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ABSTRACT: Iron (Fe) biogeochemistry in marine sediments is
driven by redox transformations creating Fe(II) and Fe(III)
gradients. As sediments are physically mixed by wave action or
bioturbation, Fe gradients re-establish regularly. In order to identify
the response of dissolved Fe(II) (Fe2+) and Fe mineral phases
toward mixing processes, we performed voltammetric microsensor
measurements, sequential Fe extractions, and Mössbauer spectros-
copy of 12 h light−dark cycle incubated marine coastal sediment.
Fe2+ decreased during 7 days of undisturbed incubation from
approximately 400 to 60 μM. In the first 2−4 days of incubation,
Fe2+ accumulated up to 100 μM in the top 2 mm due to Fe(III)
photoreduction. After physical perturbation at day 7, Fe2+ was re-
mobilized reaching concentrations of 320 μM in 30 mm depth,
which decreased to below detection limit within 2 days afterward.
Mössbauer spectroscopy showed that the relative abundance of metastable iron-sulfur mineral phases (FeSx) increased during initial
incubation and decreased together with pyrite (FeS2) after perturbation. We show that Fe2+ mobilization in marine sediments is
stimulated by chemical changes caused by physical disturbances impacting the Fe redox distribution. Our study suggests that, in
addition to microbial and abiotic Fe(III) reduction, including Fe(III) photoreduction, physical mixing processes induce chemical
changes providing sediments and the inhabiting microbial community with Fe2+.

■ INTRODUCTION

Iron (Fe) is an important redox-active element in coastal
marine sediments. It is an essential element for many living
organisms and can be used as a substrate, that is, as an electron
donor, energy source, or electron acceptor, for growth by Fe-
metabolizing bacteria.1 In the environment, Fe is cycled
between its two main redox states, ferrous (Fe(II)) and ferric
iron (Fe(III)), by many biotic and abiotic reactions.2 Microbial
Fe(II) oxidation can be catalyzed by microaerophilic, nitrate-
reducing, or anoxygenic phototrophic microorganisms, which
are ubiquitously present in coastal marine sediments.3−6 Fe(II)
can also be abiotically oxidized by oxygen (O2), reactive
nitrogen species, or manganese(IV) minerals.2 Additionally,
Fe(II) can abiotically be produced in sunlit sediments by
Fe(III) photoreduction.7 In anoxic sediments, Fe(III) is
reduced to Fe(II) by heterotrophic or autotrophic Fe(III)-
reducing microorganisms coupled to the oxidation of organic
compounds or hydrogen8−10 or by abiotic Fe(III) reduction by
redox-active natural organic matter or dissolved sulfide (H2S +
HS− + S2−).11−13 Upward diffusion of dissolved Fe(II) (Fe2+)
along prevailing redox gradients and re-oxidation by, for
example, O2,

14 as well as mineral precipitation or dissolution
lead to decreasing Fe2+ concentrations in the sedimentary pore
water toward the sediment−water interface.15−17

Fe redox changes have important consequences for the
biogeochemical cycling of other elements, for example, via
precipitation of mineral phases such as iron (oxyhydr)oxides,
carbonates, phosphates, or sulfides15,18,19 or sorption of heavy
metals or nutrients to Fe minerals.20−23 Fe(III) (oxyhydr)-
oxides that are able to rapidly react with sulfide (“reactive
iron”12,24−26) control the distribution of dissolved sulfide in
the pore water, which is produced by bacterial sulfate
reduction in marine sediments.24,27,28 During the reaction of
Fe(III) (oxyhydr)oxides with sulfide, Fe2+ is formed, which
further reacts with sulfide to form various iron-sulfide
minerals.12 The resulting Fe-S phases precipitate as metastable
Fe(II) monosulfide (FeS) or as pyrite (FeS2), which is the
most stable form of Fe sulfides under environmental
conditions.11,12,29−31 Those formed minerals as well as
dissolved and particulate Fe species are mainly transported
by sedimentation and diffusion processes in stagnant coastal
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sediments without physical perturbation.15 In contrast, in
bioturbated or wave-influenced sediments, advection is an
important transport process, and iron- or FeS-containing
minerals can be actively transported toward the sediment
surface or be buried deeper into the sediment where they
undergo oxidation or reduction accomplishing rapid recycling
processes.18,32,33 In shallow bays and estuaries, interactions
between currents and waves lead to extensive sediment
resuspension and transport,34 with wind-induced wave motion
reaching the seabed down to 12 m water depth in some
estuaries.35−37 More extensive disturbances of the sediment,
for example, caused by a storm or rigorous tidal movement,
can completely rearrange the sediment layers. This leads to
shifts in sediment pore water geochemical gradients. O2
profiles establish rapidly in sediments and respond quickly to
temperature and light intensity changes.38,39 However, it is not
known how fast Fe2+ profiles react upon changing geochemical
conditions, especially considering the occurrence of sulfur
compounds in marine sediments with complex interactions
between Fe2+, Fe colloids, Fe(III) (oxyhydr)oxides, and sulfide
and the formation of highly reactive metastable Fe-S phases.
The availability and speciation of Fe strongly influences the
biogeochemistry in sediments not only by serving as a nutrient
or substrate for growth for microorganisms but also by
changing the availability of other elements by precipitation
reactions or sorption. As the upper millimeters of marine
sediments are frequently mixed by wave action or tidal
movement, it is important to identify the impact of physical
perturbation on sediments and concomitant changes in Fe2+

gradients.
Here, we quantified Fe2+ concentrations and determined

mineralogical changes of solid-phase iron during incubation of
marine sediment and after a simulated storm event. The
objectives of this study were (i) to understand the
consequences of heavy perturbations caused during a storm
event on the Fe2+ concentration gradient and Fe redox stability
in the sediment and (ii) to decipher mechanisms for
fluctuations of sedimentary Fe2+ gradients.

