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Abstract

The degradation of modern and ancient permafrost-affected soils and organic-rich sed-
iments and the release of relict soil organic matter from the frozen state are critical for
understanding the global carbon cycle in a changing climate. The molecular structure of
humic acids isolated from modern Cryosols and paleosoils from the Ice Complex deposits
in the Batagay megaslump area was investigated. The elemental composition analysis was
performed using a CHN analyzer, and molecular composition analysis was determined
by CP/MAS 13C-NMR spectroscopy. Analysis of the molecular structure of humic acids
showed that MIS 5e paleosoils are characterized by a relatively high content of aliphatic
structural fragments (C,H-AL—29–36%) and a low content of aromatic structural frag-
ments (AR/AL—0.49–0.43), which reveals low humification rates in this time period. The
composition of humic acids from MIS 7 paleosoils shows a relatively high content of aro-
matic structural fragments compared to modern soils (AR/AL—0.47) and MIS 5e deposits
(AR/AL—0.67–0.54), indicating a longer humification process in heterogenic conditions
(warm and cold periods). The results indicate that the molecular structure of humic acids is
a dynamic parameter of the environment that reflects the local conditions of pedogenesis
and organic matter formation. Permafrost thawing leads to the release of organic matter
(including matter that is relatively weakly resistant to biodegradation where aliphatic
structural fragments dominate the composition of humic acids) that may strengthen the
emission of climate-active gases into the atmosphere and boost climate change.

Keywords: humic acids; 13C NMR spectroscopy; permafrost; Ice Complex; Cryosols

1. Introduction
The global carbon pool (in the top 1 m) in soils is estimated at approximately

1500–1600 Gt [1], including 400–500 Gt of carbon stored in permafrost [2]. Under climate
change and landscape transformation, the release of carbon from permafrost could play a
significant role in atmospheric carbon fluctuations [3]. Most of the released soil organic
matter (SOM) is absorbed by the atmosphere and oceans and sequestered by soils and
plants [4]. However, direct carbon balance calculations indicate the existence of a “missing
carbon sink” which may be linked to carbon conservation, its qualitative composition, as
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well as redistribution and redeposition of organic matter [5]. Thermoerosion and slump
formation processes in permafrost-affected environments and the release of SOM from
thawing permafrost are among the key components of the Arctic carbon cycle [6].

Coastal erosion along small and large riverbanks, as well as in Arctic coastal regions,
releases approximately 8–15 Tg C-CO2 yr−1 of SOM [7]. According to Nielsen et al. [8],
by 2100, the rate of carbon release from permafrost could increase by 1.5 times, leading
to significant inputs of SOM into Arctic seas. In addition to coastal erosion, thermokarst
processes, driven by the thawing of ice-rich Late Pleistocene permafrost Ice Complex
deposits, contribute to carbon emissions, releasing 19–58 Tg C-CO2 yr−1 [9]. Eroding
landscapes are a key source of bioavailable carbon, as dissolved organic matter can be
readily utilized by microorganisms [10]. The formation of Ice Complex deposits is linked to
the rapid accumulation of labile carbon and its subsequent preservation under conditions
of synlithogenic pedogenesis that took place in the Late Pleistocene, the simultaneous
mineral material deposition, its pedogenic reworking and further transition into the frozen
state due to aggrading permafrost [11,12], making it a formation for long-term carbon
storage [13]. The Ice Complex covers over 1 million km2 in northeastern Siberia, Alaska,
and Canada [14] and contains 657 ± 97 Gt of carbon [15]. A critical question in permafrost
degradation is the susceptibility of organic matter to biodegradation [16]. While Knoblauch
et al. [17] found no significant differences between the organic matter properties of the Ice
Complex organo-mineral deposits and early Holocene deposits, other studies suggest that
Ice Complex deposits formed under relatively more aerobic conditions and may be more
vulnerable to decomposition than those formed in the early Holocene [15].

