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The paper presents the main results of the fi eld investigations using multi-frequency (150 MHz, 270 MHz, 
400 MHz and 900 MHz) ground-penetrating radar profi ling and georadar sensing by the common depth point 
method.The investigations have been carried out on the fast sea ice of Nella Fjord (Eastern Antarctica) during 
the 2016/17 austral summer fi eld season. The studies have included seawater salinity measurements. The sound-
ing of sea ice with thickness of about 1 m thick have proved to be most eff ective at the radar frequencies which 
correspond to the wavelengths in a meter range. Besides the intensive refl ections from the lower edge of sea ice, 
the ground-penetrating radar data have revealed a boundary between fresh- and saltwaters whose position has 
been corroborated by the salinity measurements. The ground-penetrating radar technique in CDP mode has 
served as a basis for the subsurface velocity model showing that the eff ective dielectric constant for sea ice equals 
10, which is accounted for intense melting of sea ice and its saturation with fresh water. The value of eff ective 
permittivity the fresh water layer is found to be 75, which may have been prompted by roughness of the lower 
edge surface of sea ice. 

East Antarctica, Progress Station, ground-penetrating radar sounding, sea ice, common depth point, seawater 
salinity

INTRODUCTION

The research focused on Arctic and Antarctic sea 
ice contains both fundamental scientifi c interest and 
specifi cally applied tasks, such as unloading of ships, 
construction of ice runway for receiving the aircraft 
and providing for other types of logistics. While con-
sidering drilling ice cores to be the most reliable 
method of studying the natural environments and 
their evolution, we should admit its complexity: in 
the context of Antarctica, it is a signifi cant logistical 
exercise, and requires much eff ort, time and patience 
from the researchers. Besides, this method allows ac-
quiring information only from selected points, where-
as geophysical surveys provide more complete infor-
mation along the profi le even after drilling. In this 
sense, electromagnetic soundings recognized as high-
ly effi  cient and economic operations, appear more at-
tractive.

The numerous publications devoted to the GPR 
studies of sea ice not only provide results of fi eld mea-
surements, but also discuss the theoretical aspects of 
this method. Among them, the most recent and sig-
nificant publications are: [Finkelshtein et al., 1977; 
Haas et al., 1997, 2009; Lebedev and Sukhorukov, 
2001; Haas, 2004; Bobrov et al., 2008; Galley et al., 
2009; Holt et al., 2009; Panzer et al., 2010, 2013; Lee et 
al., 2011]. Despite all its advantages of this progres-
sive geophysical method, however, the GPR tech-
nique has a number of drawbacks. In particular, due 

to high conductivity of seawater, it creates a shield 
for electromagnetic waves, impeding thereby the ra-
dar’s penetration to the entire ice thickness. This cir-
cumstance largely constrains the range of the GPR 
applicability within the focus of this discussion. Be-
sides, the applied interest in sea ice is related primar-
ily to the summer fi eld season, which is coincident 
with the peak of logistical activities in Antarctica. 
However, on account of the specifi c environmental 
conditions of polar latitudes, this time period is also 
associated with the onset of the intense melting of sea 
ice, promoting its signifi cant saturation with fresh 
water and, as a result, the desalination of the surface 
layer of sea water. The eff ect of fresh water consists in 
reducing salinity and therefore conductivity of sea 
ice, and ultimately, the shielding properties of seawa-
ter, making it possible to eff ectively use electromag-
netic methods. 

The experimental verifi cation of the above con-
siderations was implemented through the acquisition 
tests (AT) performed on the sea ice of Nella Fjord near 
Russian research station Progress (East Antarctica) 
during the austral summer field season of the 62nd 
Russian Antarctic Expedition (RAE, 2016/17), which 
encapsulated the research works commenced during 
the 60th RAE season (2014/15) in the area of the 
Molodyozhnaya fi eld base [Popov and Polyakov, 2015] 
and continued in the RAE 61st season (2015/16).

