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Intensive warming in recent decades has led to a 
widespread reduction in cryosphere objects and a sig
nificant mass loss of glaciers (outside Greenland and 
Antarctica) equal to 220 ± 30 Gt/yr (2006–2015), as 
well as to an increase in the temperature of perma
frost by 0.29 ± 0.12°C (2007–2016) on average for 
the polar and high mountain regions of the world 
[IPCC, 2019]. In this regard, in the near future, con
siderable attention should be focused on research, 
primarily in those regions where multi-level nival-
glacial systems are located, in the material composi
tion of which ice and snow cover play a leading role, 
and which are sensitive to climatic changes [Kot-
lyakov, 2004]. One of the main methods of research in 
nival-glacial systems is the creation of real models 
that describe the dynamics of the objects included in 
them and their relationship both with one another 
and with other components of the environment [Kot-
lyakov et al., 1984]. In this type of modeling, reliable 
markers are used, for example, pollen grains, which 
reflect the relationship of elements in the studied ni
val-glacial system not only among themselves but 
also with natural systems of the same or adjacent hi
erarchical level. This is due to the fact that pollen is 
well preserved, as it has a shell resistant to external 

influences, and pollen spectra have already proven to 
be reliable indicators of paleoecological and paleocli
matic events, including those in the cryosphere [Festi 
et al., 2017; Brugger et al., 2018].

Pollen grains enter the cryosphere from the bio
sphere, mainly through the atmosphere as a result of 
sedimentation processes (dry deposition) or intra
cloud and undercloud washout (wet deposition). The 
contribution of dry deposition to the overall input of 
particles of biological origin from the atmosphere to 
the underlying surface in temperate latitudes can be 
only 10–20% [Ivlev, 1999], and its consideration is 
more important in local studies, since the contribu
tion of dry deposition is often leveled out [Fröhlich-
Nowoisky et al., 2016]. During wet deposition, snow 
washes away aerosols (including pollen grains) 
three–four times more efficiently than rain [Se-
menchenko, 2002]. However, studies devoted to the 
analysis of the supply and settling of pollen grains 
with atmospheric precipitation, especially in the form 
of snow, are scarce and localized [Malygina et al., 
2018; Kasprzyk, Borycka, 2019].

In Poland, such studies were sporadic and were 
conducted only during the snowfall period (March 
2018), when blossoming of Alnus sp. – one of the al
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The results of microscopic analysis of 118 samples of solid precipitation (snow) collected during the cold 
season of 2019/2020 at three key points located in the Altai Territory in the neighboring Altai–Sayan and To
bol–Irtysh glaciological regions and on their border are presented. In 45 samples (38%), advective pollen grains 
of trees (Betula sp., Pinus sp.) and herbs (Artemisia sp., family Asteraceae, Amranthaceae s.l. (incl. Chenopodia
ceae), Fabaceae, Poaceae) were identified. Territories were identified from which pollen grains arrived with air 
masses that caused precipitation during the cold season. Advective pollen of wormwood (Artemisia sp.) was 
brought from the territory of the Kazakh Upland and was determined in the snow of both glaciological regions 
and on their border. Pollen grains of Amaranthaceae s.l. (incl. Chenopodiaceae) were introduced from the plains 
of Kazakhstan and, partially, from the snow-free slopes of the Altai Mountains and from the Middle Ob Lowland. 
Pollen grains of Fabaceae family were only found in the snow of the Altai–Sayan glaciological region, while 
pollen grains of Poaceae family were found in the snow of the Tobol–Irtysh region; in the border zone of these 
two glaciological regions, pollen grains of these taxa were not found.

Keywords: pollen, winter precipitation (snow), Altai Territory, Altai–Sayan glaciological region, Tobol–Irtysh 
glaciological region.

Recommended citation: Kuryatnikova  N.A., Malygina  N.S., 2022. Sources of pollen grains in winter 
precipitation of the Altai Territory. Earth’s Cryosphere 26 (6), 3–12.
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lergenic plants – took place in Europe [Kasprzyk, Bo-
rycka, 2019]. In the Altai Territory, studies of the sup
ply of pollen grains with snow were carried out dur
ing the cold season of 2014/2015, when vegetation 
was completely absent. At the same time, pollen 
grains of Betula sp., Populus sp., Pinus sp., and Salix 
sp. were identified in the selected samples, and the 
main areas from which these grains could come as a 
result of secondary uplift from the underlying surface 
were identified [Malygina et al., 2018]. In continua
tion of this work, the authors selected three key re
search points located at a distance of about 300 km 
from one another in adjacent hierarchical units of gla
ciological zoning. This zoning [Kotlyakov, 1997] is es
sentially a physical-geographical zoning, in which 
glacial landscapes are in the foreground, and when 
distinguishing structural units, atmospheric circula
tion (for provinces) and macrorelief features (for re
gions) are taken into account.

The key research points are located in the Altai 
Territory (Fig. 1) in neighboring glaciological regions 
and at their junction and are characterized by differ
ent synoptic conditions due to differentiation in the 
amount of solar radiation and atmospheric circula
tion regimes [Kharlamova, 2013], which is reflected 
in the vegetation cover of the territories. Key point 
(KP) 1 is located in the Altai–Sayan region of the 
Atlantic–North Eurasian glaciological province [Kot-

lyakov, 1997] at 244 m a.s.l., in the area with zonal 
forest-steppe vegetation largely converted to crop
land. Within the valley-gully systems, there are 
meadow forb-grass steppes and grass-forb steppe 
meadows, aspen-birch gully forests, true and marshy 
meadows; along the Ob River terraces, pine and 
mixed forests [Vinokurov, Tsimbaley, 2016; Landscape 
map…, 2016]. Key point 2 is located in the Tobol–
Irtysh region of the Atlantic–Eurasian province at 
186 m a.s.l. in the subzone of the moderately arid 
steppe of the steppe zone of the Altai Territory. Zonal 
steppe vegetation is almost completely destroyed by 
plowing. Rich herb-turf-grass steppes, aspen-birch 
groves, and solonetz-salt marsh complexes are pre
served in badland areas; pine and mixed forests are 
present within the Kasmalinsky hollow of the ancient 
runoff. 

Key point 3 is located on the border of the To
bol–Irtysh and Altai–Sayan glaciological regions at 
181 m a.s.l. in the northwestern part of the subzone of 
the middle forest-steppe of the forest-steppe zone of 
the Altai Territory. Most of the zonal forest-steppe 
vegetation has been replaced by arable land. Meadow 
forb-grass steppes and grass-forb steppe meadows, 
aspen-birch gully forests, real and marshy meadows 
are widespread along the valleys, logs, and gullies; 
along the terraces of the Ob River, there are pine and 
mixed forests.

Fig. 1. Location of key points.
1 – state borders; 2 – border of Altai Territory; 3 – key point.
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The main goal of this work was to study the tax
onomic diversity of pollen grains in the snow that fell 
in neighboring glaciological regions (Altai–Sayan 
and Tobol–Irtysh) and in the zone of their contact, as 
well as to determine areas, from which advective pol
len grains were transported with air masses to assess 
the possibility of their further use as markers of the 
processes of matter input into the nival-glacial sys
tems.

METHODS

Sampling and microscopic analysis  
of precipitation

Snow samples, immediately after the end of each 
snowfall, were taken into cylindrical samplers with a 
volume that contained no less than the maximum 
daily amount of precipitation. Before use, the sam
plers were preliminarily washed with distilled water 
and installed immediately before the onset of precipi
tation. After the end of the snowfall, the obtained 
samples from the sampler were poured into plastic 
bags and hermetically sealed until the start of the 
analysis in order to exclude the secondary ingress of 
pollen. In total, during the cold period under study 
(from November 8, 2019 to March 10, 2020), 118 
snow samples were taken at three key points. It is im
portant to note that sampling was carried out during 
the period with a complete absence of vegetation, af
ter the formation of a stable snow cover, which acted 
as a limiting factor and limited the secondary rise of 
pollen grains from the underlying surface at the sam
pling site. Before treatment, the samples were stored 
at subzero temperatures. In the laboratory, the sam
ples were melted in the same polyethylene bags at 
room temperature, and then they were poured into 
prepared containers of a suitable volume, and 40% 
formalin was added to reduce the development of 
microflora. Further, according to the hydrobiological 
method [Abakumov et al., 1992], the samples were 
settled in a dark, cool place for 7–10 days, depending 
on the volume, and concentrated by decantation. The 
prepared samples were examined under a light micro
scope at 400× magnification and a Nageotte counting 
chamber with a volume of 0.2 mL was used to quantify 
the identified particles in a certain volume. Atlases 
[Kupriyanova, Aleshina, 1972, 1978; Dzyuba, 2005; 
Karpovich et al., 2015] and international databases 
[https://www.paldat.org/search/A; https://pollenatlas.
net/homepage] were used to identify the species.

Trajectory, synoptic,  
and cartographic analyses 

To determine the areas from whose territories 
pollen grains could come with air masses as a result of 
secondary uplift, trajectory analysis was used, the pa
rameters of which were adjusted relative to previ
ously tested options [Malygina et al., 2018]. To do 

this, for each date of precipitation, using the 
HYSPLIT model (Hybrid Single Particle Lagrangian 
Integrated Trajectory [https://www.ready.noaa.gov/
HYSPLIT.php]), we calculated the reverse trajectories 
of air masses.

The trajectories were built using the GDAS 
(Global Data Assimilation System) archive [https://
www.ncei.noaa.gov/products], which has a high spa
tial resolution (grid of 0.25° by 0.25°). The heights, 
for which the reverse trajectories of the movement of 
air masses were calculated, were chosen taking into 
account the fact that, entering the atmosphere, bio
logical particles, including pollen, are most often in 
the surface layer for the first time, the thickness of 
which depends on the nature of the underlying sur
face, time of day, temperature of environment, wind 
speed, and a number of other parameters. This layer 
of the atmosphere is characterized by the presence of 
turbulent flows that promote the movement of parti
cles not only in the horizontal but also in the vertical 
direction, while the vertical transport of particles 
from the lower layers to the upper layers is carried 
out under the action of convective flows, and the ho
rizontal transport is of advective nature [Semenchen-
ko, 2002].

The surface layer is the lowest part of the atmo
spheric boundary layer (ABL), but at its upper 
boundary it is covered by an inversion layer that pre
vents further vertical mixing of air masses and, as a 
result, limits the entry of particles into higher layers 
[Brunet et al., 2017]. At the same time, at the upper 
boundary of the ABL, the wind direction almost al
ways corresponds to the direction of the isobars, and 
the ABL heights can reach 1500–2000  m [Se-
menchenko, 2002]. In this regard, when calculating 
the reverse trajectories of the movement of air masses 
that cause precipitation, the ABL heights according 
to the ERA5 reanalysis data were used [https://www.
ecmwf.int/en/forecasts/datasets/reanalysis-datasets/
era5].

The reverse trajectories of the movement of air 
masses were calculated for a period of at least 120 h, 
which exceeded the most frequently used time inter
vals in aerobiological studies [Hernandez-Ceballos et 
al., 2014]. During this period, air masses could form 
over areas open from snow. The obtained reverse tra
jectories were then verified, first of all, using the ana
lysis of daily surface maps (AT-1000) and, if neces
sary, baric topography maps (AT-500) [http://www.
aari.ru/]. Also, data on changes in geopotential 
heights, wind directions and speeds from NCEP/
NCAR [https://www.esrl.noaa.gov/psd/data] for 
1000, 925, and 850 mbar were used. For each date of 
precipitation sampling, maps of the distribution of 
snow and ice cover [https://www.natice.noaa.gov/
pub/ims/ims_v3/ims_gif/ARCHIVE/EuAsia/2019/] 
were analyzed as the factors preventing he secondary 
rise of pollen grains from the underlying surface and 
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thereby limiting the number of potential areas from 
which pollen could come. For all the identified taxa, 
the areas of their distribution were analyzed for the 
territories corresponding to the routes of the reverse 
trajectories of air masses [http://www.euforgen.org/].

Thus, in the course of this work based on the pre
viously obtained results [Malygina et al., 2018], an 
approach was implemented that allows one to deter
mine the areas, from which pollen grains could come 
and fall with snow. Thus, we took fresh snow samples 
immediately after each snowfall during the cold sea
son at the selected key points and then analyzed them 
under a microscope to identify pollen grains. Further, 
both for the dates of precipitation and for previous 
periods (3–5 days), synoptic conditions were ana
lyzed and ABL heights were determined, which were 
subsequently used to calculate the reverse trajecto
ries of air masses that caused precipitation. In paral
lel, we analyzed the ranges of the identified taxa and 
the maps of snow cover distribution in order to deter
mine the areas, from which the isolated pollen grains 
could come.

RESULTS AND DISCUSSION

Pollen spectra in precipitation
The microscopic analysis showed that in 45 out 

of 118 (i.e., 38%) event snow samples taken at three 
key points, pollen grains of trees (Betula sp., Pinus 
sp.) and grasses (Artemisia sp., families Asteraceae, 
Amaranthaceae s.l. (incl. Chenopodiaceae), Fabaceae, 
Poaceae) were present. These pollen grains presum
ably had an advective nature of entry as a result of the 
secondary rise from the underlying surfaces of areas 
open from snow, over which air masses causing pre
cipitation could pass.

The maximum contribution (56%) to the forma
tion of the total spectrum was made by tree pollen 
dominated by pine (Pinus sp.) (32% of the total spec
trum); birch pollen (Betula sp.) was less frequent 
(24%) (Fig. 2). A large number of tree pollen grains is 
explained by the high pollen productivity of the trees 
and their anemophilic (wind-pollinated) pollination. 
Thus, birch pollen can be transported for a thousand 

kilometers, and pine pollen, due to morphological fea
tures (presence of dead-air spaces), for several thou
sand kilometers [Karpovich et al., 2015].

Grass pollen is more diverse than tree pollen, but 
its contribution to the total pollen spectrum was only 
44%, with pollen of the Asteraceae family (20%) 
dominating. A significant contribution (17%) to the 
overall spectrum was made by pollen grains of repre
sentatives of the Amaranthaceae s.l. (incl. Chenopo
diaceae), while pollen of other herbs was present in 
much lower amounts: wormwood (Artemisia sp.) 4%, 
cereals (Poaceae) 2%, legumes (Fabaceae) 1%. Grass 
pollen, unlike tree pollen, is mainly transported with
in the range, but under the influence of advective 
flows, it can rise to considerable heights and be trans
ported over long distances [Golovko, 2004].

The concentrations of pollen grains identified in 
the snow samples of each key point varied significant
ly (Table 1). Thus, the concentration of pollen of rep
resentatives of the family Asteraceae varied from 12 
(KP 1) to 960 grains/L (KP 3). Among tree pollen, 
the maximum concentration (up to 640 grains/L) 
was found for Betula sp. in single samples from KP 1 
and KP 3.

It should be noted that the taxonomic diversity 
of pollen grains identified in snow samples from three 
study sites is consistent with data obtained for an ice 
core sampled in Altai (Belukha massif) [Papina et al., 
2013]. The low taxonomic diversity of pollen spectra 
in cryosphere objects (glaciers, snowfields, snow cov
er, etc.) is associated with the features of their forma
tion, which is largely determined by circulation fea

Fig. 2. Taxonomic diversity in the total pollen spec-
trum of snow samples 2019/2020.

Ta b l e  1.	 Pollen concentration (grains/L)  
	 in snow samples

Taxon
Key point

1 2 3

Trees
Betula sp. −40 640

156
−36 250

145
−41 640

158
Pinus sp. −39 120

41
−20 500

127
−41 390

169
Herbs

Artemisia sp. −0 13
6

−0 252
84

−0 150
37

Asteraceae −12 109
54

−92 500
103

−35 960
205

Amaranthaceae s.l. 
(incl. Chenopodiaceae)

−22 24
23

−53 518
225

−26 118
57

Poaceae – −0 129
64

–

Fabaceae −0 112
24

– –

N o t e: Numerator, minimum and maximum values; de
nominator, average value.
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tures [Bourgeois, 2000], and the diversity of pollen 
spectra can often differ significantly from the diver
sity of vegetation in the studied area.

It is important to note that the maximum num
ber of samples (more than 40%) was taken at KP 3 on 
the border of glaciological areas; these samples were 
also characterized by the maximum number of identi
fied pollen grains (Fig. 3).

Of the seven identified taxa, only five were iden
tified in the samples from this point, and pine pollen 
(Pinus sp.) was dominant (34%) (Table 2), most of 
which was isolated in samples from the beginning of 
the cold season (Fig. 3). The contribution of pollen 
from representatives of the family Asteraceae and 
Betula sp. amounted to 26% and 21%, respectively, 
the maximum of which was also recorded in the sam
ples from the beginning of the cold season. The pollen 
of representatives of the family Amaranthaceae s.l. 
(incl. Chenopodiaceae) accounted for 16% of the to
tal spectrum and was identified in samples from the 
beginning and middle of the cold season. Pollen 
grains of Artemisia sp. were determined only in the 
snow sample taken on December 6, 2019, and their 
share in the total spectrum at this key point did not 
exceed 3% (Table 2).

At KP 1 in the cold season of 2019/2020, only 
31 snow samples were taken (27% of the total number 
of samples), in 13 of which pollen was isolated 
(Fig. 4). The pollen spectrum in the samples from this 
point was very diverse and was represented by six 
taxa. The spectrum was dominated by birch pollen 
(Betula sp.) (41%) (Table 2), and most of birch pollen 
grains were identified in the samples taken at the be

ginning of the cold season (Fig. 4), in contrast to 
birch pollen in samples from KP 2 and KP 3. Among 
herbs, as well as at KP 3, pollen of representatives of 
the fam. Asteraceae predominated.

In 39 snow samples taken at KP 2, 34% of the 
total number of pollen grains counted in all samples 
were identified. A distinctive feature of the pollen 
spectrum at KP 3 was the predominance (51%) of 
pollen grains of herbs represented by Artemisia sp. 
and Asteraceae, Amaranthaceae s.l. (incl. Chenopo
diaceae), and Poaceae families (Table 2).

The largest proportion of grass pollen was ac
counted for by representatives of the family Amaran
thaceae s.l. (incl. Chenopodiaceae) – 26%, which 

Fig. 3. Pollen diagram of key point 3.

Ta b l e  2.	 Contribution (%) of individual taxa 
	 to the total pollen spectrum of snow samples taken  
	 in the cold season of 2019/2020

Taxon
Key point

1 2 3
Trees

Betula sp. 41 10 21
Pinus sp. 26 39 34
Total tree pollen 67 49 55

Herbs
Artemisia sp. 3 5 3
Asteraceae 19 15 26
Amaranthaceae s.l. 
(incl. Chenopodiaceae)

8 26 16

Poaceae 0 5 0
Fabaceae 3 0 0
Total herb pollen 33 51 45
Total pollen spectrum 100 100 100



8

N.A. KURYATNIKOVA, N.S. MALYGINA

were isolated in samples from the beginning of the 
cold season of 2019/2020 (Fig. 5). The proportion of 
Chenopodiaceae here was three times higher than 
that at KP 1 and one and a half times higher than that 
at KP 3. In the spectrum from KP 2, pollen of Arte-
misia sp. constituted 5% of the total pollen spectrum 
(Table 2) and it was only found in the samples from 
December 2019, as well as at the other key points. 

Grass pollen (family Poaceae) was identified only in 
the spectrum of KP 2 and amounted to 5% (Table 2). 
Among the trees, pine pollen (Pinus sp.) prevailed 
(39%); it was detected in the samples taken during 
the first half of the cold season. share of birch (Betula 
sp.) pollen in the pollen spectrum from KP 2 reached 
10% and was the lowest in comparison with that at 
KP 1 and KP 3 (Table 2).

Fig. 4. Pollen diagram of key point 1.

Fig. 5. Pollen diagram of key point 2.
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Areas, from which pollen grains came and were 
deposited with snow from air masses

The procedure to determine these areas is ex
plained using the example of December 23, 2019, 
when pollen grains of wormwood (Artemisia sp.) were 
found in the sample taken at KP 2. 

