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The paper presents results of the permafrost study in the northern margin of the Siberian Platform, obtained 
during regional geoelectrical surveys by magnetotelluric and transient electromagnetic methods. The surveys 
aimed to identify areas perspective for oil and gas within the entire sedimentary cover. In the period from 2005 
to 2016, more than 30,000 soundings were performed with a total survey line length of more than 20,000 km. 
A large amount of factual data acquired in the Yenisei-Khatanga and the Anabar-Lena regional troughs allowed 
mapping the permafrost base depth and provided insights about other structural features of the permafrost in-
terval, along with the information on permafrost distribution beneath the Khatanga Bay. High-resistivity 
anomalies identifi ed above the hydrocarbon-bearing reservoirs capped by the permafrost strata are likely to be 
associated with accumulations of gas-hydrates.

Electromagnetic, magnetotelluric soundings, transient electromagnetic sounding, permafrost, cryolithozone, 
gas hydrates, Yenisei-Khatanga trough, Anabar-Lena trough

INTRODUCTION

 Electrical   resistivity measurements as part of 
electrical prospecting is an eff ective method in per-
mafrost studies [Zykov, 1999; Yakupov, 2008], inas-
much as conductivity of sedimentary rocks is deter-
mined mainly by the presence of water in the pore 
space, while, when freezing, this water produces a 
many-fold increase in electrical resistivity (ER) of 
sediments [Ogil’vi, 1990]. 

Traditionally used diverse electric prospecting 
methods in permafrost studies include: various modi-
fi cations of direct current (DC) and alternating cur-
rent (AC) resistivity prospecting methods, time-do-
main or transient electromagnetic sounding (TEM) 
and frequency-domain sounding. Magnetotelluric 
(MT) soundings are often applied to investigations of 
deeper subsurface. MT surveys have been known as 
appropriate for permafrost studies since the 70s of the 
last century [Koziar and Strangway, 1975], mainly in 
the high-frequency modifi cation [Koziar and Strang-
way, 1978].

The intensive regional geophysical investiga-
tions have been conducted within the northern mar-
gin of the Siberian platform with an aim to identify 
new zones of oil/gas accumulation since 2004. The 
study area comprises the territory of Gydan and Tai-
myr peninsulas, and the interfl uve of the Khatanga 
and Lena rivers, whose tectonic structure is repre-
sented by such major elements, as the Taimyr folded 
system, Yenisei-Khatanga regional trough (Yenisei-
Khatanga basin) and Anabar-Lena trough (Anabar-
Lena basin) (Fig. 1).

Seismic prospecting (common depth point me-
thod) and magnetotelluric (MT) soundings as part of 
the electrical prospecting technique form the basis of 

the integrated geophysical surveys aimed at revealing 
specifi c features of the composition and structure of 
Jurassic-Cretaceous strata and Paleozoic complexes 
[Afanasenkov and Yakovlev, 2018]. While the results 
derived from the regional MT profi le network showed 
that the new-generation MT sounding technique is 
almost as good for the study of geological structure of 
the permafrost zone by ensuring eff ective measure-
ments of the thickness of perennially frozen sediments 
(permafrost), determination of their structural hete-
rogeneity and detection of subpermafrost anomalies 
which can be associated with hydrocarbons (HC).

We consider it necessary to remind the readers of 
some defi nitions of the geocryological terms used in 
this paper: perennially frozen deposits (or permafrost) 
are deposits which have negative temperatures, with 
at least part of the pore moisture turned to ice; depos-
its which have negative temperatures, with the unfro-
zen pore moisture are interpreted as “unfrozen” or 
“cooled”. The term cryolithozone (permafrost zone) is 
defined as “the zone of the occurrence of deposits 
with negative temperatures which may remain unfro-
zen given sufficient salinity of pore water solutes, 
however, when aff ected by the processes leading to 
further decrease in their temperature they will be re-
freezing” [Yakupov, 2008]. Given that resistivity of 
deposits increases sharply when water transitions 
from liquid to solid state, permafrost deposits are dis-
tinctly distinguished in the electrical resistivity pro-
fi le against the backdrop of unfrozen (cooled) depos-
its. At this, resistivity of the permafrost-related por-
tion of deposits in the unfrozen/cooled state may be 
no diff erent from that of the sediments occurring be-
neath the permafrost strata. 

Copyright © 2018 D.V. Yakovlev, А.G. Yakovlev, О.А. Valyasina, All rights reserved.
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Fig. 1. Position of the magnetotelluric sounding profi les on the structural-tectonic map of the northern 
framing of the Siberian platform [Afanasenkov et al., 2018].
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In practical applications, the information about 
the structure of permafrost strata represents the 
greatest interest both from the perspective of geolo-
gical engineering tasks, and in estimation of the shal-
low subsurface eff ect on the of seismic survey results.

RESISTIVITY PROSPECTING TECHNIQUE

Of the AC resistivity prospecting methods, the 
MT sounding technique is largely premised on the 
study of the Earth’s natural electromagnetic field 
[Berdichevskii and Dmitriev, 2009]. The MT sound-
ings were carried out in a wide frequency range from 
0.0003 to 300 Hz using state-of-the-art equipment 
produced by Phoenix Geophysics Ltd, Canada. The 
measurements included: electric field components 
(using grounded electric dipoles), and magnetic fi eld 
components (using induction sensors). In the early 
years (2004 through 2009), the regional works were 
performed with 2–3 km spacing along the profile, 
which soon was narrowed to 1 km, while the surveys 
were spaced at 500 m intervals within the bounds of 
Novotaimyrskaya area in 2014–2015.

