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Summary 
 
Northern Hemisphere peatlands store vast amounts of carbon, particularly in permafrost 

regions where low temperatures inhibited organic matter decomposition since the last glacial 
ice age. With high latitudes warming faster than anywhere else on the planet, there is urgent 

concern about the impact of permafrost thaw on the stability of this carbon sink.  
 
It has been shown that iron(III) (oxyhydr)oxides can trap organic carbon in soils, underlain by 

intact permafrost, which may limit carbon mobilization and thus its degradation. Therefore, it is 
considered as a so-called rusty carbon sink. However, controls on the stability of iron-carbon 

associations in permafrost peatlands and their response to warming temperatures are poorly 
understood. Only little is known about the microbial iron cycle in permafrost peatlands and how 

it is impacted by global warming. Its consequences for carbon mobilization and ultimately 
greenhouse gas emissions such as carbon dioxide and methane prevail unexplored.  

 
Aiming to fill these knowledge gaps, we characterized the dynamic interactions between iron 

and carbon in a subarctic thawing permafrost peatland (Stordalen mire) in Abisko, Northern 
Sweden. Here, in the discontinuous permafrost zone, oxic palsa mounds with ice-rich cores 

are rapidly collapsing into acidic bogs before they ultimately transform into ice-free fen-type 
wetlands.  

 
We show that reactive Fe minerals such as iron(III) (oxyhydr)oxides bind significant quantities 

of organic carbon (up to 20% of total organic carbon) in areas of intact permafrost. However, 
these iron-carbon associations are not stable during permafrost thaw. Iron(III)-reducing 

bacteria, such as e.g. Geobacter spp., reductively dissolve iron(III) (oxyhydr)oxides coupled to 

carbon oxidation, and release aqueous iron (iron(II)) and the previously iron-bound, aliphatic-
like organic carbon that becomes mobilized. The microbially driven iron(III) reduction thus 

directly contributes to greenhouse gas emissions such as carbon dioxide by iron(III) reduction 
coupled to carbon oxidation and indirectly by releasing bioavailable organic carbon which then 

can become further metabolized to carbon dioxide and/or methane by the present microbial 
community.  

 
Iron(III)-reducing bacteria increase in abundance soon after thaw initiates, as it results in 

increased water saturation and expanding reducing conditions. The loss of the rusty carbon 
sink in permafrost soils coincides with the highest measured dissolved organic carbon 

(535.75±133.74 mg C/L) and highly bioavailable acetate concentrations (61.7±42.6 mg C/L) 



Summary  

 2 

along a permafrost thaw gradient, a significant increase in the abundance of methanogens and 

methanotrophs, and with increasing fluxes of the greenhouse gases carbon dioxide and 

methane. 
 

We found that permafrost thaw also increases the abundance of iron(II)-oxidizing 
microorganisms, such as Gallionella spp. and Sideroxydans spp. This suggests that post-thaw 

iron cycling and interlinked greenhouse gas emissions are highly dynamic, and that the 
measured iron redox state is a result of the net balance between reductive and oxidative 

processes. Indeed, seasonal re-precipitation of iron(III) (oxyhydr)oxides was observed in the 
active layer of partially-thawed bog areas. Ultimately, iron(II)-oxidizing microorganisms can not 

sustain or reform the rusty carbon sink after complete permafrost thaw in fully-thawed fen-type 
wetlands. 

 

This work has greatly expanded our understanding of microbe-mineral interactions in 
permafrost peatlands. It reveals an important and previously overlooked role of iron-cycling 

microorganisms in the release of iron mineral-associated organic carbon and its impact on 
greenhouse gas emissions of thawing permafrost peatlands – one of Earth’s most rapidly 

changing ecosystems. 



 

Zusammenfassung 
 

Moore auf der Nordhalbkugel speichern große Mengen an Kohlenstoff, insbesondere in 

Permafrostgebieten, in denen niedrige Temperaturen die Zersetzung von organischem 
Material seit der letzten Eiszeit hemmen. Da sich hohe Breiten deutlich schneller erwärmen 

als andere Bereiche des Planeten Erde, besteht Grund zur Besorgnis über die Auswirkung 
des Auftauens von Permafrost auf die Stabilität dieser Kohlenstoffsenke.  

 
Es wurde bereits gezeigt, dass Eisenminerale, sogenannte Eisen(III) (oxyhydr)oxide, 
organischen Kohlenstoff in der aktiven Auftauschicht von Permafrostböden binden können. 

Dies hat zur Folge, dass die Mobilisierung von Kohlenstoff und damit dessen Verfügbarkeit 
und Abbau für Mikroorganismen eingeschränkt ist. Dieser Mechanismus wird deshalb auch 

als „rostige Kohlenstoffsenke“ bezeichnet. Prozesse, die die Stabilität dieser Eisen-

Kohlenstoffverbindungen in Mooren von Permafrostgebieten beeinflussen und Auswirkungen 
der steigenden Temperaturen auf diese Kohlenstoffsenke sind bisher kaum untersucht. Über 

den mikrobiellen Eisenzyklus in solchen auftauenden Permafrost-Mooren und wie dieser von 
der globalen Erwärmung beeinflusst wird, ist nur sehr wenig bekannt. Insbesondere die Folgen 

für die Kohlenstoffmobilisierung und letztendlich die daraus resultierenden 
Treibhausgasemissionen wie Kohlenstoffdioxid und Methan bleiben unerforscht.  

 
Um diese Wissenslücke zu schließen, haben wir die dynamischen Wechselwirkungen 
zwischen Eisen und Kohlenstoff in einem subarktischen, auftauenden Permafrost-Moor 

(Stordalen) in Abisko in Nordschweden charakterisiert. Hier, in der diskontinuierlichen 
Permafrostzone, kollabieren oxische (Sauerstoff-reiche) Bodenhügel mit eisreichen Kernen 

(sogenannte Palsahügel) in saure Moore, bevor sie sich schließlich in eisfreie 

Moorfeuchtgebiete verwandeln.  
 

Wir zeigen, dass reaktive Eisenminerale wie Eisen(III)(oxyhydr)oxide in Gebieten mit intaktem 
Permafrost signifikante Mengen an organischem Kohlenstoff (bis zu 20% des gesamten 

organischen Kohlenstoffs) binden können. Diese Eisen-Kohlenstoff-Assoziationen sind jedoch 
während des Auftauens des Permafrosts nicht stabil. Eisen(III)-reduzierende Bakterien, wie 

beispielsweise Geobacter sp., lösen Eisen(III) (oxyhydr)oxide, gekoppelt an 
Kohlenstoffoxidation, reduktiv auf und setzen so wässriges Eisen (Eisen(II)) und den zuvor 

gebundenen organischen Kohlenstoff frei. Eisen(II) und organischer Kohlenstoff werden in das 
Porenwasser der aktiven Bodenschicht mobilisiert. Die mikrobielle Eisen(III)reduktion 
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gekoppelt an Kohlenstoffoxidation trägt daher direkt zu Treibhausgasen wie Kohlenstoffdioxid 

bei und indirekt bei der Freisetzung von bioverfügbarem Kohlenstoff, der anschließend von 

der präsenten mikrobiellen Gemeinschaft weiter zu Kohlenstoffdioxid und Methan 
metabolisiert werden kann.  

 
Die Eisen-reduzierenden Bakterien nehmen kurz nach Beginn des Auftauens als Reaktion auf 

eine erhöhte Wassersättigung und daraus resultierende reduzierte Bedingungen stark in ihrer 
Anzahl zu. Die Auflösung von Eisenmineralen im Moment des Palsa-Kollapses führt zur 

Freisetzung von wässrigem Eisen und vorherigem Eisenmineral-assoziiertem organischen 
Kohlenstoff in das umgebene Porenwasser. Der Verlust dieser rostigen Kohlenstoffsenke in 

Permafrostböden fällt mit den höchsten gemessenen Konzentrationen an gelöstem 
organischen Kohlenstoff (535,7g ± 133,74 mg C/L) und höchstbioverfügbarem Acetate (61,7 

± 42,6 mg C/L) entlang eines Auftaugradienten, einer signifikanten Zunahme in der Anzahl von 

Methan-bildender Mikroorganismen (Methanogene) und Methan-verwendeten 
Mikroorganismen (Methanotrophe) und einem signifikanten Anstieg der Treibhausgase 

Kohlenstoffdioxid und Methan zusammen.  

 
Mit dem Auftauen der Permafrostböden nimmt auch die Anzahl der Eisen(II)-oxidierenden 

Mikroorganismen (Eisen-bildner) wie Gallionella sp. und Sideroxydans sp. stark zu. Dies 
deutet darauf hin, dass der mikrobielle Eisenkreislauf nach dem Auftauen der 

Permafrostböden und die damit verbundenen Treibhausgasemissionen sehr dynamisch sein 
können. Der gemessene Eisen-Redox-Zustand (Eisen(II) oder Eisen(III)) ist daher ein 

Ergebnis des Nettogleichgewichts zwischen reduktiven und oxidativen mikrobiellen 
Eisenprozessen. In der Tat wurde eine saisonale Wiederausfällung von Eisen(III) 

(oxyhydr)oxiden, aufgrund sich veränderter Redoxbedingungen während der aufgetauten 

Sommermonate in der aktiven Schicht von teilweise aufgetauten Moorböden, beobachtet. 
Jedoch können diese Bakterien den Verlust dieser rostigen Kohlenstoffsenke mit 

vollständigem Auftauen der Böden und Ausbreiten der Feuchtgebiete nicht verhindern.  

 
Diese Arbeit hat unser Verständnis der Wechselwirkungen zwischen Mikroben und Mineralen 

in Permafrost-Mooren erheblich erweitert. Es zeigt sich eine wichtige und bisher übersehene 
Rolle der eisenmetabolisierenden Mikroorganismen in der Freisetzung von 

mineralgebundenem organischen Kohlenstoff und in der Freisetzung von Treibhausgasen in 
auftauenden Permafrost-Mooren – einem der sich am schnellsten verändernden Ökosysteme 

der Erde.  



 



 

Chapter 1: Introduction 
 
Besides vegetation and the ocean, permafrost is one of the world’s largest carbon (C) sinks, 

storing twice as much carbon as the atmosphere1. Low soil temperatures locked this 
substantial carbon pool away for thousands of years. However, due to anthropogenically driven 

climate change, the permafrost zone is warming across the globe2, leading to permafrost thaw. 
Thawing permafrost is known to mobilize concerning amounts of carbon which potentially 

could end up into the atmosphere, leading to a strong positive feedback that may amplify 
climate warming. Yet, the magnitude of greenhouse gas (GHG) emissions such as methane 

(CH4) and carbon dioxide (CO2) from thawing permafrost areas remains uncertain. This 
knowledge gap can be explained by the complex range of physical, chemical, and biological 

changes driven by permafrost thawing that affect not only these permafrost areas, but also 
wider ecosystems. There is a strong need to better understand what happens to permafrost 

regions and broader ecosystems as permafrost thaws to determine the net effect on the global 

carbon cycle. Piercing together carbon sources and sinks in these complex permafrost 
environments is important to understand its overall climate impact3. One such carbon source 

or sink could be the interactions of iron (Fe) to carbon in thawing permafrost peatlands.  
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Microbial iron and carbon cycling in permafrost-affected soils 
 
Iron exists in two environmentally relevant redox states: (1) as reduced Fe(II), which is easily 

soluble at neutral pH, and (2) as oxidized Fe(III), which is poorly soluble at neutral pH and 
usually precipitates as Fe(III) (oxyhydr)oxide minerals4. Organic carbon (OC) can interact with 

both Fe species, Fe(II) and Fe(III), for example by sorption to or co-precipitation with Fe 
minerals, or by direct chelation and complexation5-7. Such interactions of OC to Fe, specifically 

to Fe(III) (oxyhydr)oxides, have been shown to be protected by soil structural conditions (such 
as aggregation formation, macroscale shifts in fluid paths). As a result, carbon bound to Fe is 

immobilized and thus less accessible to decomposing microorganisms in respective soil 
environments8,9. Further, oxygen (O2) diffusion in these Fe-OC associations is hindered, which 

additionally favors carbon preservation over its decomposition8,9 and ultimately results in a so-
called rusty carbon sink10. Therefore, the precipitation and dissolution of Fe minerals in 

response to changing redox conditions could be a key factor in controlling OC stabilization in 

permafrost-affected soils.  
 

Numerous abiotic processes can lead to Fe redox transformations from Fe(II) to Fe(III) or vice 
versa, such as for example Fe(II) oxidation by O2, Fe(III) photoreduction, and Fe(III) reduction 

by sulfide or reduced natural organic matter (Figure 1). Abiotic oxidation of dissolved Fe(II) by 
O2 produces hydroxyl radicals (•OH) that can degrade organic carbon further to low molecular 

weight organic molecules and CO211-13. The extent to which Fe-promoted radical formation 
degrades organic matter in permafrost environments has not been established; however, this 

process may produce as much CO2 as microbial respiration in Arctic surface waters12. At the 
same time, microbial Fe(II) oxidation and Fe(III) reduction takes place4. At neutral pH, 

microaerophilic Fe(II)-oxidizing bacteria use O2 as electron acceptor for Fe(II) oxidation4. Under 

anoxic conditions, Fe(II) can be oxidized coupled to either nitrate reduction or 
photosynthesis14,15. Fe(III)-reducing bacteria reduce Fe(III) to Fe(II) coupled to organic carbon 

or H2 oxidation during anaerobic respiration, and thereby provide Fe(II) as an electron donor 
for Fe(II)-oxidizing bacteria.  
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Figure 1. Iron cycling linked to the carbon cycle. Fe(II) can abiotically be oxidized by 

reactive nitrogen species such as nitrite (NO2-) or nitric oxide (NO), manganese oxides (MnO2), 
reactive oxygen species (ROS) and O2. Fe(II) can microbially be oxidized by microaerophilic 

Fe(II)-oxidizers using oxygen (O2) as electron acceptor (purple bacterium), by nitrate-reducing 
Fe(II)-oxidizers using nitrate (NO3-) as electron acceptor (green bacterium), as well as by 

phototrophic Fe(II)-oxidizers using carbon dioxide (CO2) as electron acceptor and light (hv) as 
energy source (yellow bacterium). Fe(III) can abiotically be reduced by superoxide (O2–  ̇), by 

light (usually when Fe(III) is organically complexed), by organic carbon (OC) and sulphide 
(H2S). Fe(III) can microbially be reduced by Fe(III)-reducing bacteria (red bacterium) using 

OC), methane (CH4), dihydrogen (H2) or ammonium (NH4+). Iron oxidation promotes OC 

trapping whilst reduction promotes mineral dissolution and C release. Fe(III) reduction 
competes with methanogenesis but can promote methanotrophy. Not pictured is the effect of 

pH which is altered by Fe mineral transformation and influences methane production due to 
physiological constrains.  
 

Little is known about the microbial iron carbon cycle in permafrost environments. On the one 
hand, cold temperatures and slightly acidic pH in permafrost-affected soils, such as for 

example in arctic peatlands, allow Fe(II)-oxidizing bacteria to compete more effectively with 
abiotic Fe(II) oxidation. Emerson et al.16 demonstrated microaerophilic Fe(II)-oxidizing bacteria 
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such as Lepthothrix sp. and Gallionella sp. to grow in microbial mats in the arctic tundra at the 

North Slope of Alaska. On the other hand, high dissolved organic carbon (DOC) concentrations 

and pervasive anoxia promote a higher activity and growth of Fe(III)-reducing bacteria. Fe(III) 
reduction, normally thought of as a dissimilatory process, could also be coupled to fermentative 

metabolisms in arctic permafrost-affected peatlands, as described previously for an acidic 
fen17. Fe(II) from Fe(III) reduction can be stabilized against oxidation by complexation with 

organic compounds, which inhibits re-oxidation even under high O2 concentrations18. To date, 
the microbial key players of Fe(III) reduction in permafrost environments were only poorly 

investigated. Only Lipson et al.19 found evidence for the presence of the Fe(III)-reducing 
bacterium Rhodoferax ferrireducens in the organic layer of artic peat soils across a drained 

thaw lake basin.   
 

The microbial iron and carbon cycles are linked by numerous processes with the ability to 

either increase or decrease net methane emissions. Fe(III)-reducing and methanogenic 
microorganisms compete for the same electron donor (Fe(III)). Fe(III) reduction is more 

thermodynamically favorable than methanogenesis, and thus, conditions more suitable to 
Fe(III) reducers have the potential to inhibit methanogenesis20. However, Fe(III) reduction (e.g. 

coupled to OC oxidation (see equation 1)) can also consume protons and lead to an increase 
in pH, which is more favorable for the growth and activity of methanogens.  

 
Equation 1 I 

4FeOOH + CH2CHOHCOO- + 7H+ -> 4Fe2+ + CH3COO- + HCO3- + 6 H2O 
 

Despite their potential for competition for electron donors, there is evidence that Fe(III)-

reducing and methanogenic microorganisms often co-exist21. Additionally, Fe(III) reduction can 
also be directly coupled to the metabolism of methanogens and methanotrophs. For instance, 

methanotrophic microorganisms can couple the anaerobic oxidation of CH4  to Fe(III) reduction 
and thus lead to a net drop in CH4 emissions22 (see equation 2), but also acetoclastic 

methanogens can use Fe(III) reduction to maximize their energy conservation by metabolizing 
acetate, and thereby augment the production of CH423.  

 
Equation 2 I 

8Fe(OH)3 + CH4 + 15H+ -> 8 Fe2+ + HCO3- + 21H2O 
 



Chapter 1: Introduction  

 10 

Furthermore, the release of previously Fe-associated C after reductive dissolution of Fe 

minerals by Fe(III)-reducing bacteria could increase the decomposition of organic carbon and 

emissions of GHG by the present active microbial community like fermenters and heterotrophs. 
Mineral-associated OC (MAOC) has been proposed to be mainly comprised of low molecular 

weight compounds of microbial (as for example microbial polysaccharides, amino sugars and 
muramic acid) and plant origin6,24-27 with low activation energies, favoring its assimilation by 

microbes and plants5,28,29. Thus, the release of MAOC through permafrost thaw is considered 
as a key driver of the composition of arctic surface waters, which ultimately controls bacterial 

respiration30,31.  
 

The complex balance of the listed processes that either suppress or promote greenhouse gas 
emissions such as CO2 and CH4, highlights the need of a fundamental understanding of the 

microbial Fe metabolisms and its microbial interactions with methanotrophs and methanogens 

in thawing permafrost environments. Ultimately, the bioavailability of Fe-OC associations is 
crucial for identifying it as a potential carbon source or sink.  

  



Chapter 1: Introduction  

 11 

Influence of Fe on OC stabilization in permafrost environments 
 
Several studies already stated that iron oxides have the potential to increase OC storage in 

intact permafrost soils by hindering microbial degradation and thus increasing mineral 
stabilization of OC (Figure 2). 

 
In permafrost-affected soils from the East Siberian Arctic, Gentsch et al.32,33 found organic 

matter to be strongly associated with minerals via sorption to clay sized particles and 
coprecipitation with metals such as poorly crystalline iron oxides. Their data showed that 

mineral-associated organic carbon was the dominating organic matter fraction (54±15% of the 
total OC) in the active layer and upper permafrost in cryoturbated soils across the Siberian 

Arctic33.  
 

Mu et al.34 determined the amount of soil OC (SOC) associated with reactive Fe phases in 

permafrost regions of the Qinghai-Tibetan Plateau (QTP). They found that iron-bound organic 
carbon represented 19.5±12.3% of the total SOC pool and concluded that approximately 20% 

of SOC could be preserved by the rusty carbon sink in permafrost regions of the QTP34.  
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Figure 2. Examples of iron (Fe)-organic carbon (OC) associations found in different 
permafrost environments. The listed studies represent examples of known literature and the 

figure is not aiming for completeness. It shows the widespread abundance of Fe-OC 

associations in permafrost environments.  
 

Recently, Mueller et al.35 found close associations between Fe and organic carbon in a cross 
section from a permafrost layer of a Cryosol from Northern Alaska. They estimated that around 

28% of the total OC in the active layer and upper permafrost of drained thaw lake basins on 
the Arctic coastal plain were mineral-associated. Hobara et al.36,37 estimated that mineral-

associated OC is comprised of 30-55% of total OC stored in the active layer in acidic soils from 
arctic tundra and boreal forest ecosystems. They observed that concentrations of mineral-

associated OC were positively correlated with Al- and Fe-bearing minerals36,37. Herndon et al.38 
described organic horizons in an active layer of the arctic tundra on the North Slope of Alaska 

that was enriched in (poorly) crystalline Fe(III)(oxyhydr)oxides derived from the upward 

translocation of dissolved Fe(II) and Fe(III) containing mineral horizons. Their data suggested 
that iron oxides may inhibit organic carbon degradation by binding low-molecular weight 

organic compounds, stabilizing soil aggregates, and forming thick coatings around particulate 
organic matter38.  
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The authors clearly state the need of future predictions of iron-induced carbon storage in 

thawing arctic tundra under changing redox conditions38,39. So far the majority of studies 

focused on still intact permafrost and not on Fe-OC associations during permafrost collapse.  
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Climate-induced permafrost thaw and resulting biogeochemical shifts  
 
Arctic air temperatures show a 2.5 to 3 times higher increasing trend than the global average 

due to climate change40. By the end of the century, an increase in temperatures of ~3-9°C is 
projected for Arctic regions40.  

 
Along with these large air temperature changes, permafrost temperatures have increased, with 

the highest rise in shallow permafrost41, leading to an increasing thickness42 and variability43 
of the active layer and an amplified extent and duration of thaw of long-frozen ground ice and 

permafrost soils44. Multiple lines of evidence suggest that the Arctic hydrological cycle is 
intensifying due to warming, resulting in increases in all fluxes, including precipitation, runoff 

and evapotranspiration (ET)45. The processes triggered by permafrost thaw coupled to 
changes in precipitation and drainage are expected to lead to greater fluctuations in water 

levels and redox conditions in arctic wetlands. Elberling et al.46, for example, reported a decline 

in precipitation and an increase in ET in wetlands of Northeast Greenland which resulted in an 
increasing occurrence and frequency of drought events. Moreover, rain events in summer still 

occur and could even increase in intensity, causing increasing fluctuations in redox conditions 
as soils drain and (re)flood46.  

 
Soil warming drives microbial decomposition of previously frozen soil organic carbon and thus 

highly effects the release of GHG emissions from thawing permafrost environments1. The 
magnitude of GHG emissions strongly depends on redox conditions that control ecosystem C 

storage47. Under oxic conditions, organic matter is quickly consumed by aerobic respiration 
producing CO2. In contrast, under anoxic conditions, anaerobic respiration leads to slower 

production of CO2, but also of CH448-51. Not only the carbon cycle is heavily influenced by redox 

conditions, but also therewith connected biogeochemical cycles, such as the nutrient (nitrogen 
and phosphorous), sulfur, and iron cycles. Little is known about the response of these cycles 

to changing redox conditions in permafrost-affected ecosystems with Arctic warming.  
 

A large manipulation experiment provided first insights in the complex net of processes driven 
by shifts in redox conditions. Within a drained thaw lake basin on the Arctic coastal plain, water 

tables were either lowered (drained), raised (flooded), or remained unaltered (control setup)52. 
Unfortunately, the effects of soil drainage could not be assessed due to similar water table 

heights in drained and control areas. However, their results suggested that flooding increased 
thaw depth and an increase in CO2 production52. The short-term effects of the water table 

manipulation on CH4 fluxes were more complex and non-linear. Flooding additionally led to 
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decreases in dissolved O2 and an increase in dissolved Fe(II) and phosphate53, probably 

caused by mineral dissolution54. On the one hand, conditions in flooded permafrost soils could 

promote Fe(III) mineral dissolution and as a result release previously Fe-associated OC. On 
the other hand, drainage of previously frozen soils could inhibit Fe(III) reduction, promote Fe(II) 

oxidation and result in the formation of Fe(III) (oxyhydr)oxides sequestering OC. How climate-
induced permafrost thaw will affect the so-called rusty carbon sink by varying redox conditions 

remains unknown.  
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Permafrost peatland, Stordalen mire (Abisko), as a model system  
 
In order to better understand the link of the microbial iron to the carbon cycle and ultimately 

the role of Fe transformations on C degradation and GHG emissions during permafrost thaw, 
a permafrost peatland in northern Sweden was used as a model field site. Stordalen mire 

(68.20°N, 19.03°E; 351 m above sea level) is a 15 ha large actively degrading permafrost 
peatland in the discontinuous permafrost zone located 10 km east of Abisko, Sweden. Average 

temperatures at Stordalen exceeding the 0°C threshold in the year 200055 caused permafrost 
thaw and a great heterogeneity in the landscape from desiccating palsa (underlain by intact 

permafrost) (Figure 3) to ombrotrophic bog (intermediately thawed) and waterlogged 
minerotrophic fen-type wetlands (fully thawed)56. Over the past 40 years, palsa regions at 

Stordalen collapsed, declined, and resulted in an increase in bog and fen areas due to 
permafrost thaw57 (Figure 4).  

 

 
 

Figure 3. Desiccating palsa, underlain by intact permafrost, at Stordalen mire, 
permafrost peatland in Northern Sweden.  
 
Along this thaw gradient, an increase in reduced conditions due to waterlogging was observed 

resulting in anaerobic carbon decomposition and increasing CH4 production56,58. Increased 
thaw correlated with a shift from hydrogenotrophic to partly acetolactic methanogenesis58. The 

methanotrophic community is diverse and shows strong spatial heterogeneity, but highest 

methane oxidation in anoxic depths of the bog59. Dissolved organic matter composition shifted 
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toward lower molecular weight compounds with lower aromaticity, lower organic oxygen 

content, and more abundant microbially produced compounds60. These changes are 

accompanied by a strong correlation with vegetation changes, particularly the presence or 
absence of Sphagnum moss60. Additionally, the pH changes from 4.1 in the bog to more than 

5.8 in the fen60.  
 

 
 

Figure 4. Collapsing palsa, resulting in waterlogged conditions and increasing bog and 
fen areas at Stordalen mire.  
 

Stordalen mire has been the site of pioneering studies on permafrost thaw over more than 4 
decades including fundamental parameters such as short- and long-term soil and air 

temperature trends, rainfall, and snowfall as well as hydrological data61. Today, high resolution 
measurements are recorded for air humidity, temperature, groundwater level, CO2/CH4 

emissions, precipitation, snow depth, soil moisture and temperature, heat flux and surface 
temperature as well as ingoing/outgoing solar, terrestrial, and photosynthetically active 

radiation. This context data is required to capture the heterogeneity, the changing redox 

conditions and ultimately to be able to characterize and identify the unaddressed microbial 
processes of the iron and the carbon cycle along a thaw gradient in permafrost peatlands.  
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Open questions and objectives of this study 
 
Multiple lines of evidence show that significant amounts of organic carbon could be bound to 
iron minerals in intact permafrost regions, however, it remains unknown if this so-called rusty 

carbon sink preserves organic carbon during and after permafrost thaw. A fundamental 
understanding of the role of the microbial iron cycle, influencing carbon mobilization and 

decomposition in permafrost soils, and its response to permafrost thaw is lacking. Iron mineral 
dissolution during permafrost thaw has been overlooked as a potential source of dissolved 

organic carbon in permafrost regions. It is unknown to what extent the rusty carbon sink is 
destabilized with permafrost thaw and what influence released, previously iron mineral-

associated organic carbon could have on future greenhouse gas emissions of thawing 
permafrost environments.  

 

These questions can not be answered by one environmental discipline alone, but requires a 
complex and cross-disciplinary approach combining various fields such as biogeochemistry, 

microbiology, hydrology and climatology. The presented work in this thesis addresses the 
above-described questions by the use of a model habitat for permafrost environments in 

transition – Stordalen mire, a thawing permafrost peatland in Northern Sweden. Aimed at 
improving our understanding of the microbial iron cycle in permafrost peatlands affected by 

global warming and its impact on carbon mobilization and greenhouse gas emissions, the 
specific objectives of this study are:  

 

• To determine to which extent the formation and dissolution of iron minerals contribute 
to soil organic carbon persistence in permafrost peatlands and how this so-called rusty 
carbon sink responds to changing redox conditions associated with permafrost thaw 

and seasonal fluctuations in runoff and soil moisture (Chapters 2, 3 and 4).  
 

• To determine the identity, quality and bioavailability of organic carbon associated with 
iron minerals with continuous permafrost thaw (Chapters 2 and 3).  

 

• To identify, quantify, and isolate iron(II)-oxidizing and iron(III)-reducing 
microorganisms involved in formation and dissolution of organic carbon-binding iron 

minerals with permafrost thaw (Chapters 2, 3 and 4).  
 



Open questions and objectives of this study  

 23 

• To determine the interplay of iron-cycling microorganisms with methanotrophic and 
methanogenic microorganisms during permafrost thaw (Chapter 2). 

 
• To quantify the extent to which the formation and dissolution of iron minerals, and thus 

carbon release and increased bioavailability, influences greenhouse gas emissions 
such as CO2 and CH4 with permafrost thaw (Chapters 2, 3 and 4).  

 
• To determine to which extent this so-called rusty carbon sink can preserve organic 

carbon in other dynamically thawing permafrost environments (Chapter 5).
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Abstract 

 
It has been shown that reactive soil minerals, specifically iron(III) (oxyhydr)oxides, can trap 
organic carbon in soils overlying intact permafrost, and may limit carbon mobilization and 

degradation as it is observed in other environments. However, the use of iron(III)-bearing 

minerals as terminal electron acceptors in permafrost environments, and thus their stability 
and capacity to prevent carbon mobilization during permafrost thaw, is poorly understood. We 

have followed the dynamic interactions between iron and carbon using a space-for-time 
approach across a thaw gradient in Abisko (Sweden), where wetlands are expanding rapidly 

due to permafrost thaw. We show through bulk (selective extractions, EXAFS) and nanoscale 
analysis (correlative SEM and nanoSIMS) that organic carbon is bound to reactive Fe primarily 

in the transition between organic and mineral horizons in palsa underlain by intact permafrost 
(41.8±10.8 mg carbon per g soil, 9.9 to 14.8% of total soil organic carbon). During permafrost 

thaw, water-logging and O2 limitation lead to reducing conditions and an increase in 

abundance of Fe(III)-reducing bacteria which favor mineral dissolution and drive mobilization 
of both iron and carbon along the thaw gradient. By providing a terminal electron acceptor, 

this rusty carbon sink is effectively destroyed along the thaw gradient and cannot prevent 
carbon release with thaw.  
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Introduction  

 
The release of vast amounts of organic carbon during thawing of high-latitude permafrost is 
an emerging issue of global concern. Yet, the extent of greenhouse gas emissions from 

permafrost thawing remains unpredictable due to knowledge gaps related to controls on the 
fate of carbon in permafrost soils1. The mobility, lability and bioavailability of organic carbon is 

determined by a number of inter-connected physico-biogeochemical parameters and 
processes. One such parameter is the presence of reactive iron minerals (defined here as iron 

minerals that are reductively dissolved by the chemical reductant sodium dithionite, e.g. 
ferrihydrite or goethite), which are known to stabilize organic carbon by sorption and co-

precipitation2-5. Fe-bound carbon can be protected by soil structural conditions (such as 
aggregate formation, macro-scale shifts in fluid flow paths), thus be less accessible to 

decomposer organisms6,7. At the same time, oxygen (O2) diffusion is hindered further favoring 

soil organic matter preservation rather than decomposition6,7. Thus, Fe-C associations are 
thought to significantly influence long-term carbon storage in numerous environments5,8-10.  

 
Several studies already identified poorly crystalline Fe organic matter associations in the field 

or produced them in the lab, and demonstrated that they are resistant to microbial or chemical 
reduction11-13. The inventory of reactive iron minerals in humid climates is highly dynamic as 

they precipitate and dissolve in response to changing redox conditions. Mineral soil slurry 
incubations previously showed organic matter protection by iron only under static oxic 

conditions14. However, iron(III) mineral reduction and dissolution under oxygen limitation led 

to anaerobic mineralization of dissolved organic matter and soil organic matter by 74% and 
32-41%, respectively14. When mineral dissolution occurs, iron and carbon mobilization, 

increased carbon lability/bioavailability, and increased gaseous carbon loss as CO2 and CH4 
follow (catalyzed by heterotrophic and methanogenic microorganisms)15-19. The extent to 

which the formation and dissolution of reactive Fe phases contribute to soil organic matter 
persistence in redox-dynamic permafrost soils remains unknown. Despite the importance of 

iron minerals for carbon storage, we have little understanding of the presence of this so called 
rusty carbon sink in organic-rich permafrost peatlands and even less knowledge of how it will 

respond to changing redox conditions associated with permafrost thaw.  
 

In order to address this knowledge gap, we examined peatland soils collected along a thaw 

gradient at Stordalen mire (Abisko, Sweden). For this study, three thaw stages were defined, 
based on possible shifts in vegetation and hydrology, as has been done previously20-23, and 
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known changes in microbial ecology24,25 (Fig. 1, Supplementary Figure 1). These are: (1) 

desiccating palsa underlain by permafrost, (2) intermediately thawed bog, and (3) fully-thawed 
fen. Desiccating palsa sites are mainly dry and oxic21. As the permafrost thaws, the raised, 

dry ombrotophic palsas collapse, causing enlargement of semiwet and wet ombrotrophic bog 
areas with continuously frozen soil underneath21,22. With continued thawing, the bog areas 

decrease and minerotrophic fen areas expand with complete water saturation and thus even 
more reducing conditions than in the bog20-22,26. To be able to use a space for time-approach, 

the habitats are ordered following a temporal succession of apparent time since onset of thaw, 
as has been done by Hodgkins et al.21.  

 
We collected cores from locations deemed to be most representative of the three thaw stages 

and analyzed iron-carbon associations in three different layers within the cores defined by 

geochemical stratification, as has been done previously27. Cores were split into (1) organic 
horizon, (2) transition zone, interface between the two soil horizons, which can be locally very 

sharply defined (3-5 cm), but also reach over 20 cm layer thickness27, and (3) mineral horizon 
(Supplementary Figure 1). We analyzed the solid phase by selective extractions to determine 

different iron phases such as reactive iron (dithionite citrate extractable), poorly crystalline iron 
(hydroxylamine HCl), colloidal and OM-chelated iron (sodium pyrophosphate), and more 

crystalline iron phases such as poorly reactive sheet silicate Fe or FeS species (6M HCl). The 
selective extractions were simultaneously used to determine iron-bound carbon by 

measurement of DOC in the sodium dithionite citrate and sodium pyrophosphate extractions. 
Extended X-ray absorption fine structure (EXAFS) analysis was performed to support 

extraction data and further determine the presence of phases such as Fe-containing clays 

which were not extracted by the selective dissolutions. Correlative scanning electron 
microscopy (SEM) and nanoscale secondary ion mass spectrometry (nanoSIMS) were used 

to visualize iron-carbon associations in the fine fraction of the different soil layers. This was 
complemented by geochemical analysis of the porewater to determine potential electron 

acceptors and donors, and to track iron and carbon release from the solid into the liquid phase. 
Additionally, Fe(III)-reducing bacteria which are the driving force behind iron mineral reduction 

under anoxic conditions were quantified by a growth-dependent approach. We found that 
reactive Fe can bind organic carbon primarily in palsa soils underlain by intact permafrost. 

Water-logging and O2 limitation during permafrost thaw lead to reducing conditions and an 

increasing abundance of Fe(III)-reducing bacteria. By using the reactive Fe as terminal 
electron acceptor, they favor mineral dissolution and drive mobilization of both iron and carbon 
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along the thaw gradient. Thus, the rusty carbon sink is destroyed and cannot preserve organic 

carbon from carbon mineralization with permafrost thaw.  

 

 
 
Figure 1. Field site Stordalen mire close to Abisko in the North of Sweden. The three 
main thaw stages are (1) palsa (marked in orange), (2) bog (in green) and (3) fen (in blue). 

The positions of the three cores analyzed in detail within 3-4 days of collection in 2018, which 
represent all three thaw stages, are shown in yellow. Additional cores (shown in white) were 

taken in 2018 and analyzed after 7 months of incubation at 4°C (Supplementary Figures 1 and 

3). Data for further replicates, taken in 2017 and 2019, is provided in the SI (Supplementary 
Figures 1-5).  
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Material and Methods  

 
Site description and sample collection  

Stordalen Mire is a peatland 10 km southeast of Abisko in northern Sweden (68 22ʹ N, 19 03ʹ 
E)50 which is underlain by quartz-feldspar-rich sedimentary rock (Geological Survey of 

Sweden). The study site is within the discontinuous permafrost region of northern Scandinavia 

and consists of three distinct sub-habitats which are common to northern wetlands: (1) a well-

drained palsa underlain by permafrost, dominated by ericaceous and woody plants, (2) a bog 
with variable water table depth and some active thawing, dominated by Sphagnum spp. 

mosses, and (3) a fully-thawed and inundated fen, dominated by sedges such as Eriophorum 
angustifolium21,22. Dissolved O2 decreases with increasing water table depth in bog areas from 

150 ± 40 µM dissolved O2 at 10 cm depth to 20 ± 10 µM at 20 cm depth. In the fen, dissolved 

O2 at 10 cm depth is 20 ± 10 µM and 10 µM at 20 cm depth 26. Growing season mean soil 
temperature at 10 cm depth below surface varies along the thaw gradient, from 6.2 ± 0.2 °C 

in palsa to 7.2 ± 0.3°C in bog, and to 7.6 ± 0.3 °C in the fen51. In this study, the three sub-
habitats were ordered following a temporal succession of apparent time from palsa, to bog 

and fen, a space for time-approach, as has been done before21 following the classification of 
Johansson et al. (2006)22. This approach is limited in that (1) permafrost thaw progression 

through these three thaw stages is not necessarily linear21, (2) intermediate thaw stages (e.g. 
collapsed palsa) are not accounted for, and (3) it does not fully capture the heterogeneity of 

the landscape. However, this approach provides the best available estimate of how palsa 
mires will evolve with progressive climate change and thus has been applied widely at this 

site. The palsa and bog areas are underlain by permafrost with a thickness of 10-20 m52. The 

active layer, depending on the surface topography, ranges from 0.5-1 m thickness at maximum 
thaw52,53. These three thaw stages cover ~98% of the mire’s non-lake surface21. A thaw-

dependent shift in these habitats was observed from 1970 to 2000 during which palsa regions 
collapsed and bog and fen areas increased by 17%20. At the same time, an increase in 

average annual temperature by 2.5°C between 1913 and 2006 was measured, resulting in an 
annual mean temperature >0°C during the recent decades54. The total precipitation also 

increased during this period of time to an annual average of 306 mm54. The expansion of 
wetlands after permafrost melt is a widespread characteristic of peatlands affected by 

permafrost thawing55-58 and the successional shift from palsa to bog and fen areas has been 

documented in other northern peatlands57-60.  
In July 2018, cores were taken in duplicates along a gently collapsing thaw gradient from palsa 

to bog and fen (Supplementary Figure 1). Stordalen mire is a protected area with other 
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ongoing field research, thus the extent of coring is strictly limited due to the risk of accelerating 

permafrost thaw and/or disturbance to other long-term measurements, especially at sensitive 
sites like erosion fronts. However, extensive context data ([https://polar.se/en/research-in-

abisko/research-data/]) from the Abisko scientific community is available which ensures 
representative field sampling of a heterogeneous permafrost area, with cores taken following 

a transect along the direction of hydrological flow from palsa to bog and fen as described by 
Olefeldt and Roulet (2012)28. Given the restrictions in place, it was only possible to collect six 

cores per each thaw stage over three field campaigns (2017, 2018 and 2019) (Supplementary 
Figures 1-5). A Humax corer of 50 cm length and 3-cm-diameter with inner core liners was 

used. The inner liners were washed three times with 80% ethanol, six times with sterile MilliQ 
water and sealed with sterilized butyl rubber stoppers until coring. Butyl rubber stoppers were 

boiled three times in deionized water and sterilized at 121°C for 20 min in an autoclave. Sharp 

edges were cut into the end of the coring device to help cut the peat layer. A hammer was 
used to further sample the active layer. Hammering caused slight compaction of the cores, 

mainly in the organic horizon. Therefore, the recorded depths are not completely comparable 
to the initial soil profiles. Thus, the data is presented by the different soil layers (organic 

horizon, transition zone and mineral horizon) and depth intervals are still reported to illustrate 
that the dataset represents the active layer depth along the thaw gradient. Stocks (mg/cm2) 

were calculated considering compaction and compared to the content (mg/g) (Supplementary 
Figure 9). In the palsa and bog area, cores were taken until the depth of the ground ice. Layers 

at the bottom of the core which contained predominantly ice were excluded from further 
analyses. Therefore, the soil investigated in this study represented the seasonally thawed 

active layer at Stordalen mire, ranging from 30 to 49 cm. The cores were stored vertically at 

4°C in the dark. Three cores representing desiccating palsa, bog and fen were processed 
within 3-4 days (Supplementary Figure 6). Due to detailed analysis of the first core set (Palsa 

A, Bog C and Fen E), additional cores (Palsa B, Bog D and Fen F) from each thaw stage were 
analyzed after storage for 7 months at 4°C in the dark, which is not ideal, but still could be 

used to determine if preservation of the carbon by reactive iron was stable over longer time 
periods (Supplementary Figures 1 and 3). The long-term stored core Palsa B still showed 

higher abundance of reactive iron-associated organic carbon than Bog D and Fen F, but less 
than Palsa A which could be due to natural variability, long-term storage or because it was 

taken closer to the collapsing edge (Supplementary Figures 1 and 3). In 2019, an additional 

three cores (1 per thaw stage) (Palsa a, Bog c and Fen e) were collected and analyzed under 
same conditions and with the same methods as Palsa A, Bog C and Fen E from 2018. The 

cores taken in 2018 and 2019 were compared to triplicate cores previously collected in 
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September 2017 at each thaw stage with a Pürckhauer corer and processed directly after 

sampling, to show that the trends are representative for the whole mire (Supplementary 
Figures 1, 4 and 5). The organic horizon of the bog and fen replicate cores could not be 

sampled with the Pürckhauer corer. The palsa cores captured the whole active layer profile. 
The replicate cores showed the same trends of 6 M HCl extractable iron. Readily extractable 

Fe (defined by 0.5 M HCl extractable iron) showed similar trends to the sodium dithionite 
citrate or hydroxylamine HCl extraction for all three thaw stages (Supplementary Figure 4). 

