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The content and isotopic composition of pyrite sulfur are significantly affected
by local depositional conditions and are sensitive to environmental evolution.
Here, we use core QK11, collected from Xiapu Bay, southeast coast of China, to
reveal how local depositional conditions constrained pyrite formation and
sulfur isotopic composition since MIS5. Our results show that the content of
pyrite sulfur is mainly controlled by the TOC content during interglacial
intervals and is limited by the supplement of sulfate in glacial intervals.
Therefore, the C/S ratios can effectively identify three transgressions since
MIS5. The sulfur isotopic composition of pyrite ranges from -36.7 to 18.4%. in
the whole core. The occurrence of isotopically “heavy” pyrite is observed at the
depth of 2.2~9.2, 27.2~33.8, and 43.5~62.5 mbsf, which is attributed to the
influence of sulfate reservoir effect, depositional event, unsteady diagenetic
environment, and other factors, highlighting the influence of local depositional
and diagenetic processes on the isotopic composition of pyrite sulfur. Pyrite
sulfur in other layers is generally depleted in %S, as low as -36.7%., indicating
that the early-stage organiclastic sulfate reduction (OSR) plays an important
role in sulfur isotopic fractionation. The results also suggest that organic carbon
indicators (TOC/TN ratio and §°C) combined with the C/S ratio can effectively
distinguish between freshwater and marine environments, which is of great
significance to reveal depositional evolution in deep time.
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Introduction

Pyrite (FeS,) represents the main sulfur sink of marine
sediments, which has been widely employed to trace the global
sulfur cycle, biological evolution, and redox conditions in Earth’s
surface environment (Berner, 1984; Raiswell and Canfield, 2012;
Fike et al.,, 2015; Fakhraee et al, 2019). In the sediments
deposited on the continental margins, the sulfide used to form
pyrite is mainly derived from sulfate reduction. During the
sulfate reduction process, microbes preferentially utilize
the isotopically lighter sulfur in sulfate to produce sulfides, so
the produced pyrite is depleted in 'S relative to the initial
sulfate, resulting in a large sulfur isotopic fractionation
(Jorgensen, 1982; Habicht and Canfield, 1997). In spite of the
control of microbial metabolism, recent studies have suggested
that the sulfur isotopic composition of pyrite (§7'S,,) is also
affected by local depositional factors (Lang et al., 2020;
Houghton et al., 2021; Liu et al., 2021a), which could be
preserved in the sedimentary record. For example, recent
studies showed that the high sedimentation rates are
conducive to the formation of the relative “closed” diagenetic
system, leading to the formation of isotopically “heavy” pyrite
(Pasquier et al,, 2017; Liu et al.,, 2019).

Other processes that may cause the enrichment of *!S in
pyrite are as follows. In a system with low-sulfate concentration,
when the sulfate is completely consumed by the sulfate reduction
process, the produced sulfide will inherit the sulfur isotopic
composition of the original sulfate pool with a minor isotopic
fractionation (Gomes and Hurtgen, 2013). As sediments are
buried deeper, the communication between porewater and
overlying seawater is limited, resulting in a simultaneous
increase in sulfur isotope of porewater sulfate and produced
sulfides in a “closed” diagenetic system (Canfield, 2001; Liu et al.,
2020a). In methane-rich environments, anaerobic methane
oxidation (AOM) can be coupled with sulfate reduction,
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leading to pyrite formation with high content and heavy sulfur
isotope in the sulfate-methane transition zone (Jorgensen et al,
2004; Borowski et al.,, 2013; Lin et al., 2017). The diffusion of
hydrogen sulfide (H,S) driven by porewater sulfide
concentration gradient would result in large differences in
diagenetic processes and isotopic composition of pyrite sulfur
between different layers (Liu et al., 2021b). Abiotic oxidation of
sulfide to sulfate, due to frequent, repeated oxidative reworking
in the shallow marine environment, would modulate the 8>*S
signals in sedimentary pyrite (Fry et al., 1988; Aller et al., 2010).
However, the relationship between local depositional conditions
and sulfur isotopic composition is complex, and the specific
constraint mechanism between them requires further research.

