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ABSTRACT

Isotopic compositions of coeval sulfide and sulfate have been widely employed to reconstruct the seawater
chemistry evolution over geologic time; however, these signals can be modulated by other factors, such as the
sedimentation rate. Here, we present a data set of pyrite sulfur isotopes (834Spy) derived from 60-m drilled core
sediments deposited on the inner shelf of the East China Sea since 16.5 ka. The resulting 8>S, values range from
—38.2 to 15.0%o (Vienna Canyon Diablo Troilite; V-CDT), representing a range of 53.2%o. Freshwater deposition
before 12.3ka produced a limited pyrite abundance and §**S;;, values that fall within the typical range of
freshwater environments. After the marine incursion in the study area at 12.3 ka, variations in the 8**S, values
become significantly correlated with sedimentation rates (SRs; r = 0.78, p < 0.01), which were controlled by
the intensity of coastal currents in response to the East Asian winter monsoon. Specifically, pyrite sulfur is
markedly depleted in 3*S during the intervals with low SRs (8348py < —30%o) relative to that observed during
the intervals with high SRs (§*S,;, > 0%o), suggesting that SRs exert controls on §3*S,,, values. We propose that
these sedimentary controls are expressed by modulating the connectivity between porewaters and the overlying
seawater. Low SRs tend to form an open diagenetic system, in which the pyrites are able to preserve the large
biological fractionations associated with microbial sulfate reduction (and disproportionation). In contrast, high
SRs favour a restricted diagenetic system, in which the distillation of porewater sulfate produces pyrites enriched
in S, masking the magnitude of biological fractionation during microbial sulfur cycling. These findings
highlight the critical effect of the local sedimentation regime on pyrite sulfur isotopic compositions, especially
within shallow depositional environments, over geologic time.

1. Introduction

and to indicate the evolution of the ocean-atmosphere system over
geologic time (Canfield et al., 2000; Loyd et al., 2012; Jones and Fike,

The burial of sedimentary pyrite in marine sediments has played a
primary role in controlling the oxygen concentration in the atmosphere
and the sulfate concentration in seawater over the Phanerozoic eon
(Berner, 1984; Canfield, 2001a; Fike et al., 2015). The abundance and
isotopic compositions of sulfide and coeval sulfate minerals in the se-
dimentary record have been widely used to reconstruct the sulfur cycle

2013; Algeo et al., 2015; Kunzmann et al., 2017). Along continental
margins, microbial sulfate reduction (MSR) is believed to be the
dominant pathway that produces sulfur isotopic fractionation between
sulfide and sulfate (Jorgensen, 1982; Canfield, 2001a). During MSR,
3230, is preferentially utilized relative to 3*S0,>~, resulting in the
release of 3*S-depleted sulfide. The magnitude of sulfur isotopic
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fractionation during MSR was considered to be no > 46%o (e.g., Kaplan
and Rittenberg, 1964; Rees, 1973). However, recent studies have found
that sulfur isotopic fractionation could be much higher than 46%o0 and
reach up to 70%o (e.g., Canfield et al., 2010; Sim et al., 2011a;
Wortmann et al., 2001). The magnitude of such isotopic fractionation
between sulfide and sulfate is a function of physiology, which depends
on both biochemical and environmental factors (Canfield, 2001b; Sim
et al., 2011b; Leavitt et al., 2013; Wing and Halevy, 2014; Gomes and
Hurtgen, 2015). In addition, the abundance and isotopic composition of
sulfide can be influenced by other factors, such as the depositional
environment (Wilkin and Arthur, 2001), isotopic exchange between
different reservoirs (Jorgensen et al., 2004), hydrodynamics and bio-
turbation processes (Aller et al., 2010), organic carbon preserved in
sediment (Leavitt et al., 2013), and sediment reworking (Riedinger
et al.,, 2017). Thus, to interpret sulfur isotopic signals in geological
records, it is necessary to consider the sedimentological context:
changes in sedimentation regime can produce variations in sulfur iso-
topic signals as large as those caused by shifts in the ocean chemistry
(Fike et al., 2015). For example, ~75%o variations in 834Spy associated
with glacial-interglacial changes in the sedimentation rate (Pasquier
et al., 2017) are comparable in magnitude to the 8345Py excursions
found during the Cambrian Steptoean Positive Carbon Isotope Excur-
sion (SPICE) event, and those excursions have been interpreted to re-
flect enhanced pyrite burial and changes in the ocean chemistry (Gill
et al., 2011). Moreover, 3*S-enriched pyrites, which have been linked to
low seawater sulfate concentrations during the late Proterozoic
(< 2mM; Ries et al., 2009), have also been observed in modern marine
sediments with a high sulfate concentration (~28 mM; Jgrgensen et al.,
2004; Aller et al., 2010).

