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Abstract

Cable bacteria have recently been identified in various sedimentary marine settings worldwide. These filamentous microbes
mediate electrogenic sulphur oxidation (e-SOx) over centimetre-scale distances, leading to a distinct separation of oxygen- and
sulphide-bearing sediment zones. Here we present results of a year-long monthly assessment of the impact of cable bacteria on
sedimentary Fe and Mn dynamics at three sites located along a water depth gradient in a seasonally-hypoxic coastal marine
lake (Grevelingen, The Netherlands). Fluorescence In Situ Hybridisation (FISH) shows the presence of cable bacteria at two
sites in spring. Micro-sensor profiling (O2, pH, H2S) and pore water profiles of dissolved Mn, Fe2+, Ca2+ and SO4

2� reveal the
geochemical signature of e-SOx at these sites, i.e. the development of a broad suboxic zone, characterised by a low pH and
acidic dissolution of Ca/Mn carbonates and Fe sulphides. Cable bacteria activity, as reflected by dissolution of FeS in spring,
was highest at the deepest and most hypoxic site. In spring, dissolved Mn and Fe2+ released at depth due to e-SOx diffused
upwards and was sequestered as Mn- and Fe-(oxyhydr)oxides near the sediment surface, with Mn oxides acting as an oxidant
for part of the upward diffusing Fe2+. Strikingly, the thickness of the Fe-(oxyhydr)oxide-bearing surface layer of the sediment
was greatest at the most hypoxic site, emphasising the key role of cable bacteria in creating oxidised surface sediments. X-ray
absorption fine structure analyses confirm the seasonality in Fe-(oxyhydr)oxide formation and reveal that the sediment Mn
oxides were of biogenic (birnessite) and abiotic (hausmannite) origin. Upon the onset of hypoxia in early summer, the sedi-
ment Fe-(oxyhydr)oxides were mostly converted to Fe-sulphides but the Mn oxides dissolved and the Mn was lost to the over-
lying water. After summer hypoxia, Beggiatoaceae mats colonised the sediment with little further change in sediment
geochemistry. Our results confirm that cable bacteria act as a key control on the coupled cycling of Fe and Mn in surface
sediments of seasonally hypoxic basins.
� 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The depletion of oxygen in bottom waters due to
anthropogenic eutrophication, is an increasing problem in
coastal marine systems worldwide (Diaz and Rosenberg,
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2008). Bottom-water hypoxia (O2 <63 lM) and anoxia (O2

below detection) have major consequences for the survival
and growth of aquatic organisms and can lead to irre-
versible alterations in ecosystem functioning (Levin et al.,
2009; Rabalais et al., 2010). This is particularly relevant
for anoxic systems where free sulphide, that is generated
in the sediment through sulphate reduction (Jørgensen,
1977) and that is extremely toxic to higher organisms,
builds up in the overlying water (Diaz and Rosenberg,
2008). Whether sulphide is released from coastal sediments
depends on the prevailing biogeochemical processes and the
extent of removal of the sulphide through oxidation in the
sediment e.g. (Middelburg and Levin, 2009).

Recently, a new group of filamentous sulphur-oxidising
bacteria (Desulfobulbaceae) has been discovered that may
play an important role in removing sulphide in sediments
of coastal hypoxic basins (Nielsen et al., 2010; Pfeffer
et al., 2012; Seitaj et al., 2015). These so-called cable bacte-
ria are able to link the reduction of oxygen (or nitrate) in
surface sediments with sulphide oxidation in deeper layers
by transporting electrons through sediments over
centimetre-wide regions, thus bypassing the sedimentary
redox cascade (Nielsen et al., 2010; Marzocchi et al.,
2014). This process, which is known as electrogenic sulphur
oxidation (e-SOx) (Malkin et al., 2014), is perturbed when
the filaments are cut or impeded, providing direct evidence
for the role of cable bacteria in long-distance electron trans-
port (Pfeffer et al., 2012). The spatial separation of oxida-
tion and reduction results in a distinct pore-water pH
distribution in sediments, with a pH maximum near the sed-
iment surface due to proton consumption by cathodic oxy-
gen reduction and a low pH (typically <7) at the bottom of
the suboxic zone due to proton release by anodic sulphide
oxidation (Nielsen et al., 2010). In addition to a shallow
oxygen penetration depth and the presence of a suboxic
zone, this pH signature is considered a reliable indicator
of e-SOx (Meysman et al., 2015), although recent work sug-
gests that the pH maximum at the surface is not always
well-developed e.g. (Seitaj et al., 2015; Burdorf et al.,
2016). In sediments where e-SOx is active, cathodic oxygen
reduction can account for a major proportion of sediment
oxygen uptake (Nielsen et al., 2010; Malkin et al., 2014;
Vasquez-Cardenas et al., 2015).

Laboratory experiments suggest that cable bacteria may
also significantly impact other elemental cycles in marine
surface sediments than only those of sulphur and oxygen
(Risgaard-Petersen et al., 2012). In incubations of anoxic,
Fe- and Mn-oxide-free marine sediment with oxic overlying
water, proton generation associated with anodic sulphide
oxidation was shown to lead to dissolution of iron
monosulphide and calcium carbonate and mobilisation of
Ca2+, Fe2+ and SO4

2� to the pore water within a few weeks
(Risgaard-Petersen et al., 2012). In these experiments, most
of the mobilised Fe2+ diffused upwards to the oxic zone
where Fe-(oxyhydr)oxides formed. Calcium precipitated
in the oxic zone as Mg-calcite (Risgaard-Petersen et al.,
2012). The upward transport of Ca2+ and SO4

2� was signif-
icantly impacted by the electric field generated by the cable
bacteria, with the Ca2+ flux being enhanced, whereas that
of SO4
2� was reduced (Risgaard-Petersen et al., 2012). In

similar experiments by Rao et al. (2016), e-SOx was addi-
tionally found to enhance the release of dissolved Mn and
alkalinity across the sediment–water interface, to reduce
the release of phosphate and to contribute to a build-up
of organic matter in surface sediments.

Sulphur-oxidising cable bacteria have now been identi-
fied in a host of coastal hypoxic environments (Malkin
et al., 2014; Burdorf et al., 2016) and the first reports of
their impact on the in situ biogeochemistry of sediments
are now emerging. Thus, Seitaj et al. (2015) recently showed
that cable bacteria dominate the sediment geochemistry in
winter and spring in the sediments of a seasonally-
hypoxic marine basin (Lake Grevelingen, The Nether-
lands). The metabolism of the cable bacteria was suggested
to be responsible for the formation of a large amount of
sedimentary Fe-(oxyhydr)oxides in the surface sediment at
this time. These Fe-(oxyhydr)oxides subsequently acted as
a buffer for sulphide generated in the sediments in summer
and likely prevented the development of bottom-water eux-
inia in the system. The mechanism of Fe-(oxyhydr)oxide
formation was shown to involve the dissolution of FeS
and release of Fe2+ to the pore water, followed by upward
diffusion of Fe2+ to oxic surface sediment. Sulu-Gambari
et al. (2016) subsequently demonstrated that the reaction
of Fe2+ with Mn oxides was responsible for a significant
proportion of the Fe2+ oxidation. The produced Fe-
(oxyhydr)oxides allowed for a strong seasonal build-up of
Fe-bound P in the surface sediment below the oxic zone
in spring (Sulu-Gambari et al., 2016).

