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Abstract: The ultimate driver of the end-Permian mass extinction is a topic of significant
debate. Here, we use a multi-proxy and paleoclimate modelling approach to establish a
unifying theory elucidating the heightened susceptibility of the Pangean world to prolonged
and intensified El Nifo events leading to an extinction state. As atmospheric pCO> doubled from
~410 to ~860 ppm in the latest Permian, the meridional overturning circulation collapsed, the
Hadley cell contracted and El Nifios intensified. The resultant deforestation, reef demise and
plankton crisis marked the start of a cascading environmental disaster: reduced carbon
sequestration initiated positive feedback, producing a warmer hothouse and, consequently,
stronger El Nifios. The compounding effects of elevated climate variability and mean state
warming led to catastrophic but diachronous terrestrial and marine losses.

One-Sentence Summary:
The compounding effect of extreme El Nifios and mean state warming led to catastrophic end-
Permian losses.
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Main Text:

The ultimate kill mechanism for the end-Permian mass extinction is uncertain. Rapid
warming induced by eruptions of the voluminous Siberian Traps is regarded to have played a key
role (/). However, over 20 volcanism-driven hyperthermals punctuate Phanerozoic history (2)
and only a few coincide with extinctions, with none of them approaching the ~90% global species
loss of the end-Permian (3). This raises the question of why the end-Permian world
responded so strongly to CO»>-degassing and challenges our understanding of Earth system
tipping points.

There is a clear mismatch in kill mechanisms and timing between marine and terrestrial
losses during the end-Permian mass extinction (Fig. 1C). Equatorial sea surface temperature (SST)
rose rapidly from ~26 °C to ~34 °C (4), likely exceeding the thermal tolerance of many marine
organisms, particularly primary producers that underpin the marine food chain (5). However, many
marine losses occurred ~17 kyr before substantial climate warming, suggesting that other kill
mechanisms were at play: ocean deoxygenation is widely favored (6). However, in a setting
characterized by atmospheric pO> levels higher than today (7), the impact of ocean anoxia on land
would have been minimal. Even more puzzling, terrestrial extinctions, despite being diachronous
themselves, began even earlier than the marine losses (8, 9), long before the potent warming. The
loss of peatland (/0, 17) and the replacement of gymnosperm forests by shrub-dominated
terrestrial ecosystems (/2) preceded the marine crisis by tens or even hundreds of thousands of
years (8). Various causes have been proposed for the terrestrial crisis, including metal poisoning
(13), intense UV-B radiation following ozone depletion (/4) and acid rain (/5). None of these
alone can fully explain the scale, spatial heterogeneity, or the asynchronous nature of the end-
Permian crisis.

Scant attention has been devoted to short-term climate oscillations occurring over
interannual and interdecadal timescales in deep time, embedded within the context of longer-term
climate change. Such modes of variability routinely induce large short-term fluctuations in
temperature and the hydrological cycle through changes in weather patterns (/6). We test the
global climate system response to extreme greenhouse gas forcing in the Permian-Triassic (P-T)
setting using paleotemperature proxy data to reconstruct the equatorial zonal SST gradient across
the Tethys ocean (Fig. 1). Using a systematic combined approach incorporating proxy data, Earth
system modelling (HadCM3BL) and sedimentary observations on a global scale, we establish a
robust model for critical atmosphere-ocean coupling during the end-Permian catastrophe and
propose a kill mechanism. We show that short-term climate fluctuations, which occur on annual
time scales today, can be amplified by extreme greenhouse gas forcing, leading to a cascade of
catastrophic terrestrial and marine losses.

Diminishing SST gradients

Zonal (east-west) and meridional (equator to mid-latitude) SST gradients regulate ocean-
atmosphere feedback through Walker and Hadley circulations, and thus control low latitude
climates. In modern oceans, a zonal SST gradient along the equator is prominent because
equatorial easterlies push warm surface water to the west along both sides of the equator,
generating a western warm pool. The westward movement of surface water also results in higher
sea levels and a deeper thermocline in the western Pacific (/7). Upwelling compensates for the
loss of the warm surface layer in the east, generating cold tongues and a west-to-east tilted
thermocline across the equatorial Pacific Ocean.
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The P-T transition saw a dramatic decrease in the equatorial zonal SST gradient. Our
paleotemperature dataset (/8) shows that the late Permian equatorial zonal SST gradient within
the Tethys was more prominent than that of modern Pacific. SSTs from westerly Cimmerian
sites [e.g. Iran (/9) and Armenia (20)] were consistently and considerably warmer than those
from South China (4) in the east until 252.0 Ma. This zonal SST gradient decreased from >7—
10°C in the late Permian, weakening to ~1-4°C across the P-T boundary, and was generally <4°C
through the Early Triassic (Fig. 1B). The transition from high to low zonal SST gradients occurred
abruptly within the latest Permian Clarkina yini conodont Zone (Fig. 1C).

Although less pronounced, our model simulations replicate these proxy data changes
and additionally show an expanded equatorial warm pool and substantial thermocline deepening
(Figs. S1 to S3). These profound changes in the ocean’s thermal structure had substantial
consequences for atmospheric circulation. Walker circulation weakened with the rising and
sinking limbs both contracting to Panthalassa (Fig. 2). These changes coincide precisely with
the decrease in the equatorial zonal SST gradient (Fig. 1C), leading to reduced horizontal
and vertical moist advection. The ascending limb of the tropical Hadley circulation,
already weaker than in the modern era, weakened further with warming, contracting in terms of
both tropical overturning and convective potential (Figs. S4 and S5). Simultaneously, the
descending limb widens at 500 hPa in the mid-latitudes, expanding arid regions poleward—a
key feature of P-T sedimentary records (Fig. S6) and a climatic response predicted in future
warming scenarios (217).

El Niiio in a hothouse world

As the zonal SST changes are both the cause and consequence of Walker circulation
fluctuations (22), flattened zonal SST gradients and weakened Walker circulation collectively
imply a high probability of El Nifios. Our proxy data showing diminished zonal SST gradients are
mainly derived from the Tethys Ocean with further information coming from Panthalassa. They
alone do not permit evaluation of the impact of El Nifio Southern Oscillation (ENSO) due to its
fine temporal scale, but we can address this in our Earth system modelling using the oceanic Nifio
index and by defining the Nifio 3.4 (5°N-5°S, 120°-170°W) as equivalent to Panthalassa (Fig.
1A). We test this definition using empirical orthogonal function (EOF) analysis, which shows a
strong 57.1% variance in the equivalent to the Nifio 3.4 region of the Pacific, suggesting that
Panthalassa’s configuration is broadly similar to the modern Pacific. A series of pCO: sensitivity
tests is carried out to understand the impact of warming on ENSO variability and its role in driving
extinctions.

Model simulations show that SST anomalies in the Nifio 3.4 equivalent region increase in
both amplitude and longevity as atmospheric pCO> increases from 412 to 4000 ppm. Thus, the
SST positive anomalies, marking El Nifio conditions, increase from ~0.5-1.5°C in the
Changhsingian prior to the main eruptions of Siberian Traps to ~4°C during maximum warmth in
the Induan (Early Triassic), whilst their periodicity increases from 2-5 to 7-9 years (Fig. S7).
These increases were accompanied by a disappearance of the El Nifio-La Nina amplitude and
evolution asymmetry (Fig. 3).

The disappearance of eastern cold tongues is a typical feature of El Nifio conditions, but it
is generally challenging to verify this with ancient proxy data. However, our conodont 8'30 values
from the upper Smithian in Idaho (16.9 %o) are comparable to contemporary 5'*0 values from
South China (16.8 %o), Croatia (16.7 %), and Italy (16.5 %o). Thus, the 8'80 difference, close to
analytical reproducibility (£0.14 %o, 1 ©), suggests that the Panthalassan “cold tongue” areas were
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as warm as Tethys. These §'%0 values are comparable to those from Oman (16.3 %o, ~20-30°S),
suggesting there was an enormous warm pool across low latitude oceans, with SSTs reaching
39.441.9°C, and this extended to the extratropics during the hottest time of the Early Triassic.
The warm “cold tongue” was accompanied by the cessation of denitrification on the eastern
Panthalassan margin (23). The high SSTs of the late Smithian require atmospheric pCO; that was
much greater than 4000 ppm to drive. However, our model simulations already show a steady
deepening of the thermocline from ~30 m to over ~100 m across the P-T transition in eastern
Panthalassa (Fig. S3). Together with weakened Walker circulation, this led to a reduction in
equatorial upwelling. Collectively, proxy and modelling evidence suggests that the mean state
warming in both Tethys and Panthalassa at the P-T boundary was probably El Nino-like.

Homogeneous SSTs along the equator weaken easterlies (both mean state and during El
Nifios) by reducing the east-west near-surface pressure gradient—a consistent feature of El Nifios
in the modern. Such changes link to sea level fluctuations that are also observed across the Tethys
and Panthalassa oceans in the P-T time (24). There is no known evidence for ice coverage during
the P-T interval and glacio-eustatic changes were insignificant. We suggest that regression
recorded in some Tethyan sections in the west while transgressions featured along the eastern
Panthalassan margin [e.g., western USA (24, 25)] was a function of strong ENSO impacting
sedimentary records.

