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G E O L O G Y

Pulsed volcanic sulfur emissions linked to the 
end-Triassic terrestrial crisis
Linhao Fang1,2*, Robert J. Newton3*, Xiaoyu Zhang4, Hongjia Li4, Guangli Wang1,2*,  
Shenghui Deng5, Paul B. Wignall3*, Yuanzheng Lu5, Chaokun Zhang4, Meijun Li1,2, Huaichun Wu6, 
Tianchen He7, Benzhong Xian1,2, Shengbao Shi1,2, Lei Zhu1,2,  
Simon H. Bottrell3, Stephen P. Hesselbo8

The end-Triassic mass extinction (ETE) was triggered by Central Atlantic Magmatic Province (CAMP) volcanism, 
which released voluminous carbon dioxide, sulfur dioxide, and halogens into the atmosphere, affecting marine 
and terrestrial ecosystems, but the mechanism driving terrestrial crisis remains unclear. Here, we investigate two 
terrestrial Triassic-Jurassic sections in high- and low/middle- paleolatitudes, finding synchronous anomalies of 
mercury concentration, sulfur (S) isotopes, S-associated molecular fossils, and biomarkers (retene, pimanthrene, 
and coronene), indicating that peak volcanic sulfur deposition coincided with floral diversity loss and fern spikes, 
and intensified high-temperature wildfires over an interval of ~60,000 years. We propose that the pulse of maxi-
mum CAMP eruptions rapidly increased volcanic-S influxes (acid rain) to terrestrial basins, leading to catastrophic 
plant dieback during the ETE. The consequent creation of moisture-free biomass supplied fuel for increasingly 
frequent and widespread intense wildfires, occurring even on a global scale.

INTRODUCTION
The end-Triassic mass extinction (ETE) at 201.6 million years ago 
(Ma) (1, 2) was one of the most severe biotic crises of the Phanero-
zoic, representing one of the “Big Five” in Earth history (3, 4). The 
coeval Central Atlantic Magmatic Province (CAMP) volcanism em-
placed a large volume of flood basalt flows [2 to 4 × 106 km3; (5)] 
through a series of geologically short eruptive episodes (possibly four 
major pulses) over ~600 ± 20 thousand years (kyr) (2, 6). Volatile 
emissions of SO2 were up to 16,000 to 32,000 gigatonnes (7) and CO2 
up to 100,000 gigatonnes (8), together with other volatiles (9). Sills 
likely baked carbon-rich sediments and evaporites in the upper crust 
of the Amazonas and Solimões basins, injecting additional quanti-
ties of CO2 and SO2 into the atmosphere (10). The environmental ef-
fects of these combined emissions are invoked to have caused the 
marine extinctions (4) and terrestrial crisis (11–22) that coincided 
with fern spikes (11, 15, 16, 18, 19, 21, 23) during the ETE. Long-
term warming due to the emission of greenhouse gases is likely to 
have persisted into the Early Jurassic (13, 14, 24).

Although terrestrial ecosystem turnover (both floral and faunal) 
is widely reported for the ETE [e.g., 11–22, 25–27], the mechanism 
remains controversial. The geologically rapid, two-phased loss of 
floral biodiversity (11–14, 18–22) and widespread rise in intense 
wildfires (11, 19–21, 28) are recorded from the ETE interval. Re-
gionally variable climatic changes, due to global warming, have been 
proposed as a contributing cause of the vegetation turnover (29, 30). 
An increase in storminess and frequency of lightning as well as the 

shift to more flammable plant types could have ignited more forest 
fires (31). However, global CO2 greenhouse effects last for long peri-
ods of time [>100 kyr; (29, 30, 32)] and are difficult to link with the 
shorter-lived (<100 kyr) turnovers in terrestrial ecosystems, such as 
the fern spike (11, 15, 19, 21, 23, 33), rapid pulses of increasingly 
intense wildfires [marked by coronene index and/or coronene abun-
dance spikes; (21, 28, 34–36), and charcoal; (20, 31, 37)], and defor-
estation associated with catastrophic soil loss (38).

The emission of voluminous SO2 is commonly thought to do less 
long-term damage to ecosystems than CO2, due to its geologically 
short residence time in the atmosphere (39, 40). However, SO2 aero-
sols can decrease global temperatures, potentially deplete ozone over 
years to decades (41, 42), and lower the pH in soils (43). The total 
mass of sulfur released from CAMP volcanism was 16,000 to 32,000 
gigatonnes of SO2 (0.8 to 1.6 × 1019g S) (7) and only represents a 
small fraction of the seawater reservoir, even accounting for its much 
smaller size of oceanic sulfur reservoir at this time (44), and is thus 
unlikely to be detectable in marine records (45). By contrast, this re-
leased mass represents an anomalously high flux of S into sedimen-
tary systems on land, which are typically low in S and have varying 
buffering capacities. Thus, the terrestrial sedimentary systems are 
likely to be more sensitive to, and more able to record, sulfuric acid 
rain than marine settings (46, 47). However, direct evidence for such 
acid rain has not been found because robust proxies are challeng-
ing to preserve in terrestrial sediments. The causal links between SO2 
precipitation (and that of associated halogens) and terrestrial floral 
turnovers have therefore been difficult to verify.

