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GEOLOGY

The terrestrial end-Permian mass extinction in the
paleotropics postdates the marine extinction

Qiong Wu'?, Hua Zhang?, Jahandar Ramezani®, Fei-fei Zhang?, Douglas H. Erwin®¢, Zhuo Feng’*,
Long-yi Shao®, Yao-feng Cai?, Shu-han Zhang?, Yi-gang Xu'"'?, Shu-zhong Shen**

The end-Permian mass extinction was the most severe ecological event during the Phanerozoic and has long been
presumed contemporaneous across terrestrial and marine realms with global environmental deterioration triggered
by the Siberian Traps Large Igneous Province. We present high-precision zircon U-Pb geochronology by the chemical
abrasion-isotope dilution-thermal ionization mass spectrometry technique on tuffs from terrestrial to transitional
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coastal settings in Southwest China, which reveals a protracted collapse of the Cathaysian rainforest beginning after
the onset of the end-Permian marine extinction. Integrated with high-resolution geochronology from coeval succes-
sions, our results suggest that the terrestrial extinction occurred diachronously with latitude, beginning at high lati-
tudes during the late Changhsingian and progressing to the tropics by the early Induan, spanning a duration of
nearly 1 million years. This latitudinal age gradient may have been related to variations in surface warming with
more degraded environmental conditions at higher latitudes contributing to higher extinction rates.

INTRODUCTION

The end-Permian mass extinction (EPME) was the most catastroph-
ic of the Phanerozoic great mass extinctions (I). Most research has
focused on the marine fossil records and perturbations to ocean
chemistry, with far fewer studies of terrestrial and transitional coast-
al settings outside of classic regions such as South Africa (2). The
majority of high-precision radioisotope geochronology constraining
the timing and rates of the extinction is from marine sections in
South China, which calibrate the onset of the marine EPME at
251.941 + 0.037 million years (Ma) ago and as a brief event limited to
60 + 48 thousand years (ka) (3) or possibly to 31 + 31 ka (4). The
favored trigger for this crisis has been the emplacement of the Sibe-
rian Traps Large Igneous Province (SLIP) based on their temporal
overlap and coincident volcanic inputs indicated by geochemical
proxies (5, 6). This has led to the widespread assumption that the ter-
restrial and marine EPME were contemporaneous, with global envi-
ronmental deterioration triggered by the SLIP as the primary cause
(7, 8). While a simultaneous crisis in marine and terrestrial ecosys-
tems is the most parsimonious explanation, recent work has chal-
lenged this view as data from other regions indicated an earlier and
protracted extinction in terrestrial high paleolatitudes (9-13). The
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temporal decoupling of marine and terrestrial extinctions requires a
more complex extinction scenario. High-precision geochronology,
especially from outside of the intensively studied marine paleo-
tropics, is required to establish a high-resolution global timeline and
test alternative models for relationships between environmental per-
turbations and the biological response.

The paleotropical terrestrial and transitional coastal deposits
during the Permian-Triassic transition were widely developed in
the western South China Block (Fig. 1), which are composed of the
Xuanwei, Kayitou, and Dongchuan or Feixianguan formations in
ascending order (Fig. 2 and the Supplementary Materials). The geological
and biological events during the process of ecosystem collapse associ-
ated with the Permian-Triassic transition, including floral turnover,
carbon cycle perturbations, wildfires, and volcanic events, have been
widely studied in this area, which located the extinction interval with-
in the nonmarine Kayitou Formation (Fig. 2) (7, 14-22). The base of
the Kayitou Formation is constrained by the disappearance of coal
seams or the last appearance datum (LAD) of the organic-rich hori-
zon (16), which also marks the demise of the Permian tropical forests
and is thought to be correlative with the onset of the terrestrial EPME
in other regions (7, 9, 23, 24).

Despite its distinct lithostratigraphic and biostratigraphic charac-
teristics, the temporal correlation of the Kayitou Formation has been
controversial (7, 15, 16, 18), hampering the EPME correlations across
the paleotropical marine and terrestrial regions. Limited tuff zircon
geochronology by in situ U-Pb analyses with errors >1% lacked the
necessary resolution to constrain the Permian-Triassic boundary
(PTB) or to address the timing of the terrestrial EPME in Southwest
China (25, 26). A legacy zircon U-Pb date by the chemical abrasion-
isotope dilution-thermal ionization mass spectrometry (CA-ID-TIMS)
method from the tuff inside the last coal (Bed 68) at the terrestrial
Chahe section has been the only high-precision constraint for the
tropical EPME on land (7). However, more recent CA-ID-TIMS geo-
chronology using the EARTHTIME isotopic tracer solutions and an-
alytical protocols are often younger than the legacy data (3), which
makes the correlation between Bed 68 at the Chahe section and Bed
25 at the Meishan global boundary stratotype section and point
(GSSP) ambiguous.
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Fig. 1. Location of study area. (A) Reconstruction of Permo-Triassic paleogeography (83) showing the study area and sites of previous geochronological studies on the
EPME. Schematic map of the Siberian Traps and coeval subduction zones are modified after (84) and (27). The box in (A) shows the location of the regional map (B).

