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Abstract: The results of the study of tidal and subtidal variations in sea level in the area of the
southeastern coast of the Sakhalin Island and a series of atmospheric pressure and wind speed from
the open website “Weather Schedule” are presented. Using spectral analysis, astronomical tides were
studied and diurnal M1, K; and semi-diurnal M», S, tidal harmonics with high energy were detected.
The maximum heights of tidal waves have been determined and the tidal regime in the studied water
area is classified as mixed with a predominance of diurnal tides. It is shown that sea level rises due
to the impact of winds on the sea surface are observed in the northerly direction of the winds, which
is associated with storm surge in the coastal zone of Mordvinov Bay. The lowering of the sea level is
observed with southerly winds and it is caused by the downsurge. The magnitude of the decrease in
sea level for events that have a correlation between high wind speeds and the duration of influence
to the winds of the western directions is maximal, and the wind speed has less influence on the
magnitude of the decrease in level than its duration. Calculations of the level response to changes in
atmospheric pressure using the Proudman equation and analysis of the results showed that these
events can be attributed to the phenomenon of the “inverted barometer”. A comparison of theoretical
profiles calculated from the time form of the Korteweg—de Vries equation with the registered profiles
of sea level showed that they are well described by the profile of a solitary wave.
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1. Introduction

The study of sea level variations due to waves is carried out in many marine areas,
since knowledge of their parameters is necessary for practical purposes such as navigation,
fishing and mining on the shelf. At the same time, the range of studied periods of these
processes is quite wide — from a few seconds to several tens of days, although waves in the
range from wind waves to diurnal tidal waves are more often analyzed.

At the same time, the mechanism of sea level fluctuations on time scales from tidal to
several days has been little studied [Andrade et al., 2018], which is due to the scarcity of
observational data duration several hundred days and there are a small number of papers
with the results of studying processes with time scales longer days [Andrade et al., 2018;
Truccolo et al., 2006]. This makes it impossible to determine the forces causing sea level
oscillations. In addition, the time series of sea level oscillations analyzed in the paper
[Andrade et al., 2018] showed that the maximum amplitude of such long-period oscillations
is quite large and, when combined with spring tide, can lead to extreme events of sea
level rise on the coast, which represents a direct threat to coastal human habitats and
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has repeatedly occurred, for example, on the western coast of the Kamchatka Peninsula
[Kovalev et al., 1991].

It should be noted that there are quite a large number of papers on monitoring sea
level changes near coasts in different areas of the World Ocean, for example, [Pérez Gonez
et al., 2022; Valentim et al., 2013; Williams, 2013] but the observations obtained from these
studies are used to analyze coastal erosion or to monitoring sea level changes associated
with climate change and possible coastal flooding. In the recent paper [Koohestani et al.,
2023] the authors analyzed the appearance of internal solitary waves in the Bay of Oman
caused different mechanisms including variations of atmospheric pressure, wind, currents,
etc. Note also two more publications that relate to the study of long-term changes in
sea level and the identification of a trend in rising sea levels [Goryachkin et al., 1999; Raj
et al., 2022]. Among domestic authors, we note investigations with the participation of
E. G. Morozov to study the temporal and spatial variability of hydrological processes and
internal waves in a wide range of scales, such as, for example, [Morozov et al., 2020].

Also, it is of interest what the magnitude of astronomical tides is in the water area
under consideration, since they are often not considered or overlooked due to their small
magnitude, or the lack of long-term time series data. This does not allow us to determine
the actual forces that drive sea level oscillations with periods greater than daily in the
coastal zone. In addition, understanding and dissociating long-period oscillations caused
by astronomical and meteorological forcing is very important for navigation safety, coastal
engineering, sedimentation studies and other factors.

Study of sea level oscillations in the southeastern part of the Sakhalin Island are
conducted for many years using autonomous wave meters. The research results have been
published in several papers, for example, [Kovalev et al., 2022; Kovalev and Kovalev, 2018;
Kurkin et al., 2023; Squire et al., 2021a]. However, the analysis of level oscillations with
time scales longer than tidal was carried out in only one paper [Kovalev et al., 2022], but
time series duration several months were used. In addition, analysis of time series duration
700 days makes it possible to clarify the periods of astronomical sea level oscillations.

Despite the fact that the Laboratory of Wave Dynamics and Coastal Currents of the
Institute of Marine Geology and Geophysics, Far Eastern Branch of the Russian Academy
of Sciences, carried out year-round observations of sea level oscillations near the settlement
Okhotskoe, south-eastern coast of the Sakhalin Island, the obtained time series were not
always continuous with the annual change of recording devices. It was possible to select
only one continuous time series with a duration of 700 days, which was used for research.
Note that this work mainly considers the results of the analysis of the astronomical tide
and level variations as a result of the influence of atmospheric disturbances.

2. Observations

Wave observations were carried out using autonomous wave recorders ARW-10 and
ARW-14 with serial number 32 in 2015, number 109 in 2015-2016 and 94 in 2016-2017.
The devices were installed one by one at the measurement point. Wave measurements
began on 09 July 2015 at 21:12 and ended on 10 May 2017 at 23:01, while the length of
the time series was 700 days. The accuracy of measuring bottom hydrostatic pressure,
which was subsequently converted into sea level oscillations (waves) taking into account
the attenuation of short waves with depth, is 0.06% of the full scale, and the pressure
resolution is £0.0003% also of the full scale. The measurement discreteness is 1 s. Wind
and atmospheric pressure data are taken from the open “Weather Schedule” website
[Weather Schedule LLC, 2023] for the Sakhalin region, Korsakovsky district, Okhotskoe.
Unfortunately, the weather data in the settlement Lesnoye that close to Okhotskoe began
to be registered only from March 2016. Maps of the region and the water area of the
installation of devices are shown in Figure 1. The location of devices is shown by a black
circle.

Spectral analysis, filtering, subtraction of tides and visualization of results and time
series were performed by the Kyma program designed for complex processing and analysis
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Figure 1. Maps of the region and the water area of the instrument installation. The location of the

production is shown by a black circle.

of large-volume sea level data [Kovalev, 2018; Plekhanov and Kovalev, 2016]. The program
allows to calculate the spectral density of sea level oscillations for a selected time series
using the usual windowed Fourier transform. The time series is divided into 2n/w — 1
windows, where # is the length of the time series, w is the size of the window, and the next
segment of the series is selected with an offset of half the window length. Each segment is
filtered by a Kaiser-Bessel window (filtering can be disabled). Then, for each window, the
Fourier transform is calculated for a given number of frequencies, starting from a given
frequency. After calculating the spectral parameters for each window, the average value
between them is calculated.

To remove astronomical tidal fluctuations and shorter waves in the analysis subtidal
periods, a digital low-pass filter was used to remove oscillations with periods shorter than
30 hours. The check showed that the restriction on this period is quite sufficient, although
in the studies [Andrade et al., 2018] a filter with a period of 40 hours was used.

As a result of the observations, a long-term time series was obtained, shown in
Figure 2a. The same figure shows a time series with filtered oscillations, periods of which
are shorter than 30 hours (Figure 2a, highlighted in blue) and a series containing wind
waves, swell and short IG waves with periods up to 10 minutes (Figure 2b), which allows
us to judge about the state of the sea surface for the entire observation time.

From Figure 2b clearly shows that at the moments when the sea is covered with ice
from February to April, sea level fluctuations due to the impact of winds are minimal,
although for these moments in the time series for wave periods of more than 30 hours,
significant variations in sea level are nevertheless present. This indicates that there are
variations in sea level, caused not only by the impact of winds and storm waves.

3. Astronomical Tidal Level Oscillations

A long time series of observations of sea level oscillations makes it possible to calculate
the periods of the main astronomical tidal harmonics more accurately than in previous
studies, for example, those described in the paper [Kovalev et al., 2021]. The periods of these
harmonics are determined from the spectral densities of sea level oscillations calculated
using the Kyma program [Kovalev, 2018]. To confirm that these periods are astronomical,
the spectral density is calculated from the time series, from which the precalculated
astronomical tide is subtracted and the spectral densities are compared. Calculation of
tidal harmonics and their subtraction from the original time series is performed using
35 astronomical harmonics using the LSMTM. exe application in the Kyma program.

Figure 3 shows the spectral densities of sea level oscillations calculated from the
time series with the tide (curve line 1) and the time series from which the precalculated
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Figure 2. The original time series of sea level oscillations with tide (light tone) and level variations
for periods longer than 30 hours, highlighted in blue (a), short-period waves up to 10 minutes (b).

astronomical tide is subtracted (curve line 2). A comparison of spectral densities shows that
significant peaks correspond to astronomical tidal harmonics. It is also seen that there are
tidal harmonics up to periods of about four hours. The peak periods in spectral densities
and their correspondence to astronomical tidal harmonics are shown in Table 1.

Figure 3. Spectral densities of sea level oscillations calculated from the original time series with the
tide (1) and the time series from which the precalculated astronomical tide (2) is subtracted.

According to the calculated spectral density of sea level oscillations shown in Figure 3,
the amplitudes of tidal harmonics shown in Table 1 are calculated. The average amplitude
of oscillations at a given frequency (period) was determined by the formula:

w?

A2=f5(w)dw, (1)

w1
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where integration was carried out over the frequency interval, in the vicinity of the peak.
In addition, for verification purposes, the amplitudes of tidal harmonics were determined
using the Kyma program, which made it possible to identify individual wave processes
with specific periods. The results obtained in both cases turned out to be close. In the
studies given in the monograph [Kovalev and Shevchenko, 2008] The calculation was also
performed using formula (1) and confirmed the possibility of such determination of the
amplitudes of tidal harmonics.

Table 1. Peak periods in spectral densities and their correspondence to astronomical tidal harmonics

Peak period in spectral density (hr)

Time series with

. 25.83 2398 12.43 12.00 8.28 8.17 8.00 6.00 4.80 4.13 4.08 4.00
the tide

Harmonic

[Parker, 2007] M Ky M S2 M3 MK3 SP3 Sy 3KM5 Mg 2MKg  Sg

Harmonic

. 33.0 43.0 18.0 8.9 3.1 3.1 2.9 1.6 1.0 2.2 2.4 1.0
amplitude (cm)

The obtained values of tidal harmonic amplitudes allow one to calculate the form
number Ny using the equation [de Miranda et al., 2002]:

N¢=(Ky+M;)/(My+3S3),

where K;, My, and M,, S; are the amplitudes of the main diurnal and semidiurnal tide
harmonics, respectively. This number determines the relative contribution of the diurnal
and semidiurnal components, and the tidal regime in each water area can be determined
following the classification proposed in the paper [de Miranda et al., 2002]. For the water
area under consideration, in accordance with the data in Table 1, Ny=28. Then the tide
is classified as mixed with a predominance of diurnal since it falls in the range of values
1.5 < N < 3.0 [de Miranda et al., 2002].

4. Long-Term Sea Level Variations of Non-Astronomical Nature

Prolonged ascents and descents in the level can be associated with changes in atmo-
spheric pressure and effects of wind resulting from the aerodynamic roughness of the
sea surface and the transmission of turbulent momentum transfer. There are various
techniques for determining the momentum transfer such as the geostrophic departure,
aerodynamic (profile) and the eddy correlation methods [Sudolsky, 1991].

The influence of pressure at the open boundary is taken into account by correcting
the open boundary condition using the concept of an “inverted barometer”:

1 _
AC = —p—w(P -p)

where p = 1012hPa, p,, is the density of water, p is the atmospheric pressure at sea surface.
The wind stress 7 is calculated from the wind speed at a 10-meter height u;( in
accordance with the ratio:
7 = p,Cpluyoldo,

where p, is the air density, for which a constant value of 1.205 kg m ™ is assumed. The
coefficient of aerodynamic drag Cp is determined by the equation:

Cp = (a+Bliyol)/10%, (2)

with constants a = 0.63 and g = 0.066 [Jones and Toba, 2001].
An assessment of the relative importance of the effects of wind stress and atmospheric
pressure is provided by analyzing the order of magnitude of these two terms in the
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horizontal momentum transfer equations. And depending on the water depth A, the
Coriolis frequency f, the ratio of pressure to wind action is determined by the formula
[de Vries et al., 1995]:

x«_ hf

a = .
Cpuio

The values of the aerodynamic drag coefficient calculated using equation (2) for the
edge values of the wind speed range 3 and 9m s ', at which significant variations in sea
level were observed, showed 0.828 x 10 Jand 1.22x 10 °. They are close to the obtained
value Cp =1.42 X 1072 in the paper [Jones and Toba, 2001]. For the obtained Cp values, the
estimates of the relative significance of the effects of wind stress and atmospheric pressure
are 6.7 and 1.5, respectively. And since a® > 1 in the Sea of Okhotsk, storm surges on the
basin scale for such a™ values imply a predominance of atmospheric pressure, while for
seas with @™ < 1 it is assumed that storm surges in this water area are influenced by wind
[de Vries et al., 1995].

Although a™ estimates are useful for obtaining an accurate value of atmospheric
pressure over wind-dominated seas, there may be many potentially important exceptions
associated with variations in sea depth and surges caused by atmospheric pressure gradients
over a deep water area that may extend into shallow waters [Timmerman, 1975].The relative
humidity of wind and pressure may depend on the orientation of the isobars and the
direction of storm propagation also [de Vries et al., 1995], which are not considered here.

When studying the impact of meteorological factors on sea level changes, it is necessary
to consider the rotation of the Earth, which can be estimated using the Kelvin number g,
for the mode of longitudinal oscillations of an open basin, which is determined by the ratio
of the width of the basin W to the Rossby radius R [Gill, 1982],

W _Iw

ﬂ R \/ﬁ,

where g = 9.81 ms ™ is the acceleration of gravity. The calculated estimates of § obtained
for the southern part of the Sea of Okhotsk, taking into account depth variations, showed
values not exceeding 0.98. Considering that rotation is especially important for values
B > 1 [de Vries et al., 1995], rotational effects are less significant for the Sea of Okhotsk.
Here the length of the basin L > W and a larger Kelvin number are obtained for transverse
vibrational modes.

5. Sea Level Rise Events

To study long waves and sea level rises based of non-astronomical nature, the original
time series was filtered out with a low-pass digital filter for periods longer than 30 hours.

The resulting series is shown in Figure 4a. Since the mechanism of excitation of
long waves considered here is atmospheric disturbances, according to the open “Weather
Schedule” website [Weather Schedule LLC, 2023] the time series of the wind speed vector
modulus (Figure 4b), atmospheric pressure fluctuations (Figure 4d) were used, as well
as a time diagram of the winds (Figure 4c). These observations were carried out in the
settlement Lesnoye, located on the coast at a distance of 7.5 km from the installation site of
the wave meter. Unfortunately, meteorological observations began here only at the end of
February 2016.

Table 2 shows the events for the maximum sea level rise associated in time with the
maximum wind speed or minimum atmospheric pressure. All increases in the sea level
associated with the impact of winds on the sea surface are observed when the winds are
directed north, and a decrease in the sea level is observed when the winds are directed
south. This is explained by the fact that northern winds create a storm surge in the coastal
zone of Mordvinov Bay, since the shore creates an obstacle to the surge currents, and
southern winds create a downsurge near the coast where the device was installed. With
an average sea level of 152 cm during the period when meteorological observations were
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carried out from February 2016 to May 2017, the maximum rise in sea level was 31 cm,
and the decrease was 20 cm.

It should be noted that according to the instructions of the Russian Federal Service
for Hydrometeorology and Environmental Monitoring dated August 23, 2002, upsurge-
downsurge phenomena are classified as dangerous marine hydrometeorological phenomena
[Kovalev, 2013]. And although in the studied water area the maximum height of the storm
surge wave turned out to be small, but together with the astronomical tide, the amplitudes
of the main harmonics of which reach 43 cm, the total rise in sea level can pose a danger in
the coastal zone.

There is one more remark regarding the analyzed sea level rises associated with the
impact of wind on the sea surface. Some of the sea level rises coincide in time with the
level rises caused by changes in atmospheric pressure. These include the events of 15 and
30 April 2016. This happens for obvious reasons — both winds and changes in atmospheric
pressure are observed when atmospheric disturbances pass over the observation area,
therefore at such moments, when the conditions from the impact of wind and atmospheric
pressure coincide, sea level rises are recorded.

Table 2. Sea level rises are associated with the impacts of wind and atmospheric pressure

Wind impacts sea level Atmospheric pressure impacts sea level
Wind
d .
Time of speil Sea level Time of Atmospheric Sea level
Date . (ms 7) Date . pressure
maximum (cm) maximum (cm)
and (mm Hg)
direction
15 Apr. 2016 16:57 20N 170 14 Feb. 2016 18:22 745 186
30 Apr. 2016 14:04 17N 180 15 Apr. 2016 16:57 752 170
10 June 2016 20:06 14N 163 30 Apr. 2016 14:04 749 180
10 Sept. 2016 05:34 16 N 183
13 Apr. 2017 14:11 14N 166

It should be noted that it is almost impossible to visually assess correlation or coher-
ence using time series of sea level and atmospheric pressure oscillations. It is well known,
for example, [Rabinovich, 1993], that energy from atmospheric disturbances is transferred
to sea waves mainly in a complicated way. But already a comparison of the spectra shows
the connection between sea level oscillations and changes in atmospheric pressure. The
graphs of the spectral densities of sea level and atmospheric pressure oscillations in Fig-
ure 5 show the coincidence of the periods of some peaks and at these periods resonant
energy transfer is possible. It is not possible to calculate the cross spectrum or coherence
since the atmospheric pressure data were measured only twice a day and therefore the
small number of reports for the entire time series, only about 600.