The East China Sea (ECS) is characterized by a high influx of ter-
rigenous materials from surrounding rivers, including one of largest
rivers in the world, the Changjiang River (Yang et al., 2014). On the
inner shelf of the ECS, where abundant organic carbon and authigenic
pyrite are buried (Yao et al., 2015; Zhu et al., 2016), mud depocenters
are well developed. Previous studies on the diagenetic processes of
sedimentary pyrite in the ECS have documented that the rate of MSR is
limited by the low availability of organic carbon (Lin et al., 2000),
which, in combination with sulfur disproportionation, has been pro-
posed to account for the enrichment of 32S in sedimentary pyrite in the
ECS (Zhu et al., 2016). These limited studies have focused only on
surficial or near-surface (i.e., short cores) sediments, and thus, any
potential coupling of sulfur biogeochemical cycling with the changing
sedimentation regime over geologic time has not yet been examined.
Therefore, new data are needed to provide insight into the sedimentary
and diagenetic processes of pyrite and fluctuating redox conditions in
the mud depocenter coupled with the sedimentation regime since the
late Pleistocene. To address this gap, a long sedimentary core pene-
trating the sediment column of the mud depocenter was drilled in the
ECS. Here, we employ a multiproxy approach to study sedimentary
pyrite with a focus on its sulfur abundance and isotopic composition
associated with the total carbon and carbonate contents of bulk sedi-
ments. This study demonstrates that the sedimentation rate plays a
critical role in determining the pyrite sulfur isotopic composition in a
shallow depositional environment.

2. Regional setting

The ECS, with total area of 7.7 x 10°km?, is one of the largest
marginal seas in the world (Fig. 1) and receives an enormous influx of
terrigenous materials from surrounding rivers, such as the Changjiang
River, local rivers from Zhejiang and Fujian Provinces, and mountai-
nous rivers from Taiwan (Xu et al., 2012; Liu et al., 2018b). The
Changjiang River, originating on the Tibetan Plateau at an elevation of
6600 m, is the greatest supplier of terrigenous materials to the ECS,
including 2-5 x 10°tyr~! of terrestrial organic carbon (Bianchi and
Allison,  2009), 8.96 x 10" km3yr~! of freshwater and
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3.90 x 108tyr~! of sediment (Yang et al., 2015). Fine-grained sedi-
ments discharged by the Changjiang River tend to be deposited along
the south bank of the river mouth during the summer and are then
resuspended to be delivered southward along the inner shelf of the ECS
by the Zhejiang-Fujian Coastal Current (ZFCC; Fig. 1) during the East
Asian winter monsoon (EAWM). The Zhejiang-Fujian mud depocenter is
regulated by the northward Taiwan Warm Current (TWC) and by the
southward ZFCC (Liu et al., 2006). Due to a dynamic barrier caused by
the interaction of these current systems and offshore upwelling, sub-
stantial amounts of these sediments are trapped on the inner shelf (Liu
et al., 2018a), forming a northern mud depocenter off the Changjiang
Estuary and another southern occurrence along the Zhejiang-Fujian
coast (Fig. 1). The sediments from both mud depocenters are enriched
in organic matter, which is derived from both terrigenous and marine
organic carbon (Yao et al., 2015).

Based on seismic profiles, the mud belt deposited on the inner shelf
spans from the Changjiang River mouth southwards ~800 km to the
southwestern corner of the Taiwan Strait (Liu et al., 2006). This fine-
grained muddy deposit is 40 m thick (i.e., Units III and IV in Fig. 1)
between the 20- and 30-m isobaths with a width of 100 km (Xu et al.,
2012). The southern depocenter has been fed by sediments derived
from the Changjiang River since ~11ka (Xu et al., 2011) and has been
well developed during the sea-level highstand since ~7 ka (Li et al.,
2014), when the modern current system was established. The sedi-
mentation regime on the inner shelf of the ECS is related to sea-level
fluctuations and climatic conditions in addition to the current system,
which in turn influences the biogeochemical cycling of C-S-Fe in this
area.

3. Materials and methods
3.1. Core EC2005

Core EC2005 was drilled at a depth of 60.2m below the seafloor
(mbsf) during a research cruise with the research vessel Kan 407 at a
water depth of 36 m on the southern mud depocenter of the East China
Sea (121°20.0036’E, 27°25.0036’N; Fig. 1) in November 2005. Ac-
cording to 16 accelerator mass spectrometry (AMS)-'*C ages calculated
by CALIB 5.0.1 (Fig. 1), the core sediments cover the last 16.5ka (Xu
et al., 2009).

3.2. Carbonate and total organic carbon (TOC) analysis

The bulk sediments were dried and ground to homogeneous pow-
ders of 200 mesh size particles to establish the total carbon (TC) con-
tents. An additional 0.1 g of powder for each sample was dissolved with
1 mol/1 HCl in 40% for 48 h and then rinsed four times with deionized
water to remove carbonates for TOC measurements. The total inorganic
carbon (TIC) contents were calculated by subtracting the TOC contents
from the TC contents. To express the TIC content as percent calcium
carbonate (CaCOs), the content of CaCO3; was calculated by CaCOs
(%) = TIC % 8.33. The measurements were performed on a Thermal EA
1112 CHN elemental analyser with an analytical precision of 0.1% at
the Institute of Oceanology, Chinese Academy of Sciences (IOCAS).

