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A GEOLOGIC TIME SCALE 2004

An international team of over 40 stratigraphic experts, many
actively involved in the International Commission of Stratig-
raphy (ICS), have helped to build the most up-to-date in-
ternational stratigraphic framework for the Precambrian and
Phanerozoic. This successor to A Geologic Time Scale 1989
by W. Brian Harland ez a/. (Cambridge, 1989) begins with an
introduction to the theory and methodology behind the con-
struction of the new time scale. The main part of the book is
devoted to the scale itself, systematically presenting the stan-
dard subdivisions at all levels using a variety of correlation
markers. Extensive use is made of stable and unstable isotope
geochronology, geomathematics, and orbital tuning to produce
a standard geologic scale of unprecedented detail and accuracy
with a full error analysis. A wallchart summarizing the whole
time scale, with paleogeographic reconstructions throughout
the Phanerozoic is included in the back of the book. The time
scale will be an invaluable reference source for academic and

professional researchers and students.
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Dedication

We dedicate this third edition of the Geologic Time Scale
book to W. B. (Brian) Harland'. He was an inspiring leader
in practical stratigraphy, its philosophical roots, and its prime
product: The Geologic Time Scale!

i Deceased.






With the acceptance of a reliable time scale, geology will have
gained an invaluable key to further discovery. In every branch
of science its mission will be to unify and correlate, and with
its help a fresh light will be thrown on the more fascinating
problems of the Earth and its Past.

Arthur Holmes, 1913, The Age of the Earth
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Preface

This study presents the science community with a new geologic
time scale for circa 3850 million years of Earth history. The
scale encompasses many recent advances in stratigraphy, the
science of the layering of strata on Earth. The new scale closely
links radiometric and astronomical age dating, and provides
comprehensive error analysis on the age of boundaries for a
majority of the geologic divisions of time. Much advantage
in time scale construction is gained by the concept of stage
boundary definition, developed and actively pursued under
the auspices of the International Commission on Stratigraphy
(ICS), that co-sponsors this study.

It was in 1997 that Alan Smith approached two of us
(EM.G. and J.G.O.) with the request to undertake anew edition
of A Geologic Time Scale 1989 (GTS89) for Cambridge Univer-
sity Press. This was just after the “Phanerozoic Time Scale”
with the A3 format time scale colour chart as insert, spon-
sored by Saga Petroleum in Norway, had appeared in Episodes.
Although we realized this new request was a tall order, we opti-
mistically accepted. A proposal was formulated and improved
through peer review. As with GTS89, the new edition of the
book would not necessarily give the very latest developments
in any field, but would present a balanced overview designed
to be educational and useful for advanced university students.
In particular progress with the concept and defining of stage
boundaries had delineated most international geologic stages.

Initially, a rather limited slate of specialists was engaged,
and we optimistically projected completion of a revised GT'S89
at the turn of the Millennium. Slightly after, EM.G. and J.G.O.
became executive officers of ICS for the 2000-2004 term, and
the GTS project was incorporated in ICS’s formal objectives.

Creatinganew GTS in 2000, 2001, or even 2002, turned out
to be rather optimistic. The more we involved ourselves in the
myriad of challenges in stratigraphy and the Phanerozoic geo-
logic time scale the more we realized that a major overhaul was
in order. Rather than updating and revising chapters of GTS89
we set out to re-write the book from scratch and expand geo-
logic period chapters along a “fixed,” and ambitious format of
text and figures. Advances in time scale methodology involving

cycle stratigraphy, mathematics and statistics, stable isotope

XV

stratigraphy, and the formidable progress in high-resolution
age dating all demanded close attention with data integration
and specialists chapters.

The vast progress in Precambrian and Phanerozoic stratig-
raphy achieved during the last decade required intense involve-
ment of many more geoscientists than initially envisioned. Al-
though the more ambitious scope and bigger team did push
back completion deadlines, we are confident it has enhanced
the consensus value of the new geologic time scale, named
GTS2004. Had we known beforehand that a total of 18 senior
and 22 contributing authors, for a total of 40 geoscience spe-
cialists from 15 different countries, would work on the book
and deal with the new time scale, we might have had second
thoughts about our undertaking. The number of e-mails sent
“criss-cross” over the globe as part of GTS2004 is in the tens
of thousands. A fundamental difference between multidisci-
plinary studies and geologic time scale studies is that all chap-
ters must align along the arrow of time. To put it simply: the
Carboniferous cannot end at 291 Ma with the Permian start-
ing at 299 Ma. Close agreement on type of data and standards
admitted in actual time scale building is also vital. Hence, the
actual data standardization and time scale calculation for each
chapter was kept to a small team in which Mike Villeneuve,
Frits Agterberg, FM.G., and J.G.O. played key roles, with other
senior authors as advisors. The new Neogene time scale was
developed by Luc Lourens and his team of tuning specialists.

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 bio-
logical 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 slate of outstanding co-authors. We also con-
sider the new time scale a tribute to the scientific competence
harbored and fostered by ICS.

We are deeply grateful to all co-authors who without reser-
vation 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.



xvi Preface

Itis with deep regret that we learned in mid 2002 that one of
our most valuable scholars in Paleozoic stratigraphy, Professor
Michael House, had passed away, very shortly after submission
of his draft chapter on Devonian stratigraphy. It has been an
honor to complete the task he set himself to create this erudite
chapter of expansive and dramatic Earth history between 416
and 359 Ma. Vascular plants and forests established on Earth,
exceptional high global sea level occurred, ice caps formed
in the south polar region in late Devonian time, and present
continents and shelves assembled on one hemisphere. Old Red
Sandstone is one of the Devonian’s great continental remnants.

Through the NUNA Conference in Canada in March 2003
on “New Frontiers in the Fourth Dimension: Generation, Cal-
ibration and Application of Geologic Timescales” the essay
“Toward a natural Precambrian time scale” by Wouter Bleeker
came to this book. Hence, this period of over 88% of Earth
history is getting some more urgent attention. We thank Mike
Villeneuve and his team for organizing this timely geochronol-
ogy conference.

We are pleased to acknowledge the financial contribution
of ExxonMobil, Statoil, ChevronTexaco, and BP. With these
vital donations the elaborate graphics became possible. J. G.
O. acknowledges partial support by the US National Science
Foundation under Grant No. 0313524. The Geological Survey

of Canada and the Network of Offshore Records in Geology
and Stratigraphy (NORGES) project at the Geology Museum
of the University of Oslo assisted with design and printing of
the time scale wall chart.

Cambridge University Press patiently awaited the fruits
of our labor, and we are much obliged to Matt Lloyd, Sally
Thomas, and Lesley Thomas for their thorough editorial advice
and assistance.

Figure 1.4 in the Introduction chapter illustrates the 1960
geologic time scale by its pioneer, Arthur Holmes, who intro-
duced period scaling from observed maximum thickness. The
appearance datum of this new opus in mid 2004 is nearly 90
years after Arthur Holmes’s first humble geologic time scale
in 1913 in search of the age of the Earth and its remarkable
historic components.

This publication on the International Geologic Time Scale
was produced under the auspices of the International Commis-
sion on Stratigraphy (ICS). Information on ICS; its organiza-
tion, its mandate, and its wide-ranging geoscience program can

be obtained from www.stratigraphy.org.

Felix M. Gradstein
James G. Ogg
Alan G. Smith
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Introduction

F. M. GRADSTEIN

The development of new dating methods and the extension of existing
methods has stimulated the need for a comprehensive review of the
geologic time scale. The construction of geologic time scales evolved

as a result of applying new ideas, methods, and data.

1.1 A GEOLOGIC TIME SCALE 2004

The geologic time scale is the framework for deciphering the
history of the Earth. Since the time scale is the tool “par ex-
cellence” of the geological trade, insight in 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 calibrated, rather than merely
using the numbers in them.

This calibration to linear time of the succession of events

recorded in the rock record has three components:

1. the international stratigraphic divisions and their correla-
tion in the global rock record,

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

3. the methods of effectively joining the two scales.

For convenience in international communication, the rock
record of Earth’s history is subdivided into a “chronostrati-
graphic” scale of standardized global stratigraphic units, such
as “Jurassic,” “Eocene,” “Harpoceras falciferum ammonite
zone,” or “polarity Chron C24r.” Unlike the continuous tick-
ing clock of the “chronometric” scale (measured in years before
present), the chronostratigraphic 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 “Devo-
nian.” The chronostratigraphic scale is an agreed convention,
whereas its calibration to linear time is a matter for discovery

or estimation (Fig. 1.1).

A Geologic Time Scale 2004, eds. Felix M. Gradstein, James G. Ogg, and Alan
G. Smith. Published by Cambridge University Press. © F. M. Gradstein,
J. G. Ogg, and A. G. Smith 2004.

Chronometric Chronostratigraphic
scale scale
Astron?mical Absolute Stage L
cycles ages Norian @
Ar—Ar Carnian
U-Pb " é
Ladinian %
Anisian

Calibration

Geologic time scale

e.g.
GTS2004

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).

By contrast, Precambrian stratigraphy is formally classi-
fied chronometrically (see Chapter 9), i.e. the base of each
Precambrian eon, era, and period is assigned a numerical age
(Table 1.1).

Continual improvements in data coverage, methodology,
and standardization of chronostratigraphic units imply that
no geologic time scale can be final. A Geologic Time Scale 2004
(GTS2004) provides an overview of the status of the geological
time scale and is the successor to GTS1989 (Harland ez al.,
1990), which in turn was preceded by GTS1982 (Harland ez al.,
1982).
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Table 1.1 Current framework for subdividing terrestrial stratigraphy

Eon Era Definition of base Age in (Ma)

Phanerozoic Cenozoic Boundaries defined in rock To be discovered by correlation from
Mesozoic (chronostratigraphically) by GSSPs and dating. Base of
Paleozoic GSSPs Phanerozoic dated at 542 Ma

Proterozoic Neoproterozoic Boundaries defined in time Age of basal Proterozoic defined
Mesoproterozoic (chronometrically) by arbitrary as 2500 Ma
Paleoproterozoic assignment of numerical age

Archean Neoarchean Boundaries defined in time Age of basal Archean not defined
Mesoarchean (chronometrically) by arbitrary
Paleoarchean assignment of numerical age
Eoarchean

Since 1989, there have been several major developments:

1. Stratigraphic standardization through the work of the In-
ternational Commission on Stratigraphy (ICS) has greatly
refined the international chronostratigraphic scale. In some
cases, traditional European-based geological stages have
been replaced with new subdivisions that allow global cor-
relation.

2. New or enhanced methods of extracting linear time from the
rock record have enabled high-precision age assignments.
An abundance of high-resolution radiometric dates have
been generated that has led to improved age assignments of
key geologic stage boundaries. The use of global geochem-
ical variations, Milankovitch climate cycles, and magnetic
reversals have become important calibration tools.

3. Statistical techniques of extrapolating ages and associated
uncertainties to stratigraphic events have evolved to meet
the challenge of more accurate age dates and more pre-
cise zonal assignments. Fossil event databases with multiple
stratigraphic sections through the globe can be integrated
into composite standards.

The compilation of GTS2004 has involved a large num-
ber of specialists, including contributions by past and present
chairs of different subcommissions of ICS, geochemists work-
ing with radiogenic and stable isotopes, stratigraphers using
diverse tools from traditional fossils to astronomical cycles to
database programming, and geomathematicians.

The set of chronostratigraphic units (stages, eras) and
their computed ages which constitute the main framework for
A Geologic Time Scale 2004 are summarized as Fig. 1.2, with
detailed descriptions and stratigraphic scales in appropriate
chapters.

1.2HOW THIS BOOK IS ARRANGED

The foundation of the geologic time scale is the standard-
ized system of international stratigraphic units. Chapter 2
summarizes the philosophy of the construction of this inter-
national standard, gives selected examples of defining bound-
aries, and reviews the origin of the main divisions of eons and
eras.

Biostratigraphy, or the use of fossils in the rock record
for assigning relative ages, has merged with mathematical and
statistical methods to enable scaled composites of global suc-
cession of events. Chapter 3 on biostratigraphy summarizes
these quantitative methods, which were used to construct the
primary standard for most of the Paleozoic time scale (from
542 to 251 Ma).

Periodic multi-thousand-year oscillations in the Earth’s or-
bit and tilt relative to the Sun produce cyclic environmental
changes that are recorded in sediments. Chapter 4 summa-
rizes how these astronomical signals are extracted from the
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. Cycle stratigraphy has
calibrated the time scales for most of the Neogene Period (i.e.
for the past 23 million years), and for portions of the Paleo-
gene Period (from 65 to 23 Ma) and Mesozoic Era (from 251
to 65 Ma).

Reversals of the Earth’s geomagnetic field are recorded
by sediments, by volcanic rocks, and by the oceanic crust.
Chapter 5 explains how the oceanic magnetic anomalies are
calibrated with spreading models to produce a powerful corre-
lation tool for sediments deposited during the past 160 million
years. These calibrated C-sequence and M-sequence polarity

time scales enable assignment of ages to stage boundaries and to
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biostratigraphic and other stratigraphic events through much
of that interval.

Chapter 6 on radiogenic isotopes summarizes the evolving
techniques used to acquire high-precision ages from the rock
record. However, high precision does not always imply accu-
racy, and this chapter explains some of the pitfalls induced by
geological distortions or laboratory standards.

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.

Assembling the array of radiometric, biostratigraphic, cy-
cles, magnetic, and other data into a unified geologic time
scale, and extrapolating the ages and uncertainties on strati-
graphic boundaries is the topic of Chapter 8, Geomathematics.
This chapter also details construction methods and results for
GTS2004.

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 two chapters on the Precambrian highlight the
philosophical difference in establishing chronostratigraphic
subdivisions based on pure linear age versus identifying sig-
nificant global events.

The Phanerozoic (the past 542 million years of Earth
history) is subdivided into 11 periods. Each of the “period
chapters” has three principal parts: an explanation of the for-
mal subdivision into stages using global boundary stratotypes
associated with primary and secondary correlation markers; a
summary of the biostratigraphy, cycle stratigraphy, magnetic
stratigraphy, and geochemical stratigraphy features that are
applied to construct high-resolution relative time scales; and
the methods of calibration to a linear time framework. Each
period chapter includes a detailed graphic presentation of its
integrated geologic time scale, and these are drawn at a uni-
form scale among all chapters and in the color plates section
to allow visual comparison of rates.

The summary of GTS2004 (Fig. 1.2) in Chapter 23 reviews
the entire geologic time scale, summarizes its construction and
uncertainties, and outlines potentially rewarding directions for

future time scale research.

1.3 CONVENTIONS AND STANDARDS

Ages are given in years before “Present” (BP). To avoid a con-
stantly changing datum, “Present” was fixed as AD 1950 (as in

14C determinations), the point in time at which modern isotope
dating research began 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 11500 years), the
current offset (50 years) between the “BP” convention from
radiometric laboratories and actual total elapsed calendar years
becomes significant.

For clarity, the linear age in years is abbreviated as “a”
(for annum), and ages are generally measured in ka or Ma, for
thousands, millions, or billions of years before present. The
elapsed time or duration is abbreviated as “ys” (for year), and
durations are generally in kyr or myr. Therefore, the Cenozoic
began at 65.5 Ma, and spans 65.5 myr (to the present day).

The uncertainties on computed ages or durations are ex-
pressed as standard deviation (1-sigma or 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. Therefore,
an age cited as “124.6 4= 0.3 Ma” implies a 0.3 myr uncertainty
(1-sigma, unless specified as 2-sigma) on the 124.6 Ma date.
We present the uncertainties () on summary graphics 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 uni-
form, 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 fre-
quency 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 pe-
riods of the radiation corresponding 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 definition assigns to cesium radiation was carefully
chosen to make it impossible, by any existing experimental ev-
idence, 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 Sys-
tem of Units is the relative ease, in theory, for anyone to build
and calibrate an atomic clock with a precision of 1 part per 10!
(or better). In practice, clocks are calibrated against broadcast
time signals, with the frequency oscillations in hertz being the

“pendulum” of the atomic time keeping device.

