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The end-Permian mass extinction represents the most severe biotic
crisis for the last 540 million years, and the marine ecosystem
recovery from this extinction was protracted, spanning the
entirety of the Early Triassic and possibly longer. Numerous studies
from the low-latitude Paleotethys and high-latitude Boreal oceans
have examined the possible link between ocean chemistry changes
and the end-Permian mass extinction. However, redox chemistry
changes in the Panthalassic Ocean, comprising ∼85–90% of the
global ocean area, remain under debate. Here, we report multiple
S-isotopic data of pyrite from Upper Permian–Lower Triassic deepsea sediments of the Panthalassic Ocean, now present in outcrops of
western Canada and Japan. We find a sulfur isotope signal of negative Δ33S with either positive δ34S or negative δ34S that implies
mixing of sulfide sulfur with different δ34S before, during, and after
the end-Permian mass extinction. The precise coincidence of the
negative Δ33S anomaly with the extinction horizon in western Canada suggests that shoaling of H2S-rich waters may have driven the
end-Permian mass extinction. Our data also imply episodic euxinia
and oscillations between sulfidic and oxic conditions during
the earliest Triassic, providing evidence of a causal link between
incursion of sulfidic waters and the delayed recovery of the
marine ecosystem.
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(50.67542°N, 115.07992°W), which represents an outer shelf or
upper slope setting in the eastern Panthalassic Ocean at a paleolatitude of ∼30°N (21, 22) (Fig. 1). A second set of study samples is
from Gujo-Hachiman in central Japan (35.7355°N, 136.8489°E),
which represents the abyssal plain of the equatorial Panthalassic
Ocean (23) (Fig. 1).
The Opal Creek section consists of black shale and siltstone of
the lower Phroso Siltstone Member and upper Vega Siltstone
Member of the Sulfur Mountain Formation (Fig. 2). The lowermost
Sulfur Mountain Formation contains abundant siliceous monaxon
sponge spicules and triaxon hyalosponge spicules that disappear
abruptly at 0.36 m above the base of the formation (20). The disappearance of sponge spicules coincided with a sudden influx of
Late Permian conodonts belonging to the genus Clarkina, marking
the onset of the end-Permian extinction event (20) (Fig. 2). Four
conodont zones were defined at Opal Creek, with the first occurrence of Hindeodus parvus and Clarkina taylorae indicating the
Permian–Triassic boundary (20, 24) (Fig. 2).
The Gujo-Hachiman section consists of three units: Unit I,
comprising green–gray ribbon-chert; Unit II, comprising green–
gray to black siliceous claystone; and Unit III, comprising black
shale with a few thin lenses of gray chert and layers of white–
yellow siliceous claystone bearing uppermost Permian radiolarians
(17, 18, 25) (Fig. 2). Radiolarian and conodont data suggest that
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he end-Permian mass extinction was the largest biotic catastrophe of the last 540 million years, resulting in the disappearance of >80% of marine species, and a full biotic recovery
did not occur until 4–8 million years after the extinction event
(1–6). Several lines of evidence from the low paleolatitude
Paleotethys and high paleolatitude Boreal oceans, which accounted
for ∼10–15% of the contemporaneous global ocean area, suggest
that sulfidic (H2S-rich) conditions may have developed widely
during the end-Permian extinction (7–13). However, redox chemistry changes in the Panthalassic Ocean, comprising ∼85–90% of the
global ocean area, remain controversial, with competing hypotheses
proposing extensive deepwater anoxia (“superanoxic ocean”) or
suboxic deep waters in combination with spatially constrained
thermocline anoxia (14–18). Evidently, redox chemistry changes in
the Panthalassic Ocean are central to an examination of the links
between global-ocean conditions and the end-Permian extinction
event as well as the subsequent delayed biotic recovery.
The preservation of Permian–Triassic boundary deep-sea
sediments is limited because most oceanic crust of that age has
been subducted, and the only surviving Panthalassic seafloor
sediments are within accretionary terranes or marginal uplifts
now located in western Canada, Japan, and New Zealand (19,
20). In this study, we report analyses of all four sulfur isotopes
(32S, 33S, 34S, and 36S) for pyrite from the deep-sea sediments of
western Canada and Japan. Our study samples from western
Canada were collected at Opal Creek in southwestern Alberta
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To understand how most life on Earth went extinct 250 million
years ago, we used multiple sulfur isotopes to investigate redox chemistry changes in the Panthalassic Ocean, comprising
∼85–90% of the contemporaneous global ocean. The S-isotopic
anomalies from Canada and Japan provide evidence for the
timing of the onset of euxinia and mixing of sulfidic and oxic
waters. Our data suggest that shoaling of H2S-rich waters may
have driven the mass extinction and delayed the recovery of
the marine ecosystem. This study illustrates how environmental changes could have had a devastating effect on Earth’s
early biosphere, and may have present-day relevance because
global warming and eutrophication are causing development
of sulfidic zones on modern continental shelves, threatening
indigenous marine life.
