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INTRODUCTION

This study sets out to investigate peculiar struc-
tural features of yedoma sequences containing ice 
wedges which are widespread in the Kular ridge area, 
along with radiocarbon dating of their sediments. In 
the Russian literature, the term “yedoma” has several 
meanings: in the geomorphic sense (“yedoma sur-
face”) in the stratigraphic sense (yedoma suite); and 
in the geocryological sense, as a special type of frozen 
syngenetic ice-rich sediments penetrated by ice 
wedges [Sher, 1997]. The general concept of “yedo-
ma” adopted in the foreign literature, refers specifi -
cally to ice-rich deposits with syngenetic ice wedges 
[Schirrmeister et al., 2013]. The term “yedoma” used 
herewith refl ects the defi nition given by Yu. Va sil’-
chuk, as follows: “yedoma” is syngenetic extremely 
ice-rich (ice content: >50–90 %) frozen earth mate-
rial commonly enriched in organic material (organic 
matter content: >1–2 %) and represented by clayey 
silts, silty sands, and fi ne sands of Late Pleistocene 
age hosting large syngenetic ice wedges (15–20 m 
and more in height, 1.0–3.5 m in width), often with 
multi-layered structure. In the intermountain basins 
and on slopes, yedoma sequences may be saturated 
with silty medium gravel and rubble material, while 
yedoma sequences in valleys and river deltas may 
contain gravel and pebbles [Vasil’chuk, 1992]. The age 
of yedoma sequences varies from 11.7 to 50 calibrated 
(cal) thousand years and older. One of the specifi c 
characteristics of these deposits is the pungent odor 
(“smell of horse stables”) given off  by the decompo-
sing organic matter.

 ENVIRONMENTAL CONDITIONS
IN THE STUDY AREA 

Geographical location
The studied cross-section of the yedoma ice-

wedge polygon system is located in the foothills of 
the Kular ridge near the abandoned rural settlement 
of Kular (70°38′02″ N, 134°19′57″ E), on the south-
facing slope of the Burguat River valley, which is part 
of the Omoloy River basin (Fig. 1). In terms of tec-
tonic setting, the Kular gold-bearing region compris-
ing the study area is subsumed into the continental 
zone of the rift system [Konstantinov et al., 2013]. 
Hence, rifting is implicated in to the slope processes 
intensity in this region.

Climate, terrain and surface waters
According to climate zoning pattern discussed in 

[Alisov, 1956], the study region is located in the on-
shore area of the Arctic belt. The key temperature/
precipitation data reported from the nearest Kazach’e 
weather station include: the mean January air tem-
perature (tJ) over the past 20–30 years (from –36 
to –39 °C), the mean July temperature (from + 4 
to +11  °C), and the mean annual air temperature 
(MAAT) (around –14 °C); the annual precipitation 
amounting to 200–250 mm/year and unevenly di-
stribu ted between the winter (ca. 50 mm) and sum-
mer (from 50 to 200 mm) seasons in [http://ru. Cli-
mate-Data.org]. Note that the data obtained by the 
authors from the study of elementary ice wedges 
which formed during the last 100 years on the fl ood-
plain served as the basis for the paleotemperature in-
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terpretation of the stable isotope composition of ice 
wedges [Vasil’chuk, 1991]; it is therefore critical to 
additionally provide the available data from the 
Kazach’e weather station for earlier period spanning 
from 1930 to 1966, where tJ varied from –39 to 
–37.4 °C [Refe rence Books, 1966].

Accumulation landforms are represented mainly 
by surfaces of slope accumulation encircling water-
sheds and superimposed on river terraces. The Bur-
guat River and Kuchuguy-Kuegyulyur River valleys, 
whose width reaches 1.5 km in man-made extensions, 
are characterized by a box-shaped asymmetric cross-
section exposing steep slopes, which becomes V-sha-
ped in the upper reaches. A detailed study of the re-
gion’s terrain by Gravis [1969] allowed to distinguish 
three major elements in the asymmetric valleys: 
1)  the bottom, which includes the riverbed, flo-
odplain and (locally) one above-fl oodplain terrace; 
2) terrace-ridge, which is a fl at area, most often lo-
cated at the foot of south- or west-facing slope; 3) the 
valley slopes composed of bedrock, overlain by thin 
layers of loose deposits. In the upper reaches of small 
rivers, where neither the fl oodplain nor permanent 
riverbed are developed, the slopes’ asymmetry is not 
pronounced. Lower down the river, they gradually 
pass into shallow, but fairly wide gullies with matted 
walls and bottom. A narrow riverbed is characterized 
by developing small meandering bends which favor 
the formation of disparate small segments of the 
fl oodplain. These gradually coalesce to form a single 
terrace reaching 100 m and more in width. Its surface 

is generally swampy and is occasionally interspersed 
with oxbow landforms like small ox bow lakes. This 
type of terrain has been studied fairly thoroughly in 
the vicinity of Kular village. The terrace-ridges are 
often cross-cut by tributaries of the main river. Ex-
tensive, fl at alluvial fans which commonly develop on 
the fl oodplain (opposite to the mouths of the tribu-
taries) completely block the riverbed, thereby divert-
ing the main river towards the opposite slope. 

The beginning of the Late Pleistocene saw a de-
crease in the local erosion basis (Yana and Omoloy 
Rivers), against the backdrop of general uplift of the 
Kular arch, which largely governed the ongoing re-
lief-forming processes [Soloviev et al., 2003]. This in-
dicates that slope processes had played a signifi cant 
role in sediment distribution and accumulation.

Geocryological conditions 
According to the data obtained at the Russian 

Research Institute for Hydrogeology and Engineer-
ing Geology, permafrost thickness in the Kular village 
area varies from 90  m (Burguat River valley) to 
~300 m (summit surfaces). The mean annual temper-
ature of permafrost averages between –6 and –8 °C, 
with the frost cracking, cryogenic weathering, as well 
as curum formation and thermokarst being wide-
spread phenomena. Deposits containing ice wedges, 
are encountered both on slopes (more frequently, in 
the cross-sections of terrace-ridges) and in river val-
leys. Slope deposits are represented by brownish-grey 
silty sands and clayey silts with inclusions of rubble 

Fig. 1. Map showing location of the yedoma sequence cross-section near Kular village.
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material, slate, which are often iron-rich, and abound 
in organic remains. The sediment thickness in the 
middle and lower parts of hillslopes can reach 10–
15 m or more.

 HISTORY OF RESEARCH 

The cryostructure of deposits in the Kular ridge 
has been studied fairly thoroughly from cross-sec-
tions of mine shafts, boreholes, pits and open-cut 
mines over recent decades [Kuznetsova, 1967; Gravis, 

1969; Ventskevich et al., 1969; Konishchev, 1981; Va-
sil’chuk, 1990; Kanevskiy, 2004]. The area provides 
intriguing features, unequaled elsewhere in perma-
frost areas. The structure of ice wedges and pseudo-
morphs in the pebble-blocky-rubble horizon is stud-
ied in detail, which in itself is an infrequent pheno-
menon. Thus, Kuznetsova [1967] described the 
structure of sediments containing thick ice wedges 
exposed in the inclined ca. 50 m long mine shaft in the 
Burguat River valley. Results of the study of ice wed-
ges occurring in the layer of pebble admixed with 
rubble material in the Kular mines revealed [Ventske-
vich et al., 1969] that ice wedges often dissect the 
gold-bearing deposits to the bedrock (Fig. 2, a, b). 
While they may not reach the bedrock base (Fig. 2, b), 
most of them have an unusual confi guration.

Gravis [1969], who studied the cryolithological 
structure of the Kular foothills in mines next to nu-
merous pits dug during winter for four years, revealed 
evidences of ice wedge formation in slopes, and signs 
suggesting solifl uction origin for the sediments. He 
found that, depending on the rate of the soil mass 
movement, elementary wedges can be arranged either 
in the form of a fan (high displacement rate) 
(Fig. 3, a) or become asymmetric, without being se-
parated (low displacement rate) (Fig. 3, b).

In the Kyusentey River valley, 40 km northeast 
from Kular village, Gravis described fi ve layers (tiers) 
of ice wedges (Fig. 4). At this, their number varied 
even within a single slope, which strongly refl ects the 
slope-specifi c variability of sediment accumulation 
conditions. At the slopes base, Gravis identifi ed the 
riverbed and fl oodplain alluvium facies. Analysis of 
the cross-sections allowed him to infer that the sedi-
ments accumulated the most thickly in the ancient 
Kyusentey River valley in parallel to accumulation of 

Fig. 2. Field sketches of the shape of “tails” (tips) 
of ice wedges observed in a mine shaft in the Kular 
yedoma sequence, intersected by the cross-section 
across the strike (after: [Ventskevich et al., 1969], 
simplifi ed).
1 – bedrock eluvium; 2 – pebbles with silty sands and clayey 
silt infi ll; 3 – ice wedge; 4 – rubble material.

Fig. 3. Ice wedges formed in the slope deposits (af-
ter: [Gravis, 1969], amended):
а – fan-shaped, b –asymmetric. The arrow indicates the direc-
tion of the material displacement. 
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riverbed and fl oodplain deposits, and of the lower-
most part of silty sands and clayey silts. After the in-
cision had taken place, further sedimentation was 
dominantly controlled by the steep hillslopes.

The cryolithological structure of deluvial-soli-
fl uction slope deposits of the Burguat River valley 
was studied by Kanevskiy [2004]. A total of about 
40 boreholes were drilled into the slope (Fig. 5, A). At 
least two generations of ice wedges were identifi ed 
in this sequence. The thickness of slope deposits var-

ies from 3 to 20 m. A major part of the slope sedi-
ment sequence is composed by grey silty sands with 
micro- and inner-thinly-lenticular cryostructure, 
with their layers locally growing extremely ice-
rich (thickness: 0.1–3 m) with ataxitic(suspended)/ 
reticulate cryostructure, encountered at different 
depths (Fig. 5, B, C). Their total moisture content is 
150–200 %. According to Kanevskiy, these deposits 
are generally extremely ice-rich, have relatively low 
thickness, and lack a distinct rhythmicity in their 

Fig. 4. Cryostructure of slope deposits in the Kyusentey River valley (40 km NE from Kular village) (after: 
[Gravis, 1969], simplifi ed).
А – cross-sections of pits along line 138; B – cross-sections of pits along line 157. I – deluvial solifl uction sediments; II – riverbed 
alluvium; III – fl oodplain alluvium; 1 – bedrock eluvium; 2 – silty clay, frozen, with fi ne-lens-like, cross-bedded and horizontally-
layered cryostructure; 3 – pebble-bed with silty sands and clayey silts, frozen, with dominantly crust-like cryostructure; 4 – peat, 
frozen with discontinuous layered reticulate cryostructure; 5 – ice-lens; 6 – ice wedge; 7 – fan-shaped ice wedges; 8 – rubble mate-
rial; 9 – buried branches of large shrubs; 10 – lower limit of the active layer; 11 – numbering of pits.
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Fig.  5.  Cryostructure of deposits on the Bourguat 
River valley slope near Kular village (after: [Kanevskiy, 
2004], simplifi ed).

A – boreholes location plan; B – borehole sections in the mid-slope part; C – cross-sections of boreholes in the lower part of the 
slope. 1 – slope base deposits; 2 – lower limit of the active layer; 3 – silty sand, grey, frozen with micro- and thin ice lenses, len-
ticular cryostructure; 4 – silty sand, grey, frozen with ataxitic and reticulate cryostructure; 5 – ice wedge; 6 – medium to fi ne 
gravel; 7 – bedrock eluvium.
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structure. This author described subhorizontally oc-
curring syngenetic ice wedges oriented perpendicular 
to the slope dip [Kanevskiy, 2003]. Kanevskiy [2004] 
showed that diff erentiation by composition between 
Ice Complex deposits and slope deluvial solifl uction 
deposits is almost indiscernible in the Kular area. Ice 
Complex deposits basically make up terrace-ridges 
and watershed slopes, while terrace-ridges tend to de-
velop in their pediment areas (deluvial solifl uction 
deposits). Ice wedges inherent in this area are accen-
tuated by their multilayer occurrence and diversity of 
shapes, while yedoma sequences display a complex 
structure.

RESEARCH RESULTS OBTAINED 
FOR ICE WEDGES AND THE SURROUNDING 

KULAR YEDOMA SEDIMENTS 

The structure and composition 
of yedoma sequence 

In the outcrop fragment studied in detail by the 
authors on the gentle sloping, south-facing Burguat 
River valley slope (0.5 km west of the mouth of the 
Emis Creek), the ice wedge-bearing sequence occurs 
in the form of a terrace-ridge stretching for more than 
1 km along the slope, with surface slope angle of 4–5°. 

Absolute elevation marks of yedoma vary from 95 m 
(near the stream) to 110–120 m (in the upper part of 
the slope), and from 105 to 140 m (in the topmost 
layer).

The yedoma sequence in the described outcrop 
fragment averages ca. 22 m in thickness, which may 
reach 28 m. The structure of one of the most repre-
sentative terrace-ridge portion was studied by the 
authors in abandoned open-cut mine within a mid-
slope segment (Fig. 6, a, 7). The bedrock exposed at 
the base of the terrace-ridge, is overlain by up to 1 m 
thick gravelly eluvium bed. The layer of fi ne black 
sand (thickness: from 0.5 to 2–3 m) atop it is cross-
stratifi ed, with inclusions of gravel and subrounded 
pebbles. By all appearances, the sand is of alluvial 
origin and is attributed to the riverbed sediment faci-
es. At the interface between sands and overlying grey 
silty sands, the authors observed a layer of  bluish-grey 
segregated ice (up to 1.5 m thick) with inclusions of 
minute pebbles. The yedoma sequence is composed of 
grey silty sand and clayey silt with thick lenses of 
peat and discrete interlayers of organic material. Lay-
ers of peat are usually contorted and disrupted, which 
is typical of solifl uction deposits. The fuzzy, intermit-
tent ice inclusions and asymmetric ice wedges identi-
fi ed in the section, according to Gravis [1969], are 
also indicative of solifl uction origin of the sequence.

Both thick syngenetic ice wedges and multi-tier 
ice wedge identifi ed in the section, are abound across 
the entire sequence (Fig. 6). The heads of multi-tier 
ice wedges occur at diff erent depths (0.7–1.0, 4–5, 
8.5–10, 15–17 m), and at least three or four tiers of 
ice wedges are observed. Ice wedges reach 3.5 m in 
width and exhibit brownish-grey ice, with admixture 
of peat and silty sands. The distance between ice 
wedges is 13–15 m. The “tails” (tips) of wedges occur 
at diff erent depths, and either cross-cut the eluvium, 
or occur at a height of 3–5 m from the yedoma se-
quence base. Ice wedges are contorted (deviation of 
the wedges’ axes from vertical position is usually 1.0–
1.2 m). Ice wedges oriented along and across the slope 
tend to diff erentiate.

Ice wedges located along the slope are symmetric 
and occur subvertically, reaching 3.0–3.5 m in width, 
while those located perpendicular to the slope dip are 
generally asymmetric, much narrower, with a width 
of 1.5–2.0 m in the upper part and their bedding var-
ies from inclined to subhorizontal. The enclosing 
sediments at the contact with ice wedges are de-
formed, with the deformations traced as upwards 
curved schlieren of segregated ice. Segregated ice is 
characterized by medium-bedded medium- and fi ne 
lens- or belt-like cryostructures. In places where silty 
sands are overlapped by peat lenses, the thickness of 
ice schlieren in silty sands declines from 2–3 to 
0.05 cm, while the peat material is characterized by 
densely layered micro-schlieren cryostructure. The 
cross-section is generally represented by three-fold 

Fig. 6.  Ice wedges in the yedoma exposure near 
Kular village.
а – general view of the open-cut mine (ice wedges are shown in 
the background against a vertical wall); b – vertically-banded 
syngenetic ice wedge (on the left) and a thick peat layer. Pho-
tograph by Yu.K. Vasil'chuk.
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layering of silty sand units and peat lenses. The total 
moisture content of deposits averages 70–100 %.

The cryogenic structure of silty sands varies 
across diff erent depth intervals, as follows: 17–12 m: 
lenticular layered (lenses up to 3 cm thick), compli-
cated by 0.1 cm vertical ice lenses; 10.0–4.5 m: len-
ticular (ice lenses thickness: 2 cm); 4.5–0 m: grey 
silty sand, ice-poor, sparsely bedded, lenticular cryo-
structure with medium and fi ne ice lenses.

One of the ice wedges at the yedoma base has in-
truded into the bedrock eluvium composed by rubble, 
and, because of being thereby contorted, the direc-
tion of its growth changes. As such, the unusual shape 
of ice wedge, in our opinion, was caused by the elu-
vium debris acting as obstacles for frost cracks propa-
gation. Given that this largely aff ected the orienta-
tion of frost cracks, ice wedges in the gravelly eluvi-
um have a peculiar curved shape. Noteworthy is that 
syngenetic ice wedges of usual shape were reported 
from the intermountain basins of the upper Kolyma 
River [Vasil’chuk, Vasil’chuk, 1998]. In this case, they 
were completely buried in gravelly sediments slightly 
admixed with silty sand infi ll.

A lens of pure autochthonous peat occurring in 
the 10–12 m depth interval (this peat bog is probably 
the best descriptive of all Siberian yedoma sequences 

that the authors have come across) is accentuated by 
incompletely decomposed twigs of shrubs, roots, 
stems of grass and mosses in the primary occurrence, 
which bears evidence of autochthonous origin of peat. 
The peat lens is characterized irregular reticulate 
cryostructure, which indicates parasyngenesis (ac-
cording to Katasonov), when all-out freezing (from 
side, from bottom up and from top down) takes place 
immediately after sedimentation. Fossil bones (fauna 
remains of horse, mammoth, and bison) were found in 
the peripheral part of the peat lens. It stands to rea-
son that because of its huge thickness, the layer of 
peat could have accumulated in the conditions of 
lake-bog landscapes.

In the lower part of the section (the 19–17 m 
depth interval), fragments of birch and larch trunks 
were encountered in silty sands exposed to signifi cant 
peatifi cation. There are no signs of autochthonous 
origin, while heterogeneous plant remains are charac-
terized by rather chaotic distribution.

Aff ected by slope processes, the axes of ice wed-
ges were displaced during aggradation of the yedoma 
sequence, hence, the ice wedges were found to be dis-
placed relative to each other by 1.2–1.5 m (Fig. 7), 
i.e. similarly to those described by Gravis [1969] in 
the Kyusentey River valley (Fig. 4).

Fig. 7. Sampling points schematic and the structure of yedoma cross-section near Kular village.
I – solifl uction-deluvial sediments; II – lacustrine-boggy sediments; III – alluvial-deluvial sediments; IV – deluvial sediments; 
V – alluvium; VI – eluvium. 1 – grey silty sand, frozen, peatifi ed, with medium-to fi ne ice lenses lenticular cryostructure; 2 – me-
dium to fi ne gravel with rubble; 3 – peat, frozen, with irregular reticulate and regular reticulate cryostructures; 4 – sand, black, 
fi ne, frozen; 5 – ice wedge; 6 – massive segregated ice. Sampling points (see Table 1) for: 7 – peat for 14С-dating; 8 – wood for 
14С-dating; 9 – bones for 14С-dating.
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Radiocarbon dating
Radiocarbon dating was performed at the Radio-

carbon Laboratory of the Geological Institute of the 
Russian Academy of Sciences, with participation of 
L. Sulerzhitsky. Statistical parameters were derived 
from the data processing with the use of STATISTI-
CA 10 software package. A series of dates were ob-
tained for pure peat (with only few mineral inclu-
sions), for wood from twigs, as well as for bone re-
mains (Table 1; Fig. 7). All radiocarbon (14С) dates 
were calibrated using the OxCal calibration and ana-
lyst software, v. 4.3 [Bronk Ramsey, 2009], based on 
the IntCal13 calibration data set [Reimer et al., 2013].

Because of the limitations of the radiocarbon 
method, dating of wood and peat in the lower peat 
lens, at a depth of 17.8–18.0 m is all but impossible, 
however, at a depth of 17.6 m, the estimated age of 
larch trunk varied between 47,244 and 42,769 cal yr 
BP (Fig. 8). Thus, reliable 14С ages were obtained 
only for the lowermost part of the yedoma cross-sec-
tion (the lowest 10 meters), which abounds with di-
verse organic material. Considering the slope deposi-

Fig. 8. Time intervals of yedoma deposits accumu-
lation near Kular village according to 14С-dating of 
bones, peat and wood.
Calibrated according to: [Bronk Ramsey, 2009; Reimer et al., 
2013].

tional pattern, the dates obtained for wood, bone ma-
terial and pure peat are generally consistent, i.e. the 
sediments accumulated synchronously in slope depo-
sitional environments may be localized in diff erent 
parts of the slope.

History of the yedoma 
sequence accumulation

Results of the 14С dating (Fig. 7, 8) demonstrat-
ed that the initiation of yedoma formation in the ana-
lyzed cross-section correspond to ca. 47(50),000 cal 
yr BP.

Wood recovered from a depth of 17.6 m was da-
ted to ca. 47,000 cal yr BP, while peat from a depth of 
11.2 m – to about 37,000 cal yr BP, i.e., yedoma de-
posits aggraded at a rate of about 0.7 m per 1 thou-
sand years (this estimate is largely tentative, inas-
much as sedimentation regime changed signifi cantly 
throughout the time of the sequence accumulation). 
Such a rate of vertical growth of ice wedges and en-
closing sediments was interpreted by the authors to 
be constant for the Kular yedoma. It can be assumed 
that the uppermost 11 meters of the enclosing sedi-
ments accumulated during a time period spanning at 
least 10,000–17,000 yr BP. Proceeding from the fact 
that large syngenetic wedges incepted as accumula-
tion of peat and then silty sands and clayey silts, the 
period of their formation can be attributed to the in-
terval straddling ca. 37,000–25,000 cal yr BP. Hence, 
accumulation of yedoma deposits had ceased not ear-
lier than 25(22),000 cal yr BP, and probably later, in-
asmuch as the topmost unit has not been dated.