The same trend of total organic carbon along the thaw gradient was observed (Supplementary 
Figure 5).  

 

Porewater sampling and analysis  

The cores were kept in a vertical position during transfer into an anoxic glovebox (100% N2). 

Three different sections were identified by texture and color changes: (1) an organic horizon 
on top, (2) a middle transition zone between the organic-rich and mineral-rich layer and (3) a 

mineral horizon at the bottom (Supplementary Figure 1). Rhizon porewater samplers 
(Rhizosphere research products, Netherlands) with a porous sampling area of 5 cm and 0.15 

µm pore size were used to extract porewater from three different depths, resulting in one 
sample representing each organic horizon, transition zone and mineral horizon. The extracted 

porewater was analyzed for dissolved Fe (total and Fe(II)), organic carbon (DOC) and fatty 
acids. For total Fe and Fe(II), the supernatant was acidified in 1 M HCl and quantified 

spectrophotometrically in triplicate with the ferrozine assay61. Dissolved OC was quantified in 

triplicate with a total organic carbon analyzer (High TOC II, Elementar, Elementar 
Analysensysteme GmbH, Germany). For the DOC analysis, the calibration curves were r2 > 

0.999 and the standard deviations of the triplicate analysis were <2%. Inorganic carbon was 
removed by acidifying the samples with 2 M HCl prior analysis. High performance liquid 

chromatography (HPLC; class VP with refractive index detector [RID] 10A and photo-diode 
array detector SPD-M10A VP detectors; Shimadzu, Japan) was used to determine the fatty 

acid concentrations. 
 

Core splitting 

The soil cores were removed from their liners under a N2 atmosphere. Each core was 

sectioned into an organic horizon of varying thickness (4-10 cm), a transition zone (3-5 cm) 

and mineral horizon (4-10 cm) (Supplementary Figure 1), following Ryden et al. (1980)27. The 
transition zone represents the boundary between organic and mineral horizon and was 
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additionally defined due to distinct geochemical conditions in the porewater analysis in the 

middle of the active layer near the boundary between organic and mineral horizon. Calculated 
bulk densities as a function of soil organic matter following Bockheim et al. (2003)62 were 

consistent with other studies conducted at Stordalen mire27 (Palsa A: organic horizon: 
0.03±0.01 g/cm3, transition zone: 0.08±0.02 g/cm3, mineral horizon: 0.84±0.26 g/cm3; Bog C: 

organic horizon 0.08±0.01 g/cm3, transition zone 1.29±0.04 g/cm3 and mineral horizon 
1.74±0.01 g/cm3, Fen E: organic horizon 0.21±0.02 g/cm3, transition zone 1.97±0.2 g/cm3 and 

mineral horizon 1.72±0.01 g/cm3). Sub-samples were homogenized and weighed into 10 mL 
glass vials and kept frozen at -20°C prior to subsequent analysis.  

 

Selective extractions  

The soil layers were subjected to several chemical extractions to quantify the different iron 

phases. The soils were kept frozen prior to analysis, then dried at 20°C under anoxic 
conditions until no further weight loss was observed (1 day). Prior to use, all glassware was 

washed with 1 M HCl for 10 min, flushed three times with deionized water and once with MilliQ 
water. Afterwards glassware was sterilized at 180°C in the oven for 4.5 hours. 0.3 g dry soil 

was weighed into a 10 mL glass vial with 6.25 mL extractant and N2 headspace. Following the 
extraction, as detailed below, all samples were centrifuged at room temperature for 10 min at 

5300 g. After centrifugation the supernatant was decanted into another 10 mL glass vial. Each 
extraction was performed in duplicates for each layer. Throughout the extraction, samples 

were kept in the dark under anoxic conditions (N2 atmosphere). The extracts were analyzed 

for Fe and DOC as described above. Additionally, the samples were acidified in 1% (v/v) HNO3 
and analyzed in duplicates by MP-AES (microwave plasma atomic emission 

spectroscopy)/ICP-MS (inductively coupled plasma mass spectrometry). To get the total iron 
(Fe), phosphorous (P) and sulphur (S) concentrations, the extracts were analyzed using ICP-

MS. To further obtain aluminum (Al) concentrations and a cross-check of the total Fe 
concentrations, the MP-AES was used for analysis (Supplementary Figure 10). The illustrated 

iron values throughout the whole study represent the iron values obtained by the ferrozine 
assay (for differences in iron concentrations through the different analysis see Supplementary 

Figure 12). Due to dark color of the extracts which can disturb the spectrophotometric 
measurement during ferrozine complexation, the absorbance of blanks (sample diluted in 1 M 

HCl or hydroxylamine-HCl) was measured and later subtracted to avoid overestimation of iron 

concentrations. At the same time, samples and standards are heavily diluted in 1 M HCl and 
hydroxylamine-HCl (1:1000 and 1:10,000) before spectrophotometric quantification. Given 
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these high levels of dilution, no matrix effects of the extractant solution remains. For the 

ferrozine assay, the calibration curves were r2 > 0.999, and the standard deviations of the 
triplicate analyses were <1%. For the ICP-MS, the calibration curves were r2 > 0.999, and the 

standard deviations of the triplicate analyses were <5%. For the MP-AES, the calibration 
curves were r2 > 0.993 and the standard deviations of the triplicate analysis were <10%. The 

results of all Fe analysis (ferrozine assay, MP-AES/ICP-MS analysis) show all the same trends 
with depth and along the thaw gradient (Supplementary Figure 12). For additional extractant 

specific experimental parameters see below.  
 6 M HCl  

To extract more crystalline iron phases of the soil layers, such as poorly reactive sheet silicate 

Fe or FeS species, dried samples were subjected to 6 M HCl extraction at 70°C for 24 h63-65.  

 Sodium pyrophosphate  

The sodium pyrophosphate extraction was performed following Coward et al. (2017)8 at pH 
10 to determine the colloidal or OM-chelated iron and bound organic carbon (Supplementary 

Figures 7 and 8).  
Hydroxylamine-HCl  

To extract the short ranged ordered (SRO) Fe oxides, an acidic hydroxylamine-HCl (pH <2) 

extraction was carried out under the same conditions as the sodium pyrophosphate 
extraction8.  

Dithionite-citrate 

Extractions were conducted using a solution of 0.27 M trisodium citrate, 0.11 M sodium 

bicarbonate and 0.1 M sodium dithionite (total ionic strength: 1.85 M), as previously described5 
(see also Supplementary Method 1). This extraction was used to also quantify the reactive 

iron minerals but in particular the organic molecules binding to it (released during iron mineral 
dissolution). Instead of heating to 80°C as described by Lalonde et al. (2012)5, the dithionite-

citrate extraction was performed under the same conditions as the sodium pyrophosphate and 
hydroxylamine-HCl extraction (on a rolling shaker at room temperature for 16 h) for better 

comparison between the different extractions and to prevent carbon alteration during heating 
(see also Supplementary Method 1, Supplementary Figures 7 and 8), following previous 

studies8,66,67. The citrate addition as a metal ion complexing agent was necessary to avoid 
under-estimation of iron and organic carbon as a result of complexation or mineral precipitation 

during extraction (Supplementary Method 1). Without citrate addition, we obtained 64±3% less 

iron and 57±28% less carbon after sodium dithionite reductive dissolution. As described in 
Lalonde et al. (2012)5, we also used a 1.85 M sodium chloride/0.11 M sodium bicarbonate 
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extraction as a control experiment under the same conditions (same solid:solution ratio, 

temperature, time, ionic strength) to distinguish between organic carbon (OC) which is readily 
desorbed and organic carbon which is released by the reduction of iron(III) minerals 

(Supplementary Figures 7 and 8). To determine the DOC background concentrations caused 
by the trisodium citrate, blanks (trisodium citrate sodium bicarbonate solution) were analyzed 

during each measurement. The background concentration was later subtracted from the total 
DOC value, as well as the DOC concentration of the control experiment (sodium chloride 

sodium bicarbonate solution), resulting in the OC which is released by the reduction of reactive 
iron (Supplementary Table 1). Microbial activity during and after the dithionite-citrate extraction 

and trisodium citrate sodium bicarbonate extraction can be excluded due to high salt content 
(ionic strength of 1.85 M). Rath et al.68 previously showed that salinity exerts a strong inhibitory 

effect on a range of microbial processes in soil and that acute toxic effects occurred 

immediately (within 2h). 
 

TOC analysis  

To quantify the total organic carbon (TOC) (Fig. 4, Supplementary Table 1, Supplementary 

Figures 2, 3 and 5), soil samples from each layer were dried at 60°C until the weight remained 
constant. The dry soils were then ground and acidified with 16% HCl to remove the inorganic 

carbon. After washing with deionized water and subsequent drying, the TOC content was 
analyzed by an Elementar vario El (Elementar Analysensysteme GmbH, Germany). The TOC 

content goes in line with previously reported values 69-71. For the TOC analysis, the calibration 

curves were r2 > 0.998 and the standard deviations of the triplicate analysis were <1%. 
 

EXAFS analysis  

Samples were dried under an N2 atmosphere and stored anoxically in a glove box prior to 

analysis. Sample were then sealed in plastic multi-sample holders with Kapton polyimide tape 
and kept anoxic until they were transferred to a sample mount at the beamline. The sample 

holder was in a cryostat during analysis to limit beam damage and to prevent oxidation of 
Fe(II).  

Fe K-edge X-ray absorption spectroscopic analyses were conducted at Beamline 11−2 at the 
Stanford Synchrotron Radiation Light source (SSRL) in Menlo Park, CA. The Si(220) phi = 0° 

monochromator was used, and beam size of 1 mm vertical and 10 mm horizontal. EXAFS 

fluorescence spectra were collected with the PIPS detector simultaneously with the 
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transmission spectrum of Fe foil, which was used for internal energy calibrations. Multiple 

scans (3-4) per sample were acquired as necessary to achieve satisfactory data quality.  
Scans were calibrated to 7112 eV (the first inflection point of Fe(0), and then averaged over 3 

or 4 scans using SixPack software. They were deglitched at 7250 and 7600 eV, and then 
normalized with the E0 value, determined by finding the inflection point of the first derivative 

of each sample. A set of Fe reference compounds was used to perform linear combination 
fitting (LCF) of EXAFS spectra in SixPack from chi values of 2 to 12 with an x-weight of 3. 

Non-negative fits were performed. Reference compounds were chosen based on prior 
knowledge of the sample including, for example, criteria such as elemental composition 

(determined by element composition of in the soil extracts), site characteristics (e.g. redox 
conditions, pH), and principal component analysis (PCA). PCA determines the number of 

distinct species in series of spectra. All contributions below 5 wt% were eliminated since we 

have previously determined that the limit of detection for mixed Fe species is around 5 wt% 
29,72. We determined the best least square fitting based on fitting parameters such as the 

reduced chi2 (X2) and R-factor values. The best fits were reference samples such as natural 
nontronite and ferrosmectite (referred to as Fe clays) obtained from the Clay Mineral Society, 

Fe(II)-citrate and Fe(III)-citrate (referred to as Fe(II)-OM and Fe(III)-OM) which were prepared 
and analyzed as described in Daugherty et al. (2017)73, mackinawite (referred to as FeS) 

which was prepared and analyzed as described in Troyer et al. (2014)74 and 2-line ferrihydrite 
(referred to as poorly crystalline Fe), prepared and analyzed as described in Borch et al. 

(2007)75, (Fig. 3). 
 

Correlative SEM and nanoSIMS  

The two end-members, palsa and fen, were analyzed using SEM and nanoSIMS (Fig. 4, 
Supplementary Figure 11) using only the free particles of the fine fraction of the transition zone 

and the mineral horizon. As described by Kopittke et al. (2018)76 and Keiluweit et al. (2012)77, 
subsamples of each layer (1 mg) were dispersed in 10 mL of anoxic deionized water and 

gently shaken to obtain the free organo-mineral particles from the fine fraction of the soil. 100 
µl of the suspension was placed onto a silica wafer and dried under an N2 atmosphere. The 

samples were sputter-coated with 12 nm platinum (Pt) using a Bal-Tec SCD005 sputter coater.  
To characterize the organo-mineral particles of the fine fraction by size and crystallinity and 

identify representative particles, a field emission scanning electron microscope (FE-SEM; Jeol 

JSM-6500F), equipped with secondary electron detector, was used prior to nanoSIMS 
analysis. The acceleration voltage was set to 5 kV, with a working distance of 10 mm.  
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The nanoSIMS analysis were performed at the Cameca nanoSIMS 50L of the Chair of Soil 

Science (TU München, Germany). Prior to the measurements, the samples were additionally 
coated with Au/Pd layer (~30 nm) to avoid charging during the analysis. The Cs+ primary ion 

beam was used with a primary ion impact energy of 16 keV. Prior to the final measurement, 
any potential contaminants and the Au/Pd coating layer were sputtered away at 50 x 50 µm 

with a high primary beam current (pre-sputtering). To enhance the secondary ion yields, Cs+ 

ions were implanted into the sample during this pre-sputtering process. The primary beam 

(~1.2 pA) was focused at a lateral resolution ~100 nm and scanned over the sample with 12C-

, 16O-, 12C14N-, 31P-, 32S-, 27Al16O- and 56Fe16O- secondary ions collected using electron 

multipliers. To compensate for any charging of the non-conductive mineral particles, the 
electron flood gun was used. All analyses were performed in imaging mode. For every layer, 

four representative spots were analyzed to obtain a reliable data basis for the spatial 

distribution of 12C- and 56Fe16O-. Ion images of 30 x 30 µm field of view, 30 planes with a dwell 
time of 1 ms/pixel, 256 pixels x 256 pixels were recorded. The estimated depth resolution with 

16 keV Cs+ ions was 10 nm. 
Finally, the nanoSIMS images were analyzed using the Open MIMS Image plugin available 

within ImageJ (available free-of-charge at [https:// imagej.nih.gov/ij/]. All presented images 
were corrected for the electron multiplier dead time (44 ns), as well as drift corrected, and the 

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

Most-probable-number (MPN) counts  

A growth-dependent approach, Most-probable number (MPN) counts (Fig. 2), was performed 
on the soil samples from the different depths of the cores in seven replicates. This is a useful 

way to quantify Fe(III)-metabolizing bacteria as there is a lack of specificity in the potential 
genes used for Fe(III) reduction and has the strength of directly showing that the 

microorganisms are capable of reducing Fe(III). The three soil layers (organic horizon, 
transition zone and mineral horizon) were homogenized and used for preparing a dilution 

series. Each tube of the dilution series contained 9 ml of anoxic freshwater media. 5 mM 
sodium acetate, 5 mM sodium lactate and 5 mM 2-line ferrihydrite (chemically synthesized as 

previously described78) were added as amendments to the anoxic media (0.6 g/L KH2PO4, 0.3 
g/L NH4Cl, 0.025 g/L MgSO4 x 7 H20, 0.4 g/L MgCl2 x 6 H20, CaCl2 x 2 H20, 22 mM NaHCO3, 

1 mL/L trace element according to Widdel et al. (1983)79, 1 mL/L vitamin solution after Widdel 

& Pfennig (1981)80 and 1 mL/L selenite/tungstate solution according to Widdel (1980)81) before 
preparing the dilution series. The headspace in the dilution series was N2:CO2 (90:10). To the 
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first tube of a dilution series, 1 g of soil was added, and a 10 x dilution series up to a dilution 

of 10-12 was prepared, as has been previously done with sediments by Laufer et al. (2016)82. 
MPN enumerations of Fe(III)-metabolizing bacteria were set up in 96-well plates with 7 

replicates for each dilution78,83. To each well, 900 µl of the media was added, and then 100 µl 
of the respective dilution of the soil was added. Each dilution was inoculated into 7 wells, while 

1 well served as a sterile control and remained uninoculated (no dilution of soil added, only 
anoxic media with lactate, acetate and ferrihydrite amendments)82. For anoxic incubation, the 

Anaerocult system (Merck, Germany) was used, together with an O2 indicator stick (Merck, 
Germany). Incubation was done for 8 weeks at 20°C in the dark. Generally, anoxic MPN deep-

well plates were evaluated visually for positive growth, as reduced-black Fe(II) minerals 
formed were easily detectable, meanwhile the control stayed rusty-orange82. To calculate the 

cell numbers (cells/g soil) from the positive MPN wells, all positive wells per dilution were 

counted and the most probable number was calculated using the software program KLEE, 
applying confidence limits of Cornish and Fisher (1938)84 and the bias correction after Salama 

(1978)85,86. Further isolation of Fe(III)-reducing bacteria was performed with same media and 
supplies via multiple round of dilution to extinction. DNA was extracted of the further isolated 

culture (after 7 transfers) using the UltraClean® Microbial DNA Isolation Kit (MO BIO 
Labratories, Carlsbad, CA, US). 16S rRNA gene fragments were amplified using the 341F 

(CCTACGGGAGGCAGCAG) and 907R (CCGTCAATTCCTTTRAGTTT) primer pair87 and 
resulting amplicons were sent for Sanger sequencing (Eurofins GATC biotech, Konstanz, 

Germany). Sequence results were analyzed using nucleotide BLAST (Basic Local Alignment 
Search Tool) to identify the closest relative.  
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Results and Discussion  
 
Thaw increases aqueous Fe2+ and dissolved organic carbon 
 
Along the thaw gradient, the aqueous Fe2+ in the porewater increased from average 
concentrations of 0.02±0.01 mM in the palsa to up to 1.6±0.3 mM in the fen transition zone 

(Fig. 2). This correlates with an increase in average dissolved organic carbon (DOC) from 
19.7±0.8 mg/L in the palsa to 102.1±14.1 mg/L in the fen area. In the bog porewater, acetate 

(0.6±0.1 mM) was measurable in the transition zone and mineral horizon, whereas lactate 
(0.8±0.02 mM) was only found in the transition zone. (Fig. 2). At the fen site, lactate and 

acetate were detected throughout the depth profile (0.2±0.1 mM). An additional peak in 
acetate (2.3±0.01 mM), propionate (0.8±0.02 mM) and butyrate (0.2±0.01 mM) was observed 

in the transition zone of the fen (Fig. 2). The appearance of butyrate and propionate in the fen 

porewater could be an indicator for ongoing microbial processes such as fermentation and 
methanogenesis in the more water-logged and thus more reduced fen soils. This is in line with 

observations from previous studies that highest methane emissions occur in the fen24. Our 
porewater data along the thaw gradient clearly shows an increase in aqueous Fe2+ and more 

labile organic carbon. It also highlights unique biogeochemical processes in the transition zone 
leading to the consumption or accumulation of fatty acids in this layer. The presence of more 

labile organic carbon in the porewater is consistent with previous work21. The palsa to bog 
catchment was described previously to have no other extrinsic sources of Fe or DOC28. The 

fen catchment however is hydrologically influenced by palsa to bog flow and by surrounding 
surface water bodies (ponds, river and lake)28. Analysis of this surface water showed average 

DOC concentrations of 24.87 ± 6.68 mg/L and average aqueous Fe2+ concentrations of 0.02 

± 0.02 mg/L. Thus, these extrinsic surface water sources cannot explain the high Fe and DOC 
measured in the fen.  

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

The trend in increasing aqueous Fe2+ and DOC concentrations observed across the thaw 
gradient goes hand in hand with a significant increase in abundance of Fe(III)-reducing 

bacteria in the organic horizon from palsa to fen (unpaired t-test, N=7, α=0.05, p=0.0001) and 
a significant increase in the transition zone from palsa to fen (unpaired t-test, N=7, α=0.05, 

p=0.0001). In the mineral horizon at all three thaw stages no difference in abundance of Fe(III)-
reducing cells was observed (2x103 cells per g soil). In the palsa organic horizon, 2.4x102 cells 

per g soil were found, in comparison to 2.6x104 cells per g soil in the organic horizon in the 

fen. In the transition zone of palsa, 2.4x103 cells per g soil were determined. Whereas, in the 
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fen transition zone the highest abundance of Fe(III)-reducing bacteria with 3.1x105 cells per g 

soil was observed. The abundance of Fe(III)-reducing bacteria was determined via growth and 
Fe(III) reduction by Most Probable Numbers (MPNs). Further isolation efforts from the fen 

yielded a microorganism with 99% similarity on the 16S rRNA level to Cupriavidus 
metallidurans (Proteobacteria). The isolate was able to reduce ferrihydrite to Fe(II) whilst 

simultaneously consuming lactate and producing acetate (Supplementary Figure 6). It did not 
utilize acetate. Fe-associated organic carbon could further enhance or lower reduction rates 

of ferrihydrite (depending on the OC:Fe ratios), but is unlikely to prevent mineral dissolution29. 
Cupravidus metallidurans strains are known to be extremely metabolically flexible and can 

utilize lactate fermentation under anoxic conditions30. They are also highly tolerant of toxic 
metals30. Although Fe(III) reduction is usually thought of as a dissimilatory process, in some 

peatlands, Fe(III) reduction coupled to fermentative metabolisms have been observed to be 

more common31. This could be one explanation for the acetate peak in the fen transition zone 
and increasing Fe(II) concentrations in the fen. Woodcroft et al. (2018)25 describes evidence 

of lactate fermentation along this thaw gradient and found Proteobacteria as one of primary 
lactate metabolizers in the fen. Our growth-dependent quantification is suggestive of 

increased microbially-driven Fe(III) mineral dissolution along the thaw gradient (Fig. 2).  
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Figure 2. Increasing iron and dissolved organic carbon concentrations accompanied 
by an increase in abundance of Fe(III)-reducing bacteria along the permafrost thaw 
gradient. a, Porewater geochemical analysis of the cores Palsa A, Bog C and Fen E and b, 
most probable number quantifications of Fe(III)-reducing bacteria (FeRed) in the solid phase 

of the cores Palsa A, Bog C and Fen E along the thaw gradient. Red marks the high acetate 
concentrations in the fen, in comparison to the bog, and the additional fatty acids butyrate and 

propionate, only detected in the fen. The error bars of the porewater data represent triplicate 
measurements. The error bars of the most probable number estimations of Fe(III)-reducers 

represent 7 replicate analyses and indicate lower and upper limits of the 95% confidence 

intervals. * marks significant difference between FeRed in palsa and fen, organic horizon and 
transition zone (unpaired t-test, N=7, α = 0.05, p = 0.0001). The green background marks the 

organic horizon, grey the transition zone, and yellow the mineral horizon. The backgrounds 
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for the porewater geochemistry are shaded due to the fact that this represents three cores, 

one core per thaw stage, with different horizon depths.  
 

Reactive iron minerals are dissolved along the thaw gradient 

In order to determine whether the observed increases in DOC were related to increased Fe(III) 

mineral reduction and dissolution, we quantified the amount of organic carbon associated with 
the reactive iron minerals along the thaw gradient by applying the citrate-dithionite iron 

reduction method5,32,33. This method simultaneously dissolves all reactive solid iron phases 
and releases the organic carbon associated with these minerals into solution. The extraction 

is performed at circumneutral pH to prevent hydrolysis of organic matter as well as its 
protonation and re-adsorption onto the remaining solid phases and thus its precipitation. A 

control experiment was conducted at the same pH with equivalent ionic strength (sodium 

chloride instead of the reducing agent sodium dithionite). The organic carbon which is released 
in this control is not associated with the reactive iron minerals and was therefore subtracted 

from the amount of carbon released from the dithionite-citrate extractions as previously 
described5 (Supplementary Table 1). Well-known issues with these extractions and a 

discussion of how we have overcome these are included in the Supplementary Information 
(Supplementary Method 1, Supplementary Figures 7 and 8). Additionally, we performed a 

sodium hydroxylamine-hydrochloric acid (HCl) extraction (pH<2) to target the poorly crystalline 
iron minerals, a sodium pyrophosphate extraction (pH 10) to extract colloidal or OM-chelated 

iron, and a 6M HCl extraction to obtain more crystalline iron phases of the soil layers (referred 

to as mg Fe(tot) per g) (Fig. 3). It should be noted that the total amount of iron per dry weight 
in the layers is different along the thaw gradient due to different redox-driven biogeochemical 

cycles in the three different thaw stages resulting in loss of total soil organic carbon and thus 
in an increasing abundance of the mineral material present in the active layer (Supplementary 

Figures 1-4 for spatial and horizontal variance in replicate cores). Stocks (mg/cm2) were 
calculated, but due to slight compaction, mainly for the organic horizons, not reported in the 

main text (Supplementary Figure 9). In the following, only the data from cores Palsa A, Bog C 
and Fen E are discussed (Fig. 1, Fig. 3 and Fig. 4), but observed trends are supported by 

further analyses conducted on cores analyzed in the same manner, but collected in 2019 
(Palsa a, Bog c and Fen e) (Supplementary Figure 2), as well as cores collected at the same 

time as Palsa A, Bog C and Fen E in 2018 but stored for a longer period (Palsa B, Bog D, Fen 

F) (Supplementary Figure 3). We also observed similar trends in triplicate cores from each 
thaw stage, collected in 2017 and analyzed with different but comparable methods 

(Supplementary Figure 4 and 5). The collected cores capture the three thaw stages over three 
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years (2017, 2018 and 2019) (Supplementary Figure 1) and show that the trends of Fe and 

organic carbon along the thaw gradient are robust.  
In the transition zone of the palsa, the reducible iron mineral fraction was 72.9 to 93.9% of the 

total extractable iron (2.6±0.6 to 8.44 mg reactive Fe per g soil in comparison to 3.5±0.1 to 
9.0±0.3 mg Fe(tot) per g soil) (Fig. 3, Supplementary Table 1). We suggest that this is driven 

by Fe(III) reduction in deeper layers leading to mobilization of Fe2+aq. This can be subsequently 
re-oxidized close to the interface between the organic horizon and mineral horizon by O2 which 

diffuses from the surface.  Oxidation will result in precipitation as Fe(III) oxyhydroxide minerals 
at this transition, as has been previously suggested for boreal peat soils34. The amount of 

reactive iron minerals in the transition zone then decreased to 11.1% of the total extractable 
iron in the bog (2.1±0.1 mg reactive Fe per g soil in comparison to 18.7±0.7 mg Fe(tot) per g 

soil) and to 18.3% of the extractable iron in the fen (2.6±0.03 mg reactive Fe per g soil in 

comparison to 14.5±0.2 mg Fe(tot) per g soil) (Fig. 3, Supplementary Table 1). In the mineral 
horizons along the thaw gradient, a loss of the reactive iron minerals was also observed, likely 

due to more reduced conditions favoring Fe(III) mineral reduction at deeper depths. Reactive 
iron in the palsa mineral layer was 10.0 to 36.6% of the total extractable iron (3.2±0.2 to 

1.4±0.2 mg reactive Fe per g soil in comparison to 8.7±0.3 to 13.5±0.2 mg Fe(tot) per g soil) 
and declined to 7.5% of the total extractable iron in the bog (0.9±0.1 mg reactive Fe per g soil 

in comparison to 11.7±0.8 mg Fe(tot) per g soil) and 9.0 to 10.7% of the total iron in the fen 
(1.8±0.04 to 1.7±0.04 mg reactive Fe per g soil in comparison to 16.3±0.4 to 19.01±0.25 mg 

Fe(tot) per g soil) (Fig. 3, Supplementary Table 1). This loss of reactive iron in the transition 
zone and mineral horizon was also confirmed by the hydroxylamine-HCl extraction and iron 

speciation by EXAFS (Fig. 3). The abundance of colloidal and/or OM-complexed iron (defined 

as sodium pyrophosphate extractable iron) also decreased along the thaw gradient, giving 
way to an increasing relative atom percent-based abundance of Fe-bearing clays (Fig. 3). This 

observation is consistent with increasing aluminum concentrations in the extracts 
(Supplementary Figure 10). The iron content in the organic layer increased from almost no 

iron in the palsa (0.2±0.02 mg Fe(tot) per g soil, all poorly crystalline) to 4.7±0.01 mg Fe(tot) 
per g soil (with 43.4% of the total extractable iron being reactive iron) in the organic layer of 

the fen (Fig. 3). This might again be driven by Fe(III) reduction in deeper layers leading to 
mobilization of Fe2+aq, which might precipitate now close to the water table.  

 



Chapter 2  

 45 

 
Figure 3. Reactive Fe along the permafrost thaw gradient. Fe speciation was determined 
along the thaw gradient by a, selective extractions and b, extended X-ray absorption 
fine structure (EXAFS). The reactive iron mineral fraction [mg iron (Fe) per g soil] was 
quantified in the different layers, control corrected by a sodium chloride bicarbonate extraction 

with the same ionic strength and pH (Supplementary Table 1), and compared to the more 
crystalline Fe (6M HCl extractable Fe, referred to mg Fe(tot) per g soil in the text) and to the 

colloidal and/or organic matter (OM)-chelated Fe. Please note the differences in the scale of 

y-axis due to variable thickness of each soil layer along the thaw gradient. The green 
background marks the organic horizon, grey the transition zone, and yellow the mineral 

horizon. Error bars of all extractions represent duplicate extractions of each layer per thaw 
stage, except for the dithionite citrate extractable iron which represents a combined standard 

deviation of sodium chloride bicarbonate extractable iron and dithionite/citrate extractable iron 
(not control corrected). EXAFS results of the transition zone and the mineral horizon of the 

two-end members palsa and fen show loss of the poorly crystalline Fe (reference probe: 2-
line ferrihydrite), the decrease in OM-chelated Fe (reference probes: Fe(II)-citrate and Fe(III)-

citrate), the increase of Fe in clays (reference probes: natural nontronite and ferrosmectite) 
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and Fe sulfur species (reference probe: mackinawite) with depth and along the thaw gradient. 

Absolute values are reported in Supplementary Table 1. 
 

Dissolution of reactive iron minerals releases associated organic carbon 

With the dissolution of reactive iron minerals along the thaw gradient, the mineral-associated 

carbon was mobilized. Organic carbon bound to the reactive iron phases is primarily found in 
the transition zone and the mineral horizon of the palsa, as well as in the transition zone of the 

bog (Fig. 4, Supplementary Table 1). 9.9 to 14.8% of the total organic carbon (31.0±0.7 to 
52.5±0.1 mg organic carbon bound to reactive Fe per g soil) was released by reductive 

dissolution of reactive iron minerals in the palsa transition (Fig. 4, Supplementary Table 1). In 
the palsa mineral horizon, 18.7 to 20.1% of the total organic carbon (13.6±0.42 mg organic 

carbon bound to reactive Fe per g soil in comparison to 72.7±0.29 to 136.1±0.2 mg total soil 

organic carbon per g soil) was released. In the transition zone of the bog, 39.4% of the total 
organic carbon (22.7±8.6 mg organic carbon bound to reactive Fe per g soil in comparison to 

57.5±0.4 mg total soil organic carbon per g soil) was associated with iron minerals (Fig. 4, 
Supplementary Table 1). However, it should be noted that the total amount of carbon was less 

in these samples (57.5±0.4 mg total soil organic carbon per g soil) when compared to the 
palsa transition zone (312.1±0.3 to 354.7±0.04 mg total soil organic carbon per g soil) due to 

total carbon loss along the thaw gradient. Highest total amounts of carbon bound by the 
reactive iron were therefore found in the palsa transition zone with an average of 41.8±10.8 

mg per g soil. This is also supported by the strong spatial association of C with Fe minerals in 

the fine fraction of this transition zone observed by nanoSIMS analysis (Fig. 4, Supplementary 
Figure 11), as has been also previously shown for intact permafrost soils35. The maximum 

mass ratio of organic carbon to iron of 0.22, based on the maximal sorption capacity of reactive 
iron oxides for natural organic matter4,36, as has been previously done to further characterize 

Fe-C associations in such systems37,38, was exceeded for reactive Fe-associated organic 
carbon:reactive Fe, determined via the sodium dithionite citrate extraction, in the bulk palsa 

soil layers (organic/transition/mineral), in the bulk bog organic horizon and in the bulk bog 
transition zone (8.59±3.0 OC:Fe (wt:wt)) (Supplementary Table 1). This suggests co-

precipitation and/or chelation of organic compounds also in the bulk sample which can 
generate structures with OC:Fe ratios above 0.22, as shown in other studies4. Existence of 

such structures is consistent with our high sodium pyrophosphate extractable iron values.  
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Figure 4. Reactive Fe bound organic carbon along the permafrost thaw gradient. Iron 

(Fe) carbon (C) associations were determined along the thaw gradient by bulk (b) and fine 
fraction analysis (a). a, Carbon bound by reactive iron minerals along the thaw gradient. The 

carbon which dislodged from the soil during the reductive dissolution of reactive iron oxides 

(orange) is shown in comparison to the total organic carbon determined via combustion (black 
grids, labelled as total organic carbon (TOC)). Dithionite-citrate extractable carbon is control-

corrected by subtracting the measured dissolved organic carbon (DOC) content of a citrate 
solution and the measured DOC value from the sodium chloride (NaCl) control experiment. 

The NaCl control (same ionic strength and same pH as the sodium dithionite citrate extraction) 
shows negligible carbon release (Supplementary Table 1). Errors of the TOC indicate the 

range of duplicate analyses of each layer in each thaw stage. Errors of the dithionite/citrate 
extractable carbon (control corrected) represent a combined standard deviation of sodium 

chloride bicarbonate extractable OC, citrate blank and dithionite/citrate extractable OC (not 
control corrected). b, High spatial resolution analysis of iron-carbon associations by nanoSIMS 

along the thaw gradient (two end-members palsa (left) and fen (right)). The strong spatial 

association of carbon (C) to iron (Fe) (III) minerals could only be observed in the palsa 
transition zone. The other fine fractions showed organic-free iron minerals. For the two end-

members palsa and fen, four particles of the fine fractions of each layer were analyzed by 
nanoSIMS, all showing the same spatial distribution of Fe and C as shown by these six 

representatives (see also Supplementary Figure 11). The green background marks the 
organic horizon (b, upper images), grey the transition zone (b, middle images), and yellow the 

mineral horizon (b, lower images). 
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Implications for stability of Fe-associated carbon in thawing permafrost peatlands 

 
Carbon binding to reactive iron minerals in the palsa area is consistent with previous 
observations in permafrost regions of the Qinghai-Tibet Plateau33 where Fe associated 

organic carbon represents, on average, 19.5±12.3% of the total soil organic carbon pool in the 
upper 30 cm of permafrost soils throughout the year. Assuming a carbon pool of 191.29 x 1015 

g carbon in the active layer (0-30 cm depth)39 in northern permafrost regions, we suggest that 
13.39 x 1015 to 38.26 x 1015 g carbon could potentially be bound to reactive iron in permafrost 

soils. The lower estimate assumes, based on our data, an average of 7% of total organic 
carbon is bound to reactive iron in active layers underlain by intact permafrost (Supplementary 

Table 1, average mg C bound to reactive Fe per g soil in comparison to average mg TOC per 
g soil in %). The higher estimate assumes a maximum of 20% of total organic carbon is bound 

to reactive iron, based on our data (Supplementary Table 1) and Mu et al. (2016)33. This Fe-

bound carbon stock is equivalent to approximately 2-5% of the amount of carbon which is 
currently present in the atmosphere which is equivalent to between 2 and 5 times the amount 

of carbon released yearly through anthropogenic fossil fuel emissions. Fisher et al. (2020) 
even showed evidence for only partial dissolution of the Fe phases and associated organic 

carbon by the dithionite-citrate approach, indicating that carbon sequestration by Fe minerals 
is likely to be more significant than currently estimated40. However, this estimate does not 

account for carbon sequestration by biomass in the fen or deeper layers. Stock calculations 
show a higher Fe-associated OC fraction in mineral horizon than in the palsa transition zone 

which could indicate that OC sequestration by reactive Fe minerals is likely to be more 

significant in deeper layers than currently estimated (Supplementary Figure 9). It is therefore 
crucial to further determine the amount of iron in deeper layers, the amount of carbon bound 

to reactive iron minerals in numerous permafrost environments, and the lability/bioavailability 
of this carbon following its release.  

 
Our space for time-approach reveals, for the first time, how we may expect the dynamics of 

this rusty carbon sink to respond to progressive climate change. This study suggests that, as 
soon as the conditions in permafrost peatlands become water-logged, the reactive iron 

minerals are reduced, probably by Fe(III)-reducing bacteria, and dissolved iron and associated 
organic carbon are released into the surrounding porewater. As has been stated previously, 

reactive Fe phases require their own physiochemical protection in order to contribute to 

organic matter persistence14 and the presence of organic matter itself can both increase or 
decrease the stability of Fe(III) minerals depending on the geochemical conditions. High C/Fe 
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ratios, shown to enhance the extent of bioreduction compared to pure reactive iron mineral 

phases29, could be one explanation as to why the reactive Fe phases present in these soils 
were not resistant to mineral dissolution with permafrost thaw. High C/Fe ratios were thought 

to enhance reduction rates29 due to the function of carbon as electron shuttle41, its role as a 
strong ligand for Fe complexation42, or its importance for particle aggregation43. Additionally, 

co-association of aluminum and iron with organic matter could have further made this rusty 
carbon sink more susceptible to reductive dissolution44. On the other hand, reduction-resistant 

surface coatings, embedding in a composite aggregate structure 6,13, or higher Fe mineral 
crystallinity45 could prevent mineral dissolution.  

 
Chen et al. (2020)14 showed the formation of more crystalline Fe phases under O2 fluctuations 

and suggested a substantial loss of co-precipitated organic matter under repeated redox 

fluctuations with a remaining Fe-bound fraction of organic matter resistant to reductive 
dissolution. In the bog thaw stage, redox fluctuations may have led to a core Fe-MAOM 

structure14 (Fe mineral associated organic matter) but constant reducing conditions in the fen 
caused a complete loss of Fe-bound carbon in the solid phase.  

 
It should be kept in mind that it is not only the released carbon that can directly contribute to 

greenhouse gas emissions. The reduction of Fe(III) itself will also contribute to CO2 emissions 
since it is directly coupled to the oxidation and mineralization of organic carbon. On the other 

hand, since Fe(III) reduction is more thermodynamically favorable, conditions more suitable 
for Fe(III)-reducers can also inhibit methanogenesis46. However, Fe(III) reduction consumes 

protons and leads to an increase in pH which can make conditions more favorable for 

methanogens47. Along the thaw gradient, an increase in pH and an increasing abundance of 
methanogens has been reported24. Acetotrophic methanogens can use Fe(III) reduction to 

maximize energy conservation from metabolism of acetate48. Shifts in CH4 production pathway 
from CO2 to acetate cleavage along the thaw gradient was previously described21,24. At the 

same time, anaerobic oxidation of methane by methanotrophs can also be coupled to Fe(III) 
reduction. An increase in methane oxidation rates along the thaw gradient has been shown 

by Perryman et al. (2020)26. Our data clearly show that reactive Fe phases serve as an 
important and overlooked, terminal electron acceptor along the thaw gradient and thus could 

exert a significant control on net methane emissions.  
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Furthermore, the released aqueous Fe2+ could be complexed by organic carbon10 along the 

thaw gradient, inhibiting re-oxidation even when oxygen concentrations are high. The peatland 
at Stordalen mire could be a significant source of bioavailable iron to surrounding lakes and 

rivers, as has been shown at other permafrost environments49. It has also been shown that 
Fe(III) minerals can act as sieves for DOM by selectively trapping terrestrially derived OM 

(enriched in aromatic moieties) on mineral surfaces at redox interfaces10. More work is needed 
to elucidate the chemical nature of associated organic carbon to determine its lability, but our 

data suggest that direct chelation or co-precipitation of Fe-C structures play an essential role 
in carbon protection.  

