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Abstract:
tory of animal life occurred at the Permian—Triassic bound-

The biggest known mass extinction in the his-

ary and has often been linked to global warming. Previous
studies have suggested that a geologically rapid (<40 kyr)
temperature increase of more than 10°C occurred simultane-
ously with the main extinction pulse. This hypothesis is chal-
lenged by geochemical and palacontological data indicating
profound environmental perturbations and a temperature
rise prior to the main extinction. Using secondary ion mass
spectrometry (SIMS), we measured oxygen isotope ratios

from Changhsingian (late Permian) ostracods of north-
western Iran. Our data show that ambient seawater tempera-
ture began to rise at least 300 kyr prior to the main extinc-
tion event. Gradual warming by approximately 12°C was
probably responsible for initial environmental degradation
that eventually culminated in the global end-Permian mass
extinction.

Key words: end-Permian mass extinction, global warming,
ostracod, shell calcite, oxygen isotopes, Iran.

THE combination of severe global warming (Joachimski
et al. 2012, 2019; Schobben et al. 2014), the spread of
anoxia (Wignall & Twitchett 1996; Penn et al. 2018;
Schobben et al. 2020) and ocean acidification (Jurikova
et al. 2020) is commonly considered to be the cause of
the end-Permian mass extinction (EPME) in marine
ecosystems. The ultimate trigger for the environmental
changes is thought to be the release of greenhouse gases
and volatiles from Siberian Trap volcanism (Cui &
Kump 2015; Burgess et al. 2017; Clapham & Renne
2019). However, a temporal link between volcanic
activity, environmental changes and biological impacts
remains controversial.

An initial perturbation of the carbon cycle is first
marked by the onset of a decrease in 8Ceu, values
recorded in several sections, from marine carbonates
approximately 900-650 kyr before the mass extinction
horizon (Korte & Kozur 2010; Schobben et al. 2017).
Zircon-based U/Pb dating of the Siberian Traps indicates
that extrusive eruptions and a major portion of the total
lava volume were emplaced about 300 kyr before the
main extinction pulse (Burgess & Bowring 2015).

© 2022 The Authors.

However, global warming and peak extinction rate appear
to be concentrated in a single interval of <40 kyr dura-
tion (Joachimski et al. 2012; Burgess et al. 2014; Schob-
ben et al. 2014; Chen et al. 2016; Wang et al. 2020). This
geologically rapid seawater warming is difficult to recon-
cile with volcanogenic greenhouse gas emissions that
should have initiated global warming much earlier. Here,
using oxygen isotope analyses of ostracod shells from a
biostratigraphically ~well-established north-west Iranian
section (Gliwa ef al. 2020), we provide evidence for a
much more protracted, earlier warming history.

MATERIAL AND METHOD

Locality and stratigraphy

We studied the well-exposed Permian—Triassic boundary
section at the southern side of the Aras Valley (west Azer-
baijan, north-west Iran). The section has the geographic
coordinates 39.0154°N, 45.4345°E; palaeogeographically,
it was situated in an equatorial position on the
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Cimmerian microcontinent in the central Tethyan Ocean
during the late Permian (Fig. 1). The sediments of this
section are all deep shelf deposits below the storm wave
base (Leda et al. 2014; Gliwa et al. 2020). The Aras Valley
section has recently been described in detail with respect
to its lithology, biostratigraphy, depositional setting, bulk
rock 8'°C values and fossil content (Ghaderi et al. 2014;
Gliwa et al. 2020). The section has yielded a series of
diverse ostracod assemblages (Gliwa et al. 2021).

In the following, we refer to the sample positions
according to the distance from the top surface of the red
nodular Paratirolites Limestone, the top member of the
Ali Bashi Formation, and its sharp contact with the shale-
dominated Aras Member (‘Boundary Clay’) of the Elikah
Formation. This contact marks the main extinction hori-
zon (Fig. 2).

Rock samples for ostracod extraction were taken from
23 upper Permian to Lower Triassic carbonates and shales
of the upper part of the Zal Member, the Paratirolites
Limestone, the Aras Member and the Claraia Beds from
—5.60 m to +2.88 m. For the weakly cemented samples
from the Aras Member and the lowest part of the Claraia
Beds (0 to +2.88 m) the ostracod material was extracted
by wet sieving with tap water, whereas samples with
significant cementation were processed by hot acetolysis
(Crasquin-Soleau et al. 2005; Gliwa et al. 2021). A
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FIG. 1. Geographical and palaeogeographical position (modi-
fied after Stampfli & Borel 2002) of the Aras Valley section (red
star).

comparison of 3'®0 values from shell material processed
with and without hot acetolysis showed no significant dif-
ference of the 3'°0 shell values between the different pro-
cessing methods (Appendix S1).

