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ABSTRACT

It is now possible to routinely
determine the age of 200–600-m.y.-old
volcanic rocks interlayered with fossil-
bearing deposits to uncertainties of less
than 1 m.y. with uranium-lead zircon
geochronology. This level of precision,
coupled with the recognition that vol-
canic ash beds are much more common
in fossiliferous rocks than previously
realized, opens new opportunities for
the study of evolutionary rates in deep
time. It is now possible to constrain
rates of evolutionary radiations, mass
extinctions, and other evolutionary
events as well as evaluate potentially
diachronous biostratigraphic bound-
aries. For example, a combination of
detailed biostratigraphic and chemo-

stratigraphic data with new U-Pb zircon
dates for the late Neoproterozoic and
Early Cambrian has demonstrated that
the soft-bodied Ediacaran fossils imme-
diately underlie the Cambrian, that the
base of the Cambrian is much younger
than previously recognized, and that
the Cambrian explosion lasted 10 m.y.
or less. Other recent studies have shown
the Middle and Late Cambrian each
lasted only about 10 m.y., suggesting
that the duration of the included trilo-
bite zones was similar to those of Juras-
sic ammonites. Recent data from the
Late Permian and earliest Triassic of
south China now constrain the duration
of the most profound mass extinction
in the history of life to less than 1 m.y.
Collaboration between paleontologists

and geochronologists offers the prospect
of accurately assessing the rates of evo-
lutionary processes, from speciation
to evolutionary radiations and mass ex-
tinctions, throughout the Phanerozoic. 

“How fast, as a matter of fact, do animals
evolve in nature? That is the fundamental
observational problem that the geneticist
asks the paleontologist” (Simpson, 1944).

INTRODUCTION

Answers to Simpson’s question about
evolutionary rates have generally lacked
precision, particularly for the pre-Ceno-
zoic. Although many paleontological
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Figure 1. The Permian-
Triassic boundary at Meishan,
China, showing dates for
the ash beds described in
Bowring et al. (1998). The
end Permian mass extinction
is recorded within the last
1 m below the lowest ash
bed (left). This ash bed lies
about 10 cm below the
Permian-Triassic boundary
as defined on the basis of
conodonts, and just below
the major isotopic excursion.
The upper two ash beds are
in Lower Triassic strata.
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issues have revolved around evolutionary
rates, the inadequacies of the geologic
time scale have generally precluded their
resolution. Yet, accurate determination of
rates is critical to answering important
questions: How does the rate of speciation
vary in different environments? How long
do stable community assemblages persist?
How much time is involved in evolution-
ary radiations or postextinction recover-
ies? How rapidly do species and communi-
ties respond to climatic and other
environmental changes? And perhaps
most significant, have these rates changed
through the Phanerozoic? Without good
data on the amount of time involved in
these events, any determination of rate
must be suspect.

Rates of some evolutionary and geo-
logical processes can be determined for the
Cenozoic with some precision by means
of a variety of techniques (e.g., climatic
cyclicity, paleomagnetic reversals; Hilgen
et al., 1997). However, farther back in the
geologic record, the precision with which
we can resolve events decreases, the accu-
racy of the geologic time scale degrades,
and the reliability of information used to
assess evolutionary rates falls dramatically.
Consequently, much of our current
knowledge of rates of change is based on
interpolation of absolute time between
a few well-constrained tie points used
to construct relatively imprecise geologic
time scales (e.g., Harland et al., 1990),
often with the additional assumption
that equal thicknesses of rock represent
equal amounts of time.

In Memoriam

Saul Aronow
Beaumont, Texas
May 15, 1998

Robert E. Barnett
Washington Court House,
Ohio

Bruce B. Hanshaw
McLean, Virginia
July 18, 1998

Laurence B. James
Folsom, California
June 8, 1998

Louis Pavlides
College Park, Maryland
April 8, 1998

Grover Reinbold
Reno, Nevada
April 24, 1998

Mark Springett
Boulder, Colorado
July 16, 1998

Leonard R. Wilson
Norman, Okalahoma
July 15, 1998
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CORRECTION:  July Science Article

The illustration in the center of the July 1998 issue (p. 16 and 17) is Figure 2 (not
Figure 3) of the paper “Probing the Archean and Proterozoic Lithosphere of Western
North America” by Deep Probe Working Group. The Figure 2 caption on p. 4 should be
on p. 16, and the Figure 3 caption on p. 16 should be on p. 4. 

