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ABSTRACT: Methane is a powerful greenhouse gas and its biological
conversion in marine sediments, largely controlled by anaerobic oxidation
of methane (AOM), is a crucial part of the global carbon cycle. However,
little is known about the role of iron oxides as an oxidant for AOM. Here
we provide the first field evidence for iron-dependent AOM in brackish
coastal surface sediments and show that methane produced in Bothnian
Sea sediments is oxidized in distinct zones of iron- and sulfate-dependent
AOM. At our study site, anthropogenic eutrophication over recent decades
has led to an upward migration of the sulfate/methane transition zone in
the sediment. Abundant iron oxides and high dissolved ferrous iron
indicate iron reduction in the methanogenic sediments below the newly
established sulfate/methane transition. Laboratory incubation studies of
these sediments strongly suggest that the in situ microbial community is
capable of linking methane oxidation to iron oxide reduction.
Eutrophication of coastal environments may therefore create geochemical conditions favorable for iron-mediated AOM and
thus increase the relevance of iron-dependent methane oxidation in the future. Besides its role in mitigating methane emissions,
iron-dependent AOM strongly impacts sedimentary iron cycling and related biogeochemical processes through the reduction of
large quantities of iron oxides.

■ INTRODUCTION

Methane (CH4) is a potent greenhouse gas in the Earth’s

atmosphere with a global warming potential 28−34 times that of
carbon dioxide (CO2) on a centennial time scale.1 Anaerobic

oxidation of methane (AOM) efficiently controls the atmos-

pheric CH4 efflux from the ocean by consuming an estimated

>90% of all the CH4 produced in marine sediments.2,3 Most of

this AOM is attributed to sulfate (SO4
2−) reduction4−10 (SO4-

AOM, eq 1), but oxidized solid phases such as iron (Fe)-oxides

are also thermodynamically favorable electron acceptors for the

biological oxidation of CH4 (eq 2).
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The co-occurrence of reactive Fe-oxides and CH4 in
freshwater11−14 and some brackish15,16 sedimentary environ-
ments suggests that AOM coupled to Fe-oxide reduction (Fe−
AOM) has the potential to act as a CH4 removal mechanism in
SO4

2−-poor systems. Laboratory incubation studies have indeed
shown that AOM can be stimulated by Fe-oxide addi-
tions.15,17−19 However, conclusive field evidence for Fe−AOM
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in brackish surface sediments and knowledge about its
significance for global CH4 dynamics are still lacking.
A basic prerequisite for Fe-mediated AOM is the concurrent

presence of porewater CH4 and abundant reducible Fe-oxides.
However, in most brackish andmarine sediments the presence of
porewater SO4

2− will stimulate microbial SO4
2− reduction and

generate dissolved sulfide. This typically results in the reductive
dissolution of sedimentary Fe-oxides and the conversion of most
reducible Fe to authigenic Fe-sulfides. Significant amounts of Fe-
oxides below the zone of SO4

2− reduction in brackish and marine
sediments, therefore, are likely mainly found in systems where
the input of Fe-oxides is high or where the sediments are subject
to transient diagenesis. Examples of the latter are found in the
Black Sea20 and Baltic Sea,21 where the transition from a
freshwater lake to a marine system has led to the preservation of
Fe-oxides below sulfidic sediment layers. Other examples of
nonsteady-state depositional marine systems where conditions
are likely favorable for Fe−AOM include the continental margin
off Argentina22,23 and the Zambezi deep-sea fan sediments24

where turbidites and other mass flows contribute to rapid burial
of reactive Fe (see ref 23 for further examples of marine
subsurface sediments with potentially Fe−AOM facilitating
conditions). Burial of Fe-oxides below the zone of SO4

2−

reduction is also enhanced when Fe-oxides are relatively resistant
to reduction, e.g. because of their crystalline nature or changes in
surface structure due to adsorption of ions.25,26 An additional,
but still poorly investigated, trigger for transient diagenesis is
anthropogenic fertilization of coastal environments.
Here, we provide strong geochemical evidence for Fe-

dependent CH4 oxidation below a shallow sulfate/methane
transition zone (SMTZ) in brackish coastal sediments from the
Bothnian Sea (salinity 5−6; Figure 1). Furthermore, we show

that anthropogenic eutrophication may induce nonsteady-state
diagenesis, favoring a coupling between Fe-oxide reduction and
CH4 oxidation in coastal sediments. Besides acting as a CH4 sink,
Fe−AOM greatly impacts the biogeochemical cycling of Fe and
thereby other tightly coupled element cycles in marine and
brackish environments.

