
62

EARTH’S  CRYOSPHERE
SCIENTIFIC  JOURNAL

Earth`s Cryosphere, 2017, vol. XXI, No. 3, pp. 62–74 http://earthcryosphere.ru/

METHODS FOR CRYOSPHERE RESEARCH 

DOI: 10.21782/EC2541-9994-2017-3(62-74)

GROUND PENETRATING RADAR APPLICATIONS
TO PERMAFROST INVESTIGATIONS

M.S. Sudakova1,2, M.R. Sadurtdinov1, G.V. Malkova1,3, A.G. Skvortsov1, A.M. Tsarev1

1Earth Cryosphere Institute, SB RAS, 86, Malygina str., Tyumen, 625000, Russia; mr_sadurtdinov@mail.ru 
2Lomonosov Moscow State University, Department of Geology,

1, Leninskie Gory, Moscow, 119234, Russia; m.s.sudakova@yandex.ru
3 Tyumen Industrial University, 38, Volodarskogo str., Tyumen, 625026, Russia; galina_malk@mail.ru

The paper presents results of the ground-penetrating radar (GPR) fi eld surveys conducted on the terri-
tory of European Russian North in areas with diff erent lithologies and permafrost conditions in the upper part 
of the geological section. The radar surveys were part of the integrated geological and geophysical studies that 
also included seismic surveys, lithological diff erentiation of the near-surface deposits, measurements of the active 
layer thickness, and moisture content determinations. The GPR method was highly eff ective for the study of 
the section represented by sand and sand-peat lithologies, whereas in loamy ground its effi  ciency proved low. In 
case of shallow occurrence (at a depth less than 1.5 m) of the upper limit of permafrost, which allows direct 
measurements, GPR can be used as a supplementary method for more detailed characterization of the active 
layer – its thickness and spatial variability and other properties, including volumetric moisture estimates cal-
culated from velocities of electromagnetic waves. Alternatively, with the permafrost table occurring deeper than 
1.5 m, the GPR proves to be the main technique for determining its position in the section. For more accurate 
GPR-based identifi cation of geological and geocryological boundaries, the use of seismic results as reference 
information appears most appropriate. Application of GPR in combination with geocryological and seismic 
methods appears highly promising for solving various engineering problems, which will contribute to the exist-
ing permafrost monitoring frameworks.

GPR, seismic survey, permafrost, active layer

INTRODUCTION

Determination of the confi guration of the upper 
limit of permafrost (permafrost table) and its occur-
rence depth, along with the study of the active layer 
(AL) properties have long been the main focus of 
most geocryological research. Direct engineering-
geocryological studies do not always allow to solve 
these tasks in their entirety, though. Such cases re-
quire involvement of geophysical methods as well, 
with GPR surveys being one of the eff ective geophys-
ical methods for solving this problem. 

Eff ective implementation of the GPR method in 
the study of the permafrost section will contribute 
greatly to diff erentiation of electrical properties of 
ice, water, air, and soil. Given that permafrost table 
represents a contrasting interface, or refl ecting sur-
face, for electromagnetic waves, the use of GPR sur-
veys is most appropriate for determining its confi gu-
ration and for delineation of natural and technogenic 
taliks, etc. [Omelianenko, 2001; Schwamborn et al., 
2002; Ermakov and Starovoitov, 2010; Shean and 
Marchant, 2010; Sadurtdinov et al., 2015, 2016]. In 

most cases, the permafrost table can be seen as high-
amplitude refl ection on GPR data, below which no 
“long-term” refl ectors are observable. 

Despite this fact, many of the tasks the GPR-
based technologies are facing today are related to the 
permafrost studies and still remain challenging, spe-
cifi cally, construction of maps of the phase transition 
boundaries, determination of the active layer mois-
ture and ice content of frozen soils, monitoring 
changes in physical properties, etc. solving of some 
problems requires a three-dimensional or pseudo-
three-dimensional surveys, which is far too labor-in-
tensive during fi eld measurements and needs addi-
tional resources for data processing.

Introduction of the GPR method into compre-
hensive geological and geophysical investigations of 
the upper horizons of permafrost is capable to largely 
facilitate the study of active layer thicknesses, cur-
rently involving laborious direct methods [Melnikov 
et al., 1992; Pavlov, 2008; Pavlov and Malkova, 2009], 
and to signifi cantly increase the detail and reliability 
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of measurements of depth and surface confi guration 
of the permafrost table, which is especially important 
for its occurrence at greater depths where determin-
ing its position with a probe is not realistic. Whereas 
due to its cost, drilling is not an option. 

