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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(III)) (oxyhydr)oxides. 

Organic carbon can both adsorb to and coprecipitate with poorly crystalline Fe(III) 

(oxyhydr)oxides, forming Fe(III)-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(III)-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(III)-OC 

associations on GHG emissions is during initial permafrost thaw, and (iii) how the presence of 

Fe(III)-OC associations in fully thawed permafrost soils impacts net CH4 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(III) (oxyhydr)oxides to adsorb water-extractable OC 

diminished by more than 50% from palsa and bog (226±3 and 204±19 mg C g-1 ferrihydrite, 

respectively) to fen  ecosystems (81±4 mg C g-1 ferrihydrite). Abiotic coprecipitation of water-

extractable OC from palsa and bog ecosystems with initially dissolved Fe(II) 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(III)-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, 
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they might still be respired, contributing to CO2 emissions. Therefore, Fe(III) mineral binding 

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

Next, we tracked the fate of Fe(III)-OC associations during initial permafrost thaw by 

adding Fe(III)-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(III)-OC coprecipitates were fully reduced within several weeks. This led to 

an increase of CO2 emissions by 43±16% compared to a no-coprecipitate amended control, 

showcasing that reduction of Fe(III)-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(III)-OC coprecipitates were also fully reduced, albeit 

slower than in palsa soils. Net emissions of CO2 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(III)-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(III)-OC associations are no stable sink for 

OC during thaw-induced waterlogging of permafrost peatlands. 

Finally, we added Fe(III)-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(III)-OC coprecipitates were partly (22% in microcosm 

experiment) to almost fully reduced (92±4.0% in field experiment) over weekly timescales. This 

ongoing Fe(III) reduction decreased net CH4 emissions by at least 40% in comparison to a no-

coprecipitate control. A majority of the inhibition of CH4 emissions was attributable to 

methanogenesis suppression due to thermodynamic favorability of Fe(III) 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 CH4 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(III)-OC associations might 
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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(III)-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(III)-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. 
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Zusammenfassung 

Ein Drittel des weltweiten Bestandes an organischem Kohlenstoff (OC) in Böden befindet 

sich in Permafrostböden. Die steigenden Bodentemperaturen aufgrund des Klimawandels 

führen zu einem raschen Auftauen von Permafrostböden, was zu einer Staunässe von zuvor 

trockenen Böden und einer erhöhten mikrobiellen Aktivität führt. Man geht davon aus, dass 

die Emissionen von Treibhausgasen ansteigen und somit mehr Kohlendioxid (CO2) und 

Methan (CH4) von Permafrostböden freigesetzt wird. Genaue Vorhersagen über die von 

Permafrostböden verursachten Treibhausgasemissionen sind jedoch noch nicht möglich, da 

der Abbau von OC weitgehend von der Bioverfügbarkeit des OC abhängt, die durch die 

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

Organischer Kohlenstoff kann sowohl an wenig kristalline Fe(III)-(oxyhydr)oxide 

adsorbieren als auch mit ihnen kopräzipitieren und so Fe(III)-OC Verbindungen bilden. Es wird 

angenommen, dass diese Verbindungen unter oxischen Bedingungen in Permafrostböden 

den OC vor dem Abbau schützen und damit die Freisetzung von Treibhausgasen begrenzen. 

Im Gegensatz dazu könnte unter anoxischen Bedingungen in aufgetauten Permafrostböden 

eine mikrobielle reduktive Auflösung von Fe(III)-OC Verbindungen stattfinden, wodurch das 

zuvor gebundene OC wieder in die wässrige 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 verändert, (ii) welche Auswirkungen Fe(III)-OC Verbindungen 

auf die Treibhausgasemissionen während des anfänglichen Auftauens des Permafrostes 

haben und (iii) wie sich das Vorhandensein von Fe(III)-OC Verbindungen in vollständig 

aufgetauten Permafrostböden auf die Freisetzung von CH4 auswirkt. 

Um diese Wissenslücken zu untersuchen, haben wir repräsentative Bodenproben über 

einen Permafrosttau-Gradienten in Stordalen Mire (Abisko, Schweden) genommen. Dieses 

aktiv auftauende Permafrostgebiet umfasst drei verschiedene Taustadien: intakte, oxische 

Permafrostböden (Palsa), saisonal anoxische, teilweise aufgetaute Hochmoore (Bog) und 

vollständig aufgetaute, permanent anoxische Niedermoore (Fen). Wir haben verschiedene 

Experimente mit den beprobten Böden im Labor durchgeführt und diese mit Experimenten im 

Feld ergänzt. 

Wir fanden heraus, dass die Kapazität von Fe(III)-(oxyhydr)oxiden zur Adsorption von 

wasserextrahierbarem OC um mehr als 50% von Palsa und Bog (226±3 bzw. 204±19 mg C g-

1 Ferrihydrit) zu Fen (81±4 mg C g-1 Ferrihydrit) abnimmt. Durch die abiotische Kopräzipitation 

von wasserlöslichem OC aus Palsa- und Bog-Böden mit ursprünglich gelöstem Fe(II) wurde 

bis zu dreimal mehr OC gebunden als durch Adsorption. Die resultierenden C:Fe Verhältnisse 

in den Partikeln stimmten gut mit Werten überein, die auf früheren Extraktionen aus 
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Bodenproben beruhen. Dies zeigt, dass die Kopräzipitation wahrscheinlich der 

vorherrschende Bildungsmechanismus von Fe(III)-OC Verbindungen in Permafrostgebieten 

ist. Sowohl Adsorption als auch Kopräzipitation führen 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 unverhältnismäßig stark in Lösung. Da man 

davon ausgeht, dass diese Verbindungen für Mikroorganismen leichter abbaubar sind, 

könnten sie dennoch zu den CO2 Emissionen beitragen. Daher könnte die Bindung von Fe(III) 

Mineralen einen weniger wirksamen Schutz für OC in Permafrostböden bieten als bisher 

angenommen. 

Als Nächstes untersuchten wir das Schicksal von Fe(III)-OC Verbindungen während des 

Auftauens von Permafrostböden, indem wir Fe(III)-OC Kopräzipitate zu Palsa- und Bog-Böden 

innerhalb Mikrokosmos- und Feld-Experimenten hinzugaben. Die Kopräzipitate wurden mit 

wasserextrahierbarem OC von denselben Böden synthetisiert. In dem Mikrokosmos-

Experiment simulierten wir den anfänglichen Zusammenbruch und die Entwicklung anoxischer 

Bedingungen in Palsa-Böden sowie die anoxische Phase von Wasserspiegelschwankungen 

in Bog-Böden. Wir. Wir stellten fest, dass Fe(III)-OC Kopräzipitate innerhalb mehrerer Wochen 

vollständig reduziert wurden. Dies führte zu einem Anstieg der CO2 Emissionen um 43±16% 

im Vergleich zu einer Kontrolle ohne Kopräzipitate. Dieses Resultat zeigt, dass die Reduktion 

von Fe(III)-OC Kopräzipitaten einen großen Teil der anaeroben Atmung in auftauenden 

Permafrostböden ausmacht. Mehrere Mikroorganismen, die in der Lage sind, komplexe OC 

Verbindungen abzubauen (Sphingomonas, Firmicutes) hatten eine höhere Abundanz in den 

mit Kopräzipitaten angereicherten Reaktoren im Vergleich zu den Kontrollen ohne 

Kopräzipitate. Diese Mikroorganismsen haben wahrscheinlich den von Fe-freigesetzten OC 

für ihren Metabolismus genutzt. In Bog-Böden wurden Fe(III)-OC Kopräzipitate ebenfalls 

vollständig abgebaut, wenn auch langsamer als in Palsa-Böden. Die Freisetzung von CO2 

änderte sich nach der Zugabe von Kopräzipitaten 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 könnte, womöglich 

der Grund für diese Beobachtung  ist. Die Ergebnisse des Feld-Experimentes waren ähnlich 

zu denen des Mikrokosmos-Experimentes, in dem Sinne, dass die Fe(III)-OC Kopräzipitate 

unter oxischen Bedingungen in Palsa-Böden stabil waren, aber in anoxischen Bog-Böden 

reduktiv aufgelöst wurden. Zusammenfassend zeigen unsere Resultate, dass Fe(III)-OC 

Verbindungen keine stabile Senke für OC während der auftauungsbedingten Staunässe von 

Permafrostböden darstellen. 
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Letztendlich haben wir Fe(III)-OC Kopräzipitate zu vollständig aufgetauten 

Permafrostböden gegeben, um die Auswirkungen auf die Freisetzung von CH4 zu testen. Mit 

einer Kombination aus Mikrokosmos-Experimenten und einem Experiment vor Ort im Feld 

fanden wir heraus, dass Fe(III)-OC Kopräzipitate teilweise (22 % im Mikrokosmos-Experiment) 

bis fast vollständig (92±4.0 % im Feldexperiment) über einen Zeitraum von mehreren Wochen 

reduziert wurden. Diese kontinuierliche Fe(III)-Reduktion verringerte die Freisetzung von CH4 

um mindestens 40% im Vergleich zu einer Kontrolle ohne Kopräzipitate. Der größte Teil der 

Hemmung der CH4 Emissionen war auf die Unterdrückung der Methanogenese wegen der 

thermodynamisch günstigeren Fe(III)-Reduktion zurückzuführen, was durch eine Abnahme 

der Anzahl der Genkopien eines Methanogenese-Markergens zu sehen war. Ein geringerer 

Teil der Verringerung der CH4 Freisetzung könnte auch auf die anaeroben Methanoxidation 

zurückzuführen 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 gehört. Die 

zugesetzten Kopräzipitate könnten als Elektronenakzeptoren für anaerobe Methanoxidierer 

verwendet worden sein. Insgesamt zeigen die Ergebnisse, dass könnten Fe(III)-OC 

Verbindungen eine entscheidende Rolle bei der Abschwächung der CH4 Freisetzung in 

auftauenden, anoxischen Permafrostgebieten spielen, trotz der Freisetzung von zusätzlichem 

OC von den Kopräzipitaten. 

Im Rahmen dieser Arbeit haben wir das Wissen über Fe(III)-OC Verbindungen in 

Permafrostgebieten von der Charakterisierung von Feldproben und Korrelationen 

geochemischer Parameter zu einem prozessbasierten Verständnis des zukünftigen 

Schicksals während des Auftauens von Permafrostböden erweitert. Die Ergebnisse dieser 

Arbeit helfen dabei, zukünftige Rückkopplungen des Permafrosttauens auf 

Treibhausgasemissionen durch die Auflösung von Fe(III)-OC Verbindungen abzuschätzen, 

und könnten somit zur Verbesserung von Klimamodellen verwendet werden, die das 

Permafrosttauen simulieren.  
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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 atmosphere1. They accumulated OC over 

thousands of years2 and are mostly present in the circum-Arctic region, with OC stocks of up 

to 260 kg m-2 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 years3,4. 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 conditions5. 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)6–8. Plants perform 

photosynthesis, capturing carbon dioxide (CO2) and storing it as OC and methanotrophic 

microorganisms oxidize methane (CH4) to CO2
7,9. Since CH4 has a 28 times higher global 

warming potential over 100 years compared to CO2
10, 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 change11,12. 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 refreezes3. Thawing causes not only previously frozen, high-OC, nutrient-rich soil layers 

to become available for microbial decomposition13,14, but also increases the rate of microbial 

degradation due to higher temperatures4,15. Permafrost thaw therefore leads to a higher OC 

release, both by emission of GHGs14,16 and by export of dissolved or solid OC into other riverine 

systems17,18. It has been projected that 67-237 Pg OC will be released as GHGs due to thawing 

of permafrost soils until the year 210019. A substantial part of the radiative forcing is expected 

to come from CH4 emissions in the future due to the increasing anoxic soil layers in the 

permafrost landscape20. 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 cycle2. 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 soils19,21. 
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Figure 1. Distribution of soil OC pool (kg C m-2) 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 m-2) 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 release19,21–23. Most of these factors are poorly understood and not yet 

implemented in earth system models due to insufficient spatial and temporal datasets24. 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 degradation25–27. 

 

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 exoenzymes28. 
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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 emissions29,30. As a consequence, they decrease the 

temperature sensitivity of OC degradation31,32, 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%)29,33–35. These estimates vary due to different parent material of the 

soil33, the climatic and redox conditions across soil development stages29 as well as the mass 

ratio of soil OC to available minerals35. Binding can occur directly or indirectly (via cation 

bridges) to phyllosilicates and metal (oxyhydr)oxides, such as aluminum or iron (Fe)36. Poorly 

crystalline Fe(III) (oxyhydr)oxides (e.g. ferrihydrite) are especially known for their large OC 

binding capacity37, due to their high specific surface area38. Those minerals typically make up 

the majority of Fe(III) phases in OC-rich environments, such as peatlands39,40, since high OC 

concentrations hinder their transformation to more crystalline minerals41,42. Poorly crystalline 

Fe(III) have been known as an OC sink in many environmental settings43–45, but only recently 

has more attention been given to Fe(III)-OC associations in permafrost soils within the context 

of permafrost thaw29,30,34,46–48. It has even been advocated that the presence of Fe(III)-OC 

associations should be included in future climate models simulating thaw49, 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(III) and OC are mostly found in oxic soil layers or at oxic-anoxic 

transitions of permafrost soils46,48. Current estimates are that ca. 10-20% of soil OC in intact, 

oxic permafrost soils is bound to Fe(III) minerals34,46,50,51. Iron(III)-OC associations can be 

formed abiotically through adsorption of OC onto an existing Fe(III) (oxyhydr)oxide or by 

coprecipitation of initially dissolved Fe(II) and OC by oxygen (O2) at redox interfaces36 (Figure 

2). Microorganisms capable of Fe(II) oxidation, such as microaerophilic, nitrate-reducing, or 

phototrophic Fe(II) oxidizers, can also initiate coprecipitation52–54. During the binding process, 

it has been found that certain OC functional groups have a higher tendency to be bound to 

Fe(III) (oxyhydr)oxides than others37,55. Depending on the initial OC composition, aromatic-, 

carboxylic-rich, and high molecular weight OC could be preferentially adsorbed or 

coprecipitated with Fe37,56,57. 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(III) (oxyhydr)oxides therefore leads to preferential 
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stabilization of OC, which could affect the bioavailability of the remaining dissolved OC pool58 

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. 

 

 

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(II)) and ferric Fe (Fe(III)). Fe(II) can be present as dissolved Fe2+, 

Fe(II)-OC complexes, and Fe(II) minerals (e.g. FeS). Fe(III) is typically present as poorly 

crystalline Fe(III) minerals, either with adsorbed or coprecipitated OC, or as poorly soluble 

Fe(III)-OC complexes. Fe(III) reduction and Fe(II) oxidation can be mediated by biotic (red 

arrows) and abiotic (grey arrows) processes. Reduction of Fe(III) can be abiotically facilitated 

by photoreduction (hν), hydrogen sulfide (H2S), or superoxide (sup.ox.). Microbially-induced 

Fe(III) reduction can occur by oxidation of small OC molecules e.g. acetate (Ac) or by hydrogen 

(H2) to CO2 and water (H2O), respectively. Microorganisms can also oxidize OC or CH4 to CO2, 

using oxidized OC as a terminal electron acceptor. The reduced OC then transfers electrons 

to Fe(III), functioning as an electron shuttle. The resulting Fe(II) phases can be oxidized to 

Fe(III) abiotically via oxygen (O2), oxidized manganese species (MnOx), or nitrite (NO2
-). 

Microbial Fe(II) oxidation can be performed by phototrophic (using energy from light (hν) and 

C from CO2), microaerophilic (with O2), and nitrate (NO3
-)-reducing Fe(II) oxidizers. Processes 

were summarized based on Kappler et al. (2021)59 and Dong et al. (2023)41. 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(III)-OC associations could be microbially reduced and dissolved, 

forming Fe(II) phases and dissolved OC. The release of OC under anoxic conditions will likely 

make it more bioavailable (in terms of CO2 emissions) compared its Fe-bound state under oxic 

conditions60,61. Reduction of Fe(III)-OC associations could occur both abiotically and 

microbially in permafrost soils. Abiotic Fe(III) reduction is facilitated by hydrogen sulfide, 

superoxide species or reduced OC59,62 (Figure 2). Microbial reduction of Fe(III)-OC 

associations could be performed by respiratory or fermentative Fe(III)-reducing 

microorganisms coupled to the oxidation of OC41, ultimately producing CO2. The activity of 

several other microorganisms can also lead to Fe(III) reduction as a side reaction due to 

electron shuttling by OC63. When OC or CH4 is oxidized by microorganisms, the electrons may 

get stored in redox-active OC functional groups, such as phenol or hydroquinone groups64,65, 

which are thereby reduced41. The reduced OC can now transfer electrons to Fe(III), after which 

the OC is present in its initial oxidized state, thus acting as an electron shuttle. Both dissolved 

organic matter66,67 and particulate organic matter62 have been shown to be involved in electron 

transfer reactions. Overall, reduction of Fe(III)-OC associations could occur in thawed, anoxic 

permafrost soils, enhancing OC oxidation and thus possibly increasing CO2 emissions 

following permafrost thaw. However, the direct contribution of Fe(III)-OC associations to CO2 

emissions following permafrost thaw has not yet been quantified. 

