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Abstract Three sediment stations in Himmerfjärden estu-
ary (Baltic Sea, Sweden) were sampled in May 2009 and
June 2010 to test how low salinity (5–7 ‰), high primary
productivity partially induced by nutrient input from an
upstream waste water treatment plant, and high overall
sedimentation rates impact the sedimentary cycling of meth-
ane and sulfur. Rates of sediment accumulation determined
using 210Pbexcess and

137Cs were very high (0.65–0.95 cm
year−1), as were the corresponding rates of organic matter
accumulation (8.9–9.5 mol Cm−2year−1) at all three sites.
Dissolved sulfate penetrated <20 cm below the sediment
surface. Although measured rates of bicarbonate methano-
genesis integrated over 1 m depth were low (0.96–1.09 mol

m−2year−1), methane concentrations increased to >2 mmol
L−1 below the sulfate–methane transition. A steep gradient
of methane through the entire sulfate zone led to upward
(diffusive and bio-irrigative) fluxes of 0.32 to 0.78 molm−2

year−1 methane to the sediment–water interface. Areal rates
of sulfate reduction (1.46–1.92 molm−2year−1) integrated
over the upper 0–14 cm of sediment appeared to be limited
by the restricted diffusive supply of sulfate, low bio-
irrigation (α02.8–3.1 year−1), and limited residence time
of the sedimentary organic carbon in the sulfate zone. A
large fraction of reduced sulfur as pyrite and organic-bound
sulfur was buried and thus escaped reoxidation in the sur-
face sediment. The presence of ferrous iron in the pore water
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(with concentrations up to 110 μM) suggests that iron re-
duction plays an important role in surface sediments, as well
as in sediment layers deep below the sulfate–methane tran-
sition. We conclude that high rates of sediment accumula-
tion and shallow sulfate penetration are the master variables
for biogeochemistry of methane and sulfur cycling; in par-
ticular, they may significantly allow for release of methane
into the water column in the Himmerfjärden estuary.

Keywords Sediment accumulation . Methane flux .

Methanogenesis . Sulfate reduction . Sulfide . Baltic Sea

Introduction

Biogenic methane produced in marine sediments is one of the
largest reservoirs of methane on Earth (Claypool and
Kvenvolden 1983). In most marine systems, very little of this
methane is released into the seawater and atmosphere because
it is efficiently oxidized by sulfate reduction coupled to the
anaerobic oxidation of methane (AOM) within the sulfate–
methane transition (SMT) (Reeburgh 1975; Boetius et al.
2000; Orphan et al. 2001; Treude et al. 2003). The amount of
methane that escapes from continental margin sediments
through the water column and into the atmosphere accounts
for only 2 % of global methane emission (Judd et al. 2002).

The largest part of the marine methane emission, about
75 %, is probably released from near-shore coastal environ-
ments (Bange et al. 1994). This is because coastal regions
(estuaries, bays, and other shallow areas) are often character-
ized by high rates of organic matter deposition due to large
amounts of terrestrial and riverine runoff, high primary produc-
tion in the water column, and the discharge of anthropogenic
waste, e.g., from sewage treatment plants (Meybeck et al. 1989;
Smith et al. 2010; Borges and Abril 2011). These factors
support high rates of carbon mineralization in the sediment
by oxygen respiration, denitrification, metal oxide reduction,
sulfate reduction, and, ultimately, methanogenesis (Borges and
Abril 2011). The depletion of sulfate allows methanogenesis to
occur at shallow depths. In addition to a high organic carbon
load that drives high rates of organic carbon mineralization,
rates of sulfate reduction and methanogenesis depend on the
season, the sediment temperature, the salinity, and the sulfate
concentrations in the water column (Martens and Klump
1980a; Kipphut and Martens 1982; Heyer and Berger 2000;
Valentine 2002). In coastal systems with low salinity, sulfate
depletion often occurs in the topmost tens of centimeters;
methane is less efficiently oxidized, and a significant amount
of methane can escape as bubbles (Chanton et al. 1989; Heyer
and Berger 2000).

The purpose of this study is to understand how low salinity,
high organic matter input, and high overall sedimentation rates
impact carbon mineralization rates and the turnover of methane

and sulfur in eutrophic, littoral Baltic Sea sediments.
Himmerfjärden, a large estuarine system on the Swedish
Baltic coast connecting Lake Mälaren with the central Baltic
Sea is ideal for this study due to its point–source anthropogenic
loading, high sediment accumulation rates, and low salinity.

Study Site

The Baltic Sea is the largest brackish water body in the world.
Salinity decreases from 25 ‰ in the Danish Straits to 2 ‰ in
the Gulf of Bothnia. Over the past 50 years, the Baltic Sea has
experienced eutrophication with increased primary production
supported by increased discharge of inorganic and organic
nutrients (Bartnicki and Valiyaveetil 2008; Larsson et al.
1985; Rosenberg et al. 1990; Stigebrandt 1991), which has
led to an expansion of coastal and open-water anoxia (Conley
et al. 2009, 2011).

Himmerfjärden covers an area of 174 km2 (Engqvist and
Omstedt 1992). The estuary has a mean water depth of 18 m
and a maximum depth of 52 m (Fig. 1). It consists of
multiple silled sub-basins with limited water exchange
(Engqvist and Omstedt 1992). The system receives fresh-
water discharge from surface runoff, Lake Mälaren, and a
local sewage treatment plant, which treats the sewage of
approximately 250,000 people within the greater Stockholm
metropolitan region. This has led to eutrophication of the
estuary for the past 60 years (Savage et al. 2010). The total
nitrogen discharge from the sewage treatment plant has been
shown to have a direct effect on plankton productivity in the
estuary (Bianchi et al. 2002; Larsson et al. 1985).

Three stations, H2, H3, and H5, were selected for this
study (Fig. 1). They belong to a suite of long-term monitor-
ing stations (http://www2.ecology.su.se/dbHFJ/index.htm)
and are located in water depths of 25–50 m. Salinity in the
bottom water at the stations varies between 5.5 and 6.7 ‰,
bottom water oxygen concentrations are in the range of
0.06–0.44 mM, and surface chlorophyll α concentrations
vary between 1 and 12.5 mgm−3 (Table 1). Station H5 is
closest to the waste water treatment plant and is character-
ized by the lowest salinity (6–6.7 ‰) and highest chloro-
phyll α content (1–12.5 mgm−3) (Table 1). Oxygen
concentrations at 25 m depth vary between 0.12 mM in
the summer to 0.41 mM in the winter when the stratified
bottom waters mix (Table 1). Station H3 is in 50 m depth
and generally has oxygenated bottom water year round.
Station H2 is furthest downstream and is the least affected
by the waste water treatment plant as indicated by the lowest
chlorophyll α content (1–6.5 mgm−3). Bottom water oxygen
concentrations at station H2 range from 0.06 to 0.44 mM
year round (Table 1).

