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Abstract
The results of the “Kovdor-2023” experiment on deep electromagnetic sounding of the Earth’s crust within the

Archean basement of the southwest of the Kola Region with natural (magnetotelluric sounding, MTS) and artificial
(controlled source audio magnetotelluric sounding, CSAMT) sources are presented. The experiment was intended
to study the electrical conductivity of the upper Earth’s crust in the area of the Belomorian Block of the Fen-
noscandian Shield in continuation of the work of 1995, as well as the “Kovdor-2015” experiment, which suggested
that the presence of a heterogeneous conductive layer (DD layer) with longitudinal conductivity from tenths to units
of siemens in the upper part of the Precambrian crystalline crust at depths of up to ten kilometers is an inherent
regional characteristic of the Fennoscandian Shield. During the 2023 experiment, technologically improved versions
of field generating and measuring equipment and the new data processing methods were used. The earlier studies
have identified the need for the modified measuring equipment with the frequency range expanded towards high
frequencies, as well as for better synchronization between the source and receiver. Thus, to carry out the experiment,
a new generator group and a new electronic unit combining functions of the control unit for the generator and the
source output recorder, as well as a technique for synchronous processing of time series of current in the source and
the electromagnetic field component at the observation point, were developed. The “Kovdor-2023” experiment was
carried out using a new generator and a new measuring system, which made it possible to obtain additional infor-
mation about the upper part of the object studied. Synchronous processing of new data was carried out, taking
into account the materials and experience of the previous experiment, including static distortions and displacement
currents. MTS and CSAMT data were used to construct a geoelectric section using the MARE2DEM program.
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Introduction

Electromagnetic prospecting of the Earth’s crust may involve a variety of methods aimed at
solving global and engineering problems. The theoretical basis, measurement technologies, pro-
cessing, and interpretation of data are constantly being perfected. Electromagnetic methods are used
to study various structures, ranging from plain layered media and heterogeneities modelled by simple
geometric shapes to complex asymmetric heterogeneous environment. The high resistivity and
heterogeneity of the near-surface layers of crystalline shields, such as Fennoscandian, introduce spe-
cific requirements on electromagnetic research methods [1, 2].
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Magnetotelluric sounding (MTS) is one of the most common methods of electromagnetic explo-
ration of the Earth’s interior [3-5]. The main advantage of this method is that it does not require
artificial source (generator) of electromagnetic field. The sources of the magnetotelluric field are natural
processes in the ionosphere and magnetosphere, which have been thoroughly studied by now [6].
Principal faults of the MTS method are — signal distortions caused by inhomogeneities near the
observation point, sensitivity to interference, especially near artificial sources of electromagnetic
fields, such as power lines, and the indeterminacy of the natural sources [7]. Nevertheless, magne-
totelluric soundings still find their application in such conditions [8].

The controlled-source audio-frequency magnetotelluric method (CSAMT) has proven effective
in suppressing external noise, resulting in a relatively high signal-to-noise ratio [9-11]. Modern
sources can generate a powerful signal over a wide frequency range [12], and measurement systems
offer high resolution. This makes the method particularly effective for mineral and hydrocarbon ex-
ploration [13, 14], geothermal studies, detection of long and deep tunnels, and for solving groundwa-
ter contamination problems [15-17].

The development of MTS and CSAMT methods proceeded in parallel, with the former allowing
data to be obtained from greater depths, and the latter from shallower layers of the subsurface. As
technologies and data processing methods improved, it became possible to obtain information from
the same depth range using both methods [17, 18]. Furthermore, the development of computing tech-
nologies made it possible to proceed from a one-dimensional to a two-dimensional approximation for
both methods. The results of the both electromagnetic methods, however, are not always consistent
with each other [18].

An intermediate conductive layer was discovered in 1997 in the Central Finland Granitoid Com-
plex using frequency sounding [19]. It is located in the upper crust at depths of up to 10 km and has
insignificant longitudinal conductivity, from fractions to units of siemens. The nature of the layer was
interpreted within the framework of the dilatant-diffusion conductivity hypothesis (DD layer) [20]. Ac-
cording to this hypothesis, the direction of cracks in brittle rock changes from subvertical to subhori-
zontal under the action of tangential stresses. lon-conducting fluids penetrate to depth from the day-
light surface along this system of cracks. Dilatancy phenomena, i.e., irreversible loosening, arise due to
brittle fracture of rocks under conditions of interaction of tangential and lithostatic pressures. This fa-
cilitates the emergence of free fluids in the opening cavities and increases the electrical conductivity of
rocks within a fairly narrow depth range (from 2 to 10 km) in the form of an intermediate conductive
layer. The DD layer is not a continuous, homogeneous region, but a heterogeneous zone of low resis-
tivity caused by the influence of numerous small fractures. The layer is of interest mainly due to the
possible presence of free fluids in the upper crust of the Earth at depths ranging from 2-3 to 7-10 km.

