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Supplementary Methods: 

Text S1: Ferrihydrite characterization 

57Fe Mössbauer spectroscopy was used to confirm mineral identity. Samples were inserted 

into a closed-cycle exchange gas cryostat (Janis cryogenics) under a backflow of He. Spectra 

were collected at 6 K using a constant acceleration drive system (WissEL) in transmission 

mode with a 57Co/Rh source. All spectra were calibrated against an α-57Fe foil that was 

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

Ottawa) and the extended Voigt Based Fitting routine1. The half width at half maximum was 

constrained to 0.138 mm s-1 during fitting.  

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

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

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

transformation2 and N2 adsorption was quantified at 77 K at partial pressure ranges from 0.05 

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

equation3.  

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

To calculate the mass of OC bound to ferrihydrite, the dissolved OC concentration remaining 

in solution after adsorption (equilibrium DOC) was subtracted from the initial dissolved OC 

concentration of each dilution and normalized to the measured ferrihydrite content. The DOC 

concentration in WEOM-free control was used for blank correction. The mass of bound OC in 

all the adsorption experiments was used to create Langmuir isotherms which enable to 

calculate the maximum adsorption capacity (qmax) of each WEOM type to ferrihydrite4: 

𝐪 = 𝐪𝐦𝐚𝐱
𝐊𝐋 × 𝐜𝐞𝐪

𝟏 + 𝐊𝐋 × 𝐜𝐞𝐪
 

(1) 

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

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

[mg C L-1]. Best fit parameters of KL and qmax were obtained by minimizing the square difference 

of the q values based on experimental data and the initial model. A 95% confidence interval 

was calculated to assess the uncertainty of the model fit. 

Text S3: Fe K-edge X-ray absorption spectroscopy (XAS) 

Data processing included energy calibration of all sample spectra to the reference foil, pre-

edge subtraction and post-edge normalization, as well as adjustment of the edge energy of 

each spectrum to the zero-crossing of the second-derivative of the X-ray absorption near-edge 

structure (XANES) region using Athena5. Linear combination fitting (LCF) of the XANES 
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spectra was done from -20 to 30 eV (around the edge energy) with ferrihydrite and Fe(II)-citrate 

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

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

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

Fe(III)-catechol. The edge energy of all spectra and reference samples was set to 7128 eV. 

Components were constrained between 0 and 100% during LCF fitting, but no constraints were 

set for the sum of all components. Initial fractions of detected Fe phases were re-calculated to 

sum up to 100%. The Fe binding environment was further determined by shell fitting, using 

Artemis5. Therefore, the k3-weighted EXAFS spectra were Fourier-transformed in a k-range 

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

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

structure of goethite6. 

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

Samples were injected undiluted into the electrospray chamber at 120 µL/h by a syringe pump. 

500 scans were averaged per sample and spectra were internally calibrated using well-known 

constituents of NOM spanning m/z ratios from 255 to 949 with a mass error less than 0.5 ppm. 

Data processing was done using Compass Data Analysis (Bruker, Bremen, Germany) and 

formula assignment of peaks with a signal to noise ratio higher than 4 was performed by an in-

house software of the Research Unit Analytical Biogeochemistry (Helmholtz Center Munich). 

Recovery of the solid phase extraction was checked by drying methanol extracts under 

constant N2 flow. Samples were re-dissolved with DDI water and dissolved OC concentration 

was measured by a TOC analyzer (multi N/C 2100S, Analytik Jena AG, Germany). Recovery 

was 84 ± 28%. It is known that SPE has a bias towards specific OC classes but we assume 

that this bias is similar for samples before and after binding for each WEOM type. 
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Overview of sampling points 

 

Figure S1: Map of Stordalen Mire (Abisko, Sweden) with marked sampling points. Abbreviation 

OH stands for organic horizon (used for water extracts). Image from Google Earth, taken in 

August 2022. 
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Experiment conditions 

Table S1: Overview of conducted adsorption and coprecipitation experiments, including the 

initial OC concentration in WEOM, pH of the experiment, resulting maximum OC binding 

capacity (qmax) and goodness of fit (R2). 

