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Abstract. Cable bacteria can strongly alter sediment biogeo-
chemistry. Here, we used laboratory incubations to determine
the potential impact of their activity on the cycling of iron
(Fe), phosphorus (P) and sulfur (S). Microsensor depth pro-
files of oxygen, sulfide and pH in combination with elec-
tric potential profiling and fluorescence in situ hybridisation
(FISH) analyses showed a rapid development (< 5 d) of ca-
ble bacteria, followed by a long period of activity (> 200 d).
During most of the experiment, the current density correlated
linearly with the oxygen demand. Sediment oxygen uptake
was attributed to the activity of cable bacteria and the oxida-
tion of reduced products from the anaerobic degradation of
organic matter, such as ammonium. Pore water sulfide was
low (< 5 µM) throughout the experiment. Sulfate reduction
acted as the main source of sulfide for cable bacteria. Pore
water Fe2+ reached levels of up to 1.7 mM during the incu-
bations, due to the dissolution of FeS (30 %) and siderite, an
Fe carbonate mineral (70 %). Following the upward diffusion
of Fe2+, a surface enrichment of Fe oxides formed. Hence,
besides FeS, siderite may act as a major source of Fe for Fe
oxides in coastal surface sediments where cable bacteria are
active. Using µXRF, we show that the enrichments in Fe ox-
ides induced by cable bacteria are located in a thin subsurface
layer of 0.3 mm. We show that similar subsurface layers en-

riched in Fe and P are also observed at field sites where cable
bacteria were recently active and little bioturbation occurs.
This suggests that such subsurface Fe oxide layers, which
are not always visible to the naked eye, could potentially be
a marker for recent activity of cable bacteria.

1 Introduction

Depletion of oxygen (O2) in the bottom waters (i.e. water
directly above the seafloor) of coastal areas is increasing
worldwide, as a consequence of eutrophication and climate
change (Diaz and Rosenberg, 2008; Breitburg et al., 2018;
Schmidtko et al., 2017). Low O2 can lead to the develop-
ment of coastal dead zones characterised by recurrent mor-
tality of marine life (Diaz and Rosenberg, 2008; Rabalais et
al., 2002). Progressive eutrophication induces a characteris-
tic response of coastal systems with transient and seasonal
hypoxia (O2< 63 µM) transitioning into permanent anoxia
(O2= 0 µM). In this later stage, free sulfide (H2S) may es-
cape from the sediment and accumulate in the bottom water,
a condition referred to as euxinia (Diaz and Rosenberg, 2008;
Kemp et al., 2009; Rabalais et al., 2014). As H2S is highly
toxic to higher fauna, the development of euxinia may aggra-
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vate the ecological consequences. However, the presence of
iron (Fe) and manganese (Mn) oxides in surface sediments
may delay this transition towards euxinia by removing H2S
and, thus, preventing an efflux of H2S to the overlying water
(Kristensen et al., 2003; Kristiansen et al., 2002; Diaz and
Rosenberg, 2008).

Cable bacteria are multicellular filamentous sulfur (S)-
oxidising bacteria (Pfeffer et al., 2012) that strongly en-
hance the formation of Fe and Mn oxides and efficiently
remove H2S from surface sediments (Seitaj et al., 2015;
Risgaard-Petersen et al., 2012; Sulu-Gambari et al., 2016a).
Cable bacteria belong to the Desulfobulbaceae family of
the Deltaproteobacteria (Trojan et al., 2016; Kjeldsen et
al., 2019). Cable bacteria can spatially link the oxidation
of H2S in deeper sediments to the reduction of O2 near
the sediment–water interface by transporting electrons over
centimetre-scale distances (Pfeffer et al., 2012) through a
conductive fibre network that is embedded in the cell enve-
lope (Meysman et al., 2019). This spatial coupling of surficial
O2 reduction with H2S oxidation at a depth of several cen-
timetres creates a suboxic zone that is devoid of any O2 and
H2S, and provides cable bacteria with a competitive advan-
tage over other S-oxidising bacteria in aquatic environments
(Meysman, 2018). Cable bacteria have been documented in a
range of fresh water (Risgaard-Petersen et al., 2015; Müller
et al., 2016) and marine environments (Malkin et al., 2014;
Burdorf et al., 2017); however, they appear to be particularly
active in sediments overlain by seasonally hypoxic bottom
waters (Seitaj et al., 2015; Burdorf et al., 2018).

The metabolic activity of cable bacteria establishes an
electrical circuit in the sediment, which involves an elec-
tron current through the cable bacteria filaments (Bjerg et al.,
2018) and an ionic current through the pore water in the op-
posite direction (Revil et al., 2010; Risgaard-Petersen et al.,
2012; Naudet and Revil, 2005). As a consequence, an elec-
tric potential (EP) is generated in the sediment, which can be
used as a reliable indicator for the activity of cable bacteria
(Risgaard-Petersen et al., 2014).

Cable bacteria activity additionally generates a distinct
biogeochemical signature that can be assessed by pH, O2
and H2S depth profiling (Nielsen et al., 2010). Their ac-
tivity leads to the development of a suboxic zone (i.e. a
zone where O2 and H2S are both absent) and also in-
duces a pH profile that strongly changes with depth. Ca-
thodic O2 reduction (O2+ 4H++ 4e−→ 2H2O) in the oxic
zone of the sediment results in a pH maximum (∼ 9) due
to proton consumption, whereas anodic sulfide oxidation
(H2S+ 4H2O→SO2−

4 + 10H++ 8e−) causes a pH mini-
mum (< 6.5) in the anoxic zone (Fig. 1a; Nielsen et al., 2010;
Meysman et al., 2015).

The presence of cable bacteria in sediments can strongly
impact the elemental cycling of Fe, Mn, calcium (Ca) and
S (Risgaard-Petersen et al., 2012; van de Velde et al., 2016;
Seitaj et al., 2015; Sulu-Gambari et al., 2016a; Rao et al.,
2016). Pore water acidification induced by cable bacteria ac-

tivity can lead to the dissolution of calcium carbonates, Fe
carbonates (siderite), Mn carbonates and FeS in the zone
where the pH is low, thus generating high concentrations of
Fe2+ and Mn2+ in the pore water (Rao et al., 2016; Risgaard-
Petersen et al., 2012). When these dissolved species dif-
fuse upwards, this can lead to strong enrichments of Fe and
Mn oxides, upon contact with O2, or for dissolved Fe2+,
also upon contact with Mn oxides (Seitaj et al., 2015; Sulu-
Gambari et al., 2016a; Wang and Van Cappellen, 1996).
These metal oxides are capable of efficiently buffering the
benthic release of H2S and phosphate (HPO2−

4 ) during pe-
riods with low bottom water O2. This so-called firewall for
H2S and the alteration of the timing of the HPO2−

4 release
linked to this buffering can play a key role in regulating water
quality in seasonally hypoxic coastal systems (Seitaj et al.,
2015; Hermans et al., 2019a; Sulu-Gambari et al., 2016b).

In coastal sediments, O2 typically penetrates to a depth
of only several millimetres below the sediment–water inter-
face (Glud, 2008; Rabouille et al., 2003; Rasmussen and Jør-
gensen, 1992). This also holds true for sediments inhabited
by active cable bacteria (Pfeffer et al., 2012; Larsen et al.,
2015; Nielsen et al., 2010). Hence, the oxidation of upward-
diffusing Fe2+ and Mn2+ is expected to take place below, and
not at, the sediment–water interface. We hypothesise that, as
a consequence, in the initial stages of cable bacteria activity
and in the absence of bioturbation, most Fe and Mn oxide en-
richments will be restricted to a thin subsurface layer of the
sediment. However, the sample resolution and timing of the
collection of solid-phase data in field and laboratory studies
published so far do not allow an assessment of this hypothe-
sis.