The East China Sea (ECS) receives a lot of terrestrial
sediment and organic matter from the Changjiang River and
many other local rivers from Zhejiang, Fujiang, and Taiwan (Liu
et al., 2018a). Under the influence of wave, tide, and current,
several mud depocenters with high contents of organic carbon
and fine-grain sediments were developed, which provide a
natural laboratory to study how depositional processes control
pyrite formation and its geochemical composition (Liu et al.,
2018a; Zhao et al., 2018; Zhang et al., 2021). In this study, we
analyzed the core QK11, collected from the southeast coast of
China, to reveal how the depositional evolution constrains the
pyrite formation and its sulfur isotope since MIS5.

Regional setting

The ECS is one of the typical river-dominated marginal
oceans, which receives a large amount of terrestrial material
input from the Changjiang River as well as numerous
mountainous rivers, including Oujiang, Minjiang, and
Zhuoshuixi (Figure 1A). The current system in the ECS inner
shelf modulates the transport and deposition of terrestrial
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Regional setting and core location of core QK11. (A) The distribution of mud sediments on the East China Sea inner shelf with the current
system (Liu et al., 2006). KC, Kuroshio Current; TWC, Taiwan Warm Current; ZFCC, Zhejiang-Fujian Coastal Current. (B) Xiapu Bay, the locations
of core QK11 (Red dot, this study) and core NDGK2 (blue dot, Dai et al., 2021).
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sediment (Zhang et al,, 2019), including the Changjiang diluted
water (CDW), Zhejiang-Fujian coastal current (ZFCC), and
Taiwan warm current (TWC) (Figure 1A). And a mud
depocenter was formed under such sedimentary conditions,
which is distributed in a northeast-southwest direction along
the coast of Zhejiang and Fujian (Liu et al.,, 2006; Liu et al., 2007;
Dong et al.,, 2018; Dong et al., 2020; Dong et al., 2021). Xiapu
Bay, the study area, is located in the northern Fujian Province
along the ECS (Figure 1B). Luohanxi and Beixi Rivers are the
two main rivers that flow into Xiapu Bay, but the runoff
sediment flux can be almost neglected compared to sediments
from the inner shelf of the ECS transported by tidal currents
(Sun et al.,, 2022).

A series of core data from the Bohai Sea, Yellow Sea, East
China Sea, and South China Sea demonstrated that the Chinese
marginal seas have experienced three transgressions,
corresponding to MIS5, MIS3, and MIS1, respectively
(Waelbroeck et al,, 2002; Lisiecki and Raymo, 2005; Wang
et al, 2020). However, on the ECS coast, especially the coast
area of Zhejiang and Fujian, only one or two transgressive strata
were developed, and the period and magnitude of marine
transgression are still a controversial topic (Geng, 1982; Zhao
et al, 2008; Lin and Dai, 2012). In recent studies of cores
collected from Sansha Bay and Xiapu Bay, three transgressive
events since MIS5 were identified using geochemical indicators,
palynology, and micropalaeontology, which established a well
stratigraphic and sedimentologic framework for our study (Dai
et al,, 2021; Yu et al,, 2021; Sun et al., 2022; Wang et al., 2022).

Materials and methods

Core QK11

The core QK11 is located in Xiapu Bay, northern Fujian
Province (26.88°N, 120.05°E, Figure 1B), with a length of 70.6 m
and an orifice elevation of 6 m. There is a homogeneous layer
filled with clay at the depth of 70.6~69.8 mbsf (Figure 2). The
sediments deposited at the depth of 69.8~37.7 mbsf are generally
coarse-grained, consisting mainly of pebble-bearing sand or sand-
bearing pebble layers, interspersed with several thin intervals of
clay and sand. The strata at the depth of 37.7-20.8 mbsf is a set of
homogeneous clay layers with shell fragments, and the sediment is
dramatically coarsened at about 34-31 mbsf. At the depth of
20.8~16.1 mbsf, the sediments are composed of mainly hard clay.
The deposits above 16.1 mbsf are muddy clay layers with a large
amount of shell and carbonized plant fragments.

Pyrite sulfur analysis

Pyrite sulfur in bulk sediments was obtained by the method
described by Canfield et al. (1986). Under constant flow of nitrogen
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or argon gas, the sediments were heated to 186°C (+ 10°C) in a
solution of 6 M HCl and 2 M chromium (II) chloride and stirred for
4 h. Reduced sulfur in sediments was released as hydrogen sulfide
and captured as precipitation of silver sulfide in a test tube
containing silver nitrate solution. After rinsing, drying, and
weighing, the contents of chromium-reducible sulfur (CRS) in
bulk sediment were calculated gravimetrically. In this paper, we
analyzed CRS content as pyrite sulfur content.

