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Abstract 17 

Iron (Fe) biogeochemistry in marine sediments is driven by redox transformations, mediated by both 18 

biotic and abiotic processes, leading to Fe(II) and Fe(III) concentration gradients. As sediments are 19 

often physically mixed by wave action or bioturbation, Fe gradients re-establish regularly. In order to 20 

identify the response of dissolved Fe(II) (Fe2+) and Fe mineral phases towards such mixing processes, 21 

we performed voltammetric high-resolution microsensor measurements, sequential Fe extractions, 22 

and Mössbauer spectroscopic analyses of 12 h light-dark-cycle incubated marine coastal sediment. 23 

When we homogenized sediment and filled it into cores, we found a decrease of Fe2+ during the 24 

following 7 days of undisturbed incubation with Fe2+ maxima changing from approx. 400 to 60 µM. In 25 

the first 2-4 days of incubation, Fe2+ concentrations of up to 100 µM were measured in the top 2 mm 26 

due to Fe(III) photoreduction. After physical perturbation at day 7, Fe2+ was re-mobilized reaching 27 

concentrations of 320 µM in 30 mm depth, which decreased to below detection limit within 2 days of 28 

subsequent undisturbed incubation. Mössbauer spectroscopy showed that the relative abundance of 29 

a metastable iron-sulphur mineral phases (FeSx) increased during the initial incubation and decreased 30 

after the perturbation. Our results show that Fe2+ mobilization in marine sediments is stimulated by 31 

physical disturbances, and that the Fe redox distribution is influenced by physical mixing. In summary, 32 

our study suggests that in addition to abiotic Fe(III) reduction, microbial Fe(III) reduction and Fe(III) 33 

photoreduction, physical mixing processes also provide sediments and the inhabiting microbial 34 

community with Fe2+.   35 
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Introduction 38 

Iron (Fe) is an important redox-active element in coastal marine sediments. It is an essential element 39 

for many living organisms and can be used as substrate, i.e. as electron donor, energy source or 40 

electron acceptor, for growth by Fe-metabolizing bacteria.1 In the environment, Fe is cycled between 41 

its two main redox states, ferrous (Fe(II)) and ferric iron (Fe(III)), by many biotic and abiotic reactions.2 42 

Microbial Fe(II) oxidation can be catalyzed by microaerophilic, nitrate-reducing or anoxygenic 43 

phototrophic microorganisms, that are ubiquitously present in coastal marine sediments.3-6 Fe(II) can 44 

also be abiotically oxidized by oxygen (O2), reactive nitrogen species or manganese(IV) minerals.2 45 

Additionally, Fe(II) can be produced in sunlit sediments by Fe(III) photoreduction.7 In anoxic sediments, 46 

Fe(III) is reduced to Fe(II) by heterotrophic or autotrophic Fe(III)-reducing microorganisms coupled to 47 

the oxidation of organic compounds or hydrogen,8-10 or by abiotic Fe(III) reduction by redox-active 48 

natural organic matter or dissolved sulphide (H2S+HS-+S2-).11-13 Upward diffusion of dissolved Fe(II) 49 

(Fe2+) along prevailing redox gradients and re-oxidation by e.g. O2,14 as well as mineral precipitation or 50 

dissolution lead to decreasing Fe2+ concentrations in the sedimentary porewater towards the 51 

sediment-water interface.15-17  52 

Fe redox changes have important consequences for the biogeochemical cycling of other elements, e.g. 53 

via precipitation of mineral phases such as iron (oxyhydr)oxides, carbonates, phosphates or 54 

sulphides15, 22, 23 or sorption of heavy metals or nutrients to Fe minerals.18-21 Fe(III) (oxyhydr)oxides that 55 

are able to rapidly react with sulphide (“reactive iron” 12, 24, 25, 28) control the distribution of dissolved 56 

sulphide in the porewater, which is produced by bacterial sulphate reduction in marine sediments.25-57 

27 During the reaction of Fe(III) (oxyhydr)oxides with sulphide, Fe2+ is formed, which further reacts with 58 

sulphide to form various iron-sulphide minerals.12 The resulting Fe-S phases precipitate as metastable 59 

Fe(II) monosulphide (FeS) or as pyrite (FeS2), which is the most stable form of Fe sulphides under 60 

environmental conditions.11, 12, 29-31 Those formed minerals as well as dissolved and particulate Fe 61 

species are mainly transported by sedimentation and diffusion processes in stagnant coastal sediments 62 
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without physical perturbation. 15 In contrast, in bioturbated or wave influenced sediments, advection 63 

is an important transport process and iron- or FeS-containing minerals can actively be transported 64 

towards the sediment surface or be buried deeper into the sediment where they undergo oxidation or 65 

reduction accomplishing rapid recycling processes.22, 32, 33 In shallow bays and estuaries, interactions 66 

between currents and waves lead to extensive sediment resuspension and transport,34 with wind-67 

induced wave motion reaching the seabed down to 12 m water depth in some estuaries.35-37 More 68 

extensive disturbances of the sediment, e.g. caused by a storm or rigorous tidal movement, can 69 

completely rearrange the sediment layers. This leads to shifts in sediment porewater geochemical 70 

gradients. O2 profiles establish rapidly in sediments and respond quickly to temperature and light 71 

intensity changes.38, 39 However, it is not known how fast Fe2+ profiles react upon changing geochemical 72 

conditions, especially considering the occurrence of sulphur compounds in marine sediments with 73 

complex interactions between Fe2+, Fe colloids, Fe(III) (oxyhydr)oxides and sulphide and the formation 74 

of highly reactive metastable Fe-S-phases.  75 

Here we quantified Fe2+ concentrations and determined mineralogical changes of solid-phase iron 76 

during incubation of marine sediment and after a simulated storm event. The objectives of this study 77 

were i) to understand the consequences of heavy perturbations caused during a storm event on the 78 

