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Abstract

Sulfate reduction and sulfur–iron geochemistry were studied in 5–6 m deep gravity cores of Holocene mud from Aarhus Bay
(Denmark). A goal was to understand whether sulfate is generated by re-oxidation of sulfide throughout the sulfate and methane
zones, which might explain the abundance of active sulfate reducers deep below the main sulfate zone. Sulfate penetrated down to
130 cm where methane started to build up and where the concentration of free sulfide peaked at 5.5 mM. Below this sulfate–
methane transition, sulfide diffused downwards to a sulfidization front at 520 cm depth, below which dissolved iron, Fe2+, accu-
mulated in the pore water. Sulfate reduction rates measured by 35S-tracer incubations in the sulfate zone were high due to high
concentrations of reactive organic matter. Within the sulfate–methane transition, sulfate reduction was distinctly stimulated by
the anaerobic oxidation of methane. In the methane zone below, sulfate remained at positive “background” concentrations of
<0.5 mM down to the sulfidization front. Sulfate reduction decreased steeply to rates which at 300–500 cm depth were
0.2–1 pmol SO4

2� cm�3 d�1, i.e., 4–5 orders of magnitude lower than rates measured near the sediment surface. The turn-over
time of sulfate increased from 3 years at 12 cm depth to 100–1000 years down in the methane zone. Sulfate reduction in the meth-
ane zone accounted for only 0.1% of sulfate reduction in the entire sediment column and was apparently limited by the low pore
water concentration of sulfate and the low availability of organic substrates. Amendment of the sediment with both sulfate and
organic substrates immediately caused a 10- to 40-fold higher, “potential sulfate reduction” which showed that a physiologically
intact community of sulfate reducing bacteria was present. The “background” sulfate concentration appears to be generated
from the reaction of downwards diffusing sulfide with deeply buried Fe(III) species, such as poorly-reactive iron oxides or iron
bound in reactive silicates. The oxidation of sulfide to sulfate in the sulfidic sediment may involve the formation of elemental
sulfur and thiosulfate and their further disproportionation to sulfide and sulfate. The net reaction of sulfide and Fe(III) to form
pyrite requires an additional oxidant, irrespective of the formation of sulfate. This could be CO2 which is reduced with H2 to
methane. The methane subsequently diffuses upwards to become re-oxidized at the sulfate–methane transition and thereby
removes excess reducing power and enables the formation of excess sulfate. We show here how the combination of these
well-established sulfur–iron–carbon reactions may lead to the deep formation of sulfate and drive a cryptic sulfur cycle. The
iron-rich post-glacial sediments underlying Holocene marine mud stimulate the strong sub-surface sulfide reoxidation observed
in Aarhus Bay and are a result of the glacial to interglacial history of the Baltic Sea area. Yet, processes similar to the ones
described here probably occur widespread in marine sediments, in particular along the ocean margins.
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1. INTRODUCTION

Marine sediments have a vertical zonation of the pre-
dominant terminal mineralization processes by which
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buried organic matter becomes mineralized and oxidized to
CO2. A depth sequence is generally observed of zones where
oxygen, nitrate, Mn(IV), Fe(III), sulfate and CO2 are con-
sumed as the terminal electron acceptors through geochem-
ical oxidation reactions or through microbial respiration
pathways (e.g., Berner, 1981; Froelich et al., 1979). The
extension of these reaction zones depends on the deposition
rate of organic matter and is more constrained to the upper
sediment strata on the continental shelf than in the deep
sea. It is well known that the reactions are mixed in a spa-
tially and temporally complex manner within the oxic and
suboxic zones where burrowing and bioirrigating fauna cre-
ates a complex, three-dimensional chemical environment
(e.g., Aller, 1994; Fossing et al., 2000).

In sub-surface continental shelf sediments molecular
diffusion of sulfate down into the sediment is controlled
by the vertical zonation of sulfate reduction and methano-
genesis. The sulfate–methane transition (SMT) marks the
depth where sulfate becomes depleted and methanogenesis
takes over as the terminal process of organic matter
mineralization (Martens and Berner, 1977; Iversen and
Jørgensen, 1985). Within the SMT, sulfate reduction is dri-
ven mostly by anaerobic oxidation of methane (AOM),
which diffuses upwards from the deeper sulfate-depleted
sediment (Barnes and Goldberg, 1976). These biogeochem-
ical processes all depend on microbial catalysis and their
zonation should therefore be reflected in the zonation of
the predominant microbial communities. Recent data on
the relative distribution of sulfate reducing bacteria
(SRB) in Black Sea and Aarhus Bay sediments shows that
SRB may constitute just as high a proportion of the total
bacterial numbers within the methane zone as in the sul-
fate zone (Leloup et al., 2006, 2009). It was not clear from
those data, however, whether the (SRB) were actively
reducing sulfate within the methane zone or whether their
abundance was due to other types of metabolism, such as
sulfur disproportionation, iron reduction, or fermentation.
Sulfate was detected throughout the methane zone at con-
centrations of a few hundred lM. This was considered to
be a “background” concentration that might either be an
artifact due to sample oxidation or might be below a
threshold concentration required for sulfate reduction to
occur (Leloup et al., 2006).

Those microbiological observations inspired us to ex-
plore the potential for sulfate reduction deep below the
SMT and to test whether sulfate reducing bacteria might
be able to maintain an active respiratory metabolism in
spite of lM concentrations of sulfate in the pore water.
Aarhus Bay, Denmark, located at the transition between
the Baltic Sea and the North Sea, appeared to be a promis-
ing site for such a study. Aarhus Bay is a shallow semi-
enclosed basin with deep Holocene mud deposit overlying
late glacial till and post-glacial clay (Jensen and Bennike,
2008). Earlier studies in Aarhus Bay had shown that
AOM takes place within the SMT a few meters below the
sediment surface (Thomsen et al., 2001; Dale et al., 2008).
Our present study indicated that sulfide produced from sul-
fate reduction within the SMT diffuses both upwards and
downwards and causes a pronounced sulfidization front
deep within the methane zone. It appears that the deep
sediment still contains iron oxides that may chemically oxi-
dize sulfide in the pore water. This oxidation of sulfide
could potentially lead to the production of sulfate that
could in turn be used by the sulfate reducing bacteria in
the methane zone. Hence, our working hypothesis was that
the presence of active sulfate reducers below the SMT in
Aarhus Bay may be enabled by an ongoing production of
sulfate in the otherwise sulfate-depleted environment. We
present here the biogeochemical evidence. In a separate
publication, the distribution and diversity of sulfate reduc-
ing bacteria and evidence of their active gene expression in
sub-surface Aarhus Bay sediment are presented (Leloup
et al., 2009).
2. MATERIALS AND METHODS

2.1. Sediment sampling

Sediment cores were taken by a large gravity corer (6 m
steel barrel with a 12 cm diameter polyvinyl-chloride inner
core liner and a core catcher) and Rumohr-type gravity
corer (1 m long, 10 cm diameter polycarbonate barrel with
no core catcher). Cores were taken at Station M1 (St. M1)
in the central part of Aarhus Bay (Denmark) (56�07.0580N
and 10�20.8650E, Fig. 1), at a water depth of 15 m, during a
research cruise in March 2007 on the MS Henry. Four grav-
ity cores were taken with lengths of 4.7–5.5 m. Three
Rumohr cores were taken with lengths up to 70 cm in order
to obtain undisturbed surface sediment and thereby to esti-
mate the loss of surface sediment in the gravity cores. The
loss of surface sediment (10–30 cm) was estimated by align-
ing the sulfate reduction rates and/or the pore water sulfate
concentrations at the top of the gravity cores with those in
the Rumohr cores. Whole Rumohr cores were brought
back to the laboratory in the core liner, whereas gravity
cores were split into 1 m sections onboard MS Henry and
stored at near in situ temperature (�8 �C) until processed.
Magnetic susceptibility, pore water extraction, solid phase
sampling and sulfate reduction rate measurements were
performed on the longest gravity core. The potential sulfate
reduction rate measurements were done in two separate
gravity cores while the fourth core was used to collect mus-
sel shells for 14C age determination.

2.2. Pore water extraction

Rhizone soil moisture samplers (Rhizosphere Research
Products, Wageningen, The Netherlands) were used for
the extraction of pore water in the Rumohr and gravity
cores. The rhizones consist of a 5 or 10 cm long inert por-
ous polymer tube with a pore size of 0.1 lm through which
pore fluid was extracted by vacuum created by disposable
10 mL syringes. Pore water for sulfate, sulfide and dissolved
iron was extracted from the longest gravity core after gently
pushing the rhizones into pre-drilled holes in the core liner
at 10 cm depth intervals. Pore water was similarly extracted
from the Rumohr cores at 5 cm depth intervals. By compar-
ison with pore water squeezed through a membrane filter
under N2, we found that the rhizone extraction consistently



Fig. 1. Map of the study area, Aarhus Bay in Denmark, with location of coring site “M1”.
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yields more reproducible and higher data for reactive pore
water species such as H2S or Fe2+.

