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formed permafrost caused by thaw subsidence and subsequent transformation of landforms are given with due
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INTRODUCTION

Recent climate dynamics in the Arctic results in
the rise of temperature of frozen ground, first of all, in
the upper part of the geological section. In the imme-
diate future, this should lead to an increase in the
thickness of the seasonally thawed layer (STL) and
an appearance of a permanently thawed layer above
the permafrost table. A further rise in air temperature
should contribute to a directional lowering of the
permafrost table and formation of areas with deeply
lying permafrost table. However, due to the appear-
ance of a permanently thawed layer above the perma-
frost table, a well-known “zero curtain” effect takes
place [Harris et al., 1988; Dubikov et al., 2003]. The
appearance of a thawed layer between the base of
the seasonally frozen layer (SFL) and the permafrost
table will have a significant impact on the patterns
of annual heat turnover. In particular, the depth of
penetration level of annual temperature fluctua-
tions will be significantly reduced. The formation of
such a thermodynamic barrier in the upper part of
geological the section favors preservation of geo-
cryological conditions for some period, even under
conditions of a lasting positive trend in air tempera-
tures.

Another important factor affecting geocryologi-
cal conditions is the adjustment of the surface micro-
relief to the effect of thaw subsidence. The described
spatial heterogeneity of this phenomenon creates
natural prerequisites for a significant transformation
of geocryological conditions in the upper part of the
geological section. Such patterns of relief inversion
were studied at the Seyda site in Vorkuta area | Rivkin
etal., 2017].

The main regularities
of the transformation of geocryological conditions
in the near-surface part of the section

Several stages of transformation of geocryologi-
cal conditions in response to the recent positive tem-
perature trend can be distinguished. Figure 1 shows a
schematic diagram of changes in the STL and SFL
thickness and permafrost table depth as a result of
ground temperature rise. Depending on the propor-
tion between them, three main stages of transforma-
tion can be identified: (@) the stage, when the thick-
ness of STL is the same as the thickness of SFL;
() the stage of an increase in the STL thickness and
the formation of a permanently thawed layer separat-
ing SFL and permafrost table; and (¢) the stage of sig-
nificant deepening of permafrost table and an increase
in the thickness of permanently thawed layer (the for-
mation of a stable residual thaw layer). The formation
of a residual thaw layer is widespread in the north of
Western Siberia and European Russia. Depending on
the latitudinal position, it is considered either a relic
of the Holocene climatic optimum or the result of lat-
er short-period climatic fluctuations. As a rule, areas
with residual thaw layer do not have a pronounced
landscape indication under natural conditions. That
is, within the same type of landscape, in the near-sur-
face part of the geological section, there can be both
areas with a deep permafrost table (closed taliks) and
areas with permafrost table immediately underlying
the STL. Recent conditions that have been estab-
lished in such a landscape ensure the development and
sustainable existence of closed taliks surrounded by
permafrost. Thus, a thermodynamically stable geoc-
ryological system is being formed (Fig. 1¢).
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The most important geoecological and engineer-
ing-geocryological consequence of the transition of
the near-surface part of frozen ground to a thawed
state is surface subsidence. The magnitude of spatial
differentiation of thaw subsidence significantly influ-
ences the formation of new landscape conditions pre-
determined both by the spatial heterogeneity of the
lithological composition and properties of frozen
ground and by the modern conditions of heat ex-
change on the surface. The formation of these condi-
tions takes place against the background of perma-
frost degradation the development of cryogenic relief
inversion. Thus, the surface microtopography and the
degree of hydromorphism (drainage) of modern land-
scapes are subjected to change. In turn, this leads to
changes in the local conditions of heat exchange at
the surface. Ultimately, this will lead to changes in
the seasonal freezing and thawing conditions. In some
areas, conditions will develop for deep seasonal freez-
ing with possible development of short-term and thin
permafrost [ Rivkin et al., 2008; Tvanova et al., 2011;
Osadchaya, 2016].

