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The cataclysmic end-Permian mass extinction was immediately followed by a global expansion of microbial
ecosystems, as demonstrated by widespread microbialite sequences (disaster facies) in shallow water
settings. Here we present high-resolution carbonate carbon (6'3C.,;;,) and carbonate-associated sulfate-sulfur
isotope (6>Scas) records from the microbialite in the Cili Permian-Triassic (P-Tr) section in South China. A
stepwise decline in 6'Ce.y, begins in the underlying skeletal limestone, predating the main oceanic mass
extinction and the first appearance of microbialite, and reaches its nadir in the upper part of the microbialite
layer. The corresponding 63#Scxs, in the range of 17.4%. to 27.4%., is relatively stable in the underlying skeletal
limestone, and increases gradually from 2 m below the microbialite rising to a peak at the base of the
microbialite. Two episodes of positive and negative shifts occurred within the microbialite layer, and exhibit a
remarkable co-variance of sulfur and carbon isotope composition. The large amplitude of the variation in
5>%Scas, as high as 7%. per 100 kiloyears, suggests a small oceanic sulfate reservoir size at this time.
Furthermore, the 6'>Cear, and 63#Scas records co-vary without phase lag throughout the microbialite interval,
implying a marine-driven C cycle in an anoxic ocean with anomalously low oceanic sulfate concentrations. On
the basis of a non-steady-state box model, we argue that the oceanic sulfate concentration may have fallen to
less than 15%, perhaps as low as 3%, of that in the modern oceans. Low oceanic sulfate concentration likely was
the consequence of evaporite deposition and widespread anoxic/sulfidic conditions prior to the main mass
extinction. By promoting methanogenesis and a build-up of atmospheric CH4 and CO,, low oceanic sulfate
may have intensified global warming, exacerbating the inimical environmental conditions of the latest
Permian.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

et al., 1989; Kaiho et al., 2001; Korte and Kozur, 2010; Korte et al.,
2010; Luo et al.,, 2010; Magaritz et al., 1988; Newton et al., 2004;

The most severe extinction since the advent of animal life on Earth
occurred at the end of the Permian Period (Erwin, 2006; Ward et al.,
2005). Several scenarios have been advanced for the mechanism(s)
that induced this extinction (Basu et al., 2003; Knoll et al., 2007; Kump
et al,, 2005; Reichow et al.,, 2009; Svensen et al., in press; Wignall and
Hallam, 1993; Yin et al., 2007). The two commonly considered
mechanisms, volcanism and oceanic anoxia/euxinia, have the poten-
tial to severely disrupt the global carbon and sulfur cycles, and could
thus explain the large fluctuations in the carbon and sulfur isotope
composition of the ocean observed in rocks of latest Permian and early
Triassic age (Algeo et al., 2007; Baud et al., 1989; Cao et al., 2002;
Corsetti et al., 2005; Dolenec et al., 2004; Gorjan et al., 2007; Holser
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Payne et al., 2004; Riccardi et al., 2006; Richoz et al., 2010; Xie et al.,
2007). Previous work mainly focused on the mechanisms that caused
these fluctuations in carbon or sulfur isotope composition and their
relations to the mass extinction event. Large fluctuations in 6'3Cearp,
have been interpreted as an indication of environmental instability
(Payne and Kump, 2007; Payne et al., 2004). However, there has been
less effort expended on investigating coupling of the C and S cycles
during the event, especially in the environmental aftermath of the
extinction.

Oceanic sulfate is an important bridge linking the carbon and
sulfur cycles through bacterial sulfate reduction. Somewhat lower-
than-modern oceanic sulfate concentrations (~20 mM) have been
estimated for the Permian and Triassic oceans based on the brine
inclusion in halite (Horita et al, 2002; Kovalevich et al., 1998;
Kovalevych et al., 2002; Lowenstein et al., 2005). However, there is a
lack of evaporite data from the P-Tr crisis interval and from much of
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the Early Triassic, which impedes the evaluation of the oceanic sulfate
concentration at this time interval based on this method. Holser and
Magaritz (1987) invoked a smaller oceanic sulfate reservoir to explain
rapid fluctuations in 6>4S in the Late Permian and Early Triassic ocean.
Marenco et al. (2008) also noted that the oceanic sulfate concentra-
tion should be considerably lower than that of today in order to
maintain an observed surface to deep gradient in oceanic sulfate 5>4S
for millions of years. However, these authors neither treated the
problem quantitatively nor discussed their implications for the oceans
and links to the extinction.

The extinction, in shallow water settings, was immediately followed
by a global expansion of microbial ecosystems as demonstrated by
widespread microbialite sequences (disaster facies) (Baud et al., 2007;
Pruss et al., 2006), the base of which is proposed to represent the
maximum extinction horizon (Krull et al., 2004). This contact, readily
distinguishable in South China as well as in the Tethys region, thus
provides a stratigraphic tool to correlate the mass extinction with
various geochemical parameters in sections characterized by the
occurrence of microbialite. The transition from skeletal limestone to
carbonate microbialite at the location of the present study (Cili, South
China) is conformable, allowing us to establish a continuous record of
6"3Cearp and 8>*Scas through the extinction event and its aftermath.

