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Abstract

Sediment-hosted marine sulfur cycling has played a significant role in regulating Earth’s surface chemistry over our
planet’s history. Microbially-mediated reactions involving sulfur are often accompanied by sulfur isotope fractionation that,
in turn, is captured by sulfate and sulfide minerals, providing the opportunity to track changes in the microbial utilization of
sulfur and thus the marine sulfur cycle. Studying sulfur diagenesis within the Bornholm Basin, Baltic Sea, we explore the inter-
play between carbon, sulfur and iron, focusing on the fate of sulfur and the dynamics of the sulfur and oxygen isotopic
response as a function of the varying thickness of the organic carbon-rich Holocene Mud Layer (HML) across the basin.
Using a one-dimensional reaction-transport model, porewater sulfate and sulfide profiles were used to calculate net sulfate
reduction rates (SRR) and net sulfide production rates, respectively. These calculations suggest a positive relationship between
the thickness of the HML and net rates of sulfate reduction and sulfide production. Given that ascending sulfide is enriched in
34S relative to that produced in-situ, a heightened sulfide flux promotes spatially variable precipitation of 34S-enriched pyrite
(d34S � �10‰) close to the sediment–water interface. Modeling results indicate that this isotopically ‘‘heavy” sulfide is formed
as a consequence of mixing between ascending sulfide (up to +6.3‰) and that produced in-situ (ca. �40‰). Further, we show
that the sulfur and oxygen isotopic composition of porewater sulfate is controlled by the net SRR: when the net SRR is high
(i.e., in sulfide-replete settings) the downcore increase in d18OSO4 is dampened relative to increase in d34SSO4, whereas when net
SRR is low (i.e., in iron-rich parts of the basin) downcore d18OSO4 values increase while d

34SSO4 values remain invariant. We
conclude that sedimentation rates and open system diffusion strongly influence the distribution of sulfur species and their sul-
fur isotopic composition, as well as the oxygen isotopic composition of sulfate, through the interaction between iron, sulfur
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and methane. This work highlights the importance of considering diffusion to better understand open system diagenesis and
the d34S signatures of sulfate and sulfide in both modern settings and ancient rocks.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Biogeochemical sulfur cycling in marine sediments is dri-
ven by microbial sulfate reduction that, through its intrinsic
links with other bio-essential elemental cycles, affects
Earth’s surface oxidation state on geologically-relevant
timescales (e.g., Jørgensen and Kasten, 2006; Fike et al.,
2015). Following the consumption of oxygen in shallow
sediments, dissimilatory sulfate reduction represents the
principal means of anaerobic organic matter mineralization
(Jørgensen, 1982). The reduction of sulfate can be coupled
to the oxidation of organic matter that is deposited on the
seafloor, commonly referred to as organoclastic sulfate
reduction (OSR). Sulfate reduction can also be coupled to
the anaerobic oxidation of methane (AOM; e.g.,
Niewöhner et al., 1998; Knittel and Boetius, 2009; Egger
et al., 2018). Both processes serve as a source of aqueous
sulfide to sedimentary porewater. Whilst most of this
microbially-generated sulfide is re-oxidized to sulfate, a
fraction precipitates with reactive iron within the sediment,
ultimately forming pyrite (Berner, 1970, 1984; Hensen et al.,
2003; Jørgensen and Nelson, 2004). Given that microbially-
induced redox transformations between sulfur-bearing spe-
cies are frequently accompanied by readily measurable
stable isotope fractionations (e.g., Kaplan and Rittenberg,
1964; Canfield and Thamdrup, 1994; Canfield, 2001;
Pellerin et al., 2015), the distributions of sulfur’s two most
abundant stable isotopes (32S and 34S, expressed as d34S) in
sulfur-bearing minerals have been widely adopted as a geo-
chemical tool, informing on contemporary diagenesis and,
more widely, on the operation of the sulfur cycle through-
out Earth history (e.g., Kaplan et al., 1963; Strauss, 1997;
Jørgensen et al., 2004; Bottrell and Newton, 2006; Fike
et al., 2015).

Sulfate-reducing microorganisms preferentially reduce
32SO4

2� over its 34S-containing isotopologue, imparting an
up-to-70‰ 34S-depletion in the resultant sulfide under
appropriate conditions (Wortmann et al., 2001; Brunner
and Bernasconi, 2005; Sim et al., 2011a). The cell-specific
sulfate reduction rate (csSRR) controls the magnitude of
this sulfur isotope fractionation, with culture experiments
demonstrating that an increased csSRR yields lower sulfur
isotope fractionation (Kaplan and Rittenberg, 1964; Sim
et al., 2011b; Leavitt et al., 2013). It follows that the gener-
ally low availability and high recalcitrance of metabolizable
substrates in marine sediments result in low csSRR, foster-
ing the expression of large, and generally constant, sulfur
isotope fractionation (i.e., ca. 70‰; Hoehler and
Jørgensen, 2013; Wing and Halevy, 2014; Masterson
et al., 2018; Jørgensen et al., 2019b). The sulfate-pyrite
d34S offset, however, is highly variable in nature, reflecting
the dynamics of sulfate and sulfide transport and reaction
within marine sedimentary pore fluids, as well as diffusive
and advective exchange with overlying seawater
(e.g., Canfield, 2001; Jørgensen et al., 2019b). Put differ-
ently, stratigraphic variation observed in pyrite d34S values
is strongly controlled by local environmental, depositional
and diagenetic processes, including the content and reactiv-
ity of organic matter, ambient sulfate concentration, avail-
ability of reactive iron minerals, sedimentation rate,
porosity, sedimentary reworking, bioturbation, and prevail-
ing bottom-water oxygen concentrations amongst a myriad
of other interconnected factors (Berner, 1984; Middelburg,
1991; Kasten et al., 1998; Wijsman et al., 2001; Aller et al.,
2010; Fike et al., 2015; Gomes and Hurtgen, 2015; Pasquier
et al., 2017, 2021; Shawar et al., 2018; Liu et al., 2019; Lang
et al., 2020; Liu et al., 2021). In certain environments (e.g.,
methane seeps), the sulfur isotope fractionation and sulfate-
pyrite d34S offset can be smaller due to higher substrate con-
centration (e.g., Deusner et al., 2014; Gong et al., 2018).
Once formed, pyrite is stable in anoxic conditions and accu-
mulates within the sediment column where it may be pro-
gressively overprinted by subsequent diagenetic processes.
Thus, the d34S of a depth-specific bulk sedimentary pyrite
pool (i.e., that quantified via chemical extraction) is the
product of cumulative diagenesis, implying that time affects
the abundance and isotopic composition of subsurface pyr-
ite (Lin et al., 2016; Riedinger et al., 2017; Liu et al., 2020b).

Importantly, sediments are open to diffusion of sulfate
and sulfide in the pore fluids, which influences their d34S
values (Jørgensen, 1979; Goldhaber and Kaplan, 1980;
Chanton et al., 1987; Jørgensen et al., 2004). Since micro-
bial sulfate reduction progressively enriches 34S in the resid-
ual porewater sulfate and in the subsequently formed
sulfide, the diffusion gradients of 32S and 34S differ from
their relative concentrations in the bulk sulfate and sulfide
(Jørgensen, 1979; Jørgensen et al., 2004). For example,
due to the gradual increase in d34S of sulfide with depth,
the H2

32S gradient is relatively less steep than the H2
34S gra-

dient, meaning that H2
34S has a relatively higher flux than

H2
32S. Any ascending (upward) sulfide flux will therefore

be 34S-enriched relative to the sulfide pool at any given
depth. The opposite is true for the descending (downward)
diffusive sulfate flux, which is relatively enriched in 32S
(Jørgensen, 1979; Jørgensen et al., 2004). Despite being a
well-documented effect in sulfur isotope geochemistry of
sediments, it remains unclear to what extent this open
system diffusion explains the shallow precipitation of
34S-enriched pyrite.

