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The task of the work was geoelectrical studies using variations of the magnetotelluric
(MT) field of the Kozloduy nuclear power plant (KNPP) region and the integration of its
results with other geological and geophysical knowledge. This paper presents the deter-
mined interpretation parameters of the MT field. The KNPP is located on the right bank
of the Danube River in close proximity to the river. This fact, together with the location of
electrified railways determined the unique network of locations of observation points for
MT field variations. Based on the analysis of Earthquake Catalogs of Bulgaria and interna-
tional seismicity databases, a map of the seismicity of nuclear power plant areas was built.
Over the past 50 years, about 750 earthquakes (mainly south of KNPP) have been recorded
at a distance of 40—80 km from the KNPP. Two magnetotelluric stations GEOMAG-02 were
used at measurement sites, but equipment for recording electrical channels was available
only for one station (due to the lack of another set of non-polarizable electrodes). The MT
field variations were observed at 21 points, which are located on the territory with sides
approximately 30—35 km from east to west and 40—50 km from north to south. For all
observation points on the profile, only the parameters of the vertical magnetic transfer
function (VMPF) were determined, in the form of the real (C) and imaginary (C, ) parts of
the induction vector. The steadily induction vector was defined for periods from 10—20
to 4900—10 800 s. For most points it was possible to estimate the values C, C, with an
error of 0.02—0.04 and AzC,, AzC, 3—5°. The analysis showed the presence of anomalo-
us behavior of Cy;, C, in different intervals of periods at some points. In the shortest (about
20 s) and longest periods (600 to 1000 s), the C, directions completely coincide and indicate
the presence of anomalous conductivity of the quasi-longitudinal strike to the west of the
study area. This behavior of the C, vector is in good agreement with power isohypsum
strike of the Cenozoic deposits. At intermediate periods of 50—200 s, the behavior of C,
is more complex. Approaching the zone of high seismicity, the direction of the C, differs
from the previous ones by almost 90°. On the Geoelectrical sections, obtained as a result
of 1D inversions of MTS curves at 4 points located in the southern part of the region,
anomalous layers are identified (p about 10 ohm - m, the depth of the center of the object
is 15—20 km). It can be assumed that well-conducting objects in the Earth's crust of the
region, apparently, prevent the propagation of seismic waves from nearby earthquakes to
the north towards the KNPP.
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Introduction. Geoelectrical studies playa res, which contribute to solving the problem
significant role in the construction of complex of predicting catastrophic natural disasters
geophysical models of deep crustal structu- [Srebrov et al., 2018; Logvinov et al., 2020
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and other]. The integration of the results of
magnetotelluric (MT) and other geophysical
methods makes it possible to obtain additional
information revealing the internal structure
and history of the formation of geological
structures.

Earthquakes are one of the most disastrous
natural phenomena, the impact of which must
be taken into account in the operation of
nuclear power plants. Based on this, in order
to establish the parameters of the real seis-
mic hazard in the areas where nuclear power
plants (NPPs) are located, it is important to
have a set of geophysical data that will make
it possible to clarify the geotectonic situation
around the NPP. Over the past 50 years, more
than 10 000 earthquakes have been recorded
in Bulgaria. Seismic events were documented
within the Maritsa zone as well as the Moe/
ian Platform. In the Kozloduy nuclear power
plant (KNPP) region about 750 events have
been documented.

Therefore, the main task of this work was
the geoelectric study using variations in
the magnetotelluric (MT) field in the KNPP
region and their comparison with other geo-
logical and geophysical knowledge. This ap-
proach allows us to expand our knowledge of
the deep structure of the KNPP region. The
network of observations of various geophysi-
cal methods allows using them to create maps
of detailed and general seismic zonation. The
KNPP (Fig. 1) is located on the right bank of
the Danube River in close proximity to the
river (see Fig. 3, b). This fact determined the
uniqueness of the choice of the network for

Fig. 1. Kozloduy nuclear power plant.

the location of observation points. This fact
determined the uniqueness of the network of
locations of observation points for MT field
variations.

Experimental investigation and proces-
sing of records of variations of MT field com-
ponents. Registration of MT field compo-
nents. Noise characterization is important
when recording signals with frequencies of
less than 1 Hz. The geoelectrical measure-
ments were carried out using the GEOMAG-
2 fluxgate magnetometers [Dobrodnyak et
al., 2014] which registers variations in the
MT field components with a high sensitivity
threshold. Optimization of the excitation mo-
de of the sensor by increasing its excitati-
on field greatly improved the noise charac-
teristics of the GEOMAG-02. The following
requirements for the noise characteristics of
the GEOMAG-02 in the frequency range of
DC to 0.2 Bz are set as per the recommenda-
tions made by the INTERMAGNET definitive
1 s data standard [Turbitt et al., 2012]: noise
levelin the frequency band DC is set to 8 mHz
less than 100 pT RMS (root mean square) and
noise level in the frequency band 8 mHz is set
to 0.2 Hz less than 10 pT/yVHz at 0.1 Hz. Fig.
2, a represents the basic frequency-noise re-
sponse of the GEOMAG-02 under controlled
conditions at manufacturing location (Lviy,
Ukraine), with a noise density of 10 pT/ \VHz at
0.1 Hz. Fig. 2, b shows graph of noise density
in the frequency range from 8 mHz to 0.2 Hz as
a result of the low-frequency digital filtering
at a cut off-frequency of 0.2 Hz, with window
width being 25 s. Experimentally obtained
graphs confirm the achievement of the ne-
cessary noise characteristics (as is shown in
Fig. 2). The data format corresponds to the
Recommended Standard: text line format,
sensitivity threshold 1 pT and time-stamp ac-
curacy (centered on the UT second) better
than 0.01 s.