In Grevelingen sediments, cable bacteria are replaced by
Beggiatoaceae in winter, yet the reasons for this population
switch are not fully understood (Seitaj et al., 2015). Cable
bacteria rely on three sources of sulphide: pore-water sul-
phide diffusing upwards from sulphate reduction in deeper
zones, sulphide produced locally by sulphate reduction and
sulphide produced by FeS dissolution, with their relative
importance likely varying with the type of environment
and succession stage (Schauer et al., 2014; Meysman
et al., 2015). In the Grevelingen, the observed depletion
of the FeS stock in the surface sediments in late spring
has been suggested to contribute to the demise of the cable
bacteria population (Seitaj et al., 2015).

Here, we build on the work of Seitaj et al. (2015) and
Sulu-Gambari et al. (2016) on the biogeochemical influence
of cable bacteria on sedimentary cycling in Lake Grevelin-
gen. We specifically focus on Fe and Mn dynamics over a
seasonal cycle and aim to identify the Fe and Mn minerals
that are newly-formed in the surface sediment using
synchrotron-based X-ray absorption spectroscopy (XAS).
We also wish to assess whether the in situ development
and biogeochemical impact of cable bacteria is influenced
by variations in environmental conditions by comparing
geochemical data for three sites along a water-depth and
bottom-water oxygen gradient. Our results suggest that bir-
nessite and hausmannite are the dominant Mn oxide miner-
als in the surface sediment and that most of the Fe(III) is
likely in the form of poorly-crystalline Fe-oxides. Of the
three sites studied here, the impact of cable bacteria on
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Fe dynamics in the sediment is most pronounced at the
deepest, least bioturbated and most hypoxic site with the
highest sulphide concentrations in the pore water.

2. METHODS

2.1. Study sites and sample collection

Lake Grevelingen is a former estuary of the rivers Rhine
and Meuse and one of several major estuaries closed off
from the North Sea. This coastal marine lake (Fig. 1) was
formed by the construction of a landward dam in 1965
and later a seaward dam in 1971, following a storm surge
and flooding disaster in the Dutch delta region in 1953.
The lake covers an area of 115 km2, has an average depth
of 5.1 m and is intersected by deep channels, of which the
deepest has a water depth of 48 m (Fig. 1) (Nienhuis and
Huis in ’t Veld, 1984; Hagens et al., 2015). A restricted
Fig.1. Location of Den Osse basin at the south-western edge of Lake G
water depth gradient from January to December 2012 (inset). The water co
plotted for the most anoxic period of the sampling year, August 2012.

Table 1
Average sediment organic carbon (Corg) and calcium carbonate (CaCO
(March, May, August and November) and sediment accumulation rates a
we refer to Malkin et al. (2014). For site 2 and 3, sediment accumulatio
sediment deposit and the total duration of sediment deposition in the la

Site Depth (m) Sedimentation
rate (cm yr�1)

Corg (wt%)

March May August

1 34 2 ± 0.1 3.9 ± 0.7 5.6 ± 0.7 3.8 ± 0.
2 23 0.8 ± 0.2 3.8 ± 0.4 3.9 ± 0.4 3.6 ± 0.
3 17 0.4 ± 0.1 3.8 ± 0.9 3.6 ± 0.3 3.3 ± 0.
exchange with the North Sea via an underwater sluice
(three months a year from 1980 to 1990 and daily after
1999) (Paulij et al., 1990) led to a rise in salinity from
brackish (28) (Paulij et al., 1990) to present-day near-
marine values (30–32). In spring and summer, a
temperature-dependent stratification occurs in the main
channel (Hagens et al., 2015). In winter, the stratification
disappears and the water column is well-mixed as a result
of wind-induced currents and storms (Nienhuis and De
Bree, 1977). The productivity is relatively high at ca.
200 g C m�2 yr�1 (Hagens et al., 2015). Since 1971,
bottom-water hypoxia typically develops in the main chan-
nel in summer (Wetsteyn, 2011). Three sites, located along a
water-depth gradient in the Den Osse basin, a 34 m-deep
trench in deepest channel in the system (51.747�N, 3.890�
E), were sampled monthly in 2012 on board RV Luctor
(Fig. 1; Table 1). Sediment cores with ca. 20 cm of overlying
water were collected with a winch-operated single-core
revelingen. Samples were collected from three sites (S1–S3) along a
lumn oxygen concentration as a function of water depth for site 1 is

3) contents for the upper 10 cm of the sediment for four seasons
t all three sites in 2012. For the sediment accumulation rate at site 1,
n rates were estimated from the total thickness of the fine-grained
ke after closure of the seaward dam.

CaCO3 (wt%)

November March May August November

7 3.5 ± 0.6 20.3 ± 2.4 22.8 ± 1.4 19.2 ± 0.1 20.1 ± 2.2
3 3.5 ± 0.3 19.8 ± 1.6 20.9 ± 1.4 20.1 ± 0.1 21 ± 0.9
9 3.8 ± 0.3 18.7 ± 1.6 18.6 ± 3.5 17.1 ± 0.1 16 ± 1.7



Fig. 2. Photographs of sediment cores (A) in March with visible sulphide-free suboxic zone and (B) in November with Beggiatoaceae mats at
the sediment-water interface.
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gravity corer (UWITEC, Austria), using Plexiglas� core lin-
ers with an inner diameter of 6 cm (Fig. 2). A bottom water
sample was taken from the overlying water of a sediment
core at each site directly after core retrieval.

2.2. Water column measurements

Temperature and salinity measurements were recorded
at a 1 m depth resolution with a CTD system (YSI 6600).
Oxygen concentrations were measured at 8 depths in sam-
ples collected from Niskin bottles using an automated Win-
kler titration procedure with potentiometric endpoint
detection (Mettler Toledo DL50 titrator and a platinum
redox electrode). For further details on the water column
sampling, we refer to Hagens et al. (2015).

2.3. Microbial characterisation and micro-electrode

measurements

Pore-water micro-profile measurements were conducted
on intact sediment cores (n = 3) within a few hours of
retrieval. Profiling was conducted using commercial
micro-sensors operated with a motorised micromanipulator
(Unisense A.S., Denmark). Depth profiles of O2 (25 or
50 lm tip-diameter), H2S (50 lm tip-diameter) and pH
(200 lm tip-diameter electrode) were recorded following
standard calibration procedures (for O2 a 2-point calibra-
tion in air-saturated seawater (100% saturation) and at
depth in anoxic sediment (0% saturation); for H2S, a
5-point standard curve using freshly-prepared Na2S
standards; for pH, 3 NBS standards and TRIS buffer to
correct for salinity, where pH values were reported on a
pH total scale). Total H2S (RH2S = H2S + HS�) was
calculated as in Malkin et al. (2014), based on the pH
measured at the same depth.

Microscopic identification of cable bacteria filaments
(March, May, August and November 2012) was performed
by Fluorescence In Situ Hybridisation (FISH), using the
DSB706 probe, at 0.5 cm resolution over the first 4 cm of
sediment cores sectioned within 24 h of retrieval, as
described in Schauer et al. (2014), Seitaj et al. (2015),
Sulu-Gambari et al. (2016), and references therein. Cable
bacteria biovolumes (mm3 cm�3) were calculated from mea-
sured filament lengths and diameters and integrated over all
eight sediment layers. The biovolume of Beggiatoaceae fila-
ments, was determined at the same depth-resolution, using
bright-field microscopy as described in Seitaj et al. (2015).
The biovolume data were previously published by Seitaj
et al. (2015) (site 1) and Sulu-Gambari et al. (2016) (site 1
and 3) and are repeated here for context.