The d34S values of pyrite are indeed highly variable near
the sediment–water interface, for example, ranging from
�45‰ in a continental slope setting (e.g., Lin et al., 2016)
to �28‰ in a continental shelf setting (e.g., Liu et al.,
2020a) where large sulfur isotope fractionations are
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Fig. 1. A bathymetric map locating the study sites (orange circles) along seismo-acoustic transects (grey lines; Fig. 2a) within the Bornholm
Basin. Here, the insert places the enlargement (white box) within the wider southwestern Baltic Sea. This figure was generated using
GeoMapApp (http://www.geomapapp.org/).
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expected due to the low csSRR. To the best of our knowl-
edge, there is no conclusive evidence to explain this discrep-
ancy between the expected sulfur isotope fractionation and
the measured sulfur isotopic composition of near-surface
pyrite. To examine this knowledge gap, we leverage a suite
of cores from the Bornholm Basin in the southwest Baltic
Sea (Fig. 1). Augmenting existing data from cores BB01–
BB05 (Liu et al., 2020a, 2021), we here report sulfur con-
centrations and isotopic data from an additional three sed-
iment cores (BB06, BB07 and BB08). In combination, these
cores comprise a basin-wide transect with differential sub-
surface sulfide fluxes designed to test the hypothesized
importance of an ascending diffusive flux of 34S-enriched
sulfide on the d34S budget of near-surface pyrite.
2. MATERIALS AND METHODS

2.1. Site description

The 75–99 m deep Bornholm Basin is located in the
southwestern Baltic Sea (Fig. 1). Here, the sedimentary suc-
cession shifts from light-brown clay at depth to dark-grey
Holocene-aged mud in its upper reaches. This distinctive
lithological transition at depths varying between 0.1 and
20.7 mbsf (meter below seafloor; Table 1, Fig. 2a) archives
a glacial–interglacial sedimentary overhaul, capturing the
post-glacial marine transgression, which fueled the deposi-
tion of the organic-rich, sulfidic Holocene Mud Layer
(HML) that succeeded the pre-existing organic-lean and
iron-rich lacustrine clays (Andrén et al., 2000; Sohlenius
et al., 2001; Jensen et al., 2017). These lacustrine sediments
overlie bedrock-hosted glacial tills deposited during the last
glaciation and record various freshwater/brackish stages of
the Baltic Sea’s evolution (i.e., from the Baltic Ice Lake to
the Yoldia Sea and Ancylus Lake, Fig. 2a; Andrén et al.,
2000; Moros et al., 2002). At ca. 8.5 ka BP, the brackish-
marine Littorina Sea mud started to accumulate, however
the underlying fault-controlled and glaciogenic topography
induced distinct spatial variability in the thickness of the
HML (Table 1, Fig. 2a; Jensen et al., 2017; Hilligsøe
et al., 2018). Nevertheless, at any given location, based on
14C dates of shells, seismo-acoustic markers and biostrati-
graphic markers, these Holocene-aged marine sediments
accumulated at a roughly constant rate (Andrén et al.,
2000; Jensen et al., 2017; Beulig et al., 2018). The total
organic carbon contents are more or less invariant in the
HML (4.9 ± 0.7 wt%, 1r) and drop sharply to 0.6 ± 0.1
wt% (1r) in the deep lacustrine clay deposits (Beulig
et al., 2018).
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Fig. 2. (a) A stratigraphically annotated N–S seismic transect spanning the Bornholm Basin (from Hilligsøe et al., 2018). Methane bubbles
present within the shallow sub-surface are responsible for the observed near-surface acoustic blanking. Sample sites are located by red
triangles, while off-transect sites (BB03 and BB06) are placed on the transect according to the thickness of the Holocene Mud Layer (HML).
(b) Spatially arranged downcore porewater sulfate (blue circles) and methane (olive diamonds) concentration profiles. The HML thickness is
shown for each site. Methane concentration data from the deeper parts of sites BB08 and BB03 have been compromised by outgassing and are
distinguished from the shallower, non-compromised data by a separate symbol (olive crosses). Note the logarithmic depth scale. (c) Site-
specific depth-integrated net sulfide production rates (white) and upward sulfide fluxes (grey). Error bars denote 1r uncertainties. Data from
this study (sites BB06–BB08) are augmented by data from Beulig et al. (2018), Hilligsøe et al. (2018) and Liu et al. (2020a, 2021).
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Within the Bornholm Basin, sediment cores were
taken at eight stations during a research cruise in 2016
on the R/V Aurora (Fig. 1). Guided by preceding
exploratory cruises, the study sites were selected accord-
ing to their organic matter burial histories and the thick-
ness of the HML (Table 1). Site BB08 represents a
reoccupation of site 374190 sampled during R/V Poseidon

Expedition PO392 in 2009 (Hilligsøe et al., 2018). Coring
included gravity (~9 m in length), Rumohr (~1 m in
length) and Haps (~25 cm in length) corers. An Innomar
sediment echo sounder (10 kHz) was used to generate a
seismo-acoustic transect joining the cored sites, while dis-
closing the stratigraphic structure of the Bornholm Basin
(Hilligsøe et al., 2018). At sites BB01–BB08, with the
exception of porewater sulfate d18O data, porewater and
solid-phase data from sites BB01–BB05 have been pub-
lished (Beulig et al., 2018; Pellerin et al., 2018; Liu
et al., 2020a, 2021). These data are augmented with those
from sites BB06–BB08 that are reported for the first time
herein.



Table 1
Details describing the sampling sites within the Bornholm Basin. Here, sites have been arranged by the thickness of the Holocene Mud Layer
(HML). x denotes the sedimentation rate. SMT, mbsf and ka abbreviate sulfate–methane transition, meter below seafloor and kiloannum,
respectively. Data from this study (sites BB06–BB08) are augmented by data from Beulig et al. (2018) and Liu et al. (2020a, 2021). Site BB08
represents a reoccupation of site 374190, and its HML thickness was reported by Hilligsøe et al. (2018).

Site Latitude/longitude Water depth (m) HML thickness (m) x (cm ka�1) SMT depth (mbsf)

BB08 55�17.6630N/15�26.2010E 91 20.7 244 0.2
BB03 55�28.1190N/15�28.6470E 84 9.6 113 0.4
BB01 55�22.9220N/15�27.6750E 96 5.5 65 0.6
BB02 55�23.2810N/15�28.0040E 96 4.5 53 0.7
BB04 55�24.0940N/15�28.3970E 95 4.2 49 3.7
BB05 55�24.4180N/15�28.5500E 95 4.2 49 3.7
BB06 55�40.5000N/15�02.7540E 75 ca. 2.0 ca. 24 No SMT
BB07 55�14.2490N/15�26.1980E 99 0.1 1 No SMT
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2.2. Porewater sampling and analyses

The sampling and analytical procedures follow those
described by Beulig et al. (2018), Pellerin et al. (2018) and
Liu et al. (2020a). Briefly, sediments for methane analysis
were collected through small holes drilled in the core liner,
transferred to gas-tight glass vials containing a saturated
NaCl solution and capped immediately after core retrieval.
After gas equilibration, headspace methane concentrations
were quantified by gas chromatography using an SRI 310C
GC equipped with a packed silica gel column and a flame
ionization detector. The detection limit was �1 mM of pore-
water CH4. Porewater sampling was achieved using Rhizon
soil moisture samplers inserted directly into the cores and
connected to Vacutainers�. Dissolved sulfide was stripped
from designated porewater samples using humidified CO2,
allowing sulfate concentrations to be determined by ion
chromatography in a Dionex system following elution in
KOH from an AG-18/AS-18 column. Aqueous sulfide
(RH2S) was fixed using 5% zinc acetate solution and frozen,
allowing subsequent sulfide concentrations to be quantified
spectrophotometrically (Cline, 1969) with a detection limit
of �1 mM porewater sulfide. Dissolved iron was determined
by inductively coupled plasma mass spectrometry (ICP-
MS) following dilution with 0.01 N HNO3 using a Thermo
Fisher Scientific Element 2 ICP-MS. The analytical uncer-
tainties associated with porewater methane, sulfate, sulfide
and iron concentrations were determined by replicate anal-
ysis of standards, which all displayed relative standard devi-
ations (RSD) of better than 3–5%.

2.3. Solid-phase sediment sampling and analyses

Plunge samples were taken using cutoff syringes through
windows cut in the core liner, sealed with Parafilm� and
frozen at �20 �C under anoxic conditions. Frozen sediment
samples were transferred to glass vials containing sufficient
5% zinc acetate solution to submerge each sample. Zero-
valent sulfur (ZVS, mainly elemental sulfur) was then
extracted from defrosted sediments via sustained agitation
in a 3:1 methanol:toluene mixture for ~15 hours. Dissolved
ZVS was quantified at 230 nm by a UV detector following
reversed-phase high-performance liquid chromatographic
separation over a C-18 column and elution in 98:2 metha-
nol:water (Findlay et al., 2014).