As follows from the description of the
technical characteristics, the equipment fully
meets the necessary requirements for the
planned research.

During the experimental work in 2021, two
magnetotelluric stations GEOMAG-02 were
used at measurement sites. One station is
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Fig. 2. Noise characteristics of different magnetic components of GEOMAG-02 (a); noise characteristics
as a result of digital filtering at Fy = 0.2 Hz (b).

the property of the Institute of Mathematics
and Informatics of the Bulgarian Academy of
Sciences; the second belongs to the Institute
of Geophysics of the National Academy of
Sciences of Ukraine.

Observation network selection. The use-
ful signal is registered together with the inter-
ference. By nature, the sources of interference
are divided into model, industrial, instrumen-
tal, measuring.

Model interferences are created by the non-
linear part of the MT field, which is associated
with the characteristics of MT field sources
that do not correspond to the accepted theo-
retical positions (pulsations in the zones of au-
roras and multitudes of resonant field maxima,
near thunderstorms, etc.). The influence of
these reasons extends over distances of hun-
dreds of kilometers. All other things being
equal, the level of the indicated interference
increases in areas of high resistance of surface
rocks and attenuates in low-resistance ones.

Industrial disturbances are associated with
stray currents from of electrified railways,
pipelines, power lines, telegraph lines, radio
stations and radar installations. They are local
in nature. According to theoretical and ex-
perimental data, their radius does not exceed
10—20 km and depends on the electrical re-
sistance of surface deposits. Interference can
be stationary with a fundamental frequency
of 50 Hz and non-stationary with a wide fre-
quency spectrum. High-impedance blocks
of the Earth's crust are excellent waveguides
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for industrial disturbances, therefore, within
their limits the disturbances extend for much
greater distances than within low-impedance
blocks.

Industrial barriers are a serious obstacle to
MTS. Particular difficulties arose in conduct-
ing soundings near cities with well-developed
industry. Large industrial centers are usually
interconnected by electrified railways, high-
power power lines, cable and wired commu-
nication lines. The data already obtained de-
monstrate serious distortions of MT fields and
interpretation parameters caused by industrial
sources, including the effects of electrified
railways, pipelines and industrial plants.

Electrified railways and pipelines gene-
rate electromagnetic interference in a wide
range of frequencies. Whenever possible,
MTS points should be located as far as pos-
sible from sources of industrial interference.
Interference with a frequency of 50 Hz was
suppressed by notch filters included in each
channel of the GEOMAG-02 equipment.

Therefore, first of all, it was necessary to
assess the presence of these sources of inter-
ference.

Fig. 3, a shows the position of the KNPP
and electrified railways in the study region.
Typically, interference from these sources has
asignificant impact on distances up to 20—25
km. Very strong interference was registered
in the records of variations of electrical com-
ponents at the first point (Mot), located 10 km
from the KNPP. Interference on the magnetic
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Fig. 3. Sources of interference on the electrical components of the MT field (a): I — Kozloduy nuclear
power plant (red star) and its probable zone of influence on the electrical components of the MT field, 2—
electrified railway (https://www.bdz.bg). Distribution of earthquake epicenters during 1973—2020 (b).

components of the MT field decreases in pro-
portion to the cube of the distance from the
interference source. Taking into account the
above, it was decided to register the magnetic
components at the closest possible distance
from the KNPP. Five components were re-
corded at four points at a distance of more
than 25 km from the KNPP (one of the points
15 km from the electric railway). The presence
of electrified railways automatically limited
the area of experimental research from the
west and south the west and south.
Instrumental interferences include GEO-
MAG-02 equipment noise: intrinsic noise and
drift of amplifiers and sensors, leaks in equip-
ment and measuring lines, electrochemical
processes at non-polarized electrodes. This
type of interference is easily recognized and
observed by GEOMAG-02 operators visually.
Another important factor determining the
choice of the research area is the seismicity
of the NPP region. Fig. 3, b shows the distri-
bution of the epicenters of the earthquakes
closest to the NPP with a magnitude of more
than 2 (http://crustal.usgs.gov/geophysics/
index.htm; http://www.isc.ac.uk/iscbulletin/
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search/catalogue/; http://www.emsc-csem.
org/Earthquake; http://service.iris.edu/irisws/
fedcatalog/1/; https://earthquake.usgs.gov/
earthquakes/search/; https://doi.org/10.7914/
SN/BS). Based on the above data, the research
area in the west and south was limited by the
zone of influence of electrified railways.

The aim of the study was to determine
possible conductivity anomalies in the KNPP
region. The distance between observation
points was 10—15 km. According to previous
MT studies [Srebrov et al., 2018] in the im-
mediate vicinity of the KNPP, conductivity
anomalies are observed in the range of periods
of 10—1000 s.

The cars used in the expedition were not
adapted to dirt roads, which made it difficult
to select the sites for observation points. This
fact and the high density of agricultural crops
posed serious challenges for the operators,
particularly when infrastructural and envi-
ronmental conditions were far from ideal
and did not allow making a given density of
observations and in many cases prevented the
installation of lines to record the electrical
components of the MT field.
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Observations of the MT field were made
at 21 points (Fig. 4) which cover an area of
30—35 km in longitude and 40—50 km in the
latitudinal direction. Due to the inexperience
of the observers and technical malfunctions
at several points, the MT field variations were
recorded over a shortened recording period.
This determined the quality of the obtained in-
terpretation parameters. As follows from Fig.
4, the location of the MT observation points
makes it possible to analyze the influence of
the seismicity of the Kozloduy region on the
interpretation parameters.