Author contributions: Y.S. designed research; T.J.A., C.M.H., and Y.S. collected samples;
G.Z., X.Z., D.H., D.L., J.F., L.Q., M.S., D.S., K.C., and Y.S. performed geochemical analysis;
G.Z., X.Z., D.H., D.L., T.J.A., J.F., C.M.H., L.Q., S.D.S., K.C., and Y.S. analyzed data; and G.Z.
and Y.S. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.
1

To whom correspondence should be addressed. Email: yashen@ustc.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1610931114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1610931114

Fig. 1. Paleogeography for the end-Permian world (∼252 Ma) and the respective location of the Opal Creek and Gujo-Hachiman sections (18, 22).
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Fig. 2. Permian-Triassic biostratigraphy and multiple S-isotopic data for the Opal Creek (Left) and Gujo-Hachiman (Right) sections (filled red circles
indicate negative Δ33S). The red line corresponds to the end-Permian mass extinction horizon (EPME). Conodont Zonation at Opal Creek is after refs. 20
and 24: (1) Mesogondolella sheni Zone; (2) Clarkina hauschkei–Clarkina meishanensis Zone; (3) H. parvus–C. taylorae Zone; (4) C. taylorae–Clarkina cf.
carinata Zone.
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Figs. 2 and 3 present δ34S and Δ33S data of pyrite from the study
sections (full analytical data of the samples and reference materials
available as Tables S1–S3).
Before the end-Permian extinction, δ34S compositions at Opal
Creek vary from –24.97‰ to –10.17‰ with Δ33S from –0.028‰
to +0.021‰ (Fig. 2). In the same interval at Gujo-Hachiman, δ34S
ranges from –40.18‰ to +13.27‰ with Δ33S from –0.099‰ to
+0.095‰ (Fig. 2). The end-Permian extinction horizon at Opal
Creek (sample Chang+28) exhibits δ34S of –23.06‰ and Δ33S of
–0.017‰ (Fig. 2). The same horizon at Gujo-Hachiman (sample
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the Permian–Triassic boundary is located near the base of Unit III
(17, 18, 25, 26).
Exact placement of the end-Permian extinction horizon in
the two study sections allows us to use multiple sulfur isotopes
to explore temporal changes of redox chemistry in the Panthalassic Ocean and their potential link to the end-Permian
mass extinction as well as the following protracted marine
biotic recovery.
The multiple sulfur isotope data of pyrite from the Opal Creek
and Gujo-Hachiman sections are presented using conventional
delta notation: δ3iS = 1,000 × ((3iS/32S)sample/(3iS/32S)reference ‒ 1),
where 3i = 33, 34, or 36. Capital delta notation is also defined to
describe relationships involving the least abundant isotopes: Δ33S =
δ33S − 1,000 × ((1 + δ34S/1,000)0.515 – 1), Δ36S = δ36S − 1,000 × ((1 +
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Fig. 3. Cross-plot of δ S vs. Δ S for pyrite from the Opal Creek and Gujo-Hachiman sections. The colored nonlinear line represents a mixing line generated by
the model (blue: Opal Creek, green: Gujo-Hachiman). The model field for sulfate reduction (black outlined field) and sulfate reduction combined with disproportionation (black dotted-line field) represent the field of all possible fractionations predicted by a model of sulfate reducers, and is larger than in ref. 12
because that field was calculated for a more limited range of fractionations produced by experiments with sulfate reducers. Whereas the expanded range of the
model field may capture solutions that are non–steady-state, it provides a more conservative set of criteria to identify a mixing scenario than the field plotted by
ref. 12.
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ITJ-13) displays δ34S of –25.24‰ and Δ33S of +0.075‰ (Fig. 2).
After the end-Permian extinction, δ34S at Opal Creek varies from
–29.14‰ to –0.59‰ with Δ33S from –0.037‰ to +0.084‰ (Fig. 2).