Reduction of Fe(III)-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(III) reduction since Fe(III) is the more 

thermodynamically favorable electron acceptor compared to CO2
68–70. Net release of CH4 might 

also be decreased due to Fe(III) functioning as an electron acceptor for anaerobic methane 

oxidation71,72. In contrast, Fe(III) reduction was also shown to enhance methanogenesis in 

some cases. Reduction of Fe(III) could promote methanogenesis due to the subsequent pH 

increase, which makes conditions more favorable for (acetoclastic) methanogens73,74. Some 

studies also showed that more crystalline Fe(III) minerals may act as electron shuttles for 

methanogens75,76. Another previously overlooked factor is the release of Fe-bound OC during 

reduction of Fe(III)-OC associations. The additional OC could enhance methanogenesis by 

increasing the activity of fermenting microorganisms, which provide substrates for 

methanogens77. The resulting net effect of Fe(III)-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 zone78. 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 200079, 

thereby inducing permafrost thaw. Parts of the intact, oxic permafrost palsa areas developed 

into partly anoxic bog and permanently anoxic fen areas6,78, 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 years79, and 

were eventually supplemented with the measurement of ecosystem-scale GHG fluxes80,81. 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 ha80. 

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 

microorganisms82,83, microbial organic matter degradation84,85 as well as the initial 

characterization of Fe(III)-OC associations46,86 across permafrost thaw. It therefore provides a 

suitable study site to investigate the role of Fe(III)-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(III)-OC associations across different permafrost 

thaw stages using field-based measurements and soil extractions34,35,46,48. These results offer 

snapshots of the current bound OC quantity and composition within Fe(III)-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(III)-

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 

fen87), the OC functional groups able to interact with Fe(III) (oxyhydr)oxides also change. This 

could have effects on the bound OC quantity and preferential binding of OC to Fe(III) 

(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(III) (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(III) reduction in subsequent anoxic thaw stages. 
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There is field-based evidence that reductive dissolution of Fe(III)-OC associations and 

the following release of previously bound OC leads to an increase in GHG emissions across 

permafrost thaw86. Further, substantial parts of anaerobic respiration (40-63%) have been 

attributed to Fe(III) reduction in intact permafrost peatlands in Alaska88. Recent metagenomic 

studies also highlighted the increase in abundance of Fe-metabolizing microorganisms after 

permafrost thaw89,90. 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(III)-OC associations will be reduced 

under anoxic conditions and how the reduction will affect GHG emissions. Specifically, the 

contribution of Fe(III)-OC associations to CO2 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
20. It is currently not known how Fe(III)-OC associations 

affect net CH4 release in anoxic permafrost soil. Previous evidence of the influence of Fe(III) 

on methanogenesis in peatland soils is based on the addition of Fe(III) as pure OC-free Fe(III) 

minerals68,70, thus neglecting the influence that Fe-bound OC might have on CH4 emissions. It 

is therefore unknown what role Fe(III)-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(III): ferric iron, C: carbon, Fe2+: 

ferrous iron, Ac: acetate, H2: hydrogen, CH4: methane, CO2: 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) Simulate the formation of Fe(III)-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(III) (oxyhydr)oxides, 

b. Identifying the speciation of Fe in the formed Fe-OC associations, and 

c. Determining the OC compounds that are preferentially bound and assessing 

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

(ii) Assess the fate of Fe(III)-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(III)-OC associations after 

development of anoxic conditions, 

b. Quantifying the changes in GHG emissions due to reduction of Fe(III)-OC 

associations, and 

c. Identifying the changes in microbial community composition induced by 

reduction of Fe(III)-OC associations. 

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

permafrost soils (Chapter 4), thereby 

a. Determining the reduction extent of Fe(III)-OC associations, 

b. Quantifying the net effect of Fe(III)-OC associations on CH4 emissions and 

identifying the relevant processes affecting net CH4 release, and 

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

are affected by addition of Fe(III)-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(III)) (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(III) (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-1 ferrihydrite, respectively) but decreased to 81 mg C g-1 

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-1 Fe respectively 

due to formation of precipitated Fe(III)-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(III) 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(III) (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(III)) 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(III) (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(III) (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 area1,2. 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 scenarios2 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 (CH4) is still poorly constrained in timing 

and extent since it is influenced by a variety of biogeochemical factors3–6. One of the key factors 

that controls the release of CO2 and CH4 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 emissions7,8. 

An array of different minerals can interact with OC in soil, such as phyllosilicates, metal 

(oxyhydr)oxides, as well as metal sulfides8. Iron (Fe) (oxyhydr)oxides are especially known to 

bind a large quantity of OC in acidic soils9 due to their high surface area10 and thus play a 

larger role in permafrost peatland soils compared to other minerals, such as phyllosilicates11. 

This binding can occur through (i) adsorption of OC onto existing Fe(III) (oxyhydr)oxides, or (ii) 

abiotic (or in certain cases, microbially mediated) precipitation of Fe(III) (oxyhydr)oxides by 

oxidation of dissolved Fe(II) in the presence of OC (referred to as “coprecipitation”)12,13. 

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 Fe14–18. 

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 compounds19–21 or in 

some cases carbohydrates22 could be preferentially bound to Fe(III) (oxyhydr)oxides. The 

composition of dissolved OC (DOC) after binding thus differs compared to its initial state, which 

has consequences for its bioavailability20 and its residence time in soils23.   

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(III) 
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(oxyhydr)oxides12,24,25. 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 

Plateau24,26–28. 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)29,30, soil pH (acidic to circumneutral)31 and redox 

state (from oxic to anoxic)32. These changes affect the OC quantity and composition along the 

different thaw stages29,33,34. For instance, bog and fen peat contain more tannin-, lignin- and 

protein-like compounds compared to palsa peat29. Therefore, the amount of OC and the 

functional groups therein that react with Fe(III) (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 systems35,36. Systematic studies are thus 

necessary to understand the change in OC composition due to binding with Fe(III) 

(oxyhydr)oxides, independent of changes due to other biogeochemical factors during thaw. 

Finally, field-based studies37–39 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(III) 

(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(III) 

(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 

hydrology30,40,41. 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(III) (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  

Our field site, Stordalen Mire, is a subarctic permafrost peatland complex close to Abisko, 

Sweden (68 22ʹ N, 19 03ʹ 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)30,42. 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 soils31,43–45. The porewater generally has a low ionic 

strength; most dissolved species are in the µM-range31. 

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 previously46. 

 

WEOM extraction 

All glassware used in the extraction and further experiments was acid washed (1 M HCl), 

rinsed three times with double-deionized water (DDI, Millipore, >18 MΩ cm-1), 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 µm 

(Merck Millipore, MCE) and 0.22 µm (Merck Millipore, Steritop PES) filters. After filtration, 

extracts for the coprecipitation experiments were bubbled with N2 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-1 (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(III) 

(oxyhydr)oxide mineral found in peatlands47,48 and has been shown to present in soils of all 

thaw stages at Stordalen Mire28. 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 m2 g-1)49,50. It was synthesized as reported previously51. Briefly, 40 g Fe(NO3)3*9H2O 

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 57Mössbauer 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-1 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 HCl. 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 HCl followed by 

total Fe quantification by the ferrozine assay52. 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 µm 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 HCl 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 

(SUVA254, 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 57Fe Mössbauer 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(II) 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(II) 

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 anoxic53 

with no redox fluctuations38; thus abiotic coprecipitation due to Fe(II) 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(II) solution (0.3 M) was prepared by dissolving iron(II) chloride tetrahydrate 

(FeCl2*4H2O, Sigma Aldrich, USA) in anoxic DDI water, after which the solution was sterile-

filtered (0.22 µm, Merck Millipore, PVDF) and stored in a N2-flushed, closed bottle in the dark. 
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The added Fe(II) concentration is in the upper range of dissolved Fe(II) concentrations found 

at Stordalen Mire46. 

The experiments were set up by adding the anoxic Fe(II) solution to 20 mL of anoxic 

WEOM solution inside an N2-flushed bottle. Afterwards, vials were opened and a cotton 

stopper was placed on top to ensure a constant O2 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, SUVA254, 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 HCl 

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(II) 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 Athena54. The Fe binding environment was further 

determined by shell fitting using Artemis54. Additional details of the XAS analyses are given in 

the SI (Text S3). 
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57Fe Mössbauer spectroscopy 

57Fe Mössbauer 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 SI 

(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 (SUVA254). 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-1 with a 

resolution of 4 cm-1 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)55. It is known that SPE has a bias 
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towards specific OC classes56 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 SI (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)57. The nominal oxidation state of organic carbon (NOSC) 

and standard free Gibbs energy of the oxidation half reaction (ΔGox
0) were calculated according 

to LaRowe & van Cappellen  (2011)58. 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 compounds59. 

 

Conceptual framework of bioavailability 

We inferred changes in bioavailability of OC from its chemical composition, based on the 

SUVA254, 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 

compounds60. Additionally, OC bound on minerals would also have a low bioavailability due to 

the physical protection by minerals13 since the binding affinity to minerals often is higher than 

the affinity to the active site of exoenzymes61. 

 

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-1 Fh, while it was lower for fen WEOM at pH 6 (81±4 mg C g-1 

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-1)19,22,62. 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 stages38. 
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Figure 1. (A) Adsorption isotherm of water-extractable organic matter (WEOM) from different 

permafrost thaw stages on ferrihydrite (Fh). The mass of OC adsorbed (mg C g-1 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-1 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 (ii) WEOM composition. At lower pH, a higher proportion of ferrihydrite 

surface sites are protonated, causing a more positive surface charge63,64. As adsorption of OC 

to Fe(III) (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 663. 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%65,66, 

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 compounds31,33. In comparison, bog WEOM contains more aromatic-rich 

molecules31,40,45. Differences in OM composition have been shown to result in changes in 

adsorption capacities67–69, 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 ferrihydrite70, however, overall cation 

concentrations in WEOM from different thaw stages were low (<10 µM, 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-1 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 ratios19,22,71. One reason for this might be the use of higher pH values 

(pH 6 or 7) in other studies18,19,22,71,72, which leads to a lower binding capacity of the precipitated 

Fe due to lower surface charge of the formed Fe(III) oxyhydroxides. Second, many studies 

used dissolved Fe(III) as a reactant14,19,22,73 during coprecipitation and increase the pH instead 

of oxidation of anoxic Fe(II) as in our study. The use of Fe(III) results in more precipitation of 

Fe relative to C at acidic pH values74, due to the lower solubility of Fe(III) compared to Fe(II). 

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 pH73. 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 studies19,22,71,73 as our 

experiments were done at environmentally relevant pH values and include Fe(II) 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)74 reported similarly low Fe 

precipitation when Fe(II) was added to OC of peat water extracts. Complexation of Fe(II) by 

DOC and the low pH could possibly hinder oxidation to Fe(III)75,76 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 minerals28. However, previous 

studies showed that both minerals bind less OC per g mineral (FeS77: 55 mg C g-1, 

phyllosilicates78: 5-12 mg C g-1) at comparable initial C:Fe ratios than ferrihydrite by adsorption 

or during coprecipitation with dissolved Fe(II). Therefore, we expect that adsorption to, or 
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coprecipitation with poorly crystalline Fe(III) (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(III) (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 Mössbauer 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 

ferrihydrite79,80. 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 Mössbauer 

spectra81. 

In contrast, the Fe phase after coprecipitation with palsa and bog WEOM consisted of 

approximately 40% Fe(III) bound directly to OC (“Fe(III)-OC phases”) with the remaining 

fraction of Fe being ferrihydrite. This is consistent with observations by Schwertmann et al. 

(2005)82, who detected poorly soluble Fe(III)-OC phases when oxidizing Fe(II) in the presence 

of DOC. The detected Fe(III)-OC phase was best fit using Fe(III)-citrate (which contains 

carboxylic groups) as a reference, aligning with past studies of Fe-OC phases in non-

permafrost peatlands47,83. Since carboxylic groups are present in soils of all thaw stages40 and 

carboxyl-richness of natural OM has recently been proposed to be a controlling factor in OC 

binding to Fe(III) (oxyhydr)oxides84, it is likely that carboxyl groups are significantly involved in 

coprecipitation with Fe in permafrost soils.  
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Figure 2. (A) Iron K-edge k3-weighted EXAFS spectra and linear combination fits (2 to 11 Å-1) 

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(III)-OC 

was fit using Fe(III)-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 ferrihydrite with adsorbed WEOM85,86. 

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 stages40, might have led to this lower crystallinity84. Thus, coprecipitation 

of OC in palsa and bog ecosystems likely causes formation of solid Fe(III)-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-1), (ii) carboxylic groups, as apparent by peaks at 1400 cm-1, 1630 

cm-1 and 1720 cm-1 due to symmetric, asymmetric COO- and C=O stretches, respectively, and 

(iii) aromatic groups, visible as C=C stretches in aromatic rings (1630 cm-1)19,87,88. Note that we 

could not evaluate the aliphatic C band caused by CH stretches of -CH2 groups (2840-2930 

cm-1) because of an overlay by the band produced from O-H stretching in water87 (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 

Mire29,40, 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 soil31. 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-1 (C=O stretch in 

COOH), 2 = 1630 cm-1 (aromatic C=C stretch and/or asymmetric COO- stretch), 3 = 1400 cm-

1 (symmetric COO- stretch), 4 = 1050 cm-1 (C-O stretch of carbohydrates)19,87,88. 

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-1) and aromatic groups (1630 cm-1). 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 

oxyhydroxides19,20,89,90. 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 interactions21. 

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 decomposition87, 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(III) (oxyhydr)oxides69,90. Coprecipitation of palsa WEOM with 

oxidized Fe(II) 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(III) (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(III) (oxyhydr)oxides20,21,90–92. Moreover, direct observations of Fe-bound OC composition in 

thawing permafrost soils by Patzner et al. (2022)46 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 

molecules56. 
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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. 

  



46 

To test changes in aromaticity over all initial C:Fe values, SUVA254 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 elsewhere19,90. However, fen WEOM showed increasing SUVA254 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 

acids31, 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)22 who found that different polysaccharides in a forest-floor extract preferentially 

adsorbed to ferrihydrite. SUVA254 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)20 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 microorganisms93. Possible reasons 

for this discrepancy are that NOSC is purely based on formula and not on structure or 



47 

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 decomposition60. 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 microorganisms60. 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)20) as more reliable. Therefore, 

the changes in OC composition after binding indicate that less bioavailable OC is selectively 

bound to Fe(III) oxyhydroxides in thawing permafrost soils, leaving easier degradable 

compounds in solution. 

 

Conclusions 

Our findings provide insights into the potential of Fe(III) (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-1 Fe]) were observed in a variety of (permafrost) 

peatlands26,28,94, 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(III) (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(III) (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 Fe2+ and OC into solution46. 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 CH4 
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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 soil28. 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(III) (oxyhydr)oxides may limit DOC concentrations, especially in palsa and bog ecosystems, 

but may not substantially inhibit microbially mediated CO2 emissions. 
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Supporting Information 

Text S1. Ferrihydrite characterization 

57Fe Mössbauer 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 57Co/Rh source. All spectra were calibrated against an α-57Fe foil 

that was measured at room temperature. Data analysis was performed using Recoil (University 

of Ottawa) and the extended Voigt Based Fitting routine95. The half width at half maximum was 

constrained to 0.138 mm s-1 during fitting. 

Specific surface area was determined by Micromeritics Gemini VII surface area and 

porosity analyzer (Micromeritics Instrument Corporation, USA) on freeze-dried aliquots. For 

surface area analysis, freeze-dried samples were outgassed with N2 for 24 h at 298 K to avoid 

mineral transformation19 and N2 adsorption was quantified at 77 K at partial pressure ranges 

from 0.05 to 0.3 p/p0. Specific surface area was determined by the BET (Brunauer-Emmett-

Teller) equation96. 

 

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 (qmax) of each WEOM type to 

ferrihydrite63: 

𝐪 = 𝐪𝐦𝐚𝐱

𝐊𝐋 × 𝐜𝐞𝐪

𝟏 + 𝐊𝐋 × 𝐜𝐞𝐪
 

Eq (1) 

 

The variable q stands for the amount of adsorbed OC [mg OC g-1 Fh], KL is the sorption 

coefficient [L mg-1 C] and ceq is the equilibrium concentration of DOC in the aqueous phase 

[mg C L-1]. Best fit parameters of KL 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 Athena54. Linear combination fitting (LCF) of the XANES 

spectra was done from -20 to 30 eV (around the edge energy) with ferrihydrite and Fe(II)-citrate 

as references to determine Fe oxidation state. Fe speciation was determined by LCF of the k3-

weighted extended X-ray absorption fine structure (EXAFS) spectra in a k range from 2 to 11 

Å-1. The following references were included: ferrihydrite, lepidocrocite, Fe(III)-citrate and 

Fe(III)-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 

Artemis54. Therefore, the k3-weighted EXAFS spectra were Fourier-transformed in a k-range 

from 2 to 12 Å-1 using the Kaiser-Bessel window function, width of 3 Å-1 and Rbkg of 1. 

Theoretical phase-shift and amplitude functions were calculated with FEFF v.6 based on the 

structure of goethite97. 