The transient electromagnetic (TEM) method, 
another resistivity prospecting technique, which is 
complementary to MT soundings, allows to eff ecti-
vely study the permafrost interval through its full 
thickness. TEM soundings enable investigation of the 
fi eld of transient processes occurring in the subsur-
face when a DC current injected into the loop is ab-
ruptly turned off  [Khmelevskoy and Kostitsin, 2010]. 
The transmitter/receiver confi gurations commonly 
include either loops or electric dipoles, designated for 
the surface and marine geophysical investigations, re-
spectively. The use of ungrounded loops for signal ex-
citation and receiving in the TEM method allows 
simplifying the fi eld work methods in winter condi-
tions and avoidsing distortion caused by near-surface 
inhomogeneities. Noteworthy is the problem arising 
with the induced polarization (fast-decaying IP, or 
Maxwell–Wagner eff ect) appearing on TEM curves 
for permafrost deposits [Ageev and Ageev, 2017]. Sup-
pression of this eff ect involves the need for complicat-
ing the fi eld work techniques and using measuring 
and transmitter loops spaced apart.

Given that the solution of the posed geological 
tasks required depths inaccessible by the TEM me-
thod in the study area, the MT soundings were used 
as a basic technique. At this, the data on the perma-
frost structure were obtained from regional MT so un-
ding as additional information. The results and con-
clusions presented in the paper are therefore largely 
based on the MT sounding data, which might as well 
be obtained from TEM sounding results [Nim et al., 
1994; Baranov et al., 2014].

In 2014–2015, the MT soundings on some of the 
regional profiles were coupled with TEM surveys, 
which off ered an opportunity to compare the results 

of the two electrical prospecting methods. On these 
profi les, TEM soundings were aimed at suppressing 
the eff ect of near-surface inhomogeneities on the MT 
sounding results. As such, the integration of TEM 
and MT soundings is used in industry worldwide 
[Sternberg et al., 1988]. Figure 2 presents geoelectric 
sections obtained from TEM and MT soundings 
along one of the profi les. The sections were construct-
ed independently for each method based on the re-
sults of 1D Occam’s inversion of the MT data [Con-
stable et al., 1987]. The comparison of these sections 
revealed similarity between the results obtained by 
the two diff erent methods, which is also corroborated 
by identical local anomalies patterns and their re-
gional constituent.

 Geoelectrical characteristics
of the shallow subsurface 

Most of the Mesozoic-Cenozoic deposits of the 
Yenisei-Khatanga and Anabar-Lena basins are com-
posed by sands, sandstones, mudstones and siltstones, 
which make up the gently occurring grey terrigenous 
sequence varying from 10 to 12 km in thickness in the 
axial parts of the troughs to zero in their sides [Afa-
nasenkov et al., 2018].

Results of electrical resistivity prospecting. 
The results of electrical resistivity surveys of terrige-
nous Jurassic-Cretaceous deposits in a normal envi-
ronment yielded the average of 7–30 Ohm⋅m. The 
resistivities being relatively low in this interval of the 
section is accounted for by the presence of water in 
the deposits owing to their high eff ective porosity.

All the geoelectrical sections have demonstrated 
that the upper several hundred meters within the 
study area have high resistivities varying from 100 to 
500 Ohm⋅m (Fig. 2), which proves it to be a high-re-
sistivity, very heterogeneous layer, with its thickness 
varying from 0 to 600 m, and reaching locally up to 
1100 m. In places where Mesozoic-Cenozoic deposits 
outcrop on the surface, this layer corresponds to the 
permafrost deposits. Given that higher resistance is 
inherent both in Paleozoic deposits and Permian-Tri-
assic fl ood basalts (Fig. 2), this makes it diffi  cult to 
identify permafrost deposits in their resistivity pro-
fi les. 

Note that with the resistivity measured by DC 
electrical prospecting methods, the permafrost depos-
its are characterized by values of thousands of Ohm-
meters. While when the induction electromagnetic 
prospecting methods are involved, which include MT 
and TEM soundings, the obtained resistivities of per-
mafrost deposits will be several times lower. This 
striking diff erence can be explained by the eff ect of 
anisotropy [Khmelevskoy et al., 2005]. In the case of 
insulator layers, by themselves representing subhori-
zontal alternation of layers with diff erent resistance, 
resistivity will be determined mainly from longitudi-
nal conductance of lower-resistivity layers in the case 
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of application of induced polarization methods, and 
from transverse resistance of higher resistivity layers 
when using DC (galvanic) methods. 

Comparison of results with the electrical well 
logging. Figure 3 presents a type geoelectric section 
inferred from the MT sounding data to a depth of 
2 km along the profi le striking roughly W–E in the 
Yenisei-abutting stretch of the Yenisei-Khatanga ba-
sin. The section resulted from the simple automatic 
one-dimensional inversion of the eff ective MT curves 
Zeff  = (ZxxZyy – ZxyZyx)1/2 [Berdichevskii and Dmitri ev, 
2009]. The thickness of high resistivity layer assum-
ingly corresponding to permafrost deposits changes 
signifi cantly on this profi le: from 50 m with in the 
Yenisei river area up to 450 m in eastern part of the 

profi le exhibiting a local thickness anomaly of up to 
700 m in the Rassokha megaswell area. The revealed 
good agreement between resistivities inferred from 
the MT soundings and electrical borehole logs is also 
characteristic of the entire study area (Fig. 4). Elec-
trical resistivities of permafrost deposits determined 
from the logs vary from 100 to 1000 Ohm⋅m.