6. Events With a Decrease in Sea Level

In addition to prolonged sea level rises, many events with a decrease in sea level were
also noted, which are shown in the Table 3. To analyze the conditions of decrease in the sea
level, graphs of wind speed, duration of its impact and the magnitude of sea level decrease
were plotted, which are shown in Figure 6. The graph of atmospheric pressure changes is
not given, since its change does not exceed 2% and looks like a straight line.

From Figure 6 shows that the magnitude of the sea level decrease for events 5 and 10,
for which higher wind speeds and durations of impact to westerly winds are correlated.
The wind speed has less effect on the magnitude of the sea level decrease than its duration.
So, for event 4 of 06 July 2016, despite the high wind speed, with the duration of its impact
for two days, the sea level decrease is 22 cm, while for event 5, with a lower wind speed,
the sea level drop is 25 cm.
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Figure 4. The time series of sea level oscillations, after filtering the original time series with a low-
pass filter with a cutoff period of 30 hours (a), wind speed module (b), wind direction and speed,
positive direction — north wind (c), atmospheric pressure fluctuations (d).

Note that the duration of the detected sea level decreases is close in duration to the
previously observed downsurges of 1-2 days. Such downsurge phenomena for the open sea
are described in the papers [Kato et al., 2003; Kovalev, 2013]. Therefore, considering all the
circumstances, namely the duration of the events, the presence of westerly winds allows
us to make a conclusion similar to that given in these papers that the sea level decreases
under consideration are downsurges due to the impact of winds.

7. Sea Level Rises Associated with Decreased Atmospheric Pressure

Table 2 shows the events in which sea level rises are observed associated with
a decrease in atmospheric pressure. At the same time, the increase in sea level from
the average sea level is from 14 to 35cm with a decrease in atmospheric pressure by
9-15mmHg (12-20 hPa). Further calculations and analysis showed that these events can
be attributed to a phenomenon with the “inverted barometer” law. In other events not
included in Table 2, sea level rises were less than 14 cm with a decrease in atmospheric
pressure of less than 9 mmHg, or were not associated with a decrease in atmospheric
pressure.
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Figure 5. Spectral densities of sea level (1) and atmospheric pressure (2) oscillations.

Table 3. Events with a decrease in sea level

The
duration of
The date of the Atmospheric Wind The
.. . Sea level decrease -1 duration of
Event the minimum Time pressure (ms ), .
(cm) from the . . the wind
sea level (mmHg) direction
average (day)
daily level
(day)

1 03 Apr. 2016 15:07 134 2.5 755 7-9 SW 1,5

2 20 Apr. 2016 20:33 132 2 758 5-7 S, SW 2,5

3 15 June 2016 07:12 132 3 758 4-5SW, S 2

4 06 July 2016 9:08 130 1.7 761 5-98S 2

5 24 July 2016 19:35 127 1 763 6 -7 SW 3

6 14 Oct. 2016 12:06 135 0.5 762 3S,SW 3

7 18 Oct. 2016 10:24 130 2 756 5-6 S, W 2

8 10 Jan. 2017 13:36 132 1 750 1-8 SW 3

9 29 Jan. 2017 04:06 135 1.5 750 3-4 W, SW 2

10 11 Apr. 2017 16:50 122 1.5 750 5-7SW, S 3

The mechanism of action of the “inverted barometer” law can be explained from the
hydrostatic equation relating atmospheric pressure P, and sea level rise #, which is written
in the following form [Ponte, 2006]:

P=pg(z+n)+P, (3)

where p = 1025kg m™ is the density of water, z is the distance from the sea surface. And
for the steady-state equilibrium position, #* = —P,/pg will be executed. It can be seen that
a decrease in atmospheric pressure will cause an increase in the sea level. And to assess the
reaction of sea level to changes in atmospheric pressure, the spatial and temporal scales of
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Figure 6. Values of wind speed, duration of its influence and the magnitude of the sea level drop.

which correspond to normal weather systems a barometric coefficient was introduced, the
theoretical value of which is close to —1.01 cm mbar [Wunsch and Stammer, 1997].

Note that the simple equation (3) is a rough approximation of the “inverted barometer”
law, it does not consider the speed of propagation of atmospheric disturbances. And to
calculate the sea level response to changes in atmospheric pressure, it is necessary to use
the equation:

Ay =—AP,[[pg(1 - [gH)],

where c is the speed of atmospheric disturbance propagation, H is the depth of the sea.

Calculations for the observed speeds of cyclones movement for the studied observation
area, which are usually in the range of 15-30 knots (7.7-15.4m s_l) [Kovalev et al., 2022]
showed that the magnitude of sea level rise for the observed range of atmospheric pressure
changes of 12-20hPa is from 20 to 33 cm. These values are close to the observed sea level
rises for the events shown in the Table 2.

Extensive studies on the inverted barometric or “isostatic” response are described
in the paper [Hamon, 1966]. Observations of daily changes in sea level and atmospheric
pressure were carried out using 17 tidal stations located on the coast of Australia. To
analyze the main features of the change in the barometric factor (regression coefficient),
the regression of the average daily sea level to the average daily atmospheric pressure was
used. Here we also calculated the regression coefficient for sea level rise events associated
with a decrease in atmospheric pressure, shown in Table 2.

The average daily value of sea level was calculated from the data of the original
time series, from which the Kyma program subtracted the precalculated tide and then
calculated the average values over four-hour segments and determined the values of sea
level increments, from which the average daily value of sea level change was calculated. The
average daily change in atmospheric pressure was calculated similarly using the average
values of four-hour changes. Then, using the obtained average daily values, regression
coefficients were calculated. The obtained values are shown in Table 4.

According to research data [Isozaki, 1969], the relationships between the daily change
in sea level and the change in atmospheric pressure were obtained for 53 tidal stations on
the coast of the Japanese islands. The calculated values of the regression coefficient are
close to the theoretical value (—1.01 cm mbar_l) for many stations on the coasts directly
facing the open ocean. At the same time, as can be seen from Table 4, the parameter values
for different sea level rise events due to the “inverted barometer” law differ significantly
and the modulus of the regression coefficient is significantly greater than the theoretical
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one. Similar values of the regression coefficient for some stations were obtained in the
studies of B. V. Hamon [Hamon, 1966].

Table 4. The values of changes in atmospheric pressure, sea level and regression coefficients for sea
level rise events in connection with the “inverted barometer” law

Event 14 Feb. 2016 15 Apr. 2016 30 Apr. 2016
Parameter
Maximum four-hour change in
atmospheric pressure (hPa) 39 29 23
Maximum sea level change in four
hours (cm) 10.6 5.27 2.7
Regression coefficient (cm hPafl) —2.68 —2.23 —1.49

Note: since all regression coefficient values are calculated using six values, the value of the confidence criterion
for them, calculated using the Student’s table for probability 0.9, is 2.015.

Based on the available data, in these studies concluded that traveling continental shelf
waves exist all times on the east and west coasts of Australia. These traveling waves are
probably energized by atmospheric pressure variations. The traveling wave hypothesis is
supported by delays observed between sea levels at neighboring stations. At the same time,
the phase relations are such that traveling waves seem to reduce the direct reaction of sea
level to atmospheric pressure on the east coast and increase the reaction on the west coast.
The same conclusion can be attributed to the studies described here.

The shelf waves that are referring to B. V. Hamon, are formed as a result of the
combined effect of the variability of the seabed relief and the rotation of the Earth. They are
a consequence of the law of conservation of a potential vortex. These waves are generally
thought to be generated by atmospheric forcing or wind [Brunmner et al., 2019], but authors
of paper [Darelius et al., 2009] suggest the possibility of other generation mechanisms, such
as interactions between currents and topography.

In general, the conditions for the excitation of shelf waves in areas where the direction
of their propagation coincides with the direction of movement of atmospheric disturbances
are more favorable than where these directions are opposite. However, even in the latter
case, shelf waves can be excited due to the scattering of the meteorological tide on the
inhomogeneities of the relief [Brunmner et al., 2019].

It should be noted that shelf waves are much better manifested in currents than in the
sea level — oscillations in the ocean level of several centimeters correspond to currents with
speeds of tens of centimeters per second [Rabinovich, 1993]. Therefore, in the spectra of sea
level oscillations, these waves do not have significantly pronounced maxima, the level rise
is small, and an 80% confidence interval is considered here.

A detailed analysis of the spectra of sea level oscillations for periods longer than
24 hours showed the presence of three peaks slightly exceeding the 80% confidence interval
for periods of 30.7, 36.2 and 45.1 hours. It was taken into account that the latitude of
the installation site of the devices is 46.87°, the inertial frequency is determined by the
well-known formula f = 2Q sin ¢, where ¢ is latitude, Q = 7.2921 x 10 >cycle s is the
circular frequency of the Earth’s rotation. The value of the sin¢ function is 0.7298 and
taking this into account, we obtain an inertial frequency of 0.383 cycles per hours and the
period of inertial oscillations is 16.4 hours. Note also that shelf waves exist at frequencies
below the inertial frequency w < f [Rabinovich, 1993]. Considering that the period of the
observed waves is more than 16.4 hours, the detected wave processes can be attributed to
offshore waves.

Using the dispersion relation for waves of the continental shelf obtained by Buchwald
and Adams [Adams and Buchwald, 1969], a dispersion diagram of shelf waves was calculated
(it is not presented) for the exponentially profile of the seabed on the shelf in the area of
instrument installation, which showed that for the detected wave periods of 30.7, 36.2 and
45.1 hours, the existence of the first four modes of shelf waves is possible. Therefore, we
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can assume that B. V. Haman’s conclusion about the influence of shelf waves on sea level
rises and, as a result, on the value of the regression coefficient is valid.

8. Wave Set-Up

The above analysis of events of sea level changes associated with meteorological
reasons showed that the total number of events with an ascent and descent in sea level for
the period from April 2016 to May 2017, when meteorological observations were carried
out, amounted to 31 events, of which eight sea level ascents associated with the impact of
wind, ten with descents in sea level and three are caused by the “inverted barometer” law.
The remaining 10 events also correspond to sea level rises from an average height of up to
23 cm.

The explanation of the physical mechanism of wave set-up formation was first pro-
posed by Longuet-Higgins and Stewart [1962, 1964]. They developed a model of this
phenomenon and showed that the wave set-up is formed by horizontal gradients of radi-
ation stress. Introduced by Longuet-Higgins and Stewart, the term “radiation stress”, in
their understanding, means an excess of momentum transfer caused by the translational
movement of wind waves.

A generalization of the Longuet-Higgins-Stewart theory for arbitrary depth relief in
the surf zone was made by Leontiev [1980]. He obtained an equation connecting the height
of the wave set-up with the wave parameters at the moment of breaking:

-1
C = gkuyih,

where y;, = Hy, [ hy is the relative height of the waves at the moment of breaking, h;, is the
depth of the beginning of the breaking, H; is the height of the breaking waves. The ky
coefficient is a characteristic of the bottom profile in the surf zone and is determined by

the equation:
[ h
ky=v\/=——
hy (x)

here hy, is average depth along the surf zone. For a flat inclined bottom ky = 3/2 and the
level rise is

C=3.16y4hy, (4)

which corresponds to the theoretical results of Longuet-Higgins and Stewart [1962].

The values of the wave set-up heights calculated using equation (4) for waves with
a weak storm with a wave height of up to 42 cm and for moderate storms with a wave
heights of up to 78 cm noted during the observation period range from 11 cm to 38 cm.
They correspond in time to the existence of storm waves, which can create a wave set-up
within the obtained values. This additive, even with an average storm wave size and when
coinciding in time with a K; tide with a height of 43 cm, a storm surge of 31 cm and an
ascent in the sea level to 34 cm associated with a decrease in atmospheric pressure, can
lead to a rise in the sea level to 125 cm, with a maximum estimate of 146 cm. Such values
of sea level rise are catastrophic and lead to floods [Kato et al., 2003].

Note that the wave height estimates used above were obtained from devices installed
in a sufficiently closed basin near the settlement Okhotskoe, that weakens wind waves and
swells. For the open coast south of the settlement, the wave heights in the breaking area
often reaches 1.2 m, and in a very strong storm, waves up to 3.4 m high can be observed
(September 13, 2021). Naturally, the magnitude of the wave set-up in these cases will be
greater and for 1.2 m waves will be 0.46 m.

9. Sea Level Rise Profiles

In the paper [Squire et al., 2021b], the profiles of storm surge waves were considered.
These waves were described using the profile of a cnoidal wave. It is of interest to check
whether same profiles are observed for the sea level rises analyzed here, which can be
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considered as single waves, representing the limiting case of a cnoidal wave — a long,
nonlinear surface gravitational wave with a relatively sharp crest. In fluid dynamics,
a cnoidal wave is a nonlinear and accurate periodic wave solution of the Korteweg—de Vries
equation (KDV) [Dingemans, 1997; Osborne, 2002]. Let’s consider the model profile of such
waves and compare it with the waves of storm surges and sea level rises associated with
atmospheric pressure.
The KDV equation can be given in dimensionless variables, as for example in [Hereman,
2009]:
Up+ QU + Uy =0, (5)

where indices denote partial derivatives. The nonlinearity coefficient @ can be scaled to
any real number [Hereman, 2009] usually use the values a =1 or a = 6.

The term u; describes the temporal evolution of a wave propagating in one direction,
and equation (5) is called the evolutionary equation. The nonlinear term auu, describes
the steepness of the wave, and the linear dispersion term u,,, describes the propagation of
the wave.

Korteweg and de Vries [1895] showed that equation (5) also has a simple periodic
solution,
w-42m-1) 12k*m

ak T Ta
which they called the cnoidal wave solution because it involves the cn-elliptic Jacobi cosine
function with the ellipticity parameter m (0 < m < 1). The wave number k in this case
determines the period of the cnoidal wave.

Based on field data, profiles of sea surface elevation are recorded depending on time,
therefore, to compare them with the theoretical profile calculated using the KdV equation,
it is advisable to use the time form of this equation, denoted as the TKdV equation (T -
means the time form of the equation) [Osborne, 2002]. The approximate soliton solution of
such an equation has the form [Giovanangeli et al., 2018]:

u(x,t) = cnz(kx—a)t+6;m),

t—x/V
1n(x,t) =Asech2+/, (6)

where 71 is the elevation of the surface, the speed V and duration T are related to the

amplitude A:
co coaA 12
V=———e=cll+——) T=\—F,
1-coA/3 CO( 3 ) aA

where ¢g = (gh)l/z, a =3/[(2coh), B = hz/(6co3) is dispersion coefficient, g is the acceler-
ation due to gravity and h is the unperturbed water depth. This approximate formula is
valid for small amplitude solitons at coaeA[3 < 1.

For the measured sea level elevations shown in the Table 2, containing storm surges
and level rises associated with atmospheric pressure, graphs of normalized amplitudes
are plotted together with a model profile calculated using TKDV (6), shown in Figure 6.
The following parameter values were used in the calculations: T = 45 X 103 s,A=0.1m,
h=15m,x=14x 105m.

Figure 7 shows that the model profile is close in shape to the observed profiles. At the
same time, the two profiles 5, 6 are significantly narrower than the theoretical one. These
profiles relate to level rise events caused by various causes — wind impact and a decrease in
atmospheric pressure. An analysis of the possible reasons for such a difference between
these two profiles from the rest showed that the maximum increase in the level on 14
February 2016 (profile 5) coincided with the maximum of the spring tide, and since the
duration of the increase is usually about two days, and the daily tidal harmonic is about
two times less, then as a result of the joint influence, a “narrowing” of the profile of sea
surface rise is possible. A similar situation was observed for an increase in the sea level on
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13 April 2017 (profile 6), while the magnitude of the sea level change due to wind impact
was small.

Figure 7. Normalized amplitudes of storm surges (lines 1, 2, 3, 4, 6) and elevations of the sea level
due to a decrease in atmospheric pressure (lines 3, 4, 5), combined with the theoretical profile (line
7).

It should be noted that there could be two reasons of manifestation for each of the
observed two sea level elevations on April 15 and 30, 2016. They were accompanied by
both strong winds and low atmospheric pressure. It was not possible to establish what was
decisive for the change in the level, and possibly the joint impact, within the framework of
this paper. But, considering all the circumstances discussed above, it can be concluded that
the profiles of the considered sea level elevations and storm surge waves are well described
by the profile of a single cnoidal wave.

10. Conclusions

The study of tidal and subtidal variations in sea level in the area of the southeastern
coast of the Sakhalin Island was carried out according to a time series of 700 days measured
with a second discreteness. At the same time, the analysis of the relationship between sea
level variations and meteorological conditions was carried out using time series duration
about 15 months due to the lack of meteorological observations in the studied area in the
previous period.

The study of astronomical tides in the water area under consideration was carried
out using spectral analysis. Diurnal M;, K; and semidiurnal M,, S, tidal harmonics with
high energy have been detected. For other harmonics, the wave energy is three orders of
magnitude less. The maximum heights of tidal waves have been determined, the maximum
of which for K; is equal to 43 cm. It is shown that the form number determining the relative
contribution of diurnal and semi-diurnal components is 2.8 and this makes it possible to
classify the tidal regime in this region as mixed with a predominance of diurnal.

Long-term changes in sea level variations associated with meteorological conditions
were studied. It is shown that the sea level rises caused by the impact of winds on the sea
surface are observed when the winds are northerly, and level decreases are observed when
the winds are southerly. This is due to the fact that northern winds create a storm surge
in in the coastal zone of Mordvinov Bay, since the coast creates an obstacle in the way of
surging currents, and southern winds create a downsurge near the coast where the wave
meter is installed.