Cable bacteria are said to thrive in coastal sediments char-
acterised by high rates of H2S production due to high rates of
organic matter mineralisation (Malkin et al., 2014; Burdorf et
al., 2017; Hermans et al., 2019a). Laboratory and model stud-
ies have shown that the dissolution of FeS accounts for 12 %
to 94 % of the H2S consumed by cable bacteria, while the
other source is H2S production from the reduction in SO2−

4
(Meysman et al., 2015; Risgaard-Petersen et al., 2012; Bur-
dorf et al., 2018). At present, it is not known if cable bacteria
activity can establish in sediments that are relatively low in
FeS and dissolved H2S.

In this study, we assess whether cable bacteria activity can
establish and thrive in sediments that are relatively poor in
FeS. Although this will be done in a controlled incubation ex-
periment with siderite-bearing sediments from a coastal site
in the Black Sea, our findings are relevant for natural envi-
ronments populated by cable bacteria. The metabolic activity
of cable bacteria is monitored using microsensor profiles of
pH, O2, H2S and EP. We also use sediment Fe and P specia-
tion and µXRF of resin-embedded sediments to test whether
we can find evidence for subsurface enrichments in Fe ox-
ides and associated P. We found a rapid establishment of ca-
ble bacteria (< 5 d) and the development of an Fe oxide-rich
subsurface layer, with the majority of the Fe∼ 70 % supplied
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Figure 1. (a) Geochemical pore water fingerprint typical for cable bacteria activity. This fingerprint is defined by a distinct pH profile (light
grey line) and a sub-oxic zone that is devoid of O2 (red line) and H2S (blue line). The cable bacteria filaments are depicted in yellow. In
the background, the sediment core photograph, taken 278 d after the start of the experiment, shows a distinct colour zonation where (1) the
oxic zone displays an orange colour, (2) the suboxic zone has a grey colour and (3) the sulfidic zone has a black colour. The scale bar
denotes a distance of 6 cm, with 0.5 cm intervals. (b) Bathymetric map of the Black Sea. The purple star indicates the location of our study
site (44◦34.93′ N, 29◦11.38′ E), which was sampled with research vessel (R/V) Pelagia in September 2015. Further details are provided in
Lenstra et al. (2019). (c) Volumetric density of cable bacteria (m cm−3) in the top 2.5 cm of the sediment, for in situ and for three time points
during the incubation experiment. (d) Scanning electron microscopy (SEM) image of a cable bacteria filament that was extracted from the
surface sediment after 40 d.

through dissolution of siderite induced by cable bacteria ac-
tivity. The depth of the Fe oxide layer was directly related
to the O2 penetration depth, and we propose that such sub-
surface enrichments in Fe, which also can contain P and Mn,
can be used as a marker for recent cable bacteria activity.

2 Methods and materials

2.1 Study area and experimental set-up

In September 2015, 16 sediment cores (ø 10 cm) were re-
trieved at a coastal site on the northwestern shelf of the
Black Sea (27 m water depth; Fig. 1b; Table 1) using a mul-
ticorer (Oktopus GmbH, Germany) as described in Lenstra
et al. (2019). The overlying water was discarded, and the
upper 10 cm of the sediment was transferred into nitrogen-
purged aluminium bags that were sealed and stored at 4 ◦C
for several months. The anoxic storage is expected to have
led to the death of all macrofauna and most meiofauna (Coull
and Chandler, 2001; Riedel et al., 2012). Prior to incuba-
tion, the sediment was passed through a 4 mm sieve, to re-
move large debris, and homogenised. Subsequently, the sed-

iment was transferred to 18 transparent polycarbonate cores
(ø 6 cm; 20 cm length).

The bottom 15 cm of these cores was filled with sediment,
and the upper 5 cm with overlying water. The cores were
placed in two aquaria filled with artificial seawater (Instant
Ocean sea salt and ultra high quality (UHQ) water) with
a salinity of 17.9, identical to the bottom water salinity at
the study site. The artificial seawater contained negligible
concentrations of NH+4 , NO−3 , Fe, Mn and P, as described
in Atkinson (1997) and Hovanec and Coshland (2004). The
aquaria were kept in the dark at a constant temperature
(∼ 20 ◦C), and the water was continuously aerated by two
aquarium pumps. A total of 16 out of 18 cores were ex-
posed to oxygenated overlying water in the aquaria, whereas
the two remaining cores served as an anoxic control treat-
ment. The control cores were tightly sealed with rubber stop-
pers to prevent the growth of cable bacteria by excluding O2
(Nielsen et al., 2010).

Sampling for pore water and solid-phase analyses was per-
formed at eight time points over a total incubation period of
621 d. Each time point involved a 3 d procedure. On the first
day, microsensor depth profiles of EP, O2, pH and H2S were
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Table 1. Key site characteristics, including latitude, longitude, wa-
ter depth, bottom water O2 concentration, in situ O2 uptake, in situ
O2 penetration depth in the sediment, porosity, salinity and aver-
age organic carbon content for the upper 0.5 cm of the sediment.
These data were retrieved from Lenstra et al. (2019). Our study site
is station 9 in Lenstra et al. (2019).

Black Sea (station 9) Unit

Latitude 44◦34.9′ N
Longitude 29◦11.4′ E
Water depth 27 m
Bottom water O2 92 µM
O2 uptake 25.8± 1.77 mmol m−2 d−1

O2 penetration depth 2.25 mm
Porosity 0.86 –
Salinity 17.881 –
Average organic carbon 1.8 %
content (0–0.5 cm)

obtained in two randomly selected oxic cores and the two
anoxic control cores (O2 profiling was not performed in the
anoxic cores). On the second day, solute fluxes were mea-
sured in the same oxic cores that were used for microsensor
depth profiling on the previous day. On the third day, the two
cores were sectioned, of which only one core was processed
further for pore water and solid-phase analyses. Photographs
were taken at four time points (day 12; 33; 170 and 621) from
one oxic core to follow the visual development of the surface
sediment during the experiment.

2.2 High-resolution microsensor depth profiling

High-resolution depth profiles of pH, O2 and H2S were ob-
tained (50 µm depth resolution; three replicate profiles per
oxic core; two replicate profiles per anoxic core) using com-
mercial microelectrodes (Unisense A/S, Denmark). The O2
sensor was recalibrated prior to each measurement, using
saturated bottom water (100 % [O2]) and the deeper sedi-
ment horizons (0 % [O2]) as calibration points. Calibrations
of the pH and H2S electrodes were performed as described
in Hermans et al. (2019b). The pH values are reported on
the total scale. For depth profiling of EP (500 µm resolu-
tion; three replicates per core), microelectrodes were used
that were custom built at Aarhus University, as described in
Damgaard et al. (2014). A robust reference electrode (Ref-
RM; Unisense, A/S, Denmark) was used during EP and pH
measurements. To exclude turbulence-induced variations in
the potential of the reference electrode during EP profiling,
a silicon tube filled with foam was mounted on the tip of the
reference electrode.

2.3 Solute flux measurements

Solute flux incubations were performed for NH+4 , Fe2+,
Mn2+, Ca2+, HPO2−

4 and H4SiO4. At each time point, one

core was placed outside the aquarium at 20 ◦C, and the iso-
lated volume of overlying water in the core was continu-
ously aerated. Potential stratification of the overlying water
was prevented by actively bubbling it. Parafilm was wrapped
on top of the cores to prevent evaporation. Water samples of
3 mL were retrieved at seven time points over 24 h. The same
volume of fresh artificial seawater was added to the cores
directly after taking each sample. The samples were filtered
(0.45 µm), and subsamples were taken for ammonium (1 mL)
and for metals (1 mL; acidified with 10 µL Suprapur® HCl
(35 %) per mL sample), which were stored at −20 and 4 ◦C,
respectively, until further analysis.

