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To determine the current state of the permafrost in the Yamalo-Nenets Autonomous Okrug and assess its
transformation in connection with modern climate changes, transient electromagnetic (TEM) sounding was
performed at ten sites along the submeridional profile from the Siberian Uvaly Hills in the south to the Pur—Taz
Lowland in the north with a spacing of about 50 km. An interpretation of geoelectric models was carried out and
compared with the results of drilling surveys of permafrost provided by the Arctic Research Center from its
archive. As a result of the interpretation of geoelectric sections, modern and relict permafrost strata and iso-
lated taliks were identified. It was found that the modern base of permafrost lies at depths from 50 to 130 meters.
A comparison of the results of modern TEM surveys with archival reference geocryological sections did not show
significant differences in the position of geocryological boundaries. However, it should be noted the significant
distance between the TEM sites, as well as, often, considerable distances between them and reference boreholes.
The greatest differences between the modern and archival data are noted in the northern part of the profile,

which is probably due to the increased salinity of the rocks at the TEM survey sites.
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INTRODUCTION

The latitudinal zonation of permafrost in the
West Siberian Plate has been widely studied and de-
scribed in fundamental works of the end of the 20t
century, showing regional changes in the thickness of
the frozen strata, its structure, and the position of the
base [ Trofimov, Baulin, 1984; Trofimov et al., 1987; Er-
shov, 1989]. Nevertheless, due to prolonged intense
anthropogenic stress, as well as global climatic chang-
es, transformations of permafrost boundaries occur
[Badu, 2014], an increase in the depth of seasonal
thawing, the formation of man-made taliks and other
exogenous processes. Therefore, research using any
available methods, including geophysical ones, aimed
at assessing the current state of the frozen strata, is
highly relevant.

According to the results of studies in the 1960s—
1980s, a consistent increase in the depth of the base of
the permafrost and in the permafrost thickness from
the western, Trans-Ural region to the eastern, Yenisei
region is clearly observed at all latitudes of the per-
mafrost zone of Western Siberia [ Ershov, 1989]. The
greatest gradient of such changes is observed when
moving from the extremely southwestern part of the
permafrost zone North Sosvinsko-Kondinsko—Ob’
interfluve) to its northeastern part (Bolshekhetsko-
Tanamsko—Yenisei interfluve). According to the
scheme of the spatial position of the lower boundary

of permafrost strata within the West Siberian Plate
[Ershov, 1989], the lower boundary of permafrost in
the study area is found at depths from 100 to 300 m in
the south and center and from 300 to 450 m in the
north [Badu, 2014]. Given the deepening of this
boundary from west to east, it can be assumed that
the depth of the permafrost base for the northern sec-
tion of the profile will slightly exceed 300 m.
Electrical exploration methods for studying per-
mafrost have been used for a long time. Initially, mea-
surements of direct current were applied [ Yakupov,
1966; Trofimov, 1977; Trofimov et al., 1987; Ershov,
1989]; later, measurements of alternating current
were developed [Krylov, Bobrov, 2002; Stogniy, 2003,
Ageev, 2012; Zakharenko et al., 2012]. These studies
demonstrated the specificity of the geoelectric struc-
ture of Western Siberia — the ubiquitous presence of
layers with a very low specific electrical resistivity
(ER) reaching the first tens, and in some cases several
units of Q-m. For example, vertical electric sounding
was applied to identify layers with ER from 5 to
30 Q-m within sea terraces of different ages and
plains of the Yamal and northern Gydan peninsulas
| Ershov, 1989]. When compiling a forecast map of
geoelectric sections on a scale of 1:2 500 000, it was
found that horizons with a low electrical resistivity of
30-200 - m are not abnormalies, but have a wide
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area distribution in the zone of cryolithogenesis
[Zakharenko et al., 2012]. The decrease in ER is asso-
ciated with the salinity of frozen rocks. Saline frozen
sediments with an increased content of unfrozen pore
water represent a complex cryogenic system occupy-
ing an intermediate position between frozen and un-
frozen rocks [Zakharenko et al., 2012].