(B) Location of the studied sections in Southwest China (7).
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Fig. 2. Correlations of the EPME between terrestrial and transitional coastal sections in Southwest China. The floral turnover and environmental perturbations at
the Guanbachong, Chahe, Yantang Mine, Chinahe, Mide, and Lengqginggou sections are extracted from (74, 16-21, 66). The carbon isotope profiles at the Chuanyan and
Zhongzhai sections are from (7). Abbreviations: Fm., Formation; KYT, Kayitou Fm.; DC, Dongchuan Fm.; FXG, Feixianguan Fm.

Here, we present high-precision U-Pb zircon geochronology by
the CA-ID-TIMS technique on a series of bentonites or tonsteins
from terrestrial and transitional coastal Permian-Triassic successions
in Southwest China to investigate the timing of the crisis in the
terrestrial tropics. Our set of internally consistent and reproducible
radioisotopic data allows direct comparison to previously reported
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CA-ID-TIMS geochronology in other regions for the EPME that
followed the EARTHTIME protocols (3, 4, 9-12), effectively eliminat-
ing any interlaboratory bias. The integration of the available high-
precision geochronology provides a global age model for the terrestrial
ecosystem collapse. We tentatively estimated the latitudinal intensity
of the terrestrial EPME based on fossil occurrence data from the
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Paleobiology Database (PBDB), which suggests a lag in the crisis in
terrestrial low latitudes accompanied by lower extinction rates.

RESULTS

Zircon U-Pb geochronology

Eight bentonite or tonstein samples for the zircon U-Pb geochrono-
logic study were collected from the Chahe, Yantang Mine, Mide, and
Lengqinggou sections ranging from onshore to paralic settings (Fig. 1).
A total of 69 single-zircon U-Pb analyses from the eight samples were
carried out by the CA-ID-TIMS technique (table S1). A number of our
samples exhibit complex age spectra with resolvable excess scatter in
the analyses (Fig. 3), possibly related to the presence of xenocrystic,
antecrystic, or detrital zircons. Only in two cases can the outlier analy-
ses be reliably excluded on the basis of discordance (MD110217-2: z3
and MD110217-3: z1). For the rest of the dataset, the date scatter is
smaller than 0.8 Ma and thus cannot be objectively attributed to xeno-
crystic or detrital zircons. This complicates the estimation of eruptive
age by the conventional weighted mean ***Pb/***U model for three of
our samples (LQG-17-D-1, B1-3, and CHA110117-2) (table S3). For
the latter ash beds, we have used a Bayesian Markov chain Monte Carlo
(MCMC) algorithm proposed in (27) and acquired eruptive age esti-
mates based on a range of predicted preeruptive age-mass distribu-
tions implemented in the Chron.jl package (27, 28). Calculated ages
from the MCMC algorithm, as well as those from the conventional
weighted means of the youngest zircon populations and our preferred
interpretations, are presented in table S3, Fig. 3, and fig. S6. Where ap-
propriate, these eruptive ages were further refined through superposi-
tion by an MCMC rejection algorithm through the Bchron package
(29) to generate an age-stratigraphic model for the corresponding sec-
tions (Table 1 and fig. S8).

The geochronology of the main marine extinction was previously
established by the zircon U-Pb CA-ID-TIMS analyses from the Meis-
han GSSP (3) in South China, using similar analytical procedures as
those in this study. Nevertheless, the previously published data were
invariably interpreted on the basis of weighted mean 2*Pb/***U dates
of all or the youngest population of zircon analyses. Furthermore, the
published age model for the Meishan GSSP was constructed on the

basis of a simple (non-Bayesian) Monte Carlo simulation algorithm
(30), which relied on the assumption of a constant sediment accumu-
lation rate. Therefore, we revisited the previously published geo-
chronology based on the same age interpretation approach as in this
study. The resulting model age for the onset of the main marine mass
extinction (Bed 25) at the Meishan GSSP is 251.945 + 0.033 Ma
ago, indistinguishable within error from the published age of
251.941 =+ 0.037 Ma ago (Supplementary Text and table S4).

The mean square weighted deviation for sample CHA110117-2 is
close to the upper limit for a statistically coherent set of U-Pb dates
(table S3). Thus, both the conventional weighted mean model and a
Bayesian MCMC model are used to interpret the U-Pb data for this
sample, constraining the depositional age of Bed 68 associated with
the last coal seam at the Chahe section to 251.884 + 0.052 or
251.804 + 0.078/—0.10 Ma ago, respectively (Fig. 3 and Table 1). The
last coal at the top of the Xuanwei Formation at the Lengqinggou sec-
tion coincides with the last occurrence of the Gigantopteris flora at
this section and is constrained to 251.669 + 0.11/—0.097 Ma ago
based on the ages of two dated bentonites (LQG-17-D-1 and
LQG103117-4) and the corresponding Bayesian age-stratigraphic
model (Table 1). Sample B1-3 from the Yantang Mine section was
collected from an ash bed immediately below the 30-cm-thick coal
roof (the last coal) of the Xuanwei Formation, whose age constrains the
base of the Kayitou Formation to younger than 251.81 + 0.13/—0.15 Ma
old. At the Mide section, the youngest of the three dated beds
(MD-15-D-2) from the Xuanwei Formation lies nearly 1 m below
the LAD of the organic-rich horizon and yielded an age of
251.923 + 0.099/—0.10 Ma ago. This relationship prevents a direct
U-Pb age constraint on the base of the Kayitou Formation in this
location (see Discussion).

