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Abstract—Ground-penetrating radar (GPR) profiling is applicable to study peatlands and swampy areas in permafrost but have some 
limitations in summer time. Theoretical calculations and field experiments show that estimating attenuation of electromagnetic waves 
is required for planning GPR survey. GPR data acquired with a 300 MHz antenna fail to resolve reflections from below the permafrost 
if the thaw/permafrost boundary is deeper than 1.5 m and the attenuation coefficient is 0.7, as in water-saturated peat. GPR data allow 
high-resolution lithological division of permafrost and provide reliable constraints on the depths to interfaces and physical properties of 
the ground. Thus, GPR can fully or partly substitute for the time- and labor-consuming direct measurements. The inferences have been 
confirmed by field results. 
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INTRODUCTION

Preservation of carbon deposits (peat) in paludal and for-
est ecosystems is among top priorities of geoenvironment 
research in the Arctic. The Arctic ecosystems store great 
amounts of carbon which maintains global-scale climate sta-
bility (Konchits and Minaeva, 2017). Peat is a heat insulator 
that prevents permafrost from degradation and, on the other 
hand, is a potential energy source (local fuel).  The interest 
to local energy resources as a cheaper alternative to import-
ed fuels has increased lately (Power Economy of Russia, 
2009; Malygin and Lubov, 2014; Timofeeva and Mingalee-
va, 2014). West Siberia is the world largest peat basin where 
peat thickness locally reaches 8–10 m (Vasil’chuk and 
Vasil’chuk, 2016; Fotiev, 2017). 

Peat deposits pose environment risks being prone to 
spontaneous ignition in hot and dry weather and to pro-
longed burning with release of abundant carbon dioxide. To 
avoid disastrous fire consequences, special monitoring is re-
quired in paludal ecosystems (vegetation and peatlands of 
different thicknesses and origin).

Studies of swampy areas in permafrost include measure-
ments of depths to the peat base and to the permafrost table. 
These depths can be successfully determined using ground- 
penetrating radar (GPR): sounding the subsurface with high-
frequency (10 MHz–3 GHz) electromagnetic signals. GPR 
data can be used to (1) detect anomalies, interfaces, and local 
objects; (2) estimate depths to interfaces and sizes of objects/
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anomalies; (3) characterize (qualitatively or quantitatively) 
mechanic or electromagnetic properties of the ground. Obvi-
ously, detection of objects (1) should precede depth estima-
tion (2), and both are indispensable for solving problem (3).  

GPR data allow mapping the thaw/permafrost interface, 
except for the case of clayey or saline active layer (Omeli-
yanenko, 2001; Brosten et al., 2009; Ermakov and Staro
voitov, 2010; Shean and Marchant, 2010; Starovoitov, 2008; 
Sadurtdinov et al., 2016; Sudakova et al., 2017), as well as 
the peat/mineral soil interface (Plado et al., 2011; Rosa et 
al., 2009). Both interfaces are strong reflectors and the re-
flections are prominent against noise. However, reflections 
from the peat base lying below the permafrost table may be 
poorly resolvable in GPR data. The published reports of suc-
cessful GPR imaging of the peat/soil interface (Sjöberg et 
al., 2015) only refer to the cases when it is above the perma-
frost table. When interpreting GPR data from permafrost 
peat sections, it is important to take into account attenuation 
of electromagnetic waves and presence/absence of reflec-
tions from the peat base located below the permafrost table.

The depths to interfaces and objects are commonly eva
luated by tying geophysical data to core sections and by cal-
culating EM (electromagnetic) velocities from diffraction 
hyperbolas or from a priori data (Starovoitov, 2008; Vladov 
and Sudakova, 2017). Thus obtained velocity values are ex-
trapolated over the whole survey area or over profiles reach-
ing hundreds of meters or even a few kilometers, but the true 
velocities may vary within short distances. For instance, we 
witnessed a change from 3.5 to 7.0 cm/ns within 100 m (Su-
dakova et al., 2017). The accuracy of depth estimates can be 
improved using WARR (wide-angle reflection and refrac-
tion) measurements.
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Velocities inside layers of lithologically uniform deposits 
can be recalculated to soil moisture via known empirical 
correlation relationships (Butler, 2005). Soil moisture is 
commonly measured directly, by the gravimetric measure-
ments, in samples from small specially dug pits (Pavlov and 
Malkova, 2009). The water content values obtained at some 
points are assigned to the whole active layer, which is 
fraught with errors increasing proportionally to the active 
layer thickness. Moreover, these measurements are time and 
labor consuming. The space and time variations of soil 
moisture are related with dielectric permittivity and thus can 
be measured and monitored by GPR.  