On p. 3, leftmost column, the fourth line under the head Seismic Observations: Three
Province-Related Seismic Signatures should be: Cheyenne belt (Fig. 2; see p. 16–17),
and the footnote at the bottom of the leftmost column on p. 4 should be: Figure 2 is on
p. 16–17.
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For Paleozoic and Mesozoic rocks,
high-precision U-Pb geochronology of zir-
cons can be exploited to yield uncertain-
ties of 1 m.y. or less. The continued refine-
ment of chemical separations of U and Pb
from zircon and the improvement of mass
spectrometry allow high-precision analy-
ses of single grains of zircon containing as
little as 10 picograms (10-12 g) of radio-
genic Pb (Mundil et al., 1996; Bowring et
al., 1998). The ultimate test of the resolv-
ing power of the technique occurs when
multiple volcanic horizons are interlay-
ered with fossil-bearing rocks and the cal-
culated ages do not violate stratigraphic
order.

The integration of geochronology,
paleontology, and chemostratigraphy has
revolutionized our knowledge of several
important episodes in geologic history,
including the sudden major increase of
animals during Neoproterozoic to Cam-
brian time and, most recently, the most
extensive mass extinction in the history
of life, the end-Permian event (Fig. 1).

EVOLUTIONARY RATES

Although Simpson (1944) identified
and focused on the importance of deter-
mining fine-scale evolutionary rates, he
was handicapped by lack of data on abso-
lute dates. Kurten (1959) found that rates
of morphological change in Pleistocene
mammals exceeded mammalian evolu-
tionary rates during the Tertiary. Subse-
quent work has established that these
higher rates were an artifact: Evolutionary
rates are inversely related to time scale.
The shorter the time period studied, the
faster the observed rates of change,
whether the object of study is morphology
(Gingerich, 1983, 1993), or sedimentation
(Sadler, 1981). This is simply because slow
long-term rates are difficult to measure
over the short term and because fast long-
term rates are generally unsustainable over

the long term. Since evolutionary rates are
strongly dependent upon the interval of
time over which they are measured, they
can only be meaningfully compared when
the same time scale is used (Gingerich,
1993; Foote, 1994).

More recently, the determination of
precise evolutionary rates has faded from
current paleobiological research in favor
of identification of large-scale macroevolu-
tionary patterns. This is in part because
temporal resolution has been too coarse
to allow evaluation of finer-scale processes
(Campbell and Marshall, 1987). Recent
developments in geochronology suggest
that it is time for a new examination of
the issue of evolutionary rates, at the
scale envisioned by Simpson (1944).

GEOCHRONOLOGY

Since stratigraphic thickness cannot
be simply extrapolated to geologic time,
a large number of high-precision ages
from interstratified volcanic ash beds are
required in order to evaluate rates of geo-
logical change. In the past 10 years there
has been a dramatic increase in the num-
ber of studies concerned with calibration
of the time scale (e.g., Tucker et al., 1990;
Tucker and McKerrow, 1995; Claoue-Long
et al., 1991; Mundil et. al., 1996; Tucker et
al., 1998). The U-Pb method applied to zir-
cons separated from stratabound volcanic
layers is a powerful method for dating sed-
imentary rocks because it exploits two
independent decay schemes (238U → 206Pb
and 235U → 207Pb) within each zircon sam-
ple. This method provides independent
age information and a test for the degree
to which the systems were closed follow-
ing crystallization. If a closed system has
been maintained, the two U-Pb dates
(238U/206Pb and 235U/207Pb) and the Pb-Pb
date (207Pb/206Pb) for a zircon analysis
should be the same within uncertainties
and are referred to as concordant.