In 2015, sounding was conducted within the Kovdor-Yena segment of the Belomorian Block.
The goal of the “Kovdor-2015” experiment was to study the parameters of the DD layer. The result
was a series of one-dimensional geoelectric sections revealing an intermediate conductive layer at
depths ranging from 2 to 10 km.

The study area is composed primarily of Archean granite-gneisses, amphibolites, and muscovite
and apatite-magnetite ore zones of varying composition and structure [21].

The aim of this study is to investigate the deep electrical conductivity of the crust of the Belomo-
rian block of the Fennoscandian Shield in the Kola Region. This research is a continuation of the
2015 experiment [1]. The objectives were, firstly, to improve the synchronization of the source and
receiver, and secondly, to obtain information in the higher-frequency range. To address these objec-
tives, new data acquisition systems were introduced and a new generator unit was built. This made it
possible to increase the information value of the data obtained during the 2023 measurements and
supplement the results of the “Kovdor-2015” experiment.

Archean rocks have high resistivity, up to 10® Ohm-m. Zones of low resistivity may be associated
with the concentration of ion-conducting fluids in zones of increased fracturing, as well as with fault
zones containing electron-conducting sulfides and graphites.
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Data from both experiments along a single profile were analyzed in a two-dimensional approxi-
mation using modern methods of data processing and inversion.

Measurement methodology

Measurements were conducted along the sublatitudinal profile of Kovdor — Polyarnye Zori at
intervals of 12-15 km using a mutually orthogonal power supply setup in the form of L-shaped
grounded lines (dipoles) 1.5-1.8 km long (Fig.1). Such measurements had been carried out at seven
locations.

Compared to previous experiments, operational frequency range was expanded towards the high
frequency. The effective depth of electromagnetic frequency methods (the depth from which the
maximum contribution to the electromagnetic field response at the surface for a given frequency is
determined) was estimated using the skin effect formula [10]:

H = JlOpT (1)

s 2n
where p is the resistivity of the underlying rock, Ohm-m; T is the period of electromagnetic field oscil-
lations, s.

During the 2015 experiment, the upper boundary of the signal frequency was approximately
2000 Hz. This allowed signal acquisition from depths of a few kilometers. Increasing the signal
frequency and decreasing the minimum survey depth required modification of the source and
receiver.

The electromagnetic field was generated by the “Energia-5” generator, which was developed
for this experiment based on the “Energia-4” generator [12]. The generator’s power unit is a single-
phase bridge inverter based on insulated-gate bipolar power transistors. This inverter uses three-
level pulse-width modulation to generate arbitrary current waveforms in the frequency range of

30°

4 67°

Fig.1. Layout of transmitter lines and observation points on the geological map of Fennoscandia [22]

Red dots are observation points in the “Kovdor-2023” experiment, green dots are observation points
in the “Kovdor-2015” experiment, black lines are feeding lines, yellow dots are observation points of MTS 2016,
dotted line — position of the Kovdor — Polyarnye Zori profile
Ar — Kovdor-Yena segment of the Belomorian Block, composed predominantly of Archean rocks
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0.001-2000 Hz, as well as a bipolar square-wave signals with variable pulse ratio in the frequency
range of 0.07-10,000 Hz.

The “Energia-5” generator was mounted in the body of a KamAZ-43101 truck and was powered
by an AZIMUT ED 100-T400-1RKM11 diesel generator with an output voltage of 380 V and a power
output of 100 kW. The “Energia-4” generator was powered by a 29 kW alternator mounted in the body
of a ZIL-131 truck and connected to the engine via a power take-off shaft.

The use of new transistors and a more advanced and powerful powertrain in the “Energia-5”
generator allowed for an increase in the output signal amplitude, especially at high frequencies, re-
sulting in an increase in the upper signal frequency from 2 kHz in 2015 to 4 kHz in 2023. This allowed
for a reduction in the minimum exploration depth [1] by a factor of 1.4 (less than 1 km).

The generator's adjustable output current waveform ensured its versatility, allowing it to be used
for various deep electromagnetic sounding methods. In particular, a sinusoidal waveform or square
wave can be used for frequency sounding, while a modified square wave with variable duty cycle can
be used for near-field sounding using the transient electromagnetic field method.

