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Abstract. We report direct evidence of an inorganic carbon pool that is sensitive to permafrost thaw—siderite. Notably, 

siderite was absent in the seasonally thawed active layer above permafrost, implying this inorganic carbon reservoir may be 

lost upon thaw. Assuming siderite weathers quickly once permafrost thaws, we estimate siderite weathering could release 

carbon equivalent to about 10% of permafrost organic carbon losses over the next half-century. However, studies are needed 20 

to understand how widespread siderite is and to quantify its actual weathering rate. This study is submitted as a LESSONS 

Report because it documents a surprise result that opens up opportunities for new science. 

1 Main text 

The large stores of organic carbon in permafrost and their potential to become a positive feedback to climate change are well 

recognized. It is estimated that permafrost contains roughly 1600 Pg of organic carbon, approximately twice as much carbon 25 

as the entire atmosphere (Schuur et al., 2022). This organic carbon has built up over thousands of years as freezing 

temperatures have limited microbial decomposition; but, in the coming decades to centuries, permafrost thaw will likely lead 

to the loss of 5 to 15% of this organic carbon pool (Schuur et al., 2022).  During analyses conducted to investigate organo-

mineral interactions in permafrost (Montaño López et al., 2026b), we identified an inorganic form of climate-sensitive 

permafrost carbon that has heretofore been overlooked—siderite. 30 

 

Siderite is an iron (II) carbonate mineral (FeCO3) commonly formed authigenically in anaerobic sediments across geologic 

time and in the modern day. Modern siderite formation occurs in freshwater swamps and bogs with high ferrous iron 
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concentrations and low sulfate and chloride concentrations (Postma, 1980, 1982), peat (McMillan and Schwertmann, 1998), 

and lake sediments (Vuillemin et al., 2019). Modern siderite can form through the microbially-mediated dissimilatory 35 

reduction of ferric oxyhydroxides using organic matter (OM) under anoxic conditions, which contributes both the Fe(II) and 

CO3
-2 necessary to form siderite via precipitation (Postma, 1982). Here we show, for the first time, direct evidence of siderite 

in Arctic permafrost.  

 

Siderite was detected in permafrost soils from four different sites across the North Slope of Alaska using Mössbauer 40 

spectroscopy. These sites were chosen for their variability in parent material and age since deglaciation, which led to a range 

in pH, organic and inorganic carbon content (Table 1). Table 1 reports only the subset of samples analyzed by Mössbauer 

spectroscopy, which are part of a larger dataset of ~250 permafrost soil samples with broader chemical characterization 

(Montaño López et al., 2026b). The room temperature (RT) Mössbauer spectra revealed a distinct Fe(II) doublet with 

parameters (CS (center shift) = 1.24-1.27 mm/sec and QS (quadrupole splitting parameter) = 1.82-1.84 mm/sec) 45 

characteristic of natural siderites (Gil-Crespo et al., 1992; Ristić et al., 2017) (Fig. 1A, Fig. A1A). This feature was notably 

absent in soils from the mineral active layer (MAL) (Fig. 1B, Fig. A1B). The identification was further confirmed with the 

absence or substantial decrease of this feature following a sodium acetate extraction of the soils (Fig. A2), which selectively 

dissolves iron carbonate minerals while preserving other iron phases (Poulton and Canfield, 2005). Across these soils, the 

siderite-associated Fe ranged from about 6.5 to 17% of the total Fe content and siderite content ranged from 0.44 to 1.1% of 50 

soil mass. Previous studies have suggested the presence of siderite in permafrost from porewater analyses (Jessen et al., 

2014) and sequential extractions (Jones et al., 2020; Lipson et al., 2010). One study confirmed its presence in permafrost of 

mafic parent material using X-ray diffraction (XRD) (Chen, 2025). To our knowledge, this marks the first direct observation 

of siderite in non-mafic permafrost, offering evidence that this previously unaccounted inorganic permafrost carbon pool  

might be broadly distributed. This is also the first study to note its absence from adjacent mineral active layers.  55 

 

Table 1. Chemical characteristics of permafrost soils in this study. Values represent averages ± standard errors of analytical 

replicates where available. 