The widespread presence of saline rocks is ex-
plained by the geological development of the territo-
ry [Ershov, 1989]. The northernmost part of the West
Siberian Plate, including the Yamal, Tazovsky, and
Gydan peninsulas, had just emerged from under sea
level by the beginning of freezing. Not having passed
the infiltration stage of the hydrogeological cycle,
poorly permeable, mainly clayey rocks of the Middle
and Late Quaternary began to actively freeze. The
upper zone of fresh groundwater did not have time to
be formed, as evidenced by the salinity of soils to
depths of 200 m or more up to the latitudes of 68°—
69° N. The presence of soluble salts is characteristic of
the entire permafrost thickness to a depth of 300 m or
more, though the rocks may have different geological
origins [ Zakharenko et al., 2012].

According to electromagnetic sounding data, the
formation of a field in the near zone (transient elec-
tromagnetic soundings, TEM) in the central part of
the Gydan Peninsula in the area of the Parisento re-
search station at 70.1° N, the upper part of the section
to a depth of 50—75 m is represented by frozen rocks
of high resistivity with the inclusion of massive ice
beds [Pankova et al., 2020], and the lowering of the
ER downwards in the section to 7—14 Q-m is associ-
ated with marine saline loams. According to geophys-
ical data, the thickness of permafrost in this area
reaches 210-300 m.

In the Nadym—Pur interfluve of the West Sibe-
rian basin (south of the Gydan Peninsula), in the
northern part of the region of intermittent and relict
frozen strata, a relict permafrost layer with the base
at a depth of 370 m has been identified according to
the TEM [Misyurkeeva et al., 2022]. The interpreta-
tion results are consistent with the well-logging data
on the rock resistivity and temperature. It is worth
noting that the values of the ER of the strata, which
the authors associate with relict permafrost, vary
from 20 to 40 Q-m.

A review of the literature demonstrates positive
examples of the study of permafrost by electrical ex-
ploration methods. Frozen rocks are not a homoge-
neous high-resistivity strata, and their ER can vary
widely. The main factors influencing an increase in
ER are a decrease in temperature and an increase in
the ice content of the permafrost. On the contrary, an
increase in temperature and salinity reduces the ER
of frozen rocks.

The purpose of our study was to determine the
position of the permafrost base along the submeridi-
onal profile from the southern boundary of perma-

frost to the zone of continuous permafrost and to as-
sess the transformation of the frozen strata under the
influence of modern climate changes.

METHODS

To trace changes in the structure of permafrost
in the latitudinal direction, electromagnetic sounding
using the TEM method was performed along a sub-
meridional profile from the town of Noyabrsk in the
south to the Tazovsky settlement in the north (Fig. 1,
Table 1).

Field measurements were carried out at 10 sites,
located in a step close to the uniform value — about
50 km. The measurements were performed by a set-
up with a 100 x 100 m transmitter loop and three
single-loop measuring frames of 20 x 20 m. Two of
them were placed at a distance of 100 m from the
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Fig. 1. Scheme of the sites of the submeridional
profile from the town of Noyabrsk to the Tazovsky
settlement and objects of a priori information.
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7 — number of TEM sounding sites; 2 — settlements; 3 — number
of objects of a priori information; 4 — administrative border of
the Yamalo-Nenets Autonomous Okrug.
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Table 1. Sites of the submeridional profile from Noyabrsk to Tazovsky settlement and objects
of a priori information
Site Location of the research site Geocryological district, Numbers of objects with a priori

no. | (thermometric point, if available)

geocryological region

geocryological section (distance from the site)

1 Noyabrsk area (NOYA-1,/22)
2 Between Noyabrsk and Khanymey
3 | Khanymey settlement (KHNM-1/22)

4 | Between the settlements of Khanymey

and Gubkinsky
5 Gubkinsky area (GUB-1,/22)
6 Tarko-Sale area (TRS-1/22)

7 Between Tarko-Sale and Urengoy

Central Siberskie Uvaly Ridge;

Nadym—Pur region
Nadym-—Pur district,
Nadym—Pur region

Nadym—Pur district,
Nadym—Pur region

3

1 (45 km W), 2 (65 km E)
(46 km NW), 4 (64 km NW), 2 (50 km SW)

3 (48 km W), 4 (67 km W), 5 (64 km NE)

Gubkinsky district, 6 (18 km N), 7 (36 km NW), 8 (44 km NE)
Nadym—Pur region
Gubkinsky district, 8 (10 km NW), 9 (25 km E)

Nadym—Pur region
Purovsky district,
Nadym—Pur region
Purovsky district,
Nadym—Pur region

10 (30 km W), 11 (32 km NE)

8 Urengoy area (URG-1/22) Pur-Taz district, 12 (83 km E)
Nadym—Pur region
9 Novozapolyarny district Tazovsky district, Tazovsky region 13 (nearby)
10 Area of the Tazovsky settlement Eastern Tazpvsky district, 14 (nearby)
(C10-2022) Tazovsky region

center of the source, and one was coaxially joined
with the generator loop (with a distance of 0 m)
(Fig. 2). This configuration of the generator and mea-
suring loops was chosen based on the following con-
siderations.