Most likely, intensive accumulation of peat 
which began about 47,000 cal yr BP, caused active 
synchronous growth of wedge ice which often intrud-
ed into the underlying eluvium. Intensive inundation 
probably occurred either within the polygonal ice 
wedge systems or in topographic lows. The erosion 
basis lowering ca. 42,000–40,000 cal yr BP entailed 
accumulation of solifl uction silty sands that overlaps 

Ta b l e  1. Radiocarbon dating of organic material from yedoma sediments in the Kular cross-section 

Sample ID Depth, m Type of the dated
material 

14C-age, years BP Lab. ID Calibrated age, 
cal yr BP

340-YuV/39 9.0 Bone 37 700 ± 600 GIN-4981 43 457–40 570
340-YuV/61 9.0 Horse bone 38 700 ± 1000 GIN-4965 45 896–40 660
340-YuV/38 11.0 hII, peat Over 36 900 GIN-4980 –
340-YuV/38 11.0 Peat Over 23 800 GIN-4980 –
340-YuV/64 11.2 hII, peat 33 300 ± 1100 GIN-4987 41 799–34 597
340-YuV/65 11.2 Twigs 42 400 ± 1000 GIN-4982 49 630–43 435
340-YuV/37 11.5 Peat 35 700 ± 1500 GIN-4979 45 935–35 911
340-YuV/40 12.0 Bone, skull 40 500 ± 1200 GIN-4964 48 864–41 890
340-YuV/35 17.6 Wood 41 100 ± 800 GIN-4977 47 244–42 769
340-YuV/36 17.8 Wood Over 43 700 GIN-4978 –
340-YuV/42 18.0 Peat Over 40 000 GIN-4983 –

N o t e. hII is hot alkaline extract.
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the low-level peat bog in the cross-section. Ice wedg-
es appear to have ceased to grow at that time, despite 
the harsh geocryological conditions that marked the 
period of formation of silty sands. About 37,000 cal yr 
BP, the erosion basis elevated again, which prompted 
accumulation of a thick peat layer and re-activation 
of the growth of ice wedges. The parameters charac-
terizing the upper layer of peat bog include: its thick-
ness in excess of 2 m; clear peat showing no mineral 
inclusions; in situ distribution of plant remains; peat 
material of probably autochthonous origin. To the 
authors’ knowledge, there are no such thick autoch-
thonous peat mantles of Late Pleistocene age in the 
northernmost permafrost regions. The accumulation 
of peat remarkably involves a combination of favor-
able factors, such as suffi  ciently high temperatures 
during the growing season and optimal moisture con-
tent. The phenomenon of frost cracking, whose epi-
sodes may have been quite common, resulted in ex-
tensive and deep fi ssuring, thereby promoting pene-
tration of the middle-tier wedges to a depth 6–8 m 
and more. The tips of many newly formed mid-tier 
wedges reached the surface of the buried lower-tier 
wedges, to coalesce into a unifi ed ice wedge. Gi ven 
diff erent penetration depth of the tips of newly formed 
wedges, some of them did not reach the earlier buried 
wedges. This process became recurrent concomitantly 
with silty sands accumulation 33,000–27,000 cal yr 
BP, which translated to intensive growth of ice wedg-
es in width beginning ca. 27,000 cal yr BP. The largest 
wedges that formed during this period also intruded 
and merged with the previously formed ice-wedge 
complex, whereas the smaller ones or those standing 
somewhat apart formed independently.

The research results describing the structure of 
the studied yedoma cross-section near Kular village, 
as well as its comparison with region-specifi c yedoma 
structures, suggest a remarkable activity of deluvial 
solifl uction processes involved in the formation of ye-
doma sequences next to alluvial and lacustrine-boggy 
sediments. Ice wedges aggraded on par with deposits 
accumulation. Initially, deposition of sediments host-
ing ice wedges occurred across the riverbed and 
fl oodplain facies, while involvement of slope process-
es was characteristic of the entire region at later stag-
es. Structural analysis of the cross-sections revealed 
numerous similarities between the Kyusyuntey River 
valley slope [Gravis, 1969] and the Kular River slope 
sediments. Thus, a black fi ne-sand interlayer corre-
sponds to the Burguat River alluvium, while forma-
tion of the overlying layer of peaty silty sands with 
tree trunks probably involved floodplain alluvium 
and deluvial solifluction sediments. This strongly 
suggests that the lens formed as a result of slope de-
posits slumping and their superimposition over allu-
vial sediments. The presence of woody vegetation in 
the interval spanning 47,244–42,769 cal yr BP re-

flects depositional environments affected by fairly 
high temperatures of the growing season (suffi  cient 
for the growth of trees), which activated the slope 
processes, although in places where woody vegetation 
was present, conversely, the slope processes may have 
been slowed down. Thus, accumulation of the yedo-
ma slope tended to be more intense during warm 
summer seasons. During this period, besides the Ku-
lar ridge area, woody vegetation became also seen in 
the north, on Kotelny island [Galanin et al., 2015; van 
Geel et al., 2017; Vasil'chuk et al., 2019] and Bolshoy 
Lyakhovsky Island [Wetterich et al., 2014]. Twigs of 
shrubs were dated to 49,630–43,435 cal yr BP, lying 
approximately within the same interval [van Geel et 
al., 2017]. Note that such mild climate (“climatic op-
timum”) conditions of early MIS 3 were defi ned by 
Wetterich and colleagues [2014] within the 48,000–
38,000 cal yr BP interval for Bolshoy Lyakhovsky, 
and within 40,000–32,000 cal yr for the Lena River 
delta.

In addition to slope sediments, aggradation of 
wedge ice deposits in the Kular region was accompa-
nied by syngenetic accumulation of yedoma deposits 
in river valleys. In the cross-section of Soplivyaya 
Gora (195 km to the Yana River mouth), Basilyan 
and coauthors [2015] identifi ed a total of 10 sedimen-
tation cycles. The yedoma complex shapes the 40-me-
ter surface area of the Soplivaya Gora cross-section 
and, in itself, represents a sequence of deposits exhib-
iting diff erent facies types and containing syngenetic 
ice wedges that may reach 3–5 m or more in width. 
The sequence of sedimentation is highlighted by de-
terminate up-section change in the lithological com-
position. The sedimentation cycles established by 
Basilyan and coauthors [2015] culminate in horizons 
with abundant organic matter, and are derived from 
the change in cryogenic structures associated with: 
i) corresponding levels of the cessation of ice wedge 
growth; ii) truncation of belt-like ice schlieren as a 
result of the ancient active layer base lowering or ero-
sion which accompanies the formation of the overly-
ing sediments. Alluvium of the second river terrace 
(16–18 m a.s.l.) composing a high, 40-meter surface, 
has cut into the sediments comprising the cultural 
layer of the Yana Palaeolithic site which dates to 
28.5–27.0 ka BP [Pitulko et al., 2004]. Deposits of the 
second terrace in the lower reaches of the Yana River 
[Pavlova et al., 2015] are represented by syncryogenic 
sediments represented by the alluvium from the riv-
erbed and floodplain facies with the polygonal ice 
wedge system divided into upper and lower ice-
wedge generations and totaling 14–16 m in thickness. 
Initiation of both the intrusion [Basilyan et al., 2015] 
and accumulation of the yedoma deposits is attribut-
ed to ca. 40 ka BP. Ice wedges occur on level with the 
cultural layer of the Yana site at elevation of 7.5–
8.0 m above the river’s water line.
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The most favorable conditions in the vegetation 
period according to palynological data were reported 
from ca. 42 and 40–32 ka BP [Wetterich et al., 2008] 
on Kurungnakh island in the Lena River delta, which 
corresponds to age of larch wood in the Kular yedo-
ma  cross-section 41  100  ±  800  years (47,244–
42,769 cal yr BP). Noteworthy is that favorable con-
ditions of the growing season were likely responsible 
for the intensifi ed solifl uction and deluvial processes, 
which caused both an increase in thickness of slope 
deposits related to this period, and peat bogs expan-
sion in the region. 

The descriptions discussed here, confi rm an in-
tensive formation of the yedoma complex throughout 
the Late Pleistocene cryochron in the foothills as 
well, rather than on the plains alone. A marriage of ice 
wedge complexes and organic material in the se-
quences is indicative of both a possible increase in 
winter severity, and some improvement in vegetation 
conditions during individual periods of the Late 
Pleistocene cryochron.

CONCLUSIONS

• The presence of Late Pleistocene multi-tier ice 
wedges in yedoma sequences whose accumulation in-
volved inputs of slope material, is remarkable on hill-
slopes of the Kular ridge area (most often, in the 
cross-sections of terrace-ridges).

• At least two records of relatively high temper-
atures of the growing season during the Late Pleisto-
cene have proven to be suffi  cient for existence of tree 
species.

• High rate of the solifl uction material accumu-
lation probably due to increased oversummer tem-
peratures provided for considerable thicknesses of 
hillslope yedoma. 

• Syngenetic ice wedges formed mainly during 
the two periods of the Late Pleistocene: 47–42 and 
37–32 ka BP.

• An unusual shape of ice wedges in the lower-
most part of the cross-section is associated with a 
change in the orientation of frost cracks diverted due 
to amassed debris inclusions.

•  The hillslope ice wedges in the Kular ridge 
area are characterized by the ice wedges’ axes dis-
placement relative to the vertical position. 
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The results of a long-term permafrost monitoring, which have been obtained at eight permafrost stations 
in the western sector of Russian Arctic, are presented. Increase in mean annual air temperatures in this area has 
reached approximately 2.8 °С (1970–2018). The data on mean annual ground temperature dynamics have been 
obtained for the active layer and upper permafrost for dominant landscapes of various bioclimatic zones: typical 
tundra, southern tundra, forest tundra, and northern taiga. Three stages of permafrost stability under the warm-
ing climate were determined: stable permafrost, unstable permafrost, and actively degrading permafrost. It was 
shown that permafrost degradation leads to active development of vegetation and migration of the boundaries 
of bioclimatic zones 30 to 40 km towards the north (1975–2018). 

Permafrost, ground temperatures, long-term monitoring, permafrost stations, permafrost degradation, inter-
mediate layer

INTRODUCTION

In recent decades, the problem of permafrost deg-
radation due to climate warming in the Arctic has be-
come a priority. Permafrost plays an important role in 
global climate change, the balance of greenhouse gas-
es, changes in Arctic ecosystems, and land manage-
ment in the Arctic regions [Nelson et al., 2001; Hinz-
man et al., 2005; Romanovsky et al., 2010; AMAP, 2011; 
IPCC, 2013]. Climate warming in the western sec tor 
of the Russian Arctic has been recorded since 1970. In 
this area, an increase in air temperature, duration of 
the warm period, a change in the amount of precipita-
tion, and an increase in the thickness of the snow co-
ver have been observed [Pavlov, Malkova, 2005].

As a result of the complex eff ect of climatic fac-
tors on the permafrost in the last 40–50 years, the 
temperature of permafrost has increased, and the 
thickness of the active layer has increased as well 
[Pavlov, 1997; Osterkamp, Romanovsky, 1999; Ro-
manovsky, 2006; Oberman, 2008; Vasiliev et al., 2008; 
Smith et al., 2010; Vasil’chuk, Vasil’chuk, 2015a,b; Stre-
letskiy et al., 2015a; Kaverin et al., 2017; Boike et al., 

2018; Bis kaborn et al., 2019]. Near the southern 
boundary of the permafrost, the area underlain by 
permafrost is likely to decrease, and lowering of the 
permafrost table currently occurs [Streletskiy et al., 
2015b].

Prediction of changes in the permafrost charac-
teristics has been recently improved due to elabora-
tion of new methods of climate modeling and devel-
opment of global and regional climate models. Cli-
mate models describe the dynamics and spatial 
distribution of climatic characteristics over the com-
ing decades relatively well. Based on existing climate 
models, global and regional estimates of changes in 
permafrost characteristics have been made [Anisimov 
et al., 2003; Nicolsky, Romanovsky, 2018]. Roma-
novsky and his coauthors presented small-scale maps 
of the predicted changes in the mean annual tempera-
ture of the active layer that are expected by 2050 and 
2100 [Romanovsky et al., 2008]. These maps show a 
wide band along the southern boundary of permafrost 
where permafrost thawing from above is expected.

Copyright © 2020 A.A. Vasiliev, A.G. Gravis, A.A. Gubarkov, D.S. Drozdov, Yu.V. Korostelev, G.V. Malkova, G.E. Oblogov, 
O.E. Ponomareva, M.R. Sadurtdinov, I.D. Streletskaya, D.A. Streletskiy, E.V. Ustinova, R.S. Shirokov, All rights reserved.
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Shur and Jorgenson [2007] considered possible 
ways of permafrost degradation due to climate war-
ming and human-induced surface disturbances. They 
noted that vertical and lateral degradation of perma-
frost is possible as a result of its reaction on both cli-
matic and non-climatic impacts.

Thus, we can conclude that permafrost response 
to climatic changes is described in the scientifi c lite-
rature mainly based on estimates and calculations, 
while there is a signifi cant lack of real observations of 
permafrost degradation in various bioclimatic zones.

Until now, there is no scientifi c consent on what 
changes in permafrost can be attributed to its degra-
dation: only its transition from frozen state to unfro-
zen caused by increase in the mean annual tempera-
ture of permafrost [Paff engolz et al., 1973], or reduc-
tion in cold resources in permafrost caused by natural 
and anthropogenic impacts that lead to decrease in 
the area of permafrost distribution, increase in tem-
perature, and decrease in the thickness of permafrost, 
which may eventually lead to its disappearance [Bau-
lin, Murzaeva, 2003].

Following Burn [2004], we consider that perma-
frost is degrading if at least within some part of per-
mafrost sequence (usually the upper one) mean an-
nual ground temperatures have become positive. In 
this work, we focus on the most critical case of perma-
frost degradation, when continuing thawing of the 
upper horizon of permafrost and lowering of the per-
mafrost table are observed.

STUDY AREA

The dynamics of permafrost under changing cli-
mate have been monitored at eight permafrost sta-
tions located within all major bioclimatic zones of the 
western sector of the Russian Arctic – from typical 
tundra to northern taiga (Fig. 1).

The boundaries of bioclimatic zones were deter-
mined when in a circumpolar map of vegetation 
[Walker et al., 2009]. Studies of the permafrost ther-
mal regime have been performed in boreholes located 
in all dominant landscapes characterizing the terri-
tory adjacent to the station area in undisturbed con-
ditions, except two boreholes of the South Urengoy 
station. In 2003–2006, observations of the perma-
frost temperature in boreholes were included in the 
GTN-P program (Global Terrestrial Network for Per-
mafrost) [Biskaborn et al., 2015]. At all permafrost 
monitoring stations, observations of the active layer 
thickness have been performed at previously estab-
lished grids according to the CALM protocol (Cir-
cumpolar Active Layer Monitoring) [Brown et al., 
2000].

Marre-Sale Station. The permafrost monitoring 
station is located in the typical tundra zone on the 
west coast of the Yamal Peninsula, near the weather 
station of the same name. The vegetation cover con-
sists mainly of shrubs, mosses, and lichens. The region 

belongs to the continuous permafrost zone. Observa-
tions of the thermal regime of permafrost were per-
formed in fi ve 10-m-deep boreholes located in domi-
nant landscapes on the surface of the third marine 
terrace (1978–2018) and in one borehole on the tidal 
fl ats (1978–2001). The elevations of the surface of 
the third marine terrace are 20 to 30 m a.s.l., and of 
the tidal fl ats are 2.5 m a.s.l. In 1995, the CALM grid 
was established, where the active layer thickness 
have been measured annually, and the thermal regime 
of permafrost has been studied to a depth of 2.0 m. 
Climate data were obtained from the Marre-Sale 
weather station.

Cape Bolvanskiy Station. The permafrost sta-
tion is located on the Barents Sea coast close to the 
Pechora River delta in the southern tundra zone. The 
vegetation cover consists mainly of shrubs, mosses, 
and lichens. This area belongs to the continuous per-
mafrost zone. The CALM grid was established here in 
1999. Observations of the thermal regime have been 
performed in six boreholes 10 to 12 m deep, located 
nearby on the surface of the third marine terrace with 
elevations of 24 to 30 m a.s.l., as well as in the active 
layer at the CALM grid. Observations covered all 
dominant landscapes. To analyze climatic fluctua-
tions, we used the data obtained from the Cape Kon-
stantinovskiy weather station, located at a distance of 
about 50 km northeast of the station.

Fig. 1. Location of permafrost monitoring stations 
in diff erent bioclimatic zones of the western sector 
of Russian Arctic.
1 – northern (arctic) tundra; 2 – typical tundra; 3 – southern 
tundra; 4 – forest tundra; 5 – northern taiga; 6 – typical taiga; 
7 – mountain permafrost; 8 – numbers of stations: 1 – Marre-
Sale, 2 – Cape Bolvanskiy, 3 – Kumzha, 4 – Vorkuta, 5 – Sever-
niy (North) Urengoy, 6 – Yuzhniy (South) Urengoy, 7 – Nadym, 
8 – Tarko-Sale.
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Ta b l e  1. Metadata for borehole monitoring in the western sector of Russian Arctic

Monitoring 
station, 

coordinates

Biocli-
matic 
zone 

Perma-
frost 

extent
Boreholes, observa-
tion period (years)

B-hole 
depth, 

m
Landscape, surface 

conditions Vegetation cover Soil texture

Marre-Sale 
(Western 
Yamal),
69°43′ N,
66°49′  E

Typical 
tundra

Con-
tinuous

1 (1978–2018) 10 Damp tundra Shrub-Moss-Lichen Silt
3 (1978–2018) 10 Wet tundra Shrub-Lichen-Moss Silt, sand
6 (1978–2018) 10 Well-drained tundra Shrub-Moss-Lichen Silt, sand

17 (1979–2018) 10 Peatland Shrub-Lichen-Moss Peat up to 1.6 m, silt
36 (1978–2001) 10 Tidal fl at, bog Sedge-Moss Peat up to 0.3 m, 

sand 
43а (1978–2018) 10 Sandy blowout No vegetation Sand

Cape 
Bolvanskiy, 
68°17′  N,
54°30′  E

Southern 
tundra

Con-
tinuous

54 (1983–1993,
1999–2018)

12 Moist tundra Moss-Lichen Sand, silt, and silty 
clay interbedding

55 (1983–1993,
1999–2018)

10 Polygonal peatland Moss-Lichen Peat up to 4  m, un-
derlain by silty clay

56 (1983–1993,
1999–2018)

10 Peatland Moss-Lichen Peat up to 2  m, un-
derlain by silty clay 

59 (1983–1993,
1999–2016)

12 Well-drained tundra Lichen-Moss with frost 
boils

Silty clay with gravel

65 (1983–1993,
1999–2018)

12 Moist tundra Moss-Lichen Sand and silty clay 
interbedding 

83 (1983–1993,
1999–2016)

10 Well-drained tundra Lichen-Moss Silt and silty clay 
interbedding 

Kumzha, 
68°11′  N,
53°47′  E

Southern 
shrub 

tundra

Sporadic 3 Ku (2016–2018) 6 Well-drained shrub 
tundra 

Shrub-Lichen-Moss Sand with gravel

Vorkuta, 
67°35′  N,
64°10′  E

Southern 
tundra

Discon-
tinuous

CALM R2
(1999–2017)

0.5 Damp tundra Moss-Shrub Silty clay

Severniy 
(Northern) 
Urengoy,
67°28′  N,
76°42′  E

Southern 
tundra 

Con-
tinuous

15-03 (1975–2018) 10 Damp fl at river val-
ley bottom

Shrub-Moss with spo-
radic peatlands and bogs 

Silty clay

15-06 (1975–2018) 10 Drained erosion-
talus slope 

Willow and alder up to 
2.5 m high with grass 

Silt, silty clay

15-08 (1975–2018) 10 Drained hilltop Shrub-Moss Silty clay
15-20 (1975–2018) 10 Drained hilltop Shrub-Moss Silty clay

Yuzhniy 
(Southern) 
Urengoy,
66°19′  N,
76°54′  E

Forest 
tundra

Discon-
tinuous

5-01 (1975–2018) 10 Drained slope Clear-cut larch forest 
with shrubs up to 1.5 m 

Silt, silty clay

5-03 (1975–2018) 10 Top of palsa Sporadic undergrowth 
of birch and larch

Silt, silty clay

5-07 (1975–2018) 10 Boggy water track Shrubby mounds and 
tussocks divided by 

small grassy bogs 

Peat up to 1 m, silty 
clay

5-08 (1977–2010) 10 Well-drained slope Larch forest Sand
5-09 (1975–2018) 10 Disturbed surface Burnt birch forest with 

undergrowth of shrub 
and birch 

Sand

5-10 (1977–2018) 10 Drained slope Larch forest Sand, silt
Nadym,
65°18′  N, 
72°51′  E

Northern 
taiga

Sporadic 11-75 (1975–2018) 10 Large-mound 
peatland 

Grass-Shrub-Moss-
Lichen 

Peat up to 1 m, sand

14-72 (1972–2018) 10 Flat-mound peat-
land

Grass-Shrub-Moss-
Lichen

Peat up to 0.5 m, 
sand 

23-75 (1975–2018) 10 Bog Shrub-Grass-Moss Peat up to 0.5 m, 
sand, silty clay

1-71 (1971–2018) 10 Lithalsa Grass-Shrub-Moss-
Lichen 

Peat up to 0.3 m, 
sand 

Tarko-Sale,
65°02′  N, 
77°30′  E

Northern 
taiga

Isolated 1 T-S (2006–2019) 30 Flat-mound peat-
land 

Shrub-Moss-Lichen Peat, sand, silt, clay 

2 T-S (2006–2019) 30 Drained ridge Coniferous under-
growth with shrubs 

Peat, sand, silty clay, 
clay 
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Kumzha Station. The permafrost station is lo-
cated in the Pechora River delta in the southern tun-
dra zone, 32 km south-west of Bolvanskiy station. 
The vegetation cover is represented by moss-lichen 
communities; shrubs are common in depressions. The 
site is located within the remnant of the fi rst alluvial 
terrace with elevations of 5 to 8 m, surrounded by the 
channels of the Pechora River. This area belongs to 
the sporadic permafrost zone. Permafrost table is 
dome shaped and lies at a depth from the surface 
ranged from 2.6 m (in the center of the remnant) to 
7.1 m (in its marginal parts). The CALM grid was es-
tablished in 2016 in the central part of the remnant. 
To monitor dynamics of the depth to the permafrost 
table at this site, in addition to directly measuring 
with the permafrost probe along the established pro-
fi les, seismic and ground-penetrating radar (GPR) 
surveys have been performed annually [Sadurtdinov 
et al., 2018]. To study permafrost structure and ther-
mal regime, three boreholes were drilled in 2016; tem-
perature of the active layer has been monitored in 
two boreholes, and a third borehole (No. 3 Ku) has 
been used to monitor the thermal regime of perma-
frost.

Vorkuta Station. Data on permafrost dynamics 
at this station are presented here based on the study 
by Kaverin et al. [2017]. The CALM grid in this area 
was established in 1999, about 13 km to the north-
west of the city of Vorkuta. At this grid, a full cycle of 
observations of thaw depths and thermal regime of 
the active layer has been performed annually. This 
area belongs to the discontinuous permafrost zone. 
The site is represented by shrub-moss tundra with 
numerous frost boils at various stages of vegetation 
development. Dwarf birch and willow up to 50 cm 
high are observed in this area [Mazhitova et al., 2004]. 
Climatic data were obtained from the Vorkuta weath-
er station.

