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The Permo-Triassic mass extinction was linked to catastrophic environmental
changes and large igneous province (LIP) volcanism. In addition to the wide-
spread marine losses, the Permo-Triassic event was the most severe terrestrial
ecological crisis in Earth’s history and the only known mass extinction among
insects, but the cause of extinction on land remains unclear. In this study, high-
resolution Hg concentration records and multiple-archive S-isotope analyses
of sediments from the Junggar Basin (China) provide evidence of repeated
pulses of volcanic-S (acid rain) and increased Hg loading culminating in a crisis
of terrestrial biota in the Junggar Basin coeval with the interval of LIP empla-
cement. Minor S-isotope analyses are, however, inconsistent with total ozone
layer collapse. Our data suggest that LIP volcanism repeatedly stressed end-
Permian terrestrial environments in the -300 kyr preceding the marine
extinction locally via S-driven acidification and deposition of Hg, and globally
via pulsed addition of CO,.

The Permo-Triassic mass extinction (PTME) was the most severe
ecological disaster in Earth’s history'. The emplacement of the Siberian
Traps large igneous province (LIP) with the release of large amounts of

Paleozoic-type forests disappeared suddenly in the latest Permian
at most locations®®’. The loss of terrestrial biomass was massive'® and
probably unique in the geologic record. Furthermore, the PTME is the

volcanic gases (including CO, and SO,) into the atmosphere and in the
ocean, and the consequent profound environmental changes are
thought to have driven the collapse of all ecosystems from continental
settings to the deep ocean®. The marine extinction is well constrained
to a relatively short interval of ~60 kyr across the Permo-Triassic
boundary, but there is increasing evidence that the terrestrial crisis
began tens to hundreds of thousands of years before the marine
extinction®”, for reasons as yet unknown.

only known mass extinction of insects". The collapse of the base of the
terrestrial food chain triggered the extinction at all higher levels*".
Lacustrine ecosystems collapsed and only recovered up to 10 Myr later
in the Middle Triassic, beginning the so-called “Mesozoic lacustrine
revolution”*®, The recovery of primary productivity on land took an
exceptionally long time, as evidenced by a “coal gap” from the PTME to
the early Middle Triassic, with thick coal measures not reappearing
until the Late Triassic'®.
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Several kill mechanisms have been proposed for the terrestrial
crisis. A change from warm humid to unstable seasonal climate and a
coeval increase in wildfire frequency, possibly caused by increasing
pCO,, global warming and storminess, are recorded in equatorial
peatlands of South China at the level of the floral crisis*. Global cooling
to intense warming in the Late Permian-Early Triassic, and unstable
climates” are thought to have driven a protracted extinction (up to
~1Myr) of tetrapods™". Widespread mutagenesis amongst pollen and
spores during the PTME has been attributed to atmospheric pollution
and/or a rise in UV-B radiation caused by the depletion of the ozone
layer by volcanic chemicals (SO, and halogens) from the Siberian
Traps“®?°?. Evidence of an increased UV-B flux—and therefore a
depleted ozone layer—across the broad interval containing both mar-
ine and terrestrial extinctions, comes from the observation of
increased concentrations of UV-B absorbing compounds in
sporomorphs?, but these records are of low resolution and correlation
with the precise level of the terrestrial extinction is not proven.
S-isotope data from continental fluvial PTME successions of the Karoo
Basin (South Africa) and the Sydney Basin (Australia) may indicate
increased S deposition in these environments™*. In particular, the
Late Permian-Early Triassic pyrite-sulfur isotope records of Li et al.”?
show a broad, long-term negative shift starting at the extinction level
and spanning the entire Griesbachian and part of the Dienerian that
has been interpreted as evidence of an increase in sulfate concentra-
tions in the atmosphere. Metal poisoning has also been proposed to
explain the extinction on land, but in terrestrial successions of South
China, increases of Hg and Cu concentrations are found in strata above
the crisis, along with unseparated spore tetrads of surviving plants®.

To explore the linked hypotheses related to the impact of vol-
canism on terrestrial ecosystems, we performed high-resolution S, Hg,
and C geochemistry of the latest Permian-earliest Triassic middle
latitude continental successions of the Junggar Basin in northwest
China (Xinjiang; Fig. 1 and Supplementary Fig. S1, and “Methods”). The
bedrock geology of the catchment in the late Permian consisted of
mainly coarse-grained continental sediments interbedded with volca-
nic facies, which are likely to have low sulfur contents, enhancing the
site’s potential to record changes in atmospheric inputs by limiting
concentrations of weathered sulfate. To track the addition of volcanic
sulfur to the terrestrial system, we analyzed carbonate-associated
sulfate (CAS) from palaeosol and lacustrine carbonates in wholly ter-
restrial and lake margin settings (Taodonggou and Tarlong sections;
Supplementary Fig. S1): Sulfate is not retained in most terrestrial
sediments because it is too soluble, but palaeosol nodules and fresh-
water limestones can preserve syngenetic CAS and its pristine isotopic
composition. We analyzed total sulfur 8*S, organic §°C and Hg con-
centrations from nearby lake sediments (Dalongkou North section)
with a well-constrained record of extinction in lacustrine fauna and
surrounding flora (Fig. 2; e.g., ref. 27) to provide a robust connection
between volcanism, increased sulfate deposition, potential metal
poisoning, and terrestrial extinction. We also analyzed the minor sulfur
isotope composition of selected samples to test for the effects of
ozone layer destruction.

Results

In the Dalongkou North lacustrine section, total organic matter (TOC)
is generally low (<1 wt%; Fig. 2). On average, TOC is higher before the
extinction (-0.5 wt%, with peaks >2 wt%) than after (-0.2 wt%) (Fig. 2
and “Methods” for the definition of the extinction level in the Junggar
Basin). The C-isotope composition of TOC (6”C,g) displays an ~8%o
negative C-isotope excursion (NCIE) in beds 16-18 of the studied sec-
tion, and a ~5%. NCIE in beds 22-24 at the level of the extinction of
conchostracans, ostracods and Charophyte taxa”, and a third, partial
NCIE, in the uppermost part of the studied section, beds 37-42 (Fig. 2).
The profile of our §°C,, data is similar to a previous lower-resolution
8"Corg record from the same section® (Fig. 2), from the south limb of

the Dalongkou anticline, and from Taodonggou section®?’ (Fig. 2).
The 8"Corg curve of Dalongkou North can be correlated with marine”
and other terrestrial records®, where a similar decline of TOC is also
observed®.

