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ABSTRACT
Organic carbon (OC) in permafrost interacts with the mineral fraction of soil and sediments, representing < 1% to ~80% of the 
total OC pool. Quantifying the nature and controls of mineral–OC interactions is therefore crucial for realistic assessments of 
permafrost- carbon- climate feedbacks, especially in ice- rich regions facing rapid thaw and the development of thermo- erosion 
landforms. Here, we analyzed sediment samples from the Batagay megaslump in East Siberia, and we present total element con-
centrations, mineralogy, and mineral–OC interactions in its different stratigraphic units. Our findings indicate that up to 34 ± 8% 
of the OC pool interacts with mineral surfaces or elements. Interglacial deposits exhibit enhanced OC–mineral interactions, 
where OC has undergone greater microbial transformation and has likely low degradability. We provide a first- order estimate of 
~12,000 tons of OC mobilized annually downslope of the headwall (i.e., the approximate mass of 30 large aircrafts), with a maxi-
mum of 38% interacting with OC via complexation with metals or associations to poorly crystalline iron oxides. These data imply 
that over one- third of the OC exposed by the slump is not readily available for mineralization, potentially leading to prolonged 
OC residence time in soil and sediments under stable physicochemical conditions.

1   |   Introduction

Recent studies have shown that, due to the Arctic amplifica-
tion, air temperature increase is occurring nearly four times 
faster in the Arctic than the global average increase since 1979 
[1]. Ice- rich permafrost is particularly sensitive to warming 
and subsequent rapid thaw process (e.g., [2–4]) and contains 

thousands of years old organic carbon (OC), which can be mo-
bilized by various thaw processes (e.g., [5–12]). This OC pool in 
the northern permafrost- affected regions is estimated to range 
from 1460-  to 1600- Pg carbon (i.e., roughly half of the global 
soil carbon pool and twice as much as the carbon currently 
stored in the atmospheric pool; [13, 14]). Existing estimates 
indicate that 5%–15% of the terrestrial OC reservoir would be 
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vulnerable to being emitted as greenhouse gases by the end 
of this century [9, 15], inducing a positive permafrost- carbon- 
climate feedback. These assessments are based on simulated 
volumes of OC that will be exposed by the increase in thick-
ness of the seasonally thawing active layer, by a process com-
monly referred to as gradual thawing. Rapid thaw processes 
such as thermokarst, thermo- denudation, and thermo- erosion 
may account for additional release of OC and greenhouse 
gases not yet accounted for in models simulating gradual thaw 
[4, 10]. Various factors determine how much of the thawed OC 
eventually is transformed into greenhouse gases, such as mi-
crobial activity (e.g., [16]), soil hydrology and redox state (e.g., 
[17, 18]), and OC sources and quality (e.g., [19, 20]). The future 
trajectory of permafrost carbon emissions yet also depends on 
the proportion of the free OC pool relative to the proportion of 
mineral- interacting forms of OC [21], as well as the potential 
contribution of previously perennially frozen deep carbon as a 
consequence of ice- rich permafrost thaw [22].

By contrast to gradual thaw that occurs across the Arctic, 
physical degradation of ice- rich permafrost are more punctual 
events in both time and space, which is why they are some-
times referred to as abrupt thaw events. Such physical deg-
radations—named thermokarst landforms [23, 24]—are the 
consequence of ground collapse and subsidence caused by the 
loss of the cementing properties of the melting excess ice in 
the ground. One of these types of physical degradations are 
retrogressive thaw slumps (RTS), which are among the most 
dynamic forms of thermo- erosion and thermo- denudation, 
sometimes also referred to as hillslope thermokarst [24, 25]. 
Recent research indicates that under the SSP58.5 scenario 
(the shared socioeconomic pathway [SSP] corresponding to 
very high greenhouse gas emissions scenario; [26]), the area 
susceptible to be affected by hillslope thermokarst landforms 
is projected to increase by ~250,000 km2 by the end of the 21st 
century, but despite the rather small total area, it may account 
for one- third of all thermokarst- related carbon losses [10]. 
These phenomena are important to consider in the perma-
frost carbon budget since this exposed deep OC pool is tens 
of thousands of years old and would not have re- entered the 
modern carbon cycle if these disturbances had not occurred, 
that is, under gradual permafrost thaw. They could signifi-
cantly increase carbon emissions from thawing permafrost 
and compromise the feasibility of remaining below 1.5°C or 
2°C targeted by the Paris Agreement [22].

Retrogressive thaw slumps are landforms that enlarge due to 
thawing of frozen deposits and melting of ground ice at a head-
wall, producing slumping and sediment flow through meltwater 
streams and mudflows, potentially accumulating in a scar zone 
or form a mudlobe at the toe of the RTS. Thaw slumping can 
be initiated, for example, by either lateral or thermal erosion by 
water [24]; active layer detachment following heavy precipita-
tion [27]; and human activity such as road construction, mining, 
or deforestation [28]. The retreat of the collapse front each sum-
mer can reach several (tens of) meters per year [29–37]. These 
structures therefore expose and relocate large volumes of ma-
terial [31, 36, 38–40], such as thawed sediments or melt water, 
and involve masses of previously perennially frozen carbon in 
the form of plant and animal remains, until they stabilize. In 
recent years, increased precipitation in certain Arctic areas has 

accentuated the development of mega- slumps and downslope 
sediment transport in debris tongues [31, 41]. These debris 
tongues can be maintained stable for decades or even centuries 
[42] and contain OC that is partially bound to minerals (e.g., 
[43–46]) via OC–mineral interactions.

Soil OC can be conceptualized into a free particulate pool 
and a pool of mineral- interacting forms of OC [47]. The lat-
ter represents a potentially stabilized OC pool with reduced 
susceptibility to microbial degradation (e.g., [47–52]), which 
is less likely to contribute to the permafrost- carbon- climate 
feedback. A recent study has shown that OC in cold regions 
appears to be distributed mainly in the more vulnerable 
particulate pool, rather than in the more persistent mineral- 
interacting pool of OC [48]. Those mineral- interacting forms 
of OC, however, remain highly variable at the Arctic scale (i.e., 
accounting for ~1% to ~> 80% of permafrost soils and sediments 
total OC; [53–55]) and can be divided into three categories: (i) 
organo- metallic complexes resulting from the complexation 
of OC with metal ions (i.e., OC complexed with e.g. Al, Fe, 
Mn; [56, 57]); (ii) organo- mineral associations [50] resulting 
from the interaction of OC with mineral surfaces (such as OC 
sorbed onto clay minerals or Fe- oxides, using cation bridges 
such as Ca or Mg); and (iii) OC physical protection within soil 
aggregates, which renders OC spatially inaccessible for mi-
croorganisms (i.e., occluded, involving clay minerals, Fe- Al 
(hydr)oxides or carbonates in aggregates; [57]). The free par-
ticulate and mineral- interacting forms of organic matter pools 
are highly contrasted concerning for example their physical 
and chemical properties, mean residence times in soil, and 
responses to land use change. It is estimated that particulate 
organic matter has a mean residence time ranging from a few 
years to decades, while it persists for decades to centuries for 
mineral- interacting forms of OC (e.g., [47, 50, 58]). It is worth 
pointing out that the capability of organic matter to be decom-
posed also depends on its molecular recalcitrance (i.e., some 
compounds are inherently stable, e.g., aromatic compounds) 
but this is thought not to be the dominant mechanism of OC 
stabilization (e.g., [49, 57]).