Like any geophysical method, ground-penetrat-
ing radar has limitations, so it is either diffi  cult or im-
possible to determine the AL base in case it is repre-
sented by soils (clayey or saline) with high conduc-
tivity [Annan, 2001; Jol, 2009; Vladov and Sudakova, 
2017]. Given that the frozen-thawed soils interface in 
the area of sporadic permafrost distribution tend to 
have a complex, three-dimensional geometry, some 
additional information may be required to interpret 
the obtained data [Arcone et al., 1998].

The main objective of this article is to describe 
and evaluate all technical possibilities of ground-pen-
etrating radar within comprehensive geological and 
geophysical investigations applicable to various geo-
logical and geocryological conditions. The paper pro-
vides analysis of the results of geological and geo-
physical fi eld research conducted at the study sites 
located in the Pechora delta. 

The GPR surveys were used to inverstigate three 
sites of the international CALM (Circumpolar Active 
Lay er Monitoring) program. The areas of key-sites 
for permafrost investigations diff er in the landscape 
and geocryological conditions and, accordingly, in 
electromagnetic and other physical properties. Thus, 
the surface deposits section of the Bolvansky key-site 
area (CALM R24) is composed mainly of clay-loams, 
while peat and sands dominate in the Kashin key-site 
area (CALM R24A-1), and sands – in the “Kumzha” 
key-site area (CALM R24A-2).

Concurrently with the GPR investigations, the-
re were other works under way, which provided in-
sights about the area and potential GPR involve-
ments in a complex of geocryological and geophysical 
studies. Key characteristic features of the sites and 
methods ap plied during the 2015 field studies are 
listed in  Table 1.

STUDY SITES

Geocryological, meteorological, landscape and 
geophysical (seismic and GPR) surveys were con-
ducted on Kashin island, and at Kumzha and Bol-
vansky sites (Fig. 1, A). These sites are located in the 

north of Nenets Autonomous Okrug in the Pechora 
delta. 

The region includes areas of continuous, discon-
tinuous and sporadic permafrost [Melnikov and Gre-
chishchev, 2002] and abounds with closed and 
through taliks. While the Pechora river, complete 
with its tributaries and arms produces essential 
warming eff ect.

In accordance with the concept of the perma-
frost distribution pattern in the region, Bolvansky 
key-site falls within the area underlain by continuous 
permafrost with temperatures averaging –2  °С, 
whereas Kashin and Kumzha key sites located in the 
Pechora delta belong to the region of sporadic perma-
frost distribution with permafrost temperatures rang-
ing between 0 and –1 °С.

Bolvansky site
Bolvansky site is one of the geocryological sta-

tions launched into operation in the 1980s with an 
aim of systematic observations of the cryogenic pro-
cesses dynamics in the north of European Russian. 
The temperature regime in wells has been monitored 
at Bolvanskiy station since 1983, while seasonal thaw 
depth monitoring at the R24 CALM site was la un-
ched in 1999 [Malkova, 2010].

The research key-site is situated on the southern 
shore of the Pechora Bay subsumed into the southern 
tundra subzone (the Bolshezemelskaya tundra in the 
north of European Russia), within the bounds of gla-
cial marine plain with absolute elevations of 20–50 m. 
This area is charaterized by continuous permafrost 
distribution, with numerous taliks formed beneath 
the bottoms of catchments, khasyreys and lakes. The 
surface deposits represented by Upper Quaternary 
coastal-marine sand-loams and clay-loams with inclu-
sions of pebbles are underlain by Mid-Qaternary ice-
sea boulder-clay loams at depths of 10–15 m.

The CALM site hosted by the Bolvansky key-
site area is situated in typical landscape conditions at 
the top of a gently-sloping ridge composed of clay-
loam (Fig. 1, B) where peat layer thicknesses vary 
from 1 to 22 cm, averaging 5 cm within the area.

