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The article shows the relevance of rational use problems of natural resources and the
reproduction of natural resources of the Russian North in relation to the permafrost. Large-
scale projects as the construction and operation of the gas pipeline called the Power of Si-
beria and the oil pipeline East Siberia-Pacific Ocean, development of the largest diamonds,
gold, coal and uranium deposits significantly influence on this direction. The main aspect
of permafrost development associated with its instability under diverse influences and due
to its properties and composition is particularly considered. A special landscape approach
is highlighted in studying the consequences of development using the concept of “landscape
stability”. The direction of mining consequences for the permafrost can fundamentally vary
depending on the natural conditions of the field. Using various objects (transport, pipeline,
mining and etc.) as an example shown that mechanical disturbances are most significant for
the permafrost zone arising during the construction and operation of engineering structures,
laying of linear communications and mining activities. The most distinct and dangerous for
a variety of geotechnical objects of the permafrost zone is the activation of exogenous pro-
cesses such as thermokarst, thermoerosion, swelling, and etc. Particular emphasis is placed
on the fact that the geocryological methods of footings and foundations on the permafrost
grounds can improve engineering and geological conditions of the developed territories with
any complexity.

Keywords: rational use and reproduction of natural resources; permafrost grounds;
cryogenic processes; compensation measures systems.

COBPEMEHHOE COCTOAHHE TEXHOTEHHbIX
FTEOKPHOAOTMYECKHUX ITOCAEACTBHMH OCBOEHHA
MPHUPOAHBIX PECYPCOB POCCHHUCKOI'O CEBEPA

M.M. Illay, A.M. Yepenarosa'

B cmamve nokasana akmyanvHocmv npobsem payuoHanbHozo npupooonons3oea-
HUA U B0CHPOU3BOOCMBA NPUpodHbix pecypcos Poccutickoeo Cesepa npumenumenvro x
meppumopul passumus MHo20/IeMHeMEP3IbIX 20pHbIX nopod. Ocoboe 3HaUeHUe IO HA-
npaenenue npuobpemaem maxice 6 C653u ¢ peanusayueti MAKUx MAcUmabHbIx HPOeKos
KaK CMPOUmMensvCmeo u IKCNayamanus, CoomeencmeeHHo, 24306020, Ha3eanHozo «Cuna
Cubupu», u Heppmanozo — «Bocmounas Cubupv - Tuxuii Oxean» mpy6onposodos, pas-
pabomku KpynHetiuiux MecmoposxoeHuti anmasos, 3onoma, yens, ypana u m.o. Oco6o pac-
CMAMPUBACINCA OCHOBHOTE ACNEKN 0C60EHUS MEP3NILIX MO, 20PHBIX NOPOO, CBA3AHMDLLL
C UX HeyCMoUMUBOCMbI0 NPU PASHONAAHOBLIX U PA3HOYPOBHESbIX 6030elicBuUsax U 00y-
crosnenHvitl ux ceoticmeamu u cocrmasom. Oceeuén cneyuanvHoLii 1aHOmaPmHvILl noo-
X00 NpU U3yveHUuU NoCIe0CMBULl 0CB0EHUS C UCHONIb30BAHUEM NOHAMUS «YCHOUYUB0CHb
nanouwagpma». Ha npumepe paznHoob6pastvix 00vexmos (mMpaHcnopmmuix, mpy6onposo-
OHbIX, 20pHO000bIBAIOUWAUX U M. 0.) NOKA3AHO, MO 0715 KPUOTIUMO30HbL Haubosee Cyuie-
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CMBeHHbL MexaHuecKue HApYueHUs, B03HUKAIOUUE 6 X00e 6036e0eHUS U IKCHLYaAmAauUU
UHIEHEPHBIX COOPYHEHUTI U 000bI4Y NOTIE3HBIX UCKONAEMbIX — NPOKAOKA TUHEIIHbIX KOM-
MYHUKAUUTI, 20pHO000bI8a0U4As dessmenvHocmp. Haubonee omuémnusvim u onacHvim 07
PA3HOOOPASHDIX 2e0MEXHUHECKUX 00DeKO06 KPUONUMO30HbL NOCIeOCTNBUeM S6TIAeHC
AKMUBUIAUUL IK302eHHBIX NPOUECCOB, 6 HUCTe KOMOPLIX Npeob1adaom UsMeHeHUs Oe-
CMPYKIMUEH020 XAPAaKmepa: mepmoKapcm, mepmosposus, nyuenue u m. 0. Ocobuiii ynop
6 crmamve cOeNan Ha MOM, Yo CYWeCmeyousue 6 UHMEHEPHOU 2e0KPUOT02UL Merno0bl
cmMabunusauuu GyHOamMenmoe u OCHOBAHULI HA MEP3IbIX 2PYHIMAX MOYI YIyHUIUMb UH-
HeHepHO-2e0N102UecKUe YCTI0BUS 0C6AUBAEMbIX MePPUMOPULL TH000TI CIOMHOCTIU.

