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Summary

Permafrost soils store ca. one third of the global soil organic carbon (OC) stock.
Increasing soil temperatures due to climate change are causing rapid thaw of permafrost soils,
leading to waterlogging of previously dry soils and higher microbial activity. It is estimated that
greenhouse gas (GHG) emissions will rise as a consequence, leading to higher release of
carbon dioxide (CO2) and methane (CH4). However, accurate predictions of permafrost-
derived GHG emissions are still not possible since they depend on the degradation of OC
which is largely influenced by its bioavailability. In particular, the bioavailability of OC can be

decreased by association with ferric iron (Fe(lll)) (oxyhydr)oxides.

Organic carbon can both adsorb to and coprecipitate with poorly crystalline Fe(lll)
(oxyhydr)oxides, forming Fe(lll)-OC associations. Under oxic conditions in permafrost soils,
these associations are thought to protect the OC from degradation, thus limiting GHG release.
In contrast, microbial reductive dissolution of Fe(lll)-OC associations could take place under
anoxic conditions in thawed permafrost soils, thereby releasing the previously bound OC again
to the aqueous phase. However, it is not clear yet, (i) how the potentially Fe-bound OC quantity
and its composition changes along the thaw gradient, (ii) what the effect of Fe(lll)-OC
associations on GHG emissions is during initial permafrost thaw, and (iii) how the presence of

Fe(lll)-OC associations in fully thawed permafrost soils impacts net CHs release.

To investigate these knowledge gaps, we employed a space-for-time approach, by taking
representative soil samples across a permafrost thaw gradient at Stordalen Mire (Abisko,
Sweden). This actively thawing permafrost peatland encompasses three different thaw stages:
intact, oxic permafrost soils (palsa), seasonally anoxic, partly thawed soils (bog) and fully
thawed, permanently anoxic soils (fen). We carried out various lab-based experiments using

the sampled soils and complemented our findings by performing field-based experiments.

We found that the capacity of Fe(lll) (oxyhydr)oxides to adsorb water-extractable OC
diminished by more than 50% from palsa and bog (226+3 and 204+19 mg C g™ ferrihydrite,
respectively) to fen ecosystems (814 mg C g™ ferrihydrite). Abiotic coprecipitation of water-
extractable OC from palsa and bog ecosystems with initially dissolved Fe(ll) bound up to three
times more OC than by adsorption. The resulting C:Fe ratios in the solid matched well with
values based on previous extractions from soil samples, demonstrating that coprecipitation is
likely the dominant formation mechanism of Fe(ll)-OC associations in permafrost peatlands.
Both adsorption and coprecipitation lead to preferential binding of OC, meaning that more
aromatic, oxygen-rich and high molecular weight OC compounds were selectively bound. As
a consequence, more aliphatic, low molecular weight compounds are disproportionally left in

solution. Since these compounds are considered to be easier to degrade for microorganisms,



they might still be respired, contributing to CO, emissions. Therefore, Fe(lll) mineral binding

might provide less of an effective protection for OC in permafrost soils as previously thought.

Next, we tracked the fate of Fe(lll)-OC associations during initial permafrost thaw by
adding Fe(lll)-OC coprecipitates to palsa and bog soils within a microcosm and field
experiment. The coprecipitates were synthesized using water-extractable OC from the same
sites. In the microcosm experiment, we simulated the initial collapse and development of
anoxic conditions in palsa soils and the anoxic phase of water table fluctuations in bog soils.
We found that Fe(lll)-OC coprecipitates were fully reduced within several weeks. This led to
an increase of CO, emissions by 43+16% compared to a no-coprecipitate amended control,
showcasing that reduction of Fe(ll)-OC coprecipitates makes up a large fraction of anaerobic
respiration in thawing permafrost soils. Several microorganisms capable of degrading complex
OC (Sphingomonas, Firmicutes) were enriched in coprecipitate-amended reactors compared
to the no-coprecipitate controls, likely because they were stimulated by the release of
previously Fe-bound OC. In bog soils, Fe(lll)-OC coprecipitates were also fully reduced, albeit
slower than in palsa soils. Net emissions of CO. did not change after coprecipitate addition,
hinting at a counter-acting effect to anaerobic respiration. We speculate that the release of
previously Fe-bound phenolic-rich OC, which could have anti-microbial properties, could be
the reason for this observation. The findings of the field-based experiment complemented our
microcosm experiment, in the sense that Fe(lll)-OC coprecipitates are stable under oxic
conditions in intact palsa soils, but reductively dissolved once conditions turn anoxic in bog
soils. In conclusion, our results demonstrate that Fe(lll)-OC associations are no stable sink for

OC during thaw-induced waterlogging of permafrost peatlands.

Finally, we added Fe(lll)-OC coprecipitates to fully thawed permafrost soils in order to
test the effect on net CH4 emissions. Using a combination of laboratory microcosm and in situ
experiments, we found that Fe(lll)-OC coprecipitates were partly (22% in microcosm
experiment) to almost fully reduced (9214.0% in field experiment) over weekly timescales. This
ongoing Fe(lll) reduction decreased net CH4 emissions by at least 40% in comparison to a no-
coprecipitate control. A majority of the inhibition of CHs4 emissions was attributable to
methanogenesis suppression due to thermodynamic favorability of Fe(lll) reduction, as
detected by a decrease in the copy numbers of a methanogenesis marker gene in the
coprecipitate-added treatment compared to the no-coprecipitate control. A minor portion of the
decrease in net CHs release could also stem from anaerobic methane oxidation. We detected
an intermediate increase in copy numbers of a methanotrophic marker gene and an increasing
abundance of a genus belonging to the putatively anaerobic methane-oxidizing taxa
Methylomirabilales. The added coprecipitates might have been used as electron acceptors for

anaerobic methane oxidizers. Overall, the findings show that Fe(lll)-OC associations might



play a crucial role in mitigating CH4 release in thawing, anoxic permafrost peatlands, despite

the release of additional OC.

Within this work, we expanded the knowledge of Fe(lll)-OC associations in permafrost
peatlands from the characterization of field samples and correlations of geochemical
parameters to a process-based understanding of the future fate of Fe(lll)-OC associations
during permafrost thaw. The results of this thesis thereby help to assess future feedbacks of
permafrost thaw to GHG emissions induced by Fe mineral reduction, and could be used to

improve climate models simulating permafrost thaw.



Zusammenfassung

Ein Drittel des weltweiten Bestandes an organischem Kohlenstoff (OC) in Boden befindet
sich in Permafrostbdden. Die steigenden Bodentemperaturen aufgrund des Klimawandels
fihren zu einem raschen Auftauen von Permafrostboden, was zu einer Staunasse von zuvor
trockenen Bdden und einer erhéhten mikrobiellen Aktivitat fihrt. Man geht davon aus, dass
die Emissionen von Treibhausgasen ansteigen und somit mehr Kohlendioxid (COz) und
Methan (CH4) von Permafrostboden freigesetzt wird. Genaue Vorhersagen uber die von
Permafrostbdéden verursachten Treibhausgasemissionen sind jedoch noch nicht méglich, da
der Abbau von OC weitgehend von der Bioverfligbarkeit des OC abhangt, die durch die

Assoziation mit Eisen(lll)-(oxyhydr)oxiden (Fe(lll)-(oxyhydr)oxiden) verringert werden kann.

Organischer Kohlenstoff kann sowohl an wenig kristalline Fe(lll)-(oxyhydr)oxide
adsorbieren als auch mit ihnen koprazipitieren und so Fe(ll1)-OC Verbindungen bilden. Es wird
angenommen, dass diese Verbindungen unter oxischen Bedingungen in Permafrostbdden
den OC vor dem Abbau schitzen und damit die Freisetzung von Treibhausgasen begrenzen.
Im Gegensatz dazu kdnnte unter anoxischen Bedingungen in aufgetauten Permafrostbéden
eine mikrobielle reduktive Auflosung von Fe(lll)-OC Verbindungen stattfinden, wodurch das
zuvor gebundene OC wieder in die wassrige Phase freigesetzt wird. Es ist jedoch noch nicht
klar, (i) wie sich die potenziell Fe-gebundene OC-Menge und ihre Zusammensetzung entlang
eines Permafrosttau-Gradienten verandert, (ii) welche Auswirkungen Fe(ll1)-OC Verbindungen
auf die Treibhausgasemissionen wahrend des anfanglichen Auftauens des Permafrostes
haben und (iii) wie sich das Vorhandensein von Fe(lll)-OC Verbindungen in vollstandig

aufgetauten Permafrostbdden auf die Freisetzung von CH4 auswirkt.

Um diese Wissensllcken zu untersuchen, haben wir reprasentative Bodenproben ber
einen Permafrosttau-Gradienten in Stordalen Mire (Abisko, Schweden) genommen. Dieses
aktiv auftauende Permafrostgebiet umfasst drei verschiedene Taustadien: intakte, oxische
Permafrostbéden (Palsa), saisonal anoxische, teilweise aufgetaute Hochmoore (Bog) und
vollstandig aufgetaute, permanent anoxische Niedermoore (Fen). Wir haben verschiedene
Experimente mit den beprobten Béden im Labor durchgefiihrt und diese mit Experimenten im

Feld erganzt.

Wir fanden heraus, dass die Kapazitat von Fe(lll)-(oxyhydr)oxiden zur Adsorption von
wasserextrahierbarem OC um mehr als 50% von Palsa und Bog (226+3 bzw. 204+19 mg C g
! Ferrihydrit) zu Fen (81+4 mg C g™ Ferrihydrit) abnimmt. Durch die abiotische Koprazipitation
von wasserldslichem OC aus Palsa- und Bog-Bdden mit urspringlich geléstem Fe(ll) wurde
bis zu dreimal mehr OC gebunden als durch Adsorption. Die resultierenden C:Fe Verhaltnisse

in den Partikeln stimmten gut mit Werten Uberein, die auf friheren Extraktionen aus



Bodenproben beruhen. Dies zeigt, dass die Koprazipitation wahrscheinlich der
vorherrschende Bildungsmechanismus von Fe(ll)-OC Verbindungen in Permafrostgebieten
ist. Sowohl Adsorption als auch Koprazipitation fihren zu einer bevorzugten Bindung von OC,
was bedeutet, dass mehr aromatische, sauerstoffreiche und hochmolekulare OC
Verbindungen selektiv gebunden wurden. Infolgedessen blieben mehr aliphatische
Verbindungen mit niedrigem Molekulargewicht unverhaltnismaRig stark in Lésung. Da man
davon ausgeht, dass diese Verbindungen fir Mikroorganismen leichter abbaubar sind,
konnten sie dennoch zu den CO. Emissionen beitragen. Daher konnte die Bindung von Fe(lll)
Mineralen einen weniger wirksamen Schutz fur OC in Permafrostboden bieten als bisher

angenommen.

Als Nachstes untersuchten wir das Schicksal von Fe(lI)-OC Verbindungen wahrend des
Auftauens von Permafrostbéden, indem wir Fe(l11)-OC Koprazipitate zu Palsa- und Bog-Béden
innerhalb Mikrokosmos- und Feld-Experimenten hinzugaben. Die Koprazipitate wurden mit
wasserextrahierbarem OC von denselben Boéden synthetisiert. In dem Mikrokosmos-
Experiment simulierten wir den anfanglichen Zusammenbruch und die Entwicklung anoxischer
Bedingungen in Palsa-Bdden sowie die anoxische Phase von Wasserspiegelschwankungen
in Bog-Béden. Wir. Wir stellten fest, dass Fe(lll)-OC Koprazipitate innerhalb mehrerer Wochen
vollstéandig reduziert wurden. Dies fuhrte zu einem Anstieg der CO, Emissionen um 43+16%
im Vergleich zu einer Kontrolle ohne Koprazipitate. Dieses Resultat zeigt, dass die Reduktion
von Fe(lll)-OC Koprazipitaten einen groflen Teil der anaeroben Atmung in auftauenden
Permafrostbdéden ausmacht. Mehrere Mikroorganismen, die in der Lage sind, komplexe OC
Verbindungen abzubauen (Sphingomonas, Firmicutes) hatten eine hdhere Abundanz in den
mit Koprazipitaten angereicherten Reaktoren im Vergleich zu den Kontrollen ohne
Koprazipitate. Diese Mikroorganismsen haben wahrscheinlich den von Fe-freigesetzten OC
fur ihren Metabolismus genutzt. In Bog-Boéden wurden Fe(lll)-OC Koprazipitate ebenfalls
vollstdndig abgebaut, wenn auch langsamer als in Palsa-Bdden. Die Freisetzung von CO.
anderte sich nach der Zugabe von Koprazipitaten nicht, was auf einen der anaeroben Atmung
entgegenwirkenden Effekt hindeutet. Wir vermuten, dass die Freisetzung von zuvor Fe-
gebundenem phenolreichem OC, das antimikrobielle Eigenschaften haben kénnte, womdglich
der Grund fir diese Beobachtung ist. Die Ergebnisse des Feld-Experimentes waren ahnlich
zu denen des Mikrokosmos-Experimentes, in dem Sinne, dass die Fe(lll)-OC Koprazipitate
unter oxischen Bedingungen in Palsa-Bdden stabil waren, aber in anoxischen Bog-Béden
reduktiv aufgeldst wurden. Zusammenfassend zeigen unsere Resultate, dass Fe(lll)-OC
Verbindungen keine stabile Senke fur OC wahrend der auftauungsbedingten Staundsse von

Permafrostboden darstellen.



Letztendlich haben wir Fe(lll)-OC Koprazipitate zu vollstandig aufgetauten
Permafrostbéden gegeben, um die Auswirkungen auf die Freisetzung von CHs4 zu testen. Mit
einer Kombination aus Mikrokosmos-Experimenten und einem Experiment vor Ort im Feld
fanden wir heraus, dass Fe(lll)-OC Koprazipitate teilweise (22 % im Mikrokosmos-Experiment)
bis fast vollstandig (92+4.0 % im Feldexperiment) Uber einen Zeitraum von mehreren Wochen
reduziert wurden. Diese kontinuierliche Fe(lll)-Reduktion verringerte die Freisetzung von CH,
um mindestens 40% im Vergleich zu einer Kontrolle ohne Koprazipitate. Der gréfite Teil der
Hemmung der CH4 Emissionen war auf die Unterdriickung der Methanogenese wegen der
thermodynamisch gunstigeren Fe(lll)-Reduktion zurlckzufuhren, was durch eine Abnahme
der Anzahl der Genkopien eines Methanogenese-Markergens zu sehen war. Ein geringerer
Teil der Verringerung der CH4 Freisetzung kénnte auch auf die anaeroben Methanoxidation
zurtckzufiihren sein. Wir stellten einen zwischenzeitlichen Anstieg der Anzahl der Genkopien
eines methanotrophen Markergens und eine zunehmende Abundanz einer Gattung fest, die
zu dem vermutlich anaeroben methanoxidierenden Taxa Methylomirabilales gehdrt. Die
zugesetzten Koprazipitate kdnnten als Elektronenakzeptoren fir anaerobe Methanoxidierer
verwendet worden sein. Insgesamt zeigen die Ergebnisse, dass koénnten Fe(lll)-OC
Verbindungen eine entscheidende Rolle bei der Abschwachung der CH. Freisetzung in
auftauenden, anoxischen Permafrostgebieten spielen, trotz der Freisetzung von zusatzlichem

OC von den Koprazipitaten.

Im Rahmen dieser Arbeit haben wir das Wissen Uber Fe(lll)-OC Verbindungen in
Permafrostgebieten von der Charakterisierung von Feldproben und Korrelationen
geochemischer Parameter zu einem prozessbasierten Verstandnis des zukunftigen
Schicksals wahrend des Auftauens von Permafrostboden erweitert. Die Ergebnisse dieser
Arbeit helfen dabei, zukunftige Ruckkopplungen des Permafrosttauens auf
Treibhausgasemissionen durch die Auflésung von Fe(lll)-OC Verbindungen abzuschatzen,
und koénnten somit zur Verbesserung von Klimamodellen verwendet werden, die das

Permafrosttauen simulieren.



Chapter 1: Introduction

Permafrost soils during climate change — a vast organic carbon sink under threat

Permafrost soils represent globally significant organic carbon (OC) stocks which store
twice as much carbon (1300+200 Pg C) as in the atmosphere’. They accumulated OC over
thousands of years? and are mostly present in the circum-Arctic region, with OC stocks of up

to 260 kg m in the upper 3 m (

Figure 1)2. Permafrost soils are generally defined as frozen ground that maintains
temperatures at or below 0°C for at least two consecutive years®*. These conditions favor the
storage of OC since the microbial degradation of OC is slowed down at low temperatures and
is near-zero under frozen conditions®. Besides the low temperatures, the vegetation cover and
methanotrophic microbial communities in oxic soil layers also contribute to the C sink function
by decreasing the net emission of greenhouse gases (GHGs)®®. Plants perform
photosynthesis, capturing carbon dioxide (COz) and storing it as OC and methanotrophic
microorganisms oxidize methane (CH4) to CO,"°. Since CH4 has a 28 times higher global
warming potential over 100 years compared to CO', the microbial oxidation of CH4 thereby

decreases the global warming potential of net GHG emissions.

Arctic regions are warming at a rate two to four times higher than the global average due
to ongoing climate change'"-'2. The resulting higher air temperatures are causing soil warming,
leading to the deepening of the active layer, which is the upper soil layer that annually thaws
and refreezes®. Thawing causes not only previously frozen, high-OC, nutrient-rich soil layers
to become available for microbial decomposition''4, but also increases the rate of microbial
degradation due to higher temperatures*'>. Permafrost thaw therefore leads to a higher OC
release, both by emission of GHGs'® and by export of dissolved or solid OC into other riverine
systems'”'8_ |t has been projected that 67-237 Pg OC will be released as GHGs due to thawing
of permafrost soils until the year 2100"°. A substantial part of the radiative forcing is expected
to come from CHs emissions in the future due to the increasing anoxic soil layers in the
permafrost landscape?’. These emissions therefore contribute to the so-called permafrost-
carbon feedback. This process describes how the release of permafrost-derived GHGs has a
positive feedback on climate warming, leading to even greater permafrost thaw and more
decomposition of OC, thereby closing the cycle?. While these general trends are agreed upon
within the scientific community, major uncertainties exist about the range and timing of GHG

emissions from thawing permafrost soils'2".



, Soil organic carbon
storage (0-3 m):

I 0.1-30 kg m2

30-50 kg m=

50-100 kg m—=

I 100260 kg m2

Figure 1. Distribution of soil OC pool (kg C m?) in the upper 3 m of permafrost soils in the
circum-Arctic region. Different colors denote the range of soil OC stocks (blue: 0.1-30, yellow:
30-50, orange: 50-100, red: 100-260 kg C m2) and black dots indicate locations of soil

measurements. The figure is taken from Schuur et al. (2015)2.

The high uncertainty of released GHGs from permafrost soils is particularly due to the
complex biogeochemical shifts of permafrost areas during climate change: Precipitation shifts,
changes to hydrological conditions induced by abrupt thaw and thermokarst formation or
draining of thaw lakes, vegetation changes to more productive plant species, and wildfires all
shape future GHG release’®?'23, Most of these factors are poorly understood and not yet
implemented in earth system models due to insufficient spatial and temporal datasets?*. One
of the core knowledge gaps is the change in bioavailability of OC within the continuum of these
changing conditions (e.g. from oxic to anoxic soil conditions during abrupt thaw). The factors
influencing bioavailability of OC are not only its chemical properties but also its association

with mineral surfaces, which have been known to decrease microbial degradation?>-27,

Mineral-bound organic carbon in permafrost soils

Mineral-bound OC is generally more difficult to degrade for microorganisms because the

binding energy of the mineral is stronger than the affinity to the active site of exoenzymes?.



Therefore, the presence of mineral-OC associations is an important control on degradation of
OC during permafrost thaw. Mineral-OC associations limit the bioavailability of OC, thus
decreasing the resulting GHG emissions?®*%°, As a consequence, they decrease the
temperature sensitivity of OC degradation®'*2, meaning that less OC is degraded per increase

in soil temperature.

Mineral-OC associations can make up a substantial fraction of the total soil OC in
permafrost soils (33-74%)?%33-35. These estimates vary due to different parent material of the
soil®, the climatic and redox conditions across soil development stages?® as well as the mass
ratio of soil OC to available minerals®. Binding can occur directly or indirectly (via cation
bridges) to phyllosilicates and metal (oxyhydr)oxides, such as aluminum or iron (Fe)%. Poorly
crystalline Fe(lll) (oxyhydr)oxides (e.g. ferrihydrite) are especially known for their large OC
binding capacity®’, due to their high specific surface area. Those minerals typically make up
the majority of Fe(lll) phases in OC-rich environments, such as peatlands®®4°, since high OC
concentrations hinder their transformation to more crystalline minerals*'42. Poorly crystalline
Fe(lll) have been known as an OC sink in many environmental settings**=°, but only recently
has more attention been given to Fe(lll)-OC associations in permafrost soils within the context
of permafrost thaw?®30.3446-48 |t has even been advocated that the presence of Fe(lll)-OC
associations should be included in future climate models simulating thaw®, due to their

multifaceted role in the C cycle.

Interactions between iron and organic carbon influence the carbon cycle in permafrost

environments

Associations between Fe(lll) and OC are mostly found in oxic soil layers or at oxic-anoxic
transitions of permafrost soils*¢4¢. Current estimates are that ca. 10-20% of soil OC in intact,
oxic permafrost soils is bound to Fe(lll) minerals34465951 ron(Ill)-OC associations can be
formed abiotically through adsorption of OC onto an existing Fe(lll) (oxyhydr)oxide or by
coprecipitation of initially dissolved Fe(Il) and OC by oxygen (O) at redox interfaces® (Figure
2). Microorganisms capable of Fe(ll) oxidation, such as microaerophilic, nitrate-reducing, or
phototrophic Fe(ll) oxidizers, can also initiate coprecipitation®>-°*. During the binding process,
it has been found that certain OC functional groups have a higher tendency to be bound to
Fe(lll) (oxyhydr)oxides than others®:%°. Depending on the initial OC composition, aromatic-,
carboxylic-rich, and high molecular weight OC could be preferentially adsorbed or
coprecipitated with Fe3:%657 Consequently, OC classes which are rich in those components
are likely preferentially bound in comparison to other classes which have a higher probability

of remaining in solution. Binding of OC to Fe(lll) (oxyhydr)oxides therefore leads to preferential



stabilization of OC, which could affect the bioavailability of the remaining dissolved OC pool®®
and thus emission of GHGs. However, this process has not yet been studied in permafrost

peatlands and consequences for OC cycling across permafrost thaw are therefore unclear.

Fe(ll) phases Fe(lll) phases

dlssolved Fe2+

@IEBIE

M coprecipitation

Fe(lll)

i
[}
(e}
‘
g reduced OC

OX|d|zed oC .{.

Figure 2. Schematic displaying relevant processes for coupled Fe-C cycling in permafrost
soils. Blue and red boxes to the left and right show the binding environment of the two redox
states of Fe: ferrous (Fe(ll)) and ferric Fe (Fe(lll)). Fe(ll) can be present as dissolved Fe?*,
Fe(l)-OC complexes, and Fe(ll) minerals (e.g. FeS). Fe(lll) is typically present as poorly
crystalline Fe(lll) minerals, either with adsorbed or coprecipitated OC, or as poorly soluble
Fe(ll)-OC complexes. Fe(lll) reduction and Fe(ll) oxidation can be mediated by biotic (red
arrows) and abiotic (grey arrows) processes. Reduction of Fe(lll) can be abiotically facilitated
by photoreduction (hv), hydrogen sulfide (H.S), or superoxide (sup.ox.). Microbially-induced
Fe(lll) reduction can occur by oxidation of small OC molecules e.g. acetate (Ac) or by hydrogen
(Hz2) to CO2 and water (H20), respectively. Microorganisms can also oxidize OC or CH4 to COo,
using oxidized OC as a terminal electron acceptor. The reduced OC then transfers electrons
to Fe(lll), functioning as an electron shuttle. The resulting Fe(ll) phases can be oxidized to
Fe(lll) abiotically via oxygen (Oz), oxidized manganese species (MnOy), or nitrite (NO2).
Microbial Fe(ll) oxidation can be performed by phototrophic (using energy from light (hv) and
C from CO3), microaerophilic (with O), and nitrate (NO3")-reducing Fe(ll) oxidizers. Processes
were summarized based on Kappler et al. (2021)*° and Dong et al. (2023)*'. The figure is made

with BioRender.com.
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During permafrost thaw, thawing of permafrost ice can lead to soil subsidence, causing
waterlogging and anoxic conditions to develop. Under these conditions in subsequent
permafrost thaw stages, Fe(lll)-OC associations could be microbially reduced and dissolved,
forming Fe(ll) phases and dissolved OC. The release of OC under anoxic conditions will likely
make it more bioavailable (in terms of CO» emissions) compared its Fe-bound state under oxic
conditions®®'. Reduction of Fe(lll)-OC associations could occur both abiotically and
microbially in permafrost soils. Abiotic Fe(lll) reduction is facilitated by hydrogen sulfide,
superoxide species or reduced OC®®? (Figure 2). Microbial reduction of Fe(lll)-OC
associations could be performed by respiratory or fermentative Fe(lll)-reducing
microorganisms coupled to the oxidation of OC*', ultimately producing CO.. The activity of
several other microorganisms can also lead to Fe(lll) reduction as a side reaction due to
electron shuttling by OC®. When OC or CH. is oxidized by microorganisms, the electrons may
get stored in redox-active OC functional groups, such as phenol or hydroquinone groups®°,
which are thereby reduced*'. The reduced OC can now transfer electrons to Fe(lll), after which
the OC is present in its initial oxidized state, thus acting as an electron shuttle. Both dissolved
organic matter®®” and particulate organic matter®? have been shown to be involved in electron
transfer reactions. Overall, reduction of Fe(lll)-OC associations could occur in thawed, anoxic
permafrost soils, enhancing OC oxidation and thus possibly increasing CO; emissions
following permafrost thaw. However, the direct contribution of Fe(lll)-OC associations to CO-

emissions following permafrost thaw has not yet been quantified.

Reduction of Fe(lll)-OC associations might also affect CH4 emissions in future thawed
permafrost peatlands. Previous field-based studies in wetlands or permafrost soils showed
inhibition of methanogenesis due to Fe(lll) reduction since Fe(lll) is the more
thermodynamically favorable electron acceptor compared to CO,%870. Net release of CH4 might
also be decreased due to Fe(lll) functioning as an electron acceptor for anaerobic methane
oxidation’""2, In contrast, Fe(lll) reduction was also shown to enhance methanogenesis in
some cases. Reduction of Fe(lll) could promote methanogenesis due to the subsequent pH
increase, which makes conditions more favorable for (acetoclastic) methanogens” 4. Some
studies also showed that more crystalline Fe(lll) minerals may act as electron shuttles for
methanogens’®78. Another previously overlooked factor is the release of Fe-bound OC during
reduction of Fe(lll)-OC associations. The additional OC could enhance methanogenesis by
increasing the activity of fermenting microorganisms, which provide substrates for
methanogens’’. The resulting net effect of Fe(lll)-OC associations to GHG emissions across
permafrost thaw is therefore unclear, making it necessary to comprehensively study this

phenomenon across natural permafrost thaw gradients.
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Stordalen Mire — using a space for time approach

Stordalen Mire is a peatland complex, 12 km east of Abisko (Sweden) at the edge of the
discontinuous permafrost zone’®. It is very heterogeneous in its landscape, consisting of
hummock features underlain by permafrost (palsa), ombrotrophic Sphagnum-dominated bogs
with a seasonally fluctuating active layer, and minerotrophic, permafrost-free fens (Figure 3).
Average annual temperatures in the region have risen above 0°C since the year 20007°,
thereby inducing permafrost thaw. Parts of the intact, oxic permafrost palsa areas developed
into partly anoxic bog and permanently anoxic fen areas®’8, thus providing a natural permafrost
thaw gradient. These changes have been well-monitored by continuous measurements of
precipitation, air and soil temperatures, as well as active layer depth for over 60 years’, and
were eventually supplemented with the measurement of ecosystem-scale GHG fluxes®8'. The
site therefore has several advantages to study permafrost thaw: First, it encompasses several
stages of thaw (from palsa to bog to fen) that transition from one to the other within 15 ha®°,
By taking representative soil, water, and gas samples along this spatial gradient, we can
therefore predict biogeochemical conditions of thawed permafrost soils in the future, thereby
applying a space-for-time approach. Second, the wealth of context data in form of hydrological
data, vegetation cover as well as organic matter and microbial community composition help to
interpret the newly generated results. Several land-mark studies have been conducted at
Stordalen Mire, including multi-omic approaches to study the diversity of methanogenic
microorganisms®83  microbial organic matter degradation®8 as well as the initial
characterization of Fe(lll)-OC associations*®® across permafrost thaw. It therefore provides a
suitable study site to investigate the role of Fe(lll)-OC associations for potential OC binding

and GHG release following thaw.
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Figure 3. Photograph of Stordalen Mire, displaying the three permafrost thaw stages

delineated by coloured lines: palsa (orange), bog (green), fen (blue). The white arrow follows

the spatial gradient along permafrost thaw. The picture was taken in September 2022.

Knowledge gaps of iron-induced organic carbon cycling in thawing permafrost soils

Previous studies have characterized Fe(l11)-OC associations across different permafrost
thaw stages using field-based measurements and soil extractions343°4648 These results offer
snapshots of the current bound OC quantity and composition within Fe(lll)-OC associations at
the time of sampling as a net result of all biogeochemical processes in the soil. However, it is
unknown what the Fe-bound OC quantity and composition is at the time of formation of Fe(lll)-
OC associations in each thaw stage. Since the OC composition shifts across the thaw gradient
(e.g. from more aromatic compounds in bog to more lipid-like and lignin-like compounds in
fen®”), the OC functional groups able to interact with Fe(lll) (oxyhydr)oxides also change. This
could have effects on the bound OC quantity and preferential binding of OC to Fe(lll)
(oxyhydr)oxides which has implications for the bioavailability of the remaining dissolved OC
pool. It is thus necessary to systematically investigate the potential binding capacity and
preferential binding patterns of Fe(lll) (oxyhydr)oxides across permafrost thaw (Figure 4). This
knowledge will allow us to understand which OC compounds are potentially immobilized in
permafrost soils. We will also gain understanding of the composition of OC compounds which
will likely be released due to Fe(lll) reduction in subsequent anoxic thaw stages.
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There is field-based evidence that reductive dissolution of Fe(lll)-OC associations and
the following release of previously bound OC leads to an increase in GHG emissions across
permafrost thaw®®. Further, substantial parts of anaerobic respiration (40-63%) have been
attributed to Fe(lll) reduction in intact permafrost peatlands in Alaska®. Recent metagenomic
studies also highlighted the increase in abundance of Fe-metabolizing microorganisms after
permafrost thaw®®®. All these indicators point towards the importance of Fe-induced OC
cycling during thaw, but the quantitative contributions to GHG emissions are not well
understood (Figure 4). It is unknown to which degree Fe(lll)-OC associations will be reduced
under anoxic conditions and how the reduction will affect GHG emissions. Specifically, the
contribution of Fe(lll)-OC associations to CO, emissions during initial permafrost thaw is not

clear.

In fully thawed, permanently anoxic permafrost soils, the majority of radiative forcing due
to GHG emissions stems from CH4%. It is currently not known how Fe(lll)-OC associations
affect net CHs release in anoxic permafrost soil. Previous evidence of the influence of Fe(lll)
on methanogenesis in peatland soils is based on the addition of Fe(lll) as pure OC-free Fe(lll)
minerals®®7°, thus neglecting the influence that Fe-bound OC might have on CH4 emissions. It
is therefore unknown what role Fe(ll)-OC associations could play for net CH4 release in fully

thawed permafrost soil (Figure 4).
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Figure 4. Schematic of knowledge gaps associated with Fe-OC cycling across permafrost

thaw from palsa to bog and fen areas. Boxes with question marks display the knowledge gaps

described in the section above. Abbreviations stand for: Fe(lll): ferric iron, C: carbon, Fe?*:

ferrous iron, Ac: acetate, Hz: hydrogen, CHi: methane, COz: carbon dioxide. Graphic is made

with BioRender.com.

Objectives of this PhD work

Based on the outlined knowledge gaps, the objectives within this PhD work are the

following:

(i)

(ii)

(iif)

Simulate the formation of Fe(lll)-OC associations by adsorption and

coprecipitation processes over a permafrost thaw gradient (Chapter 2), thereby

a.

Determining the maximum binding capacity of permafrost soil-derived OC
from different thaw stages to Fe(lll) (oxyhydr)oxides,

Identifying the speciation of Fe in the formed Fe-OC associations, and
Determining the OC compounds that are preferentially bound and assessing

potential changes to the bioavailability of the remaining dissolved OC pool.

Assess the fate of Fe(lll)-OC associations across initial permafrost thaw,

simulating abrupt permafrost thaw of palsa areas and seasonal waterlogging of

bog areas (Chapter 3), including

a.

Determining the reduction extent of Fe(lll)-OC associations after
development of anoxic conditions,

Quantifying the changes in GHG emissions due to reduction of Fe(lll)-OC
associations, and

Identifying the changes in microbial community composition induced by

reduction of Fe(lll)-OC associations.

Determine the role of Fe(lll)-OC association for CH4 release in fully thawed

permafrost soils (Chapter 4), thereby

a.
b.

Determining the reduction extent of Fe(lll)-OC associations,

Quantifying the net effect of Fe(lll)-OC associations on CH4 emissions and
identifying the relevant processes affecting net CH, release, and

Identifying the main microbial groups relevant to CH4 cycling and how they

are affected by addition of Fe(lll)-OC associations.
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Abstract

Future permafrost thaw will likely lead to substantial release of greenhouse gases due
to thawing of previously unavailable organic carbon (OC). Accurate predictions of this release
are limited by poor knowledge of the bioavailabity of mobilized OC during thaw. Organic carbon
bioavailability decreases due to adsorption to, or coprecipitation with, poorly crystalline ferric
iron (Fe(lll)) (oxyhydr)oxide minerals but the maximum binding extent and binding selectivity
of permafrost OC to these minerals is unknown. We therefore utilized water-extractable
organic matter (WEOM) from soils across a permafrost thaw gradient to quantify adsorption
and coprecipitation processes with poorly crystalline Fe(lll) (oxyhydr)oxides. We found that the
maximum adsorption capacity of WEOM from intact and partly thawed permafrost soils was
similar (204 and 226 mg C g ferrihydrite, respectively) but decreased to 81 mg C g
ferrihydrite for WEOM from the fully thawed site. In comparison, coprecipitation of WEOM from
intact and partly thawed soils with Fe immobilized up to 925 and 1532 mg C g™' Fe respectively
due to formation of precipitated Fe(lll)-OC phases. Analysis of the OC composition before and
after adsorption/coprecipitation revealed that high molecular weight, oxygen-rich, carboxylic-
and aromatic-rich OC was preferentially bound to Fe(lll) minerals relative to low molecular
weight, aliphatic-rich compounds which may be more bioavailable. This selective binding effect
was stronger after adsorption than coprecipitation. Our results suggest that OC binding by
Fe(lll) (oxyhydr)oxides sharply decreases under fully thawed conditions and that small,
aliphatic OC molecules that may be readily bioavailable are less protected across all thaw

stages.
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Environmental significance statement

Permafrost thaw leads to the release of organic carbon (OC), which may bind with
ubiquitous ferric iron (Fe(lll)) minerals. It is therefore important to understand the quantity and
composition of Fe-bound OC in order to predict the (bio)availability of OC that is released.
Here, we simulated adsorption and coprecipitation processes of OC along a permafrost thaw
gradient with Fe(lll) (oxyhydr)oxide minerals. We found that the quantity of Fe-bound OC
decreases with permafrost thaw and observed preferential binding of less bioavailable OC by
Fe(lll) (oxyhydr)oxides. Our work therefore suggests that although these minerals bind OC in
permafrost soil, the overall effect on protecting OC against microbial degradation is not as

strong as previously thought as binding selects for less bioavailable OC.
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Introduction

Permafrost soils are a major organic carbon (OC) stock, accounting for roughly one third
of global soil OC (ca. 1300 Pg), yet only cover 15% of the global soil area'?. It has been
estimated that permafrost thaw will cause the release of 67-237 Pg C as greenhouse gases
by 2100 under business-as-usual climate scenarios? due to microbial decomposition of OC
that was previously not bioavailable. This microbially mediated release of OC as the
greenhouse gases carbon dioxide (CO2) or methane (CH.) is still poorly constrained in timing
and extent since it is influenced by a variety of biogeochemical factors®®. One of the key factors
that controls the release of CO, and CHi is the bioavailability of OC for microbial
decomposition. This OC bioavailability is lowered by its association with mineral surfaces in

the soil, possibly leading to lower greenhouse gas emissions’?®.

An array of different minerals can interact with OC in soil, such as phyllosilicates, metal
(oxyhydr)oxides, as well as metal sulfides®. Iron (Fe) (oxyhydr)oxides are especially known to
bind a large quantity of OC in acidic soils® due to their high surface area'’® and thus play a
larger role in permafrost peatland soils compared to other minerals, such as phyllosilicates .
This binding can occur through (i) adsorption of OC onto existing Fe(lll) (oxyhydr)oxides, or (ii)
abiotic (or in certain cases, microbially mediated) precipitation of Fe(lll) (oxyhydr)oxides by
oxidation of dissolved Fe(ll) in the presence of OC (referred to as “coprecipitation”)'>"3,
Adsorption takes place under both oxic and anoxic conditions while coprecipitation mainly
occurs at redox interfaces when conditions transition from anoxic to oxic. Here, we refer to
phases that are formed after either adsorption or coprecipitation as Fe-OC associations. The
formation pathway of Fe-OC associations directly affects the properties of the Fe mineral.
While adsorption of OC changes the surface properties of the mineral, coprecipitation with OC
may affect Fe speciation and crystallinity of the resulting Fe-OC phase, which in turn may affect

the reactivity of Fe'+8,

During the binding process, different OC compounds may be selectively bound while
others remain in solution. Past studies using forest-floor extracts, plant litter, or humic
reference materials suggested that the initial OC composition might determine which OC
compounds are preferentially bound. Depending on the starting composition, it has been found
that high molecular weight, oxygen-rich, carboxyl-rich, and aromatic compounds'®2" or in
some cases carbohydrates?? could be preferentially bound to Fe(lll) (oxyhydr)oxides. The
composition of dissolved OC (DOC) after binding thus differs compared to its initial state, which

has consequences for its bioavailability?® and its residence time in soils?.

Recently, several studies have shown that substantial fractions of OC may be bound to

minerals (30-82%) in permafrost environments, with the dominant mineral fraction as Fe(lll)
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(oxyhydr)oxides'?>?425. The amount of Fe-bound OC is relatively consistent across different
sites: ca. 10-20% of soil OC in intact permafrost soils of Scandinavia, Alaska, and the Tibetan
Plateau?*26-28, This suggests that part of the OC may remain unavailable due to binding with
Fe minerals even with the increase in microbial activity due to permafrost thaw. However, our
systematic understanding of the formation and composition of Fe-OC associations in
permafrost soils and in subsequent thaw stages is limited. Along the thaw gradient, the soils
undergo biogeochemical shifts due to changes in vegetation cover (higher abundance of
sedges compared to shrubs and mosses)?**, soil pH (acidic to circumneutral)®' and redox
state (from oxic to anoxic)®2. These changes affect the OC quantity and composition along the
different thaw stages?®3334. For instance, bog and fen peat contain more tannin-, lignin- and
protein-like compounds compared to palsa peat®®. Therefore, the amount of OC and the
functional groups therein that react with Fe(lll) (oxyhydr)oxides may differ over a thaw gradient.
Extrapolating the results of adsorption and coprecipitation experiments from other ecosystems
or OC reference compounds is difficult as the geochemical conditions (e.g., pH) and initial OC
composition might differ substantially in permafrost systems®36, Systematic studies are thus
necessary to understand the change in OC composition due to binding with Fe(lll)
(oxyhydr)oxides, independent of changes due to other biogeochemical factors during thaw.
Finally, field-based studies®—%° only offer a snapshot of the net result of simultaneously
occurring processes, making it difficult to disentangle effects of adsorption and coprecipitation
alone. It is currently not known how much OC can potentially be bound by Fe(lll)
(oxyhydr)oxides via adsorption and coprecipitation along a permafrost thaw gradient, what
impact these processes have on Fe mineralogy, and how they would influence preferential OC

binding.

