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Abstract

The northern slope of the South China Sea is a gas-hydrate-bearing region related to a high deposition rate of
organic-rich sediments co-occurring with intense methanogenesis in subseafloor environments. Anaerobic
oxidation of methane (AOM) coupled with bacterial sulfate reduction results in the precipitation of solid phase
minerals in seepage sediment, including pyrite and gypsum. Abundant aggregates of pyrites and gypsums are
observed between the depth of 667 and 850 cm below the seafloor (cmbsf) in the entire core sediment of HS328
from the northern South China Sea. Most pyrites are tubes consisting of framboidal cores and outer crusts.
Gypsum aggregates occur as rosettes and spheroids consisting of plates. Some of them grow over pyrite,
indicating that gypsum precipitation postdates pyrite formation. The sulfur isotopic values (9%4S) of pyrite vary
greatly (from -46.6%o to -12.3%0 V-CDT) and increase with depth. Thus, the pyrite in the shallow sediments
resulted from organoclastic sulfate reduction (OSR) and is influenced by AOM with depth. The relative high
abundance and ¢3S values of pyrite in sediments at depths from 580 to 810 cmbsf indicate that this interval is the
location of a paleo-sulfate methane transition zone (SMTZ). The sulfur isotopic composition of gypsum (from
-25%o to -20.7%o) is much lower than that of the seawater sulfate, indicating the existence of a 34S-depletion
source of sulfur species that most likely are products of the oxidation of pyrites formed in OSR. Pyrite oxidation is
controlled by ambient electron acceptors such as MnO,, iron (III) and oxygen driven by the SMTZ location shift to
great depths. The §%4S values of gypsum at greater depth are lower than those of the associated pyrite, revealing
downward diffusion of 34S-depleted sulfate from the mixture of oxidation of pyrite derived by OSR and the
seawater sulfate. These sulfates also lead to an increase of calcium ions from the dissolution of calcium carbonate
mineral, which will be favor to the formation of gypsum. Overall, the mineralogy and sulfur isotopic composition
of the pyrite and gypsum suggest variable redox conditions caused by reduced seepage intensities, and the pyrite
and gypsum can be a recorder of the intensity evolution of methane seepage.
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1 Introduction
Methane seepage is a widely observed phenomenon along

CH, +S02™ — HS™ 4 HCO; + H,0.

continental margins worldwide (e.g., Campbell, 2006; Suess,
2014). Anaerobic oxidation of methane (AOM) driven by sulfate
from seawater is the key process in consuming methane medi-
ated by a consortium of methanotrophic archaea and sulfate-re-
ducing bacteria at seeps, according to Eq. (1) (Boetius et al., 2000;
Orphan et al., 2001; Wegener et al., 2015). This process results in
precipitation of sulfide and eventual transformation into pyrite in
the seep sediments (Peckmann et al., 2001; Zhang et al., 2014a;
Lin et al., 2016b, c, d).

However, pyrite formation can also result from remineraliza-
tion of organic matter by microbial sulfate reduction (OSR) (Eq.
(2)) that occurs during early sediment diagenesis (e.g., Berner,
1980; Jorgensen, 1982; Canfield, 1991; Mazumdar et al., 2012).

2(CH,0) + S03™ — H,S + 2HCO; . )
Pyrite derived from AOM exhibits high §34S values compared

with pyrite resulting from OSR acting as an indicator for meth-
ane release in marine sediments (Jorgensen et al., 2004; Neretin
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et al., 2004; Lim et al., 2011; Peketi et al., 2012, 2015; Borowski et
al., 2013). These positive §34S values have been interpreted to re-
flect enhanced uprising of methane from dissociation of meth-
ane hydrate (e.g., Jorgensen al., 2004; Neretin et al., 2004; Peketi
etal., 2012, 2015; Pirlet et al., 2012; Borowski et al., 2013; Wang et
al., 2015; Lin et al., 2016b, ¢, d).