Within a thaw slump headwall, the exposed sediments are 
often stratified into different layers that correspond to differ-
ent depositional regimes and ages. The environmental condi-
tions at the time of deposition, past permafrost dynamics since 
deposition and the chemical composition of the sediment will 
control the nature and amount of OC interacting with the soil/
sediments mineral pool. Studying at high vertical resolution 
the proportion and nature of OC–mineral interactions within 
such deposits of different ages and lithologic nature is there-
fore a key step in establishing an enhanced understanding 
of the carbon balance of material mobilized from such rapid 
erosion landforms and determining which proportion of the 
mobilized OC is interacting with the mineral pool as well as 
the mechanisms involved.

Here, we determine the mechanism for OC–mineral interac-
tions within the sediments of the world's largest known ret-
rogressive thaw slump [32], the Batagay megaslump in East 
Siberia, exposing the second oldest directly dated permafrost 
in the Northern Hemisphere (from ~650 ka to the modern 
day; [59]).
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2   |   Methods

2.1   |   Study Area and Site Description

The Batagay thaw slump, situated about 10 km southeast of 
Batagay settlement in Yakutia (Figure  1a,b), is located on a 
northeast- facing hillslope. Based on retrospective remote sens-
ing data analysis; the RTS was formed in the end of 1990s as 
a bowl- shaped landform [32, 62] at the place of previously ex-
isting thermo- erosional gully. The gully and subsequently the 
slump formed over around 40 years. In 2019, it exposed an about 
55- m- high headwall [63, 64]. Following the Köppen [65] climate 
classification, the area of Batagay is characterized by a subarctic 
continental climate, which implies relatively low precipitation 
and a particularly wide seasonal temperature gradient. For a 
period ranging from 1988 to 2017, the site had a mean winter 
temperature of −40.0°C (December to February), a mean sum-
mer temperature of 13.7°C (July to August), and a mean annual 
temperature of −12.4°C. For the same period, the mean annual 
precipitation was 203 mm, and the mean summer precipitation 
106 mm [64].

The headwall provides access to frozen stratigraphically dis-
continuous deposits from the Middle Pleistocene (~650 ky) 
to the Holocene [59] and consists of six distinct stratigraphic 

units [59, 64]. Those stratigraphic units have been extensively 
described in Murton et al. [64]. Briefly, at the slump bottom, 
the Lower Ice Complex (LIC; ~3–7 m thick) is only exposed 
at the deepest part of the main headwall and probably still 
buried for the main part. The LIC developed during the early 
Middle Pleistocene (MIS 16) or earlier and has survived mul-
tiple interglacials, including the super- interglacial MIS 11c. 
Above the LIC lies the Lower Sand Unit (LSU; ~20 m thick) 
with horizontally layered sand and thinner ice and compos-
ite wedges compared to those of the LIC. The LSU is covered 
by the Woody Debris layer (WD; MIS 5e), which is laterally 
discontinuous and present in a few lenses up to 3 m thick, con-
sisting of wood remains with branches and twigs. It is overlain 
by the Upper Ice Complex (UIC; ~20–25 m thick, MIS 4–2). 
This is the local equivalent of the late Pleistocene Yedoma 
ice complex, widespread in Siberia and Alaska, and is dom-
inated by large syngenetic ice wedges embedded within silty 
and sandy sediments [66]. Total volumetric ice content of the 
UIC is up to about 87%, of which up to 70.2% is wedge- ice vol-
ume [63]. Above the UIC, and only exposed downslope of the 
main headwall in the northern and southern parts of thaw 
slump, there is the Upper Sand Unit (USU) of MIS 3 to 2 ori-
gin, which was not sampled for this study. Finally, the brown 
and sandy Holocene Cover (HC) composed of sandy sediments 
covers the UIC, including a 0.2-  to ~1.4- m- thick active layer. 

FIGURE 1    |    Batagay thaw slump location, extent, morphology, and sampling locations. (a) Permafrost extent in the Northern Hemisphere [60] and 
(b) thaw slump extent and morphology. Map created in ArcMap 10.8. Basemap layer credits: World Ocean Base in (a): Esri, GEBCO, NOAA, National 
Geographic, and other contributors. World Imagery in (b): ESRI satellite image basemap; (c) overview of sediments samples at the west wall of the 
Batagay slump, photo: A. Kizyakov, 24.03.2019. Sediment samples were collected from a main profile (Profile 1). An additional series of sediment 
samples was taken from the slump bottom (Profile 2), that is, vertically below the main profile. Additional discrete sediment samples were taken 
in profiles from blocks in the slump bottom (Profiles 3 and 4) and a baydzherakh, that is, a frozen thermokarst mound (Profile 5) (panel c modified 
from [61]).
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The top layer (5 cm) is referred to as the organic layer (OL). In 
the following, we distinguish (after [20]) between interglacial 
units comprising the organic layer, the Holocene Cover and 
Woody Debris layer and units deposited during glacial peri-
ods, which are the Upper and Lower Ice Complexes, and the 
Lower Sand Unit.

2.2   |   Sampling Locations

Samples were collected during field work from March 18 to 
April 4, 2019 [61] along a vertical profile with sample spac-
ing every half a meter for the upper 10 m of the headwall and 
then every meter due to greater homogeneity beyond 10 m 
in terms of sedimentology and cryostratigraphy (profile P1, 
n = 53; Figure 1c; Table 1). Sampling was carried out via ab-
seiling from a rope attached to the top of the headwall, using a 
hole saw (ø57 mm, 40 mm depth) mounted on a Makita power 
drill. At each sampled depth, three cores were taken next 
to each other and have already been analyzed for biomark-
ers and sedimentology in Jongejans et  al. [20]. The depths 
have been calibrated taking into account angles of the wall 
and rearrangement of the tape- measure and are given in cm 
below surface. An additional series of samples (profile 2, n = 7; 
Figure 1c; Table 1) was taken from the slump bottom, that is, 
vertically below the profile P1. These correspond to samples 
from the LIC (below the thaw unconformity (see Section 2.1) 
and the LSU. Additional discrete sediment samples were 
taken in profiles from huge frozen blocks in the slump bot-
tom (Profile 3, n = 4; Profile 4, n = 3; Figure 1c; Table 1), which 
could be stratigraphically attributed to their original position 
in the headwall and a baidzherakh, that is, a frozen thermo- 
erosional mound (Profile 5, n = 3; Figure 1c; Table 1) [20, 61].