Judging from the results of borehole temperature 
measurements, the permafrost thickness averages 
450–550 meters in this area. Given that the thermo-
metric measurements are often performed in unstable 
wells (with unsteady thermal regime) (BH 1, 4, 5 in 
Fig. 4), this makes obtaining absolute temperature 
values extremely diffi  cult. In wells showing no transi-
tion from negative to positive values on the tempera-

Fig. 2. Comparison of geoelectric sections built from the same profi le according to TEM (a) and MT sound-
ings (b) and the scheme of regional electric prospecting profi les of the study area (c).
Geological complexes: PZ – Paleozoic, J–K – Jurassic-Cretaceous. The profi le spacing: а – 500 m; b – 1000 m. 1 – tectonic bound-
ary between geological complexes derived from the electrical resistivity measurements; 2 – the profi le position on the scheme.
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ture curve, the permafrost strata is therefore inter-
preted to be within the T curve segment containing a 
zero or weak temperature gradient, while the perma-
frost base (lower boundary) is discriminated by a 
transition from a zero or weak to normal geothermal 
gradient (3 °C per 100 m) (Fig. 4). This determina-
tion method reduces the level of confi dence of the 
values obtained, though.

The thickness of permafrost and the depth of its 
distribution derived from the results of electrical 
prospecting show close proximity in eastern part of 
the section (Fig. 3), while they diff er signifi cantly in 
the west, which is accounted for the westward trend 
of the cooled deposits distribution in the lower part of 
the permafrost interval. The reason why pore mois-
ture in the permafrost deposits is found unfrozen, can 
probably be explained either by higher salinity of 
pore water solutes, or the predominance of clayey 
sediments in the section. Below we consider each of 
these reasons individually.

Pore water salinity. With little data available 
on salinity (total dissolved solids, TDS) of pore water 
solutes, the available data indicate (Fig. 5) that the 
measured water salinity averaging 6–8 g/L almost 
everywhere in the near-surface section is, in fact, sig-

nificantly lower than typical sea water salinity of 
30–35  g/L, freezing at –1.8  °C and below. While 
higher TDS values (up to 22  g/L) reported from 
some wells are likely associated with rejection of salts 
beneath the permafrost layer in the process of water 
crystallization [Romanovsky, 1983]. The zones of en-
hanced salinity of pore water solutes on the geoelec-
tric sections may manifest themselves as patches of 
very low resistivity overlain by the layer of high-re-
sistivity permafrost deposits. They are observed, for 
example, westward of the Yenisei river at a depth of 
150–200 m (Fig. 3), being representative however of 
individual localities. While weakly saline pore solutes 
generally found everywhere do not allow to tie up the 
observed region-specifi c changes in permafrost thick-
ness with variations of pore moisture salinity.

It should be noted that a relatively low salinity 
of pore water solutes allows (according to the calcu-
lations performed by A.A. Ryzhov for sandy-clayey 
Jurassic-Cretaceous sediments) diff erentiating essen-
tially clayey from sandy layers by resistivity [Ryzhov 
and Sudoplatov, 1990]. At salinity less than 10–
15 g/L, other conditions being equal, clays have a 
lower resistivity than sands and sandstones, which 
proved critical in constructing lithological columns 

Fig. 3. Characteristic geoelectric section to a depth of 2 km according to MT sounding data in the western 
part of the Yenisei-Khatanga basin (a) and the scheme of regional electric prospecting profi les for the 
study area (b).
1 – MT sounding points; 2 – deep drilled wells; 3 – resistivity logs from wells; 4 – profi le position on the scheme.
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of the Jurassic-Cretaceous complex of the Yenisei-
Khatanga basin from the electrical prospecting data 
[Afanasenkov and Yakovlev, 2018].

Clayey permafrost deposits. The wide distribu-
tion of cooled deposits in the permafrost zone can be 
explained by the predominance of clayey deposits in 
the section. The clays contain large amounts of bound 
water, freezing at a temperature lower, than free wa-
ter. As a result, all other things being equal, resistivity 
of sand deposits changes abruptly as the temperature 
crosses over the “freezing point of the pore water sol-
ute”, while that of clayey deposits has a smoother pat-
tern at lower temperatures (Fig. 6) [Ogil’vy, 1990]. 
Besides, the contrast between the resistivity of sands 
(ρs) and clays (ρс) increases signifi cantly during their 
transition from the cooled to the frozen state (Fig. 6). 
Note that dependencies shown in Fig. 6 refl ect resis-
tivities of either freezing deposits or those having 
stable temperature values. The resistivity measured 
in the thawing deposits changes with a “delay”, form-
ing thereby a kind of hysteresis loop. Nevertheless, 
the sand to clay resistivities ratio is preserved. These 
patterns of changes in the electrical resistivity of neg-
ative-temperature deposits account for the structural 
features of permafrost strata inferred from the electri-
cal resistivity data for the study area. 

Specifi cally, the high clayey content of perma-
frost deposits explains a significant difference be-
tween the thicknesses of the permafrost strata and 
the permafrost zone in the west of the study area (the 
Yenisei-abutting stretch of the Yenisei-Khatanga ba-
sin). Thus, according to thermometric measurements 
in wells, the permafrost thickness is about 500 m 
within the Paiyakha oil fi eld. At this, the resistivity 
logs and MT sounding results show that in the upper 
200 meters of the section deposits are completely in 
the frozen state (permafrost), inasmuch as the resis-
tivity values exceed 30 Ohm⋅m (Fig. 7). The drilling 
results revealed that at depths below 200 m deposits 
are essentially clayey.

