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Abstract: Dissimilatory iron reduction and sulfate reduction are the most important processes for 24 

anaerobic mineralization of organic carbon in marine sediments. The thermodynamics and kinetics of 25 

microbial Fe(III) reduction depend on the characteristics of the Fe(III) minerals, which influence the 26 

potential of Fe(III)-reducers to compete with sulfate-reducers for common organic substrates. In the 27 

present study, we tested different methods to quantify and characterize microbially reducible Fe(III) in 28 

sediments from a transect in Kongsfjorden, Svalbard, using different standard sequential endpoint 29 

extractions and time-course extractions with either ascorbate or a Fe(III)-reducing microbial culture. 30 

Similar trends of increasing ‘reactive Fe’ content of the sediment along the fjord transect were found 31 

using the different extraction methods. However, the total amount of ‘reactive Fe’ extracted differed 32 

between the methods, due to different Fe dissolution mechanisms and different targeted Fe fractions. 33 

Time-course extractions additionally provided information on the reactivity and heterogeneity of the 34 

extracted Fe(III) minerals, which also impact the favorability for microbial reduction. Our results show 35 

which fractions of the existing Fe extraction protocols should be considered ‘reactive’ in the sense of 36 

being favorable for microbial Fe(III) reduction, which is important in studies on early diagenesis in 37 

marine sediments. 38 

 39 

Keywords: Iron, Fe reduction, sulfate reduction, sediment, Arctic, Svalbard 40 

 41 
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Introduction 43 

Anaerobic mineralization of organic matter 44 

In marine coastal and shelf sediments, anaerobic microbial processes play an important role in 45 

organic carbon mineralization (Thamdrup 2000; Jørgensen 2006). Anaerobic organic carbon 46 

mineralization is a multi-step process. First, hydrolysis and fermentation break down larger organic 47 

molecules to small molecules, such as alcohols and volatile fatty acids. Second, microorganisms 48 

oxidize these small organic molecules using a variety of terminal electron acceptors (Fenchel and 49 

Jørgensen 1977; Lovley 2013; Arndt et al. 2013). The difference in energy gain between different 50 

terminal electron acceptors establishes a sequence in which the electron acceptors are consumed by 51 

respiration (usually first nitrate, then Mn(VI), Fe(III), sulfate, and finally CO2) (Champ, Gulens, and 52 

Jackson 1978; Froelich et al. 1979). Given that sulfate and Fe(III) reduction are the most important 53 

processes for anaerobic organic matter degradation in marine coastal and shelf sediments (Jørgensen 54 

1982; Thamdrup 2000), the factors that govern the balance between Fe(III) and sulfate reduction are 55 

important to discern for the carbon mineralization budgets. Sulfate-reducers in marine sediments use 56 

the abundant, dissolved sulfate, whereas iron-reducers depend on their ability to access solid phase 57 

Fe(III). This is because at circumneutral pH, typical for marine sediments, Fe(III) is poorly soluble and 58 

mainly exists in solid-phase Fe(III) minerals (Cornell and Schwertmann 2003; Haese 2006). Depending 59 

on Fe(III) mineral properties like structure and crystallinity the Fe(III)/Fe(II) redox couple can have a 60 

widely varying redox potential (Thamdrup 2000; Postma and Jakobsen 1996).  61 

 62 

Competition between iron and sulfate reduction 63 
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In the classical thermodynamic ladder Fe(III) reduction occurs before sulfate reduction 64 

(Froelich et al. 1979). However, in the environment it has been shown that Fe(III) and sulfate reduction 65 

can co-occur at the same sediment depth or that the redox zonation can be reversed and sulfate 66 

reduction occurs in sediment depths above Fe(III) reduction (Canfield and Des Marais 1991; Brandes 67 

and Devol 1995; Jakobsen and Postma 1999; Postma et al. 2007; Bethke et al. 2011; Hansel et al. 68 

2015). The thermodynamic and kinetic favorability of Fe(III) reduction over sulfate reduction is a 69 

function of the reactivity of Fe(III) (oxyhydr)oxides, which depends on the surface area, mineralogy, 70 

crystallinity, and grain size of the Fe(III) minerals (Postma and Jakobsen 1996; Roden 2006; Hansel 71 

and Lentini 2011). A variety of Fe(III) minerals are found in the environment, especially in marine 72 

sediments, spanning a wide a range of reactivity (Postma 1993; Cornell and Schwertmann 2003). 73 

Reduction of the most reactive Fe(III) minerals (e.g., amorphous Fe(III)-oxides, ferrihydrite) yields 74 

more free energy than sulfate reduction under typical marine sediment conditions. However, the redox 75 

potential of more crystalline Fe(III) (oxyhydr)oxides (e.g., goethite, hematite, or magnetite) is lower 76 

than that of sulfate reduction, i.e. sulfate reduction is energetically less favorable than Fe(III) reduction 77 

(Postma and Jakobsen 1996; Jakobsen and Postma 1999; Thamdrup 2000; Bethke et al. 2011; Hansel 78 

and Lentini 2011). Fe(III)-reducers are also limited by kinetic constraints (Jensen et al. 2003; 79 

Bonneville, Van Cappellen, and Behrends 2004), mainly controlled by crystallinity and particle size, 80 

which both impact the surface area. The surface area affects how many surface sites can be 81 

simultaneously accessed, and thereby how fast Fe(III)-reducers are able to reduce the structural Fe(III) 82 

(Roden and Zachara 1996; Roden 2006; Bonneville et al. 2006; Roden 2003). This kinetic constraint 83 

also impacts the ability of Fe(III)-reducers to compete with sulfate-reducers for organic carbon 84 

substrates. Thus, it is important to determine both the amount and the reactivity of Fe(III) minerals to 85 

explain the distribution and activity of microbial terminal oxidation processes in marine sediments. 86 
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 87 

Quantification and characterization of reactive Fe 88 

A common approach to quantify reactive Fe in sediments is via sequential endpoint extractions 89 

(Poulton and Canfield 2005; Hall et al. 1996; Kostka and Luther 1994; Heron et al. 1994). A set of 90 

extractants (with different concentration, dissolution mechanism or strength of reducing agent) are 91 

applied for a defined amount of time under defined incubation conditions, and the amount of Fe 92 

extracted is only determined at the end (‘endpoint extractions’). These endpoint extractions are well 93 

established in the literature; they are rapid and allow the quantification of Fe in operationally defined 94 

fractions (Poulton and Canfield 2005; Hall et al. 1996; Kostka and Luther 1994; Heron et al. 1994). 95 

However, each fraction still contains a heterogeneous mixture of minerals with varying crystallinities, 96 

particle sizes and surface properties (Larsen, Postma, and Jakobsen 2006; Postma 1993). Moreover, as 97 

endpoint extractions cannot directly quantify the reactivity of each fraction, they are not able to detect 98 

small differences in Fe reactivity within fractions and therefore do not allow for a detailed comparison 99 

between different sediment samples. Further, the definition of ‘reactive Fe’ differs widely in the 100 

published extraction protocols. While in some protocols only poorly crystalline Fe(III) minerals (such 101 

as ferrihydrite or lepidocrocite) are defined to be ‘reactive’, in other protocols also highly crystalline 102 

Fe(III) oxides (such as hematite or goethite), mixed-valence Fe minerals (such as magnetite) and Fe(II) 103 

phases (Fe-sulfides or Fe-carbonates) are considered ‘reactive’ (Kostka and Luther 1994; Hall et al. 104 

1996; Heron et al. 1994; Poulton and Canfield 2005). Moreover, the redox speciation of the extracted 105 

Fe phases is often not determined (e.g. Poulton & Canfield 2005, Homoky et al. 2011, Aquilina et al. 106 

2014, Blonder et al. 2017). All this can be misleading in studies investigating the impact of ‘reactive 107 

Fe’ on early diagenetic processes.  108 

 109 



6 
 

The reactive continuum approach of Postma (1993) offers a method to not only quantify the 110 

amount of reactive iron, but also to directly quantify the reactivity and heterogeneity of the extractable 111 

Fe (Postma 1993). With this approach, the dissolution of the targeted compound in a specific extractant 112 

is quantified over time (time-course extractions). Then, the continuum reactivity model is fitted to the 113 

time-course extraction data and the steepness and curvature of the dissolution curve is used to derive 114 

quantitative parameters describing characteristics of the dissolving compounds. By using either an 115 

ascorbate solution at pH 3 or a bicarbonate buffered ascorbate-citrate solution at pH 7.5, the reactive 116 

continuum approach was previously used to describe the reactivity of synthetic and natural Fe minerals 117 

(Postma 1993; Jones et al. 2009; Zhu et al. 2014; Hyacinthe and Van Cappellen 2004; Larsen and 118 

Postma 2001). It was found that the amount of Fe(III) that is extractable with bicarbonate-buffered 119 

ascorbate-citrate at pH 7.5 correlates well with the amount of microbially reducible Fe(III) in sediments 120 

(Hyacinthe, Bonneville, and Van Cappellen 2006). Fe(III)-reducing microorganisms can also be used 121 

as the extractant in such time-course extractions. While several studies determined the amount of 122 

microbially reducible Fe(III) in environmental samples (Hyacinthe, Bonneville, and Van Cappellen 123 

2006; Luo et al. 2015; Roden 2006; Roden 2004; Roden and Wetzel 2003; Weiss, Emerson, and 124 

Megonigal 2004), few studies have compared microbial and ascorbate time-course extractions by 125 

applying the continuum reactivity model to microbial extractions (Roden 2004; Luo et al. 2015).  126 

 127 

Aim of this study 128 

The aim of this study was to evaluate the applicability of different extraction methods to 129 

determine the reactivity of Fe(III) in marine sediments towards microbial reduction. We found that 130 

arctic fjord sediments were well suited for this, due to the impact of glacial delivery of detrital material 131 

near the glacier (fjord head) and the impact of the open ocean at the fjord mouth. These fjords have 132 
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strong gradients in hydrology, biology and geochemistry along their longitudinal axis (Koziorowska, 133 

Kuliński, and Pempkowiak 2017; Svendsen et al. 2002; Wlodarska-Kowalczuk, Pearson, and Kendall 134 

2005). We sampled sediment from three stations along the longitudinal axis (fjord head to mouth) of 135 

