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Abstract
The study of sulfate reduction below the sulfate-methane transition (SMT) in marine sediments requires strict precautions
to avoid sulfate contamination from seawater sulfate or from sulﬁde oxidation during handling. We experimented with
diﬀerent methods of sampling porewater sulfate and found that modiﬁcations to our sampling procedure reduced the measured sulfate concentrations from hundreds of micromolar to ten micromolar or less. We here recommend some key modiﬁcations to porewater sampling to avoid contamination or oxidation artifacts, for example when measuring very low sulfate
concentrations below the SMT of marine sediments. At three sites in Aarhus Bay, the sulfate concentrations below the SMT
remained around ten micromolar. The calculated free energy change, DGr, available for sulfate reduction by such low concentrations is between 17.9 and 11.9 kJ mol1 sulfate. This is near or below the energy yields that have previously been
calculated for microbial sulfate reduction in marine sediments. The three sites are characterized by measurable and very different sulfate reduction rates depending on the depth and sediment age of the SMT. Our data show that sulfate is being consumed below the SMT in spite of the low sulfate concentrations. As sulfate is not drawn down to even lower concentrations, it
must be continually regenerated below the SMT, most likely by Fe(III)-driven sulﬁde oxidation concurrent with the sulfate
reduction. We conclude that the low sub-SMT sulfate concentrations are in steady state between reduction and production
and are thermodynamically controlled by the minimum DGr requirements by sulfate reducing bacteria while sulfate reduction
rates are controlled by the rate of sulﬁde oxidation. This study deals with the general sampling of uncontaminated pore water
and hints to a systemic problem with low levels of contamination in porewater induced by coring and pore water extraction.
Below the SMT, this contamination could be detected but above the SMT it goes unnoticed. Low levels of contamination as
observed in this study may aﬀect other low concentration or redox-sensitive elements in pore water.
Ó 2018 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Dissimilatory microbial sulfate reduction (SR) dominates the anaerobic mineralization of organic matter in
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marine shelf sediments down to a depth where the balance
between consumption and diﬀusion leads to depletion of
the porewater sulfate. It has long been suggested that a
fraction of the sulﬁde produced by sulfate reduction within
or below the main sulfate zone is oxidized to back to sulfate
(Schippers and Jørgensen, 2002; Jørgensen and Nelson,
2004; Holmkvist et al., 2011a). This oxidative pathway is
diﬃcult to track and to quantify. Various studies have
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suggested that it may be a signiﬁcant fraction of the produced sulﬁde in marine sediments, and that sulﬁde reoxidation occurs in-situ, depending on the nature of the sediment
(King, 1990; Jørgensen and Nelson, 2004; Zopﬁ et al., 2004;
Dale et al., 2009; Bowles et al., 2011; Pellerin et al., 2015b).
Lack of knowledge of the amount and location of sedimentary sulﬁde oxidation causes signiﬁcant uncertainties in the
estimates of organic matter mineralization by SR. For
example, estimates of site-speciﬁc rates of SR based on
1D diﬀusion-reaction modelling are based on the net consumption of sulfate and may thereby underestimate the
total mineralization because a portion of the sulﬁde created
by SR is reoxidized back to sulfate in-situ, thereby masking
a fraction of the organic matter oxidation. In-situ measurements by incubation with a radioactive tracer, in contrast,
quantify the gross reduction of sulfate to sulﬁde and therefore do not similarly underestimate total mineralization. As
a result, the experimental approach often tends to yield
higher rate estimates than the modelling approach.
In most marine shelf sediments, sulfate becomes
depleted at the sulfate methane transition (SMT). Below
this depth, it has been suggested that SR may continue,
but, since the sulfate concentration gradient is zero, it must
be driven by a supply of sulfate generated in-situ rather
than by sulfate diﬀusing into the sediment from the overlying seawater (also termed the ‘‘cryptic sulfur cycle”
(Holmkvist et al., 2011a)). The sulﬁde oxidation taking
place just below the SMT is likely similar to the sulﬁde oxidation occurring just above the SMT because the biogeochemical conditions for sulﬁde oxidation are similar.
Results from sediments beneath the SMT can therefore be
used to infer sulﬁde oxidation taking place above the
SMT if the dynamics of the processes controlling sulﬁde
oxidation below the SMT are understood.
Sulfate concentration measurements below the SMT are
critical to understand these dynamics. Porewater sulfate
concentrations have been reported from below the SMT
in sulﬁdic marine sediments between tens and hundreds of
micromolar (mM) (Leloup et al., 2007; Leloup et al., 2009;
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Holmkvist et al., 2011a; Treude et al., 2014). These reported
concentrations, while low relative to the overlying sulfate
zone, are remarkably high when considering the ability of
sulfate-reducing prokaryotes to scavenge sulfate down to
low-lM and even sub-lM range in batch culture and in sediment incubations (Tarpgaard et al., 2011, 2017). These
high sulfate concentrations below the SMT are largely
interpreted as sulﬁde being recycled back to the sulfate pool
resulting in an equilibrium between sulﬁde oxidation and
SR (Holmkvist et al., 2011a). The purpose of our study is
to (a) understand the data quality and the controls on the
background sulfate concentration in marine sediments
below the SMT and (b) quantify the sulﬁde reoxidation
to sulfate that takes place concurrent to SR in marine
sediments.
Sediment for this study was sampled in Aarhus Bay,
Denmark (Fig. 1) on diﬀerent sampling campaigns spanning two consecutive years. In addition, we collected sediment from the Bornholm Basin, Denmark, where we
performed tests of porewater extractions. We took special
precautions against sulfate contamination below the SMT
where sulfate concentrations are low. We analyzed stable
sulfur and oxygen isotopes of sulfate from the porewater
to check whether the sampling procedures produced accurate sulfate concentration measurements. We also coupled
our sulfate concentrations with in-situ measurements of sulfate reduction rates (SRR) to assess the sulfur cycle below
the SMT of marine sediments.
2. METHODS
2.1. Site descriptions
Research cruises were undertaken aboard the RV
Aurora in Aarhus Bay (Denmark) in November 2015 and
October 2016. Aarhus Bay is a semi-enclosed saline water
body containing deposits of Holocene mud which are
underlain by glacial clay and glacial till (Jensen and
Bennike, 2009). Samples were taken from three sites, M1,