Secondary ion mass spectrometry analysis of ostracod shells

We used secondary ion mass spectrometry (SIMS) to
measure oxygen isotope compositions of individual spots
of 163 ostracod carapaces extracted from the 23 rock
samples (Gliwa et al. 2022). These carapaces were cast in
EpoFix cold-set epoxy resin and polished to a surface
topography of better than 10 pm. Each ostracod shell was
then imaged using both optical and electron microscopes
in order to identify those areas in the shell cross-sections
showing the best preservation. Four 25.4 mm-diameter
sample mounts were produced, each of which also
included numerous grains of the IAEA (International
Atomic Energy Agency) 603 calcite reference material
(IAEA 2016). The width of the ostracod shell walls on
which individual SIMS analyses were carried out ranges
between 15 and 30 pm.

The established operating procedure in the Potsdam
SIMS is that the samples were ultrasonically cleaned twice
for five minutes in high purity ethanol and are then
promptly coated with a 35 nm thick high-purity gold
coat followed by preparation of an overview image of the
entire sample mount using the stitching routine of a
Nikon Eclipse motorized optical microscope. These
images were then loaded into the SIMS point logger soft-
ware to support subsequent navigation. The mounts were
placed in the instrument after gold coating and they were
mostly under vacuum for 12 h or more prior to begin-
ning the analytical routine.

SIMS §'®0 analyses using the Potsdam Cameca 1280-
HR employed a c. 2 nA, mass filtered 13Cs* beam with a
Gaussian density distribution focused to c¢. 5 pm diameter
on the polished sample surface. The total impact energy
of the Cs" ions was 20 keV. Bach analysis was preceded
by 22 x 22 pm rastered pre-sputter for 70 s. Charge
compensation was achieved with low-energy, normal inci-
dence electron flooding. To suppress within-run drift in
the isotope ratio, a 17 x 17 pm raster was employed dur-
ing data acquisition, thus assuring a flat-bottom crater
geometry. The rastering of the primary beam during data
collection was compensated using the dynamic transfer
function of the Cameca 1280’s secondary column ion
optics. Analyses were performed as multiple points dis-
tributed around the best preserved segments of individual
ostracods (Appendix S1), and the interior of the majority
of the ostracods was also analysed to determine the oxy-
gen isotopic composition of the diagenetic calcite infilling
the fossil. The IAEA 603 calcite reference material was
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FIG. 2. Aras Valley section with carbon isotope compositions from bulk carbonate and oxygen isotope data from single ostracods.
Carbon isotope data from bulk carbonate reported in the standard notation (8"C,p) relative to Vienna PeeDee Belemnite (VPDB) in
per mil from Schobben ef al. (2017) showing the beginning of the negative excursion in the Clarkina yini Zone; 8"*0og (%, VPDB)
data from ostracod shell calcite showing a trend largely parallel to the §'>Cy, data. Trendlines represent local polynomial regression
fitting (LOESS) with an Akaike’s Information Criterion (AIC)-selected optimal smoothing parameter (0.16 for 8"C .y, and 0.22 for
8'80,, data). Each datapoint of 8'"80,, is the arithmetic mean of all shell values measured from a single ostracod specimen. Radio-
metric ages of the extinction horizon and first appearance of Hindeodus parvus at the Induan GSSP (Meishan, South China) from Bur-
gess et al. (2014); approximated age of initial decrease of 8"C oy, and 8'%0,, values based on sediment accumulation rates reported
by Schobben et al. (2015). Green horizontal line represents the Permian—Triassic boundary with the onset of the Hindeodus parvus
conodont zone. Conodont zonation from Ghaderi et al. (2014). Scale bars of the displayed ostracod species used for the §'®0,q;, analy-
sis represent 100 pm.
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analysed after every fifth determination of either ostracod
shell wall or sparite infilling, and >30 grains of IAEA 603
were analysed during each overnight automated data
acquisition routine.

