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Abstract
Anoxic marine sediments contribute a significant amount of dissolved iron (Fe2+) to the ocean which is crucial for the global
carbon cycle. Here, we investigate iron cycling in four Arctic cold seeps where sediments are anoxic and sulfidic due to the high
rates of methane-fueled sulfate reduction.We estimated Fe2+ diffusive fluxes towards the oxic sediment layer to be in the range of
0.8 to 138.7 μmole/m2/day and Fe2+ fluxes across the sediment-water interface to be in the range of 0.3 to 102.2 μmole/m2/day.
Such variable fluxes cannot be explained by Fe2+ production from organic matter–coupled dissimilatory reduction alone. We
propose that the reduction of dissolved and complexed Fe3+ as well as the rapid formation of iron sulfide minerals are the most
important reactions regulating the fluxes of Fe2+ in these cold seeps. By comparing seafloor visual observations with subsurface
pore fluid composition, we demonstrate how the joint cycling of iron and sulfur determines the distribution of chemosynthesis-
based biota.

Introduction

Iron is a critical micro-nutrient for marine phytoplankton
and photosynthesis in the surface ocean (e.g., Boyd et al.
2000). As one of the most bio-available iron species, inor-
ganic aqueous iron is supplied to the ocean by rivers, aeo-
lian transport, glacial meltwater, icebergs, and hydrother-
mal vents and from anoxic marine sediments (Raiswell and

Canfield 2012; Tagliabue et al. 2017). In the absence of
organic ligands, Fe(OH)3

0 is the primary inorganic aque-
ous iron species at pH 8 whereas Fe2+ dominates the aque-
ous iron pool under anoxic conditions (Raiswell and
Canfield 2012). In anoxic marine sediments, Fe2+ is mostly
produced through the reductive dissolution of iron
(oxyhydr)oxide driven by the decomposition of particulate
organic matter (POC) (or dissimilatory iron reduction
(DIR), hereafter) (Lovley and Phillips 1988). The rates of
Fe2+ production through this process depend on factors
such as the quantity/type of organic matter, bottom seawa-
ter dissolved oxygen concentration (Lyons and Severmann
2006; Dale et al. 2015), the reactivity of different iron
minerals (Raiswell and Canfield 1998; Larsen and
Postma 2001), and solution pH (Straub et al. 2001). It
has been well documented that large amounts of sulfide
produced during sulfate reduction can effectively scavenge
Fe2+ to form authigenic iron sulfide minerals, a process
that has been commonly documented along global conti-
nental margins (Schulz et al. 1994; Reimers et al. 1996;
Niewöhner et al. 1998; Riedinger et al. 2004; Raiswell
and Anderson 2005; Riedinger et al. 2005; Lim et al.
2011; Fischer et al. 2012; Riedinger et al. 2017). The
Fe2+ that is not consumed through the precipitation of iron
sulfide minerals diffuses towards the oxic sediment layer
where it is partially oxidized to form iron (oxyhydr)oxide
precipitates. The small fraction of Fe2+ that eventually
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escapes the sediments can enhance the precipitation of fer-
rihydrite (Fe4HO8•4H2O) in the bottom water and can be
transported by bottom currents (Lyons and Severmann
2006; Raiswell and Canfield 2012; Lenstra et al. 2019).
Seafloor macrofauna is known to either stimulate Fe2+ re-
lease to the bottom sediment or enhance Fe2+ consumption
through oxidation in the surficial sediments, depending on
the process involved. Bioturbation and bioirrigation in-
crease the burial of labile organic matter and iron oxides
which consequentially accelerates Fe2+ production through
DIR (Canfield et al. 1993; Aller 1994). The active ex-
change between pore fluid and the overlying seawater as
a result of faunal activities facilitates the escape of excess
Fe2+ (Severmann et al. 2010). On the other hand, the intro-
duction of oxygen into the sediment, as a result of pumping
seawater by seafloor animals, also enhances the oxidation
of Fe2+ and thus consumption (Aller 1980; Aller 1982).

