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Abstract The aim of the study was to determine electri-
cal resistivity peculiarities of tundra and forest tundra soils and
soil-permafrost layers of the Yamal region. Measurements of elec-
trical resistivity of soil and permafrost strata were performed with
a portable device LandMapper (to a depth of 300-500 cm). These
measurements allow determination of the values of apparent elec-
trical resistivity of soils and permafrost at different depths and
determination of the depths of the permafrost table on each key
plot. It was found that there are several trends in vertical distri-
bution of apparent electrical resistivity values. The first trend is
a monotonous increase in electrical resistivity values to the depth.
It may be explained by the increasing electrical resistivity within
the soil depth in relation to the increase in permafrost density. The
second trend is a sharp decrease replaced by a gradual increase
in electrical resistivity values caused by changing of non-frozen
friable debris to frozen massive crystalline rock. These differenc-
es were related to the type of landscape: flat lowlands composed
of friable grounds underlain by permafrost or friable grounds with
permafrost underlain by a rock crystalline layer.

K ey words: electrical resistivity, permafrost table, soils,
tundra, forest tundra

INTRODUCTION

Soils play a significant role in functioning and evolu-
tion of polar biomes. Studying the soil cover of the Arctic
region is an important issue given the insufficient know-
ledge about the taxonomic and functional diversity of soils
and their role in ecosystem functioning. Until recently, polar
soils have been considered via the paradigm of bioclimatic
properties, while the lithological (or so-called geogenic)
peculiarities were underestimated (Goryachkin, 2010).
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Studying the influence of permafrost on soil forma-
tion processes is one of the most significant issues for the
northern part of Western Siberia, which is in the zone of
continuous permafrost (Tarnocai et al., 2009). The active
layer thickness and the depth of the permafrost strata
are significant features of the soil cover of such an area.
However, currently there are no sufficient data about these
parameters.

Geophysical approaches have been repeatedly used to
study permanently frozen ground and permafrost strata
(Abakumov, 2016; Abakumov and Parnikoza, 2015;
Scott et al., 1990). It was shown that vertical electrical
sounding allows determining the permafrost table depth
without mechanical penetration into the soil-permafrost
layer (Abakumov and Parnikoza, 2015). This is especially
important for permanent monitoring in plots where soils
are affected by mechanical disturbance due to regular steel
bar penetrating from year to year, and this leads to over-
estimation of the permafrost degradation process. Another
important advantage of vertical electric sounding is the pos-
sibility to fix the permafrost table depth during soil mapping
without digging numerous soil profiles. The effectiveness of
application of vertical electric sounding for investigation of
soils in different polar environments was substantiated ear-
lier (Abakumov, 2016). The usability of this methodology
for investigation of soil salinization and excess moisture in
different environments has also been shown (Pozdnyakov,
2008). The electrical resistivity of soils is a function of
anumber of soil properties, including soil chemical compo-
sition (especially water-soluble salt content), the nature of
solid constituents (particle size distribution, mineralogy),
porosity, pore size distribution, connectivity, water content,
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and temperature (Magnin ef al., 2015; Pozdnyakov, 2008;
Samouélian et al., 2005). A specific relationship between
the soil strength and electrical resistivity was shown (Sudha
et al., 2008). According to the author, this relationship is
probably based on parameters controlling soil strength as
well as electrical resistivity (degree of saturation, grain size
distribution, porosity, cementation). It was also described
in detail that clay content in the soil might change the rela-
tionship between the soil strength and electrical resistivity.

A great contribution to the study of soil electrical para-
meters was made by Pozdnyakov (Pozdnyakov et al., 2006;
Pozdnyakov, 2008). The author showed that the manifes-
tations of soil electrical parameters are described by such
electrophysical laws as the Maxwell, Poisson, Laplace,
and Boltzmann laws. According to the author, these laws
can serve as prerequisites for formation of the basis for the
theoretical interpretation of the behaviour of soil electrical
parameters.