In the present study, we have analyzed both the 6'3C.. and
6°%Scas on the same samples at high resolution, and evaluated the
possibility of diagenetic artifacts using a combination of oxygen
isotope and elemental analysis. Box modeling is used to quantitatively
evaluate the nature of the coupling of C and S cycles and requisite
variations in oceanic sulfate concentration during the P-Tr transition.
We then consider how severely depressed oceanic sulfate concentra-
tions may have exacerbated environmental stress in the post-
extinction interval.

2. Geological background
2.1. Paleogeography

During the P-Tr transition, the South China Block was located near
the equator in the Eastern Paleo-Tethys Ocean (Fig. 1A). The studied
Cili section crops out in the county of Cili, about 300 km northwest of
Changsha, the capital city of the Hunan Province in South China, and
about 800 km southwest of the Global Stratotype Section and Point
(GSSP) section, Meishan D section in Zhejiang Province. From the Late
Permian to the Early Triassic, the study area was a carbonate platform,
known as the Jiangnan carbonate platform (Feng et al., 1997). The Cili
section was located in the middle part of the platform and was
connected to the open ocean to the northwest (Fig. 1B).

2.2. Biostratigraphy

Skeletal limestone, microbialite and interbeds of thinly bedded
micritic limestone and oolitic limestone can be divided easily in
ascending order in the Cili section. The skeletal limestone below the
base of the microbialite contains abundant fusulinids, non-fusulinid
foraminifera, and algae, including the index fossils of the end-Permian
Palaeofusulina-Colaniella zone (Wang et al, 2009). A 6.7 m thick
microbialite overlies the skeletal limestone and is composed of
stromatolites and thrombolites. On the basis of our previous
investigation (Wang et al., 2009), the first appearance of the index
fossil for the P-Tr boundary, Hindeodus parvus, occurs at about 5.7 m
above the base of the microbialite at our section. The lower part of the
microbialite corresponds to the Neogondolella meishanensis and H.
changxingensis conodont zones or beds 25 to 27b at the GSSP section
(Jiang et al., 2007). The subdivision of the microbialite interval is in
accordance with that in other sections in South China where the lower
part of the microbialite is proposed to be the end-Permian and the H.
parvus zone begins somewhere within the upper part of the

microbialite (Lehrmann et al., 2003; Wang et al., 2005; Yang et al.,
2006). Thinly bedded limestones and oolitic limestones are deposited
on top of the microbialite. The Isarcicella staeschei zone is found in the
thinly bedded limestone, about 13.6 m above the base of the
microbialite (Wang et al., 2009). The Isarcicella staeschei zone, as a
newly differentiated zone from the lower part of L. isracica zone from
Meishan (Jiang et al., 2007), can also be identified in the Siusi and
Bulla sections in western Tethys Ocean (Farabegoli et al., 2007).

3. Materials and methods

Large fresh samples (about 3-4 kg) were collected from the
skeletal limestone, microbialite and the overlying oolite and thin-
bedded carbonate at Cili section. Weathered surfaces and large post-
depositional veins were cut off during the field collection.

3.1. Carbonate carbon isotope composition

Each large sample was cut into small pieces in the laboratory. Fresh
chips were chosen and crushed to less than 100 mesh. In order to
determine whether the carbon isotope compositions were different in
micrite and spar in the same sample, these two fractions in several
samples were separated for both 6'3Cear, and 680y investigation.
The carbonate carbon isotope compositions were determined accord-
ing to McCrea (1950). Under vacuum, the sample powder was reacted
offline with 100% HsPO, for 24 h at 25°C. The carbon isotope
composition of the generated CO, was measured on a Finnigan MAT
251 mass spectrometer. All isotope data are reported as per mil (%)
relative to Vienna Pee Dee belemnite (VPDB) standard. The analytical
precision is better than +0.1%. for 6'>C and + 0.3%. for 6'%0 based on
duplicate analyses.

3.2. CAS extraction and sulfur isotope composition

Samples with few pyrite grains, as determined by thin section
examination, were selected for CAS extraction. Marenco et al. (2007)
and Mazumdar et al. (2008) showed that the presence of oxygen
would not affect the CAS-sulfur isotope value when pyrite concen-
tration is low (<1%). Our samples selected for this measurement have
pyrite content less than 0.4%, and meet this requirement. The
procedure for CAS extraction follows Newton et al. (2004) and
Riccardi et al. (2006). 150 g sample powder (<100 mesh) was
weighed and leached in 10% NacCl solution for 24 h, and then washed
three times with deionized water to remove soluble sulfate. Leached
powder was re-leached in 5.25% NaClO solution for other 24 h, and
washed three times with deionized water to remove organic sulfur
and sulfide minerals. The cleaned and rinsed powder was then reacted
with 6 M HCl in contact with air. After carbonate was quantitatively
dissolved, the solution was passed through a 1 um filter paper and the
residue was collected for organic carbon isotope analysis. 10-20 mL
saturated BaCl, solution was added into the liquid to precipitate
quantitatively the sulfate present in the solution as BaSO,. The
solution was heated for about 1 h and set aside for 12 h. The barite
precipitate was collected the following day. Approximately 15 mg of
BaSO,4 sample was mixed with V,05 (100 mg) and SiO, (100 mg) and
combusted in the presence of copper turnings (100-150 mg) under
vacuum for quantitative conversion to sulfur dioxide (SO,). The
collected SO, was measured on a Finnigan MAT 251 mass spectrom-
eter. All isotope data are reported as per mil (%.) relative to the
international standard Vienna Canyon Diablo Troilite (VCDT). The
analytical precision is better than =+ 0.2%..

