigerinatella insueta' FAD 
has an inferred correlation to base of Chron C5En.

SA: Berggren et al. (1983), Pujol (1983) Chron-age calibration by Berggren et al. (1995) -- 'Globoquadrina dehiscens forma spinosa' LAD is recorded in Hole 615, South Atlantic = placed at Chron 
C5Dr.6.

SA: Berggren et al. (1983)
Wade et al. (2011) astrochronology age projects as same chron-age calibration as Berggren et al. (1995a), who used this FAD to define base of Medit. Zone 
Mt3. 'Globorotalia praescitula' FAD is recorded in Indian Ocean Holes 747A, 748B, 751, North Atlantic Hole 608; and is recorded in lowest part of polarity zone 
C5En in South Atlantic Hole 516F = placed at Chron C5En.5.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Age estimated from South Atlantic ODP Sites 925 & 926. 

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Age estimated from South Atlantic ODP Sites 925 & 926. 

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Age estimated from South Atlantic ODP Sites 925 & 926. 

M: Berggren et al. (1983), Pujol (1983), Montanari et 
al. (1991)

Used by Berggren et al. (1995a) as "working"  base of Burdigalian stage -- but current (GTS2012) working definition for base of Burdigalian is FAD of 
nannofossil H. ampliaperta, as calibrated at Ceara Rise = about 0.4 myr older.  Wade et al. (2011) astrochronology age projects as same chron-age calibration 
as Berggren et al. (1995a) -- 'Globigerinoides altiaperturus' FAD is recored in Hole 516F, South Atlantic; and is within in older part of polarity chron C6r in 
Contessa Highway section = set as base of Chron C6r.  NOTE:  Berggren's derived age implies that he assigned this FAD to the base of polarity chron C6A; 
thereby effectively defining the base of the Burdigalian as base of Chron C6A; a magnetochron event which would be more convenent and global than a 
biostratigraphic event.

I: Li et al. (1992), Wright & Miller (1992), Berggren et 
al. (1995a)

Wade et al. (2011) astrochronology age projects as same chron-age calibration as Berggren et al. (1995a) -- 'Tenuitella munda' LAD is recorded in Hole 747, 
Kergulen Plateau; with the magnetostratigraphy reinterpreted in Wright & Miller (1992) = ChronC6Ar.8.

I: Berggren (1992), Wright & Miller (1992), Berggren 
et al. (1995a)

Same as chron-age of Berggren et al. (1995a) -- 'Globorotalia incognita' FAD is recorded in Hole 747A; with magnetostratigraphy reinterpreted in Wright & 
Miller (1992) = placed at Chron C6Ar.4.

SA: Berggren et al. (1983), Wright & Miller (1992), 
Berggren et al. (1995a)

Chron-age calibration by Berggren et al. (1995a) -- 'Globoturborotalita angulisuturalis' LAD is recorded in Hole 516F; with magnetostratigraphy reinterpreted in 
Wright & Miller (1992) = placed at Chron C6Ar.4.

M: Montanari et al. (1991); SA: Shackleton et al. 
(1999), Pearson & Chaisson (1997), Berggren et al. 
(1993), Pujol (1993)

Age estimated from Atlantic ODP Sites 925 & 926; in Lourens et al. (GTS2004 Neogene foraminifer appendix).  Berggren et al. (1995a) use this level as base 
of Medit. Zone Mt2, and note that Miocene foram 'Paragloborotalia kugleri' LAD is recorded in Hole 516F, South Atlantic, and at base of polarity zone C6An in 
Contessa Highway section = placed at Chron C6Ar.6.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997), Berggren et al. (1983), Wright & Miller 
(1992), Berggren et al. (1995a)

Age estimated from Atlantic ODP Sites 925 & 926; in Lourens et al. (GTS2004 Neogene foraminifer appendix).  Berggren et al. (1995) have similar age -- 
'Paragloborotalia (formerly Globorotalia) pseudokugleri' LAD is recorded in Hole 516F; with magnetostratigraphy reinterpreted in Wright & Miller (1992) = 
placed at Chron C6Ar.4.

SA: Berggren et al. (1983), Pujol (1983) Chron-age calibration by Berggren et al. (1995a) -- 'Globoquadrina dehiscens forma spinosa' FAD is recorded in Hole 516F, South Atlantic = placed at Chron 
C6AAr.1n.5.

SA: Berggren et al. (1983) Chron-age calibration by Berggren et al. (1995a) -- 'Globoquadrina globularis' LAD is recorded in Hole 516F, South Atlantic = placed at Chron C6Bn.1r.3.

NA: Berggren et al. (1985a); M: Montanari et al. 
(1991); SA: Berggren et al. (1983), Pujol (1983), 
Poore et. al. (1983)

Wade et al. (2011) astrochronology age projects as essentially same chron-age calibration as Berggren et al. (1995a), who used to define Medit. Zone Mt1b -- 
Miocene foram 'Globoquadrina dehiscens' FAD is recorded in South Atlantic Hole 516F, North Atlantic Holes 558, 563; and Contessa Highway Section = placed 
at Chron C6Br.5.

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Age estimated from South Atlantic ODP Sites 925 & 926; in Lourens et al. (2004).

SA: Shackleton et al. (1999), Pearson & Chaisson 
(1997) Age estimated from South Atlantic ODP Sites 925 & 926; in Lourens et al. (2004).

NA: Berggren et al. (1985a); SA: Shackleton et al. 
(1999), Pearson & Chaisson (1997), Berggren et al. 
(1983)

FAD Paragloborotalia kugleri s.str. = M1 base; and approx. Oligocene/Miocene boundary.  Age estimated from Atlantic ODP Sites 925 & 926; in Lourens et al. 
(GTS2004 Neogene foraminifer appendix).  Berggren et al (1995a) notes that 'Globorotalia kugleri' FAD is recorded in Holes 558, 563 (North Atlantic) and 516F 
(South Atlantic) = base of Chron C6Cn.2n.

I: Li et al. (1992) Chron-age calibration by Berggren et al. (1995a) -- 'Globigerina euapertura' LAD is recorded in Hole 747A within Chron C6Cn.1n.

I: Li et al. (1992) Wade et al. (2011) astrochronology age projects same chron-age calibration as Berggren et al. (1995a) -- 'Tenuitella gemma' LAD is recorded in Hole 747A = 
Chron C6Cr.7.

SA: Berggren et al. (1983), Pujol (1983) Wade et al. (2011) astrochronology age projects same chron-age calibration as Berggren et al. (1995a); recorded in South Atlantic Hole 516F = ca. Chron 
C6Cr.7.

NA & EP: Leckie et al. (1993) Wade et al. (2011) astrochronology age projects SAME chron-age calibration as Berggren et al. (1995a); recorded in polarity zone C8n in Hole 803D (Ontong 
Java Plateau) and in C7n in Hole 628A (Little Bahama Bank) = placed at Chron C8n.1n.3.

NA: Leckie et al. (1993) Wade et al. (2011) astrochronology age projects chron-age calibration as Berggren et al. (1995a) -- 'Globigerinoides primordius' FAD is recorded in Hole 628A 
(Little Bahama Bank); and their 26.7 Ma age projects as Chron C8r.7 on their polarity scale.

SA: Berggren et al. (1985b), Wade et al. (2011) Wade et al. (2011) diagram projects LAD as middle of Chron C9n (used here), but unfortunately, do not specify the reference sites for this chron calibration.  
Berggren et al. (1995a) placed slightly higher (age estimate implied approx. C9n.9).

M: Coccione et al. (2008); I: Berggren et al. (1985b), 
Li et al. (1992)

Base of Chattian (working version) is base of Chron C10n.1n.  Last common occurrence of C. cubensis has also been used to place base-Chattian (Coccioni et 
al., 2008, GSA Bull.; and in GTS2004).  Coccioni et al. (2008; Italian sections) have this LCO at about 2/3rds up in Chron C10n (subchrons C10n.1n and .2n 
were not resolved).  Berggren and Pearson (2005) indicate that the "LAD is recorded in mid-part of polarity zone C10n in Holes 747A (Berggren et al., 1985, Li 
et al., 1992), 749 (Berggren, 1992), in the mid-part of concatenated C9n and C10n in Hole 748B (Berggren, 1992), and associated approximately with C10n in 
Holes 689B and 690B (Stott & Kennett, 1990).  "Whether this datum refers to extinction or strong reduction in numbers remains a moot point; records of 
discontinuouss presence in reduced numbers of this taxon into basal Miocene levels continue (Leckie et al., 1993)". Wade et al. (2011) conclude with assigning 
this LCO a numerical value within 0.05 myr of the base of Chron C10n.1n on their time scale; therefore, base of Chron C10n.1n is retained here. 

NA, SA, EP:  Berggren & Miller (1988), Leckie et al. 
(1993)

Berggren and Pearson (2005) estimate is similar to Berggren et al. (1995a) chron-age -- 'Globoturborotalita (formerly Globigerina) angulisuturalis' FAD, which 
defines base of P21a, is recorded by Berggren and Miller (1988) in South Atlantic Hole 516, North Atlantic Holes 558, 628A and west equatorial Pacific Site 
803C.  Their 29.4 Ma age was the top of Chron C11n on their polarity scale.

I: Li et al. (1992) Chron-age calibration by Berggren et al. (1995a) --  'Tenuitellinata juvenilis' FAD occurs within an interval of 'no polarity data' between two normal polarity 
intervals interpreted as parts of polarity chron C11 in Hole 747A . Their 29.7 Ma age is Chron C11n.1r.5 on their polarity scale.

SA: Berggren et al., (1985b), I: Berggren, (1992)
Chron-age calibration by Berggren et al. (1995a). This LAD is recorded in early part of polarity zone C11n in South Atlantic Hole 516F (Berggren et al., 1985b), 
Indian Ocean Hole 748B (Berggren, 1992) and Southern Ocean Holes 689B and 690B (Stott & Kennett, 1990). Their 30.0 Ma age is Chron C11n.2n.3 on their 
polarity scale.

NA: Berggren et al. (1985b), Stott & Kennett (1990); 
SA: Berggren et al. (1985b)

Oligocene foram 'Turborotalia ampliapertura' defines top of P19, and was formerly 'Globigerina ampliapertura' (e.g., Blow, 1969).  Age-calibration from 
Berggren and Pearson (2005), which is similar as Berggren et al. (1995) -- LAD is recorded in polarity zone C11r in Holes 516F (South Atlantic) and 558 (North 
Atlantic) and St. Stephen’s Quarry, Alabama borehole (North Atlantic).  Their 30.3 Ma age is Chron C11r.5 on their polarity scale.

NA: Berggren et al. (1985b) Berggren & Miller (1988, p.377) discuss 'opima' subspecies. Chron-age calibration by Berggren et al. (1995) -- FAD is recorded in Holes 558 and elsewhere.  
Their 30.6 Ma age is Chron C12n.5 on their polarity scale.
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Berggren et al. 

(1995a), Chaisson 
& Pearson (1997), 

Pearson & 
Chaisson (1997)

CALIBRATED AGES COMPARED GLOBALLY

P19/ 

P18

P19/ 

P18
O2/O1 O2/O1

T Pseudohastigerina 
naguewichiensis 32.10 32.10 32.10 NA & SA: C12r.5

O1 O1 B Cassigerinella 
chipolensis 33.89 33.89 NA: C13r.86

33.89
T Hantkenina spp., 
Hantkenina alabamensis 33.89 33.89 M: C13r.85

T common 
Pseudohastigerina micra 33.89 33.89 33.89 NA & I: C13r.85

P18/ 

P17

P18/ 

P17

T Turborotalia 
cerroazulensis 34.03 34.03 M: C13r.75

P17/ 

P16

P17/ 

P16
T Cribrohantkenina inflata 34.22 34.23 M: C13r.6

E16/E1

5

E16/ 

E15
T Globigerinatheka index 34.61 34.62 34.62 M & I: C13r.3

T Turborotalia pomeroli 35.66 35.75 M: C15r.1

B Turborotalia cunialensis 35.71 35.80 M: base C15r

P16/ 

P15

P16/ 

P15
B Cribrohantkenina inflata 35.87 35.98 M: C16n.1n.1

E15/ 

E14

E15/ 

E14

T Globigerinatheka 
semiinvoluta 36.18 36.30 M: C16n.2n.8

(37.75)

T Acarinina spp. 37.75 37.96 M: base C17n.1n

T Subbotina linaperta 37.96 38.17 I: C17n.2n.6

T Acarinina collactea 37.96 38.17 I: C17n.2n.6

E14/ 

E13

E14/ 

E13

T Morozovelloides 
crassatus 38.25 38.46 NA: C17n.3n.5

P15/ 

P14

P15/ 

P14

B Globigerinatheka 
semiinvoluta 38.62 38.46 M: top C18n.1n

T Acarinina mcgowrani 38.62 38.46 NA: C17n.3n.5
T Planorotalites spp. 38.62 38.83 M: top C18n.1n

T Acarinina primitiva 39.12 39.33 SO: C18n.1n.5

T Turborotalia frontosa 39.42
Unknown region: 

C18n.1n.2
P14/ 

P13

P14/ 

P13

E13/ 

E12

E13/ 

E12
T Orbulinoides beckmanni 40.03 40.21 NA:  C18n.2n.25

P13/ 

P12

P13/ 

P12

E12/ 

E11

E12/ 

E11
B Orbulinoides beckmanni 40.49

Unknown region: 
C18r.66

T Acarinina bullbrooki 40.49
Unknown region: 

C18r.66
(41.15)

E11/ 

E10

E11/ 

E10
T Guembelitrioides nuttalli (42.07)

Unknown region: 
(C19r.25)

B Turborotalia pomeroli 42.21
Unknown region: 

C19r.1

B Globigerinatheka index 42.64 42.68 SO: C20n.7

B Morozovelloides lehneri 43.15
Unknown region: 

C20n.25
P12/ 

P11

P12/ 

P11
E10/E9 E10/E9

T Morozovella 
aragonensis 43.26

Unknown region: 
C20n.15

P11/ 

P10

P11/ 

P10
E9/E8 E9/E8 B Globigerinatheka kugleri (43.88) (43.91) I: (ca. C20r.75)

P10/P9 P10/P9 B Hantkenina singanoae (44.49)
ca. 44 

Ma (NA: ca. C20r.5)

B Turborotalia 
possagnoensis 45.49

Unknown region: 
C20r.1

E8/E7b E8/E7b B Guembelitrioides nuttalli (45.72)
(NA: C20r.0 to 

C21n.9)

E16 E16

P18

P9P9

E10

E13

E15E15

E14 E14

E10

E11

O1/E16O1/E16

E8

Bartonian

P16

P15

Priabonian

Lutetian

P18

P14

P12

P16

P15

P14

P12

E13

E8

E11
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COMMENTSCALIBRATION REFERENCES

NA: Berggren et al. (1985b), Miller et al. (1993); SA: 
Berggren et al. (1985b)

Berggren and Pearson (2005), which is similar to chron-age by Berggren et al. (1995a) -- Oligocene foram 'Pseudohastigerina spp.' LAD defines top of P18, 
and is recorded in South Atlantic Hole 516F, North Atlantic Holes 558, 563 and St. Stephen’s Quarry, Alabama borehole.   Earliest Oligocene foraminifer LAD of 
Psudohastigerina datum was noted as "C11r" in Berggren tables, but it seems to be a typographic error, because his age placement and chronologic order of 
this datum was at "32.0 Ma", hence in at Chron C12r..5 on their polarity scale (used here).

NA: Miller et al. (1993) Marker for base of Rupelian; set as Chron C13r.86.  Same chron-age calibration as Berggren et al. (1995a) -- Oligocene foram 'Cassigerinella chipolensis' FAD 
is recorded in St. Stephen’s Quarry, Alabama borehole (Miller et al., 1993).

M: Coccione et al. (1988), Nocci et al. (1986)
Basal LAD = Marker for Eocene/Olig boundary = Chron C13.86.  Berggren and Pearson (2005), which is similar as Berggren et al. (1995) -- the youngest of 3 
normal "events" in polarity chron C13r in Contessa Highway section (Nocci et al., 1986) and above the normal "event" C13n.2n at Massignano (Coccione et al., 
1988), where this LAD defines the Eocene/Oligocene boundary.

NA: Miller et al., (2008), Wade et al. (2011); I: Wade 
and Pearson (2008), Wade et al. (2011)

Wade et al. (2011): "We have added the HCO of Pseudohastigerina micra as a secondary marker for the Eocene/Oligocene boundary. Pseudohastigerina 
micra is common in upper Eocene sediments, and this form undergoes a significant size decrease coeval with the extinction of Hantkenina (Wade and 
Pearson, 2008; Wade and Olsson, 2009). This event appears to be coeval between the Indian Ocean (Wade and Pearson, 2008) and the Gulf of Mexico (Miller 
et al., 2008)."  Same level as top of Hantkenina alabamensis.

M: Coccione et al. (1988), Nocci et al. (1986)
Same chron-age calibration as Berggren et al. (1995a) -- 'Turborotalia cerroazulensis" LAD defines top of P17, and is associated with youngest of 3 normal 
"events" in polarity chron C13r in Contessa Section (Nocci et al., 1986) and above normal "event" C13n.2n at Massignano (Coccione et al., 1988).  It is not 
absolutely clear whether the LAD of 'Hantkenina spp.' and 'T. cerroazulensis' group are synchronous or sequential.  Their 33.8 Ma age is Chron C13r.75 on 
their polarity scale.

M: Coccione et al. (1988), Nocci et al. (1986)
Same chron-age calibration as Berggren et al. (1995a) -- 'Cribrohantkenina inflata' LAD defines top of P16, and is located between LAD of 'Gl. index' and 'T. 
cunialensis' and 'Hantkenina' in mid-part of polarity chron C13r at Massignano (Coccione et al., 1988) and just below youngest of 3 normal “events” in C13r in 
Contessa Highway section (Nocci et al., 1986).  Their 34.0 Ma age is Chron C13r.6 on their polarity scale.  B. Wade (pers. comm.; Oct'11) -- "Zone P17 
continues to be problematic as the zonal marker has been synonymized. A solution is to call this P16/P17."

M: Nocci et al., (1986), Premoli-Silva et al., (1988a); 
I: Berggren (1992)

One of the few taxa which has an LAD that is isochronous between low and high latitudes and provinces.  Age calibration from Berggren and Pearson (2005, 
which as extended discussion) is similar to Berggren et al. (1995a) -- 'Globigerapsis index' LAD is essentially coincident with the LAD of 'Discoaster 
saipanensis' and 'Discoaster barbadoensis' and with lower of 3 normal “events” in polarity chron C13r in Contessa Highway section (Nocci et al., 1986, Premoli-
Silva et al., 1988a).  Their 34.3 Ma age is Chron C13r.3 on their polarity scale.

M: Coccione et al. (1988) Chron-age calibration by Berggren et al. (1995a) --  'Turborotalia pomeroli' LAD occurs with LAD of 'P. semiinvoluta' in polarity Chron C16n.2n in Massignano 
section, but their summary 35.3 Ma age is Chron C15r.1 on their polarity scale.

M: Nocci et al., (1986), Premoli-Silva et al., (1988a), 
Wade et al. (2011)

Wade et al. (2011) table assigns as 35.3 Ma, which is base of Chron C15r on their polarity scale.  Similar to the chron-age calibration of Berggren et al. (1995a) 
-- 'Turborotalia cunialensis' FAD defines base of P16, and is just above (i.e. younger than) LAD of 'G. semiinvoluta'.

M: Nocci et al., (1986), Premoli-Silva et al., (1988a), 
Coccione et al. (1988)

Eocene foram 'Cribrohantkenina inflata' FAD was used previously as P15/P16 boundary (e.g., Blow, 1979; Berggren and Miller, 1988); but discontinued by 
Berggren et al. (1995a).  Same chron-age calibration as Berggren et al. (1995a, which has extended discussion) -- their 35.5 Ma summary age corresponds to 
Chron C16n.1n.1 on their polarity scale.

M: Coccione et al. (1988), Berggren & Pearson 
(2005) Located in Italian Massignano section within C15r; but Berggren & Pearson (2005) estimate as 35.8 Ma or at Chron C16n.2n.8 on their polarity scale.

M: Nocci et al. (1986), (1986), Premoli-Silva et al., 
(1988a), Berggren et al. (1985b)

Chron-age calibration by Berggren et al. (1995a) -- 'Acarinina spp.' LAD occurs in mid-C17n (Berggren et al., 1985b) or top of polarity chron C18n (Nocci et al., 
1986, Premoli-Silva et al., 1988a) in the Apennines, which is about 1 myr older.  Their 37.5 Ma age corresponds to base of Chron C17n.1n on their polarity 
scale.

I: Berggren (1992); Stott & Kennett (1990) Chron-age calibration by Berggren et al. (1995a) -- 'Subbotina linaperta' is recorded in mid-C17n in Southern Ocean Hole 689B (Stott & Kennett, 1990) and in 
polarity zone C17n in Indian Ocean Hole 748B (Berggren, 1992). Their 37.7 Ma summary age corresponds to Chron C17n.2n.6 on their polarity scale.

I: Berggren (1992); Stott & Kennett (1990)
Chron-age calibration by Berggren et al. (1995a) -- 'Acarinina collactea' LAD is recorded in interval of uninterpretable paleomagnetic data just above level 
identified as polarity chron C17n in Indian Ocean Hole 748B (Berggren, 1992) and at level interpreted as C18n in Southern Ocean Hole 690B (Weddell Sea 
(Stott & Kennett, 1990).  Their 37.7 Ma summary age corresponds to Chron C17n.2n.6 on their polairty scale.

NA: Wade et al. (2011) Morozovelloides crassatus is the senior synonym of Morozovella spinulosa.  Wade et al. (2011) assign as Chron C17n.3n.5; which is similar to chron-age by 
Berggren and Pearson (2005) and Berggren et al. (1995).

M: Nocci et al. (1986)
Eocene foram 'Porticulasphaera semiinvoluta' defines base of P15, and has a brief overlap with 'Truncorotaloides' (Blow, 1979).  However, a brief, but distinct, 
separation of 'Acarinina' and 'G. semiinvoluta' is recorded in Nocchi et al. (1986, Fig. a).  Wade et al. (2011) assign as 37.7 Ma, which is Chron C17n.3n.5 on 
that GTS04 polarity scale).  This is slightly younger than in Berggren et al. (1995a), which was at the top of Chron C18n.1n on their polarity scale.

NA: Wade (2004) Wade et al. (2011) (citing Wade, 2004) assign this LAD as same level as LAD of Morozovelloides crassatus based on investigations in the western North 
Atlantic (Blake Nose).

M: Nocci et al. (1986) Chron-age calibration by Berggren et al. (1995a).  Their 38.5 Ma is the top of Chron C18n.1n on their polarity scale.

SO: Stott & Kennett (1990); I: Berggren (1992)
Chron-age calibration as Berggren et al. (1995a) -- 'Acarinina primitiva' is recorded in mid-part of polarity chron C18n in Sourthern Ocean Hole 689 and in 
interval of uninterpretable paleomagnetic data just above probable C18n in Indian Ocean Hole 748B.  Their 39.0 Ma age is Chron C18n.1n.5 on their polarity 
scale.

Berggren et al. (1985b) Formerly "Subbotina frontosa".  Wade et al. (2011) = Same chron-age calibration as Berggren et al. (1995a), who cited Berggren et al. (1985b).  Their 39.3 Ma 
age is Chron C18n.1n.2 on their polarity scale.

NA: Wade (2004) Defines base of P14 (or E13).  Wade et al. (2011) has same age calibration as Berggren and Pearson (2005), which is at Chron C18n.2n.25 on their polarity 
scale.

Berggren et al. (1985b) Defines P13 (= E12) base.  Wade et al. (2011) has same  chron-age calibration as Berggren et al. (1995a), which is Chron C18r.66 on their polarity scale.

Berggren et al. (1985b) Berggren and Pearson (2005) use same chron-age calibration as Berggren et al. (1995a); and their 40.5 Ma is at Chron C18r.66 on their polarity scale.

Berggren & Pearson (2005) DASHED:  Wade et al. (2011): "The age of the HO of Guembelitrioides nuttalli in not well constrained and requires further study."  Age assignment by Berggren 
and Pearson (2005) of 42.3 Ma is at Chron C19r.25 on their polarity scale.

Berggren et al. (1985b) Chron-age calibration by Berggren et al. (1995a).  Their 42.4 Ma age is at Chron C19r.1 on their polarity scale.

SO: Stott & Kennett (1990) Chron-age calibration by Berggren et al. (1995a) -- 'Globigerinatheka index' FAD is recorded near polarity zone C20n/C20r boundary in Southern Ocean Hole 
689B.  Their 42.9 Ma age is at Chron C20n.7 on their polarity scale.

Berggren et al. (1985b) Formerly "Morozovella lehneri".  Wade et al. (2011) projects as same chron-age calibration as Berggren et al. (1995a) at Chron C20n.25.

Berggren et al. (1985b) Defines top of P11 or E9.  Assignment by Berggren and Pearson (2005) is same chron-age calibration as Berggren et al. (1995a).  Their 43.6 Ma is Chron 
C20n.15 on their polarity scale.

I: Pearson et al. (2004), Wade et al. (2011)
DASHED -- Wade et al. (2011): "The age of the LO [FAD] of Globigerinatheka kugleri in not well constrained and there is a significant need for further study of 
this interval in continuous sections with magnetostratigraphy".  They project as 43.4 Ma relative to GTS04 polarity => Chron C20r.75. Wade et al. (2011) 
reference the Tanzania study (Indian Ocean) by Pearson et al. (2004).

NA: Payros et al. (2009), Wade et al. (2011)
DASHED -- Wade et al. (2011) (citing Payros et al. (2009 = Lutetian GSSP in Spain) imply that the FAD of Hantkenina singanoae (which is the first Hantkenina 
spp., hence base of former zone P10) is at 43.5 Ma age "relative to GTS04 polarity", therefore at Chron C20r.7 (which would be 44.0 in GTS2012 scale).  But 
dashed here at C20r.5 to avoid near-overlap with P11 that they imply begins at Chron C20r.75.  [More study is needed of relative placement of these two 
FADs.]

Berggren et al. (1995a) Chron-age calibration by Berggren et al. (1995a).  Their 46.0 Ma age is at Chron C20r.1 on their polarity scale. No region or original calibration reference cited.

NA: Payros et al. (2009), Wade et al. (2011)

FAD of G. nuttalli is dashed at approximately the base of Chron C21r (or may be slightly lower at C21n.9) and is the base of revised zone E8 (Wade et al., 
2011).  This datum-chron correlation is nearly 3 million years higher than in Berggren & Pearson (2005).  Wade et al. (2011) summarize: "In a detailed 
magnetobiostratigraphic study of an expanded lower–middle Eocene succession from the western Pyrenees, Payros et al. (2009) examined the divergence of 
planktonic foraminiferal Zones P9 and P10 and the standard zonation (BKSA95). Unlike BKSA95 which places the boundary between planktonic foraminiferal 
Zones P9 and P10 within calcareous nannofossil Zone NP14 (Subzone CP12a) and magnetic polarity Chron C22n/C21r boundary, they found the boundary to 
occur within Zone NP15 (=Zone CP13) and Chron C20r.  ... The P9/P10 zonal boundary is therefore a surprising 3.1 myr younger than in BKSA95."  In 
addition, the first occurrence of Hantkenina (alternate suggested marker for base of P10), which had been a working definition of base of Lutetian Stage, was 
found to be significantly higher (possibly near the top of Chron C20r; ca. another 2 myr higher).  Calibration of these events needs further careful study.
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47.84 E7b E7b
E7b/ 

E7a

E7b/ 

E7a
B Turborotalia frontosa 48.31 48.30 NA: within C21r

E7a/E6 E7a/E6
B Acarinina 
cuneicamerata 50.20 50.19 (I: C22r.33)

P9/P8 P9/P8 E6 E6 B Planorotalites palmerae 50.20
(Unknown region: 

C22r.33)

P8/P7 P8/P7 E6/E5 E6/E5 T Morozovella subbotinae 50.67
Unknown region: 

C23n.1n.8

P7 P7 E5 E5 B Acarinina 
pentacamerata 50.67 50.65 SO: C23n.1n.8

P7/P6b P7/P6b E5/E4 E5/E4
B Morozovella 
aragonensis 52.54 52.55 SA: C23r.1

T Morozovella 
marginodentata 52.85 NA: C24n.1n.5

T Morozovella lensiformis 53.14 53.08 53.08 NA & NP: 
C24n.1r.5

T Morozovella aequa 54.20 54.15 54.15 NA & NP: C24r.93

P6b/ 

P6a

P6b/ 

P6a
E4/E3 E4/E3 B Morozovella  formosa 54.61 54.56 NP: C24r.8

B Morozovella lensiformis 54.61 54.56 54.56 NA & NP: C24r.8

T Subbotina velascoensis 55.07 55.04 NA: C24r.65

P6a/P5 P6a/P5 E3/E2 E3/E2
T Morozovella 
velascoensis (55.20) (55.17) (NP: C24r.61)

T Morozovella acuta 55.39 55.36 NA: C24r.55

B Morozovella gracilis 55.39 55.36 NA: C24r.55

B Igorina broedermanni 55.39 55.36 NA: C24r.55
B Morozovella 
marginodentata 55.54 55.52 55.52 NA & NP: C24r.5

E2/E1 E2/E1
B Pseudohastigerina 
wilcoxensis 55.81

Unknown region: 
lower-mid C24r

E1 E1 B Globanomalina 
australiformis 55.96 55.96 SO: lower-mid 

C24r

B Acarinina sibaiyaensis 55.96
Unknown region: 
lower-mid C24r

55.96

P5/P4 P5/P4 P5/P4c P5/P4c
T Globanomalina 
pseudomenardii 57.10 57.10 57.10 I: base C24r

B Morozovella subbotinae 57.10 57.10 NP: base C24r

T Acarinina mckannai 57.66 57.66 (57.66) (57.66) NA: base C25n

T Acarinina acarinata 57.66 57.66 (57.66) (57.66) NA: base C25n

P4c/ 

P4b

P4c/ 

P4b
B Acarinina soldadoensis 57.79 57.79 (57.79) (57.79) NA: C25r.9

B Acarinina coalingensis 57.79 57.79 (57.79) (57.79) NA: C25r.9

B Morozovella aequa 57.79 57.79 (57.79) (57.79) NA: C25r.9

T Acarinina subsphaerica 58.44 58.44 (58.44) (58.44) NA: C25r.4

59.24

B Acarinina mckannai 60.43 60.43 (60.43) (60.43) NA: C26r.6

P4b/ 

P4a

P4b/ 

P4a

T Parasubbotina 
variospira 60.52 60.52 (60.52) NA: C26r.57

P6a

P6b P6b

P5 P5

P6a

P4c

E2E2

E4

P4c

E3 E3Ypresian

Thanetian

P4bP4b

E4

P4

E1/P5E1/P5

P4
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COMMENTSCALIBRATION REFERENCES

NA: Payros et al. (2009), Wade et al. (2011)
T. frontosa FAD (Base of Zone E7b) is "one of most signficant foraminifer events in Middle/Early Eocene boundary interval; and occurs 13 precession cycles 
(0.26 myr) above base of C21r at the Lutetian GSSP section (Lutetian GSSP; published in Episodes, 2011).  [Wade et al. (2011) table has an age of 48.6 Ma; 
but this would project only the base of that Chron C21r on their polarity time scale.]

I: Hancock et al. (2002), Wade et al. (2011) Acarinina cuneicamerata = base E7.  Chron-age calibration by Berggren et al. (1995a): their 50.4 Ma is at Chron C22r.33 on their polarity scale. Wade et al. 
(2011) cites Hancock et al. (2002) Exmouth Plateau study.

Berggren et al. (1985b) Planorotalites ("Astrorotalia" in some publications) palmerae = base P9. Chron-age calibration by Berggren et al. (1995a): their 50.4 Ma age is Chron C22r.33 
on their polarity scale.