Since the 1970s, a retrogressive thaw slump (RTS) known as “Batagayka” or Batagay
megaslump, has been forming in the Yana Highlands of northeastern Siberia. Today, it is
recognized as the largest RTS on Earth [18]. There is a significant gap in research focused
on Pleistocene pedogenesis in the Yana Plateau region. Some studies briefly mention
“pedogenic” characteristics in the composition and features of the examined deposits,
often based solely on the darker coloration of specific subhorizontal layers within the
deposit sequence [11,19]. The morphology and properties of modern Cryosols in the
area have been addressed in a few publications [20]. Just recently, in [21], a profound
study of the microstructure and geochemical properties of modern and buried soils and
hosting permafrost sediments of the Batagay RTS was published where we attempted to
characterize the degree and peculiar properties of pedogenic transformation of the Batagay
RTS deposits.

Permafrost degradation here is occurring at a rate of 1 million m3 per year, releas-
ing 4000–5000 tons of organic matter annually [18]. Further expansion of the Batagay
megaslump could increase the mobilization of organo-mineral sediments [22], potentially
affecting atmospheric CO2 levels [23]. Thus, it is crucial to assess the resistance of or-
ganic matter to biodegradation, as this will help refine existing carbon-balance models for
northwestern Siberia.

One method for assessing the qualitative composition of organic matter is 13C-NMR
spectroscopy of humic acids (HAs) [24]. This approach helps determine the content of
environmentally stable HA fragments [25] and is widely used to evaluate the stabilization
rates of SOM in the Arctic [26–28]. The hypothesis of this study is that organic matter accu-
mulated during the Late Pleistocene synlithogenic pedogenesis exhibits varying degrees of
resistance to biodegradation, depending on the bioclimatic conditions of the Ice Complex
formation. The aim of this study is to evaluate the degree of resistance to biodegradation of
organic matter released from the Batagay megaslump. To achieve this, the major task of
the study has been defined—to analyze the molecular properties of the organic matter of
modern and ancient soils and to estimate its resistivity to biodegradation.
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2. Materials and Methods
2.1. The Study Area

Batagay RTS, placed in northern Yakutia, measures roughly 1 × 2 km, with the main
wall of the exposure extending over 1.6 km (Figure 1). A stratigraphic sequence of frozen
deposits exceeds 80 m in thickness, covering a time span from 250 to approximately
600–700 Kyr (as estimated through various research methods [29]). The Batagay RTS
(67.58◦ N, 134.77◦ E), located in 10 km southeast of the Batagay settlement in Sakha (Yakutia,
Russia), began to develop from a series of thermal erosion gullies at the end of the 1960s [19]
with a gradual increase in the rate of degradation. By 2015, it reached the width of 840 m
with an overall area of more than 70 ha [12,30]. Then, the rate of the retreat of the exposure’s
walls somewhat slowed [31]. Presently, the maximum width is about 1 km [18]. The Batagay
RTS is found in the Kirgillyakh-Khatyngnakh saddle, mainly between 260 and 330 m a.s.l.
This area has a sharply continental climate of the subarctic zone [32]. The mean annual air
temperature is –11.6 ◦C, and the annual precipitation is 210 mm. The region belongs to
the zone of continuous permafrost with a thickness of about 300 m, and the mean annual
ground temperature in the upper part of the permafrost varies from –5.5 to –7.0 ◦C [32].
The thickness of the active layer varies from 0.6–0.8 to 1.4–1.6 m depending on the soil-
vegetation cover [33]. The permafrost section consists of disperse sediment units underlain
by metamorphosed slate bedrock of the Triassic period [12] appearing on the surface only
in the deepest parts of the section and in the streambeds of springs inside the slump.

 
(a) 

Figure 1. Cont.
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(b) 

Figure 1. The study area. Batagay RTS. Geographical location (a) and headwall structure adjacent to
BTG-23-06 and BTG-23-07 sampling points (b).

Northern taiga larch woodlands with admixtures of silver birch and, less frequently,
aspen predominate on the Yana Plateau [31,34]. The ground cover is mainly represented
by lichens, mosses, and some grasses [35]. With altitude, larch woodlands are replaced by
thickets of Siberian dwarf pine or mountain tundra.

Modern soils of forest watersheds and gentle slopes are predominantly represented by
sandy loamic Histic Spodic Cryosols underneath larch woodlands. These soils have a well-
developed upper peat horizon of about 10 cm in thickness, under which a mineral horizon
with an ooid (“caviar-like”) postcryogenic soil structure is located. The middle-profile
mineral soil horizons have slightly pronounced signs of gleyzation and ferrugination, as
well as migration of organic compounds. Suprapermafrost horizons are often waterlogged
and structureless.