Fe2+ concentration gradient and Fe redox stability in the sediment and ii) to decipher mechanisms for 79 

fluctuations of sedimentary Fe2+ gradients. 80 

  81 
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Material & Methods 82 

Sediment core incubations and experimental approach. Marine bulk sediment (from 0.5 m depth) 83 

and seawater were collected from a brackish shallow estuary, Norsminde Fjord, Denmark 3 (March 84 

2017), near its narrow entrance to the Baltic Sea and kept in dark at 4°C until further processing. In the 85 

lab, stones and macrofauna were removed from the sediment in order to enable microsensor 86 

application and 5 cm of homogenized sediment were filled into cut 50 ml syringes, overlaid with 4 cm 87 

Norsminde Fjord water (artificial sediment cores). The artificial sediment cores were continuously 88 

aerated and re-filled with Norsminde Fjord water to compensate evaporation. The sediment cores 89 

were incubated in a 12-hour light-dark cycle with a combination of two LED lamps (Samsung SI-90 

P8V151DB1US, 14 W, 3000 K and SMD 2835, 15 W, 6000 K) and an adjusted light intensity of 250-300 91 

µmol photons m-2 s-1 using a spherical light meter (ULM-500 and US-SQS/L sensor, Walz, Germany). In 92 

order to prevent light penetration from the sides, the cores were wrapped in aluminum foil from the 93 

sediment-water interface downwards. After 7 days of incubation, the sediment cores were completely 94 

mixed using a spatula and consecutively bubbled with ambient air through a silicon tubing with an 95 

attached needle using a fish tank pump. The bubbling lasted for 1 hour and was strong enough to 96 

continuously mix the sediment and keep it in suspension simulating a storm event. The cores were 97 

incubated for 3 more days before the sediment was again rigorously mixed and aerated for 1 hour. 98 

Sediment cores that were prepared for incubation are shown in Figure S1. 99 

In order to compare concentration changes of solid phase and dissolved Fe, 17 artificial sediment cores 100 

were prepared at the beginning of the experiment. Microsensor measurements of Fe2+ and O2 were 101 

compared with results obtained from sequential solid-phase Fe extractions and 57Fe Mössbauer 102 

spectroscopy. 13 of the artificial sediment cores that were prepared at the beginning of the experiment 103 

were used to monitor the development of Fe2+ and O2 gradients with microsensors. Each day, another 104 

sediment core was used (sacrificial setup). At day 0, day 2 and day 7 of undisturbed sediment core 105 

incubation as well as after the simulated storm event, samples for Mössbauer spectroscopy were taken 106 
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from these artificial sediment cores after the microsensor measurements. For sequential Fe 107 

extractions, three artificial sediment cores were prepared, of which one replicate was used for 108 

extraction after 0 and 7 days of undisturbed incubation, and directly after the simulated storm. In order 109 

to test how sensitive the Fe2+ release from the sediment is towards physical perturbation, we tested 110 

the impact of physical sediment movement and aeration on the Fe2+ mobilization. For that, another 111 

artificial sediment core was prepared and cyclic voltammetric scans for Fe2+ detection were run in: (i) 112 

the sediment core that was incubated for 7 days, (ii) a homogenized layer of sediment after slicing the 113 

core, and (iii) the supernatant after centrifuging (oxic conditions, maximal disturbance) the 114 

homogenized sediment layer for 5 min at 12,045 g. A detailed scheme of the experimental approach 115 

is shown in Figure S2. 116 

The DOC concentration of the sediment porewater was measured with a carbon analyzer (Multi N/C 117 

2100s, Analytik Jena, Germany). 118 

Microsensor measurements. Microsensor measurements were performed daily after 6 hours of light 119 

exposure as well as approximately 30 minutes after the simulated storm event. Fe2+ concentration 120 

profiles were recorded by voltammetry using a DLK-70 web-potentiostat (Analytical Instrument 121 

Systems, Flemington, NJ) and a standard three electrode system with a lab-constructed glass-encased 122 

100 µm gold amalgam (Au/Hg) working electrode,40 a solid state Ag wire coated with Ag/AgCl reference 123 

electrode, and a Pt wire counter electrode. Cyclic voltammograms were collected by scanning from -124 

0.05 V to -1.8 V and back with at a scan rate of 2000 mV s-1 and with an initial potential of -0.05 V held 125 

for 2 s for conditioning the electrode. Before each scan, a potential of -0.9 V was applied for 5 s to 126 

clean the electrode surface electrochemically. Calibration for Fe2+ was done by applying the pilot ion 127 

method with Mn2+.40, 41 10 scans were run at every measurement depth and the last 3 voltammograms 128 

were analyzed using VOLTINT program for Matlab®.42 Fe2+ concentrations were recorded 1 mm above 129 

and directly at the sediment surface, as well as in 0.5, 1, 1.5, 2, 3, 4, 6, 10, 15 and 30 mm depth. 130 

Additionally, cyclic voltammetry was performed during a simulated storm event in approx. 30 mm 131 

depth.  132 
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Dissolved O2 was measured with a 100 µm tip diameter Clark-type O2 microelectrode (Unisense, 133 

Denmark) as described by Revsbech.43 A two-point calibration was performed in fully air-saturated or 134 

anoxic Norsminde Fjord water. O2 concentration profiles were recorded with the software Sensor 135 

Trace Suite (Unisense, Denmark) in triplicates with a spatial resolution of 200 µm. Error bars show the 136 

standard deviation of triplicate measurements. Light penetration depth was determined by measuring 137 

the scalar irradiance with lab-constructed light sensors44 connected to a spectrometer (USB4000-XR1-138 

