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Table 2. Horizontal and vertical resolution characteristics of the applied high-frequency antennas
Antenna frequency, MHz
Depth, m 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
o | 40 | 12 | 18| 5 \ 7 \ 6 \ 8

N o te. Dash means the absence of measuments. AL — active layer.

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 (infill) horizons.

RESEARCH RESULTS

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

segment), associated with a reflection 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 profile points interval.

The permafrost table position can be traced quite
clearly on the GPR section of Profile 2 (Fig. 3). The
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Fig. 2. GPR section along Profile 1 resulting from the radar survey using the 300 MHz (A) and 900 MHz

(B) antennas.

1 — generalized soil surface topography; 2 — base of technogenic infill soils; 3 — permafrost table; 4 — lower limit of peat horizons;

5 — peat soils; 6 — silty clay-loams.
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Fig. 3. GPR section along Profile 2 resulting from radar survey using the 300 MHz antenna.

1 — generalized soil surface topography; 2 — base of technogenic infill soils; 3 — permafrost table; 4 — water in roadside ditch;
5 — infill sand-loam — gravel soils; 6 — peat soils; 7 — silty clay-loams.

boundary delineates the reflection separating the ar-
eas with different 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 profile’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 profile, 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 Profile 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.
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Fig. 4. GPR section along Profile 3 resulting from radar survey using the 300 MHz (A) and 900 MHz (B)

antennas.

1 — generalized soil surface topography; 2 — permafrost table; 3 — lower limit of peat horizons; 4 — peat soils; 5 — sands.

The GPR data analysis for Profile 1 allows dis-
tinguishing lower limits of peat horizons and techno-
genic (infill) 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 reflection corre-
sponding to the lower limit of peat horizons can be
traced almost throughout the whole profile 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 infill rest immediately on the
peatland layer. The Profile 2 sounding data also al-
lowed identifying the lower limit of technogenic (in-
fill) soils in the road embankment base (CP 25-31) at
a depth of 1.0-1.7 m (Fig. 3). In the section along
Profile 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 profile (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 reflection corresponding to
this and other boundaries on the profile appears im-
possible. Thus, the lower boundary of the peat layer is
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still relatively discernible in the changing wave pat-
tern of Profile 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 insufficient for determinations of the depth of
permafrost table and lithological contacts (Fig. 6).

DISCUSSION OF RESULTS

The use of shielded antennas with different 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 sufficient 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 effect 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-
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Fig. 5. GPR section along Profile 2 resulting from radar survey using the 900 MHz antenna.

1 — generalized soil surface topography; 2 — base of technogenic infill soils; 3 — permafrost table; 4 — lower limit of peat horizons;
5 — infill 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-affected soil
complexes.

Fig. 6. GPR section of the fragment of Profile 1
resulting from radar survey using the 1000 MHz 0 10 20
antenna (without account of relief data input). Control points (CP) numbers

White line indicates reflection from the soil surface.
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As follows from the results of GPR surveys using
1000 and 2000 MHz antennas, that these have insuf-
ficient depth of signal penetration and are found un-
informative with respect to determining the perma-
frost table configuration 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 effect 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 differentia-
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 effective
solution for determining significant 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 configuration 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-affected soil complexes.
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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 significant lowering of
the permafrost table (up to 8 m).

The warming (defrosting) effect of the road is
significant 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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