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Abstract. Arctic landscapes could add 55–230 Pg of carbon (in CO2 equivalent) to the atmosphere, through
CO2 and CH4 emissions, by the end of this century. These estimates could be quantified more accurately by con-
straining the contribution of rapid thawing processes such as thermokarst landscapes to permafrost carbon loss,
and by investigating the exposed organic carbon (OC) interacting with mineral surfaces or metallic cations, i.e.,
the nature of these interactions and what controls their relative abundance. Here, we investigate two contrasted
types of hillslope thermokarst landscapes: an Active Layer Detachment (ALD) which is a one-time event, and
a Retrogressive Thaw Slump (RTS) which repeats annually during summer months in the Cape Bounty Arctic
Watershed Observatory (Melville Island, Canada). We analyzed mineralogy, total and soluble element concentra-
tions, total OC and mineral–OC interactions within the headwalls of both disturbances, and within corresponding
undisturbed profiles. Our results show that small fragments of biopolymers stabilized by chemical bonds account
for 13± 5 % of total OC in the form of organo–metallic complexes and up to 6± 2 % associated with poorly crys-
talline iron oxides. If we add the mechanisms of physical protection of particulate organic matter in aggregates
and larger molecules stabilized by chemical bonds, we reach 64± 10 % of the total OC being stabilized. Im-
portantly, we observe a decrease in the proportion of mineral-bound OC in the deeper layers exposed by the
retrogressive thaw slump: the proportion of organo–metallic complexes drops from ∼ 18 % in surface samples
(2–22 cm) to ∼ 1 % in the deepest samples (50–70 cm). These results therefore suggest that the OC exposed by
thermokarst disturbances at Cape Bounty is protected by interactions with minerals to a certain extent, but that
deep thaw features could expose OC more readily accessible to degradation.

1 Introduction

In the Arctic, recent studies show that air temperatures are
rising 3 to 4 times faster than the global average (AMAP,
2021; Rantanen et al., 2022). This polar amplification ex-
poses permafrost – soil, sediment or rock frozen for at least
2 years – to thawing. The latest IPCC predictions therefore
forecast a decrease in near-surface permafrost area of 2 %–
66 % for IPCC scenario RCP2.6 and 30 %–99 % for RCP8.5,

by 2100 (Fox-Kemper et al., 2021; Meredith et al., 2019).
This degradation could induce a permafrost-carbon-climate
feedback (e.g., Abbott and Jones, 2015; Koven et al., 2011;
McGuire et al., 2018; Schuur et al., 2015), since northern
circumpolar permafrost contains ∼ 1000 Pg of carbon in the
first three meters, roughly half the soil carbon present in
all other terrestrial biomes (Hugelius et al., 2014; Strauss
et al., 2021, 2024). It is estimated that CO2 and CH4 emis-
sions from the Arctic could add 55–230 Pg of carbon (in
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CO2 equivalent) to the atmosphere by the end of this cen-
tury – a level comparable to emissions of industrialized coun-
tries – and must therefore be considered in climate models
(Schuur et al., 2022). These assessments are based on simu-
lated volumes of OC that will be exposed by the increase in
thickness of the seasonally thawing active layer (i.e., grad-
ual thawing). In order to refine these estimates, rapid thaw-
ing processes such as thermokarst, thermo-denudation and
thermo-erosion – which could represent an additional release
of greenhouse gases – should benefit from further studies
(e.g., Natali et al., 2021).

Thermokarst landforms (e.g., Heginbottom et al., 2012;
Kokelj and Jorgenson, 2013) are punctual events, both in
space and time, and occur when the ground collapses due
to the melting of the excess ice in the soil or sediment. These
physical disturbances of permafrost are sometimes referred
to as “abrupt thaw”. In particular, hillslope thermokarst land-
scapes occur where physical degradation leads to slumps
(Fig. 1a), active layer detachments (Fig. 1b) and gullies.
These events potentially expose deep and ancient materials to
thawing, including OC that would never have re-entered the
modern carbon cycle if these disturbances had not occurred.
The only existing simulations of thermokarst terrain impacts
on permafrost carbon balance indicate that these could pro-
vide a similar climate feedback as gradual thaw emissions
(Turetsky et al., 2020). Active layer detachments (ALD), are
landslides in which the active layer slides down onto the
permafrost table over tens of meters (e.g., Lamoureux and
Lafrenière, 2009). They thus expose a vertical headwall of
the height of the active layer at the location where it has
detached. This type of event is punctual in time and typi-
cally triggered by deep thaw combined with heavy precipita-
tion. Retrogressive thaw slumps (RTS) also consist in the de-
tachment of materials, but generally expose greater depths,
where permafrost is part of the exported mass. RTSs ex-
pand through the years as frozen deposits thaw and ground
ice melts at a headwall. The retreat of the head scarp each
summer can reach tens of meters per year (e.g., Brooker
et al., 2014; Günther et al., 2015; Kokelj et al., 2021; Ku-
nitsky et al., 2013; Lacelle et al., 2015; Leibman et al.,
2021; Séjourné et al., 2015; Vadakkedath et al., 2020; van
der Sluijs et al., 2023, 2018). These structures therefore ex-
pose and move large volumes of material (Kokelj et al., 2015,
2021; Shakil et al., 2020; van der Sluijs et al., 2018; Tanski
et al., 2017), involving previously perennially frozen masses
of OC, until they stabilize. The area susceptible to be affected
by hillslope thermokarst landforms is indeed projected to in-
crease by 250 000 km2 by the end of the 21st century (Turet-
sky et al., 2020). The soils and sediments exposed by ALDs
and RTSs are generally varied depending on their headwall
heights, lithology and historical permafrost thaw dynamics,
and contain organic matter of variable composition and inter-
actions with minerals (e.g., Jongejans et al., 2022; Thomas
et al., 2024, 2023).

In soils and sediments, organic matter as a whole can be
separated into fractions differing in their interactions with
minerals and resistance to decay (i.e., stabilization). The free
particulate organic matter, composed of plant fragments non
associated with minerals, is considered as prone to micro-
bial degradation (labile) displaying a high turnover (Cotrufo
and Lavallee, 2022). The fraction of organic matter inter-
acting with mineral surfaces or metallic cations is consid-
ered as stabilized, being protected against microbial process-
ing and therefore more persistent (Lavallee et al., 2020). Al-
though different stabilization mechanisms often act simulta-
neously, they can be classified into different categories, pro-
viding very different levels of stabilization (Fig. 2a): (i) phys-
ical protection of OC trapped in the aggregates, with no
chemical binding to mineral surfaces. This enables stabi-
lization over a period of 10 to ∼ 100 years and depends on
the size of the aggregate (von Lützow et al., 2006); (ii) the
formation of cationic bridges between negatively charged
clay mineral surfaces (e.g., smectite) and negatively charged
organic molecules. These are electrostatic interactions be-
tween the organic molecule, the cation and the clay, which
allows reversible binding; (iii) the formation of cationic
bridges between organic molecules of various sizes. These
are organo–metallic complexes, where metals (i.e., Fe3+/2+,
Al3+, Mn3+/2+ or Ca2+) act as polyvalent cations and co-
ordinate to the functional groups of organic acids through
electrostatic interactions or coordinate covalent bond (e.g.,
Boudot et al., 1989; Courchesne and Turmel, 2008; von Lüt-
zow et al., 2006). This complexation leads to the coagula-
tion of soluble molecules into insoluble “pseudo-polymers”;
(iv) the adsorption of OC onto mineral surfaces such as
poorly crystalline iron oxides, via the attachment – by lig-
and exchange – of organic molecules to metal atoms (Al,
Fe) structurally present in the minerals Kleber et al., 2015).
Such poorly-crystalline surfaces are among the most effec-
tive sorbents for dissolved OC (e.g., Kaiser et al., 1997).
Overall, the turnover time of the mineral- interacting pool of
OC ranges from decades to millennia (Kleber et al., 2015 and
references therein), although a substantial portion of mineral-
interacting OC may cycle at relatively fast timescales (min-
utes to years; Jilling et al., 2025). Quantifying the share of
different mechanisms for OC stability requires a combina-
tion of physical methods, which enable to isolate mineral-
associated OC from the most labile OC pool, and chem-
ical extraction methods which are designed to target spe-
cific pools such as complexes or OC associated with poorly-
crystalline surfaces (Fig. 2b).