Experiment 
thaw 

stage 

Initial OC 

[mg C/L] 
pH 

qmax  

[mg C/ g Fh]a  

qmax  

[mg C/g Fe] 
R2 

Adsorption with 

ferrihydrite 

Palsa 17.9 4.5 204 391b 0.96 

Bog 9.81 4.5 226 433b 0.80 

Fen 12.7 6.0 80.9 155b 0.78 

Coprecipitation with 

dissolved Fe(II) 

Palsa 16.4 4.5  925c n.a. 

Bog 23.5 4.5  1532c n.a. 

a: estimated via Langmuir fitting, b: re-calculated per g Fe for adsorption experiments,  

c: based on highest measured C:Fe ratio in solid by coprecipitation 
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Table S2: Parameters of adsorption experiments including specific surface area (SSA) of 

ferrihydrite, initial molar C:Fe ratios in solution, added ferrihydrite concentrations and resulting 

mean bound OC content. 

thaw stage  

SSA of added 
ferrihydrite 
[m2/g] 

initial C:Fe 
ratio 
[mol/mol] 

added ferrihydrite 
 
[mg/L] 

bound OC 
 
[mg C/g Fh] 

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

Bog 203 0.5 50.0 58.7 
  0.9 50.0 75.3 
  1.1 50.0 121.1 
  1.3 50.0 107.7 
  1.6 50.0 134.0 
  1.7 50.0 149.8 
  1.8 50.0 148.0 
  2.5 40.01 161.0 

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

1: Ferrihydrite concentrations were decreased to attempt to reach the saturation threshold and 

better constrain the Langmuir fit. 
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Percentage of precipitated Fe and OC during coprecipitation 

 

Figure S2: Percentage of precipitated Fe (left) and organic carbon (right) from WEOM of palsa 

and bog soils by coprecipitation as function of the initial molar C/Fe ratio [mol/mol]. All data 

points and error bars represent the average and standard deviation of experimental triplicates. 

 

Comparison of C:Fe ratios to other published values 

Table S3: Maximum organic carbon to iron weight ratios (C:Fe) of formed Fe-OC associations 

with organic carbon from palsa, bog and fen soils in adsorption and coprecipitation laboratory 

experiments (this study) compared to field-based studies. Ratios represent previously 

published values of ferrihydrite-coated sand that was exposed over 2 months in permafrost 

soils (estimating adsorption potentials) and average ± standard deviation of dithionite-citrate-

bicarbonate (DCB) extractions from soil cores across different sites (indicative of OC bound by 

coprecipitation). 

 
C:Fe [g/g] 

 
adsorption  coprecipitation ferrihydrite sand1 

(Stordalen Mire) 

DCB extractions  

(Stordalen Mire)2,3 

Palsa 0.39 ± 0.04 0.93 ± 0.4 
 

8.7 ± 3.6 

Bog 0.44 ± 0.01 1.53 ± 0.9 0.28 7.3 ± 5.1 

Fen 0.16 ± 0.01 
 

0.73 0.0 ± 0.0 

1Patzner et al, 2022a  

2Patzner et al., 2020  

3Patzner et al., 2022b 
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Cation concentrations in WEOM 

Table S4: Cation concentrations measured in the initial WEOM of each thaw stage, used for 

adsorption (ads) and coprecipitation (cop) experiments. Measurements were done using 

inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900, Agilent Technologies, 

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

WEOM Mg [µM] Al [µM] K [µM] Ca [µM] 

Palsa_ads 0.6 1.3 2.5 3.5 

Bog_ads 0.0 0.6 1.0 3.1 

Fen_ads 0.0 0.3 7.4 0.1 

Palsa_cop 0.0 0.2 4.1 1.5 

Bog_cop 0.4 0.5 1.3 5.4 
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XAS spectra and fitting 

XANES spectra and fitting 

 

Figure S3: Linear combination fitting of Fe K-edge X-ray absorption near edge structure 

spectra of ferrihydrite with adsorbed WEOM (ads) of palsa, bog and fen soils, and Fe-OC 

coprecipitates (cop) synthesized with WEOM from palsa and bog soils (A). Speciation of Fe in 

Fe-OC associations. The same labelling as for graph (A) applies. All Fe was Fe(III) (B). 

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

respectively. 

