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Abstract

The release of vast amounts of organic carbon during thawing of high-latitude permafrost is an
emerging issue of global concern, yet it is unclear what controls the amount of this released
carbon that will be subsequently metabolized and emitted as greenhouse gases. It has been
shown that reactive soil minerals, specifically iron (oxyhydr)oxides, can trap approximately
20% of total organic carbon in soils overlying intact permafrost (1), and may limit carbon
mobilization and degradation as is observed in other environments. However, the stability of
iron-bearing minerals and thus their capacity to prevent carbon mobilization during permafrost
thaw is entirely unknown. We have followed the dynamic interactions between iron and carbon
across a thaw gradient in Abisko (Sweden), where wetlands are expanding rapidly due to
permafrost thaw. Using both bulk (selective extractions, EXAFS) and nanoscale analysis
(correlative SEM and nanoSIMS), we found that a maximum of 19.4+0.7% of the total soil
organic carbon is associated with reactive iron minerals in palsas underlain by intact
permafrost. However, the soil becomes water-logged and oxygen limited when palsas
collapse, resulting in reducing conditions, an increase in abundance of Fe(lll)-reducing
bacteria, and a mobilization of both iron and carbon along the thaw gradient. Our results show
that waterlogging and anoxia associated with permafrost thaw effectively destroys this “rusty

carbon sink” (2) in permafrost soils.

Significance Statement

There is significant concern that warming-induced permafrost collapse will release yet more
greenhouse gases like CO; and CHa. It has been shown that reactive iron minerals in soils can
protect carbon from degradation in intact permafrost regions, providing a so-called “rusty
carbon sink” and limiting emissions. However, our results demonstrate that reactive iron
minerals only stabilize carbon when permafrost is intact. When permafrost thaws, microbially-
driven mineral dissolution releases trapped carbon. We show that the “rusty carbon sink” is

vulnerable to thaw-induced changes in redox state, and identify an over-looked source of
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organic carbon to thaw lakes and wetlands in permafrost regions. Release of mineral-
associated carbon may have consequences for greenhouse gas emissions that are

unaccounted for in current predictions.

Main Text
Introduction

Permafrost soils store almost twice as much carbon as is currently present in the
atmosphere (3, 4), which is at risk of being released as greenhouse gases (i.e., CO» or CHa)
during thawing. Release of greenhouse gases from permafrost soils provides a feedback which
will likely lead to faster warming than predicted from anthropogenic activities alone (5). This is
especially concerning considering that high latitude regions are experiencing significantly
higher rates of warming than the global average (0.6°C per decade in Northern Hemisphere,
1.35°C per decade in the Arctic specifically) (6, 7). However, the extent of greenhouse gas
emissions from thawing permafrost remains unpredictable due to knowledge gaps related to
controls on the fate of carbon in permafrost soils. Indeed, it has been suggested that the
permafrost-carbon feedback is the most important carbon-cycle feedback missing from climate

models and one of the greatest uncertainties in future climate predictions (8).

The mobility, lability and bioavailability of organic carbon in the environment is determined
by a number of interconnected physico-biogeochemical parameters and processes. One such
parameter is the presence of reactive iron minerals (defined here as iron minerals that are
reductively dissolved by the chemical reductant sodium dithionite, e.g. ferrihydrite or goethite).
These minerals are known to sorb and co-precipitate organic carbon (9) and are thought to
significantly influence long-term carbon storage in numerous environments (10-13). For
example, approximately 20% of total organic carbon in marine sediments is associated with

such reactive iron minerals (12).
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However, the inventory of reactive iron minerals in natural systems is very dynamic as they
precipitate and dissolve as a response to changing redox conditions. When mineral dissolution
occurs, carbon mobilization, increased carbon lability/bioavailability and increased gaseous
carbon loss as CO; and CH4 follows (catalyzed by heterotrophic and methanogenic
microorganisms) (14-18). Despite the importance of iron minerals for carbon storage, we have
little empirical understanding of the presence of this “rusty carbon sink” in permafrost soils or

of how it will respond to changing redox conditions associated with permafrost thaw.

In order to address this knowledge gap, we examined peatland soils collected from three
different thaw stages in Stordalen mire (Abisko, Sweden). Following the classification of
Johansson et al (2006) (19) (Fig. 1), these three thaw stages are: (1) desiccating palsa
underlain by permafrost, (2) bog with water-logged active layer underlain by permafrost, and
(3) fen, completely water-logged and lacking permafrost. In the desiccating palsa area, the
active layer is dry and oxic. As the permafrost thaws, the raised palsas collapse and become
inundated, transforming to an ombrotrophic bog with a waterlogged active layer but
continuously frozen soil underneath. With continued thawing, the bog areas decrease and
minerotrophic fen areas expand with complete water saturation and thus even more reducing
conditions than the bog. Permafrost thaw progression through these three thaw stages is,

however, not necessarily linear (20).