Dale et al. (2015) have shown that Fe2+ fluxes from conti-
nental margin sediments were previously underestimated and
more data are needed to refine global iron budgets. Cold seep
sediments, where large quantities of methane fuel high rates of
sulfate reduction, are an ideal environment to study the cy-
cling of Fe2+ under persistent anoxic and sulfidic conditions, a
case that resembles conditions of fast sulfate reduction due to
high organic matter turnover rate along productive continental
margins. The chemosynthesis-based macrofauna, whose sur-
vival depends on the release of reduced compounds from the
cold seep sediments, may also play a significant role in deter-
mining the fate of Fe2+ in surficial sediments. Here, we inves-
tigate iron cycling from four Arctic methane seeps along the
northern Norwegian margin in water depths ranging from 220
to 380 m (Fig. 1), where geochemical data are scarce to con-
strain the fate of iron in the sediments. We present porewater
and sediment data to discuss the reactions and processes that
affect Fe2+ cycling in shallow methane-rich anoxic sediments.
In addition, we show how iron and sulfide fluxes impact the
distribution of seafloor chemosynthesis-based biota, and vice
versa.

Study areas

The investigated cold seeps are located along the glaciogenic
northern Norwegian continental margin (Fig. 1). As one of the
largest trough fans south of Svalbard (Lucchi et al. 2012), the
major sediment types from Storfjordrenna are glacigenic
diamictites and texturally heterogeneous marine sediments
(Lucchi et al. 2012) as the result of repeated growth and retreat
of grounding glaciers shaping the seafloor (Patton et al. 2015).
The release of methane, shallow subsurface occurrence of gas
hydrate, and chemosynthesis-based siboglinid frenulate poly-
chaetes were documented from Storfjordrenna in recent pa-
pers (Hong et al. 2017; Sen et al. 2018a, b). Densely

distributed craters and elevated methane concentrations (20–
60 nM) in the bottom water have recently been reported from
the Bjørnøyrenna area in the north central Barents Sea (Long
et al. 1998; Andreassen et al. 2017), where ice sheets have
carved the seafloor during the last glaciation and exposed the
Middle Triassic bedrock (Long et al. 1998; Andreassen et al.
2017). Offshore of the Vesterålen Islands of northern Norway,
the Hola trough is a cross-shelf feature with a width of 12 km
and water depth around 200 m (Sauer et al. 2016). Active
methane seepage was documented by recent geophysical
(Chand et al. 2008) and geochemical investigations (Sauer
et al. 2015, 2016). Ullsfjorden, a 70-km-long fjord in northern
Norway, has a maximum water depth of ca. 285 m and nu-
merous pockmarks that may be related to gas escape (Plassen
and Vorren 2003; Sauer et al. 2016). The sediments in
Ullsfjorden are composed of mostly glaciomarine trough fill
(Plassen and Vorren 2003).

Methods

Sampling and analyses

The 13 sediment cores examined here were collected during
three cruises from 2013 to 2016. Sediment cores were recov-
ered by various techniques: box corer (BC), multicorer
(MC), and gravity corer (GC) as well as push corer (PC)
and blade corer (BLC) using a remotely operated vehicle
(ROV) onboard R/V Helmer Hanssen. The sediment cores
from Storfjordrenna and Bjørnøyrenna were collected with
the assistance of either a towed camera or a ROV (see
Supplementary material for more information). Porewater
was sampled by either 10-cm or 5-cm HCl-washed (ca.
10%) rhizon samplers (Seeberg-Elverfeldt et al. 2005) with
a pore size of 0.15 μm. Immediately after core recovery,
MilliQ-rinsed rhizons were inserted through pre-drilled
holes in the liners at 1- to 3-cm intervals, depending on the
core length and expected redox zones. Titration of total alka-
linity (TA) with HCl (0.012 M) and analyses of dissolved
Fe2+ spectrophotometrically with a ferrospectral complex
as the color reagent (Traister and Schilt 1976) were per-
formed onboard shortly after the pore fluids were collected.
Samples for total sulfide (ΣHS), δ13C of dissolved inorganic
carbon (DIC), cations, and anions were preserved onboard
and analyzed on shore. For quantification of sulfide species
in the sediments (i.e., acid-volatile sulfide (AVS) and
chromium-reducible sulfide (CRS)) and their sulfur isotopic
composition, chemical extraction of the sediments from
cores S-904MC and S-1521GC was performed (Canfield
et al. 1986; Fossing and Jørgensen 1989). Descriptions of
the analytical protocols are provided in the Supplementary
material. All pore fluid and solid-phase data are reported in
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Tab. S1 and Tab. S2, respectively, of the Supplementary
material.