2.4 Pore water and sediment collection

At each time point, two cores were sectioned at 0.5–1 cm
resolution with an Uwitec push-up pole in a nitrogen-purged
glove bag, but only samples for one core were used for sed-
iment and pore water collection and analyses. Bottom water
samples were retrieved from the overlying water in the cores.
Slices for each depth interval were centrifuged at 3500 revo-
lutions per minute (rpm) for 20 min for pore water retrieval.
Samples (1 mL) for NH+4 were taken and stored at −20 ◦C
until analysis. Samples (1 mL) for pore water S, Fe, Mn,
Ca, P and Si were also collected and acidified with 10 µL
Suprapur® HCl (35 %) per mL sample, which were stored
at 4 ◦C until analysis. Centrifuged sediment samples were
freeze-dried and ground to a fine powder in a nitrogen-purged
glove box under a strictly anoxic environment to prevent ox-
idation (Kraal et al., 2009; Kraal and Slomp, 2014). Only the
top 5 cm of the solid-phase samples were analysed in fur-
ther detail. The porosity (Sect. S1.1; Table S1) was calcu-
lated from the weight loss upon freeze-drying, using a sed-
iment density of 2.65 g cm−3 (Burdige, 2006). Salt correc-
tions were performed on the solid-phase data using the gravi-
metric water content and salinity to determine the amount of
salt after freeze-drying. After freeze-drying, the salt from the
seawater stays behind in the solid-phase fraction. To deter-
mine the actual weight of the dry sediment, it is necessary to
subtract the weight of the salt from the total weight of freeze-
dried sediment.

2.5 Chemical analysis of the water and sediment

Concentrations of NH+4 in the pore water and solute flux
samples were determined using the phenol hypochlorite
method (Koroleff, 1969). The total Fe, Mn, Ca, P and Si
concentrations (which are assumed to represent Fe2+, Mn2+,
Ca2+, HPO2−

4 and H4SiO4) in the pore water and solute flux
samples were determined using inductively coupled plasma–
optical emission spectroscopy (ICP–OES; Spectro Arcos).
Dissolved Fe and Mn are assumed to be present in the form of
Fe2+ and Mn2+; however, some Mn3+ (Madison et al., 2013)
or colloidal and nanoparticulate Fe and Mn might also be
available (Boyd and Ellwood, 2010; Raiswell and Canfield,
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2012). Concentrations of P and S are assumed to represent
HPO2−

4 and SO2−
4 , respectively. The colourimetric detection

limit for NH+4 was 0.5 µM. The practical detection limit on
the ICP–OES for Fe, Mn and P was 0.73, 0.11 and 7.30 µM,
respectively.

Solid-phase Fe was fractionated into (1) labile ferric Fe
(hydr)oxides and ferrous Fe (FeS+FeCO3), (2) crystalline
Fe minerals, (3) magnetite and (4) pyrite (Sect. S1.2; Ta-
ble S2), using a combination of two operational extraction
methods (Poulton and Canfield, 2005; Claff et al., 2010) as
described by Kraal et al. (2017). Concentrations of Fe in all
extracts were determined using the colourimetric phenan-
throline method (APHA, 2005). Solid-phase S was sepa-
rated into (1) acid-volatile sulfur (AVS; representing FeS)
and (2) chromium-reducible sulfur (CRS; representing FeS2;
Table S2), using the method after Burton et al. (2006, 2008)
as modified by Kraal et al. (2013). Sulfide released during
the S extraction was trapped as ZnS in alkaline Zn acetate
traps. Concentrations of S were determined by iodometric
titration (APHA, 2005). Solid-phase siderite (FeCO3) was
determined by subtracting AVS from the labile ferrous con-
centrations retrieved from the first step of the Fe extrac-
tion. Solid-phase P was fractionated into (1) exchangeable
P, (2) citrate-dithionite-bicarbonate (CDB)-P, (3) authigenic
P, (4) detrital P and (5) organic P (Table S2), after Rutten-
berg (1992) as modified by Slomp et al. (1996). The sum
of exchangeable P and CDB-P represents metal-bound P, as
described in Hermans et al. (2019b). Concentrations of P in
all extracts, except CDB, were measured with the molybde-
num blue colourimetric method (Murphy and Riley, 1958).
The P, Mn (assuming to represent Mn oxides; Hermans et
al., 2019b) and Si (assuming to represent metal-oxide-bound
Si; Kostka and Luther III, 1994; Rao et al., 2016) in CDB
extracts were determined using ICP–OES.

2.6 Elemental mapping of Fe, Mn, P and Ca

On day 47, an undisturbed core (first 5 cm of surface sed-
iment) was sampled for epoxy resin embedding for high-
resolution elemental mapping (Jilbert et al., 2008; Jilbert and
Slomp, 2013). Sediment was carefully pushed upwards from
the experimental core into a shorter (7 cm length; 1 cm di-
ameter) mini core. This mini sub-core was then transferred
to an acetone bath in a argon-filled glove box and subse-
quently embedded with Spurr’s epoxy resin, as described
in Jilbert et al. (2008). After curing, the epoxy-embedded
core was split vertically using a rock saw. The surface was
smoothed by applying a 0.3 µm alumina powder layer. Ele-
mental maps of Fe, Mn, P and Ca (30 µm resolution) were
retrieved using a desktop EDAX Orbis µXRF analyser (Rh
tube set at 30 kV, 500 µA, 300 ms dwell time, equipped with
a poly-capillary lens). Similar µXRF maps for Fe, Mn and P
in epoxy-embedded surface sediment were obtained for two
field sites, namely (1) the Gulf of Finland (GOF5) for sed-
iments collected in June 2016, as described by Hermans et

al. (2020), and Lake Grevelingen (Den Osse basin, S1) for
sediments collected in January and May 2012, as described
in Sulu-Gambari et al. (2016a, 2018).

2.7 Fluorescence in situ hybridisation

Fluorescence in situ hybridisation (FISH; Pernthaler et al.,
2001) was used to microscopically quantify the abundance of
cable bacteria filaments, as described in Seitaj et al. (2015).
FISH analysis was performed on one intact sediment core re-
trieved at our sampling site and the sediment cores from our
incubation experiment used for pore water collection at three
time points (days 5, 26 and 207). These cores were sectioned
at 0.5 cm depth resolution for the first 2.5 cm. Each sedi-
ment slice was homogenised and fixed with 0.5 mL ethanol
(≥ 99.8 % purity), and stored in a 2 mL Eppendorf tube at
−20 ◦C. For FISH analysis, a volume of 100 µL was re-
trieved from the Eppendorf tubes and mixed with a 1 : 1 so-
lution of phosphate-buffered saline (PBS) as PBS / ethanol
(500 µL). Then, 10 µL of this mixture was filtered through
a polycarbonate membrane (type GTTP; pore size 0.2 µm;
Millipore, USA). Cable bacteria were classified with a
Desulfobulbaceae-specific oligonucleotide probe (DSB706;
5′-ACC CGT ATT CCT CCC GAT-3′) after counter-staining
with 4′,6-diamidino-2-phenylindole (DAPI; 1 µg mL−1) un-
der an epifluorescence microscope (Zeiss Axioplan, Ger-
many) at 100×magnification. The abundance of cable bacte-
ria was quantified by determining the length and diameter of
all observed filaments in a field (105×141 µm) on the filter at
100× magnification (200 fields per sample). Cable bacterial
abundances are expressed as filament length per volumetric
unit (m cm−3) or depth integrated per unit area of sediment
surface (m cm−2), consistent with previous studies (Schauer
et al., 2014; Malkin et al., 2017).

2.8 Scanning electron microscopy

Cable bacteria filaments were taken from surface sediments
from the oxic zone (upper 2 mm) after 40 d, using a micro-
scope, and were transferred to a 15 mL centrifuge tube. The
tube was filled to a volume of∼ 10 mL, using ultra clean wa-
ter, and was subsequently centrifuged at 2100 rpm for 2 min,
after which the water was discarded. This washing step was
repeated three times. The washed samples were then trans-
ferred to a sample stub, where the sediment was air-dried
overnight prior to gold coating. The filaments were subse-
quently subjected to scanning electron microscopy (SEM)
imaging on a Phenom ProX desktop SEM (Phenom-World
BV, the Netherlands) to obtain high-resolution images, as de-
scribed in Geerlings et al. (2019). SEM images were gen-
erated under 0.1–0.3 mbar vacuum and a high accelerating
voltage (10 or 15 kV).

https://doi.org/10.5194/bg-17-5919-2020 Biogeosciences, 17, 5919–5938, 2020
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2.9 Data analysis and calculations

The diffusive uptake of O2 was calculated from the
high-resolution O2 depth profiles using the Pro-
file software package (Berg et al., 1998). Total H2S
(6H2S=H2S+HS−+S2−) was calculated as a function of
the recorded H2S and pH values, accounting for temperature
and salinity (Millero et al., 1988; Jeroschewski et al., 1996).