Latitudinal extinction intensity

We estimated the latitudinal genus extinction rates in terrestrial
realms based on the data from the PBDB (table S10). The global
weighted mean genus extinction rate for EPME is ~59% by compar-
ing fossil occurrence data from the Changhsingian with those in the
Induan (Fig. 4A and table S5). The observed extinction intensity in-
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Table 1. Summary of U-Pb eruptive and refined depositional ages.

Eruptive age* Model depositional age’

Mean age Confidence level Mean age Confidence level
Sample* Section (Ma) (+95% or 2¢) (Ma) (+£95%)

CHA110117-2 Chahe 251.884 +0.052 - -
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MD110217- 40.20/-0.19
LQG103117-4 40.085/-0.095
LQG-17-D-1 Lengginggou 251.649 +0.098/—0.11 251.669 40.11/-0.097

*Eruptive ages in bold are estimated on the basis of a Bayesian MCMC algorithm (27), otherwise derived from the weighted mean 2°°Pb/?*8U dates.
depositional ages are estimated on the basis of an MCMC age-stratigraphic algorithm (29, 85).
weighted mean and MCMC models are both displayed.
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Fig. 4. Latitudinal end-Permian genus extinction pattern based on fossil occurrence data in PBDB. (A) Estimation based on data from Changhsingian to
Induan. Observed extirpation magnitudes (gray points) are averaged across tropical and extratropical latitude bands (gray horizontal lines) with gray vertical
bars showing 1o SDs. (B) Estimation based on data from Changhsingian to Induan by bootstrap analyses. Vertical bars show the confidence interval within 10 to
90% quantile ranges. (C) Estimation based on data from Changhsingian to the entire Triassic. (D) Estimation based on data from Wuchiapingian to Olenekian by

the GF method. Symbol size in (A) to (C) is scaled by the number of fossil occurrences in Changhsingian and in (D) by the total number of fossil occurrences from
Wuchiapingian to Olenekian.
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middle and high latitudes. The results from the bootstrap analyses on
the same fossil occurrence dataset fit well with the raw data (Fig. 4B
and table S6). The observed uncertainties are relatively large in high
latitudes due to the limited number of samples. The fossil extirpation
intensities are more severe than the extinction intensities across all
latitudes with a global mean rate of ~81%, but they also show a similar
gradient outside of the tropics (Fig. 4A).

To account for the Signor-Lipps and edge effects, we applied the
Gap-filler (GF) method proposed by Alroy (31, 32) to the Wuchiapin-
gian to Olenekian dataset to calculate the extinction intensity. Most of
the latitudinal extinction rates are between about 59 and 88% with a
weak gradient from high to low latitudes, except for a high extinction
rate for the terrestrial plants and animals in the band of 10°S to 10°N
(Fig. 4D and table S7). Greater variability and uncertainty in the ex-
tinction rates are observed in northern high latitudes, which may
have been attributed to limited number of samples. The GF method
was originally designed to assess global diversity patterns. When ap-
plied to latitudinal binned data, the extinction rates can be influenced
by long-term migrations or local extirpation, which generates higher
extinction intensity across all latitude bands. Therefore, the GF meth-
od may not function as effectively as intended in this context. We
also estimated the extinction intensity by comparing data from the
Changhsingian with those from the entire Triassic (Fig. 4C and
table S8). A lower global weighted mean average genus extinction rate
for the EPME (~51%) is observed, which we attributed to the incom-
plete preservation of some survivors during the Induan. Despite that,
the extinction intensity shows an increase of ~16% from the tropics
(~44%) to the middle and high latitudes (~60%). In summary, the fos-
sil occurrence dataset of PBDB suggests lower extinction rates in
terrestrial low latitudes during the Permian-Triassic transition despite
the relatively large errors in high latitudes.

DISCUSSION

Calibration of the EPME in terrestrial paleotropics

Extending the high-resolution tempo of the EPME to terrestrial
realms yields insights into the dynamics of this event. Understanding
the pace of extinction in terrestrial regions is inherently more compli-
cated than in shallow marine settings: Vertebrates are less abundant,
and thus, their fossils are sparser, enhancing the Signor-Lipps effect,
and many terrestrial organisms are more difficult to preserve. These
factors highlight the importance of radioisotopic data and chemostratig-
raphy in resolving the complex extinction dynamics. Our set of eight
U-Pb dates from nonmarine sections in Southwest China provides
the first comprehensive high-resolution temporal constraints on the
EPME in terrestrial paleotropics.