Copyright © 2018 S.V. Popov, V.L. Kuznetsov, S.S. Pryakhin, M.P. Kashkevich, All rights reserved.

http://earthcryosphere.ru/


17

RESULTS OF GROUNDPENETRATING RADAR INVESTIGATIONS ON THE NELLA FJORD SEA ICE

MULTIFREQUENCY GPR PROFILING 

The works were carried out on January 5, 2017 
on the AARI multi-year oceanographic profi le in the 
point with coordinates 69°22.869′ S, 76°21.777′ E 
(Fig. 1, a). Prior to commencement of the AT works, 
a traverse line marked point-to-point throughout its 
length (20 m), with its center located in the vicinity 
of the ice-hole (maina), the remnant of the arrange-
ments for oceanographic measurements taken a day 
earlier (Fig. 1, b). The GPR profi ling was performed 
at several frequencies: 150, 270, 400 and 900 MHz. 
The fi rst and third frequencies were intended for the 
“OKO-2” GPR (LLC “Logic systems”, Russia) using 
antennas AB-150 and AB-400M, respectively [Ra-
diotechnical device…, 2009]. The extensible antenna 
AB-150 can be used for multi-off set GPR sounding. 
Investigations at the frequencies of 270 and 900 MHz 
was performed using GSSI GPR (Geophysical Sur-
vey Systems Inc., USA) with SIR-3000 system mo-
dule and accordingly 50270S and 3101 antennas 
[GSSI…, 2014]. The tools were carried while walking 
at a steady pace along the profi le.

Figure 2, a shows a 150 MHz frequency GPR 
time-section. Due to the presence of correlated noise 
of unknown origin, the fi ltering was performed using 
horizontal window of 100 traces. The observed refl ec-
tions are characterized by a mosaic structure with 
poorly distinguished two partially fi lter-suppressed 
boundaries 1 and 2 located in the immediate proxim-
ity to the maina, at 26.6 and 42.3 ns delays, respec-
tively (Fig. 2, a).

The bottom part shows a large number of diff rac-
tion events 3, which may have been caused by diff rac-
tion from the ice blocks at the lower edge of the sea 
ice. A.L. Novikov, the oceanologist from Mirny sta-
tion (private communication), believes that they can 
be linked with the anchor ice for whatever reason 
floated up beneath the surface ice. The diffraction 
points are not distinctly discernible in the section, 

however, if the branches of the hyperboles generated 
for diff racted waves were extended upwards, these 
will be found in the interval between boundaries 1 
and 2, which allows an inference that the fi rst one is 
related to the “ice–water” interface. 

Diff racted wave 4 identifi ed on the time section 
(Fig. 2, a) with its position corresponding to the pro-
fi le center, but slightly lower with respect to bound-
ary 2, was probably refl ected by the lower part of the 
ice-hole. The shift of apex 4 below the assumed ice-
water boundary may be due to the GPR track slightly 
deviating from the hole, without passing directly 
above it (Fig. 2, b), which results in an increase of a 
raypath to the reflector [Popov and Kashkevich, 
2015]. Besides, the refl ection is likely associated not 
with the hole itself, but with fragments of ice gener-
ated during its cutting and localized in the low-velo-
city water column. There is no other evidence for the 
ice-hole on the time section.

Figure 2, b represents by a 270 MHz frequency 
GPR time section resulted from horizontal fi ltering of 
100 tracks, exhibiting numerous subhorizontal refl ec-
tion events (probably including re-refl ections) pro-
duced by the sea ice and, assumingly, by the medium 
(seawater). The previously identifi ed boundaries 1 
and 2 are present among them. Note that they repre-
sent a series of horizontal refl ections within the ~4 ns 
interval of penetration. Their middle parts are regis-
tered approximately at the same time delays, which is 
particularly evident after applying the horizontal re-
fl ection fi ltering.