Kongsfjorden and at each station determined geochemical parameters, measured sulfate reduction rates 136 

and tested different methods for the quantification of ‘reactive Fe’, including different sequential 137 

endpoint and time-course extractions. 138 

 139 

Material and Methods: 140 

Field site  141 

Kongsfjorden is located on the west coast of Spitsbergen, the largest island of the Svalbard 142 

archipelago (Figure 1). The fjord is 20 km long and 4-10 km wide. It has an inner basin with water 143 

depths < 100 m and an outer basin with water depths of 200-400 m. The inner basin extends over 10 144 

km from the front of several sea-terminating glaciers (Anders Elverhøi, Lønne, and Seland 1983; Howe 145 

et al. 2003). Kongsfjorden has five tidewater glaciers at its east and north-coast, Kongsvegen and 146 

Kronebreen (which converge approximately 5 km up-glacier from their terminus), Kongsbreen, 147 

Conwaybreen, and Blomstrandbreen, as well as several smaller land-terminating glaciers on its 148 

southern coast. The tidewater glaciers, especially the Kronebreen/Kongsvegen complex (KB/KV), 149 

produce large turbid plumes, that contain high amounts of suspended particulate material (Meslard et 150 

al. 2018). The KB/KV glaciers override Fe-rich Devonian red sandstone beds (Løvlie et al. 1984; 151 

Jeleńska and Lewandowski 1986; Dallmann 2015) and deliver red, Fe-rich meltwater to Kongsfjorden, 152 

which produces red, Fe-rich fjord sediments (Fig. S1) (Lydersen, Kovacs, and Lydersen 2001; A. 153 

Elverhøi, Liestøl, and Nagy 1980). Strong gradients in hydrology, sedimentation rates, geochemistry 154 



8 
 

and benthic fauna have been shown to exist along the longitudinal axis within this fjord (Koziorowska, 155 

Kuliński, and Pempkowiak 2017; Svendsen et al. 2002; Wlodarska-Kowalczuk, Pearson, and Kendall 156 

2005) 157 

 158 

Sediment sampling 159 

Sediment was sampled at three sites in Kongsfjorden (Table 1, Figure 1) in June and July 2017 160 

aboard MS Teisten. Sediment was retrieved with a Haps corer (Kanneworff and Nicolaisen 1973) and 161 

sub-sampled aboard the ship using either 2.8 cm (SRR measurements) or 6 cm (pore water and solid-162 

phase geochemistry) diameter acrylic coring tubes. Sediment was stored at 4°C until further processing 163 

(within 2 days after sampling). 164 

 165 

Processing and subsampling of sediment cores  166 

Using the technique of Keimowitz et al. (2016), the 6 cm sediment cores were sliced in an 167 

anoxic glove bag (N2 atmosphere, < 0.5% atmospheric O2 concentration, checked with an optical 168 

oxygen sensor; Firesting, Pyroscience) outside the laboratory at ambient temperature (4-8°C). All 169 

plasticware used for subsampling was made anoxic at least 24 h before the sampling by placing the 170 

plasticware and an AnaeroGen pack (ThermoFischer, non H2 evolving) in a heat-sealed gas-tight 171 

plastic bag (Escal Neo, high gas barrier bag, Mitsubishi Gas Chemical Co., Inc.). The sediment cores 172 

were sliced into 0-1, 1-2, 2-3, 3-4, 4-6, 6-8, 8-10 and 10-13 cm depth sections. Each section was 173 

homogenized before subsamples of sediment were taken for (i) Fe extractions, (ii) determination of 174 

porosity and water content, and (iii) pore water geochemistry. The subsamples for Fe extractions, 175 

porosity, and water content were immediately frozen at -20°C. Whole subsamples were used for 176 

porosity and water content analysis and freezing was done to avoid evaporation during transport. The 177 
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pore water samples were centrifuged for 15 min at 4000 rpm (outside the glove bag in falcon tubes that 178 

had been closed inside the glove bag under N2 atmosphere). After centrifugation, the tubes were 179 

immediately returned to the glove bag and the supernatant was filtered by centrifugation (5 minutes, 180 

14000 rpm) in spin filters (0.45 µm nylon membrane, Norgen Biotek). An aliquot of the filtrate was 181 

acidified (HCl, 1 M final concentration) for dissolved Fe and Mn analysis and the remaining was used 182 

for sulfate quantification. Pore water samples were stored at 4°C in the dark until analysis. 183 

 184 

Pore water chemistry 185 

Sulfate concentration in pore water was quantified on 1:100 diluted samples using ion 186 

chromatography (Dionex). Dissolved Fe(II) and Mn in the pore water were measured 187 

spectrophotometrically by the ferrozine assay (Stookey 1970) and the formaldoxime assay (Goto, 188 

Komatsu, and Furukawa 1962; Brewer and Spencer 1971), respectively. Both assays were performed in 189 

96-well plates and the absorbance was measured at 562 nm for Fe(II) and 450 nm for Mn with a plate 190 

reader (FLUOstarOmega, BMG Labtech). The formaldoxime assay was adapted to exclude 191 

interference from the high Fe(II) content in the pore water (Tebo et al., 2007) according to Otte (2018).  192 

 193 

SRR measurements 194 

In situ SRR were determined by injecting 35SO4
2- into an intact, 2.8 cm diameter, 20 – 25 cm 195 

long sediment cores (Jørgensen 1978). In the whole sediment core, 50 kBq of carrier-free 35S-SO4
2- 196 

were injected at 1 cm depth intervals through ports sealed with polyurethane-based elastic sealant 197 

(Sikaflex®-11FC+, Sika) (Røy et al. 2014). Whole cores were incubated for 10 to 14 hours at near in 198 

situ temperature (2°C). Radiolabeled total reduced inorganic sulfur (TRIS) was separated from the 199 

sample using the cold chromium method (Røy et al. 2014) and the evolved H2S was trapped as Zn35S in 200 
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5 mL of 5% Zn acetate solution. Radioactivity in the sulfate and TRIS pools were analyzed using 201 

scintillation counting and sulfate reduction rates were calculated according to Jørgensen (Jørgensen 202 

1978). The water content and porosity of the sediment, required for calculation of SRR cm-3, was 203 

determined by weight loss of a known volume of sediment after drying at 105°C. 204 

 205 

Sequential endpoint Fe extractions 206 

Two commonly used sequential extraction methods were applied, one using different strengths 207 

of HCl (HCl extractions), and the other using the sequential extraction scheme according to Poulton 208 

and Canfield (2005) (PC extractions). Sequential endpoint extractions with HCl were performed to 209 

separate the poorly crystalline (0.5 M HCl, 1 h, 20°C) from the crystalline (6 M HCl, 24 h, 70°C) Fe(II) 210 

and Fe(III) in the sediments. In the HCl extractions, only Fe(III) extracted by 0.5M HCl was defined as 211 

reactive (Heron et al. 1994; Kostka and Luther 1994). In the PC extractions, the carbonate and surface 212 

bound Fe (Na-acetate, pH 4.8, 24 h, 20°C), easily reducible Fe (hydroxylamine hydrochloride 213 

(HAHCl) 48 h, 20°C), reducible Fe (dithionite, 2 h, 20°C), and magnetite (oxalate, 6 h, 20°C) fractions 214 

were separated (Poulton and Canfield 2005). The sum of total Fe (Fe(II) and Fe(III)) in all four 215 

extraction steps of the PC exactions will be called “Sum Fe PC” in the following. All extraction 216 

solutions were made anoxic by bubbling with N2 and all preparatory and sampling work was done in an 217 

N2-filled anoxic glove bag (oxygen concentration < 0.5% of atmospheric) to prevent oxidation of Fe(II) 218 

during the extraction. Between 50-100 mg of wet sediment was weighed into a 10 ml glass Exetainer 219 

(Labco, UK), the exact mass of sediment determined, and 5 ml extraction solution was added. Each 220 

extraction step was stopped by centrifugation (15 min, 5000 rpm). The duration of the extraction, the 221 

extraction solutions and the targeted Fe fractions are given in Table 2. After centrifugation a subsample 222 

of the extract was taken and the remaining supernatant was decanted. Then, 5 ml of the next extraction 223 
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solution was added, the pellet was resuspended by vortexing, and the next extraction step was 224 

performed. Fe(II) and total Fe concentrations in the extracts were determined spectrophotometrically 225 

by the ferrozine assay (Stookey 1970). For total Fe concentrations all Fe(III) was reduced to Fe(II) with 226 

HAHCl before the assay. Fe(III) was calculated from the difference between Fe(II) and total Fe 227 

concentrations. 228 

 229 

Ascorbate Fe reduction time-course experiments 230 

In abiotic ascorbate Fe reduction (AFeR) time-course experiments the time-dependent release 231 

of Fe into solution was determined during reductive dissolution by the weak reductant, ascorbate 232 

(Reyes and Torrent 1997; Postma 1993), amended with citrate and buffered to pH 7.5 using 233 

bicarbonate. The experiments were conducted in 100 ml Schott bottles with four-port Schott Duran® 234 

Pressure Plus screw caps. Two ports of the screw caps were used for flushing the headspace with N2, 235 

one port was used for injection of extraction solution, and one port was equipped with a Rhizon soil 236 

moisture sampler (0.15 µm pore size, Rhizosphere Research Products) and used for fluid sampling 237 

during the extraction. The ports used for flushing and addition of extraction liquid were equipped with 238 

tygon tubings and three-way valves. Suspensions were stirred with a teflon coated magnetic stir bar 239 

throughout the extraction (Figure 2A). To these flasks, 0.5 - 1 g wet sediment was added under N2 240 

atmosphere in an anoxic glove bag (O2 < 0.5% atmospheric concentration). Then, the flasks were taken 241 

out of the glove bag, immediately connected to the N2 line and the headspace was flushed. Next, 100 242 

ml anoxic extraction solution (containing 0.6 M sodium bicarbonate, 0.17 M sodium citrate, and 0.1 M 243 

sodium ascorbate, pH 7.5 (Hyacinthe, Bonneville, and Van Cappellen 2006)) was added through one 244 

port and stirring was started. Samples for determination of Fe(II) concentrations in the extraction 245 

solution were taken through the Rhizon immediately after adding extraction solution (Figure 2A) and 246 
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fixed in 1 M HCl (final concentration). Fe(II) concentrations in the HCl-fixed extract were determined 247 

with the ferrozine assay as described above. Throughout the extraction, samples were taken after time 248 

intervals with increasing length, starting with 5 minutes at the beginning, increasing to every 10, 20, 249 

and 30 minutes, and finally every 1-2 h within the first 400-500 minutes. The extractions were left over 250 

night, and the next day Fe(II) concentrations in the extract were monitored again until a stable value 251 

was observed. The pH of the extraction solution was checked at the beginning and the end and 252 

remained stable throughout the procedure.  253 

The µM concentration of Fe(II) in the extraction solution was normalized to the amount of 254 

sediment (dry weight) and remaining volume of extractant, which resulted in a dissolution curve of 255 