Table S5: Linear combination fit results for Fe K-edge XANES spectra of ferrihydrite with 

adsorbed WEOM (ads) of palsa, bog and fen, and Fe-OC coprecipitates (cop) synthesized 

with WEOM from palsa and bog soils. Ferrihydrite and Fe(II)-citrate were used as reference 

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

sample 
Fe(III) 
[%] 

Fe(II) 
[%] 

NSSRa 
[%] 

red. Χ2,b  
[%] 

Palsa_ads 100 0 0.05 0.01 

Bog_ads 100 0 0.10 0.02 

Fen_ads 100 0 0.06 0.02 

Palsa_cop 100 0 0.10 0.10 

Bog_cop 100 0 0.15 0.15 
a normalized sum of of squared residuals (residuals (100 ∑i (datai-fiti)2/∑i data2) 

b measure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1), ). Nidp /Npts and Nvar are the 

number of independent points in the model fit (37.5), the total number of data points (250) and 

the number of fit variables (2), respectively.  
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EXAFS linear combination fitting results 

Table S6: Linear combination fit results for Fe K-edge EXAFS spectra of ferrihydrite with 

adsorbed WEOM (ads) of palsa, bog and fen, and Fe-OC coprecipitates (cop) synthesized 

with WEOM from palsa and bog soils.  

sample 
ferrihydrite 
[%] 

lepidocrocite 
[%] 

Fe(III)-OM 
[%] 

NSSRa 
[%] 

red. Χ2,b 

[-] 

Palsa_ads 95 5 0 3.0 0.08 

Bog_ads 92 8 0 2.7 0.20 

Fen_ads 91 9 0 2.5 0.07 

Palsa_cop 63 0 37 6.0 0.10 

Bog_cop 64 0 36 1.6 0.28 
a normalized sum of of squared residuals (residuals (100 ∑i (datai-fiti)2/∑i data2) 

b measure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1), ). Nidp /Npts and Nvar are the 

number of independent points in the model fit (18.2), the total number of data points (181) and 

the number of fit variables (2-4), respectively.  
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Shell fit parameters and spectra 

Table S7: Shell-fit parameters determined from Fourier-transformed Fe K-edge EXAFS 

spectra of ferrihydrite with adsorbed WEOM (ads) of palsa, bog and fen, and Fe-OC 

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

sample 
ΔE0

a 

[eV] 

Fe-O Fe-Fe1 Fe-Fe2 NSSRe 
[%] 

red. 
Χ2,f CNb Rc [Å] σ2,d CN R [Å] σ2 CN R [Å] σ2 

Palsaads 
-5.12 ± 
1.78 

5.5 1.97 0.012 2.1 3.03 0.012 1.9 3.44 0.008 2.0 468 

Bogads 
-3.07 ± 
1.27 

5.4 1.98 0.011 2.5 3.05 0.012 1.9 3.45 0.008 1.1 516 

Fenads 
-3.18 ± 
1.15 

4.9 1.98 0.010 2.6 3.05 0.012 1.9 3.44 0.008 0.9 282 

Palsacop 
-4.39 ± 
1.52 

6.3 2.00 0.012 2.0 3.00 0.017 0.6 3.47 0.014 2.1 70 

Bogcop 
-3.00 ± 
0.88 

5.4 2.00 0.010 2.3 3.05 0.017 1.4 3.41 0.014 0.7 397 

a:Energy shift parameter  

b:path degeneracy (coordination number)  

c: mean half path length  

d: Debye-Waller parameter  

e : normalized sum of squared residuals (100 ∑i (datai-fiti)2/∑i data2)  

f: measure of fit accuracy ((Nidp /Npts) ∑i ((datai-fiti)/εi)2(Nidp-Nvar)-1) ). Nidp /Npts and Nvar are the number of 

independent points in the model fit (16.3), the total number of data points (329) and the number of fit 

variables (8), respectively.  

note: The passive amplitude reduction factor was set to 0.9 for all models and the Debye-Waller 

parameters were defined as constants within the ferrihydrite with adsorbed WEOM samples and the 

coprecipitate samples for the Fe-Fe1 and Fe-Fe2 path each. The Debye-Waller parameters were similar 

to other published values7,8. We tried to include a multiple Fe-O-O scattering path, as reported 

elsewhere8,9, but this did not change the fitting parameters or goodness of the fit. We also attempted to 

include an Fe-C path in the coprecipitate spectra, as has been previously fit in Fe-OC coprecipitates 

with peat OC7, but the additional path did not match the spectra or significantly improve the fit (F-test). 
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Figure S4: Fe K-edge Fourier-transform magnitudes of ferrihydrite with adsorbed WEOM (ads) 

of palsa, bog and fen, and Fe-OC coprecipitates (cop) synthesized with WEOM from palsa and 

bog soils. Solid lines show the measured data and open circles represent the fitted model. 