Figure 2 shows a schematic diagram of the trans-
formation of surface conditions as a result of deepen-
ing of permafrost table, thaw subsidence, and a rela-
tive elevation in local areas as a result of the develop-
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Fig. 1. Schematic diagram of changes in the STL/
SFL/PF relationships in the upper part of the
geological section as a result of rise in ground tem-
perature:
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1 — soil-vegetation layer; 2 — boundary between frozen (f) and
thawed (th) ground; STL — seasonally thawed layer; SFL —
seasonally frozen layer; PF — permafrost.

ment of thin newly formed near-surface permafrost.
To clarify, the arrows show the direction of the land-
scape transformation. The forecast for the landscape
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Fig. 2. Schematic diagram of the transformation of landscape and geocryological conditions as a result

of permafrost thawing.

Stage 1 — current state. Stage 2 — transformation of the relief and landscape under the impact of thaw subsidence. Stage 3 — trans-
formation of the relied and landscape in the course of freezing and new permafrost formation. Arrows indicate the direction of
surface displacement. 7 — soil-vegetative layer; 2 — boundary between frozen (f) and thawed (th) ground; 3 — peat, 4 — loam.
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transformation and geocryological conditions is pre-
sented based on the projected rise in the air tempera-
ture in the 215 century according to the regional cli-
mate model HIRHAM4 [Christensen et al., 1996,
2001].

Figure 2 highlights three main stages of land-
scape transformation upon preservation of the warm-
ing climate trend in the 215 century. Stage 1 corre-
sponds to the current state of landscape and geo-
cryological conditions. Zone “a” in this diagram
corresponds to a fairly common cryolithological sec-
tion characteristic of waterlogged depressions (for
example, runoff hollows) at all geomorphic levels.
The upper part of the section in such waterlogged ar-
eas is commonly represented by peaty substrate or
weakly decomposed peat. In general, close taliks are
commonly developed here due to the excessive sur-
face moistening and increased snow accumulation.
The position of permafrost table is deep, and the up-
per part of the section is thawed. In the north of
Yamal, deepening of permafrost table (an increase in
the thickness of the closed talik) can be only a few
meters, and sometimes, according to actual data, it
does not exceed 0.5 m [ Rivkin, Levantovskaya, 2002].
In the south, near the southern boundary of perma-
frost, the permafrost table is found much deeper; in
the runoff hollows, it usually varies from 5 to 10 m
[Sukhodolsky, 1982; Ershov, 1988]. Naturally, it de-
pends on the particular landscape and cryolithological
conditions: width and depth of the hollow, its incision
relative the adjacent area, conditions of snow accumu-
lation, bedrock composition, etc. Thaw subsidence
does not occur in such areas naturally as a result of a
positive climate trend, since the frozen ground has al-
ready been thawed. Further thawing and subsidence
will occur much slower and with a significant time
delay. Thus, the absolute elevation of the permafrost
table will remain at the same level (Fig. 2, stage 2a)
or will change slightly as a result of ground consolida-
tion during its drainage. Zones “b” and “¢” in Figure 2

Fig. 3. New formation of frozen ground in a paludi-
fied depression.

Arrows indicate areas of freezing and new formation of perma-
frost.
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(stage 1) correspond to initially frozen areas com-
posed of mineral usually rich-ice ground “5” and fro-
zen peat “c” underlain by frozen mineral rocks.

In general, geocryological conditions at stage 2
(Fig. 2) correspond to the thaw subsidence stage
formed as a result of a positive climate trend. The
greatest changes are predicted in areas close in their
conditions to zone “b” (Fig. 2, stage 2b). The upper
part of the section in such areas is represented by ice-
rich mineral ground covered by the moss-vegetation
layer of relatively low thickness. Permafrost thawing
in such areas will be accompanied by significant
ground subsidence. If permafrost table drops by 10 m,
surface subsidence can reach 2.5 m or more for clayey
ice-rich soil [Rivkin et al., 2008, 2017].

The absolute position of the ground surface in
zone “c” (Fig. 2, stages 1c¢, 2¢, 3¢), composed of thick
peat layer will remain stable at all stages of the devel-
opment.

Long-term freezing will be accompanied by
heaving and, as a result, rising of the ground surface
(both absolute and relative, in relation to adjacent
areas), that is, an inversion of the relief in some areas.
Figure 2 shows how the ratio of the position of the
ground surface in zones “a” and “b” will change at all
stages of relief transformation. The amplitude of mi-
crorelief inversion will be determined by local factors
that control the degree of soil heaving (moisture con-
tent, texture, mineral composition, presence of a wa-
ter source, etc.) and depth of long-term freezing.