While extensively studied in unfrozen terrestrial ecosys-
tems (e.g., Kleber et al., 2015 and references therein), the
nature, quantities and environmental factors controlling the
different organo–mineral interactions are still poorly under-
stood in sediments exposed by hillslope thermokarst features
(Opfergelt, 2020). Recent studies show that the proportion
of stabilized OC in permafrost sediments is sometimes mi-
nor (i.e., averaging 15 %; Patzner et al., 2020; Salvadó et al.,
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Figure 1. Conceptual model of a retrogressive thaw slump (a) and an active layer detachment (b). Panel (a) modified from Thomas et al.
(2023).

Figure 2. Organic carbon (OC) pools with their respective target protocol of extraction and associated stabilization mechanisms; (a) Mech-
anisms of stabilization of organic matter by mineral surfaces or elements in soils or sediments, i.e. free particulate organic matter; physical
protection of organic matter trapped in the aggregates – no chemical link; formation of cation bridges between organic matter and negatively-
charged mineral surfaces (such as smectites) – electrostatic interactions; formation of cation bridges between molecules of organic matter
of various sizes – electrostatic interactions or coordinate covalent bond; binding of organic matter to metal ions (Al and Fe) contained in
mineral surfaces – coordinate covalent bond; (b) Physical and chemical extraction methods and associated target of OC pool.

2015) or, on the contrary, very significant (i.e., reaching up
to 90 %; Dutta et al., 2006; Martens et al., 2023; Monhonval
et al., 2022). Besides, approaches to characterizing mineral–
OC interactions using physical and chemical methods are
often applied separately. A comprehensive understanding of
the different mechanisms is, however, necessary for realis-

tic assessments of the fate of OC exposed by these features,
particularly from RTSs and ALDs, which expose potentially
heterogeneous sediments and mobilize materials from vary-
ing depths.

In this study, we investigate the nature and controls of
different mechanisms of mineral–OC interactions in soils
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exposed by two contrasted types of hillslope thermokarst
landscapes and within profiles of corresponding undisturbed
sites. We hypothesize that organo–mineral interactions may
be more prominent in surface layers that are subject to recur-
rent positive temperatures, but that it may be limited at depth
if buried and frozen sediments have not experienced pedolog-
ical development. We analyzed mineralogy, total and soluble
element concentrations, total OC and mineral–OC interac-
tions within the headwalls of two disturbances: an ALD and
a RTS at Cape Bounty (south-central coast of the Melville
Island, Nunavut, Canada). We investigate whether these con-
trasted disturbances expose mineral-interacting OC of differ-
ent natures (i.e., OC extracted by physical or chemical tech-
niques), estimate the level of stabilization of the different
pools and discuss their potential fate.

2 Materials and Methods

2.1 Study site

The Cape Bounty Arctic Watershed Observatory (CBAWO),
located on the south-central coast of the Melville Island
(Nunavut, Canada; Fig. 3a and b), was established in 2003 to
examine Arctic ecosystem processes that would be impacted
by climate warming and permafrost degradation (Lamoureux
and Lafrenière, 2018; Treitz et al., 2024). Melville Island is
characterized by a polar desert climate (mean annual air tem-
perature: −14.8± 1.3 °C) with limited annual precipitation
and runoff (< 150 mmyr−1; Beel et al., 2020, 2018; Lam-
oureux and Lafrenière, 2018) and a short thaw season be-
tween June and August (Lamoureux and Lafrenière, 2009).
Bedrock in this region is composed of upper Devonian near-
shore marine sandstone and siltstone units (Hodgson et al.,
1984). Glacial and early Holocene marine sediments later
overlaid the region resulting in a landscape characterized
by incised low elevation plateaus and gentle hills (Hodg-
son et al., 1984). Permafrost is continuous and the thick-
ness of the active layer is most often confined to the 0.75–
1 m of surface material (Lamoureux and Lafrenière, 2009,
2018; Rudy et al., 2013). Exceptionally warm temperatures
and clear skies during July 2007 combined with a major rain-
fall event (5 year return period), caused extensive thawing of
ground ice and degradation of permafrost in Cape Bounty,
in the form of hillslope thermokarst structures (Lamoureux
and Lafrenière, 2009). This degradation manifested locally
as RTSs and ALDs.

2.2 Sampling

The two different types of hillslope thermokarsts were sam-
pled the 7 and 10 August, 2018, i.e., a RTS (Fig. 3c) and
an ALD (Fig. 3d), both for so-called “disturbed” and “undis-
turbed” locations. Samples were taken at 10 cm increments in
the active layer until the top of the frozen layer was reached
(where only one sample was taken). A location is defined

as disturbed (D) when disturbance (ALD or RTS) is present
and sampling was conducted within the headwall (Fig. 3e
and f). The corresponding undisturbed (UD) site is located
at 29 m (ALD) and 234 m (RTS) from the disturbance, in
an area where the collapse had not (yet) occurred. The ALD
sampled in this study is within the Ptarmigan sub-catchment
and formed in 2007 (Lamoureux and Lafrenière, 2009). The
catchment hosted other ALDs in 2007, collectively cover-
ing 12 % of the total catchment area (21.3 ha; Lafrenière and
Lamoureux, 2013). Field observations showed that, while the
ALD was not active in summer 2018 at the time of sampling,
the RTS was still very active (up to 1 m annual retreat rate)
and exposed fresh sediments from that summer.

2.3 Mineralogy

We used X-ray diffraction (XRD) to characterize the crys-
talline mineral phases in the samples. The mineralogy of the
bulk samples was determined on non-oriented powder finely
ground in a mortar (CuKα, Bruker Advance D8 diffractome-
ter, detection limit 5 % by weight) in the sample closest to
the surface and in the deepest sample for the four modalities
(n= 8).

2.4 Bulk Mineral Element Concentrations (Fe, Al, Mn,
Ca, K)

We measured the total concentrations of Fe, Al, Mn, Ca and
K in all samples (n= 33) using a portable X-ray fluorescence
(XRF) device (Niton XL3t GOLDD+ pXRF; ThermoFisher
Scientific, Waltham, the United States). Measurements were
carried out in laboratory conditions (ex-situ) on air-dried
samples to prevent the introduction of additional variabil-
ity (e.g. water content, sample heterogeneity). Briefly, the
samples were placed on a circular plastic cap (2.5 cm in di-
ameter), its base covered with a thin transparent film (pro-
lene 4 µm). To ensure that detected intensities were not un-
derestimated, the minimum sample thickness in the cap was
set at 2 cm (Ravansari et al., 2020), and the total analysis time
was set at 90 s to standardize each measurement. Concen-
trations measured by pXRF were calibrated using a method
following Monhonval et al. (2021a). Linear regressions were
used to correct pXRF concentrations for trueness on all sam-
ples (n= 33). These regressions were obtained from element
concentrations measured by pXRF and by inductively cou-
pled plasma optical emission spectrometry (ICP-OES) after
alkaline fusion on samples from different permafrost envi-
ronments (n= 172), including 8 samples from the present
study. Those 8 samples were the top and bottom samples
for each modality (ALD-D, ALD-UD, RTS-D, RTS-UD).
The regressions had good coefficients of determination (ro-
bust R2

≥ 0.9 for Fe, Ca, K; robust R2
≥ 0.8 for Mn; robust

R2
≥ 0.6 for Al; Fig. A1). In the following, the total element

concentration measured by XRF and corrected for trueness
will be referred to as Fet, Alt, Mnt, Cat, Kt.
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Figure 3. Study site and sampling location. (a) Location of the Melville Island; (b) Location of the Cape Bounty Arctic Watershed Observa-
tory (CBAWO), on the south-central coast of the Melville Island; (c, d) Locations of the sampled profiles. RTS= retrogressive thaw slump;
ALD= active layer detachment; D= disturbed; UD= undisturbed; (e, f) Photographs and profile locations of the disturbed sites at the time
of sampling for the RTS-D (e) and the ALD-D (f). Profile locations on panels (e) and (f) are represented by colored vertical rectangles.
Map created in ArcMap® 10.8. Basemap source: World Imagery (Esri et al., 2024). Photos from panels (e, f): Melissa J. Lafrenière and
Joanne K. Heslop.
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2.5 Water extractions

The water-soluble concentration in Ca and K were deter-
mined by water extraction on all samples (n= 33). This mea-
surement is used to assess to what extent a soil or sedi-
ment has undergone leaching of water-extractable soluble el-
ements. The water extraction protocol follows that in Thomas
et al. (2023), consisting of placing 2 g of soil in 20 mL of
ultrapure water (resistivity range= 10–18 M�cm) for 2 h at
room temperature and targets the elements released in the
soluble phase (Ca, K). The element concentrations are mea-
sured in solution after filtration at 0.2 µm by ICP-OES. We
also measured the pH (pH Electrode Inlab micro) and con-
ductivity (probe Inlab 715-4 mm) on the water extract (Met-
tler Toledo SevenCompact DuoS213). In the following, ele-
ments extracted with ultrapure water will be referred to as the
symbol of the corresponding element followed by a subscript
letter “w” (Caw, Kw).

