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The dynamics of the marine sulfur cycle across the End-Permian Mass Extinction (EPME) have been 
obscured by disagreement between sulfur isotopic records from different archives. Here, we attempt 
to resolve this disagreement with new measurements of carbonate associated sulfate (CAS) δ34S (i.e., 
δ34SCAS) from three Permian-Triassic boundary (PTB) sections in South China. We observe substantial 
δ34SCAS variation within single hand samples, with most samples having a δ34SCAS range exceeding 
5� and some reaching ∼20�. We also find evidence for mixing between low CAS abundance, high 
δ34SCAS and high CAS abundance, low δ34SCAS phases. A simple model of reduced sulfur oxidation and 
incorporation as CAS suggests that sedimentary redox oscillations may plausibly explain the δ34SCAS
heterogeneity within many EPME carbonates; rapid variation in the δ34S of the marine SO2−

4 reservoir 
is not necessary. Additional work to examine how synchronous changes in organic carbon fluxes, 
sedimentation rates, or other parameters that impact sediment redox and sulfur diagenesis is needed 
to evaluate the environmental implications of the δ34SCAS heterogeneity.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The End-Permian Mass Extinction (EPME) is the largest known 
mass extinction event in Earth’s history (Sepkoski, 1981; Erwin, 
2006). Paleobiological datasets suggest that nearly 80% of genera 
went extinct, with losses especially concentrated in calcified ma-
rine invertebrates (Payne and Clapham, 2012). Geochronological 
studies have shown that this extinction was rapid, with zircon U-
Pb age measurements constraining the duration of the extinction 
in South China to 60 ± 48 kyr (Burgess et al., 2014). Catastrophic 
extinction mechanisms have been proposed based on this rapidity, 
with prior work (e.g. Knoll et al., 2007) suggesting a massive influx 
of carbon to the ocean-atmosphere system as a primary causal fac-
tor.

Past geochemical studies have revealed large marine chemistry 
perturbations associated with the EPME. Observations of lami-
nated, pyrite-rich sediments in Permian-Triassic boundary (PTB) 
strata suggested widespread ocean anoxia and euxinia during the 
extinction interval (e.g. Bond and Wignall, 2010). Carbon isotope 
studies (e.g. Payne et al., 2004) identified a gradual late Per-
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mian carbonate δ13C decline punctuated by a rapid, large (3-4�) 
negative excursion across the extinction event. Similarly dramatic 
changes occurred in the strontium (e.g. Korte et al., 2004), calcium 
(e.g. Hinojosa et al., 2012), osmium (e.g. Schoepfer et al., 2013), 
uranium (e.g. Lau et al., 2016), and nitrogen (e.g. Schoepfer et al., 
2013) isotope systems. The Siberian Traps have emerged as the 
most likely source of the disturbance that caused the EPME, with 
volatilization of sedimentary organic carbon (Svensen et al., 2009) 
possibly augmenting the eruption’s CO2 release and its 13C deple-
tion.

Numerous studies (e.g. Kaiho et al., 2001; Luo et al., 2010; Song 
et al., 2014) have measured the sulfur (S) isotopic composition of 
carbonate associated sulfate (CAS) to study the global marine S cy-
cle across the EPME. These studies have documented a huge range 
in CAS δ34S (i.e., δ34SCAS), leading some authors (e.g. Luo et al., 
2010) to argue for very low (< 5 mM) seawater sulfate (SO2−

4 ) 
concentrations at the time of the EPME. Other studies (e.g. New-
ton et al., 2004) have alternatively suggested mixing of isotopically 
disparate reservoirs of S. Although both CAS and evaporite δ34S 
records (e.g. Bernasconi et al., 2017) indicate a large increase in 
seawater δ34S across the PTB, disagreement between records has 
inhibited a better understanding of marine S cycle behavior.

Relatively low CAS abundances (e.g. Marenco et al., 2008) make 
end-Permian carbonates a prime target for δ34S studies utilizing 
methods with minimal sample requirements. Here, we present 
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Fig. 1. End-Permian paleogeographic map. Red stars denote the approximate locations of the three sections included in this study. Small yellow stars denote locations of other 
EPME sections with δ34SCAS data. Map after Scotese (2014). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
new multicollector inductively coupled plasma mass spectrome-
try (MC-ICP-MS) δ34SCAS data from three EPME sections in South 
China. We find that δ34SCAS heterogeneity within single hand sam-
ples often exceeds 5� and sometimes reaches ∼20�. Cross plots 
of δ34SCAS versus the inverse of CAS abundance suggest this het-
erogeneity results from mixing between phases. We argue that the 
disagreement between evaporite and CAS δ34S records likely indi-
cates incorporation of SO2−

4 derived from reduced S oxidation into 
CAS; i.e., the δ34SCAS variability reflects diagenetic alteration, not 
primary variation in the δ34S of marine SO2−

4 .

