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ABSTRACT
High-resolution oxygen isotope records document the timing and magnitude of global
warming across the Permian-Triassic (P-Tr) boundary. Oxygen isotope ratios measured on
phosphate-bound oxygen in conodont apatite from the Meishan and Shangsi sections (South
China) decrease by 2‰ in the latest Permian, translating into low-latitude surface water warming of 8 °C. The oxygen isotope shift coincides with the negative shift in carbon isotope ratios of
carbonates, suggesting that the addition of isotopically light carbon to the ocean-atmosphere
system by Siberian Traps volcanism and related processes resulted in higher greenhouse gas
levels and global warming. The major temperature rise started immediately before the main
extinction phase, with maximum and harmful temperatures documented in the latest Permian (Meishan: bed 27). The coincidence of climate warming and the main pulse of extinction
suggest that global warming was one of the causes of the collapse of the marine and terrestrial
ecosystems. In addition, very warm climate conditions in the Early Triassic may have played a
major role in the delayed recovery in the aftermath of the Permian-Triassic crisis.
INTRODUCTION
The largest biotic extinction event in Earth
history occurred at the Permian-Triassic (P-Tr)
boundary and affected both marine and terrestrial life (e.g., Erwin, 1993). The causes of this
mass extinction event are controversial, and
include among others the effects of Siberian
Traps volcanism (Renne et al., 1995), oceanic
anoxia (Wignall and Hallam, 1992), oceanic
H2S degassing (Kump et al., 2005), as well as
climate changes caused by increasing atmospheric CO2 concentrations due to volcanism
(Erwin, 1993; Korte et al., 2010) and thermal
decomposition of organic matter (Svensen et
al., 2009). Climatic changes, especially climate
warming in conjunction with elevated atmospheric CO2 levels as a consequence of Siberian
Traps volcanism and contemporaneous volcanism in south China (Yin et al., 1992), were
suspected to have played a major role during the
Permian-Triassic transition. However, no proxy
data were available that documented the timing
and magnitude of global warming during this
critical time interval.
We present the first high-resolution oxygen
isotope paleotemperature records from two Chinese P-Tr boundary sections. Oxygen isotopes
were measured on conodonts, tooth-like microfossils composed of carbonate-fluorapatite, representing the only skeletal remains of the marine
conodont animal assumed to have been one of
the earliest jawless vertebrates (Donoghue et
al., 2000). Oxygen isotopes analyzed on phosphate-bound oxygen of conodont apatite have

been shown to be relatively inert to diagenetic
alteration and to be a promising tool for reconstructing paleoclimate changes (e.g., Joachimski et al., 2009). The presented oxygen isotope
records document significant climate warming
in the latest Permian that is seen in context with
major changes in the global carbon cycle.
STUDIED SECTIONS AND MATERIALS
Oxygen isotopes were studied on monogeneric conodonts from the Meishan (Zhejiang
Province) and Shangsi (Sichuan Province) sections in south China. During the Late Permian, both sections were located on the Yangtze
Platform at 20°N in subtropical latitudes (Liu
et al., 1999) at a distance of 1500 km from
each other. The Meishan section represents
the Global Stratotype Section and Point of
the P-Tr boundary and has been intensively
studied by various research groups (for a summary, see Yin et al., 2001). The Changhsingian
to Griesbachian strata were deposited in an
intraplatform depression with shallower water
depths in comparison to other P-Tr boundary
sections in south China (e.g., Yin et al., 1995).
The Changxing Formation (uppermost Wuchiapingian to Changhsingian) is represented by
siliceous bioclastic micrites with thinly interbedded cherts. The Yinkeng Formation (uppermost
Changhsingian to Griesbachian) is composed of
shales with minor intercalations of thin-bedded
limestones. In the Shangsi section, the latest
Permian (Wuchiapingian to Changhsingian)
is represented by dark, organic-rich carbonate

mudstones overlain by cherty micrites. Early
Triassic (Griesbachian) strata are composed of
thin-bedded alternations of micritic and argillaceous limestones with no cherty concretions.