Was mega El Nifio a permanent El Nifio?

Whether climate warming has a significant impact on the strength and duration of El Nifio
is a matter of topical debate. Modern El Nifios occur intermittently every two to seven years and
typically last nine to 12 months but may have persisted for ~3 Myr in the Pliocene (26). Many
features of future El Nifios simulated by CMIP6 models remain uncertain, but stronger El Nifios
with fast onset and slow decay will likely occur (27).

Our simulations suggest that as the world warmed across the P-T boundary both the
magnitude and duration of El Nifio increased but this was not accompanied by the establishment
of a permanent El Nifo (Fig. 3). Our proxy-derived zonal SST gradients across the equatorial
Tethys show consistently high values in the Permian and consistently low values in the Early
Triassic (Fig. 1, B and C). This should not be interpreted as an establishment of permanent El
Nifio but is a function of the time-averaged homogenization of paleotemperatures in “bulk”
samples. Each data point was measured from ~50 conodonts from a sub-10-100 kyr interval
thereby averaging any short-term anomaly. Our data collectively indicate that the Permian was
largely dominated by neutral ENSO states, whilst El Nifios became prominent shortly before the
P-T boundary, to an extent that influenced the long-term climate proxy record in the Tethys (Fig.
1B), but did not diminish the simulated zonal SST anomalies in the Panthalassa (Fig. 3; /8).

Climate States

The transition to conditions with prolonged, episodic mega-ENSO events created a world
of exceptional climate variability (Fig. 3), with intra-annual variability controlled by the large land-
ocean thermal contrast of Pangea (28), and annual to decadal variability controlled by ENSO,
whilst millennial variability was controlled by pCO> and possibly orbital forcing. The net result
was a broadly hot but extraordinarily unstable and variable climate (Fig. 4, and Figs. S8, S9, S11
to S14).



10

15

20

25

30

35

40

On land, low and mid-latitude climates became nearly unified across the P-T boundary,
leading to a remarkable transition from regionally-diverse sedimentary facies to higher-energy
fluvial sedimentation style, frequently represented by braided river facies assemblages (Fig.
S6). This shift signals the onset of a more unstable climate state, characterized by moisture deficits
and irregular rainfall, coupled with generally greater surface runoff and temperature extremes
(18). Such conditions, presumably driven by both Pangean monsoon and ENSO cycles,
occurred poleward and equatorward from ~10° to ~60° in both hemispheres but are less
apparent in high-latitudes (29), probably because ENSO is primarily a low-latitude climate
anomaly (Fig. 4; Fig. S9).

Unlike other hothouse intervals such as the middle Cretaceous (30), in the P-T case, the
ascending limb of the Hadley cells weakened and contracted while the descending limb expanded
further towards the poles (Figs. S4, S5). This is clearly manifested in the Turpan-Kumul
Basin (Xinjiang, NW China), where plant-bearing Upper Permian fluvial-lacustrine and
deltaic depositional systems are abruptly overlain by Lower Triassic drylands, suggesting a
sudden shift in climate regime at ~44°N (Fig. S6A). These areas were probably as dry as
modern subtropical deserts, but with pronounced seasonal torrential rains, indicated by the
common occurrence of sheet-like sandstones and pebbly deposits produced by flash flooding
and ephemeral rivers (Fig. S6, B to D). The transition to higher-energy fluvial systems across
the P-T boundary has been previously attributed to reduced bank stability from plant die-off
(31), but this also occurs in extremely arid settings where pre-crisis vegetation was already
minimal or absent (32). We propose that the shift to a much more irregular precipitation
regime was the main driver of the P-T sedimentary evolution on land.

Stronger El Nifios and warmer hothouse

The decrease in the zonal SST gradient at the end of the Permian during an El Nifio
likely caused two inter-connected positive feedbacks through interplays with the Walker
circulation. Weakened easterlies led to the eastward retreat of warm waters, deepening the
thermocline in the east (Fig. S3), which in turn further enhanced El Nifio conditions (Bjerknes
feedback, /7, 22). The development of increasingly stronger El Nifios is simultaneously coupled
with changes in the low latitude hydrological cycle. Warm waters generate high, rain-bearing
convective clouds that are less reflective than low, non-rain-bearing stratus clouds that follow
cooler waters. Thus, El Nifio redistributes low latitude precipitation as the warm pool expands
eastward (33). Decreases in low latitude coverage by stratus clouds would also reduce the
overall planetary albedo, exacerbating hothouse conditions.

Impact on the terrestrial realm

The synergy of stronger ENSO and a warm climate generates an oscillating dry-wet
contrast over land and amplifies the unevenness of precipitation on a global scale (Fig. 4).
During El Nifios, the heat stored in the ocean is released into the atmosphere, leading to severe
drought and extreme heat. Today, these conditions have destabilized tropical forests, causing
Amazonian and African rainforest dieback (34, 35). In the P-T time, our composite analysis of five
consecutive ENSO intervals reveals large climate anomalies compared to the background state.
These include a strong, high-temperature land-ocean teleconnection in the tropics and
extratropics, mildly cooler high latitudes, and a re-distribution of low latitude precipitation
predominantly over Panthalassa
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and around the Tethys margins during EI Nifios (Fig. 4). Roughly opposite trends occur during La
Ninas (Fig. S9). Geologic evidence for these changes includes the widespread development of
fluvial facies produced by irregular runoff and flashy discharge in the Early Triassic (Figs. S6,
S10), indicating an unprecedented homogeneity of low latitude climates that featured highly
variable dry and wet seasons (Figs. S11to S14).

As the duration of El Nifos extended from months to years (Fig. 3), prolonged warmth and
drought in vast areas of Pangea would have stressed plants further amidst background warming
and an increased frequency of wildfires. This is evidenced by the zenith of charcoal deposition in
equatorial peatlands as the climate regime transitioned from humid to semi-arid (/7). Wet periods
created substantial fuel reserves and were followed by long-lasting droughts with accompanying
heat that resulted in severe wildfires. This drove the eventual extinction of rainforest plants and,
consecutively, the collapse of the charcoal “spike” (Fig. 1C), reflecting the loss of terrestrial
biomass and fuel for fire. As warming and aridity intensified, vegetation was increasingly subject
to fire susceptibility (Fig. S15), compromising carbon sequestration in the terrestrial realm (70)
and elevating atmospheric pCO, further.

Frequent droughts force physiological changes in plants and favor short-lived taxa capable
of thriving in sporadic wet intervals whilst enduring prolonged dry spells in their seed or spore
stage. This is reflected by a floral shift in preference across the P-T crisis towards lightly-built
shrubs rather than trees, as indicated by the post-extinction prevalence of the isoetalean lycopsids
Pleuromeia and Annalepis, in contrast to the gymnosperm-dominated forests of the Permian (36).
A similar adaptation to life cycles exploiting brief wet intervals probably explains the selective
survival of insect groups. Their fossil record, although patchy, reveals significant declines in most
groups, closely linked to the loss of habitats and food plants (37) during deforestation (Fig. S16).
However, those with aquatic larval stages (e.g., amongst palacopteran families) fared better than
those with an entirely terrestrial life cycle (37), indicating an ability to exploit the wet intervals.
Early Triassic assemblages were dominated by beetles, cockroaches and mayflies (37, 38).
However, the post-extinction climatic conditions were overall harsh (Fig. S8; 39), with none of
the major insect groups showing opportunistic radiation (37).

The extreme effects of ENSO were most clearly manifest in low latitude ocean-atmosphere
interactions, but their consequences were global (Fig. 4) and ensured that the modest changes in
mean background conditions were greatly amplified (Fig. 5). The most prominent change in the
P-T terrestrial realm was the dramatic deforestation in both hemispheres in response to the initial
pCO2 doubling. Our simulations indicate that the southern deciduous taiga was impacted first. It
retreated poleward in Gondwana and decreased by 46.6% in coverage (equivalent to ~ 21x10°% km?
forest loss) within ~25 kyr (Fig. S16). This was followed by successive deforestation in northern
mid-latitudes and tropics (Fig. S16), a pattern confirmed by the fossil record of the regions (8, 9,
40). However, what drove the earlier deforestation in southern high latitudes is unexplained. The
disappearance of the Permian Glossopteris flora in the Sydney Basin (70°S) occurred ~380 kyr (8)
before the rise in equatorial SSTs. Our simulations indicate the region was particularly vulnerable
to ENSO impact, much like Australia today (Fig. 4 and Fig. S9). Specifically, warmer and dryer
summers were prominent during El Ninos (Fig. S14), aligning with sedimentological evidence for
increasingly prolonged droughts at the level directly above the last Permian flora (29).
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Impact on the marine realm

Most phytoplankton and zooplankton have a thermal tolerance up to ~35°C, but the
optimal temperature range for vital processes (e.g. reproduction) is often narrower than the range
required for survival (5), particularly in species with lifespans shorter than a year.
Consequently, marine plankton are particularly susceptible to inter-annual climate
perturbations. Their decline can trigger bottom-up trophic cascades, as seen during recent
marine heat waves (4/). The P-T transition witnessed a turnover in the composition of
primary producers, whereby the dominant eukaryotic plankton groups became extinct and
were replaced by bacteria (including cyanobacteria), acritarchs and prasinophytes (42). The
changes amongst plankton groups are also faithfully documented by a crisis amongst
radiolarians (43), a heterotrophic group with siliceous skeletons that have a good fossil record.
They suffered major losses ~40 kyrs prior to the main marine losses, coincident with the onset
of enhanced El Ninos (Fig. 1C) indicating that planktonic communities were the first to be
stressed by augmented interannual variability and climatic extremes (Fig. 1C).

