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A B S T R A C T

This study investigates how glacially delivered reactive iron (oxyhydr)oxide and manganese oxide phases in-
fluence the biogeochemical cycling of sulfur in sediments of three Arctic fjords and how the biogeochemical
signatures of these processes are preserved. Results reveal differences in the concentrations of dissolved iron and
manganese in pore-waters and the concentration of solid-phase sulfur species within individual fjords and
amongst the three fjords, likely controlled by the varying input of reactive iron (oxyhydr)oxides to the sediment.
Broadly, the stations can be divided into three categories based on their biogeochemical signals. Stations in the
first category, located in Smeerenburgfjorden, are characterized by relatively low concentrations of (easily)
reducible particulate iron phases, increasing concentrations of iron monosulfides, pyrite, and elemental sulfur
with depth, and low pore-water dissolved iron and manganese concentrations. Biogeochemical processes at these
stations are primarily driven by organoclastic sulfate reduction, sulfur disproportionation and the subsequent
reaction and sequestration of sulfide in the sediment as iron monosulfide and pyrite. Sulfur and oxygen isotope
values of sulfate display progressive enrichment in heavy isotopes with depth at these stations. In contrast,
concentrations of (easily) reducible particulate iron phases and pore-water dissolved iron (up to 850 μM) and
manganese (up to 650 μM) are very high at stations of the second and third category, located in Kongsfjorden
and Van Mijenfjorden, while iron monosulfide and pyrite contents are extremely low. The amount of pyrite and
its isotope values in conjunction with organic sulfur compounds provide evidence for a detrital origin of a
fraction of these sulfur compounds. At the Kongsfjorden and Van Mijenfjorden stations, oxidative pathways of
the sedimentary sulfur cycle, controlled by the high availability of reducible particulate iron phases, play an
important role, leading to the effective recycling of sulfide to sulfate through sulfur intermediates and con-
comitant resupply of the sulfate reservoir with 32S. In both fjords, elemental sulfur was only detected at the outer
fjord stations grouped into the third category. Our study provides a framework for interpreting the Fe-S-C
geochemistry of similar continental shelf areas in modern settings and ultimately for identifying these en-
vironments in the rock record.
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1. Introduction

Biogeochemical transformations of sulfur in marine sediments re-
present important components of the global sulfur cycle. These pro-
cesses include the microbial reduction of sulfate coupled to the oxida-
tion of organic matter and methane (e.g., Froelich et al., 1979;
Jørgensen, 1982; Reeburgh, 1983; Hoehler et al., 1994; Valentine and
Reeburgh, 2000), with organoclastic sulfate reduction as the dominant
terminal electron accepting pathway in anoxic marine sediments
(Jørgensen, 1982). Organoclastic sulfate reduction is the main vector of
sulfur removal from the oceanic sulfate reservoir at present
(Vairavamurthy et al., 1995; Bottrell and Newton, 2006). The reactions
of sulfide species (hydrogen sulfide, H2S; bisulfide, HS

−; sulfide, S2−

–here collectively referred to as sulfide) with pore-water ferrous iron
(Fe2+) and solid-phase iron (oxyhydr)oxides and the subsequent for-
mation of iron monosulfide (FeS), elemental sulfur (S0), and pyrite
(FeS2) transfer reduced sulfide into the solid-phase and eventually the
geological record (e.g., Berner, 1970, 1984; Wilkin and Barnes, 1996;
Rickard and Luther, 1997; Butler and Rickard, 2000; Schoonen, 2004).
The formation and burial of pyrite represents an important pathway for
the storage of reduced sulfur on geological time scales and, together
with the burial of organic carbon, contributes to the maintenance of an
oxidized surface on Earth (Berner, 1982, 1989; Berner and Raiswell,
1983; Hensen et al., 2003). Additionally, reduced sulfur is present in
marine sediments in the form of organically bound sulfur, such as or-
ganic sulfur compounds (OSC; Sinninghe Damste and de Leeuw, 1990;
Anderson and Pratt, 1995; Werne et al., 2004). These compounds form
by sulfurization reactions with sediment organic matter, involving
pore-water sulfide, intermediate sulfur species, such as polysulfides, or
S0 (see Sinninghe Damste et al., 1989; Sinninghe Damste and De Leeuw,
1990; Kohnen et al., 1989; Brüchert and Pratt, 1996; Werne et al., 2004,
2008; for review).

About 75–90% of sulfide produced during microbial sulfate reduc-
tion in continental shelf sediments undergoes re-oxidation, thus reg-
ulating pyrite burial in marine sediments (Jørgensen, 1982; Canfield,
1989; Jørgensen and Kasten, 2006). A variety of abiotic and biotic
sulfide oxidation pathways involving different electron acceptors are
known from oxic and anoxic marine environments (e.g., Jørgensen and
Nelson, 2004). Sulfide can undergo abiotic oxidation via reaction with
iron and manganese oxides (e.g., Aller et al., 1986; Aller, 2014). In
bioturbated sediments, solid-phase iron monosulfide and pyrite can
furthermore be oxidized via reaction with oxygen (Luther, 1987; Luther
and Church, 1988; Moses and Herman, 1991; Morse, 1991), nitrate
(mostly FeS), iron oxides or manganese oxides (Aller and Rude, 1988;
Canfield et al., 1993; Schippers and Jørgensen, 2001, 2002; Schippers,
2004; Mortimer et al., 2001). Reaction products of these oxidative
sulfur pathways are typically intermediate sulfur species, including
polysulfides, elemental sulfur, thiosulfate, polythionates and sulfite
(Jørgensen and Bak, 1991; Zopfi et al., 2004; Luther and Rickard, 2005;
Jørgensen and Kasten, 2006; Kamyshny, 2009). These intermediate
sulfur species can be further oxidized to sulfate by chemoautotrophic
bacteria using oxygen, nitrate or metal oxides (e.g., Fuseler and
Cypionka, 1995). In the absence of these oxidants, sulfur dis-
proportionating bacteria can access intermediate sulfur species to form
sulfate and sulfide (Bak and Cypionka, 1987; Krämer and Cypionka,
1989; Thamdrup et al., 1993; Finster et al., 1998).

In typical mid- to low-latitude continental shelf environments oxi-
dative sulfur cycling is most efficient in the surface centimeters of the
sediment where bioturbation provides ample oxidants for abiotic and
biotic sulfur oxidation reactions (e.g., Canfield et al., 1993; Thamdrup
et al., 1994). Below the surface layer, pore-water sulfide and solid-
phase pyrite often accumulate in these sediments although reoxidation
reactions likely continue to occur, albeit at lower rates than in surface
sediments. The biogeochemical setting of sedimentary environments in
some high latitude areas, especially glacially influenced fjords, may
deviate from this general pattern. These systems are often characterized

by very high detrital iron and manganese oxide accumulation rates
(Wehrmann et al., 2014), reflecting the input of dissolved and parti-
culate iron and manganese from glacial runoff to the fjords (e.g.,
Statham et al., 2008; Raiswell et al., 2006, 2008; Bhatia et al., 2013;
Wadham et al., 2013; Hawkings et al., 2014; Hodson et al., 2016). This
is accompanied by comparably low organic carbon input and by its
dilution in the sediment due to high influx of glacially derived clastic
material (Vandieken et al., 2006a; Wehrmann et al., 2014). Conse-
quently, dissimilatory iron and manganese reduction play an important
role in these environments, and pore-water iron and manganese con-
centrations are typically very high (Kostka et al., 1999; Vandieken
et al., 2006a, 2006b; Wehrmann et al., 2014). Sulfide produced during
organoclastic sulfate reduction may be rapidly recycled throughout the
sediment with little evidence for the occurrence of this mineralization
pathway in pore-water sulfide or sulfate concentration profiles
(Brüchert et al., 2001; Wehrmann et al., 2014). This is similar to the
iron-sulfur-carbon (Fe-S-C) dynamics previously described for Amazon
shelf muds where ferric iron (Fe(III)) is regenerated by periodic massive
resuspension of the sediment (Aller et al., 1986).

The existence of overlapping manganese, iron, and sulfur redox
zones in Arctic sediments can establish a reductive-oxidative sulfur
cycle that remains to a high degree hidden, a phenomenon that has
been observed in sediments below the sulfate-methane transition
(Holmkvist et al., 2011; Brunner et al., 2016), and in marine oxygen
minimum zones (Canfield et al., 2010a), coined cryptic sulfur cycling.
The question becomes how such sulfur cycling can be detected (i.e.,
what geochemical tracers are most sensitive), and how this cycle affects
biogeochemical signatures that are preserved in the sediment record
(i.e., what geochemical signatures are altered and preserved). In this
study, we investigate the biogeochemical cycling of sulfur linked to the
input of glacially delivered reactive iron and manganese oxide phases in
the sediments of three Arctic fjords with focus on the partitioning of
reduced sulfur compounds amongst the different solid-phase sulfur
pools, the sulfur isotope compositions of these pools, and the sulfur and
oxygen isotope records of sulfate preserved in the pore-waters. This
integrated approach provides an opportunity to measure the in-
stantaneous modern precursor sulfur species together with the final
product that is preserved in the geological record. Establishing these
links is necessary to more accurately interpret the sulfur geochemistry
preserved through time.