The sediment at the three stations consists of organic-rich
clays with a one- to several-centimeter-thick brown iron
oxyhydroxide-rich layer at the top. The Holocene organic-
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Fig. 1 Location of stations H5, H3, and H2 in Himmerfjärden estuary, Sweden
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rich mud overlays a compact layer of clay below 120 cm
below sea floor (cmbsf ) at station H2 that probably repre-
sents the upper boundary of the brackish glacial lake depos-
its (8,500–7,500 BP) (Heinsalu et al. 2000). Additionally, at
station H5, laminated intervals occur in the topmost 20 cm,
suggesting historical anoxic bottom water conditions.

Materials and Methods

Sediment Sampling

Sediments from the three stations were sampled during two
campaigns with the research vessel R/V Limanda in May
2009 and June 2010. The sediments were collected with a
multicorer and a small gravity corer (Rumohrlot corer) with
lengths of approximately 40 and 140 cm, respectively.
Methane samples were immediately collected and fixed on
board as described below. Otherwise, the cores were capped
with rubber stoppers, transported to the Marine Research
Center of Stockholm University on Askö Island and kept
cold (+4 °C) until utilized for experiments and sampling.

Subsamples for methane concentration measurements were
taken using 3-cm3 cutoff syringes that were immediately
inserted into predrilled holes in gravity cores on board the R/V
Limanda. The sediments were transferred to serum 20-ml vials
containing 5 mL of 5MNaCl. Pore water was directly extracted
using Rhizons connected to 10-mL syringes (Elverfeldt et al.
2005) at a resolution of 1 cm for theMulticorer and 5 cm for the
Rumohrlot cores. The total volume of pore water extracted was
8 to 10 mL, of which the first 1 mL was discarded to clean the
syringe and remove air trapped in the syringe, and the Rhizon.
Sediment samples were collected for total carbon (TC), total
inorganic carbon (TIC), total sulfur (TS), total nitrogen, reactive
iron, density, and porosity. Samples for 210Pb and 137Cs analyses
were retrieved frommulticores by slicing the core at a resolution
of 1 to 2 cm.

35S-sulfate reduction rates (SRR) were measured in intact
subcores (28 mm in diameter) at a resolution of 1 to 2 cm.
Samples for rate measurements of 14C-AOM and 14C-bicar-
bonate methanogenesis incubations were taken with 5-mL
cutoff syringes, plugged with butyl rubber stoppers, and
stored in N2-filled plastic bags before injection of the
radiotracer.

Analytical Procedures

Methane Measurement

Methane concentration was measured in the headspace by gas
chromatography with a flame ionization detector using a
Shimadzu GC-8a gas chromatograph. Nitrogen was used as
carrier gas at a flow rate of 15mLmin−1 at 40 °C. Themethane
concentration was calculated per volume sediment corrected
for the sediment porosity according to the following equation:

CH4½ � ¼ Vhead � A� a
24:1� Vsed

1

8
nmol cm�3
� � ð1Þ

where Vhead is the volume of the headspace in the sample vial
(cubic centimeter), φ is the sediment porosity, A is the peak
area of methane eluted at 0.8 min, α is the slope of the
standard curve (parts per million volume basis), and Vsed is
the volume of the sediment sample (cubic centimeter). The
molar volume of methane at 20 °C (24.1 Lmol−1) was used to
convert from partial volume CH4 to mole CH4.

Pore Water Analyses

The extracted pore water was subsampled by preserving 1 mL
with 100 μL ZnCl2 (5 %) for hydrogen sulfide and sulfate
analyses, and collecting 2 mL headspace-free pore water for
dissolved inorganic carbon (DIC) and chloride measurements.

Sulfate (10- to 20-fold dilution) and chloride (200-fold
dilution) samples were measured by ion chromatography
(761 Compact IC, Ω Metrohm using 838 Advanced
Sample Processor Ω Metrohm) with 3.2 mM Na2CO3 and
1 mM NaHCO3 as eluent. The detection limit of sulfate in
pore waters was 50 μM. Sulfide was determined using the
photometric methylene blue method after Cline (1969)
(Shimadzu UV120 spectrophotometer, 2 μM limited
detection).

Dissolved inorganic carbon concentrations were deter-
mined by flow injection analysis (Hall and Aller 1992).
Due to the high sulfide concentrations in the samples,
100 μL of 0.5 M NaMoO4·2H2O solution was added to trap
H2S (Lustwerk and Burdige 1995). The detection limit is
0.1 mM for these measurements.

Dissolved iron (Fe2+) in the pore water was measured
using the Ferrozine method (Viollier et al. 2000) and

Table 1 Location and seasonal range of characteristics at stations H5, H3, and H2 in Himmerfjärden estuary

Site Location Water depth (m) Salinity (‰) Oxygen content (mM) Chlorophyll α (mgm−3)

H5 N 59° 02′ 19″, E 17° 43′ 40″ 25 6–6.7 0.06–0.44 1–12.5

H3 N 58° 50′ 40″, E 17° 47′ 42″ 50 5.7–6.5 0.12–0.41 1–8

H2 N 58° 56′ 04″, E 17°43′ 81″ 30 5.5–6.7 0.06–0.44 1–6.5

Source: http://www2.ecology.su.se/dbHFJ/index.htm
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determined on a Pharmacia LKB Ultraspec III spectropho-
tometer, 0.3 μM detection limit.

Solid-Phase Analyses

Total nitrogen, total sulfur, and organic carbon (Corg) con-
centrations in the sediment were determined with an ele-
mental analyzer (GC–FISONS 1500) at 1,052 °C. Total
inorganic carbon was measured on a CM 5012 CO2

Coulometer (UIC) after acidification with H3PO4. Organic
carbon was calculated as the difference between TC and
TIC. The C:N molar ratio was also calculated. Based on
organic carbon profiles and sedimentation rates, organic
carbon accumulation (JCorg) rates were calculated as:

JCorg ¼
Corg

100
� 1

12
� w � ρ mol m�2 year�1

� � ð2Þ
where JCorg is the organic carbon accumulation rate, and Corg

content,ω, and ρ are the organic carbon content (percent dry
weight), sedimentation rate (centimeter per year), and density
of dry bulk sediment (grams per cubic centimeter).

Sediments for porosity measurements were taken using
5-cm3 cutoff syringes. A 3-cm3 subsample of wet sediment
was weighed, the density was determined from the wet mass
per cubic centimeter, and the sediments were dried at 60 °C
until they reached a constant mass. The difference between
wet and dried mass was used to calculate the porosity.