Secondary ions were accelerated by a —10 kV potential
applied to the non-magnetic, stainless sample holder.
Prior to the start of data acquisition, the SIMS conducted
automated centring routines for the field aperture in both
X and Y and for the contrast aperture in X only. The
instrument had a field of view of 50 x 50 um, in con-
junction with a 40 V energy band-pass. The mass spec-
trometer was operated in static multi-collection mode,
with the '°O~ ions being collected in the L2’ Faraday cup
and the '*0~ ions being collected in the H2’ Faraday cup
with the amplifier system employing thermally stabilized
10" Q and 10" Q amplifiers, respectively. Magnetic field
drift on the mass spectrometer was effectively eliminated
by the use of an NMR-controlled feedback loop. The
mass resolution of the instrument was determined to be
M/AM = 1900, which is effectively full transmission for
the 1280-HR and suffices to eliminate both the '®O'H,
and the '°O°H isobaric interferences from the '®O mass
station. A single analysis consisted of 20 integrations of
4 s each, resulting in a data collection time of 80 s per
analysis, equivalent to a total of ¢. 3 min per point when
including the sample moving, pre-sputtering and auto-
matic centring routines. This analytical design resulted in
a count rate generally in the range of 2.8 to 3.2 x 10°
ions per second on the '°O mass station. A total of 669
8'"®0 determinations were made on 163 ostracods speci-
mens. Our SIMS analytical data were collected during
three overnight runs in June 2018 and one overnight run
in February 2019. A 3SD filter was applied to all data
with respect to the 20 individual integrations made dur-
ing a given analytical run.

In order to quantify the instrumental mass fractionation
and also to monitor the possible presence of a time-
dependent drift during our run sequences, periodic analyses
of the IAEA 603 calcite reference material were made.
None of the four days showed evidence of significant
time-dependent drift. For the purpose of calibrating the
instrumental mass fractionation of our SIMS instrument
on each separate day for IAEA-603, we used the value of
8'"0ypps = —2.37 (IAEA 2016). For the four days of data
collection, we recorded 1 s repeatabilities for our reference
material of £0.16%, (n = 38), £0.14%, (n = 33), £0.19%,
(n = 34), and +0.14%, (n = 43). We assigned the zero-
point of the VPDB scale to the absolute isotope ratio of
'%0/'°0 = 0.0020672 (IAEA 1993), which was used to cal-
culate the absolute isotopic fractionation of our experimen-
tal process as well as to determine the 8'*Oyppg values of
each of our analyses on the ostracods or their spar infill-
ings. Based on the above observations, we assume that our
data are reliable at the 0.2%, (1SE) level, or better.

Temperature reconstruction using oxygen isotopes from
ostracod calcite (6"%0,g)

For temperature reconstruction based on ostracod calcite
values (8'%0,¢), we used the equation of Kim &
O’Neil (1997) for the temperature-dependent oxygen iso-
tope fractionation during calcite precipitation. Of the
entire pool of SIMS data, only those 605 8'%0,q, values
that were assessed to not have been influenced by diage-
netic alteration (Appendix S1) were used for our subse-
quent temperature reconstructions. The oxygen isotope
value of the ambient seawater (8'®Qy,), which is needed
for this equation, can only be assumed for the late Per-
mian to the Early Triassic. For estimating the §'°Oy,
value for the sections in north-west Iran, we followed the
calculations of Schobben et al. (2014). These estimates are
based on 8'%0,, calculations from the equation in
Watanabe et al. (2001), using salinity values which were
modelled for late Permian seawater by Kiehl &
Shields (2005). The resulting 3180, value was shifted by
—19, based on the assumption of an ice-free world for
this time interval (Lhomme et al. 2005), resulting in a
8'%04,, value of —0.81%, VPDB for the north-west Iranian
sections.

RESULTS

Reconstruction of seawater temperatures at the
Permian—Triassic boundary

As it was impossible to separate the ostracod shell mat-
erial from the sparitic infill, we used secondary ion mass
spectrometry (SIMS) to analyse the oxygen isotopic com-
position of these shells (5'®0,,). By using this method it
was possible to obtain oxygen isotope values for a succes-
sion of deep shelf sediments (deposited below the storm
wave base) spanning the end-Permian mass extinction;
our results are superimposed over a longer term, gradual
latest Permian 8"Cup (Gliwa
et al. 2020).