 
In order to better predict future greenhouse gas emissions from thawing permafrost soils and 

improve the accuracy of existing climate models, it is therefore crucial to further determine 
Fe(III) reduction rates, its direct contribution to CO2 emissions from peatland mires and its 

competition with other microbial processes, such as e.g. methanogenesis or methanotrophy. 
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Replication along a thaw gradient  

To evaluate the consistency of iron and carbon trends along the thaw gradient, 5 cores per 
thaw stage were analyzed in total. These include:  

 
(1) Palsa A, Bog C and Fen E in 2018 (discussed in the main text) (1 core per thaw stage) 

Cores were taken with a Humax corer and sterile plastic liners in June 2018. This set was 
immediately split and processed after sampling (3-4 days) (Supplementary Figure 1, a, yellow 

cores).  
 

(2) Palsa a, Bog c and Fen e in 2019 (1 core per thaw stage) 
These cores were taken with a Humax corer in July 2019 (Supplementary Figure 1, a, red). 

Also, this set of cores was immediately split and processed after sampling and thus is directly 

comparable to Palsa A, Bog C and Fen E.  
 

(3) Palsa B, Bog D and Fen F in 2018 (1 core per thaw stage) 
This set was taken at the same time and same conditions as cores Palsa A, Bog C and Fen 

E, but stored at 4°C for 7 months and then processed (Supplementary Figure 1, a, white 
cores). 

 
(4) Triplicate cores in each thaw stage in 2017 (3 cores per thaw stage) 

Triplicate cores in each thaw stage were taken with a Pürckhauer corer in September 2017 
and immediately processed after sampling (Supplementary Figure 1, a, orange, green and 

blue cores). The whole depth profile was successfully captured for all palsa triplicate cores. 

The organic horizon was lost for the bog and the fen triplicate cores during coring, thus are 
not reported in Supplementary Figure 4 and Supplementary Figure 5. In bog and fen, the 

transition zones and mineral horizons were successfully sampled, confirming the loss of 
reactive iron along the thaw gradient at several spots in the permafrost peatland mire.  

 
All cores showed the same trend for total extractable iron, for the poorly crystalline iron and 

the total carbon along the thaw gradient. However, we did not directly combine these 
observations in the main text as there was some variation in the sampling and storage 

methods.  
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Supplementary Figure 1. Coring at Stordalen mire, Abisko (Sweden). a, Position of cores 
taken along a thaw gradient at Stordalen mire (Abisko, Sweden). Yellow: Cores were 

immediately split and processed after sampling (3-4 days). White: Cores were stored at 4°C 
for 7 months and then processed. Red: Cores were immediately split and processed after 

sampling in the same manner as the cores in yellow (palsa a (68°21'18.03"N, 19° 2'35.20"E), 
bog c (68°21'18.02"N, 19° 2'36.53"E) and fen e (68°21'17.24"N, 19° 2'37.44"E)). The data was 

compared to triplicate cores in each thaw stage (palsa in orange, bog in green and fen in blue). 

b, Gentle collapse of palsa sites at Stordalen mire (Abisko, Sweden). The sampled thaw 
gradient represents a gentle collapse of palsa to bog. c, Abrupt collapse of palsa sites at 

Stordalen mire (Abisko, Sweden). Permafrost thaw does not necessarily progress through all 
three thaw stages (palsa, bog and fen). d, Cores taken along a thaw gradient. Palsa: Core A 

(68°21'18.70"N, 19° 2'38.00"E) and core B (68°21'18.50"N, 19° 2'38.80"E) showed the three 
main layers in the palsa area: (1) organic horizon, (2) transition zone and (3) mineral horizon. 

The organic layer was dry and oxic. Bog: Core C (68°21'18.60"N, 19° 2'39.20"E) and core D 
(68°21'18.30"N, 19° 2'40.00"E) clearly showed the division into the three layers: (1) organic 

horizon, (2) transition zone and (3) mineral horizon. Both cores were completely water 
saturated. Fen: Core E (68°21'16.80"N, 19° 2'40.30"E) and core F (68°21'17.80"N, 19° 

2'41.30"E) also showed the three layers and were water saturated. The cores represent the 

active layer in July 2018. The scale bar represents 3 cm. e, Example of the subdivision into 
(1) organic horizon, (2) transition zone and (3) mineral horizon (Palsa A). 
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(1) Replicate cores Palsa a, Bog c and Fen e (in 2019) 

 

Supplementary Figure 2. Extractions of replicate cores. a, Iron and b, Carbon 

concentration of cores Palsa a, Bog c and Fen e. Cores were taken in July 2019, split directly 
after sampling and immediately processed. The green box marks the organic horizon, grey 

box the transition zone and yellow box the mineral horizon. Extractable iron was determined 

via the ferrozine assay. Total organic carbon (TOC) was determined via combustion, whereas 
the carbon in the dithionite citrate (control corrected) and the control extract (sodium chloride 

bicarbonate) was determined with the carbon analyzer. Errors of the TOC and 6M hydrochloric 
acid (HCl) extractable iron indicate the range of duplicate analyses of each layer in each thaw 
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stage. Errors of the dithionite/citrate extractable a, iron and b, carbon (control corrected) 

represent a combined standard deviation of sodium chloride bicarbonate extractable a, iron 
and b, carbon, b, citrate blank and dithionite/citrate extractable a, iron and b, carbon (not 

control corrected). 
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(2) Replicate cores Palsa B, Bog D, Fen F along the thaw gradient (in 2018) 
 

 
Supplementary Figure 3. Extractions of replicate cores. a, Iron and b, Carbon 

concentration of cores Palsa B, Bog D and Fen F. Cores were split after 7 months of incubation 
at 4°C. The green box marks the organic horizon, grey box the transition zone and yellow box 

the mineral horizon. Iron in the extracts was determined via the ferrozine assay. Total organic 
carbon (TOC) was determined via combustion, whereas the carbon in the dithionite citrate 

(control corrected) and the control extract (sodium chloride bicarbonate) was determined with 
the carbon analyzer. Errors of the TOC and 6M hydrochloric acid (HCl) extractable iron 

indicate the range of duplicate analyses of each layer in each thaw stage. Errors of the 
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dithionite/citrate extractable a, iron and b, carbon (control corrected) represent a combined 

standard deviation of sodium chloride bicarbonate extractable a, iron and b, carbon, b, citrate 
blank and dithionite/citrate extractable a, iron and b, carbon (not control corrected).  
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(3) Triplicate cores in each thaw stage (iron analysis) (in 2017) 

 

Supplementary Figure 4. Iron extractions of replicate cores taken with a Pürckhauer 
corer: a, Palsa (68°21'26.56"N, 19° 3'0.19"E), b, Bog (68°21'16.02"N, 19° 2'49.21"E), c, 
Fen (68°21'17.16"N, 19° 2'36.29"E). Each core was divided into layers in the field and 

immediately processed. The organic horizon for the triplicate cores of bog and fen were lost 
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during sampling and thus, are not reported in this figure. All replicates represent the active 

layer in September 2017. The bog and the fen soils were waterlogged. The green box marks 
the organic horizon, grey box the transition zone and yellow box the mineral horizon. Errors 

indicate the range of duplicate analyses of each layer in each thaw stage. 
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(4) Triplicate cores in each thaw stage (carbon analysis) 

 

Supplementary Figure 5. TOC of replicate cores taken with a Pürckhauer corer: a, Palsa 
(68°21'26.56"N, 19° 3'0.19"E), b, Bog (68°21'16.02"N, 19° 2'49.21"E) and c, Fen 
(68°21'17.16"N, 19° 2'36.29"E). Each core was divided into layers in the field and immediately 

processed. The organic horizon for the bog and fen triplicate cores were lost during sampling 
and thus are not reported in this figure. All replicates represent the active layer in September 
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2017. The bog and fen soils were waterlogged. The green box marks the organic horizon, grey 

box the transition zone and yellow box the mineral horizon. Total organic carbon (TOC) was 
determined via combustion. Errors indicate the range of duplicate analyses of each layer in 

each thaw stage. 
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Fe(III) reduction by a further isolated Fe(III)-reducing bacteria from the fen, consuming 

lactate and forming acetate 

 
 

Supplementary Figure 6. Iron (Fe) (III) reduction by the Fe(III) reducer isolate from the 
fen soil core in four experimental setups: only acetate (A), only lactate (L), both acetate 
and lactate (A/L) and control (no amendments added). a, Fe(II) to Fe(tot) ratio in % in the 
solid phase over time. 100% would mean that all initial present ferrihydrite was reduced to 

Fe(II). b, Fe(II) released into the liquid phase over time. c, lactate consumption over time. d, 
acetate formation over time. Note: The culture which was used for inoculum was previously 

cultivated in medium supplemented with 5 mM acetate and 5 mM lactate. Therefore, 
approximately 1 mM of both organic acids were transferred together with the bacteria in all 

setups, leading to minor Fe(III) reduction also in the acetate only setup using the transferred 
lactate and forming acetate (0.6 mM) due to residual lactate consumption. After, 31 days, 25% 

of the initial Fe(III) was reduced to Fe(II) in the solid phase in the lactate only (L) and lactate 
and acetate (A/L) setup. The lactate concentrations decreased, and the acetate concentration 

increased by 1.5 mM over 31 days in the lactate amended (L) and (A/L) setup. Some Fe2+ was 

first released into the aqueous phase but later re-adsorbed onto iron minerals, resulting in a 
decrease in the aqueous Fe2+. Error bars represent standard deviations from 3 batch bottles 

from 0 to 31 days. Each microcosm was measured in triplicates.  



Chapter 2  

 70 

Absolute and % values of organic carbon and reactive iron content reported in the 
main text 
 
Supplementary Table 1. Absolute and % values of iron and carbon in locations Palsa A, 
Bog C and Fen E, i.e. the cores reported in the main text. In most of the layers, the 
maximum mass ratio of organic carbon (OC) to iron (Fe) (reactive Fe-associated organic 

carbon:reactive Fe, OC:Fe (wt:wt)) exceeds 0.22, the maximal sorption capacity of reactive 
iron oxides for natural organic matter4,36 . Co-precipitation and/or chelation of organic 

compounds can generate structures with OC:Fe ratios (wt:wt) above 0.22, as shown in other 
studies4,36. Errors of control iron, control carbon, total organic carbon and total extractable iron 

indicate the range of duplicate analyses of each layer in each thaw stage. Total extractable 
iron represents the 6M HCl extractable iron (more crystalline Fe phases). Errors of the 

dithionite/citrate extractable a, iron (reactive Fe, control corrected) and b, carbon (carbon 

bound to reactive iron, control corrected) represent a combined standard deviation of sodium 
chloride bicarbonate extractable a, iron and b, carbon, b, citrate blank and dithionite/citrate 

extractable a, iron and b, carbon (not control corrected).  
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Fe-associated organic carbon: extraction method and controls  

The determination of Fe-associated organic carbon has several well-known difficulties which 
can only be addressed by combining different approaches. 

Considerations for the sodium dithionite-citrate extraction: 
(1) pH  

To prevent hydrolysis of organic matter as well as its protonation and re-adsorption 
onto sediment particles, which occur under acidic conditions, the sodium dithionite 

citrate extraction was performed at circumneutral pH (sodium bicarbonate buffered). 
Therefore, the additional hydroxylamine-HCl extraction (performed below pH 2) can 

only be a comparison for the sodium dithionite citrate extractable Fe, but not for the 
sodium dithionite citrate extractable carbon. The control extraction was performed 

under the same ionic strength (addition of NaCl) and pH (sodium bicarbonate 

buffered). 
 

(2) Temperature and incubation time  
Dithionite citrate bicarbonate extractions have been widely applied in various studies 

and were previously performed under two different temperatures and incubation times. 
One is conducted at room temperature at pH 7-8 for 16 hours on a shaker4,8,88,89,90 and 

the other conducted at 80°C for 15 minutes5,32. Due to the high organic carbon content 
of the soil samples, the standard approach at room temperature at neutral pH for 16 

hours was chosen to avoid alteration of carbon during heating of sample to 80°C, which 
could further influence the amount of extracted iron. The approach conducted at 80°C 

is suspected to contribute more to nonselective dissolution90 in organic-rich samples.  

 
(3) Leaching of carbon which is not associated with iron  

The carbon measured in the sodium dithionite citrate extraction was corrected by 
subtraction of the measured DOC values in a citrate blank and in a control extraction, 

performed under the same ionic strength and pH. This control extraction determines 
how much carbon would be leached from the soil without any reduction (see Table S1 

and Supplementary Figure 7). The effect of a reducing agent, which potentially 
reductively transforms certain organic functional groups, is not considered in this 

control (see point (4)). 
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(4) Dithionite as strong reducing agent  

Dithionite is a strong reducing agent which can reductively transform certain organic 
functional groups and could lead to organic carbon release which is not associated 

with reactive Fe. Nevertheless, we consider this to be negligible for our extractions as 
the concentration of sodium dithionite citrate extractable carbon of a horizon containing 

primarily organic material and no mineral phase (Palsa A, organic horizon) is very low 
(0.3±0.1 to 0.4±0.1 mg extractable carbon per g soil; see also Supplementary Table 

1). Additionally, a sodium pyrophosphate extraction was performed to determine the 
colloidal/OM-Fe. The sodium pyrophosphate extraction carbon yielded similar 

concentrations and showed similar trends to the dithionite-citrate extractable carbon 
across the thaw gradient (Supplementary Figure 7). Variation between the absolute 

values can occur due to heterogeneity in the samples and the alkaline conditions of 

the sodium pyrophosphate extraction (pH 10).  
 

(5) Citrate as strong metal complexing agent 
Citrate is a strong metal complexing agent that can influence the amount of extractable 

iron during dithionite extraction. A test-run was performed with the same experimental 
conditions (same ionic strength and pH), but no citrate addition. Without citrate, we 

obtained 64±3% less iron and 57±28% less carbon after sodium dithionite reductive 
dissolution. We therefore concluded, that the metal ion complexing agent citrate is 

necessary to avoid under-estimation of iron and organic carbon as a result of 
complexing or mineral precipitation during extraction.  

Since extractions have well-known limitations as mentioned above, additional approaches 

were used and combined to characterize Fe-C associations in the solid phase along the thaw 
gradient. 

Additional approaches used were: 
(A) Extended X-ray absorption fine structure (EXAFS) with reference for reactive Fe 

(ferrihydrite) and references for organic carbon associated with Fe (Fe(II)-citrate) 
and Fe(III)-citrate) 

(B) Nanoscale analysis using correlative SEM and nanoSIMS to show close spatial 
distribution of iron and carbon  

The data set is consistent with an increase in aqueous Fe2+ and DOC and an increasing 
abundance of Fe(III)-reducing bacteria along the thaw gradient.  
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Supplementary Figure 7. Extractable carbon measured using different approaches to 
address issues with the sodium dithionite citrate extraction. The sodium dithionite citrate 

extractable carbon is control corrected (subtraction of citrate blank and extractable carbon of 
the control extraction with same ionic strength and pH), shown in orange (see also 

Supplementary Table 1). The control extraction (same ionic strength and pH) is shown in black 
(see also Supplementary Table 1). The sodium pyrophosphate (pH 10) extractable carbon 

shows similar amounts and trends with depth and along the thaw gradient, as the control 
corrected dithionite citrate extractable carbon. Dithionite citrate extractable carbon only from 

organics (Box, Palsa A, organic horizon) is low, therefore hydrolytic cleavage of organic matter 
can be ruled out. Errors indicate the range of duplicate analyses of each layer in each thaw 

stage. 
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Supplementary Figure 8. Extracts of sodium dithionite, control and sodium 
pyrophosphate. Values of sodium dithionite citrate indicate the dissolved organic carbon 
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concentrations in the extracts after subtraction of the background of the citrate concentration. 

The background concentration of the citrate for the analysis Palsa A, Bog C and Fen F was 
20.5±0.14g/L. Pictures of the extracts are shown to highlight the loss of the reactive iron phase 

and carbon associated with it along the thaw gradient, here visible by brown color loss in the 
sodium dithionite citrate extracts from palsa to fen. The control is shown to demonstrate that 

there was no carbon leached under same ionic strength and pH. The sodium pyrophosphate 
extracts support the trends shown by the sodium dithionite citrate extraction. Green marks the 

organic horizon, grey the transition zone and yellow the mineral horizon.  
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Calculated stocks (mg/cm2) versus content (mg/g) of reactive Fe and reactive Fe-

associated organic carbon 
 

During coring compaction occurred. Based on the bulk densities, compaction was assumed 
to have occurred in the palsa organic horizon (0.03±0.01 g/cm3) and palsa transition zone 

(0.08±0.02 g/cm3), but not for the dense palsa mineral horizon (0.84±0.26 g/cm3). For the bog 
organic horizon (0.08±0.01 g/cm3) and for fen organic horizon (0.21±0.02 g/cm3), compaction 

was assumed but we assume that no compaction occurred in the dense horizons (bog 
transition zone: 1.29±0.04 g/cm3, bog mineral horizon: 1.74±0.01 g/cm3, fen transition zone: 

1.97±0.2 g/cm3, fen mineral horizon: 1.72±0.01 g/cm3).  
 

Thus, where no compaction was assumed (Supplementary Figure 9), the stock was calculated 

without compaction consideration i.e. thickness used for the calculation is as reported by depth 
intervals in the main text: 

Stock = bulk density * content * layer thickness 
with stock in mg/cm-2, bulk density in g cm-3, content in mg g-1 and actual layer thickness in 

the core in cm.  
 

For the horizons where compaction was assumed (Supplementary Figure 9), a compaction 
factor was calculated from the difference between the actual core depth (as reported in the 

text) and the core hole (compaction factor for palsa organic horizon and palsa transition zone 
2.31, for bog organic horizon 5.00 and for fen organic horizon 8.25). The compaction-corrected 

stock was calculated as follows:  

Stock = compaction factor * bulk density * content* layer thickness  
with stock in mg/cm-2, bulk density in g cm-3, content in mg g-1 and actual layer thickness in 

the core in cm.  
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Supplementary Figure 9. Calculated stocks (mg/cm2) versus absolute amounts (mg/g) 
of reactive iron (Fe) and reactive Fe-associated organic carbon (OC). a, Averaged 

absolute amounts of reactive Fe and associated organic carbon in mg per g soil per horizon 
(green: organic horizon, grey: transition zone, yellow: mineral horizon) for palsa, bog and fen. 

Error bars represent a combined standard deviation of the absolute values per depth (see 
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Table S1) of duplicate extractions per horizons of Palsa A, Bog C and Fen E. b, Calculated 

average stock of reactive Fe and reactive Fe-associated OC in mg per cm2, compaction 
corrected. Green represents the organic horizon, grey the transition zone and yellow the 

mineral horizon in Palsa E, Bog C and Fen E. Error bars represent a combined standard 
deviation of the absolute values, bulk density and compaction per horizons of Palsa A, Bog C 

and Fen E. c, Calculated average stock of reactive Fe and reactive Fe-associated OC in mg 
per cm2 without assuming compaction. The reported depth intervals in the main text were used 

to calculate the stock. Green represents the organic horizon, grey the transition zone and 
yellow the mineral horizon in Palsa E, Bog C and Fen E. Error bars represent a combined 

standard deviation of the absolute values and the bulk density per horizons of Palsa A, Bog C 
and Fen E.  
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Additional elements (P, S and Al) appearing with Fe minerals along the thaw gradient 
 

 
Supplementary Figure 10. Other elements (phosphorous (P), sulphur (S), iron (Fe) and 
aluminum (Al)) in extracts of Palsa A, Bog C and Fen E. a, 6M hydrochloric acid (HCl), b, 
hydroxylamine-HCl and c, sodium pyrophosphate extracted. Fe, P and S concentrations were 
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measured with ICP-MS (inductively coupled plasma mass spectrometry). Fe and Al 

concentrations were analyzed using MP-AES (microwave plasma atomic emission 
spectroscopy). The illustrated Fe values here are measured by MP-AES. The slightly different 

Fe concentrations by the different analytical approaches (ferrozine assay, MP-AES and ICP-
MS) are shown in Supplementary Figure 4. The green box marks the organic horizon, grey 

box the transition zone and yellow box the mineral horizon. Errors indicate the range of 
duplicate analyses of each layer in each thaw stage. 
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Replication of nanoSIMS analysis (4 representatives per soil layer) 

 
 
Supplementary Figure 11. Four representative particles of the fine fraction of a, Palsa 
A and b, Fen E analyzed with nanoSIMS showing a close spatial distribution of Fe and 
C. Seven detectors were used during nanoSIMS measurements for 12C, 56Fe16O, 16O, 12C14N, 
31P, 32S and 27Al16O. 12C and 56Fe16O are shown for four representative fine particles plus 12C 

and 56Fe16O distributions, overlain in a single image on the left.  
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Different Fe analysis of the extracts to rule out matrix effects 
 
Different analytical approaches (ferrozine assay, MP-AES, ICP-MS) have been used to 

determine Fe in the extracts, to rule out matrix effects and to determine additional elements in 
the extracts (Supplementary Figure 12). ICP-MS was also used to measure sulphur (S) and 

phosphorous (P) (Supplementary Figure 8). MP-AES was also used to determine aluminum 
concentrations in the extracts (Al) (Supplementary Figure 8). For the ferrozine assay, the 

calibration curves were r2 > 0.999, and the standard deviations of the triplicate analyses were 
<1%. For the ICP-MS, the calibration curves were r2 > 0.999, and the standard deviations of 

the triplicate analyses were <5%. For the MP-AES, the calibration curves were r2 > 0.993 and 
the standard deviations of the triplicate analysis were <10%. We are aware of differences 

between the iron values. However, because the values only vary slightly, the ferrozine values 

had a higher accuracy (<1%) and sodium dithionite citrate was not measured with ICP-MS 
and MP-AES due to citric formation after acidification, we decided to use the data from the 

ferrozine assay. 
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Supplementary Figure 12. Fe analysis by MP-AES (microwave plasma atomic emission 
spectroscopy), ferrozine and ICP-MS (inductively coupled plasma mass spectrometry) 
analysis of Palsa A, Bog C and Fen E: a, 6M hydrochloric acid (HCl) extraction, b, 
hydroxylamine-HCl extraction and c, sodium pyrophosphate extraction. Due to citric acid 

formation after acidification, the sodium dithionite citrate extract was not measured with the 
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more sensitive MP-AES and ICP-MS instrument. For the 6M HCl and hydroxylamine-HCl 

extracts, the MP-AES iron values are slightly lower than the ferrozine iron values due to matrix 
interference during MP-AES measurements of the extracts (HCl). For the sodium 

pyrophosphate extract, the MP-AES iron values are slightly higher than the ferrozine iron 
values. This could be explained by the dark color of the extracts which disturb the 

spectrophotometric measurement during ferrozine complexation. After blank subtraction this 
can result in lower iron concentrations determined by the ferrozine assay. The ICP-MS iron 

values are close to the ferrozine values (122±54% similarity), except for one extraction (6M 
HCl extraction) and two horizons (transition zone and mineral horizon of bog and fen). Errors 

indicate the range of duplicate analyses of each layer in each thaw stage. 
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Abstract 
 
Reactive iron (Fe) minerals can preserve organic carbon (OC) in soils overlying intact 
permafrost. With permafrost thaw, reductive dissolution of iron minerals releases Fe and OC 

into the porewater, potentially increasing the bioavailability of OC for microbial decomposition. 
However, the stability of this so-called rusty carbon sink, the microbial community driving 

mineral dissolution, the identity of the iron-associated carbon and the resulting impact on 
greenhouse gas emissions are unknown. We examined palsa hillslopes, gradients from intact 

palsa towards collapsing fronts into semi-wet bog in a permafrost peatland in Abisko 
(Sweden), and analyzed dissolved versus mineral-associated OC (with FT-ICR-MS), solid 

phase Fe-OC associations (with selective extractions, nanoSIMS and Mössbauer 
spectroscopy), and microbial community relative abundance and potential activity (with DNA- 

and RNA-based 16S rRNA (gene) amplicon sequencing). We found that Fe-bound OC in intact 

palsa soils is comprised of loosely bound more aliphatic and strongly-bound more aromatic 
OC. Iron mineral dissolution by both fermentative (e.g. by Clostridium sp.) and dissimilatory 

Fe(III)-reduction (e.g. by Geobacter sp.) leads to a release of Fe-bound OC into the 
surrounding porewater along the palsa hillslopes, already before complete permafrost thaw. 

The increasing bioavailability of dissolved OC (DOC) leads to its further decomposition, an 
increasing nominal oxidation state of carbon (NOSC), and a peak in bioavailable acetate 

(61.7±42.6 mg C/L) at the collapsing palsa front. The released aqueous Fe2+ is partially re-
oxidized by Fe(II)-oxidizing bacteria (presumably by Gallionella sp. and Sideroxydans sp.) but 

cannot prevent the overall loss of the rusty carbon sink with palsa collapse. The increasing 

relative abundance and activity of Fe(III)-reducers is accompanied by an increasing 
abundance of methanogens (e.g. Methanobacterium sp.) and a peak in methane (CH4) 

emissions at the collapsing front. Our data suggest that the loss of the rusty carbon sink 
directly contributes to carbon dioxide (CO2) by Fe(III) reduction coupled to OC oxidation and 

indirectly to CH4 emission by promoting methanogenesis even before complete permafrost 
thaw.  
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Introduction 
 
Permafrost regions have experienced an increase in surface air temperatures in recent 
decades, causing permafrost thaw and promoting active layer deepening, thermokarst 

formation, and river and coastal erosion1. Climate change has enormous consequences for 
permafrost environments, causing rapid changes in soil conditions (such as thermal and 

moisture regime, and aeration) with direct consequences for organic (OC) destabilization2. 
Permafrost soils store ~60% of the world’s soil OC in 15% of the global soil area3,4. This 

preserved OC will become increasingly exposed to microbial decomposition and thus can be 
released from the active layer to the atmosphere as greenhouse gases (GHGs) such as 

carbon dioxide (CO2) and methane (CH4)5, or discharged by drainage6. However, the 
magnitude of the release of this OC depends strongly on a large variety of factors7, including 

the soil parent material (e.g. peat forming plant, bedrock) and the ability of soil minerals to 

protect OC from degradation, which can regulate long-term preservation of OC8.  

Iron (Fe) minerals are known to stabilize organic carbon by sorption/co-precipitation and 
protect it from degradation by generating OC-Fe associations that are more persistent in 

soils9,10, 11-14. However, by providing a terminal electron acceptor for anaerobic respiration15,16, 
Fe can also enhance decomposition. The fate of Fe and associated OC determines Fe-OC 

aggregate formation and ultimately accessibility for microbial decomposition16, 17,18. Reactive 

Fe-OC associations (defined as the solid Fe phases that are reductively dissolved by sodium 
dithionite12,19,20) have been shown to serve as an effective rusty carbon sink and to preserve 

OC over geological timescales12. Previously, it has been shown that reactive Fe-OC 
associations can mainly be found in intact permafrost soils21, but cannot preserve OC with 

complete permafrost thaw20. Transitional processes along permafrost thaw gradients, 
however, remain rather unstudied. Even though, methane dynamics can strongly differ 

between end-members and transitional thaw stages22. The need to better understand the 
climate impact of transitional processes in thawing permafrost was stated previously by Shelef 

et al.23 who emphasize large uncertainty in permafrost carbon stocks (>200%) due to 
processes at collapsing fronts.  

With permafrost thaw, soils become water-logged and oxygen (O2) limited, as a result more 
reduced, favoring reductive dissolution of reactive Fe20. Fe(III)-reducing microorganisms are 

able to use the reactive Fe(III) as electron acceptor for anaerobic respiration and, depending 
on its composition, the associated OC as electron source leading to CO2 and Fe(II) 

formation22. Thus, Fe(III) reduction directly contributes to CO2 emissions24. Fe(III) reduction 
may also influence CH4 emissions in thawing permafrost peatlands. On the one hand, Fe(III) 



Chapter 3  

 91 

reduction is thermodynamically more favorable and thus could inhibit methanogenesis25. On 

the other hand, Fe(III) reduction leads to proton consumption which results in an increasing 
pH that could favor methanogenesis26. The complex balance of these processes that either 

suppress or promote GHG emissions such as CO2 and CH4, highlights the need for a 
fundamental understanding of microbial Fe metabolisms and their interactions with 

methanotrophs and methanogens, which is currently lacking in permafrost research.  

The release of previously Fe-associated OC into surrounding porewater following reductive 
dissolution could lead to further microbial decomposition of OC and emission of GHGs such 

as CO2 and CH4. Mineral-associated OC (MAOC) has been proposed to be comprised of low 

molecular weight compounds of microbial (e.g. microbial polysaccharides, amino sugars, 
muramic acid) and plant origin14,27-31 with low activation energies of MAOC for degradation by 

microbes and plants11,32,33. Therefore, the release of MAOC with permafrost thaw is 
considered an important driver of the composition of arctic surface waters and microbial 

respiration34,35. Recent studies described carboxylic-rich36 and aliphatic Fe-bound OC in forest 
soils as more resistant during reductive dissolution37. In Siberian permafrost soils, 

hydrophobic, aromatic DOC was preferentially sorbed by shallower, acidic soil horizons and 
correlated with an increasing abundance of Fe oxides38. The identity of Fe-bound OC in 

permafrost environments, however, still remains unknown.  

To understand the direct impact of the loss of this so called rusty carbon sink39 on net GHG 

emissions in thawing permafrost peatlands, it is essential to further determine (1) the 
bioavailability of Fe-bound OC and released OC during permafrost thaw and (2) changes in 

the present and active microbial community, particularly the Fe(III)-reducing bacteria which 
are key players in reactive Fe mineral dissolution and their interplay with methanotrophs and 

methanogens.  

We followed the dynamic biogeochemical interactions of Fe-OC associations in the active 

layer along collapsing palsa hillslopes, where palsas underlain by intact permafrost are 
collapsing into partially-thawed, semi-wet bogs. Fe-OC associations were characterized in the 

solid phase using selective extractions, scanning electron microscopy (SEM), nanoscale 
secondary ion mass spectrometry (nanoSIMS), and Mössbauer spectroscopy, and the effect 

of palsa collapse on porewater geochemistry and CO2 and CH4 fluxes was quantified. Reactive 
Fe-associated OC and DOC in the porewater along the palsa hillslope were investigated at 

the molecular-level with Fourier transform ion cyclotron resonance mass spectrometry (FT-

ICR-MS), and the present and active microbial community was characterized using DNA- and 
RNA-based 16S rRNA amplicon gene sequencing. 
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Material and Methods 

 

Site information 

Stordalen Mire (68 22’ N, 19 03’ E) is a subarctic peatland in northern Sweden underlain by 
discontinuous permafrost. The mire consists of three distinct sub-habitats: (1) palsa (intact 

permafrost) with ericaceous and woody plants; (2) ombrotrophic peatland or bog (intermediate 
thaw) with Sphagnum spp., sedges and shrubs and (3) minerotrophic peatland or fen (fully 

thawed) with sedges, mainly Eriophorum spp40 (SI, Figure S1). Generally, palsas and bogs 

are only fed by precipitation and melt water and have more acidic surface waters (pH ~4). 
Fens are fed by surface water and groundwater, and maintain slightly acidic to alkaline pH41. 

The areal extent of intact palsa across Stordalen mire has declined significantly since 1970 
due to progressive warming in the Arctic, while fen habitats have expanded42. It is also 

predicted that the whole mire might be free of permafrost as early as 205043,44. 

Gas measurements 

To measure CO2 emissions along the palsa hillslope, two eosense instruments (eosFD Forced 

Diffusion chamber in conjunction with the eosLink-FD software, EOSENSE INC, Dartmouth, 
Canada) were installed (SI, Figures S1 and S2): (1) at the top of the palsa hillslope (spot: 

Palsa A) and (2) at the transition to bog (spot: Front). The collar was situated in a flat location 
and inserted to near full depth. A centimeter of space was left to aid in installation of the eosFD 

itself as well as collar retrieval. The collar area was cleared of any rocks or debris, larger 
vegetation was removed or avoided. The eosFD was deployed in the installed collar. The 

collars were deployed at least 24 hours prior to the start of the eosFD measurement collection 

to avoid disturbance-related fluxes in the early portion of the data collection. The eosFD 
samples gases from the atmospheric and soil cavities within the device. Briefly, gas is pulled 

from the atmospheric cavity to the sensor for 20 seconds to purge the sensor cavity, then 
sampled every 10 minutes for five samples. Gas is then pulled from the soil cavity for 20 

seconds, then pulsed every 10 minutes for five samples. Forced diffusion flux is calculated as 
follows: 

(V/A) (JC/Jt) = Fs – D (DC/L) 

(volume/surface area scaled rate of change in flux rate equal to the flux from the soil surface 

(Fs) minus the difference in concentration, DC (scaled by both the path length L and the 

diffusivity of the interface (membrane), D)). 
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The change in the flux rate over the timespan of the concentration measurements (around 60 

seconds) is assumed to be zero (steady state): 

(V/A) (JC/Jt) =0 

This assumption results in a linear dependence with the path length and interface (membrane) 

diffusivity being constant and represented by a single coefficient, G: 

Fs = G DC 

Further, carbon dioxide and methane emissions along the palsa hillslope were measured in 

triplicate using plastic chambers sealed with a rubber stopper (SI, Figures S1 and S2), as 
described previously45. The metal frames were pushed into the ground at least 24 hours before 

the measurements to avoid collecting gas emissions from the soil during installation. Again 
rocks, debris and larger vegetation was avoided. Deionized water was used in the frames to 

seal off the chambers from ambient air. Gas chamber samples were collected with a gas-tight 
syringe (1100TLL 100 mL Gastight, Hamilton, Reno, NV, USA) and directly transferred into 

evacuated 12 mL exetainer vials46 until analyzed. The sampling was done every 5 min for a 

total period of 30 mins in duplicates for palsa and front and in triplicates for bog. All gas 
samples from the field and standard gases used for calibration were measured with a gas 

chromatograph (Hewlett Packard, 5890 Series II) equipped with an electron capture detector 
(63Ni-ECD). 

Sample collection 

In July 2019, cores were taken along three palsa hillslopes (see SI, Figure S1 and Figure S7), 
gently collapsing into bog, following the expected hydrological flow described previously41. A 

Humax corer of 50 cm length and 3-cm diameter with inner liners was used to sample the 
active layer20. The cores for mineral analysis were directly split after sampling under 100% N2 

atmosphere in a glove bag and subsamples stored at -20°C until analysis. The cores for 
microbial community analysis were split directly in the field, immediately frozen with liquid 

nitrogen and stored at -80°C until further processing. As previously described20, the cores 
were split into three soil horizons based on texture and color changes: (1) A peat or organic 

horizon, followed by (2) a transition zone between the organic-rich and mineral-rich layer and 

(3) a mineral horizon.  

In July and September 2019, porewater samples were collected from 30 and 60 cm depth 
below the peat surface along the palsa hillslope (8 transects, SI, Figure S1 and Figure S4) 
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using a luer lock syringe connected to a lysimeter with an effective pore size of 2.5 microns 

(Simpler Luer-Lock Micro Samplers, Model 1910LL, Soilmoisture Equipment Corp., Santa 
Barbara, CA). Prior to use, syringes and lysimeters were rinsed 10 times with 50 mL MiliQ 

water and air dried. Syringe filters (0.22 µm, PES, MerckTM SteritopTM, Millipore) were pre-
rinsed with 120 mL MilliQ water each to avoid leaching residuals of the filters. The syringes 

were flushed three times with N2 and sealed till further use. Syringe filters (0.22 µm) were 
flushed three times with N2 and placed into a SCHOTT bottle with N2 atmosphere till further 

use. The lysimeters were installed in the soil, pre-flushed by pulling porewater with a syringe 
and the first 2 mL discharged. Immediately afterwards, the N2 flushed syringes were unsealed, 

nitrogen gas pushed out, and then tightly connected to the installed lysimeter. To avoid direct 
sunlight exposure, syringes were covered with white cotton bags during the time of porewater 

extraction. After 3-4 hours, the samples were filtered through a 0.22 µm syringe filter into 

stoppered, N2 flushed glass vials, wrapped in aluminum foil to avoid any sunlight exposure. 
The first 1 mL filtrate from each sample was disposed. The samples were stored at 4°C till 

further analysis. 

Selective iron and carbon extractions 

To extract reactive Fe and associated OC, selective dissolutions were conducted as described 

previously20. Briefly, a sodium bicarbonate (0.11 M) sodium dithionite (0.27 M) trisodium citrate 
(0.27 M) solution was used to reductively dissolve reactive Fe and associated organic carbon. 

As described in Lalonde et al.12, a sodium bicarbonate (0.11 M) sodium chloride (1.85 M) 
solution was used as a control experiment to distinguish between Fe and OC readily desorbed 

(leachable OC) and organic carbon associated with reactive Fe and only dissolved during 
reductive dissolution with dithionite. The citrate background in the extract also needs to be 

subtracted to receive the reactive Fe-associated OC. Thus, only the control corrected values 
are discussed: 

Reactive Fe 

  = Fe(dithionite citrate) – Fe(sodium chloride) (1)  

Reactive Fe-associated OC 

  = DOC(dithionite citrate) – DOC(blank citrate) – DOC(sodium chloride) (2) 

For each soil horizon (organic horizon, transition zone, mineral horizon), 0.3 g dry soil was 
weighed into 10 mL glass vials with 6.25 mL extractant and N2 headspace. After 16 hours at 
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room temperature on a rolling shaker, samples were centrifuged at room temperature for 10 

min at 5300 g. The supernatant was decanted and further analyzed for total Fe and DOC.  

Geochemical analysis 

To determine total Fe and Fe(II), porewater or extract was acidified in 1 M HCl and quantified 

spectrophotometrically in triplicates with the ferrozine assay47. DOC was measured in 
triplicates with a total organic carbon analyzer (High TOC II, Elementar, Elementar 

Analysensysteme GmbH, Germany). Inorganic carbon was removed by acidification with 2 M 
HCl addition prior to analysis. High performance liquid chromatography (HPLC; class VP with 

refractive index detector [RID] 10A and photo-diode array detector SPD-M10A VP detectors; 
Shimadzu, Japan) was used to determine the fatty acid concentrations. To further quantify 

other elements in the porewater (i.e. phosphorous and sulfur) the samples were acidified in 
1% (v/v) HNO3 and analyzed in triplicates by inductively coupled plasma mass spectrometry 

(ICP-MS/MS Agilent 8900). A flow injection analysis (FIA) instrument equipped with a dialysis 
membrane for removal of Fe to prevent side reactions during measurement (Seal Analytical, 

Germany) was applied for quantification of NH4+, NO3- and NO2- concentrations.  