2.6 Total organic carbon concentrations

The total organic carbon (TOC) content was determined on
finely ground sediments by substracting the total inorganic
carbon from the total carbon on all samples (n= 33) and
is reported as the mass of OC as a percentage of the to-
tal mass of dry soil (weight percent; %wt). The total carbon
was measured after dry combustion via a Vario El Cube Ele-
mental Analyser in accordance with the NF ISO 10694 stan-
dard (LOD= 0.1 %wt). The measurement of total inorganic
carbon was carried out by measuring the release of carbon
dioxide (CO2) following acid attack of 1 g of dry soil with
hydrochloric acid, following the XP CEN/TS 16375 stan-
dard. Briefly, the CO2 released generates a pressure related
to the inorganic carbon content and the relationship is es-
tablished from a series of standards of 10, 20, 50, 100 and
200 mg CaCO3 (see also Baize, 2018). For the samples ana-
lyzed (n= 33), inorganic carbon averaged 0.04± 0.02 %wt.
Inorganic carbon concentration is therefore not significant.

2.7 Selective extractions (Fe, Al, Mn, Ca, organic
carbon)

Two approaches of selective extraction from soil were used
as indicators of complexed and poorly crystalline oxide
phases (Rennert, 2019). Extraction of Fe, Al, Mn and Ca
by sodium pyrophosphate targets organometallic complexes
(Bascomb, 1968; Parfitt and Childs, 1988). We recognize a
possible contribution from oxide nanoparticles in addition
to organically bound metals (Courchesne and Turmel, 2008;
Jeanroy and Guillet, 1981; Kaiser and Guggenberger, 2007),
but limited by centrifugation as well as filtration of the ex-
tract. Extraction of Fe, Al and Mn by ammonium oxalate in
the dark targets poorly crystalline oxides and organometallic
complexes (Blakemore et al., 1981). The pool of mineral el-
ements that form organometallic complexes or associations
with OC is sometimes referred to as “reactive”. This reactive

pool combines all poorly crystalline, amorphous and com-
plexed forms of Fe, Mn, Al (and Ca), and corresponds here
to extraction with ammonium oxalate (Fig. 2b). The selective
extractions were carried out on all samples (n= 33). Concen-
trations in Fe, Al, Mn and Ca were measured in solution by
ICP-OES after each extraction. In the following, elements
extracted by the pyrophosphate and oxalate methods will be
referred to as the symbol of the corresponding element fol-
lowed by a subscript letter indicating the type of extraction,
i.e. “p” for pyrophosphate extraction (Fep, Alp, Mnp, Cap)
and “o” for oxalate extraction (Feo, Alo, Mno). The concen-
tration of poorly crystalline oxides is calculated as the differ-
ence between the concentration in the oxalate extract and the
pyrophosphate extract (Feo−Fep; Alo−Alp; Mno−Mnp).

The pool of OC selectively extracted with sodium py-
rophosphate (Bascomb, 1968; Jeanroy and Guillet, 1981;
Parfitt and Childs, 1988) was measured on the same solutions
as those used for the selective extraction of metals (n= 33).
Briefly, we measured dissolved OC released after dispersion
by pyrophosphate using a Shimadzu TOC-L analyzer (mea-
suring non-purgeable OC; LOD= 50 µgL−1). In the follow-
ing, this carbon extracted by pyrophosphate will be referred
to as Cp.

For oxalate extracted carbon, direct measurement is im-
practical as ammonium oxalate ((NH4)2C2O4) and oxalic
acid (H2C2O4) are organic reagents. As a proxy, we mea-
sured the absorbance at 430 nm in the oxalate extract (via a
Genesys 10 S VIS spectrophotometer, with the extractant so-
lution as a blank) to evaluate the organic acid concentration.
The optical density of the oxalate extract (ODOE) is mainly
influenced by the extracted fulvic acids present in the oxalate
extract (Daly, 1982).

The selective extractions presented here target organic car-
bon in the form of small fragments of biopolymers stabilized
by chemical bonds. Some larger fragments of biopolymers –
also stabilized by chemical bonds – will not be completely
dissolved by selective extractions and will therefore not be
included in this pool. These must therefore be quantified us-
ing density fractionation (see Sect. 2.8).

2.8 Soil aggregate and density fractionation

The samples followed a two-stage fractionation protocol,
based on aggregate size and density (Fig. 4) adapted from
and extensively described in Burgeon et al. (2021). This pro-
tocol was applied to the sample closest to the surface and to
the deepest sample for the four modalities (n= 8) to sepa-
rate free particulate organic matter from mineral-associated
organic matter, representing organic matter occluded in ag-
gregates and sharing chemical bonds with minerals. In the
first stage, we performed a series of wet sieving (in a bath
of 2 cm of distilled water over the mesh, we rotated and
tilted the sieve for 50 rotations during 2 min) to separate the
soil into 3 aggregate size classes: the coarse sand size frac-
tion (2000–250 µm), the fine sand size fraction (250–50 µm)
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Figure 4. Two-stage aggregate and density fractionation protocol (adapted from Burgeon et al., 2021).

and the silt and clay size (S&C) fraction (< 50 µm). Par-
ticles larger than 2 mm were eliminated. The second stage
used sodium polytungstate (SPT – 1.85 gcm−3) to differen-
tiate light fractions non occluded in aggregates considered as
particulate organic matter (< 1.85 gcm−3) from heavy frac-
tions (> 1.85 gcm−3): aggregate of coarse sand size, aggre-
gate of fine sand size and heavy fractions of free silt and clay
size, aggregated or not. Briefly, we submerged 5 g of 60 °C
oven dried fractions obtained from the first stage in 50 mL of
SPT. These were then gently shaken head over head 10 times
to soak the sample and remove air bubbles and placed in a
vacuum chamber (140 kPa) for 10 min then left to rest under
atmospheric pressure for 20 min. All samples were then cen-
trifuged at 4700 g for 10 min and the supernatant, considered
as the light fraction, was collected on glass fiber filters (per-
formed thrice). The light fraction was thoroughly rinsed with
distilled water and dried at 60 °C. The pellet was shaken into
suspension using distilled water, then centrifuged. The dis-
tilled water was discarded in order to remove the SPT. This
step was performed multiple times to recover heavy fraction
dominated by mineral associated organic matter. On each
fraction, the total carbon was measured by dry combustion
via a Vario El Cube Elemental Analyser (LOD= 0.1 %wt).
This carbon content is reported as the mass of OC as a per-
centage of the total mass of the corresponding fraction (% wt,
fraction).

2.9 Statistical analyses

We performed computations for statistical analysis using
R software version R.4.5.1 (R Core Team, 2025). Robust
mixed-effect models presented in this study were fitted us-
ing the rlmer function from the robustlmm package v3.3-3
(Koller, 2016). The variable “profile” (RTS-D, RTS-UD,
ALD-D, ALD-UD) has been included as a random factor,
with random intercept and slope. We report the marginal R2

(R2
m), representing the population-level trend (variance ex-

plained by fixed effects) in the main text. The condi-
tional R2 (R2

c ), which includes both fixed and random ef-
fects and reflects total model performance, is additionally
shown on the plots for reference. When numerical statis-
tics are presented in the text for dataset descriptions, the
mean± standard deviation of the distribution is presented.

For comparing two datasets, we performed nonparametric
statistical Wilcoxon test.