In general, the electrical resistivity of soil and rock mate-
rials increases slightly with decreasing temperature. In case
of water, the increase is ca. 2% per 1°C decrease (Keller
and Frischknecht, 1966). The electrical resistivity increases
rapidly at the freezing point due to the phase change from
conducting water to non-conductive ice. A 5 to 10 fold in-
rease in electrical resistivity was reported for sand, gravel,
and silt in the case of temperature decreasing from unfro-
zen conditions to -5°C (Hoekstra and McNeill, 1973;
Hoekstra et al., 1975; Olhoeft, 1978; Scott and Kay, 1988).
A 2 to 3 fold increase was also observed for clay, clayey
till, and peat, as well as a 50 to 100 fold increase for crys-
talline under the same conditions. The value of electrical
resistivity increasing from temperatures above zero to per-
mafrost conditions (ie below 0°C) strongly depends on the
chemistry of the pore water. In the case of high content of
dissolved salts in the pore water, the water remains par-
tially unfrozen at 0° C (even at lower temperatures) and the
changes in electrical resistivity values remain smooth and
weak (King et al., 1988, Scott et al., 1990).

Water is retained in the soil by electrostatic forces
between molecules of different solutes and the solid phase
of the soil (Van der Waals forces) and interfacial tension in
the capillaries. In the case of low water contents, the forces
of molecular attraction are predominant (Iwata et al., 1995;
Kemper et al., 1975).

The relationship between the electric resistivity and
soil water content are crucial for choosing the conditions
of using field electrophysical methods for reclamation and
agricultural purposes (Pozdnyakov et al., 2006). Electrical
current in soils depends on the amount of water in the pores
and on its quality.

Direct current resistivity methods are used not only
for identification of permafrost depth and soil profile he-
terogeneity in the natural environment (Abakumov and
Parnikoza, 2015; Hauck and Vonder Miihll, 1999), but also
for estimation of soil flooding rates in urban areas and other

applied research projects (Smernikov et al., 2008). Such
geophysical methods have been widely used for permafrost
identification and have many advantages in the context of
fieldwork. These methods are relatively cheap and simple.
Equipment for such investigations is easy to handle and
does not require a lot of hand-labour during the fieldwork.

Studies conducted earlier have shown that the soil co-
ver of the Yamal peninsula is very diverse and expressed
at least by four soil zones (arctic desert, tundra zone, arctic
steppe, forest-tundra) (Ivanov et al., 2015; Vasilevskaya,
1980). Moreover, the soil cover of the Polar Urals also has
not been sufficiently studied. Most of research has been
focused on the study of the western macroslope of the
Polar Urals (Dymov and Zhangurov, 2011; Dymov et
al., 2013). The eastern macroslope of the Polar Urals has
not been studied in detail. Similarly, there have been no
electrophysical surveys of the soil cover of Yamal and
North-West Siberia.

The aim of this study is to determine the depth of the
permafrost table and active layer thickness in different
landscapes of Yamal tundra and forest tundra with the elec-
trical resistivity method.

The objectives of the investigation were:

1. to apply the vertical electrical soundings (VERS)
Schlumberger methodology to investigation of vertical
soil-permafrost layer stratification in field conditions,

2. to evaluate the permafrost table depths in selected
Gleyic and Cryogenic soils of the Yamal region.

MATERIALS AND METHODS

This study was focused on investigation of the soils of
the southern part of the Yamal region (North-West Siberia,
Russia). Data were collected during the complex scienti-
fic expedition ‘Yamal-2015" in August 2015. The area of
study is located in the southern part of the Yamal penin-
sula and the Polar Urals and includes four key plots
(Fig. 1). The mean altitude of the studied area is 95 m a.s.l.
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Fig. 1. Area of the study: 1 — surroundings of Salekhard city,
2 — the Polar Urals (mountain Chyornaya), 3 — surroundings of
Khalyatalbey river, 4 — foothills of the Polar Urals.
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The southern part of the Yamal peninsula is a relatively
flat low accumulative plain. The main features of the relief
are the presence of steps and terracing. Terraces are formed
mainly by sea abrasion and accumulation (Generalov,
1995). Various forms of micro- and mesorelief, which are
dominated by cryogenic forms (polygonal forms of upward
and downward movement, thermokarst lakes and depres-
sions, hydrolaccolithes), complicate the surface of the
terraces. Formation of the specific relief of the Polar Urals
is caused by processes of cryogenic weathering, which
result in formation of kurums and patterned grounds. The
presence of permafrost and frequent temperature fluctua-
tions leads to development of solifluction processes. The
development of solifluction processes contributes to per-
mafrost and frequent temperature fluctuations (Mil ’kov and
Gvozdecky, 1986).