8*Scas data from palaeosol and lacustrine carbonates of the
Tarlong and Taodonggou sections have a range of ~9-12%. at the base
of the sections with a shift toward less positive values in the range
5-6.5%0. The §**Sc,s shift in palaeosol carbonates starts at the second
NCIE in the Taodonggou section, which corresponds to the extinction
level at Dalongkou (Fig. 3). We note a possible diachrony between the
freshwater and palaeosol carbonate 6*Scs shifts at Tarlong, but this is
aresult of a single negative palaeosol datapoint at 129 m so may not be
real. This is followed by a rebound toward pre-excursion values. The
5*Scas negative shift is coupled to an increase in CAS concentration in
the lacustrine limestone samples close to the point at which their
5*Scas declines (Fig. 3), while the CAS concentration in the palaeosol
carbonates is much more varied (Supplementary Fig. S2). Because
S-deposition can be linked to acidification, carbonates may be pre-
vented from forming during intense depositional events. We would
therefore expect that these carbonates record the average background
loading of atmospheric sulfate in soils (palaeosol) and lake waters
(freshwater limestones) of the catchment.

Yields of Ag,S recovered after chromium extraction in selected
samples show low pyrite contents (Supplementary excel file), hence
the decision to extract total-S for S-isotope (6**Stor) analyses. Total-S
is assumed to represent reduced forms of sulfur in the sediment, i.e.,
sulfides and organic-S (Fig. 1). §**Stor from Dalongkou North fluctuate
between +6 and -7%. and record repeated large ~9-10%. negative
shifts in the lower part of the section, i.e., before the second NCIE
(meters —10 to 85), where major peaks of Hg concentrations (>100
ppm) and Hg/TOC (up to ca. 300-600 ppm/wt%) are also recorded
(Fig. 4). The negative 8**Syor shifts are coupled to the increases in Hg
and Hg/TOC (Fig. 2; Supplementary Fig. S3). Total-S concentrations at
Dalongkou are generally low but variable, with higher peaks in the
interval below the oldest NCIE, transitioning to more consistently low
concentrations in the upper part of the section (Fig. 4).

At Dalongkou North, minor S-isotope analysis of samples with
larger yields of extracted S (see “Methods”) shows A*S values between
-0.093%o and 0.147%o, and A*S from -0.956%. and 1.192%. in total
sulfur (Fig. 5). CAS A*S and A**S data from the palaeosols at Tarlong lie
in a narrower range (-0.01%o to 0.062%.) and show no major changes
along the section (Fig. 5). A*S vs A*S data are linearly correlated with a
slope =-6.43 +1.03 (Supplementary Fig. S4), which is a pattern typical
of S-isotope mass-dependent fractionation, (S-MDF; A*S =-6.85A%S;
e.g., ref. 31). Within this range of S-MDF, A*S and A%*S values fluctuate
through the section, with the negative A*S shifts mostly coupled to
positive shifts of A*S, negative §**Stor values and peaks of Hg and Hg/
TOC (Fig. 5).

Discussion
An increase in reduced sulfur input to the catchment coincident
with terrestrial extinction
Carbonate-associated sulfate captures the isotopic signal of the fluid
from which the carbonate precipitated with negligible fractionation®
but has almost exclusively been applied to carbonates formed in the
ocean. Soil-formed carbonate extracted with similar techniques has
been previously shown to record the minor oxygen isotope compo-
sition of atmospheric sulfate at a number of modern sites®. Our
records of 8*Scus in palaeosol and lacustrine carbonate agree well
with each other, suggesting that they are a good representation of
sulfate within the catchment (see “Discussion” in the Supplementary
Information).

The oldest sediments have a baseline signature of approximately
12%o. Sulfate from seawater is an important component of modern
atmospheric sulfate deposition®’. The similarity of background &*Scas
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Fig. 1| Palaeolocation and depositional environment of the studied sections.
A A map of the global end-Permian paleogeography (Light gray = shelf areas; dark
gray = land) with the location of the studied sedimentary successions in a fluvio-
lacustrine environment in the Junggar Basin, now in the Bogda Mountains of Xin-
jiang, northwest China (Supplementary Fig. S1) indicated, as well as the locations of
other important records referred to in the text (light blue squares), the Siberian
traps (dark red) and arc volcanism (light red lines). B A schematic showing the
depositional environment of the studied sections: The three sections were chosen
because they represent three different depositional environments within the land-
lake ecosystem. The Taodonggou series was deposited in a fluvial-mudflat

environment® containing palaeosols with pedogenic carbonate nodules. The Tar-
long section is located in the lake margin and contains both pedogenic carbonates
and freshwater limestones”. The Guodikeng Fm. at Dalongkou North was depos-
ited in the lake®>. The three sections therefore contain different sulfur archives
(pedogenic and freshwater carbonates, pyrite and organic-S), in which S-isotope
signatures reflect S inputs and fractionation processes occurring in the lacustrine
environment during the end of the Permian. CAS carbonate-associated sulfate, BSR
bacterial sulfate reduction. Paleogeography after ref. 103. Position of arc magma-
tism after ref. 63.

to coeval evaporite 5*S values® suggests that this was also the case in
the Junggar Basin prior to the extinction, with the sea spray blown to
the depositional site from the Panthalassa Ocean margin >1000 km to
the east, and is consistent with a negligible contribution of weathered
sulfate from the catchment, which consisted of mainly coarse-grained
sediments and volcanic rocks®, likely to have low sulfur contents
(Supplementary Information).

There are a range of processes that could account for the
observed decline in §**Scas, which reaches its most negative values
around the time of the second NCIE and terrestrial extinction (Fig. 3).