Pore water samples for sulfate and sulfide were fixed by
mixing 1 mL of pore water with 0.25 mL 1% zinc acetate.
Pore water for determination of dissolved iron was pre-
served by acidifying 1 mL pore water with 0.1 mL 10%
HCl. In order to test whether auto-oxidation of sulfide
occurred during the pore water extraction and thereby
affected the sulfate data we extracted pore water under
strict anoxic conditions inside an anaerobic glove box at
60 cm depth intervals at 270–410 cm depth in another grav-
ity core. The extracted pore water was immediately acidified
with 0.1 mL 10% HCl and outgassed with N2 in order to re-
move H2S. The low sulfate concentrations measured within
the methane zone of the sediment by this careful approach
did not differ significantly from sulfate data obtained with-
out the anaerobic glove box.

2.3. Pore water analyses

Sulfate was analyzed by non-suppressed ion chromatog-
raphy (100 ll injection volume, Waters, column IC-PakTM,
50 � 4.6 mm). The eluent was 1 mM isophthalate buffer in
10% methanol, adjusted to pH 4.5 with saturated sodium
borohydrate, and the flow rate was 1.0 mL min�1. Hydro-
gen sulfide (sum of H2S and HS�, in the following called
“H2S”) was determined spectrophotometrically at 670 nm
(Shimadzu UV 1202) on zinc-preserved pore water samples
by the methylene blue method (Cline, 1969). Dissolved iron
was measured according to Stookey (1970) with Ferrozine
(1 g L�1 in 50 mM Hepes buffer, pH 7) spectrophotometri-
cally at 562 nm (Shimadzu UV 1202).

2.4. Solid phase sampling

The longest gravity core was kept unopened and scanned
for magnetic susceptibility (MS) and further processed
within 2 days after sampling. Sediment sub-samples for iron
and sulfur analysis and for sulfate reduction rate measure-
ments were collected in between the depths where pore
water was extracted in order to minimize sample oxidation.
Porosity and density samples were taken with 10 mL cut-off
syringes at 20 cm depth intervals. Sediment for the analysis
of sulfur, iron and carbon were collected at 10 cm depth
intervals and stored in gas-tight plastic bags (iron and car-
bon samples) or in plastic tubes with zinc acetate dihydrate
(20% w/v) (sulfur samples) and immediately frozen at
�20 �C. Samples for sulfate reduction rate measurements
were taken at 10 cm depth intervals with butyl rubber stop-
pered glass tubes (5 cm3) and kept at in situ temperature.

2.5. Solid phase analyses

Magnetic susceptibility was measured on the longest,
whole gravity core with a Bartington Instruments MS2
meter, equipped with a MS2C sensor, at a scan rate of
1 cm min�1. The water content in the sediment was deter-
mined from the weight loss after drying at 60 �C until con-
stant weight and sediment density as the wet weight per cm�3.

Reactive iron is here defined as the fraction of iron that
may react with sulfide to form iron sulfide minerals (Berner,
1970; Canfield and Berner, 1987). The degree of reactivity
towards sulfide among the various forms of iron present
in marine sediments differs in time scale from hours to mil-
lions of years (Canfield et al., 1992; Raiswell and Canfield,
1996). The different fractions of reactive iron were deter-
mined using chemical extractions on separate sub-samples
of frozen sediment (i.e., not by consecutive extractions of
the same sub-samples).

(A) Highly reactive Fe(III). The most readily acid-
soluble iron minerals were extracted with cold 0.5 M HCl
for 1 h on a rotary shaker. The Fe(II) fraction of the ex-
tracted iron was then determined in the HCl extracts by
the Ferrozine method (Stookey, 1970). Extracted highly
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reactive Fe(III) was determined as the difference between
the iron (Fe(II) + Fe(III)), extracted with Ferrozine + 1%
w/v hydroxylamine hydrochloride, and the Fe(II) fraction.

(B) Dithionite reactive iron was extracted by reductive
dissolution with dithionite–citrate-acetic acid according to
Canfield (1989). The extracted iron was determined with
Ferrozine + 1% w/v hydroxylamine hydrochloride. This
reactive iron fraction consists mostly of more crystalline
iron oxides such as goethite and hematite (e.g., Canfield,
1989) as well as FeCO3 and FeS. The FeS, determined as
acid volatile sulfide, constituted only an insignificant frac-
tion of this iron pool.

(C) Total reactive iron was extracted by boiling sub-
samples of the sediment in 12.5 M HCl for 1 min according
to Berner (1970) and Raiswell et al. (1988). The extracted
iron was determined with Ferrozine + 1% w/v hydroxyl-
amine hydrochloride. Total reactive iron includes both
the more readily reactive iron fractions and reactive sili-
cate-bound iron.

Solid-phase manganese was determined using flame
atomic absorption spectrometry (Perkin Elmer, Atomic
Absorption Spectrometer 3110) in the supernatant from
the dithionite extracts.

Freeze dried sediment for the determination of total or-
ganic carbon (TOC) was pre-treated with HCl, dried again,
and analyzed on a CNS analyzer (FisonsTM Na 1500
elemental analyzer). AVS (acid volatile sulfide = dissolved
sulfide + iron monosulfides) and CRS (chromium reducible
sulfur = mostly pyrite + elemental sulfur) were determined
by the two step acidic Cr(II) method (Fossing and
Jørgensen, 1989). The volatilized and trapped sulfide was
determined spectrophotometrically at 670 nm (Shimadzu
UV 1202) by the methylene blue method (Cline, 1969).

2.6. Sulfate reduction rates (SRR)

Triplicate samples of 5 cm3 were carefully collected in
butyl rubber stoppered glass tubes for the measurement
of SRR. Sampling was done at 3 cm depth intervals down
to 55 and 10 cm depth intervals below that depth, alternat-
ing with the depths of pore water extraction. The glass
tubes were injected with 5 ll carrier-free 35SO4

2� tracer
(�500 kBq per 5 cm3) and incubated for 24 h at in situ

temperature. Sulfate reduction was stopped by mixing the
sample with 10 ml cold zinc acetate (20% w/v) and freezing.
The samples were later treated by cold chromium distilla-
tion after Kallmeyer et al. (2004) and SRR were calculated
according to Jørgensen (1978):

SRR ¼ ½sulfate� � ð35S-CRS=35S-sulfateÞ
� ð1:06=tÞ pmol cm�3 d�1 ð1Þ

where [sulfate] is the sulfate concentration in pmol per cm3

of wet sediment, 35S-CRS is the radioactivity of total re-
duced sulfur at the end of incubation, 35S-sulfate is the ini-
tial radioactivity of sulfate added to the experiment, 1.06 is
a correction factor for the expected isotope discrimination
against 35S-sulfate versus the bulk 32S-sulfate by the sulfate
reducing bacteria, and t is the incubation time measured in
days. We use here the unit pmol SO4

2� (1 pmol = 10�12

mol) rather than nmol SO4
2� (1 nmol = 10�9 mol) because
of the predominance of SRR in the pmol cm�3 d�1 range.
This unit has proven to be practical to describe sub-seafloor
rates of microbial processes (e.g., Parkes et al. (2005)).

It is important for the SRR measurements at very low
pore water sulfate concentration that the injection of car-
rier-free 35S-sulfate does not increase the sulfate concentra-
tion significantly. We calculated that the applied injection
of 500 kBq 35SO4

2� into 5 mL sediment adds only 2 nM
sulfate to the pore water.

In the deeper, methanogenic part of the sediment, be-
neath the main sulfate zone, we determined “potential sul-
fate reduction rates” (P-SRR) in similar 5 cm3 samples. In
the nearly sulfate-depleted sediment at 165–540 cm depth,
sediment samples from two independent gravity cores (re-
ferred to as GC A and B, respectively) were injected under
N2 with stock solutions of non-radioactive sulfate (1 mM
final concentration) and organic substrates (100 lM final
concentrations of propionate, acetate, lactate and formate).
The samples were then pre-incubated for 12 h during which
sulfate and substrates diffused out to reach a uniform distri-
bution in the sediment. Subsequently, 10 ll of carrier-free
35SO4

2� tracer (�800 kBq) was injected into each sample.
A time series experiment with five 12 h incubations start-

ing at 0, 12, 24, 36 and 48 h was done with triplicate
samples of 5 cm3 sediment for each time point. The incuba-
tions were stopped by mixing the sample into 10 ml cold
zinc acetate (20% w/v) and treating as described above.
2.7. 14C age determinations

Shells of the bivalve, Cerastoderma lamarcki, from
460 cm sediment depth were used for 14C age determination
at the Poznan Radiocarbon Laboratory (Poland). The
shells were cleaned with H2O2 (15–30%) to remove organic
coatings, then quickly etched with 0.5 M HCl to remove the
outer carbonate layer, and again treated with H2O2. The
remaining carbonate was leached with conc. H3PO4 in a
vacuum line. The sample CO2 was reduced with H2 over
2 mg of Fe powder as a catalyst and the resulting carbon/
iron mixture was pressed into a pellet in the target holder
as described by Czernik and Goslar (2001). The content
of 14C was measured in an accelerator mass spectrometer
(Compact Carbon AMS) by comparing the simultaneously
collected 14C, 13C and 12C beams of each sample with those
of oxalic acid standard CO2 and coal background material
(Goslar et al., 2004). Conventional 14C ages were calculated
with a d13C correction for isotopic fractionation according
to Stuiver and Polach (1977) and based on the 13C/12C ratio
measured simultaneously with the 14C/12C ratio.