We took cores from all three thaw stages and analyzed iron-carbon associations in three
different layers within the cores defined by geochemical stratification: (1) organic horizon, (2)
transition zone and (3) mineral horizon (see Methods). We analyzed the solid phase by
selective extractions, extended X-ray absorption fine structure (EXAFS), correlative scanning
electron microscopy (SEM) and nanoscale secondary ion mass spectrometry (nanoSIMS).
This was complemented by geochemical analysis of the porewater and quantification of Fe(lll)-

reducing bacteria which play a major role for iron mineral reduction under anoxic conditions.
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Results

Thaw increases aqueous Fe(ll) and dissolved organic carbon

Along the thaw gradient, the aqueous Fe(ll) concentrations in the porewater increase from
average concentrations of 0.02+0.01 mM in the palsa to maximum concentrations of 1.6+0.3
mM in the fen (Fig. 2). This correlates with an increase in dissolved organic carbon (DOC) from
19.7+0.8 mg/L in the palsa to 102.1+14.1 mg/L in the fen area. In the bog porewater, acetate
(0.6+0.1 mM) is measurable in deeper depths, whereas lactate (0.8+0.02 mM) is only found at
7.5 cm (Fig. 2). At the fen site, lactate and acetate are detected throughout the depth profile
(0.2+0.1 mM), but an additional increase in acetate (2.3+0.01 mM), propionate (0.8+0.02 mM)
and butyrate (0.2+0.01 mM) at 6.5 cm depth is observed (Fig. 2). The appearance of butyrate
and propionate in the fen porewater is an indicator for ongoing microbial processes such as
fermentation and methanogenesis in the more water-logged and thus more reduced fen soils.
This is in line with observations from previous studies (21) that highest methane emissions
occur in the fen.

The abundance of Fe(lll)-reducing bacteria increases with thaw

The trend in increasing aqueous Fe(ll) and DOC concentrations observed across the thaw
gradient closely follows the increase in abundance of Fe(lll)-reducing bacteria from 2.40x10°
cells per g soil (lower and higher 95% confidence interval 1.46x10° and 3.96x10° cells/g,
respectively) in the palsa to 3.11x10° cells per g soil in the fen (lower and higher 95%
confidence interval 1.85x10° and 4.78x10° cells/g, respectively). This is suggestive of
increased microbially-driven Fe(lll) mineral dissolution along the thaw gradient (Fig. 2).
Reactive iron minerals are dissolved along the thaw gradient

In order to determine whether the observed increases in DOC were related to increased Fe(lll)
mineral reduction and dissolution, we quantified the amount of organic carbon associated with
the reactive iron minerals along the thaw gradient by applying the citrate-dithionite iron
reduction method (12, 22). This method simultaneously dissolves all reactive solid iron phases

and releases the organic carbon associated with these minerals into solution. The extraction
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is performed at circumneutral pH to prevent hydrolysis of organic matter as well as its
protonation and re-adsorption onto the remaining solid phases and thus its precipitation. A
control experiment was conducted at the same pH with equivalent ionic strength (sodium
chloride instead of the reducing agent sodium dithionite). Following Lalonde et al (2012), the
organic carbon which is released in this control is not associated with the reactive iron minerals
and was therefore subtracted from the amount of carbon released from the dithionite-citrate
extractions as previously described (12). Additionally, we performed a sodium hydroxylamine-
HCI extraction (pH<2) to target the poorly crystalline iron minerals, a sodium pyrophosphate
extraction (pH 10) to extract colloidal or OM-chelated iron, and a 6 M HCI extraction to obtain
the total extractable Fe of the soil layers (referred to as mg Fe(tot) per g). It should be noted
that the total amount of iron per dry weight in the layers is different along the thaw gradient. In
the following, only the data from cores Palsa A, Bog C and Fen E are discussed (see Fig. 1),
but observed trends are supported by further analyses conducted on cores collected at the
same time but stored for a longer period (Palsa B, Bog D, Fen F in Fig. 1), and on triplicate

cores from each thaw stage collected during a previous campaign (Figs. S1, S2, S3 and S4).

In the transition zone of the palsa, the reducible iron mineral fraction was 72.9 to 93.9% of the
total extractable iron (3.5+0.1 to 9.0+0.3 mg Fe(tot) per g soil; Fig. 3; see also Table S1 and
Fig. S5). The amount of reactive iron minerals in the transition zone then decreased to 11.1%
of the total extractable iron (18.7+£0.7 mg Fe(tot) per g soil) in the bog and to 18.3% of the
extractable iron (14.5+0.2 mg Fe(tot) per g soil) in the fen (Fig. 3). In the mineral horizons along
the thaw gradient, a loss of the reactive iron minerals was also observed, likely due to more
reduced conditions favoring Fe(lll) mineral reduction at deeper depths. Reactive iron in the
palsa mineral layer was 10.0 to 36.6% of the total extractable iron (8.7+£0.3 to 13.5+0.2 mg
Fe(tot) per g soil) and declined to 7.5% of the total extractable iron (11.7+0.8 mg Fe(tot) per g
soil) in the bog and 9.0 to 10.7% of the total iron (16.3+0.4 to 19.01+0.25 mg Fe(tot) per g soil)

in the fen (Fig. 3). This loss of reactive iron in the transition zone and mineral horizon was also
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confirmed by the hydroxylamine-HCI extraction and iron speciation by EXAFS (Fig. 3). The
abundance of colloidal and/or OM-complexed iron (defined by sodium pyrophosphate
extractable iron) also decreased along the thaw gradient, giving way to an increasing relative
atom percent-based abundance of Fe-bearing clays. This observation is consistent with
increasing aluminum concentrations in the extracts (Fig. S5). The iron content in the organic
layer increased from almost no iron in the palsa (0.2+0.02 mg Fe(tot) per g soil, all poorly
crystalline) to 4.7£0.01 mg Fe(tot) per g soil (with 43.4% of the total extractable iron being
reactive iron) in the organic layer of the fen (Fig. 3). We suggest this is driven by Fe(lll)
reduction in deeper layers leading to mobilization and upwelling of Fe(ll), which might
precipitate again close to the water surface by oxidation of Fe(ll) by O», which diffuses from

the surface, followed by precipitation as Fe(lll) oxyhydroxide minerals.