2. Study area and sampling sites

The three fjords investigated in this study - Smeerenburgfjorden,
Kongsfjorden, and Van Mijenfjorden - are located on the west coast of
Spitsbergen, which is the largest island of the Svalbard Archipelago,
located between 74° and 81°N in the northern Greenland Sea (Fig. 1a).
Svalbard has an area of 61,000 km2 of which more than half is covered
by polythermal and cold-based glaciers with thicknesses of> 100 m
(Hagen et al., 1993; König et al., 2014). Of the Svalbard glaciers that
are larger than 1 km2, < 20% terminate in tidewater (König et al.,
2014). Many of the tidewater glaciers are characterized by extensive
subglacial drainage systems, which deliver large amounts of suspended
material directly into the adjacent fjord waters (e.g., Hagen et al., 1993;
Hodgkins, 1997; Hodgkins et al., 2003; Rippin et al., 2003). The fjords
are also influenced by glacial runoff from land-terminating glaciers
which crosses proglacial plains (Hagen and Lefauconnier, 1995;
Hodgkins et al., 2009; Wadham et al., 2007).

Western Spitsbergen fjords are influenced by Atlantic Water, Arctic
waters and glacial meltwater (Cottier et al., 2005; Nilsen et al., 2008).
The Atlantic Water is delivered by the Western Spitsbergen Current and
by the Svalbard Branch flowing poleward along the continental slope
and western Svalbard shelf, and along the northern Svalbard slope,
respectively (Cottier et al., 2005; Manley, 1995; Ślubowska-Woldengen
et al., 2007). Intrusion of Atlantic Water across the shelf and into the
fjords begins rapidly in midsummer and initiates intense seasonal
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variability of hydrographic conditions (Cottier et al., 2005). The in-
fluence of the Atlantic Water is responsible for essentially ice-free
conditions west of the Svalbard shelf, the delivery of large amounts of
nutrients by deep convection (Popova et al., 2010), and a relatively
warm and variable climate as compared with other regions at the same
latitude (König et al., 2014). Bottom water temperatures during the
time of core collection are listed in Table 2. Commonly, the onset of the
spring bloom in Kongsfjorden and other western Svalbard fjords is in
May when ice cover starts to decrease (Eilertsen et al., 1989; Wiktor,
1999; Hop et al., 2002; Hegseth and Tverberg, 2013). However, in years
when there is little or no ice, or ice-free periods, April blooms can occur
depending on additional factors, particularly the inflow of Atlantic
Water (Hodal et al., 2012; Hegseth and Tverberg, 2013).

The three investigated fjords, Smeerenburgfjorden, Kongsfjorden
and Van Mijenfjorden display differences in the location and size of

local glaciers that introduce meltwater, in total glacial coverage, and in
bedrock composition of the catchment area (Table 1). Smeer-
enburgfjorden is a sound, open to the west and to the north, and its
main glacier, Smeerenburgbreen, is a tidewater glacier located at the
head of the fjord (Fig. 1b). The fjord is divided into three basins of up to
200 m water depth separated by large, often arcuate ridges. Sedi-
mentation of fine-grained, meltwater-derived silts and clays has led to a
smooth seafloor bathymetry in the outer basins. Holocene sediment
thickness in the outermost basin is 10 m and increases fjord-inward to
20 m mid-fjord and 30 m in the innermost basin (Velle, 2012).

The most prominent tidewater glaciers entering Kongsfjorden are
Kronebreen and Kongsvegen to the southeast and Blomstrandbreen to
the north (Błaszczyk et al., 2009) (Fig. 1c). The fjord is also influenced
by the Bayelva River, which provides glacial runoff to Kongsfjorden
from the large land-terminating glacier Austre Brøggebreen to the

Fig. 1. a) Map of the Svalbard archipelago showing the locations of Smeerenburgfjorden (SBF), Kongsfjorden (KF), and Van Mijenfjorden (VMF). Detailed maps of the fjords and the
sampling stations are presented in b) for Smeerenburgfjorden (Stations SBF-in, SBF-mid, and SBF-out) including the glacier-ocean interface (thick black line) of the tidewater glaciers
Scheibreen (SCB), Smeerenburgbreen (SB), Kennedybreen (KNB), and Sellstrømbreen (SSB), c) for Kongsfjorden (Stations KF-in, KF-mid1, and KF-mid2) including the glacier-ocean
interface of the tidewater glaciers Blomstrandbreen (BSB), Conwaybreen (CBR), Kongsbreen (KOB), and Kronebreen (KRB), and d) for Van Mijenfjorden (Stations VMF-in, VMF-mid, and
VMF-out) including the glacier-ocean interface of the tidewater glaciers Fridtjovbreen (FB), Paulabreen (PB), and Bakaninbreen (BB).
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south, and by runoff from further glaciers on the southern coast, in-
cluding Midre and Vestre Lovénbreen (Glasser and Hambrey, 2001).
The fjord has an outer and a central basin of> 350 m water depth
characterized by a smooth, flat seabed and an inner basin with a water
depth of< 100 m (Howe et al., 2003). Holocene sediments in the outer
and central basins have a thickness of< 10 m, while inner-fjord sedi-
ment cover is> 30 m thick (Howe et al., 2003).

Van Mijenfjorden is a large fjord that ends in two bays,
Braganzavågen to the north and Rindersbukta to the south.
Kjellströmdalen, a valley receiving glacial meltwater from several small
glaciers debouches into Braganzavågen, while Rindersbukta receives
direct input from three tidewater glaciers, Scheelebreen, Paulabreen
and Bakaninbreen (Fig. 1d). Van Mijenfjorden has limited commu-
nication with the ocean because of an outer sill formed by the island
Akseløya (Hald and Korsun, 2008). It can be divided into three basins
with a maximum depth of 112 m at the outer basin, 74 m in the middle
basin, and ~30 m in the inner basin (Hald and Korsun, 2008). The
inner and middle basins are primarily filled with glaciogenic sediments
with a thickness of> 30 m, while the outer basin is dominated by up to
20 m of glaciomarine sediments (Hald et al., 2001).

Several stations in Smeerenburgfjorden (SBF), Kongsfjorden (KF),
and Van Mijenfjorden (VMF) were sampled in August 2008 aboard RV
Farm (Fig. 1; Table 2). For simplicity, in this manuscript these stations
are labeled according to their location within the fjords, e.g., SBF-in,
SBF-mid, and SBF-out, for the inner, middle, and outer fjord stations at
Smeerenburgfjorden, respectively. In the case of Kongsfjorden, there is
a station proximal to the source of detrital input (KF-in), and two sta-
tions that are in the middle of the fjord (KF-mid1 and KF-mid2, Fig. 1c).
The locations have been visited repeatedly during a longstanding re-
search program (for example, Brüchert et al., 2001; Arnosti and
Jørgensen, 2006; Robador et al., 2009; Canion et al., 2014) and have
been reported using sampling station names that are different from the
labels used in this study. A list of program station names together with
our sampling site nomenclature can be found in Table 2.

3. Methods

3.1. Sample collection

Sediment cores were retrieved using a Haps corer (Ø 127 mm,
31.5 cm length; Kanneworff and Nicolaisen, 1983), except at SBF-out
where a core was taken with a Rumohr corer (Ø 100 mm, 120 cm
length; Mieschner and Rumohr, 1974). Cores were stored on deck
(< 5 °C) until arrival at the Research Station in Ny Ålesund where the
cores were subsampled. Bulk sediment samples were transferred into
50 mL centrifuge tubes with a depth resolution of 3 cm at all sites. Pore-
water was extracted from the sediment by centrifugation and aliquots
for pore-water sulfate and trace metal analyses were preserved with
zinc chloride (10%, v/v) and trace metal grade nitric acid (1.5%, v/v),
respectively. Sediment samples were subsequently stored in the dark
at< 5 °C.

3.2. Solid-phase analyses

Sedimentary total carbon (TC) and nitrogen (TN) contents were
determined with a Carlo Erba NA-1500 CNS analyzer on freeze-dried
samples. Total inorganic carbon (TIC) was analyzed using a CM 5012
CO2 coulometer (UIC) after acidification. The total organic carbon
(TOC) content was calculated as the difference between TC and TIC.
Analytical precision and accuracy determined by repeated analyses of
an in-house standard DAN-1 for these analyses were better than 5%.
The total organic carbon to nitrogen atomic ratio is displayed as C/N.

A four-step sequential extraction procedure was applied to freeze-
dried sediment samples to target different operationally-defined iron
mineral phases: Amorphous and nanoparticulate iron (oxyhydr)oxide
phases (Feox1) were extracted using an ascorbate solution (50 g L−1
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sodium citrate and 50 g L−1 sodium bicarbonate with 10 g L−1 of as-
corbic acid added, pH 7.5, 24 h) following the procedure of Raiswell
et al. (2008). Iron bound in carbonates was targeted with a sodium
acetate solution (Fecarb; 1 M sodium acetate buffered with acetic acid to
pH 4.5; 48 h) and crystalline iron (oxyhydr)oxides (Feox2) were ex-
tracted using a dithionite solution (50 g L−1 sodium dithionite buffered
to pH 4.8 with acetic acid and sodium citrate; 2 h; Poulton and
Canfield, 2005). Magnetite was extracted with an ammonium oxalate
solution (Femag; 0.2 M ammonium oxalate/0.17 M oxalic acid buffered
with ammonium hydroxide to pH 3.2; 6 h; Poulton and Canfield, 2005).
Extractions were done at room temperature by continuous shaking, and
aliquots were taken after centrifugation (5000 rpm, 5 min). All solu-
tions were freshly prepared prior to extraction, and reagent blanks were
taken. The same extraction procedure was also applied to extract
manganese phases from the freeze-dried sediment samples. Here, we
present the sum of the concentrations determined by these steps as
extractable manganese (Mnextr). All extracts were analyzed by atomic
absorption spectrometry (AAS) after 20-fold dilution. The ascorbate
step likely extracts a fraction (< 30%) of the sedimentary iron mono-
sulfide (AVS) pool (Kostka and Luther, 1994) and the subsequent so-
dium acetate step extracts the remainder of the AVS quantitatively
(Poulton and Canfield, 2005). For the Smeerenburgfjorden stations,
which contain significant concentrations of AVS in the sediment, Feox1
values thus slightly overestimate sedimentary amorphous and nano-
particulate iron (oxyhydr)oxide concentrations and the Fecarb fraction is
likely reflecting both carbonate-bound iron and AVS.