The dependence of the thickness of high resistiv-
ity layer, which is associated with permafrost depos-
its, on their lithology can be remarkable, if the geo-
electric sections are overlapped by seismic sections. 
This comparison is exemplifi ed by the principal litho-
logical-geophysical model shown in Fig. 8, a, b, indi-
cating that the localities with increased permafrost 
thickness in the center of the section, above the Ras-
sokha megaswell, and in the south, on the slope of the 
Dudypta megatrough, are consistent with the layer 
(as it approaches the surface) discriminated on the 
seismic section. The observed higher resistivities 

Fig. 4. Comparison of geoelectric sections with the well log data (a) and the scheme of regional electric 
prospecting profi les for the research area (b).
1 – points MT sounding; 2 – the position of wells on the profi le; 3 – the position of the base of frozen deposits according to MT 
sounding; 4 – diagrams logging resistivity in wells; 5 – thermometry curve; 6 – the base of the permafrost thermometry; 7 – the 
position and number of wells in the scheme.
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(17–30 Ohm⋅m) in this layer below the permafrost 
base attest to the dominance of sandstones. This con-
clusion is inferred from the results of the well data 
interpretation [Afanasenkov and Yakovlev, 2018] and 
is consistent with the general understanding of san-
dy-clayey deposits resistivity patterns at pore water 
salinity less than 12 g/L [Ryzhov and Sudoplatov, 
1990]. The layer resting on sandstones is composed of 
mainly clays judging from the lower resistivity val-
ues. The deposits of this layer therefore retain bound 
water whose freezing point is as low as –2...–3 °C. 
Even though the clayey layer yields to freezing un-
der the action of lower temperatures at depths of 
0–200  m, however its resistivity is lower (100–
200  Ohm⋅m) than that of the sand layer (300–
500 Ohm⋅m [Osterkamp, 2001]). Similar sites of lo-
cally increasing permafrost thickness are observed in 
the section along Line 2 (Fig. 8, c). Accordingly, dis-
tinctive features of the permafrost strata visible on 
Line 3 in the geoelectrical section (Fig. 8, d) also can 
be explained by the structural and lithological char-
acteristics.

Specifi c features of the permafrost strata struc-
ture. Extensive areas with significantly increased 
permafrost thickness are characteristic of the study 
region, which is probably associated with the sedi-
ment composition. Of them, one zone is located in the 

eastern portion of the Yenisei-Khatanga basin, to the 
north of the Khatanga river. The section along Line 4 
crossing this zone is shown in Fig. 8, e. The upper part 
of the section is likely to be composed there of thick 
sand layers capable of freezing up to a depth of 1 km. 
The lower boundary of the high-resistivity layer is 
“blurred”, with no sharp transition to the underlying 
conductive deposits observed in other places. This al-
lows to assume that in the unfrozen state, deposits 
composing this sand layer have higher resistivity. 
However, both the northern and southern endings of 
this layer (where it is overlain by permafrost depos-

Fig. 5. TDS values for pore water solutes in the study area from the results of well tests.
The values in a bold font exceed 14 g/L, the rest are less than 14 g/L.

Fig. 6. Type of a relationship between electrical 
resistivity (ρ) of water-saturated rocks and tem-
perature [Ogil’vi, 1990].
1 – rocks (ρr); 2 – sands (ρs); 3 – clays (ρc).



74

D.V. YAKOVLEV ET AL.

its) exhibit a significant decrease in its resistivity. 
As such, the increase in resistivity in the sandy reser-
voir beneath the permafrost layer is accounted for 
the accumulation of gas or gas hydrates, with perma-
frost acting as a caprock. (Discussed below in greater 
detail.)

Among other characteristic features inferred 
from the regional electromagnetic studies, the per-
mafrost structure is represented by conducting zones 
of diff erent types. Figure 9 shows two examples of 
the  presence of layers with very low resistivity 
(<2–3 Ohm⋅m) identifi ed beneath the permafrost, 
while other similar zone are remarkably discriminat-
ed on the sections in Fig. 8. Its low resistivities are 
most likely caused by higher salinity of pore water 
solutes. The enhanced salinity beneath the perma-
frost layer may be associated with salts expulsion into 
the underlying layers during the sediment freezing 
[Romanovsky, 1983; Ershov, 2002].

As is the case with the zone of continuous melt-
ing occurring under large riverbeds, the conducting 
zones of another type largely disable homogeneity of 
the permafrost strata (Fig. 8, e, 9). For example, a 
zone of partial melting is localized beneath the Khat-
anga river (the southern end of the section along 
Line 4). In the same section, along Line 4, a local zone 
of lower resistivity is marked in the lower part of per-
mafrost. Such areas are observed in places where the 

thickness of permafrost is more than 500 m. As such, 
the conducting zones within the permafrost strata are 
associated probably with large tectonic dislocations 
and a specifi c fl uid fl ow in them, the one driven by the 
infl ux of warmed aqueous solutions ascending from 
the depths. 

All these examples show the electrical prospect-
ing technique applications are appropriate not only 
for investigations of regional characteristics of per-
mafrost, but are also helpful in revealing local hetero-
geneities in them. 

 Map of the permafrost base depth 
in the northern margin of the Siberian platform

All the profi les, along which the electrical pros-
pecting surveys have been carried out since 2005, 
show the base of a high-resistivity layer, which, as 
was discussed above, is interpreted by the authors as 
permafrost deposits (in the frozen state), whose base 
(lower boundary) is distinctly visible on the geoelec-
tric sections. In most of the study area, the position of 
the base is unambiguously determined by a sharp 
change in resistivity from 10–30 to 150–300 Ohm⋅m 
in the adjacent layers. While in some parts of the pro-
files, variations of electrical resistance with depth 
show a smoother pattern. In such zones, the base of 
the layer was determined from the boundary values of 
resistivity 50–80 Ohm⋅m (the mean geometric value 