– The reverse trajectories of air mass movement 
were calculated (HYSPIT model) for the ABL height 
and duration of 120 h (Fig. 6a), which corresponds to 
the duration of the natural synoptic period for the 
study area.

– The ABL heights obtained from ERA 5 were 
used in calculations, as they ensure pollen transporta
tion over considerable distances. Calculation with 
due account for the ABL heights is an important in
novation of the approach in contrast to standard 
heights (500, 1500, 3000 m) previously used by the 
authors [Malygina et al., 2018].

– An analysis of synoptic situations was per
formed according to the AT-1000 baric topography 
maps, average wind speeds and directions according 
to NCEP/NCAR and ERA 5 data [https://www.esrl.
noaa.gov/psd/data] for the heights of 1000, 925 and 
850 mbar for the dates of precipitation events and for 
previous 3–5 days in order to verify the calculated 
trajectories. 

– Delineation of the potential areas, from which 
the identified pollen grains could be brought. 

– An analysis of available materials on the distri
bution of the identified taxa in the territory of the 
formation of air masses and along their route to con
firm and refine the delineated areas.

– An analysis of the maps of snow cover distribu
tion [https://www.natice.noaa .gov/pub/ims/ims_v3/
ims_gif/ARCHIVE/EuAsia/] for the period of forma
tion and movement of air masses that caused precipi
tation along their trajectory in order to exclude areas 
covered with snow, which limited the secondary rise 
of pollen grains from the underlying surface. 

A comprehensive analysis of diverse data made it 
possible to determine that the air masses that caused 
snowfall on December 23, 2019 at KP 2 were formed 
over the Kazakh Uplands (Fig. 6a), which on this 
date and in advance (3–5 days) was free of snow, i.e., 
could act as a potential area for the entry of worm
wood pollen. The direction of the calculated reverse 
trajectories of air mass movement was consistent 
with the direction of the wind (southwest) according 
to the maps of average wind speeds and directions 
(NCEP/NCAR) (Fig. 6b). The performed analysis of 
baric topography maps showed that at the time of the 
formation of air masses over the territory of the Ka
zakh Uplands, ascending flows prevailed (advection 
was observed) and facilitated the rise of pollen grains 
into air masses from the underlying surfaces that 
were not yet covered with snow. The absence of snow 
cover at the time of air mass formation is confirmed 
by the snow cover distribution maps, according to 
which the territories of key points and adjacent areas 
within a radius of 300 km were covered with snow, 
whereas the areas over which the formation of air 
masses took place were still free of snow during that 
period. The participation of wormwood in the vegeta
tion cover of the Kazakh Uplands is significantly 

Fig. 6. Reverse trajectories of air mass movement (a) [https://www.ready.noaa.gov/HYSPLIT.php] and 
map of average wind speed and direction (b) [https://www.esrl.noaa.gov/psd/data] on December 23, 2019.
1 – state border; 2 – coastline; 3 – wind direction; 4 – key point.
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large [Polyakov, 1961], which confirms the fact that 
this territory could be a source of pollen grains. The 
application of the approach described above made it 
possible to reliably determine the areas, from which 
wormwood pollen grains were brought to be depos
ited with snowfall at KP 2 on December 23, 2019. 

For KP 1, pollen grains of wormwood (Artemisia 
sp.) were also introduced with air masses that formed 
over the Kazakh Uplands (Fig. 7). According to the 
analysis of the reverse trajectories of air masses, pol
len grains of the families Asteraceae and Fabaceae 
with a high degree of probability (up to 70%) were 
brought from the plains of Kazakhstan, which were 
free of snow. Pollen grains of Betula sp. and Pinus sp. 
were brought from the still or already snow-free 
slopes of the Altai Mountains and from the Middle 
Ob Lowland (Fig. 7).

Wormwood (Artemisia sp.) isolated in samples 
from KP  2 also came from the Kazakh Uplands 
(Fig. 7). Pollen grains of grasses (Poaceae) that were 
only identified in samples taken at KP 2 came from 
the plains of Kazakhstan (Fig. 7), from which the pol
len of Amaranthaceae s.l. (incl. Chenopodiaceae) was 
also introduced. Tree pollen (Betula sp., Pinus sp.) in 
samples from KP 2, as well as pollen of representa
tives of the family Asteraceae, came from the slopes of 
the Altai Mountains; at the beginning of the cold sea
son of 2019/2020, it could also come from the snow-
free areas of the Middle Ob Lowland. 

The maximum contribution to the pollen spec
trum at KP 3 at the border between the two glacio
logical regions was made by pollen grains of Betula sp. 
and Pinus sp. brought from the snow-free slopes of the 
Altai Mountains. As well as at KP 1 and KP 2, pollen 
of Artemisia sp. was brought from the snow-free areas 
of the Kazakh Uplands. Pollen grains of the families 
Asteraceae and Amaranthaceae s.l. (incl. Chenopodi

aceae) ocame with air masses formed over the plains 
of Kazakhstan (Fig. 7).

Thus, during the cold season of 2019/2020 at 
three key points located in neighboring glaciological 
regions and in the zone of their contact, the main ar
eas, from which pollen grains were brought and de
posited with snowfalls were identified: the plains of 
Kazakhstan, the mountainous territories of Altai, and 
the Middle Ob Lowland. The Kazakh Uplands be
came the common source for the entry of wormwood 
pollen (Artemisia sp.) with air masses that caused 
snowfall at all the three points in December 2019.

Tree pollen (Betula sp., Pinus sp.) identified in 
the snow was brought in with air masses predomi
nantly formed over snow-free slopes of the Altai 
Mountains and the Middle Ob Lowland. Pollen of 
Asteraceae family deposited with snowfall at KP 1 
was brought from the snow-free plains of Kazakhstan; 
at KP 2, from the Altai Mountains; and at KP 3, from 
the Middle Ob Lowland. Pollen grains of the Ama
ranthaceae s.l. (incl. Chenopodiaceae) and Poaceae 
families identified in snow samples from KP 2 were 
also brought from the snow-free plains of Kazakhstan. 
These areas also served as the source of pollen of the 
Asteraceae and Fabaceae families deposited with 
snow at KP 1.

CONCLUSIONS

1. Microscopic analysis of 118 snow samples tak
en immediately after snowfalls during the cold season 
of 2019/2020 in the Altai–Sayan and Tobol–Irtysh 
glaciological regions and in the zone of their contact 
showed the presence of pollen grains of trees (Betula 
sp., Pinus sp.) and herbs (Artemisia sp., families As
teraceae, Amaranthaceae s.l. (incl. Chenopodiaceae), 
Fabaceae and Poaceae) in 38% of the samples. The 
greatest contribution (57%) to the total pollen spec

Fig. 7. Areas of pollen grains supply to key points: 
(I) Kazakh Uplands, (II) plains of Kazakhstan, and (III) Altai Mountains and the Middle Ob Lowland.
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trum was made by trees, in particular, the pollen of 
Pinus sp. (32%) and Betula sp. (24%); among herbs, 
by the pollen of Asteraceae (21%) and Amarantha
ceae s.l. (incl. Chenopodiaceae) (17%) families, while 
the contribution of the pollen of Artemisia sp., fami
lies Poaceae and Fabaceae did not exceed 7%.

2. In the pollen spectrum of snow sampled in the 
Altai–Sayan glaciological region, tree pollen signifi
cantly dominated (67%); in the pollen spectrum of 
snow samples at the contact zone between the two 
glaciological regions, the contribution of tree pollen 
was lower (up to 55%); pollen of herbs predominated 
in the pollen spectrum of snow samples from the To
bol–Irtysh glaciological region (51%). These differ
ences can be largely due to the fact that the selected 
key points were found characterized neighboring gla
ciological regions belonging to different glaciological 
provinces.

3. The applied approach made it possible to de
termine the territories from which pollen grains came 
with snow to neighboring units of glaciological zon
ing (provinces and regions). It consisted of the event-
based sampling of precipitation, microscopic analysis 
of the samples, construction of reverse trajectories of 
air masses (HYSPLIT) with due account for the 
height of the ABL, analysis of the maps of snow and 
ice cover, as well as the maps of distribution ranges of 
identified vegetation taxa.

4. The main source of pollen grains of Artemisia 
sp. in the snow precipitated in neighboring glacio
logical regions and in the zone of their contact in De
cember 2019 became the Kazakh Uplands. This gives 
grounds to further use the pollen grains of this taxon 
as indicators of atmospheric transport and deposition 
with snowfalls in the Altai–Sayan and Tobol–Irtysh 
glaciological regions of not only pollen but also other 
particles of natural and anthropogenic origin during 
the cold season.

5. Territories from which pollen grains of the 
Amaranthaceae s.l. (incl. Chenopodiaceae) family 
were brought differed at the three key points. Thus, 
at KP 3 in the contact zone of the two glaciological 
regions, they came from both the plains of Kazakh
stan (North Kazakh and Turan plains) and from the 
Middle Ob Lowland, as well as from the snow-free 
slopes of the Altai Mountains. In this regard, when 
using these pollen grains as markers of atmospheric 
processes of the cold season in the Altai–Sayan and 
Tobol–Irtysh glaciological regions, it is necessary to 
take into account the results obtained for each of the 
hierarchical units of the glaciological zoning. 

6. Pollen grains of the family Fabaceae were iden
tified only in the snow of the Altai–Sayan glaciologi
cal region, while pollen grains of the family Poaceae 
were found only in the snow of the Tobol–Irtysh gla
ciological region. However, pollen grains of both taxa 
were not found in the contact zone of these glaciologi
cal regions. This gives reason to consider the possibil

ity of using pollen grains of each of these taxa to assess 
the pathways of air masses only for the glaciological 
region, where they were identified in the snow. 
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Under natural conditions, seasonally freezing and seasonally thawing soils are open systems of variable 
composition, structure, and properties. However, in engineering projects, to describe their thermal state, the 
values of thermal properties measured in laboratory on isolated samples of constant composition are used. To 
take into account the variability of the thermal properties of active layer soils under the influence of external 
factors, we propose a method for assessing the equivalent indicators of their volumetric heat capacity and ther
mal conductivity using a combined analysis of dynamics of the temperature and heat flow in soils based on 
long-term monitoring data. Monitoring of heat flow density and soil temperature is carried out in two areas, one 
of which characterizes the area of seasonal freezing, the second – the area of seasonal thawing of soils. A method 
has been developed for calculating the effective coefficients of thermal conductivity and heat capacity from 
monitoring data on temperature and heat flow in soils. A procedure for processing monitoring data is proposed, 
which makes it possible to determine the time-averaged effective values of the thermal conductivity coefficients 
and the heat capacity. The developed technique makes it possible to observe fluctuations in the coefficients of 
thermal conductivity and heat capacity in time series against the background of changes in the composition and 
external factors of heat transfer in seasonally freezing and seasonally thawing soils under natural conditions.

Keywords: permafrost, soils, active layer, thermophysical properties, heat flow, temperature regime, geocryo-
logical monitoring.

Recommended citation: Ostroumov  V.E., Fedorov-Davydov  D.G., Komarov  I.A., Shevchik  F.A., 
Koloskov  A.M., Volokitin  M.P., Goncharov  V.V., Bykhovets  S.S., Shabaev  V.P., Kholodov  A.L., Eremin  I.I., 
Kropachev D.Yu., Davydov S.P., Davydova A.I., 2022. A method for evaluating the thermophysical properties 
of seasonally freezing and seasonally thawing soils under natural conditions. Earth’s Cryosphere 26 (6), 13–20.

INTRODUCTION

In the areas of distribution of seasonally frozen 
and seasonally thawed soils and rocks, their thermal 
state largely determines the choice of the method of 
construction of engineering facilities, the type of 
foundations, and their operation. In particular, the 
prediction of the depths of the seasonally frozen 
(SFL) and seasonally thawed (STL) soil layers in en
gineering practice is performed by solving the bound
ary value problem of heat conduction with an explicit 
separation of the front, as well as approximate ana
lytical problems in an explicit or implicit form (tran

scendental, integral relations brought using library 
algorithms). In regulatory documents, the thickness 
of SFL and STL is estimated by the values of the nor
mative freezing–thawing depths or calculated by 
modifications of the Stefan formula [Bases and foun-
dations..., 2012]. The hydrophysical properties of dis
persed rocks and soils (natural and characteristic 
moisture), density, thermal conductivity coefficient, 
heat capacity, freezing point, and phase composition 
of water used in the calculations are determined 
either in laboratory conditions on samples of dis

Copyright © 2022 V.E. Ostroumov, D.G. Fedorov-Davydov, I.A. Komarov, F.A. Shevchik, A.M. Koloskov, M.P. Volokitin, 
V.V. Goncharov, S.S. Bykhovets, V.P. Shabaev, A.L. Kholodov, I.I. Eremin, D.Yu. Kropachev, S.P. Davydov, A.I. Davydova, 
All rights reserved.
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turbed or undisturbed composition, or in field condi
tions on the basis of a one-time testing.

However, under natural conditions, the proper
ties of soils and rocks of SFL and STL are very dy
namic due to changes in the content and phase state 
of water. Along with conductive heat transfer charac
terized by the coefficient of thermal conductivity, 
convective heat and water transfer occurs in soils (in
filtration of free water, migration of unfrozen water in 
the freezing zone to the freezing front, diffusion of 
water vapor and gases, and other processes). Impor
tant factors controlling the thermophysical proper
ties of dispersed rocks and soils, their composition 
and density, change under natural conditions as a re
sult of shrinkage, swelling, and heaving of soils and 
other processes associated with the restructuring of 
structural bonds. In addition, mass transfer in soils 
induces various exothermic and endothermic process
es (condensation and evaporation of liquid water in 
soil, sublimation–desublimation of ice, chemical and 
biochemical transformations), which contribute to 
the heat balance of SFL and STL, along with the pro
cesses of water freezing or ice melting in pores [Iva-
nov, 1969; Buldovich et al., 1978; Komarov, 2003; 
Zhirkov et al., 2018]. Forecasting the depth of season
al freezing and thawing of soils without taking into 
account these thermal effects can lead to significant 
errors. The influence of the variability of the listed 
factors on the effective values of the thermophysical 
properties of soils SFL and STL remains insufficiently 
studied.

The purpose of this work is to develop a metho
dology that allows, based on field measurements of 
the heat flow density (B) and temperature (T) of 
soils, to estimate the effective values of their volumet
ric heat capacity (Сe) and thermal conductivity coef
ficient (le), which change in time series against the 
background of external heat transfer factors in the 
seasonally freezing and seasonally thawing soils.

OBJECTS OF STUDY

The soils of two sites with different geocryologi
cal conditions were studied.

The first site of field observations (Pushchino site) 
characterizes soils in the area of seasonal freezing. 
The site is located in the center of the Russian Plain 
in the Zaokskaya part of Serpukhov district of the 
Moscow region on the southern outskirts of Push
chino. The studied gray forest soils are formed on the 
cover loam. Their bulk density is 1.49–1.54 g/cm3, 
and their water content is usually about 24–25% of 
the field water capacity. The grassy ground cover on 
the site is continuous, there is no woody vegetation. 
The climate of the region is temperate continental 
with moderately cold winters, warm summers and 
stable moisture. The monitoring area is located on a 
horizontal surface. There is a permanent observation 

post of integrated environmental monitoring pro
gram of the Institute of Physicochemical and Biolo
gical Problems of Soil Science RAS on it.

The mean annual temperature of rocks in the 
Pushchino area is +6.0°C. Soil freezing begins in early 
November, seasonal frost persists until mid-late 
March. According to the results of field observations 
in winter season of 2014/2015, the maximum freezing 
depth in the area ranged from 0.1 to 0.3 m. In the sea
sonally frozen soil layer, segregated ice formation was 
observed, which was accompanied by heaving and 
compaction of mineral interlayers. In the summer, the 
processes of soil drying and structuring take place, 
which leads to soil decompaction and an increase in 
its permeability for liquid and gaseous components. 
This, in turn, contributes to both subsoil and surface 
evaporation of water.

The second area of of field observations – Chersky 
site – belongs to the zone of seasonal thawing of per
mafrost-affected soils. The site is located in the sub
arctic zone on the right bank of the Kolyma River in 
its lower reaches (northeast of the Republic of Sakha 
(Yakutia)), on the southern outskirts of the village of 
Chersky. Here, ice-rich silty loams of the Late Pleis
tocene age with thick ice wedges occur from the sur
face; they are attributed to the yedoma suite [Deci-
sions…, 1987; Schirrmeister et al., 2013; Vasilchuk, Bu-
dantseva, 2018].

The point of heat flow and temperature measure
ments of STL rocks is located on a gentle slope (4–5°) 
of southern exposure, in a lichen-cowberry-green 
moss larch woodland with cryometamorphic pale soil. 
The peaty material on the soil surface has a thickness 
of up to 5 cm. The soil and underlying rocks are char
acterized by a high (2–14%) content of organic mat
ter represented mainly by weakly decomposed plant 
residues (detritus) heterogeneously distributed along 
the profile. At the site, long-term observations are 
carried out by the Northeastern Scientific Station of 
the Pacific Institute of Geography, Far Eastern 
Branch of the Russian Academy of Sciences under a 
comprehensive monitoring program, which includes 
meteorological, geocryological, geobotanical, and 
other works.

The climate of the region is sharply continental 
with a long cold winter period. The soil bulk density 
is 1.4 g/cm3. Usually, the soil is moistened to total 
water capacity; however, in summer, with prolonged 
droughts in the upper horizons, a decrease in the 
weight water content to 5–7% is observed. The mean 
annual rock temperature a depth of zero annual am
plitudes in 2022 was –2.6°C. Seasonal soil thawing at 
the Chersky site begins in mid-late May. About 80% 
of the STL thaws in June–July. In the first half of 
September, soil thawing practically stops. Complete 
freezing of the thawed layer usually occurs by mid-
January. According to long-term (1998–2020) obser
vations (point R18 “Mountain Rodinka” of the inter
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national CALM program), the average thickness of 
the layer of seasonal soil thawing is 81 cm. At the 
point of heat flow measurement, this value is equal to 
85 cm. At the monitoring site of soil temperature and 
heat flow, freezing of the STL is accompanied by 
heaving and cryogenic cracking. These processes con
tribute to the development of sublimation drying of 
the soil in winter. Since the site is located on a slope 
and is moistened, in the summer, suprapermafrost 
runoff is formed in the soil in some places, which af
fects the thermal state of the soil and underlying per
mafrost.

THE METHOD OF MEASURING HEAT FLOW 
AND SOIL TEMPERATURE IN THE FIELD 

CONDITIONS AND DETERMINATION  
OF THEIR THERMOPHYSICAL PROPERTIES  

IN A LABORATORY

Soil temperature measurements were carried out 
according to the methodology provided for by 
[Guidelines..., 1980] in an automated mode using 
semiconductor sensors instead of mercury thermom
eters. At the Pushchino site, soil temperature moni
toring was carried out using a measuring complex 
UGT DL-200 (Germany), which, based on a logger, 
combines the sensors of the meteorological station 
complex and soil temperature. Soil temperature sen
sors of the UGT system were installed at depths of 0, 
10, 40, and 80 cm. At both sites, the boundary be
tween live and dead vegetation was taken as the zero 
depth. Each sensor was placed in an uncased borehole 
filled with local soil after installation of the sensors. 
To reduce the mutual influence, the boreholes were 
spaced apart at a distance of 0.5 m from one another 
in accordance with the regulatory requirements 
[Guidelines..., 1980]. The measurements were carried 
out every minute, and the average values were re
corded in the logger’s memory every 15 minutes.

At the Chersky site, soil temperature measure
ments were carried out using MCDT sensors con
nected to an LCD-1/100-SC logger manufactured by 
SPA “Etalon” (Omsk). They were laid at depths of 0, 
20, 40, and 80 cm. The sensors, assembled in the form 
of a thermo-braid, were installed in a well without 
casing filled with local soil material after installation; 
the ground cover was also placed back. The interval 
between soil temperature measurements was 2 h. At 
both sites, the equipment used provided soil tempera
ture measurements with a sensitivity no worse than 
0.05°C.