Severniy (North) Urengoy Station. The per-
mafrost station is located about 180 km north of the 
city of Noviy Urengoy in the southern tundra zone. 
The vegetation cover is represented mainly by shrub-
grass-moss communities within gentle hills and grass-
moss communities in hasyreys (thaw-lake basins) and 
depressions. The area is located within the continu-
ous permafrost zone. Observations of the thermal re-
gime of permafrost have been performed since 1975 in 
four boreholes located in dominant landscapes on the 
third marine terrace with elevations 30 to 35 m a.s.l. 
The CALM grid was established in 2008, but the 
thermal regime of the active layer has not been studi-
ed. To analyze climatic fl uctuations, we used the data 
obtained from the Noviy Urengoy weather station.

Yuzhniy (South) Urengoy Station. The perma-
frost station is located about 30 km north of the city 
of Noviy Urengoy in the forest-tundra zone, on the 
surface of the fourth lacustrine-alluvial plain with el-
evation of 60 to 70 m a.s.l. The vegetation is repre-

sented by poorly developed woodlands with larch-
birch-lichen communities. Shrub-moss communities 
are common within peat bogs and tundra areas, and 
shrubs are common in gullies and depressions. Frost 
mounds are covered with sparse forests. The region 
belongs to the discontinuous permafrost zone. Obser-
vations of the thermal regime of permafrost started in 
1975 in fi ve boreholes. Boreholes 5-01 and 5-09 are 
located within landscapes with disturbed vegetation 
cover. In 2008, the CALM grid was established; how-
ever, observations of the thermal regime of the active 
layer have not been performed. Climatic characteris-
tics were obtained from the data of the Noviy Uren-
goy weather station.

Nadym Station. The permafrost station is lo-
cated 30 km from the city of Nadym in the northern 
taiga zone on the surface of the third lacustrine-allu-
vial terrace with elevations of 30 to 40 m a.s.l. The 
vegetation is represented by larch and birch sparse 
forest with grass-moss-lichen cover in combination 
with peat plateaus and fl at bogs with shrub-moss-li-
chen cover. Peat and peat-mineral mounds are abun-
dant. The area belongs to the sporadic permafrost 
zone. Permafrost occurs mainly within bogs, peat-
lands, and peat and peat-mineral frost mounds (palsas 
and lithalsas). Observations of the thermal regime of 
permafrost have been performed in four boreholes lo-
cated on mounds and in a frozen bog. The CALM grid 
was established in 1995; active-layer thickness and 
temperature measurements have been performed here 
annually. Climate data were obtained from the Nad-
ym weather station.

Tarko-Sale Station. The study of the thermal 
regime of the permafrost at this station has been per-
formed since 2006 by employees of the Tyumen In-
dustrial University. The station is located in the 
northern taiga, within the third lacustrine-alluvial 
terrace with elevations of about 34 m a.s.l. The vege-
tation is represented by larch and birch sparse forests 
with shrub-moss-lichen cover. The area belongs to 
the sporadic permafrost zone. Temperature measure-
ments have been performed in three boreholes, two of 
which were drilled on a frost mound and a drained 
ridge. Observations under the CALM program start-
ed in 2018. Temperature measurements in the active 
layer have been performed to a depth of 1.0 m. Cli-
mate data were obtained from the Tarko-Sale weather 
station, located about 30 km from the station.

The characteristics of all boreholes, which pro-
vided the data that were used in this paper, are pre-
sented in Table 1.

OBSERVATION METHODS

At each permafrost monitoring station in all 
dominant landscapes, observations of the thermal re-
gime of permafrost have been performed in boreholes 
with a depth of 10 to 12 m, which approximately cor-
responds to the depth of zero annual amplitude. At 
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the Tarko-Sale station, the boreholes have a depth 
of 30 m.

All boreholes were drilled in various years (from 
1975 to 2016) using the M-10 manual drill equipped 
with a small gasoline-powered engine with continu-
ous collection of frozen cores. A detailed description 
of soil texture and cryostratigraphy of frozen deposits 
was made, along with sampling of frozen cores every 
0.5 m to determine physical and chemical properties. 
The boreholes were equipped for long-term measure-
ments of ground temperatures in accordance with the 
generally accepted methodology [Grechishchev, Mel-
nikov, 1989].

Until 2003, temperature measurements in bore-
holes were performed using high-inertia thermome-
ters. The standard installation depths for thermome-
ters were 0.5, 1.0 m, and then every meter throughout 
the depth of boreholes. Measurements were taken 
every 10 days, and after 1990 once a year at the end of 
warm season. The accuracy of temperature measure-
ments was ±0.1 °C. Thermometers located at the bot-
tom of boreholes with a depth of 10 to 12 m showed 
the permafrost temperatures, which we considered to 
be the mean annual ground temperature even for a 
single measurement, because at this depth the ground 
temperatures practically do not experience seasonal 
fl uctuations during the year. After 2003, 4-channel 
HOBO U12 loggers were installed in the boreholes. 
According to the GTN-P protocol [Biskaborn et al., 
2015], the required sensor installation depths were 2, 
3, 5, and 10 or 12 m. In some boreholes, two loggers 
were installed; in these cases, ground temperatures 
were measured at depths of 0.5, 1, 2, 3, 4, 5, 7, and 10 
or 12  m. Measurements have been taken every 
6 hours. HOBO U12 loggers provide accuracy of 
±0.1 °C in measuring ground temperatures.

To measure soil temperature in the active layer, 
2-channel HOBO Pro v2 loggers with measurement 
accuracy of ±0.1 °C were used. Depending on the 
thickness of the active layer, one or two loggers with 
sensors installed every 0.5 m were used.

A position of the permafrost table up to a depth 
of 2.0 m was detected using a steel permafrost probe. 
For depths of 2.0 to 3.5 m, manual drilling was used 
every 2 to 3 years. For greater depths of the perma-
frost table, seismic methods were used [Melnikov et 
al., 2010]. In sand sediments, GPR survey proved it-
self to be effi  cient for determining the permafrost ta-
ble for depths of up to 10 m [Sadurtdinov et al., 2018]. 
GPR surveys have been used annually at the Kumzha 
site, and in 2018 they were also performed at the Na-
dym station. The determination of the permafrost 
table position with seismic methods in the areas of 
Yuzhniy (Southern) Urengoy, Severniy (Northern) 
Urengoy, and Nadym has been performed every 2 to 
3 years. The accuracy of estimation of the permafrost 
table position is 0.3 m for seismic methods, and ap-
proximately 0.2 m for GPR surveys.

CLIMATIC CONDITIONS

According to climatic zoning of the Arctic [Prik, 
1971], the western sector of the Russian Arctic be-
longs to the Atlantic sector of the Arctic Ocean. This 
area is heavily infl uenced by mid-latitude circulation 
processes, especially the Iceland Depression. Based on 
climatic features, this area is divided into three zones. 
The northern tundra of the Yamal Peninsula and the 
Gydan Peninsula is characterized by marine Arctic 
climate. The typical and southern tundra of the Euro-
pean North, the central and southern parts of Yamal, 
and the Gydan and Taz Peninsulas belong to the zone 
with marine subarctic climate. The sou thern part of 
this area (forest-tundra and northern taiga) are char-
acterized by temperate continental climate.

Main characteristic feature of the climate of the 
western sector of the Russian Arctic is an increase in 
the severity of the climate from west to east. Accord-
ing to the data of the Arkhangelsk weather station 
(64°30′ N, 40°44′ E), the mean annual air temperature 
in the western part of the region is 0.8 °C, while in the 
eastern part, according to the Dikson weather station 
(73°30′ N, 80°24′ E), it drops to –11.8 °C.

The current stage of climate warming in the 
western sector of the Russian Arctic began in the 
1970s and has occurred synchronously throughout 
the entire region.

Monthly average climate characteristics were 
obtained from the websites [www.meteo.ru/data] and 
[www.rp5.ru]. Daily average characteristics were ob-
tained from archives directly at the weather stations.

The change in the mean annual air temperature 
over time recorded at weather stations adjacent to 
permafrost monitoring station is shown in Fig. 2.

In general, an increase in mean annual tempera-
ture occurs synchronously with minor local fl uctua-
tions. From 1970 to 2018, the region’s mean annual 
air temperature rose by approximately 2.8 °C, which 
is close to the “harsh” scenario of climate change 
[IPCC, 2013]. The minimum warming trend was 
0.052  °C/year (Noviy Urengoy), the maximum 
0.072 °C/year (Tarko-Sale). An analysis of spatial 
changes showed that from 1970 to 2018 a shift in the 
contours of the mean annual air temperature of ap-
proximately 80 to 100 km to the northeast has oc-
curred [Malkova et al., 2018].

Analysis of data on annual precipitation shows 
that in the western sector of the Russian Arctic a 
slight increase of 1–3 mm/year occurred in 1970–
2018. This value approximately corresponds to the 
projected estimates based on the use of the ensemble 
of 12 CMIP5 climate models [Linderholm et al., 2018]. 
Moreover, in the areas of Nadym and Urengoy with a 
temperate continental climate, the increase in the an-
nual amount of precipitation is slightly larger than in 
areas with a temperate marine climate.

The formation of the thermal regime of perma-
frost is greatly aff ected by snow cover. Snow cover in 
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the study area begins to form in the fi rst 10 days of 
October, reaches its maximum in April, and com-
pletely disappears by the end of May.

The greatest thickness of the snow cover is ob-
served in the bioclimatic zones of forest-tundra and 
northern taiga. In Urengoy, its average value is ap-
proximately 114 cm, in Nadym – 85 cm, and in Tarko-
Sale – about 90 cm. In the zones of typical and south-
ern tundra, a thickness of the snow cover is much 
smaller: at Cape Bolvanskiy, average long-term thick-
ness of the snow cover is about 58 cm, in Vorkuta – 
44 cm, and in Marre-Sale – 33 cm. At all weather sta-
tions, an increase in the maximum thickness of the 
snow cover with time has been observed. Its greatest 
increase has occurred in the tundra zone, where the 
rate of increase in the maximum thickness of the snow 
cover reaches 1.8 cm/year (1998–2018), while in the 
zone of the forest-tundra and northern taiga this rate 
is 0.6 cm/year (2003–2018).

Discussion on the permafrost 
monitoring results

The results of long-term monitoring of the mean 
annual ground temperature at a depth of zero annual 
amplitudes are shown in Fig. 3. According to this fi g-
ure, in all bioclimatic zones and dominant landscapes 
an increase in the mean annual ground temperature 
with warming climate has been observed. At the same 
time, the rate of increase in the mean annual ground 
temperature in various bioclimatic zones is not equal 
with an approximately equal increase in the mean an-
nual air temperature of 2.8 °C, which corresponds to 
the average long-term climate warming trend of 
0.06 °C/year (1970–2018).

The largest changes in the mean annual ground 
temperature have been observed in the zone of typical 
tundra. The average increase in ground temperature 

have reached 0.056 °C/year. Moreover, all landscapes 
are characterized by approximately the same reaction 
to climate warming. Despite a signifi cant increase in 
the mean annual ground temperature, permafrost 
these days is characterized by low temperatures rang-
ing from –3.5 to –5.0 °C, and its condition is still 
stable.

In the zone of southern tundra in the Northern 
(Severniy) Urengoy region, the rate of average in-
crease in the mean annual ground temperature for 
various landscape conditions has been approximately 
0.05 °C/year. This region includes landscapes with 
relatively high and low mean annual temperatures of 
permafrost. In “cold” landscapes with shrub-moss 
vegetation, the highest increase in mean annual tem-
perature from –5.5 °C (1975) to –3.5 °C (2018) has 
been observed in well-drained areas (boreholes 15-03, 
15-08, and 15-20). At the same time, within the well-
drained “warm” areas with a high shrub vegetation 
(borehole 15-06), mean annual ground temperature 
has increased only by 1.0 °C: from –1.8 °C (1978) to 
–0.8 °C (2018).

The slow reaction of high-temperature perma-
frost to climate change is also typical of the southern 
tundra landscapes of the European North. Due to sec-
toral diff erences in climatic characteristics within the 
same landscape conditions, permafrost conditions ob-
served in the European North of Russia have been 
warmer than in Western Siberia [Drozdov et al., 
2012]. At the Bolvanskiy station, an average increase 
in mean annual ground temperatures for various 
landscapes was 0.04 °C/year. In 1980s, mean annual 
ground temperature at a depth of 10 m varied from 
–0.8 to –2.5 °С, and during the monitoring period it 
increased by 0.2 to 1.2 °С, while the range of varia-
tions in mean annual ground temperature in various 
landscapes has decreased almost threefold and tem-

Fig. 2. Changes in mean annual air temperatures over time in the western sector of Russian Arctic.
1 – Marre-Sale; 2 – Cape Konstantinovskiy; 3 – Vorkuta; 4 – Noviy (New) Urengoy; 5 – Nadym; 6 – Tarko-Sale.
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peratures currently vary from –0.6 to –1.2 °С [Mal-
kova et al., 2018].

In the forest-tundra zone, in the area of Southern 
(Yuzhniy) Urengoy station, the rate of increase in the 
mean annual ground temperature in relatively “cold” 
sparsely forested landscapes (boreholes 5-03, 5-07, 
5-08, and 5-09) was about 0.045 °C/year. In borehole 
5-01, mean annual ground temperature, measured at 
a depth of 10 m, increased from –0.8 to 0 °C and by 
2012 permafrost in the borehole area had completely 
thawed to a depth of 10 m. At the end of 1970s, after 
a forest was cut down here, the conditions of heat ex-
change changed abruptly, and progressive thawing of 
the permafrost from above began. A similar situation 

occurred in the area of borehole 5-08 located on a 
well-drained slope. Although deforestation did not 
occur here, permafrost began to thaw gradually from 
mid-1970s and thawed to a depth of 7 m by 2010. At 
the same time, mean annual ground temperature in 
borehole 5-08 at a depth of 10 m remained negative 
and fl uctuated between –0.2 and –0.35 °C during the 
entire observation period. 

In the northern taiga zone, at the Nadym station, 
mean annual ground temperature in peat mounds has 
increased from –1.7 to –0.3 °C, while within other 
landscapes it raised close to the thawing point and 
reached –0.2 to 0 °C by 2018. In this area, permafrost 
thawing has been observed in bogs where the depth of 

Fig.  3.  Change in mean annual ground tem-
perature of permafrost at a depth of zero annual 
amplitudes:
a – typical tundra, Marre-Sale; b – southern tundra, 
Kumzha and Cape Bolvanskiy; c – southern tundra, Sever-
niy (North) Urengoy; d – forest tundra, South Urengoy; 
e – northern taiga, Nadym and Tarko-Sale. Numbers of 
boreholes are shown in the legend (for characteristics of 
boreholes see Table 1).
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the permafrost table has reached approximately 
4.0 m. At the Tarko-Sale station, mean annual ground 
temperature on the frost mound has increased from 
–1.9 to –1.6 °C (2006–2019), and on the drained 
ridge – from –0.6 to –0.1 °C, while the permafrost 
table has lowered to a depth of 6 m.

Thus, during the climate warming that has re-
sulted in temperature increase of 2.8 °C (1970–2018), 
mean annual ground temperature still remains nega-
tive almost everywhere, except borehole 5-01 (South 
Urengoy), where the temperature has become posi-
tive but still close to 0 °C. In the areas of boreholes 
23-75 (Nadym) and 2 T-S (Tarko-Sale), where mean 
annual ground temperature at a depth of 10 m has in-
creased up to –0.1 °C, thawing of permafrost from 
above has been already observed. It means that mean 
annual ground temperature, measured at a depth of 
zero annual amplitudes, cannot characterize the phy-
sical state of the upper permafrost, whose uppermost 
horizons can be both frozen and unfrozen. This prob-
lem is related not to measurement errors but to the 
nature of distribution of mean annual ground tem-
peratures with depth. Figure 4 shows the values of 
maximum, minimum, and mean annual ground tem-
peratures in 2017 for two bioclimatic zones. In both 
cases, the distribution curves of mean annual ground 
temperature with depth show higher temperatures in 
the upper part of the section and indicate a tendency 
to warming that follows changes in temperature dur-
ing the previous year.

In the typical tundra zone, mean annual ground 
temperature at a depth of 1.0 m was –3.14 °C, and at 
a depth of 10 m it was –3.7 °C. In the northern taiga 
zone it was +0.16 and –0.1 °C, correspondingly. In the 

fi rst case, permafrost was overlain directly beneath 
the active layer. In the second case, mean annual 
ground temperature had positive values to a depth of 
4.0 m, and, therefore, the permafrost table was low-
ered to this depth.

Thus, in conditions of climate warming, negative 
mean annual ground temperature, measured at a 
depth of zero annual amplitudes, does not guarantee 
the frozen state of the overlying deposits. We should 
also emphasize that within the same bioclimatic zone 
there may be landscapes with varying levels of resis-
tance to climate change [Vasiliev et al., 2008; Drozdov 
et al., 2012; Malkova et al., 2018].

Permafrost thawing starts when mean annual 
ground temperature changes to positive values with-
in any part of the permafrost sequence. With climate 
warming, such a transition is expected primarily in 
the upper horizons of permafrost [Burn, 2004]. Analy-
sis of changes in mean annual ground temperatures in 
the active layer showed that in some cases such a 
transition has already occurred in the western sector 
of the Russian Arctic (Fig. 5). According to this fi g-
ure, mean annual ground temperatures of the active 
layer since 2007 have had positive values at almost all 
permafrost monitoring stations except Marre-Sale 
(typical tundra). This means that soils of the active 
layer have already transformed from seasonally 
thawed to seasonally frozen state, i.e. permafrost deg-
radation and transition of mean annual ground tem-
peratures of the active layer to the positive values 
have already occurred. We should emphasize that this 
transition of the active layer from seasonally thawed 
to seasonally frozen state at the Cape Bolvanskiy sta-
tion already occurred in 2010 while mean annual 

Fig. 4. Distribution of minimum (1), maximum (2), and mean annual ground (3) temperature with depth:
a – typical tundra, Marre-Sale; b – northern taiga, Nadym. 
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ground temperature at a depth of 10  m was still 
–1.4 °C. At the Yuzhniy (South) Urengoy station, 
permafrost degradation and positive mean annual 
ground temperatures of the active layer were record-
ed in the early 1990s, while mean annual ground tem-
perature of permafrost at a depth of 10 m was approx-
imately –0.7 °C. Thus, degradation of the upper hori-
zons of permafrost can start when mean annual 
ground temperatures at a depth of zero annual ampli-
tudes are still relatively low. 

Permafrost degradation is accompanied by low-
ering of its table. The results of observations are 
shown in Fig. 6. In the typical tundra zone, only an 
increase in seasonal thawing has been observed, but 
there is still no detachment of the permafrost table 
from the base of the active layer.

In the southern tundra zone, at the CALM grid 
of the Bolvanskiy monitoring station, the thickness of 
the seasonally thawed layer has increased from 1.2 m 
(2000) to 1.8 m (2016), which exceeds the depth of 
potential freezing for this area; thus, subsidence of the 
permafrost table has already begun. In the Kumzha 
area, with a thickness of the active layer of 2 to 2.5 m, 
the permafrost table in the central part of the grid 
lowered from 2.6 m (2015) to 3.0 m (2016), and in the 
marginal part with shrubs up to 1.5 m high – from 6.2 
to 7.1 m, respectively.

In the southern tundra zone in the Vorkuta re-
gion, taking into account thaw subsidence, the per-
mafrost table lowered by 0.6 m from 1999 to 2015 
[Kaverin et al., 2017].

The greatest lowering of the permafrost table has 
been recorded in the forest-tundra zone in well-
drained areas with high shrubs favorable for snow ac-

cumulation. In the area of borehole 5-01, the lowering 
of the permafrost table began in the early 1990s, ac-
celerated in the 2000s, and reached a depth of 10 m 
by 2014. After 2014, the position of the permafrost 
table has fl uctuated around a depth of approximately 
10 m. At borehole 5-08, the permafrost table lowered 
by approximately 7 m by 2010. At the end of 2010, 
this borehole collapsed, and observations were termi-
nated.

In the northern taiga zone, only bogs, linear ridg-
es, and peat mounds are frozen. Lowering of the per-
mafrost table in the Nadym region was observed only 
in bogs and by 2018 it reached about 4 m. Frozen pal-
sas and lithalsas remain relatively stable, and no per-
mafrost degradation has been observed here. In the 
Tarko-Sale monitoring station, palsas and linear peat 
ridges are still frozen. The permafrost table in palsas 
remains stable, while within ridges composed of min-
eral soils it has dropped to a depth of 6 m.

To determine properly the stages and mecha-
nisms of permafrost degradation, it is very important 
to take into account the structure of the upper soil 
horizons. In the structure of the upper permafrost, 
the following layers are distinguished from top to 
bottom [Shur, 1988]: a) active layer, b) transient lay-
er, c) intermediate layer, and d) original permafrost. 
A transient layer is a soil layer that belongs to the 
permafrost for several years and may thaw only under 
favorable climatic conditions [Shur, 1988]. Its thick-
ness is small and reaches up to 10–15 % of the average 
thickness of the active layer in mineral soils and up to 
40 % in peat. Such a layer was distinguished in 1933 
by Yanovskiy, who noted its high silt content and a 

Fig. 5. Changes mean annual ground temperature of 
the active layer with time.
1 – Cape Bolvanskiy; 2 – Kumzha; 3 – Vorkuta; 4 – Nadym 
(measured at a depth of 0.85 m); 5 – Nadym (measured at a 
depth of 1.3 m); 6 – Marre-Sale; 7 – Tarko-Sale. 

Fig. 6. Change in position of the permafrost table 
with time.
1 – Cape Bolvanskiy, borehole 59; 2 – Kumzha, borehole 3 Ku, 
the central part of the site; 3 – Kumzha, the marginal part of the 
site; 4 – Vorkuta; 5 – Nadym, borehole 23-75; 6 – Yuzhniy 
(South) Urengoy, borehole 5-01; 7 – Yuzhniy (South) Urengoy, 
borehole 5-08; 8 – Tarko-Sale, borehole 2 T-S.
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slight increase in moisture content in comparison 
with the active layer. At present time, when signifi -
cant climate warming has led to increase in the active 
layer thickness, we can assume that the entire former 
transient layer has already joined the active layer, i.e. 
it thaws and freezes annually.

The intermediate layer is a typical horizon in the 
upper part of the permafrost, which was identifi ed 
and described in detail by Shur in the mid-1980s 
[Shur, 1988]. One of his hypotheses of formation of 
this layer is the re-freezing of a part of the permafrost 
that had thawed from the surface during the period of 
the climatic optimum. A characteristic feature of the 
intermediate layer is its extremely high ice content. 
The thickness of the intermediate layer can reach 
2–3 m. The intermediate layer plays a protective role 
during climate warming that leads to increase in the 
depth of seasonal thawing. Thawing of the intermedi-
ate layer requires signifi cantly greater heat input due 
to its high ice content and therefore its occurrence 
prevents thawing of the underlying permafrost. With 
a long-term increase in mean annual and summer air 
temperatures, the intermediate layer may completely 
thaw, and in this case accelerated degradation of un-
derlying permafrost will begin.