2.3   |   Mineralogy and Bulk Element 
Concentrations

The X- ray diffraction (XRD) method allows the characteriza-
tion of the presence of crystalline mineral phases. This tech-
nique is used to determine the atomic and molecular structure 
of a crystal by analyzing the diffraction pattern produced 
when X- rays interact with a crystalline material. The diffrac-
tion pattern enables the identification of minerals and their 
relative abundances in the sample. We assessed the mineral-
ogy on finely ground bulk sediments from at least one sample 
out of two along the profile 1 (n = 34), and all samples in pro-
files 2, 3, 4, and 5 (n = 17). The mineralogy of the bulk samples 
was determined on nonoriented powder finely ground in a 
mortar (Cu Kα, Bruker Advance D8 diffractometer, detection 
limit 5% by weight).

We measured the total concentrations of Ca, Fe, Al, and Mn in 
all samples (n = 70) using a portable X- ray fluorescence (XRF) 
device (Niton XL3t GOLDD + pXRF; ThermoFisher Scientific, 
Waltham, the United States). The measurements were per-
formed in laboratory (ex- situ) conditions on air- dried samples to 
avoid introduction of additional variability (e.g., water content, 
sample heterogeneity). Briefly, samples were placed on a circu-
lar plastic cap (2.5 cm diameter), its base covered with a thin 
transparent film (prolene 4 μm). Minimum sample thickness in 
the cap was set to 2 cm to prevent underestimation of the de-
tected intensities [67], and total time of analysis is set to 90 s to 
standardize each measurement.

The pXRF- measured concentrations were calibrated using a 
method following Monhonval et al. [68]. A linear regression 
was used to correct pXRF concentrations for trueness on all 

TABLE 1    |    Overview of the number of samples collected, associated depth, stratigraphic unit origin, and age (MIS = marine isotope stages; 
n = number of samples).

Profile Stratigraphic units
Agea

Depth (cm) n Total nMIS ka
1 Organic layer Modern 5 1 53

Holocene Cover MIS 1 0.39 15–195 6
Upper Ice Complex 

(Yedoma)
MIS 4- 2 At least 

60 to 30
260–2882 31

Woody Debris layer MIS 5e (last interglaciation) ~125 3012–3259 5
Lower Sand Unit MIS 16- 6 ~175 3350–4942 10

2 Lower Sand Unit MIS 16- 6 ~175 5100–5150 2 7
Lower Ice Complex MIS 16 or earlier at least 650 5170–5310 5

3 Upper Ice Complex 
(Yedoma)

2 4

Woody Debris layer 2
4 Woody Debris layer 1 3

Lower Sand Unit 2
5 Upper Ice Complex 

(Yedoma)
3 3

Total 70
aBased on Murton et al. [59].
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samples (n = 70). This regression was obtained based on ele-
ment concentrations measured by pXRF and by inductively 
coupled plasma optical- emission spectrometry (ICP- OES) 
after alkaline fusion on samples from different permafrost 
environments, including 13 samples from this study (robust 
R2 ≥ 0.9 for Fe, Ca; robust R2 ≥ 0.8 for Mn; robust R2 ≥ 0.6 for Al; 
Figure S1). In the following, the total element concentration 
measured by XRF and corrected for trueness will be referred 
to as Cat, Mnt, Alt, and Fet. A complete description of the sites 
used and the calibrations can be found in the Supporting 
Information S1.

The total organic carbon (TOC) content on sediments was de-
termined after homogenization of freeze- dried samples using 
aVario TOC Cube Elemental Analyzer and expressed in wt%, 
like reported in Jongejans et al. [69]. We acknowledge that the 
analyses presented in this study focus solely on the soil/sedi-
ment fraction of the permafrost samples and not on the organic 
carbon present, for example, in ice- wedges. In the following, the 
TOC presented is the TOC present in sediments only.

2.4   |   Selective Extractions

Two procedures of selective extraction from soil were used as 
indicators of the complexed and poorly crystalline oxides phases 
[70]. More specifically: (i) the sodium pyrophosphate extraction 
of Fe, Al and Mn targets the organo- metallic complexes [71, 72]. 
We acknowledge a possible contribution of oxide nanoparticles 
in addition to the organically- bound metals [56, 73, 74], but lim-
ited by centrifugation and filtration of the extract; (ii) the dark 
ammonium oxalate extraction of Fe targets poorly crystalline 
oxides (i.e., poorly crystalline oxides and organo- metallic com-
plexes; [75]). The pool of mineral elements that form organo- 
metallic complexes or associations with OC are often referred to 
as “reactive”. This reactive pool combines all poorly crystalline, 
amorphous, and complexed forms of Fe, Mn, and Al and corre-
sponds here to the ammonium oxalate extraction.

Those two selective extractions were carried out on at least 
one sample out of two in the profile 1 (n = 37; Figure S2) and 
all samples in profiles 2, 3, 4, and 5 (n = 17). Concentrations 
in Fe, Al, and Mn were measured in solution by ICP- OES 
after each selective extraction. In the following, the elements 
extracted by pyrophosphate and oxalate methods will be re-
ferred to as the corresponding element symbol followed by a 
subscripted letter indicating the type of extraction, namely, 
“p” for pyrophosphate extraction (Fep, Alp, Mnp) and “o” for 
oxalate extraction (Feo).

The pool of OC selectively extracted with sodium pyrophosphate 
[71–73] and dark ammonium oxalate [75] was measured on the 
same solutions as those used for the selective extractions of met-
als (n = 54; Section 2.5). Briefly, (i) for carbon involved in organo- 
metallic complexes, we measured dissolved OC released after 
dispersion by pyrophosphate using a Shimadzu TOC- L analyzer 
(measuring nonpurgeable OC). In the following, this carbon ex-
tracted by pyrophosphate will be referred to as Cp; (ii) for oxalate 
extracted carbon, we measured the absorbance at 430 nm in the 
oxalate extract (via a Genesys 10 S VIS spectrophotometer, with 
the extractant solution 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 thereby indi-
cating the concentration in organic acids present in the oxalate 
extract [76].