Fig. 7. Position the permafrost base (1) and permafrost zone (2) in the area of Paiyakhskaya-1 well located 
in the west of the study area.
а – temperature curve for Paiyakhskaya-1 well; b – a fragment of a geoelectrical section along Profi le 501 of Novotaimyrskaya area; 
c – electrical well log (WL) in Paiyakhskaya-1 well. The position of the base is determined from WL (1) and t = 0 °C (2).
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Fig. 8. Geological and geophysical sections of roughly N–S direction to a depth of 2 km.
а – combined geoelectric and seismic sections along Line 1; b – geological model along Line 1; c–e – geological and geophysical 
sections along Lines 2–4, respectively; f – regional electric prospecting profi les scheme for the study area. Geological complexes: 
PZ – Paleozoic, MZ – Mesozoic. 1 – MT sounding points; 2 – permafrost limit; 3 – subpermafrost high-resistivity anomalies; 4 – 
subpermafrost lower resistivity zones; 5 – zone of partial melting; 6 – zone of continuous melting; 7 – sandy deposits; 8 – clayey 
deposits; 9 – position and number of cross-section lines in the schematics.
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of resistivity for two layers at the base of the high-
resistivity layer in the case of a contrast boundary). 
These values correlate with the well log data (Fig. 4).

The results and fi ndings enabled generation of a 
map of the permafrost base depth (Fig. 10), which 
showed that in localities where permafrost deposits 

Fig. 9. Geoelectric sections of the upper 1.5 km along the profi les in the Khatanga Bay area (MT soundings 
were carried out from the ice in the off shore areas).
а–d – geological and geophysical sections along Lines 1–4, respectively; e – scheme of regional electric resistivity prospecting 
profi les of the study area. Geological complexes: PZ – Paleozoic, MZ – Mesozoic. 1 – MT sounding points; 2 – border of permafrost; 
3 – unfrozen layer beneath the waters; 4 – lower resistivity zone overlain by permafrost; 5 – zone of partial melting; 6 – the zone 
of continuous melting; 7 – position and number of section lines in the diagram.
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outcrop onto the surface, the numerical symbols on 
the map coincide with the thickness of permafrost; in 
places where permafrost is onlapped by the unfrozen 
layer (for example, in off shore areas), the permafrost 
thickness is less than the base depth of that layer. In 
permafrost-free zones, the base depth of this layer is 
indicated by zero. The length of the profi les used to-
tals over 20  000  km (about 22  000  points of MT 
soundings). The observation network being non-uni-
form, this resulted in diff erent scales of the construct-
ed maps: 1:200 000 for the western parts, 1:500 000 
for the eastern parts, and 1:1 000 000 for the central 
parts. The presented map has a scale factor of 
1:1 000 000. Despite its small scale, the authors be-
lieve this map to be ranked today as the most reliable 
and detailed source of information about the perma-
frost base depth in the region, which is indicative of 
the regional patterns of changes in the permafrost 
strata thickness.

The accuracy of determinations of the perma-
frost thickness from the MT sounding data depends 
on the contrast between its resistivity and that of the 
underlying deposits. In most cases, high contrast al-
lows estimating accuracy up to 5–7 % of the depth. 
This means that for 50 m thickness the error is ±3 m 
and will be, accordingly, ±30 m for 500 m. These val-
ues serve the basis for selecting the spacing between 
isolines.

Permafrost thickness tends to decrease and rang-
es from 0 to 150 m in the west of the area near the 
Yenisei river, in the transition area to the West Sibe-
rian platform. The zone of reduced thickness elon-
gated in the N–S direction, stretches along the Yeni-
sei river. 

As the permafrost-underlain area advances fur-
ther eastwards (within the Dudypta and Agapa meg-
atroughs area and Rassokha megeswell), its thickness 
increases. The permafrost thickness reaches maxi-
mum (up to 900 m) to the north from the axial part of 
the Agapa megatrough, at the Yenisei and the Pyasina 
interfluve. Additionally, the elevated permafrost 
thicknesses (500–700 m) are characteristic of the 
Rassokha megeswell area. The southern margin of the 
study area is marked by local increase in permafrost 
thickness, up to 1000 m in the transition region of the 
Siberian platform to the Yenisei-Khatanga regional 
trough. In the north, the observed roughly W–E 
elongated area of bigger thicknesses of permafrost 
corresponds to the central part of the South Taimyr 
monocline in the area where Khabeyskaya and Gol-
chikhinskaya wells are located. Whereas the Du dypta 
megatrough is diff erentiated by a lower thickness of 
the underlying permafrost (100–300 m).

The thickness of permafrost tends to decrease in 
the central part of the study area, averaging 200–
400 m. The correlation between changes in perma-
frost thickness and the position of the major struc-
tural and tectonic elements of the Yenisei-Khatanga 

basin persists. The permafrost thickness decreases 
down to 50–100 m in the zone above the Dudypta 
megaswell transient into the Boganid-Zhdanikha 
megatrough, while the Gydan-Khatanga transition 
zone is also characterized by reduced magnitude of 
permafrost thickness (100–300 m). The zone of in-
creased (up to 400–500 m) permafrost thickness sur-
rounding the Yangoda-Gorbit uplift can be traced 
westwards, as far as the Yenisei Bay. This is likely to be 
associated with its approaching the surface of essen-
tially sandy layer, similarly to the site lying between 
120 and 160 km of the section along Line 2 (Fig. 8).

The eastern part of the Yenisei-Khatanga   basin is 
characterized by thick underlying permafrost (500–
800 m). The Balakhna megaswell and the Kubalakh 
swell are marked by shallower base depth (350–
500  m) of permafrost (the section along Line  3, 
Fig. 8). The area between the swells is interpreted as 
a strip with increased permafrost thickness (800–
900 m). While the magnitude of the permafrost thick-
ness is anomalously high (>1000 m) within the east-
ern closure of the Boganid-Zhdanikha megatrough, 
whose northeastern part is in full characterized by 
permafrost thickness exceeding 800 m.