Fe(II) released from the sediment in µmol gdw-1 (gram dry weight) over time. This dissolution curve 256 

can be described by the reactive continuum model (Eq. 1 (Postma 1993));  257 

𝐽𝐽
𝑀𝑀(0)

=
𝑣𝑣
𝑎𝑎
�
𝑀𝑀(𝑡𝑡)

𝑀𝑀(0)
�
1+1𝑣𝑣

    𝐸𝐸𝐸𝐸 (1) 258 

where J is the dissolution rate (µmol gdw-1 s-1), M(0) is the total, initial concentration of 259 

ascorbate extractable Fe(III) in the sediment (µmol gdw-1), M(t) is the ascorbate extractable Fe(III) left 260 

in the sediment at time t (µmol gdw-1), v/a is the apparent rate constant (s-1; describing the initial 261 

reactivity of the Fe(III)) and 1+1/v is the apparent reaction order. The 1+1/v is hereafter called the 262 

heterogeneity parameter as it describes the heterogeneity of the reactivity of the minerals extracted. The 263 

time-dependent development of M(t) is described by Eq. 2:  264 

𝑀𝑀(𝑡𝑡) = 𝑀𝑀(0) �
𝑎𝑎

𝑎𝑎 + 𝑡𝑡
�
𝑣𝑣

      𝐸𝐸𝐸𝐸 (2) 265 

To determine the parameters of the reactive continuum model for each sample, M(0) was defined 266 

as the maximum amount of Fe released into solution at the end of the extraction. The extraction was 267 
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performed over 24-32 h, until the Fe(II) concentration in the extractant reached a constant value. Using 268 

Eq. 2, the parameters a and v were fitted, using the program R, to Eq. 2 by applying the nonlinear least 269 

squares (nls) function. The fitted parameters were used to calculate the parameters v/a and 1+1/v (the 270 

apparent rate constant and the heterogeneity parameter in Eq.1). To visualize the model results of the 271 

release of Fe(II) into the solution over time, the amount of Fe dissolved at any time point (Fed (t) in 272 

µmol gdw-1) was calculated according to Eq. 3. 273 

𝐹𝐹𝐹𝐹𝑑𝑑(𝑡𝑡) = 𝑀𝑀(0) −𝑀𝑀(𝑡𝑡)      𝐸𝐸𝐸𝐸(3) 274 

Furthermore, the Fe(III) reduction rate at any given time (J Fed(t) (µmol Fe reduced gdw-1 s-1) 275 

was calculated based on the modelled data according to Eq. 4.  276 

𝐽𝐽𝐹𝐹𝐹𝐹𝑑𝑑(𝑡𝑡) =
𝐹𝐹𝐹𝐹𝑑𝑑(𝑡𝑡2) − 𝐹𝐹𝐹𝐹𝑑𝑑(𝑡𝑡1)

𝑡𝑡2 − 𝑡𝑡1
        𝐸𝐸𝐸𝐸(4) 277 

The initial rate of Fe(III) reduction per gdw-1 (J Fed(0), µmol Fe reduced gdw-1) was calculated 278 

by multiplying the apparent rate constant v/a with M(0).  279 

 280 

Test experiments were performed in order to determine (i) the oxygen tightness of the reaction 281 

flask and (ii) the reproducibility of results obtained with this method. For the oxygen test, anoxic, 282 

bicarbonate buffered (20 mM sodium bicarbonate, pH 7.5) artificial seawater (ASW, composition see 283 

below), containing about 5 mM Fe(II) (added from an anoxic 1 M FeCl2 stock solution) was added to 284 

the reaction flask and the Fe(II) concentration was followed over 24 h. For the reproducibility test 5 285 

aliquots of the same sediment sample were extracted on different days. 286 

 287 

Microbial Fe reduction time-course experiments 288 

Cultivation and concentration of Shewanella frigidimarina  289 
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Microbial Fe reduction (MFeR) time-course experiments were performed with a culture of 290 

Shewanella frigidimarina DSM-12253 (Bowman et al. 1997). S. frigidimarina was pre-grown 291 

aerobically on full strength Luria–Bertani (LB) medium (Bertani 1951) agar plates, where NaCl was 292 

exchanged with artificial seawater (ASW) salts (NaCl, 27.5 g l-1; MgCl2*6 H2O, 5.38 g l-1; 293 

MgSO4*7H2O, 6.78 g l-1; KCl, 0.72 g l-1; CaCl2*2H2O, 1.4 g l-1; NH4Cl, 1g l-1; K2HPO4, 0.05 g l-1). For 294 

each experiment, one colony grown on a LB-ASW plate was picked and grown aerobically overnight in 295 

10 ml liquid LB-ASW at 20°C. Then, the actively growing overnight culture was used to inoculate pre-296 

cultures in a larger volume (200-300 ml) of liquid LB-ASW. The pre-cultures were grown to an OD of 297 

2-2.5, when the culture was in late exponential phase (after ca.16 hours, data not shown). For 298 

preparation of concentrated S. frigidimarina cultures the pre-cultures were washed three-times with 299 

ASW by centrifuging the culture for 20 min at 4000 rpm, discarding the supernatant and re-suspending 300 

the pellet in fresh ASW. Next, the culture was re-suspended in ASW in a serum vial to the desired cell 301 

concentration and the culture was made anoxic by bubbling with sterile-filtered N2 (0.22µm pore size).  302 

 303 

MFeR test experiments 304 

Amendment Tests. We tested whether citrate, an Fe chelator, or molybdate interfered with the 305 

activity of S. frigidimarina and the analysis of reduced Fe if they are added at high concentrations 306 

(Amendment Test, Table S1). Molybdate is an inhibitor of sulfate reduction (Sørensen, Christensen, 307 

and Jørgensen 1981; Oremland and Capone 1988) and was added to the MFeR experiments to ensure 308 

that we only measured enzymatic Fe(III) reduction and not abiotic Fe(III) reduction caused by the 309 

production of sulfide by sulfate-reducers. The Amendment Tests were conducted in triplicates with 1.5 310 

x 109 cells ml-1 of S. frigidimarina. To each tube 1 ml of the concentrated S. frigidimarina culture, 10 311 

mM synthetic ferrihydrite (prepared as described in Schwertmann and Cornell (2000)) and either i) 10 312 
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mM Na-lactate, ii) 10 mM Na-lactate and 170 mM Na-citrate, or iii) 10 mM Na-lactate with 170 mM 313 

Na-citrate and 20 mM Na-molybdate were added. To confirm that Fe(III) was the only limiting factor 314 

in the experiment and cells were not becoming inactive or limited by the electron donor, we re-added 315 

ferrihydrite after the Fe(III) reduction had ended and monitored Fe(III) reduction for additional 32 316 

hours.  317 

Citrate Concentration Test. We tested for the optimum concentration of citrate (Citrate 318 

Concentration Test, Table S1). These Citrate Concentration Tests were conducted with 1.5 x 109 cells 319 

ml-1 of S. frigidimarina, either 10 mM ferrihydrite or 0.2-0.3 g of Kongsfjorden sediment (station P, 320 

Figure 1), 10 mM lactate, 20 mM molybdate and citrate in concentrations between 10 and 250 mM (10, 321 

20, 50, 100, 170 and 250 mM).  322 

No Citrate Test. To investigate the effect of citrate amendment on the extraction of Fe from 323 

sediment, we conducted test extractions with sediment from 0-1 and 10-13 cm sediment depth from all 324 

three sites without the amendment of citrate (No Citrate Test, Table S1). Cell concentrations for these 325 

tests were 3.5 x 109 cells ml-1 of S. frigidimarina.  326 

Cell Concentration Test. After the optimal amendment concentrations were determined, where 327 

Fe(III) reduction is not limited by any other substrate than Fe(III), tests were performed to find the 328 

appropriate cell concentration where cell concentration does not limit Fe(III) reduction rates (Cell 329 

Concentration Test, Table S1). Two different Cell Concentration Tests were performed. (i) To a fixed 330 

amount of sediment (station P), varying amounts of a concentrated S. frigidimarina culture were added 331 

to reach different cell concentrations ranging from an uninoculated control up to 1 x 1012 cells gdw-1. 332 

(ii) To a varying amount of sediment (between 0.013- 0.390 g, station KFa7 0-1 cm) a fixed cell 333 

number of 1.0 x 109 cells of S. frigidimarina ml-1 was added yielding cell densities of 6.7 x 1010 – 2.0 x 334 
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1012 cells gdw-1. The medium for both tests, in which the sediment and cells were suspended, was ASW 335 

amended with 10 mM lactate, 20 mM molybdate and 170 mM citrate.  336 

Initial Rate Tests. Time-course tests were performed to determine if Fe(III) reduction starts 337 

immediately after the culture is added (Initial Rate Test, Table S1). Cell concentrations in these test 338 

were 2.9 x 109 cells ml-1 of S. frigidimarina and sediment from KF1 and KFa5 0-1 cm was used. The 339 

sampling intervals were 10-30 min during the first 4 h, and represents a higher initial sampling 340 

frequency than in the other experiments. 341 

 342 

MFeR experiments with Kongsfjorden sediment 343 

Sediment from the surface (0-1 cm) and the deepest sampled depth (10-13 cm) of the three 344 

stations in Kongsfjorden (Figure 1, Table 1) was used for the MFeR experiments. Between 0.1 and 0.4 345 

g of the sediment was weighted into 15 ml Hungate tubes inside an anoxic glove bag (N2 atmosphere, 346 

O2< 0.5% atmospheric concentration). Afterwards, 9 ml of anoxic ASW was added, amended with Na-347 

bicarbonate buffer (22 mM), Na-citrate (170 mM), Na-lactate (10 mM) and Na-molybdate (20 mM), 348 

adjusted to pH 7.5. This medium composition kept MFeR extraction conditions as similar as possible to 349 

AFeR experiments. Then, 1 ml concentrated S. frigidimarina culture was added to reach a final cell 350 

concentration of 2.9 x 109 cells ml-1 (7 x 1010 – 6 x 1011 cells gdw-1). All extractions were performed in 351 

triplicates while a fourth replicate remained as an uninoculated control and served as a measure of 352 

native Fe(III)-reducer population activity in the sediment. 353 

 354 

MFeR experiments: Incubation and sampling 355 

All experiments with S. frigidimarina were performed with 9 ml of ASW buffered to a pH of 356 