For chlorin measurement, 10–20 mg of freeze-dried sed-
iment was extracted three times in the dark with 5 mL 100 %
acetone in an ice-bath according to Schubert et al. (2005).
The extracted solution was immediately analyzed with a
Hitachi F-2000 fluorometer at 428 nm. Chlorophyll α was
used as calibration standard. The extracted solutions then
were acidified and remeasured. The chlorin index (CI) was
calculated based on the ratio of the fluorescence intensity of
non-acidified to acidified extracts (Schubert et al. 2005).

Total reactive iron in the sediment was extracted by a
two-step ascorbate–dithionite extraction under anoxic con-
ditions according to März et al. (2008). The reactive ascor-
bate extractable iron (Feasc) and reactive dithionite
extractable iron (Fedithio) extractions were measured for total
dissolved iron (Fe2+ and Fe3+) by the atomic absorption
spectroscopy, Thermo Scientific iCE 3000 series using the
ASX-520 Autosampler. The extractions of Feasc and Fedithio
represent of reactive amorphous iron and crystalline iron
(oxyhydro)oxides, respectively (März et al. 2008).

Process Rate Measurements

Sulfate reduction rates were determined by injecting 35S-sulfate
tracer (50 kBq) into the retrieved subcores followed by 6 to 8 h
of incubation. The incubation was stopped by transferring the
sediment into 50-mL plastic centrifuge tubes containing 20 mL

zinc acetate (20 %, v/v). The total amount of 35S-labeled
reduced inorganic sulfur was determined using the single-step
cold distillation method of Kallmeyer et al. (2004) by counting
on a Tricarb 2500 liquid scintillation counter. Sulfate reduction
rates (nanomoles per cubic centimeter per day) were calculated
using the following equation (Jørgensen 1978):

SRR ¼ TRI35S
35SO4

2�þTRI35S
� SO4

2�� �

t
�1:06 nmol cm�3 day�1

� �

ð3Þ
where {SO4

2−} is the pore water sulfate concentration corrected
for porosity (φ) (nanomoles per cubic centimeter of wet sedi-
ment), TRI35S and 35SO4

2− are the radioactivities (becquerel)
of sulfate and total reduced sulfur species, respectively, and t is
the incubation time in days. The factor 1.06 is the estimated
fractionation factor between 35S and the natural isotope 32S
(Jørgensen and Fenchel 1974). SRR were determined in three
parallel cores for all depth intervals, and the values reported are
the median values of the triplicates.

Bicarbonate methanogenesis rates were measured by inject-
ing 14C-HCO3

− tracer (20 kBq) into the sediment in the 5-cm3

cutoff syringes taken from the Rumohrlot cores and incubating
for 16 h at in situ temperatures (the same temperature at the
coring time, 4 °C). The incubations were stopped by transfer-
ring the sediment into 25 mL of 2.5 % NaOH in glass jars
(50 mL). In the laboratory, the headspace gas was flushed by a
carrier gas of 95%N2:5%O2 at 30 mL/min for 30 min through
850 °C copper oxide columns as catalyst to oxidize 14CH4 to
14CO2. The CO2 was trapped in a series of two scintillation
vials containing 10 mL of Carbosorb solution (OptiPhase
HiSafe-3 plus β-phenylethylamine in v/v ratio of 4:1). The
radioactivity was measured on a liquid scintillation counter
(Tricarb 2500). The methanogenesis rate (ME) was calculated
using the following equation:

ME ¼
14CH4

H14CO3
�þ14CH4

� DICf g
t

nmol cm�3 day�1
� �

ð4Þ
where {DIC} is the concentration of dissolved inorganic car-
bon per cubic centimeter sediment corrected for porosity
({DIC}0DIC×φ) in the pore water, 14CH4 and H14CO3

− are
the activities (kilobecquerel) of labeled methane and bicarbon-
ate, respectively, and t is the incubation time in days. The
bicarbonate methanogenesis rates were measured on three par-
allel samples and the values presented here are the median rates
of the triplicates.

Rates of anaerobic oxidation of methane were determined
by injecting 14C-methane tracer (10 kBq) directly into 3 cm−3

sediment samples in cutoff syringes and incubating the sedi-
ment for 14 h at in situ temperature. After the incubation, the
microbial activity was stopped by transferring the sediments to
50-mL glass tubes containing 20 mL NaOH (2.5 %). AOM
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rates (nanomoles per cubic centimeter per day) were calculated
based on the ratio of 14C-bicarbonate and 14C-methane using
the methane concentration in each sample (Treude et al. 2003)
according to the following equation:

AOM ¼
14CO2

14CH4þ14CO2
� CH4f g

t
nmol cm�3 day�1
� �

ð5Þ
where {CH4} is the porosity-corrected concentration of meth-
ane at the beginning of the incubation. 14CO2 is the activity
(becquerel) of carbon dioxide, 14CH4 is the activity of meth-
ane also trapped as 14CO2, and t is the incubation time (day).
The rate of anaerobic oxidation of methane is calculated as
nanomoles per cubic centimeter per day. Similar to the SRR,
AOM rates were measured in three parallel cores and the
values presented here are the median values.

210Pb and 137Cs Analyses and Calculation of Sedimentation
Rates

Dry and ground sediment samples for radiochemical measure-
ment (2l0Pbexcess and

l37Cs activities) were sealed in polysulfone
vials and equilibrated for at least 3 weeks. Activities of the
radionuclides were determined using ultra-low level gamma
spectroscopy on a closed-end coaxial well detector (Ge
Coaxial Type N gamma detector) for 1 to 3 days. The total
2l0Pb radioactivity was determined directly by measuring the
210Pb at 46.5 KeV gamma peak and 224Ra that was indirectly
determined by measuring the gamma activity of 2l4Pb (at 295
and 352 KeV) and 2l4Bi (609 KeV). The 210Pbexcess was deter-
mined by the total 210Pb minus the supported 210Pb that derives
from 226Ra. Self-absorption corrections were made on each
sample following the technique of Cutshall et al. (1983).

137Cs activities were determined by measurement of the
662 KeV gamma peak intensity. Elevated 137Cs is an artifi-
cial tracer (produced from nuclear bomb testing) introduced
to the Baltic Sea environment in the l950s and in 1963.
Additionally, the study area received a large amount of
137Cs as a result of the Chernobyl catastrophe in 1986.

Sediment accumulation rates are assumed to be constant
over time. A geochronology was established using the
down-core distribution of 2l0Pbexcess activities (λ022.3 a
half-life) using a constant initial concentration model
(Appleby and Oldfield 1983):

t ¼ 1

l
ln
Cð0Þ
C

ð6Þ

where C(0) is the unsupported
210Pb activity at the sediment

surface, C is the activity at the depth of age determination,
and λ is the 210Pb decay constant. In addition, a date of 1986
was assigned to the peak 137Cs activity as an independent
chronostratigraphic marker.

Results

Pore Water Chemistry

Pore water chloride concentrations were between 95 and
105 mM and remained constant with depth at all stations
(data not shown).

