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Abstract: The most massive and fast-eroding thaw slump of the Northern Hemisphere
located in the Yana uplands of northern Yakutia was investigated to assess in detail the
cryogenic inventory and carbon pools of two distinctive Ice Complex stratigraphic units and
the uppermost cover deposits. Differentiating into modern and Holocene near-surface layers
(active layer and shielding layer), highest total carbon contents were found in the active layer
(18.7 kg m2), while the shielding layer yielded much lower carbon content of 1.8 kg m2. The
late Pleistocene upper Ice Complex contained 10.4 kg m™ total carbon, and the mid-
Pleistocene lower Ice Complex 17.7 kg m. The proportion of organic carbon from total
carbon content is well above 70% in all studied units with 94 % in the active layer, 73% in
the shielding layer, 83% in the upper Ice Complex and 79% in the lower Ice Complex.
Inorganic carbon is low in the overall structure of the deposits.

Keywords: Ice Complex; Yedoma; organic carbon; inorganic carbon; total carbon; Batagay
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1. Introduction

Pioneering fieldwork in the Batagay megaslump to study its cryogenic inventory and
origin was undertaken in 2011 [1]. The prominent ice-rich ice complex units and ice-poor
sand units as well as enclosed ground ice exposed in the Batagay megaslump accumulated
during the Pleistocene under the continental conditions of the non-glaciated region of eastern
Siberia belonging to the western part of Beringia [1].

Currently, the Batagay megaslump and its exposed permafrost are increasingly studied
by various disciplines to assess its modern morphodynamics such as erosion rates and
budgets [2, 3] or the behaviour of living microorganisms inside the frozen zone [4]. Most
studies, however, deal with the Quaternary frozen deposits, the fossil inventory and ground
ice.
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Based on current cryolithological research and various dating approaches the
permafrost exposed in the Batagay megaslump differentiates into the following seven units
[1, 5, 6] starting from the slump bottom: (1) diamicton above slate bedrock, (2) lower ice
complex, (3) lower sand unit, (4) prominent lenses of woody debris, (5) upper ice complex,
(6) upper sand unit, and (7) a near-surface layer. The chronological sequence is not
continuous, but contains hiatuses and traces of thermo-erosional degradation, especially
during multiple interglacials during mid- and late Pleistocene [6-8].

Geophysical studies and obtained data on the general permafrost structure of the
Batagay megaslump show — as also in the headwall of the slump exposed — multiple wedge-
ice generations. These are thickest on the northwestern slope of megaslump, and thinnest on
the south and southwest slopes. The distance between the ice wedges ranges from 2 to >10 m

[9].

The analysis of stable water isotope (6180, 6D) composition of the ice wedges from the
upper ice complex revealed low winter temperatures during MIS 3 under enhanced
continentality of the Yana Upland [5, 10]. Ice wedges of both sand units retain traces of rapid
sand formations [5]. It was further shown that the wedge ice of multiple generations of the
Batagay megalump has a hydrogencarbonate-calcium dominated composition and a
homogenous content of micro- and macroelements [11] pointing to stable moisture sources,
i.e. winter precipitation, for syngenetic ice wedge growth.

The reconstruction of past vegetation and landscapes of the Yana Upland indicated that
the primary plant, formed in cold stages before and after the Last Interglacial, corresponds to
the analogues of moderately dry meadow steppes represented by Festucetalia lenensis
communities [12]. During the last interglacial period, larch was the main vegetation, and
coniferous forest corresponded to modern northern taiga [8]. The meadow steppes that
formed the vegetation cover during the cold periods retained their ecological properties even
under warm stage conditions of the Last Interglacial, which indicates environmental stability
over glacial-interglacial cycles. Such ecological balance means a low amount of precipitation
and a relatively mild growing season during and after the late Pleistocene. The studied
ancient vegetation proxies are relics of a continuous steppe system, stretching from Central
Siberia to Northeastern Yakutia in the Pleistocene [12].