7.5 with 22 mM Na-bicarbonate and a N2/CO2 (80:20) headspace in 15 ml Hungate tubes closed with a 357 
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butyl stopper and a screw-cap and were amended with either sediment, ferrihydrite, lactate, citrate 358 

and/or molybdate per experiment as described above. All MFeR incubations were performed on a 359 

horizontal shaker at 20°C in the dark, to prevent photoreduction. For all test experiments, except the 360 

Initial Rate Tests and the No Citrate Tests, the slurries were sub-sampled with a N2-flushed syringe 361 

with a thick needle (0.5*25 mm). One-hundred µl of slurry were added to 900 µl of 1 M HCl and acid-362 

extraction was performed for 1 h on a horizontal shaker. The extraction was stopped by centrifugation 363 

(5 min, 13,400 rpm) and the supernatant was used for Fe(II) analysis with the ferrozine assay (Stookey 364 

1970). For the Initial Rate Tests, the No Citrate Tests, and the MFeR experiments, the sub-sampling 365 

was done in an N2-filled glove bag and all plasticware was made anoxic by placing it into a heat-sealed, 366 

gas-tight plastic bag (Escal Neo, high gas barrier bag, Mitsubishi Gas Chemical Co., Inc.) together with 367 

an oxygen-consuming pack (Anaerogen, Thermo Fischer) at least 24 h before usage. Inside the glove 368 

bag, using a syringe and needle (0.5*25 mm), ca. 150 µl of the slurry was sampled and the liquid and 369 

the solid phase were separated by centrifugation (5 min, 13 400 rpm) through spin filters (0.45 µm 370 

nylon membrane, Norgen Biotek, Canada). 100 µl of the filtrate was fixed with HCl (1 M final 371 

concentration) and the Fe(II) concentration was measured with the ferrozine assay (Stookey 1970). 372 

 373 

Samples were taken directly before and after addition of the S. frigidimarina culture and the 374 

Fe(II) concentration was followed over time until it reached a constant value. Sampling intervals were 375 

between 10 min and 300 h, and were chosen depending on the observed Fe(II) reduction rates. 376 

Uninoculated controls were sampled in parallel throughout the duration of the experiment.  377 

 378 
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The reactive continuum model was applied to the dissolution curves derived from the MFeR 379 

experiments and the parameters M(0), v/a, 1+1/v, and initial rates were calculated as described above for 380 

the AFeR experiments. 381 

 382 

Results: 383 

General characteristics of the sediment  384 

Sediments from Kongsfjorden were fine-grained soft mud (ca. 20% clay (<2 µm), ca. 40% silt 385 

(2-16 µm), ca. 40% silt (16-64 µm) and minor fractions of sand and gravel (A. Elverhøi, Liestøl, and 386 

Nagy 1980)), occasionally containing coarser iceberg-rafted debris. Sediments had a reddish-orange 387 

color and few black spots and black bands, likely representing iron-sulfides (A. Elverhøi, Liestøl, and 388 

Nagy 1980), which varied based on sampling station. In general, the sediment from stations further 389 

away from the glacier appeared to be darker and have more black spots (Figure S1).  390 

 391 

Pore water geochemistry and sulfate reduction rates 392 

Concentrations of sulfate in the pore water were constant around 28 mM over the investigated 393 

depth (Table S2). Based on smell, the sediments did not contain free sulfide. At station KF1 and KFa5, 394 

maximum SRR of 10 and 230 nmol cm-3 d-1, respectively, were measured directly at the sediment 395 

surface (0-1 cm, Figure 3) and generally decreased with depth. At station KF1 a secondary peak was 396 

found at 9.5 cm reaching 4.7 nmol cm-3 d-1. At station KFa7 the SRR profile showed low SRR at the 397 

surface (7.6 nmol cm-3 d-1 at 0-1 cm) and peaks reaching 31 and 33 nmol cm-3 d-1 at 2-3 and 5-6 cm 398 

sediment depth, respectively (Figure 3).  399 
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Dissolved Mn (Mnd) was present only at low concentrations (maximum 54 µM, KFa7, 0-1 cm 400 

depth, Figure 3). Dissolved Fe(II) (Fed) was present at approximately one order of magnitude higher 401 

concentrations than Mnd at all stations. Fed reached up to 340 mM at 8-10 cm at station KF1 (Figure 3). 402 

Notably, Fed concentrations were also high at sediment depths where active sulfate reduction was 403 

detected (Figure 3).  404 

 405 

Sequential endpoint extractions 406 

The results of the sequential endpoint Fe extractions are shown in Figure 4 A and B and Table 407 

S3. At stations KF1 and KFa5, no clear depth trend in 0.5 M HCl-extractable Fe(III) was found. 408 

Maximum concentrations of 0.5 M HCl-extractable Fe(III) of 15 and 35 µmol gdw-1 were found at 3-4 409 

and 1-2 cm at station KF1 and KFa5, respectively. At station KFa7 a clear trend of decreasing 410 

concentrations of 0.5 M HCl extractable Fe(III) with increasing sediment depth was found. 411 

Concentrations at KFa7 decreased from 220 µmol gdw-1 at 0-1 cm to 8.3 µmol gdw-1 at 10-13 cm 412 

(Figure 4 A). Concentrations of 6 M HCl extractable Fe(III) were relatively similar at all sediment 413 

depths and stations (Table S3). The concentrations varied between 280 and 350 µmol gdw-1 (average 414 

and standard deviation; 330 ± 130 µmol gdw-1) without an obvious trend between depths or stations. 415 

The exception was station KFa5, where values of up to 770 µmol gdw-1 were measured.  416 

In the PC extractions, the Sum Fe PC (sum of the total Fe of all 4 fractions, Table 2) was 417 

highest in the 0-1 cm section of all stations and reached concentrations of 260, 320 and 570 µmol gdw-1 418 

at KF1, KFa5, and KFa7, respectively (Figure 4 B). Over sediment depth, there was a weakly 419 

decreasing trend of Sum Fe PC concentrations at station KF1 and KFa7, but not at KFa5 (Figure 4 B). 420 

The most pronounced differences between stations and sediment depths was found in the Na-acetate 421 

fraction (Figure 4 B, Table S3). Between the different stations there were not only differences in the 422 
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amount of Na-acetate extractable Fe, but also in its percent contribution to the Sum Fe PC, which 423 

increased from 19% to 23% and 44% at the surface of KF1, KFa5, and KFa7, respectively.  424 

 425 

AFeR experiments 426 

During the 24 h oxygen tightness test an insignificant amount of Fe(II) was oxidized (ca. 2%, 427 

Figure 2 B), showing that the extraction flask was sufficiently oxygen tight. Further tests were 428 

performed to check the precision of the measurements. Five aliquots of station KFa5 0-1 cm sediment 429 

were extracted on different days. In Figure 2 B, the dissolution curves for KFa5 0-1 cm replicates (A-F) 430 

are shown. The parameters determined for the continuum reactivity model (M(0), v/a, and 1+1/v) had a 431 

standard deviation of < 6% (Table 3).  432 

In Figure 5, the time-course dissolution curves and the fitted models of the AFeR extractions 433 

from all three stations and depths are shown. The quantity of reducible Fe(III), M(0), in the surface 0-1 434 

cm sediment depth increased from 19.3 µmol gdw-1 at KFa1, to 50.4 µmol gdw-1 at KFa5 and 175 435 

µmol gdw-1 at KFa7 (Figure 5, Table 3). M(0) decreased over sediment depth at all stations (Figure 4 C, 436 

Figure 5, Table 3). The largest absolute decrease was found at station KFa7, where M(0) decreased from 437 

176 µmol gdw-1 at 0-1 cm to 57.4 µmol gdw-1 at 10-13 cm (Figure 5, Table 3). Values for v/a (the 438 

apparent rate constant) at the sediment surface (0-1 cm) were 2.27 x 10-4 s-1 at KF1, 3.42 x 10-4 s-1 at 439 

KFa5 and 4.81 x 10-4 s-1 at KFa7. Maximum values of v/a were 6.22 x 10-4 s-1, at 1-2 cm at station KF1, 440 

4.48 x 10-4 s-1 at 3-4 cm at station KFa5, and 5.01 x 10-4 s-1 at 1-2 cm at station KFa7. Except for these 441 

maxima, v/a had a decreasing trend over sediment depth (Table 3). The initial rate at the sediment 442 

surface was 0.438 µmol gdw-1 s-1 x 10-2 at KF1, 1.72 x 10-2 µmol gdw-1 s-1 at KFa5 and 8.45 x 10-2 443 

µmol gdw-1 s-1 at KFa7. The initial rate decreased with depth at each station. The largest decrease was 444 

found at KFa7, where the initial rate dropped from 8.45 x 10-2 µmol s-1 at 0-1 cm sediment depth to 445 
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1.52 x 10-2 µmol s-1 at 10-13 cm (Table 3). The heterogeneity of Fe(III) reactivity (1+1/v) decreased 446 

along the transect from station KF1 to station KFa5 and station KFa7 with values at the sediment 447 

surface decreasing from 1.85 to 1.77 and 1.20, respectively. Maximum values of 2.80, 2.35 and 2.14 448 

were reached at 1-2 cm at station KF1, 3-4 cm at station KFa5 and 10-13 cm at station KFa7, 449 

respectively. 450 

 451 

MFeR experiments 452 

Test experiments to optimize extraction conditions 453 

We performed tests to optimize extraction conditions in terms of additives and cell 454 

concentrations (Figure 6 A-C). The Amendment Tests (Figure 6 A) showed that the highest rates and 455 

extent of Fe(III) reduction were achieved with the combined addition of lactate (e- donor) and citrate 456 

(as Fe(II) chelator). The additional amendment of molybdate did not affect Fe(III) reduction rates or 457 

extent (Figure 6 A). Visual observation of the incubations with lactate showed that a black mineral 458 

phase (likely magnetite) was formed, while in the incubations with lactate and citrate the ferrihydrite 459 

mineral phase dissolved during reduction. Ferrihydrite reduction and dissolution was concluded given 460 

the medium color change from turbid red to clear (Figure S2). Addition of ferrihydrite after 540 h, 461 

when Fe(III) reduction had stopped, resulted in continued Fe(III) reduction at similar rates to the start 462 

(Figure 6 A).  463 

The Citrate Concentration Tests with sediment (Figure 6 B) showed that with citrate 464 

concentrations ranging from 10 to 170 mM Fe(III) reduction rates were similar (1.04 ± 0.03 µmol gdw-465 

