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A B S T R A C T   

Mineral organic carbon interactions (aggregation, organo-mineral associations and organo-metallic complexes) 
enhance the protection of organic carbon (OC) from microbial degradation in soils. The northern circumpolar 
permafrost region stores between 1,440 and 1,600 Pg OC of which a significant portion is already thawed or 
about to thaw in coming years. In the light of this tipping point for climate change, any mechanism that can 
promote OC stabilization and hence mitigate OC mineralization and greenhouse gas emissions is of crucial in-
terest. Here, we study interactions between metals (Fe, Al, Mn and Ca) and OC in the moist acidic tundra 
ecosystem of Eight Mile Lake, near Healy, AK, USA. We collected thirteen cores (124 soil samples) in late summer 
2019 with shallow and deep active layers (45 to 109 cm deep) and varying water table depths. We find that 
between 6% and 59% of total OC in Eight Mile Lake tundra soils is mineral-associated (mean 20%), in organo- 
mineral associations (association between poorly crystalline oxides and OC) and in organo-metallic complexes 
(associations between Fe, Mn, Al, Ca polyvalent cations and organic acids). We find that total Fe and Mn con-
centrations can be used as good proxies to assess the reactive pool of these metals able to form associations with 
OC, i.e., poorly crystalline oxides or metals complexed with OC. We observe that in the active layer, mineral OC 
interactions are mostly as organo-metallic complexes with Fe cations, with an accumulation at the water table 
level acting as a soil redox interface. In waterlogged soils with a water table level above surface, no such 
accumulation of OC-Fe complexes is found due to the absence of a redox interface below soil surface. In the 
permafrost layer, we find that a combination of complexed metals and poorly crystalline Fe oxides act as reactive 
phases towards OC. Knowing that upon permafrost thaw tundra soils will become wetter or drier, the assessment 
of mineral-bound OC in drier or wetter tundra soils is a needed step to better constrain the changes in the 
proportion of non-protected OC more likely to contribute to C emissions from tundra soils.   

1. Introduction 

The permafrost region occupies about 22%-24% of the exposed land 
surface of the Northern Hemisphere (Brown et al., 1998; Obu et al., 
2019; Zhang et al., 1999). The soil organic carbon (OC) stored in the 
northern circumpolar permafrost region is estimated to be 1440–1600 
Pg C, in surface and deeper (>3 m) soil layers (Hugelius et al., 2014; 
Schuur et al., 2015; Strauss et al., 2017). Rising temperatures, two times 
more rapid in northern regions compared to global warming, result in 
the gradual thaw of permafrost, i.e., deepening of the soil layer that 
thaws every summer, referred as the active layer thaw (Luo et al., 2016; 
Schuur et al., 2015). Permafrost thaw is a major tipping point in the 
climate system (IPCC, 2021; Lenton et al., 2019) because of its climate- 
sensitive OC pool under threat of being transferred to the atmosphere as 

greenhouse gases carbon dioxide (CO2) and methane (CH4) upon mi-
crobial degradation (Schuur et al., 2013, 2008; Zimov et al., 2006). 

The impact of climate warming on the hydrology of northern 
permafrost soils is complex (Bring et al., 2016; Vonk et al., 2019). 
Permafrost tundra soils are expected to be drier with increasing 
evapotranspiration and drainage as a consequence of permafrost thaw 
(Avis et al., 2011; Bring et al., 2016). However, local increases in water 
saturation in soils are predicted in areas that collapse and fill with water 
because of the impermeable permafrost table that prevents drainage 
(Swindles et al., 2016). Waterlogged soils face major changes in 
biogeochemical conditions (Kögel-Knabner et al., 2010): the presence of 
the water table at the surface restricts oxygen diffusion which lowers the 
reductive-oxidative (redox) potential and promotes metal oxides disso-
lution or anaerobic processes (such as methane production). Most 
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permafrost-affected ecosystems suffer from periodic or persistent anoxia 
due to soil water saturation (Street et al., 2016). 

The mechanisms of OC stabilization involving mineral OC in-
teractions, i.e., the mineral protection of OC, are highly dependent on 
the soil moisture and hence redox state of tundra soils (Bhattacharyya 
et al., 2018a; Fiedler and Sommer, 2004; Herndon et al., 2020; Winkler 
et al., 2018). While the importance of such interactions for OC protec-
tion has been assessed in many environments, from temperate, forest 
and volcanic soils to paddy soils and marine sediments (e.g., Eglinton, 
2012; Eusterhues et al., 2005; Inagaki et al., 2020; Kalbitz and Kaiser, 
2008; Lalonde et al., 2012; Masiello et al., 2004; Mikutta et al., 2007; 
Pan et al., 2014; Wang et al., 2019), the focus on permafrost soils is only 
recently growing (Fiedler et al., 2004; Herndon et al., 2020, 2017; Joss 
et al., 2022; Monhonval et al., 2021a; Mu et al., 2016; Patzner et al., 
2020; Wang et al., 2021). Our understanding on the changes of mineral 
OC interactions between drier and wetter tundra soils remains incom-
plete, particularly with respect to changing water saturation in the 
active layer upon thawing. 

Mineral OC interactions result in the protection of OC from degra-
dation via aggregation, organo-mineral associations and organo- 
metallic complexes (Baldock and Skjemstad, 2000; Kleber et al., 2015; 
Torn et al., 1997; von Lützow et al., 2006). Aggregation offers physical 
protection whereas organo-mineral associations and organo-metallic 
complexes offer physico-chemical protection of OC. In aggregates, OC 
is occluded in the tridimensional arrangement of minerals involving 
metal oxides (e.g., goethite, hematite, ferrihydrite, birnessite), limiting 
the access for microorganisms to the trapped OC. Organo-mineral as-
sociations involve the ligand exchange (alongside other binding mech-
anisms) between OC and phyllosilicates or metal oxide surfaces, which 
are among the most effective sorbent for dissolved OC (e.g., Kaiser et al., 
1997; Stumm, 1992). In organo-metallic complexes, metals (i.e., Fe3+/ 

2+, Al3+, Mn3+/2+ or Ca2+) act as polyvalent cations and coordinate to 
the functional groups of organic acids (e.g., Boudot et al., 1989). In 
organo-mineral associations and organo-metallic complexes, OC is less 
soluble and therefore less available for microorganisms which contrib-
utes to mitigate greenhouse gas emissions from permafrost soils. 

