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ABSTRACT 1 

In permafrost peatlands, up to 20% of total organic carbon (OC) is bound to reactive iron (Fe) 2 

minerals in the active layer overlying intact permafrost, potentially protecting OC from 3 

microbial degradation and transformation into greenhouse gases (GHG) such as CO2 and CH4. 4 

During the summer, shifts in runoff and soil moisture influence redox conditions and therefore 5 

the balance of Fe oxidation and reduction. Whether this “rusty carbon sink” is stable or 6 

continuously dissolved by Fe(III) reduction and reformed by Fe(II) oxidation during redox 7 

shifts remains unknown. We exposed ferrihydrite (FH)-coated sand in the active layer along a 8 

permafrost thaw gradient in Stordalen mire (Abisko, Sweden) over the summer (June to 9 

September) to capture changes in redox conditions and quantify formation and dissolution of 10 

reactive Fe(III) (oxyhydr)oxides and associated OC. We found that Fe(III) minerals formed 11 

under the constantly oxic conditions in palsa soils overlying intact permafrost over the full 12 

summer season. In contrast, in fully-thawed fen areas, conditions were continuously anoxic and 13 

by late summer 50.4% of the original Fe(III) (oxyhydr)oxides were lost via dissolution while 14 

44.7% and 4.9% of the Fe remained as Fe(III) and Fe(II) on the sand, respectively. Periodic 15 

redox shifts (from 0 mV to +300 mV) were observed over the summer season in the partially-16 

thawed bog due to changes in active layer depth, runoff and soil moisture. This resulted in 17 

dissolution and loss of 47.5% of initial Fe(III) (oxyhydr)oxides and release of associated OC in 18 

early summer when conditions are wetter and more reduced, and new formation of Fe(III) 19 

minerals (34.7% gain in comparison to initial Fe) in the late summer under more dry and oxic 20 

conditions which again sequestered Fe-bound organic carbon. Our data suggests that the so-21 

called rusty carbon sink is seasonally dynamic in partially-thawed permafrost peatlands, thus 22 

likely either promoting or suppressing carbon mineralization and leading to seasonal changes 23 

in GHG emissions.  24 

  25 
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GRAPHICAL ABSTRACT 26 

 27 

SYNOPSIS 28 

Reactive iron minerals trap or release significant amounts of organic carbon depending on 29 

seasonal redox shifts in partially-thawed permafrost peatlands.  30 



 

 5 

INTRODUCTION 31 

Permafrost peatlands hold enormous amounts of organic carbon (OC), equivalent to over one-32 

third of the carbon currently in the atmosphere (~800 Pg)1, 2. By the end of this century, 33 

permafrost peatlands are predicted to warm from an annual average air temperature below 2°C 34 

to between +5.6 to +12.4°C3, almost twice the rate of the global average4. The resultant 35 

permafrost thaw leads to soil active layer deepening5, 6, changes in surface vegetation 36 

composition7, 8, altered carbon accumulation2, 9 and shifts in microbial communities that 37 

degrade or transform OC10-12. Ultimately, permafrost peatlands are shifting from a carbon sink 38 

to a source of greenhouse gases (GHG)1, 13, 14. What controls how fast and to which extent this 39 

will occur is currently intensively studied.  40 

One parameter relevant for controlling GHG emissions in permafrost environments could be 41 

protection of carbon by Fe minerals. Fe-OC associations regulate long-term global preservation 42 

of natural organic matter in soils and sediments and in the active layer underlain by intact 43 

permafrost and in partially-thawed soils15, 16. With permafrost thaw, this so-called rusty carbon 44 

sink17 is lost and the mineral-bound OC is mobilized by reductive dissolution of Fe(III) minerals 45 

promoted by Fe(III)-reducing bacteria under water-logged and O2 limited conditions15. The 46 

resulting dissolved OC (DOC) can then be further metabolized and can lead to GHG emissions 47 

along the permafrost thaw gradient18.  48 

However, permafrost peatlands not only experience long-term thaw, but also seasonal changes 49 

in freeze-thaw cycles19, air temperature20, sunlight21 and precipitation20. With seasonal shifts in 50 

runoff and soil moisture20, soils could drain and (re-)flood22. Redox conditions, which are 51 

controlled by the presence of electron acceptors such as O2, fluctuate between oxic (oxygen-52 

rich, drained) and anoxic (oxygen-depleted, flooded), where alternative electron acceptors (e.g., 53 

Fe(III), NO3
-, SO4

2-, CO2) are converted to reduced species (e.g. Fe(II), NO2
-/N2, H2S, CH4). 54 
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Hence, these seasonal redox changes either promote or suppress Fe(III) reduction and Fe(II) 55 

oxidation, in turn influencing carbon mineralization and ultimately, GHG emissions23-25. To 56 

date, it remains unknown if the rusty carbon sink in permafrost peatlands is stable or 57 

continuously recycled by Fe(III) reduction and Fe(II) oxidation during seasonal redox 58 

fluctuations. 59 

To capture the spatial and temporal dynamics of the rusty carbon sink over the thawed summer 60 

season from July to September, we exposed sand coated with synthetic Fe(III) oxyhydroxide 61 

minerals, ferrihydrite (FH; simplified formula of Fe(OH)3), in the active layer in three thaw 62 

stages at a Swedish peatland (Stordalen mire, Abisko) in early (July) and late summer (July-63 

September). The thaw stages in which the FH-coated sand was exposed in the active layer were 64 

(1) desiccating palsa underlain by permafrost, (2) partially-thawed bog, and (3) fully-thawed 65 

fen as previously defined11, 18, 26, 27. The objectives of this study were i) to quantify Fe(III) 66 

(oxyhydr)oxide formation, dissolution and transformation and ii) to quantify Fe-associated OC 67 

along the thaw gradient as redox conditions shift in the thawed summer season.  68 

  69 
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MATERIAL & METHODS 70 

Field Site. Stordalen mire in the Abisko region of northern Sweden is a degrading permafrost 71 

peatland28, 29. Increasing mean annual air temperatures, exceeding the 0°C threshold, led to 72 

rapid warming of the Abisko region since the twentieth century30 causing active layer deepening 73 

and an increase in surface wetness through thawing of permafrost5. As previously described11, 74 

15, 18, the mire consists of three distinct forms of degrading permafrost peatland: (1) palsa (intact 75 

permafrost), (2) ombrotrophic peatland or bog (partially-thawed) with Sphagnum spp., sedges 76 

and shrubs, and (3) minerotrophic peatland or fen (fully-thawed) with sedges, mainly 77 

Eriophorum spp.26 (SI, Figure S1). 78 

Exposure Experiment. To capture the spatial and temporal dynamics of the rusty carbon sink 79 

over the thawed summer season from July to September, we incubated sand coated with 80 

synthetic Fe(III) oxyhydroxides (here FH) in the Stordalen mire peatland. FH-coated sand was 81 

exposed for either two weeks in early summer (early July 2019) or two months in late summer 82 

(early July to September 2019) in the active layer of palsa, bog and fen along the previously 83 

described permafrost thaw gradient15, 18 (for FH-coated sand synthesis and exposure bag 84 

preparation see SI, as well as Figures S1 and S2). For short-term exposure, three bags each were 85 

placed for 2 weeks (early summer) at three sites in each of the three thaw stages (9 bags per 86 

thaw stage in total; for exact positions see SI, Figure S1). For long-term exposure, three bags 87 

each were exposed for 2 months (late summer) at each of the three thaw stages (3 bags per thaw 88 

stage, 9 in total; SI, Figure S1). The first 10 cm of the soil layer were removed with a coring 89 

sleeve and the bags placed into the hole, which was then sealed again with the upper 10 cm soil. 90 

After the exposure times, the FH bags were carefully taken out of the soil, immediately frozen 91 

in liquid nitrogen and stored at -80°C until further analysis. Before soil extractions, further 92 

geochemical and microbial community analysis, the FH-coated sand that was incubated in 93 

different bags at the same thaw stage site (palsa, bog and fen) and collected at the same time 94 
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point was homogenized to have enough sample material to optimize the methods and to avoid 95 

limited sample volume for replicate analysis. The reported values represent the average and 96 

standard deviation of triplicate analysis of nine homogenized bags per thaw stage for the short-97 

term exposure and three homogenized bags per thaw stage for the long-term exposure (SI, 98 