 

 60 

 

 

 

 

 65 

 

Site Depth 

(cm) 

pH Total 

Fe 

(%) 

Siderite 

(%) 

Siderite-Fe 

(% of Fe) 

Organic 

carbon (%) 

Inorganic 

carbon (%) 

Itkillik II 55-60 5.41 ± 0.06 4.21 1.06 12.2 3.41 ± 0.11 trace 

Itkillik I 50-73 5.29 ± 0.01 4.59 0.67 7.0 3.97 ± 0.28 trace 

Sagavanirktok 42-53 4.82 ± 0.09 3.25 0.44 6.5 4.44 ± 0.06 trace 

Unglaciated 79-100 7.61 ± 0.03 2.88 1.02 17.0 3.97 ± 0.12 1.21 ± 0.10 
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Figure 1. Fitted Mössbauer spectra of two permafrost soils (A) and their corresponding mineral active layers (B) at room temperature 

(RT). The siderite doublet feature is highlighted in red for clarity. The absence of the siderite doublet feature reflects its loss through 

dissolution under variable redox conditions. These sites represent the pH extremes of the study (Sagavanirktok pH = 4.82; Unglaciated pH 70 

= 7.61); spectra from other sites are provided in the supporting information (Fig. A1). 

 

Mössbauer spectroscopy is the preferred method to identify small amounts of siderite (<1 wt.%) that are undetectable using 

XRD; accordingly, siderite was not observed in our XRD analyses (Montaño López et al., 2026b). Identification is likewise 

challenging using electron microscopy and iron extended X-ray absorption fine structure spectroscopy (Fe-EXAFS), where 75 

Fe(II) phases in permafrost consistent with siderite have been previously suggested but not conclusively identified (Joss et 
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al., 2022; Sowers et al., 2020). In this study, each sample was analyzed once by Mössbauer spectroscopy, consistent with the 

common workflow for mineral phase identification in complex natural matrices, where constraints such as low throughput 

and significant measurement time preclude routine analytical replication (Bhattacharyya et al., 2022; Chen et al., 2015; 

Kukkadapu et al., 2001; Thompson et al., 2025). Instead, robustness is typically assessed through spectral fit quality and 80 

consistency across samples, in combination with environmental context and complementary analyses that help to identify 

specific Fe phases (Bhattacharyya et al., 2022; Chen et al., 2015; Kukkadapu et al., 2001; Thompson et al., 2025).  

 

The wide range of pH and total inorganic carbon content of our permafrost soils suggest that the siderite formed 

authigenically and was not inherited from the parent material (Table 1). Three of our soils had pH values lower than 6, 85 

deviating strongly from the typical soil carbonate baseline (pH >7.5) (Loeppert and Suarez, 1996), and contained only trace 

amounts of inorganic carbon (siderite IC was <0.11 wt %). In contrast, one soil with a pH around 7.3 exhibited effervescence 

when treated with dilute HCl and had measurable amounts of inorganic carbon (1.2%) based on thermal mass loss between 

600-1000 °C, during which carbonate minerals breakdown (Vuong et al., 2013). While the pH of the latter site could suggest 

that its parent material influenced siderite formation (because carbonates can enhance the formation of siderite (Roh et al., 90 

2003)), the presence of siderite in acidic pH environments indicates that its formation was likely driven by in situ 

biogeochemical processes and not the parent material (Grengs et al., 2024; Sánchez-Román et al., 2014).  