Gas chromatography-isotope ratio mass spectrometry (GC-
IRMS) was used to analyze the sulfur isotopic composition in
CRS. The Instrument model: Delta V Plus GC-IRMS (Thermo
Fisher Science), Sensitivity is better than 1200 M/L, error < 0.1%o;
Detection error: RMs (IAEAS1, TAEAS2, TAEAS3) standard
deviation < 0.3%o, analysis error < 0.1%o.

Total organic carbon and total
nitrogen analysis

The contents and isotope analysis of TOC and TN were
carried out in the Key Lab of Submarine Geosciences and
Prospecting Techniques, MOE, China. The test instruments
are an EA-IsoLink elemental analyzer with a MAS 200R
autosampler coupled to a MAT253 plus isotope ratio mass
spectrometer via a ConFlo IV universal interface (all from
Thermo Fisher Scientific, Bremen, Germany). The Elemental
Technology Co. Ltd. reference material, IVA33802180, is a soil
standard sample with a total carbon content of 0.83 + 0.05% and
0.07 + 0.01% nitrogen, used as a routine working standard for
the content determination of carbon and nitrogen. The contents
of TOC and TN were calculated by standard curves and the
accuracy can be estimated to be around 3% RSD. The
international reference materials (RMs): USGS40 (L-glutamic),
USGS64 (glycine), and USGS24 (graphite) (all from NIST, US),
were used in this study. The §'"°C values certified by USGS40,
USGS64, and USGS24 as the mean + 95% confidence is -26.39 +
0.09%o, -40.81 * 0.04%o, and -16.05 * 0.04%o, respectively. The
precision for 8'3C is + 0.06%o (16) for 30 g of carbon.

Results
Chronology and pyrite of core QK11

The chronology of core QK11 is referred to a well-established
stratigraphic framework of core NDGK2 (Figure 2A), including
ages from AMS'C and optically stimulated luminescence (OSL),
and relative stratigraphic correlation between them (Dai et al,
2021; Sun et al., 2022). According to previous work on core QK11
(Sun et al,, 2022), the relative pyrite content in heavy minerals in
core QK11 increases significantly during the interglacial stages,
which corresponds to the intervals with high salinity reflected by
increased Sr/Ba ratios (Figure 2B). Pyrite aggregates, main
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Chronology and pyrite of core QK11. (A) Dating of core NDGK2. (B) Sr/Ba ratio and relative content of pyrite in heavy minerals of core QK11. (C)
Scanning electron microscope (SEM) photographs of pyrite aggregates. Age data are referred to Dai et al. (2021); the relative pyrite content in
coarse (500~32 um) heavy minerals are from Sun et al. (2022); The shaded regions indicate intervals of elevated relative contents of pyrite and
increased Sr/Ba ratios during the interglacial MIS5, 3, and 1; The red arrows represent the sampling locations of pyrite photographs; The white

rectangles represent the areas shown on the right in Figure 2C.

framboids with a large diameter (> 50 pm), consist of octahedral
and irregular pyrite microcrystals (Figure 2C). According to the
relative pyrite contents and previous research results (Dai et al,
2021; Sun et al,, 2022), core QK11 is divided into five sedimentary
intervals (Figure 2). Three interglacial intervals at depths of
70.6~70.2, 37.5~22.8, and 15.8~2.2 mbsf correspond to MIS5,
MIS3, and MISI, respectively, whereas glacial intervals at depth
of 70.2~37.5 mbsf and 22.8~15.8 mbsf correspond to MIS4 and
MIS2, respectively.

Pyrite sulfur content, isotopic
composition, and C/S ratio

The CRS contents, representing the pyrite sulfur in the study
area (Liu et al., 2020b), show a strong fluctuation coinciding with
the glacial-interglacial cycles (Figure 3A). The contents of CRS
are generally less than 1.13%, and maintain high values in clay
layers. The coarse-grained sediments composed of silt and
pebbles present low contents of CRS, most of which are below
the detection limit (0.01%). We set the CRS values below the
detection limit to 0.01% for the calculation of C/S ratios.