Fig. 1. Map of Denmark and Danish coastal waters. The square black box denotes the study area. The inset map is a zoom of the study are in
Aarhus Bay with the location of our three sites and the city of Aarhus for reference.
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M5 and M24 (Fig. 1). M1 is the same site as used during
previous studies of the sulfur cycle below the SMT
(Holmkvist et al., 2011a; Brunner et al., 2016). The sediment of M5 was described by Langerhuus et al. (2012)
and Chen et al. (2017) while M24 was described by Flury
et al. (2016). The three sites were chosen based on their
depositional histories, which cause diﬀerences in their sulfate penetration depths (Flury et al., 2016). Sites M1 and
M24 have sulfate penetration to several meters in depth
while site M5 has sulfate penetration of half a meter. During a cruise to the Bornholm Basin in the southern Baltic
Sea in June 2016 a gravity core was retrieved from site
BB03 (55°28.119N, 15°28.647E) which had a sulfate penetration depth of 50 cm (Beulig et al., 2017). The Bornholm
basin has a rather similar sedimentation history as Aarhus
Bay but the bottom waters are intermittently anoxic.
2.2. Porewater sulfate sampling: High-sulfate procedure
As they are critical for the results of our study, coring
and sampling procedures are described at detail in this
and the following sections. A comparative table is also
available in the Supplementary material which outlines
the main diﬀerences between the two procedures (see
Appendix 1). Gravity cores (diameter of 12 cm) were
retrieved from each site but were treated with diﬀerent
methods. We used a conventional ‘‘high-sulfate procedure”
for sampling porewater, which produces reliable results
when sulfate concentrations are high (>1 mM, such as in
the sulfate zone) but erratic and inconsistent results when
sulfate concentrations are low due to sample contamination
(<1 mM). We also used a ‘‘low-sulfate procedure”, which,
according to quality checks described in this paper, yields
realistic concentration measurements even at very low sulfate concentrations.
For the high-sulfate procedure, 1 m sections of the gravity core were cut and the ends sealed with plastic caps. First,
methane samples were taken through 1-cm wide holes
drilled in the plastic liner at 20 cm depth intervals to expose
the sediment. Using a cutoﬀ plastic syringe, a 2.5-mL sample was taken and immediately transferred to 20 mL preweighed glass vials containing 4 mL of NaCl-saturated
water. The vial was then crimp sealed with a butyl rubber
stopper. The samples were vigorously shaken and stored
at 20 °C upside down. Windows were then cut in the core
liner with an electric vibrating saw to expose the sediment
core surface. The outer 1 cm of sediment, which had been
in contact with ﬂuid along the core liner, was removed
and sediment plugs were retrieved for SRR measurements.
Subsequently, which may be as much as 1.5–2 h after core
retrieval on deck, porewater was extracted from the pristine
portions of the cores. Porewater was also extracted from
Rumohr cores (diameter of 7 cm) which enable high resolution sampling of the upper meter of sediment. The porewater extraction for the high-sulfate procedure follows the
porewater sampling guidelines from IODP 347 (Andrén
et al., 2015b) where 3.8 mm wide holes were drilled in the
untouched portions of the cores and Rhizon soil moisture
samplers (Rhizosphere Research Products, Wageningen,
The Netherlands) with 0.15 mm pore size and a porous

length of 5 cm were inserted and porewater was collected
by creating a vacuum in a connected syringe. The ﬁrst 1
mL was discarded to remove contaminants, such as O2 that
may have been introduced by the insertion of the Rhizon. A
new vacuum syringe was then connected and samples were
taken for sulfate, sulﬁde, ICP-OES (only Ba2+ is reported in
this study), and dissolved inorganic carbon (DIC). The sulfate sample was transferred to a microcentrifuge tube, bubbled with humidiﬁed CO2 gas for 3 minutes to remove H2S,
and stored at 4 °C until analysis (Røy et al., 2014). The sulﬁde and elemental sulfur samples were ﬁxed with a 1:1 ratio
of a 5% (w/vol) Zinc Acetate solution and frozen until analysis. The aliquot devoted to trace elements analysis was
diluted 100X with 0.01 N trace metal grade nitric acid
and subsequently stored at 4 °C until analysis. For DIC
measurements, 2 mL glass vials were ﬁlled with porewater,
taking care to ensure that no headspace remained, and
stored at 4 °C. After porewater had been extracted for the
above mentioned analyses, syringes containing 2 mL of a
5% zinc acetate solution were connected to the same Rhizons and larger volumes of porewater were collected for
sulfur and oxygen isotope analysis (see below). The highsulfate procedure was utilized in one gravity core and one
Rumohr core taken at site M24 in 2015 as well as a gravity
core taken from site BB03 in 2016 in the Bornholm Basin.
2.3. Low-sulfate procedure
A low-sulfate procedure for porewater retrieval minimized the potential sulfate contamination during sampling.
The main diﬀerence in sampling is that we prioritized sulfate concentration analysis from each core. From sites
M1 and M24, once the gravity corer was retrieved on the
ship’s deck, the core liner was immediately pulled out of
the gravity corer and cut into 20–40 cm sections. The bottom of each section was sealed with a plastic cap and the
top lined with cling ﬁlm to minimize oxygen penetration.
The section was kept vertical for the remainder of the procedure. Less than 20 min after the core was lifted out of the
water, Rhizons were inserted through the cling ﬁlm at the
end of the core section and pushed down vertically 10 cm
into the core such that the porous part of the Rhizon was
located 5–10 cm from the top of the core. Rhizons were
then immediately connected to an evacuated syringe. The
ﬁrst 1–2 mL of pore ﬂuid was discarded, after which the
Rhizon was connected to a Vacutainer by connecting a
20G needle to the Rhizon and perforating the rubber stopper of the Vacutainer. The Vacutainer had been previously
ﬂushed with CO2 to remove oxygen and then evacuated to
produce the needed vacuum to retrieve porewater. This
minimized oxygen contact with the porewater. The Vacutainer was kept attached to the Rhizon until 2 mL of porewater was collected after which the Vacutainer was
removed from the Rhizon by pulling out the needle. This
approach prevented laboratory air (and thus oxygen) from
getting in contact with the sample. Within 1–2 min, a long
needle, and then a short needle, were inserted into the
Vacutainer through the stopper and the sample was bubbled with humidiﬁed CO2 gas for 3 min to remove H2S
without opening the vials. The sulfate samples were stored
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at 4 °C until analysis. The same Rhizons were then connected to fresh Vacutainers using the same method as above
to recover more porewater for sulﬁde, elemental sulfur and
stable isotope analyses. At site M5, where the SMT was situated at <1 m depth, 5-mm wide holes were drilled in a
Rumohr core liner immediately after the core was on deck
and Rhizons were inserted deeply into the sediment. This
ensured that the sampling holes were not plugged by the
Rhizon and allowed ﬂuid to spill out of the hole. Importantly, the entire porous section of the Rhizons was always
embedded deeply into the sediment, so that the Rhizons’
porous sections were not in contact with the core liner
and liner ﬂuid.
On a cruise in June 2016 to site BB03 in the Bornholm
basin, we experimented further with porewater sampling
techniques. We utilized a high-sulfate procedure
(as described above) to measure sulfate concentrations.
We employed a second method which is similar to the
low-sulfate procedure but has some small diﬀerences. Holes
of 5 mm were drilled in the gravity core liner 7 cm above the
bottom of each 20–40-cm long section and Rhizons were
inserted through this hole ensuring that the porous portion
of the Rhizon was completely submerged in the sediment.
These Rhizons were then connected to vacutainers as
described above. We collected consecutive fractions of
porewater over the following 0.0–0.5 h, 0.5–3 h, 3–8 h and
8–20 h in order to investigate a possible time dependence
of measured sulfate concentrations and to compare with
the high-sulfate procedure. In addition, at one core depth
we inserted multiple Rhizons vertically through the top of
the cut section in the same fashion as the low-sulfate procedure but at speciﬁc distances from the rim of the core liner.
The purpose was to investigate potential eﬀects of the
distance from the rim on the sulfate concentration as well
as to compare Rhizon insertion from the end of a core section with Rhizon insertion through 5 mm holes in the side
of the core liner.
2.4. Porewater analyses
2.4.1. Sulfate
Sulfate was measured by ion chromatography on a
Dionex system utilizing an AG-18/AS-18 column
(250 mm Thermo Scientiﬁc Dionex IonPacTM) with a
KOH eluent. To achieve good separation of sulfate from
chloride, eluent concentrations were kept at 12 mmol
KOH L1 until the sulfate peak eluted. Then, eluent concentration was increased to 30 mmol KOH L1 to ﬂush
the column of strongly binding ions. Because salinity has
an important impact on the results of ion chromatography,
calibration standards matched the seawater salinity of the
samples. Measurements of porewater sulfate concentrations
were often close to or below our detection limit. It is therefore important to understand the limits of our analysis.
According to Armbruster and Pry (2008), the limit of the
blank (LoB) was calculated from the mean of replicate measurements of blank samples (n = 10)
LoB ¼ meanblank þ 1:645ðrblank Þ