Different age interpretation models yield different age assignments
for Bed 68 (LAD of the organic-rich layer) at the Chahe section. The
age of 251.804 + 0.078/—0.10 Ma ago generated from the MCMC
model clearly constrains Bed 68 at the Chahe section to the earliest
Triassic postdating the onset of the main marine extinction at the
Meishan GSSP by 141 + 94 ka (table S4 and fig. S7). In comparison,
the weighted mean age of 251.884 + 0.052 Ma ago for Bed 68 is a bit
older and overlaps with the PTB, but it still postdates the onset of the
main marine extinction by 61 + 61 ka (table S4 and Fig. 2B). The
moderately rich plant fossils did not disappear until ~0.7 m above Bed
68 at the Chahe section (16), further supporting a delayed collapse of
the flora at the Chahe section. In the Lengqinggou section, the depo-
sitional age for the LAD of the organic-rich layer is constrained to the

Wu et al,, Sci. Adv. 10, eadi7284 (2024) 31 January 2024

early Triassic under any age interpretation model (Fig. 2F, Table 1 and
table S3). The collapse of the flora at the Lengqginggou section oc-
curred 276 + 104 ka after the onset of the main marine extinction
based on the Bayesian MCMC model age. The depositional age at
251.81 + 0.13/—0.15 Ma ago of the ash bed in the uppermost Xuanwei
Formation at the Yantang Mine section overlaps with the age of the
marine PTB, but the dated ash bed is immediately overlain by a
30-cm-thick coal seam, suggesting that the base of the Kayitou For-
mation could be as young as early Triassic (Fig. 2C). Since the ages
from the Mide section are obtained from the ash beds below the last
organic-rich layer and all fall within the latest Permian or overlap with
the marine PTB, the correlation of the Kayitou Formation at this loca-
tion is informed only by fossil evidence and sequence stratigraphy
(Fig. 2E). Abundant Triassic index fossil ammonoids Ophiceras sp.,
bivalves Claraia spp., and Triassic plants Tomiostrobus have been
identified from the basal Kayitou Formation at the Mide section, es-
tablishing an early Triassic age (14, 15).

The Gigantopteris flora in the last coal may have survived to the
earliest Triassic at the Chuanyan and Zhongzhai sections in South-
west China (Fig. 2, G and H). The traditional PTB at the two sections
was located on the lithological boundary between the Wangjiazhai
and Feixianguan formations. The top of the Wangjiazhai Formation is
characterized by the LAD of the coal seam with a diverse Gigantopteris
flora bracketed by two ash beds (fig. S4). The Permian index conodont
fossils Clarkina meishanensis and numerous Permian brachiopods
have been identified from the sediments below the lower ash bed.
The Triassic conodonts Hindeodus parvus and numerous Triassic
bivalves have been identified in the bed between the two ash beds and
immediately above the upper ash bed (7). These fossils suggest that
the legacy CA-ID-TIMS ages in (7) are too old, and the last coal seam
at the Chuanyan and Zhongzhai sections straddles the PTB. The
collapse of the Gigantopteris flora at the two sections persisted to the
earliest Triassic and thus postdated the onset of the main marine
extinction.

The evident diachroneity of the LAD of organic-rich horizons in
Southwest China (Fig. 2) is expected as coal-forming conditions
reflect plant communities, as well as climatic and environmental con-
ditions. Because plant species diversity at individual sections is sus-
ceptible to bias from preservation and lithofacies changes and because
a limited number of tuffs are available for age determination, negative
organic carbon isotope excursions (CIEs) have been taken as the pri-
mary stratigraphic correlation tool in this area (20-22). The organic
carbon isotope (613C(,rg) values show different patterns between the
terrestrial and marine sections, which could be attributed to complex
local dynamics and fractionation, such as temperature, precipitation,
and plant types, in addition to global changes in atmospheric §"°C
values (33). However, at a regional scale, the conditions are generally
similar. This is confirmed by similar negative organic CIE patterns
from different sections in Southwest China. The 613Corg values re-
mained stable around —24%o throughout the coal-bearing Xuanwei
Formation before a rapid decline of 4 to 8% in the overlying Kayitou
Formation and then reached a minimum value around —30%o (Fig. 2)
(16-21). Further support comes from the contemporaneity of the or-
ganic CIE and the Cu and Hg concentration spikes sourced from vol-
canic input at these sections (18, 20-22, 34).

The base of the Kayitou Formation as marked by the last coal seam
records a younger transition from onshore to paralic sections based on
the negative organic CIE correlations (Fig. 2). Specifically, the promi-
nent negative CIE is found in the middle to upper part of the Kayitou
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Formation at the terrestrial Guanbachong and Chahe sections, in the
lower part of the Kayitou Formation at the transitional Chinahe and
Mide sections, and on top of the Xuanwei Formation at the paralic
Lengqinggou section (16-20). The correlation is also supported by the
regional rapid retrogradation at the Chahe and Mide sections, which
was documented in the uppermost part of the Xuanwei Formation
above the dated ash beds at the Mide section, but in the basal part of
the Kayitou Formation at the Chahe section (Fig. 2) (14). Thus, the
ecosystem collapse may have occurred earlier in onshore areas like
Guanbachong and Chahe. Although some typical Permian plant ele-
ments have been recovered from sediments above the last coal in the
middle and upper part of the Kayitou Formation at some onshore sec-
tions, their diversity declined markedly, and the abundance of single
species increased (14-16, 18, 35, 36). Similarly, charcoals in the last
coal bed at the top of the Xuanwei Formation at the paralic Lengqinggou
section represent a monospecific assemblage during the extinction
interval with extremely low diversity but high abundance (19).

