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a b s t r a c t

The end-Permian mass extinction is now robustly dated at 252.6 ± 0.2 Ma (U–Pb) and the Permian–Tri-
assic (P–T) GSSP level is dated by interpolation at 252.5 Ma. An isotopic geochronological timescale for
the Late Permian–Early Triassic, based on recent accurate high-precision U–Pb single zircon dating
of volcanic ashes, together with calibrated conodont zonation schemes, is presented. The duration of
the Early Triassic (Induan + Olenekian stages) is estimated at only 5.5 million years. The duration of
the Induan Stage (Griesbachian + Dienerian sub-stages) is estimated at ca. one million years and the
early Olenekian (Smithian sub-stage) at 0.7 million years duration. Considering this timescale, the
‘‘delayed” recovery following the end-Permian mass extinction may not in fact have been particularly
protracted, in the light of the severity of the extinction. Conodonts evolved rapidly in the first 1 million
years following the mass extinction leading to recognition of high-resolution conodont zones. Contin-
ued episodic global environmental and climatic stress following the extinction is recognized by multi-
ple carbon isotope excursions, further faunal turnover and peculiar sedimentary and biotic facies (e.g.
microbialites). The end-Permian mass extinction is interpreted to be synchronous globally and between
marine and non-marine environments. The nature of the double-phased Late Permian extinction (at the
Guadalupian–Lopingian boundary and the P–T boundary), linked to large igneous provinces, suggests a
primary role for superplume activity that involved geomagnetic polarity change and massive
volcanism.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The end-Permian extinction was arguably the most significant
event in the past 600 million years of Earth’s history (Raup and
Sepkoski, 1982; Sepkoski, 1984; Fig. 1). The loss of over 90% of
all species brought the Palaeozoic Era to an end, reduced biological
diversity for the following 25 million years of the early Mesozoic,
and shaped the subsequent course of the evolution of life toward
the present. The causes of this extinction are still in dispute.

The main end-Permian mass extinction pulse (much larger, and
of greater effect on the evolution of life than the widely popular-
ised Cretaceous–Palaeogene extinction that wiped out the dino-
saurs) occurred just before the defined Permian–Triassic (P–T)
Boundary (Yin et al., 2001; Metcalfe et al., 2001; Mundil et al.,
2004). Arguments still rage over the duration and patterns of
extinction, relative levels and temporal coincidence of extinctions
in the sea and on land, and on causative mechanism(s). In addition,
the significance of the end-Guadalupian extinction, another major
ll rights reserved.
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decline in biodiversity that took place ca. seven million years ear-
lier (Jin et al., 1994; Stanley and Yang, 1994; Isozaki et al., 2004),
has become more apparent as a precursor contribution to the
severity of the end-Permian extinction. Furthermore, the nature,
mechanisms and rates of biotic recovery following the extinction
are likewise still poorly understood.

This special issue of the Journal of Asian Earth Sciences brings to-
gether a collection of papers that focus on these ongoing issues and
which provide vital new data, constraints and interpretations relat-
ing to global biotic changes and turnover in the Late Permian and
Early Triassic, a time when life nearly died on Earth. The topics in-
clude (1) pattern of faunal changes (Powers and Bottjer, 2009; Bra-
yard et al., 2009), (2) stratigraphy and ecology of continental shelf
(Chen et al., 2009; Mu et al., 2009), of mid-ocean (Isozaki, 2009;
Horacek et al., 2009) and of terrestrial facies (Lucas, 2009; Metcalfe
et al., 2009), and global correlation (Glen et al., 2009). As a back-
ground to these articles, we here present a brief introduction to
current P–T Boundary studies, and in particular to provide an up-
date on recent mass extinction-related topics. For further recent
summaries and different aspects of P–T boundary issues the reader
is referred to Erwin (2006) and Bottjer et al. (2008).

http://dx.doi.org/10.1016/j.jseaes.2009.07.009
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Fig. 1. Phanerozoic diversity vs. time plot showing the three major faunas and five major mass extinctions of the last 600 million years (after Sepkoski, 1984).
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2. Timing and Tempo of extinction events and recovery