To ensure a higher radiating magnetic moment, the generator and dipoles must be installed
in geological zones with high soil resistivity, which ensures greater depth for the dipole return
current. On the other hand, this leads to difficulties in constructing grounding devices and a higher
impedance for the source dipoles. The location of the transmitter lines in this experiment was
chosen to ensure the lowest grounding resistance also taking into account the azimuth of the survey
profile. In the “Kovdor-2015" experiment, two feeder layouts were deployed — in the eastern and
western sectors of the study area (Fig.1). In 2023, a layout was almost identical to the eastern setup
used in 2015.

Two measuring stations were used in the 2023 experiment: a broadband magnetotelluric VMTU-10
(fifth generation) and a KVVN-7 (fourth generation) [23], developed by staff from the Northern
Energetics Research Centre KSC RAS and Polar Geophysical Institute KSC RAS. The VMTU-10
station has an internal GPS-synchronized logger operating in five-channel mode with a sampling
frequency of up to 1000 Hz and up to 32 sensitivity bits. It also may be connected to an external
logger. The KVVN-7 station records signals on seven channels via an external recorder and has notch
filters for the first five odd harmonics of the 50 Hz industrial frequency.

The frequency range of the VMTU-10 station was insufficient to achieve the objectives of the
“Kovdor-2023” experiment. The need to measure signals in the range of 1 Hz to 4 kHz required
modifications to the signal recording system. To address this issue, measurements were performed
using an external analog-to-digital converter (ADC) of the QMBo0x17-16 series. Using the QMBoXx
ADC, the VMTU-10 station recorded signals at a frequency of 20 kHz. The KVVVN-7 station and the
“Energia-5” generator also used ADC data operating in the same mode. In the “Kovdor-2015” experi-
ment were also used 14-bit AD converters without synchronization. Thus, in the 2023 experiment,
compared to the 2015 experiment, it was possible to expand the range of studied frequencies to
10 kHz, increase the measurement accuracy from 14 to 16 bits, and synchronize GPS data with an
accuracy of 0.00001 s.

The measured parameters were identic to those of magnetotelluric soundings, i.e. the horizontal
electric and total magnetic fields. The electric components of the field were measured using mutually
orthogonal grounded lines 200 m long. The magnetic field was measured using inductive sensors. The
intrinsic noise of the magnetic sensors of the KVVN-7 [23] and VMTU-10 stations is 20-30 fT/HzY? in
the frequency range of 10-300 Hz, which is an order of magnitude lower than the noise of the natural
field. Thanks to the rejector filters, the KVVN-7 station could record the signal under the conditions
of high industrial interference (point P06). The VMTU-10 magnetic sensors have smooth amplitude
and phase-frequency characteristics, therefore the measurements performed without interference (all
points except PO6) were of higher quality. The recording was carried out during the generator opera-
tion session, and variations in the natural field were also measured after the session to measure the
MTS in the absence of a source signal.
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Results

Since the measurements were identical to those of magnetotelluric studies, data processing was
performed using both the MTS technique [24, 25] and the CSAMT technique [10, 26]. The task of
processing data from the “Kovdor-2023” experiment was to obtain the values of the absolute vectors
of the electric and magnetic fields and the value of the total impedance module.

The search for a useful CSAMT signal in the time series of measured electromagnetic field
components was carried out automatically, synchronously with the processing of the time series
of the source signal. This scheme was implemented to process data from a series of FENICS experi-
ments [27]. Calculations of apparent resistivity and geometric coefficients were performed using the
following formulas [10]:

» for electric field

E (0]
ptit = Ktitf; Bt = xé Ef + Ej;
KXEKE £ 2nr? £ 2ar?
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where E — electric field strength along the axis x, V/m; E, — electric field strength along the axis y,
VIm; H, — magnetic field strength along the axis x, A/m; Hy — magnetic field strength along the axisy,
A/m; | — current amplitude, A; L — length of the source dipole, m; r — distance between source and
receiver, m; 6 —angle between the source axis and direction r, deg; f — signal frequency, Hz.

Calculation of apparent resistivity from impedance was carried out according to the following
equations:

Z.[ =
ptzot = | tt| 3 Lt :_tgt' (4)
275 MO Htot

Data processing using the MTS technique was carried out using the VMTU-1d program, developed
for processing and one-dimensional interpretation of data from the VMTU-10 station. It implements
a standard procedure for processing magnetotelluric data, proposed by V.Yu.Semenov in 1985 [28].
The data measured through the QMBox ADC from the KVVN-7 and VMTU-10 stations was refor-
matted for processing in this program.