2. Sample localities

An End-Permian paleogeographic map depicting the sample lo-
calities for this study and selected localities from previous studies 
is shown in Fig. 1. Meishan (31.0798◦N, 119.7058◦E) is the loca-
tion of the Global Boundary Stratotype Section and Point (GSSP) 
for the Permian-Triassic boundary (Hongfu et al., 2001) and has 
been extensively targeted for geochemical studies (e.g. Kaiho et al., 
2001; Cao et al., 2002, 2009; Riccardi et al., 2006; Burgess et al., 
2014). Here, carbonate sediments were deposited in a carbonate 
ramp setting within a local topographic depression between fair 
weather and storm wave base (Hongfu et al., 2001; Chen et al., 
2015). Facies include bioclastic micrite, wackestones, packstones, 
and grainstones containing abundant pyrite and fossils of bra-
chiopods, crinoids, conodonts, foraminifera, and other calcified or-
ganisms (Hongfu et al., 2001; Zheng et al., 2013; Chen et al., 2015). 
The section is highly condensed and includes multiple ash beds 
that have been precisely dated through U-Pb zircon geochronology 
(e.g. Burgess et al., 2014); estimated sedimentation rates based on 
current age constraints range from < 0.1 m/Myr to 0.68 m/Myr
(Burgess et al., 2014). Data presented in this study come from beds 
24 through 29 (Hongfu et al., 2001), an interval in which the esti-
mated sedimentation rates do not exceed 26 m/Myr.

Yudongzi (32.0765◦N, 105.1546◦E) is situated to the west of 
Meishan in the Sichuan Basin. Here, sediments were deposited on 
the continental shelf, likely near the margin of a rimmed carbonate 
2

platform (Tang et al., 2017). The section is relatively unstudied, al-
though recent work (Kershaw et al., 2012; Tang et al., 2017; Zhang 
et al., 2020b) has begun to characterize the biostratigraphy and 
lithofacies of the site. The stratigraphy includes boundstones and 
skeletal grainstones within the latest Permian Changxing Forma-
tion and thrombolitic microbialites, lime mudstones, and grain-
stones in the earliest Triassic Feixianguan Formation (Kershaw et 
al., 2012; Tang et al., 2017; Zhang et al., 2020b). The exact position 
of the Permian-Triassic boundary at the site is uncertain; the first 
appearance datum (FAD) of the conodont H . parvus is 0.5 m above 
the base of the Feixianguan Formation, but the boundary may 
be at the Changxing-Feixianguan contact. A prominent erosional 
disconformity is evident at the contact between the Changxing 
and Feixianguan formations, with an unknown amount of material 
missing (Tang et al., 2017). Absolute ages at the site are not well 
constrained, but the occurrence of a thick (∼11 m) section of mi-
crobialite suggests that the section is highly expanded (Tang et al., 
2017). Correlation of the extinction interval at the site with that 
at Meishan (Burgess et al., 2014) indicates that absolute sedimen-
tation rates at Yudongzi are at least an order of magnitude higher 
(> 100 m Myr) than the lowest sedimentation rates at Meishan.

Penglaitan (23.6946◦N, 109.3110◦E) is located along the Hong-
shui River to the south of Yudongzi and Meishan in the Nanpan-
jiang Basin. This section serves as the GSSP for the Capitanian-
Wuchiapingian boundary and was deposited near the eastern car-
bonate platform within the basin (Jin et al., 2006; Shen et al., 
2019). The stratigraphy near the Permo-Triassic boundary consists 
primarily of peritidal mudstones, wackestones, and packstones de-
posited in a peritidal carbonate ramp setting (Shen et al., 2007, 
2019). The Permo-Triassic boundary is located at the boundary be-
tween Beds 141 and 142 in the section, which marks the transition 
from limestones and tuffs in the uppermost Talung Formation to 
mixed black shales and limestones in the Early Triassic Loulou For-
mation (Shen et al., 2007, 2019). Volcaniclastic sediments are ex-
tremely abundant near the boundary. Zircon U-Pb ages from these 
sediments suggest a very high sedimentation rate of 69 cm/kyr 
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(690 m/Myr) for the uppermost part of the Talung Formation (Shen 
et al., 2019).

3. Methods

Hand samples were collected in the field prior to this study. 
To enable visual sample assessment, hand samples were cut using 
a rock saw to expose fresh surfaces and polished on a Covington 
vibratory lathe using 240-grit silicon carbide, 600-grit aluminum 
oxide, and 9.5 micron aluminum oxide in sequence. Polished sur-
faces were imaged under an optical microscope and examined for 
grain size, pyrite abundance, and biogenic contents. Following opti-
cal imaging, a representative subset of twelve samples was selected 
for μ-XRF microscopy characterization and imaged using a Bruker 
M4 Tornado μ-XRF spectrometer. Images were typically collected 
under vacuum with a 240 μA, 50 keV X-ray beam using a 10 ms 
dwell time and 20 μm spot size. After imaging, XRF data were ex-
ported and loaded into MATLAB® for a principal component anal-
ysis (PCA) to identify distinct phases. Counts data for all elements 
(Al, Ba, Ca, Fe, K, Mg, Mn, Na, P, Rh, S, Si, Sr, and Ti) at each pixel 
were imported into a single matrix and subjected to PCA using 
MATLAB®’s built-in pca function. Maps of the first three principal 
components were visually inspected and used to identify regions 
for targeted sampling.