Heat flow measurements in the soil at the first 
and second sites were carried out using heat flow 
density sensors DTP-0924 and data loggers  
LCD-1/100-SC manufactured by SPA “Etalon”. The 
sensors in the form of discs 100 mm in diameter and 
7 mm thick together with the LCD-1/100-SC logger 
provide a heat flow sensitivity of 0.4 W/m2. Heat 

flow sensors were installed in the soil in the wall of 
the pit. During installation, the distance between the 
sensors in the plan was 0.5 m. For each sensor, a niche 
was arranged in the wall of the pit in the form of a 
horizontal slot about 30 cm long and 2.0–2.5 cm high. 
in which the sensor was placed. Then the space above 
the sensor and the entire cavity in the wall of the pit 
were filled with the same suspension, and the soil re
moved from the pit was put back into place in layers. 
At the Pushchino site, heat flow sensors were in
stalled at depths of 5, 20, and 45 cm; at the Chersky 
site, at depths of 5, 40, and 65 cm. The interval be
tween measurements of the heat flow density at all 
depths was 1 h.

The effective values of thermal conductivity co
efficients le and heat capacity Сe of soils determined 
from the data of heat flow and temperature monitor
ing were compared with the values of thermal con
ductivity coefficients l and heat capacity C measured 
under laboratory conditions. Laboratory measure
ments were performed on soil samples taken at the 
Pushchino monitoring site. To assess the effect of soil 
moisture on their thermophysical properties, samples 
of disturbed structure (paste) with a given moisture 
content were studied. Measurements of C and l in 
the laboratory were carried out using a constant pow
er cylindrical probe using a KD2 Thermal Properties 
Analyzer (Decagon Devices, USA).

DATA PROCESSING 

To determine the effective value of the thermal 
conductivity coefficient le [W/(m⋅K)] according to 
the measured values of temperature and heat flow 
density, the formula was used

	 ( ) ( )l = − −1 1 2 1 2 ,e B H H T T 	 (1)

where: |B1| is the modulus of heat flow density, W/m2; 
(H1 – H2) is the depth difference (m) between heat 
flow sensors 1 and 2; and (T1 – T2) is the difference 
in average soil temperatures (K) at depths (H1 – H2).

The effective value of the soil volumetric heat 
capacity Ce (J/(m3⋅K)) was calculated by the formula

	
( )

( )( )
− t

=
− −

1 2

1 2 3 2

,e

B B
C

H H T T
	 (2)

where (B1 – B2) is the difference in heat flow density 
between sensors 1 and 2, W/m2; t is the time interval 
between measurements, s; (H1 – H2) is the depth dif
ference between heat flow sensors 1 and 2, m; (T3 – T2) 
is the difference in soil temperature (K) between the 
next and current measurements.

Formulas (1) and (2) are valid for the linear dis
tribution of soil temperature over depth and over 
time. Therefore, when estimating the values of Ce and 
le with their help, fragments of soil temperature se
ries were used as initial data, in which its values at 
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the boundaries of the calculated soil blocks remained 
constant within the allowable accuracy of thermom
etry (0.1 K). Additional possibilities for obtaining 
data are provided by averaging the values of le and Ce 
in fragments of the time sequence of the values of the 
heat flow and soil temperature. The average values of 
effective thermal conductivity ( )lm

e  and heat capac
ity ( )m

eC  are calculated using the following formulas 
(3) and (4):

	
−

g

= g= g

 D
l =  

D−   
∑ ∑

1

1 1
,

1

n n
m
e i

i

Tn B
Hn

	 (3)

where n  –  1 is the number of heat flow sensors in 
the first and second selected layers; n is the number 
of temperature sensors; g is the number of measure
ments of the temperature gradient; i is the number 
of heat flow measurements; Bi is the current value of 
the heat flow density; DTg is the current value of soil 
temperature; and DHg is the current value of the sensor 
location depth;
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e
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n H T
	 (4)

where n is the number of heat flow measurements; Bi 
is the current value of the heat flow intensity; Bi – 1 is 
the previous value of the intensity of the heat flow;  
ti is the time between measurements; DTt is the current 
temperature value; and DH is the current value of the 
sensor location depth.

The normality of the distribution of the obtained 
values was assessed by the Pearson criterion. The 

data, for which the following condition was fulfilled, 
were discarded:

	 − > n ,ia x S
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where n is a statistical criterion adopted depending on 
the number of values; S is the standard deviation; a  
is the average statistical value for each month; n is the 
number of characteristic values; and xi is a particular 
value of the characteristic.

The values of Ce and le obtained under the con
ditions +− <1 ,i i TT T s < ,i BB s  +− <1 ,i i BB B s  where 
sT, sB are the sensitivity of the temperature and heat 
flow meters, respectively, were also excluded from 
consideration.

The processing of the values lm
e  and m

eC  obta
ined by formulas (3) and (4) showed that they fit into 
the confidence interval ± ,a S  which makes it possi
ble to use averaged data in calculations.

EXAMPLES OF PROCESSING MONITORING 
DATA AND DISCUSSION OF THE RESULTS

Figures 1 and 2 show examples of the results of 
monitoring temperature T and heat flow density B in 
soils for both study areas. With increasing depth, 
there is a regular decrease in the amplitude of fluctua
tions in both temperature and heat flow density, as 

Fig. 1. Dynamics of soil temperature (T) at different depths (H): 
(a) soil of the seasonally frozen layer, Pushchino site, September 2014–September 2015; depths (1) 0, (2) 0.1, (3) 0.4, and (4) 0.8 m; 
(b) soil of the seasonally thawed layer, Chersky site, October 2014–September 2015; depths (1) 0, (2) 0.1, (3) 0.4, and (4) 0.8 m. 
The dates of measurements are indicated on the horizontal axis in the format day/month/year.



17

A METHOD FOR EVALUATING THE THERMOPHYSICAL PROPERTIES OF SEASONALLY FREEZING

Fig. 2. Dynamics of heat flow density (B) in soils at different depths (H): 
(a) soil of the seasonally frozen layer, Pushchino site, September 2014–September 2015; depths (1) 0.05, (2) 0.20, and (3) 0.45 m; 
(b) soil of the seasonally thawed layer, Chersky site, October 2014–September 2015; depths (1) 0.05, (2) 0.40, and (3) 0.65 m. 

Fig. 3. Effective values of soil heat capacity (Сe) at 
depths of (1) 5–20 cm and (2) 20–45 cm calculated 
using formula (2) according to monitoring data on 
heat flow and rock temperature at the Pushchino 
site. 

Fig. 4. Effective values of soil heat capacity (Сe) at 
depths of (1) 0–40 cm and (2) 40–85 cm, calculated 
by formula (2) according to monitoring data of heat 
flow and soil temperature at the Chersky site. 

well as an increase in the phase shift in daily and an
nual cycles. The dynamics of the indicators under 
consideration differ significantly in the snowless pe
riod and in the presence of snow cover. In both areas, 
diurnal temperature fluctuations, as a rule, do not 
penetrate through the snow mass.

Based on the results of monitoring the heat flow 
and soil temperature within the time series with heat 
transfer under quasistationary conditions at both 
monitoring sites, using formulas (1), (2), the effective 
values of the heat capacity and thermal conductivity 
of soils Сe and le were calculated.

For the SFL of the Pushchino site (Fig. 3), the 
lowest Сe values of about 1 MJ/(m3⋅K) are observed 
in summer and mid-December 2014 in the upper 
(5–20 cm) soil layer. These relatively low effective Сe 
values are close to the heat capacity values measured 
under laboratory conditions C, which increase with 
soil moisture from 1.2 to 3.2 MJ/(m3⋅K). In other 
cases, the effective Сe values turned out to be greater 
than the heat capacity values measured in the labora
tory, reaching 7 MJ/(m3⋅K). The observed excess of 
Сe over C in the upper horizon, which experiences 
freezing and thawing in winter, is explained by the 
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contribution of the heat of water phase transitions to 
the effective heat capacity of the soil. The high Сe va
lues observed in summer can be explained by their 
dependence on heat consumption during water eva
poration from the soil surface.

A similar picture is observed in the dynamics of 
the heat capacity of seasonally thawing soil (Fig. 4). 
Here, the values of the effective heat capacity in the 
lower layer (40–85 cm) are noticeably higher than 
those near the surface (0–40 cm). Freezing of the soil 
in the surface layer at the beginning of winter is ac
companied by an increase in the effective heat capac
ity, which is obviously related to the contribution of 
the heat of ice formation to Сe. The lowest Сe values 
in the upper part of the STL at the beginning and end 
of summer can be explained by a seasonal decrease in 
soil moisture.

Figure 5 shows the dynamics of the effective val
ues of the thermal conductivity coefficient le of sea
sonally freezing soil. The variability of le observed 
here from 0.3 to 2.2 W/(m⋅K) exceeds the range of 
values associated solely with conductive transfer 
(values of l measured in the laboratory vary from 
0.13 to 1.79 W/(m⋅K)). Fluctuations in le are ex
plained by the processes of convective transfer during 
infiltration of surface waters and during the transfer 
of the gas phase in the soil. The contribution of exo- 
and endothermic processes affecting the Сe value in 
soils to the le values, cannot be excluded.

The values of le for the seasonally thawing soil of 
the Chersky site are even more variable (Fig. 6). The 
lowest effective values of thermal conductivity were 
noted in the layers at the depths of 20–40 and 80–
85 cm in summer. Such dynamics of le is explained by 
the contribution of convective processes to heat 
transfer, as well as by the influence of exo- and endo

thermic transformations in soils under natural condi
tions.

For an approximate estimate of the possible con
tribution of the heat of evaporation to the effective 
values of the coefficients of thermal conductivity and 
heat capacity, we use formulas (1) and (2), replacing 
the measured B1 values in them with the value of the 
intensity of the flow spent on the evaporation of 
water from the soil surface. A.R. Konstantinov [1968] 
gives data on evaporation from the soil surface for 
June (the month with the most intense evaporation) 
of 27.7 kg/(m2⋅month) in the forests of the center of 
the Central Russian Upland (Moscow as the nearest 
station to the Pushchino site) and 21.6 kg/(m2⋅month) 
for the Kolyma Lowland (Srednekolymsk as the near
est station to the Chersky site). Taking into account 
the specific heat of water evaporation equal to 
2.4 MJ/kg, according to formulas (1) and (2), we find 
that the contribution of heat consumption for water 
evaporation to the effective values of the thermal con
ductivity coefficient is 1.2 and 1.9 W/(m⋅K) at the 
Pushchino and Chersky sites, respectively. The con
tributions of heat costs for water evaporation to the 
effective values of soil heat capacity calculated by for
mula (2) with the same replacement are 0.56 and 
0.35 MJ/(m3⋅K) for the Pushchino and Chersky sites. 
Therefore, the heat consumption for the evaporation 
of water from the soil can make a significant contri
bution to the observed excesses of le and Ce over l 
and C.

Along with the evaporation of water, the values 
of le and Ce are significantly affected by the processes 
of ice sublimation, convection of liquid and gaseous 
soil components, oxidation of organic matter, and 
other exo- and endothermic reactions. The study of 
the influence of these processes requires the involve

Fig. 6. Effective values of the thermal conductivity 
coefficient (le) of seasonally thawing soil (Chersky 
site) at depths of (1) 20–40 cm, (2) 40–80 cm, and 
(3) 80–85 cm calculated by formula (1). 

Fig. 5. Effective values of the thermal conductivity 
coefficient (le) of the soil (Pushchino site) at depths 
of (1) 0–10 cm, (2) 10–40 cm, and (3) 40–80 cm 
calculated by formula (1).
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ment of additional data on the moisture regime, mass 
transfer in soils, emission of gaseous phases, etc.

The variability of the effective thermophysical 
coefficients is also characteristic of the monthly aver
ages lm

e  and m
eC  (Table 1). At the Pushchino site,  

the lowest values lm
e  are observed in winter and in 

the middle of summer in the upper part of the soil 
profile, when soil moisture is minimal and water 
phase transitions do not occur in it. The highest val
ues of le are observed at the end of spring, which is 
probably caused by water evaporation. The lowest 
value of the effective heat capacity of the soil at the 
Pushchino site is observed in spring after thawing, 
and the highest value is observed at the beginning 
of winter, which may be due to the contribution of 

the heat of the phase transition of water during soil 
freezing.

At the Chersky site, the lowest effective values of 
the thermal conductivity of the soil are confined to 
the middle of summer and the middle of winter, when 
the intensity of phase transitions of water in the soil 
is minimal. The highest value of le was recorded in 
April during soil thawing. The lowest Ce values are 
also noted here in summer and winter, but it is in 
summer that the maximum Ce value occurs, which 
can be explained by the effect of water evaporation 
from the soil. The distribution in the soil profile and 
the dynamics of the effective values of thermophysi
cal parameters in both areas are complex, and addi
tional data are needed for their analysis.

Ta b l e  1.	 Averaged values of effective coefficients of thermal conductivity (3)  
	 and heat capacity (4) of soils at different depths in summer and winter periods

Month, year
lm

e , W/(m·K) C m
e , МJ/(m3⋅K)

0–0.1 m 0.1–0.4 m 0.4–0.8 m 0.05–0.20 m 0.20–0.45 m

Pushchino site
December 2013 1.04 ± 0.08 1.18 ± 0.06 1.00 ± 0.01 6.79 ± 0.99 4.52 ± 0.68
January 2014 0.51 ± 0.07 0.77 ± 0.11 0.99 ± 0.01 6.34 ± 0.96 4.67 ± 0.90
February 2014 0.33 ± 0.10 0.90 ± 0.18 0.92 ± 0.02 − −
April 2014 0.47 ± 0.79 0.90 ± 0.04 − 1.65 ± 0.56 3.33 ± 0.07
May 2014 0.56 ± 0.71 0.87 ± 0.03 1.00 ± 0.02 3.36 ± 0.45 4.02 ± 0.48
June 2014 0.35 ± 0.13 0.77 ± 0.03 0.97 ± 0.05 − 2.87 ± 1.98
July 2014 0.33 ± 0.02 0.53 ± 0.10 0.92 ± 0.02 − 5.50 ± 0.75
November 2014 − − 0.40 ± 0.09 − 3.92 ± 2.34
December 2014 0.65 ± 0.34 0.73 ± 0.36 0.81 ± 0.06 5.74 ± 1.89 −
January 2015 0.38 ± 0.11 1.07 ± 0.18 0.67 ± 0.03 5.80 ± 2.13 −
February 2015 − 0.77 ± 0.04 0.74 ± 0.01 5.66 ± 2.20 −
March 2015 0.37 ± 0.06 0.88 ± 0.06 0.62 ± 0.02 4.01 ± 2.07 −
April 2015 − − 0.92 ± 0.40 − 2.96 ± 2.45
May 2015 0.55 ± 0.14 1.10 ± 0.24 1.30 ± 0.24 3.60 ± 1.95 4.60 ± 1.45
June 2015 0.37 ± 0.15 0.73 ± 0.16 1.25 ± 0.05 − −

0–0.2 m 0.2–0.4 m 0.4–0.8 m 0.05–0.40 m 0.40–0.65 m
Chersky site

December 2014 1.30 ± 0.30 0.35 ± 0.03 1.06 ± 0.03 6.12 ± 0.78 4.56 ± 0.99
June 2015 − 0.28 ± 0.45 0.25 ± 0.01 4.88 ± 0.29 6.84 ± 0.14
October 2015 1.11 ± 0.30 − − 6.44 ± 0.56 −
January 2016 − 0.28 ± 0.01 1.35 ± 2.49 0.87 ± 0.01 3.13 ± 0.05
May 2016 − 4.07 ± 0.02 0.30 ± 0.52 − 0.96 ± 0.06
June 2016 1.27 ± 0.30 − 0.21 ± 0.01 5.72 ± 0.04 7.58 ± 0.14
October 2016 1.30 ± 0.30 − 0.68 ± 0.05 6.12 ± 0.41 3.48 ± 0.31
December 2016 − 4.84 ± 0.050 − 6.65 ± 0.42 3.80 ± 0.30
May 2017 0.83 ± 1.14 − 0.69 ± 0.59 − −
June 2017 − 8.45 ± 4.80 0.26 ± 0.01 6.56 ± 0.39 2.95 ± 0.31
September 2017 − 13.38 ± 1.37 0.26 ± 0.01 6.41 ± 0.39 3.00 ± 0.30
October 2017 0.79 ± 0.39 12.78 ± 3.02 0.65 ± 0.69 6.40 ± 0.38 3.08 ± 0.30
June 2018 0.76 ± 0.79 7.49 ± 0.23 0.27 ± 0.01 5.76 ± 0.14 3.20 ± 0.31
April 2019 − 17.80 ± 0.80 − 4.68 ± 0.34 4.04 ± 0.30
November 2019 − 15.78 ± 0.86 8.08 ± 0.77 − −
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CONCLUSIONS

The data of monitoring the heat flow density and 
soil temperature at two observation sites, which char
acterize the areas of seasonal freezing and seasonal 
thawing of soils in natural conditions, are considered. 
A technique for estimating the effective values of the 
coefficients of thermal conductivity and heat capacity 
of soils based on monitoring results is proposed. 
A procedure has been developed that makes it possi
ble to obtain time-averaged effective values of Сe and 
le. For control in the laboratory, on samples with a 
given water content, C and l were measured by the 
cylindrical probe method, which determines only the 
conductive heat transfer. The values of C and l are 
compared with the effective values of the Сe and le 
coefficients characterizing heat transfer in soils as in 
open natural systems.

The results show that Сe and le do not remain 
constant under natural conditions, but change sig
nificantly with time. The dependence of Сe and le on 
soil moisture only partly explains the observed differ
ences. In autumn and spring, during freezing and 
thawing of the soil, the effective coefficients Сe and le 
change significantly due to the heat of phase transi
tions during freezing of water and melting of ice. In 
summer, the observed anomalously high values of the 
effective coefficients Сe and le are probably associated 
with heat consumption for water evaporation from 
the soil. The thermal effects of water freezing and 
melting, as well as its evaporation, explain the main 
features of the observed dynamics of Сe and le. At the 
same time, to analyze the full picture of changes in 
these coefficients, additional data on condensation, 
sublimation, desublimation of water, oxidation of or
ganic matter, changes in soil structure, and other pro
cesses are required.

The proposed method for determining the effec
tive values of heat capacity and thermal conductivity 
(Сe and le) from temperature and heat flow monitor
ing data makes it possible to evaluate the thermo

physical properties of soils as quantitative values as
sociated not only with the conductive mechanism of 
heat transfer but also with the probable contribution 
of processes occurring in seasonally freezing and sea
sonally thawing soils under natural conditions to 
heat transfer.
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The construction of heated buildings in the Arctic is considered. To increase the bearing capacity of the 
foundations via their preservation in the frozen state, an environmentally friendly heat-insulating material ob
tained from the Arctic raw materials (opal-cristobalite and zeolite rocks) has been proposed. The aim of this 
work is to evaluate the efficiency of insulation layer made of granular foam-glass ceramic on the basis of nu
merical modeling of the thermal interaction between the heated building and the frozen base. We have investi
gated the influence of protective screens, construction parameters of a dome-shaped building, and the thickness 
of insulation layer on the thermal regime of a frozen base over 30 years in comparison with the option without 
the use of special engineering measures. Calculations indicate that the safe exploitation of a heated building 
without traditional seasonal cooling devices and a ventilated underground is only possible with the use of pro
tective screens. The building can have the shape of not only a dome but also an elongated ellipsoid of unlimited 
length. In this case, for building width of 6–8 m, the thickness of insulation layer should be 1.0–1.4 m. The 
proposed technology is promising to reduce the cost of low-rise Arctic construction, rational use of mineral 
resources, and preservation of the permafrost and Arctic landscapes.

Keywords: Arctic, permafrost, foundations, building construction, heat-insulating material.
Recommended citation: Ivanov K.S., Melnikova A.A., 2022. Construction of buildings in the Arctic with 

the application of granulated foam-glass ceramics in their bases. Earth’s Cryosphere 26 (6), 21–27.