3.3. Pyrite extraction and isotopic measurement

Pyrite was extracted from the bulk sediments as chromium-re-
ducible sulfur (CRS) according to the method described by Canfield
et al. (1986). Samples were heated to 186 °C ( = 10 °C) under constant
stirring for 4 h with 6 M HCl and 2M chromium (II) chloride solution
while being continually flushed with N, gas. The evolved gas was
passed through a water trap before bubbling into a test tube containing
silver nitrate solution in deionized H,O. Precipitated silver sulfide was
then rinsed and dried overnight; the reproducibility was under 5% for
repeated analyses. The bulk sediment pyrite abundance (wt% pyrite)
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Fig. 1. Study area and the location of core EC2005. The mud belt is represented by the shaded zone. Currents include the Changjiang Diluted Water (CDW), the
Zhejiang-Fujian Coastal Current (ZFCC), and the Taiwan Warm Current (TWC). The seismic profile is modified from Xu et al. (2012); Units I (late Pleistocene sandy
sediments), II (sediments deposited during sea-level transgression between 14 and 11 ka), III (muddy sediments deposited between 11 and 2ka) and IV (recent
muddy sediments with intensive human activities after 2ka) are indicated by blue, yellow, red and green, respectively. The age dates of core EC2005 are from Xu
et al. (2009). The locations of core MD06-3042 (Liu et al., 2017) and core YQ0902 (Shang et al., 2018) are also presented. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

was calculated from the CRS precipitate yield relative to the initial mass
used for the extraction.

Approximately 350 pg of sulfide was analysed using a Costech ECS
4010 elemental analyser coupled to a Thermo Finnigan Delta V Plus
mass spectrometer at Washington University in St. Louis. The sulfur
isotope value of the sample is expressed in standard delta notation as
per mil (%o) deviations from the Vienna Canyon Diablo Troilite (V-
CDT). Isotopic measurements were calibrated against international
standards IAEA-S-1 (8**S = —0.3%o0), IAEA-S-3 (8%'S = —32.55%0)
and NBS-127 (83%S = +21.1%o) with analytical errors of < 0.3%o0 (10)
for §%*S.

3.4. Pyrite identification

Pyrite crystals were identified and handpicked from the coarse
fraction (grain size = 65 pm) under a microscope. The morphology and
geochemistry of sedimentary pyrite were examined using a Hitachi S-
3400 N scanning electron microscope (SEM) in energy dispersive
spectrum (EDS) mode at IOCAS.

3.5. Statistical analysis

To examine the correlations between the measured parameters and
to test whether those correlations are statistically significant, a Pearson
correlation analysis with a two-tailed test was performed using SPSS 21.

4. Results
4.1. Sediment composition

According to a previous study (Xu et al., 2011), the core sediments
show a general upward fining trend, transitioning from sandy silt to
clayey silt from the base to the top (Fig. 2a), with two abrupt decreases
in the sand fraction at 50.85 and 36.77 mbsf corresponding to 15.35
and 12.26 ka, respectively, in the age-depth curve (Fig. 2b). Sediments
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above 28.05mbsf (7.28ka) are composed purely of clayey silt, re-
presenting the deposits of the mud depocenter (Fig. 2a). All the core
sediments are predominantly terrestrial, as reflected by their low car-
bonate contents (ranging from 1.95 to 14.83 wt% with an average of
5.92 wt%; Fig. 2¢). The TOC contents are low throughout the core,
ranging from 0.11 to 0.83wt% with an average value of 0.62wt%
(Fig. 2d) and showing a slightly increasing trend in shallower samples.
The lower part (below 28.05 mbsf) of the core sediments is character-
ized by sharp fluctuations in the TOC contents, while the upper core
sediments show relatively constant values (Fig. 2d).

4.2. Pyrite sulfur contents and sulfur isotopic compositions

The total pyrite sulfur contents (TSp,) range from 0 to 0.98 wt%
with an average of 0.35 wt% (Fig. 2e). TS, shows its lowest value at the
core bottom (< 0.10 wt%), followed by a rapid increase at 36.77 mbsf
(arrow in Fig. 2e). The TSy, contents maintain high values between
36.77 and 8.97 mbsf with an average of 0.61 wt%, which is followed by
a zone of low TS, values within the top 8.97 m.

Our results show that the §**S,,; values of pyrite range from —38.2
to 15.0%o0 with an average of —14.6%o, encompassing a range of 53.2%o
(Fig. 2f). In the coarse-grained sediments at the base of the core, the
8343, values are generally between —10 and 10%o. The transition to
fine-grained sediments is marked by increased variability in the 634Spy
values. Four intervals of low §3*S values (< ~ — 30%o) are recorded,
with the lowest 8>S, values observed in the uppermost interval above
12.33 mbsf (average of —33.9%o). Three intervals of elevated §*'S,,
values (with values up to +15%o) are interposed between them (at
36.5 mbsf, 29.5 mbsf, and 20.6 mbsf). The transitions between the de-
pleted and enriched intervals are generally characterized by abrupt
changes in 834Spy, although the upper transition is more gradual (arrow
in Fig. 2f).
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Fig. 2. Sediment composition and pyrite sulfur abundance and isotopic composition of core EC2005. (a-b) Grain size composition and age model of core EC2005
based on Xu et al. (2009); (c-d) carbonate and total organic carbon (TOC) contents in the bulk sediments of core EC2005; (e—f) total pyrite sulfur contents and
isotopic composition of core EC2005. Dashed lines represent the corresponding average values in panels c—f. Shaded regions indicate intervals of elevated pyrite

contents and high §°*S,,; values.