Samples were drilled with dental burs using a Dremel tool. 
Areas were targeted for sampling such that each of the main prin-
cipal components evident from the PCA analysis was sampled at 
least once. Either two or three distinct areas were drilled from 
each hand sample. Collected powders (3 to 15 mg in mass) were 
subsequently cleaned and subjected to column chemistry to iso-
late CAS. Powders were submerged in 1 mL 10% (w/w) NaCl so-
lution under sonication for at least four hours to remove soluble 
sulfate unassociated with the carbonate crystal lattice and were 
subsequently rinsed five times with 18.2 M� Millipore Milli-Q 
water. Samples were then dried down, weighed, dissolved in 0.5 
N Seastar® HCl, dried down again, and taken up in 0.5% (v/v) 
Seastar® HCl for column chemistry. Sulfate from each sample was 
isolated on an anion exchange column containing 0.8 mL of Bio-
Rad® AG1-X8 resin preconditioned with 2 x 10 column volumes of 
10% (v/v) reagent grade HNO3, 2 x 10 column volumes of 33% (v/v) 
reagent grade HCl, and 2 x 10 column volumes of 0.5% Seastar®

HCl. Quality control was maintained by including at least one sea-
water, one deep sea coral, and one procedural blank within each 
set of columns. After column chemistry, samples were dried down, 
re-diluted, and an aliquot measured for SO2−

4 concentration using 
a Dionex ICS-3000 ion chromatography system equipped with a 2 
mm AS4A-SC column and 1.8 mM Na2CO3/1.7 mM NaHCO3 elu-
ent.

S isotope ratios were measured on a Thermo-Fischer Neptune 
Plus MC-ICP-MS following the methods of Paris et al. (2013). SO2−

4
concentration measurements were used to ensure that sample con-
centrations matched the bracketing standard concentration (10 μM 
Na2SO4) as closely as possible. Average procedural blank (n = 6) 
size and δ34S were 0.39 ± 0.21 nanomoles and 4.3 ± 3.2�, re-
spectively. The average seawater δ34S (n = 4) was 21.05 ± 0.02�, 
and the average deep sea coral δ34SCAS (n = 3) was 22.7 ± 0.5�.

4. Results

4.1. μ-XRF maps

Example μ-XRF elemental maps and PCA maps are depicted in 
Supplementary Figures 1 and 2, respectively (Supplementary Ma-
terial). Although the elemental maps display some variability in 
elemental count intensities, the PCA maps are more effective in 
3

assigning this variation to different components. The first princi-
pal component in the example depicted in Supplementary Figure 2 
(sample YDS 32.5) shows a strong positive association with Ca, and 
the second component a strong association with Fe and S. These 
two components are ubiquitous throughout all samples. Cross plots 
of elemental counts also commonly demonstrate positive correla-
tions between Fe and S and between Al and Si (Supplementary 
Figure 3). Other elemental cross plots either show no correlation 
or have too few counts of at least one element for the correlation 
to be robust.

4.2. δ34SCAS measurements

Our δ34SCAS data are listed in table form in Table 1 and are 
plotted against stratigraphic height in Supplementary Figures 4-6 
(Supplementary Material). In Fig. 2, we plot δ34SCAS against the in-
verse of CAS abundance. CAS abundance ([CAS]) and δ34SCAS values 
vary widely within single hand samples. Across all samples, [CAS] 
ranges from a minimum of 32 ± 3 ppm to a maximum of 1787 ±
195 ppm. [CAS] within hand samples sometimes differs by a factor 
of two or more. δ34SCAS values are similarly variable; the aver-
age range of δ34SCAS within single hand samples is 7.8�, and the 
median range is 5.9�. Seven samples feature δ34SCAS heterogene-
ity that exceeds 10�, with three reaching ∼20�. Such variation 
is unassociated with changes in the stratigraphy or the carbonate 
δ13C profiles at each site (Supplementary Material).

5. Discussion

5.1. μ-XRF mapping as a screening tool

Most prior studies of the geochemistry of carbonates have used 
diagenetic screening methods that are qualitative (e.g. optical mi-
croscopy) or are limited to discrete points within samples (e.g. ICP-
MS elemental abundance measurements) (Grossman et al., 1991, 
1993; Veizer et al., 1999). Although such methods are important 
for interpreting isotopic variation within samples, they are often 
laborious and may provide little context about chemical variation 
within the sample beyond the area selected for measurement. The 
results presented here show μ-XRF microscopy to be a powerful 
tool that can provide information similar to that offered by tradi-
tional methods in a less laborious, more spatially extensive, and 
nondestructive manner. Principal component analysis on elemental 
counts data effectively identifies different dominant phases within 
cut and polished hand samples. The method is especially effective 
for identifying pyrite that may be difficult to observe under opti-
cal microscopy (e.g. Supplementary Figure 3B); this is important 
for minimizing the risk of contamination of CAS measurements by 
sulfur derived from reduced phases. While we did not attempt to 
make quantitative abundance estimates here, there is significant 
potential to use μ-XRF microscopy as a substitute for more tra-
ditional chemical methods of quantifying elemental abundances. 
Careful calibration with standards and longer dwell times would be 
required to quantify abundances for trace components of carbon-
ates; still, the non-destructive nature of μ-XRF microscopy makes 
it particularly advantageous for screening samples for diagenetic 
alteration. Future work should test the accuracy and precision of 
abundance quantification with this method and compare analytical 
times to the time required for traditional chemical measurements 
to evaluate whether replacement of chemical (e.g. ICP-OES) mea-
surements with μ-XRF measurements may be possible.