1 year is approximately 31.56 mega seconds (1 a =~31.56
Ms).
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Although dates assigned in the geologic time scale are measured
in multiples of the atomic second as unit of time (year), there
are two other types of seconds: mean solar second and ephemeris

second.

1.3.1 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.

1.3.2 Ephemeris time

Ephemeris time (ET) is uniform and obtained from observa-
tion by directly comparing positions of the Sun, Moon, and the
planets with calculated ephemerides of their coordinates. Web-
ster’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 defined as
1731556 925.9447 of the tropical year for 1900 January 0 day
12 hour ET. The ephemeris day is 86 400 ephemeris seconds,
which unit in 1957 was adopted by the International Astro-

nomical Union as the fundamental invariable unit of time.

1.4 HISTORICAL OVERVIEW OF GEOLOGIC
TIME SCALES

Stitching together the many data points on the loom of
time requires an elaborate combination of Earth science and
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mathematical/statistical methods. Hence, the time and ef-
fort involved in constructing a new geologic time scale and
assembling all relevant information is considerable. Because of
this, and because continuous updating in small measure with
new information is not advantageous to the stability of any
common standard, new geologic time scales spanning the en-
tire Phanerozoic tend to come out sparsely (e.g. Harland ez al.,
1982, 1990; Gradstein and Ogg, 1996; Remane, 2000).

In the absence of accepted accurate dates at each stage
boundary, extrapolating the ages of geologic stages is a major
challenge in time scale building and various methods have been
employed by different compilations, including this GTS2004
version. A major challenge in itself is to try to understand the
precision of radiometric ages, including calibrations between
different radiometric methods, now that analytical errors are
greatly reduced.

Figure 1.3 summarizes those and some others in terms of
12 methods applied since 1937. Radiometric age dating, strati-
graphic reasoning, and biostratigraphic/geomagnetic calibra-
tions are three corner stones of time scale building. Strati-
graphic reasoning, although fuzzy, evaluates the complex web
of correlations around stage boundaries or other key levels, and
is paramount in the science of stratigraphy. Geomathematical
methods involve mathematical/statistical routines and inter-
polations that can estimate margins of error on limits of strati-
graphic units; such errors are of two main types, stratigraphic
and analytical (see Chapter 8). Tuning of 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 and 21). Such an orbitally tuned time scale can
also calibrate the standards and decay constants of radiometric

methods.

1.4.1 Arthur Holmes and age—thickness interpolations

Arthur Holmes (1890—-1965) was the first to combine radiomet-
ric 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 amajor impact on those
interested in geochronology. For his pioneering scale, Holmes
carefully plotted four radiometric dates, one in the Eocene
and three in the Paleozoic from radiogenic helium and lead in
uranium minerals, against estimates of the accumulated maxi-
mum thickness of Phanerozoic sediments. If we ignore sizable
error margins, the base of Cambrian interpolates at 600 Ma,
curiously close to modern estimates. The new approach was
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Figure 1.3 Twelve methods in geological time scale building applied since 1937.

a major improvement over a previous “hour-glass” method
that tried to estimate maximum thickness of strata per period
to determine their relative duration, but had no way of esti-
mating rates of sedimentation independently. As late as 1960,
Holmes, being well aware of 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 modifi-
cation of Samuel Haughton’s celebrated principle of 1878
that “the proper relative measure of geological periods is
the maximum thickness of strata formed during those pe-
riods”, 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 (Fig. 1.4). Compared with the initial
1913 scale, the projected durations of the Jurassic and Permian
are more or less doubled, the Triassic and Carboniferous are

extended about 50%, and the Cambrian gains 20 myr at the

expense of the Ordovician.

1.4.2 Phanerozoic radiometric databases, statistical
scales, and compilations

W. B. Harland and E. H. Francis as part of a Phanerozoic time
scale symposium coordinated a systematic, numbered radio-
metric database with critical evaluations. Items 1-337 in The
Phanerozoic Time-Scale: A Symposium (Harland ez al., 1964)
were listed in the order as received by the editors. Supple-
ments of items 338-366 were assembled by the Geological So-
ciety’s Phanerozoic Time-scale Sub-Committee from publica-
tions omitted from the previous volume or published between
1964 and 1968, and of items 367—404 relating specifically to the
Pleistocene most were provided by N. J. Shackleton. The com-
pilation of these additional items with critical evaluations
was included in The Phanerozoic Time-Scale: A Supplement
(Harland and Francis, 1971). In 1978, R. L.. Armstrong pub-
lished a re-evalution and continuation of The Phanerozoic
Time-Scale database (Armstrong, 1978). This publication did
not include abstracting and critical commentary. These cata-
logs of items 1-404 and of Armstrong’s continuation of items
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Figure 1.4 Scaling concept employed by Arthur Holmes in the first
half of the previous century to construct the geologic time scale. The
cumulative sum of maximum thicknesses of strata in thousands of

feet per stratigraphic unit is plotted along the vertical axis and

404-522 were denoted “PTS” and “A,” respectively, in later
publications.

In 1976, the Subcommision 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, 1978).
This new set of decay constants necessitated systematic up-
ward or downward revisions of previous radiometric ages by
1-2%.

In A Geological Time Scale (Cambridge University Press,
1982), Harland e al. standardized the Mesozoic—Paleozoic
portion of the previous PTS-A series to the new decay con-
stants and included a few additional ages published in Con-
tributions to the Geological Time Scale (Cohee ef al., 1978) and
by McKerrow et /. (1985). Simultaneously, G. S. Odin super-
vised a major compilation and critical review of 251 radiometric
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. 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 additional data for differ-

ent time intervals.

Millions of Years

selected radiometric dates from volcanic tuffs, glauconites, and
magmatic intrusives along the horizontal linear axis. This version
(Holmes, 1960) incorporated an uncertainty envelope from the

errors on the radiometric age constraints.

After applying rigorous selection criteria to the PTS-A
and NDS databases and incorporating many additional stud-
ies (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 GTS89 derived from the marriage of
the chronogram concept with the chron concept, both of which
represented an original path to a more reproducible and ob-
jective scale. Having created a high-temperature radiometric
age data set, the chronogram method was applied that mini-
mizes the misfit of stratigraphically inconsistent radiometric
age dates around trial boundary ages to arrive at an estimated
age of stage boundaries. From the error functions a set of
age/stage plots was created (Appendix 4 in GTS89) that depict
the best age estimate for Paleozoic, Mesozoic, and Cenozoic
stage boundaries. Because of wide errors, particularly in Paleo-
zoic and Mesozoic dates, GTS89 plotted the chronogram ages
for stage boundaries against the same stages with relative dura-
tions scaled proportionally to their component “chrons.” For
convenience, chrons were equated with biostratigraphic zones.
The chron concept in GTS89 implied equal duration of zones
in prominent biozonal schemes, such as a conodont scheme

for the Devonian. In Chapter 8, the chronogram method is
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discussed in more detail and compared with the maximum
likelihood method of interpolations using all radiometric ages,
not only chronostratigraphically inconsistent ones.

The Bureau de Récherches Géologiques et Minieres and
the Société Géologique de France published a stratigraphic
scale and time scale compiled by Odin and Odin (1990). Of
the more than 90 Phanerozoic stage boundaries, 20 lacked ad-
equate radiometric 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 standards,
and is rich in detail, graphics, and zonal charts. Gradstein
and Ogg (1996) assembled a composite Phanerozoic scale from
various published sources, including McKerrow ef al. (1985),
Berggren et al. (1995a), Gradstein ez al. (1995), Roberts et al.
(1995a), and Tucker and McKerrow (1995). The Interna-
tional Stratigraphic Chart (Remane, 2000) is an important
document for stratigraphic nomenclature (including Precam-
brian), and included a contrast of age estimates for stratigraphic
boundaries modified from Odin and Odin (1990), Odin (1994),
Berggren et al. (1995a), and individual ICS subcommissions.

During the 1990s, a series of developments in integrated
stratigraphy and isotopic methodology enabled relative and lin-
ear geochronology at unprecedented high resolution. Magne-
tostratigraphy 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 analyti-
cal precessions less than 1%. Comparison of volcanic-derived
ages to those obtained from glauconite grains in sediments in-
dicated that the majority of glauconite grains yielded system-
atically younger ages (e.g. Obradovich, 1998; Gradstein ez al.,
1994a), thereby removing a former method of obtaining direct
ages on stratigraphic levels. Pelagic sediments record features
from the regular climate oscillations produced by changes in
the Earth’s orbit, and recognition of these “Milankovitch” cy-
cles allowed precise tuning of the associated stratigraphy to
astronomical constants.

Aspects of the GTS89 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 refinement of inte-
grating biostratigraphy with radiometric tie points, whereas
the late Mesozoic and Cenozoic also utilized oceanic magnetic

anomaly patterns and astronomical tuning.

A listing of the radiometric dates and discussion of specific
methods employed in building GTS 2004 can be found within
individual chapters relating to specific geological periods.

1.4.3 Paleozoic scales

The Paleozoic spans 291 myr between 542 and 251 Ma. Its
estimated duration has decreased about 60 myr since the scales
of Holmes (1960) and Kulp (1961). Selected key Paleozoic
time scales are compared to GTS2004 in Fig. 1.54,b; historic
changes stand out best when comparing the time scale at the
period level in Fig. 1.5a4.

Differences in relative estimated durations of component
period and stages are substantial (e.g. the Ludlow Stage in the
Silurian, or the Emsian Stage in the Devonian). Whereas most
of the Cenozoic and Mesozoic have had relatively stable stage
nomenclature for some decades (Figs. 1.6 and 1.7), the prior
lack of an agreed nomenclature for the Permian, Carboniferous,
Ordovician, and Cambrian periods complicates comparison of
time scales (Fig. 1.5a; see also Chapters 11, 12, 15, and 16).

The 570 through 245 Ma Paleozoic time scale in GTS89
derived from the marriage of the chronogram method with the
chron concept. The chron concept in GTS89 implied equal
duration of zones in prominent biozonal schemes, such as a
conodont scheme for the Devonian, etc. The two-way graphs
for each period in the Paleozoic were interpolated by hand,
weighting tie points subjectively. Error bars on stage bound-
aries calculated with the chronogram 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 relatively large un-
certainties led to poorly constrained age estimates for stages;
this uncertainty is readily noticeable in the chronogram/chron
figures of GTS89.

The 545 through 248 Ma Paleozoic part of the Phanerozoic
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. (1995a), and
Tucker and McKerrow (1995).

The International Stratigraphic Chart (Remane, 2000) pro-
vides 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 here.

Modern radiometric techniques that are having significant
impact for Paleozoic dates include high-precision U-Pb dates
from magmatic zircon crystals in tuffs (K-bentonites) wedged
in marine strata that supercede older schemes with *Ar—Ar,
Rb-Sr, and K—Ar dates on minerals like glauconite, and on
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whole-rock samples. A good review in this respect for the De-
vonian is found in Williams ez a/. (2000), whose study points out
that it is clearly desirable to combine high analytical precision
with narrow biostratigraphic control to provide the most useful
points for time scale calibration. These authors make a case that
the Carboniferous—Devonian boundary is near 362 Ma instead
of near 354 Ma or even younger, as shown in more recent scales
of Fig. 1.5. The same authors point out the considerable varia-
tion in the estimated age for the Silurian—Devonian boundary
from ~418 to 410 Ma, and some exceptional short estimates for
stage durations, such as 1 myr for the Pridoli Stage (Tucker
et al., 1998) and 0.9 myr for the Pragian Stage (Compston,
2000b). The latter conflicts with the analysis of cyclicity in
the limestones in the classical Devonian sections of the Bar-
randian (Czech Republic), which suggests the Pragian Stage
is not much shorter than the underlying Lochkovian Stage
(Chlupac, 2000).

Because of the relative scarcity of reliable dates with
high stratigraphic precision, geomathematical/statistical tech-
niques for direct estimation of stage boundaries are not eas-
ily applicable in the Paleozoic, and various best-fit line tech-
niques are utilized. Tucker and McKerrow (1995, their Fig. 1)
plotted selected age dates for Cambrian—Devonian from well-
established stratigraphic levels against their fossil age in an
iterative manner, juggling radiometric dates of selected sam-
ples against their stratigraphic age determined by fossils such
that a straight fit was created relative to the adjusted stage
boundaries.

An improved version of this graphical method was em-
ployed by Tucker et al. (1998) to arrive at a “time line” for the
Devonian. First, they used graphical correlation plus biostrati-
graphic intuition to scale the seven Devonian stages. Then, a
suite of U-Pb zircon ages using the TIMS method for six vol-
canic ashes closely tied to biostratigraphic zones were used
to adjust and calibrate this scaling. The Devonian scale in
GTS2004 uses a modified version of their biostratigraphic
scaling with a calibration from additional age dates (see Chap-
ter 14). A similar technique is applied to the Carboniferous
and Permian in GTS2004.

Cooper and Sadler added a new tool to the arsenal of time
scale methodology, as applied to the Early Paleozoic time scale
(see Chapters 12 and 13). Using detailed graptolite sequences
from over 200 sections from oceanic and slope environment
basins, a robust composite fossil sequence was calculated using
the constrained optimization method of compositing. The Or-
dovician is taken to be 44.6 myr in duration, and lasted from
488.3 to 443.7 Ma; the Silurian lasted for 27.7 myr from 443.7
to 416 Ma. Calculated uncertainties are relatively small.
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1.4.4 Mesozoic scales

The Mesozoic time scale spans an interval of 186 myr, from
251 to 65.5 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 com-
pared to GTS2004 in Figs. 1.6a,b. The geologic time scale
for the Mesozoic has undergone various improvements during
the last two decades. The Larson and Hilde’s (1975) marine
magnetic anomaly profile displayed by the Hawaiian spreading
lineation was adapted for scaling of the Oxfordian through Ap-
tian Stages in KG85 and SEPM95 to compensate for a paucity
of isotope dates. Databases of radiometric ages have been sta-
tistically analyzed with various best-fit methods to estimate
ages of stage boundaries (GTS89 and SEPM95). Neverthe-
less, there have been substantial differences in the estimated
ages and durations of stages and periods among scales con-
structed 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 (1993) suggested a duration
of 2 myr.

Age differences are particularly obvious for the Jurassic—
Cretaceous transition: the Tithonian—Berriasian boundary
(which lacks an international definition) is 130 Ma in NDS82,
135 Ma in Remane (2000), but ~145 Ma in GTS89 and
SEPM95, both of which excluded glauconite dates.

The Jurassic scales of van Hinte (1976), NDS82, KG85,
EX88, Westermann (1988), and SEPM95 relied on biochronol-
ogy to interpolate the duration of stages. As a first approxima-
tion, it was assumed that the numerous ammonite zones and/or
subzones of the Jurassic have approximately equal mean du-
ration between adjacent stages. Toarcian and Bajocian Stages
have double the number of ammonite subzones compared to
the Aalenian, so are assumed to span twice as much time. The
limited age control on the duration of the entire Jurassic in-
dicates that the average duration of each zone is ~1 myr and
each subzone is ~0.45 myr (e.g. Westermann, 1988). KG85
and SEPMY5 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 SEPMO95 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 vari-
ability in Pliensbachian and Toarcian ammonite zones when
scaled to a linear trend in the %7Sr/80Sr ratio of the oceans
(see Chapter 18). However, the average of the durations is not
much off. Westermann’s (1988) estimate, and application of
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a combined strontium trend and cycle stratigraphy to Lower
Jurassic stages (Weedon ez al., 1999) yielded relative durations
for the Hettangian, Sinemurian, and Pliensbachian that are
within error limits of those of SEPM95.