Berggren et al. (1995a), Berggren & Pearson (2005)
LAD of M. subbotinae defines top of E5 (base of E6), and LAD of M. formosa was top of P7 (base of P8).  Chron-age from Berggren and Pearson (2005), 
which is same chron-age calibration as Berggren et al. (1995a) -- Eocene Foram Zone P8 base (LAD of 'Morozovella formosa') is drawn as uppermost C23n in 
chart in Aubry et al. (1988); and is shown with an age of 50.8 Ma in Berggren (1995, SEPM); but the source of these calibrations are not cited.  Assignment = 
uppermost C23n = placed here as Chron C23n.1n.8

SO: Stott & Kennett (1990) Chron-age calibration by Berggren et al. (1995a) -- 'Acarinina pentacamerata' FAD is recorded at top of polarity zone C23n in Southern Ocean Hole 689 .  Their 
50.8 Ma age is Chron C23n.1n.8 on their polarity scale.

NA: Snyder & Waters (1985), Berggren et al. 
(1995a); NP: Corfield (1987); SA: Corfield (1987)

Defines P7 (=E5) base. Berggren and Pearson (2005), which is same chron-age calibration as Berggren et al. (1995a) -- 'Morozovella argonensis' FAD is 
recorded in North Atlantic Hole 550, North Pacific Shatsky Rise Hole 577 and in Chron C23r in South Atlantic (Walvis Ridge) Hole 527.  Their 52.3 Ma age is at 
Chron C23r.1 on their polarity scale.  [The Wade et al. (2011) table based on Berggren-Pearson (2005) lists the same 52.3 Ma, which suggests they didn't 

convert to the chron-ages of the GTS04 magnetic scale.]
NA: Snyder & Waters (1985), Berggren et al. 
(1995a), Wade et al. (2011)

Wade et al. (2011) have a GTS2004-age of 52.8 Ma implying Chron C24n.1n.5 on their polarity scale.  'Morozovella marginodentata' LAD is recorded in North 
Atlantic Hole 550.

NA: Snyder & Waters (1985), Berggren et al. 
(1995a); NP: Corfield (1987)

Chron-age calibration by Berggren et al. (1995a) -- 'Morozovella lensiformis' LAD is recorded in North Atlantic Holes 550 and North Pacific Shatsky Rise Hole 
577.  Their 52.7 Ma age is at Chron C24n.1r.5 on their polarity scale.

NA: Snyder & Waters (1985), Berggren et al. 
(1995a); NP: Corfield (1987)

Chron-age calibration by Berggren et al. (1995a) -- 'Morozovella aequa' LAD is recorded in North Atlantic Hole 550; and within polarity zone C24n.n1 in North 
Pacific Shatsky Rise Hole 577.  Their 53.6 Ma summary age is at Chron C24r.93 on their polarity scale.

NP: Corfield (1987),  Wade et al. (2011) Base of Zone P6b (= Zone E4 of Berggren-Pearson. 2005). Wade et al. (2011) projects as Chron C24r.8, which is similar to the chron-age calibration by 
Berggren et al. (1995a) -- 'Morozovella formosa formosa' FAD is calibrated in North Pacific Shatsky Rise Hole 577.

NA: Snyder & Waters (1985), Berggren et al. 
(1995a); NP: Corfield (1987), Wade et al. (2011)

P6b base of Berggren et al. (1995a) was either M. formosa or M. lensiformis.  Chron-age calibration by Berggren et al. (1995a) -- 'Morozovella lensiformis' FAD 
is recorded in North Atlantic Hole 550 and North Pacific Shatsky Rise Hole 577.  Wade et al. (2011) projects as Chron C24r.8.

NA: Snyder & Waters (1985), Berggren et al. 
(1995a)

Chron-age calibration by Berggren et al. (1995a) --  'Subbotina velascoensis' LAD is recorded in North Atlantic Hole 550 at Chron C24r.65.  Berggren and 
Pearson (2005) place LAD of S. velascoensis in Zone E3.

NP: Corfield (1987), Wade et al. (2011)

Wade et al. (2011) projects as 54.9 Ma relative to GTS04 polarity chrons, therefore at Chron C24r.61 (used here).  Berggren and Pearson (2005), puts this LAD 
0.2 myr higher than Berggren et al. (1995a) -- This LAD is recorded in younger part of Chron C24r in Hole 577 and in mid-C24r in Hole 577 (at 81.98 m).  
However, paleomagnetic data (Bleil, 1985, DSDP Leg 86: 449, Fig. 7b) suggests a hiatus occurs between ~82m & 83 m in Hole 577, which would have the 
effect of depressing (rendering older) the HO of 'M. velascoensis'.  The HO of 'M. velascoensis' in Hole 577 is in Nannofossil zone CP8 (=NP9) (Monechi, 1985: 
310, Table 5) which supports interpretation of hiatus in Hole 577, because the LO of 'M. valascoensis' is in Nannofossil Zone NP10.  Furthermore, Monechi 
(1985: p.307) indicates absence of extremely condensed sedimentation across the Paleocene/Eocene boundary interval.  Essentially, it is not yet possible to 
position this LAD proportionally within the long Chron C24r.

NA: Wade et al. (2011), Berggren et al. (1995a)
Wade et al. (2011) projects as 55.1 Ma => Chron C24r.55 on their polarity scale. Nearly same chron-age calibration as Berggren et al. (1995a) -- 'Morozovella 
acuta' LAD is recorded in North Atlantic Hole 550 , where it occurs midway between dated Ash Bed -17 (54.5 Ma) and +19 (54.0 Ma) [using older Ar-Ar monitor 
standards].

NA: Snyder & Waters (1985), Berggren et al. 
(1995a), Wade et al. (2011)

Wade et al. (2011) projects as ca. Chron C24r.55 on their polarity scale.  Nearly same chron-age calibration as Berggren et al. (1995a), based on Morozovella 
formosa gracilis FAD recorded in North Atlantic Hole 550.

NA: Snyder & Waters (1985), Berggren et al. 
(1995a), Wade et al. (2011)

Wade et al. (2011) projects as ca. Chron C24r.55 on their polarity scale.  Nearly same chron-age calibration as Berggren et al. (1995a), based on 'Muricella 
broedermanni' ('Igorina broedermanni') FAD recorded in North Atlantic Hole 550.

NA: Snyder & Waters (1985), Berggren et al. 
(1995a); NP: Corfield (1987), Wade et al. (2011)

Wade et al. (2011) projects as 55.1 Ma => Chron C24r.5 on their polarity scale = higher than chron-age calibration as Berggren et al. (1995a) -- 'Morozovella 
marginodentata' FAD is calibrated in North Atlantic Hole 550; but was interpreted in North Pacific Hole 577 at the top of polarity chron C25n.

Berggren & Pearson (2005) Berggren and Pearson (2005) -- FAD is top (not base) of PETM carbon-isotope excursion.  Wade et al. (2011) show PETM as having ca. 0.1 myr duration 
(rounded).  Following offset used by Berggren and Pearson (2007) and Wade et al. (2011), this FAD is set as 0.15 myr above PE boundary (base of PETM).

SO: Stott & Kennett (1990)
Marker for Paleocene/Eocene boundary in high southern latitudes.  Set here as equal to PE boundary.  Discussion of calibration as Berggren et al. (1995a) -- 
Paleocene foram 'Globanomallina australiformis' FAD in high latitudes [= AP4/5 boundary of Stott and Kennett (1990)] is recorded in Holes 689B and 690B.  
This FAD is recorded also at Indian Ocean Sites 738, 747 and 748, but with no paleomagnetic control.  Berggren et al (1995a) = lower-mid Chron C24r.

Berggren & Pearson (2005) Berggren and Pearson (2005): marker for Paleocene/Eocene boundary.  One of "Excursion taxa" at PE boundary, therefore age is set equal to that PE age = 
lower-mid Chron C24r.

I: Pospichal et al. (1991); NP: Corfield (1987)

LAD defines top of Zone P4.  Berggren and Pearson (2005) have similar chron-age calibration (base of Chron C24r) as Berggren et al. (1995a) -- Paleocene 
foram 'Globanomalina pseudomenardii' was called "Planorotallites pseudomenardii' in Berggren & Miller (1988).  The LAD (= base Zone P5) is recorded in 
North Pacific Shatsky Rise Hole 577 at either base of polarity chron C24r (Corfield, 1987) and or top C25n (Liu & Olsson pers comm., 1993) and in Indian 
Ocean Hole 752 at top C25n (Pospichal et al., 1991).  Juxtaposition/overlap of Gl. pseudomenardii LAD and Gt. subbotinae FAD is observed in Holes 465 and 
758 (Nederbragt & van Hinte, 1987).

NP: Corfield (1987)
M. subbotinae FAD is an alternate marker for base of zone P5 zone.  This event was used to define the base of Foram Zone 'P6a' by Berggren and Miller 
(1988), but Berggren et al. (1995a) consider that the expression of this FAD is commonly delayed in cores due to a widespread dissolution event(s) during 
polarity chron C24r.  Chron-age calibration by Berggren et al. (1995a) -- Paleocene foram 'Morozovella subbotinae' FAD is recorded in North Pacific Hole 577.  
Their 55.9 Ma age was base of Chron C24r on their polarity scale.

NA, I, EP: Berggren et al. (1995a) Chron-age calibration (base of Chron C25n) by Berggren et al. (1995a) -- Paleocene foram 'Acarinina mckannai' LAD is calibrated in DSDP Hole 384 (N. Atl.); 
and at comparable levels but without paleomagnetic control in Holes 465 (Eq. Pac.) and 758A (Indian Ocean) (Berggren et al., 1995a).

NA, I, EP: Berggren et al. (1995a) Chron-age calibration (base of Chron C25n) by Berggren et al. (1995a) -- 'Acarinina acarinata' LAD is calibrated in DSDP Hole 384 (N. Atl.); and at comparable 
levels but without paleomagnetic control in Holes 465 (Eq. Pac.) and 758A (Indian Ocean) (Berggren et al., 1995a).

NA, I, EP: Berggren et al. (1995a)
Paleocene foram 'Acarinina soldadoensis' FAD defines base of Zone P4c of Berggren et al. (1995a).  Berggren and Pearson (2005) has same chron-age 
calibration (Chron C25r.9) as Berggren et al. (1995a) -- This datum is calibrated in DSDP Hole 384 (N. Atlantic); and at comparable levels but without 
paleomagnetic control in Holes 465 (Eq. Pacific) and 758A (Indian Ocean), in association with FAD of A. coalingensis-triplex group.

NA, I, EP: Berggren et al. (1995a)
Chron-age calibration by Berggren et al. (1995) -- FAD of Acar. coalingensis-triplex group (Wade et al'11 list this group as a simple A. coalingensis) is calibrated 
in DSDP Hole 384(N. Atlantic); and at comparable levels but without paleomagnetic control in Holes 465 (Eq. Pacific) and 758A (Indian Ocean), in association 
with FAD of Acar. soldadoensis.  Berggren et al. (1995a) project as 56.5 Ma, which is Chron C25r.9 on their polarity scale.

NA, I, EP: Berggren et al. (1995a)
Chron-age calibration by Berggren et al. (1995) -- 'Morozovella aequa' FAD is calibrated in DSDP Hole 384 (N. Atlantic); and at comparable levels but without 
paleomagnetic control in Holes 465 (Eq. Pacific) and 758A (Indian Ocean), in association with FAD of A. coalingensis-triplex group. Berggren et al. (1995a) 
project as 56.5 Ma, which is Chron C25r.9 on their polarity scale.

NA, I, EP: Berggren et al. (1995a)
Chron-age calibration by Berggren et al. (1995a; who had as Acarinina subsphaerica (common)) -- This datum is calibrated in DSDP Hole 384 (N. Atlantic); and 
at comparable levels but without paleomagnetic control in Holes 465 (Eq. Pacific) and 758A (Indian Ocean), and occurs approximately midway in Zone P4.  
Berggren et al. (1995a) project as 57.1 Ma, which is Chron C25r.4 on their polarity scale. ['Acarinina subsphaerica' LAD had defined base of Zone P4b of 
Berggren et al. (1995a). ]

NA, I, EP: Berggren et al. (1995a)

Wade et al. (2011) assigns the FAD with the same chron-age calibration (Chron C26r.6) as Berggren et al. (1995a), but only THIS species -- In Berggren'95: 
Paleocene forams 'Acarinina acarinata',  'Acarinina mckannai' and  'Acarinina subsphaerica' FADs are calibrated in DSDP Hole 384 (N. Atlantic); and at 
comparable levels but without paleomagnetic control in Holes 465 (Eq. Pacific) and 758A (Indian Ocean) according to Berggren et al. (1995a).  The FAD's of 
three acarininids (acarinata, subsphaerica, mckannai) are observed to coincide closely with the FAD of Gl. pseudomenardii. Berggren et al. (1995a) project as 
59.1 Ma or Chron C26r.6 on their polarity scale.

NA, EP: Berggren et al. (1995a)
LAD defines top of revised zone P4a (e.g., Berggren and Pearson, 2005).  Berggren and Pearson (2005) assignment follows Berggren et al. (1995a) [as "P. 
variolaria" LAD and "P. varianta" LAD] who calibrated this event in North Atlantic Hole 384 and at comparable levels but without paleomagnetic control in Holes 
465 (Eq. Pacific). Berggren et al. (1995a) project as 59.2 Ma or Chron C26r.57 on their polarity scale.
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STAGE (AGE)
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Pacific
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Atlantic

T = Top/LAD; B = Base/FAD; 
X = Coiling change; ** = 

Regional age only
This 

study

Published 
Error NA M SA I SP EP SO NP

(various authors, 
see ref's)

AGE (Ma)

After Berggren et 
al. (1995a) and 

Wade et al. (2011) 
with emended 

M14

BIOHORIZON (DATUM)
GTS2012 scaling

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)

After Blow (1969, 
1979), Kennett & 

Srinivasan (1983), 
Berggren et al. 

(1995a), Chaisson 
& Pearson (1997), 

Pearson & 
Chaisson (1997)

CALIBRATED AGES COMPARED GLOBALLY

B Acarinina acarinata 60.52 60.52 (60.52) (60.52) NA: C26r.6

P4/P3b P4/P3b B Acarinina subsphaerica 60.52 60.52 (60.52) (60.52) NA: C26r.6

P3b P3b P4a/ 

P3b

P4a/ 

P3b

B Globanomalina 
pseudomenardii 60.73 60.73 (60.73) 58.4

NA: C26r.5; NP: 
upper C26r; EP: 

lower C25r
P3b/ 

P3a

P3b/ 

P3a

P3b/ 

P3a

P3b/ 

P3a
B Igorina albeari 61.33 61.33 (61.33) (61.33) NA: C26r.3

B Morozovella 
velascoensis 61.33 61.33 (61.33) (61.33) NA: C26r.3

61.61

B Acarinina strabocella 61.77 61.77 SO: C26r.15

B Morozovella 
conicotruncata 62.22 62.22 NP: lower C26r

P3/P2 P3/P2 P3a/P2 P3a/P2 B Morozovella angulata 62.29 62.29 62.2 NA: C27n.8; NP: 
lower C26r

B Igorina pusilla 62.29 dashed 62.29 NP: base C26r

B Morozovella 
praeangulata 62.46 62.60 62.60 62.60 NA, EP, I: C27r.92

P2/P1c P2/P1c P2/P1c P2/P1c B Praemurica uncinata 62.60 62.60 62.60 62.60 NA, EP, I: C27r.92

P1c/ 

P1b

P1c/ 

P1b

P1c/ 

P1b

P1c/ 

P1b

B Globanomalina 
compressa 63.90 63.90 63.90 NA, SO: C28n.65

B Praemurica inconstans 63.90 63.90 63.90 NA, SO: C28n.65

B Parasubbotina varianta 64.02 64.02 (64.02) NA: C28n.55

P1b/ 

P1a

P1b/ 

P1a

P1b/ 

P1a

P1b/ 

P1a

B Subbotina 
triloculinoides 65.25 65.25 NA: C29n.6

P1a/P P1a/P P1a/P
P1a/ 

P

T Parvularugoglobigerina 
eugubina 65.72

Unknown region: 
C29r.95

B Parasubbotina 
pseudobulloides 65.76 65.72 65.72 65.72 NA, M, I: C29r.9

B Parvularugoglobigerina 
extensa 65.94 -

P /P0 P /P0 P /P0 P /P0
B Parvularugoglobigerina 
eugubina 66.00 66.00 -

66.04 P0 P0 P0 P0

P

P2 P2

P3a P3a

P

Danian

Selandian

P1b P1b

P2 P2

P3a

P4a

P

P4a

P3a

P1b

P

P1b
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COMMENTSCALIBRATION REFERENCES

NA, I, EP: Berggren et al. (1995a), Wade et al. 
(2011)

Wade et al'11 has this FAD as 0.1 myr older  (hence projects as Chron C26r.57) than in chron-age placement in Berggren et al. (1995) (59.1 Ma, hence Chron 
C26r.6 on their scale)  -- 'Acarinina acarinata',  'Acarinina mckannai' and  'Acarinina subsphaerica' FADs are calibrated in DSDP Hole 384; and at comparable 
levels but without paleomagnetic control in Holes 465 and 758A  (Berggren et al., 1995, SEPM).   The FAD's of three acarininids (acarinata, subsphaerica, 
mckannai) are observed to coincide closely with the FAD of Gl. pseudomenardii.

NA, I, EP: Berggren et al. (1995a), Wade et al. 
(2011)

Wade et al'11 has this FAD as 0.1 myr older  (hence projects as Chron C26r.57) than in chron-age placement in Berggren et al. (1995) (59.1 Ma, hence Chron 
C26r.6 on their scale)  -- 'Acarinina acarinata',  'Acarinina mckannai' and  'Acarinina subsphaerica' FADs are calibrated in DSDP Hole 384; and at comparable 
levels but without paleomagnetic control in Holes 465 and 758A  (Berggren et al., 1995, SEPM).   The FAD's of three acarininids (acarinata, subsphaerica, 
mckannai) are observed to coincide closely with the FAD of Gl. pseudomenardii.

NA: Berggren et al. (1995a), Berggren & Pearson 
(2005); I: Berggren et al. (1995a); EP: Saint Marc 
(1987); NP: Corfield (1987)

Summary calibration by Berggren and Pearson (2005) corresponds to Chron C26r.5 on their polarity scale.

NA: Berggren et al. (1995a)
Igorina albeari (=Muricella albeari = Globorotalia laevigata) FAD defines base of zone P3b.  Berggren and Pearson (2005) has same chron-age calibration 
(Chron C26r.3) as Berggren et al. (1995a) -- This FAD occurs approximately mid-way in Zone P3 in Holes 463 (Eq. Pacific) and 758A (Indian Ocean) and in the 
mid-Chron C26r in Hole 384 (North Atlantic).  Their 60.0 Ma age corresponds to Chron C26r.3 on their polarity scale.

NA, I, EP: Berggren et al. (1995a) Chron-age calibration by Berggren et al. (1995a) -- 'Morozovella vellascoensis' FAD is calibrated in DSDP Hole 384 (N. Atlantic); and at comparable levels but 
without paleomagnetic control in Holes 465 (Eq. Pacific) and 758A (Indian Ocean)  Their 60.0 Ma age corresponds to Chron C26r.3 on their polarity scale.

NA & SO: Berggren et al. (1985b); I: Berggren et al. 
(1985b), Huber (1991)

Chron-age calibration by Berggren et al. (1995a) -- 'Praemurica strabocella' FAD occurs in Holes 384 (N. Atlantic) and 758A (Indian Ocean) midway between 
FAD of M. angulata and FAD of I. albeari, and in Nannofossil Zone NP5.  However, it is recorded in Hole 690 (Southern Ocean) in lower Zone CP5 (=NP6); in 
Hole 689B (Southern Ocean) in CP8 (=NP9) but equated with C26n; and in Hole 738 (Indian Ocean) at CP 4/5 (=NP 5/6) boundary.  Their 60.5 Ma summary 
age corresponds to Chron C26r.15 on their polarity scale.

NA, I, EP: Berggren et al. (1995a); NP: Pospichal et 
al. (1991), Nederbragt & van Hinte (1987)

Chron-age calibration by Berggren et al. (1995a) -- 'Morozovella conicotruncata' FAD occurs at virtually the same level as FAD of M. angulata in Holes 384 (N. 
Atlantic), 465 (Eq. Pacific), 758A (Indian Ocean) and 577 (North Pacific), although the definite position in Hole 577 is difficult to determine because of absence 
of C27n (Bleil, 1985).  Their 61.0 Ma age corresponds to base of Chron C26r on their polarity scale.

NA, I, EP, NP: Berggren et al. (1995a)
Former working definition for base of Selandian stage.  Berggren and Pearson (2005) has same chron-age calibration (ca. Chron C27n.8) as Berggren et al. 
(1995a) -- Paleocene foram 'Morozovella angulata' FAD occurs in Hole 384 (North Atlantic) in upper C27n at <2m above FAD of 'P. uncinata') in Nannofossil 
Zone NP4.  In Holes 465 (Eq. Pacific) and 758A (Indian Ocean) it is 2m above FAD of 'P. uncinata'.  In Hole 577 (N. Pacific) within lower part of Chron C26r, but 
precise position difficult to determine because of absence of C27n (Bleil, 1985, DSDP Leg 86).  Chron assignment = C27n (upper; placed here as C27n.8).

I, EP: Berggren et al. (1995a); NP: Pospichal et al. 
(1991), Nederbragt & van Hinte (1987)

Dashed.  A former secondary marker for working definition for base of Selandian stage.  But, "although this FAD happens to coincide with the FAD of M. 
angulata in DSDP 384 (used by Berggren et al., 1995a, for calibration), other records deviate from this." (Robert Speijer, pers. comm., Sept 2011).  Berggren 
and Pearson (2005) has same chron-age calibration (ca. Chron C27n.8) as Berggren et al. (1995a), who had indicated that 'Muricella pusilla' (called 'Igorina 
pusilla' in Berggren & Miller, 1988) FAD is recorded in lower part of polarity chron C26r and top of Nannofossil Zone CP3 (= NP3) in Hole 577 (North Pacific), 
but precise position is difficult to determine because of absence of C27n and possible unconformity just above C28n at 102.95 m (see Bleil, 1985:449-450).  
This FAD occurs at same level as FAD of M. angulata and M. coniscotruncata in Holes 465 (Eq. Pacific) and 758A (Indian Ocean).  Their 61.0 Ma age 
corresponds to base of Chron C26r on their polarity scale.

NA, I, EP: Berggren et al. (1995a); NP: Berggren et 
al. (1985b), Berggren & Pearson (2005)

Chron-age calibration by Berggren et al. (1995) --  'Praemurica praeangulata' FAD is calibrated in DSDP Hole 384 (N. Atlantic); and at comparable levels but 
without paleomagnetic control in Holes 465 (Eq. Pacific) and 758A (Indian Ocean) [see comments for 'Moro. angulata'], and occurs at approximately the same 
level in Holes 738 and 750A.  Their summary age assignment of 61.2 Ma corresponds to Chron C27n.2 on their scale.

NA, I, EP: Berggren et al. (1995a); NP: Berggren et 
al. (1985b), Berggren & Pearson (2005)

Praemurica uncinata' (formerly 'Morozovella uncinata') FAD defines base of Zone P2.  Berggren and Pearson (2005) moved the FAD 0.4 myr older than in 
Berggren et al. (1995), who had an extended discussion of calibration problems in different sites.  Berggren and Pearson (2005) summary age assignment of 
61.37 Ma corresponds to Chron C27r.92 on their polarity scale.

NA: Berggren et al. (1995a), Wade et al. (2011); SO: 
Stott & Kennett (1990), Wade et al. (2011)

Wade et al. (2011) assigned as Chron C28n.65 on their polarity scale, following Berggren and Pearson (2005) and Berggren et al. (1995a): 'Praemurica 
inconstans' FAD is recorded in Southern Ocean Holes 689B and 690C and North Atlantic Hole 384 in mid-C28n. It also occurs at a comparable level (by 
correlation) in an interval with no polarity data just above incomplete polarity chron C28n in Indian Ocean Hole 750A.

NA: Berggren et al. (1995a), Wade et al. (2011); SO: 
Stott & Kennett (1990), Wade et al. (2011) Coeval with FAD of G. compressa; therefore assigned as Chron C28n.65 (Wade et al., 2011).  See comments for FAD of G. compressa.

NA & I: Berggren et al. (1995a) Chron-age calibration by Berggren et al. (1995a) -- 'Parasubbotina varianta' is recorded in North Atlantic Hole 384 at mid-Nannofossil Zone NP2, and at 
comparable level by correlation in Indian Ocean Hole 750A .  Their 63.0 Ma age corresponds to Chron C28n.55 on their polarity scale.

NA: Berggren et al. (1995a) Defines base of zone P1b.  Berggren and Pearson (2005) uses same chron-age calibration as Berggren et al. (1995a) --  'Subbotina triloculinoides' FAD is 
recorded in Hole 384 (North Atlantic).  Their 64.3 Ma age corresponds to Chron C29n.6 on their polarity scale.

Berggren et al. (1995a)
Defines base of zone P1a. Berggren and Pearson (2005) uses same chron-age calibration as Berggren et al. (1995a): The LAD, defining the top of Zone P-
alpha, is near the FAD of P. pseudobulloides; and Berggren et al. (1995a) "admittedly somewhat arbitrarily" placed both events just below the polarity chron 
C29n/r boundary (p.146) = Chron C29r.95.

NA: Berggren et al. (1995a); M: Groot et al. (1989); I: 
Huber (1991)

Chron-age calibration by Berggren et al. (1995a) --  'Parasubbotina pseudobulloides' is recorded in Hole 738 (Indian Ocean), Hole 384 (North Atlantic) and 
Agost, Spain (Mediterranean); first common occurrence (FCO) noted in older part of polarity chron C29N in Southern Ocean Holes 689, 690 (Stott & Kennett, 
1990).  Its FAD may slightly overlap LAD of P. eugubina (review in Berggren et al., 1995a).  Chron assignment = just below C29r/n boundary = Chron C29r.9.  
[NOTE: In the Table 8 of Berggren et al. (1995a), P. pseudobulloides FAD was accidentally labled "P. eugubina FAD".]

Olsson et al. (1999), Wade et al. (2011) Event according to Wade et al. (2011) citing Olsson et al.(1999).  Their table places this FAD as 0.1 myr above base of Cenozoic.

M: Groot et al. (1989), Berggren et al. (1995a), 
Wade et al. (2011)

Defines base of Pa ('alpha' Greek letter).  Berggren and Pearson (2005) uses same chron-age calibration as Berggren et al. (1995a) -- "Parvularugoglobigerina 
eugubina" FAD is estimated at about 0.03 myr after the end-Cretaceous event based on Spanish sections in Groot et al., (1990), discussed in Berggren, 
1995a).  Wade et al. (2011) assign a 0.04 myr duration for basal-Cenozoic zone P0 (used here).
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GTS2012 CHRONO.

STRATIGRAPHY
BIOHORIZON (DATUM) AGE (Ma)

T Globotruncana spp., T 
Racemiguembelina fructicosa; 
Tops of other Cretaceous forams

66.04

Berggren et al. (1995b); 
Berggren and Pearson 
(2005)

End of Cretaceous.  Ar-Ar age is recalibrated as 66.0 Ma in GTS2012.  About Chron C29r.5 (Husson et al., 
2011).  

T Abathomphalus mayaroensis 66.35

Huber et al. (2008); 
Robaszynski (1998, SEPM 
chart)

Brian Huber (written comm., Sept 2011): "Add Plummerita hantkeninoides zone with dashed base at 
topmost Maastrichtian using Li and Keller (1998) age (about 350 kyr below K/Pg)".  If the base is marked 
by LAD of A. mayaroensis, then Robaszynski (1998, SEPM chart) had assigned as ~0.3 m.y. before K/T.

T Gansserina gansseri (66.49) Huber et al. (2008)
Chron C30n.95 estimated relative to GTS04 magnetics by Huber et al. (2008) at ODP sites on Blake Nose 
(central Atlantic).  Dashed, due to 0.7 myr differences among holes (essentially at K/T in Hole 1049C with 
spherule layer overlying it).

T Contusotruncana patelliformis 66.72 Huber et al. (2008) Chron C30n.82 estimated relative to GTS04 magnetics by Huber et al. (2008) at ODP sites on Blake Nose 
(central Atlantic).

B Pseudoguembelina hariaensis 67.3 Huber et al. (2008) Use of a Pseudoguembelina hariaensis Zone (base is FAD of species) of Caron'95 is recommended by 
Huber et al. (2008).  Base is dashed by them at mid-Chron 30n.

T Abathomphalus intermedia 67.33
P. Sikora (pers. comm., 
2005)

Useful datum tabulated in EGI database (Paul Sikora, 2005), with age of middle of Chron C30n derived 
from composite standard.

T Globotruncana linneiana 68.37 Huber et al. (2008) Base of Chron C30r estimated relative to GTS04 magnetics by Huber et al. (2008) at ODP sites on Blake 
Nose (central Atlantic).

T Globotruncana bulloides 68.82 Huber et al. (2008) Chron C31n.5 estimated relative to GTS04 magnetics by Huber et al. (2008) at ODP sites on Blake Nose 
(central Atlantic).

T Rugoglobigerina pennyi 68.86
P. Sikora (pers. comm., 
2005)

Useful datum tabulated in EGI database (Paul Sikora, 2005), with age of 45% up in Chron C31n derived 
from composite standard.

T Contusotruncana fornicata 69.13 Huber et al. (2008) Chron C31n.15 estimated relative to GTS04 magnetics by Huber et al. (2008) at ODP sites on Blake Nose 
(central Atlantic).

B Abathomphalus mayaroensis 69.18 Huber et al. (2008)

A. mayaroensis zone begins just above base of Chron C31n (summarized by Huber et al. (2008), with 
implied placement as Chron C31n.1).  A slightly higher Chron C31n.4 was in ODP 171B table (in turn from 
Erba et al, 1995) for the Tethyan FAD.  The FAD of A. mayaroensis seems to be older in North Sea (Paul 
Sikora, EGI database, 2005).  Robaszynski (1998, SEPM chart) correlation was approx. top of ammonite 
J. nebrascansis zone.

B Pseudotextularia elegans 69.55 Huber et al. (2008) Chron C31r.87 estimated relative to GTS04 magnetics by Huber et al. (2008) at ODP sites on Blake Nose 
(central Atlantic).

B Planoglobulina acervulinoides (70.05) Huber et al. (2008)
DASH -- Chron C31r.65 estimated relative to GTS04 magnetics by Huber et al. (2008) at ODP sites on 
Blake Nose (central Atlantic).   But this FAD is reported much earlier elsewhere (by ca. 2 myr) which Huber 
et al. (2008) suggests "result from differing taxonomic concepts of the species".

B Racemiguembelina fructicosa (70.14) Huber et al. (2008)

DASHED (diachronous):  Upper third of Chron C31r. Huber et al. (2008); who interpolate FAD at Chron 
C31r.6 relative to GTS04 magnetics => C31r.6), which is same as in ODP 171B table (in turn from Erba et 
al, 1995).  However, this FAD in Tethyan realm is calibrated in EGI database (Paul Sikora, 2005) as above 
the FAD of A. mayaroensis (2 myr young) => this Zone may not be applicable.  "Latitudinal diachroneity" 
concluded by Huber et al. (2008) citing the later FAD in Chron C31n at DSDP 525 reported by Li and 
Keller (1998).

T Globotruncana ventricosa (70.14)
Robaszynski (1998, SEPM 
chart) Dashed at Chron C31r.6.

B Globotruncana lapparenti, 
Globotruncana linneiana

70.90
P. Sikora (pers. comm., 
2005)

Useful datums tabulated in EGI database (Paul Sikora, 2005), with age at 25% up in Chron C31r derived 
from composite standard.

B Contusotruncana contusa (71.01)
Huber et al. (2008); P. 
Sikora (pers. comm., 2005)

DASH -- Chron C31r.2 relative to GTS04 magnetics by Huber et al. (2008).  ODP 171B table (in turn from 
Erba et al, 1995) assigned higher at Chron C31r.6.  This FAD is a poor marker (Paul Sikora, pers. 
commun., 2005).

B Racemiguembelina powelli 71.47 Huber et al. (2008) Chron C32n.1n.9 estimated relative to GTS04 magnetics by Huber et al. (2008)

B Pseudoguembelina palpabra 71.75 Huber et al. (2008)

P. palpebra zone added by Huber et al. (2008) "because recognition of the G. gansseri and G. aegyptiaca 
zones is deemed unreliable (at least at ODP Leg 207 Blake Nose sites).  Base is "upper Chron C32n.1r" 
(Brian Huber, written commun., Sept 11) -- assigned here as Chron C32n.1r.75 and coeval with FAD of 
nannofossil T. phacelosus (base of CC24, in their version).