3 Results

3.1 Mineralogy, bulk mineral element concentrations
and water extractions

The diffractograms of the samples characterized indicate the
presence in all samples of primary silicate minerals (quartz,
feldspars and micas) and secondary silicate minerals (kaoli-
nite, illite, vermiculite, chlorite) (Figs. C1–C4) with similar
diffractogram patterns in all samples.

Total concentrations in major elements (Ca, K, Fe, Al,
Mn) do not vary significantly between the RTS and the
ALD for the disturbed and undisturbed modalities (Fig. B1).
Total iron concentration is 36± 4 gkg−1, total aluminum
concentration is 71± 11 gkg−1 and total manganese con-
centration is 0.53± 0.09 gkg−1. The concentrations are ho-
mogeneous along the depths. However, total calcium (Cat;
2.3± 0.4 gkg−1) and potassium (Kt; 15± 2 gkg−1) concen-
trations increase slightly with depth for the sediments ex-
posed by the retrogressive thaw slump (RTS-D) compared
to the undisturbed (RTS-UD) location (Fig. B1d and e).

The proportion of highly soluble water extractable Ca and
K shows a clear increase with depth for sediments exposed
by the retrogressive thaw slump (RTS-D; Caw/Cat; Kw/Kt;
Fig. 5a and b), likewise for electrical conductivity of the so-
lution (Fig. 5c) and pH (Fig. 5d). In contrast, there is no trend
with depth for active layer detachment samples (Fig. 5e–h).

3.2 Selective extractions of metals

Four cations were initially examined for the formation
of organo–metallic complexes, i.e., extracted by pyrophos-
phate: iron, aluminum, manganese and calcium. Calcium ex-
tracted by pyrophosphate (Cap) was not further investigated,
as it showed no correlation with pyrophosphate-extracted
carbon (robust R2

m= 0.01). We acknowledge that analyti-
cally, calcium extracted with pyrophosphate or other ex-
tractants reflects both calcium bound to OC and calcium
released by dissolution of highly soluble mineral phases,
and the pool of organically bound calcium cannot be iso-
lated. Yet, calcium can sometimes play an important role
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Figure 5. Results of water extraction measurements for (a, e) the ratio between water extracted (w) and total (t) concentrations in calcium
(Caw/Cat), (b, f) the ratio between water extracted (w) and total (t) concentrations in potassium (Kw/Kt), (c, g) electrical conductivity and
(d, h) pH. RTS= retrogressive thaw slump; ALD= active layer detachment; D= disturbed; UD= undisturbed.

Figure 6. Evolution with depth of the metals forming organo–metallic complexes in (a) sediments exposed by the retrogressive thaw slump
(RTS-D); (b) the corresponding undisturbed profile (RTS-UD); (c) sediments exposed by the active layer detachment (ALD-D); (d) the
corresponding undisturbed profile (ALD-UD).

in OC stabilization (e.g., Rowley et al., 2018), by forming
cationic cation bridges or beyond, by associating with spe-
cific soil OC decomposition products (Rowley et al., 2025
and references therein). Among the three other metals in-
volved in complexation, aluminum is dominant (Alp/(Fep+

Alp+Mnp)= 55± 6 % when concentrations are expressed
on a molar basis: mmolkg−1), followed by iron (Fep/(Fep+

Alp+Mnp)= 40± 7 %) and manganese (Mnp/(Fep+Alp+
Mnp)= 5± 3 %). We observe a distinct decrease in the con-
centration of metals forming complexes in the deepest sam-
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Figure 7. Evolution with depth of pyrophosphate-extracted carbon (Cp) and maximum proportion of organic carbon (OC) bound to poorly
crystalline Fe oxides (Camorph) in (a) sediments exposed by the retrogressive thaw slump (RTS-D); (b) the corresponding undisturbed profile
(RTS-UD); (c) sediments exposed by the active layer detachment (ALD-D); (d) the corresponding undisturbed profile (ALD-UD). The
values of OC bound to crystalline Fe oxides correspond to a calculation with a maximum sorption capacity of 0.22 gOC g−1

Fe as ferrihydrite
(Feo−Fep). %wt=mass of OC as a percentage of the total mass of dry soil, i.e., weight percent.

ples of the profile exposed by the thaw slump (RTS-D;
Fig. 6a), while the concentration of all metal complexes are
homogeneous along the depth for the three other profiles
(RTS-UD; ALD-D; ALD-UD; Fig. 6b–d). Aluminum, be-
sides being the dominant metal in terms of molar concen-
tration, is also the metal that best explains the distribution
of complexed OC (mixed-effect model between Alp and Cp;
robust R2

m= 0.89; Fig. D1b), followed by iron (Fep; robust
R2

m= 0.58; Fig. D1a) and manganese (Mnp; robust R2
m∼ 0;

Fig. D1c). The proportions of these metals in complex form
in relation to total concentrations are low, with 0.3± 0.2 %
for aluminum (Alp/Alt), 0.9± 0.6 % for iron (Fep/Fet) and
6± 4 % for manganese (Mnp/Mnt).

For oxalate extraction, the proportion extracted relative
to total concentration is 5 to 20 times higher than for py-
rophosphate (Figs. D2–D4), with 1.4± 0.2 % for aluminum
(Alo/Alt), 10± 2 % for iron (Feo/Fet) and 63± 14 % for
manganese (Mno/Mnt). As for the proportion of poorly crys-
talline oxides, it stands at 1.1± 0.2 % for aluminum (Alo−
Alp)/Alt), 9± 2 % for iron (Feo−Fep)/Fet) and 56± 14 %
for manganese (Mno−Mnp)/Mnt). Concentrations and pro-
portion of poorly crystalline oxides are homogeneous along
depth, except in the headwall exposed by the retrogres-
sive thaw slump (RTS-D), where there is a clear increase
with depth in the proportion of poorly crystalline iron ox-

ides (Fig. D2a) and poorly crystalline aluminum oxides
(Fig. D3a), relative to the total.

3.3 Total and selectively extracted organic carbon

Total organic carbon concentrations are low along the pro-
files, i.e., at 1.1± 0.2 %wt. For the profile exposed by
the thaw slump (RTS-D), we see an increase to 2 %wt at
20 cm depth, before dropping to 0.9 %wt for the deepest sam-
ples (Fig. 7a). The concentration of carbon forming com-
plexes with metals is 0.14± 0.07 %wt on average (Cp; Fig. 7).
Relative to the TOC concentration, this means that 13± 5 %
of TOC is in the form of complexes with metals (Cp/TOC;
Fig. D6), and trends along the depth follow those of metal
complexes (see Fig. 6).

Assuming a maximal sorption capacity of 0.22 gOC g−1
Fe

as ferrihydrite (Wagai and Mayer, 2007), we can calcu-
late a concentration of up to 0.08± 0.02 %wt of OC bound
to poorly crystalline iron oxides (Feo−Fep; Fig. 7). We
acknowledge that the samples could potentially also con-
tain Al-bearing amorphous silica (e.g., allophanes, imogo-
lite; Rennert, 2019) extracted with oxalate, yet these can-
not be quantified and singled out with confidence. Besides,
the concentration in Al-bearing amorphous silica or oxides
(Alo−Alp) is on average 4 times lower than those con-
taining iron (Feo−Fep; Fig. D5), as are concentrations in
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poorly crystalline manganese oxides (Mno−Mnp; 12 times
lower; Fig. D5). These Al- or Mn-bearing amorphous silica
and poorly crystalline oxides have therefore not been con-
sidered for associations with OC. In the following, the cal-
culation of OC bound to poorly crystalline iron oxides will
be referred to as Camorph and refer to a maximal sorption
capacity of OC to poorly crystalline iron oxides only. Rel-
ative to TOC, this means that up to 6± 2 % of the TOC
is bound to poorly crystalline iron oxides in these profiles
(Fig. D6). We estimate accordingly that the combination of
the mechanisms of complexation and adsorption to poorly
crystalline iron oxides results in 20± 4 % of the TOC pool
being chemically bound with mineral surfaces or metallic
cations (Cp+Camorph)/TOC).