The past 15 years have seen marked
improvement in high-precision isotope
dilution–thermal ionization mass spec-
trometry (IDTIMS) U-Pb dating of zircons
(Krogh, 1982; Parrish and Krogh, 1987).
This is largely the result of being able to
analyze small amounts of zircon that may
contain as little as 10–25 × 10–12 g of
radiogenic Pb. This capability is the result
of low analytical blanks (0.5–2.0 × 10–12 g
of common Pb ) and improvement in
mass spectrometry, especially ion-count-
ing techniques. Although these methods
have revolutionized our understanding of
how geological time is distributed in the
rock record, only recently has the full
potential of this technique begun to be
realized. High precision for its own sake is
often not an efficient strategy. We feel that
the calibration of evolutionary rates is an
example of a problem that requires the
maximum resolving power of the U-Pb
technique. For example, Tucker et al.
(1990) showed through high-precision
zircon geochronology that the mean
duration of Ordovician graptolite zones
is 1–2 m.y. and recognized that with this
approach, evolutionary rates of Paleozoic
fauna could be evaluated. Hughes (1995)
used available U-Pb geochronology to
constrain durations of Silurian graptolite
zones; the range was 0.44–1.43 m.y.

Calibration of the Time Scale
Geochronometric calibration of a

relative, chronostratigraphic time scale is
straightforward. Ideally, a volcanic rock
is found very close to the point in a strat-
igraphic section chosen as the global
stratotype for the boundary between two
geologic intervals, and the volcanic rock
contains a mineral, such as zircon or mon-
azite, for which a precise crystallization
age can be determined. Such ideal situa-
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About People

GSA Fellow Daniel Jean
Stanley, National Museum of
Natural History, Washington,
D.C., was chosen by Italian uni-
versities to receive the Golden
Trident Medal, a first for a North
American scientist. He was also
inducted as a member of Italy’s
Accademia Internazionale di
Scienze e Techniche.

GSA Fellow Julia Ann
Tullis, Brown University,
Providence, Rhode Island, will
receive the 1998 Outstanding
Educator Award from the Associ-
ation for Women Geoscientists
Foundation.

NEW DIRECTOR FOR IEE
Cathleen May has joined the headquarters staff at GSA as the
Director of the Institute for Environmental Education. Cathleen
previously directed the national paleontological resources man-
agement program for the U.S. Forest Service. More recently,
she has consulted to government and professional societies on
resource management and legislative issues, and to the enter-
tainment industry on issues of scientific accuracy and literacy.

May earned undergraduate degrees in geology and in
secondary science education at the University of Wyoming and
her doctorate in integrative biology at the University of Califor-
nia at Berkeley. Her primary research has focused on macro-
evolutionary patterns in the terrestrial Triassic, particularly as
recorded in northwest Argentina, and on geoecological contingency in modern ecosystems.
May brings to the IEE her long-standing commitment to the crucial role of the geosciences
in building scientific literacy, environmental problem-solving, and Earth-system science.
Contact May regarding the IEE and its programs at cmay@geosociety.org, or IEE admini-
strative support person Stacey Ginsburg at sginsbur@geosociety.org.

Cathleen May
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tions are uncommon, and so calibration
requires dating rocks elsewhere in sections
that can be correlated to the stratotype
by means of bio-, chemo-, and magne-
tostratigraphy. The late Neoproterozoic–
Cambrian boundary, for example, is
defined as a point in rock in a section
located in southeastern Newfoundland
(Landing, 1992), but no volcanic rocks
are present at or in close proximity to the
boundary (Myrow and Hiscott, 1993;
Landing, 1992). Consequently, the age
of the boundary can be calibrated only
through correlation with other sections
that contain datable volcanic rocks in
close proximity to the boundary. 

It is a useful exercise to consult your
favorite time scale to see how the age of a
particular boundary was determined. The
chronostratigraphic time scales that we all
depend on (Harland et al., 1990; Shergold,
1995; Gradstein et al., 1995) typically
assign an absolute age for a biostrati-
graphic boundary that reflects averaging
of several, often imprecise age determina-
tions and estimates; in many cases the
uncertainty is several million years. As the
geochronological resolution and the num-
ber of calibration studies has increased
dramatically in the past ten years, existing
time scales have been rendered inade-
quate, especially for the Paleozoic (Fig. 2).