Research and analysis of the carbon of fossil organic matter in permafrost sediments are
needed because of the ongoing climate warming and increasing anthropogenic load on
sensitive ecosystems of permafrost landscapes. Whether its economic or industrial
development, which leads to impaired ecological stability. As a result, exogenous and
cryogenic processes are activated with higher intensity leading to the formation of
depressions in the landscape, melting of ground ice, active layer thickening and the inevitable
loss of the once stable part of carbon. For example, fires and clear-cutting of forests adversely
affect the state of permafrost [13]. It shows that ten years after continuous forest cutting, the
soil temperature rose by 1°C, and the thickness of the active layer increased to about 2 m,
which led to a critical state of permafrost [13]. After 60-80 years, gradual self-healing of
permafrost landscapes takes place, the thickness of the active layer decreases, and secondary
birch-larch forests grow. Studies [14] indicated that, after the cessation of the pyrogenic
situation and the burning of all forest vegetation for about 20 years, direct sunlight
penetration causes thickening of the seasonal thaw depth. Still, the gradual restoration of flora
and the accumulation of peat layer initiates the reverse process and leads to a decrease of the
seasonal thaw depth.

Cover deposits and underlying permafrost are a planetary reservoir of carbon (of any
form) since its accumulation took place over long geological periods. Carbon preserved in the
permafrost is represented by various labile fractions such as humus-like and humus
compounds, as well as dissolved organic substances. However, in scientific practice,
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researchers use the total carbon content to assess, predict and model ecosystem changes under
the influence of permafrost degradation or aggradation. About 70% of carbon in the terrestrial
ecosystems of the Earth is accumulated in soils amounting to 1395-1580 Gt C. Of this carbon
stock, 14% belong to soils of tundra and forest-tundra zones and 13% to those of boreal
(taiga) forests [15-17].

Geographically, the northern taiga forests of Northern Yakutia are isolated by the
Verkhoyansk Mountains. A comprehensive analysis of the carbon content and stock in
continental permafrost deposits is lacking yet, and the existing scientific data is scarce.
Estimates of organic carbon stocks in the northern taiga amount to about 16 to 22 kg m in
the uppermost 1-metre-thick soil layer [18], while 30 to 50 kg m™ of organic carbon are
stored in the uppermost 3 meters of permafrost on a circum-arctic scale [19].

The carbon component in the landscapes of the circumpolar region is one of the criteria
for observing the influence of anthropogenic and natural factors on permafrost. Changes
occurred in the violation of pristine properties of the soil cover entail the inevitable loss of
carbon from the active layer and permafrost as CO>, CHs and physical removal by erosion
into riverine and marine realms. The permafrost exposed in the Batagay megaslump is an
important example of how natural permafrost feature experiences overall degradation,
changing as a result of human activities, the geological structure of the territory and due to its
geographical location. However, according to Masyagina and Menyailo [20], the permafrost
of Siberia will remain stable soon, but it is still a potential source of a vast amount of
greenhouse gases, and ongoing release into the atmosphere will result in a further temperature
increase, which is the permafrost carbon feedback.

In our study, we provide a detailed cryolithological description of the permafrost units
exposed in the Batagay megaslump. We further estimated the carbon stocks of the lower and
upper ice complex as well as the uppermost cover layers.

2. Study area

The climate of the Yana upland region is severe and sharply continental. It is affected
by the geographical location between the arctic and subarctic climatic zones as well as by
isolation between mountain ranges. The average air temperature in January ranges from —40
to —38 °C, and the average air temperature in July from about +14 to +16°C. The average
annual rainfall with 180-200 mm is low — comparable to those of deserts and semi-deserts
[21].

The vegetation of the northern taiga is characterized by low species diversity, in
mountain climates with predominantly insufficient atmospheric moisture. In the study area,
forests are dominated by larch (Larix cajanderi) with undergrowth of birch, cedar dwarf pine,
lingonberry, and moss-lichen communities [22]. Landscapes are formed on permafrost in
continuous distribution with mean annual ground temperatures from —7 to —4°C. In the
Verkhoyan-Kolyma region, the maximum permafrost thickness reaches 350 m depth [23].
The presence of ice-rich permafrost in combination with widespread cryogenic processes
such as thermokarst, thermo-erosion, solifluction and frost cracking, determine the
appearance of periglacial landscapes and their development.