Ostracod shells consist of low-Mg calcite, which is rela-
tively stable against diagenetic alteration (Brand &

negative excursion

Veizer 1981). Furthermore, there are no signs in the sedi-
mentary succession of the studied section from other
nearby sites to suggest subaerial exposure. This minimizes
the probability that meteoric fluids (with a distinct §'%0)
left an imprint in the calcite shells during early diagenesis.
Furthermore, the conodont alteration index (CAIL
Konigshof 1992) of 1-1.5 at this site and nearby locations
(Zal and Ali Bashi; Schobben ef al. 2014) suggest minimal
thermal overprinting during subsequent burial. Taken
together, these are important criteria for the analysis of
oxygen isotopes and a temperature reconstruction of the



ambient seawater. Distinct differences of 5'*0 values from
ostracods and the diagenetic endmembers (bulk carbonate
and sparite cements) of the same sediments as well as a
mineralogical analysis of the ostracod shells support that
our measured 8'%0,, values are unlikely to have been
influenced by diagenesis (Appendix S1). Instead, the spa-
tially resolved SIMS 3'®0 measurements confirmed that
altered shell areas or crusts were avoided, thus yielding
reliable palaecoenvironmental proxies.

Previous estimates of Permian—Triassic seawater tem-
perature were based on the oxygen isotopic composition
of conodont apatite (Joachimski et al. 2012, 2019; Chen
et al. 2013, 2016; Schobben et al. 2014) and brachiopod
calcite (Korte et al. 2005; Wang et al. 2020). Oxygen iso-
tope ratios may also provide relative temperature differ-
ences for the seawater in which the ostracods lived,
given prior knowledge of the seawater oxygen isotope
compositions (e.g. Von Grafenstein et al. 1999; Hunt
et al. 2010; Decrouy et al. 2011; Devriendt et al. 2017),
although this tool has not previously been used for tem-
perature reconstructions across the Permian—Triassic
boundary.

. S <18
Permian—Triassic ostracod-based 6°°O values and seawater
temperatures

The 8'®0., (VPDB) values from the Changhsingian to
early Griesbachian succession range from —8.3%, to
—2.5%,. The LOESS regression curve (Fig. 2) indicates
relatively stable 8'®Q,, values of around —3.3%, up to
the middle Clarkina yini Zone, followed by a decrease to
around —69%, in the lowest strata above the extinction
horizon. Converting the 380, values to temperatures
using a 8'%0,, value of —0.81%, (VPDB) suggests that
the temperatures of the ambient seawater were relatively
stable at 27°C in the Changhsingian up to the C. yini
Zone. Seawater temperatures gradually increased to nearly
40°C at the horizon of the main extinction pulse. In the
post-extinction interval and persisting into the earliest
Triassic the seawater temperature remained relatively high
(38-42°C). The 8'%0,4, curve up to the extinction hori-
zon runs almost parallel to the 87C.y curve. Our
8'80 ¢ values suggest that the initial temperature rise in
the latest Permian coincided with the onset of the
8!°C.ay decline in the same section (Fig. 2), which has
been taken as the onset of major volcanic activity in the
Siberian Traps (Burgess & Bowring 2015). Correlation
with the conodont zonation and accumulation rates from
other north-west Iranian sections spanning the Permian—

Triassic boundary (Richoz et al 2010; Schobben
et al. 2015) provides solid evidence that the warming
trend commenced some 300 kyr before the main

extinction event.
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Biases on temperature calculation using biogenic materials

Vital effects are a well-known issue when using ostracods
as temperature proxy (e.g. Von Grafenstein et al. 1999;
Decrouy et al. 2011; Devriendt et al. 2017). Small differ-
ences between 8"y, and the predicted §'*0 values of
the calcite that precipitates in equilibrium with the sur-
rounding water (BISOeq) led to the conclusion that vital
effects caused by the metabolism of the animal must be
taken into account when reconstructing ancient tempera-
tures (Von Grafenstein et al. 1999; Holmes &
Chivas 2002; Decrouy et al. 2011). Such vital effects
induce the preferential uptake of the 'O isotope (Xia
et al. 1997) and generally result in higher 8'"%0 4 com-
pared to SISOeq (vital offset: AISOosth). These kinetic
effects are also influenced by the [(CO;)*"1/[DIC] ratio
of the host water (DIC, dissolved inorganic carbon),
which in turn is influenced by the pH and salinity of the
water (Devriendt et al. 2017). We calculated the possible
impact of pH changes which are proposed for late Per-
mian seawater (Clarkson et al. 2015; Jurikova et al. 2020)
on our 880, values. This test indicates that the theo-
retical difference between 8'®0,, values resulting from
pH changes are below the uncertainty estimates of our
SIMS analyses (Appendix S1).

