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A B S T R A C T   

The end-Permian mass extinction (EPME) resulted in the most severe biodiversity loss in Earth's history, the 
cause(s) of which are still heavily debated. Recent studies have emphasized the role of ocean acidification on 
marine ecosystem collapse during the EPME, but the timing of the onset of ocean acidification and its rela
tionship to contemporaneous large igneous province (LIP) magmatism remain ambiguous. Here, we present the 
first in-situ secondary ion mass spectrometry (SIMS) sulfur isotope data for pyrite and marcasite from the 
Meishan section, which hosts the Global Stratotype Section and Point (GSSP) of the Permian-Triassic boundary 
(PTB). We found a sharp increase in marcasite abundance and a concurrent decrease in marcasite δ34S to highly 
negative values (ca. –50‰) within the EPME interval (i.e., Beds 25–28). Combined with the morphology of 
marcasite, we infer that the formation of 34S-depleted anhedral marcasite occurred in a sulfate-unlimited 
porewater environment that was likely well connected to the overlying water column. A similar negative shift 
in δ34Smarcasite was observed in the EPME interval of the Penglaitan section. Given that marcasite forms only in 
acidic conditions and low δ34Smarcasite values suggest an open porewater system, the sharp negative shift in the 
δ34S of syndepositional marcasite records a sudden acidification of Late Permian seawater. This conclusion is 
broadly consistent with previously reported boron isotope data of brachiopod-shell which witnessed a negative 
shift at the same stratigraphic horizons. While the ocean acidification event started after the starting point (base 
of Bed 25) of EPME, it occurred broadly within the extinction interval (Beds 25 to 28), supporting the hypothesis 
that ocean acidification may have been a major environmental factor contributing to the end-Permian marine 
ecosystem collapse.   

1. Introduction 

The end-Permian mass extinction (EPME) was the most severe loss of 
marine life in the Phanerozoic (Erwin, 2006), with the loss of >81% of 
marine species (Fan et al., 2020) within ca. 60 kyr (Burgess et al., 2014). 
While the exact killing mechanism remains in debate, this event was 
associated with profound environmental perturbations, including 
oceanic anoxia (Wignall and Hallam, 1992; Zhang et al., 2018), climatic 

warming (Joachimski et al., 2012), and hydrogen sulfide poisoning 
(Grice et al., 2005; Algeo et al., 2008). Recently, the role of ocean 
acidification in driving the EPME event has received attention (Payne 
et al., 2010; Hinojosa et al., 2012; Clarkson et al., 2015; Jurikova et al., 
2020). However, these geochemical investigations have not yielded a 
consensus regarding the exact timing of the onset of ocean acidification, 
rendering its relationship to penecontemporaneous LIP activities and the 
EPME ambiguous. For example, boron isotopes (δ11B) from marine 
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carbonates suggest a pH decline at a horizon corresponding to Bed 34 of 
the Meishan GSSP (Clarkson et al., 2015) which postdated the EPME by 
~370 kyr based on δ13Ccarb correlations (Burgess et al., 2014). In 
contrast, a recent δ11B study of brachiopod shells suggests that the pH 
decline coincided with the onset of the EPME at Bed 25 (Jurikova et al., 
2020). In addition, other indirect geochemical evidence, e.g., δ44/40Ca 
from marine carbonate (Payne et al., 2010) and conodont apatite 
(Hinojosa et al., 2012), supports ocean acidification concurrently with 
the EPME, although the utility of δ44/40Ca as a pH proxy has been 
questioned by a study arguing against ocean acidification as a primary 
driver of the Ca isotope excursion across the EPME (Wang et al., 2019). 

Marcasite (FeS2, orthorhombic) is a dimorph of pyrite (FeS2, iso
metric) that has been reported in many hydrothermal ore mineral de
posits (e.g., Nozaki et al., 2021) and sedimentary rocks younger than 1.1 
Ga (Schieber, 2007; Schieber, 2011; Bryant et al., 2020a). Marcasite is 
most commonly found in black shale (Schieber, 2011) and a recent study 
has shown that it can also be present in mudstone (Bryant et al., 2020a). 
Marcasite generally forms under <240 ◦C (mainly at 0-160 ◦C) (Mur
owchick and Barnes, 1986; Schoonen and Barnes, 1991b). It is a meta
stable phase relative to pyrite (Gronvold and Westrum, 1962), 
particularly at high temperatures, and it tends not to be preserved when 
burial temperatures exceed 160 ◦C for long intervals (e.g., > 1 Myr; 
Murowchick and Barnes, 1986). Although the detailed formation pro
cess for marcasite remains a topic of an ongoing investigation, both 
experimental work (Murowchick and Barnes, 1986) and ab initio cal
culations (Kitchaev and Ceder, 2016) suggest that it forms exclusively 
under acidic conditions (pH < 5.5), which is consistent with low 
abundance in normal marine sediments (Rickard, 2012). Since marca
site is indicative of acidic conditions, some recent researchers have used 
marcasite and its sulfur isotopic composition as a novel proxy to track 
ocean acidification in deep time (Bryant et al., 2020a; Bryant et al., 
2020b; Lounejeva et al., 2020). For example, Lounejeva et al. (2020) 
reported widespread occurrence of marcasites in PTB sedimentary se
quences from multiple sections that represent both shallow continental 
shelves of the ancient Tethys ocean and the abyssal plains of the Pan
thalassic ocean, based on which they suggest that ocean acidification 
might have happened around the PTB. However, this conclusion needs 
to be strengthed since 1) the samples in Lounejeva et al. (2020) are 
limited, especially for the Meishan section; 2) the timing of the presence 
of marcasite and its relationship with EPME is not clear; and 3) no 
systematic (sulfur) isotope data are reported for marcasite in samples 
from the well-characterized Meishan section. 