Dramatic improvements have been made in recent years on the
Late Permian and Early Triassic timescale and on the timing and
tempo of extinction events and recovery in this interval. The age
of the end-Permian (latest Changhsingian) ‘‘mother of all” mass
extinction is now robustly constrained by single crystal zircon
closed-system U–Pb dating at 252.6 ± 0.2 Ma, and the currently de-
fined base of the Triassic (P–T boundary) is interpolated as
252.5 ± 0.3 from bracketing ash bed dates (Mundil et al., 2004).
The Global Stratotype Section and Point (GSSP) for the base of
the Triassic (P–T boundary) at Meishan, China (Yin et al., 2001) is
defined in shallow-marine strata (Fig. 2) by the first appearance
of the conodont species Hindeodus parvus (Kozur and Pjatakova)
in Bed 27c (Nicoll et al., 2002) and is dated at 252.5 ± 0.3 Ma based
on zircon U–Pb analyses of bracketing ash beds (Mundil et al.,
2001, 2004). The main end-Permian mass extinction level is at
Fig. 2. Permian-Triassic boundary beds at the GSSP quarry D section, Meishan, China. Age
et al. (2001) and Mundil et al. (2004). Ranges of species of Hindeodus and Isarcicella (from
immediately following the mass extinction. Hindeodid zones are from Jiang et al. (2007
the base of Bed 25 (Jin et al., 2000), 18 cm below the boundary. This
level is dated at 252.6 ± 0.2 Ma by zircon U–Pb (Mundil et al.,
2004). In other marine sections, the main mass extinction level
may occur up to several meters below the biostratigraphically de-
fined P–T boundary, or even several hundred meters below that le-
vel in thick continental deposits (e.g., Isozaki et al., 2007b; Metcalfe
et al., 2009).

The age of the base of the Changhsingian stage, as interpolated
from bracketing ash bed dates, is estimated at 256 Ma (Mundil
et al., 2004). The base of the Wuchiapingian, and hence the age
of the end-Guadalupian extinction, is not currently robustly con-
strained but estimated at ca. 260 Ma (Mundil et al., 2004; He
et al., 2007). Recent single crystal U–Pb zircon dating of Lower Tri-
assic volcanic ash beds in South China (Ovtcharova et al., 2006;
Lehrmann et al., 2006; Galfetti et al., 2007) provide important con-
straints on the ages of the Lower Triassic stage boundaries. Interpo-
lation between accurate, high-precision U–Pb single zircon based
s of mass extinction (Bed 25) and upper bracketing volcanic ash bed are from Mundil
Nicoll et al. (2002) and Jiang et al. (2007)) illustrate the rapid evolution of conodonts
).
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ages of Mundil et al. (2004), Ovtcharova et al. (2006), Lehrmann
et al. (2006) and Galfetti et al. (2007, see their Figs. 2 and 4) indi-
cate that the age of the base of the Dienerian is 252 Ma, base Smi-
thian is 251.5 Ma, base Spathian is 250.8 Ma and base Anisian is
247.2 Ma, respectively. The interpolation of these boundary ages
is based on six robustly constrained Early Triassic ash bed ages in
Guangxi, South China (Ovtcharova et al., 2006; Galfetti et al.,
2007), four ash bed ages that straddle the Olenekian–Anisian
boundary in the Guandao section, Guizhou (Lehrmann et al.,
2006), and multiple Upper Permian–Lower Triassic ash bed ages
at Meishan and Shangsi, South China (Mundil et al., 2004; Crowley
et al., 2006) that are extremely well calibrated biostratigraphically.
This new relatively robust timescale for the Late Permian–Early
Triassic indicates that the entire Lower Triassic is only 5.3 million
years in duration and that the earliest Triassic Induan stage (Gri-
esbachian plus Dienerian sub-stages) is only ca. one million years
in duration. The early Olenekian (Smithian substage) is also of very
short duration at an estimated 0.7 million years, and the Upper
Olenekian (Spathian substage) of relatively longer duration of 3.6
million years (see Fig. 3). The implications of this revised timescale
are wide reaching for interpretations of P–T events and particu-
larly for understanding recovery of biota following the extinction.
The new timescale reported here suggests that the protracted
Fig. 3. Upper Permian-Lower Triassic timescale and correlation of conodont zones. Se
‘‘delayed” recovery following the end-Permian mass extinction
may not in fact have been so protracted, considering the severity
of the extinction.