Correlative SEM and nanoSIMS analysis 

The free particles of the fine fraction of each organic horizon, transition zone and mineral 

horizon in cores Palsa A (referred to intact palsa), Palsa B (referred to more collapsed palsa) 

and Front (referred to collapsing front) along the palsa hillslope were analyzed using 
correlative SEM and nanoSIMS, as described previously20,48,49. Briefly, subsamples of each 

layer (1 mg) were dispersed in anoxic deionized water and gently shaken to obtain the free 
organo-mineral particles. All larger particles and aggregates were allowed to settle. A drop of 

100 µl of the suspension was placed on a silica wafer and dried in an anoxic glovebox (N2 
atmosphere). Finally, samples were sputter-coated with ~30 nm Au/Pd conductive layer using 

a Bal-Tec SCD005 sputter coater (Baltec GmbH, Germany). To characterize the organo-
mineral particles of the fine fraction by size and crystallinity and identify representative 

particles, a field emission scanning electron microscope (FE-SEM; Jeol JSM-6500F), 
equipped with secondary electron detector, was used prior to nanoSIMS analysis. The 

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

analysis were performed at the Cameca nanoSIMS 50L of the Chair of Soil Science (TU 
München, Germany).  As described previously20, a primary ion beam (~2 pA) was set at a 

lateral resolution ~100 nm and scanned over the samples with 12C-, 16O-, 12C14N-, 31P-, 32S-, 
27Al16O- and 56Fe16O- secondary ions collected using electron multipliers.  
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Mössbauer spectroscopy 

The soil samples for 57Fe Mössbauer spectroscopy were collected under the protection of 

100% N2. Samples from three thaw stages were measured, including Palsa A, Bog and Fen 
(both wetland cores obtained by a previous campaign see Patzner et al.20) of transition zone 

and mineral horizon (Figure S13 and Table S6). The samples were dried anoxically before 
loading into a Plexiglass holder. The prepared samples were stored anoxically at -20°C until 

measurement. Mössbauer spectroscopy was performed in a standard transmission setup 
(Wissel, Wissenschaftliche Elektronik GmbH), and absorption spectra were collected at 77 

and 6 K controlling with a closed-cycle cryostat (SHI-850-I, Janis Research Co). The spectra 

were calibrated with a57Fe0 foil at 295 K, and fitted using the Voigt Based Fitting (VBF)50 
routine in the Recoil software (University of Ottawa, Canada). Results are shown in the SI, 

Figure S13 and Table S6.  

TOC and TN analysis 

As described previously20, total organic carbon (TOC) and total organic nitrogen (TN) were 

quantified by an Elementar vario El (Elementar Analaysysteme, GmbH, Germany). Soil 
samples were dried at 60°C until no further weight loss was observed. The dried soils were 

ground and acidified with 16% HCl to remove the inorganic carbon. After washing with 
deionized water, followed by drying, the TOC and TN content was analyzed. Results of C/N 

ratios are shown in the SI (Figure S14).  

Microbial community analysis 

Total RNA and DNA was extracted using the PowerSoilâ RNA and DNA isolation kit as 

described by the manufacturer (MO BIO Laboratories, Carlsbad, CA, USA), with the following 

modifications: 2-3 g of soil was used from each soil horizon; 10 min bead-beating; 
centrifugation steps at maximal speed (7000 x g) at 4°C; and longer incubation times at -20°C 

(1.5 h). RNA and DNA were eluted in 50 µl RNase/DNase-Free water. RNA and DNA 

concentrations were determined using a Qubitâ 2.0 Fluorometer with RNA and DNA HS kits 

(Life Technologies, Carlsbad, CA, USA). Subsequent DNA digestion and reverse transcription 

reactions were performed using a Reverse Transcriptase (Invitrogen, Life Technologies) as 
described previously by Otte et al., 201851. Quantitative PCR (qPCR) specific for the 16S rRNA 

(gene) of bacteria and archaea was performed as described previously51. Microbial 16S rRNA 
(genes) were amplified using primers 515F and 806R52. Quality and quantity of the purified 

amplicons were determined using agarose gel electrophoresis and Nanodrop (NanoDrop 
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1000, Thermo Scientific, Waltham, MA, USA). Subsequent library preparation steps (Nextera, 

Illumina) and sequencing were performed by Microsynth AG (Switzerland) using the 2 × 250 
bp MiSeq Reagent Kit v2 on an Illumina MiSeq sequencing system (Illumina, San Diego, CA, 

USA). From 10,112 to 396,483 (average 113,374) read pairs were generated per sample in 
three separate sequencing runs on the same MiSeq machine, resulting in total in 8.6 million 

read pairs. Quality control, reconstruction of 16S rRNA (gene) sequences and taxonomic 
annotation was performed with nf-core/ampliseq v1.1.253,54 with Nextflow v20.10.055 using 

containerized software with singularity v3.4.256. Data from the three sequencing runs were 
treated initially separately by the pipeline using the option “mulipleSequencingRuns” and ASV 

tables were merged. Primers were trimmed, and untrimmed sequences were discarded (< 
25%, on average 7.7%) with Cutadapt v2.657. Adapter and primer-free sequences were 

imported into QIIME2 version 2019.10.058, processed with DADA2 version 1.10.059 to 

eliminate PhiX contamination, trim reads (before the median quality drops below 35, i.e. 
position 230 in forward reads and 174 in reverse reads), correct errors, merge read pairs, and 

remove PCR chimeras; ultimately, in total 9,576 amplicon sequencing variants (ASVs) were 
obtained across all samples. Alpha rarefaction curves were produced with the QIIME2 

diversity alpha-rarefaction plugin, which indicated that the richness of the samples had been 
fully observed. A Naive Bayes classifier was fitted with 16S rRNA (gene) sequences extracted 

with the PCR primer sequences from the QIIME compatible, 99%-identity clustered SILVA 
v132 database60. ASVs were classified by taxon using the fitted classifier61. 225 ASVs that 

classified as chloroplasts or mitochondria were removed, totalling to < 7% (average 0.6%) 
relative abundance per sample, and the remaining 9,351 ASVs had their abundances 

extracted by feature-table (https://github.com/qiime2/q2-feature-table). 

Pathways, i.e. MetaCyc ontology predictions, were inferred with PICRUSt2 version 2.2.0-b 

(Phylogenetic Investigation of Communities by Reconstruction of Unobserved States)62 and 
MinPath (Minimal set of Pathways)63 using ASVs and their abundance counts. Inferring 

metabolic pathways from 16S rRNA amplicon sequencing data is certainly not as accurate as 
measuring genes by shotgun metagenomics, but it yields helpful approximations to support 

hypotheses driven by additional microbiological and biogeochemical analyses62. 

FT-ICR-MS analysis 

Soil extracts and DOM in the porewater were analyzed with FT-ICR MS to identify and monitor 

compositional changes in the mineral-associated organic carbon fraction and the mobile, DOC 

fraction. All of the samples were prepared for FT-ICR-MS analysis by solid phase extraction 
(SPE) under N2 atmosphere (glove bag) following the procedure described by Dittmar et al., 
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200864 and Li et al., 201665 with some modifications. In brief, 1 g, 3 mL Bond Elut PPL 

cartridges (part#12102148, Aglient Technologies, Santa Clara, CA, USA) were conditioned 
with 5 mL of HPLC grade methanol (Simga-Aldrich, Rehovot, Israel), followed by 5 mL of 0.01 

M HCl. Each sample was acidified to pH ~2.5 and then loaded onto the SPE columns, loading 
volume was adjusted to load a total of 0.5 mg C based on the TOC content. After sample 

loading, the SPE cartridges were rinsed with 5 mL of 0.01 M HCl followed by drying with N2 
for 3-5 mins. Finally, the samples were eluted with 1 mL of HPLC grade methanol and stored 

in airtight amber sample vials wrapped in aluminum foil at 4°C. There was no additional dilution 
of the samples performed prior to analysis by negative ion electrospray ionization.  

The samples were analyzed with a custom-built FT-ICR mass spectrometer, equipped with a 
21T superconducting solenoid magnet and a modular software package for data acquisition 

(Predator)66. Sample solution was infused via a microelectrospray source67 (50 µm i.d. fused 
silica emitter) at 500 nL/min by a syringe pump. Typical conditions for negative ion formation 

were: emitter voltage, -3.0 kV; S-lens RF level, 45%; and heated metal capillary temperature, 
350 °C. Ions were initially accumulated in an external multipole ion guide (1-5 ms) and 

released m/z-dependently68. Ions were excited to m/z-dependent radius to maximize the 
dynamic range and number of observed mass spectral peaks (32-64%)69, and excitation and 

detection were performed on the same pair of electrodes70. The dynamically harmonized ICR 

cell in the 21 T FT-ICR is operated with 6 V trapping potential71,72. Time-domain transients 
(100 time-domain acquisitions for all experiments) of 3.1 seconds were acquired with the 

Predator data station that handled excitation and detection only, initiated by a TTL trigger from 
the commercial Thermo data station73. Mass spectra were phase-corrected74 and internally 

calibrated with 10-15 highly abundant homologous series that span the entire molecular weight 
distribution (~150 to 1300 m/z) based on the “walking” calibration method75. Experimentally 

measured masses were converted from the International Union of Pure and Applied Chemistry 
(IUPAC) mass scale to the Kendrick mass scale76 for rapid identification of homologous series 

for each heteroatom class77. Peaks with signal to noise ratios greater than 6 times the noise 
at the baseline root-mean-square (rms) noise at m/z 500 were exported to custom software 

(PetroOrgÓ) for additional formula and elemental composition assignment78. All assigned 

formulas were part of a ³3 peak carbon series and had less than ±0.3 ppm mass error. A LOD 

of 6 s was considered sufficient to minimize ionization difference effects between samples, 

and therefore biasing by large numbers of low abundance peaks. To further identify macro 

compositional shifts, analysis of differences between samples was performed only on peaks 
with ≥20% difference in relative abundance. Additionally, modified aromaticity index (ModAl) 
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was calculated according to Koch&Dittmar64 and nominal oxidation state of carbon (NOSC) 

was calculated according to La Rowe&Van Cappellen79. Data processing post formula 
assignment was performed with RStudio utilizing R software (V4.0.3).  
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Results and Discussion  
 

Greenhouse gas emissions promoted by microbial iron-cycling in thawing permafrost 
peatlands 

In the palsa and at the collapsing front (SI, Figures S1 and S2), net CO2 emissions were similar 
on average 1.57±0.27 µmol/m2/s and slightly decreased in the bog to 1.12±0.51 µmol/m2/s 

(Figure 1 a, measured with gas chambers). Replicate analysis of CO2 concentrations in 
automatic Eosense gas chambers showed similar CO2 emissions along the palsa hillslope (SI, 

Figure S3). Net CH4 emissions were very low in the palsa (0.003±0.001 µmol/m2/sec), 
significantly increased (unpaired t-test, N = 3, α = 0.05, p = 0.0001) at the collapsing front to 

0.025±0.001 µmol/m2/s and then slightly decreased in the bog (0.013±0.001 µmol/m2/s; Figure 
1 a). Emission rates of CO2 and CH4 in the palsa and the bog at Stordalen mire are in line with 

previous studies 80-82. This is the first report of emissions at the collapsing front, where palsa 
is collapsing into the bog. 

Previous work demonstrated that highest reactive Fe and associated OC contents can be 
found in the soil profile where the organic and mineral horizons meet, which we have termed 

the “transition zone”20. DOC concentrations in the porewater of the transition zone were low in 
the intact palsa (Palsa A, 57.97±16.49 mg/L). They significantly increased (unpaired t-test, N 

= 8, α = 0.05, p = 0.0252) towards the collapsing front to 207.65±168.16 mg/L in more 
collapsed palsa (Palsa B). Highest DOC concentrations were found directly at the collapsing 

front (535.75±131.45 mg/L) and then significantly decreased (unpaired t-test, N = 8, α = 0.05, 
p = 0.0009) in the bog (279.62±113.14 to 206±80.28 mg/L) (Figure 1 b; SI, Figure S1 and 

Figure S4). The DOC shows the same trend as the aqueous Fe2+ concentrations (Figure 1 b). 

Aqueous Fe2+ concentrations in the palsa were lowest along the palsa hillslope (4.47±3.16 to 
22.62±30.14 mg/L; Figure 1 b) and significantly increased (unpaired t-test, N = 8, α = 0.05, p 

= 0.0001) at the collapsing front. Highest aqueous Fe2+ concentrations were measured at the 
collapsing front (153.24±40.14 mg/L) and significantly decreased again (unpaired t-test, N = 

8, α = 0.05, p = 0.0064) at the two measured locations in the bog to 48.86±11.43 and 
82.43±47.93 mg/L (Figure 1 b). Other elements such as e.g. dissolved phosphorous also 

strongly correlated with the aqueous Fe2+ pulse at the collapsing front, suggestive for mineral 
dissolution (see SI, Figure S5 and for deeper mineral horizons see SI, Figures S6). 

The release of OC and aqueous Fe2+ along the palsa hillslope was accompanied by a 
significant increase in the relative 16S rRNA gene sequence abundance (DNA-based) of iron- 
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and methane-cycling microorganisms in the transition zone and mineral horizon from the palsa 

to the collapsing front (Figure 1 c; SI, Figure S7). Fe(II)-oxidizing bacteria significantly 
increased (unpaired t-test, N = 9, α = 0.05, p = 0.0001 and p = 0.0076) from the palsa to the 

collapsing front from 0.54±0.26 to 2.33±0.33% relative 16S rRNA gene sequence abundance 
in the transition zone and from 0.92±0.58 to 1.66±0.44% in the mineral horizon. Towards the 

collapsing front, Fe(III)-reducing bacteria also significantly increased (unpaired t-test, N = 9, α 
= 0.05, p = 0.0001) from 0.41±0.07 to 2.46±0.34% relative 16S rRNA gene sequence 

abundance in the transition zone and from 0.21±0.05 to 2.42±0.27% in the mineral horizon 
(Figure 1 c). Methanogens significantly increased along the palsa hillslope (Palsa A to 

collapsing front; unpaired t-test, N = 9, α = 0.05, p = 0.0001) from 0.42±0.37 to 2.83±0.26% 
relative 16S rRNA gene sequence abundance in the transition zone and from 1.40±1.40 to 

11.68±3.12% in the mineral horizon. Methanotrophs significantly increased (unpaired t-test, N 

= 9, α = 0.05, p = 0.0001) from the palsa to the collapsing front from 0.90±0.30 to 1.93±0.09% 
relative 16S rRNA gene sequence abundance in the transition zone and from 0.58±0.08 to 

1.26±0.29% in the mineral horizon (Figure 1 c). Along the palsa hillslope, the relative 16S 
rRNA gene sequence abundances of iron- and methane-cycling microorganisms were stable 

in the organic horizon (Figure 1 c). The iron- and methane-cycling microorganisms are 
described in detail in Figure 3. For estimated absolute abundances of bacteria (DNA-based: 

3.23 x 105 – 4.24 x 109 and RNA-based: 1.44 x 107 – 7.45 x 1010 16S rRNA gene copy numbers 
per g soil) and archaea (DNA-based: 1.55 x 106 – 1.38 x 109 and RNA-based: 2.75 x 104 – 

5.58 x 107 16S rRNA gene copy numbers per g soil) as well as the manually-compiled 
database used to identify iron- and methane-cycling microorganisms and the whole microbial 

community see SI (Figures S8 and S9 and Tables S1-S4).  

At the same time, highest reactive Fe concentrations (defined as Fe reductively dissolved by 

sodium dithionite and control corrected by leachable Fe, see Material&Methods) (10.04±0.07 
mg reactive Fe per g soil) were found in the transition zone of the most intact palsa soil (Palsa 

A) (Figure 2 a; for replicate core analysis see SI, Figure S10). Towards the collapsing front, 
reactive Fe in the transition zone between the organic and mineral horizons significantly 

decreased (unpaired t-test, N = 9, α = 0.05, p = 0.0001) to 3.22±0.06 mg reactive Fe per g soil 

at the front (Figure 2 a). The amount of reactive Fe-associated OC (OC dissolved after 
reductive dissolution of reactive Fe minerals by sodium dithionite and control corrected by 

leachable OC, see Material&Methods) also decreased from the palsa (Palsa A and Palsa B) 
to the bog in the transition zone (83.69±10.04 and 76.60±16.89 mg Fe-associated OC per g 

soil in the palsa to 40.88±10.76 mg per g soil in the bog) (Figure 2 a). In the organic horizons 
along the palsa hillslope, reactive Fe and Fe-associated OC amounts were lowest in the soil 
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profile with average values of 0.49±0.25 mg reactive Fe per g soil and 2.08±2.47 mg Fe-

associated OC per g soil (Figure 2 a). In the mineral horizons from the palsa to the collapsing 
front, reactive Fe was very stable (average 3.81±0.38 reactive Fe per g soil), whereas Fe-

associated OC slightly decreased from 47.21±14.30 mg Fe-associated OC per g soil in the 
palsa to the collapsing front with 11.60±8.54 mg Fe-associated OC per g soil (Figure 2 a). The 

highest content of Fe-associated OC was found in the most intact palsa (Palsa A) along the 
palsa hillslope. This is supported by the strong spatial associations of OC with Fe minerals in 

the fine fraction observed by nanoSIMS analysis in the transition zone at Palsa A (Figure 2 b; 
see also replicate analysis of Palsa A, SI, Figures S1, transect 1 and S11-S12). The transition 

zone and mineral horizons at the collapsing front showed organic-free, co-existing Fe and 
aluminum (Al), suggestive of Fe-bearing clays (Figure 2 b). This is also supported by 

Mössbauer spectroscopy (SI, Figure S13 and Table S6) and by previous observations with 

extended X-ray adsorption fine structure (EXAFS)20.  

Highest reactive Fe and Fe-associated OC were found at the redox boundary between organic 
horizon and mineral horizon in intact permafrost soils20,21,83. It has been shown that these Fe-

OC associations are completely lost in the solid phase along a permafrost thaw gradient20. 
Our newest data now reveals that this so called rusty carbon sink is already destabilized during 

palsa collapse, even before complete permafrost thaw. Lateral flow by runoff of rain and/or 

melt water41,84 in the transition zone between organic and mineral hoirzon, caused by bulk 
density shifts (organic horizon: 0.03±0.01 g/cm3 and mineral horizon: 0.84±0.26 g/cm3)20, 

favors micro-oxic conditions, as also described for other permafrost hillslopes85. These redox 
conditions promote Fe(III) reduction of reactive Fe minerals coupled to carbon oxidation driven 

by Fe(III)-reducing bacteria 15,86. This results in a release of Fe and Fe-associated OC into the 
surrounding porewater and ultimately contributes to a pulse of aqueous Fe2+ and DOC at the 

collapsing front – where we observed the highest  aqueous Fe2+ and DOC concentrations 
along the whole thaw gradient20.  

The release of OC along the palsa hillslope results from multiple co-occurring processes85. 
These include the release of Fe-associated OC, changes in in pH87, plant community40, and 

in microbial degradation of organic matter88 (SI, Figure S14).  

Fe(II)-oxidizers cannot prevent the overall loss of reactive Fe and Fe-associated OC by Fe(II) 
oxidation to Fe(III) along the palsa hillslope. The released OC, including previously Fe-

associated-OC, and the CO2 subsequently produced, further stimulated methanotrophic and 

methanogenic microorganisms at the collapsing front. This CO2 production was at least 
partially driven by Fe(III) reduction coupled to carbon oxidation based on the increasing 
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abundance of Fe(III)-reducing bacteria along the palsa hillslope (also suggested for subalpine 

wetland soils89). 

Ultimately, the loss of this so called rusty carbon sink contributes to net GHG emissions of 
CO2 and CH4, directly by Fe(III) reduction coupled to carbon oxidation and indirectly by 

promoting methanotrophy and methanogenesis at the collapsing front. 
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Figure 1. Microbial iron-cycling and carbon release as dissolved organic carbon (DOC), 
carbon dioxide and methane emissions along a palsa hillslope. a, Carbon dioxide and 
methane emissions along the palsa hillslope with highest emissions at the collapsing front. 

The reported values and error bars represent the average and standard deviation of three 
days with three times 30 mins in 5 mins sampling intervals in July 2019 (see also SI, Figures 
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S1, S2 and for replicate analysis Figure S3). b, Aqueous iron (Fe2+) and DOC pulse along the 

palsa hillslope at 30 cm depth with highest values at the collapsing front. Reported values and 
error bars represent the average and standard deviation of eight palsa to bog hillslopes 

sampled in June/July 2019 (see also SI, Figure S1 and Figures S4-S6). c, Relative 16S rRNA 
gene abundance of iron- and methane-cycling strains [%] along the palsa hillslope with highest 

abundances at the collapsing front: a) Fe(II)-oxidzing, b) Fe(III)-reducing, c) methanogenic 
and d) methanotrophic. For absolute abundance of bacteria based on qPCR analysis specific 

for 16S rRNA genes and Fe- and methane-cycling microorganisms analyzed in this study 
(adapted from Otte et al.51 and Weber et al.90) see SI, Figure S8 and Tables S1-S4. Cores 

were taken in July 2019 (see also SI, Figures S1, transect 1 and 3 and Figure S7-8 and Table 
S1-S4) in palsa (Palsa A = most intact, Palsa B = close to collapsing front) and at the collapsing 

front. Reported values and error bars represent the average and standard deviation of 

triplicate analysis of each soil horizon (organic horizon, transition zone and mineral horizon) 
along the palsa hillslope.  

 

 

Figure 2. Reactive iron (Fe) and associated organic carbon (OC) from intact palsa to the 
collapsing front in a, the bulk soil and b, in the fine particle fraction. a, Reactive Fe and 
Fe-associated organic carbon in the solid phase decrease from the intact palsa (Palsa A) 

towards the collapsing front. Reactive Fe values are the average of sodium dithionite citrate 
duplicate extractions, control corrected by sodium chloride bicarbonate extractable Fe 

(leachable Fe). Fe-associated OC values are the average of sodium dithionite citrate 

extractions, control corrected by subtraction of the citrate background and the sodium chloride 
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bicarbonate extractable OC (leachable OC) (see Material&Methods). Cores were taken in July 

2019 (see also SI, Figures S1, transect 1 and Figure S7-8 and Table S1-S4) in palsa (Palsa 
A = most intact, Palsa B = close to collapsing front) and at the collapsing front. Error bars of 

reactive Fe represent a combined standard deviation of sodium chloride bicarbonate 
extractable Fe and sodium dithionite citrate extractable Fe. Errors of the Fe-associated carbon 

represent a combined standard deviation of the citrate blank, sodium chloride bicarbonate 
extractable OC and sodium dithionite citrate extractable OC. For absolute amounts see SI, 

Table S5 and replicates see SI, Figure S10. b, High spatial resolution analysis of Fe-OC 
associations by nanoSIMS in the fine fraction of the soil, displayed as 12C- (white), 56Fe16O- 

(red) and 27Al16O- (blue) overlaid in a composite image. For the two end-members, Palsa A 
and collapsing front, four particles of the fine fractions of each layer were analyzed by 

correlative SEM and nanoSIMS, all showing the same spatial distribution of Fe, C and Al as 

shown by the four representatives (see SI, Figure S11-S12).  

 

Microbial iron- and methane-cycling during palsa collapse 

To investigate microbial key plays in the iron- and methane-cycle, we analyzed the microbial 
community by 16S rRNA gene amplicon sequencing.  

Along the palsa hillslope, iron- and methane-cycling microorganisms are increasing in relative 

abundance, here defined as DNA-based relative 16S rRNA gene abundance, and in potential 

activity, here defined as RNA-based relative 16S rRNA abundance (Figure 3; for total microbial 
community and replicate analysis see SI, Figure S9 and S15).  

Fe(III)-reducers, driving reactive Fe mineral dissolution and associated OC release, are found 

in high abundance and potential activity along the palsa hillslope. From Palsa A to the 
collapsing front, Geobacter sp., a classical Fe(III)-reducer24, significantly increased (unpaired 

t-test, N = 3, α = 0.05, p = 0.0001) in relative abundance from 0 to 1.55±0.30% in the transition 

zone and to 1.62±0.18% in the mineral horizon and potential activity from 0 to 2.50±0.13% in 
the transition zone and to 4.75±1.07% in the mineral horizon (Figure 3 a and b). Clostridium 

sp., a fermentative Fe(III)-reducer53, significantly increased (unpaired t-test, N = 3, α = 0.05, p 
= 0.0001) in their relative abundance from 0 to 0.81±0.02% in the transition zone and 

0.76±0.07% in the mineral horizon (Figure 3 a) and in their potential activity from 0 to 
2.31±1.15% in the transition zone and to 1.23±0.22% in the mineral horizon (Figure 3 b). 

Rhodoferax sp., known for dissimilatory Fe(III) reduction52, only appeared to be present 
(1.98±1.51%) and active (1.62±0.16%) in the mineral horizon of the more collapsed palsa 
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(Palsa B), close to the collapsing front (Figure 3 a and b). Myxococcales sp. showed highest 

relative abundance from 1.67±0.15% in the intact palsa (Palsa A) to 1.30±0.23% at the 
collapsing front and potential activity from 9.13±0.08 in the intact palsa to 7.03±2.08% at the 

collapsing front in the organic horizon (Figure 3 a and b).  

This microbial community analysis indicated that the rusty carbon sink is lost by dissimilatory 
and fermentative Fe(III) reduction. Dissimilatory Fe(III) reduction is conducted along the palsa 

hillslope by abundant and active Fe(III)-reducing microorganisms such as Geobacter sp., 
Rhodoferax sp. and Myxococcales sp. (Figure 3; see also absolute abundances in SI, Figure 

S8 and replicate core analysis SI, Figure S15)51,90. Myxococcales sp. are not only capable of 

Fe(III) reduction, but also i.e. polysaccharide and protein digestion88. Geobacter sp. and 
Rhodoferax sp. represent classical Fe(III)-reducing microorganisms, that are well studied in 

different environments24 with Rhodoferax sp. also being described at other permafrost sites15. 
Fermentative Fe(III) reduction is probably performed by Clostridium sp. who might use, 

besides the present DOC, also the solid phase reactive Fe-associated OC to reduce reactive 
Fe (see SI, Figures S11-12). 

The abundant and active Fe(III)-reducing bacteria are accompanied by lower relative 
abundant and probably lower active Fe(II)-oxidizers. Gallionella sp. was relative abundant with 

0.82±1.16% and potentially active with 1.42±1.92% in the mineral horizon of the more 
collapsed palsa (Palsa B). Sideroxydans sp. significantly increased in their relative abundance 

from not detected to 1.42±0.21% in the transition zone (unpaired t-test, N = 3, α = 0.05, p = 
0.0003) and to 1.08±0.34% in the mineral horizon (unpaired t-test, N = 3, α = 0.05, p = 0.0053). 

Other Gallinoellaceae, besides Gallionella sp. and Sideroxydans sp., were equally distributed 
in their relative abundance along the palsa hillslope from 0.54±0.26% in the transition zone 

and 0.86±0.55% in the mineral horizon of the intact palsa (Palsa A) to 0.90±0.12% in the 
transition zone and 0.58±0.09% in the mineral horizon at the collapsing front. The activity of 

the other Gallionellaceae was probably highest at the collapsing front with 0.53±0.24% in the 

transition zone and 0.35±0.07% in the mineral horizon. The relative abundant and potentially 
active classical Fe(II)-oxidizing bacteria51,90 such as Gallionella sp., already described in arctic 

ponds91, and Sideroxydans sp. (Figure 3) cannot sustain or reform the rusty carbon sink during 
palsa collapse (Figure 2).  

The increasing relative 16S rRNA (gene) abundance (DNA- and RNA-based) of classical 

Fe(III)-reducing bacteria is accompanied by a significant increase (unpaired t-test, N = 3, α = 

0.05, p = 0.0075) in the relative abundance of methanogenic microorganisms, mainly 
Methanobacterium sp.. Methanobacterium sp. significantly increased in their relative 
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abundance in the transition zone from 0.25±0.24% in the intact palsa (Palsa A) to 2.05±0.14% 

at the collapsing front and in the mineral horizon from 1.15±1.22% in the intact palsa (Palsa 
A) to 10.07±2.84% at the collapsing front (Figure 3). Along the palsa hillslope (Palsa A to 

collapsing front), only a slight increase towards higher activity of Methanobacterium sp. was 
observed in the transition zone from 0 to 0.14±0.05% and in the mineral horizon from 0 to 

1.91±0.85 % (Figure 3). Other methanogens belonging to Bathyarchaeia also significantly 
increased in relative abundance along the palsa hillslope from 0.17±0.13% to 0.71±0.12% in 

the transition zone (unpaired t-test, N = 3, α = 0.05, p = 0.0061) and from 0.25±0.18% to 
1.45±0.24% in the mineral horizon (unpaired t-test, N = 3, α = 0.05, p = 0.0023). 

Methanotrophs, such as Roseiarcus sp. and other Beijerinckiacaeae (i.e. Methylobacterium 
sp. or Methylocystis sp.) were based on DNA equally relative abundant along the palsa 

hillslope with highest potential activity in the palsa closest to the collapsing front (Palsa B) with 

12.55±0.30%. 

Acetate, formed along the palsa hillslope with up to 61.70±42.56 mg C/L (10.33% of the total 
DOC) at the collapsing front (Figure 4), stimulates Fe(III) reduction coupled to acetate 

oxidation and leads to CO2 formation by Fe(III)-reducing bacteria such as Geobacter sp., 
known to metabolize acetate24. The potential for reductive acetogenesis from CO2 by 

Bathyarchaeia was previously suggested92. Our MetaCyc ontology predictions showed a high 

potential for acetoclastic methanogenesis (SI, Figure S16), but only the relative abundance of 
hydrogenotrophic methanogens such as Methanobacterium sp. This could be explained by 

the higher thermodynamical favorability of Fe(III) reduction coupled to acetate oxidation as 
compared to acetoclastic methanogenesis. H2 and CO2, partially produced by fermentative 

Fe(III) reduction by e.g. Clostridium sp., can be used by hydrogenotrophic methanogens and 
lead to CH4 emissions at the collapsing front. The CH4 is partially turned back to CO2 by 

methanotrophs as shown by Perryman et al.22 who described highest methane oxidation rates 
for palsa at the transition between palsa and bog (here referred as collapsing front).  

 
Our data clearly shows a co-existence of the relative abundant and potentially active microbial 

iron- and methane-cycling microbial community during palsa collapse, which ultimately cause 

GHG emissions and effect the balance between CO2 and CH4 emissions already before 
complete permafrost thaw.  
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Figure 3. Relative 16S rRNA (gene) abundance of abundant (DNA-based) and likely 
active (RNA-based) iron (Fe)- and methane-cycling microbial communities along the 
palsa hillslope (Palsa A, Palsa B, Front). a, Iron-cycling microorganisms show an increasing 
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relative 16S rRNA (gene) abundance (DNA- and RNA-based) [%] along the palsa hillslope 

with highest abundances in the transition zone and mineral horizon at the collapsing front. b, 
Methane-cycling microorganisms are increasing in relative 16S rRNA (gene) abundance 

(DNA- and RNA-based) [%] along the palsa hillslope. For absolute abundance of bacteria and 
archaea based on qPCR analysis specific for 16S rRNA (genes) (based on DNA and RNA) 

and Fe- and methane-cycling microorganisms analyzed in this study (adapted from Otte et 
al.51 and Weber et al.90) see SI, Figure S8 and Tables S1-S4. Reported values and error bars 

represent the average and standard deviation of triplicate analysis of each soil horizon 
(organic horizon, transition zone and mineral horizon) along the palsa hillslope (see also SI, 

Figure S1, transect 3 and Figure S7). Replicate cores show similar relative 16S rRNA (gene) 
abundance of abundant (DNA-based) and potentially active (RNA-based) Fe- and methane 

cycling microbial community along the palsa hillslope (SI, Figure 16). 

 

Release of bioavailable iron-associated organic carbon during palsa collapse 

The loss of the rusty carbon sink during the palsa collapse contributes to net GHG emissions 
directly by Fe(III) reduction coupled to carbon oxidation. To investigate if the loss of the rusty 

carbon sink also directly contributes to net GHG emissions by releasing bioavailable, 
previously Fe-bound organic carbon into the porewater which then becomes further 

metabolized by the present microbial community88 (see also Figure S9), we determined the 
identity of Fe-bound OC in the solid phase (dithionite extractable OC) and released OC in the 

porewater. Dithionite did not affect the fate of extractable OC and did not lead to molecular 
artifact formation (see SI, Table S7). 

FT-ICR-MS analyses showed that in the transition zone of the palsa, the reactive Fe-
associated OC had a higher relative abundance of aliphatic species (green) than the reactive 

Fe-associated OC at the collapsing front (Figure 4 a; see SI, Figure S17). This more aliphatic-
like fraction could represent amino sugar-like, carbohydrate-like and lignin-like compounds 

(O/C range: 0.3 to 0.6, H/C range: 1.0 to 1.5) 93,94. A higher fraction of aromatics (purple) was 
associated with reactive Fe phases at the collapsing front compared to the organics bound by 

reactive Fe in the intact palsa (Figure 4 a; see also SI, Figures S14). In general, it should be 

noted that the amounts (mg/g) of reactive Fe-associated OC are decreasing along the palsa 
hillslope (see Figure 2 and Table S5). The higher relative abundance of the more aliphatic 

compounds (green) associated with reactive Fe in the intact palsa soils is lost during reductive 
dissolution to the surrounding porewater along the palsa hillslope, thus the aliphatic fraction 
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most likely contributes to the aqueous Fe2+ and DOC pulse at the collapsing front (Figure 4 a). 

Loosely bound OC (salt extractable) appeared in lower quantities and showed less defined, 
but similar organic fractions as the reactive Fe-associated OC (SI, Figure S18, Table S5 and 

S7). 

Porewater extracted from the same soil interface (transition zone), in where the rusty carbon 
sink is lost along the palsa hillslope (Figure 1 and 2), contained a higher relative abundance 

of more aliphatic species and more aromatic species (green) as compared to porewater 
extracted at the collapsing front (Figure 4 a; see SI, Figures S17 and replicate analysis Figures 

S19). At the collapsing front, an increased relative abundance of organic molecules, potentially 

representing tannin-like compounds (O/C range: 0.5 to 0.9, H/C range: 0.5 to 1.4)93,94, is 
observed (Figure 4 a; see SI, Figures S17). The more aliphatic and more aromatic species 

were lower in relative abundance in the DOC at the collapsing front, whereas a higher relative 
abundance of aromatic species was observed (purple, Figure 4 a). This could indicate 

decomposition processes that occur in the palsa hillslope porewater that yield smaller organic 
compounds, uptake by native microbes, assimilation of organic carbon into biomass and/or 

further metabolism, and ultimately emissions of GHGs by microbial respiration.  

Further decomposition of DOC along the palsa hillslope is supported by an increasing nominal 

oxidation state of carbon (NOSC) of the DOC in the porewater at the transition zone from the 
palsa towards the collapsing front from 0.12±0.04 to 0.24±0.04 (Figure 4 b). As the DOC 

becomes more oxidized, the NOSC increases at the collapsing front. This is in line with an 
increasing average molecular weight (MW) from 591.24±7.70 in palsa to 614.80± 0.40 at the 

collapsing front (Figure 4 b and SI, Figure S20). NOSC values slightly decreased in the bog 
to 0.20±0.02 due to the overall loss of organic carbon mainly as CO2 and, consequently, 

enrichment of less decomposed and more reduced DOC in the porewater. The double-bond 
equivalents (DBE, the number of rings plus double bonds to carbon, calculated from the 

neutral elemental composition95), remained rather stable along the palsa hillslope (0.39±0.08). 

The DBE along the palsa hillslope showed lower values than previously reported for bog and 
fen87, indicating that bog and fen DOC is overall more unsaturated compared to DOC released 

along the palsa hillslope.  

The further decomposition of released organic carbon contributes to acetate formation (Figure 
4 c) at the collapsing front, probably by pyruvate fermentation, indicated by MetaCyc ontology 

predictions (SI, Figure S16). Along the palsa hillslope, acetate in the porewater at the transition 

zone between organic and mineral horizons significantly increased (unpaired t-test, N = 8, α 
= 0.05, p = 0.0024) from 6.24±0.34 mg C/L (3.56% of the total DOC) in the palsa to 
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61.70±42.56 mg C/L (10.33% of the total DOC) at the collapsing front, the highest acetate 

concentrations observed across the whole thaw gradient20. Further into the bog, the acetate 
concentrations significantly decreased (unpaired t-test, N = 8, α = 0.05, p = 0.0085) from 

15.13±6.53 to 6.10±1.44 mg C/L.  

Previous studies at Stordalen mire focused on the soil organic carbon, dissolved organic 
matter composition (DOM) and DOC transport along the thaw gradient. These analyses have 

highlighted shifts towards faster decomposition from partially-thawed bog to fully-thawed fen 
with an increasing proportion of carbon released as CH4 41,87,96. Processes occurring at the 

transition between palsa and bog had not been studied, thus enhanced production of acetate 

and its promotion of methanogenesis at this transition has been overlooked.  

Our data showed that reactive Fe at the redox boundary between organic and mineral horizons 
can bind aliphatic organic carbon, probably by downward cycling of DOM97,98 which is released 

during reductive dissolution into the surrounding porewater. Lower molecular weight 
compounds, aliphatic compounds or compounds poor in carboxyl functional groups show 

lower sorption capacities to Fe minerals than higher molecular weight compounds, aromatics, 

or compounds rich in carboxyl functionalities98. This is also supported by the leachable OC 
extractions (same ionic strength and pH as the sodium dithionite extraction; see SI, Figure 

S20). Thus, these compounds are not protected from microbial degradation along the palsa 
hillslope. The previously Fe-associated aliphatic fraction becomes more bioavailable to 

microorganisms when it is released from mineral associations98. This likely contributes to 
promotion of microbial growth and respiration of DOM during permafrost thaw97,99-101. Relative 

to aromatic compounds, aliphatic compounds are expected to be even more labile to 
microorganisms 97,100,101, which is supported by the overall loss of this more aliphatic carbon 

fraction in the porewater at the collapsing front (Figure 4 a) with only minor quantities of 
aromatic organic molecules remaining preserved by reactive Fe minerals after palsa collapse 

(Figure 2 and Figure 4 a). Kawahigashi et al. showed that aromatic DOC was preferentially 

retained by mineral horizons in Siberian tundra containing reactive Fe38.  

Our data clearly suggests that the loss of this rusty carbon sink directly contributes to high 
DOC concentrations along the palsa hillslope and provides a bioavailable organic carbon 

source that stimulates microbial respiration and promotes GHG emissions. 
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Figure 4. Bioavailability of reactive iron (Fe)-associated organic carbon (OC) released 
along the palsa hillslope. a, Composition of reactive Fe-associated OC and released OC 
into the porewater visualized by van Krevelen diagrams. Fe-bound carbon in palsa soils, 

underlain by intact permafrost, is comprised of more aliphatic species (class 1, green) and 

more aromatic species (class 2, purple) and lost with reductive dissolution into the porewater. 
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Towards the collapsing front into the bog, the remaining Fe-associated OC fraction is 

comprised of less bioavailable organic compounds which are likely associated with clay 
minerals (common in Palsa A, Front and Bog, marked in purple). Dissolved OC, which is only 

found in Palsa A, is enriched in more aliphatic compounds (green). Towards Front and Bog, 
only more aromatic species (purple) remain. For replicate analysis and control extractions to 

determine leachable OC (same ionic strength and pH as the sodium dithionite extraction) see 
also SI, Figures S17-S20. B, Redox properties and molecular weight of released organic 

carbon into the porewater along the palsa hillslope. Reported values represent average and 
error bars the range of duplicate porewater analysis along two palsa hillslopes (see also SI, 

Figures S17-S20). C, Acetate formation along the palsa hillslope. Following further 
decomposition of the dissolved OC, highly bioavailable acetate [mg C/L] is formed which then 

is again used to further reduce present reactive Fe(III) to Fe2+ coupled to acetate oxidation 

and CO2 formation. Reported values and error bars represent the average and standard 
deviation of 8 palsa to bog hillslopes, sampled in June/July 2019 (see also SI, Figures S1 and 

Figure S4).  