Vital offsets are also taxon dependent, hence we have
limited our analysis to the few species Fabalicypris obunca
Belousova, 1965, Orthobairdia capuliformis Gliwa in Gliwa
et al, 2020, Fabalicypris veronicae Gliwa in Gliwa
et al., 2020, Bairdiacypris ottomanensis Crasquin-Soleau in
Crasquin-Soleau et al., 2004 and Kempfina qinglaii (Cras-
quin in Crasquin et al., 2008), which all belong to the
family Bairdiidae. The vital offset for ostracods has been
measured for several (mostly freshwater) species where it
ranges from +0.79%, to +3.59%, (e.g. Von Grafenstein
et al. 1999, Holmes & Chivas 2002, Decrouy et al. 2011).
For the few marine species examined so far, also belong-
ing to the family Bairdiidae, the vital offset is approxi-
mately +0.3%, (Bornemann et al. 2012). A correction for
this 8'®0 offset would lead to systematically higher
palaeotemperature estimates. For example, a correction
for a constant offset of +0.3%,, which was estimated for
the marine species Bairdia conformis and Henryhowella
sarsii (Bornemann et al. 2012) in comparison to 61806(1,
would lead to a positive shift (AT = T.q — Tyjta) of the
reconstructed temperature (T;,) of approximately 1.4°C
at lower temperatures to 1.7°C at higher temperatures
(using the equation of Kim & O’Neil 1997).

The ostracod-based temperature curve is compiled
from different species, not taking a possible species-
dependent vital offset into account. However, our major
result of a pre-extinction temperature rise of c¢. 10°C is
based on the single species Fabalicypris obunca. This focus
eliminates the risk of a potential species-specific 8'%0



6 PALAEONTOLOGY

bias. Although the reconstruction of the absolute temper-
atures is hindered by a possible vital offset in 8'*0 for
F. obunca, our trend can confidently be attributed to rela-
tive temperature changes, as the vital effect leads to an
almost constant offset of 3'®0 values in the ostracod
shell.

In general, our calculated absolute seawater tempera-
tures are relatively high and partly not compatible with
marine life. As the calculation of ancient seawater temper-
atures depends also on the precise knowledge of the §'%0
values of the seawater, the resulting temperature recon-
struction remains an estimation. The §'®0y, values used
in this study are based on salinity reconstructions of late
Permian seawater (Kiehl & Shields 2005) and the assump-
tion of an ice-free world (Lhomme et al. 2005, Schobben
et al. 2014). However, these 8'%0 , values remain an
estimation and cannot be determined exactly. An overes-
timation of this value would lead to higher calculated
temperature, which could be an explanation for the unre-
alistic high values in our study.

Permian—Triassic temperature reconstructions from
north-west Iran and South China

The magnitude of the ostracod-derived end-Permian tem-
perature increase in the Aras Valley section resembles
temperature reconstructions from other Transcaucasian
and South Chinese sections (Fig. 3B—E). All conodont-
based §'%0 data from these regions indicate a seawater
warming of 7-12°C (Joachimski et al. 2012, 2019; Chen
et al. 2013, 2016; Schobben et al. 2014; Wang et al.
2020). However, only our ostracod-based §'®0 data sug-
gest a clear gradual pre-extinction warming extending
over 300 kyr, which was succeeded by a step-change in
temperature immediately below the main extinction pulse
(Figs 2, 3B, S3). On the other hand, brachiopod-based
380 data from north-west Iran (Schobben et al. 2014)
indicate stable temperatures in the pre-extinction phase
of the late Permian (Fig. 3D). A gradual pre-extinction
warming, as indicated by the ostracod-based data, was
also suggested from brachiopod data in South China
(Wang et al. 2020), but this observation is based on a
very limited number of specimens in this key time inter-
val. Studies of conodont SlsOapame from Shangsi
(Joachimski et al. 2012; Chen et al. 2016) suggest a tem-
perature increase of approximately 12°C (from about 25.5
to 37.5°C), thus resembling the data from Meishan. How-
ever, the onset of warming is not conspicuous, as the
large dispersion in the data in the upper three metres of
the pre-extinction interval does not allow the definition
of a clear starting point (Fig. 3E). A pre-extinction warm-
ing at Shangsi cannot be excluded from these 8180apmite
values.

There are two plausible explanations for why previous
investigations have not provided clear evidence of a grad-
ual pre-extinction warming:

1. Ostracods are benthic organisms and hence more
likely to record deeper water column temperatures
compared to conodonts that are nektonic and may
more closely track sea surface temperatures (Joachim-
ski et al. 2012). The ostracod 8'®0 values from
north-west Iran reflect bottom temperatures of the
deep shelf. In general, deep-water temperatures are
considered sensitive tracers of global climate change,
whereas sea-surface temperatures are more erratic in
nature (Westerhold et al. 2020). As such, although
substantial pre-extinction warming is currently only
reported from the Aras Valley (north-west Iran) and
Xikou (South China; Wang et al. 2020) sections, these
probably record a global trend.