Processing records of MT field variations.
The analysis of the obtained records of MT
field variations indicates that industrial and
domestic interference can be superimposed
on the measurements. The basis of primary
processing is smoothing (filtering) records of
MT field variations in order to filter out ran-
dom outliers. In practice, data cleansing is
time-consuming and often done manually.
It is rather difficult to create a universal pro-
gram for «cleaning» various noises by filtering
methods, since with noises there is always a
possibility of removing useful signals. As a re-
sult, recordings can be significantly distorted
and not correspond to natural processes. In
some cases, records are discarded as low-qu-
ality.

In the world practice of processing MT
field variations, each author uses different
approaches to solving this problem. Often,
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Fig. 4. Location of the observation sites (cross) and
meridional profiles (grey lines) along which observa-
tion points are grouped.
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areas of a record with a strong background of
interference are simply «gouged out» when
processing the data.

It is convenient to carry out digital signal
processing using the MATLAB software. The
built-in programming language makes it easy
to create algorithms. Numerous functions of
MATLAB and Toolbox greatly simplify pro-
gramming. Users of ready-made programs,
even without knowledge of the software, can
start processing and visualizing data almost
immediately. It is enough to enter the name of
the M file without the extension in the com-
mand line.

To perform primary processing at the Insti-
tute of Geophysics of the National Academy
of Sciences of Ukraine, a number of programs
(GIS TARIG system) were written that allowed
us quickly eliminate intermittent interference.
In years of quiet solar activity, daily records
are characterized by a smooth change in MT
field variations. Dst variations are extremely
rare, which makes it possible to use a simple
algorithm for recovering records taking into
account the difference in values between adja-
cent points. The GIS TARIG system offers a set
of programs (SKACHOK) for «cleaning» MT
field variation records for GEOMAG stations,
allow quickly (especially in comparison with
manual «cleaning») eliminat interference in
all components at the same time. The cleaning
programs are used in stages, depending on the
type of interference. During the execution of
the first stage of the SKACHOK program, re-
cording trends are eliminated for each compo-
nent separately; if necessary, the recording of
MT field variations can be decimated. Finally,
the MT field components are recalculated to
the zero level. The original and corrected data
are displayed on Fig. 5.

All data processing was carried out using
two programs [Varentsov, 2007] and [Ladaniv-
skyy, 2003]. Stage 1 of the experimental data
ended with estimates of impedance (Z) and ver-
tical magnetic transfer function (VMPF) wi-
thin the framework of a single-point proces-
sing scheme.

Estimates of interpretation parameters
(impedance and VMPF parameters). The
main provisions of the theory of MT research
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Fig. 5. An example of using the first stage of the SKACHOK program, as a result, the rough jump-
like upshoots observed during registration of MT field variations have been corrected: electrical Ens
(northern) and magnetic B, (vertical), By (northern), By (eastern) component are eliminated.

are set out in the work [Berdichevsky, Dmit-
riev, 2008]. Geoelectrical methods using vari-
ations of the magnetotelluric field are based
on the representation of an external source
of the MT field as a plane wave incident on
a horizontally layered Earth. For this type of
representation, the vertical magnetic compo-
nent is zero at the Earth's surface. Depending
on the components of the MT field used, the
results are presented in the form of magneto-
telluric (MTS) and magnetovariational (MVS)
soundings (table).

The main interpretation parameter of the
MTS method is the impedance, which is de-

8

termined from the ratio of the electric and
magnetic components of the MT field. The
impedance depends on p of the medium and
therefore, by measuring it at different periods
and using the phenomenon of the skin effect,
it can be used to determine the electrical re-
sistance of the medium at different depths.

Table shows the values of the skin layer (i.e.,
the order of depths) that can be studied by
magnetotelluric methods, depending on the
used period of variations. These data make it
possible to correctly estimate the power of the
model for real values to interpret the MT field
variation periods.
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Skin depth (km) for different values of resistivity (p) and periods
of MT field variations [Akasofu, Chapman, 1973]

The period of variation of the MT field, s
p, ohm - m

0.1 10 103 10°
10* 16 160 1000
103 5.0 50 300 5000
102 1.6 16 100 1600
10! 0.50 5.0 30 500
109 0.16 1.6 16 160

When analyzing MTS data, the values of
apparent resistivity (p,) are used as the final
result of processing the original records of
variations in the MT field. Usually, the valu-
es p, are used for subsequent estimates of
the Geoelectrical parameters of the Earth's
interior.

The MVS method uses interpretation pa-
rameters (magnetic transfer functions) obtai-
ned from measurements of the magnetic com-
ponents of the MT field. The results of pro-
cessing from one station are usually based on
the relationship (called the Wise-Parkinson re-
lationship) between vertical component (B,)
and its horizontal (B, — northern and By —
eastern) magnetic components of the MT field
B, = Wy By + W,y By, where W,,,W,, — vertical
magnetic transfer function (VMPF).

Transfer functions are usually presented in
the form C;, = ReW,, (o, I') + ReW,y (o, r), C,=
= IMWyy (@, 1) + IMW,y (o, 1), where C; is the
real and C, is the imaginary part of W (w, I)
[Schmucker, 1970].

On the map, C; and C, can be presented in
the form of induction arrows (positive values
of the azimuth of the arrow are plotted clock-
wise from the north direction). By the ratio of
C,and C,, anumber of important conclusions
can be drawn about the geoelectric structure
in the vicinity of the observation point.

Between conducting objects and the geo-
metric parameters of anomalies of magneto-
variational parameters, there are relationships
determined by the Biot-Savart law. Above the
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middle part of the conductor elongated along
the x-axis, the modulus of the induction arrow
is close to zero and has extrema to the left
and right of the projection of the edges of the
conducting object onto the Earth's surface.
The distance between the extrema increases
with the depth of the conductor. C, changes
sign and a minimum on the left and a maxi-
mum on the right relative to the middle of the
conductor. Therefore, with a close, laterally or
vertically, location of the conductors in con-
nection with the superposition of the field,
the above relations for the induction arrow
can vary greatly.