It must be noticed that the studied area is a transition
zone between the forest tundra zone and the tundra zone.
In this regard, the vegetation cover is represented by both
forest and tundra vegetation

Parent materials are represented mainly by clay and
loamy deposits (marine origin), which are underlain by per-
mafrost. In the case of the Polar Urals and the foothills of
the Polar Urals, parent materials are represented by collu-
vium of dense magmatic rocks. In river floodplains, parent
material is represented by alluvium (often with high con-
tent of gravel material).

Soil diagnostics was carried out according to ‘Classi-
fication and Diagnostics for Russian soils’ and ‘World re-
ference base for soil resources’ (Shishov et al., 2004; World
Reference Base For Soil Resources, 2014).

During the fieldwork, investigation of the electrical
features of soil and permafrost strata was performed
(for the first time for the studied area). Measurements of
electrical resistivity of soil and permafrost strata were per-
formed with a portable device Landmapper (to a depth of
300-500 cm).

In order to perform more concrete and detailed analy-
sis of electrical resistivity of soils, each key plot must be
described separately.

Most of the studied areas are represented by automor-
phic landscapes on watersheds (excluding the Polar Urals
and its foothills sites). However, the vegetation cover is dif-
ferent in the different parts of the studied area.

The surroundings of Salekhard city key plot is re-
presented by drainage landscapes on watersheds with
predominance of shrub tundra (Betula nana, Ledum palus-
tre, Empetrum nigrum, Vaccinium uliginosum, Cladonia
rangiferina, Sphagnum angustifolium, Sphagnum magel-
lanicum). The soils of this site are characterized by clearly
manifested thixotropic features (Fig. 2). It should also be
noticed that the widespread presence of hydrolaccolithes
within this key plot leads to complications and disturbances
in the soil cover in the context of vertical electrical resisti-
vity profiles.

Fig. 2. Thixotropic features clearly manifested in soils (surround-
ings of Salekhard city key plot, Histic Gleysol).

The Polar Urals (Mountain Chyornaya) key plot is
represented mainly by slopes with different steepness and
exposure and flat valleys between them. The typical fea-
ture for this site is development of sorted circles (patterned
ground). They are caused by frost heaving and characte-
rized by high amounts of boulder materials within the soil
profiles (Fig. 3). The vegetation cover is represented mainly
by shrub tundra associations on the slopes (Ledum palustre,
Empetrum nigrum, Vaccinium uliginosum, Cladonia rang-
iferina) and peat bogs in valleys (Sphagnum angustifolium,
Sphagnum magellanicum).

The surroundings of the Khalyatalbey river key plot
is characterized by a high influence of alluviation in river
valley conditions on soil formation and high occurrence of
gravel materials within the soil profiles (Fig. 4). Shrub tun-
dra and forest tundra associations are predominant in the
vegetation cover.

The foothills of the Polar Urals key plot is represented
mainly by hills with relatively gentle slopes (8-15 degrees).
The soils are characterized by high abundance of rocky
material (Fig. 4). Automorphic conditions in the upper parts
of the slopes are gradually replaced by hydromorphic con-
ditions in the lower parts with decreasing rocky material
inclusions and increasing soil profile depth. The vegetation
cover is represented mainly by shrub-moss tundra with the
presence of trees (Larix sibirica).