The supernatant and the sediment residue were trans-
ferred to separate round-bottom flasks for conversion to
sulfide for mass spectrometric analysis: First the ZVS was
converted to sulfide upon treatment with chromium(II),
while the separated solid residue was extracted sequentially
with 6 N HCl to release acid volatile sulfur (AVS, mainly
Fe monosulfides) and then with chromium(II) to release
the chromium reducible sulfur (CRS, mainly pyrite;
Fossing and Jørgensen, 1989). These solid-phase sulfur spe-
cies were captured in 5% zinc acetate traps and the AVS
and CRS contents were determined spectrophotometrically
(Cline, 1969). Finally, sulfide from ZVS, AVS and CRS was
converted from ZnS to Ag2S via addition of silver nitrate
and ammonium hydroxide.
2.4. Stable sulfur and oxygen isotope analyses

Porewater sulfide was converted from ZnS to Ag2S,
while porewater sulfate was precipitated as barite (BaSO4).
This barite was subsequently cleaned with 6 N HCl and
twice with deionized water. The precipitated Ag2S from
porewater sulfide, ZVS, AVS and CRS was rinsed with
deionized water. Once cleaned and dried, these precipitates
were combusted at 1030 �C using a Flash Element Ana-
lyzer. The sulfur isotopic composition of the resulting SO2

was determined by continuous-flow gas-source isotope-
ratio mass spectrometry (GS-IRMS) using a Thermo Fin-
negan Delta V Plus at the Godwin Laboratory of the
University of Cambridge. Multiple sulfur isotope data
was obtained by fluorination of 2–3 mg aliquots of homog-
enized Ag2S (Ono et al., 2012). Briefly, sulfur was converted
from a solid- to gas-phase (SF6) analyte via overnight reac-
tion beneath a 100 Torr F2 atmosphere at 300 �C. Follow-
ing automated cryogenic and gas chromatographic
separation, the purified SF6 was transferred into a vacant
multi-port on a designated Thermo MAT 253 IRMS
operated in dual-inlet mode in the Laboratory of Stable
Isotope Geobiology at the Massachusetts Institute of
Technology.
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Sulfur isotopic data are reported in standard delta-
notation (Eq. (1)):

d3XS ‰ð Þ ¼ 3XRSample=
3XRVCDT

� �� 1
� � � 1000 ð1Þ

where 3XRSample/
3XRVCDT is the sulfur isotopic ratio of a

sample (3XRSample = 3XS/32S and 3X = 33 or 34) relative
to Vienna Canyon Diablo Troilite (VCDT). The minor
sulfur isotopic composition is presented in D33S notation
(Eq. (2)):

D33S ‰ð Þ ¼ d33S� 1000� 1þ d34S
1000

� �0:515

� 1

" #
ð2Þ

Analyses of d34S were normalized to VCDT using stan-
dards distributed by the International Atomic Energy
Agency (IAEA S1, S2, S3) and the National Bureau of
Standards (NBS127) as well as in-house standards. The
analytical uncertainty associated with SF6 measurements
was determined to be 0.2‰ and 0.005‰ (1r) for d34S and
D33S, respectively; while measurements using SO2 had
d34S uncertainties of 0.3‰ (1r).

For the analysis of d18OSO4, barite was pyrolyzed at
1450 �C in a Temperature Conversion Element Analyzer
(TC/EA), producing carbon monoxide. The oxygen iso-
topic composition of the resulting carbon monoxide was
determined by continuous-flow GS-IRMS using a Thermo
Finnegan Delta V Plus at the Godwin Laboratory of the
University of Cambridge. Analyses of d18OSO4 were
conducted in triplicate and normalized to Vienna Standard
Mean Ocean Water (VSMOW) using NBS 127, IAEA-
SO-5, and IAEA-SO-6. The d18OSO4 uncertainty of these
replicate analyses was 0.3‰ (1r).
2.5. Diffusive flux and modeling of sulfide and sulfate

Vertical diffusive fluxes (J) of porewater sulfide were
calculated using Fick’s First Law (Eq. (3)):

J ¼ �u�Ds� oC
oz

ð3Þ

where u is sediment porosity, Ds is the sediment diffusion
coefficient of the solute, C is its concentration in pore fluids,
and z is the depth below the seafloor. The vertical concen-
tration gradient (dC/dz) was approximated via linear regres-
sion of the RH2S concentration right below the sediment
surface (e.g., down to 15 cmbsf). Using the molecular diffu-
sion coefficient (D) and measured porosity, Ds was calcu-
lated using the empirical equation (Eq. (4)) to compensate
for tortuosity (e.g., Iversen and Jørgensen, 1993):

Ds ¼ D= 1þ 3 1� uð Þð Þ ð4Þ
The respective pH, salinity and temperature of the Born-

holm surface sediments were found to be 8.0, 17 and 9 �C
(Hilligsøe et al., 2018), equating to a H2S:HS� ratio of
1:15 (Millero et al., 1988). In natural settings the contribu-
tion of S2� is relevant only in hyperalkaline settings
(pH > 14) and hence has been ignored here (Millero
et al., 1988). Using an in-situ sediment temperature of
9 �C, calculated respective HS� and H2S diffusion coeffi-
cients were 1.037 and 1.123 cm2 d�1, yielding an effective
diffusion coefficient (D) for RH2S of 1.042 cm2 d�1

(Jørgensen et al., 2004). Here, when the units of C are
mM, the resulting flux, J, is expressed in nmol cm�2 d�1.

Different approaches were used to quantify and compare
the processes occurring in the sediments across the basin.
Sulfate reduction rates (SRR) were determined experimen-
tally using 35S-labeled sulfate (Beulig et al., 2018). Here, the
depth-integrated rate represents the gross SRR throughout
the sediment column. This directly-measured gross SRR
most closely approximates the total rate of sulfate reduc-
tion in the sediment (Jørgensen et al., 2004). The net SRR
derived from modeling of dissolved sulfate porewater gradi-
ents represents the gross SRR minus the concurrent re-
oxidation of reduced sulfur species back to sulfate
(Jørgensen et al., 2004). The net sulfide production rate
derived from modeled porewater H2S gradients represents
a measure of the net SRR minus H2S loss by either metal
sulfide precipitation or organic matter sulfidization
(Jørgensen et al., 2004). At steady state, and given the rela-
tively low sedimentation rate (<3 m ka�1; Table 1), the net
sulfide production rate is equivalent to the sum of the
upward and downward fluxes of H2S.

To calculate the rates of net sulfate reduction and net
sulfide production, we performed one-dimensional
reaction-transport modeling using the software, PROFILE
(Berg et al., 1998). Assuming that the depth profiles of sul-
fate and sulfide concentration reflect a quasi-steady state,
the PROFILE model divided the sediment pile into several
discrete depth intervals (e.g., 1–4 zones; Berg et al., 1998),
each with a constant process rate, which optimally repro-
duced the measured concentration profiles. Here, transport
is exclusively assumed to occur via molecular diffusion—a
criterion that we deem realistic in the deep Bornholm Basin
where the bottom water is generally hypoxic–anoxic, limit-
ing bioirrigation and bioturbation, and the uppermost sed-
iments are devoid of gas bubbles (Carstensen et al., 2014;
Hilligsøe et al., 2018). Porewater sulfate concentrations at
the top and the bottom of the modeled depth interval were
used as boundary conditions. Since several cores only pen-
etrated the upper part of the sulfidic zone, measured sulfide
concentrations and the upward fluxes near the top of the
core were adopted as boundary conditions for modeling
porewater sulfide profiles. The modeled volumetric rates
are in units of nmol cm�3 d�1, while the depth-integrated
rates are reported in units of nmol cm�2 d�1.

2.6. Model for sulfur isotopic composition of aqueous sulfide

near the sediment surface

Amixing model was used to understand the near-surface
d34S systematics of H2S in the Bornholm Basin. The model
was predicated on our observation that H2S in the upper
centimeters of the sediment has two sources: sulfide pro-
duced by in-situ microbial sulfate reduction (i.e., the mea-
sured gross SRR) and sulfide diffusing from below (i.e.,
the measured ascending sulfide flux). Both sources of sulfide
underwent abiotic oxidation fueled primarily by Fe-oxides
as well as potential microbially-mediated oxidation facili-
tated by sulfur-oxidizing bacteria (e.g., Beggiatoaceae)
and cable bacteria (Hermans et al., 2019). Indeed, intense
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sulfide oxidation near the sediment surface maintained H2S
concentrations below detection at most of the sites. Given
that H2S detection occurred at about 5 cm sediment depth
on average across the examined cores, we take the upper
5 cm as one box for the model. Since 3 cmbsf was the shal-
lowest depth where porewater sulfide d34S data were avail-
able at many of the study sites, this was adopted as the
comparison depth to assess the model’s performance.