For elemental sulfur (S0) concentration analysis a Sykam pump
(S1100), a UV–Vis Detector (Sykam S3200), a Zorbax ODS-column
(125 × 4 mm, 5 μm; Knauer, Germany), and 100% methanol (HPLC
grade) at a flow rate of 1 mL per minute were employed following the
method of Zopfi et al. (2004) using ~1 g of freeze-dried sediment
(sample-to-extractant ratio ~1/10). Elemental sulfur was detected at
265 nm; the detection limit was about 1 μM, and the analytical preci-
sion of the method was± 0.5% SD.

A two-step distillation method with cold 2 M HCl followed by a
boiling 0.5 M CrCl2 solution was applied to frozen sediment samples to
determine the concentrations of AVS and chromium reducible sulfur
(CRS) (FeS2 and S0; Fossing and Jørgensen, 1989). Concentrations of
sulfide released during both distillation steps and trapped in zinc
acetate were measured spectrophotometrically according to Cline
(1969). Chromium reducible sulfur values were corrected for S0 values
determined in the methanol extraction and thus only represent FeS2.
The sediment remaining after Cr2+ distillation was triple washed with
deionized water, filtered, and dried in a dessicator, and the sulfur
content was analyzed with a Carlo Erba NA-1500 CNS analyzer. It is
assumed to represent sulfur bound in organic matter (Sorg) (Werne
et al., 2003). A small fraction of this pool may also represent elemental
sulfur (S0; also analyzed in a separate extraction step; see above) as the
Cr2+ distillation may not have quantitatively reduced all S0, especially
crystalline, rhombic elemental cyclooctasulfur (e.g., Fossing and
Jørgensen, 1989; Gröger et al., 2009). However, the Cr2+ distillation
likely extracted finely dispersed (and more prevalent) elemental sulfur

formed in-situ in the sediment. We present the organic carbon to or-
ganic sulfur ratio as C/S. We plot C/S values against C/N values to
explore whether trends in Sorg concentrations within the three fjords are
due to changes in the rate or pathways of sedimentary biogeochemical
processes, or a function of dilution by lithogenic material.

3.3. Pore-water analyses

Sulfate concentrations were obtained after 100:1 dilution by non-
suppressed anion exchange chromatography as described in Ferdelman
et al. (1997) with IAPSO standard seawater (Canada) as reference
standard. Chloride concentrations were not analyzed since samples
were fixed with ZnCl2. Analyses of pore-water dissolved iron (Fediss)
and manganese (Mndiss) concentrations were conducted on acidified
pore-water aliquots after 10:1 dilution by inductively coupled plasma
optical emission spectroscopy (ICP-OES; Leibniz Institute for Baltic Sea
Research, Warnemünde) using CASS-4 as a reference standard. Preci-
sion (2σ) for ICP-OES was< 4% for all elements.

3.4. Isotope analyses

The stable sulfur isotope composition of pore-water sulfate, AVS,
CRS, and Sorg, is reported with respect to Vienna Canyon Diablo Troilite
(VCDT) and the oxygen isotope composition of sulfate is reported with
respect to Vienna Standard Mean Ocean Water (VSMOW) in the
conventional delta notation. For the determination of the oxygen and
sulfur isotope composition of sulfate, ZnCl2-fixed aliquots were soni-
cated and filtered (0.45 μm) to remove ZnS. BaCl2-solution (1 M,
0.3 mL) was added to HCl-acidified filtered samples to precipitate
BaSO4. Precipitates were washed several times with deionized water
and dried. For isotope analysis of AVS and CRS, ZnS precipitates were
converted to Ag2S by treatment with 5% AgNO3 and subsequently
washed with 1 M NH4OH to remove any colloidal silver. Sulfur isotope
ratios were measured by weighing 0.4–0.6 mg of BaSO4, 0.2–0.4 mg
Ag2S or 10–20 mg of Sorg (residual material after chromium reduction;
see Section 3.2) with an excess amount V2O5 into a tin capsule and
combustion at 1060 °C in an elemental analyzer (EURO EA Elemental
Analyzer) to produce SO2. The evolved SO2 was carried by a helium
stream through a GC column, Finnigan Conflo III, and into a Finnigan
Delta V stable isotope ratio mass spectrometer to determine δ34S. The
sulfur isotope measurements were calibrated with reference materials
NBS-127 (δ34S = +21.1‰) and IAEA-SO-6 (δ34S =−34.1‰). A
silver sulfide laboratory standard (δ34S = +4.8‰, calibrated with
AgS2 standards) was repeatedly measured. In different measurement
runs a δ34S value of +4.9‰ to +5.1‰ was obtained. Consequently, an
additional correction, i.e. the subtraction of 0.1‰ to 0.3‰ was per-
formed on the AgS2 samples. For oxygen isotope analyses, 0.3–0.4 mg
of BaSO4 was weighed into a silver capsule. The sample was car-
bothermically reduced at 1450 °C in a TC/EA (Thermo-Fisher) to yield
carbon monoxide gas, which was analyzed in continuous flow mode
with a Finnigan Delta V stable isotope mass spectrometer. The analy-
tical reproducibility (σ1) of the isotope data based on repeated

Table 2

Station name, sampling location, water depth, and bottom water temperature of the stations sampled in Smeerenburgfjorden, Kongsfjorden and Van Mijenfjorden.

Fjord Station Program station name Location Water depth [m] Bottom water temperature [0C]

Smeerenburgfjorden SBF-in GK 79°38,49 N 11°20,97E 175 1.9
SBF-mid GJ 79°39,75 N 11°12,82E 132 2.1
SBF-out J 79°42,83 N 11°05,10E 214 3.3

Kongsfjorden KF-in Q 78°59,43 N 12°17,87E 51 1.8
KF-mid 1 P 78°57,87 N 12°15,14E 88 1.1
KF-mid 2 R 78°57,42 N 12°09,66E 83 2.3

Van Mijenfjorden VMF-in AF 77°50,02 N 16°33,96E 67 −0.8
VMF-mid GC 77°50,09 N 15°58,90E 31 2.7
VMF-out AH 77°45,82 N 15°03,82E 117 −0.7
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measurements of laboratory standards was± 0.2‰ for δ34S and±
0.8‰ for δ18O. The oxygen isotope measurements were calibrated
with reference materials NBS-127 (δ18O = 8.6‰), IAEA-SO-5
(δ18O = 12.0‰) and IAEA-SO-6 (δ18O =−11.3‰).

For triple sulfur isotope analyses, sulfur-containing samples were
transformed to silver sulfide, which was converted to sulfur hexa-
fluoride. Details of this procedure are reported in Zerkle et al. (2010).
The isotopic abundance of the SF6 was analyzed on a Finnigan MAT 253
dual inlet mass spectrometer at m/e- values of 127, 128, and 129
(32SF5

+, 33SF5
+, 34SF5

+, and 36SF5
+). Typical standard deviations

between analyses of δ
34S and Δ33S were 0.02–0.05‰, 0.01–0.02‰,

respectively. Long-term reproducibility for lab standards are 0.14‰ for
δ34S and 0.008‰ for Δ33S. Isotopic measurements are reported on a
VCDT scale, assuming the composition of IAEA S-1 is δ34S =−0.30‰
and Δ33S = 0.094‰:

= −S R R R R∆ ( ) ( )sample VCDT sample VCDT
33 33 33 34 34 0.515 (1)

where 3XRsample is the isotopic ratio of a sample:

= =R S S (for 3X 33 or 34)3X 3X 32 (2)

and 3XRVCDT is the isotopic ratio of the starting sulfide relative to VCDT.

4. Results

4.1. Solid-phase composition

The sedimentary carbon and nitrogen contents reveal distinct dif-
ferences between the three fjords. Sedimentary TOC contents ranged
from 0.85 wt% at SBF-in to 1.60 wt% at SBF-out in
Smeerenburgfjorden, from 0.48 wt% at KF-in to 0.82 wt% at KF-mid2
in Kongsfjorden, and from 2.07 wt% at VMF-in to 1.88 wt% at VMF-mid
in Van Mijenfjorden (Table 3). Sedimentary TIC concentrations gen-
erally increased fjord-outward in all fjords with average values of
0.34–0.55 wt% in Smeerenburgfjorden, 1.26–2.23 wt% in Kongsf-
jorden, and 0.01–0.07 wt% in Van Mijenfjorden. Molar C/N ratios of
sediment were ~9 in Smeerenburgfjorden, 19–22 in Kongsfjorden, and
15–20 in Van Mijenfjorden (Table 3).