■ MATERIALS AND METHODS
Sediment Core Incubations and Experimental Ap-

proach. Marine bulk sediment (from 0.5 m depth) and
seawater were collected from a brackish shallow estuary,
Norsminde Fjord, Denmark3 (March 2017), near its narrow
entrance to the Baltic Sea and kept in the dark in containers at
4 °C until further processing. In the lab, stones and
macrofauna were removed from the sediment in order to
enable microsensor application, and 5 cm of homogenized
sediment were filled into cut 50 mL syringes, overlaid with 4
cm Norsminde Fjord water (artificial sediment cores).
Homogenization of the sampled sediment was done to ensure
homogeneous and reproducible starting conditions of the
experiment. The artificial sediment cores were continuously
aerated and refilled with oxic Norsminde Fjord water (salinity
18.8, pH 8.6) to compensate evaporation. The sediment cores
were incubated in a 12 h light−dark cycle with a combination
of two LED lamps (Samsung SI-P8V151DB1US, 14 W, 3000
K and SMD 2835, 15 W, 6000 K) and an adjusted light
intensity of 250−300 μmol photons m−2 s−1 using a spherical
light meter (ULM-500 and US-SQS/L sensor, Walz,
Germany). In order to prevent light penetration from the
sides, the cores were wrapped in aluminum foil from the
sediment−water interface downward. After 7 days of

incubation, the sediment cores were completely mixed using
a spatula and consecutively bubbled with ambient air through a
silicon tube with an attached needle using a fish tank pump.
The bubbling lasted for 1 h and was strong enough to
continuously mix the sediment and keep it in the suspension
simulating a storm event. The cores were incubated for three
more days before the sediment was again rigorously mixed and
aerated for 1 h. Sediment cores that were prepared for
incubation are shown in Figure S1.
In order to compare concentration changes of solid phase

and dissolved Fe, 17 artificial sediment cores were prepared at
the beginning of the experiment. Microsensor measurements of
Fe2+ and O2 were related to results obtained from sequential
solid-phase Fe extractions and 57Fe Mössbauer spectroscopy.
Thirteen of the artificial sediment cores that were prepared at
the beginning of the experiment were used to monitor the
development of Fe2+ and O2 gradients with microsensors. Each
day, another sediment core was used (sacrificial setup). At days
0, 2, and 7 of undisturbed sediment core incubation and after
the simulated storm event, samples for Mössbauer spectros-
copy were taken from these artificial sediment cores after the
microsensor measurements. For sequential Fe extractions,
three artificial sediment cores were prepared, of which one
replicate was used for extraction after 0 and 7 days of
undisturbed incubation and directly after the simulated storm.
In order to test how sensitive the Fe2+ release from the
sediment is toward physical perturbation, we tested the impact
of physical sediment movement and aeration on the Fe2+

mobilization. For that, another artificial sediment core was
prepared, and cyclic voltammetric scans for Fe2+ detection
were run in (i) the sediment core that was incubated for 7
days, (ii) a homogenized layer of the sediment after slicing the
core, and (iii) the supernatant after centrifuging (oxic
conditions, maximal disturbance) the homogenized sediment
layer for 5 min at 12,045g. A detailed scheme of the
experimental approach is shown in Figure S2.
The DOC concentration of the sediment pore water was

quantified with a carbon analyzer (Multi N/C 2100 s, Analytik
Jena, Germany).

Microsensor Measurements. Microsensor measurements
were performed daily after 6 h of light exposure and
approximately 30 min after the simulated storm event. Fe2+

concentration profiles were recorded by voltammetry using a
DLK-70 web-potentiostat (Analytical Instrument Systems,
Flemington, NJ) and a standard three-electrode system with
a lab-constructed glass-encased 100 μm gold amalgam (Au/
Hg) working electrode,40 a solid-state Ag wire coated with a
Ag/AgCl reference electrode, and a Pt wire counter electrode.
Cyclic voltammograms were collected by scanning from −0.05
to −1.8 V and back with at a scan rate of 2000 mV s−1 and with
an initial potential of −0.05 V held for 2 s for conditioning the
electrode. Before each scan, a potential of −0.9 V was applied
for 5 s to clean the electrode surface electrochemically.
Calibration for Fe2+ was done by applying the pilot ion method
with Mn2+.40,41 Ten scans were run at every measurement
depth, and the last three voltammograms were analyzed using
the VOLTINT program for Matlab.42 Fe2+ concentrations
were recorded 1 mm above and directly at the sediment surface
and in 0.5, 1, 1.5, 2, 3, 4, 6, 10, 15, and 30 mm depth.
Additionally, cyclic voltammetry was performed during a
simulated storm event in approximately 30 mm depth.
Dissolved O2 was measured with a 100 μm tip diameter