 

The freezing and reducing conditions characteristic of permafrost soils provide the geochemical environment required for 

siderite formation; however, the actual mechanisms and extent of siderite formation in permafrost are unclear and warrant 95 

further investigation. The formation of siderite generally relies on three key factors: 1) a supply of Fe, 2) high concentrations 

of carbon dioxide or carbonates, and 3) anaerobic conditions (Fredrickson et al., 1998). As in most soils, weathering 

processes actively break down parent materials, providing the Fe. This Fe, typically in the Fe(III) form, is reduced to Fe(II) 

under the anoxic conditions found in permafrost, where ice-rich layers can restrict gas diffusion and help maintain low-redox 

conditions (Martz et al., 2016). At the same time, microbial decomposition of OM in permafrost releases CO2, raising its 100 

partial pressure within the soil’s pore space. The resulting rise in dissolved inorganic carbon concentrations favors the 

precipitation of carbonate minerals like siderite (Xiong et al., 2017). Siderite has also been shown to form in localized zones 

of active OM degradation, where microbial communities facilitate Fe(III) reduction, promoting the formation of Fe(II) 

necessary for siderite precipitation (Bukin et al., 2025). Moreover, the high OM content in permafrost may contribute to 

siderite stability, as functional groups derived from OM can interact with the mineral surface via ligand sorption (Rothwell et 105 

al., 2025).  

 

Notably, siderite was absent in mineral active layer soils (Fig. 1B), indicating it was mobilized or transformed during 

permafrost thaw. While the specific mechanism for siderite weathering in permafrost systems is unknown,  thaw-induced 

shifts from hypoxic (permafrost) to more variable redox conditions (Rooney et al., 2024) likely promote the oxidation of 110 
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Fe(II) to Fe(III), leading to the siderite weathering. The products of siderite weathering include carbonate and Fe 

oxyhydroxides (Frisbee and Hossner, 1995; McMillan and Schwertmann, 1998). The loss of siderite could have implications 

for organic carbon storage as the resulting reactive Fe(III) ions and Fe oxides could subsequently promote OM protection via 

complexes and sorption (Rothwell et al., 2025). In contrast, the associated carbonate ions released into solution could 

directly contribute to CO2 losses, depending on the pH of the soil solution and the conditions of the carbonate equilibrium.  115 

 

We ran a thought experiment to estimate the amount of inorganic carbon that could be released into the soil solution when 

permafrost thaws and siderite weathers. Using the average bulk Fe and siderite-Fe content of our soils, which are 3.7% and 

11% (Table 1), respectively, and a typical bulk density of Alaskan mineral permafrost of 0.89 g soil cm -3 (Ainuddin et al., 

2024), the soils contain about 0.76 mg (range 0.40 to 0.98 mg) of siderite carbon in each cubic centimeter. If we assume that 120 

permafrost thaws at a rate of 0.11 cm per year (Liu et al., 2024), then siderite weathering leads to 0.84 g C m-2 (range 0.44 to 

1.1 g C m-2) becoming vulnerable to loss each year as dissolved bicarbonate ions or CO2, depending on the carbonate 

equilibrium. At a soil solution pH of 4.3, almost 100% of this inorganic carbon could be in the form of dissolved CO2, while 

0% would be in the form of CO2 at a soil solution pH of 8.2 (Zosel et al., 2011), the pH of our active layers ranges from 5 to 

6. To put this estimate of inorganic carbon released from siderite in perspective, our soils have an average organic carbon 125 

content of 3.9% (range 3.4 to 4.4%), assuming that 22% of mineral soil carbon is likely to be mineralized over 50 years 

(based on an incubation meta-analysis (Schädel et al., 2014)), 8.5 g C m-2 could be lost from organic matter for each 0.11 cm 

of thaw. The mobilization of siderite carbon is thus equivalent to 9.8% (range 4.7 to 14.7%; Table A1) of the loss of organic 

carbon over 50 years. While this time period seems reasonable, it should be noted that the actual rate of siderite weathering 

upon permafrost thaw is unknown. We caution that this calculation is highly simplified and should be interpreted as a first-130 

order estimate, as it assumes uniform thaw, average soil properties, and complete siderite weathering, all of which remain 

uncertain in permafrost environments. 