When measuring by the TEM method over fro-
zen rocks, in addition to the electromagnetic (EM)
field formation, fast decaying induced polarization
(IP) occurs, also accompanied by an EM signal. The
instruments record a specific transient process associ-
ated with both EM phenomena. It is known from the
theory and practice of the TEM method [Sidoroo,

1985, Stogniy, Korotkov, 2010; Kozhevnikov, 2012; Ka-
menetsky et al., 2014] that in the case, when the mea-
suring loop is aligned with the generator, the IP sig-
nal is most manifested in measurements, which, in
some cases, complicates the inverse problem solution
in quantitative interpretation. In the case when the
measuring loop is remote from the center of the gen-
erator, then the manifestation of the IP signal weak-
ens. Therefore, in the presence of a polarization sig-
nal, measurements at some distance from the center
of the control source are often used to determine the
conductivity distribution in the depth section.
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Fig. 2. The layout of the generator and measuring loops at the site of the TEM sounding.

71— direction of the profile; 2 — location of the first generator loop and its measuring loops; 3 — location of the second generator loop
and its measuring loops; 4 — number of the generator loop; 5 — number of the measuring loop (picket).
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Measurements of transient signals were per-
formed using the FastSnap electrical exploration sta-
tion [Sharlov et al., 2010; FastSnap..., 2017].

The selection of one-dimensional geoelectric
models at each sounding site was carried out using
the TEM—-IP program [Antonov et al., 2014]. The so-
lution of the inverse problem of electromagnetic
sounding was performed taking into account the IP
of the upper part of the section. Accounting for IP in
solving a direct problem is carried out by using a
complex frequency-dependent electrical conductivi-
ty. The most well-known and frequently used repre-
sentation of the frequency response of induced polar-
ization of geological media is the Cole—Cole formula
[Cole, Cole, 1941]. For the complex electrical conduc-
tivity [Lee, 1987], it has the form:

. 1+ (iwr)c ,
1+(1-n)(iwt)"

=0

where i is the imaginary unit (\/—_1), o is the angular

frequency (Hz); og is the electrical conductivity at
direct current (S/m); n is the chargeability (0 <n < 1),
t is the relaxation time (s); C is the exponent
o<c<).

The analysis of the primary data allowed for the
inversion to make a choice of the general time inter-
val of the transition process — from 1 microsecond to
5 milliseconds. Manifestations of IP were noted at all
sites, with the exception of the second one. The error
of approximation of the experimental curve by theo-
retical dependence was from 2 to 6% in average.

Figure 3 demonstrates typical curves of apparent
resistivity of coaxial measurements for sites no. 1, 2, 5
and 10. Table 2 presents the parameters of geoelectric
models approximating these curves, taking into ac-
count IP — for sites no. 1, 5, 10 and without taking
into account IP — for site no. 2. In addition to charge-
ability, the values of which are given in Table 2, the
polarization process is characterized by relaxation
time and degree indicator. The relaxation time took
values from a few to several hundred microseconds.
The exponent was equal to 1. Such values of t and C
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Fig. 3. Typical curves of apparent resistance (p;)
from time (¢) of coaxial measurements (sites no. 1,
2,35,10).

are typical for polarization processes occurring in fro-
zen rocks [ Kozhevnikoo, 2012].

The parameters of the geoelectric section were
determined by minimizing the residual functional
characterizing the standard deviation of experimental
and model data. The objective function was generally
defined by an expression of the form:

()-r@a)y ]
8(¢;)/°(t,)

where P is a vector from the space of model parameters;
{t;;i=1, .., N} are the measurement times of the tran-
sient response; f ¢ (¢) are experimental data; /¢ (P, t)
is the theoretical calculated signal; 8 is the relative
measurement error.