4.3. Morphology of sedimentary pyrite

Most of the handpicked pyrites from core sediments are aggrega-
tions of hundreds to thousands of individual framboids (Fig. 3), which
are observed only in the upper section above 41 m. The most common
morphological types of pyrite aggregates observed under SEM are as
follows: (1) organism-filling aggregates, e.g., in the chambers of for-
aminiferal tests (Fig. 3a); (2) spherical shapes with a range of diameters
(Fig. 3d); (3) rod-like shapes with variations in both the diameter and
the length (Fig. 3e); and (4) irregular aggregates, the most common
morphological form (Fig. 3f). In detail, individual framboids usually
consist of octahedral and irregular pyrite microcrystals without over-
growth on the framboids (Fig. 3b-c).

The SEM-EDS analysis extends below the surface of pyrites that
show variable shapes (Fig. 3g-i). EDS spectra of pyrite show two dis-
tinctive, narrow iron and sulfur peaks, which is typical for iron sulfide
minerals. The EDS mode on the Hitachi S-3400 N SEM may have ex-
perienced elemental interference from the surrounding matrix or other
minerals during the analysis of pyrites; thus, other elements, such as
oxygen (O), calcium (Ca), and silicon (Si), could have been captured in
the EDS spectra (Fig. 3g-i).

5. Discussion
5.1. Sedimentation regime since the late Pleistocene

The depositional environments on the ECS shelf were controlled by
sea-level fluctuations during the late Pleistocene and the Holocene (Li
et al., 2014), which would have influenced the geochemical signals of
shelf sediments (Fig. 4). In marine sediments, ratios of the TOC content
to TS,, have been widely used to indicate the depositional environ-
ment, with an average of ~2.8 for normal shelf environments (Berner
and Raiswell, 1984). According to the relative sea-level curve derived
from the mud sediments on the ECS (Dong et al., 2018), the lower core
sediments were deposited in a freshwater environment (Fig. 4a), which
is also reflected by the high TOC/TS,, ratios (up to 61.5; Fig. 4b), in-
dicating a limited influence of seawater in the core location before
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12.26 ka. The TOC/TS,,, ratios also present a general decreasing trend
until they fall within the scope of a marine environment at approxi-
mately 36.77 m (arrow in Fig. 4b), which is in accordance with the sea-
level rise during the last deglaciation (Fig. 4f). The global sea-level rise
during the last deglaciation was punctuated by a period of lower rates
during the Younger Dryas (YD; 12.5-11.5ka; Lambeck et al., 2014),
which corresponds to a tidal flat environment in the study area (Fig. 4a;
Dong et al., 2018). After the YD, the sea-level rates accelerated again
and reached their highstand at approximately 7.28 ka (Fig. 4g), which
is associated with the initial development of the mud depocenter on the
inner shelf of the ECS as indicated by constant mean grain size values
(Fig. 4e).

In spite of the relatively stable depositional environment during the
sea-level highstand, the sedimentation rates at the core location show
significant fluctuations (Fig. 4d). In particular, an interval with an ex-
tremely high sedimentation rate is present between 23.33 and
17.85 mbsf with an average of ~2cm/yr during 5.89-5.25ka. This
interval with a high sedimentation rate has been interpreted to be the
result of the enhanced ZFCC in response to a stronger EAWM (Xu et al.,
2009) because most terrigenous sediments in the mud depocenter are
mainly derived from the Changjiang River and are transported south-
wards by coastal currents in winter (Liu et al., 2006; Liu et al., 2018a).
This interval with a high sedimentation rate has also been confirmed by
another sedimentary record from core YQ0902 (Shang et al., 2018; see
its location in Fig. 1). Another interval with such a high sedimentation
rate (up to 2.3 cm/yr) is observed between 36.77 and 33.09 mbsf during
12.26-12.10 ka, which is also recorded by other core sediments on the
inner shelf of the ECS (e.g., core MD06-3042 in Fig. 1; Liu et al., 2017),
corresponding to a strong EAWM during the YD cooling interval.
Therefore, the sedimentation regime in the study area was constrained
by changes in the global sea level and inland climate (i.e., the EAWM)
since 16.5 ka, which in turn could modulate sulfur cycling in these mud-
rich sediments.