Contents of iron extracted in the Feox1 fraction were 0.11–0.22 wt%
at SBF-in and SBF-mid, and more variable with values of 0.03–0.28 wt%
at SBF-out (Fig. 2a). All Kongsfjorden sites displayed Feox1 values of
0.08–0.13 wt% with little depth variation (Fig. 2e). Van Mijenfjorden
stations were characterized by slightly higher Feox1 values, especially in
the surface sediment, of up to 0.45 wt% (Fig. 2e, i). Variations in car-
bonate-bound Fe (Fecarb) values of fjord sediments were more pro-
nounced between the fjords with values< 0.16 wt% in Smeer-
enburgfjorden, ~0.6 wt% in Kongsfjorden, and 0.75–1.39 wt% in Van
Mijenfjorden (Fig. 2b, f, j). Generally, at all stations Fecarb values

remained almost constant with depth. Large differences between the
fjords were observed in sedimentary Feox2 contents. Smeer-
enburgfjorden sediments had Feox2 contents of 0.10–0.16 wt%,
Kongsfjorden 0.61–1.08 wt%, and Van Mijenfjorden 1.24–2.07 wt%
(Fig. 2c, g, k). Magnetite concentrations (Femag) of Smeerenburgfjorden
sediments were uniformly low at ~0.15 wt% (Fig. 2d). In Kongsfjorden,
Femag values were in the range of 0.54–0.94 wt% with no clear differ-
ences between the stations (Fig. 2h). Femag values in Van Mijenfjorden
were elevated at VMF-in (0.68–1.04 wt%) compared to VMF-mid which
had contents of ~0.12 wt% (Fig. 2l).

Solid-phase Mnextr contents ranged from values< 0.015 wt% in
Smeerenburgfjorden (Fig. 3a), to 0.01–0.07 wt% in Kongsfjorden
(Fig. 3b), and 0.01–0.64 wt% in Van Mijenfjorden. At the Van Mi-
jenfjorden stations values were highest in the topmost 4 cm and de-
creased to values ~0.02 wt% in the deepest sections of the cores
(Fig. 3c).

Contents of AVS in sediments of Station SBF-in showed little var-
iation with depth, while at SBF-mid and SBF-out AVS increased with
depth with a maximum value of 0.6 wt% observed in the deepest sec-
tion of the SBF-out core (Fig. 4a). In contrast, AVS values at all
Kongsfjorden and Van Mijenfjorden stations were below 0.03 wt%
(Fig. 4e, i) with only subtle increases with depth. Similarly, solid-phase
CRS concentrations at all Smeerenburgfjorden stations showed pro-
nounced increases with depth; at SBF-out, CRS values reached 0.67 wt
% (Fig. 4b). CRS concentrations ranged from 0.01 to 0.05 wt% at all
Kongsfjorden and Van Mijenfjorden stations (Fig. 4f, i).

Elemental sulfur concentrations in Smeerenburgfjorden sediments
increased with depth at all stations. SBF-out S0 values reached 0.15 wt
% in the deepest section analyzed (Fig. 4c). At the other fjords, in-
creased S0 values were only detected at KF-mid2 (maximum value
0.024 wt%) in Kongsfjorden and VMF-out (maximum value 0.032 wt%)
in Van Mijenfjorden (Fig. 4g, k), while values were below 0.0025 wt%
at all other stations.

At all stations Sorg contents showed little variation with depth.
Average Sorg contents in Smeerenburgfjorden sediments increased sea-
ward from values of ~0.015 wt% at SBF-in to values of ~0.03 wt% at
SBF-out (Fig. 4d). At all Kongsfjorden stations, Sorg values were<
0.01 wt% (Fig. 4h). At all Van Mijenfjorden stations sedimentary Sorg
values were in the range of 0.021–0.025 wt% (Fig. 4j). Molar C/S ratios
were in a range of 125–175 at the Smeerenburgfjorden stations,
190–270 at the Van Mijenfjorden stations, and exhibited a more scat-
tered distribution at the Kongsfjorden stations of 340–620 (Fig. 5).

4.2. Pore-water composition

The sulfate concentration measurements for all stations scattered
over a wide range, with values that greatly exceeded the sulfate con-
centration of seawater (data not shown). These fluctuations are not
mirrored in the sulfate isotope composition trends, and are not com-
patible with sulfate concentration profiles from stations that have been
sampled during other campaigns. For example, Wehrmann et al. (2014)
analyzed pore-water sulfate concentrations with depth at two stations
in Kongsfjorden, including KF-in, and three stations in Smeer-
enburgfjorden, including SBF-in and SBF-out. The study displayed sul-
fate profiles for Kongsfjorden sediments that reflect typical marine
values of ~28.2 mM with< 1 mM variation with depth, and profiles
for the Smeerenburgfjorden stations that showed pronounced, con-
tinuous decreases with depth from typical seawater values at the sedi-
ment-water interface to values ~24 mM below 25 cmbsf at SBF-out (see
Fig. S1a). Results from a previous analysis of pore-waters from Van
Mijenfjorden VMF-out displayed sulfate concentrations of ~28.3 mM
with< 0.5 mM variation in the topmost 30 cm of the sediment (Fig.
S1c). Sulfate concentration analyses of cores retrieved during a sam-
pling campaign in Summer 2016 also displayed< 1 mM variation in
the top 30 cmbsf at stations KF-mid1 and VMF-in (Fig. S1b, c). This
leads us to conclude that either sampling or measuring artifacts

Table 3

Total organic carbon (TOC), total inorganic carbon (TIC), total nitrogen (TN), organic
carbon to nitrogen ratios (C/N ratios), and organic carbon to organic sulfur (C/S ratio;
Sorg determined on residue of two-step AVS-CRS distillation method) at the stations
sampled in Smeerenburgfjorden, Kongsfjorden and Van Mijenfjorden (mean values for the
top 20 cm).

Fjord Station TOC
[wt%]

TIC
[wt
%]

TN
[wt
%]

C/N ratio
[mol/
mol]

C/S ratio
[mol/
mol]

Smeerenburgfjorden SBF-in 0.85 0.34 0.11 9 157
SBF-mid 1.09 0.44 0.14 9 151
SBF-out 1.60 0.55 0.20 9 143

Kongsfjorden KF-in 0.48 1.26 0.03 19 545
KF-mid 1 0.62 2.08 0.04 19 442
KF-mid 2 0.82 2.23 0.04 22 403

Van Mijenfjorden VMF-in 2.07 0.01 0.12 20 256
VMF-mid 1.85 0.01 0.12 18 213
VMF-out 1.88 0.07 0.15 15 209
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impacted the sulfate concentration measurements. The isotope com-
position of sulfate (see below) does not scatter in a similar way, sug-
gesting that the high sulfate concentrations did not jeopardize the iso-
tope composition measurements. The origin for the artifact is not
known; a potential cause could be errors during pipetting of the sample
or addition of ZnCl2 solution (dilution error). This error only affected
the sulfate samples since the pore-water metal concentrations were
analyzed in a different aliquot preserved with nitric acid.

At Smeerenburgfjorden station SBF-in, dissolved iron (Fediss)

concentrations show a peak with a maximum value of 460 μM at ~6
cmbsf and decreasing concentrations below this depth (Fig. 6a). At SBF-
mid, Fediss concentrations were< 50 μM. Concentrations at SBF-out
were highest in the uppermost layer with a value of 130 μM and de-
creased to values< 20 μM below (Fig. 6a). At SBF-in, Mndiss con-
centrations increased below 3 cmbsf to a maximum value of 50 μM
before decreasing below this depth (Fig. 6b). At SBF-mid and SBF-out,
Mndiss concentrations were mostly< 10 μM.

At Kongsfjorden stations KF-in and KF-mid2, Fediss concentrations

Fig. 2. Concentrations of amorphous and nanoparticulate iron (oxyhydr)oxide phases (Feox1), iron bound in carbonates (Fecarb), crystalline iron (oxyhydr)oxides (Feox2), and magnetite
(Femag) with depth at the (a-d) Smeerenburgfjorden stations, (e-h) Kongsfjorden stations, and (i-l) Van Mijenfjorden stations.
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were between 20 and 240 μM but mostly remained at
concentrations> 100 μM throughout the cores. Fediss concentrations at
KF-mid1 were higher than at stations KF-in and KF-mid2, showing a
steep increase in the top 3 cm and almost constant concentrations
~290 μM below (Fig. 6c). Mndiss concentrations in Kongsfjorden sedi-
ments were highest at KF-in with maximum values ~36 μM at 7–10 cm,
between 15 and 20 μM at KF-mid1, and lowest at KF-mid2 not ex-
ceeding 12 μM (Fig. 6d).

Van Mijenfjorden sediments display highest Fediss concentrations. At
VMF-mid and VMF-out the Fediss concentrations were below detection
in the surface sediment but increased steeply below 0.5 and 6 cmbsf,
respectively, to concentrations exceeding 850 μM at VMF-mid and
460 μM at VMF-in (Fig. 6e). Fediss concentrations at VMF-out were in
the range of 100–310 μM (Fig. 6e). Mndiss concentrations at VMF-in and
VMF-mid were an order of magnitude higher than concentrations at
stations of the other fjords. At VMF-in, Mndiss concentrations increased
steeply in the surface 10 cm to values exceeding 650 μM, and decreased
slightly below this depth (Fig. 6f). A similar but less pronounced trend
was observed at VMF-mid where maximum concentrations reached
270 μM. At VMF-out Mndiss concentrations were in the range of
60–100 μM (Fig. 6f).

4.3. Stable isotope composition

Sulfur and oxygen isotope values of pore-water sulfate display clear
trends toward heavier isotopes with increasing burial depth at the
Smeerenburgfjorden stations, with values reaching +22.2‰ for δ34S-
SO4

2− and +11.0‰ for δ18O-SO4
2− in the deepest sediment section of

SBF-in and similar distributions at the other Smeerenburgfjorden sta-
tions (Fig. 7a, b).