Beulig et al. (2018) showed that the SRR in the upper
centimeters is broadly the same among four sites (BB01–
BB04) in the Bornholm Basin (86.6–97.9 nmol cm�2 d�1,
0–5 cmbsf). Consequently, the rate of in-situ sulfide produc-
tion (Ratein-situ SR; gross production) was calculated by inte-
gration of the measured SRR across the upper 5 cm (91.
9 ± 4.9 nmol cm�2 d�1, 1r), while the ascending sulfide flux
(Jdiffusion) was derived following Section 2.5. The lowest
measured d34S in H2S and pyrite was �40‰, representing
the estimated d34S of the earliest pyrite precipitated at the
sediment–water interface where in-situ sulfide production
was the main sulfide source (e.g., site BB07). Thus, the sul-
fur isotope fractionation was assumed to be 63‰ with a
d34Sin-situ H2S of �40‰, given that the average d34S of sul-
fate was 23‰ at 3 cmbsf. We consider this sulfur isotope
fractionation (63‰) to be realistic for the Bornholm Basin
because this is close to the maximum sulfur isotope frac-
tionation observed in culture experiments (66‰; Sim
et al., 2011a) and because the sediment properties, total
organic carbon content, and SRR are broadly the same in
the upper 5 cm among the study sites (Beulig et al., 2018;
Hilligsøe et al., 2018).

Using the combined concentration and isotope data, the
separate diffusion fluxes of H2

32S and H2
34S were calculated.

At circumneutral pH it has been experimentally shown that
the diffusion coefficients for the two most common H2S iso-
topologues differ by less than 1%, resulting in a diffusion-
induced isotope effect of ca. 0.4‰ in seawater (Piel, 1999;
Jørgensen et al., 2004; Baune and Böttcher, 2010). Given
that this approximates the uncertainty associated with the
d34S determination (0.3‰), the diffusion coefficients (Ds)
of the two isotopic species were assumed to be identical.
The isotope fractionation is therefore not affected by a dif-
ference in diffusion coefficients (Baune and Böttcher, 2010;
Wortmann and Chernyavsky, 2011), which allows the d34S
of sulfide that diffuses upwards to the sediment surface to
be determined by the ratio (Eq. (5)):

Jð32SÞ=Jð34SÞ ¼ o½H2
32S�

oz
o½H2

34S�
oz

�
ð5Þ

z is depth below the seafloor (Jørgensen, 1979; Jørgensen
et al., 2004). Therefore, the d34S of porewater sulfide near
the sediment surface can be derived from two end-
members mixing (Eq. (6)):

Ratesum F3XS = Ratein�situSR F3XSin�situSR + Jdiffusion F3XSdiffusion

ð6Þ
where the Ratesum is the sum of Ratein-situ SR and Jdiffusion,
and the F represents fractional isotopic abundances of 32S
or 34S (i.e., 3X = 32 or 34). Ratesum represents the gross rate
of sulfide accumulation in the upper 5 cm of sediment,
which is balanced by sulfide loss at steady state, resulting
in H2S concentrations below detection near the sediment
surface. Since both oxidation of sulfide and precipitation
of iron sulfide are considered to yield a negligible sulfur iso-
tope fractionation (e.g., <5‰; Fry et al., 1986; Wilkin and
Barnes, 1996; Böttcher et al., 1998b), sulfide loss is assumed
to have no isotope effect, negating the need for a loss term
in Eq. (6). The sensitivity of the model was tested by vary-
ing the depth ranges that SRR was intergraded (e.g., 0–3 or
0–10 cm) or, alternatively, by altering the magnitude of sul-
fur isotope fractionation (e.g., 60% or 66‰). Having a
depth-integrated SRR beyond 10 cmbsf has negligible influ-
ence on the simulated outcome because SRR follows power
decay function, decreasing rapidly with depth (Jørgensen,
1978; Beulig et al., 2018). Analogous calculations were per-
formed for published data from four additional cores
(M1spring, M1fall, M5 and M24) from Aarhus Bay, Baltic
Sea (Brunner et al., 2016; Pellerin et al., 2018; Beulig
et al., 2019).

3. RESULTS

3.1. Porewater geochemistry

Sites BB08, BB06 and BB07 feature three different types
of pore-fluid profiles (Fig. 2b). At site BB08, sulfate concen-
trations steeply decrease with depth and sulfate is entirely
consumed by 20 cmbsf. By contrast, although sulfate con-
centrations at sites BB06 and BB07 decrease slightly down-
core, sulfate remains available throughout, reaching
respective minima of 5.3 and 11.6 mM. Core BB08a and
core 374190 show similar sulfate concentration profiles,
with steep sulfate and methane gradients that define the sul-
fate–methane transition (SMT) at 18 cmbsf (Fig. 3a). Sul-
fate concentration near the sediment surface of core
BB08d is 14.7 mM, which is slightly higher than that in
cores BB08a and 374190. Gas escape structures such as
pockmarks and acoustic plumes as an indication of rising
gas bubbles in the water column were not observed in the
Bornholm Basin, including site BB08 where the upper front
of free methane gas bubbles was only ~60 cmbsf (Hilligsøe
et al., 2018). Methane concentrations are below detection
limit at sites BB06 and BB07. At sites BB08 and BB06,
porewater sulfide concentrations increase linearly beneath
the sediment surface, reaching respective maxima of 5.2
and 2.0 mM (Figs. 3b, 4b). Dissolved ferrous iron concen-
trations are low at sites BB08 and BB06, averaging 1.8 lM
(Figs. 3b, 4b). At site BB07 no aqueous sulfide was
detected, allowing accumulation of dissolved ferrous iron,
which increases with depth to a maximum of 235 lM
(Fig. 5a). Published porewater sulfate and methane profiles
from sites BB01–BB05 are shown in Fig. 2b for comparison
(Beulig et al., 2018; Liu et al., 2020a).

3.2. Solid-phase sediment geochemistry

Solid-phase sediment geochemistry was determined at
sites BB08 and BB07. At site BB08, the CRS content
increases with depth in the uppermost 5 cm, ranging from
12.8 to 77.2 umol g�1, while ZVS contents are more or less
invariant throughout the core (6.2 ± 1.6 umol g�1, 1r;



Fig. 3. Geochemical depth profiles from site BB08. Owing to the range of planned geochemical analysis, the site was cored four times,
resulting in cores BB08a–d. (a) Porewater sulfate (cores BB08a, BB08d and 374190) and methane (core 374190) concentration. The solid black
line represents the model fit to the sulfate concentration data obtained from core BB08d. Core 374190 was taken in 2009 at the same location
as BB08 and is documented in Hilligsøe et al. (2018). (b) Porewater sulfide and ferrous iron concentration from core BB08d. The model fit to
the sulfide data is illustrated as a solid black line, while the dashed orange line depicts a linear regression used to calculate the upward sulfide
flux (381 ± 27 nmol cm�2 d�1). (c) Acid volatile sulfur (AVS; cores BB08b–c) and zero-valent sulfur (ZVS; core BB08b) abundance. (d)
Chromium reducible sulfur (CRS) abundance from cores BB08b (black) and BB08c (grey). (e–f) Sulfur isotopic composition of CRS (black
circles), AVS (red diamonds), porewater sulfide (green squares) and sulfate (blue squares) from cores BB08a, BB08c and BB08d.
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Fig. 3c–d). Surprisingly, the AVS contents within core
BB08b (analyzed at Aarhus University one year after the
cruise) are one order of magnitude higher than those in core
BB08c (analyzed at MIT three years after the cruise).
Although both cores were frozen at �20 �C until analysis,
it appears that Fe monosulfides are sensitive to oxidation
during storage and shipment (Rickard and Morse, 2005).
Thus, we recommend freezing samples for AVS analysis
at �20 �C under anoxic conditions and performing the
extraction within one year of sampling, though abiotic oxi-
dation of sulfides is considered to yield a negligible sulfur
isotope fractionation (Fry et al., 1986; Balci et al., 2007;
Zerkle et al., 2009).

At site BB07, the CRS contents range from 1.3 to 15.8
umol g�1 with isolated excursions to higher CRS contents
encroaching on 117.1 umol g�1 at 7, 19 and 73 cmbsf
(Fig. 5c). The AVS and ZVS contents display similar pat-
terns at site BB07 and are mostly lower than 7.5 umol g�1



Fig. 4. Geochemical depth profiles from site BB06. (a) Porewater sulfate concentration (blue circles) and its model fit (solid black line). (b)
Porewater sulfide (green circles) and ferrous iron (red diamonds) concentration. Here, the solid black line represents the model fit to the sulfide
data, while the dashed orange line represents a linear regression used to calculate the upward sulfide flux (44 ± 2 nmol cm�2 d�1). (c) Sulfur
isotopic composition of porewater sulfate (blue squares) and sulfide (green squares).
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with peaks at 19, 35 and 73 cmbsf (Fig. 5b). The HML com-
prises only the upper ~10 cm of site BB07, while the peaks of
reduced sulfur species at 70–80 cmbsf potentially capture the
transition to the brackish Yoldia Sea (Figs. 2a, 5b–c).

