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Applications of high-frequency GPR to investigating permafrost-aff ected soils of peat plateaus have been 
analyzed. To assess the technical capabilities of high-frequency antennas, the depth of both permafrost table and 
lithological contacts at virgin (peat mounds and fens) and anthropogenically transformed (zone of defrosting 
infl uence of the cement-concrete road) sites of peat plateaus have been determined. The 300 and 900 MHz-
frequency surface shielded antennas were used simultaneously in the conditions of considerable variability of 
the depth of permafrost table and mineral horizons bedding in the upper 10-meter soil strata. Application of the 
shielded air-coupled 1000 and 2000 MHz antennas to determining the permafrost table depth has been addition-
ally assessed. 

High frequency ground penetrating radar, permafrost, peat plateaus, road

INTRODUCTION 

GPR investigations of soils, besides being a part 
of diff erent scientifi c research, are widely used in var-
ious fi elds of engineering and geotechnical research 
[Pyagay et al., 2009]. GPR applications are equally 
much in demand in the studies of permafrost occur-
rence patterns in the cryolithozone [Neradovskii, 
2014; Tregubov et al., 2017]. The methods for deter-
mining the depth of permafrost table are based on the 
contrast of electromagnetic properties of thawed and 
frozen horizons [Frolov, 1998; Moorman et al., 2003], 
which is one of primary concerns of the GPR survey-
ing technique [Wu et al., 2009; Gusmeroli et al., 2015].

The study of permafrost table depth variability 
along with stratigraphic drilling is carried out using 
both low-frequency (100–200  MHz) [Cao et al., 
2017] and high-frequency (300–400 MHz) antennas 
[Bricheva and Krylov, 2014]. The use of high-frequen-
cy antennas in GPR sounding allows a comprehen-
sive analysis of the structure of the upper permafrost 
horizon taking into account the presently developing 
cryogenic phenomena and processes (frost heave, po-
lygonal cracking, ice-wedge formation, etc.). 

The geophysical methods employed in the study 
of permafrost-aff ected soil complexes [Wollschläger et 
al., 2010; Abakumov and Tomashunas, 2016] enabled 
determinations of both the permafrost table depth 
and organo-mineral interactions in the soil. GPR 
studies of permafrost-aff ected soils may be highly re-
levant for the studies of transitional layer (from peat 
deposits to the living vegetative cover) [Shur et al., 
2005] and characterization of microtopography of the 
permafrost table [Lupachev et al., 2016]. However, 
the application of geophysical methods, specifi cally, 
GPR surveys, to the study of permafrost-affected 
soils is largely restrained due to thus far remaining 
unresolved problem of choosing optimal high-fre-

quency range in the conditions of signifi cant variabil-
ity of the permafrost table occurrence depth.

This work aims to determine technical capabili-
ties of the of GPR high- frequency sounding method 
to studying soils both at virgin (undisturbed) sites 
and anthropogenically transformed ones within the 
impact zone of the cement-concrete road (road-eff ect 
zone (REZ)) in permafrost areas occupied by peat pla-
teaus. The features of the permafrost table topography 
and lithological boundaries (contacts) under highly 
variable conditions of their occurrence depth have 
been revealed and described by this research.

OBJECTS OF STUDY

The GPR surveying of soils was carried out 
along the three profi les delineating the permafrost 
peat plateaus, which are perpendicularly crossed by 
the Usinsk–Kharyaga highway (Fig. 1). Given its re-
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Fig. 1. Geographical position of the objects of study. 
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Ta b l e  1. Characteristics of the objects of study 

Control-
Point No. 