2.4. Bottom-water and discrete pore-water analyses

One sediment core was collected each month for pore
water extraction at all three sites during the sampling year.
The upper 10 cm of the sediment was sliced at a resolution
of 0.5 cm in a N2-purged glove-bag, after a bottom water
sample was collected from the overlying water in the core
liner. Pore water samples were collected through centrifuga-
tion of the sediment (15 min at 4500 g). Bottom and pore
water samples were filtered (0.45 lm) and sub-sampled
under N2 for various analyses. Aliquots for total dissolved
PO4, Fe, Mn and Ca were acidified with concentrated
suprapur HCl (37%, 10 ll per ml), stored at 4 �C and anal-
ysed by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES; Perkin Elmer Optima 3000),
respectively. Sub-samples for NH4 were stored (4 �C) until
colourimetric analysis with a nutrient auto-analyser (Bran
and Luebbe) was conducted within 48 h of storage
(Middelburg and Nieuwenhuize, 2000). Sub-samples for
sulphide were fixed with zinc-acetate, stored at 4 �C and
measured spectrophotometrically (Cline, 1969). Sulphate
was measured using a Dionex Ion Chromatograph. Addi-
tional subsamples were titrated acidimetrically (with
0.01 M HCl) to determine alkalinity.

Net production rates of pore-water NH4
+, were calcu-

lated from the corresponding pore water profiles for the
upper 10 cm of the sediment at all three sites using the pro-
gramme PROFILE (Berg et al., 1998), assuming transport
of solutes through molecular diffusion only. Diffusion coef-
ficients were calculated using the R Marelac package
(Soetaert et al., 2010) and were corrected for salinity,
temperature and the tortuosity of the sediment (Boudreau
et al., 1997). Sediment–water exchange rates of Mn2+ and
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Fe2+ were calculated at all 3 sites as diffusive fluxes using
Fick’s first law, and the concentration gradients of both
solutes in the first 0.5 cm sediment depth interval and bot-
tom water. We note that the electric field generated by cable
bacteria has only a limited effect on the depth distribution
and fluxes of NH4

+, Mn2+ and Fe2+ by means of ionic drift
(Risgaard-Petersen et al., 2012).

2.5. Sediment analyses

Centrifuged sediment samples were freeze-dried and
ground in a N2-purged glove-box. Total organic carbon
was measured using an elemental analyser (Fison Instru-
ments, model NA 1500 NCS), after removing carbonate
from the sediment with 1 M HCl (Van Santvoort et al.,
2002). Total P, Fe and S were determined by ICP-OES, fol-
lowing acid destruction of ground samples in a closed
Teflon bomb at 90 �C (12 h) using a mixture of 2.5 ml HF
(40%) and 2.5 ml HClO4/HNO3, evaporation of the acids
at 190 �C and dissolution of the resulting gel in 1 M HNO3.

Sediment S, Fe and Mn phases were determined in sed-
iments collected from site 1 in January, March, May,
August and November 2012, using sequential extractions.
Acid volatile sulphur (AVS), chromium-reducible sulphur
(CRS) and elemental sulphur (S0) were determined using
the procedure of Burton et al. (2008) as modified by
Kraal et al. (2013) . Sediment Fe fractions were measured
using 3 steps from the method of Poulton and Canfield
(2005) where an extraction with 1 M sodium acetate (pH
4.5) targeted carbonate-associated Fe, 1 M hydroxy-
lamine–HCl solution in 25% v/v acetic acid was used to
extract easily-reducible oxides and a sodium dithionite solu-
tion (50 g L�1) buffered to pH 4.8 with 0.35 M acetic
acid/0.2 M sodium citrate was used to extract crystalline
Fe-(oxyhydr)oxides. Total Fe-(oxyhydr)oxides were esti-
mated as the sum of the Fe extracted with
hydroxylamine-HCl and sodium dithionite corrected for
FeS dissolution (assuming all AVS from S extractions was
present as FeS). Iron was determined spectrophotometri-
cally using the 1, 10-phenanthroline colourimetric method
(APHA, 2005). The sum of all Mn extracted in the three
Fe extraction steps was assumed to represent reactive Mn,
i.e. Mn carbonates and Mn oxides. Manganese in the
extraction solutions was determined by ICP-OES.

Sub-cores (6 cm diameter, �7 cm length) of sediment
were taken from the surface sediment at each sample site
as described in (Jilbert and Slomp, 2013), within 12 h of
coring. The sediment in each sub-core was dehydrated with
acetone and then set in an epoxy resin, and subsequently
sliced into sections for high-resolution elemental analysis
and polished (Jilbert et al., 2008). The resin-embedded core
sections as well as freeze-dried and finely-ground sediment
(powdered) samples for January, March, May, August
and November 2012 were analysed by XAS analysis on
the Dutch-Belgian beamline (DUBBLE, BM26a) at the
European Synchrotron Radiation Facility (ESRF) in
Grenoble. A description of the set-up and the optics of
the beamline is provided by Borsboom et al. (1998)) and
Nikitenko et al. (2008). Energy calibrations were performed
by assigning an energy of 7112 eV to the first maximum of
the first derivative of the K-edge of an Fe(0) foil. The XAS
spectra were collected on the Fe and Mn K-edge in the
energy ranges of 7.00–7.75 and 6.4–7.0 keV, respectively.
The resin-embedded sediment samples were analysed with a
beam size of �4.0� 1.0 mm and spectra were collected in
fluorescence mode using the 9 element Ge detector at the
DUBBLE beamline. Iron spectra from powdered sediment
samples were collected in transmission mode, while Mn mea-
surements on powdered samples were conducted in fluores-
cence mode. Spectra from reference materials were collected
in both transmission and fluorescence modes (Table S1).

Resin-embedded sediment was subsequently analysed
using micro XAS and X-ray fluorescence (XRF) at beamline
I18 at the Diamond Light Source in Oxfordshire (Mosselmans
et al., 2009). Micro XRF maps were collected using a beam
with an energy of 2.8 keV and an approximate size of
7 � 9 lm. Incomplete rejection of higher order harmonics
led to sufficient beam intensities at higher energy allowing
the collection of elemental maps by using the K-a fluorescence
of heavier elements than Cl including Ca, Mn and Fe. Spectra
were merged and normalised using the Athena software pack-
age (Ravel and Newville, 2005). Normalised spectra were then
corrected using background subtraction and analysed using
linear combination fitting (LCF) in Athena. An energy range
between 7100 eV and 7180 eV was applied to X-ray absorp-
tion near edge structure (XANES) spectra at the Fe K-edge.
With extended X-ray absorption fine structure (EXAFS) spec-
tra, LCF was performed using the range between k values of
3.0 Å�1 and 9.0 Å�1. Component analyses, varimax rotation
and iterative target testing (ITT) were performed using the
iterative transformation factor analysis (ITFA) software pack-
age (Roßberg et al., 2003).