VMPF parameters. For all observation
points indicated above, only VMPF parame-
ters (in the form of real (C;) and imaginary (C,)
parts of the induction vector) were determined
on the profile. The steadily induction vector
has been defined for periods from 10—20 to
4900—10 800 s. At large periods, the ampli-
tude estimates of the induction vector are
unstable or absent either due to insufficient
time of registration of variations, or due to the
large contribution of the field of an external
source of variations.

For the convenience of the preliminary
analysis of the obtained values of the VMPF
parameters, the observation points were
grouped according to the meridional (Im-Ym)
profiles (see Fig. 4). Fig. 5 shows the resulting
frequency curves of the amplitudes (lengths)
and azimuths of the C;and C,,. In most points it
was possible to estimate the values C;, C, with
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an error of 0.02—0.04 and AzC,, AzC, 3—5°.
On the prlm (Fig. 6, a) in all sites, two in-
tervals of periods can be distinguished, at

which anomalous behavior of the parameters
of the induction vector is observed. The first
interval is in all site at periods less than 100 s.
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The ratio of C; and C, corresponds to a two- values of C, of the order of 0.01. AzC, varies
dimensional conductivity anomaly — the from 130—140° in GCb to 170° in B,,. At the
maximum C corresponds to a minimum C,,. rest of the points of the profile, the maximum
At GCb and B,, at periods of about 20 s, the of C,falls on the interval of periods of 50—90°.
maximum C, (0.2—0.3) corresponds to the The maximum period for C, increases from
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north to south. The ratio of C,/C, changes in
the same direction — from 0.2/0.01 in Rzg to
0.2/0.07 in Mdn. AzC, will change from 270°
in Rzg to 200° at other points C, and C,,.

A similar ratio of C; and C,, is observed
in the range of periods close to 1000 s. The
maximum value of C, in B,, reaches 0.4. At
other points of the profile, the value of C, is
less than 0.2. For the first anomalous section
of the periods, the AzC, at the points south
of the Rzg is close to 180°. In the second in-
terval of the periods AzC, is 110—130°. Such
values of the AzC may indicate a change in
the strike of the conductivity anomalies at
different depths.
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On prllm (Fig. 6, b) in Btn, anomalous
behavior of the parameters of the induction
vector is observed at periods of 600—1000s
— the ratio of C,/C, = 0.12/0.04, AzC, 130°.
In Hrd in the ranges of periods of 100—200 s
and 600—800 s, the ratio of C;,/C, is 0.24/0.06
(AzC, varies slightly from 160° to 140°). An
anomalous ratio of C,/C, is observed at Frn
and Dvn in the range of periods of 50—60 s
(0.24/0.05 and 0.4/0.1, respectively). AzC, is
200°. At periods greater than 100 s, no clear
anomalousness of the parameters of the induc-
tion vector is observed.

On the prlllm (Fig. 6, c) in Mtl, Gls, Lpn in
the range of periods 100—1000 s, the ratio of
C, and C, corresponds to a two-dimensional
conductivity anomaly — the maximum C, cor-
responds to a minimum C, (C,/C, varying from
0.24/0.01 in Mtl t0 0.21/0.06 in Lpn. AzC,, vari-
es slightly from 140° to 160°. At Brv anomalo-
us behavior of the parameters of the inducti-
on vector is observed at periods of 60—160s
— the ratio of C,/C,, = 0.3/0.08, AzC, 170°.

On the BGr, BSland Gbr prIYm (Fig. 6, d) in
the range of periods about 60 s the ratio of C,,
and C, corresponds to a two-dimensional con-
ductivity anomaly — most clearly at the Gbr.
The maximum values of C, exceed the level of
0.3—0.4, and the values of C, are 0.01—0.03.
The AzC,,, in the range of periods close to 60s,
increases from 160° in BGr to 190° in BSl and
Gbr, whereas AzC, is 40° in the Gbr.

At all points prYm (Fig. 6, e) in the interval
of periods 100—200 s, the ratio of C; and C,
corresponds to a two-dimensional conduc-
tivity anomaly. The anomaly is most clearly
manifested in Kng and Brn, where, at maxi-
mum C, values of 0.2, C, values are less than
0.01. AzC, in Kng and Brn is 170°, and in Ost
and Dvn — 160° and 140°.

Parameters of sedimentary rocks are im-
portant for building geoelectric models of
the Earth's crust and mantle. Sediments in
Bulgaria are distributed unevenly [lossifov et
al., 1994]. The structure of the Moesian plate
on the territory of Bulgaria is mainly deter-
mined by the two largest tectonic structures,
the Lomskaya depression and the North-
Bulgarian uplift. Within Moesian plate seve-
ral structural complexes are identified. Nisa

TI'eogusuueckuti xyprar Ne 6, T. 43, 2021



GEOELECTRIC STUDIES OF THE KOZLODUY NUCLEAR POWER PLANT REGION, BULGARIA

Upper Paleozoic clastic section is presented
by carboniferous or red deposits that overlap
clastic-carbonate sediments from the Triassic
to the Cenozoic. Rocks of this composition
usually have a resistivity of 10 ohm - m and
higher. The thickness of the Cenozoic sedi-
ments (composed by conglomerate, sand, clay,
and loess) in the study region reaches 900 m
[Zagorchev, 2009].