The loose deposits in the area are underlain by a bedrock of the Triassic age of the
Ladinsky tier such as sandstones, siltstones and conglomerates. Quaternary formations are
represented by undivided frozen eluvium and diluvium consisting of sand, silt and clay
including ground ice and organic matter.

3. Materials and methods
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During fieldwork in March-April 2019, the thaw slump walls were sampled at four
locations (Figure 1 and Figure 2). The sampled stratigraphic units exposed in the wall of the
slump are marked as follows: Al (lower Ice Complex), B1 (upper Ice Complex) close to the
headwall of the slump, D1 (ravine) in the south-facing exposure and C1 (upper Ice Complex)
in the north-facing exposure (Figure 1). Firstly, the walls of the sections were carefully
cleaned to remove the outermost material in order to avoid contamination. Secondly, the
sampling profiles were cryolithologically described in detail. Finally, we took samples of the
stratigraphical horizons for carbon analysis and soil density calculations. The soil density (g
m=3) in natural composition was determined by taking samples every 10 cm into steel
cylinders with a defined volume of 100 cm®. Knowing the mass of the cylinder with soil and
the mass of the empty cylinder, we determined the difference in soil mass at certain moisture
content. By determining the moisture percentage, we calculated the dry mass of the material.
The density of the soil of undisturbed composition was obtained by dividing the mass of dry
soil by cylinder volume.

134“416‘0'E *46'30" 134°47'0°E 134"4]7'30'E 134'4]8‘0'5

67°35'10"N
L
T
67°35'10°N

120°E 140'E 160°E

70°N
. East Siberian
5 4 Sea £
2 v 80° N _;g
5 Laptev Sea 5
(
J
p
T !
IKS) s
- ,9 .Bamgay J\[ =
° N 3 s N | 2
l &) 2
\ 79 3
\ e
W AAen o
N o~ Yakatsk
AR Y
ey
60' N T
? 7 L S50°N
z| ) / z
3 g ( g
g J B3
g L e 5
-
50°N FAY
100° € 120°E 400N
A SRR, e
134°460°E 134°46'30°E 134°4T0°E 134°4730°E 134°480°E

Figure 1. Batagay megaslump location in the Yana Upland in Northeast Yakutia and
orthophotomosaic overview based on unmanned aerial vehicle (UAV) data from April
2019.

The soil samples were processed in the laboratory at room temperature. The sediment
was laid out on paper and dried to an air-dry state. After that, the samples were oven-dried for
10 hours at a temperature of 105°C to exclude excess moisture from the samples.

We determined the organic carbon (OC), inorganic carbon (IC) and total carbon (TC)
content using a certified LECO RC612 multiphase carbon analyzer, according to DIN195309.
The applied temperature programming allows dividing the various carbon forms into organic
and inorganic. The maximum temperature for burning samples was 1100°C in an oxidizing
atmosphere.
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Carbon stocks (kg m) were calculated for each selected layer. We calculated the
stocks for the active and shielding layers and underlying permafrost and summed them to get
the total carbon stock for the entire thickness. The calculation of carbon stocks was carried
out, according to the equation:

Eq.:S=HxpxX,

where S — carbon stock (kg m), H — soil layer depth (cm), p — soil density (g m=) and
X —average carbon content (%).

Statistical processing of the carbon data was carried out in the program StatSoft
STATISTICA for Windows 13.3. To exclude distorted indicators in the sample set, a typical
sample from the general set of observations was used. The data are presented as arithmetic
means with the standard error of the mean values.