Minimization is performed by adjusting the pa-
rameters of the model P. The most crucial point is the
choice of the initial approximation, the initial value of

1 Y[/

N—1z

i=1

O(P,t)=

Table 2. Parameters of geoelectric models describing typical apparent resistivity curves
Layer Site 1 Site 2 Site 5 Site 10

no. P h n P h n p h n P h n
1 244 15 0.3 160 1 0 131 12 0.057 2726 27 0.64
2 474 15 0 2941 65 0 330 7 0.17 192 40 0.32
3 3360 45 0 121 61 0 139 37 0 279 33 0
4 105 111 0 1947 100 0 4602 47 0 2984 34 0
5 4013 135 0 1699 103 0 3403 48 0 6 67 0
6 56 - 0 123 - 0 7 1 0 29 - 0

Note: Sites 1, 5, 10 — with induced polarization; site 2 — without induced polarization. p is the electrical resistivity, Q-m;

his layer thickness, m; n is the chargeability, unity fractions.
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the set of parameters P = Py, is carried out on the
basis of available geological and geophysical informa-
tion. When solving the inverse problem, an iterative
direct search method was used — the modified
Nelder—Mead method (or the “deformable polyhe-
dron” method) [Nelder, Mead, 1965; Gill et al., 1981].

The obtained geoelectric models and sections
were compared with data on the cryogenic and strati-
graphic structure of the area derived from boreholes
drilled to a depth of 500 m in the area of some gas
fields in the Nadym—Pur and Tazovsky geocryolo-
gical regions. On these reference geocryological sec-
tions, cryogenic states of rocks were identified [ Badu,
2014]: frozen, layered-frozen, dry frozen, and cooled.
However, there was no a priori information on the the
ER of these geocryological units and the authors
could only compare the position of geocryological
boundaries for reference sections and geoelectric
models. In some cases, reference boreholes were lo-
cated at a distance of 10 to 80 km from the electro-
magnetic sounding sites (Table 1), which reduced the
value of a priori information.
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INVERSION RESULTS.
DISCUSSION OF GEOELECTRIC MODELS

As a result of the inversion, geoelectric sections
of the ER were obtained within the framework of a
one-dimensional polarizing model of individual mea-
surements at the site.

According to the values of ER, the layer of mod-
ern permafrost is identified in geoelectric models
most confidently. In most models, relict permafrost is
identified only by comparison with the structure of
the reference geocryological sections and the results
of published geoelectrical soundings of permafrost
[ Misyurkeeva et al., 2022)].

At the base of the sections there is a conductive
layer — thawed rocks, above which the base of the
second (relict) permafrost layer is found. The layer of
relict permafrost can be overlain by conductive rocks
of the isolated talik, which in turn is overlain by the
first layer of permafrost — a high-resistivity modern
frozen stratum. A thin seasonally thawed layer above
the layer of modern is distinguished by low ER val-
ues. Geoelectric sections on the sites allow us to as-
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Fig. 4. Thermograms for reference geocryological sections (archival materials) with the numbers of ob-
jects of a priori information (@) and a geoelectric section according to the profile from Noyabrsk town to

Tazovsky settlement (b).

1 — base of the permafrost according to archival data, 2 — base of the cryotic rocks according to archival data.
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sess the degree of horizontal stratification of the geo-
logical strata within the installation. At site 8, the 3D
structure of the section is related to the presence of a
lake there.

At each site, a geoelectric model obtained for one
of the coaxial measurements and reflecting the gen-
eral structure of the section — generalized geoelectric
model — was chosen. Based on these models, a geo-
electric section for the entire profile was constructed
(Fig. 4). Let us analyze geoelectric characteristics at
each site.

The base of geoelectric models at sites 1 and 2 is
characterized by higher ER values in comparison
with those at other sites. Site 1 is located within the
structural-tectonic and orographic zone of the Si-
birskie Uvaly Ridge; site 2 is found at its border with
the Taz—Pur Lowland. The reason for the increase in
ER may be related to the reduced mineralization of
groundwater at these depths compared to the central
and northern parts of the profile.

The position of the top of more conductive rocks
at the base of geoelectric models is in good agreement
with the base of the permafrost according to the refe-
rence sections for sites 1-7.

At site 8 near the settlement of Urengoy, accord-
ing to TEM, the reference conducting horizon is
traced upwards from a depth of 80—120 m, whereas
the base of the permafrost, according to the reference
geocryological section, is found at a depth of 325 m.
Presumably, this discrepancy is explained by the fact
that the considered reference section (no. 12) is sig-
nificantly removed (60 km to the east) from the geo-
electric sounding site (Fig. 1), where highly mineral-
ized pore waters are likely to be present at depth.