The eastern part of the study area has no explicit 
anomalies, with the magnitude of permafrost thick-
ness interpreted as: moderate (350–500 m) in the 
Anabar-Khatanga upfold (saddle); lowered (200–
300 m) within the Anabar monoclise and the Lena-
Anabar basin; the lowest (in the Anabar river valley). 
Beneath the Khatanga Bay, the permafrost thickness 
is ranked as minor and can have zero values.

Permafrost underlying the Khatanga Bay
Given that in the east of the study area, some of 

the MT sounding profi les were laid across the Kha-
tanga Bay, the measurements were made from the ice. 
The magnetic fi eld was recorded by ice surface-based 
induction sensors, while the electrical fi eld was mea-
sured using special electrodes located in the holes 
drilled in the lower part of the ice cover. 

The data obtained enabled a pioneering com-
prehensive study of the permafrost structure in the 
off shore part of the bay. Measuring the permafrost 
thick ness in the Khatanga Bay is now of great practi-
cal importance for the launched drilling operations 
there to be continued. The information about the oc-
currence of permafrost, and position of its upper and 
lower boundaries is critical for the drilling platform 
construction in the Khatanga Bay.

Figure 9 shows geoelectric sections derived from 
the MT sounding data to a depth of 1.5 km along the 
section of the profile crossing the Khatanga Bay 
(Fig. 9, a), on the northern shore of the Khatanga 
Bay (Fig.  9,  b,  c) and through the Nordvik Bay 
(Fig. 9, d). MT soundings are spaced 1 km apart on 
the profi le. The sections are derived from the results 
of automatic one-dimensional inversion on the eff ec-
tive MT sounding curves.
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Fig. 11. Map of the permafrost table position in the Khatanga Bay off shore area.
1 – MT sounding points; 2 – pinch out boundary of permafrost; 3 – deep wells and their names; 4 – coastline; 5 – rivers and lakes. 

Fig. 9, a shows that in the upper part of the sec-
tion (onshore part of the profi le) permafrost thick-
ness is 300–500 m; the areas of lower resistivity in the 
coastal zones of the Khatanga Bay are apparently as-
sociated with taliks. It should be noted that this in-
ference requires more detailed studies in the coastal 
zone.

Given that deposits occurring beneath the Khat-
anga Bay in the upper part of the section experienced 
thawing, their resistivity is low and not more than 
10 Ohm⋅m to a depth of 150–200 m. The layer of per-
mafrost deposits beneath the bay with a thickness of 
200–250 m has lower resistivity, than in the onshore 
part (30–100 Ohm⋅m).

In the study of permafrost in the off shore area, 
the biggest challenge was created by the screening 
properties of the water layer and the upper layer of 
deposits in the unfrozen state (Fig. 9, 11), whose ef-
fect signifi cantly reduced the data sensitivity to the 
permafrost parameters. The results nevertheless sug-
gest the presence of subaqueous permafrost layer 
and allow to estimate the depth of its top and base 

(Fig. 11). The submarine permafrost is found totally 
missing both in the northeastern part of the Khatan-
ga Bay (Fig. 9, b, c), and in the central part of the 
Nordvik Bay (Fig. 9, d).

Despite the irregular character of the existing 
measuring network performance, there are reasonable 
grounds for believing that the permafrost underlies 
the rest of the Khatanga Bay. This interval has a num-
ber of features:

– a low resistivity layer (from 3 to 10 Ohm⋅m) 
resting on the permafrost is the layer of deposits in 
the unfrozen state, with the thickness ranging from 
50 m near the bay coast to 150–200 m in its central 
part. As is the case with the layer of water, its high 
conductivity provide additional challenges in the 
electrical resistivity prospecting applied to investiga-
tions of the high-resistivity permafrost beneath it;

– the permafrost layer shown on the geoelectric 
section is noted for resistivities lower than onshore 
(from 20 to 70–100 Ohm⋅m). The thickness of this 
high-resistivity layer varies from 100 to 300 m. The 
base depths of the layer varies from 340 to 570 m;
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– on all the profi les crossing the western part of 
the Khatanga Bay, the permafrost bed contains 
through-the-thickness zones with lower resistivities, 
of which most are observed at the water-to-land tran-
sition boundary;

– screening properties of the water layer and the 
unfrozen bed resting on the permafrost deposits wors-
en the accuracy of determination of subaqueous per-
mafrost parameters, which is lower as compared to 
the onshore parts. This is corroborated by the average 
accuracy of determinations of the permafrost base 
depth: 5–7 % of the thickness for the onshore perma-
frost versus 15–20 % of the permafrost strata thick-
ness for the off shore area. The greater is the thickness 
of the screening layers (primarily, the layer of water), 
the lower is this parameter, inasmuch as its resistance 
is an order of magnitude less than that of the layer of 
deposits in the unfrozen state.

The presented MT soundings results have dem-
onstrated good prospects of electrical resistivity mea-
surements for the permafrost studies both in the on-
shore/offshore areas and in the transition zones, 
which appears a very important practical task from 
the perspective of the Arctic shelf development.

The summary of results of the electrical resistiv-
ity prospecting studies enabled characterization of 
geoelectric properties in the upper part of the section 
of the study area, which is imaged in Fig. 12, sepa-
rately for onshore and off shore areas, diff erentiating 
primarily by the presence of topping unfrozen layer, 
and by the contrasting resistivity values for perma-
frost. These characteristics can serve as an a priori 
information about the study region either for the pur-
poses of further electrical exploration or numerical 
modeling. 