Reefs are amongst the most vulnerable components of marine ecosystems. Both coral
and non-coral reefs have suffered mass mortality in recent marine heat waves (35), underscoring
their limited capacity to withstand rapid SST increases. The end-Permian crisis saw not
only the extinction of all Paleozoic corals but the demise of metazoan reefs of all types (44),
leading to one of the Phanerozoic’s most prominent reef gaps (45). The last Permian reefs
persisted to a level correlative with the top of Meishan stratotype Bed 23 (44, 46). Thus, their
demise coincided with the advent of intensified El Nifios and the weakening of global
Meridional Ocean Circulation (MOC; Fig. 1C and Fig. S17), heralding the severe losses to
come.

The main marine mass extinction coincides with the onset of widespread ocean anoxia and
postdates the start of a major negative carbon isotope excursion (Fig. 1). Anoxia occurred during
a phase of rapid ocean warming, increasing stratification and reorganization of the global MOC,
which was likely a consequence of these changes (Figs. S1 to S3 and S17). The MOC collapsed
from its robust pre-crisis state, featuring a strong, well-mixed cell with mid- and deepwater
overturning in the northern hemisphere, to a shallower northward cell as pCO; doubled from 412
ppm to 857 ppm (Fig. S17). The proxy-recorded onset of ocean anoxia at Meishan (47) is attributed
to a global expansion of anoxic water masses, and lagged the collapse of the MOC by ~3—5 kyr—
a brief interval comparable to the residence time of seawater. The MOC mixing cells weakened
and shallowed further with increasing pCO> (Fig. S17), suggesting the pre-crisis P-T world was
already highly sensitive to small changes in pCOx.

An El Nifo-instigated extinction

The shift to a new climate state with enhanced variability at the end of the Permian was
likely rapid. Employing a Bayesian age model grounded in U-Pb dating (48), the transition is
estimated to have occurred within ~5 + 3 kyr, predating the onset of marine extinction by ~40+30
kyr. This coincided with the onset of a protracted decrease in 8'*C and a minor, ~4°C increase in
equatorial SST (Fig. 1C). Because Upper Permian marine faunas maintained their diversity, it is
generally thought that there were no environmental perturbations at this time. However, two-thirds
of the volume of Siberian Traps lava and pyroclastic eruptions occurred pre-extinction (/), and our
study shows that they coincide with progressively enhanced ENSO activity (Figs. 1 and 3). The
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initiation of a major crisis, encompassing deforestation on land (8), the collapse of MOC,
extinctions in marine plankton, and the demise of reefs, all occurred during the initial pCO>
doubling to 857 ppm and coincided with a decrease in the equatorial zonal SST gradient in Tethys
(Fig. 1 and Figs. S16, S17). Thus, in the P-T world, even relatively small greenhouse gas emissions
and warming were sufficient to tip the climate into a state characterized by prolonged and intense
El Nino phases. This introduced extremes in low latitude temperature and precipitation
that stressed terrestrial ecosystems (Figs. 4 and 5). Drought intervals were too prolonged for
trees to survive, strongly favoring opportunists amongst both plants and insects that were able to
complete their life cycle during wet periods. In the ocean, planktonic groups, with their
sub-annual lifecycles, were also severely impacted, but the resilience of the marine biosphere
ensured its survival until it succumbed to progressive warming and ocean de-oxygenation.
The losses in biomass, in turn, reduced carbon sequestration, creating a warmer hothouse with
stronger El Nifios.

Conclusions

El Nifio events today are known to cause coral bleaching (5), the mass mortality of fish and
birds (49), and they have profound impacts on human society. However, the ecological impact and
future trajectory of extreme El Nifios against a backdrop of global warming is not yet known. The
Pangean supercontinent paleogeography was seemingly more susceptible to ever-increasing
ENSO events with increasing pCOz. The end-Permian crisis reveals that intensified ENSO
increases the risk of extinction, enhancing low latitude warmth that in turn created stronger El
Nifios. For terrestrial communities, prolonged extremes (droughts and high temperatures) led to
extinctions, whilst the oceans suffered from heat stress and the expansion of anoxia, with equally
disastrous consequences for life. Because the oceans warm more slowly than land and marine
organisms have higher motility (actively or passively), terrestrial ecosystems are more vulnerable
to extinction threats during intensified El Nifios. Consequently, the P-T transition saw the marine
extinction lag by ~40+£30 thousand years, a short interval geologically, and one that is alarmingly,
on human timescales, as we move towards an ever more variable climate regime.
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Figure captions

Fig. 1 Evolution of the low latitude zonal SST gradient and summary of marine and
terrestrial changes across the Permian-Triassic transition. (A) Modelled annual mean SSTs of
the Changhsingian oceans with 857 ppm pCO; forcing. The black rectangle highlights the Nifio
3.4 equivalent region for diagnosing ENSO signals. Study sites: Meishan and Laren (China), Vigil
(Italy), Mu¢ (Croatia), Georgetown (USA), Kuh-e-Ali Bashi (Iran) and Chanakhchi (Armenia).
(B) A sharp decrease in the zonal SST gradient across the Tethys from the late Permian to the
Early Triassic. The solid black line represents the Locfit analysis of zonal SST gradient data (time
window 0.2 Myr, alpha =0.4), with dashed lines bracketing the £95% confidence interval. Due to
uncertainties in paleogeographic reconstruction and sampling sites availability, the zonal SST
gradient in equatorial Tethys was primarily calculated from sections between latitudes of 0.5° S
and 10° N. (C) Carbon isotopes, Tethyan zonal SST gradient, and marine and terrestrial changes
across the P-T transition. Siberian Traps eruptions, U-Pb radiometric ages, Hg peak and carbon
isotopes (solid blue circles and open diamonds) from the Meishan stratotype section are from (/,
48, 50-52). Purple arrows indicate modelled SSTs reproduced in model simulations with 412, 857,
1712, 2568, and 4000 ppm pCO> (53). The high-resolution Tethyan zonal SST gradient was
generated using a generalized additive model (/8). Charcoal number, macroplant species in
equatorial peatlands and correlations between marine and terrestrial P-T records are from (71, 54).
The last occurrences of Permian reefs, radiolarian species and the chert gaps are from (43, 44, 46,
55). Our simulations suggest that MOC (meridional overturning circulation) collapsed as pCO-
doubled from 412 to 857 ppm. Ocean anoxia developed both in the deep ocean and epicontinental
seas.

Fig. 2 Walker circulation (m/s) from each simulation through the Permian-Triassic
transition. Positive values indicate descending movements and negative values indicate ascending
movements. The Walker circulation weakened during the P-T transition, whilst both ascending
and descending limbs contracted towards central Panthalassa.

Fig. 3 Equatorial SST anomalies. Data were calculated from 120 °W to 170 °W longitude and 5
°S to 5 °N latitude (derived from EOF analysis, where EOF1 explains >50% of variance), showing
that the intensity and longevity of El Nifio-Southern Oscillation increase with atmospheric pCOs.
Red-shaded and blue-shaded areas represent positive and negative anomalies, respectively.
Extremely high pCO; levels were not required to produce a >3 °C temperature anomaly (the red
dashed line highlights the 4 °C anomaly).

Fig. 4 Composite analysis of five consecutive El Nifios. Annual mean 1.5 m air temperature (A-
F) and annual mean precipitation (G-L) anomalies during El Nifio years, relative to the 100-year
climate mean for each time period and pCO», in the pre-industrial world and the transition from
the pre-crisis (412 ppm) to the peak (4000 ppm) of the P-T crisis world. Our simulations suggest
a strong ocean-land teleconnection in low latitudes, with southern high latitudes also being
vulnerable to El Nifio impacts.

Fig. 5 The compound effect of elevated climate variability and mean state warming showing
the rate of change in the Permian-Triassic transition. (A) Short-term sea surface temperature
variability (dashed line) that is typically controlled by ENSO events. (B) A scenario of ~3.5 °C
mean state warming over 5 kyr, occurring twice at 251.99 Ma and 251.93 Ma. (C) The
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compounding effect. If the thermal tolerance of a hypothetical species is 31 °C (Tax), increased
climate variability accelerates extinction compared to predictions based solely on mean state
temperature increases.
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Materials and Methods

Materials

Conodonts were used to reconstruct seawater temperatures since their nektonic nature means
that paleotemperatures derived from their hard parts reflect the seawater, rather than seafloor or
in-sediment temperatures. The measured specimens were sourced from the collections of Mike J.
Orchard and Leopold Krystyn, with additional samples collected specifically for this study. These
samples were extracted from the host rocks using various methods detailed below. Information
about sampling sites is provided in Table S1.