ð1Þ
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where r is the standard deviation on the mean. The LoB
was 0.1 lM. We then measured replicates of a low concentration sample (n = 10) to calculate the limits of detection
(LoD) deﬁned as
LoD ¼ LoB þ 1:645ðrlowsample Þ

ð2Þ

The LoD was 0.3 lM. An additional factor that we took
into account is the variability in the sulfate background of
the milli-Q water utilized to make standards, dilutions and
eluent. This background concentration varies from <0.1 to
0.3 lM from week to week and is not taken into consideration in the LoB, which can potentially cause the minimum
detection concentration to be greater than the LoD. We
therefore deﬁned the limit of quantiﬁcation for undiluted
samples (LoQ) as
LoQ ¼ LoD þ 0:3 lM

ð3Þ

where the 0.3 lM corresponds to the maximum expected
variability in the sulfate background over the span of time
our samples were analyzed. We found that the interference
of seawater chloride with the ion chromatography of sulfate
is best minimized by diluting the sample tenfold. Samples
from below the SMT were therefore all diluted tenfold.
We estimate a conservative LoQ of 10  0.6 lM = 6 lM
for the low sulfate concentrations below the SMT. Porewater samples were diluted hundred-fold at high sulfate concentrations. The precision of analysis was established by
replicate measurements (n = 8) of standards matching the
salinity of the sample, which showed the standard deviation
was always less than 5%.
2.4.2. Other porewater analyses
Sulﬁde concentrations were measured by spectrophotometer using the methylene blue assay (Cline, 1969).
Cations (Na+, K+, Ca2+, Mg2+, Sr2+, Ba2+ Fe2+, Mn2+)
were analyzed by inductivity coupled plasma-atomic emission spectroscopy (Agilent 5100 ICP-OES) at the University of Cambridge. Elemental sulfur (consisting of soluble,
nanoparticulate and polysulﬁde-bound sulfur) was
extracted following the method described in Findlay et al.
(2014). Methane was measured following the method
described in Beulig et al. (2017). For DIC measurements,
samples were transferred to Exetainers and then acidiﬁed
with 85% (v:v) phosphoric acid. After 24 hours, the produced CO2 was measured by a DeltaV isotope ratio mass
spectrometer.
2.5. Extraction and analysis of acid volatile sulfides (AVS),
chromium reducible sulfides (CRS) and elemental sulfur (S0)
After porewater extraction, gravity cores were opened
with a vibrating saw while Rumor cores were extruded with
a core extruder. Solid phase samples were taken with a spatula and transferred to 50 mL Falcon tubes containing
10 mL of 5% zinc acetate solution, vigorously homogenized, and immediately frozen at 20 °C. Samples were
later thawed, homogenized, and 1 mL aliquots used for
measurements following the method of Canﬁeld et al.
(1986), Yücel et al. (2010), Pellerin et al. (2015a).
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2.6. SRR measurements
Samples of 5 cm3 were collected from the cores in plastic
syringes, being careful to prevent air bubbles from inﬁltrating, and stoppered with a butyl rubber stopper. 10 lL
(100 kBq) of a solution of 35SSO4 was injected using a
50 mL glass syringe. Samples were transferred to bags of
gas-tight plastic (Hansen et al., 2000) kept anoxic by inserting sachets of oxygen scrubbers (Anaerogen, not H2 generating) and heat sealing the bag. Incubations were
performed at in-situ temperature (10 °C) for 6, 12 or 24 h
and terminated by transferring the sample to a 5% zinc
acetate solution and freezing until subsequent analysis.
Samples were treated by cold chromium distillation
(Kallmeyer et al., 2004; Røy et al., 2014) and the SRR calculated as (Jørgensen, 1978):
 2 
SO4  f  1:06  /
SRR ¼
ð4Þ
nmol cm3 d1
t


denotes the sulfate concentration in mM, f is
where SO2
4
the radioactivity in the total reducible inorganic sulfur
(TRIS) relative to the total radioactivity in the incubation,
/ is the porosity and t is the incubation time in days. The
factor 1.06 is included to account for isotope discrimination
against the heavier 35S isotope relative to natural 32S. The
sulfate concentrations used in the calculations were taken
from the porewater proﬁles obtained with the low-sulfate
procedure. Below the SMT, the sulfate concentrations were
corrected for the addition of sulfate added simultaneously
with the tracer (Appendix 3).
In order to check whether the sulfate concentrations in
the SRR incubations were similar to the measured pore
water concentrations at site M5, 0.5 mL aliquots of sediment from the syringes destined for SRR were removed,
put into 1.5 mL centrifuge tubes and quickly spun at
13000 RPM. A 50–100 mL aliquot of the supernatant was
taken with a transfer pipette, bubbled with CO2 and kept
at 4 °C until analysis by IC as detailed in the section above.
Results showed that the sulfate concentrations in the sediment for incubation were between 6 and 20 mM, suggesting
that at the start of the SRR incubation, the sulfate concentrations in the individual syringes were of a similar sulfate
concentration as those reported from the low-sulfate procedure. To ensure that the sulfate concentrations did not
increase signiﬁcantly over the course of the incubation,
we performed additional tests on sediment with a low sulfate concentration. These tests demonstrated that no significant change in sulfate concentration occurred over the
course of the incubation (Appendix 3).
2.7. Sulfur and oxygen isotope analysis
An additional aliquot of porewater for sulfate and sulﬁde isotope analysis was collected subsequently to the porewater retrieved for geochemical analysis utilizing the same
Rhizon. A syringe containing 1 mL of 5% zinc acetate
was connected which allowed direct precipitation of porewater sulﬁde as zinc sulﬁde as soon as the water entered
the syringe. For the samples with low sulfate concentrations, up to 50 mL of porewater was extracted for isotope

analysis. Porewater samples were frozen until the preparatory step for analysis. Samples were analyzed for sulfur
and oxygen isotopes following the method described by
Antler et al. (2014). Sulfur isotopic ratios are reported as
 34

Rsample
d34 S ¼

1
 1000
ð5Þ
34 R
V CDT
where 34R = 34S/32S, and V-CDT refers to the Vienna Canyon Diablo Troilite international reference scale. The
uncertainty on d34SSO4 was determined using the standard
deviation of the standard NBS 127 at the beginning and
the end of each run (less than 0.3‰, 1r). Measurements
of d34SSO4 and d34SH2S were calibrated according to the
following standards: NBS 127, IAEA-SO-6, IAEA-SO-5,
IAEA-S-2, IAEA-S3 and an in-house silver sulﬁde standard
with d34SSO4 of 21.1‰, 34.1‰, 0.5‰, 22.3‰, 34.3‰
and 3.4‰, respectively. d34S is reported with respect to
Vienna Canyon Diablo Troilite (V-CDT).
For oxygen isotopes, values of isotopic ratios are
reported as
 18