High resistivity anomalies 
in the subpermafrost layer

The fi rst MT soundings in 2015 in the west of 
the study area were conducted with a spacing of 
500 m along the profile, with the profiles passing 
through the known Paiyakh, Baikalovsk and Ozernoe 
oilfi elds. The interpretation results of the resistivity 
data obtained for the shallow subsurface overlying 
them, revealed a pattern characterized by zones of 
high-resistivity anomalies in the upper part of the 
section within the 300–800 m depth interval beneath 
the permafrost stratum [Afanasenkov et al., 2015].

Fig. 12. Generalized geoelectrical characteristics of the shallow subsurface section of the study area.
I – unfrozen layer in the upper part of the section; II – permafrost layer; III – underlying Jurassic-Cretaceous terrigenous deposits. 
1 – unfrozen layer beneath the body of water; 2 – zones of partial thawing; 3 – zones of continuous thawing; 4 – deposits in the 
frozen state.
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Figure 13 shows a geoelectric section along one 
of the profi le laid in 2015 in the western part of the 
Yenisei-Khatanga basin, on the right bank of the Yeni-
sei river, and passing through the Paiyakha and Bai-
kalovsk oilfields. The high resistivity anomalies 
(HRA) localized beneath the permafrost are discrim-
inated in the section, with gas hydrate accumulations 
being the most likely explanation for these anomalies 
[Waite et al., 2009]. Given these thermobaric condi-
tions, a gas hydrate stability zone (GHSZ) is located 
specifi cally at depths of 300–800 m. The mechanism 
of gas hydrate formation and accumulations within 
this depth interval has been discussed in many works 
[Makogon, 2010; Sivtsev and Rozhin, 2011]. Some 
publications [Yakushev, 2009] mark the appearance of 
intermediate zone sandwiched between the perma-
frost and GHSZ, which is diff erentiated in the section 
by the resistivity lowering at depths of 200–300 m. 
Such a conductive strip distinctly partitions the sub-
permafrost HRAs from the permafrost stratum, which 
is favored by small thickness of permafrost: from 
150–200 m (permafrost base depth) to about 300 m 

Fig. 13. Geoelectric section of the uppermost 2 km with subpermafrost high-resistivity anomalies along 
Profi le 501 in the west of the Yenisei-Khatanga basin (а) and scheme of regional electrical prospecting 
profi les for the study area (b).
1 – subpermafrost high resistivity anomalies; 2 – permafrost base according to the resistivity surveys; 3 – average resistivity value 
for the layer; 4 – profi le position on the diagram; 5, 6 – seismic horizons and their indices (5 – top of the Upper Cretaceous Dolgan 
Formation, 6 – top of the Lower Cretaceous Neitin (Koshai) clayey unit; 7 – deep wells; 8 – electrical well logs.

(top of GHSZ). Accordingly, anomalies of this type 
can be commonly observed in the areas where perma-
frost thickness is less than 250–300 m. These include 
the entire Yenisei-abutting stretch of the Yenisei-
Khatanga basin, the south-western part of the Boga-
nid-Zhdanikha megatrough, the Anabar river valley, 
as well as some smaller-size zones (Fig. 10).

The anomalies of the kind are termed isolated, or 
the fi rst type HRAs (Fig. 14, I) characterized by: a 
lower resistivity layer confidently separating the 
anomalies from the permafrost stratum; subhorizon-
tal structure of the background section and, accord-
ingly, the absence of resistivity anomalies associated 
with the structural and morphological factor in the 
upper part of the section.

In the case of the permafrost base occurring be-
low the top of the GHSZ, the subpermafrost anoma-
lies associated with HC accumulation at greater 
depths will underlie the permafrost stratum. Similar 
anomalies were detected above the Ozernoe oilfi eld. 
They are termed added (apparent) and are assigned 
to the second type (Fig. 14, II). Figure 14 shows a 
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Fig. 14. Three types of permafrost anomalies of increased electrical resistivity (I–III).
a, c, e – seismic and combined geoelectric sections in the area of locations of wells: Paiyakhskaya wells (Pkh), Ozernaya wells (Oz), 
e – Russokhinskaya well (Rskh); b, d, f – corresponding geological-geophysical models; g – regional electrical prospecting profi le 
of the study area. 1 – deep wells; 2 – electrical well logs; 3 – direction of hydrocarbon migration; 4 – accumulations of gas and gas 
hydrates; 5 – sandy deposits; 6 – clayey deposits; 7 – sandy-clayey deposits; 8 – permafrost base; 9 – borehole position and its 
index on the scheme. GHSZ – gas hydrate stability zone.
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remarkable local increase in the permafrost thickness, 
while its lower boundary is blurred.

The reason may be due to the water in pore spac-
es is replaced by gas or gas hydrates. The relatively 
local nature of the anomaly can be explained by a 
weak horizontal permeability of the layers within the 
shallow subsurface interval. The HRA contours in 
this case will nearly closely delineate the HC accu-
mulation occurring deeper down. The characteristic 
features of type two anomalies are: a local increase in 
the permafrost stratum thickness not associated with 
structural factors; the blurred lower boundary of the 
permafrost bed in the geoelectric sections.

The third type of anomalies is established above 
the Dzhangoda HC accumulation on the Rassokha 
magaswell where the reservoir sand layer overlying 
the domed portion approaches the surface and falls 
into the zone of negative temperatures, with the free 
pore moisture in this layer subjected to freezing, seal-
ing thereby the pores. At this, the permafrost base oc-
curs deeper below. Upon freezing, the water plugs up 
the pores in the reservoir layer, making the frozen 
interval impermeable (a seal). The migrating up the 
slope hydrocarbons can accumulate in the reservoir 
layer in its parts approaching the arch, “corked” by 
the frozen deposits. Due to the HC accumulating 
within the slope parts of the reservoir bed occurring 
beneath the permafrost its resistivity increases to 
30–100 Ohm⋅m (Fig. 14, III) against the backdrop of 
17–30 Ohm⋅m in the deep buried zones. This type of 
anomalies is interpreted as structural-morphological. 
The allocation of such structural and morphological 
gas and gas hydrate accumulations has been addressed 
to in a muber of works (e.g. [Polozkov et al., 2011]). 
The characteristic features of type three HRAs are: 
the presence of local zones of increased permafrost 
thickness due to the structural factor; an increase in 
resistivity of the subpermafrost sandy reservoir bed.