INTRODUCTION

Natural resources and infrastructure of the 
Northern Sea Route are among governmental priori
ties of the future Arctic development [Fauser, 
Smirnov, 2018]. However, such economic and geo
graphical features as remoteness from the developed 
industrial regions and permafrost conditions hamper 
construction works and further development of vast 
Arctic territories. In this regard, improvement of con
struction technologies in the Arctic is an urgent task.

In Arctic conditions, construction is carried out 
according to the principle of preserving foundations 
in a frozen state, which increases the bearing capacity. 
Therefore, the key feature of construction in the Arc
tic is the thermal regime of the foundation, whose 
changes lead to permafrost thawing and may cause 
accidents [Melnikov et al., 2019]. In this regard, while 
constructing the heated buildings on permafrost, sea
sonal cooling devices (SCDs) are being applied. 
These devices support the frozen state of foundations 
decreasing the ground temperatures in winter despite 
the emitted heat from buildings. In studies of recent 
years, the best effect of SCDs coupled with thermal 
insulation layer has been documented. For example, 
extruded polystyrene foam boards decrease the heat 

flux from building to the frozen foundation in sum
mer, when SCDs are out of operation [Melnikov et al., 
2014]. 

Ventilated undergrounds are the engineering al
ternatives for maintaining the frozen state of founda
tions. For their deployment, pile supports are used 
with depths exceeding active layer to transfer the 
load on the frozen ground. Also, the technology of 
spatial frames (platforms) made of steel or wooden 
structures maintained directly on the surface is 
known. Having many points of support, such struc
tures contribute to the uniform distribution of the 
load on the ground, while at the same time having a 
ventilated underground [Vangool, 2018; Inzhutov et 
al., 2019].

It is necessary to mention the practice of con
structing roads and railways on permafrost with the 
use of artificial embankments that rise the upper ho
rizon of permafrost (UHP) up to their base. Thanks 
to this approach, the design standards for construc
tion on permafrost allow the use of peat, subsiding, 
high-ice, and other grounds as foundations. This en
sures high economic efficiency of construction. An ad
ditional cooling measure is the use of heat-insulating 

Copyright © 2022 K.S. Ivanov, A.A. Melnikova, All rights reserved.
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materials in the body of the embankment and screen 
structures (canopies) on the slopes of the embank
ment. Screen structures hinder snow accumulation, 
promote ventilation and cooling of embankment 
slopes in winter, and reduce the impact of solar radia
tion in summer [Wenjie et al., 2006; Kondratiev et al., 
2015; Chen et al., 2020].

Above mentioned engineering measures to en
sure the safe operation of buildings in the Arctic lead 
to an inevitable increase in construction costs. The 
remoteness of thousands of kilometers from the de
veloped industrial regions greatly increases the cost 
of construction materials and structures at the con
struction site. Therefore, the application of forefront 
engineering solutions is a necessary condition for 
Arctic construction from a practical point of view, but 
insufficient from an economic point of view. Solving 
the problem of rationalizing construction in the Arc
tic requires localizing the production of construction 
materials near objects under construction using local 
raw materials and energy resources.

Construction technologies in permafrost areas 
indicate the high efficiency and attest to the high de
mand for thermal insulation materials [Melnikov et 
al., 2014, 2019, 2021; Chen et al., 2020; Niu et al., 
2021]. Meanwhile, the Arctic territory has the largest 
raw material potential for their production in Rus
sia – the deposits of opal-cristobalite rocks of the 
Yamalo-Nenets Autonomous Okrug [Smirnov, Ivanov, 
2015] and zeolite rocks of Yakutia [Ivanov, 2021]. 
Publications of recent years indicate promising tech
nologies for the synthesis of inorganic heat-insulating 
materials with a cellular structure called foam glass 
ceramics produced from these rocks [Erofeev et al., 
2018; Goltsman et al., 2020; da Silva et al., 2021; Ko
novalova et al., 2021]. Due to its closed-porous struc
ture, the material has low water absorption, retains 
thermal insulation properties in the ground, and has 
the required strength for use in the foundations of 
buildings and structures in granular form [Ivanov, 
2021; Melnikov et al., 2021].

Further economic development of the Arctic will 
require hundreds of thousands of cubic meters of 
thermal insulation materials, where granular glass-
ceramic foam can find wide practical application. In
stead of traditional SCD and ventilated underground, 
in this work authors propose an alternative design 
solution in the form of a thermal insulation layer 
(TIL) insulating the building from the frozen founda
tion. Since the design standards for the permafrost 
require a rationale for the temperature regime for the 
entire period of operation, the purpose of this re
search is to evaluate the efficiency of using a proposed 
layer made of granular foam glass ceramics by numer
ical modeling of the thermal interaction between a 
heated building with a frozen foundation. 

MATERIALS AND METHODS

Modelling site is located in permafrost area in 
Novy Urengoy, Yamalo-Nenets Autonomous Okrug, 
Tyumen Region. The choice is determined by the cor
responding climatic characteristics, the availability of 
the required calculated data from engineering-geo
logical surveys, and raw material reserves in the form 
of nearby large deposits of opal-cristobalite rocks for 
producing granular foam glass ceramics [Smirnov, 
Ivanov, 2015].

Table 1 shows the climatic characteristics 
averaged for 2006–2020 according to the Urengoy 
weather station (no.  23453). The total solar ra
diation  is  given according to reference values 
[SP 131.13330.2012, 2015] reduced by considering 
average cloud conditions for the city of Tarko-Sale 
[Scientific..., 1998]. Mean annual ground temperature 
is –1.2°С at the lower boundary of zero annual ampli
tude depth (15 m), and active layer depth is 1.5 m. 
Base of the construction site is composed of fine 
slightly heaving sand with a low ice content (type 1) 
to a depth of 0.2 m and weakly decomposed peat with 
a low ice content (type 2) (0.2–5.5 m). The remain
ing section (5.5–15 m) consists of type 1 sediment. 

Ta b l e  1.	 Climatic characteristic of the construction area

Characteristic
Months

I II III IV V VI VII VIII IX X XI XII
Air temperature, °С –23.8 –20.8 –14.7 –5.7 –0.2 12.2 16.3 12.0 6.2 –3.5 –16.6 –20.9
Wind speed, m/s 2.9 2.7 3.2 3.6 3.6 3.3 3.1 2.8 3.0 3.2 2.6 2.8
Total solar radiation, W/m2 2 15 44 74 105 111 113 82 49 19 6 0
Snow depth, m 0.64 0.73 0.80 0.75 0.42 0.07 – – – 0.10 0.23 0.48

Ta b l e  2.	 Calculation ground characteristics

Ground 
type Wetness, % Temperature of 

freezing onset, °С

Thermal conductivity,  
W/(m⋅°С)

Specific heat capacity,  
kJ/(m3⋅°С) Heat of phase 

change, MJ/m3

thawed frozen thawed frozen
1 22 –0.28 1.85 2.18 2784 2120 108
2 124 –0.40 0.94 1.41 3444 2762 174
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The calculated characteristics of the foundation 
grounds are presented in Table  2. The regime of 
groundwater found at a depth of up to 3.8 m depends 
on the infiltration of atmospheric precipitation and 
has fluctuations of up to 1.0 m.

As the study object, we have chosen a dome-
shaped residential heated building with a minimum 
surface area of contact with the environment, which 
reduces heat loss through the walls. Technical ideas 
for the construction of energy-efficient residential ar
chitecturally expressive structures of aerodynamic 
shapes in the form of a sphere, dome, ellipsoid, lens, or 
cone are especially relevant in the climatic conditions 
of the Arctic and can be implemented in the near fu
ture [Inzhutov et al., 2019].

The dome-shaped building is mounted on a pre-
prepared layer made of granulated glass-ceramic foam 
laid in a geosynthetic shell. The material is produced 
in industrial quantities and has the following charac
teristics: fraction 5–20 mm, calculated coefficient of 
effective thermal conductivity 0.09 W/(m⋅°C), bulk 
density 280 kg/m3, compressive strength 1.8 MPa, 
specific heat capacity 260 kJ/(m⋅°C) [Melnikov et al., 
2021]. 

The proposed design solution has multifunction
ality and the following practical advantages:

1. Acting as a load-bearing element, the layer 
evenly transfers the load from the building without 
requiring special preparation of the natural base sur
face.

2. The layer is an artificial embankment that in
sulates a heated building from the frozen foundation 
by heat-insulating material.

3. The floor covering in the room is arranged 
over the surface of the layer, so there is no need for its 
thermal insulation, unlike a ventilated underground.

A cross section of the dome-shaped building is 
shown schematically in Fig. 1. The internal radius of 
the dome is accepted to be 4 m, taking into account 
the living area of the room equal to 50 m2. The thick
ness of the thermal insulation layer is taken to be 1 m; 
in terms of thermal resistance, this is equivalent to a 
0.3-m-thick layer of extruded polystyrene foam tradi
tionally used in the construction on permafrost [Mel-
nikov et al., 2014, 2019]. The material used for wall 
enclosing structures was lightweight concrete based 
on granulated glass-ceramic foam aggregate with a 
thermal conductivity of 0.12 W/(m⋅°C) and a heat 
capacity of 720 kJ/(m3⋅°C).

Predictive calculation of the frozen base temper
ature field was carried out using a modern numerical 
method for solving the equation of non-stationary 
thermal conductivity, considering phase transitions 
and the amount of unfrozen water in the ground 
[Melnikov et al., 2014, 2019]. In solving the plane 
axisymmetric problem of finding the temperature 
field of the dome-shaped building base, its right half-
plane was considered (Fig. 1) so that the left bound

ary of the calculation area adjoins the axis of the 
building.

The width of the calculation area was three times 
the internal radius of the dome in order to take into 
account the lateral temperature effect exerted by the 
surface. The vertical size of the calculation area cor
responded to the depth of the lower boundary of the 
zero annual amplitude layer. In this regard, at the 
lower boundary of the calculation area, boundary 
conditions of the first kind were accepted with a con
stant temperature of –1.2°C, equal to the mean an
nual ground temperature. At the lateral boundaries of 
the computational domain, the condition of heat flux 
being equal to zero was accepted, which corresponds 
to boundary conditions of the second kind.

Boundary conditions of the third kind corre
sponded to the upper boundary of calculation area, 
including building and surface. Air temperature in
side the building was accepted to be 23°С annually. 
For the surface, the mean monthly air temperature, 
total solar radiation, thermal resistance of the snow 
cover in winter (Table  1) and of the 0.1-m-thick 
surface turf with a thermal conductivity of 
0.52 W/(m⋅°C) were specified. The heat transfer coef
ficient on the surface was calculated depending on the 
wind speed and the presence of snow cover (Table 1) 
according to the method [Vabishchevich et al., 2017].

The calculation start date of January 15, 2020 
met the condition of installing a layer in winter in or
der to reduce the thermal impact in summer, when 
the dome construction was performed. The initial 
temperature distribution at the base corresponded to 
the borehole thermometry data on the start date of 
the calculation: from –6 to –4°C at a depth of 
0–0.3 m, from –4 to –0.8°C at a depth of 0.3–3 m, and 
from –0.8 to –1.2°C at depths 3–15 m. Predictive cal
culation of the temperature field of the base was car

Fig. 1. Cross-section of dome-shaped building: 
1 – natural location of UHP; 2 – normative location of UHP;  
3 – enclosing structure made from lightweight concrete 0.5 m 
thick; 4 – building’s axis of symmetry; 5 – inner living space;  
6 – layer of granular ceramic foam in a geosynthetic shell.
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ried out for the long operation of the building: up to 
30 years and 8 months, given the high rate of climate 
warming with an annual increase in the mean air tem
perature by 0.08°C [Pavlov et al., 2010]. The final cal
culated date of September 15 corresponded to the 
maximum active layer depth at the base.

RESULTS AND DISCUSSION

The results of calculating the thermal interac
tion of a building with a frozen foundation at the re
quired time are the temperature field consisting of 
a  set of temperature values of ground blocks 
0.05 × 0.05 m in size, into which the calculation area 
is divided. The position of the UHP at the base 
changes under the influence of the building, which 
characterizes the boundary between frozen and 
thawed ground. Thus, knowing the temperature field 
at the base, it is possible to visualize the UHP using 
an isotherm characterizing the temperature at which 
the ground begins to freeze (Table 2).

Figure 2 shows a reduced fragment of the calcu
lation area reflecting the dynamics of the position of 
the UHP directly under the dome-shaped building on 
a thermal insulation layer in comparison with a tradi
tional 1-m-high embankment composed of the local 
ground type 1. In the second case, the calculation 
considered the thermal resistance of the floor inside 
the building, which corresponded to the territorial 
standard value of 5.5 m⋅°С/W for floors above un
heated undergrounds of residential buildings.

The results of predictive calculation indicate sig
nificant dynamics of thawing at the frozen base. As a 
result, active layer depth under the central part of the 
building by September 2030 reaches 2.6 and 4.8 m for 
buildings on a thermal insulation layer and a tradi
tional ground embankment, respectively (right and 
left in Fig. 2). The significantly greater thaw depth of 

a building on an embankment confirms the efficiency 
of a heat-insulating layer. However, in the proposed 
form, the design solution does not allow achieving the 
normative (close to the thermal insulation layer) po
sition of the UHP (Fig. 1), which requires additional 
cooling measures.

In this regard, further calculations considered 
the year-round impact of screen structures installed 
along the perimeter of buildings. In winter, snow ac
cumulation occurs on the surface of the structure, so 
the thermal resistance of snow on the ground surface 
has not been taken into account.

It should be emphasized that screen structures 
and their supports must remain stable under the stan
dard snow load reaching 4 kPa for Arctic territories, 
according to [SP 20.13330.2016, 2018]. Taking this 
into account, their dimensions were limited to a 2.5-
m distance from the building wall, as shown in Fig. 3, 
where the screen structures are shown schematically. 
The design features of screen structures in the con
struction of transportation structures on permafrost 
are covered in more detail in Russian and foreign lit
erature [Wenjie et al., 2006; Kondratiev et al., 2015; 
Chen et al., 2020].

We considered the reflective effect of screen 
structures in the calculation from May to September 
by zeroing the values of total solar radiation (Table 1) 
when setting boundary conditions on the ground sur
face under the screens, which corresponds to the nat
ural and numerical experiments of the authors [Wen-
jie et al., 2006]. The dimensions of the dome, embank
ment, and layer were preserved. The results of 
modeling the impact of screen structures are present
ed in Fig. 3.

The additional cooling measure taken into ac
count in the calculation contributes to a significant 
cooling of the base under the building-enclosing 
structures, which is characterized by a rise of the 

Fig. 2.  Impact of ground embarkment (left) and 
thermal insulation layer (right) on the change of 
UHP: 
1 – artificial embarkment; 2 – building’s axis of symmetry; 
3 – thermal insulation layer; 4 – base surface; 5 – natural loca
tion of UHP; 6 – September 2022; 7 – September 2030.

Fig. 3. Impact of screen structures on the UHP for 
buildings on ground embarkment (left) and thermal 
insulation layer (right): 
1 – screen structure (shown schematically); 2 – building’s axis 
of symmetry; 3 – thermal insulation layer; 4 – base surface;  
5 – natural location of UHP; 6 – September 2022; 7 – Septem
ber 2030.
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UHP to the base of the embankment and the heat-
insulating layer (left and right in Fig. 3). In the case 
of the ground embankment, however, the formation 
of a 3.4-m-deep talik under the center of the building 
(by September 2030) requires the use of alternative 
measures: deployment of horizontal or inclined SCDs 
under the building or replacing the embankment with 
a ventilated underground. Due to its low efficiency, 
the embankment was not considered in further calcu
lations.

The efficiency of screen structures is noted when 
comparing the positions of the UHP in Fig. 2 and 
Fig. 3 (right) in the case of building a dome on a ther
mal insulation layer. Nevertheless, the dynamics of 
the talik formation under the center of the building 
with a depth of 1.4 m by September 2030 (Fig. 3, 
right) indicates that the UHP is not sufficiently close 
to the normative (Fig. 1). In order to minimize or 
completely eliminate the talik development at the 
base, authors changed the design parameters of the 
building in further predictive calculations: the di
mensions of the dome and the thickness of the heat-
insulating layer.

In the first case, we have reduced the internal ra
dius of the dome by 1.3 times (to 3 m). In order to 
maintain the accepted area of the room, the building 
took therefore an elongated ellipsoid shape. With a 
fixed width of the ellipsoid, the area of the room will 
depend on its length, which does not affect changes in 
the UHP in the cross-profile of the base, as well as in 
the case of linear engineering structures (roads, pipe
lines, etc). Thus, the area of the room can significant
ly exceed the accepted one and is only limited by the 
constructive length of the ellipsoidal building. In the 
second case, the thickness of the thermal insulation 
layer was increased to 1.4 m (approximately by a fac
tor of decreasing the radius of the dome) while main
taining the initial internal radius of the dome.

The results of modeling the thermal impact of 
buildings with structural changes made for the first 
and second cases are presented in Fig. 4 to the left 
and right of the axis of symmetry of buildings. It can 
be seen that the position of the talik by September 
2030 in both cases reaches the boundary of the frozen 
foundation at a depth of 0.2 m, i.e., weak-bearing 
ground of type 2 remains frozen. The position of the 
talik by September 2050 characterizes the insignifi
cant dynamics of thawing at the base to a depth of 
0.4 m only under the center of buildings. The remain
ing part of the base is characterized by the constant 
position of the UHP throughout 30 years of building 
operation and its almost complete approach to the 
base of the thermal insulation layer, i.e. to the norma
tive position in Fig. 1.

As seen from Fig. 4, safe operation of a heated 
dome-shaped building on a thermal insulation layer is 
possible only with the use of additional cooling mea
sures and considering the design parameters of the 

building. This is achieved, for example, by reducing 
the width of the building, or increasing the thickness 
of the layer; it is possible to completely prevent the 
thawing of weak-bearing ground at the base without 
removal, and also without the use of SCD and a ven
tilated underground.

The economic efficiency of a thermal insulation 
layer made of granular ceramic foam with a thickness 
of 1.4 m in comparison with the installation of a pile 
foundation with a ventilated underground is an al
most threefold reduction in cost per unit area. Based 
on the well-known practice of reducing costs by 30% 
when using horizontal SCD instead of a ventilated 
underground [Melnikov et al., 2014, 2019], savings in 
comparison with SCD reach a double value.

An additional economic effect is possible due to 
a reduction in transportation costs in the case of the 
production of granular glass-ceramic foam near Arc
tic construction sites using mobile complexes based 
on a railway platform [Melnikov et al., 2021]. The ma
terial is applicable as a filler in lightweight concrete 
used in the form of monolithic enclosing structures 
(domes, shells, etc.), blocks, wall panels, floor screeds, 
etc. Thus, granular glass-ceramic foam can replace 
traditional heat insulators (for example, polystyrene 
foam), whose transportation to the Arctic is unprofit
able.

A disadvantage of the proposed construction 
technology is the limitation of the width of an ellip
soid building (6 or 8 m in size), while the width of 
buildings supported by horizontal SCDs reaches 
100 m. In this regard, the construction zone will in
crease due to the additional area between buildings 
required for communications, passages, technical and 
economic needs, fire safety purposes, etc. Herewith, 
an ellipsoid building can have an unlimited length 
and area, and its plan configuration can differ from 
linear, taking the form of an arc, circle, torus, spiral, 
etc, despite the fixed width. Consequently, the loca
tion of ellipsoidal buildings in the built-up area 

Fig. 4. Impact of reduced (up to 3 m) inner radii of 
the dome (left) and increased (up to 1.4 m) thermal 
insulation layer (right) on the position of UHP: 
1 – screen structure (shown schematically); 2 – building’s axis 
of symmetry; 3 – thermal insulation layer; 4 – base surface;  
5 – natural location of UHP; 6 – September, 2022; 7 – Septem
ber, 2030.
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should be linked to their configuration in plan, con
sidering the possible thermal interaction of adjacent 
buildings.

