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Abstract (max. 500 words, prefer 200-300, currently 260):

Arctic fjord sediments of Svalbard receive terrestrial material from glacial runoff and organic 
matter from marine primary productivity. Organic carbon mineralization proceeds primarily 
through sulfate and iron reduction in the fjord sediment. The ongoing retreat of glaciers in the 
high Arctic is altering the input of glacial material to the fjords, with unknown consequences for 
the iron and sulfur cycles in the fjord sediments. We measured sulfate reduction rates in sediment 
cores and analyzed porewater geochemistry, then compared these results to long-term sediment 
incubations to determine the rates of iron reduction and sulfide oxidation in three glacially 
influenced fjords on the west coast of Spitsbergen, Svalbard. Despite an abundance of glacially-
sourced Fe(III)-oxide minerals, active sulfate reduction took place throughout the sediment. 
Analyses of the sulfur and oxygen isotopic composition of porewater sulfate and sulfate 
concentrations suggest that sulfide produced from biological sulfate reduction is reoxidized to 
sulfate. Long-term sediment incubations indicated sulfide oxidation at all three stations. The rate 
of sulfide oxidation was controlled by both the rate of sulfate reduction and the quantity and 
reactivity of Fe(III)-oxides. In our experimental incubations, we detected a decrease in Fe(III) 
content of the 0.5 M HCl and ascorbate-extractable fractions, but not in the 6 M HCl fraction, 
indicating that the highly reactive Fe(III) fraction is utilized by microorganisms and serves as the 
oxidant for sulfide reoxidation. Our results show that sulfide oxidation in glacially-influenced 
fjord sediments is a wide-spread geochemical process. Further warming will drive glacial retreat 
onto land, where sediment-laden glacial meltwater will be altered during flow through proglacial 
streams and lakes before entering the marine environment. Fjord sediments will likely become 
more sulfidic, as glaciers deliver less particulate, highly-reactive metal oxides to the marine 
environment.

Data contained within this manuscript are available from the PANGEA database at: 
https://doi.org/10.1594/PANGAEA.906889
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1. Introduction

1.1 The S cycle in marine sediments

Organic material that settles to the seafloor and survives transport through the oxic zone is 

oxidized through a cascade of anaerobic terminal electron-accepting processes such as nitrate, 

manganese, iron, and sulfate reduction and methanogenesis. Dissimilatory sulfate reduction is 

quantitatively the most important terminal oxidation process within anoxic marine sediments 

(Jørgensen, 1982). The end products of these terminal electron-accepting pathways can further 

interact in numerous ways, creating a complex series of interacting redox-sensitive cycles, and 

impacting our interpretation of sediment microbial processes. 

There are different methods to quantify the sulfate reduction rate (SRR) in marine 

sediments. Short-term incubations with radiolabeled sulfate (35SO4
2-) can be used to measure the 

gross sulfate reduction rate (Moeslund et al., 1994; Fossing, 1995; Finke, 2003). Gross rates 

represent the unidirectional reduction of sulfate to reduced sulfur species (i.e., H2S, FeS or FeS2) 

and are conducted over short (hours) timescales in order to minimize the effect of sulfide 

oxidation or enzymatic back reactions within microorganisms (Fossing, 1995). On the other 

hand, net sulfate reduction rates can be estimated with long-term (days to weeks, and longer) 

incubations (Lovley and Klug, 1986) or from steady-state reactive-transport modeling of 

porewater solutes in marine sediments (Boudreau, 1997). Net sulfate reduction rate 

measurements include sulfide oxidation, whereas gross rate measurements do not. Therefore, 

when both gross and net rates of sulfate reduction are measured, it is possible to quantify sulfide 

oxidation as the difference between the two measurements. Gross and net rates of sulfate 

reduction often differ, which yields different estimated amounts of organic carbon mineralized 

(Jørgensen and Parkes, 2010). To constrain the differences between gross and net sulfate 
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reduction rates and to quantitatively link these reduction rates to the amount of organic carbon 

oxidized, the rate of sulfide oxidation in marine sediments is needed. 

1.2 The Fe cycle in marine sediments

Biological, dissimilatory Fe(III) reduction (FeR) is, after sulfate reduction (SR), the second 

most important anaerobic carbon mineralization pathway in Arctic fjord sediments (Kostka et al., 

1999; Finke et al., 2007; Vandieken and Thamdrup, 2013). Nevertheless, the extent of FeR in 

Arctic fjord sediments depends on the Fe(III) content of the sediment, and FeR can be more or 

less important than SR (Vandieken et al., 2006). Quantification of carbon mineralization through 

FeR or SR will improve our understanding of overall carbon mineralization rates in the seabed. 

FeR is generally assumed to be thermodynamically more favorable than sulfate reduction 

(Froelich et al., 1979), but the balance between FeR and SR depends on the quantity and 

reactivity of iron, such as ferric oxyhydroxides, ferric hydroxides, and ferric oxides (hereafter 

referred to collectively as Fe(III)-oxides) delivered to the seafloor (Jensen et al., 2003; Luo et al., 

2016). We define reactive Fe as the fraction of Fe(III)-oxide minerals that are readily available to 

Fe(III) reducing microorganisms or react (within hours to months) with H2S in marine sediments. 

The reactivity of Fe(III)-oxides depends on several factors including mineralogy, crystallinity, 

and grain size (Postma, 1993). Poorly crystalline Fe(III)-oxides (amorphous Fe(III)-oxides, 

ferrihydrite, lepidocrocite) are thermodynamically most favorable for FeR under geochemical 

conditions typically encountered in marine sediments (Postma and Jakobsen, 1996). Reactive 

Fe(III)-oxides gradually become refractory to FeR if Fe2+ binds to reactive sites of reactive 

Fe(III)-oxides (Postma, 1993; Roden, 2003; Crowe et al., 2008; Aeppli et al., 2019) or 
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crystallinity increases during diagenesis (Hansel et al., 2003; Hansel et al., 2004; Raiswell, 

2011).

Sequential endpoint extractions, with HCl solutions of increasing strength, can quantify 

Fe(II) and Fe(III) in different operationally-defined pools of increasing crystallinity and 

decreasing reactivity (Heron et al., 1994; Porsch and Kappler 2011). Weak HCl (0.5 M HCl) 

extracts Fe(II) from FeS and Fe carbonates and Fe(III) from poorly crystalline Fe(III)-oxides 

(Wallmann et al., 1993; Kostka and Luther 1994). Determining the redox speciation in the 0.5 M 

HCl fraction enables the quantification of Fe(III) that is potentially available to iron reducing 

microorganisms (Roden, 2003) or reacts with sulfide (defined here as H2S + HS- + S2-) on 

timescales relevant to the study (months) (Canfield et al., 1992; Poulton et al., 2004). Time-

course dissolution experiments with neutral-pH buffered, ascorbate provide a close 

approximation to the biologically-available reactive Fe(III)-oxide pool (Postma, 1993; Roden, 

2003; Hyacinthe et al., 2006). The reactivity of Fe(III)-oxides varies depending on the source 

(e.g., glaciers, rivers or dust), and their reactivity is further modified through processes such as 

benthic recycling, biological FeR, or interactions with sulfide (Canfield et al., 1993; Raiswell, 

2011; Lefort et al., 2012). Detailed analyses of the Fe(III)-oxide pools present in sediment are 

therefore required to clarify the potential role of glacially-supplied iron oxides for biological FeR 

and sulfide oxidation in fjord sediments. 

1.3 Glacial iron sources to fjords

Glaciers on the west coast of Spitsbergen overlie bedrock lithologies that differ among 

the fjords and, therefore, deliver varying amounts of metal oxides (Fe and Mn) to the fjord 

sediments (Wehrmann et al., 2014) by proglacial meltwater streams, sediment-laden subglacial 
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discharge, and iceberg calving and melting (Raiswell et al., 2006; Henkel et al., 2018). Glaciers 

erode and physically weather bedrock, which can contain ferrous, ferric, or mixed valence-state 

Fe minerals and Mn(VI)-oxides (Wadham et al., 2013). The redox state of the glacier bed 

influences the stability of Fe2+ and the delivery of reactive metal oxides to the fjord sediments 

(Wadham et al., 2013; Henkel et al., 2018). When subglacial water is anoxic and emanates from 

marine-terminating glaciers, it is capable of transporting Fe2+ to the fjord where it reacts with 

oxygenated seawater and precipitates as poorly crystalline, nanoparticulate Fe(III)-oxides 

(Raiswell, 2011; Hawkings et al., 2014; Henkel et al., 2018; Raiswell et al., 2018). When 

subglacial water is oxic, the oxidation of Fe2+ takes place beneath the glaciers or in proglacial 

zones and rivers, and Fe(III)-oxides are transported with particulate Fe(III)-oxides eroded from 

the bedrock (Wadham et al., 2013; Raiswell et al., 2018). Frozen basal ice can contain both 

ferrous and ferric Fe, thereby preserving the Fe redox speciation at the bed of the glacier. 

Icebergs calve into the fjord, melt and release Fe into oxic seawater.  Ultimately, these three 

mechanisms deliver reactive Fe(III)-oxides to fjord sediments and impact the role of iron and 

sulfate reduction in carbon mineralization. In glacially-influenced fjords where reactive Fe(III)-

oxides are delivered to the sediment, there is effective sulfide oxidation to sulfate (Wehrmann et 

al., 2017). While these past studies have identified the importance of glacial influence and 

delivery of reactive metal oxides to the fjord sediments (Wehrmann et al., 2014; Wehrmann et 

al.,2017), the rates of sulfide oxidation are still unknown.