These trends are reflected in a concomitant linear relationship in the
δ18O-δ34S plot (Fig. 7c). Such trends are typical for sulfate removal by
microbial sulfate reduction, and are expected to coincide with lower
sulfate concentrations with increasing sediment depth (Böttcher et al.,
1998; Böttcher et al., 1999; Aharon and Fu, 2000; Mandernack et al.,
2003; Brunner et al., 2005; Antler et al., 2013). Due to the scatter in the
sulfate concentration data, it is not possible to assess the degree of
sulfate depletion at the time of sampling. However, from other cam-
paigns, it is known that sulfate levels decrease from 27.8 mM at 1 cmbsf
to 26.4 mM at 11cmbf at SBF-in and from 27.8 mM at 1 cmbsf to
23.8 mM at 30 cmbsf at SMF-out (Fig. S1a; Wehrmann et al., 2014); a
similar distribution can be expected for the near-by SMF-mid.

At Kongsfjorden station KF-in sulfur and oxygen isotope values of
sulfate changed little with depth, while at KF-mid1 and KF-mid2 en-
richments in 34S and 18O were observed below 8 cmbsf and 13 cmbsf,
respectively, with values of 22.6‰ for δ34S-SO4

2− and 11.0‰ for δ18O-
SO4

2− in the deepest cored sediment at KF-2 (Fig. 7d, e). At Van

Mijenfjorden stations VMF-in and VMF-mid sulfur and oxygen isotope
values of sulfate also displayed little change with depth (Fig. 7g, h);
subtle 34S and 18O enrichments were detected at VMF-out below 10
cmbsf (Fig. 7c, d).

We note that not all δ18O and δ34S values of sulfate closest to the
sediment-water interface reflect modern seawater sulfate values (ap-
proximately 21‰ and 8.6‰). Such deviations in the oxygen and sulfur
isotope composition of sulfate from seawater values can be caused by
input of sulfate by glacial runoff, for example derived from the oxida-
tion of pyrite within the bedrock. This process has been shown to
produce sulfate that is isotopically enriched in 18O and depleted in 34S
compared to seawater sulfate (Wadham et al., 2004).

The sulfur stable isotope profiles of sedimentary AVS and CRS at
SBF-out were almost identical, with values mostly between −20 and
−30‰, while δ34S-Sorg determined at 10 cmbsf was ~−8‰ (Fig. 8a).
An offset between the sulfur isotope composition of AVS and CRS of ~
+10‰ was observed below 8 cm at KF-in and VMF-out (Fig. 8b, c).
Sulfur isotope values of Sorg were ~0‰ at KF-mid2 and ~−4‰ at
VMF-out and remained almost constant with depth (Fig. 8b, c).

At VMF-out, the lowest Δ33S values were detected for sulfate
(0.012–0.030‰), followed by the Δ33S values for CRS
(0.028–0.076‰); the AVS pool had the highest Δ33S values, in the
0.076–0.118‰ range (Table 4).

5. Discussion

5.1. Input of glacially derived iron oxide phases, organic matter, and CRS to

fjord sediments

Glacially influenced fjords often receive a high loading of dissolved
and particulate iron from glacial runoff (e.g., Statham et al., 2008;
Raiswell et al., 2006, 2008; Bhatia et al., 2013; Wadham et al., 2013;
Hawkings et al., 2014). The extent of this input is strongly controlled by
discharge volume and suspended load of the glacial runoff, composition
of the subglacial bedrock, and diagenetic processes in glacial flood-
plains (Wehrmann et al., 2014; Hodson et al., 2016). The three in-
vestigated fjords display a distinct trend in the sedimentary con-
centrations of easily reducible and reducible particulate iron phases
from lowest contents at Smeerenburgfjorden to greatest contents at Van
Mijenfjorden. These phases typically encompass amorphous and nano-
particulate iron (oxyhydr)oxide phases (Feox1), e.g., ferrihydrite
(Raiswell et al., 2010) and crystalline iron (oxyhydr)oxides (Feox2) such
as goethite (Mehra and Jackson, 1960; Lord, 1980; Poulton and
Canfield, 2005; Fig. 2). This trend likely reflects differences in the iron
content of the local bedrock, which ranges from (low-iron) gneisses and
migmatites at Smeerenburgfjorden to sandstones and shales at
Kongsfjorden and Van Mijenfjorden (see Table 1 for details on bedrock

Fig. 3. Concentrations of extractable manganese phases (Mnextr)
with depth at the a) Smeerenburgfjorden stations, b)
Kongsfjorden stations, and c) Van Mijenfjorden stations.
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compositions), and variations in the size of the glacial catchment areas
(Table 1; Wehrmann et al., 2014).

The varying imprint of the local glaciers on the sediment character-
istics of the three fjords is also observed in different TOC contents and C/
N ratios (Table 3; Fig. 3). The more limited runoff of meltwater from
glaciers into Smeerenburgfjorden and the faster exchange of seawater
with the open ocean results in sedimentary C/N ratios that are typical for
organic matter derived from marine phytoplankton (Meyers, 1994). In
contrast, higher sedimentary C/N ratios at Kongsfjorden and Van

Mijenfjorden are likely indicative of the additional input of terrestrial
organic matter (OM; Hebbeln and Berner, 1993; Wagner and Dupont,
1999; Meyers, 1994; Wehrmann et al., 2014; Koziorowska et al., 2016).
This terrestrial organic matter can be fresh terrestrial biomass, soil-de-
rived, coal-derived or ancient OM, which is likely derived from pre-aged
soil or potentially ancient marine sediments presently covered by glaciers
(Kim et al., 2011; Kuliński et al., 2014; Koziorowska et al., 2016;
Zaborska et al. in press). A previous study suggested that the contribution
of (modern) soil-derived OM to Kongsfjorden sediments is of minor

Fig. 4. Concentrations of acid volatile sulfide (AVS), chromium reducible sulfur (CRS), elemental sulfur (S0), and organic matter-bound sulfur (Sorg) with depth at the (a-d)
Smeerenburgfjorden stations, (e-h) Kongsfjorden stations, and (i-l) Van Mijenfjorden stations. Note difference in scale for Smeerenburgfjorden AVS and CRS plots as compared to
Kongsfjorden and Van Mijenfjorden. All values are in wt% dry weight.
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importance, but that ancient OM contributes up to 91% of sedimentary
OM in the innermost Kongsfjorden area at the Kongsvegen glacier front,
and 40–60% to sedimentary OM in the inner Kongsfjorden area where
KF-mid1 and KF-mid2 are located (Kim et al., 2011). Concomitantly,
marine OM constitutes< 20% of the sedimentary OM in the inner
Kongsfjorden area (Kim et al., 2011). Although values for the contribu-
tion of terrestrial OM to sediments in Van Mijenfjorden are not available,
a recent study on Adventfjorden, which is located to the north of Van
Mijenfjorden and characterized by the same bedrock composition of the
Adventdalen and Van Mijenfjorden Groups (Dallmann, 1999), provides
evidence for a terrestrial OM contribution to the sedimentary OM pool of
82–83% (Koziorowska et al., 2016). Seaward increases in TOC contents
at Smeerenburgfjorden and Kongsfjorden likely reflect increasing pri-
mary productivity in the water column away from turbid meltwater (Hop
et al., 2002) and decreasing dilution of the total organic carbon pool by
glacially derived material, and thus likely also a decreasing contribution
of terrestrial TOC to the total TOC pool, especially at Kongsfjorden
(Zaborska et al. in press). Similarly, the contribution of terrestrial TOC to
Van Mijenfjorden also decreases seaward as indicated by the decreasing
C/N ratio, although TOC values slightly decrease along the fjord axis
(Table 3). The terrestrial, ancient organic matter is likely very re-
calcitrant, while the marine organic matter is more easily degradable.
The differences in the composition of organic matter for the different
fjords become most evident in C/S vs. C/N plots (Fig. 5). For Smeer-
enburgfjorden all data fall in a small cluster with low C/N and C/S ratios
(7–12, and 125–175, respectively). For Van Mijenfjorden, the data fall in
distinct clusters with VMF-out (14–16, and 190–230, respectively) plot-
ting closest to the Smeerenburgfjorden cluster, followed by VMF-mid,
and VMF-in (19–20, and 240–270, respectively). The data scatter most
strongly for Kongsfjorden, with C/N ratios of 16–25 and C/S ratios of
340–620 (with one exception of 120) for bulk sediment.

In light of these findings, it is not surprising that a portion of the
organically bound sulfur (Sorg) and CRS (i.e., pyrite) is likely also of
detrital origin (see Brüchert et al., 2001; Wehrmann et al., 2014). Pyrite
and organically bound sulfur are present in all surface sediments, and
for the majority of the investigated stations there is neither evidence for
an increase in CRS contents with depth (KF-in, KF-mid1, and all sites in
Van Mijenfjorden; Fig. 4), nor is there evidence for an increase in or-
ganic matter-bound sulfur with depth at any of the stations (Fig. 4).
Wehrmann et al. (2014) identified highly variable sulfur isotope values
of CRS in surface sediments of different stations within Kongsfjorden as
evidence for the input of detrital pyrite from varying bedrock sources
(medium-grade metamorphic rocks of Middle Proterozoic Age vs. De-
vonian sandstones vs. Late Paleozoic sedimentary rocks). We collected a
small set of samples of surrounding detrital source rocks in Zeppe-
linfjället, located on the southern side of Kongsfjorden, and determined
their sulfur isotope composition. Results show that weathering and
runoff of pyrite from these rocks delivers an isotopically heavy fraction
of pyrite to the fjord sediment that can help explain the comparably

heavy sedimentary sulfur isotope values of pyrite compared to the AVS
pool at KF-mid2, and – due to the same mechanism – at VMF-out
(Table 5; Fig. 8). This does not mean that no new CRS or organically
bound sulfur is generated within the sediment at the aforementioned
stations, but it demonstrates that a fraction of the sulfur is detrital and
may mask signals derived from authigenic CRS and Sorg (Fig. 4). This
complication is important, because compared to other sulfur com-
pounds, such as iron monosulfide or elemental sulfur, organically
bound sulfur and CRS have a greater potential to be preserved over long
timescales, and become part of the geological archive.