Kashin site
Kashin geocryological research key-site located 

in the marginal part of the Pechora River delta, on an 
island in the Korovinskaya Bay, was established in 

Ta b l e  1. Characterization of study sites and their investigation techniques

Key site Soil type Permafrost
table depth, m

Permafrost
type

Permafrost
temperature, °С  Techniques applied

Bolvansky Caly-loams 0.2–5.0 Continuous –2 ALT measurements with manual probe, GPR 
survey, seismic survey, thermometry

Kashin Peat and sand 0.3–1.5 Sporadic 0…–1 ALT measurements with manual probe, moisture 
content measurements, GPR survey, thermometry

Kumzha Sand 2–9 Sporadic 0…–0.5 GPR survey, seismic survey, thermometry
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Fig. 1. Photographs of the study area. 
А – birds eye view; B – Bolvansky key-site, CALM R24 site; 
C – Kashin key-site, CALM R24A-1 site; D – Kumzha key-
site, CALM R24A-2 site.
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2009, and since 2010 the ALT monitoring has been 
implemented there as part of the CALM program 
(R24A-1). 

The CALM site on Kashin Island is located on 
the 1st marine terrace (1st MT) with up to 10 m abso-
lute elevations (Fig. 1, C). The terrace topography 
exhibit a gently sloping terrain and is dissected by 
lake basins and drainage valleys. 

Confined to the marginal part of the Pechora 
delta, Kashin Island lies in the zone of sporadic distri-
bution of permafrost. According to geophysical data, 
the permafrost thickness does not exceed 30–40 m 
within the island area [Sadurtdinov et al., 2012] 
whose terrain is composed of frozen sands, with peat 
layers of various thickness (from 0 to 30 cm, in the 
site area) locally encountered in the upper part of its 
section.

As was shown by previous studies [Malkova et 
al., 2015], the depth of thawing at Kashin site, CALM 
R24A-1 is closely linred with the lithologic frame-
work, specifi cally, with peat thickness. The AL thick-
ness (ALT) varies from 70 to 140 cm, which is typical 
for sandy areas with the tundra vegetation layer 
where peat layer thickness is not more than 10–
12 cm. In marshy areas and those covered by peat 
bogs and cottongrass tussocks, with developed 15 to 
30 cm thick peat layers, the depth of thawing is not 
greater than 70 cm.

Kumzha site
On Kumzha site, geocryological research has 

been conducted since 2013 the CALM R24A-2 test 
site was established in 2014 (Fig. 1, D).

The site is located on the outlier of the 1st alluvi-
al-marine terrace in the Pechora River delta. In the 
section, high-density sands comprising horizons of 
ferrugination and traces of oil contamination are 
ubiquitous from the surface downward. In the late 
1970s, the outlier area served as exploration drilling 
site of the Kumzhinsky fi eld, which left the natural 
landscape essentially disturbed in the wake.

Evidences of technogenic impact are extant as 
off -road vehicle ruts, excavations, embankments, etc. 
until present day. Before the technogenic involve-
ment within the upland tundra area, distribution of 
permafrost had been uniformly continuous (accord-
ing to the 1980s geocryological research archive ma-
terials), however the disturbance of vegetation cover 
and topography was followed by the onset of gradual 
progression of thawing depth, which resulted in sub-
sidence of permafrost top on sites aff ected by techno-
genesis. Currently, there are no reliable data on per-
mafrost thickness.

The CALM R24A-2 site is located 100 m from 
the quarry edge in a relatively intact area with pre-
served vegetation represented by lichen tundra alter-
nating with birch stands. Locally, old ruts left by off -
road vehicles are observable.

The results of temperature measurements in up 
to 3m-deep wells have revealed the unstable state of 
permafrost in these landscape and climatic conditions. 
Permafrost subjacent to the active layer occurs frag-
mentarily and is confi ned to the intact areas of lichen-
covered tundra. As such, the depth of soil thawed dur-
ing summer reaches 1.8–2.0 m, while in winter the 
seasonally thawed layer refreezes completely.

RESEARCH METHODS

Fig. 2 represents schematics of actual data for 
the specifi ed sites. The GPR refl ection profi ling was 
carried out along a network of perpendicular profi les 
with 10 m spacing. At Bolvansky and Kashin test 
sites, soil thawing depths were measured with a metal 
probe in all of the profi le intersection points. Mois-
ture content in the near-surface layer was determined 
at those same points at Kashin site. Additionally, seis-
mic surveys were applied to some profi le sections of 
Bolvansky and Kumzha sites.

Ground penetrating radar 
Ground-penetrating radar (GPR) is a non-intru-

sive geophysical observation method based on propa-
gation and refl ection of high-frequency electromag-
netic waves (EM) in the shallow subsurface. 