To address these knowledge gaps, the goal of this study was to systematically evaluate
the quantity and selectivity of OC binding across permafrost thaw by simulating adsorption and
coprecipitation, forming Fe-OC associations. The specific objectives were to (i) determine the
maximum binding capacity of DOC from permafrost across different thaw stages to Fe(lll)
(oxyhydr)oxides by adsorption and coprecipitation, (ii) identify the speciation of Fe the formed
Fe-OC associations, and (iii) evaluate changes in the chemical composition of OC due to
binding to assess the potential changes in bioavailability. To achieve this, we utilized soils of
a representative thawing permafrost peatland (Stordalen Mire, Sweden). We used in situ OC
from soils of three distinct thaw stages, as previously defined by changes in vegetation and
hydrology®®4%41. The thaw stages were classified as (i) palsa underlain by permafrost, (ii) partly
thawed, seasonally anoxic bog, and (iii) fully thawed, permanently anoxic fen areas. We chose
to use water-extractable organic matter (WEOM) from the mineral-poor organic horizon as

representative OC fractions for the experiments for two reasons: First, WEOM is the OC
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fraction which is most likely to enter the porewater and interact with Fe(lll) (oxyhydr)oxides.
Second, using WEOM allowed us to integrate all changes in OC composition due to vegetation,
redox and pH condition shifts over the thaw gradient, thus being the most representative of

environmental conditions.

Materials and Methods

Field site description and sampling

Ouir field site, Stordalen Mire, is a subarctic permafrost peatland complex close to Abisko,
Sweden (68 22' N, 19 03' E). It is located in the discontinuous permafrost zone and consists
of several sub-habitats: 1) raised palsas underlain by intact permafrost and vegetated by dwarf
shrubs, bryophytes, and lichens, 2) Sphagnum-rich bogs with a higher active layer depth than
palsas that experience seasonal water table fluctuations, and 3) fully inundated and anoxic
fens, characterized by sedges (Eriophorum vaginatum, Carex rostrata)*>*?. Along the thaw
gradient, pH values of the porewater increase from acidic (pH 3.5 to 4.5) in palsa and bog soils
to circumneutral (pH 5 to 6.5) in fen soils®!*3>*°. The porewater generally has a low ionic

strength; most dissolved species are in the uM-range®'.

In order to extract soil organic matter (see below) for the adsorption and coprecipitation
experiments, we sampled the organic horizon of each thaw stage in July 2021 (Figure S1).
The soil surface, covered with plant roots or young Sphagnum spp. layers, was removed and
the soil below was collected by grab sampling, filled in plastic (LDPE) bags, and stored at 4°C
until further use. Soils in bog and fen areas were water-saturated and packed in the bags such
that no headspace remained in order to limit oxygen exposure. Duplicate soil cores were
collected per thaw stage at representative sites, based on the vegetation cover and pH values
as described above, to compare solid phase OC composition to the WEOM. Cores were taken

using a 50 cm long Humax corer as described previously*®.

WEOM extraction

All glassware used in the extraction and further experiments was acid washed (1 M HCI),
rinsed three times with double-deionized water (DDI, Millipore, >18 MQ cm), and
subsequently baked at 300°C for 8 h before use. WEOM was extracted from the organic
horizon of each permafrost thaw stage by mixing field-moist soil with DDI water for 24 h on an
overhead shaker at a 1:10 weight/volume (w/v) ratio. Since we aimed to simulate conditions
under which ferrihydrite would likely react with dissolved OC in permafrost soils, we carried out

extractions for adsorption experiments under oxic conditions. For coprecipitation experiments,
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the extraction was done under anoxic conditions to simulate anoxic conditions in waterlogged
soil layers. Afterwards, the suspensions were filled in glass serum bottles and centrifuged at
5250 rcf for 15 minutes. The supernatant was filtered sequentially through pre-rinsed 8 um
(Merck Millipore, MCE) and 0.22 um (Merck Millipore, Steritop PES) filters. After filtration,
extracts for the coprecipitation experiments were bubbled with N> gas (99.999%) for 1 h to
make them anoxic again after filtration. All extracts were stored in the dark at 4°C until use
(storage time was less than 24 h). Aliquots of all WEOM types were immediately freeze-dried
after filtration, and the resulting solids were stored in the dark until analysis by Fourier-
transform infrared spectroscopy (FTIR, details below). Initial DOC concentrations in the
extracts of different soils and extraction conditions ranged from 9.8-23.5 mg C L' (Table S1).

They were quantified as described later in section “Setup of adsorption experiments”.

Ferrihydrite synthesis

Ferrihydrite was used in the adsorption experiments since it is a very common Fe(lll)
(oxyhydr)oxide mineral found in peatlands*’#® and has been shown to present in soils of all
thaw stages at Stordalen Mire?. It is also typically the most relevant to OC carbon binding in
soils since it can bind the highest amounts of OC per g Fe due to its high specific surface area
(>200 m? g')*95° It was synthesized as reported previously®'. Briefly, 40 g Fe(NO3)s*9H.0
were dissolved in 500 mL DDI water and the pH was raised until 7.5 by addition of 1 M KOH
under rapid stirring (800 rpm). The suspension was centrifuged (4250 rcf, 10 min) and washed
with DDI water four times. Ferrihydrite was resuspended in 200 mL DDI water, stored at 4°C
in the dark, and used within 6 weeks after synthesis. Mineral identity of ferrihydrite was
confirmed by ’"Mossbauer spectroscopy and specific surface area was quantified after freeze-
drying (further details in Text S1).

Setup of adsorption experiments

Adsorption experiments were carried out by adding aliquots of a ferrihydrite suspension
(10.7 g L' Fh) to 20 mL of WEOM solution from palsa, bog, and fen soils inside closed 50 mL
glass serum bottles. The WEOM was first adjusted to pH 4.5 (for palsa and bog WEOM) and
pH 6 (for fen WEOM). For the adsorption isotherm of each WEOM type, the WEOM was diluted
to different OC concentrations using a 3 mM NaCl solution as constant background ionic
strength. The mass of added ferrihydrite was adjusted for each WEOM type, depending on its
DOC concentration, to create the same initial molar C:Fe ratios across experiments (0.5 to 3.3,
see Table S2). After addition of ferrihydrite, the pH of the suspension was adjusted again to
pH 4.5 (for palsa and bog WEOM) and pH 6 (for fen WEOM) using 0.1 M HCI. The pH was
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checked and re-adjusted 1 h later, if necessary. To quantify Fe concentrations in each replicate
after adsorption, an aliquot (0.5 mL) of the suspension was acidified with 1 M HCI followed by
total Fe quantification by the ferrozine assay®. A control setup using 3 mM NaCl solution with
no added WEOM but added ferrihydrite was used to determine background concentrations of

DOC. No DOC originating from the ferrihydrite was detected.

Suspensions were then capped and shaken horizontally at 60 rpm for 24 h in the dark.
They were filtered afterwards using pre-rinsed 0.22 um filters (Merck Millipore, PVDF) inside
filter cups (25 mm diameter, Millipore). The filtrate was used to quantify remaining DOC (as
non-purgeable OC) after acidification with 2 M HCI by a TOC analyzer (multi N/C 2100S,
Analytik Jena AG, Germany). The bound OC content was calculated as in Text S2. The
aromaticity of the filtrate was evaluated using specific ultraviolet spectroscopy at 254 nm
(SUVAs4, details below). The molecular composition of the WEOM before and after adsorption
in reactors with an initial C:Fe ratio of ~2 was analyzed by Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR-MS, details further below). This ratio was chosen since
it was the highest common, initial ratio in all adsorption experiments. The solids of the same
reactors (initial C:Fe ratio of ~2) per WEOM type were further analyzed for OC functional
groups by FTIR spectroscopy and Fe mineralogy by Fe K-edge X-ray absorption spectroscopy
(XAS) and °"Fe Mdssbauer spectroscopy. For solid phase analysis, the filter paper containing
the ferrihydrite with adsorbed WEOM was washed twice with deionized water to remove
loosely-bound ions. Then it was centrifuged (10055 rcf, 5 min) to release the particles from the
paper surface. The supernatant was removed and samples were air-dried and stored at 4°C

until analysis.

Setup of coprecipitation experiments

Coprecipitation was simulated by abiotic oxidation of dissolved, anoxic Fe(ll) in the
presence of palsa and bog WEOM at different initial C:Fe ratios (0.35 to 1.2). Note that these
ratios slightly differ from the ones used in the adsorption experiment since a higher Fe(ll)
addition was necessary to produce a sufficient amount of Fe precipitates. Coprecipitation was
not simulated with fen WEOM since this thaw stage is permanently water-logged and anoxic®?
with no redox fluctuations®®; thus abiotic coprecipitation due to Fe(ll) oxidation is unlikely to

play a major role.

Ferrous iron was added at a concentration of 1.5 mM to different dilutions of anoxic
WEOM. A stock Fe(ll) solution (0.3 M) was prepared by dissolving iron(ll) chloride tetrahydrate
(FeCl,*4H,0, Sigma Aldrich, USA) in anoxic DDI water, after which the solution was sterile-
filtered (0.22 um, Merck Millipore, PVDF) and stored in a No-flushed, closed bottle in the dark.
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The added Fe(ll) concentration is in the upper range of dissolved Fe(ll) concentrations found

at Stordalen Mire“6.

The experiments were set up by adding the anoxic Fe(ll) solution to 20 mL of anoxic
WEOM solution inside an Na-flushed bottle. Afterwards, vials were opened and a cotton
stopper was placed on top to ensure a constant O, supply into the solution. The pH was
measured at the start of the oxidation period and every 24 h thereafter, and adjusted back to
pH 4.5 using 0.1 M NaOH if needed. The vials were shaken at 60 rpm on a horizontal shaker
for 3 d in the dark. Afterwards, the same sampling procedure as described above for
quantification of DOC, SUVA2s4, and determination of molecular OC composition by FT-ICR-
MS and FTIR was carried out. Additionally, aliquots of the solutions before oxidation and the
resulting suspensions after 3 d of oxidation as well as of the filtrate were acidified with 1 M HCI
and the total Fe concentration was quantified using the ferrozine assay. The total Fe
concentration in the filtrate was subtracted from the concentration in suspension after 3 d of
oxidation to calculate the amount of Fe that had precipitated. To collect enough solid material
for XAS analysis, 2.5 mM Fe(ll) were added to 200 mL of WEOM in a sacrificial setup (initial

molar C:Fe ratio=0.6) and solids were collected after 3 d.

Fe K-edge X-ray absorption spectroscopy

Iron speciation in the Fe-OC associations was determined by Fe K-edge X-ray
absorption spectroscopy at the SAMBA beamline at Synchrotron SOLEIL (Paris, France).
Dried samples were homogenized with a mortar and pestle and pressed into pellets (7 mm
diameter) with PVP (Polyvinylpyrrolidone K12, Carl Roth), before being sealed with Kapton®
tape. At the beamline, transmission spectra were recorded in continuous scan mode at 20 K
using a He(l) cryostat. An Si(220) monochromator was used and calibrated to the first
derivative maximum of the K-edge absorption of an Fe(0) foil. Harmonic rejection was
performed by two Si mirrors coated in Pd. Approximately 8-10 scans were collected per sample
and merged to obtain the final spectra, used for analysis of Fe K-edge X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS). Iron oxidation
state and speciation was determined through linear combination fit analysis (LCF) of XANES
and EXAFS spectra, respectively, using Athena®. The Fe binding environment was further
determined by shell fitting using Artemis®. Additional details of the XAS analyses are given in
the Sl (Text S3).
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5"Fe Mossbauer spectroscopy

>"Fe Mossbauer spectroscopy was used to identify changes in the Fe mineralogy after
adsorption of WEOM (initial C:Fe ratio = 2) of each WEOM type to complement XAS
measurements. The minerals were collected using filtration and the filter paper with particles
was sealed with Kapton® tape. Details of spectral collection and analysis are given in the SlI
(Text S1). Spectra were recorded at 6 K. Analysis of coprecipitates was not possible due to

limited sample mass.

Organic carbon analysis

Specific UV absorption (SUVA254)

The change in the contribution of aromatic functional groups to DOC before and after
adsorption or coprecipitation was analyzed using the specific UV absorption parameter at
254 nm (SUVAgzs4). Three spectra were recorded from 200 to 650 nm per experimental
replicate using a UV-vis spectrophotometer (Specord 50 plus, Analytik Jena, Germany),
averaged, and the mean absorption at 254 nm was blank-corrected and normalized to the

measured DOC concentration.

Fourier-transform infrared spectroscopy

The adsorbed or coprecipitated WEOM in the solid phase was analyzed by Fourier-
transform infrared spectroscopy (FTIR). Dried samples (1 mg) were diluted with KBr (Carl Roth,
USA) and pressed into 250 mg pellets. Spectra were recorded from 370 to 4500 cm™ with a
resolution of 4 cm™ using a Vertex 80v FTIR spectrometer (Bruker, USA). Thirty-two scans
were recorded per sample, averaged, and normalized (min: 0, max:1) to obtain the final

spectra.

Fourier-transform ion cyclotron resonance mass spectrometry

Ultrahigh resolution molecular composition of WEOM before and after adsorption or
coprecipitation was analyzed by Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) using a 12 Tesla Bruker Solarix mass spectrometer (Bruker Daltonics, Bremen,
Germany) in negative electrospray ionization mode at the Helmholtz Center Munich
(Germany). Samples were prepared for analysis by solid phase (SPE) extraction of 5 mL
sample using Bond Elut PPL cartridges (100 mg, 3 mL volume, Agilent Technologies, USA)

and eluted in LC-MS grade methanol (Thermo-Scientific)®. It is known that SPE has a bias
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towards specific OC classes®® but we assume that this bias is similar for samples before and
after binding for each WEOM type, respectively. Details of instrument parameters and
calibration are provided in the Sl (Text S4). Subsequent data analysis included a comparison
of relative intensities of shared and initially present compounds in the spectra before and after
adsorption or coprecipitation. All detected compounds were grouped in either “condensed

aromatic”, “aromatic” or “more aliphatic” classes based on the modified aromaticity index
according to Koch & Dittmar (2006)°’. The nominal oxidation state of organic carbon (NOSC)
and standard free Gibbs energy of the oxidation half reaction (AG.<’) were calculated according
to LaRowe & van Cappellen (2011)%. We used unweighted, average NOSC values across all
detected formulae for a more conservative estimation since relative intensity-weighted NOSC

values could skew the average due to a few very ionizable compounds®®.

Conceptual framework of bioavailability

We inferred changes in bioavailability of OC from its chemical composition, based on the
SUVA.s, FTIR, and FT-ICR-MS results. Within this framework, OC classes like carbohydrates
and proteins have a higher bioavailability since they are readily used by microorganisms due
to the low energy investment compared to the utilization of lignin-derived or aromatic
compounds®. Additionally, OC bound on minerals would also have a low bioavailability due to
the physical protection by minerals since the binding affinity to minerals often is higher than

the affinity to the active site of exoenzymes®'.

Results and Discussion

Quantity of organic carbon bound during adsorption and coprecipitation

The mass of OC bound to ferrihydrite via adsorption generally increased with increasing
DOC concentration before reaching a threshold value (Figure 1A). The maximum adsorption
capacity, based on a Langmuir fit, of bog WEOM and palsa WEOM to ferrihydrite at pH 4.5
was 226+3 and 204+19 mg C g™ Fh, while it was lower for fen WEOM at pH 6 (81+4 mg C g’
Fh). Our results for palsa and bog WEOM were comparable to previous studies using water
extracts from forest floor litter (196-250 mg C g™')'°%22, The resulting maximum C:Fe ratios in
ferrihydrite with adsorbed palsa and bog WEOM (Table S3) were also comparable to

permafrost OC bound on ferrihydrite-coated sand that were placed in the same thaw stages®.
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Figure 1. (A) Adsorption isotherm of water-extractable organic matter (WEOM) from different
permafrost thaw stages on ferrinydrite (Fh). The mass of OC adsorbed (mg C g’ Fh) is
displayed against the equilibrium DOC concentration in solution after sorption. Data are
denoted by circles and the Langmuir fit and 95% confidence interval is displayed as a dashed
line and shaded area, respectively. The sorption experiments were performed at pH 4.5 for
palsa, pH 4.5 for bog, and pH 6.0 for fen WEOM to represent environmentally relevant
conditions. (B) Quantity of coprecipitated organic carbon (mg C g Fe) as a function of the
initial DOC (triangles). All data points and error bars represent the average and standard
deviation of experimental triplicates. Note that the units and range of the y-axis are different

for the two graphs.

The lower maximum adsorption capacity in case of fen WEOM may be due to several
factors: (i) pH and (i) WEOM composition. At lower pH, a higher proportion of ferrihydrite
surface sites are protonated, causing a more positive surface charge®®®. As adsorption of OC
to Fe(lll) (oxyhydr)oxides is expected to be (mostly) electrostatic, negatively charged OC ions
are therefore adsorbed to a higher degree to ferrihydrite at pH 4.5 than at pH 6%. However,
we speculate that this change in pH cannot explain the full magnitude of decrease in adsorption
capacity. The net surface charge of ferrihydrite from pH 4.5 to pH 6 decreases by 38-50%°%°5¢,
suggesting that the change in surface charge is too small to explain the discrepancy between
the quantity of adsorbed bog and fen WEOM. Another possible reason for the differences in
WEOM sorption at pH 4.5 and pH 6 is the difference in composition between bog and fen
WEOM. Fen WEOM is more microbially processed due to a higher microbial diversity and
higher plant litter input, resulting in a higher abundance of lipid-, amino-sugar, and
carbohydrate-like compounds®'®3. In comparison, bog WEOM contains more aromatic-rich
molecules®'#%4%_ Differences in OM composition have been shown to result in changes in

adsorption capacities®’-%°, which is discussed in further detail below. The presence of bridging
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cations (Ca, Mg) could also increase the binding of OM to ferrihydrite’®, however, overall cation
concentrations in WEOM from different thaw stages were low (<10 uM, Table S4). Note that
we performed experiments with fen WEOM only at pH 6 in order to best represent

environmental conditions.

Coprecipitation of palsa and bog WEOM with iron generally led to higher amounts of Fe-
bound OC than adsorption (Figure 1B). The maximum masses of OC bound during
coprecipitation with Fe were 925+397 and 1530+885 mg C g Fe for palsa and bog WEOM,
respectively. Resulting maximum C:Fe ratios were at least twice as high as previously reported
for similar initial C:Fe ratios'®?27!. One reason for this might be the use of higher pH values
(pH 6 or 7) in other studies'®192271.72 'which leads to a lower binding capacity of the precipitated
Fe due to lower surface charge of the formed Fe(lll) oxyhydroxides. Second, many studies
used dissolved Fe(lll) as a reactant'19227 during coprecipitation and increase the pH instead
of oxidation of anoxic Fe(ll) as in our study. The use of Fe(lll) results in more precipitation of
Fe relative to C at acidic pH values™, due to the lower solubility of Fe(lll) compared to Fe(ll).
This could lead to a lower content of bound OC, as illustrated by previously published values
which are ca. 2 to 6 times lower at comparable initial C:Fe ratios and the same pH3. We expect
that the OC binding capacities due to coprecipitation measured here are more applicable to
redox interfaces in permafrost peatlands than values of other studies'?27'7® as our

experiments were done at environmentally relevant pH values and include Fe(ll) oxidation.

After 3 days of oxidation, the percentage of oxidized and precipitated Fe was similar in
experiments with palsa and bog WEOM (11+£5% and 10+5%, respectively) and did not change
based on the initial C:Fe ratio (Figure S2). Nierop et al. (2002)™ reported similarly low Fe
precipitation when Fe(ll) was added to OC of peat water extracts. Complexation of Fe(ll) by
DOC and the low pH could possibly hinder oxidation to Fe(Ill)’>"® and its subsequent
precipitation. In contrast, coprecipitation led to removal of up to 44+8% DOC from solution in
palsa WEOM and up to 72+1% in bog WEOM (Figure S2). For bog WEOM, the percentage of
coprecipitated OC increased with the initial C:Fe ratio (Figure S2). This difference in share of
coprecipitated OC is likely due to initial OC composition of palsa and bog WEOM (as discussed
below). Coprecipitation in permafrost soils is thus able to remove much more OC from solution

than adsorption, even with only a small percentage of Fe precipitating.

We acknowledge that there are also other minerals present along the thaw gradient
which could bind OC, such as phyllosilicates or iron sulfide minerals?®. However, previous
studies showed that both minerals bind less OC per g mineral (FeS’: 55 mg C g,
phyllosilicates’: 5-12 mg C g™') at comparable initial C:Fe ratios than ferrihydrite by adsorption

or during coprecipitation with dissolved Fe(ll). Therefore, we expect that adsorption to, or
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coprecipitation with poorly crystalline Fe(lll) (oxyhydr)oxides plays a larger role in permafrost

environments.

Fe speciation in formed Fe-OC associations

To determine Fe speciation in the solid phase, we used Fe K-edge X-ray absorption
spectroscopy. We first did linear combination fitting (LCF) of the XANES region in order to
determine the Fe oxidation state. All Fe in ferrihydrite with adsorbed WEOM and in post-
coprecipitation mineral phases was Fe(lll) (Figure S3, Table S5). Fitting results of EXAFS
spectra showed that the post-adsorption phases consisted mostly of ferrihydrite and minor
(<10%) fractions of lepidocrocite (Figure 2Fehler! Verweisquelle konnte nicht gefunden
werden.). Additional Mdssbauer spectra (Figure S5) of ferrihydrite with adsorbed WEOM at 6
K showed the presence of 2 sextets, with typical parameters (Table S8) for poorly crystalline
ferrinydrite”8°. It is likely that the small fraction of lepidocrocite was not detected since
parameters of lepidocrocite have been shown to overlap with those of ferrihydrite in Mossbauer

spectra®'.

In contrast, the Fe phase after coprecipitation with palsa and bog WEOM consisted of
approximately 40% Fe(lll) bound directly to OC (“Fe(lll)-OC phases”) with the remaining
fraction of Fe being ferrihydrite. This is consistent with observations by Schwertmann et al.
(2005)%2, who detected poorly soluble Fe(ll1)-OC phases when oxidizing Fe(ll) in the presence
of DOC. The detected Fe(lll)-OC phase was best fit using Fe(lll)-citrate (which contains
carboxylic groups) as a reference, aligning with past studies of Fe-OC phases in non-
permafrost peatlands*’:33. Since carboxylic groups are present in soils of all thaw stages*’ and
carboxyl-richness of natural OM has recently been proposed to be a controlling factor in OC
binding to Fe(lll) (oxyhydr)oxides®, it is likely that carboxyl groups are significantly involved in

coprecipitation with Fe in permafrost soils.

39



>

x(k) k* [A7]

02 04 06 08 1
fraction of Fe phases [-]
B ferrihydrite [ lepidocrocite 1 Fe(lll)-OC

Figure 2. (A) Iron K-edge k*>-weighted EXAFS spectra and linear combination fits (2 to 11 A™")
of ferrihydrite with adsorbed WEOM (ads) from palsa, bog and fen, and Fe-OC coprecipitates
(cop) synthesized with WEOM from palsa and bog. Experimental data is displayed as coloured
lines and linear combination fits as black circles (see fit parameters in Table S6). (B) Bar plot
showing relative abundances of different Fe phases in the post-adsorption and post-
coprecipitation mineral phases. The same labelling as for graph (A) applies here. Fe(lll)-OC

was fit using Fe(lll)-citrate as a reference.

Shell fitting analysis of the Fourier-transformed Fe K-edge EXAFS region (Figure S4,
detailed results in Text S5) further suggested that formed coprecipitates were likely more
poorly crystalline and/or had a lower particle size than ferrinydrite with adsorbed WEOM®586,
Within the coprecipitate set, the coprecipitates formed with palsa WEOM are likely more poorly
crystalline than with bog WEOM, based on lower coordination numbers of both Fe-Fe paths
(Table S7). A higher proportion of carboxylic groups, which are present in palsa peat compared
to subsequent thaw stages*’, might have led to this lower crystallinity4. Thus, coprecipitation
of OC in palsa and bog ecosystems likely causes formation of solid Fe(lll)-OC phases and
more poorly crystalline ferrihydrite, explaining the larger OC binding capacities of Fe-OC
coprecipitates in contrast to adsorption by ferrihydrite.
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Molecular fractionation of organic matter during adsorption and coprecipitation

Solid phase characterization using FTIR spectroscopy

The change in OC composition due to adsorption or coprecipitation was followed using
FTIR spectroscopy of the initial WEOM and the solid phase after binding (Figure 3). The initial
WEOM from all thaw stages contained common OC functional groups: (i) C-O groups in
carbohydrates (1050 cm™), (ii) carboxylic groups, as apparent by peaks at 1400 cm™', 1630
cm™ and 1720 cm™' due to symmetric, asymmetric COO- and C=0 stretches, respectively, and
(iii) aromatic groups, visible as C=C stretches in aromatic rings (1630 cm™")"®87:88 Note that we
could not evaluate the aliphatic C band caused by CH stretches of -CH» groups (2840-2930
cm™) because of an overlay by the band produced from O-H stretching in water®” (Figure S6).
Relative peak heights of carboxylic and aromatic groups were higher than carbohydrates in
palsa WEOM, whereas carbohydrates were relatively enriched in bog WEOM. This is in line
with previous studies on changes of OC composition due to permafrost thaw at Stordalen
Mire?®4 in which carbohydrates often accumulate under the acidic and waterlogged
conditions in bogs. Fen WEOM displayed weaker peaks of carbohydrate, carboxylic, and
aromatic functional groups overall, compared to palsa and bog WEOM. We attribute this to
higher overall microbial activity, leading to a depletion of labile carbohydrates in the water-
extractable phase of the soil®'. Overall, the initial WEOM composition was comparable to that

of the solid peat from representative soil cores (Figure S7).
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Figure 3. Normalized Fourier-transform infrared spectra of solids post-adsorption (ads) and
post-coprecipitation (cop, both post-binding phases in maroon) in comparison to the original
WEOM before binding (in orange) for (A) palsa, (B) bog, and (C) fen. The FTIR spectrum of
ferrihydrite used for the adsorption experiments (grey) is given for reference. The scalebar in
panel (C) applies for the other panels as well. Numbers and dashed lines stand for the following
wavenumbers that are characteristic of the functional groups: 1 = 1720 cm™ (C=0 stretch in
COOH), 2 = 1630 cm™" (aromatic C=C stretch and/or asymmetric COO- stretch), 3 = 1400 cm-
! (symmetric COO- stretch), 4 = 1050 cm™ (C-O stretch of carbohydrates)'®87:88,

We observed preferential adsorption of certain organic functional groups to ferrihydrite
for all WEOMs (Figure 3). The magnitude of this effect was higher for palsa and bog WEOM
than for fen WEOM. For example, the main OC functional groups bound on ferrihydrite from

palsa WEOM were carboxylic (1400 and 1630 cm™) and aromatic groups (1630 cm™). In
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contrast, carbohydrates of palsa WEOM were adsorbed to a lower degree on ferrihydrite
compared to carboxylic and aromatic groups. Preferential adsorption has been observed with
plant litter or peat-derived OC in some previous studies with ferrihydrite and other Fe
oxyhydroxides 208990 Coprecipitation led to less preferential binding of OC than adsorption
for both palsa and bog WEOM, likely due to higher C:Fe ratios in the solid and more organic-

organic interactions?'.

To assess the change in OC preferential binding semi-quantitatively and compare
changes between WEOM types, we calculated peak ratios (PR) of aromatic C=C and COO-
peaks to carbohydrate peaks before and after binding, respectively (Table S10). These ratios,
also termed humification indices in the context of organic matter decomposition®’, are used to
show the selective decrease or increase of a particular functional group. Peak ratios generally
increased after binding. Selective binding of aromatic groups relative to carbohydrates was
highest for adsorption with palsa and bog WEOM (based on increases in PR values of 128
and 151%, respectively) while PR after adsorption of fen WEOM increased only by 17%.
Similarly, the carboxylic to carbohydrate PR increased by 157 and 100% after adsorption of
palsa and bog WEOM on ferrihydrite, while the PR for fen WEOM increased only by 25%.
Selective binding may be higher for palsa and bog WEOM since they contain more oxidized
OC moieties (e.g., carboxylic groups) than fen WEOM that have been shown to display a
higher adsorption affinity to Fe(lll) (oxyhydr)oxides®®%. Coprecipitation of palsa WEOM with
oxidized Fe(ll) generally led to lower preferential binding of WEOM, with increases in PR by
50 and 33% for aromatic/carbohydrates and carboxylic/carbohydrates, respectively.
Coprecipitation of bog WEOM induced almost no change in either PR. Taken together, OC
binding to Fe(lll) (oxyhydr)oxides in permafrost systems seems to be selective, favouring
binding of carboxyl- and aromatic-rich OC moieties, especially during adsorption. However,

this effect is lower under fully thawed conditions.
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Aqueous phase characterization using FT-ICR-MS

Ultrahigh resolution mass spectrometry was used to evaluate the changes in OC
composition in solution after adsorption and coprecipitation (see initial OC composition in
Figure S9). For both sets of experiments, the remaining WEOM in solution after binding was
enriched in compounds with a low O/C and high H/C ratio (Figure 4). Compounds with these
formulae therefore remained in solution while more aromatic or unsaturated (low H/C ratio)
and more oxygen-containing OC (high O/C ratio) compounds preferentially bound.
Simultaneously, higher molecular weight molecules (with the same number of C atoms) were

preferentially bound in all experiments (Figure S8).

We expect that high molecular weight compounds are bound to a higher extent since
they are less soluble, more hydrophobic and contain more functional groups; hence they may
partition into the solid phase. We also detected a decrease in the NOSC of OC in solution in
all experiments (Table S11), meaning more oxidized OC compounds are preferentially bound.
The change in NOSC was generally higher in adsorption compared to coprecipitation
experiments, and highest after adsorption of bog WEOM to ferrihydrite (decrease from 0.02 to
-0.20). These general trends are similar to selective binding of other terrestrial OC sources on
Fe(Ill) (oxyhydr)oxides?%2"9-92_ Moreover, direct observations of Fe-bound OC composition in
thawing permafrost soils by Patzner et al. (2022)* also indicate the preferential binding of

aromatic-rich and high molecular weight OC.

When comparing changes of different OC classes according to the modified aromaticity
index, it was apparent that aromatic OC was preferentially adsorbed in all experiments (Figure
4F). Adsorption induced a higher preferential binding of aromatic moieties than coprecipitation
for both palsa and bog WEOM, consistent with the FTIR spectroscopy results. Comparing
within the adsorption experiments, the relative change in aromatic groups is similar with OC
from all thaw stages (11-14% increase after adsorption). In contrast, preferential binding of
aromatic OC by coprecipitation is slightly higher in bog WEOM (11%) than palsa WEOM (7%),
contradictory to the trends detected by FTIR. We assume these discrepancies stem from the
insensitivity of FTIR spectroscopy to detect small changes in bound OC functional groups and
possibly from the sample preparation step SPE, which only extracts a subset of OC

molecules®®.
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Figure 4. Van Krevelen diagrams showing changes in WEOM composition from palsa (A, B),
bog (C, D) and fen (E) soils before and after adsorption (A, C, E) and coprecipitation (B, D).
Organic compounds which are preferentially bound during adsorption or coprecipitation are
displayed in blue and those retained in solution in red. (F) Change in molecular classes based
on modified aromaticity index calculated for all experiments. Negative values indicate
preferential adsorption while positive values mean compounds with formulae in those classes

remained in solution.

45



To test changes in aromaticity over all initial C:Fe values, SUVA24 was measured.
Results also indicated that aromaticity in palsa and bog WEOM after adsorption decreased
compared to the initial WEOM (Figure S10). With decreasing DOC concentration in
equilibrium, this preferential adsorption of aromatic groups in palsa and bog WEOM increased,
as already reported elsewhere'®%°. However, fen WEOM showed increasing SUVAzs4 values
with increasing DOC in equilibrium, meaning aromatic groups preferentially adsorbed with
increasing DOC concentration. Since fen WEOM is rich in complex carbohydrates and amino
acids®!, we speculate that those OC groups could dominate at lower WEOM concentrations
and are thus bound to the mineral surface in a higher proportion than aromatic groups. Support
for the dependence of preferential binding on initial composition is also given by Eusterhues
et al. (2011)?2 who found that different polysaccharides in a forest-floor extract preferentially
adsorbed to ferrihydrite. SUVA2s4 values after coprecipitation of palsa WEOM also decreased
with decreasing equilibrium DOC concentration, while those after coprecipitation with bog
WEOM stayed constant (Figure S10). This points toward a higher preferential binding effect
for palsa WEOM compared to bog WEOM.

Effect of preferential binding of organic matter on bioavailability towards microbial

decomposition

We considered different parameters to judge the effect of selective binding of WEOM on
changes to the bioavailability of dissolved OC. We considered structure, represented by
aromaticity and double bond equivalents in the FT-ICR-MS data and partially by FTIR spectra
and SUVA values as well as molecular weight based on FT-ICR-MS data. Based on these
parameters, we propose that more bioavailable OC is likely relatively enriched in solution after
adsorption and coprecipitation. The preferential binding of aromatic and high molecular weight
compounds would leave smaller, more aliphatic compounds in solution that are considered to
be more labile towards microbial decomposition. This is supported by the work of Li et al.
(2021)%° who found that the extent of aerobic microbial degradation of ferrihydrite-bound OC,
which was later again desorbed into the aqueous phase, was considerably lower than the

original OC.

We also considered NOSC as an indicator for bioavailability. This parameter differed
from our proposed trend. The average NOSC of OC in solution decreased after binding,
implying that compounds that were energetically favorable towards decomposition were bound
in the (formed) Fe-OC associations. Based on theoretical definitions, the remaining dissolved
low-NOSC compounds are more difficult to degrade for microorganisms®. Possible reasons

for this discrepancy are that NOSC is purely based on formula and not on structure or
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molecular weight of OC molecules. Bioavailability can also be regarded similar to energy
availability, which is the ratio of invested to returned energy during OC decomposition®. This
emergent definition indicates that the total energy within an OC compound, which is
proportional to its NOSC, may not be exactly related to what compound will be used energy
efficiently by microorganisms®’. Further research should therefore focus on how compounds
of similar NOSC but different structure are respired by microorganisms. As we see limitations
in the interpretation of NOSC for bioavailability in this context, we consider the other indicators
(supported by the bioavailability experiments by Li et al. (2021)?°) as more reliable. Therefore,
the changes in OC composition after binding indicate that less bioavailable OC is selectively
bound to Fe(lll) oxyhydroxides in thawing permafrost soils, leaving easier degradable

compounds in solution.

Conclusions

Our findings provide insights into the potential of Fe(lll) (oxyhydr)oxides to bind
porewater OC in (permafrost) peatlands. We found higher C:Fe ratios in Fe-OC associations
formed by coprecipitation than by adsorption, even at relatively low initial C:Fe ratios. Given
that very high C:Fe ratios (5-16 [g C g Fe]) were observed in a variety of (permafrost)
peatlands?62894  coprecipitation as simulated in our study could be the major pathway for the
formation of Fe-OC associations in palsa and bog ecosystems. It is feasible that the bound OC
content is higher in a natural setting than in Fe-OC associations formed in batch experiments
since DOC would be continuously supplied under natural conditions and reaction time scales
are likely longer than 3 days. Coprecipitation thus likely plays a large role at trapping OC at
redox interfaces, while adsorption, although binding less OC, is more relevant in upper, oxic

soil layers.

Our results indicate that maximum adsorption capacities of OC drastically decreased
from palsa and bog soils to fully thawed fen soils. This would mean that Fe(lll) (oxyhydr)oxides
provide less protection for OC in fully thawed, circumneutral permafrost conditions. Further, as
more palsa soils transition to bogs or fens in the future, several processes could alter the
binding of OC to poorly crystalline Fe(lll) (oxyhydr)oxides. First, already existing Fe-OC
coprecipitates could possibly further adsorb OC once they are formed. Second, under anoxic
conditions in further thaw stages, the formed Fe-OC associations are likely to be microbially
reduced and dissolved, releasing Fe** and OC into solution*®. Based on the high quantities of
bound OC to Fe minerals in palsa and bog soils, this would lead to a substantial OC release
during transitions between thaw stages. The previously Fe-bound OC could then be used for

anaerobic respiration, increasing CO2 emissions and may ultimately also increase CHs
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emissions by supplying more dissolved OC. It is also possible that the released OC is partly
bound by phyllosilicate or iron sulfide minerals, which are present in the fen soil?®. Further, our
observed preferential binding effects imply that Fe mineral protection of OC in permafrost soils
is biased towards less bioavailable OC (albeit to a lower extent during coprecipitation than
adsorption). This may affect OC cycling in primarily oxic soil horizons of permafrost soils since
unbound, low-molecular weight compounds could partly be respired by microorganisms. Thus,
Fe(lll) (oxyhydr)oxides may limit DOC concentrations, especially in palsa and bog ecosystems,

but may not substantially inhibit microbially mediated CO2 emissions.

Acknowledgements

This work was funded by the German Research foundation (DFG, KA 1736/66-1). A.K.
acknowledges infrastructural support by the DFG under Germany’s Excellence Strategy,
cluster of Excellence EXC2124, project ID 390838134. Overall, we would like to thank the
Swedish Polar Research Secretariat and SITES for the support of the work done at the Abisko
Scientific Research Station. Special thanks go to Jennie Wikstrom and Erik Lundin for their
help in the organization of the field campaign and sample shipment. We are also grateful to
Ankita Chauhan, Katrin Wunsch, and Marie Mollenkopf for field assistance. We thank Hayley
Green for assistance in laboratory analysis, as well as Lars Grimm and Tsz Ho Chiu for freeze-
drying and BET measurements. We also thank Annette Flicker for her instructions during FTIR
measurements and Thomas Borch for providing the XAS spectra of Fe(lll)-OC references. We
acknowledge SOLEIL (proposal nr. 20210970) for the use of the synchrotron radiation facilities
and thank Gautier Landrot (SAMBA) for his help during the synchrotron data collection. The

graphic abstract figure was made using BioRender.com.

48



References

1.

10.

11.

12.

13.

14.

15.

16.

Hugelius G, Strauss J, Zubrzycki S, Harden JW, Schuur EAG, Ping C-L, et al.
Estimated stocks of circumpolar permafrost carbon with quantified uncertainty ranges
and identified data gaps. Biogeosciences 2014;11(23):6573-93.

Schuur EAG, McGuire AD, Schadel C, Grosse G, Harden JW, Hayes DJ, et al. Climate
change and the permafrost carbon feedback. Nature 2015;520(7546):171-9.

Sihi D, Inglett PW, Gerber S, Inglett KS. Rate of warming affects temperature sensitivity
of anaerobic peat decomposition and greenhouse gas production. Glob Chang Biol
2018;24(1):e259-e274.

Ernakovich JG, Lynch LM, Brewer PE, Calderon FJ, Wallenstein MD. Redox and
temperature-sensitive changes in microbial communities and soil chemistry dictate
greenhouse gas loss from thawed permafrost. Biogeochemistry 2017;134(1-2):183—
200.

Couwenberg J, Thiele A, Tanneberger F, Augustin J, Barisch S, Dubovik D, et al.
Assessing greenhouse gas emissions from peatlands using vegetation as a proxy.
Hydrobiologia 2011;674(1):67-89.

Woodcroft BJ, Singleton CM, Boyd JA, Evans PN, Emerson JB, Zayed AAF, et al.
Genome-centric view of carbon processing in thawing permafrost. Nature
2018;560(7716):49-54.

Porras RC, Hicks Pries CE, Torn MS, Nico PS. Synthetic iron (hydr)oxide-glucose
associations in subsurface soil: Effects on decomposability of mineral associated
carbon. Sci Total Environ 2018;613-614:342-51.

Kleber M, Bourg IC, Coward EK, Hansel CM, Myneni SCB, Nunan N. Dynamic
interactions at the mineral-organic matter interface. Nat Rev Earth Environ 2021.

Rasmussen C, Heckman K, Wieder WR, Keiluweit M, Lawrence CR, Berhe AA, et al.
Beyond clay: towards an improved set of variables for predicting soil organic matter
content. Biogeochemistry 2018;137(3):297-306.

Saidy AR, Smernik RJ, Baldock JA, Kaiser K, Sanderman J. The sorption of organic
carbon onto differing clay minerals in the presence and absence of hydrous iron oxide.
Geoderma 2013;209-210:15-21.

Zhu E, Liu Z, Wang S, Wang Y, Liu T, Feng X. Organic Carbon and Lignin Protection
by Metal Oxides Versus Silicate Clay: Comparative Study Based on Wetland and
Upland Soils. J. Geophys. Res. Biogeosci. 2023;128(7).