Dissolution of reactive iron minerals releases associated organic carbon

With the decline of reactive iron minerals along the thaw gradient, the mineral-associated
carbon was mobilized. Carbon is primarily bound to the reactive iron phases in the transition
zone and the mineral horizon of the palsa, as well as in the transition zone of the bog (Fig. 4).
9.9 to 14.8% of the total organic carbon (312.1+0.3 to 354.7+0.04 mg organic carbon per g
soil) was released by reductive dissolution of reactive iron minerals in the palsa transition (Fig.
4). In the palsa mineral phase, 18.7 to 20.1% of the total organic carbon (72.7+0.29 to
136.1+0.2 mg organic carbon per g soil) was released. In the transition zone of the bog, 39.4%
of the total organic carbon (57.5+0.4 mg organic carbon per g soil) was associated with iron
minerals (Fig. 4). However, it should be noted that the total amount of carbon was less in these
samples when compared to the palsa transition zone due to total carbon loss along the thaw
gradient. Highest total amounts of carbon bound by the reactive iron were therefore found in
the palsa transition zone with 41.8+10.8 mg per g soil. This is also supported by the strong
spatial association of C with Fe minerals in the fine fraction of this transition zone observed by

nanoSIMS analysis, which was not observed in other layers along the thaw gradient (Fig. 4,
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Fig. S8). The maximum molar ratio of organic carbon to iron of 1.0, based on the maximal
sorption capacity of reactive iron oxides for natural organic matter (23), was exceeded in the
palsa transition zone and palsa mineral horizon (9.27+2.16 OC:Fe). This suggests co-
precipitation and/or chelation of organic compounds which can generate structures with OC:Fe
ratios of 6 to 10, as shown in other studies (23), and are consistent with high sodium

pyrophosphate extractable iron values for these palsa layers.

Discussion

Carbon binding to reactive iron minerals in the palsa area is consistent with previous
observations in permafrost regions of the Qinghai-Tibet Plateau (1) where Fe associated
carbon represents, on average, 19.5+12.3% of the total soil carbon pool in the upper 30 cm of
permafrost soils throughout the year. Our “space for time” approach reveals, for the first time,
how we may expect the dynamics of this rusty carbon sink to respond to progressive climate
change. This study suggests that, as soon as the conditions in permafrost peatlands become
water-logged, the reactive iron minerals are reduced, probably by Fe(lll)-reducing bacteria,
and the associated carbon is released into the surrounding porewater, potentially leading to
greenhouse gas emissions. More work is heeded to elucidate the chemical nature of mobilized
organic carbon to determine its lability, but our data suggest that direct chelation or co-

precipitation of Fe-C structures play an essential role in carbon protection.

Our findings have far-reaching implications in understanding the carbon cycle after
permafrost collapse. Assuming a carbon pool of 191.29 x 10%° g carbon in the active layer (0-
30 cm depth) (3) in northern permafrost regions, we suggest that 13.39 x 10*° to 38.26 x 10%°
g carbon could potentially be bound to reactive iron in permafrost soils. The lower estimate
assumes, based on our data, an average of 7% of total organic carbon is bound to reactive
iron in active layers underlain by intact permafrost. The higher estimate assumes a maximum
of 20% of total organic carbon is bound to reactive iron, based on our data and Mu et al (2016)

(2). If this iron-bound carbon was mobilized during thaw and is bioavailable, an equivalent of
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2 to 5% of the amount of carbon which is currently present in the atmosphere could be emitted
as greenhouse gases from thawing permafrost sites as a consequence of iron(lll) mineral
reduction. It is therefore crucial to further determine the amount of carbon bound to reactive
iron minerals in numerous permafrost environments, and the lability/bioavailability of this
carbon following its release in order to better predict future greenhouse gas emissions from

thawing permafrost soils and improve the accuracy of existing climate models.

Materials and Methods

Site description and sample collection

Stordalen Mire is a peatland 10 km southeast of Abisko in northern Sweden (68 22' N, 19 03'
E) (24) which is underlain by quartz-feldspar-rich sedimentary rock (Geological Survey of
Sweden). The study site is within the discontinuous permafrost region of northern Scandinavia
and consists of three distinct sub-habitats which are common to northern wetlands: (1) a well-
drained palsa underlain by permafrost, dominated by ericaceous and woody plants, (2) a bog
with variable water table depth and some active thawing, dominated by Sphagnum spp.
mosses, and (3) a fully-thawed and inundated fen, dominated by sedges such as Eriophorum
angustifolium (19, 20). In this study, the three sub-habitats were ordered following a temporal
succession of apparent time from “palsa”, to “bog” and “fen” as has been done before (20)
following the classification of Johansson et al (2006) (19). The palsa and bog areas are
underlain by permafrost with a thickness of 10-20 m (25). The active layer, depending on the
surface topography, ranges from 0.5-1 m thickness at maximum thaw (25, 26). These three
thaw stages cover ~98% of the mire’s non-lake surface (20). A thaw-dependent shift in these
habitats was observed from 1970 to 2000 during which palsa regions collapsed and bog and
fen areas increased by 17% (27). At the same time, an increase in average annual temperature
by 2.5°C between 1913 and 2006 was measured, resulting in an annual mean temperature
>0°C during the recent decades (28). The total precipitation also increased during this period

of time to an annual average of 306 mm (NORDKLIM, data available at
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http://www.smhi.se/hfa_coord/nordklim). The expansion of wetlands after permafrost melt is a
widespread characteristic of peatlands affected by permafrost thawing (29-32) and the
successional shift from palsa to bog and fen areas has been documented in other northern

peatlands (31-34).