4. Results and discussion
4.1. General cryostratigraphy of permafrost exposed in the Batagay megaslump

The Batagay megaslump is the largest one in the Northern Hemisphere occupying an
area of 81 hectares, and with a length of more than 1000 m and a width of 800 m in 2019 (see
Figure 1 and Figure 2). The slump expands at high rates along the perimeter of up to 0.026
km? year? (between 1991 and 2018) [3]. The exposed depth along the slump perimeter varies
depending on the ice content of the permafrost deposits and the activity of thermo-erosion. It
reaches up to about 60 m depth in the central part of the headwall. The slope inclination is
pre-defined by exogenous geological processes that formed the slopes of the adjacent
Kirgilyakh and Khatyngnakh mounts, subsequent long-term aggradation of partly very ice-
rich permafrost, i.e. Ice Complex, and thermo-erosion along with valley structures on the
slopes by ground ice melt. The Batagay megaslump morphodynamics is characterized by
active thermo-erosion at the walls and the fluvial erosion by temporary streams on the slump
bottom. The latter transports eroded fine material with meltwater along the central slump
channel into the floodplain of the Batagay River. However, substantial amounts of the eroded
material, as well as permafrost remnants, remain on the slump bottom, forming a high relief
of ridges and hills with different heights (Figure 2).
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Figure 2. Digital Surface Model (DSM) based on UAV data from April 2019. Sampling
locations: the lower ice complex (Al), the upper ice complex (B1, C1) and cover deposits in
the ravine (D1).

The stratigraphy in the southern exposure of the slump — close to the central headwall
(sampling points Al and B1) — was characterized by the lower and the upper Ice Complex
units (about 3—7 m and 20-25 m thick, respectively), separated by the lower sand unit (up to
about 20 m thick) and a distinct woody bed (up to about 3 m thick) at the base of the upper
Ice Complex (Figure 3 and 4). The upper Ice Complex was covered by the uppermost
sediment layer with a thickness of 1.5 m.

Ice wedges of the upper Ice Complex were distributed to a depth of 14-24 m from the
top of the slump. The upper Ice Complex contained many thin plant roots as well as large
fragments of tree trunks. Below the upper Ice Complex at a depth of about 23 m, a sandy
loam layer with an admixture of reddish-orange sand with a thickness of 1 m was striking.
Underneath this layer with a thickness of 1.5-2.0 m, there was an organic-rich layer with
numerous plant and wood fragments of different degrees of decomposition (woody bed,;
Figure 4). From a depth of 26 m lied a sandy loam of grey and light brown colour with
narrow veins of sand of orange colour with narrow composite wedges and many thin roots
(lower sand unit). There were brown organic residues with a pungent odour of rotting
material, as well as visible individual inclusions of charcoal.
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lower ice complex units intersected by the lower sand unit and overlain by the shielding and
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The lower sand unit ended at a depth of 51 m and had a thickness of 25 m. Between the
depths of 51 and 52 m, there was a layer of reddish-orange sand with a thickness of 0.4-0.5
m. From the depth of 51.5 m, the lower Ice Complex began with a thickness of up to 6-7 m.
The upper boundary (visible part) of the ice wedges had a height of 0.4-1.2 m. There were
ice schlieres with angled direction from the sides of the ice wedges. Above the ice wedges,
there was a layer consisting of icy sandy loam of dark grey colour which was penetrated by
roots, and below lied a layer of silty sandy loam of brown colour alternating with crushed
stones, inclusions of charcoal and narrow strips of peat.

The wedge ice of the upper Ice Complex was pillar-shaped, resembling a solid wall of
ice from a distance. Table 1 summarizes descriptions of the cover deposits (samples in
profiles B1, C1 and D1) of the upper Ice Complex, mainly composed of sandy and dusty
particles with localized separate newly formed structure (ironing) and individual mechanical
inclusions of pebbles and gravel, they form one soil pedon for the Batagay megaslump. The
unit sampled at Al represents a separate feature of the lower Ice Complex. The formation of
the lower Ice Complex and its preservation remains uncertain. Perhaps, the lower Ice
Complex survived at least partly due to the thick and rapidly accumulated lower sand unit up
to about 25 m thick that is relatively ice-poor. But in this case, what contributed to such an
active accumulation of sedimentary cover over the lower Ice Complex? The lower Ice
Complex is surrounded by a heterogeneous composition of material such as sandy loam and
loess. The origin and existence of loess to a depth of 58 m suggests the accumulation of loess
formations occurred as a result of frost weathering and solifluction processes due to
periglacial phenomena in the Batagay area.