B Pseudoguembelina kempensis 71.97 Huber et al. (2008) Chron C32.2n.98. estimated relative to GTS04 magnetics by Huber et al. (2008).

72.05

B Gansserina gansseri (72.97)

Huber et al. (2008); 
Robaszynski (1998, SEPM 
chart)

Huber et al. (2008) and Robaszynski (1998, SEPM chart) places at Chron C32n.2n.4; following Premoli 
Silva and Sliter (1994); but Brian Huber advised to dash it.

B Planoglobulina acervulinoides (72.97)

Huber et al. (2008); 
Robaszynski (1998, SEPM 
chart)

Huber et al. (2008) and Robaszynski (1998, SEPM chart) places at at same level as FAD of G. gansseri = 
Chron C32n.2n.4, citing Premoli Silva and Sliter (1994).  BUT, iit s much higher at Leg 207 sites (by about 
2 myr), which Huber et al. (2008) suggests "result from differing taxonomic concepts of the species".

STAGE (AGE)

Pseudoguembelina palpebra

P. palpebra/G. gansseri

(G. gansseri/G. aegyptiaca)

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)
CALIBRATION 

REFERENCES
COMMENTS

T = Top/LAD; B = Base/FAD This study

P0/Plummerita hantkeninoides

P. hantkeninoides/P. hariaensis

Pseudoguembelina hariaensis

P. hariaensis/A. mayaroensis

Abathomphalus mayaroensis

A. mayaroensis/R. fructicosa

Racemiguembelina fructicosa

(R. fructicosa/P. palpebra)

Gansserina gansseri

Globotruncana aegyptiaca

Composite from Robaszynski (1998); Huber 
et al. (2008); Huber & Leckie (2011); 

Petrizzo et al. (2011); and B. Huber and 
M.R. Petrizzo, pers. comm. (2011)
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1
1
0
2

A
p
p
en

d
ix

3



GTS2012 CHRONO-

STRATIGRAPHY
BIOHORIZON (DATUM) AGE (Ma)

STAGE (AGE)

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)
CALIBRATION 

REFERENCES
COMMENTS

T = Top/LAD; B = Base/FAD This study

Composite from Robaszynski (1998); Huber 
et al. (2008); Huber & Leckie (2011); 

Petrizzo et al. (2011); and B. Huber and 
M.R. Petrizzo, pers. comm. (2011)

B Globotruncana aegyptiaca (74.00)

Huber et al. (2008); 
Robaszynski (1998, SEPM 
chart)

DASH -- Huber et al. (2008) (also implied in Robaszynski (1998, SEPM chart)) places at mid-Chron 
C32r.1n according to their interpolation relative to GTS04 magnetics), although their text says "C32r.2r.5.

B Pseudoguembelina excolata (74.00)

Huber et al. (2008); 
Robaszynski (1998, SEPM 
chart)

DASH -- Robaszynski (1998, SEPM chart) has as same level as FAD of G. aegyptiaca (therefore, mid-
Chron C32r.1n).  Huber et al. (2008) "model age" table as same mid-Chron C32r.1n relative to GTS04 
magnetics, although their text says "mid-C32r.2r" and they later indicate it might be as old as 74.4 Ma, 
based on Leg 207 sites (their Table 7).

T Radotruncana calcarata 75.71 Huber et al. (2008)
Calcarata was previously assigned to genus Globotruncanita.  Huber et al. (2008) project age 
corresponding to Chron C33n.75 (although their text implies C32n.92).  Robaszynski (1998, SEPM chart) 
placed at Chron C33n.85.

B Pseudotextularia elegans (75.71)
Robaszynski (1998, SEPM 
chart) Robaszynski (1998, SEPM chart) places at same level (Chron C33n.85) as LAD of G. calcarata.

B Globotruncanella havanensis (75.94)
Robaszynski (1998, SEPM 
chart) Dashed at about middle of G. calcarata zone.

B Radotruncana calcarata 76.18 Huber et al. (2008) R. calcarata was previously assigned to genus Globotruncanita.  FAD at Chron C33n.67 (Huber et al., 
2008, although their text had typo-error of "C33n.76").

B Globotruncana ventricosa 
(consistent) 77.66

P. Sikora (pers. comm., 
2005)

EGI calibration (Paul Sikora, 2005) is 40% up in Chron C33n.  First consistent occurrence is a better 
marker for base of a G. ventricosa Zone; but Petrizzo et al. (2011) recommended its replacement (as 
shown here).

T Archaeoglobigerina bosquensis 77.79
P. Sikora (pers. comm., 
2005)

Useful datum tabulated in EGI database (Paul Sikora, 2005), with age of 2/3rds up in Middle Campanian 
derived from composite standard.

B Contusotruncana plummerae (79.20)
Huber et al. (2008); 
Petrizzo et al. (2011)

Chron C33n.125 (1/8th up in chron) according to calibrations by Huber et al. (2008).  Formerly called 
Globotruncana fornicata Plummer subsp. plummerae.  Petrizzo et al. (2011) assigned C. plummerae zone 
to replace the previous G. ventricosa zone due to rarity of that basal marker.

B Globotruncana ventricosa (rare) (79.90)

Robaszynski (1998, SEPM 
chart); Petrizzo et al. 
(2011)

Top of Chron C33r in Robaszynsk (1998, SEPM chart):  In Huber et al. (2008), the "rare" FAD marked the 
base of the G. ventricosa Zone.  However, the rare FAD is not a useful datum, because it remains rare 
until mid-Middle Campanian (Paul Sikora, 2005); therefore consistent occurrence is a better definition of 
the zone.  Therefore, Petrizzo et al. (2011) removed Globotruncana ventricosa Zone, as shown here.

B Pseudoguembelina costulata 81.96
Robaszynski (1998, SEPM 
chart) Robaszynski (1998, SEPM chart) has at Chron C33r.45

T Ventilabrella eggeri 82.71
Robaszynski (1998, SEPM 
chart) Robaszynski (1998, SEPM chart) has at Chron C33r.25

T Marginotruncana coronata 82.89
P. Sikora (pers. comm., 
2005)

Useful datum tabulated in EGI database (Paul Sikora, 2005), with age of mid-Early Campanian (ca. 20% 
up in Chron C33r) derived from composite standard.

T Whiteinella baltica 83.08
P. Sikora (pers. comm., 
2005)

Useful datum tabulated in EGI database (Paul Sikora, 2005), with age just below LAD of M. coronata (ca. 
15% up in Chron C33r) derived from composite standard.

B Globotruncanita elevata 83.64
Robaszynski (1998, SEPM 
chart)

Base of Campanian in Robaszynski (1998, SEPM chart).  Base of G. elevata Zone is marked both by LAD 
of D. asymetrica and FAD of G. elevata.

(83.64)

T Dicarinella asymetrica 83.64
Robaszynski (1998, SEPM 
chart) Coeval with base of C33r.  Top of Santonian in Robaszynski (1998, SEPM chart).

T Dicarinella concavata, Sigalia 
deflaensis

83.64
Robaszynski (1998, SEPM 
chart) Top of Santonian in Robaszynski (1998, SEPM chart)

T Sigalia decoratissima 
decoratissima

84.44
Robaszynski (1998, SEPM 
chart)

Robaszynski (1998, SEPM chart) places at About 70% up between FAD of S. carpathica and LAD of S. 
deflaensis Forams

T Sigalitruncana sigali 84.95
P. Sikora (pers. comm., 
2005)

Useful datum of "mid-Santonian" tabulated in EGI database (Paul Sikora, 2005), with age derived from 
composite standard.

T Sigalia carpathica 85.44
Robaszynski (1998, SEPM 
chart)

LAD of Sigalia carpathica (called Sigalia decoratissima carpathica, or spelled "carpatica" in some 
publications) -- Robaszynski (1998, SEPM chart) places at about one-third up between FAD of S. dec. 
carpathica and LAD of S. deflaensis.

(86.26)

B Sigalia carpathica 86.32

Lamoida et al., pending 
proposal for Santonian 
GSSP, 2011

The FAD of Sigalia carpathica (called Sigalia decoratissima carpathica, or spelled "carpatica" in some 
publications) was proposed as a secondary marker for the Coniacian/Santonian boundary during the 
Second International Symposium on Cretaceous Stage Boundaries (Lamolda and Hancock, 1996).  
Proposed GSSP in Olazagutia, Spain (Lamolda and Santonian Working Group, 2011) has FAD midway 
between FAD of L. cayeuxii nannofossil, and FAD of the "GSSP marker" inoceramid -- which is the scaling 
used here.

T Whiteinella archaeocretacea (86.33) Gale et al. (2007)

Dashed -- Just above FAD of nannofossil L. cayeuxii at Ten Mile Creek candidate for base-Santonian 
GSSP (placed here as 0.05 myr above).  However, according to EGI database (Paul Sikora, 2005), this 
LAD might be as high as the base of Middle Santonian; but this may be partly a base-Santonian definition 
problem.

Radotruncana calcarata

Globotruncanella havanensis

Contusotruncana plummerae

C. plummerae/G. elevata

G. elevata/D. asymetrica

R. calcarata/C. plummerae

G. havanensis/R. calcarata

Globotruncanita elevata

Dicarinella asymetrica

(G. aegyptiaca/G. havanensis)

Santonian

Campanian
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Age in Ma Okada & Bukry 
(1980) Martini (1971) GTS2012 
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Marine Isotope 

Stage

STAGE (AGE) CN Zones NN Zones
T = Top/LAD; B = Base/FAD; X = 

Crossover of dominance This study NA M SA EP NP
(various authors, 

see ref's)

X Gephyrocapsa caribbeanica 
to E. huxleyi shift of 
dominance  [in "transitional" 
waters]

0.07 0.07 O-18 stage 4; 
Chron C1n.91

X Gephyrocapsa caribbeanica 
to E. huxleyi shift of 
dominance  [in tropical and 
subtropical waters]

0.09 0.09 O-18 stage 5a-5b; 
Chron C1n.88

0.126

CN15/CN14b NN21/NN20 B Emiliania huxleyi 0.29 0.27 0.29 0.29 O-18 stage 8; 
Chron C1n.67

CN14b/CN14a NN20/NN19 T Pseudoemiliania lacunosa 0.44 0.47 0.44 0.44 O-18 stage 12; 
Chron C1n.4

T Gephyrocapsa sp.3 0.61 0.61 -

0.781
T Reticulofenestra asanoi 
(common) 0.91 0.90 0.91 -

T small Gephyrocapsa spp. 
dominance 1.02 -

B Gephyrocapsa sp.3 1.02 0.97 1.02
O-18 stage 25; 
Chron C1r.1r 

(above Jaramillo)

CN14a/CN13b

B medium (over 4 microns) 
Gephyrocapsa spp. 
reentrance (reemG event)

1.04 0.96 1.01 1.04
O-18 stage 29; 
Chron C1r.1n.5 

(within Jaramillo)

B Reticulofenestra asanoi 
(common) 1.14 1.08 1.14 -

T large (over 5.5 microns) 
Gephyrocapsa spp. 1.24 1.25 1.26 1.24 O-18 stage 37; 

Chron C1r.3r.97
B small Gephyrocapsa spp. 
dominance 1.24 1.24 -

T Helicosphaera sellii (1.26) 1.26 1.34

Mid-Lat = O-18 
stage 37; Low-Lat 

= upper O-18 
stage 49, top 
Chron C1r.3r

T Calcidiscus macintyrei 1.60 1.66 1.61 1.60
upper O-18 stage 

55; = Chron 
C1r.3r.3.

B large (over 5.5 microns) 
Gephyrocapsa spp. 1.62 1.62 1.56 1.46

upper O-18 stage 
48; = Chron 

C1r.3r.55

CN13b/CN13a

B medium (over 4 microns) 
Gephyrocapsa spp. (=bmG 
event)

1.73 1.73 1.69 1.67

transition O-18 
stages59/60; = 
Chron C1r.3r.15 

(above top of 
Olduvai).

1.806 CN13a

CN13a/CN12d NN19/NN18 T Discoaster brouweri 1.93 1.95 1.93 2.06
lowermost 

Olduvai; = base of 
Chron C2n.

T Discoaster triradiatus 1.95 1.95
base Chron C2n 

(lowermost 
Olduvai)

B acme Discoaster triradiatus 2.22 2.22 2.14 ~ C2r.2r.6 (early 
Matuyama)

GTS2012 

CHRONO-

STRATIGRAPHY

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)

CALIBRATION
CALIBRATED AGES COMPARED 

GLOBALLY
BIOHORIZON (DATUM) AGE (Ma)

NN18CN12d

NN21
Tarantian (Lt. 

Pleist.)

Ionian (M. Pleist.)

CN15

CN14a

NN19

CN13b

Calabrian

Gelasian
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Berggren et al. (1995b) citing 
Rio et al. (1990), Thierstein et 
al. (1977)

Same chron-age scaling as Berggren et al. (1995b) = O-18 stage 4; 0.075 Ma; = C1n.91

Berggren et al. (1995b) citing 
Rio et al. (1990), Thierstein et 
al. (1977)

Same chron-age scaling as Berggren et al. (1995b) = O-18 stages 5a-5b; 0.09 Ma; = C1n.88

Lourens et al. (2004; Table 
A2.2)

Ubiquitous species, often forming blooms. Coccospheres often with multiple layers of coccoliths.  Astronomically tuned in Pacific (ODP Legs 111 
& 138) and Atlantic (Leg 154, Sites 925 & 926).  Age is recorded slightly younger (0.27 myr) in Mediterranean.  Berggren et al. (1995b) placed 
similarly= O-18 stage 8; Chron C1n.67.

Lourens et al. (2004; Table 
A2.2)

LAD defines top of NN19, therefore at base of NN20.  Astronomically tuned in Pacific (ODP Legs 111 & 138) and Atlantic (Leg 154, Sites 925 & 
926).  Age is recorded slightly older (0.47 myr) in Mediterranean.  Berggren et al. (1995b) placed similaly = O-18 stage 12; Chron C1n.4.

Lourens et al. (2004; Table 
A2.2) Cycle-calibrated in Eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  LAD is at same time (0.90 Ma) in Mediterranean.  

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Pacific (ODP Legs 111 & 138).

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Pacific (ODP Legs 111 & 138).  FAD is recorded slightly later (0.97 Ma) in Mediterranean.  Berggren et al. (1995b) placed 
similarly = O-18 stage 25; Chron C1r.1r.15 (above Jaramillo). 

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Pacific (ODP Legs 111 & 138).  FAD recorded slightly later (1.01 Ma) at Atlantic Leg 154, Sites 925 & 926, and later (0.96 
Ma) in Mediterranean.  Berggren et al. (1995b) placed similarly = O-18 stage 29; Chron C1r.1n.5 (within Jaramillo).

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic Leg 154, Sites 925 & 926.  FAD is recorded slightly later (1.08 Ma).

Lourens et al. (2004; Table 
A2.2)

"tlG event"  Astronomically tuned in Pacific (ODP Legs 111 & 138).  LAD recorded slightly earlier (1.26 Ma) at Atlantic Leg 154, Sites 925 & 926, 
and  (1.25 Ma) in Mediterranean.  Berggren et al. (1995b) have same assignment = O-18 stage 37; Chron C1r.3r.97.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Pacific (ODP Legs 111 & 138).  

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in eastern Mediterranean.  This LAD is recorded slightly earlier (1.34 Ma) in ODP Legs 111 & 138 (Pacific).  Berggren et al. 
(1995b) summarize as Mid-Lat = O-18 stage 37; Equat. Zone = upper O-18 stage 49, therefore at top of Chron C1r.3r.   [NOTE: H. selli LAD is 
diachronous among regions]

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Pacific ODP Legs 111 & 138 and Atlantic Leg 154, Sites 925 & 926.  This LAD is recorded slightly earlier (1.66 Ma) in 
Mediterranean.  Berggren et al. (1995) assigns as upper O-18 stage 55; therefore Chron C1r.3r.3.

Lourens et al. (2004; Table 
A2.2)

"blG event"  Astronomically tuned in eastern Mediterranean.  This FAD is recorded slightly later (1.46 and 1.56 Ma) in Pacific ODP Legs 111 & 
138 and in Atlantic Leg 154, Sites 925 & 926, respectively.  Berggren et al. (1995b) assign FAD slightly younger, as upper O-18 stage 48; 1.46-
1.48 Ma, therefore at Chron C1r.3r.55.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in eastern Mediterranean.  This FAD is recorded slightly later (1.67 and 1.69 Ma) in Pacific ODP Legs 111 & 138 and in 
Atlantic Leg 154, Sites 925 & 926, respectively.  Pleistocene Nanno FAD of this Gephyrocapsa species was called "medium-o" by Berggren, 
Hilgen et al. (in earlier version of their 1995 GSA paper) and "oceanica s.l." by Leg 145 -- both lists give "Rio et al, in press" as source, and have 
same age.  Berggren et al. (1995) assign as transition O-18 stages59/60; therefore at Chron C1r.3r.15 (above top of Olduvai).

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  This LAD of D. brouweri is recorded slightly earlier (1.95 Ma) in Mediterranean (refs. 
11, 22-25), and significantly earlier (2.06 Ma) in Pacific ODP Legs 111 and 138.  Berggren et al. (1995b) assign in lowermost Olduvai; 1.95 Ma; 
therefore at base of Chron C2n.

Berggren et al. (1995b) citing 
Rio et al. (1990), Backman 
and Pestiaux (1987)

Base of Chron C2n (lowermost Olduvai)

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in eastern Mediterranean.  This Acme onset is recorded slightly later (2.14 Ma) in Atlantic Leg 154, Sites 925 & 926.  
Pliocene nannofossil 'Discoaster triradiatus' (onset acme) occurs at 2.25 Ma in Mediterranean in Berggren et al. (1995b) compilation; therefore, 
C2r.2r.6 (early Matuyama).

COMMENTS
CALIBRATION 

REFERENCES
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(BIOCHRON)

CALIBRATION
CALIBRATED AGES COMPARED 

GLOBALLY
BIOHORIZON (DATUM) AGE (Ma)

CN12d/CN12c NN18/NN17 T Discoaster pentaradiatus 2.39 2.51 2.39 ~ Chron C2r.3r.25

CN12c/CN12b NN17/NN16 T Discoaster surculus 2.49 2.54 2.49 2.52 ~ Chron C2r.3r.1

2.588 CN12b

CN12b/CN12a T Discoaster tamalis (subtop) 2.80 2.80 2.80 2.87
~ Chron 

C2An.1n.6 (near 
top of Gauss)

T Sphenolithus spp. (subtop) 3.54 3.70 3.54 3.65
base Chron 

C2An.3n (base of 
Gauss)

3.600

CN12a/CN11b NN16/NN15
T Reticulofenestra 
pseudoumbilicus 3.70 3.84 3.70 3.79

~ Chron C2Ar.7 
(uppermost part 

of upper-reversed 
interval of Gilbert)

NN15/NN14
T Amaurolithus

tricorniculatus (3.92) (3.92) -

NN14 B Discoaster brouweri 
(subbottom) 4.12 4.12 -

CN11b/CN11a NN14/NN13
B common Discoaster 
asymmetricus 4.13 4.12 4.13

~ Chron C2n.1n.8 
(near top of 
Cochiti, or in 
upper Gilbert)

CN11a/CN10c T Amaurolithus primus 4.50 4.50

M: Nunivak 
subchron; EP: ~ 
Chron C3n.3n.8) 
near top Sidufjall) 

T Reticulofenestra antarctica 4.91 4.91 -

B Reticulofenestra 
pseudoumbilica, Discoaster 
ovata (subbottom)

4.91 4.91 -

T Ceratolithus acutus 5.04 5.04 5.04 -
X Ceratolithus acutus to C. 
rugosus (Atl.) 5.05 5.05 -

CN10c/CN10b NN13/NN12 B Ceratolithus rugosus 5.12 5.05 5.12

M: near top 
Nunivak 

subchron; EP & 
SA: ~ Chron 

C3n.4n.5 (Thvera) 

T Triquetrorhabdulus rugosus 5.28 5.28
Chron C3r.85 

(within uppermost 
part of Gilbert)

5.333
B Ceratolithus larrymayeri 
(sp.1) 5.34 5.34 -

CN10b/CN10a B Ceratolithus acutus 5.35 5.35 5.32
~ Chron C3r.85 

(uppermost C3r in 
Gilbert)

CN10a/CN9d NN12/NN11 T Discoaster quinqueramus 5.59 5.54 5.58 5.59 middle of Chron 
C3r (Gilbert)

CN9d/CN9c T Nicklithus amplificus 5.94 6.00 5.94 5.98 -

CN9c X  Nicklithus amplificus to 
Triquetrorhabdulus rugosus 6.79 6.79 -

CN10b

NN12

NN16

NN13

CN11b

Piacenzian

Zanclean

CN12a

CN10c

Messinian
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Lourens et al. (2004; Table 
A2.2)

LAD of D. pentaradiatus (quintatus) defines top of NN17, therefore at base of NN18.  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  
This LAD is recorded earlier (2.51 Ma) in Mediterranean.  Berggren et al. (1995b) places near Matuyama/Gauss boundary, or at about Chron 
C2r.3r.25.

Lourens et al. (2004; Table 
A2.2)

LAD of D. surculus defines top of NN16, therefore at base of NN17.  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  This LAD is 
recorded slightly earlier (2.52 Ma and 2.54 Ma) in Pacific ODP Legs 111 and 138 and in eastern Mediterranean, respectively.  Berggren et al. 
(1995b) place near Matuyama/Gauss boundary at about Chron C2r.3r.1.

Lourens et al. (2004; Table 
A2.2)

Lourens et al (GTS2004 table) refers to this LAD as a "subtop".  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926) and eastern 
Mediterranean.  This LAD is recorded slightly earlier (2.87 Ma) in Pacific ODP Legs 111 and 138.  Pliocene nannofossil 'Discoaster tarnalis' (LAD) 
occurs at 2.73 Ma in Mediterranean in Berggren et al. (1995b) compilation, with main assignment at about Chron C2An.1n.6 (near top of Gauss).

Lourens et al. (2004; Table 
A2.2)

LAD is called a "subtop" in Lourens et al. (GTS2004 table).  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  This LAD is recorded 
slightly earlier (3.65 Ma and 3.70 Ma) in Pacific ODP Legs 111 and 138 and in eastern Mediterranean, respectively.  According to Berggren, 
Hilgen, et al (1995), Pliocene nannofossil 'Sphenolithus' (LAD) occurs at in Mediterranean at base of Chron C2An.3n (base of Gauss).

Lourens et al. (2004; Table 
A2.2)

This LAD defines top of NN15, therefore at base of NN16.  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  This LAD is recorded 
slightly earlier (3.79 Ma and 3.84 Ma) in Pacific (ODP Legs 111 and 138) and in eastern Mediterranean, respectively.  Acccording to Berggren et 
al. (1995b), Pliocene nannofossil Reticulofenestra pseudoumbilicus (LAD) occurs in Mediterranean at about Chron C2Ar.7 (uppermost part of 
upper-reversed interval of Gilbert).

Berggren et al. (1995b) Mid-way between D. asymmetricus FAD & R. pseudoumbilicus LAD in the schematic chart of Berggren et al. (1995b).  Not assigned an age in 
Lourens et al. (2004; Table A2.2).

Lourens et al. (2004; Table 
A2.2) Lourens et al. (2004) referred to this FCO as a "subbottom".  Astronomically tuned in eastern Mediterranean (as 4.12 Ma)

Lourens et al. (2004; Table 
A2.2)

Lourens et al. (2004) referred to this FCO as a "subbottom".  Astronomically tuned in Pacific (ODP Legs 111 and 138) and in eastern 
Mediterranean (as 4.12 Ma).  In Berggren et al. (1995b) compilation, Pliocene nannofossil 'Discoaster asymmetricus' (FCO) occurs at about 
Chron C2n.1n.8 (near top of Cochiti, or in upper Gilbert).

Lourens et al. (2004; Table 
A2.2)

Lourens et al (2004) referred to this FAD as a "subbottom".  Astronomically tuned in Pacific (ODP Legs 111 and 138).  In Berggren et al. (1995b), 
the Pliocene nannofossil Amaurolithus primus (LAD) occurs in Nunivak subchron (ca. 4.55 Ma) in Mediterranean; or near top of Sidufjall 
subchron (ca. 4.58 Ma) in oceanic areas; therefore at about Chron C3n.3n.8.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in eastern Mediterranean.  Lourens et al. (2004) classify both FADs in Mediterranean as "subbottoms".  

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Pacific (ODP Legs 111 and 138) and at Atlantic Leg 154, Sites 925 & 926.  Berggren et al. (1995b) assign as slightly 
older (~0.07 myr) than A. primus LAD.

Lourens et al. (2004; Table 
A2.2)

This transition is NOT the FAD of C. acutus, but apparently a change in Atlantic dominance.  Astronomically tuned in Atlantic (Leg 154, Sites 925 
& 926).

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Pacific (ODP Legs 111 and 138). This FAD is reported later (5.05 Ma) in Atlantic Leg 154, Sites 925 & 926.  In Berggren 
et al. (1995b), this datum is diachronous among regions -- Pliocene nannofossil Cerotolithus rugosus (FAD) occurs near top of Nunivak (4.5 Ma) 
in Mediterranean, but within Thvera (about Chron C3n.4n.5); 5.0-5.23 Ma in oceanic areas.

Lourens et al. (2004; Table 
A2.2)

Marker for base of Pliocene.  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  Berggren et al. (1995b) assign as about Chron C3r.85 
(within uppermost part of Gilbert).

Lourens et al. (2004; Table 
A2.2)

Tabulated in Lourens et al. (2004), and would be a regional marker for base of Pliocene.  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 
926).

Lourens et al. (2004; Table 
A2.2)

Base C. acutus is a marker for base of Pliocene.   Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926), but has essentially same age (5.32 
Ma) in Pacific (ODP Legs 111 & 138).  Berggren et al. (1995b) assigned to approximately Chron C3r.85 (uppermost part of C3r in Gilbert).

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Pacific (ODP Legs 111 and 138); and reported at same time (5.58 Ma) in Atlantic Leg 154, Sites 925 & 926.  Berggren. 
Kent, et al. (1995) assign as middle of Chron C3r (Gilbert).

Lourens et al. (2004; Table 
A2.2)

Genus for amplificus was "Amaurolithus" in Berggren et al. (1995a) table; and had been used as base of "Subzone NN11d".  Astronomically 
tuned in eastern Mediterranean.  This LAD (and LCO) is reported at same time (5.98 Ma) in Atlantic Leg 154, Sites 925 & 926.  The LCO is at 
6.12 Ma and 6.14 Ma in Pacific (ODP Legs 11 & 138) and in Mediterranean, respectively.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).
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CALIBRATED AGES COMPARED 

GLOBALLY
BIOHORIZON (DATUM) AGE (Ma)

CN9c/CN9b B Nicklithus amplificus 6.91 6.68 6.91 -

7.246 CN9b

CN9b/CN9a
B Amaurolithus primus, 
Amaurolithus spp. 7.42 7.42 7.36 -

T Discoaster loeblichii 7.53
Base of Chron 

C3Br

B common Discoaster 
surculus 7.79 7.79 -

B Discoaster quinqueramus (8.12) (8.12)
either in Chron C4 

or the base of 
Chron C4n.2n

CN9a/CN8 NN11/NN10 B Discoaster berggrenii 8.29 8.71 8.29 -

T Minylitha convallis 8.68 8.68 (upper Chron 
C4n.2n)

B Discoaster loeblichii 8.77 Base Chron C4r

B paracme Reticulofenestra 
pseudoumbilicus 8.79 8.71 8.79 -

T Discoaster bollii 9.21
Middle of Chron 

C4Ar.1r.
B common Discoaster 
pentaradiatus 9.37 9.37 -

CN8/CN7 NN10/NN9 T Discoaster hamatus 9.53 9.53 9.69 ~ Chron C4Ar.2r.5

T Catinaster calyculus 9.67 9.67 ~ base Chron 
C4An

T Catinaster coalitus 9.69 9.69 -

B Minylitha convallis 9.75 9.61 9.75 -
X Discoaster hamatus to 
Discoaster neohamatus 9.76 9.76 -

B Discoaster bellus 10.40 10.40 -
X Catinaster calyculus to 
Catinaster coalitus 10.41 10.41 -

B Discoaster neohamatus 10.52 9.87 10.52 -

CN7/CN6 NN9/NN8 B Discoaster hamatus 10.55 10.18 10.55 -

B common Helicosphaera 
stalis 10.71 10.71 -

T common Helicosphaera 
walbersdorfensis 10.74 10.74 -

B Discoaster brouweri 10.76 10.73 10.76 -

B Catinaster calyculus 10.79 10.79 -

CN6/CN5b NN8/NN7 B Catinaster coalitus 10.89 10.73 10.89 -

T Coccolithus miopelagicus 10.97 10.97 11.02 -

T Calcidiscus premacintyrei 11.21 11.21 -

T common Discoaster kugleri 11.58 11.60 11.58 middle of Chron 
C5r.2n

11.608

T Cyclicargolithus floridanus 11.85 11.85 Chron C5r.3r.5

CN7

CN6 NN8

CN5b NN7

NN11

CN9a

NN10CN8

NN9

Tortonian

1112 Appendix 3



COMMENTS
CALIBRATION 

REFERENCES

Lourens et al. (2004; Table 
A2.2)

Genus for amplificus was "Amaurolithus" in Berggren et al. (1995a) table; and had been used for a Subzone NN11c (and "CN9c") of their zonal 
scheme.  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  This FAD occurs later (6.68 Ma) in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2)

LAD of Amaurolithus primus is also LAD of genus Amaurolithus.  Astronomically tuned in eastern Mediterranean.  This FAD is recorded slightly 
later (7.36 Ma) in Atlantic (Leg 154, Sites 925 & 926).

Berggren et al. (1995a) citing 
Raffi and Flores (1995) and 
Raffi et al. (1995)

Base of Chron C3Br.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

ODP Leg 145 Shipboard 
Scientific Party (1993) Leg 145 compilation indicates either in Chron C4 or the base of Chron C4n.2n (for older FAD estimate; used here).

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in eastern Mediterranean.  However, Berggren et al. (1995a) calibrated this LAD as much higher; in upper Chron C4n.2n; at 
about 7.8 Ma.

Berggren et al. (1995a) citing 
Raffi and Flores (1995) and 
Raffi et al. (1995)

Base of Chron C4r.

Lourens et al. (2004; Table 
A2.2)

Lourens et al (2004) tabulate this "paracme" event with astronomical tuning in Atlantic (Leg 154, Sites 925 & 926).  Nearly simultaneous (8.71 
Ma) in eastern Mediterranean, where is defines base of zone MNN11.

Berggren et al. (1995a) citing 
Gartner (1992) and Miller et 
al. (1985)

Middle of Chron C4Ar.1r.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in eastern Mediterranean.  LAD may be 0.3 myr earlier in Indo-Pacific.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in eastern Mediterranean.  LAD occurs slightly earlier (9.69 Ma) at Atlantic Leg 154, Sites 925 & 926.  Astronomical age 
implies approximately Chron C4Ar.2r.5.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  Leg 145 compilation (as LAD of genus Catinaster) had assigned as approximately 
base of Chron C4An.  Berggren, Kent, et al (1995) had this LAD as base of Subzones NN9b & CN7b.  

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  FAD occurs slightly younger (9.61 Ma) in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  FAD occurs much younger (9.87 Ma) in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  FAD occurs much younger (10.18 Ma) in eastern Mediterranean.  Berggren et al. 
(1995a) note that this datum is "controversial" and inconsistent, with different reported correlations to magnetostratigraphy.  More checks on this 
calibration are needed.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  FAD occurs simultaneously (10.73 Ma) in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  Berggren, Kent, et al (1995) note that earlier magnetostratigraphic correlations were 
disputed.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  FAD occurs slightly later (10.73 Ma) in eastern Mediterranean.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in eastern Mediterranean.  LAD is recorded slightly earlier (11.02 Ma) at Atlantic Leg 154, Sites 925 & 926.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926);  and simultaneous (11.60 Ma) in eastern Mediterranean.  This "LCO" of Lourens et 
al. (2004) seems to correspond in calibration to the "LAD" of Berggren et al. (1995a) at middle of Chron C5r.2n.