To better constrain the timing of the onset of ocean acidification and 
to help clarify its relationship to LIP magmatism and the EPME, we 
generated sulfur isotope data for sulfides (both marcasite and pyrite) 
from the Meishan section (South China) (Figs. 1, 2). The geochronology 
of the Meishan section, which hosts the GSSP of the Permian-Triassic 
boundary (Yin et al., 2001), has been investigated in great detail 
(Shen et al., 2011a, 2011b; Burgess et al., 2014), providing a high- 
resolution framework for the present study. A near-continuous suite of 
samples was collected from Beds 24d-32 (Fig. 3a), spanning the upper
most Permian Changxing Formation and Lower Triassic Yinkeng For
mation. In the strata below, within, and above the mass extinction 
interval at Meishan (Bed 25), we found ubiquitous marcasite (Fig. 2). In 
this study, marcasite usually coexists with pyrite, and the grain size of 
both minerals is generally smaller than 300 μm (Fig. 2), which makes it 
impossible to discriminate marcasite from pyrite during bulk sulfur 
isotope analysis. For this reason, we used high-resolution SIMS to 
determine the sulfur isotopic composition of both sulfide phases, a 
method that has been used to separately analyze co-occurring marcasite 
and pyrite in other studies (Bryant et al., 2019; Bryant et al., 2020a). 
Samples from the Penglaitan section (Fig. 1) of South China were also 
collected and analyzed (Fig. 4) for comparison with the Meishan section. 

2. Sample preparation and methods 

The Meishan GSSP section is located on the Yangtze Block of the 
South China Craton, where it accumulated in upper ramp facies (Shen 
et al., 2011a, 2011b). We sampled Bed 24d to Bed 32, which consists of 
limestone (Beds 24d-e), volcanic ash layers (Beds 25, 28, and 31), 
claystone (Bed 26), argillaceous limestone (Bed 27), and mudstone 
(Beds 29–30 and 32) (Fig. 3a). Based on detailed paleobiological studies, 
the extinction intervals at Meishan have been narrowed to Beds 25 to 28 
(Shen et al., 2011a, 2011b; Song et al., 2013). The Penglaitan section 
was deposited in a shallow-water environment (Shen et al., 2018), and 
the sampled interval consists of black shale, limestone, and tuffaceous 
sandstone (Fig. 4a). The main pulse of mass extinction is located at Bed 
141 (Shen et al., 2018). In both sections, marcasite is present sporadi
cally in the strata below the mass extinction interval, while marcasite is 
ubiquitous in the strata within and above it (Figs. 3b, 4b). It is worth 
noting that we also observed marcasite from Beds 18 to 24c at Meishan, 
but they are very scarce in abundance and very small in size that could 
hardly be analyzed even with SIMS. 

The collected samples were cut into thick sections, and marcasite and 
pyrite were first discriminated under reflected light since marcasite 
shows strong pleochroism (plane-polarized light) and anisotropy 
(crossed-polarized light) while pyrite does not (Fig. S1). The occurrence 
of both minerals was further confirmed using Renishaw R-2000 laser 
Raman micro-spectrometer at the Guangzhou Institute of Geochemistry, 
Chinese Academy of Sciences (GIG-CAS). An Ar+ ion laser was operated 
at 532 nm excitation wavelength with an exposure time of 30 s and laser 
power of 10 mW in the interval between 250 and 500 cm− 1. A micro
scope was used to focus the excitation beam, whose spatial resolution 
was around ~1 μm. The main Raman shifts for pyrite are at 340 and 376 
cm− 1, and for marcasite at 324 and 386 cm− 1 (Fig. S2), thus allowing 
confident mineral identification. Since Bed 25 of the Meishan section is a 
volcanic ash layer, a writing brush was used to extract sulfide grains, 
after which marcasite and pyrite were identified using the method 
described above. 