2.5   |   First- Order Estimate of the Material Eroded 
by the Retreat of the Headwall

Using the sampling depths along the headwall and an estimate 
of the retreat rate of the collapse front [35], we established a 
first- order estimate of the annual mass balance assessment of 
the material eroded from the slump. We first partitioned the 
wall into horizontal slices using the thickness (m) between dif-
ferent sampling depths, which we multiplied by an average ex-
pansion rate of the slump (0.026 km2/year on average between 
1991 and 2018; [35]) to obtain an annual volume of sediment 
mobilized from each slice. From each slice, we then removed an 
average volume proportion of ice wedges per stratigraphic unit, 
following Kizyakov et  al. [63], that is, 67% for the Upper Ice 
Complex, 9% for the Lower Sand Unit, and 56% for the Lower 
Ice Complex. We then estimated the mass of sediment mobi-
lized annually by each slice by multiplying the annual volume 
mobilized by the bulk density (Equation 1). The bulk density 
was determined by using an inverse relationship with porosity, 
assuming that pore volume in ice- saturated (i.e., > 20% volume) 
samples is directly measured with pore ice volume (see full 
method in [77]). If ice content was not measured on the sample, 
the mean value of the stratigraphic unit was assigned.

To establish the budget for the mobilization of OC and mineral 
elements as total, complexed and  poorly crystalline oxides 
phases, we multiplied the concentration of each element 

(

kgelement
kgsediment

)

 

by the result of Equation (1) 
(

kgsediment
yr

)

. If the selective extraction 

was not performed on the sample, the mean value of the strati-
graphic unit was assigned. We then summed the contributions 
from each slice to obtain an estimate of the total mass mobilized 
each year by the slump for the different elements as total, com-
plexed and poorly crystalline oxides phases (Equation 2).

2.6   |   Statistical Analysis

We performed computations for statistical analysis using R soft-
ware version R.3.6.1 [78]. Compact displays of data distributions 
were performed using boxplots showing five summary statistics: 

(1)

sedimentmass retreat rate slicei

(

kgsediment
yr

)

= thickness slicei (m)

×

(

1− ice wedge volume proportion slicei

(

m3

m3

))

×average expansion rate

(

m2

yr

)

×bulk density slicei

(

kgsediment
m3

)

(2)

total element mass retreat rate

(

kgelement
yr

)

=
∑

i slices

element concentration slicei

(

kgelement
kgsediment

)

× slicei sediment mass retreat rate

(

kgsediment
yr

)
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the median, two hinges for the 25th and 75th percentiles and 
two whiskers that extend from the hinges to 1.5 times the 
inter- quartile range [79, 80]. Robust linear regression (R2 adj) 
presented in this study are implemented with an alpha of 0.95. 
When numerical statistics are presented in the text for dataset 
descriptions, the mean ± standard deviation of the distribution is 
presented. For comparing two datasets, we performed nonpara-
metric statistical Wilcoxon test.

3   |   Results

3.1   |   Mineralogy and Bulk Element 
Concentrations

In all stratigraphic units, the diffractograms indicate the pres-
ence of primary silicate minerals (quartz, pyroxene, sodium- , 
calcium- , and potassium- feldspars and micas), secondary sili-
cate minerals (kaolinite, illite, vermiculite), sulfates (anhydrite), 
and, often, carbonates (dolomite). Those mineral species are de-
tected in profile 1 (Figure 2), profile 2 (Figure S3), and profiles 
3–4–5 (Figure S4).

Total calcium (Cat) concentrations are significantly higher (p- 
value < 0.05) in the Upper and Lower Ice Complexes (UIC and 
LIC; 5.1 ± 2.1 g/kg) and in the Lower Sand Unit (5.9 ± 1.6 g/kg) 
than in the younger units (OL and HC; 2.7 ± 0.6 g/kg, Figure 3a). 
For the concentrations in major elements such as iron (Fe) 
and aluminum (Al), there is no significant difference between 
Holocene Cover and Woody Debris and units deposited during 

glacial periods (LIC, LSU, and UIC), that is, 27 ± 3 g/kg for Fe 
and 62 ± 4 g/kg for Al (Figure 3b,c).

3.2   |   Selective Mineral Elements and Organic 
Carbon Extractions

Within all profiles, Fe is the dominant metal involved in com-
plexes (Fep/(Fep + Alp + Mnp) = 50 ± 11% on a molar basis: 
mmol/kg), followed by Al (Alp/(Fep + Alp + Mnp) = 39 ± 7%) and 
Mn (Mnp/(Fep + Alp + Mnp) = 11 ± 6%) (see also Figure S5). The 
proportion of Fe bound to OC in the form of complexes rela-
tive to total Fe (Fep/Fet) is 3 ± 4%. This proportion of Fe in the 
form of complexes is not uniform within the stratigraphic units: 
The surface organic layer sample reaches 21%, followed by the 
Woody Debris layer (6 ± 3%), the Holocene Cover (4 ± 1%), the 
Upper Ice Complex (3 ± 3%), and, finally, the Lower Ice Complex 
(1.2 ± 0.5%) and the Lower Sand Unit (0.7 ± 0.3%).

For Al, the proportion of complexes relative to the total Al is over-
all much lower than for Fe (Alp/Alt = 0.5 ± 0.7%) and is highest in 
the shallow organic sample (OL; 4.6%) followed by the Woody 
Debris layer (0.7 ± 0.3%), the Holocene Cover, and the Upper Ice 
Complex (HC and UIC; 0.5 ± 0.4%) and the deepest units (LSU 
and LIC; 0.17 ± 0.04%). For Mn, the proportion of complexes 
relative to the total Mn (Mnp/Mnt) is higher (30 ± 13%) than for 
Fe and Al and is the highest within the organic layer sample 
(60%), the lowest within the Holocene Cover samples (9 ± 4%) 
and relatively constant within the other units (UIC, WD, LSU, 
LIC; 31 ± 12%).

FIGURE 2    |    Diffractograms for Batagay thaw slump in sediment profile 1. Colors represent the stratigraphic units, namely, from the top to the 
bottom: the organic layer (OL, n = 1, light brown), Holocene Cover (HC, n = 3, light blue), Upper Ice Complex (UIC, n = 20, dark blue), Woody Debris 
layer (WD, n = 4, dark brown), and Lower Sand Unit (LSU, n = 6, yellow). Q = quartz, fel = feldspar (K−, Na− and Ca−).
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Overall, the sum of metal complexes (Fep + Alp + Mnp in 
mmol/kg) is the highest in the organic layer, followed by 
the Woody Debris layer, in which this sum is significantly 
higher than in the Holocene Cover and the Upper Ice Complex 
(p- value < 0.05), in which the sum is significantly higher than 
in the Lower Sand Unit and the Lower Ice Complex (Figure S5). 
When considering the metals most dominant to form com-
plexes with OC individually, Fe is found to explain most of the 
variability in the Cp distribution (robust linear regression plot 
between Cp and Fep; R2 adj = 0.82; Figure S6a), followed by Alp 
(R2 adj = 0.76; Figure S6b) and Mnp (R2 adj = 0.49; Figure S6c). 
Still, these three metals together provide a better explana-
tion of the distribution of Cp concentrations (R2 adj = 0.84; 
Figure S6d).