 

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

Samples were injected undiluted into the electrospray chamber at 120 µL/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 N2 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 Å, corresponding to a single scatter Fe-

O path, and one feature ranging from 2.1 to 3.6 Å, which was fit with two single-scatter Fe-Fe 

paths (Figure S). The two Fe-Fe paths are defined as edge-sharing Fe-Fe1 (R= 3.00-3.05 Å) 

and corner-sharing Fe-Fe2 (R=3.41-3.47 Å). 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 

ferrihydrite17,98,99, with 2.1-2.6 and 1.9 for Fe-Fe1 and Fe-Fe2, respectively. In contrast, CNs of 

Fe-Fe2 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 before99,100 and could indicate lower ferrihydrite 

particle size85 and/or lower crystallinity due to impeded crystal growth in the crystallographic z-

axis86. However, our CN values cannot be directly compared between adsorption and 

coprecipitation samples, since Debye-Waller parameters (σ2) were differently defined in each 

set, according to the mean values of initially floated σ2 of samples in each set. The values of 

σ2 could be slightly different due to structural ordering differences73,101. 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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Figure S1. 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. 

 

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(III) (B). 

Ferrihydrite and Fe(II)-citrate were used as reference spectra for Fe(III) and Fe(II), 

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. Mössbauer 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-1 of solids post-adsorption using 

WEOM from palsa. Numbers stand for the FTIR bands that were interpreted in the main text: 

1 = 1720 cm-1 (C=O stretch in COOH), 2 = 1630 cm-1 (aromatic C=C stretch and/or asymmetric 

COO- stretch), 3 = 1400 cm-1 (symmetric COO- stretch), 4 = 1050 cm-1 (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(II) 

(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-1 (C-O stretch of carbohydrates), 2 = 1400 cm-1 (symmetric COO- stretch), 

3 = 1630 cm-1 (aromatic C=C stretch and/or asymmetric COO- stretch), 4 = 1720 cm-1 (C=O 

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 ferrihydrite with WEOM of palsa (A), bog (C), and fen (E), and 

coprecipitation of dissolved Fe(II) 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 S10. Specific ultraviolet absorption (SUVA254) measured at 254 nm of WEOM from 

palsa, bog and fen soils after adsorption to ferrihydrite (A) or coprecipitation of dissolved Fe(II) 

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 (R2). 

Experiment 
thaw 
stage 

Initial OC 
[mg C/L] 

pH 
qmax  
[mg C/ g Fh]a  

qmax  
[mg C/g Fe] 

R2 

Adsorption with 
ferrihydrite 

Palsa 17.9 4.5 204 391b 0.96 

Bog 9.81 4.5 226 433b 0.80 

Fen 12.7 6.0 80.9 155b 0.78 

Coprecipitation with 
dissolved Fe(II) 

Palsa 16.4 4.5  925c n.a. 

Bog 23.5 4.5  1532c n.a. 
a estimated via Langmuir fitting 
b re-calculated per g Fe for adsorption experiments  
c 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. 

thaw stage  

SSA of added 
ferrihydrite 
[m2/g] 

initial C:Fe 
ratio 
[mol/mol] 

added ferrihydrite 
 
[mg/L] 

bound OC 
 
[mg C/g Fh] 

Palsa 195 0.5 80.0 60.7 
  0.8 80.0 93.3 
  1.0 80.0 134.1 
  1.2 80.0 140.7 
  1.6 80.0 151.7 
  1.9 80.0 182.4 
  2.0 80.0 197.2 
  2.1 80.0 193.2 
  3.3 50.01 199.1 

Bog 203 0.5 50.0 58.7 
  0.9 50.0 75.3 
  1.1 50.0 121.1 
  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 

1Ferrihydrite 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] 

 adsorption  coprecipitation 
ferrihydrite sand1 

(Stordalen Mire) 
DCB extractions  
(Stordalen Mire)2,3 

Palsa 0.39 ± 0.04 0.93 ± 0.4  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 
1Patzner 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 [µM] Al [µM] K [µM] Ca [µM] 

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 5.4 
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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(II)-citrate were used as reference 

spectra for Fe(III) and Fe(II), respectively. 

sample 
Fe(III) 
[%] 

Fe(II) 
[%] 

NSSRa 
[%] 

red. Χ2,b  
[%] 

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 
a normalized sum of of squared residuals (residuals (100 ∑i (datai-fiti)2/∑i data2) 
b measure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1)). Nidp /Npts and Nvar 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 soils.  

sample 
ferrihydrite 
[%] 

lepidocrocite 
[%] 

Fe(III)-OM 
[%] 

NSSRa 
[%] 

red. Χ2,b 

[-] 

Palsa_ads 95 5 0 3.0 0.08 

Bog_ads 92 8 0 2.7 0.20 

Fen_ads 91 9 0 2.5 0.07 

Palsa_cop 63 0 37 6.0 0.10 

Bog_cop 64 0 36 1.6 0.28 
a normalized sum of of squared residuals (residuals (100 ∑i (datai-fiti)2/∑i data2) 
b measure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1)). Nidp /Npts and Nvar 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.  

sample 
ΔE0

a 

[eV] 

Fe-O Fe-Fe1 Fe-Fe2 NSSRe 

[%] 
red. Χ2,f 

CNb Rc [Å] σ2,d CN R [Å] CN R [Å] 

Palsaads -5.12 ± 1.78 5.5 1.97 0.012 2.1 3.03 1.9 3.44 2.0 468 

Bogads -3.07 ± 1.27 5.4 1.98 0.011 2.5 3.05 1.9 3.45 1.1 516 

Fenads -3.18 ± 1.15 4.9 1.98 0.010 2.6 3.05 1.9 3.44 0.9 282 

Palsacop -4.39 ± 1.52 6.3 2.00 0.012 2.0 3.00 0.6 3.47 2.1 70 

Bogcop -3.00 ± 0.88 5.4 2.00 0.010 2.3 3.05 1.4 3.41 0.7 397 
aEnergy shift parameter  
bpath degeneracy (coordination number)  
cmean half path length  
dDebye-Waller parameter  
enormalized sum of squared residuals (100 ∑i (datai-fiti)2/∑i data2)  
fmeasure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1)). Nidp ,Npts and Nvar 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-Fe1 (0.012 and 0.017, respectively) and Fe-
Fe2 path (0.008 and 0.014, respectively). The Debye-Waller parameters were similar to other 
published values73,83. We tried to include a multiple Fe-O-O scattering path, as reported 
elsewhere17,83, 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 OC73, but the additional path did not match the spectra or 
significantly improve the fit (F-test). 
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Table S8. Mössbauer 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, Χ2 = goodness of fit parameter. The half width at half 

maximum was constrained to 0.138 mm s-1 during fitting. 

Sample  
Initial 
C:Fe 
[molar] 

T  
[K] 

Site 
CS 
[mm/s] 

QS 
[mm/s] 

H  
[T] 

Relative 
area  
[%] 

Χ2 

[-] 

Fh_initial 0 77 Fh 0.45 0.91   100.0 1.04 

   6 Fh1 0.55 -0.04 48.95 48.3 
2.38 

     Fh2 0.34 0.05 47.82 51.7 

Fh_Palsa_ads 2.1 6 Fh1 0.50 -0.07 47.96 51.3 
1.12 

    Fh2 0.42 0.09 46.07 48.7 

Fh_Bog_ads 1.8 6 Fh1 0.52 -0.06 48.27 48.4 
1.04 

     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)19, Tfaily et al. (2014)88, 

Niemeyer et al. (1992)87 and references therein). 

wavenumber [cm-1] assignment 

1030, 1050, 1170 C-O and C-OH stretches of 
carbohydrates 

1400 symmetric COO- stretch 

1630 aromatic C=C stretch and/or 
asymmetric COO- stretch 

1720 C=O stretch in COOH 
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Table S10. 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. 

type of PR  adsorption coprecipitation 

palsa bog fen palsa bog 

1630 cm-1/1050 cm-1 
(aromatic C=C/ C-O in 
carbohydrates) 

before binding 1.5 1.1 0.9 1.0 1.3 

after binding 3.4 2.7 1.0 1.6 1.2 

% change 128.3 151.0 17.8 50.3 -4.7 

1400 cm-1/1050 cm-1 
(COO- stretch/ C-O in 
carbohydrates) 

before binding 1.0 0.9 0.8 0.8 0.8 

after binding 2.5 1.8 1.0 1.1 0.8 

% 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(II)). Abbreviations stand for DBE/Cw= weighted double bond equivalent per 

number of C atoms in a detected molecule, NOSC= non-weighted nominal oxidation state of 

organic carbon, NOSCw = weighted nominal oxidation state of organic carbon, ΔGox
0= standard 

molar Gibbs free energy of oxidation half reaction (calculated from unweighted NOSC values), 

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

    adsorption  coprecipitation 

    Palsa Bog Fen Palsa Bog 

Total number of 
assigned formulae 

before binding 3304 3099 3003 3475 3594 

after binding 3253 3045 1918 3667 3650 

Number of N-
containing molecular 
formulae 

before binding 1118 840 816 1079 1246 

after binding 1152 1125 594 1174 1376 

Number of S-
containing molecular 
formulae 

before binding 69 60 143 60 66 

after binding 103 217 145 217 179 

Molecular massw [Da] 
before binding 449 376 359 431 428 

after binding 405 333 318 404 353 

DBE/Cw  
before binding 0.55 0.54 0.56 0.50 0.58 

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 

NOSCw 
before binding -0.01 -0.01 0.02 -0.16 0.14 

after binding -0.31 -0.45 -0.32 -0.31 -0.16 

ΔGox
0 [kJ mol-1 C-1] 

before binding 59.3 58.8 59.6 61.6 58.3 

after binding 62.6 66.6 65.9 63.3 62.3 

modAIw 
before binding 0.39 0.36 0.40 0.33 0.41 

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(III)) (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 (CO2) 

and methane (CH4). Conversely, the development of anoxic conditions during thaw could lead 

to the microbial reductive dissolution of these Fe(III)-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(III)-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 57Fe-labeled Fe(III)-OC coprecipitates, as well as a field-

based experiment, in which we incubated NAFe(III)-OC coprecipitates under in situ conditions. 

Results showed that Fe(III)-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 CO2 emissions 

increased by 43±16% after addition of the Fe(III)-OC coprecipitate compared to a no-

coprecipitate treatment, due to microbial Fe(III) 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(III) reduction of added 

coprecipitates, as detected by a decrease in mcrA gene copies. In conclusion, our findings 

demonstrate that Fe(III)-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.  



79 

Graphical abstract 

 

  



80 

Introduction 

Thawing permafrost soils are predicted to be an increasing source of the greenhouse 

gases (GHGs) carbon dioxide (CO2) and methane (CH4) due to higher bioavailability of organic 

carbon (OC) and higher soil temperatures in the future1. Predicted quantities of emitted OC 

are uncertain, with estimates varying between 37-149 Pg CO2 and 1090-5050 Tg CH4 by the 

year 21002. While most of the mass of emitted OC will stem from CO2, the majority (up to 70%) 

of the radiative forcing will come from the emission of CH4, due to its higher global warming 

potential (28x over an 100 year timescale)3,4. The high variability of projected GHG emissions 

are due to the multifaceted responses of permafrost areas to thaw, based on their hydrologic 

conditions5,6, soil geochemistry7,8 and microbial community composition9,10. The presence of 

soil minerals, which can bind and presumably stabilize OC against microbial decomposition, is 

a particularly important factor during permafrost thaw 11–14.   

The fraction of mineral-bound OC in permafrost soils ranges from 33-74% of total OC15–

18. 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(III)) (oxyhydr)oxides 

contributing to the highest estimates on a mass basis19,20. Interactions of OC with Fe(III) 

(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 structure21, forming Fe(III)-OC associations. Field-based evidence has 

shown that relatively older OC is stored in mineral fractions of permafrost soils, dominated by 

Fe(III) (oxyhydr)oxides15,17, displaying their ability to sequester OC over long time frames. 

Some studies also showcased the preservation or de novo formation of Fe(III)-OC associations 

after permafrost thaw, implying that Fe-bound OC would lead to a lower permafrost-carbon 

feedback by decreasing future GHG emissions14,16,22,23. In the case of Yedoma permafrost 

deposits, lower basal respiration of thawed sediment layers was directly correlated with higher 

amounts of poorly crystalline Fe(III) (oxyhydr)oxides17, indicating how Fe(III) (oxyhydr)oxides 

can limit OC degradation . 

However, the stabilizing function of Fe(III)-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 areas24–27. Anoxic conditions could lead to microbial 

reductive dissolution of Fe(III) (oxyhydr)oxides, thus releasing the previously bound OC to the 

aqueous phase28,29. Previous work in humid soils may provide insight into the stability of Fe(III)-

OC associations under anoxic conditions and following GHG emissions. For example, 

emissions of CO2
30 as well as of CH4 increased31 after dissolution of Fe minerals, indicating 

that anoxia might negate Fe-mediated OC protection. Still, Fe(III)-OC associations seem to 

persist in many wetland environments32,33, especially Sphagnum-dominated wetlands34, which 
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typically experience anoxic conditions. Complementarily, it has been demonstrated that Fe(III)-

OC associations were reduced to a lower extent than OC-free Fe(III) (oxyhydr)oxides using 

the pure Geobacter cultures in lab studies due to higher particle sizes and limited microbial 

access to Fe(III)35,36. It is thus unclear what the future fate of Fe(III)-OC associations will be 

after permafrost thaw. 

 Based on the uncertainty regarding the availability of Fe(III)-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(III) reduction to anaerobic 

respiration in permafrost soils are based on field measurements of poorly crystalline Fe(III) 

content and net CO2 fluxes across thaw transitions37,38 or after injections of dissolved Fe(III) 

into the soil39. Resulting contributions of Fe(III) reduction to total CO2 emissions ranged from 

22 to 63%37,38, showing that Fe(III) reduction is an important contributor to anaerobic 

respiration in these soils. However, no conclusions about the direct role of Fe(III)-OC 

associations on CO2 release can be drawn based on these measurements. Further, it is 

unknown how the reduction of Fe(III)-OC associations in thawing permafrost soils would affect 

net CH4 release. Previous studies demonstrated the suppression of methanogenesis due to 

Fe(III) reduction since Fe(III) is a more thermodynamically favorable electron acceptor40–42. In 

contrast, methanogenesis and Fe(III) reduction seemed to occur simultaneously in Alaskan 

permafrost soils43,44. The release of OC from Fe(III)-OC associations could also increase CH4 

emissions by supplying new OC compounds for fermenting microorganisms which provide the 

substrates (fatty acids, H2) for methanogenesis45. 

Knowledge of the net effects of Fe(III)-OC associations on GHG emissions during 

permafrost thaw is therefore limited. In this study, we aimed to (i) determine the reduction 

extent of Fe(III)-OC associations upon permafrost thaw, (ii) quantify the changes in GHG 

emissions due to reduction of Fe(III)-OC associations and their contribution to net GHG 

release, and (iii) evaluate the changes of microbial community composition due to addition of 

Fe(III)-OC associations. In order to achieve this, we synthesized 57Fe-enriched Fe(III)-OC 

coprecipitates, representative of Fe(III)-OC associations, using extracted natural organic 

matter from a permafrost thaw gradient at Stordalen Mire (Abisko, Sweden). The Fe(III)-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 22ʹ N, 19 03ʹ 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)46. Mean annual air 

temperature in Abisko increased from -0.9°C during 1957-1971 46 to 0.7°C during 2005-201947 

leading to thawing of permafrost ice underneath palsas and conversion to bog and fen areas48.  

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(III)-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 

Tübingen, the soils were stored in gas-tight, N2-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 µm pore size, Rhizosphere Research, 

Netherlands) and stored porewater in sterilized serum vials with an N2 headspace after 

sampling.  

 

Synthesis of (57Fe-enriched) Fe(III)-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(III)-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-1 for palsa and bog soil, respectively. The coprecipitates used in the microcosm 

experiments were prepared from an isotopically labeled 57Fe-enriched FeCl3 solution, which 

made it possible to differentiate added Fe(III)-OC coprecipitates from the native Fe pool. The 
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enriched 57Fe(III) solution (150 mM) was prepared as described previously49,50 and 

subsequently mixed with an equimolar NAFeCl3 (FeCl3x6H2O, Sigma-Aldrich) solution in a ratio 

of 1:10, to create a 10% 57Fe-enriched Fe(III)Cl3 solution. The coprecipitates used in the field 

experiment were synthesized using NAFe(III)Cl3.  

The synthesis involved mixing 1.5 L of water-extractable organic matter (WEOM) from 

each thaw stage with the 57Fe-enriched FeCl3 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 µS cm-1. 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 57Fe 

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

 

Microcosm experiment to analyze the role of Fe(III)-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 N2 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-1 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 57Fe-enriched Fe(III)-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 57Fe-enriched Fe(III)-

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). 
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In a control experiment, we tested the importance of abiotic reduction of added Fe(III)-

OC coprecipitates by the native DOC within the soil. For that purpose, we added the same 

concentration of Fe(III)-OC coprecipitates to sterile filtered (0.22 µm, 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 57Fe 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 N2 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(III)-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 HCl. 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 HCl to the 

soil51,52. 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 HCl for measurement of Fe speciation 

and 57Fe 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 HCl 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 assay53. We only interpreted changes of total Fe concentrations from the solids 

and not its speciation since abiotic reduction of Fe(III) by OC under acidic conditions54 lead to 

an underestimation of the Fe(III) 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 CO2 (99.5% CH4, 99.9% CO2, 

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

Concentrations of 57Fe 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 57Fe-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 13C-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 57Fe-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 N2(l) 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 software55 with detailed description included in Text S6. The initial synthesized 57Fe-

enriched Fe(III)-OC coprecipitates were analyzed using 57Fe Mössbauer 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 515f56 and 806r57 fused to Illumina adapters. Library 

preparation steps (Nextera, Illumina) and sequencing were performed using Illumina MiSeq 

sequencing system (Illumina, USA) at the Institute for Medical Microbiology and Hygiene of 

the University of Tübingen. Data processing, including quality control, reconstruction of 
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sequences and taxonomic annotation (Text S8) was done using nf-core/ampliseq version 

2.8.058,59 of the nf-core collection of workflows60. Fe(III)-reducing, Fe(II)-oxidizing as well as 

methanotrophic and methanogenic microorganisms were identified, as listed elsewhere38. To 

evaluate which microbial taxa were significantly affected by addition of Fe(III)-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 CH4 

production61,62. 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 dilution63. 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(III)-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(III)-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(III)-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-1 Fe in NAFe(III)-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 µm pore size in the peeper in order to facilitate microbial access to the NAFe(III)-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 HCl 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 previously64, 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 NAFe(III)-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 CO2 and CH4 were 

measured back in Tübingen (see section Geochemical analyses). 