We hypothesize that soil moisture content is a major player in con-
trolling mineral OC interactions in moist acidic tundra soils. Indeed, in 
poorly drained organic-rich soils well represented in moist acidic tundra 
soils, soluble Fe2+ present in the mineral horizons can migrate to more 
oxic zones and accumulate as a mixture of organic-bound (i.e., com-
plexed) Fe2+ and Fe3+, and Fe oxy(hydr)oxides (Bhattacharyya et al., 
2018b; Herndon et al., 2017; Lipson et al., 2012; Riedel et al., 2013), 
thereby contributing to form mineral OC interactions. In contrast, in 
waterlogged soils, such accumulation of complexed Fe and Fe oxy(hydr) 
oxides is less likely. In the absence of oxic conditions within the soil 
profile, due to the high soil moisture content, soil redox potential de-
creases and in turn may increase oxide dissolution and release previ-
ously stabilized OC, hence increasing OC vulnerability to mineralization 
(Lipson et al., 2012). In addition to the major role of redox conditions, 
we also hypothesize that mineral OC interactions differ with changing 
pH conditions between organic-rich surface horizons and mineral-rich 
deeper soil horizons (Parkinson, 1978; Ping et al., 2005). The soil pH 
controls oxides dissolution rates and can protonate or deprotonate 
organic acids functional groups or oxide surfaces, modifying organic 
acids-oxides association (Kleber et al., 2021; Kleber et al., 2015; Pan 
et al., 2014). A shift in pH would change the relative importance of Fe, 
Al versus Ca metal as polyvalent cations participating in complexation 
(Rowley et al., 2018). Finally, we hypothesize that with permafrost 
thaw, additional mineral and OC stored in frozen layers will become 
available to form mineral OC interactions (Hirst et al., 2022; Opfergelt, 
2020). 

Testing these hypotheses requires a better understanding on the 
dynamics of Fe, Al, Mn and Ca and their interactions with organic acids 
in permafrost soil ecosystems. Here, we investigate the proportion of 
mineral OC interactions (including Fe, Al, Mn and Ca with a particular 

focus on Fe) in a range of dry and wet tundra soils. We study 13 profiles 
with varying active layer and water table depths from a well described 
moist acidic tundra site near Eight Mile Lake, Healy, AK, USA. We 
determine the total pool of Fe, Al, Mn and Ca and quantify the reactivity 
of these metals with OC. 

2. Material and methods 

2.1. Site description and soil sampling 

Soil profiles were collected at Gradient site from the Eight Mile Lake 
(EML) watershed in a moist acidic tundra located near Healy, Alaska, 
USA (63.87◦N; 149.25◦W, 700 m elevation, Fig. 1a) in late summer 
2019, at the time of deepest active layer thaw. Gradient site is a natural 
gradient of permafrost thaw and thermokarst development (i.e., gullies 
and water tracks) monitored for ~40 years (Osterkamp et al., 2009; 
Schuur et al., 2009). Mean annual air temperature averaged − 0.94 ◦C 
from 1977 to 2015 with a non-summer (October-April) average of 
− 10.09 ◦C and summer (May-September) average of 11.91 ◦C (Healy 
and McKinley Stations, Western Regional Climate Center and NOAA 
National Centers for Environmental Information) (Mauritz et al., 2017). 
Permafrost is close to thaw because its temperature approximates the 
mean annual air temperature of − 1◦C (Osterkamp and Romanovsky, 
1999) and is still rising (Osterkamp et al., 2009). Soils are Histic Turbic 
Cryosols (IUSS Working Group WRB, 2015). The area is characterized 
with peat accumulations (up to 40 cm) over fine-grained soils of loess 
origin associated with colluvial deposits. The upper 1 m of soils at Eight 
Mile Lake have characteristically high moisture content, within 48% −
60% by volume in 2009, and thus are highly vulnerable to the formation 
of thermokarst terrain (Garnello et al., 2021; Osterkamp et al., 2009). 
The Gradient site was historically determined based on increase subsi-
dence and thaw settlements downslope previously referred as Minimal 
(Min), Moderate (Mod) and Extensive (Ext) thaw (Osterkamp et al., 
2009). Windblown snow fills thermokarst depressions causing further 
warming and thawing of the underlying permafrost (Osterkamp et al., 
2009). The thermokarst development at Eight Mile Lake has initiated a 
shift in vegetation cover, with evergreen and deciduous shrubs and forbs 
becoming dominant at the expense of tussock forming sedges in drier 
sites, and sedges and mosses being dominant in wetter sites (Mauclet 
et al., 2022; Natali et al., 2011; Schuur et al., 2007; Villani et al., 2022). 
Long-term monitoring at the Gradient site (between 2004 and 2021) 
supports the spatial and temporal change in active layer and water table 
depth with ongoing permafrost thaw (Kelley et al., 2022; Schaedel et al., 
2022; Schuur et al., 2021), shifting from the originally defined thaw 
gradient. 

Thirteen soil profiles were sampled to include sites from the origi-
nally defined Gradient site (Min, Mod, Ext), and also sites well drained 
(Dry or partially unsaturated), poorly drained (Wet), waterlogged 
(Pond), and with preferential water flow path (Water track) (Fig. 1b). 
The upper part of the soil profiles (up to 45 cm) were collected using 
chisel and knife in 5 cm increments which prevented compaction within 
organic-rich layers. Below the water table, cores were retrieved using a 
stainless-steel pipe (diameter 44 mm) which was manually hammered 
down into active layer and permafrost (Fig. 1c). The core within the steel 
pipe was subdivided in 10 cm increments. Note that compaction in the 
surface layers of water-saturated soils (i.e., especially ponds and water 
track profiles) was inevitable using the steel pipe method. This study 
presents 13 soil profiles combining a total of 124 samples from poorly 
thawed profiles (active layer depth <60 cm; profiles by increasing active 
layer depth: Dry 5 < Ext 1 < Mod 1 < Min 1 < Pond 10 < Min 3) and 
deeply thawed profiles (active layer depth > 60 cm; profiles by 
increasing active layer depth: Pond 1 < Ext 3 < Mod 3 < Pond 9 < Mod 
2 < Wet 4 < Watertrack 1) (Fig. 1b; Table S1). The 60 cm limit is 
representative of the modern day active layer reported in EML soils 
(Hutchings et al., 2019). Within the 13 profiles, active layer depth 
ranged between 45 and 109 cm b.s. (below surface, i.e., below the 
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aboveground part of the vegetation) and water table depth between 45 
cm b.s. and 15 cm a.s. (above surface) (Table S1). Permafrost was 
reached for all 13 profiles to a maximum depth of 150 cm. In total, this 
study presents 73 samples from active layer soils and 51 from permafrost 
layers (n = 64 samples from poorly thawed soil profiles; n = 60 from 
deeply thawed soil profiles). All samples were air dried in the laboratory. 
Samples from the litter (0–5 cm layer) were shredded without anterior 
sieving while other samples were sieved at 2 mm and ground prior to 
laboratory analyses. 