In this study, we report S isotope and organic geochemical evidence 
for acid rain synchronous to the CAMP volcanism from two well-
exposed terrestrial sections across the Triassic-Jurassic boundary (TJB). 
Both are located in western China: the high-paleolatitude (~60°N) 
Haojiagou (HJG) section in the Junggar Basin and the lower paleolati-
tude (~30° to 40°N) Qilixia (QLX) section in the Sichuan Basin (Fig. 1 
and fig. S1). Here, we present records of mercury (Hg) concentration, 
biomarkers for wildfire, S deposition and higher plants, and isotopic 
data from total S in terrestrial sediments to test the hypothesis of 
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whether terrestrial ecosystem turnover was primarily driven by pulsed 
S releases from the maximum of CAMP volcanism during the ETE.

Geological setting and age framework
The HJG and QLX sections are well exposed with continuous out-
crop through the ETE onset and the TJB (figs. S1 and S2). The HJG 
section consists of the Haojiagou and Badaowan formations, where 
the succession is dominated by alluvial and swamp facies (48). The 
QLX section consists of the Xujiahe and Zhenzhuchong formations 
of similar sedimentary facies (22). The base of the Badaowan Forma-
tion (bed 45 to bed 48; Fig. 2) has a low plant biodiversity according 
to palynological records, and beds 45 to 48 coincide with the peak 
fern spike in the HJG section (19, 23). Previous paleontological and 
palynological studies show a low-diversity horizon (palynological 
assemblage 4-PA 4; Fig. 2), coinciding with the highest fern spike at 
the base of the Zhenzhuchong Formation in the QLX section (22).

The HJG section has been well studied. The biostratigraphy (includ-
ing plant macrofossils and palynology), carbon isotope excursions 
(CIEs), and astrochronology indicate that ETE and TJB lie around beds 
43 to 48 (Figs. 2 and 3) (23, 48–51). In the QLX section, the age frame-
work is based on palynostratigraphy (22), chemostratigraphy (i.e., CIE 
and Hg spikes) (51), and astrochronology integrated with magneto-
stratigraphy (52); and thus, the ETE and TJB are placed around beds 18 
to 19 (Figs. 2 and 3). As a result, the ETE horizon and TJB at HJG and 
QLX can be correlated with the marine sections at the global stratotype 
at Kuhjoch, Austria (Fig. 3) and the well-known St. Audrie’s Bay sec-
tion, England. The timing of CAMP volcanism relative to the ETE and 
TJB hinges on integrated biostratigraphic, chemostratigraphic, and 
magnetostratigraphic studies (22, 23, 48–52), which allow a robust, 
comparable chronostratigraphic framework with floating astrochro-
nological scales for sections at HJG (405 kyr long eccentricity) and 
QLX (~100 kyr short eccentricity) (Fig. 2 and figs. S2, S3, and S5).

RESULTS
Volcanic input: Hg/TOC and Hg
The ratio of mercury to total organic carbon (Hg/TOC) and Hg con-
centration are plotted (Figs. 2 and 3). Hg is primarily hosted in the 

organic matter, when the total sulfur is less than 1% (53), which is 
the case for this study. The concentrations are normalized for sam-
ples with TOC content >0.2 and <0.2%, respectively, and plotted in 
different symbols and superimposed (fig. S2), following published 
methods (51, 54). The curves of Hg/TOC in both sections show 
similar stratigraphic patterns (Fig. 2).

In the HJG section, the Hg/TOC ratio shows relatively high val-
ues between ~55 and ~130 m (Fig. 2), corresponding to an ~700-kyr 
interval, based on the astronomical floating timescale (50). About 
six discrete Hg/TOC peaks are presented in this interval. The high-
est Hg/TOC peaks are in the upper half of the ETE interval and oc-
curred over ~60 kyr. Smaller peaks of Hg/TOC are present above 
and below the level of the ETE. In the QLX section, Hg/TOC values 
are relatively high between ~100 and ~140 m in height (Fig. 2), cor-
responding to a period of ~700 kyr based on astronomical floating 
scales (52). Three or four discrete Hg/TOC peaks are present. The 
highest Hg/TOC values occur in the lower half of the ETE interval 
with smaller Hg/TOC peaks below and above.

The Hg/TOC curves in the HJG and QLX sections are broadly 
similar (Fig. 3). When these two sections are correlated to other 
Triassic-Jurassic (Tr-J) sections worldwide, the highest peak values 
of Hg/TOC in the ETE interval coincide with a broad positive CIE 
in each section (Fig. 3). The highest values of Hg/TOC in the ter-
restrial sections are two to three times higher than seen in the ma-
rine stratotype at Kuhjoch, Austria (Fig. 3) (55). Below the ETE 
horizon, secondary elevated Hg/TOC peaks occur in the four sec-
tions. Above the TJB, some elevated Hg/TOC values are observed in 
three sections, except at Astartekløft in East Greenland (Fig. 3).