Methods
Pb analyzed from zircon samples is

a mixture of radiogenic and common Pb.
Radiogenic Pb is produced by the decay of
U in the zircon crystal. A small amount
of common Pb is sometimes incorporated
into the zircon when it crystallizes, and
common Pb is added to the sample via
sample processing (analytical blank).
When calculating a date for a zircon, one
must subtract the common Pb from the
total Pb, and in doing so, one must
assume a composition of both the blank
and any indigenous common Pb. In gen-
eral, the uncertainties associated with
making blank and common Pb corrections
can be minimized with large radiogenic
Pb/ common Pb ratios, which generally
scale with sample size. Sources of system-
atic error may include error in spike cali-
bration and uncertainty in the decay 
constants for uranium. These later uncer-
tainties would apply to all analyses done
in a particular lab; although they might
affect absolute age determinations, the rel-
ative age differences between beds are not
affected. Systematic errors can be a prob-
lem when comparing dates obtained by
different methods.

Resolution of time with uncertainties
of 1 m.y. or less in volcanic rocks provides
a special set of problems. The most signifi-
cant is the ability to distinguish small
amounts of Pb loss and/or inheritance.
It is common in airfall ash deposits to find

zircon grains, probably incorporated into
the eruption column, that are identical in
morphology to the indigenous popula-
tion, but which can be <1 to >10 m.y.
older (Landing et al., 1998). This problem
can be minimized by analyzing single
grains of zircon. A zircon crystal’s size and
its concentration of radiogenic Pb ulti-
mately determine whether or not single-
grain analysis is feasible. One seeks as high
a ratio of radiogenic to common Pb as pos-
sible for each analysis. In this way, the
uncertainty on all three dates (206Pb/238U,
207Pb/235U, and 207Pb/ 206Pb) is low
(0.1%–0.5%), and the difference between
the 206Pb/238U and 207Pb/235U dates can be
evaluated for inheritance of slightly older
grains and/or Pb-loss. In the case of com-
plex zircons, it is often necessary to relax
precision requirements so as to be able to
analyze a single grain or grain fragment.
It is this trade-off that requires the super-
high-resolution ion microprobe (SHRIMP)
to rely on the 206Pb/238U date when deter-
mining the age of Paleozoic zircons (e.g.,
Claoue-Long et al., 1995).

In the best-case scenario, a statisti-
cally significant cluster of concordant
analyses is obtained for each sample, and
weighted mean 206Pb/238U, 207Pb/235U and
207Pb/206Pb dates are calculated. More
commonly, a suite of zircons is discordant
and defines a linear array that intersects
concordia. In these cases, uncertainty in

the age of the zircons can be calculated for
the intersection of the discordant array
with the concordia curve (Ludwig, 1980),
or, more often, the weighted mean of the
207Pb/206Pb dates can be used (e.g., Tucker
et al., 1998; Bowring et al., 1993). When
this approach is used, the minimum
uncertainty in age is generally 1–2 m.y.
There is no question that the best results
are obtained from concordant zircons, and
in older rocks they become increasingly
difficult to find. Our technique could be
termed the “brute force” approach. We
typically attempt to analyze a minimum
of 5–10 fractions of zircon for each ash
bed to assess our reproducibility and to
reduce errors in the age (this does not
include the analyses that show evidence
for inheritance, severe Pb loss, high com-
mon Pb, etc.). The test of our approach is
to analyze multiple samples of the same
horizon, as well as different beds in strati-
graphic order (Grotzinger et al., 1995;
Bowring et al., 1998).

RESOLVING THE CAMBRIAN 
RADIATION

The explosive diversification of
higher marine invertebrates in the Early
Cambrian is the single most dramatic
event documented in the fossil record.
Rocks that are late Neoproterozoic in age
contain the soft-bodied remains of Edi-