The structure and physicochemical properties of the Batagay RTS modern soil, hosting
sediments and paleosoils are thoroughly discussed in the recent paper [21], which is the
basis for our assumptions about the environment in the most favorable epochs for the
development of pedogenic processes.
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2.2. Sampling Strategy

Buried soils and soil-like bodies were studied during field research in 2023 and
2024 field seasons, both in individual accessible areas of the frozen walls of the Bata-
gay RTS exposure. Modern and paleosoils were named in accordance with IUSS Working
Group WRB [36]. The term “cryopedolith” (proposed by S.V. Gubin [37,38]) or “soil-like
body” refers to a sediment unit that has undergone initial pedogenesis alongside syngenetic
freezing and intense accumulation of mineral material. This material was deposited pri-
marily through eolian processes under relatively cold and arid conditions, though other
reworking mechanisms may have contributed. Both the lower and upper sand units in
the Batagay megaslump wall structure represent cryopedoliths (soil-like bodies) and con-
tain the least pedogenically altered material within the entire stratigraphy. Syngenetic
pedogenesis occurred simultaneously with mineral deposition and incremental permafrost
aggradation during glacial periods, resulting in distinct pedogenic features. However, this
process did not lead to the formation of fully developed (e.g., epigenetic) soil profiles.

Modern and buried soils, as well as permafrost soil-like bodies, were sampled using
standard soil-science methods to characterize the structure and properties of units within
the Batagay megaslump stratigraphic sequence. From each distinct soil horizon or sed-
imentary unit, samples (200–300 g) were collected from both the frozen exposure wall
and borehole cores. These samples were air-dried, manually ground into a homogeneous
mass, and sieved through a 1 mm mesh to remove large plant residues and coarse mineral
fractions. Thus, the obtained “median” samples can be considered as representative of the
spatial and property variability of the sampled sedimentary units following established
protocols for permafrost studies [2]. Each soil horizon was sampled in field triplicate,
constituting the bulk sample afterwards. The analysis of the elemental composition of
HAs was carried out in three repetitions. Low coefficients of variation (<5% for elemental
composition of HAs) confirmed homogeneity within units. Our sample numbers align
with or exceed those in similar studies of Ice Complex deposits [18].

The first sampled interval is confined to the lower part of the section (66–70 m) com-
posed of sediments of the lower Ice Complex (BTG-23-06; MIS 7 (approx. 220 Kyr) or
possibly MIS 15–17 (approx. 650 Kyr)) and is marked in the wall by a paleosoil, which
is morphologically close to modern Histic Gleyic Cryosol. An abundance of coarse plant
remains, their layered bedding, abrupt boundaries between organic interlayers and un-
derlying mineral sediments, as well as intense gleyization of the mineral sandy loamic
part of paleosol and the high ice content (massive-agglomerate, lens-type, and reticular
cryostructures) allow us to suppose that during the formation of this part of the section,
the surface was significantly waterlogged and contained intrapolygonal water pools and a
thick (in some cases, possibly, subaqueous) peat cover forming between ice wedges.

The second sampled paleosoil, which is most distinct in terms of morphological
and physicochemical properties of the material, is allocated to a subhorizontal interlayer
of the epigenetic (formed under conditions of a relatively weak or absent deposition
of mineral sediment) buried soil located in the central part of the outcrop at a depth
of 38–43 m (BTG-23-11, BTG-23-07; MIS 5e (approx. 130 Kyr)). The morphological
features of the material are close to the modern sandy loamic Histic Spodic Cryosols. The
processes of migration of Al–Fe humic compounds are clearly seen in the ocherous color
of mineral horizon under the organomineral layer. Clearly formed crumb–platy and
ooidal aggregates, well-preserved charcoal particles, and root channels are clearly visible
in the microstructure; soil pores have distinct boundaries. Mineral particles are covered
by thin light brown films of iron oxides; some poorly rounded mineral grains contain
clods of dark organic material on the surface. Optically unoriented clay participates in
the formation of complex microaggregates.
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Samples were collected from key stratigraphic units (MIS 5e, MIS 15–17) representing
characteristic Ice Complex deposits; these deposits are well dated and are characteristic
of Northeastern Siberia [11,15]. The samples of modern soils correspond to those that are
developing in Northeastern Yakutia [20].