The ITFA software package was used to identify Mn-
containing solids in the spectra of powdered samples. Assum-
ing authigenic minerals account for the local Mn enrichments
in the sediment, the set of Mn-XANES spectra from the sed-
iment was complemented with reference material spectra,
including Mn-containing minerals and solids for which the
formation under low pressure and temperature conditions
has been reported or seems plausible. The number of compo-
nents included in the ITT analysis was one more than the
number of XANES spectra from reference materials. This
approach is based on the assumption that one factor is
required to account for the spectrum of the Mn background
which is present in all samples. Based on the ITT analysis,
reference material spectra with the lowest relative concentra-
tions were successively removed from the data set. This pro-
cedure was repeated until the number of remaining
components matched the number of independent factors
required for the reproduction of the spectra from the samples
(see Supplementary Information for details).

3. RESULTS

3.1. Bottom water redox conditions and bacterial succession

The bottom water at site 1 (34 m) was oxic ([O2]
> 62.5 lmol L�1) in autumn and winter (September–April),
became hypoxic in late spring ([O2] < 62.5 lmol L�1) and
briefly became anoxic ([O2] < 1 lmol L�1) in late summer



Fig. 3. (A) Seasonal trend in bottom water oxygen and bacterial succession at the three sampling sites, showing biovolumes (mm3 cm�2) of
cable bacteria and Beggiatoaceae filaments. (B-J) Micro sensor profiles of oxygen, hydrogen sulphide and pH for March, August and
November in 2012 for sites 1, 2 and 3 illustrating the evolution in pore-water geochemistry, upon changes in the dominant bacterial
communities. N.B. Data for February at site 2 is provided in the black pane.
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(August) (Fig. 3). A similar temporal trend was observed at site
2 (23 m), while at site 3 (17 m), the oxygen concentration in the
bottom water remained above 100 lmol L�1 in summer.
A seasonal assessment of cable bacteria showed they
were present in the sediment at sites 1 and 3 in March
and May, but were not detectable in August and Novem-
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ber. Monthly observation of Beggiatoaceae indicated that
these bacteria were present in large numbers at sites 1 and
3 from September onwards. At site 2, Beggiatoaceae were
observed throughout the year and cable bacteria were not
detected.

3.2. Pore-water chemistry

At all three sites, a suboxic zone devoid of oxygen and
sulphide was present in spring and autumn. In spring, a
strong decrease in pH with sediment depth was observed
in the suboxic zone at sites 1 and 3, when cable bacteria
were present. At site 3, there was also a pH peak near the
sediment–water interface in March. At site 2, the pH pro-
files showed both a strong decrease near the sediment sur-
face and a distinct maximum in pH at greater depth. The
suboxic zone disappeared at all sites in August and the
pH showed a decline with depth, but less pronounced than
in spring. In autumn when Beggiatoaceae were present, pH
profiles showed a broad and distinct maximum in the sub-
oxic zone at all sites.

At all sites, NH4
+ concentrations showed a linear

increase with depth in the sediment in spring and more con-
cave profiles in summer and autumn (Figs. 4 and 5). Below
2 cm depth, the shapes of the PO4 profiles were very similar
to those of NH4

+. Concentrations of PO4 in the surface sed-
iment were very low in spring, suggesting removal, whereas
in May and June subsurface maxima in pore-water PO4

were observed, suggesting production near the sediment–
water interface (Figs. 4, S1 and S2).

In spring, a significant release of Mn2+ and Fe2+ to the
pore water was observed in the surface sediment at all
sites (Figs. 4 and 5). From July onwards however, Fe2+

was generally undetectable in the pore water. In contrast
Mn2+ was present in the pore water for the remainder of
the year, but at lower concentrations. Profiles of HS�

obtained from pore water extraction agreed generally with
RH2S profiles determined by micro electrodes (Figs. 3–5).
Trends in the pore water profiles at the three sites were
distinctly different. At site 1, HS� was present below a
depth of 2–6 cm in spring and autumn at concentrations
up to 5 mmol L�1. At sites 2 and 3, HS� was near the
detection limit throughout the upper 10 cm of the sedi-
ment in spring and concentrations at depth were signifi-
cantly lower in autumn when compared to site 1. In
summer, high HS� concentrations were observed directly
below the sediment–water interface at sites 1 and 2, but
near the detection limit at site 3. Depth profiles of alkalin-
ity were generally similar to NH4

+ profiles, with the excep-
tion of a subsurface maximum in alkalinity at site 1 in
January that is not seen in the NH4

+ profile. Profiles of
Ca2+ show a subsurface maximum at ca. 2–4 cm depth
at all sites in spring, which suggests a significant release
of Ca2+ to the pore water. During the remainder of the
year, Ca2+ concentrations were constant with depth and
were similar to bottom-water concentrations. Profiles of
SO4

2� showed a convex shape in the surface sediment at
all sites in spring, suggesting production of SO4

2�. In sum-
mer and autumn, SO4

2� profiles showed a concave shape,
indicative of SO4

2� removal.
3.3. Rates of net NH4
+ production and sediment–water

exchange of Mn2+ and Fe2+

Rates of net NH4
+ production in the sediment calculated

using PROFILE (see Fig. S3 for examples of model fits)
show a seasonal trend at all three sites with relatively low
rates of production in the first half of the year and higher
rates from August onwards (Fig. 6; Table 2). July profiles
were omitted from the calculations, as no optimal fits could
be obtained. Yearly average rates of NH4

+ production for
sites 1, 2 and 3 (excluding July) are 7.5, 5.8 and
4.3 mmol m�2 d�1, respectively. Calculated diffusive fluxes
of Mn2+ across the sediment–water interface indicate that
there is a potential for release of Mn2+ from the sediment
to the overlying water throughout the year. In contrast, dif-
fusive fluxes of Fe2+ show a strong seasonality with the
highest release in the period from April to July.

3.4. Bulk sediment chemistry

The surface sediments (upper 10 cm) at the three sites
are organic carbon rich (Corg between 3.3 and 3.9 wt%)
and contain CaCO3 (16–21 wt%; Table 1; Fig. S4). No
distinct trends in Corg and CaCO3 with depth or significant
differences between sites were observed (ANOVA F-test,
n = 12; P = 0.55 and 0.009 for Corg and CaCO3, respec-
tively). A strong seasonality was observed in total concen-
trations of Mn, P and S in the surface sediment at all
three sites (Fig. 7). Total Mn was enriched in the surface
sediment (top 1 cm) in spring at all three sites. These surface
enrichments disappeared in early summer. At site 1, a
decrease in the background concentration of Mn was
observed between 1 and 5 cm sediment depth in January
and March. Total P also showed a surface enrichment
(0–2 cm) at all 3 sites in spring, with maximum P concentra-
tions closer to the surface in May than in March. Total S
showed significant variability with depth but there was a
notable depletion in the surface sediments from January
to March, when compared to August and November, at
all three sites.