A combined analysis of the data on mean annual 
ground temperature at the base of the active layer 
and in the permafrost at diff erent depths (up to the 
depth of zero annual amplitudes), and the rate of low-
ering of the permafrost table allowed us to develop a 
conceptual model and distinguish three stages of per-
mafrost degradation during climate warming (Fig. 7).

At the fi rst stage, the depth of seasonal thawing 
increases, and in some especially warm years the tran-
sient layer becomes a part of the active layer. Mean 
annual ground temperature is still negative, and at 
this stage permafrost can be considered stable.

At the second stage, with the further warming of 
the climate, mean annual ground temperature of the 
active layer becomes positive, thawing of the inter-
mediate layer begins, and after its complete thawing 
it loses its protective function. Soils of the active lay-
er transform from seasonally thawed to seasonally 
frozen state. This stage can be considered transition-
al, and state of permafrost can be considered unstable.

Finally, at the third stage, the thawing of perma-
frost from above continues along with relatively fast 
lowering of the permafrost table and formation of 
closed talik. Positive mean annual ground tempera-
ture is observed not only in the active layer, but also 
in the developing closed talik. This stage is character-
ized by progressive permafrost degradation. 

An analysis of the spatial distribution of perma-
frost degradation in the western sector of the Russian 
Arctic reveals that in the typical tundra zone mean 
annual ground temperatures of the permafrost and 
active layer remain negative, and permafrost is in a 
stable state.

In the southern tundra, mean annual ground 
temperature of the permafrost remains negative, but 
mean annual ground temperature of the active layer 
has become positive. Thawing of the intermediate 
layer has begun. Permafrost is in transitional, unsta-
ble state. In this bioclimatic zone in landscapes with 
high shrubs, progressive permafrost degradation may 
begin in the coming years.

In the zones of forest-tundra and northern taiga, 
mean annual ground temperature of the active layer 
is positive, and mean annual ground temperature of 
the underlying permafrost is approaching 0 °C, and 
progressive permafrost degradation and rapid lower-
ing of the permafrost table have been observed. 

It should be mentioned that these observations 
can be applied only to landscapes with the greatest 
vulnerability to climate change. In landscapes with 
high resistance to climate warming, permafrost can 
remain in a stable or transitional state even within 
southern bioclimatic zones.

Observations showed that climate warming 
leads to increase in mean annual ground temperature 
of the active layer up to positive values and increase 
in depth of seasonal thawing, and subsequently more 
favorable conditions develop for growth of vegetation 
cover and shift of the boundaries of bioclimatic zones 
to the north (Fig. 8).

Fig. 7. Stages of permafrost reaction to climate 
warming:
1 – permafrost; 2 – intermediate layer; 3 – seasonally thawed 
layer; 4 – seasonally frozen layer; 5 – unfrozen soils area; 6 – 
position of the permafrost table over time (a) and the condi-
tional boundaries of the transition from seasonal thawing to 
seasonal freezing (b). Line it is a linear trend in air temperature; 
Tav it is the average annual ground temperature.
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Migration of the tree line to the north that oc-
curred in the area of Yuzhniy (South) Urengoy from 
1975 to 2018 is estimated to reach approximately 
30–40 km. Moreover, climate warming leads not only 
to growth of forest vegetation, but also to increase in 
the projective cover of shrubs and, in general, to de-
crease in diversity of landscape mosaic.

CONCLUSIONS

Analysis of the results of long-term monitoring 
of permafrost conditions at stations in the western 
sector of the Russian Arctic allows us to make the fol-
lowing conclusions:

From 1970 to 2018, mean annual air temperature 
in the region increased by approximately 2.8  °C, 
which is close to the worst-case scenario of climate 
change. Climate warming is accompanied by 5–10 % 
increase in annual precipitation and increase in 
snow cover thickness in the tundra zone at a rate of 
1.8 cm/year (1998–2018), and in the forest tundra 
and northern taiga zone at a rate of 0.6  cm/year 
(2003–2018). 

In all bioclimatic zones and in all dominant land-
scapes an increase in mean annual ground tempera-
ture of permafrost has been observed along with 

warming climate. The greatest changes in mean an-
nual ground temperature have been observed in the 
typical tundra zone. The average temperature in-
crease here has reached 0.056 °C/year. In the south-
ern tundra and forest-tundra zones, the rate of in-
crease in mean annual ground temperature of perma-
frost has varied from 0.04 to 0.05 °C/year, and in the 
zone of the northern taiga it has reached 0.035 °C/
year.

Since 2007, in all bioclimatic zones, except for 
the typical tundra, mean annual ground temperature 
of the active layer has reached positive values, and 
thawing of permafrost from above has begun (i.e., 
permafrost degradation). At the same time, degrada-
tion processes have not developed in all landscapes, 
but only within landscapes that are most sensitive to 
climatic changes.

Thawing of permafrost from above is accompa-
nied by lowering of the permafrost table. In the for-
est-tundra zone, it already started in the mid-1990s 
and in well-drained areas it has reached a depth of 7 
to 10 m. In the southern tundra zone, the maximum 
lowering of the permafrost table has reached 7 m in 
well-drained ice-poor sandy soils with a well-devel-
oped shrub vegetation. In other cases, lowering of the 

Fig. 8. Changes in vegetation in the Yuzhniy (South) Urengoy study area during climate warming.
a – 1970s; b – 1990s; c – 2000s; d – 2010s. Photo by D.S. Drozdov.
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permafrost table has not exceeded 2 m. In the north-
ern taiga zone, permafrost table has lowered by 4 to 
6 m.

We propose to distinguish three stages of perma-
frost degradation caused by climate warming. At the 
fi rst stage, the depth of seasonal thawing increases, 
and mean annual ground temperature rises. At this 
stage, mean annual ground temperature is still nega-
tive, and permafrost can be considered stable. At the 
second stage, the depth of seasonal thawing exceeds 
the thickness of the transient layer and aff ects the in-
termediate layer. Values of mean annual ground tem-
perature in the upper horizons become positive. Tha-
wing of the intermediate layer and lowering of the 
permafrost table begins. This stage is characterized 
by unstable state of permafrost. If mean annual gro-
und temperature in the upper horizons becomes posi-
tive, and a thickness of the thawed layer becomes 
greater than a combined thickness of the active and 
intermediate layers, the stage of active permafrost 
degradation, which is accompanied by fast lowering 
of the permafrost table, begins.

Permafrost degradation, along with climate war-
ming, is favorable for the active growth of vegetation 
and a shift of boundaries of bioclimatic zones to the 
north.

Monitoring of the thermal regime of permafrost 
has been performed within the framework of the state 
task, according to the Research Plan of the Tyumen Sci-
entifi c Center of the SB RAS for 2018–2020, protocol 
No. 2 of 08.12.2017. Analysis and interpretation of 
conditions and rates of permafrost degradation have 
been performed with the support of the Russian Foun-
dation for Basic Research (RFBR) grant 18-05-60004; 
studies of the impact of climate change on vegetation 
have been supported by the RFBR grant 18-55-11005. 
Field work at monitoring sites in the European North 
and West Siberia in 2016–2019 were performed with 
the fi nancial support of the grant of the Russian Sci-
ence Foundation 16-17-00102.
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The sea ice extent dynamics in the Northern Hemisphere and variations of solar irradiance at diff erent 
altitudes of polar regions are considered as possible controls of total ozone variations in the atmosphere. It has 
been determined that annual variation of total ozone content (TOC) closely correlates with the annual course 
and multiyear variations of sea ice extent in the Northern Hemisphere. We used a regression model for forecast-
ing total ozone content up to 2050. It has been revealed that the model concept of total column ozone (TCO) 
should take into account the Earth’s cryosphere eff ect (cryospheric factor) on variations in total atmospheric 
ozone. The cryospheric factor includes changes in sea ice extent in the Northern Hemisphere and insolation 
variations at diff erent altitudes in the polar regions.

Total ozone, sea ice extent, planetary albedo, insolation, insolation contrast, correlation, regression model, 
forecasting

INTRODUCTION

Due to signifi cance of the ozone layer (acting as 
a shield to protect Earth’s surface from excessive ul-
traviolet (UV) radiation) to ensure life on Earth (in-
cluding human), the total atmospheric ozone content 
(TOC) and its controls is one of the issues of major 
importance in the Earth Sciences. This provides a 
substantiation of the topicality of the research into 
total atmospheric ozone, its spatial and temporal vari-
ability.

The TOC studies include two main research di-
rections. The fi rst one is the analysis and advance-
ment of ideas about photochemical reactions leading 
to production and destruction of ozone (photochemi-
cal theory). This research direction is heavily under-
lain by Chapman’s fundamental model (a schematic 
for photochemical reactions) [Chapman, 1930], 
which principally explains the existence of high-con-
centration layers of ozone and atomic oxygen in the 
atmosphere. The second direction focuses on the dy-
namic aspect [Perov, Khrgian, 1980] and includes 
ideas about atmospheric circulation processes (vorti-
ces) and vertical air flows, providing vertical and 
horizontal transport of ozone between source and 
sink regions. Our research views the Earth’s cryo-
sphere as another element (the third research direc-
tion) in the concept of TOC model aiming at study-
ing the seasonal and interannual sea ice extent dy-
namics largely governed by the change in planetary 
albedo and water vapor content in polar regions, with 
particular focus on changes in solar radiation inci-

dence with elevation in polar regions. This paper aims 
to study the relationships between insolation-aff ect-
ed sea ice extent and TOC at different time scales 
(annual dynamics, multiyear variability). Variations 
in albedo correlate with changes in the amount of so-
lar radiation refl ected by sea ice into the atmosphere 
(specifi cally, 60–90 % by the snow-ice surface and 
less than 10 % by water surface). Water vapor con-
tents are aff ected by variations in scattered radiation 
and concentrations of HO2 and OH radicals, which 
contribute to ozone breakup [Hunt, 1966]. In addi-
tion, changes in sea ice extent may be associated with 
a good solubility of ozone in water and are thereby 
involved in the TOC dynamics. As such, this “ice ele-
ment” is shown to be one of major players in the gen-
eralized TOC model because of the maximum TOC 
values localized in polar regions of the Earth, where 
the maximum TOC variability (i.e. annual and multi-
year variations) is accordingly observed [Perov, Khr-
gian, 1980]. This potential TOC predictor has thus 
far been totally ignored, though.

Traditionally, ozone is believed to be produced 
mainly in the equatorial region as a result of photo-
chemical reactions and transported to the polar re-
gions by air masses [Perov, Khrgian, 1980]. However, 
principal features of the solar radiation (insolation) 
reaching polar regions and production capacity of at-
mospheric and stratospheric ozone over the poles still 
remain understudied. Given that during the summer 
season, polar regions receive more solar radiation 

Copyright © 2020 V.М. Fedorov, D.М. Frolov, All rights reserved.
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than tropical region (because of the polar day) this 
period provides at least equal opportunities for ozone 
production in equatorial region and in polar regions.

The authors’ calculations of insolation in diff er-
ent altitude levels [Fedorov, Kostin, 2019] show that, 
e.g. at an altitude of 25 km (an ellipsoid with each 
point located 25 km above the normal relative to a 
reference ellipsoid that best approximates the Earth’s 

Fig. 1. Seasonal variations in sea ice extent in the 
Northern (1) and Southern (2) Hemispheres.

Fig. 2. Changes in sea ice extent in the Northern Hemisphere:
а – March (maximum); b – September (minimum). The red line shows the average boundary of sea ice extent in March and No-
vember in the period 1981–2010 [Fetterer et al., 2012; http://nsidc.org/data/seaice_index/].

overall shape) the polar night lasts four months (8–
11th astronomical months) in the 84.5–90° latitude 
range. While in the 84.5–79.5° latitudinal range it 
lasts two months (9–10th astronomical months), this 
phenomenon does not occur south of latitude 74.5°. 
This suggests solar radiation incident for the full year 
round there and, therefore, a possibility for ozone 
production. As such, these latitudinal boundaries de-
limit the surface at 30 km altitude. At an altitude of 
35 km, the latitude range of permanent illumination 
increases by 1° of latitude (75.5°). From a 40 km alti-
tude, the latitude limit of the two-month polar night 
rises to 84.5° (at an altitude of 25 km, it is located at 
latitude 79.5°). At altitudes of 45 and 50 km, the lati-
tudinal limit of permanent illumination “builds up” 
another 1° of latitude (76.5°). As such, the altitude-
dependent increase in the latitudinal range of illumi-
nation should be taken into account when evaluating 
a possibility of ozone production in polar regions.

Ice covers about 6 % (ca. 30 million km2) of the 
Earth’s surface, which is for the most part localized in 
the Arctic and Antarctic. In the Northern Hemi-
sphere, land ice accounts for only 20 % of the total 
area of Arctic glaciation, while sea ice for the rest of 
80 % [Koryakin, 1988]. Seasonal variations in land 
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and sea glaciation affect the area of 6.3–15.4 mil-
lion km2 in the Arctic ocean (Fig. 1) and from 3.0 to 
18.5 million km2 in Antarctica. The amplitude of av-
erage seasonal cycle of sea ice area is 9.15 million km2 

in the Northern Hemisphere, and 15.46 million km2 in 
the Southern Hemisphere [Fetterer et al., 2017; 
http://nsidc.org]. Seasonal variations in sea ice ex-
tent from maximum to minimum (i.e. the amplitude 
of average seasonal cycle) were estimated (in per-
centage) for the Northern (59.2 %) and Southern 
(81.4 %) Hemispheres. 

Sea ice cover is a product of interactions between 
the ocean and the atmosphere under certain tempera-
ture conditions [Frolov, Gavrilo, 1997; Zubakin, 2006]. 
The most important parameter is its extent, or the 
area it occupies. Among the changes this area is sub-
jected to over time, the most pronounced are inter-
preted as seasonal, interannual and multi-year varia-
tions. In the Northern Hemisphere, summer mini-
mum of the sea ice area is chronologically distinctly 
localized in the annual cycle and falls on September 
(the autumnal equinox, the end of summer half-year 
in the Northern Hemisphere) (Fig. 2).

The maximum area is more extended in time and 
is observed from February through April (the period 
around vernal equinox, the end of winter and begin-
ning of summer half year in the Northern Hemi-
sphere) [Frolov, Gavrilo, 1997]. Accordingly, ultimate 
sea ice extent values are characterized by ca. 90° 
phase lag (of three months) in the annual solar irradi-
ance cycle relative to ultimate values of arriving solar 
radiation. 

RESULTS AND DISCUSSION

The relationships between TOC values and sea 
ice extent (SIE) in the Northern hemisphere were 
analyzed with respect to annual variation cycles and 
time-series of multiyear variability. The input data for 

seasonal TOC variations were combined with the 
SBUV satellite database (Version 8.6) Merged Ozone 
Data Set (MOD) 1970–2017 Profi le and Total Col-
umn Ozone from the SBUV Instrument Series 
[https://acd-ext.gsfc.nasa.gov/Data_services/
merged/]. These data include TOC values with a 
monthly resolution and in 5° increments of latitude 
spanning the period since 1970 to the present.

The applied herewith measures of TOC are re-
lated to the concept of the total column ozone (TCO) 
and use units of length (centimeters, millimeters, and 
micrometers). The total column ozone implies total 
ozone content in a vertical air column conceptualized 
by suggesting that all of the overhead ozone molecules 
(spread over the stratosphere thickness) could be 
brought down to form a “layer” at standard conditions 
(pressure p = 1013 mbar, temperature T = 273.16 K). 
Thus, the units used as measures of the ozone co lumn 
base (“thickness”) are as follows: atmosphere-centi-
meters (atm-cm) and milliatmospheric centimeters 
(matm-cm), which alternatively are termed Dobson 
Units (DU) [Perov, Khrgian, 1980]. According to the 
Mid-Latitude Ozone Model [Krueger, Minzner, 1976], 
the “thickness “ of TCO layer is 0.345 atm-cm (or 
345 DU). This value is equivalent to ozone concentra-
tion in 7.39⋅10–3 kg, or 9.27⋅1022 molecules contained 
in a column of air with a 1 m2 cross-sectional area (i.e. 
for every square meter of area at the base of the col-
umn) [Perov, Khrgian, 1980]. In this work, we use 
Dobson Units (DU) for the atmospheric TOC analy-
sis. The initial data on the sea ice extent were derived 
from satellite observations available on the US Na-
tional data center website [http://nsidc.org].

Annual TOC variation cycle
The annual TOC variations cycle (“annual 

course”) is characterized by the antiphase change in 
the hemispheres (Fig. 3).

Fig. 3. Planetary total ozone distribution and ist changes with seasons and latitudes.
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In the Northern Hemisphere, the maximum 
TOC values are reported in April, and minimum in 
October, whereas in the Southern Hemisphere, vice 
versa, the minima in TOC values are attributable to 
April, and maxima to October. That same antiphase 
dynamics is observed in the annual SIE retreat/ad-
vance cycles in the hemispheres. In the Northern 
Hemisphere, SIE values peak in March, and are the 
lowest in September (in the Southern Hemisphere, 
contrarywise). Thus, the TOC maxima and minima 
are immediately followed by SIE maxima and mini-
ma. The eff ect is off set by lag of about a month. The 
shift by a month ahead in annual TOC variations (if 
its annual variation cycle is synchronized with the 
SIE annual dynamics) the coeffi  cient of correlation 
between the time-series equals 0.974 (with probabil-
ity of 0.99) (Fig. 4). The statistical signifi cance of the 
linear correlation coeffi  cient was evaluated from the 
correlation analysis according to the existing evalua-
tion criteria and methods [Tsymbalenko et al., 2007].

The annual TOC variation cycle for the Earth is 
determined by annual cycle of TOC variations in the 
Northern Hemisphere (and its anti-phase in the 
Southern Hemisphere, accordingly). This owes to 
greater TOC values for the Northern Hemisphere 
against the Southern Hemisphere. The mean monthly 
TOC values are 325.26 DU for the Northern Hemi-
sphere and 302.95 DU for the Southern Hemisphere 
[Perov, Khrgian, 1980]. If compared, these are ex-
pressed as percentage showing that mean monthly 
TOC values the Northern Hemisphere are ca. 7 % less 
than those for Northern Hemisphere. Interestingly, 
during winter half year in the two hemispheres, the 
Northern Hemisphere receives about 7 % more solar 
radiation than the Southern Hemisphere [Fedorov, 
2018]. This phenomenon accounts for the fact that 
during winter half year in the Northern Hemisphere, 
the Earth reaches perihelion, while it reaches aph-
elion in winter half year in the Southern Hemisphere. 
In summer half year, the eff ect is therefore seen to be 

opposite (i.e. roughly 6 months apart). Given that 
during the winter half year in the two hemispheres, 
Northern Hemisphere receives more solar radiation 
versus Southern Hemisphere, the former sees more 
refl ected and scattered radiation due to the maximum 
sea ice extent at this time of year. This may also be 
one of the reasons for asymmetry in the TOC distri-
butions across the hemispheres.

Hemispheric asymmetry in total ozone distribu-
tion can be dealt with by the dynamic approach, 
which constitutes the dynamic element of the TOC 
model, to study the global atmospheric circulation 
pattern in the hemispheres and specifi c characteris-
tics of the insolation because of elliptical orbit of the 
Earth and ozone production in winter months at high 
altitudes in the polar regions. The TOC models are a 
whole family of models, and each presents parameter-
ization of dynamic factors and photochemical pro-
cesses in a diff erent way. Meridional ozone transport 
in the Northern Hemisphere occurs both by regular 
transport in the global atmospheric circulation 
(GAC) with its constituent wind cells – Hadley 
Cells, Ferrell Cells, Polar Cells, and vortexes (tropi-
cal and extratropical cyclones) [Perov, Khrgian, 1980; 
Fedorov, 2018]. Due to the greater heterogeneity of 
the underlying surface in the Northern Hemisphere, 
meridional ozone transport is carried out there by 
tropical and extratropical cyclones (to a far greater 
extent than in the relatively homogeneous Southern 
Hemisphere). In addition, as it was shown previously 
[Fedorov, 2018], an increase in the meridional trans-
port intensity (meridional insolation gradient) is ob-
served in winter half year in the Polar Cells, while it 
decreases in summer half year. An increase in the an-
nual meridional insolation gradient (heat transfer) is 
observed in the areas of localization of the Hadley 
and Ferrell circulation cells. The ratio of land to 
ocean area is important as descriptor of the heteroge-
neity of the underlying surface in the hemispheres. 
The proportions of land/ocean areas are: 39.3 % and 
60.7 % in the Northern Hemisphere and 19.1 % and 
80.9 % in the Southern Hemisphere, respectively [Is-
toshin, 1956]. Thus, the annual number of tropical 
cyclones in the Northern Hemisphere (North Atlan-
tic and North-Western Pacifi c) totals to about 60 on 
average, and considerably less (6–8) in the Southern 
Hemisphere [http://meteoinfo.ru]. In the Southern 
Hemisphere, the meridional ozone transport is 
blocked due to the strong Roaring Forties west-east 
transport, whose existence is associated with the uni-
formity of the hemisphere and a high meridional tem-
perature gradient (much higher than the meridional 
temperature gradient in the Northern Hemisphere). 
Specifi cally, these natural controls, which weaken the 
meridional ozone transport effect in the Southern 
Hemisphere, are likely to determine the TOC values 
asymmetry for the two hemispheres.

Fig. 4. Seasonal variation cycle of sea ice extent in 
the Northern Hemisphere (1) and TOC (2).
TOC time-series is one month phase-shifted (advanced).
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The physical mechanism of the maximum and 
minimum TOC distribution can be qualitatively rep-
resented as follows. Since the beginning of the vernal 
equinox (March–April), the illuminated area in the 
Northern Hemisphere extends north of the Arctic 
circle (66.6°). While the solar declination is small, 
and is associated with large amount of the scattered 
radiation. At this, sea ice extent approaches its maxi-
mum, thereby increasing the reflected radiation. 
These components of the incoming radiation are like-
ly to determine both production and peaks in TOC in 
the Northern Hemisphere (which also occurs in the 
Southern Hemisphere after the onset of autumnal 
equinox in the Northern Hemisphere). The time of 
approaching autumnal equinox is marked by a small 
solar declination in the Northern Hemisphere; lowest 
the sea ice spread; and minimal refl ected radiation, 
which probably determines the minimum TOC val-
ues (the Southern Hemisphere sees the same situa-
tion with the onset of spring in the Northern Hemi-
sphere). In addition, the atmospheric circulation po-
lar cells show an increase in intensity in winter half 
year [Fedorov, 2018], which means that the maximum 
observed after the vernal equinox may also be associ-
ated with this dynamic factor.