During the observations, many events with a decrease in sea level were detected for
wind speeds from 3 to 9m s~ . It is shown that the magnitude of the sea level decrease
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for events in which higher wind speeds and the duration of impact to westerly winds are
correlated is maximal, and the wind speed has less influence on the magnitude of the level
decrease than its duration. The duration of the detected decreases in sea level is close to
previously observed storm surges of 1-2 days, described in published papers.

The events with sea level rises associated with a decrease in atmospheric pressure
are considered. Calculations of the sea level response to changes in atmospheric pressure
using the Proudman equation, and analysis of the results showed that these events can
be attributed to events with the “inverted barometer” law. The calculated values of the
regression coefficients for these events showed values 1.5-3 times higher than the theoreti-
cal ones. Research by Hamon (reference) showed that such differences in the regression
coefficient from the theoretical one may be associated with the waves of continental shelf.

A detailed analysis of the spectra of sea level oscillations over the original time
series for periods longer than daily showed the presence of three peaks exceeding the
80% confidence interval for periods of 30.7, 36.2 and 45.1 hours. The calculation of the
dispersion ratio for waves of the continental shelf for exponentially profile of the seabed
on the shelf in the area of installation of devices showed the possibility of the existence of
shelf wave modes on these periods. Based on this, taking into account the conclusion of
B. V. Hamon, it is possible to assume the influence of shelf waves on sea level rises and, as
a result, on the value of the regression coefficient.

The sea level increases associated with wave set-up, which can be essential and
significantly affect the variability of sea level in the coastal zone, are considered. The
explanation of the physical mechanism of this phenomenon was proposed by Longuet-
Higgins and Stewart, who showed that it is formed by horizontal gradients of radiation
stress. Calculations using the wave set-up height equation showed values ranging from
11 cm to 38 cm for weak and moderate storms noticed during observations. This additive,
even at low wave heights, when coinciding with tide K;, storm surge and an increase in
level associated with a decrease in atmospheric pressure, can lead to a rise in level to
119 cm. This value of sea level rise is catastrophic and leads to flooding.

Modeling of sea level rise profiles was carried out from the limiting case of a cnoidal
wave, which is a nonlinear and exact periodic wave solution of the Korteweg—de Vries
equation. A comparison of the theoretical profile calculated from the time form of the KDV
equation with the averaged recorded profiles of level increases showed that they are well
described by the profile of a single cnoidal wave.
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IIporszkennsiii xpeber 85° B. 1. xapakTepusyercs 00JaCThI0 TOHUYKEHHBIX 3HAYEHUN aHOMAJIHLHOIO
TPaBUTAIMOHHOTO TI0JIsi MEPUMOHAJILHOTO TTpocTupanusa. FOxuee, B paitone 4° c.mr. u 3° 10. 1.
BBIJIEJISIIOTCS JIBA JIOKAJBHBIX TPABUTAIIMOHHBIX MHUHAMYMA, TPUPOJIA KOTOPBIX OCTAECTCS MIPEIMETOM
nucKyccuii. B maHHOM cTaThe MpeCcTaB/IeHbl PE3yJIbTATHI IIJIOTHOCTHOTO W MATHUTHOTO MOJIEJTH-
pOBaHMs TIO JaHHBIM HaGOpTHOM cbhemku peiica SO258/2 N/C «3onne». Kommiekcuprii anamms
Ppe3yIbTaTOB MOJEUPOBAHUS C JAHHBIMU CECMOIPOMUINPOBAHUS TOKA3aJl, YTO MPUPOIA IPABUTA~
[IMOHHBIX MUHUMYMOB CBsI3aHa C MPOIECCOM CEPIIEHTUHU3AINY TOPOJ, U U3ydaeMble OObEKTHI He

ABJIAIOTCS IPOsoJIKeHneM xpebra 85° B. 1.

Kmouesnie cioBa: Vmamiickmii okeaH, xpebeT 85° B. ., IJIOTHOCTHOE MOJEIUPOBAHKUE, MATHUTHOE

MOJIeTUPOBAHUE.

Iuruposanume: Bysbraes, A. A., E. II. Jy6unun, A. H. Usanenko, O. B. Jlesuenko, . A. Bekinu,
M. B. KocusbipeBa, u A. A. Hlaiixysummna Ilpuposa rpaBUTaniuOHHBIX MUHUMYMOB I0YKHee XpeOTa
85° B. 1. (Llenrpanbhast koriosuna Muauitckoro okeana) // Russian Journal of Earth Sciences. —
2024. — T. 24. — ES3002. — DOI: 10.2205/2024es000884 — EDN: JFADKU

BBenenune

CeBepo-BocToK NHIUIICKOro OKeaHa XapakKTepPU3yeTcsl YPE3BLIYANHO CI0KHBIM TeKTOHH-
YeCKUM CTPOEHUEM, OTPAKAIONIUM UCTOPHUIO €r0 MHOTOITAITHON T'€0IMHAMUIECKON IBOJTIOIIH
¢ MeJia JI0 HACTOSIIIEro BpeMeHn. Takasi pasHooOpa3Hasi CTPYKTyPa U 9BOJIIOINS PEFUOHA
CBSI3aHA C 3aKPBITHEM JIPDEBHETO OKeaHa TeTwc, KHHEMATHIECKUMHU [TePECTPONKAME CHCTEMbBI
CIIPEIUHTA, MAIMATU3MOM U CTPYKTYPOOOPA30BAHUEM, CBSI3AHHBIMU C JEATETHHOCTHIO MAH-
TUAHBIX IJIIOMOB, apeiidbom VHamiickoii inThl U ee Kojutusueii ¢ EBpasueit. B pesysibrare
BCEX 9TUX IMPOIECCOB 3/1eCh CHOPMUPOBATIUCH PA3HOOOPA3HBIE TEOJIOIMIECKUE CTPYKTYPHI,
BBIDA2KEHHBIE PA3JIMIHBIM 00pa30oM B pesibede [Ha, CTPYKTYPe KOPBI U ITOTE€HIINAIbHBIX
noyisix. OpauMEy 13 HamboJtee 3araJ0YHBIX U3 HUX OcTaroTcs xpeber 85° B. 1. B Benraabckom
3aJiMBe U 00JIaCTh BHYTPUILIUTHBIX Jedopmanuit B LleHTpasbHoil KOT/IOBHHE, TPUPOJIA KOTO-
PBIX JIO CHX TIOpP OCTaeTCs BO MHOTOM JIMCKYCCHOHHOM. VX ommcaHuio u BO3MOYKHOI TPUPOJIE
IIOCBAIIEHO MHOXKECTBO IyOJuKalmii, nanpumep: 1o xpebry 85° B. u1. [Curray and Munas-
inghe, 1991; Desa et al., 2013; Krishna, 2003; Krishna et al., 2014; Ramana et al., 1997]
7 1o 06acTH BHYTPUILIMTHBIX fedopmannii | Beporcbuykut u Jesuenxo, 2002; Kazomun u
Jesuenko, 1987; Jlesuenro u Beporcouuyruii, 2002; Jesuenkxo u dp., 1999; Bull and Scrutton,
1990; 1992; Chamot-Rooke et al., 1993; Delescluse and Chamot-Rooke, 2008; Geller et al.,
1983; Krishna et al., 2009; 2002; Leger and Louden, 1990; Louden, 1995; Neprochnov
et al., 1988; Stein et al., 1989; Weissel et al., 1980]. HeranbHblii KpUTUIECKUIT aHAINAS
OIIyOJIMKOBAHHBIX THIIOTE3 POUCXOXKIeHHsT XpedTa 85° B. /. JjaeTcst B ctarbe AJIbTeHOepHIa
¢ coasropamu [Altenbernd et al., 2020]. Pasnuuanbie acnekTsl reodu3uKu U TEKTOHUKH 00718
CTH BHYTPHUIUIATHBIX 1eOPMAIIil T0IPOOHO PACCMOTPEHBI B CIIENINAIBHON MOHOTpadun
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«Intraplate deformation in the Central Indian Ocean Basiny [Intraplate deformation in the
Central Indian Ocean Basin, 1998].

Xots xpeber 85° B. ;1. momajaer B 001aCTh BHY TPUILIUTHBIX j1epOpMaIiiii, OOBITHO UX
paccMaTpHUBAIOT IO OTJIEILHOCTH. B JIAHHOI cTaThe paccMaTpuBaeTcs IpobiieMa ITPUPOJIbI
JIBYX JIOKAJIBHBIX TPABUTAIMOHHBIX MUHUMYMOB, PACIIOJIOKEHHBIX I0yKHee XxpedTa 85° B. 1.
(JrokasibHBIe MUHUMYMBI 1 1 2 Ha puc. 16).

Puc. 1. Uccaenyewmsrii paiion Llenrpanbaoit kormosuubl Uaaniickoro okeana. (a) Kapra penabeda
JiHa, [IOCTPOEHHAs] HA OCHOBE CILyTHHKOBOI GaTumMerpudeckoil Kaprel [Smith and Sandwell, 1997],
JIONOJIHEHHO pe3yJsibraTaMu 0aTMMeTPUYecKOi ChbeMKHU ¢ MHOIOJIYYeBbIM 3X0J10TOM B peiice SO258
N/C «3oune» (2017) u 42 peiice HUC «Axagnemux Bopuc Ilerpos» (2017) (6) CuoyTHuKOBast KapTa
HOJIsI CUJIBL TsI?KECTH B cBOGOZHOM BO3uyxe [Sandwell et al., 2014], B KOTOpY!0 MHKOPIIOPUPOBAH
dparment naboprHO# chemku B peiice SO258/2 U/C «3oune». Yepnbie smann — npoduian peiica
S0258/2 11/C «3ouue». Besble uunu ¢ 6eIbIMU IOJIUCIMY — IPOQPUIHN IVIOTHOCTHOTO MOZE/IN-
posanusi. Kpacubie juaun ¢ mudpamu pparMeHTsl Npoduieil MaraiuTHOro Mogeuposannst. AH —
nomasarue Adanacua Hukuruna. Benbie kpynubre 1udpbl 1 u 2 — JIOKaJbHbIE TPABATAIMOHHBIE

MHWHHUMYMBI.

Vcropust 0bcykK1eHus MPUPOILI T'PABUTAIMOHHBIX MUHUMYMOB JIOBOJIBHO IIPOTHBOPE-
qnBast. Buagane Liu, Ch.-Sh. et al. [1982] o6beiMHNIN TN JIOKAJIBHBIE TDABATAIINOHHbIE
MUHUMYMbI C PACIIOJIOZKEHHOI ceBepHee OO0JIBINO0 MEpUINOHAIBHON OTPUIIATEIFHON IPABATA-
nuoHHON anoMmasuedi (puc. 1b), Kak Bbipaxkenne exuHoro xpebra 85° B. 1. Ilozxke Stein et al.
[1989] ycomHEMUIMCH B MOMOGHON WHTEPIPETATINY, U BBIABUJIN, ITO, 9TH AHOMAJHMU MMEIOT
oTmaHyI0 oT Xpebra 85° B. 11. mpupoy. OHU TPEAToNIOKMIN, ITO TPEH T, MTUPOTHOTO ITPOCTHU-
paHusl, sIBJIETCS 9aCThbiO 30HBI BHYyTpUILinTHON gedpopmaruu. [lorom Curray, Munasinghe
[1991] cHOBa O6BemMEUIM 00e aHOMAINYN B €JIMHOE BhIpaykeHne xpedra 85° B. 1., KaK CJIes
ropsiaeit Toukn Kpose. VI mo mHemaBHero BpeMeHrn MMEHHO 3Ta TOYKA 3PEHUs ObLIa OCHOBHOIM
[Desa et al., 2013; Krishna, 2003]. 3aTeM uccie0BaTes CHOBA YCOMHUIIUCH B TOM, UTO 9TO
e/InHasl CTPYKTYPa U COWIN, YTO ITH JIOKAJIbHBIE OTPUIATEIbHbBIE IPABUTAIIOHHBIE AHOMAJIIH
umeror pasuble ucrognuku [Krishna et al., 2014]. Altenbernd et al. [2020] na ocuoBanun
Pe3yIbTATOB Te0(pU3NIECKUX UCCIeOBAHNIA, BKIIIOUABIINX TJIyOUHHOE CEHCMUIECKOe 30H -
posanne, nosyuenabix B peiice /C «Bonnes (2017 r.), mogreepausu, aro xpeber 85° B. .
B 30HE IIEPBOI0 TPABUTAIIMOHHOTO MUHUMYyMa, He MpocjexuBaercs. OHU CHOBA CBS3AJH 9TOT
TPABUTAIMOHHBII MUHUMYM C BHYTPUILIUTHOHN nedopMarueil HHI0OKEAHCKOM JTUTOCKheph
U OObSICHUJIN 3Ty AHOMAJIMIO IIPOrMOOM KOPBI B pe3yJsibTare JepOPMAIMNA CXKATHUSI.

B mammoit cratbe npuBOAATCS PE3YIBTATHI IJIOTHOCTHOI'O M MATHUTHOI'O MOJIEINPOBA-
HUS, KOTOPBIE ITOKA3BIBAIOT POJIb BEPOSTHOTO IIPOIECCA CEPIIEHTUHUBAIMI ITOPOJT, HUYKHEIH
KODBI ¥ BepXHEl MaHTHUU I10JI BJIMSHIUEM MHUTDUPYIONIEH BHU3 10 pa3/IoMaM MOPCKOW BOJIBI.

Russ. J. Earth. Sci. 2024, 24, ES3002, https://doi.org/10.2205/2024es000884 2 of 19


https://doi.org/10.2205/2024es000884

ITPuPOIA TPABUTAIIMOHHBIX MUHUMYMOB IOXKHEE XPEBTA 85° B. 1. ... BynibIiEB U AP.

JlomoJTHUTEIFHO, JIJTsT CDABHEHUSI, BBIIOJHEHO MOJIETMPOBAHUE JIJIsI JIOKAJIBHOTO TPABUTAIA-
OHHOTO MHHUMYyMa, 2, nepudepus KOTOPOro nepecedena npodmigymu HaOOPTHONH ChEeMKH

peiica SO258-2 11/C «3oHHe».

PakTHIecKHe JAaHHbIe

st mcenmenoBanusi mpobJieMbl OBLIN MCIIOJIB30BAHBI JIAHHBIE, TIOJyUYeHHbIe B peiice
S0258/2 N1/C «3oune» B 2017 romy (puc. 1) [/esuenko u TI'eccaep, 2019; Altenbernd et
al., 2020], a Takzke 06IIEHOCTYIHBIE [JI0OAJIbHBIE IUMDPOBBIE MOjen: pesbeda [Smith and
Sandwell, 1997], rpaBuTarmoHHOro noJist u ero rpajuenra [Sandwell et al., 2014] u MomHOCTH
ocasikos [Jlesuenxo u dp., 1993] u GlobSed V.3 [Straume et al., 2019].

I'paBumerpudeckme gaHHBIE

Ha puc. 16 npuBejena Kapra aHOMAJIUI TOJST CHJIBI TSXKECTH B PEJYKIIUH B CBOOOIHOM
Bozayxe [Sandwell et al., 2014], B KOTOPYI0 MHKOPIOPUPOBaH (DPArMEHT, IIOCTPOSHHBIN 110
JaHHBIM HabopTHOl cheMku B pefice SO258/2 M/C «3ouues. st co3nanust KApThI [0 3TUM
HabopTHBIM saHHbIM peiica SO258/2 11/C «3onne» GbLI UCIIOIB30BAH MAKET IIPOrPAMM
Surfer.

WN3BecTHO, 9TO CIIyTHUKOBBIE 'PABUTAIMOHHBIE JAHHBIE JIAI0T BAXKHYIO JIOTIOJTHUTEIHHY IO
nHMOPMAITNIO O HEUCCIETOBAHHBIX paiioHax okeaHoB. Ilo omenke Tuapu ¢ coaBTopamu
TOYHOCTb JNAHHBIX J0cTaTo9HO Bbicokas: 5—10 mlax [Tiwari et al., 2003]. Kpome storo,
ABTOPBI IMOKA3aJIM BBICOKYIO CXOIMMOCTb HADOPTHBIX M CILyTHUKOBBIX JIAHHBIX 10 AMILIATYJIE
u JJIg JJIMH BoJIH OoJiee 20 KM.

Puc. 2. CpaBHUTENbHBIA aHAJU3 CIyTHUKOBBIX NaHHBIX [Sandwell et al., 2014] m HaGopTHBIX
Habmozennit peiica SO258/2 u nonoxkenne npoduseil Ha CILyTHHKOBOM KapTe IOJIsi CUJIbl TSYKECTH
B cBOGOIHOM Bozayxe. (a) — npodunb Baois 81° B. 1. (196, 195, 194 dparments! peiica SO258/2);
(6) — mpodpmms AWI-20170400 (214, 215 dparmenTsr peiica SO258/2).

Ha puc. 2 mpuBosaTCs pUMephl CpaBHEHUs! CIyTHUKOBBIX [Sandwell et al., 2014]
n HabopTHBIX naHHbIX (peiic SO258/2 11/C «3onHue» ). CpaBHEHNE BBIIOIHAIOCH O 2 IPO-
dussm: mepBbIil TPOMUIL, PACITOJIOKEHHBI BI0Jb 81° B. 1., 6611 cobpan u3 196, 195, 194
dparmenTos peiica SO258/2; Bropoil IpoduUIb, COOTBETCTBYIONMI CEICMIIECKOMY IIPO-
dbumo AWI-20170400, cobpan u3 214 u 215 dbparmenros peiica SO258/2. st ToaHOro
COTIOCTABJIEHUSI JAHHBIX, CO CIIYTHUKOBON KAPTHI aHOMAJIUI MOJIs CUJIBI TSKECTH B PEIYKITUH
B cBOGOIHOM Bozayxe [Sandwell et al., 2014] GbLIn CHSTHI 3HAYEHHs] AHOMAJILHOTO TI0JIsI B
TOYKAX M3MEPEHNt HAOOPTHONW CHEMKH.