Knrouesvie cnosa: payuonanvroe npupooononv3oéarue, 60CHpoU3B00CHe0 npu-
POOHBIX pecypcos, MHO20emHeMEP3Tible NOPOObl, Be4HAS MepP3Ioma, KpuozeHHbvle npo-
Ueccol, CUCHeMbl KOMNEHCAYUOHHbLX Mep.
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Introduction. The problems of rational nature management and reproduction of
natural resources of the Russian North remain relevant for many decades. The first attempts
to develop the northern territories have already led to large-scale consequences and serious
problems in connection with the need to develop a system of compensation measures, their
implementation and monitoring the effectiveness [11, 23].

This direction also acquires special significance in connection with the implementation
of such large-scale projects as the construction and operation of gas pipeline called as the
Power of Siberia, and the oil pipeline East Siberia-Pacific Ocean (ESPO), and the development
of the largest deposits of gold, coal and uranium in South Yakutia.

The areas of permafrost development increased by 15-20%, thickness by 20-40 m, but the
temperature at a depth of 12 m decreased by 0.6°C according to the results of Melnikov Permafrost
Institute (MPI) researches during the development of the Taezhnoye iron ore deposit in South
Yakutia [24], thereby reflecting a significant severity of permafrost conditions. Such fairly active
and large-scale changes are associated with disturbances, and sometimes even destruction of the
soil cover, in local climatic conditions leading to redistribution of snow cover and changes in the
heat transfer conditions of the upper horizons of ground with the surface atmospheric stratum.

In the gold deposits of the Kuranakh group the changes had the opposite trend where
the ground temperature during mining increased by 0.4-0.8°C that led to a reduction in
the area of permafrost islands of frozen rocks, and its complete thawing in some cases. This
happened as a result of changes of hydrological and hydrogeological conditions during the
development of the facility. Thus, the direction of the mining consequences for the permafrost
can fundamentally be changed depending on the natural conditions of the deposits.

The implementation of not complicated rules will reduce the serious negative
consequences of the territories development formed by permafrost.

Special approaches to studying the development consequences. The emergence and
activation of exogenous geological processes is also advisable to consider from the perspective
of the landscape approach, which is based on the concept of the landscapes stability to
disturbances [15, 16]. It is usually understood as the ability of a geosystem to withstand the
technogenic activation of cryogenic processes with corresponding changes in the natural
complexes, in uncontrolled development can lead to irreversible environmental degradation
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and unacceptable engineering structures deformation. This direction has been successfully
developing for many years under the supervision of A.N. Fedorov [17, 18] at MPL

The systematic approach to the assessment and mapping of the permafrost component
of landscapes with the aim of identifying areas with varying degrees of danger to engineering
structures has become particularly relevant recently. All factors are typified by three or four
grades of risk of the development consequences and then compared in accessible ways. In this
case a simple summation of points is excluded, since the landscape response to the activation
of hazardous processes taking into account their natural value is encoded in the final score
[15]. Various mathematical methods such as correlation, regression, cluster analysis, and
others are used to identify the relation of factors.

In using the landscape base and database with specific values, each thematic factor should
be displayed in a separate layer (ice content, soil temperature) and then use its overlay. This is
quite time-consuming and not always objective. An express assessment of such heterogeneous
indicators with the derivation of integral index-coeflicients of permafrost sustainability and
environmental danger is carried out to facilitate the mapping [15]. The assessment procedure
using these indices is as follows [16]: selection of environmental danger factors, compilation
of a grade scale chart, assigning a score to each landscape, landscapes ranking by vulnerability
to development due to gradations of calculated indices and evaluation mapping.