Clark-type O2 microelectrode (Unisense, Denmark) as
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described by Revsbech.43 A two-point calibration was
performed in fully air-saturated or anoxic Norsminde Fjord
water. O2 concentration profiles were recorded with the
software Sensor Trace Suite (Unisense, Denmark) in triplicate
with a spatial resolution of 200 μm. Error bars show the
standard deviation of triplicate measurements. Light pene-
tration depth was determined by measuring the scalar
irradiance with lab-constructed light sensors44 connected to a
spectrometer (USB4000-XR1-ES, Ocean Optics, Germany)
with the software SpectraSuite (Ocean Optics, Germany).
High-resolution profiles of H2S and pH were additionally
measured using glass microelectrodes (Unisense, Denmark) at
the end of the incubation period. O2 and redox potential
profiles were measured with glass microelectrodes (Unisense,
Denmark) in in situ sediment cores in the field shortly before
and 2 days after a strong storm event at the sampling field site
in October 2013.
Sequential Fe Extractions. Sequential Fe extractions were

used to follow changes in solid-phase Fe redox transformation
over time. Anoxic Na-acetate (pH 5), 0.5 and 6 M HCl were
used to consecutively dissolve different Fe phases with
increasing crystallinity. Na-acetate was chosen for extracting
adsorbed Fe(II)45,46 and Fe in Fe sulfides,47 0.5 M HCl for
extracting poorly crystalline, amorphous Fe (oxyhydr)oxides
and (remaining) reduced Fe(II) species such as FeCO3 or
FeS,48 and 6 M HCl for extracting the higher crystalline,
remaining reactive Fe fractions of the sediment. Artificial
sediment cores were sliced under anoxic conditions (100% N2,
remaining O2 < 100 ppm) at 0−2, 2−4, 9−11, and 29−31 mm
depth, and approximately 0.5 g of homogenized sediment of
each sliced depth was added into Eppendorf tubes. Pore water
was removed after centrifugation (5 min, 12,045g), and 1 mL
of anoxic Na-acetate solution (pH 5) was added to the pellet,
mixed, and incubated (dark, 24 h). After centrifugation (5 min,
12,045g), 100 μL of the supernatant was stabilized with 900 μL
anoxic 1 M HCl, and the residual Na-acetate was discarded.
One milliliter of anoxic 0.5 M HCl was added to the pellet,
mixed, and incubated in the dark for 2 h. After centrifugation,
stabilization of 100 μL of supernatant in 900 μL of anoxic 1 M
HCl, and removal of the residual supernatant, 1 mL of anoxic 6
M HCl was added to the pellet, mixed and incubated for 24 h
in the dark as the last extraction step. The extractants were
subsequently analyzed in technical triplicate by the spectro-
photometric Ferrozine assay.49

Fe Mineral Analysis. The sediment for 57Fe Mössbauer
spectroscopy was collected under anoxic conditions (100%
N2) from the sediment cores in a depth of approximately 30
mm at the beginning (day 0) and after 2 and 7 days of
incubation, as well as shortly after the first simulated storm
event. The sediment was loaded into a Plexiglass holder and
was stored anoxically at −80 °C until measurement.
Mössbauer spectroscopy was performed in transmission
mode, and absorption spectra were collected at 77 and 5 K.
Sample analysis was carried out using the Voigt Based Fitting
(VBF) routine50 with an α57Fe foil (7 μm thick, room
temperature) for center shift calibration. The sediment for X-
ray diffraction (XRD) analysis was anoxically collected in a
depth of approximately 30 mm after 7 days of incubation and
analyzed twice as (i) native anoxic wet sediment and (ii) dried
under oxic conditions. Detailed XRD parameters are shown in
the Supporting Information.

■ RESULTS AND DISCUSSION
Development of Fe2+ Gradients during Undisturbed

Incubation after Preparation of Artificial Sediment
Cores. One hour after preparation of the artificial sediment
cores from the homogenized marine sediment, highest Fe2+

concentrations of approximately 400 μM were measured in 30
mm depth with decreasing Fe2+ concentrations upward (Figure
1). Fe2+ concentrations continuously decreased over time in

the undisturbed sediment cores throughout the complete
depth gradient during the following 7 days of incubation to
approximately 60 μM in 30 mm depth (Figure 1). This
decrease in Fe2+ can be attributed to the fact that geochemical
gradients first need to establish in the freshly prepared
sediment cores, leading to a change of the sedimentary Fe
speciation and the resulting gradients by Fe2+ adsorption to
minerals, ongoing Fe redox reactions (e.g., Fe2+ oxidation), and
consequent Fe phase transitions between the dissolved,
adsorbed, and mineral fractions (including colloids). After
the preparation of the artificial sediment cores, O2 concen-
trations were quite low (50 μM in the water column, 1 mm
penetration into the sediment; Figure 1), indicating high O2
consuming processes and a reduced state of the sediment.
However, oxygenic photosynthesis in the sediment led to O2
supersaturation51,52 within 2 days of undisturbed incubation
(Figure 1 and Figure S3), thus enhancing abiotic Fe2+

oxidation in oxic sediment layers. In deeper and anoxic
sediment layers, Fe2+ is produced by abiotic and biotic Fe(III)
reduction, diffuses upward, and is oxidized by different
processes, for example, by abiotic oxidation by O2

14 or by
microbial Fe2+ oxidation.2 Therefore, increasing Fe2+ concen-
trations with depth can be expected.15−17 Fe2+ concentrations

