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The problem of sustainable economic development is acutely manifested in the Arctic regions, which is
due to the vulnerability of the Arctic infrastructure to climate change and landscape transformations. The rea-
sons for the deformations of buildings and structures in the Russian Arctic are considered. The permafrost
monitoring network is identified as the basis for the development of technical solutions for adapting the Arctic
infrastructure to climate change; the problems and prospects for its development are considered. The analysis
of technological solutions for controlling and ensuring the reliability of the bearing capacity of foundations by
regulating the state of permafrost soils is presented, and a preliminary analysis of the economic efficiency of
protective measures is carried out. Their cost is at least an order of magnitude less than the expected damage to

infrastructure by the middle of the 215t century.

Keywords: Arctic zone of the Russian Federation, permafrost, frozen ground, climate change, adaptation of

infrastructure, thermal stabilization.

INTRODUCTION

One of the key problems of sustainable economic
development is the adaptation of civil and industrial
infrastructure to global climate change [Infrastruc-
ture..., 2011; Zimmerman, 2011]. This problem is espe-
cially acute in the Arctic regions, where, on the one
hand, warming occurs faster than global trends [ Lars-
enet al., 2014], and on the other hand, the vulnerabil-
ity of the Arctic infrastructure is high under growing
air and soil temperature and transforming permafrost
and landscapes. In the Arctic zone of the Russian
Federation (AZRF) more than 90 % of nickel and co-
balt, 60 % of copper, and more than 96 % of platinum
metals are mined, and about 80 % of gas and 60 % of
oil from the all-Russian production are extracted

[ Bryukhovetsky et al., 2014]. For this zone, warming
became a dangerous factor of economic and geoeco-
logical risks.

Due to an increase in temperature, the bearing
capacity of frozen soils decreases, in many places they
thaw from the surface, and destructive cryogenic
(permafrost) processes develop. Thus, in the Euro-
pean North, modern climatic changes for the period
from 1984 to 2019 caused an increase in soil tempe-
rature at a depth of 10 m by 0.5...1.5 °C. At the same
time, the southern boundary of the discontinuous
permafrost has significantly shifted to the north (in
the Pechora lowland — on average by 30—40 km,
on the plains near the Urals — up to a maximum of

Copyrights © 2021 V.P. Melnikov, V.I. Osipov, A.V. Brushkov, S.V. Badina, D.S. Drozdov, V.A. Dubrovin, M.N. Zheleznyak,
M.R. Sadurtdinov, D.O. Sergeev, S.N. Okunev, N.A. Ostarkov, A.B. Osokin, R.Yu. Fedorov, All rights reserved.
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80 km). In Western Siberia, in the northern taiga and
forest-tundra at a latitude of 65-66 N, the mean an-
nual ground temperatures increased by an average of
1-2°C. In Yamal, in a typical tundra zone (68—71 N),
according to more than 40-year observations, the
temperature of permafrost at a depth of 10 m in-
creased on average at a rate of 0.05 °C/year [ Melnikov
et al., 2021]. As a result, the increase in the mean an-
nual permafrost temperature compared to the back-
ground state in the 1970s—1980s was from 1.5to 2 °C
[Osokin, 2016].

As a result of such changes, industrial complexes
of the Russian Arctic and the cities serving them that
have been created over the past 100 years are under
threat. Today they require adaptation to the changed
climatic and permafrost environment. Without this,
the accident rate of geotechnical systems increases.
For example, the number of deformed objects is 25—
50 % of their total number. Thus, in Amderma, the
number of collapsing buildings is about 40 %, in Dik-
son — 33 %, in Tiksi — 22 %, and in Pevek — 50 %
[Brushkov et al., 2021]. The cryogenic factors cause a
significant number of failures of technical systems in
the oil and gas industry. In a number of studies, in-
cluding this one [ Melnikov et al., 2021], estimates of
the material damage expected as a result of warming
are given for the territory of the Russian Arctic [Shi-
klomanov et al., 2019; Streletskiy et al., 2012, 2019]. It
becomes obvious that the design of new infrastruc-
ture should be carried out focusing not on modern,
but on the predicted permafrost-climatic conditions.

CAUSES OF DEFORMATIONS OF BUILDINGS
AND STRUCTURES IN THE ARCTIC

In areas with continuous permafrost, construc-
tion is mostly carried out according to the “principle
I”, i.e., with the preservation of the frozen ground. To
maintain the frozen state, a ventilated crawl space is
mainly used as a cooling system, the design of which
at the time of construction provides a frozen state of
the base. However, in many cases, due to salinity, and
now due to warming, the soils are in a plastic-frozen
state, and often have high ice content. As a result, as
observations in the cities and towns of Amderma,
Dikson, Tiksi, Pevek, and others show, the buildings
continue to deform for decades. Accordingly, the cal-
culation of the foundations would have to be carried
out taking into account both bearing capacity and
deformations. However, in practice, this requirement
is still rarely met.

Ideally, in built-up areas, soil temperatures
should be lower than in natural conditions, due to the
removal of snow and cooling ventilated crawl spaces.
So, in Yakutsk, wherein the natural conditions of the
taiga or open spaces, soil temperatures are —3...—5 °C,
in the built-up area they drop to —7 °C. The greatest
drop in ground temperature under the building oc-
curs in the first 2—3 years after the start of operation
[Ershov, 1989]. Here, modern construction is carried
out on pile foundations, crawl spaces are ventilated,
and snow on the streets is removed or compacted, as
a result of which the temperature of the soil under the
building is generally lower than in the surrounding

Fig. 1. Isotherms of permafrost soils in Yakutsk and its environs in 2015.
Provided by the Ministry of Construction of the Republic of Sakha (Yakutia), © P. Semenov.
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areas (Fig. 1). However, at the same time, the intra-
quarter space is often poorly drained, and due to the
disturbance of the flow and leaks, new paths for the
movement of heating water are formed. This leads to
an increase in the temperature of the bases and subse-
quent deformation of some buildings. In general, un-
favorable areas are not typical for Yakutsk, while in
other settlements such areas are common, and favor-
able trends in the change in the thermal state of fro-
zen soils in settlements are not always observed.

As shown by the studies of I.N. Esau and col-
leagues [20719], for example, in Tiksi settlement the
temperature of the soil averages about —7 °C, and
outside the settlement is up to —12 °C, in Amderma,
respectively, —3 °C within the build-up area, and
—4.5 °C in undisturbed conditions outside the settle-
ment. Within the city of Nefteyugansk, the ground
surface temperature is higher than outside the city by
about 3 °C. The main reasons are the irrational redis-
tribution of surface runoff, leaks from water supply
and sewerage networks, and the practice of untimely
and insufficient snow removal.

Snow drifts are a problem, especially on the Arc-
tic coast. Many settlements in the Arctic are located
in areas with an average winter wind speed of more
than 7 m/s. The built-up area is an obstacle to the
wind flow, and therefore large masses of blown snow
are deposited here. At the same time, snow, as a rule,
has a strong warming effect, which also causes surface
subsidence and deformations of buildings and struc-
tures.

An important task during construction remains
the maximum possible preservation of the moss and
vegetation cover in the immediate vicinity of the
building and beyond, capable of cooling the soil by
1-2 °C and more.

Thermal abrasion causes significant damage to
structures in small settlements that were built in dan-
gerous proximity to the sea. When the sea coast re-
treats at a rate of more than 3 m/year, a zone near the
coast with buildings, roads, piers, warehouses for
fuels and lubricants, and other materials becomes
hazardous and requires protection or relocation of
facilities. The destruction caused by thermal abrasion
occurred in Dikson, Tiksi, Varandey, Amderma, Kha-
rasavey, Se-Yakha, and other settlements.

Usually, the direct cause of deformations of the
foundations of buildings and structures is a violation
of the temperature regime of soils during construc-
tion and operation, mainly due to the thermal effect
of buildings and the ingress of wastewater into the
base. There are other organizational and technical
reasons for the deformations of buildings. The most
frequent among them is insufficient resistance of ma-
terials to external factors (for example, to salt waters)
and low frost resistance of concrete of building struc-
tures. This is manifested in the Arctic (Norilsk) and
further south, in areas with a subarctic continental

climate (Yakutsk). Apart from foundations, pipes and
communication lines are affected. According to
S.S. Vyalov | 1992], most of the failures of foundations
of buildings and structures (on average 45 %) are due
to their improper operation: errors of surveyors and
designers account for an average of 22 % and defects
of builders — an average of 33 %.

Geotechnical systems (GTS) of the oil and gas
complex dominate among the engineering facilities in
the Arctic and the North as a whole. Here, most of the
hazardous situations develop already in the first
2-3 years of operation of the GTS. Technogenic im-
pact on permafrost is one of the main causes of emer-
gencies, regardless of the stage of the object’s life cy-
cle. For example, at the operating gas production fa-
cilities of the Yamburg and Medvezhye fields, the
permafrost table at the base of some structures de-
creased over time to 7.5-8.0 m, which exceeded the
pile-laying depth and caused a loss of the bearing ca-
pacity of the foundations and the occurrence of emer-
gency situations [ Remizov et al., 1997]. Main pipe-
lines with a product temperature different from the
temperature of the enclosing ground are subject to
deformation. Technogenic taliks are formed around
pipelines with a positive temperature of the trans-
ported product, which is accompanied by surface sub-
sidence, thermokarst, thermal erosion and pipeline
floatation. A frozen halo appears around the “cold”
pipelines, which loiters the ground runoff in the sea-
sonally thawed layer and the underflow runoff in the
valleys, initiating other processes. Many problems are
associated with old production wells, which were
built without proper insulation methods for the cas-
ing. The high positive temperature of the gas in the
reservoir (up to +36 °C) for the Cenomanian gas of
the Medvezhye and Urengoy gas fields has a warming
effect on the entire permafrost strata, which is accom-
panied by the formation of thawing halos around the
wellbores, the formation of near-well funnels, the de-
velopment of thermokarst and collapse of the produc-
tion strings themselves [ Bereznyakov et al., 1997].

Thus, examples and causes of deformations of
buildings and engineering structures in the Arctic are
numerous; they are of natural, man-triggered, and
mixed origins. When the need arises, the cost of re-
pairing and restoring of buildings, as shown below, is
25-100 % of their initial cost, depending on the speed
of action.

Permafrost monitoring as a basis
for the development of technical solutions
for adapting the Arctic infrastructure
to climate change

State monitoring of the permafrost zone should
be an inter-agency system of regular observations,
collection, accumulation, processing, and analysis of
information (a) to assess the state of permafrost in
natural and man-triggered disturbed conditions,
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(b) to make forecasts of its changes under the influ-
ence of natural factors, land and subsoil use, industry,
construction, housing and communal services, (¢) to
develop methods for regulating the state of perma-
frost for the protection and rational use of cryogenic
resources and sustainable development of the perma-
frost zone.

For observations, a specialized network is being
created, including polygons, stations, and monitoring
sites both in natural conditions and within infrastruc-
ture facilities [ Melnikov et al., 2018]: (1) observation
wells for a comprehensive study of the geological
(geocryological, hydrogeological, etc.) section and for
regular measurement of the ground temperature,
which is one of the main indicators of the permafrost
stability; (2) observation sites for regular measure-
ment of the parameters of the active layer (annual
cycle of the depth of freezing and thawing and chang-
es in moisture/ice content); (3) observation plat-
forms for recording the dynamics of exogenous (in-
cluding cryogenic) processes, changes in hydrogeo-
logical, hydrological and landscape conditions.

In Western Siberia, the permafrost stationary
(monitoring observations) sites have been laid since
the early 1970s in connection with the exploration
and the beginning of the development of the largest
oil and gas fields. Long-term monitoring observa-
tions could be organized only at certain points (Igar-
ka, Yakutsk, Nadym, Marre-Sale, the area of the
Urengoy field, etc.). In general, permafrost monitor-
ing remains largely local. Monitoring studies of the
permafrost state in the Central Siberian and Yakutsk
sectors of the Russian Arctic are not being carried out
sufficiently. Regular control points include only five
sites near the settlements of Igarka, Tiksi, Chersky,
Zhigansk, and on Samoilovsky Island.

Enterprises and companies of land and subsoil
users interested in the efficiency of their activities, as
well as municipalities, conduct object geotechnical
monitoring (GTM), including permafrost observa-
tions. However, not everyone realizes the necessity of
GTM. In addition, the systemic disadvantage of de-
partment-based permafrost GTM is that the regime
network covers exclusively the areas of direct impact
of engineering facilities and does not contain sites for
monitoring the background state of permafrost.

An integral part of monitoring is not only obser-
vations but also the analysis of all available data, pri-
marily on the foundations of buildings and structures,
as well as the development of technical solutions for
the engineering protection of economic and social fa-
cilities based on methods of controlling the bearing
capacity of foundations by means of regulation meth-
ods. Without the development of such solutions, ob-
servations are largely irrelevant. An inalienable re-
quirement in all these activities is an environmental
component.

6

Therefore, it is necessary to come to an under-
standing that both the background and geotechnical
permafrost monitoring should be parts of a unified
structure of state interdepartmental monitoring of
the permafrost zone [ Drozdov, Dubrovin, 2016]. Back-
ground monitoring is carried out in undisturbed nat-
ural conditions at special stations and sites of peri-
odic visits, covering, if possible, all the variety of
landscape and permafrost conditions of the perma-
frost zone. Geotechnical monitoring is carried out in
the area of industrial and civil buildings. Background
monitoring is important for understanding the gen-
eral and regional trends in the development of the
permafrost zone. Geotechnical monitoring solves spe-
cific problems of ensuring the stability and reliability
of the operation of buildings and structures and pro-
vides a comprehensive information basis for the de-
velopment of regulatory documents. In other words,
geotechnical monitoring of natural and technical
(geotechnical) complexes should be understood as a
system for monitoring, forecasting, and managing
their condition to ensure the operational reliability of
economic objects at all stages of the life cycle in com-
pliance with environmental safety.

The pioneer in the organization of the institu-
tional GTM system in the oil and gas industry is
PJSC Gazprom, where, earlier than others, it was re-
alized the need to introduce into production activi-
ties an integrated system for managing the state of
GTS built on frozen grounds (back in 2003, a com-
prehensive program was developed and implement-
ed to ensure the reliability of the operation of en-
gineering structures in the permafrost zone). The
current standard “Foundations and foundations
on permafrost soils” [SP 25.13330.2012, 2012] pre-
supposes carrying out geotechnical monitoring but
does not give specific recommendations for its orga-
nization.

As in other industries, the main common draw-
back of the existing GTM system at all facilities of
the oil and gas industry is the absence of background
sites in the GTM network to control the temperature
regime of permafrost, the dynamics of the develop-
ment of exogenous processes, hydrological and hy-
drogeological regimes of the territory, the state of
ground covers and other important indicators of the
permafrost geosystems state in undisturbed natural
conditions. Thus, despite the organization of geotech-
nical monitoring at the facilities of the oil and gas
complex, the absence of simultaneous background
monitoring reduces the efficiency of both. A similar
one-sidedness in observations is typical for munici-
palities that monitor permafrost in their settlements
(Yakutsk, Salekhard). And, most importantly, there is
no single center for the collection and analysis of
geocryological information. And this leads to a situa-
tion in which the scientific community and society as
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a whole, in fact, do not know what actually happens
to the permafrost, especially in built-up areas, in cit-
ies and towns, and in the foundations of engineering
structures.

A comparison of the organization of geocryologi-
cal monitoring in Russia and other countries shows
that the Nordic countries are developing background
permafrost monitoring on the basis of scientific and
geological organizations: in the USA and Canada —
on the basis of geological services, in Switzerland and
Norway — on the basis of universities under the state
program, in China — on the basis of the Academy of
Sciences together with manufacturing enterprises.

Ensuring reliable bearing capacity
of foundations by means of regulation

When building on permafrost soils, the currently
used methods can effectively ensure sustainability
only for a certain time, since they take into account
the peculiarities of the state of the environment be-
fore construction (including climatic and hydrologi-
cal conditions). There are two ways to control the
mechanical interaction of structures with frozen
foundations: (1) constructive, in which the limits of
the stress state, deformations, and creep of frozen soil,
ground ice, and structure material are ensured;
(2) thermal engineering, in which the temperature
regime of the foundations and materials of structures
is maintained within the limits ensuring their suffi-
cient strength. These methods, as a rule, are applied
simultaneously [ Dostovalov, Kudryavtsev, 1967; Tsy-
tovich, 1973]. There are also two main methods used
for permafrost construction. The so-called 7% princi-
ple assumes the preservation of permafrost soils in
their natural state during the entire service life of a
building or structure. This method is used in areas of

discontinuous or continuous permafrost. 2" principle
involves thawing permafrost prior to or during con-
struction. This method is used mainly in areas of spo-
radic permafrost.

Most buildings built according to the 15t princi-
ple have a ventilated crawl space, which ensures the
preservation of the temperature regime of the fro-
zen ground. The height of the crawl space in Rus-
sia for buildings on permafrost according to
[SP 25.13330.2012, 2012] should be chosen according
to the conditions for ensuring its ventilation, but not
less than 1.2 m from the crawl space surface to the
bottom of the protruding floor structures. In such
cases, as a rule, a pile foundation is used (Fig. 2)
[Ladanyi, 1984; Vyalov, Gorodetskiy, 1984]. The piles
are frozen into the permafrost and can withstand
heavy loads if they are frozen before installation, pri-
marily due to the lateral freezing surface, The diffi-
culty of maintaining ventilated crawl spaces is that
they can be covered with snow and wet in the absence
of proper drainage.

Recently, the operation of facilities built accord-
ing to the 1% principle has been complicated by cli-
matic factors. Over the past 30—40 years of the as-
cending branch of climatic changes, the bearing ca-
pacity of frozen soils of the foundations, for example,
in Western Siberia, has decreased due to warming by
5-30 %, and the belt of the maximum reduction in
bearing capacity runs approximately along the Sale-
khard — Nadym — Novy Urengoy — Norilsk line. This
is an area of oil and gas development at the end of the
20t century, and everything built here at that time is
at risk, since the margin of safety on the ground is
exhausted [Streletskiy et al., 2019].

Both natural and man-made changes in the tem-
perature of frozen soils require compensation. Since

Fig. 2. The building of the dormitory on reinforced concrete piles in continuous permafrost zone, Kharasavey
settlement, the Yamal Peninsula.

Photo by A.B. Osokin.
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Fig. 3. Thermal stabilizers used to lower the temperature of the base of the building in permafrost zone:

a — along the perimeter of the building (at the top — the appearance of the building; at the bottom — a diagram of lowering the soil
temperature by thermal stabilizers: yellow — positive temperatures, blue — negative); b — thermal stabilizers under the building.

the 1950s, in Alaska and in Russia [Long, 1966;
Gapeev, 1969], the so-called thermosyphons or sea-
sonally-cooling units have been introduced. The ther-
mosyphon operates based on the natural circulation
of a heat carrier in a metal pipe that cools down on
the surface in winter. Initially, kerosene was used for
this, and later carbon dioxide or ammonia. Nowadays,
thermal piles are becoming more widespread — these
are the piles with a built-in thermosyphon. In several
years, the soil temperature around the pile decreases
by several degrees, but at a short distance from it — up
to about 1.5 m. When using thermal piles, the possi-
bility of secondary heaving of frozen soils should be
taken into account when they are additionally cooled.
Several structures were damaged in this way, for ex-
ample, a sports complex in the center of Yakutsk and
a compressor station on the Yamal—Center gas pipe-
line. Nevertheless, the thermosyphon (thermal stabi-
lizer) is today an important part of many construc-
tion projects in the cryolithozone (Fig. 3).

Ventilation ducts are one of the most well-known
and widely used methods for cooling the foundation
of embankments and other bankings [ Recommenda-
tions..., 1985]. In the body of the embankment, cul-
verts or air ducts with a diameter of 0.5-1.0 m are
laid in order to let the cold winter air through them-
selves (in the summer the air ducts are muffled). In
the PRC in Tibet, this method is used in addition to
transport embankments for airfield facilities; in Can-
ada in Inuvik — for cooling the foundations of oil res-
ervoirs and related structures. To cool the base and
slope of the embankments, rock placement [ Minaylov
et al., 1985; Ashpiz, 1989] and shading visors [ Kon-
dratyev, 2013] are also used. The latter significantly
improved the cooling of the Tommot-Kerdem rail-
road embankment and the problem section of the
Baikal-Amur Mainline at 1841 km.

Examples of maintaining the reliability
of the bearing capacity of foundations by means
of regulation

The use of thermal stabilizers is probably the
most effective method among considered above,
which is especially common in operational practice.
Let’s look at some examples.

In the city of Norilsk, Talnakh district, a residen-
tial building, which is deformed as a result of the in-
crease in soil temperature, was stabilized with verti-
cal thermostabilizers. In conditions of general warm-
ing and groundwater filtration, the temperature of
the building base by the beginning of 2020 reached
+1.4 °C. The operating system of temperature stabili-
zation for the winter periods of 2020/21 lowered the
temperature of the soil directly under the foundation
to —=7.2 °C (according to the data of “Fundament-
stroyarkos”).

In the city of Nadym in the 1990s—-2000s, about
a dozen buildings were subjected to deformations
(5-7 % of the total number of permanent structures
in the city), which was caused by uneven subsidence
of foundations due to the thawing of icy soils at their
base. Four residential multi-storey buildings, which
received unacceptable damage, were dismantled. The
load-bearing capacity of the frozen basement of two
other residential buildings, which had decreased due
to thermal effects, was restored by forced freezing
with the use of vapor-liquid heat stabilizers. In two
more buildings, the bearing capacity of the soils of the
building foundations was restored by pumping ce-
ment mortar (according to the data of A.B. Osokin).

In the Amderma settlement, the building of the
diesel boiler house of the Building and Construction
Department built according to 2°d principle (on Pro-
terozoic fractured shales on a strip foundation with-
out a ventilated crawl space), experienced subsid-
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ence. The use of about ten simpler thermosyphons
filled with diesel fuel made it possible to partially
freeze the base, ensure its stabilization and prevent
further development of deformations.

Ensuring the reliability of the bearing capacity
of the foundations of buildings and structures
by means of redundancy

When designing the infrastructure of the Bova-
nenkovo gas field (PJSC “Gazprom”), optimization of
the location of well pads was carried out on the basis
of zoning of the territory according to geocryological
conditions. For obvious reasons, reserving extra reli-
ability of foundations taking into account climate
warming causes additional investment in construc-
tion. But the positive operational effect made the re-
quirement “on reserve reliability of foundations on
permafrost soils adjusted for warming” became a stan-
dard in Gazprom when developing technical specifi-
cations for the design of new construction and recon-
struction. Redundancy of the reliability of founda-
tions is achieved not only due to the design of
foundations (depth of immersion of piles, the method
of immersion, and diameters of the piles used) but
mainly due to the use of thermal stabilization sys-
tems. The calculated temperature regime of perma-
frost soils of foundations is justified when designing
objects by means of modeling using specialized soft-
ware products that implement non-stationary numer-
ical methods of calculation, taking into account the
predicted trend of air temperature. Unfortunately,
the approaches used in the gas industry have not yet
found their continuation in other industries.