Our investigation demonstrates applicability of GPR in 
the swampy areas and peatlands that differ in origin and peat 
thickness, in the upper reaches of the Pechora River (Nenets 
Autonomous District).  

INSTRUMENTS AND METHODS

The studies were carried out along profiles in different 
landscapes (Fig. 1), in the ground consisting of frozen or 
unfrozen peat, sand and silt of different thicknesses. The 
field work included GPR sounding, coring, and direct mea-
surements of active layer thickness with a metal rod. 

GPR data were acquired by continuous profiling using a 
RadarSystems Zond-12e system (Riga, Latvia) with shield-
ed  bow-tie antennas antennas of 150 and 300 MHz center 
frequencies (Fig. 2a). The sampling rate, number of counts, 
and acquisition time were chosen according to specific ob-
jectives and geocryological conditions. The measurement 
points (traces or A-scans) were spaced at 2 to 5 cm. The 
profiles were referenced with GPS and tape measurements 
at key points (every 10–25 m). EM velocities were estimat-
ed at selected points of the profiles by WARR. We use con-
tinuous sounding with an receiver antenna pulled relative to 
fixed source antenna.

The acquired data were processed using the Radexplorer 
and RadexPro software (Dekogeofizika SK, Moscow, Rus-
sia). The processing flow included scaling of GPR data 
against markers; zero offset correction; bandpass filtering 

(Ormsby filter) in the signal band; spherical divergence cor-
rection; and estimating the velocities of EM waves.

The depths to interfaces and their nature inferred from 
GPR were checked against coring data. Boreholes were 
made by pressure coring with a portable drilling rig (Fig. 2b) 
to depths reaching the peat base and the permafrost table 
with reference to presumed depths to these interfaces.

ATTENUATION OF ELECTROMAGNETIC  
WAVES IN PEAT

The dynamic range in conventional radars does not ex-
ceed that of the built-in ADC (analog-to-digital converter). 
For a 16-bit ADC, the maximum to minimum signal range is 
about 90 dB but it may reduce to 70 dB at the maximum 
signal-to-instrument noise ratio about 5000. In the reported 
surveys, the relative amplitudes were about 104 for the trans-
mitted signal and within 10 for noise, i.e., the dynamic range 
was from 60 to 80 dB. To check the possibility for detection 
of deep reflections, the dynamic range was assumed to be 
70 dB, which is typical of standard radars (Harry, 2009): the 
amplitude reduction of waves penetrating through the target 
medium and reflected from the target interface should be 
within 70 dB.

In order to estimate the possibility for picking reflections 
from below the permafrost table in GPR data, some calcula-
tions are required, with assumptions common in the GPR 
practice.  

According to the classical theory, the amplitude Аh of a 
signal propagating in a uniform ground and reflected from 
an interface at the depth h is
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Fig. 1. Location map of study area along the Nar’yan-Mar–Shapkina profile. 
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ation and divergence of a spherical wave. 
A water-saturated peat section in permafrost can be simu-

lated by two simple layered models (Fig. 3): the thaw/per-
mafrost interface below (model 1) or above (model 2) the 
peat/mineral interface. The coefficients Kref of reflection 
from the interfaces are
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Average velocities in unfrozen water-saturated peat and 
sand are, respectively, Vp = 4.5 cm/ns and Vs = 7 cm/ns. The 
respective velocities in frozen ground were taken from pub-
lished evidence (Arcone et al., 1998; Macheret, 2006; Staro
voitov, 2008): about 15 cm/ns in frozen ground and 17 cm/ns 

in ice. The velocity in ice-rich peat is expected to approach 
that in ice. In further calculations, the velocities in frozen 
sand and peat were assumed to be Vfs  =  15 cm/ns and 
Vfp = 17 cm/ns, respectively.

The attenuation α was estimated in two ways: (i) from 
the amplitude of reflections from the permafrost table at dif-
ferent depths and (ii) from multiple waves, using only the 
amplitudes obtained at lithologically uniform sites (one 
sand site and three peat sites). We used only reflected and 
multiple signals free from interference with other transmit-
ted or reflected signals. Figure 4 shows fragments of GPR 
data with an event of reflection from the permafrost table at 
a peat site. The green box frames the area used for ampli-
tude analysis and the red one corresponds to unfit data sub-
ject to interference with transmitted signal; the panel b of 
Fig. 4 shows a fragment of the GPR data with a prominent 
multiple reflection from the permafrost table.