The hemipelagic facies of the Shangsi section
indicates a deeper water to basinal depositional
setting (Wignall et al., 1995).
Conodonts play an important role in the correlation of P-Tr boundary sections; the first
appearance datum (FAD) of Hindeodus parvus
marks the basal Triassic (Yin et al., 1988). In the
Meishan section, the P-Tr boundary is defined
at the base of bed 27c (Fig. 1). The position of
the P-Tr boundary in the Shangsi section is more
controversial; Lai et al. (1996), defined it at the
upper part of bed 28a based on the occurrence
of H. turgidus at this level. Jiang et al. (2011),
observed the first occurrence of H. parvus, and
thus the base of the H. parvus Zone, at the base
of bed 29c. However, based on the occurrence
of Neogondolella taylorae (an auxiliary marker
for the recognition of the P-Tr boundary) and
Isarciella huckriedei in bed 28a, Jiang et al.
(2011) suggest that the P-Tr boundary should be
defined within bed 28, and thus below the first
occurrence of H. parvus in the Shangsi section.
Oxygen isotopes were analyzed on platform “tooth” elements (P1) of conodont taxa
Clarkina (or Neogondolella) and Hindeodus
in the case of abundant faunas (see the GSA
Data Repository1). Ramiform “tooth” elements
of both taxa were used in case of less abundant
specimens. Clarkina is generally interpreted as
an offshore, outer shelf, basinal, or deep-water
taxon (e.g., Wardlaw and Collinson, 1984; Lai
et al., 2001). The paleoecology of Hindeodus
is more controversial. While some consider
Hindeodus a shallow-water dweller (Wardlaw
and Collinson, 1984; Orchard, 1996), others
interpreted Hindeodus to have lived in varied
environments (e.g., Kozur et al., 1996; Lai et
al., 2001). In the Meishan and Shangsi sections, the abundance of Clarkina declines
1
GSA Data Repository item 2012069, methods
and oxygen isotope data, is available online at www
.geosociety.org/pubs/ft2012.htm, or on request from
editing@geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 1. Oxygen isotopes of conodont apatite (this study) and carbon isotopes (VPDB—Vienna Peedee belemnite) of whole-rock carbonate (red dots—Jin et al., 2000; black dots—Xie
et al., 2007) for the Meishan section (South China). Anoxic facies after Wignall and Hallam
(1992). Paleotemperatures calculated assuming δ18O value for Permian seawater of –1‰
VSMOW (Vienna standard mean ocean water). I.—Isarcicella, H.— Hindeodus, C.—Clarkina,
TR—Triassic, PTB—Permian-Triassic boundary, SB—sequence boundary, TS—transgressive surface, 1—limestone, 2—marly limestone, 3—claystone, 4—siliceous marl, 5—black
shale, 6—volcanic ash, 7—chert, 8—dysaerobic to anaerobic facies.

significantly toward the P-Tr boundary, with
Hindeodus becoming more abundant toward
the boundary and being the dominant taxon in
the Early Triassic (Lai et al., 2001).
RESULTS
Oxygen isotopes of Clarkina from the base
of the studied interval (beds 22–23) in Meishan
are between 21.3‰ and 22.3‰. Lower values between 20.7‰ and 21.6‰ are measured
from the base of bed 24 to bed 26 (Fig. 1). In
this interval, oxygen isotope ratios of Hindeodus compare well to those of Clarkina, with a
maximum difference in δ18O of 0.4‰. Starting
from bed 27, oxygen isotopes start to decrease,
both for Clarkina and Hindeodus. Oxygen isotopes for Clarkina decrease to values of 20.4‰
and 20.0‰ while oxygen isotopes measured on
Hindeodus decrease to values between 19.3‰
(beds 27a to 28) and 18.8‰ (bed 29).
A comparable pattern is observed in the
Shangsi section (Fig. 2). Oxygen isotope values
measured on Clarkina from beds 26 and 27a
are ~21.5‰. The δ18O values start to decrease
at bed 27c; values of 20.0‰ (Clarkina) and
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19.5‰ (Hindeodus) are measured in bed 27c
and 28c, respectively. Hindeodids from beds
30–32 show δ18O values from 18.9‰ to 19.3‰;
hindeoids from bed 33 have a value of 18.7‰.