Table 1. Cryolithological characterization of the studied stratigraphic features exposed in the
Batagay megaslump.

Sampled units Description of selected profile sections

Al. Lower Ice At the top there are light brown layers of loess with streaks of organic

Complex, southern residues and hanging thin root. Single inclusions of coal are present.

exposure: The width of the interlayers varies from 0.15 to 0.35 m. At the height

N67°34'43,35" of 1.5-1.7 m from the bottom of the slump, there is a strip of gravel

E134°45'41,58" of 1.2 m long. The size of the gravel varies from 3 mm to 3.5 cm. The
profile is homogeneous; it is composed of sandy loam (sandy and
dusty particles) of a dark grey colour. The horizon is riddled with rare
roots. There are inclusions of charred wood residues — small
inclusions of brown decomposed organic matter. To the right of the
sampling site, at a distance of 1.6 m and a height of 1.5 m, there is a
light-brown interlayer with an orange tint of about 2.1 m long and 0.4
m wide. Its structure consists of small lumps with a diameter of 0.1-
0.5 mm. Spots of black coal and thin roots are observed. In some
sections, the material contains alternating ice schlieren. It has a
conditional ataxic cryostructure. Above the interlayer, dark grey sand
contains many roots.

B1. Upper Ice Section from top to bottom at the edge of the wall:

Complex, southern 0.0-0.04 m — forest litter (mosses, lingonberries, needles, rags).

exposure: 0.04-0.14 m — humus horizon.

N67°34'36,87" 0.14-0.25 (0.30) m — light brown sandy loam with inclusions of coal,

E134°45'42,84" strongly penetrated by roots.
0.25 (0.30)-1.2 m — dark grey sandy loam, transition to the next
horizon is clear, the border is even. The horizon contains many thin
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roots. The texture of the horizon is homogenous, with the exception
of crushed stone inclusions at a depth of 0.8 m.

1.2-1.5 m — grey sandy loam with a whitish tint, a row of gravel
separately located at a distance of 0.04 to 0.1 m, diameter from 0.002

to 0.01 m.
1.5 m — permafrost of the upper ice complex.
C1. Upper Sand, Section from top to bottom from the edge of the wall:
northern exposure: 0.0-0.03 m — forest litter (mosses, lingonberries, needles, and rags).
N67°34'40,58" 0.03-0.08 m — dark brown humus horizon.
E134°46'48,86" 0.08-0.39 m — loam of light brown colour, containing many roots.

The transition to the next horizon is noticeable, the border is even,
there were inclusions of pebbles with a diameter of 70-90 mm.

0.39-1.01 m — dark brown sandy loam. At a depth of 0.39-0.53 m, a
large accumulation of roots from 0.53 m. At a depth of 0.74 m, there
are holes with a diameter of 2 cm. The texture of the horizon is

homogeneous.
D1. Ravine, southern | Section from top to bottom from the edge of the wall:
exposure: 0.0-0.02 m — forest litter (leaves, needles, rags).
N67°35'04,16" 0.02-0.09 m - dark brown humus horizon, roots of different
E134°46'41,34" diameters abundant.

0.09-0.29 m - silt sandy loam of light brown colour strongly
penetrated by roots. The transition to the next horizon is subtle, the
border is smooth.

0.29-1.0 m — grey sandy loam, rare thin roots, the horizon is
homogeneous.