5.2. Within-sample δ34SCAS heterogeneity

Previous studies (e.g. Present et al., 2015, 2019) have found 
large δ34SCAS variations among different phases within bulk car-
bonate hand samples. Our measurements support these findings. 
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 #1 2σ CAS δ34S #2 
(�)

2σ CAS δ34S #3 
(�)

2σ

0.2 13.9 0.4 8.4 0.6

0.2 −10.1 0.2
0.2 21.4 0.2
0.2 22.2 0.2
0.2 16.6 0.3 26.7 0.3
0.5 19.5 0.5 20.1 0.4

0.5 22.0 0.3 19.8 0.3

0.4 −1.4 0.2 15.7 0.7

0.2 10.2 0.5

1.0 21.7 0.6

– 20.6 0.7 22.2 1.0

– 19.4 0.5

2.1 3.0 2.5
0.5 6.1 0.6 3.2 0.5
0.4 −6.3 0.7 4.4 0.5

0.8 3.4 1.6 −6.0 3.3
2.7

2.1 −14.2 0.8

1.7 4.1 0.7

2.1 −18.7 4.0 −27.1 2

4

Table 1
δ34SCAS data.

Locality Sample ID Height 
(m)

Description [CAS] #1 
(ppm)

2σ [CAS] #2 
(ppm)

2σ [CAS] #3 
(ppm)

2σ CAS δ34S
(�)

Meishan 29-1 4.42 grayish-green calcareous mudstone, few to no 
bioclasts

1551 189 837 94 1100 143 −5.4

Meishan 24-A-down 3.2 dark grey bioclastic wackestone 819 88 1787 195 3.7
Meishan 23-5 2.665 dark grey bioclastic mudstone 795 82 1130 117 22.2
Meishan 23-2-up 2.285 dark grey bioclastic mudstone 928 95 869 89 22.6
Meishan 23-1-up-B 1.963 dark grey bioclastic mudstone 620 64 761 78 458 48 29.7
Yudongzi YDS 34.5 34.5 wackestone with few identifiable biogenic clasts and 

sparry matrix
65 7 88 9 62 6 20.7

Yudongzi YDS 32.5 32.5 wackestone with calcite spar, veins rich in pyrite and 
siliclastic material, and disseminated pyrite

345 37 292 30 301 31 21.3

Yudongzi YDS 31.5 31.5 microbialitic packstone with many well-preserved 
biogenic grains, including brachiopod fragments and 
forams; weathered and recrystallized near top of 
sample with many sparry/recrystallized veins

242 25 545 55 211 22 17.2

Yudongzi YDS 21 21 microbialitic wackestone w/some brachiopod 
fragments, thin veins of spar and pyrite

748 77 741 78 12.5

Yudongzi YDS 13 13 wackestone w/many mm-width veins of 
spar/recrystallized carbonate

46 5 95 10 27.5

Yudongzi YDS 1.5 1.5 mudstone w/o obvious biogenic grains; zones of spar, 
dissolution, and abundant pyrite

57 6 42 4 32 3 21.2

Yudongzi YDS 0 0 mudstone w/o obvious biogenic grains; zones of spar, 
dissolution, and abundant pyrite

65 7 64 7 15.7

Penglaitan PLT-09 67 67 silty, laminated carbonate mudstone 256 31 239 27 520 89 2.8
Penglaitan PLT-09 63.7 63.7 bioclastic packstone with calcite veins 668 49 638 46 710 52 9.4
Penglaitan PLT-09 63.3 63.3 wavy-laminated gray packstone with mouldic calcite 

cement
654 47 838 62 587 43 5.6

Penglaitan PLT-09 62.7 62.7 bioclastic packstone with calcite veins 354 27 279 21 155 7 9.8
Penglaitan PLT-09 62.7 

foram
62.7 foram-rich area within packstone 219 28 6.2

Penglaitan PLTN-12-G 
61.85

61.85 veined, gray foram-bearing packstone 209 15 294 21 −13.3

Penglaitan PLTN-12-G 
61.85 vein

61.85 veins within packstone 148 10 242 17 6.0

Penglaitan PLTN-12-G 
48.1

48.1 gray calcareous wackestone; mouldic calcite cement 
in gastropod present in sample

1642 745 1021 417 1585 513 −23.7
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Fig. 2. Plot of δ34SCAS versus 1/[CAS] (ppm−1) for samples from (A) Meishan, (B) Yudongzi, and (C) Penglaitan. Color denotes hand sample from which each measurement 
was taken.
Here, δ34SCAS variations commonly exceed 5� and sometimes ex-
ceed 10�. What is the source of this variability?

Plots of δ34SCAS versus 1/[CAS] suggest an origin of the δ34SCAS

variation (Fig. 2). Meishan data show a strong correlation be-
tween δ34SCAS values and 1/[CAS], with higher [CAS] associated 
with lower δ34SCAS values. This trend is muted at Yudongzi and 
Penglaitan, though the three highest [CAS] samples at each site 
have anomalously low δ34SCAS values. These relationships strongly 
suggest mixing between low [CAS], high δ34S and high [CAS], low 
δ34S phases.