Gentsch N, Mikutta R, Shibistova O, Wild B, Schnecker J, Richter A, et al. Properties
and bioavailability of particulate and mineral-associated organic matter in Arctic
permafrost soils, Lower Kolyma Region, Russia. Eur J Soil Sci 2015;66(4):722—-34.

Kleber M, Eusterhues K, Keiluweit M, Mikutta C, Mikutta R, Nico PS. Mineral-Organic
Associations: Formation, Properties, and Relevance in Soil Environments. In: Elsevier;
2015, p. 1-140.

Eusterhues K, Wagner FE, Hausler W, Hanzlik M, Knicker H, Totsche KU, et al.
Characterization of ferrihydrite-soil organic matter coprecipitates by X-ray diffraction
and Mdssbauer spectroscopy. Environ. Sci. Technol. 2008;42(21):7891-7.

Shimizu M, Zhou J, Schréder C, Obst M, Kappler A, Borch T. Dissimilatory reduction
and transformation of ferrihydrite-humic acid coprecipitates. Environ Sci Technol
2013;47(23):13375-84.

Eusterhues K, Hadrich A, Neidhardt J, Kisel K, Keller TF, Jandt KD, et al. Reduction
of ferrihydrite with adsorbed and coprecipitated organic matter: microbial reduction by

49



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

50

Geobacter bremensis vs. abiotic reduction by Na-dithionite. Biogeosciences
2014;11(18):4953-66.

Mikutta C. X-ray absorption spectroscopy study on the effect of hydroxybenzoic acids
on the formation and structure of ferrihydrite. Geochimica et Cosmochimica Acta
2011;75(18):5122-39.

Angelico R, Ceglie A, He J-Z, Liu Y-R, Palumbo G, Colombo C. Particle size, charge
and colloidal stability of humic acids coprecipitated with Ferrihydrite. Chemosphere
2014;99:239-47.

Chen C, Dynes JJ, Wang J, Sparks DL. Properties of Fe-organic matter associations
via coprecipitation versus adsorption. Environ Sci Technol 2014;48(23):13751-9.

Li Y, Lv J, Cao D, Zhang S. Interfacial Molecular Fractionation Induces Preferential
Protection of Biorefractory Organic Matter by Ferrihydrite. ACS Earth Space Chem.
2021.

Zhu X, Wang K, Liu Z, Wang J, Wu E, Yu W, et al. Probing Molecular-Level Dynamic
Interactions of Dissolved Organic Matter with Iron Oxyhydroxide via a Coupled
Microfluidic Reactor and an Online High-Resolution Mass Spectrometry System.
Environ. Sci. Technol. 2023;57(7):2981-91.

Eusterhues K, Rennert T, Knicker H, Kégel-Knabner |, Totsche KU, Schwertmann U.
Fractionation of organic matter due to reaction with ferrihydrite: coprecipitation versus
adsorption. Environ Sci Technol 2011;45(2):527-33.

Coward EK, Ohno T, Plante AF. Adsorption and Molecular Fractionation of Dissolved
Organic Matter on Iron-Bearing Mineral Matrices of Varying Crystallinity. Environ Sci
Technol 2018;52(3):1036—44.

Liu F, Qin S, Fang K, Chen L, Peng Y, Smith P, et al. Divergent changes in particulate
and mineral-associated organic carbon upon permafrost thaw. Nat Commun
2022;13(1):5073.

Martens J, Mueller CW, Joshi P, Rosinger C, Maisch M, Kappler A, et al. Stabilization
of mineral-associated organic carbon in Pleistocene permafrost. Nat Commun
2023;14(1):2120.

Joss H, Patzner MS, Maisch M, Mueller CW, Kappler A, Bryce C. Cryoturbation impacts
iron-organic carbon associations along a permafrost soil chronosequence in northern
Alaska. Geoderma 2022;413:115738.

Mu CC, Zhang TJ, Zhao Q, Guo H, Zhong W, Su H, et al. Soil organic carbon
stabilization by iron in permafrost regions of the Qinghai-Tibet Plateau. Geophys. Res.
Lett. 2016;43(19):10,286-10,294.

Patzner MS, Mueller CW, Malusova M, Baur M, Nikeleit VV, Scholten T, et al. Iron
mineral dissolution releases iron and associated organic carbon during permafrost
thaw. Nat Commun 2020;11(1):6329.

Wilson RM, Hough MA, Verbeke BA, Hodgkins SB, Chanton JP, Saleska SD, et al.
Plant organic matter inputs exert a strong control on soil organic matter decomposition
in a thawing permafrost peatland. Sci Total Environ 2022:152757.

Malmer N, Johansson T, Olsrud M, Christensen TR. Vegetation, climatic changes and
net carbon sequestration in a North-Scandinavian subarctic mire over 30 years. Glob
Chang Biol 2005;0(0):051006062331004-7?7??

AminiTabrizi R, Wilson RM, Fudyma JD, Hodgkins SB, Heyman HM, Rich VI, et al.
Controls on Soil Organic Matter Degradation and Subsequent Greenhouse Gas
Emissions Across a Permafrost Thaw Gradient in Northern Sweden. Front. Earth Sci.
2020;8.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Perryman CR, McCalley CK, Malhotra A, Fahnestock MF, Kashi NN, Bryce JG, et al.
Thaw Transitions and Redox Conditions Drive Methane Oxidation in a Permafrost
Peatland. J. Geophys. Res. Biogeosci. 2020;125(3).

Hough M, McCabe S, Vining SR, Pickering Pedersen E, Wilson RM, Lawrence R, et
al. Coupling plant litter quantity to a novel metric for litter quality explains C storage
changes in a thawing permafrost peatland. Glob Chang Biol 2022;28(3):950—68.

Kane ES, Veverica TJ, Tfaily MM, Lilleskov EA, Meingast KM, Kolka RK, et al.
Reduction-Oxidation Potential and Dissolved Organic Matter Composition in Northern
Peat Soil: Interactive Controls of Water Table Position and Plant Functional Groups. J.
Geophys. Res. Biogeosci. 2019;124(11):3600-17.

Guo Z, Wang Y, Wan Z, Zuo Y, He L, Li D, et al. Soil dissolved organic carbon in
terrestrial ecosystems: Global budget, spatial distribution and controls. Global Ecol.
Biogeogr. 2020;29(12):2159-75.

Heffernan L, Kothawala DN, Tranvik LJ. Review article: Terrestrial dissolved organic
carbon in northern permafrost. The Cryosphere 2024;18(3):1443-65.

Monhonval A, Strauss J, Mauclet E, Hirst C, Bemelmans N, Grosse G, et al. Iron
Redistribution Upon Thermokarst Processes in the Yedoma Domain. Front. Earth Sci.
2021;9.

Patzner MS, Kainz N, Lundin E, Barczok M, Smith C, Herndon E, et al. Seasonal
Fluctuations in Iron Cycling in Thawing Permafrost Peatlands. Environ. Sci. Technol.
2022;56(7):4620-31.

Monhonval A, Mauclet E, Hirst C, Bemelmans N, Eekman E, Schuur EA, et al. Mineral
organic carbon interactions in dry versus wet tundra soils. Geoderma
2023;436:116552.

Hodgkins SB, Tfaily MM, McCalley CK, Logan TA, Crill PM, Saleska SR, et al. Changes
in peat chemistry associated with permafrost thaw increase greenhouse gas
production. Proc Natl Acad Sci U S A 2014;111(16):5819-24.

Holmes ME, Crill PM, Burnett WC, McCalley CK, Wilson RM, Frolking S, et al. Carbon
Accumulation, Flux, and Fate in Stordalen Mire, a Permafrost Peatland in Transition.
Global Biogeochem. Cycles 2022;36(1).

Olefeldt D, Roulet NT, Bergeron O, Crill P, Backstrand K, Christensen TR. Net carbon
accumulation of a high-latitude permafrost palsa mire similar to permafrost-free
peatlands. Geophys. Res. Lett. 2012;39(3):n/a-n/a.

Lupascu M, Wadham JL, Hornibrook ERC, Pancost RD. Temperature Sensitivity of
Methane Production in the Permafrost Active Layer at Stordalen, Sweden: A
Comparison with Non-permafrost Northern Wetlands. Arctic, Antarctic, and Alpine
Research 2012;44(4):469-82.

Mondav R, Woodcroft BJ, Kim E-H, McCalley CK, Hodgkins SB, Crill PM, et al.
Discovery of a novel methanogen prevalent in thawing permafrost. Nat Commun
2014;5:3212.

Hodgkins SB, Tfaily MM, Podgorski DC, McCalley CK, Saleska SR, Crill PM, et al.
Elemental composition and optical properties reveal changes in dissolved organic
matter along a permafrost thaw chronosequence in a subarctic peatland. Geochimica
et Cosmochimica Acta 2016;187:123—40.

Patzner MS, Logan M, McKenna AM, Young RB, Zhou Z, Joss H, et al. Microbial iron
cycling during palsa hillslope collapse promotes greenhouse gas emissions before
complete permafrost thaw. Commun Earth Environ 2022;3(1).

51



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

52

Bhattacharyya A, Schmidt MP, Stavitski E, Martinez CE. Iron speciation in peats:
Chemical and spectroscopic evidence for the co-occurrence of ferric and ferrous iron
in organic complexes and mineral precipitates. Organic Geochemistry 2018;115:124—
37.

ThomasArrigo LK, Kretzschmar R. Iron speciation changes and mobilization of colloids
during redox cycling in Fe-rich, Icelandic peat soils. Geoderma 2022;428:116217.

Roden EE, Zachara JM. Microbial Reduction of Crystalline Iron(lll) Oxides: Influence
of Oxide Surface Area and Potential for Cell Growth. Environ. Sci. Technol.
1996;30(5):1618-28.

Larsen O, Postma D. Kinetics of reductive bulk dissolution of lepidocrocite, ferrihydrite,
and goethite. Geochimica et Cosmochimica Acta 2001;65(9):1367—79.

Schwertmann U, Cornell RM. Jron Oxides in the Laboratory: Preparation and
Characterization. 2" ed. Weinheim: Wiley-VCH; 2008.

Stookey LL. Ferrozine---a new spectrophotometric reagent for iron. Anal. Chem.
1970;42(7):779-81.

Olefeldt D, Roulet NT. Effects of permafrost and hydrology on the composition and
transport of dissolved organic carbon in a subarctic peatland complex. J. Geophys.
Res. 2012;117(G1).

Ravel B, Newville M. ATHENA and ARTEMIS Interactive Graphical Data Analysisusing
IFEFFIT. Phys. Scr. 2005;2005(T115):1007.

Dittmar T, Koch B, Hertkorn N, Kattner G. A simple and efficient method for the solid-
phase extraction of dissolved organic matter (SPE-DOM) from seawater. Limnol.
Oceanogr. Methods 2008;6(6):230-5.

Chen M, Kim S, Park J-E, Jung H-J, Hur J. Structural and compositional changes of
dissolved organic matter upon solid-phase extraction tracked by multiple analytical
tools. Anal Bioanal Chem 2016;408(23):6249-58.

Koch BP, Dittmar T. From mass to structure: an aromaticity index for high-resolution
mass data of natural organic matter. Rapid Commun. Mass Spectrom. 2006;20(5):926—
32.

LaRowe DE, van Cappellen P. Degradation of natural organic matter: A thermodynamic
analysis. Geochimica et Cosmochimica Acta 2011;75(8):2030—42.

Naughton HR, Keiluweit M, Tfaily MM, Dynes JJ, Regier T, Fendorf S. Development of
energetic and enzymatic limitations on microbial carbon cycling in soils.
Biogeochemistry 2021;153(2):191-213.

Gunina A, Kuzyakov Y. From energy to (soil organic) matter. Glob Chang Biol
2022;28(7):2169-82.

Dungait JAJ, Hopkins DW, Gregory AS, Whitmore AP. Soil organic matter turnover is
governed by accessibility not recalcitrance. Glob Chang Biol 2012;18(6):1781-96.

Hu Z, McKenna AM, Wen K, Zhang B, Mao H, Goual L, et al. Controls of Mineral
Solubility on Adsorption-Induced Molecular Fractionation of Dissolved Organic Matter
Revealed by 21 T FT-ICR MS. Environ. Sci. Technol. 2024,58(5):2313-22.

Cornell RM, Schwertmann U. The iron oxides. 2" ed. Weinheim: Wiley-VCH; 2003.

Tipping E. The adsorption of aquatic humic substances by iron oxides. Geochimica et
Cosmochimica Acta 1981;45(2):191-9.



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Jain A, Raven KP, Loeppert RH. Arsenite and Arsenate Adsorption on Ferrihydrite:
Surface Charge Reduction and Net OH - Release Stoichiometry. Environ. Sci. Technol.
1999;33(8):1179-84.

Bompoti N, Chrysochoou M, Machesky M. Surface structure of ferrihydrite: Insights
from modeling surface charge. Chemical Geology 2017;464:34—45.

Gu B, Schmitt J, Chen Z, Liang L, McCarthy JF. Adsorption and desorption of natural
organic matter on iron oxide: mechanisms and models. Environ. Sci. Technol.
1994;28(1):38—46.

Gu B, Schmitt J, Chen Z, Liang L, McCarthy JF. Adsorption and desorption of different
organic matter fractions on iron oxide. Geochimica et Cosmochimica Acta
1995;59(2):219-29.

McAdams BC, Hudson J, Arnold WA, Chin Y-P. Effects of aquatic dissolved organic
matter redox state on adsorption to goethite. Aquat Sci 2023;85(1).

Sowers TD, Adhikari D, Wang J, Yang Y, Sparks DL. Spatial Associations and
Chemical Composition of Organic Carbon Sequestered in Fe, Ca, and Organic Carbon
Ternary Systems. Environ. Sci. Technol. 2018;52(12):6936—44.

Sodano M, Lerda C, Nistico R, Martin M, Magnacca G, Celi L, et al. Dissolved organic
carbon retention by coprecipitation during the oxidation of ferrous iron. Geoderma
2017;307:19-29.

Possinger AR, Zachman MJ, Dynes JJ, Regier TZ, Kourkoutis LF, Lehmann J. Co-
precipitation induces changes to iron and carbon chemistry and spatial distribution at
the nanometer scale. Geochimica et Cosmochimica Acta 2021;314:1-15.

Chen K-Y, Chen T-Y, Chan Y-T, Cheng C-Y, Tzou Y-M, Liu Y-T, et al. Stabilization of
Natural Organic Matter by Short-Range-Order Iron Hydroxides. Environ. Sci. Technol.
2016;50(23):12612-20.

Nierop KGJ, Jansen B, Verstraten JM. Dissolved organic matter, aluminium and iron
interactions: precipitation induced by metal/carbon ratio, pH and competition. Science
of The Total Environment 2002;300(1-3):201-11.

Theis TL, Singer PC. Complexation of iron(ll) by organic matter and its effect on iron(ll)
oxygenation. Environ. Sci. Technol. 1974;8(6):569-73.

Daugherty EE, Gilbert B, Nico PS, Borch T. Complexation and Redox Buffering of
Iron(ll) by Dissolved Organic Matter. Environ. Sci. Technol. 2017;51(19):11096—-104.

Ma H, Wang P, Thompson A, Xie Q, Zhu M, Teng HH, et al. Secondary Mineral
Formation and Carbon Dynamics during FeS Oxidation in the Presence of Dissolved
Organic Matter. Environ. Sci. Technol. 2022;56(19):14120-32.

Young R, Avneri-Katz S, McKenna A, Chen H, Bahureksa W, Polubesova T, et al.
Composition-Dependent Sorptive Fractionation of Anthropogenic Dissolved Organic
Matter by Fe(lll)-Montmorillonite. Soil Syst. 2018;2(1):14.

Byrne JM, Kappler A. A revised analysis of ferrihydrite at liquid helium temperature
using Méssbauer spectroscopy. American Mineralogist 2022;107(8):1643-51.

Murad E, Cashion J. Mdssbauer Spectroscopy of Environmental Materials and Their
Industrial Utilization. New York, NY: Springer; 2011.

Murad E, Schwertmann U. The influence of crystallinity on the Méssbauer spectrum of
lepidocrocite. Mineral. mag. 1984,48(349):507—11.

Schwertmann U, Wagner F, Knicker H. Ferrihydrite—Humic Associations. Soil Science
Society of America Journal 2005;69(4):1009-15.

53



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

54

ThomasArrigo LK, Notini L, Shuster J, Nydegger T, Vontobel S, Fischer S, et al. Mineral
characterization and composition of Fe-rich flocs from wetlands of Iceland: Implications
for Fe, C and trace element export. Sci Total Environ 2022;816:151567.

Curti L, Moore OW, Babakhani P, Xiao K-Q, Woulds C, Bray AW, et al. Carboxyl-
richness controls organic carbon preservation during coprecipitation with iron
(oxyhydr)oxides in the natural environment. Commun Earth Environ 2021;2(1):1-13.

Mikutta C, Frommer J, Voegelin A, Kaegi R, Kretzschmar R. Effect of citrate on the
local Fe coordination in ferrihydrite, arsenate binding, and ternary arsenate complex
formation. Geochimica et Cosmochimica Acta 2010;74(19):5574-92.

Michel FM, Ehm L, Antao SM, Lee PL, Chupas PJ, Liu G, et al. The structure of
ferrihydrite, a nanocrystalline material. Science 2007;316(5832):1726-9.

Niemeyer J, Chen Y, Bollag J-M. Characterization of Humic Acids, Composts, and Peat
by Diffuse Reflectance Fourier-Transform Infrared Spectroscopy. Soil Science Society
of America Journal 1992;56(1):135—40.

Tfaily MM, Cooper WT, Kostka JE, Chanton PR, Schadt CW, Hanson PJ, et al. Organic
matter transformation in the peat column at Marcell Experimental Forest: Humification
and vertical stratification. J. Geophys. Res. Biogeosci. 2014;119(4):661-75.

Kaiser K, Guggenberger G. Sorptive stabilization of organic matter by microporous
goethite: sorption into small pores vs. surface complexation. Eur J Soil Sci
2007;58(1):45-59.

Lv J, Zhang S, Wang S, Luo L, Cao D, Christie P. Molecular-Scale Investigation with
ESI-FT-ICR-MS on Fractionation of Dissolved Organic Matter Induced by Adsorption
on Iron Oxyhydroxides. Environ Sci Technol 2016;50(5):2328-36.

Coward EK, Ohno T, Sparks DL. Direct Evidence for Temporal Molecular Fractionation
of Dissolved Organic Matter at the Iron Oxyhydroxide Interface. Environ Sci Technol
2019;53(2):642-50.

Riedel T, Zak D, Biester H, Dittmar T. Iron traps terrestrially derived dissolved organic
matter at redox interfaces. Proc Natl Acad Sci U S A 2013;110(25):10101-5.

Boye K, Noél V, Tfaily MM, Bone SE, Williams KH, Bargar JR, et al. Thermodynamically
controlled preservation of organic carbon in floodplains. Nat. Geosci. 2017;10(6):415—
9.

Huang X, Liu X, Liu J, Chen H. Iron-bound organic carbon and their determinants in
peatlands of China. Geoderma 2021;391:114974.

Lagarec K, Rancourt DG. Extended Voigt-based analytic lineshape method for
determining N-dimensional correlated hyperfine parameter distributions in Méssbauer
spectroscopy. Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms 1997;129(2):266—80.

Brunauer S, Emmett PH, Teller E. Adsorption of Gases in Multimolecular Layers. J.
Am. Chem. Soc. 1938;60(2):309-19.

Kaur N, Grafe M, Singh B, Kennedy B. Simultaneous Incorporation of Cr, Zn, Cd, and
Pb in the Goethite Structure. Clays and Clay Minerals 2009;57(2):234-50.

Waychunas G, Rea B, Fuller C, Davis J. Surface chemistry of ferrihydrite: Part 1.
EXAFS studies of the geometry of coprecipitated and adsorbed arsenate. Geochimica
et Cosmochimica Acta 1993;57(10):2251-69.

ThomasArrigo LK, Kaegi R, Kretzschmar R. Ferrihydrite Growth and Transformation in
the Presence of Ferrous Iron and Model Organic Ligands. Environ. Sci. Technol.
2019;53(23):13636—47.



100.

101.

Mikutta C, Mikutta R, Bonneville S, Wagner F, Voegelin A, Christl I, et al. Synthetic
coprecipitates of exopolysaccharides and ferrihydrite. Part I: Characterization.
Geochimica et Cosmochimica Acta 2008;72(4):1111-27.

Karlsson T, Persson P. Coordination chemistry and hydrolysis of Fe(lll) in a peat humic
acid studied by X-ray absorption spectroscopy. Geochimica et Cosmochimica Acta
2010;74(1):30-40.

55



Supporting Information
Text S1. Ferrihydrite characterization

>"Fe Mossbauer spectroscopy was used to confirm mineral identity. Samples were
inserted into a closed-cycle exchange gas cryostat (Janis cryogenics) under a backflow of He.
Spectra were collected at 6 K using a constant acceleration drive system (WissEL) in
transmission mode with a °’Co/Rh source. All spectra were calibrated against an a-*’Fe foil
that was measured at room temperature. Data analysis was performed using Recoil (University
of Ottawa) and the extended Voigt Based Fitting routine®. The half width at half maximum was

constrained to 0.138 mm s during fitting.

Specific surface area was determined by Micromeritics Gemini VIl surface area and
porosity analyzer (Micromeritics Instrument Corporation, USA) on freeze-dried aliquots. For
surface area analysis, freeze-dried samples were outgassed with N; for 24 h at 298 K to avoid
mineral transformation’ and N, adsorption was quantified at 77 K at partial pressure ranges
from 0.05 to 0.3 p/po. Specific surface area was determined by the BET (Brunauer-Emmett-

Teller) equation®®,

Text S2. Calculation of bound organic carbon amount and Langmuir isotherm fitting

To calculate the mass of OC bound to ferrihydrite, the dissolved OC concentration
remaining in solution after adsorption (equilibrium DOC) was subtracted from the initial
dissolved OC concentration of each dilution and normalized to the measured ferrihydrite
content. The DOC concentration in DOC-free control was used for blank correction. The mass
of bound OC in all the adsorption experiments was used to create Langmuir isotherms which
enable to calculate the maximum adsorption capacity (gmax) of each WEOM type to
ferrinydrite®3:

I A Eq (1)
max1+KLXCeq

The variable q stands for the amount of adsorbed OC [mg OC g™ Fh], Ky is the sorption
coefficient [L mg™ C] and ceq is the equilibrium concentration of DOC in the aqueous phase
[mg C L"]. Best fit parameters of K. and qmax Were obtained by minimizing the square difference
of the q values based on experimental data and the initial model. A 95% confidence interval

was calculated to assess the uncertainty of the model fit.
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Text S3. Fe K-edge X-ray absorption spectroscopy (XAS)

Data processing included energy calibration of all sample spectra to the reference foil,
pre-edge subtraction and post-edge normalization, as well as adjustment of the edge energy
of each spectrum to the zero-crossing of the second-derivative of the X-ray absorption near-
edge structure (XANES) region using Athena®*. Linear combination fitting (LCF) of the XANES
spectra was done from -20 to 30 eV (around the edge energy) with ferrihydrite and Fe(ll)-citrate
as references to determine Fe oxidation state. Fe speciation was determined by LCF of the k-
weighted extended X-ray absorption fine structure (EXAFS) spectra in a k range from 2 to 11
A", The following references were included: ferrihydrite, lepidocrocite, Fe(lll)-citrate and
Fe(lll)-catechol. The edge energy of all spectra and reference samples was set to 7128 eV.
Components were constrained between 0 and 100% during LCF fitting, but no constraints were
set for the sum of all components. Initial fractions of detected Fe phases were re-calculated to
sum up to 100%. The Fe binding environment was further determined by shell fitting, using
Artemis®*. Therefore, the k3-weighted EXAFS spectra were Fourier-transformed in a k-range
from 2 to 12 A" using the Kaiser-Bessel window function, width of 3 A" and Rbkg of 1.
Theoretical phase-shift and amplitude functions were calculated with FEFF v.6 based on the

structure of goethite®’.

Text S4. Fourier-transform ion-cyclotron-resonance mass spectrometry (FT-ICR-MS)

Samples were injected undiluted into the electrospray chamber at 120 pL/h by a syringe
pump. 500 scans were averaged per sample and spectra were internally calibrated using well-
known constituents of NOM spanning m/z ratios from 255 to 949 with a mass error less than
0.5 ppm. Data processing was done using Compass Data Analysis (Bruker, Bremen,
Germany) and formula assignment of peaks with a signal to noise ratio higher than 4 was
performed by an in-house software of the Research Unit Analytical Biogeochemistry
(Helmholtz Center Munich). Recovery of the solid phase extraction was checked by drying
methanol extracts under constant N, flow. Samples were re-dissolved with DDI water and
dissolved OC concentration was measured by a TOC analyzer (multi N/C 2100S, Analytik Jena
AG, Germany). Recovery was 84 + 28%. It is known that SPE has a bias towards specific OC
classes but we assume that this bias is similar for samples before and after binding for each
WEOM type.

Text S5. Shell fitting of Fourier-transformed Fe K-edge EXAFS

To elucidate changes in local coordination environment and crystal structure, we

conducted shell fitting analysis on the Fourier-transformed Fe K-edge EXAFS region. All
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spectra showed two dominant shells: one at ca. 1.99 A, corresponding to a single scatter Fe-
O path, and one feature ranging from 2.1 to 3.6 A, which was fit with two single-scatter Fe-Fe
paths (Figure S). The two Fe-Fe paths are defined as edge-sharing Fe-Fes (R= 3.00-3.05 A)
and corner-sharing Fe-Fe, (R=3.41-3.47 A). Their coordination numbers (CNs) varied
depending on OC binding mechanism (adsorption vs coprecipitation) and type of used WEOM
(Table S7). All samples of ferrihydrite with adsorbed WEOM had CNs that are typical for
ferrihydrite'7:98%° with 2.1-2.6 and 1.9 for Fe-Fes and Fe-Fe,, respectively. In contrast, CNs of
Fe-Fe, were slightly lower in coprecipitates (0.6 for coprecipitates with palsa WEOM and 1.4
for coprecipitates with bog WEOM). A decrease in corner-sharing Fe-Fe paths due to
increased OC content has been described before®® ' and could indicate lower ferrihydrite
particle size® and/or lower crystallinity due to impeded crystal growth in the crystallographic z-
axis®. However, our CN values cannot be directly compared between adsorption and
coprecipitation samples, since Debye-Waller parameters (0?) were differently defined in each
set, according to the mean values of initially floated o2 of samples in each set. The values of
o2 could be slightly different due to structural ordering differences”'°'. Within the coprecipitate
set, the ones formed with palsa WEOM are likely more poorly crystalline than with bog WEOM,
based on CN values of Fe-Fe paths. A higher proportion of carboxylic groups could lead to a

lower crystallinity84.
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Map of Stordalen Mire (Abisko, Sweden) with marked sampling points.

Abbreviation OH stands for organic horizon (used for water extracts). Image from Google

Earth, taken in August 2022.
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Figure S2. Percentage of precipitated Fe (left) and organic carbon (right) from WEOM of palsa
and bog soils by coprecipitation as function of the initial molar C/Fe ratio [mol/mol]. All data

points and error bars represent the average and standard deviation of experimental triplicates.
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Figure S3. Linear combination fitting of Fe K-edge X-ray absorption near edge structure
spectra of ferrihydrite with adsorbed WEOM (ads) of palsa, bog and fen soils, and Fe-OC
coprecipitates (cop) synthesized with WEOM from palsa and bog soils (A). Speciation of Fe in
Fe-OC associations. The same labelling as for graph (A) applies. All Fe was Fe(lll) (B).
Ferrihydrite and Fe(ll)-citrate were used as reference spectra for Fe(lll) and Fe(ll),

respectively.
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Figure S4. Fe K-edge Fourier-transform magnitudes of ferrihydrite with adsorbed WEOM (ads)
of palsa, bog and fen, and Fe-OC coprecipitates (cop) synthesized with WEOM from palsa and
bog soils. Solid lines show the measured data and open circles represent the fitted model.
Fitting parameters are displayed in Table S7Fehler! Verweisquelle konnte nicht gefunden

werden..
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Figure S5. Méssbauer spectra of initial ferrihydrite (A) and with adsorbed WEOM from palsa
(B), bog (C) and fen (D), measured at 6 K.
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Figure S6. Example of a FTIR spectra from 900-3700 cm™' of solids post-adsorption using
WEOM from palsa. Numbers stand for the FTIR bands that were interpreted in the main text:
1=1720 cm™ (C=0 stretch in COOH), 2 = 1630 cm™" (aromatic C=C stretch and/or asymmetric
COO- stretch), 3 = 1400 cm™ (symmetric COO" stretch), 4 = 1050 cm™ (C-O stretch of

carbohydrates) according to the references given in Table S9.
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Figure S7. FTIR spectra of the initial WEOM of palsa, bog and fen soils used for adsorption
with ferrihydrite (ads) and of palsa and bog soils used for coprecipitation with dissolved Fe(ll)
(cop) in comparison to solid phase OM from the same soil horizon (OH= organic horizon) of
representative soil cores. Numbers stand for the following wavenumbers and functional
groups: 1 =1050 cm™ (C-O stretch of carbohydrates), 2 = 1400 cm™" (symmetric COO- stretch),
3 = 1630 cm™ (aromatic C=C stretch and/or asymmetric COO- stretch), 4 = 1720 cm™ (C=0
stretch in COOH).
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Figure S8. Molecular weight against number of C atoms in a detected molecule before and
after adsorption of ferrinydrite with WEOM of palsa (A), bog (C), and fen (E), and
coprecipitation of dissolved Fe(ll) with WEOM (B, D) from palsa (B) and bog (D) soils. Organic

matter compounds which are lost from the dissolved phase, i.e., preferentially bound during

adsorption or coprecipitation, are displayed in blue and those retained in solution in red.
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Figure S9. Initial composition of water-extractable organic matter from each experiment,
displaying Van Krevelen diagrams (H/C against O/C) of each OC compound. The size of each
circle represents the relative intensity of the given OC compound and the colour indicates the

elemental composition.
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Figure S$10. Specific ultraviolet absorption (SUVA2s4) measured at 254 nm of WEOM from
palsa, bog and fen soils after adsorption to ferrihydrite (A) or coprecipitation of dissolved Fe(ll)
with WEOM from palsa and bog soils (B) against the dissolved organic carbon in equilibrium.
The SUVA value of the initial WEOM is displayed as a dotted line for each experiment. Some
absolute absorption values were below detection limit (e.g. for bog adsorption experiment) and
are thus not included in the graph. All data points and error bars represent the average and

standard deviation of experimental triplicates, respectively.
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Table S1. Overview of conducted adsorption and coprecipitation experiments, including the
initial OC concentration in WEOM, pH of the experiment, resulting maximum OC binding
capacity (qmax) and goodness of fit (R?).

. thaw Initial OC max Qmax 2
Experiment stage [mg C/L] pH [mg C/gFh]? [mg C/g Fe] R
Ad i ith Palsa 17.9 45 204 391 0.96
ferf}g;%;ﬁg Wt Bog 9.81 45 226 433 0.80

Fen 12.7 6.0 80.9 155° 0.78
dissolved Fe(ll) Bog 23.5 4.5 1532° n.a.

@ estimated via Langmuir fitting
® re-calculated per g Fe for adsorption experiments
¢ based on highest measured C:Fe ratio in solid by coprecipitation
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Table S2. Parameters of adsorption experiments including specific surface area (SSA) of
ferrihydrite, initial molar C:Fe ratios in solution, added ferrihydrite concentrations and resulting

mean bound OC content.

SSA of added initial C:Fe added ferrihydrite bound OC

thaw stage  ferrihydrite ratio
[m?/g] [mol/mol] [mg/L] [mg C/g Fh]

Palsa 195 0.5 80.0 60.7
0.8 80.0 93.3
1.0 80.0 1341
1.2 80.0 140.7
1.6 80.0 151.7
1.9 80.0 182.4
2.0 80.0 197.2
21 80.0 193.2
3.3 50.01 1991

Bog 203 0.5 50.0 58.7
0.9 50.0 75.3
1.1 50.0 1211
1.3 50.0 107.7
1.6 50.0 134.0
1.7 50.0 149.8
1.8 50.0 148.0
2.5 40.01 161.0

Fen 195 0.5 70.0 37.92
0.7 70.0 44.92
1.0 70.0 57.10
1.1 70.0 84.03
1.4 70.0 76.01
1.7 70.0 77.71
1.8 70.0 70.24

'Ferrihydrite concentrations were decreased to attempt to reach the saturation threshold and
better constrain the Langmuir fit.
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Table S3. Maximum organic carbon to iron weight ratios (C:Fe) of formed Fe-OC associations
with organic carbon from palsa, bog and fen soils in adsorption and coprecipitation laboratory
experiments (this study) compared to field-based studies. Ratios represent previously
published values of ferrihydrite-coated sand that was exposed over 2 months in permafrost
soils and average + standard deviation of dithionite-citrate-bicarbonate (DCB) extractions from

soil cores across different sites.

thaw stage C:Fe [g/g]

ferrinydrite sand' DCB extractions
(Stordalen Mire)  (Stordalen Mire)?3

adsorption  coprecipitation

Palsa 0.39+0.04 09304 8.7+3.6
Bog 0.44+0.01 1.53+0.9 0.28 7.3%+5.1
Fen 0.16 £ 0.01 0.73 0.0+0.0

'"Patzner et al, 2022a
2Patzner et al., 2020
3Patzner et al., 2022b

Table S4. Cation concentrations measured in the initial WEOM of each thaw stage, used for
adsorption (ads) and coprecipitation (cop) experiments. Measurements were done using
inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900, Agilent Technologies,

USA) with Ar as carrier gas and in He mode for Al, K, Ca and no-gas mode for Mg.

WEOM Mg [uM] Al[uM] K[uM] Ca [uM]

Palsa_ads 0.6 1.3 2.5 3.5
Bog ads 0.0 0.6 1.0 3.1
Fen_ads 0.0 0.3 7.4 0.1
Palsa_cop 0.0 0.2 4.1 1.5
Bog cop 0.4 0.5 1.3 54
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Table S5. Linear combination fit results for Fe K-edge XANES spectra of ferrihydrite with
adsorbed WEOM (ads) of palsa, bog and fen, and Fe-OC coprecipitates (cop) synthesized
with WEOM from palsa and bog soils. Ferrihydrite and Fe(ll)-citrate were used as reference

spectra for Fe(lll) and Fe(ll), respectively.

sample Fe(lll) Fe(ll) NSSR? red. X2Pb
[%] [%] [%] [%]

Palsa_ads 100 0 0.05 0.01

Bog ads 100 0 0.10 0.02

Fen_ads 100 0 0.06 0.02

Palsa _cop 100 0 0.10 0.10

Bog cop 100 0 0.15 0.15

anormalized sum of of squared residuals (residuals (100 ¥ (data-fit;)?/3; data?)

® measure of fit accuracy ((Nigp /Npts) Y ((dataifiti)/€i)?(Nigp-Nvar) ")). Nigp /Npts and Nyar are the
number of independent points in the model fit (37.5), the total number of data points (250) and
the number of fit variables (2), respectively.

Table S6. Linear combination fit results for Fe K-edge EXAFS spectra of ferrihydrite with
adsorbed WEOM (ads) of palsa, bog and fen, and Fe-OC coprecipitates (cop) synthesized
with WEOM from palsa and bog sails.

ferrinydrite lepidocrocite Fe(lll)-OM NSSR? red. X0

sample [%] [%] [%] (%] [

Palsa_ads 95 5 0 3.0 0.08
Bog_ads 92 8 0 2.7 0.20
Fen_ads 91 9 0 25 0.07
Palsa_cop 63 0 37 6.0 0.10
Bog_cop 64 0 36 1.6 0.28

anormalized sum of of squared residuals (residuals (100 Y (data-fit)?/3; data?)

® measure of fit accuracy ((Nigp /Npts) Y ((dataifiti)/€i)?(Nigp-Nvar) ")). Nigp /Npts and Nyar are the
number of independent points in the model fit (18.2), the total number of data points (181) and
the number of fit variables (2-4), respectively.
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Table S7. Shell-fit parameters determined from Fourier-transformed Fe K-edge EXAFS
spectra of ferrihydrite with adsorbed WEOM (ads) of palsa, bog and fen, and Fe-OC

coprecipitates (cop) synthesized with WEOM from palsa and bog soils.

Fe-O Fe-Fe+ Fe-Fe NSSRe

[%]

AE®
[eV]

sample red. X2f

CN® R°[A] o>¢ CN RJA] CN RIA]

Palsa.ss -5.12+1.78 55 197 0.012 21 3.03 19 344 20 468
Bogass -3.07%+127 54 198 0.011 25 3.05 19 345 1.1 516
Fenws -3.18+1.15 49 198 0.010 26 3.05 1.9 344 09 282
Palsac, -4.39+152 6.3 200 0.012 20 3.00 0.6 347 21 70

Bogep -3.00£0.88 54 2.00 0.010 23 3.05 14 341 0.7 397

aEnergy shift parameter

bpath degeneracy (coordination number)

°mean half path length

9Debye-Waller parameter

°normalized sum of squared residuals (100 ¥ (datai-fit)*/y; data?)

‘measure of fit accuracy ((Nigp /Npts) Yi ((datai-fit;)/€i)?(Nigp-Nvar)")). Nigp ,Npts and Nyar are the
number of independent points in the model fit (16.3), the total number of data points (329) and
the number of fit variables (8), respectively.

note: The passive amplitude reduction factor was set to 0.9 for all models and the Debye-
Waller parameters were defined as constants within the ferrihydrite with adsorbed WEOM
samples and the coprecipitate samples for the Fe-Fe4 (0.012 and 0.017, respectively) and Fe-
Fe, path (0.008 and 0.014, respectively). The Debye-Waller parameters were similar to other
published values’®3, We tried to include a multiple Fe-O-O scattering path, as reported
elsewhere'”:83, but this did not change the fitting parameters or goodness of the fit. We also
attempted to include an Fe-C path in the coprecipitate spectra, as has been previously fit in
Fe-OC coprecipitates with peat OC”, but the additional path did not match the spectra or
significantly improve the fit (F-test).
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Table S8. Méssbauer parameters of the initial ferrihydrite and after adsorption with WEOM

from different permafrost thaw stages. Abbreviations stand for: CS = center shift, QS =

quadrupole split, H = hyperfine field, X? = goodness of fit parameter. The half width at half

maximum was constrained to 0.138 mm s during fitting.