2.8. Modelling of pore water data

The modelling software, PROFILE, of Berg et al. (1998)
was applied to the measured pore water data to calculate
net rates of production or consumption of sulfate, sulfide,
and dissolved iron. This one-dimensional numerical model-
ling program first divides the sediment into an arbitrary
number of equidistant zones, each with a constant process
rate, whereby an objective selection of the simplest process
rate distribution is provided which optimally reproduces
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the measured concentration profiles. The criterion for opti-
mal fit is to minimize the sum of squared deviations (SSE)
from the data for each zone with different numbers of
equally spaced zones. The model provides F tests for differ-
ent fits and suggests the minimal number of zones that pro-
vide an optimal fit. The model ensures continuity between
zones and thus provides also fluxes of the solutes.

Sulfate. Boundary conditions were: concentration at
50 cm = 12.10 mM and flux at 540 cm = 0.00 mmol m�2

d�1. The molecular diffusion coefficient, D(SO4
2�), used

was 6.36 � 10�6 cm2 s�1. All diffusion coefficients were ta-
ken from Table 3.1 in Schulz and Zabel (2000) and recalcu-
lated to 8 �C, which is the annual mean temperature in
Aarhus Bay and at the SMT (Dale et al., 2008).

Sulfide (H2S + HS�). Boundary conditions were: con-
centration at 2.5 cm = 0.00 mM and flux at 570 cm = 0.00
mmol m�2 d�1. The molecular diffusion coefficient,
D(H2S/HS�), used was 11.9 � 10�6 cm2 s�1, taking into ac-
count the degree of dissociation at an estimated sediment
pH of 7.4.

Iron (Fe2+). Boundary conditions were: concentration at
500 cm = 0.00 mM and concentration at 560 cm = 0.235
mM. The molecular diffusion coefficient, D(Fe2+), used
was 4.26 � 10�6 cm2 s�1.

3. RESULTS

3.1. Sediment description

The cored sediment showed a distinct stratigraphy,
which reflected changes in the depositional environment
through the Holocene (Fig. 2). The TOC content decreased
with depth from about 3% dry weight in the upper 150 cm
to a minimum of 0.8% at 230 cm (Fig. 2). The TOC
minimum marks the transition from an underlying brack-
ish-marine Unit 1 to marine Units 2–3 according to the
stratigraphy described by Jensen and Bennike (2008).

By a combination of shallow seismic profiles, visual
inspection of sediment cores, biostratigraphy of mollusc
shells, and radiocarbon dating, Jensen and Bennike (2008)
Fig. 2. Total organic carbon (% dry weigh
identified a vertical series of post-glacial deposits in the cen-
tral Aarhus Bay. The lowermost and oldest deposit is
poorly sorted glacial till, above which a late-glacial ice-lake
clay and silt deposit of up to 10 m thickness is found. The
upper three sediment units, which are included in our cores,
are related to the Holocene transgression and were depos-
ited under shifting hydrography and salinity. This shift is
evident from the molluscs which were identified from the
different layers in our cores. In the brackish-marine Unit
1, below 230 cm, the brackish bivalve, C. lamarcki, was
common and indicated lower salinity than today. By 14C-
dating, the age of a C. lamarcki shell collected at 460 cm
depth was found to be 8.3 cal. ka BP. This age falls into
the age interval of 8.7–8.0 cal. ka BP determined for Unit
1 by Jensen and Bennike (2008). There was a sharp, prob-
ably erosional, boundary to the marine mud deposits of
the overlying Units 2–3 at 230 cm depth. In Units 2–3 the
diversity of mollusc shells was characteristic of marine
conditions and included Aporrhais pespelecani, Littorina

obtusata, Hiatella striata, Mytilus edulis and Scrobicularia

plana. Two radiocarbon age determinations in Unit 2
yielded ages of 6.1 and 7.1 cal. ka BP (Jensen and Bennike,
2008). The resulting mean sedimentation rate of Units 2–3
is thus ca 0.3 mm per year. This is lower, also when sedi-
ment compaction is taken into account, than the modern
sedimentation rate of �0.6 mm per year determined for
the same area of Aarhus Bay through the 210Pb method
(Fossing et al., 2004).

Visual inspection of the gravity cores showed a grey sed-
iment color throughout most of the core interrupted at 490–
580 cm depth in Unit 1 by a diffuse band of very dark grey
sediment with mm-size black spots (Fig. 2). This dark band
represented the modern sulfidization front as determined by
later chemical analyses. Our studies of similar black spots in
sediment from the Baltic Sea have shown that the black col-
or was due to amorphous iron sulfides and that the spots
were nuclei of greigite (Fe3S4) formation. The SMT oc-
curred in the middle of Unit 2–3, but lacked visible imprint.
Free gas developed upon core retrieval in the deeper part of
the gravity cores due to methane super-saturation.
t) and stratigraphy of the sediment.
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The porosity decreased roughly linearly with depth in
the interval 90–560 cm according to the equation: Poros-
ity = 0.77–0.0002 � depth (cm). According to an earlier
study of the grain size distribution in Unit 3 at the same
site, the sediment includes 20% fine sand, 22% silt, and
55% clay (Pejrup et al., 1996).

3.2. Pore water profiles of sulfate, sulfide, iron and

manganese

Fig. 3a and b present the pore water profiles of sulfate,
free sulfide, and dissolved iron. The main sulfate zone ex-
tended down to about 130 cm depth where sulfate dropped
to 0.5 mM (Fig. 3a, upper scale). Between 130 and 300 cm,
sulfate fluctuated with a decreasing depth trend (see data in
Fig. 3a with lower, expanded scale). Below 300 cm, the con-
centration decreased continuously from 0.4 mM to below
the detection limit of 0.04 mM at 530 cm. Sulfate concen-
trations at 500–530 cm depth were just at the detection limit
of the ion chromatographic technique used and an indirect
concentration estimate was therefore made (see under 3.4).
Free sulfide was present in the pore water from ca 5 cm be-
low the sediment surface and down to 500 cm depth with a
peak concentration of 5.6 mM sulfide at 130 cm (Fig. 3b).
Free sulfide could not be detected (<0.005 mM) below
500 cm depth where a steep gradient of dissolved iron
started which reached 0.25 mM at 560 cm (Fig. 3b). Pore
water concentrations of dissolved manganese dropped from
>5 lM in the upper sediment layers to below detection
(<1 lM) at 60 cm depth, remained below detection through
the peak of free sulfide, and increased again gradually to
7 lM between 200 and 540 cm depth (data not shown).

3.3. Solid phase iron, manganese and sulfur geochemistry

The magnetic susceptibility increased from 2 � 10�5 SI
units at the sediment surface to 20 � 10�5 SI at 550 cm
Fig. 3. Pore water concentrations of (a) sulfate (with the same data belo
dissolved iron. RC = data from Rumohr Corer; GC = data from Gravit
depth (Fig. 4a). Total reactive iron increased from
40 lmol cm�3 at 45 cm to 290 lmol cm�3 at 575 cm
(Fig. 4b). Dithionite reactive iron remained low,
<8 lmol cm�3, within the upper 375 cm and increased to
ca 50 lmol cm�3 below 500 cm depth (Fig. 4b). Highly
reactive Fe(III) was low within the upper 275 cm below
which concentrations fluctuated between 0 and
12 lmol cm�3 (Fig. 4c). Highly reactive Fe(III) increased
steeply below 530 cm similar to dissolved Fe2+ in the pore
water. Dithionite extractable manganese was low, about
0.4 lmol cm�3 down to 200 cm, below which concentra-
tions increased to 4–6 lmol cm�3 (Fig. 4d). Acid volatile
sulfide (AVS) was 1–2 lmol cm�3 down to 170 cm depth,
<1 lmol cm�3 from 175 to 480 cm, and increased steeply
below 480 cm to reach nearly 6 lmol cm�3 at 575 cm
(Fig. 4e). Chromium reducible sulfur (CRS) was generally
high, 100–300 lmol cm�3, with a broad maximum between
100 and 400 cm (Fig. 4f). The CRS concentration had a
sharp peak, 305 lmol cm�3, at exactly 535 cm depth, coin-
ciding with a peak in magnetic susceptibility (Fig. 4a).
From that very depth we collected magnetic minerals using
a handheld magnet and found that the ferri-magnetic iron–
sulfur mineral, greigite (Fe3S4), was present, corresponding
to black spots and grains noted by visual core inspection.
Greigite is extracted by the two-step acidic Cr-II reduction
method along with other iron sulfides, whereby about 2/3
of the gregite is extracted in the AVS fraction and 1/3 in
the CRS fraction (Cornwell and Morse, 1987).

3.4. Experimentally measured sulfate reduction rates (SRR)

The SRR data are separated into two graphs with three
different scales in order to better describe the rates within
the different depth intervals (Fig. 5a and b). The SRR of
the Rumohr core peaked with a maximum rate of 38,000
pmol cm�3 d�1 at 4.5 cm depth (Fig. 5a). Below the maxi-
mum, the SRR dropped steeply to 100 pmol cm�3 d�1 at
w 130 cm plotted on two different scales), and (b) free sulfide and
y Corer.