3.5. Fe, Mn and S sediment fractions

An enrichment in Fe-(oxyhydr)oxides with Fe concen-
trations up to 250 lmol g–1 was observed in the surface sed-
iment at site 1 from January to May (Fig. 8). Less than 50%
of this Fe was present as Fe-(oxyhydr)oxides in the surface
layer in November. The surface sediment at site 1 was
depleted in AVS in January and March and concentrations
gradually increased from May onwards. Sediment pyrite
concentrations generally increased with depth and were of
comparable magnitude to those of AVS (Fig. S5). Elemen-
tal sulphur was a minor pool (Fig. S5). Fe-carbonate con-
centrations in the surface sediment in January and March
were low and increased with depth (Fig. S6). In May, in
contrast, enrichments in Fe-carbonate were observed near
the sediment water interface and at a depth of ca. 3 cm.
Depth profiles of reactive Mn for site 1 were very similar
to those of total Mn for all months (Fig. S6). However,
the decrease in the background concentration of reactive



Fig. 4. Pore water NH4
+, PO4, Fe

2+, Mn, HS�, Alkalinity, Ca2+ and SO4
2� data over the 2012 sampling year at site 1. Profiles for the

remaining 5 months in 2012 are presented in Figure S1.
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Fig. 5. Pore water NH4
+, PO4, Fe

2+, Mn, HS�, Alkalinity, Ca2+ and SO4
2� data profiles for selected months in 2012 for sites 2 (February,

August and November) and 3 (March, August and November). Pore water profiles for the remaining 8 (site 2) or 9 (site 3) months in 2012 are
presented in Figure S2.
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Fig. 6. Net NH4
+ production in the sediment as calculated with PROFILE (mmol m�2 d�1) and calculated sediment-water exchange fluxes of

Fe2+and Mn (mmol cm�2 d�1) for all 3 sites. The NH4
+ production data for July in the upper panel were omitted because good fits to the

profiles could not be obtained.
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Mn between a depth of 1 and 5 cm in January and March is
more pronounced than the decrease in total Mn.

3.6. Manganese mineralogy

Manganese XANES spectra for the top 1 cm of the sed-
iment at site 1, as measured in resin-embedded sediment
blocks, vary with season while the XANES spectra at
2 cm-depth do not show systematic changes over time
(Fig. 9). Spectra for the surface sediment in May and
November are similar to those deeper in the sediment and
show a distinct peak around 6552 eV. In contrast, spectra
for surface sediments from January and March show a
less-pronounced peak around 6552 eV and the appearance



Table 2
Average NH4+ production (mmol m�2 d�1) over the full 2012 sampling year.

Site Depth (m) Average production (mmol m�2 d�1)

Year average* Exc. July Jan–June Aug–Dec

1 34 6.7 ± 5.2 7.5 ± 4.6 4.4 ± 1.8 11.2 ± 4.2

2 23 5.8 ± 4.4 5.8 ± 4.6 2.5 ± 1.2 9.1 ± 4.4

3 17 5.5 ± 5.4 4.3 ± 3.5 1.8 ± 1.6 7.2 ± 2.6

* Excluding July; for January to June; for August to December.
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of a hump around 6560 eV. A pronounced difference
between XANES spectra collected from the upper millime-
tres of the sediment coincide with significantly-stronger Mn
fluorescence emitted from the upper parts of the resin-
embedded sections, close to the sediment surface. The rela-
tively higher fluorescence intensity at the sediment surface
in January and March is indicative of Mn enrichment and
follows the trends observed in the chemical characterisation
of the sediment (Fig. 6). The XANES spectra collected
from powdered sediments were in agreement with results
from corresponding resin-embedded sediment blocks but
were of higher quality and were therefore used for further
analysis.

Spectra of samples from deeper Grevelingen sediment
layers did not correspond to the analysed reference materi-
als, or to spectra reported in literature. The XANES spectra
for these deeper layers presumably originate from Mn that
is structurally bound within various silicate minerals or is
associated with carbonates (Figs. S7 and S8 and Supple-
mentary discussion). The edge-position and the position
of the adsorption-maximum suggest that the oxidation state
of Mn in this ‘‘Mn-background” is predominantly Mn(II).

The semi empirical indicator function, a component of
the factor analysis (Roßberg et al., 2003), revealed that
the variation between all Mn-XANES spectra can be
explained by three primary factors (Figs. S7 and 10). The
first factor was ascribed to the Mn-background. In addi-
tion, the difference in the spectra from the upper and lower
sediment regions was attributed to the relative concentra-
tion of two other Mn-containing phases. The best result
was obtained by linking the variability in Mn-XANES
spectra to the relative contributions of birnessite
((Na0.3Ca0.1K0.1)(Mn4+,Mn3+)2O4�1.5H2O) and hausmannite
(Mn2+Mn3+2 O4). However, we cannot exclude the
presence of minor amounts of Mn(III) oxides, manganite
(MnO(OH)) and bixbyite ((Mn,Fe)2O3). Based on the ITT
analysis, birnessite and hausmannite are estimated to
contribute 32% and 35% to the total Mn in the top layer
of the sediment in January (Fig. 10). Birnessite contribu-
tions greater than 10% were only found in samples from
the sediment surface, while hausmannite was also present
in the top part of the sediment directly below the surface.

3.7. Iron mineralogy

In general Fe XANES and EXAFS spectra collected
with an unfocussed beam from both powdered and
resin-embedded sediments show less variability with sedi-
ment depth and with time, in contrast to Mn-XANES spec-
tra (Fig. S10). However, small but systematic differences in
the edge position of Fe XANES spectra are still noticeable
(Fig. 11). The position of the edge is dependent on the
redox state of Fe, thus the spectra of siderite and hematite
are plotted for comparison, representing the edge positions
of Fe(II) and Fe(III), respectively. The position of the
adsorption edge of spectra for samples from January,
March, May and November 2012 at 1, 2 or 4 cm depth
(Fig. 12) indicate that all samples contain Fe in the form
of Fe(III) and Fe(II), but that the former is of most quan-
titative importance. Inspection of the lower part of the edge
reveals that its position in spectra of samples from 1, 2 or
4 cm depth collected in January, May and March are
shifted towards higher energies (�1 eV) when compared
to samples from 10 or 20 cm depth. With November spec-
tra, this difference is less pronounced. This is in accordance
with a higher surficial Fe(III)-content compared to deeper
sediments in spring than in summer.

Iron XANES and EXAFS spectra for the top 2 cm of
the sediment at site 1, as measured in powdered samples,
showed the greatest similarity to the spectrum of illite, as
illustrated for January 2012 (Fig. 12). When using the mul-
tiple combination option for LCF in Athena and limiting
the number of reference spectra to 3, the best reproduction
of the XANES spectra was obtained with illite (K,H3O)(Al,
Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)], pyrite (FeS2) and side-
rite (FeCO3). Replacing the spectrum of pyrite with that
of FeS did not return significantly different results. The dif-
ference in edge position is also reflected in the relative con-
tribution of pyrite and siderite in the LCF (Fig. 13). The
relative contribution of the pyrite and siderite spectra is sys-
tematically smaller for samples from the upper centimeters
(1–4 cm) than of samples from greater depth (10–20 cm).
This trend is most pronounced in March and May. The best
reproduction of the k3 weighted EXAFS spectrum in the
LCF analysis was achieved with illite, glauconite and bio-
tite. In this example, respective contributions of 47%, 40%
and 13% were obtained. Thus, Fe-XAS spectra of the bulk
samples analysed indicate a dominant contribution of detri-
tal Fe bound in silicates and several reference spectra are
required to reproduce the features of detrital Fe which
dominates the XAS spectra in all samples.