Initial Relative 2
Sample C:Fe E-K] Site [(r:nsm /s] [QmSm /s] [l_.:.] area if]
[molar] [%]
Fh_initial 0 77 Fh 0.45 0.91 100.0 1.04
6 Fh1 0.55 -0.04 48.95 48.3 238
Fh2 0.34 0.05 4782 51.7 '
Fh_Palsa_ads 2.1 6 Fh1 0.50 -0.07 4796 51.3 112
Fh2 0.42 0.09 46.07 48.7 '
Fh_Bog_ads 1.8 6 Fh1 0.52 -0.06 48.27 484 104
Fh2 0.39 0.03 46.18 51.6 '
Fh_Fen_ads 1.8 6 Fh1 0.53 -0.05 48.62 44.7 1.95
Fh2 0.39 0.02 46.42 55.3 '

Table S9. Assignment of peaks in FTIR spectra (Chen et al. (2014)°, Tfaily et al. (2014)2,

Niemeyer et al. (1992)%” and references therein).

wavenumber [cm™'] assignment
1030, 1050, 1170 C-O and C-OH stretches of
carbohydrates

1400
1630

1720

symmetric COO- stretch

aromatic C=C stretch and/or
asymmetric COO- stretch
C=0 stretch in COOH
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Table $10. Peak ratios (PR) of initial WEOM of palsa, bog and fen soils (before binding) and
of WEOM bound to ferrihydrite or in Fe-OC coprecipitates (after binding). Values are based on

peak height after normalization of FTIR spectra.

adsorption coprecipitation
type of PR palsa bog fen palsa bog
1630 cm™/1050 cm' before binding 1.5 1.1 0.9 1.0 1.3
(aromatic C=C/ C-O in after binding 3.4 2.7 1.0 1.6 1.2
carbohydrates) % change 128.3 151.0 17.8 50.3 -4.7
1400 cm™/1050 cm before binding 1.0 0.9 0.8 0.8 0.8
(COO stretch/ C-O in after binding 2.5 1.8 1.0 1.1 0.8
carbohydrates) % change 156.6  100.5 25.7 32.9 3.0
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Table S11. Number of total assigned formulae, N-containing and S-containing formulae as
well as (relative intensity weighted,) average parameters across all assigned molecular
formulae of measured samples by FT-ICR-MS. Samples include dissolved WEOM from palsa,
bog and fen before binding and after binding (by adsorption to ferrihydrite or coprecipitation
with dissolved Fe(ll)). Abbreviations stand for DBE/C.= weighted double bond equivalent per
number of C atoms in a detected molecule, NOSC= non-weighted nominal oxidation state of
organic carbon, NOSC,, = weighted nominal oxidation state of organic carbon, AG.’= standard
molar Gibbs free energy of oxidation half reaction (calculated from unweighted NOSC values),

modAl.= weighted modified aromaticity index according to Koch & Dittmar (2006).

adsorption coprecipitation
Palsa Bog Fen Palsa Bog

Total number of before binding 3304 3099 3003 3475 3594
assigned formulae after binding 3253 3045 1918 3667 3650
Number of N-  before binding 1118 840 816 1079 1246
containing molecular o
formulae after binding 1152 1125 594 1174 1376
Number of S-  before binding 69 60 143 60 66
containing molecular o
formulae after binding 103 217 145 217 179

before binding 449 376 359 431 428
Molecular massy [Da] oo

after binding 405 333 318 404 353

before binding 0.55 0.54 0.56 0.50 0.58
DBE/Cw -

after binding 0.46 0.42 0.47 0.45 0.50
NOSC before binding 0.04 0.05 0.02 -0.05 0.07

after binding -0.08 -0.22 -0.20 -0.10  -0.07

before binding -0.01 -0.01 0.02 -0.16  0.14
NOSCw -

after binding -0.31 -045 -0.32 -0.31 -0.16

before binding 59.3 58.8 59.6 61.6 58.3
AGx [kJ mol'C] .

after binding 62.6 66.6 65.9 63.3 62.3

before binding 0.39 0.36 0.40 0.33 0.41
modAly -

after binding 0.30 0.23 0.30 0.28 0.32
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Abstract

In thawing permafrost soils, associations between organic carbon (OC) and ferric iron
(Fe(ll)) (oxyhydr)oxide minerals may stabilize OC in recently thawed soil layers, thus limiting
the microbially mediated release of greenhouse gases (GHGs) such as carbon dioxide (CO3)
and methane (CH.). Conversely, the development of anoxic conditions during thaw could lead
to the microbial reductive dissolution of these Fe(lll)-OC associations, resulting in a
mobilization of the associated OC with unknown consequences for GHG release. In this study,
we investigated the role of Fe(lll)-OC associations in soil GHG release during the collapse of
previously oxic permafrost soils (“palsa”) and the inundation of seasonally anoxic soils (“bog”)
at Stordalen Mire (Abisko, Sweden). We performed anoxic microcosm experiments using
these two soils with the addition of 5’Fe-labeled Fe(lll)-OC coprecipitates, as well as a field-
based experiment, in which we incubated MFe(ll1)-OC coprecipitates under in situ conditions.
Results showed that Fe(lll)-OC coprecipitates were only stable under oxic conditions in the
palsa soil during the field-based experiment, but were fully microbially reduced after 42 days
in the microcosm experiments in both soils. Rapid reductive dissolution of 15 and 11% of
coprecipitates in palsa and bog soils, respectively, occurred within 1 day. Emissions of GHGs
were differently affected for the two soils: In case of the palsa soil, cumulative CO; emissions
increased by 43+16% after addition of the Fe(lll)-OC coprecipitate compared to a no-
coprecipitate treatment, due to microbial Fe(lll) reduction coupled to OC oxidation and likely
additional OC input due to the release of Fe-bound OC. For the bog soil, CH4 emissions were
temporarily suppressed, likely due to inhibition of methanogenesis by Fe(lll) reduction of added
coprecipitates, as detected by a decrease in mcrA gene copies. In conclusion, our findings
demonstrate that Fe(ll1)-OC associations do not provide protection for OC in the case of anoxic
conditions after permafrost thaw, with resulting GHG emissions controlled by previous redox

status and microbial community.
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Introduction

Thawing permafrost soils are predicted to be an increasing source of the greenhouse
gases (GHGs) carbon dioxide (CO2) and methane (CH.) due to higher bioavailability of organic
carbon (OC) and higher soil temperatures in the future'. Predicted quantities of emitted OC
are uncertain, with estimates varying between 37-149 Pg CO, and 1090-5050 Tg CH4 by the
year 21002. While most of the mass of emitted OC will stem from CO,, the majority (up to 70%)
of the radiative forcing will come from the emission of CHs, due to its higher global warming
potential (28x over an 100 year timescale)®*. The high variability of projected GHG emissions
are due to the multifaceted responses of permafrost areas to thaw, based on their hydrologic
conditions®8, soil geochemistry”® and microbial community composition®'°. The presence of
soil minerals, which can bind and presumably stabilize OC against microbial decomposition, is

a particularly important factor during permafrost thaw -4,

The fraction of mineral-bound OC in permafrost soils ranges from 33-74% of total OC'>-
'8, The variation of the mineral-bound OC fraction is partly due to different minerals displaying
a range of binding capacities for OC, with the redox-active ferric iron (Fe(lll)) (oxyhydr)oxides
contributing to the highest estimates on a mass basis'®?. Interactions of OC with Fe(lll)
(oxyhydr)oxides can occur due to adsorption with an already existing mineral, by
coprecipitation of dissolved Fe and OC at oxic-anoxic redox transitions, or by occlusion of OC
within the mineral structure?', forming Fe(lll)-OC associations. Field-based evidence has
shown that relatively older OC is stored in mineral fractions of permafrost soils, dominated by
Fe(lll) (oxyhydr)oxides''”, displaying their ability to sequester OC over long time frames.
Some studies also showcased the preservation or de novo formation of Fe(lll)-OC associations
after permafrost thaw, implying that Fe-bound OC would lead to a lower permafrost-carbon
feedback by decreasing future GHG emissions' 162223 |n the case of Yedoma permafrost
deposits, lower basal respiration of thawed sediment layers was directly correlated with higher
amounts of poorly crystalline Fe(lll) (oxyhydr)oxides'’, indicating how Fe(lll) (oxyhydr)oxides

can limit OC degradation .

However, the stabilizing function of Fe(lll)-OC associations is brought into question if
permafrost thaw leads to the development of anoxic conditions due to soil subsidence and
waterlogging in lowland permafrost areas?-2’. Anoxic conditions could lead to microbial
reductive dissolution of Fe(lll) (oxyhydr)oxides, thus releasing the previously bound OC to the
aqueous phase?®?°, Previous work in humid soils may provide insight into the stability of Fe(lll)-
OC associations under anoxic conditions and following GHG emissions. For example,
emissions of CO.*° as well as of CH, increased?®' after dissolution of Fe minerals, indicating
that anoxia might negate Fe-mediated OC protection. Still, Fe(lll)-OC associations seem to

persist in many wetland environments®233, especially Sphagnum-dominated wetlands**, which
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typically experience anoxic conditions. Complementarily, it has been demonstrated that Fe(lll)-
OC associations were reduced to a lower extent than OC-free Fe(lll) (oxyhydr)oxides using
the pure Geobacter cultures in lab studies due to higher particle sizes and limited microbial
access to Fe(Il1)%*% |t is thus unclear what the future fate of Fe(lll)-OC associations will be

after permafrost thaw.

Based on the uncertainty regarding the availability of Fe(lll)-OC associations towards
reduction in thawing permafrost soils, the quantitative contribution to GHG emissions during
thaw is unclear. Previous estimates of the contribution of Fe(lll) reduction to anaerobic
respiration in permafrost soils are based on field measurements of poorly crystalline Fe(lll)
content and net CO; fluxes across thaw transitions®”* or after injections of dissolved Fe(lll)
into the soil*®. Resulting contributions of Fe(lll) reduction to total CO, emissions ranged from
22 to 63%%38, showing that Fe(lll) reduction is an important contributor to anaerobic
respiration in these soils. However, no conclusions about the direct role of Fe(lll)-OC
associations on CO: release can be drawn based on these measurements. Further, it is
unknown how the reduction of Fe(lIl)-OC associations in thawing permafrost soils would affect
net CHs release. Previous studies demonstrated the suppression of methanogenesis due to
Fe(Ill) reduction since Fe(lll) is a more thermodynamically favorable electron acceptor®42. In
contrast, methanogenesis and Fe(lll) reduction seemed to occur simultaneously in Alaskan
permafrost soils**#4. The release of OC from Fe(lll)-OC associations could also increase CHy4
emissions by supplying new OC compounds for fermenting microorganisms which provide the

substrates (fatty acids, H,) for methanogenesis*.

Knowledge of the net effects of Fe(lll)-OC associations on GHG emissions during
permafrost thaw is therefore limited. In this study, we aimed to (i) determine the reduction
extent of Fe(lll)-OC associations upon permafrost thaw, (ii) quantify the changes in GHG
emissions due to reduction of Fe(lll)-OC associations and their contribution to net GHG
release, and (iii) evaluate the changes of microbial community composition due to addition of
Fe(lll)-OC associations. In order to achieve this, we synthesized *’Fe-enriched Fe(lll)-OC
coprecipitates, representative of Fe(lll)-OC associations, using extracted natural organic
matter from a permafrost thaw gradient at Stordalen Mire (Abisko, Sweden). The Fe(lll)-OC
coprecipitates were then exposed to anoxic conditions in a microcosm experiment containing
an anoxic soil slurry from the same site. We performed the experiment using soils of two
different permafrost thaw stages. We used intact, oxic permafrost soils (“palsa”) and inundated
them in order to simulate rapid permafrost thaw, as well as partly thawed permafrost soils

(“bog”) to simulate the anoxic stage of natural seasonal water table fluctuations.
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Material and Methods

Field site description and sampling

Stordalen Mire is a well-characterized permafrost peatland complex, located at the edge
of the discontinuous permafrost zone near Abisko, Sweden (68 22' N, 19 03' E). It consists of
several subhabitats: intact permafrost areas (palsas) covered by dwarf shrubs, bryophytes and
lichens, semi-wet bogs dominated by Sphagnum spp. mosses, and permanently waterlogged
fens covered by sedges (Eriophorum vaginatum, Carex rostrata)*®. Mean annual air
temperature in Abisko increased from -0.9°C during 1957-1971 46 to 0.7°C during 2005-2019%

leading to thawing of permafrost ice underneath palsas and conversion to bog and fen areas*®.

Soil and porewater samples were collected in July 2022. Collected subsoils (30 cm
depth) from palsa and bog areas were used as inoculum for the microcosm experiment. The
upper soil (2-10 cm depth) was collected and used for extraction of soil organic matter for the
Fe(ll)-OC coprecipitate synthesis. Both soils were retrieved by bulk sampling and stored in
sterilized plastic bags (LDPE). The bog soils, which were fully water saturated, were filled into
the bags such that no headspace remained and abiotic oxidation was minimized. Back in
Tlbingen, the soils were stored in gas-tight, N.>-flushed mason jars at 4°C until use. An aliquot
of the soils used for the microcosm experiment was dried (60°C) inside an anoxic glovebox
(MBraun Unilab Workstation, 100% N2 atmosphere) for initial analysis of Fe speciation by
selective extractions (Text S1, Figure S1) and Fe K-edge X-ray absorption spectroscopy
(XAS). Total organic carbon content was determined by elemental analysis (SoliTOC Cube,
Elementar, Germany). A soil standard was used for calibration (Soil Standard OAS, Cat No
B2152, Elemental Microanalysis Limited). Porewater was sampled over different depths (5-43
cm) at at four different locations per thaw stage in order to compare in situ concentrations of
aqueous Fe and OC concentrations to results from the microcosm experiments. We used
MacroRhizon® samplers (60 cm length, 0.15 um pore size, Rhizosphere Research,
Netherlands) and stored porewater in sterilized serum vials with an N2 headspace after

sampling.

Synthesis of (’Fe-enriched) Fe(ll)-OC coprecipitates

A water extraction was used to extract soil organic matter from the upper soils of palsa
and bog for the synthesis of Fe(lll)-OC coprecipitates. The detailed procedure can be found in
Text S2. The final dissolved organic carbon (DOC) concentrations in the extracts were 18 and
11 mg C L for palsa and bog soil, respectively. The coprecipitates used in the microcosm
experiments were prepared from an isotopically labeled %’Fe-enriched FeCl; solution, which

made it possible to differentiate added Fe(lll)-OC coprecipitates from the native Fe pool. The
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enriched 5Fe(lll) solution (150 mM) was prepared as described previously*>* and
subsequently mixed with an equimolar M*FeCl; (FeClzx6H20, Sigma-Aldrich) solution in a ratio
of 1:10, to create a 10% °’Fe-enriched Fe(ll)Cls; solution. The coprecipitates used in the field

experiment were synthesized using "*Fe(lll)Cls.

The synthesis involved mixing 1.5 L of water-extractable organic matter (WEOM) from
each thaw stage with the *’Fe-enriched FeCls; solution to create an initial molar C:Fe ratio of 1.
A NaCl solution (3 mM) was added to keep the ionic strength constant. The pH was raised by
adding 50 mM NaOH dropwise until pH 4.5 under constant stirring (800 rpm). The low pH was
chosen since soil pH and porewater pH in palsa and bog soils are between pH 3.5-5.5 (Figure
S2a). The suspensions were left to stand for 2 h, after which the pH was readjusted to pH 4.5.
Afterwards, the suspensions were washed by filling them in pre-soaked dialysis membranes
(14 kDa, Sigma-Aldrich) in DDI water. The water was exchanged several times until
conductivity was <20 uS cm™'. The washed suspensions were centrifuged, and the solids were
resuspended in 50 mL DDI water. The pH was adjusted to pH 4.5 and the solution was bubbled
with N2 (99.999%) for 15 min to make it anoxic. The Fe speciation was characterized by *’Fe

Moéssbauer spectroscopy (Figure S3) and Fe K-edge XAS (Figure S4, Figure S5).

Microcosm experiment to analyze the role of Fe(ll1)-OC coprecipitate addition for greenhouse

gas fluxes

Setup of microcosm experiment

The subsoils used in the microcosm experiment were homogenized by wet sieving with
a sterilized 2 mm sieve. Moist palsa soil (5.5 g dry weight) was then added to six 250 mL Schott
bottles and moist bog soil (8 g dry weight) was added to six 250 mL serum bottles under sterile
conditions. The bottles were then closed with sterilized butyl rubber stoppers. The headspace
in each bottle was exchanged by applying vacuum for 5 min and flushing with N> gas for 5 min
(3 cycles). Artificial, anoxic porewater solution (composition in Table S1) was added within an
anoxic glovebox to the bottles to reach a final soil-solution ratio of 0.23 and 0.88 mg dry soil
mL-" for palsa and bog soil, respectively. All bottles were incubated under anoxic conditions at
room temperature in the dark for 30 days prior to the addition of 5’Fe-enriched Fe(ll1)-OC
coprecipitates. At this point, coprecipitates that were synthesized using palsa WEOM were
added to three of the bottles containing palsa soil, and those synthesized with bog WEOM
were added to three bottles containing bog soil. The amount of added 5’Fe-enriched Fe(lll)-
OC coprecipitates was adjusted to the amount of native Fe minerals in each bottle, increasing
the total 6 M HCl-extractable Fe by 50% (see Figure S6d).

83



In a control experiment, we tested the importance of abiotic reduction of added Fe(lll)-
OC coprecipitates by the native DOC within the soil. For that purpose, we added the same
concentration of Fe(lll)-OC coprecipitates to sterile filtered (0.22 um, PES, Carl Roth) aqueous
phase from the no-coprecipitate treatments of palsa and bog soil, collected at the end of the
experiment. A new batch of the coprecipitates was prepared for this control experiment in order
to have similar storage times as in the main experiment. In the case of the palsa soil, the filtered
aqueous phase was diluted with artificial porewater solution in order to have the same
concentration of DOC as on day 0 of the main experiment. For bog soil, this was not possible
since the DOC had decreased over time, thus the aqueous phase was left undiluted. The
speciation of aqueous Fe and concentration of aqueous %’Fe and DOC were quantified over

48 h as specified in section Geochemical analyses.

Gas sampling of microcosm experiment

Sampling of the microcosms included measuring GHG fluxes and geochemical sampling
inside the glovebox. To measure GHG fluxes, the rubber stoppers of the bottles were pierced
with two needles, each attached to a three-way valve. The headspace of all bottles was flushed
with moistened N2 for 10 min via a gas distribution setup. After 10 min, the flow of N> gas was
stopped and the gases were left to accumulate. A 2 mL sample was taken from the headspace
and transferred to a He-flushed 12 mL Exetainer® vial (Labco, UK) after 0, 30 and 60 min. The
individual and cumulative gas fluxes were calculated based on the increase in gas

concentration (see Text S3).

Aqueous and solid phase sampling of the microcosm experiment

The geochemical sampling was carried out in an anoxic glovebox. An aliquot of the
suspension (1 mL before addition of Fe(lll)-OC coprecipitates, 1.5 mL during the main
experiment) was taken out. The suspension was centrifuged (10055 rcf, 5 min) and the
supernatant was taken off. The supernatant was used to quantify DOC concentration and
aqueous Fe speciation after acidification with anoxic 1 M HCI. The soil pellet was dried at 60°C
in anoxic conditions overnight and weighed to estimate the dry mass in each sample. The
poorly crystalline Fe mineral fraction was quantified by adding 1.5 mL anoxic 0.5 M HCI to the
soil®'2, After 24 h, the extraction solution and remaining solid were separated by centrifugation
(10055 rcf, 5 min) and the supernatant was diluted in 1 M HCI for measurement of Fe speciation

and 5’Fe concentration.
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At certain time points (right after addition of coprecipitates: day 0, after 8 d and 42 d) an
additional 15 mL of suspension was taken out of the bottles. An aliquot (4 mL) was centrifuged
in the glovebox, the supernatant was transferred to a new tube and immediately frozen (-20°C)
for measurement of microbial metabolites by gas chromatography mass spectrometry (GC-
MS). The soil pellet was frozen (-20°C) and subsequently freeze-dried under anoxic conditions
for analysis by Fe K-edge XAS. A separate aliquot of 1 mL was used to measure pH (InLab
Easy BNC, Mettler Toledo, Germany) outside the glovebox. The remaining 10 mL were
transferred to 15 mL centrifuge tubes (polypropylene, RNase- and DNase-free, Biologix) and
centrifuged outside the glovebox (17200 rcf, 5 min). The supernatant was taken off under
sterile conditions and the remaining soil pellet was immediately frozen (-80°C) for later

extraction of DNA and RNA and subsequent molecular biological analysis.

Geochemical analysis

Dissolved OC concentrations were measured (as non-purgeable OC) after acidification
with 2 M HCI by a TOC analyzer (multi N/C 2100S, Analytik Jena AG, Germany). Aqueous and
solid (0.5 M HCl-extractable) Fe speciation and total Fe concentration were quantified using
the ferrozine assay®®. We only interpreted changes of total Fe concentrations from the solids
and not its speciation since abiotic reduction of Fe(lll) by OC under acidic conditions®* lead to
an underestimation of the Fe(lll) content. Gas samples were measured by a gas
chromatograph (TraceGC1300, ThermoFisher Scientific, USA; modified by S+HA analytics),
equipped with two column configurations (first configuration: 30 m long, 0.53 mm ID TGBondQ
column and 30 m long, 0.53 mm ID Molsieve column; second configuration: 30 m long, 0.53
mm ID TGBondQ column and a 30 m long 0.25 mm ID TGBondQ+ column; all ThermoFisher
Scientific) which are each connected to a Pulse Discharged Detector. Gas concentrations were
quantified with external calibrations of standards of pure CH4 and CO, (99.5% CHa, 99.9% CO.,

Westfalen) in He-flushed Exetainer® vials in a range of 0.05-500 ppm.

Concentrations of °’Fe in aqueous and 0.5 M HCl-extracted solid samples were
quantified by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900, Agilent
Technologies, USA) with Ar as carrier gas and in He mode after dilution in 1% HNO3 (analytical
grade, Carl Roth). Contribution of °’Fe-enriched Fe-OC coprecipitates to the aqueous and solid
(0.5 M HCl-extractable) Fe pool were calculated (Text S4). The concentration of microbial
metabolites, such as small sugars, organic acids, and amino acids were quantified using
targeted GC-MS (Shimadzu GC/MS TQ 8040, Japan). A full list of measured metabolites is
given in Table S2. Metabolites were analyzed either by headspace injection or as liquid

samples after derivatization and addition of octanol or C-glucose as internal standard,
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respectively. More details are given in Text S5. Concentrations were quantified with an 8-point

external calibration containing standards of all targeted analytes, ranging from 20 to 107 pmol.

Solid phase Fe characterization

Iron speciation in the solid was also investigated by Fe K-edge XAS at Synchrotron
SOLEIL (SAMBA beamline, Paris, France) and Synchrotron ELETTRA (XAFS beamline,
Trieste, Italy). For this purpose, the initial ’Fe-enriched coprecipitates were air-dried prior to
homogenization with a mortar and pestle. The dried solids were pressed into pellets (7 mm
diameter) with PVP (Polyvinylpyrrolidone K12, Carl Roth) and sealed with Kapton® tape.
Freeze-dried samples of solids from the microcosms were processed in the same way in a

glovebox after anoxic freeze drying.

At both beamlines, transmission spectra were recorded at 77 K using a Nx(I) cryostat. At
SOLEIL, a Si(220) monochromator was used and calibrated to the first derivative maximum of
the K-edge absorption of an Fe(0) foil. Harmonic rejection was performed by two Si mirrors
coated in Pd. Between 8 and 14 scans per sample were collected in continuous scan mode
and merged. At ELETTRA, a Si(111) monochromator was calibrated to the first derivative
maximum of the K-edge absorption spectrum of an Fe(0) foil. Higher beam harmonics were
decreased by detuning the monochromator by 30%. Two to three scans were collected per
sample and merged. The final spectra were used for analysis of Fe K-edge X-ray absorption
near edge structure (XANES) to estimate Fe oxidation state and extended X-ray absorption
fine structure (EXAFS) to determine Fe speciation. All data processing and analysis were done
in Athena software® with detailed description included in Text S6. The initial synthesized *"Fe-
enriched Fe(lll)-OC coprecipitates were analyzed using %’Fe Mossbauer spectroscopy to

determine Fe speciation. Details on the measurement and data analysis are given in Text S7.

Molecular biology analysis

Total DNA and RNA of soil samples from the microcosm experiment were extracted in
experimental triplicate using the RNeasy PowerSoil® Total RNA Kit with DNA Elution (Qiagen,
Germany). Details on protocol adjustments, quality control steps and transformation of RNA to
cDNA are given in Text S8. Bacterial and archaeal 16S rRNA genes were amplified from DNA
and cDNA using the universal primers 515f°¢ and 806r%” fused to lllumina adapters. Library
preparation steps (Nextera, lllumina) and sequencing were performed using lllumina MiSeq
sequencing system (lllumina, USA) at the Institute for Medical Microbiology and Hygiene of

the University of Tlbingen. Data processing, including quality control, reconstruction of
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sequences and taxonomic annotation (Text S8) was done using nf-core/ampliseq version
2.8.0%8% of the nf-core collection of workflows®. Fe(lll)-reducing, Fe(ll)-oxidizing as well as
methanotrophic and methanogenic microorganisms were identified, as listed elsewhere3®. To
evaluate which microbial taxa were significantly affected by addition of Fe(lll)-OC
coprecipitates, we used the multivariate analysis of composition of microbiomes (ANCOM).
We compared the relative abundance of all ASVs in DNA- and RNA-based datasets after 8
and 42 days of the coprecipitate-added treatment to the no-coprecipitate control, since we

expected only minimal changes at day 0.

Quantitative PCR (qPCR) was performed on DNA and cDNA samples to quantify
changes in total bacterial and archaeal 16S rRNA (gene) copies as well as for methyl-
coenzyme M reductase subunit alpha (mcrA), a functional gene relevant for CHs
production®'%2, The used primer sequences, plasmid standards, dilution factors of samples
and details of the temperature programs are summarized in Table S3. The assays were
performed using SybrGreen® Supermix (Bio-Rad Laboratories, USA) on the C1000 Touch
thermal cycler (CFX96TM real time system, Bio-Rad Laboratories). Sample dilutions (10-
1000x) were necessary since presence of complex OC compounds lead to inhibition of the
fluorescence signal in samples with no dilution®®. Copy numbers were determined in analytical
triplicate of each experimental replicate. Data analysis was performed in Bio-Rad CFX Maestro
1.1 software, vs. 4.1 (Bio-Rad, 2017).

Field experiment to determine the in situ reduction extent of Fe(lll)-OC coprecipitates and

effect on greenhouse gas fluxes

Construction of peepers and experiment setup

We performed a field experiment in order to determine the in situ reduction extent of
NAFe(l11)-OC coprecipitates in palsa and bog soils and quantify the effect on net greenhouse
gas emissions over a thaw season. For this purpose, passive porewater samplers (“peepers”,
20 cm length, 10x 1 cm high cells, containing each 12 mL) were used to incubate synthesized
NAFe(Ill)-OC coprecipitates in the peeper cells under ambient conditions at Stordalen Mire.
Three peepers were each placed in palsa and bog areas in July 2022, on plots with similar
vegetation and ca. 1 m apart from each other (Figure S7). Cells of the peepers were filled with
anoxic, deionized water through attached butyl rubber tubing immediately before installation in
the soil. The peepers were equilibrated for 4 d in the soil, after which an anoxic suspension of
55.8 mg L' Fe in MFe(lll)-OC coprecipitates was added via the tubing to two of the peepers
in each thaw stage. The suspension was added into every second cell in the following depths

from the soil surface: 4-5 cm, 8-9 cm, 12-13 cm, 16-17 cm, 20-21 cm. We chose a membrane
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with 8 ym pore size in the peeper in order to facilitate microbial access to the NFe(lIl)-OC
coprecipitates. We tested if synthesized coprecipitates would pass the membrane due to their
size by placing a piece of the membrane inside filter cups (25mm, Millipore) and filtering
through 1 mL of coprecipitate suspension. The filtrate was acidified with 1 M HCI and total Fe
concentration was measured by the ferrozine assay. Results showed that 92 and 94% of palsa

and bog coprecipitates, respectively, were retained by the filter.

Additionally, we monitored the water table depth and soil temperature at palsa and bog
areas in 15 min intervals with groundwater dataloggers (MicroDiver, Schlumberger Water
Services). The dataloggers were placed inside hollow, plastic tubes with cuts at the bottom
which were inserted into the soil between the peepers in both thaw stages. The measured
absolute pressure was corrected using a barometric pressure reading based of a datalogger
(Baro-Diver) left at the Abisko Research station during the duration of the field experiment (ca.

10 km from the site).

Sampling and analysis of field-based experiment

Greenhouse gas emissions were measured using static, non-flow gas chambers, as
described previously®4, with the following adjustments: (i) the chambers were wrapped in
aluminum foil to exclude photosynthetic processes and (ii) incubation time was 20 min and
samples were taken every 5 min by a gas-tight 50 mL syringe. A volume of 18 mL gas was
injected into pre-evacuated 12 mL Exetainer® vials. Gas fluxes were measured in triplicate,
once in July (2, 20 and 21 h after addition of coprecipitates) and at the end of the summer
season (September, after 53 d). One peeper containing the NFe(lll)-OC coprecipitates and
one containing only deionized water were selected for the gas measurements. Between
measurements, the gas chamber was removed and put to the side to let the plot equilibrate
back to ambient conditions for at least 40 min. Gas concentrations of CO, and CHs were

measured back in Tubingen (see section Geochemical analyses).

The equilibrated porewater and/or remaining "*Fe-OC coprecipitate suspension in the
peepers were sampled after 53 days in September 2022. A No-filled 20 mL syringe was
attached to one side of the butyl tubing of each cell, while another N2-flushed, empty syringe
was attached to the outlet side. The outlet-syringe was pulled to capture the anoxic solution in
the peepers and the inlet syringe was simultaneously pushed to avoid underpressure and flow
of new porewater into the peeper cell. The contents of the syringe were distributed in the
following way: 7 mL were transferred to an N2-flushed, gas tight 50 mL serum vial and stored
at 4°C until measurement of dissolved and solid Fe speciation. An aliquot of 3 mL was added

to a He-filled 11 mL headspace vial to measure dissolved porewater gases (CO2, CH4). For
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that purpose, the vials were vigorously shaken for 2 min after which 3 mL of the headspace
gas was transferred to a He-flushed, 12 mL Exetainer® vial. The remaining volume (1-2 mL)
was filtered (0.22 ym, PES, Carl Roth; pre-rinsed with 50 mL DDI) and frozen (-20°C) until
measurement of DOC. Samples for measurement of aqueous and solid Fe speciation were
prepared in an anoxic glovebox. An aliquot of 1 mL was filtered (0.22 um, PES, Carl Roth) and
stabilized with 1 mL of 2 M HCI to quantify aqueous Fe speciation. Total Fe in initial
suspensions was determined by dissolving 0.8 mL unfiltered sample in 0.8 mL 2 M HCI. The
solid Fe content and speciation was calculated by subtraction of total - aqueous
concentrations. Cells of the peepers placed in the palsa area were empty after the thaw season
due to too low porewater volume in the soil. In order to analyze the Fe speciation of the
NAFe(l1)-OC coprecipitates, the membrane in front of each peeper cell with attached
coprecipitates was cut out and added to 1.5 mL of 1 M HCI in an anoxic glovebox. Results
were blank-corrected by extracting a membrane part which was not in contact with the
coprecipitates. Analytical methods for determination of Fe speciation and concentration,
dissolved porewater gases and DOC concentration are described in section Geochemical

analysis.

Statistics

Mean and standard deviations were calculated for each variable analyzed in triplicate.
When differences between treatments with added Fe(lll)-OC coprecipitates and the no-
coprecipitate controls were calculated, the mean values were used for calculation and the
errors (standard deviation) were propagated. Datasets involving GHG fluxes, concentrations
of microbial metabolites, relative abundances of taxa on the phyla level of the microbial
community and gPCR-based copy humbers were compared between the coprecipitate-added
and no-coprecipitate treatments using a two-way ANOVA, followed by Tukey HSD tests. If
datasets were non-parametric, they were log transformed unless otherwise stated. All

statistical analyses were performed in R vs. 4.3.3%.
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Results and Discussion

Rapid increase in aqueous Fe concentration is originating from reductive dissolution of Fe(lll)-

OC coprecipitates

Aqueous Fe?* concentrations in microcosms were quantified in order to track the
potential reductive dissolution of added °’Fe-enriched Fe(lll)-OC coprecipitates. Before the
addition of Fe(lll)-OC coprecipitates, both soils exhibited an increase in aqueous Fe?*
concentrations over time which plateaued at 1.11+0.06 mM Fe?* after 30 days in the palsa soil
and at 1.09+0.08 mM Fe?* after 14 days in the bog soil (Figure S6a). This shows that native
Fe(lll) (oxyhydr)oxides were reductively dissolved over time as anoxic conditions established
in the incubation. The initial aqueous Fe?* concentrations at the start of the experiment
(0.16+0.02 and 0.58+0.09 mM Fe?*in the palsa and bog reactors, respectively) were consistent
with the concentrations measured in the porewater taken from the field site (Figure S2b). In
the field, we observed increasing Fe?' concentrations with depth, consistent with likely

decreasing redox potentials.

After addition of coprecipitates into the microcosms, there was an increase in aqueous
Fe?* concentrations in coprecipitate-amended treatments compared to the no-coprecipitate
controls (AFeaq). After one day, AFeaqwas 0.13£0.09 mM in palsa soil and 0.33£0.02 mM Fe
in bog soil (Figure 1a). This difference stayed constant for the duration of the experiment,
fluctuating around 0.15+0.03 and 0.35+0.04 mM for palsa and bog soil, respectively. Based on
AFeaq between the two treatments, 15+4% and 11£1% of added Fe(lll) in coprecipitates were
dissolved in palsa and bog soil, respectively. To directly quantify aqueous Fe from Fe(lll)-OC
coprecipitates, we used the measured °’Fe concentrations (Figure 1b). This dataset also
showed an increase in aqueous Fe from coprecipitates in coprecipitate-amended treatments
of 0.31+£0.05 and 0.32+0.02 mM for palsa and bog soil, respectively, after one day. This proves
that there was a rapid reductive dissolution of added Fe(ll1)-OC coprecipitates in both soils.
The dissolution of coprecipitates based on the *Fe dataset was 31% and 10% for palsa and
bog coprecipitates. These results therefore agree well with AFe,.q in case for the bog soil, but
not for the palsa soil. It is likely that this was a consequence of partial abiotic isotope exchange

(see below).
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Figure 1. Concentrations of aqueous Fe over time. Measured concentrations of aqueous Fe?*
in treatments with Fe(lll)-OC coprecipitate addition (“+ cop”, filled circles) and the no-
coprecipitate control (“- cop”, open triangles) of palsa and bog soils (a). Calculated
concentrations of aqueous Fe stemming from Fe(lll)-OC coprecipitates based on the fraction
of ¥Fe (b). All data points and error bars represent the average and standard deviation of

experimental triplicates.

Based on the aqueous *’Fe concentrations, all of the reductive dissolution of added
Fe(lll)-OC coprecipitates occurred within one day and did not change further along the
incubation. We considered the following reasons for this: First, it is possible that there was
abiotic reduction of coprecipitates due to complexation with DOC at the low pH (palsa: pH 3.4-
3.8, bog: pH 4.2-4.7, Figure S6i) in the microcosms. Especially aromatic and (poly-)phenolic
organic carbon functional groups are known to reduce Fe(lll) abiotically at low pH conditions®*.
We tested this possibility with an abiotic experiment in which the same concentration of
coprecipitates was added to sterile-filtered aqueous phase from the control treatment. We did
not observe any increase in aqueous Fe?* concentrations over 48 h, indicating that no abiotic
Fe(lll) reduction of coprecipitates due to the native DOC occurred. Instead, coprecipitate-
added treatments of palsa and bog soils showed an immediate decrease of aqueous Fe?*
compared to the reactors with without addition of coprecipitates (6 and 8% respectively, Figure
S8). After 48 h, there was no further change in aqueous Fe?* or total Fe in any of the reactors.
The decrease is therefore attributable to sorption of aqueous Fe?* onto the coprecipitate

surface®-68.

This experiment also enabled us to test whether there was abiotic isotope exchange

between the %’Fe(lll) in coprecipitates and the aqueous **Fe?* by evaluating changes in the
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fraction of aqueous 5Fe. The fraction of aqueous °Fe increased by 1.86+0.02% and
1.21£0.03% after 48 h in the coprecipitate-added setup of palsa and bog reactors, respectively,
compared to the no-coprecipitate control (Figure S8). The change in aqueous *’Fe fraction is
therefore smaller than in the main experiment (2.231£0.19% and 2.37£0.17% in palsa and bog
reactors, respectively). Coupled with the fact that aqueous Fe?* concentrations did not increase
in the abiotic experiment, this dataset therefore shows that abiotic isotope exchange cannot
explain the full increase of aqueous °’Fe that we observed within two days in the main

experiment.

The second possibility is that the microbial community was well-adapted to the reduction
of Fe(lll)-OC associations, leading to the initially fast response in terms of the reductive
dissolution of added coprecipitates. We found several taxa which are known as respiratory
(Geobacter, Pseudomonas, Anaeromyxobacter) and fermentative (Clostridiales) Fe(lll)-
reducers®-"2, which could play a role even while their total relative abundance did not exceed
1% (Figure S9). Other yet-unidentified Fe(lll)-reducing microorganisms, possibly within the
phyla Acidobacteriota or Firmicutes”™ "% could have also contributed to Fe(lll) reduction of the

coprecipitates.

We also considered a third possibility that soil-derived, reduced particulate organic
matter (POM) could have transferred electrons to the Fe(lll)-OC coprecipitates, either
abiotically, as shown with dissolved, redox-active DOC’’ or biotically by microorganisms using
the POM as an electron shuttle”. Assuming that POM can transfer 0.08 mmol e g™' POM in
its reduced state, as estimated in Swedish non-permafrost peatlands®®, the available POM
in our experiments could theoretically reduce 0.13 and 0.20 mmol Fe(lll) in palsa and bog
reactors, respectively (Table S4). As the actual amount of reduced Fe from added Fe(lll)-OC
coprecipitates was only 0.08 and 0.04 mmol after one day of incubation in palsa and bog soils,
respectively, POM could have played a role in reducing Fe(lll) in added coprecipitates. Overall,
we therefore conclude that the rapid increase in aqueous Fe?* originates from the microbially-
induced reduction of added coprecipitates with a possible contribution of abiotic electron
transfer from reduced POM to Fe(lll).

Dissolution of Fe-OC coprecipitates forms intermediate Fe(lll)-OC phases

We determined changes in solid phase Fe speciation over time by using Fe K-edge XAS.
Based on the mass of added total Fe (estimated from 0.5 M HCI extraction, Figure S6d), the
addition of Fe(l1l)-OC coprecipitates, all of which was initially Fe(lll) (Figure S4), contributed to
30% of total Fe in the coprecipitate-added reactors. The fraction of oxidized Fe (Fe(lll)/total
Fe) in the solid phase based on XANES fitting decreased over time in the microcosm

experiment in both soils (Figure 2a). At day 0, the fraction of Fe(lll) in both soils without added
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coprecipitates was similar (20 and 18% in palsa and bog soil, respectively). In the
coprecipitate-added treatments, the fraction was higher by 8 and 13% than in the no-
coprecipitate control for palsa and bog soil, respectively. This indicates that a large proportion
of coprecipitates was already reduced shortly after addition to the reactors (49 and 37% of
palsa and bog coprecipitates, respectively) before the sample for analysis by XAS (within 4 h)
was taken. It is unlikely that we did not capture this fraction of coprecipitates due to a sampling
bias, since the 0.5 M HCI extracted solids in the coprecipitate-added treatments displayed the
expected total content of Fe (50% more Fe compared to initial Fe content, Figure S6d). After
one day of incubation, the fraction of Fe(lll) in coprecipitate-added treatments decreased
further. The difference in fraction of oxidized Fe between the coprecipitate-added and no-
coprecipitate control treatment therefore decreased to 3 and 2% for palsa and bog soil,
respectively. In the palsa soil, the Fe oxidation state in both treatments continued to decrease
until the end of the experiment (42 days), after which no Fe(lll) was present in the coprecipitate-
amended treatment and 7% Fe(lll) was in the no-coprecipitate control. In the bog soil, the
percentage of oxidized Fe slightly increased in both treatments after 8 days, after which it
decreased again to 10 and 13% for the coprecipitate-added and no-coprecipitate treatment,
respectively, at the end of the experiment (42 days). Overall, the results therefore show that
Fe(ll)-OC coprecipitates were fully reduced for both soils after 42 days since the fraction of
oxidized Fe was lower in the coprecipitate-added treatment compared to the respective no-

coprecipitate control.

The reduction of both added coprecipitates and native Fe(lll) minerals occurred faster in
palsa soil than in bog soil. The reason might be higher DOC concentrations in palsa than in
bog soil (Figure S6g), specifically higher concentrations of substrates commonly serving as
electron donor for Fe(lll) reduction®’, like acetate or glucose (Figure S10)%82, The high DOC
concentrations could have also led to more electron shuttling between the Fe(lll)-OC
coprecipitates and Fe(lll)-reducers®84. Another reason might be the increased standard

electron potential of the Fe3*/Fe?* redox couple at decreased pH values®°.
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Figure 2. Solid phase Fe speciation of palsa (upper panel) and bog soil (lower panel) in
microcosm experiment with addition of %’Fe-enriched Fe(lll)-OC coprecipitates (+ cop, filled
circles) and without (- cop, open triangles). The Fe(lll)/Fe(total) ratio based on linear
combination fitting of Fe K-edge XANES region for soil is displayed over time (a). The fraction
of Fe(lll)-containing phases, ferrihydrite (Fh) and Fe(ll)-OC phases (Fe(ll1)-OC), based on

linear combination fitting of k3-weighted Fe K-edge EXAFS spectra is shown over time (b).