3. P–T boundary at GSSP and conodont zonation/correlation

The first appearance of H. parvus (Kozur and Pjatakova), used to
recognise the base Triassic at the GSSP has proved to be very effec-
tive globally in precisely identifying this level in shallow-marine
strata. In addition, high-resolution conodont biostratigraphy allows
detailed correlation of both Upper Permian and Lower Triassic stra-
ta. There are however some major ongoing disagreements and de-
bate relating to conodont taxonomy and conodont zones,
particularly in the Upper Permian (e.g. Henderson et al., 2008)
and there is ongoing debate as to the most suitable and globally
applicable conodont zonations for the P–T transition (Fig. 3). Differ-
ences in taxonomic interpretations, faunal provincialism and possi-
ble homeomorphy of Upper Permian conodonts, coupled with
possible miss-correlations of Changhsingian sections in Iran and
between Iran and South China (Henderson et al., 2008) have led
to problems of correlation of conodont zones and sequences of
Tethys (Kozur, 2007) with the GSSP in South China (see Henderson
et al., 2008 for detailed discussion). In addition to taxonomic differ-
e text for explanation. (See above-mentioned references for further information.)
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ences, different zonal schemes for the P–T transition result from
environmental/facies/depth influences leading, in particular, to
zonations based on hindeodid-dominated or gondolellid-domi-
nated conodont faunal successions (Jiang et al., 2007 – see Fig. 3).
Chen et al. (2009) provides information on conodont biostratigra-
phy and zonation of the P–T transition by building on the taxo-
nomic revision of the conodont genus Hindeodus by Nicoll et al.
(2002) and by providing new data helping to distinguish between
species and subspecies within the genus for enhanced conodont
biozonation. Chen et al.’s correlation between the Great Bank of
Guizhou and Meishan GSSP also demonstrates that the main end-
Permian extinction is simultaneous in both sections and that the
dissolution surface at the base of the calcimicrobialite at Dawen
post-dates the extinction. We here present (Fig. 3) a correlation of
P–T conodont zonal schemes in which we have attempted to ac-
count for the duration of specific conodont zones as far as possible
within the P–T timescale we consider currently most robust. In
doing this it is evident that in the latest Changhsingian to early Ind-
uan interval there are 6–8 conodont zones recognizable that repre-
sent about 1 million years compared with much longer duration
conodont zones in the earlier part of the Late Permian and later part
of the Early Triassic. This suggests rather rapid evolution and diver-
sification of conodonts immediately following the main end-Perm-
ian mass extinction and includes what have been interpreted as
‘‘disaster species” such as Hindeodus changxingensis Wang (Metcalfe
et al., 2007).

4. Biotic and ecological changes

In addition to the traditional paleontological data, new lines
of evidence for biotic and ecological changes across the boundary
have become available from various sedimentary facies; e.g., peri-
Pangean shallow marine shelf, deep and shallow mid-Panthalassa,
and non-marine intra-Pangean basins. Continued harsh conditions
in the immediate aftermath of the P–T extinction is suggested by
faunal turnover and other sedimentary features in every facies.
Powers and Bottjer (2009) document the distinct behavior of ligulid
brachiopods that may suggest their physiological advantage for
survival even among coeval lophophorates. One of the unique
features also observed immediately after the P–T extinction horizon
is the occurrence of microbialites in shallow marine settings both in
Tethys and Panthalassa (Sano and Nakashima, 1997; Baud et al.,
1997, 2005; Kershaw et al., 1999, 2002; Lehrmann, 1999; Lehrmann
et al., 2003). This likewise recorded post-extinction deterioration of
global environments with fewer metazoans but with abundant
microbiota. Mu et al. (2009) add stable carbon isotope data to
conclude that microbialites likely formed by upwelling of anoxic
deep-water. During the Early Triassic, volatile fluctuation of
C-isotopes, in accordance with biomarker evidence (Grice et al.,
2005) was reported from peri-Pangean shelf carbonates (Payne
et al., 2004), and Horacek et al. (2009) document an almost identical
pattern in mid-oceanic carbonates from Panthalassa. Brayard et al.
(2009) also show a good example of biotic response to climatic
change of the Early Triassic ammonoid diversity gradients and their
endemism. Isozaki (2009) summarizes the double-phased extinc-
tion pattern of dominant protists (radiolarians and fusulines) in
deep and shallow mid-Panthalassa together with secular changes
in C and Sr isotope ratios. Lucas (2009) reviews the extinction
pattern of terrestrial tetrapods, whereas Metcalfe et al. (2009) dem-
onstrate the almost synchronous extinction of terrestrial tetrapods
in northern and southern hemispheres.