Sulfur addition: S isotopes, biomarkers, and S/TOC
In the HJG section (Fig. 2), the sulfur isotope curve derived from the 
extraction of total sulfur displays multiple fluctuations ranging from ap-
proximately −2 to +12‰, with an average background value of around 
0 to +3‰. A negative excursion, reaching −2‰, is observed in the up-
per part of the ETE interval at ~96 m. A positive excursion, reaching 
+12‰, occurs in the lower part of the ETE interval. The negative sulfur 
isotope excursion is associated with elevated Hg/TOC, biomarker 
abundance indicative of higher plant, and polycyclic aromatic hydro-
carbon (PAH) concentrations. However, two additional negative excur-
sions of −2‰ at ~20 and ~45 m do not correspond to elevated values of 
these variables. In the QXL section (Fig. 2), the sulfur isotope curve 
spans a range from −10 to +30‰, while overall, the values are rela-
tively stable throughout the section, with background values of ~0 to 
+5‰ prior to and post the ETE interval. A negative excursion reaches 
−10‰ in the Upper Triassic at ~110 m height. Two additional negative 
excursions of around −9‰ occur in the upper ETE interval and just 
above the TJB at ~130 m. All three negative sulfur isotope excursions 
coincide with elevated Hg/TOC, biomarker abundance indicative of 
higher plant, and PAH concentrations. A positive S-isotope excursion, 
reaching +28‰, is observed in the lower part of the ETE interval. Data 
from both basins present similar trends in δ34S data (Fig. 2) with in-
creased variability within and around the ETE somewhat coupled to 
increases in Hg/TOC, although the scale of S-isotope change is muted 
at HJG compared to QXL.

Stratigraphic plots of dibenzothiophene and benzo-naphthalo
thiophene with their alkylated homologs (DBTs and BNTs, respec-
tively) at HJG and QLX show similar trends (Fig. 2), although the 
absolute values vary substantially between the two sections. DBTs 
and BNTs are thermally stable aromatic sulfur compounds whose 

Fig. 1. Global paleogeographical map of the Triassic-Jurassic (Tr-J) transition 
(~201 Ma), showing the sampling locations and two other key reference sections. 
Stars represent the HJG section at ~60°N, high paleolatitude and QLX section at 
~30° to 40°N (low/middle paleolatitude) in the Junggar Basin and Sichuan Basin of 
China, respectively. Triangle marks the terrestrial Astartekløft section, East Greenland. 
Hammer represents the marine GSSP for the TJB at Kuhjoch, Austria. The paleogeo-
graphical location and the extent of CAMP are based on (5). Paleogeographic map is 
modified from (44) (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/deed.en).
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Fig. 2. The Tr-J profiles of the HJG and QLX sections. (A) HJG section. (B) QLX section. The ETE and TJB are marked by orange shadow and by blue correlative lines. At 
HJG, the biostratigraphic framework is based on the fossil plants, sporo-pollen and macrospore (49), fern spore content (23), and carbon isotope stratigraphy (fig. S2) 
(23, 48, 51). Onset of the ETE is correlated to the base of bed 45, and marine ammonite-defined TJB is correlated to the base of bed 49 [the stratigraphic correlation line 
was redrawn based on (50)]. At QLX, the biostratigraphic framework is based on the fossil plants, palynology (22), and carbon isotope stratigraphy (fig. S2) (51). Onset of 
the ETE horizon and TJB is correlated between the base of bed 18 and the bottom of bed 19, respectively (51). The astronomical eccentricity cycles and ages are cited from 
previous works for HJG (50) and QLX (52). The orange shadow indicates the ETE interval (lasting ~150 to 200 kyr), and the red triangle on right shadows indicate the CAMP 
climax (lasting ~60 kyr). The high coronene content is the evidence for intense wildfires. The DBTs and BNTs are sulfur-associated molecular fossils, indicating the extra 
sulfur influxes interpreted to link with the CAMP-derived sulfuric acid rain. Elevated Hg/TOC is interpreted to record CAMP volcanism. The peaks of coronene, DBTs, and 
BNTs, and most negative δ34S excursion are consistently coincident with highest spikes of CAMP climax at HJG and QLX in the two independent terrestrial catchments. In 
addition, these coincident peaks above agree with the fern spike at HJG and QLX, which suggest a short-lived biological crisis of terrestrial ecosystems in both basins. PA, 
palynological assemblage; E405, 405-kyr eccentricity cycle.
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sulfur-rich formation conditions make them indicators of enhanced 
sulfur input and related environmental change (56–58). DBTs and 
BNTs are low in abundance overall in each section, but large peaks 
(approximately six times the background) are seen in the latest Trias-
sic period and coincide with the ETE horizon (Fig. 2). Above the TJB 
horizon, one or two other peaks of DBTs and BNTs occur in the HJG 
section, with no similar peaks at QLX. Below the ETE interval, the 
secondary peaks of BNTs at HJG and peaks of DBTs and BNTs at 
QLX occur close to spikes of Hg/TOC (Fig. 2 and fig. S2). The S/TOC 
trends are broadly comparable between HJG and QLX (fig. S2). The 
highest S/TOC value occurs above the TJB in each section. Elevated 
values generally coincide with those of DBTs, BNTs, and Hg/TOC. 
Outside of a region of elevated S/TOC around the ETE, the S/TOC 
overall remains low and stable through the profiles at HJG and QLX.