The equilibrated porewater and/or remaining NAFe-OC coprecipitate suspension in the 

peepers were sampled after 53 days in September 2022. A N2-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 



89 

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 µm, 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 µm, PES, Carl Roth) and 

stabilized with 1 mL of 2 M HCl 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 HCl. 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(III)-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 HCl 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(III)-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 qPCR-based copy numbers 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. 4.3.365.  
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Results and Discussion 

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

OC coprecipitates  

Aqueous Fe2+ concentrations in microcosms were quantified in order to track the 

potential reductive dissolution of added 57Fe-enriched Fe(III)-OC coprecipitates. Before the 

addition of Fe(III)-OC coprecipitates, both soils exhibited an increase in aqueous Fe2+ 

concentrations over time which plateaued at 1.11±0.06 mM Fe2+ after 30 days in the palsa soil 

and at 1.09±0.08 mM Fe2+ after 14 days in the bog soil (Figure S6a). This shows that native 

Fe(III) (oxyhydr)oxides were reductively dissolved over time as anoxic conditions established 

in the incubation. The initial aqueous Fe2+ concentrations at the start of the experiment 

(0.16±0.02 and 0.58±0.09 mM Fe2+ 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 Fe2+ concentrations with depth, consistent with likely 

decreasing redox potentials. 

After addition of coprecipitates into the microcosms, there was an increase in aqueous 

Fe2+ concentrations in coprecipitate-amended treatments compared to the no-coprecipitate 

controls (ΔFeaq). After one day, ΔFeaq was 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 

ΔFeaq between the two treatments, 15±4% and 11±1% of added Fe(III) in coprecipitates were 

dissolved in palsa and bog soil, respectively. To directly quantify aqueous Fe from Fe(III)-OC 

coprecipitates, we used the measured 57Fe 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(III)-OC coprecipitates in both soils. 

The dissolution of coprecipitates based on the 57Fe dataset was 31% and 10% for palsa and 

bog coprecipitates. These results therefore agree well with ΔFeaq 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 Fe2+ 

in treatments with Fe(III)-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(III)-OC coprecipitates based on the fraction 

of 57Fe (b). All data points and error bars represent the average and standard deviation of 

experimental triplicates. 

Based on the aqueous 57Fe concentrations, all of the reductive dissolution of added 

Fe(III)-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(III) abiotically at low pH conditions54. 

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 Fe2+ concentrations over 48 h, indicating that no abiotic 

Fe(III) reduction of coprecipitates due to the native DOC occurred. Instead, coprecipitate-

added treatments of palsa and bog soils showed an immediate decrease of aqueous Fe2+ 

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 Fe2+ or total Fe in any of the reactors. 

The decrease is therefore attributable to sorption of aqueous Fe2+ onto the coprecipitate 

surface66–68.  

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

between the 57Fe(III) in coprecipitates and the aqueous 56Fe2+ by evaluating changes in the 
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fraction of aqueous 57Fe. The fraction of aqueous 57Fe 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 57Fe fraction is 

therefore smaller than in the main experiment (2.23±0.19% and 2.37±0.17% in palsa and bog 

reactors, respectively). Coupled with the fact that aqueous Fe2+ concentrations did not increase 

in the abiotic experiment, this dataset therefore shows that abiotic isotope exchange cannot 

explain the full increase of aqueous 57Fe 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(III)-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(III)-

reducers69–72, which could play a role even while their total relative abundance did not exceed 

1% (Figure S9). Other yet-unidentified Fe(III)-reducing microorganisms, possibly within the 

phyla Acidobacteriota or Firmicutes73–76 could have also contributed to Fe(III) 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(III)-OC coprecipitates, either 

abiotically, as shown with dissolved, redox-active DOC77 or biotically by microorganisms using 

the POM as an electron shuttle78. Assuming that POM can transfer 0.08 mmol e- g-1 POM in 

its reduced state, as estimated in Swedish non-permafrost peatlands79,80, the available POM 

in our experiments could theoretically reduce 0.13 and 0.20 mmol Fe(III) in palsa and bog 

reactors, respectively (Table S4). As the actual amount of reduced Fe from added Fe(III)-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(III) in added coprecipitates. Overall, 

we therefore conclude that the rapid increase in aqueous Fe2+ originates from the microbially-

induced reduction of added coprecipitates with a possible contribution of abiotic electron 

transfer from reduced POM to Fe(III). 

Dissolution of Fe-OC coprecipitates forms intermediate Fe(III)-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 HCl extraction, Figure S6d), the 

addition of Fe(III)-OC coprecipitates, all of which was initially Fe(III) (Figure S4), contributed to 

30% of total Fe in the coprecipitate-added reactors. The fraction of oxidized Fe (Fe(III)/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(III) 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 HCl 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(III) 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(III) was present in the coprecipitate-

amended treatment and 7% Fe(III) 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(III)-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(III) 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(III) reduction81, like acetate or glucose (Figure S10)69,82. The high DOC 

concentrations could have also led to more electron shuttling between the Fe(III)-OC 

coprecipitates and Fe(III)-reducers83,84. Another reason might be the increased standard 

electron potential of the Fe3+/Fe2+ redox couple at decreased pH values85,86. 
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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 57Fe-enriched Fe(III)-OC coprecipitates (+ cop, filled 

circles) and without (- cop, open triangles). The Fe(III)/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(III)-containing phases, ferrihydrite (Fh) and Fe(III)-OC phases (Fe(III)-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(III) phases, ferrihydrite and Fe(III) 

directly bound to OC (Fe(III)-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(III)-OC (initially) increased in the 

coprecipitate-added treatment of both soils. In the palsa soil, the fraction of Fe(III)-OC 

increased from 18 to 26% after 1 day, before decreasing to 8% after 42 days. In the bog soil, 

Fe(III)-OC increased from 0 to 17% after 8 days and stayed constant for the remaining 

experiment duration. While Fe(III) phases decreased, the percentage of Fe(II) bound to OC 

(Fe(II)-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(III)-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 conditions87. 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 favorable88. However, the direct processes responsible for Fe(III)-OC 

formation in a ternary system of aqueous Fe2+, Fe(III) (oxyhydr)oxides and POM under anoxic 

conditions deserve further study. The Fe(III)-OC phase is likely subsequently microbially 

reduced over time, forming Fe(II)-OC phases. For the bog treatment, we did not observe a 

reduction of Fe(III)-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(III)-OC were visible 

in the no-coprecipitate controls of both soils, due to reduction of native Fe(III) phases. 
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Table 1. Linear combination fitting results for k3-weighted Fe K-edge EXAFS spectra of the 

initial synthesized 57Fe-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(III)-citrate and Fe(III)-

catechol were classified as Fe(III)-OC while Fe(II)-citrate, Fe(II)-catechol and Fe(II)-EDTA 

were all classified as Fe(II)-OC. 

  
sample 

Fha Lpb Fe(III)-OC Fe(II)-OC NSSRc red. χ2,d 

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

P
a

ls
a
 

57FeOC_initial 93 7 0 0 2.3 11.3 

soil initial 29 0 32 39 2.5 10.5 

mix “57FeOC”+”-cop_0”e 24 2 20 55 n.a. n.a. 

+cop_0 16 0 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 7.1 

-cop_8 0 0 21 80 1.8 6.2 

-cop_42 0 0 15 85 1.8 6.2 

B
o

g
 

57FeOC_initial 93 7 0 0 1.8 9.2 

soil initial 29 0 23 49 4.3 16.1 

mix “57FeOC”+”-cop_0”e 41 2 0 56 n.a. n.a. 

+cop_0 31 0 0 69 2.4 7.1 

+cop_1 19 0 0 81 4.0 12.9 

+cop_8 16 0 17 68 1.8 6.3 

+cop_42 0 0 18 82 1.4 4.9 

-cop_0 20 0 0 80 5.2 16.2 

-cop_1 21 0 0 79 2.0 5.7 

-cop_8 26 0 0 74 2.5 7.6 

-cop_42 0 0 19 81 1.9 6.4 
aferrihydrite 
blepidocrocite 
cnormalized sum of of squared residuals (residuals (100 ∑i (datai-fiti)2/∑i data2) 
dmeasure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1)). Nidp /Npts and Nvar 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. 
erepresents the theoretical Fe speciation according to mixing of the initially synthesized Fe(III)-
OC coprecipitates and the non-amended control at day 0 (soil_0) 
 
 

Greenhouse gas emissions in palsa soils are dominated by increased CO2 emissions due to 

Fe(III)-OC coprecipitate reduction 

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

soil type. In palsa soils, cumulative CO2 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 µmol CO2 g-1 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 CO2 emissions is likely due to microbial Fe(III) reduction. We calculated how much 

CO2 would be produced directly from the reduction of Fe(III) based on thermodynamic 

assumptions (4 mol Fe reduced per 1 mol CO2 produced)37,89. We found that 15-30% of the 

increase in CO2 emissions relative to the no-coprecipitate control may be attributable directly 

to Fe(III) 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 CO2 

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(III) minerals 

or induced priming effects so that the native OC pool was mineralized to a higher extent. 

Recent work by ThomasArrigo et al. (2023)90 and Wang et al. (2024)91 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. 

 

 

Figure 3. Cumulative greenhouse gas emissions of CO2 (a) and CH4 (b) in microcosm 

experiments of palsa and bog soils with addition of 57Fe-enriched Fe(III)-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). 

 

Figure 4. Change in gene copy numbers of the mcrA gene in microcosm experiment of palsa 

and bog soils with added 57Fe-enriched Fe(III)-OC coprecipitates based on quantitative PCR 

results. Results are displayed as the log2 fold change (FC) of the mean copy numbers of “+ 

cop” treatment to the mean of the no-coprecipitate control [copies+cop g-1 dry soil/ copies-cop g-1 

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 soil92,93. Still, we did expect to measure CH4 

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 collapse38. 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) CH4 

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)94 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(III)-OC coprecipitates in bog soils induces no change on net CO2 release and 

temporarily inhibits CH4 emissions 

Within the bog reactors, cumulative CO2 emissions did not differ between the two 

treatments (535±22 compared to 523±38 µmol CO2 g-1 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(III)-OC coprecipitates should have produced an additional 100 µM CO2 g-1 soil 

within the incubation, based on the stoichiometry mentioned in section 3.3. Therefore, there 

likely was a counteracting effect on CO2 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)95 

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 porewaters96,97 and likely also in 

bog WEOM, they were likely bound to Fe(III) (oxyhydr)oxides during the coprecipitation 

synthesis98. It has also been suggested that release of Fe-bound OC in non-permafrost 

Sphagnum peatlands decreased β-glucosidase activity99, which is a central enzyme for carbon 

degradation100.  

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 µmol CH4 g-1 soil for coprecipitate-added and no-coprecipitate treatment, 

respectively). In the beginning of the experiment, cumulative CH4 emissions were slightly lower 

from day 0 to day 12 in the coprecipitate-added treatment compared to the no-coprecipitate 

control (15±8.9 compared to 22±12 µmol CH4 g-1 soil, Kruskal-Wallis test, p=0.18). This might 

indicate suppression of methanogenesis due to Fe(III) reduction of the added Fe(III)-OC 

coprecipitates. However, once the majority of Fe(III)-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 (log2 

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 substrates101,102, 

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(III)-reducing 

microorganisms (acetoclastic and hydrogenotrophic methanogens) than others 

(methylotrophic methanogens) 102,103. Indeed, Ellenbogen et al. (2024)92 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(III)-OC 

coprecipitates temporarily decreased CH4 emissions due to suppression of methanogenesis. 

 

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

coprecipitate addition 

Changes in microbial community composition and potential activity upon addition of 

Fe(III)-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 soils10,75,104 

since it encompasses a wide array of taxa capable of complex polysaccharide degradation as 

well as several fermentation pathways104. 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 treatment105. Since fermentation produces low-molecular weight OC compound, such 

fatty acids, which are often further mineralized to CO2, Firmicutes could have indirectly 

contributed to the higher CO2 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 compounds106, including aromatic compounds107,108. 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(III) (oxyhydr)oxides109–111.  

 

 

Figure 5. Shifts in the likely active (RNA-based) microbial community of palsa (a) and bog (b) 

soil in microcosm experiment with addition of 57Fe-enriched Fe(III)-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 (log2 FC: 1.44±0.58 and 

1.29±0.69, 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-degraders112,113, 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(III)-reducers, such as 

Geobacter69,71, which were likely more abundant due to the higher supply of Fe(III) 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 CO2 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(III)-OC 

coprecipitates and resulting changes in net greenhouse gas emissions in the two thaw stages. 

For that purpose, we incubated the synthesized NAFe(III)-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-1) within the coprecipitate-added peepers in palsa 

and bog areas, respectively. The Fe oxidation state of these remaining solids was 99 and 23% 

Fe(III) 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 HCl 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(II) 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-1, all of which was Fe(II). Dissolved 

species (Fe2+, DOC, CO2, CH4) 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 CH4 emissions between the coprecipitate-

added and control plots per measurement time for each thaw stage. For the coprecipitate-

added palsa plot, net CO2 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 µmol m-2 s-1 in September, 

Figure 6a). This is in line with the oxic soil conditions based on water table height (Figure S20), 

leading to persistent Fe(III)-OC coprecipitates and thus no change in CO2 emissions between 

the coprecipitate-added and respective control plot. Emissions from the coprecipitate added 

plot in bog soil changed drastically. Differences in CO2 emissions of the coprecipitate-added 

to the control plot decreased from -0.01±0.29 in July to -0.87±0.40 µmol m-2 s-1 in September 

(Figure 6b). This result was thus similar to our microcosm experiment, in the sense that CO2 

emissions did not increase due to reductive dissolution of Fe(III)-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 respiration114. Net emissions of CH4 relative 

to the control plot also decreased from July to September (0.27±0.08 to -0.07±0.04 µmol m-2 

s-1) which could show the inhibition of methanogenesis, similarly to the microcosm experiment. 

Since not all added Fe(III)-OC coprecipitates were reduced yet, the inhibition of 

methanogenesis was likely still ongoing. Both the microcosm and field-based experiment 

therefore show that Fe(III)-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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Figure 6. Redox state of recovered NAFe(III)-OC coprecipitates and resulting changes in 

greenhouse gas emissions in (a) palsa and (b) bog soil of the field experiment. The Fe 

speciation in the solid after incubation over the thaw season is displayed in the pie diagram 

(average over all depths and two peepers, n=10) for both soils. Change in CO2 and CH4 

emissions 2-24 h after addition of NAFe(III)-OC coprecipitates (July) and after 53 days 

(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(III)-OC associations is 

not protected after permafrost thaw followed by the onset of anoxic conditions. The added 

Fe(III)-OC coprecipitates were fully reduced within several weeks in collapsed palsa soils 

within the microcosm experiment. The reduction increased CO2 emissions by 43±16% 

compared to the non-amended control, due to the use of Fe(III) 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 CO2 was three times higher than expected based on 

the reduction of added Fe(III) alone. This implies that Fe-rich, low-land permafrost areas will 

likely see an increase in CO2 emissions upon thaw-induced anoxia. Based on previously 

published data on Fe stocks in permafrost soils (52 to 638 g Fe m-2 in the upper 30 cm)29,37,114 

and a constant stoichiometry of reduced Fe to produced CO2 (4:1), 23 to 286 Tg C could be 

released globally as CO2 upon the dissolution of Fe(III)-OC associations in low-land tundra or 
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boreal ecosystems115,116. Our data even suggests that the ratio of reduced Fe to produced CO2 

after initial permafrost thaw is closer to 1:1, meaning that more CO2 than expected based on 

Fe(III) reduction alone could be released.  