5.2. Factors controlling the pyrite sulfur abundance

In sediments, organic matter decomposition driven by MSR leads to
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Fig. 3. Representative scanning electron microscope (SEM) images and energy dispersive spectrum (EDS) graphs of pyrite in core sediments. (a) Aggregates filled in a
foraminiferal chamber; (b) pyrite framboids formed by octahedral microcrystals; (c) enlarged view of (b); (d) spherical pyrite aggregates (the pyrites in panels a—d are
from sediments at 5.48-5.50 mbsf); (e-f) rod-like and irregular massive pyrite aggregates at 32.48-32.50 mbsf; (g—-i) EDS graphs of sedimentary pyrite in panels df,
where pink solid circles show the EDS analysis spot on the pyrite. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Variation in pyrite sulfur isotopic composi-
tions related to shifts in the sedimentation regime of
core EC2005. (a) Depositional environments ac-
cording to Xu et al. (2009); (b) ratios of the total
organic carbon content to the total sulfur (TOC/
TSsy); (c) pyrite sulfur isotopic compositions; (d-e)
sedimentation rates (cm/yr) and mean grain sizes
(um) based on Xu et al. (2009); (f-g) sea-level re-
construction off East China; data from Lambeck et al.
(2014).
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the production of H,S (Berner, 1984), where microorganisms couple
the reduction of sulfate (SO427) to hydrogen sulfide (H,S) with the
oxidation of organic materials (represented by CH,0) to bicarbonate
(HCO3 ™), which is expressed in Eq. (1).

S04%~ + 2CH,0 — H,S + 2HCO;™ (€D)]

A portion of the H,S that is produced may react with reactive iron to
form iron sulfide minerals, such as pyrite, which can be buried and
preserved over geologic time (Berner, 1984). Accordingly, the pyrite
contents in sediments mainly depend on the following factors: (i) the
reactivity and quantity of organic matter; (ii) the rates of supply of
dissolved sulfate; (iii) the amount and reactivity of iron; (iv) the redox
conditions and rates of sedimentation (e.g., Jorgensen, 1977, 1982,
1990; Berner, 1984; Raiswell et al., 1988); and (v) the anaerobic oxi-
dation of methane (AOM) in methane-rich sediment (e.g., Jgrgensen
et al., 2004; Borowski et al., 2013; Lin et al., 2016; Riedinger et al.,
2005, 2017). In freshwater sediments, the pyrite contents are generally
limited by low sulfate concentrations (Berner, 1984), and thus, pyrite
sulfur contents are very low in the lower (freshwater) section of
EC2005, when the sea level had not yet reached the core location
(Fig. 5a).

When the study area was under the influence of seawater, organic
matter may have been the major control on pyrite formation because
sulfate and iron are abundant in the mud-rich sediments of the ECS
(Huang and Lin, 1995). Previous studies on the ECS continental shelf
sediments demonstrated that organic carbon is the primary factor
controlling the pyrite burial rates (Lin et al., 2000), suggesting that
sulfate reduction might be suppressed due to the limited availability of
labile organic matter in the inner shelf sediments of the ECS (Zhu et al.,
2016). However, our results show only a moderate positive correlation
between the pyrite sulfur and TOC contents (r = 0.36, p < 0.01;
Fig. 5a), indicating that the TOC content is not the main limiting factor
controlling the pyrite sulfur contents in the study area. Another process
possibly related to the formation of pyrite is the AOM at the sulfate-
methane transition zone (SMTZ), which is independent of the quantity
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and quality of the TOC (e.g., Jgrgensen et al., 2004; Riedinger et al.,
2017). Though our previous work on authigenic gypsum and pyrite
implied that the AOM might be involved in the formation of pyrite in
the uppermost section (4-0 mbsf) of this core (Liu et al., 2018¢), it is
difficult to calculate the impact of the AOM in the SMTZ on pyrite
formation without porewater data. Rapid sedimentation rates can en-
hance the preservation of labile organic matter by reducing the time
organic matter spends in the zone of aerobic respiration (Canfield,
1991). However, very high sedimentation rates would dilute the
amount of organic matter and could lead to an advective system with
regard to sulfate in the porewater that outpaces diffusion and strongly
impacts microbial activity in the sediment (Riedinger et al., 2005). Our
TOC contents show only a weak positive correlation with sedimentation
rates (r = 0.26, p < 0.05; Fig. 5b), indicating that a rapid sedimenta-
tion rate might not enhance the burial efficiency of organic matter.
Another possible explanation for the weak relationship between the
TOC content and sedimentation rate is that the TOC represents the
organic matter remaining after diagenesis. In fact, the TOC contents
show a significantly negative correlation with the grain size (r = 0.59,
p < 0.01; Fig. 5c¢), indicating that fine-grained sediments favour the
preservation of organic matter. MSR is also impacted by different types
of organic matter, that is, different types of electron donors (Sim et al.,
2011b). Thus, despite negligible changes in the TOC content associated
with changes in the sedimentation rate, the TOC content may impact
the microbial sulfur cycle.