ODP Leg 145 Shipboard 
Scientific Party (1993)

C. floridanus LCO is much earlier (13.28 Ma) in astronomical tuning from Atlantic and Mediterranean.  Lourens et al. (2004) did not tabulate the 
LAD as a separate level.  Therefore, LAD is placed using same magnetostratigraphic scaling as in the Leg 145 synthesis at Chron C5r.3r.5.
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GLOBALLY
BIOHORIZON (DATUM) AGE (Ma)

CN5b/CN5a NN7/NN6 B common Discoaster kugleri 11.90 11.90 11.86 ~ lower Chron 
C5r.3r

T Coronocyclus nitescens 12.12 12.12 -
T regular Calcidiscus 
premacintyrei 12.38 12.38 12.45 -

B common Calcidiscus 
macintyrei 12.46 12.46 -

B Reticulofenestra 
pseudoumbilicus 12.83 12.83 ~ base Chron 

C5Ar.2r

B Triquetrorhabdulus rugosus 13.27 13.27 ~ Chron C5AAr.5

T common Cyclicargolithus 
floridanus 13.28 13.28 13.33 within Chron 

C5AAr

B Calcidiscus macintyrei 13.36 13.36 base Chron C5An

CN5a/CN4 NN6/NN5
T Sphenolithus 
heteromorphus 13.53 13.65 13.53 ~ Chron C5ABr.6

13.82 CN4 NN5

CN4/CN3 NN5/NN4 T Helicosphaera ampliaperta 14.91 14.91 middle of Chron 
C5Br

T abundant Discoaster 
deflandrei group 15.80 15.80 ~ Chron C5Br

B Discoaster signus 15.85 15.85 ~ Chron C5Br.15

15.97
B Sphenolithus 
heteromorphus 17.71 17.71 Chron C5Dr.1

CN3/CN2 NN4/NN3 T Sphenolithus belemnos 17.95 17.95 -

CN2/CN1c NN3/NN2
T Triquetrorhabdulus 
carinatus 18.28 18.28 -

B Sphenolithus belemnos 19.03 19.03 Chron C6n.9

B Helicosphaera ampliaperta 20.43 20.43 -

(20.44)
X Helicosphaera euphratis to 
Helicosphaera carteri 20.92 20.92 -

B common Helicosphaera 
carteri 22.03 22.03 -

T Orthorhabdus serratus 22.42 Chron C6Br.5

B Sphenolithus disbelemnos 22.76 22.76 -

CN1c/CN1a-b NN2/NN1
B Discoaster druggi (sensu 
stricto) 22.82 22.82 -

T Sphenolithus capricornutus 22.97 22.97 Chron C6Cn.2n.5

23.03

CN1c NN2

NN6CN5a

NN4CN3

Serravallian

Langhian

Aquitanian

CN1a-b NN1

Burdigalian
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Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926); and simultaneous (11.90 Ma) in eastern Mediterranean.  This "FCO" of Lourens et al. 
(2004) seems to correspond in calibration to the "FAD" of Berggren et al. (1995a), which they summarized as approximately lower Chron C5r.3r.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

Lourens et al. (2004; Table 
A2.2)

Last "regular" occurrence is astronomically tuned in eastern Mediterranean.  This LRO is recorded slightly earlier (12.45 Ma) at Atlantic Leg 154, 
Sites 925 & 926.

Lourens et al. (2004; Table 
A2.2) FCO is astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

ODP Leg 145 Shipboard 
Scientific Party (1993) Same chron-age scaling as Berggren et al. (1995a) as approximately base of Chron C5Ar.2r

Berggren et al. (1995a) citing 
Gartner (1992)

Triquetrorhabdulus rugosus FAD is estimated as 12.5 Ma in Leg 145 table, but 13.2 Ma  (0.7 m.y. older) in Berggren et al. (1995a), based on 
Hole 608 which is used here; therefore at Chron C5AAr.5 on their magnetic polarity scale.

Lourens et al. (2004; Table 
A2.2)

Last common occurrence is astronomically tuned in eastern Mediterranean.  This LCO is recorded simultaneously as an "LAD" (13.33 Ma) at 
Atlantic Leg 154, Sites 925 & 926.  Leg 145 compilation had chron-age assignment within Chron C5AAr.

ODP Leg 145 Shipboard 
Scientific Party (1993) Base of Chron C5An.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926); but LAD is reported slightly earlier (13.654 Ma) in eastern Mediterranean.  The offset, 
although only 100 kyr, causes a problem, because this nannofossil S. heteromorphus LAD had been a candidate for the "primary marker" for 
base-Serravallian GSSP as placed in the in the Mediterranean region.  Berggren et al. (1995a) had a similar chron-age assignment of 
approximately Chron C5ABr.6.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  Berggren et al. (1995a) had placed this LAD about 0.6 myr older as middle of Chron 
C5Br.

Lourens et al. (2004; Table 
A2.2)

Highest abundant occurrence is astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  Leg 145 synthesis implied assignment in Chron 
C5Br.

ODP Leg 145 Shipboard 
Scientific Party (1993) Leg 145 synthesis placed at about Chron C5Br.15, nearly same as the top of acme of D. deflandrei

Lourens et al. (2004; Table 
A2.2)

Lourens et al. (2004) assign this event as a first-common occurrence (FCO) that is astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  
This is essentially the FAD as compiled by Berggren et al. (1995a) which was projected as Chron C5Dr.1.

Lourens et al. (2004; Table 
A2.2)

Lourens et al (2004) assign this event as a LCO that is astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  This is only slightly above the 
LAD, which was the original definition of the zone (a 0.1 myr difference according to J. Bergen, pers. commun., 2005).

Lourens et al. (2004; Table 
A2.2)

Dashed.  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926); which is ~1myr younger than earlier estimates which ranged from 19.5 to 
23.0 Ma.  The very poorly constrained age on the LAD probably reflects diachroneity.  Hodell & Woodruff (1994) have a similar conclusion, 
although their estimate for this event in Site 289 suggests that it may be reworked.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  Berggren et al. (1995a) had similar assignment that projected as Chron C6n.9 in 
their magnetostratigraphic scale.

Lourens et al. (2004; Table 
A2.2)

Candidate as a primary marker for base of Burdigalian.  Genus spelled as "Helicopontosphaera" in Lourens et al. (2004).  Astronomically tuned in 
Atlantic (Leg 154, Sites 925 & 926).

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

ODP Leg 145 Shipboard 
Scientific Party (1993) Also known as "Triquetrorhadulus serratus".  Chron C6Br.5.

Lourens et al. (2004; Table 
A2.2) Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).  This species was not recognized in other schemes.

Lourens et al. (2004; Table 
A2.2)

Astronomically tuned in eastern Mediterranean (based on projecting astronomical tuning of long-period minima to base-Miocene), which is 
consistent with ODP Leg 154.  However, smaller forms appear earlier, at end of Oligocene (J. Bergen and E. de Kaenel, pers. commun., 2005).

ODP Leg 145 Shipboard 
Scientific Party (1993) Chron C6Cn.2n.5.
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CN1a-b NN1 T Sphenolithus delphix 23.11 Lourens et al. (2004; Table 
A2.2); Raffi et al. (2006) Oligocene Nanno 'Spenolithus delphix LAD' may be similar to its 'top of acme'.  Astronomically tuned in Atlantic (Leg 154, Sites 925 & 926).

CN1a-b/CP19b NN1/NP25
T Reticulofenestra 
bisecta (>10 micron) 23.13 ODP Leg 145 Shipboard 

Scientific Party (1993)

Chron C6Cn.2r.5.  Leg 145 referred to this LAD as "top of acme"; but ODP Leg 171 scheme assigned as LAD.  Global (not just high-latitude) 
marker for base of NN1.  "Reticulofenestra bisecta" was called "Dictyococcites bisectus" in Perch-Nielsen (1985).  The LAD of 'R. bisectus' is 
used to approximate the NP25/NN1 boundary in high latitudes; and was "substituted for H. recta, the marker of the NP15/NN1 boundary in 
Martini's (1971) zonal scheme" by Aubry (in Berggren, Kent, et al., 1995).

B Sphenolithus delphix 23.21 Lourens et al. (2004; Table 
A2.2); Raffi et al. (2006)

Oligocene Nanno 'Spenolithus delphix FAD' may be similar to its "onset of acme" (Leg 145 table).  Astronomically tuned in Atlantic (Leg 154, 
Sites 925 & 926); this FAD placement is nearly 1 myr higher than tables in Leg 145 and Berggren et al. (1995a) where it was in upper Chron 
C6Cr.

T Zygrhablithus 
bijugatus 23.76 Berggren et al. (1995a) 

citing Miller et al. (1985) Approximately Chron C6Cr.3.

T Sphenolithus 
ciperoensis 24.43 Blaj et al. (2009); P. Bown 

(pers. comm.. 2011)

DASH -- Cycle-calibrated as 24.43 Ma (1.40 myr prior to 23.03 Ma for base-Miocene) by Blaj et al. (2009) (Eq. Pac.); but could be higher, 
because this genera are not very common (Paul Bown to J.Ogg, June'11).  Low-latitude marker for base of NN1.  Used as base of CN1a in 
some publications (in which LAD of D. bisectus becomes base of CN1b, rather than the present combined subzones).  Scaling by Berggren 
et al. (1995a) was base of Chron C6Cr.

T Cyclicargolithus 
abisectus (common) 24.67 Lyle et al. (2002) Cycle-calibrated as 24.67 Ma (1.64 myr prior to 23.03 Ma for base-Miocene) by Lyle et al. (2002). [From IODP Expedition 320/321 Scientists, 

2010]
B Tri. longus -
> Triquetrorhabdulus 
carinatus (abundance 
shift)

24.67 IODP Expedition 320/321 
Scientists (2010)

Crossover in dominance is same age as same as peak of T. carinatus acme in IODP Expedition 320/321 Scientists (2010) explanatory notes; 
and that event is Cycle-calibrated as 24.67 Ma (1.64 myr prior to 23.03 Ma for base-Miocene).  Low-priority event.

T Chiasmolithus altus 25.44
Berggren et al. (1995a) 
citing Wei and Thierstein 
(1991)

Same chron-age scaling as Berggren et al. (1995) = upper Chron C8n (C8n.2n.8)

B Triquetrorhabdulus 
carinatus (common) 26.57 Blaj et al. (2009) Cycle-calibrated as 26.57 Ma (3.54 myr prior to 23.03 Ma for base-Miocene) by Blaj et al.'09 (Eq. Pac.).  Low-priority event.

CP19b/CP19a NP25/NP24
T Sphenolithus 
distentus 26.84 Blaj et al. (2009)

Oligocene Nanno 'Sphenolithus distentus' LAD  is cycle-calibrated as 26.81 Ma (3.78 myr prior to 23.03 Ma for base-Miocene) by Blaj et al. 
(2009) (Eq. Pac.).  This is younger than chron-age of C9n by Aubry (in Berggren, Kent, et al., 1995) at 27.5 Ma, but is consistent with mid-
Chron C8n.2n correlation in Leg 145 table.  The LCO was placed in Chron 9n in basal-Chattian compilation of Italian sections by Coccioni et 
al. (GSA Bull, 2008).

T Sphenolithus 
predistentus 26.93 Blaj et al. (2009) Cycle-calibrated as 26.93 Ma (3.90 myr relative to 23.03 Ma for base-Miocene) by Blaj et al. (2009) (Eq. Pac.).

(28.09)
T Sphenolithus 
pseudoradians 28.73 Berggren et al. (1995a) 

citing Poore et al. (1982)
DASH -- Not widely used.  Indeed, calibrations of Sphenolithus are tricky in Oligocene (Paul Bown to J.Ogg, June 2011).  IODP Expedition 
320/321 Scientists (2010) table used same chron-age scaling as Berggren et al. (1995a) at middle of Chron C10r.

(CP19a/CP18) (NP24/NP23)
B Sphenolithus 
ciperoensis 29.62

Berggren et al. (1995a); 
Coccioni et al. (2008); P. 
Bown (pers. comm., 2011)

DASH -- Difficult to pin down age within the transition; therefore has a wide range fo calibrations.    Cycle-calibrated as 27.14 Ma (4.11 myr 
relative to 23.03 Ma for base-Miocene) by Blaj et al.'09 (Eq. Pac.); but Paul Bown (to J.Ogg, June'11) advised to not use this very high 
placement, because this might be a very high level in the transition.  Nanno 'Sphenolithus ciperoensis FAD' is assigned by Aubry (in 
Berggren, Kent, et al., 1995) within Subchron C11n.2n; but was placed at essentially base of Chron C11n.2n at proposed Chattian GSSP 
(Coccioni et al., GSA Bull., 2008).  However, to avoid overlap with cycle-scaled "underlying" CP18 marker, the base of this NP24/CP19 is set 
slightly higher at Chron C11n.2n.8.  This is about 1.3 myr older than estimate in Leg 145 table.

(CP18/CP17)
B Sphenolithus 
distentus 30.00 Blaj et al. (2009)

DASH:  Diachronous -- Oligocene Nanno 'Sphenolithus distentus FAD' is "a very inconsistent datum which may occur as low as Nanno Zone 
NP21 ... or as high as in Zone NP23" (Aubry, in Berggren et al., 1995).  Cycle-scaled placement by Blaj et al. (2009; Eq. Pac.) is 30.00 Ma 
(6.97 myr relative to base-Miocene of 23.03 Ma; used here).  Age estimates in Aubry's table range from 31.5 to 33.1 Ma (but the oldest level 
was "probably due to another species, newly called as "Sp. akropodus", being confused for it"; Paul Bown to J.Ogg, June'11).  THe oldest 
FAD would imply that zone "CP18" begins before "CP17"!

CP17
T Reticulofenestra 
umbilicus (south high 
lat.)

31.35
Berggren et al. (1995a) 
citing themselves and Miller 
et al. (1985)

Diachronous -- Oligocene Nanno 'Reticulofenestra umbilicus LAD' was specified as ">14 micron" in Leg 145 table.  This LAD occurs earlier 
(32.3 Ma) in low-mid latitudes than in southern high-latitudes (31.3 Ma) = 1 myr diachroneity.  For simplicity, the bases of the associated Zone 
NP23 and CP17 are drawn on the chart with the older mid-latitude level (32.3 Ma).  Same chron-age scaling as Berggren,Kent, et al. (1995) 
as upper Chron C12r (C12r.85).  Taxa "R. hillae" is considered to be a morphotype of R. umbilicus.

(CP17/CP16c) (NP23/NP22)
T Reticulofenestra 
umbilicus (low-mid lat.) 32.02 Blaj et al. (2009)

Diachronous -- Oligocene Nanno 'Reticulofenestra umbilicus LAD' was specified as ">14 micron" in Leg 145 and tables in IODP Expedition 
320/321 Scientists (2010).  Cycle-calibrated as 32.02 Ma (= 8.99 myr relative to 23.03 for base-Miocene) by Blaj et al.'09 (Eq. Pac.).   This 
LAD occurs earlier in low-mid latitudes than in southern high-latitudes (31.3 Ma) = 1m.y. diachroneity.  Same chron-age scaling as Berggren 
et al. (1995) = mid C12r; 32.3 Ma; [j,t] = C12r.35.  Taxa "R.hillae" is considered to be a morphotype of R. umbilicus.

NP22 T Isthmolithus recurvus 
(south high lat.) 32.49 Villa et al. (2008)

Diachronous -- Oligocene Nanno 'Isthmolithus recurvus LAD' is "one of the most inconsistent datums" (Aubry, in Berggren, Kent, et al., 
1995), with estimated diachroneity of 1.3 myr.  Cycle-calibrated as 32.49 Ma (9.46 myr prior to 23.03 Ma for base-Miocene) by Villa et al. 
(2008) (Kerguelen Plateau).

CP16c/CP16b NP22/NP21 T Coccolithus formosus 32.92 Blaj et al. (2009)
Also known as "Ericsonia formosa".  Diachronous (Berggren et al. (1995a) indicate the LAD is 7 myr nearly earlier in south high lat!).  Cycle-
calibrated as 32.92 Ma (9.89 myr prior to 23.03 Ma for base-Miocene) by Blaj et al. (2009) (Eq. Pac.).  This is same as chron-age scaling as 
Berggren et al. (1995) as revised by Leg 145 = lowermost Chron C12r.

CP16b/CP16a

T Clausicoccus 
subdistichus (top of 
acme)

33.43
Berggren et al. (1995a) 
citing Premoli Silva et al. 
(1988)

Chron C13n.5.  Oligocene Nanno 'Clausicoccus subdistichus' was called 'Ericsonia subdisticha' (Leg 145 table) and 'Ericsonia obrata' 
(Massignano section, Premoli Silva et al., 1988).  [was labeled as "base of acme" in GTS04/08]

33.89
T Reticulofenestra 
oamaruensis (south 
high lat.)

33.97 Villa et al. (2008)
Restricted to southern high latitudes.  Cycle-calibrated as 33.97 Ma (10.84 myr prior to 23.03 Ma for base-Miocene) by Villa et al. (2008) 
(Kerguelen Plateau), used here.  This is consistent with the chron-age scaling as Berggren et al. (1995) as revised by Leg 145 = uppermost 
Chron C13r.
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(CP16a/CP15) (NP21/NP20-19)
T Discoaster 
saipanensis 34.44 Blaj et al. (2009) Diachronous.  Cycle-calibrated as 34.44 Ma (11.41 myr prior to 23.03 Ma for base-Miocene) by Blaj et al. (2009) (Eq. Pac.).  This is 

consistent with the chron-age scaling as Berggren et al. (1995) as revised by Leg 145 = middle of Chron C13r.

T Discoaster 
barbadiensis 34.76 Blaj et al. (2009) Diachronous.  Another marker for Zone CP16a base.  Cycle-calibrated as 34.77 Ma (11.73 myr prior to 23.03 Ma for base-Miocene) by Blaj et 

al. (2009) (Eq. Pac.).  This is consistent with the chron-age scaling as Berggren et al. (1995) as revised by Leg 145 = lower Chron C13r.

T Reticulofenestra 
reticulata 35.40

Berggren et al. (1995a) 
explanatory notes (2011); 
IODP Expedition 320/321 
Scientists (2010)

Diachronous.  Berggren et al. (1995), as revised by Leg 145, assigns as upper C15r (C15r.75).  IODP Expedition 320/321 Scientists (2010) 
has a similar 35.2 Ma, citing Bachman (1987), but didn't clarify the calibration to chrons.

B Reticulofenestra 
oamaruensis (south 
high lat.)

35.54 Villa et al. (2008) Restricted to high latitudes.  Cycle-calibrated as 35.54 Ma (12.51 myr relative to 23.03 Ma for base-Miocene) by Villa et al. (2008) (Kerguelen 
Plateau).  This is consistent with the chron-age scaling as Berggren et al. (1995) as revised by Leg 145 = middle of Chron C16n.1n.

T Reticulofenestra 
reticulata  (high lat.) 35.92 Villa et al. (2008)

Diachronous?  Cycle-calibrated as 35.92 Ma (12.89 myr prior to 23.03 Ma for base-Miocene) by Villa et al. (2008) (Kerguelen Plateau).  This 
is consistent with the chron-age scaling as Berggren et al. (1995) as revised by Leg 145 = Chron C16n.2n.4.  However, IODP Expedition 
320/321 Scientists (2010) used 35.2 Ma age citing Bachman (1987), but didn't give chron-scaling).

NP20-19/NP18 B Isthmolithus recurvus 36.97
IODP Expedition 320/321 
Scientists (2010); Berggren 
et al. (1995a)

DASH -- The base of NP19-20  is defined  by the first occurrence of I. recurvus and falls in the magnetochron C16r according to Backman 
1986 at Site 523 [as cited by IODP Expedition 320/321 Scientists (2010), FAD is 36.6 Ma, which would be base Chron C16r in Cande-
Kent'95 scale (used here)]. Several papers report the FO of I. recurvus (higher) in the C16n.2n  (i.e Sites 1090, Massignano etc. ). 
[Simonetta Monechi, as relayed by N. Vandenberghe to J.Ogg, Jan 2011].  Need more checking on this datum!

NP18/NP17
B Chiasmolithus 
oamaruensis (common) 37.32

IODP Expedition 320/321 
Scientists (2010); Berggren 
et al. (1995a)

DASH -- IODP Expedition 320/321 Scientists (2010) assigns as 37.0 Ma, citing Berggren et al. (1995a) = middle of C17n.1n (used here).  
However, this FAD is placed at base of Chron C17n.2n in proposed Priabonian GSSP (Agnini et al., GSA Bull., 2011); but that is the lowest 
rare occurrence.

(37.75)

CP15/CP14b
T Chiasmolithus 
grandis 37.98 Agnini et al. (2011)

DASH -- Middle of Chron C17n.2n at proposed Priabonian GSSP in Italy (Agnini et al., GSA Bull., 2011).  This is one chron older than 
Berggren et al. (1995a) assignment as middle of Chron C17n.1n; but they indicate the LAD may occur approx. 2 myr earlier in 
Mediterranean.  Normally, C. grandis does NOT overlap C. oarmaruensis. "Unfortunately, the LO of C. oamaruensis as well as the HO of C. 
grandis have a low degree of reproducibility in many areas because of their scarse abundances" (Agnini et al., GSA Bull., 2011).

B Chiasmolithus 
oamaruensis (rare) 38.09 Agnini et al. (2011)

This earliest (rare) FAD is placed at the base of Chron C17n.2n in proposed Priabonian GSSP (Agnini et al., GSA Bull., 2011); but normally, 
C. grandis does NOT overlap C. oarmaruensis.  "Unfortunately, the LO of C. oamaruensis as well as the HO of C. grandis have a low degree 
of reproducibility in many areas because of their scarse abundances" (Agnini et al., GSA Bull., 2011)

B Reticulofenestra 
bisecta (>10 micron) 38.25

IODP Expedition 320/321 
Scientists (2010); Berggren 
et al. (1995a)

IODP Expedition 320/321 Scientists (2010) cite same chron-age scaling as Berggren et al. (1995) = middle of Chron C17n.3n.  Also known 
as "Dictylcoccites bisectus" (or bisecta).  

CP14b/CP14a NP17/NP16 T Chiasmolithus solitus 40.40
IODP Expedition 320/321 
Scientists (2010); Berggren 
et al. (1995a)

IODP Expedition 320/321 Scientists (2010) cite same chron-age scaling as Berggren et al. (1995) = upper Chron C18r (C18r.75).  LAD 
reported higher (C18n) in Hole 748.

(41.15)

B Reticulofenestra 
reticulata 41.66

IODP Expedition 320/321 
Scientists (2010); Berggren 
et al. (1995a)

IODP Expedition 320/321 Scientists (2010) cite same chron-age scaling as Berggren et al. (1995) = mid Chron C19r; but C19r.7 is used here 
to keep in same order to "underlying" datum.

T Nannotetrina spp. 41.85 ODP Leg 145 Shipboard 
Scientific Party (1993)

IODP Expedition 320/321 Scientists (2010) cite 42.3 Ma based on Bachman (1987), but chron-age not given.  Leg 145 places as upper 
Chron C19r.  An assignment of Chron C19r.5 is used here to keep in relative order to adjacent datums.

CP14a/CP13c
B Reticulofenestra 
umbilicus (>14 m) (41.94)

Berggren et al. (1995a); 
IODP Expedition 320/321 
Scientists (2010)

DASH -- Berggren et al. (1995a) assign as middle of Chron C19r (C19r.4).  Base of zone CP14 is FAD of R. umbilicus, but a further criteria of 
>10 m is used for clarity rather than the pure FAD (Paul Bown to J.Ogg, June 2011).  IODP Expedition 320/321 Scientists (2010) cite 42.5 
Ma for >14 m based on Bachman (1987), but chron-age is not given.  Eocene Nanno 'R. umbilica' FAD is latitude dependent; and occurs as 
early as basal C20r in Contessa section (Italy).  

NP16/NP15c T Nannotetrina fulgens (42.87) Berggren et al. (1995a)
DASH -- Berggren et al. (1995a) assign as middle of Chron C20n.5.  IODP Expedition 320/321 Scientists (2010) cite 43.4 Ma based on 
Bachman (1986), but chron-age not given.  Base of NP16 was LAD of B. gladius, but rarely preserved (Paul Bown to J.Ogg, June2011); 
therefore IODP Leg 320-321 used LAD of N. fulgens as proxy => NP15 becomes the Range Zone of N. fulgens.

T Blackites gladius (43.09) Berggren et al. (1995a) DASH -- Poor calibration.  Berggren et al. (1995a) estimate as lower Chron C20n (C20n.3).  Base of NP16 was LAD of B. gladius, but rarely 
preserved (Paul Bown to J.Ogg, June2011); therefore IODP Expedition 320/321 Scientists (2010) used LAD of N. fulgens as proxy.  

B Reticulofenestra 
umbilicus 43.32 Berggren et al. (1995a) Basal Chron C20n (C20n.1).

CP13c/CP13b NP15c/NP15b T Chiasmolithus gigas 44.12 Berggren et al. (1995a) Poor calibration.  Berggren et al. (1995a) estimate as upper Chron C20r (C20r.7).  IODP Expedition 320/321 Scientists (2010) cite 44.0 Ma 
based on Bachman (1986), but chron-age not given.

CP13b/CP13a NP15b/NP15a B Chiasmolithus gigas 45.49 Agnini et al. (2006) Composite Fig.7 of Agnini et al. (2006) indicates placement at Chron C20r.1 (used here).  IODP Expedition 320/321 Scientists (2010) 
assigned as 46.1 Ma (based on CK'95 scale) citing the same Agnini et al. (2006) but this is the base of Chron C20r on that CK'95 scale.

CP13a NP15a T Discoaster 
sublodoensis (5-rayed) (46.21) Agnini et al. (2006); 

Berggren et al. (1995a)

DASH -- LAD of D. sublodoensis occurs slightly above FAD of N. fulgens (Aubry in Berggren et al. (1995a) had placed about 0.08 myr above 
FAD of N. fulgens).  Therefore, re-calibration of N. fulgens by Agnini et al. (2006) at about Chron C21n.65 suggests this LAD would be at 
about Chron C21n.7 (used here pending clarification).

CP13a/CP12b NP15a/NP14b B Nannotetrina fulgens 46.29 Agnini et al. (2006) Agnini et al. (2006) Fig. 7 suggests placement at Chron C21n.65.  This is 0.5 myr younger than chron-age of Berggren et al. (1995) =of lower-
mid Chron C21n.

T Discoaster lodoensis (47.41) ODP Leg 145 Shipboard 
Scientific Party (1993)

DOTTED -- ODP Leg 145 assigned as just below top of Chron C21r (C21r.95 used here).  In contrast, IODP Expedition 320/321 Scientists 
(2010) assigned as 48.4 Ma (based on CK'95 scale) citing Agnini et al. (2006) which would be at C21r.6 on that scale.  However, the 
nannofossils at the Lutetian GSSP (Molina et al., 2011) suggest that the LAD of D. lodoensis continues upward as rare occurrences that are 
above FAD of N. fulgens (about 1 myr higher!).

T Blackites piriformis 47.73 Molina et al. (2011) B. piriformis has a short range spanning base-Lutetian GSSP (Molina et al., 2011) -- 5 precessions cycles below, to 5 1/2 cycles above = 
+0.10 to -0.11 myr offsets.

B Nannotetrina cristata, 
Nannotetrina spp. 47.73 Molina et al. (2011)

Nannotetrina cristata begins 5 1/2 precession cycles (0.11 myr) above Lutetian GSSP (base of B. inflata) at Lutetian GSSP (Molina et al., 
2011).  Coincides with LAD of B. piriformis.  IODP Expedition 320/321 Scientists (2010) assigned as 48.0 Ma (based on CK'95 scale) citing 
Agnini et al. (2006) = base of Chron C21n on that scale.  This is essentially same as the placement for a general "Nannotetrina" used by Leg 
145 with FAD at base of Chron C21n.
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CP12b/CP12a NP14b/NP14a B Blackites inflatus 47.84 Molina et al. (2011) FAD of B. inflatus = GSSP marker (Feb'11 ratification) = set as 39 precession cycles (used 20kyr cycles here) from base of Chron C21r in 
GSSP section (Molina et al., 2011) = middle of Chron C21r (prob. C21r.55), which is similar chron-age scaling in Berggren et al. (1995a).

47.84

B Blackites piriformis 47.94 Molina et al. (2011) B. piriformis has a short range spanning base-Lutetian GSSP (Molina et al., 2011) -- 5 precessions cycles below, to 5 1/2 cycles above = 
+0.10 to -0.11 myr offsets.

CP12a/CP11 NP14a/NP13
B Discoaster 
sublodoensis (5-rayed) 49.11

IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2006); Molina et al. 
(Episodes, in press as of 
2011)

IODP Expedition 320/321 Scientists (2010) assigned as 49.5 Ma (based on CK'95 scale) citing Agnini et al. (2006) => Chron C21n.3 on that 
scale; used here.  This is just slightly younger than the chron-age scaling of Berggren et al. (1995a) of base of C22n.  The Lutetian GSSP 
nannofossils (Molina et al., Episodes, in press as of 2011) indicate the FAD may be as high as C21n.5.

(CP11/CP10) NP13/NP12
T Tribrachiatus 
orthostylus 50.50

IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2006); Berggren et al. 
(1995a)

IODP Expedition 320/321 Scientists (2010) assigned as 50.7 Ma (based on CK'95 scale) citing Agnini et al. (2006) => Chron C21r.1 on that 
CK'95 scale; used here; which is essentially same chron-age scaling as Berggren et al. (1995a).  Eocene nanno "Tri. orthostylus" LAD (= 
base of Zone NP13) has a poorly defined age, and may be time-transgressive?  (see discussion in Berggren, Kent, et al., 1985).

CP10 NP12 B Dictyococcites, 
Reticulofenestra 50.50

IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2006)

IODP Expedition 320/321 Scientists (2010) assigned as 50.7 Ma (based on CK'95 scale), or coeval with LAD of Tri. orthostylus (base of 
NP13) citing Agnini et al. (2006) = base of Chron C21n on that CK'95 (used here).  

CP10/CP9b NP12/NP11 B Discoaster lodoensis 53.70
IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2007)

IODP Expedition 320/321 Scientists (2010) assigned as 53.1 Ma (based on CK'95 scale) citing Agnini et al. (2007) who placed it at Chron 
C24n.3n.5 (used here).  This is about 0.25 older than chron-age scaling of Berggren et al. (1995a) of the middle of Chron C24n.2r.

(CP9b/CP9a) (NP11/NP10)
T Tribrachiatus 
contortus (54.17)

IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2006); Berggren et al. 
(1995a)

DASH -- LAD of T. contortus is not seen very often, therefore IODP Expedition 320/321 Scientists (2010) used FAD of Tri. orthostylus as 
alternate marker for base-NP11.  Eocene Nanno evolution from Tribrachiatus contortus to Tribrachiatus orthostylus was formerly described as 
an abundance shift, but Aubry has subdivided it into different morphotypes.  The event here was "Tribrachiatus contortus  (Morphotype B)".  
Age assignment by Leg 320-321 of 53.5 Ma (on CK'95 scale) is based on Agnini et al. (2007) = Chron C24r.94 on that CK'95 scale (used 
here).  This essentially the same chron-age scaling as Berggren et al. (1995a) of ca. C24r.9.

B Sphenolithus radians 54.17
IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2007)

Age assignment by IODP Expedition 320/321 Scientists (2010) of 53.5 Ma (on CK'95 scale) is based on Agnini et al. (2007) = Chron C24r.94 
(used here) = same as NP11 base.  This is about 0.3 myr older than assignment in ODP Leg 145 of the base of Chron C24n.

B Tribrachiatus 
orthostylus 54.37

IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2006); Berggren et al. 
(1995a)

Alternate marker for base of NP11 (IODP Expedition 320/321 Scientists (2010); Paul Bown to J.Ogg, June 2011).  Age assignment by Leg 
320-321 of 53.7 Ma (on CK'95 scale) is based on Agnini et al. (2007) = C24r.875 on that CK'95 scale (used here), which is identical to the 
chron-age scaling of Berggren et al. (1995a).

T Tribrachiatus 
bramlettei 54.42 Agnini et al. (2007) Agnini et al. (2007) assigned as about Chron C24r.86 (used here).  This is slightly younger than chron-age scaling of Berggren et al. (1995a) 

of ca. C24r.8.