2.2. Measurements of total concentrations in metals (Fe, Mn, Al and Ca) 
and organic carbon 

We assessed total Fe, Mn, Al and Ca concentrations using a portable 
X-ray fluorescence (pXRF) device (NitonTM XL3t GOLDD+, Thermo 
Fisher Scientific, Waltham, USA) following the method described fully in 
Monhonval et al. (2021b). The pXRF method needs to be calibrated to 

ensure trueness. We compared the total metal concentrations measured 
by pXRF with metal concentrations obtained using inductively coupled 
plasma optical-emission spectrometry (ICP-OES; iCAP 6500 Thermo 
Fisher Scientific) after sample dissolution by alkaline fusion (Chao and 
Sanzolone, 1992). The loss on ignition at 1,000 ◦C allows to verify the 
sum of oxides (between 98 and 102%). Total elemental content is 
expressed in reference to the soil dry weight at 105 ◦C. We performed 
pXRF and ICP-OES measurements on 39 samples from Gradient site in 
addition to the 144 samples based on the work from Monhonval et al. 
(2021b) on ice-rich permafrost samples. We observed that two correc-
tions were needed depending on total organic carbon (TOC) content. 
The pXRF measurement involves X-ray beam penetration of the sample 
and fluorescence energy needs to be detected back by the pXRF device. 
The density of the sample (i.e., the amount of air present in the porosity 
of the sample) may cause under estimation of metal concentration, 
hence correction to ensure trueness is needed (Ravansari et al., 2020; 
Ravansari and Lemke, 2018). Samples with lower TOC content (<20 wt 

Fig. 1. (a) Location of Eight Mile Lake Gradient site near Healy, Alaska, USA. (b) Coring locations within the Gradient site for the thirteen soil profiles including 
poorly (active layer depth <60 cm; brown) and deeply (active layer depth >60 cm; blue) thawed profiles (Table S1). (c) Sampling scheme with chisel and knife above 
the water table and steel pipe hammered down into active layer and permafrost below the water table (blue line = water table position). (d) Stratigraphic repre-
sentation of active layer and water table depth for the thirteen soil profiles. 
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%), considered as mineral matrix, followed the linear regression previ-
ously assessed in Monhonval et al. (2021b) (Fig. S1). Samples with 
higher TOC content (>20 wt%) displayed another linear regression and 
therefore need to be corrected using another equation for Fe, Mn and Ca, 
whereas only one linear regression was necessary for Al (R2 = 0.91). The 
coefficient of variation (i.e., CV, the ratio of the standard deviation to 
the mean concentration) of the pXRF method equals 0.74% (Fe), 3.7% 
(Al), 2.9% (Mn), 0.84% (Ca), and for ICP-OES method 0.50% (Fe), 
0.43% (Al), 0.85% (Mn) and 0.99% (Ca) (Monhonval et al., 2021b). 

The TOC content was derived from the total soil carbon content 
measured on all samples (n = 124) with a Vario El cube elemental 
analyzer (Elementar, Langensebold, Germany). About 5–7 mg of sample 
was used by measurement, and each sample was weighed and processed 
twice for carbon analysis to calculate a mean value. The average stan-
dard deviation for C content is ~5% and the detection limit is <0.1%. 
Total C measurements are expressed as weight percentage (i.e., wt%) in 
reference to the soil dry weight at 105 ◦C. With no presence of car-
bonates detected, the total soil carbon content is considered equivalent 
to the TOC content. 

2.3. Selective extractions of metals (Fe, Mn, Al and Ca) and organic acids 

Selective extractions of Fe, Mn, Al and Ca were performed on all 
samples (n = 124) using i) dithionite-citrate-bicarbonate (DCB), ii) 
ammonium oxalate in the dark for 4 h, and iii) Na-pyrophosphate for 16 
h. The DCB extraction is presumed to remove oxides (well and poorly 
crystalline oxides) as well as complexed (i.e., organic-bound) metals 
(Mehra and Jackson, 1960). The ammonium oxalate in the dark 
extraction (in the following referred as oxalate extraction) is presumed 
to remove poorly crystalline oxides and complexed metals (Blakemore 
et al., 1981). This oxalate extracted pool will be defined as the reactive 
metals because of their high reactivity to bind with OC. The Na- 
pyrophosphate extraction is presumed to remove only organically 
complexed metals and also dispersible colloids (Bascomb, 1968; Parfitt 
and Childs, 1988). These extractions are not fully quantitative and some 
dissimilarities between the theoretical and practical extracted pool may 
appear (Rennert, 2019). However, these are commonly used extraction 
methods that can be used as indicators of the oxides and complexed 
pools within a particular soil. The amount of well crystalline Fe oxides is 
calculated as the difference between DCB- and oxalate-extracted Fe (i.e., 
Fed – Feo), and the amount of poorly crystalline Fe oxides (i.e., ferri-
hydrite) by the difference between oxalate and pyrophosphate-extracted 
Fe (i.e., Feo – Fep). The same can be done for Mn but not Al for which 
DCB extraction do not target Al oxides specifically (Rennert, 2019). Note 
that Ca concentration within the oxalate extraction is not relevant given 
that Ca oxalate precipitates and does not remain in solution for ICP-OES 
measurement. Metal concentrations (Fe, Mn, Al and Ca) in the extracts 
were analyzed by ICP-OES (iCAP 6500 Thermo Fisher Scientific) and are 
expressed in reference to the soil dry weight at 105 ◦C (mg kg− 1). The 
limit of quantification (LOQ) was reached for oxalate-extracted Mn 
(<0.008 mg L− 1, corresponding to 6 mg kg− 1 in solid sample) for 30 out 
of 124 samples. 

Organic acids were analyzed using indirect or direct measurements 
within the oxalate extract and the pyrophosphate extract, respectively. 
Note that the organic composition of the DCB and oxalate solutions do 
not allow direct measurement of OC. The optical density of oxalate 
extract (ODOE), considered as an indicator of reactive polyaromatic acid 
concentration, was measured by determining the absorbance at 430 nm 
on a Genesys 10 S VIS spectrophotometer, with the ammonium oxalate 
reagent as a blank (Daly, 1982). From the pyrophosphate extract, the 
concentration in dissolved OC released after dispersion by pyrophos-
phate (referred as Cp) was measured using a Shimadzu TOC-L Analyzer 
(measuring non purgeable OC; LOQ = 0.1 mg L− 1; accuracy ±2%). This 
indicates the amounts of C participating in organo-metallic complexes in 
soils (Bascomb, 1968). The LOQ was never reached for any samples. 

2.4. Statistical analysis 

Correlation analysis using Pearson method between metal and 
organic parameters were constructed using corrplot package. To assess 
statistical differences between two datasets, we performed the Wilcoxon 
test. All statistics were performed using R core software (R Core Team, 
2018). All data values are available in Supplementary Material Data. 

3. Results 

3.1. Total and selectively extracted metals (Fe, Mn, Al and Ca) in 
permafrost tundra soils 

The metal concentrations (Fe, Mn, Al and Ca) are presented for a 
partially unsaturated profile which is poorly thawed (i.e., dry; Min 3) 
and a waterlogged profile which is deeply thawed (i.e., wet; Mod 2) 
(Fig. 2) as a function of their water table depth and active layer depth. 
Considering the distance to the water table, the trends observed for the 
reactive metal concentrations (oxalate-extracted Fe, Mn, Al, and 
pyrophosphate-extracted Ca) are compared within the thirteen soils 
profiles studied (Fig. 3; Fig. S2). 