Flux and Gibbs free energy calculations

The fluxes of Fe2+ towards the oxic sediment layer (Fox here-
after) were determined by applying Fick’s law:

FOX ¼ −φ:D:
dC
dX

ð1Þ

where φ is the porosity (0.7; Sen et al. 2018a), D is the diffusion coeffi-
cient at the bottom water temperatures of the coring locations, and dC

dX is
the measured concentration gradient of Fe2+. For the diffusion
coefficient of Fe2+, we considered both the molecular diffu-
sion and bioturbation following

D
0
Fe ¼ DFe þ Db ð2Þ

where D′Fe is the D in Eq. (1) and DFe is the tortuosity-

corrected molecular diffusion coefficient (which ranges from
1.98E−6 to 2.01E−6 cm2/s) at different bottom water temper-
atures, and Db is the coefficient for bioturbation assuming the
process resembles diffusion (Boudreau 1997). We estimated
Db with the empirical relationship by Middelburg et al.
(1997).

To estimate the Fe2+ flux towards the sediment-water inter-
face (i.e., Feff), we used the equation proposed by Boudreau
and Scott (1978):

Feff ¼
φ: D0

Fe:klð Þ0:5:CFe:L

� �

sinh kl
D0

Fe

� �0:5
:L

� �� � ð3Þ

where CFe.L is the pore water concentration of Fe2+ at the
bottom of the oxic layer in the sediments (mole/cm3), and kl
is the first-order rate constant of Fe2+ oxidation (1/s), and L is
the thickness of the oxygenated layer in centimeters.

Fig. 1 Locations of the four
Arctic cold seeps and the
corresponding sediment cores
investigated. Cores with available
sedimentary sulfur data and S/Al
ratios from XRF core scanning
were labeled in yellow. Site labels
of cores with apparent changes in
downcore sulfate concentrations
were underlined
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Determining the values of L and CFe.L is challenging as we
have no measurement for the dissolved O2 concentration in
the pore fluid. We chose a value of 0.1 cm for L based on the
observed rapid reduction in nitrate concentration within the
uppermost centimeter below the seafloor (Fig. 2) which indi-
cates a likely thin oxic sediment layer. A similar oxygen

penetration depth has been detected from in situ microprofiler
measurements (Boetius andWenzhofer 2013) at seep environ-
ments. Dale et al. (2015) assigned depths of oxygen penetra-
tion to be less than 0.1 cm for severely hypoxic to anoxic
scenarios. We assume these environments have similar redox
conditions as our study areas based on the high methane-

Fig. 2 Pore fluid data from the 13 investigated cores. Cores with similar pore fluid profiles were plotted together. Notice the different depth scale for
S-1521GC
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fueled sulfate reduction rate. For the values of CFe.L, we esti-
mated the Fe2+ concentration at 0.1 cmbsf by interpolating the
measured concentrations from 0 and 1 cmbsf. The resulting
concentrations varied from 0.03 to 11.25 μM. The highest
CFe.L appears at S-1063MC and S-1064MC .