Fig. 4. (a) Magnetic susceptibility, (b) total reactive iron and dithionite reactive iron, (c) highly reactive Fe(III), (d) total dithionite-extracted
manganese, (e) acid volatile sulfide (AVS), and (f) chromium reducible sulfur (CRS).
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50 cm depth. The SRR within the 75–250 cm depth interval
of the gravity core were two orders of magnitude lower than
the rates near the surface and decreased with depth from 90
to 0.3 pmol cm�3 d�1 (Fig. 5a). The sulfate concentration
decreased steeply with in this interval and reached <0.5
mM at a depth of 130 cm (Fig. 3a). At 130 cm depth there



Fig. 5. Sulfate reduction rates measured experimentally using 35SO4
2�, (a) 0–60 cm depth from Rumohr corer (RC), 45–250 cm depth from

gravity corer (GC), and (b) 250–520 cm depth from gravity corer. Note the different scales for SRR. In frame (b) the “SRR inaccurate”

indicates that the sulfate concentrations used for these calculations were at the detection limit and were expectedly over-estimated. Error bars
show standard deviation of triplicate measurements.
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was a peak in SRR with a maximum rate of 150 pmol
cm�3 d�1. Although methane was not measured in the grav-
ity core, previous studies from Aarhus Bay showed that the
bottom of the sulfate zone is also the transition to the meth-
ane zone (Dale et al., 2008; Thomsen et al., 2001). The peak
of SRR thus occurred within the SMT where sulfate reduc-
tion was enhanced by AOM. The concentration of free sul-
fide peaked right at this depth (Fig. 3b).

The SRR deeper than 250 cm were nearly four orders of
magnitude lower than the rates near the surface (Fig. 5b),
varying between 0.2 and 1.4 pmol cm�3 d�1. Just below
Fig. 6. (a) Log–log plot of 35S-sulfate reduction rates from the Rumohr C
The line shows the linear regression of the log–log data. Encircled data po
calculated sulfate turnover times versus depth.
500 cm depth, where the measured pore water sulfate con-
centration approached the detection limit, the SRR showed
increased values that were most probably due to an overes-
timated sulfate concentration. Incubations with 35S-sulfate
were made also below 530 cm but SRR are not plotted
because the sulfate concentrations were too low to be
detected (<40 lM).

The depth distribution of SRR is primarily controlled by
the availability of degradable organic matter, which de-
creases over many orders of magnitude with depth and
age in the sediment. In order to show this general decrease,
orer (open circles) and the gravity corer (closed circles) versus depth.
ints were not included in the linear regression. (b) Semi-log plot of
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we plotted all the experimentally measured SRR as a func-
tion of depth in a double-log plot (Fig. 6a). For the calcu-
lation of the log–log linear regression, we omitted SRR
data from (a) the upper 10 cm of the surface sediment
where other processes such as oxygen respiration or iron
reduction replace SRR as the most important terminal oxi-
dation pathways, (b) within the AOM zone (between 100
and 200 cm sediment depth, Fig. 2) where methane diffusing
up from the deeper sediment adds a peak to the SRR, and
(c) below 495 cm depth where the SRR become inaccurate,
and most probably overestimated, due to sulfate concentra-
tions near the detection limit.

Fig. 6a shows that the log–log relation between SRR
and sediment depth follows a linear trend:

log SRR ðpmol cm�3 d�1Þ
¼ �3:07� log depth ðcmÞ þ 7:58; ðr2 ¼ 0:99Þ ð2Þ

or

SRRðpmol cm�3 d�1Þ ¼ 38� 106 � ðdepthðcmÞÞ�3:07 ð2aÞ

A comparison between the distributions of pore water
sulfate and sulfate reduction rate, expressed by the log–
log linear correlation (Eq. (2a) and Fig. 6a), allows a calcu-
lation of sulfate turn-over time at different sediment depths
by dividing the sulfate concentration with its rate of reduc-
tion. Fig. 6b shows in a semi-logarithmic plot the turn-over
time of pore water sulfate from 12 to 500 cm sediment
depth. In the upper part of the sediment the calculated
turn-over time increased from 3 years at 12 cm to 100 years
at 50 cm depth. Below 50 cm the turn-over time varied be-
tween 100 and 1000 years, depending on how steeply the
SRR dropped relative to the sulfate concentration.

3.5. Inverse calculation of low sulfate concentrations

As a general trend, the SRR vs. depth followed a power
law function (Eq. (2a); Fig. 6a). We used Eq. (2) to calcu-
late hypothetical sulfate concentrations in the deepest depth
Fig. 7. (a) Measured and estimated sulfate concentrations below 300 cm
estimated sulfate concentrations with trend line drawn.
range where the sulfate concentrations had dropped below
our detection limit. By this inverse method we assumed that
the observed log–log linear decrease of SRR versus depth
would continue down below 500 cm, where the measured
sulfate data became uncertain. This unconventional ap-
proach provides only a rough estimate, but it illustrates
very well the continued drop in sulfate concentration with
depth. Thus, we turned around Eq. (1), which calculates
SRR, and used the fraction of 35S-sulfate reduced to 35S-
CRS to calculate sulfate concentration, [sulfate], assuming
that the SRR versus depth trend could be correctly de-
scribed by Eq. (2), also below 500 cm depth:

½sulfate� ¼ SRR� ð35S-sulfate=35S-CRSÞ
� ðt=1:06Þ pmol SO2�

4 cm�3 ð3Þ

In Eq. (3) we thus knew the SRR, the 35S-sulfate and
35S-CRS, and the t. By this approach, we were able to esti-
mate the concentrations of sulfate below 500 cm depth, i.e.,
below the detection limit of our ion chromatographic tech-
nique, as deep as the experimental 35S-sulfate measure-
ments had been done. The resulting sulfate concentrations
exhibited a decrease with depth from ca 500 lM around
300 cm depth down to concentrations less than 4 lM below
500 cm (Fig. 7a and insert). The decreasing trend in the esti-
mated concentrations of sulfate generally matched the
decreasing trend of sulfate concentrations measured in the
pore water down to the depth where sulfate could no longer
be detected (Fig. 7a). In order to present the depth distribu-
tion of the measured and estimated sulfate concentrations
down to the lowest values, a sulfate versus depth trend
was also presented using a logarithmic concentration scale
(Fig. 7b). The trend curve in this graph is drawn to illus-
trate that, below 400 cm, the measured and estimated con-
centrations of sulfate decreased more steeply than above
this zone. This graph also shows that, provided a continued
power law relation between SRR and depth, the sulfate
concentration apparently dropped below 1 lM at a depth
of 530 cm. However, in the case that the lowest sulfate
(see text for explanation), and (b) semi-log plot of measured and
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concentrations caused lower SRR below 500 cm depth than
the rates extrapolated from the power law relation, then the
calculated sulfate concentrations would be somewhat high-
er than shown in Fig. 7.

3.6. Potential sulfate reduction rates (P-SRR)

Potential sulfate reduction rates were measured in sub-
samples from the gravity core after amendment of the
sediment with sulfate and a mixture of carbon sources (pro-
pionate, acetate, lactate and formate) injected into the
sediment 12 h before radiotracer injection. During this
pre-incubation, sulfate and carbon sources diffused out into
the sediment to reach concentrations of 1 and 0.1 mM,
respectively. Fig. 8a and b present the P-SRR measured in
gravity cores A and B together with the measured pore water
concentrations of sulfate. Highest P-SRR were measured
just below the main sulfate zone, at 200–300 cm (compare
Fig. 8a and 3a). The P-SRR were much higher than the
SRR at all depths below the main sulfate zone. The P-
SRR were mostly in the range of 5–30 pmol cm�3 d�1 below
300 cm depth, whereas the un-amended SRR were mostly
between 0.3 and 1 pmol cm�3 d�1. This shows that, under
in situ conditions, the respiration rate of sulfate reducing
microorganisms was strongly limited by low sulfate and/or
low electron donor availability. It is interesting that partic-
ularly high P-SRR were measured at 538 cm which corre-
sponds to the sulfidization front where upwards diffusing
free iron met downwards diffusing sulfide (cf. Fig. 3b). In
contrast to the SRR measurements, the P-SRR do not have
the uncertainty of inaccurate determination of low sulfate
concentration at this depth so that the peak is a real value.

The time course experiments showed that P-SRR started
right away from the first incubation period after the injec-
tion of 35S tracer to the sediment, indicating that there
was no growth involved during the experiments. Based on
experience from other sediments, the 0.5–2 days incubation
Fig. 8. Potential sulfate reduction rates and sulfate concentrations. (a) 0
Error bars show standard deviation of triplicate measurements.
times used were too short to allow significant change of the
sulfate reducing community through growth at this temper-
ature (e.g., Robador et al., 2009).

3.7. Modelled rates of sulfate reduction, sulfide oxidation and

iron flux

SRR were not only determined by the 35S tracer method
but were also calculated by reaction-transport modelling
from the pore water sulfate distribution in the gravity core.
We separated the results from the Rumohr core and the
gravity core and used an upper boundary at 50 cm sediment
depth for the calculated depth-integrations in order not to
include bioirrigated sediment in the modelled rates. The
H2S peak, located at 130 cm depth within the SMT, marked
the “watershed” for the H2S fluxes which were directed
both upwards and downwards (Fig. 3b). We used, however,
165 cm depth as a second boundary for the depth-inte-
grated budgets as 165 cm marks the transition from mod-
elled net H2S production above to net H2S consumption
below. Thus, below 165 cm free sulfide diffused downwards
under continuous net consumption and only a part of it
reached the sulfidization front at 540 cm depth (Fig. 3b).