4.2. Carbon stocks of the lower and the upper Ice Complex units, and the uppermost
cover

It is necessary to take into account that microorganisms begin to multiply actively in
thawing permafrost [20]. When organic matter is oxidized, they remove carbon from the
bound state into the atmosphere. The degree of decomposition of soil organic matter depends
on the properties of the soil, the depth of the profile and community of bacteria, archaea and
eukaryotes, which are mostly found in frozen soils. This will lead to the intensification of
microbial metabolic activity and the possible creation of positive feedback to the conditions
of anticipating thawing of the permafrost [24-27].

The main fraction of OC was concentrated in the active layer topping the upper Ice
Complex due to the productivity of this layer, both in terms of greater seasonal thawing and
processing of soil organic matter by microbes (Table 2).

The resulting determinants are soil warming up to positive temperatures and activation
of microbiological processes; as a result, destruction and intensive mineralization of animals
and plant residues occur. Variations in the OC content in the active layer varied widely from
a minimum value of 0.3% to a maximum of 12.5%. Higher content of OC was prevalent on
the slopes of the southern exposure. Consequently, for the northern exposure slope (C1), the
average OC value was 2.1%, while for the southern exposure (B1) and the ravine (D1) it was
higher with 3.5% and 2.8%, respectively. The deep penetration of heat on the southern
exposure slopes causes permafrost thaw and collapse in the warm period of the year
compared with the northern exposure slopes, as is noticeable in the picture (see Figure 1).
This increases the physical runoff of soil material into the Batagay River as well as its
subsidence on the bottom of the slump.
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The properties of the shielding layer are closely related to the active (seasonally
thawed) layer. The susceptibility of the seasonally thawed layer to the constant cycle of
freezing and thawing determines the presence or absence of the frozen shielding layer at the
uppermost part of permafrost. In case of destruction of the vegetation cover, the active layer
degrades as a result of soil temperature increase, and the shielding layer loses its usual
boundaries and merges with seasonally thawed soil, which leads to a lack of shielding
properties leading to permafrost degradation and thaw subsidence. The average OC content in
the shielding layer was low if compared to the active layer, reaching only 0.3%. This low OC
content is most likely due to the buffer properties of the shielding layer, its low thickness, low
moisture content, and the paretic rate of chemical reactions. In the permafrost layer, the
average OC content for the lower Ice Complex (Al) was 0.65% and for the upper Ice
Complex (B1) is 1.04%. There was a concentration increase of 58.5% and 74.0% compared
to the shielding layer. Perhaps this is the result of the genetic features of lower cryogenic
horizon formation and the water presence in it with ongoing metabolic processes even at
temperatures below 0°C. It is worth noting that in the past, organic residues deposited in
combination with heterotrophic microbial activity, are capable of carbon remineralizing
despite the negative temperature of the deposits.

Table 2. The carbon content in the cover deposits of the upper and lower Ice Complex units.
SD — standard deviation, min — minimum value, max — maximum value, mean — mean value,
OC - organic carbon, IC — inorganic carbon, TC — total carbon.

B1. Upper Ice Complex. Southern exposure of the slump

Index Unit OC, % IC, % TC, %
min 0.27 0.06 0.36
max Active layer 12.49 0.59 13.07
mean 3.50 0.23 3.74
SD 1.62 0.08 1.70
min 0.26 0.09 0.36
max Shielding layer 0.27 0.11 0.38
mean 0.27 0.10 0.37
SD 0.01 0.01 0.01
min 0.71 0.21 0.92
max Upper Ice Complex 1.38 0.23 1.60
mean (permafrost) 1.04 0.22 1.25
SD 0.14 0.01 0.14
Al. Lower Ice Complex. Southern exposure of the slump
min 0.52 0.14 0.68
max Lower Ice Complex 0.89 0.20 1.08
mean (permafrost) 0.65 0.17 0.82
SD 0.03 0.01 0.03
C1. Upper Ice Complex. Northern exposure of the slump
min 0.34 0.08 0.45
max Active layer 6.85 0.32 7.13
mean 2.05 0.15 2.20
SD 0.79 0.03 0.81
D1. Ravine. Southern exposure of the slump
min Active layer 0.27 0.10 0.38
max 8.98 0.30 9.28
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mean 2.77 0.16 2.92
SD 0.98 0.02 1.00