Burial of higher plants: Biomarker proxies
The biomarkers of pimanthrene, retene, and cadalene are primarily 
derived from the higher plants, and their stratigraphic pattern with 
normalized abundance indicates a relative change to terrestrial veg-
etation inputs (17, 59). Pimanthrene trends show similar patterns in 
the HJG and QLX sections, but the absolute value at QLX is ~70 
times greater than at HJG (Fig. 3). The largest peaks of pimanthrene 
are seen during the ETE, while smaller peaks lie above and below. 
Otherwise, pimanthrene values are low and stable throughout the 
two profiles. The retene content resembles that of pimanthrene at HJG 
and show similarities with the Astartekløft’s record from Greenland 
(Fig. 3). The pimanthrene and retene trends share similarities with the 
cadalene/Phe seen in the Global Stratotype Section and Point (GSSP) 
marine section at Kuhjoch, Austria (Fig. 3) (36). Overall, pimanthrene, 

retene, and cadalene/Phe show their highest values in the ETE inter-
val at all localities.

Wildfire records: Coronene
In the HJG section, the coronene content is on average <0.1 μg/g 
TOC over most of the succession, but shows elevated values (maxi-
mum of ~0.6 μg/g TOC) between ~96 and ~103 m height in the up-
per half of the ETE interval, with the highest value about six times 
the background average (Fig. 2 and fig. S2) and three smaller peaks 
in ~36, 73 to 76, and ~130 m (Fig. 2 and fig. S2). In the QLX sec-
tion, the coronene content is generally low throughout the section 
with the highest value (~2.6 μg/g TOC) at ~127 m and two sec-
ondary peaks at ~110 and ~133 m (Fig. 2). Curves of coronene and 
coronene/benzo(a)pyrene (Bap) show similar patterns in the HJG 
and QLX sections, and the absolute values of coronene and coronene/
Bap at QLX are all consistently higher than those at HJG (Fig. 3). 
This pattern at HJG and QLX resembles that of coronene/benzo(g,h,i)
perylene (BghiP) at Astartekløft, Greenland (34) and agrees with 
coronene index data at Kuhjoch, Austria (Fig. 3) (36). The strati-
graphic curves of coronene-based proxies from the three terrestrial 
sections and one marine section all show their maximum values in 
the ETE interval (Fig. 3). Coronene/Bap values stay low and stable at 
other levels at HJG and QLX, except for some smaller coronene 
peaks that coincide with the secondary peaks of pimanthrene and 
retene (Fig. 3).

Our empirical datasets contribute direct evidence for records of 
volcanic-S influx in terrestrial catchments and provide previously 
unrecognized insights into causal and detailed temporal relation-
ships between the CAMP volcanism, CO2 greenhouse effects, acid 

Fig. 3. Stratigraphic correlation of the HJG and QLX sections to key Tr-J sections across the world. Correlation is based on stratigraphic curves of carbon-isotopes 
and Hg/TOC across the ETE and TJB, constrained by ammonite biostratigraphy and terrestrial palynological records and plant macrofossils (17, 33, 36). The onset of the ETE 
(red dotted line) and TJB (blue dotted line) are correlatable between sections. The CO2 concentration (30) and detailed correlation of Hg/TOC is from previous work 
(17, 51, 55). The high ratio of coronene relative to BaP or BghiP in the three terrestrial sections and the coronene index in the marine section present as evidence for intense 
wildfires. Biomarker retene and pimanthrene (and also cadalene/Phe) could reflect the depositional input fluxes of higher plants.
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rain, wildfire, and the turnovers of terrestrial ecosystems across the 
Tr-J transition.