The added Fe(III)-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(III)-OC coprecipitates to CO2 release. This suggests that counteracting 

processes, possibly due to the unique OC composition in Sphagnum-dominated bogs played 

a role. Once permafrost soils have transitioned into anoxic bog-like wetlands, the reduction of 

Fe(III)-OC associations might therefore not lead to excess CO2 release. The underlying 

processes for this observation are still unclear and deserve further research. Regarding CH4 

emissions, it was apparent that the reduction of Fe(III)-OC coprecipitates temporarily 

decreased emissions in the bog soil, as long as coprecipitates were still present. Since bog 

soils often experience periodic water table fluctuations117,118, the content of Fe(III)-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(III)-OC phases after coprecipitate dissolution, likely complexed to POM, could explain the 

high C:Fe ratios found in Sphagnum-dominated wetlands34 and increase the persistence of 

Fe(III) under anoxic conditions. Together, our results therefore show that Fe(III)-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 HCl extraction, targeting poorly crystalline Fe(III) (oxyhydr)oxide minerals, adsorbed Fe(II), 

FeS and partially FeCO3
51,52 and a 6 M HCl extraction, targeting more crystalline phases 

(goethite, magnetite and partially Fe in phyllosilicates51,119) were performed 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, 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 HCl and Fe speciation 

was measured by the ferrozine assay53.  

 

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 MΩ cm-1) 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 µm (Merck Millipore, MCE) and 0.22 µm (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 (CO2) and methane (CH4) were calculated according to 

Equation (1), as in Minh et al. (2018)121: 

𝑹 = ∆𝒄 
𝒑 × 𝑽𝑯𝑺

𝑹 × 𝑻 × 𝒎𝒔𝒐𝒊𝒍
 

Eq (1) 

where R is the flux (µmol d-1 g-1 dry soil), Δc is the slope of the measured gas 

concentrations over time (ppm d-1), p is the pressure (101325 Pa), VHS is the headspace 

volume in the incubation bottle (m3), R is the ideal gas constant (8.31 J mol-1 K-1), T is the 

temperature (293 K) and msoil is the mass of dry soil left in the incubation bottle (g dry weight). 

The VHS and msoil were changed after each sampling, due to output of sampled suspension. 

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

𝑹𝒄𝒖𝒎,𝒏 = ∆𝒕𝒏−𝒌 ×
𝟏

𝟐
× (𝑹𝒌 + 𝑹𝒏) + 𝑹𝒄𝒖𝒎,𝒌 Eq (2) 

where Rcum,n is the cumulative flux at a given timepoint n (µmol g-1 dry soil), Δtk-n is the 

timeframe between timepoint n and the prior timepoint k (d), Rk and Rn are the fluxes on 

timepoint k and n (µmol d-1 g-1 dry soil), respectively, and Rcum,k is the cumulative flux at 

timepoint k (µmol g-1 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(III)-OC 

coprecipitates). 

 

Text S4. Calculation of aqueous and solid (0.5 M HCl extractable) Fe from 57Fe-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)122. We know that 

the fraction of 57Fe to 56Fe+57Fe (ƒ57Fe+cop), which is measured by ICP-MS, can also be 

described as 

ƒ𝟓𝟕𝑭𝒆+𝒄𝒐𝒑 =
ƒ𝟓𝟕𝑭𝒆𝑭𝒆−𝑶𝑪 × ƒ𝑭𝒆−𝑶𝑪 + ƒ𝟓𝟕𝑭𝒆𝒔𝒐𝒊𝒍 × (𝟏𝟎𝟎 − ƒ𝑭𝒆−𝑶𝑪)

𝟏𝟎𝟎
 

Eq (3) 

, in which ƒ57FeFe-OC is the known fraction of 57Fe to 56Fe+57Fe in the labelled 

coprecipitates (9.8 and 10.4% for palsa and bog coprecipitates, respectively), ƒFeFe-OC is the 

fraction of aqueous Fe coming from coprecipitates [%] and ƒ57Fesoil is the measured fraction of 

57Fe to 56Fe+57Fe in the no-coprecipitate control setup. By re-arranging for ƒFeFe-OC, we get: 
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ƒ𝑭𝒆−𝑶𝑪 =
𝟏𝟎𝟎 × (ƒ𝟓𝟕𝑭𝒆+𝒄𝒐𝒑 − ƒ𝟓𝟕𝑭𝒆𝒔𝒐𝒊𝒍)

 ƒ𝟓𝟕𝑭𝒆𝑭𝒆−𝑶𝑪 − ƒ𝟓𝟕𝑭𝒆𝒔𝒐𝒊𝒍
 

Eq (4) 

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 57Fe-enriched Fe-OC coprecipitates cFe-OC [mM], which is displayed 

in Figure 1b: 

 

𝒄𝑭𝒆−𝑶𝑪 = 𝒄(𝑭𝒆𝒂𝒒) × ƒ𝑭𝒆−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 Ionisation mode (EI). 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 13C-

glucose was added as an internal standard to 250 µL sample prior to freeze-drying. The solids 

were re-dissolved with 50 µL methoxamine (20 mg mL-1 pyridine), ultrasonicated for 10 min 

and subsequently incubated at 30° C for 90 min. Next, 70 µL 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 µL was used for injection in splitted 

mode on a Restek SH-Rxi-5SIL MS column (30 m; film 0.25 µm; diameter 0.25 mm). The 

injection port was heated to 280°C. For chromatographic separation a He flow rate of 1.1 mL 

min-1 and a temperature increase of 10°C min-1 from 100 to 320°C were employed. For the 

measurement via the headspace method, 250 µL 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-1 and the column temperature increased by 10°C min-1 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 µL. 

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 Athena55. 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(III)) and Fe(II)-citrate (representative for 
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Fe(II)). Speciation of Fe was examined by LCF of the k3-weighted EXAFS region in a k range 

from 2 to 11 Å-1. The edge energy of all samples and references was set to 7128 eV. The 

following reference compounds were selected: ferrihydrite, lepidocrocite, Fe(III)-citrate, Fe(III)-

catechol, Fe(II)-citrate, Fe(II)-EDTA, Fe(II)-catechol, Fe(II)-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 Mössbauer spectra 

57Fe-enriched Fe(III)-OC coprecipitates were analyzed by 57Fe Mössbauer spectrsocopy. 

Samples were collected by filtration (0.45 µm 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 

57Co/Rh source. All spectra were calibrated against a 7 µm thick α-57Fe foil that was measured 

at room temperature. Data analysis was performed using Recoil (University of Ottawa) and the 

Voigt based fitting routine123 was used. The half width at half maximum was constrained to 

0.116 mm s-1 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 µL 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)124. 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, Illumina) and sequencing were performed using 

Illumina MiSeq sequencing system (Illumina, USA) at the Institute for Medical Microbiology 

and Hygiene (MGM) of the University of Tübingen. 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 2.8.058,59 of the nf-core collection of workflows60. Primers were 

trimmed using Cutadapt v3.4125 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 v1.28126 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’127. Of 13333 ASVs, 

90 ASVs designated as mitochondria or chloroplasts were removed within QIIME2 version 

2023.7.128. 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(II) 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 Fe2+ concentration (b) as well as a correlation of dissolved 

organic carbon (DOC) against aqueous Fe2+ 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. 57Fe Mössbauer spectra of initial synthesized 57Fe-enriched Fe(III)-OC 

coprecipitates using palsa (a, c) and bog (b, d) water-extractable organic matter. Spectra were 

taken at 30 K (a, b) and 6 K (c, 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 57Fe-enriched Fe-OC coprecipitates, initial palsa and 

bog soils and samples with addition of 57Fe-enriched Fe(III)-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(II)-citrate (Fe(II)-citr) were used as 

representatives for Fe(III) and Fe(II). Fitting parameters are given in Table S5. 

 

 

Figure S5. Linear combination fitting of k3-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 57Fe -enriched Fe-OC coprecipitates, initial palsa and bog soils and samples 

with addition of 57Fe-enriched Fe(III)-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 57Fe, pH, and dissolved organic carbon concentration (DOC)) 

within the microcoms experiments using palsa and bog soil with added 57Fe-enriched Fe(III)-

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 Fe2+, 0.5 M HCl-extractable Fe and DOC) over time. Solid, horizontal lines in panel d 

show the calculated addition of 57Fe-enriched Fe(III)-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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Figure S8. Results of the abiotic control setup of palsa- and bog-derived porewater with added 

57Fe-enriched Fe(III)-OC coprecipitates (+ cop) and without (- cop). Panels show the 

concentrations of aqueous Fe2+ (a), total Fe (b), the fraction of aqueous 57Fe (c) and the DOC 

concentration (d) over time. Solid lines in panel (c) show the theoretical fraction of 57Fe if 

complete isotopic exchange were to occur. Data points and error bars represent average and 

standard deviation of experimental triplicates in case of the coprecipitate-added setup and 

experimental duplicates for the no-coprecipitate palsa setup. Only one replicate was possible 

for the no-coprecipitate bog setup due to limiting sample volume. 
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Figure S9. Relative abundances of present (DNA-based) and likely active (RNA-based) 

identified Fe(III)-reducing (orange colors) and Fe(II)-oxidizing (purple colours) microorganisms 

per timepoint (0, 8, 42 days) and setup (with added Fe(III)-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 S10. Concentrations of selected metabolites in the microcoms experiments using palsa 

and bog soil with added 57Fe-enriched Fe(III)-OC coprecipitates (+ cop) and without (- cop). 

Note that the y-axis differs per subplot in order to display changes between the setups better. 

Concentrations per setup over time are summarized, such that each boxplot displays the 

distribution of concentrations of 9 replicates. Letters above the boxplots denote significant 

differences in concentration of each metabolite. 
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Figure S11. Measured gas fluxes of CO2 and CH4 per timepoint in the microcoms experiments 

using palsa and bog soil with added 57Fe-enriched Fe(III)-OC coprecipitates (+ cop) and 

without (- cop). Left panels show the absolute data over time and right panels show the 

difference between the + cop setup and the – cop setup over time. Data points and error bars 

represent average and standard deviation of experimental triplicates. 
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Figure S12. 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(III)-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-1 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 57Fe-enriched Fe(III)-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 S14. Relative abundance presend (DNA-based) microbial taxa of (a) palsa and (b) bog 

soil in microcosm experiment with addition of 57Fe-enriched Fe(III)-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 “others”. Data and error 

bars represent average 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 57Fe-enriched Fe(III)-OC 

coprecipitates based on quantitative PCR results. Results are displayed as the log2 fold change 

(FC) of the mean copy numbers of “+ cop” treatment to the mean of the no-coprecipitate control 

[copies+cop g-1 dry soil/ copies-cop g-1 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. 

 

  



138 

 

Figure S16. Relative abundance of identified Amplicon Sequence Variants (ASVs) which 

changed significantly microcosm experiment using palsa and bog soil with addition of 57Fe-

enriched Fe(III)-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. 
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Figure S17. Fe speciation of recovered solids in peepers with added NAFe(III)-OC 

coprecipitates over depth. Data and error bars show the mean and range of experimental 

duplicates. 

 

Figure S18. Dissolved species measured in the porewater of peepers of the field experiment. 

Peepers filled with synthesized NAFe(III)-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 S19. Absolute greenhouse gas emissions (CO2 and CH4) measured on top of the 

peepers filled with NAFe(III)-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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Figure S20. Measured water table depth relative to soil surface (solid lines) and soil 

temperature at 35 and 41 cm depth (dashed lines) in palsa and bog area, respectively, during 

the field experiment. The yellow shaded area shows the duration of the field experiment. 
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Table S1. Composition of artificial porewater used in the microcosm experiment, modified from 

a mineral medium129. The concentration of CaCl2 was increased to keep the ionic strength 

constant. 

Salt 
Final concentration in 
bottles [mM] 

KH2PO4 0.04 

NH4Cl 0.06 

MgSO4x7H2O 0.02 

CaCl2x2H2O 2.00 
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Table S2. Measured metabolites in microcoms experiments using palsa and bog soil with 

added 57Fe-enriched Fe(III)-OC coprecipitates. Metabolites which were detected at least on 

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

metabolite chemical class 
detected in samples? Injection 

method palsa bog 

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 

 

  



144 

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 

1
6
S

 r
R

N
A

 g
e
n

e
 

b
a
c
te

ri
a
 341f 

95°C - 3´; (95°C - 10´´; 
55°C - 30´´) x 40; 60-
95°C by 0.5°C - 5´´ 

DNA: 1000, RNA: 
100 (palsa), 10 
(bog) 

Muyzer et al. 
(1995)130 

797r 
Nadkarni et al. 
(2002)131 

1
6
S

 r
R

N
A

 g
e
n
e
 

a
rc

h
a

e
a
 

Ar109f 
95°C - 3´; (95°C - 10´´; 
52°C - 45´´; 72°C - 30´´) 
x 40; 60-95°C by 0.5°C - 
5´´ 

DNA: 1000, RNA: 
100 (palsa), 10 
(bog) 

Großkopf et al. 
(1998)132 

Ar915r 
Stahl & Amann 
(1991)133 

m
c
rA

 

ME1f 

95°C - 5´; (95°C - 30´´; 
48°C - 45´´) x 6; (95°C - 
30´´; 55°C - 45´´; 72°C - 
30´) x 40; 65-95°C by 
0.5°C - 5´´ 

DNA: 100, RNA: 100 
(palsa), 10 (bog) 

Hales et al. 
(1996)134 

ME1r 
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Table S4. Calculation of possible abiotic reduction of Fe(III)-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] 1 mM / 5.5 g= 0.18 3.16 mM/ 8g= 0.39 

EAC of POM [mmol e-/g POM]  0.08
a 

 0.08a 

soil OC content [g OC/g soil]  0.43  0.47 

fraction of POM in soil [g POM/g 
OC] 

 0.72
b 

 0.72b 

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-] 
0.08 mmol e-/g POM 

*1.69 g= 
 
0.13 

0.08 mmol e-/g 
POM *2.68 g= 

 
0.20 

possible reduced Fe(III) from 
POM [mmol Fe] 

 0.13  0.20 

actual reduced Fe after 1 day 
[mM Fe] 

 0.31  0.32 

actual reduced Fe after 1 day 
[mmol Fe] 

0.31 mM * 0.25 L= 0.08 
0.32 mM * 0.14 

L= 
 
0.04 

Ratio of electrons provided by 
POM to actually reduced Fe  
after 1 day [-] 

0.13 mmol/ 0.08 
mmol= 

 
1.65 

0.20 mmol/0.04 
mmol = 

 
4.54 

aelectron accepting capacity (EAC) according to Joshi et al. (2021)79 and Obradović (2024)80 
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 57Fe-enriched Fe(III)-OC coprecipitates and the initial soils, as well as the samples 

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

t0, after 1, 8 and 42 days of incubation. The references of Fe(II)-citrate and ferrihydrite were 

used as representatives for Fe(II) and Fe(III). 

  
sample 

Fe(III) Fe(II) NSSRa red. χ2,b 

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

P
a

ls
a
 

57FeOC_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 

cop+soil_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 

B
o

g
 

57FeOC_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 

cop+soil_42 10 90 0.07 0.02 

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 
a normalized sum of of squared residuals (residuals (100 ∑i (datai-fiti)2/∑i data2) 
b measure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1)). Nidp /Npts and Nvar 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 Mössbauer spectra of initial 57Fe-enriched Fe(III)-OC 

coprecipitates. 

sample  
T 
[K] 

site 
CSa 
[mm s-1] 

QS or b 
[mm s-1] 

Hc 

[T] 
sd(H) 
[T] 

Rel. 
area 
[%] 

χ2,d 

57Fe-OC 
initial 
palsa 

30 Fe(III) doublet 0.47 0.94     33 
0.91 

 
Fe(III) collapsed 0.50 0.00 16.18 12.22 66 

  6 Fe(III) sextet 1 0.69 -0.05 46.8 3.8 42 

2.43    Fe(III) sextet 2 0.29 0.01 46.8 3.7 45 

    Fe(III) collapsed 0.45 0.07 32.7 14.4 13 
57Fe-OC 
initial 
bog 

30 Fe(III) doublet 0.48 0.87   40 
1.29 

 
Fe(III) collapsed 0.50 0.00 13.70 9.90 60 

  6 Fe(III) sextet 1 0.56 -0.09 47.4 2.6 36 

2.57    Fe(III) sextet 2 0.42 0.07 46.2 4.0 51 

    Fe(III) collapsed 0.59 0.07 33.3 11.3 13 
acenter shift 
bquadrupole split in paramagnetic state or quadrupole shift 
chyper 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(III)). In 

soils with high OC content, Fe(III) is often coprecipitated with organic carbon (OC). The 

presence of Fe(III)-OC coprecipitates could either suppress CH4 emissions due to inhibition of 

methanogenesis and stimulation of anaerobic methane oxidation coupled to Fe(III) reduction, 

or enhance emissions by providing additional OC. Here, we investigated the role of Fe(III)-OC 

coprecipitates in net CH4 release in a fully thawed, waterlogged permafrost peatland (Stordalen 

Mire, Abisko, Sweden). We synthesized Fe(III)-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(III)-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 CH4 

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(III) reduction. In conclusion, Fe(III)-OC 

coprecipitates temporarily suppress net CH4 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-1, with a large portion (148 Tg y-1) originating from periodically or permanently anoxic 

soils1. 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) OC3,4. 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 predicted5–8. As these soils 

are saturated with water, anoxic conditions are expected to develop and may lead to increasing 

CH4 emissions, promoted further by increasing temperatures9–11. The net release of CH4 

depends on the balance of CH4 production by methanogens and CH4 oxidation by 

methanotrophs12, 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(III)) 

minerals13,14. 