In addition to 1 and 2, an intense reflection 
boundary 5 is distinctly observed in the upper part of 
the section, which is likely to be related to the posi-
tion of the horizon which supplies freshwater via 
seepage during the intense melting of sea ice cover. 
This boundary represents a series of horizontal refl ec-
tions characterized by about 4 ns penetration interval 
and their middle part position in the hole area at a 

Fig. 1. Location of the acquisition test works on the Nella Fjord sea ice. 
The area of wo rks is shown in yellow circle;  the red line marks the fragment of survey line in the vicinity of the maina. Photograph 
by S.V. Popov, Junuary 2017. 
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Fig. 2. GPR time sections resulting from the radar soundings using antenna frequencies of 150 MHz (а), 
270 MHz (b), 400 MHz (c) и 900 MHz (d) during the acquisition works on the Nella Fjord sea ice. 
1 – boundary between sea ice and seawater; 2 – boundary between fresh and seawater; 3 – diff ractions from inhomogeneities;
4 – diff ractions formed assumingly by the lower part of the maina; 5 – intra-ice boundary; 6 – noise from hand-held radio-station. 
The area of works is indicated in Fig. 1.
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delay of about 12.3 ns. This is also distinctly visible in 
the previous time section (Fig. 2, a), but not explic-
itly diff erentiated in the mosaic structure of the wave 
fi eld. Besides, the wavelength of the discussed radar 
sounding is almost twice as less than the previous 
one. This, in turn, means that the cross-section reso-
lution in the fi rst case is almost twice as worse than in 
the latter. This circumstance may be responsible for 
the apparent absence of contrast boundary 5 in the 
previous section (Fig. 2, a). 

All but one diff racted waves 3, refl ected probably 
by the ice blocks, are absent from the time section. 
Vertical band 6 may have been caused the noise from 
a hand-held radio station.

Figure 2 shows a GPR time section obtained us-
ing 400 MHz frequency antenna, along with numer-
ous sub-horizontal refl ections, including 1 and 5. A 
high quality visualization of boundary 2 required the 
nonlinear amplifi cation of the refl ection. To this end, 
the gain profi le was set in such a way that only the 
second half of the section (from 50 ns delay and low-
er) was amplifi ed to the value of 16 dB.

As is known, specifi c absorption of electromag-
netic waves in dissipative media increases with fre-
quency [Finkelstein et al., 1977; Lebedev and Sukhoru-
kov, 2001; Macheret, 2006]; therefore, with its growth 
below boundary 1, the reflections are found to be 
fewer and fewer in number (Fig. 2). While fresh wa-
ter, even very low mineraliazed, is characterized by a 
significant specific absorption of electromagnetic 
waves [Bogorodskii et al., 1970a,b]. 

In particular, for Lake Ladoga’s water (Lenin-
grad region), this parameter increases with higher 
antenna frequency: 21 dB/m (at the frequency of 
400 MHz), 38 and 40 dB/m (900 MHz), 48 dB/m 
(1500 MHz) for diff erent series of the experiments 
[Popov et al., 2017]. It can therefore be inferred that 
the medium in the span between boundaries 1 and 2, 
is very likely interpreted to be melt water with low 
mineralization. As is the case with the above exam-
ples, boundaries 1, 2 and 5 occur in the same time 
window intervals, and no diff racted waves are regis-
tered on the time section. Figure 2, d represents a 
900 MHz frequency GPR time-section, where like-
wise in other sections, a series of subhorizontal refl ec-
tions 1 and 5 is imaged. Refl ections below 1 are not 
observed due to a signifi cant absorption of waves and 
their scattering on the inhomogeneities.