Rsample

1
 1000
ð6Þ
d18 O ¼
18 R
V SMOW
where 18R = 18O/16O, and V-SMOW refers to the Vienna
Standard Mean Ocean Water international reference scale.
Samples for d18OSO4 were run in triplicates and the standard deviation of these triplicate analyses was used as the
error (0.3‰ 1r). Measurements of d18OSO4 were calibrated according to the standards: NBS 127, IAEA-SO-6
and IAEA-SO-5 with d18OSO4 of 8.6‰, 11.35‰ and
12.1‰, respectively. d18OH2O of porewater was measured
by a Continuous Flow Gas Source Isotope Ratio Mass
Spectrometer (CF-GS-IRMS Thermo) coupled to a Gas
Bench II interface. Samples were corrected to NBS 127.
The uncertainty on the measurement was ±0.1‰.
d18OH2O are reported versus Vienna Standard Mean Ocean
Water (VSMOW).
3. RESULTS
3.1. Sulfate concentrations
3.1.1. Porewater sulfate tests
High-sulfate procedure versus low-sulfate procedure: In
this test we investigated whether measured sulfate concentrations were aﬀected by our two diﬀerent sampling techniques, the high-sulfate procedure and the low-sulfate
procedure. Sulfate concentrations in the Bornholm Basin
(site BB03) show a decrease in sulfate concentration with
depth down to the SMT at 40–50 cm (Fig. 2A). The highsulfate procedure for sulfate determination in the gravity
core agrees with the 1-m deep Rumohr core and interestingly includes an apparent minimum near our LoQ just
below the SMT. In the gravity core sampled with the
high-sulfate procedure, there is an increase beneath the
apparent minimum and a scatter in measured sulfate concentrations down to approximately 250 cm with no observable trend. Below 250 cm, sulfate concentrations drop
below our LoQ by both procedures. Sulfate concentrations
measured by the low-sulfate procedure remain low from the
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Fig. 2. Depth distributions of porewater data from Site BB03 in
the Bornholm Basin. White squares from Rumohr core, gray and
black squares from gravity core. (A) Sulfate, analyzed by the highsulfate procedure (white and gray squares) and by the low-sulfate
procedure (black squares). The data are presented on a log-scale in
order to emphasize the low concentrations beneath the SMT. The
dashed line at 6 lM is the LoQ. The area shaded gray is the SMT.
(B) Sulﬁde concentrations on a linear scale.

SMT to 250 cm, yet above our LoQ. Below 250 cm, both
the high-sulfate and the low-sulfate procedure show sulfate
concentrations below the LoQ. Sulﬁde concentrations
increase with depth and reach a maximum of 3500 lM at
the SMT m below which concentrations gradually decrease
and drop below detection at 400 cm (Fig. 2B).
Rhizon insertion through the core liner: In this test, we
investigated whether measured porewater sulfate concentrations were a function of extraction time and extracted
porewater volume when Rhizons were inserted through a
5 mm hole drilled through the core liner using the lowsulfate procedure. All porewater was extracted through a
single Rhizon at each depth of 167, 218, 288, 368 and
448 cm (Fig. 3A). In all cases, sulfate concentrations were
higher in the ﬁrst 1–2 mL fraction than in the second
fraction.
Rhizon insertion from the core end: In a similar test, we
investigated whether porewater sulfate concentrations were
aﬀected by the distance from the rim of the core when the
Rhizon was inserted from the core end. At depth 437 cm
(Fig. 3B), sulfate concentrations varied between 7 and
17 lM in the ﬁrst fraction recovered with no apparent relationship with distance from the rim (6 cm corresponds to
the center of the core). In the second fraction the sulfate
concentrations all dropped below the LoQ. They remained
below the LoQ for fractions 2 and 3. In fraction 4, collected
during 8–20 h, the Rhizon closest to the rim showed elevated sulfate concentration which crept just above the
LoQ. While the sulfate concentrations remained remarkably low, this elevated sample may be due to its short distance from the seawater-contaminated rim of the core. It
should be noted that this core section was located deeper
than the penetration of free sulﬁde (Fig. 2B).

Fig. 3. Sulfate concentrations in porewater extracted by Rhizons
from diﬀerent depths at site BB03 using two diﬀerent low-sulfate
procedures. (A) Rhizon insertion through core liner at ﬁve depths
extracting two consecutive fractions of porewater. (B) Rhizon
insertion parallel to the core liner from a core section end at depth
437 cm. Graphs B1, B2, B3 and B4 show four consecutive fractions
of porewater extracted from individual Rhizons after these were
inserted. Black bars are the sulfate concentrations measured at 437
cm depth after Rhizon insertion through the core liner where the
Rhizon gathered porewater at an estimated distance of 0.5–5.5 cm
from the rim of the core.

3.1.2. Aarhus Bay sulfate concentration profiles
We operationally deﬁne the ‘‘sulfate zone” as the depth
interval where sulfate is above 1000 lM, the SMT as the
zone between the depth of 1000 lM sulfate and the lower
SMT boundary. The lower SMT boundary is deﬁned as
the depth where sulfate concentrations reach ‘‘background”, i.e. where deeper samples do not show a systematic decline in concentration (Table 1).
Site M1: The porewater was taken with the low-sulfate
procedure. The sulfate concentration gradient showed a distinctive convex-down curvature in the upper 0–1 m, a largely linear drop to near the SMT at 273 cm, and again a
curvature in the comparatively broad (50 cm) SMT
(Fig. 4A). Directly below the SMT, the sulfate concentration was below the LoQ while deeper measurements down
to 500 cm scattered between our LoQ and 20 lM (Fig. 4B).
Site M5: Porewater was taken from both the Rumohr
core and the gravity core by the low-sulfate procedure.
The two diﬀerent core proﬁles are aligned by matching
the sulfate concentration proﬁles above the SMT and
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Table 1
Depth intervals of the sulfate zone and the SMT and approximate sediment age at the lower SMT boundary for three sites in Aarhus Bay.
Site

M1

M5

M24

Sulfate zone (cm)
SMT (cm)
Approximate sediment age at lower SMT boundary (years)

0–273
273–323
4800
(Rasmussen et al., 2018)

0–68
68–77
700
(Rasmussen et al., 2018)

0–354
354–404
2800
(Flury et al., 2016)

Fig. 4. Porewater sulfate concentrations at the three Aarhus Bay sites, M1, M5 and M24. (A) Linear scale. (B) Log scale for sulfate to
emphasize the low values beneath the SMT. At site M24, the squares are from October 2015 and the circles from October 2016. Colored depth
zones indicate the SMT associated with symbols of the same colors. Black dotted line indicates our limit of quantiﬁcation (6 mM SO2
4 ).

reported as a continuous proﬁle (Fig. 4A). Sulfate concentrations showed a steep drop from the surface to the SMT
at 68 cm. The SMT was narrow (9 cm). Sulfate concentration decreased to 16 lM by 77 cm depth below which it
remained within 6–15 mM down to 114 cm, the deepest
porewater sample at M5 (Fig. 4B).
Site M24: In the sulfate zone, the sulfate concentrations
at site M24 agree very well between the measurements from
cores taken in 2015 and 2016 (Fig. 4A). Both proﬁles show
a slightly concave down trend from the surface to the SMT
at 360–390 cm. In the core taken in 2015, sulfate concentrations were not monitored reliably below 500 lM and are
therefore not reported below 362 cm. A year later, where
the low-sulfate procedure was used, the proﬁle extends
down into the methane zone. Concentrations continued to
decline from 1000 lM to below 10 lM and remained close
to our LoQ down to the deepest measurement at 460 cm
(Fig. 4B).

sampling in some of the samples. At site M24 in 2015, sulﬁde increased steeply, reaching 2000 lM by 100 cm and
ranged between 1500 lM and 2500 lM down to the lowest
depth (490 cm), with a decrease beneath the SMT (Fig. 5A).
Sulﬁde was not measured at sites M1 and M24 in 2016
because priority was given to extracting porewater sulfate.
3.2.2. Porewater S0
At site M1, S0 concentrations were <1 lM throughout
the sulfate zone while concentrations were <1–4 mM and
scattering in the methane zone. In core M24, higher S0
concentrations of up to 8 mM were measured in the upper
50 cm followed by low concentrations (<0.5 lM) down to
350 cm (Fig. 5B).
3.2.3. Barium
Barium concentrations at site M24 showed a smoothly
increasing concentration with depth from the surface low
of <0.1 lM to >2 mM below the SMT (Fig. 5C).