In the partially unsaturated soils studied (i.e., when water table is 
below the soil surface), Fe is the only metal that accumulates at the 
water table level for both the total and selectively extracted concen-
trations (Fig. 2; Fig. 3; Fig. S2). In most of the partially unsaturated soils, 
the total Mn concentration is high in the litter horizon (0–5 cm layer), 
decreases within the organic layer and increases within the mineral soil 
(Fig. S2). Selectively extracted Mn is in the high range of values within 
the litter and in the low range values in the remaining of the profile 
(except in the deepest samples where Mn accumulation is observed; 
Fig. 2b; Fig. 3). In partially unsaturated soils, total Al concentrations are 
higher in the mineral soil (e.g., below 30 cm in profile Min 3) compared 
to the organic-rich soils (e.g., above 30 cm in profile Min 3; Fig. 2c; 
Fig. S2). Selectively extracted Al concentrations are lower in organic and 
permafrost samples compared to mineral samples from the active layer 
(Fig. 2c; Fig. 3). Similarly in partially unsaturated soils, total Ca con-
centrations are high in mineral and low in organic layers but the 
opposite is observed for complexed (i.e., pyrophosphate extracted) Ca 
(Fig. 3; Fig. S2). The difference between total and complexed Ca con-
centrations are low in organic-rich soils but the total Ca is one order of 
magnitude higher than the complexed Ca in mineral soils (Fig. S2). 

In the waterlogged soils studied (where the water table depth is close 
to the surface), Fe accumulation at the water table depth and Mn 
accumulation in the litter horizons is limited or is absent (Fig. 2e and f; 
Fig. S2). Note that an accumulation of Fe and/or Mn concentration were 
observed in the permafrost layers of some waterlogged soil profiles (i.e., 
Min 3, Pond 9, Mod 3; Fig. 2; Fig. S2). Total and selective Al and Ca show 
the same trend for both partially unsaturated and waterlogged soils. In 
all profiles, DCB-extracted and oxalate-extracted Fe and Mn often 
overlap, which suggests no presence of well crystalline Fe or Mn-oxides 
(Fig. S2). In addition, for most of the soil profiles, pyrophosphate–ex-
tracted and oxalate-extracted Fe and Mn concentrations overlap within 
the organic active layer and differ within the permafrost layer (Fig. 2; 
Fig. S2). 

3.2. Total organic carbon and organic acids in permafrost tundra soils 

This section describes the total organic carbon content (TOC, in wt 
%), the optical density of the oxalate extract (ODOE, indicator of poly-
aromatic acids) and complexed (i.e., pyrophosphate extracted) C con-
centration based on two typical soil profiles, a partially unsaturated 
profile which is poorly thawed (i.e., dry; Min 3) and a waterlogged 
profile which is deeply thawed (i.e., wet; Mod 2), and the other profiles 
studied (Fig. S3). 

The TOC content ranges between 0.7 and 49.7 wt% for all soil pro-
files (n = 124; Supplementary Material Data). The organo-mineral 
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Fig. 2. Partially unsaturated poorly thawed soil profile (Min 3; a-d) and waterlogged deeply thawed soil profile (Mod 2; e-h) depth evolution of total metal con-
centrations and selectively extracted metals using dithionite-citrate-bicarbonate (DCB), ammonium oxalate (oxalate) and Na-pyrophosphate for (a) Fe, (b) Mn, (c) Al 
and (d) Ca. Dashed and continuous line represents the water table and permafrost table depth, respectively. A logarithmic scale is used for Al. The Ca is only 
represented for total and pyrophosphate concentrations. The organo-mineral transition (cut-off at 20 wt% TOC) is at 20 cm depth. The organic layer (OL) is rep-
resented on panel d (Min 3) and h (Mod 2). 

Fig. 3. Oxalate-extracted (a) Fe, (b) Mn, (c) Al and (d) pyrophosphate-extracted Ca concentration (mg kg− 1) as function of the distance of the sample to the water 
table in the thirteen soil profiles. The greyish rectangle represents samples from a distance smaller than 20 cm above or below water table. Samples from the active 
layer (unfrozen) and permafrost (frozen) are represented as black points and white triangles, respectively. 
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transition (i.e., where samples shift from TOC values higher than 20 wt% 
in organic horizons to TOC values lower than 20 wt% in mineral hori-
zons) is generally found between 10 and 40 cm below surface. The 
organic samples present a mean of 40 wt% TOC and mineral samples of 
5 wt% TOC. The ODOE and the complexed C are well correlated (r =
0.81). However, TOC content is poorly correlated with ODOE but better 
correlated with Cp (r = 0.36 and 0.73, respectively). The TOC content is 
high in the surface and decreases within the mineral horizons. Excep-
tionally, buried peat (organic-rich) layers were detected in some profiles 
(i.e., 34 wt% TOC at 110 cm in Pond 9, Fig. S3). The ODOE value in-
creases at the water table level. Similarly, complexed C concentration 
accumulates at the water table level. This accumulation of ODOE and Cp 
values are sometimes found in buried frozen peat layers (Fig. 4 and 
Fig. S3). In waterlogged soils, such accumulation in ODOE or Cp value is 
not found within surface soils or with significantly lower values (Fig. 4d 
– f). 

3.3. Correlation between reactive metals and organic carbon 

A correlation matrix between all concentrations (total and 

selectively extracted metals, total and selectively extracted C) is shown 
in Fig. S4. Correlation coefficients show that the higher negative cor-
relation lies between total Al and TOC (r = − 0.99). The highest positive 
correlation lies between DCB- and oxalate-extracted Fe (r = 0.98) and 
DCB- and pyrophosphate extracted Al (r = 0.99). Overall, total con-
centrations of each metal are positively correlated to their selective 
extracted concentrations. The TOC content is positively correlated with 
complexed Fe, Mn, Al and Ca (r = 0.38, 0.39, 0.41 and 0.56, respec-
tively) and with selectively extracted carbon (r = 0.36 for ODOE and r =
0.73 for Cp). All other parameters are negatively correlated or not 
correlated with TOC. The best correlation for ODOE is observed for 
selectively extracted Fe species (max correlation with Fep, r = 0.94) as 
well as complexed C (r = 0.81). Complexed C is positively correlated 
with selectively extracted Fe, Al and Ca but not correlated with selec-
tively extracted Mn concentrations. 