3.3. Element concentration

Fresh samples were crashed to less than 200 mesh for elemental
analysis. The measurement of strontium (Sr) and manganese (Mn)
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D section in Zhejiang Province. B: Sedimentary facies of middle part of the South China Block (after Feng et al., 1997). The star represents the location of the Cili section. 1, deep basin;
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elemental concentration was carried out in the geochemical labora-
tory at the China University of Geosciences according to the methods
of Liu et al. (2008). ICP-MS was used to analyze the Sr and Mn
concentration with an average analytical uncertainty of +5 wt.%. Fe
was measured by ICP-AES with an average analytical uncertainty of +
10 wt.%.

4. Results
4.1. Carbonate carbon isotope composition

The 8'3Cc.rp Of the studied interval ranges from + 4.5%. to —0.8%o
(Fig. 2B), and the trend toward lower values is not accompanied by a

downward trend in 680, as might be expected if this trend was
largely the result of meteoric diagenesis (Fig. 2A). In fact, the interval
of particular interest, the microbialite, is notably depleted in '>C but
enriched in '20.

A stepwise negative 8'>Cearp, excursion starts in the underlying
skeletal limestone and ends in the lower part of the Isarcicella
staeschei conodont zone. A small increase in 6'3C.,, is followed again
by a decline near the top of our studied section (Fig. 2B). High-
resolution 6'3Cc., around the mass extinction boundary shows a
positive shift, about 1%, directly after the extinction event (Fig. 2D).

Within the microbialite layer itself one can recognize three
progressive cycles, I to Ill, characterized by a rapid negative shift in
6'3Cearn followed by a small and relatively gradual positive excursion
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Fig. 2. Profiles of the high-resolution record of marine carbonate carbon and oxygen isotope compositions (relative to VPDB-Vienna Peedee belemnite) at Cili Section, Hunan
Province, South China. (A) Variation of the corresponding carbonate oxygen isotope composition from the end of Late Permian to the earliest Triassic. (B) Variation of the carbonate
carbon isotope composition from the end of Late Permian to the earliest Triassic. (C) Enlargement of the high-resolution variation of the carbon isotope composition in the
microbialite layer. [, Il and IIl represent the three evolution phases of the carbon isotope composition. (D) Enlargement of the carbon isotope composition during the mass extinction
boundary. Black and red points represent carbon isotope composition before (skeletal limestone) and after (microbialite) the mass extinction, respectively. Biostratigraphy after

Wang et al. (2009).

(Fig. 2C). In cycle I, the 6'3Ce.p, declines from >2%. to <1%. in the
interval from Ocm to 80 cm above the base of the microbialite,
followed by a gradual positive excursion to about 1.5% in the interval
from 80 to 310 cm. The intervals of the negative and positive shift in
6'3Cearp Of cycle II are from 310 cm to 360 cm and from 360 cm to
420 cm, respectively. Cycle III documents a sharp negative shift in
613Cearp, from 1.3%. to —0.5%. in the interval from 420 cm to 480 cm
above the base of the microbialite.

4.2. CAS-sulfur isotope composition

5>4Scas ranges from + 17%. to +27%. (vs VCDT) in the interval
from the underlying skeletal limestone to the overlying thinly bedded
limestone (Fig. 3A, B). In the lower part of the skeletal limestone (from
22m to 6 m below the base of the microbialite), the §>*Scas was
relatively stable, varying around +24%.. 6>*Scas then declined
slightly, from + 24.0%. to +21.0%. (Fig. 3A). Three ensuing episodes
of positive shift in 6>'Scas are present in the Cili section. The first
episode starts at 2 m below the base of the microbialite, and continues
well into the lower part of the microbialite (40 cm above the base of
the microbialite). The second episode of positive shift in 6>*Scas
occurs in the microbialite layer (about 1 m above the base of the
microbialite) and is followed by a high positive 6>Scas plateau
(Fig. 3B). The beginning of the third episode is present in the
uppermost microbialite and continues into the overlying thinly
bedded limestone (Fig. 3B). The intervening two episodes of negative
shift in 6>*Scas are characterized by large amplitude, as large as 10%o
(Fig. 3B).