2. 3'"0 values of biogenic materials (calcite, apatite)
record the 8'%0 composition of the ambient sea water
and a temperature-dependent oxygen isotope frac-
tionation associated with mineral precipitation. The
mobility of ostracods is very limited, which enables a
precise reconstruction of their ambient temperature.
In contrast, conodonts are mobile, nektonic animals,
which makes the pin-pointing of their habitat rather
difficult.

Timing of environmental and biotic changes at the
Permian—Triassic boundary

The environmental changes culminating in the end-
Permian mass extinction are commonly assumed to have
been triggered by Siberian Trap magmatism (Reichow
et al. 2002; Kidder & Worsley 2004; Svensen et al. 2009;
Burgess & Bowring 2015; Bond & Grasby 2017; Burgess
et al. 2017). For instance, the onset of the global trend
towards lower 8'°C.,, values is thought to have been
induced by volcanic greenhouse gas emissions and com-
bustion of organic-rich sediments and evaporites due to
sill intrusions and the subsequent release of *C-depleted
thermogenic gases (Burgess et al. 2017; Schobben
et al. 2019). A comparison of various Permian—Triassic
sections demonstrates that this trend had already started
several hundred thousand years prior to the extinction,
in the Clarkina bachmanni conodont zone (Korte &
Kozur 2010; Schobben et al. 2017). The age model of
Schobben et al. (2015) suggests that the sediments in the
middle of the C. bachmanni deposited
approximately 900 kyr before the main extinction hori-
zon. Investigations from the Aras Valley (Schobben
et al. 2017; Gliwa et al. 2020) and other north-west Ira-
nian sections (Schobben et al. 2014) indicate a slightly
later 8'°C.,,, decrease, which started in the C. yini Zone

Zone were
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FIG. 3. Palaeotemperature estimates from oxygen isotope data at the end-Permian mass extinction. Depths transcribed to align with
the Ali Bashi 1 section, where time before main extinction pulse has been estimated from sediment accumulation rates (Schobben

et al. 2015). Conodont zones after Ghaderi ef al. (2014). A, map showing palaecogeographical positions of Transcaucasia (Tr) and
South China (SC) (modified after Stampfli & Borel 2002). B-E, temperature derived from: B, 380 data from ostracod shell calcite
from Aras Valley (this study); C, 880 data from conodont apatite from Armenia and north-west Iran (Schobben et al. 2014; Joachim-
ski et al. 2019) (Appendix S1, p. 6); D, 8'%0 data from brachiopod calcite from north-west Iran (this study and Schobben

et al. (2014); Appendix S1, pp 5, 7); E, 380 values from conodont apatite from South China (Joachimski ef al. 2012; Chen

et al. 2013; Chen et al. 2016) (Appendix S1, p. 7). LOESS smoothing as in Figure 2 (smoothing parameters for temperature values:
0.26 for conodonts from Ali Bashi, 0.91 for brachiopods from Ali Bashi, 0.20 for conodonts from Meishan, 0.46 for conodonts from
Shangsi). Conodont zonation in north-west Iran from Ghaderi et al. (2014): J1, Clarkina changxingensis Zone; J2, C. bachmanni Zone;
J3, C. nodosa Zone; J4, C. yini Zone; J5, C. abadehensis Zone; J6, C. hauschkei Zone; J7, Hindeodus praeparvus—Hindeodus changxingen-
sis Zone; J8, Merrillina ultima—Stepanovites mostleri Zone; ]9, Hindeodus parvus Zone; J10, Isarcicella staeschei Zone. Conodont zona-
tion in South China from Yuan et al. (2014): C1, C. changxingensis Zone; C2, C. yini Zone; C3, C. meishanensis Zone; C4, Hindeodus
praeparvus—Hindeodus changxingensis Zone; C5, Hindeodus parvus Zone; C6, Isarcicella staeschei/Isarcicella isarcica Zone.

(Fig. 2), 850—650 kyr before the extinction. These rela-
tively small discrepancies of first occurrences of con-
odont species are probably caused by incomplete
sampling and the fact that fossil occurrence data are
influenced by varying accumulation rates, intervals of
condensation and minor unconformities (Holland &
Patzkowsky 2015).