For the same interval, the Gujo-Hachiman section shows δ34S values
from –39.21‰ to –26.95‰ with Δ33S of +0.061‰ to +0.143‰
(Fig. 2).
We use a previously described box model (29–32) to evaluate
the significance of variation in our multiple sulfur isotopes for
redox chemistry changes in the Panthalassic Ocean. In this
model, covariation of δ34S and Δ33S and their positions in Quadrants I–IV provide insight regarding the sulfate reduction, sulfur
oxidation, and sulfur disproportionation processes (Fig. 3) (calculations available in Sulfur-Cycle Model; Figs. S1 and S2). The model
adopts an isotopic composition for seawater of δ34S = +19.2‰ and
Δ33S = +0.022‰, as estimated from multiple S-isotopic analysis of
contemporaneous marine carbonate-associated sulfate (33).
At Opal Creek before the end-Permian mass extinction, pyrite
shows negative δ34S in combination with either positive Δ33S
(Quadrant II) or negative Δ33S (Quadrant III) (Figs. 2 and 3). At
the extinction horizon, pyrite exhibits negative Δ33S with negative
δ34S (Quadrant III) (Figs. 2 and 3). After the extinction, pyrite
shows positive Δ33S with negative δ34S (Quadrant II) (Figs. 2 and
3). However, negative Δ33S with negative δ34S values (Quadrant
III) are observed for an interval between ∼7 m and ∼14 m (Figs. 2
and 3). Higher in the Sulfur Mountain Formation, all multiple
S-isotopic data show positive Δ33S with negative δ34S (Quadrant
II) (Figs. 2 and 3).
At Gujo-Hachiman before the extinction event, the lower to
middle part of Unit I exhibits positive Δ33S with positive δ34S
(Quadrant I) or negative δ34S (Quadrant II) (Figs. 2 and 3). The
upper part of Unit I and lower Unit II are characterized by
negative Δ33S (Quadrants III and IV) except for two samples
with positive Δ33S (Quadrant II) (Figs. 2 and 3). The extinction
horizon exhibits positive Δ33S with negative δ34S (Quadrant II),
as do all samples from higher in the section (Figs. 2 and 3).
The paleoenvironmental significance of multiple S-isotopic
data from the Opal Creek and Gujo-Hachiman sections can be
inferred based on their positions in Quadrants I–IV (Fig. 3).
1808 | www.pnas.org/cgi/doi/10.1073/pnas.1610931114

Data in Quadrant II (positive Δ33S with negative δ34S) may be
due to fractionation relationships produced by microbial sulfate
reduction, disproportionation of sulfur intermediate compounds,
and the conservation of mass in the sulfur cycle (30). Quadrant II
samples situated within the sulfate reduction field (black outlined field) imply sulfate reduction in an open system in which
disproportionation could occur, but is not required (Fig. 3).
However, other samples in Quadrant II (positive Δ33S with
negative δ34S) as well as two samples in Quadrant I (positive Δ33S
with positive δ34S) are situated outside the sulfate reduction field
but within the sulfur disproportionation field (black dotted-line
field), suggesting that they may have been produced by a
combination of sulfate reduction and sulfur disproportionation
(Fig. 3). It is important to note that the inclusion of sulfur
disproportionation in our model is not to imply that this process
must occur in any of these environments, but simply because
its operation will expand the field of steady-state solutions
and reduce the possibility of false identification of mixing
scenarios.
S-isotopic data in Quadrants III and IV cannot be attributed
simply to either sulfate reduction and/or sulfur disproportionation
(12, 29, 34). Although a few negative Δ33S values within the disproportionation field might be due to a combination of sulfate reduction and sulfur disproportionation (Fig. 3), this interpretation is
not strongly supported by observations from biological experiments of sulfate reduction and/or sulfur disproportionation.
Biological culture experiments have shown that, under sulfate-unlimited conditions, sulfide produced by sulfate reduction is more
enriched in 33S compared with reactant sulfate (35–37). Under
sulfate-limited conditions, the sulfide generated by sulfate reduction should have similar δ34S and Δ33S to the reactant sulfate
if the latter is completely reduced. Also, culture experiments of
sulfur disproportionation have shown that products of sulfide and
sulfate are enriched in 33S relative to the reactant elemental
sulfur (38). In this case, the negative Δ33S projected by the model
may be due to the specified boundary conditions used in the model,
e.g., the proportion between sulfide that is reoxidized and disproportionated and sulfide produced by sulfate reduction. Previous
Zhang et al.