The usual resistivity of rocks of this com-
position is less than 1 ohm - m. For an objec-
tive assessment, MT research and logging
data are required. Because MT methods have
poor resolution in relation to the high rocks,
pinpointing their resistivity is impossible.
From the results of geoelectric studies on di-
rect and alternating current and laboratory
measurements it is known that the resistivity
of therocks forming the crystalline basement
is much larger than 1000 ohm - m. The most
common characteristic of geoelectric parame-
ters of sedimentary cover is the total value of
the longitudinal conductivity (Sgq = N/p, N —
thickness of the layer with resistivity p) as cer-
tain types of rocks, and the whole thickness of
sediments. Based on geological data and log-
ging data for Romania, a schematic map of Sq
was constructed [Scientific ..., 2013]. On the
territory of Romania, in the area adjacent to
the study area from the north, Sgyreaches 1000
S. According to rough estimates (based on
data on the thickness of sediments and their p)
surface sediments overlying crystalline base-
ment rocks on the territory of the Balkanides
have a Sy of no more than 10—20 S.

Taking into account the above, it can be
assumed that the behavior of the real part of
the induction vector (C,) will correspond to
the distribution of precipitation of the total
value of the longitudinal conductivity (S¢y).
At the same time, it is possible to analyze the
influence of the geoelectric parameters of the
Earth's crust in zones of increased seismicity
on the behavior of induction vectors. The
performed analysis is based on the maps of
induction vectors (Fig. 7) constructed for the
periods in which the anomalous behavior of
C, and C, is noted.

At the shortest (T about 20 s) and longest
periods (T range from 600 to 1000 s), the C,,
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directions completely coincide and indicate
the presence of anomalous conductivity of
the quasi-longitudinal strike to the west of
the study area. This behavior of the C, vector
is in good agreement with power isohypsum
strike of the Cenozoic deposits. At intermedi-
ate periods of 50—200 s, the behavior of C, is
more complex. To the south of the rzg-kng
line, the direction of the C,, differs from the
previous ones by almost 90 degrees.

Magnetotelluric sounding (MTS). Condi-
tioned registration of electrical components
was performed at 4 points (Btn, Frn, Brv, Brn).
As aresult of processing the MT field records,
impedance estimates were obtained in the
range of periods from 20 to 6400—8100 s. As
aresult of the interaction of geoelectric inho-
mogeneities with the MT field, induction and
galvanic effects arise, which are reflected in
different ways by the magnetic and electrical
components of the field. Galvanic distortion of
the MT field leads to a static displacement of
the MTS amplitude curves. To eliminate this
effect, the MTS curves need to be normalized,
which currently consists of restoring the nor-
mal position of the low-frequency branches
reflecting the electrical conductivity of the lo-
wer parts of the tectonosphere. It is assumed
that at depths over 400 km, the horizontal
changes in electrical conductivity are small
and the MTS curves obtained in different re-
gions should merge at periods exceeding 3
hours. In practice, usually, the normalization
of the MTS curves consists of the displace-
ment of the low-frequency parts of the MTS
amplitude curves along the vertical axis to co-
incide with the p curve corresponding to the
regional geoelectric structure of the study re-
gion (if the MTS phase curves agree with the
reference curve). For the study area, the re-
sults of magnetovariational sounding (MVS)
obtained from geomagnetic data at the PAG
observatory (for 1988—2015) were taken as
the reference sounding curve [Srebrov et al.,
2013; Ladanivskyy et al., 2019].

There are different approaches to the in-
terpretation of MT curves. We have chosen a
technique based on the interpretation of MTS
curves in the main directions [ Gordienko et
al., 2005]. The dependence of the impedance
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Fig. 7. Distribution of induction vectors (C, — red, C, — blue) in the area

of anomalous behavior of parameters in the region at the period of 20 (a),
50 (b), 100 (c) and 800 s (d): I—3 — isolines of values of equal magnitudes
(1 —1.4; 2—2; 3— 3), 4 — the boundary of the Moesian plate. Crosses
— epicenters of earthquakes. Isolines of the thickness of Cenozoic sedi-

ments (green).

on the orientation of the measuring lines can
be presented in the form of polar diagrams.
According to the polar diagrams modules of
the main and additional impedance, direc-
tions are found in which the value of the main
impedance is many times higher than the ad-
ditional one. These directions are called the
main ones. In a two-dimensional model of
anomalous conductivity, the polar diagram of
the main impedances has the form of an elon-
gated oval or figure eight, the major axis of
which is oriented in the longitudinal direction
and the small one in the transverse direction.
With this approach, the data obtained are
most adequate to the theoretical concepts of
the theory of magnetotelluric sounding.

To select the MTS interpretation curve, the
impedance parameterization was performed,
which included the determination of the Skew
parameter and azimuth to off-diagonal impe-
dances of the impedance matrix (Fig. 8). The
azimuth to main directions of the impedance
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matrix estimated from polar diagrams. The
azimuth to main directions of the impedance
matrix (corresponding to the maximum va-
lues of the impedances) correlate well with
the azimuths in which there is a minimum of
additional impedances of the polar diagrams.
The azimuth to main directions is located
within 100—130° in the Frn, Brv, Brn and Btn
about 40°. For most periods, the ratio of the
polar diagrams of the main (in the form of a
figure of eight) and additional impedances (in
the four-petal form). The most reliable result
of MTS interpretation is obtained in the main
directions of the impedance matrix, where the
ratio of the main and additional impedances
assumes the highest values. At all points, the
ratio of the main and additional impedances
varies from 4—>5 to 8—9. This kind of polar
diagrams indicates the proximity of the geo-
electric situation in the vicinity of the obser-
vation points a two-dimensional. Comparison
of these azimuths with the azimuths of real
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induction arrows at the maximum frequency
response shows that for Frn, Brv, Brn, the azi-
muths are close (i. e., the maximum MT curves
correspond to the TM mode), and in Btn they
are almost perpendicular (i. e., the maximum
MT curves correspond to the TE mode).
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The skew parameter is a measure of the
asymmetry of the environment. If the medium
is two-dimensional or axisymmetric, Skew = 0.
In practice, it is believed that for skew values
<0.3, it can be assumed that the medium is
close to two-dimensional. The values of the
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Skew are the largest in the Brn. In most peri-
ods, the value of skew exceeds 0.3, while in
other sites, this value is generally less than 0.3
(see Fig. 8). The recorded behavior of these
parameters may indicate either the influen-
ce of powerful sources of interference on the
components of the electric field, or a strong
geoelectrical inhomogeneity in the vicinity
of the Brc.