1.4 Objectives

The main objectives of this study were to understand how differences in iron mineral 

delivery to Arctic fjords by glacial erosion of source rocks affect the balance of iron reduction 
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versus sulfate reduction and rate of sulfide reoxidation back to sulfate. The fjords of Svalbard 

have contrasting geochemical and geological conditions and provide ideal field sites to study the 

impact of differing content and reactivity of Fe(III)-oxides on sulfur cycling (Wehrmann et al., 

2014; Dallmann, 2015; Wehrmann et al., 2017). We combined sediment biogeochemical 

analyses with anoxic bag incubation experiments to describe the iron and sulfur processes in 

these sediments. 

2. Methods

2.1 Station description and sample collection

We sampled Van Keulenfjorden at station AC, Smeerenburgfjorden at station J and 

Kongsfjorden at station P in August 2016 aboard the MS Farm and MS Teisten (Fig. 1, 

Supplemental Table 1). All three fjords are on the west coast of Spitsbergen, the largest island of 

the Svalbard archipelago. The three fjords contain sediments with different color and 

geochemical properties (see core photo insets in Fig. 1; Wehrmann et al., 2014, Wehrmann et al., 

2017).

Sediment cores were collected using both Haps (Kanneworff and Nicolaisen, 1972) and 

Rumohr (Meischner and Rumohr, 1974) corers, which are designed to capture the sediment-

water interface and we only used cores where a clear sediment-water interface was preserved. 

Haps cores were subcored with a 13-cm diameter acrylic liner, fitted with a plastic extruding 

plate in the bottom, capped on each end, and stored in coolers with ice packs (~4°C) until 

processing <48 hours after collection. These 13-cm diameter subcores were used for anoxic bag 

incubations. A separate Haps core was recovered and 1.5-cm diameter subcores with ports 

drilled at 1-cm intervals and filled with polyurethane (Sikaflex-11FC) were collected in triplicate 
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for in-situ, whole core sulfate reduction rate measurements. Rumohr cores were plugged on each 

end with a butyl rubber stopper and stored in the cold and dark on board the ship until returned to 

shore for processing. 

2.2 Anoxic bag incubation and sampling

Anoxic bags (17 x 20 cm) for sediment incubations were cut out of a sheet of 180-µm 

thick, four-layer, gas-tight, transparent plastic and heat-sealed on three sides (Canfield et al., 

1993; Hansen et al., 2000). A hole was cut in the bottom, fitted with a glass sampling port, and a 

rubber gasket placed on either side of the plastic bag to minimize diffusion of O2 through the 

port opening. A screw cap secured the glass sampling port. A short (1.5 cm) section of tubing 

was placed over the glass sampling port to allow connection of a cut-off 2.5 mL syringe for 

sampling and then plugged with a butyl rubber stopper (Supplemental Fig. S1). 

The 13-cm diameter Haps subcores were inserted into a plastic glove bag through a hole 

in the bottom and a rubber gasket sealed the hole in the glove bag to the core liner (Keimowitz et 

al., 2016). The glove bag was flushed with N2 three times to reach an O2 concentration of <0.5% 

atmospheric O2. The O2 concentration was monitored throughout the subcoring and sampling 

process with an oxygen optode (Firesting). All sediment processing was completed outdoors (3 – 

8°C) in the shade, inside the N2-filled anaerobic glove bag. The sediment core was extruded into 

the glove bag and each sample was placed in an airtight plastic container. Depth intervals from 

three distinct Haps casts were pooled, then dropstones and visible benthic fauna (i.e., 

polychaetes, polychaete tubes) were removed. The sediment from each depth horizon was 

homogenized and placed in aforementioned anoxic bags (Canfield et al., 1993; Hansen et al., 

2000). The anoxic bag was filled with sediment (500 – 700 g wet weight), the headspace was 
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eliminated, and the bag was sealed with a plastic slide binder clip and taped shut. Bags were then 

placed in a larger welded plastic bag with an O2-consuming packet (Anaerogen, ThermoFisher; 

not H2 producing), sealed with a plastic slide binder clip and incubated at in-situ temperature 

(2°C). We produced 10 anoxic bags to construct a depth profile of the top ~20 cm at each station 

(0-1, 1-2, 2-3, 3-4, 4-5, 5-7, 7-9, 9-11, 11-14 and 14-18 cm depth for stations AC and J; 0-1, 1-2, 

2-3, 3-4, 4-5, 5-7, 7-9, 9-11, 11-14 and 18-22 cm depth for station P). 

Anoxic bags were sub-sampled in a N2 filled glove bag (<0.5% atmospheric O2) in the 

cold (4°C). Due to the O2-sensitive nature of Fe2+, all plastic ware used during the sampling was 

scrubbed of O2 by placing it into a welded plastic bag with an O2-consuming packet at least 24 h 

before sampling (Kjeldsen, 1993). Sediment was sampled from each anoxic bag with a cut-off 

2.5 mL syringe through the glass port and placed in a 15 mL centrifuge tube for porewater 

separation and a separate 2 mL tube for Fe extractions. The 15 mL centrifuge tubes were capped 

within the glove bag to preserve a N2 headspace during centrifugation at 4000 g for 30 min to 

separate sediment and porewater. After centrifugation, the 15 mL centrifuge tubes were brought 

back into the glove bag and porewater was filtered through a 0.4 µm Nylon filter by 

centrifugation. The filtered porewater samples (0.5 mL) for H2S were added, by pipetting, to a 

5% zinc acetate solution (in the glove bag due to the O2-sensitive nature of this analyte). 

Porewater samples for SO4
2- were bubbled with CO2 to remove sulfide. Sulfate and sulfide 

samples were stored at 4°C until analysis. Sediment samples for SRR using the 35SO4
2- method 

were taken directly from the anoxic bag incubations. One cm3 of sediment was collected in a 2.5 

mL cut-off syringe. Each syringe was injected with 50 kBq of 35SO4
2- and incubated for 10-14 

hours at 2°C in a welded, plastic bag containing an O2-consuming packet. SRR assays were 

stopped by transferring the syringes to -80°C. Samples for determination of dry weight and 
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porosity were taken once from each bag. One cm3 of sediment was sampled with a 2.5 mL cut-

off syringe and added to a pre-weighed, clean plastic cup. The water content was determined 

based on weight loss by drying the sediment at 105°C.

2.3 Sulfate reduction rate sample processing

Sulfate reduction rate subcores were stored at in-situ temperature until radiotracer 

injection. The overlying water was removed immediately before radiotracer injection began and 

the stopper replaced on the top of the core tube. A glass syringe was used to inject 5 µL of 50 

kBq, carrier-free 35SO4
2- through the polyurethane ports at 1-cm intervals down core (Fossing 

and Jørgensen, 1990; Røy et al., 2014). The cores were incubated at in-situ temperature (2°C) for 

14 h. After incubation, the cores were extruded and sliced at 1-cm intervals. The 1-cm sediment 

intervals were immediately placed in 10 mL of 10% zinc acetate and homogenized thoroughly 

with a vortexer, then frozen at -20°C. The 35S-SO4
2- reduced to 35S-sulfide was recovered from 

the total reduced inorganic sulfur and separated from 35S-SO4
2- using the cold chromium 

distillation method (uncertainty = 5%; Kallmeyer et al., 2004; Røy et al., 2014). Radioactive 

H2
35S was trapped in 5% zinc acetate. The radioactivity of the sulfate and of the trapped sulfide 

was quantified using scintillation counting (20 min each sample or at least 2000 counts) and the 

sulfate reduction rate was calculated according to Jørgensen (1978). 

2.4 Porewater sample processing

Porewater samples for sulfide concentration were analyzed colorimetrically using the 

methylene blue method (limit of detection ~ 0.7 µM; Cline, 1969). Sulfate concentration in 

porewater was quantified on 1:100 diluted samples using ion chromatography (limit of detection 
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= 6 µM; uncertainty = <5%; Pellerin et al., 2018: Dionex ICS-2500). Fe2+ was reported in 

Wehrmann et al., (2014, 2017) and measured on 1:10 diluted porewater samples by inductively 

coupled plasma optical emission spectroscopy (station P) or inductively coupled plasma mass 

spectrometry (station AC and J) (limit of detection = 0.8 µM; precision < 5%).

For stable sulfur and oxygen isotope analyses, porewater sulfate was precipitated as 

barium sulfate (barite) using a saturated barium chloride solution. The barite was then washed 

with 6 M HCl and distilled water and oven-dried for 24 h at 80°C before isotope analysis. For the 

δ34S-SO4
2-

 analysis, the barite was combusted at 1030°C in a Flash Element Analyzer (Thermo 

Scientific FlashEA), and the resulting sulfur dioxide (SO2) was measured by continuous helium 

flow on a GS-IRMS (Thermo Finnegan Delta V Plus). The uncertainty on δ34S-SO4
2-

 was 

determined using the standard deviation on repeated measurements of the standard NBS 127 at 

the beginning and the end of each run (~0.3‰, 1σ). Measurements of δ34S-SO4
2-

 were corrected 

to NBS 127, IAEA-SO-6, IAEA-SO-5, IAEA-S-2, IAEA-S3 and an in-house silver sulfide 

standard (δ34S-SO4
2- of 20.3‰, -34.1‰, 0.5‰, 22.3‰, -34.3‰ and 3.4‰, respectively). δ34S-

SO4
2- is reported with respect to Vienna Canyon Diablo Troilite (VCDT).