The kl value was calculated followingMillero et al. (1987):

kl ¼ k O2½ � OH−½ �2 ð4Þ

logk ¼ 21:56−
1545

T
−3:29I0;5 þ 1:52I ð5Þ

where k is the rate constant describing the overall hydro-
lysis equilibria of reduced iron species (Millero et al.
1987), I is the ionic strength for which we used the value
0.686 as calculated with the bottom seawater concentra-
tions, and T is the temperature for bottom water at each
site. We adopted the O2 concentration of 320 μM based
on the values reported by Anderson et al. (1988). By
assuming a pH of 8.1 (Ofstad et al. 2020) and pKw values
at the corresponding bottom water temperature at our sites
(Millero 2001), we can derive [OH−] in the equation. The
calculated fluxes and the parameters required for the cal-
culation are reported in Tab. S3 in the Supplementary
material. Similar calculations were done previously for
the sediments from Svalbard fjords (Wehrmann et al.
2014). The fluxes obtained from Svalbard fjords are com-
pared with the fluxes derived from our studied sites.

We also calculated molar Gibbs free energy (ΔG0
r ) with

measured pore fluid compositions to determine whether a set
of reactions is thermodynamically plausible. Detailed descrip-
tions for these calculations can be found in the Supplementary
material. The downcoreΔGr changes are shown in Fig. S2 and
reported in Tab. S6.

Results

Porewater geochemistry

Variable downcore sulfate gradients were observed from
the 13 investigated cores (Fig. 2). Seven of the cores have
almost constant sulfate downcore concentrat ions
(S-1064MC, S-1063MC, S938MC, S-932MC, B-1124PC,
H-53PC, and H-23PC). Distinct peaks in Fe2+ concentra-
tions were observed from the top 10–15 cm of cores
S-1064MC, S-1063MC, S-932MC, S-938MC, and B-
1124PC with the highest concentrations ranging from 58
to 208 μM. For cores H-53PC and H-23PC, Fe2+ was de-
tected throughout the sediment columns with concentra-
tions ranging from 10 to 40 μM. The concentrations of
dissolved ΣHS were low (< 20 μM) in these cores.

Compared with the cores with nearly constant
downcore sulfate concentration, more apparent decreases

in sulfate concentrations can be observed from cores
S-904MC, S-1029PC, B-1123BLC, H-21PC, and
U-26PC. The reduction of sulfate coupled to anaerobic
oxidation of methane is mostly responsible for the de-
creasing sulfate in these cores as suggested by the elevat-
ed TA and low δ13C values of dissolved inorganic carbon
(Fig. S1 from Supplementary material). Distinct increases
in Fe2+ with the highest concentrations ranging from 40 to
100 μM were observed in the top 5–10 cm of these cores.
Within the depth ranges where Fe2+ is detected, ΣHS is
usually below the detection limit (~ 20 μM) or barely
measurable. Greater amounts of ΣHS are detected only
below the depths where Fe2+ can no longer be detected.
Gravity core S-1521GC has a similar sulfate concentration
gradient as S-904MC. The low sampling resolution for the
top 40 cm of sediments however prohibits us from
documenting the pore fluid profiles in detail. Cores S-
1029PC and B-1123BLC show sudden declines in sulfate
concentration within intervals of a few centimeters. Less
than 10 μM of Fe2+ can be detected in the top centimeters
of these two cores with ΣHS concentrations as high as
12 mM.

We also report the concentrations of pore fluid nitrate from
the Storfjordrenna and Bjørnøyrenna cores (Fig. 2). In gener-
al, up to 20 μM of nitrate can be detected from the depths
where abundant Fe2+ is detected. The measured high nitrate
concentration cannot be explained by contamination of nitric
acid during the cleaning of rhizons and sample vials. We used
only hydrochloric acid during our cleaning procedure. Also,
the sample vials for nutrient samples were not acid washed
before use. Complete consumption of nitrate is only observed
within the deeper sediments of cores S-904MC, S-1029PC,
and B-1123BLC where greater than 4 mM ofΣHS is detected
(Fig. 2).