4.3. Elemental concentration

The Sr concentrations of the analyzed samples range from 80 to
135 ppm, with the corresponding Mn concentrations ranging from 82
to 196 ppm. The underlying skeletal limestones have a relatively
higher Sr (212 ppm, n=10) and lower Mn concentration (29 ppm,
n=10) compared with that in the microbialites, which are 126 ppm
and 94 ppm, respectively. However, all the samples are characterized
by low Mn/Sr ratios in the range of 0.6 to 2. The total Fe concentrations
of all the samples range from 40 ppm to 2600 ppm with higher values
in the microbialite.

5. Discussion
5.1. Evaluation of diagenetic overprinting

Stromatolite and thrombolite are the two main types of micro-
bialites at the Cili section. Thin sections show that the stromatolitic
horizons are primarily composed of micritic calcite with minor
dolomite, whereas the thrombolites are composed of spar and
micritic calcite with minor dolomite. Two lines of evidence suggest
the spar was formed during early diagenesis: 1) well-preserved fossils
occur within the spar (Lehrmann et al, 2003; Wang et al,, 2005)
suggesting that the spar was a pore-filling early diagenetic cement; 2)
there is no systematic distinct difference in the carbon and oxygen
isotope values between micrite and spar in the thrombolite (Fig. 4; see
also Mu et al., 2009). The second line of evidence suggests that the
813Cear, of the bulk carbonate likely represents the carbon isotope
composition of the coeval ocean.
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Relatively low ratios of Mn/Sr (all of the samples <2) fall well below
the exclusion threshold of Kaufman and Knoll (1995), who concluded
that primary 6'3C was retained when Mn/Sr<10 for Neoproterozoic
carbonate rocks. Preservation of primary 63Cap is also evidenced by
relatively enriched 6'80 (Fig. 2A) in comparison to other horizons above
and below the boundary interval, and there is no correlation between
6'3C and 6'80 (R?=0.021) overall. Within the stromatolite/thrombolite
interval there is a weak negative correlation (R*=0.25) between Mn/Sr
and 6'®0 that could suggest modest meteoric diagenesis that increased
Mn relative to Sr in carbonate cements while driving bulk rock §'®0
values more negative (Fig. 5). There is no relationship, however, between
6"3Cearp values and Mn/Sr, nor is there a relationship between Mn/Sr and
CAS concentration or 6>%Scas values. Thus, we hold that primary carbon
and sulfur isotope values were retained during diagenesis.

Few pyrite grains could be found in the thin sections of our samples
analyzed here. The iron concentration, with an average of 1800 ppm in
the microbialite layer, further suggests that pyrite, if present, represents

less than 0.4% by weight in each sample. Uncorrelated 6>Scas and CAS
concentration variations (R?=0.001) suggest that no significant pyrite
oxidation occurred during preparation, which is also evidenced by
uncorrelated Fe concentration and 6*Scas (Fig. 5). So our §>#Scas data
likely have retained the primary oceanic sulfate sulfur isotope
composition. Furthermore, consistent variations in 8'>Cearp, and §>4Scas
that resemble 6'>C.y, and 8>4Scas variations at the coeval P-Tr sections
in other locations (see below) also suggest that the Cili record does
indeed reflect global (or at least Tethyan-wide) phenomena.

5.2. Correlation of 6"Ceap, and 8**Scas during the P-Tr transition with
other sections

52.1. 8Coanp

613Cearp records during the P-Tr transition are widely documented.
Holser et al. (1989) was the first to identify two episodes of negative
shift in 6'3Cear, during the P-Tr transition in Austria, and these were
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Fig. 4. Carbon and oxygen isotope composition of the micrite and spar in the same sample from different depths.
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later confirmed at other localities including the GSSP (Korte et al.,
2004b; Xie et al., 2007). Based on conodont biostratigraphy, the two
episodes of negative shift in 6!3C,y, presented in the Cili section are
comparable with those previously reported (Fig. 6A). The gradual
negative shift in 6'3C.,;, predating the main oceanic mass extinction
in the Cili section is also found in other sections (Holser et al., 1989;
Korte et al., 2004b; Luo et al., 2010; Payne et al., 2004; Richoz et al.,
2010; Xie et al., 2007) and is widely accepted now (Korte & Kozur,
2010). The slight positive shift in 6'3C,q, directly after the main
oceanic mass extinction is different from previous suggestions that
sharp negative shift in 6'>C.,p, occurred immediately after the main
oceanic mass extinction (Krull et al., 2004). It is interesting to note
that this coeval slight positive shift in 13 Cearp IS reported recently in
Oman and Iran (Korte & Kozur, 2010; Richoz et al,, 2010). It is
presently impossible, however, to correlate each 6'3Ceap, cycle in the
microbialite with the 6'3Ce,p, records present in other sections, due to
the difference in sampling resolution. At the coarse sampling
resolution of the other sections, however, significant fluctuations in
isotope composition are visible (Krull et al., 2004; Mu et al., 2009;
Newton et al., 2004 and references therein), suggesting that the
variability seen at Cili is of broader significance. The high-resolution
6'3Cearp record in the microbialite layer indicates that the carbon cycle
after the main oceanic mass extinction was extremely unstable, and
its correlation with 6>**Scas may reflect unstable redox conditions in
the ocean.