Gypsum is another authigenic mineral in marine sediments
associated with gas hydrate (Sassen et al., 2004; Wang et al., 2004;
Chen et al., 2007; Pierre et al., 2012, 2014, 2017; Kocherla et al.,
2013; Novikova et al., 2015; Lin et al., 2016a, c), even though
gypsum is undersaturated in seawater (Pirlet et al., 2010). Some
authors have attributed this to reoxidized sulfide minerals pro-
moted by the bioirrigation and burrowing activity of benthic seep
fauna (Pierre et al., 2012). However, the origin of gypsum and its
relationship with pyrite and gas hydrate remain unclear. In re-
cent articles, Lin et al. (2016c) presented research on gypsum in
the gas hydrate bearing sediments in northern South China Sea
(SCS). Some authors also have reported occurrences of pyrite
and authigenic gypsum in gas-hydrate-bearing sediments
(Pierre, 2017; Lin et al., 2016a). These authors proposed that au-
thigenic gypsum precipitated in the sulfate-methane transition
zone (SMTZ), wherein pore water sulfate resulted from the mix-
ing of the 34S-rich residual seawater sulfate and sulfate derived
from pyrite oxidation. Here, we present detailed microscopic ob-
servations and sulfur-stable isotope composition of authigenic
pyrite and gypsum from seepage sediments of the SCS to determ-
ine the links between methane seepage intensities and precipita-
tion of sulfate and sulfide minerals in the sediment. These results
not only help us understand the formation of these minerals but
also confirm the variations in seepage intensity controlled by gas
hydrate dissolution.

2 Geological setting

The SCS is one of the largest marginal seas in the western Pa-
cific Ocean and lies at the junction of three plates: the Eurasian
plate, the Pacific plate, and the Indo-Australian plate (Fig. 1). The
SCS exhibits a complex and unique tectono-sedimentary frame-
work (McDonnell et al., 2000; Wang et al., 2006). The northern
slope of the SCS is a passive continental margin that has been
shaped by three main tectonic stages since the Cenozoic: the Pa-
leocene rift stage, the Eocene thermal subsidence stage, and the
Neotectonic movement stage (Zhu et al., 2012). Here, the com-
plex fractures, faults and diapirs are widely developed in the sub-
surface and can serve as pathways for hydrocarbon migration.
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Fig. 1. Sampling location of HS328 in the Shenhu area, northern
South China Sea (modified from Lu et al., 2007). The point of five
star is the sampling location of HS328 core sediment and the dark
circles are the locations of the ocean drilling program drills.

Investigations of this area have revealed great potential for gas
hydrate and petroleum exploration (McDonnell et al., 2000;
Wang et al., 2006; Jiang et al., 2008; Wu et al., 2010). Previous
studies have indicated a high deposition rate in this marine area,
ranging from 4 000 to 7 000 m of sediments during the Cenozoic
era, along with high concentrations of organic matter. The heat
flow ranges from 74 to 78 mW/m? and the geothermal gradient is
approximately 45 to 67.7 °C/km, representing favorable condi-
tions for the occurrence of gas hydrates (Wu et al., 2007). In addi-
tion, well-developed bottom-simulating reflectors as evidence for
widespread hydrate occurrence and abundant seep carbonates
have been discovered in the Shenhu area (Han et al., 2008; Ge et
al., 2010; Tong et al., 2013; Lu et al., 2015; Guan et al., 2016b). In
June 2007, a gas hydrate sample was successfully drilled for the
first time in the Shenhu area (Liu et al., 2012). These observa-
tions confirm that gas hydrates are common in the northern SCS,
particularly in the Shenhu area.

3 Sample collection and analysis

The studied piston core was recovered at site HS328 in the
Shenhu area during a cruise on the R/V Haiyang Sihao in 2006 (Fig. 1).
The water depth is 1 378 m, and the length of the core is 8.50 m.
After retrieval, the core was cut into sections at an interval of 0.7
m from the top to the bottom, and the top 20 cm of sediments in
each section were prepared for measuring headspace gas and ex-
tracting pore water onboard. The shipboard analysis of methane
and sulfate followed the procedures of Cheng and Lu, (2005).