For δ18O-SO4
2-

 analysis, barite was pyrolyzed at 1450°C in a Temperature Conversion 

Element Analyzer (Thermo Scientific TC/EA). The resulting carbon monoxide (CO) was 

measured by continuous helium flow on a GS-IRMS (Thermo Finnegan Delta V Plus). Samples 

for δ18O-SO4
2- were run in triplicate (n=3) and the standard deviation was used to calculate the 

error (~0.3‰ 1σ). Measurements of δ18O-SO4
2- were corrected to NBS 127, IAEA-SO-6 and 

IAEA-SO-5 (δ18O-SO4
2- of 8.6‰, -11.35‰ and 12.1‰, respectively). δ18O-SO4

2- is reported 

relative to the Vienna Standard Mean Ocean Water (VSMOW).
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2.5 Process rate calculations 

We calculated the rate of sulfide reoxidation (Sox; Eq. 1) during bag incubations as the 

difference between the total gross sulfate reduced using the radiolabeled sulfate reduction rate 

technique (35SRRgross) and net sulfate reduced based on the consumption rate of porewater sulfate 

(SRRnet);

 𝑆𝑜𝑥 = 35𝑆𝑅𝑅𝑔𝑟𝑜𝑠𝑠 ― SRR𝑛𝑒𝑡     𝐸𝑞. 1

35SRRgross was calculated using a trapezoid integration between each time point such that;

35𝑆𝑅𝑅𝑔𝑟𝑜𝑠𝑠 =  
𝑡𝑓𝑖𝑛𝑎𝑙

∑
𝑡𝑛

𝑎 + 𝑏
2 ∗ (𝑡𝑛 + 1 ―  𝑡𝑛)    𝐸𝑞. 2

where a is the 35SRR determined with the radiotracer method at time tn, b is 35SRR at time tn+1 

and all intervals are summed from tn until tfinal. We assumed that the porewater sulfide produced 

from 35SRR is the only reduced sulfur pool that will be oxidized back to sulfate with a small 

potential unaccounted contribution from organic S (Raven et al., 2016). The SRRnet was 

calculated by fitting a linear regression through the decrease in porewater sulfate over the 

duration of the incubation. Linear regressions with slopes that were not statistically different 

from zero (p>0.05) were assumed to have SRRnet equal to zero. The sulfide oxidation limit of 

detection (5 nmol cm-3 d-1) is determined by the ability to discern a SRRnet. The SRRnet limit of 

detection is calculated from the error of the slope of the sulfate concentration decrease from the 

start to the end of the experiment. The largest error for all stations and bags is 5 nmol cm-3 d-1; 

therefore, if the 35SRRgross was less than 5 nmol cm-3 d-1, we could not distinguish between 

SRRnet error and Sox due to 35SRRgross (Eq. 1). 35SRRgross and SRRnet were normalized to cm3 

sediment based on the measured porosity of the sediment (Supplemental Table 2).
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2.6 Quantification of Fe and Mn: Sequential extractions

All manipulations were performed in a glove bag with N2 atmosphere (< 0.5% O2) and all 

extraction solutions were made anoxic before use. Poorly crystalline Fe(III) and crystalline 

Fe(III) were quantified after sequential 0.5 M and 6 M HCl anoxic extractions, respectively 

(Heron et al., 1994; Kostka and Luther 1994, Porsch and Kappler 2011). The 0.5 M HCl also 

extracts Fe(II) from FeS (acid volatile sulfide; AVS), carbonate, and a small fraction of clay 

phases (Froelich et al., 1979; Wallmann et al., 1993; Heron et al., 1994; Kostka and Luther, 

1994; Haese, 2006). Total Mn was also determined from the 0.5 and 6 M HCl extractions. In a 

N2-atmosphere (<0.5% O2) glove bag, approximately 50 mg of wet sediment was placed into a 

10 mL Exetainer and the exact sediment wet weight determined. Then, 5 mL of 0.5 M HCl was 

added and the extraction was performed on a horizontal shaker (120 rpm) for 1 h in the dark. The 

extraction was terminated by centrifugation (5000 xg, 15 min) and the supernatant was sampled 

to analyze the Fe and Mn concentrations. The remaining 0.5 M HCl extract was removed from 

the tube by decantation and 5 mL of 6 M HCl was added. The 6 M HCl extraction was conducted 

for 24 hours at 70°C, and samples shaken three times during the extraction. Again, the tube was 

centrifuged and supernatant sampled for Fe and Mn quantification. Fe(II) was measured by the 

ferrozine assay (Stookey, 1970). Total Fe was determined in the HCl extracts after reduction of 

all Fe(III) with hydroxylamine hydrochloride before measuring Fe with the ferrozine assay. 

Fe(III) was calculated by subtracting Fe(II) from Fe total. Total Mn (Mn(VI) and Mn(II)) in the 

extracts was determined with the formaldoxime assay (Goto et al., 1962; Brewer and Spencer, 

1971) on samples reduced by hydroxylamine hydrochloride, similar to the Fe total measurement. 

The formadoxime assay was adapted to exclude interferences due to the high Fe concentration 

(Tebo et al., 2007) according to Otte (2018). 
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2.7 Quantification of Fe reactivity: Time-course extractions

The release of iron from fjord sediment into solution was followed during time-course 

extractions. Such extractions allow for a quantitative comparison of the amount and reactivity of 

iron in sediments (Postma, 1993; Hyacinthe et al., 2006; Laufer et al., 2019). Extractions were 

performed with an anoxic bicarbonate-buffered ascorbate-citrate solution (extraction solution; 50 

g L-1 sodium bicarbonate, 50 g L-1 sodium citrate, and 20 g L-1 sodium ascorbate, pH 7.5, anoxic) 

(Hyacinthe et al., 2006). The experiments were conducted in 100 mL Schott bottles with Schott 

Duran® pressure plus screw caps with four ports. Two ports were used for flushing the headspace 

with N2, one port was used for injection of the extraction solution, and one port was equipped 

with a Rhizon soil moisture sampler (Rhizosphere Research Products) for sampling. The ports 

used for flushing and addition of the extraction liquid were equipped with Tygon tubing and 

three-way valves. Extraction slurries were stirred with a Teflon coated magnetic stir bar 

throughout the experiment. To each flask, 0.5 - 1 g wet sediment was added under N2 

atmosphere in an anoxic glove bag (<0.5% atmospheric O2) and the exact mass quantified. The 

lid of the flask was closed, the flasks were taken out of the glove bag, immediately connected to 

the N2 line, and the headspace was flushed for 3 minutes. Afterwards, 100 mL of the anoxic 

extraction solution were added, the flasks were shaken and stirring was started. Immediately 

after adding the extraction solution, samples for determination of Fe(II) concentrations were 

taken through the Rhizon and fixed in 1 M HCl (final concentration) for later determination of 

Fe(II) concentrations with the ferrozine assay. In the beginning, samples were taken every 5 

minutes, then every 10, 20, and 30 minutes, and finally every 1-2 h within the first 400-500 
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minutes. The extractions were left over night, and the next day samples were taken again every 

2-4 h until the Fe(II) concentrations reached a constant value. 

The time-dependent release of Fe(II) was fitted to the reactive continuum model of 

Postma (1993) (Eq. 3):

𝐽
𝑀(0)

=
𝑣
𝑎(𝑀(𝑡)

𝑀(0))
1 +

1
𝑣
     𝐸𝑞. 3

where J is the dissolution rate (µmol cm-3 s-1), M(0) (µmol cm-3) is the total concentration of 

ascorbate-extractable iron in the sediment, v/a is the apparent rate constant (s-1, describing the 

initial reactivity normalized to the total concentration of ascorbate-extractable Fe (M(0)) of the 

sample), 1+1/v is the apparent reaction order (describing the heterogeneity of reactive Fe 

minerals in the mixture; hereafter called heterogeneity), and M(t) (µmol cm-3) is the concentration 

of iron left in the sediment after t seconds of extraction. The time-dependent development of M(t) 

is described by Eq. 4: 

𝑀(𝑡) = 𝑀(0)( 𝑎
𝑎 + 𝑡)𝑣

      𝐸𝑞. 4

M(0) was calculated from the maximum amount of Fe(II) released into solution at the end of the 

extraction. The parameters a and v were calculated in R by applying the nls (nonlinear least 

squares) method with Eq. 4 to experimentally determined data. The r2 of the fit was ≥ 0.98.

The initial rate of Fe(III) reduction during the time course extractions, normalized to the 

amount of sediment (FeRRinit in μmol Fe(III) reduced cm-3 s-1), was calculated by multiplying the 

apparent rate constant (v/a) with M(0) (the amount of extractable iron per cm3 of sediment). 

3. Results

3.1 In-situ biogeochemistry
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Porewater concentrations and the stable sulfur and oxygen isotopic composition of sulfate 

indicate differing magnitudes of sulfate reduction and sulfide oxidation in the three fjord 

sediments. There was no measurable decrease in porewater sulfate concentration over the length 

of the core (80 cm) recovered at station AC, while Fe2+ profiles showed a steep increase to about 

400 µM over the top 20 cm and then increased slowly to 600 µM over the next 60 cm (Fig. 2). 