The relative abundances of the two identified Fe(lll) phases, ferrihydrite and Fe(lll)
directly bound to OC (Fe(lll)-OC), varied over time (Figure 2b). We detected a higher
percentage of ferrihydrite in the coprecipitate-added treatments compared to the no-
coprecipitate controls at day 0 for both soils (16 compared to 0% and 31 compared to 20% for
palsa and bog soil, respectively). The fraction of ferrihydrite in the coprecipitate-added
treatment decreased in both soils and reached 0% after 1 day in palsa soil and after 42 days
in the bog soil. Concurrently, the percentage of Fe(lll)-OC (initially) increased in the
coprecipitate-added treatment of both soils. In the palsa soil, the fraction of Fe(lll)-OC
increased from 18 to 26% after 1 day, before decreasing to 8% after 42 days. In the bog soaill,
Fe(ll)-OC increased from 0 to 17% after 8 days and stayed constant for the remaining
experiment duration. While Fe(lll) phases decreased, the percentage of Fe(ll) bound to OC

(Fe(I-OC) increased in all treatments (Table 1).

These trends suggest that the added coprecipitates (in form of ferrihydrite) were

intermediately transformed to poorly-soluble Fe(lll)-OC phases. We speculate that part of the
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reduced Fe from coprecipitates might have been bound to POM and subsequently oxidized by
reduced redox-active POM functional groups (e.g. quinones), as was previously shown under
anoxic conditions®’. This process could have occurred faster in the palsa soil (1 day) than in
the bog soil (> 10 days) due to the lower pH values which make quinone reduction more
thermodynamically favorable®. However, the direct processes responsible for Fe(lll)-OC
formation in a ternary system of aqueous Fe?*, Fe(lll) (oxyhydr)oxides and POM under anoxic
conditions deserve further study. The Fe(lll)-OC phase is likely subsequently microbially
reduced over time, forming Fe(ll)-OC phases. For the bog treatment, we did not observe a
reduction of Fe(lll)-OC phase within the time span of the experiment, since the coprecipitates
in form of ferrihydrite were reduced at a lower rate and just depleted at the end of the
experiment. The same trends regarding the fraction of ferrihydrite and Fe(lll)-OC were visible

in the no-coprecipitate controls of both soils, due to reduction of native Fe(lll) phases.
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Table 1. Linear combination fitting results for k*-weighted Fe K-edge EXAFS spectra of the
initial synthesized °’Fe-enriched Fe-OC coprecipitates and the initial soils, as well as the
samples from the microcosm experiment with added coprecipitates (“+cop”) and without (“-
cop”) at day 0, after 1, 8 and 42 days of incubation. The references of Fe(lll)-citrate and Fe(lll)-
catechol were classified as Fe(lll)-OC while Fe(ll)-citrate, Fe(ll)-catechol and Fe(ll)-EDTA

were all classified as Fe(ll)-OC.

a b - - c 2d
sample Fh® Lp°® Fe(lll)-OC Fe(ll)-OC NSSR® red.

[%]  [%] [%] [%] [%] [%]

S"FeOC _initial 93 7 0 0 2.3 11.3

soil initial 29 0 32 39 2.5 10.5

mix “*’FeOC"+"-cop_0"® 24 2 20 55 n.a. n.a.

+cop_ 0 16 O 18 66 2.6 7.6

+cop_1 0 0 26 74 1.7 5.7

+cop_8 0 0 23 77 1.6 5.2

+cop_42 0 0 8 93 1.6 6.8

-cop_0 0 0 26 74 1.8 5.8

-cop_1 0 0 21 79 2.0 71

& -cop_8 0 0 21 80 1.8 6.2

& -cop_42 0 0 15 85 1.8 6.2

S"FeOC _initial 93 7 0 0 1.8 9.2

soil initial 29 0 23 49 4.3 16.1

mix “*’FeOC”"+"-cop_0"® 41 2 0 56 n.a. n.a.

+cop_0 3 O 0 69 24 71

+cop_1 19 0 0 81 4.0 12.9

+cop_8 16 O 17 68 1.8 6.3

+cop_42 0 0 82 14 4.9

-cop_0 20 O 0 80 5.2 16.2

-cop_1 21 0 0 79 2.0 5.7

o ~cop_8 26 0 0 74 25 7.6

8 -cop 42 0 0 19 81 1.9 6.4
aferrihydrite

blepidocrocite

°normalized sum of of squared residuals (residuals (100 Y (datai-fit)?/y; data?)

dmeasure of fit accuracy ((Nigp /Npts) Yi ((dataifiti)/€i)?(Nigp-Nvar) ). Nigo /Npts @and Nyar are the
number of independent points in the model fit (18.1), the total number of data points (181) and
the number of fit variables (2-7), respectively.

represents the theoretical Fe speciation according to mixing of the initially synthesized Fe(lll)-
OC coprecipitates and the non-amended control at day 0 (soil_0)

Greenhouse gas emissions in palsa soils are dominated by increased CO, emissions due to

Fe(ll)-OC coprecipitate reduction

The release of GHGs was differently affected by coprecipitate addition depending on the

soil type. In palsa soils, cumulative CO, emissions significantly increased in the coprecipitate-
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added treatment compared to the no-coprecipitate control by 43+16% (733+80 compared to
511+15 ymol CO g soil, ANOVA, p<0.01) after 42 days (Figure 3a). After 3 days, the fluxes
of the coprecipitate-added palsa treatment were higher than the respective control and showed
the largest difference after 10 and 12 days (ANOVA, p<0.05, Figure S11). The difference in
cumulative CO emissions is likely due to microbial Fe(lll) reduction. We calculated how much
CO2 would be produced directly from the reduction of Fe(lll) based on thermodynamic
assumptions (4 mol Fe reduced per 1 mol CO- produced)*#°. We found that 15-30% of the
increase in CO, emissions relative to the no-coprecipitate control may be attributable directly
to Fe(lll) reduction of the coprecipitates. Further, if all added coprecipitated OC would be
released and mineralized, that would explain, on average, 66% of the increase in CO-
emissions between the treatments. However, as the addition of coprecipitated OC only
contributed to 0.1% of total OC and 7% of DOC in the palsa reactors, it is questionable whether
there would have been a preferential mineralization of the previously Fe-bound OC. It is also
possible that the release of Fe-bound OC stimulated further reduction of native Fe(lll) minerals
or induced priming effects so that the native OC pool was mineralized to a higher extent.
Recent work by ThomasArrigo et al. (2023)* and Wang et al. (2024)°" support the latter
argument, since they found that the release of previously Fe-coprecipitated glucuronic

acid/glucose led to higher respiration of native OC in anoxic soils.
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Figure 3. Cumulative greenhouse gas emissions of CO, (a) and CH4 (b) in microcosm
experiments of palsa and bog soils with addition of >’Fe-enriched Fe(Il1)-OC coprecipitates (“+
cop”) and in a no-coprecipitate control (“- cop”) over time. All data points and error bars

represent the average and standard deviation of experimental triplicates respectively.
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Emissions of CH4 were below the detection limit in both treatment for the palsa soil during
the entire experiment duration (Figure 3b). This is in line with the absence of identified
methanogens in the palsa soil based on the 16S rRNA amplicon sequencing data (Figure S12)
and the RNA-based mcrA gene copy numbers, which were below the detection limit (Figure
4). The DNA-based mcrA copy numbers in the palsa soil were ca. 100 times lower than for the
bog soil and did not change between the coprecipitate-added and the no-coprecipitate control
(Figure S13). In comparison, a few aerobic methanotrophs were detected (Roseiarcus,
Methylocapsa, Rhodoblastus) and their relative abundance decreased over time regardless of
the treatment (0.68+0.05% at day 0 compared to 0.26+0.06%, Figure S12).
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Figure 4. Change in gene copy numbers of the mcrA gene in microcosm experiment of palsa
and bog soils with added ’Fe-enriched Fe(lll)-OC coprecipitates based on quantitative PCR
results. Results are displayed as the log, fold change (FC) of the mean copy numbers of “+
cop” treatment to the mean of the no-coprecipitate control [copiescop g™ dry soil/ copies.cop g™
dry soil] for DNA- and RNA-based analysis per time point. Absolute gene copy numbers are
displayed in Figure S13. Data bars and error bars represent the mean and 95% confidence

interval of experimental triplicates, respectively.

Our results are thus similar to previous metagenomic studies which mentioned the low
to negligible activity of methanogens in palsa soil®2%. Still, we did expect to measure CH.
emissions after a certain time lag in palsa reactors due to the establishment of anoxic
conditions and since field-based flux measurements showed high net CH4 emission after initial
palsa collapse3®. The fact that our results therefore differ from field measurements might mean
that (i) longer anoxic periods are necessary to establish methanogenic conditions or (ii) CHs4

release during palsa collapse in the field likely stems from the contact with bog methanogen
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communities. Support for the latter argument are given by Knoblauch et al. (2018)% who found
no CH4 emissions from a Siberian permafrost soil layer with no detectable mcrA gene copies
after 7 years of incubation, until they added an inoculum from another soil layer which

contained active methanogens.

Reduction of Fe(ll1)-OC coprecipitates in bog soils induces no change on net CO5 release and

temporarily inhibits CHs emissions

Within the bog reactors, cumulative CO2 emissions did not differ between the two
treatments (535+22 compared to 523+38 umol CO- g soil in coprecipitate-added and control
treatment, respectively) after 42 days. Also, individual fluxes between the two treatments were
not significantly different at any timepoint. This was surprising since the reduction of added Fe
within the Fe(lll)-OC coprecipitates should have produced an additional 100 uM CO. g™ soil
within the incubation, based on the stoichiometry mentioned in section 3.3. Therefore, there
likely was a counteracting effect on CO, release. It is possible that the activity of
microorganisms was suppressed by the addition of certain Sphagnum-derived phenolic
compounds that were initially coprecipitated with Fe. In a previous study, Cory et al. (2022)%°
demonstrated that the inactivation of soluble phenolics in incubations with bog soil led to an
increase in CO2 emissions by 62%, indicating that soluble phenolics can suppress microbial
respiration. Since phenolic compounds are abundant in bog porewaters®®” and likely also in
bog WEOM, they were likely bound to Fe(lll) (oxyhydr)oxides during the coprecipitation
synthesis®. It has also been suggested that release of Fe-bound OC in non-permafrost
Sphagnum peatlands decreased B-glucosidase activity®®, which is a central enzyme for carbon

degradation®,

In contrast, continued CH4 emissions were detected in both treatments of the bog soil
and cumulative emissions at the end of the experiment did not differ from each other (273+7.6
compared to 251+62 umol CH4 g™ soil for coprecipitate-added and no-coprecipitate treatment,
respectively). In the beginning of the experiment, cumulative CH, emissions were slightly lower
from day O to day 12 in the coprecipitate-added treatment compared to the no-coprecipitate
control (15+8.9 compared to 22+12 umol CH4 g soil, Kruskal-Wallis test, p=0.18). This might
indicate suppression of methanogenesis due to Fe(lll) reduction of the added Fe(lll)-OC
coprecipitates. However, once the majority of Fe(lll)-OC coprecipitates were reduced (after 10
days), CH4 emissions increased again, reaching the same cumulative CH4 emission as in the

no-coprecipitate treatment.

The trends in DNA-based mcrA gene copies are in line with the temporary suppression

of CH4 emissions between 0 and 12 days. The DNA-based mcrA copy numbers were lower in
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the coprecipitate-added treatment after 8 days compared to the no-coprecipitate control (log.
fold change (FC): -0.31+0.14, Figure 4) while copy numbers did not differ based on treatment
after 42 days (log2 FC: -0.01£0.50). We also found slightly lower abundance and potential
activity of methanogen taxa (including Bathyarchaeia, Methanosarcina, Methanobacterium
and Methanomassillicoccales) in the coprecipitate-added treatment compared to the no-
coprecipitate control after 8 days (Figure S12), highlighting the inhibition of methanogen
communities. The genus Methanosarcina, which can use a diverse set of substrates’!192,
made up the majority of the abundance and potential activity of identified methanogens. The
RNA-based mcrA copy numbers did not match with our hypothesis that temporary inhibition of
methanogenesis occurred. Copy numbers did not differ significantly from the no-coprecipitate
control after 8 days and instead were slightly lower after 42 days (log2 FC: -0.64+0.39). We
speculate that the difference between the DNA- and RNA-based mcrA values might be due to
varying activity of methanogen taxa compared to their abundance. Some methanogens are
hypothesized to be more vulnerable to competition effects with Fe(lll)-reducing
microorganisms (acetoclastic and hydrogenotrophic methanogens) than others
(methylotrophic methanogens) '921% Indeed, Ellenbogen et al. (2024)%2 found that
methylotrophic methanogens can make up 7-54% of the total methanogen activity in bog soil
and that members of the order Methanosarcinales are capable of using methoxylated
compounds for methanogenesis. In any case, it was apparent that the addition of Fe(lll)-OC

coprecipitates temporarily decreased CH4 emissions due to suppression of methanogenesis.

Fermenting and organic carbon-degrading microorganisms are stimulated by Fe(lll)-OC

coprecipitate addition

Changes in microbial community composition and potential activity upon addition of
Fe(lll)-OC coprecipitates were monitored using 16S rRNA (gene) amplicon sequencing and
quantification of the bacterial and archaeal 16S rRNA gene over the course of the microcosm
experiment. Community composition differed between the two soils and changed over time.
Within the palsa soil, the community was dominated by the phyla Acidobacteriota,
Actinobacteriota, Proteobacteria and Firmicutes. The RNA-based relative abundance of the
phylum Acidobacteriota increased over time for both treatments (44+3% at day 0 compared to
62+6% at day 42, Figure 5a). The presence of this phylum is typical in permafrost soils 075104
since it encompasses a wide array of taxa capable of complex polysaccharide degradation as
well as several fermentation pathways'®. Its increasing relative abundance over time could
signal the increase of fermenting bacteria due to anoxia. After 42 days of incubation, there was
a significantly higher relative abundance of Firmicutes in the coprecipitate-added palsa

treatment, compared to the respective no-coprecipitate control (14+3% compared to 7+3%,
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two-way ANOVA, p<0.01) which points towards a higher activity of fermenting microorganisms
in this treatment'®. Since fermentation produces low-molecular weight OC compound, such
fatty acids, which are often further mineralized to CO,, Firmicutes could have indirectly
contributed to the higher CO, emissions in the coprecipitate-added treatment. Additionally,
ANCOM revealed that the abundance of Sphingomonas spp. was significantly upregulated in
the coprecipitate-added treatment of DNA- and RNA-based samples after 8 and 42 days
compared to the no-coprecipitate control. This genus is ubiquitous in soils and known for
degradation of a wide range of OC compounds'®, including aromatic compounds'7:1%8, We
therefore speculate that Sphingomonas could have been involved in decomposition of the
aromatic-rich OC that was released from palsa coprecipitates, since these moieties are found
to preferentially bind to Fe(lll) (oxyhydr)oxides'%-""",
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Figure 5. Shifts in the likely active (RNA-based) microbial community of palsa (a) and bog (b)
soil in microcosm experiment with addition of ®’Fe-enriched Fe(lll)-OC coprecipitates (“+ cop”)
and in a no-coprecipitate control (“- cop”) over time. Taxa are displayed at the phylum level
and those with a relative abundance below 0.5% were categorized as “other”. Data and error
bars represent average and standard deviation of experimental triplicates. The DNA-based

dataset shows similar trends and is displayed in Figure S14.

Based on qPCR results, RNA-based gene copy numbers of bacterial and archaeal 16S

rRNA gene were higher in the coprecipitate-added palsa soil directly after addition of
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coprecipitates at day 0 compared to the no-coprecipitate control (log, FC: 1.44+0.58 and
1.2920.69, respectively, Figure S15). DNA- and RNA-based copy numbers of bacterial and
archaeal 16S gene did not differ from the no-coprecipitate control after 8 days and were slightly
elevated after 42 days. This could also signal a potential priming effect, induced by the release

of previously Fe-bound OC, as discussed above.

The microbial community in the bog soil was more diverse than in the palsa soil, based
on the number of phyla present. The dominant phylum was Acidobacteria, similar to the palsa
soils, but its relative abundance did not change over time; instead, it remained constant at
34+2% (Figure 5b). It was also notable that the relative abundance of Fibrobacterota, a taxa
generally known for containing (hemi-)cellulose-degraders''?113, significantly increased in the
coprecipitate-added bog treatment compared to the respective no-coprecipitate control after
42 days (15£1% compared to 5+2%, two-way ANOVA, p<0.001). This could hint at a higher
OC degradation potential. Upregulated taxa due to coprecipitate addition based on ANCOM
also included Sphingomonas, as well as Geobacteraceae (full list given in Figure S16). The
genus Sphingomonas could be upregulated due to the release of Fe-bound OC as discussed
above. The family Geobacteraceae includes well-known respiratory Fe(lll)-reducers, such as
Geobacter®™, which were likely more abundant due to the higher supply of Fe(lll) in form of
coprecipitates. Copy numbers of the bacterial and archaeal 16S gene in the coprecipitate-
added bog treatment did not differ from the no-coprecipitate control over time (Figure S15),
contrary to the palsa treatments. This result is consistent with the lack of difference in

cumulative CO, emissions between the two treatments.

In situ redox conditions impact greenhouse gas emissions and Fe reduction extent in the field

experiment

Within the field experiment, we determined the in situ reduction extent of Fe(lll)-OC
coprecipitates and resulting changes in net greenhouse gas emissions in the two thaw stages.
For that purpose, we incubated the synthesized MFe(lll)-OC coprecipitates inside peepers
during the thaw season of 2022 (July to September). After 53 days, we recovered 20+7% and
10+4% of initially added solid Fe (55.8 mg L") within the coprecipitate-added peepers in palsa
and bog areas, respectively. The Fe oxidation state of these remaining solids was 99 and 23%
Fe(lll) in palsa and bog areas, respectively (Figure 6). The low recovery of coprecipitates within
the palsa peeper was likely due to attachment of the particles to the inner or bottom part of the
cells, which were not captured during our anoxic HCI extraction of the membrane. Results
therefore show that added coprecipitates were not reduced within in the still oxic palsa soils.
In comparison, 77% of recovered coprecipitates in the anoxic bog soils were reduced and it is
likely that some Fe was dissolved during the reduction and therefore not recovered in our

analysis. Taking this loss of Fe into account together with the solid phase Fe(ll) content, the
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overall reduction would be equal to 90+4%. There was no trend over depth regarding the Fe
speciation within either the palsa or bog peepers (Figure S17). The no-coprecipitate added
peeper in the bog area also contained 0.8-2.2 mg Fe L™, all of which was Fe(ll). Dissolved
species (Fe?*, DOC, CO,, CH,) did not differ between the two setups in bog (Figure S18).

Greenhouse gas emissions differed based on season and thaw stage (Figure S19). We
therefore displayed the differences in net CO2 and CH. emissions between the coprecipitate-
added and control plots per measurement time for each thaw stage. For the coprecipitate-
added palsa plot, net CO. emissions (under dark conditions) did not change relative to the
control plot over time (0.35+0.38 in July compared to 0.32+0.19 pmol m? s in September,
Figure 6a). This is in line with the oxic soil conditions based on water table height (Figure S20),
leading to persistent Fe(lll)-OC coprecipitates and thus no change in CO, emissions between
the coprecipitate-added and respective control plot. Emissions from the coprecipitate added
plot in bog soil changed drastically. Differences in CO. emissions of the coprecipitate-added
to the control plot decreased from -0.01£0.29 in July to -0.87£0.40 pmol m? s™'in September
(Figure 6b). This result was thus similar to our microcosm experiment, in the sense that CO;
emissions did not increase due to reductive dissolution of Fe(lll)-OC coprecipitates. We
conclude that similar processes as in the microcosm experiment could play a role, which could
be enhanced under in situ conditions due to lower temperatures in the field than in the lab
experiment, and therefore overall lower microbial respiration'"*. Net emissions of CH4 relative
to the control plot also decreased from July to September (0.27+0.08 to -0.07+0.04 pmol m™
s™') which could show the inhibition of methanogenesis, similarly to the microcosm experiment.
Since not all added Fe(lll)-OC coprecipitates were reduced yet, the inhibition of
methanogenesis was likely still ongoing. Both the microcosm and field-based experiment
therefore show that Fe(lll)-OC coprecipitates are able to be fully reduced within across several
weeks if anoxic conditions are formed, therefore influencing the greenhouse gas budget of

thawing permafrost soils.
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(September) are shown relative to a control plot in which only deionized water was added.
Absolute flux data is provided in Figure S19. Data bars and error bars represent the average

and standard deviation of triplicate flux measurements of one “+ cop” plot and one control plot.

Conclusion

Our work demonstrates that mineral-bound OC in the form of Fe(lll)-OC associations is
not protected after permafrost thaw followed by the onset of anoxic conditions. The added
Fe(lll)-OC coprecipitates were fully reduced within several weeks in collapsed palsa soils
within the microcosm experiment. The reduction increased CO. emissions by 43+16%
compared to the non-amended control, due to the use of Fe(lll) as an additional electron
acceptor and likely by releasing Fe-bound OC to the aqueous phase and priming the use of
native DOC. As a result, excess emitted CO, was three times higher than expected based on
the reduction of added Fe(lll) alone. This implies that Fe-rich, low-land permafrost areas will
likely see an increase in CO, emissions upon thaw-induced anoxia. Based on previously
published data on Fe stocks in permafrost soils (52 to 638 g Fe m in the upper 30 cm)?937.114
and a constant stoichiometry of reduced Fe to produced CO- (4:1), 23 to 286 Tg C could be

released globally as CO. upon the dissolution of Fe(lll)-OC associations in low-land tundra or
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boreal ecosystems''®'16, Our data even suggests that the ratio of reduced Fe to produced CO-
after initial permafrost thaw is closer to 1:1, meaning that more CO, than expected based on

Fe(lll) reduction alone could be released.

The added Fe(lll)-OC coprecipitates were also (almost) fully reduced in the naturally
anoxic bog soils in both experiments. Contrary to expectations, there was no clear increase in
CO2 emissions in the microcosm experiment, such that we could not assess the direct
contribution of Fe(lll)-OC coprecipitates to CO: release. This suggests that counteracting
processes, possibly due to the unique OC composition in Sphaghum-dominated bogs played
a role. Once permafrost soils have transitioned into anoxic bog-like wetlands, the reduction of
Fe(ll)-OC associations might therefore not lead to excess CO- release. The underlying
processes for this observation are still unclear and deserve further research. Regarding CHs
emissions, it was apparent that the reduction of Fe(lll)-OC coprecipitates temporarily
decreased emissions in the bog soil, as long as coprecipitates were still present. Since bog
soils often experience periodic water table fluctuations'''® the content of Fe(lll)-OC
associations could be replenished by abiotic coprecipitation of dissolved Fe and OC, leading
to initial suppression of methanogenesis during anoxic periods. Further, the formation of
Fe(ll)-OC phases after coprecipitate dissolution, likely complexed to POM, could explain the
high C:Fe ratios found in Sphagnum-dominated wetlands3* and increase the persistence of
Fe(lll) under anoxic conditions. Together, our results therefore show that Fe(lll)-OC
associations are no stable C sink during anoxic conditions in thawing permafrost soils, thereby

affecting the GHG balance in diverging ways depending on the soil biogeochemical conditions.
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Supporting Information
Text S1. Selective Fe mineral extractions of subsoils used for the microcosm experiment

Selective Fe extractions were performed to quantify the content and speciation of
different Fe pools in the subsoils of palsa and bog used for the microcosm experiment. A 0.5
M HCI extraction, targeting poorly crystalline Fe(lll) (oxyhydr)oxide minerals, adsorbed Fe(ll),
FeS and partially FeCO3*'%2 and a 6 M HCI extraction, targeting more crystalline phases
(goethite, magnetite and partially Fe in phyllosilicates®"'"®) were performed in experimental
triplicate. The dry soil (300 mg) was added into 1 M HCI-washed 20 mL glass vials in an anoxic
glovebox (MBraun Unilab Workstation, 100% N2 atmosphere) and 14 mL of anoxic extractant
solution was added. The vials were closed with butyl rubber stoppers and crimped with
aluminum caps, after which they were put on a rolling shaker (60 rpm) in the dark for 24 h. The
samples were brought back to the glovebox and centrifuged (10,055 rcf, 5 min) after
transferring them to 2 mL Eppendorf tubes. Samples were diluted in 1 M HCI and Fe speciation

was measured by the ferrozine assay®.

Text S2. Isolation of water-extractable organic matter (WEOM)

Field-moist soil of the upper soil layers of palsa and bog areas was added to double-
deionized water (DDI, Millipore, >18 MQ cm™) at a 1:10 weight/volume (w/v) ratio for 24 h on
an overhead shaker in the dark. Resulting suspensions were centrifuged in pre-baked glass
serum bottles (5250 rcf, 15 min) and the supernatant was sequentially filtered through pre-
rinsed 8 yum (Merck Millipore, MCE) and 0.22 um (Merck Millipore, Steritop PES) filters. The

final water-extractable organic matter (WEOM) was stored at 4°C (<24 h until use).
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Text S3. Calculation of greenhouse gas flux

The gas fluxes of carbon dioxide (CO-) and methane (CH,) were calculated according to
Equation (1), as in Minh et al. (2018)"?":

P X Vys

R= A g Txm., Eq (1)

where R is the flux (umol d' g’ dry soil), Ac is the slope of the measured gas
concentrations over time (ppm d'), p is the pressure (101325 Pa), Vs is the headspace
volume in the incubation bottle (m®), R is the ideal gas constant (8.31 J mol" K'), T is the
temperature (293 K) and msi is the mass of dry soil left in the incubation bottle (g dry weight).

The Vus and msoi were changed after each sampling, due to output of sampled suspension.

The cumulative gas flux was calculated based on a simple interpolation:

1
Rcum,n = Atn—k X E X (Rk + Rn) + Rcum,k Eq (2)

where Ramnis the cumulative flux at a given timepoint n (umol g™ dry soil), Aty is the
timeframe between timepoint n and the prior timepoint k (d), R« and R, are the fluxes on
timepoint k and n (umol d' g’ dry soil), respectively, and Rcumk is the cumulative flux at
timepoint k (umol g dry soil). The first cumulative flux at timepoint 0 was calculated by
including a measurement which was done one day prior (before addition of Fe(lll)-OC

coprecipitates).

Text S4. Calculation of aqueous and solid (0.5 M HCI extractable) Fe from *’Fe-enriched Fe-

OC coprecipitates

The share of aqueous and solid Fe originating directly from added coprecipitates was
calculated based on the isotope signature, as described in Notini et al. (2023)'?2. We know that
the fraction of Fe to %Fe+°"Fe (f*'Fe+wp), Which is measured by ICP-MS, can also be
described as

57 _ P "Fegpe_oc X fre—oc + " Fegou X (100 — fre_oc) Eq (3)
.f e+C0p - 100

, in which f%Fereoc is the known fraction of *Fe to ®Fe+%Fe in the labelled
coprecipitates (9.8 and 10.4% for palsa and bog coprecipitates, respectively), fFercocis the
fraction of aqueous Fe coming from coprecipitates [%] and f°"Fesoi is the measured fraction of

5Fe to %Fe+%"Fe in the no-coprecipitate control setup. By re-arranging for fFere.oc, we get:
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100 x (.fS7Fe+cop _f57Fesoil) Eq (4)
Fe-o¢ 57 Fepe—oc — f°7 Fesour

We then multiply the fraction with the absolute concentration of total aqueous Fe
measured by the ferrozine assay (c(Feaq), [MM]) to get the amount of aqueous Fe derived from
the reductive dissolution of °’Fe-enriched Fe-OC coprecipitates cre-oc [MM], which is displayed

in Figure 1b:

Cre-0c = C(Feaq) foe—OC Eq (5)

Text S5. Quantification of microbial metabolites by gas chromatography coupled to mass
spectrometry (GC-MS)

The concentration of metabolites was measured using GC-MS (Shimadzu GC/MS TQ
8040, Japan) operated in Electron lonisation mode (El). Metabolites were measured either by
headspace injection (MS acquisition mode: Scan) or as a liquid sample after derivatization (MS
acquisition mode: MRM). For derivatization, samples were thawed on ice and 3000 pmol '3C-
glucose was added as an internal standard to 250 uL sample prior to freeze-drying. The solids
were re-dissolved with 50 yL methoxamine (20 mg mL™" pyridine), ultrasonicated for 10 min
and subsequently incubated at 30° C for 90 min. Next, 70 uL N-methyl-N-(trimethylsilyl)-trifluor-
acetamid (MSTFA) was added and samples were incubated at 40°C for 60 min, after which
they were kept at room temperature for 2 h. A volume of 1 yL was used for injection in splitted
mode on a Restek SH-Rxi-5SIL MS column (30 m; film 0.25 pym; diameter 0.25 mm). The
injection port was heated to 280°C. For chromatographic separation a He flow rate of 1.1 mL
min"' and a temperature increase of 10°C min™' from 100 to 320°C were employed. For the
measurement via the headspace method, 250 uL of thawed sample together with 2500 pmol
octanol as internal standard were added into glass vials with closed lids. A volume of 1 ml of
headspace gas was injected onto the column Stabilwax-DA from Restek. The He flow rate was
1.1 mL min? and the column temperature increased by 10°C min™ from 40 to 240°C.
Concentrations were quantified with a 8-point external calibration containing standards of all

targeted analytes, ranging from 20 to max. 107 pmol per 250 pL.
Text S6. Data analysis of Fe K-edge X-ray absorption spectra

Data processing included energy calibration, pre-edge subtraction, and post-edge
normalization done in Athena®®. The Fe redox state was estimated by linear combination fitting
(LCF) of the XANES region from -20 to +30 eV around the edge energy. References for XANES

spectra included ferrihydrite (representative for Fe(lll)) and Fe(ll)-citrate (representative for
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Fe(ll)). Speciation of Fe was examined by LCF of the k*>-weighted EXAFS region in a k range
from 2 to 11 A-1. The edge energy of all samples and references was set to 7128 eV. The
following reference compounds were selected: ferrihydrite, lepidocrocite, Fe(lll)-citrate, Fe(lll)-
catechol, Fe(ll)-citrate, Fe(ll)-EDTA, Fe(ll)-catechol, Fe(ll)-mercaptoethanol. Components
were constrained between 0 and 100% during fitting, but no constraints were set on the sum
of components. Initial fractions of detected Fe phases were re-calculated to sum up to 100%

and fractions below 5% were disgarded.

Text S7. Data analysis of 57Fe Mdssbauer spectra

S"Fe-enriched Fe(lIl)-OC coprecipitates were analyzed by °’Fe M&ssbauer spectrsocopy.
Samples were collected by filtration (0.45 um nitrocellulose, Millipore) after the washing
procedure. The filter paper with contained solids was fixed between Kapton® tape and frozen
(-20°C). Samples were inserted into a closed-cycle exchange gas cryostat (Janis cryogenics)
under a gasflow of He to minimize air exposure. Spectra were collected at 30 and 6 K. Spectra
were taken using a constant acceleration drive system (WissEL) in transmission mode with a
5’Co/Rh source. All spectra were calibrated against a 7 um thick a-°’Fe foil that was measured
at room temperature. Data analysis was performed using Recoil (University of Ottawa) and the
Voigt based fitting routine'?® was used. The half width at half maximum was constrained to

0.116 mm s during fitting.
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Text S8. DNA and RNA extraction procedure and 16S rRNA (gene) amplicon sequencing

Total DNA and RNA of soil samples from the microcosm experiment were extracted in
experimental triplicate using the RNeasy PowerSoil® Total RNA Kit with DNA Elution (Qiagen,
Germany). The following adjustments were made to the manufacturer’s instructions: 1-1.5 g of
soil (wet weight) was added to the bead tube; 10 min bead-beating; all centrifugation steps (of
15 mL tubes) at 7000 rcf at 4°C; incubation time at -20°C for 1.5 h; final pellets were dried on
a clean bench and resuspended in 50 yL RNase or DNase-free water. The quality of the
extracted RNA and DNA was examined using Nanodrop (NanoDrop 1000, Thermo Scientific,
USA) and concentrations were quantified using Qubit® 2.0 Fluorometer with RNA and DNA HS
kits (Life Technologies, USA). Remaining DNA in the RNA samples was digested and the RNA
was reverse transcribed using commercial kits (Invitrogen, Life Technologies, USA) as
described in Otte et al. (2018)'?*. Complete digestion of DNA and transcription of RNA to cDNA
was confirmed using agarose gel electrophoresis after polymerase chain reaction (PCR) with
primers specific for the 16S rRNA gene of bacteria (341f, 907r).

Library preparation steps (Nextera, lllumina) and sequencing were performed using
lllumina MiSeq sequencing system (lllumina, USA) at the Institute for Medical Microbiology
and Hygiene (MGM) of the University of Tubingen. In total 12,854,425 paired-end reads with
length 250 bp were obtained for 72 out of 108 samples (6,325 to 215,979 read pairs per
sample, in average 119,022, only one sample below 40,000 read pairs). Data processing,
including quality control, reconstruction of sequences and taxonomic annotation was done
using nf-core/ampliseq version 2.8.0%8% of the nf-core collection of workflows®. Primers were
trimmed using Cutadapt v3.4'?% and untrimmed sequences were discarded. Less than 37.6%
of sequences were discarded per sample and 83.9% of sequences passed the filtering on
average. Adapter and primer-free sequences were pooled with DADA2 v1.28'? to eliminate
PhiX contamination, trim reads (forward reads at 231 bp and reverse reads at 207 bp), discard
reads with >2 expected errors, correct errors, merge read pairs, and remove PCR chimeras.
Ultimately, 13476 amplicon sequencing variants (ASVs) were obtained across all samples.
Between 67.97% and 81.11% reads per sample (average 77.50%) were retained. ASVs with
length lower than 240 or above 270 bp were removed (143 of 13476). Taxonomic classification
was performed by DADA2 and the database ‘Silva 138.1 prokaryotic SSU''?". Of 13333 ASVs,
90 ASVs designated as mitochondria or chloroplasts were removed within QIIME2 version
2023.7."%, Finally, 13,243 amplicon sequencing variants (ASVs) with between 4,071 and

148,556 counts (average 78,255) per sample were obtained.
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Figure S1. Fe content and speciation of initial palsa and bog soils used for the microcosm
experiments. (a) Contents and speciation of Fe based on selective extractions targeting the
poorly crystalline (0.5 M HCl-extractable) and more crystalline (6 M HCl-extractable) Fe pool.
(b) Fe(ll) to Fe(total) ratio for both soils based on selective extractions and linear combination
fitting Fe K-edge X-ray absorption near edge structure (XANES). Data bars and error bars

represent mean and standard deviation of experimental triplicates.
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Figure S2. Geochemical parameters over depth in palsa and bog porewater. Subplots display
porewater pH (a) and aqueous Fe?* concentration (b) as well as a correlation of dissolved
organic carbon (DOC) against aqueous Fe?* concentrations. Lines show fitted Pearson
correlation with given R and p value. The depth axis of subplot (a) is also applicable to (b).
Data points and error bars show average and standard deviation of 3-5 samples per depth
taken in July 2022.
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Figure S3. Fe Mossbauer spectra of initial synthesized °Fe-enriched Fe(lll)-OC
coprecipitates using palsa (a, ¢) and bog (b, d) water-extractable organic matter. Spectra were
taken at 30 K (a, b) and 6 K (¢, d). Measured data is displayed as open dots and initial

components and the overall fit as lines. The fitting parameters are shown in Table S6.
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Figure S4. (a,c) Linear combination fitting of Fe K-edge X-ray absorption near edge structure
(XANES) and (b,d) resulting Fe speciation relating to the microcosm experiment using (a,b)
palsa and (c,d) bog soil. Results of initial >’Fe-enriched Fe-OC coprecipitates, initial palsa and
bog soils and samples with addition of >’Fe-enriched Fe(ll1)-OC coprecipitates (“cop+soil”) and
no-coprecipitate controls (“soil”) after 0, 1, 15 and 42 days are displayed. Solid lines show the
measured spectra and open dots show the fits. The labels in the middle also apply to the bar
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graph. References of ferrihydrite

(Fh) and Fe(ll)-citrate (Fe(ll)-citr) were used as

representatives for Fe(lll) and Fe(ll). Fitting parameters are given in Table S5.
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Figure S5. Linear combination fitting of k*>-weighted Fe K-edge extended X-ray absorption fine

structure (EXAFS) relating to the microcosm experiment using (a) palsa and (b) bog soil.

Results of initial °’Fe -enriched Fe-OC coprecipitates, initial palsa and bog soils and samples

with addition of %’Fe-enriched Fe(lll)-OC coprecipitates (“cop+soil’) and no-coprecipitate

controls (“soil”) after 0, 1, 15 and 42 days are displayed. Solid lines show the measured spectra

and open dots show the fits. Fitting results and parameters are given in the main text.
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Figure S6. Different geochemical parameters (aqueous Fe, 0.5 M HCl-extractable total Fe,
fraction of aqueous and solid *’Fe, pH, and dissolved organic carbon concentration (DOC))
within the microcoms experiments using palsa and bog soil with added *’Fe-enriched Fe(lll)-

OC coprecipitates (+ cop) and without (- cop). Left panels show the absolute data over time
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and right panels show the difference between the + cop setup and the — cop setup (in case of
aqueous Fe?*, 0.5 M HCl-extractable Fe and DOC) over time. Solid, horizontal lines in panel d
show the calculated addition of 5’Fe-enriched Fe(l11)-OC coprecipitates which is equal to 50%
relative to the native 6 M HCl-extractable Fe pool. The grey shaded area represents the
incubation time before coprecipitates were added. Data points and error bars represent

average and standard deviation of experimental triplicates.

Figure S7. Photographs of setup of the field experiment involving three peepers and one water

table datalogger (inside white plastic tube) in palsa and bog area. Photographs were taken in
July 2022.
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130



a palsa b bog

0 days 8 days 42 days 0 days 8 days 42 days
4 - 4
3+ 34 g
»
2 21 8
S @
— o
g Q== == ﬁ ﬁ —_— 0- = B i i = i
a
© 4 4
(3]
2
% 34 31 %
>
21 21 8
w
)]
o
1 - i i 1 | I I '
SEES, FSTS SKSF TS TF TS S SF
B Bradyrhizobium | Acidocella [l Pseudomonas
Bl Sideroxydans [l Anaeromyxobacter || Geobacter
L] Rhodanobacter [ Clostridiales [ Desuifovibrio
[I Ralstonia [| unclass. Myxococcales D P30B-42

Figure S9. Relative abundances of present (DNA-based) and likely active (RNA-based)
identified Fe(lll)-reducing (orange colors) and Fe(ll)-oxidizing (purple colours) microorganisms
per timepoint (0, 8, 42 days) and setup (with added Fe(lll)-OC coprecipitates: “+ cop”, no-
coprecipitate control: “- cop”) in the microcosm experiment using (a) palsa and (b) bog soil.
Results are based on 16S rRNA (gene) amplicon sequencing and taxa with a relative
abundance >0.05% are displayed. Taxa are labelled at the genus-level, except for Clostridiales
and unclassified Myxococcales for which no genus could be identified. Data bars and error

bars display the mean and standard deviation of experimental triplicates.
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Figure S$12. Relative abundances of present (DNA-based) and likely active (RNA-based)
identified methanogens (blue colors) and methanotrophs (red colours) per timepoint (0, 8, 42
days) and setup (with added Fe(lll)-OC coprecipitates: “+ cop”, no-coprecipitate control: “-
cop”) in the microcosm experiment using (a) palsa and (b) bog soil. Results are based on 16S
rRNA (gene) amplicon sequencing and taxa with a relative abundance >0.1% are displayed.
Taxa are labelled at the genus-level, except for Bathyarchaeia and Methanomassiliicoccales
for which no genus could be identified. No methanogens were detected in the palsa soil. Data

bars and error bars display the mean and standard deviation of experimental triplicates.
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Figure S13. Absolute DNA- and RNA-based gene copy numbers [g™ dry soil] determined by
quantitative PCR assays with samples from the microcosm experiment using (a) palsa and (b)
bog soil. The archaeal and bacterial 16S rRNA as well as mcrA gene were quantified in
samples with addition of ’Fe-enriched Fe(lIl)-OC coprecipitates (“+ cop”) and without (“-cop”)
after 0, 8 and 42 days. Data bars and error bars display the mean and standard deviation of

experimental triplicates.
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Figure S15. Change in gene copy numbers of the bacterial and archaeal 16S rRNA gene in
microcosm experiment of palsa and bog soils with added °’Fe-enriched Fe(lll)-OC
coprecipitates based on quantitative PCR results. Results are displayed as the log fold change
(FC) of the mean copy numbers of “+ cop” treatment to the mean of the no-coprecipitate control
[copies:cop g! dry soil/ copies.cop g dry soil] for DNA- and RNA-based analysis per time point.
Absolute gene copy numbers are displayed in Figure S13. Data bars and error bars represent

the mean and 95% confidence interval of experimental triplicates, respectively.