Areas with marcasite and pyrite in thick sections were of interest, 
which were cut and then cast in epoxy mounts (25.4 mm in diameter). 
The epoxy mounts were carefully polished with gradually finer diamond 
paste (15 to 1 μm). The mounts were first washed in ethanol for 5 min 
and then in de-ionized water for another 5 min, and they were subse
quently placed in an oven and heated at 40 ◦C for 4 h. The mounts were 

Fig. 1. End-Permian paleogeographic map. Red stars denote the approximate 
locations of the two sections included in this study. Map after Scotese (2014) 
and Johnson et al. (2021). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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gold-coated (~30 nm thick) before SIMS analysis. 
SIMS sulfur isotopic compositions were determined at the GIG-CAS, 

using a Cameca IMS1280-HR. The detailed analytical parameters are 
given in Li et al. (2019). A primary 133Cs+ ion beam (~1.9–2.8 nA 
current and 20 keV total impact energy) was focused on the sample 
surface. The beam size was around 10 μm, and a raster of 5 μm was used 
to slightly homogenize the Gaussian beam. Presputtering for 20 s was 
applied to remove the Au coating on the mineral surface, and a normal- 
incidence electron gun was used for charge compensation. A nuclear 
magnetic resonance (NMR) magnet controller was used to stabilize the 
magnetic field. The mass resolving power was set at 5000 to minimize 
possible isobaric interference(s). The isotopes 32S and 34S were 
measured simultaneously by two Faraday cups of the multicollection 
system (L'2 and H1 positions). Sulfur isotope data are reported using 
conventional delta notation, where δ34S(‰) = 1000 × [(34S/32S)sample / 
(34S/32S)V-CDT – 1]. The analytical precision, calculated as two standard 
deviations (2SD) of repeated measurements of reference materials dur
ing each analytical session, is better than ±0.6‰. 

Since no marcasite standard exists at present, the primary reference 
material we used to monitor marcasite δ34S is the pyrite standard UWPy- 
1 (Ushikubo et al., 2014). Although this might reduce the accuracy of the 
isotopic results slightly (Bryant et al., 2019; Bryant et al., 2020a), the 
range of δ34S values reported in this study is so large that minor un
certainties would not change much of our interpretations and 
conclusions. 

The volumetric ratio of pyrite to marcasite is an important parameter 
that needs to be quantified. The ideal method of quantification would be 
X-ray diffraction (XRD), but the content of sulfide in the study units is 
too low to permit its application. The reported sulfide content at 
Meishan ranges from 0.07% in Bed 24d to 0.37% in Bed 32, with the 
exception of a peak (1.84%) in a sublayer of Bed 24e (Jiang et al., 2006). 
Moreover, Beds 25, 28, and 31 are volcanic ash, Bed 26 is claystone, and 
Beds 29, 30, and 32 are mudstone, which are not suitable for dissolution 
by a weak acid (e.g., acetic acid). There are many black shale and 
sandstone beds in the Penglaitan section (Fig. 4a) that are also not 
suitable to for dissolution by a weak acid. As an alternative, we selected 
a visually representative region of each sample and determined the areas 
of marcasite and pyrite grains, on the assumption that the areal ratio of 
these minerals approximates their volume ratio. This analysis was car
ried out by taking photos (using a petrographic scope with a camera 
attachment) of the selected region of each sample, scanning it using 
Adobe Photoshop CC 2018, and converting it to black-and-white, after 
which the photo's contrast was greatly enhanced. Because marcasite is 
darker than pyrite, these minerals could be easily distinguished in high- 
contrast photos. The areas of marcasite and pyrite in the selected region 
of each sample were determined using the magic wand tool of Adobe 
Photoshop CC 2018 by integrating the pixels representing each mineral 
and then calculating their ratio in Excel. 

3. Results 

3.1. Description of analyzed sulfides 

Marcasite was observed in all beds of the Meishan study interval (i.e., 
Beds 24d-32) although their abundances display large variability be
tween beds. Specifically, marcasite is less abundant than pyrite in Beds 
24–25 (low area ratio of marcasite to pyrite) (Figs. 2c-d, 3d), but its 
abundance increases abruptly in the EPME interval and becomes the 
dominant sulfide mineral in Beds 26–32 (high area ratio of marcasite to 
pyrite) (Figs. 2a-b, 2e-h, 3d), which is consistent with the observation of 
limited sample from the same section in a prior study (Lounejeva et al., 
2020). Another notable feature is that the marcasite grains in Beds 
24–25 tend to be more euhedral than those in Beds 26–32. Pyrite 
framboids in most beds are common but generally overgrown by 
marcasite or pyrite (Fig. S3). Pyrite overgrowths both pre- and postdate 
marcasite formation, implying a longer growth history than that of 
marcasite. The proposed formation sequence indicates that pyrite 
framboids and overgrowths are two endmembers that were likely least 
and most affected by diagenetic processes (e.g., Rayleigh fractionation), 
respectively. A similar stratigraphic distribution of sulfide phases was 
observed in the Penglaitan section. Marcasite is less abundant than py
rite in Beds 139–141, but becomes the dominant sulfide mineral in the 
EPME interval commencing at Bed 142 (Fig. 4c-e). There is also a shift in 
marcasite shape from euhedral in Bed 140 to anhedral in Bed 142 
(Fig. 4d-e). 