Sulfur deposition from the atmosphere is sourced from a mixture of
seawater sulfate and reduced sulfur compounds produced by biogenic
processes either in the ocean or on land (e.g., hydrogen sulfide,
dimethyl sulfide, carbonyl sulfide), which, although variable, com-
monly have a more negative §**S when compared to seawater®. Vol-
canically derived atmospheric sulfur or pyrite in the bedrock would
also be expected to have a more negative isotope signal®’. The decline
in 8%Scas in the records from the Junggar Basin can be most plausibly
explained by an increase in the proportion of reduced sulfur being
delivered to the catchment (see “Discussion” in Supplementary
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Fig. 2 | Organic C-isotope changes and major biological events recorded at
Dalongkou (Junggar Basin, Bogda Mountains, China), and correlation with the
marine mass extinction. Three negative C-isotope excursions (NCIEs) are recor-
ded in the organic matter (§”C,g) at Dalongkou: dots are new data from this study,
and red squares are data from ref. 21. The 2nd NCIE is coincident with the eco-
system crisis, as recorded by the appearance of mutated pollen* and an increase in
the abundance of surviving lycophytes, the extinction of conchostracan and
charophyte taxa, followed by a post-extinction small (Lilliput) ostrachod fauna®.
Total organic carbon (TOC) concentrations also decreased during the terrestrial

crisis. In this study, the Dalongkou North section has been analyzed. The nearby
Dalongkou South section has been previously correlated to the marine record®**°,
providing a timeframe for the changes observed in the terrestrial Junggar Basin. At
Dalongkou South, deforestation and intense wildfires are recorded at an interval
across the 2nd NCIE'*. U/Pb ID-TIMS analysis of bentonites from the Tarlong-
Taodonggou area provides ages of 253.11 + 0.05 Ma and 253.63 + 0.24 Ma for the
lower part of the Guodikeng Formation®'. The last coal bed in the succession of the
Bogda Mountains occurs at an estimated age of 252.29 Ma*’. WU. = Wutonggou
formation. JI. = Jiucaiyuan formation. Source data are provided as a Source Data file.

Information). For example, it is possible to change the ratio of reduced
sulfur to sea spray sulfur if the distance to the coast were to increase
via sea level fall because sea spray forms large particles, and their
deposition declines with distance from the ocean shoreline®®. How-
ever, the decline in 8*Sc,s correlates with a transgression, rather than
a regression, representing the whole Guodikeng Formation®*%’, so this
explanation is unlikely. The apparent diachrony between the fresh-
water and palaeosol carbonate 6*Sc,s shifts is here interpreted as an
artifact of the record. As also explained below, those carbonate
archives record snapshots of the 8*Sc,s in the system that could hide a
more complex dynamic of multiple excursions alternating with no
precipitation of carbonates in the soil and lake margin.

The controls on CAS concentration are not well understood, but
sulfate concentration, the ratio of dissolved sulfate to carbonate and
mineral growth rate have been shown to be important in various
settings®*~*. The amount of CAS in soil carbonates is likely to be highly
heterogeneous and will reflect the localized balance of calcium, car-
bonate and sulfate ions in these waters at the time of mineral pre-
cipitation. Lake waters are likely to be much more homogenous with
respect to sulfate and other chemical variables at any given time point
and therefore might be expected to represent a more consistent
record of regional environmental conditions. The increase of CAS
concentration in the lacustrine limestones (Fig. 3) occurs concurrently
with the decrease in 8*Scas and is consistent with increases in sulfate
concentration in lake waters and/or an increase in the sulfate to car-
bonate ion ratio driven by declining pH.

Multiple pulses of atmospheric S deposition recorded in the
lacustrine environment

Changes in S inputs to lakes are recorded in the concentration and
isotopic composition of S in their sediments*’. However, if there are
other concurrent changes in environmental conditions within the lake,
the sediment S geochemical and isotopic signals may be affected by

more than one process. The S stored in lake sediments does not
necessarily have the same isotopic composition as the lake water and
can be stored in three forms: lake-water sulfate trapped in precipitated
minerals, e.g., carbonate, with little or no S isotope fractionation,
organic-S derived from plant material, which has similar §*S to the
lake water****, and diagenetic sulfide incorporated later into the sedi-
ment either as organic-S or as sulfide minerals, commonly FeS or
pyrite**, Sulfate-reducing microbes discriminate strongly in favor of
the lighter (*S) isotope when reducing sulfate, and thus, the sulfide
formed has lower 8*S than the lake-water sulfate*>*°, However, when
sulfate concentrations are low, a large proportion of the total sulfate is
converted to sulfide, which then has a S isotope composition similar to
the original sulfate®. Thus, if sulfate concentrations are low, and sul-
fate sources (and S isotope compositions) change but sulfate con-
centration does not, the isotopic composition of sulfur in the sediment
will closely track the changing isotopic composition of the sulfate
sources. If changes to sulfate sources are accompanied by increasing
sulfate concentrations, then changes in the net S isotope fractionation
between lake-water sulfate and the diagenetic sulfide incorporated
into the sediment may occur, as sulfate is no longer limiting. In this
case, the sediment sulfur §**S will reflect not only isotopic changes in
the sulfate source but also in lake sulfate concentration via an increase
in the expression of negative S isotope fractionation in the diagenetic
component at higher sulfate concentrations*”,

The 8*Sror from Dalongkou North displays a series of large
negative shifts of approximately 9-10%o prior to, and coincident with,
the second NCIE (-10 to 85m in section; Fig. 4). These data suggest
repeated discrete inputs of S to the lake, from a different, more
3S-depleted source, and/or increased lake sulfate concentrations and
greater fractionation effects during sulfate reduction under less
sulfate-limiting conditions. Although occurring roughly in the same
stratigraphic interval within the Guodikeng Fm., the multiple negative
53S0t shifts are not observed in the §*Scas record, which shows just a
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they hold meaningful environmental information (see main text), and when plot-
ted, they show no relationship with the isotope events. The Permian-Triassic
boundary is close to the boundary between the Guyodikeng and Jiucaiyuan for-
mations (see also Fig. 2). C-isotope data at Taodonggou section is from refs. 28,29.
NCIE negative C-isotope excursion, WU. Wutonggou formation, JIUC. Jiucaiyuan
formation. Source data are provided as a Source Data file.