Currently, there is practical experience in the use 
of granulated foam glass ceramics in the construction 
of a dome-shaped building in the Natural Rehabilita
tion Complex “GNEZDO” in Tyumen, Fig. 5. The 
building was built on a 0.4-m-thick thermal insula
tion layer, which eliminated frost heaving under con
ditions of deep (up to 2 m) seasonal freezing of the 
base, as well as reduced heat loss through the floor. 
Wall blocks made of granulated glass-ceramic foam 
laid on the concrete load-bearing shell of the dome 
were used in the building enclosing structures.

The modeling results indicate broad prospects 
for such construction in the Arctic. The high strength, 
hydrophobicity, low thermal conductivity, flowabili
ty, and fire safety of granular foam glass ceramics al
low the construction of dome-shaped and ellipsoidal 
buildings, which are not only an object of Arctic in
frastructure, but also an element of landscape design, 
as follows from Fig. 5. Thus, the proposed technical 
solution can ensure the safety of not only permafrost 
proper but also the entire natural landscape, a part of 
the Arctic ecosystem.

CONCLUSIONS

A technology for the Arctic construction of heat
ed low-rise dome-shaped buildings on a thermal insu
lation layer made of granular glass-ceramic foam is 
proposed. Mathematical modeling of the thermal in
teraction of a building with a frozen base made it pos
sible to estimate the influence of cooling measures 
and design parameters of buildings on the tempera
ture regime of the frozen base. Buildings on an ellip
soidal shape with a width of 6–8 m on a thermal insu
lation layer of 1.0–1.4 m in thickness meet the condi

tion for preserving the foundation in a frozen state. 
The cost of the ow-rise construction on permafrost is 
reduced because of the exclusion of seasonal cooling 
devices and ventilated undergrounds; localization of 
the the production of granular foam glass ceramics 
from local sources in remote Arctic territories also re
duces the cost of construction. The use of granular 
foam glass ceramics in the proposed design solutions 
contributes to the rational use of mineral resources 
and preservation of permafrost, Arctic landscapes, 
and ecosystems.
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Glaciation of the northern Baikal region is associated with the mountain ridges surrounding Lake Baikal. 
The underlying rocks are in the frozen state. The existing glaciers are remnants of the vast Pleistocene glaciation, 
and their area is subjected to continuous shrinking. The analysis of core samples from trees allowed us to recon
struct the climatic background of the glaciation changes in the recent past. A dendroclimatic curve is divided 
into two periods: the first period lasted until about 1860–1865, when the summer air temperature was almost 
always below the average temperature for the entire considered period (~16°С); the second part is characterized 
by the above-average temperatures. During the field work, the current state of the regional glaciation was de
scribed for the areas of the Baikalsky, Barguzinsky, and Verkhneangarsky ridges. The areas of glaciation were 
determined from the Landsat 7 and Sentinel-2 satellite images for 2000 and 2021 and were controlled by ortho
photoplans based on the UAV survey in August 2021. The maximum reduction of the area over 21 years is 
generally typical for small forms of glaciation and reaches 10–30% for the main glaciers. Data on temperature 
regimes of air and rock surface along an altitudinal profile in the Verkhneangarsky Ridge were obtained for the 
first time.
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INTRODUCTION

The northern Baikal region is characterized by 
the presence of several glacial groups confined to the 
Baikalsky, Barguzinsky, and Verkhneangarsky ridges 
(Fig. 1). Like all small forms, the glaciers are very 
sensitive to climate fluctuations and are unique in 
their existence near the southern boundary of the 
cryolithozone. They are mainly located in deep shad
ed cirques below the snow line and have mostly the 
northern, eastern, and southeastern exposures corre
sponding to directions of snowdrift transport. The 
studies of glaciation in this area began relatively re
cently, in the 1980s. The geocryological works were 
previously carried out only in the Baikal–Amur 
Mainline (BAM) area. Therefore, the obtained data 
complement the conceptions about the existence and 
interaction of different objects of the cryosphere in 
this zone. 

Annual tree rings hold a special place among the 
natural archives, which are used to study the envi
ronmental conditions, including climatic factors. 
A number of advantages, such as high temporal reso
lution (year–season), precise dating, lifetime of trees, 

and wide distribution of woody vegetation gave the 
possibility to use the annual rings and chronologies, 
derived from them, in climatology, ecology, glaciolo
gy, archaeology, etc. [Fritts, 1976; Vaganov et al., 1998; 
Shiyatov et al., 2002; Kononov et al., 2005, 2009; 
McCarroll et al., 2013; Arzhannikov et al., 2017; Voro-
nin et al., 2020]. The summer temperature recon
structed by the tree-ring chronology allows us to bet
ter understand the cause of climatic changes. Factual 
data on the air and soil surface temperature regime in 
the area of mountain glaciation of the Baikal region 
obtained for the first time allow us to assess its influ
ence on the glacier dynamics. 

HISTORY OF GLACIER STUDIES 
IN THE BAIKAL REGION 

Glaciers in the ridges in northern part of the Bai
kal region were first interpreted and mapped accord
ing to the aerial imaginary in the 1960s [Kitov, Plyus-
nin, 2015]. However, their field studies began much 
later because of the limited availability of these mate

Copyright © 2022 M.D. Ananicheva, A.A. Abramov, Yu.M. Kononov, I.A. Patrikeeva, G.Yu. Pakin, All rights reserved.
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rials. First data on the Barguzin Ridge glaciers were 
published in the early 1980s, when employees of the 
Institute of Geography of the Siberian Branch of the 
USSR Academy of Sciences together with represen
tatives of the State Center Priroda studied mountain 
areas of the Baikal area to work out the methods of 
the comprehensive investigation and mapping of nat
ural resources of the region on the basis of satellite 
information. Snow-ice formations with signs of gla
ciers were detected during the interpretation of satel
lite images of the upper reaches of the Svetlaya River 
on the Barguzinsky Ridge. They involved modern 
moraines, zones of open ice, cracks, bergschrunds, and 
ogives. This allowed L.D. Dolgushin and G.B. Osipo
va [1989] to reveal that “on the Barguzin Ridge, there 
are many cirque snow patches and several small 
cirque glaciers” [Kitov et al., 2014]. Earlier, in 1979–
1980, the expedition of the Institute of Geography of 
the USSR Academy of Sciences started working on 
the glaciers [Aleshin, 1982] and performed the first 
glaciological survey.

New research began only in 2009. The Sochava 
Institute of Geography, Siberian Branch of the Rus
sian Academy of Sciences restarted the expeditionary 
glaciological studies in the Baikal region. Field works 
in 2011 and 2012 confirmed the existence of nival-
glacial formations within the Baikalsky and Barguz
insky ridges [Kitov et al., 2014].

The discovered glaciers were included in the da
tabase (DB) of glaciers of the Northern Baikal, in the 
Registry of databases of the Russian Federation, as 
well as in the catalog of glaciers created by the Insti
tute of Geography of the Russian Academy of Sci
ences [Catalogue of Russian Glaciers, 2021].

In 2017, a group of glaciers was discovered on 
the northwestern branch of the central part of the 
Verkhneangarsky Ridge. According to the results of 
the 2017–2018 studies, it was revealed that the 
Verkhneangarsky glacier group is represented by the 
cirque glaciers and other small forms of glaciation. It 
was logical to combine the glaciers of the region into 
the Baikal glacier system [Ananicheva et al., 2019a].

PHYSIOGRAPHIC CHARACTERISTICS  
OF THE AREA

Lake Baikal is surrounded by the mountain ridg
es on all sides (Fig. 1). The Baikalsky Ridge extends 
for 300 km along the western shore of Lake Baikal 
within 54°–56° N. The highest point of the ridge is 
the Chersky Mountain (2572 m a.s.l.). The slopes of 
the ridge up to 900–1400 m a.s.l. are occupied by 
mountainous taiga forests. Larch taiga predominates 
in the middle and northern parts. Shrub thickets and 
sparse larch forests predominate above 1400 m a.s.l. 
[Tyulina, 1990].

The Barguzinsky Ridge frames Lake Baikal from 
the northeast. The low-mountain part of the ridge 

(600–1000 m a.s.l.) is covered by dark coniferous 
taiga with dense undergrowth. The middle-mountain 
(1600–1800 m) and high-mountain (1800–2800 m 
a.s.l.) parts are mostly devoid of continuous vegeta
tion and are covered by coarse rock fragments [Kitov 
et al., 2014]. 

The Verkhneangarsky Ridge is a part of the 
Stanovoy Highland with the highest point of Bezy
myannyi Peak (2641 m a.s.l.). The mountain ridge 
serves as the southern boundary of the North Baikal 
Highland and separates it from the Verkhneangarsky 
Basin. Mixed and larch forests predominate on the 
lower slopes and are replaced by mountainous tundra 
at higher altitudes. 

The mountain glaciers in this region exist under 
the conditions of the dry continental climate in the 
area of continuous permafrost mainly due to precipi
tation brought from the Atlantic and Arctic Oceans. 
The redistribution of air flows coming from the Bai
kal Depression also contributes to the existence of 
the glaciers regions [Ananicheva et al., 2019b].

METHODS

The authors used satellite images for the end of 
August – the beginning of September, i.e., in the pe
riod of maximum melting of the snow cover, to esti
mate the areas of glaciers in the Northern Baikal re
gion in the 21st century. The archive of images includ

Fig. 1. Studied area. 
(1) glaciers (1 – Chersky; 2 – Urel–Amutis; 3 – Akuli; 4 – Og
dynda–Maskit), (2) wood core sampling site, (3) Nizhneangarsk 
weather station. T is the mean annual rock temperature, °C [Obu 
et al., 2019]. Location of loggers to measure air and surface 
temperatures (a – 1280 m, b – 2280 m, c – 1845 m a.s.l.).
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ed data from Landsat  7 ETM+ L1 (2000) and 
Sentinel-2 L1C (for 2021) satellites. Contours were 
processed and distinguished on the portal [Sentinel-
hub EO-Browser, 2021]. Delineation of the glaciers on 
the multispectral images was performed manually. 

The error of delineation depended on the bound
aries of particular glaciers, as it was not always pos
sible to use the images with the surface completely 
free of seasonal snow. Taking into consideration pixel 
size (10 to 30 m) and the characteristic size of gla
ciers, the error in determining the area of the glaciers 
could be up to 5%.

The orthofotoplans and digital elevation models 
were created in the Metashape software on the basis 
of images from a DJI Mavic 2 Pro drone; the survey 
altitude was 400–500 meters. The survey was con
ducted on July 29–30, 2021. The state of glaciation in 
the middle of the 20th century was assessed using the 
archived aerial images from 1947–1949 provided by 
the Department of Remote Sensing Methods of the 
Institute of Geography, Russian Academy of Scien
ces. Orthotransformation of stereo pairs was also per
formed in the Metashape software. The quality of the 
archived images does not allow us to speak about 
comparable accuracy with the modern data, but we 
believe that these data are of interest for the reader.

Wood samples (Scots pine) for the dendrocli
matic analysis were taken with a drill at the end of 
July 2019. At least two samples were taken from each 

tree at different radiuses. The sampling site was lo
cated on the southern macroslope of the Verkhnean
garsky Ridge, on the right side of the Vershina 
Darmikov River valley in the vicinity of the upper 
forest boundary (Fig. 1). The sampling was performed 
at five plots spaced apart at about 500 m. At each 
plot, samples were taken from at least five trees. The 
sampling site was found at a considerable distance 
from the weather stations with available records. The 
nearest Nizhneangarsk weather station is located 
90 km away. However, it is located on a flat area in the 
depression between mountain ridges and in the im
mediate vicinity of Lake Baikal, so its data cannot be 
representative of the studied site. Therefore, we used 
data from nine more stations (Table 1) to obtain a 
more general picture of climate conditions in the re
gion. 

Wood samples were collected and processed, the 
radial growth rate was measured, and chronologies 
were determined using standard dendrochronological 
methods [Cook, Kairiuksitis, 1990]. The radial growth 
rate was measured on the LINTAB 6 device using the 
TSAP Win computer program (0.01 mm accuracy). 
The climatic signal influencing on the width of an
nual rings was judged after the standardization (in
dexation) procedure. In the standardization of indi
vidual chronologies, the age trend is removed. The 
age trend is considered the main non-climatic factor 
that manifests itself in variability of the radial growth 

Ta b l e  1.	 Correlation matrix of summer air temperatures recorded at weather stations

Weather station Nizhne
angarsk Bratsk Kirensk Ma

makan Bodaibo Taksimo Chara Orlinga Kalakan Zhiga
lovo

Nizhneangarsk (90 km)*
55.5° N, 109.3° E, 477 m a.s.l.

0.67 0.78 0.72 0.65 0.78 0.62 0.82 0.58 0.85

Bratsk (570 km)
56.2° N, 101.5° E, 410 m a.s.l.

0.67**
480***

0.70 0.67 0.58 0.70 0.49 0.74 0.54 0.84

Kirensk (250 km)
57.5° N, 108° E, 256 m a.s.l.

0.78
250

0.70
430

0.89 0.87 0.88 0.77 0.85 0.77 0.85

Mamakan (270 km)
57.5° N, 114.1° E, 244 m a.s.l.

0.72
370

0.67
780

0.89
350

0.99 0.94 0.89 0.81 0.85 0.78

Bodaibo (280 km)
57.5° N, 114.1° E, 278 m a.s.l.

0.65
390

0.60
790

0.87
360

0.99
10

0.95 0.91 0.76 0.89 0.75

Taksimo (250 km)
56.2° N, 114.5° E, 513 m a.s.l.

0.78
350

0.70
820

0.88
430

0.94
170

0.95
170

0.91 0.83 0.89 0.82

Chara (465 km)
56.5° N, 118.2° E, 709 m a.s.l.

0.62
580

0.49
1020

0.77
620

0.89
270

0.90
270

0.91
220

0.69 0.90 0.68

Orlinga (310 km)
56° N, 105.5° E, 338 m a.s.l.

0.82
220

0.74
270

0.85
240

0.81
530

0.77
540

0.83
550

0.69
770

0.72 0.95

Kalakan (390 km)
55.1° N, 116.5° E, 612 m a.s.l.

0.58
470

0.54
960

0.77
600

0.85
340

0.86
340

0.89
180

0.90
220

0.72
700

0.72

Zhigalovo (390 km)
54.5° N, 105.1° E, 416 m a.s.l.

0.85
280

0.84
270

0.85
380

0.78
650

0.74
650

0.82
640

0.68
850

0.95
140

0.72
740

	 *	 Distance between the weather station and the sampling site, m.
	 **	 Pearson correlation coefficients.
	***	 Distances between stations, m.
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rate. As a result, we obtain the chronologies – time 
series with dimensionless values (indices) allowing us 
to compare them with one another. Then, the indi
vidual indexed curves of the growth rate were com
bined into the single basic chronology. The standard
ization procedure was performed using the ARSTAN 
program [Cook, Krusic, 2005].

The temperature regime of air and the rock sur
face were studied using automatic loggers. The Onset 
HOBO MX2305 model with an internal electronic 
temperature sensor was used; the measuring accuracy 
was ±0.2°C. One logger was placed on a pole or on a 
tree trunk at a height of 2 m above the surface, and 
the second logger was placed a depth of 5 cm from the 
surface. Measurements were taken every 4 hours.

The radiocarbon analysis was performed in the 
Radiocarbon Laboratory of the Institute of Geogra
phy, Russian Academy of Sciences. 

SPATIAL AND TEMPORAL FEATURES  
OF THE SUMMER TEMPERATURE REGIME 

ACCORDING TO DATA FROM WEATHER 
STATIONS

According to numerous studies, the climatic sig
nal in tree-ring chronologies obtained near the upper 
(high-altitude) forest boundary is most clearly mani
fested in data on air temperature of the warm season. 

To assess the potential of the resulting tree-ring chro
nology for the climate reconstruction, a comprehen
sive statistical analysis of the air temperature dyna
mics recorded at the weather stations was carried out. 
In spite of significant distances between weather sta
tions and differences in the absolute heights, a signifi
cant (p < 0.001) statistical relationship between all 
stations for more than a 50-year-long period was re
vealed (Table 1).

The Bodaibo and Mamakan weather stations are 
located at a distance of only about 10 km from one 
another, which explains the high (r = 0.99) correla
tion between them. However, both stations have a 
significant disadvantage related to the length of the 
observation period. For the Bodaibo station, a longer 
series of measurements is available (1934–2005). For 
the Mamakan station, data are available for a period 
from 1958 to 2019. For further analysis, the series of 
weather records from the Bodaibo station was used. 
These data were supplemented with data from the 
Mamakan station for the last 14 years, which made it 
possible to obtain the generalized series for the period 
of 86 years.

All weather stations demonstrate a distinct re
gime of summer temperatures throughout the 20th 
and early 21st centuries. Up to the end of the 1970s, 
the summer temperature in the region tended to 
slightly decrease. Since the early 1980s, all weather 

Fig. 2. Mean summer air temperature controlling ablation (a) and precipitation of the cold period affecting 
snow accumulation (b) according to records of weather stations: 
1 – Kirensk; 2 – Bratsk; 3 – Taksimo; 4 – Nizhneangarsk; 5 – Zhigalovo; 6 – Bodaibo; 7 – Orlinga; 8 – Chara; 9 – Kalakan; 10 – 
average values for all stations for the period of 1980–2021; 11 – moving average.
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stations have indicated an opposite trend towards the 
rise in summer air temperatures. Precipitation is 
quite stable; the trend is weakly expressed: a slight 
increase until 2012 and a decrease in recent years 
have been recorded (Fig. 2). It is obvious that the 
value of the summer air temperature primarily de
pends on the altitude of the station (Fig. 3a). At the 
same time, the rate of warming in the late 20th–early 
21st centuries tends to slow down from west to east, 
as evidenced by the approximation coefficient 
R2 = 0.57 (Fig. 3b). It should be noted that the latitu
dinal pattern in warming during recent decades also 
takes place. Only one weather station – Kalakan – 
substantially lowers the statistical significance of this 
pattern (Fig. 3b).

In general, fluctuations of the summer air tem
perature display a definite trend typical of the entire 
study area.

RECONSTRUCTION  
OF THE SUMMER AIR TEMPERATURE

The dendroclimatic reconstruction for the last 
230 years was obtained on the basis of the significant 
relationships between the width of annual rings and 
the summer air temperature (Fig. 4). Visual analysis 
subdivides the entire reconstructed period into two 
parts. In the first part (until about 1860–1865), the 
summer air temperature was almost always below the 
mean summer air temperature (~16°C) for the entire 
considered period. During the second part, the sum
mer air temperature was generally higher than the 

mean summer air temperature, except for interval at 
the end of the 20th century (Fig. 4).

According to available data, the Little Ice Age 
(LIA) preceded the 20th century and was character
ized by cooling and the development of mountain gla
ciation [Lamb, 1977]. Most likely, the first part of the 
presented reconstruction reflects the final stage of the 
LIA. During this time, summer temperatures dropped 
to 14.2–14.5°C (1794, 1804, 1847, and 1860), which 
was 1.8–1.5°C lower than the mean summer tempera
ture for the entire considered period by. These years 
were the coldest in the last 230 years. Then, climate 
warming began, which passed through several stages 
to reach its maximum in the 1940s. Then, tempera
tures began to fall; from about 1965 to 1995, the sum
mer temperatures were below the long-term average. 
The cooling in these 30 years was comparable to the 
cold interval at the beginning of the reconstruction 
(Fig. 4) in the mean summer temperatures. Since the 
1980s, the summer temperatures have been steadily 
increasing. This coincides with the dynamics of the 
summer temperature fluctuations at the nearest 
weather station of Nizhneangarsk (Fig. 2a), where 
the mean summer temperature from the beginning of 
the observation to 2021 increased by 3°С. 

The current climatic conditions of the study area 
for the glacier zone in winter are characterized by 
strong western winds leading to the redistribution 
and compaction of the snow cover and to the forma
tion of thick snow patches and cornices [Aleshin, 
1982]. 