Cost-effectiveness of protective measures

During the construction of wells at the PJSC
“Gazprom” field, a complex thermal engineering solu-
tion was used, which ensures the preservation of the
host deposits of the wells in a perennially frozen state.
The experience of the first years of operation has
shown that the implemented technical solutions jus-
tify themselves. In addition, the thermal stabilization
of the wellhead zones made it possible to bring wells
in the cluster closer from the traditional 40 m to 20—
15 m, which significantly (up to 30 %) reduced the
cost of arranging the cluster pads [Melnikov et al.,
2019].

Another example is the use of thermal stabilizers
when laying power lines. This makes it possible to
shorten the length of the piles for the foundation of
the supports. For example, during the development of
the Lodochnoye field (Krasnoyarsk Territory, 130 km
west of Igarka), about 20 million rubles were saved,
or 26 % due to the cost of the foundations of the sup-
ports.

However, despite the obvious efficiency, the fail-
ure rates of thermostabilizers in the permafrost zone
are still high (for the thermosyphons it is up to 20—

30 %) [Strizhkoo, 2015]. They fail due to corrosion,
damage during operation, and factory defects. To in-
crease the reliability of the operation of seasonally
operating cooling devices, it is advisable to conduct a
technological audit of the manufacturers and to in-
crease the competition between them.

Heat pumps are one of the alternatives to ther-
mal stabilizers and freezing units [ Koloskov, Gamzaev,
2015]. In a heat pump, the condenser is a heat ex-
changer that generates heat for consumer needs (for
example, for heating buildings), and the evaporator is
a heat exchanger that removes heat from the soil
mass. It was proposed to use heat pumps during con-
struction in the permafrost zone abroad [Stenbeak-
Nielson, Sweet, 1975] and in Russia [Perlstein et al.,
2000]. The technical and economic efficiency of using
heat pumps is determined by the density of heat flux-
es entering the evaporator during the cooling of the
soil [Kibl, 1983]. Heat pumps are the basis of a techni-
cal solution for low-rise buildings under the program
of resettlement of residents from nearby villages to
Vorkuta. It is planned to build 40 such houses with a
heating system and thermal stabilization of the base,
which will optimize the construction in terms of tim-
ing and reliability [Koloskov, Gamzaev, 2015]. A spe-
cific calculation of the economic efficiency of using
heat pumps in the permafrost zone was carried out by
G.Z. Perlstein in 2012 for the conditions of Yakutsk
[Report..., 2012] and showed that, as a result, the an-
nual savings per building can be approximately
41 thousand rubles. However, heat pumps have not
yet become widespread.

The cost of adapting the housing stock
to changing permafrost conditions on the example
of the city of Norilsk

Approbation of the proposed approach to assess-
ing the cost of ensuring the sustainability of buildings
at a large object in the permafrost zone was carried
out using the example of the urban district of Norilsk.
According to forecasts [ Melnikov et al., 2021], the
maximum damage under a moderate warming sce-
nario and established management practices will
reach about 600 billion rubles in Norilsk by the be-
ginning of the second half of the 215 century. At the
same time, according to the authors’ estimates, the
total cost of buildings and structures in 2020 prices
on the territory of the urban district is about 631 bil-
lion rubles, of which: 117 billion rubles — the cost of
the housing stock, 514 billion rubles — the cost of
buildings and construction of the industrial sector,
that is, such key sectors as industry, agriculture and
forestry, construction, transport, sectors of market
and non-market services. For a clear understanding of
the scale of the likely damage, it should be noted that
the budget of Norilsk for 2020 amounted to only
20.6 billion rubles (only 61 % of them are own in-
come).
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The cost of thermal stabilization consists of the
costs of manufacturing, transportation, construction,
and installation of thermal stabilizers. The selection of
their number and geometrical arrangement is carried
out according to the results of thermal engineering
modeling. According to average estimates, in the zone
of continuous permafrost, on average, one thermal sta-
bilizer is needed to maintain two piles of a residential
building [ Gamzaev, Kronik, 2016]. The number of piles
per unit area of a building is determined by its design
features. For example, for a two-storey residential ro-
tational complex for 850 people at the Vankor field in
the Krasnoyarsk Krai (according to “Fundament-
stroyarkos” [Volkova, 2021], etc.), 12 thermal stabiliz-
ers are needed per 100 m? of the object area. On aver-
age, according to “Fundamentstroyarkos”, one aver-
age thermal stabilizer provides a freezing area of about
4 m? [Anikin et al., 2013], and, thus, about half of the
area of its base is frozen at this object.

The unit cost of stabilizing 1 m? of frozen soil in
the building plan ranges from 10,000 to 80,000 ru-
bles/m?2. Such a range of prices is associated with
technical solutions and prices depending on the cat-
egory of soil and drilling depth. The work [Svetlyshev,
2018] gives an example of a 9-storey 4-entrance resi-
dential building made of prefabricated reinforced
concrete structures with a reinforced concrete mono-
lithic strip foundation in Nadym (building dimen-
sions 101.0 by 14.4 m). According to the author’s
data, the costs of setting up a soil thermal stabiliza-
tion system, i.e. further application of the first prin-
ciple of construction, amounted to 47 million rubles.
Of these: temperature stabilization of the soil —
19 million rubles, emergency restoration work on the
repair of the foundation and supporting structures —

28 million rubles at the cost of construction of a simi-
lar building in comparable prices — 127 million rubles.

Based on the structure of the Norilsk housing
stock (Table 1), the authors calculated the average
area of the foundations of residential buildings of
various series. The approximate cost of thermal stabi-
lization systems was calculated at the rate of 10 thou-
sand and 80 thousand rubles per 1 m? of the base.
This did not take into account the costs of transpor-
tation and installation of systems. The calculation
results are presented in Table 1. Panel 9-storey dor-
mitories series 1-464.D-82 were excluded from the
calculation. Unlike the others, they are primarily sub-
ject to gradual demolition and will not be either re-
constructed or major repaired.

Thus, as a first approximation, it was possible to
estimate that the costs of thermal stabilization of the
Norilsk housing stock will be from 10 to 81 billion
rubles, while the cost of the existing housing stock is
estimated by us at 117 billion rubles. According to
our estimates, the damage to the housing stock in No-
rilsk may amount to about 60 billion rubles by 2050
[Melnikoo et al., 2021]. Close proportions of the costs
of preventing negative consequences and the magni-
tude of the probable damage, apparently, are typical
for the rest of the urbanized territories of the perma-
frost zone of the Russian Arctic, depending on how
early measures are taken to thermostabilize the soils
of the foundations. It should be emphasized that the
maintenance of the thermal regime of the bases must
be carried out not only with the help of thermal stabi-
lizers (the reliability of which must be increased in
the future) but also with other, proven methods (ven-
tilated crawl space) and new methods, including the
use of heat pumps.

Table 1. The cost of thermal stabilization of the housing stock in Norilsk
Building type Number The total area of the four;da— Number Estimated E‘ost of thermal
of buildings tions of the houses, m of floors stabilization*, million rubles

Houses designed in the 1960—-1970s 305 334 601 5 3346,/26 768
K-69 62 95 828 9 958/7666
Series-84 255 257 675 9 2577/20 614
Series 111-112 140 153 592 9 1536,/12 287
NK-12 15 21553 12 216/1724
Houses designed in the 1930—-1950s 44 91379 5 914/7310
Hotel-type houses** 12 14 584 9 146/1167
Brick apartment buildings in Snezh- 6 7389 5 74/591
nogorsk settlement
Total dormitories, including: 26 30809 - 308,/2465

general type (5-floor) 8 8955 90/716

apartment type (9-floor) 18 21 854 9 218/1749
Total: 865 1007 410 77 10 075/80 592

* Left: based on the coast of 10,000 rubles per 1 m? of frozen soil; 7ight: based on the coast of 80,000 rubles per 1 m? of frozen

soil.

** Gostinka (hotel-type house) — a type of dwelling, which is a small one-room apartment or a room with a kitchen niche

and a bathroom.
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CONCLUSIONS

Current trends in the state of permafrost are
largely determined by global climatic changes. Ac-
cording to the ideas existing today, climate warming
inevitably contributes to the emergence of trends to-
ward quantitative and qualitative changes in the
state of the Arctic cryolithozone.

Changes in the thermal state of permafrost under
the influence of climatic variations occur over many
years but have not reached their maximum. This cir-
cumstance significantly increased the risks in con-
struction, land and subsoil use, and increased epide-
miological and environmental threats in the Russian
Arctic, and in the permafrost zone as a whole. Every-
where in the Arctic zone, there is a loss of the bearing
capacity of the soils of the foundations of buildings
and structures. The overwhelming majority of data
on the state of the permafrost, as well as on its inter-
action with infrastructure facilities, need to be up-
dated and renewed.

Over the past 35—-40 years, the temperature in
the upper part of the permafrost under natural condi-
tions has increased by 0.5-2.0 °C, and on the plains of
Western Siberia built up with gas industry facilities —
by 2.0 to 4.0 °C. The bearing capacity of frozen soils of
the foundations of structures at the same time, only
due to natural changes, decreased by 5-30 %, de-
pending on local geocryological conditions.

Technogenesis is seriously complementing the
impact of background climate change. As a result of
the combined influence of climate warming and large-
scale anthropogenic impacts on the permafrost, a cu-
mulative effect arises, the consequences of which al-
ready lead to the loss of stability of the frozen ground,
major accidents, environmental disasters and, in gen-
eral, to an increase in the risk of natural resource use
in the developed areas of permafrost zone.

For an economically justified response to ongo-
ing changes, a system of state monitoring of perma-
frost should be created, including background perma-
frost observations and object-based geotechnical
monitoring with a unified system of data accumula-
tion and forecasting. This will help to significantly
reduce the managing risks in the permafrost zone, to
solve planning issues, and to evaluate the effective-
ness of design solutions and protective measures. In
this case, the cost of protective measures, in particu-
lar, thermal stabilization, turns out to be an order of
magnitude lower than the possible damage in case of
its absence, and, thus, the effectiveness of protective
measures is quite high.

An approach to the design of permanent con-
struction projects in the permafrost zone seems to be
justified and subject to dissemination, assuming re-
dundancy of the reliability of foundations through
the use of thermal stabilization and other methods
that compensate for the predicted decrease in the

bearing capacity of permafrost soils caused by clima-
tic and technogenic factors. With a relatively small
amount of additional investments (the first percent of
the cost of construction), reliability redundancy will
ensure the stability and mechanical safety of facili-
ties.
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The ability of snowpack to accumulate airborne substances allows analyzing spatiotemporal geochemical
patterns and detecting polluted areas. Spatial features of geochemical regional distribution of dust deposited in
the snow cover in areas remote from industrial centers are determined. The snowpack of Tomsk, Shegarka and
Kozhevnikovo districts in the Tomsk Oblast was chosen to be the object of this research. The observations were
carried out in the period from 1995 to 2000. The measurements of snow meltwater filtrate included: pH, con-
centrations of nitrate and ammonia nitrogen, phosphorus, potassium, calcium, magnesium, sodium, chlorine,
while the solid residue was analyzed for heavy metal contents (Cu, Zn, Cd, Pb, Co, Mn, Cr, Ni) using atomic
absorption spectrophotometry method. The average thickness of snowpack is evenly distributed within the study
area and varies from year to year. Contents of dust, ammonia (NHj ), phosphorus (P»O5), Mg in snow on the
forest floor significantly differ (an upward bias) from arable land areas. Ions NO3, NH, alkaline and alkaline-
earth elements show an increasing trend (relative to the background values) near the industrial zone. The levels
of siderophilic and lithophilic elements, copper and zinc tend to be enhanced in proximity to the industrial zone
of the Tomsk city agglomeration. Lead shows a mosaic distribution throughout the study area. In individual
localities (Batkat village, Komarovo swamps), dust and heavy metals contents in snowpack were found to be
higher relative to the background values.

Keywords: solid aerosols, snow, heavy metals, dust, trace elements.

INTRODUCTION

http://earthcryosphere.ru/

The seasonal phenomenon of the cryosphere of
Western Siberia functions as a system-forming factor
in many natural landscapes, which is controlled inter
alia by horizontal fluxes of natural and anthropogenic
substances [Bordon, 1996]. Although the formation of
the chemical composition of snowpack in the West
Siberian Plain is known to be affected by zonal pecu-
liarities, the macro- and microelement transport (el-
ementary fluxes) into rivers and lakes during the
spring flood remains largely underestimated [ Ermolov
et al., 2014; Shevchenko et al., 2017]. The Northern
Hemisphere climate warming trends [AMAP, 2011]
in the Arctic geosystems dynamics marked by a re-
duction in snow and ice cover and longer ice-free pe-
riods of water bodies, have significantly changed ma-
jor and trace element (TE) fluxes.

Three main approaches which are currently used
for monitoring the geochemical properties of an ob-
ject [RD 52.04.186-89, 1991] include: 1) impact esti-
mation (e.g. gas flares), 2) TE pathway analysis, and
3) probabilistic-statistical methods. The impact esti-
mation method is used to investigate objects express-

ly affecting the snow chemistry [ Chernyaeva et al.,
1978; Ermilov et al., 2002; Filimonenko et al., 2013;
Yanchenko et al., 2013; Onuchin et al., 2014; Taloo-
skaya et al., 2014a,b; Krest’yannikova et al., 2015].
The TE pathway method deals with external con-
trols, e.g., natural local climate zones [Ermolov et al.,
2014; Shevchenko et al., 2017]. The probabilistic-sta-
tistical approach is the most appropriate in the ab-
sence of visible boundaries of the impact zones and a
priori geographic patterns and is therefore interpret-
ed as unbiased in the study of natural ecosystems. In
this case, the study area is divided into conditional
squares, with one of them selected randomly for ob-
servation.

The relevance of this study is less concerned
with the identification of ecologically unfavorable ar-
eas, with the emphasis placed instead on highly topi-
cal recognition of their redistribution patterns at a
considerable distance from diverse sources of pollu-
tion [Akba et al., 2013; Xue et al., 2020] by analyzing
the snowpack chemistry, as well as geographical dis-
tribution and formation of atmospheric precipitations

Copyright © 2021 A.V. Zakharchenko, A.A. Tigeev, O.A. Pasko, L.G. Kolesnichenko, D.V. Moskovchenko, 2021, All rights

reserved.
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laden with toxic substances and posing threats to hu-
man health.

This work aims to identify the spatial features of
the region-scale geochemical distribution of dust
aerosol particles deposited in the snowpack in areas
located at varying distances from the industrial zone.

The snowpack geochemical monitoring com-
menced in the Tomsk Oblast in the 1980s included
the elemental and chemical composition of snow
[Boyarkina et al., 1993]. In the 1990s, many Russian
regions were exposed to atmospheric air pollution by
nitrogen and sulfur oxides (SO, and NO,) and heavy
metals [ Walker et al., 2003]. Also worth noting is that,
previously, snowpack research was undertaken by sci-
entists from the National Research Tomsk Polytech-

nic University (TPU), under the guidance of E.G.
Yazikov [Filimonenko et al., 2013; Talovskaya et al.,
2014a,b, 2018a]. This work draws heavily on the data
obtained from the snowpack monitoring in the 1990s
at the Soil Science Laboratory (headed by L.A. Izer-
skaya) of the Research Institute of Biology and Bio-
physics at Tomsk State University.

RESEARCH OBJECTS AND METHODS

The object of the study is the snowpack of back-
ground sites in the Tomsk Oblast (Fig. 1). The obser-
vation (sampling) points were scattered around the
Tomsk-Seversk industrial agglomeration.

The background conditions for substances trans-
port to snowpack, as this is defined by [RD 52.04.186-
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Fig. 1. Sampling points location with indications of the site number and position of air pollution sources.
1 — sampling points (SPs); 2 — settlements; 3 — roads; 4 — Siberian Chemical Combine (SCC); 5 — Tomsk Petrochemical Plant

(Tomskneftekhim); 6 — Hydropower plant HPP-2.
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89, 1991], were investigated to reveal interregional
and transboundary transmission of solid aerosols in
the winter season. Their input from Kazakhstan and
subsequent transfer from the Novosibirsk Region and
Altai Territory were anticipated.

While setting up the regional background moni-
toring network in the Tomsk Oblast, locations of sam-
pling sites within the area were determined based on
the probabilistic-statistical approach. The works
commenced in 1994. Snow samples were systemati-
cally taken within a five-year period (1995-2000).
The chemical composition of snow was analyzed at
the monitoring sites located at different distances
from pollution sources. The monitoring site selec-
tion met the following criteria: area 0.5 ha [GOST
17.4.3.01-83, 2004]; car accessibility.

Differentiation between the amounts of dust par-
ticles deposited in snowpack in agricultural land ar-
eas and in forests is of particular interest. To estimate
the dust capture and retention capacity of tree spe-
cies, the snow sampling points were in most cases
paired: in the forest and in a nearby agricultural field
[Glazouskii, 2006]. Snow samples were taken in
March within one week. In Tomsk Oblast, the period
with snow cover lasts 175-180 days, and the duration
of snow cover averages T = 178 days [Filimonenko et
al., 2013]. The number of prepared monitoring sites
was initially 11 (0.5 ha) which increased to 18 in the
first year, and to 23 in the next year; the duration of
observations at the sites was 3—6 years in the period
from 1995 to 2000.

Snow meltwater was sampled for the chemical
analysis which was performed in compliance with
generally accepted procedures [ Vasilenko et al., 1985;
RD 52.04.186-89, 1991]. Snow samples were taken by
using a snow gauge (a widely used instrument for me-
teorological observations) through the full depth of
the snowpack. In order to exclude contamination of
samples by soil particles and litter admixtures, the
lower 5 ¢cm of snow was removed. After that, snow
density was determined. Dust content was estimated
from the cumulative sample composed of 3—5 samples
depending on the snow depth.

The snowpack samples were melted in the labo-
ratory at room temperature, and water volume was
measured. The meltwater was filtered using a vacuum
pump: the partitioning was achieved by passing the
melted samples through the “blue ribbon” filter. The
filters were dried in a desiccator at 105 °C. The fil-
trate analysis included determinations of: pH [PND
F 14.1-2-3-4.121-97, 1997], concentrations of ni-
trates and NH; [PND F 14.1-2.1-95, 1995], contents
of phosphates [ GOST 26204-91, 1992] expressed as
P,0s, potassium [RD 52.24.391-95, 1995] expressed
as K0, calcium (Ca?") and magnesium (Mg2*")
[GOST 26487-85, 1985, sodium [RD 52.24.391-95,
1995], chlorides [GOST 4245-72, 2010]. The solids
(dust) trapped on filters were dried at 105-110 °C

and decomposed by hydrofluoric acid digestion. Total
concentrations of nickel, cobalt, lead, copper, zinc,
manganese, chromium, and cadmium in the resulting
solution were determined by atomic absorption spec-
trophotometry (factorial design with eight runs). The
atomic absorption analysis of trace elements yielded
relative accuracy (%): 3.8 for Zn, 3.5 for Cu, 1.2 for
Mn, 3.7 for Co, 4.2 for Pb, 14.3 for Cd.

The values of element concentrations in filtrates
were converted to their concentration per liter of
meltwater (ug/L), trace elements (TEs) inventory
per unit area of snow (ug/m?), and trace element flux
(ug/(m2-day)). Concentration coeflicients were cal-
culated as the ratio between TE content (Kc) and the
background value (Kb):

Ke
K=2C
Kb
and the total pollution index as

Zc :ZK—(n—l),

where K is concentration coefficient; z is amount of
elements with K> 1.
Dust content was calculated using the formula

ol
74

w

where C is dust mass concentration, g/L; P, is dust
weight in meltwater, g; V,, is the volume of water, L.
The total dust input (P) was calculated as the mass
of dust per unit area per unit of time. The area value
was derived from the sampler diameter multiplied by
the number of samples taken at one point. Sampling
points (except points 20 and 21) which are located
significantly away (30 km or more) from the Tomsk-
Seversk agglomeration were referred to as the back-
ground values.

The dust flux emitted onto the snowpack surface
was determined by the formula

P

—_C
ST
where Pis TE flux per surface unit per time unit; P, is
the mass of trapped dust; S is the total sampling area;
Tis the time interval between the moment of sampling
and the date of the onset of stable snow cover, days.

Geographic coordinates of the observation
points were defined with GPS, and spatial distribu-
tion of trace element concentrations was analyzed us-
ing QGIS. This allowed mapping of the cluster analy-
sis results. The distances from each observation point
to the Siberian Chemical Combine (SCC) and Hydro
Power Plant (HPP)-2 (i.e. potential impact factors)
were measured.

The Orange software suit and appropriate Py-
thon packages were used for statistical analysis of the
data. Clustering analysis with multiple variables us-
ing the algorithm K-means enabled the identification
of the groups of representative points for contamina-
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tion levels and pollutants inventory within the snow-
pack. Similar analytical procedures were used previ-
ously [Shevchenko et al., 2017]. The Statistica for
Windows software package allowed us to assess the
factors controlling pollutants intake into the snow-
pack.

RESULTS AND DISCUSSION

Snowpack characteristics inferred from measure-
ment results at 24 monitoring sites are: snow depth
averaging (56.4 = 2.7) cm (Table 1); uniform distri-
bution of snowpack within the studied area (coefli-
cient of variation is 25.9 %). The variability of some
indicators is interpreted as moderate (snow depth,
pH) or high (>100) for others (contents of dust,
P,05, Mg?*, NO; ).

The average snow depth values are greater for
the forest versus agricultural land areas, which is cor-
roborated by the Mann-Whitney test (at a signifi-
cance level of p < 0.05). The dust load is shown to be
on average (8.5 = 3.6) mg/(m?.day), approxima-
ting the background values for the Tomsk Oblast
(7 mg/(m2-day)) [ Talovskaya et al., 2014a,b).

The average snow density is generally
(0.19 £ 0.01) g/cm?, although it tends to be higher
within the agricultural land area than in the forest.
This differentiation proved to have low credibility,
though. The amounts of solid insoluble particles in
snow meltwater average (6.8 = 1.2) mg/L. Elevated
dust concentrations were reported both at sampling
points near the urban agglomeration (points 5, 6, 10,
12, 16) and away from dust emission sources
(points 4, 21, 22, see Fig. 1). Average amounts of dust
particles in the surface layer of snowpack are known
to be about 2.74-2.91 mg/L within the background
sites located in the Arctic [Shevchenko et al., 2002,
2007]. Our results have shown that in the territory of
Tomsk Oblast, total solid impurities in snow mass are
2.5 times higher as compared to levels reported for
remote Arctic regions.