At site 9, the base of the permafrost is condition-
ally highlighted on the geoelectric profile, but its po-
sition does not agree with the reference section no. 13
(Fig. 1). According to drilling data, there is no iso-
lated talik in the section, whereas the geoelectric
model for this site shows the presence of a conductive
layer with ER of 3—4 Q-m at the depths from 120—
130 m to 240-280 m. We argue that this layer is as-
sociated with the presence of strongly saline water.

The geoelectric section of site 10 near the settle-
ment of Tazovsky also contains low-resistivity layers
from a depth of 110—130 m; this is significantly shal-
lower than the base of the permafrost at borehole 14
(Fig. 1). Layers with ER of 5-11 Q-m are most likely
associated with the highly mineralized waters, and
layers with ER of 20—40 Q- m are represented by sa-
line frozen rocks and a layer of relict permafrost. Al-
though these cryogenic phenomena are not noted in
the description of borehole 14, the geoelectric models
for sites 8—10 are in a good agreement with the pub-
lished results of TEM survey performed in the Gydan
Peninsula [ Misyurkeeva et al., 2022], which show the
presence of an isolated talik with ER of 8-20 Q-m
and with its top at depths from 60 to 100 m, and relict

permafrost with ER of 20—40 Q- m. In addition, in an
earlier publication by Zh.M. Belorusova [71963], a
borehole to a depth of 538 m drilled directly in the
settlement of Tazovsky was described. According to
this description, permafrost is found from the base of
the seasonally thawed layer to a depth of 240 m and is
underlain by an 80-m-thick talik zone; relict perma-
frost occurs at depths from 320 to 399 m.

In geoelectric models of sites 1-3, increased val-
ues of ER (up to 4500 Q-m) in the layers associated
with relict permafrost should be noted. Further
north, the ER of the layers interpreted as relict per-
mafrost is significantly reduced to 100—-200 Q- m or
less. The exceptions are models for sites 5 and 9,
where the ER of the layers of relict permafrost is high
and reaches 3000—4500 Q- m.

For sites 1-7, the structure of the sections is well
described by a horizontally layered model. For
sites 8—10, the structure of the strata located above
the conductive base is more complicated. This is re-
flected in significant changes in the depth of the
boundaries of some layers and significant changes in
the ER values for geoelectric models of individual
measurements at the sites. For example, for site 8, the
depth of the top of the conductive base varies from
150 to 220 m, and the thickness of the overlying layer
varies from 30 to 110 m. Perhaps, a more adequate
description of the geological setting in these places
could be obtained within the framework of two- or
three-dimensional models.

For each geoelectric model, the total conduc-
tance (S, S) was estimated using the formula:

N
S=> -
;pi

where £ is the thickness of the layer, m; p is the ER
of the layer, Q-m; i is the layer number in the geo-
electric model, and N is the number of layers of the
layered model. To take into account the conductivity
of the base, the thickness of the last layer was taken
to be 100 m, although it is considered infinite when
calculating a direct problem. Such an estimated value
allows regional differentiation of the extended profile
according to the conductivity of the studied part of
the section.

According to the average values of S, several lev-
els are allocated for each site. Thus, at sites 1 and 2,
the total conductance values are the lowest — less
than 5 S. Further north, at sites 3—5, S increases to
15 S, and at sites 6 and 7 it reaches 20 S. At sites 8
and 10, the conductance of the section is reduced to
about 10 S. Site 9 stands out against the general back-
ground, as the conductance for the entire section ab-
normally increases to 45 S. The latter is due to the
presence of a highly conductive layer with ER of
3—4 Q-m, the top of which is located at a depth of
about 120 m, and the base is somewhat deeper than
240 m. This layer is probably associated with a talik
zone saturated with highly mineralized water.
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Fig. 5. General interpretative section of the TEM survey along the profile from the town of Noyabrsk to

the settlement of Tazovsky.

1 — modern permafrost, 2 — relict permafrost, 3 — thawed rocks, 4 — cooled rocks; 5 — confident boundary of permafrost, 6 — uncer-
tain boundary of permafrost, 7 — assumed boundary of relict and modern permafrost.