The proportion of reactive Fe (Feo/Fet, i.e., the ratio between 
the oxalate- extracted Fe concentration and the total Fe con-
centration) reaches overall 12 ± 8%. It decreases with increas-
ing age of the stratigraphic units (Figure  4a): It drops from 
33 ± 12% in the organic layer and Holocene Cover samples to 
7 ± 2% in the oldest glacial deposit (LIC). The proportion of 
Fe as poorly crystalline oxides (i.e., (Feo − Fep)/Fet) also de-
creases (p- value < 0.05) with increasing age of the deposit, 
from 28 ± 14% for Holocene deposits to 6 ± 2% for Middle 
Pleistocene deposits (LIC).

Total organic carbon (TOC) content varies within the Batagay 
headwall but remains low at 1.2 ± 0.6%, except in the organic 
layer (OL) where it reaches 15% (Figure  4b). With increasing 
depth, the TOC content reaches a maximum within the Woody 
Debris layer (1.7 ± 0.5%) and then decreases for the lower ice 
complex (LIC; 0.7 ± 0.1%). The proportion of TOC forming com-
plexes with metals (Cp/TOC) follows the same general pattern as 
for the TOC content and represents 29 ± 8% of the TOC pool but 
with smaller variations between units (Figure  4c). Assuming 
a maximum sorption capacity of 0.22 gOC/gFe [81], we can esti-
mate a maximum proportion of 5 ± 4% of TOC bound to poorly 
crystalline Fe oxides (Feo − Fep) within the Batagay headwall. 
This proportion is highest for the Holocene Cover (19 ± 6%) and 
remains significantly lower for all other units (OL; UIC; WD; 
LSU; LIC; 4 ± 2%). Lastly, the optical density of oxalate extract 
(ODOE) is highest for the organic layer (0.365), has the lowest 
values for the Lower Sand Unit (0.02 ± 0.01), and is intermedi-
ate, but more variable, for the other units (HC; UIC; WD; LIC; 
0.08 ± 0.05; Table S1).

4   |   Discussion

4.1   |   Batagay Stratigraphic Units: Similar 
Geological Nature but Different Historical 
Permafrost Thaw Dynamics

The similar mineral phases found within the different strati-
graphic units of the Batagay headwall (Figures 2, S3, and S4) 
suggest that the geological nature of the source of the sedi-
ments did not vary significantly along the depositional period 
ranging from ~650 ka to modern, which is consistent with 
the formation of deposits involving ice- rich Yedoma [82–84]. 
The lower Cat concentrations in the Holocene Cover and the 
Woody Debris layers compared to the glacial deposits (LIC, 
LSU, and UIC) (Figure 3a) suggest, however, that the condi-
tions for the leaching of more soluble elements such as Ca has 
not been homogeneous within the period of deposition. The 
lower Cat concentrations likely reflect conditions for a higher 
leaching of solutes during warmer and/or wetter periods (i.e., 
HC and WD units). The Woody Debris layer is interpreted as 
a forest bed supposed to be of last interglacial (MIS 5e) age. 
It therefore likely experienced warm climate stages [85, 86], 
with favorable conditions for pedological development. The 
near- surface Holocene Cover is also characterized by soil for-
mation processes [64] and wet depositional conditions are fur-
thermore confirmed by biomarker data [20]. By contrast, drier 
depositional conditions especially during the coldest periods 
are reflected by isotopic and paleo- ecological analyses in the 
units representative of the glacial periods (LIC, LSU, and UIC) 
[87, 88]. This is confirmed by minor variations in the biogeo-
chemical and biomarker parameters for the same units [20]. 
From this, it can be inferred that the deposits of the different 
stratigraphic units of the Batagay thaw slump have a similar 
source but contrasted conditions of sedimentation, freezing 
and historical permafrost thaw dynamics.

4.2   |   Mineral- Bound Organic Carbon in 
the Batagay Megaslump Dominated by 
Complexation With Metals

Our data demonstrate that the proportion of mineral- bound 
OC within the headwall of the Batagay megaslump is domi-
nated by the complexation with metals (29 ± 8% of the TOC; 
Figure  4c) compared to TOC bound to poorly crystalline Fe 

FIGURE 3    |    Boxplots of (a) total calcium (Cat), (b) total iron (Fet), and (c) total aluminum (Alt) concentrations within the stratigraphic units of the 
Batagay thaw slump, namely, from the top to the bottom: the organic layer (OL), Holocene Cover (HC), Upper Ice Complex (UIC), Woody Debris layer 
(WD), Lower Sand Unit (LSU), and Lower Ice Complex (LIC). Concentrations are given in grams of element per kilogram of dry matter.
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8 of 16 Permafrost and Periglacial Processes, 2024

oxides (5 ± 4%), with an exception for the Holocene Cover, 
which has a substantial maximal sorption capacity of OC to 
amorphous Fe oxides (Figure  4c,d). Besides, our measure-
ments of the optical density of oxalate extract (ODOE), rep-
resenting organic acids forming complexes and adsorbed 
onto poorly crystalline minerals, show a correlation with the 
concentration in OC forming complexes with metals (Cp; R2 
adj = 0.7; Figure 5a), as well as with the Fe involved in these 
complexes (Fep, Figure 5b), but no correlation with the Fe in 
the form of poorly crystalline Fe oxides (Feo- Fep, Figure  5c) 
except for the Holocene Cover. This supports that complex-
ation is the dominant mechanism for OC–mineral interactions 
in the sediments involved in the Batagay thaw slump, except 
in the Holocene Cover. Totaling the contributions of OC form-
ing complexes with metals (Cp/TOC) and the maximum sorp-
tion capacity of OC to poorly crystalline Fe oxides (Camorph/
TOC), this results in a maximal total proportion of 34 ± 8% of 

the TOC that interacts with either mineral surfaces or min-
eral elements (Figures 4 and S7), with a maximum value for 
the Holocene Cover (45 ± 13%) and a minimum value for the 
Lower Ice Complex (32 ± 6%).