The optical density of the oxalate extract (ODOE) av-
erages 0.039± 0.012. This value correlates well with the
concentration of OC forming complexes with metals (lin-
ear regression between ODOE and Cp; robust R2

m= 0.84;
Fig. D7a) and TOC (robust R2

m= 0.59; Fig. D7e), but shows
poor to no correlation with oxalate extracted metals (robust
R2

m= 0.05 with Feo; Fig. D7b; robust R2
m= 0.23 with Alo;

Fig. D7c and robust R2
m= 0.28 with Mno; Fig. D7d) or with

the proportions in poorly crystalline oxides (Fig. D7f–h). On
the other hand, ODOE correlates very well with the sum
Cp+Camorph (robust R2

m= 0.92), supporting our approach to
calculate Camorph.

Sediments exposed by the retrogressive thaw slump (RTS-
D) exhibit a significant decrease in OC forming complexes
with metals (Cp) along depth (Wilcoxon tests comparing
the 5 surface samples with the 4 deepest samples; p-
value < 0.05; see also Fig. 7a). In contrast, no clear trend
is observed for the other three modalities (p-value > 0.3
for RTS-UD, ALD-D and ALD-UD; Fig. 7b–d). The OC
associated with poorly crystalline Fe oxides (Camorph) in
RTS-D sediments shows an opposite pattern, with concen-
trations increasing slightly with depth (p-value= 0.2), al-
though Camorph concentrations are, on average, half of those
for Cp (Fig. 7). When both mechanisms (Cp and Camorph)
are combined, there is still a significant decrease in overall
stabilized OC concentration with depth in RTS-D sediments
(p-value < 0.05; Fig. 7a).

3.4 Particulate and mineral associated organic matter
pools

The mass fractions of 2000–250, 250–50 and < 50 µm ag-
gregates are 15± 4 %, 37± 9 % and 48± 10 %, respec-
tively, with no trend with depth or between RTS and
ALD. The particulate organic matter resulting from den-
sity fractionation represents 1.1± 0.2 % on average of the
total soil mass. It is divided into 0.24± 0.06 % for 2000–
250 µm size, 0.4± 0.1 % for 250–50 µm size and 0.5± 0.1 %
for < 50 µm size. The mineral-associated fraction, which
represents 98.3± 0.2 % of the total mass, is divided into
15± 4 % for 2000–250 µm, 36± 8 % for 250–50 µm size

and 47± 10 % for < 50 µm (Table E1). The OC concentra-
tion is much higher for the particulate organic matter frac-
tions (33± 10 %wt,fraction) than for the mineral associated
organic matter fractions (0.7± 0.3 %wt,fraction; Table E1).
When we recalculate these OC contents taking into account
the mass proportion of each fraction in the soil, we ob-
tain that the free particulate organic matter fraction rep-
resents a content of 0.4± 0.1 %wt on average (Table E1;
Fig. 8); divided in 0.06± 0.03 %wt, 0.12± 0.03 %wt and
0.20± 0,07 %wt for 2000–250, 250–50 and < 50 µm sizes,
respectively (Fig. E1). The mineral associated organic mat-
ter fraction represents a content of 0.7± 0.1 %wt (Table E1;
Fig. 8), divided in 0.08± 0.04 %wt, 0.20± 0.09 %wt and
0.4± 0.1 %wt for 2000–250, 250–50 and < 50 µm sizes, re-
spectively (Fig. E1). The free particulate organic matter rep-
resents on average 36± 10 % of the bulk soil TOC content,
and the mineral-associated organic matter fraction represents
64± 10 % of TOC. For sediment exposed by the RTS, the
content of mineral-associated OC decreases with depth, i.e.,
from 0.84 %wt mineral associated organic C for the shallow-
est sample to 0.41 %wt at depth (Fig. 8a), as it is the case for
the chemical extractions (Figs. 8a and 7a).

4 Discussion

4.1 The proportion of organic carbon stabilized by
chemical interactions is in the low range at Cape
Bounty relative to other Arctic environments

Our estimate is that 20± 4 % of the TOC (Cp+

Camorph)/TOC) in the soil and sediments from Cape Bounty
is chemically bound with mineral surfaces or metallic
cations, which is in the low range of values reported else-
where. Indeed, it compares with 43± 20 % from other stud-
ies on hillslope thermokarst or Yedoma sediments in Siberia
and Canada (Monhonval et al., 2021a, 2022; Thomas et al.,
2023, 2024), all of which report fairly low TOC content,
i.e. on average 1.6± 1.5 %wt, which is in the same range
as the samples from this study (1.1± 0.2 %wt; Sect. 3.3).
This confirms that – for sites with comparable TOC con-
tents – the level of stabilization through chemical interac-
tions appears to be about half as high at Cape Bounty in
comparison to other studies in the Arctic. This could be par-
tially explained by the particular location of Cape Bounty,
which is at the highest latitude (74°55′ N) compared to the
study sites referenced here above (66°45′–67°34′ N). In ad-
dition, Cape Bounty landscapes consists of Holocene syn-
genetic permafrost developed in marine sediments (England
et al., 2009; Hodgson et al., 1984; Lajeunesse and Hanson,
2008; Paquette et al., 2023) compared to the Pleistocene
age of sites referenced above. This means that Cape Bounty
is roughly 800–900 km farther north than the comparative
sites, with a polar desert climate (mean annual air tempera-
ture: −14.8± 1.3 °C and low precipitations: < 150mmyr−1;
Beel et al., 2018; Lamoureux and Lafrenière, 2018). Such
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Figure 8. Comparative results of organic carbon (OC) stabilized through organo–mineral interactions with the selective chemical extraction
protocol and the size and density fractionation protocol for the shallowest and deepest samples in (a) sediments exposed by the retrogressive
thaw slump (RTS-D); (b) the corresponding undisturbed profile (RTS-UD); (c) sediments exposed by the active layer detachment (ALD-D);
(d) the corresponding undisturbed profile (ALD-UD). POC= particulate organic carbon.

past permafrost history and climatic conditions (i.e., negative
temperature and low precipitation) allow only limited pedo-
logical development and constitute no favorable conditions
for forming mineral–OC bounds. This could partially ex-
plain why the level of OC chemical stabilization is generally
low at Cape Bounty. Similar low proportions have also been
reported in sediments from the Eurasian Arctic shelf, with
mineral-interacting proportion of TOC of 0.5 %–22 % (Sal-
vadó et al., 2015; TOC content= 1.4± 0.4 %wt) with sam-
ples collected between 70 and 80° N. García-Palacios et al.
(2024) have shown conversely that higher concentrations of
mineral-associated OC are found at lower temperatures, ar-
guing a role of temperature limitation for persistence of the
mineral-protected fraction of OC. This suggests that, once
the mineral–OC interactions have been formed, cold can help
to maintain them over time.

Permafrost peatland environments also show fairly low
levels of mineral-interacting proportion of TOC, namely in
20± 10 % in lowland thermokarst degradations in Eight Mile
Lake, Alaska (Monhonval et al., 2023) and 10 %–15 % in
a palsa mire in Sweden (Patzner et al., 2020). In peatland
ecosystems, however, the concentration of TOC is much
higher, (e.g. 21± 19 %wt from Monhonval et al., 2023) and it
can be assumed that the surfaces and metallic cations avail-
able for mineral–OC interactions are saturated and unable to
establish further bonds (Thomas et al., 2024).

The results of aggregate and density fractionation at Cape
Bounty, i.e., 64± 10 % of the TOC being both physically
and chemically stabilized, show on the other hand propor-
tions that are in the same range compared with the litera-
ture. By comparison, the same method applied to Siberian
permafrost sediments showed a stabilization 73± 17 % of
the TOC (Dutta et al., 2006; Gentsch et al., 2015; Martens
et al., 2023). These proportions are extremely variable across
the Arctic and show no latitudinal trend. Future work needs
to address a systematic analysis of past and present envi-
ronmental controls (e.g., soil and air temperature, precipita-
tion, soil moisture) and edaphic controls (e.g., lithology, pH,
pyrophosphate- and oxalate-extractable Fe and Al, silt and
clay content) of the concentration and proportion of mineral-
interacting OC. Total precipitation and effective soil mois-
ture appear promising since they have been shown to be sig-
nificant positive drivers of soil carbon accumulation in dry
tundra (Klaminder et al., 2009) and mineral-interacting OC
at the global scale (Kramer and Chadwick, 2018), as are silt
and clay content (e.g., Georgiou et al., 2022).