Figure 2. Changing views of late Neoproterozoic–Early Ordovician time. The estimated boundary dates
shown are from Harland et al. (1982), the Decade of North American Geology (DNAG) in 1983, Harland
et al. (1990), the International Union of Geological Sciences (IUGS; Cowie and Bassett, 1989), and the
latest evidence (1998) discussed in this paper. The open circles represent poorly constrained geochrono-
logic tie-points and the black circles better-constrained tie-points. Error bars are shown for the Harland
et al. time scales. Note that the Manykaian stage was added to the Cambrian in 1992, and that the
subdivisions of the late Neoproterozoic have not been firmly established.
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acaran fossils and a small assemblage of
skeletonized tubes, as well as recently
discovered fossil embryos and sponge
spicules (ca. 570 Ma; Xiao et al., 1998;
Li et al., 1998). The first Cambrian shelly
fossils occur in carbonates near the base of
the Manykaian Stage, currently the basal
stage of the Cambrian. Trace fossils, skele-
tal fossils, and spiny organic microfossils
diversified rapidly during the ensuing
Tommotian and Adtabanian stages, so
that by the end of the Adtabanian, most
durably skeletonized phyla and classes of
marine invertebrates are recognized. Con-
troversy continues over the rapidity of this
radiation and the possibility that consider-
able diversity existed long before the base
of the Cambrian, but has not been recog-
nized in the fossil record because of small
size or low preservation potential.

Since 1990, U-Pb geochronological
studies have constrained the age of the
late Neoproterozoic–Cambrian boundary,
the duration of diverse Ediacaran fossils,
the burst of innovations during the Tom-
motian-Atdabanian, the Lower-Middle
Cambrian boundary, and the Cambrian-
Ordovician boundary (Compston et al.,
1992, 1995; Bowring et al., 1993; Isachsen
et al., 1994; Grotzinger et al., 1995; Land-
ing et al., 1997, 1998; Davidek et al.,
1998). Figure 3 is a revised time scale for
the Cambrian Period showing the control

provided by U-Pb zircon ages on biostrati-
graphic boundaries.

Although volcanic rocks are uncom-
mon interbedded with Ediacaran fossils,
the fossils generally postdate Varanger-
aged glaciogenic rocks (ca. 600 Ma) in
eastern North America. In Newfoundland,
Benus (1988) reported an age for volcanic
rocks immediately overlying Ediacaran
fossils at 565 ± 3 Ma. Compston et al.
(1995) reported for volcanic rocks from
the subsurface of Poland which are corre-
lated with Ediacaran-bearing strata in
Ukraine an age of 551 ± 4 Ma. Grotzinger
et al. (1995) and Narbonne et al. (1997)
have documented Ediacaran fossils includ-
ing the new genus Swartpuntia immedi-
ately below the basal Cambrian in
Namibia; this deposit is younger than
543.3 ± 1 Ma. Grotzinger et al. (1995) also
showed that diverse small shelly fossils
overlap with the Ediacaran fossils in
Namibia. Although the Cambrian is often
viewed as lacking Ediacaran fossils, several
exceptions have appeared recently (Crimes
et al., 1995; Conway Morris, 1993; Jensen
et al., 1998). The lack of any obvious gap
between the last Ediacaran fossils and the
onset of Cambrian fossils leads to the sim-
ple conclusion that the Cambrian explo-
sion is part of a continuous evolutionary
radiation that started in the late Neopro-
terozoic (Grotzinger et al., 1995). The bios-

tratigraphically defined boundary does
not mark a sudden event or explosion in
the diversification of life, but instead
serves as an important reference point in
an increasingly rich evolutionary record.

Carbon isotope stratigraphy is an
essential tool for correlating latest Neo-
proterozoic rocks. Globally, many strati-
graphic sections have yielded very similar
fluctuations in carbon isotopes (Kaufman
et al., 1997; Narbonne and Knoll, 1994).
This pattern of isotopic variation provides
an independent framework for correlation
between sections and allows, in some
cases, calibration of the isotopic shifts
by dating volcanic layers. In Namibia,
Grotzinger et al. (1995) showed that an
isotopic interval known as the +2 plateau
has a duration of about 5–6 m.y. and coin-
cides with occurrence of the most diverse
Ediacaran assemblages.