Thus, as a result of freezing from the surface,
a waterlogged local depression filled with peat in
the upper part (zone “a” in Fig. 2, stage 1) is
transformed into a relatively elevated thawed area
(Fig. 2, stage 2a), and then into a frozen peatland
(Fig. 2, stage 3a). As a result of heaving, the surface of
the new landscape area rises and transforms from
a lowered area of the relief into a relatively elevat-
ed landform: zone “a” (hydromorphic depression)
is transformed into zone “b” — frozen peat bog (Fig. 2,
stage 3). Zone “a” (Fig. 2, stage 3a), composed of peat
on the surface, will be favorable for local long-term
freezing due to drainage arising because of the rela-
tive lowering of the surface of neighboring areas, the
formation of short-term and thin permafrost con-
trasted with a positive trend in air temperature. Al-
ready under recent conditions, this phenomenon can
be often observed in the bottoms of paludified local
relief depressions (Fig. 3).

Zone “b” (Fig. 2) consists of ice-rich mineral
ground and will experience other changes as the tem-
perature of the ground rises. In such areas, thaw sub-
sidence will lead to a significant transformation of the
landform as a whole. The ground surface in zone “b”
will descend by the magnitude of thaw subsidence
[Rivkin et al., 2017]. Thus, a relatively elevated and
drained landscape area of mineral tundra under re-
cent conditions (zone “b” in Fig. 2, stage 1), is ulti-
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mately transformed into a swampy hydromorphic
depression (transformation of zone “b” into zone “a,”
Fig. 2, stage 3) as a result of thaw subsidence.

It should be noted that the lowering of perma-
frost table is a well-known process, whereas the re-
verse process, namely, local new development of fro-
zen ground despite the rise in temperature rise of the
frozen mass as a whole, requires a more detailed study.
In particular, it is assumed that an important role can
be played by a decrease in the moistening of biogenic
covers during drainage of the territory as a result of
cryogenic transformation of the relief.

Deep seasonal freezing is common for areas with
a certain combination of climatic, landscape, and lith-
ological factors. First of all, these are areas with a
fairly low temperature of the surface air. To add, there
are no shrubs; in fact, there is a thin snow cover, or
snow is constantly blown away by the wind. More-
over, the coeflicient of thermal conductivity in the
frozen state is significantly higher than in the thawed
state because of the mineral composition of the upper
part of the geological section. In permafrost science,
such a combination of natural factors is a classic con-
dition for the formation of permafrost and long-term
freezing.

Natural conditions for deep freezing are not very
favorable in poorly drained depressions, for example,
in local runoff hollows, lake depressions, areas fram-
ing lake basins and similar hydromorphic areas at all
geomorphic levels. The upper part of the section in
such hydromorphic areas is usually represented by
peat or highly peaty loams, which are usually covered
from the surface by thick (20-30 ¢cm) moss cover.
Uneven local conditions of heat exchange on the sur-
face, caused by the natural unevenness of the moss
cover and developing snow cover, also contribute to
the spatial differentiation of freezing. Advanced freez-
ing is developed at the sites of reduced snow accumu-
lation and more intense cooling of the surface under a
favorable combination of seasonal factors, namely, the
early setting of negative air temperatures and late for-
mation of the snow cover. As a result, a small mound
is formed. Snow blowing from the top of this mound
contributes to deeper freezing and formation of short-
term permafrost. Today, such phenomena are widely
encountered in areas of khasyreys, interblock depres-
sions of palsa peatlands, and other areas with analo-
gous hydromorphic conditions (Fig. 3).

Such short-term permafrost occurs both in ter-
ritories with a fairly low background temperature
(Fig. 3), and in territories of isolated and sporadic
permafrost; in particular, in Swedish Lapland and
northern Finland. Here, the mean annual air temper-
ature is close to 0°C, and frozen ground is only con-
fined to hummocky peat bogs (palsas) [Seppdld, 2011;
Sjoberg et al., 2015]. Almost everywhere, new forma-
tion of frozen ground is observed in hydromorphic
areas around lakes and in interblock depressions of

palsas [ITvanova et al., 2011]. Frozen hummocky peat-
lands in Swedish Lapland and northern Finland are
actually the result of secondary ground freezing in
areas, where frozen ground had previously thawed.
The background mean annual temperature of the
ground beyond permafrost areas is above 0°C almost
everywhere. However, conditions for freezing and lo-
cal new formation of thin permafrost are observed in
these regions.