ES, Ocean Optics, Germany) with the software SpectraSuite (Ocean Optics, Germany). High-resolution 139 

profiles of H2S and pH were additionally measured using glass microelectrodes (Unisense, Denmark) at 140 

the end of the incubation period. O2 and redox potential profiles were measured with glass 141 

microelectrodes (Unisense, Denmark) in in-situ sediment cores in the field shortly before and 2 days 142 

after a strong storm event at the sampling field site in October 2013. 143 

Sequential Fe extractions. Sequential Fe extractions were used to follow changes in solid-phase Fe 144 

redox transformation over time. Anoxic Na-acetate (pH 5), 0.5 M HCl and 6 M HCl were used to 145 

consecutively dissolve amorphous Fe minerals, Fe carbonates, Fe in acid-volatile sulphides (AVS) and 146 

adsorbed Fe45, 47, poorly crystalline, and highly crystalline Fe minerals, respectively.3, 46, 47 Artificial 147 

sediment cores were sliced under anoxic conditions (100% N2, remaining O2 <100 ppm) at 0-2, 2-4, 9-148 

11 and 29-31 mm depth and approx. 0.5 g homogenized sediment of each sliced depth were added 149 

into Eppendorf tubes. Porewater was removed after centrifugation (5 min, 12,045 g), 1 ml of anoxic 150 

Na-acetate solution (pH 5) was added to the pellet, mixed and incubated (dark, 24 h). After 151 

centrifugation (5 min, 12,045 g), 100 µl of the supernatant was stabilized with 900 µl anoxic 1 M HCl 152 

and the residual Na-acetate was discarded. 1 ml of anoxic 0.5 M HCl was added to the pellet, mixed 153 

and incubated in the dark for 2 hours. After centrifugation, stabilization of 100 µl supernatant in 900 154 

µl anoxic 1 M HCl and removal of the residual supernatant, 1 ml of anoxic 6 M HCl was added to the 155 

pellet, mixed and incubated for 24 hours in the dark as last extraction step. The extractants were 156 

subsequently analyzed in technical triplicates by the spectrophotometric Ferrozine assay.48 157 
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Fe mineral analysis. Sediment for 57Fe Mössbauer spectroscopy was collected under anoxic conditions 158 

(100 % N2) from the sediment cores in a depth of approx. 30 mm at the beginning (day 0) and after 2 159 

and 7 days of incubation, as well as shortly after the first simulated storm event. The sediment was 160 

loaded into a plexi-glass holder and was stored anoxically at -80°C until measurement. Mössbauer 161 

spectroscopy was performed in transmission mode and absorption spectra were collected at 77 K and 162 

5 K respectively. Sample analysis was carried out using the Voigt Based Fitting (VBF) routine49 with an 163 

α57Fe foil (7 µm thick, room temperature) for center shift calibration. Sediment for X-ray diffraction 164 

(XRD) analysis was anoxically collected in a depth of approx. 30 mm after 7 days of incubation and 165 

analyzed twice as i) native anoxic wet sediment and ii) dried under oxic conditions. Detailed XRD 166 

parameters are shown in the Supporting Information. 167 

 168 

Results & Discussion 169 

Development of Fe2+ gradients during undisturbed incubation after preparation of artificial sediment 170 

cores. One hour after preparation of the artificial sediment cores from homogenized marine sediment, 171 

highest Fe2+ concentrations of approx. 400 µM were measured in 30 mm depth with decreasing Fe2+ 172 

concentrations upwards (Figure 1). Fe2+ concentrations continuously decreased over time in the 173 

undisturbed sediment cores throughout the complete depth gradient during the following 7 days of 174 

incubation to approx. 60 µM in 30 mm depth (Figure 1). This decrease in Fe2+ can be attributed to the 175 

fact that geochemical gradients first need to establish in the freshly prepared sediment cores, leading 176 

to a change of the sedimentary Fe speciation and the resulting gradients by ongoing Fe redox reactions 177 

(e.g. Fe2+ oxidation), Fe2+ adsorption to minerals and Fe phase transitions between the dissolved, 178 

adsorbed, colloidal and mineral fractions. In deeper and anoxic sediment layers, Fe2+ is produced by 179 

abiotic and biotic Fe(III) reduction, diffuses upwards and is oxidized by different processes, e.g. by rapid 180 

abiotic oxidation by O2
14 or by microbial Fe2+ oxidation.2 Therefore, increasing Fe2+ concentrations with 181 

depth can be expected.15-17 Fe2+ concentrations of up to 100 µM in the top 2 mm of the sediment were 182 
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quantified during the first 2-4 days of incubation (Figure 1). Fe2+ production in light-penetrated, oxic 183 

sediment layers has very recently been demonstrated to be caused by Fe(III) photoreduction.7 The Fe2+ 184 

concentration measured in the top sediment layers after 2 days of undisturbed light-dark incubation 185 

was 60% of the concentration in 30 mm depth (approx. 170 µM), which is in the same range as 186 

previously observed in laboratory light-incubated freshwater sediments.7 In the incubated marine 187 

sediment, light penetrates 2.2 mm (Figure S3). Besides light, there are some necessary geochemical 188 

prerequisites for Fe(III) photoreduction, such as the complexation of Fe(III) by organic carbon.50 In fact, 189 

the sediment used for this study is characterized by high dissolved organic carbon concentrations in 190 

the porewater (84.5±14.4 mg L-1), which allows for the formation of such Fe(III)-organic complexes, as 191 

confirmed by Voltammetry.51  192 

 193 

194 

Figure 1. Fe2+ concentration profiles measured with voltammetric microsensors after 6 hours of light exposure in 12 h light-195 

dark lab-incubated artificial marine sediment cores at the start (Day 0) and after 2 and 7 days of undisturbed incubation. Error 196 

bars show standard deviation of triplicate voltammograms. 197 

 198 
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Impact of physical perturbation on Fe2+ gradients. Extensive physical mixing after 7 days of 199 

undisturbed sediment core incubation simulated a storm event and introduced O2 into the sediment. 200 