Apart from the Woody Debris layer, the proportion of OC 
forming complexes with metals (Cp/TOC) does not vary 
significantly between stratigraphic units (Figure  4c), even 
though the TOC content differs between units as a function 
of the environmental conditions at the time of deposition 
(Figure 4b). This is supported by Jongejans et al. [20] and ref-
erences therein. Moreover, the concentration of OC forming 
complexes with metals (Cp) is proportional to the TOC con-
tent (R2 adj = 0.9; see also Supporting Information  S5). This 
suggests that alternating glacial (with the deposition of LIC, 
LSU & UIC) and interglacial periods (with the deposition of 
HC and WD) controls Cp and TOC content to some extent but 

FIGURE 4    |    Boxplots of (a) the ratio oxalate- extracted iron with regard to total iron (Feo/Fet) as a function of the Batagay sediments depositional 
age. This Fe either form organo- metallic complexes or associations with OC; (b–d) evolution within the stratigraphic units of the Batagay thaw slump 
of (b) total organic carbon (TOC) in sediments and (c) pyrophosphate- extracted carbon in regard to total organic carbon (Cp/TOC) in sediments. This 
refers to the proportion of OC forming complexes with metals; (d) sum of proportions of pyrophosphate- extracted carbon and maximum proportion 
of OC bound to poorly crystalline Fe oxides ((Cp + Camorph)/TOC) in sediments. This refers to OC that interacts with minerals via complexation 
with metals or associations to poorly crystalline iron oxides. The stratigraphic units of the Batagay thaw slump are, from the top to the bottom, the 
organic layer (OL), Holocene Cover (HC), Upper Ice Complex (UIC), Woody Debris layer (WD), Lower Sand Unit (LSU), and Lower Ice Complex 
(LIC). The values of Camorph correspond to a maximum sorption capacity of OC to poorly crystalline Fe oxides (0.22 gOC/gFe as ferrihydrite). Sediment 
depositional age as in Table 1. TOC content is given in grams of OC per 100 g of dry matter (wt, %).

FIGURE 5    |    Robust linear regression plot between optical density of oxalate extract (ODOE) and (a) pyrophosphate- extracted carbon (Cp), (b) 
pyrophosphate- extracted iron (Fep), and (c) difference between oxalate- extracted iron and pyrophosphate- extracted iron (Feo − Fep). HC = Holocene 
Cover, LIC = Lower Ice Complex; LSU = Lower Sand Unit; OL = organic layer, UIC = Upper Ice Complex, WD = Woody Debris layer.
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does not fully control the ratio of OC that forms complexes 
with metals (Cp/TOC). The homogeneity of the proportion Cp/
TOC within the entire Batagay headwall suggests that metal–
organic complexes seem to be stable over time across multiple 
glacial and interglacial periods. In contrast, OC associations 
to poorly crystalline Fe oxides seem to be proportionally more 
limited, and driven by warmer and wetter conditions with the 
deposition of the Holocene Cover [20, 85].

4.3   |   Interglacial Period Deposits: Mineral–OC 
Interactions and Intrinsic Chemical Composition 
of OC

From Sections 3.2 and 4.2, we note that the Holocene Cover 
shows the highest proportion of OC–mineral interactions 
((Cp + Camorph)/TOC; Figure  4d) and that the Woody Debris 
layer shows the highest concentration of OC forming com-
plexes with metals (Cp), without considering the surface or-
ganic layer (see also Table S1). Biomarker data from samples 
collected from the same depths [20] indicate that the Holocene 
Cover shows a higher level of degradation and thus a lower 
quality for organic matter, which makes it therefore less likely 
to be degraded in the future. Furthermore, high microbial 
decomposition (favored by higher soil temperatures) within 
the Woody Debris layer is confirmed by higher- plants fatty 
acid (HPFA) indexes [20]. This increased level of microbial 
transformation of OC and consequent lower quality of organic 
matter, suggests that further degradation is also unlikely 
to occur in the future. In contrast, the stratigraphic units 

corresponding to glacial periods (UIC, LSU, and LIC) proba-
bly experienced lower microbial activity than the other strati-
graphic units [20]. Consequently, biogeochemical legacy of 
interglacial periods reveal that the organic matter contained 
in such units has undergone greater microbial transformation 
[20] and contain a greater proportion of mineral- bound OC. 
Increased microbiological activity at the time of deposition, 
combined with warm climate stages and favorable conditions 
for pedological development turn out to be key factors leading 
to an OC less likely to contribute to the permafrost- carbon- 
climate feedback.

4.4   |   Forms of Mineral–OC Interactions: 
Comparison Across Different Permafrost Sites

In order to position the Batagay sediments within other Arctic 
regions in terms of organo- mineral interactions, we compared 
the data from this study with available data from other locations 
(Figures 6 and 7). It turns out that the pool of mineral- interacting 
forms of OC in Batagay are comparable to what is found in 
other thermokarst landforms. More specifically, the compre-
hensive mineral- interacting proportion of TOC (i.e., via associ-
ations with poorly crystalline Fe oxides and in complexed form; 
(Cp + Camorph)/TOC) from Batagay is (i) in line with the literature 
for both drained thaw lake basins in northern Alaska [54] and 
slump deformations in the Qinghai- Tibetan Plateau [43], as for 
Peel Plateau (Canada) thaw slumps [46], circum- Arctic Yedoma 
sediments [92] and lowland thermokarst landscape in Eight Mile 
Lake, Alaska [95], (ii) higher than in palsa [94] and in marine 

FIGURE 6    |    Comparison of mineral- interacting forms of OC in the entire headwall of the Batagay thaw slump, with other contrasting deposits 
throughout the Arctic. The percentages are given on a mass basis. Three different methods have been used: the sum of proportions of metals–OC 
complexes and maximum proportion of OC bound to poorly crystalline Fe oxides as in this study (purple); trisodium citrate, sodium dithionate, 
and sodium bicarbonate extraction from Lalonde et al. [51], Mehra and Jackson [89], and Poulton and Canfield [90] (blue) and density fractionation 
method with sodium polytungstate in Dutta et al. [53], Gentsch et al. [91], and Mueller et al. [54] (green). §OC expressed in stock: 54 ± 15 kg/m−3. 
N = number of sites/cores; n = number of samples. na = not available. (1)Thomas et al. [46]; (2)Mu et al. [43]; (3)Monhonval et al. [92]; (4)Dutta et al. [53]; 
(5)Martens et al. [93]; (6)Patzner et al. [94]; (7)Salvadó et al. [55]; (8)Gentsch et al. [91]; (9)Mueller et al. [54]; (10)Monhonval et al. [95].
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sediments from the Eurasian Arctic Shelf [55], and (iii) in the 
low range compared to Yedoma from the Bol'shoy Lyakhovsky 
Island [93] and soils from the Lower Kolyma Region ([91]; 
Figure 6; Table S2) and significantly lower than Yedoma perma-
frost in northeastern Siberia [53]. The active layer (and generally 
the surface organic layers) appear to have a lower proportion of 
mineral- interacting OC than in the less TOC- rich permafrost 
layers [91, 95]. This could be attributed to a relative OC oversat-
uration in regard the mineral surfaces or elements available for 
mineral–OC interactions in the superficial layers and possible 
inputs of modern labile OC from actively growing plants. This 
is also observed in palsa (sampling depths < 25 cm in [94]) and 
in superficial sediment samples from the Eurasian Arctic Shelf 
[55]. The proportions of mineral- bound OC in Yedoma sediments 
[53, 92, 93] are highly variable between sites. It can be argued 
that this results from the polygenetic origin of Yedoma deposits, 
with seasonally differentiated deposition mechanisms controlled 
by local environmental conditions, including the contribution 
from local fluvial, colluvial, and alluvial sediments [77, 96, 97].