Figure S1). Unexposed FH-coated sand was used as a reference material.  99 

Sequential Fe Extractions. Sequential Fe extractions were used to follow changes in solid-100 

phase Fe transformation along the thaw gradient over the season. Anoxic Na-acetate solution 101 

(1 M, pH 5), followed by extractions with 0.5 M and 6 M HCl were used to successively 102 

dissolve Fe phases with increasing crystallinity31. Adsorbed Fe(II)32, 33 and Fe in amorphous Fe 103 

sulfides34 were extracted by the Na-acetate (referred to adsorbed/amorphous Fe). 0.5 M HCl 104 

was chosen to extract poorly crystalline Fe(III) (oxyhydr)oxides and remaining reduced Fe(II) 105 

species such as FeCO3
35 or FeS (referred to as poorly crystalline Fe) and 6 M HCl to extract 106 

more crystalline, remaining Fe fractions, such as more crystalline Fe(III) (oxyhydr)oxides, 107 

poorly reactive sheet silicate Fe or FeS species15, 31 (referred to as more crystalline Fe) from the 108 

Fe mineral coated sand (for exact extraction procedure see SI). Total Fe is calculated as the sum 109 

of Fe extracted by 1 M Na-acetate, 0.5 M and 6 M HCl.  110 

Total Organic Carbon Analysis. To quantify TOC content of the sands after field exposure, 111 

triplicate samples of the homogenized samples (all bags per thaw stage and exposure time) were 112 

dried at 60°C until no further weight loss was observed. The samples were ground to fine 113 

powders and analyzed by a SoilTOC instrument (Elementar Analysensysteme GmbH, 114 

Germany).  115 

Determination of OC bound to the Fe mineral surface. A sodium pyrophosphate extraction 116 

(pH 10) was used to remove loosely bound OC. This includes labile and microbial OC as well 117 

as OC in Fe-OC complexes and Fe-OC colloids15, 36. Sodium pyrophosphate solubilizes organic 118 
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matter (of labile OC and microbial origin), dissolves Fe from organic complexes, and promotes 119 

peptization and dispersion of Fe oxide colloids which makes it difficult to specify the source of 120 

extracted Fe and OC37, 38 The same amounts of homogenized sand and extract were used as for 121 

the sequential Fe extraction, only the incubation time was extended to 16 h, as previously 122 

suggested15, 36. The Fe extracted by the sodium pyrophosphate extraction, representing 123 

colloidal/OM-chelated Fe, was negligible (0.00±0.00 to 0.18 mg sodium pyrophosphate 124 

extractable Fe per g sand) in comparison to the total Fe (1.02±0.09 to 5.59±0.46 mg Fe per g 125 

sand, 0.04 to 18.06% of the total Fe). The OC extracted by the sodium pyrophosphate extraction 126 

is implicated in complex association structures, such as colloids or aggregates, but not mineral-127 

bound OC36, 39. Given i) that the bags consisted only of FH and quartz, and ii) that crystalline 128 

quartz such as that present in the bags has low potential for complexation with organic 129 

compounds40, we assume that all of the carbon quantified via total organic carbon (TOC) of the 130 

FH coated sands after subtracting loosely bound OC (sodium pyrophosphate extractable OC) is 131 

strongly associated with the present Fe mineral surface (equation 1): 132 

𝑂𝐶 𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝐹𝑒 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑇𝑂𝐶 − 𝑠𝑜𝑑𝑖𝑢𝑚 𝑝𝑦𝑟𝑜𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒 𝑂𝐶  133 

Geochemical Analyses. Extracts (supernatants) were analyzed in technical triplicates for Fe 134 

(extracted by sodium acetate, 0.5 M HCl or 6 M HCl or sodium pyrophosphate) and OC 135 

(extracted by sodium pyrophosphate)15. Extracts for Fe analysis were immediately stabilized 136 

under anoxic conditions in 1 M HCl dilutions. Fe(II) and Fe(tot) were determined by the 137 

spectrophotometric Ferrozine assay41 within 24 h. DOC was quantified in triplicate with a TOC 138 

analyzer (High TOC II, Elementar, Elementar Analysensysteme GmbH, Germany). Inorganic 139 

carbon was removed by acidifying the samples with 2 M HCl prior to analysis.  140 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDS) was 141 

conducted as described in the SI.  142 
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Microbial Community Analysis. Total DNA was extracted as described previously42. Briefly, 143 

the PowerSoil RNA and DNA isolation kit was used to extract DNA in triplicates from 144 

homogenized bags per thaw stage and exposure time with the following modifications: 2 g of 145 

sand was used from each bag; beat-beating was conducted for 10 mins and centrifugation was 146 

at maximum speed (7,000g) at 4°C. During extractions, incubation time was extended to 1.5 h 147 

at -20°C (for details see SI). Library preparation steps and sequencing were performed by 148 

Microsynth AG (Switzerland) as detailed in the SI. Quality control, reconstruction of 16S rRNA 149 

gene sequences and taxonomic annotation was performed with nf-core/ampliseq v1.1.243, 44 as 150 

outlined in the SI. 151 

Isolation of Fe(III)-reducing bacteria was performed with anoxic synthetic fresh water media 152 

(as previously described15) using a dilution to extinction approach (for further information see 153 

SI).  154 

Seasonal Monitoring. To capture seasonal fluctuations in weather and soil geochemical 155 

conditions, context data such as precipitation, air temperature, soil moisture and soil 156 

temperature were analyzed. Precipitation and air temperature data were provided by the Abisko 157 

Observatory. Soil moisture and soil temperature data were provided by Integrated Carbon 158 

Observation System (ICOS) Sweden Abisko – Stordalen45. Redox potentials in the palsa, bog, 159 

and fen were continuously monitored with five redox potential probes (PaleoTerra). Two probes 160 

were positioned in both the bog and fen and one was positioned in the palsa. Each redox probe 161 

had platinum sensors positioned at 6, 8 and 10 cm depth below the ground surface (for details 162 

see SI).  163 

 164 

  165 
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RESULTS & DISCUSSION 166 

Seasonal fluctuations drive redox shifts in thawing permafrost peatlands. Snow melt began 167 

in the second half of April in 2019 (air temperatures above 0°C, Figure 1) and lasted around 168 

one month. As previously shown, the melt water results in highest annual runoff (up to 75% of 169 

the total annual runoff)20, which was reflected in our own data set by the volumetric soil water 170 

content (VSWC). VSWC was highest in the intact palsa (51%) between the end of March and 171 

the beginning of April (Figure 1), presumably resulting in increasing runoff into the partially-172 

thawed bog46. In early summer, semi-wet bog soils were weakly (+100 to +300 mV47) to 173 

moderately (-100 to +100 mV47) reduced from 6 to 10 cm depth (Figure 1 and SI, Figure S4). 174 

From the beginning of the thawed season (soil temperatures above 0°C in May/June), the air 175 

temperature increased to a maximum of 18.7°C, accompanied by a soil temperature increase to 176 

a maximum of 25.0°C in 2 cm soil depth at the end of July (Figure 1). Increasing 177 

evapotranspiration, together with decreasing runoff from intact palsa (VSW of 26%) and 178 

increasing active layer depth (30 to 70 cm)20, 22, 26, led to soil drainage in the partially-thawed 179 

bog (Figure 1 and SI, Figure S4). Ultimately, a shift from weakly/moderately reduced to oxic 180 

conditions (redox potential above +300 mV) in late summer was observed (Figure 1 and SI, 181 

Figure S5).  182 

Through the whole thaw season, the palsa remained relatively dry and oxic (SI, Figure S5), 183 

whereas the fen stayed water-logged (VSWC of 40%, Figure 1) and weakly to moderately 184 

reduced (SI, Figure S5), confirming previous studies18, 48. The annual average air temperature 185 

of +0.2°C slightly exceeded the 0°C threshold (above 0°C ice melts and permafrost thaws) 186 

supporting the overall warming trend since the early 20th century30. The summer of 2019 was 187 

dry: only 60 mm rain fell in June and July (Figure 1) compared to the long-term average of 81 188 

mm (1913-2009)20.  189 
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 190 