3.2. S-isotopic data from Meishan and Penglaitan 

Framboidal pyrite has the lowest δ34S values of any sulfide phase at 
Meishan, averaging − 44.9 ± 6.6‰ (2SD, n = 46) (Fig. 3b). The δ34S 
values of marcasite in Beds 24d-25 range from − 29.5‰ to − 7.4‰, but 
decrease to values as low as − 51.1‰ in Beds 26–32 (Fig. 3b, Table S1). 
Overall, the δ34S values of marcasite are significantly higher than those 
of framboidal pyrite in Beds 24–25, but their values become statistically 
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Fig. 2. Petrographic characteristics of marcasite and pyrite in the Meishan 
section under plane-polarized light. Intergrowth of marcasite and pyrite in Bed 
32 (a, e), Bed 26 (b), Bed 25 (c), Bed 24e (d), Bed 30 (f), Bed 29 (g) and Bed 27a 
(h). Note that marcasite overwhelms pyrite in Beds 26 to 32, contrary to the 
situation in Beds 24 and 25. The marcasite in Beds 24 to 25 tends to be more 
euhedral than those in Beds 26 to 32. Note that the pyrite framboids, if present, 
are well preserved in all samples. The circle and the number indicate the 
location and δ34S of SIMS analysis (pyrite in white and marcasite in yellow). 
The contrast of all images was enhanced by ImageJ or Adobe Photoshop CC 
2018 to better display the difference between marcasite and pyrite. E Py: 
euhedral pyrite; Mc: marcasite; F Py: framboidal pyrite, S Py: subhedral pyrite. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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indistinguishable in Bed 26 and above (p-value for a Student's t-test is 0.7; 
Fig. 3b). Spot analysis of single grains in intergrown pyrite-marcasite 
masses of Beds 26–32 yielded similar δ34S values for marcasite and 
framboidal pyrite, and intragranular variation of δ34Smarcasite is small, 
generally within a few per mil (Fig. 2). Pyrite overgrowths mostly have 
δ34S values close to those of marcasite, although some overgrowths 
yielded much heavier δ34S values (> + 20‰, Fig. 3b), including a few 
that exceed the estimated δ34S of contemporaneous seawater sulfate (~ 
+ 15‰; Bernasconi et al., 2017). The observed δ34S values are consistent 
with the petrographic characteristics aforementioned. 

The decrease of marcasite δ34S in the EPME interval occurred 
concurrently with a shift in CaO content (Fig. 3c) (Sun et al., 2018), 
marcasite abundance (Fig. 3d), conodont δ18O (Fig. 3e) (Chen et al., 
2016), and δ11B of fossil brachiopod shells (Jurikova et al., 2020), and it 
slightly postdates the negative C isotope excursion commencing at the 
top of Bed 24e at Meishan (Fig. 3g) (Burgess et al., 2014). Similar to the 
Meishan section, there is a sharp negative shift in δ34Smarcasite within the 
EPME interval at Penglaitan, from around 0‰ in Bed 140 to − 45‰ in 
Bed 142 (Fig. 4b). Thus, changes in marcasite δ34S and morphology can 
be linked to the EPME (Shen et al., 2011a, 2011b; Song et al., 2013). 
Framboidal pyrite tends to have very negative δ34S values in both sec
tions, while subhedral to euhedral pyrite tend to have elevated δ34S 
values. 

4. Discussion 

4.1. Environmental context of marcasite formation 

Although the detailed formation processes of marcasite are not clear, 
recent study shows that marcasite can form through the oxidation of pre- 
existing pyrite (Schieber, 2007), per the reaction: 

FeS2 + 3.5O2 +H2O→Fe2+ + 2SO4
2− + 2H+ (1) 

This reaction produces acidity and ferrous iron ions, generating 
favourable conditions and Fe2+ for the formation of marcasite. During 
this process, acid generation is likely to partially dissolve parent iron 
sulfides, degrading framboidal pyrite and etching euhedral pyrite 
(Schieber, 2011), creating a jagged contact between co-occurring 
marcasite and pyrite crystals (Schieber, 2007). However, framboidal 
pyrite in this study exhibits no degradation (Figs. 2a, e-f, h, and 4d), and 
only a planar contact is observed between marcasite and euhedral pyrite 
crystals (Fig. 2c-d). Also, the abundance of marcasite is typically much 
greater than that of pyrite in Fe-sulfide intergrowths (Fig. 2a, e, h), and 
less commonly that marcasite crystals can occur without intergrown 
pyrite (Fig. 2g). In addition, oxidation of pyrite is not consistent with the 
anoxic conditions that are thought to have existed at Meishan (Shen 
et al., 2011a, 2011b; Xiang et al., 2020). All of these features argue 
against the oxidation model, and we propose that marcasite at Meishan 
formed directly from anoxic acidic porewaters and not through 
replacement of pyrite in the sediment. 