EM waves generation and refl ection occurs either 
on the day surface, or in its close proximity. An ultra-
high-frequency electromagnetic pulse (50–
2000  MHz) emitted from the antenna propagates 
through the geological media and is refl ected from the 
interfaces between layers with diff erent electromag-
netic characteristics and (or) objects whose properties 
diff er from the enclosing geological media, and returns 
back to the receiving antenna, where it is recorded as 
an amplitude versus time function [Finkelshtein et al., 
1986; Jol, 2009; Vladov and Sudakova, 2017].

There is always a certain delay between a time 
when the source (transmitter antenna) generates a 
pulse which is refl ected back on the receiver antenna. 
This delay of time is determined by a distance from 
the radar to the object and the velocity at which the 
waves propagate through the subsurface. The main 
idea in GPR, like in radio positioning method, is mea-
suring this delay time: the longer is this time- inter-
val, the greater is the distance to the object, given the 
constant velocity.

After the refl ected signal is recorded, the radar 
moves on to the next point, also located on the sur-
face along the profile line, with multiple measure-
ments being thereby continuously repeated. The dis-
tances between the measurement points on the profi le 
equal few centimeters, while the profi le lengths con-
stitute tens and hundreds of meters. Ultimately, the 
GPR data should provide realistic image of electro-
magnetic characteristics of the subsurface in a cross-
section profi le [Davis and Annan, 1989], as its “elec-
tromagnetic section”.
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The effectiveness of GPR applications in the 
permafrost-underlain areas accounts for electromag-
netic properties of water and ice, diff ering by orders 
of magnitude. In the radar frequencies, relative di-
electric permittivity of unfrozen water at a tempera-
ture close to 0 °C is 87–88, while pure ice shows 3.2 
[Davis and Annan, 1989; Brosten et al., 2009]. 

The refl ection of electromagnetic pulse is largely 
contingent upon the diff erence in dielectric permit-
tivity, which makes the radar an excellent tool for 
mapping the boundary between water-saturated soils 
and permafrost [Arcone et al., 1998; Hinkel et al., 
2001; Starovoytov, 2008].

Velocity of an electromagnetic wave (V, cm/ns) 
in the subsurface with dielectric permittivity (ε) is 
determined by the following relation:

 30 ,V = ε  (1)

where 30 cm/ns is electromagnetic wave velocity in 
the vacuum (air).

The method resolution is approximately equal to 
a half-wavelength (λ), which is related to the electro-
magnetic wave velocity in the subsurface and GPR 
signal frequency (f):

 λ = V/f. (2)

The higher the frequency, the shorter the wave-
length, and the smaller is the scale of local inhomoge-
neities or layer thicknesses whose image (more de-
tailed due to a higher resolution, in this case) is pro-
vided by the GPR technique. High frequencies are 
attenuated at a greater rate versus low frequencies, so 
when choosing a central frequency of antenna for spe-
cifi c GPR applications, a lower frequency is chosen to 
achieve a penetration depth of interest, disregarding 
high resolution, though. 

The penetration depth of GPR signal is limited 
by its energy attenuation in the section, as potential 
depth of investigation becomes shallower with in-
creasing electrical conductivity of the propagation 

Fig. 2. Factual material schematics at the study 
sites. 
1 – GPR profi le; 2 – seismic profi le; 3 – control point for ALT 
probing; 4 – control point for measuring ALT (with a probe) 
and moisture content.
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medium. Conductivity tends to increase with increas-
ing clay and moisture contents, and salinity. For the 
most part, the GPR method “does not work” for clay-
ey or saline soils and therefore is avoided for such ap-
plications [Jol, 2009; Vladov and Sudakova, 2017].

In these fi eld works, we used “Zond-12e” GPR 
(Radar Systems Inc., Riga, Latvia) with a 300 MHz 
bow-tie antenna (Fig. 3). The spacing between mea-
surement points on the profi le (trace spacing) was 
not more than 10 cm. The traces were positioned us-
ing marks with a 10-meter interval, at the intersec-
tion points of the profi les. The data record parameters 
were selected according to the permafrost table 
depth. 

The data processing graph for all the sites con-
sisted of the following procedures:

– GPR data interpolation at each distance mark 
and enlargement the trace spacing to 10 cm;

– time-zero correction;
– bandpass fi ltering (Ormsby fi lter) in the band 

corresponding to the useful signal;
– amplitude gain for geometrical spreading eff ect 

correction.
The principles and detailed description of the 

procedures are discussed in [Hatton, 1989; Yilmaz, 
2001]. Their application was followed by the picking 
equal phase lines wave matching in reciprocal source 
points, and construction of deep subsurface sections 
and maps. Using diff raction hyperbolas, average stack-
ing velocities were determined in the section above 
and below the groundwater level at Kumzha site.