The main consequences of cryolithozone technogenesis. The mechanical disturbances
arising during the construction and operation of engineering structures and mining activity
are the most significant for the permafrost zone. The most distinct and dangerous consequence
for various geotechnical objects of permafrost is the activation of exogenous processes.

Following cryogenic processes develop as a result of technogenesis under cryolithozone
conditions.

Thermokarst is closely associated with the development of large reservoir-forming
masses of ground ice and ice-covered Quaternary sediments, confined to floodplain plots,
I and II floodplain terraces in the valleys of watercourses and on flat or slightly curved
watershed spaces. Two generations can be distinguished among thermokarst forms. First
form of thermokarst micro relief includes minor depressions saucers and hollows. The minor
depressions are oval-shaped depressions with a diameter of 2-3 m and a depth 0f 0.2-0.3 m
formed by melting of thin layers of migration ice. The hollows have approximately the same
size, but more elongated configuration.

The origin of thermokarst forms is due to the general changes in the conditions of heat
exchange of the day surface in individual areas.

Thermoerosional origin has depressions formed by this process with a depth of several
meters and a length of hundreds meters (Fig. 1, 2). Another generation of the process is erosion
cuts, which have several stages of development, depending on the thickness and ice content
of the slope deposits. Particularly, erosion cuts weakly expressed on the ground with a depth
of only 20-30 cm are usually confined to the slopes of medium steepness with low thick and
low-ice deluvium. The erosion cuts of this generation are characterized by straightforwardness.

Delli on gentle slopes are significantly expressed on the terrain, overlained by heavy
ice deposits. Such thermoerosional forms are well developed, have a depth of 2-2.5 m and a
width of 30 m.

Compared to thermokarst and thermoerosion, the effect of frost weathering, which
is most active in the clay-carbonate rocks of the Cambrian and Ordovician, and forming
a rather thick (2-7 m) cryogenic weathering crust, which differs sharply from underlying
bedrock in its properties.
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Fig.1. Frost fissure along the ESPO pipeline. Photo by L.A. Gagarin.
Puc. 1. Moposo6oiiHble TpeluHbl 110 Tpacce Hedrenposoaa «BCTO». ®oto JI.A. TarapuHa.
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Fig. 2. Thermoerosion along the ESPO pipeline. Photo by I.V. Dorofeev.
Puc. 2. Tepmosposnus 1o Tpacce «<BCTO». Poto V.B. opodeesa (cM. 11B. $0oTO Ha 2 C. 06/10KKM).

Frost heaving of seasonal cycle soils occurs on the areas of lake-alluvial and lake-bog
development, alluvial sediments of floodplains and low terraces, where a hummocky and
tuberous-lowland microrelief is formed. The diameter of the bumps is 30-50 cm, the height
is 10-30 cm, rare up to 1.5 m across and 0.3-0.4 m high.

Long-term frost heave is confined to the sites of peatland development. Formed in this
separate slightly convex perennial swelling hummocks have a height of several meters.

Frost-cracking is developed only under the condition of a combination of the necessary
factors such as high soil moisture and its low temperatures, which cause large temperature
gradients in the active layer.

Using the example of one of the largest oil trunk pipelines in Siberia “Eastern Siberia —
Pacific Ocean” (ESPO), we show the whole variety of consequences of the technogenic impact
on the permafrost, typical for such grandiose linear structures.

During the design and construction of the pipeline, the opinions on the feasibility
and methods of its creation were completely ambiguous [19-21]. Among the public and
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experts, there were both supporters and opponents of the project with their own thoughts
and arguments. The main concerns were associated with the features of the natural
environment in the zone of influence of the object, which is characterized by complexity
and instability. One of the unobvious, but fundamentally correct in terms of reducing the
negative consequences of development was the decision of the creators of the pipeline to lay
it underground, proposed and justified at the MPI last century, and confirmed its reliability
at number of facilities in Yakutia and Eastern Siberia [22].

The diverse and multifaceted problem-oriented control over the consequences of
environmental impacts, including the permafrost and infrastructure facilities showed the level
of disruption can be assessed as moderate, limited by a track band with width of several hundred
meters. Suggested catastrophic intensification of exogenous processes as a result of special
preventive and compensatory measures have been prevented, and all major facilities are in a
stable condition. It should be especially noted, during pipeline laying at extra dangerous sections,
special technologies were used for increasing its stability. In particular, strongly fractured or
highly icy grounds were partially, and often completely, replaced by sediments with better
engineering and geological properties. This quite expensive approach, called the “excavation
method” [22], is very effective. Its application allowed to increase the reliability (Fig. 3-7).