Fig. 3. The Permian-Triassic stratigraphy, S-C-O-B isotopic data, CaO-TOC-Fesulfide content and age model at Meishan. (a) Stratigraphy of the Permian-Triassic 
boundary. (b) δ34S of marcasite and pyrite at Meishan. The symbols are individual analysis spots. Note the sharp decrease in δ34S of marcasite from Bed 25 to 
Bed 26. Variation ranges of δ34S of marcasite in Beds 24d-25 and Beds 26–32 are indicated by two rectangular boxes. Black triangles are bulk δ34S results (Riccardi 
et al., 2006; Shen et al., 2011a, 2011b). (c) CaO concentration of the rocks (Sun et al., 2018). (d) The areal ratio of pyrite to pyrite and marcasite. (e) δ18O of conodont 
apatite (Chen et al., 2016). (f) δ11B of fossil brachiopod shells (Jurikova et al., 2020). (g) δ13C of carbonate (Shen et al., 2013). (h) Total organic carbon of the rocks 
(Yin et al., 2012 and references therein). (i) Age model of the Meishan section (Baresel et al., 2017). (j) Sulfide concentration of the Meishan section (Xiang et al., 
2020). The ages in panel a are from Burgess et al. (2014). S-E Py: subhedral-euhedral pyrite; F Py: framboidal pyrite; Mc: marcasite; brach: Brachiopod shells; 
carb: carbonate. 
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We infer that the widespread occurrence of marcasite at Meishan and 
Penglaitan beginning around the base of the EPME interval records a 
sudden development of acidic porewater conditions. Experimental work 
shows that both pyrite and marcasite can form in low-temperature acidic 
solutions, but marcasite dominates when pH < 5.5 because of its higher 
growth rate (Schoonen and Barnes, 1991a). This is consistent with our 
petrographic observations that marcasite is more abundant than pyrite 
in Beds 26–32 at Meishan and in Bed 142 at Penglaitan (Figs. 2a-b, d, e, 
h, and 4d). 

4.2. Formation of 34S-depleted marcasite during early diagenesis 

The sulfur isotopic compositions of marcasite and pyrite in the study 
samples can provide valuable insights into their origins. Pyrite fram
boids can form both in the water column and within the sediment 
(Raiswell and Berner, 1985), but the former are generally smaller in size 
than the latter (Wilkin et al., 1996), which appears to be related to the 
limited time available for crystal growth in the water column (Rickard, 
2019). Statistical investigation suggests that framboids with a diameter 
> 10 μm are more likely to have formed within the sediment (Rickard, 
2019). To meet analytical requirements for SIMS analysis (bean size 10 
μm), only framboids >10 μm in diameter could be selected for sulfur 
isotope analysis (Figs. 2c-d, and 4d). Both the pyrite framboids and 
marcasite overgrowths in the study units are likely to have formed 
within the sediment. We, however, show below that marcasite precipi
tated syndepositionally in a porewater system that remained in contact 
with the overlying water column. 

One of the most prominent features of our dataset for Meishan is that 
variations in the sulfur isotopic compositions of framboidal pyrite and 
marcasite are coupled in Beds 26–32 (p-value for a Student's t-test is 0.7) 
but decoupled in Beds 24–25 (p-value for a Student's t-test is 0) (Fig. 3b). 
δ34Smarcasite does not show significant covariation with either total 
organic carbon (TOC, Fig. 3h) (Yin et al., 2012 and references therein) or 
sedimentation rate (Fig. 3i) (Baresel et al., 2017), which argues against 
their control of, or influence on, δ34Smarcasite. Since the δ34S values of 
sulfides from Bed 24d to 32 generated by bulk-rock analysis are nearly 
invariant (Fig. 3b) and the δ34S values of marcasite are closely correlated 
with crystal morphology (Figs. 2, 3b), the dramatic change in δ34Smar

casite cannot have been a result of a perturbation to the global sulfur cycle 
but, rather, resulted from changes in the local environment of marcasite 
formation. The same reasoning applies to the δ34Smarcasite shift at 
Penglaitan. 

We propose that the most 34S-depleted pyrite framboids from all beds 
as well as the marcasite from Beds 26–32 at Meishan and Bed 142 at 
Penglaitan were formed in an open system, in which porewater sulfate 
could freely exchange with the sulfate reservoir of the overlying water 
column (Fig. 5b, d) (Canfield, 2001). This scenario is supported by four 
lines of evidence. First, pyrite formed during early diagenesis (i.e., open 
system) in modern marine settings (e.g., South China Sea) usually has 
highly negative δ34S values (Lin et al., 2017; Jorgensen et al., 2019). 
Second, recent in-situ measurements of ancient pyrite framboids with 
diameters >20 μm frequently yield an offset of ~60‰ relative to the 
aqueous sulfate source (i.e., Δ34Ssulfate-sulfide), which is a signature of 
open-system conditions (Nozaki et al., 2021). Third, co-precipitation of 