The 534Spy in core QK11 ranges from -36.7%o to 18.4%o, with
A*S (834Ssu_lphate_834spy) as high as 57.94%o, calculated from the
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sulfur isotopic composition of modern seawater sulfate (21%o,
Tostevin et al., 2014). And the isotopically “heavy” pyrite occurs
at the depth of 7.8~2.2, 33.8~27.2, and 43.5~62.5 mbsf
(Figure 3B). The C/S ratio of core QKI1 ranges from
0.91~38.46 and effectively divides glacial and interglacial
sedimentary intervals (Figure 3C). C/S ratios of glacial
intervals are high, with an average of 12.44, whereas the
interglacial C/S ratios are generally less than 2.8. The average
value of C/S ratios is only 1.47 in the lower part of the MIS1
interval, which increases significantly in the upper part
accompanied by the decrease in CRS contents.

TOC and TN contents, §°C of TOC, and
TOC/TN ratios

The contents of TOC and TN show no obvious trends in
core QK11 (Figures 3D, E). TOC content ranges from 0.02 to
1.65% with an average of 0.47%. And the maximum value occurs
at the depth of 33.8 mbsf. The TN contents of several samples in
the lower half of the core are too low to obtain data, which were
set as 0.01% and represented as a hollow circle in Figures 3E, G.
There are no trends for TOC/TN ratio and 8'°C in the same way,
but they all peak at the depth of 33.8 mbsf: TOC/TN ratio
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The lithology and contents of carbon, nitrogen, and sulfur abundance of core QK11. (A, B) The abundance of chromium-reducible sulfur (CRS)
and the sulfur isotopic composition of CRS; (C) The ratio between total organic carbon and chromium-reducible sulfur (C/S); (D-F) The
contents of total organic carbon (TOC) and total nitrogen (TN) and the isotopic composition of TOC; (G) The ratio between total organic

carbon and total nitrogen (TOC/TN).

increases to 22.43, whereas 8'>C decreases to -28.53%o
(Figures 3F, G).

Discussion

Limiting factor for the formation of
sedimentary pyrite

In organic mineralization, organic carbon is consumed as an
electron donor in the sulfate reduction process, with the
production of hydrogen sulfide (Fike et al., 2015). Although
most of the products are reoxidized to sulfate, the remaining
fraction of them are able to form metastable iron sulfide with the
participation of reactive iron, and ultimately convert to
sedimentary pyrite which is buried as the major sulfur sink in
marginal sea sediments (Jorgensen, 1982; Berner, 1984; Rickard,
2012; Fike et al.,, 2015). The formation of sedimentary pyrite is
greatly affected by the sedimentary conditions, including the
quantity and reactivity of organic carbon, the availability of
reactive iron, and the supplement of sulfate (Berner, 1984). Here,
we analyze the above factors to demonstrate the main factor that
impacts the formation of sedimentary pyrite in the study area
since MIS5.

Pyrite is sensitive to reactive iron availability which has an
important influence on the early diagenetic process of sediments
(Shawar et al., 2018). In the Baltic and Black Seas, for example,
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with high organic carbon content but limited reactive iron
supply in sediments, the residual porewater hydrogen sulfide
diffuses downward from the marine mud to the underlying
lacustrine clay and reacts with the reactive iron to form the
sulfidization front (Jorgensen et al., 2004; Holmkvist et al., 2014;
Liu et al., 2020a). However, the inner shelf of the ECS receives a
large amount of terrestrial supply from large and medium-sized
rivers such as the Yangtze River and Qiantang River, with an
adequate supply of reactive iron (Huang and Lin, 1995; Lin et al.,,
2002; Wei et al., 2021). The availability of reactive iron does not
limit the formation of sedimentary pyrite in the study area,
although strong iron reduction may inhibit the sulfate reduction
process (Kao et al., 2004).

Previous studies demonstrated a significant positive
correlation between the organic burial rate and sulfate
reduction rate, indicating that the sedimentary pyrite
formation in the ECS shelf is mainly controlled by the organic
carbon content (Lin et al., 2002). This perspective is also well
verified in our results by a positive correlation between CRS and
TOC contents in core QK11 (R* = 0.623) (Figure 4A), and the
maximum of organic carbon contents corresponds to the peak of
CRS contents (Figure 3). However, it should be noted that the
contents of CRS are generally below the detection limit in glacial
intervals, whereas the TOC varies between 0.1 and 0.4%, with an
extremely low correlation coefficient (Figure 4A). Thus, the
formation of sedimentary pyrite in glacial intervals should be
affected by other factors besides the organic carbon contents
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Sedimentary factors controlling CRS content in core QK11. (A-C) TOC content, §-°C of TOC, and TOC/TN ratio vs. CRS content. The fit line of
carbon and sulfur correlation of all samples in (A) is black, the blue line is for interglacial sediments (marine environment), and the yellow line is

for the glacial sediments (freshwater environment).