Mutiyear variations in TOC
The authors compared the multiyear changes in 

the average annual TOC values obtained from the ob-
servations over the period 1936–2016 at Arosa station 
(Switzerland) [https://www.woudc.org/], with the 
SIE values derived from the reconstructions for the 
period from 1936 to 2006 [Walsh, Chapman, 2001] and 
using a regression model from 2007 to 2016 [Fedorov, 
2015a; Fedorov, Grebennikov, 2018]. This time-series 
of TOC measurements is the longest [Bronnimann et 
al., 2000; Visheratin, 2007; Staehelin et al., 2018].

Implementation of the cryosphere modulus (sea 
ice extent in the Northern Hemisphere) in our studies 
of multiyear variations in the atmospheric TOC is de-
termined by the reasons discussed above. Firstly, the 
annual TOC variation cycle in the atmosphere is de-
termined by the annual TOC variations in the atmo-
sphere of the Northern Hemisphere. Secondly, there 
are no long series of observations of sea ice area in the 
Southern Hemisphere (except relatively short satel-
lite observation series since 1978). Results of the 
comparison showed a close correlation between the 
series of multiyear TOC variations and multiyear SIE 
dynamics in the Northern Hemisphere. The correla-
tion coeffi  cient (R) for multiyear TOC variations and 
multiyear average annual SIE in the Northern Hemi-
sphere is 0.671. A relationship between multiyear 
TOC variations with the minimum sea ice extent is 
characterized by the value R = 0.642. The ties with 
the maximum values for sea ice extent dynamics are 
slightly weaker (R = 0.558). All R values are statisti-
cally signifi cant with a probability (p-value) of 0.99. 

When smoothing the TOC and SIE time-series and 
using the method of fi ve-year smoothed moving aver-
ages, the R values accordingly become equal to 0.899, 
0.859, and 0.857 (Fig. 5).

Previously, the authors calculated the solar ra-
diation that arrives at the top (upper boundary) of 
the atmosphere with a large spatial and temporal 
resolution [Fedorov, 2015b, 2019; Fedorov, Frolov, 
2019]. The calculations of the incoming solar radia-
tion were performed using the data obtained from 
high-precision astronomical ephemerides [Giorgini et 
al., 1996; http://ssd.jpl.nasa.gov] for the entire 
Earth’s surface (no atmosphere) within the interval 
from 3000 BC to 2999 AD. The input astronomical 
data for calculating insolation were the declination 
and ecliptic longitude of the Sun, the distance from 
the Earth to the Sun, and difference between the 
course of uniformly running (coordinate time, CT) 
and the universal corrected time (universal time, 
UT). The surface of the Earth was approximated by 
ellipsoid (GRS80–Geodetic Reference System 1980) 
with semi-axis lengths 6,378,137 m (big one) and 
6,356,752 m (small one). The calculation algorithm 
can be generally represented by the expression
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where I is the incoming solar radiation for the elemen-
tary n-th fragment of the m-th of the tropical year, J; 
σ is the square multiplier, m2, which enables calculation 
of the square diff erential σ(H,ϕ); dαdϕ is the square of 
infi nitely small trapezoid ellipsoid cells; α  is horary 
angle, rad unit; ϕ is geographical latitude, rad unit; H is 
the height of the ellipsoid surface relative to Earth sur-
face, m; Λ(H,t,ϕ,α) is insolation at the stated moment 
at the stated ellipsoid surface point, W/m2; t is time, s. 
The integration steps were: longitude 1°, latitude 1°, 
defi ned as one three hundred sixtieth (1/360) of the 
length of tropical year [Fedorov, 2013]. The value of 
solar constant (average multiyear TSI value (total solar 
irradiance)) was taken to be 1361 W/m2 [Kopp, Lean, 
2011]. Changes in the solar activity were not taken into 
consideration [Fedorov, 2015b, 2019; Fedorov, Kostin, 
2019; Fedorov, Frolov, 2019]. 

Fig. 5. The fi ve-year-period smoothed moving ave-
rages of TOC time-series (1) and average annual sea 
ice extent in the Northern Hemisphere (2). 
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A close relationship was revealed between multi-
year changes in the insolation (irradiance) contrast 
(IC) and multiyear variations in sea ice extent in the 
Northern hemisphere [Fedorov, 2015a; Fedorov, Gre-
bennikov, 2018]. The authors interpret IC as the dif-
ference between annual insolation of the heat source 
area (0–45° latitude) and heat sink area (45–90° lati-
tude) in the two hemispheres. IC (for heat source and 
sink areas) generally refl ects changes in the meridio-
nal gradient of insolation, which controls meridional 
heat transfer in the ocean–atmosphere system [Fe-
dorov, 2018, 2019]. In the regression equations, multi-
year changes in IC explain 76 % of the multiyear vari-
ability of the average annual and minimum SIE in the 
Northern Hemisphere [Fedorov, Grebennikov, 2018]. 
A re lationship between TOC and IC time-series is 
cha racterized by the value R = –0.657 (with a probabi-
lity of 0.99), while the smoothed (for fi ve-year moving 
averages) TOC time-series – by the value R = –0.860. 
The IC is extrapolated by the authors onto the future, 
allow to perform an estimated forecast of smoothed 
TOC values (trends) based on a regression model. 
Graphs of the linear and polynomial (second-degree 
polynomial) regression equation are shown in Fig. 6. 
The coeffi  cient of determination (R2) shows the pro-
portion of multiyear variability of TOC, which is tak-
en into account by the regression model (IC).

TOC calculations were performed using linear 
and polynomial regression equations. In these equa-
tions, a 74.0 % and 76.8 % change in TOC is deter-
mined by a variation in IC. The average regression 
model based on an ensemble of linear and polynomial 
solutions revealed that as much as 76.1 % of the mul-
tiyear variability of TOC is determined by multiyear 
changes in the IC (or the average annual and mini-
mum SIE) (Fig. 7).

The estimated forecast is calculated for the TOC 
values smoothed over a five-year moving averages 
(TOC trends). According to the calculations, the 
TOC in 2050 will be 297 DU (Fig. 8). The reduction 
in total ozone will be 14 DU, against the values as of 
2016. Thus, the TOC reduction in 2050 relative to 
2016 will be 4.5 %. The probable reasons for atmo-
spheric ozone reduction are: reduction in the sea ice 
extent (primarily in the Northern Hemisphere) and 
affiliated decrease in the planetary albedo; and a 
marked decrease in the amount of solar radiation 
reaching the polar regions [Fedorov, 2015b, 2018]. 

CONCLUSION 

The sea ice extent dynamics and insolation inter-
preted to be as factors of seasonal and multiyear TOC 
variations are considered. Characteristic features of 
spatial and temporal sea ice extent dynamics, insola-
tion and TOC variations are revealed. It was deter-
mined that the annual and multiyear TOC variations 
are closely related to annual and multiyear variations 
in sea ice extent in the Northern Hemisphere (corre-
lation coeffi  cient is 0.974 for the annual variation cy-
cle and from 0.857 to 0.899 for multiyear variations). 
The annual sea ice extent dynamics is strongly cor-
related with the annual dynamics of insolation, while 
multiyear sea ice extent variations – with multiyear 
IC variations [Fedorov, 2015a]. Based on the calcu-
lated IC values, smoothed TOC values enabled esti-
mation of the forecast values for the period up to 
2050. It is shown that in the model conceptualization 

Fig. 8. Forecast estimations of TOC variations cal-
culated based on the ensemble of linear and polyno-
mial (second-degree) regression model. 

Fig. 6. Graphs of linear and polynomial (second-
degree) regressions for IC and TOC and equations.

Fig. 7. Measured (1) and calculated from ensemble 
(2) TOC values.
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of TOC, next to the photochemical reactions and dy-
namic (variations) modules, the Earth’s cryosphere 
should be considered as a factor aff ecting TOC varia-
tions, which also implicated in the sea ice extent dy-
namics in the Northern Hemisphere and altitude-
specifi c changes in insolation in the polar regions.

The work was carried out within the state-commis-
sioned budget theme “Geoecological analysis and fore-
cast of the permafrost dynamics in the Russian Arctic” 
(AAAA-A16-116032810055-0) and “Mapping, model-
ing and risk evakuation of natural hazards” (AAAA-
A16-116032810093-2).
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The study of gas permeability variations in frozen sand samples exposed to subfreezing temperatures dur-
ing hydrate formation included experimental modeling with the experiments run on a specially designed system, 
which enabled determination of gas permeability of dispersed soils in a context of freezing and hydrate saturation. 
The experimentally obtained data on gas permeability variations in frozen sand samples artifi cially saturated 
with methane or carbon dioxide during hydrate formation at a temperature of ‒5 °С has revealed that a decrease 
in gas permeability occurring during hydrate formation in frozen sand samples is controlled primarily by the 
initial ice content. A reduction in gas permeability depending on the fraction of pore ice converted to hydrate 
has been calculated. At this, the behavior of reduced gas permeability in frozen sand samples is found to be 
largely infl uenced by the type of hydrate-forming agent.

Frozen sands, hydrate formation, gas permeability, ice saturation, gas hydrates, methane, carbon dioxide

INTRODUCTION

Naturally occurring gas hydrates are known to 
exist under specifi c pressure and temperature con-
ditions in deep marine environments (ocean-bottom 
sediments) and in areas with thick permafrost or in 
the underlying unfrozen sediments (sub-permafrost 
horizons) [Istomin, Yakushev, 1992]. In permafrost 
settings, a prerequisite for existence of gas hydrates 
is associated with accumulation of natural gas (pri-
marily, methane) in large amounts in the condi-
tions appropriate for hydrate formation as a result of 
gas and water freezing in situ in profoundly cooled 
ground over a long period of time. Numerous gas lib-
eration phenomena which may be directly attribut-
able to dissociating intra-permafrost gas hydrates 
were reported as early as 1970s during development 
of numerous oil/gas fi elds in Western Siberia [Cher-
skiy et al., 1983; Ginsburg, Soloviev, 1990; Are, 1998; 
Yakushev, 2009].

 Formation of permafrost-hosted gas hydrates 
(in gas-saturated sediments) under conditions allow-
ing for pure methane hydrate to be stable, i.e. origina-
tion of gas hydrate stability zone (HSZ), takes place 
both at low positive and negative temperatures, when 
a gas accumulation that has not converted to gas hy-
drate becomes trapped within frozen sediments 
[Cherskiy et al., 1983; Ginsburg, Soloviev, 1990; Isto-
min, Yakushev, 1992; Romanovsky, 1993; Chuvilin et 
al., 2000]. In this situation, formation of gas hydrate 
is based on gas molecule entrapment by ice matrix.

Note that permanently frozen sediments may fa-
vor cryogenic concentration of gases and their subse-
quent accumulation in horizons with good reservoir 
properties [Yakushev, 1989, 2009; Chuvilin et al., 
2000]. Further freezing of such “gas pockets” may 
create above equilibrium pressure, thereby leading to 
the gas phase change to its hydrate form. In perma-
frost regions, gas hydrates also form by freezing in 
closed talik (unfrozen ground) zones saturated with 
gas, usually localized beneath lakes [Istomin et al., 
2018]. In addition to cryogenic concentration, the 
formation of permafrost-associated gas hydrate is fa-
vored by the pressure eff ect (the so called “baric fac-
tor”) which is associated either with the overlying ice 
sheets (continental glaciation) or with transgressions 
of the Arctic seas (when gas and water froze in place 
during ice-age cooling events) [Trofi muk et al., 1986; 
Romanovsky, 1993]. Thus, glacial ice aggradation 
atop thick permafrost promotes expansion of the zone 
of hydrate stability into permafrost, forcing the per-
mafrost table to occur at shallow depths.

Gas hydrates in areas of permafrost distribution 
are therefore localized beneath permafrost at low pos-
itive temperatures, as well within permafrost at nega-
tive temperatures, and play a fairly critical role in 
stability of permafrost environments. The presence of 
gas hydrates in frozen sediments aff ects signifi cantly 
their thermal and mechanical properties, as well as 
porosity and permeability.

Copyright © 2020 Е.М. Chuvilin, S.I. Grebenkin, D.А. Davletshina, М.V. Jmaev, All rights reserved.
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The literature data analysis has revealed only 
few works investigating thermophysical, mechanical 
properties and permeability of frozen hydrate-satu-
rated deposits [Ershov et al., 1996; Chuvilin, Greben-
kin, 2015; Li et al., 2016; Chuvilin, Bukhanov, 2017; 
Chuvilin et al., 2018]. Studies of porosity and perme-
ability of hydrate-saturated rocks generally investi-
gate these aspects at positive temperatures. However, 
some of them highlight porosity and permeability of 
rocks containing either pore ice or pore hydrate 
[Ananyan et al., 1972; Starobinets, Murogova, 1985; 
Seyfried, Murdock, 1997; Jaiswal et al., 2004; Minaga-
wa et al., 2005; Murray et al., 2006; Kneafsey et al., 
2008; Kumar et al., 2010; Johnson et al., 2011; Chuvi-
lin, Grebenkin, 2015; Chuvilin et al., 2018], as well as 
ice formed during the freezing of hydrate-saturated 
sediment. Yet, the obtained research results provided 
extremely scant experimental data on changes in fro-
zen sediment permeability to gas (henceforward, gas 
permeability) upon hydrate formation from pore ice.

With this in mind, special experiments have been 
designed and conducted to study gas permeability of 
frozen sediments during hydrate formation. 

EXPERIMENTAL METHODS

Gas permeability variations in hydrate-bearing 
sands were studied using a method designed by the 
authors jointly with colleagues from Schlumberger 
Company [Chuvilin, Grebenkin, 2015] by means of gas 
fl ushing through a sample on a specially designed ex-
perimental setup which allows creating and maintain-
ing pressure and temperature conditions suitable for 
artifi cial freezing and hydration of sand samples. The 
procedure involved: i) preconditioning of soil sample 
to provide a specifi ed water content, its freezing and 
saturation of the frozen sample with a hydrate-form-
ing gas in a special pressure cell, ii) hydrate accumu-
lation, iii) testing the sample for permeability to gas 
at different gas pressures and temperatures, and 
iv) processing the experimental data.

The experimental study of gas permeability vari-
ations in ice- and hydrate-containing sediments em-
ployed a system specially designed by EcoGeosProm 
LLC (Fig. 1), which maintains sample temperatures 
and pressures widely ranging from ‒15 to +30 °С and 
up to 100 bar, respectively. 

 Preparation of soil sample with prespecified 
moisture content at the beginning of the experiment 
included the following steps: air-dried soil mass was 
thoroughly mixed with water and rested for half an 
hour for uniform moisture saturation. After that, the 
moisturized soil was placed in a rubber cuff  3 cm in 
diameter and compacted layer-by-layer (the length 
soil of sample is 3–4 cm). Then the sample was placed 
into the pressure cell, to be exposed to compression 
(pressure: up to 60 bar) and freezing, with tempera-

ture and pressure being monitored in the pressure cell 
during the run. After that the sample was saturated 
with a hydrate-forming gas (CH4 and CO2) along 
with the gas permeability monitoring.

The levels of pore fi lling with hydrate and ice 
were found using the PVT (pressure–volume–tem-
perature) analysis during the experiment [Chuvilin et 
al., 2019]. The main calculated parameters are de-
scribed below. 

The hydration coeffi  cient (Kh) is the proportion 
of pore water converted to hydrate relative to total 
amount of water in the sample, which was found us-
ing the formula

 ,h
h

W
K

W
=

where Wh is the amount of moisture converted to 
hydrate (% relative to dry sample weight); W is the 
moisture content by weight, %.

Percentage of pore fi lled with hydrate or hydrate 
saturation (Sh, %):
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where n is the sample porosity; Hv is the volume content 
of hydrate, %;
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where Mh is the mass of pore hydrate,  g; Ms is the 
mass of soil sample, g; ρ is the initial (before hydrate 
saturation) density of soil, g/cm3; ρh is the density of 
empty crystalline lattice of methane hydrate equal to 
0.794 g/cm3 [Chuvilin, Bukhanov, 2017]. 

Percentage of pore space fi lled with ice, or ice 
saturation (Si, %) was determined as

 ,
0.92

d
i

W
S

n
ρ
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where ρd is density parameter of the soil skeleton.

Fig. 1. Schematic map of the experimental setup for 
evaluating gas permeability in sand samples:
I – measuring system; II – triaxial compression system; V1–
V3 = membrane valves for gas input; V4 = ball valve of the 
hydraulic system; R1, R2 = receivers of gas input; P1–P3= 
pressure sensors; DS = diff erential pressure sensor; H = hydrau-
lic pump with an oil tank; PC = pressure cell; T1, T2 = tem-
perature sensors.
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The hydrate content values in soils were calcu-
lated using the hydrate numbers 5.9 (for СH4) and 
6.1 (for CO2). 

The eff ective gas permeability (Kg, mD) of the 
frozen hydrate-containing sand sample was calcula-
ted by solving the diff erential equation of mass trans-
fer through the sample under the pressure gradient 
[Chuvilin, Grebenkin, 2015]:

 
( )

( )
1 1 10 1

2 2
10 1 2 1

2
,k

g
LV p p p

K
Sp p p t

η −
=

−

where η is the dynamic viscosity of gas, Pа⋅s; L is the 
length of sample, cm; S is the cross-section area of 
sample, cm2; V1 is the receiver volume, cm3; p1 is the 
pressure at sensor 1 (before the sample) at the time t1 
(bar); p2 is the pressure at sensor 2 (after the sample) 
at time t1 (bar); p10 is the pressure before the sample 
at the start time, bar; p1k is the pressure at sensor 1 at 
the end time, bar.

The relative permeability value (Kr, u.f.) also 
used in the calculations is determined as the ratio of 
the eff ective permeability of the hydrate-saturated 
sample to the frozen sample permeability at the start 
of the experiment. 

The object of the experimental study were de-
formed natural sands of marine genesis (mQ3) recov-
ered while drilling into permafrost (sampling depth: 
36–46 m) within the South Tambey gas condensate 
fi eld (Yamal Peninsula). The particle size distribution 
of fi ne-grained sand (according to the E.M. Sergeev’s 
classifi cation) was determined according to GOST 
12536-2014 [State Standard, 2014]:
Particle size distribution 0.2 29.1 62.3 8.4
in mass fractions, %
Particle diameter range, 1‒0.5 0.5‒0.25 0.25‒0.1 0.1‒0.05
mm

The mineral composition of soil was measured 
using x-ray diff ractometry. Fine-grained sand con-
sisted dominantly of quartz (93.7 %), other minerals 
contained in the sand were albite (5.1 %) and ortho-
clase (1.2 %). The density of solid grains of fi ne sand 
is 2.69 g/cm3, its salinity inferred from the chemical 

analysis of water extract is 0.06 %. The physical char-
acteristics of the test sample determined in accor-
dance with standard procedures of GOST 5180-2015 
[State Standard, 2015] and SNiP 2.02.04-88 [Building 
Code…, 1990] include: specific surface area of the 
sand (0.24 m2/g); prespecifi ed moisture content 8.5–
14  %; density of soil skeleton varying from 1.54 
to  1.73  g/cm3 and sample density from 1.73 to 
1.91 g/cm3, while porosity of the soil samples lay 
within the range of 0.35–0.42 u.f. (Table 1).

RESULTS AND DISCUSSION

Gas permeability of frozen sand samples be-
fore hydrate saturation. The initial gas permeability 
data of frozen sand samples non-containing hydrate 
are presented in Table 2. These data allow to infer 
that the highest gas permeability prior to hydrate 
saturation (Kg = 23.3 mD) is characteristic of sam-
ple  1 with ice saturation of 38  %, and the lowest 
(Kg = 1.5 mD) ‒ of sample 8 with ice saturation of 
62.8 %. It is shown that the gas permeability of frozen 
samples varies within 15‒23 mD as ice saturation of 
pore space increased from 38 to 50 % in the precondi-
tioned sand samples (Fig. 2).

With further increase in ice saturation (>50 %), 
gas permeability progressively decreases (because of 
higher occupancy of pore space by ice), and so does 
the eff ective porosity.

Variations in permeability of frozen sand sam-
ples during hydrate saturation. After determining 
the initial gas permeability of sand samples upon their 
freezing, they were saturated with a hydrate-forming 
gas (СH4 or CO2). The samples were saturated with 
hydrate at a constant negative temperature (‒5 °С) 
and gas pressure higher than equilibrium pressure 
(50‒60 bar for СH4 and 25‒30 bar for CO2).

Analysis of the obtained data allowed an inferen-
ce that when pore ice converts to hydrate, a reduction 
in the eff ective permeability of the test samples varies 
widely within a range of 1.5 to 30 times (Table 3). 

The lowest reduction in permeability (less than 
twice) was shown in sample 2 with a low initial ice 
saturation (41.6 %). After the sample was saturated 
with СО2 hydrate, its gas permeability decreased 
from 20.6 to 12.66 mD. As much as 32 % of the pore Ta b l e  1. Characteristics of sand samples

 before hydrate saturation 

Sample 
no.

Moisture 
content, %

Soil skele-
ton density, 

g/cm3

Density, 
g/cm3 Porosity, u.f.

1 8.5 1.69 1.84 0.37
2 9.5 1.72 1.88 0.36
3 10 1.73 1.91 0.35
4 11 1.69 1.87 0.37
5 10 1.57 1.73 0.41
6 10 1.68 1.83 0.39
7 12 1.54 1.73 0.42
8 14 1.63 1.86 0.39

Ta b l e  2. Initial gas permeability of frozen sand samples
  (before hydrate saturation) 

Sample no. Si, % Kg, mD
1 38.0 23.3
2 41.6 20.6
3 49.2 21.5
4 50.1 19.6
5 40.5 14.6
6 42.9 21.5
7 51.8 5.7
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ice was converted to hydrate, with affi  liated decrease 
from 58.8 to 44 % in the fraction of free void pore 
space (1 – (Si + Sh)).

The permeability values showed the greatest de-
crease in sample 8 with the maximal (in the experi-
ments) initial ice saturation (62.8 %). When only 
21 % of the pore ice was converted to methane hy-
drate, the sample’s permeability decreased by almost 
30 times (from 1.5 to 0.05 mD), while the void space 
changed slightly (from 37.2 to 30.8 %).

The greatest decrease in gas permeability of the 
frozen sands during hydration is thus observed in sam-
ples with a high percentage of pore space fi lled with 
ice, despite the fact that the fraction of pore ice 
changed to hydrate shows a decreasing trend for them.

Analysis of the hydrate formation kinetics re-
vealed that permeability reduction during the pore 
transition ice to hydrate is marked by certain diff er-
entiation between CH4 and CO2 hydrate (Fig. 3).