The EP depth profiles were normalised by subtracting the
background EP signal in the overlying water from the EP
depth profiles to calculate the EP value relative to that in the
overlying water (Damgaard et al., 2014). The electric field
in the sediment was calculated from the linear slope of the
EP depth profiles (average of triplicates) in the surface sedi-
ments (Risgaard-Petersen et al., 2014). The magnitude of the
current density was subsequently calculated from the gradi-
ent in the EP, the so-called electric field, using Ohm’s law as
follows:

J = σsed ·E, (1)

where J represents the magnitude of the current density
(mA m−2), σpw is the conductivity of the sediment matrix
(S m−1), and E (mV m−1) represents the electric field. The
conductivity of the pore water was corrected for tortuosity
and calculated as a function of the temperature and salinity
using the equations provided by Fofonoff and Millard (1983).

The solute fluxes were calculated, as described in
Glud (2008) and Rao et al. (2016), as follows:

J =
1Cow

1t
·
Vow

A
, (2)

where J represents the diffusive flux (mmol m−2 d−1),1Cow
represents the concentration change in the overlying water
(mmol m−3),1t is the incubation time (d), Vow is the volume
in the overlying water (m3), and A is the surface area of sedi-
ment in the core (m2). In our experimental set-up, only those
fluxes were measurable for NH+4 , Fe2+, Mn2+ and HPO2−

4 ,
that were > 0.08, > 0.06, > 0.01 and > 0.55 mmol m−2 d−1,
respectively. However, for these four solutes, fluxes were al-
ways too low to be detected. Hence, only Ca2+ and H4SiO4
fluxes are presented.

Diffusive downward fluxes of SO2−
4 and diffusive upward

fluxes of NH+4 , Fe2+, Mn2+ and Ca2+ were calculated from
linearised pore water gradients using Fick’s first law (Berner,
1980) as follows:

J = −φDs ·
dC
dz
. (3)

The molecular diffusion coefficient was calculated as a
function of pressure, salinity and temperature, using the
R package of marelac (Soetaert et al., 2010), and cor-
rected for the ambient tortuosity, using the relations listed
in Boudreau (1997).

3 Results

3.1 Abundance of cable bacteria

Examination of the top 2.5 cm of the surface sediments us-
ing FISH showed the presence of filamentous cable bacteria
(Figs. 1c and S1). The in situ cable bacterial abundance in
the sediment at our field site was low (14 m cm−2). However,
after 5 d of incubation in the laboratory, the abundance in-
creased strongly (724 m cm−2). At day 26, the abundance of
cable bacteria was even higher (1035 m cm−2). After 207 d,
the cable bacterial abundance in the surface sediment was
low again (131 m cm−2). SEM imaging confirmed that the
filaments were indeed cable bacteria (Fig. 1d), as the exter-
nal surface of the filament was characterised by a parallel
pattern of ridges and grooves along its latitudinal axis, which
is a typical feature of cable bacteria (Cornelissen et al., 2018;
Geerlings et al., 2019).

3.2 High-resolution depth profiles of pH, O2,
∑

H2S
and EP

High-resolution depth profiles of pH showed the develop-
ment of a distinct peak near the sediment–water interface
at day 5 and acidification of the pore water in the deeper
sediment (Fig. 2a). The width of this pore water acidifica-
tion zone increased with time and reached its maximum at
day 26, followed by a decrease in the acidification. The dis-
tinct pH peak near the sediment–water interface gradually
disappeared after 33 d. The depth of O2 penetration in the
sediment remained constant within the first 40 d of incuba-
tion (∼ 1.1 mm) and subsequently moved downwards with
time to 9.6 mm (Figs. 2a, 3 and S2). The dissolved

∑
H2S

concentrations remained low (< 5 µM) throughout the exper-
iment (Fig. 2a). The 6H2S appearance depth was initially
equivalent to the O2 penetration depth, and shifted down-
wards within 5 d, creating a suboxic zone where O2 and
6H2S remained below detection (Figs. 2a and 3). The width
of the suboxic zone remained relatively constant with time
(∼ 25 mm; Fig. 3), and only slightly decreased after 207 d.

The EP depth profiles indicate a rapid establishment of an
electric current after 5 d (0.4 mV; Fig. 2b). The time series
of the depth profiles show that the EP increased and also ac-
cumulated over a thicker depth horizon. At day 26, the EP
reached its maximum value (1.2 mV), followed by a decrease
with time. Long-distance electron transport was not active in
the anoxic control core (Fig. S3).

3.3 Diffusive uptake of O2 and current density

The diffusive O2 uptake of the sediment was high-
est after 5 d and gradually decreased with time from
∼ 30 to ∼ 3.6 mmol m−2 d−1 (Fig. 4a). The current den-
sity rapidly increased from day 0 to day 18, from 6 to
128 e−mmol m−2 d−1, and then gradually decreased with
time (Fig. 4b). The duplicate measurements show the same
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Figure 2. (a) Time series of the pore water pH (black), O2 (red) and
∑

H2S (blue) signatures of the incubated sediment. (b) Development
of the EP depth profile in the incubated sediment over time. The dashed line at 0 mm depth represents the sediment–water interface. The
blue boxes indicate the overlying water, whereas the underlying light grey boxes represent the sediment. The EP depth profiles represent
an average of three replicate measurements. The error bars indicate the minimum and maximum EP values that were observed. The orange
depth profiles represent duplicate measurement performed on a different core.
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Figure 3. Time series of the development of the oxic zone (orange),
suboxic zone (light grey) and the anoxic/sulfidic zone (dark grey)
in the sediment. These zones were calculated from three replicate
microelectrode depth profiles retrieved from two different cores.

Figure 4. Time series of the (a) diffusive O2 uptake in
mmol O2 m−2 d−1 and (b) current density as a consequence of
long-distance electron transport (e−) in mmol e−m−2 d−1 in the
sediment incubation.

trend for the diffusive O2 uptake and the current density,
which indicates that the results are reproducible.

3.4 Pore water profiles

Concentrations of NH+4 were low near the sediment–water
interface and increased with sediment depth, reaching max-
imum levels of up to 1.7 mM in the sediment (Fig. 5). The
time series suggest a gradual decrease in the production of
dissolved NH+4 in the sediment, leading to decreasing con-
centrations with time. The pore water depth profiles of dis-
solved SO2−

4 show a decline with sediment depth at all time
points. However, SO2−

4 concentrations remained relatively
constant within the top 2 cm of surface sediment between
day 12 and 33. Dissolved Fe2+, Mn2+ and Ca2+ all show
the development of distinct peaks in the pore water with
time, and after 40 d those peaks disappear again. Pore wa-
ter concentrations of HPO2−

4 generally increased with sedi-
ment depth for all time points, and concentrations within the
top 2 cm were below the detection limit, indicating removal.
Dissolved H4SiO4 increased with sediment depth, reaching
concentration of up to 1 mM.

3.5 Diffusive fluxes

Calculated diffusive fluxes of NH+4 into the oxic zone
decreased during the incubation experiment from 4.7 to
1.8 mmol m−2 d−1 (Figs. 6a and S4; Table S3). Rates of
SO2−

4 reduction estimated from the linear gradient of the
decrease in pore water SO2−

4 in the surface sediment with
depth generally also showed a decrease with time (Figs. 6b
and S5; Table S3). The upward diffusive flux of Fe2+ greatly
increased from day 5 to day 12 and then gradually decreased
with time (Figs. 6c and S6; Table S3). The upward diffusive
flux of Mn showed an increase in the initial stage of the ex-
periment and reached its maximum at day 18, followed by
a decrease with time (Figs. 6d and S7; Table S3). The up-
ward diffusive flux of Ca2+ showed no clear trend with time;
however, after 207 d, the flux became extremely low (Figs. 6e
and S8). The upward diffusive flux of H4SiO4 also showed
an increase in the initial stage of the experiment and reached
its maximum at day 12, followed by a decrease with time
(Figs. 6f and S9).