Iron flux calculation

We estimated Fox ranging from 0.8 to 138.7 μmol/m2/day and
Feff varying from 0.3 to 102.2 μmol/m2/day (Fig. 3 and Tab.
S3). In general, high Feff corresponds to high Fox (Fig. 3). The
fractions of Fe2+ escaping from the sediment columns, as de-
fined by the ratios between Feff and Fox (R in Fig. 3), are
higher at our sites compared with those from Svalbard fjords
(Fig. 3), despite the generally lower concentrations of Fe2+

detected in our cores.

Sediment sulfide speciation

AVS includes different nano-particles of iron monosulfides,
such as mackinawite and greigite, and even a small fraction
of pyrite (Rickard and Luther 2007). CRS, on the other hand,
has been shown to be composed of mostly pyrite (Canfield
et al. 1986). Our data show variable amounts of CRS and AVS
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in the sediments from cores S-904MC and S-1521GC (Fig. 4).
CRS abundance increases abruptly from ca. 175 μmol S/g
(μmole sulfur in gram of dry sediment) in the uppermost sed-
iments to more than 1500 μmol S/g at greater depths in both
cores. The increase of CRS in core S-904MC corresponds to
the depth where high Fe2+ concentrations were detected (Fig.
4). Abundant AVS (up to 154 μmol S/g) was detected in the
first 30 cm of core S-1521GC. AVS is barely detectable at
sediment depths approximately below 30 cmbsf at S-1521GC.

The δ34S-CRS values from S-904MC are the lowest (−
15.3‰ V-CDT) in the uppermost 6 cm of sediments, gradu-
ally increase to ca. − 7‰ at 15–20 cmbsf and slightly decrease
to − 9.1‰ at the bottom of the core. The δ34S-CRS values
from S-1521GC show a general increase with depth as well
but exhibit several large fluctuations ranging between − 24.3
and 7.4‰. These fluctuations in δ34S-CRS from S-1521GC
do not correspond with the changes in CRS abundance. δ34S-
AVS increases steadily with depth from − 28.4 to ca. 22.1‰ at
65 cmbsf. Such an increase in δ34S-AVS values coincides with
the increase in pore fluid ΣHS concentration. The δ34S-AVS

values however do not correlate with AVS abundance at
S-1521GC.

Discussion

We focus on the following reactions/processes that con-
tribute to the cycling of iron in the sediments of the in-
vestigated cold seeps: (1) the release of Fe2+ from DIR,
(2) the release of Fe2+ from other reactions such as the
reduction of dissolved Fe3+, (3) precipitation of iron sul-
fide minerals, and (4) oxidation of Fe2+ in the sediments
as a result of biological disturbance. We show that Fe3+

reduction and iron sulfide precipitation are likely the most
important reactions governing the fate of Fe2+ at the in-
vestigated sites. There are other possible reactions, such
as oxidation of Fe2+ by nitrate and oxygen as well as the
precipitation of vivianite and incorporation of Fe2+ into
carbonates that can also contribute to the consumption
of Fe2+ in pore fluid (Egger et al. 2016). The pore fluid
profiles however suggest only minor contributions of
these reactions. We will thus not discuss these reactions
in detail.

Production of Fe2+ in the Arctic cold seep sediments

Glacial erosion of iron-rich terrestrial rocks around
Svalbard supplies iron (oxyhydr)oxide to marine sedi-
ments. Release of Fe2+ to the pore fluid through DIR
explains the high Fe2+ concentrations observed in
Svalbard fjord sediments (Wehrmann et al. 2014). The
similar maximum concentrations of ammonium and phos-
phate (varying by factors of two and four, respectively)
detected from the 11 cores at our three investigated areas
(except for U-26PC and S-1521GC; Fig. S1 from the
Supplementary material) suggest comparable rates of
POC turnover and DIR, which, however, cannot explain
the variable iron fluxes that could be two orders of mag-
nitude different (Fig. 3). Different sets of reactions are
required to explain the calculated wide range of Fox.