 

Siderite may be widespread in permafrost, given that we found it across Alaska’s North Slope in soils with wide-ranging pH 

values, and that siderite indicators have previously been documented in Iceland (Chen, 2025), Greenland (Jessen et al., 135 

2014), and Svalbard (Jones et al., 2020). Siderite, therefore, represents a small but significant carbon pool in permafrost that 

warrants further study. Future research should aim to quantify siderite pools across permafrost soils, test the rate and controls 

of siderite weathering upon thaw, and trace the fate of siderite carbon after its transformation to dissolved inorganic carbon, 

whether it be outgassed as CO2 or transported to ground and surface water. Accounting for these processes in Earth system 

models may be vital to refining projections of permafrost-climate feedback. 140 

2 Materials and Methods  

Our sites were located along the North Slope, Alaska in the foothills of the Brooks Range from south of Toolik Lake through 

the Sagwon Hills about 100 km to Toolik’s north. We chose the sites based on the glacial drift on which they were located– 
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Itkillik II (~11.5-25 ka), Itkillik I (~53-66 ka), Sagavanirktok (~125-728 ka), and Unglaciated (4.5 Ma). These drifts 

represent not only a gradient in time since deglaciation but also differences in parent material (Ping et al., 1998; Walker et 145 

al., 1998). The parent materials vary from acidic glacial till in the younger drifts (Itkillik II, Itkillik I and Sagavanirktok), to 

near-neutral calcareous loess-dominated surfaces in the oldest site (Unglaciated). The youngest landscape was situated at 893 

meters above sea level while the oldest was at 214, with slopes ranging from 3.3 to 4.8 degrees. Soil cores were collected in 

August of 2021 and 2022 when the active layer was approaching peak seasonal thaw depth. We sampled from the surface to 

depths averaging 68 cm, with core lengths ranging from 52-109 cm depending on site conditions, with the goal of sampling 150 

below the permafrost-active layer interface across our four sites. Seasonally thawed (mineral active layer) soils were first 

sampled by cutting rectangular blocks of soil with a knife, with samples collected from 20-38 cm below the soil surface for 

this study. Then we used a Snow, Ice and Permafrost Research Establishment (SIPRE) corer to sample frozen soils below. 

Permafrost soil depths are given in Table 1. Soils were immediately stored on dry ice and were transported frozen from the 

field sites to the laboratory.  155 

 

We measured pH using a 1:2 soil-to-water ratio (Mettler Toledo S220 pH/ion meter). A multiphase carbon determinator 

(MCD, RC612, Leco, St. Joseph, MI, USA) was used for simultaneous analysis of soil organic and inorganic carbon by 

thermal analysis. The MCD temperature increased from 140 to 1000°C over 30 minutes using O₂ as the carrier gas. The CO₂ 

evolved during heating was quantified by infrared detection at a frequency of three measurements per second. Based on the 160 

isolated peaks, CO₂ released above 600 °C was assigned to soil inorganic carbon (SIC)(Natali et al., 2020; Vuong et al., 

2013). Calibration was performed using certified CaCO₃ standards (Alpha Resources 1034) containing 1 and 12% carbon, 

which served as the reference materials. 

 

Mössbauer spectra to characterize and quantify Fe-species were collected on mineral active layer and permafrost soils from 165 

our four sites (Itkillik II, Itkillik I, Sagavanirktok, and Unglaciated). Additionally, two permafrost soils with enhanced 

siderite content (Itkillik II and Unglaciated) were analyzed post-sodium acetate extraction (described below) to confirm the 

absence of siderite features after treatment. Mössbauer spectra were collected using a 75 millicurie (initial strength) 57Co/Rh 

source. A velocity transducer (WissEl Elektronik, Germany) was operated in a constant acceleration mode (23 Hz, ±12 

mm/sec). An Ar-Kr proportional counter was used to detect the radiation transmitted through the sample, and the counts 170 

were stored as a function of energy (transducer velocity, 1024 channels). Raw data were folded into 512 channels to provide 

a flat background and a zero-velocity position corresponding to the center shift of an iron foil (7-micron-thick α-Fe(m) foil; 

Amersham, England). The experimental data were modeled with Recoil software using a Voigt-based structural fitting 

routine(Rancourt and Ping, 1991).  