VELOSITY MODEL OF THE MEDIUM 

GPR surveying is noted for an important, which 
is sometimes critical, issue of choice of a high-velocity 
model of the medium for correct time-to-depth con-
version. Specifi cally, the information about velocity 
(dielectric permittivity) enables identifi cation of the 
objects detected by GPR data with particular struc-
tural and compositional complex. Without taking the 

table values into account, these parameters can be 
determined in two ways: using travel-time of diff ract-
ed waves reflected by inhomogeneities [Glazovskii 
and Macheret, 2014] and by multi-offset sounding 
[Sheremetyev, 1989; Popov et al., 2001; Popov et al., 
2003; Vladov and Starovoitov, 2004; Macheret, 2006; 
Glazovskii and Macheret, 2014]. The former is com-
monly used because of its simplicity and effi  ciency, 
whereas it is found not always applicable in practice. 
Using this method requires having at least a diff ract-
ed wave with extended branches, which could pro-
vide for calculations with suffi  cient accuracy. How-
ever, experience shows that these features of diff ract-
ed waves is the exception rather than the rule. In this 
case, the refl ectors have to be evenly spread through-
out the depth of the studied section, which is quite 
rare. Besides, obtaining a high-quality high-velocity 
model of the environment, ideally, involves a high-
precision horizontal positioning of each sounding 
point, which is not always put into practice and large-
ly depends on the tasks of the works.

Multi-offset sounding, carried out using the 
common depth point (CDP) or common source point 
(CSP) methods, is advantageous from the above ap-
proach, as it can be performed almost anywhere. The 
profi le marking provides high accuracy. The velocity 
model of the medium based on these methods can 
therefore claim to be the most accurate. As an exam-
ple, the results of the study of subglacial Lake Vostok 
(Eastern Antarctica), where this method was used to 
measure the glacier thickness in the area of drilling 
well 5G [Popov et al., 2001, 2003]. The relative error 
of the measurements revealed after the penetration of 
the lake was less than 0.5 % [Popov et al., 2012].

The CDP mode of radar sounding involves suc-
cessive measurements while moving the transmit-
ting/receiving antennas at the same distance from the 
array center. The application of the CSP method sug-
gests that the position of one of the antennas is fi xed, 
while the second is being moved along the survey line 
at its both sides [Boganik and Gurvich, 2006]. It is dif-
fi cult to unambiguously assess which of them is better 
in terms of GPR applications. On the one hand, the 
second is easier to implement, allowing obtaining 
twice as bigger travel-time curve and is capable of 
more fully taking into account the dipping angle of 
the target boundaries.

On the other hand, when performing work on 
this technique, the refl ection and refraction points of 
the waves move along the boundaries of the media in 
a much larger interval than in the fi rst case. This, in 
turn, leads to the fact that the degree of deviation of 
their confi guration from the straight line aff ects the 
quality of the result for the CSP to a greater extent 
than for the CDP system. Antennas AB-150 used 
with Russian OKO-2 GPR are extensible and their 
design features include fi ber optic cable connecting 
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both antennas (transmitter/receiver). In our case, a 
10 m cable was suffi  cient, which allowed sounding by 
any of the above methods, providing for the maxi-
mum array length. In the works performed on sea ice, 
the CDP method was applied with a minimum 
(80 cm) and maximum (980 cm) distance between 
the antennas, dictated by the design specifi cs of the 
antennas. Their off set along the profi le was 10 cm. 
The calculations were performed within the frame-
work of the dipping-layer model whose mathematical 
provision is given in [Popov, 2017].

Figure 3, a shows a GPR time-section obtained 
during the CDP soundings, while GPR profi ling was 
performed at a frequency of 150 MHz. As is seen in 
Fig. 2, a the time section obtained using the same 
tools, abounds with noise waves, masking the target 
boundaries. These are so intense that for a more reli-
able resolution of the section, a horizontal fi ltering 
was applied. 

These types of noise, though to a lesser extent, 
are also observed on the GPR time-section resulting 
from the CDP soundings (Fig. 3, a), which, however, 
were found quite diffi  cult to suppress. The required 
traveltimes were picked as the most contrast refl ec-
tions, at this the delays of the refl ected signal at a 

minimum separation of antennas must coincide with 
the boundaries identifi ed during the profi ling (Fig. 2).