The net effect of the presence of Fe(III) minerals on CH4 release can vary. First, many 

studies reported inhibition of methanogenesis when Fe(III) reduction occurred15–18. The main 

reason for inhibition is that Fe(III) reduction outcompetes methanogenesis thermodynamically, 

implying that methanogenesis will proceed only once Fe(III) is depleted12,19. Second, Fe(III)-

reducing microorganisms and methanogens compete for the same substrates, such as acetate 

and hydrogen (H2), which Fe(III)-reducers can use at far lower concentrations than 

methanogens20. Fe(III) might also play a role within anaerobic oxidation of CH4 by functioning 

as an electron acceptor21,22, thus decreasing net CH4 release. In contrast, there is also 

evidence that Fe(III) reduction can promote methanogenesis. One theoretical argument is that 

the pH increase induced by Fe(III) reduction could make conditions more favourable for 

(acetoclastic) methanogenesis23,24. Additionally, there is evidence from culture-based25,26 and 

soil-based27 studies that more crystalline Fe(III) minerals can serve as electron shuttles for 

methanogens.  

In contrast to pure Fe(III) minerals and dissolved Fe(III), much less is known about the 

influence of organic matter-bound Fe(III) on net CH4 release. Poorly crystalline, high surface 

area Fe(III) minerals, such as ferrihydrite, are often associated with organic matter through 

adsorption or coprecipitation28, forming Fe(III)-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 extractions29–31. Fe(III)-OC coprecipitates may play a 

inhibitory or promotive role regarding CH4 release. Once conditions turn anoxic, Fe(III) 
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reduction may occur, releasing Fe2+ and the previously bound OC to the aqueous phase. Since 

Fe(III)-OC coprecipitates are less crystalline than OC-free Fe(III) minerals, they might be more 

available for microbial reduction32,33 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, H2)34. High OC loadings in Fe(III)-

OC coprecipitates could also inhibit microbial access to Fe35, decreasing the extent of Fe(III) 

reduction and thus the competition with methanogenesis. The C and Fe cycles in anoxic soils 

are thus closely interlinked through the processes of Fe(III) 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 permafrost29,36,37. At the onset of thaw, these Fe(III)-OC 

associations are (partially) reductively dissolved. Often, CH4 emissions are detected 

simultaneously15,38,39. However, the role of Fe(III)-OC associations in net CH4 release is still 

unclear. Current knowledge based on field observations only provides correlations between 

Fe cycling and CH4 release, but direct experimental evidence is lacking. Therefore, the 

objectives of this study were (i) to determine the reduction extent of Fe(III)-OC associations 

over several weeks in a fully thawed permafrost soil, (ii) to quantify the net effect of Fe(III) 

reduction of Fe(III)-OC associations on CH4 release, and (iii) to identify main microbial groups 

relevant to CH4 cycling due to addition of Fe(III)-OC associations. To achieve this, we 

incubated synthesized Fe(III)-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 CH4 release with Fe(III)-OC coprecipitate addition. 

Within the field experiment, our aim was to estimate the overall net effect of Fe(III)-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(III)-OC coprecipitates, emission of CH4 and carbon 

dioxide (CO2), 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 22ʹ 

N, 19 03ʹ 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 ponds40,41. 

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 (57Fe-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 Tübingen, the soils 

were stored in gas-tight, N2-flushed mason jars at 4°C until use. A subsample of the mineral 

soil was dried inside an anoxic glovebox (MBraun Unilab Workstation, 100% N2 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 HCl extractions (Figure S1). 

 

Synthesis of (57Fe-enriched) Fe(III)-OC coprecipitates 

To synthesize Fe(III)-OC coprecipitates, soil organic matter from the fen organic horizon 

was extracted. Field-moist soil was added to double-deionized water (DDI, Millipore, >18 MΩ 

cm-1) 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 µm (Merck Millipore, 

MCE) and 0.22 µm (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-1. 

The coprecipitates used in the microcosm experiment were prepared from a 57Fe-

enriched (10%) FeCl3 solution (details in Text S2), which enabled a differentiation of the added 

Fe minerals from the native Fe pool and improved the analysis by 57Fe-specific Mössbauer 

spectroscopy. Both NAFe- and 57Fe-enriched Fe-OC coprecipitates were synthesized by mixing 

1.5 L of WEOM with 20 mL of the respective FeCl3 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 42 after dissolution 
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in 1 M HCl, and mineral identity was determined by 57Fe Mössbauer spectroscopy (Figure S2) 

and Fe K-edge XAS (Figure S3). 

 

Microcosm experiment to elucidate the net effect of Fe(III)-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(III)-OC coprecipitates were later added, to reach a final ratio of 85 mg dry soil mL-

1 for both setups. All bottles were incubated under anoxic conditions at room temperature in 

the dark for 35 days prior to the addition of 57Fe-enriched Fe(III)-OC coprecipitates. This initial 

incubation served to establish anoxic conditions in the soil, to avoid the first pulse of 

greenhouse gases due to rewetting43, and to reduce all easily reduceable native Fe(III) 

minerals. Geochemical sampling was done once each week to monitor Fe(III) reduction (see 

below). The amount of added synthesized 57Fe-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 56Fe2+ and 

57Fe(III) in coprecipitates, we performed an additional control experiment. We added the same 

concentration of Fe(III)-OC coprecipitates to filtered (0.22 µm, PES, Carl Roth) solution from 

the control microcosms. The Fe(III)-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 t0 of the main experiment. The aqueous Fe 

concentration and speciation as well as fraction of 57Fe 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 HCl. 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 HCl was added and left to equilibrate with the soil for 24 h44,45. The extraction solution 

and remaining solid were separated by centrifugation (10055 rcf, 5 min) and the supernatant 

was diluted in 1 M HCl for analysis of Fe speciation and 57Fe 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 57Fe 

Mössbauer 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 assay42. DOC concentration was measured (as non-purgeable 

OC) after acidification with 2 M HCl 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 CO2 (99.5% CH4, 99.9% CO2, 99.999% N2O, 

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 57Fe 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 57Fe-enriched Fe(III)-OC 

coprecipitates to the aqueous and solid (0.5 M HCl-extractable) Fe pool were calculated (Text 

S5) and raw data (f(57Fe)) is given in Figure S4 and S5. All results and statistical analyses were 

evaluated and performed, respectively, in R vs. 4.3.346. 

 

Solid phase Fe characterization 

57Fe Mössbauer spectroscopy was used to analyse Fe speciation of the initial 

synthesized 57Fe-enriched coprecipitates and in the solids from the microcosm experiment. 

Initial coprecipitates were collected by filtration (0.45 µm, 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 cm2 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 57Fe-enriched Fe(III)-OC coprecipitates and at 77 and 6 K for 

microcosm samples.  

Iron speciation of the initial soil and synthesized 57Fe-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 57Fe-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)47. 

Bacterial and archaeal 16S rRNA (gene) amplicon sequencing on both DNA and cDNA 

samples was done using the universal primers 515f48 and 806r49 fused to Illumina adapters. 

Library preparation steps (Nextera, Illumina) and sequencing were performed using Illumina 

MiSeq sequencing system (Illumina, USA) at the Institute for Medical Microbiology and 

Hygiene of the University of Tübingen. Data processing, including quality control, 

reconstruction of sequences, and taxonomic annotation (Text S7) was done using nf-

core/ampliseq version 2.8.050,51 of the nf-core collection of workflows52. Methanogenic, 

methanotrophic, and Fe(III)-reducing taxa were identified, as listed in Patzner et al. (2022)39 

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 methanogens53,54, and particulate methane 

monooxygenase (pmoA) gene, used to assess the abundance of methanotrophs55,56. 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 dilution63. 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(III) 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 13C-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(III)-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 NAFe(III)-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)64 

after Hesslein (1976)65. Peepers are traditionally used to passively sample the porewater in 

waterlogged soils or sediments, often at the sediment-water interface65,66. Here, we employed 

them to incubate synthesized NAFe(III)-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-1 Fe as NAFe(III)-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 µm pore size in the peeper in order to facilitate microbial access 

to the NAFe(III)-OC coprecipitates. It was also tested whether the NAFe(III)-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 HCl 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 previously67, 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 triplicate 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 NAFe(III)-OC coprecipitates (“+ cop”) and one containing only deionized water 

(“- cop”) were selected for the gas measurements. Gas concentrations of CO2 and CH4 were 

measured as described in section Geochemical analyses. 

The equilibrated porewater and/or remaining NAFe(III)-OC coprecipitate suspensions in 

the peepers were sampled after 53 days of incubation in September 2022. A N2-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 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 µm, 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 µm, PES, Carl Roth) and stabilized with 

1 mL of 2 M HCl 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 HCl. 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(III) reduction in  Fe(III)-OC coprecipitate-amended microcosms 

Soil microcosms amended with 57Fe-enriched Fe(III)-OC coprecipitates showed an 

increase in aqueous Fe2+ 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 Fe2+ concentration over 

time (0.72±0.02 mM). This shows that there was more Fe(III) 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(III)-reducing microorganisms (see below and Figure S8). Based 
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on the 57Fe 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 Fe2+ stemmed from 

the added 57Fe-enriched Fe(III)-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(III)-OC coprecipitates by the absolute 

concentrations of aqueous Fe2+ (4.4%) and the 57Fe-based calculations. 

We considered that isotope exchange of aqueous Fe2+ with the Fe in the added 

coprecipitates potentially occured. This effect would have increased the fraction of 57Fe in the 

aqueous phase by electron transfer from the aqueous 56Fe2+ to the 57Fe(III) in the 

coprecipitates and released 57Fe2+. We tested the importance of isotope exchange by adding 

the same concentration of Fe(III)-OC coprecipitates to sterile-filtered solution from the 

microcosms, containing dissolved Fe2+. Results showed rapid isotope exchange immediately 

after addition of Fe(III)-OC coprecipiates to the solution while absolute aqueous Fe 

concentrations stayed constant over 48 hours (Figure S9). Concentrations of aqueous Fe2+ 

also immediately decreased due to adsorption onto the coprecipitate surface, as detected in 

the main experiment at t0 (Figure 1a). This is in line with other studies, showing that electron 

transfer between aqueous Fe(II) and Fe(III)-OC coprecipitates68 and at acidic pH values (pH<6, 

in this study pH 4.9-5.7) is possible69,70. 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(III) reduction. The estimated amount of 

reduced and dissolved Fe(III)-OC coprecipitates is then equal to 4.7±0.2% after accounting for 

the initial abiotic isotope exchange. Thus, the increase in aqueous Fe2+ in the coprecipitate-

added setup is fully explained by the reduction of added Fe(III)-OC coprecipitates and not of 

the native Fe(III) minerals. Together with a concurrent decrease in 0.5 M HCl-extractable Fe(III) 

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(III)-OC coprecipitates were 

microbially reduced. 
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Figure 1. Increase in aqueous Fe over time. Measured concentrations of dissolved Fe2+ in 

setups with Fe(III)-OC coprecipitate addition (“+ cop”, red circles) and the no-coprecipitate 

control (“- cop”, grey triangles) (a). Calculated concentration of total aqueous Fe from Fe(III)-

OC coprecipitates based on 57Fe 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(III) reduction using 57Fe Mössbauer 

spectroscopy and a selective 0.5 M HCl extraction targeting the poorly crystalline fraction of 

Fe minerals44,45. Due to the enrichment of 57Fe in the Fe(III)-OC coprecipitates, 51% of the 

signal within the Mössbauer 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 57Fe Mössbauer spectra of soil with and without addition of 57Fe-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(II)-doublet, Fe(III)-doublet, and Fe(II)-octet (Figure 

2). The Fe(II)-doublet at 6 K is representative of Fe(II) in phyllosilicates and/or Fe(II) adsorbed 

to other minerals71–73. The Fe(III)-doublet represents Fe(III) in phyllosilicates or bound to 

organic matter72,74. The Fe(II)-octet is representative for Fe(II) in Fe-rich phyllosilicates75–77 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(III) sextet 

component was observed exclusively in the samples with addition of 57Fe-enriched 

coprecipitates (Figure 2a, e). The Fe(III) sextet had parameters characteristic for poorly 

crystalline Fe(III) (oxyhydr)oxides (Table S4), such as ferrihydrite78,79. The relative area of the 

Fe(III) sextet in the sample at t0 was 44%, close to the calculated initial contribution of 57Fe-

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(III) sextet component is indicative of the contribution of 

coprecipitates to the solid 57Fe pool. After 42 days of incubation, the area of the Fe(III) sextet 

decreased to 34% (Figure 2b, e). The difference in relative abundance compared to t0 thus 

indicates that the added Fe(III)-OC coprecipitates were reduced by 22%. We also detected a 

decrease in 0.5 M HCl-extractable Fe(III) contents of 1.38±0.89 mg Fe(III) g-1 dry soil (Figure 

S10) from 0 to 42 d (reduction extent of Fe(III)-OC coprecipitates: 33±21%), which agrees well 

with the reduction extent based on Mössbauer spectroscopy (22%). In contrast, no Fe(III) 

reduction was detected in the no-coprecipitate setup based on 6 K spectra (Figure 2c, d, e) 

and 0.5 M HCl extractions (Figure S10). We can thus conclude that the decrease in Fe(III) 

content is fully attributable to the reduction of added coprecipitates, fitting to the aqueous Fe 

data. The native, bioavailable Fe(III) minerals in the soil were likely already reduced during the 

35 day incubation period before addition of the coprecipitates. 

 

 

Figure 2. Solid-phase Fe speciation in soil from microcosm experiment measured by 57Fe 

Mössbauer spectroscopy at 6 K. Subplots display spectra of soil with addition of 57Fe-enriched 

Fe(III)-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). All spectra show the measured data (open circles), the fit (black 

line) and individual components (coloured lines). The following components were assigned: 

Fe(II) in phyllosilicates and/or adsorbed Fe(II) (light blue), Fe(III) in phyllosilicates (orange), 

poorly crystalline Fe(III) oxyhydroxides (dark red), Fe(II) 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 CH4 and CO2 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 57Fe-enriched coprecipitates, no 

CH4 emissions were detected in that setup as well as in the no-coprecipitate controls. After 8 

days, CH4 fluxes started to increase in the no-coprecipitate setup from 0.03±0.01 to 0.27±0.04 

µmol d-1 g-1 dry weight after 42 d (Figure S13). Resulting cumulative fluxes reached 4.61±0.62 

µmol g-1 dry weight after 42 d (Figure 3a). In contrast, CH4 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 µmol g-1 dry weight after 42 d. This constitutes a suppression of 

methane emissions by 94% compared to the no-coprecipitate setup (Figure 3a). 

 

 

Figure 3. Cumulative greenhouse gas emissions of CH4 (a) and CO2 (b) in microcosm 

experiments with addition of 57Fe-enriched Fe(III)-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(III) reduction likely inhibited methanogenesis, as shown in other studies 

based on field measurements and addition of Fe minerals to peatland soils15–17. Previously 

reported methane emission rates were decreased by 37-54% due to Fe(III) addition in the form 

of dissolved Fe(III)-NTA16 and poorly crystalline ferrihydrite17. 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 effect23. The stronger decrease in 

CH4 emission might also be due to anaerobic oxidation of CH4 coupled to either Fe(III) 

reduction or to OC reduction which was present within the coprecipitates. It has been shown 

that addition of complex OC can decrease CH4 fluxes16,80,81, with reasons being (i) 
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thermodynamic favourability of reduction of redox-active OC functional groups in comparison 

to methanogenesis82,83, (ii) metabolic flexibility of anaerobic methanotrophs to use oxidized OC 

as a terminal electron acceptor84, or (iii) an electron shuttling effect by the released OC 

between methanotrophs and Fe(III) minerals85. 

Cumulative CO2 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 µmol g-1 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(III)-OC 

coprecipitates thus increased cumulative CO2 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(III) are reduced per 1 mol CO2 produced18,86,87, we 

calculated the contribution of Fe(III) reduction to overall anaerobic respiration using our data 

from the microcosm experiment. Direct oxidation of OC to CO2 via Fe(III) reduction of the 

coprecipitates could account for 26-64% of the additionally produced cumulative CO2 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 CO2 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 2.69±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 (log2FC: -

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(III) reduction following the addition of Fe(III)-OC coprecipitates. 

Known acetoclastic methanogens, like genera Methanosaeta and Methanosarcina88, were 

likely more affected compared to other hydrogenotrophic or possibly methylotrophic 

prokaryotes (Methanobacterium spp.) due to substrate competiton with Fe(III)-reducing 

microorganisms using acetate. We did detect a few Fe(III)-reducing taxa capable of utilizing 

acetate (Geobacter, Rhodoferax, Geothrix, see Figure S8)89–91 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 flexible92–94. Within the microcosm experiment, it 

is possible that the methanotrophs used fermentation or Fe(III) reduction for anaerobic 

respiration instead of aerobic respiration95,96. 

 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 (log2FC:  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 monooxygenase97, 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 conditons98. The Methylomirabilales members here 

could have used a similar mechanism and were recently also linked to anoxic methane 

oxidation in arctic thermokarst lagoons94. Additionally, it has been found that Fe(III) 
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oxyhydroxides can serve as an electron acceptor for methanotrophs capable of extracellular 

electron transfer, as shown for Methylococcales99. We therefore speculate that anaerobic 

methane oxidation coupled to Fe(III) 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(III)-reducers was 

the dominating process in decreasing methane emissions. 