This led to extensive re-mobilization and release of Fe2+ of up to 320 µM (in 30 mm depth) directly 201 

after the storm event (Figure 2). Voltammetric Fe2+ measurements performed during the simulated 202 

storm event showed the immediate release of Fe2+ (Figure S4). The Fe2+ profile after the storm 203 

represents the result of Fe2+ production (during the storm event) and consumption, including Fe2+ 204 

oxidation by O2 in the top millimeters or microbial depletion processes. Due to the rate at which Fe2+ 205 

was mobilized (a few hundred µM within minutes), microbial or abiotic Fe(III) reduction as sole source 206 

of Fe2+ is unlikely. For comparison, Laufer et al.52 determined maximum Fe(III) reduction rates in 207 

Norsminde Fjord sediment to be in the range of 180-590 µM day-1suggesting that abiotic and microbial 208 

Fe(III) reduction is too slow to account for the sole mechanism for all the observed Fe2+ mobilization 209 

during the simulated storm event. The mobilized Fe2+ decreased to below detection limit throughout 210 

the sediment column already within 2 days of subsequent undisturbed incubation (Figure 2). After 211 

additional 3 days of undisturbed light-dark incubation, simulation of a further storm event led to an 212 

immediate re-mobilization of Fe2+ (~ 110 µM) into the porewater (Figure 2), indicating that the 213 

incubated artificial sediment cores are depletive towards Fe2+ mobilization probably due to their small 214 

scale dimension. 215 
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216 

Figure 2. Fe2+ concentration profiles measured with voltammetric microsensors after 6 hours of light exposure in 12 h light-217 

dark lab-incubated artificial marine sediment cores shortly after a simulated storm event (labeled “After storm”), after 2 days 218 

of undisturbed incubation (“Day 2 after storm”) as well as shortly after a second simulated storm event (“After 2nd storm”). 219 

Error bars show standard deviation of triplicate voltammograms. 220 

 221 

The extreme sensitivity of Fe2+ mobilization from the sediments to physical disturbance and 222 

introduction of oxidants was demonstrated in a separate experiment. Fe2+ measurements with 223 

voltammetric microsensors were performed in a homogenized sediment core (incubated for 7 days 224 

without physical disturbance) and compared to measurements in homogenized slices of sediment 225 

from 3 depths (0-2, 9-11 and 29-31 mm), as well as in the porewater of sliced, centrifuged sediment 226 

layers. While only 15 µM Fe2+ were measured in 10 mm depth in the intact sediment core, the Fe2+ 227 

concentration in the corresponding sliced and homogenized, and therefore disturbed, sediment layer 228 

was 240 µM, i.e. 16 times higher than Fe2+ concentrations in the undisturbed sediment cores (Figure 229 

S5). In 30 mm depth in the intact sediment core, Fe2+ (90 µM) was still about 2.5 times lower compared 230 

to the gently prepared homogenized sediment slice (230 µM) (Figure S5). These experiments highlight 231 
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that physically disturbing processes are able to mobilize Fe2+ from the sediment, despite the 232 

simultaneous introduction of oxidants, and potentially increase its bioavailability as nutrient or 233 

substrate for various microorganisms. Wave and tidal movement, as well as bioturbation represent 234 

perturbation processes that constantly proceed in natural sediments leading to particle shearing and 235 

sediment reworking.53, 54 In shallow coastal waters, bottom shear stress generated by tidal currents 236 

and wave movements is responsible for sediment resuspension into the water column, sediment 237 

mixing and transport processes.34, 55 The critical shear stress needed for sediment movement may vary 238 

widely and depends on the type of sediment and its degree of compaction.36, 56 Wind-induced waves 239 

have been observed to resuspend sediment in water depths up to 2-12 m in many estuaries.36, 37 Storms 240 

are even recognized to be the dominant physical force to suspend sediment on continental shelfs.37 241 

Based on our data, sediment movements would have a strong impact on the release of Fe2+ into the 242 

porewater and overlying seawater.  243 

The in-situ effects of storms to produce disturbed sediment and re-adjustment of geochemical 244 

gradients were also demonstrated by comparing O2 and redox potential profiles of in-situ 245 

measurements in sediment cores taken before and 2 days after a strong natural storm at the sampling 246 

field site (Supporting Information). Even 2 days after the storm, the redox potential measured in the 247 

sediment was still more positive even in a sediment depth of 14 mm compared to the redox potential 248 

measured before the storm (Figure S6), showing the relevance of storms for disturbing the sediment 249 

in the environment. The more positive redox potential in the upper 14 mm of the sediment measured 250 

after the storm (Figure S6) illustrates the more oxidized conditions of the sediment and that the 251 

geochemical gradients of the sediment are still in the process of re-adjusting to reach the same state 252 

as measured before the storm. The shape of the recorded O2 concentration profiles (Figure S6) differed 253 

before and 2 days after the storm indicating higher consumption of O2 in the sediment after the storm. 254 

Due to mixing processes, reduced compounds can get oxidized and fresh organic matter enters the 255 

sediment leading to higher aerobic microbial respiration. Due to the time point of the storm (October 256 

2013), low photosynthetic activity did not lead to O2 supersaturation in the sediment. Besides heavy 257 
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sediment perturbation caused by storms, already minor sediment mixing processes such as 258 

bioturbation affect the sediment geochemistry. Thamdrup et al.33 pointed out the importance of 259 

bioturbation in sedimentary Fe cycling by transporting redox-active substrates across the oxic-anoxic 260 

interface, i.e. Fe(III) to anoxic layers, where microbial Fe(III) reduction occurs, and reversely, Fe(II) 261 

towards the oxic sediment surface where it gets oxidized by microbial and chemical reactions.22  262 