At stations H2 and H5, methane concentrations increased
from 0.1 mmolL−1 at 1 cm sediment depth to the saturation
concentration of 1.95 mmolL−1 (1 atm, 10 °C) at a depth of
20 cm and continued to increase linearly with depth to the
bottom of the core (Fig. 2a). Similarly, methane concentrations
increased in almost linear fashion at station H2, but concentra-
tions >2 mmolL−1 at station H2 were reached below 30 cm
depth, whereas these concentrations at station H5 were found
below 10 cm depth (Fig. 2a). By contrast, at stationH3, methane
concentrations remained stable below 57 cm depth and slightly
varied between 4.3 and 4.8 mmolL−1 (Fig. 2a). Calculation of
the saturation concentration of methane at the respective water
depths for the three stations indicated that all methane concen-
trations remained below the solubility limit at the in situ pres-
sures. At all three stations, the sulfate–methane transition was
very broad and not marked by a distinct decrease in methane
concentrations at the depth of sulfate depletion (Fig. 2a).

Sulfate concentrations in the surface sediments increased
from 4.3 mM at H5 to 4.5 mM at H3 and 4.8 at H2. At all
three stations, sulfate concentrations decreased in a nearly
linear fashion to concentrations of 0.1 mM at 17–20 cm
depth. Although the penetration depth (defined as the depth
at which sulfate concentrations reached 0.1 mM) at station
H5 was shallowest, 17 cm, sulfate gradients were steepest at
station H2. The pore water gradients were very sensitive to
surface sulfate concentrations. This is also reflected in the
calculated sulfate fluxes (see “Methane and Sulfate Fluxes
Based on Reaction-Transport Modeling”). Below 20 cm,
sulfate concentrations remained <0.1 mM down to the bot-
tom of the cores (ca. 120 cm depth) (Fig. 2a).

The highest dissolved sulfide concentrations were mea-
sured at station H5 (871 μM) and the lowest at station H3
(387 μM). At all three stations, dissolved sulfide concen-
trations showed a maximum between 9 and 19 cm before
decreasing with depth. Sulfide concentrations decreased to
very low values near the detection limit of 1 μM at stations
H3 and H5, whereas they remained between 65 and 180 μM
at below the SMT at station H2 (Fig. 2b).

Dissolved iron concentrations followed the general pat-
tern of elevated or very high concentration in the topmost
centimeter decreasing to near detection in the sulfidic zone.
In the sulfide-free zone at depths below 47 cm, dissolved
iron increased again at station H3, whereas no increase was
observed at station H5 and H2. At station H5, the dissolved
iron concentrations were the highest of all three stations in
the topmost centimeter (Fig. 2b).
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Fig. 2 a Concentrations of methane and sulfate, b concentrations of sulfide and iron (II), and c concentrations of dissolved inorganic carbon in pore
water
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Dissolved inorganic carbon concentrations increased with
depth reaching values between 21.3 and 22.7 mM. The steepest
increase occurred in the upper 20 cm in the sulfate reduction
zone, whereas in the methanogenesis zone below, DIC concen-
tration remained more or less constant (station H3) or increased
only very gradually (stations H5 and H2) (Fig. 2c).

Solid-Phase Geochemistry

The TIC content at all stations was very low (0.01–0.02 dry
wt.%) and close to detection. We therefore assume that TC is
almost entirely comprised of Corg and only present the Corg data
(Fig. 3a). The Corg content at station H5 steadily decreased from
2.7 dry wt.%. at the top of the sediment core to 1.9 dry wt.% at
the bottom of the core. At station H3, the Corg content decreased
down core from 3.2 to 2.5 dry wt.% (7.5 to 107.5 cm depth). At
station H2, the Corg content decreased with depth from 3.7 to
2.6 dry wt.% (Fig. 3a). Sedimentary C:N ratios showed a low
variation between 9.6 and 10.6 throughout the core (Fig. 3a).

Total sulfur (TS) contents at station H5 ranged between 0.5
and 1.2 dry wt.% with a pronounced minimum between 30 and
50 cm depth. The TS content at H3 was almost constant
throughout the core (0.5–0.6 dry wt.%), whereas at station
H2, it gradually increased from 0.4 dry wt.% at the surface to
1.5 dry wt.% at 45 cm depth. Further below, the contents
slightly decreased to 1.1 dry wt.% at 75 cm depth (Fig. 3a).

In general, the chlorin content gradually decreased with
depth at all stations (Fig. 3b). At station H5, the chlorin
content decreased from 9.5 to 3.0 μgg−1 (dry weight)
between 37.5 and 88.5 cm depth. At station H3, the
concentration decreased from 15.2 to 5.0 μgg−1 between
7.5 and 97.5 cm depth, with the exception at the depth of
37.5 cm, where the chlorin concentration was 40.5 μgg−1.
At station H2, concentrations decreased from 9.8 to 3 μg
g−1 between12.5 and 72.5 cm depth (Fig. 3b). The calcu-
lated chlorin index (CI) varied between 0.65 and 0.99
with values close to 1 indicating refractory material at
all stations, except at 37.5 cm depth at station H3, where
the CI value was 0.54.

High concentrations of reactive Fe were observed
throughout the cores at all three sites (Fig. 3c). Total reactive
iron, as defined by Feasc+Fedithio, was much greater at
stations H3 and H5 compared to station H2, where total Fe
reactive was <10 μmolcm−3 (Fig. 3c). Concentrations of
total reactive iron showed a distinct peak of >18 μmol
cm−3 at 45 cmbsf at station H5. In general, concentrations
of reactive Fe were >10 μmolcm−3 at both stations H3 and
H5. Stations H3 and H5 were also similar in that the reactive
Fe was almost equally divided between the dithionite and
ascorbate reducible fractions. At station H2, easily reducible
Feasc was only significant in the upper 0–5 cm of the
sediment. The low concentrations of Feasc correlated with
the presence of high dissolved H2S concentrations.

Rates of Sulfate Reduction, Anaerobic Oxidation
of Methane, and Methanogenesis

We could not calculate accurate specific activities necessary for
precisely determining sulfate reduction rates below 14 cm, due
to the very low sulfate concentrations (expectedly <50 μM). At
station H5, peak SRR (46 nmolcm−3day−1) in the upper part
were found within the surface 0–1 cm (Fig. 4a), whereas peak
rates in the upper layer of sediment varied from 25 nmolcm−3

day−1 (station H3, 3.5 cm) to 29 nmolcm−3day−1 (station H2,
5.5 cm). At all three sites, a second distinct SRR peak rate was
observed near the bottom of the sulfate penetration. These rates
varied from 33 nmolcm−3day−1 at station H2 to 76 nmolcm−3

day−1 at stations H3 and H5. This deep peak of SRR is consis-
tent with the peak of AOM measured at H3 (16 nmolcm−3

day−1) at 14 cm depth. Integrated SRR over 14 cm were nearly
similar at all three sites and ranged from 1.46 molm−2year−1

(station H3) to 1.92 molm−2year−1 (station H2) (see Table 2).
Rates of bicarbonate methanogenesis varied between 0.2

and 1.2 nmolcm−3day−1 and 0.1 to 3.2 nmolcm−3day−1 at
stations H2 and H5, respectively. Methanogenesis rates in-
creased below the sulfate zone. At station H5, methano-
genesis rates peaked immediately right below the SMT and
decreased again further below (Fig. 4b). Integrated bicar-
bonate methanogenesis rates over 100 cm depths were var-
iable between 1.09 molm−2year−1 at station H5 and
0.96 molm−2year−1 at station H2 (Table 2).