 
Implications for the carbon cycle in thawing permafrost peatlands 
 
There is a substantial need to piece together carbon sources and sinks in thawing permafrost 

environments to better understand and predict the overall climate impact of permafrost 

thaw102. One such carbon sink or source are Fe-OC associations39, which sequesters organic 
carbon in intact permafrost soils21 but releases it with complete permafrost thaw20. Our data 

now showed that the release of the OC from the rusty carbon sink turns the OC into a source 
of labile DOC (10% acetate), CO2 and CH4 even before permafrost soils have completely 

collapsed. With increasing abrupt thaw, occurring in 20% of the permafrost zone, new active 
hillslope features are formed103 and thus could speed up the loss of the rusty carbon sink in 

currently intact permafrost environments. Newest estimates showed that collapsing fronts will 
occupy 3% of abrupt thaw terrain by 2300, but could emit one-third of abrupt thaw carbon 

losses103. Ultimately, interlinked processes of iron- and carbon cycling in thawing permafrost 
environments need to be integrated into existing climate models to better understand and 

predict GHG emissions of thawing permafrost areas and thus better estimate its overall climate 

impact. For this, it is crucial to further determine co-occurring Fe(III) reduction rates and CO2 
and CH4 production rates following Fe mineral dissolution.  
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Figure S1. Field site and sample collection. Soil cores (yellow), porewater samples (blue) 
and gas samples (red) were taken in three transects (T1, T2 and T3) along palsa hillslopes 

into bog at Stordalen mire, Abisko (Sweden). Background picture is taken by GoogleEarth in 
2019.  
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Figure S2. Gas sampling along palsa hillslopes. In transect 1 (see also Figure S1), 
Eosense gas chambers (eosFD Forced Diffusion chamber in conjunction with the eosLink-FD 

software, EOSENSE INC, Dartmouth, Canada) (red) were installed to measure carbon dioxide 
emissions along the palsa hillslope (68°21'18.70"N, 19° 2'38.00"E). Additional gas chambers 

with plastic chambers, sealed with a rubber stopper, and metal frames (orange) were installed 
to obtain replicate carbon dioxide and additionally methane emissions along the palsa hillslope 

into the bog area.  
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Figure S3. Carbon dioxide emissions along the palsa hillslope (palsa and bog). Eosense 

gas chambers (eosFD Forced Diffusion chamber in conjunction with the eosLink-FD software, 
EOSENSE INC, Dartmouth, Canada) were installed along the palsa hillslope and analysis 

performed from the 8th of July to 10th of July 2019. Unfortunately, the second Eosense 

instrument at the collapsing front (shown in Figure S2) was broken during shipment and thus 
excluded in the analysis. The carbon dioxide emissions correlate with the surface soil 

temperature (measured at 5 cm soil depth at palsa and bog), measured by Integrated Carbon 
Observation System (ICOS) Sweden Abisko – Stordalen1. 
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Figure S4. Porewater sampling along palsa hillslopes. Along eight palsa hillslopes, 

porewater was extracted with lysimeters at six defined sampling points in July 2019. In 

transect 1 (shown here, see also Figure S1), lysimeters were installed for 3-4 hours along the 
palsa hillslope (68°21'18.70"N, 19° 2'38.00"E) at a distance of 1 m in between each other from 

palsa to bog. The porewater with dark brown, reddish color at the collapsing front represents 
the sample with the highest aqueous iron and dissolved organic carbon along the palsa 

hillslope into bog. 
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Figure S5. Aqueous total phosphorous (P(tot)), aqueous total sulfur (S(tot)) and 
ammonium concentrations in the porewater along the palsa hillslope (30 cm depth, 
transition zone). Aqueous concentrations are reported in mg/L from palsa (0-2.7 m) to bog 
(2.7-7 m). Reported values represent the average of six sampling spots for eight palsa 

hillslopes (0-2.3 m) to collapsing front (2.3-3.6) to bog (3.6-7 m), sampled in June/July (see 
also SI, Figures S1 and Figure S4). Error bars represent the standard deviation of eight palsa 

hillslopes (0-2.3 m) to collapsing front (2.3-3.6) to bog (3.6-7 m), sampled in June/July (see 
also SI, Figure S1). 
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Figure S6. Porewater analysis along the palsa hillslope (60 cm, mineral horizon). a, 
Dissolved organic carbon (DOC), acetate and aqueous Fe2+ in mg/L and b, aqueous total 

phosphorous (P(tot)), aqueous total sulfur (S(tot)) and ammonium concentrations along the 

collapsing palsa hillslope into bog. Reported values represent the average of six sampling 
spots for eight palsa hillslopes (0-2.3 m) to collapsing front (2.3-3.6) to bog (3.6-7 m), sampled 

in June/July (see also SI, Figure S1). Error bars represent the standard deviation of eight palsa 
hillslopes (0-2.3 m) to collapsing front (2.3-3.6) to bog (3.6-7 m), sampled in June/July (see 

also SI, Figure SI). 
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Figure S7. Coring along palsa hillslopes. Ten soil cores were taken along different palsa 
hillslopes to capture spatial heterogeneity of iron-carbon associations along the peatland mire. 

In transect 3 (shown here, see also Figure S1), five cores were taken along a palsa hillslope 
towards the collapsing front into bog (68°21'27.33"N, 19° 3'1.91"E), immediately frozen in 

liquid nitrogen and stored at -80°C until analysis of iron-carbon associations and of present 
and active microbial community.  
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Figure S8. Abundance of bacteria and archaea (copy numbers based on qPCR analysis 
specific for 16S rRNA genes; DNA-based on the left, RNA-based on the right). a, and b, 

show replicate analysis for Palsa A, Palsa B and Front (a), and Palsa A and Front (b).  
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Figure S9. Taxonomic identification of the microbial communities along the palsa 
hillslope based on 16S rRNA gene amplicon analysis (DNA-based). Data were averaged 
among triplicate analysis of each soil horizon (organic horizon, transition zone, mineral 

horizon).  
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Table S1. Overview of iron(II)-oxidizing microorganisms that were cross-checked in the 
16S rRNA amplicon gene sequencing results (DNA- and RNA-based) in this study 
(adapted from Otte et al.2 and Weber et al.3, see also Dinh et al.4 and Berg et al.5). 
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Table S2. Overview of iron(III)-reducing microorganisms that were cross-checked in the 
16S rRNA amplicon gene sequencing results in this study (adapted from Otte et al.2 and 
Weber et al.3, see also Berg et al.5, Li et al.6, Holmes et al.7, Finneran et al.8). 
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Table S3. Overview of methanogenic microorganisms that were cross-checked in the 
16S rRNA amplicon gene sequencing results in this study (see also Kim&Whitman9 and 
Mondav et al.10). 
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Table S4. Overview of methanotrophic microorganisms that were cross-checked in the 
16S rRNA amplicon gene sequencing results (DNA- and RNA-based) in this study (see 
also Jiang et al.11 and Singelton et al.12). 
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Table S5. Absolute values of iron and carbon in locations Palsa A, Palsa B and Front of 
the cores reported in the main text. Errors of the dithionite/citrate extractable a, iron 
(reactive Fe, control corrected) and b, carbon (carbon bound to reactive iron, control corrected) 

represent a combined standard deviation of sodium chloride bicarbonate extractable a, iron 
and b, carbon, b, citrate blank and dithionite/citrate extractable a, iron and b, carbon (not 

control corrected).  
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Figure S10. Organic carbon (OC, grey) associated with reactive iron (Fe, orange) along 
three replicate palsa hillslopes: a, replicate 1 (transect 3), b, replicate 2 (transect 3) and 
c, replicate 3 (transect 2). Reactive Fe and associated organic carbon along the palsa 
hillslope (Palsa A, Palsa B and Front) per each soil horizon (organic horizon, transition zone 

and mineral horizon) [mg/g] decreases towards the collapsing front. Palsa A shows the highest 
reactive Fe and associated organic carbon in intact permafrost soils. Along the palsa hillslope 

towards the collapsing front, reactive Fe and associated OC are lost in the solid phase. 
Reactive Fe reported values are the average of sodium dithionite citrate duplicate extractions 

of each soil horizon, control corrected by a sodium chloride bicarbonate extractable Fe 
(leachable Fe). Associated OC reported values are the average of sodium dithionite citrate 

extractions of each soil horizon, control corrected by the citrate background and the sodium 

chloride bicarbonate extractable OC (leachable OC) (see also Material and Methods). Cores 
were taken in July 2019 (see Figure S1). Error bars of the reactive Fe represent a combined 

standard deviation of sodium chloride bicarbonate extractable iron and dithionite/citrate 
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extractable Fe. Errors of the associated carbon represent a combined standard deviation of 

citrate blank, sodium chloride bicarbonate extractable OC and dithionite/citrate extractable 
OC.  
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Figure S11. Correlative scanning electron microscopy and nanoscale secondary ion 
mass spectrometry (nanoSIMS) of fine fraction of palsa soil horizons along the palsa 
hillslope. Fine particle analysis of a, Palsa A transition zone; b, Front transition zone; c, Palsa 

A mineral horizon and d, Front mineral horizon (transect 1, Figure S1). Seven detectors were 
used during nanoSIMS measurements for 12C-, 16O-, 12C14N-, 31P-, 32S-, 27Al16O- and 56Fe16O- 

and 27Al16O. Here, 12C- (white), 56Fe16O- (red) and 27Al16O- (blue) are overlaid in a single 
composite image. 
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Figure S12. Replicate analysis of nanoscale secondary ion mass spectrometry 
(nanoSIMS) of fine fraction: a, Palsa A transition zone; b, Palsa A mineral horizon; c, 
Front transition zone and d, Front mineral horizon (transect 1, Figure S1). Seven 
detectors were used during nanoSIMS measurements for for 12C-, 16O-, 12C14N-, 31P-, 32S-, 
27Al16O- and 56Fe16O- and 27Al16O. Here, 12C- (white), 56Fe16O- (red) and 27Al16O- (blue) are 

overlaid in a single image. In total, four representative fine particles were analyzed with 
nanoSIMS. 
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Figure S13. Mössbauer spectroscopy analysis at 77 K and 6 K of the present Fe 
minerals along the thaw gradient: a, Palsa A transition zone; b, Palsa A mineral horizon; c, 
Bog (Bog C13) mineral horizon; d, Fen (Fen E13) mineral horizon. 
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Table S6. Mössbauer spectroscopy parameters (measured at 77 and 6 K) derived from 
fitting spectra obtained for Palsa A transition zone and mineral horizon, Bog (Bog C13) 
and Fen (Fen E13) mineral horizon. 
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Figure S14. C/N weight ratios of a, soil samples of distinguished soil horizon along 
palsa hillslope and thaw gradient, in comparison to b, living plant samples of dominant 
Stordalen species (modified and adapted from Hodgkins et al.13). Reported values 
represent the average of triplicate analysis of cores Palsa A, Palsa B, Front (transect 1, Figure 

S1) and Bog C and Fen E, which were previously puplished13. Error bars represent the 

standard deviation of triplicate analysis of cores Palsa A, Palsa B, Front (transect 1, Figure 
S1), one bog (Bog C) and one fen core (Fen E) (see also Patzner et al.13). 
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Figure S15. Relative abundance of 16S rRNA (gene) sequence of a, iron- and b, methane 
cycling microorganisms (DNA- and RNA-based) in replicate cores (Palsa B and Front) 
along the palsa hillslope (transect 3, Figure 1). All iron- and methane-cycling taxa below 

0.1% relative 16S rRNA gene sequencing abundance are not illustrated in this figure. For 
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absolute abundance of bacteria and archaea based on qPCR analysis, specific for 16S rRNA 

gene (based on DNA) and Fe- and methane-cycling microorganisms, analyzed in these study 
(adapted from Otte et al.2 and Weber et al.3), see also Figure S8. Reported values and error 

bars represent the average and standard deviation of triplicate analysis of each soil horizon 
(organic horizon, transition zone and mineral horizon) along the palsa hillslope. 
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Figure S16. Predicted metabolic pathways of the present (DNA-based) and potentially 
active (RNA-based) microbial communities along the palsa hillslope in a, cores 
presented in the main text (transect 3, Figure S1) and b, replicate cores. Analyses were 
performed with MetaCyc Metabolic Pathway Database. Reported values and error bars 

represent the average and standard deviation of triplicate analysis of each soil horizon 
(organic horizon, transition zone and mineral horizon) along the palsa hillslope. 
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Figure S17. Van Krevelen diagrams for individual samples for solid phase extracted OC 
(dithionite extractable) from the transition zone of the intact palsa and of the collapsing 
front (transect 1, Figure S1) and DOC, extracted from 30 cm depth, in intact palsa and 
at the collapsing front.  
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Figure S18. Van Krevelen diagrams of control extractions (sodium chloride bicarbonate 
with the same ionic strength and pH as the sodium dithionite extraction): left, each 
individual van Krevelen diagram and right, in direct comparison with the sodium 
dithionite citrate extractable CHO. Organic carbon (OC) which is more abundant in control 
(green) represents OC which is leachable of the soil by the same ionic strength and pH as the 

sodium dithionite extraction. OC which is more abundant in the sodium dithionite extraction 
(purple) is only dissolved by reductive dissolution.
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Figure S19. Van Krevelen diagrams for replicate porewater samples (30 cm depth) (left) 
and in direct comparison to each other (right). Dissolved OC, which is only found in Palsa 

A, is enriched in more aliphatic compounds (green). Towards Front and Bog, only more 

aromatic molecules (purple) remain. 
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Figure S20. Molecular weight (MW) of dissolved organic carbon compounds in intact 
palsa versus at the collapsing front. Lower MW compounds have higher relative abundance 

in porewater samples from intact palsa at a lower molecular weight for a given carbon number 
(colored in green). Higher MW compounds have higher relative abundance for a given carbon 

number at the collapsing front (colored in purple).  
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Table S7. Elemental composition percentage and number of FT-ICR-MS assigned 
formula. Values are derived from total assigned formula tables. N/A values for CHNOS 
formula in porewater samples and salt control extractions are due to lack of reliable formula 

series detected in those samples. A comparison of the soil extractions using salt or dithionite 
solutions indicates that the extracts are not identical, but provides little to no evidence of CHOS 

molecular artifacts formed through reactions with dithionite, as reported by Lv et al.15. 
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Abstract 
 
In the active layer underlain by intact permafrost and by partially-thawed soils, up to 20% of 
total organic carbon (OC) is bound to reactive iron (Fe) minerals, protecting the OC from 

microbial degradation and transformation into greenhouse gases (GHG) such as CO2 and 
CH4. During the summer, shifts in runoff and soil moisture influence redox conditions and 

therefore the balance of Fe oxidation and reduction. Whether this “rusty carbon sink” is stable 
or continuously dissolved by Fe(III) reduction and reformed by Fe(II) oxidation during redox 

shifts remains unknown. We exposed ferrihydrite (FH)-coated sand in the active layer along a 
permafrost thaw gradient over the summer (June to September) to capture changes in redox 

conditions and quantify formation and dissolution of reactive Fe(III) (oxyhydr)oxides. We found 
that Fe(III) minerals formed under the constantly oxic conditions in palsa soils overlying intact 

permafrost over the full summer season. In contrast, in fully-thawed fen areas, conditions were 

continuously anoxic and until late summer 50.2% of the original Fe(III) (oxyhydr)oxides were 
lost via dissolution while 44.7% and 5.0% of the Fe remained as Fe(III) and Fe(II) on the sand, 

respectively. Periodic redox shifts (from 0 mV to +300 mV) were observed over the summer 
season in the partially-thawed bog due to changes in active layer depth, runoff and soil 

moisture. This resulted in dissolution and loss of 47.5% of initial Fe(III) (oxyhydr)oxides and 
release of associated OC in early summer when conditions are wetter and more reduced, and 

new formation of Fe(III) minerals (34.7% gain in comparison to initial Fe) in the late summer 
under more dry and oxic conditions which again sequestered Fe-bound organic carbon. Our 

data suggests that the so-called rusty carbon sink is seasonally dynamic in partially-thawed 

permafrost peatland soils, thus can either promote or suppress carbon mineralization and lead 
to seasonal changes in GHG emissions.  
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Introduction 
 
Permafrost peatlands hold enormous amounts of OC, equivalent to over one-third of the 
carbon currently in the atmosphere (~800 Pg)1, 2. By the end of this century, permafrost 

peatlands are predicted to warm from an annual average air temperature below 2°C to 
between + 5.6 to + 12.4°C3, almost twice the rate of the global average4. The resultant 

permafrost thaw leads to soil active layer deepening5, 6, changes in surface vegetation 
composition7, 8, altered carbon accumulation2, 9 and shifts in microbial communities that 

degrade or transform OC10-12. Ultimately, permafrost peatlands are shifting from a carbon sink 
to a source of GHG 1, 13, 14. What controls how fast and to which extent there is a shift from a 

carbon sink to source of GHG emissions is currently intensively studied.  

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

carbon protection by Fe minerals. Fe-OC associations regulate long-term global preservation 
of natural organic matter in soils and sediments and in the active layer underlain by intact 

permafrost and in partially-thawed soils15, 16. With permafrost thaw, this so-called rusty carbon 
sink17 is lost by reductive dissolution promoted by Fe(III)-reducing bacteria under water-logged 

and O2 limited conditions15. The dissolved OC (DOC) can then be further metabolized and can 
lead to GHG emissions along the permafrost thaw gradient18.  

However, permafrost peatlands not only experience long-term thaw, but also seasonal 
changes in freeze-thaw cycles19, air temperature20, sunlight21 and precipitation20. With 

seasonal shifts in runoff and soil moisture20, soils could drain and (re-)flood22. Redox 
conditions, which are controlled by the availability of electron acceptors such as O2, fluctuate 

between oxic (oxygen-rich, drained) and reducing (oxygen-depleted, flooded), where 
alternative electron acceptors (e.g., Fe(III), NO3-, SO42-, OC) are converted to reduced species 

(e.g. Fe(II), NO2-/N2, H2S, CH4). Hence, these seasonal redox changes either promote or 
suppress Fe(III) reduction and Fe(II) oxidation, thus carbon mineralization and ultimately, 

GHG emissions23-25. To date, it remains unknown if the rusty carbon sink in permafrost 

peatlands is stable or continuously recycled by Fe(III) reduction and Fe(II) oxidation during 
seasonal redox fluctuations. 

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

summer season from July to September, we exposed sand coated with synthetic Fe(III) 
oxyhydroxides, here ferrihydrite (FH; simplified formula of Fe(OH)3), in the active layer in three 

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

(August-September). The thaw stages in which the FH-coated sand was exposed were (1) 
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desiccating palsa underlain by permafrost, (2) partially-thawed bog and (3) fully-thawed fen 

as previously defined11, 18, 26, 27. The objectives of this study were to i) Fe(III) (oxyhydr)oxide 
formation, dissolution and transformation and ii) to quantify Fe-associated OC along the thaw 

gradient as redox conditions shift in the thawed summer season.  
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Material and Methods 
 

Field Site 

Stordalen mire in the Abisko region of northern Sweden is a degrading permafrost peatland28, 

29. Increasing mean annual air temperatures, exceeding the 0°C threshold, led to rapid 
warming of the Abisko region since the twentieth century30 causing an active layer deepening 

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

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

(intact permafrost), (2) ombrotrophic peatland or bog (partially-thaw) with Sphagnum spp., 
sedges and shrubs, and (3) minerotrophic peatland or fen (fully-thawed) with sedges, mainly 

Eriophorum spp.26 (SI, Figure S1). 

Exposure Experiment 

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

summer season from July to September, we incubated sand coated with synthetic Fe(III) 
oxyhydroxides (here FH) in the Stordalen mire peatland. FH-coated sand was exposed for 

either two weeks in early summer (early July 2019) or two months in late summer (early July 
to September 2019) in the active layer of palsa, bog and fen along the previously described 

permafrost thaw gradient15, 18 (for FH-coated sand synthesis and exposure bag preparation 
see SI, as well as Figures S1 and S2). For short-term exposure, three bags each were placed 

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

stage in total; for exact positions see SI, Figure S1). For long-term exposure, three bags each 
were exposed for 2 months (late summer) at each of the three thaw stage (3 bags per thaw 

stage in total; SI, Figure S1). The first 10 cm of the soil layer were removed with a coring 
sleeve and the bags placed into the hole, which was then sealed again with the upper 10 cm 

soil. The bags were placed at the transition zone, the redox interface between the shallow 
organic horizon and the deeper mineral horizon (for depth comparison see also Patzner et 

al.15). After the corresponding exposure times (two weeks and two months), the FH bags were 
carefully taken out of the soil, immediately frozen in liquid nitrogen and stored at -80°C until 

further analysis.  

Sequential Fe Extractions 

Sequential Fe extractions were used to follow changes in solid-phase Fe redox transformation 

along the thaw gradient over seasons. Anoxic Na-acetate (1 M, pH 5), followed by 0.5 and 6 
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M HCl were used to successively dissolve Fe phases with increasing crystallinity31. Adsorbed 

Fe(II)32, 33 and Fe in amorphous Fe sulfides34 were extracted by the Na-acetate (referred to 
adsorbed/amorphous Fe). 0.5 M HCl was chosen to extract poorly crystalline Fe(III) 

(oxyhydr)oxides and remaining reduced Fe(II) species such as FeCO335 or FeS (referred to as 
poorly crystalline Fe) and 6 M HCl to extract more crystalline, remaining Fe fractions, such as 

poorly reactive sheet silicate Fe or FeS species15, 31 (referred to as more crystalline Fe) from 
the Fe mineral coated sand (for exact extraction procedure see SI).  

Selective Fe and OC Extraction 

Selective Fe and OC extraction was used to follow changes in solid-phase Fe-OC associations 
along the thaw gradient over summer. Sodium pyrophosphate (pH 10) was used to determine 

sodium pyrophosphate extractable Fe, which is defined as colloidal or OM-chelated Fe 
(referred to Fe associated with OC) and sodium pyrophosphate extractable OC15, 36. The 

source of Fe phases and the associated OM is difficult to specify as sodium pyrophosphate 
dissolves Fe from organic complexes and promotes peptization and dispersion of Fe oxide 

colloids37, 38. Same amounts of homogenized sand and extract were used as for the sequential 

Fe extraction, only the incubation time was extended to 16 h, as previously suggested15, 36.  

Geochemical Analyses 

The extracts (supernatants) were subsequently analyzed in technical triplicates for Fe 

(referred to sodium acetate or 0.5 M HCl or 6 M HCl or sodium pyrophosphate extractable Fe) 
and OC (referred to sodium pyrophosphate extractable OC)15. To get the total Fe, the extracts 

were analyzed using inductively coupled plasma mass spectrometry (ICP-MS). For this, 
samples were diluted 1:100 and acidified within a final 1% HCl. Within 24 h, Fe (Fe(II) and 

Fe(tot)) was determined by the spectrophotometric Ferrozine assay39. Samples were 

immediately stabilized upon collection under anoxic conditions in 1 M HCl in 1:10 dilutions for 
the Ferrozine assay. The obtained Fe(tot) of ICP-MS analysis and by the Ferrozine assay 

were identical. DOC was quantified in triplicate with a TOC analyzer (High TOC II, Elementar, 
Elementar Analysensysteme GmbH, Germany). Inorganic carbon was removed by acidifying 

the samples with 2 M HCl prior analysis.  

Total Organic Carbon Analysis 

To quantify the total organic carbon (TOC) content of the sands after field exposure, triplicate 
samples of each bag were dried at 60°C until no further weight loss was observed. The 
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samples were then ground to fine powders and analyzed by SoilTOC instrument (Elementar 

Analysensysteme GmbH, Germany).  

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDS) was 
done as described in the SI.  

Microbial Community Analysis 

Total DNA was extracted as described previously40. Briefly, the PowerSoilâ RNA and DNA 
isolation kit was used to extract DNA in triplicates of each exposed ferrihydrite bag with the 

following modifications: 2 g of sand was used from each bag; Beat-beating was conducted for 

10 mins and centrifugation was at maximum speed (7,000g) at 4°C; During extractions, 
incubation time was extended to 1.5 h at -20°C (for details see SI). Library preparation steps 

and sequencing were performed by Microsynth AG (Switzerland) as detailed in the SI. Quality 
control, reconstruction of 16S rRNA gene sequences and taxonomic annotation was 

performed with nf-core/ampliseq v1.1.241, 42 as outlined in the SI. 

Isolation of Fe(III)-reducing bacteria was performed with anoxic synthetic fresh water media 
(as previously described15) using a dilution to extinction approach (for further information see 

SI).  

Seasonal Monitoring 

To capture seasonal fluctuations in weather and geochemical soil conditions, context data 

such as precipitation, air temperature, soil moisture and soil temperature were plotted. 

Precipitation and air temperature were provided by the Abisko Observatory. Soil moisture and 
soil temperature were provided by Integrated Carbon Observation System (ICOS) Sweden 

Abisko – Stordalen43. Redox potentials in the palsa, bog, and fen were continuously monitored 
with five redox potential probes (PaleoTerra). Two probes were positioned in both the bog and 

fen and one was positioned in the palsa. Each redox probe had platinum sensors positioned 
at 6, 8 and 10 cm depth below the ground surface (for details see SI).  
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Results and Discussion 
 
Seasonal fluctuations drive redox shifts in thawing permafrost peatlands 

Snow melt began in the second half of April in 2019 (air temperatures above 0°C, Figure 1) 
and lasted around one month. As previously shown, the melt water results in highest annual 

runoff (up to 75% of the total annual runoff)20, which was reflected in our own data set by the 
volumetric soil water content (VSWC). VSWC was highest in the intact palsa (51%) between 

the end of March and the beginning of April (Figure 1), presumably resulting in increasing 

runoff into the partially-thawed bog44. In early summer, semi-wet bog soils were weakly (+100 
to +300 mV45) to moderately (-100 to +100 mV45) reduced from 6 to 10 cm depth (Figure 1 

and SI, Figure S4). From the beginning of the thawed season (soil temperatures above 0°C in 
May/June), the air temperature increased to a maximum of 18.7°C, accompanied by a soil 

temperature increase to a maximum of 25.0°C in 2 cm soil depth at the end of July (Figure 1). 
Increasing evapotranspiration, together with decreasing runoff from intact palsa (VSW of 26%) 

and increasing active layer depth (30 to 70 cm)20, 22, 26, led to soil drainage in the partially-
thawed bog (Figure 1 and SI, Figure S3). Ultimately, a shift from weakly/moderately reduced 

to oxic conditions (redox potential above +300 mV) in late summer was observed (Figure 1 
and SI, Figure S4).  

Through the whole thaw season, the palsa remained relatively dry and oxic (SI, Figure S4), 
whereas the fen stayed water-logged (VSWC of 40%, Figure 1) and weakly to moderately 

reduced (SI, Figure S4), confirming previous studies18, 46. The annual average air temperature 
of +0.2°C slightly exceeded the 0°C threshold (above 0°C ice melt and permafrost thaw) 

supporting the overall warming trend since the early 20th century30. The summer of 2019 was 
dry: only 60 mm rain fell in June and July (Figure 1) compared to the long-term average of 81 

mm (1913-2009)20.  
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Figure 1. Seasonal fluctuations in weather and soil conditions for Abisko and Stordalen 
mire in the year 2019. (A) Air temperature [°C] and (B) precipitation [mm] were monitored by 
the Abisko Observatory. (C) Average soil temperature at Stordalen mire (average of the three 

thaw stages) at 2 cm, 5 cm, 10 cm, 30 cm and 50 cm depth and (D) volumetric soil water 
content [%] in the upper 6 cm from the soil surface in palsa and fen was monitored by 

Integrated Carbon Observation System (ICOS) Sweden Abisko-Stordalen43. For thaw stage 
specific soil temperatures see SI, Figure S5. Early summer (yellow background) marks the 

time period that the short-term ferrihydrite bags were exposed for 2 weeks and late summer 
(red background) the additional time period that the remaining ferrihydrite bags were exposed 

(in total: 2 months). White arrow marks start of short and long-term exposure. Light grey arrow 
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marks end of short-term exposure (exposed in early summer) and dark grey marks the end of 

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

 

Fe(III) mineral formation and dissolution under changing redox conditions 

In the active layer of the palsa underlain by intact permafrost, continuous oxic conditions 
promoted Fe(II) oxidation to Fe(III) minerals through early to late summer. A 62.1 to 155.3% 

gain in solid Fe(III) was observed in bags exposed in early to late summer (3.55±1.15 to 
5.59±0.46 mg Fe(III) per g sand in comparison to 2.19±0.36 mg per g sand in unexposed FH-

coated sand). In the active layer of the partially-thawed bog, weakly to moderately reduced 
redox conditions in early summer favored Fe(III) (oxyhydr)oxide reduction which is indicated 

by low Fe(II) per g sand (0.01±0.00 mg Fe(II) per g sand; 1 M Na-acetate extractable Fe, 

Figure 2) and dissolution leading to a 52.5% loss of Fe (loss of 1.03±0.34 mg Fe(III) (0.5 M 
HCl extractable Fe) per g sand in comparison to unexposed FH-coated sand, Figure 2). 

However, a shift to oxic conditions in the active layer of the partially-thawed bog in the late 
summer, caused by seasonal redox fluctuations, promoted Fe(II) oxidation. Ultimately, this 

Fe(II) oxidation led to a net 33.3% gain in Fe (compared to the Fe-content in the initial FH-
coated sand) in the active layer of the partially-thawed bog in the bags exposed until late 

summer. The newly formed Fe phase was more crystalline Fe indicated by a gain in 0.73±0.21 
mg 6 M HCl extractable Fe per g sand in comparison to unexposed FH-coated sand 

(2.19±0.36 mg Fe per g sand) (Figure 2).  

In the fully-thawed fen, continuous weakly to moderately reducing conditions led to Fe(III) 

reduction through early to late summer and ultimately to 5.0% Fe(II) formation. 0.11±0.01 mg 
Fe(II) per g sand were formed during exposure and 50.2% Fe lost in the solid phase (1.09±0.09 

mg Fe remaining) in comparison to unexposed FH-coated sand (2.19±0.36 mg Fe per g sand).  

The gain of poorly crystalline Fe in bags exposed in the active layer of intact palsa, caused by 

promotion of Fe(II) oxidation under oxic conditions, supports previous observations showing 
highest amounts of Fe(III) (oxyhydr)oxides in intact permafrost soils at the redox interface 

between shallow organic and deeper mineral horizons within the seasonally thawed active 
layer15, 47. Fe(III) formation in bags exposed in the active layer of the partially-thawed bog in 

late summer could explain the presence of reactive Fe(III) phases in bog soils: Patzner et al.15 
found 7.5% reactive Fe (sodium dithionite citrate extractable) of the total Fe (6M HCl 

extractable) in partially-thawed bog soils. The newly formed, more crystalline Fe(III) phase in 
bags exposed in the active layer of the partially-thawed bog until late summer could be 
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explained by exposure to microbially derived Fe(II) which can induce mineral recrystallization 

and transformation processes in Fe(III) (oxyhydr)oxides towards thermodynamically more 
stable mineral phases48. Along the thaw gradient, aqueous Fe(II) in the porewater increased 

from 0.02±0.01 mM in the palsa to up to 1.6±0.3 mM in the fully-thawed fen15 and the pH from 
4.1 in the partially-thawed bog to 5.8 in the fully-thawed fen18. Fe(II)-catalyzed transformation 

of FH can result in either goethite (a-FeOOH), lepidocrocite (g-FeOOH) or magnetite (Fe3O4) 
formation with only minor differences in pH, background ligands, and Fe(II):Fe(III) ratios 

impacting reaction kinetics and end-phase48-52. The presence of DOC in the partially thawed 

bog15, 18 could also trigger mineral transformation to less-crystalline FH and lepidocrocite53. 
Exposed FH on the sand grains could also act as a so-called template effect: Chen and 

Thompson54 observed goethite formation in various forest soils promoted by a template effect 
of pre-existing Fe(III) (oxyhydr)oxides. The non-extractable mineral phase (here: quartz) has 

only a minor effect on oxidation rates54. Further studies are needed to identify the newly formed 
Fe phases by, e.g. Mössbauer spectroscopy or XRD analysis, which for this experimental 

setup was not possible due to the high background of quartz by the sand grains in comparison 
to low Fe (wt) %.  

Our incubation experiments now provide a mechanistic explanation for the Fe(II) 
concentrations observed before15, 55. Lipson et al.56 estimated that net reduction of Fe(III) 

(oxyhydr)oxides coupled to oxidation and mineralization of OC contributes to 40-63% of 
ecosystem respiration depending on organic layer thickness and season. In the FH-exposed 

bags, Fe(III) reduction was most likely driven by Fe(III)-reducing bacteria such as Geobacter 
sp. We successfully further isolated an Fe(III)-reducing bacteria from the FH-coated sand, 

bags exposed in the fen that’s 16S rRNA gene sequence shared 98% identity to Geobacter 
sp. In addition, Geobacter sp. comprised 0.45±0.01% relative abundance in 16S rRNA gene 

amplicon sequencing of the whole microbial community associated with exposed sand in the 
fully-thawed fen until late summer (see SI, Figure S6 and S7).  

We observed incomplete Fe(III) reduction and dissolution, resulting in 47.5% of the initial 
Fe(III) remaining in the exposed bags (compared to unexposed FH-coated sand) in the active 

layer of the partially-thawed bog in early summer and 51.1% in the fully-thawed fen through 
the whole summer. This incomplete Fe(III) reduction and dissolution could have a number of 

explanations: (1) The teflon bag itself may slow Fe(III) reduction rates: In teflon packed FH-
coated sands, Fe(III) reduction rates were slightly than in unpacked FH-coated sand (SI, 

Figure S8); (2) Exposed FH-coated sand could have a lower susceptibility to reductive 

dissolution, as compared to aluminum-silicate-FH coprecipitates57 which are typically present 
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in environmental soils; (3) Remaining Fe(III) minerals are less accessible for microbial Fe(III)-

reduction due to formation of Fe(II)-surface coatings which lower the reducibility of Fe 
minerals58; or (4) the remaining Fe(III) phase could also be sustained by present Fe(II)-

oxidizing bacteria such as Gallionella sp. and Sideroxydans sp. (SI, Figure S6 and S7), which 
is most unlikely due to very low dissolved O2 concentrations (0.15±0.04 µM in partially-thawed 

bog and 0.02±0.01 µM in fully-thawed fen in early summer, i.e. mid-July46). The remaining 
Fe(III) phase in our exposure experiments might explain the presence of small quantities of 

reactive Fe(III) phases (2.64±0.03 mg Fe per g soil) at the redox boundary between organic 
and mineral horizon in the fully-thawed fen, suggesting a minor but persistent Fe fraction 

remaining in soils even with complete permafrost thaw15.  

Lipson et al.56 observed net oxidation of Fe(II) in the active layer of reduced permafrost soils 

for which several hypotheses are suggested: (1) Fe(II) oxidation by O2 or by microaerophilic 
Fe(II)-oxidizers could be driven by transport of oxygen to deeper layers by plant roots59, such 

as Eriophorum spp. at Stordalen mire, (2) due to high concentration of dissolved Fe in these 
soils (1.6±0.3 mM aqueous Fe2+ 15), Fe might circulate throughout the soil profile, becoming 

oxidized to Fe(III) abiotically by O2 or by microaerophilic Fe(II)-oxidizers at the surface and 
diffusing as Fe2+ to lower layers, (3) Fe(II) can also be oxidized under anoxic conditions e.g. 

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

perchlorate reduction, by phototrophic Fe(II)-oxidizers or radicals formed by light60, 61 or/and 
(4) direct flow of e- through conductive soil components such as metal (e.g. Fe) ions in the 

porewater and electric double layer of colloidal surfaces of organic matter and metal ions 
(highly abundant in peat soils62) can couple anoxic processes at depth to oxic processes at 

the surface63. One such conductivity component could even be caused by the presence of 
Geobacter sp. (SI, Figure S6 and S7) which produces conductive biofilms, pilin nanofilaments 

(known as microbial nanowires) and nanoparticulate Fe (oxyhydr)oxides64, 65 that form 
conductive networks over centimeter scale with Fe(III)-reducing microbial cells66 and humic 

substances that can shuttle electrons to Fe(III) (oxyhydr)oxides67.  

The exposure experiments reveal the presence of the rusty carbon sink in intact permafrost 

soils, which is lost with complete permafrost thaw15. Our new findings suggest a more dynamic 
microbial iron cycle in the intermediate, partially-thawed bog, under seasonal fluctuations in 

the thawed active layer, either promoting or suppressing Fe(II) oxidation and thus Fe(III) 
mineral formation.  
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Figure 2. Gain and loss of solid-phase iron (Fe) along a thaw gradient in early (2 weeks 
exposure) and till late summer (2 months exposure). (A) Gain and loss in poorly crystalline 

Fe(III) (1 M HCl extractable) and more crystalline Fe(III) (6 M HCl extractable). Values are 
normalized to unexposed ferrihydrite (FH)-coated sand (2.19±0.36 mg total Fe per g sand), 

which was transported to the field but then stored at room temperature until the end of the 
experiment. Unexposed FH-coated sand included a more crystalline Fe phase (1.01±0.14 mg 

only 6 M HCl extractable per g sand), probably due to aging over time. Positive values indicate 
a net gain in Fe and negative values indicate a net loss in Fe in comparison to the unexposed 

ferrihydrite-coated sand. (B) Adsorbed/amorphous Fe (all Fe(II)) (1 M Na-acetate extractable). 
No Fe(III) was detected in the 1 M Na-acetate extracts. Reported values for the early summer 

period are the average and error bars are the combined standard deviation of triplicate 
analysis, normalized to the unexposed FH-coated sand, of nine homogenized bags, exposed 

at each thaw stage (palsa, bog and fen). Reported values for the late summer period are the 
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average and error bars are the combined standard deviation of triplicate analysis, normalized 

to the unexposed FH-coated sand, of three homogenized bags, exposed at each thaw stage. 
 

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

 
In the palsa, no Fe-sequestered carbon (defined by sodium pyrophosphate extractable OC 

and TOC content) was detected in the bags exposed in the early nor late summer (Figure 3). 
In early summer, no Fe-OC associations were observed in the bags exposed in the partially-

thawed bog and fully-thawed fen areas along the thaw gradient, probably due to the overall 

loss of Fe caused by mineral dissolution. Carbon sequestered by Fe minerals on the sand 
grains was only observed in the active layer of the partially-thawed bog and in the fully-thawed 

fen at the end of the summer (Figure 3).  
Previously, it was shown that reactive Fe minerals in intact palsa soils sequester highest 

organic carbon amounts along a permafrost thaw gradient15. Whereas, here, FH exposed in 
intact palsa soils couldn’t sequester any organic carbon. It should be noted that exposed FH-

coated sands can only capture the mobile phase of organic carbon (i.e., DOC) in the porewater 
smaller than 0.55 mm diameter, which is the size of the holes in the teflon bags and thus would 

include particulate organic carbon and microbes. Dissolved Fe2+ migrates upwards to the 
redox interface, driven by snow melt, permafrost thaw and precipitation, and is oxidized to 

form Fe(III) (oxyhdyr)oxides47 at leads to an increase of Fe in bags exposed in intact palsa 

soils. DOC, however, is more dynamic as it might be metabolized and transformed to CO2 and 
CH4 prior reaching the exposed FH we experimentally incubated in the active layer underlain 

by intact permafrost. Chen et al.24 found dissolved organic matter (DOM) and soil organic 
matter (SOM) protection by Fe only under static oxic conditions when Fe2+ and DOC were 

both present. The exclusive presence of Fe2+ resulted in production of reactive oxygen species 
and in an increasing OC mineralization by 8% following oxidation to Fe(III)24. Abiotic oxidation 

of dissolved Fe2+ by O2 produces hydroxyl radicals that are known to degrade organic matter 
to low molecular weight organic molecules and CO268, 69.  

In the active layer of the partially-thawed bog in late summer, 1.23% of the Fe present in the 
bags was associated with OC (0.04±0.01 mg sodium pyrophosphate extractable Fe per g sand 

of 2.95±0.57 mg total Fe per g sand) and sequestered highest organic carbon amounts 

(0.42±0.05 mg sodium pyrophosphate extractable OC per g sand, 34.13% of 1.24±0.01 mg 
TOC per g sand) along the permafrost thaw gradient over time. This resulted in strong 
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associations of Fe with carbon (sodium pyrophosphate extractable) (Figure 4, SI Figure S9-

S11) with OC/Fe (wt:wt) ratios of 11.7 (SI, Table S1, also for TOC to total Fe ratios and molar 
ratios). Soil horizons at the redox boundary between organic and mineral horizon in the 

partially-thawed bog showed similar OC/Fe associations (OC/Fe (wt:wt) ratio of 10.9)15. The 
high OC/Fe (wt:wt) ratios suggest co-precipitation with and/or chelation of metal (Fe) ions by 

organic compounds which can generate structures above 0.22 OC/Fe (wt:wt) ratios16, 70-72. 
Microscopic images of Fe-OC associations on the sand grains surface could indicate such co-

precipitates of OC and Fe (Figure 4; SI Figure S9-S11). In fully-thawed fen, 18.06% of the Fe 
(0.18±0.07 mg sodium pyrophosphate extractable Fe per g sand of 1.02±0.09 mg total Fe per 

g sand) was associated with OC (0.37±0.04 mg sodium pyrophosphate extractable OC per g 
sand, 38.12% of 0.98±0.01 mg TOC per g sand) with OC/Fe (wt:wt) ratios of 2.03 (Figure 3 

and 4; SI Figure S9 and S10 and Table S1), still suggesting co-precipitation rather than 

sorption, in late summer.  
Carbon sequestration after Fe(II) oxidation and Fe(III) mineral formation in bags exposed in 

the active layer of the partially-thawed bog until late summer could explain highest amounts 
of reactive Fe-bound carbon (sodium dithionite citrate extractable) (39.4% of TOC at the redox 

boundary between organic and mineral horizon) in soils of the partially-thawed bog along the 
thaw gradient after palsa collapse15. However, our data shows that the rusty carbon sink in 

the active layer of the partially-thawed bog soils in permafrost peatlands is not stable over the 
thawed summer, but continuously recycled by Fe(III) reduction and Fe(II) oxidation resulting 

in a shift from carbon source, shown by the lack of Fe-sequestered OC in early summer, 
towards a rusty carbon sink, shown by the presence of Fe-sequestered OC in late summer in 

the partially-thawed bog.  