■ MATERIALS AND METHODS
Sediment and Porewater Sampling. Sediment cores

(∼0−60 cm) were collected from site US5B (62°35.17′ N,

19°58.13′ E) using a GEMAX corer (core diameter 10 cm)
during a cruise with R/V Aranda in August 2012. All cores were
sliced under nitrogen at 1−4 cm resolution. For each slice a
subsample was placed in a preweighed glass vial for solid-phase
analysis and stored anoxically at−20 °C. Porewater was extracted
by centrifugation, filtered through 0.45-μm pore size disposable
filters, and subsampled under nitrogen for analysis of dissolved
Fe, SO4

2−, and sulfide (∑H2S = H2S + HS− + S2−). Subsamples
for total dissolved Fe, which we assume to be present as Fe2+,
were acidified with 10 μL of 35% suprapur HCl per ml of
subsample and stored at 4 °C until analysis by ICP-OES
(PerkinElmer Optima 3000 inductively coupled plasma−optical
emission spectroscopy). Porewater SO4

2− was analyzed with ion
chromatography (IC) (detection limit of <75 μmol/L) and
compared well with total sulfur (S) measured by ICP-OES.
Another subsample of 0.5 mL was immediately transferred into
glass vials (4 mL) containing 2 mL of 2% zinc (Zn)-acetate
solution to precipitate ZnS, and was stored at 4 °C. Sulfide
concentrations were then determined spectrophotometrically by
complexion of the ZnS precipitate in an acidified solution of
phenylenediamine and ferric chloride27 (detection limit of <1
μmol/L). The sulfide standard was validated by titration with
thiosulfate to achieve improved accuracy.
CH4 samples were taken from a predrilled core directly upon

core retrieval. Precisely 10 mL of wet sediment was extracted
from each hole and immediately transferred into a 65-mL glass
bottle filled with saturated NaCl solution, sealed with a rubber
stopper and a screw cap, and subsequently stored upside-down. A
headspace of 10 mL of nitrogen was injected and CH4
concentrations in the headspace were determined by injection
of a subsample into a Thermo Finnigan Trace GC gas
chromatograph (flame ionization detector). δ13C-CH4 and δD-
CH4 (D, deuterium) were analyzed by a continuous flow isotope
ratio mass spectrometry (CF-IRMS) system at the Institute for
Marine and Atmospheric Research Utrecht (IMAU). The
amount of CH4 per sample was often larger than the calibrated
range of the isotope ratio mass spectrometer. Therefore, very
small amounts of sample were injected via a low-pressure inlet
and diluted in helium (He BIP 5.7, Air Products) in a 40-mL
sample loop to reach CH4 mixing ratios of about 2000 ppb. After
dilution, the samples were measured as previously described in
detail.28,29

Sediment samples were freeze-dried, powdered, and ground in
an agate mortar inside an argon-filled glovebox. Sediment
porosity was determined from the weight loss upon freeze-
drying. A split of about 125 mg of freeze-dried sediment was
dissolved in a mixture of 2.5 mL of HF (40%) and 2.5 mL of
HClO4/HNO3, in a closed Teflon bomb at 90 °C during one
night. The acids were then evaporated at 160 °C and the resulting
gel was subsequently dissolved in 1 M HNO3 at 90 °C during
another night. Finally, total elemental concentrations were
determined by ICP-OES (precision and accuracy <5%, based on
calibration to standard solutions and checked against internal
laboratory standard sediments). To correct for variations in
terrigenous input of nonreactive Fe, total Fe concentrations were
normalized to aluminum (Al), with the input of the latter
element assumed to be exclusively from terrestrial sources. To
investigate the solid-phase partitioning of Fe, a second 50-mg
aliquot of dried sediment was subjected to a sequential extraction
procedure for Fe after Poulton and Canfield.30 Sediment Fe was
fractionated into (I) carbonate-associated Fe (including siderite
and ankerite, extracted by 1MNa-acetate brought to pH 4.5 with
acetic acid, 24 h), (II) easily reducible (amorphous) oxides