Our high-precision U-Pb geochronology suggests temporal de-
coupling of the terrestrial and marine extinctions in paleotropical
South China. The decline of the paleotropical rainforest occurred af-
ter the onset of the main marine extinction. The date from the top of
the Xuanwei Formation at the Chahe section constrains the terrestrial
crisis in Southwest China to at least 61 + 61 ka after the onset of the
main marine extinction. More sufficient evidence comes from the U-
Pb geochronology at the Lengqinggou section, as well as the fossil
records from the Mide, Chuanyan, and Zhongzhai sections, con-
straining the rainforest extinction to the early Triassic (Fig. 2). The
collapse of the terrestrial ecosystem led to intensive soil erosion (16,
37). The delayed tropical rainforest extinction was supported by a
greater increase of terrestrial input after the main marine event in the
earliest Triassic, which reached its peak following the final collapse of
the tropical rainforest (38, 39). Besides, unlike the brief marine ex-
tinction, the collapse of the terrestrial ecosystem lasted for a relatively
long period, which started from the onshore areas, then progressed to
the transitional and finally to the paralic areas in the earliest Triassic.
According to the dates from the Chahe and Lengqinggou sections, the
collapse of the tropical rainforest in Southwest China lasted for ~135
or ~215 ka depending on different age interpretation models (Fig. 2
and fig. S7). The final elimination of the Cathaysian rainforest in
Southwest China across the marginal environment evidently lagged
behind the marine EPME, postdating the end of the main marine
event (Bed 28 at the Meishan GSSP) by 211 + 103 ka (table S4). Coni-
fers and ferns did not rediversify until the upper part of the Feixian-
guan Formation (35), as constrained by the depositional age of
251.509 + 0.085/—0.095 Ma ago from the lower Feixianguan Forma-
tion at the Lengginggou section.

Latitudinal diachroneity of the terrestrial EPME
Previous work has shown that the marine ecosystem collapse was brief
and globally synchronous and was embedded in a long-term interval of
global environmental degradation. The onset of the main marine ex-
tinction has been constrained to the Clarkina meishanensis and equiva-
lent conodont zones (40-43), which was calibrated to 251.945 +
0.033 Ma ago at the Meishan GSSP (3) (table S4), 251.984 + 0.031 (44)
or 251.939 + 0.031 Ma ago (4) at the extended Penglaitan section, and
251.939 + 0.031 Ma ago at the Dongpan section (44) in South China.
Evidence suggests that ecosystem collapse in terrestrial regions
took place diachronously with high-latitude terrestrial ecosystems
declining before the main pulse of the marine extinction (Fig. 5).
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CA-ID-TIMS geochronology from the Sydney Basin in eastern Aus-
tralia has indicated that the austral Permian Glossopteris forest ecosys-
tem collapsed, and the peat accumulation terminated at 252.31 +
0.07 Ma ago, predating the marine extinction by ~370 ka (9, 10). The
EPME in the Karoo Basin of South Africa is defined by a turnover
from the Daptocephalus tetrapod assemblage zone (AZ) to Lystrosaurus
AZ (13). The CA-ID-TIMS date of 252.24 + 0.11 Ma ago from the
basal part of the Lystrosaurus AZ suggests that the vertebrate transi-
tion occurred ~300 ka earlier than the main marine event (11). A
survey of biotic diversity across Siberia did not reveal a sudden
Permian-Triassic extinction, probably due to the relatively low resolu-
tion (12). Rather, at the well-studied Babyi Kamen section in the
Kuznetsk Basin, Siberia, the coal seams disappeared at the boundary
between the Tailugan and Maltsev formations at 252.764 + 0.055 Ma
ago, ~800 ka before the marine event. A notable reduction in nonma-
rine animals occurred shortly after 252.302 + 0.090 Ma ago near the
base of the Maltsev Formation (table S4) (12).

Although high-precision geochronological research on the EPME
in terrestrial middle paleolatitudes has been inadequate, some impor-
tant clues for the extinction timeline in those regions have come to
light. In southern Tibet, the deforestation has been recorded at the
base of the palynological assemblage of Reduviasporonites catenulatus,
which is constrained to the latest Permian by gastropod and ammo-
noid fossils (45, 46). The deforestation was followed by a changeover
from regression to rapid transgression (47). The onset of this rapid
transgression was placed in the conodont zone of C. yini below the
onset of the main marine extinction in the latest Permian (4) (Fig. 5, D
and G). In the Ordos Basin, North China, no Gigantopteris flora or
Paleozoic-style pareiasaurs have been reported after 252.21 + 0.15 Ma
ago (48, 49), but long-term aridity in this region (50, 51) is believed to
have increased the bias in the fossil records from the Signor-Lipps
effect. The negative organic CIE and enhanced chemical weathering
during the beginning of the rapid transgression soon after 252.21 +0.15
Ma ago mark the onset of the EPME in North China (48, 52, 53), which
may have been coincident with the main marine event (Fig. 5E).
Therefore, the limited available evidence suggests that the terrestrial
middle-latitude ecosystems collapsed during the latest Permian and
may have slightly postdated those in high latitudes. Our U-Pb geo-
chronology together with fossil evidence suggests that the paleotropi-
cal EPME on land postdated the onset of the main marine event.