Both spatial and temporal variability of this pa-
rameter is shown to be significant. The year 1997
stands out in terms of maximal snow cover depth
(78.2 £ 4.7 cm) and minimal total dust content in
snow (0.40 + 0.13 mg/L) (Fig. 2).

The snowpack thickening translated to lower
dust concentrations as a result of dilution by a larger
snow volume. The next year, 1998, saw a remarkably
enhanced flux of dust aerosol particles settled on
snowpack. A comparison of the two samples — from
the forest and agricultural field — of snow meltwater
using the Mann-Whitney test (p < 0.05) showed a
greater amount of dust particles in the snowpack
sampled in the forest. The snow meltwater yielded a
pH value varying from 5.6 to 6.6 (on average,
6.04 £ 0.13), which suggests weak alkalinity, as com-
pared to the data obtained by other authors: pH of
5.89 for snow within the 30-km zone around the SCC
[Artamonova, 2011], pH of 5.4 for snow in the Khan-
ty-Mansi Autonomous Okrug (KhMAQO) [Mos-
kovchenko, Babushkin, 2012].

Emissions of NOj into the atmosphere account
for air pollution as a result of liquid fuel combustion,
with sulfur and nitrogen compounds unevenly
spreading within snowpack in the northern Russia
[ Vetrov et al., 2014]. The levels of NOj3 in snowpack
of the Tomsk Oblast are on average (1.4 £ 0.03) mg/L,
and (0.54 £ 0.33) mg/L at sampling points located
away from pollution sources. The NO3 concentra-
tion values amount to 0.45 mg/L for KhMAO, which
is higher than the background values [ Moskoochenko,
Babushkin, 2012], while the 0.01-0.37 mg/L interval
is indicative of the natural gas fields area in the Yamal
Peninsula [ Ermilov et al., 2002]. Contents of NH} in
snowpack of the study objects are in the range
(0.41 £ 0.04) mg/L, which is in good agreement with
the available data for both the Tyumen Oblast and
KhMAO. The background level was determined as
(0.36 = 0.04) mg/L. Concentrations of NOj, NHZ
are enhanced relative to the background values in
proximity to the industrial zone. Comparison of NH,

Table 1. Statistical characteristics of snow depth and pH, chemical composition
of snow meltwater at the monitoring sites
Snow Concentration, mg/L
Characteristics depth, pH

cm Dust |N NOs;| NH;y Py0s5 Ky,O Ca Mg Na Cl
Mean 56.44 6.05 7.08 0.14 0.42 0.08 1.06 7.34 2.48 1.03 7.46
Confidence interval* 2.69 0.13 1.31 0.03 0.05 0.02 0.17 1.13 0.75 0.13 1.09
Median value 54.95 6.10 4.90 0.05 0.35 0.06 1.00 5.41 1.22 1.00 7.00
Standard deviation 14.63 0.73 714 0.18 0.23 0.09 0.90 6.18 4.07 0.62 5.15
Variation coeflicient 25.93 12.07 | 100.86 | 132.23 | 56.16 | 106.70 | 84.75 84.15 | 164.00 | 60.45 69.03
Mean value for back- 55 6 4.1 0.12 0.38 0.06 1.02 6.75 2.01 1.09 717
ground points
No. of background site| 114 114 114 114 103 103 114 114 114 86 86

* At a significance level p < 0.05.
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Fig. 2. Average annual snow depth (a) and dust aerosol flux (b).

contents in the forest and agricultural areas has re-
vealed a reliable differentiation, indicating its higher
levels in the forest.

The Mann-Whitney test at p < 0.05 confirmed
the contents of phosphates in melted snow samples
taken in the forest to be greater than in the field.
P»Os5 contents averaging (0.08 = 0.2 mg/L) in snow
meltwater differ only slightly from the mean value for
the background sites (0.07 = 0.02 mg/L).

Measured concentrations of potassium (K,0)
and sodium (Na™") are on average (1.06 = 0.16) mg/L
and (1.03 £ 0.13) mg/L, respectively, and vary only
slightly over the sampling points.

Results of this study has revealed that chloride-
ion contents along with alkali metals represent snow
contamination with readily soluble salts, which on
average is (7.46 = 1.1) mg/L. Cl~ concentrations vary
only slightly at the observation points. For KhMAO,
the average chloride levels within snowpack are sig-
nificantly lower (3.4 mg/L) [ Moskovchenko, Babush-
kin, 2012] increasing in the direction from west to
east.

Abnormally high chloride-ion contents reported
for the period 1997-1998 decreased dramatically
later to (1.3 = 0.5) mg/L (Fig. 2). Given that the sea
influence on the coastal zone is known to spread with-
in 200—-250 km [Zoverev, Rubeikin, 1973], this effect
can be ruled out for chloride content in the analyzed
samples.

With calcium contents averaging
(7.3 £ 1.1) mg/L within snowpack, there is a loga-
rithmic dependence between Ca* and Cl:

Cl=331In(Ca) +3.2 (R2= 0.5 at p < 0.05).

The presence of calcium in the snowpack is
mainly associated with soil erosion [Kutsenogii,
20061, which suggests continental origins of the chlo-
ride ion. The study on the dissolution behavior of cal-
cium in the eastern Tien Shan glaciers has demon-
strated that calcium has the highest DFP (dissolved
fraction percentage (%) calculated as the dissolved

fraction divided by the sum of the dissolved and in-
soluble fraction) which is logarithmically regressed
for the samples with SO%™ [Wu et al., 2018]. From a
range of major mineral dust cations, Ca®>* has the
highest solubility with chloride ion.

The content of magnesium in snow meltwater is
(2.5 £ 0.7) mg/L. Spearman correlation coeflicient
between calcium and magnesium, magnesium and
chlorine content is shown to be less than 0.3, which
indicates of a weak link between them. The Mann-
Whitney test at p < 0.05 showed that Mg content in
the snowpack is higher for the forest than agricultur-
al land area.

The distribution of trace element contents with-
in the snowpack varies significantly between the ob-
servation points (Table 2).

The average content of nickel within the snow-
pack is (2.68 £ 0.33) ug/L, with its lowest levels
(1.38 pug/L) reported from background site (BS) 18
(Verkh-Sechenovo village). The sampling points
(SPs) which reported Ni concentrations within a
confidence interval (p < 0.05) below the mean are:
SP19 (Trubochevo v.), SPs 7 and 8 (Orlovka v.), and
SP1 (Timiryazevo v.). The sampling points showing
remarkably higher Ni contents at p < 0.05 are num-
bered 4, 5, 12, 14, 16, 20, and 21. Comparison of the
obtained results with the data from the background
sites provided a compelling evidence of enhanced Ni
content in snowmelt waters sampled from within the
Tomsk-Seversk industrial agglomeration. Thus, nick-
el concentrations range from 0.2 to 0.8 pg/L in the
Ural industrial region [ Chernyaeva et al., 1978], and
equal to 0.7 pg/L within natural gas fields area in
the Yamal Peninsula [Ermilov et al., 2002]. The
average content of zinc in snow meltwaters is
(26.7 £9.9) ug/L. Its content in the snowpack of the
Tyumen Oblast reaches 81 pg/L in settlements. In
the KhMAO, the most probable value for Zn concen-
trations is in the range of 10-27 pg/L [ Moskovchen-
ko, Babushkin, 2012]. The reported values for zinc
concentrations range from maximal (81.7 ug/L) at
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Table 2. Averages concentrations (ug/L) of trace elements in solid residue of snow meltwater
Sggi‘gils&g Cr Mn Co Ni Cu Zn cd Pb Zc
1 3.61 15.80 0.26 1.89 7.25 8.09 0.047 1.10 4.8
2 5.08 23.61 0.30 2.43 6.39 15.01 0.084 1.22 9.3
3 4.59 22.63 0.27 2.70 6.62 10.66 0.035 1.01 7.0
4 5.96 50.88 0.69 3.52 7.19 15.46 0.042 1.51 11.2
5 4.67 55.06 0.89 3.84 8.79 24.52 0.035 1.62 9.8
6 4.69 25.40 0.32 2.37 8.91 19.12 0.045 1.04 59
7 14.51 14.88 0.26 1.67 5.24 18.79 0.051 1.10 7.6
8 4.40 17.28 0.22 1.62 6.05 22.08 0.041 1.13 6.7
9 5.28 25.96 0.33 2.25 8.32 37.92 0.068 1.51 7.7
10 6.19 77.23 0.62 2.90 7.34 26.31 0.051 1.49 11.0
12 6.11 55.42 0.36 3.08 6.54 81.68 0.065 0.87 12.9
13 6.24 33.80 0.31 1.76 7.98 20.51 0.040 1.32 6.4
14 7.48 65.17 0.75 3.93 11.38 74.57 0.053 1.43 16.9
15 4.87 21.77 0.44 3.78 7.86 30.33 0.066 1.43 7.8
16 12.24 72.75 0.59 4.09 10.50 13.71 0.101 1.64 18.4
17 3.81 24.01 0.35 2.99 7.32 15.21 0.037 0.76 6.8
18 2.00 7.71 0.14 1.38 4.62 22.68 0.026 1.14 3.1
19 2.85 9.26 0.11 1.57 4.36 13.17 0.065 1.49 3.8
20 5.57 58.76 0.72 3.28 8.19 40.99 0.049 2.62 9.9
21 4.00 29.62 0.54 3.65 6.36 26.09 0.043 2.50 7.4
22 4.45 18.52 0.32 2.63 7.16 32.89 0.049 4.61 71
23 2.80 13.78 0.29 1.71 6.06 15.71 0.057 1.68 3.5
24 1.37 14.54 0.25 1.73 3.55 9.78 0.036 0.99 2.7
Mean 5.60 34.16 0.42 2.68 7.30 26.7 0.052 1.42 8.5
Backglround 3.64 18.42 0.25 1.97 6.27 15.70 0.04 1.17 5.07
value

* Numbering of the sampling points is given in Fig. 1.

SP 12 in Kolomino village to slightly lower
(74.6 ug/L) at Naumovka village. At this, high levels
(within a confidence interval (p < 0.05) above the
mean) was observed at sampling points 9 (Samus v.)
and 20 (Batkat v.). While Samus village is located
within the SCC impact zone [Artamonova, 2011],
there are no industrial enterprises in the vicinities of
Batkat village. Emissions of pollutants may be re-
leased by gas flares, the snowpack near which shows
Zn concentrations reaching 52 pg/L [Moskovchenko,
Babushkin, 2012]. However, Batkat village is located
hundreds of kilometers away from oil fields, and the
distance from the impact zone responsible for translo-
cation of pollutants measures 5—15 km, depending on
the wind rose [Lezhenin et al., 2016]. Coarse dust
aerosol particles are dominantly (90 %) deposited
within a radius of 7 km from the pollution source, and
spread within a radius of 40 km [ Onuchin et al., 2014],
with snowfalls assisting both in dry and wet washout
of atmospheric pollutants [ Talovskaya et al., 2014a].
Among different types of boilers, the coal-fired
boiler house in Batkat village contributes its share
into the environmental impact from coal combustion
which is confirmed by the reported enhanced concen-
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tration coeflicients for zinc along with other trace ele-
ments | Talovskaya et al., 2018a,b].

The contents cobalt in snowpack have received
little consideration so far [ Kutsenogii, 2006]; within
the observation sites, Co levels are reported to be
higher than the average value at SPs located north-
east and east of the Tomsk city agglomeration and at
SP 20 (Batkat village). Dust emissions from the coal-
fired boiler house are featured by elevated Co con-
tents and greater Na and Ca concentration coeffi-
cients. Contents of metals in the snow-captured dust
at least twice as higher than the background values.

The contents of lead within snowpack averages
7.6 ug/L against the background value of 6.3 ug/L.
The snow dust enrichment in lead reported from
SPs 20 and 22 showed Pb concentrations to be sig-
nificantly higher than the background value. Al-
though SPs 5 and 22 are located at different parts of
the study area, but in proximity to highways with
heavy traffic flow, they show explicable high lead lev-
els. Sampling points 20, 21 are 1.5-3.0 km away from
the highways, which makes dry washout of lead from
snowpack of these points unlikely. Results of the field
studies conducted around the Norilsk Mining and
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Metallurgy Combine have shown a mosaic pattern of
Pb deposition into snowpack [ Onuchin et al., 2014].
Analyses of lead input in the snowpack of Tyumen
showed its concentration in the solid phase, with the
levels varying within a wide range, from 0 to 214 ug/L
[Krest’'yannikova et al., 2015]; its abnormal concen-
trations are localized.

At the studied sampling points (5, 6, 9, 10, 13—
16), copper pollution encompasses the background
sites located around the SCC, Tomsk Petrochemical
Plant (Tomskneftekhim), where Kc > 1. Copper con-
centrations average (7.3 + 0.8) ug/L. The value of K¢
is reported to be high for SP 20 (Batkat village). In
coals utilized as fuel, one can hardly expect high le-

vels of copper. Enrichment of Siberian coals in litho-
phile and siderophile chemical elements (Cr, Ni, Co)
and their depletion in chalcophile elements (Cu, Pb,
Zn, Cd, etc.) is noted [Arbuzoov, 2007]. Consequently,
Cu enters the Batkat snowpack from other sources.
Given that manganese is commonly used in the chem-
ical industry, its anomalous abundancy relative to the
background value should be expectable in the vicini-
ties of SCC and Tomskneftekhim. The mean value is
(34.2 +£7.3) ug/L, the background value is 18.4 ug/L.
At the sampling points (4, 5, 9, 10, 13—16) around
chemical plants, Mn concentrations are 2—3 times
higher than background values. At points 20, 21, the
Kc values are shown to be high (3.6 and 1.8), which

30 km
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Fig. 3. Distribution of mean annual values of multivariate cluster analysis of trace element inventory (Ni,
Co, Cu, Mn, Zn, Pb, Cr, Cd) in the territory of the Tomsk Oblast.

Zones showing similarity in the chemical composition: I — industrial zone, IT — industrial-residential zone, IIT — relatively pure

areas. See Fig. 1 for notations.
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does not permit us to relate this phenomenon with
the chemical composition of solid fuel utilized by the
boiler house. Territorially, the pollution points gravi-
tate to Tomskneftekhim and Tomsk city. Anomalies in
chromium contents in the snowpack are primarily as-
sociated with the foundry production facilities [Ser-
geeva, Kuimoova, 2011]. The authors attribute the
chromium contamination of snowpack in Blagovesh-
chensk city to transboundary transmission from Chi-
na, where thermal power plants are coal-fired. Al-
though the foundry facilities remained within the
Tomsky Instrument factory, the contamination did
not spread beyond the city limits. However, HPP-2,
which in the 1990s was partially coal-fired may con-
tinue to be the source of chromium pollution. The
average cadmium content is (1.0 = 0.2) ug/L within
the snowpack. Abnormally high cadmium concentra-
tions within snowpack are associated with the indus-
trial and residential-transport zones [Sergeeva, Kui-
mova, 2011]. The Kc value reached maximum (1.3—
2.0) at SPs 16, 2, and 9, and minimum (1.1-1.3) at
SPs 15, 12, 19, and 23. All these points are located in
proximity to highways, and the sampling points in
proximity to the industrial zone report the highest
values.

The mean value of total Zc pollution index is
8.5 + 1.3, which varies widely (the variation coefli-
cient is 73 %). The level of pollution is regarded as
low and non-hazardous at Zc¢ < 32 [Kasimov et al.,
2012].

The K-means cluster analysis was used for clas-
sification of the sampling points. For simplicity, they
were split into three clusters to provide a fit to the
existing at the time trace elements distribution pat-
terns in the territory of Tomsk Oblast. The averaged
over the years Euclidean distances between the mul-
tivariable centers of clusters were mapped in using
the QGIS (Fig. 3). For convenience, results of the
classification are shown in black and white shading
(notations I-TIT in Fig. 3). The points grouped in
northeast and southeast of SCC and near Tomskneft-
ekhim (points 10, 3, 5, 14, 4, 16) correspond to Zone I.
The points 20 and 21 located at a considerable dis-
tance (70 km) from SCC are characterized by a close
chemical composition. A similar situation is observed
in Bratsk, where the aluminium smelter (BrAZ) is
known to be a heavy metal pollution source [ Yanchen-
ko et al., 2013]. The sampling point located 29 km
from the source shows a high concentration of con-
taminants, even higher than at a distance of 3 km
from the production facilities. Assumingly, the pollu-
tion is caused by the boiler house, rather than the
BrAZ facilities. We think, heavy metals uptake and
translocation from the facilities over such distance is
possible, in view of the revealed similarity in the
chemical composition and elements concentrations
(spectrum) at a distance of 29 km and near BrAZ.
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Zone II encompasses the transitional group
(points 2, 3, 6, 7, 12, 15) biased toward HPP-2 and
the city-specific trace element contamination. The
sampling points which are highlighted within Zo-
ne III are relatively pure in terms of elemental com-
position (points 1, 8,9, 13, 18, 22—24), which largely
overlaps the points within the interval below the
mean Zc content.

CONCLUSIONS

1. Although the average snow depth is evenly
distributed within the studied area, its variability
over the years of observation is remarkable. The aver-
age snow-captured dust content is (6.8 = 1.2) mg/L,
dust load is (8.5 * 3.6) mg/(m?-day).

2. The variability may be regarded as moderate
with respect to some parameters (snow depth, pH),
or high (>100, e.g., contents of dust particles, P,Os,
Mg, NO;3).

3. Comparison of snowpack in the forest and in
land-use area revealed a significant difference be-
tween snow depth, contents of dust, NH, , P»Os, Mg
(towards their enhancement for the forest area).

4. Trace element levels tend to increase near the
industrial zone of the Tomsk city agglomeration. Lead
has a mosaic distribution pattern throughout the ter-
ritory and its concentrations are confined to observa-
tion points located near highways, while cadmium
concentration coefficient is reported to be high in
snow samples both from the background sites and
from within the industrial zone.

5. The multivariate cluster analysis allowed us to
establish three groups of the observation points,
namely: industrial and industrial-residential areas,
and relatively pure areas.

6. Snowpack of some observation points (Batkat
settlement and Komarovo swamps) which are more
than 70 km away from the SCC and Tomskneftekhim
facilities is shown to have anomalous contents of dust
and heavy metals (1.5-2 times higher relative to the
background values), whose composition is similar to
those observed in the northeast of the Tomsk-Seversk
agglomeration.

7. The total pollution index value indicates that
all the background sites have an average value of
Zc < 32, suggesting a low level of snowpack contami-
nation with heavy metals. Thus, pollutants deposi-
tion in the studied snowpack has a focal pattern both
within a 30-kilometer impact zone of the industrial
facilities and at a considerable distance from them
(more than 70 km).
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The results of geocryological studies in the Ytymdzha Depression of the Aldan Shield have been pre-
sented. From 1999 to 2001, several exploration boreholes were drilled in the central part of the depression, which
made it possible for the first time to obtain information on the geotemperature field, the thermophysical proper-
ties of rocks and the thickness of the permafrost stratum. The long-term series of monitoring of the temperature
regime of the active layer obtained for the bogged floodplain terrace, the river terrace, and the south-facing slope
have been adduced. The temperature of rocks at a depth of 1 m varies from 4.8 to —11.7 °C, with average an-
nual temperature ranging from —1.0 to —4.9 °C. The work has resulted in the sublongitudinal permafrost-geo-
thermal section along the central part of the Ytymdzha Depression, within which the thickness of permafrost

varies from 106 to 251 m.

Keywords: ground temperature, geothermal gradient, permafrost thickness, Ytymdzha Depression.

INTRODUCTION

The superposed, sublatitudinal depressions of
the Aldan Shield (Chulman, Tokarikan, Guvilgra,
Ytymdzha and Toko) composed by Mesozoic deposits
are the main sources of coal for industrial develop-
ment. Presently there is active field development
within the Chulman Depression (Neryungri, Kabak-
tinsky and Denisovsky mining and processing plants)
and within the Toko Depression (Elga mining and
processing plant)). But, according to data from geo-
logical prospecting [ Chereposcky, 2004], all Mesozo-
ic-age depressions are promising for coal mining.

The coal-bearing regions of Southern Yakutia
vary greatly in the extent of study of their permafrost
conditions. Owing to coal field development and an
abundance of factual material, the eastern part of the
Chulman Depression and the western part of the
Toko Depression are among the most studied regions
of the modern cryolithozone distribution [ Belokrylov,
Efimoo, 1960; Kudryavtsev, 1975; Zheleznyak et al.,
1996].

At the same time, the Ytymdzha, Guvilgra, Toko
depressions and a series of smaller structures have no
clear characterization of permafrost conditions, they
are mapped and described analogously to the Chul-
man Depression [ Ershov, 1989]. The impact of surface
air temperature inversion presents a deciding factor
that determines the discontinuous distribution of
permafrost within the Chulman Depression [Belokry-
lov, Efimov, 1960; Alekseyev, Filosofov, 1970], while a
normal altitudinal zonation is more characteristic of
the Toko Depression [Zheleznyak et al., 1996; Zhe-
leznyak, 2005]. For almost the entire territory of Sou-

thern Yakutia (beyond regions of industrial field de-
velopment) the type and depth of freezing, as well
as the permafrost temperature regime, are not reli-
ably determined owing to the absence of factual ma-
terial.

On the example of the Ytymdzha Depression,
specific features of permafrost conditions are consid-
ered in comparison with those of larger geological di-
visions similar in structure and developmental condi-
tions. Data on the temperature regime of permafrost
are presented for the first time. For the further expan-
sion of the western Southern Yakutian coal mine sur-
plus and the development of gold-placer deposits it is
necessary to consider permafrost parameters. Specifi-
cally, in the Ytymdzha Depression, this is owing to
the presence of large coal horizons which are poten-
tially suitable for industrial development | Zhelinsky
et al., 1976; Cherepousky, 2004].

Permafrost conditions influence the conserva-
tion of gas content in coal basins and affect the emis-
sion of greenhouse gases [Gresov et al., 2014], which
makes this research more relevant.

MATERIALS AND METHODS

The work is based on the results of field perma-
frost-geothermal research conducted from 2001 to
2019 by the staff of the Laboratory of Geothermal
Energy of the Permafrost Institute SB RAS. The op-
portunity to complete the first geothermal measure-
ments in the region arose owing to the geological
prospecting works of OJSC Uzhyakutgeologiya

Copyright © 2021 R.G. Sysolyatin, M.N. Zheleznyak? All rights reserved.
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(1999-2001), which consisted of drilling exploratory
boreholes 500 m deep in the central part of the Ytym-
dzha Depression.