5.3. Sulfur isotopic fractionation since the late Pleistocene

MSR is the primary pathway that constrains the extent of sulfur
isotopic fractionation between produced sulfide and the initial sulfate
(Canfield, 2001a) expressed as A%*S = §3*S e — 6>*Ssuisice. Because
the sulfur isotopic fractionation between dissolved sulfide and pre-
cipitating sulfide minerals associated with pyrite formation is low
(< 1%o) (Price and Shieh, 1979), the sulfur isotopic composition of
dissolved sulfide is assumed to be captured within pyrite in this study.
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Fig. 5. Controlling factors for the abundance and isotopic composition of pyrite sulfur in core EC2005. (a) Pyrite sulfur content plotted as a function of the total
organic carbon (TOC) content. Dashed line represents the TOC/TS,, weight ratio of 2.8 for normal marine shelf sediments (Berner and Raiswell, 1984). (b—c) TOC
contents plotted against (b) the sedimentation rate and (c) the mean grain size value. (d) Relationship between the pyrite sulfur isotopic composition and TOC
content. (e-f) Pyrite sulfur isotopic compositions constrained by the sedimentation rate in (e) all the environments and (f) the marine environment. Statistical
analyses of the correlations between measured parameters were performed by SPSS 21.
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In freshwater environments, where sulfate concentrations are typi-
cally low, ambient sulfate is often (nearly) completely consumed during
MSR, resulting in 3*S-enriched sulfide that approaches the initial
composition of ambient sulfate (Gomes and Hurtgen, 2015). Conse-
quently, the resulting pyrite produced becomes enriched in 3*S, re-
sulting in a low A%*S value. Thus, the 8>S, values from the freshwater
environments of EC2005 mostly approximate the range of the fresh-
water sulfate between —5 and 15%o (Nehlich, 2015), which is similar
to the sulfur isotope distribution in the lake sediments of the Black Sea
during the late Pleistocene (Calvert et al., 1996). The only more ne-
gative 834SPy value of approximately 55.5 mbsf indicates that sulfur
isotopic fractionation should occur even when the sulfate concentration
is low (i.e., Gomes and Hurtgen, 2015). It is important to note that this
low A%*S value reflects the restricted-system consumption of sulfate and
therefore should not be used to infer small biological fractionation
during MSR (Gomes and Hurtgen, 2013).

In marine environments that are not limited by the availability of
sulfate, sulfur isotopic fractionation via MSR can reach 70%o (Canfield
et al., 2010; Sim et al., 2011a). In our 8**S,, profile, all the large de-
pletions in 34§ are associated with slow sedimentation rates (Fig. 4c—d),
which could be related to the following two possible mechanisms. Due
to the slow sedimentation rate, the organic matter supply will be re-
duced, and the organic matter will spend more time in the zone of
aerobic respiration; thus, the MSR rate will remain low, leading to
significant sulfur isotopic fractionation (Goldhaber and Kaplan, 1975;
Sim et al., 2011b; Leavitt et al., 2013; Wing and Halevy, 2014). How-
ever, the TOC content is quite constant in the study core and is not
controlled by the sedimentation rate (Fig. 5b), suggesting that the TOC
content is unlikely to lead to variable biological fractionation during
MSR, which is supported by the weak correlation between the §3*S,,
and TOC values (r = —0.06, p > 0.05; Fig. 5d).

Alternatively, slow sedimentation rates could promote diffusive
exchange between porewater and seawater sulfate, forming an “open”
diagenetic system (McKay and Longstaffe, 2003), where a constant
seawater sulfate supply precludes 3*S enrichment in porewater sulfate
and therefore in the resulting sulfide (Claypool, 2004; Gomes and
Hurtgen, 2015). Assuming a modern seawater 534S ifate value of 21.2%o
(Tostevin et al., 2014), pyrite sulfur has significant isotopic fractiona-
tions above 12.33mbsf in core EC2005 with average A>*S values
reaching as high as 55.1%o. Such extensive sulfur isotopic fractionation
between seawater sulfate and sulfide (A%*S > 46%o) has been attrib-
uted to the disproportionation of intermediate sulfur species in addition
to MSR (Jorgensen, 1990; Canfield and Thamdrup, 1994). Considering
the presence of S% in mud sediments on the ECS inner shelf (Zhu et al.,
2016) and the unsteady dynamic conditions therein, the large isotopic
fractionation may involve the disproportionation of S° (or other inter-
mediate oxidized S species) (Passier et al., 1997; Habicht and Canfield,
2001; Béttcher et al., 2001). However, the significant depletion of 3*S
and large fractionations observed herein are within the range that could
be explained solely by MSR (Wortmann et al., 2001; Sim et al., 2011a;
Brunner and Bernasconi, 2005). Therefore, the highly 3*S-depleted
pyrites observed during slow sedimentation rates are most likely to be
explained by MSR in an open diagenetic system and may be accom-
panied by microbial disproportionation.

In comparison, pyrites between 23.33 and 17.85mbsf are char-
acterized by the highest §34S values, representing low A3*S values with
an average of 20.1%o. Such limited isotopic fractionation has been
linked to high sulfate reduction rates (Canfield, 2001a), which could be
caused by the more efficient delivery of organic carbon to the reaction
zone as a result of rapid sedimentation (Bottcher et al., 2004). Previous
studies have documented that a high rate of MSR is likely linked to a
rapid sedimentation rate (Claypool, 2004; Pasquier et al., 2017). The
TOC content will normally be diluted when the sedimentation rate is
very high. However, the TOC content in the sediment has remained
constant since 12.3 ka even though the sedimentation rate has varied.
This indicates that an enhanced availability of organic matter would be
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obtained and buried in the sediment during a certain period of high
sedimentation rates compared with low sedimentation rates, which
may affect the sulfur isotopic fractionation. Therefore, the sulfur iso-
topic fractionation of MSR could also be affected by the TOC quality or
quantity. However, the low TOC contents (average of 0.62 wt%) in our
core sediments suggest that it is extremely unlikely that the MSR rates
were ever high enough to generate low fractionation during MSR
(Fig. 5d). Recent research suggested that MSR could be suppressed by
metal reduction due to the high terrigenous inputs of iron oxides in the
mud sediments on the ECS inner shelf (Zhao et al., 2018). However, our
results suggest that MSR is still one of the most important pathways for
organic mineralization in such Fe-rich sediment.