(e.g., undersupply of porewater sulfate in the terrestrial
environment). In the glacial intervals (MIS4 and 2), the
freshwater environment caused by the low sea level could not
provide enough sulfate to produce sulfide, which will finally
suppress the formation of pyrite. When the study area was
flooded during transgressive intervals (MIS5, 3, and 1), a decent
sulfate supply would alleviate the limiting effect of sulfate on
sulfide production. Therefore, the formation of sedimentary
pyrite was dominated by the supplement of sulfate in the
glacial intervals and mainly controlled by TOC content during
interglacial intervals.

Previous studies suggested that the less reactive organic
compounds would result in lower rates of sulfate reduction
(Berner, 1984; Westrich and Berner, 1984). Thus, the source of
organic carbon may potentially affect the formation of pyrite,
because of the differences in reactivity between marine and
terrestrial organic carbon (the latter is more refractory) (Blair
and Aller, 2012). The TOC/TN ratio and §'°C of organic carbon
have been widely used as classical indicators to trace the source
of organic carbon in sediments deposited on global estuaries and
continental shelves dominated by large rivers (Bianchi et al,
2002; Zhan et al., 2011). We attempt to assess the possible
influence of variation in reactivity of organic carbon on
sedimentary pyrite during transgressive cycles by using them.
No positive obvious correlation is observed between 8'°C and
CRS content (Figure 4B). And the correlation between TOC/TN
ratio and CRS is moderate, with an R* of 0.449 (Figure 4C). Due
to the influence of possible “extra nitrogen source” (e.g.,
adsorption of inorganic nitrogen by clay minerals), the
measured values of TOC/TN ratios in terrestrial sediments are
significantly different from the actual values (Meyers, 1994;
Meyers, 1997; Sampei et al.,, 1997; Sampei and Matsumoto,
2001; Hu et al.,, 2014). The average values of TOC/TN ratios
in the two freshwater sedimentary intervals (MIS2 and MIS4)
are 4.6 and 4.4, respectively, indicating a marine origin of
organic carbon. Therefore, the correlation between CRS and
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TOC/TN ratio in core QK11 may not truly reflect their
relationships, which needs careful evaluation.

Depositional evolution since MIS5
constrained by C/S ratios

Pyrite is usually more abundant in marine sediments than in
fluvial and lacustrine sediments due to the differences in
supplement of sulfate between them. The statistical results
show that the C/S = 2.8 + 1.5 can be used to distinguish the
marine from the freshwater sedimentary environment (Berner
and Raiswell, 1984; Raiswell and Canfield, 2012; Wei and Algeo,
2020). However, C/S ratios represent high values in certain
marine environments as in the freshwater environment, such
as the euxinic bottom water limited by iron, organic-rich
environment promoted by upwelling, and unsteady diagenetic
environment (Morse and Emeis, 1990; Lyons and Berner, 1992;
Aller and Blair, 1996). Thus, when applying the C/S ratio to
reveal the sedimentary history, it is necessary to combine other
indicators (e.g., Sr/Ba ratio) (Liu et al., 2022). Based on previous
studies, we evaluate the applicability of the C/S ratio to indicate
depositional evolution in the Xiapu Bay since MIS5.

The C/S ratios of glacial sedimentary intervals in core
QKI1 are significantly higher than 2.8 (Figure 5), indicating
a typical freshwater sedimentary environment (Berner and
Raiswell, 1984). But some samples of the MIS4 interval have
relatively low C/S ratios, even less than 2.8. This is mainly
because the contents of CRS in this interval are extremely low,
and most of them are below the detection limit (0.01%), thus
the actual C/S ratios should be higher than the calculated
values. Sedimentary conditions during glacial intervals, such as
strong weathering, undersupply of porewater sulfate, and
coarse-grained sediments with less TOC, would lead to poor
formation and preservation of authigenic pyrite, followed by
high C/S ratios.
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The correlation between the content of total organic carbon (TOC) and CRS (representing pyrite sulfur).