Figure 1. Concentration profiles after 6 h of light exposure in 12 h
light−dark lab-incubated artificial marine sediment cores at the start
(day 0) and after 2 and 7 days of undisturbed incubation. Note the
different scales of the y axes. (A) Fe2+ concentration profiles. Error
bars show standard deviation of triplicate voltammograms. (B) O2
concentration profiles. O2 concentrations were low at day 0 due to
storage after sampling in airtight and dark containers. O2
accumulation in the sediment during the experimental run is a
combination of both, diffusion from the overlying water column and
oxygenic sedimentary photosynthetic activity.
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of up to 100 μM in the top 2 mm of the sediment were
quantified during the first 2−4 days of incubation (Figure 1).
Fe2+ production in light-penetrated, oxic sediment layers has
very recently been demonstrated to be caused by Fe(III)
photoreduction.7 The Fe2+ concentration measured in the top
sediment layers after 2 days of undisturbed light−dark
incubation was 60% of the concentration in 30 mm depth
(approximately 170 μM), which is in the same range as
previously observed in laboratory light-incubated freshwater
sediments.7 In the incubated marine sediment, light penetrates
2.2 mm (Figure S4). Besides the presence of light, there are
some necessary geochemical prerequisites for Fe(III) photo-
reduction, such as the complexation of Fe(III) by organic
carbon.53 In fact, the sediment used for this study is
characterized by high dissolved organic carbon concentrations
in the pore water (84.5 ± 14.4 mg L−1), which allows for the
formation of such Fe(III)−organic complexes, as confirmed by
voltammetry.54

Impact of Physical Perturbation on Fe2+ Gradients.
Extensive physical mixing after 7 days of undisturbed sediment
core incubation simulated a storm event and introduced O2
into the sediment. This led to extensive re-mobilization and
release of Fe2+ of up to 320 μM (in 30 mm depth) 30 min after
the storm event (Figure 2). The simulation of the storm event

was done after 7 days of undisturbed incubation as Fe2+

concentrations did not considerably change since 2 days
assuming equilibrium of Fe2+ was established (Figure S5).
Despite the aeration of the sediment for 1 h, the sediment pore
water was clearly undersaturated with respect to O2 (Figure 2).
Reduced or mobilized sedimentary compounds that got in
contact with O2 during the simulated storm event or afterward
during sediment settling removed large parts of the introduced

O2 via oxidation. The persistence of Fe
2+ in the sediment pore

water shortly after the storm event was potentially increased
due to slower abiotic Fe2+ oxidation by O2 at undersaturated
O2 conditions and generally slower abiotic Fe2+ oxidation
kinetics by O2 in seawater compared to freshwater due to
higher salinity.14 After physical perturbation the sediment re-
fractionates by particle size during settling, which presumably
leads to different geochemical conditions at different sediment
depths. Larger and heavier minerals potentially settle faster
than smaller minerals with higher surface area and con-
sequently higher reactivity, which can presumably be found
closer to the sediment−water interface. Therefore, pore space
or the amount and size of Fe minerals might differ with
sediment depth potentially influencing diffusion, dissolution, or
sorption of Fe2+. Voltammetric Fe2+ measurements performed
during the simulated storm event showed the immediate
release of Fe2+ (Figure S6). The Fe2+ profile after the storm
represents the result of Fe2+ production (during the storm
event) and consumption, including Fe2+ oxidation by O2 in the
top millimeters or microbial depletion processes. Due to the
rate at which Fe2+ was mobilized (a few hundred μM within
minutes), microbial Fe(III) reduction as sole source of Fe2+ is
unlikely. For comparison, Laufer et al.55 determined maximum
Fe(III) reduction rates in the Norsminde Fjord sediment to be
in the range of 180−590 μM day−1 suggesting that microbial
Fe(III) reduction is too slow to account for the sole
mechanism for all the observed Fe2+ mobilization during the
simulated storm event. Possible other mechanisms for the
observed Fe2+ release are discussed below considering results
obtained by Mössbauer spectroscopy and sequential Fe solid-
phase extractions. The mobilized Fe2+ decreased to below
detection limit throughout the sediment column already within
2 days of subsequent undisturbed incubation (Figure 2). After
additional 3 days of undisturbed light−dark incubation,
simulation of a further storm event led to an immediate but
lower re-mobilization of Fe2+ (∼110 μM) into the pore water
(Figure 2). This indicates that the incubated artificial sediment
cores are depletive toward Fe2+ mobilization probably due to
lacking renewability of the sedimentary system compared to in
situ conditions. The mobilization of Fe2+ by the simulated
storm event also led to micromolar concentrations (30−40
μM) in the water column (Figure 2), caused by the mixing of
the water column with the sediment. The Fe2+ might be taken
up by aquatic organisms before it gets oxidized, for example, by
O2. In marine waters, concentrations of dissolved Fe naturally
are only in the pico- to nanomolar range.56−58 Compared to
other Fe(II) sources to the water column, such as diffusional
Fe flux from sediments (micromolar range Fe m−2 d−1),59

aquatic Fe(III) photoreduction (production of nanomolar
concentrations)60,61 or Fe input from rivers, where Fe is
primarily present in the form of ferric oxides,62 the occasional
Fe2+ input into the water column induced by storm events
might therefore represent a significant Fe2+ source also to the
marine water column.
The extreme sensitivity of Fe2+ mobilization from the

sediments to physical disturbance and introduction of oxidants
was demonstrated in a separate experiment. Fe2+ measure-
ments with voltammetric microsensors were performed in a
homogenized sediment core (incubated for 7 days without
physical disturbance) and compared to measurements in
homogenized slices of the sediment from three depths (0−2,
9−11, and 29−31 mm) and in the pore water of sliced,
centrifuged sediment layers. While only 15 μM Fe2+ were