Fitting parameters are displayed in Table S7. 

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

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

shell fitting analysis on the Fourier-transformed Fe K-edge EXAFS region. All spectra showed 

two dominant shells: one at ca. 1.99 Å, corresponding to a single scatter Fe-O path, and one 

feature ranging from 2.1 to 3.6 Å, which was fit with two single-scatter Fe-Fe paths (Figure S4). 

The two Fe-Fe paths are defined as edge-sharing Fe-Fe1 (R= 3.00-3.05 Å) and corner-sharing 

Fe-Fe2 (R=3.41-3.47 Å). Their coordination numbers (CNs) varied depending on OC binding 

mechanism (adsorption vs coprecipitation) and type of used WEOM (Table S7). All samples 

of ferrihydrite with adsorbed WEOM had CNs that are typical for ferrihydrite9–11, with 2.1-2.6 

and 1.9 for Fe-Fe1 and Fe-Fe2, respectively. In contrast, CNs of Fe-Fe2 were slightly lower in 

coprecipitates (0.6 for coprecipitates with palsa WEOM and 1.4 for coprecipitates with bog 

WEOM). A decrease in corner-sharing Fe-Fe paths due to increased OC content has been 

described before11,12 and could indicate lower ferrihydrite particle size13 and/or lower 
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crystallinity due to impeded crystal growth in the crystallographic z-axis14. However, our CN 

values cannot be directly compared between adsorption and coprecipitation samples, since 

Debye-Waller parameters (σ2) were differently defined in each set, according to the mean 

values of initially floated σ2 of samples in each set. The values of σ2 could be slightly different 

due to structural ordering differences7,15. Within the coprecipitate set, the ones formed with 

palsa WEOM are likely more poorly crystalline than with bog WEOM, based on CN values of 

Fe-Fe paths. A higher proportion of carboxylic groups could lead to a lower crystallinity16.  
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57Fe Mössbauer spectra and fitting parameters 

 

Figure S5: Mössbauer spectra of initial ferrihydrite (A) and with adsorbed WEOM from palsa 

(B), bog (C) and fen (D), measured at 6 K. 

 

Table S8: Mössbauer parameters of the initial ferrihydrite and after adsorption with WEOM 

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

quadrupole split, H = hyperfine field, Χ2 = goodness of fit parameter. The half width at half 

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

Sample  
Initial C:Fe 
[molar] 

T  
[K] 

Site 
CS 
[mm/s] 

QS 
[mm/s] 

H  
[T] 

Relative area  
[%] 

Χ2 

[-] 

Fh_initial 0 77 Fh 0.45 0.91   100.0  1.04 

   6 Fh1 0.55 -0.04 48.95 48.3 
 2.38 

     Fh2 0.34 0.05 47.82 51.7 

Fh_Palsa_ads 2.1 6 Fh1 0.50 -0.07 47.96 51.3 
1.12 

    Fh2 0.42 0.09 46.07 48.7 

Fh_Bog_ads 1.8 6 Fh1 0.52 -0.06 48.27 48.4 
1.04 

     Fh2 0.39 0.03 46.18 51.6 

Fh_Fen_ads 1.8 6 Fh1 0.53 -0.05 48.62 44.7 
1.95 

     Fh2 0.39 0.02 46.42 55.3 
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Fourier-transform infrared spectroscopy (FTIR) and peak ratios 

Table S9: Assignment of peaks in FTIR spectra (Chen et al.2, Tfaily et al.17, Niemeyer et al.18 

and references therein). 

wavenumber [cm-1] assignment 

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

1400 symmetric COO- stretch 

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

1720 C=O stretch in COOH 

 

 

Figure S6: Example of a FTIR spectra from 900-3700 cm-1 of solids post-adsorption using 

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

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

asymmetric COO- stretch), 3 = 1400 cm-1 (symmetric COO- stretch), 4 = 1050 cm-1 (C-O 

stretch of carbohydrates) according to the references given in Table S9. 
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Figure S7: FTIR spectra of the initial WEOM of palsa, bog and fen soils used for adsorption 

with ferrihydrite (ads) and of palsa and bog soils used for coprecipitation with dissolved Fe(II) 