Figure 1. Location map of the study area. Site US5B (62°35.17′ N,
19°58.13′ E) is located in the deepest part of the Bothnian Sea at 214 m
depth with an average bottom water salinity of around 6.
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(Fe(ox1), including ferrihydrite and lepidocrocite, extracted by 1
M hydroxylamine-HCl, 48 h), (III) reducible (crystalline) oxides
(Fe(ox2), including goethite, hematite, and akageneíte, extracted
by Na-dithionite buffer, pH 4.8, 2 h), and (IV) Fe in recalcitrant
oxides (mostly magnetite, extracted by 0.2 M ammonium
oxalate/0.17M oxalic acid solution, 2 h). Replicate analyses had a
relative error of <5%. A third 0.5-g aliquot of dried sediment was
used to determine the amount of FeS2 (chromium reducible
sulfur, CRS, using acidic chromous chloride solution) and FeS
(acid volatile sulfur, AVS, using 6 MHCl) via the diffusion-based
approach described by Burton et al.31 and analyzed by iodometric
titration of the alkaline Zn acetate trap. Replicate sample
extractions yielded reproducibility within 8% for CRS and 10%
for AVS. Results for the Fe(ox1) fraction suggest that most of the
AVS present in the SMTZ was extracted during the hydroxyl-
amine-HCl step (Supporting Information (SI) Figure S1). Thus,
the estimation of the reducible sedimentary Fe-oxide content
(Fe(ox1) + Fe(ox2)) shown in Figure 2 was corrected for AVS
dissolution within the SMTZ.

Incubation Experiments. Replicate sediment cores taken in
2012 were sealed immediately and stored onboard at 4 °C. Back
in the lab, they were sliced in sections of 5 cm under strictly
anaerobic conditions and stored anaerobically in the dark at 4 °C.
The incubation experiments started within half a year after
sampling. Per culture bottle, 30 g of wet sediment (∼25 mL) was
homogenized in 75 mL of SO4

2−-depleted mediummimicking in
situ bottom water conditions within a helium-filled glovebox
(containing ∼2% hydrogen gas, H2). An 85-mL aliquot of this
sediment/medium slurry was distributed over 150-mL culture
bottles and an additional 11.4 mL of medium was added to all
bottles with the exception of the Fe treatments, for which 11.4
mL of a Fe-nanoparticle solution32 (20 mmol/L ferric Fe

(Fe(III)), resulting in 2 mmol Fe(III) per bottle) was added
instead. The approximate ratio of 1 part sediment to 3 parts
medium was chosen in agreement to reported incubation
studies.15,18 After the contents were mixed, the culture bottles
were sealed with airtight red butyl rubber stoppers and secured
with open-top Al screw caps. After being sealed, 5 mL of CO2 and
either 45 mL of nitrogen (“cntl”) or 45 mL of 13CH4 (“

13CH4”
and “13CH4 & Fe(III)”) were injected into the headspace of
duplicate incubations to yield 1 bar overpressure (volume
headspace = 50 mL) and incubated in the dark at 20 °C under
gentle shaking. Dissolved sulfide and SO4

2− were sampled within
the glovebox by allowing the sediment to settle out of suspension
and taking a subsample (1.5 mL) of the supernatant water via a
needle syringe. Analysis of sulfide was performed as described
above for sediment porewater (detection limit of <1 μmol/L).
Samples for total dissolved S were measured by ICP-OES after
acidification with 10 μL of 35% suprapur HCl and assumed to
represent only SO4

2− due to the release of sulfide to the gas phase
during acidification33 (detection limit of <82 μmol/L). Head-
space samples (30 μL) were analyzed by gas chromatography
(GC, Agilent 6890 series, USA) using a Porapak Q column at 80
°C (5 min) with helium as the carrier gas (flow rate 24 mL/min).
The GC was coupled to a mass spectrometer (Agilent 5975C
inert MSD, Agilent, USA) to quantify the masses 44 and 45
(CO2). To account for the medium loss due to subsampling of
the solution and because of an observed leveling-off of measured
headspace 13CO2 concentrations, an additional 11.4 mL of
medium (“cntl” and “13CH4”) and Fe-nanoparticle solution
(“13CH4 & Fe(III)”) was added to the culture bottles after 55
days (indicated by a dashed line in Figure 3 and SI Figure S2).
Fe−AOM rates were determined from the linear slope of 13CO2
production in duplicate incubations from 20−30 cm and 30−35
cm depths, before and after second addition of Fe(III) (SI Figure