B Tribrachiatus 
contortus 54.76 Agnini et al. (2007); 

Berggren et al. (1995a)

Agnini et al. (2007) assigned as Chron C24r.75 (used here); which is similar to chron assignment by Berggren et al. (1995a).  Eocene Nanno 
evolution from Tribrachiatus contortus to Tribrachiatus orthostylus was formerly described as an abundance shift, but M.P. Aubry has 
subdivided it into different morphotypes.  The event of Agnini et al. (2007) was "Tribrachiatus contortus  (Morphotype B)".

CP9a/CP8b B Discoaster diastypus 54.95 Agnini et al. (2007); 
Berggren et al. (1995a)

Agnini et al. (2007) assigned as Chron C24r.69 (used here); which is nearly same as relative chron-age scaling of Berggren et al. (1995) of 
ca. Chron C24r.75.

B Tribrachiatus 
bramlettei (common) 55.42 Agnini et al. (2007) Agnini et al. (2007) assigned as Chron C24r.54 (used here); but indicate that lowest rare occurrence is as early as C24r.46 (their preference 

for the base of NP10).

T Fasciculithus spp. 55.64
IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2007)

IODP Expedition 320/321 Scientists (2010) assigned as 53.1 Ma (based on CK'95 scale) citing Agnini et al. (2007) who placed it at Chron 
C24r.47 (used here).  This is much lower than Leg 145 assignment of ca. Chron C24r.66.

B Campylosphaera 
eodela (common) 55.81 IODP Expedition 320/321 

Scientists (2010)
Agnini et al'07 who placed the lowest Common Occurrence (LCO) at 0.15 myr above PETM (used here).  They used the Common C. eodela 
for their Base of CP8b; in contrast to the FAD used by IODP Expedition 320/321 Scientists (2010).

NP10/NP9
B Tribrachiatus 
bramlettei 55.86 Aubry et al., 2007; P. Bown, 

pers. comm. 2011
Dashed at ca. 0.1 myr above PETM --  “base NP10 is just slightly above base Eocene."  [Paul Bown based on Aubry et al. 2007, to J.Ogg, 
June'11,].

B Rhomboaster spp. 55.96 Agnini et al. (2007); 
Berggren et al. (1995a)

Agnini et al. (2007) placed the LO of Rhomboaster spp. at the PETM (used here).  This is similar to chron-age scaling of Berggren et al. 
(1995a) of ca. Chron C24r.3

55.96

CP8b/CP8a
B Campylosphaera 
eodela 56.66 Agnini et al. (2007); 

Berggren et al. (1995a)
Also called "Cruciplacolithus" eodelus.  FAD of C. eodelus closely precedes C-13 excursion in many DSDP sites.  Agnini et al. (2007) assign 
it as 55.5 Ma on the CK'95 scale, implying at Chron C24r.14; which is same chron-age scaling as Berggren et al. (1995a).

CP8a T Ericsonia robusta (56.78) Raffi et al. (2005) DASH -- Raffi et al. (2005) summary figure assigned as Chron C24r.1 (used here).  Leg 320-321, citing Agnini et al. (2007), placed this LAD 
slightly lower at top of C25n.  In contrast, Berggren et al. (1995a) had assigned as slightly higher (Chron C24r.3).

CP8a/CP7 NP9/NP8
B Discoaster 
multiradiatus (common) 57.21

IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2007)

IODP Expedition 320/321 Scientists (2010) assigned as 56.0 Ma (based on CK'95 scale) citing Agnini et al. (2007) who placed it at Chron 
C25n.8 (chron placement used here).  This is slightly higher than chron-age scaling of Berggren et al. (1995a) of about Chron C25n.4.

B Discoaster 
multiradiatus (rare) 57.32 Agnini et al. (2007); 

Berggren et al. (1995a)
Agnini et al. (2007) assigned as Chron C25.6 (used here).  This nearly same as the chron-age scaling of Berggren et al. (1995) of ca. Chron 
C25n.4.

T Discoaster okadai 57.35 Agnini et al. (2007) Agnini et al. (2007) assigned as Chron C25n.56.

B Discoaster okadai 57.47
IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2007)

IODP Expedition 320/321 Scientists (2010) assigned as 56.2 Ma (based on CK'95 scale) citing Agnini et al. (2007) implying Chron C25n.34 
on that CK'95 scale (chron placement used here).  This is higher than chron-age scaling of Berggren et al. (1995) of upper mid-C25r.

B Discoaster nobilis (57.50)
IODP Expedition 320/321 
Scientists (2010); Agnini et 
al. (2007)

DOTTED as alternate placement for base of NP8 also.  IODP Expedition 320/321 Scientists (2010) assigned as 56.2 Ma (based on CK'95 
scale) citing Agnini et al. (2007) implying placement at Chron C25n.3 on that CK'95 scale (used here).  This is much higher than chron-age 
scaling of Berggren et al. (1995) of upper mid-Chron C25r.

NP8/NP7 B Heliolithus riedelii (58.70) Berggren et al. (1995a)
DASHED -- FAD of H. riedelli is unreliable marker (not even tabulated in Agnini et al., 2007).  Paleocene Nanno 'H. riedeli' FAD age 
estimated from it's placement 0.6 m.y. before FAD of D. nobilis in Berggren et al. (1995a)  table.  Chron-age scaling set as lower Chron C25r 
(C25r.2).
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GTS2012 

CHRONO-

STRATIGRAPHY

BIOHORIZON 

(DATUM)
AGE (Ma)

COMMENTS

STAGE (AGE)

CN-CP Zones: 
Okada & Bukry 

(1980); CC Zones: 

NN-NP Zones: 
Martini (1971); NC 
Zones: Roth (1978, 

T = Top/LAD; B = Base/FAD This study

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)
CALIBRATION 

REFERENCES

B Ceratolithoides 
verbeekii 81.21 Burnett et al. (1998) 50% up in ammonite Baculites sp. (smooth) Zone of N. America (schematic placement in Burnett et al., 1998).

B Bukryaster hayii 81.25 Burnett et al. (1998) 25% up in ammonite Baculites sp. (smooth) Zone of N. America (schematic placement in Burnett et al., 1998).
B Broinsonia parca 
constricta 81.38 Burnett et al. (1998) 60% up in ammonite S. hippocrepis III Zone of N. America (schematic placement in Burnett et al., 1998).  Called "Aspidolithus parcus 

constrictus" in some schemes.

CC18/CC17 NC18/NC17
B Broinsonia parca 
parca 81.43 Burnett et al. (1998) 40% up in ammonite S. hippocrepis III Zone of N. America (schematic placement in Burnett et al., 1998).  Called "Aspidolithus parcus parcus" 

in some schemes.  Subzone UC14a of Burnett et al. (1998) is very brief.
B Orastrum 
campanensis (FCO) 82.76 Burnett et al. (1998) Base of ammonite S. hippocrepis I Zone of N. America (schematic placement in Burnett et al., 1998).  Von Salis (1998; SEPM chart) 

assigned FAD as just above base of Campanian.
B Arkhangelskiella 
cymbiformis 83.20 Burnett et al. (1998) Arkhangelskiella cymbiformis (sensu Burnett et al., 1998) FAD is middle of ammonite S. leei III Zone of N. America (schematic placement in 

Burnett et al., 1998).  [Rarely used by other workers]
(83.64)

CC17/CC16 B Calculites obscurus 84.08 ODP Leg 207 Shipboard 
Scientific Party (2004) Near Late/Middle Santonian substage boundary (base of ammonite D. bassleri zone of N. America).

T Zeugrhabdotus 
noeliae 85.28 Burnett et al. (1998) About 85% up in Middle Santonian (U/M Santonian boundary is LAD of crinoid Marsupites testudinarius) (schematic placement in Burnett et 

al., 1998).  A useful datum in both Boreal and Tethyan realms.

T Lithastrinus 
septenarius (85.56) Burnett et al. (1998)

Base of crinoid Uintacrinus socialis Zone (in Chalk) (schematic placement in Burnett et al., 1998), set here as base of Middle Santonian.  Von 
Salis (1998; SEPM chart) had assigned this LAD as just below (ca. 0.1 myr) the FAD of L. cayeuxii, but this LAD is significantly above in both 
GSSP candidates for the base-Santonian (Ten Mile Creek in Texas; and Olazagutia in Spain).  Same as L. "moratus" of Varol, 1992.  

(86.26)

CC16/CC15 NC17/NC16
B Lucianorhabdus 
cayeuxii 86.38 Gale et al. (2007

Assigned here as ca. 85% up in Magadiceramus crenelatus inoceramid zone, based on Ten Mile Creek (Texas) candidate for base-
Santonian GSSP in Gale et al. (2007) (although base of that inoceramid zone is not established).  Schematic in Burnett et al. (1998) 
suggests about base of ammonite P. serratomarginatus ammonite Zone.  In contrast, Boreal column in Von Salis (1998; SEPM chart)  
assigned FAD nearly 2 myr higher  -- in mid-Santonian !!   Assignment as lowermost Santonian or uppermost Coniacian (depending on future 
GSSP definition, and correlation to W.Interior ammonite usage) is supported by Santonian GSSP studies.

T Quadrum gartneri (86.44) Burnett et al. (1998) Dashed schematically placed midway between FADs of L. grillii and L. cayeuxii (Burnett et al., 1998 who suggeststhis LAD is about 70% up 
in ammonite G. margae ammonite Zone).

B Lithastrinus grillii 86.50 Gale et al. (2007

Assigned here as ca. 70% up in Magadiceramus crenelatus inoceramid zone, based on relative spacing of nannofossil events at Ten Mile 
Creek (Texas) candidate for base-Santonian GSSP in Gale et al. (2007) (although base of that zone is not established) and at Olazagutia, 
Spain (Lamolda and Santonian Working Group, 2011).  Schematic diagram in Burnett et al. (1998) suggests about 40% up in ammonite G. 
margae Zone.

(CC15/CC14)
B Reinhardtites 
anthophorus (88.14) Burnett et al. (1998)

Dashed as midway between FADs of M. stauropora and L. grillii (middle of nannofossil zone UC10) following schematic in Burnett et al. 
(1998).  Burnett et al. (1998) notes that "FO of Reinhardtites anthophorus is an unreliable datum.  Its inception, which is widely believed to be 
in the Coniacian, is somewhat obscure."

(89.77)

CC14/CC13 NC16/NC15 B Micula stauropora 89.77 Burnett et al. (1998)
Base of ammonite P. tridorsatum Zone (schematic placement in Burnett et al., 1998).  Called as "Micula decussata" in some studies.   FAD 
placed at Late/Middle Coniacian boundary in ODP Leg 171 and Tethyan column of Von Salis (1998, SEPM chart); but placed at Middle/Early 
Coniacian in that Boreal column.  

CC13 NC15 B Broinsonia parca 
expansa 89.95 Burnett et al. (1998) Base of ammonite F. petrocoriensis Zone (schematic placement in Burnett et al., 1998).  Same as "B. lacunosa" and "Aspidolithus parcus 

expansus" of some authors.

CC13/CC12 NC15/NC14
B Marthasterites 
furcatus 90.24 Von Salis (1998, SEPM 

chart) Von Salis (1998; SEPM chart) had assigned FAD as base of ammonite S. nigricollensis Zone of N. America.

B Zeugrhabdotus 
biperforatus 90.71 Burnett et al. (1998) Schematic diagram in Burnett et al. (1998) suggests about 1/6th up in "expanded" S. neptuni Zone (version used in GTS04 included 

"overlying" Prionocyclus germari Zone").

B Lithastrinus 
septenarius (senso 
lato)

(91.78)
Burnett et al. (1998); UCL 
workshop on Late 
Cretaceous microfossil 
stratigraphy (June 2011)

About 20% up in R. ornatissimum subzone of ammonite C. woollgari Zone  (schematic placement in Burnett et al., 1998).  FAD is a long 
transition with different concepts of species (Dave Watkins; at UCL working group, June 2011) => "sensu lato" used here for the earlier FAD.  
A much higher placement at Middle/Early Coniacian boundary was shown by Von Salis (1998; SEPM chart) in Tethyan region; but this may 
be another taxonomic concept.   Same as L. "moratus" of Varol, 1992. 

B Lucianorhabdus 
quadrifidus 92.26 Burnett et al. (1998) About 25% up in R. kallesi subzone of ammonite C. woollgari Zone of N. America (schematic placement in Burnett et al., 1998).

(CC12/CC11)
(NC14/NC12-

13)
B Eiffellithus eximius (92.99) Burnett et al. (1998)

Assigned as 80% up in ammonite M. nodosoides Zone  of N. America (schematic placement in Burnett et al., 1998).  Generally considered 
as coeval with foram H. helvetica LAD; but relationship seems diachronous (above LAD at Demerara Rise Leg 207; within Helvetica zone at 
Tanzania and S. Atlantic.  Dual-markers (Eiffellithus eximius, Lucianorhabdus maleformis) were used for base of zone CC12; but separated in 
Burnett et al. (1998).  Von Salis (1998; SEPM) had assigned both FADs as middle of ammonite P. percarinatus Zone.

CC11 B Kamptnerius 
magnificus (92.99) Burnett et al. (1998) Burnett et al. (1998): "FO of consistently-occurring K. magnificus lies areound the FO of E. eximius." (used here).  However, FAD ranges as 

low as lower-Lower Turonian and as high as lower-Middle Turonian (Kanungo, 2005; and pers. commun., Oct 2005 at EGI.)

(CC11/CC10b) B Quadrum gartneri (93.55)
UCL workshop on Late 
Cretaceous microfossil 
stratigraphy (June 2011)

"Just above base-Turonian at top of ammonite W. devonense Zone" (Dave Watkins; UCL Late Cretaceous workshop; June 2011) -- used 
here.  This is lower (by about 0.5 myr) than schematic diagram in Burnett et al. (1998), which suggests about 1/3rd up in ammonite M. 
nodosoides Zone; but is similar to placement at base of M. nodosoides Zone [Sudeep Kanungo, UCL thesis, June 2005; and pers. commun., 
Oct 2005 at EGI].  In contrast, Boreal column in Von Salis (1998; SEPM chart) had placed Q. garneri FAD as much lower -- in Cenomanian, 
projecting as 40% up in ammonite N. juddii Zone.

B Lucianorhabdus 
maleformis 93.55 Burnett et al. (1998) Burnett et al. (1998) assigned at same level as Q. garneri FAD.

B Marthasterites 
furcatus (93.64) Burnett et al. (1998)

Dashed midway between FADs of E. moratus and L. maleformis (middle of Subzone UC6b). Burnett et al. (1998) "Marthasterites furcatus 
first occurs here (in Zone UC6b) at higher paleolatitudes." but notes that "Personal observations have shown that this event is unreliable, the 
FO lying stratigraphically much lower at higher latitudes."
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NN-NP Zones: 
Martini (1971); NC 
Zones: Roth (1978, 

T = Top/LAD; B = Base/FAD This study
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SUBTROPICAL BIOZONE 

(BIOCHRON)
CALIBRATION 

REFERENCES

B Eprolithus moratus (93.73)
Lowermost Turonian; middle of ammonite W. devonense Zone (or, about 1/3rd up in enlarged zone of W. coloradoense) of N. America 
(schematic placement in Burnett et al., 1998; used here).  But also reported from below LAD of H. chiastia, or at base of foram W. 
archeocretea Foram zone in Pueblo (Colorado), implying uppermost Cenomanian (D. Dave Watkins; UCL Late Cretaceous workshop; June 
2011).  Same as "E. eptapetalus" of Varol  (1992).

93.9

CC10b/CC10a T Helenea chiastia 93.90
UCL workshop on Late 
Cretaceous microfossil 
stratigraphy (June 2011)

LAD occurs at base-Cenomanian GSSP level in Pueblo (Colorado) (Dave Watkins at UCL Late Cretaceous workshop; June 2011).  Called 
"Microstaurus chiastius" in some studies. "Rare but cute" (D. Watkins). 

B Quadrum 
intermedium 94.07 Burnett et al. (1998) This is the 5-element Q. intermedium. Schematic diagram in Burnett et al. (1998) suggests about 50% up in ammonite N. juddii Zone of N. 

America.

T Axopodorhabdus 
albianus (94.20)

UCL workshop on Late 
Cretaceous microfossil 
stratigraphy (June 2011); 
Burnett et al. (1998)

LAD of A. albianus is above LAD of foraminifer Cushmani (M.R. Petrizzo, UCL workshop on Late Cretaceous microfossil stratigraphy, June 
2011) => put arbitrary 0.1 myr above that Foram LAD.  This is similar to placement in schematic diagram of Burnett et al. (1998) at about 
85% up in ammonite M. geslinianum Zone; but reversed the "usual observed" sequence of LAD of A. albianus occurring after the LAD of R. 
asper (which is the basis of the nannofossil NK zones in this interval).

(NC12 - 

13/NC11)
T Rhagodiscus asper (94.30) Burnett et al. (1998)

Base of ammonite B. clydense Zone of N. America (schematic placement in Burnett et al., 1998).  LAD of P. asper (R. asper) is used by 
Bralower et al (1995) to define base of zone NC13, and LAD of A. albianus for base of NC12, with ca. 1 myr separation.  However, J. Bergen 
(pers. comm., 2007) assigned this LAD in lower Turonian (above LAD of M. chiastius).

(NC11/NC10b) T Lithraphidites acutus (94.39) Burnett et al. (1998) About 60% up in ammonite M. geslinianum Zone of N. America (schematic placement in Burnett et al., 1998).  Rare, and difficult to use 
(comments at UCL workshop on Late Cretaceous microfossil stratigraphy, June 2011).

T Cretarabdus striatus 94.44 Burnett et al. (1998) About 45% up in ammonite M. geslinianum Zone of N. America (schematic placement in Burnett et al., 1998).  Called "loriei" in some studies.

T Cylindralithus biarcus 94.54 Burnett et al. (1998) About 10% up in ammonite M. geslinianum Zone of N. America (schematic placement in Burnett et al., 1998). ODP Leg 207 placed just 0.1 
myr below L. acutus LAD.

T Corollithion kennedyi 94.64 Burnett et al. (1998) 90% up in ammonite C. guerangeri Zone of N. America (schematic placement in Burnett et al., 1998).
T Gartnerago nanum 94.79 Burnett et al. (1998) 2/3rds up in ammonite C. guerangeri Zone of N. America (schematic placement in Burnett et al., 1998).
T Staurolithites 
gausorhethium 95.02 Burnett et al. (1998) 1/3rd up in ammonite C. guerangeri Zone of N. America (schematic placement in Burnett et al., 1998).

T Gartnerago theta 95.93 Burnett et al. (1998) 25% up in ammonite A. rhotomagense Zone of N. America (schematic placement in Burnett et al., 1998).

CC10a/CC9b

B Lithraphidites acutus, 
Microrhabdulus 
decoratus

96.16
UCL workshop on Late 
Cretaceous microfossil 
stratigraphy (June 2011)

FAD of L. acutus occurs near Thatcher Limestone in Western Interior (Andy Gale at UCL workshop on Late Cretaceous microfossil 
stratigraphy, June 2011) => In Conlinoceras tarrantense (=Conlinoceras gilberti) ammonite zone.  Assigned here as middle of that Zone.  
Base of CC10 has dual-markers (M. decoratus; L. acutus).

B Cylindralithus 
sculptus 97.31 Burnett et al. (1998) 50% up in ammonite M. dixoni Zone of N. America (schematic placement in Burnett et al., 1998).

T Zeugrhabdotus 
xenotus (97.73) Burnett et al. (1998) 30% up in ammonite M. dixoni Zone of N. America (schematic placement in Burnett et al., 1998). "Shelf-preferring form, therefore subzone 

[IC2b; LAD of Z. xenotus to FAD of C. sculptus] might not be determinable in oceanic sequences".

B Gartnerago 
segmentatum 98.26 Burnett et al. (1998)

Burnett et al. (1998) assigns as basal (but not base) of M. dixoni ammonite zone, so set as 5% up here.  Called "G. obliquum" by some 
authors; but Burnett et al. (1998)  indicates that true "obliquum" comes in within mid-UC2c, or about 1 myr higher.  However, it is mainly a 
cold-realm taxa.

T Gartnerago chiasta 99.94 Burnett et al. (1998) 70% up in ammonite N. carcitanense Zone of N. America (schematic placement in Burnett et al., 1998).  Zone UC1c is very brief.
T Watznaureria 
britannica 100.03 Burnett et al. (1998) 50% up in ammonite N. carcitanense Zone of N. America (schematic placement in Burnett et al., 1998).

NC10b/NC10a B Corollithion kennedyi 100.45
UCL workshop on Late 
Cretaceous microfossil 
stratigraphy (June 2011)

ODP Leg 171 recorded this FAD as 2 precession cycles (0.05 myr) above FAD of Rotalipora globotruncanoides (marker for the base of 
Cenomanian) (Dave Watkins at UCL workshop on Late Cretaceous microfossil stratigraphy, June 2011); used here.  Burnett et al. (1998) 
assigned much higher -- 40% up in N. carcitanense subzone.

100.5

CC9b/CC9a T Hayesites albiensis 100.84 Sudeep Kanungo, UCL 
thesis, June 2005

60% up in former ammonite S. dispar Zone (now interval from base of M. rostratum to top of M. perinflatum zones) [Sudeep Kanungo, UCL 
thesis, June 2005; and pers. commun., Oct 2005 at EGI].   Bown et al. (1998) schematically shows as 30% up in S. dispar Zone.  Von Salis 
(1998; SEPM chart) assigned as middle of former M. perinflatum subzone.

CC9a/CC8b NC10a/NC9b B Eiffellithus turriseiffelii 103.13 Gale et al. (2011)

2 FAD datums are used, depending on morphotype. FAD of large is base of M. fallax ammonite zone at Col de Palluel (Gale et al., 2011) 
(used here).  FAD of small form is earlier.  Bown et al. (1998) schematically shows as 90% up in M. inflatum Zone, which is same numerical-
age level.  Bralower et al. (1997) had put slightly lower -- coeval with FAD of foraminifer R. ticinensis.  Von Salis (1998; SEPM) assigned 
Boreal FAD as 7/10 up in E. loricatus Z., E. meandrinus s.z.  or Tropical as just below (0.15 myr) the base of H. orbignyi subzone.

NC9b/NC9a
B Eiffellithus 
monechiae 107.59 Bralower et al. (1997) Coeval with FAD of foraminifer B. breggiensis by Bralower et al. (1997), but see note on calibration of that datum.  Called E. cf. E. eximius in 

Bralower et al. (1997) chart.

NC9a/NC8c
B Axopodorhabdus 
albianus 109.94 Grippo et al. (2004) Base of nannofossil A. albianus (called “P.” albianus in Grippo et al., 2004) is 23.3 long-eccentricity cycles below top of Albian (9.5 myr) => 

109.1 Ma.  This projects to base of ammonite P. steinmanni subzone.

CC8b/CC8a NC8c/NC8b
B Tranolithus orionatus  
(=T. phacelosus) 110.73 Bralower et al. (1997); 

Grippo et al. (2004)

25% up in foraminifer T. primula Zone. Bralower et al. (1997) charts schematically displayed this FAD in middle of T. primula Zone, but this 
would be inconsistent with cycle-scaling of overlying FAD of A. albianus (base of next higher NC zone) by Grippo et al. (2004), therefore 
placed at 25% up here.  Taxa was "phacelosus" in older literature (e.g., von Salis, 1998).

NC8b B Cribrosphaerella 
ehrenbergii 111.3 Von Salis (1998, SEPM 

chart) 70% up in Nanno Zone NC8b.  Von Salis (1998; SEPM) had assigned FAD as middle of ammonite L. tardefurcata Zone.

NC8b/NC8a B Hayesites albiensis 112.65 Grippo et al. (2004); Huang 
et al. (2010d)

FAD is 30 cycles of 405 kyr below base of Cenomanian in Piobbico core (Huang et al., 2010d).  Bralower et al. (1997) placed in middle of 
foraminifer H. planispira Zone (LAD of T. bejaouensis to FAD of T. primula).

(112.95)

(CC8a/CC7b) (NC8a/NC7b)
B Prediscosphaera 
columnata (subcircular) (112.95)

Mutterlose et al. (2003); 
Grippo et al. (2004); Huang 
et al. (2010d)

DASH -- transitional trend in morphology; and subcircular form used here.  Base of this subcircular P. columnata is 30.75 long-eccentricity 
cycles below top of Albian (12.45 myr) (Grippo et al., 2004; Huang et al.. 2010) and is used in GTS2012 as working definition for base of 
Albian.  Coincides with base of ammonite L. schrammeni subzone at Vohrum, Germany (Mutterlose et al., 2003).
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BIOHORIZON 
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STAGE (AGE)

CN-CP Zones: 
Okada & Bukry 

(1980); CC Zones: 

NN-NP Zones: 
Martini (1971); NC 
Zones: Roth (1978, 

T = Top/LAD; B = Base/FAD This study

STANDARD TROPICAL-

SUBTROPICAL BIOZONE 

(BIOCHRON)
CALIBRATION 

REFERENCES

T Farhania varolii 113.45 J. Bergen (pers. comm., 
2005)

About middle of ammonite H. jacobi Zone.  65% up between Niveau Pacquer and Niveau Jacobi (J. Bergen, pers. comm., 2005).  Called 
Eprollithus varolii in some studies.

B Acaenolithus viriosus 115.64 J. Bergen (pers. comm., 
2005) About base of ammonite H. jacobi Zone.  30% up between Niveau Pacquer and Niveau Jacobi (J. Bergen, pers. comm., 2005).

B Nannoconus 
regularis (116.23) Von Salis (1998, SEPM 

chart) Dashed -- von Salis (1998; SEPM) had assigned FAD as top of ammonite N. nolani Zone, D. nodosocostatum subzone; but no details given.

T Nannoconus truitti 
(acme) 116.83 Von Salis (1998, SEPM 

chart)
Dashed -- von Salis (1998; SEPM) had assigned FAD as base of ammonite N. nolani Zone, D. nodosocostatum subzone; but no details 
given. Uncertain calibration (J. Bergen, pers. comm., 2005).

T Prediscosphaera 
spinosa 118.33 J. Bergen (pers. comm., 

2005) 10% up in Nanno Zone NC7c (J. Bergen, pers. comm., 2005)

B Rhagodiscus 
hamptonii 118.93

Bralower et al. (1997); J. 
Bergen (pers. comm., 
2005)

Coeval with LAD of Foram G. algeriana (base of foraminifer H. trocoidea Foram Zone, which is also called H. gorbachikae Zone) (Bralower et 
al. (1997 -- NOTE: J. Bergen (pers. comm., 2005) clarifies that Bralower et al. called this base-NC7c marker as Rhagodiscus achylostaurion.  
But true R. achyylostaurion has its FAD in Barremian.]  Was a potential datum for base of a "NC7c" zone; but not that widespread (only SE 
France and India -- Bown (in Kennedy et al., 2000a)).

B Nannoconus truitti 
(acme) 121.34 Von Salis (1998, SEPM 

chart)
Von Salis (1998, SEPM chart) placed at ca. 1/3rd up in ammonite C. martinoides Zone (1/3rd up in E. subnodosocostatum Zone).  Dashed as 
uncertain calibration (J. Bergen, pers. comm., 2005)

NC7b/NC7a
T Micrantholithus 
hoschulzii 122.25 Sikora and Bergen (2004); 

Bralower et al. (1997)
90% of foraminifer G. ferrolensis Zone (Sikora and Bergen, 2004), which is 90% between LAD of L. cabri and FAD of G. algeriana.  Similar to 
placement by Bralower et al. (1997).

NC7a B Radiolithus planus 122.98 Erba (2004) Base of foraminifer G. ferreolensis zone (Erba, 2004).

NC7a/NC6b B Eprolithus floralis 123.88 Erba (2004) This marks the ""Nannoconid Return event"" (Erba, 2004) at about 2/3rds up in foraminifer L. cabri Zone (in broad sense).  Important age 
control for scaling Early Aptian.

T Nannoconus 
steinmanii 124.61 J. Bergen (pers. comm., 

2005) 20% up in ammonite D. grandis subzone, which would be 60% up in D. deshayesi Zone (J. Bergen, pers. comm., 2005)

B Braarudosphaera 
africana 124.98 Von Salis (1998, SEPM 

chart) 40% up in ammonite D. deshayesi zone (Von Salis, 1998; SEPM).

B Rhagodiscus 
angustus (125.71) Erba (2004)

Dashed at base of foraminifer L. cabri zone (Erba, 2004; although her diagram implies this L. cabri zone begins with rare occurences; used 
here).  Also reported as at at base of anoxic interval near base of foraminifer "G. blowii Zone" (a different version of that zone) in SE France 
(Renard et al., 2005); at 56.5 cycles of 405kyr below base-Cenomanian at Piobbico core above top of Selli organic-rich OAE1a zone (Huang 
et al., 2010, but this seems poorly determined).  In contrast, Von Salis (1998; SEPM) had assigned FAD as base of ammonite D. weissi Zone

T Retecapsa 
angustiforata 125.83 J. Bergen (pers. comm., 

2005) 60% up in ammonite D. weissi Zone (J. Bergen, pers. comm., 2005; based on La Bedoule-Cassis section)

NC6b/NC6a T Conusphaera rothii 125.95 J. Bergen (pers. comm., 
2005) 20% up in ammonite D. weissi (J. Bergen, pers. comm., 2005; based on La Bedoule-Cassis section).

B Stoverius achylosum 126.04 Bralower et al. (1997) 80% up in Nanno Zone NC6a (Bralower et al., 1997), or in upper-third of OAE1a anoxic event.

CC7b/CC7a
B Rhagodiscus 
gallagheri 126.18 J. Bergen (pers. comm., 

2005) 40% up in ammonite D. tuarkyricus (D. oglanlensis) Zone (J. Bergen, pers. comm., 2005; based on La Bedoule-Cassis section).

126.3
CC7a T NANNOCONID CRISIS (126.28) Also called Rucinolithus irregularis.   95% up in Chron M1n.   SEPM'98 had assigned as just below (0.1 myr) the base of Aptian.

CC7a/CC6 NC6a/NC5e B Hayesites irregularis 126.40 Von Salis (1998, SEPM 
chart)

95% up in Chron M1n based on Von Salis (1998; SEPM) assignment as just below (ca. 0.1 myr) the base of Aptian.  Called Rucinolithus 
irregularis in some studies.  

NC5e/NC5d
B Flabellites oblongus 
(consistent) 127.31 Bralower (1987); J. Bergen 

(pers. comm., 2005) 50% up in Chron M1n (Bralower, 1987).  Von Salis (1998; SEPM) had assigned FAD as 1/10 up in ammonite A. vandenheckii Zone.

NC5d B Rhadodiscus 
achlyostaurion 127.66

Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

Middle of ammonite H. feraudianus Zone (Bergen (1994) and J. Bergen, 2005, based on SE France sections).  Von Salis (1998; SEPM) had 
assigned as base of I. giraudi Z.

CC6/CC5b NC5d/NC5c
T Calcicalathina 
oblongata 130.08 Bralower (1987) 35% up in Chron M3r (Bralower, 1987; and Bergen (1994) and J. Bergen, pers. comm., 2005, based on projecting SE France sections).

130.77 CC5b NC5c

(CC5b/CC5a) (NC5c/NC5b) T Lithraphidites bollii (131.51) Bralower (1987) Dashed at ca. 75% of Chron M5r (Bralower, 1987; and Bergen (1994) and J. Bergen, pers. comm., 2005, based on projecting SE France 
sections).  Von Salis (1998; SEPM) had assigned LAD as 6/10 up in P. angulicostata auct. Z.

CC5a NC5b/NC5a

B Rucinolithus 
terebrodentarius, R. 
windleyae

131.94
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

Dashed as upper (80% up) Chron M7n as average between Von Salis (1998; SEPM chart) and Bergen (1994, pers. comm., 2005), based on 
projecting the FAD near top of ammonite B. balearis Zone in SE France sections).  The two taxa are combined by some specialists.  Bralower 
subdivides NC5 with this datum.

(CC5a/CC4b) NC5a T Speetonia colligata (132.54) Von Salis (1998, SEPM 
chart) Dashed at ca. 25% up in ammonite P. ligatus Zone (slightly shifted down from Von Salis (1998; SEPM chart) to avoid overlap with subzone b.