Fig. 3. Dependence of the (a) value and (b) increase rate of the mean summer temperatures on the location 
of weather station. 
For (a), the period of 1960–2019 was used; for (b), the period of temperature rise manifested at all the stations from 1980 to 2019 
was taken into account.
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At the stations relatively close to glaciers (Nizh
neangarsk, Kirensk), the mean annual air tempera
ture ranges from –2.3 to –3.7°С (14 to 16°С in sum
mer), annual precipitation is 390 mm, including 120–
140 mm in the cold season (for 1966–2020). The 
maximum precipitation falls in July–August, the 
minimum, usually in March.

As seen from Fig. 2a, the trend of the mean sum
mer temperature has been positive since the 1980s; it 
averages 2°C over 40 years. This contributes to the 
increased intensity of the glacier ablation and to pro
longation of the ablation period. Warming takes place 
due to the summer and autumn temperatures result
ing in a longer period of ablation. 

Thus, climate changes in the past several decades 
have not contributed to the development of glacia
tion.

DYNAMICS  
OF THE GLACIATION AREAS

According to the archival aerial imaginary of the 
late September in 1947–1949, the areas of the main 
glaciers were 0.19 km2 (Ogdynda–Maskit), 0.24 km2 
(Urel–Amutis), and 0.53  km2 (Chersky). In the 
1960s, the areas of the Chersky and Urel–Amutis gla
ciers were 0.47 and 0.24 km2, respectively [Kitov, 
Plyusnin, 2015]. 

Using the Landsat and Sentinel-2 images and or
thophotoplans from UAV imagery, the areas of the 
glaciers were determined for the period 2000–2021. 
Table 2 demonstrates the results, including data on 
changes in the area of the glaciers in the 21st century 
according to various calculations. In terms of mor
phology, the studied glaciers belong to the cirque 
type of glaciers; some of them can be considered as 
small forms of glaciation.

Comparison of the areas occupied by glaciers in 
2000 and 2021 attests to their reduction from about 

Fig. 4. The dendroclimatic reconstruction of summer air temperatures in the Verkhneangarsky Ridge area 
for the last 230 years. 
1 – annual values; 2 – smoothed by 11-yr average; 3 – average for the entire observation period; 4 – periods with temperatures 
above the average; and 5 – periods with temperatures below the average.

Fig. 5. Contours of the Chersky (a), Urel–Amutis 
(b), and Ogdynda–Maskit (c) glaciers in 1948 (from 
aerial images) and in 2000, 2021 (from Landsat/
Sentinel-2 imagery). 
The orthophotos by the end of July 2021 were used as the base 
layer.

2.0 to 0.9 km2. Figure 5 demonstrates changes in the 
boundaries of the main glaciers for that period. The 
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greatest reduction in area is typical for the small 
forms. In general, the dynamics of glaciers in the re
gion reflect the trend of climate changes. 

Table 2 demonstrates that the glaciers of the 
Northern Baikal region are currently at the stage of 
degradation of varying degrees of intensity. From 
2000 to 2021, the area of all studied glaciers of the 
region decreased. The total reduction of the area of 
glaciers over these two decades reached 25.8%. For 
particular glaciers, it varied from 0 to 95%. This vari
ation is related to the size of glaciers and their loca
tion. Position relative to the direction of moisture-
carrying air flows, aspect (leeward or windward slope 
of the glacier location), shading (direct sunlight ex
posure is minimal), and a host form (the best preser
vation of small glaciers is in deep cirques) have the 
strongest influence. Glaciers on the slopes of the 
southeastern exposure are affected by the most inten
sive degradation; a little less glacier degradation is 
manifested on the slopes of the eastern and northern 
aspects. The key factors of the glacier degradation are 
the increase in the mean annual air temperature and, 
more importantly, the increase in the mean summer 
air temperature during the last decades, as well as the 
reduction of precipitation during the cold period. 
Compared to archival aerial images, the areas of ma

jor glaciers have decreased by 40% since the mid-20th 
century. It is interesting that the images of 1948 
clearly illustrate the absence of glacier Ru10-19.0001, 
which confirms the high dynamics of variability of 
the smallest forms of glaciation in the area.

The maximum development of glaciation in the 
northern frame of Lake Baikal took place in the Late 
Pleistocene (35–15 ka ago). Deposits in the bottom 
of the central part of the valley of the Ogdynda–
Maskit Glacier (1820 m a.s.l.) in the Verkhneanagar
sky Ridge were dated (IGAN 7747). According to 
these data, this glacier has not descended lower, at 
least, for the last 5800 years. A zone of modern rock 
glaciers is an additional factor of the altitudinal zona
tion, which helps to reveal the area of glaciation in 
the past. The lower boundary of the rock glaciers co
incides with the paleo-snow line [Enikeev, Staryzhko, 
2009]. F.I.  Enikeev [2020] reconstructed an oro
graphic snow boundary of the maximum phase of the 
Sartan epoch of the Late Pleistocene glaciation. It 
encompassed the areas with predomination of solid 
precipitation forming the snow cover. The latter de
termined the areas of glacier feeding in that time. The 
largest of them covered the watershed areas of the 
ridges mentioned in this paper, and the Northern and 
Southern Muysky and Kodar ridges.

Ta b l e  2.	 Areas of glaciers of the Baikal region

No. Ridge (total area of glaciers) Glacier ID Coordinates Exposure
Area, km2 Reduction 

over, %  
(2000–2021)2000* 2012** 2021***

1 Baikalsky (0.58 km2) Ru10-19.0001 108.70° E
55.0° N

SE 0.03 0.04 0.01 67

2 Ru10-19.0002 108.70° E
55.01° N

SE 0.10 0.06 0.08 20

3 Ru10-19.0003 108.70° E
55.01° N

E 0.10 0.06 0.08 20

3 Ru10-19.0004 108.69° E
55.03° N

SE 0.02 0.01 0.001 95

5 Ru10-19.0005
Razirvanny

108.70° E
55.04° N

E 0.10 0.03 0.05 50

6 Ru10-19.0006
Chersky

108.70° E
55.06° N

E 0.35 0.38 0.31 11

7 Ru10-19.0007 108.73° E
55.47° N

E 0.01 0.01 0.01 0

8 Ru10-19.0008 108.65° E
55.83° N

SE 0.09 0.03 0.04 56

9 Barguzinsky (0.13 km2) Ru10-20.0001
Urel–Amutis

110.36° E
55.46° N

NE 0.15 0.09 0.13 13

10 Verkhneangarsky (0.12 km2) Ogdynda–Maskit 110.53° E
56.13° N

N 0.17 – 0.12 29

11 TOTAL 1.12 – 0.83 25.8

	 *	According to [Kitov, Plyusnin, 2015].
	 **	According to [Catalogue of Russian Glaciers, 2021].
	***	According to [Sentinel-hub EO-Browser, 2021].
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Fig. 6. Dynamics of the (a) mean annual air tem-
perature and (b) rock surface temperature in the 
Vershina Darmikov valley (1, 3) and at the Og-
dynda–Maskit Glacier (2). 
1 – 1280 m; 2 – 1845 m; 3 – 2280 m.

THE AIR AND ROCK SURFACE TEMPERATURES 
OF THE VERKHNEANGARSKY RIDGE

In the mountainous areas of the studied region, 
permafrost is widespread at heights above 900–
1000 m a.s.l. [Ershov, 1989; Obu et al., 2019]. This is 
confirmed by the presence of the active rock glaciers, 
the development of polygonal relief, etc. It is known 
that the subzero mean annual temperatures of rocks 
contribute to the stability of glacial systems, but data 
on rock temperatures have not been available so far 
for the studied region.

The automatic air and rock surface temperature 
sensors installed in the area of the Verkhneangarsky 
Ridge allowed us for the first time to analyze the pat
terns of changes of the air and rock surface tempera
tures from 460 to 2200 m a.s.l. for the period from 
August 2019 to the late July 2021 (Fig. 6) [Abramov 
et al., 2021].

The mean annual air temperature is –0.9°C at 
the level of Lake Baikal (460 m a.s.l., Nizhneangarsk 
weather station); it drops to –5.1°C at 1280 m a.s.l. 
and to –9.6°C at 2280 m a.s.l. The period of the sub
zero air temperatures in the mountains lasts from the 
end of September to May; at heights above 2000 m 
a.s.l., subzero air temperatures may be observed dur
ing the whole summer. In winter, temperature inver
sions may be formed, when a temperature in the lower 
part of valleys is lower than on tops of ridges. 

Altitudinal gradients of the mean annual air tem
perature are 0.53°C/100 m at 460–1280 m a.s.l. and 
0.45°C/100 m at 1280–2280 m a.s.l. These gradients 
agree with the gradients obtained for other mountain 
areas of the northern Russia.

The mean annual surface temperature was 
–6.2°C in the lower part of the Ogdynda–Maskit 
Glacier (1845 m) and –4.5°C in the upper part of the 
ridge (2280 m). Freezing of the active layer begins in 
the late September, and thawing begins in the late 
May. The higher surface temperature in the top part, 
as it can be seen from the character of temperature 
fluctuations, is most likely related to the formation of 
thick snow cornices, which isolate the rock surface 
from cooling. These data agree with the results of the 
temperature simulation at the permafrost table from 
satellite data [Obu et al., 2019].

CONCLUSIONS

The glaciers of the ridges in the Baikal region 
have been actively decreasing in recent decades. The 
small glaciers of the Baikal region located on the 
slopes of the southeastern exposure have been sub
jected to the greatest degradation. Glaciation of the 
three ridges has generally decreased by 25.8% over 
two decades of the 21st century, while relatively large 
glaciers have lost 10–30% of their area (and about 
40% since the mid-20th century).

At present, the degradation rate of glaciers de
pends on their location on a slope, activity of snow
drift transport, and avalanche snow accumulation. 

The temperature regime of the studied area is 
spatially stable. During most of the 20th century, the 
summer season temperature varied without a distinct 
trend. Since ~1980 and up to the present, the steady 
widespread warming is observed. The warming rate 
decreases in the eastward direction. The summer 
temperatures strongly depend on the elevation of 
weather stations. According to the dendroclimatic 
reconstructions, the period from the late 18th to the 
mid-19th centuries is characterized by the lowest 
summer temperature over the last 230 years.

Location of a glacier bed on permafrost contrib
utes to maintenance of the cold reserve, which is a 
factor in preservation of these glaciers in cirques. The 
mean annual temperature of the rock surface (at a 
depth of up to 10 cm) in the area of glaciers existence 
(1800–2200 m a.s.l.) ranges from –5 to –7°C. In the 
crest part of the ridges, the milder temperature condi
tions on the surface of rocks are observed in winter, 
which is most likely associated with the formation of 
thick snow cornices.

The modern climatic conditions and the ob
served trends of their change cannot be considered 
favorable for the existence of glaciers in the Northern 
Baikal region. However, the glaciation is still far from 
the complete disappearance. Glaciers have decreased 
in area and thickness. A comprehensive assessment of 
their present state and forecast for the future is the 
relevant research task. 
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This paper presents a retrospective analysis of the geometric electromagnetic induction (EMI) sounding 
data. The data were acquired in the 1990s in the city of Neryungri to determine probabilistic relationships be
tween unconfined compressive strength of saturated sandstone samples and the attenuation coefficient of the 
harmonic field induced by a high-frequency vertical magnetic dipole at 1.125 MHz in frozen sandstone massif. 
The results indicate that the consistent increase in the attenuation coefficient with decreasing strength of sand
stone massif is correctly described by a logistic function equation. The inverse regression relationship is ade
quately described by a power function equation which can be used as a probabilistic model for predicting mean 
values of unconfined compressive strength of saturated sandstone massif (but not only sandstone rock samples) 
from the attenuation coefficient. The relative error of model predictions at the 70–80% confidence level is 
±(27.7–32.0)%, which is close to the limit of allowable error (±20%) for laboratory measurements of mean 
strength of rock samples. This provides favorable conditions for applying the geometric EMI method in rock 
strength mapping for geotechnical engineering in Neryungri, as well as in areas of similar geology in southern 
Yakutia with sporadic permafrost.

Keywords: strength, sandstone massif, geometric electromagnetic induction sounding, field of high-frequen-
cy vertical magnetic dipole, amplitude decrease coefficient, statistics, histograms and variograms, probabilistic 
model, prediction error.
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INTRODUCTION

V.S. Yakupov with coauthors [1998] attached 
great importance to probabilistic models seeing their 
great possibilities in solving petrophysical problems 
by geoelectric methods in the cryolithozone of Rus
sia. This class of physical-geological models, to the 
development of which G.S. Vakhromeev made a great 
pioneer contribution, is very informative and is ur
gently needed for the most complete and reliable so
lution of forecasting problems by geophysical meth
ods. These models integrate knowledge about the 
natural probabilistic relationships between the geo
logical and geophysical characteristics of the Earth 
rather than represent particular isolated facts. 
V.P. Melnikov drew attention to the need of applica
tion of geophysical methods to solve the problems of 
predicting the state of permafrost [1977, p. 60]: “In-
formation is needed about how the parameters of the 
electromagnetic field characterize not the individual 
elements of the part of the section we are interested in, 
but the site and the type of landscape as a whole. The 
evaluation criteria can be the types of vertical electrical 
sounding curves”. 

The solution to one of the geomechanical prob
lems of frozen soil – the problem of probabilistic pre
diction of the average strength of a frozen high-tem
perature sandstone massif according to the geometric 
electromagnetic induction (EMI) sounding me
thod – is discussed in this paper. This problem is im
portant for design and survey geological works. Two 
study cases are considered: sandstone massif at the 
base of engineering structures in Neryungri and sand
stone massif composing the sides of quarries of min
eral deposits in the South Yakutian Basin.

The forecast problem is solved by the classical 
way of comparing and linking the values of two geo
logical-geophysical characteristics to one another. 
From the side of geology, the laboratory characteris
tic Rc is considered – the time limit of strength for 
uniaxial compression of sandstone samples in a water-
saturated state (strength characteristic Rc). From the 
geophysics’ side, the characteristic of the attenuation 
of the harmonic high-frequency field of a vertical 
magnetic dipole (HFVMD) in a frozen high-tempe
rature sandstone massif is considered. The coefficient 

Copyright © 2022 L.G. Neradovsky, All rights reserved.
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of reduction of the amplitude of the vertical compo
nent of the field depending on the spacing of the di
pole installation of the EMI method (k) is taken as a 
quantitative estimate of the measure of the HFVMD 
field integral attenuation within the layer of annual 
temperature fluctuations. A.T. Akimov wrote about 
the paramount importance of the layer of annual tem
perature fluctuations for the construction and opera
tion of engineering structures [1971, p. 10], figura
tively and accurately calling it a “factory” of cryoge
nic processes. 

The results of a retrospective analysis of the EMI 
data obtained in Neryungri in the 1990s and present
ed in this article fully justify the choice of the coeffi
cient k. For the first time, the statistical relationships 
of the coefficient k with the Rc are studied. On this 
basis, a previously unknown probabilistic model de
signed to predict the average strength of a sandstone 
massif in a water-saturated state was built. This mo
del complements the results of petrophysical studies 
in the sporadic permafrost zone of southern Yakutia 
using well logging [Grib, Samokhin, 1999] and the 
georadar method [Neradovsky, Fedorova, 2015; Nera-
dovsky, Syasko, 2015].

STUDY AREA

The only comprehensive work on permafrost in 
southern Yakutia is the study by a team of researchers 
from Moscow State University headed by V.A. Kud
ryavtsev [Kudryavtsev, 1975]. It is rich in factual ma
terials and their versatile systematization. This work 
provides information about all aspects of the natural 
environment of southern Yakutia before its industrial 
development. According to this study, the research 
area, including the city of Neryungri, is located in the 
folding zone along the marginal suture of the Cis-
Stanovoy Trough in the southern margin of the Aldan 
Plateau within the Chulman Depression composed of 
coal-bearing sedimentary rocks of the Jurassic and 
Lower Cretaceous. In the southern part of the Chul
man Plateau (in the middle course of the Chulman 
River), deposits of the Lower Cretaceous Kholodnik 
Formation (sandstones with layers of conglomerates, 
siltstones, and coal) lie on the sediments of the Gorki
ta Formation (sandstones with interlayers of con
glomerates, siltstones, coal), with the former forma
tion serving as the core of the Neryungri syncline 
with fault dislocations. This tectonic factor put a spe
cific imprint on the permafrost in Southern Yakutia 
[Buldovich et al., 1976]. In general, the research area 
is characterized by complicated engineering and 
geocryological conditions, including heterogeneity 
and dynamism of permafrost soil conditions. This 
natural feature manifests itself in a significant depth 
of seasonal thaw–freeze processes (about 3–6 m) 
with the possibility of multiple transition of frozen 
rocks into a thawed state and vice versa.

The city of Neryungri – the administrative cen
ter of South Yakutia – is located 800 km southwest of 
Yakutsk. The city occupies the top and slopes of the 
watershed of the Chulman, Upper Neryungri, Maly 
Berkakit, and Amnunnakta rivers. The absolute 
heights of the watershed vary from 773 to 868 m a.s.l. 
The watershed surfaces have mild permafrost condi
tions with the development of sporadic permafrost of 
small thickness (20–50 m) with the mean annual 
temperature in the lower part of the layer of annual 
temperature fluctuations close to 0°C. The natural 
temperature regime of permafrost is largely con
trolled by the convective heat transfer processes. The 
movement of air and water from the surface and from 
the depths of the Earth along the bedrock fracture 
zones leads to a decrease in the permafrost thickness, 
as well as to an increase in the thickness of the layer 
of annual temperature fluctuations. According to var
ious estimates , the lower boundary of this layer lies 
at a depth of 15–30 m.

Unstable and spatially variable natural tempera
ture regime of the bedrock in Neryungri has been dis
turbed during the construction and operation of engi
neering facilities. Since 1975, complete degradation 
of permafrost in some of the city sites has taken place. 
According to the generalized thermometry data from 
survey boreholes, the temperature at the permafrost 
degradation sites at a depth of 10 m varies from 0 to 
6.5°C. In areas of preserved permafrost with a thick
ness of 13–18 m, the mean annual temperature at a 
depth of 10 m is –(0.4 ± 0.1)°C.

The analysis of data obtained by the South Yaku
tian Engineering and Construction Survey Center 
(Yuzhyakuttisiz) allows us to make a number of gen
eralizations in relation to the geological structure of 
the territory of Neryungri. 

First, the thickness of colluvium covering hard 
bedrock is about 2–3 m. Second, the bedrock of sedi
mentary genesis lies with a small dip angle. Third, up 
to a depth of 6–7 m, the bedrock is strongly loosened 
by physical weathering; below, to the maximum depth 
of drilling (10–20 m), its strength state is preserved. 
Fourth, the bedrock is composed mainly of sandstone, 
which is found in almost every borehole with a prob
ability of 97%. The detecting probability of other 
rocks – interlayers or layers of siltstone, carbona
ceous mudstone, and coal layers – is 18%, 8%, and 
29%, respectively. Fifth, blocks of medium strength 
are most often found in the sandstone massif. The oc
currence probability of sandstone blocks of low, re
duced, or high strength is 26%, 41%, 50%.

These data are in agreement with the data on the 
coal-bearing rocks of the Aldan–Chulman Coal Ba
sin. For example, according to V.M. Zhelinsky [1980], 
sandstone (fine-medium-coarse-grained) prevails in 
all the suites of Southern Yakutia. Its share varies 
from 52.6% in the Durai suite to 86.5% in the Yukhta 
suite. In the Neryungri Formation, spatially close to 
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the territory of Neryungri, the proportion of fine- to 
medium-grained sandstone is 78.7%.