Methods
Conodont extraction

Conodonts were extracted using one of two disintegrating methods depending on types of
host rocks. For carbonates, rock chips were dissolved in a diluted acetic acid solution (<10%)
buffered by calcium phosphate. Conodonts were washed out along with coarse residuals. L.K.’s
conodonts were processed with formic acid. All measured conodonts were screened under a
binocular microscope, and most of them were also imaged by SEM to confirm good preservation.
Control tests revealed that the extraction methods have no observable effect on oxygen isotope
measurements.

Oxygen isotopes on conodont biogenic apatite (6'°Opoa)

The PO4* group in biogenic apatite was isolated and precipitated as AgsPOs following the
procedure described in (56). Mono-generic conodont samples and laboratory standards (0.5-1.0
mg) were dissolved in 2 M HNOs, neutralized with 2 M KOH and subjected to Ca** removal as
CaF using 2 M HF and centrifugation. AgzPO4 was obtained by adding a silver amine solution to
the clear supernatant solutions, followed by washing and drying. The resulting Ag;POs4 was
homogenized and packed into silver foils. §'®Opos analyses were performed using a TC-EA
coupled online to a ThermoFisher Delta Plus V isotope ratio mass spectrometer (IRMS). Both
samples and standards were typically measured in triplicate. All values are calibrated to the
standard NBS 120c¢ (21.7 %0 VSMOW). External reproducibility, monitored by replicate analyses
of the NBS 120c standard, was +0.14 %o (1 o, n=20). Internal reproducibility, monitored by
replicate analyses of the samples, was +0.03—0.20 %o (1 o).

Calculation of paleotemperature from 5'*Opoq



The paleotemperature was calculated using the equation from ref (57) and assuming the Early
Triassic oceans were ice-free with §'®Oscawater = -1 %0 VSMOW.

Establishment of a temporal framework for the Permian-Triassic (P-T) transition

The precise timing of the latest Permian environmental changes is built upon high-resolution
U-Pb dating of the Meishan GSSP section (48, 58). We employed Bayesian statistics to estimate
depositional durations of P-T beds at Meishan, including uncertainties. A time and depth model
was built using the method and R-coding described in ref (59), with age input from (48) and bed
thicknesses of the Meishan D section from (60). The 0 m level is assigned to the top of Bed 34
(Tables S2, S3).

Calculation of P-T zonal SST gradient along the paleoequator from proxy data

The zonal sea surface temperature (SST) gradient along the paleoequator was determined by
calculating the maximum SST difference between western Tethyan sites [e.g., Alps, Armenia (20),
and Iran (/9)], eastern Tethyan sites [basins in South China (4, 39)], and a western Laurentian site
(Idaho). Only data acquired using high-precision gas source IRMS were included in zonal SST
calculations to avoid introducing analytical offset. Most of the Upper Permian sites used for the
zonal SST reconstruction fell within a narrow band between approximately 0.5°S to 5°N. As most
Tethyan microblocks drifted northward during the Early Triassic, sampling sites were between 0°
and 10°N latitude.

For high-resolution zonal SST gradient records during the P-T transitional interval (shown in
Fig. 1C), an algorithm was employed to interpolate values between eastern and western Tethys
SST records. Generalized additive models, using the mgcv package (617), were applied to the SST
data over time. The generated models were then used to predict temperature values at 10 kyr
increments between ages 251.84 and 252.07 Ma and 5 kyr between ages 252.02 and 251.91 Ma.
The resulting data are presented in Table S4.

Uncertainties of deep-time fossil and proxy data

The fossil record of deep time is incomplete, which is obvious in marine settings and
prominent in terrestrial basins. Ancient sea floors (> ~150 Ma) were largely subducted into the
mantle, limiting sampling sites of deep-time studies to epicontinental seas. Only a handful of P-T
basins have good marine sedimentary records, robust age controls and credible proxy records.
Most of these basins were situated in the low latitudes.

Conodonts used for oxygen isotope analysis are rare and challenging to extract, rendering
SST reconstruction for the P-T time a labor endeavor. Only a handful of SST records for the studied
interval exist.



These factors limit our understanding of past faunal and floral changes and our ability to
compare modelling outputs with fossil and proxy records more effectively.

Earth System modelling

To explore whether both paleoclimatic and paleoweather conditions influenced global
extinction events across the P-T boundary, we utilized a newly updated version of a state-of-the-
art paleo-General Circulation Model (GCM).

1) Paleoclimate model

Paleoclimate model simulations were carried out using a recent version of the UK MetOffice
coupled Atmosphere-Ocean General Circulation Model (AOGCM), HadCM3L-M2.1D (62) with
a model resolution of 3.75° longitude x 2.5° latitude in the atmosphere and ocean (~250 km grid
squares in the tropics). The HadCM3 family of models has extensively contributed to the Coupled
Model Intercomparison Project (CMIP 1-5) experiments, as well as the Paleoclimate Modelling
Intercomparison Project (PMIP 1-4), showcasing proficiency in reproducing both modern (62) and
paleoclimate (63-65) conditions. Standard in climate models, sub-grid processes like cloud,
convection, and oceanic eddies are parameterized due to resolution limitations.

Due to a lack of geological spatiotemporal data recording land surface vegetation and soil
characteristics, in particular for deep time climates such as the P-T, we use a predictive interactive
vegetation scheme using modern expressions for broadleaf trees, deciduous trees, shrubs, and
grasses and a globally uniform distribution of a medium loam soil characteristics in the model land
surface scheme (MOSES 2.1)(66). The land surface scheme also includes evaporation from sub-
grid scale lakes (which are prescribed as a lake fraction in each grid box at the start of the
simulation). Critically, we use a version of the model that includes the dynamical vegetation model
TRIFFID (Top-Down Representation of Interactive Foliage and Flora Including Dynamics).
TRIFFID predicts the distribution and properties of global vegetation by employing plant
functional types (PFTs) represented as fractional coverage within a grid-cell. These predictions are
informed by competition equations grounded in the climate tolerance of the five PFTs. This is
crucial because, unlike most other paleoclimate models that prescribe vegetation, vegetation
patterns in our model emerge from the model physics. This results in more realistic land-surface
atmosphere feedback for each scenario during the P-T, which is critical for understanding the
pacing and timing of the extinction event.

A decades-old problem that persists today in most paleoclimate models is their inability to
simulate higher latitude warmth during past warm periods as proxy evidence suggests (the so-
called 'Cold Pole Paradox'). The HadCM3L-M2.1D model has a further update that includes
modification to cloud condensation nuclei density and cloud droplet effective radius following
recent work (67, 68). This raises higher latitude temperatures without significantly changing
tropical temperatures, reducing the pole-to-equator temperature gradient in line with proxy
observations. This update is also found to work under hot (Cretaceous), cool (Miocene) and
icehouse (Last Glacial Maximum) conditions, as well as under pre-industrial boundary conditions,
making it appropriate for use across all periods of the Phanerozoic.



The ocean model is based on the model of Cox et al. (69) and is a full primitive equation, 3D
model of the ocean. A second-order numerical scheme is used along with centered advection to
remove nonlinear instabilities. Flux adjustments (such as artificial heat and salinity adjustments in
the ocean component model (70) to prevent it from drifting to unrealistic values) are not required
in this model, which is crucial for long paleoclimate simulations (7/). Models requiring flux
adjustments were found to produce too little El Nifio variability and a peak in variability in the
central rather than eastern equatorial Pacific in the Modern (72), which is not desirable. Sea ice is
calculated on a zero-layer model with partial coverage, and a consistent salinity is assumed for ice.
Each simulation was initialized from an equilibrated pre-industrial state in the atmosphere and
ocean.

To understand the impact of El Nifio during the P-T boundary interval, it is essential that the
model accurately reproduces El Nifio Southern Oscillation (ENSO) characteristics. HadCM3 has
one of the most realistic representations of El Nifio amongst state-of-the-art paleoclimate
prediction models in terms of strength, frequency, and phase locking of El Nifio events (72).

i1) Snapshot simulations of specific boundary conditions and spin-up.

Eight 'snapshot' simulations with time-specific boundary conditions were conducted over the
P-T boundary and pre-industrial period, using Getech Plc. paleogeographic reconstructions for the
Changhsingian and the Induan. Each stage and time-specific DEM was interpolated from a 0.5° x
0.5° grid onto the HadCM3L 3.75° x 2.5° grid. 'Realistic' pCO; concentrations for each simulation
are based on (73) and values estimated from a paleosol barometer (53) with the proxy uncertainty
taken into consideration. Specifically, pCO> of 412 ppm, 857 ppm, 1,712 ppm and 2,568 ppm were
chosen for the Changhsingian and 879 ppm and 4,000 ppm for the Induan.