As a result of processing and analyzing data from
all sites, an interpretive generalized section was built
(Fig. 5). It demonstrates modern permafrost strata
with high ER values (1000 Q- m and more), and relict
permafrost strata. They are separated by a layer with
ER of about 30—50 Q- m. The top of the upper perma-
frost layer (permafrost table) naturally sinks from
north to south in the depth range from the first me-
ters to 15 m.

The supposed base of the relict permafrost in the
area of Noyabrsk and Khanymey is found at a depth
of about 350 m; it rises to 200-250 m in the middle
part of the profile, within the Nadym—Pur interfluve.
One of the reasons for the rise of the permafrost base
may be the influence of gas-bearing structures [ Badu,
2014] that cross the profile in the Gubkinsky district:
for site 4 — Komsomolskoe field (object 6), for site 5 —

SW Site number NE

6 7 8 9 10
0 1 1 1 J

50
1004
150 -

€ 200

£ 250

300

350 £

400

450 e

500~ —1 —2 —3 4 -5

Dept

Fig. 6. Average depths of the permafrost base ac-
cording to geoelectric models and a priori data; up-
per and lower boundaries of isolated talik are also
included.

1 — depth of the top of the isolated talik; 2 — depth of the base
of the isolated talik; 3 — depth of the base of relict permafrost;
4 — depth of the base of relict permafrost according to a priori

data; 5 — depth of the base of cryotic rocks according to a prio-
ri data.
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Gubkinskoe field (object 8). It is possible that relict
taliks under the rivers can also affect the position of
the permafrost base. Site 6, where the base of the per-
mafrost is determined at a depth of 260 m, is located
on the right bank of the Pyakupur River, within the
Pyakupur—Aivasedapur interfluve. Within the
boundaries of the Pur—Taz interfluve, the base of rel-
ict permafrost sinks to a depth of about 300 m.

On the geoelectric models of most sites, except
for sites 8 and 10, it is possible to identify the base of
relict permafrost.

Figure 6 demonstrates the depth of the perma-
frost base as the average value from six geoelectric
models at the site. The horizontal segments show the
maximum and minimum depths of the permafrost
base for each site. At sites 8 and 10, the top and the
base of the conductive horizon are highlighted, which
can be associated with rocks saturated with highly
mineralized waters. The average depth of the top and
the base of the isolated talik is highlighted on geo-
electric models; their maximum and minimum depths
for each site are also shown in Fig. 6. This figure also
shows the average depths of the permafrost base ob-
tained from a priori data in the area of sounding sites.
Note the reference sections (boreholes) were located
at different distances from the sounding sites. Thus,
the nearest borehole is 83 km to the east for site 8,
48 km to the west for site 3, 46 km to the northwest
for site 2, 45 km to the west for site 1, and 40 km to
the south for site 7 (Fig. 1).

The position of the permafrost base according to
the inversion of the TEM measurements in the south-
ern and central parts of the profile (sites 1-7) gener-
ally corresponds to the reference geocryological sec-
tions. In the northern part of the profile (sites 8—10),
the base of the permafrost at the reference sections
lies at a depth of about 350 m, while according to the
TEM data, at a depth of about 300 m.
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In accordance with the scheme of distribution
and thickness of cryopegs [Ershov, 1989] in the north-
ern part of the profile, cryopegs with a thickness of 50
to 200 m (rarely, more than 200 m) are widespread,
and frozen saline rocks are present [Ershoo, 1989;
Zakharenko et al., 2012]. Therefore, in order to obtain
an objective assessment of the current position of the
base of the permafrost in the northern part of the pro-
file and to interpret the TEM measurements, it is nec-
essary to involve the results of integrated well-log-
ging measurements of ER and thermometry for bore-
holes located near the area of ground measurements.
Such a priori information will make it possible to
compare the values of ER of cryogenic layers derived
from borehole data with geoelectric models based on
measurements at the surface.