 

 

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(III)-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(III)-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 (t0), after 8 days, 

and 42 days (b). Changes in the coprecipitate-added setup are displayed as the log2 fold 

change (FC) of the mean copy numbers of “+ cop” setup to the mean of the no-coprecipitate 

control [copies+cop g-1 dry soil/ copies-cop g-1 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(III) 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(III) reduction. Methanol 

concentrations generally increased over time (Figure 5) from 1.73±0.74 µM at t0 to 3.78±1.10 

µM 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 data100. However, the lack of difference in the concentrations between setups could 

indicate that methylotrophs are unaffected by changes in Fe(III) cycling due to their wide range 

of usable substrates88,101 independent of substrates used for Fe(III) reduction. Butyrate is also 

a substrate for methanogenesis via syntrophic butyrate oxidation102. Butyrate concentrations 

significantly decreased over time in the coprecipitate added setup (3.00±0.18 μM at day 0 

compared to 2.56±0.07 μM at day 42, p<0.05) in contrast to constant concentrations in the no-

coprecipitate control (2.66±0.10 μM, Figure S19). The observed decrease in the coprecipitate-

added setup might stem from fermentative Fe(III)-reducers using Fe(III) as a sink for excess 

reducing equivalents, instead of producing butyrate during fermentation103–105. 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 57Fe-enriched Fe(III)-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 [µM /µM]. Absolute data is displayed in Figure S19. Data bars and error 

bars represent the average and standard deviation of experimental triplicates. 

Fe(III) 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 NAFe(III)-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 majority 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-1 per cell across all depths (Figure S20) 

compared to the initial addition of 280 mg L-1 Fe. Over depth, solid total Fe concentrations 

increased from 17.6±8.4 mg L-1 at 4 cm depth to 42.1±8.34 mg L-1 at 20 cm depth (Figure S20). 

The Fe oxidation state of the remaining NAFe(III)-OC coprecipitates was 14-49% Fe(II) (Figure 

6a). Assuming that the loss in total Fe and solid-phase Fe(II) content represents the combined 

extent of reductive dissolution of NAFe(III)-OC coprecipitates, 92±4.0% of Fe in coprecipitates 

was reduced across all depths (Figure 6a).  

We also considered that some Fe(III)-OC coprecipitates might have also passed the 8 

µm membrane due to potentially lower aggregate size. However, in a control experiment we 

found that 98.9% of the initial NAFe(III)-OC coprecipitate suspension was retained on the 

membrane, suggesting that the majority of the loss in Fe(III)-OC was due to reductive 

dissolution. The control peeper, in which no Fe(III) was added, contained lower concentrations 

of solid, primarily ferrous, Fe (0.65-6.31 mg L-1, 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 Fe2+, 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(III) reduction were overridden by re-

equilibration with the soil porewater. 

The reduction extent of our added Fe(III)-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-1 compared to 8.8±5.7 mg C L-1, respectively). The higher DOC 

concentrations might have facilitated more Fe(III) reduction via OC oxidation relative to the 

microcosm experiment. Additionally, redox-active organic groups in DOC can be used as 

electron shuttles between Fe(III)-reducing microorganisms and solid phase Fe(III)105, 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 exudates106,107, permafrost runoff or river flow108,109 such that 

conditions for microbial Fe(III) reduction might be more favorable. (iv) The microbial community 

in thawed permafrost soils is likely adapted to cold conditions110,111 and might perform Fe(III) 

reduction at a lower rate when exposed to higher temperatures in the laboratory (room 

temperature). 

 

 

Figure 6. In situ loss and speciation of NAFe(III)-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 CH4 and CO2 

emissions [µmol m-2 s-1] within one day after addition of NAFe(III)-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 CH4 and CO2 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 µmol m-2 s-1) and by 33% at the end of the 

growing season (-0.04±0.01 µmol m-2 s-1, Figure 6b). Methanogenesis was thus inhibited likely 

due to Fe(III) reduction of added NAFe(III)-OC coprecipitates, matching with the results of our 

microcosm experiment. The suppression effect was less pronounced under in situ conditions 

(33-40% compared to 93±5% lower CH4 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(III)-OC coprecipitates added to soil 

in comparison to the microcosm experiment. The decrease in suppression intensity over time 

also indicates that this effect is only temporary. 

Fluxes of CO2 measured under dark conditions (excluding photosynthesis) initially 

slightly decreased as a consequence of NAFe(III)-OC coprecipitate addition by 25% (-0.37±0.17 

µmol m-2 s-1, 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 µmol m-2 s-1). It is likely 

the NAFe(III)-OC coprecipitates initially bound additional DOC, as detected in the microcosm 

experiment (Figure S14). This could have decreased CO2 fluxes, which are often controlled by 

DOC concentrations112. As NAFe(III)-OC coprecipitates were reductively dissolved, they likely 

re-released this adsorbed OC again, contributing to an increased CO2 flux together with 

microbial Fe(III) reduction coupled to OC oxidation. 

 

Conclusions 

This study demonstrated that the addition of Fe(III)-OC associations (in the form of 

coprecipitates) in anoxic permafrost peatland soils decreases net CH4 emissions. In both our 

microcosm and field experiment with fully thawed permafrost peatland soil, addition of 

synthesized Fe(III)-OC coprecipitates lowered fluxes of CH4 compared to control setups 

without the coprecipitates. Decrease in CH4 fluxes was mainly due to inhibition of 

methanogenesis, likely of acetoclastic methanogens (e.g., Methanosaeta and 

Methanosarcina) by substrate competition with Fe(III)-reducers which reduced added Fe(III)-

OC coprecipitates. Methanotrophy coupled to Fe(III) 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(III)-OC coprecipitate addition.  

The results of our study can be used to gain insights into future coupled Fe-CH4 cycling 

in (permafrost) peatlands. The areal cover of fens at Stordalen Mire has already increased by 

100% in the last 50 years7 with this trend projected to continue in the future. Therefore, a large 

proportion of oxic soils could abruptly thaw and collapse113, establishing anoxic conditions. The 

native Fe(III)-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 peatlands29,37 

and the estimated in situ Fe reduction rates87. In addition, Fe(II)-oxidizing microorganisms 

could play a role in replenishing the content of Fe(III)-OC associations in permanently anoxic 

soils, as they have been detected in other Arctic habitats114. The results of our two experiments 

also showcase the sensitivity of CH4 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(III)-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(II) might regenerate Fe(III)-OC associations that may suppress 

CH4 emission long term. Thus, Fe(III)-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 HCl extraction, targeting poorly crystalline 

Fe(III) (oxyhydr)oxide minerals, adsorbed Fe(II), FeS and partially FeCO3
44,45 and a 6 M HCl 

extraction, targeting more crystalline phases (goethite, magnetite and partially Fe in 

phyllosilicates44,115) 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 HCl (dilution factor: 4 

and 50 for 0.5 M and 6 M HCl, respectively) and Fe speciation was measured by the Ferrozine 

assay42. 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 service116. 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 (57Fe-enriched) Fe(III)-OC coprecipitates 

The coprecipitates used in the microcosm experiment were prepared from a 57Fe-

enriched (10%) FeCl3 solution. Briefly, 100 mg 57Fe(0) metal powder (97.85% 57Fe, Chemgas) 

was added to 10 mL of 1 M HCl (Merck). The suspension was stirred overnight (300 rpm) at 

70°C to facilitate 57Fe(0) dissolution. The resulting 57Fe(II) solution was oxidized by addition of 

dropwise H2O2 (50%, VWR Chemicals) in excess (150 µL) 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 µm, PES, Carl Roth). The resulting 57Fe(III) solution was diluted to a 

concentration of 150 mM and subsequently mixed with an equimolar solution of NAFeCl3 

(FeCl3x6H2O, Sigma-Aldrich) in a ratio of 1:10, to obtain a 10% 57Fe-enriched Fe(III)Cl3 

solution. 



185 

Both NAFe- and 57Fe-enriched Fe-OC coprecipitates were synthesized by mixing 1.5 L of 

WEOM with 20 mL of the respective FeCl3 solution (initial C:Fe ratio=1), similar to Chen et. al 

(2014)117. During addition of the FeCl3, 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 µS cm-1. 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 N2 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 (CO2) and methane (CH4) were calculated according to 

Equation (1), similar to Minh et al. (2018)118: 

𝑹 = ∆𝒄 
𝒑 × 𝑽𝑯𝑺

𝑹 × 𝑻 × 𝒎𝒔𝒐𝒊𝒍
 Eq (1) 

where R is the flux (µmol d-1 g-1 dry soil), Δc is the slope of the measured gas 

concentrations over time (ppm d-1), p is the pressure (101325 Pa), VHS is the headspace 

volume in the incubation bottle (m3), R is the ideal gas constant (8.31 J mol-1 K-1), T is the 

temperature (293 K) and msoil is the mass of dry soil left in the incubation bottle (g dry weight). 
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The VHS and msoil 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: 

𝑹𝒄𝒖𝒎,𝒏 = ∆𝒕𝒏−𝒌 ×
𝟏

𝟐
× (𝑹𝒌 + 𝑹𝒏) + 𝑹𝒄𝒖𝒎,𝒌 Eq (2) 

where Rcum,n is the cumulative flux at a given timepoint n (µmol g-1 dry soil), Δtk-n is the 

timeframe between timepoint n and the prior timepoint k (d), Rk and Rn are the fluxes at 

timepoint k and n (µmol d-1 g-1 dry soil), respectively, and Rcum,k is the cumulative flux at 

timepoint k (µmol g-1 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 HCl extractable) Fe from 57Fe-enriched Fe-

OC coprecipitates 

To directly determine the reduction of 57Fe-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)119. We know that the fraction 

of 57Fe to 56Fe+57Fe (ƒ57Fe+cop), which is measured by ICP-MS, can also be described as 

ƒ𝟓𝟕𝑭𝒆+𝒄𝒐𝒑 =
ƒ𝟓𝟕𝑭𝒆𝑭𝒆−𝑶𝑪 × ƒ𝑭𝒆−𝑶𝑪 + ƒ𝟓𝟕𝑭𝒆𝒔𝒐𝒊𝒍 × (𝟏𝟎𝟎 − ƒ𝑭𝒆−𝑶𝑪)

𝟏𝟎𝟎
 

Eq (3) 

In which ƒ57FeFe-OC is the known fraction of 57Fe to 56Fe+57Fe in the labelled coprecipitates 

(10.47%), ƒFeFe-OC is the fraction of aqueous Fe coming from coprecipitates [%] and ƒ57Fesoil 

is the measured fraction of 57Fe to 56Fe+57Fe in the no-coprecipitate control setup. By re-

arranging for ƒFeFe-OC, we get: 

ƒ𝑭𝒆−𝑶𝑪 =
𝟏𝟎𝟎 × (ƒ𝟓𝟕𝑭𝒆+𝒄𝒐𝒑 − ƒ𝟓𝟕𝑭𝒆𝒔𝒐𝒊𝒍)

 ƒ𝟓𝟕𝑭𝒆𝑭𝒆−𝑶𝑪 − ƒ𝟓𝟕𝑭𝒆𝒔𝒐𝒊𝒍
 

Eq (4) 

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 57Fe-enriched Fe-OC coprecipitates cFe-OC [mM], which is displayed 

in Figure 1b: 

𝒄𝑭𝒆−𝑶𝑪 = 𝒄(𝑭𝒆𝒂𝒒) × ƒ𝑭𝒆−𝑶𝑪 Eq (5) 

The contribution of 57Fe-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 57Fe Mössbauer spectroscopy and Fe K-edge X-ray 

absorption spectra collection and data analysis 

Mössbauer spectra were taken using a constant acceleration drive system (WissEL) in 

transmission mode with a 57Co/Rh source. All spectra were calibrated against an α-57Fe foil 

measured at room temperature. Data analysis was performed using Recoil (University of 

Ottawa) and the Voigt based fitting routine120 was used for initial coprecipitates while the Full 

Static Hamiltonian Site Analysis121 was used for microcosm samples. This latter fitting routine 

was necessary to include the Fe(II)-octet component from Fe-bearing phyllosilicate minerals. 

The half width at half maximum was constrained to 0.116 mm s-1 during fitting. 

The Fe oxidation state and binding environment of initial synthesized 57Fe-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 N2(l) 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 Athena122. 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(III)) and chlorite 

CCa-2123 (representative for Fe(II)) for initial coprecipitates. Speciation of Fe was examined by 

LCF of the k3-weighted EXAFS region in a k range from 2 to 11 Å-1. The edge energy of all 

samples and references was set to 7128 eV. The following reference compounds were 

selected for EXAFS analysis: ferrihydrite, Fe(III)-citrate, Fe(III)-catechol, illite IMt-1, chlorite 

CCa-2, Fe(II)-citrate, Fe(II)-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 software122. 

 

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 µL 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)47. 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, Illumina) and sequencing were performed using 

Illumina MiSeq sequencing system (Illumina, USA) at the Institute for Medical Microbiology 

and Hygiene of the University of Tübingen. 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 2.8.050,51 of the nf-core collection of workflows52. 

Primers were trimmed using Cutadapt v3.4124 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 v1.28125 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’126. Of 

10489 ASVs, 36  ASVs designated as mitochondria or chloroplasts were removed within 

QIIME2 version 2023.7.127. 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 Ionisation mode (EI). 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 13C-glucose was 

added as an internal standard to 250 µL sample prior to freeze-drying. The solids were re-

dissolved with 50 µL methoxamine (20 mg mL-1 pyridine), ultrasonicated for 10 min and 

subsequently incubated at 30° C for 90 min. Next, 70 µL 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 µL was used for injection in splitted 

mode on a Restek SH-Rxi-5SIL MS column (30 m; film 0.25 µm; diameter 0.25 mm). The 

injection port was heated to 280°C. For chromatographic separation a He flow rate of 1.1 mL 

min-1 and a temperature increase of 10°C min-1 from 100 to 320°C were employed. For the 

measurement via the headspace method, 250 µL 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-1 and the column temperature increased by 10°C min-1 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 µL. 

 

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 µm 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 57Fe-enriched Fe(III)-OC coprecipitates to total signal 

in Mössbauer spectra 

The contribution of 57Fe-enriched Fe-OC coprecipitates to the total signal in 57Fe 

Mössbauer spectra was calculated knowing the absolute total and individual masses of 57Fe 

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 57Fe in soil: 2.12 %128 
57Fe content in soil: 20.2 mg/g * 2.1/100 = 0.42 mg/g 

Total 57Fe per bottle initially: 12 g * 0.42 mg/g= 5.09 mg 
    

57Fe abundance in coprecipitate: 10.47 %  

Added 57Fe from coprecipitate: 5.22 mg  

Total 57Fe per bottle: 5.09 mg + 5.22 mg = 10.31 mg 
    

Share of 57Fe from soil: 5.09 mg/10.31 mg*100% = 49.3 % 

Share of 57Fe from coprecipitate: 5.22 mg/10.31 mg*100% = 50.6 % 

 

Text S11. Interpretation of 77 K spectra Mössbauer spectroscopy results  

The Mössbauer 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(II), siderite and/or Fe(II) in phyllosilicates71–73 and (ii) Fe(III) bound in phyllosilicates or to 

organic matter and/or in poorly crystalline Fe(III) (oxyhydr)oxides71,74,79. 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(II) and Fe(III) components make up 41% and 59%, respectively. In 

contrast, the Fe(II) component made up 62% and Fe(III) was equal to 38% in the no-

coprecipitate control. The difference in relative fraction of Fe(III) thus reflects the addition of 

the Fe(III)-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(II) and Fe(III) contents are displayed based on selective extractions: anoxic 

0.5 M HCl extractions (targeting poorly crystalline Fe(III) (oxyhydr)oxides, adsorbed Fe(II), FeS 

and partially FeCO3
44,45), anoxic 6 M HCl extractions (targeting more crystalline Fe mineral 

phases, such as goethite, magnetite and partially Fe in phyllosilicates44 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(II)/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. 57Fe Mössbauer spectra of initial 57Fe-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(III)-doublet = very poorly crystalline ferrihydrite, collapsed Fe(III)-sextet = poorly crystalline 

ferrihydrite, near the Neél-temperature. Components at 6 K included: 2 Fe(III)-sextets = very 

poorly crystalline ferrihydrite, collapsed Fe(III)-sextet = very poorly crystalline Fe(III) 

(oxyhydr)oxide129. 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. 
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Figure S3. Linear combination fitting results of Fe K-edge XANES spectra (a), k3-weighted Fe 

K-edge EXAFS spectra (b) and the resulting fraction of fitted Fe phases (c) of initial synthesized 

57Fe-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 57Fe (57Fe to 56Fe+57Fe) in solid (0.5 M HCl-extractable) phase of 

microcosm setups with addition of 57Fe-enriched Fe-OC coprecipitates (“+ cop”) and of a no-

coprecipitate control (“- cop”) over time (a). The percentage of Fe stemming directly from the 

57Fe-enriched Fe-OC coprecipitates is displayed over time (b). Data points and error bars show 

the mean and standard deviation of experimental triplicates. 

 

 

Figure S5. Fraction of 57Fe (57Fe to 56Fe+57Fe) in aqueous phase of microcosm setups with 

addition of 57Fe-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. 