Fig. 4. The stratigraphy, sulfur isotopic data and mineralogy of the Penglaitan section. (a) Stratigraphy of the Penglaitan section. (b) δ34S of marcasite and pyrite at 
Penglaitan. The symbols are individual analysis spots. Note the sharp decrease in δ34S of marcasite from Bed 141 to Bed 142. (c) The area ratio of pyrite to pyrite and 
marcasite. Note that marcasite overwhelms pyrite in Bed 142, contrary to the situation in Beds 139–141. Intergrowth of marcasite and pyrite in depth 671.4 m (d) 
and 668.3 m (e). The marcasite in Bed 140 tend to be more euhedral than those in Bed 142. The circle and the number indicate the location and δ34S of SIMS analysis 
(pyrite in white and marcasite in yellow). The contrast of all images was enhanced by ImageJ or Adobe Photoshop CC 2018 to better display the difference between 
marcasite and pyrite. S-E Py: subhedral-euhedral pyrite; Mc: marcasite; F Py: framboidal pyrite. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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marcasite and framboidal pyrite in a sulfate-limited closed system would 
lead to rapid consumption of porewater sulfate, resulting in parallel 34S- 
enrichments, which are not observed in the present study (Figs. 2b, h, 
and 4d). Fourth, a recent study suggests that anhedral marcasite is 
indicative of dynamic pH-Eh conditions at or near the sediment-water 
interface, whereas euhedral ones are more likely formed during late 
diagenesis (Lounejeva et al., 2020). Based on these considerations, we 
suggest that 34S-depleted marcasite and framboidal pyrite in the study 
units formed during early diagenesis, when shallow porewater 
continued to exchange freely with the overlying water column. 

The δ34S values of marcasite in Beds 26–32 at Meishan and Bed 142 
at Penglaitan are almost identical to those of co-occurring pyrite fram
boids (Figs. 3b, 4b), indicating that the sulfide in these two minerals 
derived from the same source or through a similar pathway. The sulfide 
in pyrite framboids is most commonly generated by microbial sulfate 
reduction (MSR) (Jorgensen et al., 2019), and therefore it is reasonable 
to assume that the marcasite formed through the same pathway. In 
contrast, the less 34S-depleted marcasite in Beds 24d and 25 at Meishan 
(Fig. 3b) and Bed 140 at Penglaitan (Fig. 4b) is likely to have formed in 
semi-open or closed porewater systems (Fig. 5a, c), in which Rayleigh 
distillation was operative (Jorgensen et al., 2019). This inference is 
supported by the observation that the marcasite in these beds is gener
ally more euhedral than that in the overlying beds (i.e., Beds 26 to 32 at 
Meishan and Bed 142 at Penglaitan), consistent with formation in a 
setting characterized by low sulfide concentrations and slow Fe-sulfide 
precipitation rates (Farquhar et al., 2013). 

Two pathways are potentially important for the formation of 34S- 
depleted sulfide in this study: (1) repeated oxidation-reduction of sulfur 
(Canfield and Thamdrup, 1994), and (2) MSR (Sim et al., 2011). 
Repeated oxidation of sulfides and disproportionation reactions have 
been invoked to explain large sulfur isotope fractionations since the rise 

of atmospheric oxygen in the Paleoproterozoic (Canfield and Thamdrup, 
1994). However, the oxidation of reduced sulfide requires an oxidant 
such as O2, which is inconsistent with the evidence of multiple 
geochemical proxies for anoxia/euxinia during the EPME at the study 
sites (Song et al., 2012; Xiang et al., 2020). Multiple‑sulfur isotopes of 
sulfides from Meishan yield 33λ < 0.515 (33λ = ln(33α)/ln(34α), where α 
is the fractionation factor) (Shen et al., 2011a, 2011b), which also does 
not support a disproportionation scenario (Johnston, 2011). 

We favor an alternative scenario in which the observed S-isotope 
fractionation at Meishan was produced by MSR under conditions of 
unlimited seawater sulfate. Given an estimated end-Permian seawater 
sulfate S-isotopic composition of ~ + 15‰ (Kaiho et al., 2001; Bernas
coni et al., 2017), the Fe-sulfides in Beds 26–32 at Meishan and Bed 142 
at Penglaitan are depleted in 34S by up to 65‰ relative to their source 
(Figs. 3b, 4b). Theoretically, the fractionation between sulfide and its 
sulfate source (Δ34Ssulfate-sulfide) linked to microbial sulfate reduction can 
range between 0 and ~ 70‰ (Eldridge et al., 2016; Jorgensen et al., 
2019). This maximum fractionation is supported by a culture experi
ment yielding sulfide depleted in 34S by up to 66‰ relative to the source 
sulfate (Sim et al., 2011), and similar fractionations linked to MSR have 
been reported from modern marine settings (Lin et al., 2017). These 
considerations indicate that MSR could have generated the large S-iso
topic fractionations observed at Meishan. 