Sedimentary 210Pbexcess and
137Cs Distribution,

and Sedimentation Rates

At all stations, 210Pbexcess decreased with depth but did not
reach zero levels in the top 27 cm. Based on the distribution
of 210Pbexcess, and assuming steady-state input of 210Pb and
minimal sediment mixing, we calculated sedimentation rates
of 0.98 cmyear−1 at station H5, 0.82 cmyear−1 at station H3,
and 0.77 cmyear−1 at station H2 (Table 3).

137Cs activities were high in the top 20 cm at stations H5
and H3 and decreased abruptly below this depth. In addi-
tion, there were distinct peaks of 137Cs activity at 23 cm
depth at station H5 and 21 cm depth at station H3 (Fig. 5b).
The 137Cs peak at station H2 is shallower, at 13 cm depth,
and less distinct. The calculated sedimentation rates of 0.91,
0.82, and 0.65 cmyear−1 for station H5, H3, and H2, re-
spectively, were slightly lower than 210Pbexcess -based sedi-
mentation rates (Table 3).

Methane and Sulfate Fluxes Based on Reaction-Transport
Modeling

Utilizing the methane, sulfate, and DIC profiles, the
reaction-transport model of Wang et al. (2008) was applied
to calculate the fluxes between the water column and
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underlying sediments, using diffusion coefficients for 5 °C
obtained from Schulz and Zabel (2006). Due to the relatively
high rates of sediment accumulation, advective pore water
transport was also considered. Average sedimentation rates

obtained from the 210Pb and 137Cs approaches for each station
were used. A value of 0.05 for significance level was
employed for the fitting program. The results indicate that
methane fluxes (in moles per square meter per year) from the

Fig. 3 a Solid-phase Corg, TS, and C: N ratios, b chlorin content and index (CI), and c reactive iron in Himmerfjärden sediments
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sediment to the sediment–water interface were 0.37 molm−2

year−1 for H5, 0.25 molm−2year−1 for H3, and 0.11 molm−2

year−1 for H2. The sulfate fluxes from water column into the
sediment were 0.34, 0.30, and 0.45 molm−2year−1 at stations
H5, H3, and H2, respectively (Table 4, Fig. 6). The DIC fluxes
in the sulfate reduction zone were 1.18, 1.15, and 0.89 mol
m−2year−1 for stations H5, H3, and H2, respectively (Table 4).

Discussion

Sediment Accumulation in Himmerfjärden

To understand methane and sulfur biogeochemistry of
Himmerfjärden, it is important to appreciate the high rates

of sediment accumulation and, ultimately, the delivery of
organic carbon from the water column to the underlying
sediment. 210Pbexcess and 137Cs distributions indicate that
Himmerfjärden sediments accumulate at very high rates
from 0.98 cmyear−1 at station H5 in the upper estuary to
0.65 cmyear−1 at the lower end (Table 2). These sediment
accumulation rates agree well with those calculated by
Reuss et al. (2005) (0.89 cmyear−1 based on 210Pbexcess
and 137Cs profiles). Our rates are slightly lower than rates
determined by Bianchi et al. (2002) (1.32 cmyear−1 at station
H5 based on 210Pbexcess and

137Cs profiles) and Meili et al.
(1998) who estimated a rate of 1 cmyear−1 in Himmerfjärden
archipelago based on 137Cs profiles. The uppermost sediment
layers may now be accumulating at a lower rate, based on the
210Pbexcess distributions, within 0.15–0.17 cmyear−1 in the top

Fig. 4 a Sulfate reduction rate
and rate of anaerobic oxidation
of methane (St. H3 only), and b
bicarbonate–methanogenesis
rate

Table 2 Organic matter accumulation rate (JCorg), depth-integrated bicarbonate methanogenesis rate (Bi-ME), and gross and net sulfate reduction
in Himmerfjärden estuary sediment

Station JCorg (molm−2year−1) Bi-ME (molm−2year−1) GSRa (molm−2year−1) JS burial (molm−2year−1) JS burial/GRS (%)

H5 9.5 1.09 1.52 1.23 81

H3 9.3 1.46 0.60 41

H2 8.9 0.96 1.92 0.95 49

a Gross sulfate reduction equal 35 S-SRR
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5 cm at all stations. Nevertheless, sediment accumulation rates
in Himmerfjärden estuary are still 1.5–3.5-fold higher than in
the open Baltic Sea basins, for example the Bothnian Sea,
Bothnian Bay, Finland Bay, and Baltic Proper (0.26–0.62 cm
year−1, Mattila et al. 2006).

The 137Cs profiles represent a pulsed input from the
Chernobyl catastrophe in 1986 and earlier inputs from above-

ground atomic bomb tests, with a fallout peak in 1963. We
assigned the peak in the 137Cs distributions to the Chernobyl
event (see Fig. 5b). The overall distribution of 137Cs can
also be affected by sediment mixing, which would broaden
the peak. Sediment mixing does occur at station H2 as
indicated by the broadening of the 137Cs peak as compared
to the sharp peaks at stations H3 and H5 (Fig. 5b). Input of
allochthoanous post-Chernobyl 137Cs-bearing particles also
affects the distribution of 137Cs. The elevated 137Cs activities
above the putative 1986 Chernobyl peak in Fig. 5b are
likely derived from 137Cs containing particles from the
Himmerfjärden watershed. Satellite imagery shows that agri-
cultural activities dominate the watershed land-use. 137Cs
activities measured in Himmerfjärden (1–2.8 Bqg−1 dry) fall
into the range given for Chernobyl impacted soils and sedi-
ments in Finland and Scandinavia (0.3 to 46 Bqg−1 dry)
(Table 5). The enhanced 137Cs activities above the
Chernobyl (1986) peak indicate that the sedimentation pat-
terns in Himmerfjärden are dominated by resuspended sedi-
ments and sediment delivered from upstream and soils in
the Himmerfjärden watershed.