Fig. 5. Plot of average molar organic carbon to nitrogen ratios (C/N) versus molar or-
ganic carbon to organic sulfur ratios (C/S) for each station in the three investigated fjords.

Fig. 6. Pore-water dissolved iron (Fediss) and manganese (Mndiss) concentrations with
depth at the (a, b) Smeerenburgfjorden stations, (c, d) Kongsfjorden stations, and (e, f)
Van Mijenfjorden stations.
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5.2. Role of iron and manganese oxides in controlling biogeochemical

reactions of the sedimentary sulfur cycle

Amongst the key questions regarding the biogeochemical sulfur and
iron cycling in the investigated fjords are (i) how do variations in the
extent and reaction pathways of sulfur cycling linked to iron and other
potential oxidants in the surface sediment modulate the content and

isotope signature of sulfur compounds, and (ii) how are associated
biogeochemical signatures preserved on different timescales? A
straightforward way to find a preliminary answer to the first question is
to interpret patterns in δ18O vs. δ34S plots of pore-water sulfate (Fig. 7c,
f, i). Such graphs provide several pieces of information; i) for most sites,
the spread in the data exceeds the measurement error (one exception is
VMF-in) and ii) enrichments in 18O tend to coincide with enrichments

Fig. 7. Stable sulfur and oxygen isotope composition of pore-water sulfate with depth and δ18O-SO4 versus δ34S-SO4 plots at (a-c) Smeerenburgfjorden stations, (d-f) Kongsfjorden
stations, and (g-i) Van Mijenfjorden stations.
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in 34S. The latter is a trend typical for sulfate reduction in marine se-
diments (Böttcher et al., 1998; Böttcher et al., 1999; Aharon and Fu,
2000; Mandernack et al., 2003; Brunner et al., 2005; Antler et al.,
2013). The former simply implies that some form of sulfur cycling,
including possibilities such as reductive, oxidative, diffusive or ad-
vective turnover, must be active to result in a data spread that is larger
than the measurement error. From this quick assessment one can con-
clude that sulfur cycling must be taking place at most of the in-
vestigated sites, however, it does not provide insight into the mechanics
or rates of this cycling. Here, the gathered holistic data set with the
observed differences in sedimentary iron (and manganese) oxide con-
centrations amongst the three fjords allows us to investigate potential
variations in the biogeochemical interactions of the S-Fe-Mn system as a
function of glacially derived iron and manganese oxide availability in
fjord sediments, and to decipher the resulting imprint on sulfur (and
oxygen) isotopic signals of a range of sulfur species. Based on the re-
lationship between iron and sulfur species observed at the different
sites, we group these nine stations into the three categories described

below.

5.2.1. Low pore-water iron, high sedimentary sulfur (low-Fe2+/high-S)

end-member stations in Smeerenburgfjorden

At Smeerenburgfjorden stations SBF-mid and SBF-out, pore-water
iron and manganese concentrations show a sharp decline below the top
3 cm to values< 40 μM (Fig. 6a, b); sedimentary AVS, CRS, and S0

concentrations increase below this depth (Fig. 4a–c). At station SBF-in,
pore-water metal concentrations remain slightly elevated (Fig. 6a, b),
CRS and S0 concentrations also increase with depth (Fig. 4a–c).

At the three Smeerenburgfjorden stations, Fe2+ is likely produced
during dissimilatory iron reduction in the topmost layer of the sediment
and subsequently scavenged by reactions with sulfur species in deeper
sediment. Previous studies at SBF-out have shown that dissimilatory
iron reduction contributes 13% to organic carbon mineralization in the
top 10 cm of the sediment and that elevated sulfate reduction rates of
~15 nmol cm−3 d−1 are found below 2 cmbsf (Vandieken et al.,
2006a). Sulfide, produced during organoclastic sulfate reduction within
and below this surface zone, reacts with Fe2+ to form iron monosulfide
(AVS) (Eq. (3)):

+ → ++ +H S Fe FeS 2 H2
2 (3)

When Fe2+ is depleted, sulfide can reduce reactive iron mineral
phases with subsequent AVS and S0 formation in a two-step process
involving the production of Fe2+ as an intermediate, following the net
equation (Eq. (4); Canfield, 1989):

+ → + +3 H S 2 FeOOH 2 FeS S 4 H O2
0

2 (4)

Increasing sulfide concentrations from 2 μM at 13 cmbsf to 306 μM
at 43 cmbsf have previously been reported for sediments at SBF-out
while no sulfide was detected at SBF-in (Wehrmann et al., 2014). Zero-
valent sulfur, and ultimately S0 is likely also formed by incomplete
oxidation of sulfide with nitrate (Schippers and Jørgensen, 2001). The
formation of S0 is evidenced by increasing S0 concentrations with depth
at all Smeerenburgfjorden stations (Fig. 4c). Both AVS and S0 can
subsequently take part in pyrite formation. Iron monosulfide, (i.e. AVS)
can react directly with sulfide to form pyrite (i.e. CRS) following Eq. (5)
(Rickard and Luther, 1997),

+ → +FeS H S FeS H2 2 2 (5)

or S0 can interact with sulfide to form polysulfides, which then take part
in a reaction with AVS to form pyrite (Luther, 1991; Schoonen and
Barnes, 1991; Wilkin and Barnes, 1996).

Additionally, polysulfides and other intermediate sulfide oxidation
products can catalyze the sulfurization of labile organic matter to OSC
(e.g., Vairavamurthy and Mopper, 1987; Sinninghe Damste and de

Fig. 8. Sulfur isotope composition of AVS, CRS, Sorg, and sulfate at a) Smeerenburgfjorden Station SMF-out, b) Kongsfjorden Station KF-mid2, and c) Van Mijenfjorden Station VMF-out.

Table 4

Δ33S values for sulfate, acid-volatile sulfide (AVS), and chromium reducible sulfur (CRS)
at Station VMF-out with depth.

Sediment depth Δ33S-SO4
2− Δ33S-AVS Δ33S-CRS

0 0.001
3 0.016 0.028
6 0.015 0.072
9 0.023 0.107 0.076
10 0.012
12 0.030 0.076 0.035
15 0.027 0.118 0.059
18 0.111 0.062

Table 5

Sulfur isotope composition of chromium reducible sulfur (δ34S-CRS) of rock samples
collected in Zeppelinfjället, Kongsfjorden.

Sample description δ34S-CRS

Gneiss 17.0
Marlstone 6.5
Basaltic Lava −0.1
Fine-grained red siltsone, weakly metamorphosed −5.0
Coal 2.2
Basaltic Lava with idiomorphic inclusions 0.4
Pyroclastic breccia 38.4
Pegmatite with inclusions (pyrite, chlorite, epidote or sulfur) 15.1
Fine-grained grey-green siltsone, weakly metamorphosed −1.2
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Leeuw, 1990; Werne et al., 2000, 2008). Recent studies have shown
that this process appears to be prevalent in sediment zones where the
presence of S0 and hydrogen sulfide promote the formation of poly-
sulfides (e.g., Werne et al., 2008; Riedinger et al., 2017). These settings
are similar to the deeper sediments at the Smeerenburgfjorden stations,
especially SBF-out. While an increase in Sorg concentrations is not ob-
served at this station (Fig. 4), δ34S- Sorg values indicate that organically
bound sulfur becomes slightly more depleted in 34S with depth
(Fig. 8a). To explain similar trends in surface sediments of a Scottish
fjord, Bottrell et al. (2009) proposed that some sedimentary organo-
sulfur compounds may undergo exchange with dissolved H2S, or that
there is a steady state between the mineralization of original OSCs and
the formation of new compounds that are characterized by a lighter
sulfur isotope composition.

Differences in pore-water iron and sulfide concentrations between
the three stations can be explained by higher contents of reactive iron
phases at SBF-in compared to SBF-mid and SBF-out, as Wehrmann et al.
(2014) previously showed that iron oxide accumulation rates in western
Svalbard fjords generally decrease with increasing distance from the
glaciers. This difference in iron oxide accumulation likely extends the
zone of dissimilatory iron reduction in the surface zone of SBF-in while
at the same time providing a larger amount of reducible iron oxide
phases for reaction with sulfide. Due to the very low concentration of
Mnextr, biogeochemical manganese cycling is likely of limited im-
portance in Smeerenburgfjorden sediments (Fig. 3a). This is in ac-
cordance with the results from incubation experiments with sediment
from SBF-out by Vandieken et al. (2006a) who found low, yet detect-
able Mn(IV) reduction, but only in the uppermost 1.5 cm of the sedi-
ment.