At station J, there was a large decrease of sulfate from 28 mM to 10 mM over 80 cm (Fig.2A). 

The Fe2+ concentration peaked at 4.5 cm, with a maximum value of 90 µM, then decreased over 

the next 6 cm to below detection (Fig. 2B). Sulfate concentration at station P decreased by 3 mM 

from 20 to 80 cm, while Fe2+ increased from 75 µM to 280 µM in the top 3 cm, then stayed 

constant over the remainder of the core (Fig. 2). 

The stable sulfur and oxygen isotopic composition of sulfate present three different 

relationships between δ18O-SO4
2- and δ34S-SO4

2- for the three sampled stations (Fig. 3). Station 

AC showed no significant change in δ34S-SO4
2-, but a downcore increase of about 5‰ for δ18O-

SO4
2-. Station J had a large (30‰) increase in δ34S-SO4

2- with depth, and a concomitant increase 

in δ18O-SO4
2- of 13‰. At Station P δ34S-SO4

2- increased by 1.3‰ until 20 cm and had no change 

in δ18O-SO4
2-, but deeper than 20 cm there was an 8‰ increase in δ34S-SO4

2- and 5‰ increase in 

δ18O-SO4
2- (Fig. 3).

The in-situ, whole-core 35SRR measured in intact sediment cores were always low at 

station AC, <12 nmol SO4
2- cm-3 d-1, with a slight increase below 12 cm (Fig. 4A). Station J 

35SRR showed a peak of activity (80 nmol SO4
2- cm-3 d-1) at 6 cm, then decreased with depth. 

Station P had a distinct 35SRR peak in the top 0-1 cm (26 nmol SO4
2- cm-3 d-1), below which 

35SRR remained at a background of about 2 nmol SO4
2- cm-3 d-1 (Fig. 4A). 



Do not distribute, confidential manuscript in revision at GCA

16

3.2 Sulfate dynamics in anoxic bag incubations

We measured SRR in the bag incubations using the 35S-technique (35SRR) at each 

sampling time point and the consumption of sulfate in the porewater (SRRnet) over the duration 

of the experiment to calculate the rate of sulfide oxidation (Eq. 1, 2). Fig. 4B shows the average 

and standard deviation of all 35SRR measured in anoxic bags at the eleven sampling time points. 

Rates were highly variable during the course of the incubation and, in general, higher than 35SRR 

measured in-situ (Fig. 4A). Station AC again had the lowest 35SRR and the lowest average rates 

were measured in the top half of the depth profile, with a slight increase to 29 nmol SO4
2- cm-3 d-

1 at the deepest bag depth (Fig. 4B). The SRRnet was not significantly different (p>0.05) from 

zero at all depths at station AC (Fig. 4C, Supplemental Fig. S2), despite measureable 35SRR at all 

depths (Fig. 4B). Sulfide oxidation rates were not detectable in the top 7 cm at station AC, but 

peaked at the deepest depth to 31 nmol cm-3 d-1 (Fig. 4D). The anoxic bag 35SRR from station J 

had a peak near the surface and decreased with depth, and 35SRR at station J varied over the 

course of the experiment (Fig. 4B). All bags from station J showed a decrease in porewater 

sulfate concentration that was significantly different (p>0.05) from zero (Fig. 4C, Supplemental 

Fig. S2). Station J SRRnet was highest at the surface (70 nmol cm-3 d-1) and decreased steadily to 

5 nmol cm-3 d-1 over depth (Fig. 4C). Calculated sulfide oxidation rates at station J were high at 

the surface (~50 nmol cm-3 d-1) and decreased with depth except for a peak of ~65 nmol cm-3 d-1 

from 7 to 11 cm (Fig. 4D). Station P had a distinct 35SRR peak at the top, below which rates 

dropped to <30 nmol SO4
2- cm-3 d-1 (Fig. 4B). Four bags (0-1, 1-2, 3-4, 5-7 cm) at station P had 

porewater sulfate concentration decreases that were significantly above zero (Fig. 4C, 

Supplemental Fig. S2). The highest SRRnet at station P was measured in the 0-1 cm bag (53 nmol 
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cm-3 d-1; Fig. 4C). Sulfide oxidation at station P was high at the surface (74 nmol cm-3 d-1) and, 

generally, decreased with depth to 11 nmol cm-3 d-1 in the 18-22 cm anoxic bag (Fig. 4D).

3.3 Fe(III)-oxide dynamics in anoxic bag incubations

We quantified the amount of 0.5 M (poorly crystalline) and 6 M (crystalline) HCl 

extractable Fe(III)-oxides and the magnitude of Fe(III) reduction based on the difference in 

measurements at the start (0 days) and the end (128 days) sampling points of the anoxic bag 

incubations. The concentration of poorly crystalline Fe(III) at station AC at the beginning of the 

incubation ranged from 25 to 51 μmol Fe(III) cm-3 with a slightly decreasing trend with depth 

(Fig. 5A). Between 9.0 and 21 µmol Fe(III) cm-3 of the poorly crystalline Fe(III) was reduced 

over the 128-day incubation. The amount of Fe(III) reduced was highest at the surface and 

decreased over the top 5 cm, then increased again from 6 cm to 12.5 cm. Station AC had a high 

(270 – 390 μmol Fe(III) cm-3) crystalline Fe(III)-oxide content with no apparent depth trend 

(Supplemental Fig. S3) and with insignificant change during the experiment within the estimated 

error of the measurement (<29 μmol Fe(III) cm-3; <10% change in crystalline Fe(III)). The 

estimated 10% error in the 6 M HCl-extractable Fe pool is similar to other sediment studies using 

this method (Porsch and Kappler, 2011; Melton et al., 2014; Laufer et al., 2016).

At the start of the incubation at station J, the 0.5 M HCl-extractable, poorly crystalline 

Fe(III) was 2.0 - 31 µmol cm-3, highest at the top and with a strong decrease with depth (Fig. 

5B). The amount of poorly crystalline Fe(III) that was reduced during the experiment was 6.0 - 

31 µmol cm-3 down to 7 cm but negligible below that depth (<5 μmol Fe(III) cm-3; Fig. 5B). 

Station J had a low crystalline Fe(III)-oxide content (49 - 89 µmol Fe(III) cm-3), highest at the 

surface and decreasing with depth (Supplemental Fig. S3). The change in crystalline Fe(III)-
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oxide content in the sediment over the course of the 128-day experiment was generally within 

the estimated error of the measurement (<9 μmol Fe(III) cm-3; <10% change in crystalline 

Fe(III)).

At station P, the poorly crystalline Fe(III) oxide content was 16 - 51 µmol Fe(III) cm-3 at 

the start of the incubation (Fig. 5C). During the incubation, it decreased by the largest amount 

(32 µmol Fe(III) cm-3) in the 1-2 cm anoxic bag (Fig. 5C). In the bags from the other depths, it 

decreased between 3 - 21 µmol Fe(III) cm-3. Station P had consistently high, initial crystalline 

Fe(III)-oxide contents throughout the depth profile (140 - 330 μmol Fe(III) cm-3) (Supplemental 

Fig. S3). The change in crystalline Fe(III) oxide over the course of the experiment was within the 

estimated error (<26 μmol Fe(III) cm-3; <10% change in crystalline Fe(III))

We also measured Mn(IV)-oxides in the HCl extracts, which contained high Fe2+ 

concentrations that may have served as a reductant for Mn(IV)-oxides. The Mn(IV)-oxides pools 

were below detection (<0.05 dry weight % of Mn(IV)-oxides) at all three stations, depths and 

anoxic bag timepoints (Data not shown).

3.4 Fe(III)-oxide reactivity

Results from neutral-buffered, time-course ascorbate extractions and parameters derived 

from the reactive continuum model fit to Fe(III) extraction curves are presented in Table 1 and 

Fig. 6. In station AC anoxic bags, M(0) changed from 37 µmol cm-3 at 0-1 cm depth to 28 µmol 

Fe(III) cm-3 at 14-18 cm sediment depth at the start of the anoxic bag incubation experiment 

(Table 1, Fig. 6A). By the end of the anoxic bag incubation experiment, M(0) had changed to 29 

and 24 µmol Fe(III) cm-3 at 0-1 and 14-18 cm, respectively. The apparent rate constant (v/a) and 



Do not distribute, confidential manuscript in revision at GCA

19

FeRRinit decreased over sediment depth and incubation time (Table 1). The heterogeneity 

parameter, 1+1/v, decreased over sediment depth and incubation time at station AC (Table 1). 

At station J, M(0) was 10 µmol Fe(III) cm-3 at 0-1 cm and 5.5 µmol Fe(III) cm-3 at 14-18 

cm sediment depth at the start of the anoxic bag incubation experiment. At the end of the anoxic 

bag incubations, M(0) had changed to 5.4 and 4.7 µmol Fe(III) cm-3 at 0-1 and 14-18 cm sediment 

depth, respectively (Table 1, Fig. 6B). The apparent rate constant, v/a, and FeRRinit decreased 

over sediment depth at the start of the anoxic bag incubations, but over the course of the 

incubation, v/a either did not change (0-1 cm) or even increased (14-18 cm). The heterogeneity 

parameter, 1+1/v, decreased over sediment depth at the beginning of the anoxic bag incubation 

(Fig. 6B). Over 128 days of incubation, the heterogeneity had increased in the top and bottom 

bag incubations (Table 1). 