Anomalies of all the discussed three types were 
identifi ed in all the sections of the study region. Al-
most all known hydrocarbon fi elds correspond to sub-
permafrost anomalies of increased resistivity type I, 
since most of the HC fi elds are concentrated in the 
west of the study area, where permafrost thickness is 
relatively small. It is remarkable that at least part of 
the gas or gas hydrates accumulations in the drilled 
areas could have formed due to the gas-liquid annular 
flows. Such possibility has been provided insights 
about in some works [Sivtsev and Rozhin, 2011].

While allocation of type one HRAs appears not 
to be a problem, it is diffi  cult to distinguish between 
the second and third type anomalies, exactly those 
specifi cally relating gas hydrate accumulations, which 
is due to the fact that, as shown above, a local increase 
in permafrost thickness may have been caused by 
changes in the lithological characteristics of deposits. 
The blurred boundary of the permafrost base can be 
explained by the dominating sandstones being gradu-
ally replaced by clays. At this, confi dent allocation of 

type three anomalies requires the knowledge of the 
depth of permafrost penetration to diff erentiate zones 
of the increased resistivity caused by the sediment 
freezing, from those which are associated with HC ac-
cumulations.

It should also be noted that subpermafrost HRAs 
of the fi rst and second types are confi ned to the HC 
accumulations emplaced immediately below them, 
while the sources of the third type anomaly may be 
located away from the anomaly itself, given that HC 
are capable of migrating along the corresponding res-
ervoir layer due to its high lateral permeability and 
inclined bedding.

Summing it all up, we ascertain that the presence 
of such subpermafrost anomalies of increased resistiv-
ity can be interpreted as one of indications of poten-
tial target for search for deep-seated HC accumula-
tions, with the opportunities opening up for:

1. Prediction of oil and gas potential. The di-
rect correlation of the anomalies detected in the shal-
low subsurface with commercial development of hyd-
rocarbon accumulations in the underlying pay zones 
allows using these anomalies for the prediction of HC 
accumulations in deep-seated horizons.

2. Delineation of hydrocarbon accumulations. 
In areas with subhorizontal occurrence of layers and 
subvertical tectonic disturbances in the upper part of 
the section HC migration occurs mainly in the verti-
cal direction. It can therefore be assumed that there is 
some correlation between the contours of high-resis-
tivity anomalies and of the deep-seated HC accumu-
lations.

3. Revealing areas of engineering-geological 
hazards, prediction of complicated zones while 
drilling. It stands to reason that gas/gas hydrates 
 accumulating under the permafrost layer, when re-
leased, can cause destruction of the engineering 
structures erected on the surface. The resulting 
anomalies can mark the segments in the section haz-
ardous for drilling.

CONCLUSIONS

The regional studies using the integrated geo-
physical methods applied to the northern margin of 
the Siberian platform (commenced in 2005 and is cur-
rently ongoing) have provided new data on the geo-
logical structure of the study region [Afanasenkov et 
al., 2018]. The results of electrical prospecting as part 
of the comprehensive geophysical methods, allowed 
accumulating a large amount of new information 
about the permafrost structure. Based on the results 
presented herewith, the following conclusions can be 
drawn.

1. MT and TEM soundings are electrical pros-
pecting methods which enable a reliable allocation of 
a contrasting high-resistivity layer in the upper part 
of the section, which the authors interpret as the in-
terval of deposits in the frozen state, as well as the 
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allocation of local inhomogeneities within this layer 
(taliks, local zones with variations in thickness).

2. Part of the deposits within the permafrost 
strata being in the cooled state (despite their nega-
tive temperatures, pore water solutes remain unfro-
zen), these therefore do not diff er from the resistivity 
of the underlying sediments. The predominantly 
clayey deposits containing bound water in the pores 
in this interval is the main reason for the presence of 
unfrozen pore water solutes in the zone of negative 
temperatures. The permafrost zone thickness within 
the Yenisei-abutting stretch determined from the 
borehole temperature-depth profi les is therefore sig-
nifi cantly greater than of frozen deposits thickness 
inferred from the electrical prospecting data.

3. The structural and lithological features of the 
section represent major controls determining the pat-
tern of permafrost thickness variations across the 
study region.

4. The constructed map of the base depth of per-
mafrost, based on a large amount of actual material, 
refl ects the regional patterns of distribution of this 
bed. The thickness of permafrost is the lowest in the 
Yenisei and Khatanga rivers valleys (locally, less than 
20 m), and the largest (more than 1000 m) on the 
eastern closure of the Yenisei-Khatanga basin.

5. The MT sounding data allowed to establish 
that permafrost is absent from the northeastern part 
of Khatanga Bay and the center of the Nordvik Bay. 
In the west of the Khatanga Bay and in the coastal 
part of the Nordvik Bay permafrost thickness is about 
350  m. A layer of deposits in the unfrozen state 
(thick ness: up to 200 m) found resting on the perma-
frost stratum is in the center of the off shore areas.

6. The distinguished subpermafrost anomalies of 
increased resistivity are grouped into three types. 
The correlation between the anomalies and known 
hydrocarbon fi elds allows to relate these anomalies to 
the accumulation of gas hydrates and free gas within 
the subpermafrost layer.
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