3.3. Sulfur and oxygen isotopes

The d34S of porewater sulfate increases downcore from
21‰ at the sediment–water interface to 93.8‰ and 66.1‰
at sites BB08 and BB06, respectively (Figs. 3e–f, 4c). Simi-
Fig. 5. Geochemical depth profiles from site BB07. (a) Porewater sulfate
black solid line depicts the model fit to the sulfate data. (b) Acid volatile su
and (c) chromium reducible sulfur (CRS; black circles) abundance. (d)
sulfate (blue squares). The horizontal dashed lines represent the marine–
larly, the d34S of porewater sulfide increases downcore from
�0.3‰ to 17.5‰ in core BB08a, �8.4‰ to 22.2‰ in core
BB08d, and �26.6‰ to �11.0‰ in core BB06 (Figs. 3e–f,
4c). The d34S values of CRS and AVS are largely similar
in core BB08c, increasing from �19.3‰ to �1.7‰ with
depth (Fig. 3f). The D33S of CRS, however, shows a greater
range of values (0.07–0.16‰) than D33S of AVS (0.10–
0.15‰) in core BB08c (Fig. 6). The d34S of CRS increases
slightly downcore from �36.4‰ to �11.3‰ at site BB07
(Fig. 5d). The average d34S of CRS is �18.9‰ (±6.4‰,
(blue circles) and ferrous iron (red diamonds) concentration. The
lfur (AVS; red diamonds), zero-valent sulfur (ZVS; purple triangles)
Sulfur isotopic composition of CRS (black circles) and porewater
lacustrine transition.



Fig. 6. Multiple sulfur isotope systematics of chromium reducible
sulfur (CRS, yellow-filled circles) and acid volatile sulfur (AVS, red
squares) extracted from site BB08. The green and black dotted
curves represent the evolution of porewater sulfide (cf. Masterson,
2016) and the mixing line between early- and late-formed pyrite,
respectively (cf. Liu et al., 2020b). SW abbreviates seawater sulfate.
The 2-sigma uncertainty associated with the D33S data is illustrated
in the lower left.
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1r) at 20–100 cmbsf, which is consistent with d34S of CRS
reported from the lacustrine clays within the Arkona Basin
(ca. �20‰; Holmkvist et al., 2014).

The d18O of porewater sulfate increases with depth at all
sites, ranging from 7.5‰ to 23.5‰ (Fig. 7). The slope of the
apparent linear phase (SALP) of the cross plot between
d18O and d34S is 0.21–0.23 at site BB08 but exceeds 0.41
at sites BB01–BB06. The d18O value of porewater sulfate
increases from 12.0‰ to 15.5‰ downcore at site BB07
although the d34S value of porewater sulfate remains more
or less constant at 26.5 ± 0.7‰ (1r; Figs. 5d, 7c).

3.4. Sulfide flux and modeled rates of sulfide production and

sulfate reduction

The estimated ascending diffusive sulfide flux shows a
strong positive correlation with the thickness of the HML
Fig. 7. The sulfur and oxygen isotope systematics of porewater sulfate
grouped according to the prevailing net sulfate reduction rate (SRR), with
SRR, those in panel (b) compiled from sites BB01–03, 05–06 with interm
low net SRR. Red stars denote the isotopic composition of seawater sulf
for the eight sites across the Bornholm Basin (exponential
fit, R2 = 0.99; Fig. 8a). For example, at site BB08, the
upward sulfide flux is estimated at 381 ± 27 nmol cm�2

d�1 (1r) where the HML thickness is 20.7 m, whereas, at
site BB06, the upward sulfide flux is 44 ± 2 nmol cm�2

d�1 (1r) where the HML thickness is ca. 2.0 m (Tables 1
and 2; Fig. 2c). The depth-integrated net sulfide production
rate and net SRR are also positively correlated with the
HML thickness and both are consistently higher than the
upward sulfide flux (Table 2; Fig. 2c). The upward sulfide
flux agrees with 90% (±8%, 1r) of the integrated net sulfide
production rate, suggesting that most, if not all, of the sul-
fide produced in the HML diffuses upward. Furthermore,
the ascending sulfide flux displays a negative correlation
with the d34S difference between porewater sulfate and sul-
fide (i.e., D34SSO4-H2S) at 3 cmbsf (logarithmic fit,
R2 = 0.92), whereas less negative CRS d34S values at 3
cmbsf are associated with elevated sulfide fluxes (logarith-
mic fit, R2 = 0.84; Fig. 8b–c). Since the d34S of porewater
sulfate is less variable at 3 cmbsf (ca. 23‰), changes in
D34SSO4-H2S at 3 cmbsf are largely due to changes in the
d34S of porewater sulfide. Thus, the sulfate flux is not
included here. Again, we selected 3 cmbsf because this is
the shallowest depth where sulfide d34S data are typically
available throughout the Bornholm Basin. These results
are compared to those reported in the literature (Aharon
and Fu, 2003; Strauss et al., 2012; Formolo and Lyons,
2013; Brunner et al., 2016; Hardisty et al., 2018; Pellerin
et al., 2018; Liu et al., 2020a) as illustrated in Fig. 8.
4. DISCUSSION

4.1. The thickness of the Holocene Mud Layer modulates

sulfate reduction and sulfide production

Porewater sulfate concentrations, and hence the shape
of the downcore porewater sulfate profiles, within the Born-
holm Basin are strongly correlated with the thickness of the
HML (Fig. 2a–b). Using a dynamic reaction-transport
model, Mogollón et al. (2012) analyzed the temporal evolu-
tion of porewater sulfate concentration profiles in the
Arkona Basin in the wake of the marine transgression,
isolated from various sites within the Bornholm Basin. Data are
data in panel (a) derived from sulfide-replete site BB08 with a high
ediate SRRs and those in panel (c) from iron-rich site BB07 with a
ate (SW). SALP abbreviates the slope of the apparent linear phase.



Fig. 8. The relationships between: (a) the thickness of the Holocene Mud Layer (HML) and the ascending sulfide flux, (b) the ascending
sulfide flux and the isotopic difference between porewater sulfate and sulfide (D34SSO4-H2S), and (c) the ascending sulfide flux and the isotopic
composition of chromium reducible sulfur (d34SCRS) at 3 cmbsf. The curves represent exponential (a) or logarithmic (b, c) fits to the data and
have been augmented with published data (b, c) from Aarhus Bay, Kiel Bight, the Gulf of Mexico and the Friends of Anoxic Mud site
(FOAM; Aharon and Fu, 2003; Strauss et al., 2012; Formolo and Lyons, 2013; Brunner et al., 2016; Hardisty et al., 2018; Pellerin et al., 2018).
Note that, in addition to sulfide diffusion from the depth, the d34S of pyrite near the sediment surface can also be influenced by externally-
sourced pyrite (e.g., Liu et al., 2020b), sedimentary remobilization, and bioturbation (e.g., Fike et al., 2015). For example, the data points
labeled AVS and CRS are from the Gulf of Mexico, obtained from a site where the d34S of H2S more closely approximates that of AVS rather
than CRS (Formolo and Lyons, 2013).
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which led to the deposition of the organic-rich HML. Ini-
tially, during the early Holocene period, the marine incur-
sion led to a salinity increase and increased sulfate
diffusion into the pre-existing lacustrine clays, yet their
organic-poor nature served to limit sulfate reduction
(Holmkvist et al., 2014). As the HML thickened, however,
the subsurface porewater sulfate concentrations slowly
began to drop, a situation which we observe at site BB07
(Figs. 2b, 5a). Progressively, as the HML thickened further,
a sulfate minimum developed (e.g., site BB06) prior to the
complete consumption of sulfate within the marine mud
(e.g., site BB05; Fig. 2b). The sulfate minimum induced
upward diffusion of sulfate from the underlying lacustrine
clay (Holmkvist et al., 2014), fostering the development of
a methanogenic zone enveloped between two sulfate-
Fig. 9. Comparison between the measured (observed) and modeled (pred
The vertical error bars depict the outcome of different sensitivity experim
the calculation of the integrated SRR (0–3, 0–5, or 0–10 cm) or (b) the m
generated herein (circles) are augmented with data from the Aarhus Bay
bearing zones, as seen at site BB02 with an upper SMT at
0.7 mbsf (Fig. 2b). Ultimately, however, the deep porewater
sulfate was depleted and a ‘‘normal” SMT developed.