In the test samples saturated with CO2 hydrate, 
the ice to hydrate conversion was markedly acceler-
ated. Thus, percentage of ice changed to hydrate over 
the fi rst 5 hours of the run diff ered for CO2-saturated 
sample 4 (13.9 %) and for methane-saturated sam-

ple 6 (about 6 %). During the next day, the rate of ice 
to hydrate conversion also varied during the first 
30 hours of the run: 35 % and 23 % for sample 4 and 
sample 6, respectively. When hydrate formation rates 
started to decrease, they became fairly equated: dur-
ing 50 h after the start of the experiment the percent-
age of ice changed to hydrate amounted to 43.6 % and 
31 % for CO2- and methane-laden samples, respec-
tively. In later part of the experiment, the ice-to-hy-
drate conversion rate was lower for carbon dioxide 
than for methane. Thus, in 120 hours after the start of 
the experiments, the fractions ice of changed to hy-
drate accounted accordingly for 58 % in CO2-laden 
sample 4 and 52 % and in CH4-laden sample 6. 

Fig. 2. Ice saturation (Si) eff ect on gas permeability 
(Kg) of frozen sand samples before hydrate satura-
tion at T = ‒5 °С.

Ta b l e  3.  Variation in eff ective gas permeability 
 of sand samples before (numerator)
 and after (denominator) hydrate saturation at T = ‒5 °С

Gas Sample 
no. Si Sh 1–(Si + Sh) Kh Kg

СО2 1 38.0
18.5

0
35.7

62.0
45.8

0
0.62

23.3
4.04

2 41.6
32.4

0
23.6

58.8
44.0

0
0.32

20.6
12.66

3 49.2
35.9

0
32.4

50.8
31.7

0
0.37

21.5
10.44

4 50.1
23.5

0
56.6

49.9
19.9

0
0.64

19.6
5.47

СН4 5 40.5
21.1

0
26.6

59.5
52.3

0
0.47

14.6
2.04

6 42.9
24.1

0
35.0

57.1
40.9

0
0.59

21.5
10.25

7 51.8
26.3

0
54.7

48.2
19.0

0
0.64

5.7
0.24

8 62.8
51.3

0
17.9

37.2
30.8

0
0.21

1.5
0.05

N o t e. Si = ice saturation, %; Sh = hydrate saturation, %; 
Kh = coeffi  cient of hydration, u.f.; Kg = coeffi  cient of eff ective 
gas permeability, mD.

Fig. 3. Time (t)-dependent variations in the hydration coeffi  cient (Kh) and relative gas permeability (Kr) 
during saturation of sample 6 with CH4 hydrate (а) and sample 4 with СО2 hydrate (b).
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All in all, the samples’ permeabilities changed in-
versely proportional to the hydration coefficient 
throughout the experiment. Despite the greatest de-
crease in gas permeability was reported in fi rst hours 
after the hydrate formation for both runs, the perme-
ability behavior diff ered at a later stage: it changed 
only slightly with CO2, and decreased signifi cantly 
with methane.

Thus, the process of CO2 hydrate formation from 
ice occurred more intensely at the start of hydrate 
formation and slowed down considerably after 50 % 
of ice converted to hydrate. At this, ice converts to 
methane hydrate with a lower reduction in the hyd-
rate formation rate over time.

The study enabled analysis of the hydration coef-
fi cient (Kh) eff ect on reduction in gas permeability at 

Fig. 4. Eff ect of the percentage of pore ice converted 
to methane hydrate (Kh) on the reduction in rela-
tive gas permeability (Kr) of frozen sand samples at 
T = ‒5 °С with diff erent initial ice saturations.

Fig. 5. A relationship between gas permeability (Kg) 
of frozen sand samples with diff erent initial level of 
pore fi lling with ice (43 and 63 %), and variations in 
void space (1 – (Si + Sh)) during hydrate formation.

Fig. 6. Schematic diagram of variations in the level of void pore space of gas-saturated frozen sand at high 
(I) and low (II) percentage of pore space fi lled with ice during hydrate formation.
А, B, C – before (А), at the start (B ) and after (C) hydrate formation; 1 – sand particles; 2 – ice; 3 – gas; 4 – gas hydrate.
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a negative temperature (‒5 °С) for all the test sam-
ples (Fig. 4).

The results have demonstrated that the higher 
the initial ice saturation of test samples, the greater 
the infl uence of the hydration coeffi  cient on gas per-
meability, while the maximum reduction in permea-
bility is reported at early stage of the hydrate forma-
tion process. Given percentage of pore space fi lled 
with ice reduces, the behavior of change in permeabil-
ity during the pore ice to hydrate conversion shows a 
smoother pattern.

The eff ect of hydrate formation process on varia-
tions in the void pore space of the sand samples con-
sidering their initial percentage of pore space fi lling 
with ice diff er (43 and 63 %) is shown in Fig. 5.

The calculations demonstrate that during the po-
re ice to hydrate conversion, the cumulative percent-
age of pore space fi lled with ice and hydrate increases 
due to the diff erence in their specifi c volume (about 
15 %). Hence, the void pore space will decrease. With 
higher occupancy of pore space with ice (63 %), even 
slight changes in void pore space cause a dramatic de-
crease in the sample’s gas permeability, as compared to 
lower initial ice saturation (43 %) (Fig. 5). A sche-
matic representation of the variations in void pore 
space of gas-saturated frozen sand at diff erent levels of 
pore occupancy with ice is shown in Fig. 6.

Thus, changing void pore space during the pore 
ice to hydrate conversion is interpreted to be one of 
the major controls of variations in gas permeability of 
frozen sand samples during hydrate formation.

 CONCLUSIONS

An experimental evaluation of the infl uence of 
the hydrate formation process on the effective gas 
permeability of frozen sand samples was car ried out. 
This allowed to infer that hydrate formation at nega-
tive temperatures entails a decrease in the gas perme-
ability of ice-containing sand samples. At this, the 
magnitude of the gas permeability reduction is dic-
tated by the initial ice content. Thus, for a sample 
with a high cumulative occupancy of pore space with 
ice (about 63 %), the gas permeability showed a 30-
fold decrease, while in the sample with a lower initial 
ice saturation (42 %), it decreased by less than twice. 
The experimental studies have highlighted the eff ect 
of the type of hydrate-forming gas (СН4, СО2), 
which is primarily manifested through the hydrate 
formation kinetics and the intensity of gas permeabil-
ity reduction over time. The gas permeability varia-
tion in frozen sand samples is shown to be inversely 
proportional to the coeffi  cient of hydration.

The work was fi nancially supported by the Russian 
Foundation for Basic Research (project No. 17-05-
00995) and the Russian Science Foundation (grant 
No. 18-77-10063).
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Results of the comparison made between total capacities of horizontal evaporator tube (HET) systems 
(Russian brand name “GET” systems for thermosyphons) using dioxide and ammonia as the working fl uids has 
revealed that the total capacity of HET systems charged with carbon dioxide is always higher, against the systems 
charged with ammonia.

Permafrost, HET, seasonal refrigeration system, refrigerant, ammonia, carbon dioxide

INTRODUCTION

Systems for ground temperature stabilization, or 
ground cooling systems, with horizontal evaporator 
tubes (for short HET systems) are used to maintain 
below freezing temperatures in permanently frozen 
soils of the structures’ bases during the winter season. 
A schematic representation of the system is shown in 
Fig. 1. The mathematical model describing an HET 
system ope ration is provided in [Anikin, 2009]. The 
mathema tical modeling for HET systems using am-
monia as the working fl uid (coolant) is discussed in 
[Anikin et al., 2011]. While diff erent coolants can be 
used as the working fluid for such systems, not all 
coolants are capable to ensure the system’s perfor-
mance. The ana lysis provided in [Anikin, Spasenniko-
va, 2014] concerns several coolants applicable in such 
systems, among them: carbon dioxide, ammonia, Fre-
on 22, freon 12, freon 142, freon 21, freon 11, methy-
lene chloride, acetone, freon 113, methanol. The cool-
ants were analyzed in the context of the Vankor oil-
gas field development, with the air temperatures 
 measured at the Igarka weather station. According 
to the conclusions the authors have arrived thereat, 
such coolants as methylene chloride, acetone, fre-
on  113 and methanol fail to ensure the system’s 
 operation during the winter season. Whereas carbon 
dioxide and ammonia have proven to be more ef-
fective. 

The systems of this type – thermosyphons – 
which use ammonia as the working fl uid (coolant) 
developed by FundamentStroiArkos have been widely 
used in Russia to preserve and cool permafrost. Es-
tablishing the upper and lower limits for thermal 
loads for an HET system working on ammonia was 

discussed in [Melnikov et al., 2017]. The Institute of 
Earth’s Cryosphere, Siberian Branch of the Russian 
Academy of Sciences has developed seasonal cooling 
systems working on carbon dioxide. These start 
working once the ground becomes a few tenths of a 
degree warmer than the overlying atmosphere (the 
temperature diff erence is almost zero), while systems 
charged with ammonia are shown to be less tempera-
ture-sensitive, inasmuch as they start working when 
the ground is a few degrees warmer than the atmo-
sphere [Anikin, Spasennikova, 2014]. Thus, the oper-
ating time of the ground stabilization cooling system 
charged with carbon dioxide during the winter sea-
son is signifi cantly longer than the operating time of 
the system using ammonia as the working fl uid. Ac-
cordingly, the capacity of the system charged with 
carbon dioxide can be signifi cantly greater than that 
of charged with ammonia.

Copyright © 2020 G.V. Anikin, D.V. Mochalov, All rights reserved.

Fig. 1. A layout scheme of an HET system. 
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Ta b l e  1. The relationship between the system’s cooling capacities for carbon dioxide 
 and ammonia at a preset temperature

H, m Δ
2CO Δam

tgr – tair

1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7 8 9 10 11 12 13

Condenser temperature –30 °C
2.5 0.54 2.86 ∞ ∞ 17.17 3.02 2.08 1.74 1.56 1.45 1.38 1.32
3.0 0.65 3.43 ∞ ∞ ∞ 5.85 2.77 2.08 1.78 1.61 1.50 1.42
3.5 0.76 4.00 ∞ ∞ ∞ 13526.82 4.24 2.62 2.08 1.81 1.65 1.54
4.0 0.87 4.57 ∞ ∞ ∞ ∞ 9.63 3.59 2.52 2.08 1.84 1.68
4.5 0.98 5.14 ∞ ∞ ∞ ∞ ∞ 5.85 3.24 2.46 2.08 1.86
5.0 1.09 5.71 – ∞ ∞ ∞ ∞ 17.17 4.60 3.02 2.41 2.08
5.5 1.20 6.29 – ∞ ∞ ∞ ∞ ∞ 8.12 3.97 2.87 2.37
6.0 1.31 6.86 – ∞ ∞ ∞ ∞ ∞ 39.74 5.85 3.59 2.77
6.5 1.42 7.43 – ∞ ∞ ∞ ∞ ∞ ∞ 11.51 4.83 3.34
7.0 1.52 8.00 – ∞ ∞ ∞ ∞ ∞ ∞ 13526.82 7.47 4.24
7.5 1.63 8.57 – ∞ ∞ ∞ ∞ ∞ ∞ ∞ 17.17 5.85
8.0 1.74 9.14 – ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 9.63
8.5 1.85 9.71 – ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 28.47

Condenser temperature –20 °C
2.5 0.42 1.93 ∞ 22.43 2.41 1.73 1.49 1.37 1.30 1.25 1.21 1.19
3.0 0.50 2.32 ∞ ∞ 3.65 2.08 1.68 1.49 1.39 1.32 1.27 1.24
3.5 0.58 2.70 ∞ ∞ 8.09 2.63 1.92 1.64 1.49 1.40 1.34 1.29
4.0 0.67 3.09 ∞ ∞ ∞ 3.65 2.27 1.83 1.62 1.49 1.41 1.35
4.5 0.75 3.47 ∞ ∞ ∞ 6.17 2.78 2.08 1.77 1.60 1.49 1.42
5.0 0.83 3.86 ∞ ∞ ∞ 22.43 3.65 2.41 1.96 1.73 1.59 1.49
5.5 0.91 4.24 ∞ ∞ ∞ ∞ 5.41 2.90 2.21 1.89 1.70 1.58
6.0 1.00 4.63 ∞ ∞ ∞ ∞ 10.83 3.65 2.53 2.08 1.83 1.68
6.5 1.08 5.02 – ∞ ∞ ∞ ∞ 5.00 2.98 2.32 1.99 1.79
7.0 1.16 5.40 – ∞ ∞ ∞ ∞ 8.09 3.65 2.63 2.18 1.92
7.5 1.25 5.79 – ∞ ∞ ∞ ∞ 22.43 4.75 3.05 2.41 2.08
8.0 1.33 6.17 – ∞ ∞ ∞ ∞ ∞ 6.86 3.65 2.71 2.27
8.5 1.41 6.56 – ∞ ∞ ∞ ∞ ∞ 12.69 4.57 3.11 2.50

Condenser temperature –10 °C
2.5 0.32 1.35 ∞ 2.58 1.62 1.39 1.28 1.22 1.18 1.15 1.13 1.12
3.0 0.38 1.62 ∞ 4.25 1.90 1.52 1.37 1.28 1.23 1.19 1.17 1.15
3.5 0.45 1.89 ∞ 14.01 2.30 1.68 1.46 1.35 1.28 1.24 1.20 1.18
4.0 0.51 2.16 ∞ ∞ 2.96 1.90 1.58 1.43 1.34 1.28 1.24 1.21
4.5 0.57 2.43 ∞ ∞ 4.25 2.18 1.72 1.52 1.41 1.33 1.28 1.25
5.0 0.64 2.70 ∞ ∞ 7.84 2.58 1.90 1.62 1.48 1.39 1.33 1.28
5.5 0.70 2.97 ∞ ∞ 73.20 3.20 2.12 1.75 1.56 1.45 1.38 1.32
6.0 0.77 3.24 ∞ ∞ ∞ 4.25 2.40 1.90 1.66 1.52 1.43 1.37
6.5 0.83 3.51 ∞ ∞ ∞ 6.45 2.80 2.08 1.77 1.60 1.49 1.41
7.0 0.89 3.78 ∞ ∞ ∞ 14.01 3.36 2.30 1.90 1.68 1.55 1.46
7.5 0.96 4.05 ∞ ∞ ∞ ∞ 4.25 2.58 2.05 1.78 1.62 1.52
8.0 1.02 4.32 – ∞ ∞ ∞ 5.84 2.96 2.23 1.90 1.70 1.58
8.5 1.08 4.59 – ∞ ∞ ∞ 9.50 3.48 2.45 2.03 1.79 1.65

Condenser temperature 0 °C
2.5 0.25 0.97 29.73 1.71 1.36 1.24 1.18 1.15 1.12 1.10 1.09 1.08
3.0 0.29 1.17 ∞ 2.05 1.48 1.31 1.23 1.18 1.15 1.13 1.11 1.10
3.5 0.34 1.36 ∞ 2.61 1.62 1.39 1.28 1.22 1.18 1.15 1.13 1.12
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 CALCULATIONS

The system’s capacity (heat output) is expressed 
by the following expression [Anikin, Spasennikova, 
2014]:

  ( ) ( ) ( )( )c air c gr gr air ,W t t S t t t t S= − ηα = − + − ηα  (1)

where tc is the condenser temperature; tgr is the ground 
temperature at the interface with the evaporator tube; 
tair is the air temperature; S is the total area of the fi nned 
section; η is the coeffi  cient of effi  ciency of the condenser 
fi ns; α is the heat transfer coeffi  cient for the fi ns;

 ( )( )am am gr air ;W t t S= −Δ + − ηα  (2)

 ( )( )2 2CO CO gr air ;W t t S= −Δ + − ηα  (3)

for ammonia ( )c gr am ,t t− = −Δ  for carbon dioxide 

( )
2c gr CO .t t− = −Δ

The values for 
2COΔ , amΔ  are calculated using 

the formula [Anikin, Spasennikova, 2014]

 
2CO am

sat
,L gH

dP dt
ρ

Δ =

where ρL is the liquid coolant density at a specifi ed tem-
perature; g is gravity; Psat is the pressure of saturated 
vapors at a specifi ed temperature; H is the condenser 
height above the evaporator.

By dividing (3) by (2), we obtain 

 2 2

1
CO CO am

am gr air gr air
1 1 .

W

W t t t t

−
⎡ ⎤ ⎡ ⎤Δ Δ

= − −⎢ ⎥ ⎢ ⎥
− −⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

The condition to be fulfi lled for the ground freez-
ing is: tair < tgr.

Table 1 shows the ratios of heat outputs (i.e. the 
systems’ capacities) for carbon dioxide and ammonia 
at diff erent condenser temperatures, taking into ac-
count diff erence in ground and air temperature tem-
peratures, and the distance between the evaporator 
and the condenser.

It follows from Table 1 that if the system works 
both on carbon dioxide and ammonia, the capacity of 
this system charged with carbon dioxide is always 
greater as compared to its using ammonia as the 
working fl uid.

 CONCLUSIONS

It has been shown that the thermal capacity of 
an HET system working on carbon dioxide is always 
higher than the capacity of the same system using 
ammonia as the working fl uid. This primarily is ex-
plained by the fact that the derivative of saturated 
vapor pressure with respect to temperature is always 
higher for carbon dioxide than for ammonia. As the 
distance between the evaporator and the condenser 
increases with affi  liated increase in hydrostatic pres-
sure, the ratio of hydrostatic pressure to the deriva-
tive of saturated vapor pressure with respect to tem-
perature for carbon dioxide is therefore also always 
less than for ammonia.

With an increase in the condenser temperature, 
the region where the system works neither on carbon 
dioxide nor ammonia explicably decreases. The sys-
tem charged with carbon dioxide works at a greater 
distance between the condenser and the evaporator 
at a 1 °C diff erence between ground and air tempera-
tures, while it fails to operate on ammonia.

The work was fulfi lled within the state-commis-
sioned R&D project (АААА-17-117051850061-9).

Ta b l e  1 ,  c o n t i n u e d

1 2 3 4 5 6 7 8 9 10 11 12 13
4.0 0.39 1.56 ∞ 3.65 1.81 1.48 1.34 1.26 1.21 1.18 1.16 1.14
4.5 0.44 1.75 ∞ 6.34 2.05 1.58 1.40 1.31 1.25 1.21 1.18 1.16
5.0 0.49 1.95 ∞ 29.73 2.39 1.71 1.48 1.36 1.29 1.24 1.21 1.18
5.5 0.54 2.14 ∞ ∞ 2.87 1.86 1.56 1.42 1.33 1.27 1.23 1.20
6.0 0.59 2.34 ∞ ∞ 3.65 2.05 1.66 1.48 1.38 1.31 1.26 1.23
6.5 0.64 2.53 ∞ ∞ 5.07 2.29 1.77 1.55 1.42 1.35 1.29 1.25
7.0 0.69 2.73 ∞ ∞ 8.53 2.61 1.90 1.62 1.48 1.39 1.33 1.28
7.5 0.74 2.92 ∞ ∞ 29.73 3.03 2.05 1.71 1.54 1.43 1.36 1.31
8.0 0.79 3.12 ∞ ∞ ∞ 3.65 2.24 1.81 1.60 1.48 1.40 1.34
8.5 0.84 3.31 ∞ ∞ ∞ 4.61 2.47 1.92 1.67 1.53 1.44 1.37

N o t e. The symbol “∞” indicates that the system does not work on ammonia; the dash “–” means that the system uses 
neither carbon nor ammonia as the working fl uid; H is the condenser height above the evaporator, m; Δ

2CO  and Δam are the diff er-
ences in the condenser and ground temperatures for the system working on carbon dioxide and ammonia, respectively, °С; tgr is the 
ground temperature, °С; tair is the air temperature, °С. The values for H are usually in the range from 2.5 to 6.0 m (H < 2.5 m not 
occurred in practice); for the FundamentSroiArkos systems H = 6 m.
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In this article the results of geoelectric survey investigations of permafrost in the area of Parisento station 
(Gydan Peninsula) are presented. According to the electromagnetic sounding data, the permafrost thickness is 
210–300 m. Application of electrical resistivity tomography (ERT) has revealed, that massive ice stratum is 
characterized by extremely high electrical resistivity, exceeding million Ohm⋅m. It confi nes method’s sensitiv-
ity below depths of 50–75 m. Fixing the depths of deep-lying conducting layers, determined by electromag-
netic sounding, has insignifi cant eff ect on error of ERT inversion. However, the input of the layers with a fi xed-
by-depth electrical resistivity has lead to an improvement of the model for geological interpretation. It has been 
determined, that the massive ice between the Krugloye and Parisento Lakes does not have continuous distribu-
tion, as it was previously appeared according to drilling data. A linear area of low electrical resistivity has been 
identifi ed, which is probably due to paleo-channel connecting the lakes in the past. By numerical simulation of 
thermal fi elds, a closed talik (up to the depth of 140 m) has been identifi ed under Krugloye Lake, and an open 
one has been revealed under Parisento Lake. The infl uence of three-dimensional conductive heterogeneities, as 
a lake talik and a lake, on the electrical resistivity distribution in the two-dimensional and three-dimensional 
geoelectrical models has been considered. 

Parisento station, permafrost, electrical resistivity tomography, transient electromagnetic sounding, resistivity, 
massive ice, lake, talik

INTRODUCTION

The Gydan Peninsula is one of the least develo-
ped and poorly explored areas. In order to realize the 
plans of environmentally safe industrial development 
of Tazovskiy District of Yamalo-Nenets Autonomous 
Okrug (YaNAO), it is necessary to assess the current 
state of permafrost, and to organize the monitoring of 
its transformation under the influence of climatic 
changes, as well as the human impact in all geograph-
ical subzones of the peninsula. That will allow to im-
prove the design technology of fi eld facilities and the 
systems of raw hydrocarbon transportation, situated 
in harsh engineering-geocryological conditions, to 
ensure their mechanical safety and reduce geotechni-
cal risks by improving the effi  ciency of design deci-
sions in the fi eld of development of measures for the 
implementation of technologies for temperature sta-
bilization of the foundation soils, geotechnical moni-
toring and other innovative technologies.

In 1970–1990s geocryological structure of the 
Yamal and the Gydan peninsulas was studied by the 

researchers from the Moscow State University 
(MSU) [Badu, Trofi mov, 1974], the Production Scien-
tifi c and Research Institute of Engineering Surveying 
in Construction (PNIIIS) [Baulin, 1985], the All-
Russian Research Institute of Hydrogeology and En-
gineering Geology (VSEGINGEO) [Anisimova, Krit-
suk, 1983; Kritsuk, Polyakov, 1989]. The overview and 
small-scale maps have been compiled. Geotechnical 
conditions of the Gydan Peninsula, including exoge-
nous and geological processes and phenomena, have 
been described [Trofi mov et al., 1986].

The comprehensive study at the Gydan Penin-
sula has been carried out in the vicinity of the Paris-
ento station of VSEGINGEO, near the eponymous 
lake in the middle reaches of Yuribey River. The sta-
tion was founded by V.A. Dubrovin in 1982 in order 
to organize monitoring of the cryogenic processes and 
phenomena dynamics in the undeveloped but pro-
spective area. It represented a scientifi c station along 
with the landfi lls within which a stationary network 

The English text is published as edited by the authors.