Kak BujHO 3 rpadukoB, m300parKeHHBIX HA PHUC. 2, HADIIOAAETCS BBICOKAS CXOIUMOCTD
KaK B HI3KOYACTOTHOM, TaK U B BBICOKOYACTOTHOM JIHATIA30HE, OJHAKO BBISIBJIEHO HEOOIIBINOE
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CUCTEeMaTUYIeCKOe pacxoxkKaenue, cocrapisaomee 1,8 mlan. Tlocie BBeaeHMST MaHHOM TOTIPAB-
KU OBbLIa paccunTaHa OKOHJYATe bHas HEBSI3Ka, OMpeIe/eHHAs KaK CPETHEKBAIPATHIHOE
OTKJIOHEHHEe, KoTopasi cocTapuia +0,7 mlair.

Takum obpa3om, 10 pe3yabTaTaM CPABHUTEIHHOTO aHAIN3a MOKA3aHO, YTO HA MUCCJIe-
JIyeMOM yYacTKe CIIyTHUKOBBIE JaHHbIE W HAOOPTHBIE HAOJIIOMEHUST UMEIOT OUY€Hb BBICOKYIO
CXOIMMOCTD, 8 HEOOJIBIIOE CUCTEMATHIECKOE PACXOXKICHNE, IO BCEH BIUIMMOCTH, CBSI3aHO C Me-
TOAMYIECKIMU OCODEHHOCTSIME 00pabOTKH JaHHBIX. Bce BbINIeCKa3aHHOE J1aJI0 BO3MOXKHOCTH
Ha CJEIYIONINX dTAlax MPUBJIEKATh K WHTEPIIPETAIINN JaHHbIE CITYTHUKOBBIX HAOIIOACHUI.

MaruurHbre JaHHBIE

B ucciienoBanusax UCIOIB30BAHbI JAHHbIE, cobpanHble B peiice SO258/2 U1/C «3oune»
o asyMm npoduism C3-FOB npocrupanus (puc. 3). Cesepubiit npodpuas AWI-20170400
OTCTOHT OT TAPAJIIEIBHOTO eMy I02KHOTO IpoduiIst Ha paccTossHuu 0koso 20 kM. Maraurnas
ChEeMKA Ha ITUX MPOMUIIX COCTOUT U3 4-X (pparMeHToB, IO JIBa /I KarKI0r0 MPOMUIIs,
MpUYeM JIJIsi CeBEPHOTO TPOMUIIS ITH CEIMEHTBI MEPEKPBLIBAIOTCS, a JJjIsd HUXKHEro Her,
ocTaBJisisi HeGOIIBIION 3a30p (puc. 3)

Maruursbie gannbie peiica SO258/2 11/C «3ouue» He cozepKaT BDEMEHU PEIUCTPAIUK
OTCYETOB IOJIsI, TOJBKO Jary. [103TOMy BpeMs MPUIILIOCh PACCIYUTHIBATH MO0 KOJIHMIECTBY
OTCYETOB JI0 M IOCJI€ CMEHBI JIAThI, UCXO/sd U3 IPEJIIOJAraeMoil CKOPOCTH CY/JHA. IJTO
UCKJTIOYUIIO BO3MOXKHOCTH OIIEHUTH BEPOSITHYIO BPEMEHHYIO BAPUAIMOHHYIO oMexy. Kpowme
TOTO, U HABUTAIMOHHBIE, ¥ MAHUTHBIE JAHHbBIE 3arpy0JIeHbl: IepBble — 70 4-T0 eCITUIHOTO
suaka y rpaaycos (>10 m) u g0 1 uTu y nosg. JlanHble OPUIIIOCH WHTEPHOJIUPOBATE
[JIAJIKUM CILIATHOM, 9TOOBI n30€KaTh CKAYKOB IIPHU pacdere IMPOU3BOIHBIX — CKOPOCTU IO
KOOD/IMHATAM U aHAJUTUIECKOrO CUTHAJIA TIO TIOJIIO.

Ipu comocrasieHun IOy YeHHBIX 110 gaHHbiM pedica SO258/2 1/C «3ouHe» KPUBBIX
AHOMAJIBHOIO MATHUTHOTO MOJIs (CHHsIsl TOHKAasl JIMHUS) ¢ KPUBBIMHU, CHSITBIMHU C KapTh
EMAG2v3 (kpacuas juaust) (puc. 4) crajgo 04eBUIHO, 9TO UMEIOTCS CYIIECTBEHHbIE 0TI
B [IEPBYIO 0Y€pE/Ib B YPOBHSIX AHOMAJILHOIO MOJisA. MBI COUIN BOBMOXKHBIM CKOPPEKTUPO-
BaTbh 3T JAHHDbIE, TPUOIU3UE UX CPEeJHNME YPOBHU K cpeauuM ypoBusaM EMAG2v3 za cuer
J100aBIIeHN S / UCKIIIOYEHUSl HUBKOYACTOTHOIO TPEH/IA B BUJE IIOJIMHOMA, 1-T0 HOPSIKA, [t
cerMeHnTa 3 — 2-ro Hopsjika, HOCKOJbKY He YBEPEHbI, 9TO B JaHHBIX peiica SO258/2 ne
[IPUCYTCTBYET HU3KOYACTOTHAS BApUAIMOHHASI [TOMexa. B pe3ynbrare anomaauu npuodpe-
s GoJlee «eCTECTBEHHBIN» BUJ (YepHBbIe JUHUM Ha pucC. 3 U 4), & UX CpejHue 3HAUeHUs
npubmsmiuck K 0. Kpome Toro, ypoBan anomananuoro mosist #a FOB konmax dpparmenTon
2 1 4 ObUIM COTVIACOBAHBI C JIAHHBIMHU UMEIOIIEHiCs 3/1eCh JeTAJILHON MAarHUTHOW ChEMKH,
BBINIOTHEHHON panee B 42 pefice HUC «Akagemuk Bopuc Ilerpos» (2017) [Bexauw u dp.,
2020; Jlesuenxo u Ilanosanos, 2019].

Pe3ynbraTsl MogeMpoBaHus
IlmorHOCTHOE MOZEIMPOBaHHE

L7151 BBISIBIIEHUS] IPUPOIBI UCCIIEAYEMBIX TDABATAIIMOHHBIX MUHIMYMOB B IIPEIEIAX Pac-
CMOTPEHHBIX Bbiie rpoduieii (puc. la, 6) ObLIO BBIIOJHEHO ILJIOTHOCTHOE MOJIEIUPOBAHUE.
IMocTpoerne Momesieit TPOBOMMIIOCH B ABTOPCKOM IpOrpaMMHOM KoMmiuiekce TG-2 [Byavues
u 3atiyes, 2008], npegHa3HAYEHHOM JIJIs PENIeHHs 3a/a4 I0A00pa IPABUTAIUOHHOTO [IOJIsI
OT CTPYKTYPHO-TIJIOTHOCTHBIX PAa3pPe30B, 33/1aBAEMbIX B IPOMUILHOM BAPUAHTE C BO3MOXK-
HOCTBIO alllIPOKCUMaIIUU pa3pe3a CUCTEeMOIt 3aMKHYTbIX MHOI'OYTOJIbHUKOB C IIOCTOSTHHOM
IJIOTHOCTBIO.

Pacnpenerenne naoTHOCTH TOPOJ, CATAIONINX OKEAHNIECKYIO KOPY U BEPXHIOIO MAHTHIO,
IpU MOJIEJTMPOBAHUY 33/aBAJIOCh HA OCHOBAHUU OOIIEITPUHSITOrO MPEICTABICHUS O BO3MOXK-
HOM JIMaIla30HE ee M3MEHEHUsI B KayKJIOM u3 cjioeB. Ha OCHOBaHWM MHOTOJIETHETO OIIBITA
paboThI ¢ PErHOHAJILHBIMA JAHHBIMI B 9TOM PETHOHE M3BECTHO, 9TO HANOOJIBINNE BAPUAIIN
IJIOTHOCTEH XapaKTepHbI I OJIOKOB BEPXHEH M HMXKHEH KOPBI.
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Puc. 3. (a) Kapra penbeda maua obgacTu rpaBUTAIIMOHHOIO MUHUMYyMa I0KHee xpebra 85° B. 1.
10 JaHHBIM ajgbTuMerpun [Smith and Sandwell, 1997] ¢ BKItOUeHNEM DE3YJILTATOB MHOIOJLY 9€BOii
6arumerpun peiica SO258/2 N/C «3ounes. (6) Kapra anomasbHoro maraursoro mosst (AMIT)
mo mogesn EMAG2v3 [Meyer et al., 2017]. Ha kaprer manoxensr rpacdukn AMII 3a6opTHOi
MarHuTHoO# creMku peiica SO258/2. I'paduku paccunransoro no mogesu IGRF-2020 [Alken et
al., 2021] aHOMAJILHOrO MArHUTHOTO IOJIA npuBeenbl Ha puc. 4. ndpamu moamucansr HOMepa

dparmMeHTOB MPOdUIEH MATHUTHOTO MOJIETUPOBAHISI.

Ipoguirs AWI-20170400 peiica SO258/2.

Ha puc. 5 npusenena mwioTHocTHast Mogiesib 110 npodumiio AWI-20170400 peiica SO258/2,
KOTOpBIi mmepecekaer 1 rpaBUTAIMOHHBII MUHUMYM. B KadecTBe KapKaca MOJIEIU UCIOJIB30-
BaHBI PE3YJIbTAThl HHTEPIPETAIINY JIETAJBHBIX CEHCMIYECKUX JaHHbIX 110 mpoduio AWI-
20170400 peiica SO258/2 u pe3ysbTaThl IIIOTHOCTHOIO MOJEJIUPOBAHUS, IPEJICTABICHHbIE
B pabore Altenbernd et al. [2020]. Moness cocTont n3 8 cjaoes: 1 ¢iioi — BOJHBI, C IJIOTHO-
creio 1,03 v/ CM3, 2-5 cJtou — 0CaIOYHBIN 9€X0JI C IIJIOTHOCTHIO, YBEIUIUBAOIIECs ¢ TIyOnHOMN
or 1,9 r/CM3 1o 2,4 r/CM3, 6 cJIOil — BepxXHsisi KOpPa C IIOCTOSHHOM ILJIOTHOCTBIO 2,7 r/c1v137
7 cJI0fi — HU2KHsI KOPa € IIePEeMEHHO# II0THOCThIO 2,84 1/ eM3-2,87 r/ eM3, 8 cr10it — BepxHSIs
MaHTHsl ¢ HeOOJIBIIMMYU BapUAUAMU IIOTHOCTH 3,29 1/ em-3,33 r/ ens.

Ilocnoiinblit aHAIN3 MOJIETH [TOKA3aJl, YTO I'PABUTAIIMOHHBI MUHIUMYM CO3/IA€TCH CYM-
MapHBIM 3bdEKTOM, KOTOPBII B IEPBYIO OYepeb O0YCIOBICH Pa3yIUIOTHEHNEM B HUKHEN
9aCTU KOPbI, 1 BTOPOCTEIIEHHO C YBEJIUYEHUEeM MOIIHOCTHA OCAIOYHOTO UEXJIa.

ITo pe3ynbraTam MOe/IMPOBAHUS BbISIBJIEHO Pa3yIIOTHEHNE B HUXKHEH YaCTH KOPBI, IIPU
HE3HAYUTEJIbHOM yBEJUIEHUU MOIIHOCTH KOpbI (riiyOunbl rpanuipl Moxo) u yBesndeHHO
MOIIHOCTHU OCAJI0YHOTO I€XJIA.

Yr006BI MOHSITH IPUPOJLY BTOPOrO JIOKAJILHOTO I'PABATAIMOHHOTO MUHUMYMa OBLIO BbI-
MTOJTHEHO MOJIE/TMPOBAHNE BJIOJIb MEPUINOHAIBHBIX Mpodueil, maymux mo 81° B. 1. u 80° B. 1.
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Puc. 4. Koppeknusa yposuss AMIT nanusix HUC Soune. Kpacuasa kpusas — AMIT no EMAG2v3
[Meyer et al., 2017]; cunsas — rpadux AMII npoduiabHONi ChbeMKHU [0 KOPPEKIHHU; YepHasi — I10JIe

nocse koppekimu. [ndpamu obo3HadeHB HOMEpa TTPOdUITEH.

Puc. 5. Ilnoranocraas mozess o npodumrio AWI-20170400 peiica SO258/2. 1 ciioii— BOHBI, ¢ mI10T-
HocTwio 1,03 /cM® (romy6oit 1BeT), 2-5 CJI0u — OCaA0UHBII YeX0JI ¢ IVIOTHOCTHIO, yBeININBAIOIIEHCs
¢ riy6unoii or 1,9 v/ oM o241/ oM (3eJ1eHBI, 2KEITHL, PO30BBI, OPAHKEBBIi), 6 CJI0il — BepXHssd
KOpa € TOCTOSTHHOH MJIOTHOCTBIO 2,7 T/ cm’ (6upro30BBIii), 7 CJIOH — HUXKHSAST KOPA C TIEPEMEHHOMN
IUIOTHOCTBIO 2,84 I‘/CM3*2,87 I‘/CM3 (TeMHO-6UPIO30BBIi), 8 CJI0M — MAHTHsA ¢ HEGOIBIIUMY BapHa-
masivu toTHOCTH 3,29 r/eMP-3,33 r/eM® (kopmamespri). Huokusis rpanma Mojes Ha Tyoune

30 KM — ropusoHTaNbHas (BHE OOJIACTH IIPEJICTABIIEHHS MOJIEIIN ).

Mepuguonanpupiii ipoguin 1 peiica SO258/2 rosis 81° B. .

Ha puc. 6a npuBemenbl pe3ybTaThl IJIOTHOCTHOTO MOJIEJIMPOBAHUS BIOIb MEPHIHO-
HajtbHOTO Tipoduis 81° B. 1., mporszkeHHOCTHIO 800 KM, IIepeceKaronero BTopoit (pparmMenT
UCCJIEyeMOT0 MUHUMYMa. B cujly OTCyTCTBUSA JEeTaIbHBIX CEICMUYIECKIX JTAHHBIX, UCXOTHBII
CTPYKTYPHBII KapKac MOJEJIN CTPOMJICS C IIPUBJIEYEHIEM OOIIEIOCTYIHBIX JTAHHBIX pesrbeda
TOPEX [Smith and Sandwell, 1997] u mompuocru ocankos [Jlesuenko u dp., 1993] u GlobSed
V.3 [Straume et al., 2019].

Mogess pescraBiena 6 CIosiMu CO CJIEAYIONIME XapaKTEPUCTUKAMU: 1 CJI0it — BO/IHAA
TOJIIA C HOCTOSTHHOM II0THOCTHIO 1,03 T/cM3, KPOBJIS KOTOPOro COOTBETCTBYET CPEIHEMY
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YPOBHIO MODsl, & MOJIOIIBA, JIeTAIbHOMY pesibedy fTHa okeana [Smith and Sandwell, 1997].
2 cjIoit — CJI0# OCAJOYHBIX MOPOJ, HOJIOIIBA PACCIUTHIBAIACH C UCIIOJIb30BAHUEM MO/IEJIN
GlobSed V.3 [Straume et al., 2019]. DToT cI10ii Tax Ke 33aBAJICS C HOCTOSIHHOMN MJIOTHOCTHIO
2,4 r/cM3 — ampEOpHO CpejiHee 3HAMEHHME TS OCAIOUHBIX TIOPOJL MCCIIELYEMOro paiioHa.
Oxkeannveckast KOpa MpeJICTABICHA JIBYMSI CJIOSIMU — BEPXHSIST KOPA CO CPeJIHEl TIIOTHOCTHIO
2,7 r/cM® U HIDKHSS KOPa ¢ HepeMeHHOil mioTHocTho 2,7 v/em® — 2,9 1/cem?. Tomomsa
caost onpeiensiercs: rpanuteii Moxoposuunda (Moxo), riry6uHa KOTOPOI paccauThIBAIACH
C WCTIOJIF30BAHUEM CJIeIyTolell anajnTuaeckoit 3apucumoctu: H oo =30—3,54 - h, tie h —
riiy6una pesbeda aua (mogesns TOPEX) ocpennennas B okae 100 kM. 4 ¢jioii — cJ10it HoaKOpo-
BOit JinTocdepsl ¢ MIOTHOCTL 3,29-3,3 1/ ens. Tnybuna mojomBs! tuTocdhepsl OIpeIesiach
[0 AHAJIMTUIECKON 3aBUCUMOCTH «BO3DACT JIHA — MOIITHOCTH JuTocdeph» [Jykawesus u
Ipucmasaxuna, 1984; Miller et al., 2008]. ITocaemuuii cioit — acrenocdepa ¢ NOCTOAHHOM
wroTHOCTHIO 3,1 T/cM?. O6IacTh MOETMPOBAHES OIPAHITYEHA TOPH30HTAIBHOM TPaHHTIEiT
ua riyouse 100 kM.