The advent of *Ar/%Ar radiometric age dates on ben-
tonites in local ammonite zones in a large part of the US West-
ern 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 consid-
ered all his previous K—Ar ages on sanidines to be obsolete.
The monitor standards for *°Ar/3°Ar dating have undergone
revisions during the late 1990s (see detailed discussion in
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 currently rec-
ommended TC monitor value of 28.34 Ma is only on the
order of 0.05 myr. Correlation of the North American am-
monite 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 stron-
tium isotope curves for portions of the Campanian and Maas-
trichtian (e.g. McArthur er al., 1993, 1994). Gradstein et al.
(1994a, 1995) incorporated the high-precision *’Ar/*Ar data
of Obradovich (1993); the authors applied a cubic-spline fit to
the data set. An even more refined version of this analysis is the
basis for the GTS2004 scale for Late Cretaceous (see Chap-
ters § and 19). 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, Palfy e al. summarized 14 U-Pb TIMS dates
from the Lower and Middle Jurassic of Western Canada, cal-
ibrated to regional ammonites stratigraphy. Complex U-Pb
systematics made it difficult to obtain precise ages for some
of the samples, and additional uncertainties enter when cali-
brating the regional biostratigraphy to the European standard
ammonite zonation, but this data set provides the most impor-
tant constraint on the basal-Jurassic through Toarcian stages
(see Chapter 18).

Cycle stratigraphy, which has become the primary method
of scaling the Cenozoic time scale, has been applied to portions

of the Triassic, Jurassic, and Cretaceous time scales (reviewed in
Chapters 17-19). As an example, Herbert ez a/. (1995) summa-
rized 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 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, and are within the error bars of results derived from
statistical fits to the limited radiometric 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 for tuning. This cycle scaling
of the Albian events, but incorporating a potential nannofossil
marker for the Albian—Aptian boundary, is used in GTS2004
(see Chapter 19).

1.4.5 Cenozoic scales

The Cenozoic time scale, from 65 Ma to Recent 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 of
only 11500 yr.

Although the Cenozoic Era is known in most detail, stan-
dardization of stage boundaries with consensus definitions and
GSSPs has been slow. In the Paleocene Period, only the epoch
boundaries are formally defined: base-Paleocene, base-Eocene,
and base-Oligocene. All Cenozoic standard stages are originally
based on European stratotypes, with the Neogene Mediter-
ranean ones more difficult to correlate world-wide as a func-
tion of increasing provincialism and diachronism in faunal and
floral events in the face of higher latitude climatic cooling. Se-
lected key Cenozoic time scales are compared to GTS2004 in
Figs. 1.7a,b.

Since 1964, when B. F. Funnel presented the first, relatively
detailed and accurate Cenozoic time scale with radiometric age
estimates, many marine time scales have been erected with a
progressive enhancement of scaling methods. Berggren (1972)
and NDS82 combined radiometric age dating, stratigraphic
reasoning, and biostratigraphic/geomagnetic calibrations.
Hardenbol and Berggren (1978), GTS82, DNAGS83, and EX88
added marine magnetic reversal calibrations.

Whereas the Paleozoic and Mesozoic time scales gener-
ally lack a unifying interpolation method, the marine mag-
netic reversals profile provides a powerful interpolator for the
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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 ra-
diometric age of selected magnetic polarity reversals in lavas
and sediments provide a finely spaced scale. These are com-
bined 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 ez a/.
(1982).

The method itself dates back to Heirtzler ez al. (1968),
who selected a detailed profile in the Southern Atlantic from
anomalies 2 through 32. The only calibrated tie point was mag-
netic anomaly 2A at 3.4 Ma, based on the radiometrically dated
magnetic reversal scale of Cox et al. (1964) in Pliocene through
Pleistocene lavas. Assuming that ocean-floor spreading had an
invariant spreading rate of 1.9 cm/10% yr through the Cam-
panian (~80 Ma), ages were assigned to the main Campanian
through Pleistocene polarity chrons. This ambitious extrap-
olation has turned out to be within ~10% of later interpo-
lations using a more detailed composite seafloor profile, and
an improved array of age-calibrated tie points (Hardenbol and
Berggren, 1978, DNAGS83, EX88, and GTS89).

Cande and Kent (1992a,b, 1995) constructed a new ge-
omagnetic reversals time scale using a composite of marine

magnetic anomalies from the South Atlantic with short splices
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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—magnetostratigraphic
correlations with the Cande and Kent spreading model,
Berggren ez al. (1995a) compiled a comprehensive Cenozoic
time scale.

Orbital tuning has become the dominant method for con-
structing detailed Neogene time scales (e.g. Shackleton et al.,
1990, 1999, 2000; Hilgen, 1991a; Hilgen ez al., 1995, 1997),
and is making inroads in the Paleogene. These Milankovitch
cycles of climate oscillations are recorded in nearly all oceanic
and continental deposits, and have become a requirement for
placement of stage-boundary stratotypes within the Neogene
(see Chapter 21). Among a long list of differences we men-
tion that the Oligocene—Miocene boundary appears 800 kyr
younger, but the Tortonian—Messinian boundary is 120 kyr
older than in Berggren ez al. (1995a). 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 (Rohl ez al., 2001)
and refined estimates of spreading rates for the South Atlantic
profile (see Chapter 5). If the current pace of cycle stratig-
raphy applications continues, it is quite likely that tuning to
astronomical cycles will enable detailed scaling of many more

segments of the geologic time scale within the next decade.
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Chronostratigraphy: linking time and rock

F. M. GRADSTEIN, J. G. OGG, AND A. G. SMITH

Geologic stages and other international subdivisions of the Phanero-
zoic portion of the geologic scale are defined by their lower boundaries
at Global Stratotype Sections and Points (GSSPs). The main crite-
ria for a GSSP are that primary and secondary markers provide the
means for global correlation. GSSP theory and criteria are outlined,
the status of ratified GSSPs provided, and three examples discussed
of prominent GSSPs. Subdivisions of the International Stratigraphic

Chart are summarized and illustrated.

2.1 TIME AND ROCK

Geologic time and the observed rock record are separate
but related concepts. A geologic time unit (geochronologic
unit) is an abstract concept measured from the rock record
by radioactive decay, Milankovitch cycles, or other means.
A “rock-time” or chronostratigraphic unit consists of the
total rocks formed globally during a specified interval of
geologic time. The chronostratigraphic units are grouped
into a hierarchy to subdivide the geologic record on Earth
progressively. This chronostratigraphic scale was originally
established from a combination of regional lithologic units
(e.g. the Chalk of England defined the “Cretaceous,” and the
“Triassic” was assigned to a trio of distinctive formations in
Germany) and of unique, non-recurring events provided by
biological evolution.

These fragmentary chapters in the history of life and re-
gional sediment facies gave rise to the succession of the stan-
dard geologic periods and the subdivision of periods into stages
that form the chronostratigraphic time scale. In its classic us-
age, each geological stage was delimited at a “stratotype” to
indicate the idealized extent and fossil content. The historical
development of stratigraphy utilized former marginal marine
to pelagic successions that are now uplifted in Europe, and
these quasi-regional units still provide the basic nomencla-

ture of most geological stages. However, the geologic record is

A Geologic Time Scale 2004, eds. Felix M. Gradstein, James G. Ogg, and Alan
G. Smith. Published by Cambridge University Press. © F. M. Gradstein,
J. G. Ogg, and A. G. Smith 2004.
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Table 2.1 Duality of some principle geochronologic (time) and

chronostratigraphic (time—rock) units”

Time units Chronostratigraphic units

Geologic time scale intervals

Eon Eonothem
Era Erathem
Period System
Epoch Series
Age Stage

Non-hierarchal interval

Chron

Zone (or chronozone)

Geomagnetic intervals

Polarity chron Polarity zone (or polarity

chronozone)

Biostratigraphy intervals

Biochron Biozone
(range zone, interval

zone, etc.)

“ Modified from International Stratigraphic Guide, 2nd edition, Salvador,
1994.

discontinuous, and these stratotype-based chronostratigraphic
units are an imperfect record of the continuum of geologic time
(e.g. Paleogene stratotypes in Fig. 2.1). Therefore, a distinc-
tion between a hierarchy of material chronostratigraphic units
(rock-time) and abstract geochronologic units (Earth time)
units was required, and a dual nomenclature system was codi-
fied (Table 2.1). The divisions of geologic time range from an
eon to the shortest formal unit of “age.”

The two concepts of geochronologic and chronostrati-
graphic scales are now united by formally establishing mark-

ers within continuous intervals of the stratigraphic record to

* Note: To avoid misleading readers by using the term “age” to refer to a
time span (as in the current International Stratigraphic Guide) instead of
to a numerical date, we will generally use the term “stage” in this book to
refer to both the time interval and the rocks deposited during that time
interval. The practice of using the term “stage” for both time and for rock
has the advantage of simplifying stratigraphy (as will be explained below)
and liberating “age” for general use.



define the beginnings both of each successive chronostrati-
graphic unit and of the associated geochronologic unit. This
concept of a Global Stratotype Section and Point (GSSP) to
define each stage has replaced the earlier use of “stage strato-
types,” and has enabled compilation of an international strati-
graphic chart for the geologic time scale. In some respects, the
concept of the beginning of each chronostratigraphic unit be-
ing bound by an isochronous surface defined at a GSSP has
made the dual nomenclature unnecessary for the units of the
geologic time scale (e.g. Walsh, 2001, 2003; Remane, 2003), as
discussed later.

Prior to the evolution of metazoan life, the biological record
is not generally suitable for a detailed subdivision of Precam-
brian time. Thus, Precambrian time is currently subdivided
by the artificial assignment of numerical ages to stratigraphic
boundaries. The Precambrian time scale is therefore a chrono-
metric rather than a chronostratigraphic scale. However, it may
become possible to apply the GSSP concept to some intervals

of the Precambrian (see Chapter 10).

2.2STANDARDIZATION OF THE
CHRONOSTRATIGRAPHIC SCALE

2.2.1 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 stan-
dard colors (Anon., 1882, pp. 70-82), uniformity of geologic
nomenclature (pp. 82—4), and the adoption of uniform subdi-
visions (pp. 85-7). There was also a review of several regional
stratigraphic problems. In the succeeding congress at Bologna
in 1881, many of the above suggestions were taken substantially
further, i.e. the international geological maps were planned
with standard colors for stratigraphic periods and rock types
(e.g. Anon., 1882, pp. 297-411), and annexes contained na-
tional contributions toward standardization of stratigraphic
classification, etc. (pp. 429-658).

In spite of this promising start, the IGCs did not have
the continuing organization to carry these proposals through,
except for the commissions established to produce interna-
tional maps. The latter is now the Commission for the Geo-
logic Map of the World (CGMW; see www.cgmw.org). Guides

“This section is updated from Harland ez al., 1990, p. 2.
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setting out the stratigraphic principles, terminology, and clas-
sificatory procedures were prepared by the International Com-
mission on Stratigraphic Terminology, created in 1952 by
the 19th IGC in Algiers, and now the International Sub-
commission on Stratigraphic Classification (ISSC) under the
International Commission of Stratigraphy (ICS) of the Inter-
national Union of Geological Sciences (IUGS). The Interna-
tional Stratigraphic Guide was published in 1976 (Hedberg,
1976), and is now in its second edition (Salvador, 1994; Mur-
phy and Salvador, 1999).

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 subcommis-
sions. 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 pub-
lished the first Global Stratigraphic Chart that reflects much
current stratigraphic use. At the 31st IGC in Rio de Janeiro,
a new edition of that chart indicated the current international
standardization, and included abbreviations and colors of the
stratigraphic units as adopted by the CGMW (Remane, 2000;
see also Appendix 1).

2.2.2 Global boundary Stratotype Section and
Point (GSSP)

How can one standardize such fragmentary and disparate ma-
terial 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 recognized. Even
so, the practice continued of treating strata divisions largely as
biostratigraphic units, and even today it is an article of faith
for many Earth scientists that divisions of the developing inter-
national 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 one of the major champions of prac-
tical and rational thinking in stratigraphic standardization

(Hedberg, 1976, p. 35):

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

with our present international geochronology scale is to
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achieve a better definition of its units and horizons so that
each will have a standard fixed-time significance, and the
same time significance for all geologists everywhere. Most of
the named international chronostratigraphic (geochronol-
ogy) units still lack precise globally accepted definitions and
consequently their limits are controversial and variably in-
terpreted 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 stan-
dards (particularly boundary stratotypes and other horizon
stratotypes) provides a satisfactory answer.

The standardization advocated by Hedberg and other
stratigraphers has been the major task of ICS through applica-
tion of the principle of boundary stratotypes; the current status
of this application is actively maintained in the official website
of ICS. The traditional stratigraphic scale using stage strato-
types has evolved into a standard chronostratigraphic scale in
which the basal boundary of each stage is standardized at a
point in a single reference section within an interval exhibit-
ing 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 25 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). Paleontologically,
the base of the Loochkovian Stage coincides with the first oc-
currence of the Devonian graptolite Monograptus uniformis in
bed No. 20 of the Klonk Section, northeast of the village of Su-
chomasty (Chlupic, 1993). However, once the golden spike has
been agreed, the discovery, say, of Monograptus uniformis below
the GSSP does not require a re-definition of its position, but
simply an acknowledgement that the initial level chosen was not
in fact at the lowest occurrence of the particular graptolite. For

Chronostratigraphy: linking time and rock 23

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 ef al., 1996; Table 2.2). 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 else-
where; 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 value — i.e. its correlation
potential — has to be thoroughly tested. In this sense, correlation
precedes definition” (Remane, 2003). Without correlation, strati-
graphic 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 contentious issue (e.g. Fig. 2.2). 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, base of magnetic polarity Chron
C6Cn.2n at 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
assigning a boundary to a known “gap” in the geologic record.
This requirement has generally eliminated most historical stra-
totypes for stages, which were commonly delimited by flood-
ing or exposure surfaces and formally represent synthems. As
aresult, the scope of classical stages is modified, and either the
traditional nomenclature is abandoned (e.g. the revised stage
nomenclature for the Ordovician and Cambrian Periods), or
an historical name is given a slightly new meaning to update
its practical usage.

Figure 2.1 Stratigraphic range of historical stratotypes of some Paleogene stages. The left-hand columns include the microfossil zones and

polarity chrons that span the complete Paleogene according to coring of marine sediments (see Chapter 20; Martini, 1971; Martini and Muller,

1971; Roth, 1970; Roth ez al., 1971). 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 were preserved in the nomenclature of the present

Paleogene geologic time scale. International stages for the Paleogene are defined at boundary stratotypes at which the basal boundary of the

stage is positioned relative to primary and secondary biostratigraphic, geochemical, or magnetic polarity events for global correlation (modified

from Hardenbol and Berggren, 1978).
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Table 2.2 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, paleobathymetry, 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 — biostratigraphy, magnetostratigraphy, chemical stratigraphy, sequence stratigraphy, cycle stratigraphy,

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 documentation in IUGS journal Episodes
Full publication in journal Lethaia (ICS’s official publication channel)

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

Figure 2.2 One reason that decisions on international boundaries
of stages are difficult. Two experts with different paleontological
specialties arguing over the suitable primary marker based on
different biostratigraphic criteria. Modified from Episodes 8: 89,
Fig. 6, 1985 (based on Birkelund er al., 1983).

Difficulties in identifying global correlation criteria, prob-
lems introduced by biogeographic provincialism, and the oc-
casional need to abandon stage concepts based on historical
regional usage have slowed assignment of GSSPs in some
periods, as will be elaborated in Chapters 11-22. Suitable
GSSPs with full documentation are proposed by stratigraphic
subcommissions or working groups under ICS; undergo ap-
proval voting through ICS and ratification by IUGS; and then
are published in Lethaia (journal officially dedicated to ICS
science), with summary documentation being published in
Episodes (official journal of IUGS).