Figure 1. Seasonal fluctuations in weather and soil conditions for Abisko and Stordalen 191 

mire in the year 2019. (A) Air temperature [°C] and (B) precipitation [mm] were monitored 192 

by the Abisko Observatory. (C) Average soil temperature at Stordalen mire (average of the 193 

three thaw stages palsa, bog and fen) at 2 cm, 5 cm, 10 cm, 30 cm and 50 cm depth and (D) 194 

volumetric soil water content [%] in the upper 6 cm from the soil surface in palsa and fen were 195 

monitored by Integrated Carbon Observation System (ICOS) Sweden Abisko-Stordalen45. For 196 

thaw stage specific soil temperatures see SI, Figure S6. Early summer (yellow background) 197 
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marks the time period when the short-term ferrihydrite (FH) bags were exposed for 2 weeks 198 

and late summer (red background) the additional time period when the remaining FH bags were 199 

exposed (in total: 2 months). White arrow marks start of short and long-term exposure. Light 200 

grey arrow marks end of short-term exposure (exposed in early summer) and dark grey marks 201 

the end of the long-term exposure (exposed in early to late summer).  202 

 203 

Fe(III) mineral formation and dissolution under changing redox conditions. In the active 204 

layer of the palsa underlain by intact permafrost, continuous oxic conditions promoted Fe(II) 205 

oxidation to Fe(III) phases through early to late summer, presumably from the influx and 206 

oxidation of dissolved Fe(II) from the surrounding soil. A 62.1 to 155.3% gain in solid Fe(III) 207 

(0.5 M HCl and 6 M HCl extractable) was observed in bags exposed in early to late summer 208 

(3.55±0.82 to 5.58±0.35 mg Fe(III) per g sand in comparison to 2.19±0.26 mg per g sand in the 209 

reference material). In the active layer of the partially-thawed bog, weakly to moderately 210 

reduced redox conditions in early summer favored Fe(III) (oxyhydr)oxide reduction which is 211 

indicated by Fe(III) mineral dissolution leading to a 52.5% loss of Fe (i.e. loss of 1.03±0.34 mg 212 

0.5 M HCl extractable Fe(III) per g sand, Figure 2). However, a shift to predominantly oxic 213 

conditions in the bog in the late summer, caused by seasonal redox fluctuations, promoted net 214 

Fe(II) oxidation, indicated by a 33.3% gain in Fe(III) in the bags exposed until late summer 215 

relative to the reference material. The newly formed Fe phase was more crystalline, as indicated 216 

by a gain in 0.73±0.21 mg 6 M HCl extractable Fe per g sand in comparison to the reference 217 

material (that contained 1.01±0.14 mg 6 M HCl extractable Fe per g sand, probably due to aging 218 

over time) (Figure 2).  219 

In the active layer of the fully-thawed fen, continuous weakly to moderately reducing conditions 220 

led to substantial Fe loss and slight Fe(II) accumulation through early to late summer. 50.4% 221 
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Fe(III) was lost from the solid phase (0.98±0.08 mg Fe(III) remaining) and 0.11±0.01 mg Fe(II) 222 

per g sand (1 M Na-acetate extractable) were formed during exposure.  223 

The gain of poorly crystalline Fe in bags exposed in the active layer of intact palsa, attributed 224 

to Fe(II) oxidation under oxic conditions, supports previous observations showing highest 225 

amounts of Fe(III) (oxyhydr)oxides at the redox interface between shallow organic and deeper 226 

mineral horizons within the seasonally thawed active layer overlying intact permafrost15, 49. 227 

Fe(III) formation during late summer, as observed in bags exposed in the active layer of the 228 

partially-thawed bog, could explain the presence of reactive Fe(III) phases in bog soils: Patzner 229 

et al.15 found that 7.5% of the total Fe (6M HCl extractable) in partially-thawed bog soils was 230 

reactive Fe(III) (i.e. sodium dithionite citrate extractable50). The newly formed, more crystalline 231 

Fe(III) phase in bags exposed in the bog until late summer could be explained by exposure of 232 

poorly crystalline Fe(III) oxyhydroxide minerals to microbially derived Fe(II) which can induce 233 

mineral recrystallization and transformation processes of Fe(III) oxyhydroxides towards 234 

thermodynamically more stable mineral phases51. Along the thaw gradient, aqueous Fe(II) in 235 

the porewater increased from 0.02±0.01 mM in the palsa to up to 1.6±0.3 mM in the fen15 and 236 

the pH from 4.1 in the bog to 5.8 in the fen18. Fe(II)-catalyzed transformation of FH can result 237 

in either goethite (-FeOOH), lepidocrocite (-FeOOH) or magnetite (Fe3O4) formation with 238 

only minor differences in pH, background ligands, and Fe(II):Fe(III) ratios impacting reaction 239 

kinetics and end-phase51-55. The presence of DOC in the partially thawed bog15, 18 could also 240 

cause mineral transformation to less-crystalline FH and lepidocrocite through FH dissolution 241 

and then reprecipitation as Fe-OC co-precipitates56. Exposed FH on the sand grains could also 242 

trigger a so-called template effect: Chen and Thompson57 observed goethite formation in 243 

various forest soils promoted by a template effect of pre-existing Fe(III) (oxyhydr)oxides. The 244 

non-extractable mineral phase (here: quartz) has only a minor effect on oxidation rates57. 245 

Further studies are needed to identify the newly formed Fe phases by, e.g. Mössbauer 246 
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spectroscopy or XRD analysis, which for this experimental setup was not possible due to the 247 

high background of quartz in the sand grains in comparison to the much lower Fe content.  248 

Our incubation experiments provide a mechanistic explanation for the Fe(II) concentrations 249 

observed before in fen soil at Stordalen mire (Sweden)15 and in other Arctic peat soils in Barrow 250 

(Alaska)58. Lipson et al.59 estimated that net reduction of Fe(III) (oxyhydr)oxides coupled to 251 

oxidation and mineralization of OC contributes to 40-63% of ecosystem respiration depending 252 

on organic layer thickness and season. In the FH-exposed bags, Fe(III) reduction was most 253 

likely driven by Fe(III)-reducing bacteria such as Geobacter spp. We successfully isolated 254 

Fe(III)-reducing bacteria from the FH-coated sand in bags exposed in the fen with a 16S rRNA 255 

gene sequence that shares 98% identity to Geobacter spp. In addition, Geobacter spp. 256 

comprised 0.45±0.01% relative abundance in 16S rRNA gene amplicon sequencing of the 257 

whole microbial community associated with exposed sand in the fully-thawed fen until late 258 

summer (see SI, Figure S7 and S8).  259 

We observed incomplete Fe(III) reduction and dissolution from bags exposed in the bog and 260 

fen, resulting in 52.6% loss of the initial Fe(III) in the bog in early summer and 50.4% loss of 261 

the initial Fe(III) in the fen through the whole summer. The remaining Fe(III) phase in our 262 

exposure experiments might explain the presence of small quantities of reactive Fe(III) phases 263 

(2.64±0.03 mg Fe per g soil) at the redox boundary between organic and mineral horizon in the 264 

fully-thawed fen, suggesting a minor but persistent Fe fraction remaining in soils even with 265 

complete permafrost thaw15. This incomplete Fe(III) reduction and dissolution could have a 266 

number of explanations: (1) The Teflon bag itself may slow Fe(III) reduction rates probably 267 

due to slightly limited access for bacteria and hydrophobicity of the Teflon: in Teflon packed 268 

FH-coated sands, Fe(III) reduction rates were slightly lower than in unpacked FH-coated sand 269 

(SI, Figure S9). (2) Exposed FH-coated sand could have a lower susceptibility to reductive 270 

dissolution compared to aluminum-silicate-FH coprecipitates60 which are typically present in 271 
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soils. (3) Remaining Fe(III) minerals are less accessible for microbial Fe(III) reduction due to 272 

formation of Fe(II)-surface coatings which lower the reducibility of Fe minerals39. (4) The 273 

remaining Fe(III) phase could also be sustained by present Fe(II)-oxidizing bacteria such as 274 