The observation of high Fe2+ concentrations within the
intervals where nitrate is still detectable from Storfjordrenna
and Bjørnøyrenna (Fig. 2) points to a Fe2+ producing reaction
that is thermodynamically more favorable than nitrate reduc-
tion. Following the classic early diagenesis sequence (Froelich
et al. 1979), high Fe2+ concentrations can only be detected at
depths where nitrate is completely reduced if Fe2+ is primarily
supplied by DIR (c.f., Canfield et al. 1993). As a result, we
suspect that a significant fraction of the Fe2+ observed in our
pore fluids is produced by the reduction of dissolved and
complexed Fe3+ (e.g., Fe(OH)4

− and Fe(OH)2
+) in the oxic

and suboxic sediments. Reduction of complexed Fe3+ is ener-
getically similar to oxic POC degradation and nitrate

Fig. 3 Fe2+ fluxes towards the oxic sediment layer (Fox) and efflux (Feff).
The ratios betweenFeff and Fox (R) represent the fraction of Fe

2+ escaping
from the sediment columns. In general, we observed both higher Feff and
R from the investigated areas as compared with Svalbard fjords
(Wehrmann et al. 2014), despite the lower Fe2+ concentrations detected
in our pore fluid
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reduction based on our Gibbs free energy calculation of vari-
ous redox pairs (Fig. S2). A similar conclusion that chelated
Fe3+ may increase the redox potential of iron reduction was
drawn by Lovley and Phillips (1988) and Thamdrup (2000).
The concentration of Fe3+ is generally low in the marine en-
vironment due to the low solubility of Fe(III) oxide (e.g.,
10−8 M with ferrihydrite; Stumm and Morgan (2012)).
However, it has been shown that, in the presence of chelators,
Fe3+ can be solubilized from the surface of oxide minerals
(Lovley 1997). Furthermore, Fe3+ can bind to organic ligands
and maintain solubility in seawater (Luther III et al. 1992; Bau
et al. 2013). Our calculations suggest that such a process is
thermodynamically more favorable if Fe3+ is at the nanomolar
level, a reasonable value considering the concentration of

organic ligands in seawater (Millero 1998). Future work de-
termining the concentrations of chelators (e.g., organic li-
gands) is required to test our hypothesis for the co-occurring
high Fe2+ and nitrate concentrations in the shallow sediments.

Consumption of Fe2+ through authigenic iron sulfide
formation

Much of the pore fluid Fe2+ is consumed through the precip-
itation of iron sulfide minerals, a process that is inferred from
the abundance of solid-phase sulfur in S-904MC and S-
1521GC (Fig. 4). We detected an order of magnitude more
abundant AVS and CRS as compared with previous studies
(Lim et al. 2011; Wehrmann et al. 2014). At S-1521GC, AVS

Fig. 4 Concentrations of sulfate,
Fe2+, and ΣHS and the amounts
of CRS and AVS as well as their
corresponding δ34S values from
the two selected cores from
Storfjordrenna
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is most abundant at 3 cmbsf (0.9 wt% AVS-Fe or 154 μmole
AVS-S/g sediments) which is 3 to 10 times higher than the
content reported by Wehrmann et al. (2014). The highest
CRS-Fe abundance from Wehrmann et al. (2014) is ca.
0.25 wt% whereas, from both S-904MC and S-1521GC, we
measured more than 5 wt% of CRS-Fe. When comparing the
abundance of CRS with porewater profiles from S-904MC,
we noted that the rapid increase of CRS abundance at the ca.
10 cm corresponds to the interface between porewater Fe2+

and ΣHS (Fig. 4). This correlation may be explained by the
rapid formation of pyrite in shallow sediment depths (<
10 cmbsf). We did not observe any significant changes in
CRS abundance or in the δ34S-CRS across the modern
sulfate-methane-transition (SMT) from S-1521GC, though
the variable CRS abundance throughout the core makes it
difficult to detect potentially small increases in CRS at the
SMT. The parallel trend between δ34S-AVS andΣHS concen-
tration suggests that AVS uses sulfide and is in equilibrium
with the modern pore fluid. On the other hand, the lack of
correlation between δ34S-CRS and ΣHS concentration im-
plies that CRS likely integrates the long-term pore fluid sul-
fide signals produced at different times and rates of sulfate
reduction.