1 h-1). An even higher citrate concentration of 250 mM caused Fe(III) reduction rates to decrease to 466 

0.70 µmol gdw-1 h-1. Citrate concentration did not have an effect on the total amount of sediment 467 

Fe(III) reduced (Figure 6 B). The same tests with synthetic ferrihydrite showed that Fe(III) reduction 468 
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rates were 617 ± 37 µM h-1 at citrate concentrations between 50 and 250 mM, but 39 and 31% lower 469 

with 10 and 20 mM citrate, respectively. (Figure 6 B). Based on these results, a citrate concentration of 470 

170 mM was chosen for further experiments as this concentration did not negatively affect microbial 471 

Fe(III) reduction (Figure 6 B) and was also used in the AFeR experiments.  472 

 473 

The No Citrate Test showed that Fe(III) reduction rates without citrate addition are on average 474 

ca. 50% (50.3 ± 16%) lower than with 170 mM citrate (Table 4 and 5). The amount of dissolved Fe(II) 475 

that was measured at the final time point in the extraction solution without citrate was ca. 70% (69 ± 476 

3%) of the Fe(II) dissolved with amendment of 170 mM citrate (Table 4, Figure S3).  477 

 478 

The Cell Concentration Tests (Figure 6 C) showed that at cell numbers >6 x 1010 cells gdw-1, 479 

microbial Fe(III) reduction was not limited by the abundance of microbial cells (Figure 6 C). Also in 480 

these experiments, Fe(III) reduction resumed after addition of ferrihydrite to samples where Fe(III) 481 

reduction had ceased, showing that neither cell viability nor organic carbon limitation caused cessation 482 

of Fe(III) reduction. Visual observation (color change of the amended ferrihydrite) and Fe(II) 483 

measurements 48 h after amendment confirmed that Fe(III) reduction resumed upon addition of 484 

ferrihydrite (data not shown). 485 

 486 

The Initial Rate Tests (Figure S4) with sediment from 0-1 cm depth of station KFa1 and KFa7 487 

showed that Fe(III) reduction by S. frigidimarina starts within the first minutes upon addition of the 488 

culture (Figure S4). T-tests revealed that the parameters of the continuum reactivity model (M(0), v/a, 489 

1+1/v, and the initial rates) were not significantly different between the high resolution and standard 490 



23 
 

resolution sampling experiments (p>0.05), as also evident from the overlying red and blue dotted lines 491 

in Figure S4 and the model parameters in Table 5 and Table 6.  492 

 493 

MFeR experiments 494 

The initial reactive Fe(III) content, M(0), at 0-1 cm depth in the MFeR experiments was 64.3 495 

µmol gdw-1 at station KFa1, 92.6 µmol gdw-1 at station KFa5 and 348 µmol gdw-1 at station KFa7 496 

(Figure 7, Table 5). Initial rates at the sediment surface were at 0.0199 x 10-2 µmol s-1 at KFa1, 0.139 x 497 

10-2 µmol s-1 and 6.74 x 10-2 µmol s-1 at KFa7. At each station, M(0), v/a, initial rates and 1+1/v were 498 

lower in the 10-13 cm sample compared to the 0-1 cm sample. Uninoculated controls show Fe(III) 499 

reduction activity only after >120 h incubation (Figure S5), when Fe(III) reduction in the tubes 500 

inoculated with S. frigidimarina Fe(III) reduction was already getting slower or had even ceased in 501 

some cases (Figure 7).  502 

Discussion 503 

The amount and reactivity of Fe(III) determines the ability of Fe(III)-reducing microorganisms 504 

to compete with sulfate-reducers for common organic carbon substrates (Postma and Jakobsen 1996; 505 

Thamdrup 2000) and is thereby an important factor determining which of the two processes dominates. 506 

By comparing ascorbate and microbial time-course extractions to different end-point extractions, we 507 

carefully evaluated which fractions of the ‘reactive Fe’ are relevant for controlling Fe(III) and sulfate 508 

reduction during early diagenesis. All of the tested Fe extraction methods showed a similar trend in the 509 

amount of ‘reactive Fe’ with KF1<KFa5<KFa7, along the longitudinal transect in the fjord. Thus, the 510 

apparently most oxidized and red sediment (Figure S1) had the lowest content of ‘reactive Fe’. 511 

However, the extent of these differences in ‘reactive Fe’ between the stations as well as the total 512 
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amount of ‘reactive Fe’ extracted with the different methods for each station differed widely (Figure 4, 513 

5 and 7; Table 3, 5 and S3). In the following we discuss the reasons for these differences and evaluate 514 

the applicability of the different extraction methods for predicting the availability of sedimentary Fe for 515 

microbial Fe(III) reduction. 516 

 517 

Sequential endpoint vs. AFeR time-course extractions 518 

Sequential endpoint extractions are a standard method in sediment geochemistry to study Fe in 519 

environmental samples because they provide a quantification of Fe in operationally defined fractions 520 

(Poulton and Canfield 2005; Hall et al. 1996; Heron et al. 1994; Kostka and Luther 1994). We found 521 

substantial differences in the amount of ‘reactive Fe’ extracted with the HCl and the PC extraction 522 

methods (Fig. 4 A and B). The concentration of ‘reactive Fe’ in the Sum Fe PC was between 170 and 523 

400 μmol gdw-1, or 261-4870%, higher than in the 0.5 M HCl extractions. A correlation analysis of the 524 

amount of Fe extracted by these two methods also illustrates the difference, although the correlation is 525 

rather poor (R2 = 0.64) (Fig. 8 A). While the 0.5 M HCl extractions generally yielded lower Fe 526 

concentrations, they show more pronounced differences in ‘reactive Fe’ content between the stations 527 

(Fig. 4 A and B). The PC extractions show that KFa7 had about twice as much ‘reactive Fe’ at the 528 

sediment surface as KF1, while the 0.5 M HCl extractions show that the surface sediment of KFa7 had 529 

approximately 10-times more ‘reactive Fe’ than the surface sediment of KF1. These differences 530 

between the methods are caused by different assumptions of what is ‘reactive Fe’ (Table 2). In the HCl 531 

extractions, only 0.5 M HCl extractable, poorly crystalline Fe(III) is assumed to be reactive (Heron et 532 

al. 1994; Kostka and Luther 1994). In the PC extractions, as they are usually applied, also Fe(II) that is 533 

adsorbed to surfaces or exists in AVS or Fe-carbonates as well as more crystalline Fe minerals (such as 534 

goethite or magnetite) are considered to be reactive (Poulton and Canfield 2005). This is because the 535 
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PC extraction method was originally developed for geological purposes, where any Fe that can react 536 

with sulfide over geological timescales, or has already reacted with sulfide, is considered to be reactive 537 

(Poulton and Canfield 2005; Rico and Sheldon 2019; Xiong et al. 2019; Planavsky et al. 2011). 538 

However, crystalline Fe minerals such as goethite or magnetite are not thermodynamically favorable 539 

for microbial Fe(III) reduction under marine sediment conditions (Postma and Jakobsen 1996), and 540 

Fe(II) is not microbially reducible.  541 

 542 

When the PC method is applied, the redox speciation of the extracted Fe is often not determined 543 

and only the total Fe (including Fe(II) and Fe(III)) is quantified (e.g. Poulton & Canfield 2005, 544 

Homoky et al. 2011, Aquilina et al. 2014, Blonder et al. 2017). While it is commonly assumed that the 545 

Na-acetate fraction contains Fe(II) phases such as Fe in carbonates, AVS and surface-bound Fe(II) with 546 

only negligible amounts of Fe(III) (Poulton and Canfield 2005; Henkel et al. 2016), we found that it did 547 

indeed extract substantial amounts of Fe(III) (Table S3). This shows that natural Fe-assemblages are 548 

different from synthetic minerals, which were used for testing the ability of Na-acetate to extract Fe(III) 549 

(Poulton and Canfield 2005; Henkel et al. 2016), and that Na-acetate at pH 4.5 can extract a substantial 550 

amount of Fe(III) from an environmental sample.  551 

 552 

If the PC method is applied in a context of early diagenesis where ‘reactive Fe’ is analogous to 553 

‘microbially reducible Fe(III)’, such as in the present study, the definition of ‘reactive Fe’ must be 554 

adapted to the research question. We suggest to quantify the redox speciation of the extracted Fe in the 555 

Na-acetate fraction and only define the Fe(III) of the Na-acetate fraction and the HAHCl extractable Fe 556 

to be favorable (i.e. reactive) for microbial Fe(III) reduction (Figure 8). Fe in subsequent extraction 557 

steps (dithionite, oxalate) probably does not contain Fe mineral phases that are thermodynamically 558 



26 
 

favorable for microbial Fe(III) reduction under marine sediment conditions. If only the Fe(III) in Na-559 

acetate fraction plus HAHCl extractable Fe of the PC method (hereafter called Reducible Fe PC, Table 560 

2) is compared to the 0.5 M HCl extractable Fe(III) the R2 of the correlation improves (Figure 8 B), but 561 

still the amount of Reducible Fe PC is about 1.4 times higher than the amount of 0.5 M HCl extractable 562 

Fe(III).  563 

 564 

The amount of Fe(III) that was extracted in the AFeR time-course extractions (M(0)) shows the 565 

same overall trend as found in the HCl and PC extractions with ‘reactive Fe’ content at the sediment 566 

surface of KF1<KFa5<KFa7 (Figure 4 C). However, the decreasing trend of ‘reactive Fe’ with 567 

sediment depth at KF1 and KFa5 is clearer in the AFeR extractions compared to the two endpoint 568 

extractions, where the reactive Fe-content at these two stations is more fluctuating over depth (Figure 569 

4). The AFeR M(0) was previously shown to correlate well with the quantity of microbially reducible 570 

Fe(III) in sediments (Hyacinthe, Bonneville, and Van Cappellen 2006). Correlation analysis of the 571 

amount of reactive Fe extracted in the AFeR experiments and the two endpoint extractions reveals that 572 

the results from the AFeR extraction method correlate slightly better with the 0.5 M HCl extractable 573 

fraction (R2 = 0.92) than with the Reducible Fe PC fraction (R2 = 0.88; Figure 8 C and D). However, 574 

the correlation also shows that the AFeR extraction does have a better extraction efficiency compared 575 

to the 0.5 M HCl extraction, especially at intermediate Fe(III) concentrations of 20-60 µmol gdw-1 576 