Gallionella spp. and Sideroxydans spp. (SI, Figure S7 and S8), although this seems to be 275 

unlikely due to very low dissolved O2 concentrations (0.15±0.04 µM in partially-thawed bog 276 

and 0.02±0.01 µM in fully-thawed fen in early summer, i.e. mid-July48).  277 

The remaining Fe(III) phase could also be explained by net oxidation of Fe(II) even under 278 

reduced conditions. Previously, Lipson et al.59 observed net oxidation of Fe(II) in the active 279 

layer of reduced permafrost soils for which several hypotheses are suggested: (1) Fe(II) 280 

oxidation by O2 or by microaerophilic Fe(II)-oxidizers could be driven by transport of oxygen 281 

to deeper layers by plant roots61, such as Eriophorum spp. at Stordalen mire, (2) high 282 

concentration of dissolved Fe in these soils (1.6±0.3 mM aqueous Fe2+ 15) that might circulate 283 

throughout the soil profile, becoming oxidized to Fe(III) abiotically by O2 or by microaerophilic 284 

Fe(II)-oxidizers at the surface and diffusing to lower layers, (3) oxidation of Fe(II) under anoxic 285 

conditions e.g. by microbes coupled to nitrate reduction, abiotically by reactive N-species (e.g. 286 

nitrite), perchlorate reduction, by phototrophic Fe(II)-oxidizers or radicals formed by light62, 63; 287 

or (4) direct flow of e- through conductive soil components such as metal (e.g. Fe) ions in the 288 

porewater and electric double layer of colloidal surfaces of organic matter and metal ions 289 

(highly abundant in peat soils64) that can couple anoxic processes at depth to oxic processes at 290 

the surface65. One such conductivity component could even be caused by the presence of cable 291 

bacteria that link the oxidation of Fe(II) in anoxic layers to the reduction of O2 at the surface42 292 

and/or Geobacter spp. (SI, Figure S7 and S8) which produces conductive biofilms, pilin 293 

nanofilaments (known as microbial nanowires) and nanoparticulate Fe (oxyhydr)oxides66, 67 294 

that form conductive networks over centimeter scales with Fe(III)-reducing microbial cells68 295 

and humic substances that can shuttle electrons to Fe(III) (oxyhydr)oxides69.  296 
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The exposure experiments reveal the presence of the rusty carbon sink in intact permafrost soils, 297 

which is lost with complete permafrost thaw15. Our new findings suggest a more dynamic 298 

microbial iron cycle in the intermediate, partially-thawed bog, under seasonal fluctuations in 299 

the thawed active layer, either promoting or suppressing Fe(II) oxidation and thus Fe(III) 300 

mineral formation.  301 

 302 
 303 

Figure 2. Gain and loss of solid-phase iron (Fe) along a thaw gradient in early (2 weeks 304 

exposure) and till late summer (2 months exposure). (A) Gain and loss in poorly crystalline 305 

Fe(III) (0.5 M HCl extractable) and more crystalline Fe(III) (6 M HCl extractable). Values are 306 

normalized to the reference material (unexposed ferrihydrite (FH)-coated sand with 2.19±0.26 307 

mg total Fe per g sand), which was transported to the field but then stored at room temperature 308 
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until the end of the experiment. The reference material included a more crystalline Fe phase 309 

(1.01±0.14 mg only 6 M HCl extractable per g sand), probably due to aging over time. Positive 310 

values indicate a net gain in Fe and negative values indicate a net loss in Fe in comparison to 311 

the reference material. (B) Adsorbed/amorphous Fe(II) (1 M Na-acetate extractable). No Fe(III) 312 

was detected in the 1 M Na-acetate extracts. Reported values for the early summer period are 313 

the average and error bars are the combined standard deviation of triplicate analysis, normalized 314 

to the reference material, of nine homogenized bags, exposed at each thaw stage (palsa, bog 315 

and fen). Reported values for the late summer period are the average and error bars are the 316 

combined standard deviation of triplicate analysis, normalized to the reference material, of 317 

homogenized bags, exposed at each thaw stage (palsa, bog and fen). 318 

 319 

Carbon sequestration by Fe mineral phases under changing redox conditions in thawing 320 

permafrost peatlands. In the active layer of palsa, almost no OC was associated with the Fe 321 

mineral phases after exposed in the early summer (0.05±0.07 mg OC per g sand) or exposed till 322 

the late summer (0.08±0.04 mg OC per g sand) (Figure 3). In early summer, almost no OC 323 

associated with the Fe mineral surface was observed in the bags exposed in the partially-thawed 324 

bog (0.02±0.02 mg OC per g sand) and fully-thawed fen areas (0.06±0.03 mg OC per g sand) 325 

along the thaw gradient, probably due to the overall loss of Fe caused by mineral dissolution. 326 

Carbon sequestered by Fe minerals on the sand grains was only observed in the active layer of 327 

the bog (0.82±0.05 mg OC per g sand) and in the fen (0.61±0.04 mg OC per g sand) at the end 328 

of the summer (Figure 3). This indicates strong associations of Fe with OC. OC/Fe (wt:wt) 329 

ratios were 0.28 in the bog and 0.73 in the fen at the end of the summer (see Table S1). These 330 

OC/Fe (wt:wt) ratios suggest co-precipitation with and/or chelation of metal (Fe) ions by 331 

organic compounds which can generate OC/Fe associates with C/Fe ratios (wt:wt) above 0.2216, 332 
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70-72. Microscopic images of Fe-OC associations on the sand grain surface could indicate such 333 

co-precipitates of OC and Fe (Figure 4; SI Figure S10-S12).  334 

 335 

It should be noted that exposed FH-coated sands cannot only capture the mobile phase of OC 336 

(i.e., DOC) in the porewater, but also particles smaller than 0.55 mm diameter, which is the size 337 

of the holes in the Teflon bags and thus would include particulate organic carbon and microbes. 338 

Along the thaw gradient, DOC increases from 19.7±0.8 mg/L in the palsa to 102.1±14.1 mg/L 339 

in the fen areas15 and biomass increases with 2.6 times more microbial cells per gram of soil 340 

found in fully-thawed fen relative to palsa and bog11. The increasing microbial biomass along 341 

the thaw gradient may explain highest sodium pyrophosphate extractable OC of bags after long-342 

term exposure in bog (34.13% of TOC) and fen (38.12% of TOC) (SI, Figure S3) and why our 343 

DNA extraction was only successful for bags exposed in fen till late summer (SI, Figures S7 344 

and S8).  345 

Previously, it was shown that OC associated with reactive Fe minerals was higher in intact palsa 346 

soils than in other soils (bog and fen) along a permafrost thaw gradient15, whereas here in our 347 

field exposure experiments, Fe exposed in intact palsa soils did not sequester any OC. Dissolved 348 

Fe2+ in soils migrates upwards to the redox interface where it is oxidized to form Fe(III) 349 

(oxyhdyr)oxides or organic-bound Fe(III)49. This process leads to the observed increase of Fe 350 

in bags exposed in intact palsa soils, which we attribute primarily to Fe(III) (oxyhydr)oxide 351 

formation given the low abundance of pyrophosphate-extractable Fe (SI, Figure S3). DOC, 352 

however, is more dynamic as Fe as it might be metabolized and transformed to CO2 and CH4 353 

prior to reaching the exposed FH we experimentally incubated in the active layer underlain by 354 

intact permafrost. Chen et al.24 found dissolved organic matter (DOM) and soil organic matter 355 

(SOM) protection by Fe only under static oxic conditions when Fe2+ and DOC were both 356 

present. The exclusive presence of Fe2+ resulted in an increasing abiotic OC mineralization by 357 
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8% following oxidation to Fe(III)24. Abiotic oxidation of dissolved Fe2+ by O2 produces 358 

hydroxyl radicals that are known to degrade organic matter to low molecular weight organic 359 

molecules and CO2
73, 74. Thus, the absence of DOC, due to its potential high bioavailability75, 360 

as well as the radical formation following abiotic oxidation of dissolved Fe2+ by O2 could 361 

explain the absence of OC associated with the exposed FH in the active layer of the palsa soils.  362 

Highest carbon sequestration in these exposure experiments occurred after Fe(II) oxidation and 363 

Fe(III) mineral formation in bags exposed in the active layer of the partially-thawed bog until 364 

late summer and could explain previous observations that highest percentages of reactive Fe-365 

bound OC were found in bog soils along the thaw gradient after palsa collapse (39.4% of TOC 366 

was reactive Fe-associated at the redox boundary between organic and mineral horizon)15. 367 