For this study, half of the sample was taken and packed in a
Ziploc plastic material at intervals of 20 cm from the top to the
bottom. Samples were dried at 40°C in a dry oven for 24 h, then
soaked in distilled water for 24 h, rinsed gently with distilled wa-
ter with a 0.063 mm sifter, and redried in an air-dry oven. Pyrite
and gypsum aggregates from the coarse fraction were identified
with a binocular microscope, hand-picked and weighed. The
mass fraction of pyrite and gypsum in the host sediment was
used to estimate the overall content of these two minerals.

Morphological descriptions of microscopic features were ob-
tained by scanning electron microscope (SEM). SEM samples
were prepared by dispersing powders on samples stages and
then they were lightly Au-coated. SEM observation was per-
formed at the Guangzhou Institute of Energy Conversion,
Chinese Academy of Sciences (GIEC, CAS), using a Hitachi S4800
SEM equipped with an electron back-scattering system and en-
ergy dispersive X-ray spectroscopy (EDS) capabilities to determ-
ine the solid-phase composition.

For sulfur stable isotope analysis, gypsum samples were puri-
fied by BaSO, precipitation. The extraction process was per-
formed according to Longinelli and Flora (2007). Approximately
100 mg of gypsum was crushed and ground into powder and dis-
solved in double-distilled water. The solution was filtered to
eliminate insoluble impurities before an acidified (using
1 mol/dm? HCI) BaCl, solution was added. Then, the BaSO, pre-
cipitate was filtered and washed with double-distilled water and
dried overnight at 120°C.

The stable sulfur isotopes of the pyrite and gypsum were
measured using a Delta V Plus mass spectrometer coupled to an
elemental analyzer (EA-IRMS) at the State Key Laboratory of
Biogeology and Environmental Geology, China University of
Geosciences (BGEG, CUG) in Wuhan. Before the test, BaSO, was
oxidized to SO, using an excess of V,0; at 980°C. Pyrite was con-
verted to SO, by combustion using CuO. All results are reported
here in standard delta notation as per mil deviations from the Vi-
enna-defined Canyon Diablo Troilite (V-CDT). Measurement er-
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rors of approximately 0.2%o (1r) were calculated from replicate
analyses of the International Atomic Energy Agency (IAEA) inter-
national standards: IAEA S, (-0.3%o), IAEA S, (+22.7%o), and
IAEA S, (-32.3%o).

5348 = [(348/3zs)sample/ (34S/SZS)V—CDT - 1} X 103 (3)

4 Results

The distributions of sulfate and methane concentrations in
the pore water of core sediments are shown in Fig. 2a. The con-
centration of sulfate ions steadily decrease from top to bottom,
from 27.14 to 5.82 mmol/L. The methane concentration is low
and changes slightly from 11.48 to 17.59 pg/L. The contents of
total organic carbon (TOC) in the bulk sediment range from
0.92% to 1.93%, with an average value of 1.46% (Fig. 2b). Layers
shallower than 500 cm have organic carbon contents that are rel-
atively low, with an average value of 1.33%. Layers deeper than
500 cm are relatively high, with an average value of 1.60% (Fig.
2b).

The contents of pyrite and gypsum in the bulk sediment are
shown in Figs 2c and d. The content of pyrite increases with
depth, ranging from 0.000 4% to 0.129%. Pyrite content is very
low, with an average of 0.007% above 355 cm. Between 368 and
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650 cm, the average pyrite content is 0.02%. The highest content
of pyrite is from 667 to 850 cm, with an average of 0.057% and a
peak of 0.11% at 705 cm (Fig. 2c). Therefore, the contents of TOC
and pyrite in the sediments increased with depth, but the pyrite
content increased quickly. The content of gypsum is higher than
pyrite, and the average content of gypsum is 0.095% in the core
sediments; the highest content (0.89%) is found in the same layer
as that of pyrite (705 cm) (Fig. 2d).