As of January 2004, over half of the stages have been defined
by boundary stratotypes, and the criteria for most primary
markers to be associated with GSSPs for other stages have been
decided (Table 2.3, Figs. 2.3 and 2.4). The great majority of
defined and probable GSSPs are in western Europe (Fig. 2.5).
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 compilations of

the chronostratigraphic scale.
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Mesozoic - Cenozoic Stratigraphic Chart and GSSPs

Era
Period

Series/
Epoch

Stage

GSSPs

Cenozoic

Paleogene

Neogene

Holocene

Pleistocene

Pliocene

Gelasian

Piacenzian

Zanclean

Miocene

Messinian

Tortonian

Serravallian

Langhian

Burdigalian

Aguitanian |

Oligocene

Chattian

Rupelian

Eocene

Priabonian

Bartonian

Lutetian

Ypresian

Paleocene

Thanetian

Selandian

Danian

Mesozoic

Jurassic

Cretaceous

Late

Maastrichtian

Campanian

Santonian

Coniacian

Turonian

Cenomanian

Early

Albian

Aptian

Barremian

Hauterivian

Valanginian

Berriasian

Late

Tithonian

Kimmeridgian

Oxfordian

Middle

Callovian

Bathonian

Bajocian

Aalenian

Early

Toarcian

Pliensbachian

Sinemurian

Hettangian

Triassic

Late

Rhaetian

Norian

Carnian

Middle

Ladinian

Anisian

Early

Olenekian

Induan

GSSP
GSSP
GSSP
GSSP
GSSP
GSSP

GSSP
GSSP

GSSP

GSSP
GSSP

GSSP
GSSP

GSSP
GSSP

GSSP
GSSP

GSSP

Vrica, Calabria, Italy

Monte San Nicola, Sicily, Italy

Punta Picola, Sicily, Italy

Eraclea Minoa, Sicily, Italy

Qued Akrech, Rabbat, Morocco
Monte dei Corvi Beach, Ancona, ltaly

Lemme-Carrosio, N. Italy

Massignano, Ancona, ltaly

Dababiya, Luxor, Egypt

El Kef, Tunisia
Tercis-les-Bains, Landes, SW. France

Rock Canyon, Pueblo, Colorado, USA
Mont Risou, Rosans, Haute-Alpes, France

Cabo Mondego, W. Portugal
Fuentelsalz, Spain

Robin Hood's Bay, Yorkshire, UK
East Quantox Head, West Somerset, GB

Meishan, Zhejiang, China

25

Figure 2.3 Distribution of ratified GSSPs in the Mesozoic and Cenozoic Eras (status in December, 2004). The International Stratigraphic
Chart for the Precambrian and Phanerozoic with ratified GSSPs is presented in the special color section of this book. Updated versions of the
color chart are available from the website of the International Commission on Stratigraphy (www.stratigraphy.org) and can be downloaded in
the colors of either the Commission for the Geologic Map of the World (CGMW) or the United States Geological Survey (USGS).
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Paleozoic Stratigraphic Chart and GSSPs

O .
s |.O| Series/
M Epoch Stage GSSPs
a poc
. Changhsingian
Lopingian =
c g nghlﬁgmgsn GSSP | Penglaitan, Guangxi Province, China
© Guadalupian W%rdian GSSP | Nipple Hill, Guadalupe Mountains, TX, USA
£ p Roadian GSSP | Guadalupe Mountains, TX, USA
> Kungurian | @SSP | Stratotype Canyon, Guadalupe Mountains,
o . . Artinskian TX, USA
Cisuralian ~szimarian
5 éiﬁgﬂ;ﬂ GSSP | Aidaralash, Ural Mountains, Kazakhstan
5 Penn- Kasimovian
O | sylvanian | Moscovian
é — S%?psuhklﬂ(r)l\filgn GSSP | Arrow Canyon, Nevada, USA
< Missis- Visean
O [ Sippian Tournaisian .
Eamennian GSSP|La Se_rre, Montagne Noir, France _
ol c Late ~ Frasnian | GSSP | Coumiac, Cessenon, Montagne Noir, France
—|.® Givetian | GSSP| Col du Puech, Montagne Noir, France
of c Middle Eitalian GSSP | Jebel Mech Irdane, Tafilalt, Morocco
N 8 Emsian GSSP | Wetteldorf Richtschnitt, Eifel Hills, Germany
ol @ Earl Pragian GSSP | Zinzil'ban Gorge, Uzbekistan
o o y Lochl?ovian GSSP| Velka Chuchle, SW Prague, Czech Rep.
_ Bridon GSSP | Klonk, SW of Prague, Czech Republic
© = Cudfordian GSSP | Pozary, Prague, Czech Republic
al s Ludlow Gorstian GSSP | Sunnyhill, Ludlow, UK
S Homerian ] @SSP | Pitch Coppice, Ludlow, UK
S| Wenlock (shemwoodian] @SSP | Whitwell Coppice, Homer, UK
= Telychian GSSP | Hughley Brook, Apedale, UK
w Llandover Ae}r,onian GSSP | Cefn Cerig, Llandovery, UK
y Rhuddanian GSSP | Trefawr, Llandovery, UK
At GSSP | Dob's Linn, Moffat, UK
_E Late
o .
= — GSSP | Fagelsang, Scania, Sweden
_§ Middle Darriwilian_|Gssp Huangnitang, Zhejiang Province, China
5 Earl —— GSSP | Diasbasbrottet, Hunneberg, Sweden
= y Jremadocian | GSSP | Green Point Newfoundland, Canada
& | Furongian =
= : S Paibian GSSP | Paibi, Hunan Province, China
o Middle
&
O Early GSSP | Fortune Head, Newfoundland, Canada

Figure 2.4 Distribution of ratified GSSPs in the Paleozoic Era (status in December 2004).

Each chapter of this book devoted to the Phanerozoic be-
gins with a global reconstruction (Mollweide) map that displays
the distribution of the GSSPs for that period. The reconstruc-
tions have been compiled from published global databases of

ocean-floor spreading and paleomagnetic poles linked to tec-

tonics (Smith, 2001).

2.2.3 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 9). 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 pe-
riod subdivisions often contain no dateable rocks, which make
their assignment difficult. An alternative Precambrian classi-
fication based on stages in planetary evolution with, in most
cases, possible associated GSSPs is presented by W. Bleeker in
Chapter 10.
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Figure 2.5 Geographic distribution of ratified (diamonds) and
candidate (squares) GSSPs on a present-day (0 Ma) map (status in
January 2004; see Table 2.3). Most of the GSSPs are in western

Europe, where the clustering has overlapped many additional

2.2.4 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 chronostratigraphic boundary within
other stratigraphic sections requires correlation to the GSSP.

The ideal GSSP would be in a low-latitude highly fossil-
iferous 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 correla-
tion errors, particularly if they are in shallow-water shelf
environments likely to give rise to an hiatus (Sadler, 1981;
Sadler and Strauss, 1990). It is unclear what contribution such
an hiatus makes to the overall global correlation uncertainties,
as opposed to those 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 Noir of southeastern France and base-

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).

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 biostratigraphic or
lithostratigraphic terms and there are no accompanying 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 myr and in some cases perhaps as high as 5 myr. Such
GSSPs are unsatisfactory and will eventually need reconsider-
ation (e.g. by working groups of the Silurian Subcommission
of ICS established in 2002).

The ideal GSSP is at a horizon amenable to radiometric
and/or astronomical cycle calibration or is bracketed by date-
able horizons. This coincidence has been achieved for only a
few GSSP placements (e.g. bases of all Pliocene and Upper
Miocene stages, the base of the Turonian Stage of the Creta-
ceous, the base of the Triassic). 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)
was 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 con-
tinental sections where the excellence of the outcrop seems
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Table 2.3 Status of defining Global boundary Stratotype Sections and Points (GSSPs) for stage boundaries (Status in January 2004,
updated tables are available from the ICS website www.stratigraphy.org)

EON, Era, System,
Series, Stage

Age (Ma) Est.

GTS2004 £ myr

Principal correlative events

GSSP and location

Status  Publication

PHANEROZOIC
Cenozoic Era
Neogene System

Holocene Series

11.5 ka 0.00

base Holocene

Pleistocene Series

base Upper 0.126 0.00

Pleistocene subseries

base Middle

Pleistocene subseries

0.781 0.00

base Pleistocene 1.806 0.00

Series

Pliocene Series

base Gelasian Stage 2.588 0.00

“Quaternary” is traditionally
considered to be the interval of
oscillating climatic extremes
(glacial and interglacial
episodes) that was initiated at
about 2.6 Ma, therefore
encompasses the Holocene,
Pleistocene, and uppermost
Pliocene. A formal decision on
its chronostratigraphic rank is
pending

Exactly 10000 carbon-14 years
(i.e. 11.5 ka calendar years BP)
at the end of the Younger
Dryas cold spell

Base of the Eemian interglacial
stage (base of marine isotope
stage 5e) before final glacial
episode of Pleistocene
Brunhes—Matuyama magnetic
reversal

Just above top of magnetic
polarity chronozone C2n
(Olduvai) and the extinction
level of calcareous nannofossil
Discoaster broumweri (base Zone
CN13). Above are lowest
occurrence of calcareous
nannofossil medium
Gephyrocapsa spp. and
extinction level of planktonic
foraminifera Globigerinoides
extremus

Isotopic stage 103, base of
magnetic polarity chronozone
C2r (Matuyama). Above are
extinction levels of calcareous
nannofossil Discoaster
pentaradiatus and D. surculus
(base Zone CN12c)

Potentially, within
sediment core under the
Netherlands (Eemian
type area)

Top of sapropel layer
“e”, Vrica section,
Calabria, Italy

Midpoint of sapropelic
Nicola Bed (“A5”),
Monte San Nicola,
Gela, Sicily, Italy

Ogg (2004);
Pillans (2004);
Pillans and

Naish (2004)

a

1985"  Episodes 8(2):

116-20, 1985

1996  Episodes 21(2):

82-7, 1998
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EON, Era, System,
Series, Stage

Age (Ma)  Est.

GTS2004 = myr

Principal correlative events

GSSP and location

Status

Publication

base Piacenzian
Stage

base Zanclean Stage,
base Pliocene Series

Miocene Series
base Messinian Stage

base Tortonian Stage

base Serravillian
Stage

base Langhian Stage

base Burdigalian
Stage

3.600 0.00

5.332 0.00

7.246 0.00

11.608 0.00

13.65

0.00

15.97 0.0

20.43 0.0

Base of magnetic polarity
chronozone C2An (Gauss);
extinction levels of planktonic
foraminifera Globorotalia
margaritae (base Zone PL.3)
and Pulleniatina primalis

Top of magnetic polarity
chronozone C3r, ~100 kyr
before Thvera
normal-polarity
subchronozone (C3n.4n).
Calcareous nannofossils—near
extinction level of
Triquetrorhabdulus rugosus
(base Zone CN10b) and the
lowest occurrence of
Ceratolithus acutus

Astrochronology age of 7.246
Ma; middle of magnetic
polarity chronozone C3Br.1r;
lowest regular occurrence of
the Globorotalia conomiozea
planktonic foraminifera group
Last common occurrences of
the calcareous nannofossil
Discoaster kugleri and the
planktonic foraminifera
Globigerinoides subquadratus.
Associated with the short
normal-polarity subchron
Cir.2n

Near lowest occurrence of
nannofossil Sphenolithus
heteromorphus, and within
magnetic polarity chronozone
C5ABr

Near first occurrence of
planktonic foraminifera
Praeorbulina glomerosa and top
of magnetic polarity
chronozone C5Cn.1n

Near lowest occurrence of
planktonic foraminifera
Globigerinoides altiaperturus or
near top of magnetic polarity
chronozone C6An

Base of beige layer of
carbonate cycle 77,
Punta Piccola, Sicily,
Italy

Base of Trubi Fm (base
of carbonate cycle 1),
Eraclea Minoa, Sicily,
Italy

Base of red layer of
carbonate cycle 15,
Oued Akrech, Rabat,
Morocco

Midpoint of sapropel
76, Monte dei Corvi
beach section, Ancona,
Italy

1997

2000°

20007

20037

2004

2004

Episodes 21(2):
88-93, 1998

Episodes 23(3):
179-87, 2000

Episodes 23(3):
172-8, 2000

Episodes in
prep.

(cont.)
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Table 2.3 (cont.)

EON, Era, System,

Age (Ma)  Est.

Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
base Aquitanian 23.03 0.0 Base of magnetic polarity 35 m from top of 1996"  Episodes 20(1):
Stage, base Miocene chronozone C6Cn.2n; lowest Lemme-Carrosio 23-8, 1997
Series, base Neogene occurrence of planktonic section, Carrosio
System foraminifera Paragloborotalia village, north of Genoa,

kugleri; near extinction of Italy
calcareous nannofossil
Reticulofenestra bisecta (base
Zone NN1)
Paleogene System
Oligocene Series
base Chattian Stage 28.4 0.1 Planktonic foraminifera, Probably in 2004¢
extinction of Chiloguembelina Umbria—Marche region
(base Zone P21b) of Italy
base Rupelian Stage, 33.9 0.1 Planktonic foraminifera, Base of marlbedat 19 m 1992  Episodes 16(3):
base Oligocene extinction of Hantkenina above base of 379-82, 1993
Series Massignano quarry,
Ancona, Italy
Eocene Series
base Priabonian 37.2 0.1 Near lowest occurrence of Probably in
Stage calcareous nannofossil Umbria—Marche region
Chiasmolithus oamaruensis (base  of Italy
Zone NP18)
base Bartonian Stage  40.4 0.2 Near extinction of calcareous
nannofossil Reticulofenestra
reticulata
base Lutetian Stage 48.6 0.2 Planktonic foraminifera, lowest  Leading candidate is 2004¢
occurrence of Hantkenina Fortuna section, Murcia
province, Betic
Cordilleras, Spain
base Ypresian Stage,  55.8 0.2 Base of negative carbon isotope ~ Dababiya section near 2003 Episodes in
base Eocene Series excursion Luxor, Egypt prep.
Paleocene Series
base Thanetian 58.7 0.2 Magnetic polarity chronozone, Leading candidate is -
Stage base of C26n, is a temporary Zumaya section,
assignment northern Spain
base Selandian Stage  61.7 0.2 Boundary task group is Leading candidate is —
considering a higher level-base = Zumaya section,
of calcareous nannofossil zone northern Spain
NP5-which would be ~1 myr
younger
base Danian Stage, 65.5 0.3 Iridium geochemical anomaly.  Base of boundary clay, 1991%

base Paleogene
System, base
Cenozoic

Associated with a major
extinction horizon
(foraminifera, calcareous
nannofossils, dinosaurs, etc.)

El Kef, Tunisia (but
deterioration may require
assigning a replacement
section)
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EON, Era, System, Age (Ma)  Est.
Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
Mesozoic Era
Cretaceous System Most substages of Cretaceous also
have recommended GSSP
criteria
Upper
base Maastrichtian 70.6 0.6 Mean of 12 biostratigraphic 115.2 m level in Grande ~ 2001°  Episodes 24(4):
Stage criteria of equal importance. Carriere quarry, 229-38, 2001;
Closely above is lowest Tercis-les-Bains, Odin (ed.)
occurrence of ammonite Landes province, TUGS Spec.
Pachydiscus neubergicus. Boreal — southwest France Publ. Series,
proxy is lowest occurrence of V. 36, Elsevier,
belemnite Belemnella lanceolata 910 pp.
base Campanian 83.5 0.7 Crinoid, extinction of Leading candidates are
Stage Marsupites testudinarius in southern England
and in Texas
base Santonian Stage  85.8 0.7 Inoceramid bivalve, lowest Leading candidates are
occurrence of Cladoceramus in Spain, England and
undulatoplicatus Texas
base Coniacian Stage 89.3 1.0 Inoceramid bivalve, lowest Base of Bed MK47, 2004
occurrence of Cremnoceramus Salzgitter—Salder
rotundatus (sensu 'Troger non Quarry, SW of
Fiege) Hannover, Lower
Saxony, northern
Germany
base Turonian Stage 93.5 0.8 Ammonite, lowest occurrence Base of Bed 86, Rock 2003"  Episodes in
of Watinoceras devonense Canyon Anticline, east prep.
of Pueblo, Colorado,
west—central USA
base Cenomanian 99.6 0.9 Planktonic foraminifera, 36 m below top of 2002°  Episodes 27(1):
Stage lowest occurrence of Marnes Bleues 21-32, 2004
Rotalipora globotruncanoides Formation, Mont
Risou, Rosans, Haute-
Alpes, southeast France
Lower
base Albian Stage 112.0 1.0 Calcareous nannofossil, lowest _
occurrence of Praediscosphaera
columnata (= P. cretacea of
some earlier studies) is one
potential marker
base Aptian Stage 125.0 1.0 Magnetic polarity chronozone, Leading candidate is
base of MOr Gorgo
a Cerbara, Piobbico,
Umbria—Marche,
central Italy
base Barremian 130.0 1.5 Ammonite, lowest occurrence Leading candidate is

Stage

of Spitidiscus hugii — Spitidiscus
vandeckii group

Rio Argos near
Caravaca, Murcia
province, Spain
(cont.)
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Table 2.3 (cont.)