> ; S ~

Fig.3. 2362-2364 km of ESPO, Gorbylakh river valley with the active development of thermokarst:
a — until the implementation of compensation measures in 2010; b - after 2016. Photo by S.I. Serikov.

Puc. 3.2362-2364 xm "BCTO", gonuua p. Top6blax ¢ aKTUBHBIM PasBUTIEM TEPMOKAPCTA: & — JI0
IIpOBeeHNsI KOMIIEHCAMOHHbIX Mep B 2010 r.; 6 — mocie 2016 r. ®oto C.J. Cepuxosa(cm. 1B. poto
Ha 2 C. OOJIOXKKM).

Fig. 4. The damping process of lateral thermoerosion in the area of the Maly Urkan river, 2631 km
of ESPO: a - 2010, b — 2016. Photo by S.I. Serikov.

Puc. 4. 3aTyxaromuit mporjecc 60KOBOI TepMOPO3NUN Ha yyacTKe p. Manblit YpkaH, 2631 km
«BCTO».a -2010T., 6 - 2016 r. ®oro C.V. Cepuxosa.
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Fig. 5. The transition to the 2125 km of ESPO through the extensive gauge Katera creek: a - 2010,
b - 2012, ¢ - 2016. Photo by S.I. Serikov

Puc. 5. Tlepexop Ha 2125 kM «BCTO» 4epes ob6umpHyo Mapb pyd. Karepa (a - 2010 1., 6 - 2012,
B - 2016 1.). ®oro C.J1. CepukoBa

Fig. 6. ESPO sections with an organized technological highway along the pipeline in the conditions
of continuous distribution of permafrost. Photo by S.I. Serikov.

Puc. 6. Yuactku «BCTO» ¢ OpraHu30BaHHOII TEXHOTIOTMYECKOIT aBTOZOPOTOIL BAO/Ib TPYOOIIpO-
BOJIa B YCTIOBMAX CIUIOLTHOTO PAacIIpOCTpaHeHMsA MHOToIeTHeMEP3ibix nopof. Poto C.JI. Cepukopa.

The earthquake that occurred on the 12th of December 2016 in the Amur Region with an
epicenter 85 km east of Skovorodino with a magnitude of 5 and an intensity of 5-5.5 points
became a serious test for the object reliability According to the official deputy of “Transneft”
Igor Demin [10], "the impact of such a powerful natural factor did not affect the operation of
the pipeline and all ESPO facilities continued to operate normally."

Analysis of Figs. 3-6 convincingly indicates that negative exogenous processes of a
destructive orientation (thermokarst, thermoerosion, and etc.), which sharply intensified
at the beginning of development, significantly stabilized as a result of correctly selected
measures. This made it possible to bring previously disturbed geosystems to a stable state
(Fig. 4b, 5b, 6).

In recent years, researchers of Melnikov Permafrost Institute conducted geocryological
studies in the areas of ESPO. It has been established that during the operation of the oil
transportation system, stabilization of geocryological conditions occurs, which favors an
increase in the reliability of the facility. Above the results of compensating measures were
given that significantly reduced the negative consequences of the activation of exogenous
processes at the beginning of the creation of ESPO. Along with this direction, studies of MPI
in all previously developed and repeatedly examined sections of the pipeline have recently
recorded a clear trend of decreasing amplitude and lowering the temperature of active
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layer. So, the average annual temperature of frozen ground in the area on the monitoring
geothermal site at the section of the transition "ESPO" across the river Gorbylakh for 2007-16
decreased by 1.1°C - from -1.4 to -2.5°C (Fig. 7). At the same time, on the site of Katera creek
(2125 km ESPO), within the development of unfrozen rocks, the amplitude of fluctuations in
their temperatures from 2008 to 2016 changed very little and it is close to 4.0-5.0°C - from
1.8 to 6.8°C (Fig. 8).
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Fig. 7. The average annual temperature at a depth of 1.0 m at the monitoring geothermal site at the
ESPO transition section across the Gorbylakh river (2362-2363 km) for 2007-2016.