(NC5a/NC4) T Cruciellipsis cuvillieri (132.87) Von Salis (1998, SEPM 
chart) Dashed at ca. 55% up in ammonite S. sayni Zone (Von Salis, 1998; SEPM chart).

(NC4/NC3) T Tubodiscus verenae (132.93)
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

Mid-Hauterivian (dashed at 40% of ammonite S. sayni Zone to avoid overlap with overlying zone NC5) (modified from Von Salis, 1998; 
SEPM chart).  Defines base of NC4, but difficult to pinpoint LAD (Bergen (1994) and J. Bergen, pers. comm., 2005).

B Zeugrhabdotus 
scutula 132.99

 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

25% up in ammonite S. sayni Zone (Von Salis, 1998, SEPM chart; and Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE 
France sections).
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REFERENCES

T Eiffellithus striatus 133.09
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

Base of ammonite S. sayni Zone (Von Salis, 1998, SEPM chart; and Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE France 
sections).

CC4b/CC4a B Lithraphidites bollii 133.53
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

25% up in ammonite C. loryi Zone (Von Salis, 1998, SEPM chart; and Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE France 
sections).  Bralower (1987) uses this to subdivide NC4, but it seems that base of NC4 (LAD of T. verenae) can be above this datum.

T Eiffellithus windii 133.74
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

Middle of ammonite A. radiatus Zone (Von Salis, 1998, SEPM chart; and Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE 
France sections).

133.88

B Nannoconus bucheri (133.98)
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

Just below (0.1 myr) the base of Hauterivian (Von Salis, 1998, SEPM chart; and Bergen (1994) and J. Bergen, pers. comm., 2005, based on 
SE France sections).

CC4a/CC3b B Eiffellithus striatus 134.98
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

Base of ammonite C. furcillata subzone in revised Tethyan ammonite zonation (was middle of ammonite H. trinodosum s.z. of N. 
pachydicranus Zone in older scheme) (Von Salis, 1998, SEPM chart; and Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE 
France sections).

T Rucinolithus wisei (136.01)
Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

Dashed at 40% up in ammonite S. verrucosum Zone (older version, which included the N. peregrinus subzone) (Bergen (1994) and J. 
Bergen, pers. comm., 2005, based on SE France sections).

B Zeugrhabdotus 
trivectis 136.92

Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

60% up in ammonite B. campylotoxus Zone (Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE France sections).

T Eiffellithus primus, C. 
deflanderi 137.05

Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

Middle of ammonite B. campylotoxus Zone (Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE France sections).

CC3b/CC3a B Eiffellithus windii 137.55
Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

10% up in ammonite B. campylotoxus Zone (Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE France sections).  Von Salis 
(1998; SEPM) had assigned FAD as 8/10 up in T. pertransiens Zone.

CC3a
B Micranthololithus 
speetonensis, R. 
dekaenelii

137.68
Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

Base of ammonite B. campylotoxus Zone (Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE France sections).

CC3a/CC2 NC3/NC2
B Calcicalathina 
oblongata 139.45

Bralower (1987); Bergen 
(1994) and J. Bergen (pers. 
comm., 2005)

20% up in Chron M14r (Bralower, 1987).  Von Salis (1998; SEPM chart) had assigned FAD as 7/10 up in ammonite T. otopeta Zone, which is 
similar.

139.4

B Rucinolithus. wisei 140.12
Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

75% up in ammonite T. alpillensis Zone (J. Bergen, 1994).  Von Salis (1998; SEPM chart) had assigned FAD as base of B. picteti subzone.

B Tubodiscus verenae (140.30)
Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

Dashed at middle of ammonite T. alpillensis  Zone, poorly constrained (Bergen (1994) and J. Bergen, pers. comm., 2005, based on SE 
France sections).

B Percivalia fenestrata 140.66
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

Base of ammonite T. alpillensis Zone (Bergen (1994); Von Salis (1998; SEPM chart) and J. Bergen, pers. comm., 2005, based on SE France 
sections).  This FAD is used to subdivide NC2 (called NK2) to NC2a/2b in scheme of Bralower et al. (1989).

B Rhaqodiscus 
nebulosus, 
Diadorhombus rectus

143.14 Bralower et al. (1989); 
Bergen (1994)

Rh. nebulosus FAD is Middle of ammonite S. subalpina s.z. (Bergen, 1994; pers. comm., 2005).  Diado. rectus FAD is 60% up in Chron M17r 
(Bralower, 1993), which is approximately synchronous.

B Assipetra 
infracretacea 143.86 Bralower et al. (1989) 10% up in Chron M17r (Bralower et al., 1989).  Von Salis (1998; SEPM) assigned FAD as 1/4 up in ammonite B. jacobi Zone, P. grandis s.z.

B Markalius 
circumradiatus 144.00 Bralower et al. (1989) Base of Chron M17r (Bralower et al., 1989).  Von Salis (1998; SEPM) had assigned FAD just above (0.1 myr) the base of B. jacobi Z., P. 

grandis s.z.

CC2/CC1 NC2/NC1
B Retecapsa 
angustiforata 144.93

Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

Base of ammonte P. grandis subzone (J. Bergen, 1994; and pers. comm., 2005).  Called C. angustiforatus in some studies.

(145.01)

CC1 NC1
B Nannoconus 
kamtneri & N. 
steinmannii

145.44
 Bergen (1994); Von Salis 
(1998, SEPM chart); J. 
Bergen (pers. comm., 
2005)

50% up in ammonite B. jacobi subzone (J. Bergen, 1994; Von Salis, 1998, SEPM chart; and J. Bergen, pers. comm., 2005).  Bralower (1987) 
places at 30% up in Chron M17r, which would be much higher.  However, Bergen's version might be the N. steinmanii minor of Bralower 
(1987) (J. Bergen, pers. comm., 2005).  Von Salis (1998; SEPM) had assigned FAD as middle of B. jacobi Z., P. grandis s.z.

base CC1 base NC1 T Haqius noelae 145.44
Bergen (1994) and J. 
Bergen (pers. comm., 
2005)

coeval with FAD of N. steinmannii at 50% up in ammonite B. jacobi subzone (J. Bergen, 1994; and pers. comm., 2005).  In contrast, Bralower 
(1987) placed much higher as 10% up in Chron M17r.  Von Salis (1998; SEPM) had assigned FAD as 1/4 up in ammonite P. grandis 
subzone.
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Arthricocephalus chauveaui, 456e458

Arthricocephalus duyunensis, 456e458

Artinskian stage, 659

Arundian, 606

Asbian, 606

Ascionepea janitrix, 460

Ashgill Series, 503

Asia

mammal-based chronological systems,

938fe939f

vertebrates, 943

Aspidoceras acanthicum, 746

Asselian stage, 656

Asteroceras obtusum, 735

Astrochronology, 63e83
constructing, 71e72

egeochronology intercalibration, 76e78

Astronomical age model, Paleogene timescale,

893e897, 898t
Astronomically-forced insolation, 67

Astronomically Tuned Neogene Timescale,

962e964

ATNTS2004, 962

ATNTS2012, 962

global chronostratigraphic boundaries,

incorporation of, 962

La2004 versus La2010, 962

new data, 962

new timescale, advantages of, 964

Paleogene/Neogene boundary, age of, 962

zonal schemes, incorporation of, 964

Astronomical Timescale (ATS)

constructing astrochronologies and, 71e72

for event stratigraphy, 956

precision and accuracy of, see Precision and

accuracy, of ATS

Atlantic Province, 466

Atmospheric O2, rise in, 358e359

Atmospheric redox balance, 320e321

ATNTS2004, 962

ATNTS2012, 962

Atokan stage, 608

Atomic second, 15

Aulacostephanoides mutabilis, 746

Aulacostephanus Autissiodorensis, 746e747
Aulacostephanus eudoxus, 746

Aurignacian, 1023

Australasian stages, Ordovician Period, 503

Australia

Cambrian stages, 56, 459e462

Boomerangian, 460

Datsonian, 461

Floran, 460

Idamean, 461

Iverian, 461

Mindyallan, 460e461

Ordian, 459e460
Payntonian, 461

Pre-Ordian, 459

Templetonian, 460

Undillan, 460

Warendan, 461

mammal-based chronological systems,

938fe939f
Phanerozoic Timescale, 26

Tianzhushania-dominated microfossil

assemblage in, 425

vertebrates, 945

Australopithecines, 1013

Australopithecus, 1012

Australopithecus afarensis, 1012e1013

Australopithecus africanus, 1012

Australopithecus anamensis, 1012

Australopithecus garhi, 1013

Australopithecus sediba, 1013

Auxiliary stratotype sections (ASS), 610

Avalon assemblage, 417e419

Average marine water (AMW), 183e184

Azilian, 1023

Azygograptus suecicus, 494

B
Bajarunia euomphala, 705e707
Bajocian, 739, 741f

-Callovian, 760

GSSPs of, 778t

Jurassic numerical age models for, 767t

middle Jurassic scaling, 775

Balatonites balatonicus, 687

Baltoniodus norrlandicus, 498

Baltoniodus triangulatus, 496f

Balvian, 607

Barawagnathia longifolia, 233e234

Barremian, 798e799

boundary stratotype of, 798

defined, 798

history of, 798

substage of, upper, 798e799
Bartonian stage

base of, 866e868

GSSP of, criterion for, 868

Basaltic magmatism, 338

Base middle Miocene, lower limit of, 927e928

see also Miocene

Bashkirian stage, 613e615

Bathonian, 739e743, 742f
-Callovian boundary, 765e773

GSSPs of, 778t

Jurassic numerical age models for, 767t

middle Jurassic scaling, 775

Bathynotus, 456e458

Bathyuriscus-Elrathina, 465

Bavarian stage, 691

Belemnitella americana, 182

Belemnites, 186e187

Belonechitina henryi, 494

Belonechitina robusta, 500f

Benthic foraminifera

larger, 873e874, 875f

smaller, 874e876
smaller calcareous, 876

see also Foraminifera

Bergeroniellus, 446

Bergeroniellus ketemensis, 463

Berriasella jacobi, 747e748

Berriasian

base of, 835e840

Jurassic numerical age models for, 767t

substages of, 797

-Valanginian cyclostratigraphy, 818e819

Betpakodiscus cornuspiroides, 628

Bifericeras donovani, 735

Biochronology, 43e61

paleontologic events, 44e45

qualitative biostratigraphy and biochronology,

55e60

Australian Cambrian stages, 56

Nordic Neogene, 55e56
Nordic Paleogene, 56

timescale creator, 56e60

quantitative stratigraphy and biochronology,

45e55
constrained optimization program, 47e48,

55f

Antarctic biochronology, 48

early Paleozoic timescale, 47e48

method, 47

graphic correlation, 45e47

methods, 45

ranking and scaling, 51e55

method, 51e52

RASC biochronology, 52, 53f

Taranaki Basin biochronology and

geochronology, 52e55

unitary associations, 48e51

Biogenic carbonate, disequilibrium

fractionation in, 185e186
Biological bulldozing, 429

Biomere, 464

Biostratigraphy

Ammonoids, 618

biochronology and qualitative, 55e60

Cambrian, 440f

Carboniferous, 618e622
conodonts, 618

Cryogenian, 401e404

Devonian, see Devonian:biostratigraphy

Ediacaran, see Ediacaran:biostratigraphic

basis for

Foraminifers, 618

GraphCor quantitative, 625e627

marine, see Marine biostratigraphy

Neogene, 939e947, 946f

Ordovician, 506

Paleogene, 872e881

Permian, 669

Precambrian, 401

signals, 1034e1036, 1036f

Silurian, 536e542
small shelly fossils, 468

terrestrial, see Terrestrial biostratigraphy

vertebrates, 939e945

see also Stratigraphy
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Bispathodus ultimus, 570

Bisulcatus-Westergaardodina brevidens, 449

Bivalves, Triassic, 692

Black Jurassic, 733

Blackwelderia sabulosa, 460e461
Bollandites-Bollandoceras, 604e606

Bolonian-Portland, 747

Bolsovian, 607

Boreal Spread, 744e745

Botoman stage, 463

Brachiopod shells, 187

Bradgatia, 417e419
Brenckleina rugosa, 615

Brigantian, 606

Brongniartella bulbosa, 503

Bronze Age, 1026e1027
Budurovignathus praehungaricus, 687

Bullatimorphites (Kheraiceras) bullatus, 743

Burdigalian, 925, 927

base and duration of, 925t

Buttsia pinga, 463

C
Ca-Al-rich refractory inclusions (CAIs), 313

Caenisites turneri, 735

Calabrian, base and duration of, 925t

Calamites, 234

Calamopitys, 234

Calcareous nannofossils, 693, 750, 812e813,

945e947

Calcareous nannoplankton, 796e797, 876e877
evolutionary trends of, 877

zonations development of, 876e877

Calcified megafossils, 419

Callavia broeggeri, 445

Callistophyton (callistophytes), 234

Callovian, 743e744

ammonite zone, 775

GSSPs of, 778t

Jurassic numerical age models for, 767t

middle Jurassic scaling, 775e776

-Oxfordian boundary, 776

Calpionellid microfossils, 796

Calpionellids, 750, 809

Cambrian, 9t, 16e17, 174e175, 437e488

curve, 219

explosion, 438, 473

carbon isotope chemostratigraphy, 473

ecologic radiation, 473

fossil groups in, 473

GSSPs of, 456t

history and subdivisions of, 438e466

chronostratigraphic subdivisions of, 439f

Furongian Series, 449e455

regional biostratigraphic zonal schemes of,

440f

regional stages and series, 455e466
Series 2, 445e446

Series 3, 446e449

Terreneuvian series, 444e445

-Ordovician boundary, 444, 490e494
stratigraphy, 466e474

Archaeocyathan zones, 467e468

chemostratigraphy, 469e472

conodont zones, 468

evolutionary events, 472e474

faunal provinces, 466e467

magnetostratigraphy, 468e469
sequence stratigraphy, 472

small shelly fossil zones, 468

trilobite zones, 467

substrate revolution, 473e474

system, 414

timescale, 474e477

Cambrian-Ediacaran boundary, age of, 474

internal boundaries, age of, 474e477

Campanian, 805e806

boundary stratotype of, 806

defined, 806

history of, 805e806

-Maastrichtian cyclostratigraphy, 820

substage of, 806

time, 137

Canada

Acasta Gneiss Complex, 318, 318f

Nuvvuagittuq Supracrustal Belt, 318e319
Precambrian timescale, 305

Canfield ocean, 347e348

Cañon Diablo Troilite (CDT) standard, 171

Cap carbonate dolostones, 394e395

Cap carbonates, 415

Capitanian stage, 660, 662f

Caradoc Series, 503

Carbonaceous compressions, 419

Carbonate-associated sulfate (CAS), 170e172

Carbonate compensation depth (CCD), 872

Carbon-enrichment episodes, 816e818
Carboniferous, 6e7, 9t, 20, 175e176, 603e651

base of, 570e572, 572f

geochronology of, 638, 639t

GSSPs of, 640t

history and subdivisions of, 604e618

International Scale, status of, 609

marine isotope record, 195e196

Mississippian subsystem, 609e613
Devonian-Carboniferous boundary and

Tournaisian stage, 610

Serpukhovian, 610e613

Visean, 610

Pennsylvanian subsystem, 613e618

Gzhelian, 617e618

Kasimovian, 616e617
Mississippian-Pennsylvanian boundary and

Bashkirian stage, 613e615

Moscovian, 615e616

stratigraphy, 618e627
biostratigraphy, 618e622

physical, 622e627

timescale, 137e139, 627e638

Permian composite standard, 629

radiometric data, 627e629

stage boundaries, age of, 635e638

stage boundaries, calibration of, 630e635
traditional European and Russian subdivisions,

evolution of, 604e607, 605f

traditional North American subdivisions,

evolution of, 608e609

Carbon isotopes, 422e423, 423f, 961

chemostratigraphy, for Cambrian System, 470f

excursion (CIE), 219e222, 864, 884, 886

stable, 757e758, 816e818

stratigraphy, 207e232, 507e508, 542e543
bulk versus component, 217e218

causes of, 223

of CO2, 208

correlation potential, 219e222

depositional setting, 210e217

diagenesis, 218

dissolved inorganic carbon, spatial

heterogeneity of, 209e210

global versus local water mass signals,

218e219

principles of, 207e209
Triassic, 697e698

Carcinophyllum vaughani, 606

Cardioceras cordatum, 748e750
Cardioceras densiplicatus, 745

Cardioceras redcliffense, 744e745

CARE excursion (Cambrian Arthropod

Radiation isotope Excursion), 470

Caribbean-Columbian volcanic province,

stratigraphic events in, 821

Carnian, 687e690

base of, 710

pluvial episode, 690

Substages and Wet Intermezzo, 690

CASC method, 51e52

Caudicriodus hesperius, 562

Caudicriodus postwoschmidti, 562

Caudicriodus steinachensis, 562

Cellon section, in Austria, 547e548
Cenomanian, 801e802, 803f

boundary stratotype of, 802

defined, 801

history of, 801

substage of, 802

-Turonian cyclostratigraphy, 819e820

Cenophytic, 236f

Cenozoic, 176, 188e191, 235e237
compilation, 222

late, 235e237

timescale, 24, 25f

Central Atlantic Magmatic Province (CAMP),

155, 162e163, 700, 711, 762

Central Paratethys, regional Neogene stages for,

935e937, 936f
see also Paratethys

Centropleura, 460

Cephalization, 1033

Ceratopygiids, 459

Cerebropollenites thiergartii, 733

Cerebrosphaera buickii, 404

C. floridanus, 928

Chadian stage, 606

Changhsingian, 663, 665f, 668

Charnia, 417e419

Chattian stage

base of, 870e872, 871f

GSSP of, criterion for, 872

Chemical abrasion thermal ionization mass

spectrometry (CA-TIMS), 116e117
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Chemostratigraphy, 469e472
signals, 1036

Silurian, 542e543

Triassic, 697e698

see also Stratigraphy

Chesterian stage, 608

Chicxulub crater, 822

China

Cambrian Stages of, 455e459

Duyunian, 456e458

Guzhangian, 458

Jiangshanian, 459

Jinningian, 455

Meishucunian, 455

Nangaoan, 455e456

Niuchehean, 459

Paibian, 459

Taijiangian, 458

Wangcunian, 458

Cryogenian Period, age constraints for, 396t

Permian period, 655f, 668

Chiosella timorensis, 686e687

Chitinozoan zonation, 541e542
Devonian, 578

Chonetoidea aff. radiatula, 503

Chonochitina scabra, 501

Choristoceras marshi, 733

Chronometric Cryogenian period, 394

Chronostratigraphy, 924e925

global stages of, 925e935

Aquitanian, 925e927, 926f
basemiddleMiocene, lower limit of, 927e928

Burdigalian, 925, 927

Holocene, 935

Langhian, 927e928

Messinian, 930, 931f

Miocene, 925e930

Pleistocene, 933e935
Pliocene, 930, 932f

Serravallian, 928e930, 929f

Tortonian, 930

Quaternary, 981f

regional stages of, 935e939

Central Paratethys, 935e937, 936f

Eastern Paratethys, 935e937, 936f
New Zealand, 936f, 937e939

scale, 1, 31e42

geologic stratigraphic standardization,

history of, 31

GSSA, 37

GSSP, 34e41

long stages, subdividing, 40

stage unit stratotypes, 33e34
see also Stratigraphy

Cisuralian Series, 654e659

Artinskian, 659

Asselian, 656

Kungurian, 659

Sakmarian, 656e659

Clarkina longicuspidata, 669

Clarkina orientalis, 663

Clarkina postbitteri hongshuiensis, 663, 669

Clarkina postbitteri postbitteri, 663, 669

Clarkina subcarinata, 669, 671

Clarkina wangi, 663, 669, 671

Clavatipollenites, 235

Climate change, 958e962

Climatostratigraphy

continental, 989f

marine, 989f

terrestrial, 988e990

see also Stratigraphy

Clonograptus, 494

Cloudina, 419

Clydoniceras discus, 743

Colonograptus ludensis graptolite zone, 546

Colonograptus praedeubeli, 546

Commission for the Geological Map of the

World (CGMW), 26, 31

Composita ficoides, 606

Composite standard values of zones,

Carboniferous, 631t

Conchostracans, 694

Coniacian, 802e805

boundary stratotype of, 805

defined, 802e803

history of, 803e805
-Santonian cyclostratigraphy, 820

substage of, 805

Conodonts, 468, 541

biostratigraphic zonation of, 618

Devonian, 572e577

Ordovician, 506

Triassic, 692

Conostoma (lyginopterids), 234

Constrained optimization (CONOP) program, 6,

47e48, 53e55, 55f, 506, 510e511

Antarctic biochronology, 48

composite, 548

CONOP-9 program, 629, 671

early Paleozoic timescale, 47e48

method, 47

Constructing astrochronologies and ATS,

71e72

Cooksonia, 233

Cooksonia paranensis, 233e234
Copernican period, 284

Coralline stage, 744

Cordaitales, 234

Cordylodus andresi, 454e455

Cordylodus angulatus, 494

Cordylodus lindstromi, 459, 461e462, 468

Cordylodus prion, 461e462
Cordylodus proavus, 454e455, 459, 461,

466, 468

Cordylodus prolindstromi, 461

Corollina meyeriana, 695

Coronograptus cyphus, 526, 545

Correlative conformity, 242

Corynexochus plumula, 461

Corynoides americanus, 498

Cosmogenic nuclides dating, 1003

see also Dating

Courceyan stage, 606

Crater density

vs. age for Lunar sites, 276f

vs. age for Mars, 277f

Cravenoceras cowlingense, 606

Cravenoceras leion, 604, 606

Cretaceous, 9t, 176, 235, 793e853

climate, 186e187

compilation, 222

early, 235

lower, 795e801, 815t

Albian, 799e801

Aptian, 799

Barremian, 798e799

Berriasian, 797

Hauterivian, 798

Jurassic-Cretaceous boundary, 796f

Valanginian, 797e798

nomenclature and status of, 794f

numerical age model, 823e841, 827t

early Cretaceous scaling, 835e840
late Cretaceous scaling, 840e841

overview of, 794

stratigraphy, 808e822
marine biostratigraphy, 808e814

terrestrial biostratigraphy, 814

physical stratigraphy, 814e822

-tertiary boundary (KTB), 159e160
through Cenozoic geomagnetic polarity

timescale, 94e96

calibration and ages of, 94e95

C-sequence age model, for South Atlantic

spreading history, 95e96, 96f

C-sequence of marine magnetic anomalies

and Chron nomenclature, 94

timescale, 811f, 822e842
constraints from radio-isotopic dates,

822e823

radio-isotopic age suite, direct spline-fitting

of, 823

upper

Campanian, 805e806

Cenomanian, 801e802, 803f

Coniacian, 802e805

Maastrichtian, 806e808, 807f

Santonian, 805

Turonian, 802, 804f

Crustal remnants, 317e319

Cryogenian, 3, 393e411

base of, 406e407

biostratigraphic basis for, 401e404

end of, 407

geochronological constraints, 395e401, 396t

early Cryogenian glaciation, age constraints

on, 400e401

late Cryogenian glaciation, age constraints

on, 401

middle Cryogenian age constraints, 401

pre -or earliest Cryogenian glaciation, age

constraints on, 395e400

global stratigraphic correlation, integrated

approach to, 405e406

early Cryogenian period, 406

Late Cryogenian Warm Interval, 406

lowermost ediacaran, 406

pre-glacial Cryogenian, 406

historical background, 394e395

microfossils, photomicrographs of, 404f

Cryptochrons, 86e87, 953e954
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C-sequence

age model, for South Atlantic spreading history,

95e96, 96f

cretaceous portion of, 816

of marine magnetic anomalies, 94

Ctenopyge bisulcata, 475

Ctenopyge spectabilis, 451e454

Cupressaceae, 235

Curve matching, 995e996

Cyclostratigraphy, 24, 818e820

Aptian-Albian, 819

Berriasian-Valanginian, 818e819
Campanian-Maastrichtian, 820

Cenomanian-Turonian, 819e820

Coniacian-Santonian, 820

early Cretaceous, 818e819
late Cretaceous, 819e820

Triassic, 698e699

see also Stratigraphy

Cyclostratigraphy, 63e83, 624e625

405-kyr metronome, 67, 68f

astronomically forced insolation, 67

Devonian, 580

Donets model, 635, 637f

Earth’s astronomical parameters, 64e67

Hettangian, 759

Jurassic, 759e761
Aalenian, 760

Bajocian-Callovian, 760

Hettangian, 759

Kimmeridgian-Tithonian, 761

Oxfordian, 761

Pliensbachian, 759e760

Sinemurian, 759

Toarcian, 760

new astronomical solution, 78

precision and accuracy of ATS, 72e76

seasonal phase relations, 72e74
solar system diffusion, 76

tidal dissipation, dynamical ellipticity and

climate friction, 74e75

uncertainties, summary of, 76

through geologic time, 67e71

see also Stratigraphy

Cymatiosphaeroides, 404

Cyrtograptus centrifuges, 529e531, 529f

Cyrtograptus ellesae, 533

Cyrtograptus insectus, 529e531

Cyrtograptus lapworthi, 545

Cyrtograptus lundgreni, 529f, 533

Cyrtograptus murchisoni, 529f, 533, 546

Cyrtopleurites bicrenatus, 691

Cytherelloidea buisensis, 733

D
Dacryconarid zonation, Devonian, 577

Dactylioceras tenuicostatum, 738, 757e758,
760

Damesella torosa, 460

Danian stage

base of, 859, 860f

defined, 859

GSSP of, 859

Dapingian stage, 494, 496f

Darriwilian stage, 494e498, 497f

Dating

cosmogenic nuclides, 1003

electron spin resonance, 958, 1002

luminescence, 1001e1002

methods, in Quaternary period, 1001e1003,

1002f, 1002t

radiocarbon (14C), 1001

radio-isotopic, 822e823
230Th/234U, 957e958, 1003

U-Pb zircon, 304e305, 327f, 635, 636f, 1003
Davidsonia carbonaria, 606

Daviesiella llangollensis, 606

Deccan Traps, 821

Declinagnathodus donetzianus, 615e616,
628e629

Declinognathodus noduliferus, 604, 613, 615

Declinognathodus noduliferus bernesgae, 615

Declinognathodus noduliferus inaequalis, 615

Declinognathodus praenoduliferus, 615

Deep Sea Drilling Project (DSDP), 186

Deep water agglutinated foraminifera (DWAF),

874

see also Agglutinated foraminifera

Delamaran stage, 465

Demirastrites triangulatus, 526e527
Demirastrites triangulatus triangulates, 529f

Denisovans, 1015e1016

Desmoinesian, 608e609

Devonian, 3, 7, 9t, 20, 175, 559e601
biostratigraphy, 572e578, 573f, 576f

ammonoid zonations, 577

conodont zonations, 572e577
dacryconarid zonation, 577

ostracod zonation, 577

palynomorph zonations, 577e578

plant megafossil zonation, 578

radiolarian zonation, 577

vertebrate zonations, 578

boundary interval, 139

-Carboniferous boundary, 610, 611f

compilation, 220

early, 234

history and subdivisions of, 560e572, 561f
late, 234

lower, 562e566

Emsian, 563e566

Lochkovian, 562

Pragian, 562

middle, 566

Eifelian, 566

Givetian, 566

physical stratigraphy, 578e582

chemostratigraphy, 580e581

cyclostratigraphy, 580

eustatic changes/sequence stratigraphy,

581e582

extinction and hypoxic event stratigraphy,

578e580
gamma ray spectrometry, 582

magnetic susceptibility (MS), 582

timescale, 582e590

previous scales, 582e584

radiometric data, 584

stage boundaries, age of, 587e590

upper, 566e572

Carboniferous, base of, 570e572

Famennian, 570

Frasnian, 566e570

Diagenesis, effect of, 186

Diatoms, 947

Dibunophyllum bourtonense, 606

Dicanthopyge zone, 465e466

DICE (DrumIan Carbon isotope Excursion), 471

Dickinsonia, 419

Dictyonema flabelliforme, 464

Didymograptus artus, 501e503

Dienerian substage, 685

Dilleri, 710

Diluvial theory, 980

Dinantian, 607

Dinoflagelate cysts, 751, 878, 879f, 947, 948f

Dinosaurs, 751

Diphyphyllum lateseptatum, 606

Diplacanthograptus caudatus, 498, 500f

Diplacanthograptus lanceolatus, 498

Diplognathodus ellesmerensis, 616

Discoaster kugleri, 930

Disequilibrium fractionation, in biogenic

carbonate, 185e186
Dissolved inorganic carbon (DIC), 207, 957

carbon isotopic composition of, 208e209

Dissolved organic carbon (DOC), 210

Dokidocyathus lenaicus, 462

Dokidocyathus regularis, 462

Dolgeuloma, 464

Dolgeuloma abunda, 464

Donets cyclostratigraphic model, 635, 637f

Donetzoceraas aegirianum, 607

Dorsoplanites panderi, 747

Doryagnostus deltoides, 460

Dorypyge richthofeni, 449

Doushantuo Formation, 419, 420f, 422,

428e429

Doushantuo-Pertatataka acritarchs (DPAs),

419e421

Drepanophycus, 234

Drumian stage, 447e449, 448f
Dunbarites e Parashumardites zone, 617

Dunderbergia, 465e466

Duyunian stage, 456e458

Dyeran, 465

E
Early Amazonian Epoch, 290

Early basaltic protocrust, isotopic evidence for,

315e316

Early Eocene climatic optimum (EECO),

188e189

Early Hesperian Epoch, 288e289
Early Imbrian Epoch, 283

Early Latest Paleocene Event (ELPE), 884

Early Noachian Epoch, 287e288

Earth’s astronomical parameters, 64e67, 64f,
65f

Earth’s Moon, 277e284
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Earth’s Moon (Continued)