Table 3 Sedimentation rates at the three stations in Himmerfjärden
estuary based on 210Pbexcess and

137Cs profiles

Station Mean rate (cmyear−1)

210Pbexcess
137Cs 210Pbexcess

137Cs 210Pbexcess
and 137Cs

H5 0.98±0.26 0.91±0.04 1.36a 1.32a 0.89b

H3 0.82±0.22 0.82±0.04

H2 0.77±0.31 0.65±0.04

a Data from Bianchi et al. (2002) for station H5
bData from Reuss et al. (2005) from average rates in Himmerfjärden
estuary

Fig. 5 a 210Pb excess and b
137Cs profiles in
Himmerfjärden estuary
sediments
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Sediment accumulation rates are greatest in the inner
Himmerfjärden at station H5. Bianchi et al. (2002)
attributed high sediment accumulation rates at station
H5 to the presence of the nearby sewage treatment
plant. By implication, one would expect the highest
rates of Corg accumulation at station H5, which our data
confirm (Table 2, Fig. 6). In contrast, the highest Corg

contents in the core top were measured at station H2
(3.8 %), compared to 3.2 % at stations H3, and 2.8 %
at station H5. Although the station H2 sediments have
the highest Corg contents, this organic carbon exhibits
the greatest degree of chlorin degradation, as indicated
by the chlorin index value near unity (Fig. 3b). This is
consistent with lower sedimentation rates and possibly
sediment mixing due to bioturbation. We observe that
the sediment accumulation rates along Himmerfjärden
decrease by 30 % from station H5 to station H2.

Thus, the combination of decreasing sedimentation rates
from the head (station H5) to the mouth (station H2)
and greater Corg contents towards lower end of the
estuary result in estimated Corg burial rates greatest at
station H5 and correspondingly lowest station H2
(Table 2, Fig. 6). The relatively high sediment accumu-
lation rates and organic carbon burial fluxes have, as
will be discussed below, important implications for the
biogeochemistry of sulfur and methane throughout the
Himmerfjärden estuary.

Sulfate Reduction and Sulfur Fluxes in Himmerfjärden

Sulfate reduction is usually the dominant anaerobic pathway
of organic carbon decomposition in organic-rich, marine
sediments (Jørgensen 2006). The downward flux of sulfate
from the sediment surface to bottom sulfate zone drives the

Table 4 The upward advective–diffusive flux (Jad-di) and advective–
diffusive bio-irrigative flux (Jad-di-bio) of methane to the sediment–
water interface (JCH4), downward sulfate flux into the sediment

(JSO42−), and dissolved inorganic carbon flux in the sulfate reduction
zone (JDIC) based on reaction-transport and bio-irrigation flux models

Station JCH4 (molm−2year−1) JSO42− (molm−2year−1) JDIC (molm−2year−1)

Jad-di Jad-di-bio Jad-di Jad-di-bio Jad-di Jad-di-bio

H5 0.37 0.78 −0.25 −1.66 1.18 5.70

H3 0.25 0.46 −0.30 −1.59 1.15 5.28

H2 0.11 0.32 −0.45 −2.08 0.89 4.65

Fig. 6 Upward flux of methane
to the sediment–water interface,
downward flux of sulfate
based on the reaction-transport
model, and deposition of Corg

in Himmerfjärden estuary
sediments
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organoclastic sulfate reduction (Eq. 7) and sulfate-
dependent AOM (Eq. 8)

SO4
2� þ 2CH2O ! HS� þ 2HCO3

� ð7Þ
and

SO4
2� þ CH4 ! HS� þ HCO3

� þ H2O ð8Þ
Organoclastic sulfate reduction (Eq. 7) usually exceeds

methanotrophic sulfate reduction (Eq. 8) driven by upward
diffusing methane (Martens and Klump 1980b). In spite of
the high sedimentation rates and organic carbon burial rates,
sulfate reduction rates only varied between 1.46 and
1.92 molm−2year−1 in the upper 14 cm, with the greatest
areal rates at station H2 and the least at station H3 (Table 2).
Integrated sulfate reduction rates in Himmerfjärden estuary
sediments are similar to those of Bornholm Basin and
Gotland Deep sediments in the Baltic Sea (Lapham,
Brüchert unpublished data). The rates of sulfate reduction,
however, are lower than those measured in shallow, high-
deposition sedimentary environments (13.0 molm−2year−1)
and in estuaries and embayments (2.6 molm−2year−1)
(Canfield 2005) (Table 6). We attribute the relatively low
rates of integrated sulfate reduction to the shallow sulfate
penetration depth. Salinity in Himmerfjärden is only 6 to 6.5
‰, leading to surface sulfate concentrations that are also
low (<4.7 mM). Additionally, and perhaps more impor-
tantly, the high sediment burial rates result in a limited
residence time of the Corg in the sulfate reduction zone (20
to 30 years).

In Himmerfjärden, organoclastic sulfate reduction and
AOM appear to overlap within the upper 20 cm of the sedi-
ment (Fig. 4a). In the low-sulfate environment (<5 mM), the

thermodynamics of both the organoclastic and the methano-
trophic sulfate reduction are favorable (Jørgensen 2006; Knab
et al. 2008). At station H3, we measured AOM rates through-
out the sulfate zone and the SMT at 20 cm depth (Fig. 4a).
Based on the integrated rates of AOM over the upper 14 cm
(0.3 molm−2year−1), 20 % of the overall sulfate reduction can
be attributed to AOM (Eq. 8). Overall, in the sulfate reduction
zone, 25 % of the organic carbon was degraded via organo-
clastic sulfate reduction, which is consistent with the decrease
of Corg (16 %) in solid phase (3.7 % in the 0–5 cm sediment
interval to 3.1 % below the SMTand the chlorin concentration
decline (25 %), (17.6 μgg−1 at 5 cm depth to 13.5 μgg−1 at
22.5 cm depth). Therefore, at station H3, 75 % of Corg that
reached the surface sediment was buried into the methano-
genic zone. At stations H2 and H5, organic matter burial
below the sulfate reduction zone was similar to station H3,
which is a very high proportion for marine sediments (Hartnett
et al. 1998).

Sulfate fluxes into the sediment based on diffusion and
pore fluid advection due to burial are inversely proportional
to the organic carbon burial and methane fluxes as illustrat-
ed in Fig. 6. They are also significantly lower than the total
sulfate reduction rates estimated for the upper 14 cm of
sediment; the modeled diffusion–advection flux is only
about 16–23 % of the total gross sulfate reduction. This
suggests that another transport mechanism of sulfate into
the sediments must exist. We have not accounted for sulfate
transported into the upper 10–15 cm by bio-irrigating organ-
isms. The sediments of Himmerfjärden are populated by
Marenzelleria, a widely distributed invasive polychaete
(Kautsky 2008; Blank et al. 2008). Hedman et al. (2011)
have demonstrated that Marenzelleria enables solute trans-
port down to more than 15 cm depth.