 

 



196 

 

Figure S7. Schematic of passive porewater sampler constructed according to Bowes & 

Hornibrook (2006)64 after Hesslein (1976)65. 
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Figure S8. Relative 16S rRNA abundances of present (DNA-based) and likely active (RNA-

based) microbial taxa related to Fe(III) 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 56Fe2+ and the 57Fe(III) in the Fe(III)-OC coprecipitates. The concentrations of 

aqueous Fe2+ (a), aqueous total Fe (b) and the fraction of 57Fe (57Fe to 56Fe+57Fe) in the 

aqueous phase are displayed over 48 h within a setup of added 57Fe-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(III) contents [mg g-1 dry soil] in microcosm 

setups with addition of 57Fe-enriched Fe-OC coprecipitates (“+ cop”) and in a no-coprecipitate 

control (“- cop”) over time (a). Fe speciation (Fe(II)/Fe(total) ratio) in 0.5 M HCl 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 57Fe 

Mössbauer spectroscopy at 77 K. The subplots display spectra of soil with addition of 57Fe-

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(II) and Fe(III) 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(II) phases = adsorbed Fe(II) or Fe(II) in phyllosilicates, Fe(III) phases = Fe(III) in 

phyllosilicates, poorly crystalline Fe(III) 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 quartz130, illite131, 

ferrohornblende132, maricopaite133 and andesine134 were used. 

 

Figure S13. Greenhouse gas fluxes of CH4 (a) and CO2 (b) [µmol d-1 g-1 dry soil] in microcosm 

setups with addition of 57Fe-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 57Fe-

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 S15. Calculated global warming potential (GWP) using the cumulative CH4 and CO2 

fluxes in setups with added (57Fe-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 CO2 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 57Fe-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 57Fe-enriched Fe-OC 

coprecipitates (“+ cop”) and in a no-coprecipitate control (“- cop”) are displayed over time. 

Samples were collected immediately after addition of 57Fe-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 57Fe-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(II) and Fe(III) detected in field experiment over 

depth. Synthesized NAFe-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 NAFe-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 Fe2+, dissolved organic carbon (DOC), dissolved CH4 

and dissolved CO2 are displayed for setups with added NAFe-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 NAFe-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 NAFe-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 135. Concentrations were 100x diluted but the 

concentration of CaCl2 was kept at 2 mM to provide a constant ionic strength.  

Salt 
Final concentration in 
bottles [mM] 

KH2PO4 0.04 

NH4Cl  0.06 

MgSO4x7H2O 0.02 

CaCl2x2H2O 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. 

Assay Primer 
Primer sequence 
(5´- 3´) 

Thermal 
program 

dilution 
factor  

References 

1
6
S

 r
R

N
A

 

g
e
n
e
 

B
a

c
te

ri
a
 341f CCTACGGGAGGCAGCAG 

95°C - 3´; 
(95°C - 10´´; 
55°C - 30´´) x 
40; 60-95°C 
by 0.5°C - 5´´ 

DNA: 
1000, 
RNA-
based: 
10 

Muyzer et 
al. (1995)60 

797r ATTACCGCGGCTGCTGG 
Nadkarni et 
al (2002)61 

1
6
S

 r
R

N
A

 g
e
n

e
 

A
rc

h
a
e

a
 

Ar109f ACKGCTGAGTAACACGT 
95°C - 3´; 
(95°C - 10´´; 
52°C - 45´´; 
72°C - 30´´) x 
40; 60-95°C 
by 0.5°C - 5´´ 

DNA: 
1000, 
RNA-
based: 
10 

Großkopf et 
al. (1998)57 

Ar915r 
GTGCTCCCCCGCCAATT 
CCT 

Stahl & 
Amann 
(1991)62 

p
m

o
A

 A189f 
GGNGACTGGGACTTC 
TGG 

96°C - 5´; 
(94°C - 1´; 
55°C - 1´; 
72°C - 1´) x 
40; 72°C - 5´; 
94°C - 2´, 65-
95°C by 
0.5°C - 5´´ 

DNA: 
100, 
RNA-
based: 
10 

Holmes et 
al. (1995)59 

A682r 
GAASGCNGAGAAGAA 
SGC 

m
c
rA

 

ME1f 
GCMATGCARATHGGWAT 
GTC 

95°C - 5´; 
(95°C - 30´´; 
48°C - 45´´) x 
6; (95°C - 
30´´; 55°C - 
45´´; 72°C - 
30´) x 40; 65-
95°C by 
0.5°C - 5´´ 

DNA: 
100, 
RNA-
based: 
10 

Hales et al. 
(1996)58 

ME1r 
TCATKGCRTAGTTDGGRT 
AGT 
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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”. 

metabolite chemical class 
detected in 
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 57Fe Mössbauer spectroscopy fitting parameters (using the Full Static 

Hamiltonian model) of soil with addition of 57Fe-enriched Fe-OC coprecipitates (“+ cop”) and 

without (“- cop”).  

Sample  
T 
[K] 

site 
CSa 
[mm s-

1] 

QSb 
[mm s-

1] 

Hc 
[T] 

ηd 
[-] 

Θe 
[-] 

Relative 
area 
[%] 

χ2,f 

+ cop,0 d 77 Fe(II) doublet 1.36 2.59   0* 0* 41 
1.25 

   Fe(III) doublet 0.38 1.00  0* 0* 59 

  6 Fe(II) doublet 1.23 2.80  0* 0* 34 

0.85 
   Fe(III) doublet 0.56 1.00*  0* 0* 15 

   Fe(III) sextet 0.4* -0.08 47.66 0* 0* 44 

    Fe(II) octet 1.5* -2.6* 11.30 0.2* 90* 8 

- cop,0 d 77 Fe(II) doublet 1.23 2.76   0* 0 62 
0.75 

   Fe(III) doublet 0.38 0.75  0* 0 38 

  6 Fe(II) doublet 1.23 2.77  0* 0* 60 

0.61    Fe(III) doublet 0.53 0.99  0* 0* 30 

    Fe(II) octet 1.25 -2.6* 9.40 0.2* 90* 11 

+ cop, 42 d 77 Fe(II) doublet 1.38 2.56   0* 0 34 
0.68 

   Fe(III) doublet 0.35 0.98  0* 0 15 

  6 Fe(II) doublet 1.30 2.71  0* 0* 41 

0.94 
   Fe(III) doublet 0.40 1.08  0* 0* 12 

   Fe(III) sextet 0.48 -0.07 47.39 0* 0* 34 

    Fe(II) octet 1.35 -2.6* 9.96 0.2* 90* 12 

- cop,42 d 77 Fe(II) doublet 1.23 2.82   0* 0 55 
0.60 

   Fe(III) doublet 0.43 0.78  0* 0 45 

  6 Fe(II) doublet 1.27 2.83  0* 0* 54 

0.61    Fe(III) doublet 0.29 0.78*  0* 0* 29 

    Fe(II) octet 1.13 -2.6* 12.30 0.2* 90* 17 
acenter shift 
bquadrupole split in paramagnetic state or quadrupole shift 
chyper fine field 
dasymmetry parameter 
epolar 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 57Fe Mössbauer spectroscopy fitting parameters (using Voigt-based 

fitting) of 57Fe-enriched Fe-OC coprecipitates.  

sample  
T 
[K] 

site 
CSa 
[mm 
s-1] 

QSb 
[mm 
s-1] 

Hc 
[T] 

Relative 
area [%] 

χ2,d 

57Fe Fe-OC cop 30 Fe(III) doublet 0.47 0.92   40 
1.38 

   Collapsed Fe(III) sextet 0.46 4.09  60 

  6 Fe(III) sextet 1 0.61 -0.03 47.2 42 

3.35    Fe(III) sextet 2 0.32 0.01 46.4 44 

    Collapsed Fe(III) sextet 0.45 -0.01 29.3 14 
acenter shift 
bquadrupole split in paramagnetic state or quadrupole shift 
chyper fine field 
dgoodness of fit parameter 

 

 

Table S6. Linear combination fit results for Fe K-edge XANES spectra of the initial synthesized 

57Fe-enriched Fe-OC coprecipitates and the initial fen soil used in the microcosm experiment. 

The used references were ferrihydrite for Fe(III), and chlorite CCa-2 and Fe(II)-citrate for Fe(II). 

Fe(II)-citrate was used for the initial Fe-OC coprecipitate sample, while chlorite CCa-2 was 

used for initial soil.  

sample 
Fe(III) 
[-] 

Fe(II) 
[-] 

NSSRa 
[%] 

red Χ2,b 

[%] 
57FeOC_initial 1.00 0.00 0.138 0.033 

soil initial 0.39 0.61 0.713 0.185 
a normalized sum of of squared residuals (residuals (100 ∑i (datai-fiti)2/∑i data2) 
b measure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1)). Nidp /Npts and Nvar 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 k3-weighted Fe K-edge EXAFS spectra of the initial 

synthesized 57Fe-enriched Fe-OC coprecipitates and the initial mineral fen soil. The reference 

of Fe(II)-catechol was used for Fe(II)-OM. 

Sample 
Fha 

 
[%] 

Lpb 

 

[%] 

chlorite 
 
[%] 

illite 
 
[%] 

Fe(II)-
OM 
[%] 

NSSRc 

 
[%] 

red. Χ2,d 

 

[%] 
57FeOC_initial 93 7 0 0 0 2.2 10.8 

soil initial 0 0 42 37 21 9.8 37.8 
aFerrihydrite 
bLepidocrocite 
c Normalized sum of of squared residuals (residuals (100 ∑i (datai-fiti)2/∑i data2) 
d Measure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1)). Nidp /Npts and Nvar 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 sediments1,2, paddy fields3–5, forests6,7 and wetlands8–

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(III)-OC associations are wide-spread in permafrost 

environments and have quantified the present Fe contents and bound OC11–14. 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 field11,12,15–18. 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(III)-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(III)-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(III) (oxyhydr)oxides in permafrost soils. We found 

that the quantity of potentially adsorbed water-extractable OC to poorly crystalline Fe(III) 

(oxyhydr)oxides decreased from palsa and bog to fen. The efficiency of poorly crystalline Fe(III) 

(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(II) 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(III) (oxyhydr)oxides, but 

inherently easier-to-degrade OC may be disproportionately left in solution. This could lead to 

higher CO2 emissions than expected. In anoxic soil layers, Fe(III)-OC associations could be 

reductively dissolved, and the release of previously Fe-bound OC could contribute to OC 

mobilization in the form of CO2 emissions. However, the respiration of the mobilized, yet less 

bioavailable OC from Fe(III) (oxyhydr)oxides might be limited, especially under anoxic 

conditions in which thermodynamic constraints on degradation exist19. In conclusion, the 

potential of Fe(III) (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(III)-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(III)-OC 

associations during initial permafrost thaw, their contribution to CO2 release, and the possible 

microbial players involved in the reduction of Fe(III)-OC associations and following OC 

degradation. We found that Fe(III)-OC coprecipitates, which were used as representative 

phases for Fe(III)-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 CO2 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(III)-OC associations upon permafrost thaw if anoxic conditions develop. 

Based on estimations of low-land permafrost areal extent20,21, the available data on Fe 

stocks12,13,15, and our estimated ratio of CO2 release per reduced Fe(III) (ca. 1:1), the reduction 

of Fe(III)-OC associations could release 94-1144 Tg of CO2-C. In bog soils, Fe(III)-OC 

coprecipitates were also fully reduced. We could not determine direct contributions of this 

reduction to anaerobic respiration due to counter-acting effects on CO2 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., CO2 release due to dissolution of Fe(III)-
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OC associations could be mitigated. Nevertheless, our findings show that Fe(III)-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(III)-OC associations. In both field and lab 

experiments, we found that Fe(III)-OC coprecipitates were microbially reduced, as they 

provided an easily reducible Fe pool compared to Fe in phyllosilicates for the present Fe(III)-

reducing microorganisms. The resulting net CH4 emissions from anoxic fen soil were 

decreased due to the addition of Fe(III)-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(III) reduction and a minority 

from anaerobic methane oxidation. The net decrease of CH4 emissions lowered the overall 

global warming potential of emitted GHGs in treatments with coprecipitate addition compared 

to no-coprecipitate controls, even while more CO2 was released. Fe(III)-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(III)-OC associations in the soil. For example, root radial oxygen loss of sedges 

could induce coprecipitation of dissolved Fe(II) and DOC and provide niches for 

microaerophilic Fe(II)-oxidizing microorganisms. Similarly, phototrophic or nitrate-reducing 

Fe(II)-oxidizers, which have been shown to be present in the fen soil based on microbial 

enrichment attempts (by Katrin Wunsch), could biotically form Fe(III)-OC associations. The 

future CH4 emissions of thawed permafrost peatlands, therefore, depend on the presence of 

Fe(III)-OC associations. 

 

Outlook 

Coprecipitation of permafrost organic carbon with dissolved iron(II) – role of abiotic vs biotic 

processes  

Coprecipitation processes of DOC from various ecosystems with dissolved Fe(III)24–27 as 

well as with dissolved Fe(II) at circumneutral pH28,29 have already been investigated in order 

to understand the OC binding capacities of Fe(III)-OC coprecipitates. In this PhD work, we 

expanded this knowledge by using permafrost-derived water-extractable OC and initially 

anoxic, dissolved Fe(II) 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-1 

Fe for palsa and bog environments, respectively. The produced C:Fe ratios in the solids were 

higher  than in other studies using dissolved Fe(III) due to the higher solubility of Fe(II) at acidic 
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pH (pH 4.5) and slower Fe oxidation rate30. 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(II) 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(II)31,32 or complexation of Fe(II) 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(II) across different 

pH ranges, representative for palsa and bog (pH 3.5-5) and for fen environments 

(pH 6-7)? 

(ii) 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(II) oxidation change the binding capacities of OC during 

microbial Fe(II) oxidation? 

To answer these questions, coprecipitation experiments using anoxic, water-extractable 

OC from different permafrost thaw stages and dissolved Fe(II) 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, H2O2) could be quantified, and OC composition could be analyzed 

by specific ultraviolet absorption spectroscopy (SUVA), 13C nuclear magnetic resonance 

spectroscopy (13C-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(II) oxidation could be simulated 

by using phototrophic or microaerophilic Fe(II)-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(II)-OC complex formation, which has been shown to affect biotic 

Fe(II) oxidation rates33. The final OC binding capacities in microbially formed Fe(III)-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(III)-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 soils34,35, but less in permafrost soils36. While their reported maximum binding 

capacities of OC per g mineral are much lower than for poorly crystalline Fe(III) 

(oxyhydr)oxides37, 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 reduction38, thereby forming more stable associations with OC. 

Therefore, as Fe(III)-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)oxides39. While Mn contents in soils are 

often several orders of magnitude smaller than Fe contents40 (within this work: 0.18-1.28 µmol 

Mn g-1 soil vs 70-170 µmol Fe g-1 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 CO2, while Mn is being reduced41–43. 

Furthermore, both phyllosilicates and Mn (hydr)oxides could exhibit different preferential 

binding behaviors compared to Fe(III) (oxyhydr)oxides37,44. 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(III) (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(III) 

(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(III) (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), 13C-NMR, and FT-ICR-MS. 

 

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

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(III) reduction45. Within this PhD work, we observed rapid (within 1 day) dissolution and 

reduction of Fe(III)-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(III) 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? 

(ii) Does electron shuttling of redox-active POM between microorganisms and Fe(III) 

minerals play a role for Fe(III) reduction in permafrost peatlands? 

(iii) What is the extent of abiotic Fe(III) reduction by reduced redox-active POM 

compared to microbially-mediated Fe(III) 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 techniques46,47. 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 Fe45. 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(III)-NTA45 or ZiV48 or by electrochemical 

mediated reduction and oxidation49. The OC composition within POM could be analyzed by 

13C-NMR and C XAS, in order to determine the contribution of phenolic groups, which are often 
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linked to abiotic Fe(III) reduction27,50,51. To estimate the importance of redox-active POM for 

Fe(III) reduction, POM could be added to a previously enriched Geobacter culture from 

Stordalen17 in minimal media together with synthesized ferrihydrite or Fe(III)-OC associations. 

An abiotic control without the Geobacter inoculum would be used to determine potential abiotic 

Fe(III) 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 scales52–

54. Many studies use 13C-labelled simple sugars, organic acids, or amino acids to synthesize 

mineral-organic carbon associations and track their fate through the aqueous, gaseous, and 

solid phase5,55–57. Within this work, we synthesized Fe(III)-OC coprecipitates to imitate a subset 

of the natural mineral-OC associations that would occur in permafrost soils. We demonstrated 

that Fe(III) 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(III) 

(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 13C-labeled 

substance, as 13C 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(III)-OC associations to CO2 and CH4 emissions? Does this 

contribution change in soils along the thaw gradient? 

(ii) 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 13C-labeled OC source for synthesizing Fe(III)-OC 

associations would be necessary. Besides a mix of 13C-labeled small OC compounds, it could 

also be feasible to use 13C-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 soil58 and would therefore provide a suitable OC source for the coprecipitate 
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synthesis. The plants could be exposed to 13CO2 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(III)-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 

peatlands59–61. This ratio should theoretically be 1:1 in anoxic systems62, meaning that higher 

ratios could imply the presence of additional processes decreasing the net flux of CH4. 

Anaerobic methane oxidation (ANME) could be the reason (Figure 1), as this process is known 

to play a major role in marine sediments63 and was recently demonstrated to occur in various 

terrestrial environments64-67. 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(III)-

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 µM traces of oxygen, or do they use other electron 

acceptors? 

(ii) What electron acceptors (nitrate, nitrite, sulfate, Fe(III), 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 13CH4-amended headspace. The 

production of 13CO2 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(III) 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 µM 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-bacteria68 as well as 16S rRNA gene 

amplicon sequencing. 

 

 

Figure 1. Illustration 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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