At station P, M(0) was 33 µmol Fe(III) cm-3 at 0-1 cm and 23 µmol Fe(III) cm-3 at 18-22 

cm sediment depth at the start of the anoxic bag incubations. During the 128 days of incubation, 

M(0) changed to 26 and 22 µmol Fe(III) cm-3 at 0-1 and 18-22 cm sediment depth, respectively 

(Table 1, Fig. 6C). The apparent rate constant, v/a, increased over sediment depth, but decreased 

throughout the anoxic bag incubation experiment. The FeRRinit decreased over depth and time 

(Table 1). Surface sediment from station P had the lowest heterogeneity of all measured samples 

at the beginning of the incubation (Table 1). 

3.5 Sulfide oxidation versus Fe(III) reduction

Fig. 7 shows the decrease in poorly crystalline Fe(III)-oxides throughout the 128 days of 

incubation of the anoxic bag experiments along with the decrease of Fe(III)-oxides needed to 
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account for our calculated sulfide oxidation, based on an 8 to 1 stoichiometry of Fe(III) reduction 

to sulfide oxidation (dos Santos Afonso and Stumm, 1992; Eq. 5). 

4𝐹𝑒2𝑂3 +  𝐻2𝑆 + 14𝐻 + →𝑆𝑂2 ―
4 + 8𝐻2𝑂 +  8𝐹𝑒2 +

     (𝑎𝑞)       𝐸𝑞. 5

The top 10 cm of station AC had a greater decrease in measured Fe(III)-oxide than needed to 

account for the Sox. We attribute the excess Fe(III)-oxide reduction to bacterial, dissimilatory 

FeR (Fig. 7A). The bottom two bags at station AC have a lower measured decrease in Fe(III)-

oxide content than needed to account for the calculated Sox. At station J, the measured Fe(III)-

oxide decrease was always less than the amount required to account for the calculated Sox (Fig. 

7B). The measured decrease in Fe(III)-oxide at station P matched the required decrease in 

Fe(III)-oxide to account for Sox in half of the anoxic bags (Fig. 7C). The 2-3 cm anoxic bag 

showed that there was biological FeR, indicated by a higher measured decrease in Fe(III) than 

required to balance the calculated Sox. In the 0-1 cm anoxic bag, the measured decrease in Fe(III) 

was about 54 μmol Fe(III) cm-3 lower than required to balance the calculated Sox. 

4. Discussion

4.1 In-situ sulfide oxidation

Porewater sulfate concentrations decrease with depth to differing final concentrations in 

the in-situ porewater profiles of stations AC, J, and P (Fig. 2). The sulfate profile at station AC 

shows no decrease in sulfate concentration, similar to observations in several other fjords in 

Svalbard, Greenland, and the Sub-Antarctic King George Island (Wehrmann et al., 2014; 

Glombitza et al., 2015; Henkel et al., 2018). In the absence of significant bioirrigation or other 

porewater advection, such a depth distribution of sulfate indicates no detectable net sulfate 

reduction and suggests that the observed low 35SRR measured at station AC is balanced by 
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sulfide oxidation (Fig. 2). The low sulfate reduction is corroborated by the Fe2+ profiles from 

station AC which indicate iron reduction in the top 10 cm of sediment (Fig. 2B) (Wehrmann et 

al., 2014). 

In contrast, the shape of the sulfate porewater profiles at station J and P indicates that 

there is a sink for sulfate below our deepest sampling depths (Fig. 2), such as organoclastic 

sulfate reduction that consumes sulfate throughout the sediment column while organic carbon is 

available and, possibly, a sulfate-methane transition zone (SMTZ) where sulfate is consumed due 

to anaerobic oxidation of methane (Niewöhner et al., 1998; Jørgensen and Parkes, 2010; Egger et 

al., 2018). Whereas we do not know what is below our deepest sampling depth, we observe in-

situ 35SRR activity at stations J and P to 18 cm depth (Fig. 4A). 

The measured stable sulfur and oxygen isotopic composition of sulfate is consistent with 

the oxidation of sulfide to sulfate (Fig. 3) (Antler et al., 2013). Low in-situ 35SRR balanced by 

sulfide reoxidation leads to little or no changes in δ34S-SO4
2-, but relatively large changes in 

δ18O-SO4
2- (Station AC; Fig. 3) (Böttcher et al., 1998; Antler et al., 2013). The large increase in 

δ18O-SO4
2- with depth, relative to a constant δ34S-SO4

2- (station AC), results from an increasing 

contribution of δ18O-H2O to the δ18O-SO4
2- without concomitant removal of sulfate through 

microbial sulfate reduction (Fig. 3, 4). High sulfate reduction rates, in contrast, lead to large 

changes in both δ34S-SO4
2- and δ18O-SO4

2- (station J), and result in a relatively low slope in the 

δ18O-SO4
2- versus δ34S-SO4

2- plot (Fig. 3 and 4). The relatively low slope in the δ18O-SO4
2- 

versus δ34S-SO4
2- plot at station J suggests limited sulfide oxidation, especially below ~10 cm 

(Fig. 3). Typically, there is a correlation between the slope of δ18O-SO4
2- versus δ34S-SO4

2- and 

SRRnet when data from a wide range of sedimentary systems are compared (Antler and Pellerin, 

2018). Steep slopes in the δ18O-SO4
2- versus δ34S-SO4

2- plot are obtained under energy-limited 
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conditions due to kinetic and equilibrium isotope effects during sulfate reduction within the cells, 

but the slopes are indistinguishable from the signature produced by extracellular sulfide 

oxidation (Böttcher et al., 2005; Aller et al., 2010; Mills et al., 2016). Both of these processes are 

likely at work in the Svalbard sediments, but we hypothesize that extracellular sulfide oxidation 

is likely the predominant mechanism due to the consumption of Fe(III)-oxides during anoxic bag 

incubations (see below). Station P has an intermediate in-situ 35SRR and a steep slope in the 

δ18O-SO4
2- versus δ34S-SO4

2- plot, which suggests that a high fraction of sulfide reoxidized in the 

top 20 cm (Fig. 3, 4). Nevertheless, the bottom 60 cm of station P are similar to the station J 

δ18O-SO4
2- versus δ34S-SO4

2- pattern and suggest, on balance, more sulfate reduction than sulfide 

oxidation, which follows the decreasing trend of sulfide oxidation rate at station P (Fig. 4D). 

Steep slopes in the δ18O-SO4
2- versus δ34S-SO4

2- plot, combined with little or no decrease in 

sulfate concentration with depth, suggest that sulfide oxidation is a widespread process in 

glacially-influenced fjords of Spitsbergen (Wehrmann et al., 2017) and, likely, other Arctic and 

Antarctic fjords.  

4.2 Coupled Fe and S cycling in Arctic fjords

In order to determine the potential of Fe as an oxidant for sulfide, we measured the 

amount of poorly crystalline Fe(III), which would react with H2S on timescales equivalent to our 

incubation experiments (Fig. 5, Table 1). Extractions with 0.5-1 M HCl have been shown to 

target the most reactive Fe(III) (e.g. ferrihydrite, lepidocrocite, nano-particulate goethite; van der 

Zee et al., 2003) that reacts quickly (hours to days) with H2S (Poulton et al., 2004). Indeed, we 

found that the quantity of 0.5 M HCl and neutral-buffered ascorbate extractable Fe(III) decreased 

during our incubations (Fig. 5, Table 1), and a pool of 0.5 M HCl and neutral-buffered, ascorbate 
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extractable Fe(III) remained at the end of the incubation in AC and P (Fig. 5, Table 1). Whereas 

ascorbate extractions cannot maintain the speciation of the extracted Fe, the 0.5 M HCl 

extractions do. Extracted Fe(III) with these two methods are similar at the beginning of the 

incubations (Table 1). Given the half-lives for Fe(III)-oxides of varying crystallinity calculated 

by Poulton et al. (2004), all of the Fe(III)-oxide phases extractable with 0.5 M HCl should have 

been consumed through reactions with sulfide. However, these authors calculated half-lives for 

pure mineral phases reacting with 1 mM sulfide concentrations. Sulfide concentrations never 

reach this level in our anoxic bags (Supplemental Fig. S4). These half-lives do not consider the 

additional negative feedbacks on Fe(III)-oxide reactivity in natural sediments, such as blockage 

of reactive surface sites by Fe(II), organic ligands, and divalent cations (Bondietti et al., 1993; 

Biber et al., 1994; Yao and Millero, 1996; Poulton, 2003; Jones et al., 2017). Thus, on the 

timescales of our experiment (months), the highly reactive Fe(III)-oxide fraction will react in 

natural systems with sulfide and negative feedbacks on surface site reactivity render even the 

“reactive Fe(III)” unreactive.

Reactive Fe(III)-oxides are ubiquitous and abundant in the sediments we studied (Fig. 5, 

6, Supplemental Fig. S3). Porewater H2S reacts with Fe(III)-oxides which releases Fe(II) to the 

porewater, produces particulate FeS, and partially-oxidized intermediate valence state sulfur 

species (i.e., elemental sulfur, thiosulfate, sulfite) (Aller and Rude, 1988; King, 1990; Canfield et 

al., 1992). Iron(III)-oxides can chemically oxidize sulfide completely to sulfate (dos Santo 

Afonso and Stumm 1992), but the main pathway likely involves oxidation to elemental sulfur 

and bacterial disproportionation of the elemental sulfur to sulfate and sulfide (Finster, 2008). The 

relative contributions of each of these two pathways are unknown both in-situ and in our 

experiments, but bacterial disproportionation remains thermodynamically favorable in all of our 
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anoxic bags, as sulfide concentrations remain below 1 mM H2S (Supplemental Fig. S4) (Finster, 

2008).