Figure 2. Concentration profiles measured in 12 h light−dark lab-
incubated artificial marine sediment cores approximately 30 min after
a simulated storm event (labeled “After storm”), after 2 days of
undisturbed incubation after 6 h of light exposure (“Day 2 after
storm”), and approximately 30 min after a second simulated storm
event (“After 2nd storm”). Note the different scales of the y axes. (A)
Fe2+ concentration profiles. Error bars show standard deviation of
triplicate voltammograms. (B) O2 concentration profiles.
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measured in 10 mm depth in the intact sediment core, the Fe2+

concentration in the corresponding sliced and homogenized
and therefore disturbed, sediment layer was 240 μM, that is, 16
times higher than Fe2+ concentrations in the undisturbed
sediment cores (Figure S7). In 30 mm depth in the intact
sediment core, Fe2+ (90 μM) was still about 2.5 times lower
compared to the gently prepared homogenized sediment slice
(230 μM) (Figure S7). These experiments highlight that
physically disturbing processes are able to mobilize Fe2+ from
the sediment, despite the simultaneous introduction of
oxidants, and potentially increase its bioavailability as a
nutrient or substrate for various microorganisms. Wave and
tidal movement as well as bioturbation represent perturbation
processes that constantly proceed in natural sediments, leading
to particle shearing and sediment reworking.63,64 In shallow
coastal waters, bottom shear stress generated by tidal currents
and wave movements is responsible for sediment resuspension
into the water column, sediment mixing, and transport
processes.34,65 The critical shear stress needed for sediment
movement may vary widely and depends on the type of the
sediment and its degree of compaction.36,66 Wind-induced
waves have been observed to resuspend sediment in water
depths up to 2−12 m in many estuaries.36,37 Storms are even
recognized to be the dominant physical force to suspend
sediment on continental shelfs.37 Based on our data,
movement of the sediment would have a strong impact on
the release of Fe2+ into the pore water and overlying seawater.
The in situ effects of storms to produce disturbed sediment

and readjustment of geochemical gradients were also
demonstrated by comparing O2 and redox potential profiles
of in situ measurements in sediment cores taken before and 2
days after a strong natural storm at the sampling field site
(Supporting Information). Even 2 days after the storm, the
redox potential measured in the sediment was still more
positive even in a sediment depth of 14 mm compared to the
redox potential measured before the storm (Figure S8),
showing the relevance of storms for disturbing the sediment in
the environment. The more positive redox potential in the
upper 14 mm of the sediment measured after the storm
(Figure S8) illustrates the more oxidized conditions of the
sediment and that the geochemical gradients of the sediment
are still in the process of readjusting to reach the same state as
measured before the storm. The shape of the recorded O2
concentration profiles (Figure S8) differed before and 2 days
after the storm, indicating higher consumption of O2 in the
sediment after the storm. Due to mixing processes, reduced
compounds can get oxidized, and fresh organic matter enters
the sediment, leading to higher aerobic microbial respiration.
Due to the time point of the storm (October 2013), low
photosynthetic activity did not lead to O2 supersaturation in
the sediment. Besides heavy sediment perturbation caused by
storms, already minor sediment mixing processes such as
bioturbation affect the sediment geochemistry. Thamdrup et
al.33 pointed out the importance of bioturbation in
sedimentary Fe cycling by transporting redox-active substrates
across the oxic-anoxic interface, that is, Fe(III) to anoxic layers,
where microbial and abiotic Fe(III) reduction occurs, and
reversely, Fe(II) toward the oxic sediment surface where it gets
oxidized by microbial and chemical reactions.18

Impact of Physical Perturbation on O2 and Sulfide
Geochemistry. Photosynthetic organisms are also mixed
during physical perturbation. However, in comparison to Fe2+

gradients, the O2 gradients re-establish faster in sediment

cores9,11,12 as oxygenic photosynthesis responds immediately
to incoming light. Steady-state O2 concentrations are reached
rapidly, and O2 concentrations change dynamically depending
on changes in light intensity.67,68 Oxygenic photosynthesis
leads to supersaturation of O2 in sediment pore water during
illumination.51,52,69 O2 concentrations dramatically decreased
in the sediment after the simulated storm event (Figure 2),
presumably by reactions of O2 with reduced sediment
constituents. However, already 2 days after undisturbed
light−dark incubation, O2 supersaturation was reached in the
incubated artificial sediment cores (Figure S3), whereas Fe2+ in
the sediment pore water still was decreasing across the
complete redox gradient, thereby influencing the whole
sedimentary redox system. O2 supersaturation of up to 600
μM re-established within a day after the simulated storm
(Figure S3).
Apart from the influence by O2, the Fe geochemistry in

marine sediments is strongly influenced by sulfur species,
which are involved in various chemical or microbially mediated
redox reactions.28 While Fe2+ is removed from the sediment
pore water by precipitation as Fe sulfide minerals, it is released
during their oxidation.70 We did not detect dissolved sulfide by
microsensor measurements in the incubated sediment cores
shortly before or after the simulated storm event (data not
shown). This lack of sulfide indicates that there is enough
reactive iron present in this marine sediment to readily react
with dissolved sulfide, potentially strongly controlling its pore
water concentrations and (bio)availability.12,24,25 Dissolved
sulfide is likely produced constantly by bacterial sulfate
reduction in the sediment27 but is instantaneously removed
by chemical reactions (e.g., by the formation of metastable FeS
phases or even by reaction with FeS minerals to produce
FeS2