Time-specific solar luminosity for each simulation was based on ref (74), while other
boundary conditions (e.g., orbital parameters, volcanic aerosol concentrations, etc.) are held
constant at pre-industrial values. To ensure each simulation has fully adjusted to the boundary
conditions, we follow a 3-stage spin-up protocol so that each simulation is fully equilibrated: 1) the
globally and volume-integrated annual mean ocean temperature trend is less than 1°C per 1000
years, ii) trends in surface air temperature are less than 0.3°C per 1,000 years, and iii) net energy
balance at the top of the atmosphere, averaged over a 100-year period at the end of the simulation,
is less than 0.25/W m?. These simulations have generally been run for over 10000 model years to
ensure complete Earth system equilibrium.

Climate means [i.e., mean annual temperature (MAT), mean annual precipitation (MAP), sea
surface temperature (SST), etc.] were produced from the last 100 years of the simulation.

Biome4 is an offline equilibrium coupled carbon and water flux vegetation model (75), which
predicts the geographic distribution and quantitative properties of vegetation using the
paleoclimate model simulations from this study. Biome4 requires knowledge of the climate
(monthly mean temperature and precipitation), sunshine, and physical characteristics of the soil
(soil texture and depth) to determine water holding capacity and percolation rates, as well as CO»
concentrations in the atmosphere.



Biome4 has 12 plant functional types (PFTs) representing the physiology of modern
vegetation classes from forests, shrubs to grasses. Each PFT is determined through a set of
competition equations (e.g., bioclimatic limits) to determine occupancy. For further information,
see Kaplan et al. (75). Although these modern PFTs were dissimilar to past vegetation types during
the P-T, they likely represent the broad vegetation strategies that existed in the past, except for C4
vegetation, which, due to the warmer climate, has low occupancy in these simulations. Biome4
has been heavily utilized by various paleoclimate studies (76-78).

Uncertainties in Earth system modelling

Global proxy databases cover past time periods but become less constrained with diminishing
spatiotemporal data into the geological past. This necessitates using paleoclimate models in
conjunction with proxies to provide these global datasets. Paleoclimate simulations of deep-time
climates are challenging. In part, this is because there are many uncertainties that need to be
considered when undertaking a model simulation, which, depending on the time period, can be
relatively unconstrained by proxy data. Uncertainties can be generally partitioned into two main
sources: 1) boundary condition uncertainty; and ii) model uncertainty.

1) Boundary conditions are spatiotemporally varying parameters that are required by climate
models but cannot be calculated internally by the model and instead need to be provided by the
user. The most important boundary conditions for the model used here are (a) paleogeographic
reconstructions, (b) solar luminosity, (c) orbital configuration, and (d) greenhouse gas
concentrations.

(a) Paleogeographic reconstruction is a significant source of uncertainty. DEMs, constrained
by paleo-databases, provide topography, bathymetry, and land-sea concentration. These
are crucial for determining local, regional, and global atmospheric and ocean circulation
and, as a result, the underlying climate in the model. The further back in the geological
record, the greater the reduction in the constraint of proxies, creating larger uncertainties
in these reconstructions. However, our understanding of plate tectonics, spreading ridges,
weathering rates, and basinal deposition allows, in general, an accurate first-order
approximation of deep-time paleogeography. The largest uncertainties usually result from
the height and depth of topographic and bathymetric surfaces and their spatial coverage
because of proxy uncertainty (79). Multi-stage paleogeographic reconstruction is currently
available from only two datasets, the PALEOMAP project and Getech Plc. Getech Plc is
used in this study.

(b) Solar luminosity, essentially the amount of energy received by a planetary body from its
parent star, is fairly well known. Gough (74) approximated the amount of energy based on
a simple model based on the age of the parent star. Apart from the first 0.2 Gyr, this
approximation is shown to agree well with observations (80).

(c) Orbital configuration - the eccentricity, obliquity, and precession of the planet's orbit
around its parent star and rotation on its own axis can have a substantial impact on the
seasonal and latitudinal climate signal, which, in turn, can lead to significant changes in



climate state (glacial to interglacial). This is due to ice sheet formation and associated
changes in global atmospheric and oceanic response. For deep-time simulations, a modern
orbital configuration is often imposed for several reasons. Firstly, chronological
uncertainty in proxies, which the model aims to compare, often spans many orbital cycles.
This may result in the proxy being more representative of a mean orbital state (akin to the
modern day). Secondly, it makes it easier to understand how different a deep-time climate
is compared to our modern climate. Thirdly, orbital variations have the greatest climatic
impact where ice sheets can form, which partly reflects atmospheric pCO: levels and global
temperatures.

At the P-T boundary, there were no known land ice sheets (87), resulting in
negligible glacio-eustatic changes. While orbital forcing is unlikely to be the primary driver
of the P-T extinction event, it may have amplified the effects. However, this aspect falls
outside the scope of this study.

(d) Greenhouse gas concentrations, particularly pCO; concentrations, are highly variable
throughout the geological past. Constraining deep-time pCO- concentrations is challenging
due to factors such as proxy type, age, techniques, calibration uncertainty, and the limited
number of records (73). While combining multiple proxy sources can improve the
robustness of pCO» estimates, it may also introduce errors that produce a mean pCO;
estimate. Time averaging is another issue; While, for the most part, paleogeography
changes on geological timescales, pCO> concentrations can vary on hundreds to million-
year timescales. We aim to test the predicted pCO; range using a paleosol pCO, bathometer
across the P-T boundary (53) to understand the impact of increasing pCO> on extinction
intensity. By running a range of pCO» experiments, we cover the total range of potential
pCOz to lessen this uncertainty.

(e) Vegetation. The HadCM3 family of models uses modern PFTs as part of the interactive
vegetation scheme and is used in this study to predict vegetation cover. However,
vegetation during the P-T boundary will have been different from today. This could have
an unquantifiable impact. The PFTs chosen here are, in many senses, generalists covering
a broad range of characteristics of vegetation adapted for cool, warm, wet, and dry regions.
This is preferable to other solutions, such as prescribing vegetation cover everywhere, such
as 'shrubs', as has often been the case.

i1) Although all globally available paleoclimate models use the same well-known sets of
equations to simulate the large-scale behavior of the atmosphere and ocean, results from different
models can vary, particularly at the local and regional scales. This is due to the complexity of each
model, resolution dependencies, spin-up and the applied initial state, and parameterizations used
to approximate processes such as cloud formation that cannot be explicitly resolved at the grid-
scale of all current paleoclimate models. In an ideal world, such paleoclimate simulations would
be run by multiple paleoclimate modelling groups, as is done in the CMIP for near-future climate
change studies.

Regrettably, addressing this fully is beyond the scope of this paper (our simulations took over
a year on a supercomputer), and few paleoclimate models can perform such deep-time simulations.
However, confidence in the robustness of our results can be obtained by the fact that



(a) the HadCM3 family of models, although 20 years older than many of its contemporaries,
still compares well with models from the previous IPCC Coupled CMIP fifth assessment models
(62);

(b) HadCM3L-M2.1D has seen continued development (62). The updated version of the
model we used solves the 'Cold Pole Paradox' problem;

(c) our simulations, lasting over 6,000 model years, stand out as most paleoclimate
simulations are limited to one or two thousand years due to high computational costs. However, it
can take upward of 5,000 model years to truly allow a simulation to equilibrate to all the applied
model forcings, in particular for the deep ocean (63), and as such, the global ocean circulation to
be fully representative of the deep-time period;

(d) although model uncertainty is important to constrain, it has been shown that scenario
uncertainty (i.e., the applied boundary conditions) is a larger source of error, at least for future
climate simulations (82). Therefore, running as many pCO; sensitivity tests as possible is essential
to constrain its impact on paleo-ENSO at the P-T boundary.

Supplementary Text

Impact of paleogeographic settings on proxy and modelling results

Owing to uncertainties in paleogeographic reconstruction, paleo-coordinate estimation, and
the limited availability of sampling sites recording deep-time conditions, our proxy data do not
strictly fall within the 5°N-5°S band in Tethys in the Early Triassic. Consequently, the calculated
zonal SST gradients can only overestimate the actual zonal SST gradients along the palacoequator.
As equatorial warm pools expanded in the hothouse climate, SSTs likely became more uniform in
tropical zones, as also shown in our modelling results (Fig. S1). Therefore, including studied sites
up to ~10°N latitude has minimal impact on our proxy data interpretation. Proxy SST records from
the Panthalassa are absent because all P-T seafloors have been completely subducted to the mantle.

On the other hand, paleogeographic reconstruction may profoundly impact the output of Earth
system modelling. However, Pangaea's configuration remained stable throughout the study period,
with no evidence of major orogeny across the P-T boundary. Thus, paleogeographic changes
probably had minimal impact on our modelling output. This is corroborated by ocean potential
temperatures at 5 m and 301 m in the Changhsingian (857 ppm) and Induan (879 ppm), which
show no notable paleogeographic impacts. Instead, pCO- drives the climate (Figs. S1, S3).

ENSO signatures in Tethys and Panthalassa




The Pangea world consisted of two major oceans—Tethys and Panthalassa. ENSO
signatures, measured by equatorial SST anomalies, were registered in both oceans, evidenced by
proxy data in the Tethys and model simulations in the Panthalassa.