5.2.2. 5*Scas

It is commonly thought that the Permian oceanic sulfate reservoir
was characterized by low sulfur isotope composition, less than 15%.
(Claypool et al., 1980). However, the 6>*Scas during the P-Tr
transition interval in this section is relatively high, as high as +27%.
(Fig. 3). The high sulfate sulfur isotope composition was also found in
other sections. Kaiho et al. (2001) reported 6>4Scas as high as + 30%o
at the Meishan section in South China, and this was confirmed by later
work (Riccardi et al., 2006). The extracted carbonate-associated-
sulfate from the western Tethyan Ocean also contains high values of
52%Scas; they are +25%. to +27%. in Siusi section (Newton et al.,
2004), +23%. in Balvany section (Kaiho et al., 2006b), and + 20%. in

Bulla section (Gorjan et al., 2007) (Fig. 6B). The high sulfur isotope
compositions at these sections support our contention that the 6>#Scas
values at the Cili section are primary, and most importantly, global.

The negative shift in 6>*Scas in the upper part of the skeletal
limestone is also present in the Meishan section in South China
(Riccardi et al., 2006), Siusi section and Bulla section in Italy (Gorjan et
al., 2007; Newton et al., 2004) and Balvany section in Hungary (Kaiho
et al., 2006b) (Fig. 6B). The gradually increasing 6>*Scas spanning the
main event level has also been recognized by others studying Tethyan
sections (Gorjan et al., 2007; Kaiho et al., 2006b; Korte et al., 2004a;
Newton et al., 2004) (Fig. 6B). The positive shift is consistent with the
notion that increasing ocean anoxia (leading to enhanced pyrite
burial) accompanied (caused?) the mass extinction.

Following the positive excursion spanning the main mass
extinction boundary, a large decrease from +27% to +20%. is
documented in 6>#Scas at the base of the microbialite layer. Then
5>%Scas returns to +27%., and remains relatively constant for the
depth interval from 2 to 3.8 m. A second 10%. decrease of 6>*Scas
follows the positive plateau of the sulfur isotope compositions and
terminates at the upper part of the microbialite layer, after which the
5>%Scas again increases. The double-dip pattern is essentially identical
to that identified at the Siusi section, Balvany section and Bulla section
in Italy (Gorjan et al., 2007; Kaiho et al., 2006b; Newton et al., 2004).
Because of the low-resolution of the §>#Scxs record in the Meishan
section, it is impossible for us to compare the short-term trends in
5°%Scas between these two sections. The similar variation pattern
observed in widely spaced sections infers a regional or global 6>*Scas
record, which might be associated with changes in the extent of
oceanic anoxia.

It is interesting to note that while the pattern of sulfur isotope
variability is similar from location to location, the absolute 6>*Scas
values vary geographically among the sections. While the 6>*Scas
values in the Cili section center around +22%., the corresponding
data in the Siusi section, Meishan section, Balvany section and Bulla
section are + 18%., + 20%., + 20%. and + 14%., respectively (Fig. 6B).
Diagenetic effects have been ruled out by the authors who studied
these other sections and are thus unlikely to explain the geographic
variations in 6>*Scas. The influence of upwelling deepwater
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Fig. 6. A: Global comparison of the evolution of the carbonate carbon isotope compositions during the P-Tr transition. The line which connects all the sections represents the bottom
of the event horizon which represents the mass extinction boundary. The conodont zones at GK-1 core and Meishan sections are after Jiang et al. (2007) and Schénlaub (1991),
respectively. b: Global comparison of the sulfate sulfur isotope compositions during the P-Tr transition among different sections. The Siusi section is according to Newton et al.
(2004), the Bulla section is according to Farabegoli et al. (2007) and Gorjan et al. (2007), the Meishan section is according to Kaiho et al. (2001) (Black points) and Riccardi et al.
(2006) (Hollow points) and the Balvany section is according to Kaiho et al. (2006b). The lower dashed line represents the bottom of the microbialite at the Cili section and their
equivalent horizons of first mass extinction at other sections. The upper solid line at the Cili section and Siusi section represent the supposed P-Tr boundary as indicated by the first
appearance of conodont Hindeodus parvus. The other lithologic legends in A and B are the same as Fig. 1 in text.

undoubtedly varied from place to place, but at least in South China,
the expected differences are not observed. Affected by bacterial
sulfate reduction, the sulfate sulfur isotope composition in deep water
would be expected to be much heavier than that in shallow water.
However, the heavier §*4Scas in the shallow Cili section in comparison
with that in the deeper Meishan section, likely more subject to

upwelling, argues against variations in upwelling strength as an
explanation for the spatial pattern of 6#Scas. Indeed, there is
considerable variation among all the shallow sections (Gorjan et al.,
2007; Kaiho et al., 2006b; Newton et al., 2004) that likely reflect
varying rates of sulfate reduction in these (intermittently) anoxic
basins. In any event, spatial variations in §>Scag are unlikely in an


image of Fig.�6

108 G. Luo et al. / Earth and Planetary Science Letters 300 (2010) 101-111

ocean with near-modern sulfate concentrations, because the resi-
dence time of sulfate is considerably longer than the mixing time of
the ocean. Instead, it suggests low oceanic sulfate concentrations, a
condition that we explore in detail below.