In July 2018, cores were taken in duplicates along a gently collapsing thaw gradient from palsa
to bog and fen (Fig. S1). Stordalen mire is a protected area with other ongoing field research,
thus the extent of coring is strictly limited due to the risk of accelerating permafrost thaw and/or
disturbance to other long-term measurements, especially at sensitive sites like erosion fronts.
However, extensive context data (https://polar.se/en/research-in-abisko/research-data/) from
the Abisko scientific community is available which ensures representative field sampling of a
heterogeneous permafrost area, with cores taken following a transect along the direction of
hydrological flow from palsa to bog and fen as described by Olefeldt and Roulet (2012) (35).
Given the restrictions in place, it was only possible to collect one core per location with two
locations sampled for each thaw stage (see also Fig. S1). A Humax corer of 50 cm length and
3-cm-diameter with inner core liners was used. The inner liners were washed three times with
80% ethanol, six times with sterile MilliQ water and sealed with sterilized butyl rubber stoppers
until coring. Butyl rubber stoppers were boiled three times in deionized water and sterilized at
121°C for 20 min in an autoclave. Sharp edges were cut into the end of the coring device to
help cut the peat layer. A hammer was used to further sample the active layer. Hammering
caused compaction of the cores. Therefore, the recorded depths are not comparable to the
initial soil profiles and the data is presented by different layers rather than depth. In the palsa
and bog area, cores were taken until the depth of the ground ice. Layers at the bottom of the
core which contained predominantly ice were excluded from further analyses. Therefore, the
soil investigated in this study represented the seasonally thawed active layer at Stordalen mire,
ranging from 30 to 49 cm. The cores were stored vertically at 4°C in the dark. Three cores

representing desiccating palsa, bog and fen were processed within 3-4 days (see also Fig.
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S1). Due to detailed analysis of the first core set (Palsa A, Bog C and Fen E), additional cores
(Palsa B, Bog D and Fen F) from each thaw stage were analyzed after storage for 7 months
at 4°C in the dark, which is not ideal, but still could be used to determine if preservation of the
carbon by reactive iron was stable over longer time periods (Fig. S1). The long-term stored
core Palsa B still showed higher abundance of reactive iron minerals than Bog D and Fen F,
but less than Palsa A which could be due to natural variability, long-term storage or because
it was taken closer to the collapsing edge (Fig. S2). The cores A to F were compared to
triplicate cores previously collected in September 2017 at each thaw stage with a Purckhauer
corer and processed directly after sampling, to show that the trends are representative for the
whole mire (Fig. S1). The replicate cores showed the same trends of 6 M HCI extractable iron.
Readily extractable Fe (defined by 0.5 M HCI extractable iron) showed similar trends to the
sodium dithionite citrate or hydroxylamine HCI extraction for all three thaw stages (Fig. S3).

The same trend of total organic carbon along the thaw gradient was observed (Fig S4).

Porewater sampling and analysis

The cores were kept in a vertical position during transfer into an anoxic glovebox (100% N>).
Three different sections were identified by texture and color changes: (1) an organic horizon
on top, (2) a middle transition zone between the organic-rich and mineral-rich layer and (3) a
mineral horizon at the bottom (Fig. S1). Rhizon porewater samplers (Rhizosphere research
products, Netherlands) with a porous sampling area of 10 cm and 0.15 um pore size were
used to extract porewater from three different depths, resulting in one sample representing
each organic horizon, transition zone and mineral horizon. The extracted porewater was
analyzed for dissolved Fe (total and Fe(ll)), organic carbon (DOC) and fatty acids. The samples
were centrifuged for 5 min at 5300 g. For total Fe and Fe(ll), the supernatant was acidified in
1 M hydrochloric acid (HCI) and quantified spectrophotometrically in triplicate with the ferrozine
assay (36). Dissolved OC was quantified in triplicate with a total organic carbon analyzer (High

TOC I, Elementar, Elementar Analysensysteme GmbH, Germany). High performance liquid
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chromatography (HPLC,; class VP with refractive index detector [RID] 10A and photo-diode
array detector SPD-M10A VP detectors; Shimadzu, Japan) was used to determine the fatty

acid concentrations.

Core splitting

The soil cores were removed from their liners under a N, atmosphere. Each core was
sectioned into an organic horizon of varying thickness (4-10 cm), a transition zone (3-5 cm)
and mineral horizon (4-10 cm) (Fig. S1). The transition zone represents the boundary between
organic and mineral horizon and was additionally defined due to distinct geochemical
conditions in the porewater analysis in the middle of the active layer near the boundary
between organic and mineral horizon. Calculated bulk densities as a function of soil organic
matter following Bockheim et al (2003) (37) were consistent with other studies conducted at
Stordalen mire (38) (Palsa A: organic horizon: 0.03+0.01 g/cm?, transition zone: 0.08+0.02
g/cm?®, mineral horizon: 0.84+0.26 g/cm?; Bog C: organic horizon 0.08+0.01 g/cm?, transition
zone 1.29+0.04 g/cm? and mineral horizon 1.74+0.01 g/cm?®, Fen E: organic horizon 0.21+0.02
g/cm?, transition zone 1.97+0.2 g/cm® and mineral horizon 1.72+0.01 g/cm?). Sub-samples
were homogenized and weighed into 10 mL glass vials and kept frozen at -20°C prior to

subsequent analysis.