EON, Era, System, Age (Ma)  Est.
Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication

base Hauterivian 136.4 2.0 Ammonite, lowest occurrence Leading candidate is La

Stage of genus Acanthodiscus Charce village, Drome
(especially A. radiatus) province, southeast

France

base Valanginian 140.2 3.0 Calpionellid, lowest Leading candidate is

Stage occurrence of Calpionellites near
darderi (base of Calpionellid Montbrun-les-Bains,
Zone E); followed by the Drome province,
lowest occurrence of ammonite  southeast France
“Thurmanniceras” pertransiens

base Berriasian 145.5 4.0 Maybe near lowest occurrence —

Stage, base of ammonite Berriasella jacobi

Cretaceous System

Jurassic System

Upper

base Tithonian Stage  150.8 4.0 Near base of Hybonoticeras A
hybonotum ammonite zone and
lowest occurrence of Gravesia
genus, and the base of magnetic
polarity chronozone M22An

base Kimmeridgian 155.7 4.0 Ammonite, near base of Leading candidates are 2004¢

Stage Pictonia baylei ammonite zone  in Scotland, southeast
of Boreal realm France, and Poland

base Oxfordian Stage  161.2 4.0 Ammonite, Brightia Leading candidates are 2004¢
thuouxensis Horizon at base of in southeast France and
the Cardioceras scarburgense southern England
subzone (Quenstedtoceras
mariae Z.one)

Middle

base Callovian Stage  164.7 4.0 Ammonite, lowest occurrence Leading candidate is 2004¢
of the genus Kepplerites Pfeffingen, Swabian
(Kosmoceratidae) (defines base Alb, southwest
of Macrocephalites herveyi Germany
Zone in sub-Boreal province of
Great Britain to southwest
Germany)

base Bathonian 167.7 3.5 Ammonite, lowest occurrence

Stage of Parkinsonia (G.) convergens
(defines base of Zigzagiceras
zigzag Zone)

base Bajocian Stage 171.6 3.0 Ammonite, lowest occurrence Base of Bed AB11, 77.8 1996"  Episodes 20(1):
of the genus Hyperlioceras m above base of 16-22, 1997
(defines base of the Murtinheira section,
Hyperlioceras discites Zone) Cabo Mondego, western

Portugal
base Aalenian Stage 175.6 2.0 Ammonite, lowest occurrence Base of Bed FZ107, 2000°  Episodes 24(3):

of Leioceras genus

Fuentelsalz, central
Spain

166-75, 2001
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EON, Era, System, Age (Ma)  Est.
Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
Lower
base Toarcian Stage 183.0 1.5 Ammonite, near lowest —
occurrence of a diversified
Eodactylites ammonite fauna;
correlates with the northwest
European Paltus horizon
base Pliensbachian 189.6 1.5 Ammonite, lowest occurrences ~ Wine Haven section, 2004¢
Stage of Bifericeras donovani and of Robin Hood’s Bay,
genera Apoderoceras and Yorkshire, England
Gleviceras
base Sinemurian 196.5 1.0 Ammonite, lowest occurrence 0.9 m above base of Bed ~ 2000°  Episodes 25(1):
Stage of arietitid genera Vermiceras 145, East Quantoxhead, 22-6, 2002
and Metophioceras Watchet, West
Somerset, southwest
England
base Hettangian 199.6 0.6 Near lowest occurrence of 4
Stage, base Jurassic smooth Psiloceras planorbis
System ammonite group
Triassic System
Upper
base Rhaetian Stage 203.3 1.5 Near lowest occurrence of Key sections in Austria, -7
ammonite Cochlocera, British Columbia
conodonts Misikella spp. and (Canada), and Turkey
Epigondolella mosheri, and
radiolarian Proparvicingula
moniliformis
base Norian Stage 216.5 2.0 Base of Klamathites Leading candidates are a
macrolobatus or Stikinoceras in British Columbia
kerri ammonoid zones and the ~ (Canada), Sicily (Italy),
Metapolygnathus communisti or  and possibly Slovakia,
M. primitius conodont zones Turkey (Antalya
Taurus), and Oman
base Carnian Stage 228.0 2.0 Near first occurrence of the Candidate section at —
ammonoids Daxatina or Prati di Stuores,
Trachyceras, and of the Dolomites, northern
conodont Metapolygnathus Italy. Important
polygnathiformis reference sections in
Spiti (India) and New
Pass, Nevada
Middle
base Ladinian Stage 237.0 2.0 Alternate levels are near base Leading candidates are -

of Reitzi, Secedensis, or Curionii
ammonite zone; near first
occurrence of the conodont

genus Budurovignathus

Bagolino (Italy) and
Felsoons (Hungary).
Important reference
sections in the
Humboldt Range,
Nevada

(cont.)
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Table 2.3 (cont.)

EON, Era, System, Age (Ma)  Est.
Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
base Anisian Stage 245.0 1.5 Ammonite, near lowest Candidate section 2004¢
occurrences of genera probable at Desli Caira,
Faponites, Paradanubites, and Dobrogea, Romania;
Paracrochordiceras; and of the significant sections in
conodont Chiosella timorensis Guizhou Province
(China)
Lower
base Olenekian Stage  249.7 0.7 Near lowest occurrence of Candidate sections in -
Hedenstroemia or Meekoceras Siberia (Russia) and
gracilitatis ammonites, and of probably Chaohu,
the conodont Neospathodus Anhui Province, China.
waagent Important sections also
in Spiti
base Induan Stage, 251.0 0.4 Conodont, lowest occurrence Base of Bed 27c, 2001°  Episodes 24(2):
base Triassic of Hindeodus parvus; Meishan, Zhejiang, 102-14, 2001
System, base termination of major negative China
Mesozoic carbon isotope excursion.
About 1 myr after peak of Late
Permian extinctions
Paleozoic Era
Permian System
Lopingian Series
base Changhsingian 253.8 0.7 Conodont, lowest occurrence Leading candidates are
Stage of conodont Clarkina wangi in China
base Wuchiapingian 260.4 0.7 Conodont, near lowest Base of Bed 6K /115, 2004*  Lethaia, in
Stage occurrence of conodont Penglaitan section, 20 prep.
Clarkina postbitteri km southeast of Laibin,
Guangxi Province,
China
Guadalupian Series
base Capitanian 265.8 0.7 Conodont, lowest occurrence 4.5 m above base of 2001 Episodes in
Stage of Finogondolella postserrata Pinery Limestone prep.
Member, Nipple Hill,
southeast Guadalupe
Mountains, Texas
base Wordian Stage 268.0 0.7 Conodont, lowest occurrence 7.6 m above base of 2001 Episodes in
of Finogondolella aserrata Getaway Ledge outcrop, prep.
Guadalupe Pass,
southeast Guadalupe
Mountains, Texas
base Roadian Stage 270.6 0.7 Conodont, lowest occurrence 42.7 m above base of 2001°  Episodes in
of Finogondolella nanginkensis Cutoff Formation, prep.

Stratotype Canyon,
southern Guadalupe
Mountains, Texas
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EON, Era, System, Age (Ma)  Est.
Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
Cisuralian Series
base Kungurian 275.6 0.7 Conodont, near lowest Leading candidates are
Stage occurrence of conodont in southern Ural
Neostreptognathus pnevi—N. Mountains
exculptu
base Artinskian 284.4 0.7 Conodont, lowest occurrence Leading candidates are
Stage of conodont Sweetognathus in southern Ural
whitei Mountains
base Sakmarian 294.6 0.8 Conodont, near lowest Leading candidate is at
Stage occurrence of conodont Kondurovsky,
Sweetognathus merrilli Orenburg Province,
Russia
base Asselian Stage, 299.0 0.8 Conodont, lowest occurrence 27 m above base of Bed 1996° Episodes 21(1):
base Permian of Streprognathodus isolatus 19, Aidaralash Creek, 11-18, 1998
System within the S. “wabaunsensis” Aktobe, southern Ural
conodont chronocline. 6 m Mountains, northern
higher is lowest fusilinid Kazakhstan
foraminifera
Sphaeroschwagerina vulgaris
aktjubensis
Carboniferous System
Pennsylvanian Series classification approved in
Subsystem 2004
base Gzhelian Stage ~ 303.9 0.9 Near lowest occurrences of the 4
fusulinids Daixina, Figulites,
and Rugosofusulina
base Kasimovian 306.5 1.0 Near base of Obsoletes obsoletes _—
Stage, base Upper and Protriticites
Pennsylvanian Series pseudomontiparus fusulinid
zone, or lowest occurrence of
Parashumardites ammonoid
base Moscovian 311.7 1.1 Near lowest occurrences of -
Stage, base Middle Declinognathodus donetzianus
Pennsylvanian Series and/or Idiognathoides
postsulcatus conodont species,
and fusulinid species
Aljutovella aljutovica
base Bashkirian 318.1 1.3 Conodont, lowest occurrence 82.9 m above top of 1996"¢  Episodes 22(4):
Stage, base of Declinognathodus nodiliferus Battleship Wash Fm., 272-83, 1999
Pennsylvanian sl Arrow Canyon,
Subsystem southern Nevada
Mississippian Series classification approved in
Subsystem 2004
base Serpukhovian, 326.4 1.6 Near lowest occurrence of —

base Upper
Mississippian Series

conodont, Lochriea crusiformis
or L. Ziegleri

(cont.)
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EON, Era, System,

Age (Ma)  Est.

Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
base Visean, base 3453 2.1 Foraminifera, lineage Leading candidate is
Middle Eoparastaffella simplex Pengchong, south China
Mississippian Series morphotype 1/ morphotype 2
base Tournaisian, 359.2 2.5 Conodont, above lowest Base of Bed 89, La 1990°  Episodes 14(4):
base Mississippian occurrence of Siphonodella Serre, Montagne Noir, 331-6, 1991
Subsystem, base sulcata Cabriéres, southern
Carboniferous France
System
Devonian System
Upper
base Famennian 374.5 2.6 Just above major extinction Base of Bed 32a, upper 1993"  Episodes 16(4):
Stage horizon (Upper Kellwasser Coumiac quarry, 433-41, 1993
Event), including conodonts Cessenon, Montagne
Ancyrodella and Ozarkodina Noir, southern France
and goniatites of
Gephuroceratidae and
Beloceratidae
base Frasnian Stage 385.3 2.6 Conodont, lowest occurrence Base of Bed 422°, Col du 1986  Episodes 10(2):
of Ancyrodella rotundiloba Puech de la Suque 97-101, 1987
(defines base of Lower section, St. Nazaire-de-
Polygnathus asymmetricus Ladarez, southeast
conodont zone) Montagne Noir,
southern France
Middle
base Givetian Stage 391.8 2.7 Conodont, lowest occurrence Base of Bed 123, Jebel 1994"  Episodes 18(3):
of Polygnathus hemiansatus, Mech Irdane ridge, 107-15, 1995
near base of goniatite Tafilalt, Morocco
Maenioceras Stufe
base Eifelian Stage 397.5 2.7 Conodont, lowest occurrence Base unit WP30, trench 1985 Episodes 8(2):
of Polygnathus costatus partitus,  at Wetteldorf 104-9, 1985
major faunal turnover Richtschnitt,
Schonecken-Wetteldorf,
Eifel Hills, western
Germany
Lower
base Emsian Stage 407.0 2.8 Conodont, lowest occurrence Base of Bed 9/5, 1995 Episodes 20(4):
of Polygnathus kitabicus (= Po. Zinzil’ban Gorge, SE of 235-40, 1997
dehiscens) Samarkand, Uzbekistan
base Pragian Stage 411.2 2.8 Conodont, lowest occurrence Base of Bed 12, Velka 1989"  Episodes 12(2):
of Eognathodus sulcatus Chuchle quarry, 109-13, 1989
southwest part of
Prague city, Czech
Republic
base Lochkovian 416.0 2.8 Graptolite, lowest occurrence Within Bed 20, Klonk, 1972 Martinsson
Stage, base of Monograptus uniformis Barrandian area, (1977)

Devonian System

southwest of Prague,
Czech Republic
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EON, Era, System, Age (Ma)  Est.
Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
Silurian System
Holland and
Bassett (1989)
Pridoli Series
base Pridoli Series 418.7 2.7 Graptolite, lowest occurrence Within Bed 96, Pozary 1984"  Episodes 8(2):
(not subdrvided in of Monograptus parultimus section near Reporje, 101-3, 1985
stages) Barrandian area,
Prague, Czech Republic
Ludlow Series 2.6
base Ludfordian 421.3 2.6 Imprecise. May be near base of ~ Base of lithological unit 1980’  Lethaia 14:
Stage Saetograptus leintwardinensis C, Sunnyhill Quarry, 168, 1981;
graptolite zone Ludlow, Shropshire, Episodes 5(3):
southwest England 21-3, 1982
base Gorstian Stage 422.9 2.5 Imprecise. Just below base of Base of lithological unit 1980’  Lethaia 14:
local acritarch Leptobrachion F, Pitch Coppice quarry, 168, 1981,
longhopense range zone. May be  Ludlow, Shropshire, Episodes 5(3):
near base of Neodiversograptus southwest England 21-3, 1982
nilssoni graptolite zone
Wenlock Series
base Homerian Stage  426.2 2.4 Graptolite, lowest occurrence Graptolite biozone 1980°  Lethaia 14:
of Cyrtograptus lundgreni intersection in stream 168, 1981;
(defines base of C. lundgreni section in Whitwell Episodes 5(3):
graptolite zone) Coppice, Homer, 21-3, 1982
Shropshire, southwest
England
base Sheinwoodian 428.2 2.3 Imprecise. Between the base of ~ Base of lithological unit 1980’  Lethaia 14:
Stage acritarch biozone 5 and G, Hughley Brook, 168, 1981;
extinction of conodont Apedale, Shropshire, Episodes 5(3):
Prerospathodus southwest England 21-3, 1982
amorphognathoides. May be
near base of Cyrtograptus
centrifugus graptolite
zone
Llandovery Series
base Telychian Stage  436.0 1.9 Brachiopods, just above Locality 162 in transect ~ 1984"  Episodes 8(2):
extinction of Eocoelia d, Cefn Cerig Road, 101-3, 1985
intermedia and below lowest Llandovery area,
succeeding species Focoelia south-central Wales
curtisi. Near base of
Monograptus turriculatus
graptolite zone
base Aeronian Stage  439.0 1.8 Graptolite, lowest occurrence Base of locality 72 in 1984"  Episodes 8(2):

of Monograptus austerus sequens
(defines base of Monograptus
triangulatus graptolite zone)

transect h, Trefawr
forestry road, north of
Cwm-coed-Aeron
Farm, Llandovery area,
south-central Wales

101-3, 1985

(cont.)
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EON, Era, System, Age (Ma)  Est.

Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
base Rhuddanian 443.7 1.5 Graptolites, lowest 1.6 m above base of 1984"  Episodes 8(2):
Stage, base Silurian occurrences of Parakidograptus  Birkhill Shale Fm., 98-100, 1985
System acuminatus and Akidograptus Dob’s Linn, Moffat,

ascensus Scotland
Ordovician System
Upper
base Hirnantian 445.6 1.5 Potentially at base of the Candidate section is
Stage Normalograptus Wangjiawan, China
extraordinarius—N otsuensis
graptolite biozone
base of sixth stage 455.8 1.6 Potentially near first Candidate sections ae
(not yet named) appearance of the graptolite Black Knob Ridge
Dicellograptus caudatus (Oklahoma) and
Hartfell Spa
(southern Scotland)
base of fifth stage 460.9 1.6 Graptolite, lowest occurrence 1.4 m below 2002°  Episodes 23(2):
(not yet named) of Nemagraptus gracilis phosphorite in E14a 102-9, 2000
outcrop, Fagelsing, (proposal;
Scane, southern Sweden formal GSSP
publication in
preparation)
Middle
base Darriwilian 468.1 1.6 Graptolite, lowest occurrence Base of Bed AEP184,22  1997*  Episodes 20(3):
Stage of Undulograptus austrodentatus  m below top of Ningkuo 158-66, 1997
Fm., Huangnitang,
Changshan, Zhejiang
province, southeast
China
base of third stage 471.8 1.6 Conodont, potentially lowest Candidate sections at
(not yet named) occurrence of Protoprioniodus Niquivil (Argentina)
aranda or of Baltoniodus and Huanghuachang
triangularis (China)
Lower
base of second stage 478.6 1.7 Graptolite, lowest occurrence Just above E bed, 2002°  Episodes in
(not yet named) of Tetragraptus approximatus Diabasbrottet quarry, prep.
Vistergotland, southern
Sweden
base of Tremadocian  488.3 1.7 Conodont, lowest occurrence Within Bed 23 at the 2000°  Episodes 24(1):
Stage, base of lapetognathus fluctivagus, 101.8 m level, Green 19-28,

Ordovician System

just above base of Cordylodus
lindstromi conodont Zone. Just
below lowest occurrence of
planktonic graptolites.
Currently dated around

489 Ma

Point, western
Newfoundland, Canada
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EON, Era, System, Age (Ma)  Est.
Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
Cambrian System Potential GSSP correlation Overview of
levels include Cordylodus potential
proavus, Glyptagnostus subdivisions in
reticulatus, Ptychagnostus Episodes 23(3):
punctuosus, Acidusus atavus, 188-95, 2000
and Oryctocephalus indicus
Upper (“Furongian”)
Series
upper stage(s) in Potential GSSP levels in upper
Furongian Cambrian are based on trilobites
and condonts
base Paibian Stage, 501.0 2.0 Trilobite, lowest occurrence of  369.06 m above base of 2003 Episodes in
base Furongian agnostoid Glyptagnostus Huagiao Fm., Paibi prep.
Series reticulatus. Coincides with base  section, NW Hunan
of large positive carbon isotope  province, south China
excursion
Middle 513.0 2.0 Potential GSSP levels in
Middle Cambrian are based
mainly on trilobites
Lower Potential GSSP levels in
Lower Cambrian are based on
archaeocyatha, small shelly
fossils, and to a lesser extent,
trilobites
base Cambrian 542.0 1.0 Trace fossil, lowest occurrence 2.4 m above base of 1992’ Episodes
System, base of Treptichnus (Phycodes) Member 2 of Chapel 17(1&2): 3-8,
Paleozoic, base pedum. Near base of negative Island Fm., Fortune 1994
PHANEROZOIC carbon isotope excursion Head, Burin Peninsula,
southeast
Newfoundland, Canada
PROTEROZOIC PreCambrian eras and systems
below Ediacaran are defined by
absolute ages, rather than
stratigraphic points
Neoproterozoic Era
base Ediacaran 630 Termination of Varanger (or Base of the Nuccaleena - Lethaia, in

System

Marinoan) glaciation

Formation cap
carbonate, immediately
above the Elatina
diamictite in the
Enorama Creek section,
Flinders Ranges, South
Australia

prep.

(cont.)
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EON, Era, System, Age (Ma)  Est.

Series, Stage GTS2004 £ myr Principal correlative events GSSP and location Status  Publication
Cryogenian System 850 Base =850 Ma
Tonian System 1000 Base = 1000 Ma 1990’  Episodes 14(2):
139-40, 1991
Mesoproterozoic Era
Stenian System 1200 Base = 1200 Ma 1990"  Episodes 14(2):
139-40, 1991
Ectasian System 1400 Base = 1400 Ma 1990’  Episodes 14(2):
139-40, 1991
Calymmian System 1600 Base = 1600 Ma 1990°  Episodes 14(2):
139-40, 1991
Paleoproterozoic Era
Statherian System 1800 Base = 1800 Ma 1990°  Episodes 14(2):
139-40, 1991
Orosirian System 2050 Base =2050 Ma 1990°  Episodes 14(2):
139-40, 1991
Rhyacian System 2300 Base =2300 Ma 1990"  Episodes 14(2):
139-40, 1991
Siderian System 2500 Base = 2500 Ma 1990’ Episodes 14(2):
139-40, 1991
ARCHEAN
Neoarchean Era 2800 Base = 2800 Ma Informally in
Episodes 15(2):
122-3, 1992
Mesoarchean Era 3200 Base = 3200 Ma Informally in
Episodes 15(2):
122-3,1992
Paleoarchean Era 3600 Base = 3600 Ma Informally in
Episodes 15(2):
122-3, 1992

Eoarchean Era

“Informal working definition.

"Year GSSP ratified.

“Year in which ratification of GSSP anticipated.

4 Guide event undecided.

¢ Subsytem rank of Mississippian and Pennsylvanian names ratified 2000.

I Age definition (650 Ma) ratified 1990; replaced by Australian GSSP 2004.

to preclude the need for more expensive methods of sampling
such as coring. Coring and multimethod analysis of GSSP sec-
tions could provide a wealth of data for high-precision time
scale work as well as providing secondary correlation mark-
ers. Previously unsuspected events, such as an hiatus or subtle
rhythmic sedimentary patterns that cannot easily be detected
by outcrop sampling, mightalso be revealed. For example, mag-
netic susceptibility has been fundamental for correlating Late
Pleistocene sediments over a wide area of the northeast Atlantic

(Robinson ez al., 1995) and for correlating and identifying the
orbital components in latest Triassic—Jurassic successions in
England (Weedon et al., 1999).

2.2.5 Subdividing long stages

The emphasis on defining and dating stage boundaries tends to
overlook that some Paleozoic and Mesozoic stages are rather
long in duration. Ten such stages, all over 10 myr long are:



Lower Cambrian (not a stage, but a subsystem), Frasnian,
Famennian, Tournaisian, Visean (almost 20 myr long),
Carnian, Norian, Aptian, Albian, and Campanian. Their in-
ternal middle and upper boundaries should be subject to for-
mal definition and GSSP standardization, just like their lower

boundaries.

2.2.6 Do GSSP boundary stratotypes simplify
stratigraphic classification?

Since the global chronostratigraphic scale is ultimately defined
by a complete sequence of GSSPs, the limits of chronostrati-
graphic units (stages) are fully defined in time. Harland et al.
(1990, p. 21) realized that the GSSP concept leads to the redun-
dancy 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”. Itis argued here that they are now redun-
dant and even confusing, being better replaced by reference
to time divisions or rock 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 pre-
cisely equivalent and should be selected only according to
context in sentence. Itis 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 simplifica-
tion, 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) GSSPsin 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 perpetuation of an
old habit that it is now nevertheless timely to replace. By
referring to Early Cambrian rather than Lower Cambrian,
the definition (and concept) is more direct. Early Cam-
brian 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
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the use of time-rock terms such as system, without loss of

meaning.

The same redundancy was elaborated by Walsh (2001).
Zalasiewicz and colleagues of the Stratigraphic Commission
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 in-
tervals of geological time are now being precisely defined
within rock successions by GSSPs. The effect of this is
that Chronostratigraphy and Geochronology should be-
come one and the same discipline, as Harland ez a/. (1990)
realized. For this one discipline we propose to keep the name
Chronostratigraphy, which is the definition and applica-
tion of a hierarchy of Eons, Eras, Periods, Epochs, Stages
and Chrons. The formal terms Eonothem, Erathem, Sys-
tem, 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 lithostratig-
raphy. The time units defined by Chronostratigraphy are
founded within strata, but encompass all rocks on Earth.
The term Geochronology reverts to its original use of re-
ferring to obtaining numerical estimates of time, through
radiometric 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, lib-
erating age for general use, and avoids some ambiguity and
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 speak-
ing about the lower part of a stage refers to the rocks of that
stage age and uses lithostratigraphic classification. However,
not all co-authors of this time scale book adhere to this sug-
gested practice, and a common new terminology has not been
pursued. More philosophical discussion on the challenging
issue of simplifying stratigraphy without stage stratotypes that
embody time and rock as correlative units is desirable (e.g.
Walsh, 2001).
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2.3 CASE EXAMPLES OF GSSPs
2.3.1 Pliocene-Pleistocene boundary

The first example of a prominent GSSP highlights that differ-
ent arguments lead to different preferences.

The main criterion used to place the boundary between the
Pleistocene and Pliocene is changes in marine fauna, prefer-
ably in Italy since it is a classic area for marine and continental
Pleistocene deposits. The base-Pleistocene GSSP ratified in
1985 is the base of sapropel layer “e” at the Vrica section in
Calabria, Italy (Episodes 8: 11620, 1985). It is just above top
of magnetic polarity Chron C2n (“Olduvai”) and the extinc-
tion level of calcareous nannofossil Discoaster brouweri (base of
nannofossil Zone CN13). Milankovitch cyclicity of the Vrica
section enables assignment of an age of 1.806 Ma.

However, after ratification of the GSSP, some stratigra-
phers proposed that the boundary be lowered to 2.5 Ma near
the Gauss—Matuyama polarity chron boundary at the approx-
imate onset of the rapid climate cycles that characterize the
Pleistocene (or traditional “Quaternary”). Both in northwest
Europe and in New Zealand this boundary is prominent in
the continental rock record. The intense debate culminated
in a formal vote among representatives from ICS and the
International Quaternary Association (INQUA), which re-
tained the GSSP at Vrica (Remane and Michelsen, 1999).

From a practical point of view, both boundaries are ac-
ceptable. Both can be tied to the magnetic polarity scale and
linked to Milankovitch cycles to give highly precise dates for ei-
ther definition. One argument for retaining the original GSSP
was to promote a degree of stability in defining international
chronostratigraphic units, rather than instate a new round of
shifting standards.

As outlined in Chapter 21, complex historical arguments
on the stratigraphic bracketing of the terms Neogene and
Quaternary and its historic rock content continue to flavor
“post-ratification” discussions. A young level as base for the

Pleistocene near 900 ka can also thus be argued.

2.3.2 Eocene—Oligocene boundary

The second example of discussion surrounding a GSSP and
its stages involves the GSSP for the base of the Oligocene that
should (but appears not quite to) correspond to the boundary
between the Priabonian and Rupelian Stages, accepted inter-
national stages for the Late Eocene and Early Oligocene sub-
epochs, respectively.

One of the outcomes of the IGCP Project 174, Termi-

nal Eocene Events, was to recommend and accept the extinc-

tion level of the low- to mid-latitude planktonic foraminiferal
group of the Hantkeninidae for biostratigraphic recognition
of the Eocene—Oligocene boundary. Hence, Odin and Monta-
nari (1988) proposed that the primary marker for the Eocene—
Oligocene boundary would be the extinction level of the genus
Hantkenina (base of foraminiferal Zone P18), and that a GSSP
should be placed at the base of a marl bed located 19 m above the
base of Massignano quarry, Ancona, Italy. This GSSP was rat-
ified in 1992 (Episodes 16: 379-82, 1993) and is in the younger
portion of polarity Chron C13r. An age of 33.7 £ 0.5 Ma is
indicated for the events. It should be mentioned in this context
that the Eocene—Oligocene boundary study only made passing
reference to the stages adjoining the boundary, with a comment
that more study would be desirable to relate to the shallow- to
marginal-marine type Priabonian, Upper Eocene.

Dinoflagellate cyst correlations, in particular the boundary
between the Achomosphaera alicornu Zone and the Glaphy-
rocysta semitecta Zone, now indicates that the GSSP for the
lower limit of Oligocene at Massignano correlates to the mid-
dle part of the sequence of shallow- to marginal-marine lithos-
tratigraphic units assigned to the Upper Eocene Priabonian
Stage in northeast Italy (Brinkhuis and Visscher, 1995). A se-
quence stratigraphic approach suggests that the very top of
the Priabonian in the type section corresponds to the base of
the typical Rupelian, i.e. the base of the Oligocene in Belgium.
A palynological study undertaken by Stover and Hardenbol
(1993) determined that the base of beds considered Rupelian
in its type area in Belgium is one dinoflagellate zone above the
GSSP in Massignano; however, the Rupelian base itself is an
hiatus, the result of relative sea-level fall and tectonic uplift.
Thus, although formal acceptance of the Eocene-Oligocene
boundary in Massignano appears to overlap slightly with Pri-
abonian beds in a shallow- to marginal- marine facies, it appears
to leave a short gap to the immediately overlying Rupelian
Stage. A practical solution would be to extend the Rupelian
slightly downward, at the expense of some marginal-marine
Priabonian strata that have only local correlative significance.
Hence, this GSSP implicitly assigns revised definitions to the
historical Rupelian and the Priabonian Stages that are suitable
for global correlation.

2.3.3 Permian-Triassic boundary

The third example of GSSP selection involves the Permian—
Triassic boundary (Yin, 1996; Yin et al., 1996). For this im-
portant boundary between the Paleozoic and the Mesozoic, a
golden spike was finally hammered in early August 2001, af-
ter 18 years of study and debate by the ICS working group



on this subject (1981-1999). The GSSP is at the base of Bed
27c at Meishan section “D” in the Zhejiang Province of China
(Fig.2.3;Yinetal.,2001). The State Council of Chinaapproved
this boundary type section as an open region to all visitors with
a valid visa; free access for field study being one of the criteria
of a GSSP.

For over 100 years, beds with the ammonite genus Oro-
ceras, first found in the Himalayas, were widely considered
to represent lowest Triassic strata. The genus is also widely
known through the Arctic, but appears limited to the Permian—
Triassic temperate and non-tropical realm. Generally, it was
accepted that beds with Oroceras should be taken to define the
base of the Triassic, and the base of the Griesbachian Stage.
Particularly in the Arctic, Otoceras bearing beds may attain a
thickness of over 70 m, versus only a few meters in Asia. In
the Himalayas, the main phase of mass extinction of Paleozoic
fauna and flora lies immediately below the level with Oroceras,
with the latter representing a major transgressive phase.

In contrast, key Permian—Triassic boundary sections in
China, Kashmir, and Tibet were found to be stratigraph-
ically continuous, or most likely so, and have a particular
good record of condodonts, a microfossil group of choice for
near-global marine correlations. The species Hindeodus parvus,
in an evolutionary lineage of several related forms, is found
in China, Kashmir, Salt Range, Caucasus, Iran, Italy, Aus-
tria, Hungary, western USA, and British Columbia, Canada,
and is considered to have a pan-Tethyan and circum-Pacific
distribution in shallow-marine to occasionally deep-marine
facies. After extensive debate and many publications, well
summarized in Yin (1996), the Meishan section in Zhejiang
Province of China was accepted as a GSSP, with the onset of
H. parvus the bounding criteria for the Paleozoic—Mesozoic
Era boundary, the Permian—Triassic Period boundary, and
the boundary between the Changhsingian and Induan Stages
(Fig. 2.6).