(Figure 8 C). This lower extraction efficiency at intermediate Fe(III) concentrations is likely the reason 577 

why there is no distinct depth trend found at stations KF1 and KFa5 in 0.5 M HCl-extractable Fe(III), 578 

while the AFeR extractions clearly show a decreasing trend over depth (Figure 4 A and C). The higher 579 

extraction efficiency of the time-course extraction is likely because the extraction is run until 580 

completion, as seen by the plateau in the extraction curves (Figure 5). For the endpoint extractions the 581 
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extraction is stopped after a defined amount of time, with no data showing if all potentially extractable 582 

Fe is extracted or not. Besides this higher extraction efficiency of the AFeR extractions,  the main 583 

advantage of the AFeR method over endpoint extractions is the additional characterization of the 584 

reactive Fe(III) pool derived from the reactive continuum model.  585 

 586 

AFeR extractions: quantifying Fe-reactivity and heterogeneity  587 

Similar to the 0.5 M HCl extractions, the AFeR time-course extractions show that the amount of 588 

reactive Fe(III) is about 10-times higher at the surface of KFa7 compared to the surface of KF1. In 589 

addition, the parameters of the reactive continuum model show that the initial reactivity normailized for 590 

the total concentration of ascorbate-extractable iron (v/a) in the surface sediment of KFa7 is two-fold 591 

higher than at the surface of KF1, which results in a twenty-fold higher initial rate at KFa7 compared to 592 

KF1 (Table 3). We thus expect that the availability of Fe(III) for microbial reduction at station KFa7 593 

compared to station KF1 is much higher than expected based on the differences in the amount of 594 

reactive Fe(III). The maximum value for v/a measured at the surface of KFa7 is between the values for 595 

fresh (10.3 x10-4 s-1) and for 11-days aged ferrihydrite (4.1 10-4 s-1) (Raiswell et al. 2010). This 596 

indicates that the reactive iron extracted from the surface of KFa7 is as reactive as ferrihydrite, which is 597 

thermodynamically favorable for Fe(III)-reducers under marine sediment conditions and would allow 598 

them to compete favorably with sulfate reducers (Postma and Jakobsen 1996). 599 

 600 

Both v/a and the initial reduction rate provide only a measure of the initial reactivity and it is 601 

important to relate this to the heterogeneity parameter (1+1/v), which was lowest at KFa7 0-1 cm 602 

(1.20) and highest at KF1 1-2 cm (2.80) (Table 3). The parameter 1+1/v describes the change in 603 

reactivity of the mineral phase over time of extraction (i.e. how the mass-normalized reduction rate 604 
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changes during dissolution of the sedimentary Fe). The Fe mineral crystallinity, geometry, reactive site 605 

density, and particle size distribution all affect the rate and degree of change (Larsen and Postma 2001). 606 

The low value of 1+1/v (1.20) found at the surface of station KFa7 shows that most of the sedimentary 607 

iron pool of this sample had a uniform, highly reactive ascorbate-extractable Fe pool. Due to the 608 

surface to volume ratio, 1+1/v should approach a value of 2/3 for a single type of iron mineral which is 609 

spherical or cubic (Postma 1993; Larsen and Postma 2001). However, for pure synthetic mineral phases 610 

a value close to 1 is usually observed (Postma 1993; Larsen and Postma 2001; Hyacinthe and Van 611 

Cappellen 2004). If 1+1/v is equal to 1, then there is a linear relation between the relative Fe(III) 612 

reduction rate (as a fraction of the initial reduction rate) at a given time during the extraction the 613 

fraction of the Fe(III) that is left in the sediment. With a 1+1/v of 1.20, KFa7 0-1 cm shows an almost 614 

linear relationship between the relative reduction rate and the fraction of Fe(III) left in Figure 9. 615 

Together with the high M(0) and v/a observed for this sample, this shows that the surface sediment of 616 

KFa7 contains a large amount of relatively uniform, highly reactive Fe(III).  617 

 618 

Values for 1+1/v >1 show that there is a non-linear relation between the fraction of the initial 619 

reduction rate and Fe(III) left, with the fraction of the initial reduction rate dropping faster than the 620 

fraction of Fe(III) that is left in the sediment, showing that a heterogeneous pool of Fe gets extracted. 621 

The highest value for 1+1/v was found at station KF1 1-2 cm, resulting in the most concave curvature 622 

for this sample in Figure 9, indicating the most heterogeneous pool of ascorbate-extractable Fe of the 623 

measured Kongsfjorden sediments. At the same time, KF1 1-2 cm had the highest apparent rate 624 

constant (v/a) (Table 3). However, the high 1+1/v shows that dissolution rates decrease fast (Figure 9), 625 

illustrating that only a small portion of the Fe(III) was so reactive and that a heterogeneous mixture of 626 

Fe(III) with different reduction rates was dissolving. Such detailed insights into the reactivity of the 627 
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extracted mineral fraction can only be obtained from time-course extractions. AFeR extractions provide 628 

a direct measurement of Fe(III)-reactivity towards a reductant and they are thus a strong, yet 629 

inexpensive and relatively simple tool to determine even small changes in sedimentary Fe(III) content 630 

and reactivity. 631 

 632 

MFeR experiments: Using microorganisms to quantify reactive Fe(III) 633 

To investigate how well the results obtained by the sequential endpoint and AFeR extractions 634 

relate to microbially reducible Fe(III), we repeated some of the time-course extractions using a Fe(III)-635 

reducing microbial culture. Just as in the AFeR experiments, it is essential in such experiments that the 636 

reactivity of the Fe(III) minerals is the only limiting parameter for Fe(III) reduction. The effects of 637 

cellular growth or electron donor limitation in microbial time-course extractions would hamper the 638 

validity of the continuum reactivity model to describe the reactivity of the sedimentary Fe(III) towards 639 

microbial reduction. Our different tests validated the assumption that only the reactivity of the 640 

sedimentary Fe(III) was controlling the Fe reduction rate.  641 

 642 

The MFeR experiments show the same general trends of increasing content and reactivity of 643 

Fe(III) with KF1<KFa5<KFa7 and decreasing content and reactivity over sediment depth, as found in 644 

the AFeR experiments and endpoint extractions. Correlation analysis of the amount of Fe(III) extracted 645 

in the MFeR experiments with the other extraction methods shows that M(0) of the MFeR experiments 646 

correlates better with the Reducible Fe PC than with the Sum Fe PC (Fig. 10 A and B). In contrast to 647 

the AFeR extractions, the MFeR extractions correlate slightly better with the Reducible Fe PC fraction 648 

than with the 0.5 M HCl extractions (Fig. 10 B and C). However, the PC extractions (both the Sum Fe 649 

PC and the Reducible Fe PC) overestimate the amount of microbially reducible Fe(III) to different 650 
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extents, based on the intercept of the regression (Fig. 10 A and B), with the discrepancy being about an 651 

order of magnitude larger for the sum Fe PC than for the Reducible Fe PC. This confirms our 652 

suggestion that only the Reducible Fe PC should be considered reactive in terms of microbial 653 

reducibility. HCl extractions seem to underestimate the amount of microbially reducible Fe(III) (based 654 

on slope and intercept of the regression, Fig. 10 C). The correlation of M(0) between the MFeR and the 655 

AFeR is linear with a R2 of 0.97 (Fig. 10 D). While the intercept of the regression between the M(0) of 656 

the AFeR and MFeR experiments is close to zero, the slope of the regression shows that amount 657 

extracted in the MFeR experiments is always about 2 times higher compared to the AFeR experiments 658 

(Fig. 10D). Other studies found that only about 50-65% of ascorbate-citrate extractable Fe(III) in 659 

environmental samples was microbially reducible (Hyacinthe, Bonneville, and Van Cappellen 2006; 660 

Luo et al. 2015). Differences compared to those previous studies were the citrate amendment, which 661 

was omitted in previous studies, different microbial strains of Fe(III)-reducers were used, and 662 

sediments with different characteristics were extracted. While the 0.5 M HCl, Reducible Fe PC and 663 

AFeR extractions all correlate linearly with the amount of Fe extracted in the MFeR extractions, AFeR 664 

extractions do not only correlate linearly but also the intercept of the regression is close to zero. 665 

However, despite the generally higher amount of Fe extracted in the MFeR extractions, the relationship 666 

between AFeR and MFeR is linear and all our tests have shown that the MFeR extractions are a 667 

reproducible and robust measure of reactive Fe(III) in sediments (see e.g. Figure S4). The linear 668 

relationship of M(0) from the AFeR and the MFeR experiments shows that it is possible to estimate the 669 

concentration of microbially reducible Fe(III) in a environmental sample based on AFeR experiments. 670 

 671 

Impact of citrate on MFeR experiments 672 
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The amount of extracted iron, M(0) was about two times higher in the MFeR compared to the 673 

AFeR experiments, when citrate was added to both experiments. When citrate was not added to the 674 

MFeR experiments, M(0) in the MFeR experiments was still about 1.4 times higher than in the AFeR 675 

experiments, to which citrate was always added (Table 4 and 5). Citrate binds Fe(II) and keeps it in 676 

solution, so it cannot adsorb to Fe(III) minerals. If citrate is not added, the accumulating Fe(II) changes 677 

the thermodynamics of Fe(III) reduction due to accumulating product. Fe(II) also binds to the solid 678 

phase and thereby limits Fe(III) reduction by blocking available surface sites on Fe(III) minerals (Liu et 679 

al. 2001; Roden and Urrutia 2002; Roden and Urrutia 1999; Roden 2004). Moreover, the accumulation 680 

of Fe(II) on Fe(III) mineral surfaces can lead to rapid transformation of reactive mineral phases to less 681 

reactive mineral phases (Hansel et al. 2003; Hansel, Benner, and Fendorf 2005; Pedersen et al. 2005; 682 

Schreiber et al. 2019). Another effect is that citrate increases the rate of Fe(III) reduction as citrate, and 683 

other organic ligands, accelerate the detachment of reduced Fe(II) from the mineral surface, which is 684 

thought to be the rate limiting step in Fe(III) reduction (Braunschweig et al. 2014; Reyes and Torrent 685 

1997; Dos Santos Afonso et al. 1990). Because citrate has such profound effects on the results, we 686 

decided to add citrate also to the MFeR experiments to make the results of the AFeR and MFeR 687 

experiments more comparable. 688 

 689 

Choice of S. frigidimarina for MFeR experiments 690 

Fe(III)-reducing microorganisms have different ways of accessing and reducing Fe(III) 691 