During this work, the staff of “Uzhyakutgeologi-
ya” tried to identify the depth of the permafrost base
using indirect signs, such as the appearance of water
in the borehole, loss of drilling fluid, drilling out of ice
plugs, etc. The archive materials provide a brief de-
scription of permafrost conditions, according to
which the permafrost thickness varies from 30 to
140 m. Beginning in 2001, researchers of the Perma-
frost Institute SB RAS conducted work to obtain
thermometric borehole logging immediately after
drilling. Later (2006, 2012, 2016), geothermic mea-
surements were conducted in the boreholes returned
to thermal equilibrium. As a result, geothermic mea-
surements were conducted in six boreholes up to a
maximum depth of 240 m. Thermistor installations,
which were used to determine temperature, were
manufactured and calibrated in the Laboratory of
Geothermal Energy of the Permafrost Institute SB
RAS, with observational error up to 0.05 °C [Balo-
baev et al., 1985al.

Overall, the depth of the permafrost base was
identified in 12 boreholes within the Ytymdzha De-
pression using various methods (calculations, direct
measurements, thermal logging analysis, etc.). Direct
geothermal measurements were carried out within six
boreholes after a long period of recovery of the ther-
mal state of the rocks after drilling. In addition, data
from geothermal research and permafrost distribu-
tion peculiarities of the nearby Guvigra, Tokarikan
and Toko depressions were used to build the perma-
frost-geothermal section [Zheleznyak, 2005].

Calculating the parameters of deep freezing is
impossible without information about the thermal
physical properties of the rocks composing the sec-
tion. A typical feature of Mesozoic Age depressions is
the persistence of the stratigraphic composition of
the deposits [Zhelinskiy, 1980]. Single measurements
of the thermophysical properties of rocks (Durai and
Kabakta formations) performed for the Ytymdzha

Depression (6 samples) showed a high convergence of
the results with samples from the Chulman and Toka
depressions [ Gavriliev, 2013]. Based on the similar
genesis of the depressions, the thermal conductivity
of rocks is considered to be the same as in the samples
obtained in the Chulmakan and Elga areas [ Gavriliev,
2013] and is shown in Table 1. The standard thermal
conductivity of individual samples has increased val-
ues relating to the effective thermal conductivity of
the entire strata. This is explained by the presence of
cracks, heterogeneity of the section and a difference
in structure and texture on stratigraphic boundaries.
Effective thermal conductivity of the studied hori-
zons is determined by the material composition, and
the similarity in values with the Jurassic series of the
Viluy sedimentary basin is established [Semenov et
al., 2018]. Owing to the dominance of fine-grain
sandstone we assume that the Durai Suite is charac-
terized by a large value of effective thermal conduc-
tivity. The distribution of rocks of a different litholo-
gy (in percentages) was obtained based on deep drill-
ing data (Table 1).

To determine the thermal regime of the active
layer in 2013, three observation points were equipped
within the landscapes typical for the Ytymdzha De-
pression (bogged floodplain terrace, river terrace,
south-facing slope). Logging stations HOBO U-22
and HOBO U-23 with TMC50-HD sensors, which
are widely utilized to conduct geothermal monitor-
ing, were used [Konstantinov et al., 2011]. The sensors
were located in a thin plastic pipe and planted into
soil pits. Vegetation was not removed and suffered
minimum possible disruptions. A continuous series of
observations was obtained in two of three points ow-
ing to disruption by wild animals, as well as challeng-
es in reaching the object for annual maintenance.

In 2019, an automatic APIK-008 soil measuring
complex was installed on the first river terrace. It is a
portable weather station with broad possibilities for
monitoring meteorological parameters, but in the
present article only average air temperature values
are provided.

Table 1. Distribution of the main types of rocks (%) in the Ytymdzha Depression based
on drilling and thermal conductivity data
Sandstones Effective thermal
Series Siltstones Charcoal conductivity,
fine-grained | medium-grained | coarse-grained W/(m-°C)

Kabakta 27 38 4 25 4 1.7-1.9
Duray 43 9 5 40 2.5 1.9-2.1

Area Standard thermal conductivity*, W /(m-°C)
Chulmakan 2.99 (12) - 0.9-1.1
Elga 257 (4) 257 (1) -

* Ground thermal conductivity in the frozen condition according to R.I. Gavrilov. Parenthetical text shows the number of

samples.
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BRIEF DESCRIPTION OF THE ENVIRONMENT
OF THE STUDIED AREA

The Ytymdzha Depression is located in the cen-
tral part of the Aldan Shield (Fig. 1). The boundaries
of the depression are determined by the boundary of
Mesozoic and Archean rocks. From the south, the de-
pression is bordered by the Gonam Range and the
Koltan-Dzhur Range, with maximum altitudes of up
to 1848 and 1831 m, respectively. From the north, the
Ytymdzha Depression is limited by the area of distri-
bution of Proterozoic rocks of the Aldan Highlands
(Fig. 2). Flexure folds on gentle monocline stratum
bedding serve as evidence of a block structure of the
basement, which is typical for the whole series of Me-
sozoic depressions [Imaev et al., 2000]. Due to the
block structure of the basement distribution, the
structure and composition of the cover can change
abruptly within a small area [ Zhelinskiy, 1980)].

The Ytymdzha Depression is a regional sublati-
tudinal depression, 130 x 30 km in size. The total
thickness of the Mesozoic deposits reaches 1100 m,
which is established by geophysical work and con-
firmed by drilling data [ Rukovich, 2018]. The thick-
ness of the Quaternary deposits is determined to be
5—15m and decreases as the altitude decreases. Based
on geological survey data with a scale of 1:200 000,
Quaternary deposits are predominantly of alluvial,
colluvial-solifluctional, lake and bog origin. In a geo-
morphological respect, the depression is character-
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ized by an undulating topography with watersheds
located 200—300 m on average above the valleys. In
the central part of the depression, ground tempera-
ture monitoring up to the depth of zero annual ampli-
tude was conducted in:

1. A bogged floodplain terrace (peat bog, mari (in
Yakutia — bogs with rare larches)) with a depleted
larch forest or its absence; the elevation range is 550—
650 m (Fig. 3, a).

2. The erosional river terrace with a pine-larch
forest and a Ledum-lichen cover with rare birches, al-
ders; the elevation range is 600—700 m (Fig. 3, b).

3. The south-facing slope with diluvial grus-san-
dy loam deposits and vegetation of larch, alder with a
forb-blueberry-Ledum cover; elevation range 700—
1000 m (Fig. 3, ¢).

The water content of the loose deposits of the ac-
tive layer was not determined and is provided accord-
ing to monograph data [Kudryavtsev, 1975, p. 86].

Permafrost processes include solifluction, frost
sorting, the formation of patterned ground, the for-
mation of aufeis, rock glaciers and frost heaving.

According to the results of annual observations,
the air temperature in the Ytymdzha Depression for
the period from 01.08.2019 to 31.07.2020 was —7.0 °C,
which is the average value in respect to the weather
stations in the Chulman (-5.2 °C) and Toko (-8.5 °C)
depressions (Table 2). This agrees with the prevailing
westerlies that increase the severity of climatic condi-
tions in the eastern direction. The temperature inver-

- Lio

0 s @0

Fig. 1. Geological structures of the central part of the Aldan Shield.

1 — superimposed depressions with Mesozoic rocks (I — Chulman, 1T — Tokarikan, I1T — Guviglra and Atugey-Nuyam, IV — Sutam,
V — Ytymdzha, VI — Gynam-Cemdzhyn, VII — Kuranakh-Gynym, VIIT — Toko); 2—5 — superterraines: 2 — Nimnyr, granulite-or-
thogneiss (V-€); 3 — West-Aldan, granite-greenstone (V-€); 4 — Sutam (a), Seym (b), Uchur (¢), granulite-paragneiss (V-€);
5 — Vendian—Cambrian platform cover; 6 — tectonic mélange zones; 7 — Stanovoy belt; 8 — Stanovoy fault; 9 — study area;

10 — weather stations.
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Fig. 2. Study area in the eastern part of the Ytymdzha Depression.

1 — drilling profile; 2 — Ytymdzha Depression boundary; 3 — areas of geothermal monitoring and their numbers; 4 — APIK location;
5 — deep boreholes; 6 — boreholes with geothermal measurements; 7—12 — surface elevation, m: 7 — less than 600; 8 — 600—800;
9 - 800-1000; 10 — 1000-2000; 11 — 1200—-1400; 12 — 1400—1600.

Fig. 3. Areas of temperature monitoring:

a — floodplain terrace; b — river terrace; ¢ — south-facing slope,
borehole 9. Photo by R.G. Sysolyatin.
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Table 2. Main climate parameters at weather stations in the region for the period 01.08.2019-31.07.2020

Air temperature, °C Sum of winter
Weather station Elevation, m temperatures®,
average maximum minimum Amplitude °C-month

Ytymdzha (APIK-008) 568 -7.0 35.0 —49.0 84.0 —134.3
Chulman 858 -5.2 32.7 —41.4 74.1 -110.4
Toko 825 -8.5 32.3 -50.6 82.9 -137.0
Nagorniy 842 -5.4 32.0 -38.0 70.0 -110.0
Kanku 1218 -7.3 301 -40.9 71.0 -129.7

* October—April.

sion observed in the Chulman Depression [Alekseyev,
Filosofov, 1970] can occur as in Ytymdzha Depression
with similar topography as in the eastern part of the
Toko Depression. The weather stations Toko and
APIK-008, located in local topographic lows of the
Ytymdzha Depression, are characterized by minimum
mean annual temperatures and maximum annual air
temperature amplitudes.

ACTIVE LAYER TEMPERATURE

The temperature regime of the active layer was
studied on the bogged floodplain terrace, the drained
river terrace and the south-facing slope at a depth of
1 m (Fig. 4). The minimum values of the mean annual
ground temperature were obtained at the floodplain
terrace and vary from —1.2 °C (2015) to —4.9 °C
(2017). During the observation period the ground
temperature at a depth of 1 m did not exceed —0.1 °C,
falling as low as —14 °C (February 2015). The thermal

inertia at sites with water content exceeding 60 % is
quite high, minimum temperatures are noted in Feb-
ruary—March, maximum temperatures in December.

Compared to highly moist areas, more drained
landscapes differ significantly in temperature regime.
Average annual temperature from —1.0 °C (2015) to
—2.7 °C (2017) and maximum values of active layer
temperature up to 4.8 °C (August 2015) make ter-
races with pine-larch forest and an abundance of
brush the warmest areas.

The temperature in the active layer on the south-
facing slope was measured with an interruption from
January 2015 to June 2016, and in May 2019 the
measuring equipment was destroyed by a forest fire.
The ground did not warm to temperatures higher
than +1.3 °C (01.09.2014) in the observation area,
and sometimes it cooled to —11.7 °C (March 2018).
The mean annual ground temperature values varied
from —3.0 °C (2014) to —3.9 °C (2018).
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Fig. 4. Variation of ten-day ground temperature at depth 1 m.

1 — floodplain terrace; 2 — river terrace; 3 — south-facing slope.
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The depth of the active layer of the floodplain
terrace does not exceed 1 m, which agrees with the
calculation data. For the south-facing slope seasonal
thawing can reach depths of 2.1-2.2 m under kriging
interpolation (Fig. 5), which exceeds the values
shown in the work [Kudryavtsev, 1975, p. 86]. On the
river terrace, at a depth of 1 m, positive temperature
is noted from June to mid-November. On the south-
facing slope it is positive for no more than two months
per year. On the floodplain terrace the active layer
does not exceed 1 m.

A steady tendency toward active layer tempera-
ture changes is not observed. From 2014 to 2018, a
decrease in temperature was noted at a depth of 1 m
from —10.3 to —14.7 °C on the floodplain and river
terraces, respectively. But the ground temperature in
the winter period of 2019 differs by one of the highest
values during the entire observation period. An anal-
ysis of the processes determining the temperature re-
gime in the active layer requires a more detailed
study of all affecting factors, which is not possible in
our case owing to the absence even of snow cover
data. The latter is highlighted as the main factor
which determines the ground temperature regime in
Siberia [ Sherstyukov, 2008].

TEMPERATURE
OF DEEP PERMAFROST HORIZONS

During geothermal measurements we were able
to determine ground temperature up to depths of 95,
35 and 240 m in boreholes 5, 8 and 16, respectively
(Table 3). The ground temperature regime is quasi-
stationary, but below a depth of 40 m boreholes 5 and
16 show a stationary temperature distribution
(Fig. 6). The geothermal gradient is negative in the

28

zone up to 20—40 m depths and positive below, with
average values from 1.0 to 1.8 °C/100 m. According
to archive data, thermal logging measurements were
taken in boreholes 7 and 13, and a geothermal gradi-
ent was identified. But all these measurements were
taken in the unfrozen (subpermafrost) zone, 100—
150 m below the calculated permafrost base. The gra-
dient value was used when calculating the thickness
of the permafrost (see below). For boreholes in which
logging was not performed, an average geothermal
gradient value of 1.6 °C/100 m was used.

On the flattened watershed (borehole 16), the
minimum values of ground temperatures (—1.5 °C)
are seen at 35—40 m deep, i.e. lower than the depth of
zero annual amplitude indicated in [Kudryavtsev,
1975, p. 75]. Below, up to the permafrost base at a
depth of 190 m, the temperature is rising with an av-
erage gradient of 1.0 °C/100 m. In unfrozen ground
the geothermal gradient rises to 1.4 °C/100 m, and at
a depth of 240 m the temperature reaches +0.7 °C.
The average density of the heat flux in the frozen zone
was 0.020 W /m?, 0.028 W /m? in the unfrozen (sub-
permafrost) zone, the overall value was 0.022 W /m?
for the 200 m (Table 4). The thermal conductivity in
each specific depth range was estimated by the com-
position and homogeneity of the rocks.

Within the steep north-facing slope, borehole 5,
owing to its proximity to a cliff, is impacted by side
freezing, so at a depth of 40 m the ground tempera-
ture falls to —3.1 °C. To a maximum measured depth
of 95 m, in direct proximity to a large coal horizon, it
increases with a gradient of 1.8 °C/100 m and reaches
-2.1°C.

In the middle part of the south-facing slope
(borehole 8) the minimum temperature (—2.1 °C) is
seen at depths of 30 and 35 m.
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Table 3. Borehole (BH) location, temperature parameters and calculated permafrost thickness
Temperature

B} radient, ; B Permafrost thickness, m

Eleva-| Topo- Tempe* §C/100 o Effective | Perma Heat

. - | Slope |Slope,| rature thermal con-| frost
BH | tion, | graphic h L hick flux,
m | Feature | aspect grad. | at depth. by bo- ductivity, | thick- W/m? by BH
40m, °C | aver- | o ole | W/(m-°C) |ness*, m by equa- logging By gra-
age  ||,ggi tion (1) . dient *
ogging gradient
5 | 670 | Slope |North | 25 | -34 | 1.8 | 16 18 251 | 0.021 | 308 | 234 | 221
6 | 580 | Flood- | None | 0 | -19 | 145 | 16 18 173 | 0023 | 189 | 159 | 171
plain

7 590 | Terrace » 0 -1.8 1.45 11 1.8 183 0.023 181 204 164
8 720 | Slope | South | 25 -2.4%* | 1.45 | 1.83 1.8 187 0.021 221 155 185
9 750 » » 10 -2.0 1.45 | 1.26 1.8 192 0.023 199 199 178
10 | 815 » » 15 -1.7 145 | 1.98 1.8 154 0.022 178 126 157
11 | 840 | Water- » 15 -1.1 145 | 3.26 1.8 106 0.022 129 74 116
12 | 870 shed » 10 -1.2 1.45 | 1.29 1.8 130 0.023 135 133 123
13 | 930 > > 15 -1.3 1.45 | 1.45 1.8 135 0.022 145 130 130
14 | 950 » » 5 -14 1.45 1.6 1.8 138 0.023 150 128 137
15 | 900 > North | 10 -1.5 1.45 1.6 2.8 145 0.023 159 134 143
16 | 880 > » 15 -1.5 11 1.6 2.0 190 0.022 175 134 176

Notes. Bold text highlights measured (actual) values.
* Measured or calculated indicator.
** Temperature from depth 35 m.

We were able to measure the temperature in
boreholes 7, 9 and 11 only in the layer of annual
ground temperature fluctuations, and at the begin-
ning of August 2006, at the deepest point possible for
measuring, it was —1.2, —2.0 and —0.9 °C, respectively
(Fig. 7). According to the temperature graphs ob-
tained in deep boreholes (5, 8 and 16), minimum tem-
perature values are attributed to depths of 35—40 m.
The difference in temperatures between depths 10
and 35-40 m can range from 0.1 to 0.5 °C, which in
addition to the topographic features can also be ex-
plained by the reaction to changes in the climate con-
ditions in the region [Zavadskij, 2013]. This differ-
ence was taken into consideration when calculating
ground temperatures at a depth of 40 m to draw a
permafrost-geothermal section and is reflected in
Fig. 8 and in Table 3.

DISCUSSION OF RESULTS

The result of the research is a sublongitudinal
permafrost-geothermal profile through the central
part of the Ytymdzha Depression (Fig. 8). To calcu-
late the average depth of the permafrost base (Tab-
le 3) we used:

— the temperature gradient, obtained during
thermal logging in boreholes;

— the average gradient obtained using direct
measurements in the permafrost (boreholes 5, 16);

— the expression reflecting the stationary distri-
bution of ground temperature in permafrost:

Z:T&+40,
q

(1)

where Z is the calculated thickness of the perma-
frost, m; T'is the temperature at a depth of 40 m, °C; A is
the effective ground thermal conductivity, W /(m-°C);
q is the density of the inner heat flux, W /m? [ Carlsaw,
Jaeger, 1964].

The density of the heat flux for each borehole
was determined using the formula

(2)

where ¢ is the starting value of the in-ground heat
flux for the area, W/(m-°C); a is the surface slope
angle.

Expression (2) reflects the impact of the relief on
the heat flux density in the given area [Balobaev,
Levchenko, 1978]. The starting value of the heat flux
in the Ytymdzha Depression was not determined ow-
ing to the absence of deep geothermal boreholes. The
measurement of the heat flux in the Chulman and
Toko depressions allowed us to establish increased
values of the in-ground heat flux relative to the rest
of the Aldan Shield [Zheleznyak, 2005]. To calcu-
late the thickness of the permafrost in the Ytym-
dzha Depression, we used the initial intensity of the
in-ground heat flux go at borehole 16 equal to
0.023 W /m? (Table 4).

Effective thermal conductivity of the strata was
determined using material composition of rocks, per-
centages of rocks in suites and in the section. Thick
coal horizons, which can decrease the thermal con-
ductivity of the entire thickness owing to their own
low thermal conductivity, have the biggest impact.

All calculated values of the permafrost thickness
in borehole locations were used as reference points

q=qocos a,

29



R.G. SYSOLYATIN, M.N. ZHELEZNYAK

BHS5 BH8 BH16 -3.5 -3.0 -25

Temperature, °C

-2.0 —1;5 -1.0 -0.5 0 0.5 1.0

0O s ;
101
20
30 1
40
50
60
70 -
80
90
100 -
110
120 -
130
140 -

Depth, m

150
160
170
180
190
200 -
210
220
230
240

250
260 -

270

280 -

Fig. 6. Rock temperature variation in deep boreholes.

-

———

BH8

\

[.]e

s [« [L7s

1 — Quaternary deposits; 2 — Kabakta series (Jskb); 3 — Duray series (Jadr); 4 — siltstones; 5 — fine-grained sandstone; 6 — medium-
grained sandstone. The dashed line corresponds to the gradient temperature increase.

when establishing the permafrost base (Table 3). The
permafrost base shown in Fig. 8 is found at minimum
depth at the sites of boreholes 9—11. The given area
belongs to the south-facing slope and has a thick coal
horizon. Such an impact of coal layers on the ground
temperature regime has been noted before [ Balobaev
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et al., 1985b; Gresov et al., 2014; Gao et al., 2017]. The
maximum permafrost thickness is seen in borehole 5,
where the steep slope increases the surface area which
is involved in heat exchange with the atmosphere,
and the north-facing slope decreases the incoming so-
lar radiation.
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Table 4. Temperature and thermophysical rock parameters of borehole 16
Depth range, m Rock ter;lgceéa;tgre differ- Gradient*, °C/m Groar\ll(llt}t/h\e{,?(‘ﬁlw él)d UC Heat flux**, W/m?

40-50 0.10 0.010 2 0.020

50-60 0.10 0.010 2 0.020

60-70 0.00 0.000 2 0.000

70-80 0.10 0.010 2 0.020

80-90 0.20 0.020 2 0.040
90-100 0.00 0.000 241 0.000
100-120 0.30 0.015 2.1 0.032
120-140 0.10 0.005 0.010
140-150 0.20 0.020 2 0.040
150-160 0.10 0.010 1.9 0.019
160—-170 0.10 0.010 2 0.020
170-180 0.10 0.010 2.2 0.022
180—-190 0.10 0.010 2 0.020
190-200 0.10 0.010 2 0.020
200-210 0.10 0.010 2 0.020
210-220 0.20 0.020 2 0.040
220-240 0.30 0.015 2 0.030

* Average value 0.011.

** Average value: 0.02 in permafrost, 0.028 in unfrozen ground, 0.022 in general.

The depth of the permafrost base in the central
part of the Ytymdzha Depression provided in archive
materials differs from the results obtained by the au-
thors 50—100 m toward the increasing permafrost
thickness. This is particularly prominent in bore-
hole 16, where we were able to perform instrumental
measurements up to the permafrost base. Here the dif-
ference is up to 100 m. According to measurement re-
sults, borehole 5 also shows a discrepancy in the cur-
rent depth of the permafrost base, but the exact differ-
ence was not established. Compared to the Chulman
and Toko depressions, the studied area has no thawed
zones (aside from possible river taliks of the Ytym-
dzha and Gonam rivers) (Fig. 9). On flat watersheds
and south- and west-facing slopes, there are thawed
zones in the Chulman Depression [ Belokrylov, Efimov,
1960; Kudryauvtsev, 1975], while a decrease in perma-
frost thickness is seen in the Ytymdzha Depression
under the same landforms. There is no significant dif-
ference in permafrost thickness (like in the Toko De-
pression [Zheleznyak, 2005], owing to the undulating
terrain of the Ytymdzha Depression not contributing
to the change in permafrost base depth.

A temperature inversion of surface air [Alek-
seyev, Filosofov, 1970] which creates a special kind of
freezing, presented in the Chulman Depression [Be-
lokrylov, Efimov, 1960], is not observed. However, the
increase of the permafrost thickness in depressed ar-
eas (boreholes 6, 7) indicates a possible effect from
the concentration of cold air masses in valleys.

In accordance with the relief, landscape condi-
tions and the measured ground temperature in deep
boreholes and the active layer, permafrost distribu-

tion in the Ytymdzha Depression is continuous
(Fig. 8). Taliks in the Ytymdzha Depression can exist
under the riverbeds of the Ytymdzha and Gonam riv-
ers. Islands of Chosenia — a regional indicator of tha-
wed ground [Tyrtikov, 1969] — are also attributed to
them. Icing fields attributed to main rivers’ tributar-
ies can locally form zones of discontinuous freezing.
A small amount of icing in such a tectonically active

Temperature, °C
-3 -2 -1 0 1
1

Depth, m

Fig. 7. Ground temperature in the layer of annual
temperature fluctuations on 10.08.2006.
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structure indicates backfilling of the majority of CONCLUSION
cracks, through which underground water unloading 1. Floodplain terraces are characterized by the
can occur [ Fotiev, 1965]. smallest thickness of the active layer, and within river
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terraces (and, possibly, flat watersheds) the ground
temperature is maximal.