The C/S ratio in MIS5 ranges from 2.3 to 5.1, with an
average of 4.1, and no foraminifera is observed in this interval
(Sun et al.,, 2022). These sedimentary records seem to support
that the sediments were deposited in a fluvial or lacustrine
environment. However, this view needs to be questioned. In
fact, C/S ratios cannot well distinguish the brackish
environment from the marine environment because their
ranges overlap considerably (Wei and Algeo, 2020).
Compared with intervals of MIS4 and MIS2 with high C/S
ratios, the C/S ratios of MIS5 interval are near the boundary
values. The Sr/Ba ratio in this interval increases significantly
(Figure 2B), which represents a depositional environment with
increased salinity (Sun et al,, 2022). In addition, the marine
dinocyst record of NDGK2, located in Sansha Bay (Figure 1B),
also suggests that the study area has experienced a marine
incursion during MIS5 (Dai et al., 2021). We suggest that Xiapu
Bay is influenced by seawater sulfate during MIS5, but the
magnitude of transgression is weak so that the sedimentary
environment is not conducive to the growth or later
preservation of foraminifera.

The MIS1 interval is segmented in geochemical
characteristics. The lower part is similar to the MIS3 interval.
The evidence, including abundant pyrite aggregates, low C/S
ratios, and foraminifera records, indicates a typical marine
environment during this period (Sun et al., 2022). However, the
upper part of MIS1 sediments is characterized by high C/S
ratios and low CRS contents (Figure 3C). This phenomenon is
attributed to the unsteady diagenetic environment along the
ECS coast, which is consistent with previous results off the
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Zhejiang coast (Liu et al., 2018b; Liu et al,, 2021¢; Liu et al,,
2022). In the unsteady diagenetic environment, the sulfate
reduction is suppressed by iron reduction, and sulfides are
oxidized to sulfate under strong hydrodynamic conditions and
bioturbation, resulting in low CRS contents and high C/S ratios
in surface sediments deposited on the ECS inner shelf (Ge et al.,
2015; Zhu et al., 2016; Liu et al., 2018b).

C/S ratios show that the transgression in MIS5 is weak,
whereas the transgressive events in MIS3 and MIS1 have a wider
impact. Due to the unsteady diagenetic environment along the
ECS coast, the sedimentary strata deposited in MISI is
segmented in C/S ratio and CRS content. These findings
demonstrate that the C/S ratio can effectively reveal the
depositional evolution of Xiapu Bay since MIS5, and also
emphasizes the necessity of combining different indicators in
the reconstruction of the paleoenvironment (Liu et al., 2022).

Response of isotopic composition of
pyrite sulfur to depositional evolution

The formation of pyrite in marine sediments plays a
fundamental role in the biogeochemical carbon-sulfur-iron
cycling and modulated the redox conditions on Earth’s surface
over geological timescales (Algeo et al., 2015). And the evolution
history of Earth’s surface environment was recorded in §*'S,,
extensively (Fike et al., 2015). Recent studies have demonstrated
that 8°S,, is significantly impacted by local depositional
conditions in short timescales, suggesting that the isotopic
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composition of pyrite sulfur is very sensitive to local depositional
evolution rather than the global sulfur cycle (Pasquier et al,
2017; Liu et al,, 2019; Liu et al., 2020b). Here, we carry out a
series of geochemical analysis work of core QK11 to study the
influence of depositional evolution on &°*S,, during glacial-
interglacial cycles since MIS5. On the whole, there is no obvious
correlation between the §°*S,, values and other geochemical
parameters (TOC, 8'3C, C/S ratio, TOC/TN ratio) in core QK11
(Figures 6A-D). It probably suggests that the sulfur isotopic
composition of pyrite is influenced by multiple factors rather
than a certain one. Since MIS5, the study area has experienced
three transgressive events, and the discrepancy of local
depositional conditions such as transgressive magnitude,
organic carbon input, and sedimentation rate during these
periods may have varying controls on the §'S,,,.

Previous studies have shown that bacterial sulfate reduction
is associated with a strong isotopic fractionation, with sulfide
and pyrite depleted in >*S, and possibly reaching up to 70%o (Sim
etal, 2011). The §S,,, in sediments of Xiapu Bay deposited in
MISS5 is stably negative and ranges from -35 to -40%o generally

10.3389/fmars.2022.1005663

with an offset of about 57%o. The considerable isotopic offset
indicates that early-stage organiclastic sulfate reduction (OSR)
plays an important role in pyrite formation, although the
contribution of disproportionation in sulfur isotopic
fractionation cannot be ruled out (Canfield and Thamdrup,
1994). Despite transgression being weak during MIS5, the
supplement of sulfate is enough to protect §*'S,, from the
sulfate reservoir effect (Gomes and Hurtgen, 2013).