The suggested method only allows estimating average at-
tenuation and is not very accurate, as the approaches to in-
version (see below) neglect several factors: horizontal and 
vertical gradient of EM properties; frequency dependence of 
attenuation; source and receiver conditions; possible interfer-
ence at intermediate interfaces, etc. The GPR data used for 
the analysis were acquired with 300 MHz antennas in air.

Estimating attenuation from reflection amplitudes  
from different depths 

Assuming constant EM properties on both sides of the 
permafrost table, the reflection amplitude according to equa-
tion (1) depends only on depth and attenuation: 
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The amplitude corrected for spherical divergence de-
pends exponentially on the double reflector depth. The 
equation 

A h eh
h� � � � �

2
2

const
�  	 (4)

Fig. 2. GPR profiling (a) and coring (b) in the study area.

Fig. 3. Models of a peat section. Permafrost table below (Model 1) and 
above (Model 2) peat base. 1, peat; 2, sand; 3, frozen peat; 4, frozen 
sand; 5, thaw/permafrost interface; 6, peat/mineral soil interface. Vp, 
Vs, Vfp, Vfs, velocities in thawed pead, thawed sand, frozen peat and 
frozen sand, respectively.
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is similar to y x e x( ) � � � �const � , where the coefficient at x is 
the reflection coefficient. 

The curves in Fig. 5 present the behavior of the maxi-
mum amplitude of reflection from the permafrost table cor-
rected for spherical divergence as a function of the reflector 
depth for the sand (left panel) and peat (right panel) active 
layer, with the respective regression equations at each curve. 
Thus estimated attenuation values are α = 0.42 for sand and 
α = 0.66 for peat.

Estimating attenuation from amplitudes  
of multiple reflections 

Attenuation is estimated from the amplitude of multiples 
assuming that a multiple follows the same path as a single 
wave reflected from an interface (with a single arrival), but 
it reflects also from the ground surface and then follows the 
reflected path once again and reflects from an interface at 
some depth below the surface (Sudakova and Vladov, 2009). 
Correspondingly, its amplitude A2h is 
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where Kair is the reflection coefficient from the ground sur-
face (ground/air interface). 
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The attenuation α was calculated from the amplitudes of 
multiples using the fragments of GPR data with clearly de-
tectable reflection events free from interference with any 
other signal (Fig. 4b). Thus estimated attenuations are from 
0.27 to 1.62 (an average of 0.8).

Estimating total attenuation of waves transmitted 
through or reflected from the permafrost table 

Consider the two attenuation models presented in Fig. 3. 
The wave either passes through the peat/soil interface and 
reflects from the thaw/permafrost interface (model 1) or 

Fig. 4. Fragments of GPR data along profiles in peatland areas. Blue line is single reflection from permafrost table; violet line is multiple reflection 
from permafrost table. Red and green boxes frame, respectively, the parts of reflection with and without interference; the record free from intere-
frence was used for amplitude analysis. 

Fig. 5. Depth-dependent maximum amplitude of reflection from permafrost table corrected for spherical divergence, with exponential regression 
equations. 



	 M.S. Sudakova et al. / Russian Geology and Geophysics 60 (2019) 793–800	 797

passes through the permafrost table and reflects from the 
frozen peat or sand (model 2).

If the signal amplitude is 1 at a distance of 10 cm from 
the source, it will become 10 times weaker (0.1) at a dis-
tance of 100 cm, with regard to spherical divergence. The 
reflection and transmission coefficients were assumed ac-
cording to velocities in Fig. 3. The reflection amplitudes 
were calculated by equation (1), with the attenuation A  
given by

A
A
Ah

dB

m
lg 

�
�
�

�
�
� � 20 0 , 	 (7)

where A0 = 1 is the amplitude of the sounding signal (at a 
depth of 10 cm).

Depth-dependent attenuation is shown in Fig. 6 for the 
models of Fig. 3, with and without attenuation (α = 0), at the 
panels а and b, respectively.

Attenuation in water-saturated peat was estimated with 
reference to the average value over those obtained by the 
two above ways (0.7). In model 1, with unfrozen ground 
composed of water-saturated peat and sand, attenuation var-
ies from 0.4 (all sand) to 0.7 (all peat). In model 2, attenua-
tion in frozen ground was assumed to be zero.

The maximum penetration depth of the 70 dB radar sig-
nal differs markedly in the nonattenuating (Fig. 6a) and at-
tenuating (b) ground: it exceeds 10 m in the former case, 
even when the permafrost table is above the peat base, and 
is 1.5 m in the attenuating ground (Fig. 6b), with the perma-
frost table above the mineral bed. In the latter case, no re-

Fig. 6. Calculated attenuation of reflected EM waves for models 1 and 2 (Fig. 3) at different depths to permafrost, without (а) and with (b) regard 
to attenuation. Red line shows dynamic range.