As a result of processing, it was possible
to obtain the values of impedances and the-
ir phases in the range of periods from 16 to
8000 s. Fig. 8 shows the amplitude and phase
MTS curves in the main directions of the im-
pedance matrix used for interpretation.

1D inversion of MT curves. At the first
stage, the selection of the parameters of the
geoelectric section was based on a one-di-

; Borovan-li]LJ

Impedance phase, degrees

—60
—-90L s l
21 100 10°Ts
i oo,
C AL 8 ‘o
I MT;"(‘ 1 MTs| N. | MVs
E 10'L—teg, ! : _ 9
E E . ! £ N g N =7 N
s [y o Expgrimental B L i
C‘)‘. r dala r -
0 [——ogcam L L
0 w0 D ’
104 NE 'NE E N
E HE ] t} fl.
hIIIIII I R L IIIII_I- A101] -|lllll AL LLLLd Ll R ﬂl_.llllil IR 11 8 apuil 40 i1l
0] r 1
I ==

Brenica-0 Brenica-90

|IIII|III-|II|11

Impedance phase, degrees

"-0'.
o4 el

-3
-1 df

“ =l 1 L1l Ll 11 |;||‘I.‘|!| I |I%J a1 .. i |I*||IL

T TTTTIT

p, Ohm-m

T g LTTT

1 IIII%

TTTT

B W TTIT| B A MR

THTTT]

e

N
4

T

ql 0 000 0 m T R

Fig. 9. Coincidence of experimental curves (circles) with model responses (continuous lines).

TI'eogu3suueckuti xxyprar Ne 6, T. 43, 2021

17



I. LOGVINOV, G. BOYADZHIEV, |B. SREBROV|, L. RAKHLIN, G. LOGVINOVA, S. TIMOSHIN

mensional (1D) inversion of the interpretation
curve. The well known D [Parker, Whaler,
1981] and OCCAM [Constable et al., 1987]
1D inversion algorithm is usually used for cal-
culation of the resistivity distribution models
for each measurement site. The first method
can be used to estimate the value of the total
longitudinal conductance of the conductors
isolated in the section, according to the data
in the entire observed range of periods simul-
taneously. The second consists in the selection
of a finite number of layers that are smoothly
varying in conductivity and approximate the
experimental data. OCCAM inversion is more
sensitive to impedance phase values, while D+
inversion is more sensitive to p values.

The results of 1D inversion by the two indi-

cated methods are shown in Fig. 9. The MTS
curves in the period band from few seconds
up to 10* s were connected with the MVS cur-
ve at the PAG geomagnetic observatory from
2-10*sto 2- 107 s for the 1D inversion. Since
the MVS curve not influenced by galvanic ef-
fects in the conductive medium MTS apparent
resistivity curves were shifted to fit with MVS
ones by levels before their joint 1D inversion.
As can be seen from the Fig. 9, in general,
the agreement between the calculated and
experimental data is good. Indeed, after the
reduction of the amplitude interpretation cur-
ve to agree with the MVS data, the model both
inversions fit well to the generalized experi-
mental sounding curves.

The geoelectric parameters of the layer
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Fig. 10. Geoelectric resistivity sections (a) and integral longitudinal conductivity (b) for quasi-meridional
(Az 0—30°) MTS curves. Geoelectric sections of resistances (c) and integral longitudinal conductivity

(d) for quasi-latitude (Az 90—120°) MTS curves.
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corresponding to sedimentary rocks can be
estimated only from the values of S down to a
depth of about 1 km (which is due to the values
of theinitial periods of the MTS curves). These
values are 150—400 S at different points and
allow us to assume the value of precipitation p
less than 10 ohm - m (which is many times less
than the values of p of the underlying rocks).

On the geoelectric sections (Fig. 10, q, ¢),
obtained as a result of 1D inversions, anoma-
lous layers (conductors) are identified, p of
which is much smaller than the layers lying
above and below.

Concluding Remarks. The analysis sho-
wed that geoelectric data contribute to the
study of the structure of the Earth's interior
in the region of the Kozloduy NPP. The pre-
liminary result is that in the Earth's crust of
the region, well-conducting objects have be-
en identified, which apparently impede the
propagation of seismic waves from nearby
earthquakes. For a more substantiated con-
clusion, additional observations are required
in order to obtain magnetotelluric soundings,
on the basis of which the propagation zone
of an object (objects) with anomalously low
resistivity can be delineated.

Against the background of rocks with are-
sistivity of many hundreds of ohm - m, a con-
ductive object in the area of Prn, Brvand Brn
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I'eoeneKTpuuyHi AOCAIAKeHHS B pannoHi K03A0AYCKOI
aTOMHOI cTaHIii, boArapis

I. Aorsinos', I'. bosipaxxneB?, |b. Cpe6pos|*, A. Paxain®, I. AorsiHoBa',
C. Timomin?3, 2021

'TacruryT reodisuku im. C.I. Cy66otina HAH Ykpaiuu, Kuis, Ykpaina
IucTutyT Marematuku Ta ingopmatrku, AH Boarapii, Codist, Boarapist
3 Nocaipunnbkui mentp GEOMAGNET, AbBiB, YKpaina