The impact of bio-irrigation on pore fluid exchange can
be estimated by the use of a simple, one-dimensional, non-
local exchange model. In this case, the sediment interval of
0 to 14 cm is considered as a discrete layer. The irrigation
coefficient, α, is used in Eq. 9 (Fossing et al. 2000), which
describes the fraction of pore fluid exchanged with the
surface per unit time:

a ¼ SRRmeas � SRRdiff

8 � C0 � C14 cmð Þ ð9Þ

where SRRmeas0 the GSR (the integrated gross sulfate re-
duction rate; Table 6) times the sulfate reduction layer
(14 cm) and SRRdiff0calculated flux from the fitting model
(Table 4). C0 is the sulfate concentration of the overlying
surface sediment, C14 cm is the concentration at 14 cm depth
(moles per cubic meter), and φ (porosity) was set to 0.9 (the
average porosity between surface sediment (0.93) and
14-cm interval (0.86)). We calculate values of α between
2.85 and 3.12 year−1. These values are at the lower range of

Table 5 Inventory of 137Cs in the Baltic Sea sediment due to Cher-
nobyl disaster

Areas Inventory
(Bqg−1 dry)

References

Poland coastal areas
(Baltic Sea)

<0.57 Callaway et al. (1996)

The western European
coastal areas (the
Netherland, England
coastal areas)

<0.2 Callaway et al. (1996);
Walling and
Owens (1996)

Gävle Bay
(Swedish coast)

<14.9 Holby and Evans (1996)

Himmerfjärden
(Swedish coast)

0.3–2 Meili et al. (1998)

Finland lakes 1.5–46 Ilus and Saxén (2005)

Bothnian Bay <0.5 Ilus et al. (2007)

Bothnian Sea <1.5 Ilus et al. (2007)

Gulf of Finland <2.3 Ilus et al. (2007)

Baltic Proper <0.3 Ilus et al. (2007)

Himmerfjärden 0.2–2.8 This study
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values estimated for coastal regions (12–180 year−1) in the top
20 cm depth (Boudreau 1997) and suggest that, on average,
the pore fluids are exchanged with the overlying surface water
three times per year. Albeit not vigorous, bio-irrigation may
serve to maintain the 10- to 15-cm-deep sulfate penetration
depth observed throughout Himmerfjärden.

While Marenzelleria probably do not mix the sediment
much (Hedman et al. 2011), they will significantly enhance
the overall flux of not only sulfate but also other dissolved
components such as DIC and methane (Table 4). We use the
value for α to estimate the flux of other dissolved constitu-
ents using the relationship (Boudreau 1997, p. 143):

FI ¼ a � LI � C14 cm � C0 cmð Þ ð10Þ
where FI is the flux to the sediment–water interface, assum-
ing constant pore water irrigation (constant α) over the zone
LI (in our case, 14 cm). This is a very simple approach to a
complex phenomenon, but the resulting fluxes are signifi-
cantly greater than the diffusive/burial advection fluxes cal-
culated for methane (about twofold) and DIC (about
fourfold). Moreover, these DIC fluxes out of the sediment
are more consistent with measured carbon turnover rates
(sulfate reduction and methanogenesis) than those deter-
mined without bio-irrigation. Although bio-irrigation enhan-
ces dissolved fluxes, the presence of laminated sediment in
the top 20 cm at station H5 does suggest that local and
seasonal hypoxia in Himmerfjärden limit sediment mixing
and to a certain degree bio-irrigation (i.e., the α values are
not very large). As a consequence, regeneration of sulfate by
reoxidation of sulfide and the advection supply of sulfate are
limited in these sediments. This is also reflected in the
relatively large fraction of sulfur that is buried as reduced
solid-phase S (Table 2).

The accumulated reduced sulfur in pyrite and organic sulfur
below the SMT corresponds to 41–81 % of the gross sulfate
reduction rate (Table 2). The large sediment accumulation rates
at stations H5 and H3 play a decisive role. Although free
dissolved sulfide is present in the sulfate reduction zone, the
reduced sulfide is completely scavenged from the pore waters
(Fig. 2b). Essentially, the rapid burial rate removes a significant
fraction of sulfur out of the surface layers.

At both stations, H5 and H3, high amounts of reactive
iron are available below the sulfate reduction zone (Fig. 3c)
and ferrous iron is released into the pore water. In contrast,
at station H2, where the burial flux of reactive iron is
significantly lower, free sulfide is not only present as a peak
in the sulfate reduction zone but is never completely titrated
by reactive iron in the lower 100 cm of the core (70–
240 μM) (Fig. 2b). The Feasc may exist in part as FeS,
which is very likely to be dissolved under the strong Fe
complexing conditions used in the ascorbate–citrate treat-
ment. At stations H3 and H5, sulfide below the SMT is very
efficiently scavenged and a large inventory of reactive iron,
both Feasc and Fedithio, remains below the sulfate zone. This
may be related to the lower sedimentation rates at station
H2, and ultimately the rate of reactive iron delivery relative
to the sulfate reduction rate. In contrast, high rates of reac-
tive iron delivery below the sulfate zone result in an effec-
tive scavenging of sulfide from the deeper pore waters and
potentially allow for continued organic carbon degradation
via iron reduction.

The presence of Fe2+ in pore water below the sulfate
zone suggests that iron reduction occurs and may be a
result of the interaction between dissolved sulfides (H2S,
FeS) and FeOOH species leading to ferrous iron produc-
tion and the formation of elemental S (Riedinger et al.
2010; Holmkvist et al. 2011; Tarpgaard et al. 2011).
Dissolved reduced iron may result from the direct cou-
pling of anaerobic oxidation of methane (AOM) to iron
reduction (Beal et al. 2009). The flux ratios of DIC and
SO4

2− range from 2.3 (station H2) to 3.3 (stations H3
and H5), thus exceeding the maximum ratio of 2
expected for organoclastic sulfate reduction (Jørgensen
and Parkes 2010; Burdige and Komada 2011). This also
suggests an additional terminal electron acceptor process,
e.g., iron reduction, in the Himmerfjärden sediments.