Figure 2. Geochemical profiles for site US5B. (a) Porewater profiles of
SO4

2−, CH4, sulfide (∑H2S = H2S + HS− + S2−), and Fe2+. Gray bar
indicates the sulfate/methane transition zone (SMTZ). (b) Sediment
profiles of total sulfur (Stot), FeS (acid volatile sulfide, AVS), Fe-oxides
(see SI Figure S1 for the calculation of the Fe-oxide fraction), and total
(Fe/Al).

Figure 3. Incubation experiment with 13C-labeled CH4 conducted on
sediments from 20−35 cm depth. SO4

2−-depleted slurry incubations
showed an increasing enrichment of headspace CO2 in

13C after addition
of Fe(III) (“13CH4 & Fe(III)”, red triangles) compared to treatments
where no additional Fe(III) was added (“13CH4”, green circles),
suggesting stimulation of Fe−AOM. Elevated δ13C−CO2 values
([13CO2]/([

12CO2]+[
13CO2])) of the

13CH4-treatment without addi-
tional Fe(III) compared to the control (“cntl”, blue squares) indicate
Fe−AOM with remaining Fe-oxides present in the sediment. Twenty
mmol/L Fe(III) was added at t0 (0 days) and after 55 days (dashed red
line). Error bars are based on duplicates for 20−30 cm and 30−35 cm
(i.e., n = 4; see SI Figure S2 for the calculation of the Fe−AOM rate).
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S2), taking into account the CO2 dissolved in the liquid and
removal thereof during sampling. Thus, the statistical mean is
based on a total number of eight rate estimates.
Diffusion Model Simulations. A column diffusion model

was used to test different hypotheses for sources and sinks of
CH4 within the sediment at station US5B. The model represents
the sediment column from the surface to a depth of 36 cm, using
72 layers of 0.5 cm each. Concentrations of total CH4, δD-CH4,
and δ13C-CH4 are simulated, accounting for production, loss and
diffusion, and their corresponding isotopic fractionation. The
model was run to steady state for each scenario. As the boundary
condition at 36 cm depth we constrain the model with the
measured values of CH4, δD-CH4 and δ

13C-CH4. At the surface,
the flux to the water column was set to zero. The diffusion
coefficient for CH4 was corrected for in situ temperature, salinity,
and porosity (see Supporting Information). A diffusion
fractionation of εDiffusion = 3 ‰ for both 13C-CH4 and D-CH4
was assumed according to refs 34 and 35.
Two zones were defined within the sediment column, 0−8.5

cm and 8.5−36 cm, with constant production and loss
parameters within each zone. The first zone represents SO4−
AOM, while the second represents the area where both CH4 loss
through Fe−AOM and CH4 production through methano-
genesis may occur.We performed threemodel simulations: “with
Fe−AOM”, “no Fe−AOM”, and “diffusion only”. The rate
constants and fractionation factors used in these simulations for
the CH4 production and removal processes are presented in SI
Table S3.

■ RESULTS AND DISCUSSION
Geochemical Profiles. Vertical porewater profiles for

station US5B (Figure 2) reveal a shallow SMTZ at a depth of
ca. 4−8.5 cm, where SO4

2−-dependent AOM results in the
depletion of porewater SO4

2− and CH4. Dissolved SO4
2−

decreases from 4.9 mmol/L at the sediment water interface to
0.3 mmol/L at the bottom of the SMTZ, and stayed below the
detection limit of 75 μmol/L throughout the rest of the core.
Reductive dissolution of Fe-oxides driven by sulfide production
during SO4−AOM induces a distinct minimum in sedimentary
Fe-oxides and precipitation of Fe-sulfides (mostly FeS).
Abundant reducible Fe-oxides below the SMTZ are accom-
panied by very high dissolved ferrous Fe (Fe2+) concentrations
(>1.8 mmol/L). The depth trend in total (Fe/Al) indicates that
the Fe is not only repartitioned between oxide and sulfide phases
within the SMTZ, but that Fe-oxide reduction below the SMTZ
triggers upward migration of dissolved Fe2+ with an enrichment
of total Fe in the sulfidic zone. However, in contrast to the
SMTZs observed at greater depth (>1.5 m) in sediments of the
Baltic Sea21 and Black Sea,20 sulfide generated by SO4