One of the most striking characteristics of the Bornholm
sedimentary succession is the negative relationship between
the thickness of the HML and the depth of the SMT
(Table 1; Fig. 2b). Using sediments from Aarhus Bay,
Flury et al. (2016) demonstrated that the rates of methano-
genesis and, thus, the upward diffusive flux of methane
increase as the HML thickens. This increase in methane flux
triggers a shallowing of the SMT, which subsequently
exposes more organic-replete sediments in the HML to
methanogenesis, forming feedback that further enhances
methane production. Such positive feedback between
methanogenesis and the depth of the SMT is also seen
icted) isotopic composition of aqueous sulfide (d34SH2S) at 3 cmbsf.
ents that explore the influence of (a) different integration depths for
agnitude of sulfur isotope fractionation (e = 60, 63 or 66‰). Data
(diamonds; Brunner et al., 2016; Pellerin et al., 2018).



Table 2
Site-specific depth-integrated rates of sulfate reduction (SRR) and sulfide production combined with the resultant ascending sulfide flux and
its isotopic composition (d34S). Gross SRR are determined experimentally, while Net SRR and Net H2S production rates are modeled from
porewater gradients. Like the majority of the modeled data (b–c), experimentally determined sulfate reduction rates (a) are integrated
throughout the sampled depth interval within the Holocene Mud Layer (HML; Beulig et al., 2018). Simulations pertaining to site BB07,
however, integrate throughout the HML and into the deeper lacustrine clays (b–c). The fraction of sulfide derived from ascending flux and in-

situ production in the upper 5 cm is shown in columns h–i. Here, Ratesum is the sum of Jdiffusion and Ratein-situ SR (see Section 2.6). N/A and n.d.
abbreviate not applicable and not determined, respectively. Data in columns c and d are illustrated in Fig. 2.

Site

a. Gross
SRR

b. Net
SRR

c. Net H2S
production

d. Ascending
H2S flux

e. Net H2S
production
(% of b)

f. Ascending
H2S flux
(% of c)

g. d34S of
ascending
H2S (‰, VCDT)

h. Ascending
H2S flux
(% of Ratesum)

i. In-situ H2S
production
(% of Ratesum)(nmol cm�2 d�1)

BB08a n.d. 476 n.d. 381 n.d. n.d. +6.3 81 19
BB08d n.d. 457 408 381 89 93 +0.7 81 19
BB03 273 221 95 91 43 95 �7.9 50 50
BB01 276 238 80 59 33 73 �6.5 39 61
BB02 275 228 65 61 28 94 �6.1 40 60
BB05 309 166 59 53 35 91 �17.9 37 63
BB06 n.d. 227 46 44 20 96 �13.0 32 68
BB07 n.d. 35 0 0 0 N/A N/A 0 100
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within the Bornholm Basin (Hilligsøe et al., 2018) and the
Black Sea (Henkel et al., 2012). As expected, the HML
thickness strongly influences the depth-integrated rate of
net sulfate reduction (Table 2). For example, the highest
net SRRs (457–476 nmol cm�2 d�1) are found at site
BB08 where the SMT is very shallow, at 0.2 mbsf
(Fig. 3a). This is because sulfate is completely consumed
in the upper 20 cm where the SRR is the highest (Beulig
et al., 2018). In contrast, the net SRR is only 35 nmol cm�2

d�1 at site BB07 with a very low sedimentation rate
(1 cm ka�1). Here, the HML is too thin for complete sulfate
depletion and the SRR is essentially curtailed within the
underlying organic-lean lacustrine clays by the lack of read-
ily metabolizable carbon (Fig. 5a).

We note that 35S-determined gross rates of sulfate reduc-
tion exceed the modeled net rates not only in the Bornholm
Basin (Table 2) but also in Aarhus Bay, Limfjorden, the
Black Sea and the eastern South Atlantic off Namibia
(Fossing et al., 2000; Jørgensen et al., 2001; Jørgensen
and Parkes, 2010; Dale et al., 2019). In reality, diffusion-
reaction models (e.g., PROFILE) based solely on sulfate
concentration gradients are unable to capture the elevated
SRRs at the top of the zone of sulfate reduction if they
do not account for elevated sulfate influx by bioirrigation,
sulfide re-oxidation and the steep drop in reactivity of
organic matter with sediment depth (Dale et al., 2019;
Jørgensen et al., 2019a). These shortcomings are accentu-
ated when oxygen availability is considered: in the hypoxic
Bornholm Basin where bioirrigation and sulfide oxidation
by oxygen are limited, gross rates of sulfate reduction are
less than twice those of the net rates (Table 2), while the
same discrepancy spans 1–2 orders of magnitude in sedi-
ments deposited beneath well-oxygenated water columns
such as in Aarhus Bay and Limfjorden (Jørgensen and
Parkes, 2010; Dale et al., 2019). These observations, there-
fore, strongly implicate bioirrigation and sulfide oxidation
as drivers of the large discrepancies between the two
approaches for determining SRR and demonstrate the need
for more comprehensive modeling in these settings (e.g.,
Dale et al., 2019).
Sulfide availability within marine sediments is dictated
by its sources and sinks. In general, sulfide is produced
through OSR and sulfate reduction coupled to AOM.
Drawing on data from the Baltic Sea, Jørgensen et al.
(2019a) proposed that the majority of methane produced
during methanogenesis permeates the SMT, fueling sulfate
reduction rather than residing at depth. As the stoichiome-
try of sulfate-driven AOM is 1:1 (methane:sulfide, e.g.,
Martens and Berner, 1977; Niewöhner et al., 1998;
Knittel and Boetius, 2009), the total sulfide production rate
can be roughly considered as the sum of the rates of OSR
and methanogenesis. Accepting that organic matter degra-
dation within an anoxic sediment pile proceeds by OSR
and/or methanogenesis, the total sulfide production rate
is approximately equivalent to the total anaerobic carbon
oxidation rate (COR) normalized for stoichiometric differ-
ences (Burdige, 2006). With highly depth-resolved analyses
of geochemistry and microbial activities in the Bornholm
Basin, Beulig et al. (2018) demonstrated that the COR
has a power-law dependence on sediment age (in year
BP): COR = 1640 � age�1.21 (nmol C cm�3 d�1). Further,
using a reaction-transport model, Dale et al. (2019) pre-
dicted an increase in COR across a transect of Aarhus
Bay driven by an increase in the sediment accumulation
rate. Therefore, the depth-integrated sulfide production
rates are positively correlated with the thickness of the
HML in the Bornholm Basin, as sulfide production is neg-
ligible in the organic-lean lacustrine clays (Fig. 2).

The major sinks for the subsurface sulfide pool in the
Bornholm Basin include Fe-driven sulfide oxidation, pre-
cipitation of Fe-sulfide minerals and possibly organic mat-
ter sulfurization (e.g., Jørgensen and Kasten, 2006; Raven
et al., 2016; Jørgensen et al., 2019b). Findlay et al. (2020)
found that Fe-driven sulfide oxidation could no longer be
quantified below 10 cmbsf in Aarhus Bay. In the Bornholm
Basin, much of the pyrite is rapidly formed near the sedi-
ment–water interface and subsequent pyrite accumulation
occurs slowly with depth (Liu et al., 2020a). These results
suggest that subsurface sulfide oxidation and pyrite forma-
tion within the HML are strongly controlled by the amount
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and reactivity of Fe-oxides, allowing aqueous sulfide to
accumulate in pore fluids at depth. Consequently, the
greater the thickness of the HML, the higher the depth-
integrated net sulfide production rates and thus the resul-
tant sulfide fluxes towards the surface (Figs. 2c, 8a). Among
the study sites, 90% (±8%, 1r) of the aqueous sulfide dif-
fuses upward toward the sediment surface (Table 2;
Fig. 2c), while the remaining 10% diffuses down toward
the sulfidization front where it reacts with Fe-oxides and
Fe2+ to form Fe-sulfide minerals. This contrasts with obser-
vations from the Black Sea where more than 50% of the sul-
fide produced in sediments diffuses downward toward the
sulfidization front (Jørgensen et al., 2004). This difference
between these two basins is caused by the greater proximity
of the sulfidization fronts in the Black Sea to the locus of
peak sulfide production at the depth of the SMT (about 2
mbsf in the Black Sea; Jørgensen et al., 2004; Neretin
et al., 2004; Holmkvist et al., 2014; Liu et al., 2020a). The
sulfidization of the deep Fe(III)-rich clays, however, does
not continue indefinitely. For instance, at site BB03, the
H2S-Fe

2+ interface has migrated upwards and currently
resides at 5–6 mbsf within the HML, whereas the paleo-
sulfidization front was located near the fresh–brackish
water transition at ca. 10 mbsf (Andrén et al., 2015;
Egger et al., 2017; Liu et al., 2021). The high sedimentation
rate at site BB03 separates the depth of sulfate penetration,
and thus the maximum depth of H2S formation, from the
lacustrine clays over time, which ultimately terminates the
sulfidization of the deep Fe-oxide minerals (Liu et al.,
2020a).