Usually, in order to perform vertical electrical resis-
tivity sounding, the so-called Schlumberger geometry is
used. The Schlumberger array consists of four collinear
electrodes (see the sketch in Fig. 5). The inner two elec-
trodes (MN) are the potential electrodes whereas the outer
two (AB) electrodes are current electrodes. The potential
electrodes are installed at the centre of the electrode array
at small separation. The current electrodes are increased
to greater separation during the survey, while the potential
electrodes remain in the same position until the observed
voltage becomes too small to measure (Keller, 1966;
Sharma, 1997). The advantages of this method are that
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Fig. 4. Examples of soils and landscapes analyzed in this study. Surroundings of Salekhard city (a, b), The Polar Urals (¢, d), surround-

ings of Khalyatalbey river, (e, ), foothills of the Polar Urals (g, h).

a small number of electrodes need to be moved in order to
perform each sounding and the cable length for the poten-
tial electrodes is shorter. In comparison with the Wenner
array, Schlumberger sounding generally has better resolu-
tion, greater probing depth, and less time-consuming field
deployment (EPA, 1993).

It must be noticed that the influence of permafrost for
the Yamal peninsula seems to be the most important factor
affecting electrical resistivity properties in soils. In addi-
tion, the processes of cryoturbation and cryogenic mass
exchange, which are very widespread in the soils of the
Yamal peninsula, result in a complicated picture of pro-
file distribution of electrical resistivity values and serve as
prerequisites of their heterogeneity. Moreover, the appear-
ance of the permafrost table changes the profile curves of

electrical resistivity (Ra) values, because unfrozen soil is
characterized by Ra values of 10-799 Q m and frozen lay-
ers are characterized by Ra values of thousands of Q m.

A relationship between values of electrical resistivity in
soils and predominance of certain category of soil water
has been shown (Pozdnyakov et al., 2006). In general, the
relationship between the value of electrical resistivity (ER)
and water content in the soil (/) can be expressed by the
formula:

W= a exp (-b ER), (1)
where: a — parameter that takes into account the effect
of the water-holding capacity of the soil on the electrical
properties of the soil solution, » — parameter related to the
chemical properties of soil and soil solution. The ER of the
soil profiles can be estimated from the vertical electrical
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Fig. 5. Sketch illustrated the principle scheme of Schlumberger geometry.

sounding (VERS) measurements, which provides data on
the changes in the electrical resistivity throughout the pro-
file from the soil surface without digging pits or drilling.
In our study, the resistivity measurements were performed
using four-electrode (AB + MN) arrays of the AMNB
configuration with use of the Schlumberger geometry.
A Landmapper ERM-03 instrument (Landviser, USA)
was used for the VERS measurements in this study.
Vertical electric soundings (VERS) using the Schlumberger
configuration were carried out at four locations in different
parts of the South Yamal region.

A VERS was used to study the upper 0 to 3 m thick
layer in greater detail. The distance between the A and B
electrodes ranged from 10 to 600 cm while the distance
between the M and N electrodes was constant —10 cm.
The electrodes were situated on the soil surface with
a depth of penetration into soil about 0.5 cm. The geo-
metric factor, K, was first calculated for all the electrode
spacings using the formula:

K=m (L2/2b - b/2), 2)
for the Schlumberger array with MN = 2b and 1/2AB = L.
The values obtained were then multiplied with the resis-
tance values to obtain the apparent resistivity. The mo-
delling of the VERS measurements carried out at four
stations was used to derive the geo-electric sections for
the various profiles. These revealed that there are mostly
two or three geologic layers beneath each VERS station.
Measurements of the ER were conducted for the first time
for soils of the Yamal region during this expedition.

RESULTS AND DISCUSSION

Data on electric resistivity value changes within the
soil profiles are presented in Fig. 6. The general trend of
vertical changes in soil resistivity is an increase within the
depth. This is typical for permafrost-affected soils and cor-
responds with data obtained previously for Antarctic soils
(Abakumov and Parnikoza, 2015).

The most typical trend in the profile distribution of the
Ra values is an increase along the depth with many distur-
bances (fluctuations), which mainly occur within the soil
profile (Fig. 6a). These disturbances are caused by the influ-
ence of permafrost inhomogeneity and appearance of the
water-saturated layer of soil in contact with the permafrost
table (at a depth about 100 cm). When the water- saturated
layer appears in the soil bottom horizon, electric resistivity
decreases (Pozdnyakov, 2008). Fluctuations in Ra values
within permafrost strata may be connected with its instabi-
lity and irregularities. In general, the permafrost table lies
at a depth of 160-200 cm.