Alternatively, due to rapid sedimentation rates, porewaters can be
effectively isolated from the overlying seawaters, and thus, pyrite tends
to be produced in a “restricted” diagenetic system (Claypool, 2004;
Pasquier et al., 2017; Riedinger et al., 2017). Progressive MSR results in
high porewater 8*S values of sulfate and correspondingly enriched
§34S values of H.S, leading to a parallel increase in the 8%4S values of
sulfate and sulfide (Gomes and Hurtgen, 2015). A previous study also
indicated that relatively rapid burial below the depth where sulfate is
added to the sediment via bioturbation and diffusion from the overlying
seawater leads to the formation of pyrite with higher §3!S values in the
marine environment (McKay and Longstaffe, 2003). The result of this
effect is that the 8'S,; values in restricted systems are not as depleted
in %S as those in open systems, and therefore, A%*S values are low when
sedimentation rates are high. Low A3*S values arising from restricted-
system conditions mask the true magnitude of biological fractionation
during MSR and therefore should not be used to reconstruct microbial
sulfur cycling.

High §3*S values of pyrite sulfur have also been observed in the
SMTZ, where sulfate is completely consumed by anaerobic methane
oxidation (AMO) and the resulting hydrogen sulfide is enriched in 34,
which leads to the formation of *S-enriched pyrite (e.g., Jorgensen
et al., 2004; Lin et al., 2016; Riedinger et al., 2017). This process was
involved in the formation of authigenic gypsum in core EC2005 (Liu
et al., 2018c), but it occurred only in limited layers within the upper-
most section (4-0 mbsf). Our new pyrite sulfur isotopes between 4 and
Ombsf are significantly depleted in 34S, suggesting that these pyrite
crystals were formed by organoclastic sulfate reduction. In the lower
section of core EC2005, the carbonate peak at approximately 17 mbsf
might be attributed to authigenic carbonate formation related to AOM
and could potentially overprint the pyrite sulfur isotopic signal below
this interval. However, in the absence of porewater data, it is impossible
to evaluate the influence of AOM on sulfur isotopic fractionation, which
requires further investigation of the chemical and isotopic properties of
porewater.

5.4. Pyrite sulfur isotopic compositions constrained by the sedimentation
rate

The §°*S,, values show a positive relationship with the sedi-
mentation rates (r = 0.39, p < 0.01; Fig. 5e), indicating a sedimento-
logical constraint on the incorporation of sulfur isotopic signatures into
sedimentary pyrites. Such a relationship is more obvious under the
marine conditions (r = 0.78, p < 0.01; Fig. 5f) when the sea level
reached the study area. Therefore, we propose a diagenetic model for
sulfur isotopic fractionation in core EC2005 (Fig. 6) taking into con-
sideration both the mass balance and the sedimentation rate, where the
open-vs.-restricted system behaviour of the porewater as a function of
slow-vs.-fast sedimentation is the main factor in the observed diage-
netic patterns.

The contents of the reactants involved in pyrite formation (sulfate,
organic matter and iron) in seawater are controlled by the climatic
conditions in the hinterland and the oceanographic conditions in the
ECS (Fig. 6). During the interval of the weakened EAWM, resuspended
mud sediments transported south would have declined, leading to



X. Liu et al.

Chemical Geology 505 (2019) 66-75

Sedimentation regirme

Microbial sullalg reducton

Deagenetic process

(8} Eaderraaion mia ® t“ﬁ' :ic :'I i - yg&"";’ .
s 1l.] HE | e—E 50,
-I*5 1 IH B Lol
Waak EAWK ‘#. *T£5' Q j:- =|Hg 80, -ui."CHI.!’l_._‘*h.i-ngml il
3 # S » & | » «—=4 &

Sow sadimeniation ride

i

“Open” Sysiam

| Lange isolopic fractionation

{H_E:- ﬁ- Sl ructoration |5°9) .‘_"','.:5_*
L] 50, &0 Bsmmge baanadaan

Fa" & HE -+ Fall .« Fall,

&0,
a0,

| s,

& he_
! ? ] Cariaig & Thamanap {18
L
50, Fa" B7E )
() - Sacsrmarstin win & Coeamabnn 3 o 3 s

Sirong EAWM

Fast sadimanlabon rala *
3 # S
"Rasticisd” sysiam b

¥

Limited expeassion of
isotopic fmctionation

0, # EHO - W0 CO

XY CT T S M ) s mawh et s

PO 20,0 — M,
*
S § ttipen GIR1H
Fo s HE -FoS - Fal, "5 wnehed P P
>
F CSennced Peis