Selective extractions

The soil layers were subjected to several chemical extractions to quantify the different iron
phases. The soils were kept frozen prior to analysis, then dried at 20°C under anoxic conditions
until no further weight loss was observed (less than 24 hours). 0.3 g dry soil was weighed into
a 10 mL glass vial with 6.25 mL extractant and N2 headspace. Prior to use, all glassware was
washed with 1 M HCI for 10 min, flushed three times with deionized water and once with MilliQ
water. Afterwards glassware was sterilized at 180°C in the oven for 4.5 hours. All samples

were centrifuged at room temperature for 10 min at 5300 g. After centrifugation the supernatant

12
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was decanted into another 10 mL glass vial. Each extraction was performed in duplicates for
each layer. Throughout the extraction, samples were kept in the dark under anoxic conditions
(N> atmosphere). The extracts were analyzed for Fe and DOC as described above.
Additionally, the samples were acidified in 1% (v/v) HNO3 and analyzed in duplicates by MP-
AES/ICP-MS to get the total Fe, S, P and Al concentrations (Fig. S5). The illustrated iron values
throughout the whole study represent the iron values obtained by the ferrozine assay (for
differences in iron concentrations through the different analysis see Fig. S6). Due to dark color
of the extracts which can disturb the spectrophotometric measurement during ferrozine
complexation, the absorbance of blanks (sample diluted in 1 M HCI or hydroxylamine-HCI) was
measured before ferrozine addition and later subtracted to avoid overestimation of iron
concentrations. The trends of all Fe analysis (ferrozine assay, MP-AES/ICP-MS analysis) show
all the same iron trends with depth and along the thaw gradient (Fig. S6). For additional

extractant-specific experimental parameters see below.

6 M HCI

To quantify the total extractable Fe of the soil layers, dried samples were subjected to a 70°C

6 M HCI extraction for 24 h (39, 40).

Sodium pyrophosphate

The sodium pyrophosphate extraction was performed following Coward et al (2017) (10) at pH

10 to determine the colloidal or OM-chelated iron.

Hydroxylamine-HCI

To extract the short ranged ordered (SRO) Fe oxides, an acidic hydroxylamine-HCI (pH <2)
extraction was carried out under the same conditions as the sodium pyrophosphate extraction

(10).

Dithionite-citrate

13
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Extractions were conducted using a solution of 0.27 M trisodium citrate, 0.11 M sodium
bicarbonate and 0.1 M sodium dithionite (total ionic strength: 1.85 M), as previously described
(12). This extraction was used to also quantify the reactive iron minerals but in particular the
organic molecules binding to it (released during iron mineral dissolution). Instead of heating to
80°C as described by Lalonde et al (2012) (12), the dithionite-citrate extraction was performed
under the same conditions as the sodium pyrophosphate and hydroxylamine-HCI extraction
(on a rolling shaker at room temperature for 16h) for better comparison between the different
extractions. The citrate addition as a metal ion complexing agent was necessary to avoid
under-estimation of iron and organic carbon as a result of complexation or mineral precipitation
during extraction. Without citrate addition, we obtained 64+3% less iron and 57+28% less
carbon after sodium dithionite reductive dissolution. As described in Lalonde et al (2012) (12),
we also used a 1.85 M sodium chloride/0.11 M sodium bicarbonate extraction as a control
experiment under the same conditions (same solid:solution ratio, temperature, time, ionic
strength) to distinguish between organic carbon (OC) which is readily desorbed and organic
carbon which is released by the reduction of iron(lll) minerals. To determine the DOC
background concentrations caused by the trisodium citrate, blanks (trisodium citrate sodium
bicarbonate solution) were analyzed during each measurement. The background
concentration was later subtracted from the total DOC value, as well as the DOC concentration
of the control experiment (sodium chloride sodium bicarbonate solution), resulting in the OC

which is released by the reduction of reactive iron (see also Fig. S7).

TOC analysis

To quantify the total organic carbon (TOC), soil samples from each layer were dried at 60°C
until the weight remained constant. The dry soils were then ground and acidified with 16% HCI
to remove the inorganic carbon. After washing with deionized water and subsequent drying,
the TOC content was analyzed by an Elementar vario El (Elementar Analysensysteme GmbH,

Germany). The TOC content goes in line with previously reported values (41).
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EXAFS/XANES analysis

Samples were dried under an N2 atmosphere and stored anoxically in a glove box prior to
analysis. Sample were then sealed in plastic multi-sample holders with Kapton polyimide tape
and kept anoxic until they were transferred to a sample mount at the beamline. The sample
holder was in a cryostat during analysis to limit beam damage and to prevent oxidation of
Fe(ll). Reference samples such as natural nontronite and ferrosmectite (referred to as Fe
clays) were obtained from the Clay Mineral Society. Fe(ll)-citrate and Fe(lll)-citrate were used
as reference samples for Fe(ll)-OM and Fe(lll)-OM, and were prepared and analysed as
described in Daugherty et al (2017) (42). Mackinawite, used as a reference for FeS, was
prepared and analysed as described in Troyer et al (2014) (43). 2-line ferrihydrite, prepared
and analysed as described in Borch et al (2007) (44), was used as a reference for poorly

crystalline Fe.

Fe K-edge X-ray absorption spectroscopic analyses were conducted at Beamline 11-2 at the
Stanford Synchrotron Radiation Light source (SSRL) in Menlo Park, CA. The Si(220) phi = 0°
monochromator was used, and beam size of 1 mm vertical and 10 mm horizontal. Iron X-ray
absorption near edge structure (XANES) and EXAFS fluorescence spectra were collected with
the PIPS detector simultaneously with the transmission spectrum of Fe foil, which was used
for internal energy calibrations. Multiple scans (3-4) per sample were acquired as necessary

to achieve satisfactory data quality.

Scans were calibrated to 7112 eV (the first inflection point of Fe(0), and then averaged over 3
or 4 scans using SixPack software. They were deglitched at 7250 and 7600 eV, and then
normalized with the EO value, determined by finding the inflection point of the first derivative of
each sample. Linear combination fitting (LCF) of EXAFS spectra was performed in SixPack
from chi values of 2 to 12 with an x-weight of 3. Non-negative fits were performed, and

components were chosen based on prior knowledge of the sample mineralogy.
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Correlative SEM and nanoSIMS

The two end-members, palsa and fen, were analyzed using SEM and nanoSIMS (see also
Figs. S8 and S9) using only the free particles of the fine fraction of the transition zone and the
mineral horizon. As described by Kopittke et al (2018) (45) and Keiluweit et al (2012) (46),
subsamples of each layer (1 mg) were dispersed in 10 mL of anoxic deionized water and gently
shaken to obtain the free organo-mineral particles from the fine fraction of the soil. 100 pl of
the suspension was placed onto a silica wafer and dried under an N> atmosphere. The samples

were sputter-coated with 12 nm platinum (Pt) using a Bal-Tec SCDO0O05 sputter coater.