The depth-integrated data are calculated as rates per
unit area (mmol m�2 d�1) and are summarized in Table 1,
which distinguishes gross rates, as provided by measured
35S-tracer SRR and net rates, as provided by the modelled
SRR and H2S turnover data.

Both measured and modelled SRR demonstrated a steep
decrease in microbial activity between the surface and sub-
surface sediment. The measured gross rate of sulfate reduc-
tion, integrated over the upper 0–50 cm of the sediment (1
in Table 1), was 4.68 mmol m�2 d�1. The total net SRR be-
low 50 cm was 0.67 mmol m�2 d�1 down to 165 cm depth
and 0.005 mmol m�2 d�1 from 165 cm and down to
540 cm (2 and 3 in Table 1) where sulfate dropped below
the detection limit (Fig. 3a). Although the gross SRR in
–700 cm depth, (b) 250–700 cm depth shown with expanded scale.



Table 1
Depth-integrated process rates. Gross rates were measured exper-
imentally by 35S, net rates were modelled from pore water data.

No. Process and depth interval Rate

1 SRR, gross, 0–50 cm 4.68 mmol m�2 d�1

2 SRR, net, 50–165 cm 0.67 mmol m�2 d�1

3 SRR, net, 165–540 cm 0.005 mmol m�2 d�1

4 SRR, gross, 165–540 cm 0.004 mmol m�2 d�1

5 H2S net production, 50–165 cm 0.36 mmol m�2 d�1

6 H2S net production vs. net SRR,
50–165 cm

53%

7 SRR – H2S net production, 50–
165 cm

0.31 mmol m�2 d�1

8 H2S net consumption, 165–540 cm �0.114 mmol m�2 d�1

9 Fe2+ flux up to sulfidization front 0.007 mmol m�2 d�1
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the 165–540 cm depth interval was extremely low and sim-
ilar to the modelled net rate, it was still possible to detect
the activity by 35S tracer measurements.

The gross rates of H2S production are assumed to be the
same as the measured gross rates of sulfate reduction. The
modelled net rates of H2S production added up to
0.36 mmol m�2 d�1 in the 50–165 cm depth interval. This
was 53% of the modelled net sulfate reduction and was close
to the total upwards flux of H2S (0.34 mmol m�2 d�1) across
the 50 cm depth horizon (5 and 6 in Table 1). The difference
between net sulfate reduction and net sulfide production,
0.67–0.36 = 0.31 mmol m�2 d�1 (7 in Table 1) is due to loss
of free sulfide within the depth interval by reaction and bind-
ing with oxidized iron species and possibly other minor reac-
tions such as sulfidization of organic matter.

Below 165 cm depth the H2S diffused downwards under
further reaction with iron species. Given the low net SRR
of 0.005 mmol m�2 d�1 below 165 cm depth, the rate of
H2S production was correspondingly low. The net consump-
tion of H2S in the 165–540 cm depth interval was 0.114
mmol m�2 d�1 (8 in Table 1). Most of this was lost gradually
over depth by reaction with buried iron minerals while less
than 10% (0.012 mmol m�2 d�1) was consumed directly at
the sulfidization front (Fig. 3b). This, however, was still
slightly higher that the Fe2+ flux of 0.007 mmol m�2 d�1

that diffused up to the front from the deep non-sulfidic sed-
iment below (9 in Table 1). The sulfidization front was thus
not completely maintained by the opposed fluxes of H2S and
Fe2+, but was also a front of slow, downwards progressing
sulfidization of solid-phase iron minerals.

4. DISCUSSION

4.1. Sulfate background in the methane zone

The Aarhus Bay data showed a general zonation of
sulfate and sulfide which is typical of organic-rich and
iron-rich ocean margin sediments. Sulfate dropped rather
steeply with depth below the sea floor, from the seawater
concentration of 22 mM, typical for this slightly brackish
region at the entrance to the Baltic Sea, to <1 mM at
110–130 cm depth. Interestingly, just beneath the main sul-
fate zone the sulfate concentration did not immediately fall
below our detection limit (ca 40 lM). Instead, a detectable
background concentration remained down through the
entire depth interval containing free sulfide (Fig. 3a), far
down into the sediment characterized by high methane con-
centration. The background concentration of sulfate was
not just a constant “blank value”, but showed systematic
depth variation, parallel to the H2S concentration. It was
0.5–1 mM at 120–200 cm, near the peak in free sulfide con-
centration, below which it decreased gradually with depth
and fell below our detection limit at 500 cm depth. The
35S-tracer experiments indicated that sulfate was apparently
available even deeper than 500 cm.

There are several possible explanations for the sulfate
background in the methane zone:

(A) The background could be a handling or analytical
artifact due to chemical or biological oxidation of free sul-
fide during the time between coring and sulfate measure-
ment. This would be consistent with the positive
correlation between the concentrations of background sul-
fate and of free sulfide below 130 cm depth (Fig. 3a and
b). It would not be consistent with an oxidation of solid-
phase reactive sulfides since there is an inverse correlation
between background sulfate and acid volatile sulfide (Figs.
3a and 4e). We tried to carefully control each step between
coring and sulfate measurement in order to exclude such a
possible artifact. Gravity cores were sectioned and kept up-
right in the core liners on the ship and during transport to
avoid air contact with the outside of the sediment core. The
sampling of pore water using rhizons inserted into the mid-
dle of the core took place on the day of coring, and pore
water was immediately fixed with Zn-acetate and frozen
to prevent sulfide oxidation. The first extracted pore water
was always discarded as it had been in contact with air. In
additional tests we extracted pore water under strict anoxic
conditions within an anaerobic glove box to clarify whether
auto-oxidation of sulfide with oxygen occurred during the
extraction of pore water in open air. The results showed
no difference between the concentrations of sulfate
extracted in open air and sulfate extracted under controlled
anoxic conditions and indicated that oxidation of sulfide
did not explain the sulfate data.

(B) The sulfate could be passively diffusing down into
the methane zone and be turning over only very slowly be-
cause it was not being consumed effectively by sulfate
reducing microorganisms. If the sulfate concentration was
below a physiological threshold for uptake and respiration
the sulfate background would be biologically unavailable.
Ingvorsen et al. (1984) observed such a threshold of 2–
6 lM SO4

2� in a chemostat culture of marine sulfate reduc-
ing bacteria, Desulfobacter postgatei, grown under acetate
limitation, and a threshold of 10–20 lM SO4

2� when grown
under sulfate limitation. Fresh-water strains of sulfate
reducing bacteria, which are adapted to low sulfate concen-
tration, have much higher sulfate affinity with half-
saturation concentrations of sulfate uptake, km, down to
5 lM in batch culture (Ingvorsen and Jørgensen, 1984)
and expectedly much lower threshold concentrations. Thus,
the measured sulfate background was higher than threshold
concentrations that might be implied from pure culture
studies for sulfate reducing bacteria adapted to low sulfate
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concentrations. Furthermore, the observation that the sul-
fate concentration apparently dropped to concentrations
<4 lM beneath 500 cm (Fig. 7a and b) speaks against an
unavailable threshold concentration of 0.1–0.5 mM. In a
recent experimental study of sulfate reduction kinetics in
Aarhus Bay sediment we have detected that high-affinity
sulfate reducers are indeed abundant and can reduce sulfate
down to sub-lM concentration (Tarpgaard et al., submit-
ted for publication).

(C) The sulfate could be generated in situ down in the
methane zone, most probably by reaction between free sul-
fide and oxidized iron or other potential oxidants in the sed-
iment. Since the Holocene mud in the upper methane zone
was deposited several thousand years ago, the buried oxi-
dized iron must have survived high concentrations of free
sulfide over this time scale. Such resistance to reaction with
sulfide is characteristic of Fe(III) bound in reactive silicates
and possibly of slowly-reacting iron oxides such as magne-
tite, Fe3O4 (Canfield et al., 1992; Raiswell and Canfield,
1996). The possible mechanisms of in situ sulfate generation
will be discussed in the following.
4.2. Deep sulfate formation by sulfide oxidation

The distribution of H2S in marine pore waters is gener-
ally controlled by the balance between its formation from
sulfate reduction and its removal by reaction with iron oxi-
des or with organic matter in the sediment (Canfield, 1989;
Canfield et al., 1992). As a result, the H2S concentration of-
ten drops with depth down through the methane zone (e.g.,
Goldhaber and Kaplan, 1980; Riedinger et al., 2005). Our
data show that sulfide produced within the SMT diffused
downwards into the brackish-marine sediment layer where
it reacted with different iron compounds that still remained
reactive several thousand years after burial. This reaction
with iron is indicated by the drop in H2S concentration be-
low the SMT (Fig. 3b) and the presence of oxidized and
reactive iron species below 250–350 cm depth (Fig. 4b and
c). The iron in the sub-surface, therefore, constituted a deep
barrier that effectively bound and partly oxidized the down-
ward diffusing sulfide.