Fe2+ fluxes in the surficial sediments of Arctic cold
seeps

Comparison of our flux estimates with those from Svalbard
fjords (Wehrmann et al. 2014) and other regions (Dale et al.
2015 and the references therein) shows lower Fox but compa-
rable Feff from the investigated cold seeps. Fe2+ can be oxi-
dized in the oxic and suboxic surface sediments by dissolved
oxygen and nitrate, respectively, and form nanoparticulate fer-
rihydrite aggregations that are later scavenged by suspended
sediments (Raiswell and Anderson 2005). This re-oxidation
process can be quantified by the ratios between Fox and Feff

(Fig. 3 and Tab. S3). With the exception of anomalous values
from cores S-932MC and S-1064MC, on average, 40% of the
Fe2+ that diffuses towards the surface sediments is oxidized. In
other words, ~ 60% of the Fe2+ produced through iron reduc-
tion in the sediment columns can escape the oxidation process
in surficial sediments and enter the bottom water (Fig. 3).
Such a high proportion may be due to a thin oxic surface layer
of sediments facilitating effective escape, though future mea-
surements of dissolved oxygen concentration in the pore fluid
are required to verify this. We are aware that our choice of
oxygen penetration depth (L in Eq. (3)) has a profound effect
on Feff. Nonetheless, even if we assigned double the value for
L (0.2 cm), which reduces Feff by 53%, our conclusion that
more Fe2+ is able to escape from the sediments as compared
with those from the Svalbard fjord sites still holds true.
Homogenization of surface sediment by benthic fauna, which
has been accounted for by the Db coefficients in our flux

calculation (Tab. S3), may enhance oxidation and lower the
fraction of Fe2+ leaving the sediment column. However, our
calculation suggests that such bioturbation can only account
for 2–3% of the Fe2+ oxidation in surface sediments.

Interaction between benthic macrofauna
and subsurface geochemistry

The survival of chemosynthesis-based animals at cold seeps is
highly dependent on the cycling and flux of sulfur species
(Freytag et al. 2001; Dubilier et al. 2008; Sen et al. 2018a),
which in turn also affects the cycling of Fe2+ and vice versa.
From the area where core 938MC was recovered, the seafloor
is devoid of any chemosynthesis-based megafauna but colo-
nized by non-seep specialist fauna such as Thenea sponges
and anemones (Fig. 5a). There is no detectable ΣHS in the
top 10 cm of the sediments as most of the ΣHS has been
removed by iron sulfide precipitates. Even though no CRS/
AVS abundance data is available at this site, the high S/Al
ratio within this sediment interval (Fig. S3 in the
Supplementary material) supports this conclusion. The high
Fe2+ concentration therefore serves as a “geochemical cap”
preventing ΣHS from leaking to the bottom ocean, consistent
with the low sulfide flux. This in turn allows for colonization
by non-seep specialist fauna that does not have adaptations for
dealing with sulfide toxicity. In the area where S-904MC was
recovered, a dense distribution of Oligobrachia worms con-
taining symbiotic sulfur-oxidizing bacteria in their trunks (Sen
et al. 2018b) can be observed (Fig. 5b). These worms likely
rely on dissolved sulfide as their primary energy (and ulti-
mately nutrition) source (Sen et al. 2018b) and are able to
harvest sulfide deep in the sediments across their half-meter-
long tubes. Indeed, ΣHS concentration is below the detection
limit (~ 20 μM) in the uppermost centimeter from these sedi-
ments with Fe2+ concentrations slightly over 100 μM (Fig.
5b). Rapid iron reduction and high Fe2+ concentration prevent
most of the sulfide from leaking to the bottom ocean at this
location as well. Core B-1123BLC represents an extreme case
with highΣHS supply and greater than 12 mM ΣHS detected
at 15 cmbsf (Fig. 5c). Not only were dense distributions of
Oligobrachia worms observed in seafloor images of where
this core was recovered from, but additionally, filamentous
bacteria (likely sulfur-oxidizing bacteria Lösekann et al.
2008) colonizing the anterior ends of Oligobrachia tubes that
extend a few centimeters into the water column were also
observed. This colonization results in a fuzzy appearance of
the worm tubes as visible in Fig. 5c. The high concentration of
ΣHS close to the sediment surface and potential leakage to the
bottom water accounts for these worm tubes being covered in
bacteria, that can use this leaking sulfide as an energy source.
These bacteria require oxygen in addition to sulfide for carbon
fixation and therefore need to locate themselves at the redox
boundary, which is often restricted to the sediment-water
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interface. Leakage of sulfide into the bottomwater extends the
niche of these bacteria, and the worm tubes provide a settle-
ment surface from which to exploit it.