5.3. Magnitude of 6>*Scas fluctuations

To determine whether the rate of isotope variation in the
microbialite is anomalous we need to establish both the magnitude
of variability and the duration of the event. The time from the main
mass extinction horizon to the P-Tr boundary (indicated by the first
appearance of the conodont Hindeodus parvus) at Meishan is
suggested to be 0.5 Ma (Bowring et al., 1998; Jin et al., 2000), which
is broadly consistent with the estimated duration in the Shangsi
section (Mundil et al., 2004). The first appearance of the conodont
Hindeodus parvus at the Cili section is located at 5.70 m above the base
of the microbialite. Compared with the Meishan section, the time
interval of microbialite deposition at the Cili section thus is about
0.6 Ma, if we suppose the sedimentation rate of the microbialite is
constant. Sulfate sulfur isotope composition at the Cili section then
indicates that the rate of the sulfur isotope variation is very large, as
large as 7%. in 100 ky. Rapid variation in 6>*Scas is also characteristic
of other end-Permian sections around the Tethyan Ocean (Gorjan et
al.,, 2007; Kaiho et al., 2001; Kaiho et al., 2006a; Newton et al., 2004;
Riccardi et al., 2006) (Fig. 6B). These highly resolved, coherent, large
amplitude and short duration 6>*Scas fluctuations indicate significant
fluctuations in sulfur cycling, sensitively recorded by a marine sulfate
reservoir with a response time that is shorter than that characteristic
of the Cenozoic (Kump, 1989; Kurtz et al., 2003).

5.4. Test for coupled 5>*Scas and 6'3Ceqr, in the microbialite

The profile of 6'3Cear, and 5>4Scas at the Cili section suggests these
two parameters are co-variant in the microbialite layer (Fig. 3B). A
cross-plot of 6'3Cear, and 634Scas reveals that they are indeed highly
positively correlated (R*>=0.55, n=45, p<0.001) (Fig. 7A). Cross
correlation of 6'3Ce,rp, and 634Scas shows that peak correlation occurs
with no time delay (Fig. 7B). It is worth noting that the positive
correlation between 6'3Ce,rp, and 6°#Scas may also present in samples
from the post-extinction Siusi section (West Tethys Ocean) as argued
by Algeo et al. (2008) though at considerably lower resolution
(Newton et al., 2004).

These results indicate comparably responsive global C and S
reservoirs, quite unlike the general situation in the Phanerozoic,
where the sulfur isotope variations lag, or on a 108-year timescale,
vary inversely with those of carbon (Kump & Garrels, 1986; Veizer et
al., 1980). Moreover, it varies rapidly (Fig. 3B), a phenomenon
observed at other sections around the Tethyan Ocean (Fig. 6B), again
indicating that the marine sulfate reservoir was small.

Upwelling of euxinic waters has been invoked to explain co-
variation of carbon and sulfur isotope compositions in Late Permian
boundary sections. As a result of organic matter regeneration and
isotope fractionation during sulfate reduction, deep euxinic water
masses have low 8'3C and low 6>4S in sulfide but elevated 6*S in the
sulfate. Upwelling of these deep waters into shallow water followed
by pyrite and limestone precipitation could generate a negative shift
in both 6**Syyrite and 8"*Cearp, as hypothesized by Algeo et al. (2008).
The positive correlation between 6'3Cear, and 6>#Scas, shown in our
record requires a different explanation. Upwelling of 3S enriched
sulfate would drive surface sulfate §>4S in the positive direction while
the inorganic carbon &'C would shift toward lower values. The
upwelling deep water masses would thus induce negative excursion
in 6'3Cearp, but positive excursion in 6>4Scs. Oxidation of some part of
the hydrogen sulfide pool to sulfate would reduce the magnitude of
the positive shift in 5>4S of the sulfate, but even with complete sulfide
oxidation, the 8*S of surface waters would simply return to their
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Fig. 7. A: Cross plot of §'>Ce,rp, and 63#Scas in the microbialite interval at the Cili section.
B: Cross correlation between 6'3Ce,rp, and 6>4Scas with the data interpolated into every
thousand years.

original value. Hence, the upwelling hypothesis appears not to apply
to the post-extinction variations we observe at Cili.