In recent times, attention has been diverted from the main end-
Permian mass extinction to the end-Guadalupian extinction that
occurred ca. seven million years earlier at c. 260 Ma. Details of
the severity of this extinction compared to the end-Permian one
are still largely lacking and more importantly, the role of the end
Guadalupian extinction as a precursor and contributor to the
severity of the end-Permian extinction is poorly known. There is
no doubt that many groups of organisms were severely weakened
by the end Guadalupian extinction (Clapham et al., 2009) render-
ing them susceptible to annihilation during the end-Permian event
ca. seven million years later.

5. Correlation of mass extinction level in marine, paralic and
non-marine facies

Because the base Triassic GSSP is defined in a shallow-marine
Tethyan sequence in the northern hemisphere, biostratigraphical
correlation of this horizon and of the end-Permian mass extinction
level a short distance below the boundary with non-marine terres-
trial sequences globally and with high latitude southern hemi-
sphere marine sequences has proved difficult. Proxy data for
correlation of the P–T boundary and extinction levels include mag-
netostratigraphic data, chemostratigraphic data (especially stable
carbon isotope data), radio-isotopic dating, and lithofacies/envi-
ronmental and biotic change data that reflect changes in global cli-
mate. Lucas (2009) suggests that the tetrapod extinctions observed
in the Permian–Triassic transitional interval are more gradual than
previously thought and that these extinctions are not temporally
coincident with the end-Permian main marine extinction. This is
an important issue that impinges on identification of causative
extinction mechanisms. We here suggest however that in fact the
extinctions observed in the terrestrial environment in both north-
ern and southern hemispheres (e.g. Dalongkou, Xinjiang, China:
Metcalfe et al., 2009; and the Karoo Basin, South Africa: De Kock
and Kirschvink, 2004; Ward et al., 2005; Coney et al., 2007) are
temporally coincident and that these do in fact correlate in time
with the mass extinction level in the marine environment (see
below).

Magnetostratigraphy has great potential to effect robust global
correlation through the P–T transition. Glen et al. (2009) report
some vital new paleomagnetic data from marine, paralic and
non-marine P–T sequences in China by demonstrating that the
P–T boundary GSSP level falls within but near the base of a normal
magnetic chron, and that the main end-Permian mass extinction
level is at the base of that chron or just within the reversed chron
below.

Chemostratigraphic correlation between marine and non-mar-
ine environments and between shallow Tethyan and deep Panth-
alassan sequences has great potential to provide important proxy
correlations and also inform us on major global chemical changes
in the oceans and atmosphere. Isozaki (2009) and Horacek et al.
(2009) demonstrate that marine carbonate carbon isotope excur-
sions observed in the Panthalassan realm do indeed mirror excur-
sions documented elsewhere in the shallow-marine environment
globally. What is not so clear is whether organic carbon isotope
excursions documented from terrestrial sequences can be precisely
correlated with carbonate carbon isotope excursions of the marine
environment. Metcalfe et al. (2009) present lithostratigraphical,
biostratigraphical, and carbon isotope data from the important ter-
restrial sequence at Dalongkou in the Jungar Basin, China. The car-
bon isotope data indicate two broad negative excursions in the
Guodikeng Formation, which has recently been confirmed by par-
allel studies (Cao et al., 2008) and these appear to correlate with
the double late Changhsingian excursions seen in the shallow-mar-
ine environment (Fig. 13 of Metcalfe et al., 2009; Fig. 2 of Cao et al.,
2008).