broader negative excursion starting from the second NCIE (Fig. 3). The
lake succession of Dalongkou North is a more continuous record of
reduced sulfur deposition than the land-lake margin palaeosol and
freshwater carbonates of Taodonggou and Tarlong, which record
more sporadic snapshots of the isotopic composition of sulfate in the
system, as mentioned above. In addition, because the volcanic pulses
are likely to have been accompanied by H* ions from various sources
(including but not limited to H,SO,), times of peak deposition may
have actively prevented carbonate precipitation in the basin. The
palaeosol and freshwater CAS records should therefore be viewed as
the long-term background perturbation to the sulfate retained in the
catchment.

The CAS concentration data from the lacustrine limestones and
S-isotope data from the limestones and soil carbonates support both
increases in lake sulfate concentration and a change to a more
3S-depleted source isotope composition. Lake sulfate concentrations
can also be increased by decreases in lake volume and/or increased
weathering. Evidence of weathering changes is recorded in the Junggar
Basin by a lithological change to coarser-grained material, which
defines the transition from the Guodikeng Formation to the overlying
Jiucaiyuan Formation®. This lithological change is much higher in the
Dalongkou North section and therefore significantly younger than the
negative §*Sror excursions we report here. Both changing lake level
and increased weathering would be expected to be accompanied by
coeval changes in sedimentology, but this does not systematically
covary with 8**Syor, suggesting that neither was an important influ-
ence on our record (Fig. 4). The absence of grain size changes during
the cycles of 8*Sor also suggest that changes in sedimentation rate
did not exert a significant control, as has been evidenced for some

marine systems®. Major redox variations in the lake are not recorded
in the sedimentary and paleontological record of Dolongkou North
(e.g., the presence of Conchostracans), and are therefore excluded as
significantly affecting our record.

The preservation of sulfur as pyrite and organic-S, and therefore
the ability of the sediments to record changes in lake S cycling, is
dependent on the flux of organic carbon to lake sediments. Due to the
dependence of S preservation on TOC, it might be expected that S/
TOC would record S pulses into the basin®, but only if TOC was con-
stant. However, TOC is highly variable (0.1 to 2.4 wt%, mean 0.5 wt%,
between -12.8 and 90 m) up to approximately the time of extinction
(Fig. 4) and is likely controlled by a range of factors such as nutrient
availability, sedimentation rate and the balance of land plant and lake
derived organic matter. These factors do not necessarily respond to S
inputs, and this likely accounts for the lack of relationship between S/
TOC and 8*Sror. TOC becomes uniformly low above 90m at
Dalongkou North (0.03 to 0.36 wt%, mean 0.17 wt%, between 90 and
142 m) shortly after the start of the terrestrial extinction interval
(Fig. 4), indicating that the lack of further 8*Syor excursions could
either be due to the cessation of S pulses to the basin or simply the loss
of the potential to record them. In this respect, the presence of less
positive values in the land-lake margin records of Tarlong and Tao-
donggou after the second NCIE (Fig. 3) indicate that the second option
is the most likely.

Using average 6**Scs values for the pre-NCIE-2 (+9.7%o) and NCIE-
2 to =3 (+6.6%o) intervals from Taodonggou and Tarlong we can esti-
mate enrichment factors (€3*S) between sulfate and total-S in the lake
sediments in the same intervals. These vary between 0 and 5%. during
the most positive parts of the §**Stor curve to 11-16%0 when §**Syqr is
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Fig. 4 | Inputs of volcanic S and Hg to the end-Permian lacustrine environment.
The geochemical record shows spikes in Hg/TOC and negative shifts in total
S-isotope (8**Stor) at Dalongkou North. V1-V6 highlight paired Hg/TOC and

8*Sto7 spikes. NCIE negative C-isotope excursion, TOC total organic carbon, WU.
Wutonggou formation. Source data are provided as a Source Data file.

at its most negative. The latter may not represent a good estimate
because carbonates may be systematically excluded from deposition
during these events because of acid deposition. Enrichments between
sulfate and sulfide have been previously used to estimate sulfate
concentrations, and the very small £*S during background deposition
suggests lake sulfate concentrations <100 uM*. The reduction in TOC
that occurs after NCIE-2 means that €S is unlikely to record the
changes in lake concentration, which are suggested by the increase in
limestone CAS concentration, after this point. Overall, our combined
CAS and &*Stor data support multiple discrete additions of
3S-depleted S to the lacustrine environment, and the lack of a sedi-
mentological response in concert with these perturbations suggests
that this came from the atmosphere.

Volcanic pulses of Hg and S to the lake catchment

The multiple Hg and Hg/TOC spikes that are coupled to the negative
8**Stor shifts in the lower part of the section up to the second NCIE
(V1-Vé6 in Fig. 4) indicate that the increases in atmospheric S deposi-
tion in the lacustrine ecosystems were likely to be derived from vol-
canic activity. Peaks in Hg concentration and Hg/TOC recorded after
the second NCIE may also represent increases in volcanic-sourced Hg

to the basin, but they lack the support of concurrent S-isotope shifts.
As mentioned before, this may be explained by a loss of capacity of the
system to bury sulfur, as TOC values are consistently very low in this
part of the section (Fig. 4).