3.6 Solid-phase profiles

The surface sediment in the oxic cores became more enriched
in Fe oxides with time, with concentrations increasing from
53 to 485 µmol g−1 (Fig. 7). The deeper sediment in the oxic
cores and the entire anoxic control core had low or no Fe
oxides. At day 5, FeS was strongly depleted within the top
1 cm of the surface sediment and was gradually lost further
with time. At day 621, most of the FeS within the top 2.5 cm
of the surface sediment had been dissolved. The anoxic core
did not show such a depletion in FeS in the surface sedi-
ment and even showed a slight increase in FeS. Solid-phase
siderite remained rather constant with depth from day 5 to 33
but, afterwards, was gradually lost from the surface sediment.
At day 621, a large proportion of the siderite was dissolved
within the top 2 cm. Solid-phase siderite concentrations re-
mained constant with depth in the anoxic control core. Solid-
phase depth profiles of Mn oxides, metal-bound P and metal-
oxide-bound Si all showed a gradual increase in the surface
sediment with time.

3.7 High-resolution elemental mapping

High-resolution desktop µXRF mapping of Fe, Mn, P and Ca
of our core after 47 d of incubations revealed a subsurface
sediment layer highly enriched in Fe and P (Fig. 8a). Sub-
surface enrichments in Fe, P and Mn in relatively thin layers
were also observed in sediments populated by cable bacte-
ria in the Gulf of Finland and Lake Grevelingen (Fig. 8b and
c). In the latter system, the layers enriched in Fe, P and Mn
broadened upon recolonisation by macrofauna (Fig. 8d).
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Figure 5. Time series of pore water depth profiles of NH+4 (orange), SO2−
4 (purple), Fe2+ (red), Mn2+ (green), Ca2+ (grey), HPO2−

4 (blue)
and H4SiO4 (yellow). The control core was sampled at day 621.

4 Discussion

4.1 Metabolic activity of cable bacteria

Cable bacteria in our incubation experiment demonstrated
a rapid growth, since their abundance greatly increased af-
ter 5 d, and reached its peak at day 26 (Fig. 1c). Such high
abundances are similar to those observed in previous experi-
ments in which FeS-rich marine sediments from Aarhus Bay
and Lake Grevelingen were incubated (Schauer et al., 2014;
Burdorf et al., 2018). The activity of cable bacteria exerted

a strong impact on the pore water depth profiles of pH, O2
and

∑
H2S, as evident from the development of a pH maxi-

mum near the sediment–water interface, the strong pore wa-
ter acidification in the deeper sediment and the development
of a suboxic zone (Fig. 2a). These pore water depth profiles
resemble the distinct biogeochemical fingerprint typical for
active cable bacteria, as observed in previous laboratory in-
cubation experiments (Risgaard-Petersen et al., 2012; Malkin
et al., 2014; Rao et al., 2016; Schauer et al., 2014; Vasquez-
Cardenas et al., 2015; Burdorf et al., 2018). The widening of
the suboxic zone with time (Fig. 3) is a consequence of the
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Figure 6. Time series of diffusive fluxes calculated from the linear
gradient of the pore water profiles of (a) NH+4 , (b) SO2−

4 , (c) Fe2+,
(d) Mn2+, (e) Ca2+ and (f) H4SiO4 in mmol m−2 d−1 towards the
oxic zone of the sediment, based on the linear pore water gradients
(Sect. 1.6; Figs. S4–S9). Here, a positive value indicates an upward
flux, whereas a negative value represents a downward flux. NA – not
available. The control core was sampled at day 621.

downward expansion of the cable bacteria filament network
(Schauer et al., 2014; Vasquez-Cardenas et al., 2015).

The EP depth profiles demonstrated that long-distance
electron transport by cable bacteria was already active 5 d af-
ter the start of the experiment, as indicated by the increase in
EP at depth to 0.4 mV). With time, the EP signal increased to
higher values and also accumulated over a thicker depth hori-
zon (Fig. 2b), indicating that cable bacteria activity both in-
creased and extended to deeper sediment depth, which is also
a consequence of the downward expansion of cable bacteria
filaments. The EP reached a maximum after 18 d (1.3 mV;
Fig. 2b), which is in concert with the highest current den-
sity of∼ 130 mmol e−m−2 d−1 (Fig. 4b). This maximum EP
value and current density is similar in magnitude to those
found in sediment incubations with seawater with a similar
salinity (Damgaard et al., 2014). From day 18 onwards, the
EP and current density flux gradually decreased with time
to 13 mmol e−m−2 d−1 after 207 d (Fig. 4b), which implies
a decrease in the metabolic activity of cable bacteria. The
suboxic zone persisted long after the current density had de-
creased (Fig. 3).

To summarise, the metabolic activity of cable bacteria was
likely highest between day 18 and day 26, based on the cable
bacterial abundances, the extent of acidification of the pore
water and the current density (Figs. 1c, 2a and 4b).

4.2 Organic matter degradation

Ammonium fluxes are assumed to reflect rates of anaerobic
degradation of organic matter (Fig. 6a), and the observed
decline during the experiment coincides with the decrease
in the activity of cable bacteria based on the EP profiles
and current density (Figs. 2b and 4b). This suggests that the
availability of easily degradable organic matter plays a role
in sustaining the metabolic activity of cable bacteria, most
likely by controlling the rate of SO2−

4 reduction (Nielsen and
Risgaard-Petersen, 2015).

Rates of SO2−
4 reduction estimated from the linear gra-

dient of the decrease in pore water SO2−
4 in the surface

sediment with depth indeed also showed a decline during
the experiment. We note, however, that a direct measure-
ment of SO2−

4 reduction rates (Fossing and Jørgensen, 1989;
Kallmeyer et al., 2004) would provide a better indicator be-
cause SO2−

4 estimated from pore water profiles is, in general,
lower than rates estimated from tracer experiments (Sand-
feld et al., 2020; Hermans et al., 2019a). Another cause for
a slight underestimation of our SO2−

4 reduction rates is due
to the effect of the electric field imposed by cable bacteria,
which is not taken into account in Fick’s law. Solutes can also
move with respect to the fluid by electrostatic forces (Bock-
ris and Reddy, 2002). Given the relatively low strength of the
electric field in the cores (< 0.073 V m−1 at day 18; as esti-
mated from Fig. 2b), including the contribution of ionic drift
to the sulfate flux would lead to SO2−

4 reduction rates that
are, at most, 10 %–20 % higher.

The metabolic activity of cable bacteria can lead to the
production of SO2−

4 in the suboxic zone via anodic sulfide
oxidation (Rao et al., 2016; Risgaard-Petersen et al., 2012).
We suspect that this also explains the lack of change in
pore water SO2−

4 with depth in the upper 2 cm of the sed-
iment in our experiment between 12 and 40 d (Fig. 5). De-
spite relatively high SO2−

4 reduction rates ranging from 5.4 to
17.6 mmol m−2 d−1 (Fig. 6b; Table S3), pore water concen-
trations of 6H2S remained very low throughout the experi-
ment (Fig. 2a). This is likely due to the direct consumption
of 6H2S through the activity of cable bacteria, preventing
6H2S from accumulating in the pore water or, alternatively,
precipitation of FeS by dissolved Fe2+ released from the dis-
solution of siderite.

Laboratory experiments have shown that S oxidation by
cable bacteria can play a dominant role in the O2 uptake of
coastal sediments (Nielsen et al., 2010; Schauer et al., 2014;
Nielsen and Risgaard-Petersen, 2015), and model analysis
predicts up to 93 % of the total O2 uptake (Meysman et al.,
2015). When we plot the diffusive uptake of O2 against the
current density (i.e. upward flux of electrons towards the oxic
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Figure 7. Time series of solid-phase depth profiles of Fe oxides (red), FeS (black), siderite (grey), Mn oxides (green), metal-bound P (blue)
and metal-oxide-bound Si (yellow).