(cop) in comparison to solid phase OM from the same soil horizon (OH= organic horizon) of 

representative soil cores. Numbers stand for the following wavenumbers and functional 

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

asymmetric COO- stretch), 3 = 1400 cm-1 (symmetric COO- stretch), 4 = 1050 cm-1 (C-O 

stretch of carbohydrates). 
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Table S10: Peak ratios (PR) of initial WEOM of palsa, bog and fen soils (before binding) and 

of WEOM bound to ferrihydrite or in Fe-OC coprecipitates (after binding). Values are based on 

peak height after normalization of FTIR spectra. 

type of PR  
adsorption coprecipitation 

palsa bog fen palsa bog 

1630 cm-1/1050 cm-1 

(aromatic C=C/ C-O 

in carbohydrates) 

before binding 1.5 1.1 0.9 1.0 1.3 

after binding 3.4 2.7 1.0 1.6 1.2 

% change 128.3 151.0 17.8 50.3 -4.7 

1400 cm-1/1050 cm-1 

(COO- stretch/ C-O 

in carbohydrates) 

before binding 1.0 0.9 0.8 0.8 0.8 

after binding 2.5 1.8 1.0 1.1 0.8 

% change 156.6 100.5 25.7 32.9 3.0 
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FT-ICR-MS data and intensity-weighted parameters 

Table S11: Number of total assigned formulae, N-containing and S-containing formulae as well 

as (relative intensity weighted,) average parameters across all assigned molecular formulae of 

measured samples by FT-ICR-MS. Samples include dissolved WEOM from palsa, bog and fen 

before binding and after binding (by adsorption to ferrihydrite or coprecipitation with dissolved 

Fe(II)). Abbreviations stand for DBE/Cw= weighted double bond equivalent per number of C 

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

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

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

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

    adsorption  coprecipitation 

    Palsa Bog Fen Palsa Bog 

Total number of 
assigned formulae 

before binding 3304 3099 3003 3475 3594 

after binding 3253 3045 1918 3667 3650 

Number of N-
containing 
molecular formulae 

before binding 1118 840 816 1079 1246 

after binding 1152 1125 594 1174 1376 

Number of S-
containing 
molecular formulae 

before binding 69 60 143 60 66 

after binding 103 217 145 217 179 

Molecular massw 

[Da] 

before binding 449 376 359 431 428 

after binding 405 333 318 404 353 

DBE/Cw  
before binding 0.55 0.54 0.56 0.50 0.58 

after binding 0.46 0.42 0.47 0.45 0.50 

NOSC 
before binding 0.04 0.05 0.02 -0.05 0.07 

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

NOSCw 
before binding -0.01 -0.01 0.02 -0.16 0.14 

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

ΔGox
0 [kJ mol-1 C-1] 

before binding 59.3 58.8 59.6 61.6 58.3 

after binding 62.6 66.6 65.9 63.3 62.3 

modAIw 
before binding 0.39 0.36 0.40 0.33 0.41 

after binding 0.30 0.23 0.30 0.28 0.32 
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Figure S8: Molecular weight against number of C atoms in a detected molecule before and 

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

coprecipitation of dissolved Fe(II) with WEOM (B, D) from palsa (B) and bog (D) soils. Organic 

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

adsorption or coprecipitation, are displayed in blue and those retained in solution in red.  
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Figure S9: Initial composition of water-extractable organic matter from each experiment, 

displaying Van Krevelen diagrams (H/C against O/C) of each OC compound. The size of each 

circle represents the relative intensity of the given OC compound and the colour indicates the 

elemental composition. 
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Specific ultraviolet absorption (254 nm) data 

 

Figure S10: Specific ultraviolet absorption (SUVA254) measured at 254 nm of WEOM from 

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

with WEOM from palsa and bog soils (B) against the dissolved organic carbon in equilibrium. 

The SUVA value of the initial WEOM is displayed as a dotted line for each experiment. Some 

absolute absorption values were below detection limit (e.g. for bog adsorption experiment) and 

are thus not included in the graph. All data points and error bars represent the average and 

standard deviation of experimental triplicates, respectively. 
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