Records from coastal and marine environments show one or two
discrete spikes in Hg and Hg/TOC at the marine extinction level, cou-
pled with a negative shift in Hg isotopes®*’. These spikes occur within
an interval with generally higher background Hg concentrations dur-
ing the PTME>®, Modeling suggests that while the longer-term Hg
concentration increase can be attributed to volcanism, the large spike
within this interval, which is recorded both in terrestrial and marine
successions, is best explained by massive and rapid (-1000 years)
oxidation of soil organic matter linked to the collapse of ecosystems
on land™. Within the smaller reservoir of the lake experiencing high
sedimentation rates, relatively brief pulses of volcanic Hg could have
been more easily recorded. The Dalongkou North section is expanded,
and therefore the temporal resolution of the geochemical data is
higher, allowing a better resolution of discrete changes in Hg loading.
Higher Hg drawdown due to euxinic conditions can be excluded due to
the lack of sedimentological and paleontological evidence for major
redox changes in the lake (see “Geological setting”). As explained
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before, weathering changes are recorded above the interval with Hg/
TOC spikes (and S-isotope shifts) by a switch to coarser sedimentation
at the transition from the Guodikeng to the Jiucaiyuan Formation, and
cannot be the driver of higher Hg loading to the lake.

Paired 6*Stor and Hg/TOC changes (V1-V6) are recorded in the
lower Guodikeng Formation and are coeval with the crisis of the
lacustrine ecosystem (Fig. 2)*****%*°, The available chemo-, magneto-
and bio-stratigraphic constraints?®*>°, and radiometric ages® (see
“Geological setting” section below for a summary) suggest that the
volcanic-driven environmental perturbation in the Junggar Basin star-
ted before the 1st NCIE, possibly >300 kyr before the marine extinction
at the 2nd NCIE (Fig. 2), similar to the record in the Southern Hemi-
sphere from the Sydney Basin (Fig. 1)°, but before the onset of the
terrestrial crisis recorded in South China (ca. 60 kyr before the marine
extinction)*. Notably, the age of the last coal bed in the Bogda
Mountains (northern high latitude) is estimated at 252.29 Ma*’, which
is the same age (252.3 + 0.3 Ma) of the last coal found in the Sydney
basin (southern high latitude)’.

Radioisotope data indicate that the end-Permian terrestrial crisis
was linked to the initial, significantly pyroclastic phase of Siberian
Traps volcanism®, which injected a huge amount of volcanic CO, and
S0, into the atmosphere, as well as metals’. Additional S could have
been released by the interaction of the ascending magmas with the
evaporitic rocks that are abundant in the basin where the Siberian
Traps were emplaced®. Evidence of Late Permian strong pulses of
silicic arc magmatism has been found around the world at the time of
the PTME (Fig. 1; e.g., ref. 63), but the amount of S released from this
type of volcanism was likely much lower than that from the Siberian
Traps®..

Mass balance calculations using the CAS isotope data (see Source
Data file) suggest that the volcanic S contribution (range 6*S -7.5 to
+5%0%), increased from 0-25% in the pre-extinction interval to
33-100% during the decrease in §**Scas across the terrestrial extinc-
tion. These calculations are based on the pre-excursion baseline
8*Scas of +11 to +12%. recorded at the base of Taodonggou and Tar-
long, and the range of 6*Scxs values between NCIE 1 and 2 during the
extinction of +5 to +7.5%.. The nature of the CAS records (see earlier
“Discussion”) suggests that they likely record the average background-
S loading in the catchment, meaning that the contribution of volcanic-
S during individual events could have been greater.

Our Hg record fits well with the timeframe of Siberian Traps
emplacement and the global Hg records?, supporting previous mod-
eling results': Higher loading of volcanic Hg during the terrestrial
crisis and the mainly pyroclastic activity of the Siberian Traps would
have increased the amount of Hg in the terrestrial reservoir which was
then released at the time of the vegetation collapse.

The scenario inferred from our dataset is similar to that pro-
posed for the Karoo Basin, where an increase in S concentrations and
negative &S values in fluvial sediments across the Permo-Triassic
boundary were ascribed to high atmospheric deposition due to acid
rain®. A record from the Sydney Basin shows a broad negative shift in
pyrite &*S starting from near the base of the terrestrial extinction
interval, just before the Permian-Triassic boundary, and ending in
the Dienerian, with one datapoint showing a very negative value
down to —21%o in the terrestrial crisis interval itself*. Peaks in Ni/Al
and Hg/TOC, which are thought to indicate increased volcanic
activity, are found at the end of the terrestrial crisis interval in the
same basin®*®®. Our high-resolution combined multi-archive S-iso-
tope and bulk Hg records from the Junggar Basin strongly support a
link between increases in the input of volcanic gases to the atmo-
sphere and the terrestrial crisis.

Terrestrial minor-S isotope record
The high abundance of teratological sporomorphs in several successions
across the PTME has been attributed to increased UV-B radiation due to

the disruption of the ozone layer by stratospheric volcanic emissions of
SO, and halogens®?°%. However, teratological sporomorphs alone are
not necessarily direct evidence of UV-B radiation, as they could also be
the result of the toxic effects of metals on plants™*’. More recently, Liu
et al.”? used the concentration of UV-B absorbing compounds in pollen to
detect an increase in UV-B during the Permo-Triassic extinction interval.
The minor isotopes of sulfur provide one of the few ways to derive direct
information about the atmospheric impact of past volcanic activity®>*’.
The development of a sulfur mass-independent fractionation (S-MIF)
signal during the photooxidation of SO, is sensitive to its exposure to
UV-B radiation: Volcanic SO, oxidized below the UV-B absorbing ozone
layer does not display S-MIF, but larger eruptions such as Pinatubo,
which injected SO, into or above the ozone layer show S-MIF signals®’.
S-MIF in isotopes of surface sulfate has been recorded chiefly in Archean
rocks” but has also been detected as a result of brief SO, injection into
the upper atmosphere during the Chicxulub impact at the end-
Cretaceous event’. Terrestrial sediments are thought to be better
archives of S-MIF than marine sediments because a number of S-cycle
biogeochemical processes can modify the pristine signal in marine
environments”. Deviations in the A*S and A*S data from Dalongkou
North and Tarlong are within the bounds attributable to biological mass-
dependent processes only (Supplementary Fig. S4), so no S-MIF is clearly
recorded in lake sulfate (Fig. 5). Complete destruction of the ozone layer
would produce a large S-MIF signal and can be therefore excluded.
However, thinning of the ozone layer* is still compatible with our S
isotope record because it has a more muted effect on UV-B fluxes, likely
making S-MIF development less sensitive to partial ozone depletion’™.
Partial depletion of the ozone layer and the resulting increase in UV-B
radiation could still have had a huge impact on vegetation.