We used 6 M HCl as the second step in the sequential Fe extractions. The 6 M HCl-

extractable pool is composed of crystalline Fe(III) minerals (i.e., goethite or hematite) and some 

Fe silicates (Heron et al., 1994). Over the course of the incubations, statistically significant 

changes in 6 M HCl-extractable Fe(III) were not detected (Supplemental Fig. S3). The error 

typically associated with the extraction method is 10-12% (Porsch and Kappler, 2011; Melton et 

al., 2014; Laufer et al., 2016), thus the error range (the minimum, statistically significant change) 

is 27 – 39 µmol Fe cm-3 for AC, 5 – 9 µmol Fe cm-3 for station J, and 11 – 33 µmol Fe cm-3 for 

station P. Thus, the crystalline Fe(III) mineral pool is likely not reacting in our incubations 

despite the proposed 11-day half-life for sulfurization of pure goethite (Poulton et al., 2004). The 

surface sediment 6 M HCl-extractable Fe(III) content (Supplemental Fig. S3) is also a measure 

of the glacial delivery or influence to these stations, as it is well established that glacially 

influenced fjords receive abundant particulate iron (Raiswell et al., 2006, Hawkings et al., 2014, 

Wadham et al., 2013) and these three fjords, in particular, contain a range of particulate iron 

delivery due to glacial runoff and differential, local bedrock geology (Wehrmann et al., 2014, 

Wehrmann et al., 2017). The crystalline Fe(III)-oxide content of the surficial sediments decrease 

in the order: AC>P>J (Supplemental Fig. S3), which supports varying glacial influence at each 

station. 

4.3 Experimental quantification of sulfide oxidation and Fe reduction 
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Our anoxic bag experiments allowed concurrent determinations of 35SRR, SRRnet, and 

Fe(III)-oxide quantity and reactivity, showing the impact of sulfide production and biological 

FeR on the Fe(III)-oxide pool. 

Station AC. At station AC, a high concentration of reactive Fe(III)-oxides and low 35SRR 

(Table 1, Fig. 4 and 5) fueled a rate of sulfide oxidation to sulfate as high as the rate of sulfate 

reduction throughout the incubation period (Fig. 4D). Our results from the anoxic bag 

incubations corroborate the observation from the porewater profiles of in-situ sulfate reduction 

without a net depletion of sulfate and implies complete sulfide oxidation (Fig. 2, 3, and 4). All 

station AC anoxic bags had reactive, 0.5 M HCl-extractable and ascorbate-extractable, Fe(III)-

oxides remaining at the end of the 128-day incubation period (Figs. 5, 6), implying that the 

Fe(III)-oxides were in sufficient quantity and reactivity for months of biological iron reduction 

or sulfide oxidation. 

In addition to the decrease in Fe(III)-oxide content in the incubations of station AC 

sediment, FeR also caused a change in reactivity of the remaining ascorbate-extractable Fe(III)-

oxide in the surface sediment (0-1 cm) over the course of the incubation. The FeRRinit and 

heterogeneity parameters both decreased from the start to the end time points of the anoxic bag 

incubations (Table 1). We suggest that microbial FeR consumed the most reactive Fe(III)-oxides 

and left a more homogeneous pool of less reactive Fe(III)-oxide. In fact, the change in iron 

content in the top 7 cm of station AC could be attributed to microbial FeR (Fig. 7), given the lack 

of measurable sulfide oxidation. This assertion is corroborated by an accumulation of porewater 

Fe2+ within the top 10 cm of sediment, likely due to biological FeR (Fig. 2B). The deep anoxic 

bag showed a similar decrease in Fe(III)-oxide content, reactivity, and heterogeneity, but to a 

lesser extent than in the surface anoxic bag (Table 1). The magnitude of changes in the deepest 
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anoxic bag was smaller because the initial Fe(III)-oxide pool was smaller, less reactive, and more 

homogeneous, likely due to consumption of the most reactive Fe(III) during early diagenesis. It 

is well established from other sediment studies that the most reactive Fe(III)-oxides are 

consumed first (in the surficial sediment) and only the less reactive, crystalline Fe(III)-oxides 

remain at depth (Fig. 5, 6, Supplemental Fig. S3; Thamdrup et al., 1994; Jensen et al., 2003). The 

remaining Fe(III)-oxide pool at depth was no longer favorable for biological FeR, so sulfate 

reduction became relatively more favorable over time and 35SRR increased in these deeper 

anoxic bags (Fig. 4A, 4B, and 6). The Fe pool size was still large enough to account for almost 

all of the calculated Sox (Fig. 7). Thus, station AC follows a more classical redox progression of 

microbial metabolisms with iron reduction near the surface, followed by sulfate reduction at 

depth, likely due to glacial delivery of high quantities of reactive Fe(III).

Station J. Station J had the highest overall calculated rates of sulfide oxidation (Fig. 4D). 

Sulfide oxidation rates, calculated for the surficial sediment at station J, are ~30% of those 

measured at comparable depths in geochemically similar sediments from Aarhus Bay, Denmark 

(Findlay et al., in revision). However, given the potential overestimate of sulfide oxidation rates 

at station J (see below) in our anoxic bag incubations, this 30% may be seen as an upper limit. 

The higher rate of sulfide oxidation in Aarhus Bay is likely driven by the two-fold higher organic 

carbon concentration and correspondingly higher sulfate reduction rates (Chen et al., 2017, 

Wehrmann et al., 2014). Findlay et al. (in revision) used experimental anoxic bag incubations, 

amended with 35S-radiolabeled sulfide, to quantify the sulfide oxidation rates and, despite the 

differences in methodology, the two studies report sulfide oxidation rates within the same order 

of magnitude. In our station J experiments, high gross sulfate reduction rates and low Fe(III)-

oxide content at the start of the incubation led to complete consumption of the 0.5 M HCl-
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extractable Fe(III)-oxides in half of the depth intervals studied (Fig. 5B). The highest SRRnet of 

the three investigated stations resulted after the complete consumption of the Fe(III) oxidant 

(Fig. 4C, Supplemental Fig. S2). Where the Fe(III) was depleted, sulfide accumulated in the 

porewater of the incubated bags (Supplementary Fig. S4), suggesting that Fe(III) was the 

predominant oxidant on the timeframe of this experiment. Similarly, Findlay et al. (in revision) 

determined that poorly crystalline Fe(III)-oxide phases were the primary oxidant of sulfide and 

sulfide oxidation was below detection once poorly crystalline Fe(III)-oxides were exhausted 

from the sediment. Thus, station J, with the least amount of glacial Fe(III) influence (Fig. 5, 

Supplemental Fig. S3), appears most similar to a temperate coastal marine sediment.

In our experiments, crystalline Fe(III) remained once reactive Fe(III) was exhausted 

(Supplemental Fig. S3) and precluded, or at least slowed, the continued oxidation of sulfide to 

sulfate. The accumulation of sulfide (Supplemental Fig. S4) upon depletion of the 0.5 M HCl-

extractable Fe(III) pool indicates that the remaining 6 M HCl-extractable Fe(III) was not reactive 

enough to oxidize sulfide within the timeframe of this experiment (128 days). Given that the 

detected change in Fe(III) content was primarily in the 0.5 M HCl-extractable fraction, the 

sulfide was likely reacting with poorly crystalline phases such as ferrihydrite or lepidocrocite 

(Poulton et al., 2004; Henkel et al., 2016), while the more crystalline Fe(III)-oxides in the 6 M 

HCl extractions remained at the end of the incubation (Supplemental Fig. S3). Benthic, 

bioturbating macrofauna are present in-situ (Supplemental Table 3), but removed for our anoxic 

bag incubations. In-situ these bioturbating macrofauna supply oxygen to anoxic sediment to 

oxidize Fe2+ and produce poorly crystalline Fe(III)-oxides (Hines and Jones, 1985; Beam et al., 

2018) that likely serve as an oxidant for sulfide. The crystalline Fe(III)-oxide pool may serve as 

an oxidant for sulfide over longer timescales than our incubations. 
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The amount of Fe(III)-oxide required to account for the calculated sulfide oxidation is 

greater than the measured decrease in Fe(III) in all anoxic bags from station J (Fig. 7). This 

cannot be accounted for by changes in the crystalline Fe(III) pool within the error of these 

measurements, but could instead result from an overestimate of 35SRR or an underestimate of 

SRRnet. The discrepancy between the measured Fe(III) loss and the calculated Fe(III) loss due to 

sulfide oxidation may be an artefact of our experimental design. We carefully kneaded the bags 

before each sampling point. Mixing is known to produce a transient increase in volatile fatty 

acids by homogenizing the organic matter and briefly decoupling the close association between 

fermentative and sulfate reducing microorganisms (Finke, 2003). This increase of volatile fatty 

acid concentrations by such a homogenization can stimulate sulfate reduction, and may have 

instantaneously increased the 35SRR (Hines and Jones, 1985, Finke, 2003, Arnosti et al., 2005). 