Several possibilities regarding the identity of the high δ34SCAS

phase(s) exist. Evaporite δ34S data do not exist at sufficiently high 
temporal resolution to distinguish precise δ34S variation across 
the EPME. However, existing evaporite data suggest that seawa-
ter SO2−

4 δ34S was approximately 10 ± 1� just prior to the PTB 
(Bernasconi et al., 2017). These data also indicate a rapid, ∼20�
seawater SO2−

4 δ34S increase over ∼2 Myr, with up to one-third of 
the increase occurring prior to the PTB. Conservatively, this sug-
gests that the seawater-derived CAS end member had a δ34SCAS

value between +10 and +22�. If we treat the upper limit of this 
range (22�) as seawater δ34S, our data are reasonably explained 
by two end member mixing between CAS unaltered from seawa-
ter SO2−

4 in its δ34S and a low δ34S, high [CAS] phase. A lower 
seawater δ34S would require that most of the data be affected 
by significant diagenetic incorporation of 34S-enriched SO2−

4 . Such 
incorporation could have occurred via cementation or recrystalliza-
tion in the presence of pore water SO2−

4 affected by microbial SO2−
4

reduction (MSR).
Multiple candidates also exist for the high [CAS], low δ34SCAS

end member(s) inferred from our cross plots. Sulfides are typically 
depleted in 34S due to the normal isotope effect associated with 
MSR. With the relatively low (< 1000 ppm) [CAS]’s typically ob-
served here, oxidation of reduced sulfur to SO2−

4 could easily skew 
our measurements toward higher [CAS] and lower δ34SCAS values if 
this SO2−

4 were incorporated into our measured CAS. Alternatively, 
temporal variation in seawater SO2−

4 — i.e., an increase in [SO2−
4 ] 

and decrease in δ34S — could also explain this trend. Carbonate 
and evaporite mineralogy (Hardie, 1996) and evaporite fluid inclu-
sion data (Lowenstein et al., 2003) argue against low [SO2−

4 ] at 
this time and suggest the observed δ34SCAS changes are too rapid 
to reflect primary temporal δ34S variation. Based on these con-
siderations and our within-sample δ34SCAS heterogeneity, we favor 
diagenetic incorporation of oxidation-derived SO2−

4 as the explana-
tion for the mixing trend in our data. We cannot a priori determine 
if such oxidation occurred in-situ during deposition or after lithifi-
cation, but we discuss the possibility of in-situ oxidation below.
5

5.3. Implications for EPME δ34SCAS

Previous work (e.g. Newton et al., 2004; Schobben et al., 2015) 
has noted a substantial decrease in SO2−

4 δ34S values associated 
with the EPME extinction interval (Fig. 3). This decrease is pro-
nounced in CAS δ34S records (e.g. Kaiho et al., 2001; Schobben 
et al., 2015) and is present to a lesser degree in evaporite δ34S 
data (Bernasconi et al., 2017). Our δ34SCAS results also include low 
δ34SCAS values near and within the extinction interval. Although 
correlations between our data and previously measured sections 
are imprecise, the lowest δ34SCAS values at each site occur before 
or within the extinction interval; interestingly, the extremely scat-
tered and low δ34SCAS values measured by Riccardi et al. (2006)
and Li et al. (2009) at Shangsi occur in strata deposited up to ∼2 
Myr prior to the EPME. CAS from the rapidly deposited Penglai-
tan section (Shen et al., 2019) is also particularly 34S-depleted. The 
rough temporal correlation of very low δ34SCAS values across mul-
tiple sections is striking. Is there a mechanism to explain such low 
δ34SCAS values amid relatively invariant evaporite δ34S values?

Several studies have suggested oscillating water column redox 
conditions in shallow EPME sections across the globe. Evidence 
for redox oscillations includes variation of pyrite framboid size 
(e.g. Bond and Wignall, 2010), pyrite triple S isotopic composi-
tions (Shen et al., 2011), and total organic carbon abundance and 
δ13C changes (Grice et al., 2005). Deep ocean strata in Japan and 
Canada (e.g. Isozaki, 1997) indicate a decline in deep ocean [O2] 
prior to the EPME and a potential for shallow shelf water column 
redox changes driven by upwelling anoxic deep waters. Oscilla-
tions in upwelling and/or primary productivity have commonly 
been invoked to explain inferred changes in water column redox 
at Meishan (Xiang et al., 2020; Wei et al., 2020), Penglaitan (Xiang 
et al., 2021), and other South China localities (Zhang et al., 2020a). 
Although uranium abundance and isotopic composition data from 
carbonates have been used to argue for a modern-like fraction of 
oxygenated seafloor in the Late Permian (Lau et al., 2016), many 
other data suggest widespread O2-poor waters in the EPME ocean 
(e.g. Xiang et al., 2020; Wei et al., 2020; Zhang et al., 2020a).

Changes in sedimentary redox could have had a large effect on 
δ34SCAS values; in particular, more extensive penetration of O2 into 
sediments and oxidation of reduced S phases could have enabled 
a large decrease in δ34SCAS values if some oxidation-derived SO2−