It is also noteworthy that, immediately adjacent to the
bacteria-covered worms, microbial mats were present but
not the Oligobrachia worms themselves (the area where
imprints of the blade corer are visible in Fig. 5c).We speculate
that the sulfide flux in this field of bacterial mats is even higher
and that appreciable quantities of hydrogen sulfide may have
leaked to the bottom water. Even thoughOligobrachiaworms
are equipped to take up oxygen in hypoxic conditions and
further have adaptations against sulfide poisoning, the amount
of sulfide reaching the bottom water in this location might be
beyond their limits. This could explain their absence from this
seafloor patch. Such an explanation is, however, complicated
by the fact that the bacteria making up the mat are also aerobic
and require access to oxygen. Future studies targeting the two
habitats are required to compare the concentrations of hydro-
gen sulfide in the bottom water.

We also suspect a complicated interaction between nitro-
gen, sulfur, and iron species occuring in the sediments show-
ing fast sulfide/Fe2+ turnover (e.g., the sediments from Fig. 5 b
and c). Apparent downcore decrease to almost exhaustion in
nitrate concentration is only observed from cores S-904MC,
S-1029PC, and B-1123BLC with ΣHS concentrations higher
than 4 mM. We propose that the high ΣHS concentrations

promote the reduction of nitrate in the deeper sediments (>
10 cmbsf) which is supported by our Gibbs free energy calcu-
lation that coupling of denitrification with sulfide oxidation
can be equally energetic as the POC-induced nitrification
(Fig. S2). It has been shown that the cable bacteria
Desulfobulbaceae are able to remotely couple these two redox
pairs in marine sediments (Marzocchi et al. 2014). The com-
petition for sulfide between iron sulfide formation and nitrate
reduction may also determine the fate of Fe2+ in such sulfide-
rich sediments. Future work is needed to examine these
competing pathways.

Conclusions

In this study, we present pore fluid and sediment geochemical
data to constrain the fate of Fe2+ in four cold seeps along the
northern Norwegian margin. We show that DIR alone cannot
explain the wide range of iron concentrations and fluxes ob-
served at the investigated sites. The co-appearance of Fe2+ and
nitrate in pore fluid in cores from Storfjordrenna and
Bjørnøyrenna as well as our thermodynamic calculations
leads us to propose that aqueous Fe3+ reduction plays a sig-
nificant role in producing Fe2+. A significant fraction of the
Fe2+ is precipitated as iron sulfide minerals, as supported by
the high abundance of AVS and CRS. We demonstrate that,

Fig. 5 Comparison of seafloor observations (a–c) as well as pore fluid Fe2+ and ΣHS profiles (d–f). The joint cycling of iron and sulfur determines the
distribution of chemosynthesis-based animals

Geo-Mar Lett (2020) 40:391–401 399



despite the lower Fe2+ fluxes towards the oxic sediment layer
into the bottom water as compared with those estimated in
Svalbard fjord sediments, a larger proportion of Fe2+ is able
to escape the sediments from our study areas. This can be
attributed to a potentially thin oxic layer in sediments of our
sites. The comparison between seafloor macrofauna assem-
blage and subsurface geochemical profiles reveals the interac-
tion and geochemical control on the distribution of
chemosynthesis-based macrofauna.
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