2. The mean annual ground temperature at a
depth of 1 m varies from —1.0 to —4.9 °C. Bogged ri-
ver terraces are characterized by minimum values,
while within river terraces the values are maximal
with an average ground temperature rise of up to
4.0 °C per year.

3. Minimum ground temperature below the
depth of zero annual amplitude varies from —1.5 to
—3.1 °C. The measured geothermal gradient in perma-
frost equals 1.45 °C/100 m on average. According to
a single measurement, the heat flux density in perma-
frost is 0.02 W /m?, while in the unfrozen (subperma-
frost) zone it increases to 0.028 W /m?.

4. Based on the performed drilling and geother-
mal permafrost research, it was determined that the
Ytymdzha Depression area has the most severe per-
mafrost conditions among the Mesozoic depressions
of the Aldan Shield. Permafrost has a continuous dis-
tribution, and its thickness varies from 106 to 251 m,
according to calculations.

5. The relief and thermophysical properties of
the ground affect the permafrost thickness. In the
central part of the Ytymdzha Depression, the mini-
mum depth of freezing is typical for south-facing
slopes with a linked large coal horizon.
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Remote sensing methods of retrogressive thaw slumps (RTS) — also called thermocirques (TC) — study
include identification of them on vast territories. The satellite imagery mosaics from the Yandex.Maps service
covering the Yamal and Gydan peninsulas was innovatively used for this purpose. All RTS (TC) that occurred
at the lake coasts were classified as either active or stabilized, the orientation of each RTS (TC) was determined.
We identified 86 active and 20 stabilized RTS in the Yamal peninsula and 224 active and 109 stabilized RTS in
Gydan. The distribution of RTS orientation was found to be not random. Multiple comparisons of RTS orienta-
tion over cardinal compass points showed a statistically significant predominance of the Northern RTS orienta-
tion over the Eastern, as well as the Western orientation over the Eastern. At the same time, none of the orien-
tations showed statistically significant predominance over the others. No statistically significant relationship

between RTS orientation and RTS activity was found.

Keywords: thermodenudation, thermocirques, retrogressive thaw slumps, remote sensing, statistics, Yamal,

Gydan, Yandex.Maps.

INTRODUCTION

Thermodenudation is a complex of slope and
erosion processes associated with the thawing of ex-
posed permafrost or ground ice [Kizyakoo, 2005].

Continuous distribution of permafrost and the
presence of tabular ground ice [Baulin et al., 1967;
Romanenko et al., 2001], in combination with the dy-
namics of the active layer [Leibman, Egorov, 1996],
contribute to the development of thermodenudation
and formation of specific negative landforms [ Voskre-
sensky, 2001; French, 2017]. In English-language lit-
erature, thermodenudation landforms, as well as the
process contributing to their development, are de-
scribed by the term retrogressive thaw slump (RTS)
[Burn, Friele, 1989; French, 2017]. Thermodenudation
developing inland differs from that on the seashores
by coastal thermoerosion added | Khomutov, Leibman,
2008]. In this work, the subject of this study is ther-
modenudation landforms located inland and confined
to lakeshores: thermocirques (TC) or in other words
retrogressive thaw slumps (RTS), which, according
to the classification of M.O. Leibman and A.I. Ki-
zyakov [2007], formed by a complex of cryogenic
earth flows of different ages.

RTS or TC have the shape of a crescent depres-
sion in the slope, developing polycyclically through
activation and stabilization stages, and becoming
more active at intervals of several years [ Burn, 2000].

A characteristic element of the active RTS morphol-
ogy is the presence of a sub-vertical headwall with ice
or ice-rich permafrost exposure, as well as flows of
wet material [Lewkowicz, 1987; Lantuit, Pollard,
2005]. During the stabilization stage, RTS (TC) sta-
bilize and overgrow [Burn, Friele, 1989], while the
outline of the headwall of once active RTS is visible
in the relief [ Brooker et al., 2014].

RTS (TC) are under study by both field and re-
mote-sensing methods. Due to their polycyclic na-
ture, it is important to study the long-term dynamics
of RTS [ Lewkowicz, Way, 2019].

An important area of RTS (TC) research me-
thod using remote sensing is their inventory: identi-
fication of all RTS found in the imagery and the
parameters such as orientation, activity status, size,
polycyclicity, etc. Multispectral satellite imagery
[Kokelj et al., 2013; Lacelle et al., 2015], as well as
aerial photographs, are used to look for RTS [Segal
et al., 2016]. Among the methods of direct identifica-
tion of RTS using imagery, the following can be high-
lighted:

— visual manual digitization based on character-
istic features [Kokelj et al., 2013; Ramage et al., 2017;
Lewkowicz, Way, 2019];

— automated interpretation of satellite imagery
(tasselled cap) [Brooker et al., 2014];

— deep learning method [Huang et al., 2020].

Copyright © 2021 N.B. Nesterova, A.V. Khomutov, M.O. Leibman, T.A. Safonov, N.G. Belova, All rights reserved.
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For further study of identified RTS, regression
analysis is often used [Lacelle et al., 2015; Segal et al.,
2016; Ramage et al., 2017] as well as correlation anal-
ysis [Balser et al., 2014] testing the influence of vari-
ous environmental controls on the formation and
polycyclic behaviour of RTS. In some works, different
activity stages are also considered [Balser et al., 2014;
Ramage et al., 2017]. A limited number of studies pro-
vide data on the RTS orientation or the orientation of
the slope with RTS [Kokelj et al., 2009; Lacelle et al.,
2015; Wang et al., 2016].

There is no database of RTS (TC) distribution in
the Arctic, and there are no large-scale maps of the
tabular ground ice distribution in the north of West
Siberia, while tabular ground ice is a key factor in
RTS occurrence in West Siberia. Satellite imagery
makes it possible to cover vast areas, identify a large
number of RTS and perform statistical processing of
their distribution and various parameters. At the
same time, the application of satellite imagery not
only as commonly used raster files but also as a mo-
saic of satellite imagery in the background of avail-
able online cartographic services has great potential.

This study is aimed at making an inventory of
RTS located inland of the peninsulas (RTS on the
seacoasts were not considered here) and occurring at
lake catchments. It is based on the only freely avail-
able mosaic of high-resolution satellite imagery of
2016-2018, presented on the Yandex.Maps online
service (http://yandex.ru/maps). Additionally, pri-
mary statistical analysis of the relationship between
the number of RTS, their activity and orientation
was performed. The Yamal and Gydan peninsulas
were selected as the study area, field observations of
RTS being undertaken at the key sites, while their
large-scale inventory was never performed.

STUDY AREA

The study covers the north of West Siberia with-
in an area between 68—72° N and 66—-83° E. The study
area is an accumulation plain. Further from the coasts
in the north of the peninsulas elevations of 35 m
above sea level are observed. A significant part of cen-
tral Yamal is a flat and rolling hills surface with eleva-
tions up to 67 m above sea level. The Yuribey Upland
along the Gydan coast has elevations up to 87 m
above sea level. The Gydan ridge stretches in its cen-
tral part from southwest to northeast, with elevations
up to 127 m above sea level [ Ecological atlas..., 2018].
The peninsulas are characterized by ravine-gully and
small river networks complicated by thermoerosion
and thermokarst landforms [ Romanenko, 1997;
Gubarkov, Leibman, 2010]. There are plenty of bogs
and lakes. The majority of the lakes are classified as
thermokarst and oxbow [Romanenko, 1997]. Recent
studies have stated the possibility that some lakes re-
sult from intense gas emissions [Dvornikov et al.,

2019).

The territory is characterized by continuous per-
mafrost distribution, permafrost thickness reaches
450 m [Ershov, 1989]. The specificity of the studied
peninsulas is the widespread tabular ground ice [Stre-
letskaya et al., 2002] and its shallow occurrence,
which determines the presence of numerous RTS
[Khomutov et al., 2012].

MATERIALS AND METHODS
OF RTS (TC) IDENTIFICATION

The work includes identification of RTS (TC),
the status of their activity, RTS orientation, and sta-
tistical analysis.

Identification of RTS (TC)
and their activity status

The identification of the RTS (TC) located in-
land and occurring at the lake coasts on the Yamal
and Gydan peninsulas was done manually on the Yan-
dex.Maps online service (http://yandex.ru/maps) by
creating a point with a spatial reference. We used vi-
sual interpretation signs. For each point, information
on RTS activity status and orientation was added.

Satellite data for imagery mosaics, available at
the online service Yandex.Maps were processed by
the SCANEX company using databases: World-
View-2 Data (DigitalGlobe, Inc.), IKONOS Data
(Geo Eye, Inc.), TerraColor Data (Earthstar Geo-
graphics), IRS Data (ANTRIX Corporation Ltd.),
European Space Imaging GmBH data, DigitalGlobe,
Inc. and Airbus DS. These databases contain imagery
from WorldView-2, IKONOS, Landsat-7, Sentinel,
SPOT-1-5 and many others.

The Yandex.Maps service does not provide infor-
mation on the time and date of the survey, as well as
on the satellite model used for specific satellite imag-
ery from the mosaics. This limits the possibilities of
detailed analysis, as well as the study of the spectral
characteristics of objects, but did not exclude the
possibility of identifying RTS by visual interpreta-
tion signs. Therefore, the lack of detailed information
about the time and date of the survey and satellite
model does not seem crucial. At the same time, the
People’s Yandex.Maps service, which shows the same
mosaic of satellite imagery as on the Yandex.Maps
service, provides information on the month and year
of the survey. Satellite imagery of the study area was
taken mainly in July 2017, partially in July 2016, Sep-
tember 2016, June 2017 and September 2017. Our
work was carried out after updating the mosaic of sat-
ellite imagery presented in the database covering the
study area in 2018.

It should be highlighted that objects identified
as RTS, were retrieved using imagery presented in
the Yandex.Maps service with different spatial resolu-
tion ranging from 0.4 to 15 m, mainly up to 2 m. In
this regard, only relatively large RTS (with a length
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Fig. 1. Examples of RTS (TC) and their visual interpretation signs:

a — an active RTS, a photo taken from an unmanned aerial vehicle (photo by A.V. Khomutov); b — stabilized RTS, a photo taken
from an unmanned aerial vehicle (photo by A.V. Khomutov); ¢ — an active RTS in a mosaic of satellite imagery from Yandex.Maps;
visual interpretation signs: 7 — a specific crescent shape, 2 — snow and (or) shadow, outlining RTS headwall, 3 — a flow of thawed
grey material (outlined by a dotted line) [Segal et al., 2016], 4 — increased water turbidity and a tail of thawed grey material (out-
lined by a dotted line); d — a stabilized RTS in a mosaic of satellite imagery from Yandex.Maps; visual interpretation signs: 5 — RTS
colour similar to the colour of the surrounding tundra vegetation; 6 — a noticeable edge of the former headwall (outlined by a dot-

ted line).

and width of at least 20 m) were considered, their
identification was doubtless.

RTS (TC) were divided into two groups accord-
ing to their activity: active and stabilized. Examples of
an active and stabilized RTS (TC) on the photos tak-
en from an unmanned aerial vehicle are shown in
Fig. 1. Typical visual interpretation signs of active
RTS (TC) on satellite imagery are: a crescent shape of
a pronounced edge, the presence of a headwall with
exposures of permafrost and tabular ground ice, a
snowpack or shadow that outlines headwall, flows of
thawed material, and the absence of vegetation [Bal-
ser et al., 2014; Brooker et al., 2014; Segal et al., 2016].
Stabilized RTS (TC) are visually characterized by the
absence of a headwall with exposures of permafrost
and tabular ground ice (shadow from the scarp), the
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absence of flows of thawed material (grey colour), the
presence of vegetation (green colour), while the relief
of the former exposure is noticeable [Balser et al.,
2014; Brooker et al., 2014]. The interpretation signs of
active and stabilized RTS on the mosaic of satellite
imagery of the Yandex.Maps service are shown in
Fig. 1, ¢, d. Partially stabilized RTS with some signs of
activity (for example, flows) are classified as active.

To assess the effectiveness of the use of visual in-
terpretation signs, the authors superimposed RTS
marked on very-high-resolution satellite imagery
available for some areas to RTS on Yandex.Maps ser-
vice image and received a satisfactory result (Fig. 2).

Further visualization and analysis of the ob-
tained georeferenced point data were performed in
the ArcGIS 10.3 program.
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Fig. 2. Examples of an active RTS (q, b) and a stabilized RTS (¢, d) in the WorldView-2 satellite imagery
dated July 10, 2018 (4, ¢) and a mosaic of satellite imagery from the Yandex.Maps service, 2018 (b, d).

RTS orientation and statistical analysis

There is no generally accepted idea of what is
RTS orientation. In some studies, RTS orientation is
defined as the slope orientation [Lacelle et al., 2015],
the orientation of the headwall [ Wang et al., 2016], or
as the direction of the normal to the line between two
points of intersection of RTS edges with the shoreline
of the lake [ Kokelj et al., 2009]. The authors accepted
the last one from [Kokelj et al., 2009]. The chosen
method allows us to compare our results with the re-
sults obtained in the north of Canada (Fig. 3).

RTS orientation initially was determined along
16 points of the compass. For further comparison of
the obtained results with the data in [Kokelj et al.,
2009], orientations were combined into cardinal com-
pass points: N, S, W, and E.

To determine whether the distribution of RTS
orientation is random, we used the Pearson’s good-
ness-of-fit test (chi-squared test for equal propor-
tions), which was also applied in [Kokelj et al., 2009].
Pearson’s goodness-of-fit test is used to assess the
correspondence of an empirical distribution to a theo-

Fig. 3. Visualization of the method for determining
RTS orientation [Kokelj et al., 2009].

The “X” symbol denotes the point of intersection of RTS edges
with the shoreline of the lake, the dashed line connects the two
points of intersection, and the arrow is perpendicular to this line
(the direction of the arrow is accepted for the RTS orientation).
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retical one [Stepanov, Shavrin, 2005]. In our case, the
theoretical is a uniform distribution. Any statistically
significant deviation of the distribution of RTS orien-
tations from the theoretical one is considered uneven,
thus, not random.

To determine the regularity of the distribution of
RTS orientations over cardinal compass points, and
to detect the predominance of one of them over the
others, a multiple (pairwise) comparison of exposures
with each other was carried out using a test for equal
proportions. As a result, Fisher’s z-test was calculat-
ed. This allowed us to calculate the p-value with a
threshold value of 5 %.

To determine the relationship between activity
status and RTS orientation, Pearson’s goodness-of-fit
test was applied as well.

All statistical tests were performed using RStu-
dio v.1.2.5001 software.

RESULTS AND DISCUSSION

On the Yamal and Gydan peninsulas, 439 RTS
were identified on a total area of ~88 thousand km?,
i.e., about 5 RTS per 1000 km?2. On Yamal with a total

65° 70°

75°

area of 122 thousand km?, 106 RTS are located on an
area of ~40.8 thousand km?2, i.e., less than 3 per
1000 km2. On Gydan with a total area of 160 thou-
sand km?2, 333 RTS are found on an area of ~47.2 thou-
sand km?, i.e., more than 7 per 1000 km?.

On Yamal, we have identified 86 active and
20 stabilized RTS. On Gydan, 224 RTS active and
109 stabilized RTS were found (Fig. 4).

Since only relatively large RTS were identified,
we initially underestimated the total number of RTS
of different sizes on both peninsulas. Other resear-
chers also note the likelihood of underestimating the
number of RTS during the manual procedure on
the imagery of medium spatial resolution [ Lewkowicz,
Way, 2019].

The northernmost RTS on Yamal is located at
70°56'14"” N, the southernmost — at 68°00'55"” N.
On Gydan, the northernmost RTS is located at
71°56'25" N, the southernmost at 69°25'09” N. The
area of RTS distribution is located within the zone
where tabular ground ice was observed and described
(Fig. 4) [Streletskaya et al., 2002], which, along with
ice-rich permafrost and ice wedges, determines the
occurrence of thermodenudation landforms in this

80° 85°E

72°

20

71°

70°

69°

100 km

109

° 1

o2

e 3
Projection: WGS 1984

UTM Zone 43N
Source: Yandex.Maps

Fig. 4. Distribution of the identified RTS on the Yamal and Gydan peninsulas.

1 — active RTS; 2 — stabilized RTS; 3 — sites of tabular ground ice occurrence, indicated in the publications of the “Massive ice”
database [Streletskaya et al., 2002]. The pie charts show the number of identified RTS of the different activity statuses on the Yamal

and Gydan peninsulas.
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region. The presence of tabular ground ice in the
north of the Yamal Peninsula does not lead to the de-
velopment of RTS due to a significant decrease in the
terrain elevations there.

The predominance of active RTS on both penin-
sulas shows that in 2016-2018 thermodenudation
processes were actively progressing in the study area
(Fig. 4). This is consistent with the results of field
studies in this area [ Khomutov et al., 2017].

The distribution of RTS orientation for Yamal
and Gydan is shown in Fig. 5.

In general, for both peninsulas, the statistical
test showed that at the 5 % significance level, the dis-
tribution of RTS orientations over cardinal compass
points is not random. This conclusion is consistent
with the results obtained in the study by S. Kokelj et
al. [2009] discussing the distribution of 530 RTS
(both active and stabilized) in the highlands east of
the Mackenzie River (northern Canada). In our
study, none of the RTS orientations was determined
as statistically predominant over all the others. It
should be highlighted that multiple comparisons of
RTS orientations showed a statistically significant
predominance of northern orientation over eastern,
as well as a western orientation over eastern. There is
also no correlation at the 5 % level of significance be-
tween the RTS orientation in total on both peninsu-
las and the status of RTS activity.
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Fig. 5. Distribution of RTS orientation by cardinal
compass points in Yamal and Gydan.

Number of RTS: 7 — active, 2 — stabilized, 3 — total active and
stabilized.

From the given sample on each of the peninsulas,
differences in the distribution of orientations of ac-
tive and stabilized RTS were revealed. Despite the
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For legend see Fig. 5.
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similar distribution of orientations of all RTS on both
peninsulas (Fig. 6), active RTS on Yamal have pre-
dominant northern, western, and southern orienta-
tions, and on the Gydan Peninsula — southern and
western. For the stabilized RTS on Yamal, there is no
prevailing orientation, and for Gydan, it is clearly de-
fined to face the north.

Similar studies showed that in northwestern
Canada (Richardson Ridge and Peel Plateau), east-
ern orientations prevail for 212 RTS observed
[Lacelle et al., 2015]. In northwestern Canada (the
Mackenzie River delta), the prevailing orientation of
RTS was identified as northern [Kokelj et al., 2009],
and a study of 18 RTS located in northern Canada
demonstrated that RTS development was not related
to slope orientation | Wang et al., 2016].

Such ambiguous results concerning the preva-
lence of any RTS orientation with different activity
statuses are probably related to the presence of other
driving factors that were not considered in this paper.
Such factors can be geological and geocryological fea-
tures (ice content in permafrost, depth to the tabular
ground ice, distribution of active layer thickness on
slopes of different orientations); climatic controls
(thickness of snow on slopes of different orientations,
duration of sunshine, wind direction); geomorpholo-
gy (predominance in the particular orientation of
slopes in the study area); biogeographic characteris-
tics (shrub height) of RTS sites. All these factors are
to be considered in a further much more detailed
study of the RTS distribution in the north of West
Siberia.

CONCLUSION

In this work, the method of visual identification
of RTS (TC) based on a mosaic of publicly available
satellite imagery of the Yandex.Maps cartographic
service was successfully applied for the first time to
the area of the Yamal and Gydan peninsulas.

As a result, 439 RTS were discovered: 106 RTS
located on Yamal (86 active and 20 stabilized), and
333 RTS located on Gydan (224 active and 109 sta-
bilized).

The northernmost and southernmost RTS iden-
tified on the Yamal Peninsula are located at
70°56'14" N, and 68°00'55" N, respectively, and iden-
tified on the Gydan Peninsula, at 71°56'25” N, and
69°25'09" N, respectively.

The revealed predominance of active RTS is con-
sistent with the results of the field studies of the au-
thors who reported the intensification of thermode-
nudation in recent years in connection with the ex-
treme climatic events of 2012 and 2016.

The primary statistical analysis of RTS orienta-
tion showed: 1) non-random distribution of RTS ori-
entations with a significance level of 5 %, while none
of the directions was noted as prevailing over all the
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others, in other words, there was no dominant RTS
orientation found; 2) the absence of a statistically sig-
nificant relationship between RTS orientation and
the status of their activity.

The results are partially consistent with the re-
sults of studies in the north and northwest of Canada,
where thermodenudation processes are widespread,
and the differences are probably related to the region-
al geological-geomorphological, geocryological, cryo-
lithological, environmental and climatic characteris-
tics of the study area.

The results obtained demonstrate the wide-
spread distribution of RTS in the study area, and
their successful inventory based on publicly available
remote sensing materials provides a basis for their
further multifactorial research.
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ASSESSMENT OF THE AMOUNT OF WINTER PRECIPITATION
IN MOUNTAIN BASINS AND THEIR INFLUENCE ON FLOOD FORMATION
(CHARYSH AND ANUY RIVER BASINS, ALTAE AS A CASE STUDY)
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The paper presents an estimate of the annual precipitation amount for the winter period (1967-2006) in
the basins of the Charysh and Anuy mountain rivers. A kinematic model for air mass movement when crossing
orographic barriers is used for calculations. The initial data are monthly precipitation totals (November—March)
obtained from meteorological stations and gauges located within the basins and at the adjacent territory. Based
on the single-factor dependencies and multiple correlation/regression analysis, we assess the dependences of
melt runoff depth on total precipitation for winter and flood (April—June) time periods in the gaging stations
“Charyshsky state farm” on Charysh River and “Anuysky state farm” — on Anuy.

Keywords: Altai, Charysh River, Anuy River, winter precipitation, high water, runoff depth.

INTRODUCTION

Climatic changes in the last decade have had a
significant impact on the water regime of high and
middle-latitude rivers, especially during high water.
This is primarily due to a change in the amount of
solid sediments, a shifting of the periods and a de-
crease in the duration of snow cover [ Barnett et al.,
2005; DeWalle, Rango, 2008; Shiklomanov, 2008]. An
increase in temperatures during the cold period and,
as a consequence, a decrease in the depth of seasonal
soil freezing cause an increase in water content in the
low season and a decrease in melt runoff in spring due
to infiltration losses [Shiklomanov, 2008; Kalyuzhny,
Lavrov, 2012].