Temporal calibration of past global
events, correlated using bio-, chemo-, and
magnetostratigraphic data sets, is possible
only with the precise absolute age control
offered by U-Pb zircon dating of volcanics
interlayered within sedimentary
sequences. This temporal framework has
important implications for our under-
standing of biological diversification and
its possible links to contemporaneous
tectonic, biogeochemical, and climatic
changes. Exciting problems remain unre-
solved. What is the lower boundary of the
Ediacaran faunas? Can we resolve time
sufficiently during the late Neoproterozoic
to identify distinct assemblages of fossils
or migration between different biogeo-
graphic regions? Will additional data on
the Manykaian Stage allow better tempo-
ral constraints on the gradual expansion
of the small shelly fossils? Is the distribu-
tion of Ediacaran organisms diachronous?

NEW RESULTS FOR THE MIDDLE
CAMBRIAN–EARLY ORDOVICIAN

Trilobites dominate Middle and Late
Cambrian marine assemblages in both
species diversity and numbers of speci-
mens. Rapid speciation in trilobites has
allowed biostratigraphers to divide the
Middle Cambrian of Laurentia into six
biostratigraphic zones, and the Upper
Cambrian into seven (but see Geyer and
Palmer, 1995). A detailed examination of
the evolutionary patterns underlying trilo-
bite history during this time reveals a
more interesting pattern, however. In
1965 A. R. Palmer recognized a series of
five larger biostratigraphic units, each
beginning with a small number of trilobite
families unrelated to those in underlying
rocks. He traced the rapid diversification
of these families across several biostrati-
graphic zones; the resulting diverse assem-
blage was finally eliminated by a mass
extinction, and the cycle was repeated.

Figure 3. Summary
diagram of biostrati-
graphically and
geochronologically
well constrained sam-
ples that define the
late Vendian to Late
Cambrian time scale
(after Bowring et al.,
1993; Grotzinger et
al., 1995). Newer data
are from: Compston
et al. (1995), Landing
et al. (1998), and
Davidek et al. (1998).
MIT IDTIMS is Mas-
sachussetts Institute
of Technology, isotope
dilution–thermal
ionization mass
spectrometry; ANU
SHRIMP is Australian
National University,
super-high-resolution
ion microprobe;
ROM is Royal
Ontario Museum.580
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These extinction events cross a variety of
facies and, significantly, are not associated
with lithological changes (Palmer, 1965,
1979, 1984; Stitt, 1971, 1975; Thomas,
1995). These biomere events, as Palmer
termed them, also affect brachiopods,
conodonts, and other taxa. 

The causes of these events have been
the subject of considerable debate; some
authors have favored shelf-wide declines
in water temperature (Stitt, 1971, 1975),
perhaps associated with an incursion of
anoxic water (Palmer, 1984). Others have
favored a model tied to sea-level rise and
a migration of deep-water taxa into near-
shore environments (Westrop and Lud-
vigsen, 1987). Testing these alternative
explanations and determining how
quickly the extinctions and the subse-
quent adaptive radiations took place
require tight constraints on time. The
DNAG time scale, similar to other time
scales of that vintage (Fig. 2 ), depicts a
Middle Cambrian of 17 m. y. and a Late
Cambrian of 18 m.y., yielding an average
duration of a biostratigraphic zone of
2.8 m.y. and 2.6 m.y., respectively, with
biomeres averaging 7 m.y.

High-precision geochronology, while
not yet to the level of the Cambrian radia-
tion, has already changed this picture con-
siderably. With the Ordovician boundary
at about 490 Ma (Davidek et al., 1998) and
the base of the Middle Cambrian at 509
Ma (Landing et al., 1998), the 13 trilobite
zones of the Middle and Upper Cambrian
now have an average duration of 1.5 m.y.
and the biomeres average 4 m.y. The trilo-
bite zones are not of equal duration—
those early and late in each biomere are
generally shorter (Shergold, 1995), but the
length of these zones now approaches that
of Jurassic ammonites, and the rates of
speciation, migration, and overturn are all
very high. Improved geochronology may
help resolve intercontinental problems
(e.g., Geyer and Palmer, 1995) and, if the
appropriate circumstances are identified,
may be combined with biogeographic
information and phylogenetic analysis to
determine rates of immigration at the base
of biomeres. 