The need to combine several reference spectra to repro-
duce the signal of the detrital Fe background can blur the
signature of reactive iron phases, which are only minor



Fig. 7. Total manganese (Mntot), total phosphorus (Ptot) and total sulphur (Stot) for 5 months at sites 1 and 2.
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components. That is, different concentrations of siderite,
pyrite or other reactive Fe minerals can be mimicked by
variable compositions of spectra from Fe silicate reference
materials and cannot be isolated in the same manner as
XANES spectra. However, Fe-Fe scattering paths, which
are strongly articulate in the k-space 6–10 Å�1 of k3

weighted EXAFS spectra in well-crystalline Fe minerals
(e.g. haematite), could not be recognised in the EXAFS
spectra from samples in which the presence of Fe (oxy-
hydr)oxides is expected based on chemical analyses.
Poorly-crystalline Fe(III) (oxyhydr)oxides, such as ferrihy-
drite do not show strong Fe–Fe scattering paths and the
EXAFS spectra of ferrihydrite and illite are very similar.
Furthermore, the illite used as a reference material



Fig. 8. Sediment Fe-oxide and AVS profiles at site 1, shown for five months.

Fig. 9. Stacked normalised Mn-XANES spectra collected from resin embedded sediment blocks for January, March, May and November
2012 for site 1. The distance from the sediment surface at which each measurement was performed (mm) is indicated. The scale bar in the
leftmost panel indicates a normalised absorption of 1.0. In the two panels on the right, several spectra of reference materials are presented for
comparison: a = rhodochrosite (MnCO3); b = precipitated MnS; c = hureaulite (Mn2+5 (PO3OH)2(PO4)2�4H2O); d = hausmannite (Mn2+-
Mn3+2 O4); e = manganite (MnO(OH)); f = bixbyite ((Mn,Fe)2O3); g = pyrolusite (MnO2); h = microbial birnessite (Na0.3Ca0.1K0.1)(Mn4+,
Mn3+)2O4�1.5H2O.
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predominantly comprised Fe(III) and as a result, the signa-
ture of poorly-crystalline Fe-(oxyhydr)oxides may have
been masked.

Micro-XRF maps of resin-embedded top sediments
were collected from samples retrieved in January 2012 at
site 1 (Fig. S9). These maps were used to identify eight loca-
lised Fe enrichments for which XANES spectra were subse-
quently collected using a focussed-beam (Fig. 14). The
shapes of the XANES spectra exhibit a larger diversity than
the spectra collected from bulk samples, and are generally



Fig. 10. Results from ITT analysis of the set of Mn-XANES spectra from powdered samples plus the spectra of birnessite and hausmannite.
The three components of the analysis can be assigned to the spectra of birnessite, hausmannite, and the Mn background phase found at depth
in the sediment. The sum of the relative concentrations deviates slightly from 1.0 because the sum of the concentration vectors was not
constrained to 1.0 when conducting the ITT analysis.
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shifted towards a lower energy, indicating local enrichment
of Fe(II) phases. The spectra can be reproduced through
linear combination fitting, by combining the spectrum
obtained from bulk analysis of the powdered sediment sam-
ples from this depth interval, with those of pyrite and side-
rite. Hence, Fe(II) minerals account for relatively large (in
the range of several micrometres) hotspots of Fe, which
persist even in the top few centimetres of the sediment.
No locations with Fe(III) hotspots were identified. This
suggests that Fe(III) formed by iron oxidation is finely dis-
persed. In combination with the XAS analysis of bulk sam-
ples this suggests that dispersed, poorly-crystalline Fe(III)
(oxyhydr)oxides are the dominant products of Fe(II) oxida-
tion in the surface sediment in spring.

4. DISCUSSION

4.1. Bacterial succession in Lake Grevelingen

Low oxygen in bottom waters in summer, as observed at
all three sites in 2012 (Fig. 3), is a yearly recurring phe-
nomenon in Lake Grevelingen (Seitaj et al., 2015). This sea-
sonality in the redox state of the bottom water is
accompanied by recurrent yearly shifts in the geochemistry
and microbiology of the sediment (Seitaj et al., 2015; Sulu-
Gambari et al., 2016). Seasonal surveys at various sites in
the basin over multiple years (2011–2015) have shown that
in the periods leading up to hypoxia and following its ces-
sation (each spring and each autumn) a suboxic zone devel-
ops in the sediments. While Beggiatoaceae dominate in the
surface sediments in autumn, they are generally replaced by
cable bacteria in spring (Seitaj et al., 2015).
We also see such a seasonal pattern at our sites 1 and 3,
with the activity of cable bacteria in spring being confirmed
by the characteristic low pH in the suboxic zone (pH < 7)
and pore-water sulphate and calcium profiles being indica-
tive of in situ production (Figs. 4 and 5). Signature pH pro-
files for Beggiatoaceae, which are characterised by a
subsurface maximum in pH in the suboxic zone (Seitaj
et al., 2015) are observed in autumn. In August, a suboxic
zone is absent and sulphide is directly oxidised with oxygen.

At site 2, the trends in the oxygen, sulphide and pH pro-
files for August and November are similar to those for the
other two sites but a different pattern is seen in February.
At this time of the year, the pH profile combines features
of the profiles of cable bacteria and Beggiatoaceae, with a
strong minimum in pH above a pH maximum. At this site,
Beggiatoaceae are still present in spring and no cable bacte-
ria were detected. The pore water profiles of calcium and
sulphate are similar to those of sites 1 and 3, however,
and also indicate in situ production of these solutes. We
attribute these conflicting results to the strong patchiness
of these sediments and suspect that both Beggiatoaceae
and cable bacteria were active at this site in spring. Both
the micro-sensor profiling and the sampling for cable bacte-
ria was restricted to a very small area of the sediment,
whereas the pore water provides an integrated signal for a
much larger section of the sediment (diameter of 6 cm)
and thus may in this case be more reliable as an indicator
for cable bacteria activity. Using laboratory experiments,
Malkin et al. (2014) also demonstrated that sediment patch-
iness can contribute to an attenuation of the pH signal of
cable bacteria. Upon revisiting site 2 in 2015, cable bacteria
were detected (Fig. 3 in Seitaj et al., 2015). We conclude



Fig. 11. Position of the Fe-K edge of XANES spectra from powdered samples from the upper 4 cm of selected cores, in comparison to those
from 10–20 cm depth. The position of the edge indicates the Fe oxidation state and spectra for each sample are compared to those of siderite
and haematite, representing Fe(II) and Fe(III), respectively. The depth-dependent difference in the edge position between samples in the
sediment column is most pronounced in March and is insignificant in November.
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that cable bacteria likely were active at all three sites in
spring of 2012.

4.2. Sources of sulphide for e-Sox and differences between

sites

Cable bacteria and Beggiatoaceae both depend on sul-
phide for their metabolism. Beggiatoaceae rely exclusively
on H2S produced from sulphate reduction (Schulz et al.,
1999; Sayama et al., 2005; Schulz and Schulz, 2005), while
cable bacteria obtain H2S both from sulphate reduction
as well as the dissolution of FeS (Nielsen et al., 2010;
Schauer et al., 2014). When a suboxic zone develops, pro-
ton production associated with their electrogenic metabo-
lism promotes the dissolution of the FeS, which has been
estimated to provide 40 to 94% of the sulphide for e-SOx
(Risgaard-Petersen et al., 2012; Meysman et al., 2015).