METHOD OF GEOMETRIC ELECTROMAGNETIC 
INDUCTION SOUNDING

The study of the HFVMD attenuation in a fro
zen high-temperature sandstone massif was carried 
out within the layer of annual temperature fluctua
tions by the EMI method with the medium-frequen
cy electromagnetic sounding (MEMS) equipment 
manufactured by the NPO Sibtsvetmetavtomatika 
(Krasnoyarsk). This measurement technique made it 
possible to study all the components of the polariza
tion ellipse of the HFVMD at four fixed frequencies 
(0.281; 0.562; 1.225; 2.250 MHz) and to determine 
the effective values of the electrical resistance ref and 
permittivity eef from them [System..., 1991]. The mod
ern analogue of the MEMS equipment is the digital 
KAV–EMM equipment. Until 2016, it was manufac
tured by R D Science LLC in Krasnoyarsk with the 
participation of employees of the Siberian Federal 
University. In the 1990s, the MEMS equipment was 
considered unique in terms of technical and economic 
parameters both in centers of engineering and con
struction surveys and in geological exploration enter
prises. The antennas of the MEMS equipment have a 
round shape with an external diameter of 32 cm. The 
current in the transmitting antenna is regulated by 
the power supply block from 0 to 100 mA. The dy
namic range of the microvoltmeter is 70 dB (from 0.5 
to 1000 mV).

In Russia, the electromagnetic induction sound
ing method was classified as a geometric variant of 
the methods of AC geoelectrics. Abroad, it is referred 
to as the electromagnetic induction (EMI) method. 
Most often, EM-31 and EM-38 ground conductivity 
meters are used. A general overview of the EMI 
equipment is given in in the work of J. Boaga [2017].

The EMI method in Russia has been applied 
since the 1969s; the history of its development in Rus
sia is briefly described in [Igolkin et al., 2016]. In addi
tion, interesting and instructive information about 
the development of the inductive methods in the 
Urals is available on the website of the Bulashevich 
Institute of Geophysics of the Ural Branch of the Rus
sian Academy of Sciences. In this institute, the tech
nology of the EMI method was born through the ef
forts of the head of the Laboratory of Electrical Induc
tion Survey G.V. Astrakhantsev and his colleague 
V.S. Titlinov. Almost unchanged, it has been used for 
many years with the equipment of DEMP-SF, AFS-78 
and MFS-8, MFS-10 in the search for copper ore de
posits and for solving other geological problems.

The EMI method is described in detail in [Veshev 
et al., 1978; Zhuravleva et al., 1994; Titlinov, Zhurav
leva, 1995; Zaderigolova, 1998]; special guidelines 
have been published [Frantov, 1984].

The methodology for studying the process of at
tenuation of the HFVMD in the layer of annual tem
perature fluctuations has been successfully tested for 
many years in the Republic of Sakha (Yakutia) and 
partially in the Trans-Baikal Territory, Amur Region 
[Neradovsky, 2018] and consists of the following. At 
the sounding site, at a height of about one meter, a 
transmitting antenna with a constant frequency of 
HFVMD is fixed parallel to the earth surface. The re
ceiving antenna is removed from the transmitting an
tenna at distances from 3–5 m to 50–60 m by con
secutive steps (2–5 m). With the horizontal position 
of the receiving antenna, the amplitude of the vertical 
component (Hz) of the HFVMD is measured with a 
microvoltmeter of the MEMS equipment; in the ver
tical position of the receiving antenna, the values of 
the horizontal component (Hr) are measured. The 
measurement result obtained at a height equal to the 
height of the transmitting antenna is attributed to 
the standing point of the transmitting antenna [Fran-
tov, 1984]. The combination of Hz, Hr measurements 
(or other combination of the components of the 
HFVMD polarization ellipse) depends on the dis
tance between the antennas and is commonly called 
the EMI signal.

The experience of using the EMI method in dif
ferent engineering and geological conditions of the 
cryolithozone of Yakutia suggests that in almost all 
cases, a regular nonlinear decrease in the values of the 
Hz and Hr amplitudes is observed on the EMI signal 
graphs and is described by the power function equa
tion with a high multiple determination coefficient 
(R2). The value of the exponent of the power function 
is assigned to the coefficient k. This is the main differ
ence between the EMI method and its usual applica
tion in Russia and abroad for the sole purpose of 
studying the effective electrical resistance (ref) in the 
kilohertz frequency range. Of course, it is necessary 
to study this static characteristic of the electric field, 
which is the most important in geoelectrics. Howev
er, the result of the study in relation to solving prob
lems of geology will becomes fuller with the addition 
of new knowledge on the attenuation of the HFVMD 
in the layer of annual temperature fluctuations. Alas, 
this most important and, in addition, poorly studied 
side of the energy interaction of the HFVMD with an 
inhomogeneous anisotropic geological medium is not 
interesting to geophysicists. Since the end of the 
1970s, foreign geophysicists have been expanding the 
boundaries of the scientific and practical application 
of the EMI method in order to study ref without go
ing beyond the limits of the kilohertz frequency 
range. This is seen from the review paper [Doolittle, 
Brevik, 2014]. Only in some early works (e.g., [Sar-
torelli, French, 1982] and from the report of the Alaska 
Department of Transportation and Public Facilities 
[McNeill, 1980], in which only fleeting attention is 
paid to the dynamic side of the EMI signal that is 
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considered just as an inductive response from the lay
ers of the lower half-space1. However, this is done 
one-sidedly in the context of studying ρef without 
studying the attenuation of the vertical magnetic di
pole (VMD) field. The reason for the reluctance of 
Russian and foreign colleagues to study the attenua
tion of this field at low and, especially, high frequen
cies is not exactly known. Perhaps, this is hindered by 
the stereotype of thinking in terms of the mathemati
cal and physical incorrectness of solving this problem 
in the conditions of the screening influence of the pri
mary VMD field on the weak inductive response of 
the geological medium in the secondary field2. Surely, 
in the near zone of the primary field source, its influ
ence on the secondary field is so strong that it pre
vents obtaining correct and reliable knowledge about 
the petrophysics of the lower half-space. The influ
ence persists in the transitional zone of the source, 
where it is weakened to such an extent that it no lon
ger prevents reliable study of the induction effect in 
the total field in dependence of the geological setting 
[Neradovsky, 2018].

In Neryungri, the work by the EMI method was 
carried out in the1990s during the experimental and 
methodological experiments in order to study the en
gineering and geological capabilities of this new and 
promising method. According to the recommenda
tions of geophysicists of Yakutzoloto (Yakutian Gold) 
Company, who had extensive practical experience 
with the EMI method, the study of the sandstone 
massif was carried out at a frequency of 1.125 MHz 
and a spacing of 5–50 m with the measurements of Hz 
and Hr values for the sole purpose of determining the 
values of ref from their ratio. With a retrospective 
analysis of the data of the EMI method, the goal has 
changed. Only the vertical component of the 
HFVMD was studied in order to determine the va
lues of the k coefficient. The reason for this is ex
plained by the higher geological informativeness of Hz 
in comparison with Hr. According to A.A. Petrovsky 
[1971], Hz carries about 70% of information about 
anomalous objects that are located in the lower half-
space. Moreover, practical experience shows that Hz 
is less dependent on the noise influence (topography, 
engineering structures, etc.).

As for the Hr and Hz measurements, they were 
made in the spring, i.e., in the period, when the sea
sonally thawing colluvium layer was completely fro
zen. Owing to this, the investigation depth of the 
sandstone massif by the EMI method increased. The 
distorting influence of the seasonally thawed layer on 
the HFVMD attenuation in this massif disappeared.

The effective penetration depth of the HFVMD 
into this layer (hef) was estimated for the entire terri
tory of Neryungri by the values of the reduced dis
tance parameter (P) equal to the product of the mo
dulus of the complex wave number (z) by the spacing 
values. The values of z were calculated according to 
the formulas of electrodynamics of continuous media. 
They are not difficult to find in any of the numerous 
textbooks on electrical exploration and therefore 
they are not given in this article.

The generalized estimates of the average effec
tive values of electrical conductivity, as well as the 
real part of the complex permittivity (eef) necessary 
for the calculation were determined in different ways. 
The conductivity was estimated by 1/ref. The aver
age value of ref was calculated from the ensemble of 
Hz/Hr measurements at the EMI points with the con
version of the Hz/Hr ratio to the corresponding pa
rameter N. Implicitly, this parameter takes into ac
count the frequency influence of eef on ref. The values 
of N for Hz/Hr values in the tabulated form are pre
sented in the work by V.I. Igolkin with coauthors 
[2016, p. 260–266]. The formula for calculating ref is 
given in the same paper in the following form:

	 ref = Nr2f,	 (1)

where N is the parameter of the dielectric constant, rel. 
units; r is the spacing, m; and f is the frequency, MHz.

For example, for the Hz/Hr value equal to 1.5 rel. 
units measured at a distance of 15 m and at a frequen
cy of 1.125 MHz, we find N = 1.2 rel. units in the 
specified table [Igolkin et al., 2016, p. 263]. Substitut
ing it into formula (1) together with the values of the 
spacing and frequency, we get a ref equal to 303.8 W⋅m.

Unfortunately, the value of eef in the presented 
procedure for determining ref remains unknown. If, 
during the experimental and methodological works, 
measurements were made of the large and small axes 
of the polarization ellipse of HFVMD and of the an
gle of inclination to the horizon of the large axis, then 
the values of eef could have been determined using 
special pallets and nomograms [Lebedev et al., 1991] 
together with the values of ref. However, the lack of 
proper experience at the initial stage of mastering the 
MEMS equipment and the EMI method prevented 
the implementation of such a possibility. The missing 
values of eef were found in the course of georadar sur
veys in Neryungri with an OKO-2 georadar and the 
Triton antenna unit operating at a central frequency 
of 50 MHz [Neradovsky, 2022].

The values of eef were determined in a standard 
way by the angle of inclination of the branches of the 

1  This is what geophysicists call the geological medium in theoretical studies.
2  The author of this article witnessed a similar situation when, in the mid-1980s, scientific and production tests of the first 

domestic samples of ground-penetrating radars were initiated by the Committee on State Construction of the Russian Federation. 
At that time, the absolute majority of geophysicists who worked not only in engineering and geological surveys but also in geologi
cal exploration categorically denied the real facts of the depth resolution up to 20–30 m of soundings in frozen soils at a frequency 
of tens to hundreds of megahertz.
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hodographs of diffracted waves. The results of the de
termination of eef by this method are confirmed by an 
independent control check. It was made in Moscow 
by R.R. Denisov with the help of the well-known 
computer program “Georadar-Expert” developed by 
him. According to georadar data, the eef values for the 
layers were distributed in depth as follows. In an un
differentiated layer of road pavement soils, colluvial 
deposits, and a strongly weathered upper part of 
sandstone, the values of eef to a depth of 5–7 m vary 
in a narrow range from 4.12 to 4.88 rel. units. In the 
lower, relatively intact part of the sandstone massif, 
the values of eef at a depth of 7–28 m are equal to 3.5–
4.0 rel. units. The decrease is caused by a change in 
the genesis and composition of geological formations 
with a natural decrease in the amount of clay material 
in deeper layers. In general, the average value of eef 
according to georadar data is 3.93 rel. units. This va
lue obtained at a frequency of 50 MHz is further used 
to calculate the module z at a frequency of 1.125 MHz. 
The difference in frequency is very large, but it can be 
ignored without harm to the merits of the case, guid
ed by the unspoken decision of the international com
munity of geophysicists – possibility of using theo
retical concepts of the so-called “georadar platform” 
in georadiolocation, where the values of eef almost do 
not change in a wide frequency range from 1 MHz to 
1 GHz [Vladov, Sudakova, 2017].

As for the electrical conductance characteristic 
1/ref, the generalized estimate of its average value at 
a frequency of 1.125 MHz and in the spacing range of 
5–50 m is 1/2800 W⋅m (0.000357 S). The actual va
lues of ref are determined from palettes and nomo
grams [Lebedev et al., 1991] based on the totality of 
Hz/Hr values determined at all points of the EMI, in 
which the attenuation of the HFVMD in Neryungri 
was studied. The calculation based on the average 
values of 1/ref = 0.000375 S and eef = 3.93 rel. units 
showed that for this city the generalized value of the 
module z is 0.062 m–1. The values of P equal to 0.311 
and 3.11 rel. units correspond to the spacing values of 
5 and 50 m. Do they satisfy the criteria according to 
which the boundaries of the intermediate zone of the 
source of the primary HFVMD favorable for work by 
the EMI method are established?

Theoretically, the boundaries of the intermediate 
zone are set according to the criterion P << 1 (the 
neighborhood of the near zone) and P  >>  1 (the 
neighborhood of the far wave zone). G.V. Molochnov 
and M.V. Radionov [1983] consider it correct to use 
the EMI method to designate the boundaries of the 
intermediate zone by P values in the range of 1–10. 
V.I. Igolkin et al. [2016] link the boundaries of the 
intermediate zone with the accuracy of measuring the 
components of the HFVMD. These researchers es
tablish the boundaries of the transitional zone ac
cording to the criterion 0.01 ≤ P ≤ 100 with an accu
racy of up to 1%. In the field, it is impossible to ensure 

such accuracy, which means that, strictly speaking, it 
is impossible to apply the proposed criterion. Thus, 
what criterion should be chosen? Let us make a 
choice based on a general theoretical criterion. Al
though it is fuzzy, it is applicable in many cases. In 
accordance with this criterion, the above defined va
lues of P equal to 0.311 and 3.11 rel. units, correspond 
to the boundaries of the intermediate zone, in which 
the problem of probabilistic prediction of the strength 
of the sandstone massif according to the EMI method 
is theoretically solved correctly.

To determine the desired generalized estimates 
of the average values of hef, we turn to the little-
known work of V.S. Titlinov and R.B. Zhuravleva 
[1995, p. 13], borrowing from it a graph of the theo
retical dependence of the hef/hs ratio on the parame
ter P. The theoretical value of the maximum thick
ness of the skin layer (hs) (skin depth or penetration 
of the HFVMD at a frequency of 1.125 MHz) is de
termined by a simple formula given in the same work 
with reference to the textbook on electrical survey by 
M.S. Zhdanov:

	 2 ,sh = z 	 (2)

where hs is the thickness of the skin layer, m; z is the 
modulus of the wave number, m–1.

Setting z equal to 0.062 m–1 in formula (2), we 
get hs = 22.8 m. With a value of P = 0.311 rel. units, 
according to the above graph, we find hef/hs = 0.26. 
From this ratio, in turn, we calculate the value of 
hef = 22.8⋅0.26 = 5.9 m. Similarly, for P = 3.11 rel. 
units and the corresponding hef/hs = 0.78, we find 
hef = 17.8 m.

Thus, for Neryungri, the accepted frequency 
(1.125 MHz) and the spacing range (5–50 m) pro
vide correct determination of the attenuation of 
HFVMD within a relatively intact lower part of the 
sandstone massif at a depth of 5.9–17.8 m. This depth 
corresponds to the depth of the geological study of 
the strength of the massif in the core samples. 

SANDSTONE STRENGTH

In laboratory environments, the quantitative as
sessment of the strength of sandstone samples taken 
from air-dry or frozen core samples was carried out 
according to Rc values. This strength characteristic is 
widely and universally used in Russian soil mechan
ics. In foreign geotechnics, it is applied together with 
other geological and mining characteristics in order 
to build probabilistic models. For example, a neural 
model of multiple regression in order to predict the 
velocity of borehole drilling with a diamond bit in the 
fields of Turkey [Basarir et al., 2014].

From the thousands of boreholes drilled by Yu
zhYakuttisiz during the construction development of 
Neryungri, Rc values were collected from only 
218 boreholes, but this amount of factual material is 
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sufficient for a reliable assessment of probability dis
tributions of Rc values using the “Stage” program 
[Kulaichev, 2006]. As for the error in determining the 
average Rc values in the YuzhYakuttisiz soil labora

Ta b l e  1. Statistics of classification of laboratory values 
	  of the time limit of strength for uniaxial compression  
	 of sandstone samples in a water-saturated state

Parameter
Rc, МPa

groups 2–4 group 5 group 6
Arithmetic mean 10.5 34.8 65.5
Median mean 11.5 38.0 58.9
Modal mean 18.0 16.2 54.2
Weighted mean 10.5 30.8 65.9
Standard deviation 12.1 11.1 16.4
Coefficient of variation, % 31.4 32.7 25.1
Minimum value 2.5 15.0 50.2
Maximum value 14.8 49.0 114.6
Sample size 46 104 68

N o t e: Groups 2–4 to sandstone of low, reduced, and 
moderately low strength (Rc = 15 MPa); group 5, to moderate
ly strong sandstone (Rc = 15–50 MPa); and group 6, to strong 
sandstone (Rc = 50–120 MPa).

Fig.  1.  Histograms of the Rc strength values by 
strength groups:
(a) low to moderately low strength (Rc < 15 MPa), n = 46; (b) 
medium strength (Rc = 5–50 MPa), n = 104; (c) high strength 
(Rc = 50–120 MPa), n = 68. The total sample size is 218.

tory, it is not known exactly. However, according to 
GOST (State Standard) 21153.2-84 [1984], with 
mass laboratory determinations in a series of six sam
ples taken from each core, the error cannot be higher 
than ±20%.

With the arithmetic mean and median Rc values 
of 39.1 and 40.7 MPa, the particular values varied 
from 2.5 to 114.6 MPa with the variation coefficient 
of 59.6%. In 70% of cases, Rc values were distributed 
near the averages in the range of 15.8–62.4 MPa. Ac
cording to [GOST 25100-2020, 2020], in the ordered 
sequence of Rc increase in Neryungri, the sandstone 
massif is represented by five strength groups. The first 
and second groups (sandstone of low and reduced 
strength with Rc equal to 1–5 MPa) are rarely pres
ent ((probability 2.7%). The probability of the third 
group (low-strength sandstone with Rc = 5–15 MPa) 
is higher and equals 19.3%. The fourth group of mo
derately strong sandstone with Rc = 15–50 MPa has 
the maximum probability of 47.7%. The fifth group of 
strong sandstone (Rc = 50–120 MPa) has a lower 
probability of occurrence (30.7%). 

The group statistics of Rc values are presented in 
Table 1. With an abnormal distribution of Rc values, 
the correct theoretical indicator of the average distri
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bution position is the median average value. The 
proximity of the arithmetic mean and weighted aver
age values to the median average value serves as a 
true indication that, in Neryungri, the background 
distribution of the strength values of the sandstone 
massif obeys the normal law. However, with a small 
number of determinations in group samples (Table 1), 
the background of the Rc distribution is complicated 
by the imposition of anomalous components on it. As 
a result, an inhomogeneous probabilistic structure is 
formed. It manifests itself as isolated maxima at the 
ends of histograms with abnormally low (below 
10.4  MPa (Fig.  1a)) or high (above 70.3  MPa 
(Fig. 1c)) Rc values with a small frequency of their 
occurrence.

The areas of abnormal Rc values are considered 
as rare events indicating the appearance of two op
posite groups of sandstone massif at the base of engi
neering structures in Neryungri: low and high 
strength. Most often, at the base of engineering struc
tures there are sections of sandstone massif of medi
um strength and partly of low strength. These events 
are detected by the maxima of the general histogram 
of the Rc characteristic (Fig. 2). The first maximum 
with a mode of 10–20 MPa identifies a joint group of 
a sandstone massif of low, reduced, and moderately 
low strength. In terms of construction, they are con
sidered as an undifferentiated category of semi-rocky 
soils. The second and third maximums with modes 
40–50 and 80–90 MPa indicate the existence of two 
strength groups in the sandstone massif forming the 
dominant category of rocky soils. These are the 
groups of moderately strong and strong sandstone. 

VERTICAL MAGNETIC DIPOLE FIELD

Recall that the values of the coefficient k are tak
en as a quantitative assessment of the integral mea
sure of the attenuation of HFVMD in the sandstone 
massif within the layer of annual temperature fluctua
tions. The error in determining this coefficient is esti
mated from the results of control measurements of Hz. 
With an average relative error of measuring Hz values 
equal to 12.7%, a similar error in determining the val
ues of the k coefficient was 7.6%.

In Neryungri, the values of the k coefficient vary 
from 1.08 to 4.41 m–1. The width of the integral vari
ability in the coefficient of variation is rather large 
and amounts to 42.3%. The average values of the k 
coefficient are close and equal to 2.31; 1.88; 1.63 m–1. 
In 70% of cases, the values of the k coefficient vary 
near the average in the range of 1.33–3.29 m–1.