For Tethys, SST proxy data are well established (Fig. 1). However, a Nino 3.4 equivalent
index has yet to be defined, hindering direct comparisons of ancient ENSO signatures with today's.
Although the paleotemperature proxy data show consistently low equatorial zonal SST gradients
for an extended period of time, the data do not have enough temporal resolution to access ENSO
variations at decadal or finer scales.

For Panthalassa, the marine Nino 3.4 index shows no permanent El Nifios even with 4,000
ppm pCO; forcing. Proxy data is lacking because of an absence of sedimentary records due to the
subduction of ancient seafloors.

Whether the Tethyan and Panthalassan ENSO(s) were one integrated event or
coupled/decoupled separate events requires future, in-depth investigation, with paleogeography
being the largest uncertainty. Here, we tentatively treat it as a single, integrated global event.
Nevertheless, the Panthalassan record is comparable to our current understanding of the ENSO
concept because 1) Panthalassa was the Proto-Pacific and shows great similarity to the modern
Pacific, and ii) The Nino 3.4 index is defined the same as today.

Sedimentary changes on land across the P-T boundary

Changes in terrestrial sedimentation patterns were widespread and relatively uniform at the
low and mid-latitudes of Pangea across the P-T boundary, while only minor or no variations in
facies associations were observed at high latitudes. In most basins, the P-T transition is marked by
the onset of fluvial sedimentation or a shift to higher-energy fluvial morphologies (e.g., braided
rivers), driven by increasing climate instability.

In equatorial SW China, on the eastern margin of the Kandian High, upper Permian muddy
coastal swamp and sandy, meandering fluvial facies gradually change to sandy-dominated, braided
systems in the Lower Triassic (83). Further west, but at the same latitude, on the southeast margin
of the Central European Basin Systems, Upper Permian meandering and sabkha depositional
systems were replaced by Lower Triassic gravel-dominated braided drainages (84, 85). Such
changes did not occur in northern Germany, where mudstone-dominated playa lake deposits
persisted into the Lower Triassic (86, 87).

In the northern mid-latitude settings of the southern Urals (Russia), Upper Permian sandy
distal fan and mudflat deposits are overlain by thick, Lower Triassic conglomeratic braided river
facies (88). A similar evolution took place ~800 km away in the Russian Platform, where upper
Permian playa-lacustrine beds are overlain by sandstone-dominated fluvial facies with interbedded
aeolian deposits (89, 90). Similarly, in the Ordos Basin (North China), cross-bedded sandstones
and mudstones that record meandering rivers in Upper Permian alluvial plains are abruptly
succeeded by Lower Triassic sandy braided and interbedded aeolian depositional systems (91, 92).



The shift from meandering to gravel-dominated braided fluvial sequences is also seen further north
in the Kuznetsk Basin of Siberia (93).

In Gondwana, the Upper Permian fluvio-lacustrine environments and peat-forming
swamps in the Pranhita-Godavari Basin (southeast India) were replaced by Triassic high-energy
river systems (94). Southern high latitudes witnessed the early demise of Upper Permian peatlands
and the development of diverse facies in the Lower Triassic, but changes in fluvial style are less
evident and somewhat controversial. In the Karoo Basin (South Africa), Late Permian floodplain-
dominated meandering systems were replaced by braided river systems in the Lower Triassic (31,
95), although recent studies challenge this trend (96). Such change was gradual at least in some
sites (e.g., 97). In the Sydney Basin (southeast Australia), little change in fluvial style is observed
in all locations where a conformable boundary contact is archived (29). Sheet-like sandstone
bodies occur at several stratigraphic levels within the Permian, prior to the supposed abrupt
boundary change. In the Central Transantarctic Mountains of Antarctica, braided fluvial systems
were established in the Late Permian and persisted into the Early Triassic, with little or no change
in the sedimentary architecture (98, 99). The typical red bed style sedimentation started high above
the P-T boundary in both Sydney Basin and the Prince Charles Mountains of East Antarctica, (29,
100).

The cause(s) of sedimentary environmental changes on land across the P-T transition are
debated. Previous studies invoke the global die-off of the riparian vegetation that led to riverbank
destabilization and consequent increased sediment erosion (37, 88). Recent studies highlight
establishing a positive water balance and increasing seasonal precipitation in the upland catchment
areas (29, 84-86, 101, 102).

El Nifos, the compounding effect and the P-T deforestation

The P-T deforestation was apparently diachronous, with southern deforestation occurring
earlier than the demise of tropical rainforests and peatland (8, 71, 54, 103), and preceding the
increase in SST. Our modeling of the deforestation process aligns well with the fossil record,
highlighting the compounding effect of short-term climate anomalies and mean-state climate
changes played a vital role in the early collapse of terrestrial ecosystems. As the BIOME4
vegetation model considers monthly mean temperature and precipitation, earlier deforestation in
southern latitudes requires a combined compounding effect of warmth and altered precipitation.
This is consistent with the observation that El Nifio droughts significantly increase forest seeding
mortality, even in forests well adapted to seasonally dry conditions (704).
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Fig. S1. Global mean annual sea surface temperature (°C) for each simulation for the pre-
industrial period at 280 ppm (left column), Changhsingian ~252 Ma at 412 ppm, 857 ppm,
1712 ppm, and 2568 ppm (middle column), and Induan ~251 Ma at 879 ppm and 4000 ppm
(right column) pCOz2, showing potent warming and the expansion of the equatorial warm
pool across the P-T transition. Also note the potent warming of the cold tongue area in the
western Pangea margin (approximately 5°N-5°S, 35°W).
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Fig. S2. Global mean annual sea surface temperature anomalies (°C) against the
Changhsingian background state (412 ppm simulation). (A) SST anomalies between 857
ppm and 412 ppm simulations; (B) SST anomalies between 1712 ppm and 412 ppm
simulations; (C) SST anomalies between 2568 ppm and 412 ppm simulations; (D) SST
anomalies between 4000 ppm and 412 ppm simulations.
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Fig. S3. Equatorial (10°N-10°S) mean annual ocean depth temperature profiles; 0-100 m (°C)
for each simulation for the pre-industrial period at 280 ppm (left column), Changhsingian
~252 Ma at 412 ppm, 857 ppm, 1712 ppm, and 2568 ppm (middle column), and Induan ~251
Ma at 879 ppm and 4000 ppm (right column) pCO2, showing a significant deepening of the
thermocline across the P-T transition.
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Fig. S4. Global zonally integrated mean annual atmospheric meridional stream function
(kg/m2) for each simulation for the pre-industrial 280 ppm (left column), Changhsingian
~252 Ma at 412 ppm, 857 ppm, 1712 ppm, and 2568 ppm (middle column), and Induan ~251
Ma at 879 ppm and 4000 ppm (right column) pCO:2. Positive contour values indicate
clockwise rotation whilst negative contour values indicate anti-clockwise rotation.
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Fig. S5. Global zonally integrated mean annual atmospheric vertical velocity (Pa/s) for each
simulation for the pre-industrial 280 ppm (left column), Changhsingian ~252 Ma at 412 ppm,
857 ppm, 1712 ppm, and 2568 ppm (middle column), and Induan ~251 Ma at 879 ppm and
4000 ppm (right column) pCO:2. Negative values indicate vertical ascent, positive values

indicate vertical descent.
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Fig. S6. Field photographs of Upper Permian and Early Triassic terrestrial facies. (A)
Panoramic view of the Taodonggou section, showing the transition from plant-bearing late
Permian fluvial and deltaic sandstones (far left, light greenish brown in color) to Early
Triassic fluvial red beds in the Turpan-Kumul Basin, Xinjiang, northwest China (105); (B)
The P-T boundary at Boyevaya Gora, Orenburg, Russia. Upper Permian deposits consist of
partly bioturbated, planar laminated, brownish to reddish mudstones with white, calcareous
concretions recording deposition in low-energy settings, such as floodplains and lakes (c.f.
106). The overlying Lower Triassic consists of sandstones and pebbly sandstones featuring
large-scale trough cross-bedding, recording dune-scale bedforms formed in a fluvial setting.
The P-T boundary, with a sharp and erosive contact, is constrained via magnetostratigraphy
and biostratigraphy (107), but time lost in the hiatus is minor according to
magnetostratigraphy (108). (C) The P-T boundary beds at Shichuanhe, North China, show
the change in fluvial style at the Sunjiagou-Liujiagou formational transition. (D) Sheet flood
sandstones from the Heshanggou Formation (overlies the Liujiagou Formation, Olenekian
in age) at Dayulin, Henan, North China (photograph courtesy of K.X. Ji), showing
continuous interbeds of reddish fine- to medium-grained sandstones commonly displaying
planar laminations, and greyish massive mudstone deposits. Planar laminated sandstones
record upper flow regime conditions associated with the deposition of sheet flood elements.
In contrast, the massive mudstones indicate low-energy subaqueous depositional conditions
(e.g., playa lake). The sequence collectively reflects the interaction of distal-fan-derived
sheet-flood elements within playa lake settings. (E) Budleigh Salterton Pebble Beds, south
Devon, UK, late Spathian. Moderately sorted red conglomerates and pebbly sandstones
consisting of sub-rounded to rounded granule to pebble-sized clasts. Large-scale trough-
cross bedding and commonly imbricated gravel-size clasts are indicative of high energy, bed-
load dominated fluvial transport; (F) P-T transition at the Caaschwitz quarry, Central
European Basin, Germany (photograph courtesy of Fabian Késbohrer). Across the P-T
boundary, an over 10-meter-thick wavy to lenticular-laminated brownish claystone and
siltstone and fine-sandstone interval, deposited in a sabkha environment, transitions into fine
to coarse-grained sandstones associated with the deposition of fluvial channel systems (709,