DISCUSSION
Records of CAMP volcanism in two terrestrial basins 
at the ETE
Peaks in Hg/TOC and Hg concentration can record volcanic activity 
locally and globally, as Hg is rapidly transported as gas and aerosols 
via atmospheric circulation (6, 55). Pulses of Hg/TOC are coupled 
with the positive shifts in the Hg isotope (∆199Hg) marked with the 
Hg source of volcanic activities at HJG and QLX around the ETE 
(fig. S3) (51). The Hg/TOC values are considerably higher than base-
line between 55 and 130 m height in the section, which corresponds 
to almost the entire period of CAMP volcanism, lasting for ~700 kyr 
according to floating astronomical timescales (50). The upper ETE 
interval at HJG is coincident with the highest Hg/TOC (Fig.  2), 
which is interpreted as the climax of CAMP volcanism, lasting for 
~60 kyr. Peak Hg/TOC values are also observed in the late-phase of 
the ETE in Greenland (Fig. 3) and in marine locations (6). At QXL, 
primary pulses of the CAMP volcanism are identified stratigraphi-
cally from 100 to 140 m, based on the interval of relatively high Hg/
TOC values. However, the highest peak is at ~123 m, where it seems 
to predate the late-phase of ETE. This apparent diachrony may have 
resulted from local volcanic activity at QXL, evidence for which is 
an ~10-cm-thick bentonite bed at ~120 m (Fig. 2). Although the up-
per ETE interval at QXL does not correlate to the highest Hg/TOC 
values, this interval is still associated with the relatively high Hg/
TOC values of ~500 parts per million (ppm)/% (Fig. 2). Overall, el-
evated traces of volcanism are recognized in these two terrestrial ba-
sins around the ETE interval, linking the extinction to the period of 
dominant CAMP volcanism.

Multiple lines of evidence for increased S input in the 
terrestrial basins
Sulfur in terrestrial catchments is mainly derived from weathering 
bedrock and atmospheric deposition (60, 61). Atmospheric-S depo-
sition is strongly controlled by regional weather patterns and trans-
port pathways with S supplied from seawater spray [δ34S of ~16 to 
30‰ for late Triassic seawater; (44)], volcanism (~0 to 5‰), or re-
duced organic compounds [variable but negative relative to seawa-
ter; (60, 61)]. Deposition of S from sea spray is controlled by distance 
to the coast and the prevailing wind directions (61). Neither catch-
ment has any evidence of high-S lithologies being present (e.g., 
black shale and evaporite) (22, 48). The low S content and S/TOC in 
both sections prior to any increase in Hg (fig. S2) is consistent with 
a low weathering input of S, enabling the detection of an enhanced 
atmospheric signal. In addition to source mixing, S isotopes in ter-
restrial sediments can be substantially kinetically fractionated by the 
processes of microbial sulfate reduction (MSR), which produces hy-
drogen sulfide enriched in 32S, creating more negative δ34S values in 
sediments when these reduced products are fixed as iron sulfides or 
become bound in organic matter. When sulfate concentrations are low, 
the MSR isotopic fractionation can be negligible because of near-
complete conversion to sulfide, and in this case, the original S-isotopic 
character of the mixed end-members (bedrock and atmosphere) is 
retained (46). With increasing S input and sulfate concentration, the 
fractionation can increase, producing a negative isotope excursion 
in the reduced S preserved in the sediment (60). Ultimately, the net 

effect on the S isotopic composition preserved in the sediment will 
reflect a combination of source-δ34S, plus any additional fraction-
ation imposed by increases in sulfate concentration and MSR frac-
tionation (46, 60).

DBTs and BNTs are aromatic sulfur compounds found in a variety 
of crude oils, coals, and sediments (56, 62). Laboratory experiments 
have demonstrated that carbon catalyzes the reaction between sulfur 
(in different forms, such as elemental sulfur, H2S, FeS2, and H2SO4) 
and biphenyl to form aromatic sulfur compounds (57, 58). The pro-
duction of these compounds positively correlates with reactants, with 
excess sulfur required for anomalies of aromatic sulfur compounds 
because there is insufficient sulfur present in normal biomass (56). 
DBTs and BNTs are resistant to biodegradation and diagenesis (56) 
but thermal maturity can alter their abundance (35, 56). The HJG sec-
tion has a Tmax (temperature of maximum hydrocarbon yield during 
Rock-Eval pyrolysis) of ~435°C (48), and the Lower Triassic to Mid-
dle Jurassic has an Ro (vitrinite reflectance) of 0.5 to 0.7 in the Junggar 
Basin (28, 48), suggesting low to moderate maturity. Measurements 
of Ro and the calculated Ro (termed Rc) according to methylphenan-
threne index have a range of 0.5 to 1.1 for the Upper Triassic to Lower 
Jurassic in the Sichuan Basin (35). Whereas these data indicate mod-
erate to high maturity, the concentrations of DBTs and BNTs in the 
QLX section from Sichuan are much higher than those at HJG, sug-
gesting minimal influence of thermal maturity on the latter records as 
well. Because there is little evidence that thermal processes have af-
fected DBT and BNT concentrations, we view increases in the abun-
dance of these compounds as evidence of increased sulfur abundance 
at the time of deposition.