Puc. 6. a — IlnorHocTHAA MOJEAL O MepHMOHAIBHOMY npodmmo 1 peiica SO258/2 Bromns 81° B. 1.
6 — IlimorHOCTHAS MOZAEIbL O MepuAMOHAILHOMY Hpoduio Baoab 80° B. x. Ilomoxkenue npodueit
[IOKA3aHO Ha KapTax cjesa. 1 cjoii — Bogublii, ¢ mwiorHocThio 1,03 1/ oM (rosty6oii uBer), 2 cioit —
0CaJIOYHBIA YeX0JI ¢ MJIOTHOCTBIO 2,4 I‘/CM3 (>xenThIit), 3 CI0# — BEepXHAA KOpa C IEPEMEHHOMN
IJIOTHOCTBIO 2,7 T/ em® — 2,851 / em® (6upro30BBLii), 4 cJ10if — HIZKHS KOPa C IIEPEMEHHOI IIJIOTHOCTHIO
2,7 r/cm® =2,87 1/cM3 (TeMHO-GHPIO30BELL), 5 CI0M — MAHTHS ¢ HEGOIHIINME BAPUAIHSIME IIOTHOCTH
3,285 F/CM3 -3,33 F/CM3 (kopuuHeBBIit), 6 ci1o0it — acTeHoCdhEpa, € IOCTOSIHHON IIOTHOCTHIO 3,1 F/CM3
(BHE OGJIACTH MIPEICTABIICHNS MOJIEIH, Ha TiiyOuHax 75-85 kM). HuxkHsAs rpanuiia Mojen Ha Tty 6uHe

100 kM — ropusoHTaJIbHAs (BHE O0JIACTH [IPEJICTABIICHUS] MOJIEIIN).

ITo pesyabraTam MOJIEIMPOBAHUS TOKA3aHO, 9TO B CPABHEHUM C MOJIEJIBIO 110 ITPOMUITIO
AWI-20170400, meHTpaabHbBI U IOXKHBINH (DparMeHThl MUHIMYMAa TakK Ke (hOPMUPYIOTCS
Pa3yIIOTHEHNEM B HUZKHEil JaCTH KOPBI, HO INIOTHOCTH GJIOKOB 3716Ch efme Hike — 2,79 7/cMS.
Crour TakkKe OTMETUTH, YTO B IEHTPAJIBHON YaCTU I0XKHOTO (pparMeHTa TaKyKe BbIsIBJIEH
610K yIIoTHEHHBIX 1T0pof, (2,90 T/cM>), BHIPAKEHHEIH B IPABHTAIOHHOM TI0JI€ JIOKAJIb-
HBIM MaKCAMYMOM, aMILIATYA0# 5 ML 'air, 9T0 MOXKeT CBHUIETEILCTBOBATH O DOJIEe CIIOYKHOM
TEeKTOHUYECKOH 0OCTAHOBKE B 9TOM 00JIACTH.
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Mepuanonaapublit npoguas Baob 80° B. 1. MO CITIyTHHKOBBIM JTAHHBIM

Ha puc. 4b npuBejieHa IJI0THOCTHAST MOJIEJIb 10 MEPUINOHAJIBHOMY ITPOMUIIIO BIOIb
~ 80° B. 1. or 2° c. 1. 710 5° 10. II., TPOXOISIIAsl TOJIbLKO Yepe3 I0KHBIN (hparMeHT MUHUMYMA.
JLjist TAHHOM MOJIEITH MCIIOIH30BAIOCH TI0JI€ CUJIBI TSIXKECTU B PEJYKIUHA B CBOOOTHOM BO3JLyXe
[Sandwell et al., 2014]. Kapkac MOJieJi CTPOWJICS aHAJOTUIHO MOJeH Ipoduiist peiica
S0O258/2 Bnons 81° B. 1.

B menoMm, 1o mosioxKeHUO0 TpaHull # paszdbpocy MIOTHOCTEH MOJEb OYeHb CXOXKa C
MPEeJBILYIIEH, OTHAKO B 00JIACTH MUHUMYMa B HUYKHEl KOpe Pa3yIJIOTHEHNE CTAHOBUTCS €IIe
GoJtee BBIPAYKEHHBIM U COCTaBiseT 2,7 T/ cnm3. BOBMOXKHO, 9TO CBA3AHO € T€M, UTO HPOMIIL
3aXBaTBIBAET TOJILKO CaMbIil Kpail pacCMaTpUBaEMOUN CTPYKTYPHI.

CpaBHUTEIbHAS XapPAKTEPUCTUKA, CTPYKTYP PACCMaTPUBAEMOrO PETMOHA MIPUBEICHA B
Tabs1. 1. B Tabsmie npegcraBiieHbl pe3ysbTaThl IIJIOTHOCTHOT'O MOJIEJIMPOBAHUS JIJIsi CEKTOPOB
¢ pazuabiMu Tuntamu jgurocdepsl. s ymnobeTBa BbIIEIEHBI JJOKAJIbHBIE MUHUMYMBI 1 1 2
(puc. 16), a Tak)Ke NPUMBIKAIONIAE C CeBepa M [ora CEKTOPbI 1 U 2, COOTBETCTBEHHO,
C OKeaHUYeCKOil JinTocdepoil.

Taﬁ.rmua 1. CpaBHI/ITe.HbHaH XapaKTepUCTUKa JIOKAJIbHBIX I'DaBUTAIIMOHHBIX MUHUMYMOB IIO PE3YJIb-

TaTaM IIJIOTHOCTHOT'O MOJE/IUPOBAHUA (HpI/IBe,ILeHbI IKCTPpEeMaJIbHbIE 3Ha‘{eHI/IH)

. . Oxeanunyeckast Oxeannyeckast
JlokabHBIHT JlokabHbIH
MUHUMYM 1 MUHUMYM 2 murocdepa muarocdepa
Y Y (cexrop 1) (cexTop 2)
Ag cB.B., MI'an —-60—(-77) —-60—(-70) —40—(-50) —20-(-55)
Ag B, mTax 220-240 260270 240-255 280-300
MomaocTh, M 4400 1600—2000 1700-3800 1300-3900
Ocanxu
o, r/CM3 1,90-2,40 2,40 1,90-2,40 1,90-2,40
MormaocTs, M 4000 3300-3900 3100—4000 2800-3300
Huxuss kopa
o, r/CM3 2,82 2,70-2,79 2,86-2,95 2,86-2,97
Tny6una, m 14700 12800-13300 13400-14000 12000-13800
Bepxuss manTus
o, r/cm3 3,30 3,29-3,30 3,29-3,30 3,3-3,31

IlomBonst WMTOr BBIMOJHEHHOMY MOJETHMPOBAHUIO, MOXKHO CIE€JIATh BBIBOJ, UTO JJIs
BCEX TPeX MoJjiesiefl TPaBUTAIMOHHBIN MUHUMYM MOYKHO OObSICHUTH Pa3yIJIOTHEHUEM B
HUKHEN JacTu Kopbl (1abur. 1), oIHAKO IPUHUMAs BO BHUMAHUE PA3IMYHYIO0 TeKTOHHYIECKYIO
00CTAHOBKY B 0O0JIACTSAX MOJIEJMPOBAHUSA, MOPOJLI 3/16Ch HAXOAATCS B Pa3HONW CTEIEHU
VILJIOTHEHUS.

MomennpoBanme aHOMAJILHOTO MATHHTHOIO IOJIS

JI71s MarauTHOTO MOJIEJIMPOBAHUS UCIIOIb30BAHBI JAHHBIE CHEMKH, ITOJIyUYeHHbIE B pefice
S0258/2 11/C «3oune» 1o aym npodumism C3-FOB npocrupanus (puc. 3). Ux cymmaphast
JnuHa coctapysier 1280 K.

Jist Bcex 4-X JIMHEHHBIX (PPArMEeHTOB CbeMKHU ObLIO BBIIIOJHEHO PeIleHre 00paTHOM
3aJla9 OTHOCHTEJBHO pacipeseseHus 3(hdEeKTUBHON HAMArHUYeHHOCTH (OCTaTOYHOM +
UHJIYKTUBHON) B MArHUTOAKTUBHOM CJIO€ OKEAHMYECKON JIUTOC(EDDI, PE3YJILTaThl KOTOPOTO
IIPUBEJICHBI HA, PUC. 7.

Texuosiorust perennst OOPATHON 334U COCTOUT B UTEPAIMOHHOM ITOCTPOSHUN KOM-
MMAKTHOTO KOHTPACTHOTO pacipeaensenus 3PHeKTUBHON HAMATHUIEHHOCTH Ha MHOXKECTBE
SKBHUBAJICHTHBIX 1O 10Jt0 perernil [[asvwur uw dp., 2020]. s CHUXKEeHUs! HEOIHOZHAU-
HOCTHU PeEIIeHusl dTON 3aJ[a9u UCIOJIb3YeTCs TPUBJICUCHUE JTOTOJTHUTETLHON arpruopHOit
nHGOPMAIUN B BUIE OIPAHUYIEHUI Ha MPeIe/Ibl U3MEHEHIS MOJIYJIS W HAIIPABICHUS BEKTOPA
HAMarHUIEeHHOCTH, 3aJIaHns OJIN3KONH K PeasibHOW TeOMEeTPUU BEPXHUX W HUXKHUX KPOMOK
AHOMAJIBHBIX TeJI, OIPEIesIeMOil [IOCPEJCTBOM JIPYIUX reopU3nYeCKuX METOJO0B M/ HJIn
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Puc. 7. Pesynbrare! perenns: 06paTHOM 3a/1a91 OTHOCHTEJILHO pacupesesienns: 3OQeKTUBHON Ha-
MATHUYEHHOCTH (OCTATOYHON + MH/IyKTUBHON) B MATHUTOAKTUBHOM CJIOE OKEAHUIECKON JTMTOChEPhI

0 JIMHEeHHBIM (bparMeHTaM MarHUTHOH cbeMku B peitce SO258/2 11/C «3onHes.

CHeNMAaIbHBIX CIOCOOOB MHTEPIIPETAIINN, TAKINX KAK CIIEKTPAJIHHBIN aAHAIN3, JTEKOHBOJIIOIHS
Ditnepa u .. st dparmenta 3, 1y KOTOPOro UMEIOTCS HAJIEXKHBIE CEICMUYeCKNe TaHHBIE
peiica SO258/2 11/C «3onne» [Altenbernd et al., 2020], BepxHsist KPOMKa 33/1aBaIaCh KaK
rpanuna GyHIAMEHTA, UCXOASd U3 OOIENPUHATHIX [PEICTABICHUN, ITO JIEXKAIINE BBIIIIe
OCaJIKU TPAKTUYECKU He MarHuTHble. HuKuss rpanuna (HUXKH#AsT KPOMKA) O0JIaCTH 110-
MCKa AHOMAaJIbHONW HAMATIHMYEHHOCTU TaKXKe 33/1aBaJjlaCh COIVIACOBAHO C CEACMUYECKHMU
JAHHBIMI U COOTBETCTBYeT I'panuiie MOXO, HOCKOJIBKY OOBIYHO 3Ta I'DAHUIA COBIAIAET
wn Osim3ka K m3orepme Kiopu, koTopasi pa3iesseT MarHUTOAKTUBHBIN CJIONH U TOPSIyIO
HeMarHuTHYyI0 MaHTuio [Wasilewski and Mayhew, 1992]. s ocranbHbx npodusieil stu rpa-
HUIBI 33/1aBaJIICh COTJIACHO PE3YJIbTaTaM CIEKTPAJIHHOIO AHAJIN3a U IOUCKA B CKOJIB3SIIEM
OKHE CHHTYJISIDHBIX UCTOYHUKOB METOIOM JEKOHBOJIIONNN Diljiepa W HEJIUHEHHOrO mo100pa
MPOCTBIX UCTOYHUKOB [0 MATHUTY/IE ¥ AHAJUTUIECKOMY CUTHAJTY AHOMAJIH.

Ha upencrapieHHbIX cxemax 1moa6opa 3pdeKTUBHON HaMarHumdeHHOCTH (puc. 7) B
kpaitaeit FOB wactu npoduiieil oT9eTsimBO BBIJEISETCS CeBEpHAast U3 JBYX YACTUIHO I0-
rpebeHHBIX MO/ OCAIKAME BYJIKAHMIECKUX CTPYKTYD, AeTaJbHO UCCIEIOBaHHBIX B 42 peiice
HUC «Axaznemux Bopuc Ilerpos» [Bexauw u dp., 2020]. @parmenT 4 nepecekaer ee mpsMo
qepes IeHTP, pparMenT 2 IPOXOINUT YePe3 ee CEBEPO-BOCTOYHBIN CKJIOH. JlaHHbIe peiicoB
1/C «3onne» u HUC «Axanemuk Bopuc Ilerposs s 9T0i 9acT XOPOIIO COMJIACYIOTCS,
[IO3TOMY BCE OHU OBLIN OO'beUHEHBI JJIsi [IOCTPOEHUs YIIYIIIIeHHOW KapThl aHOMAJIBLHOTO
MAarHUTHOTO II0JIs HaJL STUMHU cTpyKTypamu. [lo oObenuueHHbIM gaHHBIM MeTOomamu 3D
aHaIn3a

[[Tasvwun u dp., 2020] yaanocs ycTOHIMBO OIEHUTH HAIPABIEHHE HAMAIHUIEHHOCTH
9TOTO BYJKAHHUIECKOTO OOBEKTa — YroJl HAKJIOHEHUs COCTaBMJ OT —57° mo —61.5°, arto
COOTBETCTBYET TIaJIeoNpoTe ero obpasoBanus 38°—42.5° 10. m. COrIacHO MOCJIETHUM T1aJ1€0-
PEKOHCTPYKIMM Jiist 3Toil yactu VHauiickoro okeana [Desa et al., 2013] oro-socrousbie
KOHI[BI 000ux TIpoduiieil pacroyosKeHb! 61n3Ko K n3oxpore 121 murn jet (anomanus MO), ock
CIIpeJIMHTa TIPU 3TOM PacIoyarajgach npumMepro Ha 60° 1o. 1. D10 M03BOJISIET HAM 3aKJIIOUUTh,
qr0 ByJiKaH ObLT 0OpazoBaH Ha danre COX mozmHee moacTmiaromeil TuTochepbl TPUMEPHO
40 vyt jter Hazay (pasauia nageommpor 20° pu cKopocTH ceBepHoro apeiida 0.5° 3a M
JIET JIaeT 3Ty OLEHKY).

Mogzenb pexorcrpykiu Jyist 121 mon sier (MO) 6b11a oy gena myrem Bpainenus Nuaun
BMmecre co Hlpu-Jlankoit orHocurensHo AHTapKTUiel [Desa et al., 2013]. Dra Mojens moka-
3bIBaeT, ITO 30HbI pazmomoB Muanu u [Mlpu-Jlanku 10mOJHAIOT 30HBI pa3ioMoB Boctounoit
AnTapKTHIbI, TIOIpa3yMeBasi, 9TO OHU MPEJACTABIAIOT CODOM JIMHUK TeYeHUsl, OITUCHIBAIO-
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Ire JIBMKEeHNe MeXK/Iy 3TuMu AByMs miautamu. 3oxpon MO, BeiBegennniit y Ilpu-Jlanku
¥ BOCTOYHOrO mmobepexkbs VHanm, T0BOJIBHO XOPOIIIO COBIIAIaeT C TAKOBBIM y BocTodHoii
Awnrapkrunst. [Ipu mocrpoennn Mojiesieit HarrpaBJeHIe HAMArHUHIEHHOCTH, COTVIACHO U3JI0ZKEH-
HBIM BBIIIIE COOOPAKEHUAM, OBIJIO IPUHATO PABHBIM —74°, 9TO COOTBETCTBYET AJIEOITHPOTE
60° 10.111., T/Ie ¥ IPOUCXOIMIIO, KAK CIUTAET OOJILITMHCTBO COBPEMEHHBIX HCCJIE0BATE-
sedt [Desa et al., 2006; Desa and Ramana, 2016; Neprochnov et al., 1988] obpaszosanue
CIIPEMHIOBOI KOPBI.

Ha o6oux npoduiax C3-FOB npocrupanus peiica SO258/2 qacTudHo norpebeHHOi
ByJIKaHWIeCKON cTpykTyphl Ha OB konmax mpodwuiieit B pacipemeieHnn HaMarHMIeHHOCTH
OTYET/IMBO BBIIE/SAETCS 30HA IIOBBIIIEHHBIX MOJIOKUTEILHLIX 3HadeHuit 10 3 A /M, 1po-
CTPAHCTBEHHO COBNAIAIONMas ¢ (OrpeGeHHolt) MOCTPONKON ByJIKaHa 1 00JIACTHIO MO, HUM,
pacnpocTpanssach B Tirydouny BIUIOTh 10 13 kM. [lockonmbky mo manabim 42 peiica ABIT
B 45 m 110 kM 1oro-3arajHee pacloIOKeHbl eIle KaK MUHUMYM JIB€ OJ00HbIE TaCTHIHO
norpeGeHHble CTPYKTYPBI, Jexkamme Ha ofuoil suann CB npoctupanusi (COBIAIAMOIIETO,
C MIPOCTUPAHUEM UJICHTUMDUIMPOBAHHBIX 3/I€Ch ME3030MCKAX JIMHENHBIX MATHUTHBIX AHOMa-
st [Desa et al., 2006]), ecTeCTBEHHO IPEJIIOJIOKITD, YTO STH BYJKAHIIECKUE CTPYKTYDbI
[PUYPOUEHBI K PA3JIOMY, TAPAJIIEFHOMY JIDEBHEI OCH CIIPEIIHTA.