The descriptions of studied soil and soil-like bodies are presented in Table 1.

Table 1. The descriptions of studied samples of soil and soil-like bodies.

ID Index Marine
Isotope Stage Horizon Depth Location Name (WRB [36])

1
BTG-23-08 Modern soil

He 1–9 cm Undisturbed soil, formed to the east relatively from
Batagay RTS. Histic Cryosol. N 67.578406, E 134.783202 Histic Cryosol

2 Bh 9–50 cm

3
BTG-23-11 MIS 5e

[He]
20–25 m

Buried paleosol. Histic Gleyic Cryosol. N 67.577686,
E 134.777580 (BTG-23-11), N 67.578988, E 134.762130

(BTG 23-07)

Buried Histic
Spodic Cryosol4 [Bs]

5 BTG-23-07 [He] Paleoerosional cuts

6
BTG-23-06 MIS 7 or 15-17

[O]
More than

60 m
Visible foot of the Ice Complex. Histic Gleyic Cryosol.

N 67.577284, E 134.762860

Buried Histic
Reductaquic

Cryosol
7 [He]
8 [Bl]

2.3. Laboratory Methods

The pH values were measured potentiometrically in aqueous suspensions. Total
carbon and nitrogen contents were determined using a CHN analyzer (EA3028-HT Eu-
roVector, Pavia, Italy) with an analytical accuracy of ±0.01 mg or ±0.5% RSD for carbon
and ±0.02 mg or ±0.5% RSD for nitrogen. Particle size distribution was analyzed by the
sedimentation method. Phosphorus (reported as P2O5) and potassium (reported as K2O)
contents were measured using the Kirsanov method [39]. HAs were extracted from the
soil samples following the standardized procedure recommended by the International
Humic Substances Society (IHSS), incorporating modifications introduced by Vasilevich
et al. [40]. The elemental composition of humic substances was determined as the per-
centage content of carbon (C), hydrogen (H), nitrogen (N), and oxygen (O). All elemental
data were corrected for residual moisture and ash content. The modified Van Krevelen
diagram was employed for graphical interpretation of the elemental ratios, providing in-
sights into the structural characteristics and origin of the humic substances. HAs represent
the more stable and structurally complex fraction of SOM, with higher molecular weight
and aromaticity compared to fulvic acids (FAs) [25]. This makes them a critical indicator of
long-term carbon persistence in permafrost regions. HAs dominate the recalcitrant SOM
pool in permafrost-affected soils, while more soluble and labile FAs are often rapidly lost
by leaching or microbial degradation upon thawing/freezing processes.

The elemental composition (C, H, N) of humic acids (HAs) was determined using
a CHNS analyzer (EA3028-HT EuroVector, Pavia, Italy). Oxygen content was calculated
by difference. The obtained elemental ratios were visualized using a Van Krevelen dia-
gram (H/C vs. O/C atomic ratios) to assess the structural characteristics and degree of
transformation of the humic substances. Oxygen content was calculated from

O = 100 − (C + H + N) (1)

where C, H, N content was obtained by CHN analyzer.
The degree of oxidation was calculated from

w = 2 × ((O/16)− (H/1.01))/(C / 12.01) (2)

where C, H content were obtained by CHN analyzer.
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Solid-state 13C NMR spectra of humic acids (HAs) were acquired using cross-
polarization magic angle spinning (CP/MAS) methodology on a Bruker Avance 500 MHz
spectrometer (Billerica, MA, USA) in a 3.2 mm ZrO2 rotor. The number of scans (NS)
was 30,720.

The content of aromatic fragments in the composition of HAs is a qualitative indicator
of the resistance of organic matter to biodegradation [25]. This is due to the formation
of biochemically more stable organic compounds relative to aliphatic compounds [25].
According to Schädel et al. [41], organic matter saturated with aromatic compounds of
HAs is less susceptible to microbial decomposition due to the complex ring structure of
molecular compounds.