Seismic surveying. Using the refracted wave 
(RW) method based on P-waves and S-waves, seis-
mic surveys were conducted at Bolvansky and 
Kumzha sites, with 2 m spacing between the receiv-
ing points. Elliss-2 digital seismic station (Geosignal 
OOO, Moscow, Russia) served as seismic recording 
instrument. 

Measurements of active layer thickness (ALT). 
On the Kashin and Bolvansky key-sites, ALT was 
measured at each CALM grid (100 × 100 m) point 
with a 10 m point grid spacing, using a metal probe 
(1.5 m long). ALT measurements with a probe were 
based on a signifi cant change in the physical proper-
ties of the subsurface inherent in the freezing (thaw-
ing) events.

Determination of the lithological composition 
of soils and their moisture content. Moisture con-
tent of AL soils at the CALM site on Kashin island 
was measured at all of the CALM grid points. Test 
pits were laid with 10 m increment in the AL, to pro-
vide lithological descriptions of the section. For 
ground moisture determinations, soils were sampled 
at each marker from a depth of 20 cm. Moisture con-
tent was determined by direct gravimetric method 
according to [GOST 5180-2015, 2015]. After weigh-
ing both wet and dry ground (dried at 100–105 °C), 
the two values for moisture were calculated as Ww 
(the water mass to wet weight ratio) and Wd ( the wa-
ter mass to dry soil weight ratio).

RESULTS AND DISCUSSION 

Bolvansky site
Fig. 4 shows typical GPR data obtained at the 

site (A2–J2 profi le) characterized by rapid attenua-
tion of a GPR signal. Both prior to and after their 
processing, most GPR data failed to show any refl ec-
tions, which could be accounted for physical or geo-
logical boundaries.

Given that the upper part of the section is com-
posed of wet clay-loam characterized by high attenu-

Fig. 3. GPR fi eld works at Kumzha key-site.

Fig. 4. GPR data at A2–J2 profi le (Bolvansky key-site).
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ation of electromagnetic waves emitted at GPR fre-
quencies, the GPR method proved not eff ective for 
most of the site area. However, in some of its parts 
assigned to the upper part of the section represented 
by sands, a wave refl ected from the permafrost table 
was discernible in the record. Fig. 5 shows a depth 
GPR profi le along the J1–J10 transect line. The 40–
60 m interval of the depth profi le explicitly shows a 
wave refl ected from the permafrost table, i.e. litho-
logical boundary in the frozen ground, and a multiple 
wave refl ected from the permafrost table.

Additionally, seismic studies were carried out 
along the A2–J2 profi le, with the results presented in 
Fig. 6, where divergences from direct measurements 
of the ALT using a probe at 0–70  m CALM grid 
points (A2–H2) account for less than 10 %. The seis-
mic surveys revealed a sharp (as much as 5 m) lower-

ing of the permafrost table in the south-eastern por-
tion of the site within the lake fl oodplain.

Kashin site
The ALT map based on direct measurements is 

shown in Fig. 7. The investigated area is character-
ized by an uneven depth of thawing, with the ALT 
varying from 30 to 140 cm [Malkova et al., 2015].

The GPR investigations aimed to study in detail 
both ALT and confi guration of the permafrost table 
surface within the site area. Unlike Bolvansky site, 
the upper part of the section is represented by peat 
and sand deposits, which is advantageous for GPR 
applications.

Fig. 5. GPR results at J1–J10 profi le (Bolvansky key-site).
1 – permafrost table; 2 – a boundary in permafrost; 3 – a multiple refl ection.

Fig. 6. Seismic-geocryological cross-section along 
the A2–J2 profile, obtained with refracted SH-
waves (Bolvansky KS).

0
SHV  – SH-waves velocities in the fi rst layer; gr

SHV  – refractor 
velocity below the permafrost table.

Fig.  7.  AL thickness map at the CALM R24A-1 
site from measurements with a probe (Kashin KS, 
August 2015).
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Fig. 8 shows processed GPR data obtained from 
one of the profiles with a clearly visible reflection 
from the permafrost table. 