137



Sphingomonas Gecbacteraceae

®

0.4 A

0.3 2+

0.2
2 3
g o' .
§ OO' —_—l 0- e —
é Tardiphaga Elusimicrobia
@ 1.5 °
[0] ®
2
B 1.0 . 0.4-

0.5 0.2-

. |

+ cop - cop + cop - cop

. palsa . bog

Figure $16. Relative abundance of identified Amplicon Sequence Variants (ASVs) which
changed significantly microcosm experiment using palsa and bog soil with addition of 5’Fe-
enriched Fe(ll)-OC coprecipitates (“+ cop”) and in no-coprecipitate controls (“- cop”). Data
from DNA- and RNA-based 16S rRNA amplicon sequencing datasets after 8 and 42 days were
used, such that each boxplot consists of 12 replicates.

138



Palsa Bog

_ oo DD |
£
O,
Q.
(]
S| DD |

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Fe fraction [-]

B solid Fe(il) [ solid Fe(ly
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Figure $18. Dissolved species measured in the porewater of peepers of the field experiment.
Peepers filled with synthesized MFe(l11)-OC coprecipitates (Bog +cop) and the controls filled
with deionized water (Bog -cop) were sampled after 53 days of incubation from July to
September 2022. Data points and errorbars display the mean and range of experimental
duplicates in case of the +cop data and results from the single replicate in case of the control.
No data is available for peepers placed in palsa area due to the too low porewater volume in
the soil.
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Figure S$19. Absolute greenhouse gas emissions (CO. and CH4) measured on top of the
peepers filled with NMFe(lll)-OC coprecipitates (+cop) and the controls filled with deionized
water (-cop) in July (0-24h after addition of coprecipitates) and September (53 days after
addition of coprecipitates). Data and error bars represent the mean and standard deviation of
triplicate measurements of gas fluxes on top of one coprecipitate-added plot and one control
plot. Symbols above the bars denote the level of significant difference between the two setups

at a given time (one-way ANOVA, Tukey’s HSD test): p>0.1 — not significant (ns), p<0.1 -*,

p<0.05 - **, p<0.001 - ***,
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Table S$1. Composition of artificial porewater used in the microcosm experiment, modified from
a mineral medium'?®, The concentration of CaCl, was increased to keep the ionic strength

constant.

Final concentration in

Salt bottles [mM]
KHoPO4 0.04
NH.CI 0.06
MgSQO4x7H20 0.02
CaClx2H.0 2.00
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Table S2. Measured metabolites in microcoms experiments using palsa and bog soil with

added °’Fe-enriched Fe(lll)-OC coprecipitates. Metabolites which were detected at least on

[7l]

one timepoint during the incubation in all experimental triplicates are marked with an “x”.

detected in samples?

Injection

metabolite chemical class palsa bog method
alanine amino acid X X liquid
glutamic acid amino acid X X liquid
glycine amino acid X X liquid
histidine amino acid X liquid
lysine amino acid X X liquid
methionine amino acid X liquid
phenylalanine amino acid X X liquid
proline amino acid X X liquid
serine amino acid X X liquid
threonine amino acid X X liquid
tyrosine amino acid X X liquid
valine amino acid X X liquid
methanol alcohol X X headspace
acetic acid organic acid X X headspace
propionic acid organic acid X X headspace
butyric acid organic acid X X headspace
pentanoic acid organic acid X X headspace
citric acid organic acid liquid
fumaric acid organic acid X X liquid

lactic acid organic acid X X liquid
pyruvic acid organic acid X X liquid
succinic acid organic acid X X liquid
tartaric acid organic acid X X liquid
valeric acid organic acid X X headspace
3-hydroxybenzoic acid phenol derivative x X liquid
4-hydroxybenzoic acid phenol derivative x liquid
hydroquinone phenol derivative x X liquid
galacitol sugar alcohol X liquid
inositol sugar alcohol X X liquid
galacturonic acid sugar acid X X liquid
fructose sugar X X liquid
fucose sugar X X liquid
glucose sugar X X liquid
mannose sugar X X liquid
sucrose sugar X X liquid
xylose sugar X X liquid
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Table S3. Overview of the used quantitative PCR assays, including primer pairs and their

sequences, the thermal program, used dilution factors of samples and references.

Assay Primer Thermal program Dilution factor References
Muyzer et al.
341f (1995)130

95°C - 3'; (95°C - 10”; DNA: 1000, RNA:
55°C - 30") x 40; 60- 100 (palsa), 10 .
7970 95°C by 0.5°C-5"  (bog) prrscitibas

bacteria

95°C - 37 (95°C - 107"; GroRkopf et al.

16S rRNA gene |16S rRNA gene

© : :
§ AT s2cogsi7c-30m) DI oats), o (1998)2
5 x40;60-95°C by 0.5°C~ > (P&
S 5 (bog) Stahl & A
Ar915r o e
(1991)'%2

95°C - 57 (95°C - 307;

ME1f 48°C -45") x 6; (95°C -
307"; 65°C -45""; 72°C -
307) x 40; 65-95°C by
0.5°C-5"

DNA: 100, RNA: 100 Hales et al.
(palsa), 10 (bog) (1996)"34

mcrA

ME1r
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Table S4. Calculation of possible abiotic reduction of Fe(lll)-OC coprecipitates by reduced

particulate organic matter (POM) in the microcosm experiments.

palsa bog
Added Fe [mM] 1.00 3.16
Volume bottles [L] 0.25 0.14
Soil [g dry weight] 5.5 8
Added Fe [mM/g soil] 1mM/55g= 0.18 3.16 mM/ 8g= 0.39
EAC of POM [mmol e-/g POM] 9'08 0.082
soil OC content [g OC/g soil] 0.43 0.47
fraction of POM in soil [g POM/g 0.72 0.72b
0C] b '
mass POM in bottles [g POM] 5.5 g*0.72*0.43= 1.69 8 g*0.72*0.47= 2.68
EAC of POM in bottles [mmol e:] 0% MM 0 o O v a6 a2 0.20
possible reduced Fe(lll) from
POM [mmol Fe] e =
actual reduced Fe after 1 day
[mM Fe] 0.31 0.32
actual reduced Fe after 1 day . _ 0.32 mM * 0.14
[mmol Fe] 0.31mM*0.25L= 0.08 L= 004
Ratio of electrons provided by
POM to actually reduced Fe il mmorzrg.c?li 165 U mmrglr/noc;?i 4.54

after 1 day [-]

3electron accepting capacity (EAC) according to Joshi et al. (2021)”° and Obradovi¢ (2024)8°
baccording to personal communication with Marie Mollenkopf, similar to values in Mueller et al.

(2015)135
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Table S5. Linear combination fitting results of Fe K-edge XANES spectra of the initial

synthesized *’Fe-enriched Fe(ll1)-OC coprecipitates and the initial soils, as well as the samples

from the microcosm experiment with added coprecipitates (“cop+soil”) and without (“soil”) at

to, after 1, 8 and 42 days of incubation. The references of Fe(ll)-citrate and ferrihydrite were

used as representatives for Fe(ll) and Fe(lll).

Fe(lll) Fe(ll) NSSR? red. x>°
sample
[%] [%] [%] [%]
S’"FeOC _initial 100 0 0.15 0.04
cop+soil_0 28 72 0.05 0.01
cop+soil_1 19 81 0.04 0.01
cop+soil_8 15 85 0.06 0.02
& coptsoil_42 0 100 0.07 0.02
& soil initial 65 35 0.22 0.06
soil_0 20 80 0.06 0.02
soil_1 15 85 0.07 0.02
soil_8 13 87 0.09 0.02
soil_42 7 93 0.09 0.02
S"FeOC _initial 100 0 0.16 0.04
cop+soil_0 32 68 0.05 0.01
cop+soil_1 18 82 0.06 0.02
cop+soil_8 27 73 0.07 0.02
2 cop+soil_42 10 90 0.07 0.02
O soil initial 51 49 0.11 0.03
soil_ 0 19 81 0.08 0.02
soil_1 16 84 0.31 0.08
soil_8 25 75 0.07 0.02
soil_42 13 87 0.08 0.02

2 normalized sum of of squared residuals (residuals (100 Yi (datai-fit)?/y; data?)
® measure of fit accuracy ((Nigp /Npts) i ((datai-fit)/€i)?(Nigo-Nvar)™")). Nigp /Npts and Nyar are the
number of independent points in the model fit (37.5), the total number of data points (250) and

the number of fit variables (2), respectively.
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Table S6. Fitting parameters of Mossbauer spectra of initial 5’Fe-enriched Fe(lll)-OC

coprecipitates.

Rel.

T , Ccse QSore® H° sd(H) )
sample K] site mms’  [mmsT] [T] 7] [a:);)e]a x4,d
“Fe-OC 30  Fe(lll)doublet  0.47 0.94 33
initial 0.91
palsa Fe(lll) collapsed 0.50 0.00 16.18 12.22 66

6  Fe(lll) sextet1  0.69 -0.05 46.8 3.8 42

Fe(lll) sextet 2 0.29 0.01 468 3.7 45 2.43
Fe(lll) collapsed 0.45 0.07 327 144 13
Fe-OC 30 Fe(lll) doublet (48 0.87 40
initial 1.29
bog Fe(lll) collapsed ¢ 5 0.00 13.70 9.90 60
6 Fe(lll) sextet 1 0.56 -0.09 474 2.6 36
Fe(lll) sextet2  0.42 0.07 462 40 51 2.57
Fe(lll) collapsed  0.59 0.07 333 11.3 13

acenter shift

bquadrupole split in paramagnetic state or quadrupole shift
°hyper fine field

dgoodness of fit parameter
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Abstract

Global methane (CH4) emissions from thawing permafrost peatlands are expected to
increase substantially in the future. Net emission of CH4 depends on the presence of more
favourable terminal electron acceptors for microbial respiration, such as ferric iron (Fe(lll)). In
soils with high OC content, Fe(lll) is often coprecipitated with organic carbon (OC). The
presence of Fe(ll1)-OC coprecipitates could either suppress CH4 emissions due to inhibition of
methanogenesis and stimulation of anaerobic methane oxidation coupled to Fe(lll) reduction,
or enhance emissions by providing additional OC. Here, we investigated the role of Fe(lll)-OC
coprecipitates in net CH4 release in a fully thawed, waterlogged permafrost peatland (Stordalen
Mire, Abisko, Sweden). We synthesized Fe(lll)-OC coprecipitates using natural organic matter
from the field site and added them to waterlogged soil in a microcosm experiment and in situ,
and followed Fe speciation and changes in greenhouse gas emissions over time. Fe(ll)-OC
coprecipitates were partially reduced (22%) within 42 days in the microcosm experiment, while
almost full reduction (92+4%) occurred in situ within 53 days. This led to a decrease in CHs4
emissions by 94% and 40% in microcosm and field experiment, respectively, compared to no-
coprecipitate controls. A decrease in both RNA-based mcrA copy numbers and relative
abundance of detected methanogens indicated that methanogenesis was mainly inhibited by
the addition of the coprecipitates due to microbial Fe(lll) reduction. In conclusion, Fe(lll)-OC
coprecipitates temporarily suppress net CHs emissions in fully thawed permafrost soils, and

might play a similar role in mitigating CH4 release in other (periodically) flooded soils.
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Introduction

Methane (CH4) is a potent greenhouse gas that is emitted globally at a rate of 576 Tg
CH4 y', with a large portion (148 Tg y') originating from periodically or permanently anoxic
soils™. It is predicted that soil methane emissions will increase by 89% (SSP 2) until the year
2200 compared to 20102, Permafrost peatlands play an especially large role in CH4 release,
since these soils contain a large organic carbon (OC) stock of which a substantial fraction
represents labile, previously unavailable (frozen) OC3*. In low-lying permafrost peatlands in
which drainage of thawed permafrost is impeded or which are hydrologically connected to
other water bodies, soil inundation and thermokarst formation is predicted®®. As these soils
are saturated with water, anoxic conditions are expected to develop and may lead to increasing
CH4 emissions, promoted further by increasing temperatures®''. The net release of CHs4
depends on the balance of CHs production by methanogens and CHs oxidation by
methanotrophs'?, which are affected by varying biogeochemical parameters. The key
parameter in this release is the availability of terminal electron acceptors that are more
thermodynamically favorable than CO2, such as nitrate, sulfate, or ferric iron (Fe(lll))

minerals'314,

The net effect of the presence of Fe(lll) minerals on CH4 release can vary. First, many
studies reported inhibition of methanogenesis when Fe(lll) reduction occurred''8. The main
reason for inhibition is that Fe(lll) reduction outcompetes methanogenesis thermodynamically,
implying that methanogenesis will proceed only once Fe(lll) is depleted'>'®. Second, Fe(lll)-
reducing microorganisms and methanogens compete for the same substrates, such as acetate
and hydrogen (H2), which Fe(lll)-reducers can use at far lower concentrations than
methanogens?. Fe(lll) might also play a role within anaerobic oxidation of CH4 by functioning
as an electron acceptor?"??, thus decreasing net CHs release. In contrast, there is also
evidence that Fe(lll) reduction can promote methanogenesis. One theoretical argument is that
the pH increase induced by Fe(lll) reduction could make conditions more favourable for
(acetoclastic) methanogenesis?2*. Additionally, there is evidence from culture-based?>2¢ and
soil-based?” studies that more crystalline Fe(lll) minerals can serve as electron shuttles for

methanogens.

In contrast to pure Fe(lll) minerals and dissolved Fe(lll), much less is known about the
influence of organic matter-bound Fe(lll) on net CH4 release. Poorly crystalline, high surface
area Fe(lll) minerals, such as ferrihydrite, are often associated with organic matter through
adsorption or coprecipitation?®, forming Fe(lll)-OC associations. In permafrost peatland soils
with high OC content, binding through coprecipitation is thought to be the dominant process
based on OC:Fe ratios of selective extractions?®*-*'. Fe(lll)-OC coprecipitates may play a

inhibitory or promotive role regarding CHs release. Once conditions turn anoxic, Fe(lll)
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reduction may occur, releasing Fe?* and the previously bound OC to the aqueous phase. Since
Fe(ll)-OC coprecipitates are less crystalline than OC-free Fe(lll) minerals, they might be more
available for microbial reduction®?3 and lead to stronger suppression of methanogenesis. On
the other hand, the released OC could function as a substrate for fermenting microorganisms,
providing more substrates for methanogenesis (fatty acids, Hz2)3*. High OC loadings in Fe(lll)-
OC coprecipitates could also inhibit microbial access to Fe*®, decreasing the extent of Fe(lll)
reduction and thus the competition with methanogenesis. The C and Fe cycles in anoxic soils
are thus closely interlinked through the processes of Fe(lll) reduction, fermentation, and

methanogenesis.

Thawing permafrost soils provide a suitable ecosystem to study this linkage. An
increasing number of studies reported that Fe-bound OC accounts for a significant fraction of
total soil OC (up to 20%) in intact permafrost?°3637, At the onset of thaw, these Fe(lll)-OC
associations are (partially) reductively dissolved. Often, CHs4 emissions are detected
simultaneously'®%3 However, the role of Fe(lll)-OC associations in net CHs4 release is still
unclear. Current knowledge based on field observations only provides correlations between
Fe cycling and CH. release, but direct experimental evidence is lacking. Therefore, the
objectives of this study were (i) to determine the reduction extent of Fe(lll)-OC associations
over several weeks in a fully thawed permafrost soil, (ii) to quantify the net effect of Fe(lll)
reduction of Fe(lll)-OC associations on CH4 release, and (iii) to identify main microbial groups
relevant to CH4 cycling due to addition of Fe(lll)-OC associations. To achieve this, we
incubated synthesized Fe(lll)-OC coprecipitates together with soil from a fully thawed
permafrost peatland (Stordalen Mire, Abisko, Sweden) within a microcosm experiment and an
in situ field experiment. In the microcosm experiment, we aimed to gain a mechanistic
understanding of the processes underlying CHs release with Fe(lll)-OC coprecipitate addition.
Within the field experiment, our aim was to estimate the overall net effect of Fe(lll)-OC
coprecipitate addition on CH4 release under relevant environmental conditions. We used a
combination of isotope specific techniques as well as spectroscopic and molecular biology
methods to track the reduction of Fe(lll)-OC coprecipitates, emission of CH4 and carbon
dioxide (CO;), and changes in the abundance and activity of relevant methane-cycling

microorganisms.

Materials and Methods

Field site description and sampling

Stordalen Mire is a thawing permafrost peatland, located near Abisko, Sweden (68 22'

N, 19 03' E). It is situated in the discontinuous permafrost zone and consists of intact
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permafrost areas (palsa hills) covered by dwarf shrubs, bryophytes and lichens, semi-wet bogs
dominated by Sphagnum ssp. mosses, fully inundated fens covered by sedges (Eriophorum

vaginatum, Carex rostrata), as well as numerous thaw ponds*®41,

The fen soil was sampled in July 2022 at two depths that differed in organic matter
content. The upper organic-rich soil (38% soil OC) was sampled from 2-10 cm depth below the
soil surface and used to extract soil organic matter for synthesis of (°*’Fe-enriched) Fe-OC
coprecipitate (see 0). The organic-poor (2.51% soil OC), mineral-rich soil was sampled at 30
cm depth and used for the lab-based microcosm experiment. The soils were collected by grab
sampling and stored in sterilized plastic bags (LDPE). Both layers were watersaturated and
the soil was filled into the bags so that no headspace was remaining. Soils were stored at 4°C
after collection and kept under cool conditions during transport. Back in Tlbingen, the soils
were stored in gas-tight, No-flushed mason jars at 4°C until use. A subsample of the mineral
soil was dried inside an anoxic glovebox (MBraun Unilab Workstation, 100% N, atmosphere)
at 60°C for general soil characterization. We determined the mineralogy by X-ray diffractometry
(XRD), soil OC content by elemental analysis, and total Fe content by X-ray fluorescence
(XRF) as well as Fe speciation by Fe K-edge X-ray absorption spectroscopy (XAS). More
details are given in Text S1. Fe content and speciation in poorly crystalline and highly

crystalline Fe pools were analysed after anoxic 0.5 M and 6 M HCI extractions (Figure S1).

Synthesis of (’Fe-enriched) Fe(lll)-OC coprecipitates

To synthesize Fe(lll)-OC coprecipitates, soil organic matter from the fen organic horizon
was extracted. Field-moist soil was added to double-deionized water (DDI, Millipore, >18 MQ
cm™) at a 1:10 weight/volume (w/v) ratio for 24 h on an overhead shaker in the dark.
Afterwards, the suspensions were centrifuged in pre-baked glass serum bottles (5250 rcf, 15
min) and the supernatant was sequentially filtered through pre-rinsed 8 ym (Merck Millipore,
MCE) and 0.22 um (Merck Millipore, Steritop PES) filters. The resulting water-extractable
organic matter (WEOM) was stored at 4°C for less than 24 h until use. The dissolved organic

carbon (DOC) concentration was 24 mg C L.

The coprecipitates used in the microcosm experiment were prepared from a *'Fe-
enriched (10%) FeCls solution (details in Text S2), which enabled a differentiation of the added
Fe minerals from the native Fe pool and improved the analysis by %’Fe-specific Mossbauer
spectroscopy. Both M Fe- and *’Fe-enriched Fe-OC coprecipitates were synthesized by mixing
1.5 L of WEOM with 20 mL of the respective FeCls solution (initial C:Fe ratio=1), after which
NaOH solution was added until pH 6. The final suspension was bubbled with N2 (99.999%) for

15 min to make it anoxic. Fe speciation was analysed by the ferrozine assay 2 after dissolution
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in 1 M HCI, and mineral identity was determined by *’Fe Mossbauer spectroscopy (Figure S2)
and Fe K-edge XAS (Figure S3).

Microcosm experiment to elucidate the net effect of Fe(lll)-OC coprecipitate addition on

greenhouse gas fluxes

Setup of microcosm experiment

Prior to using the mineral soil in the microcosm experiment, it was homogenized by wet
sieving with a sterilized 2 mm sieve. Subsequently, field moist soil (12 g dry weight) was added
to six 250 mL serum bottles under sterile conditions. The bottles were then closed with
sterilized butyl rubber stoppers and crimped with aluminum caps. The headspace in the bottles
was exchanged by applying vacuum for 5 min and flushing with N2> gas for 5 min (3 cycles).
The bottles were then transferred to an anoxic glovebox and sterile, anoxic, artificial porewater
solution (composition in Table S1) was added: 135 mL for control setups and 100 mL for setups
in which Fe(lI1)-OC coprecipitates were later added, to reach a final ratio of 85 mg dry soil mL-
' for both setups. All bottles were incubated under anoxic conditions at room temperature in
the dark for 35 days prior to the addition of 5’Fe-enriched Fe(lll)-OC coprecipitates. This initial
incubation served to establish anoxic conditions in the soil, to avoid the first pulse of
greenhouse gases due to rewetting*®, and to reduce all easily reduceable native Fe(lll)
minerals. Geochemical sampling was done once each week to monitor Fe(lll) reduction (see
below). The amount of added synthesized 5’Fe-enriched coprecipitates constituted an increase
in total 6 M HCl-extractable Fe by 50% (Figure S4).

To test the occurance of abiotic isotopic exchange to between aqueous %¢Fe?* and
S"Fe(lll) in coprecipitates, we performed an additional control experiment. We added the same
concentration of Fe(ll)-OC coprecipitates to filtered (0.22 ym, PES, Carl Roth) solution from
the control microcosms. The Fe(ll1)-OC coprecipitates were prepared as a new batch in order
to have the same storage time as for the main experiment. The filtered porewater was diluted
to have the same DOC concentration as on to of the main experiment. The aqueous Fe

concentration and speciation as well as fraction of >’Fe was then quantified over 48 h.

Sampling of microcosm experiment

Analysis of the microcosms included measuring greenhouse gas (GHG) fluxes and
sampling for geochemical changes. To measure GHG fluxes, the rubber stopper of the bottles
was pierced with 2 needles with three-way valves attached. After 10 min of flushing the bottles

with moistened N2 gas, the flow was stopped, and the gases were left to accumulate for 60
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min. A 2 mL sample was taken from the headspace and transferred to a He-flushed 12 mL
Exetainer® vial (Labco, UK) after 0, 30, and 60 min (more details in Text S3). The individual
and cumulative gas fluxes were calculated based on the increase in gas concentration, given
in Text S4.

The bottles were then transferred to the glovebox for geochemical sampling. An aliquot
of the suspension (1 mL before coprecipitate addition, 1.5 mL afterwards) was taken. The
sample was centrifuged (10055 rcf, 5 min) and the supernatant was collected. The supernatant
was used to quantify DOC concentration and aqueous Fe speciation after acidification with
anoxic 1 M HCI. The soil pellet was dried at 60°C anoxically overnight and weighed to estimate
the dry mass in each sample. To target the poorly crystalline Fe mineral fraction, 1.5 mL anoxic
0.5 M HCI was added and left to equilibrate with the soil for 24 h*445. The extraction solution
and remaining solid were separated by centrifugation (10055 rcf, 5 min) and the supernatant
was diluted in 1 M HCI for analysis of Fe speciation and %’Fe concentration. At certain time
points (right after addition of coprecipitates, after 8, 15, and 42 d) an additional 15 mL of
suspension was taken from the bottles. An aliquot (4 mL) was centrifuged in the glovebox, the
supernatant was transferred to a new tube and immediately frozen (-20°C) for measurement
of microbial metabolites by gas chromatography mass spectrometry (GC-MS). The soil pellet
was frozen (-20°C) and subsequently freeze-dried under anoxic conditions for analysis by °’Fe
Mossbauer spectroscopy. An aliquot of 1 mL was used to measure pH (InLab Easy BNC,
Mettler Toledo, Germany) outside the glovebox. The remaining 10 mL were transferred to 15
mL centrifuge tubes (polypropylene, RNase- and DNase-free, Biologix) and centrifuged
outside the glovebox (17200 rcf, 5 min). The supernatant was taken off under sterile conditions
and the remaining soil pellet was immediately frozen (-80°C) for later extraction of DNA and

RNA and subsequent molecular biological analysis (see section Molecular biology analysis).

Geochemical analyses

Aqueous and solid (0.5 M HCl-extractable) Fe speciation and total Fe concentration were
quantified using the ferrozine assay*2. DOC concentration was measured (as non-purgeable
OC) after acidification with 2 M HCI by a TOC analyzer (multi N/C 2100S, Analytik Jena AG,
Germany). Gas samples were measured by a gas chromatograph (TraceGC1300,
ThermoFisher Scientific, USA; modified by S+HA analytics), equipped with 2 column
configurations (first configuration: 30 m long, 0.53 mm ID TGBondQ column and 30 m long,
0.53 mm ID Molsieve column; second configuration: 30 m long, 0.53 mm ID TGBondQ column
and a 30 m long 0.25 mm ID TGBondQ+ column; all ThermoFisher Scientific) which are each

connected to a Pulse Discharged Detector. Gas concentrations were quantified with
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calibrations of standards of pure CH4, N2O, and CO; (99.5% CH4, 99.9% CO, 99.999% N0,
Westfalen, Germany) in He-flushed Exetainer® vials in a range of 0.05-500 ppm. N2O was
always below detection limit in the microcosm experiment and did not significantly increase
during measurements in the field experiment. Concentrations of *’Fe in aqueous and 0.5 M
HCl-extracted solid samples were quantified by inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7900, Agilent Technologies, USA) with Ar as carrier gas and in He mode after
dilution in 1% HNOg3 (analytical grade, Carl Roth). Contribution of 5’Fe-enriched Fe(lll)-OC
coprecipitates to the aqueous and solid (0.5 M HCl-extractable) Fe pool were calculated (Text
S5) and raw data (f(°’Fe)) is given in Figure S4 and S5. All results and statistical analyses were

evaluated and performed, respectively, in R vs. 4.3.3%.

Solid phase Fe characterization

S’Fe Mossbauer spectroscopy was used to analyse Fe speciation of the initial
synthesized %’Fe-enriched coprecipitates and in the solids from the microcosm experiment.
Initial coprecipitates were collected by filtration (0.45 um, nitrocellulose, Millipore). The filter
paper with solids was fixed between Kapton® tape and frozen (-20°C). Anoxically freeze-dried
samples from the microcosms (after centrifugation, as specified in section “Sampling of
microcosm experiment” above) were ground with mortar and pestle in a glovebox and 60-80
mg were placed in 1 cm? Plexiglas holders. Samples at the beginning and end of the incubation
were selected for analysis. Samples were inserted into a closed-cycle exchange gas cryostat
(Janis cryogenics) under a gasflow of He to minimize air exposure (see Text S6). Spectra were
collected at 30 and 6 K for initial °’Fe-enriched Fe(ll1)-OC coprecipitates and at 77 and 6 K for

microcosm samples.

Iron speciation of the initial soil and synthesized %' Fe-enriched coprecipitates was also
investigated by Fe K-edge XAS at Synchrotron SOLEIL (SAMBA beamline, Paris, France).
Oxidation state of Fe was determined by fitting of the Fe K-edge X-ray absorption near edge
structure (XANES) while fitting of the extended X-ray absorption fine structure (EXAFS) was
used to determine the Fe speciation. For this purpose, the initial >’Fe-enriched coprecipitates
were air-dried prior to homogenization with a mortar and pestle. The dried solids were each
pressed into pellets (7 mm diameter) with PVP (Polyvinylpyrrolidone K12, Carl Roth), before
being sealed with Kapton® tape. More details on synchrotron spectra acquisition and data

analysis can be found in Text S6.
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Molecular biology analysis

Total DNA and RNA of soil samples from the microcosm experiment were extracted in
experimental triplicate using the RNeasy PowerSoil® Total RNA Kit with DNA Elution (Qiagen,
Germany). Details on protocol adjustments and quality controls are listed in Text S7.
Remaining DNA in the RNA samples was digested and the RNA was reverse transcribed using
commercial kits (Invitrogen, Life Technologies, USA) as described in Otte et al. (2018)*.
Bacterial and archaeal 16S rRNA (gene) amplicon sequencing on both DNA and cDNA
samples was done using the universal primers 515f* and 806r*° fused to lllumina adapters.
Library preparation steps (Nextera, lllumina) and sequencing were performed using lllumina
MiSeq sequencing system (lllumina, USA) at the Institute for Medical Microbiology and
Hygiene of the University of Tubingen. Data processing, including quality control,
reconstruction of sequences, and taxonomic annotation (Text S7) was done using nf-
core/ampliseq version 2.8.0%%5" of the nf-core collection of workflows®2. Methanogenic,
methanotrophic, and Fe(lll)-reducing taxa were identified, as listed in Patzner et al. (2022)%°

and references therein.

Quantitative PCR (qPCR) was performed on DNA and cDNA samples to quantify
changes in total bacterial and archaeal 16S rRNA (gene) copies and in functional genes
relevant for CH4 cycling. Specifically, we targeted the methyl-coenzyme M reductase subunit
alpha (mcrA) gene, used as a marker gene for methanogens®%4, and particulate methane
monooxygenase (pmoA) gene, used to assess the abundance of methanotrophs®>%¢. The used
primer sequences, plasmid standards, dilution factors of samples, and details of the
temperature programs are given in Table S2. The assays were performed using SybrGreen®
Supermix (Bio-Rad Laboratories, USA) on the C1000 Touch thermal cycler (CFX96TM real
time system, Bio-Rad Laboratories). Sample dilutions (10-1000x) were necessary since the
presence of complex OC compounds led to inhibition of the fluorescence signal in samples
without dilution®3. Appropiate sample dilutions were tested (see Figure S6). Copy numbers
were determined in analytical triplicates of each experimental replicate. Data analysis was
performed in Bio-Rad CFX Maestro 1.1 software, vs. 4.1 (Bio-Rad, 2017).

Analysis of microbial metabolites

The concentration of microbial metabolites, including small sugars, organic acids, and
amino acids were quantified using targeted GC-MS (Shimadzu GC/MS TQ 8040, Japan).
Some of the selected metabolites are important substrates or products of methanogenesis,
Fe(lll) reduction or fermentation pathways. A full list of measured metabolites is given in Table

S3. Metabolites were measured either by headspace injection or as liquid samples after
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derivatization and addition of octanole or '*C-glucose as internal standard, respectively. More
details are given in Text S8. Concentrations were quantified with a 8-point external calibration

containing standards of all targeted analytes, ranging from 20 to max. 107 pmol.

Field experiment to determine in situ effect of Fe(lll)-OC coprecipitates on greenhouse gas

fluxes in fully thawed fens

Construction of peepers and experiment setup

We performed a field experiment to determine the in situ reduction extent of M*Fe(ll1)-OC
coprecipitates and the effect on net soil greenhouse gas emissions over a summer season.
For this purpose, passive porewater samplers (“peepers”, 20 cm length, 10 x 1 cm high cells,
each of 12 mL volume) were constructed in house according to Bowes & Hornibrook (2006)%
after Hesslein (1976)%. Peepers are traditionally used to passively sample the porewater in
waterlogged soils or sediments, often at the sediment-water interface®¢. Here, we employed
them to incubate synthesized MFe(lll)-OC coprecipitates in the peeper cells under ambient
conditions over the subarctic summer period in the fen area in Stordalen Mire. A set of 3
peepers were inserted into the soil in July 2022, on plots with similar vegetation and ca. 1 m
apart from each other. Cells of the peepers were filled with anoxic, deionized water through
attached butyl rubber tubing prior to installation in the soil. The peepers were equilibrated for
4 d in the soil, after which an anoxic suspension of 280 mg L' Fe as MFe(lIl)-OC coprecipitates
was added via the tubing to two of the peepers. The suspension was added into every second
cell in the following depths from the soil surface: 4-5, 8-9, 12-13, 16-17, and 20-21 cm. Details
on dimensions of the peepers and individual components are shown in Text S9 and Figure S7.
We chose a membrane with 8 ym pore size in the peeper in order to facilitate microbial access
to the MFe(l1)-OC coprecipitates. It was also tested whether the MFe(lll)-OC coprecipitates
would pass the membrane in case of lower aggregate size. To test this, we placed the
membrane inside filter cups (25 mm, Millipore) and filtered through 1 mL of initial coprecipitate
suspension. The filtrate was acidified with 1 M HCI and total Fe concentration was measured

as described in section Geochemical analyses.

Sampling and analysis of field experiment

Greenhouse gas emissions were determined above the peepers by placing static, non-
flow gas chambers over them. Emissions were measured as described previously®’, with the
following adjustments: (i) the chambers were wrapped in aluminum foil to exclude photosynthic

processes, (ii) incubation time was 20 min and samples were taken every 5 min by a gas-tight
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50 mL syringe. Each gas sample (18 mL) was injected into pre-evacuated 12 mL Exetainer®
vials. Gas fluxes were measured in friplicate in July (2, 20 and 21 h after addition of
coprecipitates) and then at the end of the summer season (September, after 53 d). One peeper
containing the MFe(l11)-OC coprecipitates (“+ cop”) and one containing only deionized water
(“- cop”) were selected for the gas measurements. Gas concentrations of CO, and CH4 were

measured as described in section Geochemical analyses.

The equilibrated porewater and/or remaining NFe(lll)-OC coprecipitate suspensions in
the peepers were sampled after 53 days of incubation in September 2022. A No-filled 20 mL
syringe was attached to one side of the butyl tubing of each cell, while another No-flushed,
empty syringe was attached to the outlet side. The outlet-syringe was pulled to capture the
anoxic solution in the peepers and the inlet syringe was simultaneously pushed to avoid
underpressure and flow of new porewater into the peeper cell. The contents of the syringe
were distributed in the following way: 7 mL were transferred to an No-flushed, gas tight 50 mL
serum vial and stored at 4°C until measurement of dissolved and solid Fe speciation. An aliquot
of 3 mL was added to a He-filled 11 mL headspace vial to measure dissolved porewater gases
(COg, CH4). For that purpose, the vials were vigorously shaken for 2 min after which 3 mL of
the headspace gas was transferred to a He-flushed, 12 mL Exetainer® vial. The remaining
volume (1-2 mL) was filtered (0.22 um, PES, Carl Roth; pre-rinsed with 50 mL DDI) and frozen
(-20°C) until measurement of DOC.

Samples for measurement of aqueous and solid Fe speciation were prepared in an
anoxic glovebox. An aliquot of 1 mL was filtered (0.22 um, PES, Carl Roth) and stabilized with
1 mL of 2 M HCI to quantify aqueous Fe speciation. Total Fe in initial suspensions was
determined by dissolving 0.8 mL unfiltered sample in 0.8 mL 2 M HCI. The solid Fe content
and speciation was calculated by subtraction of aqueous from total concentrations. Analytical
methods for determination of Fe speciation and concentration, dissolved porewater gases, and

DOC concentration are described in section Geochemical analyses.

Results and Discussion

Extent of Fe(lll) reduction in Fe(lll)-OC coprecipitate-amended microcosms

Soil microcosms amended with *’Fe-enriched Fe(lll)-OC coprecipitates showed an
increase in aqueous Fe?* from 0.68+0.02 mM directly after addition to 1.01+0.02 mM after
42 days (Figure 1a), while the no-coprecipitate control had constant Fe?* concentration over
time (0.72+0.02 mM). This shows that there was more Fe(lll) reduction in the coprecipitate-
added setup than in the control. This reduction is likely microbial, based on greenhouse gas

data and the presence of Fe(lll)-reducing microorganisms (see below and Figure S8). Based
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on the %Fe isotope data, 0.63+0.01 mM Fe were reduced and released from coprecipitates
(Figure 1b) within 42 days, confirming that this excess quantity of aqueous Fe?* stemmed from
the added °’Fe-enriched Fe(lll)-OC coprecipitates. This would constitute a net dissolution of
10.2+0.2% of added coprecipitates. However, there was a small discrepancy between the
estimated amount of reduced and dissolved Fe(lll)-OC coprecipitates by the absolute

concentrations of aqueous Fe?* (4.4%) and the %’Fe-based calculations.

We considered that isotope exchange of aqueous Fe?* with the Fe in the added
coprecipitates potentially occured. This effect would have increased the fraction of °’Fe in the
aqueous phase by electron transfer from the aqueous °°Fe?* to the °’Fe(lll) in the
coprecipitates and released *’Fe?*. We tested the importance of isotope exchange by adding
the same concentration of Fe(lll)-OC coprecipitates to sterile-filtered solution from the
microcosms, containing dissolved Fe?*. Results showed rapid isotope exchange immediately
after addition of Fe(lll)-OC coprecipiates to the solution while absolute aqueous Fe
concentrations stayed constant over 48 hours (Figure S9). Concentrations of aqueous Fe?*
also immediately decreased due to adsorption onto the coprecipitate surface, as detected in
the main experiment at to (Figure 1a). This is in line with other studies, showing that electron
transfer between aqueous Fe(Il) and Fe(Il1)-OC coprecipitates®® and at acidic pH values (pH<6,
in this study pH 4.9-5.7) is possible®®7°. The initial increase in aqueous Fe from coprecipitates
within one day (0.35 mM, Figure 1b) is therefore attributable to partial isotope exchange, while
the remaining increase likely constitutes microbial Fe(lll) reduction. The estimated amount of
reduced and dissolved Fe(lll)-OC coprecipitates is then equal to 4.7+0.2% after accounting for
the initial abiotic isotope exchange. Thus, the increase in aqueous Fe?* in the coprecipitate-
added setup is fully explained by the reduction of added Fe(lll)-OC coprecipitates and not of
the native Fe(lll) minerals. Together with a concurrent decrease in 0.5 M HCl-extractable Fe(lll)
in the solid phase of the coprecipitate-added setup in comparison to the no-coprecipitate
control (Figure S10), this unambiguously proves that the added Fe(lll)-OC coprecipitates were

microbially reduced.
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Figure 1. Increase in aqueous Fe over time. Measured concentrations of dissolved Fe?* in
setups with Fe(lll)-OC coprecipitate addition (“+ cop”, red circles) and the no-coprecipitate
control (“- cop”, grey triangles) (a). Calculated concentration of total aqueous Fe from Fe(lll)-
OC coprecipitates based on *’Fe isotope measurements (b). All data symbols and error bars

represent the average and standard deviation of experimental triplicates respectively.

In the solid phase, we quantified the extent of Fe(lll) reduction using *"Fe Mdssbauer
spectroscopy and a selective 0.5 M HCI extraction targeting the poorly crystalline fraction of
Fe minerals*5. Due to the enrichment of 5’Fe in the Fe(lll)-OC coprecipitates, 51% of the
signal within the Mdssbauer spectra originated from the coprecipitates (see calculation in Text

S10), while the theoretical fraction of coprecipitate Fe in the total soil Fe is 17%.

We measured %"Fe Mossbauer spectra of soil with and without addition of *’Fe-enriched
coprecipitates at 77 and 6 K. Spectra at 6 K allowed for a more precise identification of Fe
phases, while spectra at 77 K gave overall information on Fe speciation (see Figure S11, Text
S11). In all 6 K spectra, we detected an Fe(ll)-doublet, Fe(lll)-doublet, and Fe(ll)-octet (Figure
2). The Fe(ll)-doublet at 6 K is representative of Fe(ll) in phyllosilicates and/or Fe(ll) adsorbed
to other minerals”"73. The Fe(lll)-doublet represents Fe(lll) in phyllosilicates or bound to
organic matter’>’*, The Fe(ll)-octet is representative for Fe(ll) in Fe-rich phyllosilicates”"" and
was included since XRD patterns (Figure S12) and Fe K-edge EXAFS data (Figure S3) of the
initial soil showed high abundances of Fe in phyllosilicates. An additional Fe(lll) sextet
component was observed exclusively in the samples with addition of °’Fe-enriched
coprecipitates (Figure 2a, e). The Fe(lll) sextet had parameters characteristic for poorly
crystalline Fe(lll) (oxyhydr)oxides (Table S4), such as ferrihydrite’®’°. The relative area of the
Fe(lll) sextet in the sample at to was 44%, close to the calculated initial contribution of >’Fe-
enriched coprecipitates to the overall signal (Text S10). Furthermore, the spectra of initial

coprecipitates also show formation of a sextet component at lower temperatures (Figure S2).
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This suggests that the entire Fe(lll) sextet component is indicative of the contribution of
coprecipitates to the solid >’Fe pool. After 42 days of incubation, the area of the Fe(lll) sextet
decreased to 34% (Figure 2b, e). The difference in relative abundance compared to to thus
indicates that the added Fe(lll)-OC coprecipitates were reduced by 22%. We also detected a
decrease in 0.5 M HCl-extractable Fe(lll) contents of 1.38+0.89 mg Fe(lll) g™ dry soil (Figure
S10) from 0 to 42 d (reduction extent of Fe(ll1)-OC coprecipitates: 33£21%), which agrees well
with the reduction extent based on Moéssbauer spectroscopy (22%). In contrast, no Fe(lll)
reduction was detected in the no-coprecipitate setup based on 6 K spectra (Figure 2c, d, e)
and 0.5 M HCI extractions (Figure S10). We can thus conclude that the decrease in Fe(lll)
content is fully attributable to the reduction of added coprecipitates, fitting to the aqueous Fe
data. The native, bioavailable Fe(lll) minerals in the soil were likely already reduced during the

35 day incubation period before addition of the coprecipitates.
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Figure 2. Solid-phase Fe speciation in soil from microcosm experiment measured by *'Fe
Mossbauer spectroscopy at 6 K. Subplots display spectra of soil with addition of >’Fe-enriched
Fe(ll1)-OC coprecipitates at to (a) and after 42 days (b) as well as a no-coprecipitate control at
to (c) and after 42 days (d). All spectra show the measured data (open circles), the fit (black
line) and individual components (coloured lines). The following components were assigned:
Fe(ll) in phyllosilicates and/or adsorbed Fe(ll) (light blue), Fe(lll) in phyllosilicates (orange),
poorly crystalline Fe(lll) oxyhydroxides (dark red), Fe(ll) in Fe-rich phyllosilicates (dark blue).