3.2. Additional porewater and solid phase geochemistry
3.2.1. Total dissolved sulfide
At site M5 in 2016, sulﬁde increased from 0.6 lM in the
surface centimeters and peaked at 7800 lM at 43 cm, near
the SMT (Fig. 5A). There was strong scattering in the sulﬁde concentrations which may be due to sulﬁde loss during

3.2.4. Methane
Methane concentrations are reported for site M24 only
(Fig. 5D). Above 300 cm, methane concentrations are near
zero but progressively increase below this depth. In the
SMT, methane concentration increase and reach a high of
2000 mM at a depth of 450 cm.
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Fig. 5. Porewater and solid phase geochemistry at three Aarhus Bay sites, M1, M5 and M24. (A) Free sulﬁde, (B) Pore water elemental sulfur,
(C) Barium ions, (D) Methane and DIC, (E) Solid phase elemental sulfur and (F) Solid phase reduced sulfur pools (AVS and CRS). Colored
bars indicate the SMT associated with same colors as data symbols. Note the diﬀerent depth scale in Fig. 5F.

3.2.5. DIC
DIC concentrations increase steeply in the top meter
followed by a linear increase to the SMT (Fig. 5D). DIC
concentrations remained high but scattered below the
SMT with a maximum nearing 4000 mM.
3.2.6. Solid phase S0
S0 in the solid phase displays a surface maximum of
2.4 mmol cm3 at M1 and 4.5 mmol cm3 at M5, while at
M24 the maximum of 7.2 mmol cm3 occurred just beneath
the surface (Fig. 5E). At all three sites, elemental sulfur concentrations decreased steeply with depth and were low
down to the SMT, below which a slight increase occurred.
A single deep data point of Site M1 showed distinctly
elevated concentration.

3.2.7. AVS and CRS
AVS and CRS were determined only for Site M5. The
AVS content was an order of magnitude lower than the
CRS, with a broad sub-surface maximum of 9 lmol cm3
between 1 and 10 cm depth. CRS concentrations increased
due to a gradual accumulation of pyrite, from 43 lmol
cm3 at the surface to approximately 120 lmol cm3 near
the SMT (Fig. 5F).
3.3. Experimentally measured SRR
At Site M5 the SRR dropped steeply from nearly 100
nmol cm3 day1 in the top 0–1 cm to 0.1 nmol cm3 day1
just above the SMT located at 60–70 cm depth (Fig. 6).
There was a distinct SRR peak within the SMT, below
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concentrations in both studies approach similar values
(see Discussion).
3.4. Stable sulfur and oxygen isotopes

Fig. 6. SRR at three sites in Aarhus Bay. Green circles: measurements made at site M24 during this study; orange circles:
measurements at M5; blue circles: data from Holmkvist et al.
(2011a); white circles: data recalculated from Holmkvist et al.
(2011a) assuming a sulfate concentration of 10 lM as found in our
study (see Discussion). Orange, blue and green bars indicate the
SMT zones at M5, M1 and M24, respectively. Note that the blue
bar indicates the SMT reported by Holmkvist et al. (2011a). (For
interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

which rates dropped to <0.01 nmol cm3 day1. At Site
M24, where the low-sulfate procedure was utilized, SRR
decreased steeply through the upper 80 cm, from 90 nmol
cm3 day1 in the top 0–1 cm to 0.4 nmol cm3 day1 at
80 cm (Fig. 6). From 80 cm down to the SMT at
360–390 cm depth there was a shift in the depth trend and
the SRR dropped by only one order of magnitude. A slight
increase in the SRR was registered in the SMT. Below the
SMT, the SRR dropped to 104 nmol cm3 day1.
SRR data from site M1 are reported in two distinct
ways. The original data published by (Holmkvist et al.,
2011a) show SRR which are largely consistent with site
M24 in the top 0–1 m (Fig. 6, blue circles) but then drop
to lower SRR, probably because M1 has older sediment
at an equivalent depth which negatively aﬀects organic matter quality and SRR (Røy et al., 2012). The background
SRR was 103 nmol cm3 day1 below the SMT. In
Fig. 6 we also display a recalculation of the measured
SRR from site M1 (Holmkvist et al., 2011a) by which we
use our new measurements of low sulfate concentrations
(10 mM) below the SMT instead of the higher concentrations measured previously (Fig. 6, light grey circles). In
these recalculations, the SRR above the SMT are identical
to the data published by Holmkvist et al. (2011a), but below
the SMT SRR drops to much lower values of between 104
and 105 nmol cm3 day1 between the SMT and a depth
of 450 cm. This is followed by a resurgence to higher SRR
deeper in the sediment because the measured sulfate

At site M24, samples for sulfur isotopes were collected
in both November 2015 and October 2016. These two
d34S proﬁles in sulfate and sulﬁde varied very little over
time, likely because the environmental condition were similar. In 2015, sulfate d34S increased from the seawater value
(21.1‰) to a maximum of 81‰ at a low sulfate concentration of 2790 lM, below which d34S measurements were not
attempted (Fig. 7A). Extra eﬀort was expended the following year to recover large amounts of porewater at low sulfate concentrations (up to 20 mL). This extended the very
similar d34S trajectory into the SMT with a minimum sulfate concentration of 295 lM and a maximum measured
d34S of 99.7‰ and gave the proﬁle a slightly sigmoidal
shape. Sulﬁde d34S data were also very consistent between
the two years and increased from about 35‰ near the sediment surface to 22‰ at the SMT and into the methane
zone (Fig. 7A). It is striking that the latter value is very
close to the d34S of seawater sulfate. While d34SSO4 monotonically increased with depth, d18OSO4 sharply increased
from the seawater sulfate value (8.6‰) at the sediment surface to a constant value of about 22‰ at a depth of 40 cm
(Fig. 7B). Below that depth the d18OSO4 remained rather
constant (±1‰) throughout the sulfate zone reﬂecting equilibrium with d18OH2O of the porewater which was measured
at values between 2 and 3‰ throughout the proﬁle. The
d18OSO4 data were also very reproducible between the two
sampling years.
4. DISCUSSION
4.1. Measurement of sulfate concentrations below the SMT
An important objective of the present study was to
quality-test sulfate measurements in low-sulfate marine sediments. Our results show that the techniques utilized to
sample porewater for sulfate analysis are critical for the
concentrations measured below the SMT. Careful sampling
techniques (as outlined in the methods section) eﬀectively
minimized the errors associated with the measurement in
our samples. Based upon our tests, we have made a number
of observations and recommendations for porewater sulfate
sampling, which are described in detail in Appendix 2.
Reports of porewater sulfate concentrations in marine
sediments generally do not have the measurement of sulfate
concentrations below the SMT as a primary objective. This
makes it diﬃcult to compare our results with literature data
because low sulfate concentrations are often poorly
reported. Sulfate concentrations below the SMT are mostly
neglected or are reported as zero when they should rather
be reported as below the LoQ. Furthermore, critical geochemical information known to aﬀect the resulting sulfate
concentrations, such as sulﬁde concentrations, is not always
available. We note that many published datasets have
strong indication of contamination during porewater sampling. The following examples, which are meant to illustrate
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2
Fig. 7. Stable isotopic composition of sulfur in SO2
4 and H2S (panel A) and of oxygen in SO4 (panel B) in porewater from site M24 from
two consecutive years (squares and crosses, 2015; circles and x’s, 2016). Green bar indicates the SMT. Dotted lines indicate the d34S of
seawater sulfate in panel A and the d18O equilibrium value of sulfate and porewater in panel B. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

the potential problem, also include a number of earlier
studies from our own group.
In the Santa Barbara Basin oﬀ California, the reported
sulfate concentrations below the SMT scattered between
1000 and 100 lM with few measurements below 100 lM
and with no depth trend or recognized relation to other
geochemical parameters (Komada et al., 2016). IODP
Expedition 311 to the Cascadia Margin found that sulfate
concentrations below the SMT at sites U1325 and U1326
scattered between zero and 300 lM (Wortmann, 2008).
With the results of our tests in mind, we suggest that the
lowest concentrations reported by these studies are likely
to be the most correct. The in-situ sulfate concentrations
may, of course, be even closer to zero. Station M0065 from
IODP Expedition 347 in the Baltic Sea is located at the
same site as our core BB03. Sulfate concentrations were
reported to range from 70 to 190 lM in the sulﬁdic
sediment below the SMT (Andrén et al., 2015b). Our lowsulfate procedure indicated  10-fold lower sulfate concentrations, partly in the same sediment interval (Fig. 3). A
number of other detailed studies with high resolution porewater sampling have documented sulfate concentrations
scattering between tens and hundreds of mM (Knab et al.,
2008a, 2008b; Holmkvist et al., 2011a, 2011b; Treude
et al., 2014; Brunner et al., 2016). By contrast, our tests
show that the low-sulfate procedure, when applied to the
same or similar sediments from the Baltic Sea area, yields
low sulfate concentrations in the <5–20 mM range below
the SMT with limited scattering. Thus, it is inherently very
diﬃcult to avoid contamination of porewater during sampling of marine sediment with sulfate concentrations as
found below the SMT.