110).
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Fig. S7. Mean annual equatorial sea surface temperature power spectral density for the Nifio

3.4 equivalent index (see Methods) for each simulation for the pre-industrial period at 280

ppm, Changhsingian ~252 Ma at 412 ppm, 857 ppm, 1712 ppm, and 2568 ppm, and Induan

~251 Ma at 879 ppm and 4000 ppm pCO2, depicting El Nifo periodicity.
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Fig. S8. Air temperature at 1.5 m height (°C) for each simulation for the pre-industrial period
at 280 ppm (left column), Changhsingian ~252 Ma at 412 ppm, 857 ppm, 1712 ppm, and 2568
ppm (middle column), and Induan ~251 Ma at 879 ppm and 4000 ppm (right column) pCO2.
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Fig. S9. Composite analysis of five consecutive La Nina. Annual mean 1.5 m air temperature
(A-F) and annual mean precipitation (G-L) anomalies during La Nina years, relative to the
100-year climate mean for each time period and pCQOz, in the pre-industrial world and the
transition from the pre-crisis (412 ppm) to the peak (4000 ppm) of the P-T crisis world.
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Fig. S10. Distribution of Pangea basins with well-known Permian-Triassic terrestrial red-
bed-style sedimentation, showing their extended distribution from ~70 °N to ~80 °S latitude.
Data are extracted from published papers [globe summary (111), Europe (85, 112),
Argentina (113), Brazil-Uruguay (32), Antarctica (/14), Australia (79), North China (91,
115), South China (116), Jordan (117), India (94), Morocco (118), Russia (88, 89), South
Africa (31, 119) and USA (120)]. Note that red bed is an arbitrary term that typically refers
to fluvial facies produced by irregular runoff and flashy discharge. However, in literature,
the term groups a range of terrestrial rocks and can be highly diachronous in different basins

(100).
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Fig. S11. Composite analysis of boreal summers (JJA) in five consecutive La Nina. JJA 1.5
m air temperature (A-F) and JJA precipitation (G-L) anomalies during La Nina years,
relative to the 100-year climate mean for each time period and pCQOz, in the pre-industrial
world and the transition from the pre-crisis (412 ppm) to the peak (4000 ppm) of the P-T
crisis world.
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La Nina air temperature anomaly (DJF, boreal winter)
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Fig. S12. Composite analysis of boreal winters (DJF) in five consecutive La Nina. DJF 1.5 m
air temperature (A-F) and DJF precipitation (G-L) anomalies during La Nina years, relative
to the 100-year climate mean for each time period and pCOz, in the pre-industrial world and
the transition from the pre-crisis (412 ppm) to the peak (4000 ppm) of the P-T crisis world.
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El Nino air temperature anomaly (JJA, boreal summer)

A Pre-industrial B Changhsingian (412 ppm) [ &= Changhsingian (857 ppm)

90N
60N i
30N , =3 O}

0

30S

60S

20S

180W  120W  BOW 0 60E 120E  180E 120W  BOW 0 B0E 120E  180E 120W  BOW ] 80E 120E  180E
Longitude Longitude Longitude

El Nino precipitation anomaly (JJA, boreal summer)

G Pre-industrial H Changhsingian (412 ppm) | Changhsingian (857 ppm)

- kS mi
180W  120W  6OW 0 60E 120E  180E 120W  80W 0 80E 120E  180E 120W  60W 0 60E 120E  180E
Longitude Longitude Longitude

Fig. S13. Composite analysis of boreal summers (JJA) in five consecutive El Nifios. JJA 1.5
m air temperature (A-F) and JJA precipitation (G-L) anomalies during El Nifios years,
relative to the 100-year climate mean for each time period and pCOz, in the pre-industrial
world and the transition from the pre-crisis (412 ppm) to the peak (4000 ppm) of the P-T
crisis world.
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El Nino air temperature anomaly (DJF, boreal winter)
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Fig. S14. Composite analysis of boreal winters (DJF) in five consecutive El Nifios. DJF 1.5 m
air temperature (A-F) and DJF precipitation (G-L) anomalies during El Nifios years, relative
to the 100-year climate mean for each time period and pCOQz, in the pre-industrial world and
the transition from the pre-crisis (412 ppm) to the peak (4000 ppm) of the P-T crisis world.
The dashed rectangle indicates the Sydney Basin where the early disappearance of
gymnosperm forests is reported (8). The region was subject to summer droughts during El
Nifio years
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Fig. S15. Simulated biomass burning (Gg/C/yr) using the Sheffield Dynamic Global
Vegetation Model for each simulation for the pre-industrial period at 280 ppm (left column),
Changhsingian ~252 Ma at 412 ppm, 857 ppm, 1712 ppm, and 2568 ppm (middle column),
and Induan ~251 Ma at 879 ppm and 4000 ppm (right column) pCQO:2. Key changes include

a progressive increase in biomass burning with increasing pCO:.
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Fig. S16. Simulated biomes using BIOME4 vegetation model for each simulation for the pre-
industrial period at 280 ppm (left column), Changhsingian ~252 Ma at 412 ppm, 857 ppm,
1712 ppm and 2568 ppm (middle column), and Induan ~251 Ma at 879 ppm and 4000 ppm
(right column) pCOz. Key changes in the P-T time include a sharp decrease in deciduous
taiga/montane forest (estimated ~21x10% km? loss in ~25 kyr) in southern Gondwana land
when pCOz increases from 412 ppm to 857 ppm. Deforestation in North China and in tropical
regions occurred after southern deforestation.
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Fig. S17. Zonally-integrated mean annual meridional overturning circulation (MOC) stream
function (Sv) for each simulation for pre-industrial period at 280 ppm (left column),
Changhsingian ~252 Ma at 412 ppm, 857 ppm, 1712 ppm, and 2568 ppm (middle column),
and Induan ~251 Ma at 879 ppm and 4000 ppm (right column) pCO:. Key changes are a
reorganization and weakening of global ocean circulation with increasing pCO2, especially
from 412 ppm to 857 ppm.
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Fig. S18 Bayesian age model for the Permian-Triassic beds at Meishan, South China. U-Pb
age constraints and R-coding for establishing the age-depth model are from (48) and (59),

respectively. Depths are adapted from (60) by assigning the top of Bed 34 as 0 cm. Positions
on the Y axis indicate depth below the top of Bed 34.
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Table S1. Sampling site information and oxygen isotope values of late Smithian conodonts
from different geographic settings.

?Da mple Conodonts Age assignment 5'%0pos  reproducibility Estimated temperature
%00 10 °C, 8"80sw=-1%o
Eastern Pangea Margin (Western Tetheys)
Werfen Fm., Vigil section, Southern Tyrol, Italy CAl=2, Sampled by L.Krystyn,
GPS: 46°41'09.5" N; 11°55'40.6" E.
late to latest
RS 156 Foliella gardenae  Smithian 16.4 0.06 41.5
late to latest
Pachycladina Smithian 16.5 0.03 411
Mu¢, Werfen Formation, Croatia, CAl=4. Sampled by L.Krystyn
GPS: 43°41'24.10"N, 16°32'10.93"E.
Pachycladina,
ZC-23 Foliella gardenae late Smithian 16.7 0.14 40.2
Western Laurentia Margin
Georgetown, ID, USA, CAI=3, sampled by M.J.Orchard
GPS: 42°28'45.6" N, 111° 24'44.6" W.
93-OF-W- Tardus Zone, late
8 Scythogondolella Smithian 16.9 0.06 394
Southwestern Gondwana Margin (Neotetheys)
Exotic block, Ibra, Oman, CAl=1, sampled by L.Krystyn
GPS: 22°44'45.8" N; 58°38'12.2" E.
01/93 Neospathodus late Smithian 16.3 0.10 41.9
Eastern Tethys
Laren, South China, CAI=4-5, sampled by Y.D.Sun
GPS: 24° 36' 26.32" N, 106° 52' 39" E.
LRC 06 Pachycladina late Smithian 16.8 0.20 39.8
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Table S2. Age assignments and duration of P-T conodont zones at the Meishan D GSSP
section, using a Bayesian age model based on U-Pb ages of Burgess et al (48).