The profile distribution of Ra values in soils of this key
plot is mainly connected with a monotonous increase along
the depth (Fig. 6b). In most cases, profile distribution is
also characterized by double (or even triple) peaks in Ra
values. The typical feature of soils of this key plot is their
low thickness, which is caused by superficial bedding of the
permafrost table. The soil cover of this key plot has a high
level of complexity, which is reflected in differences in the
profile distribution of Ra values. In general, the superficial
bedding of the permafrost table is very typical (at the depth
of 45-60 cm). Low thickness values of the active layer and
upper location of the permafrost table are typical for his-
tic soils due to lower temperature conductivity of the histic
material (Pastukhov, 2012).

The profile distribution of Ra values in soils of this
key plot is connected with a monotonous increase along
the depth (Fig. 6¢). However, this monotonous increase is
disturbed by fluctuations in Ra values due to cryoturbation
processes. The graphs also show that several fluctuations
in the Ra value profile distribution can be observed within
the soil profile. The soil-permafrost border is usually dis-
tinguished according to the sharp changes in Ra values. In
general, the permafrost table lies at a depth of 120-140 cm.
The top of this layer is decreasing in electric resistivity, as
also shown in the case of the first Polar Ural key plot.
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Fig. 6. Typical profile distribution of Ra values in soils of: a — surroundings of Salekhard city, b — Polar Urals, ¢ — surroundings of
Khalyatalbey river, and d — Polar Urals key plot.
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Fig. 6. Continuation.

The typical profile distribution of Ra values in soils
of this key plot is mainly connected with a monotonous
increase along the depth (Fig. 6d). It may be explained by
the inability of soil solutions to penetrate through the cracks
down and sealing of the permafrost strata. Unlike the soils
of the other key plots, the soils of this key plot show a more
or less simple trend of the Ra values profile distribution
without disturbances and fluctuations. This type of curve
is comparable with those in the soils of the northern part
of the Gydan peninsula (Abakumov, 2016) and with the
soils of Antarctica (Abakumov and Parnikoza, 2015). It
should also be noticed that the electrical resistivity reaches
here the highest values, which are more than 100 000 Q m.
In general, the permafrost table lies at a depth of 80-120 cm.

CONCLUSIONS

1. Active layer thickness and soil-permafrost boundary
are one of the most important indicators for classification
of polar soils. Vertical electrical resistivity sounding per-
formed in the studied area allowed us to determine the
heterogeneity of the soil-permafrost strata in terms of elec-
trical resistivity values. It should be emphasised that very
sharp changes in electrical resistivity values can usually be
observed on the border of different geochemical regimes
and pedoenvironments, ie on the active layer-permafrost
border.

2. Cryoturbation processes, which are widespread in
the studied soils, lead to cryogenic mass transfer, homo-
genization of soil mass, and complication of the profile dis-
tribution of electrical resistivity values.

3. There are several trends in the profile distribution
of electrical resistivity values within the permafrost strata.
The first trend is connected with a monotonous increase in
electrical resistivity values along the depth. This trend may
be explained by an increase in electrical resistivity within
the soil depth in relation to an increase in permafrost densi-

ty. The second trend, in which a sharp decrease is replaced
by gradually increasing electrical resistivity values, may be
caused by changing of non-frozen friable debris to frozen
massive crystalline rock. In general, it has been noticed that
the permafrost layer is less homogenous in the upper part of
permafrost strata than in the lower part.

4. The vertical electrical resistivity sounding method is
quite useful for identification of the permafrost table depth.
Vertical electrical resistivity sounding provides significant
information on the changes in electrical resistivity values
(electrical resistivity values) indirectly (without digging
soil pits or drilling activities). This method also allowed
us to distinguish genetic horizons within the soil profiles,
which have different characteristic electrical resistivity
values.
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