At the three Smeerenburgfjorden stations the sulfur transformations
leave a distinct imprint in the isotope composition of sulfate, with en-
richments in 34S and 18O with depth (Fig. 7a, b). This pattern is typical
for marine sediments with ongoing sulfate reduction in the upper sul-
fate zone (Aharon and Fu, 2000; Mandernack et al., 2003; Brunner
et al., 2005; Antler et al., 2013). At SBF-out, the sulfur isotope com-
position of organically bound sulfur, AVS and CRS show a curious
pattern (Fig. 8a). In the top 10 cm these sulfur phases become more
depleted in 34S with depth. In the following interval down to 30 cm this
trend is reversed for AVS and CRS. These trends are best explained by
two contributing factors. First, as substantial amounts of CRS and AVS
are formed with depth, i.e., below the surface few cm, the relative
contributions of these authigenic phases to the total CRS and AVS pools
increase compared to their detrital counterparts and the overall sulfur
isotope signals show stronger overprint by the authigenic phases.
Second, the trends in the sulfur isotope signatures of AVS and CRS with
depth reflect the formation of 34S–depleted sulfide that becomes less
depleted in the heavy isotope with depth. Using the sulfur isotope
composition of AVS as proxy for the isotope composition of sulfide
(sulfur isotope effects related to the precipitation of iron monosulfides
and pyrite are assumed to be small, i.e.< 1‰; Wilkin and Barnes,
1996; Böttcher et al., 1998; Butler et al., 2004), one expects that sulfide
formed at SMF-out has a sulfur isotope composition of approximately
−30‰ at 10 cm depth and −20‰ at 30 cm depth. With a δ34S of
approximately +21‰ for sulfate, this would correspond to a change in
sulfur isotope fractionation (ε34S) from 50‰ to 40‰. The net sulfur
isotope fractionation by sulfate reduction in marine surface sediments is
typically up to ~45‰ (e.g. Kaplan and Rittenberg, 1964; Rees, 1973,
Brunner and Bernasconi, 2005; Farquhar et al., 2008). It can exceed
70‰ (Brunner and Bernasconi, 2005; Canfield et al., 2010a, 2010b;
Sim et al., 2011); however, such large sulfur isotope discrimination may
be typical for deeper and more energy-limited sediments (Wortmann
et al., 2001; Rudnicki et al., 2001; Wehrmann et al., 2015). Energy
limitation due to the refractory nature of organic matter is expected to
increase with sediment depth, thus a trend from larger to smaller sulfur
isotope fractionation is rather unexpected. A more likely explanation is
that the sulfur isotope fractionation for organoclastic sulfate reduction

at SBF-out is< 40‰, and that this fractionation is overprinted by
sulfur isotope fractionation related to the disproportionation of S0,
especially below the surface few cm where the activity of bioturbating
and bioirrigating organisms provides ample oxidants for the oxidation
of intermediate sulfur species to sulfate (Habicht and Canfield 2001).
Sulfur disproportionation drives the sulfur isotope composition of sul-
fide to more 34S–depleted values (Jørgensen, 1990; Canfield and
Thamdrup, 1994; Böttcher et al., 2001; Habicht and Canfield, 2001;
Böttcher et al., 2005). At SBF-out, the maximum sulfur isotope offset
between sulfate and AVS at 10 cm depth and the increase of S0 con-
centrations with depth may suggest that disproportionation rates are
highest immediately below the maximum bioturbation depth and de-
crease below. This decrease may be the result of the inhibition of sulfur
disproportionation due to the presence of sulfide in the pore-water
(Lovley and Phillips, 1994; Finster et al., 1998).

5.2.2. High pore-water iron, low sedimentary sulfur (high Fe2+/low-S)

end-member stations VMF-in and VMF-mid in Van Mijenfjorden and KF-in

and KF-mid1 in Kongsfjorden

At VMF-mid, KF-in and KF-mid1, pore-water iron and, to a lesser
extent, manganese concentrations remain high throughout the in-
vestigated sediment interval (Fig. 6c–f). VMF-in displays an increase in
pore-water manganese concentrations below 2 cmbsf followed by a
steep increase of pore-water iron concentrations below 8 cmbsf (Fig. 6e,
f). At all four stations sedimentary AVS, CRS and S0 concentrations
remain low throughout the investigated sediment depth (Fig. 4e–g).
Sulfate concentrations at KF-in (Wehrmann et al., 2014), KF-mid1, and
VMF-in (2016 cores, Fig. S1) show< 1 mM variation in the top 30 cm
of the sediment. These observations indicate that at these stations either
little sulfate is turned over and/or that any produced sulfide, including
FeS, is re-oxidized by nitrate, highly reactive iron, or manganese oxides
to intermediate sulfur species and sulfate. In the first case, organic
carbon mineralization primarily proceeds via dissimilatory iron and
manganese oxide reduction while sulfate reduction only takes place
deeper in the sediment. This hypothesis is supported by sulfate reduc-
tion rates at station KF-mid1 (Jørgensen, unpublished data) analyzed
using the 35S–radiotracer technique during a previous expedition which
were extremely low at all depths (< 3 nmol cm−3 d−1). In the latter
case, the absence of the metastable sulfur intermediate S0 would in-
dicate that high availability of oxidants drives complete re-oxidation of
reactive sulfur to sulfate. This interpretation is also supported by the
observation that the CRS concentrations do not increase with depth.
Since nitrate is likely limited to the surface 1–3 cm of the sediment in
these fjords (Kostka et al., 1999; Canion et al., 2014), we suggest that
such potential rapid oxidation of reduced sulfur – if present – is pri-
marily a result of the high availability of easily reducible and reducible
iron oxide below the topmost 3 cm of the sediment (Fig. 2e, g, i, k;
Canfield and Thamdrup, 1996). The activity of bioirrigating organisms
may promote the downward transport of oxygen, which then takes part
in the recycling of oxidant such as iron below the depth of diffusive
oxygen penetration (< 1 cm; Kostka et al., 1999; Berner and Westrich,
1985). The formation of organically bound sulfur at these stations is
likely low, as evidenced in constant Sorg concentration profiles pri-
marily reflecting detrital organic matter-bound sulfur input (Fig. 4).
This can be attributed to the absence of sulfide from the pore-water
which likely limits the formation of polysulfide and subsequent organic
matter sulfurization (Werne et al., 2003, 2008; Riedinger et al., 2017;
Hartgers et al., 1997).

Additionally, at VMF-in and VMF-mid, the sulfur and oxygen iso-
topic composition of pore-water sulfate changes very little with depth
(Fig. 7g, h). This pattern can again be explained by (i) low sulfate re-
duction rates in the top 24 cm of the sediment investigated at these
stations and/or (ii) the complete oxidation of produced sulfide and
potentially intermediate sulfur species to sulfate by abiotic and biotic
oxidation pathways, e.g., involving nitrate and reactive iron (oxyhydr)
oxide –potentially partially sustained by oxygen delivery via
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bioirrigation– without any burial as AVS or pyrite. At extremely low
rates of sulfate reduction (hence a large pool of pore-water sulfate) in
surface sediments, changes in the sulfur and oxygen isotopic composi-
tion of sulfate are likely undetectable, i.e., within the error of the
measurement. The oxidation of sulfide and potentially intermediate
sulfur species, produced during dissimilatory sulfate reduction, back to
sulfate by abiotic and biotic oxidation pathways also helps to attenuate
any potential sulfur isotope effects generated by sulfate reduction. It
results in the re-introduction of produced light sulfide back into the
sulfate pool with only small fractionation effects (i.e., closed-system
conditions; Fry et al., 1984, 1988; Kelly, 2008; Toran and Harris, 1989;
Hubert et al., 2009; Poser et al., 2014). The processes that affect the
oxygen isotope composition of sulfate are somewhat more intricate.
Dissimilatory sulfate reduction drives the oxygen isotope of sulfate to-
ward the equilibrium oxygen isotope offset between sulfate and water
(Mizutani and Rafter, 1973; Fritz et al., 1989; Brunner and Bernasconi,
2005, Brunner et al., 2005). Abiotic and biotic sulfide oxidation path-
ways are generally associated with small oxygen isotope fractionation
effects and thus tend to contribute sulfate to a sulfate oxygen isotope
pool that has an isotope composition close to the one of ambient water
(Toran and Harris, 1989; Balci et al., 2007; Brunner et al., 2008;
Thurston et al., 2010; Poser et al., 2014). In combination, these effects
may cause the absence of a clear oxygen isotope trend at stations VMF-
in and VMF-mid (Fig. 7g–i).

At KF-in and KF-mid1, the range of isotope values is somewhat
larger, and shows a subtle increase in δ18O and δ34S with depth
(Fig. 7d–f). At KF-1 the oxygen isotope enrichment is approximately
four times larger than the sulfur isotope enrichment. The described
combination of low rates of sulfate reduction (which drive a more rapid
δ18O than δ34S increase; Antler et al., 2013) and extensive oxidation of
produced sulfide and potentially intermediate sulfur species to sulfate is
likely also responsible for the isotope pattern observed at these sites.
However, sulfur disproportionation may also occur at these stations, in
particular at KF-in. When sulfur oxidation operates predominantly via
sulfur disproportionation, and the oxygen isotope composition of sul-
fate is driven toward the equilibrium isotope value by both sulfur dis-
proportionation and sulfate reduction, a strong change in δ18O with a
concomitant small change in δ34S can be observed.

The opposing iron and manganese profiles at VMF-in suggest that
Fe2+ diffusing upward at this site is oxidized by reaction with man-
ganese oxides following Eq. (6) (Aller, 1994).

+ + → + ++ + +MnO 2 Fe H O Mn 2 FeOOH 2 H2
2

2
2 (6)

Furthermore, at all Van Mijenfjorden stations, Mnextr is highly en-
riched in the top 4 cm of the sediment which provides evidence for the
re-oxidation of Mn2+, produced during dissimilatory manganese oxide
reduction and the reaction of Fe2+ with manganese oxides, by down-
ward diffusing oxygen close to the sediment surface (Aller, 1990;
Calvert and Pedersen, 1993; Canfield et al., 1993).