In summary, high-resolution geochronology suggests temporal
decoupling of the terrestrial and marine extinctions. The terrestrial
ecosystem collapsed diachronously with latitude over a ~1-Ma period,
which began in high latitudes, progressed to middle latitudes, and fi-
nally to the tropics (Fig. 6). Besides, the collapse of the terrestrial eco-
systems usually took a longer period and was followed by a long
survival interval, in contrast to the rapid marine extinction (Fig. 5). In
eastern Australia, elements of the Glossopteris flora persisted for an-
other ~210 ka after the main deforestation (10). Similarly, in South
Africa, Glossopteris leaves survived into the lower Katberg Formation
above the main tetrapod turnover (54). Distinctive late Permian pol-
len taxa occur sporadically above the rapid decline in East Greenland
(8). In South Tibet and the Salt Range (Pakistan), a degradation of the
Permian conifers and pteridosperm plant communities was observed
at the base of the Reduviasporonites catenulatus palynological assem-
blage, but the most dramatic palynofloral turnover took place in the
earliest Triassic based on the ammonoid and conodont fossils (47, 55).
In Southwest China, the Gigantopteris flora persisted for another ~135
or ~215 ka in the paralic zones after their collapse in onshore areas.
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Fig. 5. Global correlation of the EPME. The correlation is mainly based on the high-precision U-Pb geochronology from (3, 9-12, 49), table S4, and this study. The geo-
logical and biological events from the Sydney Basin (6, 9, 10, 56), Karoo Basin (6, 11, 13, 54, 65), Kuznetsk Basin (12), South Tibet (47, 69), Ordos Basin (48, 52, 53), Southwest
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Possible triggers of terrestrial EPME
Evidence for long-term environmental degradation in marine realms
before the marine EPME has been accumulating (4). The degradation
in terrestrial realms began even earlier (9, 56), which may explain the
long-term decline in floral and faunal species richness during the ear-
lier stages of the terrestrial ecosystem degradation in the late Permian
(12, 13, 35). However, the diachroneity of the terrestrial extinction
suggests a need for further exploration of the proximal extinction
drivers. The large-scale volcanism and the related combustion of coals
and evaporites may have caused massive injection of greenhouse gas-
es, sulfates, and toxic volatiles into the atmosphere, which could have
been fatal to terrestrial life through elevated temperatures, increased
drought and seasonality, ozone shield depletion, and acid rains. Lati-
tudinal variations in the impacts of elevated temperatures and deplet-
ed ozone shield appear to match the temporal pattern described earlier.
Community Earth System Model (CESM) simulations during the
EPME reveal substantial polar amplification of an end-Permian tem-
perature increase in middle-high latitudes, almost twice that of low
latitudes (Fig. 6), with land areas warming more than the oceans (57,
58). The paleo-temperature profiles suggest that the pronounced tem-
perature elevation in terrestrial high latitudes predated those in ma-
rine paleotropics by more than 300 ka (56, 59), whereas the relatively
gentle temperature increases in the tropics may have been blurred by
uncertainties in oxygen isotopic analyses. Polar amplification has also
been reported in Paleogene and modern times (60, 61). The more in-
tensive warming in terrestrial high latitudes may have contributed to
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the earlier ecosystem collapse. In addition, the Permian Earth system
model simulations suggest that the injection of greenhouse gases in-
creased water vapor in high latitudes but decreased humidity in most
middle latitudes and subtropics (58, 62). Similar precipitation changes
in modern climate observations and simulations have been reported
(63, 64). The geological evidence during the Permian-Triassic transi-
tion is consistent with the simulation results, recording precipitation
spikes in mid-high latitudes (10, 47, 53, 56, 65) and enhanced sea-
sonal aridity in paleotropics (19, 66). However, despite the decreasing
moisture in equatorial regions, the precipitation there remained high-
er than in high latitudes (62), which may have contributed to the de-
layed collapse of the Cathaysian Gigantopteris flora in the tropics.
Increased precipitation in some terrestrial regions may have allowed
the persistence of some Permian elements into the survival interval.
We also expect diachroneity in terrestrial ecosystem collapse re-
flecting latitudinal variation in ozone depletion. The presence of mal-
formed pollen grains and increased deforestation during the EPME
have been interpreted as indicators of ozone shield weakening (67-
69). The CESM simulation reveals more intensive ozone reduction at
high latitudes due to the release of halocarbons from SLIP (70), which
may have initiated the earlier terrestrial ecological failure. However,
halocarbons produced through contact metamorphism during the
earliest Triassic intrusive phase of the SLIP are thought to have the
strongest impact on ozone depletion (71, 72). Thus, the direct release
of halogens from the late Permian eruptive phase may have been
insufficient to extensively damage the ozone layer. Substantial SO,
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production from the Siberian Traps may have also contributed to the
formation of the mutated spores. Furthermore, the flora diversified at
the earliest Triassic in Siberia during the intrusive phase of the SLIP
(73), suggesting that ozone reduction may have played a less impor-
tant role compared to global warming in the EPME.