The overlap between the concentration of complexed and poorly 
crystalline minerals (oxalate extraction) and the concentration of com-
plexed metals (pyrophosphate extraction) along the profiles (Fig. 2; 
Fig. S2) highlights that complexation largely contributes to mineral- 
associated OC (especially in active layer soils) in these moist acidic 

Fig. 4. Partially unsaturated poorly thawed profile (Min 3; a-c) and waterlogged deeply thawed profile (Mod 2; d-f) depth evolution of (a and d) total organic carbon 
(TOC) content (in %), (b and e) optical density of the oxalate extract (ODOE, adimensional), an indicator of organic acid concentration, and (c and f) pyrophosphate 
extracted C concentration (Cp, in g kg− 1). Dashed and continuous line represents the water table and permafrost table depth, respectively. 
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tundra soils (Table S2). More specifically, as illustrated for a poorly 
thawed (Min 3) and a deeply thawed (Mod 2) profile, metal cations (Fe, 
Al, Mn, Ca) coordinate with the functional groups of organic acids in 
various proportions (Fig. 5). In the top of the soil profile, within the 
litter, organo-metallic complexes are dominated by Ca (contributing to 
63% of total complexed metals) but the Ca contribution to organo- 
mineral complexation decreases in deeper soil layers (Fig. 5a). 
Organic complexation with Mn is a minor contributor in the litter and is 
negligible compared to Fe, Al and Ca deeper in the soil profile. Organic 
complexation with Fe is dominant under unsaturated soil conditions 

while complexation with Al increases under waterlogged and likely 
long-term saturated soil conditions (Fig. 5a and c). In most permafrost 
layers, Fe is the dominant polyvalent cation for complexation with OC 
(Fig. 5). On average, all samples combined (n = 124 from 13 profiles), 
the molar contribution of each metal to complexation is decreasing from 
Fe (48.4%), Ca (25.9%), Al (24.3%) and Mn (1.4%). Note that Ca 
contribution is high on average because of its dominant contribution in 
surface soils (up to 75% in the litter). The correlation between the sum of 
complexed metals and complexed carbon is high (r = 0.9), both accu-
mulating at the water table depth (as illustrated for the poorly thawed 

Fig. 5. For a partially unsaturated poorly thawed soil profile (Min 3; a-b) and waterlogged deeply thawed soil profile (Mod 2; c-d) profile: (a, c) Pyrophosphate- 
extracted metals (Fe, Mn, Al and Ca) in mmol kg− 1 and (b, d) percentage of total organic carbon (TOC) complexed with metals. The stratigraphic column on the 
left represents permafrost (gray), saturated (blue) and unsaturated (brown) active layer and litter (green). 
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profile Min 3; Fig. 4c and Fig. 5a). 
Overall, between 5% and 35% of TOC is complexed to metals under 

dry and wet tundra soil conditions: this range is similar for poorly 
thawed and deeply thawed profiles, as illustrated for Min 3 (7%–32%) 
and Mod 2 (5%-34%), respectively (Fig. 5b – d). The concentration of 
complexed metals is higher in active layer soils (mean = 266 mmol 
kg− 1) compared to underlying permafrost layers (173 mmol kg− 1) 
(illustrated for Min 3 and Mod 2; Fig. 5a – c). However, the proportion of 
metal-complexed TOC is significantly higher in permafrost soils than in 
active layer soils (mean of 25.4% and 16.5%, respectively; p-value <
0.01) due to the higher TOC content in the active layer (illustrated for 
Min 3 and Mod 2; Fig. 5b – d). 

4. Discussion 

4.1. Mechanisms of mineral OC interactions in tundra soils 

4.1.1. Influence of water saturation and pH on metals involved in 
complexation in tundra soils 

The positive correlation between the sum of the pyrophosphate- 
extracted metals and the pyrophosphate-extracted carbon (r = 0.9; 
section 3.3; Fig. S4) indicates a large contribution of complexation as a 
mechanism of mineral OC interactions in these soils, as reported for 
permafrost peatlands (Lim et al., 2022). Here we discuss how soil 
properties (such as soil water saturation and soil pH) may influence 
complexation for the different metals investigated in this study (Fe, Mn, 
Al and Ca). 

For a redox-sensitive element such as Fe, water saturation is a major 
control on its contribution to OC complexation. The accumulation of Fe- 
OC complexes at the water table (Fig. 2a, Fig. 3a), i.e., at the redox 
interface, results from lower Fe/DOC ratio in soil solution in saturated 
than in unsaturated conditions at the site (Hirst et al., 2022). Indeed, 
lower Fe/DOC ratio in soil solution promotes the formation of Fe-OC 
complexes (Jansen et al., 2003). Even if Mn is a redox sensitive 
element such as Fe, the contribution of Mn to OC complexation is not 
mainly driven by water saturation: Mn-OC complexes do not accumulate 
at the redox interface but in the litter horizon (0–5 cm soil layer). The 
organic layer is known to be enriched in Mn due to accumulation of Mn 
in the litter (Villani et al., 2022; Mauclet et al 2022): this likely con-
tributes to a larger contribution of Mn to organo-metallic complexes in 
the litter horizon. This is consistent with the well-established Mn cycling 
through vegetation and accumulation in surface soils (Fiedler et al., 
2004; Jobbágy and Jackson, 2004; Li et al., 2021). 

Even if OC complexation with Fe is dominant, Al complexation may 
increase and contribute equally or more than Fe complexation in some 
persistent water-saturated or permafrost layers (deeper mineral layers). 
As illustrated for Min 3, the contribution of Al complexation reaches 
61% at 35–55 cm depth, i.e., at the bottom of the active layer in satu-
rated conditions (WTD = 25 cm b.s.; Fig. 5a). This is because (i) OC 
association with Al may be more important than Fe under long-term 
waterlogged conditions in soils (Inagaki et al., 2020) and (ii) competi-
tion between Fe and Al cations to bind to functional groups of organic 
acids is pH driven (Hall and Thompson, 2022; Pinheiro et al., 2000). Less 
Al-OC complexes form at lower pH (between pH 3.5 and pH 4.5; Scheel 
et al., 2008; Jansen et al., 2003; Nierop et al., 2002; Schwesig et al., 
2003). The soil pH at the site is significantly lower in organic horizons 
than in mineral horizons (4.0±0.2 and 5.2±0.6, respectively, p-value <
0.001; based on data from Mauclet et al., 2023): this likely explains the 
lower contribution of Al to OC complexation in the organic horizons 
relative to mineral horizons. 

The high Ca contribution to OC complexation in the litter is likely 
related to plant cycling (e.g., Mauclet et al., 2022; Villani et al., 2022). 
The higher pH at the permafrost table or in permafrost than in surface 
layers (5.3±0.7 and 4.0±0.2, respectively, p-value < 0.001; based on 
data from Mauclet et al., 2023) do not increase the Ca-complexation 
relative to Fe- or Al-complexation in deeper layers. This is because the 

contribution of Ca to OC complexation is only expected to increase at 
pH >7 (Rowley et al., 2018). Nonetheless, in deep permafrost layers, Ca- 
complexation sometimes equals Fe-complexation, as illustrated for Mod 
2 (Fig. 5c). 

4.1.2. Complexation and interactions with poorly crystalline oxides 
contributing to mineral-associated OC 

In addition to complexation, organo-mineral associations with 
poorly crystalline Fe oxides (i.e., ferrihydrite) might increase the overall 
potential for minerals to stabilize OC. Ferrihydrite minerals are highly 
effective sorbents characterized by a high specific surface area 
(200–800 m2 g− 1; Kleber et al., 2021) and are potentially present in 
permafrost soils which may offer additional stabilizing surfaces for OC. 
We assessed the overall percentage of OC out of the TOC that is mineral- 
bound by forming i) organo-metallic complexes and ii) organo-mineral 
associations. 