2−

reduction is all sequestered in the form of authigenic Fe-sulfides
in the shallow SMTZ observed in this study (Figure 2). Thus, no
sulfide remains to diffuse downward into the zone where Fe
reduction is occurring. Reductive Fe-oxide dissolution by
dissolved sulfide in the deeper sediments is therefore not
possible. Although a cryptic sulfur cycle where SO4

2− is generated
by sulfide reacting with deeply buried Fe(III) species20,21 is
unlikely to occur, 35S radiotracer measurements of SO4

2−

reduction rates would be needed to completely exclude the
possibility of a cryptic sulfur cycle through reoxidation of Fe
sulfide minerals. High dissolved Fe2+ concentrations further
preclude Fe-oxide reduction via sulfide released during
disproportionation of elemental sulfur,36,37 as any sulfide
produced locally would be immediately scavenged to form Fe-

sulfides. Thus, there are only two alternative mechanisms that
may explain the high dissolved Fe2+ concentration in the
porewater below the SMTZ. The first mechanism is organo-
clastic Fe reduction, i.e. Fe reduction coupled to organic matter
degradation. The second is Fe−AOM, i.e. Fe reduction coupled
to AOM. In the following, we demonstrate why the latter
mechanism is the process most likely responsible for the high
dissolved Fe2+ in these sediments.

Fe−AOM Activity below the SMTZ. The potential of the
microbial community present in the sediments below the SMTZ
to perform Fe−AOM was experimentally tested with slurry
incubation studies. Fresh sediment samples from several depth
layers were incubated with 13C-labeled CH4 (

13CH4), CO2, and a
SO4

2−-depleted medium mimicking Bothnian Sea bottom water
conditions. Duplicate incubations were amended with either only
13CH4 or

13CH4 and 20mmol/L Fe hydroxide nanoparticles.
32 In

the control slurries, nitrogen was used instead of 13CH4. AOM
rates were then determined by measuring production of 13CO2,
i.e. the end product of 13CH4 oxidation. The addition of Fe
hydroxide nanoparticles almost doubled AOM activity (1.7 fold
increase) in the sediment samples between 20 and 35 cm depth
compared to the slurries where no additional Fe(III) was added
(Figure 3). The increase in δ13C−CO2 as a response to Fe(III)
addition thus suggests that the microbial community present in
the sediment below the SMTZ is capable of coupling AOM to Fe
reduction. Throughout the whole experiment, sulfide stayed
below detection limit (<1 μmol/L) and SO4

2− concentrations
stayed below 350 μmol/L. A slight decrease in background SO4

2−

during the incubation period might indicate low levels of SO4
2−

reduction of∼1.9 pmol SO4
2− cm−3 day−1. Similar rates of SO4

2−

reduction (∼1 pmol SO4
2− cm−3 day−1) were reported for

methanogenic Baltic Sea sediments.21 Taking into account
indirect Fe stimulated SO4

2−-driven AOM19 through a cryptic
sulfur cycle,20,21 where redox reactions between sulfide and Fe-
oxides result in the reoxidation of sulfide to SO4

2− in a 17:1
stoichiometric ratio, we estimate a gross rate of SO4

2− reduction
of ∼2 pmol SO4

2− cm−3 day−1. SO4−AOM is thus unlikely to
contribute more than 0.1% to the total 13CO2 production
observed in our incubations. These findings support our
hypothesis that the accumulation of dissolved Fe2+ in the
porewater below the SMTZ is, at least partly, a result of Fe−
AOM. The potential rate of Fe−AOM in our incubations is 1.32
± 0.09 μmol cm−3 year−1 (see SI Figure S2), which compares
well to recent estimates of potential Fe−AOM rates in slurry
incubations of brackish wetland (1.42 ± 0.11 μmol cm−3

year−1;15) and Fe(III)-amended mesocosm studies of intact
deep lake sediment cores (1.26 ± 0.63 μmol cm−3 year−1;13). It
should be noted, however, that these rates all derive from
stimulated microbial communities and thus could be lower under
in situ conditions.