 263 

Impact of physical perturbation on O2 and sulphide geochemistry. Photosynthetic organisms are also 264 

mixed during physical perturbation. However, in comparison to Fe2+ gradients, the O2 gradients re-265 

establish faster in sediment cores,9, 11, 12 as oxygenic photosynthesis responds immediately to incoming 266 

light. Steady-state O2 concentrations are reached rapidly and O2 concentrations change dynamically 267 

depending on changes in light intensity.57, 58 Oxygenic photosynthesis leads to supersaturation of O2 in 268 

sediment porewater during illumination.59-61 Already 2 days after undisturbed light-dark incubation, O2 269 

supersaturation was reached in the incubated artificial sediment cores (Figure S7), whereas Fe2+ in the 270 

sediment porewater still was decreasing across the complete redox gradient, thereby influencing the 271 

whole sedimentary redox system. O2 supersaturation of up to 600 µM re-established within a day after 272 

the simulated storm (Figure S7).  273 

Apart from the influence by O2, the Fe geochemistry in marine sediments is strongly influenced by 274 

sulphur species, which are involved in various chemical or microbially mediated redox reactions.27 275 

However, we did not detect dissolved sulphide by microsensor measurements in the incubated 276 

sediment cores shortly before or after the simulated storm event (data not shown). This lack of 277 

sulphide indicates that there is enough reactive iron present in the sediment to readily react with 278 

dissolved sulphide, potentially strongly controlling its porewater concentrations and (bio)availability.12, 279 

25, 28 Dissolved sulphide is likely produced constantly by bacterial sulphate reduction in the sediment,26 280 

but is instantaneously removed by chemical reactions (e.g. by the formation of metastable FeS phases 281 

or even by reaction with FeS minerals to produce FeS2 62) leading to non-detectable (<1 µM) 282 
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concentrations of dissolved sulphide in the porewater. In support of the formation of such Fe-S species, 283 

we recorded a voltammetric signal that resembles dissolved FeS clusters63-65 directly after the initial 284 

preparation of the homogenized sediment cores throughout the entire core, as well as in smaller 285 

amounts directly after the simulated storm event. Also, FeS clusters could be detected during the 286 

simulated storm event simultaneously to the detection of Fe2+. Dissolved FeS clusters can form without 287 

immediate precipitation of solid FeS66 but are indicative of solid amorphous FeS to be present in the 288 

sediment as well.63 FeS clusters were measurable only for a short time after the simulated storm and 289 

then disappeared within a day, highlighting the high reactivity of these species towards precipitation 290 

as FeS mineral phases and the importance of sulphur for the Fe redox system in the sediment.  291 

 292 

Fe solid phase crystallinity changes. Sequential dissolution of different iron pools by different 293 

extractants allows insights into Fe crystallinity changes.45 One hour after preparation of the artificial 294 

sediment cores, the adsorbed47 or amorphous Fe fraction (including poorly crystalline Fe carbonates45 295 

and Fe from AVS; extracted by 1 M Na acetate, pH 5) as well as the poorly crystalline Fe mineral fraction 296 

(extracted by 0.5 M HCl) was all in the reduced state of Fe(II). Only the fraction of highest Fe crystallinity 297 

(extracted by 6 M HCl) contained Fe(III) (19-32 %) (Figure 3). After 7 days of incubation, a shift from 298 

adsorbed/amorphous Fe phases (decrease from 1.17 mg Fe g-1 sediment averaged over depth; 25.49% 299 

of total Fe) after preparation of the sediment cores to 0.50 mg Fe g-1 sediment (10.12% of total Fe after 300 

7 days of undisturbed incubation) towards higher crystalline Fe phases. There was an increase of poorly 301 

and highly crystalline Fe phases averaged over depth from 3.14 mg Fe g-1 sediment (74.51% of total 302 

Fe) to 4.40 mg Fe g-1 sediment (89.88% of total Fe) during incubation, with an increasing relative 303 

amount of Fe(III) observed (Figure 3), potentially caused by oxidation of adsorbed Fe(II) or Fe(II) 304 

minerals and mineral restructuring by Ostwald ripening processes.67 This change in crystallinity during 305 

undisturbed incubation of the sediment was most pronounced in the top 4 mm. In contrast, after the 306 

simulated storm event, amorphous Fe mineral phases increased again to concentrations close to the 307 

initial state (1.38 mg Fe g-1 sediment averaged over depth) (Figure 3). The total amount of solid phase 308 
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Fe slightly increased during the 7 days of undisturbed incubation from 4.59 to 4.89 mg Fe g-1 sediment 309 

and to 4.94 mg Fe g-1 sediment averaged for all sediment depths after the simulated storm event. The 310 

data suggest that during undisturbed incubation, Fe mineralogy is mostly driven by an increase in 311 

crystallinity, potentially due to Ostwald ripening or continuous Fe(II) catalyzed dissolution and re-312 

precipitation. However, physical perturbation and concomitant sediment reworking physically seem 313 

to break part of the poorly and highly crystalline Fe minerals, leading to a regeneration of the sediment 314 

back to more amorphous Fe phases. This likely has consequences for the Fe bioavailability to 315 

microorganisms that use Fe(II) as substrate or nutrient. We suggest that constant mixing of sediment, 316 

e.g. by waves, prevents mineral ripening and increases the amount of dissolved or colloidal and more 317 

reactive Fe phases, thereby driving a dynamic and very reactive redox environment. 318 

 319 

320 

Figure 3.Sequential Fe extractions of different sliced sediment layers from sediment cores at the beginning (Day 0) and after 321 