To characterize the organo-mineral particles of the fine fraction by size and crystallinity and
identify representative particles, a field emission scanning electron microscope (FE-SEM; Jeol
JSM-6500F), equipped with secondary electron detector, was used prior to nanoSIMS

analysis. The acceleration voltage was set to 5 kV, with a working distance of 10 mm.

The nanoSIMS analysis were performed at the Cameca nanoSIMS 50L of the Chair of Soil
Science (TU Minchen, Germany). Prior to the measurements, the samples were additionally
coated with Au/Pd layer (~30 nm) to avoid charging during the analysis. The Cs* primary ion
beam was used with a primary ion impact energy of 16 keV. Prior to the final measurement,
any potential contaminants and the Au/Pd coating layer were sputtered away at 50 x 50 um
with a high primary beam current (pre-sputtering). To enhance the secondary ion yields, Cs*
ions were implanted into the sample during this pre-sputtering process. The primary beam
(~1.2 pA) was focused at a lateral resolution ~100 nm and scanned over the sample with *2C
, 1807, 2CHUN;, 8P, %25 Z7AI%0O" and S°Fel®O- secondary ions collected using electron
multipliers. To compensate for any charging of the non-conductive mineral particles, the
electron flood gun was used. All analyses were performed in imaging mode. For every layer,
four representative spots were analyzed to obtain a reliable data basis for the spatial

distribution of 2C- and **Fe'®O". lon images of 30 x 30 um field of view, 30 planes with a dwell
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time of 1 ms/pixel, 256 pixels x 256 pixels were recorded. The estimated depth resolution with

16 keV Cs* ions was 10 nm.

Finally, the nanoSIMS images were analyzed using the Open MIMS Image plugin available
within ImageJ (available free-of-charge at, https:// imagej.nih.gov/ij/). All presented images
were corrected for the electron multiplier dead time (44 ns), as well as drift corrected, and the

planes accumulated. A median filter was applied on all images.

Most-probable-number (MPN) counts

Most-probable number (MPN) counts were performed on the soil samples from the different
depths of the cores in seven replicates. MPNs were set up in 96-well plates with liquid media
for quantification of Fe(lll)-reducing bacteria (47, 48). 5 mM sodium acetate, 5 mM sodium
lactate and 5 mM 2-line ferrihydrite (chemically synthesized as previously described (48)) were
added to the anoxic media (0.6 g/L KH2PO4, 0.3 g/L NH4CI, 0.025 g/LMgSOa4 x 7 H20, 0.4 g/L
MgCl. x 6 H20, CaCl, x 2 H20, 22 mM NaHCOs;, 1 mL/L trace element according to Widdel et
al (1983) (49), 1 mL/L vitamin solution after Widdel & Pfennig (1981) (50) and 1 mL/L
selenite/tungstate solution according to Widdel (1980) (51)). To calculate the cell humbers
(cells/g soil) from the positive MPN wells, the software program KLEE was used applying
confidence limits of Cornish and Fisher (1938) (52) and the bias correction after Salam (1978)

(53, 54).
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Figures and Tables

Fig. 1. Field site Stordalen mire close to Abisko in the North of Sweden. The three main thaw stages
are (1) palsa (marked in orange), (2) bog (in green) and (3) fen (in blue). The positions of the three cores
analyzed in detail within 3-4 days of collection, which represent all three thaw stages, are shown in
yellow. Additional cores (shown in white) were taken and analyzed after 7 months of incubation at 4°C

(Fig. S1).
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Fig. 3. Fe speciation along the thaw gradient determined by (A) selective extractions and (B) EXAFS.
The reactive iron mineral fraction [mg Fe per g soil] was quantified in the different layers and compared
to the total extractable Fe (6M HCI extractable Fe, referred to mg Fe(tot) per g soil in the text) and to
the colloidal and/or OM-chelated Fe. Please note the differences in the scale of y-axis due to variable
thickness of each soil layer along the thaw gradient. The green background marks the organic horizon,
grey the transition zone, and yellow the mineral horizon. Error bars represent duplicate extractions of
each layer per thaw stage. EXAFS results of the transition zone and the mineral horizon of the two-end
members palsa and fen show loss of the poorly crystalline Fe (reference probe: 2-line ferrihydrite), the
decrease in OM-chelated Fe (reference probes: Fe(ll)-citrate and Fe(lll)-citrate), the increase of Fe in
clays (reference probes: natural nontronite and ferrosmectite) and Fe sulfur species (reference probe:

mackinawite) with depth and along the thaw gradient.
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Fig. 4. Left and right: High spatial resolution analysis of iron-carbon associations by nanoSIMS along
the thaw gradient (two end-members palsa (left) and fen (right)). The strong spatial association of C to
Fe(lll) minerals could only be observed in the palsa transition zone. The other fine fractions showed
organic-free iron minerals. For the two end-members palsa and fen, four particles of the fine fractions
of each layer were analyzed by nanoSIMS, all showing the same spatial distribution of Fe and C as
shown by these six representatives (see also Figs. S8 and S9). Middle: Carbon bound by reactive iron
minerals along the thaw gradient. The carbon which dislodged from the soil during the reductive
dissolution of reactive iron oxides (orange) is shown in comparison to the total organic carbon
determined via combustion (black grids, labeled as TOC). The control (same ionic strength and same
pH as the sodium dithionite citrate extraction) shows negligible carbon release (Table S1). Errors