The immediate products of chemical reaction between
sulfide and Fe(III) species are different sulfur intermediates
such as zero-valent sulfur (e.g., elemental sulfur and poly-
sulfides), thiosulfate or sulfite (Dos Santos Afonso and
Stumm, 1992; Pyzik and Sommer, 1981; Zopfi et al.,
2004). In the presence of Fe(III), sulfide tends to remain
at intermediate oxidation states and forms pyrite, whereas
in the presence of Mn(IV), sulfide may be oxidized all the
way to sulfate (Aller and Rude, 1988; Burdige and Nealson,
1986; Schippers et al., 2001; Yao and Millero, 1996). Sulfate
may, however, also be produced from the oxidation of pyr-
ite with Fe(III) (Bottrell et al., 2000), while several sulfate
reducing bacteria can catalyze the oxidation of elemental
sulfur to sulfate using Mn(IV) (Lovley and Phillips, 1994).

Intermediate species of inorganic sulfur have been ana-
lyzed earlier in sediment from the same station in Aarhus
Bay as studied here. The distribution and dynamics of ele-
mental sulfur was demonstrated for the upper 10–15 cm
where the S0 concentration was 1–4 lmol g�1 wet sediment
weight (Thamdrup et al., 1994a; Troelsen and Jørgensen,
1982). Elemental sulfur is disproportionated to sulfate
and sulfide in anoxic marine sediments, such as those in
Aarhus Bay, and disproportionating bacteria occur abun-
dantly (Thamdrup et al., 1993; Canfield and Thamdrup,
1996; Finster et al., 1998). Elemental sulfur disproportion-
ation is an exergonic process only at sub-mM concentra-
tions of free sulfide and the process is therefore dependent
on the concurrent binding or oxidation of the formed H2S
by Fe(III) or Mn(IV) in the reduced sediment (Thamdrup
et al., 1993).

Due to the thermodynamic limitations of elemental sul-
fur disproportionation, other intermediates of sulfide oxi-
dation may be disproportionated in the lower sulfate zone
and the upper methane zone, where the sulfide concentra-
tion is high (Fig. 3). Thiosulfate and sulfite occur in the
pore water of the upper 15 cm of sediment of Aarhus Bay
at concentrations of 0.1–1 lM (Thamdrup et al., 1994b).
Radiotracer experiments with 35S-labeled HS� in anoxic
sub-surface sediment from Aarhus Bay and surrounding
waters have shown that sulfide is oxidized by Fe(III) to
thiosulfate and sulfate, with thiosulfate constituting 68–
78% of the sulfur oxyanions formed (Jørgensen, 1990).
Experiments with 35S-labeled S2O3

2� demonstrated that
thiosulfate was disproportionated throughout all redox
zones in the upper 10 cm, and disproportionating bacteria
are abundant in the sediments (Jørgensen and Bak, 1991).
These studies show that intermediate sulfur species are con-
tinuously produced in the sub-surface sediment of Aarhus
Bay as a result of sulfide oxidation with buried Fe(III).

The presence of Fe(III)-bearing minerals increased con-
tinuously below the SMT as indicated by the increase in
magnetic susceptibility and the content of total reactive iron
(Fig. 4a and b). Our data thus show that Fe(III) is available
for the re-oxidation of sulfur species. The distribution of ex-
tracted iron species in the sediment suggests that the more
reactive iron primarily occurred below 400–500 cm
(Fig. 4b). As a result of the high pore water concentrations
of sulfide down to 500 cm, highly reactive Fe(III) was lar-
gely depleted down to that depth, below which the deeper
brackish-marine sediment of Unit 1 was apparently rich
in reactive iron oxide minerals (Fig. 4c).

The slowly reacting iron fraction, bound in reactive sili-
cates and perhaps some poorly-reactive iron oxides, is de-
fined as the difference between the total reactive iron and
the dithionite reactive iron fractions (Fig. 4b). This slowly
reacting iron fraction made up the main part of the reducible
iron buried deeply into the sulfidic sub-surface sediments of
Aarhus Bay. A simple mass balance calculation between
deep, non-sulfidized and intermediate, fully sulfidized sedi-
ment indicates that it was primarily this iron fraction that
was the basis for the slow pyrite accumulation during a
gradual, downwards progressing sulfidization of the sedi-
ment. Thus, the difference between total and dithionite reac-
tive iron dropped by ca 140 lmol cm�3 between the
sediment at 550–600 cm, i.e., below the sulfidization front,
and the SMT at 120–160 cm, where H2S peaked (Fig. 4b).
The increase in pyrite concentration over the same depth
interval was very similar, ca 150 lmol cm�3 (Fig. 4f).
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Oxidized manganese generally reacts faster with sulfide
than oxidized iron, which tends to enhance its importance
for sulfide oxidation relative to iron in the uppermost
part of the sediment (Thamdrup et al., 1994a,b). The
measured manganese concentrations were, accordingly,
low down to 200 cm and also below that depth much
lower than the concentrations of Fe(III). Manganese
oxide probably played an insignificant role for the re-oxi-
dation of reduced sulfur species within the sub-surface
sediment.

The downward diffusing sulfide generated a sulfidiza-
tion front as it reacted with deeper iron species in the pore
water and sediment. The position of the sulfidization front
was indicated by the sharp interface between H2S and Fe2+

in the pore water and by the steep increase in FeS (AVS)
concentration at 500 cm depth. The increase in total reac-
tive iron, dithionite reactive iron, and highly reactive
Fe(III) around this depth showed that sulfide reaching
the sulfidization front reacted with a range of different iron
species of which the largest but most sluggish pool was
that bound in reactive silicates while the smallest pool of
highly reactive Fe(III) showed the most dynamic reaction
(Fig. 4b and c). The reactions between pore water sulfide
and iron species resulted in the formation of a sequence
of iron-sulfide minerals, including amorphous iron sulfides
(FeS), greigite (ferrimagnetic iron sulfide, Fe3S4), and pyr-
ite (FeS2) (Berner, 1970, 1984; Sweeney and Kaplan, 1973).
Greigite was visible as mm to sub-mm size grains, each
surrounded by a few mm wide dark halo of FeS. The gre-
igite zone occurred in a dark grey band of the sediment
and the presence of the paramagnetic mineral was evident
from the peak of magnetic susceptibility at 500–550 cm
(Figs. 2 and 4a).

The binding of sulfide as different iron sulfides, and the
cryptic formation and turnover of sulfate below the main
sulfate zone, must depend on the burial rate of Fe(III) min-
erals with the ability to react over a time scale of several
thousand years in the Holocene mud deposit. If we assume
steady state, the burial rate of iron can be estimated from
the sedimentation rate (0.3 mm per year) and the concentra-
tion gradient of solid phase iron. With respect to the dithio-
nite reactive iron and the highly reactive Fe(III), however,
their concentrations in the gravity core were near zero
down to 360 and 260 cm depth, respectively. This implies
that there is currently burial of only slowly reactive iron
down into the sulfidic methane zone. Modelling of pore
water sulfide showed that there is indeed a net removal of
sulfide below 165 cm and down to 540 cm due to a pro-
gressing sulfidization of buried iron minerals. The mean
net consumption of sulfide in the depth interval 165–
540 cm was 0.114 mmol m�2 d�1 (8 in Table 1) correspond-
ing to 30 pmol H2S cm�3 d�1. For comparison, the gradual
change in slowly reacting iron in the lower part of this
depth interval was 140 lmol cm�3 (Fig. 4b), which could
potentially bind 70 lmol H2S cm�3 as FeS2. This corre-
sponds to ca 6000 years of calculated sulfide consumption.
Thus, the comparison of (a) sulfide binding capacity by
buried reactive iron, (b) the ca 6000 year age of the sedi-
ment, and (c) the modelled net consumption rate of sulfide
are in good agreement.
4.3. Redox balance of deep sulfate formation

The observation of potential and active sulfate reduction
deep down in the methane zone implies a continuous source
of sulfate, presumably from sulfide oxidation with Fe(III).
We discuss here a set of possible – and generally well estab-
lished – reactions between sulfide and oxidized iron that
lead to the formation of pyrite and a transient formation
of sulfate. These reactions were proposed and discussed in
detail by Berner (1967, 1970) and others already many years
ago. However, in order to understand the potential for a
cryptic sulfate formation through sulfide reaction with dee-
ply buried oxidized iron it is necessary to reconsider the re-
dox balance. It should be noted up front that the formation
of pyrite from H2S implies a net sulfide oxidation from the
oxidation step of �2 to a mean oxidation step of �1 and
that there is no net formation of sulfate by these reactions
alone. An additional oxidant is required. The pathways of
proposed reactions are illustrated in Fig. 9.