For organo-metallic complexes, the pyrophosphate extracted carbon 
concentration (Cp) has been measured and can be used as an indicator of 
the amount of complexed carbon. The metal:C molar ratio of 0.15 for 
samples from this study (on average, Supplementary Material Data) 
suggests that functional groups of organic acids are saturated with 
metals. Indeed, in moist acidic tundra soils, carboxylic groups (pKa 
around 4–5; Stevenson, 1994) are the most common functional group of 
organic acids. The ratio is one functional group (i.e., the part that binds 
to metal ions) for 10 atoms of C, which means that with a metal:C molar 
ratio above 0.1, organic acids are saturated (Boudot et al., 1989; 
Catrouillet et al., 2014; Stevenson, 1994). The fact that organic acids are 
saturated with metals in the studied soils supports that OC is less 
available to microorganisms than if organic acids were unsaturated 
(Oades, 1988). In turn, the data support that the mechanism of 
complexation contributes to OC stability and slows down its decompo-
sition rate (Chen et al., 2022; Kaiser and Guggenberger, 2007; Kalbitz 
et al., 2005). 

For organo-mineral associations, we determined the concentration of 
poorly crystalline oxides such as ferrihydrite (Feo – Fep), i.e., the most 
important poorly crystalline metal oxide in moist acidic tundra soils 
(Herndon et al., 2017). Based on literature, up to 0.22 g OC g− 1 Fe (Fe as 
poorly crystalline oxides) can be bound to ferrihydrite in soils (Wagai 
and Mayer, 2007). In this study, the data highlight that majority of 
poorly crystalline oxide-bound OC is in permafrost (Fig. 6; Table S2). 

By adding both mechanisms (organo-metallic complexes and organo- 
mineral associations), we demonstrate that a significant proportion of 
TOC is potentially stabilized by these mineral OC interactions, both in 
permafrost and active layer soils. This can be illustrated by the poorly 
thawed soil profile (Min 3) displaying a range of mineral-associated TOC 
from 6.7% to 48% (Fig. 6b), and the deeply thawed profile (Mod 2) 
displaying a range between 6.5% and 59% (Fig. 6d). With the accu-
mulation of organo-metallic complexes, the OC stored in soils at the 
water table level is at least 10% more mineral-bound than in the rest of 
the profile. The OC stabilizing potential at the water table (114 g kg− 1 of 
complexed C and 1.0 g kg− 1 of poorly crystalline oxide-bound OC) is 
25%. This is a lower proportion of potential OC stabilization than 
observed in permafrost soils. One reason for this is that the TOC content 
in permafrost is lower than in active layer samples, so that any organo- 
mineral associations and metal complexation with TOC makes up a 
larger proportion of mineral-associated TOC. 

The percentage of mineral-associated TOC (as complexation and 
organo-mineral associations) ranges between 6% and 59% in EML tun-
dra soils (n = 124, mean 20%; Table S2). This falls in line with previous 
findings in permafrost regions from the Qinghai-Tibetan Plateau where 
between 1% and 59% (mean 20%) of OC is associated to Fe (after DCB 
extraction protocol; Mu et al., 2016; note the data can be compared 
given that DCB-extracted and oxalate-extracted Fe concentrations are 
equal in our soils). Our data support that complexation is the most 
abundant mechanism of mineral OC interaction in tundra soils, followed 
by association with poorly crystalline oxides such as ferrihydrite, and 
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the role of well-crystalline oxides is negligible. Scenarios to predict the 
evolution of mineral-associated OC upon permafrost thaw should 
consider the type of binding for OC given that mineral OC interactions 
are expected to evolve differently as a function of water saturation 
(Opfergelt, 2020). 

4.2. Total Fe and Mn concentrations: Proxies for reactive Fe and Mn 

Not all metals in soils do necessarily contribute to form mineral OC 
interactions. However, this study suggests that the proportion of metals 
that play a role in mineral OC interactions is substantial. More precisely, 
76.5% of total Fe is present as a reactive form (poorly crystalline oxide 
or complexed) in organic samples (n = 57) against 29.8% in mineral 
samples (n = 67). For Mn, 40.7% and 19.5% of total Mn is present as a 

Fig. 6. For a partially unsaturated poorly thawed soil profile (Min 3; a-b) and waterlogged deeply thawed soil profile (Mod 2; c-d) profile: (a, c) Concentration of 
organic carbon associated with metal cations (Fe, Al, Ca and Mn) by complexation (complexed; gray) or by organo-mineral associations with poorly crystalline oxides 
such as ferrihydrite (poorly cryst. ox.-bound; orange) and (b, d) percentage of mineral-associated total organic carbon (TOC) (associated to poorly crystalline oxides 
and complexed with metals (Fe, Al, Mn and Ca)). The stratigraphic column on the left represents permafrost (gray), saturated (blue) and unsaturated (brown) active 
layer and litter (green). 
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reactive form in organic and mineral samples, respectively. 
This highlights the critical need to quantify reactive metal phases (i. 

e., metal surfaces or cations capable of binding OC) in permafrost soils. 
We pointed out that on average 20% (and up to 59%) of TOC can be 
mineral-bound (with mineral cations and mineral surfaces). However, 
data from selective extractions needed to quantify the reactive mineral 
pool are scarce around the permafrost regions and hinder the develop-
ment of a comprehensive dataset of reactive Fe which is the pool 
strongly involved in OC stabilization (Joss et al., 2022; Kaiser and 
Guggenberger, 2003; Mikutta et al., 2006; Mu et al., 2016; Patzner et al., 
2020). Nonetheless, we found a high correlation between the total Fe 
and reactive Fe (i.e., oxalate-extracted) and similar conclusions are 
drawn for Mn. For both metals, these linear regressions are a function of 
the matrix of the sample. Mineral (TOC <20 wt%) and organic (TOC 
>20 wt%) samples follow different linear regressions with a high 
determination coefficient. For Fe, the organic samples have a R2 = 0.96, 
and mineral samples an R2 = 0.84 (Fig. 7a). For Mn, organic and mineral 
samples have R2 = 0.97 and 0.95, respectively (Fig. 7b). No such cor-
relations were observed for Alo and Cap as function of their total con-
centration (not shown). 

These regressions based on dry and wet tundra sites might be a useful 
tool to approximate the amount of reactive Fe and Mn. The reactive Fe 
and Mn pools are a function of the total Fe and Mn concentrations, 
respectively. In a large range of permafrost sites, the TOC is a commonly 
measured parameter, and the total concentrations in metals can be 
determined with minimal pre-treatment using the pXRF method 
providing a fast and reliable measurement (Monhonval et al., 2021b). It 
follows that a wider estimation of reactive Fe and Mn minerals in 
permafrost soils could be achieved through total Fe and Mn concentra-
tion measurements. 