4.2. Isotopically ‘‘heavy’’ sulfides near the sediment surface

due to high upward flux of sulfide

Microbial sulfate reduction preferentially consumes 32S
over 34S, resulting in a sulfur isotope fractionation that
may approach 70‰ (Wortmann et al., 2001; Brunner and
Bernasconi, 2005; Sim et al., 2011a). This process, there-
fore, enriches porewater sulfate in 34S that propagates to
the subsequently-produced sulfide (Canfield, 2001;
Turchyn et al., 2016; Pellerin et al., 2018). The magnitude
of the sulfur isotope fractionation accompanying sulfate
reduction is controlled by the cell-specific rate of sulfate
reduction, which in turn largely reflects the availability of
electron donors (e.g., H2, acetate, methane) in marine sed-
iments (Jin and Bethke, 2009; Sim et al., 2011a; Deusner
et al., 2014; Jørgensen et al., 2019b). As the key parameter
controlling the expression of sulfur isotope fractionation,
the csSRR is generally found to be low (10�6–10�1 fmol
cell�1 day�1) in marine sediments owing to low electron
donor availability (Hoehler and Jørgensen, 2013;
Glombitza et al., 2019; Jørgensen et al., 2019b). In vitro

approaches demonstrate a negative correlation between
the csSRR and the magnitude of sulfur isotope fractiona-
tion, where sulfur isotope fractionation is muted (<40‰)
when csSRRs exceed ~1 fmol cell�1 day�1 (Sim et al.,
2011a, 2011b; Leavitt et al., 2013). Both the SRR and the
abundance of sulfate-reducing microorganisms are found
to be at their highest near the sediment–water interface
and decrease steeply with depth, maintaining low csSRRs
(<0.1 fmol cell�1 day�1) throughout the sediment column
within Aarhus Bay (Leloup et al., 2009; Holmkvist et al.,
2011; Petro et al., 2019) and most likely within the Born-
holm Basin (Beulig et al., 2018). Accordingly, the low
csSRR, along with the nearly constant total organic carbon
content (4.9 ± 0.7 wt %) among the study sites, suggest that
the magnitude of the sulfur isotope fractionation is large
and constant (ca. 63‰; see Section 2.6) in the Bornholm
Basin, even in proximity to the sediment–water interface
where both the reactivity of buried organic matter and
the abundance of sulfate-reducing microorganisms are the
highest.

Although the sulfur isotope fractionation remains large
and the d34S of porewater sulfide increases in parallel to
that of porewater sulfate (Figs. 3e–f, 4c), the magnitude
of their downcore increase depends largely on the extent
of sulfate depletion. At site BB08, for example, the d34S
of H2S in the SMT approaches +21‰ (Fig. 3e–f). The
d34S of H2S increases to �11.0‰ at site BB06 where sulfate
concentrations only reach a minimum of 5.3 mM (Fig. 4c).
At site BB07, however, the d34S of sulfate increases only by
3.1‰ throughout the core due to very weak activity of sul-
fate reduction in the lacustrine clays (Fig. 5d).

Importantly, the distribution of sulfur isotopes among
various sulfur-bearing phases in the sediment is ultimately
controlled by open system diffusion. The H2S concentration
decreases towards the sediment surface, indicating the diffu-
sive H2S flux upward. The downcore increase in H2S con-
centration and its d34S fosters the relative enrichment of
H2

34S with depth relative to H2
32S, culminating in a steeper

H2
34S gradient than its 32S isotopologue (Jørgensen, 1979;

Jørgensen et al., 2004). Accordingly, the diffusive H2S flux
carries a higher d34S value (e.g., +0.7‰ in core BB08d;
Table 2), than that of the native porewater H2S pool at 3
cmbsf (e.g., �8.4‰ in core BB08d; Fig. 3f). In simpler
terms, the ascending diffusive H2S flux serves as a vector
of 34S to the sediment surface. Similarly, the downward dif-
fusing sulfate is enriched in 32S relative to the ambient pore-
water sulfate pool, thereby reducing the effect of isotope
fractionation associated with sulfate reduction in the sub-
surface sediment (Jørgensen, 1979; Goldhaber and
Kaplan, 1980; Chanton et al., 1987). The net result is the
formation of H2S in the SMT with a d34S value close to that
of seawater sulfate (+21‰; Jørgensen et al., 2004).

Deusner et al. (2014) demonstrated that the sulfur iso-
tope fractionation associated with sulfate reduction coupled
to AOM at gas seeps, where methane concentrations are
high (e.g., >5 mM), is much smaller (i.e., 20–40‰) than that
observed within an SMT located at greater depth within the
sediment pile (>60‰). The sulfur isotope fractionation at
site BB08 is therefore expected to be large (>60‰) since
the methane concentrations are consistently low in the sul-
fate zone (0.07–1.32 mM; Fig. 3a). The isotopic difference
between porewater sulfate and sulfide, however, is found
to be smaller (34.2‰) at 3 cmbsf of site BB08 (Fig. 3f). This
discrepancy is the result of mixing between the 34S-enriched
sulfide ascending from below (+0.7‰) and the 34S-depleted
sulfide produced in-situ (ca. �40‰).

Following the method described in Section 2.6, a simple
mixing model was used to understand the d34S of H2S in the
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surface sediments of the Baltic Sea (Fig. 9). There is excel-
lent agreement between the model output and the measured
d34S of H2S even with a range of sensitivity tests (Fig. 9).
Moreover, the isotopic similarity among all reduced sulfur
species at 3 cmbsf suggests that the d34S values of pyrite
and Fe monosulfides are inherited from H2S (Fig. 3f). Con-
sequently, our results demonstrate that upward diffusion of
isotopically ‘‘heavy” sulfide can, indeed, result in high d34S
values seen in H2S and thus pyrite near the sediment surface
despite a large expected sulfur isotope fractionation at shal-
low depths. This conclusion is important because the sulfide
flux determines the initial d34S of pyrite and a change in sul-
fide flux could cause a substantial change in the recorded
d34S of pyrite, which is relevant on geological timescales.
This potentially explains why the initial pyrite formed in
proximity to the sediment–water interface at two adjacent
sites (BB02 and BB05) varied at least 6‰ on sub-
millennial timescales (Liu et al., 2020a).

To test the importance of the ascending sulfide flux on a
larger spatial scale, we compiled concentration and isotope
data from five marine settings (Aharon and Fu, 2003;
Strauss et al., 2012; Formolo and Lyons, 2013; Brunner
et al., 2016; Hardisty et al., 2018; Pellerin et al., 2018; Liu
et al., 2020a). Focusing on data from 3 cmbsf, when the
ascending H2S flux strengthens, the associated D34SSO4-

H2S values decrease and CRS-d34S increase (Fig. 8b–c). This
means that d[H2S]/dz is positively correlated with the d34S
of aqueous sulfide near the sediment surface. In the seep-
influenced sediments from the Gulf of Mexico, the high sul-
fide fluxes are likely accompanied by elevated methane con-
centrations and thus the muted D34SSO4-H2S values may
reflect a combination of depth-derived 34S-adulterated sul-
fide and smaller magnitude isotope fractionation associated
with sulfate-driven AOM (e.g., Deusner et al., 2014). More-
over, given the likelihood of porewater mixing induced by
bubble ebullition or bioirrigation by chemosynthetic
macrofauna, advective transport should also be considered
at active seep sites (e.g., Fischer et al., 2012). In summary, it
is necessary to take the effect of diffusion and/or advection
into account to understand the sulfur isotope fractionation
and sulfur isotopic signals of pyrite, barite and carbonate-
associated sulfate, not only in methane seeps but also in a
wider range of marine sediments.

The d34S of pyrite increased by 17.6‰ between 1 and 17
cmbsf at site BB08 (Fig. 3f). The 34S-enriched pyrite in the
subsurface sediments reflects the combined product of
early- and late-formed pyrite, as indicated by its multiple
sulfur isotope systematics. The measured d34S and D33S of
early-formed pyrite at 1.5 cmbsf are �17‰ and 0.16‰,
respectively (Fig. 6), while their late-formed counterparts
approximate those of seawater sulfate (d34S = 21‰,
D33S = 0.05‰) due to differential diffusion of 32S, 33S and
34S (Jørgensen et al., 2004; Liu et al., 2020b). The d34S
and D33S systematics of pyrite extracted from site BB08
adorn the mixing line between these two pyrite pools
(Fig. 6), where mixing results in curved trajectories and pro-
gressively lower D33S values (0.07‰; Ono et al., 2006).
Although the d34S of Fe monosulfides is highly similar to
that of pyrite throughout the core (Fig. 3f), a different pat-
tern in D33S values is seen between the two sulfur species
(Fig. 6). Some D33S values of Fe monosulfides approach
the higher D33S values of porewater sulfide (up to 0.15‰),
supporting the inference that active isotope exchange
occurs between aqueous sulfide and the surface of Fe
monosulfide minerals (Fossing and Jørgensen, 1990;
Fossing et al., 1992; Liu et al., 2020a).