(Newman 2001; Weber, Achenbach, and Coates 2006). Therefore, it is likely that the amount of Fe(III) 692 

that can be extracted from an environmental sample varies for different strains of Fe(III)-reducers. We 693 

decided to use the psychrotrophic strain S. frigidimarina for our study of Svalbard sediments because 694 

the culture was originally isolated from the Antarctic (Bowman et al. 1997) and was found to have a 695 
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bipolar marine distribution (Junge et al. 2002; Zeng et al. 2010). Moreover, closely related strains were 696 

also found in fjord sediments of Svalbard (Kim et al. 2012; Canion et al. 2013; Garcia-Lopez et al. 697 

2019), and bacteria of the genus Shewanella are known to be members of the microbial community in 698 

Kongsfjorden sediments (Canion et al. 2013; Prasad et al. 2014). We found that in the MFeR 699 

experiments, S. frigidimarina immediately started to reduce Fe(III) upon culture addition (Figure S4). It 700 

is known that some Shewanella strains have a variety of cytochromes expressed continuously, enabling 701 

them to instantaneously use a variety of electron acceptors (Sturm et al. 2015). This is probably an 702 

adaptation to living in environments with frequently changing redox conditions (Sturm et al. 2015), 703 

which makes S. frigidimarina perfect for our experiments. A lag-phase would make it difficult to 704 

determine v/a and initial rates. Furthermore, we know from control experiments (uninoculated 705 

controls), that Fe(III) reduction by the native sediment Fe(III)-reducer population had a lag phase of 706 

>120 hours (Figure S5), at which time most of the Fe(III) reduction in tubes inoculated with S. 707 

frigidimarina had already stopped or at least slowed down (Figure 7). Despite that the sediment 708 

originates from a permanently cold Arctic environment, it is known that the sediment microbial 709 

population can be active at temperatures around 20°C (Sawicka, Jørgensen, and Brüchert 2012), as it 710 

was the case in our experiments. The reactive continuum model could not be applied to the 711 

uninoculated controls due to the lag phase and cellular growth influencing the rates in the uninoculated 712 

controls. However, the amount of Fe(III) reduced by the native Fe(III) reducer assemblage was similar 713 

to what was extracted by S. frigidimarina (Figure 7 and S5). This means that under the same conditions 714 

(no carbon limitation, with citrate) the in situ microbial community could reduce a similar amount of 715 

Fe(III) as observed in our time-course experiments. Thus, we conclude that S. frigidimarina was a 716 

relevant organism and our experiments with S. frigidimarina accurately represent the quantity and 717 

characteristics of the microbially reducible pool of Fe(III).  718 
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 719 

Impact of sediment characteristics on MFeR experiments 720 

Sediment characteristics may contribute to the high amount of extracted Fe(III) in the MFeR 721 

experiments. Hyacinthe et al. (2006) state that the lower amount of Fe(III) extracted by microbes 722 

compared to abiotic extractions could be due to limitations in the physical accessibility of the Fe(III) 723 

for microorganisms, which is dependent on the grain size of the sediment particles. The sediments we 724 

investigated mainly consist of glacially derived material, which is characterized by very small grain 725 

size (40% < 16 µm, remaining mostly < 64 µm) (A. Elverhøi, Liestøl, and Nagy 1980), offering a 726 

larger surface for reduction and thereby possibly being more accessible for microbial reduction.  727 

 728 

Reactivity and heterogeneity of reactive Fe(III) - AFeR vs. MFeR  729 

While the M(0) from the AFeR and MFeR correlate well, other parameters determined with the 730 

reactive continuum model differ between the two extractions. The parameter 1+1/v, describing the 731 

heterogeneity in reactivity of the extracted Fe(III), is within a similar range of 1.20 to 2.80 for the 732 

AFeR and 1.38 to 3.19 for the MFeR experiments (Table 3 and 5). Yet, there is no spatial correlation 733 

between the 1+1/v measured in the AFeR and the MFeR experiments. Instead, the parameter is 734 

behaving very differently for the two time-course extractions (Table 3 and 5). In the MFeR 735 

experiments, 1+1/v is increasing with KF1<KFa5<KFa7, while AFeR extractions show the opposite 736 

trend. The parameter v/a and the initial rate, in contrast, show similar trends in the AFeR and the MFeR 737 

experiments. In both extractions, v/a and the initial rate tend to decrease over sediment depth and 738 

increase with KF1<KFa5<KFa7. However, the increase in v/a in the MFeR experiments were much 739 

more pronounced. In the AFeR experiments, v/a changed by a factor of two in the AFeR experiments, 740 

while in the MFeR experiments v/a changed by up to two orders of magnitude. The observed 741 
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differences in the heterogeneity and reactivity of the extracted Fe(III) between the AFeR and the MFeR 742 

may be explained by: (i) Different Fe(III) fractions that are accessible to microbial and abiotic Fe(III) 743 

reduction. This could explain the differences in M(0) and 1+1/v and indicate that microbes (or at least 744 

the culture that we used) were able to extract more crystalline Fe(III) minerals and/or different fractions 745 

of the sedimentary Fe(III) pool. (ii) Different mechanisms of abiotic and biotic Fe(III) reduction may 746 

also contribute to the differences. Previous studies show that Fe(III) mineral characteristics, such as the 747 

crystal structure and size, surface area, solubility, mineral aggregation, impurities and redox potential, 748 

all have different effects on rates of biotic and abiotic Fe(III) reduction (Hansel and Lentini 2011; 749 

Roden 2003; Bonneville, Van Cappellen, and Behrends 2004; Bonneville, Behrends, and Van 750 

Cappellen 2009). This could explain why v/a and initial rates in the AFeR and MFeR are increasing 751 

from KF1 to KFa5 and KFa7 to very different extents. However, because the different mineral 752 

characteristics that impact microbial Fe(III) reduction are all inherently interrelated (reviewed by 753 

Hansel & Lentini 2011), it is not clear which factor causes these differences. While we cannot 754 

distinguish the mineral characteristics that cause the increase in reactivity, our method is capable of 755 

capturing the dynamic changes of the Fe(III) pool.  756 

 757 

Impact of Fe(III) content and reactivity on sulfate reduction 758 

The concentration of reactive Fe(III) is known to impact the competition between microbial 759 

Fe(III) reduction and sulfate reduction (Postma and Jakobsen 1996; Thamdrup 2000; Jensen et al. 760 

2003). We observed that SRR at station KF1 and KFa5 were highest directly at the sediment surface. 761 

Conversely, at station KFa7 SRR peaked deeper in the sediment (Figure 3), indicating that Fe(III) 762 

reduction was predominating in overlying sediment. It was previously estimated that at concentrations  763 

≥30 µmol cm-3 of poorly crystalline Fe(III) (mainly determined by oxalate and HCl extractions), Fe(III) 764 
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reduction would dominate anaerobic organic carbon mineralization in sediments (Thamdrup 2000; 765 

Jensen et al. 2003; Luo et al. 2016). Concentrations of reactive Fe(III) at the surface of station KFa5 766 

and KF1 in the 0.5 M HCl and AFeR extractions was below 30 µmol cm-3 (Table S4). The surface of 767 

KFa7 had high concentrations of reactive Fe(III) of 110 and 92 µmol cm-3 in the 0.5 M HCl and AFeR 768 

extractions, respectively. Thus, the Fe(III) concentration at which the surface sediment changed from 769 

sulfate-reduction dominated (KF1 and KFa5, based on surface-peaks in SRR) to Fe(III)-reduction 770 

dominated (KFa7, with SRR peaking deeper in the sediment) supports the previously proposed 771 

threshold of 30 µmol cm-3. However, at station KFa7 the amount of reactive Fe(III) from AFeR and 0.5 772 

M HCl extractions was still >30 µmol cm-3 at the depth where SRR peaked (2.5 cm). Yet, at this depth 773 

at KFa7 the Fe(III) reactivity was lower than at the surface of KFa5, where SRR peaked (Table 3). 774 

Previously, the reactivity of Fe(III) was not taken into account in studies of competition between 775 

Fe(III) reduction and sulfate reduction, as only endpoint extractions were done (Thamdrup 2000; 776 

Jensen et al. 2003; Luo et al. 2016). Our data indicate that it is important to take both the reactivity and 777 

concentration into account. We propose a reactivity threshold of >2 x 10-2 μmol Fe(III) reduced gdw-1 778 

s-1 (initial rate) and >4 x 10-4 s-1 (v/a) above which Fe(III) reduction should predominate over sulfate 779 

reduction. 780 

 781 

Conclusions  782 

The aim of this study was to evaluate the applicability of different extraction methods for the 783 

quantification of ‘reactive Fe’ in marine sediments, whereby ‘reactive Fe’ is defined to be Fe(III) that is 784 

thermodynamically favorable for microbial reduction. We found that (i) the amount of reactive Fe that 785 

was quantified by the Poulton and Canfield extraction protocol (the “PC method”), as it is usually 786 

applied (Sum Fe PC), overestimated the amount of Fe that was reactive towards microbial Fe(III) 787 
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reduction in the marine sediment studied. Moreover, we found that Na-acetate extracted substantial 788 

amounts of Fe(III). If the PC method is applied, we therefore suggest to only define Fe(III) that is 789 

extracted by Na-acetate and Fe extracted by HAHCl to be favorable for microbial reduction in marine 790 

sediments (Reducible Fe PC, Table 2). (ii) Time-course extractions have a better-defined extraction 791 

efficiency (extractions are run to completion) than endpoint extractions. Therefore, time-course 792 

extractions are more sensitive than end-point extractions and allow fine-scale differences to be 793 

discerned between samples. (iii) The amount of reactive Fe extracted in ascorbate and microbial time-794 

course extractions correlated linearly, but compared to the ascorbate time-course extractions twice as 795 

much Fe was extracted in the microbial time-course extractions. (iv) Similar amounts of reactive 796 

Fe(III) could be extracted by the pure culture (S. frigidimarina) and the native sediment Fe(III)-reducer 797 

population in the MFeR experiments. This shows that the MFeR experiments accurately represent the 798 

microbially reducible pool of Fe(III). (v) Fe-reactivity parameters derived from the microbial and 799 

ascorbate time-course extractions (v/a, initial rates) showed similar trends across stations and depths. 800 

However, the heterogeneity parameter (1+1/v) showed different trends in AFeR and MFeR extractions. 801 

This is probably due to different mineral phases available to microbial and to ascorbate Fe(III) 802 

reduction, as evident from the differences in the amount of Fe extracted, as well as to differences in the 803 

mechanisms of abiotic and biotic Fe(III) reduction. (vi) Not only is there an apparent concentration 804 

threshold for favorability of Fe(III) reduction over sulfate reduction in marine sediments, but we 805 

propose a that there is also a threshold for Fe(III) reactivity, which can be determined with the time-806 

course extractions.  807 
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Tables 1046 