Conodont Thickness Depth
zones} /em Beds /em Age/Ma 1sd /Ma Duration/kyr  1sd /ka
L isarcica™ 777 29-51 0 251.474 0.036 398 39
777 251.872  0.015
1 staeschei 7 27d-28 777 251.872 0.015 17 20
784 251.889  0.013
H. parvus 4 27c 784 251.889  0.013 1 18
788 251900  0.013
H. . 3 27ab 788 251900  0.013 23 19
changxingensis 796 251.923  0.014
C. meishanensis 10 25-26 796 251.923 0.014 24 23
806 251.947  0.018
C. yini 286 23-24 806 251.947 - 0.018 107 39
1092 252.054  0.035

1 Using the conodont zonation of Jiang et al. (/21).

* Age and thickness calculated to the top of Bed 34.
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Table S3. Age assignments and duration of P-T beds at the Meishan D GSSP section, using
a Bayesian age model based on U-Pb ages of Burgess et al. (48).

Bed No.  thickness/ Height/cm comment Depth/cm Age/Ma 1sd (Ma) Duration/Myr 1sd (Ma)
5000 top 0 251.474 0.036

34 600 4934 ash layer 66 251.495 0.032 0.138 0.053
4400 base 600 251.612 0.039
4400 top 600 251.612 0.039

33 8 4396 ash layer 604 251.583 0.043 0.008 0.056
4392 base 608 251.620 0.040

32 82 4392 top 608 251.620 0.040 0127 0.051
4310 base 690 251.747 0.031

31 4 4310 top 690 251.747 0.031 0.005 0.043
4306 base 694 251.752 0.030

30 57 4306 top 694 251.752 0.030 0.082 0034
4249 base 751 251.834 0.017

29 2% 4249 top 751 251.834 0.017 0.038 0.023
4223 base 777 251.872 0.015
4223 top 777 251.872 0.015

28 3 4221.5 ash layer 778.5 251.880 0.016 0.006 0.021
4220 base 780 251.878 0.014

27 16 4220 top 780 251.878 0.014 0.045 0.020
4204 base 796 251.923 0.014

26 6 4204 top 796 251.923 0.014 0.016 0.022
4198 base 802 251.939 0.017
4198 top 802 251.939 0.017

25 4 4196 ash layer 804 251.941 0.019 0.008 0.025
4194 base 806 251.947 0.018

24 38 4194 top 806 251.947 0.018 0.040 0.030
4106 base 894 251.987 0.024

24e 30 4194 top 806 251.947 0.018 0016 0.028
4164 base 836 251.963 0.021

24d 2 4164 top 836 251.963 0.021 0.009 0.030
4142 base 858 251.972 0.021

24c 17 4142 top 858 251.972 0.021 0.007 0.030
4125 base 875 251.979 0.022

24b 10 4125 top 875 251.979 0.022 0.004 0.032
4115 base 885 251.983 0.023

24a 9 4115 top 885 251.983 0.023 0.004 0.033
4106 base 894 251.987 0.024

23 123 4106 top 894 251.987 0.024 0.045 0.042
3983 base 1017 252.032 0.034

22 219 3983 top 1017 252.032 0.034 0.068 0.053
3764 base 1236 252.100 0.041
3764 top 1236 252.100 0.041

21 112 3754 layer "Bed 1246 252.104 0.045 0.031 0.071
3652 base 1348 252.131 0.058
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Table S4. Oxygen isotope values from conodont bioapatite from the Upper Permian
(Changhsingian) to the Middle Triassic (Anisian) and calculated SST gradient across the
equatorial Tethys.

880 /%0  6%0/%0 6%0/%o

VSMW VSMW  VSMW

Age/Ma West East western A180/%.  Atemp/°C
Tethys Tethys  Laurentia
244.500 18.6 18.5 0.1 0.4
246.750 17.6 18.5 0.9 3.8
247.580 17.5 17.7 0.2 0.8
247.705 16.9 17.7 0.8 34
247.800 16.7 17.6 0.9 3.8
248.065 18.4 19.2 0.8 34
248.185 17.0 18.0 1.0 4.2
248.335 17.3 18.1 0.8 34
248.565 17.4 18.2 0.8 3.4
248.735 17.6 18.1 0.5 2.1
249.085 16.4 16.8 0.4 1.7
249.205 16.5 16.8 16.9 0.4 1.7
249.280 16.1 16.9 0.8 34
249.295 16.7 16.9 0.2 0.8
249.335 16.0 16.9 0.9 3.8
249.780 18.6 18.3 -0.3 1.3
249.815 18.0 18.5 0.5 2.1
249.880 17.9 18.6 0.7 2.9
250.150 17.2 18.1 0.9 3.8
250.250 17.1 18.1 1.0 4.2
250.400 17.3 18.0 0.7 2.9
250.480 17.2 18.0 0.8 34
250.550 17.4 17.9 0.5 2.1
250.690 16.9 17.9 1.0 4.2
250.730 17.0 17.9 0.9 3.8
250.870 17.4 17.9 0.5 2.1
251.230 17.2 17.4 0.2 0.8
251.850 17.6
251.853 17.9

251.855 18.5
251.860 17.3
251.865 18.0
251.871 17.7

251.873 18.4

251.876 17.9

251.884 17.6 18.5 0.9 3.8
251.895 17.8 18.5 0.7 2.9

251.906 17.5 18.6 11 4.6



251.914
251.917
251.920
251.925
251.931
251.935
251.945
251.947
251.951
251.955
251.958
251.960
251.961
251.963
251.964
251.966
251.968
251.970
251.971
251.972
251.973
251.975
251.976
251.977
251.979
251.980
251.981
251.983
251.984
251.985
251.986
251.987
251.989
251.990
251.993
251.998
251.999
252.005
252.006
252.008
252.012
252.014
252.016
252.020
252.022

17.6

18.1
18.6

194

19.9

19.5

19.6

20.0

20.2

19.8

194

19.5

20.0

19.6

18.9

19.4

19.4
19.6

20.0
19.9

18.6
19.3

18.5

20.1

20.0
20.4
20.4
20.3
20.1
19.9
20.5
20.5
20.7
20.1
20.3
20.3

20.1
19.8

19.7
20.1

20.4

20.6

211

211

21.0

214

214

0.9

0.3

3.8

13
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252.026
252.030
252.032
252.032
252.033
252.038
252.040
252.043
252.044
252.050
252.050
252.060
252.067
252.068
252.068
252.120
252.180
252.265
252.410
252.550
252.950
252.970
252.995
253.020
253.230
253.265
253.305
253.620
253.680
253.820

The end of Table S4.

19.7

19.1
19.1

18.9

19.9

19.4
19.4
19.4

19.2
19.2

19.2
19.6
19.5
19.2
19.7
19.2
19.0
18.9
19.0
18.9
19.4
19.5
18.9
19.4

20.4

214
20.9

20.7

20.7

20.3

20.4

21.0
21.0
20.3
20.7
21.0
214
20.7
20.7
211
20.4
20.0
21.2
20.6
20.0
19.7
20.7

2.3

0.9

1.8

11
11
1.5
2.2
1.0
1.5
2.1
1.5
1.0
2.3
1.2
0.5
0.8
1.3

9.7

3.8

7.6

4.6
4.6
6.3
9.2
4.2
6.3
8.8
6.3
4.2
9.7
5.0
2.1
3.4
5.5

43



Table S5. Calculated high-resolution zonal SST gradient across the P-T transition using
generalized additive models.

Age/Ma eastern Tethys SST /°C western Tethys SST/°C A SST /°C
251.840 37.0 35.0 -2.0
251.845 36.2 35.1 -1.1
251.850 35.5 35.2 -0.3
251.855 34.8 354 0.5
251.860 34.1 35.5 1.4
251.865 33.5 35.6 2.1
251.870 33.1 35.8 2.7
251.875 329 359 3.1
251.880 32.8 36.1 33
251.885 32.8 36.2 34
251.890 32.7 36.2 3.5
251.895 32.5 36.1 3.7
251.900 32.2 36.0 3.8
251.905 32.2 35.6 35
251.910 32.6 35.1 2.5
251.915 32.7 344 1.7
251.920 314 33.5 2.1
251.925 28.9 324 3.5
251.930 26.5 313 4.8
251.935 254 30.2 4.8
251.940 254 29.3 3.9
251.945 25.6 28.6 2.9
251.950 253 28.0 2.7
251.955 25.0 27.6 2.6
251.960 254 27.3 1.9
251.965 253 27.3 2.0
251.970 24.5 27.3 2.9
251.975 25.5 27.5 2.0
251.980 26.9 27.7 0.8
251.985 25.0 28.0 3.0
251.990 22.0 28.2 6.2
251.995 21.2 28.3 7.1
252.000 21.8 28.4 6.6
252.005 22.1 28.5 6.4
252.010 21.1 28.6 7.4
252.015 20.2 28.7 8.5
252.020 20.6 28.9 8.3
252.025 21.9 28.9 7.1
252.030 23.2 29.0 5.8
252.032 20.4* 30.1* 9.7*

252.035 23.6 29.0 54



252.040
252.045
252.050
252.055
252.060
252.065
252.070

*Values form direct §'30 measurements (for comparison purposes).

The end of Table S5.

23.4
23.2
233
23.6
24.0
24.5
24.8

Modeling data availability statement

Model data can be accessed from the repository in netcdf format at
www.bridge.bris.ac.uk/resources/simulations.

29.0
29.0
29.0
29.0
29.1
29.2
293

5.6
5.8
5.7
54
5.0
4.7
4.5
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