Mechanism of terrestrial extinction

The use of soil and lake carbonate CAS data is shown to be a powerful
tool to explore terrestrial sulfur cycling and to define the isotopic
composition of terrestrial sulfate in the past. By performing high-
resolution geochemical analysis across the record of the end-Permian
terrestrial crisis and defining the full sulfur isotope system, our record
provides detailed evidence for the pulsed nature of S addition to the
Junggar Basin catchment and clear evidence of its volcanic origin. Our
dataset therefore offers a detailed picture of the cascade of events that
could have triggered the biological crisis in the study area (Fig. 6). Acid
rain, metal poisoning and ozone depletion are the main kill mechan-
isms proposed for the end-Permian terrestrial crisis>. The record from
the Junggar Basin provides evidence of multiple discrete pulses of S
and Hg deposition, likely driven by Siberian Trap volcanism. These
events would have imposed recurring episodes of stress on the ter-
restrial ecosystem during an interval of ~300 Kyr prior to the marine
extinction (Fig. 2).

For example, modern lake-water column acidification is known to
have major effects on lacustrine biota, but the severity of this effect
depends on the ability of the environment to buffer acidity”. While the
Junggar catchment contains small amounts of carbonate, it is dom-
inantly siliciclastic in nature with a relatively low buffering capacity and
thus may have been more sensitive to acid deposition. Globally, the
response to these acid rain pulses would have been quite hetero-
geneous, with catchment buffering capacity playing a role in deter-
mining extinction severity. Acid deposition mobilizes toxic metals
such as Al from within catchments, and, in modern studies, acidified
lakes show increased fish mortality and reduced biodiversity, with
deleterious ecological effects becoming apparent after only small
decreases in pH’®. Moreover, lake-water acidification would have had
effects on the ability of calcifying organisms to precipitate carbonate
shells leading to their crisis. We can, for instance, speculate that a
higher energy cost to produce calcium carbonate shells at decreasing
pH”” could have induced ostracods to reduce their size, as observed in
the Dalongkou lake system (Lilliput effect”; Fig. 2).
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It has been shown that in modern acidified lakes, net methylation
of inorganic Hg (i.e., the balance between methylation and demethy-
lation) is higher at the sediment-water interface and in the water
column’®°, Microbial sulfate reduction is thought to facilitate Hg
methylation in acidic lakes and would be stimulated by increased
sulfate deposition’®*°, Because methylmercury is lipophilic and can
easily bind to proteins’, it can accumulate in organisms at all trophic
levels®*. Methylmercury is highly toxic to freshwater animals and
plants, and for some organisms, it can be lethal even at low
concentrations®*. Atmospheric deposition of volcanic Hg in soil and
direct uptake by plants could have also had harmful effects. Hg
intoxication of higher plants can modify DNA and result in mutagen-
esis, inhibit plant growth, and reduce photosynthesis®. In this respect,
the occurrence of mutated pollen within the interval with Hg and
S-isotope anomalies supports metal poisoning as at least a contribut-
ing cause of teratology, possibly coupled with ozone layer thinning?,
which did not produce resolvable changes in the minor S-isotope
signature (Fig. 5).

The deposition of S and other volcanic volatiles is likely to have
been highly heterogeneous over the Earth’s surface®. Emissions of
chemical species with shorter atmospheric lifetimes (e.g., SO,, HCI)
from the Siberian Traps could have been particularly concentrated in
the Northern Hemisphere”, where our record (Junggar Basin) was
located (Fig. 1). If we assume that the evidence for pulses of Hg and S
deposition were also accompanied by pulsed CO, emissions the che-
mical stressors on individual catchments may also be linked to global
effects on climate, creating instability expressed as extremes of tem-
perature, precipitation, seasonality and climate variability over short
timescales. Repeated pulses of likely volcanic S deposition, as shown
from our record, corroborate modeling predictions of “climate
swings” (in temperature, hydrological cycle, ocean circulation) caused
by outgassing of S and C from the Siberian Traps"”. Concurrently, a
partial depletion of the ozone layer, which is not excluded by our
minor S-isotope records, could increase UV-B radiation with major
consequences for vegetation. Recurrent stress on land during the end
of the Permian over a relatively long interval (ca. 60-300 Kyr)—as
observed in many different records®’***—driven by the combined
global (climate extremes, higher UV-B radiation) and local (e.g., lake
acidification and poisoning) effects of repeated injections of volcanic
gases from the Siberian Traps into atmosphere, likely prevented the
terrestrial ecosystems from adapting to these high-frequency changes,
and eventually led to their collapse.

Methods

Sampling and geological setting

We analyzed bulk sediment samples from the Dalongkou North
lacustrine section, the nearby wholly terrestrial Tarlong South, and
lake marginal Taodonggou (also known as Taoshuyuan) sections for
palaeosol carbonates and freshwater limestones (Taodonggou only)
encompassing the Wutonggou Fm. (latest Permian) and Guodikeng
Fm. (Permo-Triassic boundary) of the Junggar Basin®**’. The sections
are located in the foothills of the Bogda Mountains, Xinjiang, North-
west China (Fig. 1). The lacustrine succession of Dalongkou has been
proposed as a candidate for the global non-marine Accessory Strato-
type Section and Point (ASSP) for the Permo-Triassic boundary (PTB),
because of its exceptional exposure, continuity and paleontological
record™®, At Dalongkou North, the PTME is identified by the crisis of
Permian conchostracans, ostracods, and Charophyte algae within the
Guodikeng Fm. (Fig. 2). A Lilliput ostracod fauna and an increase in
abundance of Lycophyte spores, which indicates the shift to
herbaceous-dominated survivor flora after the collapse of late Permian
forests, were recorded just above the extinction level” (Fig. 2). The first
occurrence of the vertebrate Lystrosaurus and of the megaspore Oty-
nisporites eotriassicus®, coupled to conchostracan, ostracod and
sporomorph biostratigraphy”#>?°, allows the placement of the