indicate the range of duplicate analyses of each layer in each thaw stage.
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Fig. S1. (A) Position of cores taken along a thaw gradient at Stordalen mire (Abisko, Sweden). Cores A
to F were taken with a Humax corer and sterile plastic liners in June 2018. Yellow: Cores were
immediately split and processed after sampling (3-4 days). White: Cores were stored at 4 °C for 7
months and then processed. The data was compared to triplicate cores in each thaw stage (Palsa in
orange, Bog in green and Fen in blue) which were taken with a Purckhauer corer in September 2017
and immediately processed after sampling. All cores showed the same trend for total extractable iron,
for the poorly crystalline iron and the total carbon along the thaw gradient. (B) Gentle collapse of palsa
sites at Stordalen mire (Abisko, Sweden). The sampled thaw gradient represents a gentle collapse of
palsa to bog and is not randomly collapsing. (C) Random collapse of palsa sites at Stordalen mire
(Abisko, Sweden). Permafrost thaw does not necessarily progress through all three thaw stages (palsa,
bog and fen). Rapid thaw can also create randomly collapsing palsa sites which subsequently become
more like a fen. (D) Cores taken along a thaw gradient. Palsa: Core A (68°21'18.70"N, 19° 2'38.00"E)
and core B (68°21'18.50"N, 19° 2'38.80"E) showed the three main layers in the palsa area: (1) organic
horizon, (2) transition zone and (3) mineral horizon. The organic layer was dry and oxic. Bog: Core C
(68°21'18.60"N, 19° 2'39.20"E) and core D (68°21'18.30"N, 19° 2'40.00"E) clearly showed the division
into the three layers: (1) organic horizon, (2) transition zone and (3) mineral horizon. Both cores were
completely water saturated. Fen: Core E (68°21'16.80"N, 19° 2'40.30"E) and core F (68°21'17.80"N,
19° 2'41.30"E) also showed the three layers and were water saturated. The cores represent the active
layer in July 2018. Yellow: Core A, C and E were immediately split and processed (3-4 days). White:
Core C, E and G were stored for 7 months. The Scale bar = 3 cm. (E) Example of the subdivision into
(1) organic horizon, (2) transition zone and (3) mineral horizon (Palsa A). The cores were split under an

N2 atmosphere and immediately frozen in 10 mL glass vials at -20°C till further analysis.
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Fig. S2. Extractions of replicate cores. (A) Iron and (B) carbon concentration of cores Palsa B, Bog D
and Fen F. Cores were split after 7 months of incubation at 4°C. The green box marks the organic
horizon, grey box the transition zone and yellow box the mineral horizon. Errors indicate the range of
duplicate analyses of each layer in each thaw stage. TOC was determined via combustion, whereas the

carbon in the dithionite citrate and the control extract (sodium chloride bicarbonate) was determined

with the carbon analyzer.
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Fig. S3. Iron extractions of replicate cores taken with a Plrckhauer corer: (A) Palsa (68°21'26.56"N,

19° 3'0.19"E), (B) Bog (68°21'16.02"N, 19° 2'49.21"E), (C) Fen (68°21'17.16"N, 19° 2'36.29"E).
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Each core was divided into layers in the field and immediately processed. All replicates represent

the active layer in September 2017. The bog and the fen soils were waterlogged. The green box

marks the organic horizon, grey box the transition zone and yellow box the mineral horizon. Errors

indicate the range of duplicate analyses of each layer in each thaw stage.
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Fig. S4. TOC of replicate cores taken with a Purckhauer corer: (A) Palsa (68°21'26.56"N, 19° 3'0.19"E),

(B) Bog (68°21'16.02"N, 19° 2'49.21"E) and (C) Fen (68°21'17.16"N, 19° 2'36.29"E). Each core was

divided into layers in the field and immediately processed. All replicates represent the active layer in

September 2017. The bog and fen soils were waterlogged. The green box marks the organic horizon,

grey box the transition zone and yellow box the mineral horizon. TOC was determined via combustion.

Errors indicate the range of duplicate analyses of each layer in each thaw stage.
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Fig. S5. Other elements (P, S, Fe and Al) in extracts of Palsa A, Bog C and Fen E. (A) 6M HCI, (B)
hydroxylamine-HCI| and (C) Sodium pyrophosphate extracted. Phosphorous (P) and sulphur (S)
concentrations were measured with ICP-MS, whereas iron (Fe) and aluminum (Al) concentrations were
analyzed using MP-AES. The green box marks the organic horizon, grey box the transition zone and
yellow box the mineral horizon. Errors indicate the range of duplicate analyses of each layer in each

thaw stage.