Beyond the numerical results, we acknowledge that the 
method for obtaining a comprehensive assessment of mineral- 
interacting proportion of TOC does not appear to be a critical 
factor. More specifically, the method used in this study, or the 
trisodium citrate, sodium dithionate, and sodium bicarbonate 
extraction method [51, 89, 90] or even the density fractionation 
method with sodium polytungstate, does not appear to give re-
sults that are systematically biased in either direction (Figure 6).

Where possible, we compared the mechanisms involved in OC–
mineral interactions, i.e., complexation or associations with 
poorly crystalline Fe oxides. In ice- rich sediments (Figure 7a), 
the proportions of OC forming complexes with metals are com-
parable, but the potential for association with poorly crystalline 
Fe oxides is more variable. More specifically, pyrophosphate- 
extracted carbon (Cp) concentrations are in the same range 

between (i) the two ice complex units in Batagay (UIC—or 
Yedoma—and LIC), (ii) circum- Arctic Yedoma sediments [92], 
(iii) undisturbed Yedoma in Yukechi [98], and (iv) Pleistocene- 
aged ice- rich tills in the Peel Plateau [46], even though there is 
more variability in the Yedoma at the Arctic scale (Table S3). The 
proportion of OC in the form of complexes with metals (Cp/TOC; 
Figure 7a; Table S3) is also similar for the different studies. The 
maximum sorption capacity of the OC to poorly crystalline Fe 
oxides (Camorph/TOC), on the other hand, shows more variabil-
ity between sites, with higher values within the Pleistocene- 
aged ice- rich tills in the Peel Plateau compared to the Lower Ice 
Complex and Upper Ice Complex (Yedoma) deposits in Batagay. 
This also applies for reactive Fe (Feo) concentrations and the pro-
portion of reactive Fe to total Fe (Feo/Fet) (Table S3).

We also compared sediments from interglacial periods with other 
locations (Figure 7b). This supports the argument that wet dep-
ositional conditions, warm climate stages and pedological de-
velopment appear to be key conditions for a highest potential for 
OC association with poorly crystalline Fe oxides. Furthermore, 
this seems to be applicable beyond a single site. Specifically, that 
maximal proportion of OC sorbed to poorly crystalline Fe oxides 
(Camorph/TOC) is significantly higher in the Batagay Holocene 
Cover (HC) than in (i) all other units of the Batagay thaw slump 
headwall; (ii) circum- Arctic Yedoma sediments [92] and (iii) per-
mafrost soils in lowland thermokarst landforms [95] (Figure 7a). 
The Holocene Cover at Batagay is otherwise comparable with 
Holocene- modified deposits in the Peel Plateau that experi-
enced past thaw during the Holocene thermal maximum ([46]; 
Figure  7b), while falling within the upper range compared to 
Pleistocene- aged ice- rich tills in the Peel Plateau (Figure 7a).

When comparing the Batagay thaw slump (entire head-
wall; Figure  7a,b) with lowland thermokarst landforms ([95]; 
Figure  7c), the pyrophosphate- extracted carbon (Cp) and TOC 
content at Batagay are in the low range of values found in region 

FIGURE 7    |    Comparison of mineral- interacting forms of OC in the Upper Ice Complex (UIC), Lower Ice Complex (LIC), and Holocene Cover (HC) 
units within the Batagay thaw slump, with other similar deposits throughout the Arctic. (a) Ice- rich sediments; (b) sediments from interglacial periods; 
(c) sediments from lowland thermokarst landforms. We used the maximum sorption capacity of OC to poorly crystalline Fe oxides (0.22 gOC/gFe as 
ferrihydrite). The percentages are given on a mass basis. The distributions are represented by the mean ± standard deviation. (1)Circum- Arctic Yedoma 
sediments [92]; (2)layers from thaw slump headwalls from the Peel Plateau, Western Canadian Arctic [46]; (3)Eight Mile Lake, Central Alaska [95].
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of lowland thermokarst degradation, but the complexed fraction 
relative to the total (Cp/TOC) is in the same range (Table S2). 
Overall, this suggests that OC–metal complexation is the dom-
inant mechanism within the mineral- interacting forms of OC, 
regardless of the sampling location.

4.5   |   Interglacial Period Deposits: Only 25% 
of the OC Mass Mobilized From the Sediments 
of the Batagay Thaw Slump

Using the sampling depths along the headwall and an estimate 
of the headwall retreat rate [35], we established a first- order 
estimate of ~106 m3 of total volume retreated annually from the 
Batagay collapse front (on average, between 1991 and 2018). 
This volume estimate is in line with Günther et al. [30] who de-
rived a total thawed volume of 2.4 × 107 m3 through 2014, that 
is, ~0.7 × 106 m3/year, assuming that the second stage of the dis-
turbance (i.e., causing rapid thermo- denudational development 
of the thaw slump; [64]) started at the end of the 1980s. Using 
the bulk density of the sediments and TOC content on the pro-
file, we were able to establish an estimate of ~1.2 × 107 kg of OC 
mobilized annually from the Batagay thaw slump (Figure 8a). 
Beyond the absolute value of this mobilized mass, this reveals 
that the units deposited during the glacial periods (i.e., UIC, 
LSU, and LIC), together represent 72% of the OC mass mobi-
lized from the Batagay thaw slump. We note that deposits from 

interglacial periods account jointly ~25% of the OC mobilized 
from the slump, even though they resulted in a greater propor-
tion of the mineral- bound OC pool. In relative terms, the units 
that show the greater portion of OC within the Batagay slump 
headwall therefore do not contribute much to the total mass of 
OC mobilized by the collapsing feature.