The Fe sequestration of very small quantities of OC (determined by sodium pyrophosphate 
extracts and TOC analysis shown in Figure 3; in comparison to intact palsa soils with 

40.09±3.59 mg sodium pyrophosphate extractable OC per g soil15) by remaining Fe(III) oxides, 
being resistant to mineral reduction and dissolution, are seen in the exposure experiment bags 

in the fully-thawed fen until late summer. The presence of remaining Fe(III) oxides in the 
exposed FH bags after occurred mineral reduction and dissolution explains small quantities of 

5.97 mg sodium pyrophosphate extractable OC per g soil at the boundary soil layer between 
organic and mineral horizon in fully-thawed fen soils15. The remaining Fe(III) phase (44.7%) in 

the exposed FH bags could still sequester rather small amounts of carbon from the 

surrounding porewater (in comparison to intact palsa soils with 40.09±3.59 mg OC per g soil15), 
as was observed in the water column of other fen types73. Along the thaw gradient, DOC 

increases from 19.7±0.8 mg/L in the palsa to 102.1±14.1 mg/L in the fen areas15. But it remains 



Chapter 4  

 172 

unclear, why, after mineral dissolution occurred, no OC was observed to be associated with 

the remaining Fe(III) phase in the partially-thawed bog and fully-thawed fen after early summer 
exposure. Explanations could be differences in the mineralogy of the remaining Fe(III) phase 

or Fe(II)-OC coatings on the sand grains surface, which is supported by the fact that highest 
solid Fe(II) was observed in bags in fully-thawed fen after late summer exposure.  

TOC analysis revealed the same trend as the sodium pyrophosphate extractable OC along 
the thaw gradient over the thawed summer season (Figure 3) with even higher amounts of 

carbon in comparison to Fe-associated OC (sodium pyrophosphate extractable OC) in the 
partially-thawed bog (Figure 3). One potential explanation could be the microbial biomass 

increase along the thaw gradient. Biomass increases along the thaw gradient with 2.6 times 
more microbial cells per gram of soil found in fully-thawed fen relative to palsa and bog11. The 

lower microbial biomass in palsa and bog soils may explain why our DNA extraction was only 

successful for bags exposed in the fully-thawed fen in late summer (SI, Figures S6 and S7). 
These higher TOC amounts could thus be a sum of Fe-associated OC and of biomass 

associated with the sand grains in early summer in the partially-thawed bog and through the 
whole summer in fully-thawed fen. 

 
Our data indicates different carbon sequestration mechanisms by iron oxides in the active 

layer over summer along the permafrost thaw gradient and illustrates that soils shift from being 
a carbon dioxide source (via microbially mediated Fe reductive mineral dissolution coupled to 

organic carbon mineralization) in early summer to a rusty carbon sink (via formation of iron 
oxide minerals and sequestration of associated organic carbon either fixed by microbes living 

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

rusty carbon sink strongly depends on seasonal fluctuations in runoff, soil moisture and 
ultimately, redox conditions.  
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Figure 3. Iron (Fe)-organic carbon (OC) associations on ferrihydrite-coated sand grains 
incubated along the thaw gradient in early (2 weeks exposure) and until late summer (2 
months exposure). (A) Colloidal/OM-chelated Fe (defined as sodium pyrophosphate 
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extractable Fe) (in orange lines) [% of the total Fe content associated with sand (in orange)] 

along the thaw gradient with time. (B) Absolute amounts of sodium pyrophosphate extractable 
Fe and total Fe along the thaw gradient with time. (C) Sodium pyrophosphate extractable OC 

(in green lines) [% of the total OC (TOC) associated with sand (in green)] along the thaw 
gradient with time. (D) Absolute amounts of sodium pyrophosphate extractable OC and TOC 

along the thaw gradient with time. Reported values for the early summer period are the 
average and error bars are the standard deviation of triplicate analysis of nine homogenized 

bags, which were exposed at each thaw stage (palsa, bog and fen). Reported values for the 
late summer period are the average and error bars are the standard deviation of triplicate 

analysis of three homogenized bags, exposed at each thaw stage. n/d = not detected.  
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Figure 4. EDS derived chemical distribution maps of iron (Fe)-organic carbon (OC) 
associations on ferrihydrite (FH)-coated sand grains incubated in the partially-thawed 
bog (A) and in fully-thawed fen (B) after late summer exposure (for 2 months) in 
comparison to unexposed FH-coated sand (C). Results shown are representatives and 

replicate analysis is reported in the Supporting Information (SI, Figures S10 and S11).  
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Environmental Implications 
 
Permafrost environments experience drastic changes caused by global warming13. Rising 
temperatures in the Arctic74 trigger increasing permafrost temperatures75 and ultimately an 

increase in the thickness and variability of the active layer76. Multiple evidence exists that the 
Arctic hydrological cycle is intensifying as a result of warming77, leading to rise in all fluxes 

including precipitation, runoff and evapotranspiration78. These changes ultimately drive rapid 
shifts in water levels and redox conditions from flooded and more reduced to drained and oxic 

permafrost-affected soils79. The presented study demonstrates that iron cycling in thawing 
permafrost peatlands correlates with redox conditions and that shifts in redox potential 

resulted in either Fe(II) oxidation and Fe(III) mineral formation, sequestering OC, or Fe(III) 
reduction, resulting in OC release. Iron cycling from Fe(II) to Fe(III) depending on shifts in 

redox conditions driven by seasonal fluctuations in runoff and soil moisture is in line with 

previous observations in a drained thaw lake basin on the Arctic coastal plain56. The 
seasonality of the rusty carbon sink in permafrost environments can strongly drive GHG 

emissions. On the one hand, Fe(III) reduction leads to direct CO2 emissions since it is coupled 
to oxidation and mineralization of organic matter56, 61. Additionally, the released previously Fe-

associated OC becomes more accessible to decomposers. Fe(III) reduction can also inhibit 
methanogenesis by being more thermodynamically favorable80. McCalley et al.10 found 

seasonal variations in CH4 fluxes and their 13C content in partially-thawed bog and fully-thawed 
fen, which could be partly driven by the use of Fe(III) microbial metabolism. On the other hand, 

stable and newly formed Fe(III) minerals can sequester carbon and protect it from microbial 

consumption81, 82, thus suppressing GHG emissions. Future studies should assess the extent 
of GHG emissions caused by formation, transformation and destruction of Fe(III) minerals 

under fluctuating redox conditions in thawing permafrost environments. Recently, Coward et 
al.58 suggested that Fe-OC associations might be protected by surface coatings or by being 

embedded in a composite aggregate strucutre83. Thus, future in situ experiments should be 
conducted with a more complex matrix such as Fe-OC co-precipitates or biogenically derived 

Fe(III) (oxyhydr)oxides and other important ions in soils (e.g. Al).  
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Synthesis of Ferrihydrite-coated Sand 

Quartz sand with a grain size of 0.4-0.8 mm (Carl Roth GmbH + Co.KG, Germany) was used. 

The sand was pre-treated by first autoclaving the sand at 121°C for 20 minutes, followed by 1 
M HCl washing (24 h, completely covered) and finally with Aqua Regia for 5 min to further 

improve Fe coating efficiency by increasing the surface area, as has been done previously1, 2. 
Afterwards the sand was washed with MiliQ water and dried at 60°C.  

The Fe(III) oxyhydroxide 2-line ferrihydrite (FH) was synthesized in the presence of the sand 
by precipitation from a Fe(NO3)3*9H20 solution by adding 1 M KOH. The Fe(NO3)3*9H20 

solution was added to 500 g of sand and stirred manually by hand as KOH was added 
dropwise until a pH of 7.3 was reached. The mixture was then left without stirring. After two 

hours, the pH was readjusted to 7.5 and the mixture left overnight on a rolling shaker (15 rpm), 
as has been done previously1. Finally, the mixture was washed with MiliQ water and dried at 

40°C to avoid temperature-induced modifications of the precipitates1.  

In the end, the fresh synthesized ferrihydrite-coated sand yielded an iron content of 2.19±0.35 

mg poorly crystalline Fe(III) per g sand, determined by 0.5 M HCl extraction, performed in 
triplicates, followed by Fe quantification in the extract by Ferrozine assay3. Treating the 

unexposed sand in the same manner as the exposed sand (transport to the field and back, 
during exposure time stored at room temperature), formed a more crystalline Fe(III) phase 

(1.01±0.14 mg Fe(III) per g sand), which was only extractable by 6 M HCl, not extractable with 
1 M Na-acetate and 0.5 M HCl. As also previously stated1, the FH coating increased the 

specific surface area (SSA) from 0.07 m2 per g of the initial pure sand to 1.49 m2 per g of the 
FH-coated sand (21 times higher than for its uncoated precursor).  

Exposure Bags 

The FH-coated sand was packed in teflon bags (polytetrafluoroethylene (PTFE); or TeflonÒ) 

with 0.1 mm thickness and manually pierced with needles of 0.55 mm diameter under sterile 
conditions in a Biological Safety Cabinet (BSC). The bag was closed with a cable tie at the top 

and with a long, red plastic line, which was later used to mark the position of the bag at the 
surface and pull it out after exposure. The teflon along with additional equipment (FH coated 

sand, cable ties) was autoclaved (121°C, 1 bar pressure, 20 mins) prior to use, brought into 
the BSC cabinet and exposed to UV-light for 15 minutes. The teflon was chosen based on the 

following suitable properties: heat (up to 250°C) and cold (till -196°C) resistant; unaffected by 
most chemicals, especially iron; no adhesive forces and weather resistant4, 5.  
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The bags filled with ferrihydrite-coated sand were stored at room temperature in sterile plastic 

bags and transported to the field under sterile conditions. 
 
Sequential Fe Extraction 

 
0.5 g of homogenized sand of each exposed exposure bag in triplicates was added under 

anoxic conditions (100% N2, remaining O2 <100 ppm) into Eppendorf tubes. As previously 
described6, samples were centrifuged (5 min, 12,000 g) and the porewater (supernatant) was 

removed. 1 mL of anoxic 1 M Na-acetate solution was added to the pellet, mixed and incubated 
for 24 h in the dark. Then, the sample was centrifuged (5 min, 12,000 g) and the supernatant 

was collected and stored anoxically in the dark at 4°C until further analysis. To the pellet, 1 

mL of anoxic 0.5 M HCl was added, mixed and incubated in the dark under anoxic conditions 
for 2 h. After centrifugation again, the supernatant was removed and stored anoxically at 4°C 

until further analysis. To the remaining pellet, 1 mL of anoxic 6 M HCl was added, mixed and 
incubated for 24 h in the dark as the last extraction step6. The supernatant was again stored 

under anoxic conditions in the dark at 4°C until further analysis. 
 

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

The sand of the control (unexposed FH-coated sand) and the FH bags exposed for two months 

along the permafrost thaw gradient (thaw stages: palsa, bog and fen) were anoxically dried 
(24 h, 100% N2 atmosphere). After reaching constant weight, the dried sand was pressed in 

an indium band (Plano GmbH, article number: E432), specifically chosen to avoid a carbon 
background signal in the EDS analysis. The indium band was then glued to the SEM sample 

stub with conductive silver paint (ACHESON Silver DAG 141; Plano GmbH, article number: 
G3692). After a brief drying time, the samples were immediately coated with ~8 nm Pt-layer 

using a BAL-TEC SCD 500 sputter coater, operated in a working distance of 35 mm, for 90 
seconds at 0.02 mbar. SEM and EDS analysis were performed at the Center for Applied 

Geosciences, University Tuebingen, using a Zeiss Crossbeam 550L Cryo-FIB-SEM, equipped 
with an Oxford EDS detector (UltimMax 100) and AZtecEnergy Advanced software. SEM 

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

Secondary Ions (SESI) detector using an acceleration voltage of 30 kV during the EDS 
analysis session and at 5 kV (for images about surface information) with a 39x, 250x and 650x 

magnification and a store resolution of 2048 pixel image width. Four replicates per sample 
were analyzed. 
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The EDS analysis was performed at a working distance of 5mm, with a probe current of 200pA, 

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

Microbial Community Analysis 

After using the PowerSoilâ RNA and DNA isolation kit, DNA samples were eluted in 50 µl 

RNase/DNase-Free water. DNA concentrations were determined using a Qubitâ 2.0 

Fluorometer with DNA HS kit (Life Technologies, Carlsbad, CA, USA). Quantitative PCR 
(qPCR) specific for the 16S rRNA (gene) of bacteria and archaea was performed as described 

previously7. Microbial 16S rRNA (genes) were amplified using primers 515F and 806R8. 

Quality and quantity of the purified amplicons were determined using agarose gel 
electrophoresis and Nanodrop (NanoDrop 1000, Thermo Scientific, Waltham, MA, USA). 

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

sequencing system (Illumina, San Diego, CA, USA). From 113,554 to 151,092 (average 
135,126) read pairs were generated per sample. Quality control, reconstruction of 16S rRNA 

(gene) sequences and taxonomic annotation was performed with nf-core/ampliseq v1.1.29, 10 
with Nextflow v20.10.011 using containerized software with singularity v3.4.212. Primers were 

trimmed, and untrimmed sequences were discarded (< 13%, on average 9.6%) with Cutadapt 
v2.613. Adapter and primer-free sequences were imported into QIIME2 version 2019.10.014, 

processed with DADA2 version 1.10.015 to eliminate PhiX contamination, trim reads (before 

the median quality drops below 38, i.e. position 137 in forward reads and 194 in reverse reads), 
correct errors, merge read pairs, and remove PCR chimeras; ultimately, in total 937 amplicon 

sequencing variants (ASVs) were obtained across all samples. Alpha rarefaction curves were 
produced with the QIIME2 diversity alpha-rarefaction plugin, which indicated that the richness 

of the samples had been fully observed. A Naive Bayes classifier was fitted with 16S rRNA 
(gene) sequences extracted with the PCR primer sequences from the QIIME compatible, 99%-

identity clustered SILVA v132 database16. ASVs were classified by taxon using the fitted 
classifier17. 45 ASVs that classified as chloroplasts or mitochondria were removed, totalling to 

< 0.5% (average 0.36%) relative abundance per sample, and the remaining 892 ASVs had 
their abundances extracted by feature-table (https://github.com/qiime2/q2-feature-table). 

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

To identify the isolated Fe(III)-reducing bacteria, DNA was extracted of the isolated culture 
(after ten transfers) using the UltraClean® Microbial DNA Isolation Kit (MO BIO Laboratories, 
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Carlsbad, CA, US). Then, 16S rRNA gene fragments were amplified using the 341F 

(CCTACGGGAGGCAGCAG) and 907R (CCGTCAATTCCTTTRAGTTT) primer pair and 
resulting amplicons were sent for Sanger sequencing (Eurofins GATC biotech, Konstanz, 

Germany). Sequence results (deposited at database) were analyzed using nucleotide Basic 
Local Alignment Search Tool (BLAST) to identify the closest relative (performed on the 20th of 

April 2021, algorithm: blastn, standard database: nucleotide collection (nr/nt), accession 
number: Y19190.1; see also Figure S5). 

 

Redox Potential Analysis 

 
Redox potential at redox potential probes was recorded every 30 seconds by a datalogger 

(CR1000, Campbell Scientific) and averaged over 10 minutes. For this study, the reported 
values at each time point represent the average (± standard error) of values recorded at 6, 8, 

and 10 cm. In the bog and fen, the values across the two probes were averaged. Redox 
potential was referenced to two Ag0/AgCl reference electrodes deployed within the bog and 

fen. Retrieved data were adjusted to the standard hydrogen electrode (SHE) by adding 213 
mV to the recorded values as recommended by the provider company (PaleoTerra). 
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Figure S1. Sites for exposure of the bags with ferrihydrite-coated sand along the thaw 
gradient from palsa (intact) to bog (partially-thawed) to fen (fully-thawed) at Stordalen 
mire, Abisko (Sweden). Orange background marks the palsa, green the bog and blue the 

fen areas. At each thaw stage (palsa: 68°21'18.91"N, 19° 2'38.02"E to 68°21'18.78"N, 19° 
2'39.18"E, bog: 68°21'18.86"N 19° 2'39.94"E to 68°21'18.35"N, 19° 2'40.39"E, fen: 

68°21'18.01"N, 19° 2'40.08"E to 68°21'17.38"N, 19° 2'38.99"E), three sites were chosen 
following the hydrology flow18. For the short-term exposure, we exposed 3 replicate bags of 

ferrihydrite-coated sand for 2 weeks during early summer (9 bags per thaw stage in total). For 
the longer-term exposure of 2 months, triplicate bags were exposed at the centered positions 

of each thaw stage to capture conditions characteristic for each thaw stage: palsa site 1, bog 

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



Chapter 4  

 190 

 
 

Figure S2. Examples of ferrihydrite-coated sand in teflon bags exposed in intact palsa 
(A) and fully-thawed fen (B). Each bag was placed at 10 cm depth and the hole was re-
sealed with the soil layer which had been removed.  
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Figure S3. Seasonal changes at Stordalen mire in early summer (A) and late summer 
(B). In early summer, the semi-wet bog and waterlogged fen areas were completely water-
saturated. During summer, bog areas became drier due to increasing drainage caused by 

active layer deepening and decreasing volumetric soil water content in the upper 10 cm.  
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Figure S4. Redox potential along the thaw gradient. Black lines report the average redox 
potential [mV] and the colored areas represent the standard deviation across the three 
depths at 6, 8 and 10 cm in each thaw stage. The redox potential measured in palsa is 
marked in yellow, in bog in blue and in fen in green. The first 1-2 days represent the equilibrium 

phase after installing the redox probes in the field. Values above +300 mV are considered as 
oxic conditions. Values of +300 mV to +100 mV are considered as weakly reduced and values 

of +100 to -100 mV as moderately reducing conditions19. Towards August, the redox potential 

in bog increases from 0 mV to above +300 mV which marks a potential shift from Fe(III)-
reducing to Fe(II)-oxidizing conditions. Unfortunately, the redox probes disconnected from the 

battery in mid-August and remote data collection ceased.  
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Figure S5. Soil temperatures at each thaw stage at 2 cm, 5 cm, 10 cm, 30 cm and 50 cm 
soil depth: (A) palsa (replicate 1; 68°21'22.25"N, 19° 2'42.22"E), (B) palsa (replicate 2; 
68°21'21.05"N, 19° 2'38.85"E), (C) bog (68°21'20.49"N, 19° 2'45.52"E) and (D) fen 
(68°21'20.20"N, 19° 2'42.37"E) in the year 201920.  
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Figure S6. Microbial community of ferrihydrite-coated sand exposed for 2 months in 
the fully-thawed fen till late summer. (A) Detected microbial iron-metabolizing key players: 
Fe(III)-reducing bacteria (FeRed) and Fe(II)-oxidizing bacteria (FeOx). (B) Present microbial 

community. Values and error bars represent average and standard deviation of triplicate 16S 
rRNA gene amplicon sequencing abundance analysis of ferrihydrite-coated sand exposed in 

fully-thawed fen from early to late summer. 
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Figure S7. Bacterial 16S rRNA gene copy numbers based on qPCR analysis of the 
ferrihydrite-coated sand exposed for 2 months in the fully-thawed fen till late summer.  
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Figure S8. Microbial Fe(III) reduction under lab conditions in loose ferrihydrite-coated 
sand versus ferrihydrite-coated sand in teflon bags. (A) Fe(II)/Fe(tot) ratio in sand over 13 

days in anoxic fresh water media, containing 5 mM acetate, 2 mM cysteine and inoculated 
with Geobacter metallidurans (108 cells/mL). Reported values represent the average and 

range of duplicates of each setup. Yellow shows the Fe(II)/Fe(tot) ratio during reduction of 
loose ferrihydrite-coated sand over time. Brown shows the Fe(II)/Fe(tot) ratio in setups with 

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

loose ferrihydrite-coated sand without Geobacter metallidurans inoculum. An Fe(II)/Fe(tot) 
ratio of 1 means 100% Fe(II) formation in the sand phase. (B) Only low concentrations of 

dissolved Fe2+ (below 0.2 mM) were present in the liquid phase. 
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Figure S9. Scanning electron microscopy surface analysis of the ferrihydrite-coated 
sands before and after exposure. Unexposed sand shows smooth surfaces and small 
aggregate formation on the sand grains: (A) overview image and (B) close up image of 

unexposed sand. Ferrihydrite-coated sand exposed for 2 months till late summer in the 
partially-thawed bog shows aggregate formation on the surface of the sand grains: (C) 

overview image and (D) close up image of sand exposed for 2 months till late summer in the 
partially-thawed bog (replicate analysis to Figure 4 shown in the main text). Ferrihydrite-coated 

sand exposed for 2 months till late summer in the fully-thawed fen shows aggregate formation 
on the sand grains surface: (E) overview image and (F) close up image of sand exposed till 

late summer in the fully-thawed fen. 
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Figure S10. EDS derived chemical distribution maps of the replicate analysis of iron 
(Fe)-organic carbon (OC) associations at the surface of the ferrihydrite-coated sand 
grains exposed in partially-thawed bog and fully-thawed fen collected after exposure 
for 2 months till late summer: (A) and (B) replicate 1, (C) and (D) replicate 2, (E) and (F) 
replicate 3.  
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Figure S11. EDS derived chemical distribution maps of iron (Fe) coating on unexposed 
ferrihydrite-coated sand grains: (A) replicate 1, (B) replicate 2 and (C) replicate 3.  
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Table S1. Organic carbon (OC) to iron (Fe) ratios in the active layer of the partially 
thawed bog and in the fully-thawed fen collected after exposure of 2 months till late 
summer.  

 



Chapter 4  

 201 

References 
 

1. Sorwat, J.; Mellage, A.; Kappler, A.; 
Byrne J. M. Immobilizing magnetite 
onto quartz sand for chromium 
remediation. Journal of Hazardous 
Materials 2020, 400, 123139. 

2. Kango, S.; Kumar, R. Magnetite 
nanoparticles coated sand for 
arsenic removal from drinking 
water. Environ Earth Sci 2016, 75, 
(5), 381. 

3. Stookey, L. L. Ferrozine - a New 
Spectrophotometric Reagent for 
Iron. Anal Chem 1970, 42, (7), 779-
781. 

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

5. Buerkle, M.; Asai, Y. Thermal 
conductance of teflon and 
polyethylene: insight from an 
atomistic, single-molecule level. Sci 
Rep  2017, 7, 41898 . 

6. Lueder, U.; Maisch, M.; Laufer, K.; 
Jorgensen, B.B.; Kappler, A.: 
Schmidt, C. Influence of physical 
pertubation on Fe(II) supply in 
coastal marine sediments. Environ 
Sci Technol 2020, 54, 3209-3218. 

7. Otte, J. M.; Harter, J.; Laufer, K.; 
Blackwell, N.; Straub, D.; Kappler, 
A.; Kleindienst, S., The distribution 
of active iron-cycling bacteria in 
marine and freshwater sediments is 
decoupled from geochemical 
gradients. Method Enzymol 2018, 
20, (7), 2483-2499. 

8. Caporaso, J. G.; Kuczynski, J.; 
Stombaugh, J.; Bittinger, K.; 
Bushman, F. D.; Costello, E. K.; 
Fierer, N.; Pena, A. G.; Goodrich, J. 
K.; Gordon, J. I.; Huttley, G. A.; 
Kelley, S. T.; Knights, D.; Koenig, J. 
E.; Ley, R. E.; Lozupone, C. A.; 
McDonald, D.; Muegge, B. D.; 
Pirrung, M.; Reeder, J.; Sevinsky, J. 
R.; Tumbaugh, P. J.; Walters, W. 
A.; Widmann, J.; Yatsunenko, T.; 
Zaneveld, J.; Knight, R. QIIME 
allows analysis of high-throughput 

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

9. Ewels, P. A.; Peltzer, A.; Fillinger, 
S.; Patel, H.; Alneberg, J.; Wilm, A.; 
Garcia, M. U.; Di Tommaso, P.; 
Nahnsen, S. The nf-core framework 
for community-curated 
bioinformatics pipelines. Nat 
Biotechnol 2020, 38, (3), 276-278. 

10. Straub, D.; Blackwell, N.; 
Langarica-Fuentes, A.; Peltzer, A.; 
Nahnsen, S.; Kleindienst, S. 
Interpretations of environmental 
microbial community studies are 
biased by the selected 16S rRNA 
(gene) amplicon sequencing 
pipeline. Front Microbiol 2020, 11, 
550420. 

11. Di Tommaso, P.; Chatzou, M.; 
Floden, E. W.; Barja, P. P.; 
Palumbo, E.; Notredame, C. 
Nextflow enables reproducible 
computational workflows. Nat 
Biotechnol 2017, 35, (4), 316-319. 

12. Kurtzer, G. M.; Sochat, V.; Bauer, 
M. W. Singularity: Scientific 
containers for mobility of compute. 
PLoS One 2017, 12, (5), e0177459. 

13. Martin, M. Cutadapt removes 
adapter sequences from high-
throughput sequencing reads. 
EMBnet journal 2011, 17, (1), 3. 

14. Bolyen, E.; Rideout, J. R.; Dillon, M. 
R.; Bokulich, N. A.; Abnet, C. C.; Al-
Ghalith, G. A.; Alexander, H.; Alm, 
E. J.; Arumugam, M.; Asnicar, F.; 
Bai, Y.; Bisanz, J. E.; Bittinger, K.; 
Brejnrod, A.; Brislawn, C. J.; Brown, 
C. T.; Callahan, B. J.; Caraballo-
Rodríguez, A. M.; Chase, J.; Cope, 
E. K.; Da Silva, R.; Diener, C.; 
Dorrestein, P. C.; Douglas, G. M.; 
Durall, D. M.; Duvallet, C.; 
Edwardson, C. F.; Ernst, M.; Estaki, 
M.; Fouquier, J.; Gauglitz, J. M.; 
Gibbons, S. M.; Gibson, D. L.; 
Gonzalez, A.; Gorlick, K.; Guo, J.; 
Hillmann, B.; Holmes, S.; Holste, 
H.; Huttenhower, C.; Huttley, G. A.; 
Janssen, S.; Jarmusch, A. K.; 



Chapter 4  

 202 

Jiang, L.; Kaehler, B. D.; Kang, K. 
B.; Keefe, C. R.; Keim, P.; Kelley, S. 
T.; Knights, D.; Koester, I.; 
Kosciolek, T.; Kreps, J.; Langille, M. 
G. I.; Lee, J.; Ley, R.; Liu, Y. X.; 
Loftfield, E.; Lozupone, C.; Maher, 
M.; Marotz, C.; Martin, B. D.; 
McDonald, D.; McIver, L. J.; Melnik, 
A. V.; Metcalf, J. L.; Morgan, S. C.; 
Morton, J. T.; Naimey, A. T.; Navas-
Molina, J. A.; Nothias, L. F.; 
Orchanian, S. B.; Pearson, T.; 
Peoples, S. L.; Petras, D.; Preuss, 
M. L.; Pruesse, E.; Rasmussen, L. 
B.; Rivers, A.; Robeson, M. S., 2nd; 
Rosenthal, P.; Segata, N.; Shaffer, 
M.; Shiffer, A.; Sinha, R.; Song, S. 
J.; Spear, J. R.; Swafford, A. D.; 
Thompson, L. R.; Torres, P. J.; 
Trinh, P.; Tripathi, A.; Turnbaugh, 
P. J.; Ul-Hasan, S.; van der Hooft, 
J. J. J.; Vargas, F.; Vázquez-Baeza, 
Y.; Vogtmann, E.; von Hippel, M.; 
Walters, W.; Wan, Y.; Wang, M.; 
Warren, J.; Weber, K. C.; 
Williamson, C. H. D.; Willis, A. D.; 
Xu, Z. Z.; Zaneveld, J. R.; Zhang, 
Y.; Zhu, Q.; Knight, R.; Caporaso, J. 
G. Reproducible, interactive, 
scalable and extensible 
microbiome data science using 
QIIME 2. Nat Biotechnol 2019, 37, 
(8), 852-857. 

15. Callahan, B. J.; McMurdie, P. J.; 
Rosen, M. J.; Han, A. W.; Johnson, 
A. J.; Holmes, S. P. DADA2: High-
resolution sample inference from 

Illumina amplicon data. Nat 
Methods 2016, 13, (7), 581-3. 

16. Pruesse, E.; Quast, C.; Knittel, K.; 
Fuchs, B. M.; Ludwig, W.; Peplies, 
J.; Glockner, F. O. SILVA: a 
comprehensive online resource for 
quality checked and aligned 
ribosomal RNA sequence data 
compatible with ARB. Nucleic Acids 
Res 2007, 35, (21), 7188-96. 

17. Bokulich, N. A.; Kaehler, B. D.; 
Rideout, J. R.; Dillon, M.; Bolyen, 
E.; Knight, R.; Huttley, G. A.; 
Gregory Caporaso, J. Optimizing 
taxonomic classification of marker-
gene amplicon sequences with 
QIIME 2's q2-feature-classifier 
plugin. Microbiome 2018, 6, (1), 90. 

18. Olefeldt, D.; Roulet, N. T. Effects of 
permafrost and hydrology on the 
composition and transport of 
dissolved organic carbon in a 
subarctic peatland complex. J 
Geophys Res-Biogeo 2012, 117, 
G01005. 

19. Reddy, K. R.; DeLaune, R.D. 
Biogeochemistry of wetlands: 
Science and applications. CRC 
Press, Boca Raton, FL. 2008, ISBN 
978-1-56670-678-0. 

20. Rinne, J., ICOS Sweden 
Ecosystem eco time series (ICOS 
Sweden), Abisko-Stordalen Palsa 
Bog, 2018-12-31–2019-12-31, 
https://hdl.handle.net/11676/s5oBz
ukX_FaXpHU___86QasO) 2021. 



 



 

Chapter 5 – Personal contribution  
 
The original hypothesis was formulated by myself, Prof. Dr. C.W. Mueller, Dr. C. Bryce and 
Prof. Dr. A. Kappler. H. Joss and I designed the project together with Dr. C. Bryce and Prof. 

Dr. A. Kappler. H. Joss conducted the analyses in the laboratory under my supervision and 
wrote the original draft of the manuscript with my guidance. Prof. Dr. C.W. Mueller collected 

and provided the permafrost soil samples and conducted the nanoSIMS analysis. M. Maisch 
performed the Mössbauer analysis. 



 

Chapter 5 
 

 
Cryoturbation leads to iron-organic carbon associations along a 

permafrost soil chronosequence in northern Alaska 

 

Hanna Joss1, Monique S. Patzner1, Markus Maisch1, Carsten W. Mueller2,3,  
Andreas Kappler1,4, Casey Bryce1,5 

 

1Geomicrobiology, Center for Applied Geoscience, University of Tuebingen, Germany. 
2Research Department Ecology and Ecosystem Management, Chair of Soil Science, 

Technical University of Munich, Freising-Weihenstephan, Germany. 
3Department of Geosciences and Natural Resource Management,  

University of Copenhagen, Denmark. 
4Cluster of Excellence: EXC 2124: Controlling Microbes to Fight Infection,  

Tuebingen, Germany. 
5School of Earth Sciences, University of Bristol, UK. 

 
Manuscript submitted for publication to: Geoderma 

 



Chapter 5  

 206 

Abstract 
 
In permafrost soils, substantial amounts of organic carbon (OC) are potentially protected from 
microbial degradation and transformation into greenhouse gases by the association with 

reactive iron (Fe) minerals. One predicted outcome, as permafrost environments respond to 
climate change, is the drainage of thaw lakes on which soils subsequently develop. However, 

the role and extent of Fe-OC associations in future OC stabilization during soil development 
is unknown. To fill this knowledge gap, we have examined Fe-OC associations in organic, 

cryoturbated and mineral horizons along a chronosequence of drained thaw lake basins in 
Utqiaġvik, Alaska, covering 5500 years of soil development by combining selective chemical 

extractions, spectroscopic and nanoscale analyses. We found that in cryoturbated horizons, 
on average ~17 % of the total OC content is associated with reactive Fe minerals, compared 

to ~10 % in organic or mineral horizons. As soil development advances, the total stocks of Fe-

associated OC more than double within the first 50 years after thaw lake drainage, because 
of increased storage of Fe-associated OC in cryoturbated horizons (from 8 to 75 % of the total 

Fe-associated OC stock). Our results suggest that differences in Fe-OC associations between 
soil horizons lead to differences in stored Fe-associated OC between soils of different age. 

Spatially-resolved nanoscale secondary ion mass spectrometry (NanoSIMS) analysis showed 
that OC is primarily associated with Fe(III) (oxyhydr)oxides which were identified by 57Fe 

Mössbauer spectroscopy analysis as ferrihydrite. High OC:Fe mass ratios (>0.22) determined 
by chemical extractions indicate that Fe-OC associations are formed via co-precipitation, 

chelation and aggregation. These results imply that, given the proposed enhanced drainage 

of thaw lakes under climate change, OC can be increasingly incorporated and stabilized by 
the association with reactive Fe minerals as a result of soil formation and increased 

cryoturbation. 
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Introduction 
 
Increasing soil temperatures induced by climate change are accelerating permafrost thaw. 
Since permafrost soils store approximately 1035±150 Pg organic carbon (OC) in the upper 

3 m (Hugelius et al., 2014), rapid warming could potentially unlock vast amounts of OC and 
stimulate release of greenhouse gases to the atmosphere. Thermokarst landscapes are 

assumed to be most vulnerable to abrupt changes in a warming climate (Walter Anthony et 
al., 2018; Turetsky et al., 2020). They cover around 20 % of the northern permafrost region 

and are estimated to store around 30 % of the total OC (TOC) present in the upper 3 m of the 
circumpolar permafrost region (Olefeldt et al., 2016). As in other arctic lowland regions, 

thermokarst lakes are the dominating landscape feature of northern Alaska and follow a 
general thaw lake cycle (Grosse, Jones and Arp, 2013; Hinkel et al., 2003). Lakes form by 

thermokarst processes and drain due to e.g. ice-wedge or coastal erosion. After drainage, 

terrestrial soils develop in the drained thermokarst lake basins on the remaining sediments 
and ice-wedge growth continues which potentially reforms lakes. It is assumed that the 

reformation of thaw lakes will be absent in the future, due to insufficient ice wedge growth 
(Fuchs et al., 2019) which disrupts the thaw lake cycle and promotes the ongoing soil 

development on drained thaw lake basins. The soils developing on these thermokarst lake 
basins are increasingly influenced by cryoturbation which redistributes relatively young OC 

from the topsoil into deeper soil layers and contributes on average 55% to the soil OC density 
in the active layer and the near-permafrost surface in permafrost soils from Alaska (Bockheim, 

2007). 

 
Previous studies on permafrost soils have intensively focused on the decomposition of the 

stored OC (Schädel et al., 2016; Estop‐Aragones et al., 2020; Hopple et al., 2020), whereas 
only a few have focused on the stabilization mechanisms of OC which can mitigate the 

permafrost carbon feedback (Osterkamp and Romanovsky, 1999; Schuur et al., 2015; Mu et 
al., 2016; Mueller et al., 2017; Mu et al., 2020; Prater et al., 2020; Wang et al., 2020; Patzner 

et al., 2020). In soils, the fate of OC is determined by an interplay of various physical, chemical 
and biological components (Lehmann et al., 2020). The accessibility of OC for microorganisms 

is reduced by physical protection within soil aggregates and by interactions with minerals that 
stabilize OC via sorption, co-precipitation or aggregation (Kaiser and Guggenberger, 2000; 

Wagai and Mayer, 2007; Kögel-Knabner et al., 2008; von Lützow et al., 2008; Hemingway et 

al., 2019). 
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Reactive iron (Fe) minerals (defined as those reductively dissolvable by sodium dithionite, e.g. 

Fe(III) (oxyhydr)oxides) are particularly important for the stabilization of OC in various 
environments (Lalonde, Ouellet and Gélinas, 2012; Zhao et al., 2016; Shields et al., 2016; 

Coward, Thompson and Plante, 2017), whereas Fe-OC associations in organic rich soils of 
high latitude regions are less well studied. Recent studies point towards a significant 

proportion of reactive Fe associated OC in permafrost soils (Herndon et al., 2017; Mu et al., 
2016; Mu et al., 2020; Sowers et al., 2020; Patzner et al., 2020). In the permafrost soil 

chronosequence of drained thaw lake basins in northern Alaska we have studied, Mueller et 
al.(2015) found the oldest OC fraction directly associated with minerals, especially with Fe 

(oxyhydr)oxides (Mueller et al., 2017; Mueller, Steffens and Buddenbaum, 2020). This 
highlights the potential of reactive Fe minerals in the stabilization of OC over thousands of 

years in thermokarst regions (Kögel-Knabner et al., 2008; Mueller et al., 2015).  

 
Despite the recognized role of reactive Fe minerals in the association with OC in permafrost 

soils, very little is known about the long-term development of Fe-OC associations especially 
in thermokarst regions. In order to address this knowledge gap, we quantified Fe-OC 

associations of soil cores from drained thaw lake basins spanning 5500 years of soil 
development by using selective chemical extractions. We further identified the reactive Fe 

minerals involved in the association with OC in different soil horizons and soil development 
stages along the chronosequence with 57Fe-specific Mössbauer spectroscopy. This was 

complemented by visually highlighting spatial Fe-OC associations in soil horizons using 
correlative scanning electron microscopy and nanoscale secondary ion mass spectrometry. 

This approach allows us to evaluate biogeochemical drivers of Fe-OC associations along the 

soil profile and during progressive soil development after thaw lake drainage. 
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Material and Methods 
 
Sampling and soil properties 
 
Permafrost soil cores along a chronosequence of drained thaw lake basins near Utqiaġvik in 
northern Alaska were collected in April 2010 during the sampling campaign described in 

Mueller et al. (2015). Based on vegetation succession and 14C data, the soil chronosequence 
is classified into distinct age classes covering young (0-50 years), medium (50-300 years), old 

(300-2000 years) and ancient (2000-5500 years) drained basins (Hinkel et al., 2003). Briefly, 
four soil cores of each age class were collected using an 80-150 cm long corer from the Snow, 

Ice, Permafrost Research Establishment (SIPRE) with 7.5 cm diameter attached to a Big 
Beaver earth drill apparatus (Little Beaver, US). Samples were transported within 8 h to a cold 

room in Utqiaġvik where soil description followed. The frozen cores were cut with a chop saw 

into corresponding soil horizons and subsamples were oven-dried at 60°C for further analysis. 
Within our study, two soil cores of each age class were analyzed from locations spanning from 

71°12´ to 71°16´ N in latitude and 156°25´ to 156°39´W longitude (Figure SI 1). These soil 
cores were selected based on the core depth and on soil horizons to capture soil profiles 

representative for the individual age classes (informed by Mueller et al. (2015)). The selected 
soil cores along the chronosequence differ in maximum core length (sampled soil depth) 

ranging from 90 to 126 cm and reach the permafrost layer at around 30 to 50 cm depth (Figure 
1). Soil cores of the young age class show little to no cryoturbation and are mainly dominated 

by one organic horizon followed by mineral horizons. The abundance of soil horizons with 
indications of cryoturbated soil material increases with the age of the drained thaw lake basins. 

Buried horizons are combined with, and referred to as, cryoturbated horizons in the following 

discussion as they both lead to a redistribution of organic material into deeper soil layers.  
 