At site 1, a total of 0.95 mol Fe m�2 initially present as
FeS was estimated to be converted to FeOOH in spring
and to be converted back to FeS in autumn of 2012
(Seitaj et al., 2015). If we assume that the FeS is dissolved
over a period of ca. 3 months or 90 days, this would supply
on average �10.6 mmol m�2 d�1 of H2S to the suboxic
zone. The upward flux of H2S into the suboxic zone
calculated from pore water profiles of H2S was
�4 mmol m�2 d�1 in spring (Seitaj et al., 2015). This com-
parison suggests that in spring, FeS dissolution may have
been more important as a source of H2S than upward
diffusion. Note, however, that production of H2S in the
suboxic layer is not included in this calculation and may
also play a role at site 1. Nevertheless, Seitaj et al. (2015)
concluded that the depletion of the sedimentary FeS stock
may have limited the electron donor supply, causing the
demise of the cable bacteria population in late spring.

While the FeS at site 1 is nearly completely removed
from the upper 3 cm of the sediment in March, comparison
of total S profiles from all 3 sites suggest that this is not the
case at sites 2 and 3. Here, depth profiles of total S suggest
the loss of FeS is limited to a narrower depth zone and that
the total loss of S is �60% (site 2) and �40% (site 3) of that
at site 1. We conclude that less FeS is being dissolved at
sites 2 and 3, and we attribute this to more limited activity
of cable bacteria than at site 1. At sites 2 and 3 there is
almost no sulphide in the pore water (Fig. 5) and thus
upward-diffusion of sulphide does not play a major role
as a source of sulphide for cable bacteria. The potential role



Fig. 12. Fe-XANES and EXAFS of powdered samples from the January core top (0–2 cm) from site 1, compared to reference materials. The
string of blue circles indicates the best-fit to the spectra during the LCF analysis, which incorporates a maximum of three of the presented
reference spectra.

Fig. 13. Relative contribution of Fe-XANES spectra of illite, siderite and pyrite to the linear combination fit of Fe-XANES from powdered
sediment samples collected at various depths for January, March, May and November. Error bars represent the error calculated by LCF,
which was below +/–0.02.
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of production of H2S in the suboxic layer at sites 2 and 3
cannot be determined from gradients in pore-water sul-
phate profiles because these are impacted by the dissolution
of FeS in spring (Fig. 5). Net NH4 production rates in
spring will underestimate sulphate reduction rates because
of possible nitrification in the surface sediment. However,
they can provide an order of magnitude estimate of the
rates of sulphate reduction at the different sites. The rates



Fig. 14. Fe-XANES spectra collected with a focussed beam on
resin-embedded sediment compared to the average spectrum of the
powdered bulk sediment. The string of blue circles is the result of
the LCF of the spectrum in question to pyrite and siderite spectra.
The ratios indicate the relative contribution of bulk sediment:
pyrite: siderite based on the LCF. For further details: see the text.
Positions P1–P8 correspond to positions 1–8 in Figure S9. The
error in the concentrations calculated by LCF was below +/–0.02.
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of NH4 production in the first half of the year at the three
sites range from 1.8 to 4.4 mmol m�2 d�1 (Table 2). When
accounting for the stoichiometry of the reaction where
removal of 53 SO4 leads to production of 16 NH4, this sug-
gests that sulphate reduction indeed could be relevant as a
source of H2S at all sites. The distinct gradient in mineral-
isation with highest rates at site 1 and lowest at site 3 (Fig. 6;
Table 2) that is also reflected in the pore water profiles of
alkalinity (Figs. 4 and 5) does suggest, however, that sulphate
reduction is much more important as a source of H2S at site 1
than at the other sites. Our finding that not all FeS is dis-
solved at sites 2 and 3 suggests that at these sites, the avail-
ability of FeS is not controlling the activity of the cable
bacteria. Instead, the fact that there is less sulphate reduction
at these sites to provide H2S for the cable bacteria and that
the bottom water at these sites is (slightly) more oxygenated
(Fig. 3) likely plays a role, e.g. by contributing to the estab-
lishment of more bioturbating macrofauna in the first half
of the year than at site 1 (Seitaj et al., 2016). Macrofauna
have been shown to disrupt the growth of cable bacteria
(Malkin et al., 2014) and this may explain the more patchy
occurrence at sites 2 and 3.

4.3. Impact of e-SOx on sediment Fe and Mn cycling

In our previous studies focussing on site 1, we suggested
that the metabolism of the cable bacteria was responsible for
the formation of a large amount of sedimentary
Fe-(oxyhydr)oxides in the surface sediment in spring
(Seitaj et al., 2015). In both cases the Fe and Mn enrich-
ments were detected through extraction of all or part of
the sediment Fe and Mn and the Fe and Mn oxides were
not directly identified. Our Fe XANES and EXAFS spectra
for site 1 are dominated by contributions of detrital Fe
bound to silicates and by pyrite and siderite (Figs. 12 and
13), thereby likely masking contributions from other phases.
However, careful analysis of the adsorption edge of the spec-
tra confirms the results from the operational extractions and
indicates that the upper 2 cm of the sediment does contain
more Fe(III) in spring than in autumn (Fig. 11). The data
are also indicative of a depth gradient in the redox state of
the sediment in spring, with the surface sediments
containing more Fe(III) than the sediments at depth. Our
results also suggest that most of the Fe(III) is present in
the form of poorly-crystalline Fe-(oxyhydr)oxides and that
crystalline Fe-(oxyhydr)oxides play only a minor role.

Strikingly, the Fe-(oxyhydr)oxides at site 1 formed
below the oxic layer, indicating that oxygen could not be
the only oxidant. This prompted Sulu-Gambari et al.
(2016) to suggest that Mn oxides in the surface sediments
acted as an important oxidant for the upward diffusing
Fe2+, in the following reaction (Thamdrup et al., 1994):

Fe2þ þ 0:5MnO2 þH2OþHþ ! FeðOHÞ3 þ 0:5Mn2þ

ð1Þ
Our results show that Mn oxides are present in the sur-

face sediments in the form of birnessite and hausmannite in
January and March (Fig. 10). Birnessite, in which Mn
occurs as Mn(IV), is thought to be the primary product
of microbially-mediated Mn(II) oxidation (Villalobos
et al., 2003; Tebo et al., 2004). The formation of hausman-
nite, an Mn(III) and Mn(II/III)-oxyhydroxide, has been
observed in the presence of Mn(II)-oxidising organisms
but it can also be a secondary abiotic product forming upon
the reaction of Mn(II) with birnessite (Bargar et al., 2005).
With feitknechtite (Mn3+O(OH)) and manganite, hausman-
nite, is one of the initial products of Mn(II) oxidation in the
absence of microbial catalysis (Murray et al., 1985). Based
on thermodynamic considerations, these Mn(III) and Mn
(II/III) oxyhydroxides are only metastable and prone to
disproportionation, thus the formation of Mn(IV) oxides
and Mn(II) would be favourable. However, birnessite is nei-
ther expected nor has been observed as the product of such
a disproportionation reaction. Hence, we interpret the pres-
ence of birnessite at the sediment surface (Fig. 10) as an
indicator of microbially-mediated oxidation of Mn(II)
which may be accompanied by secondary or parallel forma-
tion of hausmannite by abiotic redox reactions. The near