Saiftr rechoraton (4751

B "D seped s

00 Drgares. camon

EAWR. Eaat Aiian veatdes Fawsin

A5 Ry achonaSon balwesr sifale and pyTie
Ko Frmcionion dhuting fha mecrobesi suifets spduobon
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slowed sedimentation rates (Fig. 6a). This low sedimentation rate
would enhance the communication between porewater and seawater
sulfates, forming an open system. In such a digenetic system, the re-
sidual sulfate reservoir does not experience substantial drawdown,
minimizing any 3*S enrichment in porewater sulfate with continued
MSR. The sulfide produced in such systems therefore remains depleted
in 3*S (reflecting biological fractionation during MSR), generating
pyrite framboids with very low &%*S values distributed widely
throughout the sediment column. In addition, microbial dis-
proportionation might have been involved under these relatively oxi-
dizing conditions (e.g., MnO,, ferric oxide and S% Bottcher et al., 2001;
Bottcher and Thamdrup, 2001), possibly contributing to the observed
large isotopic fractionation between seawater sulfate and pyrite (high
A3*S) (Fig. 6a).

In contrast, when the EAWM was strong, the sediment rates were
high because of enhanced coastal currents (Fig. 6b). Such rapid sedi-
mentation will considerably decrease the connectivity between the
porewater sulfate reservoir and the overlying seawater to form a re-
stricted system, where the local porewater sulfate reservoir becomes
enriched in 34S as MSR continues. In turn, the produced sulfide becomes
enriched in %S, which leads to the formation of relatively heavy pyrite
following a reaction with available iron, resulting in low A3*S values
(Fig. 6b) despite the inferred large biological fractionation during MSR.
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6. Implications for pyrite sulfur isotopes in geologic time

The isotopic fractionation between coeval sulfate and pyrite from
the geological record has been widely used to reconstruct the seawater
chemistry and redox conditions in geologic time (Jones and Fike, 2013;
Algeo et al., 2015). However, recent studies have demonstrated that
local depositional environments have significant impacts on the sulfur
abundance and isotopic composition of both sulfate and sulfide, espe-
cially in shallow water environments (Fike et al., 2015 and references
therein). For example, unsteady depositional conditions from tropical
mobile Amazon mud belts result in the formation of pyrites with unu-
sually high 83'S values ranging from 0%o to > 30%o due to physical
reworking (Aller et al., 2010). Similarly, sedimentary pyrite from the
shelf of the Gulf of Lion preserves striking sulfur isotopic fluctuations
corresponding to glacial-interglacial changes in the depositional en-
vironment rather than to changes in seawater chemistry (Pasquier et al.,
2017). Another widely referred case study is the enrichment of §3*S in
pyrite related to the global mass extinction at the end of the late Or-
dovician (Hammarlund et al., 2012; Jones and Fike, 2013); however,
this positive excursion in 82*Spy could also have been modulated by
local sedimentary factors, especially in the proximal area (e.g., Jones
and Fike, 2013; Ahm et al., 2017).

Our observations of substantial sulfur isotopic fluctuations in pyrites
from the sediments on the ECS inner shelf suggest that these values
were modulated by the ambient sedimentation regime, specifically as
the result of sedimentation rates regulating the diffusive exchange
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between porewater and the overlying seawater. Therefore, we suggest
that when using sulfur isotopic compositions to reconstruct marine
sulfur cycling over geologic time, it is essential to couple the resulting
isotopic data with observations of their depositional environment,
especially for shallow sedimentary environments with physical re-
working and for facies characterized by variable sedimentation rates.

7. Conclusions

Our results from the mud belt on the inner shelf of the ECS allow us
to make a comprehensive evaluation of the complex interactions be-
tween the sedimentary processes and hydrodynamics involved in the
sulfur isotopic composition of pyrite since the late Pleistocene. On the
basis of multiple proxies, we conclude that local depositional conditions
controlled the abundance and sulfur isotopic composition of pyrite re-
corded in core EC2005.

(1) During freshwater conditions prior to the late Pleistocene de-
glacial sea-level rise, the sediments were characterized by a low
abundance of pyrite sulfur with limited isotopic fractionation due to
low sulfate concentrations.

(2) In contrast, during marine deposition caused by deglacial sea-
level rise, the pyrite sulfur isotopic compositions were more variable
and appear to have been modulated mainly by the sedimentation rate.
Slow sedimentation could promote the communication between pore-
water and underlying seawater, forming an “open” diagenetic system
that could enable large biological sulfur isotopic fractionations during
MSR to be preserved in the sedimentary pyrite record; in comparison, a
rapid sedimentation rate would lead to a “restricted” system, where the
expression of the isotopic fractionation during MSR would be limited by
closed-system distillation.

(3) We finally propose a diagenetic model to explain the changes in
the sulfur isotopic composition as a function of the sedimentation rate,
which modulates the connectivity between porewater and seawater and
results in a shift in diagenetic systems (open vs. restricted).

These new findings indicate that large fluctuations in the sulfur
isotopic compositions of pyrite could be caused by local changes in the
depositional environment without the need to invoke any changes in
the ocean chemistry. Therefore, we provide new insights on how the
sedimentation regime regulates sulfur diagenesis in marginal sediments
and suggest that understanding the depositional environment where
pyrites formed is critical when using their sulfur isotopic records to
reconstruct paleoenvironmental conditions in geologic time.
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