However, our data shows that the rusty carbon sink in the active layer of the partially-thawed 368 

bog soils in permafrost peatlands is not stable over the thawed summer, but is continuously 369 

recycled by Fe(III) reduction and Fe(II) oxidation resulting in a shift from carbon source, shown 370 

by the lack of Fe-sequestered OC in early summer, towards a rusty carbon sink, shown by the 371 

presence of Fe-sequestered OC in late summer in the partially-thawed bog.  372 

The sequestration of OC associated with the Fe mineral surface after mineral dissolution 373 

occurred are seen in the bags exposed in the fully-thawed fen until late summer. The Fe(III) 374 

oxides remaining in these bags by late summer seem resistant to mineral reduction and 375 

dissolution and can capture OC from the surrounding porewater. The presence of remaining 376 

Fe(III) oxides in the exposed FH bags after mineral reduction and dissolution could explain 377 

previous observations of small quantities of Fe(III)-OM (determined via extended X-ray 378 

absorption fine structure (EXAFS) and Fe(III)-citrate as reference probes) in fully-thawed fen 379 

soils15. However, it remains unclear, why, after mineral dissolution occurred, the Fe(III) mineral 380 

phases didn’t sequester small amounts of OC in the bags in the partially-thawed bog and fully-381 

thawed fen after early summer exposure. Explanations could be differences in the mineralogy 382 
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of the remaining Fe(III) phase or Fe(II)-OC coatings on the sand grains surface in the fully-383 

thawed fen, which is supported by the fact that highest solid Fe(II) was observed in bags in 384 

fully-thawed fen after late summer exposure. In fen soils, no reactive Fe-associated OC was 385 

determined15.  386 

 387 

Our data indicates different carbon sequestration mechanisms by Fe (oxyhydr)oxides in the 388 

active layer over summer along the permafrost thaw gradient and illustrates that soils shift from 389 

being a carbon dioxide source (via microbially mediated reductive Fe(III) mineral dissolution 390 

coupled to OC mineralization) in early summer to a rusty carbon sink (via formation of Fe 391 

(oxyhydr)oxide minerals and sequestration of associated OC either fixed by microbes living on 392 

the particles and/or trapped from DOC) in late summer in the partially-thawed bog. Thus, the 393 

rusty carbon sink strongly depends on seasonal fluctuations in runoff, soil moisture and 394 

ultimately, redox conditions.  395 

 396 

 397 

Figure 3. Organic carbon (OC) bound to iron (Fe) mineral phases along the thaw gradient 398 

in early (2 weeks exposure) and until late summer (2 months exposure). Reported values 399 

represent the total OC control-corrected by subtracting loosely bound OC (sodium 400 
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pyrophosphate extractable OC). Error bars represent the combined standard deviation of total 401 

OC and sodium pyrophosphate extractable OC.  402 

 403 

 404 

Figure 4. EDS derived chemical distribution maps of iron (Fe)-organic carbon (OC) 405 

associations on ferrihydrite (FH)-coated sand grains incubated in the partially-thawed 406 
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bog (A) and in fully-thawed fen (B) after late summer exposure (for 2 months) in 407 

comparison to the reference material (unexposed FH-coated sand) (C). Results shown are 408 

representatives and replicate analysis is reported in the Supporting Information (SI, Figures S11 409 

and S12).  410 

 411 

Environmental Implications. Permafrost environments experience drastic changes caused by 412 

global warming13. Rising temperatures in the Arctic76 trigger increasing permafrost 413 

temperatures77 and ultimately an increase in the thickness and variability of the active layer78. 414 

Multiple evidence exists that the Arctic hydrological cycle is intensifying because of 415 

warming79, leading to a rise in all fluxes including precipitation, runoff and 416 

evapotranspiration80. These changes ultimately drive rapid shifts in water levels and redox 417 

conditions from flooded and more reduced to drained and oxic permafrost-affected soils81. The 418 

present study demonstrates that iron cycling in thawing permafrost peatlands correlates with 419 

redox conditions and that shifts in redox conditions resulted in either Fe(II) oxidation and 420 

Fe(III) mineral formation, sequestering OC, or leading to Fe(III) reduction, resulting in OC 421 

release. Iron cycling between Fe(II) and Fe(III) depending on shifts in redox conditions driven 422 

by seasonal fluctuations in runoff and soil moisture was also shown in a drained thaw lake basin 423 

on the Arctic coastal plain59. Thus, the seasonality of the rusty carbon sink in permafrost 424 

environments can strongly drive GHG emissions. On the one hand, Fe(III) reduction leads to 425 

direct CO2 emissions since it is coupled to oxidation and mineralization of organic matter59, 63. 426 

Additionally, the released previously Fe-associated OC becomes more accessible to 427 

decomposers such as e.g. fermenters11. Fe(III) reduction can also inhibit methanogenesis by 428 

being more thermodynamically favorable84. McCalley et al.10 found seasonal variations in CH4 429 

fluxes and their 13C content in partially-thawed bog and fully-thawed fen at Stordalen mire, 430 

which could be partly driven by the use of Fe(III) in microbial metabolisms. On the other hand, 431 
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stable and newly formed Fe(III) minerals can sequester carbon and protect it from microbial 432 

consumption85, 86, thus suppressing GHG emissions. Lee et al.82 observed nearly 20 times lower 433 

carbon release on a per gram soil basis via aerobic respiration in incubation experiments with 434 

permafrost-affected mineral soils in comparison to organic soils. This lower carbon release in 435 

mineral soils could be caused by mineral OC sequestration. Adhikari et al.83 demonstrated 436 

nearly 30% lower aerobic respiration of ferrihydrite-sorbed glucose and ferrihydrite-sorbed 437 

formic acid as compared to free glucose and formic acid. Future studies should assess the extent 438 

of GHG emissions caused by formation, transformation and destruction of Fe(III) minerals 439 

under fluctuating redox conditions in thawing permafrost environments.  440 

Recently, Coward et al.39 suggested that Fe-OC associations might be protected by surface 441 

coatings or by being embedded in a composite aggregate strucutre87. Thus, future in situ 442 

experiments should be conducted with a more complex matrix such as Fe-OC co-precipitates 443 

or biogenically derived Fe(III) (oxyhydr)oxides and in the presence of other important ions in 444 

soils (e.g. Si and Al).  445 

  446 
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Synthesis of Ferrihydrite-coated Sand. Quartz sand with a grain size of 0.4-0.8 mm (Carl 756 

Roth GmbH + Co.KG, Germany) was used. The sand was pre-treated by first autoclaving the 757 

sand at 121°C for 20 minutes, followed by washing with 1 M HCl (24 h, completely covered) 758 

and finally with Aqua Regia for 5 min to further improve Fe coating efficiency by increasing 759 

the surface area, as has been done previously1, 2. Afterwards the sand was washed with MiliQ 760 

water and dried at 60°C.  761 

The Fe(III) oxyhydroxide 2-line ferrihydrite (FH) was synthesized in the presence of the sand 762 

by precipitation from a Fe(NO3)3*9H20 solution by adding 1 M KOH. The Fe(NO3)3*9H20 763 

solution was added to 500 g of sand and stirred manually by hand as KOH was added dropwise 764 

until a pH of 7.3 was reached. The mixture was then left without stirring. After two hours, the 765 

pH was readjusted to 7.5 and the mixture left overnight on a rolling shaker (15 rpm), as has 766 

been done previously1. Finally, the mixture was washed with MiliQ water and dried at 40°C to 767 

avoid temperature-induced modifications of the precipitates1.  768 

In the end, the fresh synthesized ferrihydrite-coated sand yielded an iron content of 2.19±0.26 769 

mg poorly crystalline Fe(III) per g sand, determined by 0.5 M HCl extraction, performed in 770 

triplicates, followed by Fe quantification in the extract by Ferrozine assay3. Treating the 771 

unexposed sand in the same manner as the exposed sand (transport to the field and back, during 772 

exposure time stored at room temperature), formed a more crystalline Fe(III) phase (1.01±0.14 773 

mg Fe(III) per g sand), which was only extractable by 6 M HCl, not extractable with 1 M Na-774 

acetate and 0.5 M HCl. As also previously stated1, the FH coating increased the specific surface 775 

area (SSA) from 0.07 m2 per g of the initial pure sand to 1.49 m2 per g of the FH-coated sand 776 

(21 times higher than for its uncoated precursor).  777 

Exposure Bags. The FH-coated sand was packed in Teflon bags (polytetrafluoroethylene 778 