4
was created in the region of carbonate recrystallization. To quanti-
tatively test this hypothesis, we created a simple model in which 
sediments of assigned initial [CAS], δ34SCAS, pyrite abundance, and 
pyrite δ34S are subjected to various degrees of pyrite oxidation, 
with all the oxidized pyrite S being incorporated into the CAS. Al-
though we assumed pyrite to be the material subject to oxidation, 
other sources of S (e.g. elemental S; Riccardi et al., 2006) could also 
contribute without invalidating the model. Results from the model 
for the Meishan samples are shown in Fig. 4A. We found that all 
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Fig. 3. Plot of δ34S versus age for our data plus the data of previous studies. All sample ages were updated to the 2012 Geologic Time Scale (Gradstein et al., 2012). Data 
were correlated based on published stage boundaries and absolute age constraints following previous work (Present et al., 2020). Sedimentation rates were assumed constant 
between age control points and were extrapolated beyond age control points in rare cases. Each prior study’s data from evaporites (yellow) or CAS (cyan) are shown with a 
unique symbol. This study’s data are shown as opaque circles colored based on locality.
our data fall within a [CAS] - δ34SCAS space in which up to 0.05 
wt% S with a δ34S of −30� has been oxidized and incorporated as 
CAS into carbonates with initial [CAS]’s ranging from 400 to 1000 
ppm (Fig. 4A). The initial δ34SCAS value in the model was +30�. 
Clustering of the data toward the upper left of the plot suggests 
that most data can be generated via oxidation of far lower amounts 
of S (< 0.01 wt%). Our model can fit the Yudongzi and Penglaitan 
data similarly well with slight modifications to the initial condi-
tions (Fig. 4B, C). Notably, the data at Penglaitan fall fully in a com-
positional space in which the starting δ34SCAS value was +10�, 
the approximate δ34S of end-Permian evaporites (Bernasconi et al., 
2017). This may indicate that the pre-oxidation CAS at Penglaitan 
was unaltered from seawater SO2−

4 in its isotopic composition, an 
interpretation consistent with the site’s high sedimentation rate if 
average rates of carbonate recrystallization were consistent across 
all sites (Rennie and Turchyn, 2014; Shen et al., 2019). The +30�
initial δ34SCAS value for Meishan and Yudongzi would consequently 
reflect pre-oxidative 34S enrichment via MSR, likely the result of 
early diagenetic carbonate recrystallization under the low to mod-
erate sedimentation rates that characterize these sites (Rennie and 
Turchyn, 2014; Burgess et al., 2014). The compatibility of these 
models with our data motivates further study of this scenario.

What processes could be responsible for oscillating sedimen-
tary or water column redox during the EPME, assuming these 
6

model trends reflect in-situ oxidation during deposition? Riccardi, 
Arthur, and Kump (2006) attributed the significant δ34SCAS variabil-
ity across the EPME to oscillations in water column redox related 
to upwelling euxinic waters. Although we agree that the oxidation 
of solid phase S species seems necessary to generate highly neg-
ative δ34SCAS values (Riccardi et al., 2006), we contend that both 
the formation and the later oxidation of these species could have 
occurred entirely within the sediments without necessarily involv-
ing water column redox changes. Our estimates for the amount of 
pyrite oxidation needed to generate the observed δ34SCAS data via 
incorporation into CAS are generally similar to or lower than the 
amount of pyrite S currently preserved in these rocks (e.g. Riccardi 
et al., 2006). In addition, multiple S isotope data (Shen et al., 2011) 
suggest that some of the pyrite at Meishan was formed through 
mixing between H2S produced from a combination of MSR and 
S disproportionation and H2S produced solely from nearly quan-
titative MSR (i.e., H2S identical to seawater SO2−

4 in its S isotopic 
composition). Shen et al. (2011) envisioned these variants of pyrite 
to form in the sediments under differing bottom water redox con-
ditions. However, changes in sedimentation rate, organic matter 
input, or other sedimentary parameters could have resulted in sim-
ilar sedimentary redox changes (e.g. Johnson, 2021). We favor a 
sedimentary locale for the redox changes based on trace metal 
data suggesting predominantly oxic water column conditions at 
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Fig. 4. Plot of final model δ34SCAS value versus CAS abundance for (A) Meishan, (B) Yudongzi, and (C) Penglaitan. In the models, various amounts of pyrite (δ34S = −30�) 
were oxidized and incorporated as CAS. Different lines represent different amounts of oxidized S, with dark blue (top left) denoting no oxidation and lime green (lower right) 
denoting 0.05 wt% (or 0.01 wt% in panel B) oxidized S. Circles depict data for Meishan (cyan), Yudongzi (yellow), and Penglaitan (magenta).
Penglaitan (Xiang et al., 2021) and trace metal and pyrite framboid 
size data indicating only sporadic water column euxinia at Meis-
han (Xiang et al., 2020; Wei et al., 2020). Determining the origin of 
such synchronous changes in δ34SCAS variability will be important 
for understanding changes in biogeochemical cycles across this im-
portant time in a mechanistic way.

A sedimentary redox-based origin for the δ34SCAS heterogene-
ity within our samples is also consistent with known differences 
in the depositional environments included within our data com-
pilation (Fig. 3). Meishan, Shangsi, and the Iranian sections ana-
lyzed by Schobben et al. (2015) all exhibit facies and age models 
suggesting very slow sediment accumulation rates (< 3 cm/kyr) 
immediately prior to the PTB (Riccardi et al., 2006; Burgess et 
al., 2014; Schobben et al., 2015). In contrast, the Penglaitan and 
Yudongzi sections analyzed in this study and the Siusi (Newton 
et al., 2004), Çürük Dağ (Marenco, 2007), and additional South 
China sections (Luo et al., 2010; Song et al., 2014) analyzed in 
previous studies all feature shallower water carbonate facies that 
accumulated at rates several factors to orders of magnitude higher. 
Notably, most of the shallow water sections except for Penglai-
tan do not exhibit extremely low δ34SCAS values near the EPME; 
the Meishan, Shangsi (Riccardi et al., 2006), and complete Iranian 
data (Schobben et al., 2015; see their supplementary material) do 
show lower values before and during the EPME. Prior work in 
modern marine environments has shown a general correlation of 
oxygen penetration depth (OPD) in sediments with sedimentation 
rate; rapidly deposited shelf sediments often feature complete oxy-
gen consumption within ∼1 cm of the sediment surface, whereas 
deeper water sediments bathed in oxic waters on the slope and 
in the abyss may have OPDs of several to 10s of cm or more (Cai 
and Sayles, 1996; Hicks et al., 2017). If oscillations in sediment 
redox were the source of the δ34SCAS scatter, one would expect 
sites with slower sediment accumulation rates and deeper oxy-
gen penetration depths (when oxic bottom waters are present) to 
be disproportionately affected. This largely appears to be the case. 
Although the Penglaitan sediments exhibit extremely low and scat-
tered δ34SCAS values despite a high sedimentation rate, it is pos-
sible that local conditions permitted especially rapid, productivity-
related sediment redox oscillations, particularly given the relatively 
low (< 0.3 wt%) total organic carbon contents measured in end-
Permian strata at the site and an apparent proximity of the site to 
continental inputs; mixed marine-terrestrial facies are present just 
tens of meters below the EPME in sediments that postdate 252.359 
± 0.038 Ma within the section (Shen et al., 2007, 2019).