Figure 8. High-resolution elemental maps of Fe (red), Mn (green), P (blue) and Ca (white) of surface sediments. These maps are shown
in true vertical orientation, and the colours accentuate the relative count intensities, adjusted for brightness and contrast, to highlight the
features in the sediment. The tick marks represent 1 mm intervals. µXRF maps of the surface sediment (a) from the incubation experiment,
(b) from the Gulf of Finland at site GOF5 in June (Hermans et al., 2020), (c) from Lake Grevelingen (Den Osse basin, S1) in January (when
cable bacteria become active) and (d) from Lake Grevelingen (Den Osse basin, S1) in May (showing the effects of bioturbation as described
in Seitaj et al. (2015).
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zone), a linear relationship – with some scatter – emerges for
days 12 to 621 (Fig. 9). However, the data points for day 0
and 5 during the initial stages of our experiment do not follow
this linear relationship. We explain these findings as follows:
on day 0, the cable bacteria were not active yet and other
processes, such as aerobic respiration and oxidation of NH+4
and other solutes (Table 2) and solids (FeS) dominated the
consumption of O2. On days 5 and 12, the activity of cable
bacteria and the oxidation of reduced products from anaer-
obic degradation of organic matter both contributed to the
consumption of O2. From day 12 onwards, both the O2 con-
sumption and electron flux follow a downward decrease with
time (Fig. 9). If cable bacteria accounted for all of the O2
consumption, a ratio between the diffusive uptake of O2 and
the current density of 1 : 4 is expected (Fig. 1a; Nielsen et al.,
2010). We find that, from day 12 onwards, most data points
plot rather close to the line for this 1 : 4 relationship (Fig. 9),
suggesting that cathodic O2 reduction by cable bacteria is re-
sponsible for nearly all O2 consumption in the sediment (in
line with the model results of Meysman et al., 2015). This,
however, poses a problem for the nitrogen budget because
our data indicate complete removal of the NH+4 that diffuses
upward into the oxic zone (Fig. 6a), and based on the so-
lute fluxes, there is no escape to the overlying water (see
Sect. 2.4). This implies substantial O2 consumption due to
nitrification (Table 2). These findings can be explained, how-
ever, if we assume that at least part of the NO−3 that is being
formed near the sediment–water interface is also used for the
metabolic activity of cable bacteria. It has been shown that
cable bacteria can couple the oxidation of

∑
H2S to NO−3 in

the absence of O2 (Marzocchi et al., 2014). Our data sug-
gest that this process may also occur in sediments where O2
is present in concert with NO−3 near the sediment–water in-
terface. However, we cannot exclude the release of NO−3 to
the water column or denitrification by other bacteria in the
sediment. Another explanation is that cable bacteria might
consume O2 directly above the sediment–water interface, as
recently proposed by Burdorf et al. (2018). Lastly, the current
density might be slightly overestimated since it ignores other
sources that can create an electric potential, such as the dif-
fusion potential (Nielsen and Risgaard-Petersen, 2015; Revil
et al., 2012).

4.3 Impact of cable bacteria on Fe, Mn and S cycling

The activity of cable bacteria had a strong impact on the
biogeochemistry of the surface sediment in our experiment
(Fig. 7). Cable bacteria activity induced an intense acidifica-
tion of the pore water in the suboxic zone (Fig. 2a), which
led to the dissolution of Fe and Mn minerals in deeper sed-
iment layers, as can be inferred from the sharp maxima in
dissolved Fe2+ and Mn2+ in the pore water, reaching concen-
trations of up to ∼ 1700 and ∼ 80 µM, respectively (Fig. 5).
The 20-fold higher dissolved Fe2+ concentrations with re-
spect to pore water Mn2+ can be attributed to the relatively

Figure 9. The relationship between the diffusive uptake of O2
(mmol O2 m−2 d−1) and the current density of long-distance elec-
tron transport (mmol e−m−2 d−1). Red triangles are data for days
0 and 5. Green diamonds are data for all other time points. The
blue line represents the expected correlation between the cathodic
O2 consumption rate and the current density, assuming a 1 : 4 ratio
(Nielsen et al., 2010). Here, a positive value indicates an upward
flux, whereas a negative value represents a downward flux.

higher availability of FeS and siderite compared to the avail-
ability of Mn carbonates in the sediment that was used for in-
cubation (Lenstra et al., 2020). The peaks in dissolved Fe2+

and Mn2+ in the pore water broadened over time, spanning a
depth of > 5 cm (Figs. 5, S6 and S7).

The upward diffusive flux of dissolved Fe2+ and Mn2+

was highest after 12 d, reaching values of up to 3.16 and
0.16 mmol m−2 d−1, respectively. Fluxes subsequently grad-
ually decreased with time (Fig. 6c and d). The continuous
upward diffusion of dissolved Fe2+ and Mn2+ led to enrich-
ments of poorly crystalline Fe and Mn oxides in the sur-
face sediment (Fig. 7). Despite high upward fluxes of dis-
solved Fe2+ and Mn2+ towards the sediment–water inter-
face, our solute flux incubations indicate there was little es-
cape of Fe2+ and Mn2+ to the overlying water (see Sect. 2.4).
This implies that all Fe2+ and Mn2+ that diffused upwards
was precipitated as Fe and Mn oxides upon contact with O2
or NO−3 (Buresh and Moraghan, 1976; Straub et al., 1996;
Kuz’minskii et al., 1994). Little or no escape of dissolved
Fe2+ from the sediment into the overlying water was pre-
viously suggested at a field site with active cable bacteria,
based on diffusive flux calculations (Lake Grevelingen; Sulu-
Gambari et al., 2016a), and was determined in flux incuba-
tions of cores during a laboratory experiment with cable bac-
teria (Rao et al., 2016).

At the start of the experiment, the sedimentary FeS con-
tent was (∼ 25 µmol g−1), which is not unusual for coastal
sediments on the northwestern Black Sea margin (Wijsman
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Table 2. Mass balance of O2 consumption. The diffusive uptake of O2, as calculated from the O2 depth profiles (column 2), was compared to
the potential O2 demand from the oxidation of NH+4 , Fe2+ and Mn2+ (columns 3–5). The O2 consumption of the oxidation of NH+4 , Fe2+

and Mn2+ was determined based on the stoichiometry of NH+4 , Fe2+ and Mn2+ oxidation with O2, as described in Reed et al. (2011). The
oxidation of dissolved Fe2+ and Mn2+ only played a minor role in the total O2 consumption during the experiment, contributing only 0.9 %
to 3.8 % and 0.1 % to 0.4 %, respectively.

Potential O2 demand

O2 NH+4 Fe2+ Mn2+ e−

(mmol m−2 d−1) (mmol m−2 d−1) (mmol m−2 d−1) (mmol m−2 d−1) (mmol m−2 d−1)

Day 5 −23.35 9.43 0.20 0.08 82.68
Day 12 −23.24 8.47 0.88 0.17 111.94
Day 18 −21.10 8.04 0.70 0.34 127.97
Day 26 −23.00 7.58 0.63 0.20 97.55
Day 33 −22.80 5.05 0.62 0.20 84.16
Day 40 −19.60 4.89 0.60 0.14 76.31
Day 207 −6.90 3.52 0.08 0.00 13.10
Day 621 −3.25 NA 0.02 0.00 9.47

NA – not available.

et al., 2001) but is low compared to sediments in eutrophic
coastal systems (e.g. (Morgan et al., 2012; Kraal et al., 2013;
Hermans et al., 2019a). The solid-phase depth profiles reveal
a gradual removal of the FeS in the surface sediment in our
experiment over time (Fig. 7). At the end of our experiment
(621 d), there was no longer any FeS within the top 1.5 cm
of the sediment. While approximately 90 mmol m−2 of FeS
was removed from the surface sediment within the first 5 d, a
total of ∼ 240 mmol m−2 was removed after 621 d (Fig. 10;
Table 3). Likely, part of the FeS that was removed from the
surface sediment within the first 5 d was removed through
oxidation upon contact with O2, rather than the metabolic
activity of cable bacteria itself. The pore water acidification
associated with cable bacteria activity led to a strong loss
of siderite within the top 2 cm of the sediment, with a total
removal of ∼ 560 mmol m−2 during the experiment (Figs. 7
and 10; Tables 3 and S5). The depletion of sedimentary FeS
and siderite was directly proportional to the formation of Fe
oxides near the sediment–water interface (Fig. 10) and ac-
counted for 30 % and 70 % of the Fe oxides, respectively
(Table 3).