Selective extractions 
 
Soil horizons of two soil cores representative of each age class were selectively extracted to 
quantify different Fe mineral phases and the associated OC (Cornell and Giovanoli, 1988; 

Mehra and Jackson, 1960). To prepare for the chemical extractions, glass vials were washed 
with 1 M HCl, rinsed with deionized water and sterilized for 4.5 h at 180°C. Oven-dried soil 

samples (0.15±0.05 g) were weighed into glass vials in duplicates and degassed with N2 prior 
to extraction. To target poorly crystalline and crystalline Fe(III) (oxyhydr)oxides (in the 

following considered as the total extractable Fe), samples were extracted anoxically in the 

dark over 24 h at 70°C with 3.125 mL of a 6 M HCl solution (Pehkonen, 1995; Foucher et al., 
2000; Peltier, Dahl and Gaillard, 2005; Rutledge et al., 2010; Porsch and Kappler, 2011). 
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In parallel, a dithionite-citrate bicarbonate extraction was carried out to selectively extract 

reactive Fe minerals (defined here as reductively dissolvable by dithionite-citrate extraction) 
such as ferrihydrite, goethite, lepidocrocite, akaganeite and hematite nanoparticles (Mehra 

and Jackson, 1960; Raiswell, Canfield and Berner, 1994; Cornell and Schwertmann, 2003; 
Coward, Thompson and Plante, 2017). This extraction also allows for the quantification of OC 

that is mobilized during the reductive dissolution of reactive Fe minerals (in the following 
referred to as Fe-associated OC) (Lalonde, Ouellet and Gélinas, 2012; Mu et al., 2016; Mu et 

al., 2020; Patzner et al., 2020). We followed the dithionite-citrate extraction which is performed 
for 16 h on a rolling shaker under room temperature and anoxically in the dark (Coward, 

Thompson and Plante, 2017; Wagai and Mayer, 2007; Wagai et al., 2013) and combined 
different approaches to account for potential difficulties when using this extraction method as 

previously discussed in detail by Patzner et al. (2020) and shortly discussed in the following. 

Due to the instability of dithionite in solution (Varadachari, Goswami and Ghosh, 2006), 
powdered dithionite was added to the sample to reach a final concentration of 0.1 M by adding 

3.125 mL of a 0.27 M trisodium citrate, 0.11 M sodium bicarbonate solution (pH 7, N2:CO2 
(90:10, v:v) headspace). Sodium bicarbonate was used as a buffer (pH 7) to prevent hydrolysis 

and re-sorption of organic matter under acidic pH. Fisher et al. (2020) showed that under 
neutral pH, the dithionite-citrate extraction only partially dissolves reactive Fe minerals, thus 

leading to an underestimation of the amount of reactive Fe minerals in the analyzed soil cores. 
Trisodium citrate was used as a complexing agent to prevent re-precipitation of the mobilized 

Fe and sorption of OC (Mehra and Jackson, 1960). A pre-test carried out under the same 
conditions (pH, ionic strength) showed that without citrate, 43.5±17.6 % less reactive Fe and 

37.2±4.4 % less reactive Fe-associated OC was obtained in an organic horizon of a medium 

aged soil core (Table SI 1). To account for effects of soil drying on reactive Fe minerals and 
Fe-associated OC, comparable permafrost soil material from a desiccating palsa in northern 

Sweden (Patzner et al., 2020) was dried under anoxic and oxic conditions at room temperature 
and 60°C. We obtained similar reactive Fe and Fe-associated OC contents by the dithionite-

citrate extraction method for all drying techniques (Table SI 2).  
To also account for the OC which is readily desorbed from the sample and not directly 

associated with reactive Fe minerals, a 1.85 M sodium chloride (NaCl), 0.11 M sodium 
bicarbonate solution (pH 7, N2:CO2 (90:10, v:v) headspace) was performed as control 

extraction under the same conditions as the dithionite-citrate extraction (Table SI 3) (Lalonde, 

Ouellet and Gélinas, 2012; Patzner et al., 2020). It has to be noted that the NaCl control 
extraction was shown to also extract OC that was weakly bound to reactive Fe minerals (Fisher 

et al., 2020). As the OC quantified by the NaCl control extraction is subtracted from the OC 
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mobilized by the dithionite-citrate extraction, the amount of Fe-associated OC is likely 

underestimated. 
 

Geochemical analyses 
 
The supernatant from the selective extractions was obtained by centrifugation (10 min, 13 
400 rpm) and subsequently analyzed for total Fe (6 M HCl extractable) and reactive Fe 

(dithionite-citrate extractable) using the ferrozine assay (Stookey, 1970) following the protocol 
from Hegler et al. (2008). Briefly, to quantify total Fe, 80 µL of hydroxylamine-HCl were 

incubated for 30 min with 20 µL of the supernatant which was diluted in 1 M HCl beforehand. 
The dilution of samples ensured that the initial brownish color of the supernatant, resulting 

from OC, did not interfere with the spectrophotometric quantification. 100 µL of ferrozine was 

then added, the solution was mixed and incubated for 5 min to allow for the spectrophotometric 
quantification at 562 nm. Subsequently, reactive Fe contents were calculated by subtracting 

the Fe readily mobilized during the NaCl control extraction.  
OC in the supernatant of the selective extractions and in the trisodium citrate-bicarbonate 

solution (citrate background) was analyzed by combustion at 750°C (Elemental analyzer, multi 
N/C 2100S, Analytik Jena GmbH, Germany). The Fe-associated OC was calculated by 

subtracting the OC background from the trisodium citrate-bicarbonate solution and the NaCl 
control extraction. As a consequence of the high OC background imposed by the use of citrate, 

Fe-associated OC could not be quantified in four soil horizons (young 1: 56-82 and 82-117 cm, 
ancient 1: 87-116 cm and ancient 2: 34-50 cm), however the amount of Fe-associated OC 

was typically high and detectable in most samples.  

The TOC content of horizons in soil cores from drained thaw lake basins was previously 
analyzed in the study of Mueller et al. (2015). Briefly, sample material was ground with a ball 

mill and measured in duplicates via dry combustion (Vario MAX CNS Analyzer, Elementar, 
Hanau, Germany). The measured carbon contents represent the TOC content due to absence 

of carbonates.  
Stocks of reactive Fe and associated OC (Eq. 1) were calculated based on content, bulk 

density (BD) and layer thickness of the horizons in each soil core (Table SI 3).  
 

Stock [kg m-2] = content [mg g-1] * BD [g cm-3] * layer thickness [m]        (1) 
 

To account for differences along the permafrost soil chronosequence, reactive Fe and 

associated OC stock of same horizons (organic, cryoturbated or mineral) within one soil core 
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were summed up and averaged between replicate soil cores of one age class to represent the 

average total sum present in distinct soil horizons within one age class.  
 

Fe mineralogy and spectroscopic analysis 
 
To identify the mineralogy of the reactive Fe minerals potentially involved in the association 
with OC, 57Fe-specific Mössbauer spectroscopy was applied. Prior to Mössbauer analysis, 

dried sample material from organic, cryoturbated and mineral horizons of two endmember soil 
cores (young, ancient) was mortared and loaded into plexiglass holders (1 cm2), forming a thin 

film of sample material. Plexiglass holders were tightly closed with parafilm and transmission 
spectra were collected at 77 K and 5 K 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 295 K. Sample analysis was carried out using Recoil 
(University of Ottawa) and the Voigt Based Fitting (VBF) routine (Rancourt & Ping, 1991). The 

half width at half maximum was constrained to 0.124 mm s-1 during fitting. 
For visualizing Fe-OC associations with correlative scanning electron microscopy (SEM) and 

nanoscale secondary ion mass spectrometry (NanoSIMS) analysis, the deepest horizon of an 
intact frozen soil core (medium 2, Figure 1) was chemically fixed, dried over an acetone row 

and subsequently impregnated with Araldite 502 (Araldite kit 502, electron microscope 
sciences, Hatfield, USA). The impregnated soil core was sectioned and polished (see details 

in Mueller et al. (2017)). Prior to SEM analysis (Jeol JSM 5900LV, Freising, Germany) in 
backscatter electron mode and NanoSIMS analysis, the intact cross section was gold-coated 

by physical vapor deposition under argon atmosphere to circumvent possible charging effects. 

The NanoSIMS measurements were recorded at the Cameca NanoSIMS 50 L (Gennevilliers, 
France) of the Lehrstuhl für Bodenkunde, TU München, Germany. Electron multiplier 

secondary ion collectors were used for 12C14N-, 27Al16O- and 56Fe16O-. Prior to analysis, 
impurities and the coating layer were sputtered away by using a high primary beam current 

and charging during the measurements was compensated by an electron beam generated by 
the electron flood gun of the NanoSIMS instrument (Mueller et al., 2013). The NanoSIMS data 

was analyzed using the Look@NanoSIMS plugin for MatLab (Polerecky et al., 2012), images 
were corrected for detector dead time and drift corrected.  
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Statistical analysis 
 
An analysis of variance (ANOVA) was applied to identify differences between soil age classes, 

combined with a post-hoc test to identify age classes that are different from another. Whenever 
normal distribution or homogeneity of variances was not given, a non-parametric Kruskal 

Wallis test was performed. For correlation analysis of non-normally distributed data, p-values 
(p) and correlation coefficients (r) are given for a Spearman (ps and rs) correlation. Additionally, 

linear regressions (R2) were calculated to identify relationships between reactive Fe and 
associated OC across age classes. 
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Results and Discussion  
 
Changes in reactive Fe and associated OC along the soil chronosequence 
 
Greater differences in reactive Fe and associated OC between soil horizons than with 
depth 
 
Contents of reactive Fe and associated OC did not show a clear trend with depth, but were 
significantly different between soil horizons across the soil profiles (p < 0.001, Kruskall Wallis 

test) (Figure 2, Figure 3). Reactive Fe contents were highest in organic horizons (10 to 60 
mg g-1 DW-soil-1) with a significantly higher content compared to cryoturbated (p < 0.001, 5 to 

20 mg g-1 DW-soil-1) and mineral horizons (p < 0.001, 2 to 20 mg g-1 DW-soil-1) (Figure 2, 
Figure 3). Cryoturbated horizons incorporate, in comparison to directly over- or underlying 

mineral horizons, higher amounts of reactive Fe (Figure 2, even though overall differences in 

reactive Fe between cryoturbated and mineral horizons were not significant.  
Horizons with elevated contents of reactive Fe in comparison to over- or underlying horizons 

were also identified to overlay the permafrost table (Figure 1), subject to annual freeze/thaw 
cycles that experience fluctuations in redox conditions. At such redox interfaces, Fe(III) 

(oxyhydr)oxides are assumed to be effectively recycled forming poorly crystalline Fe minerals 
(Moormann and van Breemen, 1978) which counteracts the crystallization of reactive Fe 

minerals with time. Even though Chen et al. (2020) postulated the formation of more crystalline 
Fe minerals under redox fluctuations due to oxygen limitation, the association with high 

amounts of OC, as found in affected soil horizons, impede the crystallization of reactive Fe 
minerals (Schwertmann, 1966). Additionally, Fe(II) which is reduced in deeper, anoxic soil 

layers migrates upwards and subsequently is oxidized by oxygen and precipitates as Fe(III) 

(oxyhydr)oxides (Liang et al., 1993; Herndon et al., 2015). This likely explains highest contents 
and percentages (as % of total Fe) of reactive Fe found in organic horizons in our soil cores 

(~100% reactive Fe of the total Fe, Figure SI 2).  
In accordance to other studies from the same region, we also find highest amounts of poorly 

crystalline Fe minerals (represented here as reactive Fe) in organic horizons (Herndon et al., 
2017) and overall higher amounts of reactive Fe compared to other permafrost regions (Mu et 

al., 2016; Patzner et al., 2020).  
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Figure 1. Classification according to Mueller et al. (2015) and description of soil 
horizons of replicate soil cores of the four different age classes. Abbreviations assigned 
to the distinct soil horizons are described below the figure. Colors indicate organic horizons 

(brown), cryoturbated/buried horizons (beige) and mineral horizons (grey). 

Fe-associated OC contents were also highest in organic horizons (20 to 80 mg g-1 DW-soil-1) 
and are significantly different from cryoturbated (p < 0.001, 0 to 40 mg g-1 DW-soil-1) and 

mineral horizons (p < 0.001, 0 to 25 mg g-1 DW-soil-1) (Figure 2, Figure 3). It has to be noted 

that TOC contents were also greatest in organic horizons (Figure SI 2). In deeper soil layers, 
significantly elevated contents of Fe-associated OC were found in cryoturbated horizons in 

comparison to mineral horizons (p = 0.025). This can be explained by the introduction of OC 
into deeper soil layers by cryoturbation (Figure SI 2).  

Cryoturbation redistributes mostly young, undecomposed OC into deeper soil layers (Ping et 
al., 1998), as was also shown by 14C analysis for the same permafrost soil samples (Mueller 

et al., 2015). The relocated OC in cryoturbated horizons was furthermore characterized to be 
more bioavailable compared to over- or underlying mineral horizons as indicated by O-N/alkyl 

C to alkyl C ratios obtained by NMR spectroscopy (Mueller et al., 2015). Thus, it can be 

assumed that easily available OC is associated with reactive Fe minerals as the Fe-associated 
OC constitutes a large proportion of the TOC in cryoturbated horizons. Also, similar amounts 

of Fe-associated OC are present in other permafrost regions (Mu et al., 2016; Patzner et al., 
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2020), whereas Fe-associated OC contents could be underestimated as a result of the NaCl 

control extraction (Fisher et al., 2020).  
 

 
Figure 2. Soil horizons determine the content of reactive Fe (red) and Fe-associated OC 
(grey) along the soil profile of replicate cores (1, 2) from four age classes (young, 
medium, old, ancient) of drained thaw lake basins from Alaska. Reactive Fe is dithionite-

citrate extractable Fe corrected by NaCl control extraction and Fe-associated OC is dithionite-
citrate extractable OC corrected by NaCl control extraction and citrate background, presented 

as mg g-1DW-soil-1. Soil horizons are highlighted by color shading (brown: organic, beige: 

cryoturbated/buried, grey: mineral). Error bars represent a combined standard deviation of 
duplicate extractions per horizon of replicate soil cores. 

 
Generally, reactive Fe and Fe-associated OC contents over all soil horizons and age classes 
correlate significantly (ps<0.001, rs=0.76) (Figure 2). By categorizing the percentage of Fe-

associated OC into four ranges (0-10, 10-25, 25-50, 50-100 %) (Figure 3), it can be shown 
that Fe-associated OC constitutes a higher proportion of TOC in cryoturbated horizons 
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compared to organic and mineral horizons. Cryoturbated horizons show mainly 10-25 % Fe-

associated OC, whereas organic horizons have between 0-25 % and mineral horizons have 
between 0-10 % Fe-associated OC. 

The depth distribution demonstrates that the content of reactive Fe and associated OC is 
controlled by soil horizons rather than by depth or age class and is supported by significant 

differences found between soil horizons.  

 
 
Figure 3. Horizon-dependent correlation of reactive Fe and Fe-associated OC in organic 
horizons (circle, n = 13), cryoturbated/buried horizons (diamond, n = 14) and mineral 
horizons (square, n = 16) of replicate cores (1, 2) from four age classes (young, medium, 
old, ancient) of drained thaw lake basins from Alaska. Reactive Fe is dithionite-citrate 

extractable Fe corrected by NaCl control extraction and Fe-associated OC is dithionite-citrate 
extractable OC corrected by NaCl control extraction and citrate background, presented as 

mg g-1 DW-soil-1. Data points represent the average from duplicate extractions filled with a 
color gradient depending on the amount of Fe-associated OC as percentage of TOC. 

 
Reactive Fe and Fe-associated OC increasingly distributed in cryoturbated horizons 

with progressive soil development 
 
In order to follow the Fe-OC associations with progressive soil development, soil horizons of 

replicate soil cores of four age classes were analyzed, integrated over the soil profile and 
averaged over the replicate cores. The relationship of reactive Fe and associated OC is 

increasingly heterogeneous along the soil chronosequence (Figure SI 3). Overall, a maximum 
of 73.66±5.65 % of the total extractable Fe was quantified as reactive Fe and 13.68±2.31 % 



Chapter 5  

 218 

of the TOC was found to be associated with reactive Fe minerals over the soil profiles (Table 

1). In comparison to other studies focusing on Fe-OC associations in permafrost soils, we find 
similar amounts of OC associated with reactive Fe minerals. In permafrost soils from the 

Qinghai-Tibetan-Plateau, a maximum of 23.09±16.42 % of the TOC is associated with reactive 
Fe minerals in soil cores of an alpine desert steppe (Mu et al., 2016) and a maximum of 7 % 

in soils overlying intact permafrost in Sweden when averaged over the soil profile (Patzner et 
al., 2020). 

Across age classes of the permafrost soil chronosequence, reactive Fe contents are relatively 
constant (Figure 4 a), but significant differences between age classes were found for the 

content of Fe-associated OC (p = 0.008) between the young and the medium (p = 0.0214, 
66.34±8.75 to 128.12±18.86 mg g-1 DW-soil-1, Table 1) and the young and ancient age class 

(p = 0.0118, 66.34±8.75 to 139.25±23.54 mg g-1 DW-soil-1, Table 1) (Figure 4 a). Even though 

the majority of reactive Fe and associated OC content is contained in organic horizons along 
the soil chronosequence, cryoturbated horizons incorporate 6 to 8 times more reactive Fe 

(from ~4 % in young to 24-36 % in older age classes) and 10 to 14 times more associated OC 
(from ~2 % in young to 26-36 % in older age classes) from the young to the older age classes 

(medium, old, ancient) (Figure 4 a). Our consistent trend in reactive Fe across soil age classes 
indicates either a stable pool of reactive Fe minerals over 5500 years of soil development by 

impeded crystallization and hydrolysis of Fe minerals by association with OC (Schwertmann 
and Murad, 1988; Cornell and Schwertmann, 2003; Amstaetter, Borch and Kappler, 2012) or 

likely results from effective recycling of Fe minerals under redox fluctuations as was already 
observed in the same permafrost region (Herndon et al., 2017). 
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Figure 4. Reactive Fe and associated OC a) content in mg g-1 DW-soil-1 and b) stock in 
kg m-2 of in distinct soil horizons (organic: brown, cryoturbated/buried: orange, grey: 
mineral) along the soil chronosequence. Distribution of reactive Fe and associated OC 
contents highlight the role of organic horizons, whereas cryoturbated horizons are more 

important regarding stocks along the soil chronosequence. Reactive Fe is dithionite-citrate 
extractable Fe corrected by NaCl control extraction and Fe-associated OC is dithionite-citrate 

extractable OC corrected by NaCl control extraction and citrate background. Error bars 
represent a combined standard deviation of duplicate extractions per horizon of replicate soil 

cores. Significant differences between age classes are highlighted with letters a and b. 

Stocks of reactive Fe do not significantly change (6.22±0.33 to 6.40±0.34 kg m-2 from young 

to ancient, Figure 4 b, Table 1), but the distribution of reactive Fe in soil horizons differs along 
the soil chronosequence. Cryoturbated horizons store 10 % of the total reactive Fe stock in 

the young age class and 34-72 % in the older age classes (medium, old, ancient). Fe-
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associated OC stocks are significantly different between age classes (p = 0.0285) (Figure 4 

b, Table 1) and significantly increase from the young (3.95±1.59 kg m-2) to the medium age 
class (10.04±1.81 kg m-2) (p = 0.0346). Changes in Fe-associated OC are driven by an 

increased incorporation of OC in cryoturbated horizons as they increase in abundance along 
the soil chronosequence.  

Stocks of Fe-associated OC in cryoturbated horizons concurrently increase from around 8 % 
in the young age class to 42-75 % Fe-associated OC of the total Fe-associated OC stock in 

the older age classes (medium, old, ancient) (Figure 4 b). This underlines the shift from mineral 
horizons contributing most to the Fe-associated OC and reactive Fe stock in young (0-50 

years) permafrost soils of drained thaw lake basins to cryoturbated horizons storing most 
reactive Fe and associated OC with progressive soil development.  

 
Table 1. Overview of content, percentage and stock of reactive Fe and associated OC 
integrated over the whole soil profile and averaged over two replicate soil cores along 
the soil chronosequence. Reactive Fe is dithionite-citrate extractable Fe corrected by NaCl 

control extraction and Fe-associated OC is dithionite-citrate extractable OC corrected by NaCl 
control extraction and citrate background. 

 
 
The nature of Fe-OC associations 
 
Differences in Fe mineral crystallinity between soil horizons 
 
The crystallinity of Fe minerals can highly impact their capacity to interact with OC (Herndon 

et al., 2017). We therefore performed 57Fe-specific Mössbauer spectroscopy analysis at 77 K 
and 5 K to identify and quantify the relative abundances of Fe minerals. Mössbauer 

transmission spectra of organic horizons of the young and ancient age class showed similar 
properties for spectra collected at 77 K (Figure SI 5 a, b, Table SI 4). The absence of a 

magnetic-ordering phase at 77 K and the presence of a sextet in the Mössbauer spectra 

collected at 5 K suggests the presence of a poorly crystalline Fe(III) mineral phase with 



Chapter 5  

 221 

hyperfine field parameters similar to ferrihydrite (Figure SI 5 a, b, Figure SI 6 a, b, Table SI 4). 

This supports findings from selective extractions in organic horizons where reactive Fe 
minerals (which would include ferrihydrite) account for almost all of the total extractable Fe 

pool (Table SI 3). In cryoturbated and mineral horizons, 77 K Mössbauer spectra indicated the 
presence of an additional ferrous Fe mineral phase in both the young and ancient age class 

(Figure 5 c, d, e, f) which undergoes magnetic ordering only at 5 K (Figure SI 6 c, d, e, f, Table 
SI 4). This can be typical for a poorly crystalline Fe(II) mineral phase such as vivianite, siderite 

or Fe(II)-rich phyllosilicates although a clear identification could not be achieved by Mössbauer 
spectroscopy only. Phyllosilicates are not targeted by the dithionite-citrate extraction but will 

dissolve to a small extent in the 6 M HCl extraction. A poorly crystalline Fe(II) mineral such as 
vivianite would likely dissolve in the dithionite-citrate extraction (Williams, Mayer and Nriagu, 

1980). Moreover, the preparation of the sample material under oxic conditions might lead to 

the abiotic oxidation of such oxygen sensitive ferrous Fe minerals. Taken this into 
consideration, and the lower abundance of reactive Fe minerals in the total extractable Fe 

pool compared to organic horizons (Table SI 3), suggests that the observed phase is probably 
an Fe(II)-bearing phyllosilicate (Raiswell, Canfield and Berner, 1994; Poulton and Canfield, 

2005). Overall, Mössbauer spectroscopy enabled the identification of ferrihydrite as the poorly 
crystalline mineral phase most abundant in organic horizons with lower abundance due to a 

more pronounced Fe(II) phase in cryoturbated and mineral horizons. Fe minerals of higher 
crystallinity such as magnetite are typically generated by dissimilatory Fe(III) reduction (Lovley 

et al., 1987) and present in permafrost soils from northern Alaska (Lipson et al., 2010), but are 
not involved in Fe-OC associations found in our study. Unlike Sowers et al. (2020) which 

investigated a Yedoma chronosequence over 36000 years, we did not observe a change in 

Fe mineral crystallinity with soil development, but rather a change in Fe mineral crystallinity in 
soil horizons. Cryoturbated and mineral horizons contain similar Fe mineral phases in our 

study, but differ greatly in their amount of Fe-associated OC. Thus, we conclude that Fe 
mineral crystallinity does not solely affect the association of OC in permafrost soils of drained 

thaw lake basins, but is potentially influenced by the type of interaction between OC and 
reactive Fe minerals.  
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Figure 5. Cross section of an embedded intact soil core derived from the permafrost 
layer to illustrate the intricate connection of Fe oxides (FeO) with soil organic matter 
(i.e. particulate organic matter, POM) and the soil matrix (quartz grains, q; clay minerals, 
mi). a) Backscattered SEM image showing the incrustation of particulate organic matter and 
silt and clay minerals (mi) by FeO (brighter zones in backscattered SEM image). The red 

square indicates the NanoSIMS measurement spot (b, c). b) Microscale distribution of Fe 
measured as 56Fe16O- by NanoSIMS. c) Composite image of Fe (red, 56Fe16O-), organic matter 

(green, 12C14N-) and aluminium (blue, 27Al16O-) (detailed description of sample in Mueller et al. 

(2017)). 

 
Co-precipitation, chelation and aggregation primarily explain the nature of Fe-OC 
associations 
 
Fe-associated OC to reactive Fe ratios (OC:Fe) obtained by the dithionite-citrate extraction 
can indicate the mechanism of Fe-OC interactions. A mass ratio over 0.22 is indicative for Fe-

OC associations predominantly formed by co-precipitation or chelation (Wagai and Mayer, 

2007). Below an OC:Fe mass ratio of 0.22, OC is mainly assumed to be sorbed onto Fe 
minerals. In the present study, 86 % of the permafrost samples exceed an OC:Fe mass ratios 

of 0.22 with significant differences between soil horizons (p = 0.01, Kruskall Wallis test) 
(Figure 6). Organic horizons consistently exceed a OC:Fe mass ratio of 0.22 with ratios 

between 0.57 and 5.05. They are significantly different from mineral horizons (p = 0.01) that 
show lower OC:Fe mass ratios (0 to 2.02). OC:Fe mass ratios in cryoturbated horizons range 

between 0 and 4.72. Given the release of OC bound in soil microaggregate structures during 
dithionite-citrate extraction (Wagai and Mayer, 2007), high OC:Fe mass ratios indicate the 

contribution of aggregation.  
Cryoturbated horizons show a high proportion of particulate organic matter where plant 

residues can for example promote soil aggregate formation by providing a priming structure 

for aggregating mineral particles (Mueller et al., 2017; Prater et al., 2020). The intricate 
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connection of reactive Fe minerals, organic matter and the soil matrix in a cryoturbated horizon 

(medium 2) is illustrated by using combined SEM and NanoSIMS analysis (Figure 5). The 
backscattered SEM image showed particulate organic matter (POM) and clay minerals (mi) 

enclosed by Fe minerals (FeO) in the soil cross section and delimited quartz grains (q) (Figure 
5 a). Microscale distributions showed a close spatial association of Fe minerals visualized as 
56Fe16O- intertwined with POM as 12C14N- and clay and silt minerals shown as 27Al16O- as 
detected by NanoSIMS (Figure 5 b, c).  

This highlights the role of reactive Fe minerals in retaining OC in soil horizons with emphasis 
on cryoturbated horizons. Thus, we propose that OC is primarily co-precipitated, chelated or 

aggregated with reactive Fe minerals.  

 
 
Figure 6. OC:Fe mass ratios in relation to the TOC content in mg g-1 DW-soil-1 separated 
into organic horizons (brown circle), cryoturbated/buried horizons (orange diamond) 
and mineral horizons (grey square) of replicate cores (1, 2) from four age classes 
(young, medium, old, ancient) of drained thaw lake basins from Alaska. OC:Fe mass 

ratios were calculated using reactive Fe and Fe-associated OC contents. Reactive Fe is 

dithionite-citrate extractable Fe corrected by NaCl control extraction and Fe-associated OC is 
dithionite-citrate extractable OC corrected by NaCl control extraction and citrate background. 

The dashed line represents the presumed threshold for sorption of reactive Fe minerals on 
natural organic matter (Wagai and Mayer, 2007). OC:Fe mass ratios largely exceeding 0.22, 

indicate co-precipitation or chelation of organic compounds. Samples exceeding this threshold 
are illustrated as filled symbols, whereas framed symbols are below a ratio of 0.22. 
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The type of Fe-OC interactions seems to be governed to a certain extent by the amount of 

TOC present in soil horizons, as supported by significant correlation between OC:Fe mass 
ratios and TOC content (ps = 0.0003, rs = 0.5230). Furthermore, the association of OC seems 

not to be limited by the amount of reactive Fe in our permafrost soil cores, in contrast to Fe-
OC associations in forest soils (Zhao et al., 2016). The Fe-associated OC in our study largely 

exceeds the theoretical maximum of sorbed OC onto Fe (oxyhydr)oxides, calculated as 0.22 
times the reactive Fe content (Herndon et al., 2017) (Figure SI 4). High OC:Fe mass ratios in 

distinct soil horizons can possibly be explained by changes in solubility of redox active metals 
(Eusterhues, Rumpel and Kögel-Knabner, 2005), as it can also be observed at the redox 

interface in permafrost affected soils.  
Besides the amount of OC, pH also influences the nature of the Fe-OC association (Wagai 

and Mayer, 2007). On average, higher OC:Fe mass ratios can be found in older age classes 

where pH is generally lower and TOC is higher compared to the young age class 
(young = 0.55 ± 0.54, medium = 1.85 ± 0.76, old = 1.03 ± 0.59, ancient = 1.68 ± 1.65) (Kao-

Kniffin et al., 2015). In summary, our results show that Fe-OC associations are primarily 
formed by co-precipitation, chelation and aggregation in drained thaw lake basins of northern 

Alaska which is in accordance with findings from other permafrost regions (Mu et al., 2020; 
Patzner et al., 2020). Contrary findings in the same region, where Fe-OC associations are 

restricted to sorption (Herndon et al., 2017), highlights the heterogeneity of Fe-OC 
associations and the need for further investigations. 

 
Potential fate of Fe-OC associations under climate change 
 
The molecular diversity was long thought to be the main factor limiting the decomposition of 

organic matter. Lehmann et al. (2020) recently underlined that spatial and temporal variations 
in the soil shape the functional complexity and collectively determine OC persistence. As 

permafrost soils are highly variable ecosystems with annual freeze-thaw cycles, Fe-OC 
associations are considered to play an important role in retaining OC under a changing 

climate. Increasing permafrost thaw can result in waterlogged and anoxic conditions under 
which Fe minerals are dissolved by dissimilatory Fe(III) reducing microorganisms that releases 

the Fe-associated OC (Patzner et al., 2020). By this, greenhouse gas emissions could be 
exaggerated by microbial Fe(III) reduction which is directly coupled to OC mineralization 

leading to CO2 emissions (Lovley et al., 1987). As well as by the reductive dissolution of 

reactive Fe minerals mobilizing the previously bound OC which becomes available for 
microbial respiration. Additionally, Fe(III) reduction can also be coupled to other microbial 

processes such as anaerobic oxidation of methane which influences greenhouse gas 



Chapter 5  

 225 

emissions (van Huissteden et al., 2011) and thus the response of permafrost soils to climate 

change.  
At the Arctic Coastal Plain of northern Alaska, microbial Fe(III) reduction contributes up to 

63 % to the total respiration (Lipson et al., 2013) which emphasizes the important role of Fe 
minerals in the association with OC. Thermokarst regions of the Arctic Coastal Plain in Alaska 

are assumed to shift from a stable (Hinkel et al., 2007) to a susceptible environment under 
future climate (Nitze et al., 2020). Due to the lack of ground ice-wedge build-up under future 

climate scenarios, it is expected that thermokarst lakes will no longer follow the long postulated 
thermokarst lake cycle where reformation of thermokarst lakes was expected after around 

5500 years of drainage (Jorgenson and Shur, 2007; Bouchard et al., 2017; Fuchs et al., 2019). 
Consequently, OC introduced by cryoturbation can be associated and stabilized by reactive 

Fe minerals under increasing soil drainage which promotes oxic conditions (Herndon, 

Kinsman‐Costello and Godsey, 2020). This association potentially preserves OC over 
thousands of years mitigating the rapid loss of respired C as greenhouse gases to the 

atmosphere. 
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Figure SI 1. Map of the area around Barrow, Alaska. Drained thaw lake basins are colored 

based on their age. Sampling sites are indicated within the map (modified from Mueller et al. 
(2015)). 
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Figure SI 2. Content of total Fe (orange, 6 M HCl extractable) and TOC (black) in mg g-1 
DW-soil-1 along the soil profile of replicate cores (1, 2) from four age classes (young, 
medium, old, ancient) of drained thaw lake basins from Alaska. Soil horizons are 

highlighted by color shading (brown: organic, beige: cryoturbated/buried, grey: mineral). Error 
bars of total Fe represent standard deviation from duplicate extractions per each soil horizon. 

TOC data was obtained by Mueller et al. (2015).  
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Figure SI 3. Age dependent correlation of reactive Fe and Fe-associated OC of soil 
profiles of replicate cores (1, 2) from four age classes (young, medium, old, ancient) of 
drained thaw lake basins from Alaska. (n = 43). Divided into (a) young (dark green, 
n = 9), (b) medium (light green, n = 11), (c) old (yellow, n = 11) and (d) ancient (red, 
n = 12) illustrating increasing heterogeneity with age. Reactive Fe is dithionite-citrate 

extractable Fe corrected by NaCl control extraction and Fe-associated OC is dithionite-citrate 
extractable OC corrected by NaCl control extraction and citrate background, presented as mg 

g-1 DW-soil-1. Data points represent average from duplicate extraction with linear trendlines 
highlighted in respective colors. R squared of linear regression and Spearman correlation 

coefficients are given within the figure. 
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Figure SI 4. Content of Fe-associated OC against theoretical maximum adsorption of 
OC to iron oxide surfaces, calculated as 0.22 times the reactive Fe content based on 
Wagai and Mayer (2007) following Herndon et al. (2017). Reactive Fe is dithionite-citrate 
extractable Fe corrected by NaCl control extraction and Fe-associated OC is dithionite-citrate 

extractable OC corrected by NaCl control extraction and citrate background, presented as mg 
g-1 DW-soil-1. Filled symbols represent samples with OC:Fe mass ratios >0.22 and framed 

symbols are below a ratio of 0.22.  
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Table SI 1. Pre-test for dithionite-citrate extraction to investigate the need of citrate as 
metal ion complexing agent. Without citrate, less reactive Fe and associated OC were 
obtained, thus verifying the need of citrate despite the high OC background. 

 
 
 
Table SI 2. Effect of sample drying on reactive Fe and Fe-associated OC content  in 
permafrost soil samples from a palsa transition zone collected in Abisko, Sweden (data 
comparable to Patzner et al. (2020)). Reactive Fe is dithionite-citrate extractable Fe 
corrected by NaCl control extraction and Fe-associated OC is dithionite-citrate extractable OC 

corrected by NaCl control extraction and citrate background, presented as mg g-1 DW-soil-1. 

 

Treatment

Sodium dithionite + 
NaCl/bicarbonate solution 6.66 ± 1.68 1045.48 ± 85.77

Sodium dithionite + 
citrate/bicarbonate solution 15.29 ± 4.85 2638.76 ± 243.05

Reactive Fe                           Fe-associated OC                           
[mg g-1 DW-soil-1]

Treatment

anoxic
60°C dried 7.38 ± 0.25 86.64 ± 15.03
air dried 7.13 ± 0.09 94.75 ± 29.46
oxic
60°C dried 6.84 ± 0.12 82.81 ± 7.31
air dried 6.41 ± 0.19 87.58 ± 5.33
*not NaCl control corrected

Reactive Fe Fe-associated OC
[mg g-1 DW-soil-1]*
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Table SI 3. Summary table of bulk density, content, stock and percentage of total Fe 
(6 M HCl extractable), reactive Fe and Fe-associated OC (dithionite-citrate extractable), 
control Fe and OC (NaCl extraction), TOC content and OC:Fe mass ratio of all soil 
horizons from replicate soil cores (1, 2) along a soil chronosequence of drained thaw 
lake basins from Alaska. Reactive Fe is dithionite-citrate extractable Fe corrected by NaCl 

control extraction and Fe-associated OC is dithionite-citrate extractable OC corrected by NaCl 
control extraction and citrate background. Colors indicate organic horizons (brown), 

cryoturbated/buried horizons (light orange) and mineral horizons (grey). 
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Table SI 4. Mössbauer spectra hyperfine parameters for organic, cryoturbated and 
mineral horizons of young and ancient soil cores along a permafrost soil 
chronosequence of drained thaw lake basins from Alaska.  

 

 

Sample Temperature Phase CS і EQ ĺ Bhf Pop (±) р2 Fe mineral phase
K mm s-1 mm s-1 mm s-1 T % 
77 Db1 0.42 0.73 100 (0.32) 0.57 Fe(III), Fh

5 Sxt 0.44 -0.02 45.5 88 (0.31) 0.6 Fe(III), Fh
Db 0.54 0.84 11 (0.57) œ

77 Db1 0.47 0.68 58.1 (0.27) 0.69 Fe(III), Fh
Db2 1.24 2.88 41.9 (0.27) Fe(II)

5 Sxt1 0.45 -0.05 47.4 26.0 (0.26) 1.01 Fe(III), Fh
Sxt2 0.93 0.38 7.75 74.0 (0.41) œ

77 Db1 0.47 0.69 57.9 (0.29) 0.62 Fe(III), Fh
Db2 1.24 2.86 42.1 (0.20) Fe(II)

5 Sxt1 0.42 -0.08 48.7 28.3 (0.49) 0.77 Fe(III), Fh
Sxt2 0.92 0.43 7.55 71.7 (0.49) œ

77 Db1 0.49 0.77 100 (0.14) 0.59 Fe(III), Fh

5 Sxt 0.47 -0.05 47.8 69.4 (0.48) 0.66 Fe(III), Fh
Db 0.48 0.53 30.6 (0.42) œ

77 Db1 0.43 0.75 54.3 (0.42) 0.59 Fe(III), Fh
Db2 1.2 2.71 45.7 (0.40) Fe(II)

5 Sxt1 0.43 -0.06 47.46 33.3 (0.49) 0.67 Fe(III), Fh
Sxt2 0.87 0.44 7.84 66.6 (0.55) œ

77 Db1 0.49 0.71 42.9 (0.34) 0.67 Fe(III), Fh
Db2 1.21 2.7 57.1 (0.19) Fe(II)

5 Sxt1 0.45 -0.05 47.35 28.4 (0.31) 1.15 Fe(III), Fh
Sxt2 0.91 0.39 7.72 71.6 (0.21) œ

Db: doublet, Sxt: sextet, CS: center shift, і EQ: quadrupole splitting, ĺ : quadrupole shift, Bhf: hyperfine field, Pop: relative abundance, р2: goodness of fit, Fe 
mineral phase - Fe(II): ferrous Fe, Fe(III): ferric Fe, Fh: ferrihydrite, œ : unknown

Young 1 - 
organic

Young 2 - 
cryoturbated

Young 1 - 
mineral

Ancient 1 - 
organic

Ancient 1 - 
cryoturbated

Ancient 1 - 
mineral
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Figure SI 5. Mössbauer transmission spectra collected at 77 K for (a) Young 1 – organic, 
(b) Ancient 1 – organic, (c) Young 2 – cryoturbated, (d) Ancient 1 – cryoturbated, (e) 
Young 1 – mineral and (f) Ancient 1 – mineral horizons of young and ancient soil cores 
along a permafrost soil chronosequence in northern Alaska.  

 

(c) 

(e) 

(d) 

(a) (b) 
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Data 

Fit 

Fe(II) 
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Figure SI 6. Mössbauer transmission spectra collected at 5 K for (a) Young 1 – organic, 
(b) Ancient 1 – organic, (c) Young 2 – cryoturbated, (d) Ancient 1 – cryoturbated, (e) 
Young 1 – mineral and (f) Ancient 1 – mineral horizons of young and ancient soil cores 
along a permafrost soil chronosequence in northern Alaska.  
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General conclusions and outlook 
 
Minerals, specifically poorly crystalline minerals (e.g. iron(III) (oxyhydr)oxides), are widely 

assumed to protect organic matter (OM) from degradation in the environment, thus promoting 
the persistence of OM in soils and sediments. At the mineral-organic interface a broad set of 

interactions occur, with minerals adsorbing OM to their surfaces1 and/or acting as catalysts for 
organic reactions2,3. Minerals can serve as redox partners for OM through direct electron 

transfer4 or by generating reactive oxygen species5, which then oxidize the associated organic 
compounds6. Furthermore, the compartmentalization of soil and sediments by minerals 

creates unique microsites that host diverse microbial communities. This multiplicity of 
interactions, as previously stated by Kleber et al.7, suggests that the general assumption that 

the mineral matrix provides a protective function for OM is ‘overly simplistic’. Kleber et al.7 
stated that future work must recognize adsorption as a condition for further reactions, an 

intermediate stage, and not as a final destination for organic adsorbates. Further, Kleber et al.7 

emphasized that future work should consider the spatial and functional complexity, including 
redox fluctuations, that is characteristic of the environment where mineral-OM interactions are 

observed. The need to move away from traditional batch experiments, conducted with phases 
dispersed in a slurry, is clearly stated7. Instead, the focus should be set on experimental 

approaches preserving the 3D microstructure of natural mineral-OM interfaces7.  
 

Our research on the microbial iron (Fe) cycle in thawing permafrost peatlands reveals that the 
rusty carbon sink is not a permanent state, in fact, is highly dynamic and strongly depends on 

spatial, but also temporal fluctuating redox conditions. This PhD focused mainly on in situ 
quantification and characterization of reactive iron-organic carbon (OC) associations and of 

microbial key players in iron- and methane-cycling along a thaw gradient at Stordalen mire. 