As a plausibility check, we can estimate the frequency of sedi-
mentary redox oscillations required to oxidize sedimentary sulfides 
and incorporate them into CAS using a combination of oxygen 
penetration depth and sediment accumulation rate. For the sake 
of simplicity, assume that sediment redox oscillations result in 
7

Fig. 5. Contour plot of the maximum allowable period between oxygen penetration 
depth (OPD) increases for 100% of deposited sediments to be exposed to oxygen 
as a function of sedimentation rate (vertical axis) and the magnitude of the OPD 
increase (horizontal axis). Contours and vertical axis increment on a base-10 loga-
rithmic scale. The red box outlines the parameter space pertinent to the Meishan, 
Yudongzi, and Penglaitan sites analyzed in this study.

the oxygen penetration depth varying from zero to a depth x in 
the sediment. At a constant sediment accumulation rate w , the 
amount of time t represented by the sediments newly bathed in 
oxygen with an OPD increase to depth x is equal to x/w . Assum-
ing that sediment redox oscillations occur at a frequency f , the 
fraction of the deposited sediment that is affected by the chang-
ing sedimentary redox conditions can be calculated by multiplying 
t by f . We calculated the frequency of sediment redox oscilla-
tions required for 100% of the deposited sediment to be affected 
by a given OPD increase at various sedimentation rates and display 
the results as a contour plot in Fig. 5. For the range of sedimen-
tation rates (∼0.1–70 cm/kyr) documented in this study and an 
OPD change of up to 20 cm, the frequency at which sediment 
redox oscillations must occur to expose all deposited sediment 
to oxic waters can be as infrequent as once per ∼100 kyr (for 
large OPD oscillations and very low sedimentation rates). Even 
at Penglaitan-like sedimentation rates and small (< 5 cm) OPD 
changes, sedimentary redox oscillations need only to occur on 
decadal timescales to periodically expose 100% of the deposited 
sediment to oxic waters. Sediment compaction, bioturbation, fluc-
tuations in sediment accumulation rate, and other variables un-
doubtedly add complexity to this scenario. However, the consis-
tency of these timescales with timescales of significant environ-
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mental (e.g. primary productivity) variation in the recent geologic 
past suggests that this mechanism for generating extreme δ34SCAS
heterogeneity and very low δ34SCAS values may be feasible. These 
results similarly support previous studies (Schobben et al., 2015) 
that have qualitatively invoked this mechanism as a possibility. An 
upwelling-based origin for the redox oscillations remains possi-
ble based on these calculations, but perturbations that operate on 
longer timescales (e.g. orbital forcing of weathering and climate) 
are also viable. Note that this mechanism perturbs δ34 SCAS in strata 
that precede the actual perturbation itself ; i.e., the location of δ34SCAS
scatter in sediments deposited before the EPME does not preclude 
an EPME origin of the scatter. Nonetheless, extrusive volcanism and 
apparent environmental stress beginning several hundred kyr prior 
to the EPME (Grasby et al., 2015; Burgess et al., 2017; Fielding et 
al., 2019) could also have been a contributing factor in this sce-
nario.

5.4. Framework for assessing the primary nature of δ34SCAS variability

Prior work has shown that δ34SCAS measurements can exhibit 
significant heterogeneity within single hand samples (Present et 
al., 2015) and among contemporaneous strata in adjacent deposi-
tional environments (Present et al., 2019; Richardson et al., 2019). 
Here, we have confirmed that within-sample δ34SCAS heterogeneity 
is present in carbonates deposited across the EPME in South China 
and may help explain the extreme scatter in the δ34SCAS values 
presented in several previous studies (e.g. Riccardi et al., 2006; Li 
et al., 2009). Such heterogeneity results from the high sensitivity of 
sulfate δ34S to early diagenesis (Rennie and Turchyn, 2014); bulk 
rock δ34SCAS records must consequently be interpreted to represent 
ancient seawater sulfate δ34S values with substantial caution. How-
ever, prior work has also suggested that bulk rocks formed under 
appropriate sedimentary conditions can preserve primary or near-
primary seawater δ34S signatures within CAS in some instances 
(e.g. Rennie and Turchyn, 2014; Schobben et al., 2015; Present et 
al., 2019). This preservation potential is reflected by Phanerozoic 
bulk rock δ34SCAS trends that are indistinguishable from those of 
other proxies for seawater sulfate δ34S (Present et al., 2020), al-
beit with much more short-timescale variability. How should the 
primary versus diagenetic origin of δ34SCAS variability in particular 
temporal records be evaluated given this ambiguity?