4.3. Mineral OC interactions hotspots 

4.3.1. Hotspots of mineral OC interactions at the water table 
In the active layer, we observe a marked Fe accumulation at the 

redox interface located at the water table, i.e., the limit between un-
saturated and saturated soil layers. This accumulation is spatially nar-
row: only a 5–10 cm soil layer presents higher Fe concentrations (Fig. 2). 
The correlation between the reactive forms of Fe (oxalate- and 
pyrophosphate-extracted) and organics acid (ODOE and Cp) is higher (r 
= 0.93 and 0.84, respectively) close to the water table than further from 
the water table (r = 0.6 and 0.74, respectively) (Fig. 8). This is consistent 
with previous observations showing that redox changes can occur at 

centimeter scale within flat tundra landscape characterized by poor 
drainage (Herndon et al., 2020; Liljedahl et al., 2011; Lipson et al., 2010; 
Zona et al., 2011). We hypothesize that soluble Fe2+ from the deep 
active layer migrates upward with water table fluctuations and pre-
cipitates as complexed Fe under oxic conditions (Colombo et al., 2014; 
Herndon et al., 2017; Lipson et al., 2012). Similar immobilization of Fe 
has been explained by abrupt changes in redox potential under well- 
drained micro-highs of polygonal tundra sites (Fiedler et al., 2004). 
However, the accumulation of reactive forms of Fe and organic acids 
disappears in waterlogged soils where no redox interface exists, i.e., 
when the water table is at or above soil surface (Fig. 4e and f and 
Fig. 6c). We demonstrate that the water table level is a transient zone for 
the accumulation of organic acids. It follows that fluctuations from wet 
to drier conditions, and more generally water table fluctuations in 
permafrost soils, result in the development of a hotspot where OC can be 
trapped. 

4.3.2. Hotspots of mineral OC interactions in the permafrost 
Reactive Fe in permafrost is shown to be a combination of both 

complexed Fe (Fep) and poorly crystalline Fe oxides (Feo-Fep). In 
permafrost layers, Fe and Mn accumulation are often concomitant with 
TOC increase (Pond 9; Fig. S2 and Fig. S3), with some exceptions. 
Similar Fe accumulation in frozen peat layers has already been described 
in deep sediments from the ice-rich permafrost region (Monhonval et al., 
2021a): in these buried peat layers, Fe accumulation was explained as a 
consequence of microscale oxic conditions promoted by the peat layer 
itself that favors Fe precipitation. Cryoturbation of surface soil could be 
another explanation and has been reported in this moist acidic tundra 
area below 1 m depth (Hutchings et al., 2019). 

In organic-rich samples (TOC >20 wt%), reactive Fe is dominantly 
present as complexes with OC, while in mineral samples (TOC <20 wt%) 
reactive Fe is both in the poorly crystalline and complexed forms 
(Fig. 9a). Indeed, organic molecules can suppress iron oxy(hydr)oxide 
precipitation by complexing dissolved Fe (III) (Herndon et al., 2017; 
Karlsson et al., 2008; Sundman et al., 2014), and organic acids can also 
sorb to poorly crystalline ferrihydrite and prevent transition to more 
crystalline forms such as goethite or magnetite minerals (Herndon et al., 
2017; Schwertmann and Murad, 1988). Ferric iron in peat soils with low 
pH and low Fe content (i.e., such as found in these active layer soils) tend 
to form mononuclear Fe(III)–OM complexes whereas in soils with high 
pH and high Fe content (i.e., such as found in permafrost), Fe(oxy)hy-
droxides are the dominant species (Karlsson et al., 2008). The poor 
drainage of soils can result in an overall decrease in the crystallinity of 

Fig. 7. Total metal concentration (in mg kg− 1) as a function of reactive (i.e., oxalate extracted; in mg kg− 1) for (a) Fe and (b) Mn in the thirteen soil profiles. Mineral 
samples (total organic carbon content <20%) are open circles and organic samples (total organic carbon content >20%) are full circles. Robust linear regressions are 
presented (dashed line, alpha = 0.95) for mineral (n = 67) and organic (n = 57) samples. 
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Fe oxides and promote re-crystallization as short range ordered (i.e., 
poorly crystalline) oxides, whereas well drained soils can present an 
overall increase in oxides crystallinity caused by the preferential 
removal of poorly crystalline oxides upon reduction (Winkler et al., 
2018). In the moist acidic tundra soils from this study, the high OC 
content, even in mineral soils, and impeded drainage, can explain the 
overall absence of well crystalline oxides. 

The OC in the permafrost layer is characterized by higher proportion 
of mineral-associated OC compared to active layer soils (p-value < 0.01; 
Fig. 9b). Older C as a function of depth has been reported in soils from 
this site (Hutchings et al., 2019). In summary, the deeper and the older 
the OC, the higher the proportion of mineral-associated OC (Fig. 9b). 
This is also confirmed by other studies related to older OC being more 
protected by mineral OC interactions (Grant et al., 2022; Hemingway 
et al., 2019; Schmidt et al., 2011; Torn et al., 1997). The proportion of 
mineral-associated OC ranges between 5.7 and 36% within the active 

layer and between 6.5 and 59% in permafrost layers. These differences 
may result from soil forming processes and the duration of these pro-
cesses. It is reported in this site that the OC accumulation rates are 
higher in the 0–66 cm layer (10.8 g OC m− 2 a− 1) compared to the 
66–123 cm layer (1.4 g OC m− 2 a− 1; Hutchings et al., 2019). The active 
layer residence time (i.e., the time for which a soil layer is part of the 
active layer) is estimated to be 4.5 ka for the 0–66 cm and increases to 
13.1 ka for the 66–123 cm layer (Hutchings et al., 2019). We argue that 
increased time under seasonal freeze-thaw cycle and above zero tem-
perature led to an increase in the proportion of mineral-associated OC 
for deeper OC (currently found in permafrost layers) (Fig. 9b). 

5. Conclusions 

From this study we conclude that: 

Fig. 8. In the thirteen soil profiles: (a) Oxalate-extracted Fe concentration (reactive) as function of the optical density of the oxalate extract (ODOE, adimensional), 
an indicator of organic acid concentration. (b) Pyrophosphate-extracted Fe concentration (complexed; mg kg− 1) as a function of pyrophosphate-extracted C con-
centration (complexed; g kg− 1). Samples located close to the water table (<20 cm; blue) and far from the water table (>20 cm; brown) with Pearson correlation 
provided for both datasets (blue and brown) in panel a and b. 