In core sediment of HS328, pyrite and gypsum are two major
authigenic minerals. Most hand-picked pyrite aggregates are yel-
low or black in color and rod-like in shape (Figs 3a to c). In addi-
tion, pyrite aggregates formed in chambers of foraminiferan tests.
Both pyrite types consist of clustered framboids. Pyrite tubes vary
mainly from 2 to 7 mm in length and 0.2 to 0.6 mm in diameter,
whereas some of the tubes are large, with a length of 25 mm and
a diameter of 3 mm, particularly at a depth of 700 cm. Most rod-
like pyrite aggregates from HS328 cores show two main crystal
habits: framboids (Figs 4a, b, d and e) and euhedral pyrite crys-
tals (Figs 4c and e). The pyrite becomes longer and darker with
increasing sediment depth (Figs 3a-c). Framboid is the main ob-
served textural form in the tube pyrite aggregations (Figs 4a-e).
Framboidal pyrite usually consists of octahedral pyrite micro-
crystals. Some of the framboids are observed to be packed closely
together by the disordered crystal, whereas others are scattered
(Figs 4a-e).
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Fig. 2. Pore water and sediment geochemistry of site HS328. a. Profiles of interstitial-dissolved sulfate and methane, b. content of total
organic carbon in the bulk sediment, c. content of the pyrite in the bulk sediment, d. content of the gypsum in the bulk sediment, and

e. sulfur isotopic composition of hand-picked pyrite and gypsum.

Gypsum is another main authigenic mineral. Most gypsum
aggregates appear in various shapes, including spherules, dumb-
bells, and rosettes, which are 1-3 mm in diameter (Figs 3e and f).
Gypsum rosettes consist of lenticular, plate-shaped crystals,
which are either a roughly orientated radial pattern (Figs 4e and
g) or orientated parallel resulting in a stacked pattern (Figs 4f, h
and i). Some of the pyrite and gypsum aggregates also show in-
tergrowth relationships (Figs 3d and 4e), occasionally to a point
that pyrite is completely engulfed by gypsum (Fig. 3d), indicating
that gypsum precipitation postdated pyrite formation.

The sulfur isotope values of pyrite and gypsum are presented
in Fig. 2e. The 0%4S values of pyrite vary from -46.6%o to -12.3%o
and the values increase with depth, peaking at a interval of

820-830 cm with a §%4S value of -12.3%o. The §34S values of
gypsum aggregates reveal a narrow range from -25.0%o to
-20.7%o. The sulfur isotopes of gypsum show a stable value that
does not vary with depth.

5 Discussion

5.1 Authigenic pyrite indicating paleo-SMTZ

The SMTZ is the most intense sulfate and methane consump-
tion layer, wherein methane and sulfate are generally consumed
completely. The depth of the SMTZ can reflect the possibility of
the occurrence of gas hydrates at greater depths. A shallow SMTZ
is associated with increased methane flux intensity and high rates



ZHANG Mei et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 7, P. 20-27 23

1 mm
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Fig. 3. Macroscopic observations of the authigenic pyrite and gypsum aggregates. a-c. Pyrite tubes, d. gypsum that apparently
overgrew in a pyrite tube, e. typical gypsum rosette, spherule, and f. gypsum dumbbell.

20 pm

Fig. 4. Scanning electron microscope observations of pyrite and gypsum aggregates. a. Tubular pyrite showing agglomerates of
framboids, b. spherical framboidal pyrite, c. octahedral and second pyrite crystals, d. spherical framboids, e. pyrite framboids
surrounded by gypsum, f. gypsum rosette consisting of plate-like gypsum crystals, g. gypsum partly in dissolution, h. gypsum rosette

consisting of lenticular gypsum crystals, and i. plate-like gypsum.

of AOM, which will cause an obvious decrease in the fractiona-
tion of sulfur isotopes between the precipitation of authigenic
sulfide minerals and seawater sulfate within the SMTZ (Canfield
etal., 2010; Sim et al., 2011; Peketi et al., 2012; Antler et al., 2013;
Leavitt et al., 2013; Deusner et al., 2014; Zhang et al., 2014b; Lin et
al., 2016a, b, d). However, the methane and sulfate concentra-
tions of HS328 are not consumed completely. Some of methane
reaches the surface sediments (Fig. 2a). Thus, the AOM-driven
sulfate reduction is not active to date, and the high content of
pyrite in the HS328 core sediments was driven by intense seep-
age and AOM in the past. The interval of high pyrite contents
with high §%4S values (667-850 cm) could serve as a proxy for the
location of a paleo-SMTZ.