Important also is the sharp negative excursion of §3C
just below the FO of H. parvus in Meishan and many sec-
tions world-wide, considered to reflect a considerable loss in
microplankton productivity and biomass coincident with the
end-Permian mass extinction (see Chapter 17). Thus, this sta-
bleisotope eventisan excellent global auxiliary marker virtually
at this important boundary.

Volcanic ashes yield radiometric ages bracketing the GSSP
in Meishan. It appears that the base-Triassic, as defined
by the GSSP, is significantly younger than the peak of the
end-Permian mass extinctions, and re-assigns some “basal-
Triassic” ammonite beds in the Arctic and Himalayas to the

Permian Period.
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2.4 MAJOR SUBDIVISIONS OF THE
GEOLOGIC TIME SCALE

The development of the subdivisions of geologic time is a fas-
cinating topic filled with philosophical concepts, dramatic per-
sonal disputes, and perceptive geological thinking (e.g. see the
lively historical compilation by Berry, 1987). Several historical
aspects still linger in informal stratigraphic divisions (e.g. the
“Tertiary” was introduced by Giovanni Arduino circa 1759
(see also second color plate), a mining inspector in Tuscany,
in a letter to a professor at the University of Padua about the
relative age of low hills in Italy in which the sediments were
commonly derived from “secondary” layered rocks; and sim-
ilarly the “Dogger” was introduced from a clay-rich interval
with concretions within the Jurassic of Britain). The prolif-
eration of regional subdivisions eventually culminated in the
recognition that international standardization is required, and
the status of defining global intervals of geologic time is one of
the main topics of this book.

Earth’s history has been subdivided into three eons: the
Archean, the Proterozoic, and the Phanerozoic (Fig. 2.7).
The first two eons are grouped into an informal chronostrati-
graphic unit called the “Precambrian.” The Phanerozoic Eon
is subdivided into three eras: the Paleozoic, the Mesozoic, and
the Cenozoic. Subdivisions of the Precambrian eons and the
Phanerozoic eras are discussed in detail in Chapters 9-22, and

only a brief outline is given here.

2.4.1 Archean and Proterozoic Eons (Precambrian)

“Precambrian” is an informal stratigraphic term that encom-
passes all geologic time and rock prior to the Cambrian Period.
It was originally known as the “pre-Cambrian” and originated
from the attempts of Adam Sedgwick and Roderick Murchi-
son to subdivide the “grauwacke” strata of Wales into correlat-
able systems. Initially, the “Cambrian System” was applied by
Sedgwick to non-fossiliferous strata below Murchison’s fossil-
bearing Silurian (Sedgwick and Murchison, 1835), but after
suffering a contentious history, it was reinstated by Charles
Lapworth (1879a) as the period with the earliest animal life
forms. Thereafter, any older non-fossiliferous strata, schists,
and crystalline rocks were referred to as “pre-Cambrian.”
The Precambrian is currently formally divided intoan older
Archean Eon and a younger Proterozoic Eon, using the nomen-
clature suggested by the Royal Society of Canada (Alcock,
1934). The boundary between the two eons is defined chrono-
metrically at 2500 Ma. The Archean and Proterozoic Eons are
divided into four and three eras, respectively. The eras of the
Proterozoic are subdivided into periods (see Chapter 9). An
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Figure 2.6 Details of the Paleozoic-Mesozoic (Permian-Triassic) boundary at the Meishan GSSP section, China.

historical review of Precambrian subdivisions is compiled in
Harland et al. (1990, pp. 14-18). There is no defined older
limit to the Archean Eon, but the term “Hadean” has been
suggested for the interval from the Earth’s formation to the
oldest geological record (hence from ~4600 to ~3850 Ma) and
is reviewed in Chapters 9 and 10.

2.4.2 Phanerozoic Eon

In an abstract, Chadwick (1930) proposed grouping geologic
time into two eons: the “Phanerozoic” to encompass the Pa-
leozoic, Mesozoic, and Cenozoic Eras; and “Cryptozoic” for
the pre-Cambrian. Only the term Phanerozoic is currently in

general use.

THE PALEOZOIC ERA

The “Palaeozoic” Series was proposed by Adam Sedgwick
(1838) in a presentation to the Geological Society of LLondon
to encompass his Cambrian Period and Roderick Murchison’s

Silurian Period, and ending at the base of the Old Red Sand-
stone (Devonian). John Phillips (1841) extended the Paleozoic
(meaning “ancient animal life”) to also include the Old Red
Sandstone through the Permian. The international convention

[79%})
a

is to drop the from “ae” in Palaeo, hence it is now spelled
as “Paleozoic” Era. The Paleozoic is divided into six peri-
ods, from the Cambrian at the base, through the Ordovician,

Silurian, Devonian, Carboniferous, and Permian.

THE MESOZOIC ERA

Phillips (1841) introduced the term Mesozoic (meaning “mid-
dle animal life”) in a brief article in The Penny Cyclopaedia of
the Society for the Diffusion of Useful Knowledge to follow the
Paleozoic, and later proposed that the Mesozoic would span
the New Red Formation (the lower part was later determined
to be the Permian) through the Cretaceous Chalk (Phillips,
1841). The Mesozoic Era is divided into the Triassic, Jurassic,
and Cretaceous Periods.
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Figure 2.7 Main divisions of Earth history into eons and eras.
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THE CENOZOIC (CAINOZOIC) ERA

The name “Kainozoic” (from the Greek word kainos meaning
“recent”) was coined by Phillips (1841), and later spelled by
him as “Cainozoic”, to apply to British strata younger than the
Chalk (Cretaceous). It is now known as “Cenozoic” (see the
linguistic history discussion in Harland ez a/., 1990, p. 31).
The Cenozoic is divided into Paleogene and Neogene
Periods. We refrain from using the informal terms Tertiary
and Quaternary, remnants of a classification that included Pri-
mary and Secondary (e.g. by Arduino, 1760b; see also second
color plate), but their origins and history are well described in
Harland ez /. (1990) and Berggren (1998). The changing con-
cept of the term “Quaternary” is summarized in Chapter 21.

2. 5EXAMPLES OF 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 strati-
graphic lexicons to summarize the regional schemes and links
to a standard scale. The international standard is developed by
the International Commission on Stratigraphy (ICS), and is
formally published in conjunction with the International Geo-
logical Congress (e.g. Remane, 2000; and an edition to appear
in Episodes in mid 2004). The updated charts in PDF formatare
freely available from the ICS website at www.stratigraphy.org.

Nearly all nations, states, and/or continents have compiled
regional chronostratigraphic charts or lexicons of regional
stratigraphy. Some selected examples of “recent” compilations
are mentioned below.

In 2002, the Stratigraphic Table of Germany 2002 (German
Stratigraphic Commission, 2002) saw the light. The wall chart
is well laid out and documents the interrelation of regional Ger-
man 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, in-
cluding Nordic, languages where orthographic principles have
occasionally “muddied” stage, series, and system nomencla-
ture. 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 Devonian—
Carboniferous is resolved by taking the youngest possible es-
timate 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.
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An Australian Phanerozoic Timescale (Young and Laurie,
1996) is an erudite and well-illustrated standard work for that
part of the world. Detailed explanatory notes make this study
a valuable compendium of bio-, magneto-, and chronostrati-
graphic information. Particularly, there is a wealth of data on
Australian biostratigraphy, well documented in many detailed
charts and a wall chart linking local and standard zonations in
one scheme.

The detailed New Zealand Geologic Time Scale study will
go to press in 2004 (R. Cooper and J. Crampton, pers. comm.,
2003). Considerable progress has been made with typifying

the previously biostratigraphically defined regional stages.
The spectacular Neogene record of the Wanganui Basin in
New Zealand is important to understand the relations between
global sequences and orbital cycles in shallow marine settings.

For European basins, there is the compilation by Harden-
bol ez al. (1998) of eight Mesozoic and Cenozoic bio—-magneto—
chronostratigraphic charts, linked to the standard time scale
anno 1995 and a sequence stratigraphic framework. The de-
tailed calibrations of fossil events and zonal units is particularly
valuable, since it involves many classical localities, classical taxa,

and classical zones.
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Biostratigraphy: time scales from graphic and quantitative methods

F. M. GRADSTEIN, R. A. COOPER, AND P. M. SADLER

Semi-quantitative and quantitative biostratigraphy methods are as-
sisting with scaling of stages, as exemplified in the Ordovician—
Silurian and Carboniferous—Permian segments of GT'S2004. This

chapter focuses on some theory and practical considerations.

3.1 INTRODUCTION

The larger part of the Phanerozoic time scale in this book
relies on a construction where stages are first scaled “geo-
logically” with biostratigraphic compositing techniques, and
than stretched in linear time using key radiometric dates. The
advent of versatile and “clever” semi-quantitative and quanti-
tative biostratigraphy methods is assisting with this geological
scaling. The methods also add a new dimension to the con-
struction of local or standard biochronologies, and its time
scale derivatives.

In particular, three methods, each with their own PC-based
programs, merit attention when it comes to scaling biostrati-

graphic data for standard or regional time scales:

e graphic correlation,
*  constrained optimization

* ranking and scaling.

Each of these three methods aims at a particular segment of
time scale building and its application, using complex and/or
large microfossil data files. Constrained optimization is directly
utilized in building the early Paleozoic segment of GTS2004,
and graphic correlation plays a key role in building the bio-
stratigraphic composite for the late Paleozoic. Ranking and
scaling has been used in construction of local biochronologies.
In this chapter more general examples will be given of the
approaches; a summary of the numerical and graphic methods
is presented in Table 3.1.

A Geologic Time Scale 2004, eds. Felix M. Gradstein, James G. Ogg, and Alan
G. Smith. Published by Cambridge University Press. © F. M. Gradstein, J. G.
Ogg, and A. G. Smith 2004.
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3.2 GRAPHIC CORRELATION

Rates of sediment accumulation have been used to derive time
scales. The simplest methods average fossil zone thickness in
several sections and assume that thickness is directly propor-
tional to duration (e.g. Carter ¢z al., 1980). However, because
zone boundaries are defined by the stratigraphic ranges of one,
or a few species, only a very small subset of the total bio-
stratigraphic information is used in the exercise. Worse is that
sedimentation rarely is constant (linear) through time, making
the assumption tenuous.

Graphic correlation (Shaw, 1964; Edwards, 1984; Mann
and Lane, 1995; Gradstein, 1996; see also Table 3.1) isa method
that makes better use of the biostratigraphic information in
sections, and is thus used for time scale construction. Graphic
correlation proceeds by the pair-wise correlation of all sections
to build up a composite stratigraphic section. With each suc-
cessive round of correlation, biostratigraphic range-end events
missing from the composite are interpolated into it viaa “line of
correlation” (LOC). At the same time, the stratigraphic ranges
of taxa 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, 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 re-
garded as a good approximation of a relative time scale it-
self (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 accumula-

tion rate are evened out in the composite, during the process of



0s

Table 3.1 Summary of graphic and numerical methods in biostratigraphy, used to assist with construction of geologic time scales

Graphic correlation

Constrained optimization

Ranking and scaling

Programs GRAPHCOR, STRATCOR

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

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

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

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

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

Attempts to find maximum stratigraphic range of taxa
among the sections

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

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

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

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

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

Program CONOP

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

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

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

Multidimensional LLOC; automated fitting; can generate
several different composites depending

on run options

Attempts to find maximum or most common stratigraphic
ranges of taxa

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

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

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

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

Batch operation under Windows®; color graphics display
shows progress of run

Programs RASC and CASC
Probabilistic method — ranking, scaling normality testing, and
most likely correlation of events; error analysis

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

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

Treats all sections and events simultaneously

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

Finds average stratigraphic position of first and/or last
occurrence 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 in the scaled optimum sequence
derives from z-transformation of cross-over frequencies
Optimum sequence can be scaled to linear time; automated
correlation of sections using isochrones

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

Button operated under Windows®, fast batch runs; color
graphics of output and options for interactive graphics editing




LOC fitting and extension of stratigraphic ranges. The com-
posite units by which the composite section is scaled are as-
sumed 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
radioisotopic 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 (steadi-
ness) of depositional rate. A regional composite for Scandi-
navia 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 with time. The
thickness scale for the Scandinavian composite (the most fos-
siliferous one) was then taken as a reasonable proxy for a rel-
ative 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 Car-
boniferous and Permian time scale segment (Section 15.3.3),
involving about 40 Carboniferous and 20 Permian sections,

using all available fossil groups.

3.3 CONSTRAINED OPTIMIZATION

A major disadvantage of the graphic correlation method is
the limited number of sections and taxa that can be used in
the analysis, for practical reasons. 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 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 ez al., 1995; Sadler,
1999).

Like graphic correlation, several of the options in CONOP
seek the maximum stratigraphic ranges of taxa as represented
in the sections and build a composite (Sadler and Cooper,
2004). Unlike graphic correlation, the method readily enables
a large number of sections and species to be used and pro-
cesses all taxa and all sections simultaneously. Thus, it resem-
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bles a multidimensional graphical correlation in the sense that
it considers all the local stratigraphic sections. It differs, how-
ever, in treating all sections simultaneously. A closer analogy
exists between CONOP and algorithms that search for the most
parsimonious cladogram.

Over 230 measured stratigraphic sections in graptolite-
bearing deep-water shales from around the world and con-
taining 1400 species were compiled in a data set. The Ordovi-
cian part alone includes 119 sections, containing 669 taxa with
ranges wholly or partly in the Ordovician. The total data set
was used to derive a global composite section for the Ordovician
and Silurian (discussed in more detail in Chapter 12). Since
graptolite specimens are rarely, if ever, found reworked, such
“stratigraphic noise” is readily avoided.

The impressive graptolite composite was built in two steps.
In the first step, the order of events was established by mini-
mizing 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 op-
erations, 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 biostrati-
graphic event levels, rather than stratigraphic thickness (as
in graphic correlation). The composite is only an ordinal se-
quence 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 there-
fore 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 abso-
lute thickness. The influence of aberrant sections, incomplete
preservation, and non-uniform depositional rates is thus min-
imized. Graptolite zone boundaries and stage boundaries were
then located in the composite, producing a relative time scale
for the Ordovician and Silurian.

Twenty-two U-Pb zircon dates that were reliably tied to the
graptolite sequence and included in the compositing process
were plotted against the relative time scale, and the resulting
near-rectilinear fit demonstrates the reliability of the method
(Fig. 3.1). These dates were then used to calibrate the relative
scale, which was adjusted accordingly.
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Figure 3.1 Calibration of the CONOP relative time scale in
composite units by zircon isotopic dates in the Ordovician and
Silurian (Sadler and Cooper, 2003, 2004). The extent to which the
best fit is linear is the extent to which the CONOP relative

biostratigraphic scale is linear.

The result is a finely calibrated time scale. The method is
applicable to any part of the time scale with suitable pelagic fos-
sil groups, and is most suitable where isotopic dates are scarce.
It provides a method for estimating the age of biostratigraphic
and chronostratigraphic boundaries and events that lie strati-
graphically between radiometric calibration points. Its under-
lying assumptions, methodology, and limitations are outlined
by Sadler and Cooper (2004b). These authors demonstrate the
method on the Ordovician and Silurian time scale.

In Chapters 12 and 13, the linear scaling of the CONOP
graptolite composite is further refined through the use of
mathematical and statistical techniques, incorporating error
analysis.