(PTFE); or Teflon) with 0.1 mm thickness and manually pierced with needles of 0.55 mm 779 
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diameter under sterile conditions in a Biological Safety Cabinet (BSC). The bag was closed 780 

with a cable tie at the top and with a long plastic line, which was later used to mark the position 781 

of the bag at the surface and pull it out after exposure. The Teflon along with additional 782 

equipment (FH coated sand, cable ties) was autoclaved (121°C, 1 bar pressure, 20 mins) prior 783 

to use, brought into the BSC cabinet and exposed to UV-light for 15 minutes. The Teflon was 784 

chosen based on the following suitable properties: heat (up to 250°C) and cold (till -196°C) 785 

resistant; unaffected by most chemicals, especially iron; no adhesive forces and weather 786 

resistant4, 5.  787 

The bags filled with FH-coated sand were stored at room temperature in sterile plastic bags and 788 

transported to the field under sterile conditions. 789 

 790 

Sequential Fe Extraction. 0.5 g of homogenized sand of each thaw stage and exposure time 791 

was added under anoxic conditions (100% N2, remaining O2 <100 ppm) into Eppendorf tubes. 792 

As previously described6, samples were centrifuged (5 min, 12,000 g) and the porewater 793 

(supernatant) was removed. 1 mL of anoxic 1 M Na-acetate solution was added to the pellet, 794 

mixed and incubated for 24 h in the dark. Then, the sample was centrifuged (5 min, 12,000 g) 795 

and the supernatant was collected and stored anoxically in the dark at 4°C until further analysis. 796 

To the pellet, 1 mL of anoxic 0.5 M HCl was added, mixed and incubated in the dark under 797 

anoxic conditions for 2 h. After centrifugation again, the supernatant was removed and stored 798 

anoxically at 4°C until further analysis. To the remaining pellet, 1 mL of anoxic 6 M HCl was 799 

added, mixed and incubated for 24 h in the dark as the last extraction step6. The supernatant 800 

was again stored under anoxic conditions in the dark at 4°C until further analysis. 801 

 802 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDS). The 803 

sand of the reference material (unexposed FH-coated sand) and the homogenized sand of each 804 
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thaw stage for two months exposure (palsa, bog and fen) were anoxically dried (24 h, 100% N2 805 

atmosphere). After reaching constant weight, the dried sand was pressed in an indium band 806 

(Plano GmbH, article number: E432), specifically chosen to avoid a carbon background signal 807 

in the EDS analysis. The indium band was then glued to the SEM sample stub with conductive 808 

silver paint (ACHESON Silver DAG 141; Plano GmbH, article number: G3692). After a short 809 

drying time (5 min), the samples were immediately coated with ~8 nm Pt-layer using a BAL-810 

TEC SCD 500 sputter coater, operated in a working distance of 35 mm, for 90 seconds at 0.02 811 

mbar. SEM and EDS analysis were performed at the Center for Applied Geosciences, 812 

University Tuebingen, using a Zeiss Crossbeam 550L Cryo-FIB-SEM, equipped with an 813 

Oxford EDS detector (UltimMax 100) and AZtecEnergy Advanced software. SEM images 814 

were acquired at a working distance of 5 mm by use of the Secondary Electrons Secondary Ions 815 

(SESI) detector using an acceleration voltage of 30 kV during the EDS analysis session and at 816 

5 kV (for images about surface information) with a 39x, 250x and 650x magnification and a 817 

store resolution of 2048 pixel image width. Four replicates per sample were analyzed. 818 

The EDS analysis was performed at a working distance of 5 mm, with a probe current of 200pA, 819 

2048 channels, process time 6, Acquisition mode: Live time and Acquisition time of 470 live 820 

seconds. 821 

Microbial Community Analysis. After using the PowerSoil RNA and DNA isolation kit, 822 

DNA samples were eluted in 50 µl RNase/DNase-Free water. DNA concentrations were 823 

determined using a Qubit 2.0 Fluorometer with DNA HS kit (Life Technologies, Carlsbad, 824 

CA, USA). Quantitative PCR (qPCR) specific for the 16S rRNA (gene) of bacteria and archaea 825 

was performed as described previously7. Microbial 16S rRNA (genes) were amplified using 826 

primers 515F and 806R8. Quality and quantity of the purified amplicons were determined using 827 

agarose gel electrophoresis and Nanodrop (NanoDrop 1000, Thermo Scientific, Waltham, MA, 828 

USA). Subsequent library preparation steps (Nextera, Illumina) and sequencing were 829 
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performed by Microsynth AG (Switzerland) using the 2 × 250 bp MiSeq Reagent Kit v2 on an 830 

Illumina MiSeq sequencing system (Illumina, San Diego, CA, USA). From 113,554 to 151,092 831 

(average 135,126) read pairs were generated per sample. Quality control, reconstruction of 16S 832 

rRNA (gene) sequences and taxonomic annotation was performed with nf-core/ampliseq 833 

v1.1.29, 10 with Nextflow v20.10.011 using containerized software with singularity v3.4.212. 834 

Primers were trimmed, and untrimmed sequences were discarded (< 13%, on average 9.6%) 835 

with Cutadapt v2.613. Adapter and primer-free sequences were imported into QIIME2 version 836 

2019.10.014, processed with DADA2 version 1.10.015 to eliminate PhiX contamination, trim 837 

reads (before the median quality drops below 38, i.e. position 137 in forward reads and 194 in 838 

reverse reads), correct errors, merge read pairs, and remove PCR chimeras; ultimately, in total 839 

937 amplicon sequencing variants (ASVs) were obtained across all samples. Alpha rarefaction 840 

curves were produced with the QIIME2 diversity alpha-rarefaction plugin, which indicated that 841 

the richness of the samples had been fully observed. A Naive Bayes classifier was fitted with 842 

16S rRNA (gene) sequences extracted with the PCR primer sequences from the QIIME 843 

compatible, 99%-identity clustered SILVA v132 database16. ASVs were classified by taxon 844 

using the fitted classifier17. 45 ASVs that classified as chloroplasts or mitochondria were 845 

removed, totalling to < 0.5% (average 0.36%) relative abundance per sample, and the remaining 846 

892 ASVs had their abundances extracted by feature-table (https://github.com/qiime2/q2-847 

feature-table). 848 

DNA extraction was only successful for the long-term exposed bags in the fully-thawed fen.  849 

Isolation of Fe(III)-reducing bacteria was performed with anoxic media and supplies (5 mM 850 

acetate and 5 mM lactate) via multiple rounds of extinction, as previously described18. The 851 

headspace in the dilution series was N2:CO2 (90:10). To the first tube of a dilution series, 1g of 852 

FH-coated sand was added, and a 10x dilution series up to a dilution of 10-12 was prepared. To 853 

identify the isolated Fe(III)-reducing bacteria, DNA was extracted of the isolated culture (after 854 
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ten transfers) using the UltraClean® Microbial DNA Isolation Kit (MO BIO Laboratories, 855 

Carlsbad, CA, US). Then, 16S rRNA gene fragments were amplified using the 341F 856 

(CCTACGGGAGGCAGCAG) and 907R (CCGTCAATTCCTTTRAGTTT) primer pair and 857 

resulting amplicons were sent for Sanger sequencing (Eurofins GATC biotech, Konstanz, 858 

Germany). Sequence results (deposited at database) were analyzed using nucleotide Basic 859 

Local Alignment Search Tool (BLAST) to identify the closest relative (performed on the 20th 860 

of April 2021, algorithm: blastn, standard database: nucleotide collection (nr/nt), accession 861 

number: Y19190.1; see also Figure S5). 862 

 863 

Redox Potential Analysis. Redox potential at redox potential probes was recorded every 30 864 

seconds by a datalogger (CR1000, Campbell Scientific) and averaged over 10 minutes. For this 865 

study, the reported values at each time point represent the average (± standard error) of values 866 

recorded at 6, 8, and 10 cm. In the bog and fen, the values across the two probes were averaged. 867 

Redox potential was referenced to two Ag0/AgCl reference electrodes deployed within the bog 868 

and fen. Retrieved data were adjusted to the standard hydrogen electrode (SHE) by adding 213 869 

mV to the recorded values as recommended by the provider company (PaleoTerra). 870 