Xiapu Bay presented a typical marine environment during
MIS3 revealed by C/S ratios, Sr/Ba ratios, and foraminifera
records (Sun et al, 2022). But at the depth of 27~34 mbsf,
lithologic and geochemical characteristics change significantly,
with isotopically “heavy” pyrite in sediments correspondingly
(Figure 3). The sediment type changed from clay and silt to
coarser sand and gravel. TOC increased from 0.5% to 1.6%,
resulting in the CRS peak in the whole core. The dramatic
change of TOC/TN ratio and 8'°C at the depth of 32.5~33.8
mbsf indicates an important shift in the source of organic
carbon, suggesting an increased input of terrestrial materials.
Although not obvious, the phenomenon of source shift of
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The correlation between §**S,,, of pyrite sulfur and TOC content (A), §**C of TOC (B), C/S ratio (C), and TOC/TN ratio (D).
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organic carbon is also observed at 27 mbsf revealed by TOC/TN
ratio and 8'°C, where the isotopic composition of pyrite sulfur
maintains a high value. We propose that the heavy sulfur isotope
is related to the depositional event occurring at 27~34 mbsf of
core QK11. And relevant factors, such as the availability and
reactivity of organic carbon and sedimentation rates, are
worth analyzing.

During the depositional event, the abrupt increased TOC/
TN ratios and decreased §'°C values indicate that the organic
carbon is mainly a terrigenous source, which is refractory and
not conducive to being utilized by sulfate-reducing bacteria
(Meyers, 1997; Blair and Aller, 2012). However, the peak
values of TOC and CRS appear together, and the influence of
TOC content on the sulfur isotopic composition of pyrite should
be evaluated. It is suggested that a high sulfate reduction rate can
significantly reduce the sulfur isotopic fractionation of OSR,
while high organic carbon content can increase the sulfate
reduction rate, which may lead to the positive §°*S,, value
(Lin et al., 2002; Leavitt et al,, 2013). However, the poor
correlation between TOC content and §*'S,, in MIS3 stage
sediments shows that high organic carbon content is not
responsible for the positive sulfur isotopic signature of pyrite.
We speculate that the high sedimentation rates associated with
depositional events may be the crucial factor. High
sedimentation rate would decrease the connectivity between
the porewater sulfate reservoir and the overlying water column
to form a relative “closed” diagenetic system (Pasquier et al.,
2017; Liu et al., 2019). In this case, local porewater sulfate
reservoir becomes enriched in **S as the sulfate reduction
process continues, which leads to produced sulfide and pyrites
formed later becoming enriched in **S. The preponderance of
terrigenous materials also implies a great availability of reactive
iron in sediments, which has important implications for early
diagenetic processes. In the Bornholm Basin, the coupling of
high reactive iron contents and heavy sulfur isotope was
observed (Liu et al., 2021a). It is interpreted that the high
sedimentation rates facilitated the burial of reactive iron and
hence the subsurface availability of reactive iron for continued
and progressively more **S-enriched sediment-hosted
pyrite formation.

The MISI strata are segmented in geochemical indicators
including CRS contents, C/S ratios, and 834Spy With 8 mbsf as
the boundary, the lower part maintains a large amount of CRS
which is depleted in **S with an offset higher than 50%o. The
upper member is characterized by low CRS contents, high C/S
ratios, and isotopically “heavy” pyrite, due to the unsteady
diagenetic environment in the ECS (Ge et al., 2015; Zhu et al,,
2016). Under such depositional conditions, reoxidation of
porewater hydrogen sulfide to sulfate can potentially lead to a
minor and even negative value of sulfur isotopic offset between
the sedimentary pyrite and original sulfate, and override in-situ
signals of sulfur fractionation of sulfate reduction and other
diagenetic processes (Fry et al., 1988; Fike et al., 2015). And the
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phenomenon of isotopically “heavy” pyrite also appears on other
continental shelves with an unsteady diagenetic environment,
such as the Amazon-Guianas mobile mud belt (Aller et al.,
2010). In addition, given the abundance of shallow gas (CH,)
buried around Sansha Bay and Xiapu Bay with a depth between
0 and 20 m (Wu et al, 2022), leakage of shallow gas may
influence the sulfur isotopic composition of pyrite (Jorgensen
et al., 2004; Peketi et al., 2012; Lin et al., 2016; Lin et al., 2017;
Miao et al., 2021). However, the coupling of high CRS content
and isotopically “heavy” pyrite is not observed in the upper part,
indicating that the shallow gas is unlikely to be a
significant factor.