Isotopic Evidence for Concurrent Methanogenesis.
Porewater profiles of δD-CH4 and δ13C-CH4 (Figure 4a) show
the common features observed in marine sediments where
methanogenesis deep in the sediment results in the buildup of
isotopically depleted CH4 in the porewater.38 The preferential
oxidation of isotopically light CH4 during AOM

39,40 results in a
progressive enrichment of the residual CH4 in

13C-CH4 and D-
CH4 toward the sediment surface. Application of the Rayleigh
distillation function12,38,41 reveals two distinct sets of kinetic
isotope fractionation factors for hydrogen (εH) and carbon (εC)
that are spatially separated (Figure 4b). The sympathetic change
in the 13C andD content from 4−8.5 cm depth is driven by SO4−
AOM within the SMTZ. Corresponding isotope fractionations
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(εH = 98 ± 0.3‰, εC = 9 ± 0.2‰, see Figure 4b) are at the low
end of reported values from near coastal sediments in the Baltic
Sea (εH = 100−140 ‰, εC = 11−13 ‰)40 and SO4−AOM in
general.38,39,42 The isotopic composition of CH4 below the
SMTZ, on the other hand, shows enrichment in D isotopes but
depletion in 13C (εH = 24± 0.1‰, εC =−1± 0.04‰, see Figure
4b). Such antipathetic changes are usually attributed to CH4
production,38,43 with hydrogenotrophic methanogenesis (CO2
reduction by H2) as the most likely methanogenic pathway for
the range of CH4 isotope ratios observed at station US5B.38

Fe−AOMas themain contributor to Fe2+ production andCH4
removal would be expected to isotopically enrich porewater CH4
in both heavy isotopes below the SMTZ, in contrast to the
observations. We hypothesized that production of isotopically
light CH4 during methanogenesis counteracts the progressive
enrichment of isotopically heavy CH4 during Fe−AOM. Indeed,
simulations of the isotopic composition of porewater CH4 at
station US5B using a column diffusion model could successfully
reproduce the observed patterns in δD-CH4 and δ

13C-CH4 when
assuming the concurrent presence of Fe−AOM and hydro-
genotrophic methanogenesis (Figure 5). Because of the slow rate
of CH4 oxidation, Fe−AOM only removes a small amount of
porewater CH4. Hence, modeled profiles of δD-CH4 and δ13C-
CH4 are highly sensitive to the rate of methanogenesis and the
assumed values of εH and εC, which have a wide reported range.

38

Our simulations show that the measurements can also be
approximated without Fe−AOM, when altered CH4 production
rates and methanogenic fractionation factors are used in the
model. Nevertheless, the model does demonstrate that methano-
genesis is required to reproduce the porewater concentration and
isotope profiles of CH4; removal in the SMTZ only and diffusion

from depth cannot explain the observed trends. This provides
conclusive evidence for methanogenesis within the zone of Fe
reduction.
However, hydrogenotrophic Fe-reducers coupling H2 oxida-

tion to Fe(III) reduction are known to be able to outcompete
methanogens for H2 by maintaining the H2 concentrations at
levels that are too low for methanogens to grow.44−46 In addition,
direct inhibition of methanogenesis by Fe(III) has been
reported.47−49 The high demand for H2 needed to explain the
dissolved Fe2+ concentrations (2:1 stoichiometry)44,50 could
therefore result in a competitive inhibition of hydrogenotrophic
methanogenesis. Here we clearly demonstrate the co-occurrence
of Fe reduction and methanogenesis, indicating that reduction of
Fe(III) by H2 is unlikely to be the main reason for the high
dissolved Fe2+ below the SMTZ. Consequently, we conclude that
CH4 might be a plausible electron donor for the reduction of
relatively refractory Fe-oxides under methanogenic conditions.
Our field data and model results further imply that the imprint of
Fe−AOMon the isotopic composition of porewater CH4may be
masked when co-occurring with methanogenesis.