  871 
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 872 

 873 

Figure S1. Sites for exposure of the bags with ferrihydrite-coated sand along the thaw 874 

gradient from palsa (intact) to bog (partially-thawed) to fen (fully-thawed) at Stordalen 875 

mire, Abisko (Sweden). Orange background marks the palsa, green the bog and blue the fen 876 

areas. At each thaw stage (palsa: 68°21'18.91"N, 19° 2'38.02"E to 68°21'18.78"N, 19° 877 

2'39.18"E, bog: 68°21'18.86"N 19° 2'39.94"E to 68°21'18.35"N, 19° 2'40.39"E, fen: 878 

68°21'18.01"N, 19° 2'40.08"E to 68°21'17.38"N, 19° 2'38.99"E), three sites were chosen 879 

following the hydrology flow19. For the short-term exposure, we exposed three replicate bags 880 

of ferrihydrite-coated sand for two weeks during early summer (nine bags per thaw stage in 881 

total). For the longer-term exposure of two months, triplicate bags were exposed at the centered 882 

positions of each thaw stage to capture conditions characteristic for each thaw stage: palsa site 883 

1, bog site 2 and fen site 2, resulting in three replicate bags per thaw stage.  884 

  885 
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 886 

 887 

Figure S2. Examples of ferrihydrite-coated sand in teflon bags exposed in intact palsa (A) 888 

and fully-thawed fen (B). Each bag was placed at 10 cm depth and the hole was re-sealed with 889 

the soil layer which had been removed.  890 

891 
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Figure S3. Sodium pyrophosphate extractable iron (Fe) and organic carbon (OC) versus 893 

total Fe and TOC along the thaw gradient until early summer (2 weeks exposure) and 894 

until late summer (2 months exposure). (A) Colloidal/OM-chelated Fe (defined as sodium 895 

pyrophosphate extractable Fe) (in orange lines) [% of the total Fe content associated with sand 896 

(in orange)] along the thaw gradient with time. (B) Absolute amounts of sodium pyrophosphate 897 

extractable Fe and total Fe along the thaw gradient with time. (C) Sodium pyrophosphate 898 

extractable OC (in green lines) [% of the TOC associated with sand (in green)] along the thaw 899 

gradient with time. (D) Absolute amounts of sodium pyrophosphate extractable OC and TOC 900 

along the thaw gradient with time. Reported values for the early summer period are the average 901 

and error bars are the standard deviation of triplicate analysis of nine homogenized bags, which 902 

were exposed at each thaw stage (palsa, bog and fen). Reported values for the late summer 903 

period are the average and error bars are the standard deviation of triplicate analysis of three 904 

homogenized bags, exposed at each thaw stage. n/d = not detected.  905 

 906 

  907 
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 908 

 909 

 910 

Figure S4. Seasonal changes at Stordalen mire in early summer (A) and late summer (B). 911 

In early summer, the semi-wet bog and waterlogged fen areas were completely water-saturated. 912 

During summer, bog areas became drier due to increasing drainage caused by active layer 913 

deepening and decreasing volumetric soil water content in the upper 10 cm.  914 

  915 
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 916 

 917 

Figure S5. Redox potential along the thaw gradient. Black lines report the average redox 918 

potential [mV] and the colored areas represent the standard deviation across the three depths at 919 

6, 8 and 10 cm in each thaw stage. The redox potential measured in palsa is marked in yellow, 920 

in bog in blue and in fen in green. The first 1-2 days represent the equilibrium phase after 921 

installing the redox probes in the field. Values above +300 mV are considered as oxic 922 

conditions. Values of +300 mV to +100 mV are considered as weakly reduced and values of 923 

+100 to -100 mV as moderately reducing conditions20. Towards August, the redox potential in 924 

bog increases from 0 mV to above +300 mV which marks a potential shift from Fe(III)-reducing 925 

to Fe(II)-oxidizing conditions. Unfortunately, the redox probes disconnected from the battery 926 

in mid-August and remote data collection ceased.  927 

 928 

  929 
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 930 

 931 

Figure S6. Soil temperatures at each thaw stage at 2 cm, 5 cm, 10 cm, 30 cm and 50 cm 932 

soil depth: (A) palsa (replicate 1; 68°21'22.25"N, 19° 2'42.22"E), (B) palsa (replicate 2; 933 

68°21'21.05"N, 19° 2'38.85"E), (C) bog (68°21'20.49"N, 19° 2'45.52"E) and (D) fen 934 

(68°21'20.20"N, 19° 2'42.37"E) in the year 201921.  935 

  936 



 

 46 

 937 

 938 

Figure S7. Microbial community of ferrihydrite-coated sand exposed for 2 months in the 939 

fully-thawed fen till late summer. (A) Detected microbial iron-metabolizing key players: 940 

Fe(III)-reducing bacteria (FeRed) and Fe(II)-oxidizing bacteria (FeOx). (B) Present microbial 941 

community. Values and error bars represent average and standard deviation of triplicate 16S 942 

rRNA gene amplicon sequencing abundance analysis of homogenized ferrihydrite-coated sand 943 

exposed in fully-thawed fen from early to late summer. 944 

  945 
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 946 

 947 

Figure S8. Bacterial 16S rRNA gene copy numbers based on qPCR analysis of the 948 

homogenized ferrihydrite-coated sand exposed for 2 months in the fully-thawed fen till late 949 

summer.  950 

  951 
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 952 

 953 

Figure S9. Microbial Fe(III) reduction under lab conditions in loose ferrihydrite-coated 954 

sand versus ferrihydrite-coated sand in teflon bags. (A) Fe(II)/Fe(tot) ratio in sand over 13 955 

days in anoxic fresh water media, containing 5 mM acetate, 2 mM cysteine and inoculated with 956 

Geobacter metallidurans (108 cells/mL). Reported values represent the average and range of 957 

duplicates of each setup. Yellow shows the Fe(II)/Fe(tot) ratio during reduction of loose 958 

ferrihydrite-coated sand over time. Brown shows the Fe(II)/Fe(tot) ratio in setups with 959 

ferrihydrite-coated sand in teflon bags over time. Control represents data for incubation of loose 960 

ferrihydrite-coated sand without Geobacter metallidurans inoculum. An Fe(II)/Fe(tot) ratio of 961 

1 means 100% Fe(II) formation in the sand phase. (B) Only low concentrations of dissolved 962 

Fe2+ (below 0.2 mM) were present in the liquid phase. 963 

  964 
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 965 

Figure S10. Scanning electron microscopy surface analysis of the ferrihydrite-coated 966 

sands before and after exposure. Unexposed sand shows smooth surfaces and small aggregate 967 

formation on the sand grains: (A) overview image and (B) close up image of unexposed sand. 968 

Ferrihydrite-coated sand exposed for 2 months till late summer in the partially-thawed bog 969 

shows aggregate formation on the surface of the sand grains: (C) overview image and (D) close 970 

up image of sand exposed for 2 months till late summer in the partially-thawed bog (replicate 971 

analysis to Figure 4 shown in the main text). Ferrihydrite-coated sand exposed for 2 months till 972 

late summer in the fully-thawed fen shows aggregate formation on the sand grains surface: (E) 973 

overview image and (F) close up image of sand exposed till late summer in the fully-thawed 974 

fen.  975 
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 976 

 977 

Figure S11. EDS derived chemical distribution maps of the replicate analysis of iron (Fe)-978 

organic carbon (OC) associations at the surface of the ferrihydrite-coated sand grains 979 

exposed in partially-thawed bog and fully-thawed fen collected after exposure for 2 980 

months till late summer: (A) and (B) replicate 1, (C) and (D) replicate 2, (E) and (F) 981 

replicate 3.  982 

  983 
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 984 

Figure S12. EDS derived chemical distribution maps of iron (Fe) coating on unexposed 985 

ferrihydrite-coated sand grains: (A) replicate 1, (B) replicate 2 and (C) replicate 3.  986 

  987 
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Table S1. Organic carbon (OC) to iron (Fe) ratios in the active layer of the partially 988 

thawed bog and in the fully-thawed fen collected after exposure of 2 months till late 989 

summer.  990 

 991 

  992 



 

 53 

References: 993 

 994 

1. Sorwat, J.; Mellage, A.; Kappler, A.; Byrne J. M. Immobilizing magnetite onto quartz 995 

sand for chromium remediation. Journal of Hazardous Materials 2020, 400, 123139. 996 