Theoretical hodograph (traveltime curve) 1 on 
the radargram shown in Fig. 3, a corresponds to a di-
rect signal, i.e. an electromagnetic wave propagating 
through the air between the antennas. Given that it is 
emitted and registered by the side lobes, it appears 
very weak and becomes discernible on the GPR time-
section only when strongly amplifi ed.

Theoretical hodograph 2 in Fig. 3, a corresponds 
to the boundary occurring at a depth of 1.1 m, and to 
the eff ective dielectric permittivity of the overlying 
medium ε =� 10.  In his publication, H.  Looyenga 
[1965] calculated the ratio linking this parameter 
with a volumetric moisture content w for a two-com-
ponent mixture “ice–water” with dielectric permit-
tivities εi and εw, respectively:

 ( )⎡ ⎤ε = ε + ε − ε⎣ ⎦
�

31/3 1/31/3 .wi iw

The water inclusions are assumingly spherical. 
Graphically, this ratio is represented in Fig. 4. Ac-
cording to this model, the obtained value of permit-
tivity corresponds to ice with a volumetric water con-
tent of 23.5 %. That high value is accounted for the 

Fig. 3. Results of GPR soundings in CDP mode 
performed on the Nella Fjord sea ice.
а – radargram; b – velocity model; c – raypaths within the 
model.
а: the dashed line in the section are theoretical traveltime curves 
for: 1 – direct signal propagating between the antennas; 2 – re-
fl ected by the lower boundary of glacier; 3 – refl ected by the 
boundary between fresh- and seawater. 
ε�  – eff ective permittivity; v – wave velocity. Position of the 
radar sounding points are shown in Fig. 1. 
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fact that, according to fi eld observations, the near-
surface part of the glacier contained a lot of melt wa-
ter, which was seeping and then pouring into the ice-
hole.

Theoretical hodograph 3 in Fig. 3, a corresponds 
to the boundary at a depth of 1.72 m, and the eff ective 
dielectric permittivity of the overlying medium 
(ε =� 75). The obtained high value can only be associ-
ated with the melt water. On the other hand, the 
value is too low for it. The empirical correlation given 
in [Ray, 1972] is based on the relationship between 
dielectric constant of water εw and temperature T:

( )3 5 2 8 378.54 1 4.579 10 1.19 10 2.8 10 ,
w

T T T− − −

ε =

= − ⋅ + ⋅ − ⋅� � �

where ≡ −� 25.T T
The close values can be obtained from the em-

pirical formula of G.Ya. Chernyak [1987]:

 ( )⎡ ⎤ε = + −⎣ ⎦80 1 0.0048 20w T .

The εw(T) ratios for each of these relationships in 
the meter-decimeter wavelength range are shown in 
Fig. 5, from which it follows that the dielectric con-
stant of water is εw ≈ 88 at the melting temperature.

The noted diff erence can be explained by the fact 
that the lower surface of sea ice is not smooth, which 
is evidenced, in particular, by the diff racted waves 
shown in Fig. 3, a, and the confi guration of the target 
boundaries is shown in Fig. 2. The presence of ice 
blocks, characterized by a high velocity of electro-
magnetic waves, is suffi  cient for reducing the eff ective 
dielectric permittivity of the entire overlying layer.