Following the identifi cation of refl ections, we es-
timated accuracy of the arrival time of reflections 
from the permafrost table at the intersection points of 
profi les. The average absolute error constitutes 0.4 ns, 
which is equated with about two time sampling inter-
vals; the average relative mis-tie is 3.5 % (maximum: 
15 %, minimum: <0.1 %). Such error is permissible 
and can be accounted primarily for variability of the 
spatial confi guration of the boundary, and secondly, 
for inaccuracy in positioning of the control points.

Given that diff raction hyperbolas derived from 
local inhomogeneities are missing on the GPR data 
obtained at the site, the GPR data are therefore use-
less for determination of the electromagnetic wave 
velocities and, accordingly, of the permafrost table 
depth. To calculate and compose the EM waves ve-
locity map (Fig. 9, a), we used the data on ALT mea-
sured with a probe (Fig. 7).

Electromagnetic waves velocities are found to 
diff er more than twice within the site area, and their 

values are fairly low (between 3.4 and 7.1 cm/ns), 
which indicates high moisture content characteristic 
of both peat and AL soils in general, and of the Kash-
in site area, specifi cally.

The EM wave velocities calculated over the 
10 × 10 m grid were interpolated to a grid with 1 m 
primary cell, with subsequent construction of ALT 
map on the basis of the GPR survey results with re-
ference to the values obtained using manual probing 
(Fig. 9, b). The map features the occurrence of AL 
base, from direct observations accompanied by its de-
talization.

We can calculate volumetric water content 
(Wvol) from dielectric permittivity values using vari-
ous empirical formulas, in particular, Topp’s formula 
[Topp et al., 1980]: 
 Wvol = –5.3·10–2 + 2.92·10–2ε –

 – 5.5·10–4ε2 + 4.3·10–6ε3. (3)
Formula (3) is considered universal for calculat-

ing moisture content in sandy-clayey soils from di-
electric permittivities measured in the GPR frequen-
cy range [Butler, 2005].

Fig. 8. Processed GPR data from the I0–I10 profi le, Kashin.
Line of correlation for the wave refl ected from the permafrost table is shown in purple.

Fig. 9. Results of GPR surveys at the CALM R24A-1 site (Kashin). 
а – map of velocities of EM waves; b – AL thickness map.
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Comparison of the values of moisture content 
(by weight) in the near-surface layer measured at 
points over the 10 × 10 m grid during the fi eld works 
and those calculated from the GPR data on volumet-
ric water content provided some insightful results. 
Given that we couldn’t fi nd any literature data on re-
lationships between electromagnetic waves velocities 
or soil permittivities and moisture content by weight, 
the comparison was made only at a qualitative level. 
The moisture content maps in Fig. 10 show that char-
acteristic localities of high and low moisture contents 
in the northwestern part of the section characterized 
by the highest values virtually coincide on both maps. 
The Wvol values are generally greater than moisture 
contents by weight, which is fundamentally correct, 
as the latter relates to shallow subsurface, while the 
Wvol index describes the entire AL, including the zone 
of complete saturation. The results corroborated, in 
particular, the earlier inferences by [Malkova et al., 
2015]: in the landscape conditions of Kashin site, the 
depth of seasonal thawing is largely controlled by the 
thickness of peat layer within AL (the greater is the 
thickness of peat, the less is the depth of permafrost 
thawing). The maximum thaw depths up to 100–
130 cm are observed in areas with mineral soil layers 
and peat thickness up to 10 cm. In areas where peat 
thickness exceeds 0.5–1.0 m, the depth of thawing in-
creases locally within the water-fi lled depressions, 
due to the heating eff ect of the water surface.

Maps comparing moisture contents obtained by 
direct measurements and GPR survey allowed the in-
ference about the feasibility of the GPR method ap-
plication to estimating moisture content in a thawed 
layer.

Fig. 10. Results of investigations at the CALM R24A-1 site (Kashin).
а – map of moisture content by weight (according to direct observations); b – volumetric water content map (according to GPR 
data).

Kumzha site
The permafrost table occurring at depths greater 

than 1.5 m within almost the entire area makes it im-
possible to determine its position in the section, using 
a probe. To solve this problem, a complex of geophys-
ical methods which included both GPR surveys and 
seismic exploration was applied to the area investiga-
tions.