(CP)
Landscape Plant community

Maximal height 
of vegetation 

storey, cm

Permafrost 
table depth, 

cm

Relative eleva-
tion of profi le 

points, m

Profi le 1

0 Flat top of peat mound Dwarf birch-herbaceous-mossy 10 90 3
10 Upper part of fl at-topped peat mound Ledum-dwarf birch-lichen 30 40 3
20 Slope surface in the upper part of the 

slope of peat mound 
Ledum-dwarf birch-lichen 30 47 3

30 Gently tilted surface of the slope of 
peat mound 

Subshrub-dwarf birch-mossy-
lichen

40 52 3

40 Middle part of the slope of peat 
mound 

Willow shrub, herbaceous-dwarf 
birch

80 105 2

50 Roadside subsidence Willow herbaceous-mossy 450 50 0
60 Roadside subsidence Willow, herbaceous-mossy 400 >130 1
70 Base of road embankment (east-

facing)
Willow, herbaceous-dwarf birch 80 >130 1

80 Shoulder (east-facing) of the road 
embankment 

Sparse vegetative cover: willow 
herb, horsepine, herbs

50 >130 5

90 Shoulder (west-facing) of the road 
embankment

Sparse vegetative cover: willow 
herb, horsepine, herbs grasses

30 >130 5

100 Base of the road embankment (west-
facing)

Willow shrub, herbaceous 200 >130 1

Profi le 2

0 Summit of peat mound Dwarf birch-subshrub-lichen 15 55 2
10 Middle part of the slope of peat 

mound 
Dwarf birch-subshrub-mossy-
lichen

40 36 1

20 Waterlogged roadside subsidence, 
hummocky relief 

Willow, dwarf Arctic 120 >130 0

30 Waterlogged roadside subsidence 
with a ditch developed at the base of 
road embankment 

Willow, dwarf Arctic 150 >130 0

40 Shoulder of the slope (east-facing) 
of road embankment (5 m in height; 
slope angle is c. 45°). The road infi ll is 
silty detrital sands

Barren 0 >130 5

50 Shoulder of the slope (west-facing) 
of road embankment (5 m in height; 
slope angle is c. 45°)

Barren 0 >130 5

60 Base of road embankment at the 
contact with waterlogged roadside 
subsidence 

Willow, dwarf Arctic-herbaceous 130 >130 0

70 Gentle slope (base) of peat mound 
adjacent to roadside ditch

Willow-dwarf birch-subshrub-
mossy

130 >130 1

80 Flat top of peat mound Dwarf birch-subshrub-mossy-
lichen

30 55 2

90 Flat top of peat mound Dwarf birch-subshrub-mossy-
lichen

30 42 2

100 Flat top of peat mound Dwarf birch-subshrub mossy-
lichen

30 44 2

110 Marginal drained part of peat mound Lichen-mossy with subshrubs 20 58 2
120 Lower part of slope (fl at base) of peat 

mound
Lichen-mossy-subshrub 30 40 1

130 Middle part of the slope of peat 
mound 

Lichen-mossy-subshrub 20 58 2
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gional status, the road is dominantly used to maintain 
operations of the oil industry’s production facilities. 
The road length totals 164 km, with most of it paved 
with cement-concrete slabs. The northern segment of 
the highway runs in the permafrost zone.

Profi les 1 and 2 (Nenets Autonomous district) 
are spaced at a distance of 500  m (coordinates: 
67°01′ N, 56°54′ E) within the southern tundra at the 
boundary between the forest tundra which belongs to 
the zone of non-continuous permafrost distribution 
[Oberman and Shesler, 2009]. Profi le 3 (coordinates: 
66°23′ N, 57°54′ E) (Fig. 1), is laid in the Usinsk re-
gion of the Komi Republic on a peat plateau in the 
northernmost taiga with sporadic island distribution 
of permafrost. Mean annual air temperature of the 
study area is –4  °C, mean annual precipitation is 
about 500 mm [Fedorov, 1976]. The fi eldworks were 
carried out in August 2016. 