Puc. 7. CpenneronoBast TeMmieparypa Ha rry6yHe 1,0 M Ha Te0TepMaIbHOM y9acTKe MOHUTOPYH-
ra Ha nepexoiHoM yyactke BCTO uepes pexy I'op6bimax (2362-2363 kM) 3a 2007-16 r.
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Fig. 8: Long-term course of rock temperature from 2008 to 2016 (at a depth of 1.0 m), section of
the Katera creek, 2125 km of ESPO.

Puc. 8: MHOToJIeTHUIT X0 TeMIlepaTypsl TOpHBIX mopoy ¢ 2008 mo 2016 rr. (Ha ry6buse 1,0 M),
y4acTok pyubs Katepa, 2125 km BCTO.

Within the area of the Maly Urkan river (2,631 km of ESPO) a gradual increase in the
amplitude of ground temperature fluctuations from 7 to 17°C was recorded from 2009 to
2014., and then until 2016, this characteristic sharply decreased to 5°C (Fig. 9). Thus, changes
in rock temperatures occurring in different sections of ESPO, although with different
intensities depending on surface conditions, but on the whole clearly indicate a significant
improvement in the engineering-geological conditions of the rocks of the route and an
increase in the reliability of the pipeline.

In recent years S.P. Varlamov and P.N. Skryabin [5] scientists of MPI using the
example of Central Yakutia described in detail the problem of the influence of various
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Fig. 9. The long-term course of ground temperature from 2009 to 2015 at a depth of 1.0 m. Site of
Maly Urkan river, 2631 km of the ESPO.

Puc. 9. MHoroeTHMI X0f TeMIlepaTypsl rpyHTa ¢ 2009 mo 2015 r. Ha rry6use 1,0 M. Y4acTok
pexyt Marnbiit Ypkan, 2631 km ot BCTO.

types of technogenesis on soil temperature. Various types of disturbance of surface natural
conditions are considered: disturbance and destruction of soil cover, fires, and etc., the long-
term variability of the average annual temperature of grounds of disturbed landscapes is
quantitatively evaluated depending on the types and stages of damage and self-restoration
of vegetation. The influence of various engineering objects on the temperature regime of
soils is estimated. So car embankments of small height usually have an insulating effect on
the underlying soil, as well as in the case of filling with waterlogged material. For railway
embankments covered in the cold season, a rise in the upper boundary of the permafrost and
penetration of the frozen zone into the body of the object was revealed, and during the filling
during the warm period, foci of unfrozen rocks are formed at its base.

To quantify the effect of disturbances on the thermal regime of soils, field observations
were organized in the sandy ridge, low terraces, alas, and flat types of terrain [14]. Clear and
selective cutting of pine forests in old burnt areas located on the sand ridge and at the top
of the watershed led to an increase of the rocks temperature by 0.3-0.5°C and the formation
of subpermafrost taliks. Selective cutting in 1992 and fire on a gentle slope with pine-larch
in 2002 after 6 years led to an increase of the rock temperature by 0.2°C and an increase of
thawing depth by 1.2 m. Selective cutting and ground fire in 1997 on the gentle slope of the
watershed with pine-larch increased the rocks temperature by 0.8°C and increased thawing
by 0.9 m after 11 years. A sharp increase in the thickness of thaw depth is due to the influence
of a high-water spring in the last 2 years.

It has been established that in various types of terrain pyrogenesis leads to an increase in
the seasonal thaw depth by 0.3-1.2 m and an increase in ground temperature at the bottom
of the layer of annual heat circulation by 0.4-1.1°C. These changes resulting from fires are
especially dangerous in the type of terrain with close to surface occurrence at a depth of
1.5-2 m of highly icy deposits with the active development of negative cryogenic processes
threaten the stability of engineering objects.

The monitoring studies have made it possible to quantify the spatiotemporal variability
of the thermal regime of soils in pyrogenic territories. The dynamics of the thermal state
of the rocks is determined by the age of the burnt areas and the stages of vegetation cover
development. The research results were used in the construction of the northern section of
the Tommot-Yakutsk railway.
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Assessment of technogenic effects of on permafrost. Recently, quantitative methods
have been developed for assessing the adverse effects of changes in permafrost as a result
of technogenesis and forecasts have been compiled for different landscape conditions. In
engineering estimates of the geocryological hazards associated with the destruction of
buildings and structures on frozen ground, a number of studies have used various options
for quantitative forecasts [1-3, 29-31]. In general terms, it was found that the probability of
the development of destructive geocryological processes becomes maximum when a large
amount of ice is contained in frozen ground, with significant depths of seasonal thawing of
soils and disturbance of the soil and plant layer. In such areas precipitation and failure of
thawing base soils are possible due to intense thermal karst and thermal erosion.