33



636

637

638

639

640

641

642

643

Fe (mg/g soil) Fe (mg/g soil) Fe (mg/g soil)
A 20 0 5 10 15 20 0 5 10 15 20
0-4cm
0-4cm
0-7cm
4-9cm
4-7cm
9-10cm
£
& 7-12c0m
o
10-13cm
7-11cm
13-17cm
12-16cm
11-16cm [
17-23¢cm
B 15 20 0 5 10 15 20 0 5 10 15 20
0-4cm L]
0-4cm [i
0-7cm [
4-9cm
[} 4-7 cm
< 9-10cm [
& 7-12cm
a
10-13cm |
7-11cm
13-17cm
12-16cm
[ 1 - 11-16cm
17-23cm [
C 15 20 0 5 10 15 20 0 5 10 15 20
0-4cm .
0-4cm Ei
0-7cm [
4-9cm
1 4-7cm
< 9-10cm
o
73 7-12cm [EEH
a F
10-13cm [iidg
7-11cm [}
13-17cm
12-16cm
? 11-16cm H
17-23cm

I oFe (MP-AES) aFe (ferrozine) nFe (ICP-MS) |

Fig. S6. Fe analysis by MP-AES, ferrozine and ICP-MS analysis. (A) 6M HCI extraction. The MP-AES
iron values are slightly lower than the ferrozine iron values due to matrix interference during MP-AES
measurements of the extracts (HCI). (B) Hydroxylamine-HCI extraction. The MP-AES iron values are
slightly lower than the ferrozine iron values due to matrix interference during MP-AES measurements of
the extracts (HCI). (C) Sodium pyrophosphate extraction. The MP-AES values for the sodium
pyrophosphate extractable iron are higher than the ferrozine iron values. This could be explained by the

dark color of the extracts which disturb the spectrophotometric measurement during ferrozine
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644  complexation. After blank subtraction this can result in lower iron concentrations determined by the

645  ferrozine assay.
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Fig. S7. Extracts of sodium dithionite-citrate extraction. Values indicate the dissolved organic carbon
concentrations in the extracts after subtraction of the background of the citrate concentration. The
background concentration of the citrate for the analysis of Palsa B, Bog D and Fen F was 20.5+0.14 g/L
and for the analysis of Palsa C, Bog E and Fen G was 17.8+0.25 g/L. Pictures of the extracts are shown
to highlight the loss of the reactive iron phase and carbon associated with it along the thaw gradient,
here visible by brown color loss in the extracts from palsa to fen. Green marks the organic horizon, grey

the transition zone and yellow the mineral horizon.
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Fig. S8. Four representative particles of the fine fraction of Palsa A analyzed with nanoSIMS showing
a close spatial distribution of Fe and C. Seven detectors were used during nanoSIMS measurements
for 12C, 5Fel®Q, 180, 2C*N, 3!P, *2S and ?’Al*®0. 2C and Fe'®0 are shown for four representative

fine particles plus '2C and %¢Fe!®Q distributions, overlain in a single image on the left.
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Fig. S9. Four representative particles of the fine fraction of Fen E analyzed with nanoSIMS showing
organic-free iron minerals. Seven detectors were used during nanoSIMS measurements for 2C,
S6Fel®Q, 160, 12C1N, 3P, S and ?’Al%0. °C and Fel®O are shown for four representative fine

particles plus *?C and %6Fe'80O distributions, overlain in a single image on the left.
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Table S1. Absolute and % values of iron and carbon in Palsa B, Bog D and Fen F. In most of the layers,

the maximum molar ratio of organic carbon to iron exceeds 1.0, the maximal sorption capacity of reactive

iron oxides for natural organic matter (23). Co-precipitation and/or chelation of organic compounds can

generate structures with OC:Fe ratios up to 6 to 10 (23). Errors indicate the range of duplicate analyses

of each layer in each thaw stage.

Reactive iron

Reactive iron of total

C bound to reactive iron

C bound to reactive iron of

Total organic

Total

(control corrected) extractable iron Gontrobiron (control corrected) the total organic carbon Controlicarbon: OC:Fo carbon extractable Fe
mgl/g % malg mal/g % ma/g malg mg/g
Palsa A
Organic horizon 0.40 £0.11 100.00 0.00 +0.00 0.94 +0.58 0.22 1.37 £0.01 235 423 £0.00 0.20 +0.02
0.29 +0.09 100.00 0.00 +0.00 2.16 £0.95 0.51 1.65 +0.08 7.45 42291x0.13 0.17 £0.00
Transition zone 2.55 £ 0.57 72.86 0.29 +£0.08 30.99 £ 0.71 9.93 3.13£0.02 1215 312,11 £0.33 3.51 £0.08
8.44 £ 0.21 93.86 0.75 £0.11 52.50 £0.13 14.80 10.36 + 0.50 6.22 354.72 £ 0.04 8.99 £0.28
Mineral horizon 3.17 £0.19 36.58 0.25 +£0.03 27.39 £1.61 20.13 2.88 +0.08 8.64 136.11+0.21 8.65 +0.28
1.35+0.21 10.00 0.07 +0.06 13.58 +0.42 18.67 1.39+0.10 10.06  72.71 +£0.29 13.48 +0.22
Bog C
Organic horizon 1.48 +0.18 40.60 0.73 £ 0.07 16.16 £ 3.91 4.85 3.16 £ 1.67 10.92 333.31 £0.05 3.63 £ 0.05
Transition zone 2.08 +0.05 11.14 0.41 £0.04 22.67 + 8.60 39.42 1.18 £0.21 1090 57.51+0.38 18.65 +0.70
Mineral horizon 0.88 + 0.06 7.52 0.28 +0.04 0.00 +0.00 0.00 1.04 +0.01 0.00 8.28 +0.25 11.69 +0.81
FenE
Organic horizon 2.03+0.14 43.39 0.75 +0.00 0.00 £ 0.00 0.00 1.53 £ 0.00 0.00 234.70 +0.83 4.68 +0.01
Transition zone 2.64 £0.03 18.29 0.37 £ 0.00 0.00 +0.00 0.00 1.38+0.18 0.00 16.24 +0.18 14.46 +0.22
Mineral horizon 1.75 +0.04 10.71 0.15+0.00 0.00 +0.00 0.00 257 +0.76 0.00 3.52 +0.05 16.34 £ 0.44
1.70 + 0.04 8.95 0.19 +0.01 0.00 +0.00 0.00 1.13+0.17 0.00 4.99 +0.10 19.01 +0.25
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