3. Results and Discussion
The analysis of modern soils and paleosoils buried in the Ice Complex deposits re-

vealed relatively similar chemical characteristics. Total nitrogen content in the studied
modern soils and paleosoils ranged from 0.05% in lower horizons to 0.28% in upper hori-
zons, suggesting that plant residues constitute the primary nitrogen source. A similar
pattern was observed for total carbon content, with maximum values in modern or for-
mer superficial horizons (6.05%) sharply decreasing with depth (0.38%). The C/N ratio
varied from 7.14 in lower horizons to 21.63 in upper horizons, indicating limited nitrogen
availability. This distribution pattern is typical for Arctic soils [42], resulting from short
and cold growing seasons and carbon accumulation primarily as coarse humus forms.
Ice Complex deposits showed heterogeneous composition, reflecting different stages of
organomineral accumulation during complex formation. Total nitrogen content ranged
from 0.06% to 1.14% (MIS 7), for MIS 5e—0.24% of N, while total carbon content varied
from 0.42% to 20.63% (MIS 7 paleosoil), for MIS 5e—0.24% of C. Analysis of available
phosphorus (P2O5 mg/100 g) revealed higher concentrations in Ice Complex deposits (MIS
5e and MIS7) compared to modern Cryosols (6.87 vs. 2.71 on average). Potassium content
(K2O mg/100 g) was similar in both (4.7 in Ice Complex vs. 4.6 in soils). pH values were
near-neutral (pH—6.6). Thus, paleosoils from Ice Complex deposits show physicochemical
parameters similar to those of modern Arctic soils. However, the key remaining ques-
tion concerns the fate of Ice Complex organic matter in terms of its possible subsequent
transformation processes after thawing from ancient permafrost.

Molecular Structure of HAs Isolated from Soils and Relict Organic Matter of the Ice Complex

To analyze intramolecular processes occurring in HA molecules, we conducted an
elemental composition analysis of HAs (Table 2). The elemental composition of HAs
isolated from soils and paleosoils from the Ice Complex deposits showed that carbon
content falls within a narrow range for all studied samples (52.07–56.21%, with a coefficient
of variation of 2.69%). Similar consistency was observed for hydrogen and oxygen contents.
Hydrogen content varied from 4.61% to 5.39% (coefficient of variation 4.65%), while oxygen
content ranged from 37.16% to 41.15% (coefficient of variation 3.49%). The greatest variation
was observed in nitrogen content, which ranged from 1.76% (BTG-23-06 [He]; MIS 7) to
3.15% (BTG-23-11 [He]; MIS 5e), with a coefficient of variation of 20.53%. This relatively
high variation in nitrogen content is associated with differences in quality of precursors of
humification. The vegetation cover and humification conditions varied significantly during
different stages of Ice Complex deposit and paleosoil formation, which is reflected in the
elemental composition of HAs.
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Table 2. The elemental composition of HAs isolated from modern and paleosoils (gravimetric
concentration are given for C, H, N. C/N, H/C, O/C—atomic ratio).

ID Index Horizon N, % C, % H, % O, % C/N H/C O/C w

1
BTG-23-08

He 2.36 ± 0.01 54.91 ± 0.11 5.14 ± 0.19 37.59 ± 0.31 27.16 1.11 0.51 −0.08
2 Bh 2.9 ± 0.06 54.88 ± 0.16 5.04 ± 0.05 37.18 ± 0.19 22.09 1.09 0.51 −0.08

3
BTG-23-11

[He] 3.15 ± 0.03 52.07 ± 0.15 5.17 ± 0.09 39.61 ± 0.21 19.28 1.18 0.57 −0.04
4 [Bs] 2.17 ± 0.15 54.02 ± 2.46 5.39 ± 0.38 38.42 ± 2.92 29.08 1.18 0.54 −0.11

5 BTG-23-07 [He] 2.32 ± 0.05 53.94 ± 0.04 5.15 ± 0.12 38.59 ± 0.14 27.10 1.14 0.54 −0.06

6
BTG-23-06

[O] 1.79 ± 0.11 52.45 ± 0.41 4.61 ± 0.07 41.15 ± 0.55 34.32 1.04 0.59 0.13
7 [He] 1.76 ± 0.03 56.21 ± 0.16 4.87 ± 0.12 37.16 ± 0.28 37.31 1.03 0.5 −0.04
8 [Bl] 2.48 ± 0.07 55.72 ± 0.04 4.94 ± 0.07 36.86 ± 0.11 26.22 1.05 0.5 −0.06

To analyze intramolecular processes, an elemental composition diagram was plotted
(Figure 2).