Areas with the highest geocryological risk include the coast of the Kara Sea, a significant
part of the West Siberian Plain, Novaya Zemlya Island, the upper reaches of the Indigirka
and Kolyma basins, the southeastern part of Yakutia, Chukotka Peninsula and also part
of the permafrost in the north of European territory. In these areas, there is a developed
infrastructure of large settlements, in particular gas and oil producing complexes and
pipelines, the Bilibino nuclear power plant and related power lines. Permafrost degradation
on the coast of the Kara Sea can lead to a significant increase in coastal erosion, the coast will
recede annually by ten meters, as it is currently happening in the eastern Arctic sector [13].

The particular danger is the permafrost thawing on Novaya Zemlya in the territory of
radioactive waste storage. At the same time, in large areas of Yakutia and Western Siberia, the
reliability margin of engineering structures and permafrost structures, calculated taking into
account modern climatic trends allows them to remain in a stable state.

Another consequence of technogenesis in the North is the long-term development
of natural resources with the use of imperfect technologies of extraction and processing
of various types of raw materials, leading to the accumulation of several millions of tons
of dangerous toxic radioactive pollutants. An example of the formation of such negative
phenomena is the Norilsk industrial district [8], where the content of sulfates in the soils
of the enclosing dams of the tailing dump No. 1 of the Norilsk enriching factory reaches
25-30 g/1, 5-8 g/l of chlorides, and concentrations of copper, nickel and other heavy metals
are excessive. Currently, the pollutants inside the drives are located in a conserved frozen
bound state, however, when permafrost thawing would engage in the cycle of nature, through
the transit water streams going to the Arctic and Pacific basins, can destroy not only the
ecosystems of the North, but also ecosystems of the World Ocean

With an increase of river flow associated with the thawing of ground ice, it is possible
to increase the desalination of the seas and the warming of the Arctic basin, the subsequent
tangible increase in flow to the World Ocean, and increasing its level

One important circumstance of particular note is the reduction in geocryological
severity as a result of recent climate change. Most of the specialists who noted this
phenomenon, assign a negative effect to frozen ground and cause an increase in the depth
of seasonal thawing of rocks, which causes activation of cryogenic processes, a decrease
in the bearing capacity of the bases of geotechnical objects and a violation of their stable
state, etc. [6, 13]. At the same time, many of the predicted consequences of changes in
permafrost conditions are very favorable for the nature of Russia. These include: reducing
the severity of the climate in the Northern regions and the associated significant reduction
in heating costs; reducing peak loads in power systems, energy consumption, improving
conditions and lengthening the period of outdoor work in winter, a positive impact on the
health of the population; improving agro-climatic indicators, expanding the productive
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land area, increasing the length of the growing season and the possibility of more intensive
and productive agricultural activities.

Conclusion. The results indicate the possibility to predict the future dynamics of
permafrost in the context of climate change, as well as quantify assessment. Thus, the
zoning of the territory according to the degree of geocryological danger allows to predict the
possibility of emergency situations and its specifics, and to take the necessary measures to
minimize the negative consequences, including the development of compensation measures.
Previously, such constructions were made by us to differentiate the territory of the Russian
Federation by living conditions, taking into account the geocryological situation [28].

The research results of Melnikov Permafrost Institute in different parts of permafrost
zone strongly suggest that sharply increasing in the early development of negative exogenous
processes of a destructive nature (thermokarst, thermoerosion, and etc.) can substantially
stabilize, what allows to lead a previously disturbed landscape in a stable state.

In recent years, scientists of MPI conducted geocryological studies on the sites of the
existing ESPO oil pipeline. It is established that during the operation of the oil transportation
system there is a stabilization of geocryological conditions, conducive to improving the
reliability of the object. Along with this direction researches of MPI on all earlier mastered
and repeatedly surveyed sites of the oil pipeline have recorded unambiguous trend decrease
in amplitude and decrease in temperature of active layer.

Existing methods of stabilization of footings and foundations on the permafrost ground
can be proposed as part of the overall strategy of adaptation to the upcoming changes in the
natural conditions of the Northern regions, aimed at minimizing the negative technogenic
consequences.
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