5.2 Formation of authigenic pyrite

The formation of authigenic pyrite in marine sediments is
mainly influenced by several factors, such as organic matter con-
tent, methane flux, sulfate supply, and active iron content. H,S
generated from sulfate reduction driven by organic matter or
methane is the main factor controlling the content of pyrite be-
cause it will precipitate as FeS and then transform to authigenic
pyrite via several possible pathways in anoxic marine sediments
(e.g., Butler et al., 2004; Neretin et al., 2004, and references
therein). If a flux of methane from deep sediment exists, it would
result in the additional production of H,S that precipitates anom-
alously high concentrations of authigenic pyrites preserved in the
sedimentary column.
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Most pyrite aggregates from sediments of core HS328 display
a distinct tube- or rod-like shape, similar to occurrences in other
methane-rich areas, such as the northern SCS (e.g., Xie et al.,
2013; Zhang et al., 2014a; Lin et al., 20164, d) and the Gulf of Mex-
ico (Sassen et al., 2004). Several studies show that tubular and
rod-like pyrite morphologies can act as microchannels for meth-
ane migration (Lu et al., 2007; Lin et al., 2016a, d), but we con-
sider this condition as a pseudomorphous appearance of bacteri-
um (Sassen et al., 2004; Zhang et al., 2014a).

Usually, framboids are considered to have formed through
rapid nucleation and relatively rapid crystal growth via mack-
inawite (FeS) and/or greigite (Fe,S,) intermediates under ex-
tremely high supersaturation (Wilkin and Barnes, 1996; Butler
and Rickard, 2000; Ohfuji and Rickard, 2005; Rickard and Luther,
2007). This process removes most of sulfide and iron from the
initial environment (Ohfuji and Rickard, 2005; Rickard, 2015).
When pyrite seed crystals are present, continuous pyrite growth
will be passing through AOM within the SMTZ if methane is sup-
plied continually in a seepage setting. Most of the pyrite aggreg-
ates in this study are framboidal core and outer crust in the pa-
leo-SMTZ, which means enhanced methane supply through
AOM to allow the continuous growth of pyrite after framboid pre-
cipitation.

In addition, the high 34S depletion of pyrite (-46.6%o to
-32.9%o) in the shallow sediment of core HS328 (above 667
cmbsf) indicates that the mineralization of OSR is the main pro-
cess in precipitating pyrite (Canfield and Thamdrup, 1994;
Habicht and Canfield, 2001). The high decomposition rate of or-
ganic matter, which is driven by OSR, results from the relatively
low content of organic matter in the shallow sediments. The
sharp increase in the §34S value of pyrite between 667 and 850
cmbsf revealed that the 34S-enriched hydrogen sulfide was sup-
plied by AOM. The rapid rate of AOM has been considered as the
cause of reduced fractionation between sulfate and hydrogen
sulfide and production of the relatively high 3¢S values of pyrite
preserved in the SMTZ sediments.

5.3 Possible sources and formation processes of gypsum

Gypsum is a common evaporitic mineral. Although the
sulfate concentration in seawater is not high enough to form
gypsum, it is still commonly reported in marine sediments, espe-
cially in gas hydrate sedimentary environments (e.g., Wang et al.,
2004; Sassen et al., 2004; Chen et al., 2007; Pirlet et al., 2012;
Kocherla, 2013; Lin et al., 20164, c; Pierre et al., 2012, 2017).