The negative Δ33S with negative δ34S at Opal Creek coincided exactly with the extinction horizon, linking sulfidic conditions to the extinction event (Figs. 2 and 4). This observation
suggests that shoaling of sulfidic waters and oscillations between
sulfidic and oxic conditions may have driven the end-Permian mass
extinction. The lack of negative Δ33S during the extinction at GujoHachiman (Figs. 2 and 4) might reflect preservation biases, which
could be tested by future multiple S-isotopic analyses of pyrite from
the extinction horizon in other sections.
Above the end-Permian mass extinction horizon, positive Δ33S
with negative δ34S values are present in the Opal Creek and
Gujo-Hachiman sections (Fig. 2). At Opal Creek, abundant
small framboidal pyrites and trace metal data provide evidence
that the lower 4 m of the Sulfur Mountain Formation were deposited
under sulfidic conditions (22). The absence of negative Δ33S values in
this interval and Unit III at Gujo-Hachiman suggests that accumulation of abundant syngenetic pyrite having positive Δ33S compositions overwhelmed the signal of negative Δ33S, consistent with
sustained euxinic conditions. The reappearance of negative Δ33S
above this interval at Opal Creek (Figs. 2 and 4) provides evidence of
an episodic incursion of sulfidic waters and oscillations between sulfidic and oxic conditions during the Early Triassic. Conditions of this
type may have contributed to the delayed marine biotic recovery, as
reflected in the disappearance of benthic fauna and bioturbation in
the Phroso Siltstone Member of the Sulfur Mountain Formation (20).
Our multiple S-isotopic study provides insights into temporal
changes of redox chemistry in the latest Permian–Early Triassic
Panthalassic Ocean. Our data suggest that episodic shoaling of
sulfidic waters, oscillations between sulfidic and oxic conditions,
and related environmental deterioration led up to the end-Permian
extinction. The negative Δ33S anomaly at the extinction horizon at
Opal Creek provides critical evidence that shoaling of sulfidic
waters and oscillations between sulfidic and oxic conditions may
have been the main killing agents during the mass extinction.
Moreover, the episodic incursion of sulfidic waters and mixing of
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studies have shown that mixing of sulfide having strongly negative
δ34S and positive Δ33S with sulfide having positive δ34S and positive
Δ33S (the latter being similar to seawater sulfate) can produce sulfide with negative Δ33S values (12, 29, 34). This negative Δ33S mixing
signature is thus interpreted to account for the negative Δ33S compositions observed in the Opal Creek and Gujo-Hachiman sections.
Negative Δ33S compositions have been linked to shoaling of
sulfidic waters and resultant mixing of sulfidic and oxic waters in
the Permian oceans before or coincident with the mass extinction
(12, 29). In this interpretation, shoaling of sulfidic waters
changed the sulfur cycle within the sediment, yielding a mixture
of pyrite already formed in an open-system environment with
pyrite formed in a nearly closed-system environment caused by
a sharp reduction of bioturbation as a result of the demise of
benthic fauna by sulfide poisoning.
Two endmembers were used to generate the mixing lines in
Fig. 3. One endmember is the isotopic composition of latest
Permian–Early Triassic seawater sulfate and the other is the
most negative δ34S value observed at Opal Creek and Gujo-Hachiman, respectively (Fig. 3). The ranges of the mixing lines encompass
all negative Δ33S data from the two study sections (Fig. 3).
Before the end-Permian extinction, a combination of negative δ34S and Δ33S values indicates shoaling of sulfidic waters
and transition to and from sulfidic condition at Opal Creek
(Fig. 2). A similar pattern in the correlative interval at GujoHachiman also provides evidence for the timing of the onset of
euxinia and oscillations between sulfidic and oxic conditions
(Fig. 2). These results are consistent with the multiple S-isotopic
data from the Paleotethys Ocean that suggest shoaling of sulfidic
waters and resultant mixing of sulfidic and oxic waters before the
end-Permian mass extinction event (12) (Fig. 4). Our multiple Sisotopic data from Opal Creek and Gujo-Hachiman thus imply that
shoaling of sulfidic waters and oscillations between sulfidic and oxic
conditions may be of global significance before the end-Permian
extinction.

sulfidic and oxic waters indicated by our multiple S-isotopic data
may have played an important role in the protracted marine biotic
recovery from the end-Permian mass extinction. Future isotopic
studies carried out in the framework of biostratigraphy and sedimentary facies worldwide can test our model and improve our
understanding of the relationships between redox chemistry
changes and the mass extinction as well as biotic recovery.
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