Fig. 9. In the thirteen soil profiles: (a) Concentration of Fe under poorly crystalline oxide form (difference between oxalate and pyrophosphate-extracted Fe) as a 
function of the concentration of pyrophosphate-extracted Fe (complexed) in the unsaturated active layer (AL, brown), saturated active layer (AL, blue) and 
permafrost layer (gray). (b) Percentage of mineral-associated total organic carbon (TOC) (associated to poorly crystalline oxides and complexed with metals (Fe, Al, 
Mn and Ca)) as a function of depth in the unsaturated active layer (brown), saturated active layer (blue) and permafrost layer (gray). The organic layers (full symbols; 
total organic carbon content >20%) and mineral layers (open symbols; total organic carbon content <20%) of the soil profiles are indicated in panel a and b. 
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(i) Between 6% and 59% of TOC (mean 20%) in Eight Mile Lake 
tundra soils is mineral-bound, by a combination of organo- 
mineral association (association between poorly crystalline ox-
ides and OC) and organo-metallic complexes (associations be-
tween organic acids and Fe, Mn, Al, Ca polyvalent cations). A 
higher proportion of TOC is mineral-bound in permafrost layers 
(mean 25.4%) than in active layers (mean 16.5%).  

(ii) Mineral-bound OC is present as organo-metallic complexes in the 
active layer and in the permafrost, whereas organo-mineral as-
sociations are mainly found in permafrost layers. In organo- 
metallic complexes, Fe cations prevail relative to other metals 
(Al, Ca, Mn) except in litter (0–5 cm layer) where Ca cations are 
prevalent with some contribution from Mn cations. In active layer 
soils, complexation is dominated by Fe but the Al contribution 
increases under persistent waterlogged conditions.  

(iii) In these tundra soils, the proportion of reactive Fe and Mn, i.e., 
the proportion of Fe and Mn playing a role in mineral OC in-
teractions, can be estimated from total Fe and Mn concentrations, 
respectively, with a R2 better than 0.96 for organic-rich samples 
(>20 wt% OC) and better than 0.84 for mineral samples (<20 wt 
% OC).  

(iv) In the active layer, the higher pool of mineral-bound OC is found 
at the water table level, i.e., a redox interface where organo- 
metallic complexes dominated by Fe cations accumulate. In the 
permafrost, the TOC content is lower and a higher proportion of 
TOC is mineral-associated relative to the active layer. 
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Schädel, C., Luo, Y., Schuur, E. a. G., 2021. Projecting Permafrost Thaw of Sub-Arctic 
Tundra With a Thermodynamic Model Calibrated to Site Measurements. J. Geophys. 
Res. Biogeosciences 126, e2020JG006218. https://doi.org/10.1029/ 
2020JG006218. 

Grant, K.E., Galy, V.V., Haghipour, N., Eglinton, T.I., Derry, L.A., 2022. Persistence of old 
soil carbon under changing climate: The role of mineral-organic matter interactions. 
Chem. Geol. 587, 120629 https://doi.org/10.1016/j.chemgeo.2021.120629. 

Hall, S.J., Thompson, A., 2022. What do relationships between extractable metals and 
soil organic carbon concentrations mean? Soil Sci. Soc. Am. J. 86, 195–208. https:// 
doi.org/10.1002/saj2.20343. 

Hemingway, J.D., Rothman, D.H., Grant, K.E., Rosengard, S.Z., Eglinton, T.I., Derry, L.A., 
Galy, V.V., 2019. Mineral protection regulates long-term global preservation of 
natural organic carbon. Nature 570, 228–231. https://doi.org/10.1038/s41586-019- 
1280-6. 

Herndon, E., AlBashaireh, A., Singer, D., Roy Chowdhury, T., Gu, B., Graham, D., 2017. 
Influence of iron redox cycling on organo-mineral associations in Arctic tundra soil. 
Geochim. Cosmochim. Acta 207, 210–231. https://doi.org/10.1016/j. 
gca.2017.02.034. 

Herndon, E., Kinsman-Costello, L., Godsey, S., 2020. Biogeochemical Cycling of Redox- 
Sensitive Elements in Permafrost-Affected Ecosystems, in: Dontsova, K., Balogh- 
Brunstad, Z., Le Roux, G. (Eds.), Geophysical Monograph Series. Wiley, pp. 245–265. 
https://doi.org/10.1002/9781119413332.ch12. 

Hirst, C., Mauclet, E., Monhonval, A., Tihon, E., Ledman, J., Schuur, E.A.G., Opfergelt, S., 
2022. Seasonal Changes in Hydrology and Permafrost Degradation Control Mineral 
Element-Bound DOC Transport From Permafrost Soils to Streams. Glob. Biogeochem. 
Cycles 36, e2021GB007105. https://doi.org/10.1029/2021GB007105. 

Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J.W., Schuur, E.A.G., Ping, C.-L., 
Schirrmeister, L., Grosse, G., Michaelson, G.J., Koven, C.D., O’Donnell, J.A., 
Elberling, B., Mishra, U., Camill, P., Yu, Z., Palmtag, J., Kuhry, P., 2014. Estimated 

A. Monhonval et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.geoderma.2023.116552
https://doi.org/10.1016/j.geoderma.2023.116552
https://doi.org/10.1038/ngeo1160
https://doi.org/10.1038/ngeo1160
https://doi.org/10.1111/j.1365-2389.1968.tb01538.x
https://doi.org/10.1111/j.1365-2389.1968.tb01538.x
https://doi.org/10.1021/acs.est.8b03408
https://doi.org/10.1016/j.orggeochem.2017.10.012
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0035
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0035
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0035
https://doi.org/10.1002/2015JG003131
https://doi.org/10.1002/2015JG003131
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0045
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0045
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0045
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0045
https://doi.org/10.1016/j.chemgeo.2014.02.019
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0055
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0055
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0060
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0060
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0060
https://doi.org/10.1007/s11368-013-0814-z
https://doi.org/10.1016/0016-7061(82)90038-6
https://doi.org/10.1038/483165a
https://doi.org/10.1038/483165a
https://doi.org/10.1111/j.1365-2389.2005.00710.x
https://doi.org/10.1111/j.1365-2389.2005.00710.x
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0085
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0085
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0085
https://doi.org/10.2136/sssaj2004.1002
https://doi.org/10.2136/sssaj2004.1002
https://doi.org/10.1016/j.chemgeo.2021.120629
https://doi.org/10.1002/saj2.20343
https://doi.org/10.1002/saj2.20343
https://doi.org/10.1038/s41586-019-1280-6
https://doi.org/10.1038/s41586-019-1280-6
https://doi.org/10.1016/j.gca.2017.02.034
https://doi.org/10.1016/j.gca.2017.02.034
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0130
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0130
http://refhub.elsevier.com/S0016-7061(23)00229-X/h0130


Geoderma 436 (2023) 116552

13

stocks of circumpolar permafrost carbon with quantified uncertainty ranges and 
identified data gaps. Biogeosciences 11 (23), 6573–6593. 

Hutchings, J.A., Bianchi, T.S., Kaufman, D.S., Kholodov, A.L., Vaughn, D.R., Schuur, E.A. 
G., 2019. Millennial-scale carbon accumulation and molecular transformation in a 
permafrost core from Interior Alaska. Geochim. Cosmochim. Acta 253, 231–248. 
https://doi.org/10.1016/j.gca.2019.03.028. 

Inagaki, T.M., Possinger, A.R., Grant, K.E., Schweizer, S.A., Mueller, C.W., Derry, L.A., 
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