4.3. Rapid ocean acidification associated with the EPME 

Based on the discussion above, it is reasonable to assume that less 
34S-depleted marcasite (as in Beds 24d to 25 at Meishan and Bed 140 at 
Penglaitan) is a signature of sulfate-limited conditions, whereas extreme 
34S-depletion of marcasite (as in Beds 26–32 at Meishan and Bed 142 at 
Penglaitan) reflects sulfate-unlimited conditions. Since strongly 34S- 

Fig. 5. Schematic diagram showing change of seawater chemistry and its effect on sulfide formation in porewater. (a) The geochemical interface dividing neutral and 
acid seawater was hosted in sediments. (b) Quick acidification of open seawater. (c) A zoom-in view of the boxed area in panel a. The less 34S-depleted marcasite was 
formed in sulfate-limited porewater. (d) A zoom-in view of the boxed area in panel b. The 34S-depleted marcasite was formed in sulfate-unlimited shallow sediments. 
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depleted Fe-sulfide only forms under open-system conditions and 
marcasite only forms in acidic environments, the 34S-depleted marca
sites in the study units possibly have formed under open-system condi
tions in an ocean in which bottom water has experienced acidification 
(Fig. 5). The negative shift in marcasite sulfur isotope values is syn
chronous with the negative shift in brachiopod-shell boron isotope 
(Jurikova et al., 2020) (Fig. 3f), which supports the conclusion that 
marcasite with low sulfur isotope values is indicative of widespread 
ocean acidification. The abrupt appearance of 34S-depleted marcasite in 
the EPME interval in both study sections implies that the onset of 
widespread acidification in the latest Permian ocean was rapid (possibly 
<15,000 years). This conclusion is consistent with the simultaneous 
declines in CaO content (Fig. 3c) (Sun et al., 2018) and δ11B of fossil 
brachiopod shells (Fig. 3f) (Jurikova et al., 2020) at Meishan, both of 
which are also indicative of ocean acidification. An analogous pattern 
was reported in a recent study of the Cenomanian-Turonian Oceanic 
Anoxic Event (OAE-2), in which the co-occurrence of marcasite and 
pyrite with similar low δ34S values was also attributed to ocean acidi
fication (Bryant et al., 2020a). The absence of marcasite in modern 
marine sediments accumulating under open-system conditions (Rickard, 
2012) is further evidence that the formation of 34S-depleted marcasite 
requires ocean acidification (water column acidification). 

Although the potential for oceanic anoxia (Zhang et al., 2018) and 
high sea-surface temperatures (Joachimski et al., 2012) to trigger the 
EPME is manifest, the strong temporal correspondence of the onset of 
ocean acidification with the end-Permian extinction interval suggests 
that changes in seawater pH may play an important role in contributing 
to the marine ecosystem collapse. We note while the negative shift in 
marcasite sulfur isotope values at Meishan appears to have postdated the 
starting point (base of Bed 25) of EPME (Fig. 3), it occurred broadly 
within the extinction interval (Beds 25 to 28) (Shen et al., 2011a, 
2011b), and it is reasonable to conclude that the pH decrease has played 
a role during the EPME. It is noteworthy that low-pH conditions per
sisted into the Early Triassic (Fig. 3b, f), which implies that prolonged 
ocean acidification hampered biological recovery after the Earth's most 
devastating mass extinction (Payne et al., 2004). 

The primary trigger for ocean acidification during the end-Permian, 
as evidenced by the global negative carbon isotope excursion in the 
latest Permian (Fig. 3c) (Shen et al., 2013; Burgess et al., 2014), was a 
rapid injection of CO2 to the atmosphere-ocean system from the Siberian 
Traps (Burgess et al., 2017) or other volcanic sources in the Tethyan 
region (e.g., South China volcanic arc; Zhang et al., 2021), yielding both 
volcanogenic and thermogenic emissions of CO2 and CH4 (Schobben 
et al., 2019). The sharp decline in the sulfur isotopic composition of 
marcasite was accompanied by a synchronous increase in sea-surface 
temperatures (Fig. 3e) (Joachimski et al., 2012; Chen et al., 2016), 
both of which slightly postdated the negative C isotope excursion, which 
is in agreement with the greenhouse emissions hypothesis. In addition to 
CO2, large volumes of SO2 may have been released into the atmosphere- 
ocean system through degassing associated with intensive latest 
Permian volcanism, contributing to widespread acid rain (Black et al., 
2014) and intensified continental erosion (Algeo et al., 2011). 

The pH decrease indicated by brachiopod-shell δ11B was around 0.5 
units (from ~8.0 to ~7.5) (Jurikova et al., 2020), similar to the decline 
for other time intervals that have been linked to ocean acidification 
events (e.g., OAE-2, Bryant et al., 2020b). The pH decline of the water 
column should have pushed a pH decline in the shallow sediment 
porewater environments (Fig. 5). However, a pH drop from 8.0 to 7.5 in 
the shallow sediments is not sufficient for marcasite formation, and an 
additional mechanism in the sediment is needed to explain the wide
spread presence of marcasite. Several hypotheses for generating low pH 
in porewaters have been proposed, including partial oxidation of pyrite 
(Schieber, 2011), proton-liberating metabolic activity such as fermen
tation/methanogenesis/organic acid production (Bryant et al., 2020a 
and references therein), and the H2S production and pH buffering ca
pacity of the sediment (Bryant et al., 2020a). As discussed above, 

oxidation of existing pyrite is not likely given a lack of evidence of pyrite 
degradation. Intensified proton-liberating metabolic activity requires an 
elevated organic matter supply, and this mechanism was inferred to 
have been responsible for formation of 34S-depleted marcasite in OAE-2 
samples with high organic matter content (Bryant et al., 2020a). How
ever, the organic matter content in Beds 26–32 at Meishan is relatively 
low (Fig. 3h), rendering this mechanism unlikely as well. 