terrestrial PTB in the upper part of the Guodikeng Fm. ID-TIMS U/Pb
analysis of bentonite layers in the section from the Tarlong-
Taodonggou graben give ages of 253.11+0.05Ma and
253.63+0.24 Ma for the lower part of the Guodikeng Formation®,
supporting the biostratigraphic placement of the PTB (ca. 251.9 Ma) in
the uppermost portion of this formation. In the middle-upper Guo-
dikeng Fm., mutated (teratological) grains of bisaccate gymnosperm
pollen (Klauspollenites schaubergeri and Alisporites sp.) are more
abundant (up to 4% of the total sporomorphs) than in background
conditions” (Fig. 2). Abnormal bisaccates, instead of having the two
normal air sacs used for pollen dispersal, present one, three or more
sacs”, which hinders their ability to fertilize female gametes”.
C-isotope (8 C) analysis of bulk organic matter from the Dalongkou
North and Taodonggou sections shows distinct C-isotope excursions
that can be correlated to the marine records”*** (Fig. 2). The sampled
parts of the Tarlong South and Taodonggou sections represent lake
margin and fluvial/deltaic environments respectively”®’’. Permian
palaeosol carbonates sampled at the Tarlong South and Taodonggou
sections formed in saturated to well-drained soils with a seasonal
precipitation regime. Around the PTB, soil types and sediment geo-
chemistry indicate a change to more arid conditions. Soil carbonates
that are formed by the replacement of gypsum appear around the PTB
interval®?". Thin lacustrine limestones formed in shallow water at the
lake margin in various settings” were sampled at regular intervals
throughout the Tarlong South section. While the types of carbonates
vary, they would all have formed in the presence of lake or soil pore
water and thus can be expected to sample ambient terrestrial sulfate.
To prepare the samples for geochemical analyses, fresh samples from
the Dalongkou, Tarlong and Taodonggou sections were powdered
using a TEMA laboratory agate disc mill at the School of Earth and
Environment (SEE) of the University of Leeds (UK).

Total organic carbon (TOC) and organic carbon isotope analysis
Rock powders were decarbonated with 10% HCI. The acid-washed
residue was rinsed with MilliQ water until neutral and dried. The TOC
content was then measured using a LECO® SC-144DR Dual Range car-
bon and sulfur analyser at SEE (Leeds), and calculated using mass loss
after acid digestion. For organic carbon isotope analysis, about 2 g of
powder for each sample was weighed and reacted with 4 mol/L HCI for
24 h to remove carbonate, then rinsed with ultrapure water repeatedly
until neutralized, and finally dried at 35 °C. The 8"C,g wWas then mea-
sured using an elemental analyzer (EA) coupled to an isotope ratio
mass spectrometer (Thermo Delta V Advantage) and calibrated using
U.S. Geological Survey (USGS) standards: USGS40 (6C =-26.39%.)
and UREA (8°C=-37.32%0). The analytical precision of §°Ce Was
better than + 0.2%.. Organic carbon isotope values are given in per mil
(%o0) relative to Vienna Peedee belemnite (VPDB). All carbon isotope
analyses were performed at the State Key Laboratory of Biogeology
and Environmental Geology of the China University of Geosciences
(Wuhan, China).

Hg concentrations

Hg concentrations were measured with a Lumex RA-915 Portable
Mercury Analyzer with PYRO-915 Pyrolyzer at the University of Oxford
(UK). For this, 50-250 mg of powdered sample was weighed into a
glass boat, placed into the pyrolyzer, and heated to 700 °C. Volatilized
elementary Hg was quantified via atomic absorption spectrometry.
The instrument was calibrated before use with paint-contaminated soil
standards (NIST 2587; 290 +9 ppb Hg). At the start of each run and
throughout the measurement sequences (every 10 samples), standards
were analyzed, using masses ranging from 10 to 90 mg. The analytical
precision measured on the standards was within 6%. In sediments, Hg
is generally hosted in organic matter”>*. A prevalent sulfidic host
phase is found mainly in euxinic depositional palaeoenvironments
with sedimentary total sulfur >1%°°, which is not the case for the
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samples analyzed here. Hg concentrations at Dalongkou North have
therefore been normalized for TOC contents >0.2 following the
method of Grasby et al.”.,

Bulk lake sediment sulfur extractions

Reduced metal bound-S (assumed to be pyrite) was extracted using a
standard chromium reduction method® with liberated sulfide trapped
by a silver nitrate solution as silver sulfide. Concentrations were
extremely low (range = 0-12 ppm S, median = 3.4 ppm S; see Source
Data file), so total-S was extracted for isotope analysis. This will consist
of the sum of metal-bound sulfides, inorganic sulfates and organic-
bound sulfur. Total-S was extracted using a modified version of ASTM
method D3177%. A mixture of -6 g of sample and 10 g of Eschka’s
mixture (2 parts MgO and 1 part Na,CO3) covered uniformly with an
additional -1 g of Eschka’s mixture, was heated in corundum crucibles
to 850 °C and held there for 2 h. The resulting solid was extracted using
boiling deionized water and then filtered to remove any insoluble
residue. After filtration 6-7 mL of 36% HCIl was added to each solution
and then boiled again before cooling and addition of 20 mL BaCl,.
BaSO, was left to precipitate in a refrigerator before separation, fol-
lowed by cleaning by centrifugation and washing with ultrapure water.
The BaSO, residue was then dried and weighed for isotope analysis.
Blanks were run alongside the samples during total-S extraction, and
did not yield any BaSO, precipitate.