2. Kango, S.; Kumar, R. Magnetite nanoparticles coated sand for arsenic removal from 997 

drinking water. Environ Earth Sci 2016, 75, (5), 381. 998 

3. Stookey, L. L. Ferrozine - a New Spectrophotometric Reagent for Iron. Anal Chem 999 

1970, 42, (7), 779-781. 1000 

4. Biswas, S.; Vijayan, K. Friction and wear of ptfe - a review. Wear 1992, 158, 193-211. 1001 

5. Buerkle, M.; Asai, Y. Thermal conductance of teflon and polyethylene: insight from an 1002 

atomistic, single-molecule level. Sci Rep  2017, 7, 41898 . 1003 

6. Lueder, U.; Maisch, M.; Laufer, K.; Jorgensen, B.B.; Kappler, A.: Schmidt, C. Influence 1004 

of physical pertubation on Fe(II) supply in coastal marine sediments. Environ Sci Technol 2020, 1005 

54, 3209-3218. 1006 

7. Otte, J. M.; Harter, J.; Laufer, K.; Blackwell, N.; Straub, D.; Kappler, A.; Kleindienst, 1007 

S., The distribution of active iron-cycling bacteria in marine and freshwater sediments is 1008 

decoupled from geochemical gradients. Method Enzymol 2018, 20, (7), 2483-2499. 1009 

8. Caporaso, J. G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F. D.; Costello, 1010 

E. K.; Fierer, N.; Pena, A. G.; Goodrich, J. K.; Gordon, J. I.; Huttley, G. A.; Kelley, S. T.; 1011 

Knights, D.; Koenig, J. E.; Ley, R. E.; Lozupone, C. A.; McDonald, D.; Muegge, B. D.; Pirrung, 1012 

M.; Reeder, J.; Sevinsky, J. R.; Tumbaugh, P. J.; Walters, W. A.; Widmann, J.; Yatsunenko, 1013 

T.; Zaneveld, J.; Knight, R. QIIME allows analysis of high-throughput community sequencing 1014 

data. Nat Methods 2010, 7, (5), 335-336. 1015 

9. Ewels, P. A.; Peltzer, A.; Fillinger, S.; Patel, H.; Alneberg, J.; Wilm, A.; Garcia, M. U.; 1016 

Di Tommaso, P.; Nahnsen, S. The nf-core framework for community-curated bioinformatics 1017 

pipelines. Nat Biotechnol 2020, 38, (3), 276-278. 1018 

10. Straub, D.; Blackwell, N.; Langarica-Fuentes, A.; Peltzer, A.; Nahnsen, S.; Kleindienst, 1019 

S. Interpretations of environmental microbial community studies are biased by the selected 16S 1020 

rRNA (gene) amplicon sequencing pipeline. Front Microbiol 2020, 11, 550420. 1021 

11. Di Tommaso, P.; Chatzou, M.; Floden, E. W.; Barja, P. P.; Palumbo, E.; Notredame, C. 1022 

Nextflow enables reproducible computational workflows. Nat Biotechnol 2017, 35, (4), 316-1023 

319. 1024 

12. Kurtzer, G. M.; Sochat, V.; Bauer, M. W. Singularity: Scientific containers for mobility 1025 

of compute. PLoS One 2017, 12, (5), e0177459. 1026 

13. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing 1027 

reads. EMBnet journal 2011, 17, (1), 3. 1028 

14. Bolyen, E.; Rideout, J. R.; Dillon, M. R.; Bokulich, N. A.; Abnet, C. C.; Al-Ghalith, G. 1029 

A.; Alexander, H.; Alm, E. J.; Arumugam, M.; Asnicar, F.; Bai, Y.; Bisanz, J. E.; Bittinger, K.; 1030 

Brejnrod, A.; Brislawn, C. J.; Brown, C. T.; Callahan, B. J.; Caraballo-Rodríguez, A. M.; Chase, 1031 



 

 54 

J.; Cope, E. K.; Da Silva, R.; Diener, C.; Dorrestein, P. C.; Douglas, G. M.; Durall, D. M.; 1032 

Duvallet, C.; Edwardson, C. F.; Ernst, M.; Estaki, M.; Fouquier, J.; Gauglitz, J. M.; Gibbons, 1033 

S. M.; Gibson, D. L.; Gonzalez, A.; Gorlick, K.; Guo, J.; Hillmann, B.; Holmes, S.; Holste, H.; 1034 

Huttenhower, C.; Huttley, G. A.; Janssen, S.; Jarmusch, A. K.; Jiang, L.; Kaehler, B. D.; Kang, 1035 

K. B.; Keefe, C. R.; Keim, P.; Kelley, S. T.; Knights, D.; Koester, I.; Kosciolek, T.; Kreps, J.; 1036 

Langille, M. G. I.; Lee, J.; Ley, R.; Liu, Y. X.; Loftfield, E.; Lozupone, C.; Maher, M.; Marotz, 1037 

C.; Martin, B. D.; McDonald, D.; McIver, L. J.; Melnik, A. V.; Metcalf, J. L.; Morgan, S. C.; 1038 

Morton, J. T.; Naimey, A. T.; Navas-Molina, J. A.; Nothias, L. F.; Orchanian, S. B.; Pearson, 1039 

T.; Peoples, S. L.; Petras, D.; Preuss, M. L.; Pruesse, E.; Rasmussen, L. B.; Rivers, A.; Robeson, 1040 

M. S., 2nd; Rosenthal, P.; Segata, N.; Shaffer, M.; Shiffer, A.; Sinha, R.; Song, S. J.; Spear, J. 1041 

R.; Swafford, A. D.; Thompson, L. R.; Torres, P. J.; Trinh, P.; Tripathi, A.; Turnbaugh, P. J.; 1042 

Ul-Hasan, S.; van der Hooft, J. J. J.; Vargas, F.; Vázquez-Baeza, Y.; Vogtmann, E.; von Hippel, 1043 

M.; Walters, W.; Wan, Y.; Wang, M.; Warren, J.; Weber, K. C.; Williamson, C. H. D.; Willis, 1044 

A. D.; Xu, Z. Z.; Zaneveld, J. R.; Zhang, Y.; Zhu, Q.; Knight, R.; Caporaso, J. G. Reproducible, 1045 

interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol 1046 

2019, 37, (8), 852-857. 1047 

15. Callahan, B. J.; McMurdie, P. J.; Rosen, M. J.; Han, A. W.; Johnson, A. J.; Holmes, S. 1048 

P. DADA2: High-resolution sample inference from Illumina amplicon data. Nat Methods 2016, 1049 

13, (7), 581-3. 1050 

16. Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B. M.; Ludwig, W.; Peplies, J.; Glockner, F. 1051 

O. SILVA: a comprehensive online resource for quality checked and aligned ribosomal RNA 1052 

sequence data compatible with ARB. Nucleic Acids Res 2007, 35, (21), 7188-96. 1053 

17. Bokulich, N. A.; Kaehler, B. D.; Rideout, J. R.; Dillon, M.; Bolyen, E.; Knight, R.; 1054 

Huttley, G. A.; Gregory Caporaso, J. Optimizing taxonomic classification of marker-gene 1055 

amplicon sequences with QIIME 2's q2-feature-classifier plugin. Microbiome 2018, 6, (1), 90. 1056 

18. Patzner, M. S., Mueller, C. W., Malusova, M., Baur, M., Nikeleit, V., Scholten, T., 1057 

Hoeschen, C., Byrne, J. M., Borch, Thomas, Kappler, A. & C. Bryce, Iron mineral dissolution 1058 

releases iron and associated organic carbon during permafrost thaw. Nat Commun 11, 6329 1059 

(2020). 1060 

19. Olefeldt, D.; Roulet, N. T. Effects of permafrost and hydrology on the composition and 1061 

transport of dissolved organic carbon in a subarctic peatland complex. J Geophys Res-Biogeo 1062 

2012, 117, G01005. 1063 

20. Reddy, K. R.; DeLaune, R.D. Biogeochemistry of wetlands: Science and applications. 1064 

CRC Press, Boca Raton, FL. 2008, ISBN 978-1-56670-678-0. 1065 

21. Rinne, J., ICOS Sweden Ecosystem eco time series (ICOS Sweden), Abisko-Stordalen 1066 

Palsa Bog, 2018-12-31–2019-12-31, 1067 

https://hdl.handle.net/11676/s5oBzukX_FaXpHU___86QasO) 2021. 1068 

 1069 