 175 

To dissolve carbonate-associated Fe in soil, we followed the method from (Poulton and Canfield, 2005), briefly we shook 

0.25 g of finely ground soil with 12.5 mL of 1 M sodium acetate solution adjusted (with acetic acid) to pH 4.5 at room 
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temperature for 48 hours and then centrifuged samples at 20,000 xG for 20 minutes, suspensions were filtered through 

Whatman 52 filter papers and the remaining pellets were sent for Mössbauer spectroscopy analysis.  

 180 

To analyze total iron, soil samples (~3g) were submitted to Activation Laboratories Ltd. (Actlabs, Canada), an International 

Organization for Standardization (ISO) 17025-accredited commercial laboratory for geochemical analysis. The samples were 

finely ground, and the loss on ignition was determined. A representative subsample was fused with lithium 

metaborate/tetraborate flux, then digested in weak HNO3 solution. The resulting solution was analyzed for total elements 

using inductively coupled plasma-optical emission spectroscopy (ICP-OES), following the Actlabs “4B Geochemistry” 185 

analytical package (ACTLABS, 2025).  
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Appendix A 
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Figure A1. Fitted Mössbauer spectra of the two remaining permafrost soils (A) and their corresponding mineral active layers (B) at room 

temperature (RT). The siderite doublet feature is highlighted in red for clarity. The absence of the siderite doublet feature reflects its loss 

through dissolution under variable redox conditions. 

 235 
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Figure A2. Fitted Mössbauer spectra (measured at RT) of two permafrost samples with elevated siderite content after sodium acetate 

treatment. The siderite doublet feature is diminished in the Itkillik II sample, indicating partial dissolution, while the Unglaciated sample 

showed complete dissolution of siderite.  

 240 

Table A1. Geochemical values from our sites and constants from the literature (footnote) used to estimate siderite-derived carbon loss 

upon permafrost thaw and to compare its magnitude with potential organic carbon losses. 

 

Site 

Total 

Fe (%) 

Siderite-

Fe (% of 

Fe) 

TOC 

(%) 

Siderite 

(mg g-1 

soil) 

Siderite-

Fe (mg 

Fe cm-3) 

Siderite-

C (mg C 

cm-3) 

Siderite 

loss (g C 

m-2 y-1) 

OC loss 

(g C m-2 

y-1) 

% of OC 

loss 

Itkillik II 4.21 12.2 3.41 10.65 4.571 0.983 1.08 7.34 14.7 

Itkillik I 4.6 7.0 3.97 6.68 2.866 0.616 0.678 8.55 7.9 

Sagavanirktok 3.25 6.5 4.44 4.38 1.880 0.404 0.445 9.56 4.7 

Unglaciated 2.88 17 3.97 10.2 4.357 0.937 1.03 8.55 12.1 

Mean 3.74 10.7 3.95 8.27 3.55 0.763 0.839 8.50 9.8 

Constants used: thaw rate = 0.11 cm yr⁻¹ (Liu et al., 2024); bulk density = 0.89 g soil cm⁻³ (Ainuddin et al., 2024); OC loss = 

22% respired over 50 years (Schädel et al., 2014); siderite molar mass = 115.848 g mol⁻¹; Fe molar mass = 55.85 g mol⁻¹. 245 

All data needed to evaluate the conclusions in the paper are present in the paper and/or the Appendix. Raw data are publicly 

available online at (Montaño López et al., 2026a)  https://doi.org/10.18739/A2R49GB9D  
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