4.2. SR is thermodynamically favorable at and below the
SMT
We evaluated the thermodynamic constraints on dissimilatory sulfate reduction to ascertain whether SR is energyyielding at the low sulfate concentrations we measured
below the SMT. We consider SR (1) coupled to acetate oxidation (Ac-SR) or (2) coupled to the anaerobic oxidation of
methane (AOM-SR). We restrict our discussion to Ac-SR
because acetate is the most abundant and the most important single substrate for SR in marine sediments and
because other volatile fatty acids yield similar results
(Sørensen et al., 1981; Finke et al., 2007; Glombitza
et al., 2015). The two processes proceed according to the
following net reactions.
Ac-SR: CH COO +SO 2 !2HCO  +HS
ð7Þ
3

4

3

AOM-SR: CH4 COO +SO4 2 !HCO3  +HS +H2 O
ð8Þ
The free energy change available for a reaction, DGr, is
calculated as (Großkopf and Soyer, 2016):
"Q
#
vi
o
i ðci  mi Þ
vi kJmol1
DGr ¼ DG þ RT ln Q 
ð9Þ
c

m
j
j
j
where DGo is the standard energy yield of reaction at standard state, R is the gas constant (8.3145 J mol1 K1), T is
the temperature (in kelvin), ɣ is the activity coeﬃcient, m is
the molar concentration, and v is the reaction coeﬃcient of
each compound in the reaction while i and j are the indices
of products and reactants respectively. The concentrations
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Table 2
Reactant and product concentrations below the lower SMT boundary. Data correspond to measured values in Aarhus Bay which reﬂect the
conditions at site M24 below the SMT while sulfate concentration is a variable in the calculation of DGr.
Parameter

Concentration (mol L1)

Activity coeﬃcient

Reference

[SO2
4 ]


109–101
2.0  103
3.5  102
1.6  103
5.0  106

0.1
0.5
0.5
1
0.5

This study
This study
This study
This study
(Glombitza et al., 2014)

[HS ]
[HCO
3]
[CH4]aq
CH3COO

and activity coeﬃcients utilized to calculate DGr below the
SMT are shown in Table 2 and correspond to values for the
lower SMT boundary.
We used a temperature of 10 °C for the calculations as
this was the temperature of the core when retrieved on
deck. The annual mean temperature in Aarhus Bay sediment is 9 °C (Dale et al., 2008). We used the CH4, DIC
and sulﬁde concentrations which were measured at the
lower SMT boundary of site M24 (Fig. 5). We utilized
the acetate concentrations obtained from site M1 in Aarhus
Bay (Glombitza et al., 2014). Our calculations show that
SR under in-situ conditions is thermodynamically favorable
at a sulfate concentration of 10 lM, with a calculated DGr
of 17.9 kJ mol1 for Ac-SR and 11.9 kJ mol1 for
AOM-SR. These are low energetic yields where the minimum levels of energy conservation needed for ATP synthesis becomes an important concern. This constraint is
referred to as the thermodynamic driving force (f), which
is deﬁned as
f ¼ DGr  mDGp

ð10Þ

where m is the number of ATP molecules synthesized per
for Desulsulfate reduced to sulﬁde (2/3 ATP per SO2
4
fobacter spp. (Rabus et al., 2006)) and DGp is the phosphorylation energy, typically around 50–70 kJ mol1 (Schink,
1997). When f is negative, microbial energy metabolism
can be sustained. Based on these values, SR requires a minimum energy somewhere between 33 and 47 kJ mol1,
consistent with results from many pure culture studies of
sulfate reducing bacteria. For example, studies of Desulfobacter hydrogenophilus in batch culture show that sulfate
ceased to be consumed at 10–50 lM, when the free energy
available was in the range of 33 to 43 kJ mol1 SO2
4 ,
whereas residual sulfate concentrations in lake sediments
appear to have a lower boundary at 16 lM, corresponding
to a free energy of 47 kJ mol1 SO2
(Jin and Bethke,
4
2009). However, the free energy of phosphorylation is
highly dependent on the ratio of ATP to ADP within cells
(Tran and Unden, 1998) where lower free energies than
mentioned above might be possible as a result of physiological adaptations of the microbial community. In Cape
Lookout Bight for example, SR appeared favorable down
to free energies around 20 kJ mol1 SO2
(Hoehler
4
et al., 2001). A reported energetic threshold for SR of
20 kJ mol1 below the SMT has previously been calculated with sulfate concentrations of 200 lM in the Black
Sea and Baltic Sea for AOM-SR (Knab et al., 2008b). In
Arctic sediments of southwest Greenland, sulfate concentration at the lower edge of the SMT of 200 lM, resulted

Fig. 8. Energy yield, DGr, of SR under in-situ conditions (see
Table 2 & Discussion) at site M24 directly below the SMT as a
function of sulfate concentration. The dashed line indicates the free
energy yield of SR from acetate oxidation (Ac-SR) while the full
line is for anaerobic oxidation of methane (AOM-SR). Grey
vertical line at 10 lM sulfate represents the approximate concentration that we measure below the SMT. As is evident, the sulfate
concentrations measured are higher than the minimum requirements predicted by energetic constraints of highly adapted microbial communities (see text). The orange shading highlights the
range of sulfate concentrations which may yield negative DGr and
therefore are theoretically possible below the SMT. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