Controls on Methane Fluxes

In the Himmerfjärden sediments, the methane-bearing,
sulfate-free (methanogenic) zone is within the upper 20 cm
of the sediment column due to both high organic matter

Table 6 Sulfate reduction rates
in coastal marine sediments Areas Sulfate reduction rate References

(molm−2year−1)

Kattegat Bay 8.8–12.4 Iversen and Jørgensen (1985)

Brackish coastal Aarhus Bay 16.1–45.8 Thode-Andersen and Jørgensen (1989)

Shallow, high deposition (average) 13 Canfield (2005)

Estuaries and embayments (average) 2.6 Canfield (2005)

Bornholm Basin and Gotland Deep
(Central Baltic Sea)

1.4–4.4 Lapham and Brüchert, unpublished data

Himmerfjärden 1.5–1.9 This study
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accumulation rates and low sulfate concentrations (4.3–
4.8 mM). In spite of the presence of sulfate at all three sites,
methane concentrations exhibit linear gradients extending to
the sediment–water interface. As shown in Fig. 6, the cal-
culated flux of methane by diffusive transport to the sedi-
ment–water interface is greatest at station H5 (0.37 molm−2

year−1) and lowest at station H2 (0.11 molm−2year−1), con-
sistent with the organic carbon burial rates. These upward
methane fluxes to the sediment–water interface are in the
range of previously calculated methane release rates from
other brackish sediments (0–2.5 molm−2year−1) (Hariss et
al. 1988; Lyimo et al. 2002; Middelburg et al. 2002), from
the northern Baltic Sea (0–0.2 molm−2year−1, Gotland
Deep, Bothnian Sea and Bothnian Bay, Brüchert et al.
unpublished data), as well as from the coastal southern
Baltic Sea (0.02–133 molm−2year−1) (Heyer and Berger
2000). Due to bio-irrigation, the actual methane fluxes
(0.32–0.78 molm−2year−1) may be greater than the estimat-
ed advective–diffusive methane fluxes to the sediment–
water interface (Table 4). These values are much lower than
values for methane fluxes from sediments from freshwater
or wetland ecosystems (1.25–3.75 molm−2year−1) (Crill and
Martens 1986; Miller and Oremland 1988; Purvaja and
Ramesh 2001; Nahlik and Mitsch 2011). Nevertheless, the
brackish Himmerfjärden estuary sediments have the poten-
tial for significant release of methane to the sediment–water
interface, as in other low-salinity coastal regions.

Interestingly, the rates of bicarbonate methanogenesis in
the sulfate-depleted sediments are less than 3.2 nmolcm−3

day−1 and generally less than 1 nmolcm−3day−1 in the
methanic zone. Although only measured at two stations
(H5 and H2), rates of bicarbonate reduction to methane are
also slightly higher at the upstream station H5. In compar-
ison to methanogenesis rates previously determined for
coastal brackish sediments in the southern Baltic Sea (55–
200 nmolcm−2day−1, Heyer et al. 1990), Gotland Deep
(0.3–2.8 nmolcm−2day−1 down to 20 cm depth; Piker et
al. 1998), and Eckernförde Bay (up to 37 nmolcm−3day−1;
Treude et al . 2005), the methanogenesis rates in
Himmerfjärden sediments are low. If data are integrated over
the cored depth interval, however, the resulting flux of bicar-
bonate methanogenesis (0.96 and 1.09 molm−2year−1) fits
well to the calculated upward fluxes of methane to the sedi-
ment–water interface (0.32 and 0.78 molm−2year−1) (Tables 2
and 4).

Methanogenesis can also occur in the sulfate zone if
sufficient non-competitive substrates are available for both
sulfate reduction and methane production processes (Lovley
and Klug 1983; Oremland and Polcin 1982). This has been
observed in marine sediments of the Skagerrak (Parkes et
al. 2007; Knab et al. 2009) and Limfjorden where sulfate
was <5 mM (Jørgensen and Parkes 2010). Indeed, we
measured low rates of bicarbonate methanogenesis (0.2–

0.8 and 0.1–1 nmolcm−3day−1) in the active sulfate re-
duction zones at stations H5 and H2, respectively. This
suggests that, in addition to the methane flux from be-
low, methane is being produced in the surface sediment.
This methane is either transported out of the sediment or may
be, albeit slowly, oxidized. However, measured rates of bicar-
bonate methanogenesis may in part represent a back reaction
of tracer of up to 5 % during anaerobic oxidation of methane
(Holler et al. 2011). Methanogenesis within the surface
sulfate-bearing zone needs further detailed investigation.

At all three stations, methane concentrations linearly
decrease from the methanic sediments through the sulfate-
bearing zone to the sediment–water interface. Although
AOM was measured, this overlap of methane and sulfate
suggests that the oxidation of methane is rather “sluggish,”
as also observed in Black Sea sediments (Knab et al. 2009),
and that a substantial methane flux to the water column may
occur. An intriguing possibility is that the methane-
oxidizing community may not be able to keep pace with
the high rates of sediment accumulation. Methane oxidizing
consortia are notoriously slow growing (Nauhaus et al.
2007). Regnier et al. (2011) have demonstrated that the
microbial response to rapid changes in the pore water meth-
ane and sulfate gradients, e.g., due to rapid burial or ebulli-
tion events, can be delayed over years (typically 80 years for
a sudden gas ebullition event). Due to the high sedimenta-
tion rates in Himmerfjärden estuary, the residence time of a
microbial community in the sulfate zone is only 20 to
30 years. Thus, the broad overlapping zones of organoclas-
tic and methanotrophic sulfate reduction in the sulfate zone
in Himmerfjärden may occur as a consequence of a small,
inefficient AOM community at the bottom of the sulfate
zone.

Conclusions

Himmerfjärden is a littoral benthic ecosystem typical for the
brackish coastal waters of the central Baltic Sea.
Eutrophication and low concentrations of sulfate in the
overlying water impact methane production, consumption,
and release from the sediment to the water column. The
unusual controlling variable for sulfur and methane biogeo-
chemistry in Himmerfjärden, however, is the high rate of
sediment accumulation. We propose that the depth of the
sulfate zone (ca. 15 cm) is controlled by the irrigating activity
of the invasive polychaete Marenzelleria. High rates of sedi-
ment accumulation as they occur in the Himmerfjärden estu-
ary shorten the residence time of the sediment in the sulfate
reduction zone. Such a short residence time (ca. 20 to 30 years)
has important consequences for sulfur, iron, and carbon bio-
geochemistry. Thus, the Himmerfjärden sediments have cer-
tain characteristics that distinguish them from central basin
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sediments of the Baltic and continental shelf margins.
Reduced sulfur produced within the sulfate reduction zone
escapes to a large extent by burial, which reduces the reoxi-
dation of sulfide in the surface sediments. In addition, unusu-
ally large amounts of reactive iron become buried into the
methanic zone. The role of this reactive iron in organic carbon
and methane at depth is unclear.

Although methane production rates are not unusually
high when compared to other marine sediments, the narrow
sulfate zone allows for a significant upward flux of methane
to the sediment–water interface. This methane flux from the
methanogenic zone to the sediment–water interface corre-
lates with the burial flux of organic carbon and may be
enhanced by bio-irrigation. The oxidation of methane in
the sulfate zone appears to be sluggish. The slow-growing
methane-oxidizing communities that are responsible for
methane oxidation may not be able to keep up with the fast
sediment accumulation. Therefore, the Himmerfjärden estu-
ary (Sweden) is regarded as a model area for study, and the
early-stage diagenesis of biogeochemical processes is cer-
tainly a prime candidate to achieve this goal.
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