In general, P1 and ramiform conodont elements
of both studied taxa, Clarkina and Hindeodus,
show identical δ18O values given an analytical
reproducibility of ±0.2‰ (1σ), suggesting that
both elements can be used for paleotemperature
reconstruction. The comparable absolute δ18O
values as well as δ18O patterns in the Meishan
and Shangsi sections suggest that the recorded
trends can not be explained by local variations
in salinity or by diagenetic alteration.
DISCUSSION
Paleotemperatures were calculated using the
equation of Pucéat et al. (2010), assuming a
δ18O value of -1‰ VSMOW (Vienna standard
mean ocean water) for Late Permian seawater
(a value typically assumed for nonglacial time
intervals; Savin, 1977) and no secular variations in seawater salinity. In the Meishan section, oxygen isotope ratios of Clarkina from
beds 22–23 translate into average temperatures

of 22 °C (Fig. 1). Slightly higher temperatures
between 23 and 27 °C are registered in the overlying beds 24–26. In this interval, Clarkina and
Hindeodus P1 elements indicate comparable
temperatures. Starting with bed 27a, paleotemperatures increase, with Clarkina showing
a minor temperature increase in comparison to
Hindeodus. While Hindeodus indicates warming of 8 °C to maximum paleotemperatures
of 33–35 °C, paleotemperatures reconstructed
from δ18O of Clarkina indicate warming of
5 °C with maximum paleotemperatures ranging
between 29 and 30 °C. A comparable paleotemperature trend is reconstructed in the Shangsi
section (Fig. 2). Paleotemperatures calculated
from δ18O of Clarkina indicate temperatures
between 23 and 24 °C in the latest Permian, and
increase to 32 °C above the event horizon. The
δ18O values of Griesbachian Hindeodus specimens translate into temperatures between 32
and 35 °C, comparable to paleotemperatures
reconstructed from δ18O measured on hindeodids from Meishan.
The comparable oxygen isotope ratios of
Hindeodus and Clarkina in the Meishan section (beds 24a–24e) indicate that Hindeodus
and Clarkina were thriving in comparable water
depths with comparable temperatures. Sediments of the Meishan section were deposited
in an intraplatform depression with estimated
water depths of ~50 m for the Permian-Triassic
transition (Zhang et al., 1996). In these water
depths, temperatures are not expected to be very
different from surface water temperature. Consequently, we argue that both taxa, Hindeodus
and Clarkina, recorded surface water temperature. The Shangsi section represents a platform
to slope setting and potentially a significantly
deeper environment in comparison to Meishan. Nevertheless, δ18O values of Clarkina are
comparable to those of Meishan, supporting
our interpretation that Clarkina and Hindeodus
from both sections lived in near surface waters
and recorded surface water temperature. This
interpretation is further supported by calculated
warm water temperatures.
The most striking feature of the conodont
δ18O record is the significant temperature rise
in the latest Permian. While Hindeodus suggests warming of 8 °C, Clarkina indicates a
minor temperature increase of 4–5 °C (Fig. 1).
The increase in temperature cannot be attributed
to shallowing and warming of surface waters
since a sea-level rise, and thus deepening of the
environment, was identified above bed 24d in
the Meishan section (Zhang et al., 1996; Cao
et al., 2010). The minor temperature increase
recorded by Clarkina in comparison to Hindeodus suggests that this taxon migrated to slightly
deeper and thus colder waters in conjunction
with this sea-level rise in the latest Changhsingian (e.g., Wignall and Hallam, 1992) and/or the
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Figure 2. Oxygen isotopes of conodont apatite and carbon isotopes (VPDB—Vienna Peedee
belemnite) of whole-rock carbonate (Yan et al., 1989) for Shangsi section (South China).