There has been a decrease in the annual flow rate
of rivers up to 5-22 % in the rivers of the Ob basin
since the 1970s [Shiklomanov, 2008]. At the same
time, the frequency of unfavorable hydrological pro-
cesses associated with flooding of the settlements
during high water and rain floods [ Puzanov et al.,
2018].

The main task for hydrological forecasts is to es-
timate snow reserves in the catchment basin since up
to 70 % of the flood runoff is formed by the meltwater
[Apollov et al., 1974]. Traditionally, in hydrological
studies, the amount of precipitation in mountainous
areas is linked to the absolute height of observation
points [Kharshan, 1970; Revyakin, Kravtsova, 1977;
Mukhin, 2013]. In recent decades, snow storage dis-
tribution models have been used, including a number
of terrain characteristics (height, slope aspect, slope
gradient, distance to the orographic barrier, etc.) [Li
et al., 2015; Samoilova, Galakhov, 2020], as well as

landscapes [ Gensiorovsky, 2007], or combination of
these parameters | Lubenets, Chernykh, 2019]. This
approach is successful when the data from snow-
amount surveys are used.

Remote sensing methods are widely used, but in
mountainous areas, they give satisfactory results only
together with field observations [Iglovskaya, Naro-
zhny, 2010; Romasko, Burakov, 2017; Churyulin et al.,
2018].

A network of instrumental observations in Altai
does not cover the watershed areas and slopes of
mountain ranges where maximum snow reserves
form.

This work is part of a study on the assessment of
snow reserves and forecasting of flood runoff in moun-
tain rivers of the Upper Ob basin. The previously de-
veloped methodology [ Galakhov, 2003] makes it pos-
sible to estimate the amount of winter precipitation
in mountain basins under the lack of hydrometeoro-
logical information. The technique has been success-
fully used in hydrological calculations and medium-
term forecasts of water levels in the Charysh River
[Galakhov et al., 2016, 2018]. In spite of the fact that
the volume of the flood and the maximum water lev-
els depend on the same factors (water reserves in the
snow cover, liquid precipitation of the flood and the
water absorption capacity of the basin) [ Popov, 1979],
their relationship is not always unambiguous. The in-
tensity and course of snowmelt in the basin have a
substantial influence on the formation of levels, and,
as a result, the rate of the meltwater flow into the
river network, as well as congestions.

Copyright © 2021 V.P. Galakhov, S.Yu. Samoilova, E.V. Mardasova, All rights reserved.
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In this paper, we assess winter precipitation in
the basins of the Charysh and Anuy rivers using the
author’s model of the snow reserve distribution in
complex orography conditions. To verify the simula-
tion results, the relationship between the amount of
winter precipitation and the flood volume expressed
in the runoff layer is analyzed.

STUDY OBJECTS

Two basins of the Charysh and Anuy rivers
(Fig. 1), the 1%t order left tributaries of the Ob River,
which are located within the Altai Mountainous re-
gion, were selected as study objects. Both basins are
located on the northern macro slope of the Altai
Mountainous region and have absolute heights of
150-200 m in the lower course, up to 2000-2300 m
and more in the upper course (Fig. 1).

The basin of the Charysh River. The source of the
Charysh River is located at the junction of the Ko-
rogonsky and Seminsky ridges at an altitude of
1800 m. From the north, the basin is bounded by the
Bashchelak ridge, from the south by the Tigiretsky
and the Korgonsky ranges of the northern Altai
(1800-2300 m). The basin area is 22 000 km?, the
length of the river is 547 km, and the average slope is
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Fig. 1. Basins of the Charysh and Anuy rivers.

A2

3 %o0. Conventionally, the basin can be divided into
two parts: mountainous down to the village of Kar-
povo (13 900 km?) and foothill part (smaller in the
area). Close to the gaging station “Charyshsky state
farm”, the Charysh River basin has an area of
20 700 km?, and its average height is 750 m. The
woodiness of the basin is 15 %. The average long-term
flow rate is 193 m3/s, the maximum is 2650 m3/s
(1958). The flood is multi-peak. As a rule, it lasts
from the end of March to the second decade of July
with a maximum in late May-early June. The share of
flood runoff in annual runoff is 51-84 % [Surface,
1975].

The Anuy River basin is bounded by the Bas-
chelaksky ridge to the west and by the Anuy ridge to
the east. The length of the river is 327 km, and the
total area of the basin is 6930 km?2. The catchment
area up to the gaging station “Anuysky state farm” is
4870 km?, the average height of the catchment is
790 m, and the average slope of the river is 5.1 %o.
The woodiness of the basin is 20 %. The average long-
term flow rate is 31.1 m3/s, the maximum is 462 m3/s
(1966). The flood is multi-peak, lasts from the end of
March to the end of June, and reaches its maximum in
the third decade of April. On average, 42 to 73 % of
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1 — hydrometeorological stations and posts; 2 — hydrological posts; 3 — borders of the Charysh and Anuy river basins.
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the annual runoff passes during the flood [Suface,
1975]. In contrast to the basin of Charysh river, the
catchment area of the Anuy River to the gaging
station “Anuysky state farm” is entirely comprised
by low mountains and middle mountains, there is
a foothill plain downstream with an area of about
2,000 km?.

RESEARCH METHODS AND INITIAL DATA

Traditionally in hydrological studies, the amount
of precipitation is linked to the absolute height of ob-
servation points [ Kharshan, 1970; Revyakin, Kravtso-
va, 1977; Mukhin, 2013]. The verification of this pat-
tern in the basins of the Charysh and Anuy rivers has
revealed the absence of a statistically significant rela-
tionship between winter precipitation and an abso-
lute altitude in most years [ Galakhov et al., 2020]. In
addition, the highest weather station in the Charysh
River basin is Ust-Kan (1037.4 m), in the Anuy River
basin the highest is Kuyagan post (560 m), and the
maximum absolute heights in the basins reach 2000 m
or more. Thus, it is impossible to interpolate annual
winter precipitation in the studied basins based on
their dependence on absolute height.

Estimation of precipitation amounts for the
cold period using an orographic additive to the
speed of the air-mass vertical movements. The in-
fluence of mountains on atmospheric fronts is diverse.
It is manifested through the detention of atmospheric
fronts, the change in the speed of a particular front
section movement, the aggravation of fronts, forma-
tion of frontal waves in the front of the windward side
of the ridge and the erosion of frontal zones when
they pass over the ridges. Quite a peculiar is a process
associated with the circumference of the frontal zone
of an orographic obstacle [Shakina, 1985; Galakhov,
2003].

It is known that the intensity of precipitation
depends on the speed of the air flow vertical move-
ments [ Rogers, 1979]. Tt is very difficult to determine
the speed of vertical movements due to the processes
occurring in the cloud mass itself. But it is possible to
determine the addition to the speed of vertical move-
ments of air masses (i.e., the change in the speed of
vertical movements of air masses due to the orogra-
phy) during the formation of solid precipitation using
fairly simple kinematic models.

Earlier the authors have developed a simplified
kinematic model of the distribution of solid precipita-
tion in the complex orography based on the principles
of the movement of air flows skirting an obstacle or
passing over it, described in [Barry, 1964; Rogers,
1979; Skorer, 1980; Matveev, 1981, 1984]. It requires
a minimum set of input data, including the absolute
height of the underlying surface, taken from the topo-
graphic base map with a certain grid spacing, the
speed and direction of the upcoming atmospheric
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fronts, as well as the temperature of the surface air
layer taken from the aerological station records. The
algorithm and a detailed description of the model are
published in [ Galakhov, 2003]. This method of calcu-
lation is applicable only to winter conditions when
the temperature of the underlying surface is negative
and more or less uniform, additionally, in the condi-
tions of low and medium-height mountains (eleva-
tions no more than 2 km). In the studied basins, this
condition is generally satisfied.

Based on this model, a territory matrix with a
grid spacing of 25 x 25 km is created for the basins of
the Anuy and Charysh rivers. In the lower-left corner
of each grid cell, average orographic additives to the
speed of air-mass vertical movements during the for-
mation of solid precipitation were calculated (Fig. 2),
and for the rest of the area they were determined by
interpolation. The values of the orographic additive
for the research area vary from —1 m/s (Ust-Kansk
basin) to 0.75 m/s or more (the area of Zmeinogorsk)
and depend, first of all, on the slopes of the surface,
the absolute height of the terrain, as well as the speed
and direction of the flows of the prevailing air masses
[Galakhov, 2003]. This matrix allows to interpolate
precipitation data from weather stations and posts for
the entire territory of the basin, taking into account
the orographic additive.

The calculation of the average amounts of winter
precipitation in the basin was carried out as follows.
At the initial stage, the amount of winter precipita-
tion X was determined for each year at meteorologi-
cal stations and posts located within the studied ba-
sins and on the adjacent territory. The sum of winter
precipitation is taken as the sum of precipitation from
November 1 to March 31. Data sources are meteoro-
logical monthly and materials of the websites of
Roshydromet (http://aisori.meteo.ru/) and “Wea-
ther and Climate” (http://www.pogodaiklimat.ru).
The research period was determined by the availabil-
ity of meteorological monthly reports and data on
surface runoff, which were later used for “hydrologi-
cal control”.

Further, based on the obtained values of X and
the orographic additive to the speed of vertical move-
ments of V; in the area of weather stations, a depen-
dence of X = f(V,) was constructed.

Then, the average amount of winter precipita-
tion in the cells was estimated using the obtained re-
gression equations X = f(V,) and the orographic addi-
tion of V; in each grid cell of the matrix (Fig. 2).

For the Charysh River basin, the period 1967—
1981 was analyzed, including years with extreme wa-
ter content: 1969 was close to a maximum, 1974 was
close to a minimum, as well as the period 1993-2001
and 2006. The list of meteorological stations, their
absolute heights, as well as the values of the oro-
graphic additive and the average long-term precipita-
tion for the winter months are presented in Table 1.
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Fig. 2. Matrix of orographic additive to the speed of vertical movements of air masses in the basins of the

Charysh and Anuy rivers.

1 —from —1.0 to —0.5 m/s; 2 — from —0.5 to —0.1 m/s; 3 — from —0.1 to —0.01 m/s; 4 — from —0.01 to 0 m/s; 5 — from 0 to 0.01 m/s;
6 — from 0.01 to 0.1 m/s; 7 — from 0.1 to 0.5 m/s; 8 — from 0.5 to 1.0 m/s m/s. The orographic additive value refers to the lower left
corner of the cell. Meteorological stations and posts within the studied basins are shown: I — hydrological, IT — meteorological;

1T — basin boundaries.

For calculations on the Anuy River basin, a
shorter period was chosen: from 1967 to 1974 and
from 1981 to 1988, as there are meteorological
monthlies only for these years, which makes it possi-
ble to include data on meteorological posts in the cal-
culation of precipitation fields. Also, by analogy with
the Charysh River basin, calculations were addition-
ally performed (without data on posts) according to
weather station data for the period from 1993 to 2001
and 2006. The list of weather stations and posts
which data were used to calculate precipitation fields
in the Anuy River basin is given in Table 2.

When determining the amount of winter pre-
cipitation for each weather station, the need for a cor-
rection for the blizzard transfer was assessed on the
basis of the ratio of snow reserves according to land-
scape snow-amount surveys and the precipitation
meter (the coefficient of blizzard transfer). Most

Table 1. Weather stations used to calculate
the amount of winter precipitation (November—March)
in the Charysh River basin

Average long-
Weather station Absolute | term amount V., m/s
or post height*, m | of precipita- 2
tion*
Zmeinogorsk 354.6 164 0.75
Krasnoshchekovo 240 116 0.30
Charyshskoe 400 103 0.41
Soloneshnoe 400 150 0.25
Chemal 410 60 0.27
Shebalino 870 63 0.30
Ust-Kan 1037.4 35 -0.03

Note: V, — orographic additive. Weather stations are
given in italics.
* According to [Directory..., 1969].
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Table 2. Weather stations used to calculate
the amount of winter precipitation (November—March)
in the Anuy River basin

Average long-
Weather station Absol*ute term amount V., m/s
or post height*, m | of precipita-
tion*, mm*
Ust-Kalmanka 149 - 0.0
Krasnoschekovo 240 116 0.3
Charyzhskoe 400 103 0.41
Soloneshnoe 400 150 0.25
Starotyryshkino 167 108 0.05
Tochilnoe 200 148 0.055
State farm Anuysky - - 0.1
Sychevka 225 113 0.2
Kuyagan 560 140 0.2

Note: V, — orographic additive. Weather stations are
given in italics.
* According to [ Directory..., 1969].

Table 3. Dependence of the blizzard transfer
oefficient on the maximum snow cover height,
Ust-Kalmanka weather station

Date 1(,) f 4€" | Maximum | The amount| The coef-
cumulation . .
Year of maxi- SnOW of winter | ficient of
reserves, | precipita- | blizzard
mum snow .
mm tion, mm transfer
reserves
1968/69 | 20 March 76 178.7 0.43
1972/73 | 20 March 71 132.7 0.54
1974,/75 |10 February 24 31.7 0.76
1975/76 | 20 March 81 119.0 0.68
1978/79 | 15 March 82 173.2 0.47
a
3004
y=315.27x-4.521 &
R?=0.8543
£ 2001
IS
N3
100 1
*
-0.5 /) 0.5 1.0
-100 J

V,, m/s

0.9
g 0.8
2E *
28 0.6
N8 051 =-0.0022x+0.8548 &
o : R%=0.865
04 T T T ‘ 1
0 50 100 150 200

Winter precipitation amount, mm

Fig. 3. Dependence of the blizzard transfer co-
efficient on the amount of winter precipitation
measured by snow gauge (weather station Ust-
Kalmanka).

weather stations have either a blizzard transfer coef-
ficient close to 1.0 or is constant from year to year,
which indicates the absence of a blizzard concentra-
tion. According to the Ust-Kalmanka state meteoro-
logical station, the coefficient varies in different years
from 0.43 to 0.76 (Table 3).

At the same time, a statistically significant de-
pendence of the blizzard transfer coefficient on the
amount of winter precipitation was found (Fig. 3).
This dependence was used to account for the influence
of the snowstorm concentration at this meteorological
station, as well as at the posts of the foothill plain lo-
cated in similar conditions: Starotyryshkino, Tochil-
noe, state farm Anuysky and Sychevka, because there
are no enough snow-survey data in these points.

Thus, the calculation of the annual amount of
winter precipitation was carried out for all meteoro-
logical stations (posts) taking into account the cor-
rection for blizzard transport. Regression equations
in the form X = f(V,) were obtained.

An example of the dependence X = f(V,) for the
winter of 1973 /74 in the basin of the Charysh River
and the basin of the Anuy River is shown in Fig. 4.

b
200
y = 65.246x + 71.077
1608 R2=0.4174
o
£ 1904
£ 120 =
5 * <*
80 1
* *
40
|7
T T T T 1
0 0.1 02 03 04 05
V,, m/s

Fig. 4. Dependence of the amount of winter precipitation (X) in the winter of 1973 /74 in the Charysh River
basin (a) and the Anuy River basin () on the orographic additive to the speed of vertical movements of

air masses (V).

The squares (7) show the sum of winter precipitation for meteorological stations and posts without taking into account the blizzard
concentration (Ust-Kalmanka, Starotyryshkino, Tochilnoye, state farm Anuysky, Sychevka).
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Table 4. The determination coefficients between
the amount of winter precipitation
and orographic additive, Charysh River basin

Table 5. The determination coefficients between
the amount of winter precipitation
and orographic additive, Anuy River basin

Winter R? F Winter R? F Winter R? F Winter R? F
1967,/68 | 0.66 | 1575 || 1968/69 | 0.85 | 40.22 1967,/68 | 0.63 | 158 || 1968/69 | 037 | 4.06
1969/70 | 091 | 70.87 || 1970/71 | 0.79 15.0 1969/70 | 0.26 2.50 || 1970/71 | 0.01 0.06
1971/72 | 0.63 | 13.69 || 1972/73 | 0.72 | 22.65 1971/72 | 075 | 1825 || 1972/73 | 037 | 3.54
1973/74 | 085 | 293 || 1974/75 | 044 | 545 1973/74 | 042 | 5.02 -
197576 | 057 | 1081 || 1976/77 | 055 | 174 1980/81 | 052 | 7.65 || 1981/82 | 059 | 10.14
1977/78 | 062 | 11.28 || 1978/79 | 0.60 | 7.58 1982/83 | 052 | 768 || 1983/84 | 0.18 | 1.56
1979/80 | 0.84 | 43.03 || 1980/81 | 0.70 | 9.26 1984/85 1030 1 251 ) 1985/86 | 034 ) 3.10
1986/87 | 0.05 | 030 || 1987/88 | 0.20 | 098
1993/94 | 0.75 | 11.77 || 1994/95 | 0.85 | 23.0 1993/94 | 078 | 699 || 199495 | 097 | 6201
1995/96 | 0.76 | 123\ 1996/97 | 073 | 10.69 1995/96 | 045 | 1.64 || 1996/97 | 098 | 138
1997/98 | 080 | 16.0 || 1998/99 | 0.64 | 7.14 1997/98 | 092 | 2577 || 1998/99 | 038 | 1.25
1999/00 | 0.87 | 32.27 || 2000/01 | 0.69 8.79 1999/00 | 0.52 220 || 2000/01 | 0.50 1.96
2005/06 | 0.66 | 9.7 || 2005/06 | 066 | 97 2005/06 | 0.89 | 1653 || 2005/06 | 089 | 16.55

The quality control of each equation was carried
out by standard methods using the coefficient of
determination R? and Fisher’s F-criterion, determi-
ned as

F:

R
n—2), 1
En-2) 1
where #n is the number of observations.

The determination coeflicients and criterion F
for each winter season are presented in Tables 4 and 5.

At meteorological stations in the basin of the
Anuy River, the amount of winter precipitation for a
single year do not have such a high amplitude as in
the basin Charysh (Fig. 4). Therefore, in most cases,
the statistical relationship with the orographic addi-
tive is much weaker (Table 5).

After calculating the amount of precipitation in
each cell of the matrix, the basin average value of the
amount of winter precipitation for each year was esti-
mated (Tables 6, 7).

Assessment of the impact of precipitation on
flood runoff. The evaluation of the calculation results
for winter precipitation was carried out according to
the principle of “hydrological control” based on the
analysis of their relationship with the volume of high
water expressed as the runoff layer.

The data on the flood runoff layer before 1980
were taken from the reference books of the state wa-
ter cadaster [Surface, 1969; Surface, 1975; Surface,
1984], later was calculated by the authors using daily
water flow rate data from hydrological yearbooks and
the website of the Information and Analytical Center
of the Register and Cadaster (http://gis.vodinfo.

ru/).

The relationship between the runoff layer and
the precipitation of the cold period was estimated us-
ing one-factor dependencies and by means of multiple
correlation and regression analysis. The amounts of
winter precipitation in the basin, calculated using an

orographic additive, as well as the amount of precipi-
tation for the flood period, calculated from monthly
precipitation data, accounting for the average flood
periods, are taken as predictors.

Table 6. Precipitation amount during winter
(November—March) and flood period (April-June)
and the flood runoff layer, the Charysh River —
gaging station “Charyshsky state farm”

Precipitation amount,
e | o Pl g g
year Novem- April— mm perio
ber—March|  June

1967/68 113 152 193 16.03-08.07
1968,/69 174 233 387 11.04-19.07
1969/70 81 230 248 25.03-06.08
1970/71 99 251 309 25.03-03.08
1971/72 96 225 229 03.04—-07.08
1972/73 101 228 305 28.03-19.07
1973/74 88 121 119 29.03-10.06 .
1974/75 54 176 232 29.03-19.07
1975/76 88 137 144 14.04—-22.06
1976,/77 110 161 182 31.03-21.06
1977/78 74 192 171 18.03-23.07
1978/79 77 221 208 15.04-08.07
1979/80 64 190 142 09.04-13.07
1980/81 82 112 118 18.03—-14.07
1993/94 74 235 190 26.03-20.06
1994,/95 110 276 223 26.03-06.07 .
1995,/96 58 197 184 09.04-05.08
1996,/97 80 103 160 26.03-12.06
1997/98 71 252 - -
1998,/99 63 236 156 03.04-21.07
1999,/00 66 272 172 28.03-21.07
2000/01 94 263 259 22.03-31.07
2005,/06 106 152 231 27.03-23.07
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Table 7. Precipitation amounts for winter (November—March) and flood period (April—June)
and the flood runoff layer, the Anuy River — gaging station “Anuysky state farm”
Precipitation amount, mm Runoff layer, mm

Hydrologi- Novermber— with rain | without rain Floods High Wzter
cal year March April-June floods floods peto
1967/68 112 147 113 107 15-23.05 14.03-21.06
1968,/69 158 231 225 225 - 06.04-06.07
1969,/70 75 213 118 79 13.05-05.06 21.03-04.07
1970/71 87 173 126 115 09-15.05; 18-30.05 25.03-18.06
1971/72 94 203 90 90 - 05.04—29.06
1972/73 101 261 161 140 16.05-08.06 23.03-20.06
1973/74 76 125 62 62 - 28.03-9.06
1980/81 88 121 63.3 63 - 21.03-24.06
1981/82 70 265 63.2 61 06-13.05 01.04-01.06
1982/83 66 244 82.3 78 24.05-06.06 22.03-12.06
1983/84 65 240 56.7 49 19.05-05.06 16.04-26.06
1984,/85 80 191 92.2 92 - 28.03-15.06
1985/86 79 175 93.7 91 07-11.05; 03—10.06 05.04—21.06
1986,/87 71 175 97.2 96 17-21.05; 24-28.05 03.04—-18.06
1987/88 81 197 109.7 98 15.05-10.06 22.03-24.06
1993/94 74 201 97 80 27.04-01.05;11-20.05;22-30.05 11.03-01.07
1994,/95 121 263 155.9 139 19-29.05; 02-24.06 20.03-01.07
1995/96 69 192 72 70 27-28.04; 04—06.05; 23—27.05 11.04-11.06
1996,/97 78 159 90.5 87 09-21.05 18.03—-10.06
1997/98 80 233 79 73 02-06.05; 18—-23.05; 11-13.06 09.04-21.06
1998/99 69 201 67 65 07-15.06 28.03-25.06
1999,/00 84 234 106 101 05-07.05; 13—16.05; 06—-08.06 25.03-01.07
2000/01 102 245 124 121 01-02.05; 19-22.05 19.03-29.06
2005,/06 112 282 171.2 160 28.04-06.05; 17-22.05; 27.05-01.06 | 29.03—14.06

runoff, since the conditions during this runoff are
generally similar [ Burakov, Tvanova, 2010]. The end
of snowmelt was determined according to a complex
graph as the moment of violation of the correspon-
dence between the course of temperatures and water
flow rate, when an increase in temperatures does not
cause an increase in flow rate [ Kharshan, 1970]. On
the decline of the flood, rain floods formed by liquid
precipitation that had fallen after the end of snow-
melt were distinguished. The allocation of rain runoff
on the hydrograph was done by “cutting off” individ-
ual peaks (floods) with subsequent exclusion when
calculating the flood runoff layer.