5.5. Numerical results

A box model of the global carbon and sulfur biogeochemical cycles
is used here to investigate this coupling during the P-Tr crisis (see
Supplementary Information). When calculating organic carbon burial
rates from carbon isotope values and their derivatives, rapid decreases
in 6'3C.arp, as observed here, produce unphysical negative burial rates
if a conventional long-term carbon cycle model that only treats the
balance between weathering and burial fluxes (Kump & Garrels,
1986) is used. Such fluctuations instead may represent transfers of
carbon from more labile reduced reservoirs within the ocean itself,
e.g., from a large (relative to today) dissolved organic carbon (DOC)
reservoir to the dissolved inorganic carbon (DIC) reservoir, as
proposed to explain Neoproterozoic carbon isotope fluctuations
(Rothman et al., 2003). We likewise suppose that during this
potentially analogous time (Grotzinger & Knoll, 1995), the DOC
reservoir size was large. In the Supplementary Informationy we show
that satisfactory solutions can also be obtained with a smaller DOC
reservoir and variable isotope fractionation. Alternatively, growth and
shrinkage of a reactive surface sediment or marine methane clathrate
reservoir could explain the rapid fluctuations (Berner, 2002). In the
model, the observed carbon isotope record is used to drive variations
in the rate of organic matter and DOC production (via productivity)
and, ultimately, of organic carbon burial (presumed to be a constant
fraction of the marine DOC reservoir size, as in Rothman et al., 2003).
As the DOC reservoir size changes, so too does its rate of oxidation,
which drives changes in the sulfate reduction rate, and thus in the size
of the (euxinic) marine hydrogen sulfide reservoir. We thus couple
the C and S cycles by specifying that a fixed proportion of the DOC
oxidation flux arises from sulfate reduction. Variations in the rates of
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sulfate reduction, sulfide oxidation and pyrite burial affect the size
and the isotope composition of the marine sulfate reservoir. Values of
marine 6>S predicted in this way are then compared to the preserved
5>Scas record (Fig. 8A).

We find that we can only approach a fit to the variability and trend
of the 6>*Sc,s record with a substantial reduction in the marine sulfate
reservoir size; at modern sulfate concentrations (29 mM) the model
generates no significant variation on the timescale of our observations
(Fig. 8A). If we specify a fixed sulfur isotope fractionation during
sulfate reduction, a reasonable fit to the observations can only be
obtained with an initial oceanic sulfate content less than or equal to
1x10'® mol, or a concentration of ~700 uM (Fig. 8A).

The simulated isotope record exhibits somewhat more variability
than observed, suggesting that this reservoir size may be too small.
Moreover, the amplitude of the simulated §#Scas is still less than the
observed (Fig. 8A). In order to improve the model fit to the observed
data, we allow the sulfur isotope fractionation to vary in a specified
fashion, following the 63*Scas records (Fig. 8B), with a somewhat
larger initial reservoir size (6x10'® mol, or ~4 mM). The required
variability in A**S follows the §>#Scas values, suggesting a coupling
between fractionation and sulfate reduction rate. Hurtgen et al.
(2009) noted that variation in A**S could reflect the locus of sulfate
reduction, particularly in an ocean with low sulfate concentration.
Bacterial sulfate reduction occurring in the water column occurs in an
open system with maximum possible A4S, whereas bacterial sulfate
reduction occurring in the relatively closed sedimentary pore water
system would generate a smaller net A>4S. Thus, the stipulated co-
variance between A4S and 6>4S in our model results could be justified
to be the result of water-column sulfate reduction and pyrite
production during euxinic intervals in the shallow waters at Cili;
elevated 6'3C and 6>*S would be the expected consequence of the
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Fig. 8. Comparison between the observed (green) and simulated CAS-sulfur isotope
composition with different assumed initial oceanic sulfate concentrations and sulfur
isotope fractionation. (A) Simulated sulfur isotope compositions with constant sulfur
isotope fractionation = 35%. and different initial oceanic sulfate content. (B) Observed
(green) and simulated sulfur isotope composition (red) with variable sulfur isotope
fractionation (shown as horizontal bars) and initial oceanic sulfate
content=6x10"¥mol.

associated high rates of sequestration of reduced sulfur and carbon.
The specified variability in the fractionation factor (Fig. 8B) is similar
in magnitude to the observed variations in isotope difference between
preserved CAS and pyrite reported elsewhere (Gorjan et al., 2007).

Sensitivity analysis indicates that the fundamental result (that a
small oceanic sulfate reservoir size is needed to fit the co-variations in
carbon and sulfur isotopes) is robust despite significant uncertainties
in the model parameters (see Supplementary Information).

The analysis and interpretation of brine inclusions in halite
indicate that the oceanic sulfate concentration has varied greatly in
the Phanerozoic, with a distinct decline from Late Permian to Middle
Triassic (Kovalevych et al., 2002). Based on these data, the oceanic
sulfate concentration was calculated to be about 20 mM in the Late
Permian (Horita et al., 2002; Lowenstein et al., 2005), considerably
higher than we propose for the latest Permian. However, there is a
lack of evaporite data from the P-Tr crisis interval and from much of
the Early Triassic against which to evaluate our hypothesis. Moreover,
the brine-inclusion calculations suffer from being non-unique: to
solve for both Ca®* and SOZ ™~ concentrations, these investigators need
to assume a concentration product of the two ions. Thus, a rapid
depletion of sulfate concentration in the late Permian-early Triassic is
certainly reasonable and not inconsistent with the data at hand.
Furthermore, our conclusion about low oceanic sulfate concentration
is consistent with the qualitative interpretation by others that the
oceanic sulfate concentration declined substantially in Late Permian
and Early Triassic (Holser & Magaritz, 1987; Marenco et al., 2008).