Paleotemperatures calculated assuming δ18O value for Permian seawater of –1‰ VSMOW
(Vienna standard mean ocean water). Anoxic facies after Wignall et al. (1995). Position of
Permian-Triassic boundary (PTB) based on first occurrence of Hindeodus parvus or occurrence of Neogondolella taylorae (PTB*), an auxiliary marker for recognition of PTB (see Jiang
et al., 2011). H.— Hindeodus, C.—Clarkina. Lithologies as in Figure 1.

development of a stratified and thermally less
well mixed water column.
Reconstructed climate warming is supported
by latest Permian and earliest Triassic paleosols
indicating significant warming across the P-Tr
boundary (Retallack, 1999). Warm Early Triassic climate conditions and a low latitudinal temperature gradient are further indicated by the
latitudinal distribution of ammonoids (Galfetti
et al., 2007) and intensively weathered highlatitude paleosols (Retallack and Krull, 1999).
Global warming would have resulted in minor
O2 contents of surface waters, increased respiration rates of organic carbon, and possibly a
more sluggish oceanic circulation, culminating
in widely documented shallow-water anoxia
(e.g., Wignall and Hallam, 1992; Knoll et al.,
2007). This context is corroborated by the coincidence of climate warming and the onset of
oxygen-poor facies in Meishan (bed 25; Fig. 1)
and Shangsi (bed 28a; Fig. 2). Since temperature is considered as a main controlling factor
for the formation of microbial carbonates (Riding, 1992), warming of surface waters favored
the widespread occurrence of cyanobacterial
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microbialites after the Permian-Triassic extinction (e.g., Xie et al., 2010).
Reconstructed climate warming in the latest
Permian is seen in context with a major perturbation in the carbon cycle mirrored in the globally recorded negative carbon isotope excursion
(see reviews in Korte and Kozur, 2010; Hermann et al., 2010). The apatite δ18O and carbonate δ13C records (δ13Ccarb) from Meishan and
Shangsi suggest parallel negative shifts at the
transition of beds 23 and 24 (Meishan) and at
the extinction horizon (Meishan and Shangsi).
In the Meishan section, δ13Ccarb values show a
gradual decrease starting at the transition of
beds 23 and 24 and a second more abrupt negative shift in the upper part of bed 24e below the
event horizon (Fig. 1; Jin et al., 2000; Cao et
al., 2002; Xie et al., 2007). The δ13Ccarb values
recover in beds 26–28 but reveal a second negative shift in beds 28–34 (early Griesbachian;
Xie et al., 2007). In the Shangsi section, the first
negative shift in δ13Ccarb starts in bed 22, and
the second, more sudden, shift occurs immediately below or at the event horizon (Fig. 2;
Yan et al., 1989). Outgassing of CO2 during

Siberian Traps volcanism (Renne et al., 1995;
Sobolev et al., 2011), thermal decomposition
of isotopically light organic carbon around sill
intrusions (Svensen et al., 2009), destabilization
of 12C-enriched methane hydrates contained in
permafrost soils (e.g., Retallack and Jahren,
2008), and a higher contribution of methane to
the ocean-atmosphere system (Luo et al., 2010)
were discussed as triggering mechanisms for the
negative carbon isotope excursion. All of these
processes would have resulted in higher atmospheric greenhouse gas levels and may have
initiated the dramatic warming documented by
the oxygen isotope records of conodont apatite.
The main extinction of the Permian-Triassic
crisis occurred during a relatively short time
interval represented by beds 25 to 28 in Meishan (Shen et al. 2011); the highest extinction
rate is observed at the base of bed 25 (Jin et
al., 2000; Yin et al., 2007). Paleotemperatures
start to increase below bed 25, with maximum
and probably harmful temperatures reached at
the base of bed 27. The coincidence of climate
warming and the major phase of extinction indicates that rapid climate warming contributed to
the collapse of both marine and terrestrial ecosystems. Additionally, as pointed out by Knoll
et al. (2007), the very warm climate conditions
in the Early Triassic may have played an important role in the timing and pattern of the slow
recovery of marine and terrestrial ecosystems in
the aftermath of the Permian-Triassic crisis.
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