Copyright © 2020 D.S. Pankova, V.V. Olenchenko, L.V. Tsibizov, Y.K. Kamnev, A.N. Shein, A.I. Sinitskiy, All rights reserved.
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of reference plots had been deployed. During the ope-
ration of the station, the geocryological features of 
the region have been studied in detail, and such the 
climatic characteristics of the territory as air temper-
ature, wind speed, snow depth and average insolation 
have been monitored. According to measurements 
carried out in three boreholes, the temperature re-
gime of the upper part of the permafrost section have 
been determined up to the depth of 73.5 m, and the 
beds of massive ice, having thickness up to 32 m, have 
been drilled-in. The permafrost was studied by using 
such geophysical methods as vertical electrical so un-
ding, high-frequency electric profi ling and electrical 
well-logging. 

In 1995, due to the termination of funding, re-
search works within the station had been stopped, 
and the station itself had been mothballed. 20 years 
later, the government of Yamalo-Nenets Autonomous 
Okrug raised a question of the necessity to resume 
environmental monitoring of the permafrost zone be-
fore the intensive development of the North regions 
by the oil and gas producing companies. In August 
2016 and in August 2017, the Arctic Research Center 
(Salekhard) organized comprehensive scientifi c expe-
ditions to the Parisento station with the participation 
of specialists from the Trofi muk Institute of Petrole-
um Geology and Geophysics SB RAS (Novosibirsk). 

The main aim of the expeditions was to assess 
the current state of permafrost within the station ac-
cording to geological, geomorphological and geocryo-
logical studies, as well as to obtain new information 
on the permafrost structure using modern geophysi-
cal technologies, which have been developed signifi -
cantly over the past 20  years. Such geoelectrical 
methods as vertical electrical sounding in the modifi -
cation of electrical resistivity tomography (ERT) and 
near-field time-domain electromagnetic (TDEM) 
sounding were applied in the research. Those meth-
ods are widely used in permafrost research, for in-
stance, for detecting of massive ice beds [Everest, 
Bradwell, 2003; Hauck et al., 2003], delineation of the 
permafrost distribution area and determination of its 
thickness [Hauck, Mühll, 2003; Olenchenko et al., 
2011; You et al., 2013], determination of active layer 
depths and talik thickness [McClymont et al., 2013; 
Kozhevnikov et al., 2014; Fague et al., 2016].

The main objectives of geophysical research car-
ried out in the area of the Parisento station were to 
determine the permafrost thickness, and to defi ne its 
structural features.

STUDY AREA

The Parisento station is located in the Tazovsky 
District of Yamalo-Nenets Autonomous Okrug, in the 
central part of the Gydan Peninsula, at the latitude of 
70.1° N (Fig. 1). The nearest settlement is Tadebiay-
akha, which is situated in 64 km to the north-west of 
the station, on the coast of the Gulf of Ob.

The mean annual air temperature is –11.2 °С, ac-
cording to the results of the regime observations of 
the VSEGINGEO in 1985–1990. The research area 
belongs to the zone of continuous permafrost distri-
bution. Its thickness varies from 200 to 300 m, and 
the temperatures of frozen ground is up to –8 °С. The 
thickness of active layer varies significantly: from 
55–65  cm (on polygonal peatlands) up to 170–
180 cm (on bare-of-vegetation sandy defl ation-fl ats). 
Ice content of the frozen ground can reach 90 %.

The surface of the Late Quaternary coastal plain 
with altitudes of 10–46 m occupies a dominant posi-
tion in the topography around the Parisento station. 
The areas with high lake percentage (up to 40 %) are 
developed within the plain. Drained lakes basins 
(khasyreys) are usually confi ned to gently undulating 
landforms. Parisento Lake is the largest water body in 
the vicinity of the Parisento station. Its water surface 
size is 6 × 4 km and the maximum depth is 35 m. Kru-
gloye Lake, smaller by the size, is located to the north 
of Parisento Lake, and Geofi zicheskoye Lake is situ-
ated even more to the north of it. Massive ice bed, 
which has been drilled-in by boreholes, is the unique 
object within the Parisento station (Fig. 2). Its thick-
ness according to the boreholes data is up to 32 m 
and the minimum temperature is –8 °C at a depth of Fig. 1. Location map of the Parisento Station.
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10 m. Taking into account the fact that massive ice 
bed has been stripped by a limited number of bore-
holes, the boundaries of its distribution remain to be 
uncertain. A description of the sediments at the bore-
hole 204, located at a distance of 15 m from the edge 
of the Parisento Lake scarp is presented below:

0.0–15.9 m – light-gray sand, obscurely-layered, 
the bedding is due to the presence of plant residues, 
interlayers of clay, ice, peat, sandy loam ; the ground 
is frozen from a depth of 0.6 m; there are sections (up 
to 1 m in thickness) of pure ice;

15.9–27.8 m – obscurely-layered and varved, icy 
clay (loam); there is pure ice in some intervals;

27.8–30.3 m – fi ne sand to silty sand with iso-
metric inclusions of ice and bands of sandy loam and 
clay;

30.3–36.7 m – mostly pure and transparent ice, 
with sparse inclusions of dark gray clay and sandy 
loam; 

36.7–48.05 m – dark gray to black clay, mostly 
homogeneous, cross-bedded due to interlayers of 
lighter clay and silty loam, sometimes with separate 
ice lenses; from a depth of 42.2 m, the ice content in-
creases sharply;

48.05–70.2 m – mostly clear and transparent ice, 
with a lot of air bubbles and the inclusions of clay;

70.2–73.5 m – icy dark gray clay; deeper than 
72.0 m, the ice content decreases, the clay acquires a 
greenish tint and some plasticity (probably due to in-
creased salinity). 

METHODS

Such geophysical methods as near-field time-
domain electromagnetic sounding (TDEM) and ver-
tical electrical sounding in the modifi cation of electri-
cal resistivity tomography (ERT) have been applied 
in two study sites (Fig. 3).

The Site I is located between the Krugloye and 
Geofi zicheskoye lakes. The TDEM method measure-
ments have been performed on a 65 × 65 m network 
inside ten transmitter loops 200 × 200 meters in size, 
using Fast-Snap equipment (NPK Sibgeosystems 
LLC, Russia). The PDI-50 induction sensor with an 
effective moment, which is equivalent to a loop of 
50 × 50 m in size, has been used as a receiver. It was 
installed inside each transmitter loop with a uniform 

Fig. 2. Geological section of study site according to the VSEGINGEO data.
1 – ice; 2 – clay with inclusions of ice; 3 – frozen sand; 4 – permafrost temperature (°C); 5 – borehole, its number and depth (m).

Fig. 3. Layout of the geophysical prospecting pro-
fi les:
1 – contour of the near-field time-domain electromagnetic 
sounding area; 2 – profi les of the electrical resistivity tomogra-
phy method; 3 – Parisento Station; 4 – the line of geological 
section through boreholes and position of boreholes 202, 203, 
204; I, II – number of study site.
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mesh. A similar technique of electromagnetic sound-
ing is eff ective in area studies. Furthermore, when the 
size of the generator loop is 200 × 200 m, the eff ect of 
the induced polarization of the upper part of the sec-
tion on the transient process is minimized. The con-
tour of the study area by means of the TDEM sound-
ing method is displayed in Fig. 3. The subsequent 
quantitative interpretation of the TDEM sounding 
data has been carried out using the TEM-IP program, 
developed at the Trofimuk Institute of Petroleum 
Geo logy and Geophysics, Siberian Branch of the Rus-
sian Academy of Sciences (IPGG SB RAS) [Antonov 
et al., 2014]. The inverse problem of electromagnetic 
sounding has been solved within the framework of a 
one-dimensional horizontally-layered model without 
taking into account the induced polarization of the 
upper part of the section with high ice content. The 
weak infl uence of the upper layers on the process of 
electromagnetic fi eld formation was noted already at 
0.04 ms as a low-amplitude minimum on the electro-
motive force (EMF) curve (or a small maximum on 
the apparent resistivity curve). Therefore, before in-
terpretation, the fi eld formation curve had been cut 
off  to the EMF values for a time of 0.1 ms, as well as 
in the noise areas at the “tails” of the curves after a 
time cutoff  of 50 ms. The error in approximating of 
the experimental curve to the theoretical dependence 
for the upper icy part of the section was 1–3 %. The 
multi-electrode electrical prospecting station Ska-
la-48, developed at IPGG SB RAS, was used for mea-
surements by the ERT method. Further data process-
ing was performed with using the programs Res2D-
inv and Res3Dinv (Geotomo Software) [Loke, 2009].

In the Site I, the ERT method soundings have 
been implemented on three profi les of 1425 meters 

long with the measurement spacing along the profi le 
of 10 m. The distance between the ERT profi les was 
65  m. The sequence of the electrode connecting 
corresponded to the pole-dipole arrays with a 
maximum span between the current electrodes A or 
B and the center of the receiving line MN equal to 
430 m.

The Site II was located between the Krugloye 
and Parisento lakes, where in the 1990s a boreholes-
profi le had been driven, and the thick massive ice bed 
had been drilled-in. In that site, the ERT soundings 
have been carried out on 7 profi les of 470 m long each, 
the distance between profi les was 25 m, the measure-
ment spacing was 10 m, and the pole-dipole array was 
applied.

The wet surface of the tundra provided a low 
level of grounding resistance, and the absence of in-
dustrial electromagnetic interference made it possible 
to obtain high-quality data. The current strength in 
the AB circuit was 10–40 mA, and the voltage at the 
receiving electrodes varied from 4 to 5000 mV. The 
instrumental error of one measurement of the appar-
ent resistivity at maximum electrode spacing, calcu-
lated by the Skala-48, did not exceed 0.2  %. The 
scheme of the electrotomography profi les arrange-
ment is demonstrated in Fig. 3.

RESULTS

The solution of the inverse problem for the 
TDEM method data has been carried out in the 
framework of the three-layer, four-layer, fi ve-layer, 
and six-layer models. As a result, it has been deter-
mined that the four-layer model of a medium, com-
bining the equivalent layers of more complex models, 
is optimal. Figure 4 shows an example of the experi-
mental and theoretical curves of apparent electrical 
resistivity (ρτ) and the one-dimensional geoelectric 
model corresponding to the theoretical curve, includ-
ing the resistivity of each layer (ρ), thickness (h), and 
roof depth (z). The mean-square error of selection, in 
that case, was 3 %.

In the model, layer No. 1 of high resistivity in-
cludes the sediments represented by sands and mas-
sive ice. Its thickness is estimated at 64 m, which is 
consistent with the drilling data (Fig. 2). Layer No. 2 
with a resistivity of 51.8 Ohm⋅m is interpreted as fro-
zen loam. At a depth of 133 m, the resistivity of the 
sediments decreases to 10.4 Ohm⋅m, which the au-
thors attribute to an increase in the salinity of 
loams. In the base of the section, at a depth of 249.5 m, 
layer No. 4 stands out with a very low resistivity of 
4.2 Ohm⋅m. It is assumed that the boundary between 
layer No. 3 and No. 4 is the boundary of the water-ice 
phase transitions.

Figure 5 demonstrates the geoelectric section 
compiled according to the TDEM method results ob-
tained on Site I along the line coinciding with the 

Fig. 4. Experimental (1) and theoretical (2) curves 
of apparent resistivity at the near-fi eld time-domain 
electromagnetic sounding point No. 501, and corre-
sponding one-dimensional models of section.
See explanations in the text.
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profi le line No. 3 in the ERT method. In the upper 
part of the section, up to the depth of 50–75 m, a 
highly-resistive layer (with the electrical resistivity 
varying from 1100 to 3800 Ohm⋅m) is distinguished. 
Those highly-resistive deposits are represented by 
frozen sand and loam with interlayers of massive ice. 

At depths below than 50–75 m, a layer with re-
duced resistivity of 21–53 Ohm⋅m – probably due to 
an increase in the salinity of the section in the Upper 
Quaternary coastal-marine sediments of the Kazan-
tsevo Formation – has been identified. Below the 
depth of 120–150 m, the resistivity of the sediments 
decreases up to 9.7–14.7 Ohm⋅m, which caused by an 
increase in the mineralization of porous water in Mid-
Quaternary marine sediments of the Salekhard For-
mation. At the depth 160–260 m the upper border of 
the underlying layer with very low resistivity (4.2–
7.2 Ohm⋅m) has been noted. It is assumed that the 
layer is the lower border of permafrost, which is con-
sistent with other studies [Trofi mov, Baulin, 1984]. 
Similar resistivity values of saline loam at the phase 
transition boundary have been mentioned in the pa-
pers [Krylov, Bobrov, 1995; Zykov, 2007].

The section in the Figure 5 illustrates horizon-
tally-stratifi ed structure of the medium with decrease 
of sediments resistivity by depth from several thou-
sands to several Ohm⋅m. The upper part of the sec-
tion is represented by high-resistive frozen medium 
with interlayers of massive ice. Reduced resistivity of 
underlying frozen ground is explained by their salin-
ity. According to the near-fi eld time-domain electro-
magnetic sounding, the bottom of permafrost is sup-
posed to be at the depths of 200–300 m.

A feature of the section is the plunge of perma-
frost bottom along the profi le to the southeast. Using 
the data of areal soundings, the map of the permafrost 
bottom depth has been compiled (Fig. 6). On the 

isthmus between the lakes, permafrost thickness re-
duced up to 150 m. That may be associated both with 
the warming eff ect of lake taliks, and with the infl u-
ence of three-dimensional conductive heterogeneity 
on the result of one-dimensional inversion of the 
TDEM sounding data.

Geoelectric sections of the Site I (according to 
the ERT data) are presented in Fig. 7. The number of 
iterations of model selection for each profi le was 5, 
while the standard deviation (SD), characterizing the 
selection error, varied from 4 % (profi le 1) and 4.8 % 
(profi le 2), to 9.3 % (profi le 3) depending on quality 
of the input data. 

An analysis of geoelectrical sections reveals that 
the layer of very high-resistive deposits is traced at 
depths of 10–90 m. That part of the medium consists 
of sand and loam with high contents of frozen porous 

Fig. 5. Geoelectric section according to the near-fi eld time-domain electromagnetic sounding:
1 – point of electromagnetic sounding; 2 – supposed boundary of the water–ice phase transitions.

Fig. 6. Map of the permafrost base according to the 
near-fi eld time-domain electromagnetic sounding 
data.
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low-mineralized water. It should be noted that the 
deposits resistivity, measured at quasi-direct current 
applying in the course of the electrical resistivity to-
mography, is signifi cantly higher than the resistivity 
determined according to the near-fi eld time-domain 
electromagnetic sounding data. So, for example, the 
upper part of the section has an electrical resistivity 
of hundreds of thousands Ohm⋅m and in some cases it 
exceeds a million Ohm⋅m. The deposits having resisti-
vity of 105–106 Ohm⋅m are interpreted as massive ice. 

The electrical resistivity of the frozen sediments 
is aff ected by their temperature, lithological composi-
tion, ice content and salinity. In addition, the distri-
bution of resistivity in the geoelectric sections, con-
structed by two-dimensional inversion, depends on 
the infl uence of three-dimensional heterogeneities of 
the geological medium, situated aside from the pro-
fi le. Therefore, during the interpretation of geoelec-
trical sections it is necessary to take into account the 
profi le location with respect to such three-dimension-
al heterogeneities as lakes. At the same time, the 
nearness of the lakes also determines the geocryologi-
cal conditions. For example, the north-western part 
of profi le 3 in the interval of 100–500 m runs along 
the shore of Krugloye Lake (Fig. 3). Sediments of 
very high resistivity haven’t been detected in that 
section of the profi le (with the exception of the local 
anomaly at a depth of 380 m), which indicates the ab-
sence of massive ice. A reduced resistivity (up to 

250–300 Ohm⋅m) has been observed along the inter-
vals of 650–900 m on profi le 1 (deeper than 25 m) 
and profi le 2 (deeper than 100 m). Profi le No. 2 in the 
intervals of 700–850 m runs 45 m aside from Kru-
gloye Lake. We believe that abnormally low values of 
resistivity at depths on profi les 1 and 2 are due to the 
lateral infl uence of the Krugloye Lake talik, and the 
anomalies do not refl ect the real geologic section. 

Despite the fact that the two-dimensional geo-
electrical model has been obtained up to a depth of 
175 m as a result of inversion, and the standard devia-
tion during solving the inverse problem was 4–9.3 %, 
one should be careful to trust the data obtained from 
depths over 60 meters. By means of the Res2Dinv 
program (version 3.55), using as an example the data 
of profi le 1, the sensitivity of the blocks used in the 
inversion model has been estimated (Fig. 8). The val-
ue of normalized sensitivity (Sn) determines the 
amount of information about the resistivity of the 
model block, which is contained in the measured 
data, and varies from 0 to 1. The higher the value of 
normalized sensitivity, the more well-grounded is the 
model resistivity. Near-surface blocks usually have 
higher sensitivity than deeper ones, since the normal-
ized sensitivity function takes on very high values 
near the electrodes [Loke, 2009]. 

As it is demonstrated in Fig. 8, the sensitivity of 
ERT method decreases sharply with depth if there is 
massive ice bedin a section. For example, in the pro-

Fig. 7. Geoelectric sections according to the electrical resistivity tomography data.
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file intervals at the distances of 400–500  m and 
1100–1300 m from the beginning of the profi le, elec-
trical current does not penetrate under objects of 
very high (more than 100 kOhm⋅m) resistivity, and 
the sensitivity of the method is limited to the fi rst 
meters. The sensitivity increases to the depth of 50–
75 m in areas where the resistivity of the medium de-
creases up to values of less than 100 kOhm⋅m.

According to the results of the TDEM method, 
in the section along profi le 1, at the depth of 60–90 m, 
the roof of the low resistivity layer (about 30 Ohm⋅m) 
has been identifi ed, as well at a depth of 140–220 m, 
the top of layer with resistivity on the order of 
8 Ohm⋅m has been detected. Those layers have been 
inserted, as layers with fi xed resistance, in the elec-
trotomography data by profi le 1. After that, the in-
verse problem has been solved. As a result, the section 

(shown in Fig. 9) has been compiled. After complet-
ing 5 iterations, standard deviation was 4 %, i.e. the 
insertion of two layers with fi xed resistivity has not 
aff ected the model selection error. That confi rms the 
weak sensitivity of the ERT method to changes in re-
sistivity of soils lying deeper than 50–75 m. At the 
same time, the introduction of layers with fi xed resis-
tivity at certain depths lead to a change in the geo-
electrical structure of the upper part of the section 
within the depth range of 0–90 m. For example, such 
structural features of the section as a thin layer of 
high resistivity has become more pronounced in the 
profi le interval of 0–400 m, and the anomalies caused 
by massive ice have acquired an elongated shape. 

Two-dimensional data of the ERT soundings 
have been combined into the three-dimensional data 
set. After completing that, the thickness and electrical 

Fig. 8. Geoelectric section (a) and section of normalized sensitivity (Sn) of model blocks (b) along profi le 1.

Fig. 9. Geoelectric section along profi le 1, constructed as a result of two-dimensional inversion of electric 
tomography data with fi xed layers, with a known position of the layer roof and electrical resistivity ac-
cording to the TDEM data.
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resistivity of the low-resistive layers selected accord-
ing to the TDEM sounding data have been affi  xed in 
that data set, after which three-dimensional inversion 
has been carried out using Res3Dinv software. 

Figure 10 displays a three-dimensional model 
of the resistivity distribution in the Site I accord-
ing  to the ERT data, on which an anomaly of 
high electric resistivity caused by massive ice is dis-
played by means of the isosurface corresponding to 
100 kOhm⋅m. In the northwestern part of the site the 
anomaly decreases in size and wedges out as massive 
ice bed approaches Krugloye Lake. Infl uence of Kru-
gloye Lake on the geoelectric model is also expressed 
in the wedging out of a high-resistive layer, located 
near the lake (Fig. 10). That may be due to both local 
li tho logic heterogeneity, which can be seen on the 
satellite image at the shoreline of the lake near the 
profi le, and the lateral eff ect of the lake on distribu-
tion of electrical current in the medium. A three-di-
mensional model of the resistivity distribution in the 
medium allows us to visualize the structure of the 
study site and to outline the wedging out of massive 
ice bed in the vicinity of Geofi zicheskoye Lake. 

As a result of the ERT sounding method at the 
Site I, the following has been established. The depos-
its of the upper part of the section up to the depth of 
75 m have a very high resistivity, reaching hundreds 
of thousands of Ohm⋅m, and in some cases exceeding 
one million Ohm⋅m. High resistivity of the sediments 
can be explained by their lithological composition 

(sands and loams) and low mineralization of the fro-
zen porous water. The highest resistivity values are 
characteristic for massive ice beds. Such a high level 
of electrical resistivity prevents the penetration of 
electrical current into the depths, as a result of which 
the sensitivi ty of the method is limited to a depth of 
50–75 m. Un der the layers with a resistivity of more 
than 100 kOhm⋅m, the sensitivity of the method is 
confi ned by the depth of the top of those layers. 

The introduction of layers with a fi xed resistivity 
and a depth, established according to the TDEM 
sounding data, into the two-dimensional ERT model 
does not lead to a change in selection error when 
solving the inverse problem. That confi rms the insen-
sitivity of the ERT method to properties of the sedi-
ments occurring deeper than 60 m.

In the three-dimensional model of the resistivity 
distribution in the medium, nearby the Krugloye and 
Geofi zicheskoye lakes, the regular wedging-out of an 
abnormally-high-resistivity layer has been noted. 
That may be due either to thawing out of massive ice 
in the vicinity of the lakes, or to the lateral infl uence 
of three-dimensional conductive heterogeneity on 
the distribution of electrical current in the medium. 
In the Site II, situated between the Parisento and 
Krugloye lakes, profile  3 runs through the bore-
hole 202. A geoelectrical section along the profi le 3 is 
demonstrated in Fig. 11. The inversion of data has 
been performed with the fi xation of resistivity and 
border of loam from the depth of 57 m, determined 
according to the drilling data (Fig. 2). 

The level of electrical resistivity of the deposits, 
established by the ERT method, is in good agreement 
with the archival data of lateral logging sounding. Out 
of comparison of the geoelectrical section with the 
drilling data, it follows that the layers of anomalously 
high resistivity correspond to massive ice, as well as to 
the sediments with high ice content. However, in the 

Fig. 10. Three-dimensional geoelectric model ac-
cording to the electrotomography data:
1 – electrical-resistivity isosurface of 100 kOhm⋅m; 2 – wedging-
out of high-resistive layer nearby Krugloye Lake. View of the 
geoelectric model from the southern (A) and northern (B) sides.

Fig. 11. Geoelectric section along profi le 3 through 
borehole 202.
Two-dimensional inversion with fi xed layers: 1 – sand; 2 – clay 
with ice inclusions; 3 – ice. Number of iterations – 5; standard 
deviation – 5.9 %.
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central part of the profi le, within the range of 250–
300 m, at the depth of 25–40 m, a general tendency for 
decrease in the resistivity of deposits with a locally 
ano malous resistivity (less than 1000 Ohm⋅m) has 
been observed. The geoelectrical section in Fig. 11 
demonstrates that massive ice has a heterogeneous 
structure.