The deposits of the Batagay megaslump had a small amount of carbonate in their
composition. This is apparent in low inorganic carbon values, and there were no significant
variations over depth. The inorganic carbon distribution was homogeneous both in the active
layer and permafrost with systematic low values over the entire profile of sediments.
Consequently, oxide group of minerals took part in the formation of the deposits, for
example, quaternary formations of the slump mainly consisted of quartz minerals in the form
of sand and they are represented by the loess fraction.

The TC content is formed from the two previous fractions, so, for the most part, it
repeats the nature of distribution in the differentiated layers and the equivalent total content in
the deposits.

Table 3 shows the carbon stocks of the studied stratigraphic features of the Batagay
megaslump. The enormous amount of organic carbon was stored in the active layer for
sections B1 and D1, where 60% of organic carbon was concentrated. At the same thickness
of the active layer, the OC in C1 amounted to 9.5 kg m, while the OC of D1 reached 18 kg
m2, which was almost twice as much. Even with a changing of slope exposure the stocks for
these sections in the active layer increased from the northern to the southern exposure by
42%—47% of organic carbon.

Table 3. Carbon stocks of different facies features of the Batagay megaslump.

B1. Upper Ice Complex. Southern exposure of the slump
Depth, m Unit OC, kg m? IC,kgm? | TC, kgm?
0.04-0.14 11.23 0.63 11.85
0.14-0.25(0.30) Active layer 1.25 0.16 1.41
0.25(0.30) -1.2 4.03 1.42 5.45
SD 1.56 0.18 1.60
1.2-15 Shielding layer 1.31 0.50 1.81
SD 0.01 0.02 0.03
1.5-2.0 Upper ice complex 8.53 1.81 10.35
SD (permafrost) 1.13 0.03 1.12
Total 27.48 4.55 32.00
SD 1.02 0.16 1.11

Al. Lower Ice Complex. Southern exposure of the slump
58.4 1.08 0.26 1.34
58.8 Lower ice complex 3.27 0.76 4.03
59.1 (permafrost) 2.70 0.96 3.66
59.6 7.03 1.60 8.63
Total 14.08 3.58 17.65
SD 0.58 0.13 0.71

C1. Upper Ice Complex. Southern exposure of the slump
0.0-0.03 2.26 0.10 2.36
0.03-0.08 Active layer 0.70 0.07 0.77
0.08-0,39 1.81 0.54 2.35
0.39-1.01 4.75 1.26 6.01
Total 9.51 1.97 11.48
SD 0.45 0.15 0.58
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D1. Ravine. Northern exposure of the slump

d0i:10.20944/preprints202007.0525.v1

0.02-0.09 6.65 0.21 6.86
0.09-0.29 Active layer 6.51 0.40 6.92
0.29-1.0 4.87 1.36 6.23
Total 18.03 1.97 20.01
SD 0.44 0.17 0.38

The lowest carbon stocks of all studied stratigraphic features were recorded in the
shielding layer, reaching 1.3 kg OC m™ and 0.5 kg IC m™. IC stocks in the active layer of
section B1 did not differ from the other two profiles (C1 and D1) and ranged from 2 to 2.2 kg
m. Carbonates enriched the first meter from the surface in non-permafrost soils. Under
permafrost conditions, rather high inorganic carbon data were observed, 1.8 kg m close to
the level of the active layer. Section A1 had a higher IC stock of 3.6 kg m. By moving to the
lower ice complex, the IC reserves were in an inactive state due to the influence of negative
soil temperature, substances trying to penetrate with soil solutions to the Yedoma horizons,
and most likely the reserves remained unchanged for an extended period. Low estimates of
inorganic carbon in the deposits of the Batagay slump are the result of low natural carbonate,
as well as frosty weathering of rocks. Carbonate formation occurs in soil pores and frost
cracks, indicating their predominant dissolution and leaching in conditions of cold climate.