Outside of the interval of Hg enrichment at QLX and HJG, base-
lines of δ34S are stable, and DBTs, BNTs, and S/TOC have low and 
stable concentrations (Fig. 2 and fig. S2). Although the baselines shift 
positively by ~3‰ from pre- to post-ETE in both sections (Fig. 2 and 
figs. S2 and S3), the sulfur isotope baseline values are well within the 
range for global average weathered sulfate (63). These observations 
indicate stable terrestrial S inputs from bedrock weathering and at-
mospheric deposition pre– and post–CAMP activity.

The more variable δ34S and peaks of DBTs, BNTs, and S/TOC at 
HJG and QXL during the interval of elevated Hg/TOC, often with 
closely coincident peaks in two or more of these parameters, are like-
ly to indicate the delivery of sulfur and other volcanically derived ac-
ids and metals from the CAMP activity (Fig. 2). The ETE is associated 
with some of the largest spikes in DBTs and BNTs, and in the upper 
ETE interval of both basins, there are marked coupled positive and 
negative S-isotope excursions (Fig. 2 and fig. S2), although the mag-
nitude of these changes is smaller at HJG. The transient negative 
change can be explained by some combination of a peak in volcanic S 
deposition (as evidenced by increased DBTs and BNTs) and increased 
fractionation as outlined above. With regard to the positive δ34S shifts 
(Fig. 2 and fig. S2), it is unlikely that they correspond to changes in 
weathering because a transient change producing a positive sulfur 
isotope shift is hard to explain for two basins simultaneously and be-
cause published Chemical Index of Alteration (CIA) data do not 
show a consistent relationship with the peak (51). Hence, a change in 
atmospheric S deposition is most likely to explain to the S-isotope 
negative excursions at the upper ETE interval. Contribution from 
seawater spray with its even more positive S-isotope signature is an 
unlikely cause of this change. More possible is a change in the isotope 
composition of volcanically emitted sulfur driven by the incorpora-
tion of sulfur from evaporite gypsum, which has a markedly positive 
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S-isotope signature. Heimdal et al. (10) present evidence from Cl 
concentrations in biotites from CAMP intrusives to suggest wide-
scale incorporation of evaporitic halite, which is likely to have in-
creased overall sulfur emission and deposition. However, our records 
indicate that this positive excursion occurred in a short interval coin-
cident with the ETE, whereas any thermogenically derived signal 
would likely persist over an interval coincident with the much longer 
eruption of CAMP volcanism. Although this feature of the record re-
mains enigmatic, the bulk of the evidence points to a prolonged pe-
riod of enhanced sulfur deposition during the eruption of CAMP, 
with a peak in deposition during the ETE.

Increased concentrations of higher plant biomarkers 
coincident with plant loss
During the Cretaceous-Paleogene boundary crisis, an abrupt in-
crease in the flux of terrestrial organic matter into the ocean was 
witnessed by an increase of higher plant biomarkers such as retene, 
pimanthrene, and cadalene (62), suggesting destruction of land veg-
etation (62, 64). A similar increase of these biomarkers is also seen 
at HJG during the ETE (17). The new dataset from QLX show simi-
lar biomarker occurrences to those at HJG and other sites (Fig. 3). 
Specifically, the abundance of pimanthrene and retene show the highest 
values at HJG and QLX in the stratigraphic ETE interval. However, 
these could be due to increased plant biomass or a short-term, cata-
strophic decline of existing biomass. According to the palynological 
data from HJG (23, 28) and records of macro-plant fossils and paly-
nological observation at QXL (22), the two basins both suffered 
plant biodiversity loss at the ETE interval and coeval fern spikes 
(Fig. 2 and fig. S2). Combining all lines of evidence, the high strati-
graphic abundance of floral biomarkers demonstrates a critical de-
struction of terrestrial biomass at HJG and QXL profiles. Other 
terrestrial and shallow marine sections show a similar story derived 
from palynological records (Fig. 3) (12). This extensive terrestrial 
biological catastrophe lasted ~60 kyr and coincided with the CAMP 
climax indicated by the highest peaks of Hg/TOC.

Intense wildfires during the ETE
Fluoranthene-to-pyrene ratios [Fl/(Fl + Py)] are commonly used to 
distinguish between different sources of PAHs (65, 66). In the HJG 
and QLX sections, Fl/(Fl + Py) values are predominantly distributed 
within the 0.4-to-0.5 and >0.5 ranges, whereas values <0.4 account 
for a minor proportion (fig. S5), suggesting that PAHs in both sec-
tions were mainly derived from pyrogenic sources. Coronene is a 
highly condensed, six-ring PAH that requires greater energy to form 
than lower–molecular weight PAHs (36). In geological and environ-
mental contexts, elevated coronene abundances or high coronene 
indexes [>0.3; defined as coronene/(benzo[e]pyrene + benzo[ghi]
perylene + coronene)] are indicative of high-temperature processes 
(>1000°C), typically associated with intense combustion or volcanic 
activity (21, 36). Although coronene and other PAHs may be de-
graded by soil microorganisms (mainly fungi) under oxidizing con-
ditions prior to burial, they are generally resistant in the geological 
record (21, 36, 67). The woody part of living trees burns at ~400° to 
700°C but rarely >1000°C under natural conditions, because tem-
perature rise is limited by an equilibrium between moisture content 
and efficiency of heat release [e.g., (68)]. However, combustion re-
cords of >1000° to 1200°C are recorded by a coronene index of 0.3 
to 0.4 at the Tr-J GSSP Kuhjoch section, Austria, coinciding with the 
Hg/TOC peaks (i.e., CAMP climax) (36). The highest peaks of 