71), leading to non-detectable (<1 μM) concentrations of
dissolved sulfide in the pore water. In support of the formation
of such Fe-S species, we recorded a voltammetric signal that
resembles dissolved FeS clusters72−74 directly after the initial
preparation of the homogenized sediment cores throughout
the entire core and in smaller amounts directly after the
simulated storm event. Also, dissolved FeS clusters could be
detected during the simulated storm event simultaneously to
the detection of Fe2+. Dissolved FeS clusters can form without
immediate precipitation of solid FeS75 but are indicative of
solid amorphous FeS to be present in the sediment as well.72

Dissolved FeS clusters were measurable only for a short time
after the simulated storm and then disappeared within a day,
highlighting the high reactivity of these species toward
precipitation as FeS mineral phases and the importance of
sulfur for the Fe redox system in the sediment. In marine
sediments, FeS2 usually is the most abundant Fe sulfide
mineral,76 and its rapid formation has been shown.31,77 FeS2
can be oxidized by O2 or Fe3+ releasing Fe2+ is into the
sedimentary pore water78,79 according to eqs 1 and 2:

+ + → + ++ − +SFe 3. 5O H O Fe 2SO 2H2 2 2
2

4
2

(1)

+ + → + ++ + − +FeS 14Fe 8H O 15Fe 2SO 16H2
3

2
2

4
2

(2)

Physical perturbations transport FeS2 to oxic sediment
layers, where it is chemically oxidized by O2

33,80 especially
when the FeS2 particles are small, leading to increased Fe2+

concentration in the sedimentary pore water. Additionally, O2
that was introduced during the physical perturbation abioti-
cally oxidizes Fe2+, thereby forming Fe3+, which in turn further
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oxidizes FeS2, leading to additional accumulation of Fe2+ in the
pore water.
Fe Solid-Phase Crystallinity Changes. Sequential

dissolution of different iron pools by different extractants
allows insights into Fe crystallinity changes.81 One hour after
preparation of the artificial sediment cores, the adsorbed Fe
fraction (on Fe(III) (oxyhydr)oxides and poorly crystalline
carbonates) and Fe from FeS47; extracted by 1 M Na acetate,
pH 5) and the poorly crystalline Fe mineral fraction (extracted
by 0.5 M HCl) were all in the reduced state of Fe(II). Only the
fraction of highest Fe crystallinity (extracted by 6 M HCl)
contained Fe(III) (19−32%) (Figure 3). After 7 days of
incubation, there was a shift from adsorbed/amorphous Fe
phases (decrease from 1.17 mg Fe g−1 sediment averaged over
depth; 25.49% of total Fe) after preparation of the sediment
cores to 0.50 mg Fe g−1 sediment (10.12% of total Fe after 7
days of undisturbed incubation) toward higher crystalline Fe
phases. There was an increase of poorly and highly crystalline
Fe phases averaged over depth from 3.14 mg Fe g−1 sediment
(74.51% of total Fe) to 4.40 mg Fe g−1 sediment (89.88% of
total Fe) during incubation, with an increasing relative amount
of Fe(III) observed (Figure 3), potentially caused by oxidation
of adsorbed Fe(II) or Fe(II) minerals and mineral restructur-
ing by Ostwald ripening processes.82 This change in
crystallinity during undisturbed incubation of the sediment
was most pronounced in the top 4 mm. In contrast, after the
simulated storm event, amorphous Fe mineral phases increased
again to concentrations close to the initial state (1.38 mg Fe
g−1 sediment averaged over depth) (Figure 3). The total
amount of solid-phase Fe slightly increased during the 7 days
of undisturbed incubation from 4.59 to 4.89 mg Fe g−1

sediment and to 4.94 mg Fe g−1 sediment averaged for all
sediment depths after the simulated storm event. The data
suggest that during undisturbed incubation, Fe mineralogy is

mostly driven by an increase in crystallinity, potentially due to
Ostwald ripening or continuous Fe(II)-catalyzed dissolution
and re-precipitation. However, physical perturbation and
concomitant sediment reworking seem to physically break
larger mineral particles into smaller particles or at least break
apart aggregates of minerals, with the consequence of a higher
surface area and thus higher reactivity toward abiotic and biotic
processes.83,84 The smaller mineral particles presumably
dissolve and re-precipitate as poorly crystalline Fe minerals,
leading to regeneration of the sedimentary amorphous Fe
phases. Settlement of the sediment after physical perturbation
potentially leads to the formation of a sediment suspension for
a certain time. This means that O2 or other dissolved species of
the pore water do not need to diffuse to Fe minerals but have
an enhanced accessibility to the mineral surfaces, leading to
more redox reactions or precipitation reactions compared to
during undisturbed conditions. The formation of more
amorphous Fe phases likely has consequences for the Fe
bioavailability to microorganisms that use Fe(II) as a substrate
or nutrient. The crystallinity of Fe minerals determines the rate
and extent of microbial Fe(III) reduction.85,86 By providing
more less crystalline Fe phases to the sediment, microbially
catalyzed Fe redox reactions are presumably enhanced. We
suggest that constant mixing of the sediment, for example, by
waves, prevents mineral ripening and increases the amount of
dissolved or colloidal and more reactive Fe phases, thereby
driving a dynamic and very reactive redox environment.