5.6. Mechanisms inducing low oceanic sulfate concentration

The Late Permian, prior to the extinction event, was a time of
voluminous gypsum evaporite deposition (Zharkov, 1984). Putting
quantitative estimates on evaporite sulfate drawdown based on the
preserved evaporite record is fraught with uncertainties. However,
using the Hay et al. (2006) estimates for Late Permian halite
extraction (5.3 x 10'® kg) and typical gypsum/halite ratio of 1:4 yields
a total mass of extracted gypsum 1.3 x10'® kg. Using the molecular
weight of gypsum (172 g/mol) leads to an estimated 8.4 x 10'® mol of
S02~ extracted, or approximately a 6 mM reduction in the seawater
sulfate concentration. This is likely a conservative estimate, because
the gypsum/halite ratio of Permian evaporites is considered unusually
high (Zharkov, 1984), and much of the preserved sulfate evaporite is
anhydrite, with a smaller molecular weight. Interestingly, low oceanic
sulfate concentrations inferred for the Early Cretaceous also followed
periods characterized by voluminous preserved evaporites (Wort-
mann & Chernyavsky, 2007).

Other lines of argument support our contention that Late Permian
seawater was severely depleted in sulfate. Enhanced euxinia prior to
the main mass extinction at Meishan section in South China (Cao et al.,
2009; Grice et al., 2005) and elsewhere (Algeo et al., 2007; Hays et al.,
2007; Nabbefeld et al., in press) presumably reflects the intensifica-
tion of bacterial sulfate reduction, which could significantly reduce
the oceanic sulfate concentration if it were already depleted by
evaporite deposition. Moreover, with the onset of anoxia, sulfate
concentrations may have dropped even further, an expected conse-
quence of a collapse of bioturbation during oceanic anoxic/euxinic
intervals, as recently argued by Canfield and Farquhar (2009). Thus
we suggest that marine sulfate concentrations fell throughout the Late
Permian, reaching critically low levels in the latest Permian.

5.7. Effects on the mass extinction

The substantial time lag (~1.5 million years) observed between
the establishment of photic zone euxinia and the main mass
extinction in the Meishan sections (Cao et al., 2009) argues against
euxinia alone as the main mechanism of mass extinction (Knoll et al.,
2007; Kump et al., 2005; Wignall, 2007). Clearly there seems to be a
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triggering associated with contemporaneous volcanism (Svensen et
al., 2009). But might low sulfate concentrations have contributed to
the stresses that marine and terrestrial organisms faced in the lead-up
to the end-Permian mass extinction?

In the modern ocean, anaerobic oxidation by sulfate is a major sink
for methane (D'Hondt et al., 2002; Valentine, 2002). Thus, the loss of
the two major oxidants in seawater (oxygen and sulfate) would tend
to promote methanogenesis in sulfate-depleted marine pore waters,
eliminate anaerobic CH4 oxidation as a major methane sink, and allow
for the accumulation of CH4 in the ocean and release to the
atmosphere. The resulting increased atmospheric concentration of
methane, which is a strong greenhouse gas, could enhance warming
and further reduce oxygen solubility in the ocean.

Considering that the low oceanic sulfate concentration could not
occur instantaneously, relatively low oceanic sulfate concentration
would be present directly below the base of the microbialite. Fossils
records suggest that the end-Permian biotic crisis might have started
before the distinct extinction horizon (Powers and Bottjer, 2007). Jin
et al. (2000) demonstrated that some species disappear gradually in
the strata below the main oceanic mass extinction in the Meishan
section. Yang et al. (1991) and Yin et al. (2007) proposed a prelude of
the mass extinction (bed 24e) in the Meishan section. Recently, Song
et al. (2009) show that some foraminiferal species disappear in the
strata below the base of the microbialite in the Dajiang section in the
Great Guizhou Bank. The temporal relationship hints that the biotic
stressors existed prior to the main mass extinction may relate to lower
oceanic sulfate concentration and its consequence. Volcanism and its
effects on climate and atmospheric chemistry might then have been
the final blow to a marine and terrestrial biota already highly stressed
by extreme global warming and anoxic, high CO, and high H,S marine
waters.

6. Conclusions

High-resolution carbonate carbon and carbonate-associated sul-
fate-sulfur isotope measurements of the Cili microbialite section
suggest strongly coupled carbon and sulfur cycling during the P-Tr
transitional interval. Widespread, large amplitude variations in
5%%Scas seem to require a small oceanic sulfate reservoir during the
P-Tr transition. A simple coupled non-steady-state C-S box model
indicates the oceanic sulfate concentration could have been less than
1 mM, or 3% of the modern oceanic sulfate concentration. The low
oceanic sulfate concentration may have been the result of both
voluminous gypsum evaporite deposition in the Early to Middle
Permian and further depletion as the ocean became anoxic and pyrite
burial increased. The substantial decline in oceanic sulfate concen-
tration may have amplified global warming through promoting
methanogenesis. Although it is not likely to be the primary Kkill
mechanism for the end-Permian mass extinction, low oceanic sulfate
concentrations may have exacerbated the existing inimical condi-
tions, perhaps beyond the limit of survivability.
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