Results of modeling the possibility
of new formation of frozen ground

To substantiate the possibility of new formation
of frozen ground against the background of a positive
trend in the mean annual air temperature, numerical
modeling was carried out based on the data on geoc-
ryological conditions in peat bogs of the Vorkuta re-
gion. Mean monthly air temperatures (Table 1) are
taken according to data of meteorological observa-
tions over the past 75 years [Attp.//www.pogodaikli-
mat.ru/history,/23226.html].

Modeling of the geocryological conditions was
carried out by solving the Stefan-type problem using
the WARM computer program [Khrustalev et al.,
1994]. The main variable factor was the moisture
content of the peat cover. The thermal resistance of
the snow cover varied within the range of realistically
possible changes in this characteristic in nature.
A two-layered geological section was considered: the
top layer was represented by peat, which was under-
lain by a thick layer of loam. In this case, calculations
were carried out for two options for the thickness of
the peat cover. In the first case, the peat thickness was
0.3 m, which is usually less than the STL depth (two-
layer STL structure). In the second case, the thick-
ness of peat exceeded the possible STL depth, so that
all phase transitions of water occurred in the peat
layer (single-layer STL structure).

The thermophysical characteristics of peat at dif-
ferent moisture contents were calculated using
known dependences for the moisture content range

Table 1. Mean monthly air temperatures,
Vorkuta weather station
Month Temperature, °C
January -19.9
February -19.8
March -15.0
April -89
May -2.0
June 71
July 13.0
August 9.8
September 4.2
October -4.0
November -13.0
December -16.7
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Table 2. Thermophysical properties of the rocks adopted in modeling

Property Loam Peat
Weight moisture, unit fraction 0.3 1.0 2.0 3.0 4.0 4.88
Unfrozen water, unit fraction 0.1 0.25 0.5 0.75 1.0 1.22
Thermal conductivity in thawed state, W /(m-°C) 1.65 0.14 0.22 0.32 0.44 0.55
Thermal conductivity in frozen state, W/(m-°C) 1.95 0.1 0.26 0.52 0.89 1.30
Volumetric heat capacity in thawed state, kJ/(°C-m?)| 3310 1080 1830 2590 3340 4010
Volumetric heat capacity in frozen state, kJ/(°C-m?) 2685 800 1270 1740 2210 2630
Heat of phase transitions, MJ/(°C - m?) 100.56 45.25 90.50 135.76 181.01 220.83
Skeletal density, g/cm? 1.50 0.18

from small values to complete saturation [Gavrilyev,
2004]. The content of unfrozen water in the peat, in
accordance with the diagrams, was set to be equal to
one quarter of the total moisture content. Bulk den-
sity of the peat matrix was taken to be 0.18 g/cm?.
Bulk density of water-saturated loam (1.5 g/cm?)
was taken for the underlying layer. The thermophysi-
cal properties were taken according to
SP 25.13330.2020 (Appendix B). The thermophysi-
cal properties used in the model are shown in Table 2.

The modeling results showed that the drainage
of the peat upon its relative rise, even not considering
the blowing of snow from the mounds, leads to a no-
ticeable drop in the mean annual temperature of the
ground and, under certain conditions, to the begin-
ning of their long-term freezing and permafrost for-
mation (Fig. 4). As can be seen in the diagram, the
rate of ground temperature drop coincides with the
rate of moisture content drop for both cases with thin
and thick peat layers. However, the second case turns
out to be colder. In the peat with a higher water con-
tent, perennial freezing begins, when the drop in tem-
perature is more significant.

The revealed pattern maybe be explained by the
following: a drop in the peat moisture content due to
drainage leads to a decrease in the negative tempera-
ture offset effect and, consequently, to some rise in the
mean annual ground temperature. At the same time, a

14

Mean annual ground
temperature, °C
|
N
1
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Fig. 4. Dependence of ground temperature on peat
moisture content.

1 — peat 0.3 m underlain by loams; 2 — peat >0.7 m underlain by
loams. Thermal resistance of the snow cover 1.6 m2-°C/W.
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drop in the peat moisture content moisture decreases
heat consumption for phase transitions, which de-
creases the annual heat turnover in the ground and
the warming effect of the snow cover.