RATES OF THE END-PERMIAN
MASS EXTINCTION

The Paleozoic ended at 251 Ma with
the most severe mass extinction of the
Phanerozoic. An estimated 85% of all
marine species disappeared during the
Late Permian, along with about 70% of
land vertebrates and a significant number
of plants and insects (Erwin, 1994; Retal-
lack, 1995). The next largest mass extinc-
tion, at the close of the Ordovician, was
only half as large. The end-Permian mass
extinction eliminated the major marine
communities of the Paleozoic, and in its

aftermath an entirely new suite of com-
munities developed which, in many ways,
continue to dominate modern oceans.

The causes of this extinction have
long been enigmatic, in part because
marine sections spanning the critical
interval are relatively rare. Over the past
decade, considerable advances have been
made, and paleontologists, working
together with geochemists and others,
have established several important aspects
of this extinction. Anoxia is present in
both deep-ocean (Isozaki, 1997) and shal-
low-ocean sections (Wignall et al., 1996)
across the Permian-Triassic boundary, the
latter during a time of marine transgres-
sion. Analyses of carbon isotope patterns
across the boundary show multiple,
brief, negative excursions (Holser and
Schonlaub, 1991; Wignall et al., 1996),
and are found in both marine and terres-
trial sections, demonstrating that extinc-
tions were essentially simultaneous in
both realms. There is no evidence for
glaciation near the boundary, but there
is growing evidence for some degree of
global warming in the earliest Triassic.
Finally, the mass-extinction patterns are
consistent with the effects of poisoning
by massive amounts of CO2 (Knoll et al.,
1996).

How did these events interact to trig-
ger this mass extinction? The age of the
Permian-Triassic boundary at the classic
Meishan section between Shanghai and
Nanjing, China was determined to be ca.
251 Ma (Claoue-Long et al., 1991; Renne
et al., 1995), but knowing the age of the
boundary without additional age con-
straints provides no reliable estimates of
the duration of the extinction. On the
basis of rock thickness and the number
of biostratigraphic zones, a variety of esti-
mates have been offered for the duration
of the Late Permian stages, ranging
between 2 and 10 m.y. 

Recently, in conjunction with Jin
Yugan and his colleagues at the Nanjing
Institute of Geology and Paleontology, we
have used the techniques described above
to date a series of ash beds (Fig. 1) in south
China that bracket the Permian-Triassic
boundary and are well constrained bio-
stratigraphically (Bowring et al., 1998).
Because our results are tied to previous
biostratigraphic and chemostratigraphic
studies, they are of immediate significance
beyond south China, and they provide
the first constraints on the rapidity of the
extinction and the association between
the extinction and the related environ-
mental changes. In particular, Bowring
et al. (1998) showed that in the Meishan
section, a sharp spike in δ13Ccarb of −6 ‰
occurred in less than 160000 yr and per-
haps as little as 10000 yr (using the dates
to calculate accumulation rates within this
section). The latest Permian extinction
occurred in less than 1 m.y. and could be
coincident with the isotopic shift. At the

moment, the geochronological resolution
of the extinction pattern is more detailed
than the paleontological resolution. Fur-
ther paleontological studies employing the
statistical methods could help to sort out
the rapidity of the extinction and help to
constrain possible mechanisms. Models
for the extinction that involve changes
related to aggregation of Pangea at that
time (e.g., Faure et al., 1995) seem incom-
patible with the rapid pulse of extinction.
The rapidity implies events at the 100000
yr level, compatible with proposed
oceanographic changes (e.g., Knoll et al.,
1996) such as overturn or even bolide
impact (Bowring et al., 1998). More work
on the fine-scale texture of the extinction
and associated geochemical changes is
required to further constrain the mecha-
nisms of extinction. Outstanding issues
are whether the terrestrial extinction
occurred at the same time as the marine,
and whether the extinction was globally
synchronous. With the ability to resolve
time at the 200 000–300 000 yr level, this
question is of extreme importance. 

Following the biggest extinction in
Earth history, life recovered dramatically,
although in a fundamentally different
world. The recovery period of the Early
Triassic provides an opportunity to quan-
tify rates of rapid diversification into a rel-
atively barren ecosystem following the
end-Permian extinction. A comparison of
evolutionary rates and paleobiogeographic
controls may be the best analog to the
Cambrian radiation. Comparisons of this
sort should help us to better understand
the general processes involved in extinc-
tions and recoveries throughout Earth
history.