4.2 Organic carbon exposed by the retrogressive thaw
slump in deeper horizons is less protected by
organo–mineral interactions

The retrogressive thaw slump at Cape Bounty exposes sedi-
ments at depth whose OC is less protected by organo–mineral
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Figure 9. Conceptual model of materials exposed by hillslope thermokarst structures and mineral-organic carbon (OC) interactions in surface
and deep samples. (a) An active retrogressive thaw slump, whose headwall exposes fresh material every summer; (b) a “fresh” active layer
detachment, i.e. in the days/months following its formation; (c) an “old” active layer detachment, i.e. several years after its formation and
whose headwall has undergone freeze/thaw cycles for several years. The white dots on the outcrops (a) and (c) represent the sampling depths
of the top and bottom samples.

interactions (Figs. 7a and 8a). In particular, organometal-
lic complexation, an efficient mechanism for OC protection
(Kleber et al., 2015; Mikutta et al., 2006), are virtually non-
existent in deep sediments exposed by the RTS (RTS-D).
As it happens, deep sediments in the RTS-D are also those
that are rich in soluble mineral elements (Fig. 4a–c; see also
Lamhonwah et al., 2017) with higher pH (Fig. 4d). For the
other profiles studied (i.e., RTS-UD, ALD-D and ALD-UD),
however, there was no change with depth, either for stabi-
lized carbon (Fig. 7b–d) or for soluble elements, conduc-
tivity and pH (Fig. 4). Yet all four profiles have a simi-
lar mineralogy (Figs. C1–C4) supporting a similar lithology
of the parent material. We attribute the observed trends in
the RTS-D to the fact that it probably exposes sediments
that were previously perennially frozen at lower depths (as
they are rich in solutes) and result from a syngenetic per-
mafrost aggradation (French, 2007; Paquette et al., 2023),
thereby limiting pedological development and the potential
to form organo–mineral interactions. The retrogressive na-
ture of a thaw slump guarantees exposure to this type of fresh
sediment every summer until the slump is no longer active
(Fig. 9a).

This is in agreement with the conclusion drawn at the
Peel Plateau in Canada (Thomas et al., 2023) and in the
Batagay thaw slump in Siberia (Thomas et al., 2024), where

shallowest soils and sediments show significantly higher Cp
concentrations than deep sediments, for which pedological
development has been limited. Historical permafrost thaw
dynamics therefore appear to be a first-order factor dictat-
ing the concentration of stabilized OC in a given sediment
type. Data gathered in this study therefore confirm that thaw
slumps, which are likely to develop more intensively in the
future (Kokelj et al., 2015, 2021), will potentially further
expose masses of deep OC that is less well protected by
organo–mineral interactions. We can point out that this lim-
ited protection in deep horizons is driven by Cp and, at
Cape Bounty, is partially offset by a higher concentration
of Camorph (Sect. 3.3). As Camorph constitutes only a minor
fraction of the TOC pool however, its offsetting effect is neg-
ligible (Figs. 7a and 8a).

We would argue that materials exposed by the ALD are
sediments that have undergone multiple freeze-thaw cycles
since the ALD development in 2007 up to the sampling in
2018. Therefore, the exposed materials in the ALD headwall
have thawed for several summers in a row. In addition, in
2018, the active layer thickness at the time of the sampling
was lower (i.e.,∼ 0.6 m on average) due to low summer tem-
peratures (Beel et al., 2021) than average active layer thick-
ness (i.e., 0.75–1.0 m) from previous years (Lamoureux and
Lafrenière, 2018) (Fig. 9b and c).
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Using a mass balance approach, we can derive a first or-
der estimate of the OC stock exposed by the ALD and the
RTS per square meter of exposed horizontal surface area
and for the entire headwall. Assuming an excess ice con-
tent of 50 % for depths ≥ 60 cm (Lamhonwah et al., 2016)
and dry bulk densities of 1.53 gcm−3 for depths of 0–7 cm,
1.55 gcm−3 for depths of 7–26 cm, 1.67 gcm−3 for depths
of 26–46 cm, and 1.71 gcm−3 for depths greater than 46 cm
(Stanton, 2023), it appears that the RTS exposes a greater
stock of OC than the ALD (∼ 13.5 kgm−2 for RTS-D versus
∼ 9.8 kgm−2 for the ALD-D; Fig. D8). This besides supports
evidence that the proportion of OC stabilized in sediments
exposed by the RTS is lower than that of the ALD (∼ 17.2 %
for the RTS-D versus ∼ 18.4 % for the ALD-D; Fig. D8). It
is worth pointing out that OC stocks exposed at Cape Bounty
are quite low compared to OC stocks exported by thaw
slumps such as at the Peel Plateau (∼ 150 to ∼ 400 kgm−2;
Thomas et al., 2023) or Batagay (∼ 460 kgm−2; Thomas
et al., 2024), which is mainly due to the shallow headwall
heights in Cape Bounty.

4.3 Physical and chemical mechanisms of
mineral-organic carbon interactions at Cape Bounty:
implications for the organic carbon stability

Measurements of the proportion of OC stabilized through
mineral–OC interactions greatly differ between the selec-
tive extractions protocol (20± 4 %; Fig. 7) and the aggre-
gate and density fractionation protocol (64± 10 %; Table E1;
Fig. 8). One could therefore argue that chemical extractions
(pyrophosphate and oxalate) greatly underestimate the pro-
portion of OC that is stabilized in the sediments at the Cape
Bounty. Yet, these two protocols do not target the same pools
of OC. Chemical extractions target (i) organometallic com-
plexes via pyrophosphate and (ii) organometallic complexes
and OC bound through adsorption onto mineral surfaces such
as poorly crystalline iron oxides via oxalate (Fig. 2). These
two chemical extractions only include small fragments of
biopolymers, which are fully dissolved during extraction.
Large fragments of biopolymers can also be stabilized by
complexation or adsorption, but will not be soluble and there-
fore not measured in the oxalate or pyrophosphate extract,
due to centrifugation. Density fractionation, on the other
hand, targets both (i) the same pool as chemical extractions,
but also (ii) the OC occluded within the aggregates of vari-
ous sizes as well as all organic molecules sharing chemical
bounds with minerals (even the large fragments of biopoly-
mers that are not completely dissolved by the extractants).
The different pools of OC at Cape Bounty and the associated
stabilization mechanisms can be summarized as follows:

i. up to 6± 2 % of the TOC is stabilized through adsorp-
tion of organic molecules onto poorly crystalline iron
oxides (Camorph; Fig. 10). This is calculated based on a
maximum sorption capacity of 0.22 gOC g−1

Fe as ferrihy-

drite (Wagai and Mayer, 2007; Feo−Fep) and therefore
reflects the difference between oxalate and pyrophos-
phate extractions (Fig. 2b). The mechanism involves the
attachment – by ligand exchange – of organic molecules
to metal atoms (Al, Fe) structurally present in the min-
erals (Fig. 2a). The chemical links are coordinate cova-
lent bonds, which provide the longest residence times in
soils (Cui et al., 2014; von Lützow et al., 2006; Mikutta
et al., 2006), i.e., more than 100 years, or even millen-
nia (Kleber et al., 2015) under stable physico-chemical
conditions (pH, redox), as poorly-crystalline surfaces
are among the most effective sorbents for dissolved OC
(e.g., Kaiser et al., 1997).

ii. 13± 5 % of the TOC is stabilized in the form of com-
plexes (Cp; Fig. 10), and represents the pool extracted
with pyrophosphate (Fig. 2b). This mechanism involves
the formation of cation bridges between organic matter
and negatively-charged mineral surfaces (such as smec-
tites) via electrostatic interactions; or the formation of
cation bridges between molecules of organic matter of
various sizes via electrostatic interactions or coordinate
covalent bond (Fig. 2a). The mechanism of interaction
with polymeric metal species is also one of the most
important for preservation of OC (Cui et al., 2014; Kle-
ber et al., 2015; von Lützow et al., 2006; Mikutta et al.,
2006) and provides residence time in soils up to hun-
dreds of years (Kleber et al., 2015; von Lützow et al.,
2006) under stable pH and redox conditions.