The thickness of peat stratum varies from 3.5 m 
(Profi les 1 and 2), to about 1 m (Profi le 3). Profi les 1 
and 3 run along the “peat plateau – highway” tran-
sect, while Profi le 2 is located on the “peat plateau – 
highway–peat plateau” transect. The undisturbed 
sites feature either the predominance of peat oligotro-
phic permafrost-aff ected soils (Profi les 1 and 2) or 
peat oligotrophic deep permafrost-aff ected soils (Pro-
fi le 3). While roadside depressions and road embank-
ments are characterized by embryozems. The study 
objects are described in detail in Table 1.

RESEARCH METHODS 

The permafrost table depth was measured by 
GPR using “Zond-12E” systems (Radar Systems, 
Inc., Riga, Latvia) with shielded ground-coupled 300 
and 900  MHz antennas and shielded air-coupled 
1000 and 2000 MHz antennas. The application of an-
tennas with diff erent frequencies served the purpose 
of testing their relevancy for highly variable perma-
frost table depth and lithological contacts at both vir-
gin and anthropogenically disturbed sites of peat pla-
teaus. 

Moreover, the use of different high-frequency 
antennas allowed to rule out technical interference 
caused by a complex terrain of the soil surface. The 
300 and 900 MHz ground-coupled antennas moved 
directly along the soil surface attached to a compati-
ble measuring wheel (125 mm in diameter), taking 
measurements with a rate of 128 pulses per revolu-
tion. The 1000 and 2000 MHz air-coupled antennas 
which do not require direct contact with the soil sur-
face, were carried while walking at a height of 0.5 m 
and, allowing it moving directly over the soil surface 
along the profi le line.

The GPR survey was conducted in a continuous 
mode, with an open data-link interface. Georeferenc-
ing was carried out by means of control points (CPs) 
of the profi le with 10 m spacing (CP 10, 20, etc.). The 

values of reference (intermediate) points (CP 15, 28, 
etc.) were applicable in the processing and analysis 
of spatially diff erentiated GPR data. The CP num-
ber reflects the distance (in meters) at which the 
points stands out from the starting point of the profi le 
(CP 0).

The obtained GPR data were processed in the 
Prizm 2.60.02 software package (Radar Systems, Inc., 
Riga, Latvia). The applied algorithms recommended 
by the manufacturer for the offi  ce processing of the 
obtained GPR data involve: removal of the “ringing” 
noise from the GPR data; bandpass fi ltering using a 
cosine fi lter; automatic gain adjustment; signal con-
version from time to depth scale; the contribution of 
various topographic variables.

When converting the signal from time to depth 
scale, the average velocity of electromagnetic wave 
(v) was taken into account, which in the active layer 
(AL) is 10 cm/ns at soil permeability r′ε  = 9. For per-
mafrost v = 15 cm/ns, r′ε  = 4, for water-mass (water-
logged areas) v = 3.3 cm/ns, r′ε  = 81. 

The estimation of maximum resolution of verti-
cal GPR sounding was calculated by the formula

 1 ,
2 2

v
f

λ =  (1)

где 1
2
λ  is vertical resolution of survey, equal to half 

the length of the electromagnetic (EM) wave; v is 
propagation velocity of EM wave;  f  is upper frequen-
cy of the signal.

The horizontal resolution limit was estimated 
from the radius of the eff ective refl ecting area of the 
point source:

 1
2

hλ , (2)

where λ is wavelength; h is the depth of the target 
horizon. 

Analysis of the signal amplitude spectra ranges 
of diff erent antennas coupled with the formulas (1), 
(2) [Boganik and Gurvich, 2006] allowed estimating 
maximal vertical and horizontal resolution of the de-
ployed high-frequency antennas (Table 2). The con-
trol points of the profi les were used for: identifying 
the landscape components and vegetation types; mea-
suring relative elevations of the points with the Geo-
box N8-32 optical level; measuring the permafrost 
table depth with graduated metal probe (length: 
130  cm). For morphology determinations on soil 
(0–1 m depth interval) and underlying rocks (1–
10 m) of Profi les 1 and 2, soil sections were cut out on 
the peat plateau surface and at the base of road em-
bankment, complemented by drilling soil wells No. 1 
and 2, with subsequent sampling. Given a thin peat 
layer (about 1 m) along Profi le 3, soil well No. 3 was 
drilled to a depth of 1.5  m. The permafrost table 
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depth measurements, along with the drill core and 
soil sections data were cumulatively used as reference 
data for determining spatial variations of the perma-
frost table topography and of the lower boundaries of 
peat and technogenic (infi ll) horizons.