Fitting parameters are given in Table S4. The relative share of each component based on area

(e).
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Greenhouse gas emissions in microcosm experiments

Greenhouse gas fluxes of CHs and CO, were measured throughout the microcosm
experiment. During the incubation period before coprecipitate addition (35 days) both soils had
similar gas fluxes (Figure S13). Until 8 days after addition of °’Fe-enriched coprecipitates, no
CH4 emissions were detected in that setup as well as in the no-coprecipitate controls. After 8
days, CH, fluxes started to increase in the no-coprecipitate setup from 0.03+£0.01 to 0.27+0.04
umol d' g dry weight after 42 d (Figure S13). Resulting cumulative fluxes reached 4.61+0.62
pumol g™ dry weight after 42 d (Figure 3a). In contrast, CH. fluxes in the setup with added
coprecipitates stayed significantly lower between 8 d and 42 d (ANOVA, p<0.05) and reached
a cumulative flux of 0.27+0.03 pmol g! dry weight after 42 d. This constitutes a suppression of

methane emissions by 94% compared to the no-coprecipitate setup (Figure 3a).
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Figure 3. Cumulative greenhouse gas emissions of CH4 (a) and CO; (b) in microcosm
experiments with addition of ¥Fe-enriched Fe(lll)-OC coprecipitates (“+ cop”) and without (“-
cop”) over time. All data symbols and error bars represent the average and standard deviation

of experimental triplicates respectively.

Microbial Fe(lll) reduction likely inhibited methanogenesis, as shown in other studies
based on field measurements and addition of Fe minerals to peatland soils'-'". Previously
reported methane emission rates were decreased by 37-54% due to Fe(lll) addition in the form
of dissolved Fe(ll1)-NTA'® and poorly crystalline ferrihydrite'”. Our detected suppression effect
might be considerably higher due to low DOC concentrations (Figure S14), indicative of low
substrate availability, which can intensify the suppression effect?®. The stronger decrease in
CHs emission might also be due to anaerobic oxidation of CH4 coupled to either Fe(lll)
reduction or to OC reduction which was present within the coprecipitates. It has been shown

that addition of complex OC can decrease CH. fluxes'®88' with reasons being (i)
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thermodynamic favourability of reduction of redox-active OC functional groups in comparison
to methanogenesis®?#, (ii) metabolic flexibility of anaerobic methanotrophs to use oxidized OC
as a terminal electron acceptor®*, or (ii) an electron shuttling effect by the released OC

between methanotrophs and Fe(lll) minerals®®.

Cumulative CO, emissions continuously increased in both setups (Figure 3b). There was
a significantly higher cumulative flux after 42 days in the setup with added coprecipitates than
in the no-coprecipitate control (132.7+35.5 compared to 56.6+4.7 ymol g dry weight, ANOVA,
p<0.05). The overall global warming potential was still 24% lower in the coprecipitate-added
setup than in the no-coprecipitate control (Figure S15). The addition of Fe(lll)-OC
coprecipitates thus increased cumulative CO» emission by 134%, demonstrating that Fe-based
anaerobic respiration was likely the dominant pathway for OC decomposition in our anoxic
peatland soil. Assuming that 4 mol of Fe(lll) are reduced per 1 mol CO. produced'®8#" we
calculated the contribution of Fe(lll) reduction to overall anaerobic respiration using our data
from the microcosm experiment. Direct oxidation of OC to CO, via Fe(lll) reduction of the
coprecipitates could account for 26-64% of the additionally produced cumulative CO; flux after
42 days in the coprecipitate-added setup compared to the no-coprecipitate control. The
remaining share therefore could stem from the release of previously Fe-bound OC to the
aqueous phase, which could have served as an electron donor for many other microorganisms,

leading to higher CO- production.

Shift in microbial community and methane-cycling microorganisms

We analyzed the change in overall microbial community using 16S rRNA (gene)
amplicon sequencing and compared relative abundances of known methanogens and
methanotrophs. Detected methanogens generally had a significantly lower relative abundance
in coprecipitate-added setups than in the no-coprecipitate control (unpaired t-test, p<0.001),
with the highest difference in RNA-based abundances after 42 days (1.57£0.13% compared
to 2.691£0.19%, p<0.001, Figure 4a). Relative abundances of genera Methanosaeta and
Methanoregula were decreased on average by 45 and 51%, respectively, compared to the no-
coprecipitate control. Methanosarcina sp. had significantly lower RNA-based relative
abundances in coprecipitate-added setups after 42 days compared to control setups
(0.08+0.00% to 0.30+0.16%, one-way ANOVA, p<0.05).

Concurrently, we also found differences in gene copy numbers of mcrA between the
coprecipitate-added setup and the no-coprecipitate control using a qPCR-based analysis
(Figure 4b). DNA- and RNA-based copy numbers of the mcrA gene decreased over time in the

setup with added coprecipitates relative to the no-coprecipitate control. The decrease relative
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to the control was highest after 42 days for both DNA- and RNA-based abundances (log.FC: -
0.50%0.21 and -2.54+0.64, respectively, Figure 4b). Together with the changes in methanogen
community composition, this suggests that methanogen activity and abundance were
suppressed by microbial Fe(lll) reduction following the addition of Fe(ll)-OC coprecipitates.
Known acetoclastic methanogens, like genera Methanosaeta and Methanosarcina®, were
likely more affected compared to other hydrogenotrophic or possibly methylotrophic
prokaryotes (Methanobacterium spp.) due to substrate competiton with Fe(lll)-reducing
microorganisms using acetate. We did detect a few Fe(lll)-reducing taxa capable of utilizing
acetate (Geobacter, Rhodoferax, Geothrix, see Figure S8)8°°" which supports this hypothesis.
There could also have been an indirect effect on methanogen activity due to pH changes, but
since pH differences were small between the setups (5.7+0.0 in coprecipitate-added setup

compared to 5.5+0.2 in control after 42 days, Figure S16), we consider this effect negligible.

We detected both canonically aerobic methanotrophs and (putatively) anaerobic
methanotrophs. Prominent aerobic methanotrophs (>0.1%) belonged to the genera of
Methylobacter and Crenothrix of the order Methylococcales (Figure 4a). Their RNA-based
relative abundance stayed constant across the incubation of both setups (Methylococcales:
0.53+0.09%), meaning that they were likely active despite the persistent anoxic conditions.
Especially Methylobacter sp. has previously been detected in other anoxic environments and
was therefore suggested to be metabolically flexible®2-%4. Within the microcosm experiment, it
is possible that the methanotrophs used fermentation or Fe(lll) reduction for anaerobic

respiration instead of aerobic respiration®-%.

The most prominent anaerobic methanotroph detected in our experiments was a
member of the order Methylomirabilales (genus: Sh765B-TzT-35). Members of the
Methylomirabilales taxa had a higher relative abundance in the coprecipitate added setup
compared to the control after 8 days (1.12+0.06% compared to 0.64+0.41%) and 42 days
(1.26+0.05% compared to 0.93+0.07%). Although these differences were not statistically
significant (Kruskal-Wallis test, p=0.15), it is interesting to note that the RNA-based copy
numbers of the pmoA gene were also slightly elevated at the same time points compared to
the no-coprecipitate control (log.FC: 0.75+0.81 and 0.54+0.36 after 8 and 42 days,
respectively, Figure 4b). The available genomes of Methylomirabilales contain genes encoding
for particulate methane monooxygenase®’, meaning that they could have contributed to the
higher pmoA gene copy numbers. It has been found that one member of the Methylomirabilales
taxa, Candidatus Methylomirabilis oxyfera, is capable of producing dioxygen (O2) intercellularly
from nitrite to oxidize CH4 under anoxic conditons®. The Methylomirabilales members here
could have used a similar mechanism and were recently also linked to anoxic methane

oxidation in arctic thermokarst lagoons®. Additionally, it has been found that Fe(lll)
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oxyhydroxides can serve as an electron acceptor for methanotrophs capable of extracellular
electron transfer, as shown for Methylococcales®®. We therefore speculate that anaerobic
methane oxidation coupled to Fe(lll) or OC reduction stemming from the coprecipitates could
have played a role in further inhibiting net methane release. The overall data, however,
suggests that methanogenesis inhibition due to substrate competition with Fe(lll)-reducers was

the dominating process in decreasing methane emissions.
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Figure 4. Changes in potential activity of methanogens and methanotrophs based on 16S
rRNA sequencing and functional gene abundance in the microcosm experiment after 0, 8, and
42 days after addition of Fe(lll)-OC coprecipitates. Relative 16S rRNA abundances of likely
active (RNA-based) microbial taxa related to methane production (blue) and methane oxidation
(red) per timepoint and setup (+cop: with addition of Fe(lll)-OC coprecipitates, -cop: no-
coprecipitate control) (a). Taxa with an abundance lower than 0.1% were not included. Taxa
are labelled at the genus-level, except for Bathyarchaeia for which no genus could be
classified. DNA-based 16S rRNA abundances show similar trends and are given in Figure S17.
Data bars and error bars represent the average and standard deviation of experimental
triplicates, respectively. Quantitative PCR results of DNA- and RNA-based mcrA and pmoA
gene copies in samples taken immediately after addition of coprecipitates (to), after 8 days,
and 42 days (b). Changes in the coprecipitate-added setup are displayed as the log; fold
change (FC) of the mean copy numbers of “+ cop” setup to the mean of the no-coprecipitate
control [copies..op g™ dry soil/ copies.cop g™ dry soil] at the same time point. Absolute gene copy
numbers are displayed in Figure S18. Data bars and error bars represent the average and

95% confidence interval of experimental triplicates, respectively.
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Concentrations of methanogenesis substrates and fermentation intermediates

The concentrations of different organic metabolites relevant for methanogenesis (direct
substrates and fermentation intermediates) were quantified using targeted GC-MS.
Concentrations of acetate, which is a fermentation product and both a substrate for
methanogenesis and Fe(lll) reduction, remained approximately constant over time in the
coprecipitate-added setup and the non-amended control (Figure 5). We thus cannot conclude
any preferential utilization within the two different setups. However, since acetoclastic
methanogenesis based on molecular biology data was suppressed, a higher proportion of
acetate in the coprecipitate-added setup was likely used for Fe(lll) reduction. Methanol
concentrations generally increased over time (Figure 5) from 1.73+0.74 uM at to to 3.78+1.10
MM after 42 days (Figure S19), but also did not vary between setups (Figure 5). We expect
that methylotrophic methanogenesis does play a role in the fen soil based on published
microbial data'®. However, the lack of difference in the concentrations between setups could
indicate that methylotrophs are unaffected by changes in Fe(lll) cycling due to their wide range
of usable substrates®® %" independent of substrates used for Fe(lll) reduction. Butyrate is also
a substrate for methanogenesis via syntrophic butyrate oxidation'??. Butyrate concentrations
significantly decreased over time in the coprecipitate added setup (3.00+0.18 uM at day O
compared to 2.56+0.07 uM at day 42, p<0.05) in contrast to constant concentrations in the no-
coprecipitate control (2.66+0.10 uM, Figure S19). The observed decrease in the coprecipitate-
added setup might stem from fermentative Fe(lll)-reducers using Fe(lll) as a sink for excess
reducing equivalents, instead of producing butyrate during fermentation'®-'%, Thus, less
butyrate may have been produced, decreasing the potential for methanogenesis. Lactate and
pyruvate concentrations were increased slightly in the coprecipitate-added setup compared to
the control (Figure 5), which could indicate an increased fermentation activity stimulated due

to the release of Fe-bound OC.
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Figure 5. Changes in concentration of microbial metabolites relevant for fermentation and
methanogenesis in microcosm setups with addition of *’Fe-enriched Fe(ll1)-OC coprecipitates
(“+ cop”, red) and in a no-coprecipitate control (“- cop”, grey). Data is displayed as the ratio of
concentrations for each metabolite after 8, 15, and 42 days relative to their respective
concentration at time 0 [uM /uM]. Absolute data is displayed in Figure S19. Data bars and error

bars represent the average and standard deviation of experimental triplicates.

Fe(lll) reduction extent and changes in net CH4 emissions under in situ conditions

To test whether our results from the microcosm experiment also apply in the
environment, we incubated “AFe(lll)-OC coprecipitates in passive porewater samplers
(“peepers”) over a growing season in the fen area of Stordalen Mire. After the incubation time
of 53 days (from July to September 2022), the solid-phase data showed that the maijority of
added Fe in the coprecipitate-added plots was not recovered from the peepers. Suspension
concentrations of total Fe were 29.6+12.7 mg L' per cell across all depths (Figure S20)
compared to the initial addition of 280 mg L' Fe. Over depth, solid total Fe concentrations
increased from 17.6+8.4 mg L' at 4 cm depth to 42.1+8.34 mg L' at 20 cm depth (Figure S20).
The Fe oxidation state of the remaining MFe(ll)-OC coprecipitates was 14-49% Fe(ll) (Figure
6a). Assuming that the loss in total Fe and solid-phase Fe(ll) content represents the combined
extent of reductive dissolution of MFe(lll)-OC coprecipitates, 92+4.0% of Fe in coprecipitates

was reduced across all depths (Figure 6a).

We also considered that some Fe(lll)-OC coprecipitates might have also passed the 8
pm membrane due to potentially lower aggregate size. However, in a control experiment we
found that 98.9% of the initial "Fe(lll)-OC coprecipitate suspension was retained on the
membrane, suggesting that the majority of the loss in Fe(lll)-OC was due to reductive
dissolution. The control peeper, in which no Fe(lll) was added, contained lower concentrations
of solid, primarily ferrous, Fe (0.65-6.31 mg L', Figure S20) across all depths. This suggests
that there was a low background concentration of particulate-bound Fe in the porewater. We
did not detect any large differences in dissolved species concentrations between the two
setups at the end of the experiment. Aqueous Fe?*, dissolved CH4 and DOC did not vary in
comparison to the no-coprecipitate setup (Figure S21). It is likely that any initial changes in
porewater chemistry inside the peeper cells due to Fe(lll) reduction were overridden by re-

equilibration with the soil porewater.

The reduction extent of our added Fe(lIl)-OC coprecipitates under in situ conditions was
thus substantially larger than in the microcosm experiment. The following factors might have
played a role: (i) The in situ DOC concentrations detected in all three peepers were, on

average, at least three times higher in the field compared to the microcosm experiment
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(31.9+8.6 mg C L' compared to 8.8+5.7 mg C L, respectively). The higher DOC
concentrations might have facilitated more Fe(lll) reduction via OC oxidation relative to the
microcosm experiment. Additionally, redox-active organic groups in DOC can be used as
electron shuttles between Fe(lll)-reducing microorganisms and solid phase Fe(lll)'%, which
could also increase the rates and extent of reduction in the field experiment. (ii) The peepers
reached until a depth of 21 cm from the soil surface, while the soil used for the microcosm
experiment came from a depth of 30 cm. Thus, the geochemical parameters (such as OC
content, pH, presence of other nutrients like phosphate and nitrate) and the microbial
community might have slightly differed. (iii) Under ambient conditions, there is constant
exchange of nutrients via root exudates'®'%7 permafrost runoff or river flow'%1% such that
conditions for microbial Fe(lll) reduction might be more favorable. (iv) The microbial community
in thawed permafrost soils is likely adapted to cold conditions™%'"" and might perform Fe(lll)
reduction at a lower rate when exposed to higher temperatures in the laboratory (room

temperature).
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Figure 6. In situ loss and speciation of N*Fe(lll)-OC coprecipitates and the net impact on
greenhouse gas emissions over a growing season in the fen area of Stordalen Mire. The Fe
speciation in the solid (measured) and the loss of total Fe compared to initial addition
(calculated) is displayed over depth from the soil surface (a). Changes in CHs and CO»
emissions [umol m s™'] within one day after addition of NAFe(l11)-OC coprecipitates (July) and
after 53 days (September) are shown relative to a no-coprecipitate plot in which only deionized
water was added (b). Absolute Fe concentrations and gas flux data are provided in Figure S20
and S22, respectively. Data bars and error bars represent the average and range of

experimental duplicates in case of the Fe speciation data, and the average and standard
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deviation of triplicate measurements of one “+ cop” plot and one control plot in case of the gas

data.

The GHG fluxes measured above the different peeper setups changed significantly
depending on the season (ANOVA, p<0.05), with lower CH,; and CO- emissions in September
than in July (Figure S22). We thus examined the differences in net fluxes of the coprecipitate-
added and no-coprecipitate plot at each sampling time. Net CH4 emission in the coprecipitated
plot relative to the no-coprecipitate plot decreased significantly by 40% within one day after
addition of coprecipitates (change of -0.12+0.01 ymol m2 s™) and by 33% at the end of the
growing season (-0.04+0.01 ymol m? s, Figure 6b). Methanogenesis was thus inhibited likely
due to Fe(lll) reduction of added MFe(lIll)-OC coprecipitates, matching with the results of our
microcosm experiment. The suppression effect was less pronounced under in situ conditions
(33-40% compared to 9315% lower CH. flux between the setups). Possible reasons could be
the higher DOC concentrations, measured at the end of the incubation period, and thus higher
substrate availability and the relatively lower amount of Fe(lll)-OC coprecipitates added to soll
in comparison to the microcosm experiment. The decrease in suppression intensity over time

also indicates that this effect is only temporary.

Fluxes of CO, measured under dark conditions (excluding photosynthesis) initially
slightly decreased as a consequence of M*Fe(l11)-OC coprecipitate addition by 25% (-0.37+0.17
umol m2 s, Figure 6b) relative to the no-coprecipitate plot. In September, fluxes were on
average 36% higher relative to the no-coprecipitate control (0.18+0.15 pmol m2 s™). It is likely
the N*Fe(lll)-OC coprecipitates initially bound additional DOC, as detected in the microcosm
experiment (Figure S14). This could have decreased CO: fluxes, which are often controlled by
DOC concentrations'2. As NFe(ll)-OC coprecipitates were reductively dissolved, they likely
re-released this adsorbed OC again, contributing to an increased CO; flux together with

microbial Fe(lll) reduction coupled to OC oxidation.

Conclusions

This study demonstrated that the addition of Fe(lll)-OC associations (in the form of
coprecipitates) in anoxic permafrost peatland soils decreases net CHs emissions. In both our
microcosm and field experiment with fully thawed permafrost peatland soil, addition of
synthesized Fe(lll)-OC coprecipitates lowered fluxes of CHs compared to control setups
without the coprecipitates. Decrease in CHs fluxes was mainly due to inhibition of
methanogenesis, likely of acetoclastic methanogens (e.g., Methanosaeta and
Methanosarcina) by substrate competition with Fe(lll)-reducers which reduced added Fe(lll)-

OC coprecipitates. Methanotrophy coupled to Fe(lll) or OC reduction might have played a
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minor role, as suggested by the increase in relative abundance of Methylomirabilales spp.

upon Fe(ll1)-OC coprecipitate addition.

The results of our study can be used to gain insights into future coupled Fe-CHj4 cycling
in (permafrost) peatlands. The areal cover of fens at Stordalen Mire has already increased by
100% in the last 50 years’ with this trend projected to continue in the future. Therefore, a large
proportion of oxic soils could abruptly thaw and collapse''®, establishing anoxic conditions. The
native Fe(lll)-OC associations could then attenuate CH4 release for a certain time frame and
thus lower the global warming potential of the emitted greenhouse gases. The timescale of this
attenuation is still highly uncertain due to limiting data on Fe stocks in permafrost peatlands2®3’
and the estimated in situ Fe reduction rates®”. In addition, Fe(ll)-oxidizing microorganisms
could play a role in replenishing the content of Fe(lll)-OC associations in permanently anoxic
soils, as they have been detected in other Arctic habitats''*. The results of our two experiments
also showcase the sensitivity of CHs release on substrate availability and microbial
composition of methane-cycling and Fe-cycling communities. If higher substrate
concentrations are available and/or methanogenic communitites are made up of metabolically
flexible members, competition with Fe(lll)-reducing microorganisms might be decreased and
methanogenesis suppression might be less severe. Our work also has implications for other
flooded soils in which high OC contents, Fe minerals, and methanogenesis are expected, such
as paddy soils or coastal marshes. Since these soils experience periodic flooding, abiotic or
microbial re-oxidation of Fe(ll) might regenerate Fe(lll)-OC associations that may suppress
CH4 emission long term. Thus, Fe(lll)-OC associations may play a major role in CH4 emissions

from a range of flooded (or redox-dynamic) soils.
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Supporting Information

Text S1. Methods applied for initial characterization of the mineral soil used for the microcosm

experiment

Selective Fe extractions were performed to assess the content and speciation of different
Fe pools in the initial soil. For that purpose, a 0.5 M HCI extraction, targeting poorly crystalline
Fe(lll) (oxyhydr)oxide minerals, adsorbed Fe(ll), FeS and partially FeCO3z**45 and a 6 M HCI
extraction, targeting more crystalline phases (goethite, magnetite and partially Fe in
phyllosilicates**''%) were performed under anoxic conditions in experimental triplicate. The dry
soil (300 mg) was added into 1 M HCl-washed 20 mL glass vials in an anoxic glovebox (MBraun
Unilab Workstation, 100% N2 atmosphere) and 14 mL of anoxic extractant solution was added.
The vials were closed with butyl rubber stoppers and crimped with aluminum caps. The vials
were taken outside of the glovebox and put on a rolling shaker (60 rpm) in the dark for 24 h.
The samples were brought back to the glovebox and centrifuged (10,055 rcf, 5 min) after
transferring them to 2 mL Eppendorf tubes. Samples were diluted in 1 M HCI (dilution factor: 4
and 50 for 0.5 M and 6 M HCI, respectively) and Fe speciation was measured by the Ferrozine
assay*?. Total Fe contents of the soil were determined by X-ray fluorescence (XRF). Dried soil
(105°C, 1.5 g) was mixed with 7.5 g MERCK spectromelt A12 (mixture of 66% Li-tetraborate
and 34% Li-metaborate) and melted at 1200°C to fused beads using an Oxiflux system from
CBR analytical service''®. Measurements were done using a Bruker AXS S4 Pioneer XRF
device (Rh-tube at 4kW). Soil organic carbon content was quantified in analytical triplicate by
elemental analysis (SoliTOC Cube, Elementar, Germany). A soil standard was used for
calibration (Soil Standard OAS, Cat No B2152, Elemental Microanalysis Limited).

Text S2. Synthesis of (*’Fe-enriched) Fe(ll1)-OC coprecipitates

The coprecipitates used in the microcosm experiment were prepared from a % Fe-
enriched (10%) FeCls solution. Briefly, 100 mg %’Fe(0) metal powder (97.85% °’Fe, Chemgas)
was added to 10 mL of 1 M HCI (Merck). The suspension was stirred overnight (300 rpm) at
70°C to facilitate 5’Fe(0) dissolution. The resulting 5’Fe(ll) solution was oxidized by addition of
dropwise H2O, (50%, VWR Chemicals) in excess (150 uL) with ice water surrounding the
bottle. The solution was stirred for 2 h to ensure complete oxidation, after which the solution
was filtered (0.22 um, PES, Carl Roth). The resulting %"Fe(lll) solution was diluted to a
concentration of 150 mM and subsequently mixed with an equimolar solution of NFeCl;
(FeClsx6H20, Sigma-Aldrich) in a ratio of 1:10, to obtain a 10% °"Fe-enriched Fe(lll)Cl;

solution.
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Both NFe- and %"Fe-enriched Fe-OC coprecipitates were synthesized by mixing 1.5 L of
WEOM with 20 mL of the respective FeCls solution (initial C:Fe ratio=1), similar to Chen et. al
(2014)"7. During addition of the FeCls, it was taken care that the pH did not drop below pH 3
to avoid precipitation of OC. To keep the ionic strength constant during the synthesis, NaCl
solution was added to a final concentration of 3 mM. The pH was raised by adding 100 mM
NaOH dropwise until pH 6 under constant stirring (800 rpm). The suspension was left to stand
for 2 h, after which the pH was readjusted to pH 6. The suspensions were washed by filling
them into pre-soaked dialysis membranes (14 kDa, 43 mm wide, Sigma-Aldrich) in DDI water.
The water was exchanged several times until conductivity was < 20 uS cm™. The washed
suspension was centrifuged down and the solids were resuspended in 50 mL DDI water. The
pH was adjusted to pH 6 and the solution was bubbled with N2 (99.999%) for 15 min to make

it anoxic.

Text S3. Sampling procedure of greenhouse gas fluxes in microcosm experiment

We measured greenhouse gas fluxes at each sampling time point. For that purpose, the
rubber stopper of the bottles was pierced with 2 needles with a three-way valve attached to
each. The headspace of each bottle was flushed with moistened Nz gas for 10 min. Afterwards,
2 mL of headspace gas was sampled with a 3 mL syringe into a He-flushed 12 mL Exetainer®
vial (Labco, UK) while there was still N2 flowing. The outlet valve was then attached to a water
trap to release any overpressure in the bottles and the inlet valve was closed. Once the
overpressure was released, the outlet valve was closed as well and the flux incubation time
started. Two more samples were taken after 30 min and 1 h, from which the gas flux was
calculated. The flux incubation time was increased to 90 min after 67 days of the incubation

(including the incubation time before Fe-OC coprecipitates were added).

Text S4. Calculation of greenhouse gas flux

The gas fluxes of carbon dioxide (CO-) and methane (CH4) were calculated according to
Equation (1), similar to Minh et al. (2018)'"8:

c P X Vys
R X Txmsm-l

Ea (1)

where R is the flux (umol d' g’ dry soil), Ac is the slope of the measured gas
concentrations over time (ppm d'), p is the pressure (101325 Pa), Vs is the headspace
volume in the incubation bottle (m?®), R is the ideal gas constant (8.31 J mol”' K), T is the

temperature (293 K) and msi is the mass of dry soil left in the incubation bottle (g dry weight).
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The Vus and mgoi were adjusted after each sampling, depending on the volume of the sampled

suspension and the soil to solution ratio.

The cumulative gas flux was calculated based on a simple interpolation:
1
Rcum,n = At g X E X (Rk + Rn) + Rcum,k Eq (2)

where Ramnis the cumulative flux at a given timepoint n (umol g™ dry soil), At is the
timeframe between timepoint n and the prior timepoint k (d), R« and R, are the fluxes at
timepoint k and n (umol d' g’ dry soil), respectively, and Rcumx is the cumulative flux at
timepoint k (umol g dry soil). The first cumulative flux at timepoint 0 was calculated by

including a measurement which was done one day prior addition of coprecipitates.

Text S5. Calculation of aqueous and solid (0.5 M HCI extractable) Fe from *’Fe-enriched Fe-

OC coprecipitates

To directly determine the reduction of °’Fe-enriched Fe-OC coprecipitates in the
microcosms, we calculated the share of aqueous Fe stemming from added coprecipitates
based on the isotope signature, as described in Notini et. al (2023)""°. We know that the fraction
of 5’Fe to *Fe+5"Fe (f°'Fe:cop), Which is measured by ICP-MS, can also be described as

57 _ PP7Fepe_oc X fre-oc *+ f*7 Fegou X (100 — fre_oc) Eq (3)
.f e+C0p - 100

In which f5Fereocis the known fraction of 5’Fe to Fe+5"Fe in the labelled coprecipitates
(10.47%), fFereocis the fraction of aqueous Fe coming from coprecipitates [%] and f°"Fesoi
is the measured fraction of 5Fe to %Fe+5"Fe in the no-coprecipitate control setup. By re-

arranging for fFere.oc, we get:

100 x (.fS7Fe+cop _f57Fesoil) Eq (4)
Fe-0C =
¢ f57FeFe—OC _f57Fesoil

We then multiply the fraction with the absolute concentration of total aqueous Fe
measured by the ferrozine assay (c(Feaq), [MM]) to get the amount of aqueous Fe derived from
the reductive dissolution of °’Fe-enriched Fe-OC coprecipitates cre-oc [MM], which is displayed

in Figure 1b:

CFe-0C = C(Feaq) X fre-oc Eq (5)

The contribution of ¥’Fe-enriched Fe-OC coprecipitates to the 0.5 M HCl-extractable solid
Fe pool was calculated in the same way but measured fraction values of the solid extracts

were used. The data is displayed in Figure S4.
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Text S6. Iron speciation analysis by "Fe Mossbauer spectroscopy and Fe K-edge X-ray

absorption spectra collection and data analysis

Moéssbauer spectra were taken using a constant acceleration drive system (WissEL) in
transmission mode with a °’Co/Rh source. All spectra were calibrated against an a-*’Fe foil
measured at room temperature. Data analysis was performed using Recoil (University of
Ottawa) and the Voigt based fitting routine'® was used for initial coprecipitates while the Full
Static Hamiltonian Site Analysis'?' was used for microcosm samples. This latter fitting routine
was necessary to include the Fe(ll)-octet component from Fe-bearing phyllosilicate minerals.

The half width at half maximum was constrained to 0.116 mm s during fitting.

The Fe oxidation state and binding environment of initial synthesized °’Fe-enriched
coprecipitates and initial soil used for the microcosm experiment was analyzed by Fe K-edge
X-ray absorption spectroscopy (XAS) at SAMBA beamline (SOLEIL). Transmission spectra
were recorded at 77 K using a Nx(I) cryostat. A Si(220) monochromator was used and
calibrated to the first derivative maximum of the K-edge absorption of an Fe(0) foil. Harmonic
rejection was performed by two Si mirrors coated in Pd. Between 8 and 16 scans per sample
were collected in continuous scan mode and merged. The final spectra were used for analysis
of Fe K-edge X-ray absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS). Data processing included energy calibration, pre-edge subtraction, and
post-edge normalization done in Athena'®. The Fe redox state was estimated by linear
combination fitting (LCF) of the XANES region from -20 to +30 eV around the edge energy.
References for XANES spectra included ferrihydrite (representative for Fe(lll)) and chlorite
CCa-2'% (representative for Fe(ll)) for initial coprecipitates. Speciation of Fe was examined by
LCF of the k®-weighted EXAFS region in a k range from 2 to 11 A". The edge energy of all
samples and references was set to 7128 eV. The following reference compounds were
selected for EXAFS analysis: ferrihydrite, Fe(lll)-citrate, Fe(lll)-catechol, illite IMt-1, chlorite
CCa-2, Fe(ll)-citrate, Fe(ll)-catechol, mackinawite. Components were constrained between 0
and 100% during fitting, but no constraints were set on the sum of components. Initial fractions
of detected Fe phases were re-calculated to sum up to 100% and fractions below 5% were

excluded. All data processing and analysis were done in Athena software'??.

Text S7. Details of molecular biology analysis

Total DNA and RNA of soil samples from the microcosm experiment were extracted in
experimental triplicate using the RNeasy PowerSoil® Total RNA Kit with DNA Elution (Qiagen).
The following adjustments were made to the manufacturer’s instructions: 1-1.5 g of soil (wet

weight) was added to the bead tube; 10 min bead-beating; all centrifugation steps (of 15 mL
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tubes) at 7000 rcf at 4°C; incubation time at -20°C for 1.5 h; final pellets were dried on a clean
bench and resuspended in 50 uL RNase or DNase-free water. The quality of the extracted
RNA and DNA was examined using Nanodrop (NanoDrop 1000, Thermo Scientific, USA) and
concentrations were quantified using Qubit® 2.0 Fluorometer with RNA and DNA HS kits (Life
Technologies, USA). Remaining DNA in the RNA samples was digested and the RNA was
reverse transcribed using commercial kits (Invitrogen, Life Technologies, USA) as described
in Otte et al. (2018)*’. Complete digestion of DNA and transcription of RNA to cDNA was
confirmed using agarose gel electrophoresis after polymerase chain reaction (PCR) with
primers specific for the 16S rRNA gene of bacteria (341f, 907r).

Library preparation steps (Nextera, lllumina) and sequencing were performed using
lllumina MiSeq sequencing system (lllumina, USA) at the Institute for Medical Microbiology
and Hygiene of the University of TUbingen. In total 12,854,425 paired-end reads with length
250 bp were obtained for 108 samples, of which 36 samples with 4,707,718 read pairs are
discussed here (78,280 to 213,458 read pairs per sample, in average 130,770). Data
processing, including quality control, reconstruction of sequences and taxonomic annotation
was done using nf-core/ampliseq version 2.8.0%%%" of the nf-core collection of workflows®2.
Primers were trimmed using Cutadapt v3.4'%* and untrimmed sequences were discarded. Less
than 22% of sequences were discarded per sample and 86.6% of sequences passed the
filtering on average. Adapter and primer-free sequences were pooled with DADA2 v1.28'% to
eliminate PhiX contamination, trim reads (forward reads at 231 bp and reverse reads at 207
bp), discard reads with >2 expected errors, correct errors, merge read pairs, and remove PCR
chimeras. Ultimately, 10,565 amplicon sequencing variants (ASVs) were obtained across all
samples. Between 73.2% and 80.2% reads per sample (average 77.6%) were retained. ASVs
with length lower than 240 or above 270 bp were removed (76 of 10,565). Taxonomic
classification was performed by DADA2 and the database ‘Silva 138.1 prokaryotic SSU’"2¢. Of
10489 ASVs, 36 ASVs designated as mitochondria or chloroplasts were removed within
QIIME2 version 2023.7."?7. Finally, 10,453 amplicon sequencing variants (ASVs) with between
51,392 and 148,556 counts (average 88,453) per sample were obtained.

Text S8. Quantification of microbial metabolites by gas chromatography coupled to mass
spectrometry (GC-MS)

The concentration of metabolites, including small sugars, organic acids, and amino acids
(full list in Table S3) were quantified using GC-MS (Shimadzu GC/MS TQ 8040, Japan)
operated in Electron lonisation mode (El). Metabolites were measured either by headspace

injection (MS acquisition mode: Scan) or as a liquid sample after derivatization (MS acquisition
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mode: MRM). For derivatization, samples were thawed on ice and 3000 pmol *C-glucose was
added as an internal standard to 250 uL sample prior to freeze-drying. The solids were re-
dissolved with 50 yL methoxamine (20 mg mL™ pyridine), ultrasonicated for 10 min and
subsequently incubated at 30° C for 90 min. Next, 70 uL N-methyl-N-(trimethylsilyl)-trifluor-
acetamid (MSTFA) was added and samples were incubated at 40°C for 60 min, after which
they were kept at room temperature for 2 h. A volume of 1 uL was used for injection in splitted
mode on a Restek SH-Rxi-5SIL MS column (30 m; film 0.25 pym; diameter 0.25 mm). The
injection port was heated to 280°C. For chromatographic separation a He flow rate of 1.1 mL
min"'and a temperature increase of 10°C min™' from 100 to 320°C were employed. For the
measurement via the headspace method, 250 uL of thawed sample together with 2500 pmol
octanol as internal standard were added into glass vials with closed lids. A volume of 1 ml of
headspace gas was injected onto the column Stabilwax-DA from Restek. The He flow rate was
1.1 mL min™? and the column temperature increased by 10°C min' from 40 to 240°C.
Concentrations were quantified with a 8-point external calibration containing standards of all

targeted analytes, ranging from 20 to max. 107 pmol per 250 pL.

Text S9. Design of passive porewater samplers (“peepers”)

The passive porewater samplers (25 x 25 x 2 cm, width x height x depth) contained 10 x
1 cm high cells each, spaced 1 cm apart. Each cell had a volume of 12 mL. A membrane
(PETE, 8 um pore size, 30x300 cm roll, Sterlitech, USA) was placed between the inner panel
(containing the cells) and the outer panel. Plastic screws were used to tighten all compartments
together and prevent leakage. Each cell was connected on both ends to butyl rubber tubing (4
mm inner, 7 mm outer diameter, NBR, Reichelt Chemietechnik, Germany) with a thread-to-
tubing adapter (brass, 4mm inner diameter, M5 thread). Butyl rubber tubing was placed inside
an additional compartment and led above the peeper cells so that it was accessible while the
peeper was placed in the soil. Luer-lock syringes were attached to the butyl rubber tubing via

a female luer-thread connector (4 mm inner diameter, polypropylene).

Text S10. Calculation of contribution of *’Fe-enriched Fe(lll)-OC coprecipitates to total signal

in M&ssbauer spectra

The contribution of %Fe-enriched Fe-OC coprecipitates to the total signal in *Fe
Mossbauer spectra was calculated knowing the absolute total and individual masses of 5’Fe

in the two pools (from initial soil and coprecipitates):
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Soil per bottle (dry weight): 12 g

Fe content in soil: 20.20 mg/g (measured by XRF)
Natural abundance of *’Fe in soil:  2.12 %128

5"Fe content in soil: 20.2 mg/g * 2.1/100 = 0.42 mglg

Total *’Fe per bottle initially: 12 g * 0.42 mg/g= 509 mg

5’Fe abundance in coprecipitate: 10.47 %

Added *"Fe from coprecipitate: 5.22 mg

Total °’Fe per bottle: 5.09mg +5.22 mg = 10.31 mg

Share of >’Fe from soil: 5.09 mg/10.31 mg*100% = 493 %

Share of °’Fe from coprecipitate: 5.22 mg/10.31 mg*100% = 50.6 %

Text S11. Interpretation of 77 K spectra Méssbauer spectroscopy results

The Mdssbauer spectra collected at 77 K give an indication on overall Fe speciation
(Figure S11). We found two doublet features with parameters characteristic of (i) adsorbed
Fe(ll), siderite and/or Fe(ll) in phyllosilicates”™~"® and (ii) Fe(lll) bound in phyllosilicates or to
organic matter and/or in poorly crystalline Fe(lll) (oxyhydr)oxides"747°, The absence of sextet
components at 77 K indicates that no higher crystalline Fe minerals (such as goethite,
lepidocrocite, magnetite) were present in substantial fractions (>5%). In the soil with added
coprecipitates, the Fe(ll) and Fe(lll) components make up 41% and 59%, respectively. In
contrast, the Fe(ll) component made up 62% and Fe(lll) was equal to 38% in the no-
coprecipitate control. The difference in relative fraction of Fe(lll) thus reflects the addition of
the Fe(lll)-OC coprecipitates. The speciation in both setups did not change substantially for

the 77 K spectra taken after 42 days of anoxic incubation (Figure S11).
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Figure S1. Initial Fe content and speciation of mineral soil from fen used for the microcosm
experiment. Fe(ll) and Fe(lll) contents are displayed based on selective extractions: anoxic
0.5 M HCI extractions (targeting poorly crystalline Fe(lll) (oxyhydr)oxides, adsorbed Fe(ll), FeS
and partially FeCO3*+%%), anoxic 6 M HCI extractions (targeting more crystalline Fe mineral
phases, such as goethite, magnetite and partially Fe in phyllosilicates* as well as total Fe
content measured by X-ray fluorescence (XRF). Data and error bars show the mean and
standard deviation of experimental triplicates in case of HCl-based extractions (a). The
Fe(ll)/Fe(total) ratio in extracts is compared to the result by linear combination fitting of X-ray

absorption near edge structure (XANES), see fitting parameters in Table S6 (b).
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Figure S2. 5’Fe Mossbauer spectra of initial ’Fe-enriched Fe-OC coprecipitates collected at
30 K (a) and 6 K (b). Spectra display the measured data (open circles), the fit (black line) and
individual components (coloured lines). The following components were assigned at 30 K:
Fe(lll)-doublet = very poorly crystalline ferrihydrite, collapsed Fe(lll)-sextet = poorly crystalline
ferrihydrite, near the Neél-temperature. Components at 6 K included: 2 Fe(lll)-sextets = very
poorly crystalline ferrihydrite, collapsed Fe(lll)-sextet= very poorly crystalline Fe(lll)
(oxyhydr)oxide'?®. Parameters are given in Table S5. Spectra were collected at 30 K to
determine whether there is a minor fraction of lepidocrocite in the coprecipitates, which was
detected by Fe K-edge EXAFS analysis.