As a result of the interpretation of the TEM
data, the presence of an isolated talik was highlighted
in the frozen strata. Its thickness varies widely from
about 50 m (site 5) to more than 150 m (sites 1
and 9). At the same time, the ER of the isolated talik
between Noyabrsk and Gubkinsky varies within
100—-150 Q- m; in the isolated talik between Urengoy
and Tazovsky, the ER is very low (3—10 Q-m). The
difference in the ER of the rocks of the isolated taliks
is explained by the difference in their lithological
composition and groundwater mineralization. In the
southern part of the profile, the sections are com-
posed of Quaternary sands and Late Paleogene clay-
ey—sandy and sandy sediments [Astapov et al., 2012].
In the northern part, the isolated talik zone consists
of the Early Paleogene clays and sands of the Talitsky
formation saturated by highly mineralized water
[Braduchan et al., 2015; Lebedeva et al., 2020]. On
geoelectric models of several sites (4, 6, and 7), a
thick high-resistivity layer with ER from 80 to
250 Q- m is not divided into layers of relict perma-
frost and isolated talik.

CONCLUSIONS

As a result of the interpretation of the TEM
soundings on the submeridional profile, three regions
are distinguished that correlate well with the Si-
birskie Uvaly uplift and Nadym—Pur and Pur—Taz
interfluves. The southernmost region is characterized
by the lowest total conductance of the section to a
depth of 500 m — about 10 S. The base of the relict
permafrost is found here at a depth of about 350 m. A
similar depth of the lower boundary of permafrost
(about 340-350 m) was recorded at the reference
geocryological sections (boreholes) in the area of
sites 1 and 2 located at a distance of more than 40 km
from the TEM sounding points. In the central region
within the Nadym—Pur interfluve, an increase in the
electrical conductance of the section to 15-20 S is
noted. The lower boundary of permafrost rises to a
depth of 200-250 m (except for site 3, where this

boundary is found at a depth of 400 m according to
electrical sounding data. At sites 4, 6, and 7 within
this area, ER values do not indicate the presence of an
isolated talik. In the northern region within the Pur—
Taz interfluve, well-conducting horizons with subzero
temperatures appear in the sections because of the
influence of highly mineralized water.

When comparing the current position of the base
of the relict permafrost according to the TEM data
with archival borehole data, we find close values in
the southern part of the studied profile. In the central
part of the profile, the depths reconstructed from the
TEM data may be above or below historical borehole
data, but, in general, our data are close to earlier ob-
tained results. The differences may be related to the
significant distance between reference boreholes and
TEM sounding points. For the northern part of the
profile, the greatest discrepancies between the recent
TEM data and the earlier obtained borehole data are
observed. Thus, for sites 8 and 10, the base of the per-
mafrost could not be established on the basis of TEM
measurements; according to a priori data in the area
of these sites, it is found at a depth of 325 and 330 m,
respectively. At site 9, the base of the permafrost is
found at a depth of 400 m according to archival (bore-
hole) data and at a depth of up to 290—340 m accord-
ing to TEM data. Differences in the results of electri-
cal and thermometric measurements are probably re-
lated to the presence of saline rocks in the northern
part of the West Siberian Plate, which includes the
Yamal, Tazovsky, and Gydan peninsulas. According to
the authors, the salinity of rocks extends south to the
latitude of Urengoy (65°57' N), which is consistent
with the position of the southern boundary of cry-
opegs with a thickness of 50—200 m [ Ershov, 1989].

The difference between a priori and modern per-
mafrost models at sites 9 and 10 (in terms of the pres-
ence of isolated talik outlined by the electrical sound-
ing data and according to the archival borehole data
is most likely is due to the salinity of rocks and the
spread of cryogenic mineralized water. It should be
noted that this section of the profile has the smallest
distance from the measurement sites to the objects of
a priori (borehole) information.

The structure of the permafrost is influenced by
local or azonal factors, such as oil and gas structures
[Badu, 2014] and river taliks. The latter circumstance
necessitates a detailed and comprehensive study of
the structure of the permafrost within the boundaries
of floodplains of large rivers.

Favorable geological conditions for the study
and differentiation of permafrost by the TEM method
are formed in the southern and central parts of the
profile. In the northern part of the profile, in the pres-
ence of a thick layer of saline rocks, it is necessary to
involve additional borehole measurements of rock re-
sistivity and temperature in order to interpret the
results of the TEM measurements.
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In spite of the fact that the permafrost tempera-
ture at a depth of zero annual amplitudes has in-
creased by 0.5-2°C [Romanouvsky et al., 2010], and
thermal denudation processes have been activated
[Kizyakov et al., 2006], the results of TEM sounding
in the studied area suggest that no considerable
changes in the permafrost structure at considerable
depths have taken place since the 1980s, when refer-
ence boreholes were studied in the region.
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