The morphological characteristics of the gypsum crystals in
Core HS328 are consistent with an authigenic origin. The gypsum
in the study core are rosette aggregates between 0.1 and 2.0 cm
(Figs 3d to f), and several types of authigenic gypsum are also
found near the sites of the northern SCS (e.g., Lin et al., 20164, c).
In addition, the 34S depletion of gypsum (from -25.0%o to -20.7%o
V-CDT) in the entire core sediment excludes the possibility of re-
sidual pore water sulfate that has relatively high 34S values form-
ing gypsum in the course of drilling or afterwards. In addition,
the 6%4S values of gypsum are lower than those of pyrite at great
depths, indicating that it does not result from oxidation of the as-
sociated pyrite in the course of drilling or afterwards (Lin et al.,
2016a). The oxidation of pore water H,S, which has a low §34S
value (Jorgensen et al., 2004), and the oxidation of H,S produces
up to 18%. sulfur isotope enrichment in the sulfate (Bottcher and
Thamdrup, 2001; Béttcher et al., 2005; Habicht et al., 1998). Be-
sides, recent studies of ¢%4S and ¢'80 of gypsum and the mass bal-
ance consideration of sediment pore water in the northern SCS
also excluded that gypsum precipitated from sediment pore wa-

ters H,S in the course of drilling or afterwards (Lin et al., 20163, c).

Generally, seawater sulfate (534S = 20.3%o; Faure, 1986) is a
major source of precipitation of sulfate minerals in marine envir-
onments, although seawater is unsaturated in terms of the pre-
cipitation of gypsum. Oxidation of sulfide minerals is a possible
source of elevated sulfate concentration in the pore water (Balci
et al.,, 2007) although oxygen would be consumed by aerobic res-
piration in shallow subsurface sediment. Some other electron ac-
ceptors such as MnO, and iron (III) drive the oxidization of sulf-
ide under anaerobic conditions in deep subsurface sediments
(Schippers and Jergensen, 2001). In addition, the oxidization of
sulfides in deep subsurface sediment is generally associated with
bioturbation, bottom currents, or seismic mixing (Pirlet et al.,
2010).

Compared with modern seawater sulfate (+20.3%o), the sul-
fur isotopic composition of gypsum at core HS328 (-25.0%o to
-20.7%o) reflects a significant depletion in 3¢S, revealing the exist-
ence of a 3S-depleted source of sulfur species that most likely
dissolved hydrogen sulfide or sedimentary sulfide minerals. Pir-
let et al. (2010) have attributed 34S-depleted gypsum to the oxida-
tion of the 34S-depleted pyrite in the sediment as sulfate derived
from pyrite oxidation exhibits a similar sulfur isotope composi-
tion as pyrite (e.g., Balci et al., 2007). At Site HS328, pyrite and
gypsum are the two main authigenic mineral phases in the sedi-
ments, and gypsum rosettes also grow over pyrite tubes, indicat-
ing that gypsum formed after pyrite. The low §34S values of pyrite
in the shallow sediment above the paleo-SMTZ are best ex-
plained by OSR. Moreover, the gypsum may be the result of the
oxidation of pyrite at shallow depth. Interestingly, d34S values of
pyrite increased with depth, revealing a different trend to that of
gypsum. The 534S values of gypsum are lower than those of the
associated pyrite in the deep sediment, because of a downward
diffusion of sulfate, which resulted from the oxidation of 34S de-
pleted pyrite derived by OSR. In this case, seawater sulfate and
the oxidation of pyrite derived by OSR are the two possible
sources of gypsum precipitation. In addition, 34S-enriched resid-
ual seawater sulfate in the deep sediment apparently played an
insignificant role, probably because of its low concentration due
to progressive consumption by sulfate reduction.

The increase of calcium ions in the pore water also favored
precipitation of authigenic gypsum crystals. There are two
sources of calcium ions for the gypsum precipitation at Core
HS328. The dissolution of calcium carbonate minerals (calcite or
aragonite) caused by the pyrite oxidation would result in elev-
ated calcium ion concentrations in sediment pore water (Pierre,
2017; Lin et al., 2016c¢). In addition, ion exclusion during the
formation of gas hydrates also would result in elevated calcium
ion concentrations in a gas hydrate environment (Ussler and
Paull, 1995; Wang et al., 2004; Chen et al., 2007). The low 180 val-
ues of the gypsum from active methane seeps of the southwest
African Margin and South China Sea indicate that the pore water
from which gypsum precipitation occurs is more or less modified
by gas hydrate formation and seawater (Lin et al., 2016a; Pierre,
2017). Therefore, the calcium ions for the precipitation of
gypsum come from a mixture of carbonate minerals dissolution
and ion exclusion during the formation of gas hydrates.