As an example of a reactive iron species, FeOOH is used
in the following equations for the simplicity of balanced
reaction stoichiometries. Other Fe(III) species, such as
magnetite (Fe3O4) or Fe(III) bound in reactive silicates,
yield a similar net redox balance and are reactive on a more
relevant time scale of hundreds to thousands of years
(Canfield et al., 1992). The net result is, however, indepen-
dent of the Fe(III) species and also independent of whether
the sulfide oxidation intermediate is elemental sulfur, S0, or
thiosulfate, S2O3

2� or another sulfur species.
Elemental sulfur is a common product of H2S oxidation

by metals (Burdige and Nealson, 1986; Pyzik and Sommer,
1981) and S0 disproportionation to H2S and SO4

2� has
been demonstrated in coastal marine sediments similar to
those in Aarhus Bay (Canfield and Thamdrup, 1996). How-
ever, S0 disproportionation is not exergonic under the high
H2S concentrations found throughout the upper methane
zone so that other sulfur intermediates, such as thiosulfate,
which is produced and disproportionated in anoxic Aarhus
Bay sediments, may play the same role (Jørgensen and Bak,
1991). H2S oxidation by FeOOH to S2O3

2� (Eq. (4)) results
in a concomitant liberation of Fe2+. The S2O3

2� may then
be disproportionated (Eq. (5)) whereby the sulfane atom is
reduced to H2S while the sulfonate atom is oxidized to
SO4

2�. The liberated Fe2+ may react with further H2S (let-
ters of equations relate to Fig. 9):

ðAÞ 2H2Sþ 8FeOOHþ 14Hþ

! S2O2�
3 þ 8Fe2þ þ 13H2O ð4Þ

ðBÞ S2O2�
3 þH2O! H2Sþ SO2�

4 ð5Þ

ðCÞ 8H2Sþ 8Fe2þ ! 8FeSþ 16Hþ ð6Þ

Since FeS is not the main end product of reaction, but is
present in the sulfide zone at 100- to 1000-fold lower con-
centration than FeS2 (Fig. 4e), a further reaction of FeS
to pyrite must take place. There are different possible path-
ways of pyritization in sulfidic sediments of which there is
much evidence for reactions between the iron sulfides,
mackinawite and greigite, and elemental sulfur or polysul-
fide. Irrespective of the pathway, however, the net



Fig. 9. Conceptual diagram of the cryptic sulfur cycle driven by iron in the methane zone of marine sediment. Reactions between Fe(III) and
sulfide, combined with sulfur disproportionation, enable a quantitative conversion of sulfide to pyrite. The intermediate formation of sulfate
and removal of excess reducing power may be driven by the formation of methane and by its re-oxidation at the sulfate–methane transition.
Encircled capital letters refer to equations presented in the text.
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stoichiometry and redox balance of pyrite formation is the
same and involves either the addition of an oxidant or the
removal of a reduced species. We propose here, as one pos-
sible pathway, the Wächtershäuser reaction whereby H2S is
oxidized with the concomitant formation of molecular
hydrogen (Eq. (7)) (Drobner et al., 1990; Rickard, 1997):

ðDÞ 8H2Sþ 8FeS! 8FeS2 þ 8H2 ð7Þ

The sum equation for reactions (4)–(7) is indicated be-
low by a roman numeral in order to distinguish it from
the individual reaction steps. The net reaction with SO4

2�

and FeS2 as end products is then:

17H2Sþ 8FeOOH! SO2�
4 þ 8FeS2 þ 8H2

þ 12H2Oþ 2Hþ ðSumEq:IÞ

The reducing power from H2S, here in the form of H2,
does not accumulate but may be used as an electron donor
by many of the sulfate reducing bacteria (e.g., Muyzer and
Stams, 2008) and thereby be part of the measured sulfate
reduction:

SO2�
4 þ 4H2 þ 2Hþ ! H2Sþ 4H2O ð8Þ

The sum of Eqs. (4)–(7), (Sum), (8) then describes a reac-
tion with FeS2 only as the product:

16H2Sþ 8FeOOH! 8FeS2 þ 4H2 þ 16H2O ðSumEq:IIÞ

By complete conversion of H2S and Fe(III) to pyrite
there is thus no free sulfate left but instead an excess of
H2, which might potentially consume further SO4

2�,
beyond that which was formed by disproportionation.
Alternatively, the excess H2 could be consumed by the
reduction of Fe(III), but this would result in a net release
of Fe2+, which does not accumulate in the sulfide zone.
The Fe2+ would instead react with H2S and therefore, does
not enable the complete conversion to pyrite. Thus, a com-
plete conversion of H2S into FeS2, only by reaction with
Fe(III), is not possible without an additional mechanism
to remove excess reducing power. Alternatively, a part of
the Fe2+ formed (Eq. (4)) could precipitate as authigenic
siderite (FeCO3) and thereby store the reducing equivalents
in the solid phase. This would enable more sulfate to form
through the recycling of H2S from disproportionation (Eq.
(5)) with further reaction with oxidized iron (Eq. (4)).
Siderite is, however, generally sub-saturated and does not
accumulate in pyritic sediments with high sulfide concentra-
tions and non-detectable (<20 lM) Fe2+ concentrations
(Berner, 1964; Postma, 1982).

4.4. Alternative pathways

Fe(III) bound in reactive silicates, rather than FeOOH,
is the main iron source for deep pyrite formation. Eq. (4)
could then be:

2H2Sþ 8Fe3þ þ 3H2O! S2O2�
3 þ 8Fe2þ þ 10Hþ ð4aÞ

and the Sum Eq. I would be:

17H2Sþ 8Fe3þ þ 4H2O! SO2�
4 þ 8FeS2 þ 8H2 þ 26Hþ

ðSumEq:IaÞ

Silicate bound iron would thus generate much more
acidity than FeOOH but the basic stoichiometry for iron
and sulfur would be the same.

If the intermediate sulfide oxidation product were ele-
mental sulfur rather than thiosulfate, Eqs. (4) and (5) would
change to:

4H2Sþ 8FeOOHþ 16Hþ ! 4S0 þ 8Fe2þ þ 16H2O ð4bÞ
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4S0 þ 4H2O! 3H2Sþ SO2�
4 þ 2Hþ ð5bÞ

while the sum equation would be exactly the same as Eq. I
above. Thus, the intermediate sulfide oxidation product or
the pathway of disproportionation does not affect the net
result.

The Wächtershäuser reaction was used in Eq. (7) as it
provides a simple stoichiometry but it has not been dem-
onstrated to be an important pathway of pyrite formation
in marine sediments. The conversion of iron monosulfide
to pyrite is rather a multi-step process by which greigite
(Fe3S4) is an intermediate (Benning et al., 2000). The pro-
cess may be an addition to iron monosulfide of elemental
sulfur which is available as polysulfide in reducing, sulfidic
sediments (the polysulfide pathway). Alternatively, the
process may be a loss of ferrous iron from the monosul-
fide, a process by which free hydrogen, H2, may be pro-
duced, as by the Wächtershäuser reaction (Wilkin and
Barnes, 1996):

2FeSþ 2Hþ ! FeS2 þ Fe2þ þH2 ð7bÞ
4.5. The hydrogen sink

Since we are considering cryptic sulfate formation down
in the methane zone, the H2 may alternatively be consumed
by methanogenic archaea, which are anyhow present and
active in the methane zone and may therefore compete with
the sulfate reducers for H2 at the low sulfate concentration:

ðEÞ4H2 þ CO2 ! CH4 þH2O ð9Þ

To which extent such a competition does indeed take
place depends on whether the sulfate reducers are able to
maintain a H2 concentration below that required for auto-
trophic methanogenesis (cf. Hoehler et al., 1998). If the H2

is indeed oxidized by CO2 the reducing power is stored in a
diffusible product, CH4, which has a steep concentration
gradient and diffuses upwards to be oxidized in the SMT
at ca 130 cm sediment depth:

Reactions with FeS2 and methane as the only end prod-
ucts would then be the sum of Eqs. II and 9:

16H2Sþ 8FeOOHþ CO2 ! 8FeS2 þ CH4 þ 18H2O

ðSumEq:IIIÞ

By the reaction of sulfide with Fe(III) through Eq. III,
there would be no net sulfate accumulation, but a low back-
ground concentration of sulfate could still exist. Further-
more, an intermediate sulfate reduction could occur at a
rate of 1 SO4

2� reduced per 17 H2S bound in pyrite accord-
ing to Sum Eq. I. If a fraction of the H2 larger than that as-
sumed in Eq. III would be consumed by methanogenic
archaea, then net sulfate accumulation could indeed take
place. The intermediate sulfate reduction would be dimin-
ished accordingly because the reducing power would go
into CO2 reduction instead of SO4

2� reduction.
These results were in principle realized by Berner (1967,

1970) already before Wächtershäuser (1988) proposed the
reaction of Eq. (7) and Rickard (1997) later proposed it
to be a functioning pathway under temperatures and chem-
ical conditions prevailing in marine sediments. The reaction
was proposed by Berner in order to explain the net oxida-
tion of sulfide and net formation of pyrite implied from
geochemical studies of marine sediments. In order to ex-
plain the excess reducing power in Sum Eq. II, Berner
(1970) proposed that S0 might be formed by sulfide oxida-
tion with molecular oxygen at the sediment surface and
then be mixed down into the sediment. Although this would
provide the additional oxidant required, it is not a plausible
explanation for the sulfate formation proposed here for the
methane zone since the primary oxic zone penetrates only a
few mm–cm down from the overlying sea water and since
transport in the deep sulfidized methane zone is clearly by
molecular diffusion. Meysman and Middelburg (2005),
using a similar set of equations, re-iterated the problem,
and suggested that many diagenetic models are necessarily
“leaky” with respect to either S0 or H2.