However, we have another explanation for the 
target boundaries roughness (Fig. 2). Even if the 
physical boundaries are smooth (though it is unlike-
ly), the eff ective permittivity can change along the 
section, and hence the eff ective velocity of electro-
magnetic waves propagation. These values are known 
to be very sensitive to the moisture content [Mache-
ret, 2006]. The boundaries’ unevenness may therefore 
be caused by the uneven distribution along the sec-
tion of free water with depth, which can be associated 
also with the lateral fi ltration of melt water into the 
ice-hole, rather than with the glacier structure alone. 
In particular, the drilled well into the aquifer or oil 
reservoir provokes the liquid rushing into it [Pyati-
brat, 2012], for which ample evidence was provided, 
in practice. This, in turn, means that after the place-
ment of a well (or ice-hole, in our case), the distribu-
tion of melt water in the sea ice will be subjected to 
changing, causing thereby deformation of the target 
boundaries in the GPR time section. Similar changes 
were observed by the authors in open cracks [Popov 
and Polyakov, 2016].

There is, nevertheless, no doubt that this thin 
layer is desalinated seawater. The velocity model of 
the medium is imaged by Fig. 3, b, while raypaths 
propagation in the medium is shown in Fig. 3, c.

RESULTS
OF OCEANOGRAPHIC STUDIES 

The oceanographic survey route was outlined in 
one of the points for the AARI oceanographic sur-
veys, where a day before the temperature measure-
ments and seawater salinity were taken in maina by 

Fig. 4. A relationship between permit tivity of the
two-component ice-water mixture and volumetric 
content of moisture [Looyenga, 1965].

Fig. 5. A relationship between permittivity of fresh-
water and temperature for diff erent empirical mo-
dels:
1 – after [Ray, 1972]; 2 – after [Chernyak, 1987].
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the Autonomous Profi ler SeaCAT 19 plus V2 (Sea-
Bird Scientific, USA). The profile of the latter is 
shown in Fig. 6.

It follows that in the range of depths from 1.6 to 
2.0 m there is a fairly contrasting boundary between 
desalinated and sea water. According to the existing 
theoretical concepts of the processes of electromag-
netic wave propagation, such boundary should be ob-
served on the time GPR section, which was confi rmed 
by the results of this work.

The fairly warm Antarctic summer of 2016/17 
was has led to intensive melting of surface sea ice and 
therefore to its signifi cant saturation by fresh water, 
as well as to desalination of the surface layer of seawa-
ter. This process was corroborated by both GPR and 
oceanographic data.

CONCLUSION

The integrated geophysical and oceanographic 
studies conducted during the 62nd (2016/17) RAE 
summer fi eld season have confi rmed good prospects of 
applicability of the electromagnetic sounding method 
by the industrial-scale ground-penetrating radars to 
the studies of the sea ice and determination of thick-
ness of the desalinated layer of seawater. They showed 
that radar soundings of relatively thin (about 1 m) 
sea ice are performed at low frequencies (up to 
400 MHz).

We fi nd it feasible that for investigating thicker 
ice GPR profi ling should be performed at one meter 
range frequencies. Besides , the studies have corrobo-
rated the possibility of determining the boundary po-
sition between fresh- and seawater by remote electro-
magnetic methods.

As mentioned above, GPR studies were conduct-
ed earlier in the area of the Molodezhnaya fi eld base 
[Popov and Polyakov, 2015]. It should be noted that if 
the works discussed in this article were carried out in 
almost ideal conditions (all boundaries were subhori-
zontal and relatively smooth), the studies in the area 
of Molodezhnaya base were conducted on ice prone 
to ridging.

This tends to have essentially adverse eff ect on 
any remote studies. Nevertheless, even in this case, 
reflections from the surface of lower edge of ice, 
though not totally contrasting and confi dent, were 
obtained [Popov and Polyakov, 2015].

The above reasoning indicates good prospects 
for the GPR surveying method applicability to inves-
tigations of sea ice. However, bearing in mind that 
salt seawater creates a shield for electromagnetic 
waves propagation, the positive results in both cases 
were achieved only through intensive surface sea ice 
cover melting, which led to desalination of the upper 
part of the water column and made it passable to elec-
tromagnetic waves. As such, the quality results are 
unlikely to be obtained in winter, when desalination 
of seawater is arrested.
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