The near-surface-pyrite contents vary across the basin
and correlate with the sedimentation rate. For example, a
lower pyrite content of 13 lmol S g�1 was determined at
site BB08 with a high sedimentation rate of 244 cm ka�1

(Fig. 3d), whereas sites BB01–BB05 have higher pyrite con-
tents of 27–62 lmol S g�1 at the sediment surface (Liu et al.,
2020a, 2021) but lower sedimentation rates of 49–
113 cm ka�1 (Table 1). The low pyrite content at site
BB08 can be partly explained by dilution with clastic mate-
rial. Additionally, higher sedimentation rates serve to lower
the contact time between the sulfidic porewaters and reac-
tive Fe-oxide minerals, promoting the burial and preserva-
tion of Fe-oxides but also limiting pyrite formation
(Riedinger et al., 2005; Fu et al., 2008; März et al., 2008).
As a result, decreased pyrite precipitation close to the sed-
iment–water interface will promote an increase in pyrite-
d34S with depth (Liu et al., 2021) as seen at site BB08,
whereas rapid pyrite formation at the sediment surface
and low availability of reactive Fe at depth allow the iso-
topic signal of early-formed 32S-enriched pyrite (d34S �
�30‰) to be preserved in deeper sediments at the low-
sedimentation sites BB01/02/05 (Liu et al., 2020a). Collec-
tively, we conclude that, provided that reactive iron is avail-
able at depth, the upward diffusion of isotopically ‘‘heavy”
sulfide and the initial pyrite content regulate the initial d34S
of pyrite near the sediment surface and the extent of the
increase in d34S with depth, respectively, both controlling
pyrite-d34S values in subsurface sediments.

4.3. Sulfur and oxygen isotopic composition of porewater

sulfate

The coupled sulfur and oxygen isotopic composition of
porewater sulfate have been widely used to explore sulfate-
reducing metabolisms in marine sediments (Böttcher et al.,
1998a; Aharon and Fu, 2000, 2003; Turchyn et al., 2006;
Antler et al., 2015). Previous studies have shown that, in a
given porewater profile, the slope of the tangent on the
d18OSO4 versus d34SSO4 crossplot (i.e., SALP) is related to
the net SRR and that higher rates lower the SALP
(Böttcher et al., 1998a, 1999; Brunner et al., 2005, 2012;
Antler et al., 2013). Antler et al. (2013) demonstrated that
the rate of intracellular sulfite oxidation is the key parameter
controlling the relative evolution of sulfur and oxygen iso-
topes in porewater sulfate during sulfate reduction. The
SALP is also affected by extracellular sulfur cycling when
reduced sulfur species are re-oxidized (e.g., Böttcher and
Thamdrup, 2001). The SALP, however, is relatively unaf-
fected by changes in transport and non-steady state dynam-
ics (Fotherby et al., 2021). In sedimentary environments
where net SRR is high, such as cold seeps, estuaries and
mangroves, the degree of sulfur re-cycling is minimal and
the d18O of porewater sulfate increases less steeply relative
to its d34S value (i.e., SALP < ~0.4; Aharon and Fu, 2000,
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2003; Antler et al., 2014, 2015; Crémière et al., 2017). In con-
trast, in environments where net SRR is low, such as (hemi)
pelagic sediments and some shelf settings with deep or non-
existent SMTs, sulfur re-cycling is much more extensive and
the d18O of porewater sulfate increases more steeply relative
to the d34S (i.e., SALP > ~0.4; Turchyn et al., 2006; Aller
et al., 2010; Riedinger et al., 2010; Mills et al., 2016).

Sediments in the Bornholm Basin display a large range
of SALP, reflecting the large range of net SRR across the
basin (Fig. 7). For example, very low SALP values (0.21–
0.23) are seen at the sulfide-rich site BB08 where net SRRs
are the highest (457–476 nmol cm�2 d�1; Fig. 7a). This
reflects the fact that sulfate reduction at site BB08 is less
electron-donor limited due to the highly reactive organic
matter in the surface sediment and a large flux of methane
to the SMT (Fig. 2b). High OSR activity and sulfate-
driven-AOM in the shallow SMT lower the reversibility
along the enzymatic pathway of sulfate reduction and hence
limits sulfite re-oxidation that causes the observed low
SALP (Antler et al., 2015; Feng et al., 2016; Antler and
Pellerin, 2018). As expected, sites with intermediate net
SRRs (216 ± 29 nmol cm�2 d�1, 1r) are associated with
higher SALP values (0.41–0.74; Fig. 7b). While many of
these sites (i.e., BB03, BB01 and BB02) are methane-rich
at and below the SMT (Liu et al., 2020a, 2021), near-
surface OSR has driven d18OSO4 to equilibrium before
sulfate-driven AOM at the deep-seated SMTs has been
reached (Antler and Pellerin, 2018). Site BB07 represents
an end-member with a low net SRR (35 nmol cm�2 d�1).
While the d18OSO4 increases downcore, the d

34SSO4 remains
constant (Fig. 7c). The organic-lean lacustrine clays are
known to be highly iron(III)-rich (Böttcher and Lepland,
2000; Holmkvist et al., 2014; Liu et al., 2020a), allowing
intensive oxidative sulfur re-cycling to occur. Thus, a large
part of the sulfate that is reduced is ultimately re-oxidized.
This cryptic sulfur cycle prevents aqueous sulfide and pyrite
accumulation in the iron(III)-rich sediment but promotes
the subsequent build-up of Fe2+ in porewater (Fig. 5).

Taken together, the interplay between iron, sulfur and
methane is in stark contrast between the sulfide- and iron-
rich sediments due to their depositional history and sedi-
ment properties. Since the type and reactivity of organic
matter and availability of reactive iron modulate sulfide
production and consumption (Berner, 1984; Middelburg,
1991; Kasten et al., 1998; Fu et al., 2008; Roberts, 2015;
Shawar et al., 2018), the ultimate controlling factor of iso-
topic signature of porewater sulfate is the availability of
organic carbon vs. reactive iron. This results in a remark-
able difference preserved within the coupled sulfur and oxy-
gen isotope systematics of porewater sulfate between the
two sedimentary systems (cf. Antler et al., 2019). Thus,
the SALP provides a powerful tool to study the biogeo-
chemical sulfur cycle because it is sensitive to changes in
the net SRR versus the oxidation of reduced sulfur species
(Antler and Pellerin, 2018).

5. CONCLUSIONS

Combining seismo-acoustic mapping with geochemical
analyses of sediment cores demonstrates that the concentra-
tion and isotope systematics of porewater sulfate and sul-
fide within the upper ten meters of the Bornholm Basin
sedimentary succession are influenced by the thickness of
the organic-rich Holocene Mud Layer (HML), with a
higher sedimentation rate fueling elevated total anaerobic
carbon oxidation rates and thus higher SRR and sulfide
production rates. Based on the modeled net sulfide produc-
tion rate and the measured ascending sulfide flux, the
majority of the sulfide produced at depth diffuses upward.
Importantly, a thicker HML increases the ascending sulfide
flux, serving as a spatially variable vector of relatively
34S-enriched sulfide to the shallow porewater sulfide pool.
Beyond the adulteration of the native shallow sulfide pool
(d34S = �0.3‰), this influx of 34S-enriched sulfide is subse-
quently preserved in sedimentary pyrite. A simple mixing
model and compilation of sulfur isotope data from other
marine settings suggest that the upward diffusion of
34S-enriched sulfide can be an important factor controlling
the d34S value of pyrite formed in shallow marine organic-
rich successions. The sulfur and oxygen isotope systematics
of porewater sulfate are also related to the net SRR. Here,
within high SRR regimes, the 18O-enrichment in porewater
sulfate is more muted when compared to the
34S-enrichment while, in low SRR regimes, d18OSO4 values
increase downcore while the associated d34SSO4 values
remain effectively invariant. Taken together, it is clear that
sedimentation rates and differential diffusion fluxes of the
two sulfur isotopes in porewater sulfide and sulfate control
the fate of sulfur on the basin-scale, exerting an important
influence on the isotopic signature of sulfur-bearing species.
This work highlights the importance of considering the
local depositional environment and open system pore-
fluid transport when interpreting d34S signals, especially in
lithologically heterogenous successions.
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