Copernican period, 284

Early Imbrian Epoch, 283

Eratosthenian period, 283e284

generalized geologic map of, 281f

Late Imbrian Epoch, 283

Nectarian period, 282e283

pre-Nectarian period, 282

Eastern Paratethys regional Neogene stages for,

935e937, 936f

see also Paratethys

Ediacaran, 3, 9t, 413e435
biostratigraphic basis for

chemical evolution, 422e425

Ediacaran glaciations, 422

Ediacaran megafossils and trace fossils,

415e419

Ediacaran microfossils, 419e422, 420f

macrofossils, 418f

radiometric dating, 425

CAP carbonates and base of Ediacaran System,

415

towards chronostratigraphy, 425e429
GSSP of, 395

historical background, 414e415

Proterozoic and Phanerozoic, transition

between, 429

system, base of, 406

U-Pb dates, 425

Ediacara-type fossils, 414e419

Ehmaniella, 465

Ehrenbergina marwicki, 937e939

Eifelian stage, 566, 567f

Electron spin resonance (ESR) dating, 958,

1002

see also Dating

Ellipsocephaloides, 466

Elvinia, 465e466
Emsian stage, 563e566, 565f

Eoacidaspidids, 464

Eoandromeda, 419

Eocene

early, 157e158

late, 156e157

-Oligocene boundary, 188e189
eOligocene transition (EOT), 155e156

Thermal Maximum (ETM), 188e189,

884e886

Eocoelia curtisi, 527e528
Eocoelia intermedia, 527e529

Eoconodontus, 468

Eoconodontus notchpeakensis, 454e455

Eocostapolygnathus kitabicus, 563e566,

565f

Eodactylites, 738

Eodactylites polymorphum, 738

Eognathodus sulcatus, 562, 564f

Eoparastaffela, 606

Eoparastaffella rotunda, 610

Eoparastaffella simplex, 604e606, 610
Eoprotrachyceras curionii, 687

Eoschubertella, 608

Eosigmoilina robertsoni, 615

Ephemeris time (ET), 15

Epigondolella mosheri, 691

Epi-Palaeolithic, 1025

Epipeltoceras bimammatum, 745e746

Eratosthenian, 283e284

Erdbachian, 607

Erediaspis eretes, 460e461

Ericiasphaera rigida, 421

Erixanium sentum, 461

Erniettomorphs, 419

Erymnoceras coronatum, 755

Etendeka, stratigraphic events in, 821

Euagnostus opimus, 460

Euestheria brodieana, 710

Euflemingites romunderi, 685e686

Eukaryotes, 343e344, 343f

diversification of, 348

Margulis endosymbiosis model of, 344f

Eulomids, 464

Eulomimids, 459

Eumorphoceras, 628

Eurekia apopsis, 466

Europe

mammal-based chronological systems,

938fe939f

Precambrian timescale, 305

vertebrates, 940e943, 941t

Eustasy, 543e544
magnitude and pace of, 251

Ordovician, 508

and sequence stratigraphy, 240e242

Eustatic sea-level curve, 242

Event stratigraphy, 947e956

Astronomical Timescale for, 956

polarity sequences, 947

anomaly profiles of, 947e953, 949t,

953f

cryptochrons, 953e954

excursions, 953e954
sequence stratigraphy, 954e955

tektites, 955e956

tephrochronologhy, 955

volcanic ash layers, 955

see also Stratigraphy

Excursions, 953e954

F
Fallotaspis zone, 462

Famennian stage, 570, 571f

Fascipericyclus-Ammonellipsites, 604e606

Faunal provincialism, during Cambrian Period,

466e467

Fisherites reticulatus, 233

Floating astrochronologies, 72

Floian stage, 494, 495f

Foraminifera, 809, 873e876, 945

agglutinated, 874e876

benthic

larger, 873e874, 875f

smaller, 874e876

diversity, 625, 627f

planktonic, 873

Foraminifers, 625, 750

biostratigraphic zonation of, 618

Fossil groups, in Cambrian explosion, 473

Fractofusus, 417e419

Frankites regoledanus, 690, 704

Frasnian stage, 566e570, 569f

Fritzaspis, 446

Fungochitina kosovensis, 536

Furongian Series, of Cambrian system,

449e455
Jiangshanian stage, 451, 453f

Paibian stage, 451, 452f

Stage 10, 451e455

Fusulinella, 608

G
Gamma ray spectrometry, in Devonian

stratigraphy, 582

Gapparodus bisulcatus-Westergaardodina

brevidens zone, 468

Garantiana garantiana, 775

Gaskiers formation, 422

Gaskiers glaciation, 422, 425e428

Gelasian

base and duration of, 925t

shift, 925

stage of Pleistocene (Quaternary system), 984f

Geochemical stratigraphy, 816e818

see also Stratigraphy

Geological Stratigraphic Sections and Points

(GSSPs), 34e40, 56, 259, 439e444,

443f

for Aquitanian, 925e927, 926f
for Base middle Miocene, lower limit of,

927e928

for Burdigalian, 925, 927

of Cambrian stages, 456t

for Capitanian Stage of Guadalupian Series,

662f

for Carboniferous-Permian boundary, 657f

for Changhsingian Stage of Permian System,

665f

creation of, 259

debates over, 259

in Duibian B section, 451

for Gelasian, 925

for Langhian, 925t, 927e928

limitations of, 925

in Mesozoic and Cenozoic Eras, 38f

for Messinian, 930, 931f

for Miocene, 925e930

Neogene stages, with location and primary

correlation criteria, 963t

in Paleozoic Era, 39f

for Piacenzian, 934f

for Pleistocene, 933e935

for Pliocene, 930, 932f

requirements for establishing, 36t

for Roadian Stage of Guadalupian Series, 658f

for Serravallian, 928e930, 929f

and stratigraphic classification, 40e41

for Tortonian, 930

for Wordian Stage of Guadalupian Series, 661f

for Wuchiapingian Stage of Permian System,

664f
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for Zanclean, 933f

Geological timescale

integration of, 259

and sea-level change and sequence stratigraphy

historical links between, 239e240
Geologic stratigraphic standardization, history

of, 31

Geologic Timescale (GTS), 1e2, 5f
construction of, 2f, 6f, 16f

GTS2004, 9t, 19

GTS2012, 2e13

calibration methods to linear time used in,

4e13

date of publication of radio-isotopic dates

used to calibrate, 12f

number of radio-isotopic dates used in, 12f

physical, chemical and paleontological

components of, 4

recent developments, 2e4
historical overview of, 15e24

age-thickness interpolations, 16e17

Cenozoic timescale, 24

Mesozoic timescale, 23e24

Paleozoic scales, 20e23

past Phanerozoic radiogenic isotope

databases and timescales, 17e20

Geomagnetic polarity time scale, 85e113, 939
geomagnetic polarity timescale for early

Jurassic and older rocks, 110e111

latest Cretaceous through Cenozoic

geomagnetic polarity timescale, 94e96
calibration and ages of, 88t, 94e95

C-sequence age model for South Atlantic

spreading history, 95e96
C-sequence of marine magnetic anomalies

and Chron nomenclature, 94

Middle Jurassic through early Cretaceous

geomagnetic polarity timescale,

96e110

M-sequence model

age model and uncertainties for, 109e110,

110t

constraints on spreading rates for, 98e109,

100t

from deep-tow magnetometer surveys, 97

of marine magnetic anomalies, 97

pattern, 98, 99t, 100t

principles, 85e94

events, excursions, magnetic anomaly

wiggles and cryptochrons, 87e94

magnetic field reversals and

magnetostratigraphy, 85e87

marine magnetic anomaly patterns, 87

Geomagnetic polarity timescale for early

Jurassic and older rocks, 110e111

Geomagnetic secular variation, 87

Geon concept, 307e309, 308f

Geoscience Information Society (GSIS), 19

Germanic Basin, Permian period, 655f, 666f,

668

Ginkyo biloba, 235

Givetian stage, 566, 568f

Glacial deposits, of Pleistocene, 988e990, 989t

Glaciations, Ediacaran, 422

Global Chronostratigraphic Scale (GCS), 34

Global Geochronologic Scale, 939e940

Global Standard Stratigraphic Age (GSSA), 37,

1034, 1038

Anthropocene, definition of, 1037e1038
Global Stratigraphic Section and Point (GSSP),

19, 34, 240, 406e407, 1034

Aalenian, 740f

Anthropocene, definition of, 1037e1038

Bajocian, 741f

Bartonian, 868

Bathonian, 742f

Carboniferous, 640t

Carnian, 689f

Chattian, 872

Danian, 859

Jurassic, 734f, 778t

Lutetian, 866

Pliensbachian, 737f

Priabonian, 868e869

Rupelian, 870

Selandian, 861

Silurian, 552t

Sinemurian, 736f

Thanetian, 863e864

Triassic, 684f, 719t

Ypresian, 864e866
Globigerina bulloides, 186

Globigerina euapertura, 937e939

Globigerinoides rubber, 186

Globivalvulina bulloides, 615

Globoconella conomiozea, 937e939

Globoconella puncticulata, 937e939

Globorotalia menardii, 186

Globorotalia miotumida, 930

Globorotalia peripheroronda, 928e930, 929f

Glossopleura, 465

Glypagnostus reticulatus, 461

Glyptagnostotes elegans, 451

Glyptagnostus reticulatus, 438, 446e447,

449e451, 452f, 459, 461, 465e466

Glyptagnostus stolidotus, 446e447, 458,
460e461

Gnathodus bilineatus bollandensis, 624

Gnathodus girty simplex, 613

Gnathodus homopunctatus, 610

Gnathodus postbilineatus, 615

Gnathodus punctatus, 608

Gnathodus texanus, 608

Gnathodus typicus, 624

Gnomohalorites cordilleranus, 691

Goniagnostus nathorsti, 449, 460

Gonolkites convergens, 739e743
Gorbiyachinian stage, 464

Gorstian stage, 533e536, 537f

Gothograptus nassa e Pristiograptus dubius

parvus graptolite zone, 546

GPTS, 947e953

GraphCor quantitative biostratigraphic method,

625e627
Graptolite(s), 506

-based stages, 503

zones, 541

Gravesia gravesiana, 746e747

Gravicalymene jugifera, 503

Great Acceleration, 1036e1037

Great Orovician Biodiversification Event

(GOBE), 507

Gregoryceras transversarium, 761

Griesbachian substage, 685

Grötlingbo Bentonite, 546

GTS2004

Devonian timescale, 583e584

House scale for, 583e584

Jurassic age models, 777t

Ordovician-Silurian stages for, 550t

spline fitting in, 269e270

with consideration of radiometric and

stratigraphic errors, 270e272

treatment of outliers, 272

zonal boundaries, ages of, 272

GTS2012

basal Toarcian, age model for, 762

Jurassic age models, 777t

modifications in, 272e273

Ordovician-Silurian stages for, 550t

Triassic age model, 712t

Guadalupian series, 659e660

Capitanian, 660, 662f

Roadian, 658f, 660

Wordian, 660, 661f

Guzhangian stage, 449, 458

Gyronites subdharmus, 685e686

Gzhelian stage, 607, 617e618

H
Hadean

Eon, 360

timescale, 305, 306f

zircons (Jack Hills), 316

Halobia austriaca, 690e691

Hamersley Basin, stratigraphic column of, 303f

Hankalchough glaciation, 422

Harland’s Infracambrian, 394

Harlaniella podolica, 445

Harpidiids, 459

Harpoceras falciferum, 757e758

Harpoceras serpentinum, 757e758

Hastarian stage, 604e606

Haugia variabilis, 738

Hauterivian, 798

-Barremian cyclostratigraphy, 819

boundary stratotype of, 798

defined, 798

history of, 798

substage of, upper, 798

Hecticoceras (Prohecticoceras) retrocostatum,

743

Hedenstroemia hedenstroemi, 705

Hedinaspis, 451e454

Heinrich layers, 996

Helicosphaera ampliaperta, 925e928

Helicosphaera walbersdorfensis, 928, 929f

Helminthoidichnites, 419

HERB Event, 454e455
Hettangian, 735

cyclostratigraphy, 759
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Hettangian (Continued)

early Jurassic scaling, 774

GSSPs of, 778t

Jurassic numerical age models for, 767t

-Sinemurian boundary, 763

Highstand Systems Tract, 245

Hildoceras bifrons, 738

Hindeodus parvus, 683, 685

Hindeodus postparvus, 683

Hindeodus typicalis, 683

Hirnantia-Dalmanitina fauna, 501

Hirnantian stage, 501, 502f

Hirnantia sagittifera, 502f

Hirsutodontus simplex, 461

Histiodella sinuosa, 498

Holkerian, 606

Holocene, 3, 935

base and duration of, 925t

early Holocene, Anthropocene in, 1036

series, 1000e1001

technologies, 1025e1027

Bronze Age, 1026e1027

Iron Age, 1027

Mesolithic, 1025

Neolithic, 1025e1026

New World Holocene, 1027

Holteria arepo, 460

Homagnostus fecundus, 463

Homerian stage, 533, 535f

Hominin industries, 1019, 1020f

Hominin species, development and distribution

of, 1013f

Homo antecessor, 1014

Homo erectus, 1014, 1021

Homo ergaster, 1014

Homo floresiensis, 1014

Homo habilis, 1013e1014, 1021

Homo heidelbergensis, 1014, 1021

Homo Neanderthalensis, 1014e1016, 1021

in Mid and Late Pleistocene, 1014e1015

Homo rhodesiensis, 1014

Homo rudolfensis, 1013e1014
Homo Sapiens, 1011e1012

earliest technologies of, 1022e1025

vs. Homo erectus, 1016

origin of, 1016e1017

House scale, Devonian, 583e584

Howellisaura princetonensis, 710

Hunnegraptus, 494

Hunnegraptus copiosus, 494

Hupetina antiqua, 446

Hyperlioceras discites, 739

I
Iapetognathus fluctivagus, 450, 454e455, 459,

461e462, 466, 490, 493f, 494

Ice cores, 961e962, 992e993, 992f, 993f
Ice-sheet modeling, 959

Ice volume, modeling temperature and,

959e961, 960f

Ichthyopterygia, 693

Icriodus woschmidti, 546e547

Idiognathodus amplificus Lambert, 608e609

Idiognathodus eccentricus, 609

Idiognathodus obliquus Kozitskaya, 608e609

Idiognathodus saggitalis, 617

Idiognathodus turbatus, 617

Idoceras planula, 745e746, 776
Illaenurids, 464

Illawarra geomagnetic polarity reversal,

669e670
Indiana lentiformis, 477

Induan stage, 685

Industrial revolution, Anthropocene during,

1036

Infrared stimulated luminescence (IRSL)

dating, 958

Integrated Ocean Drilling Program (IODP), 186

Interglacial deposits, of Pleistocene, 989, 989t

International Commission of Stratigraphy

(ICS), 2e4, 26, 31

Anthropocene Working Group of the

Subcommission of Quaternary

Stratigraphy, 1033e1034

International Commission on Stratigraphic

Terminology, 31

International Geological Congress (IGC), 31

International Subcommission on Cambrian

Stratigraphy (ISCS), 439e444

International Subcommission on Stratigraphic

Classification (ISSC), 31

International Union of Geological Sciences

(IUGS), 31

Interstadial deposits, of Pleistocene, 989

Ionian, base and duration of, 925t

Iron Age, 1027

Iron-formation, re-appearance of, 345

Irvingella, 451, 464

Irvingella angustilimbata, 459

Irvingella tropica, 461

Isograptus, development of, 494

Isograptus victoriae lunatus, 510

Isograptus victoriae victoriae, 494

Isohomoceras subglobosum, 615

Isotope dilution thermal ionization mass

spectrometry (ID-TIMS), 116

Isotope stratigraphy, 405

carbon, 507e508
Osmium, see Osmium isotope stratigraphy

oxygen, see Oxygen isotope stratigraphy

stable, 309

strontium, 139e141, 508e509

see also Stratigraphy

Italian Dolomites, Latemar massif in, 699

Itsaq Gneiss Complex, North Atlantic Craton,

Southwestern Greenland, 318

Ivorian stage, 604e606

J
Jiangshanian stage, 451, 459

in Duibian B section, 453f

Jinningian stage, of Cambrian System, in South

China, 455

Jinogondolella aserrata, 660, 669

Jinogondolella nankingensis, 660, 668

Jinogondolella postserrata, 660

Judomia, 446

Judomia-Uktaspis (Prouktaspis) zone, 462

Jujuyaspis borealis, 490e494

Jurassic, 3, 9t, 17, 23, 176, 731e791

compilation, 221e222
-Cretaceous boundary, 776, 796f

early, 235

interval, 137

lower, 733e738

Hettangian, 735

Pliensbachian, 735e738

Sinemurian, 735

Toarcian, 738

Triassic-Jurassic boundary, 733

middle, 738e744

Aalenian, 739

Bajocian, 739

Bathonian, 739e743

Callovian, 743e744

nomenclature and status of, 732f

overview of, 732e733

Quiet Zone, 97

stratigraphy, 748e763
marine biostratigraphy, 748e751

physical, 752e763

terrestrial biostratigraphy, 751e752

timescale, 763e777, 764f
direct spline-fitting of radio-isotopic age

suite, 773

early Jurassic scaling, 774

late Jurassic scaling, 776

middle Jurassic scaling, 774e776

numerical age model, 767t, 773e776

radio-isotopic dates, constraints from,

763e773

upper, 744e748

Kimmeridgian, 744e745

Oxfordian, 744e745
Tithonian, 746e748

Juvenile earth, 317e326

atmosphere on early, 319e324, 322f, 323f

early crustal remnants, 317e319
early life, 324e326, 325f

signs of life, 319

stable cratonic lithosphere, 319, 320f, 321f

K
Kalymma, 234

Kaninia, 464

Kara crater, 822

Kartamyshian, 622

Kasimovian stage, 607, 616e617

Katian stage, 498, 500f

Kenoran event, 304

Kerguelen Plateau, 821

Khantaian stage, 464

Kiaerograptus, 494

Kiaman Hyperchron, 622

Kimberella, 419

Kimmeridge clay, 254

Kimmeridgian, 744e745
GSSPs of, 778t

Jurassic numerical age models for, 767t
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late Jurassic scaling, 776

-Tithonian cyclostratigraphy, 761

Kinderhookian, 608

Kinnella kielanae, 502f

Klamathites macrolobatus, 690e691
Kockelella ortus absidata, 546

Koldinia mino, 464

Kotetishvilia compressissima, 748e750
KREEP, 282e284

Kuhfengian, 668

Kulyumbean stage, 463e464

Kulyumbopeltis, 464

Kungurian, 654e656, 659, 663

Kungurian-Tatarian, 654

L
La2004, 962

La2010, 962

Ladinian stage, 687

Land-sea correlation, 995e997, 996f

Ross Sea, Antarctica, 997, 999f

Wanganui Basin, New Zealand, 997, 998f

Land-vertebrate faunachrons (LVFs), 693e694,
751

Langhian, 927e928

base and duration of, 925t

lower limit of, 927e928

Laser ablation inductively coupled plasma mass

spectrometers (LA-ICPMS), 116

Late Amazonian Epoch, 291

Late Cryogenian Warm Interval (LCWI), 401,

407

global stratigraphic correlation, integrated

approach to, 406

Late Danian Event (LDE), 884

Late Hesperian Epoch, 289e290

Late Imbrian Epoch, 283

Late Jurassic Kimmeridge Clay succession, 252

Late Noachian Epoch, 288

Late Ordovician acme (LOa), 181

Late Pre-Cambrian system, 394

Laufeldochitina stentor, 498

Laurentian Cambrian stages, 464e466

Delamaran, 465

Dyeran, 465

Marjuman, 465

Montezuman, 464e465

Skullrockian, 466

Steptoean, 465e466

Sunwaptan, 466

Topazan, 465

Laurentian-Huronian boundary, 304e305
Laxitextella seegisi, 710

Leioceras opalinum, 739

Leiopyge cos, 460e461

Lejopyge armata, 449, 458

Lejopyge laevigata, 449, 450f, 458, 460

Lengwuan, 668

Lepidodendron, 234

Lepiskites kolyhmensis, 686

Lermontovia grandis zone, 463

Levallois technique, 1022

Linguagnostus reconditus, 446e447, 449, 458,
475e477

Line of correlation (LOC), 45e46

Linoprotonia corrugatohemispherica, 606

Linoprotonia hemispherica, 606

Lithostratigraphic signals, 1034

Lithostrotion minus, 606

Livian stage, 604e606
Llandovery series, 526e531

Aeronian stage, 526e527

Rhuddanian stage, 526, 530f

Telychian stage, 527e531
Llanvirn, 501e503

Lobograptus scanicus, 545

Lochkovian stage, 562

Lochrea ziegleri, 606, 613

Loess deposits, 990, 991f, 992f

Lomagundi-Jatuli isotopic excursion, 338e339,

358e359
Lonchocephalids, 464

Long lake records, Quaternary period, 993

Longlinian, 668

Lopingian composite, Carboniferous, 629

Lopingian Series, 661e663

Changhsingian, 663, 665f

Wuchiapingian, 663, 664f

Lotagnostus americanus, 450e454, 454f, 459, 475
Lotagnostus americanus americanus, 454

Lotagnostus americanus trisectus, 454

LOWESS

database, fitting, 128f, 129f, 130e132, 136e139
regression curve, 172f

S isotope values and, 176e178

Lowstand Systems Tract, 245

Ludfordian stage, 536, 538f

Ludlow Series, 533e536

Gorstian stage, 533e536

Ludfordian stage, 536

Luminescence dating, 1001e1002

see also Dating

Lunar stratigraphy, 280f

see also Stratigraphy

Luodianian, 668

Lutetian stage

base of, 866, 867f

GSSP of, 866

M
Maastrichtian, 806e808, 807f

boundary stratotype of, 806e808

defined, 806

history of, 806

interval, 137

substage of, 808

Macrocephalites gracilis, 755

Macrocephalites macrocephalus, 743

Macrofossils, Ediacaran, 418f

Maduiya, 464

Magdalenian, 1023

Magnetic field reversals, 85e87

Magnetic susceptibility (MS) signatures, 582

Magnetostratigraphy, 19, 85e87, 468e469,

795e797, 814e816, 881e884,

947e954

Cambrian, 468e469

Carboniferous, 619f, 622

Ordovician, 507

outcrop-based, 97

Quaternary, 981

Silurian, 542

Triassic, 695e697

see also Stratigraphy

“Malm,” 744

Mammal-based chronological systems,

in Neogene period, 938fe939f

Mammalian Dispersal Event (MDE), 881

Mammalian zonations, Paleogene timescale,

878e881

Manihiki Plateau, 821

Mansiella, 464

Margulis endosymbiosis model, of eukaryote,

344f

Marine biostratigraphy, 808e814

see also Biostratigraphy

Marine isotope stages (MIS), 157e158, 995

Marine macrofauna, 618, 809

Marine magnetic anomaly patterns, 87

Marine microfauna, 618

Marine reptiles, Triassic, 693

Marinoan cap carbonates, 415

Marjuman stage, 465

Mars, 284e291
Early Amazonian Epoch, 290

Early Hesperian Epoch, 288e289

Early Noachian Epoch, 287e288
Late Amazonian Epoch, 291

Late Hesperian Epoch, 289e290

Late Noachian Epoch, 288

Middle Amazonian Epoch, 290e291

Middle Noachian Epoch, 288

pre-Noachian period, 287

Matuyama-Brunhes boundary (MBB), 983

Maximum flooding surface (MFS), 242, 245

Maximum regression surface, 245

Mayan stage, 463

Mean solar second, 15

Medullosa (medullosans), 234

Megacricetodon gersii, 930

Megafossils, Ediacaran, 415e419

Meginoceras meginae, 687

Meishucunian stage, 455

Melanocyrillium sp., 404

Meramecian, 608

Mercury, 291e293
Merrillina praedivergens, 668e669

Mesoarchean Era, 360e362

Mesogondolella britannica, 668

Mesogondolella idahoensis idahoensis, 660

Mesogondolella idahoensis lamberti, 660

Mesogondolella uralensis, 656e659

Mesolithic, 1025

Mesoproterozoic Era, 363

Mesotaxis falsiovalis, 566e570

Mesotaxis guanwushanensis, 566e570

Mesozoic, 161e163, 191e193, 235, 693e694
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Mesozoic (Continued)

timescale, 22f, 23e24

Messinian, 930, 931f

base and duration of, 925t

salinity crisis (MSC), 956

Metasibirites, 691

Micracanthoceras microcanthum, 747

Microdictyon effusum, 446

Microfossils

Ediacaran, 419e422, 420f

organic, 814

siliceous, 814

Triassic, 693

zonations, 945e947, 946f

calcareous nannofossils, 945e947

diatoms, 947

dinoflagellates, 947, 948f

foraminifera, 945

radiolarians, 947

Microzarkodina flabellum, 494

Microzarkodina parva, 498

Mictosaukia perplexa, 461

Middle Amazonian Epoch, 290e291
Middle Cryogenian Age Constraints, 401

Middle Miocene Climate Transition (MMCT),

153, 154f

Middle Noachian Epoch, 288

Mid-Eocene climatic optimum (MECO),

188e189, 886

Mid-late Devonian decline (MLDd), 195,

197e198
Mid-Paleocene Biotic Event (MPBE), 884

Mid-Pleistocene Revolution, 1017e1018, 1018f

Mid-twentieth century, Anthropocene in,

1036e1037

Milankovitch cycles, 63, 69f, 958e962

Milankovitch-type orbital climate cyclicity, 3

Millerella marblensis, 615

Millerella pressa, 615

Miocene, 153, 925e930

base middle Miocene, lower limit of, 927e928

isotope, 959

Misikella hernsteini, 691

Misikella posthernsteini, 691

Mississippian compilation, 220

Mississippian-Pennsylvanian boundary,

613e615, 614f

Mississippian subsystem, 609e613

Devonian-Carboniferous boundary and

Tournaisian stage, 610

Serpukhovian, 610e613

Visean, 610

Mississquoia zone, 466

Missourian, 609

Mjølnir crater, 822

Moliniacian stage, 604e606
Monitis bivalves, 691

Monoclimacis aff. vomerina, 533

Monoclimacis crenulata, 529e531, 533, 545

Monoclimacis greistoniensis, 533

Monograptus austerus sequens, 526e527

Monograptus convolutes, 248

Monograptus uniformis, 34e36

Monograptus uniformis angustidens, 562

Monograptus uniformis uniformis, 562

Montezuman, 464e465

Moon-forming giant impact, 313, 314f

Morokweng crater, 821

Morphoceras parvum, 739e743
Morrowan stage, 608

Moscovian-Asselian shifts, 627

Moscovian stage, 607, 615e616
Moscovian U-Pb zircon ages, 635, 636f

Mousterian tool production, 1021e1022, 1022f

M-sequence model

age model and uncertainties for, 109e110, 110t
constraints on spreading rates for, 98e109,

100t

Cretaceous portion of, 814

from deep-tow magnetometer surveys, 97

of marine magnetic anomalies, 97

patterns of, 98, 99t, 100t

N
Nahannagnostus nganasanicus, 464

Nama assemblage, 419

Namacalathus, 419

Namibia

age constraints, 396t, 401

Late Cryogenian Warm Interval, 406

Namurian stage, 606e607
Nangaoan stage, 455e456

Nascent earth, 313e317

early basaltic protocrust, isotopic evidence for,

315e316
Hadean zircons (Jack Hills), 316

life, origins and early evolution of, 316e317

solar system, accretion of, 313e315

Natural fission reactors, 346

Nectarian period, 282e283

Negative carbon isotope excursions (NCIEs),

209

Negative thermal ionization mass spectrometry

(N-TIMS), 121

Nemagraptus gracilis, 498, 499f, 503

Nemakit-Daldynian stage, 462

Nemistium edmondsi, 606

Neoagnostus quasibilobus, 461

Neoarchean Era, 362e363

Neocolonograptus parultimus, 536

Neodiversograptus nilssoni, 529f, 533e536,

545

Neogene, 3e4, 7, 9t, 24, 923e978, 924f

Astronomically Tuned Neogene Timescale,

962e964

ATNTS2004, 962

ATNTS2012, 962

global chronostratigraphic boundaries,

incorporation of, 962

La2004 vs. La2010, 962

new data, 962

new timescale, advantages of, 964

Paleogene/Neogene boundary, age of, 962

zonal schemes, incorporation of, 964

biostratigraphy, 939e947
microfossil zonations, 945e947, 946f

vertebrates, 939e945

carbon isotopes, 961

chronostratigraphy, 924e925

global stages of, 925e935

regional stages of, 935e939

stage boundaries, base and duration of,

925t

event stratigraphy, 947e956

astronomical timescale for, 956

polarity sequences, 947

sequence stratigraphy, 954e955

tektites, 955e956

tephrochronologhy, 955

volcanic ash layers, 955

ice cores, 961e962

location and primary correlation criteria, 963t

mammal-based chronological systems,

938fe939f

marine isotope stages (MIS), 188

Nordic, 55e56

oxygen isotopes, 958e961

stratigraphy, 185

radio-isotopic ages, 956e958
40Ar/39Ar dating, 956e957
14C/234U dating, 957e958
87Sr/86Sr dating, 958
230Th/234U dating, 957e958

U/Pb dating, 957

sedimentary cycles, 961

Neogloboquadrina pachyderma, 186

Neognathodus caudatus Lambert, 608e609

Neognathodus roundyi, 630

Neolithic, 1025e1026

Neopopanoceras haugi, 686e687

Neoproterozoic, 219, 394

eCambrian interval, 394f

Era, 364, 394

earth system change during, 405f

glacial deposits, 414e415
glaciations, 352e354

strata, 413

Neoschwagerina margaritae, 668

Neospathodus pakistanensis, 685e686
Neospathodus waageni sensu lato, 686

Neostreptognathodus, 669

Neostreptognathodus pequopensis, 663,

668e669

Neostreptognathodus pnevi, 659, 663

Neurograptus margiritatus, 498

Neuropteris, 235

Nevadites secedensis, 687, 704, 707

New Zealand, regional Neogene stages for,

936f, 937e939

Nileids, 459

Niuchehean stage, 459

Nochoroicyathus sunnaginicus, 462

Noösphere, 1033

Nordic Miocene Zonation, 57f

Nordic Neogene, 55e56

see also Neogene

Nordic Paleogene, 56

see also Paleogene

Norian stage, 682, 690e691

Normalograptus extraordinarius, 501

Normalograptus persculptus, 501
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North America

mammal-based chronological systems,

938fe939f

vertebrates, 943e944

Nowakia (Turkestanella) acuaria, 562

Nowakia cancellata, 566

Numerical agemodel, Cretaceous, 823e841, 827t

early Cretaceous scaling, 835e840

late Cretaceous scaling, 840e841

Nuvvuagittuq Supracrustal Belt, Superor

Province, Canada, 318e319

O
Ocean Anoxic Event (OAE), 254

Ocean Drilling Program (ODP), 179, 186

Oceanic anoxic event (OAE), 161e163
Ocean-sediment sequences, Quaternary period,

995

Oelandodus elongatus e Acodus deltatus, 494

Oktavites spiralis, 529e531
Olenaspella evansi, 465e466

Olenaspella regularis, 465e466

Olenekian Stage, Lower Triassic, 685e686

history, definition, and boundary stratotype

candidates, 685e686

Smithian and Spathian Substages, 686

Olenekites pilaticus ammonoid zone, 686

Olenellid Province, 466

Olenellus, 446, 465

Olenus ogilviei, 461

Oligocene, 153e156
-early Miocene, 137

EoceneeOligocene transition, 155e156

Yemeni-Ethiopian flood basalts, 154e155

Onniella cf. argentea, 503

Ontong Java Plateau (OJP), 161e162, 821

Oopecten gigas, 935e937

Optically stimulated luminescence (OSL)

dating, 958

Orbital tuning, 24

Orbulina suturalis, 927e930

Ordovician, 7, 9t, 175, 489e523
boundary, 139

compilation, 219e220

history and subdivisions, 490e501

lower, 490e494
Cambrian-Ordovician Boundary and

Tremadocian stage, 490e494, 493f

Floian stage, 494

middle, 494e498
Dapingian stage, 494

Darriwilian stage, 494e498

previous standard divisions, 501e506
Arenig, 501

Ashgill, 503

Australasian Stages, 503

Caradoc, 503

Llanvirn, 501e503

stage slices, 503e506, 504f, 505f

Tremadoc, 501

stratigraphy, 506e509
biostratigraphy, 506

carbon isotope stratigraphy, 507e508

eustatic and climatic events, 508

magnetostratigraphy, 507

radiation and mass extinction, 506

Sr isotope stratigraphy, 508e509

timescale, 491f, 509e518
Ordovician and Silurian Composite

Standard, building, 510e514, 514f

radiogenic isotope dates, 509e510
stage boundaries, age of, 513t, 514e518,

515f, 517t

upper, 498e501

Hirnantian stage, 501, 502f

Katian stage, 498, 500f

Sandbian stage, 498, 499f

Organic microfossils, 814

Orrorin tugenensis, 1012

Orthograptus pageanus, 498

Orthograptus quadrimucronatus, 498

Oryctocephalus indicus, 447, 447f, 458, 465

Osagean, 608

Osmium isotope ratio, 818

during Jurassic, 758e759

Osmium isotope stratigraphy, 145e166, 146t,
698

Cretaceous-tertiary (K-T) boundary,

159e160

early Eocene, 157e158
historical overview, 148e150

late Eocene impacts, 156e157

Mesozoic, 161e163

Miocene, 153

Oligocene, 153e156

EoceneeOligocene transition, 155e156

Yemeni-Ethiopian flood basalts,

154e155

Paleocene, 158e159

Paleozoic, 163

Pleistocene, 151e153
Precambrian, 163

pre-Cenozoic records, 160e161

see also Isotope stratigraphy

Ostracod zonation, Devonian, 577

Otoceras woodwardi, 683

Outcrop-based magnetostratigraphy, 97

see also Magnetostratigraphy

Ovatoryctocara, 456e458

Ovatoryctocara granulata, 447, 477

Ovatoryctocare granulate, 447f

Oxfordian stage, 744e745
cyclostratigraphy, 761

GSSPs of, 778t

Jurassic numerical age models for, 767t

late Jurassic scaling, 776
87Sr/86Sr ratio during, 759

Oxygen isotope(s), 623e624, 698, 958e961

stable, 758, 818

stages (OIS), 995

Oxygen isotope stratigraphy, 181e206, 543

application principles and considerations,

185e186
for Carboniferous and Permian brachiopod

shells, 197f

Cenozoic, 188e191

for Devonian, 196f

fractionation relations and paleotemperature

scales, 182e185

of gastropod shell, 187f

for Late Mesozoic and Cenozoic, 191f

Mesozoic, 191e193
Paleozoic, 193e198

brachiopod shells, 193e196, 194f

conodonts, 194f, 197e198
for Phanerozoic, 200f

Precambrian, 198

sample materials, 186e188

for screened Precambrian chert samples, 199f

for Silurian brachiopods, 195f

terminology and standardization, 181e182

see also Isotope stratigraphy

Ozarkodina bohemica longa conodont zone,

546

P
Pacific Equatorial Age Transect (PEAT)

program, 876

Pacific Province, 466

Pagetiellus anabarus zone, 462

Paibian stage, 451, 452f, 459

Palaeosmila murchisoni, 606

Palaeotaxus, 235

Palastrea regia, 606

Paleoarchean Era, 360

Paleocene, 158e159, 188e189

PaleoceneeEocene Thermal Maximum

(PETM), 157e159, 188e189, 222,

864, 874, 877, 881, 884e886

Paleoclimate, 623f, 625e627

Paleocontinent, neoproterozoic glacigenic

formations by, 350t

Paleogene, 9t, 137, 855e921

biostratigraphy, 872e881

location and primary correlation criteria, 907t

-Neogene boundary, age of, 962

Nordic, 56

overview of, 856e859

timescale, 3, 887e906
28 Ma discrepancy, 905

50 Ma discrepancy, 905

60 Ma discrepancy, 905

astronomical age model, 893e897, 898t
radio-isotopic age model, 887e893, 888t,

894t, 897e902, 901f, 903t

Paleoproterozoic Era, 363

Paleoproterozoic phosphate, in rich sedimentary

rocks, 340t

Paleozoic, 163, 170f, 173, 193e198, 233e235

brachiopod shells, 193e196
conodonts, 197e198

-Mesozoic boundary stratotype (base of

Triassic), 684f, 685

timescale, 20e23, 21f

Palmatolepis gracilis expansa, 570

Palmatolepis gracilis gonioclymeniae, 570

Palmatolepis linguiformis conodont zone, 570

Palmatolepis punctata, 570

Palmatolepis rugosa trachytera conodont zone,

570
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Palmatolepis subperlobata, 570