Baxkuoit 0cobeHHOCTHIO, BOCCTAHOBJIEHHOM B MArHATOAKTUBHOM CJIO€ HAMATHUYIEHHOCTH,
SIBJIAETCST HAJIMIHE JIOBOJIBHO MPOTsKEHHBIX (15-20 KM B mmpuHy) MOIHBIX (10 3,5 KM)
U HAMATrHUYEHHBIX ¢ 00PATHO MOJISIPHOCTHIO OJIOKOB, 3aJIeralolnX HIKe HOBEPXHOCTH (hyH-
JIAMEHTa, HUXKHSS TPAHUIA HEKOTOPBIX U3 HUX JOCTUTaeT NIyOmubl 12—14 kM, pacrmosarasch
BHYTPH CJIO 3, COTVIACHO PE3YJIbTaTaM IJIOTHOCTHOTO MOJIEJIMPOBAHUA U CEHCMUIECKUM
nanHebM (puc. 5 u 3). OcobeHHO YeTKO 3TH OCOGEHHOCTU IIPOSIBJISIIOTCS Ha (dparMeHTe
2, coBmaaromnieM ¢ ceiicMuieckum npoduiem AWI-20170400, Ha KOTOPOM IIPUCYTCTBYET
BBIPA2KEHHAS I'DABATAIIMOHHAS OTPUIATE/bHAS AHOMAJINS, K KOTOPOIl ¥ IPUYPOY€EHbI 4 OTpu-
[ATEJbHO HAMAarHUIEeHHBIX OJI0Ka pazMepoM ~ 20 KM X 3 KM, PaCHOJIOXKEHHbIE CYIIECTBEHHO
ke dyuaamerTa. OTpUNATEBHYI0 HAMATHIIEHHOCTD BBIJIEJIEHHBIX OJIOKOB B OTCYTCTBHE
BBIJIEJISIEMBIX B 9TOH 30HE JIMHEHHBIX MAIHUTHBIX AHOMAJIMI MOYXKHO OODbSCHUTH BPEMEHEM
00pa30BaHMsl BTOPUYIHON XUMUIECKON HAMATHIYIEHHOCTHU TIPU CEPIEHTUHU3AINN — OHO TIPHU-
XOJUTCSI Ha 30Xy OOpPATHON MATHUTHOM HOJIIPHOCTH, T.€. 9TOT IPOIECC HMPOUCKOIMI He
panee 0,7 MJIH JIeT Ha3a/I.

IIpoBenenHOE MIOTHOCTHOE MOAEINPOBAHNE ITOKA3AJI0 HAJIMINE B 9TOM MECTe B HUXKHEN
YACTH KOPBI OGJIACTH IIOHHYKEHHOI! IJIOTHOCTH CO 3HAYEHHUSIME OKOJIO 2,84 T/M°, uro coot-
BETCTBYET IIJIOTHOCTH B TOM YHUCJIE M CEPIEHTUHU3NPOBAHHBIX rabOPOUI0B U HEPUIOTUTOB
(i ManTuitEbIX n0pos). IIpuHuMas BO BHUMaHUE XOPOILYIO KOPPEJISIHUIO PA3yILIOTHEH-
HOTO GJIOKa ¢ OJIOKAMM OTPHUIATEIbHON HAMAIHHYEHHOCTH U OTYETIUBO BBIJIEISEMBIMU 10
ceficMuuecKnM JaHHBIM padiomaM [Bull and Scrutton, 1990; 1992; Chamot-Rooke et al.,
1993], MOXKHO IIPEIIIOJIOKUTH, YTO IPABATAIMOHHbI MUHUMYM OOYCJIOBJIEH PA3yILIOTHEHUEM
HIKHEl KOPBI B pe3yJ/IbTaTe CePIeHTUHU3AINY U3-38 MUTPAINN BHI3 MOPCKON BOZBI IO Pa3-
JIOMaM, KOTOpbIe 06pa30BaJINCh IIPU U3BECTHON BHYTPUILIUTHON jJedpopManiuu. AHaIOrnIHbIeE,
¢ OJIM3KAMY XapaKTEPUCTUKAMU, HO €INHUIHbIE N30JIMPOBAHHDBIE OJIOKH C OTPUIATETHHON
HAMAHUYEHHOCTHIO IPHUCYTCTBYIOT M HA CEBEPO-3AIaHBbIX KOHIaX npoduieii (puc. 8).
DTO TO3BOJISIET UHTEPIPETUPOBATH UX KAaK ITPOSIBJICHIE 3/1eCh OIUCAHHOTO BBIIIE IIPOTIECCa,
CEePIEHTUHUBAIIAN.

ObcyxaeHue pe3yabTaTOB W BHIBOIBI

Ha puc. 8 npusenena o6obienaas Mojeib 1o upoduiio AWI-20170400 peiica SO258/2,
MIPOXOJISAIIEr0 Yepe3 JIOKAJBHBIN TPABUTAIMOHHBI MuHUMYM 1. XOpOIIO BUIHO KOPPEJISIIUIO
Pa3yILIOTHEHHOTO OJIOKa ¢ OJIOKAMU OTPUIATE/IBHON HAMATHUYIEHHOCTU W BBIJIE/ISIEMBIME 110
JAHHBIM CelicMOIPOMUINPOBAHUS PA3IOMAaMU.

Caenyer oTMeTUTh, YTO TPABUTAIMOHHBIA MuauMyM 1 (puc. 16, 8) Haxoqurcs B 10JI0CE
CB-HO3 npocrupanusi, MApKUPYIOIIEeil rpaHuIly 1JI006abHON IEPECTPONKN CUCTEMBI CIIPe-
nmuara B VHmuniickoM okeane B no3nHeM meny [Desa et al., 2006]. O pacronoxkeH Ha CTBIKE
¢dbparMeHTOB OKeaHUIECKOH KOPbI, 00Pa30BAHHON Ha PA3HBIX CIIPEIUMHIOBBIX XpedTax, u4To
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Puc. 8. ITpoduas AWI-20170400 peiica SO258/2. I'padukn aHOMATHLHOrO MArHUTHOTO 1OJIs (&)
U TI0JIS CHJIBL TAXKECTH B CBOGOAHOM Bozxayxe (6); mIoTHOCTHAs Mojenb (mudpaMu Ha MOZIEIH
IIOKA3AHbI 3HAYCHUS ITOTHOCTH B T/CM5) ¢ BK/IIO9eHHeM (PPATMEHTOB MATHHTOAKTHBHOIO CI0s (B),

pa3pe3 MHOrOKaHaJIbHOTrO ceiicmonpodunuposanus [Altenbernd et al., 2020] (r).

OTpaXxKaeTcs B PA3JIMIHOM IIPOCTUPAHUN JIMHEHHBIX MATHUTHBIX AHOMAJIMIA U CTPYKTYPHOM
IUTaHEe KOPBI, KOHTAKTUPYOMUX 1o 31oii rpanune [Altenbernd et al., 2020]. Pasnuunsie
HAIIPABJIEHUS CIIPEJINHTA XOPOIIO BUIHBI B KOHTPACTHBIX OpueHTaruax passiomos C3-FOB
¥ MEPUINOHAJIBHOTO TPOCTUPAHUS. JTO U3MEHEHHUE CIIPEINHTa TPon30IIo mpuMepro 100 Mt
aer Hazax [Desa and Ramana, 2016] u, no-suaumomy, chOpMUPOBAJIO JMHUAK KOHTPACTUDY-
oreit cTpykTypHoit peakiuu. [lo cyTu, aTa rpaHuiia mpeacTaBasgeT coOOM MICEeBIOPA3IOM N
MIOBHYIO 30HY, PA3Ie/ISIONIYI0 PA3HOBO3PACTHBIE OJI0KH JInTOChephl. Takume CTPYKTYPBI MOTY'T
00pa30BbIBATHCs IIPU (DOPMUPOBAHUU HOBOI'O CIIPEIMHIOBOTO XpebTa M ero IpolareiiTuHre
B IIPEJEbI CTAPOi OKEaHUIECKON JTUTOCGEPDhI MU MPHU IBOJIONNH TPONHBIX COEIMHEHMT
[Ayburun u Ywaros, 2001]. B mmobom cirydae upu nepexose oT pudpTHHIA HA CTApOil OKea-
HUYECKOI inTocdepe K CIpeIuHry U aKKPelnun KOPbl Ha, HOBOM Xpe0Te 00si3aTesIbHO Oy1er
CTaJausd C YCJIOBUAMU 6.HaFOHpI/IHTHbIMI/I, JUId CepIeTUHU3aIllun (HaJII/IqI/Ie 6HaFOIIpI/IHTHOFO

Russ. J. Earth. Sci. 2024, 24, ES3002, https://doi.org/10.2205/2024es000884 11 of 19


https://doi.org/10.2205/2024es000884

ITPuPOIA TPABUTAIIMOHHBIX MUHUMYMOB IOXKHEE XPEBTA 85° B. 1. ... BynibIiEB U AP.

TEMIIEpATYPHOIO0 MHTEPBaJIa, TPEIIMHOBATOCTH JJIsi IPOHUKHOBEHHUS BOMBI M MaHTHUITHBIX
nopoy). Takue ycsioBus HepesKo OTMedaloTcs B TpanchOPMHBIX padsioMax [Jyburun, 1987).
[Tpu 5TOM BO3MOXKHO (DOPMUPOBAHUE CEPIIEHTUHUTOBBIX IPOTPY3Uil, KOTOPHIE, B 3aBUCUMO-
CTH OT CTEIleHU CEPIICHTUHU3AIlUU, MOTr'yT (I)OprII/IpOBaTI) IIOJAHATUA U BIIaJIMHDbI. O)IH&KO 9TO
HE HUCKJIIOYAET IOCJIEAYIONYIO neOPMAIHIO CJI0EB KOPbI, BRI3BAHHYIO KoJumm3nueit Munnn
u EBpasun. Ha 310, B wacTHOCTH yKa3biBaeT medopMarinsi OCAI0IHOTO CJI0s U (DYHIAMEHTA
BJ10JIb ceficmumdeckoro rnpoduiist AWI-20170400, npecraBjieHHOro Ha puc. 8T.

Kpowme toro, 3emuast kopa B 1oro-socrounoii qacru npoduas AWI-20170400, obpaszo-
BaHHAsI MEPUIMOHAJBHBIM CIIPEIUHIOM, O0JIee CHILHO HAPYIEHA PA3JIOMAaMU, YeM Jajiee
Ha CeBepo-3allajl, B TO BPeMsl KaK aMIUIUTY/Ibl CKJIAJIOK PABHBI 10 BeeMy npoduio [Al-
tenbernd et al., 2020]. D10 MOXKeT GBITH CBSI3aHO € OPMEHTAIMI y2Ke CYIECTBOBABIINX B KOPe
cOpocoB, 0OpPa30BaHHBIX B cripeauwHroBoM reHTpe. [IlupoTHble pa3ioMbl B 60j€e MOJIOmOi
OKEaHUIEeCKO! Kope 6oJiee OJIArONPUSATHBI K PEAKTUBAINY TTPU CyOMEPHUIMOHATBHOM CHKATHH
B MHOIIeHe, yeM ux Oosiee jpepHue pasyiombl FO3-CB npocrupanusi Ha ceBepe. pyroit
MIPUYUHONR MOXKET OBITH TO, UTO, B 3aBUCHUMOCTH OT KOHTPACTOB CKOPOCTH CIPEIUHTA U I10-
CTYILIEHUSI PaCIIaBa, MUPOTHBIE PA3JIOMbI Ha D0JIee MOJIOIOM MOPCKOM JIHE MOTYT ObITh
60J1ee MHOI'OYNCJIEHHBIMU M OJIN3KO PacrojioxKeHHbiME, YeM pasjiombl FO3-CB npocrupanus
JaJiee Ha ceBep. T.e. MO3MHEMHUOIEHOBAsT BHYTPHUILINTHAS 1eOopMaIiis B 9TOH OCIabIeHHOM
30HE MOIJIa OBITH 60JIee MHTEHCUBHOI, 9TO 00YyCI0BUIIO H0Jlee CHIBbHYIO TPEIMHOBATOCTD
KOPBI B 9TOM MeCTe.

Nmenmno sto Habmonaercss B IlenTpanbuoit koTmoBune Nuanitckoro okeamna. Parmee
COODINAIOCH O CEPIIEHTUITHUTOBOM JIHAIIAPE B 00MUpHON Braune B [leHTpaabHOl KOT/IOBUHE
B paiione ~ 2°40’ ¢. m. u 81° B. 1., KOTOpas 0Opa3oBaIach B IIPOIECCE U3BECTHON yHUKAJILHOI
BHyTpuILIuTHON fHedopmanunu [Krishna et al., 2002|. DToT quanup HAXOIUTCS BOCTOUHEE
HAIIET0 JIOKAJBHOTO TPABUTAIIMOHHOIO MIHUMYMa 1 MIPUMEPHO Ha TOH Ke MUpoTe B IpOorude
dyHIaMeHTa, XapaKTepu3yomeMcs rpaBuTarnonabiM MuauMyMoM 20 mI'as. Kpumaa u ap.
[Krishna et al., 2002] npemosoKusm, 9o 3TOT Iporud obpasoBascs B byHIAMEHTE MO
IefiCTBUEM JOMUHUPOBABIIIErO 3/1€Ch CHJIBHOTO TOPU30HTAJILHOIO C2KATHA. V13-328 M30BITOIHOMN
MOIIIHOCTHU OCAJIKOB HAJl HUM BHYTpU (DYHIAMEHTa CO3/IaBAJINCh HEPABHOMEDHBIE HAIPY30Y-
HbIe HAIIPsI?)KEHUsI, KOTOPbIE CIIOCOOCTBOBAJIN HECTAOMILHOCTH ¢ 0OPA30BAHUEM JIUAIIUPOBOMN
CTPYKTYPBI. DTH HPEJIIOTIOKEHUST OCHOBAHBI HA M3BECTHBIX MOJIEJISIX CYIIECTBOBAHUS CJIOST
CEePIEHTUHUTA HUXKE TIOJOIIBBI 3eMHONU KOPBI BOJIM3U CPEeIUHHO-OKEAHTIeCKOro XpedTa, Ko-
TOPBI CTAHOBUTCSI YACTHIO JIUTOCHEDPHI U OTOABUIAETCS KaK €UHOE IeJI0e B Pe3yJibTrare
crupejmara. COTIACHO KOHIEIINHN JIByX'bAPYCHON TEKTOHUKHU IJIUT MOJIYTLIACTUIHBIN CepIieH-
THHUTOBBIH CJIO UTPAET BaYKHYIO POJIb /it VIHAUHCKO#M MINTHl B KOHKPETHON KOJIJTM3NOHHOM
obcranoske [Jlookoscrud, 1988].

Qaxruyeckne jannabie I'C3 BBISBUIN BHYTPU HUYKHETO CJIOSI KOPBI 00JIACTA BHYTPH-
IUTUTHON JTebOpMAINY 30HBI TOHUKEHHBIX CEHCMUYIECKIX CKOPOCTEHl, CII0KEHHbIE HI3KO-
toTHOCTHBIME TToponamu [Curray et al., 1982; Louden, 1995]. Louden [1995] o6bsicHsit
[IPOMCXOXKJIEHNE TaKUX 0bJIacTeil ceplieHTUHU3AIMeN OJIMBIHA B Tab0p0. 3aperucTpupoBaH-
HBIE GOJIee BBICOKHME CKOPOCTH BOJIM3M OCHOBAHUS CJIOST 3 OKEaHMIecKoi Kophl [Intraplate
deformation in the Central Indian Ocean Basin, 1998; Leger and Louden, 1990; Neprochnov
et al., 1988] CBUIETENBCTBYIOT O CYIIECTBOBAHUSI CEPIIEHTUHU3NPOBAHHBIX II€PUIOTUTOB
B KauecTBe GazanbHOro cjiost B LlenTpansroit kornosune |Krishna et al., 2002].

TeomaruuTabre ucciremoBannss B MUpPOBOM OKeaHe U IIETPOMATHUTHBIE N3y UEHUS OKea-
HUYECKOM JINTOCGEPH! CBUIETE/ILCTBYIOT O 3HAYUTE/ILHOM BKJIAJIE, KOTOPBIl BHOCSIT B aHO-
MaJIbHOE MArHUTHOE II0JIe OKeaHa IVIyOMHHbIE MCTOYHUKH, CBSI3aHHBIE C CEPIIEHTUHUTOBBIMU
MacCUBaMu, 0OPA3YIONINMHUCH B PE3y/IbTaTe THIPATAIINN OKEAHCKON BOION ruiepOa3snuToB
BepxHeil ManTru. HenocpencTBeHHas CBSI3b aHOMAJIAN MATHUTHOTO TIOJIsI C CEPIIEHTUHUTOBBIM
CJI0EM OKEaHWYEeCKOW KOPhI 3abUKCHPOBAHA B 30HE BHYTPUILIMTHON gedopmariuu B IleH-
TpasibHOil KoTioBuHe [[opodhuykui u dp., 2017]. Maruurnoe MoeIMpOBaHIE IPEIIOJIAraeT,
9TO MOBBIIIIEHHBIE AHOMAJIUU MATHUTHOTO TIOJIS B 9TOW 30HE CBSI3aHBI C CEPIIEHTHHUTOBBIM
HIZKHIAM CJI0eM KOpbI [[opodnuukut u Bpycuaosckut, 1996]. DTu aBTOpBI MOKA3AIN TaK-
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2Ke, YTO MarHUTHBbIE aHOMAJINU 3/IECh MOTYT CO3/aBaTh Y3KHE IPOTPY3UU CEPIEHTUHUTOB,
C KOTOPBIMH CBHA3aHBI JIOKAJIbHBIE TEIIOBbIE AHOMAJIUN.