In order to give a complete idea about massive 
ice distribution between the Krugloe and Parisento 
lakes, a three-dimensional inversion of the ERT areal 
data has been carried out. The inversion has been per-
formed both with fi xation of layers with a known re-
sistivity and a roof depth, and without any a priori 
information. After completing of 6 iterations, fi xation 
of layers at a depth leads to an increase in the selec-
tion error from 8.3 % (without fi xing of parameters) 
up to 10.4 % (with fi xed parameters). So the structure 
of the upper part of the section up to a depth of 75 m 
does not change signifi cantly. Figure 12 shows the re-
sult of three-dimensional inversion without fi xed pa-
rameters of the model.

The isosurface of the resistivity, corresponding 
to 20 kOhm⋅m, displays the distribution of the high-
resistive sediments including massive ice. It is easy to 
see that high-resistive layers have a discontinuous 
distribution pattern. An area of reduced resistivity is 
identified in the central part of the section, which 
means the absence of massive ice beds. Starting from 
a depth of 80 m, the resistivity of the model decreases 
down the section to the fi rst thousand Ohm⋅m, which 
we attribute to the infl uence of saline loams of marine 
origin. Although resistivity of frozen loams in that 

model is 100 times higher than that of other sedi-
ments at the same depth, determined according to the 
TDEM data within the Site I, the general trend to 
the increasing of electrical conductivity of deposits at 
depths of more than 60–70 m has been noted in both 
methods. A scheme of the resistivity distribution at 
the depth of 30 m is displayed at a satellite image of 
the Site II (Fig. 13). The pattern of resistivity distri-
bution demonstrates that there is no massive ice be-
tween the lakes, and borehole 202 having drilled-in 
that ice, is located in the selvedge of the high resisti-
vity anomaly. Spatially the low resistivity anomaly is 
associated with a linear lowered landform, disposed 
between the lakes. That may mean the existence of a 
paleochannel, i.e., it is possible that in the past the 
lakes were connected by a watercourse. 

Cross-section of the three-dimensional model of 
resistivity along the boreholes line between Krugloye 
and Parisento lakes is shown in Fig. 14. As can be seen 
in Fig. 14, the part of the section containing mas-
sive  ice stands out by the resistivity more than 
100 kOhm⋅m. It should be noted that an icy clay layer 
within the depth interval of 20–30  m in no way 
stands out in the resistivity section. In a fi rst appro-
ximation, the thickness of the high resistivity layer is 
consistent with thickness of the strata containing 
massive ice. However, the resistivity of the sediments 
underlying the ice bed is greatly overstated in com-
parison with the model obtained according to the 
TDEM sounding data in the Site I.

Thus, an analysis of the electrotomography data 
in the Site II has demonstrated that massive ice has a 
discontinuous distribution, as it was previously as-
sumed according to the drilling results. A zone of low 
resistivity that does not contain massive ice has been 
revealed between the Krugloye and Parisento lakes. 
Obviously, that zone is associated with an old channel 
connecting the lakes in the past.

Fig.  12.  Volumetric distribution of resistivity in 
Site II according to the results of three-dimensional 
inversion.
1 – electrical-resistivity isosurface of 20 kOhm⋅m, showing the 
distribution pattern of massive ice; 2 – area of low resistivity; 
3 – low resistivity of the model associated with saline loams of 
marine origin. Number of iterations – 6; standard deviation – 
8.3 %.

Fig. 13. Resistivity at depth of 30 m according to the 
results of three-dimensional inversion on a satellite 
image of the Site II.



54

D.S. PANKOVA ET AL.

MODELING OF THERMAL 
AND ELECTRICAL FIELDS

A decrease in the electrical resistivity of the sed-
iments occurring near the lakes is traced in the resis-
tivity distribution plan (Fig. 13), as well as that is 
observed in the section along the borehole line 
(Fig. 14). Such an eff ect can be caused by the warm-
ing of frozen sediments due to contact with water. To 
assess the warming eff ect of the water bodies, a two-
dimensional model of the temperature distribution in 
the medium has been constructed according to the 

thermometry logging data of the boreholes 202, 203, 
204. Figure 15 displays that the warming eff ect of wa-
ter bodies is clearly revealed, since the temperature in 
the boreholes located closer to the lake is higher (by 
2–4 °C) than in a borehole located 100 meters from it. 
However, due to the limited number of boreholes, the 
temperature distribution model has turned out to be 
very approximate. An increase in the temperature of 
the frozen sediments, occurring near the lake, from –8 
to –4 °C leads to a decrease in their resistivity. For 
instance, the resistivity of sands will decrease from 
105 to 104 Ohm⋅m according to an approximate de-
pendence from [Bogolyubov et al., 1984]. Figure 13 
demonstrates that the resistivity of sediments near 
the lakes decreases by about an order of magnitude, 
which can be interpreted as the thermal eff ect on the 
electrical conductivity of the frozen stratum. 

Since the temperature of the medium is an im-
portant factor determining the resistivity of frozen 
ground, it is necessary to represent the pattern of its 
distribution near the lakes. The Comsol Multiphysics 
v. 4.0 software package [Multiphysics..., 1998] has 
been used to calculate the temperature fi eld model 
between the lakes and determine the confi guration of 
the lake taliks. The program allows to set the geome-
try and properties of the medium model and the 
boundary conditions and, using the Heat Transfer 
module, to solve the heat transfer equation by means 
of the fi nite element method.

Based on the drilling data (Fig. 2), a horizontally 
layered model of the medium has been set: at depths 
of 0–12.5 m – a layer of sand, 13–26 m – a layer of 
clay, 27–37 m – a layer of sands with high ice con-
tent, 38–66 m – massive ice bed, 67–300 m – a layer 
of marine loam. There is a linear change in all physical 
properties into the intervals between the layers. Ave-
rage values of thermal conductivity, specifi c heat ca-

Fig. 14. Geoelectric section along the borehole line 
between the Krugloye and Parisento lakes accord-
ing to three-dimensional inversion.
1 – ice; 2 – clay with inclusions of ice; 3 – frozen sand; 4 – loam; 
5 – borehole, its number and depth (m).

Fig. 15. Permafrost temperature in the section between the Krugloye and Parisento lakes according to 
thermometry at boreholes 202, 203, 204 in 1992–1993.
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pacity and density have been taken for each type of 
the sediments in two states: the frozen and thawed 
ones [Gavriliev et al., 2013; Aleksyutina, Motenko, 
2017]. Those physical parameters are given in Ta-
ble 1.

The shape of the lakes in the model has been as-
sumed as cylindrical (i.e. with a fl at bottom and verti-
cal walls). That is justifi ed by the fact that the radii of 
the lakes much exceed their depths. The radius and 
depth of the Parisento and Krugloye lakes are 2500 m 
and 35 m, 300 m and 25 m, respectively (Fig. 16). The 
heat fl ux at the modeling site has been chosen equal 
to 0.05 W/m2, since that value is consistent with nu-
merous studies on the heat fl ux in that region [Kur-
chikov, 2001; Duchkov, Sokolova, 2014; Iskorkina et al., 
2018].

The day surface temperature has been assumed 
to be –10 °C, which corresponds to the mean annual 
air temperature in that area. As the initial conditions 
throughout the medium, a temperature plot has been 
taken, corresponding to the equilibrium state under 
given boundary conditions (heat flux at the lower 
boundary and surface temperature at the top layer). 
The temperatures of +1, +2, +3 °С have been at the 
bottom of the lakes at the initial time, on the circles 
with a radius of 300, 200 and 50 m, and 2500, 1500, 
500 m for the Krugloye and Parisento lakes, respec-
tively. That is justifi ed by experimental data on tem-

peratures at the bottom of the lakes. After that, the 
medium has been presented as a fi nite element grid, 
and the heat transfer equation has been solved. The 
formation of thermokarst lakes on the Yamal Penin-
sula occurred in the fi rst half of the Holocene Climat-
ic Optimum [Slagoda et al., 2016]. Due to the lack of 
information about exact time of formation of Paris-
ento and Krugloye lakes, the time interval of 
6000 years has been taken for the calculation. During 
that time interval, the heating of the under-the-lake 
medium has been simulated, while the phase transi-
tion has been taken into account. 

The calculated temperature fi eld of the section is 
displayed in Fig. 17. The layers lying deeper than 
70 m are presented by marine saline loams, in which 
the mineralization of solutions increases by depth and 
can signifi cantly exceed 1 g/L [Badu, 2015; Trofi mov, 
Krasilova, 2017]. As a result, the authors suggest that 
the sediment transition from the frozen to cooled sta-
te occurs at a temperature of –1.8 °C [Roman, 2007]. 
That had been taken into account when determining 
the boundaries of the taliks.

Between the lakes, the isotherm of –1.8 °C runs 
at a depth of 220 m. Beyond the zone of infl uence of 
the lakes, the permafrost bottom lies at a depth of 
240 m, which is consistent with the data of electro-
magnetic soundings, obtained by means the TDEM 
method. As can be seen out of the presented picture, 

Ta b l e  1. The values of physical parameters of medium

Type of deposits
Thermal conductivity,

W/(m⋅K)
Specifi c heat,

J/(kg⋅K)
Density,
kg/m3 Freezing 

point, °C
frozen state thawed state frozen state thawed state frozen state thawed state

Sand
Clay
Icy sediments (water-saturated)
Ice (water)
Loam (marine)

1.80
1.55
2.0

2.25
1.65

1.65
1.45
1.10
0.65
1.50

1600
1200
1800
2000
1225

1200
1500
2900
4212
1450

1750
1500
1350
917

1500

1750
1500
1400
1000
1500

–0.4
–0.6
–0.1

0
–1.8

Fig. 16. The model scheme for calculating a thermal 
fi eld.
1 – ice; 2 – clay with ice inclusions; 3 – frozen sand; 4 – marine 
loam; AB – line of cross-section.

Fig. 17. Temperature distribution in a cross-section 
along the AB line (see Fig. 16) under the lakes ac-
cording to numerical modeling results.
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the taliks situated under the Krugloye and Parisento 
lakes are not connected. Calculations have shown 
that there is an open talik (presumably with a radius 
of 800 m) under Parisento Lake, closer to its central 
part. The calculated thickness of the talik situated 
under Krugloye Lake has been estimated as 140 m. In 
1986, the VSEGINGEO employees carried out elec-
trical-resistivity prospecting and seismic survey in 
the water area of Krugloye Lake. The electrical explo-
ration methods included the vertical electric sound-
ing of the lake bottom, using a three-electrode array, 
and the seismic prospecting was performed by the 
method of refracted waves. The research results have 
demonstrated that the thickness of the talik in the 
central part of the lake was about 140 m. Thus, the 
calculated value of the talik depth by the mathemati-
cal modeling of the thermal fi eld does not contradict 
the results of geophysical studies of the past years 
[Pugach et al., 1990].

Based on the obtained results, it can be conclud-
ed that the lakes signifi cantly (by 4–6 °C) change the 
temperature in the inter-lake space at the depths of 
20–40 m, which is consistent with the data of bore-
hole thermometry. Thus, the infl uence of lakes can be 
one of the main factors in the reduction of resistivity 
in geoelectric sections. However, a conductive three-
dimensional heterogeneity in the form of a water 
body, located away from the profi le, can also produce 
a similar eff ect on the results of the ERT data inver-
sion.

To simulate the eff ect of three-dimensional con-
ductive heterogeneity on water bodies, a simple two-
layer medium with a boundary at a depth of 70 m has 
been set. The model included two lakes and taliks be-
low them (Fig. 18). The talik confi guration has been 
taken by the temperature modeling results. The resis-
tivity of 100 kOhm⋅m has been established for frozen 
sediments in the upper part of the medium, that of 
30 Ohm⋅m has been assumed for a frozen loamy base. 
The resistivity of water in the lakes has been taken 

equal to 100 Ohm⋅m, that of thawed sediments has 
been assumed to be 30 Ohm⋅m. The order of the se-
lected resistivity values are consistent with the data 
of geophysical surveys given above, as well as with 
the results of the application of vertical electric so un-
ding in the water area of Krugloye Lake [Pugach et 
al., 1990]. The ZondRes3d program has been used to 
solve the direct problem in the medium, defi ned as a 
three-dimensional one [Kaminsky, 2001–2010].

For three profi les located at diff erent distances 
from the lakes (Fig. 18), the apparent resistance val-
ues has been calculated for an array similar to that 
used in fi eld measurements. After that, for each pro-
fi le, the inverse two-dimensional problem was solved 
in the Res2dInv program. As a result, geoelectric sec-
tions have been obtained along three profi les located 
at distances of 5, 50, and 100 m away from the lake 
(Fig. 19).

False anomalies of reduced resistivity are most 
distinct in the profi le located near the lake (exactly, 
5 m away from it). As they move away from the lake, 
the anomalies of the reduced resistivity become less 
pronounced.

To quantify the eff ect of three-dimensional het-
erogeneity on the distribution of resistivity in a two-
dimensional model, the relative deviation of the sec-
tion resistivity (in comparison with a simple two-
layer model without lakes) has been calculated 
(Fig. 20) using the formula: 

 3D

3D
100 %,sρ − ρ

Δρ = ⋅
ρ

where Δρ is the relative deviation of the resistivity of 
the three-dimensional model with lakes as compared 
to the simple model, ρ3D is the resistivity calculated 
according to the model containing three-dimensional 
heterogeneity, ρs is the resistivity calculated in the sim-
ple three-dimensional model without heterogeneities.

Figure 20 demonstrates the profi le located 5 m 
away from the lake that shows the most severe distor-
tion in the resistivity over the entire section by up to 
100 %. That is due to the fact that the electrical cur-
rent fl ows through a nearby highly-conductive me-
dium represented by a lake and a talik under it.

At 50 m away from the lake the relative devia-
tion of the resistivity up to a depth of 25 m is close to 
0 %. Below a depth of 25 m, when the size of the AB 
current line is commensurate with the distance to the 
lake, the resistivity distortion reaches 70  %. The 
highest values of that for the section (80 %) are re-
vealed at depths of 75–90 m, which are associated 
with the overlapping infl uence of two water bodies. 
Relative deviations on the profi le located 100 m away 
from the water body are the lowest. Understatement 
of resistivity relative to the reference two-layer mo-
del by up to 60 % is manifested in the depth interval 
of 50–100 m.

Fig. 18. Physical-geologic (geoelectric) model used 
in simulation of three-dimensional heterogeneity.
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Fig. 19. Eff ect of three-dimensional heterogeneity 
caused by water bodies on the distribution of resis-
tivity according to the results of two-dimensional 
inversion.
Distance of profi les from the lake: a – 5 m; b – 50 m; c – 100 m.

Fig. 20. Relative deviation of resistivity as compared 
with a simple model without heterogeneities.
Distance of profi les from the lake: a – 5 m; b – 50 m; c – 100 m.

Thus, the results of numerical mathematical 
modeling have demonstrated that the presence of 
three-dimensional conductive heterogeneities in the 
form of lakes away from the sounding profi le leads to 
an understatement of the model resistivity which be-
gins to appear at depths equal to half the distance to 
the conductive heterogeneity. At 5 m away from the 
coast the relative decrease in the resistivity of the 
two-dimensional model reaches 100 %. At a distance 
from the coast the eff ect of conductive heterogeneity 
begins to appear at the pseudo-depth of the section, 
equal to half the distance to the lake.

Along with the infl uence of three-dimensional 
heterogeneity on the inversion results, a certain con-
tribution to the fi nal model of resistivity is made by 
the area of warmed permafrost near the lake. The only 
way to obtain a realistic geoelectric model that re-
fl ects the geocryological structure of a section near a 
water body is to locate sounding profi les across the 
coastline.

CONCLUSIONS

A horizontally layered structure of the medium 
has been established, according to the TDEM data. 
The upper part of the section up to the depths of 50–

75 m is represented by high-resistive frozen sedi-
ments with the inclusion of massive ice. The decrease 
in resistivity down the section is associated with ma-
rine saline loams. The thickness of permafrost is 210–
300 m, according to the TDEM data. 

According to the ERT data, the sediments of the 
upper part of the section up to the depths of 50–75 m 
have a very high resistivity, reaching hundreds of 
thousands Ohm⋅m and in some cases exceeding one 
 million Ohm⋅m. High resistivity of the sediments is 
due to their lithologic composition (sands) and low 
sa linity of the porous and massive ice. The highest re-
sistivity values are characteristic of massive ice beds. 
Such a high electrical resistance prevents the pene-
tration of electrical current into the depth as a re-
sult of which the sensitivity of the method is limited 
to the depth of 50–75 m. Under the layers having re-
sistivity of more than 100 kOhm⋅m, the sensitivity of 
the method is limited by the depth of the roof of those 
layers.
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When solving the inverse problem of electroto-
mography, the introduction of deep layers with a 
known resistivity in the geoelectric model practically 
does not affect the selection error but makes the 
structure of the upper section more realistic, empha-
sizing the horizontally layered pattern of the high re-
sistivity anomalies caused by massive ice.

According to the data of on-site studies by the 
ERT method, it has been found that the massive ice 
bed between the Krugloye and Parisento lakes is not 
of continuous distribution as it seemed earlier accor-
ding to the drilling data. An anomaly of the low resis-
tivity of deposits has been revealed, presumably re-
lated to the old channel connecting those lakes in the 
past.

Such geological heterogeneities as a lake and a 
lake talik cause anomalies of low resistivity in the 
electrical tomography sections. Moreover, the anom-
alies are associated both with the infl uence of a three-
dimensional conductive heterogeneity located away 
from the profi le, and with an increase in the tempera-
ture of permafrost near the lake.

Calculation of the thermal fi eld has demonstrated 
that there is a closed talik under Krugloye Lake up to 
a depth of 140 m, and an open talik has formed under 
Parisento Lake. Those taliks, despite the relatively 
small distance between the lakes, are not connected. 
The permafrost temperature rises by 4–6 °C between 
the lakes, what also aff ects its electrical resistivity.

Modeling of the three-dimensional heterogeneity 
eff ect on the electric fi eld has revealed that when sol-
ving the two-dimensional inverse problem for the pro-
fi les located near water bodies, a false anomaly of re-
duced resistivity (reaching 100 %) arises in geoelec-
tric sections. Such high values are typical for the 
profi les located in the immediate vicinity of the lakes. 
The farther the profi le is located from the lake, the less 
is that infl uence. Moreover, a decrease in resistivity 
begins to appear at the depth equal to half the dis-
tance to the lake. Thus, a decrease in the resistivity is 
associated both with an inhomogeneous temperature 
fi eld and with the infl uence of three-dimensional het-
erogeneity, which is currently not possible to separate.
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On June 30, 2019, at the age of 84, after a long grave illness, Ludmila Semenovna Garagulya died. She was 
a prominent scientist, professor of the geocryology chair of the geology department of the Moscow State Uni-
versity, doctor of geological and mineralogical sciences, laureate of the State Prize of the Russian Federation in 
Science and Technology, and Honored Scientist of RF.

Geocryology, geocryological processes, educatory activities

On June 30, 2019, at the age of 84, after a long 
grave illness, Ludmila Semenovna Garagulya passed 
away. She was a prominent scientist, professor of the 
geocryology chair of the geology department of the 
Moscow State University, doctor of geological and 
mineralogical sciences, laureate of the State Prize of 
the Russian Federation in Science and Technology 
(1993), and holder of the title of the Honored Scien-
tist of RF (1995).

Ludmila Garagulya was born on December 10, 
1934 in Zaporozhe. In 1953, after fi nishing secondary 
school with a gold medal, she entered the geology 
department of the Moscow State University, from 
which she graduated in 1957 with qualifi cations of 
a geologist-hydrologist. After graduation from the 
MSU, in 1957–1958 she worked as a senior labora-
tory technician of the Geography Institute of the 
Academy of Sciences of the USSR in Polar Urals. 
Further on, the scientifi c and educatory work of Lud-
mila Garagulya (except for the period of 1972–1977, 
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when she worked as the head of a sector in the All-
Union Research Institute for Construction of Trunk 
Pipelines), was connected with the geocryology chair 
of the geology department of the Moscow State Uni-
versity. Here she passed a long road from the head of 
a geological fi eld party to the senior researcher in the 
chair expeditions which worked in the northern and 
north-eastern regions of the country. In 1965, Lud-
mila Garagulya defended a candidate’s thesis, in 1977 
she became an associate professor, and, after defense 
of the doctorate in 1984, she headed the laboratory of 
mathematical methods and geocryological prediction 
(1984–2000). In 2000, Ludmila Semenovna became a 
professor of the geocryology chair.

Ludmila Garagulya was known for the broadness 
of her scientifi c interests, including geocryological 
survey, forecasting the behavior of geocryological 
processes, evaluative mapping of the permafrost zone, 
geological processes in the permafrost zone, and issues 
of environmental geocryology. To solve the tasks of 
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geocryological survey and mapping, she developed a 
geocryological engineering classifi cation of Quater-
nary permafrost formations, reflecting the genetic 
connection between permafrost and engineering geo-
logical characteristics and the geomorphological 
structure of a territory, the origin and composition of 
the sediments and the specifi c features of their cryo-
genic transformations. She developed a classifi cation 
of the geological permafrost processes based on the 
energetic and geological conditions of their develop-
ment, which determine their specifi c manifestation 
on the terrain. Based on this classifi cation, Garagulya 
developed an approach to evaluative mapping of the 
geological permafrost processes. To predict resistance 
of frozen soils to anthropogenic impact and load, she 
developed a special classifi cation of disperse rocks 
underlying plains. Ludmila Garagulya had more 
than 150 works published, including 7 monographs, 
8  textbooks and manuals. During dozens of years, 
Ludmila Garagulya led the geocryological research 
carried out in Central, Western and Eastern Siberia, 
in the north-east of Russia, in Pribaikalye and Amur 
region. 

Beginning with 1977, Ludmila Garagulya 
worked as an educator, too. She developed and de-
livered such courses as the methodology of geocryo-
logical research, geocryological survey and mapping, 
dynamic geocryology, geocryology, environmental 
aspects of geocryology, geocryological hazards in 
Russia, and geocryological monitoring. She was the 
supervisor for 11 candidate’s theses, which were suc-
cessfully defended.

Apart from extensive research and educatory 
activities, Ludmila Garagulya carried out a large vol-
ume of organizational work in science, performing at 
diff erent times the duties of a learned secretary of the 
specialized dissertation council in the Moscow State 
University and of a member of the editorial board of 
the Geoecology journal.

Colleagues, friends and students appreciated 
Lud mila Semenovna’s high professionalism, honesty 
and integrity, reliability, responsibility, and devotion 
to science.

Ludmila Semenovna Garagulya will be always 
remembered as an outstanding researcher, a talented 
teacher, a faithful friend and a helpful colleague.
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