RESEARCH RESULTS

The results of GPR sounding using the 300 MHz 
antenna have exhibited a distinctly discernible “equal 
phase line” (refl ection) on GPR profi le 1 (CP 0-71 

segment), associated with a refl ection from the per-
mafrost table (Fig. 2). In the case of virgin peat mas-
sif, the permafrost depth varies in the range from 0.2 
to 1.5 m, while the AL thickness (ALT) is tending to 
increase on the slope of the peat mound adjacent to 
highway (CP 40). A gently dipping permafrost table 
(from the depth of 1 to 2 m) in the direction of the 
road embankment base is reported within the CP 60–
70 profi le points interval. 

The permafrost table position can be traced quite 
clearly on the GPR section of Profi le 2 (Fig. 3). The 

Ta b l e  2. Horizontal and vertical resolution characteristics of the applied high-frequency antennas

Depth, m

Antenna frequency, MHz

300 900 1000 2000

AL Permafrost AL Permafrost AL Permafrost AL Permafrost
Horizontal resolution, cm

1 37 45 24 30 15 19 16 20
2 52 63 34 42 22 26 23 28
3 63 77 42 51 – – – –
4 73 89 48 59 – – – –
5 82 100 54 66 – – – –
6 89 109 – – – – – –
7 96 118 – – – – – –

Vertical resolution, cm
27 40 12 18 5 7 6 8

N o t e. Dash means the absence of measuments. AL – active layer.

Fig. 2. GPR section along Profi le 1 resulting from the radar survey using the 300 MHz (А) and 900 MHz 
(B) antennas. 
1 – generalized soil surface topography; 2 – base of technogenic infi ll soils; 3 – permafrost table; 4 – lower limit of peat horizons; 
5 – peat soils; 6 – silty clay-loams.
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boundary delineates the refl ection separating the ar-
eas with diff erent types of signal recording. In regions 
where the signal record boundary position is nearly 
vertical, it is manifested as a series of diffraction 
wavefronts. At the profi le’s start point (0–15 CPs) 
the permafrost table depth ranges from 0.5 to 0.9 m in 
the peat plateau, nearly plummeting down within the 
roadside subsidence from 1  m (CP  17) to 8  m 
(CP 21). Further, the permafrost table gradually rises 
to the level of 6.5 m beneath the road embankment 
base (CP 30) and to 4–5 m (CP 40) beneath the em-
bankment (CP 40–60) (Fig. 3). Within the roadside 
subsidence area in western part of the profi le, the per-
mafrost table shows yet another declining trend low-
ering down to a depth of 5.0–6.5 m (CP 64–70). 

A  relative stabilization of permafrost occurrence 
depth (0.5–1.0 m) is observed on the slope of the peat 
mound adjacent to roadside subsidence (CP 75–90) 
(Fig. 3). Locally, beneath the fens (3–4 m in diame-
ter) the permafrost table occurs within the 1–2 m 
depth interval (CP 164–169; 205–208; 227–231). 
The maximum lowering of the permafrost table to 
4.5 m is reported under the largest fen, 7–9 m in di-
ameter (CP 211–218) (Fig. 3).

GPR sounding of virgin soils of the peat plateau 
along Profi le 3 revealed a relatively deep (1.5–2.0 m) 
occurrence of permafrost table depth (Fig. 4). Direct-
ly under the base of the slope of the road embankment 
(height: 2 m), the permafrost table is lowered to a 
depth of 2.5 m.