BHUKOHAHO reOeneKTPUYHI AOCAIAKEHHS 3 BUKOPUCTAHHSM Bapialjiii MartiTOTeAy-
puunoro (MT) noas B pationi Kosaopyricbkoi aroMHOI eaekTpocTaHilii (KAEC) B pamkax
HaykoBoro npoekTy «Research on Partial Differential Equations and their applications
in Modelling of non-linear processes», 3a hiHaHCyYBaHHA BOoATapChbKHUM HalliOHAABHUM
HayYHUM (POHAOM, KOHTPAKT KP-06N42/2. ¥V cTarTi HaBepAeHO pe3yAbTaTu BU3HAYEHHS
inTepruperaniriaux nmapamerpis MT noag. KAEC po3sramosaHa Ha npaBomy Oepesi Ay-
HAIoO B 0e3I0CcepeAHi OAU3BKOCTI Bip piuku. Llel haKT y CYKyIIHOCTI 3 pO3TallyBaHHIM
eAeKTPU(IKOBAHNX 3aAI3HUIBL BU3HAUNB YHIKAABHICTE MePesKi PO3TalllyBaHHS ITyHKTIB
CIIoCTepeskeHsb 3a Bapianiamu MT noas. Ha miacTaBi aHani3y KaTaaoris 3eMAeTpyCciB boa-
rapii Ta Mi>KHapOAHUX 0a3 CeMCMIYHOCTI MOOYAOBAHO KapTy cercMivHOCTI periony AEC.
3a ocranHi 50 pOKiB 3apeecTpoBaHO OAM3BKO 750 3eMAETPYCiB, B OCHOBHOMY Ha IIIBA€Hb
Bip KAEC Ha BipcTrani 40—80 kM Bip Hel. Ha AlATHKaX BUMipIOBaHb BUKOPUCTOBYBAAU
ABI marHiTOoTeAypuuHi cTaHnil GEOMAG-02. Bapianii MT noag ciocrepiraau B 21 Tout,
SKI PO3TAlllOBaHI Ha TEPUTOPIl 31 cropoHaMu npubAn3HO 30—35 KM 3i cXOAy Ha 3axip i
40—>50 kM 3 MiBHOUI Ha HiBAEHBb. AAS BCIX TOYOK CIIOCTEPE’KeHHS BU3HAYAAU TIABKU I1a-
paMeTpH IlepepaBaAbHUX (PYHKILT BEPTUKAABHOTO MarHiTHOTo oas (BMIT®) y Burasai
Airicuoi (C)) Ta yaBHoI (C) yacTuH BeKTopa iHAyKLil. 3HauenHs BMITO BusHaueHi Aag
nepioais (7)) Bia 10—20 A0 4900—10 800 c. Y GiABIIOCTI TOUOK BAAAOCH OLIIHUTU 3HAUEHH S
C,, C, 3 moxubkoro 0,02—0,04, azumytu C, Ta C, cTaHOBASITE 3—5°. AHaAI3 TOKa3aB HasIB-
HicTb aHOoMaAbHOI HoBepinku C;, C, B pi3HUX iHTepBarax IIepioAiB y AesdKkux Toukax. Ha
HakopoTiioMy (7 6an3sKko 20 ¢) i HaripoBIIOMY HTepioaax (aiamazon 7 Bip 600 po 1000 c)
HanpaMmku C, MOBHICTIO 36iratoTbCs, 110 3aCBiAUye HAABHICTH aHOMAABHOI IIPOBiAHOCTI
KBa3iMEePHUAIOHAABHOTIO IIPOCTATAHHSA Ha 3aXiA Bip PAUOHY AOCAIAKEeHB. Taka oBeAlHKA
BekTopa C, A0Ope y3ropAKyeThbCs 3 i3orincamMu NpocTsAraHHsa KaWHO30MCbKUX BiAKAAAIB
AoMcbeKol penpecii. Ha npomiskaux nepiopax 50—200 ¢ noBeainka C, € ckaaaHinIow. 3
HaOAMDKEHHSIM AO 30HM IIABUIIEHOI ceicMiuHOCTI HanpsaMok C y IIyHKTaX, pPO3Tallo-
BaHMX Ha IiBHIY BiA I[i€l 30HU, Pi3HUTHCA Maike Ha 90°. Ha reoeAeKTpuuHUX po3pisax,
OTPUMAHUX y Pe3yAbTaTi OAHOBUMIPHUX iHBepciit KpuBux MTS y 4OTHPBOX ITYHKTaX,
pO3TaIlIOBAHUX Y MiBA€HHIN YaCTHHI PErioHy, CIOCTepiraroTbCsi 00'€KTH 3MEHIIEHOI0
omnopy (p 6an3bk0 10 OM - M, rAnbmHA 1leHTpa 06'ekTa 15—20 KM). MO>KHA IPUITYCTUTH,
110 AOOpe IIPOBiAHI 00'EKTH B 3€MHIN KOPi periony, MO>KAMBO, II€PENIKOAKAIOTh ITOIIH-
PEHHIO CEMCMIYHUX XBUAB BiA AOBKOAUIIHIX 3eMAETPYCiB Ha miBHIY y 0ik KAEC.