TerutoBoit TOTOK B 30HE BHYTPUILINTHON jedopmanun B [leHTpaabHON KOTJIOBHHE
Nuauiickoro okeana B cpennem Ha 30 MBr/ M2 BBIIIIE TEOPETHYECKOrO 3HAYECHUS 55 MBr/ M2,
IIPOTHO3UPYEMOIO [IJIsI OCTBIBAHUSI OKEAHCKOI JuTochepbl MeJIOBOro Bo3pacra. Ilpu srom
CIeNUAJIbHBIE UCCJIEIOBAHNUS BBISBU/IN CHJIBHYIO JIATEPAJIHHYIO0 H3MEHINBOCTD HADJIIOIAEMOrO
II0BEPXHOCTHOI'O TEILJIOBOIO TIOTOKA B juanas3one or 45 10 200 MBr /M2, MakcHMaJIbHbIE 3Ha-
veHust uepeyiores ¢ dbonosbiMu [Geller et al., 1983]. Dra mecTpora M3MepeHHBIX 3HATCHMUI
CBUJIETEJILCTBYET 00 OTCYTCTBUY €IUHOTO IVIyOMHHOIO MCTOYHUKA JIOMOJTHUTEILHOTO TEILIa
[Teopusuneckue noas u cmpoenue Ona okearuveckur xomaogun, 1990]. TuxporepmanbHbIii
KOHBEKTHUBHBII BBIHOC TeIljIa OOyCJIOBJIEH IMUPKYJIANueil OIIIONI0B IO MHOI'OYHUCIEHHBIM
pasJyioMaM 30HbI BHYTpUImTHO# nedopmaruu | Williams, 1990]. IIpeamonaranu asa moTes-
UAJBHBIX TEKTOHUYECKIX MEXaHM3Ma PA30rPeBa, aKTMBUPOBAHHBIX BO BpeMsi J1eOpMAaIliu:
IpeBpallleHne SHEPTUU TPEHUs B TEIIO BIOJIb TIIyOOKO YKOpeHUBIHXCs B3Gpocos |Geller
et al., 1983; Weissel et al., 1980] uau, B paMkax AByXbAPYCHOH TEKTOHUKU ILJIAT, JUCCHUIIA-
TUBHBIN PA30IPEB BCJIEJACTBUE TPOCKAIb3bIBAHUST MAHTUINHON YaCTU JTUTOCHEPHI 10 OCaa0-
JIEHHOMY DEOJIOTHYECKH CepIeHTHHUTOBOMY cJioto [Jlobkosckud, 1988]. Tlosxe Beporcbuyru,
Jlobxosckuti [1993] mpemomoxm, 9T0 TpeGyeMBblIil HerTyGOKHil HCTOMHHK JOMOJTHATETHHOTO
TeIIa MOXKET OBITh CBSI3aH C 9K30TEPMUIECKON CEepPIIEHTHHU3AINEl MAHTUWHBIX EPUIO-
TuroB. KojimuecTBeHHAsI TPOBEPKA TOITBEPN/IA, YTO UMEHHO IK30TEPMUYECKAsT MOJEIb
CEPIEHTUHU3AINN, & He MOJEJb JUCCHIATUBHOIO PA30IPEBA U3-3a TPEHUs SIBJISIETCS €JIMH-
CTBEHHBIM IIPOIIECCOM, OTBETCTBEHHBIM 33 BBICOKMII TEILJIOBOI MOTOK B 30HE BHYTPHUILIUTHON
nedopmaruu B LlenTpasbroil kotyioBune VHuiickoro okeana

Panee o qaHHBIM T€OMArHUTHBIX, IPABUMETPUYECKIX U CEHCMUYIECKUX HCCJIEIOBAHUN
B 00J1aCTH BHYTPUILUIHTHBIX fgedopmarmii [lenrpasproit korsioBuasl UHaniickoro okeana
B HU2KHEM sIPDyCe OKEaHUIECKON KOPbhI OBLI YCTAHOBJIEH CJION MOITHOCTBIO 2—5 KM CO CKOpO-
CTSIMU TIPOJIOJIBHBIX BOJIH 7,2-7,6 KM/ ¢, SIBJSIOIINNACS TAKXKe 30HON MOHIIKEHHON MJIOTHOCTH
[OPOJI, YTO 10 (PU3UUECKUM [apaMeTPaM COOTBETCTBYeT ceplieHTuruTam [Henpounos u dp.,
1990]. BelnosnenHoOe TPABUTAIIMOHHOE MOJICJUPOBAHUE MOATBEPIUIIO IOHUKEHHYIO [LJIOT-
HOCTHYIO HEOJHOPOJHOCTb B HIKHEN KOpe — BEPXHEl MaHTHH JIJIsI UCCJIEyeMbIX JIOKAJIbHBIX
IPABUTAIMOHHBIX MUHUMYMOB. CHIZKEHIE TUIOTHOCTH TTOPOJ] MOYKET OBITH CBSI3aHO C IIPOTIEC-
COM CEPIIEHTUHU3AIUN B PE3YJIbTaTe IUPKYJIAIN (DIIIOUIO0B B PA3/IoMax. JTO CJIELyeT TaKKe
W3 MarHUTHOrO MojempoBanusi. OCHOBHYIO POJIb UI'DAET TOT (PaKT, UTO I'PABUTAIMOHHBIIM
MUHUMYM COBITaJIa€T ¢ TJIOOATBHOM MTOBHOM 30HOM, PA3/Ie/IsIIoNieil 1Be CIIPEIMHTOBBIE CHCTe-
Mbl CB-FO3 k ceBepy ot mee u C-IO k tory. [locnenyromasa BuyTpummmtaas gedopMariust
TaK2Ke MOTJIa CIIOCOOCTBOBATH ITOMY IPOIIECCY.

Bosmozknblit BKJ1a1 IPOIECCOB CEPIIeHTUHU3ANNNA B (DOPMUPOBAHUE ODIIEr0 CTPYKTYP-
HOTO TIJIaHa 00J1acTH BHYTPHUILIUTHON medopmariun B LlenrpanbHoit KoroBune VHanitckoro
OKeaHa U UX CBsI3b C HAOJIIOIaeMbIMU 3€Ch CTPYKTYPHBIMU OCOOEHHOCTSIMU U Teodu3nde-
CKUMM aHOMAJIASIMU OTMEYAJICsl MHOTUMHU HMCCJIEI0BATESIME [HanpuMep, Bepowcbuukud u
Jookosckut, 1993; Jlesuenxo u Beporcouyrud, 2002; Chamot-Rooke et al., 1993; Delescluse
and Chamot-Rooke, 2008; Krishna et al., 2002; Louden, 1995]. Tax mHekoTOpble 0COGEHHOCTH
CTPYKTYPHOI'O PHCYHKa yJaCTKa KOTJOBUHBI B paiioHe pasjioma VHaupa, 3aKapTUPOBaH-
HOTO II0 PE3yJIbTATaM JAeTaJbHOI0 HEIPEPHIBHOIO CEHCMOAKYCTUIECKOTO ITPOMUINPOBAHUSA
(HCII), Henb3st 00bsSICHATH MPOCTHIMUA TEKTOHNIECKIMU MeXaHU3MaMH. 3/1eCh TeKTOHMYIe-
ckue 010ku ¢ KOHMOPMHOIT jtechbopManueil 0cafoIHOro Yexiia U (pyHIaMEHTa COCE/ICTBYIOT
¢ BbICTyHaMu (DYHJIAMEHTA, KOTOPbIE MOT'YT OBITH CEPHEHTHHUTOBBIMU IIPOTPY3USIMHI BHYTPU
HOKpPBIBAOIMX 0cajkoB [Jlesuenko u Beporcbuyrud, 2002]. Ypenuuenue sdexruBoii
HaMarHUIeHHOCTH MATrHUTOAKTHUBHOIO CJIOsi B paiioHe paszjioma VIHIupa CBSI3bIBAIN C CEp-
[EHTUHU3AIMEN T0POJI, BEPXHEil MAHTHY B aKTUBU3UPOBAHHON 30HE 9TOT0 NajieoTpaHcdopMa
[Mamseenxos u Bpycusosckud, 1999]. Beicokuil TeI10B0it I0TOK B 06JIACTH BHY TPUILIUTHOI
nedopmarun Ha ceBepe lleHTpabHOII KOTJIOBUHBI MOXKET OBITH CBUIETEIHCTBOM CEPIICH-
TUHU3AIMA [IOPOJ HUKHEH KOpbl — BepxHel ManTuu [Beporcbuuykut u Jlobkosckud, 1993;
Delescluse and Chamot-Rooke, 2008].
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CroykHO€E CTpOeHHe 30HBI BHYTPHUILIUTHON jedopMmaruu B LleHTpaabHoit KOTIOBHHE
00yCJIOBJIEHO PA3BUTUEM 3/1€Ch MHOTOYUCIEHHBIX PA3JIOMOB, BKJIIOYAs [VIyOMHHbBIE, KOTOPBIE
Ha pa3pe3ax MHOIMOKAHAJbLHOI'O CeHCMOIPOMUINPOBAHUS IPOCJIEKUBAIOTCS TJIYOOKO I10/1
dbyrnamenToM B okeaHnueckoi Kope u mox Moxo Ha ry6uny 8-15 km [Bull and Scrutton,
1990; 1992]. K riy6uHHBIM pa3IoMaM [IPUYPOUIEHbI MHOIME MECTOPOXKIEHUs yIJIEBOIOPOIOB
B 1pejesnax akparopuit Muposoro okeana. OJHUM M3 UCTOYHUKOB IOCTYILJICHUSI YTJIEBO-
JIOPOJIOB B 9TUX MECTOPOXKJIEHUAX MOIVIa OBITh CEPIEHTHHU3AINSA IOPOJ, BEPXHEN MaHTHH
MPUJIOHHOI MOPCKOI BOJION M MEXKITOPOBBIMU pacTBopaMu ocaikoB. Ceseprast yacthb len-
TPaJLHON KOTJIOBUHBI VHIMIICKOrO OKeaHa SBJISETCS MEPCIEKTUBHOU JJIsT aKKyMYJISITAN
VIJIEBOJIOPOJIOB U MOYKET PACCMATPUBATHCS KAK [TOTEHIUAJLHBIN HedTEera3oHOCHBIN paii-
on. Ilpenmnonaraemast 3/1ech CEPIIEHTHHUBAINS [IOPOJ HUXKHEH KOPBI — BEPXHEH MaHTHH,
COIIPOBOXKIaeMasl THAPOTEPMAaIbHON aKTHUBHOCTBIO, HAJWINE MOIHOTO OCaJOIHOTO YeX-
J1a, JUINTEJbHBIN IIPOIECC TEKTOHMIECKOH jedopManny mocjae e 7—8 MIIH. JIeT CO3/Iai0T
HeOOXOMMBbIE YCJIOBUS JJIsi 0OPAa30BaHUs KPYIIHBIX CKOIJIEHUI YTIJIEBOJOPOIOB HE TOJIBKO
B pe3ysbrare IVIyOMHHOIO IIpeoOpa30BaHMs OCAIKOB, HO U IOJ BAUSHUEM ruiporepm. Ha
cefilCMIYIeCKOM pa3pese 37eCh 3aPETUCTPUPOBaHA aKyCTUIecKas aHOMAJIAA THIA «SIPKOTO
usitHay (bright spot), KoTopble 0GBIYHO PA3BUTHI B PAfiOHAX MECTOPOXKIECHUH YIIIEBOJIOPOIOB
[Tesuenxo u dp., 2011].

Takum 06pa3oM, HA OCHOBAHUU MIPOBEJIEHHOIO aHAJN3a AHOMAJBHBIX IPDABUTAIMOHHBIX
U MArHUTHBIX TIOJIEH, a TaK>Ke, COMMOCTABJICHUS MOJYIECHHBIX IIJIOTHOCTHBIX U MATHUTHBIX
MoJieJIell ¢ Pe3ysIbTaTaMy HEIPEPHIBHOIO CEHCMUYECKOr0 IPOMUINPOBAHNS MOYXKHO CJIIEJIATH
BBIBOJ, 9TO I'DABUTAIMOHHBIE MUHUMYMBI O0yCJIOBJIEHBI PAa3yIJIOTHEHUEM HUXKHEH KOPBI
B Pe3yJIbTaTe CEPIEHTHHNU3AIINN N3-32 MUTPAIINN BHU3 MOPCKOIl BOJBI 10 Pa3jioMaM, KOTOPHIE
00pa30BaIiCh IPU N3BECTHON BHYTPHUIINTHON nedOopMaIii.

BuaromaprocT.  ABTODBI BbIpazKaroT GJArOZAPHOCTb HavaJbHUKY peiica SO258/2 11/C
«3onne» B. 'ecciiepy 3a 1oty 4eHHbIE I'PABUTAIMOHHBIE B MArHUTHBIE JaHHble. Jlanuast pabora
BBIIIOJIHEHA B PAMKaX IOCYIapCTBeHHOro 3ajanus: rema Ne0128-2021-0005 (O. B. JleBuenko,
A. H. Usanenko, 1. A. Beknu4), u B pamkax npoekta «l'eodusnueckue uccieoBanus u
pa3paboTKa HOBBIX reoU3NIEeCKUX TEXHOJOTUN IIPHU peIleHnH QyHIaMEHTAIbHBIX U IIPH-
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ORIGIN OF GRAVITY LOWS SOUTH OF THE 85°E RIDGE
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The 85°E Ridge associated by the free-air gravity low into a meridional orientation. However,
there are two gravity lows south between of 4°N and 3°S the nature of which remains a subject of
discussion. This article presents the results of density and magnetic modeling based on the data
of the expedition SO258/2 with RV Sonne. An analysis of the modeling results with seismic data
showed that the nature of gravity lows is associated with the process of serpentinization, and these

lows are not a continuation of the 85°E Ridge.
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OLYMPUS VANTA C

. H. Jlackuna 12 , E. B. Topoxosal2(0, u ¥0. B. Kopouesa®

1I/IHCTI/ITyT okeanosioruu uM. II. II. ITTupmosa PAH, Mocksa, Poccus
2Basrruitckuit denepanbubiit yuusepcurer uM. V. Kanra, Kanuauarpan, Poccust
* Konrakr: lapbst Hukonaesna Jlackuna, drlaskina@gmail.com

B nannoit pabore Ha mpuMepe JIOHHBIX OCAJIKOB U3 [JIaHbCKOM BHaIMHBI BajaTHitcKoro Mopsi omucaH
METOJI OIIPEJIEJIEHUs BJIAYKHOCTHU JOHHBIX OTJIOXKEHUI, KOTOPbIi OCHOBAH HA AHAJIN3€ CIEKTPAJIb-
HBIX JIAHHBIX, [TOJIYYEHHBIX C HOMOIILIO IOPTATUBHOIO PEHTTEHOMIIYOPECIEHTHOIO aHAJIA3ATOPA
(P®A) Olympus Vanta C. 3naueHus: BIa:kKHOCTH, PACCUNTAHHBIE 110 JAHHBIM NOPTATUBHOrO PDA
U U3MEPEHHBbIE KJIACCHYECKUM METO/IOM BBICYIIMBAHUS JI0 MOCTOSHHON MAaCChl, TIOKA3aJU BBICOKYIO
koppessmuio (1 = 0.95). Ha 9ToM ocHOBaHME Pe3y/IbTaThl AHAJIN3A FJIEMEHTHOrO COCTABA OCAJIKA
HaTypaJbHOI BiaxkHoctu ¢ nomompbio Olympus Vanta C Oblin nmepecuuTanbl Ha CyXOH OCaIOK.
CpaBHeHrE ePeCIYUTAHHBIX JAHHBIX C IOPTATUBHOIO AHAJIM3ATOPA U JIAHHBIX 3JIEMEHTHOIO AHAJIA3A
CyXUX MOMOTE€HU3UPOBAHHBIX PO Ha BosHoaucepcuonaoM POA Crnekrpockan-Maxke-G, a Takxke
aToMHO-abcopbrmonaoM crekTpodoromerpe Varian AA240FS mokaszano BbicOKHe KO3 PUIMEHTHI
koppeJsisituu cogepxkanuit Mn, Ca, K, Zn, Pb, As u nuskue koapdunuentnr — qna Fe, Co, Ti, Ni,
Cu u Sr. PesynbraThl aHan3a MOPTATUBHBIM PEHTTEHOMIYOPECIIEHTHBIM CIIEKTPOMETPOM, TIEpeCcdn-
TaHHBIE HA CyXOil BeC 0CajKa, ObLIN MCIIOJIb30BAaHBI ISl M3YUeHNsI paclpeIeeHnusT KOHIIEHTPAIUT
CBUHIIA B JIOHHBIX OTJIOXKEHUsIX [ TaHbCKOW BIAIUHBI. B BEpXHUX TOPU30HTAX OCAJIOYHON TOJIIIIN
BBISIBJIEH POCT COJlepzKaHus cBUHIIA 10 60 ppm. Takoe yBesinueHne, BEPOSITHO, CBSI3aHO C MHTEHCU(U-
Kalyel anTponorenHoi aesreabroctd B 1 u 1200 r. H.3. MakcuMasbHbIe 3HAYEHUS] KOHIIEHTPAIHIT
CBUHIIA 70 124 ppm IPUXOISTCS Ha MPUIOBEPXHOCTHBIE OCAJIKH, OTHOCSIIIINECS], BEPOSITHO, K TIEPHOJLY

naaycTpraau3anuun 1970-x rr.

KiroueBbie cjioBa: KOJIOHKH JOHHBIX OCaJIKOB, CHBKTpOCKaH-MaKC-G, PaJIeeBCKOE 1 KOMIITOHOBCKOE

paccedHue, aHTpOHOFeHHbIﬁ UCTOYHUK IIOCTYIIJICHUA CBUHILA.