 

Figure 2. Distribution fields of elemental composition indices in H/C-O/C coordinates of
HAs. Green—modern Cryosols; light-brown—MIS 5e deposits; dark-brown—MIS 7 deposits.
#1–#8 correspond to Table 2.

The data show that the oxidation index (O/C) values fall within a narrow range for
most samples, except for samples #3 (BTG-23-11 [He]) and #6 (BTG-23-06 [O]), indicating
an active hydrogenation process where hydrogen molecules attach to carbon molecules.
This process may reduce molecular resistance to biodegradation by breaking double and
triple bonds in HAs, while increasing their solubility through the formation of hydroxyl
groups (-OH). This process can actively develop under anaerobic conditions, taking
into account the fact that organic matter has been in a frozen state for a long time in
the Ice Complex deposits. It can play a key role in the transformation of intramolecular
complexes. According to the H/C index, which reflects the degree of HA saturation
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and indicates the maturity of HAs, we can note that the most mature HAs were formed
during MIS 7 stage (#6–8), followed by HA samples from modern Cryosols (#1–2), while
deposit samples from MIS 5e (#3–5) are characterized as the most labile. According to
the ANOVA test, significant differences between groups of modern Cryosols and MIS
5e (p = 0.01) and MIS 7 deposits (p = 0.02) as well as between MIS 5e and MIS 7 deposits
(p = 0.0006) have been found. This distribution indicates the heterogeneous formation
and transformation of HAs in different time periods, which may be due to both the
qualitative composition of humification precursors and local bioclimatic conditions.
Despite the morphological closeness in the soil profile structures of modern and MIS
5e Histic Spodic Cryosols, we may assume that the organic matter of the modern soils
had relatively less time to form its molecular structure (just nearly 10 Kyr since the
beginning of Holocene) than those from MIS 5, the interglacial period which spanned
for nearly 30 Kyr at its warmest MIS 5e stage.

To determine the qualitative composition of HAs, an analysis using 13C-NMR spec-
troscopy was performed. The obtained spectra are shown in Figure 3, and the results of the
analysis are presented in Table 3.

Figure 3. 13C NMR spectra of HAs isolated from Cryosol and Ice Complex deposits of Batagay RTS.
Soil IDs correspond to those in Table 1.
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Table 3. Content of structural fragments in the studied soil samples.

ID Horizon
Chemical Shifts, % of 13C AR

*
AL
**

AR/AL
AL

h,r + AR
h,r

C,H-
AL/O,N—

ALC,H-Al O,N-Al CH2OH C,H-Ar O,N-Ar COO-R Ar=O C=O

1 He 32 7 15 23 8 11 1 3 32 68 0.47 55 1.45
2 Bh 35 7 12 24 7 12 1 2 32 68 0.47 59 1.84
3 [He] 29 8 17 22 7 14 1 2 30 70 0.43 51 1.16
4 [Bs] 36 7 13 22 7 12 1 2 30 70 0.43 58 1.8
5 [He] 28 8 16 23 9 12 1 3 33 67 0.49 51 1.16
6 [O] 25 6 14 29 10 12 1 3 40 60 0.67 54 1.25
7 [He] 26 7 18 24 10 11 1 3 35 65 0.54 50 1.04
8 [Bl] 28 7 16 26 9 12 1 1 36 64 0.56 54 1.21

* Aromatic structural fragments were calculated as the sum of fragments C,H-Ar, O,N-Ar and Ar=O. ** The
aliphatic structural fragments were calculated as the sum of the fragments C,H-Al, O,N-Al, CH2OH, COO-R
and C=O.