Transformation of Fe Mineral Phases after Physical
Perturbation. The Fe mineralogy in the solid phase during
incubation and after the storm event was identified by
Mössbauer spectroscopy and XRD. Mössbauer spectra
collected at 77 K showed similar properties for all measured
samples collected from 30 mm depth at different time points
(Figure S10). Additional measurements at 5 K revealed a

Figure 3. Sequential Fe extractions of different sliced sediment layers from sediment cores at the beginning (Day 0) and after 7 days (Day 7) of
undisturbed incubation and shortly after a simulated storm event (After storm). Error bars show standard deviation of technical triplicate.
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poorly defined sextet in the recorded Mössbauer spectra
(Figure S11), potentially resembling a metastable Fe-sulfur
mineral phase that is present in the measured sediment
samples of all time points (detailed Mössbauer spectroscopy
data are shown in the Supporting Information (Figures S9 and
S10 and Table S1). In accordance with Wan et al.87 and Thiel
et al.,71 this phase was denoted as metastable FeSx,
representing a yet unknown Fe mineral phase undergoing
magnetic ordering at 5 K. Besides the metastable FeSx, non-
magnetically ordered Fe(II) (oxyhydr)oxides and FeS2 were
detected as Fe(II) phases. Applying the VBF fit model to the 5
K spectra,50 the relative abundances of the three iron phases
varied slightly during incubation (Figure 4). An increase in the

relative abundance of FeSx from initial 20.4 ± 2.9 to 23.7 ±
1.9% after 7 days of undisturbed incubation and the decrease
back to 18.0 ± 1.3% after the stimulated storm event suggest
that, during undisturbed incubation, Fe2+ reacts rapidly with
sulfide or another intermediate sulfur species to form
metastable and highly reactive FeSx phases.11,87,88 Physical
perturbation led to partial removal of FeSx, for example, due to
oxidation by O2 entering the sediment during mixing or
presumably as a result of breaking up amorphous FeSx minerals
by shearing forces, leading to smaller minerals with higher
surface area and reactivity toward abiotic or biotic redox
reactions and eventual dissolution of minerals. The accumu-
lation of FeSx during incubation and the subsequent partial
removal after sediment perturbation deciphers one of the
mechanisms responsible for the fluctuations of Fe2+ in the
sediment pore water. Besides the metastable FeSx, FeS2 is
present as another Fe sulfide mineral in the sediment cores and
represents the quantitatively dominant Fe(II) phase (45 ±
0.3% after 7 days of incubation) before the simulated storm
event. Its relative abundance dropped together with the FeSx
phases after the simulated storm event to 35.9 ± 0.6% (Figure
4), although FeS2 is thermodynamically more stable than Fe
monosulfides.89 The presence of FeS2 was confirmed by XRD.
Detailed XRD results are shown in the Supporting Information
and Figure S12. This decrease in the relative abundance of
FeS2 indicates that pyrite oxidation takes place in the sediment
by either O2 or Fe3+ forming Fe2+ during the physical
perturbation. The fast decrease of Fe2+ after the simulated
storm event (Figure 2) compared to Fe2+ concentrations
measured during the mixing (Figure S6) shows that oxidation
of FeS2 and FeSx is enhanced by the introduction of O2 and the
increased accessibility of the Fe sulfide mineral surfaces in the
suspension during the mixing, which lead to elevated net

concentrations of Fe2+ in the sediment pore water. During
undisturbed incubation, oxidation of FeS2 and FeSx is slowed
down or stopped due the lowered concentrations or the
absence of O2 and diminished accessibility of the mineral
surfaces. Therefore, formation of Fe sulfide minerals,
adsorption of Fe2+ and upward diffusion, and near-surface
oxidation dominate during undisturbed conditions, leading to
decreasing Fe2+ concentrations in the sediment pore water.

Environmental Implications. In the present study, we
showed that physical perturbation induced, for example, by
storms, bioturbation, or wave/tidal movement, is able to
strongly impact the Fe geochemistry in marine sediments by
changing the prevalent biogeochemical conditions, which shift
the predominant Fe phases from highly crystalline Fe minerals
into more poorly or amorphous Fe phases and partly oxidize
metastable FeSx or FeS2, thereby potentially releasing Fe

2+ into
the pore water. So far, only abiotic and biotic Fe(III) reduction
were considered to be sources of Fe2+ in marine sedi-
ments.8,9,13,15,18 On the other hand, Fe(II) oxidation processes,
for example, fast Fe2+ oxidation by O2, are limiting Fe2+

availability.14 However, considering Fe(III) photoreduction
and Fe2+ mobilization from metastable FeSx as important Fe2+

sources in marine sediments, the additionally produced Fe2+ is
expected to be used as nutrient or as substrate by Fe(II)-
oxidizing bacteria. The mineral transformations might also lead
to desorption of adsorbed Fe(II) or other nutrients or
pollutants (e.g., heavy metals)20−23 and lead to regeneration
of the sediment by providing fresh Fe mineral reaction sites.
The high reactivity of metastable FeSx might drive a fast
turnover of Fe(II) in the sediment. Although the concentration
profiles were recorded in single sediment cores, the starting
conditions of all incubated sediment cores were the same due
to homogenization of the sediment, and we therefore obtained
consistent temporal and spatial data that show that the Fe2+