7 days (Day 7) of undisturbed incubation as well as shortly after a simulated storm event (After storm). Error bars show 322 

standard deviation of technical triplicates. 323 

 324 
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Transformation of Fe mineral phases after physical perturbation. The Fe mineralogy in the solid phase 325 

during incubation and after the storm event was identified by Mössbauer spectroscopy and XRD. 326 

Mössbauer spectra collected at 77 K showed similar properties for all measured samples collected 327 

from 30 mm depth at different time points (Figure S8). Additional measurements at 5 K revealed a 328 

poorly defined sextet in the recorded Mössbauer spectra, potentially resembling a metastable Fe-329 

sulphur mineral phase that is present in the measured sediment samples of all time points (detailed 330 

Mössbauer spectroscopy data are shown in the Supporting Information (Figure S8 & S9 and Table S1). 331 

In accordance with Wan et al.68 and Thiel et al62, this phase was denoted as metastable FeSx, 332 

representing a yet unknown Fe mineral phase undergoing magnetic ordering at 5 K. Besides the 333 

metastable FeSx, vivianite (Fe3(PO4)2x8H2O) and FeS2 were detected as Fe(II) phases. Applying the VBF 334 

fit-model of the 5 K spectra49, the relative abundances of the three iron phases (FeS2, Fe3(PO4)2x8H2O 335 

and the metastable FeSx) varied slightly during incubation (Figure 4). An increase of the relative 336 

abundance of FeSx from initial 19.3±2.9 to 24.7±2.1% after 7 days of undisturbed incubation, and the 337 

decrease back to 18.2±2.2% after the stimulated storm event suggests that during undisturbed 338 

incubation Fe2+ reacts rapidly with sulphide or another intermediate sulphur species to form 339 

metastable and highly reactive FeSx phases.11, 68, 69 Physical perturbation led to a partial removal of 340 

FeSx, e.g. due to oxidation by O2 entering the sediment during mixing or presumably as a result of 341 

breaking up of very amorphous FeSx minerals by shearing forces. The accumulation of FeSx during 342 

incubation and the subsequent partial removal after sediment perturbation, deciphers one of the 343 

mechanisms responsible for the fluctuations of Fe2+ in the sediment porewater. Besides the metastable 344 

FeSx, FeS2 is present as another Fe sulphide mineral in the sediment cores and represents the 345 

quantitatively dominant Fe(II) phase (45±0.2% after 7 days of incubation) before the simulated storm 346 

event. Its relative abundance dropped together with the FeSx phases after the simulated storm event 347 

to 35.6±0.3% (Figure 4), although FeS2 is thermodynamically more stable than Fe monosulphides.70 348 

The presence of FeS2 was confirmed by XRD. Detailed XRD results are shown in the Supporting 349 

Information and in Figure S10. In marine sediments, FeS2 usually is the most abundant Fe sulphide 350 
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mineral71 and its rapid formation has been shown.31, 72 Physical perturbations transport FeS2 to oxic 351 

sediment layers, where it is chemically oxidized by O2
33, 73 especially when the FeS2 particles are small. 352 

353 

Figure 4. Relative abundances of pyrite, vivianite and metastable FeSx mineral phases in the sediment cores in a depth of 354 

30 mm over the course of undisturbed 12 h light-dark incubation (Day 0, 2 and 7) and shortly after a simulated storm event 355 

(After storm) determined by Mössbauer spectroscopy. 356 

 357 

Environmental implications. In the present study we showed that physical perturbation, induced e.g. 358 

by storms, bioturbation or wave/tidal movement, is able to strongly impact the Fe geochemistry in 359 

marine sediments by shifting the predominant Fe phases from highly crystalline Fe minerals into more 360 

poorly or amorphous Fe phases and by partly oxidizing metastable FeSx, thereby potentially releasing 361 

Fe2+ into the porewater. So far, only abiotic and biotic Fe(III) reduction were considered to be sources 362 

of Fe2+ in marine sediments.8, 9, 13, 15, 22 On the other hand, Fe(II) oxidation processes, e.g. fast Fe2+ 363 

oxidation by O2, are limiting Fe2+ availability.14 However, considering Fe(III) photoreduction and Fe2+ 364 

mobilization from metastable FeSx as important Fe2+ sources in marine sediments, the additionally 365 

produced Fe2+ is expected to be used as nutrient or as substrate by Fe(II)-oxidizing bacteria. The 366 

mineral transformations might also lead to desorption of adsorbed Fe(II), of other nutrients or of 367 

pollutants (e.g. heavy metals)18-21 and lead to a regeneration of the sediment by providing fresh Fe 368 

mineral reaction sites. The high reactivity of metastable FeSx might drive a fast turnover of Fe(II) in the 369 
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sediment. The Fe2+ distribution in sediments is highly sensitive and dynamic and changes drastically 370 

towards less crystalline Fe solid-phases and the release of high amounts of Fe2+ by physical 371 

disturbances and/or the introduction of oxidants. The fast re-adjustment of O2 gradients in the 372 

sediment38, 39 may give the impression that pre-storm redox conditions are quickly re-established after 373 

storm events. However, based on the interactions between dissolved and metastable Fe phases, we 374 

showed that the Fe geochemistry in sediments is highly variable with highly reactive intermediates 375 

playing a key role in sedimentary Fe cycling and bioavailability. This study demonstrated that the fast 376 

Fe2+ mobilization as a result of physical perturbation is an overlooked Fe(II) source, which likely makes 377 

an important contribution to Fe as well as other biogeochemical cycles in sediments. 378 

 379 
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Supporting Information 391 

 392 

393 

Figure S1. Sediment cores prepared for this study, (A) after 7 days of undisturbed 12 h light-dark incubation, (B) shortly after 394 

the simulated storm event. Please note the difference in turbidity due to suspended sediment after the storm event.  395 