An alternative mechanism for lowering sediment porewater pH suf
ficiently to permit marcasite formation is based on the presence of excess 
H2S. Recent redox studies of the end-Permian ocean have inferred the 
widespread development of euxinia in the pycnocline region (Song 
et al., 2012; Xiang et al., 2020). Given that marcasite is consistently 
hosted by sedimentary rocks formed under low-pO2 conditions (e.g., 
black shale or mudstone associated with oceanic anoxia events; 
Schieber, 2011; Bryant et al., 2020a), we think that excess H2S in the 
water column and porewater of the end-Permian ocean could have 
caused a sufficiently large pH decrease to permit marcasite formation. 
Hydrosulfuric acid is a weak acid, with an ionization constant (pKa) of 
~6.9 at room temperature (Perrin, 2016), which results in a pH of ~4.0. 
Besides, modern euxinic basin has been reported having pH < 7.8 
(Polonsky, 2012), suggesting that accumulation of MSR-generated H2S 
in euxinic deep waters and porewaters would have been able to produce 
low-pH conditions (ca. 4–7.8). Moreover, the reaction between H2S and 
Fe2+ that precipitates Fe-sulfides generates H+ (Shen et al., 2016), which 
would further lower porewater pH. The elevated Fe-sulfide concentra
tions of Beds 26–32 at Meishan (Fig. 3j) confirm the plausibility of this 
scenario. Another factor that might have contributed to formation of 
marcasite is the muted pH buffering capacity of the sediments through 
carbonate dissolution because of the much lower CaO content of Beds 
26–32 relative to that of Beds 24d-25 at Meishan (Fig. 3c). In summary, 
we infer that a combination of elevated porewater H2S concentrations 
linked to widespread oceanic euxinia, production of H+ during Fe- 
sulfide precipitation, and low sediment CaO content were key factors 
in generating and maintaining low-pH conditions that allowed abundant 
marcasite formation during the end-Permian crisis. 

It is worth noting that even though marcasite could only be formed at 
pH < 5.5 and we suggest that the low δ34S of marcasite in Beds 26–32 
indicates that porewater could exchange freely with the overlying water 
column, it doesn't mean that the overlying water column has a pH < 5.5. 
It is more likely that, similar to what prior researchers have found in the 
modern euxinic basin (from a pH of ~7.5 in the water column to ~6.2 in 
the sediments) (Canfield et al., 1998; Aloisi et al., 2004), there may exist 
a pH gradient from the sediment porewater to the overlying water col
umn in the end-Permian Tethyan ocean. The only difference between the 
end-Permian ocean and the modern euxinic basin may be that the former 
has an even lower porewater pH (< 5.5) than the latter. As mentioned 
earlier in this section, the low pH (< 5.5) needed for marcasite formation 
during EPME may be a result of the accumulation of excess H2S during 
MSR. 

Existing data indicates that pH and H2S concentration in the modern 
euxinic basin (e.g., the Black Sea) is negatively correlated (Midilli et al., 
2007; Polonsky, 2012), and one may expect to calculate the pH of the 
water column if the H2S concentration is known, or vice versa. However, 
we think it is not practical in paleoenvironmental research (e.g., at 
EPME) since the pH of the ancient ocean could not be precisely deter
mined based on the occurrence of marcasite because it could be formed 
in a wide range of pH values (0.96 to 5.5) (Lounejeva et al., 2020). 
Besides, there is no good proxy to constrain H2S concentration either. 
Other proxies, such as boron isotope data, may be a better choice to 
constrain paleo-ocean pH and possibly H2S concentration. 

5. Conclusions 

A rapid ocean acidification event in conjunction with the end- 
Permian mass extinction is documented by abundant, low-δ34S marca
site in strata within and above the EMPE in the Meishan GSSP and 
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Penglaitan sections, in marked contrast to the marcasite-poor pre-EPME 
beds. The change in the abundance of marcasite is associated with a 
rapid sulfur isotopic shift within the EPME interval (from − 15‰ in Bed 
25 to − 50‰ in Bed 26 at Meishan and from around 0‰ in Bed 140 to 
− 45‰ in Bed 142 at Penglaitan). The 34S-depleted compositions of 
marcasite in Beds 26–32 at Meishan and Bed 142 at Penglaitan, which is 
statistically indistinguishable from that of co-occurring framboidal py
rite, represent a sulfate-unlimited environment. Given that marcasite 
formation is favored by strongly acidic conditions, the increase in 
marcasite abundance across the EPME interval and the associated sharp 
shift to highly negative δ34S values indicate rapid acidification of 
contemporaneous seawater. The temporal correlation between the 
anomalous marcasite and the EPME interval implies that ocean acidifi
cation may have played a significant role in triggering the end-Permian 
biocrisis. 
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