According to the data obtained, it was revealed that aliphatic structural fragments
from 60 to 70% dominate in the HAs. The main group of aliphatic structural fragments
comprises C,H-AL and O,N-AL. The content of aliphatic structural fragments is in a narrow
range, which indicates a relatively homogeneous structure of HA molecules; however, we
can note that the lowest content of aliphatic structural fragments is characteristic of HA
molecules formed during MIS 15-17, which indicates their relatively high maturity and
condensation of biodegradation-resistant molecular complexes. The highest content of
aliphatic structural fragments is characteristic of the MIS 5e stage, which may indicate the
formation of labile components of organic substances during the warmest phase of the
deposits’ formation. The content of aliphatic structural fragments at the level of 68% is
observed in the HAs of modern Cryosols. This distribution of aliphatic structural fragments
in HA molecules is confirmed by the elemental composition, and may indicate the presence
of poorly transformed organic substances (waxes, lipids, and carbohydrates); low quinone
content indicates weak oxidation of the material. The HAs of modern soils and sediments
formed in MIS 5e are characterized by a relatively low degree of development of the
material, while the HAs of deposits of the MIS 7 stage are characterized by a more mature
structure, which may be related both to the composition of humification precursors and
intramolecular transformation processes under the wet and relatively warm environmental
conditions. Aromaticity (AR/AL ratio) differed significantly between MIS 15-17 (0.54–0.67)
and MIS 5e/modern soils (0.43–0.49; p < 0.01, based on ANOVA test).

To analyze the parameters of humification and hydrophobicity of HAs, a diagram of
integral indicators of HAs was constructed (Figure 4).

According to the diagram obtained, we can estimate the intramolecular processes that
are currently taking place in HA molecules. Thus, it was revealed that active humifica-
tion processes with the formation of hydrophobic molecular complexes occur in samples
#2 (BTG-23-08 Bh) and #4 (BTG-23-11 [Bs]). These samples correspond with the zone of the
most active pedogenic organomineral interaction between the superficial organogenic peaty
horizon and the underlying mineral soil mass. The remaining samples are characterized by
less active humification processes and the formation of hydrophobic molecules.

Principal component analysis was used for statistical analysis of the elemental and
molecular composition of HAs (Figure 5).

Based on the diagrams obtained, it was found that the distribution of the studied
parameters by PC1 is related to the content of the C,H-AL group due to the greatest
contribution of aliphatic structural fragments to the composition of HAs. PC2 is associated
with the content of C,H-AR structural fragments, which indicates a relatively high maturity
of HAs formed in the Batagai RTS area as well as for modern Cryosol and Ice Complex
deposits. From the ordination diagram, we can note the grouping of samples #2 and #4,
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which may indicate the process of humification of organic substances with the formation of
aliphatic structural fragments in the HAs.

 

Figure 4. Diagram of integral indices of molecular composition of HAs. Soil IDs correspond to those
in Table 1. Green—modern Cryosols; light-brown—MIS 5e deposits; dark-brown—MIS 7 deposits.
#1–#8 correspond to Table 2.

 
(a) (b) 

Figure 5. Results of principal component analysis for structural fragments and elemental composition
of HAs. Soil IDs correspond to those in Table 1. Green—modern Cryosols; light-brown—MIS
5e deposits; dark-brown—MIS 7 deposits. (a)—Correlation diagram, (b)—Ordination diagram.

The results indicate heterogeneity in the formation of the Ice Complex (MIS 5e and
MIS 7) and its organic matter composition. Organic matter from different aged pale-
osoils and modern Cryosols shows relatively high variability, with the highest content of
biodegradation-resistant aromatic compounds found in HA samples from the oldest MIS
7 deposits. The relatively high content of aliphatic structural fragments suggests the or-
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ganic material underwent limited transformation before rapid freezing [21]. HA structural
analysis can reflect past climatic conditions and serve as an environmental marker [43]. Our
data correlate well with HA composition studies from the Lena River Delta Ice Complex
organic-rich deposits, where similarly high aromatic fragment content (up to 47%) was
observed compared to modern Cryosols [42]. This suggests relatively favorable conditions
of the Late Pleistocene for plant residue humification and formation of biodegradation-
resistant molecular complexes. According to Murton et al. [11], MIS 7 environments likely
experienced relative warming with increased landscape waterlogging, promoting pedoge-
nesis and organic matter accumulation and transformation [21] with relatively intensive
humification processes and aromatic structure formation. Organic matter transformation
in waterlogged environments can produce detritus that remains relatively stable compared
to biodegradation under cold conditions, as confirmed by our previous analysis of HAs of
SOM from the Kolyma Lowland coastal zone [44].