On the Charysh River, the flood is multi-peak
and more extended in time, which is associated with
a wide variety of landscapes and climates, so it is of-
ten impossible to identify rain floods on the hydro-
graph. The flood runoff layer for the Charysh River is
calculated taking into account rain floods.

RESULTS AND DISCUSSION

Tables 6 and 7 present calculations of winter pre-
cipitation amount, precipitation from April to June
period, and the flood runoff layer for each year.
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The results of the calculation of winter precipita-
tion amount and the flood runoft layer (Tables 6, 7)
were analyzed using statistical methods of correla-
tion and regression analysis. At the first stage, corre-
lation matrices and graphs of the dependence of the
flood runoff layer on the amount of winter precipita-
tion for the Anuy and Charysh rivers were construct-
ed (Fig, 5).

Correlation analysis showed that the amount of
winter precipitation is the main factor in the forma-
tion of flood runoff: in general, the Anuy River basin
is characterized by a closer relationship between win-
ter precipitation and runoff (r = 0.87) than the
Charysh River basin (r = 0.64). The “cut off” of rain
floods on the decline of the flood for the Anuy River
has increased, as expected, the closeness of the rela-
tion (rincreased to 0.91). Liquid precipitation during
the decline of the flood period, which forms rain
floods, is second in importance. Moreover, according
to the results of correlation analysis, both for Anuy
and Charysh rivers, the highest correlation coefficient
of flood runoff is observed with summarized monthly
precipitation from April to June (inclusive). The in-
clusion of liquid precipitation in July for the Charysh
River reduces the correlation with the flood runoff.
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Fig. 5. Dependence of the flood runoff layer of the Anuy River (@) and the Charysh River (») on the amount

of winter precipitation (November—March).

Obviously, this may be due to more significant losses
for the evaporation, the transpiration, wetting of ve-
getation and the filtration into soils in July (com-
pared to May—June). It is noted that for the Anuy
River, liquid precipitation contributes significantly
less to the formation of high water (= 0.37) than for
the Charysh River (7= 0.58).

At the second stage, the results of correlation
analysis were used to develop multiple linear regres-
sion equations based on two significant predictors:
the amount of winter precipitation (from November
to March) calculated using an orographic additive,
and the amount of precipitation during the high wa-
ter period (April to June) at a representative meteo-
rological station. The parameters of the equations for
the Anuy and Charysh rivers are given in Table 8.

In general, for the Anuy River equation is as fol-
lows:

where £ is the layer of runoff for the flood (mm), Py
is the amount of winter precipitation (mm), Py is the
rainfall period, floods (mm).

The values of the coefficients of determination

R2 = (.81 (R2 :0.79) and the Fisher criterion

norm
F=45.05 (critical value F = 3.47 at a significance lev-
el of 5 %) in the equation for Anuy River (2), indicate
a high level of reliability. For the Charysh River, the
quality of equation (3) is somewhat worse: R? = 0.67,
R? =063, F=18.4 (critical value 3.55), but it also
explains the dependence of the runoff layer on pre-
cipitation quite well. Both equations can be used as a
predictive model. The less close relationship of the
main predictor with the runoff and the worse quality
of the multiple regression model for the Charysh Riv-
er are associated with a significant influence on the
flood runoff of the factors determining the water ab-
sorption capacity of the river basin, which are not
taken into account in the model.

h=1.53P1 +0.21P, —72.1 (2) Previous works of the authors have shown that
and for the Charysh River is: the initial period of snow accumulation plays an im-
portant role in the formation of maximum flood levels
h=1.47P; + 0.64P, — 49.3, (3) in the Charysh River basin. If the thickness of the
Table 8. Regression statistics and coefficients of the multiple linear regression equation
Parameter Cocfficient Cocfficient Multiple R R? Normalized R? F-test Number
value standard error of years
Flood runoff of Anuy River (accounting rain floods)
Free term -72.1 21.75 0.90 0.81 0.79 45.05 24
Py, mm 1.53 0.18
Py, mm 0.21 0.09
Flood runoff of Charysh River (with account of rain floods)
Free term —49.28 44.09 0.82 0.67 0.63 18.14 21
Py, mm 1.47 0.35
Py, mm 0.64 0.17

Note: Py is the sum of winter precipitation (November—March); P is precipitation during the high water period (April—

June).

49



V.P. GALAKHOV ET AL.

snow cover before the onset of significant frosts (be-
low —10 °C) is more than 20-25 cm, and there is no
significant seasonal freezing of rocks in the basin,
then in the spring period in the gaging station of the
state farm Charyshsky maximum levels observed are
1 meter lower compared to years when meteorologi-
cal conditions contribute to seasonal freezing [ Gala-
khov et al., 2018).

Studies of the conditions for the formation of
snow cover in the Anuy River basin, carried out using
similar methods, indicate no influence of seasonal
freezing on the flood runoff [ Galakhov et al., 2020].
According to the authors, such significant differences
in the processes of melt runoff formation in two
neighboring basins are associated with their geomor-
phological features. The basin of the Anuy River to
the state farm Anuysky gaging station is represented
by middle and low mountains only, which, as a rule,
are distinguished by higher and constant coefficients
of melt runoft [Apollov et al., 1974; Burakov, 1986].
About 40 % of the Charysh River basin is a foothill
plain, which is characterized by a large variability of
melt runoff coefficients depending on the state of soils
in the basin (rock composition, moisture content,
depth of seasonal freezing) and, as a consequence,
melt runoff losses for infiltration.

CONCLUSION

1. As shown earlier [ Galakhov et al., 2020], in the
basins of the Anuy and Charysh rivers, in most cases
there is no statistically significant dependence of the
amounts of winter (November—March) precipitation
according to hydrometeorological stations and posts
on their absolute height. The use of an orthographic
additive to the speed of air mass vertical movements
for calculating the amount of winter precipitation is
preferable. For the Charysh River basin, there is a
close relationship between the amount of winter pre-
cipitation and the orographic addition to the speed of
air mass vertical movements both on a multi-year
scale and in individual years. Statistically insignifi-
cant coefficients of determination between the
amount of winter precipitation and an orographic ad-
ditive in the Anuy River basin in some cases are as-
sociated with a more uniform distribution of precipi-
tation fields within the basin.

2. The analysis of the dependence of the winter
precipitation amounts obtained using an orographic
additive and the flood runoff layer performed by the
authors earlier [Galakhov et al., 2020] has shown
their close (R? = 0.76) relationship in the Anuy River
basin. The accounting of rain floods on the decline of
the flood was carried out in two ways: by the method
of their “cut-off”, and the introduction of an addition-
al predictor into the regression equation, the amount
of precipitation from April to June on the Solonesh-
noye Station, that has allowed increasing the deter-
mination coefficients to 0.83 and 0.81, respectively.
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All this, firstly, confirms the reliability of calculations
of precipitation amounts. Secondly, it allows us to
conclude that winter precipitation is the main factor
affecting the volume of flood runoff in the Anuy River
basin.

3. In the Charysh River basin, the relationship
between the amounts of winter precipitation and the
volume of runoff is much weaker (R? = 0.43). Correla-
tion analysis has shown that for the Charysh River,
liquid precipitation from April to June has a greater
effect on the volume of high water than for the Anuy
River. The introduction of high-water precipitation
(April to June) into the regression equation signifi-
cantly improved the quality of the model (R? = 0.67,
R2 =0.63). In general, in comparison with the
Anuy River basin, the relationship between runoft
volume and precipitation is less significant. This is
due to the fact that about 40% of the basin is located
on the foothill plain, which is characterized by a large
variability of melt runoff coefficients depending on
the condition of the soils (their composition, degree
of moisture, freezing). This hypothesis requires con-
firmation and further research.

4. The obtained multiple regression equations
confirm the reliability of winter precipitation calcula-
tions and can be used for medium-term forecasts of
flood volume on the Anuy and Charysh rivers. At the
same time, in a mountain basin with relatively homo-
geneous landscape and climatic conditions (the Anuy
River), it is acceptable to use a one-factor correlation
dependence of the flood runoff on the amount of win-
ter precipitation. For the Charysh River basin, which
has a complex geomorphological structure, it is neces-
sary to introduce additional predictors into the mo-
del that characterize the precipitation of the flood
period and the condition of soils that determine their
infiltration ability.
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SUBPERMAFROST WATERS
IN THE EAST CHUKOTKA’S UPLAND

V.E. Glotov

Shilo North-East Interdisciplinary Scientific Research Institute,
Far East Branch, Russian Academy of Sciences (NEISRI FEB RAS),
Portovaya str. 16, Magadan, 685000, Russia, geoecol@neisri.ru

The purpose of the article is to reveal the conditions of occurrence and formation of subpermafrost waters,
which have been encountered by wells in the Paleozoic, Triassic terrigenous rocks and in the Lower Cretaceous
granitoids of the Chukotka Upland. In the Paleozoic sequence, confined subpermafrost waters were encountered
at depths from 223 to 340 m. The specific flow rates vary from 0.01 to 0.5 L/(s-m), the composition of the waters
is predominantly chloride, and mineralization ranges from 0.2 to 1.3 g/dm?. In the Triassic rocks, at depths from
100 to 300 m, the piezometric surface of waters is higher than wellhead levels by 3—4 m and up to 58.4 m. The
specific yield varies from 0.00001 to 0.25 L/(s-m). The waters are chloride, hydrocarbonate and sulphate, salin-
ity ranges from 0.1 to 3.1 g/dm?. In the granitoid massifs, the thickness of permafrost near the sea coast is about
100 m; within the watersheds, it is about 450 m. The specific yield varies from 0.0001 to 0.013 L/(s-m). The
obtained data, confirmed by magnetotelluric sounding, indicate the development of hydrogeological massifs
composed of igneous and metamorphosed rocks in the upland. Structures with quasi-stratum fracture reservoirs,
associated with overthrusts and faults, were formed in the terrigenous Triassic sequences. The impermeable fault
planes divide the quasi-strata into sections, which are poorly interconnected hydraulically. For this reason, in
the Triassic subpermafrost strata, the stagnant or extremely impeded water exchange predominates persisting
for more than 400 thousand years; while in the hydrogeological massifs, the water exchange is more active.

Keywords: Chukotka Upland, permafrost zone, subpermafrost waters, active and extremely impeded water
exchange, cryogenic pressure, magnetotelluric sounding.

INTRODUCTION

The Chukotka Upland is located north of the
Arctic Circle and is divided by the meridian 180° into
parts: the eastern part drained by the rivers of the
East Siberian Sea basin and the western part drained
by the Chukchi Sea basin (Fig. 1). During the Second
World War, the Valkumey tin ore deposit, located
near the seaport of Pevek in the eastern part of the
upland, had strategic importance. In subsequent
years, the Pervonachalnoye tin ore deposit, Mays-
koye gold ore deposit, and gold placers in the basins
of the Ichuveem, Pegtymel and other rivers were re-
vealed in this area. Hydrogeological materials were
obtained during the prospecting, exploration and
mining of the deposits. These data were partially
summarized in collective works [Tolstikhin, 1972;
Efimova et al., 1977; Afanasenko et al., 1989]. These
and subsequent publications have focused on gro-
undwaters of suprapermafrost and open taliks as
the main sources of freshwater [ Shumikhina, 1999;
Glotov and Glotova, 2015; Glotov, 2020]. The main
drawback of the published works is that the specific
features of the distribution, occurrence, and forma-
tion of subpermafrost waters were not described. The
purpose of the present study is to eliminate these dis-
advantages.

The scientific and practical relevance of this
work is determined by the important role of hydro-
geological features of subpermafrost strata to provide
stability of underground engineering structures, to

Copyright © 2021 V.E. Glotov, All rights reserved.
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evaluate the prospects of using these strata as stor-
ages for fresh water and other fluids, and to solve a
number of geoecological and geophysical problems.

Materials and methods. The analysis and synthe-
sis of the handwritten geological reports and publica-
tions, including the author’s ones, were used. Data
were obtained by drilling and hydrogeological sam-
pling of wells, and underground mining. To obtain
geocryological and hydrogeological data, the results
of deep magnetotelluric sounding (MTS) on the
2-DV-A reference profile were used for the first time
in this area.

The object of the study is the main natural factors
of the formation and distribution of groundwater in
the eastern part of the Chukotka Upland. The west-
ern part is distinct from the eastern one by tectonics
and geological history in the Middle Pleistocene—
Holocene time. Therefore, the modern permafrost-
hydrogeological characteristics of these areas have
their own specifics, which we do not consider in this
paper.

The subject of the study is the subpermafrost wa-
ters, which generally occur in the Paleozoic-Early
Mesozoic terrigenous sedimentary rocks and in the
Lower Cretaceous intrusive massifs. Groundwaters of
volcanogenic covers: seasonally thawed layer, supra-
permafrost and open taliks require separate study and
have been partially studied previously [Glotov and
Glotova, 2013; Glotov, 2020].
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Fig. 1. The geographic and geological scheme of the Chukotka terrane, the fragment of the passive conti-
nental margin (east of the Chukotka Upland) [Zhuraviev and Kalinin, 1999]:

1 — Cenozoic sediments of the modern depressions; 2 — Upper Jurassic—Lower Cretaceous sedimentary rocks of the Anyuy subter-
rane; 3 — Triassic and 4 — Paleozoic sedimentary rocks of the Chaun subterrane; 5 — Lower Cretaceous granitoid massifs; 6 — Cre-
taceous volcanogenic covers; 7 — boundaries of arched uplifts; 8 — deep faults; 9 — geophysical profile 2-DB-V-A; 70 — sites of hy-
drogeological works, including: Valkumey (1) and Pervonachalnoye (2) tin-ore deposits, Ichuveem area of placer gold deposits (3),

and Mayskoye gold-ore deposit (4).

BRIEF DESCRIPTION
OF THE STUDY OBJECT

The main natural factors that determine the fea-
tures of the hydrogeological conditions are relief, riv-
ers, climate, geological structure, and permafrost fea-
tures [ Pinnecker, 1977].

The relief of the eastern part of the Chukotka
Upland is characterized by subdued watersheds with
absolute elevations of 500—-800 m. Within this area,
there are distinctly dissected ridges and mountain
ranges, composed of magmatic rocks, with elevations
up to 1500 m, and some tops are up to 1837 m in
height. Traces of the Middle and Late Pleistocene
mountain-valley glaciations are widespread [ Glush-
kova and Smirnov, 2020].

The Palyavaam and Pegtymel rivers are moun-
tain rivers with the largest catchment area (up to
17 thousand km?). Open runoff exists in the period
from late May to early November, in small streams —
until the end of September. In winter, icings are
formed in river channels [ Tolstikhin, 1974; Alekseev et
al, 2011].

The climate is characterized by the mean annual
air temperature of around —10 °C; the maximum
warm period lasts 100—110 days; the long-term mean
annual amount of precipitation is 220—260 mm.
About 60 % of precipitation falls in the form of rain-
fall [ Belikovich et al., 1997].

In terms of geology, the eastern part of the Chu-
kotka Upland belongs entirely to the Chaun subter-
rane — the part of the larger Chukotka terrane®,
which is a fragment of the Late Paleozoic — Early
Cretaceous passive continental margin [ Byalobzhesky
et al., 2006]. The subterrane is composed of the Cam-
brian (?) regionally metamorphosed chlorite shales
and the Devonian sandstones, shales, and limestones;
the Lower and Middle Carboniferous sandstones
with carbonate cement and conglomerates; the Upper
Carboniferous-Permian carbonaceous shales and
sandstones, which compose the Velitkenay dome on
the coast of the East Siberian Sea. The Lower—Mid-
dle Triassic graywackes and clayey shales, the Upper
Triassic sandstones, siltstones, and clayey shales are
distributed throughout the area. These sedimentary
rocks were formed on the continental shelf. In the

* Terrane is a block of the earth’s crust of regional sizes, separated from the surrounding area by faults [ Byalobzhesky et al.,

2006).
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Lower Cretaceous, they were intruded by granitoids
[ Polzunenkov, 2018).

A specific feature of the Chaun subterrane is the
development of arch-thrust structures (uplifts) modi-
fying the folded bedding of the Triassic sequence. The
largest of these structures is the Ichuveem structure,
up to 100 km long and up to 30 km wide. The dip an-
gles on the structure flanks range from 10 to 50°.
Thrust faults with an amplitude of up to first kilome-
ters, faults, and thrust faults are widely developed
[Zhuravlev and Kalinin, 1999]. Ore deposits are locat-
ed within such stressed areas | Volkoo et al., 2006].

In terms of geocryology, the studied region be-
longs to the area of the continuous permafrost zone,
considered as a cryogenic aquiclude [Fotiev, 2013].
The permafrost thickness on the tops of watersheds
reaches 450 m (Valkumey granitoid massif); in the
river valleys, it is up to 340 m. In the watersheds, the
temperature of permafrost at the depth of zero annual
amplitude (15-20 m) ranges from -9 to —11 °C [Afa-
nasenko et al., 1989], in river valleys, it varies from
—4.5t0 —6.0 °C [Efimova et al., 1977].

RESULTS OF HYDROGEOLOGICAL WORKS

Following the structural-stratigraphic principle
of distinguishing hydrogeological taxa [Basic provi-
sions..., 2001], we consider the hydrogeological stages
composed of the Paleozoic regionally metamorphosed
and the Triassic sedimentary rocks, which are wide-
spread in the east of the upland, and a group of the
Lower Cretaceous granitoid intrusions.

Watering of rocks of all stages is associated with
the development of zones of superimposed fracturing,
which is diverse in origin.

Paleozoic rocks

Subpermafrost waters of Paleozoic rocks were
studied in the coastal zone while searching for water

supply sources for Leningradsky and Polyarny settle-
ments. Table 1 demonstrates the established hydro-
geological characteristics.

Subpermafrost waters in the Upper Paleozoic
rocks in the valley of the Ryveem River are confined
and characterized by the self-discharge up to 0.8 L/s,
the specific flow rate g = 0.12-0.4 L/(s-m), and the
transmissivity coefficient &, = 4—12 m?/day.

The pumping with 32 m lowering gave 1.35 L/s,
g=0.042 L/(s'm) in the valley of the Pilhinkuul Riv-
er, 20—25 km to the south of the sea coast. In line
with this well, in the river valley, the base of the cryo-
genic aquiclude was found at the depth of 320 m by
drilling in November 1971. The aquifer is 40 m thick.
Subpermafrost waters are confined. A static level is
higher than the daylight surface by 58.4 m; the self-
discharge flow rate at the maximum groundwater
head is 1.17 L/s, g = 0.02 L/(s'm), k, = 1 m?/day.

By a predominant anion, subpermafrost waters
belong to the hydrocarbonate, sulfate and chloride
classes; by the total salinity, they vary from fresh
(0.2-0.8 g/dm?) to slightly saline (1.3 g/dm?).

Waters of the chloride class are widespread in
the lower reaches of the Ryveem River. Their total
mineralization ranges from 0.6 to 1.1 g/dm? with the
chlorine-ion content ranging from 189 to 497 g/dm?.

Waters of the bicarbonate class are fresh; they
are common for both coastal and inland areas. The
content of bicarbonate ion is up to 445 g/dm3 with a
weak-alkaline reaction. The distribution of these wa-
ters is controlled by the presence of aquiferous black
clayey shales saturated with organic matter.

Waters of the sulfate class are found in the vicin-
ity of Polyarny settlement. Their mineralization is
0.6-0.8 g/dm?, and the sulfate-ion content is up to
280 mg/dm?>. Magnesium predominates among cat-
ions, which indicates possible ore mineralization as-
sociated with basalt or andesite dikes.

Table 1. Parameters of the water-bearing capacity of the Paleozoic rocks
A Depths Thickness of th_e Specific flow rate | Mineralization | Content of ions,
rea of wells, m | CTYOSEMICAQUI | ¢ el T/(sm) | of water, g/dm? mg/dm?
clude, m
Sea coast (3—5 km from the sea), abs. | 293-390 223-335 0.12-0.49 0.6-11 189-197
elevations of wellheads are 10—20 m; 330 298 025 M 09 Cl 215
the valley of the Ryveem River ’ :
102-464
HCO
> 305
Co:;lst:i)l ZOIlle (20—25218m5f§09m th% 330-410 275-340 0.01-0.3 y 0213 cl 51-117
sea), abs. elevations 20—55.9 m; the ;
valleys of the Pilkhinkuul River and 362.6 301 0.13 0.73 2
its tributaries HCO, 97445 :
251
35-715
* 331

N o te. Here and below: the numerator is from the lowest to the highest values, the denominator is arithmetic mean.
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We conclude that the arithmetic-mean parame-
ters of the water-bearing capacity of the Paleozoic
rocks indicate their relatively high filtration proper-
ties in all penetrated intervals. This is associated with
the development of regionally metamorphosed se-
quences of sedimentary rocks, represented by lime-
stones and sandstones with calcareous cement in the
dome structure. Thrust faults are not typical for this
structure. Under these conditions, watering mostly
occurs along the fault zones, where there are traces of
carbonate leaching.

Triassic rocks

Data on the subpermafrost waters of these rocks
were obtained during the search for fresh groundwa-
ter for water supply in the river valleys and during
the exploration of the Pervonachalnoye tin ore de-
posit, the Mayskoye gold ore deposit, and the Ichu-
veem gold placer cluster. The sites of all deposits are
connected with the Ichuveem arch-thrust uplift,
stretching from the Pyrkakaiveem River to the valley
of the Keveem River. To study the conditions of the
mining of the deposits, hydrogeological boreholes
were drilled within all topographic features. Taking
into consideration the different purposes of the works
performed, the results are presented separately.

Results of the work within the arch-thrust uplift

Table 2 demonstrates the basic hydrogeological
parameters in the generalized form. All sites are lo-
cated in subdued low-mountain terrain in the basins
of streams of the 4" and lower orders, characterized

by similar conditions in terms of geology. It was re-
vealed that the thickness of the cryogenic aquiclude,
hydrodynamic and hydrogeochemical parameters in
the neighboring blocks are similar under different
landforms. To illustrate this statement, the data on
the sites of the Pervonachalnoye deposit was consid-
ered. In the upper reaches of the Pyrkakaiveem River,
two wells, each 250 m deep, were drilled in January—
May 1978 in the area, where the river bed intersects
the thrust fault zone (Fig. 2, A). The thickness of the
cryogenic aquiclude is 201 m in the hanging wall,
composed of Middle Triassic polymictic sandstones,
i.e., almost 46 m thicker than in the footwall of the
thrust fault (Fig. 2, B).