in a free energy yield of 31 kJ mol1 for acetate oxidation
(Glombitza et al., 2015).
Our calculations, based on measured sulfate concentrations of 10 lM below the SMT suggest that a DGr of less
than 20 kJ mol1 may be possible in marine sediments.
At site M24, below the SMT, a DGr = 0 kJ mol1 would
theoretically be reached at a sulfate concentration of 0.08
lM which is well below the measured values in our study
(Fig. 8). It is evident that this lower limit cannot actually
be reached and that sulfate concentrations must be larger
under in situ conditions, such as low acetate concentrations.
While the required minimum energy below the SMT is not
certain, SR was shown to apparently yield suﬃcient energy
at our reported sulfate concentrations to sustain microbial
energy metabolism (Fig. 6).
4.3. The sulfur cycle below the SMT is supply-controlled
Sulfate concentrations below the SMT did not vary
much between sites nor was there an apparent decrease with
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depth under sulﬁdic conditions (Fig. 4B). Yet the SRR
varies signiﬁcantly between the three sites from Aarhus
Bay. In addition to the datasets obtained from sites M5
and M24, we also recalculated the SRR from site M1 that
were previously published (Holmkvist et al., 2011a) but
now taking into account sulfate concentrations obtained
with the low-sulfate procedure from site M1 (Fig. 4B). In
the sulﬁdic zone below the SMT, the recalculated SRR were
signiﬁcantly lower than those obtained by Holmkvist et al.
(2011a) and this comparison is useful. However, below the
sulﬁdic zone, Holmkvist et al. (2011a) measured low sulfate
concentrations and calculated SRR that approach our
recalculated values. The recalculated SRR (Fig. 6) are
10-fold lower than the original data below the SMT if
we assume that the sulfate concentrations in the 35S incubations performed by Holmkvist et al. (2011a) were the same
as in our measurements with the low-sulfate procedure. As
we have discovered through this study, measuring sulfate
concentrations below the SMT is diﬃcult. A potential concern when reporting SRR from low sulfate sediment is that
sulfate concentrations in the incubations may be diﬀerent
than the ones measured with the low sulfate procedure.
Sulfate concentrations in the incubations are indeed marginally aﬀected by the addition of the 35SSO4 solution and
subsequent incubation and it is necessary to correct the calculated SRR for this additional sulfate (Appendix 3). The
sulfate added as a result of performing the incubation
aﬀects the energetics of sulfate reduction. An increase in
sulfate concentration from 10 mM to 11.4 mM, as may be
the case due to the addition of sulfate added with the
35
SSO4 tracer, increases the DGr for acetate oxidation from
17.9 to 18.2 kJ mol1 which could provide, very marginally, more favorable conditions for sulfate reduction than
the unamended sediment. If microbes performing sulfate
reduction can translate this small energetic yield change
in a matter of hours to higher metabolic rates, the speciﬁc
turnover of sulfate could be overestimated.
At our three sites, below the SMT, SR is turning over
sulfate at sulfate concentrations that appear to be energetically limiting. Since there is no diﬀusive or advective source
of sulfate, the SRR must be limited by the in situ sulfate
production rate. Sulfate appears to be replenished and balanced at a sulfate concentration of roughly 10 lM (Fig. 4B)
although the SRR diﬀers by up to 100-fold between the
lowest activity and highest activity site (Fig. 6). Most probably, sulﬁde is reoxidized to sulfate in-situ by an oxidant
such as iron (III). Sulfate may also be supplied through dissolution of sulfate-bearing minerals such as barite. Both
can be buried unreacted past the SMT (c.f. ‘‘latent oxidants” (Valentine, 2011)). Despite highly reactive iron
(III) phases being absent below the SMT at site M1
(Holmkvist et al., 2011a), iron bound in silicates may survive the diagenetic process on timescales of hundreds to
thousands of years (Canﬁeld et al., 1992), thereby remaining reactive to sulﬁde on burial timescales relevant for Aarhus Bay sediments beneath the SMT. The reactivity of iron
oxides remaining depends on their past level of exposure to
sulﬁde. Therefore, with increasing age of sediment the
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sulﬁde oxidation rates should be lower at sites with similar
sedimentation histories and sulﬁde concentrations. Indeed,
SRR below the SMT between our three sites (M1 (recalculated), M5 and M24) appear related to the age of the sediment; (SRR below SMT: M1 (recalculated) < M24 < M5;
age of sediment at SMT: M1 > M24 > M5, Table 1), thus
supporting our argument that it is the sulﬁde oxidation
by a source of oxidant which is likely controlling SRR
below the SMT.
Barite dissolution could potentially oﬀset sulfate
removal by SR below the SMT. The concentrations of
Ba2+ and sulfate, which we report below the SMT, are
lower than the solubility product of the mineral, which
could therefore be mobilized if present. Increasing concentrations with depth of Ba2+ in the porewater to >2 lM
below the SMT (Fig. 5) are the tail end of a diﬀusive ﬂux
of Ba2+ from deeper in the sediment. In Baltic Sea sediments, an observed maximum in Ba2+ concentrations of
30 lM at a depth of 14 meters (Andrén et al., 2015a) was
suggested to result from the dissolution of barite which
had precipitated during Glacial or Postglacial events of seawater intrusion (high sulfate) into brackish sediments
(excess Ba2+) (Suess, 1982). If sulfate is liberated from barite dissolution in deeper sediment layers it would need to
diﬀuse up to the sediment we have studied, however, which
is not possible as the sulfate gradient is zero. Barite dissolution is therefore unlikely to be driving the SRR we have
measured.
Another possible mechanism which would explain why
sulfate concentrations do not decrease with depth below
the SMT is that very low SRR result in extremely long turnover times of sulfate. In a given sediment horizon, assuming
steady state, the 35S-SRR data can be used to calculate
turnover times of the deep sulfate pool. At site M24, a
minimum measured SRR of 104 nmol cm3 day1, will
consume 10 lM of sulfate in roughly 300 years. The sedimentation rate in Aarhus Bay, (0.1 cm year1 (Rasmussen
et al., 2018)) can be used to convert this time to a burial
depth interval. Assuming steady state at site M24, consumption of 10 lM of sulfate occurs while the sediment is
buried 30 cm deeper below the SMT. Similarly, at site
M5, a minimum SR of 3  103 nmol cm3 day1 will consume 10 mM sulfate in 10 years or roughly during 1 cm of
burial (Fig. 6). At site M1, the recalculated minimum values
of SRR below the SMT of 105 nmol cm3 day1 (Fig. 6)
would, if the recalculated data were correct, consume
10 lM of sulfate during roughly 3000 years, equivalent to
300 cm of sediment burial. This means that sulfate below
the SMT at Site M1 is currently hardly turning over. The
sulfate turnover below the SMT at sites M5 and M24, however, suggests that the sulfate must be continuously replenished or else sulfate would disappear within 10–300 years,
i.e. much shorter time than the age of the sediment. The
important conclusion from this is that sulfate below the
SMT is indeed turning over and that the sulfate concentration remains very low and tightly bound at a threshold
controlled by the minimum free energy required by the
sulfate reducing microorganisms.
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4.4. Sulfur and oxygen isotopes provide an estimate of
contamination during sampling
The sulfate concentrations presented here are likely correct or overestimated but not underestimated as virtually
every step in the coring and porewater extraction procedures lead to a potential contamination of the sulfate pool.
Sources of contamination are most likely sulﬁde oxidation
(Leloup et al., 2007; Holmkvist et al., 2011a; Brunner
et al., 2016) or seawater contamination during sampling
of porewater (Brunner et al., 2016). In the sulfate zone, such
contamination during porewater sampling, either from seawater sulfate or sulﬁde oxidation is not detected due to the
high sulfate concentration. However, at and below the
SMT the sulfate concentrations are very low and even the
slightest contamination can aﬀect the data signiﬁcantly.
For example, seawater contamination corresponding to
only 0.04% of the porewater volume would yield 10 mM sulfate. Furthermore, a small fraction of the sulﬁde or iron sulﬁde could have been oxidized to sulfate, as it probably
happened in a previous study at site M1, where sulfate concentrations in the hundreds of lM just below the SMT
scaled down with decreasing sulﬁde concentrations to reach
<2 mM beneath the zone of free sulﬁde (Holmkvist et al.,
2011a). We therefore use measured stable isotopes as an
additional check to estimate the potential sulfate contamination in our samples.
At site M24, sulﬁde below the SMT had the same sulfur
isotopic composition as seawater sulfate. However, its isotopic composition diﬀered strongly from that of the residual
sulfate pool in the sulfate zone within or just above the
SMT. Therefore, the signature of sulfur isotopes below
the SMT can be an indicator of the level of contaminant
sulfate which entered during porewater sampling. Similarly,
oxygen isotopes of seawater and of sulfate formed from sulﬁde oxidation should have a distinct signature relative to
that of the residual sulfate pool. The d18OSO4 can therefore
also be utilized to assess contamination because the d18OSO4
produced artiﬁcially by sulﬁde oxidation should be signiﬁcantly lower than the equilibrium value produced in situ
by SR (e.g., Balci et al., 2007). However, beneath the
SMT the sulfur and oxygen isotopes cannot diﬀerentiate
whether a potential contamination may be due to sulﬁde
oxidation or to seawater inﬁltration because both produce
the same isotopic anomaly (see discussion below).
It is evident from the stable isotope measurements
(Fig. 7) that both the d34S and d18OSO4 of sulfate increased
with depth. The d34S reached high values at low sulfate concentrations while d18OSO4 reached high values already at
much higher sulfate concentrations, shallower in the sediment column. The increase in d34S with depth is attributed
to dissimilatory sulfate reducing microorganisms which
preferentially consume light isotopes of sulfur over heavier
isotopes in marine sediments (Kaplan and Rittenberg, 1964;
Böttcher et al., 1998, 1999; Aharon and Fu, 2000;
Wortmann et al., 2007; Antler et al., 2013) leading to
enrichment in the heavy sulfur isotope in the residual sulfate. SR appears to incur this isotope fractionation down
to sulfate concentrations that are <300 lM, the lowest
sulfate concentration from which we could measure sulfur