Palmatolepis triangularis conodont zone, 570

Palmatolepis ultima, 570, 571f

Paltodus deltifer, 494

Palynology, Carboniferous, 618e622
Palynomorph zonations, Devonian, 577e578

Pamirs, Permian period, 666f, 668

Pan paniscus, 1011e1012
Pan troglodytes, 1011e1012

Parabolina spinulosa, 451

Paracochloceras suessi, 691

Paradelograptus, 494

Paradelograptus antiquus, 494

Paradiversograptus runcinatus, 527e528

Paradoxides forchhammeri, 449

Paradoxides harlani, 477

Paragloborilus subglobosus, 455

Paragloborites-Siphogonuchites zone, 455

Paragloborotalia siakensis, 929f

Paraiostodus proteus, 494

Parakidograptus acuminatus, 526

Parakidograptus praematurus, 526

Parakoldinia, 464

Paraná, stratigraphic events in, 821

Paratemnograptus, 494

Paratethys

Central, 935e937, 936f

Eastern, 935e937, 936f

Parkinsonia parkinsoni, 739

Patinasporites densus, 690

PDB (Peedee Belemnite), 182

Pecten hermansenni, 935e937

Pectinatites (Virgatosphinctoides) elegans,

746e747
Pelagiella subangulata, 446

Peltocare rotundifrons, 510

Peltoceras athleta, 744

Peltura scarabaeoides, 451e454, 510
Pendleian, 606

Pennsylvanian curve, 220

Pentagnostus anabarensis, 56, 460

Pentagnostus praecurrens, 56, 460, 465

Pentagnostus shergoldi, 56

Perigordian, 1023

Perisphinctes (Arisphinctes) plicatilis, 745

Perisphinctes (Dichotomoceras) bifurcates, 745

Perisphinctes cautisnigrae, 745

Perisphinctes plicatilis, 758

Permian, 1, 9t, 17, 176, 653e679
Cisuralian Series, 654e659

Artinskian, 659

Asselian, 656

Kungurian, 659

Sakmarian, 656e659

compilation, 221

Guadalupian Series, 659e660

Capitanian, 660

Roadian, 660

Wordian, 660

history and subdivisions, 654e663, 655f
Lopingian Series, 661e663

Changhsingian, 663

Wuchiapingian, 663

regional correlations, 663e669

Germanic Basin, 668

Pamirs, 668

Russian platform, 663e668

Salt Range, 668

South China, 668

West Texas, 668e669

stratigraphy, 669e670

biostratigraphy, 669

physical, 669e670

timescale, 137, 670e677

composite standard, 671, 672t, 674f

radiometric age dates, 670e671
stage boundaries, age of, 671e677, 675t

-Triassic boundary, 704

Peronopsis taijiangensis, 458

Phanerozoic

Eon, 2e3, 14

evaporite record, 173e174

interval, data for, 131t

marine sediments, 429

seawater sulfur, 172

timescale, 17e20

Phialopecten marwicki, 937e939
Phialopecten thomsoni, 939

Phosphatic carbonates, 425e428

Phosphogenesis models, 342e343

Phosphorites, 339e342, 340t

post-glacial, 353

Phricodoceras taylori, 735

Phycodes pedum, 445

Phyllozoon, 419

Physical stratigraphy

Carboniferous, 622e627

Cretaceous, 814e822
Devonian, see Devonian:physical stratigraphy

Jurassic, 752e763

Permian, 669e670

Silurian, see Silurian:physical stratigraphy

Triassic, 695e700

see also Stratigraphy

Piacenzian, 934f

base and duration of, 925t

Pictonia baylei, 745, 776

Pictonia densicostata, 746

Pictonia flodigarriensis, 746

Pilekids, 459

Pilocene, 930, 932f

Pinaceae, 235

P. kugleri, 927

Plagiura-Poliella zone, 465

Planetary timescale, 275e298, 278f

Earth’s Moon, 277e284

Copernican period, 284

Early Imbrian Epoch, 283

Eratosthenian period, 283e284

Nectarian period, 282e283
pre-Nectarian period, 282

Mars, 284e291

Early Amazonian Epoch, 290

Early Hesperian Epoch, 288e289
Early Noachian Epoch, 287e288

Late Amazonian Epoch, 291

Late Hesperian Epoch, 289e290

Late Noachian Epoch, 288

Middle Amazonian Epoch, 290e291
Middle Noachian Epoch, 288

pre-Noachian period, 287

Mercury, 291e293

Venus, 293

Planktonic foraminifera, 873

see also Foraminifera

Planolites, 419

Plant megafossil zonation, Devonian, 578

Plants on earth, 233e237, 236f

Cenozoic, 235e237

Mesozoic, 235

Paleozoic, 233e235

Plectodina tenuis, 498

Plectostaffella bogdanovkensis, 615

Plectostaffella jakhensis, 615

Plectostaffella posochovae, 615

Plectostaffella varvariensis, 615

Pleistocene, 3, 151e153, 933e935
-Holocene boundary, 997e1000, 1000f

Plio-Pleistocene, see Plio-Pleistocene

Quaternary system, 983e988

Gelasian stage of, 984f

glacial deposits of, 988e990, 989t

lower, 983

middle, 983e987

timescale, 983, 986f

upper, 987e988

technologies, 1019

Early and Mid Pleistocene, early forms of

Homo in, 1013e1014
Lower Palaeolithic, 1019e1021

Mid and Late Pleistocene, Homo

Neanderthalensis in, 1014e1015
Middle Palaeolithic, 1021e1022

upper base and duration of, 925t

Upper Palaeolithic, 1022e1025

Plethopeltides, 464

Pleurograptus linearis, 503

Pleuromeia, 235

Pliensbachian stage, 735e738

cyclostratigraphy, 759e760
early Jurassic scaling, 774

GSSP for, 737f, 778t

Jurassic numerical age models for, 767t

Plio-Pleistocene

boundary, 980e983, 982f

isotope, 958e959

see also Pleistocene

Polarity chrons, 86

Polarity zone, 86

Polygnathus costatus partitus, 566, 567f

Polygnathus excavatus, 563e566
Polygnathus hemiansatus conodont zone, 566,

568f

Polygnathus kitabicus, 563e566
Polygnathus rhenanus-varcus conodont zone,

566

Polygnathus styriacus zone, 572e577

Portlandian-Purbeckian Cretaceous, 797

Praegubkinella turgescens, 733

Praeobsoletes burkemensis, 616

Praeorbulina glomerosa, 927e928

Praeorbulina sicanus, 927e928
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Pragian stage, 562, 564f

Precambrian, 198e201

biostratigraphy, 401

chronostratigraphic division of, 299e392

earth history of, 312e354

causative events in, 354e359, 354t, 357f

historical review of, 303e312

nomenclature of, 302t

oxygen isotope studies of, 187e188

period, 394e395

rationale of, 301e303

stratigraphy, 1e2
principles of, 303

recent advances in, 312

subdivisions of, 304e309

tectonic events of, 304f

timescale of, 301f, 303

current, 307

problems with, 309e312
revised, 359e365, 361f

Pre-Cenozoic records, 160e161

Precision and accuracy, of ATS, 72e76

seasonal phase relations, 72e74

solar system diffusion, 76

tidal dissipation, dynamical ellipticity and

climate friction, 74e75

uncertainties, summary of, 76

Pre-glacial Cryogenian, 406

Prehistoric human timescale, 1011e1032

early Pleistocene technologies, 1019e1022

lower Palaeolithic, 1019e1021
middle Palaeolithic, 1021e1022

early hominin evolution, palaeoenvironmental

context of, 1017e1019
Holocene technologies, 1025e1027

Bronze Age, 1026e1027

Iron Age, 1027

Mesolithic, 1025

Neolithic, 1025e1026

New World Holocene, 1027

hominin industries and terminology, 1019

hominin phylogeny and migration episodes,

1012e1017

Denisovans, 1015e1016

Early and Mid Pleistocene, early forms of

Homo in, 1013e1014

hominin predating homo, 1012e1013

Homo sapiens, origin of, 1016e1017

Mid and Late Pleistocene, Homo

Neanderthalensis in, 1014e1015

Homo sapiens, earliest technologies of,

1022e1025

mid Pleistocene technologies, 1019e1022
lower Palaeolithic, 1019e1021

middle Palaeolithic, 1021e1022

Prehousia zone, 465e466
Pre-Nectarian period, 282

Pre-Noachian period, 287

Pre-Ordovician time, 134t

Sr-isotope stratigraphy for, 139e141
Priabonian stage

base of, 868e869

GSSP of, criterion for, 868e869

Pridoli Series, 536, 539f

Pristiograptus watneyae, 533

Proagnostus bulbus, 449, 458

Proampyx agra, 460

Procentes progracilis, 743

Proceratopyge nectans, 461

Proceratopyge rectispinata, 451

Procerites (Procerites) hodsoni, 743

Proconeotodus zone, 468

Proconeotodus tenuiserratus zone, 468

Prodactylioceras davoei, 759e760

Prodactylioceras spinatum, 759e760

Productus hispidus, 606

Productus productus, 606

Proehmaniella basilica, 465

Profallotaspis, 462

Profallotaspis jakutensis, 446, 462

Profusulinella, 608

Progalbanites albani, 747

Proparvicingula moniliformis, 691

Prostacheoceras principale, 656

Proterophytic timescale, 305

Proterozoic

Eon, 363e364
late environmental instability, 348e352

systems/periods, 312

timescale, 305

problems with, 311e312
Protohertzina, 468

Protrachyceras longobardicum, 687

Protriticites, 617

Protriticites pseudomontiparus, 616, 635

Psaronius (Marattiales), 234

Pseudoacrocephalites, 464

Pseudoclimacograptus decoratus, 498

Pseudoendothyra globosa e Neoarchasediscus

parvus foraminiferal zone, 613

Pseudoglyptagnostus clavatus, 451

Pseudooneotodus bicornis, 533

Pseudopolygnathus trigonicus, 570

Pseudostaffella antique, 613

Psiloceras planorbis, 733, 735

Psiloceras spelae, 733, 748

Psychozoic Era, 1033

Pteridinium, 419

Pterospathodus amorphognathoides

amorphognathoides, 533

Ptychagnostus atavus, 447e449, 448f, 458,

460, 465

Ptychagnostus cassis, 460

Ptychagnostus gibbus, 447e449, 459e460,

463, 465

Ptychagnostus punctuosus, 447e449,

458, 460

Ptychangostus gibbus, 458

Pugilis pugilis, 606

Purbeckian regression, 795

Pygodus anserinus, 498

Pygodus serra, 508e509

Q
Qualitative biostratigraphy and biochronology,

55e60

Australian Cambrian stages, 56

Nordic Neogene, 55e56
Nordic Paleogene, 56

timescale creator, 56e60

Quantitative stratigraphy and biochronology,

45e55
CONOP program, 47e48, 55f

Antarctic biochronology, 48

early Paleozoic timescale, 47e48
method, 47

graphic correlation, 45e47

methods, 45

ranking and scaling, 51e55
method, 51e52

RASC biochronology, 52, 53f

Taranaki Basin biochronology and

geochronology, 52e55
unitary associations, 48e51

Quaternary period, 3, 9t, 14, 979e1010

Anthropocene series, 1001

chronostratigraphy of, 981f

dating methods, 1001e1003, 1002f, 1002t

evolution of, 980

Holocene series, 1000e1001

land-sea correlation, 995e997, 996f

location and primary correlation criteria,

1003t

magnetostratigraphy of, 981

ocean-sediment sequences, 995

Pleistocene, 983e988

Gelasian stage of, 984f

lower, 983

middle, 983e987

timescale, 983, 986f

upper, 987e988
Pleistocene-Holocene boundary, 997e1000,

1000f

Plio-Pleistocene boundary, 980e983, 982f

terrestrial sequences, 988e993
glacial deposits, 988e990, 989t

ice cores, 992e993, 992f, 993f

loess deposits, 990, 991f, 992f

long lake records, 993

speleothems, 993

Villafranchian mammal age, 993, 994f

Quenstedtoceras lamberti, 744e745
Quenstedtoceras mariae, 744e745

R
Radiocarbon (14C) dating, 1001

see also Dating

Radiogenic isotope age dates, Silurian,

545e547

Radiogenic isotope geochronology, 115e126
changes in geochronological practice since

GTS 2004, 116e122
40Ar/39Ar method, 119e121, 120t

Re-Os, 121e122
U-Pb, 116e119

changes in geochronological standards applied

to GTS 2012
40Ar/39Ar data, calibration of, 122e123
legacy U-Pb data, treatment of, 122

systematic error propagation, 122
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Radio-isotopic age model, 822e823, 956e958
40Ar/39Ar dating, 956e957

applications of, 956e957

intercalibration with astronomical dating,

956
14C/234U dating, 957e958

direct spline-fitting of, 823

Paleogene timescale, 887e893, 888t, 894t,
897e902, 901f, 903t

87Sr/86Sr dating, 958
230Th/234U dating, 957e958

U/Pb dating, 957

Radiolaria/radiolarians, 751, 877e878, 947

Devonian, 577

Triassic, 692

Rajmahal Traps, 821

RASC biochronology, 51e55, 53f

Rauserites rossicus, 617

Rauserites stuckenbergi, 617

Redlichia, 446

Redlichia chinensis, 459e460

Reefs, Triassic, 693

Remopleuriids, 459

Re-Os, 121e122

decay constants and uncertainties, 121

improved chemical extraction methods,

121e122
proxies, 423f, 424e425

Reticulofenestra pseudoumbilica, 937e939

Retispora lepidophyta, 572

Reversed-polarity clusters, 755

Rhabdinopora, 494

Rhabdinopora flabelliforme, 501

Rhabdinopora flabelliformis anglica, 494

Rhabdinopora flabelliformis parabola, 493f, 494

Rhabdinopora flabelliformis sociale, 510

Rhabdinopora praeparabola, 493f, 494

Rhabdinopora sociale, 501

Rhaetavicula contorta, 691

Rhaetian stage, 691

Rhuddanian stage, 526, 530f

Rhynia gwynne-vaughanii, 234

Ringsteadia anglica, 745

Ringsteadia pseudocordata, 744e745

Roadian stage, 658f, 660

ROECE excursion (Redlichiid-Olenellid

Extinction Carbon isotope

Excursion), 447, 470e471

Rohillites rohilla, 686

Rossello Composite Section (RSC), 35f

Ross Sea, Antarctica, 997, 999f

Rubidium contamination, 136

Rupelian stage

base of, 869e870, 871f

GSSP of, 870

Russian platform, Permian period, 663e668

S
S10 MFS, 248

Saetograptus leintwardinensis leintwardinensis,

529f

Saetograptus varians, 533e536

Sagenites quinquepunctatus, 691

Sahelanthropus tchadensis, 1012

Sakmarella (Pseudofusulina) moelleri, 656

Sakmarian-Artinskian boundary deposits, 659

Sakmarian stage, 656e659

Salome hubeiensis, 422

Salt Range, Permian period, 655f, 668

Sandbian stage, 498, 499f

Santonian, 805

boundary stratotype of, 805

defined, 805

history of, 805

substage of, 805

Saukiella junia, 454e455

Scaphignathus velifer, 572e577

Schistocephalus zone, 463

Schlotheimia angulatus, 735

Schmidtognathus hermanni conodont zone, 566

Schwagerina, 654

Schwagerina robusta, 656

Sea-level change

global

magnitude and pace of, 251

synchronicity of, 246e251

“icehouse” and “greenhouse” episodes,

254e258

integration of, 259

magnitudes of, 252

pace of, 252e254

and sequence stratigraphy and geological

timescale

historical links between, 239e240
Seawater sulfate, 170e171

Secondary ion mass spectrometers (SIMS), 116

Sectipecten wollastoni, 937e939
Sedimentary cycles, 961

Selandian stage

base of, 859e861, 862f

GSSP of, 861

Sequence boundaries (SB), 242, 245

Sequence stratigraphy, 13e14, 624e625,

820e821, 954e955

Cambrian, 472, 472f

and eustasy, 240e242

integration of, 259

and sea-level change and geological timescale

historical links between, 239e240

signals, 1034, 1035f

uses of, 245e246

see also Stratigraphy

Serpukhovian, 627

Serpukhovian stage, 607, 610e613

Serravallian, 928e930, 929f

base and duration of, 925t

Shandongodus priscus-Hunanognathus

tricuspidatus, 468

Sheinwoodian stage, 533, 534f

Shergoldia nomas, 461

Shipingia olseni, 710

Shumardites e Vidrioceras ammonoid zone,

617e618
Shungite, 345

Shuram anomaly, 422e423

Shuram Wonoka, 422e423

Siberian Cambrian stages, 462e464

Amgan, 463

Atdabanian, 462

Botoman, 463

Gorbiyachinian, 464

Khantaian, 464

Kulyumbean, 463e464

Mayan, 463

Nemakit-Daldynian, 462

Tommotian, 462

Toyonian, 463

Tukalandian, 464

Siberian Traps, Triassic, 700

Sigaloceras calloviensis, 743

Sigillaria, 234

Siliceous microfossils, 814

Silurian, 3, 7, 9t, 20, 175, 525e558
biostratigraphy, 536e542

Chitinozoan Zones, 541e542

Conodont Zones, 541

Graptolite zones, 541

Zonal Groups, 542

compilation, 220

history and subdivisions, 526

Llandovery Series, 526e531

Aeronian stage, 526e527

Rhuddanian stage, 526

Telychian stage, 527e531

Ludlow Series, 533e536

Gorstian stage, 533e536

Ludfordian stage, 536

physical stratigraphy, 542e544
chemostratigraphy, 542e543

climatic events, 544

Eustasy, 543e544
magnetostratigraphy, 542

volcanism and K-Bentonite stratigraphy, 544

Pridoli Series, 536

sea levels, reconstruction of, 544

stage classifications, 536, 540f

timescale, 528f, 544e551

constrained optimization, relative duration of

stages from, 548, 549t

radiogenic isotope age dates, 545e547

relative duration of zones and stages,

estimating methods of, 547e548
stage boundaries, age of, 548e551

stage boundaries, calibration of, 548

Wenlock Series, 533

Homerian stage, 533

Sheinwoodian stage, 533

Simeonella nostorica, 710

Sinemurian, 735

cyclostratigraphy, 759

early Jurassic scaling, 774

GSSPs of, 778t

Jurassic numerical age models for, 767t

-Pliensbachian boundary, 774

Sinemurum Briennense castrum, 735

Sinian system, 394

Sinosaukia impages, 461

Siphonodella crenulata, 624

Siphonodella isosticha, 624

Siphonodella praesulcata, 610

Siphonodella praesulcata-sulcata, 570e572
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Siphonodella sulcata, 570e572, 608, 610, 634
Siphonodendron juncerum, 606

Siphonodendron pauciradiale, 606

Skullrockian stage, 466

Small shelly fossils (SSFs), 439e444
biostratigraphy of, 468

SMOW (Standard Mean Ocean Water), 182

Solar system

accretion of, 313e315

events, 310f

Solutrean, 1023

Sonninia sowerbyi, 739

South America

mammal-based chronological systems,

938fe939f

vertebrates, 944e945
South Atlantic spreading history, C-sequence

age model for, 95e96, 96f

Speleothems, 993

Sphaeroschwagerina vulgaris aktjubensis, 656

Sphenolithus belemnos, 925e927

Sphenolithus capricornutus, 925e927

Sphenolithus delphix, 925e927
Sphenolithus heteromorphus, 927e928, 929f

SPICE excursion (Steptoean PositIve Carbon

isotope Excursion), 470e471

Spinachitina cervicornis, 498

Spinachitina taugourdeaui, 501

Spirograptus guerichi, 528e529, 529f

Spirograptus turriculatus, 527e528, 545e546

Spriggina, 419

Sr-isotope stratigraphy, 508e509

for pre-Ordovician time, 139e141

Stadial deposits, of Pleistocene, 989

“Stage-abbreviation-then-number” system,

695e696

Statistical procedures, 269e273

history, 269e270
modifications in GTS2012, 272e273

spline fitting in GTS2004, 270e272

radiometric/stratigraphic errors, 270e272

treatment of outliers, 272

zonal boundaries, ages of, 272

Stephanian stage, 606e607

Steptoean stage, 465e466
Stigmacephalus oweni, 466

Stikinoceras kerri, 690e691

Stimulograptus halli, 527

Stimulograptus sedgwickii, 527e528
Stomatograptus grandis, 529e531

Stone tools, 1023

Stratigraphy

Arabian plate sequence, 248

biostratigraphy, see Biostratigraphy

Cambrian, see Cambrian:stratigraphy

Carboniferous, 618e627
charts and tables, 26e27

chemostratigraphy, see Chemostratigraphy

chronostratigraphy, see Chronostratigraphy

climatostratigraphy, see Climatostratigraphy

Cretaceous, 808e822

cycle, see Cyclostratigraphy

cyclostratigraphy, see Cyclostratigraphy

Devonian, 572e582, 573f, 576f

event, see Event stratigraphy

geochemical, 816e818

isotope, see Isotope stratigraphy

Jurassic, 748e763

lunar, 280f

magnetostratigraphy, see Magnetostratigraphy

Ordovician, see Ordovician:stratigraphy

Permian, 669e670
physical, see Physical stratigraphy

Precambrian, 1e2, 303, 312

sequence, 820e821

signature, of Anthropocene, 1034e1036
Silurian, 536e544

standardization of, 2e3

Triassic, 691e700

Stratotypes, 33e34
Strenoceras (Strenoceras) niortense, 739

Streptognathodus barskovi, 668e669

Streptognathodus invaginatus, 656

Streptognathodus isolatus, 635, 656, 668e669,

671

Streptognathodus nodulinearis, 656

Streptognathodus saggitalis, 635

Streptognathodus simulator, 609, 617, 635

Streptognathodus subexcelsus, 617, 635

Streptognathus isolatus, 657f

Streptograptus johnsoni, 545e546

Strontium and Osmium isotope ratios, in

Triassic, 698

Strontium isotope (87Sr/86Sr), 423e424, 423f

analyses, 471

chemostratigraphy of Cambrian System,

470f

curve for Permian period, 670

dating, 622e623, 958

ratio, 818

Jurassic, 758e759

Triassic, 698

stratigraphy, 127e144, 543

in Carboniferous, 622e623

comments on the LOWESS fit, 136e139

databases used for this volume, 129

fitting the LOWESS database, 130e132

materials for, 128e129

numerical ages, 129e130
for pre-Ordovician time, 139e141

quality of the fit, 134e136

rubidium contamination, 136

studies, 423e424

Sturtian glaciation, 394

Subcommission on Devonian Stratigraphy

(SDS), 560

Sub-Milankovitch events, 996

Sulfur isotopes, 424

stratigraphy, 167e180

correlation, 178e179
geological timescale database, 172e176

isotopic fractionation of sulfur, 171

LOWESS regression curve, 176e178

measurement and materials for, 171e172
mechanisms driving variation in, 168e171

Triassic, 698

Sunwaptan stage, 466

Svalbardella, 56

Svetlanoceras primore, 656

Sweetognathus anceps, 659

Sweetognathus binodosus, 659

Sweetognathus expansus, 656

Sweetognathus merrilli, 656

Sweetognathus species, 669

Sweetognathus whitei, 668e669

Symphysurina bulbosa, 490e494
Système International d’Unités (SI)

conventions, 15

Systems tracts, 244e245

T
Taenicephalus, 464, 466

Taijiangian stage, 458

Tanarium conoideum, 420f

Taranaki Basin biochronology and

geochronology, 52e55

Tatarian, 663e668

Taylor Creek rhyolite, 23

Tektites, 955e956

Telychian stage, 527e531, 532f

Templetonian, 56

Tephrochronologhy, 955

Terreneuvian series, 444e445

Fortunian stage and base of the Cambrian

system, 445

Stage 2, 445

Terrestrial biostratigraphy, 814

see also Biostratigraphy

Terrestrial sequences, Quaternary period,

988e993

glacial deposits, 988e990, 989t

ice cores, 992e993, 992f, 993f

loess deposits, 990, 991f, 992f

long lake records, 993

speleothems, 993

Villafranchian mammal age, 993, 994f

Tethyan ammonite zones, interpolated

numerical ages for, 713t, 770t

Tetragraptus approximates, 494, 495f, 501

Tetrapod trackways, 578

Thanetian stage

base of, 861e864, 863f

GSSP of, 863e864

Therapsids, 694
230Th/234U dating, 957e958, 1003

see also Dating

Tianzhushania spinosa, 420f, 421

Timescale creator, 56e60
Titanites anguiformis, 747

Tithonian, 746e748

-Berriasian boundary, 23, 795e797

GSSPs of, 778t

Jurassic numerical age models, 767t

late Jurassic scaling, 776

Toarcian, 738

cyclostratigraphy, 760

early Jurassic scaling, 774

GSSPs of, 778t

Jurassic numerical age models for, 767t

Toarcian Oceanic Anoxic Event (T-OAE),

757e758
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TOCE excursion (Top of Cambrian isotope

Excursion), 471

Toarcian (Jurassic) decline (TJd), 181

Tomagnostus fissuse Paradoxides sacheri zone,

463

Tonian period, 394

Tookoonoka crater, 822

Topazan stage, 465

Topaz Internment Camp, 465

Torrowangea, 419

Tortonian, 930

base and duration of, 925t

Tournaisian stage, 604e606, 610

Toxitis, 463

Toyonian stage, 463

Trachhystrichosphaera, 404

Trachyceras desatoyense, 693e695

Transgressive Systems Tract, 245

Tremadocian stage, 490e494
Tremadoc Series, 501

Triassic, 7, 9t, 176, 681e730

compilation, 221

end-Permian ecological Catastrophes, 682e685
GSSPs of, 719t

history and subdivisions, 682e691

interval, 137

-Jurassic boundary, 705, 733, 763, 774

lower, 685e686

Induan, 685

Olenekian, 685e686

middle, 686e687
Anisian, 686e687

Ladinian, 687

Paleozoic-Mesozoic boundary stratotype, 685

Permian-Triassic boundary, 682e685

stratigraphy, 691e700, 717f

marine biostratigraphy, 692e693

physical, 695e700
terrestrial biostratigraphy, 693e695

timescale, 700e718

early Triassic scaling, 705e707, 706f

late Triassic scaling, 707e708
middle Triassic scaling, 705e707, 706f

radio-isotopic dates, constraints from,

700e705
upper, 687e691

Carnian, 687e690

Norian, 690e691

Rhaetian, 691

Trichophycus pedum, 443f, 455, 471, 474

Trilobites, 438

Furongian Series and Paibian stage, 452f

Jiangshanian stage, 453f

Trilobite zones, in Cambrian, 467

Trimerophytes, 234

Tropites dilleri, 710

Tropites subbullatus, 710

Tropites subbullatus ammonoid zone, 710

Truncorotalia crassaconica, 939

Truncorotalia oceanica, 939

TS-Creator�, 58e60

Tsunyidiscus niutitangensis, 455e456

Tukalandian stage, 464

Tumbiana formation stromatolites, 329e330
Turonian, 802, 804f

boundary stratotype of, 802

defined, 802

history of, 802

substage of, 802

Tuvalian, base of, 710

Typothorax coccinarium, 694

U
Ultradaixiana bosbytauensis e Schwagerina

robusta zone, 622

Ultradaixina bosbytauensi, 656

Uncertainties in computed ages/durations, 15

Undulograptus austrodentatus, 494e498, 497f
Undulograptus intersitus, 498

Undulograptus sinicus, 497f

Universal time, 15

U-Pb, 116e119
CA-TIMS, 116e117

decay constants and uncertainties, 117e118

error propagation, 119

IDTIMS zircon tuff ages, 625

isotope tracers and standards, 117

mass spectrometry, 116

“natural” 238U/235U, 118e119

Uptonia jamesoni, 735

Uralian stages, 607

Urals composite, 630

Uranium dating

U-Pb zircon, 304e305, 327f, 957, 1003

Moscovian, 635, 636f
234U/238U, 1003

see also Dating

Uvigerina graciliformis, 935e937

V
Valanginian, 797e798

boundary stratotype of, 797

defined, 797

history of, 797

substage of, upper, 798

Vallasporites ignacii, 690

Varanger/Marinoan glacial deposits, 414e415
Varangian system, 394

Variomargosphaeridium, 421

Vase-shaped microfossils” (VSM), 404

Vendian system, 394

Venus, 293

Venus of Willendorf, 1024

Vermiceras quantoxense, 736f

Vertebrates, 939e945
Africa, 945

Asia, 943

Australia, 945

Europe, 940e943, 941t

North America, 943e944

South America, 944e945

zonations, Devonian, 578

Vertumniceras mariae, 744

Villafranchian mammal age, 993, 994f

Virgatopaviovia fittoni, 747

Virgilian stage, 609

Viséan stage, 604e606

Visean-Serpukhovian transition, 613

Visean stage, 610, 612f

Volcanic ash layers, 955

Volcanism, 544

Volgian Regional Stages of Europe, 747

Volgian-Ryazanian Cretaceous, 797

Vychegda assemblage, 421

W
Waagenoceras, 660

Walker Circulation, 1017e1018

Wanganui Basin, New Zealand, 997, 998f

Wangcunian stage, 458

Warm-water benthic Foraminifera, dynamics of,

627f

Warnantian stage, 604e606

Watsonella crosbyi, 445

Weathering rinds, 1003

Wengania minuta, 420f

Wenlock Series, 533

Homerian stage, 533

Sheinwoodian stage, 533

Westergaardodina cf. calix-Prooneotodus

rotundatus zone, 468

Westergaardodina lui-W. ani zone, 468

Westergaardodina matsushitai-W. grandidens

zone, 468

Westergaardodina quadrata zone, 468

Westphalian stage, 606

West Texas, Permian period, 668e669

White Jurassic, 744

White Sea assemblage, 419

Windermeria, 419

Wordian stage, 660, 661f

Wrangellia terrane, Triassic, 700

Wuchiapingian, 663, 664f, 668

X
Xiangboan, 668

Xystridura templetonensis, 459e460

Y
Yemeni-Ethiopian flood basalts, 154e155

Ypresian stage

base of, 864e866, 865f

GSSP of, 864e866
Yudona-Olenek facies region, 463

Yurakia yurakiensis, 464

Z
Zanclean, 933f

base and duration of, 925t

Zemlyankas, 1023

ZHUCE excursion (ZHUjiaqing Carbon isotope

Excursion), 470

Zigzagiceras zigzag, 739

Zisongian, 668

Zonal Groups, 542

Zygochlamys delicatula, 939
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