NEW DIRECTIONS FOR THE
STUDY OF EVOLUTIONARY RATES

The integration of high-resolution
U-Pb geochronology and detailed paleon-
tology offers a bright future to under-
standing rates of a variety of evolutionary
processes. Thin layers of volcanic ash,
interbedded with fossiliferous rocks, are
more common than is often recognized,
and correlations can be made to sections
that lack volcanics by using biostratigra-
phy and chemostratigraphy. In addition,
accumulation rates can be precisely evalu-
ated when bracketed by abundant ashes,
allowing much-improved resolution. Ide-
ally, when volcanic rocks are regularly
interspersed between fossil-bearing layers,
reproducibility and precision can be evalu-
ated by dating multiple ash beds within a
single stratigraphic sequence. 

This linkage between paleontology
and geochronology allows us to address
several evolutionary questions, especially
those that move beyond simple taxo-
nomic approaches. In Precambrian rocks,
there is potential for calibrating major
branch points or nodes in the tree of life

Evolutionary Rates continued from p. 5
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and comparing these estimates to those
derived from analysis of molecular data
through molecular clocks. The spectacular
morphometric data on Cambrian and
Ordovician trilobites produced by Foote
(1993) is an excellent example for which
high-resolution geochronology could doc-
ument quantitative rates of morphological
change from the Cambrian through the
Ordovician radiation and extinction
(rather than simply changes in the num-
ber of taxa). For this interval, the database
is good enough that biogeographic effects
could be examined as well. When coupled
with high-resolution chemostratigraphy,
the approach described in this paper will
allow exploration of how subtle changes
in climate or ocean chemistry are mani-
fested in the evolutionary record. 

Critical to understanding the diversi-
fication of life is an accurate chronology
of life as preserved in the fossil record.
Armed with an accurate chronology, we
can begin to evaluate evolutionary rates
by merging information on taxonomic,
phylogenetic, and morphologic evolution-
ary patterns. Further, this approach offers
the prospect of a more rigorous synthesis
of data on molecular evolution and pale-
ontology. When chronology is coupled
with chemostratigraphic data, we can
begin to understand the linkages between
environmental change and evolution and
to examine the distribution of time in the
rock record with precision.
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GSA Thanked for Book Donations
GSA Executive Director
Donald M. Davidson, Jr.,
meets Colorado State
University Dean of
Libraries, Camila Alire,
at the Flood Recognition
Event in the Morgan
Library at Colorado State
University. The flood dis-
aster that occurred in
Fort Collins, Colorado,
on July 28, 1997, exten-
sively damaged the
library. In October 1997,
GSA donated to the
Morgan Library approxi-
mately 220 books and
about 20 years’ worth of
the journals Geology and
the GSA Bulletin, valued
at over $11,000.

BORED with your “old” planet?
Go ahead, try one of ours!

Join the Planetary Geology Division of GSA, and join us in
one or more of our Toronto Meeting Activities, which include:
• The Pre-meeting Educational Program “Exploring the Solar Sys-

tem in the Classroom: A Hands-on Approach” (Saturday, all day)
• The Pardee Keynote Symposium “Pathfinder and Global

Surveyor, New Views of Mars” (Thursday Morning)
• A variety of Theme Sessions including “Assembling a new

understanding of Mars”; “Impact and Volcanism: Sudbury and
Beyond!”; “Planetary Pot-Pourri”; and “Applied Geological
Remote Sensing” (throughout the week)

• The Division Business meeting, including presentation of the
G. K. Gilbert Award (Wednesday evening)

Remember to visit the Division’s booth in the Exhibit Hall, where
nifty posters, T-shirts, membership forms, and other goodies
will be available.
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NOTICE OF COUNCIL MEETING
Meetings of the GSA Council are open to Fellows, Members, and Associates of the Society, who
may attend as observers, except during executive sessions.  Only councilors, officers, and section
representatives may speak to agenda items, except by invitation of the chair.  Because of space
and seating limitations, notification of attendance must be received by the Executive Director
prior to the meeting.  The next meeting of the Council will be Tuesday afternoon, October 27,
1998, at the Annual Meeting in Toronto, Canada.