With these data we cannot accurately determine the role
of the FeS versus SO2−

4 reduction in supplying the
∑

H2S
sustaining the activity of cable bacteria throughout the ex-
periment. This is primarily related to the variability between
cores and, for this type of calculation, the low temporal res-
olution of sampling. However, we can make an estimation
of the relative role of SO2−

4 reduction and FeS dissolution in∑
H2S production, based on the pore water profiles of SO2−

4
and dissolved Fe2+, and the solid-phase mass balance of FeS
and siderite (Fig. 6b and c; Table 4). This estimation shows
that SO2−

4 was mainly responsible for
∑

H2S production, ac-
counting for 85 %–99 % (Table 4), and thus, that the dissolu-
tion of FeS only played a minor role in providing

∑
H2S.

Table 3. Mass balance of Fe. Time series of the depth-integrated
(0–5 cm) increase in Fe oxides and the depth-integrated (0–5 cm)
depletion of FeS and FeCO3 (siderite) in mmol m−2. All values
are reported in mmol Fe m−2. Negative values represent a decrease,
whereas positive values indicate an increase in the mineral pools.

1Fe oxides 1FeS 1FeCO3
(mmol m−2) (mmol m−2) (mmol m−2)

Day 5 120 −90 −42
Day 12 170 −90 −126
Day 18 189 −105 −92
Day 26 276 −174 −99
Day 33 315 −176 −109
Day 40 412 −223 −200
Day 207 523 −236 −341
Day 621 874 −242 −566

4.4 Impact of cable bacteria on Ca, P and Si cycling

Cable bacteria activity is known to lead to the dissolution of
Ca carbonates because of the strong acidification of the pore
water (Risgaard-Petersen et al., 2012; Rao et al., 2016). We
indeed find similar maxima in pore water Ca2+ during the
experiment (Fig. 5) and a high upward flux of Ca2+ (up to
∼ 18 mmol m−2 d−1; Figs. 6e and S8), of which a substan-
tial fraction (up to ∼ 55 %) escapes to the overlying water
(Fig. S10; Table S4), which is consistent with a previous in-
cubation experiment Rao et al. (2016).

Pore water depth profiles of HPO2−
4 reveal a production at

depth and the removal of all upward-diffusing HPO2−
4 within

the first 1–3 cm of the surface sediment (Fig. 5). A major pro-
portion of this HPO2−

4 is bound to Fe oxides (Fig. 7). Given
that a large proportion of the Fe oxides in our sediment cores
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Table 4. Sources of
∑

H2S calculated from the reduction in SO2−
4 and the dissolution of FeS. The numbers are presented either as

mmol m−2 d−1 or as the relative percentage of the
∑

H2S production. The amount of S from the dissolution of FeS was estimated from
the upward diffusive flux of Fe2+ (Fig. 6c) and the relative fraction of FeS (FeS/FeS+siderite), based on the mass balance calculations
(Table 3).

S from SO2−
4 reduction S from FeS dissolution S from SO2−

4 S from FeS
(mmol m−2 d−1) (mmol m−2 d−1) reduction (%) dissolution (%)

Day 5 10.49 0.56 95 % 5 %
Day 12 17.60 1.48 92 % 8 %
Day 18 8.87 1.50 86 % 14 %
Day 26 11.15 1.61 87 % 13 %
Day 33 8.54 1.52 85 % 15 %
Day 40 7.57 1.25 86 % 14 %
Day 207 10.38 0.13 99 % 1 %
Day 621 5.36 0.03 99 % 1 %

Figure 10. Time series of the depth-integrated (0–5 cm) increase in
Fe oxides (red) and the depletion of FeS (black) and siderite (grey)
in mmol m−2. Negative values represent a decrease, whereas posi-
tive values indicate an increase in the mineral pools.

derive from the dissolution of siderite, this suggests that the
buffer mechanism that delays the benthic release of HPO2−

4
through retention of P associated with newly formed Fe ox-
ides (Sulu-Gambari et al., 2016b) might also be active in sys-
tems that are relatively poor in sedimentary FeS.

The shape of the pore water HPO2−
4 profiles suggests that

some of the HPO2−
4 is removed below the zone where Fe

and Mn oxides are present (Figs. 5 and 7). A possible expla-
nation could be the formation of vivianite, an Fe (II) phos-
phate mineral. Vivianite formation in sediments typically oc-
curs when pore water levels of Fe2+ and HPO2−

4 are high
and concentrations of 6H2S are low (Nriagu, 1972), as ob-
served in our study. In our experiment, free 6H2S does not
accumulate in the pore water, which we attribute to removal
through the activity of cable bacteria and FeS formation at
depth (Figs. 2a and 7). Hence, cable bacteria may create a
geochemical niche that allows the formation of vivianite in
the suboxic zone. Further work with sediments with higher
P concentrations would be needed to assess this with direct

measurement techniques, such as X-ray spectroscopy (Kraal
et al., 2017; Sulu-Gambari et al., 2018; Egger et al., 2015).
Other sediment P pools, i.e. organic, authigenic and detrital
P, remained constant over time, indicating that the P contents
determined for discrete sediment slices using sequential ex-
tractions were not affected by pore water acidification as a
result of cable bacteria activity (Table S6).

Pore water H4SiO4 profiles show a typical increase
with depth as observed upon the dissolution of bio-
genic silica in marine sediments (Aller, 2014). Fluxes of
H4SiO4 towards the sediment–water interface range up
to ∼ 2.8 mmol m−2 d−1 and gradually decreased with time
(Figs. 6f and S9). The results of the solute flux incubations
indicate that most of this H4SiO4 escaped to the overly-
ing water (ranging from 28 % to 92 %; Table S4; Fig. S10).
The decline in the benthic release flux of H4SiO4 contrasts
with results of a previous incubation experiment by Rao et
al. (2016) with similar pore water concentrations of H4SiO4
that reached values up to ∼ 1 mM. In their study, the flux re-
mained constant over time, possibly because of differences in
the amount of biogenic Si in the sediment. The solid-phase
metal-oxide-bound Si pool in the surface sediment increased
in direct proportion to the formation of Fe oxides throughout
the experiment (Fig. 7). Silica is known to absorb to Fe ox-
ides (Sigg and Stumm, 1981; Davis et al., 2002). Hence, the
results suggest that the Fe oxides formed through the activ-
ity of cable bacteria captured some of the upward-diffusing
H4SiO4.

4.5 Sediment marker for cable bacteria activity

Visual observations of core photographs reveal the gradual
development of an orange layer (oxic zone), up to 9 mm
thick, overlying a grey layer (suboxic zone) and a black layer
(sulfidic zone) during the experiment (Fig. S11). This colour
zonation is typical for sediments that have been geochemi-
cally affected by cable bacteria activity, as seen both in lab-
oratory experiments (Nielsen and Risgaard-Petersen, 2015)
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and at coastal field sites (Sulu-Gambari et al., 2016a). High-
resolution elemental maps of our sediments reveal the devel-
opment of a ∼ 0.3 mm thin subsurface layer highly enriched
in Fe oxides and associated P, 47 d after the start of the in-
cubation (Fig. 8a). While the Fe oxide layer is clearly en-
riched in P, we also observed a second layer enriched in P
that was very close to the sediment–water interface (Fig. 8a).
This layer is located above the Fe oxide layer, and in this
layer, P is strongly correlated with Ca. Below, we describe
the formation of this layer in more detail and explain why
such subsurface enrichments, detected with µXRF, may act
as an additional sediment marker for present or recent cable
bacteria activity (and also in cases where visual observations
are not conclusive).