For each measured field component, averaged spectra and correlation relationships between con-
jugate and anti-conjugate components of the electromagnetic field are calculated. Then, based on the
frequencies that satisfy the selection criteria, the response of the medium is determined Zxx, Zxy, Zyx,
Zyy (components of the impedance tensor, Ohm) from the relations

E=Z,H+ZH, E =2 H+Z H,.
Next, the apparent resistivity, impedance phase and asymmetry parameter were calculated [29]:

1
2nfp,

2

; 0 =arg(Z,); ©)

2,
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At each point, according to formulas (5), (6), we determined the directions of the main field
components relative to the magnetic meridian and the values of the apparent resistivity pxy, pyx (Fig.2, a),
impedance phases oxy, oyx (Fig.2, b) in the frequency range of ca. 1-300 Hz. In addition, formula (7)
was used to compute parameter skew (Fig.2, c) defining the dimension of the lower half-space.

According to formula (1), the effective exploration depth for the study area varies from 1 to
40-60 km depending on the resistivity of the underlying space and the lower frequency of the useful
signal.

Magnetotelluric soundings, in addition to the influence of regional inhomogeneities [30], are
subject to static distortions caused by near-surface inhomogeneities, usually of low resistivity [31-33].
There are different ways to account for these distortions [34, 35]. This work uses the method proposed
by A.A.Zhamaletdinov [36]. To account for static shear distortions, this method analyzes the apparent
resistivity curves of frequency sounding with an artificial source (Fig.3).

Curves calculated from the magnetic component (3) are not affected by static distortions, but are
influenced by the ionosphere and displacement currents in the high-frequency branch. The horizontal
magnetic field is not subject to static distortion, since it has no galvanic connection with the ground
and reflects the true resistivity of the upper layer of the Earth’s crust. Correction of distortions is
carried out by parallel displacement of the electrical pt and impedance p? curves along the resistivity
axis until they coincide with the level of the p" curve along the horizontal magnetic field within the
action of the quasi-stationary wave zone [35].

When sounding with an artificial source, a transition to the near zone occurs at low frequencies
when the wavelength becomes comparable to the distance between the source and the receiver. The
transition from a quasi-stationary wave to the near zone can be approximately determined using the
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Fig.2. Results of MTS measurements on the Kovdor — Polyarnye Zori profile: a — apparent resistivity curves
(blue — transverse, red — longitudinal); b — impedance phase curves
(blue — transverse, red — longitudinal); ¢ — asymmetry parameter skew
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Fig.3. CSAMT apparent resistivity curves obtained along the Kovdor — Polyarnye Zori profile
according to data from sources AB1 (a) and AB2 (b)

Blue lines — p™, red lines — p%, green lines — p?

parameter kr, where k — wave number in quasi-stationary approximation, m=, k = n/A; A — wavelength,
m; r — distance between source and receiver, m.

The condition kr > 1 is satisfied for the near zone, and for the far quasi-stationary zone — kr < 1.
Between them there is a frequency range of the intermediate zone [18].

The “magnetic” resistivity curve (3) in the near zone bears information about the deep distribu-
tion of electrical conductivity with decreasing frequency. The resistivity curve calculated from the
electric field (2) becomes independent of frequency, and the resistivity curve calculated from the
impedance (4), accordingly, increases with decreasing frequency. This discrepancy in the experi-
mental curves in the low-frequency part at all measurement points can be seen in Fig.3.

To account for static distortion, we used the impedance curve of the apparent resistivity of frequency
sounding, adjusted to the level of the “magnetic” curve in the quasi-Stationary zone. For the intermediate
and near zones, the low frequency portion of the apparent “magnetic” resistivity curve was used.

The wave quasi-stationary zone is observed in the frequency range from 100 to 500 Hz (Fig.3).
At higher frequencies, the apparent resistivity curves calculated from the electric and magnetic fields
are distorted due to the influence of displacement currents, and the impedance p? curves are not af-
fected by the ionosphere and displacement currents.

Discussion

The main difference between the “Kovdor-2015” and “Kovdor-2023” experiments is that the
observation points of the 2015 experiment were located in areas with a homogeneous, poorly con-
ductive base to maximize the penetration of the field to depth and avoid the influence of lateral inho-
mogeneities, and the observation points of 2023 were located at approximately the same distance
along the single profile (see Fig.1).

The results of “Kovdor-2023” provide information for constructing a two-dimensional model of
the distribution of electrical conductivity of the Earth’s crust of the Belomorian Block along the Kov-
dor — Polyarnye Zori profile. The results of the “Kovdor-2015” experiment and additional MTS 2016
were also used.

The symmetry parameter skew is an indicator of the dimension of the medium [25, 26]. Parameter
analysis shows that the measured data can only be partially approximated by a two-dimensional me-
dium, but they can also be interpreted as two-dimensional [37].