isotopes (see supplemental information for additional discussion on this). In addition, oxygen isotope exchange
and kinetic isotope fractionation during SR leads to a progressive equilibration between oxygen isotopes of sulfate
and porewater (Fritz et al., 1989; Brunner et al., 2005).
Therefore, the trajectory of d34SSO4 and d18OSO4 with
depth, as sulfate concentrations decreases, can monitor
contamination because the processes of SR and contamination (seawater intrusion or sulﬁde oxidation) have diﬀerent
isotopic signatures.
The isotopic composition of seawater sulfate is d34S =
+21.1‰, (Fig. 7). At and below the SMT, sulﬁde had the
same isotopic signature (Fig. 7). At the SMT, the downwards diﬀusing sulfate had reached a d34S of +100‰. If
samples were contaminated with seawater, or if sulﬁde
had been reoxidized during sampling, the d34SSO4 would
be lower than if there had been no contamination. We
did not observe a decrease in d34SSO4 or d18OSO4 as low sulfate concentrations at the SMT were approached (lowest
concentration analyzed isotopically was 300 lM), suggesting little to no contamination (Fig. 7). We could not recover
enough porewater for isotope analysis at concentrations
<300 lM SO2
4 .
To gain a better understanding of how the d34S of porewater sulfate would be aﬀected by diﬀerent amounts of contamination, we constructed mixing scenarios where small
concentrations of sulfate with a 21.1‰ sulfur isotopic composition are mixed into the porewater samples (Fig. 9). To

Fig. 9. d34SSO4 of porewater sulfate as a function of residual
sulfate. Site M24 (green circles) shows continuously increasing d34S
as sulfate concentrations decline. Earlier data from M1 (grey
circles) published by (Brunner et al., 2016) are characterized by
increasing d34S with decreasing concentrations down to 2000 lM,
followed by decreasing d34S as concentrations drop further to 100
lM. Black continuous line is a polynomial ﬁt to the data from M24
which reﬂects the extrapolated behaviour of d34SSO4 with decreasing sulfate concentration. Dashed lines correspond to mixing in of
diﬀerent amounts of contaminant sulfate in the sample, either as
seawater sulfate or as sulﬁde oxidized with a similar d34S as
seawater (+21.1‰). A contaminant sulfate concentration of 100–
200 lM appears to emulate the trajectory observed by Brunner
et al. (2016) at site M1. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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produce a detectable negative shift in the isotopic trajectory
between the two samples with the lowest sulfate concentrations (300 and 1000 mM), at least 20–30 lM of contaminant
with the isotopic signature of 21.1‰ would need to be
incorporated into the sample. This amounts to a tenth of
the 300 mM and represents an upper threshold for the
amount of contamination. However, the level of contamination in our samples is clearly lower than 20–30 mM since
we have measurements of sulfate concentrations down to
10 lM or less (Fig. 4). In addition, measurements of sulfate
in consecutive porewater fractions showed little relationship with extraction time or with extracted volume within
the ﬁrst 20 h after core retrieval (Fig. 3B). As porewater
for isotope analysis was taken within this timeframe, it
should be similarly uncontaminated. The addition of
10 lM of contaminant to our isotope proﬁle would only
produce a small shift towards lower d34SSO4 and would
not produce a negative trajectory in d34SSO4 with decreasing
[SO2
4 ], which would be a clear-cut indication for signiﬁcant
contamination. At concentrations lower than 300 lM, however, even 10 lM of contaminant would detectably lower
the d34SSO4 (Fig. 9). Since stable sulfur and oxygen isotopes
were not measured at sulfate concentration below 300 mM,
the isotope data cannot be used to assess the degree of
contamination below the SMT because the contaminant
fraction must be less than the measured 10 mM sulfate.
Some previous studies have observed that the d34SSO4
decreased across the SMT (Wortmann, 2008; Brunner
et al., 2016; Raven et al., 2016), while in other studies negative trajectories were not observed, even at sulfate concentrations below 500 lM (Turchyn et al., 2016). A shift of
d34SSO4 towards seawater values at site M1, as observed
by Brunner et al. (2016), was suggested most likely to be
due to seawater contamination. Plotted against the contaminant trajectories of our study (Fig. 9), the d34SSO4 reported
by Brunner et al. (2016) deviates signiﬁcantly from the
expected trajectory at concentrations <2500 lM. This
would be consistent with a contamination by 100–200 lM
SO24, similar to the sulfate concentrations found at M1
(Holmkvist et al., 2011a).
Several other datasets of oxygen isotopes below the
SMT in marine sediments show indications of contamination. For example, the d18OSO4 equilibrium value in core
ODP 1082 decreased down through the SMT from 22 ‰
to 16 ‰ (d34SSO4 was not reported at this depths)
(Turchyn et al., 2006), which suggests that sulﬁde oxidation
or seawater contributed to the signature observed. A
decrease in d18OSO4 below the SMT was also reported in
Aarhus Bay, which is consistent with seawater contamination (Brunner et al., 2016). Similarly, in cores U1325-1327
from IODP 311, both d34SSO4 and d18OSO4 showed the signs
of contamination by either seawater or sulﬁde oxidation
because of a marked shift in d34SSO4 and d18OSO4 towards
seawater values at low sulfate concentrations (Wortmann,
2008).
The lack of a shift in d34SSO4 or d18OSO4 at low sulfate
concentrations in our dataset thus indicates that the lowsulfate procedure developed in our study reduced contamination to a very low level than could be detected by sulfur
and oxygen isotopes. Our ﬁndings support that sulﬁde
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oxidation is indeed occurring in situ concurrently with sulfate reduction in marine sediments.
5. CONCLUSION
We have developed a new low-sulfate procedure for
sample handling that minimizes sulfate contamination
when sampling marine sediments. The sulfate reduction
rates measured below the SMT, under high sulﬁde concentrations and very low sulfate concentrations in the 10 mM
range, suggest that (a) the sulfate is maintained at a steady
state concentration, balanced between production and consumption, and (b) the concentration is controlled by the
physiological capacity of sulfate reducing microorganisms.
In addition, decreasing SRR below the SMT as a function
of sediment age suggest that latent oxidants such as iron
(III), which survive the burial process over thousand year
timescales, are driving sulﬁde oxidation. The new results
show that sulﬁde oxidation is occurring concurrently with
sulfate reduction in marine sediments. However, the sulfur
cycle operates at lower sulfate concentration than previously reported. Finally, the tests and new procedure
outlined in this study point towards a way to avoid contamination of pore water. This may be of general concern when
low levels of contamination aﬀect low concentration elements or redox-sensitive elements in pore water.
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