Table 1: Sampling sites. ‘RIS 10528 station name’ is the name that was used for the stations during the 1047 

sampling expedition and is given here as cross-reference for other data from the same expedition. 1048 

‘Station name’ refers to the name that is used in this publication. 1049 

Station name RIS 10528 project 

station name 

Coordinates Water depth 

KF1 JE  78° 53.223’N  

12° 54.790’ E 

57 m 

KFa5 F  78° 54.790’N 

12° 16.040’E 

105 m 

KFa7 T   78° 58.060’N 

11° 52.910’E 

230 m 

 1050 

  1051 



48 
 

Table 2: Sequential extraction procedures, solutions, extraction duration and targeted Fe phases. All 1052 

extractions were performed under anoxic conditions. The column to the right states which fractions of 1053 

the extraction protocol we expect to be favorable for microbial Fe(III) reduction. 1054 

Extraction 

type 

Extraction 

solution 

Extraction 

conditions 

Fe phases targeted Dissolution 

mechanism  

Microbially 

reducible 

fraction 

HCl extractions 

0.5 M HCl 1 h, horizontal 

shaker, 20°C 

Poorly crystalline Fe(III) 

(e.g. ferrihydrite, 

lepidocrocite), Fe(II) in AVS 

and carbonates 

Proton promoted 

(Preserves Fe 

speciation) 

 

Fe(III) from 0.5 

M fraction 

 6 M HCl 24 h, water 

bath at 70° C 

Crystalline Fe(III) and Fe(II) 

(e.g. in goethite, hematite or 

magnetite, also silicate Fe) 

PC extractions 

Na-acetate, 

pH 4.5 

24 h, 

horizontal 

shaker, 20°C 

Fe(II) in AVS and carbonates Ligand-complexation 

and proton promoted 
Reducible Fe 

PC: 

Fe(III) from the 

Na-acetate 

fraction and total 

Fe from HAHCl 

fraction 

HAHCl 48 h, 

horizontal 

shaker, 20°C 

Poorly crystalline Fe (III) 

(e.g. ferrihydrite, 

lepidocrocite) 

Reductive dissolution 

Dithionite 2 h, horizontal 

shaker, 20°C 

Crystalline Fe(III) (e.g. 

goethite, hematite) 

Ligand-enhanced, 

reductive dissolution 

Oxalate,  

pH 3.2 

6 h, horizontal 

shaker, 20°C 

Magnetite Ligand complexation  

 1055 

  1056 
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Table 3: Model parameters from AFeR experiments. Avg = average, SD = standard deviation. 1057 

Sample M(0) (µmol gdw-

1) 

v/a * 10 000 

(s-1) 

1+1/v Initial rate * 100 (µmol 

Fe(III) reduced gdw-1 s-1) 

R2 of model fit 

KF1 0-1 cm 19.3 2.27 1.85 0.438 0.99 

KF1 1-2 cm 17.8 6.22 2.80 1.11 0.99 

KF1 3-4 cm 17.9 2.14 2.12 0.383 0.99 

KF1 6-8 cm 13.5 1.90 1.91 0.257 0.99 

KF1 10-13 cm 9.7 1.61 1.74 0.156 1.00 

KFa5 0-1 cm avg. (a-e) ± SD 50.4 ± 1.4 3.42 ± 0.13 1.77 ± 0.06 1.72 ± 0.0903 --- 

KFa5 0-1 cm a 50.6 3.51 1.83 1.78 1.00 

KFa5 0-1 cm b 52.2 3.48 1.74 1.82 1.00 

KFa5 0-1 cm c 50.6 3.22 1.75 1.63 1.00 

KFa5 0-1 cm d 48.3 3.36 1.71 1.62 1.00 

KFa5 0-1 cm e 50.0 3.53 1.84 1.77 1.00 

KFa5 1-2 cm 48.7 3.06 1.96 1.49 0.99 

KFa5 3-4 cm 37.8 4.48 2.35 1.69 0.99 

KFa5 6-8 cm 35.6 1.07 1.81 0.380 0.99 

KFa5 10-13 cm 15.7 2.85 1.86 0.448 1.00 

KFa7 0-1 cm 176 4.81 1.20 8.45 0.99 

KFa7 1-2 cm 136 5.01 1.66 6.81 0.99 

KFa7 3-4 cm 79.9 1.32 1.76 1.05 0.99 

KFa7 6-8 cm 63.5 1.01 1.31 0.639 1.00 

KFa7 10-13 cm 57.4 2.65 2.14 1.52 0.99 
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Table 4: Parameters from the MFeR No Citrate Test 1060 

Sample M(0) (µmol gdw-1) v/a * 10 000 (s-1) 1+1/v Initial rate * 100 (µmol 

Fe(III) reduced s-1) 

R2 of model fit 

KF1 0-1 cm  43.0 0.0208 2.14 0.00895 0.97 

KF1 10-13 cm  25.0 0.00100 2.00 0.00205 0.98 

KFa5 0-1 cm  61.9 0.0781 2.25 0.0484 0.98 

KFa5 10-13  40.0 0.0161 1.79 0.00645 0.97 

KFa7 0-1 cm  241 0.153 1.10 0.369 0.98 

KFa7 10-13  71.0 0.0209 1.95 0.0148 0.98 
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Table 5: Parameters from MFeR experiment  1063 

Sample M(0) (µmol gdw-1) v/a * 10 000 (s-1) 1+1/v Initial rate * 100 (µmol 

Fe(III) reduced s-1) 

R2 of model fit 

KF1 0-1 cm  64.3 0.0310 1.89 0.0199 0.96 

KF1 10-13 cm  34.7 0.0187 1.38 0.00648 0.99 

KFa5 0-1 cm  92.6 0.151 2.90 0.139 0.95 

KFa5 10-13  54.1 0.0329 1.74 0.0178 0.97 

KFa7 0-1 cm  348 1.94 3.19 6.74 0.99 

KFa7 10-13  109 0.0537 2.53 0.0582 0.94 

 1064 
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 1066 

Table 6: Parameters from the Initial Rate Test 1067 

Sample M(0) (µmol gdw-1) v/a * 10 000 (s-1) 1+1/v Initial rate * 100 (µmol 

Fe(III) reduced s-1) 

R2 of model fit 

KF1 0-1 cm  61.0 0.0419 2.35 0.0256 0.96 

KFa7 0-1 cm  357 1.64 3.01 6.15 0.98 
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Figures 1070 
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Figure captions 1101 

Figure 1. Map of sampling locations indicated by white points in Kongsfjorden with 10 m pixel size 1102 

satellite imagery from Sentinel-2 taken on 2 Aug 2017 as background imagery 1103 

(https://sentinel.esa.int/web/sentinel/sentinel-data-access). White dots indicate the location of stations 1104 

that were used for the longitudinal transect. The black spot indicates the location of the station used for 1105 

the test experiments. Upper right inset: overview map of Svalbard.  1106 

 1107 

Figure 2. A) Schematic illustration of the extraction vessel used for abiotic time-course Fe reduction 1108 

experiments. B) Extraction tests for reproducibility (in black and grey, y-axis on the left) and oxygen 1109 

tightness (oxygen tests in blue, y-axis on the right). A-E refer to replicates from repeated extractions of 1110 

KFa5 0-1 cm.  1111 

 1112 

Figure 3. Profiles of sulfate reduction rates (SRR) determined with 35S-sulfate method and pore water 1113 

profiles of Fe(II) and Mn concentrations for the three stations. Notice different scales. 1114 

 1115 

Figure 4. Reactive Fe in sequential endpoint extractions and at the end of abiotic time course 1116 

extrications. A) Fe(III) extracted in 0.5 M HCl. B) Reactive Fe in PC extractions. C) Reactive Fe(III) 1117 

(M(0)) measured in the ascorbate-citrate time course extractions. See Table 2 for the extraction 1118 

conditions and targeted Fe phases. Note the different scales on the x axes. 1119 

 1120 

Figure 5. Time-course dissolution curves from the abiotic Fe reduction (AFeR) experiments for all 1121 

investigated stations and sediment depths. Dashed lines show the reactive continuum model fit.  1122 

 1123 

Figure 6. Tests experiments for microbial Fe reduction (MFeR) extractions. A) Amendment Tests with 1124 

lactate, citrate, and molybdate. The arrow at 540 h indicates ferrihydrite addition. B) Citrate 1125 

Concentration Tests using different concentrations of citrate and either 10 mM of ferrihydrite (FH, blue 1126 
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squares) or 0.2-0.3 g of Kongsfjorden sediment (Sed, red squares). For the treatments with ferrihydrite 1127 

the scale represents the values in mM Fe(II) multiplied by 4. C) Cell Concentration Tests, with either a 1128 

varying cell number and a fixed amount of sediment (crosses) or fixed amount of cells (circles) with 1129 

varying amount of sediment (indicated by color gradient). For detailed description of tests conditions 1130 

see Table S1. 1131 

 1132 

Figure 7. Dissolution curves from the microbial Fe reduction (MFeR) experiments for all investigated 1133 

stations and sediment depths. Error bars show standard deviation of triplicate extraction experiments. 1134 

Dashed lines show the reactive continuum model fit.  1135 

 1136 

Figure 8. Correlations between the amounts of extracted Fe in the abiotic extractions (sequential and 1137 

time-course). Dotted grey line shows a 1:1 ratio. Sum Fe PC is the sum of the total Fe extracted in all 1138 

four fractions of the PC extractions. Reducible Fe PC is only Fe(III) extracted with acetate and total Fe 1139 

in the HAHCl fraction of the PC extractions. Red lines show linear regressions. Note the different 1140 

scales on the axes of the different plots. 1141 

 1142 

Figure 9. Fe(III) reduction rates, as a fraction of the initial reduction rate, as a function of the fraction 1143 

of reactive Fe(III) left in the AFeR experiments for station KF1 and KFa7. 1144 

 1145 

Figure 10. Correlations of the amount of Fe extracted by the three chemical extractions and the 1146 

microbial extractions. Sum Fe PC is the sum of the total Fe extracted in all four fractions of the PC 1147 

extractions. Reducible Fe PC is only Fe(III) extracted with acetate and total Fe in the HAHCl fraction 1148 

of the PC extractions. Red lines show linear regressions. Dotted grey lines show 1:1 ratio.  1149 
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