KA040Bi cCAOBa: eAeKTPOIIPOBiAHICTE, cericMmiuHicTh, AEC Boarapii.
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I'eodAeKTpHUEeCKue UCCAEAOBAHUS B palioOHe
Ko03A0AYHCKOM aTOMHOM cTaHIuu, boArapus

HU. AorunoB’, I. Bosipxues?,|b. Cpebpos|’, A. PaxanH®,
A. AoreunoBa', C. Tumowmunt®, 2021

"MucrutyT reopusuku um. C. 1. Cy66oTrHa HAH YRpauHsr,
Kues, YkpanHna

MucrutyT MaTeMaTrky U nagopmatuku AH Boarapun,
Codust, Boarapus

ShccaepoBarernckuii nentp GEOMAGNET, AbBoB, YKpanHa

[TpoBeAEHBI TEOINEKTPUUECKIE NUCCAEAOBAHUS C UCIIOAB30BaHWEM BapHalUi Mar-
HuToTearypudeckoro (MT) moas B patioHe Ko3A0OAYHCKONM aTOMHOM 3A€KTPOCTaHITUN
(KA3C) B pamkax HayuHoro npoekra «Research on Partial Differential Equations and
their applications in Modelling of non-linear processes», npu uHaHcupoBaHuU Boa-
rapCKUM HAIIMOHAABHBIM HayUYHBIM (POHAOM, KOHTPAKT KP-06N42/2. B cTaThe mpeACTaB-
AE€HBI PEe3yABTATHl ONPEAEAEHUs MHTepIpeTallmoHHBIX napameTpoB MT moag. KASC
pacIoAOKeHa Ha IIpaBoM Oepery AyHasg B HEIIOCPEACTBEHHOU OAM30CTH OT PEKU. DTOT
(paKT B COBOKYIHOCTU C PACIOAOKEHHEM 3AEKTPUMUIMPOBAHHBIX KEAe3HBIX AOPOT
OIIPEAEAUA YHHUKAABHOCTb CETH PACIIOAOJKEHHsS IIYHKTOB HaOAropeHUM Bapuanuit MT
nnoast. Ha ocHOBe aHaAM3a KaTaAOTOB 3eMAETPICeHUN boArapum U Me>KAYHapOAHBIX 0a3
AAHHBIX TIOCTPOEHa KapTa cecMuuHocTu Tepputoputt AJC. 3a nocaepnue 50 AeT 3ape-
TUCTPUPOBAHO OKOAO 750 3eMAeTpsiCeHul, B OCHOBHOM K 0Ty oT KAODC Ha paccTossHUU
40—80 KM OT Hee. AN N3MepEeHUHN UCIIOAB30BAaAUCH ABE MarHUTOTEAAYPUYECKUE CTaH-
nuu GEOMAG-02. HabatopeHust Bapuanuii MT 1TOAst BEITOAHEHE! B 21 ITyHKTe, KOTOPhIe
PacCIoOAOKEeHBl Ha TEPPUTOPUU CO CTOPOHaMM ITpuMepHO 30—35 KM ¢ BOCTOKA Ha 3allap,
u 40—50 KM ¢ ceBepa Ha 10T. AAS BCeX IyHKTOB HaOAIOAEHUM OIIPEAEASIAUCEH TOABKO I1a-
paMeTphl IEPEAATOYHBIX (DYHKIIMHM BEPTUKAABHOTO MarHuTHOTrO noast (BMITD) B Bupe
AevictButeabHoM (C\) u MHHMOM (C,) yacTell BeKTOpa MHAYKIMHU. 3HaueHus BMITO
onpepeneHbl A Tepuop0B oT 10—20 po 4900—10 800 c. B 60ABIIMHCTBE TOYEK YAAAOCH
oneHutsb 3Hauenus C,, C, ¢ norpemnoctsio 0,02—0,04, asumytet C, u C,, paBHEI 3—5°,
AHaAM3 [TIOKa3aA Haanyue aHoMaabHOro nmosepenus C,, C, B pa3HbIX HHTePBaAaX [Iepuo-
AOB B HEKOTOPHBIX ITyHKTaxX. B camoM KopoTkoM naTepBaae (7 okoao 20 ¢) mpu Hauboree
MUHHBIX nepuopax (I’ — ot 600 po 1000 c) HanpaBaeHusi C; MOAHOCTBIO COBIAAQIOT,
YTO CBUAETEALCTBYET O HaAMYMU aHOMAABHOM MPOBOAMMOCTH KBa3UMEPHUANOHAALHOTO
IIPOCTHpAHUS 3allapHee pailioHa uccaepoBaHuil. Takoe moBepeHue BekTopa C; xopo-
III0 COTAACYEeTCS C M30TUIICAMU IIPOCTUPAHUSA KAaWHO30MUCKUX OTAOKEHUM AOMCKOU Ae-
npeccuu. Ha npomeskyrounsix nepuoapax 50—200 c noBepenue C, 6oaee crosxuoe. [1pn
IpUOAMIKEHUU K 30He IOBBIIIIeHHON CelCMUYHOCTU HallpaBAeHHe BeKTopa C,;, B IIyHK-
Tax, PacClOAOKEHHBIX CeBepHee 3TOM 30HbI, oTamdaercs moutu Ha 90°. Ha reosnekt-
PpHUUYEeCKHUX pa3pesax, IOAYUYEHHBIX B pe3yAbTaTe OAHOMEPHON UHBepCUM KpUBLIX MTS B
YeThIpeX MYHKTAaX, PACIIOAOSKEHHBIX B FOJKHOU YaCTU PErnoHa NCCAEAOBAHMY, HAOAIOAQ-
IOTCSI 0OBEKTHI TIOHMKEHHOTO CONPOTUBAEHUS (p 0KOAO 10 OM + M, rAyOuHa 1eHTpa 00b-
ekTa 15—20 KM). MO’KHO IIPEAIIOAOKUTE, YTO XOPOIIIO IIPOBOASAIINE OOBEKTHI B 3€MHOM
KOpe permuoHa, Mo-BUAUMOMY, NPENSATCTBYIOT PACIPOCTPAHEHUIO CEeMCMUYEeCKUX BOAH
OT OAM3AEKAIINX 3eMAETPSICeHUN Ha ceBep B cTopoHy KASC.

KaroueBbie CAOBa: S9AEKTPOITPOBOAHOCTD, cericMuunocTh, ADC BoArapuu.
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