distribution in sediments is highly sensitive and dynamic and
changes drastically toward less crystalline Fe solid phases and
the release of high amounts of Fe2+ as a consequence of
chemical changes caused by physical disturbances and/or the
introduction of oxidants. The fast readjustment of O2 gradients
in the sediment38,39 may give the impression that pre-storm
redox conditions are quickly re-established after storm events.
However, based on the interactions between dissolved and
metastable Fe phases, we showed that the Fe geochemistry in
sediments is highly variable with highly reactive intermediates
playing a key role in sedimentary Fe cycling and bioavailability.
This study demonstrated that the fast Fe2+ mobilization as a
result of physical perturbation is an overlooked Fe(II) source,
which likely makes an important contribution to Fe and other
biogeochemical cycles in sediments.
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Images showing sediment cores that were prepared for
incubation, scheme of the experimental approach, O2
concentration profiles after 1, 2, and 7 days of
undisturbed 12 h light−dark incubation and 1 day
after the simulated storm event, light intensity (ex-
pressed as scalar irradiance) in the sediment, Fe2+

concentration profiles after 5, 6, and 7 days of
undisturbed 12 h light−dark incubation, Fe2+ develop-

Figure 4. Relative abundances of pyrite, an Fe(II) mineral phase and
metastable FeSx mineral phases in the sediment cores in a depth of 30
mm over the course of undisturbed 12 h light−dark incubation (Days
0, 2, and 7) and shortly after a simulated storm event (After storm)
determined by Mössbauer spectroscopy.
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ment during a simulated storm event in the sediment
core determined by voltammetric measurements, impact
of physical movement (slicing and homogenization) of
sediment on Fe2+ mobilization, profiles in in situ
sediment cores before and 2 days after a storm at the
sampling field site, pH profile recorded before the 2nd
simulated storm event, table listing Mössbauer spectros-
copy parameters, representative Mössbauer model fit of
spectra, and X-ray diffraction pattern collected from the
native sample material and the dried sediment material
(PDF)
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troscopy. Nucl. Instrum. Methods Phys. Res., Sect. B 1991, 58, 85−97.
(51) Jo̷rgensen, B. B.; Revsbech, N. P.; Blackburn, T. H.; Cohen, Y.
Diurnal cycle of oxygen and sulfide microgradients and microbial
photosynthesis in a cyanobacterial mat sediment. Appl. Environ.
Microbiol. 1979, 38, 46−58.
(52) Lassen, C.; Ploug, H.; Jorgensen, B. B. Microalgal photosyn-
thesis and spectral scalar irradiance in coastal marine sediments of
Limfjorden, Denmark. Limnol. Oceanogr. 1992, 37, 760−772.
(53) Peng, C.; Bryce, C.; Sundman, A.; Kappler, A. Cryptic cycling
of complexes containing Fe(III) and organic matter by phototrophic
Fe(II)-oxidizing bacteria. Appl. Environ. Microbiol. 2019, 85,
No. e02826.
(54) Taillefert, M.; Bono, A. B.; Luther, G. W., III Reactivity of
freshly formed Fe(III) in synthetic solutions and (pore)waters:
voltammetric evidence of an aging process. Environ. Sci. Technol.
2000, 34, 2169−2177.
(55) Laufer, K.; Byrne, J. M.; Glombitza, C.; Schmidt, C.; Jo̷rgensen,
B. B.; Kappler, A. Anaerobic microbial Fe(II) oxidation and Fe(III)
reduction in coastal marine sediments controlled by organic carbon
content. Environ. Microbiol. 2016, 18, 3159−3174.
(56) Boyd, P. W.; Watson, A. J.; Law, C. S.; Abraham, E. R.; Trull,
T.; Murdoch, R.; Bakker, D. C. E.; Bowie, A. R.; Buesseler, K. O.;
Chang, H.; Charette, M.; Croot, P.; Downing, K.; Frew, R.; Gall, M.;
Hadfield, M.; Hall, J.; Harvey, M.; Jameson, G.; LaRoche, J.;
Liddicoat, M.; Ling, R.; Maldonado, M. T.; McKay, R. M.; Nodder,
S.; Pickmere, S.; Pridmore, R.; Rintoul, S.; Safi, K.; Sutton, P.;
Strzepek, R.; Tanneberger, K.; Turner, S.; Waite, A.; Zeldis, J. A
mesoscale phytoplankton bloom in the polar Southern Ocean
stimulated by iron fertilization. Nature 2000, 407, 695−702.
(57) Boyd, P. W.; Ellwood, M. J. The biogeochemical cycle of iron in
the ocean. Nat. Geosci. 2010, 3, 675.
(58) King, A. L.; Barbeau, K. A. Dissolved iron and macronutrient
distributions in the southern California Current System. J. Geophys.
Res.: Oceans 2011, 116, C03018.
(59) Elrod, V. A.; Berelson, W. M.; Coale, K. H.; Johnson, K. S. The
flux of iron from continental shelf sediments: A missing source for
global budgets. Geophys. Res. Lett. 2004, 31, L12307.
(60) Kuma, K.; Nakabayashi, S.; Suzuki, Y.; Kudo, I.; Matsunaga, K.
Photo-reduction of Fe(III) by dissolved organic substances and
existence of Fe(II) in seawater during spring blooms. Mar. Chem.
1992, 37, 15−27.
(61) O’Sullivan, D. W.; Hanson, A. K.; Miller, W. L.; Kester, D. R.
Measurement of Fe(II) in surface water of the equatorial Pacific.
Limnol. Oceanogr. 1991, 36, 1727−1741.
(62) Krachler, R.; Krachler, R. F.; von der Kammer, F.; Süphandag,
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