Xiapu Bay represented a typical freshwater sedimentary
environment during MIS4. The undersupply of porewater
sulfate suppressed the sulfate reduction, which resulted in a
positive isotopic signature of pyrite sulfur by the sulfate reservoir
effect (Gomes and Hurtgen, 2013). Though the sediments of
MIS2 interval deposited in a freshwater environment likewise,
the sulfur isotopic composition of pyrite is negative, which
cannot be explained by the sulfate reservoir effect. The
possibilities include the vertical diffusion of hydrogen sulfide
in adjacent layers and additional sulfate supplies. The hydrogen
sulfide in the MIS1 interval mainly comes from OSR and is
depleted in **S. The hydrogen sulfide diffuses downward and
combines with the reactive iron in MIS2 interval, resulting in
**S-depleted pyrite. The diffusion of hydrogen sulfide during
OSR would be rather weak in an iron-sufficient environment.
Therefore, the CRS contents maintain extremely low values
without a sulfidization front in MIS2 interval. In addition, the
two adjacent layers of the MIS2 interval were extensively affected
by transgressions. After the early diagenesis, the residual
porewater sulfate in adjacent layers may migrate vertically to
support pyrite formation in the MIS2 interval.

Implications for classical indicators of
organic carbon

The effectiveness of C/S ratios has been verified in this study as
well as in previous work on the inner shelf of the ECS (Liu et al,
2021¢ Liu et al, 2022). Though the C/S ratio can reveal three
transgressive layers in the coastal area of southeast China since MIS5,
we have to acknowledge that it is also affected by an unsteady
diagenetic environment and other sedimentary factors. Therefore,
when using C/S ratios to indicate paleosalinity and marine
transgression, it is necessary to combine them with other indicators
(such as Sr/Ba ratio and TOC/TN ratio) to reduce the risk of making
a biased interpretation of depositional evolution (Liu et al., 2022).

The TOC/TN ratio has been widely utilized in the
identification of organic carbon sources in estuarine and
continental shelf areas (Meyers, 1994; Meyers, 1997; Yu et al,
2011; Zhan et al., 2011). In our study, however, the application of
the TOC/TN ratio in terrestrial sedimentary intervals (MIS2 and
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MIS4) was severely disturbed due to the low organic carbon
content in the sediments and the possible adsorption of
inorganic nitrogen by clay minerals (Sampei and Matsumoto,
2001; Hu et al, 2014). But for transgressive strata, the
combination of TOC/TN ratio and 8'°C shows that the
organic carbon sources in the study area experienced a
transition from terrigenous source to marine and terrigenous
mixed source to marine source during the three transgressions
since MIS5 (Figure 7), which is consistent with the research
results that the magnitude of the transgressions gradually
increased as revealed by other indicators (C/S ratio, Sr/Ba
ratio, etc.). This indicates that TOC/TN ratio and 83C
can effectively record sedimentary information during
transgressions, and should be combined with pyrite-related
indicators to indicate depositional evolution.

Conclusions

In this study, we analyzed the depositional evolution history and
its influence on the sulfur content and isotope of pyrite in the coastal
area of southeast China since MIS5 according to a set of geochemical
data from core QK11. The main conclusions are as follows:

1) The positive correlation between TOC and CRS contents
in core QK11 indicates that sedimentary pyrite is mainly
controlled by TOC in the interglacial transgressive strata. The
formation of pyrite during glacial intervals is limited by the
supplement of sulfate, inducing extremely low pyrite sulfur
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contents. Therefore, C/S ratios can effectively identify three
transgressions on the Fujian coast since MIS5.

2) Local depositional conditions strongly affect the sulfur
isotopic composition of authigenic pyrite in study area during
transgressive cycles. The isotopically “heavy” pyrite in core
QK11 is attributed to the sulfate reservoir effect, unsteady
diagenetic environment, and depositional event.

3) Classical indicators, such as the TOC/TN ratio, are prone
to deviation under freshwater sedimentary conditions. It is
necessary to combine other geochemical indicators, such as C/
S and Sr/Ba ratios, to reconstruct a more reliable history of
depositional evolution.
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