coronene and coronene/Bap ratios demonstrate that enhanced wild-
fires occurred at HJG and QLX at the same time (Fig. 3). The maxi-
mum peaks of DBTs and BNTs, with peaks of Hg/TOC ratio, 
coincide with the intense eruptions of the CAMP climax (Figs. 2 and 
3). Collectively, widespread and intensified wildfires appear to coin-
cide temporally with acid rain, rapid influxes of terrestrial biomass, 
biodiversity loss (17), and the most intense phases of CAMP volca-
nic activity, all of which occurred within a narrow interval (~60 kyr) 
in terrestrial ecosystems (Fig. 3). These phenomena likely operated 
on a regional to global scale, driven by long-range atmospheric trans-
port of volcanic volatile emissions.

Mechanism of terrestrial crisis during the end-Triassic
The release of volcanism-derived S (plus HCl, HF, etc.), leading to 
acid rain, may have played a vital role in the end-Triassic terrestrial 
crisis. The CAMP volcanism lasted for ~600 kyr and consisted of 
four major eruptive pulses (2, 6), with total emissions of SO2 up to 
16,000 to 32,000 gigatonnes (7), but the most intense eruption took 
place within ~60 kyr (6). The subsequent formation of sulfate aero-
sols led to acid rain precipitation, which stressed the terrestrial flora 
and caused widespread vegetation collapse. The acid rain/mists could 
directly harm plant growth (69–71) and alter soils to affect root 
health (72). This mechanism is analogous to the quantitative model-
ing of Deccan Trap sulfur emissions, which shows that, at peak in-
tensity, these emissions lethally harm up to 44% of the land surface 
(40). When the maximum intensity of CAMP volcanism took place, 
the soil buffering capacity in the HJG and QLX hinterland might 
have declined to lethal levels, owing to repeated pluses of acid rain 
precipitation in a relatively short time. Even if soil pH only declines 
from 7 to 5, the phosphorus nutrition necessary for plant growth 
(73) and vital metal cation (e.g., Ca2+, Mg2+, K+, and Na+) (74) be-
comes more soluble and prone to transport, within a few weeks (73) 
and days (74), respectively. This, together with the possibility of in-
tervals of intense drought associated with climate change (18) and 
strong seasonality (75), is likely to have increased the frequency and 
intensity of wildfires. Contemporaneous with the intense acid rain, 
the effusion of heavy metals during volcanism may also have poi-
soned plants (11), and volcanic winters associated with S release 
have also been mooted as a stress on terrestrial ecosystems (1). 
These combined factors likely led terrestrial primary productivity to 
collapse, creating massive fuel stores for intense wildfires over large 
areas (Figs. 2 and 3), with these cycles of regrowth, mortality, and 
wildfire happening repeatedly in multiple cycles. The widely preex-
isting forest mortality can drive subsequent wildfires and/or soil 
erosion, as observed in modern cases (76). The pervasive and abnor-
mally intense high-temperature wildfires during the ETE interval 
were more likely a consequence of terrestrial ecosystem collapse 
[e.g., modern analogs of biomass destruction followed by severe 
wildfires; (76)], rather than a primary driver of the crisis, as sug-
gested in previous work (77).

Because SO2 has a short atmospheric residence time, it is rapidly 
removed and delivered directly to land-surface reservoirs, which 
generally have far lower sulfur-buffering capacity than in the oceans. 
Our ETE case study provides geological evidence consistent with this 
atmospheric-chemistry principle by showing that terrestrial eco-
systems become highly vulnerable when sulfur loading increases faster 
than soils and vegetation can buffer chemical changes. Recognizing 
this linkage offers a useful framework for understanding how terrestrial 
and marine systems may respond differently to rapid sulfur-driven 
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atmospheric perturbations arising from volcanic activity or anthro-
pogenic emissions today.

MATERIALS AND METHODS
Materials
We collected samples from two terrestrial Tr-J sections in north-
west (HJG section in Xinjiang Province) and south (QLX section in 
Sichuan Province) China (fig. S1). No permits were required for the 
collection of geological samples used in this study. The sampling 
stratigraphic positions, lithological description, and all their results 
are presented in Figs.  2 and  3, the Supplementary Materials, and 
data tables. Weathered surfaces and veins were removed from the 
samples, which were then ultrasonicated in distilled water three 
times and dried at 55°Cfor 24 hours.