3.4 RANKING AND SCALING

Both the graphic correlation and some options in the CONOP
methods belong in the category of deterministic stratigraphy
methods, and contrast with probabilistic methods. Determin-
istic methods seek the total or maximum stratigraphic range of
taxa, whereas probabilistic methods estimate the most probable
or average range (Fig. 3.2), to be accompanied by an estimate
of stratigraphic uncertainty. Deterministic methods assume
that inconsistencies in the stratigraphic range of a taxon from
section to section or well to well are due to missing data. On the
other hand, probabilistic methods assume that the inconsisten-
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stratigraphic sections
Figure 3.2 Theoretical illustration of the difference between
average and maximum ranges of a species (taxon A) in eight
stratigraphic sections. Probabilistic methods seek the average
stratigraphic range, deterministic methods seek the total range (after
Cooper et al., 2001).

cies 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
micropaleontology 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 on the other hand consider such incon-
sistencies 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 posi-
tion, 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, op-
erating completely different from CONOP, is called RASC
(Agterberg and Gradstein, 1999; Gradstein ez a/.,1999). RASC
isanacronym 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 thou-
sands of records, depending on requirement. For error analysis

to have meaning, more wells are better than few.
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Figure 3.3 By using CASC interpolation, RASC biochronology
ischrons can be correlated through the wells, as shown for the
subjective (solid line) and most likely (dashed) depths of Cretaceous

Unlike graphic correlation, the RASC method considers
the stratigraphic order of all (pairs of) fossil events in all wells
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 de-
viations of the event positions in the most likely (optimum)
sequence are proportional to the amount of their stratigraphic
scatter in all wells or outcrop sections.

Scaling of the optimum sequence in relative time is a func-
tion of the frequency with which events in each pair in the op-
timum 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 distri-
bution. Final distance estimates are expressed in dendrogram
format, where tightness of clustering is a measure of near-
ness 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

isochrons in northern Grand Banks wells (after Williamson, 1987).
The automation of this process makes the method suitable for

subsurface contouring using computer workstations.

of events are assigned zonal status. The process of zone as-
signment 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 extinc-
tions 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, top 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 has wide stratigraphic application to a variety
of microfossils, including dinoflagellate 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.
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Since the RASC optimum sequence has a numerical and
linear scale, it may be converted to a time scale. A prerequisite
is that, for an appropriate set of events in this scaled opti-
mum sequence, absolute age estimates are available (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 be-
tween 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. Exam-
ples of such exercises are presented in Gradstein ez /. (1985),
in Agterberg and Gradstein (1988) for the Cenozoic, offshore
Labrador and Newfoundland, and in Williamson (1987) for

the Jurassic—Cretaceous, offshore Newfoundland.

Figure 3.3 shows a close fit of subjective and likely traces
of Lower Cretaceous isochrons in some Grand Banks of
Newfoundland wells applying the CASC methodology on a
most likely RASC zonation in 13 wells, using hundreds of fos-
sil events. The dashed lines are based on the CASC method,
and the solid lines are a subjective interpretation. An advan-
tage of the CASC-type interpolation is that it can be used
for isochron cross-sections at, for example, 1 myr intervals.
Such cross-sections as constructed by Williamson (1987, see
also Agterberg, 1990 and Fig. 9.22 therein) have realistic geo-
logical properties, and can be used to convert seismic cross-
sections quickly into geologic time sections such as Wheeler
diagrams, and thus to detect an hiatus in wells. This type of ap-
plication enhances the role of biochronology in regional basin

studies.
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The Milankovitch theory that quasi-periodic oscillations in the Sun-
Earth position have induced significant 10*~10°-year-scale variations
in the Earth’s stratigraphic record of climate is widely acknowledged.
This chapter discusses the Earth’s orbital parameters, the nature
of orbitally forced incoming solar radiation, fossil orbital signals in
Phanerozoic stratigraphy, and the use of these orbital signals in cali-

brating geologic time.

4. 1INTRODUCTION

Over the past century, paleoclimatological research has led
to wide acceptance that quasi-periodic oscillations in the
Sun-Earth position have induced significant variations in the
Earth’s past climate. These orbitally forced variations influ-
enced climate-sensitive sedimentation, and thereby came to be
fossilized in the Earth’s cyclic stratigraphic record. The de-
tection of orbital variations in Earth’s cycle stratigraphy was
progressively facilitated by advancements in celestial mechan-
ics, which have provided more accurate models of the Earth’s
orbital-rotational behavior through geological time, and by
improvements in data collection and analysis.

A principal outcome of the research has been the recog-
nition that cycle stratigraphy, when shown to carry the sig-
nal specific to Earth’s orbital behavior, serves as a power-
ful geochronometer. High-quality data collected over the past
decade, in particular, have proven to have faithfully recorded all
of the orbital cycles predicted by modern celestial mechanics
over 0—23 Ma. Consequently, for the first time, the entire Neo-
gene Period has been astronomically calibrated, and is reported
in Chapter 21 as the Astronomically Tuned Neogene Time
Scale 2004 (ATNTS2004). Cycle stratigraphy from more re-
mote geological ages has not yet been calibrated directly to the
orbital cycles, because of model limitations and greater un-
certainties in determining stratigraphic age. Nonetheless, in

numerous instances signal components analogous to those of

A Geologic Time Scale 2004, eds. Felix M. Gradstein, James G. Ogg, and Alan
G. Smith. Published by Cambridge University Press. © F. M. Gradstein,
J. G. Ogg, and A. G. Smith 2004.
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the orbital variations have been detected in cycle stratigraphy,
prompting the development of “floating time scales” that are
calibrated to the average value of one or several model orbital
frequencies. In Chapters 17-19, orbitally calibrated floating
time scales are presented for intervals that extend through en-
tire stages of the Mesozoic periods.

This chapter provides an introduction to the Earth’s orbital
parameters, the nature of the orbitally forced incoming solar
radiation (insolation), and the discovery of orbitally forced in-
solation signals in cycle stratigraphy. The chapter concludes
with remarks on the precision and accuracy that can be ex-
pected from orbitally calibrated cycle stratigraphy.

4.2 EARTH’S ORBITAL PARAMETERS

The Earth undergoes quasi-periodic changes in its orientation
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 are described in terms of
the Earth’s orbital parameters (Fig. 4.1). Quantification of the
orbital parameters has been carried out numerous times in the
past with analytical approximations of the planetary motions
(e.g. Milankovitch, 1941; Bretagnon, 1974; Berger, 1977a,b;
Berger er al., 1989; Laskar, 1990). Today, orbital models are
performed largely by computerized numerical integration, and
while they continue to share many of the features contained in
the earlier ones, important new variables have been included,
e.g. relativitistic effects, Earth’s tidal braking, dynamical ellip-
ticity, climate friction, Sun’s oblateness, etc. For example, the
model of Laskar et al. (1993) is reported as La93cmar FGam),
where CMAR is input for the tidal effect of the Moon and
FGAM is the input for the dynamical ellipticity of the Earth.
The nominal model La93 1) assumes no tidal friction and
present-day ellipticity; L.a93(; 1y builds in the tidal effect of
Quinn ez al. (1991). L.a93 provides an accurate “ephemeris” for
the past 16 million years; uncertainties in the model’s initial
conditions and indications for chaotic motions of the planets
impose an absolute accuracy limit at about 32 myr BP (Laskar,
1999).
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Figure 4.1 The Earth’s orbital parameters seen from a view above
the Earth’s geographic North Pole (NP) in a configuration of
northern summer solstice (NP pointed toward the Sun). The Earth’s
orbit is elliptical with (invariant) semi-major axis @ and semi-minor
axis b defining eccentricity e. The Sun occupies one of the two foci
(f1, f2). Variables e, I1, I and £2 are “orbital elements,” where

IT = §2 + w. The plane of the Earth’s orbit (the “ecliptic of date”) is
inclined an angle / relative to a fixed reference ecliptic, and intersects
this plane at a longitude £2 at point N, the ascending node, relative
to fixed vernal point yy. (In this depiction, 7 is greatly exaggerated
from its actual magnitude of only 1 to 2°.) The orbital perihelion

point P is measured relative to yy as the longitude of perihelion /7,

According to La93 9 1), over the past 10 million years the
Earth’s orbital eccentricity varied from 0 to ~7% (Fig. 4.24)
with principal modes at 95, 99, 124, 131, 404, and 2360 kyr
(Fig. 4.3a), caused by gravitational perturbations from motions
of the other planets acting on Earth’s orbital elements I7 and ¢
(Fig. 4.1). The obliquity variation has involved changes in the
Earth’s axial tilt between 22 and 24° (Fig. 4.24), with a principal
mode at 41 kyr, and lesser ones at 39, 54, and 29 kyr (Fig. 4.30),
due to planetary motions acting mainly on orbital elements /
and £2 (Fig. 4.1). The precession index represents the combined
effects of orbital eccentricity and the Earth’s axial precession on
the Sun—Earth distance (Fig. 4.2¢), and has principal modes at
24,22,19, and 17 kyr (Fig. 4.3¢). Long-period modulations of
the obliquity and precession index (Figs. 4.25,¢) can be traced
to the secular motions of individual planets (e.g. Berger and
Loutre, 1990); frequency components of these modulations
are summarized in Hinnov (2000).

Over geological time, dissipation of tidal energy is thought
to have slowed the Earth’s rotation rate (e.g. Berger et al.,
1989). This deceleration, accompanied by lunar recession, a
declining Earth ellipticity and axial precession rate, would have
resulted in a progressive lengthening of the obliquity and pre-
cession index modes toward the present (Berger ez al., 1992).

and moves slowly anticlockwise. The Earth’s figure is tilted with
respect to the ecliptic of date normal # at obliquity angle ¢. Earth’s
rotation ¢ 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 ¥ of the rotation axis. This precession
causes the vernal equinox point y to migrate clockwise along the
Earth’s orbit, shifting the seasons relative to the orbit’s eccentric
shape; this motion constitutes the “precession of the equinoxes.”
The angle @ between y and P is the moving longitude of perihelion
and is used in the precession index esin w to track Earth—-Sun

distance. Variations of e, &, and esin w are shown in Fig. 4.2.

Table 4.1 presents model predictions for the shortening of
the major obliquity and precession index modes over the past
500 Ma, indicating significant changes over the Phanerozoic
Eon. In addition, climate friction, i.e. episodic glacial load-
ing of the Earth’s crust, may result in “obliquity—oblateness
feedback” and possibly significant deviations in the average
obliquity angle (e.g. Bills, 1994; Rubincam, 1995). In con-
trast, orbital eccentricity is independent of geodynamical ef-
fects, and, although chaotic motions of some of the planets
could destabilize some of the eccentricity modes from their
current values, others, in particular the 404 kyr mode, may
have remained relatively stable over much of Phanerozoic time
(Laskar, 1999).

A newly updated orbital model, La2003(caiar, FGam,cLiv)
exploits recent advances in numerical integration techniques
and promises high-precision computations of the orbital pa-
rameters over geological times up to 40 Ma. This new model
also provides a third parameter, CLLIM, to include the afore-
mentioned climate friction effect (CLIM = () assumes no ef-
fect). Differences between 1.a93 and 1.a2003 are noticeable at
times previous to 20 Ma, and are discussed further in Chapter
21, where the ATN'TS-2004 is calibrated to La2003; 1 9y back
to the Oligocene—Miocene boundary (23.03 Ma).
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Figure 4.2 Variation of the Earth’s orbital parameters over the past
10 million years according to La93 1), assuming Earth’s present-day
ellipticity and rotation rate. () Orbital eccentricity, in percent; ()
obliquity variation, in degrees of axial tilt; (¢) precession index, in

standardized units (dimensionless). All values are from Analyseries
4.3 0ORBITALLY FORCED INSOLATION

The orbital parameters affect changes in the intensity and tim-
ing of the incoming solar radiation, or insolation, at all points on
the Earth. These insolation changes comprise the well-known
“Milankovitch cycles” (Milankovitch, 1941; re-issued in En-
glish in 1998). Geographical location, time of year, and even

the time of day all determine the relative contributions of the

Time (Ma)

(Paillard ez al., 1996), which calculates La90( =La93 1)). A
FORTRAN code to calculate adjustable models La93(cMmaR, FGam)
can be downloaded from http://xml.gsfc.nasa.gov/archive/
catalogs/616063/index_long.html.

orbital parameters to the inter-annual insolation (e.g. Berger
et al., 1993). For example, the insolation curves in Fig. 4.4
depict the globally available spectral power of orbitally forced
daily insolation at the top of the atmosphere on June 21 (sol-
stice) and March 21 (equinox). These curves are idealized in
the sense that it is unlikely that climate responds to insolation
only on one day of the year, but integrates insolation over cer-

tain times of the year and collectively over specific geographic
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Table 4.1 Model of changes in the main periods of the Earth’s obliquity variation and precession index”

Time (Ma) 41-kyr mode 39-kyr mode 54-kyr mode 29-kyr mode
OBLIQUITY VARIATION
0 41057 39663 53805 28929
72 39333 38052 50883 28062
270 34820 33812 43577 25687
298 34203 33231 42615 25350
380 32426 31550 39891 24360
440 31168 30358 38003 23643
500 29916 29169 36158 22916
Time (Ma) 24-kyr mode 22-kyr mode 19-kyr mode 16.5-kyr mode
PRECESSION INDEX
0 23708 22394 18966 16470
72 23123 21871 18590 16188
270 21485 20401 17517 15368
298 21249 20188 17359 15247
380 20 549 19555 16 889 14 884
440 20037 19090 16542 14612
500 19512 18613 16182 14332

“As in Hinnov (2000), based on Berger and Loutre (1994, their Table 2, Model 2). Values are in thousands of years.
(Note: The precessional 16.5-kyr mode was calculated using g = 1/(45 865 yr), from Laskar (1990).)

areas, possibly different areas at different times. This “climatic
filtering” serves to alter 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
1s left to the discretion of the paleoclimatologist to determine
which time(s) of the year and at which location(s) a prevailing
climate responded to insolation; this can require considerable
insight into the infinite number of ways that one can sample

insolation in space—time (Rubincam, 1994).

4.4 ORBITAL SIGNALS IN CYCLE
STRATIGRAPHY

The prospect that orbital variations exerted large-scale climatic
changes that could be detected in the geologic record was al-
ready being debated in the nineteenth century (e.g. Herschel,
1830; Adhémar, 1842; Lyell, 1867; Croll, 1875). Gilbert (1895)
was the first to attribute the origin of limestone/shale cyclic
strata of the Cretaceous Niobrara chalks (Colorado, USA) to as-
tronomical forcing. Bradley (1929) counted varves in the lacus-
trine oil-shale—marl cycles of the Eocene Green River Forma-
tion (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. 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
insolation calculations, and the orbital theory fell into disfavor
(see the review in Imbrie and Imbrie, 1979; see also the update
in Broecker and Denton, 1989).

At the same time, significant progress was made in un-
derstanding the origins of the prevalent rhythmic stratifica-
tion of Mesozoic Alpine limestones (e.g. Schwarzacher, 1947,
1954). This research culminated in the seminal work of Fis-
cher (1964), who found that the meter-scale beds (the Lofer
cyclothems) of the Triassic Dachstein Limestone contained
vertically repeating facies indicative of shallow marine envi-
ronments exposed to oscillating sea levels, with an ~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 cy-
clothems continues to be debated today (e.g. Schwarzacher,
1993; Enos and Samankassou, 1998).

It was not until investigation of the Late Quaternary deep-
sea sedimentary record was undertaken that Milankovitch’s
theory of climate change was firmly validated. Emiliani (1955,
1966) explained oxygen isotope fractionation in marine calcare-
ous microfauna as a function of ocean temperature and salinity;

subsequently, Dansgaard and Tauber (1969) demonstrated that
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Figure 4.4 Frequency distribution of inter-annual insolation
(Laskar, 1990) over 0—5 million years ago, sampled at 1-kyr intervals
and displayed as amplitude spectra with respect to geographic
latitude. () Daily mean insolation on June 21 (solstice). Latitudes
south of ~66° S receive no insolation on this day. Maximum daily
insolation occurs in the northern polar region, which experiences
24-hour exposure. The phase of the eccentricity and obliquity
remains constant at all latitudes; for the precession phase shifts
progressively from 0 to 180° from month to month (not depicted).
(b) Daily mean insolation on March 21 (equinox). Insolation
strength is a function of local solar altitude, highest at the Equator
on this day of equal-time exposure every