In the upper two meters of the Ice Complex, carbon stocks were 32 kg m. In the study
area, the dominating forest species is Larix cajanderi. Its phytomass reserves barely exceed
6.0 kg m2, which is formed mainly due to green, lignified aerial parts, roots and moss-lichen
complexes. Stocks of dead organic matter are 3 kg m2, and litter is 2.5 kg m™. In the northern
taiga zone they are considered the forests with the lowest production about 11.5 kg m per
year [28]. As a result, carbon accumulation rates are low in the sediments of the upper Ice
Complex. The main part of the organic matter is stored on the surface as a humus horizon of
the soil, which undergoes degradation and weak decomposition, and the mineralization rate in
such natural conditions remains low.

Permafrost degradation caused by global warming is not always a catastrophic
consequence for the ecumene. To justify this point of view, we give a few well-founded
examples. Siberian larch forests occupy 40% of all coniferous wood in Russia, which develop
on permafrost. The amount of accessible nutrients for trees increases with permafrost
degradation, which causes an increase in their biomass [29]. An increase in the average
annual temperature and rainfall contributes to the advancement of natural zones deep into the
north, expanding the agricultural area and changing the structure of the soil cover with an
increasing share of organic matter due to an increase in the productivity of vegetation [30].

The permafrost zone has changed repeatedly, giving way to periods of warming and
cooling, which favoured the formation and accumulation of permafrost in the past. With a
certain degree of probability, it can be assumed that the multi-tiered features of the Batagay
megaslump and their heterogeneous origin are the results of the participation of several
geological factors:

(a) prolonged permafrost conditions of the territory with cryogenic and exogenous
processes occurring in it;

(b) the transfer of aeolian material and its accumulation;

(c) the movement and deformation as a result of the tectonic influence of the territory;

(d) the impact of the Quaternary climate and paleoclimate.

6. Conclusions
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In Yedoma deposits, carbon stocks are at a low level, typical of Northern Yakutia. The
potential for the formation of organic matter in the local natural conditions of the Yana
upland is limited by climatic features and primary production of the forest. First of all, the
soft parts of plants and carbon fractions readily accessible to microorganisms decompose to
the final mineralization product, and the bulk of the organic matter reserves are stored on the
soil surface, forest litter and in the first meter of the Ice Complex. As long as these reserves
remain intact, the organic system is in a stable state, and there is a dynamic equilibrium
between the release of carbon and its decrease in the atmosphere.

The upper Ice Complex (B1) shows the distribution of the carbon in the elementary
layers and the conjugation of carbon from the thickness and the amount of carbon available
for mobilization in them. The maximum reserves of total carbon are contained in the active
layer and amount to 18.7 kg m, the minimum in the shielding layer is 1.8 kg m?, and in
permafrost rocks, it is 10.4 kg m2. In total, 32 kg m was deposited in a two-meter thickness.
The ratio of organic and inorganic carbon in the section varies in scale for the active layer —
15, the shielding layer — 3 and permafrost deposits — 5. The ratio indicators show that organic
carbon is the dominant feature in the soil horizon, layer or sediment. The higher this value,
the more organic part is contained in a particular element of the Ice Complex. Also, this
indicates the ability of organic carbon to be a nutrient medium for microorganisms and a
source of COz. Inorganic carbon indicates the level of carbonate in a given horizon.

There is no doubt that the continental [1, 6] genesis of the formation of the lower Ice
Complex (Al) and its archaic past, compared with the upper Ice Complex (B1), affected the
loss, impossibility of renewal and accumulation of plant organic matter. The cycling of the
biogenic elements was interrupted by the rapid accumulation of sandy loam layers and
sediment deposits [5] and most likely the removal of organic layer beyond the meadow
steppes [31] due to aeolian processes. We estimated the amount of ancient buried carbon at
17.7 kg m for a thickness of 1.2 m.
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