Data inversion was carried out using the MARE2DEM software developed by K.Key (Lamont-
Doherty Earth Observatory, Columbia University, USA) for two-dimensional inversion of both fre-
quency soundings with an artificial source and magnetotelluric soundings [38]. The program was

159

This is an open access article under the CC BY 4.0 license



EIFEEE  Journal of Mining Institute. 2026. Vol. 278. P. 153-162
E| 1!‘5& © Aleksei A. Skorokhodov, Aleksandr N. Shevtsov, Andrei E. Gannibal, Vitalii V. Kolobov,
o Viktor V. Ivonin, Tamara G. Korotkova, 2026

developed for seabed research, but can also be applied in shield conditions. MARE2DEM uses a
polygonal model and a finite element method for solving a direct problem.

The data inversion procedure requires significant computational resources, so to solve the inverse
problem it is necessary to carefully select the initial model. Figure 4 shows the result of the 14th
iteration, where the a priori model is the averaged model obtained from the results of the “Kovdor-2015”
experiment [1], in which an intermediate conducting layer is present.

The combination of CSAMT and MTS sounding methods with a new source-receiver system
made it possible to obtain more detailed information for each measurement point. The new findings
are generally consistent with previous studies in the area. By expanding the frequency range of both
research methods, an additional information was obtained for the upper part of the section (1-3 km)
at seven points, which makes it possible to identify heterogeneities near the surface, but does not
greatly affect the deep part of the section.

The presence of near-surface inhomogeneities in electrical resistivity leads to static distortion of
the measured data. The more information in the high-frequency region, the greater the opportunity to
take this influence into account. According to the resulting model (Fig.4), at depths of up to 2-4 km,
resistivity inhomogeneities are in a range of one order of magnitude (10*-10° Ohm-m), which generally
corresponds to the rocks that make up this area. Magnetotelluric data (see Fig.2) also have a scatter
of one order of magnitude from point to point.

The profile in relation to the source is conventionally divided into two areas, the western, com-
posed mainly of Proterozoic rocks, and the eastern, composed of Archean rocks (see Fig.1). The
regions differ not only in the age and composition of the rocks, but also in the predominant strike of
the faults, sublatitudinal for the western region and submeridian for the eastern region. The difference
between these parts is expressed in magnetotelluric data (see Fig.2), according to which the western
part has a greater scatter of data from point to point.

New data confirms the presence of an intermediate conductive layer. In particular, a minimum
observed in the region of a period of 0.001 s in all curves of the apparent resistivity of CSAMT
(see Fig.3), can be interpreted in one-dimensional and two-dimensional approximations as an inter-
mediate conducting layer. The presence of this layer is difficult to explain by the presence of electron-
conducting zones in the study area [21]. In the section, such a zone is located at depth from 4 to 10 km,
its resistivity varies from point to point, but in general is one or two orders of magnitude lower than
the surrounding rocks. The nature of this layer is apparently explained by dilatant-diffusion phenomena
in the upper, fragile part of the Earth’s crust [1, 20].

The resulting section depends on the a priori model; it has yet to be refined. To create a more
correct initial model [38, 39], one should take into account data from other geophysical methods and
additional information.
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Fig.4. Geoelectric section along the Kovdor — Polyarnye Zori profile according to MTS and CSAMT data,
obtained using the MARE2DEM program
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Conclusion

The “Kovdor-2023” experiment was carried out on electromagnetic sounding of the lithosphere
of the Belomorian Block along the Kovdor — Polyarnye Zori profile to a depth of 40 km. Compared
to the previous experiment [1], the measurement scheme was changed. Due to the new source and
modification of the data recording system, sensitivity has been increased and the operating frequency
range has been expanded. For the first time, a geoelectric section was obtained in this area of the
Belomorian Block using two-dimensional data inversion. Inhomogeneities of electrical resistivity
were distinguished in the upper part of the block.

The data obtained confirm the presence of a conductive zone at a depth of 4 to 10 km. This layer
was discovered during previous studies; its nature is explained by the dilatation-diffusion phenome-
non in the upper part of the Earth’s crust.

As a result of the “Kovdor-2023” experiment, a two-dimensional geoelectric section was ob-
tained in the range of 0.1-40 km along the Kovdor — Polyarnye Zori profile. Unlike the 2015 experi-
ment, in which a series of one-dimensional sections were obtained with the presence of an interme-
diate conductive layer at depths from 2 to 10 km [1], now the layer with variable electrical
conductivity was established at the same depth along the entire profile.
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