Bulk sulfur extraction and isotope analysis
Total sulfur, including metal-bound S (primarily FeS2) and organo-
sulfur compounds, was extracted using the Eschka fusion tech-
nique. About 6 g of sample was mixed with 6 g of Eschka’s mixture 
(MgO:Na2CO3 = 2:1), covered with an additional ~1 g of Eschka’s 
mixture, and heated in corundum crucibles, at 3°C/min to 850°C for 
2 hours. The fused material was extracted with ~80°C deionized wa-
ter and filtered, and the filtrate was acidified with 6 to 7 ml of 36% 
HCl and then boiled, cooled, and treated with 25 ml of BaCl2 to pre-
cipitate BaSO4. After settling overnight, BaSO4 was filtered, rinsed, 
dried, and weighed. Blanks were run alongside samples. The 34S/32S 
ratio of sulfur extractions (BaSO4 precipitate) was measured using 
an Elementar Pyrocube coupled to an isoprime continuous flow mass 
spectrometer, following published procedures (46). All samples 
were analyzed in duplicate, with reproducibility better than ±0.3‰ 
(1 SD). All sulfur extractions and isotope analysis were performed 
in the Cohen Laboratories, School of Earth and Environment, Uni-
versity of Leeds.

Biomarker extraction and analysis
Samples from the HJG section were extracted by Soxhlet. Approxi-
mately 100 g of powdered subsamples (∼200 mesh) were extracted 
for 24 hours using 300 ml of dichloromethane. Samples from the 
QLX section were extracted using accelerated solvent extraction 
(ASE 350). Approximately 20 g of powdered subsamples (∼200 mesh) 
were extracted in ASE cells with dichloromethane at 100°C, with a 
heating time of 5 min and a static time of 5 min. The rinse volume 
was set to 50%, the purge time was 70 s, and the static cycle was re-
peated three times. All extracts were concentrated by rotary evapo-
ration, and asphaltenes were precipitated using petroleum ether. The 
remaining solutions were separated into saturated and aromatic 
hydrocarbon fractions by column chromatography, using a silica 
gel:alumina (3:2, v/v) column. The fractions were eluted with 30 ml 
of petroleum ether and 20 ml of dichloromethane:petroleum ether 
(2:1, v/v), respectively. Saturated and aromatic hydrocarbons were 
analyzed using Agilent 7890/5975i and Agilent 7890B/5977 gas 
chromatography–mass spectrometry (GC-MS) systems equipped with 
HP-5MS fused-silica columns. Temperature programs, internal stan-
dards (D50C24 and D10P), GC-MS operating conditions, and chro-
matography procedures follow the protocols described in published 
literature (17). All measurements were conducted at the State Key 
Laboratory of Petroleum Resources and Engineering, China Uni-
versity of Petroleum (Beijing).

TOC (wt %) and total sulfur (wt %)
Powdered subsample (~200 mesh) was treated with 10% HCl at 
55°C for 12 hours to remove carbonates, rinsed to neutral pH, dried 
at 55°C, and mixed with 1 g each of iron and tungsten fluxes. TOC 
and total sulfur (TS) were measured using a LECO CS230 Carbon-
Sulphur Analyzer. Analytical precision is better than 100 ppm for 
TOC and 10 ppm for TS. Data quality was monitored via replicate 
analyses of laboratory working standards, with reproducibility (2σ) 
of ±3% for carbon and ±10% for sulfur; standards were run at the 
beginning and end of each 15-sample batch. All experiments were 
conducted at the State Key Laboratory of Petroleum Resources and 
Engineering, China University of Petroleum (Beijing).

Mercury concentration
A 0.25-g subsample (~200 mesh) was weighed into 25 ml of polyeth-
ylene tube, wetted with deionized water, and digested with 10  ml 
(1 + 1) of aqua regia in a 100°C water bath for 1 hour, with shaking 
once at 30 min. After cooling, 1 ml of KMnO4 solution (10 g/liter) 
was added for 30 min, and then, the solution was diluted with oxalic 
acid (10 g/liter) to 25 ml. A 2-ml aliquot was used for Hg analysis. 
Mercury concentrations were measured by cold vapor atomic fluo-
rescence spectrometry (AFS-8510) using a quartz atomizer preheated 
to 200°C and argon carrier gas (99.9999%), with a detection limit of 
0.3 parts per billion (ppb) and a working range of 1 to 6000 ppb. One 
replicate and one standard were analyzed per 10 samples, and results 
were calibrated against three standards of soil composition reference 
material GBW07449(GSS-20) (8 ± 2 ppb Hg), GBW07453(GSS-24) 
(75 ± 7 ppb Hg), and GBW07385(GSS-29) (150 ± 20 ppb Hg). Mea-
surements were conducted at the Hebei Institute of Geophysical and 
Geochemical Exploration, Chinese Academy of Geological Sciences.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S6
Legends for tables S1 and S2
Legends for data files S1 and S2
References

Other Supplementary Material for this manuscript includes the following:
Tables S1 and S2
Data files S1 and S2
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