Fig. 11 shows a GPR data characteristic of this 
site along the H0–H10 profi le. The GPR data exhibit 
three refl ections distinctly discernible (shown in yel-
low, blue and purple colors) throughout the profi le. 
The analysis of diff raction hyperbolas appearing on 
GPR data for the site (one of them is shown in red on 
Fig. 11) revealed that the electromagnetic waves ve-
locity above the “blue” refl ection is about 12 cm/ns, 
and 7 cm/ns below it, indicating thereby that this re-
flection on GPR data is the water table reflection. 
The refl ection, assumingly related to the permafrost 
table, is purple in color. Additionally, a refl ection cor-
responding to the base of oil-contaminated sands in 
the thawed layer is also identifi able from the GPR 
data, which was confi rmed by the data from shallow 
sounding wells drilled within the site area.

Besides the lengthy refl ections, the GPR data 
contain high-amplitude fragments of reflections 
(shown in green) confi ned to localities of the minimal 
arrival time of refl ections from the permafrost table. 
Their geological interpretation appears diffi  cult, inas-
mush as these may be described as “out-of-the-plane” 
refl ections from the permafrost table, caused by its 
roughness in the zones of minimal thawing. Below the 
permafrost, a great many of multiples generated by 
the boundary of contaminated surface waters (CSW) 
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and by permafrost top are discernible on the GPR 
profi le (some of their fragments are shown in orange).

In order to obtain reference data on the depths of 
main refl ecting boundaries and their geocryological 
properties characterization, seismic surveys using re-
fraction wave method were conducted at the section 
along the H0–H10 profi le. The seismogeocryological 
profi le is shown in Fig. 12 as two main boundaries dis-
tinguished in the section, with one of them account-
ing for the permafrost table and the other for water 
table (WT). Based on seismic prospecting and GPR 
data, a composite geological and geophysical section 
was built (Fig. 13), with the three interfaces identi-
fi ed thereat: the base of oil-contaminated sands, the 
boundary of contaminated surface water (CSW) and 
the top of permafrost (permafrost table). Minor dis-
crepancies in the boundaries’ depths in the coincident 
seismic and GPR data are accounted for different 
resolutions of the methods. To a greater extent, this 
refers to the CSW boundary due to its relatively shal-
low depth. Although velocities of EM waves propaga-
tion in the lower layer can not be determined from 
the GPR data, this boundary can be unambiguously 
interpreted as the permafrost table from seismic ve-
locities. 

A comparative analysis of the obtained data 
shows that, taking into account the seismic refraction 
method results, they allowed a reliable geological 
characterization of the main refl ecting boundaries, 
along with defi ning their spatial position.

At the intersection points of the profi les, the ac-
curacy of arrival time of waves refl ected from the sur-
face of permafrost table were estimated according to 
the GPR data, which constituted 3 ns as mean abso-
lute error, and 3 % for average relative residual error 
(max: 15 %; min: <0.03 %). The error is admissible. 
As in the Kashin site area, this probably stems from 
the complexity of confi guration and spatial variabili-
ty of the surface of permafrost table, and inaccuracy 
in positioning of the control points. The eff ective ve-
locity of electromagnetic waves propagation, deter-

Fig. 11. GPR data from the H0–H10 profi le, obtained after processing with marked refl ections (Kumzha).
1 – assumingly, the permafrost table; 2 – base of oil-contaminated sands; 3 – water table; 4 – assumingly, “out-of-the-cross section” 
refl ections from the permafrost table; 5 – multiple refl ections; 6 – diff raction.

Fig. 12. Seismic cross-section at the H0–H10 profi le 
interval (10–98 m), obtained with refracted S- and 
P-waves (Kumzha key-site). 

0,pV  WT
pV  – P-wave velocities above and below water table; 

0
SHV , gr

SHV  – SH-waves velocities in the layer underlain by per-
mafrost and below the permafrost table, respectively.
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mined from diff raction hyperbolas by local objects 
located below water table, ranges between 6.2 and 
7.7 cm/ns, averaging 7 cm/ns. The latter was used for 
mapping the depth of permafrost table occurrence 
(Fig. 14). Small variations in EM wave velocities are 
indicative of lithologies being invariable within the 
site area.

The inference that can be made from the GPR 
survey results is that under undisturbed landscape 
conditions with preserved vegetation cover, merging 
permafrost and seasonally frozen layers (permafrost 
strata subjacent to AL) is generally common for the 
southern part of the CALM R24A-2 site. According 
to the GPR data, the permafrost table can be detect-
ed there at depth range from 1.5 to 2.5 m. In winter-
time, the thawed horizon completely freezes through, 

which is confi rmed by thermal observations in the 
wells [Malkova et al., 2016].