 396 

 397 

398 

Figure S2. Scheme of the experimental approach, (A) Daily microsensor measurements during undisturbed 12 h light-dark 399 

incubation and shortly after storm events, (B) selected time points for Mössbauer spectroscopy analysis, (C) selected time 400 

points for sequential Fe extractions and (D) test of the impact of physical perturbation simply due to slicing the sediment core 401 

and voltammetric measurements in the sediment slurry and centrifuged supernatant. 402 
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  403 

404 

Figure S3. Light intensity (expressed as scalar irradiance) in the sediment, normalized to the light intensity reaching the 405 

sediment surface. Error bars show the standard deviation of five recorded scalar irradiance profiles. 406 

 407 

408 

Figure S4. Fe2+ development during a simulated storm event in the sediment core determined by voltammetric measurements. 409 

The high Fe2+ concentrations reaching >500 µM can be attributed to release of Fe2+, e.g. from metastable FeSx mineral phases 410 

into the sedimentary pore water during the physical perturbation without subsequent equilibration of the sediment. Error bars 411 

show standard deviation of triplicate voltammograms.  412 

 413 
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414 

Figure S5. Impact of physical movement (slicing and homogenization) of sediment on Fe2+ mobilization, (A) Fe2+ concentrations 415 

in an undisturbed sediment core determined by voltammetry, (B) Fe2+ concentrations in sliced and homogenized sediment 416 

layers (0-2 mm, 9-11 mm and 29-31 mm depth) determined in the homogenized sediment slurry and in the supernatant of 417 

centrifuged sediment. Error bars show standard deviation of triplicate voltammograms. 418 

 419 

Cyclone Christian with wind speeds of up to 190 km h-1 did hit western Europe in October 2013. During 420 

this storm, the water and sediment of the sampling site Norsminde Fjord (Denmark) were completely 421 

mixed and resuspended. Microsensor profiles of O2 and redox potential were recorded in in-situ 422 

sediment cores before and 2 days after this storm event (Figure S6). 423 

 424 
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425 

Figure S6. Profiles in in-situ sediment cores before and 2 days after a storm at the sampling field site, (A) redox potential 426 

profiles, (B) O2 concentration profiles. Error bars show the standard deviation of triplicate measurements. Note the different 427 

scales of the y-axes. 428 

 429 

430 

Figure S7. O2 concentration profiles after 1, 2 and 7 days of undisturbed 12h light-dark incubation and 1 day after the simulated 431 

storm event.  432 
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 433 

Mössbauer & XRD data 434 

Mössbauer spectroscopy parameters are listed in Table S1. The spectra collected at 77 K show two 435 

clear and well pronounced doublet features (Db), with one broad doublet (Db1) and a narrow doublet 436 

(Db2) which are overlapping at the isomer center (Figure S8). The hyperfine parameters of these two 437 

doublets have very similar properties for all four samples at 77 K with a center shift (CS) of CS = 1.23 – 438 

1.25 mm s-1 for Db1 and CS = 0.42 mm s-1 for Db2. The relatively high quadrupole splitting (ΔEQ) of ΔEQ 439 

= 2.9 mm s-1 for Db1 is suggesting the presence of a high spin Fe(II) mineral phase with a relative 440 

abundance of around 40.5 ± 1.5 % in all samples. The low quadrupole splitting parameters of Db2 with 441 

ΔEQ = 0.57 ± 0.1 mm s-1 could be interpreted as high-spin Fe(III) phase or low-spin Fe(II). In order to 442 

resolve this uncertainty, the sample was additionally analyzed at 5 K. The narrow splitting which 443 

resulted at the low temperature confirmed the absence of an internal field and a magnetic ordering 444 

and implies the presence of a second Fe(II) phase – a low-spin Fe(II) mineral. Spectra that were 445 

collected at 5 K show a high similarity to spectra collected at 77 K. The wide Db1 and narrow Db2 are 446 

the predominant features in all samples. Their hyperfine characteristics change slightly with a decrease 447 

in their center shift to CS = 1.13 ± 0.05 mm s-1 for Db1 and CS = 0.41 ± 0.01 mm s-1 for Db2. The increase 448 

in their quadrupole splitting to ΔEQ = 2.9 ± 0.2 mm s-1 for Db1 and ΔEQ = 0.67 ± 0.3 mm s-1 for Db2 is 449 

consistent with their interpretation as a high-spin Fe(II) phase represented by Db1 and an additional 450 

low-spin Fe(II) phase being detected in Db2. In addition to the doublet features, also the presence of 451 

a magnetically-ordered iron phase can be interpreted by the residual peaks in the background. In order 452 

to achieve a satisfactory fit, an additional poorly defined hyperfine field distribution site (HFD-site) was 453 

required. The best-fit model for all spectra collected at 5 K (Figure S9) suggests a narrow sextet (S1) 454 

with relatively consistent hyperfine field parameters, CS at around CS = 0.8 – 0.9 mm s-1 and a 455 

hyperfine field (Bhf) of Bhf = 25 – 27 T. According to Wan et al. 68, this poorly defined sextet could 456 

potentially resemble a metastable iron-sulphur mineral phase (FeSx) undergoing magnetic ordering at 457 

5 K and is present in all samples. The magnetic resonance splitting of this metastable mineral phase 458 
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was potentially hidden behind the well pronounced doublet features of Db1 and Db2 at the higher 459 

temperature of 77 K but only became detectable at 5 K. The hyperfine field parameters of the other 460 

two doublets suggest that vivianite (Fe3(PO4)2x8H2O) is a likely candidate as a high-spin Fe(II) phase 461 

being represented by the wide doublet Db1 in all samples, while the hyperfine field parameters of the 462 

narrow doublet Db2 are very similar to pyrite (FeS2) as a low-spin Fe(II) phase. As stated above, the 463 

relative abundance of these two mineral phases is relatively consistent among the 77 K spectra (Table 464 