The more degraded high-latitude living conditions may have con-
tributed to higher extinction rates based on the estimated genus ex-
tinction rates from data in the PBDB (Fig. 4). A similar pattern in
latitudinal extinction intensity has been reported in marine realms,
with possible control from variations in warming and the attendant
anoxia in oceans (57). In addition to latitudinal variation in tempera-
ture elevation and possible ozone depletion, the impacts of degrada-
tion can vary depending on specific ecosystems, resulting in a protracted
terrestrial extinction spanning approximately 1 Ma. Different terres-
trial regions are characterized by local ecosystems that have adapted
to specific environmental conditions. Plants and animals at high lati-
tudes occupied a disappearing climatic niche and likely lacked a ref-
uge during the deterioration, especially during the rapid warming.
They may have been less tolerant of ecological changes and were the
earliest to be eliminated. Higher resilience in tropical communities
may have reflected higher species diversity and more complex food
webs. Greater resilience allowed survival during the end-Permian

Wu et al,, Sci. Adv. 10, eadi7284 (2024) 31 January 2024

catastrophe in the tropics, contributing to a delayed collapse in South-
west China. Yet, the delayed onset and short duration of the marine
extinction could be attributed to several features, the ocean’s vast size,
its ability to absorb and distribute heat, and its complex circulation
patterns. These factors could contribute to its greater resilience and
stability during the degradation compared to the terrestrial ecosys-
tems. However, once the marine ecosystem reaches a threshold that
exceeds its buffering capacity and disrupts the balance, it can collapse
immediately due to these same features.

Environmental decay during the late Permian had a major impact
on the Cathaysian Gigantopteris flora including a decline in species
richness (35) to the point where a single event could trigger its col-
lapse. The large-scale, frequent felsic volcanism near the South China
Block may have forced the ecosystem past this threshold. The felsic
volcanism during the earliest Triassic is coincident with the final pa-
leotropical ecosystem collapse in Southwest China and distributed
widely in South China and nearby Tethyan regions (20, 21, 74-76).
The coeval eruptions of the Siberian Traps may have contributed to
the environmental degradation, but they continued for at least 500 ka
into the early Triassic (4). The flora in the Tunguska Basin diversified
at the beginning of the Triassic, suggesting that the emplacement of
the Siberian Traps during that interval may have been insufficient to
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eliminate the flora (73). The foregoing also raises questions about
whether the SLIP was the sole cause of the EPME. The emplacement
of the SLIP has been the most widely hypothesized trigger of the ter-
restrial and marine EPME since the early 1990s due to their temporal
coincidence (3, 5). However, sediments related to felsic volcanism de-
veloped extensively along the convergent margins of southern Pangea
and around the Tethyan Ocean during the Permian-Triassic transi-
tion (21, 43, 75-77) (Fig. 1), introducing another possible stressor for
the EPME. Mercury spikes during this interval have been reported
globally and are thought to be derived from the SLIP (6), but they are
not correlative between different sections based on the high-resolution
geochronologic framework presented here, which could be generated
from different stages of the SLIP or affected by local sedimentological
processes (Fig. 5). It is also possible that they were generated from
more proximal volcanic activities. Therefore, further study is needed
to reappraise the impacts of the various types of volcanisms in differ-
ent regions on the proximal environmental perturbations during
the EPME.

MATERIALS AND METHODS

Zircon U-Pb analyses and data reduction

The samples for the U-Pb geochronological study were on the order of 2
to 5 kg in weight. They were processed by soaking in water for 48 hours,
followed by complete liquefaction in a blender and clay removal in a
sonic dismembrator device (78). Heavy-mineral concentrates were
achieved through step-wise magnetic as well as high-density liquid
separation techniques. The final zircon selection was carried out un-
der a binocular microscope. Most samples contained mixed popula-
tions of zircons ranging from subrounded to multifaceted prisms. The
prismatic or acicular zircon grains containing elongate glass (melt)
inclusions parallel to their long axis are shown to represent the youn-
gest population of zircons in the samples and were targeted for our
analyses (fig. S5).

The selected zircon grains were pretreated by a chemical abrasion
procedure modified from (79), which involved thermal annealing at
900°C for 60 hours, followed by partial dissolution in 29 M HF inside
high-pressure Parr vessels at 210°C for 11.5 to 12 hours. The partially
dissolved grains were fluxed alternately with dilute HNO; and 6 M
HCl in 3 ml of Savillex perfluoroalkoxy (PFA) vials, on an 80°C hot
plate, and in an ultrasonic bath, each for 1 hour. The grains were
rinsed with Millipore water after every ultrasonic step to remove the
leachates. The thoroughly rinsed grains were spiked with the EARTH-
TIME ET535 mixed 2*Pb-**U-**U tracer before complete dissolu-
tion in 29 M HF at 210°C for 45 to 48 hours. The dissolved aliquots
were dried down on a hot plate and redissolved in 6 N HCl in high-
pressure Parr vessels at 180°C overnight. The sample solutions were
then converted from 6 to 3 N HCl by drying down and redissolution.
The dissolved U and Pb were chemically purified using 50-ul columns
of AG1X-8 anion-exchange resin. The eluted U and Pb were dried
down with H3PO4 and then redissolved in a silica gel emitter solution
and loaded onto a zone-refined outgassed Re filament.