Previous work has shown that careful observation of the phases 
analyzed for δ34SCAS and consideration of their origin is key to 
interpreting records (Present et al., 2015, 2019). Retention of pri-
mary crystalline textures in biogenic carbonates originally formed 
in seawater (e.g. Present et al., 2015; Johnson et al., 2020) pro-
vides a straightforward indication of δ34SCAS that likely reflects a 
primary marine signature; however, early cement phases precipi-
tated under seawater-buffered diagenetic regimes may also be vi-
able marine δ34S archives (Paris et al., 2014; Roberts et al., 2018b, 
2018a; Present et al., 2019). At minimum, textures should be ob-
served in freshly cut and polished samples (ideally thin sections) 
to understand the nature of the phases that may be incorporated 
within a single δ34SCAS measurement. Without such observation, 
high δ34SCAS variability should by default be attributed to a sec-
ondary origin unless other lines of evidence (e.g. coeval evaporite 
or barite δ34S records) suggest an intact primary signal. While 
the lack of a preserved marine δ34S signature may initially be 
disappointing, the EPME data presented here demonstrate that 
secondary δ34SCAS signatures can still originate from widespread 
environmental perturbations and yield valuable information about 
processes occurring at local to global scales.

Relationships among [CAS], δ34SCAS, redox-active sedimentary 
phases, and sedimentation rate also provide valuable tools in 
record interpretation. Our efforts and those of previous studies (e.g. 
Present et al., 2015) have shown that cross-plots of 1/[CAS] ver-
8

sus δ34SCAS can indicate a possible mixing origin for δ34SCAS vari-
ability. Within-phase δ34SCAS heterogeneity (e.g. Kampschulte and 
Strauss, 2004) and correlation of δ34SCAS with the concentration 
and/or isotopic composition of other sedimentary phases (espe-
cially organic carbon and iron) may likewise indicate a diagenetic 
influence even if textures appear to be primary (e.g. Cummins et 
al., 2014). While observed correlations need not be of secondary 
origin, the residence times of relevant seawater constituents (e.g. 
seawater sulfate) suggested by other archives must be carefully 
considered before invoking a primary origin. Any relationship be-
tween δ34SCAS and sedimentation rate or between δ34SCAS and the 
abundance of other sulfur-bearing phases (e.g. pyrite and organic 
sulfur) should prompt similar skepticism given the influence of 
sedimentation rate on the δ34S of authigenic pyrite (Pasquier et al., 
2017, 2021) and the potential for contamination of CAS by other 
phases during laboratory preparation (Marenco et al., 2007; Wotte 
et al., 2012; Theiling and Coleman, 2015). Such considerations may 
aid the culling of contaminated data and enable recovery of a more 
pristine seawater δ34S signature (e.g. Schobben et al., 2015).

Finally, δ34SCAS records interpreted to represent primary seawa-
ter δ34S should be consistent with independent lines of evidence 
such as evaporite fluid inclusion [SO2−

4 ] estimates (e.g. Lowen-
stein et al., 2003); barite (e.g. Paytan et al., 1998), evaporite (e.g. 
Bernasconi et al., 2017), and biogenic CAS (e.g. Kampschulte and 
Strauss, 2004) δ34S records; and physical oceanography. An in-
terpretation inconsistent with previous records or involving novel 
processes (e.g. upwelling of anoxic waters) should be considered 
only once alteration and contamination have been eliminated as 
likely explanations. Ideally, novel δ34SCAS interpretations should be 
supported by findings from other studies – e.g., the presence of 
biomarkers associated with photic zone euxinia (Grice et al., 2005). 
Such leveraging of δ34SCAS data with other geochemical, geologi-
cal, and oceanographic constraints will ultimately result in more 
robust paleoenvironmental reconstructions across time periods be-
yond the EPME.

6. Summary

Overall, geologic records suggest a dynamic marine system dur-
ing the EPME. Eruption of the Siberian Traps and associated injec-
tion of large amounts of 13C-depleted carbon likely initiated rapid 
global warming that exerted extreme stress on many marine or-
ganisms (e.g. Payne and Clapham, 2012). Development of anoxic 
deep ocean waters (e.g. Isozaki, 1997) and incursion of these wa-
ters into shallow environments (e.g. Bond and Wignall, 2010) may 
have been a key part of this warming-related stress. Oscillations in 
sedimentary redox associated with these incursions or with other 
forcing mechanisms (e.g. variations in primary productivity) can 
explain the variable δ34SCAS values and relatively invariant evapor-
ite δ34S values across the EPME; extremely low seawater [SO2−

4 ] 
(e.g. Song et al., 2014) is neither necessary nor likely. The ex-
tinction culminated in a massive ocean acidification event (e.g. 
Hinojosa et al., 2012) coinciding with a large negative carbon iso-
tope excursion (e.g. Payne et al., 2004) across global environments. 
Persistently low seawater oxygenation may have prevented eco-
logic recovery until several Myr into the Triassic (e.g. Newton et 
al., 2004; Lau et al., 2016). Additional careful geochemical work 
and cautious, informed interpretations of future δ34SCAS records 
should allow the interactions between the sulfur cycle and other 
biogeochemical cycles to be better evaluated during the EPME and 
beyond.
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