S1) with FeS2 being the more dominant phase over potential Fe3(PO4)2x8H2O. However, considering 465 

the fit-model of the 5 K spectra, the relative abundances of all three iron phases vary slightly. 466 

 467 

Table S1. Hyperfine parameters: Sample name, temperature sample was analyzed at, CS – Center shift, ΔEQ – Quadrupole 468 

splitting, ε – Quadrupole shift, Bhf – Hyperfine field, Pop. – relative abundance, χ2 – goodness of fit, matched candidate phase 469 

with Viv/Sid = vivianite/siderite. 470 

Sample Temp. Phase CS ΔEQ ε Bhf Pop ± χ2 Mineral phase 

 [K]  [mm s-1] [mm s-1] [mm s-1] [T] [%]    

Day 0 

 
77 Db1 1.25 2.91   41.8 0.3 0.57 Viv/Sid 

  Db2 0.44 0.56   58.2 0.2  Pyrite 

           

 5 Db1 1.18 2.92   38.0 1.0 0.75 Viv/Sid 

  Db2  0.39 0.69   42.7 0.3  Pyrite 

  S1 0.89  0.19 24.7 19.3 2.9  FeSx 

           

           

Day 2 

 
77 Db1 1.25 2.93   41.6 0.2 0.62 Viv/Sid 

  Db2 0.44 0.57   58.4 0.2  Pyrite 
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 5 Db1 1.18 3.03   27.9 0.3 0.93 Viv/Sid 

  Db2 0.42 0.65   49.2 0.3  Pyrite 

  S1 0.80  -0.03 26.5 22.9 2.46  FeSx 

           

           

Day 7 

 
77 Db1 1.24 2.92   40.5 0.3 0.68 Sid/Viv 

  Db2 0.44 0.60   59.5   Pyrite 

           

 5 Db1 1.16 3.11   30.3 0.6 0.8 Sid/Viv 

  Db2 0.41 0.70   45.0 0.2  Pyrite 

  S1 0.97  -0.04 27.1 24.7 2.1  FeSx 

           

           

After 

storm 
77 Db1 1.23 2.94   38.7 0.3 0.79 Sid/Viv 

  Db2 0.42 0.58   61.3 0.2  Pyrite 

           

 5 Db1 1.08 2.89   46.2 1.4 0.93 Sid/Viv 

  Db2 0.39 0.64   35.6 0.3  Pyrite 

  S1 0.55  0.14 27.1 18.2 2.2  FeSx 

 471 

 472 



27 
 

473 

Figure S8. Representative Mössbauer model fit (blue line) of spectra collected at 77 K (black line), characterized by two 474 

dominant doublets, likely representing vivianite (light blue) and pyrite (grey).  475 
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476 

Figure S9. Mössbauer spectroscopy – Model fit (blue line) of spectra collected at 5 K (black line) for samples of (A) Day 0, (B) 477 

Day 2 and (C) Day 7 of undisturbed light-dark incubation as well as (D) after the simulated storm event. All samples show two 478 

dominant doublet features that can likely be attributed to the presence of vivianite (light blue), pyrite (grey) and a poorly 479 

developed sextet potentially representing a metastable Fe-S-phase (FeSX, orange). 480 

 481 

The sediment sample for XRD was collected and dried under anoxic conditions, loaded onto a silica 482 

wafer (sample size ø 2mm) and kept constantly anoxic until analysis. The analysis was carried out on a 483 

2D-Microdiffractometer (Bruker D8 Discover with GADDS, µ-XRD2, Bruker AXS GmbH, Karlsruhe, 484 

Germany), using a cobalt anode tube as x-ray source with a Co-Kα wavelength of 1.79030 Å and a 2D 485 

detector with 40° angle cover (Bruker Våntec 500 Bruker AXS GmbH, Karlsruhe, Germany). The sample 486 

was not rotated and reflection patterns were collected for 120 seconds per angle setting. Reflection 487 

pattern analysis and mineral identification was carried out using Match! program for phase 488 

identification from powder diffraction (Match!, Crystal Impact, Bonn, Germany). XRD diffraction 489 
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pattern of both samples, wet and dried sediment, showed a clear signal for quartz being the most 490 

dominant and crystalline mineral phase in the sediment matrix (Figure S10). In the wet sample, small 491 

reflections were detected that could be indicative for FeS2 being present as Fe(II) mineral. However, 492 

the reflections were not significant enough to clearly confirm its presence, potentially due to scattering 493 

interferences with the wet sample matrix. As FeS2 is thermodynamically more stable than Fe 494 

monosulphides 70 and the oxidation kinetics of FeS2 by O2 is significantly slower after the formation 495 

and accumulation of a ferric oxyhydroxide layer on the sulphide surface 74, the sample was dried in air 496 

for some minutes in order to remove the water from the sediment matrix. The XRD pattern of the 497 

dried sample showed the two major reflections for FeS2 and clearly approved its presence as Fe(II) 498 

phase. Due to the drying process, also halite (NaCl) crystallized and precipitated as an evaporation 499 

product (Figure S10).  500 

501 

Figure S10. X-ray diffraction pattern collected from the native sample material (anoxic, wet – upper, grey line) and the dried 502 

sediment material (air-dried – lower, black line). Both patterns show a clear signal for quartz (light blue reference). FeS2 (grey 503 
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reference) was clearly detectable in the air-dried sample material only, while also halite (NaCl – olive reference) precipitated 504 

in the air-dried sediment due to evaporation 505 

 506 

 507 

 508 

 509 
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