Fig. 15. Schematic of seasonal variations in manganese cycling in Lake Grevelingen and key interactions with the sedimentary Fe cycle. The
left-hand panel depicts eSOx-mediated dissolution of FeS and Mn- and Ca-carbonate minerals in the suboxic zone of the sediment. There is a
resultant release of Mn2+, Ca2+ and Fe2+ to the pore water. Part of the Mn2+ is oxidised in the surface sediment allowing manganese oxides to
form. Upward-diffusing Fe2+ acts as a reductant for Mn oxides leading to the release of Mn2+ and the precipitation of Fe oxides. The activity
of cable bacteria ceases with the onset of hypoxic conditions. The right hand panel represents the period in fall, when Beggiatoaceae are
established after re-oxygenation of the bottom water. In the overlying water column, manganese oxides form and precipitate to settle at the
sediment-water interface. The central panels show the change in the Mntot sediment inventory, indicating the removal of Mn from the suboxic
zone in spring, and the subsequent contribution to the surface enrichment. The deficit between the loss of Mn at depth (6.1 mmol cm�3) and
the surface enrichment (15.5 mmol cm�3) indicates that there is an external source of Mn, which is likely deposition from the water column.
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absence of birnessite in deeper parts of the sediment can be
explained by its instability under reducing conditions. Bir-
nessite is a reactive oxidant and can serve as a terminal elec-
tron acceptor for microbial respiration (Burdige et al.,
1992), but is also readily reduced by sulphide (Qiu et al.,
2011), Fe(II) (Postma and Appelo, 2000) or natural organic
compounds (Chorover and Amistadi, 2001). The presence
of hausmannite beneath the sediment surface could be
explained by slower reduction kinetics compared to birnes-
site and, hence, longer preservation upon burial (Fig. 10).

The concave shape of the total and reactive Mn profiles
below the surface sediment in March at site 1 (Fig. 7 and
S6) suggests removal of Mn from this part of the sediment.
Our Mn XANES results suggest that, besides Mn silicates,
Mn carbonates may also contribute to the background. We
postulate that the acid produced by the cable bacteria leads
to dissolution of Mn carbonates (and Fe carbonates,
Fig. S6) in the suboxic zone and that some of the dissolved
Mn is re-precipitated as Mn oxides in the oxic surface sed-
iments. We note, however, that the depletion in solid-phase
Mn at depth in the sediment (18 lmol cm�2) is too small to
explain the Mn oxide enrichment in the surface sediments
(31 lmol cm�2) indicating the additional importance of
Mn oxide input from the water column in spring
(Fig. 15). When oxygen concentrations subsequently
decline in late spring and summer, most of the Mn oxide
is lost from the sediment. A surface enrichment in Mn oxi-
des does not form again until after the demise of the Beg-
giatoaceae and the return of the cable bacteria. We also
note that, contrary to what was observed in laboratory
experiments with sediments from Aarhus Bay (Risgaard-
Petersen et al., 2012), we do not find evidence for formation
of Mg (or Mn) carbonates in the surface sediment at our
site.
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Both Mn and Fe are trace nutrients for algae (Moore
et al., 2013) that may potentially be released from coastal sed-
iments e.g. (Raiswell and Canfield, 2012; Lenz et al., 2015),
and it is of interest to assess what role cable bacteria might
play in controlling their escape as dissolved Mn and Fe to
the water column. We note that diffusive flux calculations will
always overestimate the flux to the overlying water because
oxidative removal in the oxic zone near the sediment–water
interface is not accounted for. The diffusive flux calculations
suggest that Mn may potentially be released from the sedi-
ment throughout the year and thus the sediment–water
exchange flux does not appear to be affected significantly
by cable bacteria (Fig. 6). The Mn fluxes mostly range
between 0.05 and 0.20 lmol cm2 d�1. These fluxes are at
the high end of the range reported previously for coastal sed-
iments, where values typically do not exceed 0.1 lmol cm2 -
d�1 e.g. (Aller, 1994; Thamdrup et al., 1994; Slomp et al.,
1997). In contrast to Mn, the diffusive Fe fluxes show a
strong seasonality, with the largest potential release of Fe
occurring between April and July, i.e. during the period in
which the cable bacteria at this site became less active and
were in decline (Seitaj et al., 2015). Again, the Fe fluxes are
higher than is typically observed in field studies under oxy-
genated water columns (e.g. range up to �0.1 lmol cm2 d�1

(Dale et al., 2015)). Our results do indicate that any potential
release of Fe would likely occur after a period of cable bac-
teria activity and not during the phase of FeS dissolution.

As indicated above, we suggest that there is a gradient in
cable bacteria activity from site 1 (high) to site 3 (low) based
on the differences in total FeS dissolution in March (Fig. 7),
i.e., we assume that the more active the cable bacteria are,
the more acid they produce and the more FeS is ultimately
dissolved. This trend in activity may be driven by the gradi-
ent in organic matter mineralisation and associated sul-
phate reduction with highest rates of mineralisation and
activity at site 1 and lowest rates at site 3. The difference
in activity is also reflected in the differences in the thickness
of the Mn- and P- bearing surface layer of the sediment at
all three sites. As demonstrated by Sulu-Gambari et al.
(2016) for site 1, the P in the surface sediment in spring is
associated with Fe-(oxyhydr)oxides and a P enrichment at
the surface is thus a good indicator of the presence of Fe-
(oxyhydr)oxides. Our results for March in Fig. 7 suggest
that the more active the cable bacteria are, the broader
the zone becomes where Mn oxides and Fe-(oxyhydr)
oxides and associated P and are observed. Strikingly, the
broadest Fe-(oxyhydr)oxide rich zone is thus observed at
the most hypoxic site deepest in the basin, where bioturba-
tion is most limited. This emphasises the importance of
cable bacteria in oxidising the sediment in this seasonally
hypoxic marine basin.

5. CONCLUSIONS

We show that the activity of cable bacteria has a signif-
icant impact on the biogeochemistry of Fe and Mn in the
sediment in a seasonally-hypoxic marine basin. In spring,
cable bacteria oxidise the sediment by dissolving FeS. Part
of the released Fe2+ diffuses upwards and is oxidised in the
surface sediment by oxygen and manganese oxides, thereby
forming Fe-(oxyhydr)oxides. Results of X-ray absorption
spectroscopy of the sediments at the deepest site indicate
the presence of both Fe(II) and (Fe(III) minerals such as
illite, pyrite and siderite throughout the sediment profile.
Oxic and suboxic layers in spring contain more Fe(III) than
the anoxic layers at depth and this Fe(III) is likely present
in the form of dispersed poorly-crystalline Fe-oxides. The
Mn oxides in the surface sediments are identified as birnes-
site and hausmannite, which are assumed to be formed
through biotic and abiotic oxidation, respectively. We find
evidence for acidic dissolution of Mn carbonate at the deep-
est site in spring which we attribute to the activity of the
cable bacteria. The released Mn2+ can contribute only ca.
40% of the Mn in the surface sediment indicating that an
additional source of Mn oxides is required, which likely is
input from the water column. Cable bacteria have the great-
est impact on the deepest, most hypoxic site and we suggest
that their activity is more restricted at the other two sites
because of the more abundant presence of macrofauna
and/or higher bottom water oxygen and stronger competi-
tion with Beggiatoaceae. Strikingly, the thickness of the
oxidised surface layer, as indicated by the Mn and P enrich-
ments in the surface sediment, is greatest at the most
hypoxic site. This emphasises the key role that cable bacte-
ria can have in oxidising marine surface sediments.
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