Histograms constructed with reference to the 
boundaries of the rock – semi-rock soil classes show 
that the values of the k coefficient inherit from the 
strength of the sandstone massif an inhomogeneous 
probabilistic structure, which is not described by ei
ther the law of normal distribution or the laws of ab

Fig. 2. Summary of the (1) actual histogram and (2) 
theoretical variogram of the law of the normal prob-
ability distribution of the Rc strength characteristic 
values. 
Sample size, 218 determinations.

normal distribution (Fig. 3). The statistics of the val
ues of the coefficient k obtained for the groups of dif
ferent strength of the sandstone massif are presented 
in Table 2. It follows from this table that with a de
crease in the strength of the sandstone massif, the av
erage values of the k coefficient increase. However, 
this variability is different, both in terms of the aver
ages and the coefficients of variation. With a general 
decrease in the average values of the Rc strength char
acteristic by 6.3 times, the average values of the k co
efficient increase by 2.6 times. With a more even inte
gral variability (by the coefficient of variation) of the 
values of the Rc strength characteristic with an aver
age median value of 31.4%, the coefficient k is signifi
cantly lower and equals to 14.6%.

Thus, the response of the HFVMD attenuation 
to the variability in the strength of the sandstone 
massif in Neryungri is weakened by the action of oth
er permafrost and soil factors, such as temperature, 
mineral composition, grain-size distribution, type and 
composition of cement, presence of impurities, and 
other petrographic characteristics.

The result of the attenuation is visible on the his
togram of the values of the coefficient k constructed 
for the entire city of Neryungri (Fig. 4). In contrast to 
the same histogram of the Rc strength characteristic 
(Fig. 2) in the histogram of the k coefficient, there is 
no clear separation of the modes of the high and me
dium strength sandstone groups forming a mixed 
group with probable mode values in the range of 
1.36–1.91 m–1. The same group with a mode of 3.58–
3.85 m–1 is observed on the histogram on the right, 
combining sandstone groups of low, reduced, and 
moderately low strength.
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Fig. 3. Histograms of the k coefficient values by 
strength groups of frozen high-temperature sand-
stone massif: 
(a) low to moderately low strength (Rc < 15 MPa), (b) medium 
strength (Rc  =  15–50  MPa), and (c) high strength (Rc  = 
= 50–120 MPa). The total sample size is 218. 

Fig. 4. Summary of the (1) actual histogram and (2) 
theoretical variogram of the law of the normal pro
bability distribution of the coefficient k values for a 
frozen high-temperature sandstone massif. 
Sample size, 218 determinations. 

Ta b l e  2. Statistics of the HFVMD attenuation  
	 in a frozen sandstone massif according 
	 to the coefficient k values

Parameter
k, m–1

groups 2–4 group 5 group 6
Arithmetic mean 3.86 2.14 1.49
Median mean 3.84 1.91 1.44
Modal mean 4.26 3.12 1.35
Weighted mean 3.88 2.21 1.49
Standard deviation 0.33 0.62 0.22
Coefficient of variation, % 8.4 29.0 14.6
Minimum value 3.26 1.44 1.08
Maximum value 4.41 3.82 1.99
Sample size 46 104 68
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The features of the probabilistic structure of the 
distribution of the values of the coefficient k show the 
weak and strong side of the EMI method in solving 
the problem of predicting the average strength of 
sandstone. The weak side is the difficulty of reliable 
recognition, even by the average values of the k coef
ficient, of a group of strong sandstones and a group of 
medium-strength sandstones forming one category of 
rocky soils in terms of construction [GOST 25100-
2020, 2020]. The strength of the EMI method is a re
liable distinction of the category of rocky soils from 
the category of semi-rocky soils (groups of sandstones 
of moderately low, reduced, and low strength). It is 
clear that the strength of the EMI method is of par
ticular importance for design and survey work, espe
cially for solving one of the main tasks of engineering-
geological zoning of the built-up territories of South 
Yakutia and Neryungri according to the strength of 
the foundations of engineering structures.

PROBABILISTIC MODEL

For a long time, the scale factor has been consid
ered a fundamental obstacle to the application of 
probabilistic models linking geological and geophysi
cal characteristics. The accumulated experience of 
field experiments shows that the incompatibility of 
point geological characteristics and volumetric geo
physical characteristics is valid only in the space of 
disparate single determinations of these characteris
tics. When comparing a large number of values of 
geological and geophysical characteristics ordered by 
area and time, the dominant role of the scale factor 
loses its significance and does not interfere with de
tecting and studying statistical patterns [Paskhaver, 
1974].

In the probabilistic model under consideration, 
in scientific terms, of course, the petrophysical side is 
interesting. It describes the correlation between the 
coefficient k and the strength characteristic Rc. In 
practical terms, another side of the model is impor
tant, which describes the physically unrealistic re
gression dependence of Rc on k. It is this side of the 
model that provides a valuable opportunity to move 
from laboratory determination of the time limit of 
strength for uniaxial compression of water-saturated 
sandstone samples to a quantitative assessment of the 
same strength for a sandstone massif, that is, to solve 
the desired problem of predicting the strength of a 
sandstone massif according to the EMI method.

According to the rules and assumptions used in 
mathematical statistics, random variations of an inde
pendent variable associated with errors in laboratory 
determination should be insignificant in a probabilis
tic model in comparison with the general range of 
variability [Draper, Smith, 2007, p. 41]. This is a very 
strict theoretical condition, but it is practically met 
for the strength characteristic Rc, which is considered 

from the correlation side of the probabilistic model as 
an independent and non-random variable. In fact, 
with the relative variability of Rc values equal to 
191.5% (2.5–114.6 MPa), random variation of per
missible laboratory errors of strength determination 
(no higher than ±20% according to [GOST 21135.2-
84, 1984]) is only 10.4%. 

The graph of the correlation dependence of k on 
Rc is shown in Fig. 5. It follows from this dependence 
that the increase in the strength of the sandstone 
massif is accompanied by a regular nonlinear decrease 
in the average measure of attenuation of the 
HFVMD. The graph shows three sections with 
boundaries of sandstone strength groups [GOST 
25100-2020, 2020]. The first section with a weak 
attenuation change and a correlation coefficient 
of –0.70 corresponds to a group of sandstone of mod
erately low, reduced, and low strength (Rc < 15 MPa). 
The second section with maximum attenuation vari
ability and correlation coefficient –0.74 corresponds 
to a group of moderately strong sandstone with Rc 
from 15 to 40 MPa. In the third section within the 
group of strong sandstone with Rc > 40 MPa, attenu
ation slows down again, but not as much as in the first 
section. At the same time, the correlation does not 
decrease and constitutes –0.79.

The described correlation is close to the cause-
and-effect relationships that arise when the strength 
of the sandstone massif changes and the response to 
this variability of the measure of the HFVMD atten
uation. It is difficult to say which mathematical func
tions correctly describe these relations, but with a 
high degree of probability, one of them is the logistic 
function. This function is known to correctly describe 
the behavior of natural-technical systems at their ex
treme transitions, i.e., from the initial state to the fi
nal state. In relation to the probabilistic model for 
Neryungri, the limiting transition is the transition 
from the low-strength sandstone to the strong sand
stone in the rock–semi-rock basement of engineering 
structures.

The graph of the logistic function, constructed 
by the least squares method, is shown against the 
background of the scattering field of factual data on 
the paired values of Rc and k (Fig. 5). The general re
cord of the equation of the logistic function for all 
cases has the following form:

	 ( ) ( )( )0 1 2 31 exp ,x a a a a y = + + + d 

where y is an independent variable (characteristic Rc); 
x is a dependent variable (coefficient k); a0, a1, a2, a3 are 
parameters depending on the conditions of application 
of the EMI method; and d is a random error.

In relation to the engineering and geological 
conditions of construction and operation of engineer
ing structures in Neryungri, the values of a0–a3 are 
equal to 1.2050, 3.5930, 0.1413, and 0.0795, respec
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tively. They relate by probabilistic relations the 
strength of the sandstone massif and the average mea
sure of the HFVMD attenuation with a multiple de
termination coefficient R2 = 0.959. This means that 
the contribution of the strength factor to the variabil
ity of the attenuation of the HFVMD dominates 
among other factors and reaches almost 96%.

The graph of the logistic function equation is 
useful, because it makes it possible to solve a direct 
geophysical problem without calculations. Namely, at 
the design stage of the work, it is possible to estimate 
the measure of attenuation of the HFVMD by a prio
ri data on the strength of the sandstone massif. In ad
dition, knowing the values of the coefficient k accord
ing to the EMI method, it is easy to quickly solve two 
tasks in the field: (1) to obtain an initial assessment of 
the strength of the sandstone massif and (2) to con

struct a scheme of preliminary zoning of the studied 
territory by strength groups with division into cate
gories of rocky and semi-rocky soils.

The inverse problem of geophysics – the predic
tion of the average strength of a water-saturated 
sandstone massif – is solved by a probabilistic model 
using a regression equation of a power function. It ap
proximates the regular variability of the average valu
es of the strength characteristic Rc depending on the 
values of the coefficient k in the field of random scat
tering of factual data on Neryungri better than other 
functions. The graph of the power function equation 
is demonstrated in Fig. 6. It follows from this graph 
that the permutation of the places of variables has 
changed the mathematical form, but not the essence 
of the probabilistic relations between Rc and k. Such 
a permutation should not cause confusion. It is inher

Fig. 5. A probabilistic model for strength groups of water-saturated sandstone massif in accordance with 
[GOST 25100-2020, 2020] with the (a) correlation graph and graphs of probability distributions of the (b) 
coefficient k values and (c) strength characteristic Rc:
(1) actual data, (2) graph of the logistic function equation, (3) actual histograms, and (4) theoretical variograms of the law of 
normal distribution. Strength groups of sandstone: (I) low to moderately low strength, (II) medium strength, and (III) high strength. 



47

A PROBABILISTIC MODEL FOR PREDICTING SANDSTONE STRENGTH USING ELECTROMAGNETIC INDUCTION SOUNDING

Fig. 7. Graph of the distribution of errors of the probabilistic model (a) and the scattering field of model 
errors depending on the coefficient k values (b). 
(1) actual histogram of errors, (2) theoretical variogram of errors according to the law of normal probability distribution, and (3, 
4) limits of the maximum permissible error of laboratory determination of the Rc strength characteristic. Sample size, 218 determi
nations.

ent in regression analysis and occurs when the direc
tion of transition from one space of probabilistic rela
tions of variables to another space changes.

The regression equation of a power function has 
the following form with a multiple determination co
efficient R2 = 0.793:

	 Rc = exp (4.836) k–1.707.	 (3)

Equation (3) is applicable for surveys by the 
EMI method in the spring, when the seasonally thaw
ing colluvial layer remains in the completely frozen 
state. Another condition for the correct application of 
this equation is the range of variability of the ensem
ble of the coefficient k values (1.08–4.41 m–1). Out
side these boundaries, the parameters of equation (3) 
may be different.

FORECAST ERRORS

The errors of the probabilistic forecast model ac
cording to the EMI method of determining the aver
age strength of a water-saturated sandstone massif 
present the difference between the laboratory values 
of the strength characteristic Rc and the values calcu
lated by equation (3). A test check made using the 
“Stage” program [Kulaichev, 2006] according to se
veral independent criteria indicates that the probabi
listic distribution of absolute and relative errors does 
not obey the normal law. This is also confirmed by the 
graphs of error histograms (Fig. 7). In 122 cases, er
rors have a positive sign and in 96 cases, a negative 
sign. Such an imbalance in the spread of single values 
near the averages is a mark of a certain tendency to

Fig. 6. Probabilistic model for predicting the aver-
age strength of a sandstone massif (Rc) in a water-
saturated state from the values of coefficient k: 
(1) actual material, (2) graph of the regression equation of the 
power function, and (3, 4) lower and upper boundaries of the 
95% confidence interval.

wards underestimating the calculated Rc values in 
relation to laboratory values. The proportion of pre
diction errors of the probabilistic model, comparable 
in magnitude to the maximum permissible error of 
laboratory determination (±20%), is significant. In 
the actual material consisting of 218 determinations, 
errors of 20–30% occur in 61–78% of cases (Fig. 7a). 
A decrease in the sensitivity of the k coefficient in the 
region of high values (above 4 m–1) confined to an un
divided group of low-strength sandstone, sandstone 
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of reduced and low strength with average calculated 
values of the Rc strength characteristic <15 MPa 
leads to an abnormal increase in errors up to –120%, 
i.e., to a systematic excess of the laboratory values of 
the Rc strength characteristic (Fig. 7b). The share of 
such errors is equal to 8.2–9.6%. A more favorable 
pattern of error distribution for the EMI method is 
observed at relatively low values of the coefficient k 
(<1.8 m–1) for a group of strong sandstone with an 
estimated Rc > 50 MPa. In this case, the maximum 
error does not exceed ±55%, and the share of such er
rors in relation to errors of ±(20–30)% is ±34.5 and 
±20.7%.

It turns out that in about 7–8 cases out of ten, 
the expected forecast error will fall within the range 
of ±(20–30)%. With the variation of single errors 
from 1.75 MPa (3.5%) to 11.24 MPa (27.8%), the av
erage error rates are close to zero (Table 3). If we take 
the moderate level of confidence3 in the results of 
geophysics equal to about 70%, which has been ac
cepted for a long time in geology in the prospecting 
and exploration of mineral deposits, then the calcula
tion errors of the average Rc values will be concen
trated in the range ±11.22 MPa (±27.7%). At the 
confidence level of 80%, the errors become slightly 
larger and equal to ±14.07 MPa (±32.0%).

CONCLUSIONS

A retrospective analysis of the factual material 
obtained in the 1990s in the permafrost of southern 
Yakutia in Neryungri allowed us to build a new prob
abilistic model. This model makes it possible to solve 
an important problem of geomechanics of frozen soils 
in terms of predicting the average strength of a frozen 
high-temperature sandstone massif that has passed 
into a water-saturated state under the influence of 
anthropogenic, technogenic and climatic factors on 

the basis of data obtained by the EMI method. With 
a probability of 70–80%, the model allows us to esti
mate the strength of the sandstone massif in this state 
with a relative error of ±(27.7–32.0)%. This error is 
comparable with the permissible laboratory error of 
±20%. Such a level of accuracy gives grounds to apply 
the EMI method for the purpose of quick (ahead of 
expensive and labor-intensive drilling and laboratory 
works) economical and detailed zoning of the terri
tory of Neryungri according to the strength category 
of rocky–semi-rocky foundations of engineering 
structures. 
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A recently published book by L.N. Khrustalev, a leading specialist in engineering geocryology, professor 
of the Department of Geocryology, Faculty of Geology, Lomonosov Moscow State University is devoted to 
methods for solving a wide range of problems of engineering geocryology: thermal and mechanical interaction 
of engineering constructions with bearing rocks, land reclamation measures, methods for assessing the reliabil
ity of design solutions for construction in the permafrost zone, as well as methods of predictive calculations for 
monitoring of objects built on permafrost. This monograph contains a wide range of recommendatory and 
standard calculations, as well as some previously unpublished author’s works. In essence, it is a desk reference 
for specialists involved in the design and calculations of engineering constructions on permafrost. Another 
highlight of the book is its electronic component: all the calculations proposed in the book are implemented in 
Microsoft Excel macros and are available for download and processing. This practically eliminates the possibil
ity of errors (the user only needs to enter the correct input data).
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In 2021, a fundamental book by Prof. L.N. Khrus
talev – Calculation of Engineering Constructions on 
Permafrost: A Training Manual – was published. This 
book is a training manual for study courses Basics of 
Geotechnics on Permafrost and Reclamation of Frozen 
and Thawed Ground in Permafrost Area for the Mas
ter of Science program (first study year). However, it 
can be used not only as a training manual for students 
of the high school (geology, civil engineering, and 
transport programs) but also as a reference book for 
scientists, designers, civil engineers, and surveyors 
dealing with the problems of economic development 
in permafrost areas.

Lev Nikolaevich Khrustalev is a prominent per
mafrost researcher, who has been working on geo
technical problems in permafrost areas for more than 
60 years. He worked at the Northern Branch of the 
Institute of Foundations and Underground Con
structions of the State Committee for Construction 
in the Soviet Union (Gosstroy) in Vorkuta for twen
ty-six years, and at the Geocryology Department of 
Lomonosov Moscow State University for thirty-se
ven years. He is a doctor of technical sciences, profes
sor, Honored Inventor of the Komi ASSR, Honored 
Scientist of the Russian Federation, Honored Profes
sor of MSU. He is the author of over 180 scientific 
and methodological publications, including 23 books 
and 33 patents for inventions. A number of these in
ventions have been implemented into practice with 
great economic effect.

The recently published book accumulates com
putational analytical methods applied in the design of 
engineering constructions on permafrost and avail
able from regulatory and technical literature. The 
training manual consists of five chapters:

1. Problems of thermal interaction between engi
neering constructions and frozen ground.

2. Problems of mechanical interaction between 
engineering constructions and frozen ground.

3. Related problems of thermal and mechanical 
interaction between engineering constructions and 
frozen ground.

4. Safety of engineering constructions on perma
frost.

5. Problems of engineering construction moni
toring on permafrost.

The first chapter describes the methods for the 
assessment of the dynamics of the thermal state of 
permafrost under the impact of engineering construc
tions (freeze-thaw cycles, active layer depth) depend
ing on the adopted technical solutions. The second 
chapter considers procedures for calculating the bear
ing capacity of foundation, its subsidence, estimates 
of heaving power, as well as calculations of linear ob
jects. Further, methods of thermo-technical calcula
tions for civil engineering facilities at sites with deep
ened permafrost table (artificial thawing, stabiliza
tion of the upper permafrost, and calculation of the 
working layer for railways and highways) are consid
ered. The fourth chapter should be specially high
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lighted: t contains personal developments of 
L.N.  Khrustalev on the approaches for analytical 
safety estimations of building foundations and linear 
constructions. These developments focus on the 
choice of design solutions allowing to reduce the risks 
of failures of geotechnical systems by determining the 
optimal parameters of foundations and geotechnical 
systems. That is the one of most important design ob
jectives. The fifth chapter presents calculation meth
ods allowing to perform predictive calculations of the 
ground temperature field based on monitoring obser
vations, i.e., temperature measurements in a borehole 
located at some distance from a building or pipeline.

The book aims at accelerating the process of 
thermotechnical calculations; several normative cal
culation methods have been revised: for each particu
late method, the steps of calculation are given se
quentially and in detail, without references to equa
tions given in other chapters. The equations that have 
no analytical solutions are replaced by tables or ap
proximated by linear functions. This approach sig
nificantly simplifies the calculations for the user. It 
should be noted that the search of the source litera
ture is simple: reference sources are given within each 
chapter, where the equation is described in detail. 
When the equation is published for the first time, the 
description is given in the book. The derivations of 
the equations can also be found in the textbook by 
L.N. Khrustalev [2019]. The presented training man
ual is an excerpt from this book with several addi
tions that were developed during the last two years 
after the textbook publication.

Calculation methods presented in the book were 
implemented by L.N. Khrustalev in the form of 44 MS 
Excel macros. They are stored in the cloud and can be 
requested using the link given in the book appendix. 
Macros work in the Excel environment, which makes 
them understandable and available for readers even 
without special training. The work with these pro
grams is easy: user must only fill out the input column 
highlighted with yellow color and click the “Start” 
button located in the upper part of the sheet. Calcula
tion results will appear in the gray column of this 
sheet. Herewith, the calculations are accelerated by 
several orders and are not subject to errors.

The new books by L.N. Khrustalev can be recom
mended for readers interested in engineering perma
frost issues and specialists dealing with the economic 
development of areas underlain by permafrost. They 
can be ordered from publishers by phone:

+7 (495) 280-15-96 (add. 246) – “Infra-M” Pub
lishing House

8-800-333-68-45 – “Direct-Media” Publishing 
House
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