Pedogenesis during the MIS 5e stage occurred under conditions similar to modern
ones [35]. During this period, herbaceous phytocenoses and mixed forests likely developed,
which is also reflected in the structure of HAs. Our principal component analysis revealed
comparable proportions of aliphatic and aromatic structural fragments in these samples.
The relatively high content of aromatic structural fragments observed in MIS 5e stage
deposits (sample BTG-23-07 [He]) from an erosional incision may be attributed to the
presence of charcoal particles in the organomineral material [21], which are known for their
high aromatic structural fragment content. This period was characterized by widespread
forest fires [45], with potential sources of charcoal particles including both aeolian transport
and fluvial transportation by river waters.

The molecular composition of HAs in modern regional Cryosols is similar to those
forming in soils of other regions of the Arctic [26,40], reflecting comparable bioclimatic
conditions. The formation of coarse organogenic remnants results in a predominance of
saturated -CH2- groups and aliphatic structural fragments [46]. These fragments are less
resistant to biodegradation and may contribute to climate change [47]. The relatively high
content of aromatic structural fragments may slow the biodegradation of organic matter
released from the frozen state of the Ice Complex, as these molecular complexes are more
stable in the environment [47]. The molecular composition of HAs is a dynamic parameter
that depends on local bioclimatic conditions and the quality of humification precursors, and
may change over time. The direction of this process will depend on current environmental
conditions. We suggest that over time, the content of aromatic structural fragments in
HAs from thawed and redistributed MIS 7 deposits may decrease to background levels
determined by local bioclimatic parameters and the quality of humification precursors.

The Batagay megaslump releases 4000–5000 tons of organic carbon annually [22],
which consists of labile aliphatic-rich humic acids (MIS 5e deposits). Its rapid micro-
bial degradation could increase CO2 and CH4 emissions, exacerbating Arctic warm-
ing [6,16]. Assuming a 1.5× increase in thaw rates by 2100 [8], this site alone may contribute
~6000–7500 tons C yr−1, with ~30–50% emitted as CO2/CH4 (based on Arctic emission
factors) [16]. Thawing permafrost exerts effects on hydrology, destabilizing soils and
triggering thermokarst formation. This disrupts vegetation (e.g., larch woodlands) and re-
duces biodiversity of the region, as observed in analogous permafrost-affected regions [48].
Eroded organic matter enters rivers (Yana, Lena, Ob, Kolyma rivers), releasing bioavailable
carbon that may affect the aquatic ecosystems of arctic seas [49]. Thawing of permafrost
can affect the social life of the population, which is reflected in damage to infrastructure
(subsidence of soil, destruction of linear objects), and threatens the food security of the
peoples of the far north, as well as the release of various pathogens and pollutants stored
in the permafrost [50].
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4. Conclusions
The release of organic matter from the frozen state plays an important role in climate

change on the planet and can serve as a marker of environmental changes in the past. The
study revealed that in terms of physicochemical parameters, relict paleosoils are relatively
similar in their parameters to modern analogues (carbon, nitrogen and biogenic element
content), but they have significant differences in the molecular structure of HAs (AR/AL
varies from 0.43 to 0.67). Analysis of the molecular composition of the different aged pale-
osoils from the Ice Complex deposits has shown that the initial conditions for the formation
of organic matter determine their molecular structure. Thus, the HAs from MIS 7 paleosoils
are characterized by a relatively high content of aromatic structural fragments, up to 40%,
due to the long process of humification under the hydromorphic conditions. Organic matter
in the younger paleosoils from the MIS 5e stage was characterized by a shorter stage of
humification, and the formation of coniferous-deciduous forests ensured the formation
of aliphatic structural fragments of up to 70%. These conditions for the formation of or-
ganic matter are quite close to those of modern soil formation; modern soils contain high
percentages of aliphatic structural fragments in their organic matter, reaching up to 68%.

Based on to the obtained molecular composition data, the most active humification
processes with the formation of hydrophobic molecular complexes occur in the zone of
the most active pedogenic organomineral interaction between the superficial organogenic
peaty horizon and the underlying mineral soil mass.

Therefore, we can conclude that local bioclimatic conditions determine the molecular
composition of HAs. Aliphatic structural fragments are less resistant to biodegradation,
and aliphatic-rich organic matter may be available for microbial destruction, which may
affect climate change and the emission of climate-active gases into the atmosphere.

Future research should focus on investigating the transformation rates and molecu-
lar composition dynamics of HAs in SOM released from the Ice Complex for the better
prediction of its contribution to global climate change.
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