The impermeable zone of the thrust with a thick-
ness of up to 5 m is composed of crushed host rocks
cemented by mylonitized material. The presence of
the confining tectonic screen explains differences be-
tween the thicknesses of the cryogenic aquiclude, hy-
drodynamic parameters, and the chemical composi-
tion of water. In the footwall, the water composition
is expressed by a formula

Cl56 (HCO,) 38
Na71Ca26

with the chlorine ion content of 112.5 mg/dm?. In the
hanging wall, it is

M0.31

(HCO,)67Cl129
Na 41 Ca 30 Mg 29
with the chlorine ion content of 21.3 mg/dm?.

MO0.11

Table 2. Parameters of the water-bearing capacity within the arch-thrust uplift
Denosit Depths of wells, Permafrost Specific flow rate | Mineralization Content of ions,
P m thickness, m of wells, L/(s-m) | of water, g/dm? mg/dm?
Pervonachalnoye deposit; | 1349-4535 127-218 0.0001-0.25 0.11-16 o1 106-258.4
abs. elevations of well- T oars Y .Y =7
heads are 152-301 m: 235.5 149.3 0.04 0.42 51.7
45 well -
wells HC0347 1171
116
50, 12-1085
108.6
IThuveem g(lgld ;ﬁz}i}cez abs. 210-400 100-238 0.00003-0.2 0.6-1.28 cl 14.2-250
elevations of wellheads are T Y Y TR
90-240 m: 26 wells 286 159 0.034 0.84 53.5
HCO, 134-793
384.5
4-730
o7t
I\{[ayskoye dfposﬁt}:l; alzi& 210-302 210-260 0.000008-0.026 M 0.31-0.98 cl 21.3-184
elevations of wellheads are T
208.7-297.4 m: 18 wells 222 235.6 0.005 0.7 78
HCO, 171-756
421
S0, 0-375
79.8
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On the basis of the pumping test in the hanging
wall, g =0.003 L/(s'm), k, = 0.09 m?/day; in the foot-
wall, g = 0.004 L/(s'm), k, = 0.12 m?/day. The corre-
spondence of the slope of the piezometric surface to
the slope of the river bed points to the presence of a
hydrodynamic connection, even though it is impeded.

Figure 2, B demonstrates data from two wells
drilled on the watershed of the Oleniy stream and the
Pyrkakaiveem River (Krutoy stockwork). The bore-
hole with the absolute elevation of the wellhead of
208 m revealed the bottom of the cryogenic aquiclude
at the depth of 218 m. Confined groundwaters be-
neath this bottom rose above the daylight surface by
18.6 m, g=0.02 L/(s-m). A formula of the water com-
position is:

0.6804 68 Cl 22 b
Ca47Na 29

Fe?" content is 4.5 mg/dm?. The well in the wa-
tershed (34 m above) penetrated permafrost 162 m
thick, water rose above the wellhead by 54.3 m,
g=0.008 L/(s'm). A formula of the water composi-
tion is:

H6.8;

M O.SS%pH 7.6.
Na 89

According to geological data, there are normal
faults between these wells, the fault planes of which
are composed of tectonic mylonitized breccia 0.5 m
thick. Such fault planes provide hydrogeological dif-
ferences between the spatially close blocks and limit
their water resources. This fact was highlighted by all

A

161.3m

hydrogeologists, who studied the hydrogeological
conditions of mining the ore deposits in the Chukot-
ka Upland.

Therefore, drilling of wells in different sites of
the arch-thrust structure showed that the Triassic
fractured aquiferous deposits are widespread. How-
ever, their water-bearing capacity, in general, is frag-
mentary, low and uneven in area. Contacts of the
fragments are tectonic (cataclased or mylonitized
fault planes) or hydrothermal (veins of quartz, ka-
olinite). Small values of the transmissivity coeflicient
(less than 0.01 m2/day) do not induce large water in-
flows into the workings during underground mining,
but the presence of water in fractures makes barriers
of all underground workings unstable. Therefore,
during the development of subpermafrost ore zones of
the Mayskoye gold ore deposit, all underground
workings require sheeting, although water inflows are
extremely small and characterized as dripping.

Results of works on the study
of subpermafrost waters in the river valleys

In conditions of the continuous cryogenic aqui-
clude, river valleys are the most promising source of
water supply. In mountain areas, the valleys are usu-
ally attributed to fault zones, including fault planes of
trust faults, strike-slip faults, and normal faults.
A generalization of the available material shows that
open taliks in the river valleys in the eastern part of
the Chukotka Upland are rare and associated with
graben valleys, filled by loose glacial or alluvial sedi-
ments more than 10—15 m thick [ Glotov, 2020]. Such

E
g *E § Pyrkakaiveem R.
1) g Qo
c ~10G & -8.5 c
- 150 *\ =
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© ©
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Fig. 2. The schematic hydrogeological cross sections along the valley of the Pyrkakaiveem River near the
Granitny stream (A) and along the watershed of Oleniy stream — Pyrkakaiveem River (B):

1 — Quaternary alluvial sediments; 2 — Upper Triassic, Norian Stage — interbedding of clayey shales, siltstones, and fine-grained
sandstones; 3 — Middle Triassic sedimentary rocks, sandstones and siltstones; 4 — thrust faults, hydrothermally transformed my-
lonites in a thrust plane; 5 — normal faults, cataclasites in a fault plane; 6 — permafrost base; 7 — a level of subpermafrost waters in
the river valley. Well: figures below — well depth, m; figures above — an absolute elevation of a wellhead, m; g — specific flow rate,
L/(sxm); an arrow — a height of subpermafrost water rise, m; plus — above the wellhead, minus — below the wellhead.
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Table 3. Parameters of the water-bearing capacity of the Triassic sedimentary rocks in the river valleys

Area Depths of wells. m Permafrost thick- | Specific flow rate | Mineralization of | Content of ions,
P ’ ness, m of wells, L/(s-m) water, g/dm? mg/dm?
C_OELStéll %Bea; abs. elegvﬁ- 300-602 140-250 0.0007-0.09 0.19-31 al 2.56-445
tions o380 m; up to 9 km YT a0 T ene
from the coast of the 386 175 0.02 1.73 80.6
Ch Bay; 20 well -
aum Bay; 20 wells HCO, 78-507.5
180.4
0, 0.1-60
314
Inland area; abs. elevations 201-300 120-240 0.0005-0.28 0.13-2.6 2.3-445
156-302 m; 11 wells 286 1915 0.04 0.66 =506
HCO, 97.6-829.5
294
S0, 0.6-44.5
23

areas have been revealed only in the basin of the Peg-
tymel River. Therefore, Table 3 demonstrates the
summarized results of drilling and sampling of the
wells situated in the areas outside the zones with
open taliks.

There are noticeable differences in the hydrogeo-
logical parameters of the coastal zone. In terms of ge-
ology, it is located on the eastern flank of the Anyuy
subterrane. The inland area belongs to the Chaun
subterrane (Table 3).

In general, the total mineralization and the chlo-
rine ion content are higher in coastal areas than in
inland areas; however, the water transmissivity of
rocks in the first one is 2.2 times lower than in the
second one.

It should be noted that subpermafrost waters by
their composition belong to the hydrocarbonate,
chloride, and sulfate classes, typical for the subperma-
frost waters of the Paleozoic formations and Triassic
deposits in the arch-thrust uplifts.

A group of intrusive massifs

Hydrogeological characteristics of this group
were obtained only during the development of Val-
kumey tin ore deposit attributed to the granitoid
massif of the same name. This massif is represented by
Pevek Mountain, characterized by subdued relief

with the absolute elevation of 616 m. During under-
ground mining at the elevations from +150 to
—250 m, it was established that the cryogenic aqui-
clude is continuous. In the coastal zone, its thickness
is about 100 m. The assumed thickness of the cryo-
genic aquiclude in the upper part of the slope (at the
top of the mountain) is about 400—450 m.

The subpermafrost waters, encountered by un-
derground mining, occur in the submeridional zones
of the faults that also host the ore bodies. The head in
the coastal zone does not exceed 10 m above the
mouth. Perhaps, below the watershed, subpermafrost
waters do not contact the cryogenic aquiclude and
their levels are free.

The long-term observations of water inflows into
underground workings show that all aquiferous faults
are poorly interconnected hydrodynamically. After
opening of the aquiferous zone, the water inflow var-
ies from the first units up to 30 m3/day. In 10—15 days,
the inflow decreases by 2—3 times. In 2—3 weeks,
sometimes, up to 5—6 months, it decreases until
draining. The water bearing capacity of the fault
zones before their uncovering can be estimated on the
basis of the pumping data from advance wells, which
have been drilled from the bottom of the workings on
different horizons (Table 4).

Table 4. Pumping data from advance wells in underground workings [ Glotov and Glotova, 2003]
Absolute mark Pumping results
No. | Abs. elevation,m | of the depth of penetra- Constant flow rate Lowering from static | Specific flow rate,

tion of aquifers, m in the first 5 days, L/s level, m L/(s-m)

1 +10 -167 0.02 48.5 0.0004

2 +10 -90 0.35 90.0 0.0040

3 -50 =75 0.75 60.0 0.0130

4 -100 —-130 0.015 110.0 0.0001

5 -100 —180 1.00 110.0 0.0090
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The attention should be paid on the existence of
the relatively water-rich objects (“pockets”) in ore
zones. According to the chief geologist of the mine
A.D. Kharyutkin, such “pockets” are characterized by
abundance of calcite veins in the fractured zone.

The subpermafrost waters are characterized by
the sodium-calcium chloride or calcium-sodium com-
position. By the total mineralization, they are fresh
(up to 1 g/dm?), brackish (1-20 g/dm?), saline (0—
40 g/dm?), and brine (more than 40 g/dm?) [ Glotov
and Glotova, 2003].

Freshwaters are encountered by the workings
located at a distance of 0.5 km or more from the
Chaun Bay. They occur below the bottom of the cryo-
genic aquiclude as lenses in faults, forming the zone of
fresh waters underlain by brackish waters.

Saline waters and brines occur beneath the bot-
tom of the Chaun Bay as isolated lenses with salinity
up to 300-320 g/dm?. One of them with the composi-
tion of water

M 314 Cl 100

Mg 73 Na 26 "

was encountered during underground mining of an ore
vein in the Pribrezhny site on 19.03.1970. The presence
of these waters indicates the cryogenic metamorphiza-
tion at the temperatures from -10 to -15 °C [Abramov,
2014]. Tt is possible that cryopegs were formed near the
day surface and then penetrated to deeper horizons.

Study of the tritium content in the samples tak-
en by D.V. Efimova from self-discharging wells on
the —100-m horizon on 18.07.1974 [Efimova et al.,
1978] showed that brackish water, the composition of
which is reflected by a formula

Cl198
Ca 70 (Na + K) 22’

contains 83 TU or 9.9 Bq/L; in the water of the Chaun
Bay, itis 13.4 Bq/L. These values correspond to natural
values of tritium in natural waters of the zone of ac-
tive water exchange. However, subpermafrost waters,
encountered in the Valkumey massif, where there is
the continuous cryogenic aquiclude, are distributed
in the zone of impeded water exchange, as evidenced
by the presence of ions of divalent iron in sulfate brine.
It is possible that tritium-containing air of the mine
penetrates into the dried zones of faults; and, when
air moisture is condensed, tritium-bearing waters are
formed, diluting brackish waters. The formation of
tritium could also occur during the natural decay of
radioactive components.

Concluding the hydrogeological characteristics
of the Paleozoic and Triassic sedimentary rocks and a
group of intrusive rocks, we will focus on some com-
mon features in the Chukotka Upland.

1. Subpermafrost waters in the Triassic sedimen-
tary rocks are confined everywhere, including the wa-
tersheds above the possible sources of groundwater

6.8

M 379
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feeding. In the group of intrusive massifs, subperma-
frost waters may have a free level within the near-
watershed areas.

2. Water transmissivity below the cryogenic aq-
uiclude in the Paleozoic regionally metamorphosed
formations, studied in the river valleys, is tens of
times higher than the same parameter in the Triassic
sedimentary rocks and intrusive massifs.

3. In terms of the chemical composition, waters
of the hydrocarbonate class, waters of the chloride
class in the coastal lowlands, and waters of the sulfate
class in the zones of hydrothermal sulfide mineraliza-
tion are most common. According to the total miner-
alization, waters of low salinity and fresh waters pre-
dominate. However, the high bicarbonate content is
possible in waters of any class of both hydrogeologi-
cal stages.

HYDROGEOLOGICAL FEATURES
OF THE SOUTH OF THE CHUKOTKA UPLAND
ON THE BASIS OF MAGNETOTELLURIC
SOUNDING

Magnetotelluric sounding (MTS) was per-
formed in 2002-2004 by the group from Karpinsky
Russian Geological Research Institute (VSEGET)
along the profile 2-DV-A from Pevek Mountain to the
Valunistoye mine. Figure 3 illustrates a fragment of
the profile, the depth of which is limited to 3000 m,
because it is close to the total thickness of the Triassic
sedimentary rocks in this site of the works. The pro-
file runs along the southwestern flank of the Ichu-
veem arch-thrust uplift to the upper reaches of the
Palyavaam River. The geoelectric section crosses the
Upper Jurassic — Lower Cretaceous sedimentary-
volcanogenic sequence at a distance of about 12—
15 km from Pevek. This sequence is a part of the Any-
uy subterrane. Further up to 40 km, the section cross-
es the zone of the Pevek submeridional deep fault,
dividing the Anyuy and Chaun subterranes.

Up to 150 km, the section of the profile is repre-
sented by the Triassic sedimentary rocks, which are
underlain by the Paleozoic sedimentary rocks at a
depth of more than 3000 m. The sedimentary rocks
are ruptured by dikes and massifs of magmatic rocks,
broken by numerous normal faults and thrust faults.
The complete geoelectric sections are presented on-
line at VSEGEI website: Section-2-DV-A_ Geoelec
raz_0-225 km.jpg (https://vsegei.ru/ru/info/gisat-
las/dvfo/chukotsky ao/index.php).

Using results of the MTS in geologically and
geocryologically similar areas of the Northeast of
Russia [Khasanov and Sharafutdinov, 2011], the au-
thor distinguished the blocks of monolithic magmatic
and metamorphosed rocks with electrical resistivity
(ER) > 398 Ohm-m in the studied geoelectric sec-
tion. Their water-bearing capacity is manifested in
the form of narrow sub-vertical bands with an electri-
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Fig. 3. The geoelectric section of the southern margin of the Chukotka Upland in the segment of 10—150 km

from Pevek.

Based on an enlarged fragment of the geoelectric and seismic profile 2-DV-A (vsegei.ru/ru/info.../2021). Electrical resistivity of
the zones (Ohm-m): 7 — <25.1; 2 — 25.1-32.8; 3 — 32.8-158; 4 — 158-358; 5 — 358—1000; 6 — 1000—10,000; 7 — >10,000; 8 — fault.

cal resistivity of 25.1-39.8 Ohm-m. By conditions of
the groundwater occurrence, such blocks are typical
hydrogeological massifs.

The near-surface continuous band, which shape
partly repeats the topography, is also characterized by
high electrical resistivity. Its thickness varies from
200 to 400 m. Two belts with approximately equal
thickness are distinguished in the band: the upper
belt with ER from 158 to 251 Ohm-m, and the lower
belt with ER of 252-398 Ohm-m. The author consid-
ers the continuous band as permafrost, which consists
of the upper belt — an ice-bearing layer of regionally
fractured rocks and the lower belt — frozen rocks ly-
ing deeper than the zone of hypergene fracturing.

The cryogenic aquiclude lies on the Triassic sub-
permafrost sedimentary formations with relatively
low resistivity, their ER ranges from less than 25.1 to
158 Ohm-m. The ER value in this case reflects water
transmissivity of rocks or specific flow rates of the
wells and groundwater mineralization determined
by pumping. For example, in the profile interval of
102-105 km in the valley of the Sredny Inchoun Ri-
ver, permafrost lies on the layer with ER less than
25.1 Ohm-m. Earlier, the well 302 m deep was drilled
here. Confined subpermafrost waters were encoun-
tered at the depth of 217 m and the water level rose
above the wellhead by 34.6 m. In pumping on
26.06.1991, a constant flow rate of 12.5 L/s was
obtained at 67.4-m lowering, g = 0.19 L/(s-m),
k, = 20 m?/day. A formula of the water composi-
tion is
HCO, 79 Cl 21

Na 72 Mg 19

The content of bicarbonate ion is 756 mg/dm3.
The data of this well reflect the hydrogeological fea-
tures of the most low-resistance zone. Subpermafrost
strata are traced along the entire profile up to about

M 0.82 H6.3.

150 km, which is associated with the extensive devel-
opment of thrust faults. Therefore, the MTS results
quite clearly reflect the general hydrogeological and
permafrost features of the studied blocks of the
earth’s crust.

DISCUSSION

On the basis of drilling and sampling of wells,
underground mining, and interpretation of MTS re-
sults, we can conclude that there are two classes of
waters distributed in the subpermafrost setting — lo-
cal fracture waters and quasi-stratum fracture waters.
The local-fracture waters are typical for magmatic
rock massifs and for the dome of the Paleozoic region-
ally metamorphosed sequences. These waters also oc-
cur in the Mesozoic lithified sedimentary sequences.
Taking into account the fact that the thickness of the
cryogenic aquiclude on them exceeds the depth of hy-
pergenic fracturing, these massifs can be considered
analogous to the hydrogeological massifs previously
identified in Eastern Siberia [Shepelev et al., 1983].
While the local fracture waters are sufficiently stud-
ied and their relationship with fault zones is quite
clear, the quasi-stratum fracture waters are poorly
studied. Therefore, we emphasize that the quasi-stra-
tum fracturing develops in monolithic sedimentary
rocks, when their blocks move along thrust faults.
The tectonophysical consequences of such displace-
ments are actively studied [ Seminsky, 2003, Danielsen
and Dahlin, 2009; Seminsky et al., 2016]. According to
the established concepts, at the stage preceding the
displacement of blocks (strata), the zones of parage-
netically connected ruptures arise due to geological
pressure. These are the leading fractures of shear and
rupture, which form the fracturing zone. With further
growing of pressure, fractures enlarge; main fault
planes arise; a layer of tectonically crushed rocks
(cataclasites), which are often cemented by clays pro-
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duced by friction (mylonites), is formed along a strike
of the fault planes. The thickness of this layer in our
case does not exceed 10 m. However, because of low
water permeability, it can be considered as a confining
barrier, which divides the fracturing zone, developed
earlier, into two quasi-stratum reservoirs, poorly con-
nected in terms of hydrogeodynamics.

Tectonic activity is also manifested in the forma-
tion of sub-vertical faults or fractures, which are filled
with hydrothermal quartz, kaolin, ore minerals, etc.
These vein formations are also poorly permeable and,
together with the fault planes, form a network of rela-
tively impermeable screens, which divide the quasi-
stratum fracture reservoirs into fragments or sections.
These screens generally impede water exchange, but
do not prevent transmission of hydrostatic pressure.
This fact is confirmed by the connection of the field of
piezometric levels with slopes of the day surface.
Their hydrodynamic isolation is confirmed by rapid
(from 2-3 days to several weeks) drawdown of water
resources during pumping (up to drainage) of initial-
ly water-bearing rocks and by differences in the
chemical composition of water in the neighboring
sections.

The author believes that the long-term main-
taining of the cryogenic head, generated during freez-
ing under conditions of impeded outflow of subper-
mafrost waters, is also explained by poor interconnec-
tion of the aquiferous sections. The relatively small
size of freezing sections prevents the accumulation of
significant volumes of cryogenically metamorphosed
water and the creating of the heads, sufficient to de-
stroy natural impermeable barriers. Due to poorly
studied permafrost history of the Chukotka Upland,
the data on the geographically close region of Arctic
Yakutia have been involved to analyze the develop-
ment of permafrost in the Pleistocene and Holocene
[ Gavrilov et al., 2000; Gavrilov and Tumskoy, 2001,
Anisimov et al., 2002].

These data suggest that over the last 420 thou-
sand years, the spatial distribution of discontinuous
permafrost in the Chukotka Upland has not changed
dramatically. However, during the Holocene warm-
ing, the permafrost degraded with a decrease of its
thickness, apparently, no less than 1.5 times. There-
fore, in the mountain areas and river valleys, the frag-
mentary structure of the subpermafrost aquiferous
strata determined impeded water exchange and al-
lowed to preserve the cryogenic head and groundwa-
ters formed more than 420 thousand years ago. The
long-term contact of the groundwaters and host rocks
contributed to enrichment of waters with salts of car-
bonic acid due to interaction with carbonaceous-
clayey shales and with a chlorine ion leached from
them. Activity of water exchange is higher in the hy-
drogeological massifs of the fault zones. Therefore, it
is possible that the subpermafrost waters here is close
to the modern age.

60

CONCLUSIONS

Therefore, the results of drilling, underground
mining, and magnetotelluric sounding show the spe-
cific features of hydrogeological conditions in the
subpermafrost units in the east of the Chukotka Up-
land and lead to the following conclusions and recom-
mendations:

1. According to the conditions of the groundwa-
ter distribution and occurrence in the area of the Chu-
kotka Upland, the hydrogeological massifs with local
fracture waters were formed in the granitoid massifs
and in the Paleozoic metamorphosed rocks. A classic
example of such a massif is the Valkumey massif. The
unique natural reservoir was formed on the tectoni-
cally active arch-thrust uplifts. This reservoir consists
of fractured aquiferous rocks, divided into sections by
relatively impermeable screens. The last ones are rep-
resented by tectonic breccias, cemented by mylonite,
friction clays, quartz and kaolin, as well as by hydro-
thermal quartz and/or kaolin veins.

2. The sectional structure of the subpermafrost
units contributed to the formation of a cryogenic
head pressure under all topographic features, includ-
ing watersheds, with the head level higher than the
daylight surface and maintaining these heads up to
the present time. The hydrogeological structural fea-
tures outside the arch-thrust uplifts are poorly stu-
died. Drilling in the river valleys suggests the exis-
tence of the subpermafrost sectional structure in
these areas.

It is possible that the existence of confined sub-
permafrost waters in the watersheds with a static
level up to 54.3 m above the wellhead may be related
to the presence of local open taliks in the upper reach-
es of streams, for example, in the bottoms of former
glacial cirques or kars. Similar taliks are known in the
western part of the Chukotka Upland, and may exist
in the eastern part, too.

3. Existence of the subpermafrost sections with
the impeded water exchange at shallow depths is fa-
vorable for the creation of underground storage of
liquid products — fresh water for potable water sup-
ply, oil products, toxic liquid waste, etc.

4. Tt is necessary to conduct long-term regime
observations of the level, pressure, and composition
of subpermafrost waters, to study the age specifics of
groundwaters in the entire area of the Chukotka Up-
land and in the adjacent areas not only in river val-
leys, but also in watersheds.

5. We recommend implementing the MTS meth-
ods into the practice of areal and local permafrost-
hydrogeological studies.
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