The 35SRR method is highly sensitive and detects such a pulse of electron donor, even when the 

pulse of volatile fatty acids is small. The 35SRR in the bags was systematically higher and, thus, 

apparently stimulated over the in-situ rates throughout the experiment (Fig. 4). We conclude that 

the 35SRRgross measured in the anoxic bags likely over-estimates the long-term 35SRRgross in the 

bags and that the 35SRRgross throughout the entire incubation may have been closer to the rates 

measured in the whole core incubations (Fig. 4A). If we use the in-situ, whole core 35SRR to 

calculate sulfide oxidation rates and the Fe(III) budget, almost all of the Fe(III) consumption 

would be due to FeR (Supplemental Fig. S5). We know from the porewater sulfate 

concentrations and stable isotope composition of sulfate that sulfide oxidation is an ongoing 

process in these sediments, although to differing degrees (Fig. 2, 3). Thus, we conclude that the 

35SRRgross measured in anoxic bags are overestimated, and the actual SRR in the anoxic bags is 
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likely somewhere between the in-situ, whole core SRR and the 35SRRgross that we measured at 

each sampling time in the anoxic bags. 

Mn(IV)-oxides, O2, and NO3
- may also catalyze the sulfide oxidation to sulfate (Aller and 

Rude, 1988; King, 1990; Böttcher et al., 2001). We performed our incubation experiments under 

anoxic conditions, so molecular oxygen is not a possible oxidant. Nitrate concentrations within 

the top 5 cm of the sediment at station J and a site near station P were less than 10 μM (Canion et 

al., 2014) and can therefore not account for significant amounts of sulfide oxidation. Moreover, 

we could not measure a change in the reactive Mn(IV)-oxide pool in our incubation experiments 

because the starting material was below the 0.05 weight % limit of detection of our Mn-

determination method. Thus, we suspect that the Mn(IV) oxides present in our bags were not a 

source of oxidant for sulfide oxidation. In support of this, Wehrmann et al., (2014) found that 

station AC contains <0.05 % (by weight), station J <0.01 % and station Q, which is 1 km north 

of station P, <0.025 % Mn(IV) oxides. We did not measure the Mn:Fe ratio of the source 

material, but Wehrmann et al. (2014) found that the Mn:Fe in surficial sediment of AC, J, and Q 

was 0.05, <0.01, and 0.04, respectively. This shows that Fe is predominant over Mn (Wehrmann 

et al., 2014) and that the Mn(IV) oxide quantities are roughly 100 fold too low to account for the 

sulfide oxidation observed at station J and the surface sediment of station P (Fig. 7). Finally, 

organic matter, in particular humic acids, can oxidize sulfide at rates comparable to those of 

reactive Fe(III)-oxides (Heitmann and Blodau, 2006; Yu et al., 2016). Whereas humic acid 

concentrations were not quantified, the organic matter content of the glacial output is low and 

refractory (Kim et al., 2011; Koziorowska et al., 2016; Koziorowska et al., 2017), and so humics 

are not likely to play a major role in driving sulfide oxidation. The lack of other oxidants both in-
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situ and in our experiments suggests that Fe(III)-oxides are the primary oxidant driving sulfide 

oxidation. 

Station P. The 0-1 cm surface sediment of station P had high 35SRR and the largest pool 

of reactive Fe(III)-oxides, leading to the highest rate of sulfide oxidation of all our stations (Fig. 

4, 5). The high 35SRR in the surficial sediment are likely maintained in-situ through a seasonal 

pulse of fresh organic matter to the sediment, especially after the spring phytoplankton bloom 

dies and settles to the seafloor (Węsławski and Legezytńska, 1998; Hodal et al., 2012; Wolf et 

al., 2018). The continuous delivery of Fe-rich material at station P is via glacial erosion and 

iceberg rafted debris, which contains between 0.016 and 0.374 dry weight % of ascorbate-

extractable Fe (Raiswell et al., 2016). Despite the high 35SRR and large quantities of Fe(III) in 

this sediment, Fe(III)-oxides still remained at the end of our incubation experiments, indicating 

that they were not all reactive towards sulfide or biological FeR on the timescale of this 

experiment, similar to station AC. The rejuvenation of highly reactive Fe(III)-oxides through 

glacial delivery, bioturbation, or Fe2+ flux into the oxic zone would thus be required for 

continued sulfide oxidation. The imbalance between the measured Fe(III)-oxide reduction and 

the decrease in Fe(III)-oxide concentration required to account for the calculated Sox in the 

surface bag at station P (Fig. 7C) may be due to an overestimation of the 35SRRgross due to a 

transient stimulation of rates by kneading of the sediment before each sampling for rate 

measurements. It may also be due to small changes in the 6 M HCl-extractable Fe(III)-oxide pool 

that were within the error of the measurement. Both of these effects were discussed above for 

Station J.

We observed that the ascorbate-extractable Fe(III) at station P 0-1 cm decreased in 

overall quantity, but without change to the initial reactivity, shape of the dissolution curve, or 
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heterogeneity parameter (Fig. 6, Table 1). Conversely, the station AC Fe(III) reactivity and 

heterogeneity did change over the course of the incubation (Table 1). We hypothesize that this 

difference between sediment in the top 0-1 cm at station P and AC was due to predominant 

biological FeR in the station AC incubation, which selectively consumed the highly reactive 

Fe(III) components and left behind a more homogeneous, poorly reactive Fe(III)-oxide pool. In 

contrast, at station P, high SR produced sulfide that reacted with less specificity to the Fe(III)-

oxide pool. As an aqueous species, sulfide reacts non-specifically with Fe(III)-oxides of varying 

reactivity, unlike Fe(III)-reducing microorganisms that will preferentially utilize poorly 

crystalline and more bioavailable Fe(III)-oxide (Lovley and Phillips, 1986). Over the course of 

our experiment, the changes to the ascorbate-extractable Fe(III) pool are due to the non-specific, 

sulfide-mediated Fe(III) reduction. 

 

4.4 Glacial drivers of Fe and S cycling and future changes

The Fe(III) content and its reactivity play an important role in determining the 

predominant Fe and S cycles occurring in Arctic fjord sediments and are a function of the 

mineralogy and erodibility of the bedrock (Norton et al., 2010) over which the glacier flows. The 

glacial delivery of Fe(III) manifests itself as different surface sediment concentrations of total 

(0.5 M + 6 M HCl) extractable Fe at each station (Fig. 5, 6, Supplemental Fig. S3). 

Carboniferous-Permian age red sandstones in Kongsfjorden (station P) and sandstones in Van 

Keulenfjorden (station AC) catchments deliver higher amounts of reactive Fe to these fjords than 

the granite and banded gneiss found within the Smeerenburgfjorden catchment (station J) (Fig. 5, 

Supplemental Fig. S3; Wehrmann et al., 2014; Dallmann, 2015). Glacial material from Svalbard 

and Greenland contains abundant, poorly crystalline Fe(III) minerals (Raiswell et al., 2006; 



Do not distribute, confidential manuscript in revision at GCA

32

Hawkings et al., 2014; Raiswell et al., 2016; Hawkings et al., 2018; Raiswell et al., 2018). We 

anticipate that sediments proximal to the glacier terminus have higher potential for sulfide 

oxidation, given the higher input of glacial material, than sediments further away from the 

glacier terminus; however, this depends on the reactivity of the deposited Fe(III)-oxides and 

those produced in the seabed (Svendsen et al., 2002; Kehrl et al., 2011; Wehrmann et al., 2017). 

Whereas a spatial gradient of glacial influence on Fe and S cycles has been documented 

for Arctic fjords (Wehrmann et al., 2014; Wehrmann et al., 2017), future changes to glaciers due 

to global climate change will also impact Fe and S cycling. Glacier retreat, and resulting 

hydrologic changes, will affect the amount and oxidation state of Fe delivered to fjord sediments, 

and consequently the supply of oxidants for sulfide oxidation and favorable electron acceptors 

for biotic and abiotic FeR (Wehrmann et al., 2014; Milner et al., 2017; Henkel et al., 2018). 

Retreat of marine-terminating glaciers onto land will stop iceberg-associated transport of glacial 

material over long distance out into the fjord. Furthermore, a decrease in glacier extent will 

depress physical weathering of the catchment bedrock, potentially leading to lower sediment 

export into fjord systems (Hood and Berner, 2009; Milner et al., 2017). A decrease in the 

suspended load of eroded rock from glacial catchments will lower the quantity of reactive metal 

oxides delivered to the fjord. Our data show that glacially-influenced fjord sediments (station AC 

and P) have the capacity to effectively oxidize sulfide deep in the sediment due to the high 

delivery of Fe(III)-oxides and their preservation at depth (Fig. 5, Supplemental Fig. S3). Fe(III) 

burial is possible at these stations due to lower rates of sulfide production from SR and an overall 

higher amount of Fe(III) deposited on the sediment surface (Fig. 4, 5, Supplemental Fig. S3, S4). 

As SR continues to be active in deep sediments, Fe(III) remains as a driver of sulfide oxidation. 

Conversely, fjord sediments with less glacial influence (station J) contain less Fe(III)-oxides, 
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which are consumed earlier through diagenetic processes, such as FeR and SR, and provide less 

capacity for sulfide oxidation in deeper sediments (Fig. 5). In contrast to the other two stations, 

station J is most similar to coastal marine sediments in eutrophic temperate regions, such as 

Aarhus Bay, Denmark, in Fe(III)-oxide content, physical properties, and sulfide oxidation rate 

distribution with depth. The Fe and S cycles in Svalbard fjords will expectedly change from 

glacially to non-glacially influenced with the predicted melting of Arctic glaciers and become 

more similar to temperate coastal marine sediments. 