Fig. 3. GPR section along Profi le 2 resulting from radar survey using the 300 MHz antenna. 
1 – generalized soil surface topography; 2 – base of technogenic infi ll soils; 3 – permafrost table; 4 – water in roadside ditch; 
5 – infi ll sand-loam – gravel soils; 6 – peat soils; 7 – silty clay-loams.
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The GPR data analysis for Profi le 1 allows dis-
tinguishing lower limits of peat horizons and techno-
genic (infi ll) soils (Fig. 2). The thickness of the latter 
increases from 0.5 to 1.6 m (CP 67–70) towards the 
base of the road embankment. The refl ection corre-
sponding to the lower limit of peat horizons can be 
traced almost throughout the whole profi le at a depth 
from 2.2 to 4.0 m. At this, the maximum thickness of 
the peat layer base is reported in the marginal part of 
the peat mound bordering the roadside subsidence 
(CP 45–50). Beneath the road embankment, the low-
er limit of peat layer occurs at a depth of 3 m, which 
indicates that the road infi ll rest immediately on the 
peatland layer. The Profi le 2 sounding data also al-
lowed identifying the lower limit of technogenic (in-
fi ll) soils in the road embankment base (CP 25–31) at 
a depth of 1.0–1.7 m (Fig. 3). In the section along 
Profi le 3, the lower limit of a thin peat layer is dis-
tinctly observed within the 0.6–1.2 m depth interval 
(CP 4–64) (Fig. 4).

Analysis of results of the GPR surveys using 
900 MHz antenna allows tracing and specifying the 
occurrence pattern of both permafrost table and  other 
lithological elements along the profi le (Fig. 2, 4, 5). 
However, permafrost table occurring deeper than 2 m 
can be traced not as clearly as when the GPR surveys 
using 300 MHz antenna is applied. At these depths, 
continuous tracing of the refl ection corresponding to 
this and other boundaries on the profi le appears im-
possible. Thus, the lower boundary of the peat layer is 

still relatively discernible in the changing wave pat-
tern of Profi le 1 (CP 0–44). However, in the underly-
ing loamy horizons the record becomes more elusive 
(Fig. 2).

With GPR sounding using the shielded air-cou-
pled 1000 and 2000  MHz antennas, the depth of 
clearly displayed signal constituted 0.3 m, which is 
utterly insuffi  cient for determinations of the depth of 
permafrost table and lithological contacts (Fig. 6).

DISCUSSION OF RESULTS 

The use of shielded antennas with diff erent fre-
quencies allowed studying their performance fea-
tures, advantages and disadvantages of their applica-
tion to determining the depth of permafrost table and 
lithological contacts both in virgin and anthropogen-
ically disturbed areas of peat plateaus. The 300 MHz-
frequency antenna which penetrates to a greater 
depth can provide for measurements of the perma-
frost occurrence depth and lithological contacts 
within the upper 10-meter subsurface. The penetrat-
ing capacity of the 300 MHz antenna is suffi  cient to 
detect changes in the permafrost table occurrence 
depth in a wide interval (0–10 m) allowing to detect 
the lower boundary of deep taliks beneath the lakes 
and in the road eff ect zone. While higher resolution of 
the 900 MHz antenna enables greater detail of the to-
pography of permafrost and lithological contacts in 
the 0–2 m depth interval. However, lower penetra-

Fig. 4. GPR section along Profi le 3 resulting from radar survey using the 300 MHz (А) and 900 MHz (B) 
antennas. 
1 – generalized soil surface topography; 2 – permafrost table; 3 – lower limit of peat horizons; 4 – peat soils; 5 – sands.
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Fig. 6. GPR section of the fragment of Profi le 1 
resulting from radar survey using the 1000 MHz 
antenna (without account of relief data input). 
White line indicates refl ection from the soil surface.