Fe−AOM and Coastal Eutrophication. In the Bothnian
Sea, the shallow position of the SMTZ is linked to anthropogenic
eutrophication over recent decades. Long-term monitoring
studies based on water transparency, inorganic nutrients, and
chlorophyll a in the Bothnian Sea51,52 indicate that, throughout
the last century, anthropogenic loading of nutrients derived from
land has enhanced primary productivity and subsequent export
production of organic matter. As a consequence, rates of SO4

2−

reduction and methanogenesis likely increased, initiating an
upward migration of the SMTZ. Since the early 2000s,
eutrophication of the Bothnian Sea has started to decline
again,51,52 halting the upward movement of the SMTZ at its
current position. Evidence for a rapid upward shift of the SMTZ
and its recent fixation is provided by the distinct enrichment of
authigenic Fe-sulfides around the present day SMTZ.16,22,24,53,54

The diffusive influx of SO4
2− into the SMTZ (∼1molm−2 year−1;

Figure 2) and the S content of the Fe-sulfide enrichment (∼10

Figure 4. Isotopic composition of porewater methane. (a) Vertical
porewater profiles for total CH4, δD-CH4 (in ‰ vs Standard Mean
Ocean Water; SMOW) and δ13C-CH4 (in ‰ vs Vienna Pee Dee
Belemnite; VPDB). (b) Rayleigh fractionation plots for δD-CH4 (left)
and δ13C-CH4 (right). The yellow area (I) indicates the depth zone of
SO4−AOM, i.e. the SMTZ, while the green area (II) shows all
measurements below the SMTZ. Different slopes between I (yellow)
and II (green) reveal two distinct kinetic isotope fractionation factors for
hydrogen (εH) and carbon (εC) that are spatially separated. SO4−AOM
drives a sympathetic change in C and D isotopes (area I), whereas the
antipathetic change in area II indicates hydrogenotrophic CH4
production.

Figure 5.Column diffusionmodel simulations of the total concentration
and isotopic composition of porewater CH4 at station US5B. SO4−
AOM (between 0 and 8.5 cm) is represented in all model simulations
(a−c), whereas different scenarios for the fate of CH4 below the SMTZ
(8.5−36 cm) were tested. (a) CH4 loss through Fe−AOM and
concurrent CH4 production through methanogenesis; (b) only CH4
production but no removal through Fe−AOM; (c) upward diffusing
CH4 with no further alteration. SMOW = Standard mean ocean water
and VPDB = Vienna Pee Dee Belemnite. See SI Table S3 for details
about rate constants and fractionation factors used in the model
simulations.
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mol m−2; Figure 2) suggest that the fixation of the SMTZ in its
current position occurred approximately 10 years before the time
of sampling, consistent with earlier findings at site US5B.16 This
rapid upward displacement of the SMTZ in response to
eutrophication likely reduced the exposure time of sedimentary
Fe-oxides to dissolved sulfide, allowing a portion of Fe-oxides to
remain preserved below the newly established SMTZ and
facilitating Fe−AOM. Because many coastal environments have
experienced eutrophication in recent decades,55 we postulate
that such transient diagenesis may be widespread, creating similar
zones of Fe−AOM in Fe-oxide rich brackish coastal sediments
worldwide.
Biogeochemical Implications. Although Fe-oxides are

abundant in the sediments below the SMTZ, their bioavailability
may be limiting Fe-dependent AOM. This is implied by the
coexistence of both CH4 and Fe-oxides in the same zone and the
clear stimulation of CH4 oxidation after addition of Fe
nanoparticles. Our incubation and modeling results suggest
that Fe−AOM accounts for ∼3% of total CH4 removal in
Bothnian Sea sediments (see Supporting Information for
calculations), contributing strongly to Fe2+ production due to
the 8:1 Fe−CH4 stoichiometry (eq 2). The remaining CH4 is
likely removed by SO4−AOM and aerobic CH4 oxidation at the
sediment surface. The large amount of reactive Fe-oxides needed
to oxidize significant amounts of CH4 and the low measured
reaction rates (Figure 3) imply that Fe−AOM probably does not
contribute more than a few percent to CH4 oxidation in modern
marine and brackish surface sediments. However, Fe−AOM
could significantly impact the biogeochemical cycles of other
elements. For example, high porewater Fe2+ may be especially
conducive to in situ formation of ferrous-phosphate minerals,
thus increasing the sequestration of phosphorus in the sediment
and providing a negative feedback on coastal eutrophication.16

By inducing nonsteady-state diagenesis in aquatic sediments,
future climate change and eutrophication may increase the global
importance of Fe−AOM and its impact on other biogeochemical
cycles.
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