During the experiment, O2 penetration varied within a nar-
row range and was initially fixed between 1 and 2 mm depth
(Fig. 3a), with the layer highly enriched in Fe forming mostly
at a depth of 2 mm (Fig. 8a). Such a range in O2 penetration
is in accordance with observations in coastal sediments (e.g.
Seitaj et al., 2015). The formation of the Fe-enriched layer
can be explained by rapid oxidation of upward-diffusing
Fe2+ upon contact with O2 (and possibly NO−3 ; Fig. 6c). Di-
rectly above the Fe oxide layer, a broader∼ 0.8 mm thick Mn
oxide layer was observed (Fig. 8a). This contrast in zonation
between Fe and Mn is likely due to the slower oxidation ki-
netics of Mn2+ compared to Fe2+ (Burdige, 1993; Luther,
2010; Learman et al., 2011).

While the Fe oxide layer is clearly enriched in P, we also
observed a second layer enriched in P close to the sediment–
water interface (Fig. 8a). In this layer, P is strongly corre-
lated with Ca. This layer likely consists of carbonate fluorap-
atite (CFA), a Ca-P mineral, which is typically formed in ma-
rine sediments (Van Cappellen and Berner, 1988; Ruttenberg
and Berner, 1993). Possibly, the high pore water pH near the
sediment–water interface (resulting from cathodic O2 reduc-
tion by cable bacteria; Fig. 2a) promoted apatite formation
(Bellier et al., 2006), and the elevated Ca2+ concentrations
(Fig. 5) created a biogeochemical niche for the formation of
CFA.

Such focusing of Fe, Mn, P and associated elements within
a thin subsurface layer, as a consequence of cable bacteria
activity, also occurs in the field. This was demonstrated by
Hermans et al. (2020) in a study of a coastal site in the Gulf
of Finland where cable bacteria were recently active. Here,
µXRF mapping of resin-embedded sediments revealed strong
focusing of Fe oxides, Mn (II) phosphates and Fe-bound P
within a 3 mm thick layer near the sediment–water interface
(Fig. 8b). A reassessment of the µXRF data of Sulu-Gambari
et al. (2016a, 2018) of surface sediments with active cable
bacteria from the seasonally hypoxic marine Lake Grevelin-
gen in January also revealed similar subsurface enrichments
in Fe, Mn and P (Fig. 8c). Importantly, no visual signals for
cable bacteria, based on the colour pattern of the sediment,
were observed at the time.

Macrofaunal activity likely counteracts or prevents strong
focusing of Fe oxides and associated P within such a thin
subsurface layer at field sites. Bioturbation, i.e. mixing of the
sediment, typically leads to oxidation from the sediment sur-
face downwards (Norkko et al., 2012). Bioirrigation can effi-
ciently pump O2 into the pore water, and thereby enhance the
oxidation of dissolved Fe2+ (Kristensen et al., 2012; Norkko
et al., 2012), but is not expected to lead to such a sharp ox-
idation front (Norkko et al., 2012; Hermans et al., 2019a).
This is also evident from high-resolution elemental maps of
the surface sediment from Lake Grevelingen in May, which
shows the disappearance of the thin layer, highly enriched in
Fe and P, formed by cable bacteria in January as a conse-
quence of macrofaunal activity in May (Fig. 8d; Seitaj et al.,
2015; Sulu-Gambari et al., 2016b).

We conclude that the focusing of Fe, Mn and associated
P within a thin layer below the sediment–water interface is
likely a consistent feature in sediments populated by active
cable bacteria and may act as an additional sediment marker
for present or recent cable bacteria activity, both in labora-
tory experiments and at field sites (and also in cases where
visual observations are not conclusive). Focusing of Fe and
Mn oxides in the surface sediment is not exclusively tied to
the activity of cable bacteria, and it can also occur in the
absence of cable bacteria. However, the upward fluxes of
Fe2+ and Mn2+ in sediments populated by cable bacteria
are higher due to the active dissolution of Fe and Mn min-
erals at depth (e.g. Risgaard-Petersen et al., 2012; Rao et al.,
2016). Hence, within the same time frame following an en-
vironmental perturbation (such as a transition to oxic bottom
waters after a period of anoxia or mixing of the sediment),
more Fe2+ and Mn2+ can oxidise upon contact with O2 near
the sediment–water interface, and stronger enrichments of Fe
and Mn minerals will be observed. Hence, focusing of Fe and
Mn oxides in subsurface sediments is likely more prominent
and stronger in sediments populated by active cable bacte-
ria compared to sediments where no cable bacteria are active
under such conditions. Macrofaunal activity within natural
environments likely counteracts or prevents strong focusing
of Fe oxides and associated P within such a thin subsurface
layer. When using standard techniques for sediment sam-
pling (i.e. core slicing and chemical analysis of these slices),
these layers may be missed due to the relatively coarse depth
resolution. Hence, µXRF mapping of epoxy-embedded sedi-
ment is recommended.

4.6 Cable bacteria activity at the field site

We can only speculate about the possible in situ relevance
of cable bacteria at the coastal site in the western Black Sea
where the sediment for our incubation was collected. This
site is in a region that is subject to seasonal hypoxia (Capet
et al., 2013), where both bivalves (up to ∼ 7200 ind. m−2)

and polychaetes (up to ∼ 1700 ind. m−2) were observed at
the time of sampling (Lenstra et al., 2019). Macrofauna can
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inhibit the activity of cable bacteria through bioturbation
by physically cutting and damaging the filaments, render-
ing them unable to transport electrons (Malkin et al., 2014).
Recent work has shown, however, that, in some cases, ca-
ble bacterial communities can also thrive in sediments with
macrofauna (Malkin et al., 2017; Aller et al., 2019; Bur-
dorf et al., 2017). In a study of bivalve reefs, cable bacteria
were found to efficiently remove highly toxic 6H2S, which
is beneficial for bivalves (Malkin et al., 2017). Cable bacte-
ria can also be abundant in bioturbated deposits when associ-
ated with stable subdomains of the bioturbated zone, such as
worm tubes (Aller et al., 2019). In such settings, a more com-
plex precipitation pattern, e.g. along tube linings, is observed
(Aller et al., 2019) than described here for laboratory experi-
ments with defaunated sediments and field sediments with an
impoverished macrofaunal population (Fig. 8a). Further field
studies are required to assess the role of cable bacteria at our
field site, preferably including an assessment of the burrow
structures.

5 Conclusions

The results of our laboratory incubation (with a total duration
of 621 d) show that cable bacteria can potentially strongly
impact the Fe, Mn, P and S dynamics in coastal sediments.
The strong acidity of the pore water associated with the activ-
ity of cable bacteria, which was monitored using microsensor
profiling of the EP during the experiment, led to dissolution
of FeS and siderite and the formation of Fe and Mn oxides
and Ca-P in mineral form near the sediment surface. Our ex-
perimental results provide conclusive evidence for siderite
dissolution driven by cable bacteria activity as a source of
Fe that can form an Fe-oxide-enriched surface layer. Both
FeS and SO2−

4 reduction provided the
∑

H2S required by
cable bacteria to sustain their activity. Pore water

∑
H2S

was always low (< 5 µM). Using µXRF mapping of epoxy-
embedded sediment, we show that the activity of cable bacte-
ria led to the development of a thin subsurface sediment layer
(0.3 mm) that was highly enriched in Fe and P. The position
of this layer in the sediment was directly proportional to the
O2 penetration depth during the experiment. We show that a
similar layer, highly enriched in Fe and P, was also formed in
sediments of field locations populated by cable bacteria (i.e.
the marine Lake Grevelingen and the brackish Gulf of Fin-
land). We suggest that such layers, which are not necessarily
visible to the naked eye, may be used as a marker of cable
bacteria activity in sediments with low macrofaunal activity.
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