Fig. 7. Results of point WARR measurements (a) and continuous profiling (b). Distance points in panel (a) correspond to those in panel (b). 1, 
permafrost table; 2, peat base; 3, borehole with marked peat base and permafrost table.
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flections are resolvable below this depth. In unfrozen ground, 
the radar signals can penetrate 2–3 times deeper (3–4.5 m).

ESTIMATING DEPTHS TO REFLECTORS  
AND VELOCITIES FROM GPR DATA 

The GPR results from a segment of profile 9 (Fig. 7) 
show a heterogeneous structure of the subsurface which has 
been confirmed by coring. The GPR data display two reflec-
tions: from the peat/soil (brown) and thaw/permafrost (blue) 
interfaces. The two reflectors are traceable in the time sec-
tion of continuous profiling. At point 51 m, the velocities to 
these reflectors are, respectively, 4.3 and 5.1 cm/ns, and the 
depths obtained using GPR WARR measurements 105 and 

220 cm, which are close to those from coring (110 and 210 
cm). Thus, GPR surveys can furnish reliable constraints on 
velocities and depths to reflectors.

ESTIMATING VOLUMETRIC SOIL WATER  
CONTENT FROM GPR DATA 

The territory of 150 m long GPR profile 5 has been char-
acterized by three GPR soundings, data from a borehole, 
and thaw depth measurements with a metal rod at eight 
points (Fig. 8). The GPR data along the profile Fig. 8a (blue 
color shows reflection from the permafrost table) fails to re-
solve reflections from the peat/soil interface which is ~2 m 
deep according to coring data.

Fig. 8. Results of GPR surveys along profile 7: a, GPR data, reflection from thaw/permafrost interface; b, velocity in active layer along profile 7; 
c, geological cross section with volumetric water content in active layer (Wvol). 1, GPR soundings; 2, rod measurements; 3, peat; 4, sand; 5, per-
mafrost table; 6, borehole; 7, thaw/permafrost interface from coring; 8, peat/soil interface from coring; 9, depths to permafrost (in cm) measured 
by rod and inferred from GPR data.
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Direct measurements and GPR data provided constraints 
on velocities in the active layer (Fig. 8b). Two GPR points 
are located in the immediate vicinity from the site of active 
layer thickness measurements with a rod. The depths to per-
mafrost obtained by the two methods are almost identical. 
The GPR velocities and the ratio of the known active layer 
thickness to reflection traveltimes in a zero-offset record dif-
fer for no more than 5%.

The calculated and measured velocities were interpolated 
between points and extrapolated linearly to the profile ends. 
The velocity law was used to obtain the velocity–depth 
model (Fig. 8c) that showed velocity variations in the active 
layer from 3.4 to 5.5 cm/ns. The velocity measurements al-
lowed estimating permittivity and volumetric water content 
in the active layer, by the Topp’s equation (Тopp et al., 
1980). 

The soil moisture contents increase by a factor of 1.5–2 
between the 70 and 110 m points. The moisture increase is 
also implicitly indicated by the presence of multiples from 
the permafrost table.

Thus, GPR profiling can, if necessary, fully or partly sub-
stitute for direct measurements of soil moisture and active 
layer thickness without accuracy loss.

CONCLUSIONS

The calculations and review of field data have demon-
strated that attenuation of electromagnetic waves has to be 
specially estimated during GPR survey planning. Accord-
ing to GPR profiling with a 300 MHz antenna, reflections 
from interfaces below the permafrost table, which is from 0 
to 4–5 m deep, are detectable at an attenuation of 0.4 com-
mon to water-saturated sand. On the other hand, this fact 
imposes limitations on the GPR penetration depth for eval-
uating the amount of peat in permafrost. A possible solu-
tion may lie with winter time surveys when the active layer 
is fully frozen.

The depths to interfaces inferred from GPR data agree 
with the results of direct measurements. GPR surveys allow 
estimating velocities to a required resolution, which im-
proves the accuracy of the resulting velocity and depth. Ve-
locity variations have implications for lithological division 
of sections and soil moisture patterns which can be calcu-
lated using published empirical relationships. The use of 
GPR can reduce labor-consuming direct measurements for 
the active layer thickness and the properties of frozen and 
unfrozen ground. 

The study was carried out on government assignment, as 
part of planned research at the Tyumen Science Center for 
the period 2018–2020 (protocol No. 2 of 8.12.2017). It was 
supported by grants 18-05-60004 from the Russian Founda-
tion for Basic Research and 16-17-00102 from the Russian 
Science Foundation (for field work).
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