The Sum Eq. I shows that the transient formation of sul-
fate corresponds to only 1/17, corresponding to 6%, of the
free sulfide which reacts with Fe(III). Although no net
sulfate production results from the proposed reaction
sequences unless methanogenesis takes over part of the H2

otherwise used by sulfate reduction, the proposed reactions
may still explain the positive correlation between SO4

2� and
H2S concentrations. Modelling of the SO4

2� profile between
165 and 540 cm depth (Fig. 3a) showed a mean net SRR of
1.3 pmol cm�3 d�1, while the gross SRR, measured by 35S
tracer experiments and fitted by a log–log linear correlation,
decreased down through this depth interval from
6 pmol cm�3 d�1 at 165 cm to 0.2 pmol cm�3 d�1 at 525
cm (Fig. 5a and b). The mean net H2S consumption in the
same interval, calculated from modelling of the H2S profile
below 165 cm depth, was much higher, 30 pmol cm�3 d�1.
This comparison shows, in accordance with the discussion
above, that the sulfate turnover constitutes only a small
fraction of the total sulfide turnover. Thus, a reaction rate
between H2S and Fe(III) of 30 pmol cm�3 d�1 could,
according to Sum Eq. I, lead to a mean sulfate reduction
of 1/17 of 30 = 1,8 pmol SO4

2� cm�3 d�1, which is close to
the mean measured SRR of 1 pmol SO4

2� cm�3 d�1 .
In conclusion, the network of reactions described here

and summarized in Fig. 9 may explain a complete conver-
sion of sulfide to pyrite. Since the binding of H2S in FeS2

is associated with a partial oxidation from �2 to �1, there
must be redox balance between the amount of H2S bound
and the amount of Fe(III) reduced. This invariably leads
to an excess of Fe2+, which binds free H2S as FeS. If part
of the H2 reacts with CO2 and is removed by CH4 diffusing
up to the SMT, then the sulfide oxidation can go quantita-
tively to FeS2. Some H2S diffuses downwards and out of the
sulfidized methane zone to react at the sulfidization front.
This removal of H2S, however, does not change the overall
redox balance.

The proposed gradual transition from sulfate reduction
to methanogenesis below the SMT has implications for
the overall regulation of SRR with depth and age in the
sediment. The depth relation was described by a power
function (log–log linear function in Fig. 6a) with an expo-
nent of �3. The exponent implies a steeper decrease in
SRR than the general exponent of �1 found for organic
matter reactivity versus age in marine systems (Middelburg,
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1989). A steeper decrease than �1 has, however, been
observed also in other marine sediments by 35S-sulfate
reduction measurements (Jørgensen and Parkes, 2010). In
the Aarhus Bay sediment, SRR probably accounted for a
gradually decreasing fraction of the organic matter mineral-
ization with depth below the SMT where methanogenesis
gradually took over. Such a gradual transition could result
in the more negative exponent observed but it could not be
recognized as an expected increase in slope of the log–log
linear correlation from the sulfate to the methane zone
(Fig. 6a).
Fig. 10. Rates of sulfate reduction per cell, using the SRR data
from the linear correlation in Fig. 6a and numbers of sulfate
reducing bacteria determined by quantitative PCR (method with-
out EMA) of the key gene for dissimilatory sulfate reduction,
dsrAB (Leloup et al., 2009).
4.6. Sulfate reducing bacteria below the SMT

Our experimental measurements of actual and potential
sulfate reduction demonstrate the presence of active sulfate
reducing bacteria several meters below the SMT. This result
is in accordance with the direct demonstration, using DNA
based techniques, of relatively high SRB abundance
throughout the methane zone (Leloup et al., 2009). The
data of Leloup et al. (2009) were obtained from a gravity
core taken in Aarhus Bay close to the coring site of the
present study. Real-time PCR quantification was done of
the 16S rRNA gene of all bacteria and of dissimilatory
(bi)sulfite reductase, dsrAB, a key gene of all SRB. The
results obtained (without the use of ethidium azide
(EMA) to exclude damaged cells) showed that the SRB
comprised in average 13% of the total bacterial cells in
the sulfate zone, 22% in the SMT, and 8% in the methane
zone. DGGE analyses, based on the amplification of the
dsrA gene (400 bp), showed that the richness of sulfate-
reducing bacteria did not change with depth through the
geochemical zones, but that the clustering of gene sequences
was related to the particular zone. A full-length clone li-
brary of the dsrAB gene (1900 bp) showed that the SRB
in the upper sulfate zone were related mostly to the Desul-

fobacteraceae, while sequences deep in the sulfate zone, in
the SMT, and in the methane zone were mostly gram-posi-
tive SRB (Leloup et al., 2009). It is not clear in which way
the latter, potentially sporeforming SRB may be adapted to
the environmental conditions in these zones of low avail-
ability of sulfate and electron donor.

We were able to stimulate the activity of SRB in the
methane zone many-fold by the addition of sulfate and or-
ganic substrates to the sediment (Fig. 8). The much higher
potential SRR compared to the un-amended SRR shows
that the communities of SRB below the SMT were strongly
limited by the low concentrations of sulfate and/or organic
substrate but had the ability, within hours, to step up their
metabolic rate once this limitation was alleviated. We pro-
pose that these SRB were indeed living by sulfate reduction
rather than surviving by a fermentative metabolism or by
metal reduction. The low background values of sulfate
beneath the SMT thus reflect a dynamic equilibrium
between production and consumption of sulfate, and the
in situ respiration of the SRB is coupled to the rate of sul-
fate production associated with pyritization and perhaps to
a low diffusive flux of sulfate from above.

The depth distribution of SRB in the Aarhus Bay sedi-
ment (Leloup et al., 2009) can be directly compared to
the depth distribution of SRR. Since the SRB were quanti-
fied in a different core than the SRR, although at the same
site, we used the generalized power law function for the
SRR data (Eq. (2)) for this comparison and calculated
the mean sulfate reduction rates per cell. Fig. 10 shows that
these cell-specific SRR dropped more than two orders of
magnitude, from 0.08 fmol cell�1 d�1 at 10 cm depth to
about 0.0003 fmol cell�1 d�1 in the methane zone at
300 cm depth. The former rate is typical for SRB in near-
surface sediments of bays and fjords (Ravenschlag et al.,
2000; Sahm et al., 1999), while the latter rate approaches
the extremely low cell-specific rates calculated for deep
sub-surface sediments (Jørgensen and D́Hondt, 2006).
From this we conclude that already below one meter sedi-
ment depth, with a sediment age of a few thousand years,
the cellular metabolism of the sulfate reducing bacteria is
maintained at a level typical for the deep biosphere. Such
a low metabolic rate may enable mean division times of
the SRB cells on the order of a hundred years or more
(cf. Jørgensen and D́Hondt (2006)) which is comparable
to the similarly long turnover times of sulfate.

5. CONCLUSIONS

It has been repeatedly observed in ocean margin sedi-
ments that H2S in the pore water peaks at the SMT and
drops in concentration below the SMT. Fewer studies have
demonstrated that H2S drops all the way to zero deep down
in the methane zone where a band of iron sulfide may mark
a sulfidization front. The drop in H2S is generally explained
by reaction with deeply buried Fe(III) that leads to more
oxidized states of sulfur. The pool of subsurface Fe(III) is
particularly high in the studied sediments of the Baltic
Sea area which include post-glacial brackish deposits rich
in iron covered by Holocene marine deposits rich in organic
matter. The formation of sulfate from the proposed
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reactions has generally not been implied, however, proba-
bly because the detection of a low background concentra-
tion of sulfate was difficult and could also be an artifact
due to sediment and pore water handling. We propose that
the sulfate background in Aarhus Bay is not an artifact, but
that a cryptic sulfur cycle exists which involves both the for-
mation and reduction of sulfate at trace concentration. We
also propose that Aarhus Bay is not unique in this respect
but that a similar recycling of sulfate occurs widespread
in sub-surface marine sediments, concurrent with sulfate
reduction and methanogenesis, although the background
concentration of sulfate in the methane zone is usually low-
er than reported here. Our recent study of the same phe-
nomenon in Black Sea sediment has shown similar low
background concentrations of sulfate and similar abundant
communities of SRB below the SMT (Leloup et al., 2007;
Holmkvist et al., 2011).

It is striking that the Fe(III)-driven sulfate formation
is detected only down in the methane zone and not in
the sulfate zone where it also takes place but where
the high sulfate concentration obscures its formation.
It is also interesting that the formation and diffusion
loss of methane in that zone may facilitate the complete
pyrite formation by removing excess reducing power and
even facilitate the formation of excess sulfate. Modelling
of the pore water profiles of sulfate and sulfide in the
lower sulfate zone at 50–165 cm depth showed that the
net sulfide production was only half of the net sulfate
reduction. A continuous partial re-oxidation of produced
sulfide with Fe(III) and binding in pyrite thus took place
not only in the methane zone but also throughout the
sulfate zone. A small fraction of this re-oxidation may
go all the way to sulfate, thereby enhancing the differ-
ence between the measured gross sulfate reduction rates
and the modelled net sulfate reduction rates (cf. Table
1). Although sulfate reduction could be detected down
in the methane zone, it was possibly only a fraction of
the ongoing methanogenesis and it corresponded to only
0.1% of the total sulfate reduction in the sulfate zone.
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