5. Conclusions

The Arctic fjords of Svalbard contain sediment supplied and modified by glaciers 

overriding contrasting bedrock types. These conditions produce environments where microbial 

activity and biogeochemical cycles operate with contrasting supplies of reactive Fe(III)-oxides 

from the glaciers. Concurrently with sulfate reduction, sulfide oxidation occurs to varying 

degrees in the sediments of the three investigated fjords, as shown by the combination of 

porewater sulfate concentration, stable isotope data, and in-situ 35SRR measurements. We 

determined that highly reactive Fe(III)-oxides promoted sulfide oxidation in the three studied 

fjords. Changes to the reactive Fe(III) pool were discernable due to microbial FeR or sulfide 

oxidation. Reactive (0.5 M HCl-extractable) Fe(III)-oxides remaining at the end of our 

laboratory sediment incubations suggest that the half-lives of reactive Fe(III)-oxides towards 

sulfide in natural sediment is on the order of months, while, in all cases, crystalline Fe(III)-

oxides remain. We conclude that differences in geology and glacial activity supply variable 

amounts of reactive Fe(III)-oxides and thereby impact microbial FeR and the degree of sulfide 

oxidation in these fjord sediments. As glaciers continue to retreat, the glacial subsidies of 
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reactive Fe(III)-oxides will decrease and cause a transition to sediments with a diagenetic 

behavior more akin to many temperate coastal marine sediments. 
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8. Figure Legends
Fig. 1. Map of Spitsbergen, Svalbard showing the three sediment stations sampled (A) with 
detailed 10 m satellite imagery from Sentinel-2 taken on 2 Aug 2017 for Van Keulenfjorden (B), 
Smeerenburgfjorden (C), and Kongsfjorden (D).

Fig. 2. Porewater sulfate (A) and Fe2+ (B) concentrations in sediment cores from station AC, J, 
and P. Porewater Fe2+ data are replotted from Wehrmann et al. (2014, 2017).

Fig. 3. Stable isotopes (δ18O and δ34S) in porewater sulfate at stations AC, J, and P, while 
numbers are the sediment depths (cm) from which the sample was collected.

Fig. 4. Sulfate reduction rates measured by 35S-technique in-situ with whole core incubations 
where symbols and error bars represent the average and standard deviation of three replicate 
cores (A) and within anoxic bags over the course of experiment, showing the average and 
standard deviation of all timepoints sampled (B), rate of sulfate concentration decrease 
throughout the incubation experiment with the error on the linear regression line indicated by the 
error bars (C). Sulfide oxidation rates (D) which are the difference between 35SRRgross and 
SRRnet measured in the anoxic bags and error bars are the propogated error of 35SRRgross and 
SRRnet.

Fig. 5. The concentration of 0.5 M HCl-extractable Fe(III) oxide minerals in anoxic bag 
incubations from AC (A), J (B), and P (C) at the start (filled symbols) and end (empty symbols) 
of the experiment. “Start” represents the first sample at the beginning of the experiment and 
“end” represents the final sample. 
 
Fig. 6. Dissolution curves of the time-course Fe(III) extractions for top (circles) and bottom 
(triangles) anoxic bags at the start (filled symbols) and end (empty symbols) of the incubations 
from stations AC (A), J (B), and P (C). The dashed lines show the fitted continuum reactivity 
model. 

Fig. 7. The decrease in 0.5 M HCl-extractable Fe(III) over the course of the anoxic bag 
experiment from stations AC (A), J (B), and P (C) is indicated by the black circles. Sulfide 
oxidation is calculated using the 35SRRgross measured at each timepoint sampled from the anoxic 
bag incubations. The black shading of each bar represents the decrease of Fe(III) due to sulfide 
oxidation. The red shading represents 0.5 M HCl-extractable Fe(III) decrease due to biological 
iron reduction after accounting for the decrease of Fe(III) from the calculated amount of sulfide 
oxidation. The green shading indicates a deficiency of Fe(III) due to calculated sulfide oxidation.
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10. Figures

Fig. 1.
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Fig. 2.
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Fig. 3.
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Fig. 4. 

Fig. 5.
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Fig. 6.
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Fig. 7.
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11. Tables

Table 1. Fe extraction quantities and reactivity parameters. M(0) is the amount of ascorbate-
extractable Fe(III) in the sediment at the start of extraction. v/a is the apparent rate constant, 
describing the initial reactivity normalized to the total concentration of ascorbate-extractable Fe 
(M(0)) of the sample. The FeRRinit, is the initial rate of Fe(III) reduction measured during the 
dissolution experiments. 1+1/v describes the heterogeneity of the minerals present in the 
sediment as it describes the curvature of the dissolution curve. R2 is for the fit of the model by 
which the parameters v/a and 1+1/v were calculated. All values are shown for the start and the 
end (after 128 days) of the incubation experiment.

Sample Details Extractable Fe(III) Model Parameters
Station Depth Time 0.5 M HCl M(0) v/a*10000 1+1/v R2 FeRRinit

(cm) (µmol cm-3) (s-1) (μmol Fe(III) reduced cm-3 s-1)
Start 28 37 2.7 2.1 1.0 0.00990-1 End 14 29 0.74 1.5 1.0 0.0021
Start 25 28 1.5 1.5 0.99 0.0042AC

14-18 End 15 24 0.88 1.2 1.0 0.0021
Start 31 10 30 2.7 0.99 0.0300-1 End 0.30 5.4 29 3.1 0.99 0.016
Start 5.0 5.5 11 1.3 0.99 0.0062J

14-18 End 5.8 4.7 55 3.7 0.98 0.026
Start 31 33 2.6 1.2 1.0 0.00830-1 End 11 26 2.7 1.3 0.99 0.0070
Start 16 23 4.2 2.4 0.99 0.0095P

18-22 End 1.8 22 3.2 2.3 0.99 0.0070
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12. Supplemental Information
Supplemental Table 1. Sampling station location and physical parameters.

Fjord Station Name Decimal Degree 
Coordinates (N, E)

Water Depth 
(m)

Sediment 
Temperature 

(°C)
Van Keulenfjorden AC 77.538, 15.657 56 2.3
Smeerenburgfjorden J 79.715, 11.077 211 2.4
Kongsfjorden P 78.966, 12.256 90 1.5
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Supplemental Table 2. Porosity in the start of each anoxic bag incubation.

Station AC Station J Station P
Depth (cm) Porosity Depth (cm) Porosity Depth (cm) Porosity

0.5 0.71 0.5 0.81 0.5 0.77
1.5 0.81 1.5 0.69 1.5 0.64
2.5 0.64 2.5 0.68 2.5 0.48
3.4 0.77 3.4 0.67 3.4 0.64
4.5 0.67 4.5 0.72 4.5 0.52
6 0.64 6 0.66 6 0.55
8 0.62 8 0.61 8 0.63
10 0.71 10 0.67 10 0.56

12.5 0.54 12.5 0.62 12.5 0.58
16 0.53 16 0.64 20 0.60
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Supplemental Table 3. Benthic fauna observed at Station J top 20 cm. 
Polychaete observations Other benthic faunaSampling 

depth (cm) Identity Observations (#) Identity Observations (#)
0-2 Chaetozone sp.

Maldanidae
Galathowenia oculata
Lombrineridae

1
1
1
15

Nuculana pernula
Gromidae

1
6

2-5 Maldanidae
Amphaetinae
Lombrineridae
Scoloplos armiger

1
1
3
1

Nuculana pernula
Thyasira sarsi
Gromidae

1
2
1

5-8 Lombrineridae
Maldene sarsi

1
1

8-13 Maldene sarsi
Melinna sp.

3
1

13-20 Maldane sarsi 2
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Supplemental Fig. S1. Example anoxic bag with welded sides including glass port with sampling 
tube and rubber stopper.
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Supplemental Fig. S2. Concentration of sulfate during the time course anoxic bag incubation 
from station AC (A), J (B), and P (C). The colors for depth bags are the same for all three panels.
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Supplemental Fig. S3. Concentration of 6 M HCl-extractable Fe(III) (open and closed symbols) 
and beginning total Fe(III) (0.5 M + 6 M HCl-extractable; plus sign) from station AC (A), J (B), 
and P (C) at the beginning (open symbols) and end (closed symbols) of the anoxic bag 
incubation experiment.
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Supplemental Fig. S4. Concentration of sulfide during the time course anoxic bag incubation 
from station AC (A), J (B), and P (C). The colors for depth bags are the same for all three panels.
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Supplemental Fig. S5. The decrease in 0.5 M HCl-extractable Fe(III) over the course of the 
anoxic bag experiment from stations AC (A), J (B), and P (C) is indicated by the black circles. 
Sulfide oxidation is calculated using the 35SRRgross measured in in-situ, whole core incubations. 
The black shading of each bar represents the decrease of Fe(III) due to sulfide oxidation. The red 
shading represents 0.5 M HCl-extractable Fe(III) decrease due to biological iron reduction after 
accounting for the decrease of Fe(III) from the calculated amount of sulfide oxidation. The green 
shading indicates a deficiency of Fe(III) due to calculated sulfide oxidation.