5.4 Evidence for methane seepage

In natural gas hydrate or cold seep environments, enhance-
ment of the AOM process induced by high methane fluxes from
the gas hydrate dissociation at depth will leave a significant im-
print in the interstitial water and the sediments (e.g., surplus hy-
drogen sulfide, bisulfide and iron sulfide) (e.g., Jorgensen et al.,
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2004; Lim et al., 2011; Borowski et al., 2013; Chen et al., 2016; Li et
al.,, 2016; Lin et al., 20164, b, ¢, d; 2017a, b; Hu et al., 2017). For ex-
ample, the enrichment of carbonate minerals has been proposed
to record past seepage activity and dissolution of gas hydrates
(e.g., Bayon et al., 2007, 2011; Peckmann et al., 2009; Feng et al.,
2009, 2014; Han et al., 2014; Guan et al., 2016a). High concentra-
tion of sulfide has been considered an indicator of enhanced
methane fluxes within the SMTZ (e.g., Jorgensen et al., 2004;
Peketi et al., 2012; Borowski et al., 2013; Lin et al., 20164, c). The

enhanced fluids result in a shallow position of the SMTZ which
will change the redox zonation of the sediment (Borowski et al.,
1996, 1999), and AOM instead of OSR becomes the dominant
process by which a favorable condition forms for the precipita-
tion of euhedral pyrite and overgrowth of existing framboids (Fig. 5,
Stage 1). The enrichment of pyrite and the higher 34S values be-
low 667 cm indicated enhanced methane fluxes which resulted in
a shallower SMTZ than at present (Lim et al., 2011; Borowski et
al., 2013).
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Fig. 5. Generalized schema of the formation process of authigenic pyrite and gypsum with variable seepage intensity at a site in the
Shenhu area. Pore-water chemical profiles modified from Jorgensen and Kasten (2006).

When the seepage intensity is reduced, the SMTZ will shift to
a greater depth, and the former anoxic environment will be
changed to oxygenation through the deeper downward diffusion
of seawater (Fig. 5, Stage 2, Solomon et al., 2008). The pyrite
which formed in the enhanced seep time will be oxidized to
sulfate using ambient electron acceptors such as iron (III), man-
ganese (IV) and oxygen. These additional sulfate ions probably
cause dissolution of the carbonate minerals, releasing calcium
ions (Pirlet et al., 2010; Pierre et al., 2012, 2017). In addition, the
formation of gas hydrates also has induced elevated calcium con-
centrations in pore water via ion exclusion (Ussler and Paull,
1995). Therefore, we propose that the enrichment of authigenic
gypsum in the paleo-SMTZ indicated variable redox conditions
that were caused by variable seepage intensities in the Shenhu
area and that can also be taken as evidence of enhanced meth-
ane seepage in the past.

6 Conclusions

Authigenic pyrite and gypsum are the two main minerals
from the HS328 core sediment of the northern SCS. These miner-
als are the products of biogeochemical redox reactions in the sul-
fur and carbon cycle in a marine system. Bacterial sulfate reduc-
tion and sulfide oxidation are the key processes in forming these
minerals. In this study, we identified the depth of the paleo-
SMTZ using the occurrence of anomalously high-rich pyrites and
relatively positive 34S ;.. Pyrite with a low §3!S value at shallow
depth predominantly formed by OSR, whereas those with a posit-
ive excursion of 534S value at great depths apparently resulted
from AOM. The §34S values of gypsum varied within a narrow
range (-25.0%o to -20.7%o) and were much lower than the values
of seawater sulfate. These values indicate that the dissolved
sulfate from which the gypsum precipitated was caused by the
oxidation of 34S-depleted pyrite derived by OSR. Pyrite oxidation

also promoted carbonate dissolution, resulting in increased cal-
cium concentrations in the pore waters. In addition, ion exclu-
sion during the formation of gas hydrates also elevated the calci-
um concentrations in the pore water. Therefore, authigenic pyr-
ite and gypsum are a useful proxy for the redox conditions and
seepage intensities at the study site.
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