Fig. 5. GPR section along Profi le 2 resulting from radar survey using the 900 MHz antenna.
1 – generalized soil surface topography; 2 – base of technogenic infi ll soils; 3 – permafrost table; 4 – lower limit of peat horizons; 
5 – infi ll sand-loam – gravel soils; 6 – peat soils; 7 – silty clay-loams.

tion of the radio signal of this antenna limits its capa-
bilities when sounding the deepened permafrost table 
(to a depth of 2–8 m). Thus, the 900 MHz antenna 
can be used in the conditions of predominantly shal-
low occurrence of permafrost table, in the absence of 
deep talik zones. Using it is more appropriate for a 
detailed study of undisturbed permafrost-aff ected soil 
complexes.
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As follows from the results of GPR surveys using 
1000 and 2000 MHz antennas, that these have insuf-
fi cient depth of signal penetration and are found un-
informative with respect to determining the perma-
frost table confi guration in the tundra soils. Instead, 
high-frequency air coupled shielded antennas are 
more suitable for sounding roads, bridges, brick and 
concrete structures [Radar… systems, 2017]. 

Analysis of the research results has shown that 
the road warming eff ect zone can be traced to a dis-
tance of up to 15 m from the base of the embankment 
slope (Fig. 2–4). The total width of REZ in the areas 
of permafrost-underlain peat plateaus can thus reach 
50 m. The most appreciable decrease in the perma-
frost table (up to 6–8 m) is observed under roadside 
subsidences, which create favorable conditions for 
waterlogging and for growth of higher-shrub vegeta-
tion, as well as for snow accumulation (Table 1). This, 
in turn, leads to an increase in winter soil tempera-
tures, causing thereby thaw of ice-rich horizons. 
A relative elevation of the permafrost table to the 
level of 5–6 m beneath the road embankment can be 
accounted for a thin indurated snow layer forming 
annually on the road surface during its winter-time 
operations. Given the sporadic-island pattern of the 
underlying permafrost, the road with a relatively low 
embankment (2 m) crossing the peat plateau causes a 
20–40 % increase in the permafrost table occurrence 
depth. In this case, the warming impact of the road 
expands only to a distance of 5 m down from the base 
of slope of the road embankment.

More detailed characterization of the thermal 
regime of the roadside subsidence zone will be dis-
cussed in the paper with a focus on changes in the 
temperature state of soils during the year-round road 
operation.

CONCLUSIONS

The use of modern high-frequency GPR tech-
nologies allows investigating the spatial diff erentia-
tion of the depth of both permafrost table and litho-
logical contacts in virgin and anthropogenically dis-
turbed soils of peat plateaus.

The combined use of 300 and 900 MHz-frequen-
cy ground-coupled shielded antennas is an eff ective 
solution for determining signifi cant variations (0–
10 m) in the depth of permafrost table and lithologi-
cal contacts (the lower limit of peat layer and techno-
genic soils). Higher penetration of the 300 MHz an-
tenna signal broadens the scope of investigation of 
the confi guration of deep closed taliks (2–8 m) within 
the road warming impact zone and beneath the fens. 
While high frequency antenna (900 MHz) allows 
studying in detail the permafrost table topography in 
the 0–2 m depth strata, which is critical in the inves-
tigations of virgin permafrost-aff ected soil complexes.

The low penetration of high-frequency (1000 
and 2000 MHz) air-coupled shielded antennas has 
proven them inadequate for the research of soils of 
permafrost peat plateaus. The results of high-frequen-
cy GPR surveys revealed that the construction and 
operation of a cement-concrete highway running 
across peat plateaus in the southern parts of the per-
mafrost zone contributes to a signifi cant lowering of 
the permafrost table (up to 8 m).

The warming (defrosting) eff ect of the road is 
signifi cant in the zone up to 50 m in width, compris-
ing the road embankment, roadside depressions and 
adjacent areas of peat plateaus. The virgin sites of 
peat plateaus are characterized by heterogeneity of 
permafrost table occurrence caused by the mesoto-
pography of peat mounds and fens.
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