iii. 45± 8 % of the TOC is either occluded in aggregates,
or in the form of chemically stabilized large fragments
of biopolymers that are not completely dissolved by
the pyrophosphate and oxalate extractants (Figs. 10
and 2b). The distinction between the two cannot be
made here. This is calculated as the difference be-
tween the mineral-interacting OC obtained by the pro-
tocol of soil aggregate and density fractionation and the
mineral-interacting OC obtained via chemical extrac-
tions (Cp+Camorph). It should be pointed out that the
portion of OC occluded in aggregates is stabilized by
being not easily accessible to microorganisms, but there
are no chemical links between organic molecules and
mineral surfaces or metallic cations (Fig. 2a). This pool
is therefore stabilized, but to a lesser extent than in the
chemically-extracted pools. Specifically, the physically
occluded pool appears to be highly sensitive to physi-
cal disturbance in cultivated soils (Bischoff et al., 2017;
Cui et al., 2014; von Lützow et al., 2006) and of rel-
atively low importance in Pleistocene permafrost sam-
ples (Martens et al., 2023), although the number of rel-
evant studies in permafrost environments is limited and
further research is essential.

iv. 36± 10 % of the TOC is a pool of free particulate OC,
not being stabilized through interactions with minerals
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Figure 10. Individual organic carbon (OC) pools at Cape Bounty. Average concentrations and standard deviations (SD) of the physically and
chemically extracted OC pools on all samples (n= 8) compared to the deepest sediments exposed by the retrogressive thaw slump (RTS-D).
The color-coding of the OC targeted pools matches those of the selective extractions shown in Fig. 2.

but could be recalcitrant to microbial decomposition,
therefore being persistent, depending on intrinsic prop-
erties of organic molecules, diversity of microbial com-
munities and functional traits, stoichiometry constrains
and abiotic factors (Derrien et al., 2023; Figs. 10 and 2).

Chemical stabilization mechanisms targeting small frag-
ments of biopolymers therefore account for a relatively small
proportion of the TOC (20± 4 %) but likely support resi-
dence times spanning hundreds to thousands of years with no
drastic environmental changes (e.g., pH, redox, organic mat-
ter inputs, etc.). This proportion may be underestimated, as it
does not take into account associations with calcium (Row-
ley et al., 2025). In contrast, stabilization of larger molecules
via chemical bonds or physical protection within aggregates
involve a comparatively larger fraction (45± 8 %) of TOC,
though the residence times of aggregates could be expected
to be much shorter, typically on the scale of decades.

The average figures presented above do not reflect the sig-
nature of the deep horizon exposed by the thaw slump (RTS-
D). For this horizon, the OC bound to poorly crystalline ox-
ides contributes twice as much as the average (12 % of TOC;
Fig. 10), but this is offset by the virtual absence of OC form-
ing complexes with metals (1 % of TOC; Fig. 10) and by
the low contribution of OC occluded in aggregates or in sta-
ble large fragments of biopolymers (32 % of TOC; Fig. 10).
Consequently, more than half of the TOC is in the form of
free particulate organic carbon in this horizon, meaning that
the thaw slump exposes potentially more labile OC (Fig. 10).
We attribute this to the limited pedological development in
this horizon (Sect. 4.2), yet the actual fate of this OC af-
ter material export from the thaw slump headwall remains
uncertain. Thomas et al. (2023) showed that the pools of
Cp+Camorph were well preserved in materials exported by
thaw slumps in the Peel Plateau in Canada. This supports
that, although limited, this mineral-interacting OC can be ex-
pected to be well protected over the long term if the physico-
chemical conditions do not change. It should be noted, how-

ever, that pH or redox changes – e.g. caused by water satura-
tion – would be likely to cause a release of mineral-bound OC
(Monhonval et al., 2023; Patzner et al., 2020). Yet, hillslope
thermokarst landforms are generally located on well-drained
terrains leading to redox conditions considered, arguably, as
oxic and relatively stable (Abbott and Jones, 2015). Since
thaw slumps expose deep poorly weathered material at depth,
a substantial decrease in pH, which would induce dissolution
of Al-OC bonds, is unlikely at Cape Bounty, where pH lev-
els are close to neutral (Fig. 5d and h). The fate of the sedi-
ments carried downstream from the headwall and into the de-
bris tongues remains yet unclear, and further research needs
to evaluate mineral–OC interactions along the sediment cas-
cade of materials exported by thaw slumps.

5 Conclusion

Our study leads to the following conclusions:

– At the Cape Bounty, chemical stabilization mechanisms
targeting small fragments of biopolymers account for
13± 5 % of total organic carbon in the form of com-
plexes and up to 6± 2 % associated with poorly crys-
talline iron oxides. These results are in the low range
compared to other studies conducted on organo–mineral
interactions in the Arctic, possibly attributable to tem-
perature and humidity conditions at the Cape Bounty
that are not favorable to the formation of organo–
mineral interactions at this latitude.

– Deep organic carbon exposed by the retrogressive thaw
slump is significantly less stabilized by organo–mineral
interactions. The retrogressive thaw slumps are there-
fore expected to expose sediments in which organic car-
bon is more prone to decomposition.

– Only about one-fifth of the total organic carbon
(20± 4 %) is in the form of small fragments of biopoly-
mers stabilized through strong associations with miner-
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als, yet this fraction likely persists the longest in soils.
Physical protection, which traps carbon within aggre-
gates or large, chemically stable molecules, accounts for
a larger portion (45± 8 %) and spans a wider variety of
carbon forms.

While the data presented in this study have been put into
perspective with the available literature, the conclusions are
limited to four distinct profiles. Such studies on headwalls
and materials exported by thaw slumps or active layer de-
tachments should receive more attention from the scientific
community, and should include structures of various sizes
and morphologies, at different latitudes and with contrasting
development dynamics.

Appendix A: Bulk elements concentrations
assessment

Figure A1. Total concentrations in Fe (a), Al (b), Mn (c), Ca (d) and K (e) measured by inductively coupled plasma optical-emission
spectrometry (ICP-OES) as a function of those measured by the portable X-ray fluorescence (pXRF). Cross-arctic measurements include
data from the yedoma domain (Monhonval et al., 2021b) and include samples from Khardang Island (n= 1), Kurungnakh Island (n= 2),
Sobo sise Island (n= 58), Bykovsky peninsula (n= 2), Buor Khaya peninsula (n= 44), Stolbovoy Island (n= 1), Bol’shoy lyakhovsky
Island (n= 3), Oyogos Yar coast (n= 1), Kytalyk (n= 4), Duvanny Yar (n= 5), Yukechi (n= 2), Kitluk (n= 2), Baldwin peninsula (n= 1),
Colville (n= 8) and Itkillik (n= 10). Other samples originate from Zackenberg (n= 4) (Opfergelt et al., 2018), Peel Plateau (n= 3) (Thomas
et al., 2023), Batagay (n= 14) (Thomas et al., 2024) and from Cape Bounty (n= 8; this study). 95 % prediction intervals are presented in
grey.
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Appendix B: Total concentrations

Figure B1. Total concentrations in Fe, Al, Mn, Ca, and K as a function of depth for (a–e) the retrogressive thaw slump (RTS; top row, filled
symbols) and (f–j) the active layer detachment (ALD; bottom row, outline symbols). The modalities “disturbed” (D) are drawn in red and
the modalities “undisturbed” (UD) are drawn in blue.
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Appendix C: Bulk mineralogy

Figure C1. Diffractograms for Cape Bounty thaw slump in the disturbed profile (RTS-D).
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Figure C2. Diffractograms for Cape Bounty thaw slump in the undisturbed profile (RTS-UD).
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Figure C3. Diffractograms for Cape Bounty active layer detachment in the disturbed profile (ALD-D).
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Figure C4. Diffractograms for Cape Bounty active layer detachment in the undisturbed profile (ALD-UD).
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Appendix D: Selective extractions

Figure D1. Robust linear regression plots between carbon extracted by pyrophosphate (Cp) and (a) Fe extracted by pyrophosphate (Fep);
(b) Al extracted by pyrophosphate (Alp); (c) Mn extracted by pyrophosphate (Mnp); (d) sum of metal complexes (Fep+Alp+Mnp).
RTS= retrogressive thaw slump; ALD= active layer detachment; D= disturbed; UD= undisturbed. Color code as in Fig. 5. The variable
“profile” (RTS-D, RTS-UD, ALD D, ALD UD) have been included as a random factor, with random intercept and slope. The marginal R2

(R2
m), represents the population-level trend (variance explained by fixed effects). The conditional R2 (R2

c ) have been included to account for
both fixed and random effects and reflects total model performance.