The OC flux estimate is subject to significant uncertainties. 
First, it was not possible to consider the Upper Sand Unit in 
the calculation, as it was not sampled in this study. After es-
timation based on Kizyakov et  al. [63] the Upper Sand Unit, 
however, only represents a vertical surface area of about 2% of 
the headwall (based on the structure of the western part of the 
RTS vertical headwall). We acknowledge that more downslope 
and across all former headwalls, the Upper Sand Unit could po-
tentially represent about 15 m in thickness [88]. Additionally, 
the stratigraphic units do not have a uniform thickness along 
the headwall. For instance, the exposed thickness of the Lower 
Sand Unit decreases to ~zero in the northwestern part of the 
central headwall (while the thickness of the Upper Ice Complex 
increases). Yet, it can be seen within Kizyakov et al. [63] that, 
overall, the stratigraphic units that have the largest mass bal-
ance contribution (UIC and LSU) have thicknesses that do not 
vary for more than 4 m for the UIC and 8 m for the LSU (based 
on 2019 field observation within observed headwalls). For the 
UIC, an additional 4 m thick contribution represents a poten-
tial increase in the volume estimate of 0.1 × 106 m3/year and 

FIGURE 8    |    Annual mass balance assessment of the sediment material eroded by the retreat of the collapse front of the Batagay thaw slump in 
comparison to Peel Plateau thaw slumps. (a) Batagay thaw slump displaced material mass distribution modeling within the different stratigraphic 
units (bar- plot) and mass proportion of mineral- interacting forms of organic carbon within the units (pie- charts). HC = Holocene Cover, LIC = Lower 
Ice Complex (LIC), LSU = Lower Sand Unit; OL = organic layer, UIC = Upper Ice Complex, and WD = Woody Debris layer with color codes following 
Figures 2–5. (b) Comparison with Peel Plateau thaw slumps FM2 and FM3 (data from [46]). TOC = total organic carbon.
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~0.01 × 107 kg/year (1%) increase in TOC mobilization, based 
on the average TOC content for this unit. Similarly, 8- m- thicker 
LSU for the entire headwall would represent an increase in 3% 
of TOC mobilization. Finally, headwall height is not uniform 
throughout the collapse front. All these considerations imply 
that the flux estimate presented in this study should be consid-
ered as a first order estimate, which is not intended to be more 
accurate than within an order of magnitude. Another point to 
note is that this mass balance does not take into account the 
dissolved organic carbon (DOC) that may be present in ice 
wedges. According to Fritz et al. [99], who analyzed different 
ice bodies throughout the Arctic, ice wedges could contain up 
to 28.6 mg/L of DOC. For the Batagay slump, Kizyakov et al. 
[100] found a mean ice wedge DOC content of 19 mg/L as a first 
estimate based on 47 samples. If we extrapolate this concen-
tration to the entire volume of ice exported by the Batagay me-
gaslump annually, we obtain a first order estimate of 104 kg of 
DOC per year, which is three orders of magnitude lower than 
the mass of TOC exported by the sediments. If we consider 
comparatively higher concentrations of DOC for the pore ice 
in the sediments, that is, a mean of to 560 mg/L [100] and carry 
out the same extrapolation procedure, we obtain 3 × 105 kg 
DOC per year exported by the ice, which corresponds to 2% 
of the OC exported by the sediments. Even so, we recognize 
that DOC, although not representing a substantial part of the 
mass balance, is still of major importance for biogeochemical 
processes, being potentially highly labile compared to sediment 
TOC [11, 12, 101]. When comparing the mass of OC mobilized 
by the Batagay thaw slump to the masses mobilized by megas-
lumps from the Peel Plateau in Canada [46] (FM2 headwall 
height = 18.6 m and scar zone area = 32.7 ha; FM3 headwall 
height = 6.5 m and scar zone area = 6.7 ha; 46] and references 
therein), it appears that the mass of OC mobilized by the 
Batagay thaw slump is ~7 times greater than that mobilized by 
that of the slump FM2 and ~65 times greater than that mobi-
lized by slump FM3 (Figure  8b). Yet, slump FM3 at the Peel 
Plateau is already qualified as a mega- slump and still mobilizes 
~65 times less OC than Batagay. We note that a portion of the 
debris mobilized by the Batagay thaw slump can potentially re-
freeze after headwall erosion and burial in the slumped zone, 
resulting in permafrost re- establishment in the scar zone as the 
slump stabilizes [102, 103]. In Batagay, however, there is a clear 
predominance of the erosion process (removal of material and 
deepening of the channel), which is evidenced by a narrow ero-
sional valley with a V- shaped transverse profile. Yet, it is not 
expected that all of the debris would be effectively exposed to 
thaw after slump- induced mobilization of material. Further 
studies are needed to quantify the full image of C flux, includ-
ing losses as gas and the particulate proportion that stabilizes 
locally and refreezes, out of which a portion forms a new active- 
layer within the scar zone.

5   |   Conclusions

We studied the mechanism for OC–mineral interactions within 
the Batagay megaslump, the largest known thaw slump head-
wall exposing the second oldest directly dated permafrost in the 
Northern Hemisphere. We compared our results with available 
data from other locations in the Arctic and established a first 
order estimate of the mass of material eroded annually by the 

retreat of the collapse front, along with an overall assessment of 
the OC–mineral interactions within this mobilized material. In 
conclusion, we found that:

 (i) Deposits of the Batagay stratigraphic units have a similar 
geological nature but different historical permafrost thaw 
dynamics.

 (ii) Within the Batagay headwall, complexation is the dom-
inant mechanism for OC–mineral interactions in the 
sediments and represents 29 ± 8% of the TOC, while we 
estimate a maximal proportion of 5 ± 4% of the TOC in-
volved in OC- Fe oxide associations. We estimate accord-
ingly that the combination of the two mechanisms results 
in 34 ± 8% of the TOC pool that interacts with mineral 
surfaces or elements.

 (iii) The forms and proportion of OC–mineral interactions at 
Batagay are in the same range quantitatively, compared 
to those found in other hillslope thermokarst landforms.

 (iv) Batagay sediments from interglacial periods show higher 
OC–mineral interactions, along with organic matter that 
has undergone more microbial transformation and is 
therefore presumably less biodegradable. Yet, such units 
account jointly for ~25% of the OC mass mobilized from 
the Batagay thaw slump.

 (v) We provide a first order estimate of ~1.2 × 107 kg of OC 
mobilized annually downslope of the headwall, with a 
maximum of 38% interacting with mineral element or 
surfaces by complexation with metals or associations to 
poorly crystalline iron oxides.

These data support that more than one- third of the TOC ex-
posed by this massive thaw slump is not directly available for 
mineralization but rather interacting with the mineral fraction 
of the sediments.
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