The northern half of the site bearing the evi-
dence of techogenic disturbances, comprises areas 
stripped of the vegetation cover as a result of repea-
ted trips of vehicles across the site. The permafrost 
table has gradually lowered from 3 to 9.5 m whose the 
subsidence is confi dently interpreted as closed talik, 
given that intense cooling and seasonal freezing of 
soils during the winter season in the absence of vege-
tation cover takes place only at depth less than 2.5–
3.0 m [Malkova et al., 2016].

The groundwater level at “Kumzha” site is re-
corded by GPR method at a depth of 1–2 m. In addi-
tion to the above-described boundaries, the GPR 
data obtained at the site provided other refl ections 
and specifi c features of their patterns, which cumula-
tively represent the complex structure of the section. 
For their geological characterization, it is necessary 
to drill wells at or in close proximity to the site.

CONCLUSION

The results obtained from the GPR applications 
are consistent with modern concepts of electromag-
netic waves propagation in the subsurface.

The employed complex of geocryological and 
geophysical methods showed its high effi  ciency for 
solving geocryological problems.

The investigations were carried out at sites with 
diff erent lithological and geocryological structures 
have provided an important insight about the expedi-
ency and eff ective use of any particular type of GPR 
applications to solving engineering-geocryological 
problems in various types of geological cross-sections 
(Table 2).

The cross-section of Bolvansky site is composed 
of mainly wet clay-loams, which prompts high atten-

Fig. 14. Map of permafrost occurrence depth on 
the basis of GPR survey at CALM R24A-2 site 
(Kumzha).

 Fig. 13. Composite geological-geophysical section along the H0–H10 profi le (Kumzha). 
1 – oil-contaminated sands; 2 – not contaminated sands; 3 – zone of complete water saturation (water table); 4 – permafrost.

0,pV  WT
pV  – P-wave velocities above and below water table; 0

SHV , gr
SHV  – SH-waves velocities in the layer underlain by permafrost 

and below the permafrost table, respectively; VЕМ – electromagnetic waves velocity. 
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uation of electromagnetic waves on the GPR frequen-
cies, not allowing to accomplish the task with GPR 
applications alone, since in this case, permafrost table 
is locally traced in areas with section composed of 
sandy deposits. However, measuring ALT with a 
probe coupled with seismic surveys has made the per-
mafrost table a reliably detectable interface. In areas 
with the lowered permafrost table, the use of seismic 
surveys proved most eff ective. 

The upper part of the section of Kashin and 
Kumzha sites is composed of low-absorbing sands and 
peat, with the permafrost table clearly distinguished 
in the GPR data.

The shallow ALT on Kashin island allowed mea-
suring it by direct methods, so GPR surveys can be 
used as an additional method there. The area of the 
volumetric moisture content distribution in the tha-
wed layer, according to the GPR data, corroborates 
earlier inferences about the thawing depth to be de-
pendent both on peat layer thickness and on water 
content in the active layer.

Moreover, the similarity of moisture content 
maps constructed based on the GPR and direct ob-
servations data allowed us to consider the GPR ap-
plications eff ective to estimation of the areal variabil-
ity of the moisture content in AL soils. In this case, 
direct measurements of the moisture content of the 
near-surface layer can be either excluded or reduced 
in number.

Mapping the Kumzha site area where permafrost 
table occurs at a depth greater than 100 cm, appears 
all but impossible relying on direct measurements 
alone, so GPR survey is to be the main technique for 
investigating this site area. However, the most prefer-
able technique will consist of seismic methods on the 
reference GPR profi les where it is required to accu-
rately delineate main geocryological boundaries oc-
curring at variable depths.

This research results attest to good prospects for 
the GPR applications in combination with seismic 
prospecting and direct measurements for solving en-
gineering-geocryological problems and for the pur-
pose of continuous permafrost monitoring, in particu-
lar, at CALM sites.

Ta b l e  2. Types of site investigation techniques suitable for solving engineering-geocryological problems
 in diff erent geocryological conditions 

Section type Permafrost table 
depth, m

Investigation techniques 

Measurements
with manual probe Seismic surveys GPR surveys Moisture measurements

in shallow subsurface layer
Clayey <1.5 + +/– – +

>1.5 – + – –
Sandy <1.5 + +/– + +

>1.5 – + + –

N o t e. “+” – highly eff ective “+/–” – eff ective for obtaining additional data; “–” – not eff ective.
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