192



k?x (k) [A”]
[-] seseyd a4 jo uonoeuy

normalized absorption [-]

|
0
7100 7125 7150 2 4 6 8 10 initial cop initial soil
energy [eV] wavenumber [A™]
measured Fen initial = }‘errlidhydritelt - Fﬁ(“) i'?l_ ,
ST epidocrocite phyllosilicates
R mfezsured Fe-OC cop B Fe(ll)in 1 Fe(ll-OM

phyllosilicates

Figure S3. Linear combination fitting results of Fe K-edge XANES spectra (a), k*>-weighted Fe
K-edge EXAFS spectra (b) and the resulting fraction of fitted Fe phases (c) of initial synthesized
S"Fe-enriched Fe-OC coprecipitates (red) and the initial fen mineral soil (grey). The coloured
lines show measured data and open circles show the fit. The fitting parameters and resulting

Fe speciation are given in Table S6 and Table S7.
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Figure S4. Fraction of "Fe (*’Fe to *®Fe+°'Fe) in solid (0.5 M HCl-extractable) phase of
microcosm setups with addition of %’Fe-enriched Fe-OC coprecipitates (“+ cop”) and of a no-
coprecipitate control (“- cop”) over time (a). The percentage of Fe stemming directly from the
S’Fe-enriched Fe-OC coprecipitates is displayed over time (b). Data points and error bars show

the mean and standard deviation of experimental triplicates.
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Figure S5. Fraction of *’Fe (°’Fe to *®Fe+°'Fe) in aqueous phase of microcosm setups with
addition of 5’Fe-enriched Fe-OC coprecipitates (“+ cop”) and of a no-coprecipitate control (“-
cop”) over time. Data points and error bars show the mean and standard deviation of

experimental triplicates.
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Figure S6. Results of quantitative PCR assays for DNA- and RNA-based bacterial 16S, mcrA

and pmoA gene copies using different dilutions (10x, 100x, 1000x) of a representative sample.

Asterisks denote measurements for which no amplification was possible (likely due to high

concentration of inhibiting compounds or too low abundance of gene copies). If gene copy

numbers were comparable between two dilutions, the lower dilution was chosen for the whole

assay. Data and error bars show the mean and standard deviation of analytical triplicates.
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Figure S7. Schematic of passive porewater sampler constructed according to Bowes &
Hornibrook (2006)8 after Hesslein (1976).
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Figure S8. Relative 16S rRNA abundances of present (DNA-based) and likely active (RNA-
based) microbial taxa related to Fe(lll) reduction per timepoint (0, 8, 42 days) and setup (with
added Fe-OC coprecipitates: +cop, no-coprecipitate control: -cop) in the microcosm
experiment. Taxa with an abundance lower than 0.1% were not included. Taxa are labelled at
the genus-level except for unclassified Myxococcales. All data bars and error bars represent

the average and standard deviation of experimental triplicates.
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Figure S9. Results of the abiotic control experiment to quantify isotope exchange between the
aqueous °®Fe?* and the °"Fe(lll) in the Fe(lll)-OC coprecipitates. The concentrations of
aqueous Fe?* (a), aqueous total Fe (b) and the fraction of ’Fe (°’Fe to *Fe+°Fe) in the
aqueous phase are displayed over 48 h within a setup of added °Fe-enriched Fe-OC
coprecipitates (+ cop) and only sterile filtered, fen-derived porewater (- cop). Data points and
error bars represent the average and standard deviation of experimental triplicates in case of
the “+ cop” setup and the average and range of experimental duplicates in case of the “- cop”

setup.
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Figure S10. Solid phase (0.5 M HCl-extractable) Fe(lll) contents [mg g™' dry soil] in microcosm
setups with addition of >’Fe-enriched Fe-OC coprecipitates (“+ cop”) and in a no-coprecipitate
control (“- cop”) over time (a). Fe speciation (Fe(ll)/Fe(total) ratio) in 0.5 M HCI extracts is
displayed over time for both setups. Data points and error bars show the mean and standard
deviation of experimental triplicates. The grey area represents the incubation time before

coprecipitates were added.
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Figure S11. Solid-phase Fe speciation of soil in microcosm experiments measured by °'Fe
Mossbauer spectroscopy at 77 K. The subplots display spectra of soil with addition of *’Fe-
enriched Fe-OC coprecipitates at t0 (a) and after 42 days (b) as well as a no-coprecipitate
control at t0 (c) and after 42 days (d). The numbers in the plot stand for the relative fractions
of Fe(ll) and Fe(lll) in %. Spectra display the measured data (open circles), the fit (black line)
and individual components (coloured lines) (a-d). The following components were assigned:
Fe(ll) phases = adsorbed Fe(ll) or Fe(ll) in phyllosilicates, Fe(lll) phases = Fe(lll) in
phyllosilicates, poorly crystalline Fe(lll) oxyhydroxides. Fitting parameters are given in Table
S4.
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Figure S12. X-ray diffraction (XRD) spectra of initial fen soil, indicated as black lines, with
identified reflections as coloured bars. Published structure files of quartz', illite™!,

ferrohornblende’?, maricopaite'® and andesine'®* were used.
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Figure S13. Greenhouse gas fluxes of CH4 (a) and CO- (b) [umol d! g™ dry soil] in microcosm
setups with addition of *’Fe-enriched Fe-OC coprecipitates (“+ cop”) and in a no-coprecipitate
control (“- cop”) over time. Data points and error bars show the mean and standard deviation

of experimental triplicates. The grey area represents the incubation time before coprecipitates
were added.
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Figure S14. Dissolved organic carbon (DOC) in microcosm setups with addition of °’Fe-

enriched Fe-OC coprecipitates (“+ cop”) and in a no-coprecipitate control (“- cop”) over time.

The absolute concentrations in both setups are displayed in (a) and difference of the

coprecipitate-added setup to the no-coprecipitate control is shown in (b). Data points and error

bars show the mean and standard deviation of experimental triplicates. Errors in (b) were

propagated. The grey area represents the incubation time before coprecipitates were added.
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Figure S$15. Calculated global warming potential (GWP) using the cumulative CH4 and CO-
fluxes in setups with added (*’Fe-enriched) Fe-OC coprecipitates (“+ cop”) and in no-
coprecipitate controls at the end of the microcosm experiment. Symbols above the bars denote
the level of significant difference between the two setups for each experiment (one-way
ANOVA, Tukey’s HSD test): p>0.1 — not significant (ns), p<0.1 -*, p<0.05 - **, p<0.001 - ***,
The symbol on top of the black line signifies the difference of the total GWP, the yellow line of
the contribution of CH4 and the blue line of the contribution of CO; to the GWP. Data and error

bars represent the average and standard deviation of experimental triplicates.
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Figure S16. pH in soil microcosm setups with addition of 5’Fe-enriched Fe-OC coprecipitates
(“+ cop”) and in a no-coprecipitate control (“- cop”) over time. Data points and error bars show
the mean and standard deviation of experimental triplicates. The grey area represents the

incubation time before coprecipitates were added.
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Figure S171. Relative 16S rRNA abundances of present (DNA-based) microbial taxa related
to methane production (in blue colours) and methane oxidation (in red colour) per timepoint (0,
8, 42 days) and setup (with added Fe-OC coprecipitates: +cop, no-coprecipitate control: -cop)
in the microcosm experiment. Taxa with an abundance lower than 0.1% were not included.
Taxa are labelled at the genus-level except for Bathyarchaeia for which no genus could be
identified. All data bars and error bars represent the average and standard deviation of
experimental triplicates.
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Figure S18. Full results of quantitative PCR data. Absolute values of DNA- and RNA-based
rRNA (gene) copy numbers in microcosm setups with addition of %’Fe-enriched Fe-OC
coprecipitates (“+ cop”) and in a no-coprecipitate control (“- cop”) are displayed over time.
Samples were collected immediately after addition of *’Fe-enriched Fe-OC coprecipitates (0),
after 8 days and after 42 days. The total bacterial and archaeal 16S rRNA (gene) copies as
well as gene copies relating to methanogenesis (mcrA) and methanotrophy (pmoA) were
quantified. Data and error bars show the mean and standard deviation of experimental

triplicates.
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Figure S19. Measured concentrations of selected microbial metabolites in microcosm

experiment with addition of ’Fe-enriched Fe-OC coprecipitates (“+ cop”) and in a no-

coprecipitate control (“- cop”) over time. Note the different scaling of the y-axis for every

analyte. Data points and error bars show the mean and standard deviation of experimental

triplicates.
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Figure S20. Absolute concentration of solid Fe(ll) and Fe(lll) detected in field experiment over
depth. Synthesized MFe-OC coprecipitates (5 mM initially) were incubated inside passive
porewater samplers (“+ cop”) placed in the fen area of Stordalen Mire for 53 days. Data and
error bars represent the average and range of experimental duplicates in case of the samplers
with added MFe-OC coprecipitates and data of one replicate in case of the no-coprecipitate

control (“- cop”).
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Figure S21. Dissolved species concentrations in porewater of passive porewater samplers
over depth. Concentrations of aqueous Fe?*, dissolved organic carbon (DOC), dissolved CH4
and dissolved CO: are displayed for setups with added N*Fe-OC coprecipitates (“+ cop”) and
without (“- cop”) after 53 days of in situ incubation. Concentrations of nitrite and nitrate were
below detection limit. Data points and error bars represent the average and range of
experimental duplicates in case of the “+ cop” setup and data of one replicate in case of the “-

cop” setup.
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Figure S22. Absolute measured greenhouse gas fluxes (left and middle panel) and calculated
global warming potential (GWP, right panel) of the field experiment. Measurements were taken
2, 20 and 21 h after “Fe-OC coprecipitates were added to the passive porewater samplers
(July) and after 53 days (September). Gas fluxes were determined on top of one passive
porewater sampler containing the “AFe-OC coprecipitates (“+ cop”) and one sampler
containing deionized water as a control (“- cop”). Symbols above the bars denote the level of
significant difference between the two setups at a given time (one-way ANOVA, Tukey’'s HSD
test): p>0.1 — not significant (ns), p<0.1 -*, p<0.05 - **, p<0.001 - ***. Data and error bars
represent the average and standard deviation of triplicate measurements of one “+ cop” plot

and one “- cop” plot.
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Table S1. Composition of artificial porewater used in microcosm experiment. The composition

was modified from a mineral medium 35,

Concentrations were 100x diluted but the

concentration of CaCl, was kept at 2 mM to provide a constant ionic strength.

Salt

Final concentration in
bottles [mMM]

KH2PO4
NH4CI
MgSO4X7H20
CaCl>x2H20

0.04
0.06
0.02
2.00
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Table S2. List of performed quantitative PCR assays to quantify DNA- and RNA-based copy

numbers. The assays and their used primers, primer sequences, thermal programs and

sample dilution are given.

Assa Primer Primer sequence Thermal dilution References
y (5°-3) program factor
95°C - 3°; DNA: Muyzer et
< ;
2o % 341f CCTACGGGAGGCAGCAG (95°C - 10 1000,  al. (1995)
R 55°C-30")x RNA- . . o
BO8 797r  ATTACCGCGGCTGCTGG 40; 60-95°C based: (2002)°
- by 0.5°C-5" 10
(0] ,
c 95°C - 3] _
B A09f ACKGCTGAGTAACACGT  (95°C - 107 proc ' Ppsobl™
S g 52°C - 457 o\ '
xS 72°C-307)x oo
0 < GTGCTCCCCCGCCAATT ~ 40; 60-95°C o> Stahl &
© Ar1Sr oo by 0.5°C - 5 Amann
(1991)82
96°C - 5
94°C - 1]
atgof  GGNGACTGGGACTTC 55500 _ 47 DNA:
< TGG o ~ 2 100,

o 72°C - 17) x RNA- Holmes et
£ 40,72°C-5% | Ot al. (1995)°
GAASGCNGAGAAGAA 94°C-2,,65 45

AGB2r o~ 95°C by
0.5°C-5"
95°C - 5]
(95°C - 30°;
vElf GCMATGCARATHGGWAT  48°C-45")x DNA:
< ere 6, (95°C 100, Hales et al
5 30"; 55°C - RNA- 1996y
E 45", 72°C - based:
MElr  TCATKGCRTAGTTDGGRT 307) x 40; 65- 10
AGT 95°C by
0.5°C-5"
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Table S3. Overview of analyzed microbial metabolites, their chemical classification and

injection method by gas chromatography coupled to mass spectrometry (GC-MS). Metabolites

which were detected at least at one time point in all three experimental replicates over the

course of the microcosm experiment are marked with an “x”.

detected in

metabolite chemical class samples? injection method
alanine amino acid X liquid
cysteine amino acid liquid
glutamic acid amino acid X liquid
glycine amino acid X liquid
histidine amino acid liquid
isoleucine amino acid X liquid
lysine amino acid X liquid
methionine amino acid liquid
phenylalanine amino acid X liquid
proline amino acid X liquid
serine amino acid X liquid
threonine amino acid X liquid
tyrosine amino acid X liquid
valine amino acid X liquid
aspargine amino acid liquid
methanol alcohol X headspace
formic acid organic acid headspace
acetic acid organic acid X headspace
propionic acid organic acid X headspace
butyric acid organic acid X headspace
pentanoic acid organic acid X headspace
oxalic acid organic acid liquid

citric acid organic acid liquid
fumaric acid organic acid X liquid

lactic acid organic acid X liquid
pyruvic acid organic acid X liquid
malic acid organic acid liquid
malonic acid organic acid liquid
succinic acid organic acid X liquid
tartaric acid organic acid X liquid
valeric acid organic acid headspace
3-hydroxybenzoic acid phenol derivative X liquid
4-hydroxybenzoic acid phenol derivative liquid
hydroquinone phenol derivative X liquid
galacitol sugar alcohol liquid
inositol sugar alcohol X liquid
galacturonic acid sugar acid liquid
saccharic acid sugar acid liquid
fructose sugar X liquid
fucose sugar X liquid
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glucose sugar X liquid
mannose sugar X liquid
sucrose sugar X liquid
xylose sugar X liquid
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Table S4. Overview of ¥Fe Mossbauer spectroscopy fitting parameters (using the Full Static

Hamiltonian model) of soil with addition of >’Fe-enriched Fe-OC coprecipitates (“+ cop”) and

without (“- cop”).

T _ cse QsP . e o Relative
Sample site [mms [mm s area Ve
[K] 1] 1] [T] ['] ['] [0/0]
+ cop,0d 77 Fe(ll) doublet 1.36 2.59 0* 0* 41 195
Fe(lll) doublet 0.38 1.00 o 0* 59
6  Fe(ll) doublet 1.23 2.80 o 0" 34
Fe(lll) doublet 0.56 1.00* o 0 15 0.85
Fe(lll) sextet  0.4* -0.08 4766 0* 0 44 '
Fe(ll) octet 1.5* -2.6* 11.30 0.2* 90* 8
-cop,0d 77 Fe(ll) doublet 1.23 2.76 0* 0 62 0.75
Fe(lll) doublet 0.38 0.75 o O 38 '
6  Fe(ll) doublet 1.23 2.77 0o 0* 60
Fe(lll) doublet 0.53 0.99 o 0* 30 0.61
Fe(ll) octet 1.25 -2.6* 9.40 0.2* 90* 11
+cop,42d 77 Fe(ll) doublet 1.38 2.56 o O 34 0.68
Fe(lll) doublet 0.35 0.98 o O 15 '
6  Fe(ll) doublet 1.30 2.71 o 0 M
Fe(lll) doublet 0.40 1.08 o 0 12 0.94
Fe(lll) sextet 0.48 -0.07 4739 0* 0* 34 ’
Fe(ll) octet 1.35 -2.6* 9.96 0.2 90* 12
-cop,42d 77 Fe(ll) doublet 1.23 2.82 o O 55 0.60
Fe(lll) doublet 0.43 0.78 o 0 45 '
6 Fe(ll) doublet 1.27 2.83 0 0* 54
Fe(lll) doublet 0.29 0.78* o 0 29 0.61
Fe(ll) octet 1.13 -2.6* 12.30 0.2* 90* 17

acenter shift

bquadrupole split in paramagnetic state or quadrupole shift

°hyper fine field

dasymmetry parameter
¢polar angle between the electric field gradient (EFG) axis of symmetry with hyperfine field
fgoodness of fit parameter
*indicates that parameters were fixed during fitting process
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Table S5. Overview of Fe Mossbauer spectroscopy fitting parameters (using Voigt-based
fitting) of °’Fe-enriched Fe-OC coprecipitates.

a b
sample T site [Cr;nsm [QmSm H°  Relative 2.d
(K] 5] 5] [T] area[%]
5"Fe Fe-OC cop 30 Fe(lll) doublet 0.47 0.92 40 138
Collapsed Fe(lll) sextet 0.46 4.09 60
6  Fe(lll) sextet 1 0.61 -0.03 47.2 42
Fe(lll) sextet 2 0.32 0.01 46.4 44 3.35
Collapsed Fe(lll) sextet 0.45 -0.01 29.3 14

acenter shift

bquadrupole split in paramagnetic state or quadrupole shift
°hyper fine field

dgoodness of fit parameter

Table S6. Linear combination fit results for Fe K-edge XANES spectra of the initial synthesized
S’Fe-enriched Fe-OC coprecipitates and the initial fen soil used in the microcosm experiment.
The used references were ferrihydrite for Fe(lll), and chlorite CCa-2 and Fe(ll)-citrate for Fe(ll).
Fe(ll)-citrate was used for the initial Fe-OC coprecipitate sample, while chlorite CCa-2 was

used for initial soil.

Fe(lll) Fe(ll) NSSR® red X2P

sample 0 [ (% [%]
57FeOC_initiaI 1.00 0.00 0.138 0.033
soil initial 0.39 0.61 0.713 0.185

anormalized sum of of squared residuals (residuals (100 Y (datai-fit)?/Y; data?)

® measure of fit accuracy ((Nigp /Npts) Yi ((dataifit;)/e))?(Nigp-Nvar) ). Nigp /Npts and Nyar are the
number of independent points in the model fit (37.5), the total number of data points (250) and
the number of fit variables (2), respectively.
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Table S7. Linear combination fit results for k®-weighted Fe K-edge EXAFS spectra of the initial
synthesized *’Fe-enriched Fe-OC coprecipitates and the initial mineral fen soil. The reference

of Fe(ll)-catechol was used for Fe(l1)-OM.

Fh? Lp® chlorite ilite Fe(ll)- NSSR°® red. X2¢

Sample OoM
[%] [%] [%] [%]  [%] [%] [%]
S"FeOC_initial 93 7 0 0 0 2.2 10.8
soil initial 0 0 42 37 21 9.8 37.8
aFerrihydrite

®Lepidocrocite

¢Normalized sum of of squared residuals (residuals (100 Y (data-fit)%/3; data?)

4 Measure of fit accuracy ((Nigp /Npts) Yi ((dataifit;)/e))?(Nigp-Nvar) ). Nigp /Npts and Nyar are the
number of independent points in the model fit (18.1), the total number of data points (181) and
the number of fit variables (2-5), respectively.
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Chapter 5:

Conclusion and outlook

Interactions of iron (Fe) and organic carbon (OC) have been previously studied in many
different environments, including marine sediments™?, paddy fields®-5, forests®’ and wetlands®-
10, High-organic carbon permafrost peatlands are often overlooked in this context due to the
assumption that they contain very small inorganic element contents, such as Fe. Instead,
previous studies have indicated that Fe(ll)-OC associations are wide-spread in permafrost
environments and have quantified the present Fe contents and bound OC''-"#. Previous work
at Stordalen Mire and other Arctic permafrost peatlands has therefore laid the foundation for
this work by providing results of many in situ measurements and experiments as well as
characterization of collected samples from the field'"'2'5-'8, Based on these data, we could
design experiments that allowed us to move from field-based observations and correlations of
geochemical parameters to a more fundamental, mechanistic understanding of the
biogeochemical processes at play. Within this PhD work, we have elucidated the changes to
Fe(ll1)-OC associations during permafrost thaw. We focused on initial composition of Fe-bound
OC and greenhouse gas (GHG) emissions due to the reductive dissolution of Fe(lll)-OC
associations. The results of this work, therefore, have implications for thawing permafrost
peatlands which will experience inundation and anoxia due to climate change, but also for
anoxic non-permafrost peatlands and other wetlands. These conclusions and implications will
be summarized per chapter in the following paragraphs. Further potential follow-up

experiments based on unresolved knowledge gaps will be described in the outlook.

General conclusions

In Chapter 2, the potential quantity and composition of OC bound to Fe minerals were
determined along a thaw gradient in order to understand how much and which OC classes are
selectively bound to poorly crystalline Fe(lll) (oxyhydr)oxides in permafrost soils. We found
that the quantity of potentially adsorbed water-extractable OC to poorly crystalline Fe(lll)
(oxyhydr)oxides decreased from palsa and bog to fen. The efficiency of poorly crystalline Fe(lll)
(oxyhydr)oxides to adsorb OC and consequently limit microbial OC degradation, therefore
decreases along the thaw gradient. Abiotic coprecipitation of initially anoxic, water-extractable
OC from palsa and bog soils and dissolved Fe(ll) led to much higher quantities of bound OC
than by adsorption. Since high C:Fe ratios (based on soil extractions) are also found in the
soils, coprecipitation at redox interfaces is likely the dominant mechanism trapping OC. During
both adsorption and coprecipitation, we have shown that preferential binding of more oxidized,

aromatic, and high molecular weight OC compounds takes place. Preferential binding,
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therefore, imposes a bias on the remaining OC in solution, which is likely composed of
inherently more bioavailable OC compounds. Therefore, a higher portion of dissolved OC
(DOC) after binding could still be respired by microorganisms compared to the initial DOC
composition. This has implications for the C cycle before and after thawing. In oxic soil layers
of palsa and bog soils, high quantities of OC may be captured by Fe(lll) (oxyhydr)oxides, but
inherently easier-to-degrade OC may be disproportionately left in solution. This could lead to
higher CO, emissions than expected. In anoxic soil layers, Fe(lll)-OC associations could be
reductively dissolved, and the release of previously Fe-bound OC could contribute to OC
mobilization in the form of CO, emissions. However, the respiration of the mobilized, yet less
bioavailable OC from Fe(lll) (oxyhydr)oxides might be limited, especially under anoxic
conditions in which thermodynamic constraints on degradation exist'®. In conclusion, the
potential of Fe(lll) (oxyhydr)oxides to bind OC is dynamic along the thaw gradient, changing
both in maximum quantity and intensity of preferential binding due to vegetation- and redox-

driven changes in OC composition.

In both Chapter 3 and Chapter 4, we aimed to understand to which extent Fe(ll1)-OC
associations are reductively dissolved in thawing, anoxic permafrost soils and how they may
contribute to GHG release. Specifically, in Chapter 3, we focused on the fate of Fe(lll)-OC
associations during initial permafrost thaw, their contribution to CO- release, and the possible
microbial players involved in the reduction of Fe(lll)-OC associations and following OC
degradation. We found that Fe(lll)-OC coprecipitates, which were used as representative
phases for Fe(lll)-OC associations, were only stable in palsa soils under in situ, and therefore
oxic, conditions. Once anoxic conditions develop, as simulated in the microcosm experiments,
coprecipitates were fully reduced within several weeks in both palsa and bog soils. Their
reduction increased cumulative CO, emissions by 43+16% in the anoxic palsa soil,
demonstrating that they can make up a significant portion of anaerobic respiration upon
permafrost soil collapse. The results, therefore, show that oxic, low-land permafrost areas are
likely losing their Fe(lll)-OC associations upon permafrost thaw if anoxic conditions develop.
Based on estimations of low-land permafrost areal extent?*?!, the available data on Fe
stocks'>'315 and our estimated ratio of CO, release per reduced Fe(lll) (ca. 1:1), the reduction
of Fe(lll)-OC associations could release 94-1144 Tg of CO2-C. In bog soils, Fe(lll)-OC
coprecipitates were also fully reduced. We could not determine direct contributions of this
reduction to anaerobic respiration due to counter-acting effects on CO, emissions. Phenolic-
rich OC compounds, which are produced by Sphagnum spp. in bogs, were likely released from
the added coprecipitates and could have inhibited microbial activity. Therefore, in cases where

permafrost thaw favors growth of Sphagnum spp., CO; release due to dissolution of Fe(lll)-
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OC associations could be mitigated. Nevertheless, our findings show that Fe(lll)-OC

associations are no stable OC sink during thaw of low-land permafrost areas.

Within Chapter 4, our specific goal was to investigate how methane (CH4) emissions in
fully thawed permafrost soils will be affected by Fe(lll)-OC associations. In both field and lab
experiments, we found that Fe(lll)-OC coprecipitates were microbially reduced, as they
provided an easily reducible Fe pool compared to Fe in phyllosilicates for the present Fe(lll)-
reducing microorganisms. The resulting net CHs; emissions from anoxic fen soil were
decreased due to the addition of Fe(lll)-OC coprecipitates. Based on molecular biological
techniques, we determined that a majority of the decrease in CH4 emissions stemmed from
thermodynamic inhibition of methanogenesis due to microbial Fe(lll) reduction and a minority
from anaerobic methane oxidation. The net decrease of CHs emissions lowered the overall
global warming potential of emitted GHGs in treatments with coprecipitate addition compared
to no-coprecipitate controls, even while more CO, was released. Fe(lll)-OC associations could,
therefore, play an integral part in lowering the radiative forcing of future thawed permafrost
peatlands. Under natural conditions, this function could be sustained due to continuous
production of Fe(ll1)-OC associations in the soil. For example, root radial oxygen loss of sedges
could induce coprecipitation of dissolved Fe(ll) and DOC and provide niches for
microaerophilic Fe(ll)-oxidizing microorganisms. Similarly, phototrophic or nitrate-reducing
Fe(ll)-oxidizers, which have been shown to be present in the fen soil based on microbial
enrichment attempts (by Katrin Wunsch), could biotically form Fe(lll)-OC associations. The
future CH4 emissions of thawed permafrost peatlands, therefore, depend on the presence of

Fe(lll)-OC associations.

Outlook

Coprecipitation of permafrost organic carbon with dissolved iron(ll) — role of abiotic vs biotic

processes

Coprecipitation processes of DOC from various ecosystems with dissolved Fe(lll)?*2" as
well as with dissolved Fe(ll) at circumneutral pH?22° have already been investigated in order
to understand the OC binding capacities of Fe(lll)-OC coprecipitates. In this PhD work, we
expanded this knowledge by using permafrost-derived water-extractable OC and initially
anoxic, dissolved Fe(ll) to simulate coprecipitation in permafrost environments at redox
transitions (Chapter 2). We found high OC binding capacities of up to 925 and 1532 mg C g’
Fe for palsa and bog environments, respectively. The produced C:Fe ratios in the solids were

higher than in other studies using dissolved Fe(lll) due to the higher solubility of Fe(ll) at acidic
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pH (pH 4.5) and slower Fe oxidation rate®’. However, only abiotic coprecipitation was simulated
in this work and only at one pH value. Since coprecipitation is rarely simulated at acidic pH
values (< pH 5.5) and with dissolved Fe(ll) as a starting material, it could be useful to continue
research in this direction. The role of other abiotic processes, such as radical formation (in the
dark) during oxygenation of dissolved Fe(l1)3"3? or complexation of Fe(ll) by DOC, as well as
formation by biotic coprecipitation pathways (Figure 1), was also not evaluated in this work.

The following questions therefore remain to be answered:

(i) How much DOC is immobilized during oxidation of dissolved Fe(ll) across different
pH ranges, representative for palsa and bog (pH 3.5-5) and for fen environments
(pH 6-7)?

(i) What role does (dark) radical formation and Fe complexation by OC play in
changing the OC composition during the coprecipitation process?

(iii) How does biotic Fe(ll) oxidation change the binding capacities of OC during

microbial Fe(ll) oxidation?

To answer these questions, coprecipitation experiments using anoxic, water-extractable
OC from different permafrost thaw stages and dissolved Fe(ll) could be performed at varying
pH values. The solid phase OC composition could be characterized by FTIR or C X-ray
absorption spectroscopy (XAS) and the bound OC content quantified by analysis of remaining
DOC in solution. During the abiotic oxidation process, radical oxygen species and
intermediates (e.g., "'OH, H202) could be quantified, and OC composition could be analyzed
by specific ultraviolet absorption spectroscopy (SUVA), *C nuclear magnetic resonance
spectroscopy ('*C-NMR) and Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS). Presence of Fe-OC complexes could be determined by modeling using
geochemical modeling software (e.g. PHREEQC). Biotic Fe(ll) oxidation could be simulated
by using phototrophic or microaerophilic Fe(ll)-oxidizing enrichment cultures (enriched from
Stordalen Mire by Katrin Wunsch). Cultures could be pre-grown in typical media and then
transferred to minimal media, amended with water-extractable OC and low concentration of
other cations, to simulate environmental conditions. Lower cation concentrations would ensure
a higher probability of Fe(ll)-OC complex formation, which has been shown to affect biotic
Fe(ll) oxidation rates®®. The final OC binding capacities in microbially formed Fe(lll)-OC

coprecipitates could then be compared to those formed abiotically.
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Phyllosilicates and manganese (hydr)oxides as potential organic matter sinks across thawing

permafrost soils

While this PhD work focused mainly on Fe(lll)-OC associations as a subset of mineral-
OC associations in permafrost peatlands, other minerals could also function as sinks for OC.
Phyllosilicates and their bound OC pool are frequently studied in the context of temperate or
agricultural soils®**3° but less in permafrost soils*. While their reported maximum binding
capacities of OC per g mineral are much lower than for poorly crystalline Fe(lll)
(oxyhydr)oxides®’, they might be more abundant in mineral subsoils of permafrost areas.
Additionally, they are not susceptible to full reductive dissolution and instead undergo structural
rearrangements due to Fe reduction®®, thereby forming more stable associations with OC.
Therefore, as Fe(lll)-OC associations are reduced due to anoxic conditions during thaw
(Chapter 3 and 4), phyllosilicates could partly recapture the released OC (Figure 1).
Manganese (Mn) (hydr)oxides are redox-active and could bind similar OC quantities in oxic
soil layers and oxic-anoxic transitions as Fe (oxyhydr)oxides®°. While Mn contents in soils are
often several orders of magnitude smaller than Fe contents*° (within this work: 0.18-1.28 umol
Mn g soil vs 70-170 ymol Fe g soil), Mn coatings on other minerals could still affect OC
binding behavior. Interaction of Mn (hydr)oxides with OC leads to oxidation of OC and
production of low molecular weight compounds, or even CO,, while Mn is being reduced*'~3.
Furthermore, both phyllosilicates and Mn (hydr)oxides could exhibit different preferential
binding behaviors compared to Fe(lll) (oxyhydr)oxides®”#4. With regards to the role of these

two minerals in permafrost soils, the following knowledge gaps exist:

(i) How abundant are phyllosilicates and Mn (hydr)oxides in permafrost peatlands and
what is their speciation?

(ii) What are the maximum OC adsorption or coprecipitation (in case of Mn) capacities
to phyllosilicates and Mn-coated Fe(lll) (oxyhydr)oxides across conditions of
permafrost thaw?

(iii) What kind of preferential binding effect is induced on OC by adsorption to or
coprecipitation (in case of Mn) with phyllosilicates and Mn-coated Fe(lll)

(oxyhydr)oxides?

To tackle these research gaps, soil cores could be collected from a variety of permafrost
peatlands, spanning different thaw stages and mineralogies, and extractions targeting Mn
(hydr)oxides (dithionite-citrate-bicarbonate extraction) could be performed on different soil
layers. The residues could be washed and analyzed by X-ray diffractometry to identify
phyllosilicate minerals, and the TOC could be quantified to draw conclusions on the potentially
phyllosilicate-bound OC in the residue. Initial soil samples could be further analyzed by Mn

XAS to determine the Mn oxidation state and binding environment. Using water-extractable
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OC from the soils of the different sites, adsorption and coprecipitation experiments could be
performed with synthesized Mn-coated Fe(lll) (oxyhydr)oxides and purchased phyllosilicate
minerals to quantify the OC binding capacity. Different techniques could be used to estimate
preferential binding effects to these minerals, such as SUVA, Fourier transform infrared
spectroscopy (FTIR), "*C-NMR, and FT-ICR-MS.

Role of redox-active groups in particulate organic matter for mediating microbial iron(lll)

reduction

It has been shown that redox-active OC functional groups in sediment-derived particulate
organic matter (POM) can serve as an electron shuttle for microorganisms, thereby enhancing
Fe(lll) reduction*®. Within this PhD work, we observed rapid (within 1 day) dissolution and
reduction of Fe(lll)-OC coprecipitates (15% and 11% in palsa and bog soils, respectively)
(Chapter 3). In a control experiment, we showed that this process was not induced by abiotic
reduction due to redox-active groups in DOC. As palsa and bog soils likely contain a majority
of their OC pool as POM, it is reasonable to assume that reduced redox-active groups in POM
could have facilitated Fe(lll) reduction together with microorganisms (Figure 1). However, no
conclusive answers can be drawn since this process was not experimentally investigated

further. Therefore, a few questions remain, such as:

(i) What is the oxidation state of POM in situ? Does it change over the thaw gradient?

(i) Does electron shuttling of redox-active POM between microorganisms and Fe(lll)
minerals play a role for Fe(lll) reduction in permafrost peatlands?

(iii) What is the extent of abiotic Fe(lll) reduction by reduced redox-active POM
compared to microbially-mediated Fe(lll) reduction with POM as electron shuttle in

permafrost peatlands?

These questions could be investigated by first characterizing the POM over the thaw
gradient and depth. Soil cores could be taken per thaw stage and stored in anoxic conditions
until soil layers are split and homogenized in an anoxic glovebox. POM could then be isolated
using density or size fractionation techniques*®#’. Another alternative would be to strip the peat
of its poorly crystalline Fe content by a dithionite-citrate-bicarbonate extraction, thereby
removing most of the mineral-associated OC and redox-active Fe**. However, this would likely
also reduce the functional groups of POM, such that the in situ redox state would not be
preserved. The electron accepting capacity of POM could be determined by indirect
spectrophotometric assays after addition of Fe(lll)-NTA* or ZiV*® or by electrochemical
mediated reduction and oxidation*®. The OC composition within POM could be analyzed by

BC-NMR and C XAS, in order to determine the contribution of phenolic groups, which are often
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linked to abiotic Fe(lll) reduction?”%°%!, To estimate the importance of redox-active POM for
Fe(lll) reduction, POM could be added to a previously enriched Geobacter culture from
Stordalen' in minimal media together with synthesized ferrihydrite or Fe(lll)-OC associations.
An abiotic control without the Geobacter inoculum would be used to determine potential abiotic
Fe(lll) reduction. Alternatively, the experiment could be performed by using a soil suspension

as inoculum.

Fate of iron-bound organic carbon by use of isotope labeling

The fate of mineral-bound OC is subject of increasing research, as many studies suggest
that mineral-bound OC could be the key for storing more OC in soils over long time scales®-
% Many studies use '*C-labelled simple sugars, organic acids, or amino acids to synthesize
mineral-organic carbon associations and track their fate through the aqueous, gaseous, and
solid phase®°>-%". Within this work, we synthesized Fe(ll1)-OC coprecipitates to imitate a subset
of the natural mineral-OC associations that would occur in permafrost soils. We demonstrated
that Fe(lll) minerals do not provide protection for OC during permafrost thaw due to their
reductive dissolution (Chapters 3 and 4). Based on results in Chapter 1, we know that
relatively less bioavailable OC compounds are preferentially coprecipitated with Fe(lll)
(oxyhydr)oxides. However, we could not directly quantify how much previously Fe-bound OC
contributed to GHG emissions (Figure 1). The use of water-extractable OC for the synthesis
provided an environmentally relevant OC mix but also prohibited us from using a '*C-labeled
substance, as 3C labeling of the peat itself is not attainable. Therefore, the following questions

are still unanswered:

(i) What is the contribution of released, previously Fe-bound OC upon reductive
dissolution of Fe(lll)-OC associations to CO. and CH4 emissions? Does this
contribution change in soils along the thaw gradient?

(i) Does the release of Fe-bound OC induce a priming effect in permafrost soils?

(iii) How much previously Fe-bound OC is retained in the solid phase, bound to other

minerals or taken up in microbial biomass?

These knowledge gaps could be answered by performing a similar laboratory experiment
as in Chapters 3 and 4. However, using a "*C-labeled OC source for synthesizing Fe(lll)-OC
associations would be necessary. Besides a mix of '*C-labeled small OC compounds, it could
also be feasible to use *C-labeled plant parts of species native to permafrost peatlands. Plants
growing at Stordalen Mire, such as the shrubs in palsa areas (Betula nana, Andromeda
polifolia) or sedges in fen areas (Eriophorium spp. or Carex spp.), control much of the litter

inputs to the soil*®® and would therefore provide a suitable OC source for the coprecipitate
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synthesis. The plants could be exposed to *CO; pulse labeling, possibly in collaboration with
other groups working at Stordalen Mire who study C allocation in plants. The labeled material
of plants (leaves, roots) could then be dried and ground up prior to performing a water
extraction. The resulting extract could be used to synthesize Fe(lll)-OC associations. Isotope-
specific methods, such as gas chromatography coupled to mass spectrometry (GC-MS) and
isotope ratio mass spectrometry (IRMS), could be utilized to track the distribution of Fe-
associated OC to the gas phase, liquid phase, and solid phase (after extractions). Visualization
of the previously Fe-bound OC in the solid phase and, therefore, co-localization with other
mineral phases could be performed using nanoscale secondary ion mass spectrometry
(nanoSIMS).

The role of anaerobic methane oxidation in thawing permafrost peatlands

High CO2:CH4 ratios of net GHG emissions are detected in many cases in Arctic
peatlands®-%'. This ratio should theoretically be 1:1 in anoxic systems®?, meaning that higher
ratios could imply the presence of additional processes decreasing the net flux of CHa.
Anaerobic methane oxidation (ANME) could be the reason (Figure 1), as this process is known
to play a major role in marine sediments® and was recently demonstrated to occur in various
terrestrial environments®-%’. We could detect several canonically aerobic methanotrophic
microorganisms in soils across the thaw gradient in anoxic incubations (Chapters 3 and 4) in
this PhD work. Within the bog soil, the relative abundance and potential activity (based on 16S
rRNA amplicon (gene) sequencing) of aerobic methanotrophs only slightly decreased over the
course of the anoxic incubation. Within the fen soil, we found constant activity of Methylobacter
spp. and of a genus belonging to the putative anaerobic methane-oxidizing taxa
Methylomirabilales, which displayed an increasing relative abundance upon addition of Fe(lll)-

OC coprecipitates. Based on these observations, the following questions therefore remain:

(i) Are known aerobic methanotrophs still active under anoxic conditions in thawing
permafrost soils? Do they use uM traces of oxygen, or do they use other electron
acceptors?

(i) What electron acceptors (nitrate, nitrite, sulfate, Fe(lll), organic matter) are used by
anaerobic methane oxidizers in thawing permafrost soils?

(iii) What are the rates of ANME across thawing permafrost soils?

Experiments to answer these research questions could involve incubations of soil slurries
from the bog and fen areas under anoxic conditions with *CHs-amended headspace. The
production of *CO, and, therefore, the activity of methanotrophs could be tracked over time in

order to quantify the rates of ANME. In another experiment, different electron acceptors
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(nitrate, nitrite, sulfate, Fe(lll) in form of ferrihydrite, organic matter in form of water-extractable
OC, or isolated POM from the same soils) could be supplemented to distinguish which electron
acceptors are used by methanotrophs. The oxygen concentrations could be tracked with non-
invasive optical sensor foils adapted for uM concentrations. The identity and activity of
methanotrophic communities could be followed by different molecular biology techniques,
including fluorescence in situ hybridization (FISH), quantitative polymerase chain reaction
assays (QPCR) of the pmoA and mcrA gene of ANME-bacteria® as well as 16S rRNA gene

amplicon sequencing.

palsa Il bog ', >

permafrost thaw

microbial coprecipitate
formation?

oxidation?
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Figure 1. lllustration of a subset of unresolved knowledge gaps regarding coupled iron-organic
carbon cycling in thawing permafrost peatlands. Boxes with question marks display the
knowledge gaps described in the section above. The abbreviation POM stands for particulate
organic matter. Graphic is made with BioRender.com.
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