Carbonate-associated sulfate (CAS) extraction

To extract CAS from palaeosol carbonate nodules and freshwater
limestones, we used the method of He et al.”®. Approximately 10 g of
powder was bleached with 6% NaOCI for 48 hiin a 50 mL tube to oxidize
possible organic sulfur and metastable sulfide minerals to soluble
sulfate. The bleached solution was filtered through a 0.2 um poly-
propylene membrane syringe filter and then acidified with 6 M HCI.
Saturated BaCl, was added to the solution, and BaSO, was precipitated
at -2°C, over a week. The solid bleached residue was washed in 10%
NaCl solution for 24 h five times to remove all soluble sulfate con-
taminants that were generated during the bleaching process. The
washed solid residue was then transferred into a 500 mL tube and
treated with 6 M HCI to extract CAS. A larger tube is necessary as the
reaction with 6 M HCl can be vigorous. The acid digestion was finished
within 20 min to minimize the potential for oxidation of any remaining
pyrite. The extracted CAS solution was retained by filtration through
0.2 um polypropylene membrane syringe filters. Saturated BaCl, was
then added to the remaining filtered solution and left to precipitate
BaSO,. The resulting BaSO, precipitate was repeatedly washed with
ultrapure water before being dried, weighed and analyzed for isotopes.
The CAS concentrations in all samples were calculated from the
amounts of residual BaSO, precipitate, and in selected samples, the S
concentration was measured with ICP-OES in an aliquot of the filtered
solution, which was pipetted before the addition of saturated BaCl,
and precipitation of BaSO,. Blanks were not run for the CAS extraction
as previous extensive experience of running blanks for this process
shows that they do not produce any measurable BaSO, as long as the
HCI has a specified low S content (<2 mg/L SO,).

Sulfur isotope measurement

Sulfur isotopic analysis of BaSO, precipitate from CAS solution and the
bleached filtrate and total S Eshkas’ solution was carried out in the
Cohen lab of SEE (Leeds) using an Elementar Pyrocube coupled to an
Isoprime continuous flow mass spectrometer. BaSO, precipitates were
weighed into an 8 x 5 mm tin cup and combusted at 1150 °C in a flow of
helium (CP grade) and pure oxygen (N5.0). Samples were weighed for
mass spectrometry in duplicate, aiming for weights in a limited range
to produce peak heights of between 2.5 and 3.5 nA. The source is tuned
for maximum linearity and repeats of a check standard BaSO, with
peak heights in the range 2-4 nA had a precision of +0.3%. (1s.d.).

Complete combustion was achieved by passing the gas through
tungstic oxide. Excess oxygen was removed from the gas flow using
pure copper wires at a temperature of 850°C, and the water was
removed using Sicapent®©. The produced SO, gas was separated from
contaminating N, or CO, by temperature-controlled adsorption/des-
orption columns. The §*S value of the analyzed samples is calculated
using the integrated mass 64 and 66 signals relative to those in a SO,
reference gas (N3.0). These values were calibrated to the international
V-CDT scale using a seawater-derived internal BaSO, standard, SWS-3
(20.3%0), which has been analyzed against the international standards
NBS-127 (20.3 %o), NBS-123 (17.01%o), IAEA S-1 (-0.30%0) and IAEA S-3
(-32.06%o), and an inter-lab chalcopyrite standard CP-1 (-4.56%o). The
precision obtained for repeat analysis of the internal BaSO, standard
was =+ 0.3 %o (1 sd) or better.

Multiple S-isotope analysis

Quadruple sulfur isotopes were measured at the University of St
Andrews using a Curie-point pyrolysis method modified from Ueno
et al.”, as described in Warke et al.”. Briefly, BaSO, precipitates were
converted to Ag,S by reduction with a thode solution under a stream
of oxygen-free N,’”'°°. From 0.3 to 0.5 mg of Ag,S were weighed into
an iron nickel-cobalt alloy pyrofoil with excess CoFs, and placed in a
borosilicate glass tube with ~1g of optical NaF crystals. The reaction
tube was placed in a Curie-point pyrolyzer (JHP-22, Japan Analytical
Industry), evacuated down to 10~ mbar, and flash heated at 590 °C for
297s to produce SF¢ gas. The product gas was introduced into a
bespoke vacuum line and purified cryogenically, and by passing
through an SRI 8610 C gas chromatograph equipped with a 12ft
HayeSep Q packed column (1/800 OD, 80-100 mesh) and a 12 ft
Molecular Sieves 5A° packed column (1/800 OD, 60-80 mesh) oper-
ating at a He flow rate of 24 mL/min and a temperature of 80 °C. The
resulting purified SF¢ gas was monitored by a thermal conductivity
detector (TCD), captured at liquid N, temperature into the micro-
volume inlet system of a Thermo MAT 253 mass spectrometer and then
expanded into the source of the mass spectrometer at room tem-
perature. Sulfur isotope abundances were analyzed on m/z 127, 128,
129 and 131 (corresponding to *SF¥*, *SF¥*, 3*SF5*, and **SF**) and
compared to reference SF¢ gas calibrated to V-CDT®.

Measured sulfur isotope ratios are reported in the delta notation
(8%S, 8%S, 56%S) relative to VCDT. For mass-dependent processes
6%S = 0.515 x §*S, and §%°S=1.90 x 6*S°.. Deviations from these pre-
dicted relationships are expressed using A*S and A*S notation, where:

§%3s &¥s
Be_ _
A¥$=1000 * {In<—1000+1> 0.515*ln<—1000+1 Q)

5%s 5s
36c_ _
A>*S$=1000 % {In(lOOOﬂ) 1.9*In<1000+1 2)

The A*S and A*S values for IAEA-S1 produced by this method
(n=78) are 0.115+0.015%0 and —0.581+ 0.172%. (mean + 10). These
values overlap, within uncertainty, with values published in the
literature?”'°'%2, The precision of a single measurement (1o) was typi-
cally in the range of 0.01%. for A*S and 0.1%. for A*S. We do not quote
6S values from the SF¢ measurements because there is a documented
small but variable mass-dependent offset that occurs during the
fluorination process. This effect scales with mass and therefore has no
effect on the A values”’. Our 6*S data are therefore only derived from
the continuous flow SO, measurements described in the previous
section.

Data availability
All new data presented in this paper are available in the supplementary
excel file. Source data are provided with this paper.
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