An ongoing issue that impacts on identifying causative mecha-
nisms for the end-Permian mass extinction is the question of any
variability in the timing of the extinction. Is the extinction syn-
chronous or diachronous between marine and non-marine envi-
ronments or between different geographic regions? Wignall and
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Newton (2003) suggested that the extinction is diachronous be-
tween Tibet and British Columbia in moderately deep marine envi-
ronments based mainly on variability of the onset of euxinia.
However, more recent biostratigraphic work on the Selong section
in Tibet (Shen et al., 2006) and Canadian sections demonstrate that
there is unlikely to be any age difference in the mass extinction le-
vel. Recent studies and correlations between marine, paralic and
terrestrial P–T sequences in China also suggest that the mass
extinction is synchronous between these sequences (Peng et al.,
2005; Metcalfe and Nicoll, 2007). A recent preliminary U–Pb single
crystal zircon age of 252.2 ± 0.4 Ma from very close to the inter-
preted mass extinction level in the Bowen Basin, Australia (Mundil
et al., 2006) suggests that there is essentially no difference in age
between the mass extinction level in the terrestrial sequences of
Australian Gondwana and the shallow-marine GSSP section in Chi-
na. Correlations of terrestrial sequences in the Karoo Basin, Africa
with the rest of the world (e.g. Ward et al., 2005), including a single
crystal U–Pb zircon age of 252.5 ± 0.7 Ma from the mass extinction
horizon in the Commando Drift Dam section (Coney et al., 2007)
again suggest that the end-Permian mass extinction is synchro-
nous globally, both in the oceans and on land. The synchroneity
of mass extinction in both marine and terrestrial environments
has major implications for constraining proposed causative
mechanisms.

6. Double-phased extinction and its causative mechanism(s)

We do not intend to discuss in detail the various competing
hypotheses for the end-Permian (or end-Guadalupian) mass
extinction here. Nonetheless, as all the putative bolide/cometary-
impact explanations appear quite unlikely, the most popular at
present are scenarios that link flood basalt volcanism (e.g. Siberian
Traps, Emeishan Traps) and extinction (e.g., Campbell et al., 1992;
Chung et al., 1998; Courtillot, 1999; Wignall et al., 2009). With re-
cent robust demonstration of temporal coincidence between LIPs
and the end-Guadalupian and end-Permian extinctions (e.g. Zhou
et al., 2002; Mundil et al., 2004; He et al., 2007), and interpreta-
tions from carbon isotope records, the primary role of massive vol-
canism seems convincing.

On the basis of new data from the superocean Panthalassa Iso-
zaki (2009), discusses the double-phased Late Permian extinction
with respect to the waxing/waning of the superanoxic conditions
in the deep marine environment during the Permian–Triassic tran-
sition and links these to the temporally coincident formation of
Large Igneous Provinces (LIPs). He further suggests that the launch-
ing of a superplume from the core-mantle boundary may have trig-
gered decay of the Earth’s magnetic field at the end of the Kiaman
Reverse Superchron (ca. 265 Ma) to allow much stronger cosmic
radiation and to start cooling on the planet’s surface (e.g. Kamura
cooling event, Isozaki et al., 2007a). The responsible superplume
consequently impinged beneath Pangea to start violent volcanism
with biosphere perturbation (global plume winters) followed by
global warming (plume summers) coupled with major atmo-
spheric compositional changes and anoxia.

What is not so clear perhaps is the secondary role of other po-
tential causative mechanisms and much work remains to unequiv-
ocally demonstrate the ultimate causes of the end-Permian
devastation of life.

Note added in proof

An article by Korte et al. entitled ‘‘Massive volcanism at the
Permian–Triassic boundary and its impact on the isotopic compo-
sition of the ocean and atmosphere” was originally planned to be
included in this special issue but due to delay in revision it will ap-
pear in a succeeding normal issue.
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