5.2.3. Elevated pore-water iron and sedimentary S0 values - the

intermediate stages at Kongsfjorden KF-mid2, and Van Mijenfjorden VMF-

out

At Kongsfjorden KF-mid2, and Van Mijenfjorden VMF-out, elevated
pore-water iron concentrations (Fig. 6c, e) and generally low AVS and
CRS concentrations (Fig. 4e, f, i, j) indicate extensive sulfide and FeS re-
oxidation by nitrate, highly reactive iron-, or manganese oxides to
polysulfides, S0 or sulfate (e.g., Aller and Rude, 1988; Schippers, 2004;
Jørgensen and Kasten, 2006). Ferrous iron is mainly derived from dis-
similatory iron reduction, as previous measurements in the vicinity of
VMF-out showed that this mineralization pathway contributes 26% to
organic carbon mineralization in the top 10 cm of the sediment (Kostka
et al., 1999; Nickel et al., 2008). In contrast to the setting described for
the high-Fe2+/low-S end-member stations, S0 accumulates in the sediment
at these stations, though the depth of initial S0 increase varies amongst
the stations. We propose that in this intermediate setting the

availability of oxidants to facilitate the further oxidation of S0 to sulfate
is lower, allowing for the accumulation of S0.

Lower availability of easily reducible and reducible iron oxide
phases at Kongsfjorden station KF-mid2 and Van Mijenfjorden station
VMF-out is likely the result of lower iron oxide accumulation rates
compared to the other stations in the fjords, due to their more distal
locations from the glacial sources.

A trend to lower Feox1 concentrations with depth is observed at
VMF-out but not at the Kongsfjorden stations (Fig. 2e, i). It is known,
however, that the solubility (and thus reactivity) of ferrihydrite, an
important component of the sedimentary Feox1 pool, decreases during
aging due to, amongst other factors, changes of crystal size, mor-
phology, reactive site density, and aggregation (Hyacinthe and Van
Cappellen, 2004; Raiswell et al., 2010). Aging and thus a decrease in
solubility of the Feox1 pool may offer an explanation for a decrease of
Feox1 availability/reactivity toward intermediate sulfur species at the
more outward fjord stations.

The sulfur and oxygen isotopic values of sulfate at KF-mid2 and
VMF-out display a heterogeneous picture, encompassing the spread of
patterns between the low-Fe2+/high-S end-member with a distinct en-
richment in 18O and 34S at depth for KF-mid2 and the high Fe2+/low-S
end-member with increasing δ18O with depth and little variation in δ34S
(with one exception at the bottom of the sediment profile at 25 cm) for
VMF-out (Fig. 7).

At station VMF-out the sulfur isotope offset between sulfate and AVS
is ~31‰ at a sediment depth of 3 cmbsf, and increases rapidly with
depth to up to ~57‰ in the deepest sediment layers, a trend that ap-
pears to occur also at KF-mid2 (Fig. 8b, c). It can be argued that below
the bioturbated zone, the microbial community in the sediment be-
comes more energy-limited (i.e. organic matter is highly refractory)
which could induce stronger sulfur isotope fractionation (e.g. Canfield,
2001; Wing and Halevy, 2014). In this scenario, the differences in the
sulfur isotope offsets between SBF-out, KF-mid2, and VMF-out (Fig. 8)
could be attributed to the different types of organic matter in the fjords,
which is evidenced by differences in C/N and C/S ratios (Fig. 5). Al-
ternatively, the change in the isotope offset can be interpreted as the
result of the competition between sulfur oxidation (occurs in shallow
sediments; no imprint on the isotope composition of AVS) and sulfur
disproportionation (occurs in deeper sediments, where availability of
oxidants becomes more limited). Sulfur oxidation does not strongly
fractionate isotopes (e.g., Toran and Harris, 1989; Fry et al., 1984,
1985; Kelly et al., 1997; Zerkle et al., 2009; Brabec et al., 2012), and
thus does not overprint the isotope signature of sulfate reduction,
whereas the sulfur disproportionation causes an enhanced depletion in
34S in the produced sulfide.

The difference between Δ33S values of CRS and sulfate is smaller
than typical Δ33S values expected for fractionation driven by sulfate
reduction, and one of the data points falls outside the range of isotopic
compositions calculated by Farquhar et al. (2007) for the Brunner and
Bernasconi (2005) model for microbial sulfate reduction alone (Fig. 9).
However, in this setting the CRS values have to be treated with caution
as a substantial part of the CRS is of detrital origin (see Section 5.3.1).
Concomitantly, the sample that plots outside of the typical sulfate re-
duction-range is from the shallowest depth, where one would expect the
highest ratio of detrital to authigenic pyrite. Consequently, to assess if
in these fjord settings processes other than sulfate reduction play an
important role in sulfur cycling, such as disproportionation (Johnston
et al., 2005) or sulfur oxidation (Zerkle et al., 2009), it is more ap-
propriate to use Δ33S values of AVS. Intriguingly, the Δ33S values of AVS
fall within a typical range for microbial sulfate reduction, and provide
little evidence for oxidative sulfur cycling (Table 4).

Overall, the high availability of reactive iron oxides in the Svalbard
fjords represents a key driver for geochemical processes in the sediment
by: 1) directly facilitating dissimilatory iron reduction, 2) promoting
oxidative, “cryptic” pathways in the sedimentary sulfur cycle, and 3)
preventing the sulfurization of organic matter despite an active sulfur
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cycle due to the predominance of ferrous iron rather than sulfide in the
pore-water. The dominant control of iron availability on primary
composition and early diagenetic signals has previously been described
for near-shore environments in the rock record, such as the Late
Jurassic Bancs Jumeaux Formation (Tribovillard et al., 2015). The
Svalbard sediments studied here can provide important clues on how
biogeochemical signatures in such iron-dominated systems are pre-
served in the sedimentary record.

The variations in sulfur cycling linked to iron in the surface sedi-
ments modulate the content and isotope signatures of sulfur com-
pounds. High iron oxide (Feox1, Feox2) contents, very low Sorg values,
low but detectable CRS contents and persistently light δ34S-CRS values
in the sediments at the Van Mijenfjorden and Kongsfjorden stations
record the prevailing biogeochemical conditions. These signatures are
likely preserved in the sedimentary record. Sulfur (and oxygen) isotopes
are more powerful than concentration measurements alone for tracing
the addition of new sulfur to existing sulfur phases (e.g. AVS, CRS,
organic sulfur) and the identification of specific sulfur transformations
(e.g. sulfur disproportionation or oxidation). At sites strongly impacted
by glacial runoff, such as the Svalbard fjords, one must take into ac-
count the possibility that Sorg and CRS have a detrital component –this
makes detection more challenging, and may lead to misinterpretations.
For example, a sulfur isotope offset between AVS and CRS may not be
indicative of the presence of two different processes. Although ele-
mental sulfur represents a transient phase in the sedimentary sulfur
cycle, it is a powerful indicator of ongoing sulfur cycling. For example,
we see clear increases in S0 for KF-mid2 (and only minor changes in
CRS and AVS) and for VMF-out (no change in AVS and CRS con-
centrations), while the sulfur and oxygen isotopic values of sulfate at
these sites remain more elusive.

To elucidate coupled sulfur-metal cycling in the rock record of
continental shelf areas that are characterized by very high metal oxide
as well as detrital pyrite accumulation rates, a multi-proxy approach is
required. This approach should include the analyses of the sulfur (and
oxygen) isotope composition of carbonate-associated sulfate (CAS), Sorg
and pyrite, the composition of iron phases (i.e., iron oxides, iron car-
bonates), combined with the analyses of C/S and C/N ratios. Trace
metal signatures represent an additional tool that may, for example,
give further insight into iron sources (e.g., via terrigenous input or
additional iron shuttling; Anderson and Raiswell, 2004; Lyons and
Severmann, 2006; Tribovillard et al., 2015).

6. Summary and conclusions

Our study provides evidence for a prominent role of iron-controlled
sulfur cycling in the biogeochemical network of the glacially influenced
Svalbard sediments. In the surface sediment of the inner Kongsfjorden
and Van Mijenfjorden stations dissimilatory metal reduction plays an
important role in organic carbon mineralization; with further distance
from the source of glacial iron input, the importance of sulfate reduc-
tion likely increases. In all fjords, sulfur is extensively cycled via re-
ductive and oxidative pathways. At the mid- and outer- Kongsfjorden
and Van Mijenfjorden stations there is evidence for the occurrence of
microbial sulfur disproportionation. At these sites, the input and turn-
over of highly reducible iron results in a sequence of sulfur transfor-
mations in the sediment. The topmost zone shows little sulfur turnover
and is neighbored by a zone with sulfate reduction that is matched by
equivalent sulfur oxidation to sulfate. This zone is followed by sulfate
reduction that is counteracted by sulfur disproportionation, and finally
likely a zone with predominant sulfate reduction below. The extent of
this zonation is controlled by iron oxide reactivity and accumulation
rates, the activity and extent of bioturbation and bioirrigation, and the
deposition rate of “fresh” organic carbon.

Careful assessment of the sedimentary iron and sulfur signatures
observed in the Svalbard sediments reveals a distinct set of proxy values
for Fe oxide, Sorg and CRS contents that provides a framework for in-
terpreting the Fe-S-C geochemistry of similar iron-rich continental shelf
areas in modern environments and for identifying these settings in the
rock record.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2017.06.013.
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