The timing of the initial 8"*C.,y, decrease in the north-
west Iranian sections is in stark contrast to the 8C..y,
decrease in Meishan, which is assumed to have started
only around 60 kyr before the main extinction (Burgess
et al. 2014). As the duration of the pre-extinction

conodont zones in Meishan are in contrast to the mean
accumulation rates covering these zones in the Iranian
section, we refer and interpolate all data to the north-
west Iranian sections. Volcanic activity and thus carbon
cycle disturbances started earlier than the carbon isotope
data from Meishan suggest. This is also supported by vol-
canic fly ash deposits from the Arctic highlands of
Canada, which suggest that explosive volcanic eruptions
occurred about 750-500 kyr before the main extinction
interval (Grasby et al. 2011).

Palaeontological data from north-west Iran and South
China show that the volcanically induced environmental
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changes affected life well before the main mass extinction
pulse. An extinction pulse of ammonoids as well as a
decline in morphological complexity (size reduction, loss
of coarse sculpture, simplification of suture lines) were
observed in the Clarkina nodosa Zone (Korn et al. 2016;
Kiessling et al. 2018), which corresponds to approxi-
mately 750 kyr before the extinction at the Iranian sec-
tions (Schobben et al. 2015).

Zircon-derived U/Pb dating of the Siberian Traps indi-
cates that the emplacement of around two-thirds of the
total lava volume and extrusive eruptions had already
started some 300 kyr prior to the extinction (Burgess &
Bowring 2015; Burgess et al. 2017). This timing also cor-
responds to the timing of enhanced chemical weathering
in Meishan, induced by the emplacement of fresh basalt
together with CO, release, acid rains and global warming
(Sun et al. 2018). This coincides exactly with our initial
880, decrease and might indicate a linkage between
early greenhouse gas emissions from the Siberian Traps

and an increase in deep shelf seawater temperature
approximately 300 kyr before the extinction.

A pre-extinction temperature increase that lasted
around 300 kyr as indicated by the initially gradual
decline of 880, values is likely to have caused signifi-
cant environmental and ecological perturbations prior the
main extinction interval. Seawater temperature increase
reduces the solubility of oxygen in ocean water and,
together with a higher metabolic oxygen demand of
organisms (POrtner 2001), leads to thermal stress and
hypoxia (e.g. Benton 2018). Furthermore, ammonoid
diversity data from north-west Iran show an extinction
pulse within the C. yini conodont zone (Kiessling
et al. 2018), which corresponds to the beginning of rising
seawater temperatures (Fig. 4). Gradual warming over
¢. 300 kyr prior to the main extinction event in the latest
Permian may have already induced biological turmoil.

Our oxygen isotope data from ostracod shells in the
8 cm immediately below the extinction horizon support a
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FIG. 4. Correlation of environmental and biotic changes. §'*0 (%, VPDB) data from ostracod shell calcite from Aras Valley (this
study) and 3180 (%, VSMOW) data from conodont apatite from Armenia and north-west Iran (Schobben et al. 2014; Joachimski

et al. 2019); 8"°Ceup (%, VPDB) data from bulk carbonate (Schobben et al. 2017); chamber volumes of ammonoids from north-west
Iran (Kiessling et al. 2018); timing of environmental changes and volcanic activity (Brennecka et al. 2011; Grasby et al. 2011; Burgess
& Bowring 2015; Schobben et al. 2015; Sun et al. 2018; Zhang et al. 2018); timing of ammonoid extinction pulses from Kiessling

et al. (2018). LOESS smoothing and smoothing parameters as in Figures 2, 3 (smoothing parameter for chamber volume of ammo-
noids: 0.41). Ages estimated from reported sediment accumulation rates in north-west Iran (Schobben et al. 2015).



sharp temperature increase (Fig. 2), which corresponds to
approximately 25 kyr before the main extinction pulse.
This could represent a tipping point just prior to the
main extinction. Similar data suggesting ecological shifts
during this interval, which is characterized by a rather
rapid temperature increase, are also recorded in the fossil
record from South China. Palacontological data indicate a
decrease in body size of latest Changhsingian brachiopods
(He et al. 2007; Zhang et al. 2016, 2017; He et al. 2017)
as well as a decline in radiolarian diversity, just prior to
the main extinction (Feng et al 2007; Feng &
Algeo 2014).