Figure D2. Evolution with depth of Fe in the form of organo–metallic complexes (Fep) and poorly crystalline oxides (Feo−Fep) for
(a) sediments exposed by the retrogressive thaw slump (RTS-D); (b) the corresponding undisturbed profile (RTS-UD); (c) sediments exposed
by the active layer detachment (ALD-D); (d) the corresponding undisturbed profile (ALD-UD).
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Figure D3. Evolution with depth of Al in the form of organo–metallic complexes (Alp) and poorly crystalline oxides (Alo−Alp) for
(a) sediments exposed by the retrogressive thaw slump (RTS-D); (b) the corresponding undisturbed profile (RTS-UD); (c) sediments exposed
by the active layer detachment (ALD-D); (d) the corresponding undisturbed profile (ALD-UD).

Figure D4. Evolution with depth of Mn in the form of organo–metallic complexes (Mnp) and poorly crystalline oxides (Mno−Mnp) for
(a) sediments exposed by the retrogressive thaw slump (RTS-D); (b) the corresponding undisturbed profile (RTS-UD); (c) sediments exposed
by the active layer detachment (ALD-D); (d) the corresponding undisturbed profile (ALD-UD).
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Figure D5. Evolution with depth of the metals forming poorly crystalline oxides in (a) sediments exposed by the retrogressive thaw slump
(RTS-D); (b) the corresponding undisturbed profile (RTS-UD); (c) sediments exposed by the active layer detachment (ALD-D); (d) the
corresponding undisturbed profile (ALD-UD).

Figure D6. Evolution with depth of the proportion of pyrophosphate-extracted carbon relative to the total (Cp/TOC) and maximum pro-
portion of organic carbon (OC) bound to poorly crystalline Fe oxides, relative to the total (Camorph/TOC) for (a, b) sediments exposed by
the retrogressive thaw slump (RTS-D) and the corresponding undisturbed profile (RTS-UD); (c, d) sediments exposed by the active layer
detachment (ALD-D) and the corresponding undisturbed profile (ALD-UD). The values of OC bound to crystalline Fe oxides correspond to
a calculation with a maximum sorption capacity of 0.22 gOC g−1

Fe as ferrihydrite (Feo−Fep). Color code as in Fig. 5.
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Figure D7. Robust linear regression plots between optical density of oxalate extract (ODOE) and (a) carbon extracted by pyrophosphate
(Cp); (b) Fe extracted by oxalate (Feo); (c) Al extracted by oxalate (Alo); (d) Mn extracted by oxalate (Mno); (e) total organic carbon (TOC);
(f) the concentration in poorly crystalline iron oxides (Feo−Fep); (g) the concentration in poorly crystalline aluminum oxides (Alo−Alp);
(h) the concentration in poorly crystalline manganese oxides (Mno−Mnp). RTS= retrogressive thaw slump; ALD= active layer detachment;
D= disturbed; UD= undisturbed. Color code as in Fig. 5. The variable “profile” (RTS-D, RTS-UD, ALD D, ALD UD) have been included
as a random factor, with random intercept and slope. The marginal R2 (R2 ?), represents the population-level trend (variance explained by
fixed effects). The conditional R2 (R2

c ) have been included to account for both fixed and random effects and reflects total model performance.
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Figure D8. Evolution with depth of the stock of pyrophosphate-extracted carbon (Cp) and maximum proportion of organic carbon (OC)
bound to poorly crystalline Fe oxides (Camorph) in (a) sediments exposed by the retrogressive thaw slump (RTS-D); (b) sediments exposed
by the active layer detachment (ALD-D); Stocks are estimated by assuming an excess ice content of 50 % for depths ≥ 60 cm (Lamhonwah
et al., 2016) and dry bulk densities of 1.53 gcm−3 for depths of 0–7 cm, 1.55 gcm−3 for depths of 7–26 cm, 1.67 gcm−3 for depths of
26–46 cm, and 1.71 gcm−3 for depths greater than 46 cm (Stanton, 2023). OC concentrations as in Fig. 7. The bars with the gray background
represent the integral over the entire depth.
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Appendix E: Soil aggregate and density fractionation

Table E1. Results of soil aggregate and density fractionation and carbon measurements on fractions.

RTS/ALD disturbed/ Depth mass proportion of each fraction < 2mm OC content in each fraction)
undisturbed (cm) (%) (%wt,fraction)

(D−UD) F2 F3 F4 F2 F3 F4
coarse sand size fine sand size silt and clay size coarse sand size fine sand size silt and clay size

F5 F6 F7 F8 F26 F27 F5 F6 F7 F8 F26 F27
LF HF LF HF LF HF LF HF LF HF LF HF

RTS D 3 0.25 18.97 0.44 46.29 0.61 32.97 31.19 0.78 40.70 0.65 38.44 1.17
RTS D 69 0.28 19.01 0.28 21.89 0.57 57.29 29.65 0.55 49.28 0.42 49.82 0.38
RTS UD 3 0.16 14.99 0.30 33.30 0.57 50.26 30.37 0.66 44.30 0.56 37.59 0.97
RTS UD 61.5 0.18 11.20 0.28 31.29 0.78 55.68 16.18 0.24 43.50 0.51 36.11 0.82
ALD D 2 0.23 14.15 0.23 40.49 0.32 43.95 12.23 0.39 31.65 0.33 36.89 1.26
ALD D 66 0.29 9.35 0.30 33.30 0.51 55.47 20.19 0.41 35.45 0.60 33.14 0.69
ALD UD 3 0.34 17.64 0.34 47.54 0.37 33.47 29.12 0.33 27.33 0.72 31.39 1.26
ALD UD 60 0.20 11.34 0.68 37.36 0.48 49.58 19.78 0.88 21.35 0.41 35.05 0.87

RTS/ALD disturbed/ Depth OC content in soil from each fraction OC content
undisturbed (cm) (gC g−1 dry soil) or (%wt) (gC g−1 dry soil) or (%wt)

(D−UD) F2 F3 F4 f-POC OC-mineral TOC
coarse sand size fine sand size silt and clay size interactions

F5 F6 F7 F8 F26 F27 LF HF
LF HF LF HF LF HF F5+F7+F26 F6+F8+F27

RTS D 3 0.08 % 0.15 % 0.18 % 0.30 % 0.23 % 0.39 % 0.49 % 0.84 % 1.33 %
RTS D 69 0.08 % 0.10 % 0.14 % 0.09 % 0.28 % 0.22 % 0.51 % 0.41 % 0.92 %
RTS UD 3 0.05 % 0.10 % 0.13 % 0.18 % 0.22 % 0.49 % 0.40 % 0.77 % 1.17 %
RTS UD 61.5 0.03 % 0.03 % 0.12 % 0.16 % 0.28 % 0.46 % 0.43 % 0.65 % 1.08 %
ALD D 2 0.03 % 0.06 % 0.07 % 0.13 % 0.12 % 0.55 % 0.22 % 0.74 % 0.96 %
ALD D 66 0.06 % 0.04 % 0.10 % 0.20 % 0.17 % 0.38 % 0.33 % 0.62 % 0.95 %
ALD UD 3 0.10 % 0.06 % 0.09 % 0.34 % 0.12 % 0.42 % 0.31 % 0.82 % 1.13 %
ALD UD 60 0.04 % 0.10 % 0.14 % 0.15 % 0.17 % 0.43 % 0.35 % 0.69 % 1.04 %

Fx = fraction as defined in Burgeon et al. (2021); LF= light fraction; HF= heavy fraction; OC= organic carbon; f-POC= free particulate organic carbon; TOC= total organic carbon.
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Figure E1. Comparative results of organic carbon (OC) stabilized through organo–mineral interactions with the selective chemical extraction
protocol and the soil aggregate and density fractionation protocol for the shallowest and deepest samples in (a) sediments exposed by
the retrogressive thaw slump (RTS-D); (b) the corresponding undisturbed profile (RTS-UD); (c) sediments exposed by the active layer
detachment (ALD-D); (d) the corresponding undisturbed profile (ALD-UD). POC= particulate organic carbon. Fx = fraction as defined in
Burgeon et al. (2021). These results are the same as in Fig. 8, but with details of the contribution of each fraction.
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