The U-Pb isotopic ratios were measured on an Isotopx X62 multi-
collector thermal ionization mass spectrometer equipped with a Daly
photomultiplier ion counting system at the Massachusetts Institute of
Technology Isotope Laboratory. Pb isotopes were measured as mono-
atomic ions on a single ion counter and were corrected for a mass-
dependent isotope fractionation of 0.18 + 0.04% per atomic mass unit
(20). U isotopes were measured as UO,"* ions simultaneously on
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three Faraday collectors, while subjected to a within-run mass frac-
tionation correction using the ***U/**U ratio of the tracer solution
and a predicted sample >**U/**°U ratio of 137.818 + 0.045 (80). An
oxide correction based on an independently determined **0/*°O ra-
tio of 0.00205 =+ 0.00005 was also applied to the measured U isotopic
ratios. Initial Th/U disequilibrium was corrected using radiogenic
*%Pb and a magma Th/U ratio of 2.8.

Data reduction was carried out using the Tripoli and ET_Redux
algorithms (81, 82). Uncertainties are reported as 2¢ in table S1. A
total of 69 single-zircon grains from the eight samples were analyzed
to estimate the eruptive ages by the conventional weighted mean
2%6pb/28U model as well as the Bayesian MCMC algorithm of (27).
Preferred age interpretations based on different models have been dis-
cussed in the Supplementary Materials (table S3 and fig. S6). Where
appropriate, a second Bayesian MCMC rejection algorithm through
the Bchron package was used to generate a depositional age model for
the dated stratigraphy (Table 1 and fig. S8) (29). Since the data used in
our interpretations were produced in the same laboratory using the
same methods, we only used analytical errors in our age model, fig-
ures, and tables.

Extinction intensity estimation

The fossil occurrence data were downloaded from the PBDB selecting
all fossil occurrence records from the Wuchiapingian to the whole
Triassic (table S10). The extinction intensity was estimated by com-
paring the fossil occurrence records before and after the EPME. Since
the PBDB is constructed on the basis of relative coarse time bins of a
stage-level resolution, we are unable to improve the temporal resolu-
tion or adjust the timescale based on our dates. In most research, the
PTB was often correlated to the EPME horizon in terrestrial sections
due to a lack of high-precision isotopic dates or marine index fossils.
The same principle has been applied to the terrestrial sediments in
Southwest China in PBDB, with the Xuanwei and Kayitou formations
recorded in the time bins of Changhsingian and Induan, respectively.
Therefore, the extinction intensity was estimated by comparing the
fossil occurrence records below and above the PTB.

The fossil occurrences in PBDB lacking a phylum or class assign-
ment or lacking the paleolatitude information were excluded. Occur-
rences assigned to protistan groups were excluded. Occurrences
assigned to the phylum or classes as entirely marine during the study
interval (Anthozoa, Ascidiacea, Brachiopoda, Conodonta, Cepha-
lopoda, etc.) were excluded, as were uncertain genus occurrences. Pa-
leolatitudes of all occurrences were binned into 10° bands from 85°S
to 85°N. The fossil data from (12) were included in the extinction and
extirpation intensity estimation for the paleolatitude band of 65°N
due to its small number of fossil collections in PBDB. The extinction
intensity estimation is based on genera from three different taxonom-
ic groupings: all classes together, the typical nonmarine classes (plants
and terrestrial animals), and all other classes together (Fig. 4).

To see how dependent the latitudinal extinction rates are on the
dataset and statistical methods, four methods have been used in the
estimation. In the first method, the latitudinal extinction intensity is
estimated by comparing the fossil occurrences from the Changhsin-
gian with those from the Induan (Fig. 4A). In the second method, we
applied a bootstrap analysis to compare the fossil occurrences be-
tween the Changhsingian with those in the Induan. All the occur-
rence data from the Changhsingian and Induan were resampled with
replacement and with the same amount of raw data. Then, all the ex-
tinction and extirpation rates of different groups were recalculated at

9of 12



SCIENCE ADVANCES | RESEARCH ARTICLE

each latitudinal zone based on the resampled data, and so were the
occurrence numbers. This process was repeated 10,000 times. The
mean values of all the indices were used as the analysis results, and
their confidence intervals were generated within 10 to 90% quantile
ranges (Fig. 4B). In the third method, we applied an updated
version of the GF method proposed in (31, 32) using dataset from the
Wauchiapingian to Olenekian to estimate the extinction rates (Fig. 4D).
This method uses four intervals spanning the boundary. Last, we
estimated the extinction intensity by comparing the fossil occurrence
records from the Changhsingian with those from the entire Triassic
period (Fig. 4C). The comprehensive summary of each method is
included in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S9

Tables S1to S10
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