A temperature increase over a period of 300 kyr is
likely to have influenced other environmental parameters
of the oceanic realm. The expansion of anoxic waters,
detected by independent proxies (Brennecka et al. 2011;
Schobben et al. 2015, 2020; Zhang et al. 2018) began
approximately 40-160 kyr before the extinction event
(Zhang et al. 2018), with the maximum extent of anoxic
waters occurring at the extinction horizon (Brennecka
et al. 2011; Schobben et al. 2015). This timing suggests
that only the last phase of temperature increase might
have had a major influence on productivity, which
indicates a tipping point being reached gradually rather
than having been driven by very sudden global
warming.

Our observation of gradual pre-mass extinction warm-
ing reconciles previously discrepant observations. Grad-
ual pre-mass extinction warming explains biological
responses before the main extinction horizon. It is likely
that the main extinction pulse was triggered by thresh-
old warming levels being gradually reached rather than a
rapid, extreme warming disruption. As such, our study
shows that gradual and relatively mild warming can be
the canary in the coalmine of an approaching mass
extinction. Permian life could not adapt to warming
despite it having been spread out over hundreds of
thousands of years.

As a final observation, we found no support for a tran-
sient cooling near the Permian—Triassic boundary as has
been suggested based on the chronology of sea-level
changes in South China (Baresel et al. 2017).

CONCLUSIONS

The end-Permian mass extinction has usually been linked
to rapid global warming. In our study we challenge the
previously proposed hypothesis that a geologically rapid
(<40 kyr) temperature increase of more than 10°C
occurred simultaneously to the main extinction pulse.

We studied the section spanning the latest Permian to
earliest Triassic at the Aras Valley (north-west Iran) with
respect to the oxygen isotope ratios in ostracod shells
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using secondary ion mass spectrometry (SIMS). Our

study revealed the following main conclusions:

1. The ostracod shells of the Permian—Triassic boundary

section of the Aras Valley (north-west Iran) are well
preserved and are suitable for oxygen isotope mea-
surements using a SIMS-based approach, which

allows one to avoid altered, and overgrowth, diage-

netic carbonates.

The geochemical (oxygen isotope) data indicate pro-

found environmental disturbances prior to the main
extinction pulse, evidenced by the negative excursion
of the 880, values by 2.79%, of the single ostracod

species Fabalicypris obunca.

The measured oxygen isotope compositions of the

ostracod shells support an increase in seawater tem-
peratures beginning at least 300 kyr prior to the main
extinction event (i.e. in the Clarkina yini Zone of the

conodont stratigraphy). High temperatures persisted

at least into at least into the Isarcicella isarcica Zone.
Gradual warming by approximately 12°C was proba-

bly responsible for initial environmental degradation

culminating in the global, end-Permian biotic crisis.
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SUPPORTING INFORMATION

Additional Supporting Information can be found online (https://
doi.org/10.1111/pala.12621):

Appendix S1. Supplementary methods and Figures S1-S3.

Fig. S1. SIMS sample mounts with polished surface. Gold-
coated SIMS sample mounts after SIMS analyses with ostracod
carapaces and crystal grains of reference material embedded in
epoxy resin. Black scale bars indicate 5 mm.

Fig. S2. Influence of acetolysis on §'%0.g, and SISOSpa, val-
ues. Measurements of orange boxplots represent the samples
treated with water; blue boxplots represent the same sample
material treated with acetolysis. Differences in 5'0 between the
treatment methods are not significant for the shell calcite
(p-value > 0.05, mean values for ostracod shell calcite: —5.80%,
and —5.949,,, median values: —5.67%, and —5.86%,) and the
sparite infilling of the carapaces (p-value > 0.05, mean values for
sparite infilling: —8.15%, and —8.50%,, median values: —8.259%,
and —8.369,,).

Fig. S3. Comparison of different stable isotope signals from
the Aras Valley section. (A) 8" Cean, data (Bennett et al. 2011)
from bulk carbonate showing the beginning of the negative
excursions in the Clarkina yini Zone. (B) 880, SIMS data
from ostracod shell calcite showing a trend largely parallel to the
8" Cearp data. Each data point of §'80,, is the arithmetic mean
of all shell values measured from one specimen. (C) 8"®Opui
values from bulk carbonate (Schobben et al. 2017). (D) 6180513ar
SIMS values from sparite filling of the ostracod carapaces show
a completely different isotopic compositions compared to the
88045 data. Radiometric ages of the extinction horizon and
first appearance of Hindeodus parvus at the Induan Stage GSSP
(Meishan) (Burgess et al. 2014); approximated age of initial
decrease of 8"°C ., and 880, values based on the age model
of Schobben et al. (2014) indicated in parenthesis. LOESS
regression curves for temperature reconstructions of each dataset
were calculated with a span of 0.5.
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