The findings of this research stress the need of interdisciplinary approaches combining lab 
based-experiments, including slurry batch experiments to gain basic mechanistic 

understanding and ultimately experiments with preserved, intact 3D microstructure of Fe-OC 
associations with field work and in situ measurements at various permafrost sites. Only the 

combination of lab-based and in situ will help to answer the fundamental questions in science 
by being able to upscale microscale processes to its global impact via model predictions. Only 

by these interdisciplinary approaches, we are able to face and find solutions for environmental 
problems, such as the climate crisis.  
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In the following, the findings of this PhD work are discussed and the base for potential future 

experiments and approaches is aligned.  
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The rusty carbon sink in thawing permafrost environments 
 
The rusty carbon sink was described already in numerous permafrost environments8-10 with 

the potential to preserve 19.5±12.3% of total soil OC (TSOC) pool10. This PhD work describes 
for the first time what happens to this rusty carbon sink during and after complete permafrost 

thaw. It clearly shows that the rusty carbon sink is destabilized by global warming and can not 
preserve OC with permafrost thaw.  

 
In the active layer of the palsa, underlain by intact permafrost, we found up to 20% of TSOC 

bound to reactive Fe (Figure 1). Along palsa hillslopes into the semi-wet, partially-thawed bog, 
Fe mineral dissolution in the active layer leads to a release of Fe and Fe-bound OC into the 

surrounding porewater (Figure 1). Here, in the active layer of the partially-thawed bog the rusty 
carbon sink appears to be very dynamic due to seasonal redox fluctuations. In early summer, 

directly after snow melt, the soils are water-logged, and oxygen (O2) limited. Remaining 

reactive iron phases, after palsa collapse, are dissolved and Fe and associated OC are 
released. Whereas, in late summer, due to increasing active layer depth and decreasing runoff, 

the conditions become more dry and less reduced, leading to Fe(II) oxidation and reactive Fe 
mineral formation with the potential to sequester OC. In the completely thawed fen, constant 

water-logging and O2 limitation lead to permanent reduced conditions favoring microbial 
iron(III) reduction resulting in mineral dissolution and aqueous Fe2+ and dissolved OC (DOC) 

mobilization (Figure 1).  
 

Still some open questions remain (see also Figure 1):  
(1) How much OC is bound to reactive Fe in deeper soil layers?  

The presented work focused on the active layer along the permafrost thaw gradient at 

Stordalen mire, Abisko (Sweden), ignoring deeper, still frozen soil mineral layers. Our 
results along a chronosequence of drained thaw lake basins showed that deeper 

cryoturbated horizons have the highest potential to sequester OC being bound to 
reactive Fe (chapter 5).  

 
(2) How much OC is bound to (Fe in) clays along the permafrost thaw gradient? 

Along the permafrost thaw gradient, Fe in clays is increasing significantly in the 
transition zone and mineral horizon from palsa to fen. During EXAFS analysis, the best 

fits were obtained with natural nontronite and ferrosmectite (chapter 2). As previously 
stated, the interactions of hydrous Fe oxides and phyllosilicate clays can modify DOC 

sorption and desorption by affecting the surface charges of the minerals11.  
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(3) How much OC is bound to reactive Fe in the porewater and surface water bodies in 

form of colloids? 
The release of aqueous Fe2+ and DOC during permafrost thaw results in colloidal 

formation of freshly formed Fe-OC associations at the oxic to anoxic interface in surface 
water in fen12. First results reveal that the iron is mainly reactive Fe and binds a 

substantial amount of OC (unpublished data).  
 

(4) How much OC is bound to reactive Fe in soils affected by birch forest expansion into 

the wetland?  
At the subarctic permafrost peatland, Stordalen mire, birch trees (Betula pubescence 

ssp. czerepanovii) are expanding into the wetland as a response to permafrost 
thawing13. An increase of birch forest cover from 8.7 to 22.9% was recorded between 

1997-201013,14. Preliminary results showed an increase in reactive Fe-OC associations 
along a wetland to birch forest transect (unpublished data).  

 

To answer these questions, field sampling of soil (including deeper layers and permafrost ice), 
as well as surface and porewater filtered through different sizes (not only 0.22 µm as done in 

this study) to capture Fe-OC associations in different fractions should be conducted. 
Additionally, similar as described in chapter 4, in situ sorption experiments should be 

conducted with biogenically formed reactive Fe minerals, co-precipitates with OC and (reactive 
Fe in) clays pre- or un-sorbed with OC, also exposed in deeper soil layers and not only during 

summer, but complete seasons, to better understand the dynamics of the rusty carbon sink.  
 
In the lab, focus could be set on the evaluation of the dithionite citrate approach to quantify 

reactive Fe and associated OC (Figure 1). Known issues with this extraction are mentioned in 
chapter 2. The following question remains:  

 

(1) Is the dithionite citrate approach over- or underestimating the reactive Fe-
associated OC? 

Fisher et al.15 showed evidence for partial dissolution of the Fe phases and associated 
OC by the dithionite citrate approach, indicating that carbon sequestration by Fe 

minerals is likely to be more significant than currently estimated. The dithionite citrate 
approach could be evaluated under e.g. different extraction pHs (buffered and un-
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buffered) and different sampling preparation methods (freeze-dried vs. drying at room 

temperature).  

 
Additionally, different extractions should be performed to target higher crystalline Fe phases 
(stronger than 6M HCl, as this was the strongest extraction performed in this thesis) and (Fe 

in) clays and its associated OC.  
 
Ultimately, these future experiments are essential to further understand the dynamics of the 

rusty carbon sink with progressive climate change.  
 

 
 
Figure 1. Knowns and unknowns about the rusty carbon sink along a permafrost thaw 
gradient. Grey and schematic illustrates findings of this PhD work, whereas yellow shows the 

remaining unknowns concerning the dynamics of the rusty carbon sink from palsa to bog to 
fen to birch forest. Field work should be combining sampling with in situ sorption experiments. 

In the lab, further extractions could be conducted to evaluate the dithionite citrate approach 
and to target (Fe in) clays and its associated OC. Lab equipment (extraction vials) is made by 

©BioRender - biorender.com. 
 

 
  



General conclusions and outlook  

 251 

Organic carbon associated with iron minerals in permafrost peatlands 
 
Extensive carbon characterization has been performed on DOC in permafrost 

environments13,16,17. To date, it remains challenging to characterize mineral-associated OC in 
environmental systems without effecting its initial soil matrix and/or OC composition by the 

experimental setup. In this thesis, we were able to quantify and to identify the reactive Fe-
associated OC along a thawing permafrost gradient.  

 
In the active layer of the palsa, underlain by intact permafrost, the reactive Fe-bound OC is 
comprised of loosely bound aliphatic and strongly bound aromatic species (Figure 2). 

Reductive dissolution of Fe(III) minerals by Fe(III)-reducing microorganisms along the palsa 
hillslope leads to the release of Fe and the loosely bound aliphatic compounds, resulting in the 

highest pulse of aqueous Fe2+ (153.24 ± 40.14 mg Fe/L) and DOC (535.75 ± 131.45 mg C/L) 
along the whole thaw gradient. The increasing bioavailability of DOC (vs. previously mineral 

associated) leads to its further decomposition, an increasing nominal oxidation state of carbon 

(NOSC) and a peak in bioavailable acetate (61.7 ± 42.6 mg C/L). The strongly bound aromatics 
were retained by remaining reactive Fe species along the thaw gradient. In the fen porewater, 

fatty acids like acetate, lactate, butyrate, and propionate were detected (Figure 2).  
 
The following questions remain (see also Figure 2):  

 
(1) How bioavailable is the reactive Fe-bound OC in intact palsa soils for the microbial 

community (e.g. specifically for Fe(III)-reducers, for fermenters, etc.)? 

Relative to aromatic, aliphatic compounds are expected to be more bioavailable to 
microorganisms16,18,19.  

 

(2) What type of OC is bound to reactive Fe phases in deeper, still frozen permafrost 
layers, which is potentially released during permafrost thaw into the surrounding 

porewater? How bioavailable is it?  
 

(3) What type of OC is bound to reactive Fe phases as colloids in surface and porewater? 
How accessible is it for microbes?  

Riedel et al.12 hypothesized that vascular plant-derived aromatic and pyrogenic 
compounds are preferentially retained by iron colloids, whereas the majority of 

carboxyl-rich aliphatic acids would remain dissolved in the surrounding porewater.  



General conclusions and outlook  

 252 

(4) Are Fe-OC colloids transported out of this system (here described thaw gradient) into 

rivers and lakes and fertilizing these nearby environments or metabolized and OC 

emitted as greenhouse gases (GHG) before?  
The peatland Stordalen mire could be a significant source of bioavailable iron and 

associated OC to surrounding lakes and rivers, as has been shown for other permafrost 
environments20.  

 
To answer these questions, field sampling of soil (including deeper layers and permafrost ice), 

as well as surface and porewater should be conducted to characterize the fate of OC 
associated to reactive Fe in different environmental compartments. As described previously 

(Figure 1), the same sorption experiments as described above would be used to characterize 
bound or released (in comparison to initially pre-sorbed) OC.  

 
In the lab, additional experiments could be conducted to further characterize the reactive Fe-

associated OC. Sorption and co-precipitation experiments with poorly crystalline Fe (e.g. 
synthetic or biogenically formed ferrihydrite) or Fe in clays and in situ DOC in bog and fen pore- 

and surface water could be conducted to determine which fraction of the present OC is 
preferentially sorbed to/co-precipitated with iron and which fraction remains in solution. 

Bioavailability experiments would help to determine the accessibility of OC to be metabolized 
by certain microorganisms (isolated Fe(III)-reducers/fermenters/methanogens etc. from 

Stordalen mire). 
 
Furthermore, different analytics could be used to identify and quantify the OC in these 

experimental setups such as nuclear magnetic resonance spectroscopy (NMR) and high 

resolution mass spectrometry (FT-ICR-MS) or focused ion beam scanning electron microscopy 
(FIB-SEM), scanning transmission X-ray microscopy (STXM), nanoscale secondary ion mass 

spectrometry (nanoSIMS), high resolution transmission electron microscopy (HR-TEM) and 
single particle inductively coupled plasma mass spectrometry (spICP-MS). Because each 

analysis has its limitations (for FT-ICR-MS, e.g the recovery of OC after solid phase extraction 
(SPE)-column treatment and different ionization techniques), a combination of different 

analytics is required to get a most representative characterization of reactive Fe-associated 
OC.  
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Figure 2. Knowns and unknowns of the fate of OC associated to reactive Fe along the 
permafrost thaw gradient. Grey and schematic illustrates findings of this PhD work, whereas 

yellow shows the remaining unknowns concerning identity of OC associated to reactive Fe 
from palsa to bog to fen to birch forest. Field work should combine sampling with in situ sorption 

experiments. In the lab, additional experiments need to be conducted to further determine the 

identity of reactive Fe-associated OC and its bioavailability along the permafrost thaw gradient. 
Lab equipment (bottles, instrument) is made by ©BioRender - biorender.com. 

  



General conclusions and outlook  

 254 

The microbial iron cycle in thawing permafrost peatlands  
 
Classical iron-cycling bacteria such as Fe(III)-reducers (e.g. Rhodoferax ferrireducens) and 

Fe(II)-oxidizers (e.g. Gallionella ferruginea) were already found in permafrost 
environments21,22. However, detailed understanding of the microbial iron cycle and its impact 

on carbon mobilization and greenhouse gas emissions along a permafrost thaw gradient was 
so far lacking. We described the microbial iron cycle for the first time during palsa collapse and 

with complete permafrost thaw.  
 
Along the palsa hillslope, we found abundant and active Fe(II)-oxidizing microorganisms such 

as Gallionella sp. and Sideroxydans sp. which can not sustain or reform the rusty carbon sink 
during collapse. During palsa collapse, Fe(III)-reducing microorganisms such as Geobacter 

sp. and Clostridium sp. significantly increase in abundance and activity, reduce present 
reactive Fe oxides coupled to OC oxidation and release previously associated OC, CO2 and 

aqueous Fe2+. The increase in Fe(III)-reducing bacteria is accompanied by an increase in 

abundance and activity of methanogenic microorganisms, mainly Methanobacterium sp., and 
methanotrophic microorganisms, such as Roseiarcus sp. and other Beijerinckiacaeae. The 

presence of only hydrogenotrophic methanogens could be explained by the higher 
thermodynamical favorability of Fe(III) reduction coupled to acetate oxidation as compared to 

acetoclastic methanogenesis. Along the thaw gradient, Fe(III)-reducing bacteria are increasing 
from 2.4 x 103 cells per g soil to 3.1 x 105 cells per g soil in the transition zone (interface 

between organic and mineral horizon) from palsa, where highest reactive Fe oxide and 
associated OC amounts can be found, to fen.  

 
To date, a lot of questions remain (see also Figure 3):  

 
(1) What microbial iron key players are abundant and active in deeper, still frozen soil 

layers?  
Vigneron et al.23 found contrasting winter versus summer microbial communities in a 

permafrost thaw lake and that Gallionella sp. was only present under frozen conditions.  
 

(2) How are Fe(II)-oxidizers (microaerophilic, phototrophic and nitrate reducing) distributed 
along the thaw gradient?  

To date, we were only able to determine an increase for Fe(III)-reducers based on most 
probable numbers (see chapter 2). The same approach for microaerophilic Fe(II)-
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oxidizers (using oxygen and iron gradients in headspace vials24, gradient tubes25 and 

zero valent iron plates26) didn’t work yet (unpublished data).  

 
(3) What kind of iron-cycling microorganisms can be found in the porewater and surface 

waters? 
Emerson et al.21 described microbial iron mats in surface water bodies at the North 

Slope of Alaska near Toolik Field Station and found sheath-forming Leptothrix 
ochracea. To our best knowledge, no one described the microbial iron community in 

porewater along a permafrost thaw gradient yet (as e.g. done by Glodowska et al.27 in 
an arsenic contaminated groundwater aquifer). 

 
(4) What kind of iron-cycling microorganisms can be found in the soils from fen to birch 

forest?  

First results indicate an increase of Gallionella sp. (up to 24% absolute abundance of 
16S rRNA bacteria) towards the expanding birch forest (unpublished data).  

 
(5) How are iron-cycling and methane-cycling microorganisms interlinked along the whole 

permafrost thaw gradient?  
In chapter 3, we only focused on the palsa to bog permafrost collapse.  

 
To answer these questions, field sampling of soil (including deeper layers and permafrost ice), 

as well as surface and porewater should be conducted to identify microbial iron- and methane-
cycling key players. As described previously (Figure 1 and Figure 2), the same sorption 

experiments could be used as isolation strategy (as performed in chapter 2) for Fe(II)-oxidizers.  

 
In the lab, the microbial community analysis, specifically the iron- and methane-cycler, along 
the thaw gradient in soil, in porewater and in surface water could be identified as described in 

chapter 2 by 16S rRNA Amplicon (gene) sequencing. Quantification and isolation of Fe(II)-
oxidizers could be performed by implementing a new enrichment/isolation technique (e.g. 

different gradient of iron and oxygen in agar plates). Isolation efforts for iron- and methane-
cycling microorganisms should be made using synthetic bog and fen water with additives (such 

as fatty acids and trace elements) closest to environmental conditions in liquid media, but also 
soil matrix additives, see e.g. soil substrate membrane system described by Svenning et al.28. 

To better understand the link between iron- and methane-cycling, batch experiments could be 
conducted, similar as performed previously27, to rule out or identify certain microbial pathways, 

such as e.g. methane oxidation coupled to iron(III) reduction at this permafrost peatland. 
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Furthermore, available microbial genome and metagenome data, as for example provided by 

Woodcroft et al.29, should be further analyzed for iron-cycling microorganisms by using 

FeGenie for identification of iron genes and iron gene neighborhoods30.  
 

 
 
Figure 3. Knowns and unknowns of the fate of the microbial iron cycle along the 
permafrost thaw gradient. Grey and schematic illustrates findings of this PhD work, whereas 
yellow shows the remaining unknowns concerning the microbial iron cycling from palsa to bog 

to fen to birch forest. Field work should be combining sampling with in situ isolation 
experiments. In the lab, further experiments, combined with certain bioinformatic tools such as 

FeGenie, need to be conducted to further determine the microbial iron community along the 
permafrost thaw gradient, also in already exciting microbial community data sets. Lab 

equipment (graph, bottles, columns) is made by ©BioRender - biorender.com. 
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The loss of the rusty carbon sink and its impact on carbon mobilization and greenhouse 

gas emissions  

 
The rusty carbon sink was found in different intact permafrost enviornments8-10,31, but so far, 
the dynamics of the rusty carbon sink with permafrost thaw and its impact on carbon 

mobilization and greenhouse gas emissions were not described. Only Lipson et al.32 suggested 
that net reduction of Fe oxides could potentially contribute to an estimated 40-63% to 

ecosystem respiration at sites depending on the thickness of the organic layer. We now 
described the OC mobilization following iron(III) reduction, correlating with methane and 

carbon dioxide emissions, along a permafrost thaw gradient.  
 
In the active layer of the palsa, underlain by intact permafrost, up to 20% of total OC is bound 

to reactive Fe. These Fe-OC associations form a rusty carbon sink as long as the permafrost 
is still intact. As soon as the palsas begin to thaw and start to collapse, conditions become 

favorable for Fe(III)-reducing bacteria which effectively reduce the reactive Fe oxides and 

release associated OC and aqueous Fe2+. In the active layer of the semi-wet, partially-thawed 
bog, the rusty carbon sink can be seasonally (re-)formed and reduced, potentially shifting from 

a carbon sink to a carbon source, including an increase in dissolved OC and GHG emissions 
such as CO2 and CH4. In the active layer of the fully-thawed fen, only minor quantities of 

reactive Fe oxides were detected, with no measurable associated OC.  
 
Along the permafrost thaw gradient, increasing CH4 and CO2 production potentials, higher 

relative CH4/CO2 ratios, and a shift in CH4 production pathway from CO2 reduction to acetate 
cleavage were observed17,33,34.  

 
The following open research questions remain (see also Figure 4):  
 

(1) How much percent of the previously associated OC ends up as dissolved OC and how 

much percent of the previously associated OC is directly emitted as CO2 during Fe(III) 
reduction coupled to carbon oxidation?  

 
(2) How much percent of the DOC pulse at the collapsing front is generated by the release 

of previously iron associated OC and how much percent is coming from other 
processes during palsa collapse?  

 
(3) How much is the seasonal fluctuation of the rusty carbon sink contributing to seasonal 

GHG emissions (in percent of total GHG emissions)?  
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(4) How much percent of the DOC is (re-)trapped by Fe colloids in the surface and 

porewater?  

 
(5) Is the birch forest expansion favoring a (re-)formation of the rusty carbon sink and if so, 

how much percent of OC is bound again in these future forest soils?  

 
To answer these questions, field sampling of gases, soil (bulk and cores) and water (surface 
and porewater) would be required for future microcosm and preserved 3D microstructure 

experiments (Figure 4). In situ experiments should be conducted. It could include the injections 
of aqueous Fe2+ or the exposure of reactive Fe oxides (e.g. ferrihydrite), as already done in 

laboratory experiments22, under the gas chambers vs. controls with no iron amendments at the 
different thaw stages. Additionally, closed columns with 57Fe labeled reactive Fe oxides and 

sorbed 13C organic matter (13C OM similar produced as has been done in Chen et al.35) could 
be exposed in the field. These columns would remain open at the vertical sidewalls with 

membranes so that a flow through of porewater of a certain size (e.g. smaller than 0.45 µm) 

would be ensured. Over the experimental run, porewater and gas samples of the column would 
be taken to determine iron and carbon mobilization, as well as GHG emissions. At the end of 

the experiment, the microbial community and secondary Fe mineral transformation and 
associated OC would be determined in the solid phase of the columns (Figure 4).  

 
In the lab, microcosms and preserved 3D microstructure experiments (e.g. column 

experiments) could be conducted under various environmental conditions including freeze-
thaw cycles36, dark-light shifts37 and redox fluctuations (oxic vs anoxic)35 to determine different 

rates of iron(III) reduction, aqueous Fe2+ and carbon mobilization, as well as GHG emissions. 
To get a better understanding of occurring metabolic pathways, the microbial community would 

be 16S rRNA Amplicon (gene) sequenced at the beginning, in the middle and at the end of 

each experimental run and specifically checked for iron- and methane-cycling microorganisms 
(Figure 4).  

 
Ultimately, the rates of iron(III) reduction, of aqueous Fe2+ and carbon mobilization, as well as 
its resulting GHG production, would be incorporated in existing climate models to better 

estimate the impact of the loss of the rusty carbon sink on GHG emissions and thus to better 
predict future GHG emissions of these permafrost environments (Figure 4).  
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Figure 4. Knowns and unknowns of the loss of the rusty carbon sink on carbon 
mobilization and greenhouse gas emissions. Grey and schematic illustrates findings of this 

PhD work, whereas yellow shows the remaining unknowns concerning the loss of the rusty 
carbon sink on carbon mobilization and greenhouse gas emissions from palsa to bog to fen to 

birch forest. Field work should be combining sampling with in situ isolation experiments. In the 
lab, further experiments need to be conducted to determine rates of Fe(III) reduction, aqueous 

Fe2+ and carbon mobilization and greenhouse gas emissions under various environmental 
conditions. Lab equipment (bottles, symbols, graphs, columns, plant vessels) is made by 

©BioRender - biorender.com. 
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Mobilization of mineral-associated organic nitrogen with permafrost thaw 
 
Following CO2 and CH4, nitrous oxide (N2O) is the third most potent GHG, contributing 6% to 

global warming38. Soils are sources of N2O, so far with highest terrestrial emissions from 
agricultural and tropical soils39,40. Recent measurements of N2O emitted from permafrost-

affected soils showed that also permafrost peatlands are an important and so far, mainly 
overlooked N2O source, corresponding to 4% of the global warming potential of Arctic methane 

emissions at present41. Beside increasing awareness of the importance of the nitrogen cycle 
in permafrost environments41-43, knowledge gaps remain concerning mineral-associated 

(organic) nitrogen (ON) in intact permafrost soils and its dynamics with permafrost thaw. 
Recent studies on New Zealand glacial-affected soils showed that ON stocks were positively 

correlated to stocks of crystalline Fe oxides43 which microorganisms were still able to 
metabolize45,46. To our best knowledge, no one ever quantified and identified (reactive Fe) 

mineral-associated ON along a permafrost thaw gradient.  

 
Findings of this PhD work suggest that also the ON associated with reactive Fe is mobilized 

during palsa collapse and along the permafrost thaw gradient, contributing to a huge pulse of 
ammonium at the collapsing front (3.40±1.50 mg/L) (chapter 3, figure 5).  

In the active layer of the palsa, underlain by intact permafrost, we found nitrogen-fixing 
microorganisms such as Bradyrhizobium spp. More aliphatic ON (based on FT-ICR-MS 

analysis) is associated to reactive Fe and released by Fe(III) reduction, driven by Fe(III)-
reducing bacteria such as Geobacter sp., ultimately contributing to an ammonium pulse in the 

surrounding porewater. Present and active Nitrospira spp. can oxidize ammonia all the way to 
nitrate. Present and active Pseudomonas spp. can further reduce nitrate to dinitrogen (N2). 

The presence of Methylomirabilis spp. suggests methane oxidation coupled to nitrite reduction. 

Present and active Deltaproteobacteria have the potential to form N2O out of nitrate47. Present 
and active Anaeromyxobacter spp. partially form produced N2O to N2 (unpublished data).  

 
Questions remain, such as (Figure 5):  
 

(1) How much N2O is emitted along the permafrost thaw gradient and under increasing 
birch forest expansion?  

 
(2) How much ON is associated with reactive Fe along the permafrost thaw gradient?  

 
(3) How much of the associated ON is directly metabolized during Fe(III) reduction and 

how much is mobilized into the surrounding porewater? 
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(4) What role play nitrate-reducing Fe(II)-oxidizers or Methylomirabilis spp. in N2O 

emissions along the permafrost thaw gradient?  

 
To answer these questions, field sampling of N2O emissions, soil (bulk and cores) and water 
(surface and porewater) would be required for future batch, microcosm, and preserved 3D 

microstructure experiments (Figure 4). In situ flooding experiments could be conducted to 
better predict the response of the iron cycle and its impact on N2O emissions under changing 

redox conditions with progressive permafrost thaw.  
 

In the lab, additional parameters could be examined such as freeze-thaw cycles, dark and light 
in preserved 3D microstructure experiments. By using diffuse reflectance spectroscopy as a 

high throughput method48 particulate and mineral-associated ON could be determined in the 
solid and liquid phase along the permafrost thaw gradient. Batch and microcosm experiments 

would help to further determine the mobilization of ON following Fe(III) reduction. Isolation of 

NRFeOx or Methylomirabilis spp. could bring light into their role within the iron and methane 
cycle linked to the nitrogen cycle and thus N2O emissions.  
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Figure 5. Knowns and unknowns of the mobilization of mineral-associated organic 
nitrogen along the permafrost thaw gradient. Schematic illustrates findings of this PhD 

work, whereas yellow boxes show the remaining unknowns concerning mobilization of mineral-
associated organic nitrogen and its impact on N2O emissions from palsa to bog to fen to birch 

forest. Future field work could be combining sampling with in situ experiments. In the lab, 
further experiments need to be conducted to determine the extent of mineral-associated ON, 

rates of ON mobilization following mineral dissolution by Fe(III) reduction, the role of e.g. 
NRFeOX or Methylomirabilis spp. and the role of iron minerals in N2O emissions of permafrost-

affected soils. Lab equipment (bottles, plant vessels) is made by ©BioRender - biorender.com. 
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The overlooked rhizosphere  
 
Permafrost environments are inhabited by various plants with their roots growing in the 

seasonal thawed soils13,49,50. Along the thaw gradient, vegetation is changing from dry palsas 
with shrubs and lichens to Sphagnum spp. wet bog soils followed by evolution of tall graminoid 

species as thaw-subsidence increases, resulting in fen areas dominated by Eriophorum 
vaginatum and expanding birch trees (Betula pubescence ssp. czerepanovii)13,14,50 (see also 

Figure 6). Roots have the potential to influence multiple biogeochemical and physical soil 
processes by physical impact of growing roots (e.g. air trapping in root-adjacent air pockets) 

and by its interplay with abiotic and microbial processes51. For example, radial O2 loss (ROL) 
from roots into flooded soils can potentially result in formation of iron mineral coatings around 

roots, so called iron plaques. These iron plaques could potentially (re-)form a new rusty carbon 
sink and host a continuum of ecological niches for microbial communities capable of 

tremendously affecting the cycling of GHG emissions.  

 
The rhizosphere in the active layer was not focus of this PhD work, but, due to its potential 

impact on iron and carbon cycling, needs to be addressed in future research.  
 

The following questions remain unaddressed (see also Figure 6): 
 

(1) What role does the root-soil system play for production, consumption, transport, and 
release of GHGs along the permafrost thaw gradient?  

 
(2) What role do different root-exudates play in microbially mediated GHG emissions along 

the permafrost thaw gradient?  

 
(3) Is there Fe plaque formation induced by ROL around plants growing in bog, fen and 

birch forests and does it act as a rusty carbon sink to stabilize OC, preventing it from 
microbial decomposition to GHG? 

 
In the field, gas samples could be taken at various vegetation types at Stordalen mire to provide 
basic field data and support lab incubation experiments. To link 3D soil structure and plant-

microbe-soil carbon transfer in the rhizosphere stable isotope labeling at field scale could be 
combined with high resolution imaging, as done by Vidal et al.52 with a wheat rhizosphere. 

Rhizosphere windows could be placed into different plant habitats to visualize root architectural 
systems and brought back to the lab.  
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Here, gas movement form below- to aboveground could be tracked visually with pixel analysis 

with temporally resolved images taken through the rhizosphere windows and used to identify 

GHG-producing and -consuming hotspots along the roots53. Iron reduction experiments with 
iron plaque on roots being exposed to previously isolated Geobacter sp. would further help to 

determine the impact of the rhizosphere on the extent of iron and carbon mobilization and GHG 
emissions.  

 

 
 
Figure 6. Unknowns of the impact of the rhizosphere on iron- and carbon-cycling along 
the permafrost thaw gradient. Yellow shows unknowns concerning the impact of the 
rhizosphere on iron- and carbon-cycling from palsa to bog to fen to birch forest. Field work 

should be combining sampling with in situ isolation experiments. In the lab, further experiments 
need to be conducted to also consider the impact of the rhizosphere in future climate 

predictions. Plants and lab equipment (bottles, plant vessels) is made by ©BioRender - 
biorender.com. 
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Goldschmidt Conference, Lyon, France         (07/2021) 
Oral presentation: Impact of increasing permafrost thaw and surface ponding on iron 
speciation and phosphorous bioavailability in Abisko, Sweden 
Barczok, M.R., Smith, C.E., Kinsman-Costello, L., Singer, D.M., Patzner, M.S., Bryce, C., 
Kappler, A., Herndon, E.M.  
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Professional Development Activities 
 
Analyses at Chair of Soil Science, Technical U, Munich,  
Freising, Germany          (9/2018, 11/2019 and 02/2020) 
Focus: Training and own nanoSIMS analyses of fine organic-rich Fe-mineral particles along 
a thaw gradient  
 
Summer soil school at Colorado State University, Fort Collins, United States    (06/2018) 
Focus: Gain an integrated perspective on soil ecology and biogeochemistry to address critical 
questions using up-to date field and laboratory analytical techniques and models  
 
Research stay at CSU, Fort Collins, United States        (06/2018) 
(Colorado State University) 
Focus: Oral presentation of PhD project, training in FT-ICR-MS (fourier-transform ion cyclotron 
resonance mass spectrometry) analyses of organic carbon- and nitrogen-rich samples 
 
Research stay at Eawag, Zuerich, Switzerland             (03/2015 – 05/2015) 
(Swiss Federal Institute of Aquatic Science and Technology) 
Focus: Column experiments (1) to model SONO filters used in Bangladesh for arsenic removal 
and (2) to determine the role of Mn(II)-oxidizing bacteria in household sand filters used in 
Vietnam for arsenic removal  
 
Research stay at CETASD, Hanoi, Vietnam             (08/2014 – 11/2014) 
(Center for Environmental Technology and Sustainable Development)  
Focus: Research on (1) evironmental contamination and human exposure of polychlorinated 
biphenyls (PCBs) in Hanoi, Ho Chi Minh City and Bien Hoa, Vietnam, (2) household sand filters 
to remove arsenic from contaminated groundwater, (3) monitoring arsenic contamination in 
regions of Hanoi and (4) survey on general consciousness of the arsenic problem  
 
Scientific research, Geomicrobiology, Tuebingen, Germany           (04/2014 – 08/2014) 
Focus: Column experiments to determine arsenic, iron and manganese removal in drinking 
water filters used in Vietnam and Bangladesh.  
 
Student assistant, Geomicrobiology, Tuebingen, Germany          (2012 – 2013) 
 
 
Teaching & Mentoring experience  
 
Co-supervision of PhD student (Ankita Chauhan)            (02/2020 – 04/2021) 
Geomicrobiology Dep. U. of Tuebingen 
Thesis: Comparison and structure of iron-binding antimicrobial compound Pulcherrimin in 
comparison to other environmentally relevant Fe-organic complexes  
 
Co-supervision of Bachelor student (Anastasia Rodana)           (11/2019 – 05/2021) 
Geomicrobiology Dep., U. of Tuebingen  
Experiments: Freeze-thaw cycles of arctic thaw ponds removing reactive Fe and associated 
OC 
Thesis: Wetland formation and birch forest expansion serving as a potential carbon sink – iron 
organic matter associations in microoxic (root) soil environments  
 
Co-supervision of Master student (Hanna Joß)            (09/2019 – 06/2020) 
Geomicrobiology Dep., U. of Tuebingen  
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Thesis: Vertical and temporal dynamics of iron-organic carbon associations across 
permafrost sites  
 
Co-supervision of research assistant (Sara Anthony)           (09/2019 – 04/2020) 
Geomicrobiology Dep., U. of Tuebingen  
Research: The microbial iron cycle and its impact on greenhouse gas emissions  
 
Co-supervision of Bachelor student (Nora Kainz)            (01/2019 – 05/2019) 
Geomicrobiology Dep., U. of Tuebingen  
Thesis: Mineral-filled bags for the study of microbial transformations during permafrost thaw 
 
Co-supervision of Master student (Johannes Schorr)           (04/2018 – 05/2018) 
Geomicrobiology Dep., U. of Tuebingen 
Scientific practice: Extraction method development to identify different Fe phases and 
associated organic carbon in permafrost soils 
 
Co-supervision of Master student (Moritz Baur)            (09/2018 – 04/2019) 
Geomicrobiology Dep., U. of Tuebingen  
Thesis: Iron-metabolizing bacteria in permafrost soils  
 
Co-supervision of Bachelor student (Miroslava Malusova)          (11/2017 – 04/2018) 
Geomicrobiology Dep., U. of Tuebingen  
Thesis: Potential for microbial iron cycling in a subarctic permafrost peatland  
 
Co-supervision of Bachelor student (Alena Hayer)           (04/2017 – 08/2017) 
Geomicrobiology Dep., U. of Tuebingen  
Thesis: Microbial influence on the extent of arsenic and iron mobilization changing redox 
conditions in a groundwater aquifer in Vietnam 
 
Geomicrobiology Lab course, Geomicrobiology Dep., U. of Tuebingen         (2018 – 2019) 
Focus: (1) Teaching basic cultivation methods and analytical skills in geomicrobiology fo 
Master students from different fields and (2) Leading and supervising short research projects 
with specific research questions in geomicrobiology.  
 
Assistance in field excursion ‘Geomicrobiology and biogeochemistry of high alpine Fe-
rich cold-water springs’                (2017) 
Geomicrobiology Dep., U. of Tuebingen 
 
Tutor Geomicrobiology lecture, Geomicrobiology Dep., U. of Tuebingen.         (2013) 
Geomicrobiology Dep., U. of Tuebingen  
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Public Outreach Activities 
 
Stordalen mire, Abisko, Sweden           (09/2019) 
Oral presentation: The microbial iron cycle, visible in the field  
 
Tourist Information Center, Abisko National Park, Abisko, Sweden     (06/2019) 
Oral presentation (public talk): Why should we care about microbes in permafrost soils? 
 
Child University, Geomicrobiology Dep. U. of Tuebingen           (2018 – 2020) 
 
Participation in documentary ‘The Silent Death’ (ZDF, Second German Television), 
Bangladesh and Vietnam            (02/2016) 
Focus: Arsenic contamination of groundwater aquifers in Southeast Asia  
 
 
Field Campaign Experience 
 
Field campaign Permafrost project, Stordalen mire, Abisko, Sweden     (09/2019) 
Focus: To observe seasonal changes in iron and carbon cycling along the thaw gradient, to 
study wetland formations and birch forest expansion into the peat mire 
Tasks: Porewater and gas sampling, active layer coring  
 
Field campaign Permafrost project, Stordalen mire, Abisko, Sweden       (06/2019 – 07/2019) 
Focus: To understand and predict the release of previously Fe-associated OC during 
permafrost collapse to the surrounding porewater and its impact on potential greenhouse gas 
emissions such as CO2, CH4 and N20 
Tasks: Porewater sampling along a palsa hillslope and along a thaw gradient, active layer 
coring and gas measurements (gas chambers and eosense gas instruments)  
 
Field campaign Permafrost project, Stordalen mire, Abisko, Sweden      (07/2018) 
Focus: To characterize the different iron phases along a thaw gradient 
Tasks: Active layer coring and surface water sampling  
 
Field campaign AdvectAs project, Van Phuc, Hanoi, Vietnam      (10/2017) 
(AdvectAs = Retardation and mobilization of As at redox fronts under advective flow 
conditions) 
Focus: To understand and predict the large-scale and long-term mobility of As under enhanced 
hydraulic forcing by systematic characterization of Fe-dominated redox transition zones 
Tasks: Rotary/piston coring and surface/aquifer water sampling 
 
Field campaign Arsenic project, Kushtia, Bangladesh and Hanoi, Vietnam    (02/2016) 
Focus: Sampling of drinking water filters to find visible, low cost indicator for efficient arsenic 
removal 
Tasks: Drinking water (aquifer and sand filtered) and filter material sampling  
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Professional Memberships 
 
2018 – present  European Association for Geoscience 
 
 
Language Skills 
 
German: Fluent   French: Basic 
English: Fluent   Spanish: Basic 
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Press Release 
 
 
Bacteria release climate-damaging carbon from 
thawing permafrost 
 
Researchers from the Universities of Tübingen and Bristol show that 
iron minerals fail to trap the organic carbon; vast source of CO2 and 
methane not included in global warming forecasts 
 
 
 
Tübingen, 10.12.2020 
 
Around a quarter of the ground in the northern hemisphere is permanently 
frozen. These areas are estimated to contain about twice as much carbon 
as the world’s current atmosphere. However, these permafrost soils are 
increasingly thawing out as the Earth becomes warmer. A University of 
Tübingen research team led by Professor Andreas Kappler, and Monique 
Patzner of the Center for Applied Geoscience, and Dr. Casey Bryce – now 
at the University of Bristol – has investigated the way this development 
affects the microorganisms in the soil. The results of their study have 
been published in Nature Communications. 
 
The team worked on the assumption that thawing increases the 
availability of organic carbon for microorganisms to process, in turn 
releasing vast amounts of carbon dioxide and methane. These gases 
accelerate the greenhouse effect, leading to further permafrost thawing in 
a vicious cycle. 
 
Rising temperatures lead to collapse of intact permafrost soils, resulting in 
landslides and the widespread formation of wetlands. In this latest study, 
the team investigated what happens to the carbon trapped in the soil 
when the permafrost thaws out. “The organic material naturally present in 
the samples accumulated as peat over thousands of years. With 
permafrost thaw, microbes become active and are able to decompose the 

Dr. Karl Guido Rijkhoek 
Director 
 
Janna Eberhardt 
Research reporter 
 
Phone  +49 7071 29-76788 
              +49 7071 29-77853 
Fax  +49 7071 29-5566 
karl.rijkhoek[at]uni-tuebingen.de 
janna.eberhardt[at]uni-tuebingen.de 
 
www.uni-tuebingen.de/aktuell 
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peat,” says Kappler. “We also know that iron minerals preserve organic carbon from 
biodegradation in various environments – and thus they could be a carbon sink even after 
the permafrost has thawed.” The reactive iron is present as a kind of rust and might be 
expected to trap the organic material in what the scientists call a “rusty carbon sink.” 
 
Investigations in Sweden 
 
The team investigated the storage potential of the rusty carbon sink at a permafrost peatland 
at Stordalen mire, Abisko, Sweden. There, samples of the soil porewater and drill cores were 
taken of the active layer along a permafrost thaw gradient. The research team examined how 
much organic material was bound to reactive iron minerals, how stable these Fe-C-
associations are with permafrost thaw, and whether the microorganisms present could use 
the material as a source of food and energy. The team also carried out experiments in the 
laboratory in Tübingen. 
 
The team found that microorganisms are apparently able to use the iron as a food source, 
thereby releasing the bound organic carbon into the water in the soil. “That means the rusty 
carbon sink cannot prevent the organic carbon from escaping from the thawing permafrost,” 
says Andreas Kappler. “Based on data available from elsewhere in the northern hemisphere, 
we expect that our findings are applicable for permafrost environments worldwide,” says 
Casey Bryce, who headed the study.  
 
The lead author of the publication, Monique Patzner, summarizes: “The rusty carbon sink is 
only found in intact permafrost soils; this sink is lost during permafrost thaw.” Now the 
researchers are seeking to find out how this facilitates greenhouse gas emissions and thus 
global warming. “It appears that the previously iron-bound carbon is highly bioavailable and 
therefore, bacteria could immediately metabolize it into greenhouse gas emissions,” says 
Patzner. “This is a process which is currently absent from climate-change prediction models 
and must be factored in.” 
 
 

 

The location from 
which the samples 
were taken: the 
peatland Stordalen 
mire, Abisko, 
Sweden. Photo: 
Monique Patzner 
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Permafrost areas thaw out and 
become marshland. Photo: Monique 
Patzner 

 

 

The researchers found some 
remaining frozen layers in this 
sample of active soil. Photo: 
Monique Patzner 

 

  
Drill core of the active layer of the 
peatland. Photo: Monique Patzner 

Along the thaw gradient, surface 
water is a rusty red, caused by 
microbes releasing iron and carbon 
compounds. Photo: Monique 
Patzner 
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Publication: 
Monique S. Patzner, Carsten W. Mueller, Miroslava Malusova, Moritz Baur, Verena Nikeleit, 
Thomas Scholten, Carmen Hoeschen, James M. Byrne, Thomas Borch, Andreas Kappler & 
Casey Bryce: Iron mineral dissolution releases iron and associated organic carbon during 
permafrost thaw. Nature Communications, https://doi.org/10.1038/s41467-020-20102-6  
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