Moreover, as the modeling results show, the indi-
cated decrease in the warming effect of snow turns
out to be a dominant factor under these circumstanc-
es. Thus, the mean annual ground temperature drops
and creates conditions for the development of perma-
frost. The basic condition for the new formation of
permafrost is a decrease in the peat moisture content
caused by a local increase in the degree of drainage,
which in turn provokes a decrease in the warming ef-
fect of snow cover. To add, there might be a decrease
in the warming effect of snow due to the reduction of
its cover at the top of the mounds due to wind action.

Thus, we can generate a forecast. Within rela-
tively elevated areas, the depth of seasonal freezing
increases, and permafrost formation becomes possi-
ble. Favorable conditions for the sustainable develop-
ment of permafrost are developed, when the peat
layer has a thickness of more than 0.7 m against the
background of an increase in the degree of drainage
[Seppdld, 2011; Sjoberg et al., 2015] and reduced
warming effect of the snow.

Predictive modeling of ground temperatures
(Fig. 5) showed that even with a peat layer of only
0.3 m in thickness, a decrease in its moisture content

Weight water content of peat, unit fraction

10 15 20 25 3.0 35 40 45
1 1 1 1 1 1 1

2

Mean annual ground
temperature, °C

Fig. 5. Mean annual ground temperature with the
0.3-m-thick peat layer depending on its moisture
content and thermal resistance of the snow cover.
1-14m2.°C/W; 2 -1.6m2-°C/W; 3 - 1.8 m%.°C/W;
4-20m2-°C/W.
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during drainage leads do a drop in the mean annual
ground temperatures from positive values to temper-
atures of —1 to —2°C. With a greater peat thickness, as
noted above, the indicated decrease in ground tem-
perature occurs even faster. Note that this process
takes place at characteristic average background val-
ues of snow thickness. The snow thermal resistance
values of 1.4-2.0°C-m?/W correspond to the average
winter snow depth of 0.3—0.5 m. If we take into ac-
count the decrease in the snow thickness on the form-
ing mounds due to wind action, the decrease in
ground temperature will be even more significant
(Fig. 5). This temperature ensures deep ground freez-
ing, new formation of permafrost, perennial heaving
and relief inversion.

This phenomenon — permafrost aggradation —
will manifest itself in the transformation of thawed
hydromorphic relief depressions (runoff hollows,
drained lake basins, etc.) with peat layer thicker than
the STL depth (Fig. 2, stage 3). In spatial terms, this
will lead to a tendency to maintain the total area of
permafrost distribution against the background of a
positive trend of climate warming.

CONCLUSION

Under the current positive trend of climate
change, differentiated thaw subsidence may lead to
partial inversion of the surface relief. The bottoms of
existing lakes and waterlogged basins, where thaw
subsidence does not take place, will become elevated
relative to the areas with significant thaw subsidence.

Within relatively elevated areas of differentiated
subsidence composed of surface peat thicker than the
STL depth (0.5-0.7 m), there are conditions for deep
long-term freezing due to a decrease in heat turnover
of the ground and a decrease in the warming effect of
snow on the local elevations and, ultimately, a rise in
the negative value of the temperature offset due to
the difference in the thermal conductivity coefficients
of ground sediments in the thawed and frozen states.
In the initially thawed areas, this will lead to the de-
velopment of frozen peat mounds (palsas). In areas
with the permafrost table at a depth of few meters,
during the second half of the 215 century, the new
permafrost formation may lead to the appearance of
two-layered permafrost (upon the rise in air tempera-
tures according to the regional HIRHAM4 climatic
model [ Christensen et al., 1996, 2002]. Under certain
geocryological conditions, frozen ground may be pre-
served until the end of the 215 century in areas of fro-
zen peatlands with the peat layer thicker than the
STL [Rivkin et al., 2017).

Thus, the new formation of frozen ground against
the background of a positive trend in air tempera-
tures is part of self-preservation of permafrost
through the formation of a specific complex of new
formations: deep permafrost table, new formation of
permafrost in initially thawed peat areas, and preser-

vation of permafrost in frozen peatlands. In general,
this will have a significant impact on the spatial (zon-
al) patterns of landscape and associated paragenetic
processes caused by climate change.
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