Iuruposanwme: Jlackuna, /1. H., E. B. Topoxosa u FO. B. Koposiea BuaxkuocTts u comepkanue
CBUHIA B JOHHBIX ocankax [manbckoil Buaaunasl (FOB Banrtuka) no JaHHBIM OPTATHBHOTO
perTreso-diyopecuentHoro anagusaropa Olympus Vanta C // Russian Journal of Earth Sciences.
— 2024. — T. 24. — ES3003. — DOI: 10.2205,/2024es000879 — EDN: XVPFOK

Bsenenue

B reoxumuueckux wmcciieoBaHUSIX, B TOM YHCJIEe MPU U3YyYEeHUU MOPCKHUX JTOHHBIX
0CaJIKOB, IIMPOKO MMPUMEHSIOTCST TAKHE METObI OIPEJIEICHIST 9JIEMEHTHOIO COCTaBa KaK
penrrenodiryopecuenTubiii ananu3 (POA) u aromuo-abeopbrmonnas crekrpockorus (AAC)
[manpumep, Hkrosaes u dp., 2019]. OHAKO IPHU OIIPEJIEJIEHAN SJIEMEHTHOI'O COCTaBa IIPO6
JIOHHBIX OCAJIKOB KJIACCHIECKUMU METOJIaMU HeOOXOIMMBbI BBICYIITNBAHNUE M TOMOTE€HU3AIIHS
obpa3ria, 9To TpedyeT JJINTEeIbHON MOATOTOBKU TP00 U HAPYIIAeT IeJI0CTHOCTH 00pa3Iia.
Tak>ke TPaJMIMOHHO TPUMEHsIEMbIe BOJHOAUCTIEpCUOHHbIe PDA ABJISIOTCS CTAIMOHAPHBIME
U UX UCIOJIb30BaHUE B IIOJIEBBIX UCCJIEOBaHUSIX HE PACIPOCTPaHEHO.

B mociennme tpu gecatunnernss BCE OOJBINYIO MOMYISPHOCTH MPHOOPETAIOT SHEPTO-
nucriepcuonnbie POA | mozBossionue NpoBoUTh U3MEPEHIS B HEM3MEHEHHOM 0cajiKe 6e3
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IpeIBAPUTEIBHOTO BhICyuBaHus 1 romorenusanuu Croudace, Rothwell [2015]. Bueapenne
P®A B ycraHOBKY CKAaHMpPOBaHUs KOJOHOK JOHHBIX 0caiakoB (P®A-ckanepbl) 103BoJIsET
[IOJIyIaTh N€OXUMHUIECKUE JaHHbIe Oe3 HapyIIeHus eJJOCTHOCTH 00pasia C MaroM MeHee
mmmmumerpa [Croudace and Rothwell, 2015]. OCHOBHBIM MPEUMYIIECTBOM TIOPTATUBHBIX
9Heprojucepcuonubix POA siBisieTcs BO3SMOXKHOCTD BBIIOJHATH AHAJU3 C [IATOM MO JIJIHHE
KOJIOHKH 710 1 CM HemoCpeICTBEHHO B 9KCIIEIUIIMOHHBIX YCIOBUIX WIN B JIaOOPATOPUHU CPa3y
rocjie orbopa obpasiia.

B reoxmmuuecknx wccieoBaHUSIX MOPCKHX OcajkoB mopraruBHbie POA Olympus
cepuit Delta u Vanta mmpoko ucmoab3yorcs isd MOy YeHusl JAHHBIX HEOOXOIUMBIX JIJIst
najieoreorpaduIecKuX PeKOHCTPYKIui 1 darumansHoro ananmsa [Hanpumep, Glazkova et al.,
2022; Hahn et al., 2019; Ivanova et al., 2020; Ponomarenko, 2023]. Onrako, B TO Bpemst
KaK [IPU UCHOJIb30BaHuU TpaaunuoHHbix MeTooB (AAC u Bosnogucnepcuonnbiit POA) reo-
XUMUYECKUe JaHHbIE MOJIyYaOT U3 CyXUX TOMOT€HU3UPOBAHHBIX 00PA3IOB, MTOPTATUBHBIMUI
P®A u POA-ckanepamMu 0OBIYHO M3MEPSIOT 00Pa3Ilbl HATYPAJIbHOI BJIAXKHOCTH, YTO MOXKET
[PUBOJUTH K 3HAYUTEIHHON PAa3HUIE B HOJyIaeMbIX pe3yibrarax [Haupumep, Boyle et al.,
2015; MacLachlan et al., 2015]. I3meHeHust coepzkaHusi BOJIBI U pa3Mepa JacTHLl, HEPOBHO-
cru noepxHocTH (B caydae POA-ckaHepoB), IPUCYTCTBIE OPTAHUKH M CKOIIEHHE BOJIBI HA
MOBEPXHOCTH 06PAa3Ia — BCE 9TO BIMSIET HA KATECTBO MOIyIaeMbix JauHbx |Croudace and
Rothwell, 2015]. I3aMepenust Ha MOPTATUBHBIX SHEProAucIepcuoHHbix POA Takke MOXKHO
[IPOBOJIUTH JIJIsI BBICYIIIEHHBIX TOMOIE€HIU3NPOBAHHBIX P00, OJHAKO 9TO He MO3BOJIAT BOCIIOJIb-
30BaThCs OCHOBHBIME IIPEUMYIIECTBAMU ITUX HPUOOPOB, TAKUMH KAK BBICOKAs CKOPOCTH
aHaJIM3a, MAJIEHBKUIT Iar W3MEPEHuil, HeHAPYIIIEHHAS [IeJIOCTHOCTh 00pa3Iia, MPOBEIeHNE
U3MEPEeHnH B IOJIEBBIX YCJIOBUAX U T.J1. VHTepIperalys pe3yibTaToB 3JIEMEHTHOI'O aHaJIn3a,
MTOJIy9€HHBIX JJIsI OCaJIKa HATYPAJIBHOU BJIAXKHOCTH HOpTaTuBHBbIMU P®A, 310 HeTpuUBU-
ajgpHas 3a7aqa. g e€ pemrenus HEOOXOmMMa HOPMAJIM3AINNAA JAHHBIX WX KAJIUOPOBKA
IIEPBUYHBIX PE3YJIBTATOB I KOJMYECTBEHHON OIEHKU XUMUIECKOTO COCTaBa, TpedyeMoii
JUIsT GOJIBIIIMHCTBA TE0JIOT0-TeOXUMUIECKUX W SKOJOIMIECKUX HMCCJIeI0BaHnil [Hampumep,
Weltje et al., 2015].

OtHOI U3 aKTyaJIbHBIX 3384, JIJIsi KOTOPOI BayKHBI KOJTMIECTBEHHbBIE 3HAUCHUSI COJIEPIKa-
HUI OTJIEJIbHBIX JIEMEHTOB, SIBJISIETCS U3YYEHUe TSXKeJIbIX METAJIJIOB B 0CaIKaxX BaJTuiickoro
Mops. Beencrsue cBoeit 3aMKHYTOCTH U TYCTOHACEJEHHOCTH TTobepexkmii, banruiickoe mope
HCIIBITHIBAET BBICOKYIO AHTPOIIOTEHHYIO HAIPY3KY W CUATAETCS OJHUM M3 CAMBIX 3arpsi3-
HeHHBIX Mopeit B Mupe [HELCOM, 2010]. BepxHue TOPH30HTBI UIOB BO BIAMHAX MODSI
COJIEpKAT TOKCHIHBIE Tsikesble MeTastbl (Pb, Cd, Zn), KoTopble MOTYT TIONAAATh B TIHIIE-
By1o 1ienb [Shahabi-Ghahfarokhi et al., 2020]. Kpome Toro, usydenus Bapuanuii comepanus
CBUHIIA 110 pa3pe3aM KOJIOHOK HTPUMEHSIOTCS JIJIs OIEHKW BO3PAcTa JOHHBIX OTJIOKEHUN
Basrniickoro mopsi, B KOTOPBIX 3a4aCTYI0 OTCYTCTBYIOT KapOOHATHBIE MUKPOMOCCUIINH,
UCIIOJIB3YIONIHECs JIUI PAIuoyryiepoauoro narupoanus | Virtasalo et al., 2014; Zillén et al.,
2012]. B IMTOPHHOBBIX U HOCT-JIMTOPUHOBBIX OcajikaX [OT/IAHICKON BIaUHbI ObLIN BbLsIB-
JIEHBI U30XPOHBI 3arPsSI3HEHUs] CBUHIIOM, KOTOPhIE paHee ObLIM 3a(DUKCHPOBAHBI B O3€PHBIX
n Topdsiabx oTnoxkernsx B Ceseproii Espone |Zillén et al., 2012]. Tlepsbit MK KOHIIEH-
TpaIuii CBUHIIA AaTAPYeTCs 1-M TOJOM H.9. W CBS3aH C OCAXK/IEHHEM CBUHIIA U3 aTMOCHEPHI
pu Ipou3BocTBe cepebpa B EBpore. CaMblii TO3/IHUIT UK KOHIEHTPAIWI CBUHIA 00Y-
CJIOBJIEH COBPEMEHHBIM YBeJINYEHNEeM IPOMBIILIEHHBIX BEIOPOCOB, KOTOPBIE JOCTULIA CBOErO
makcuMyMa B 1970-x romax. BoisiBjeHHbIE HHTEPBAIBI 3arPA3HEHNS CBUHIIOM TIO3BOJIAIOT
KOPPEJIMPOBATH Ie0JIorniecKkue januble baaruiickoro Mopst B ipejiesiax 6acceitia u 1o BceMy
eBponeiickoMmy perunony |[Zillén et al., 2012].

Konmnenrpanuu cBuHIa udydensl B ocajkax sragaua B Ceseproit, [lenrpasbroit u FOro-
Bamnauoit Banruke [Shahabi-Ghahfarokhi et al., 2020; Uscinowicz, 2011; Zillén et al., 2012].
OjHako ucciienoBanusi B [ MaHbCKON BIAIMHE OMPAHUYINBAIOTCS U3YIEHUEM TOBEPXHOCTHBIX
0CAJIKOB Ha I0YKHOM CKJIOHE BIAJIUHBI [Emenvsanos u dp., 2012] u B paiione ycrbs p. Bucia
[Belzunce Segarra et al., 2007; Glasby and Szefer, 1998]. B BocToumHoit 1 10r0-BOCTOYHOI YacTH
BIIAIMHBI U3yYEHO HECKOJIBKO KOJIOHOK C BEPTUKAJIBHBIMU OIIPEJIeJIEHUSIMU KOHIIEHTPAIUil
cBuHIA ¢ maroM 5-10 cm o gymae xomouku |Glasby et al., 2004; Szefer and Skwarzec, 1988|
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HEJIOCTATOYHBIM JIJIsI U3YYeHUs BapUAIUil COIEPXKAHUs JIEMEHTA C IEIbI0 JATUPOBAHUS
ocaJka.

Ucnonwzosanne nopratuBHoro PDA st u3ydeHnst XUMUIECKOTO COCTaBa OCAJIKOB
FﬂaHbCKOfI BIIaIUHDBI IIO3BOJIAT IIOJIYIUTH HOBBIE 9KOJIO'MYIECKU U CTpa.TI/IFpa(l)I/I‘{eCKI/I 3HA4YU-
Mble Janabie. OHAKO JJTsT UX CPDABHEHUsI ¢ paHee MOJIYIEeHHBIMU Pe3yJIbTaTaMu, TpedyeTcs
MPOBECTU CPABHEHUE MEXKJY 3HAYCHUSIMU, MOy YCHHBIMYU TOpTaTuBHBIM PDA u Tpaguim-
oHHBIMEU MeTojamu. [1og00HBIE CpaBHEHUsI IIPOBOJMINCH U PaHee, HAIPUMED, JIJIs 03€PHBIX
ocaskos |Borges et al., 2020; Boyle et al., 2015], 6omoTHBIX OTI0KeHWH 1 IouB |Borges et al.,
2020]. OpHako 1O HAIIUM JAHHBIM, JJis 0CAIKOB I anbekoil Bruaqunbl Bagruiickoro Mmopst
Takoil paboOTHI HE ITPOBOJIMIIOCH.

Hannas pabora HallpaBjieHa Ha PeIleHne CJEYIOMUX 3a1ad: 1) ajanranus MeTo UK
OIpeJIeJIEHUsT BJIAYKHOCTH OCAJIKA HA OCHOBE CIIEKTPAJbHBIX JIAHHBIX TOPTATUBHOIO PDA |
npejiozkennoit [Boyle et al., 2015] mnst ocankos Basruiickoro Mopst; 2) cpaBHUTEIBHbIIH
aHaJIM3 3JIEMEHTHOI'O COCTaBa JIOHHBIX OCAJIKOB | MaHBCKOIl BIAUHBI, N3Y4YEHHOIO KJIACCUYe-
cKkuMHu MerozaMu u npu nomornu noprarusaoro POA Olympus Vanta C; 3) onpeenerne
K03 DUIMEHTOB TepecdeTa 3HAYEHUI COIEPXKAHUsI CBUHIA, IIOJIYYEHHBIX B OCAJIKAX Ha-
TYpPaJIbHON BJIAyKHOCTU HOpTaTUBHBIM PDA J1jIsi cOITOCTaB/IEHNS ¢ PE3Y/IbTaTaMU AHAJIN3a,
KJIACCHYECKUM METOJIOM B CyXHX 00pasiiax u 4) u3ydeHue pacipeeJieHusi CBUHIA B KOJOHKAX
JOHHBIX OCAaJKOB u3 | MaHbCKON B uHBI BaaTuiickoro Mops.

Paiion ucciemoBanus

I'manbckas BrajuHa — KpyliHas OTpuUiaTeibHas popMa pesibeda THaA, BEIDAXKeHHAT
cybropusonTanbHoil pasauHOM (puc. 1). C ceBepa u ceBepo-3amaia K Heil IPUMbIKAET MOJOTHI
ckJioH JImenaiicko-Kiraiimeckoit BO3BBIMMIEHHOCTH, OTAEASONN [ MaHbCKYIO BIAIUHY OT
Bocrouno-T'ornanackoit Buaguabl. C 1ora u BOCTOKA BIAINHA, OKAWMIISIETCS TPUOPEKHBIM
MesIKoBoibeM (710 riryGuH 30-35 M). OCHOBHBIM HCTOYHUKOM OCAJI0UHOIO MATEPUAJIA SIBJISTETCS
TBepabIit cToK p. Bucma [Emelyanov, 2002|. YeTBepTudHbIE OTIOKEHUS MPECTABIEHBI
MOPEHOM, KOTOpasi MePEeKPhITa, OTJIOKEHUAMI O3€PHBIX U MOPCKHUX cTamumit Basruiickoro
MOpsi, ¢c(pOPMUPOBAHHBIME TIOCJIE OCBOOOXK IeHus bacceiina or CKaHIMHABCKOIO JIEJHHKOBOIO
mwra [Emelyanov, 2002]. Tlocaennsst, Mopckasi (IMTOPUHOBAS U MOCT-JINTOPUHOBAS) CTAJIAS
Mops Hadasiach 0kos1o 8000 jier Ha3a ] B CBHA3U C YCTAHOBUBIIEHCS CBA3BIO DacceiiHa MOpsi C
Arnantnyeckum okeanoM depes Jlarckue mposusbl. Ocayiku 9TOH CTa uu MPeICTABICHBI
WJIAMHU C BBICOKUM COZIEp’KaHmeM opranumdeckoro semectsa (1m0 10-15 %, [Baascuwuwun,
1998]). MorHocTH MOPCKUX TOJIONEHOBBIX OTJIOXKeHH B [ IaHbCKOl BliaiuHe U I0yKHOI yacTu
Bocrouno-T'oTnanackoit BliaJuHbl COCTABISIOT 2—H M, TOT/Ia KAK MOIITHOCTH OCAJIKOB O03EPHBIX
crauit MOTyT jocTurath 1o 10 M B oTHesbHBIX paiionax [Emelyanov, 2002].

MaTepI/IaJIIJI 1 MeTOoAbI

B xone ucciemoBanusa u3ydeHbl KOJOHKU JIOHHBIX OCAJIKOB, OTOOpAHHBIE B IOXKHOIL
vactu Bocrouno-Tornanzckoit Buagunst u B [nanbekoii Buaaune (radsu. 1). Iosoxenue
KOJIOHOK TIpeJICTaB/IeHo Ha puc. 16. Kosonku orbupamch OOIBIIIME YIaPHBIMA I'PYHTOBBIMY
tpy6kamu (BI'T) numHO# 6 M, a Tak»Ke MaJbIMA T€PMETHYHBIME YAAPHBIMU IPYHTOBBIMU
rpybkamu (MI'T) mymnoit 1 M, nosBosgomuMu oTéupaTh HEHAPYIIEHHBI BEPXHUIl CJIOMH
ocanka. B I'manbckoit Bnammae nse kosioaku BI'T mpogy6smposanbr Kostorkamu MI'T
(rabu. 1). CorylacHO JIMTOJIOTMYECKOMY ONUCAHUIO, KOJOHKU oTobpanHble BI'T, citoxkeHbI
ocajikaMu MOPCKOH (MOIIHOCTBIO 0T 46 710 322 ¢M) U 03ePHBIX CTa/IHil, TOr/@A KaK KOPOTKUEe
kosiouku MI'T mipescraBieHbl UCKIIOYUTETIBHO MOPCKUMU MJIAMU.

Ocazxu xomoHok A-56023 u AU-56018 (puc. 1, Tabu. 1) UCHOIB30BaHbL /IS pacyera
ITOTIPABOK HA BJIAYKHOCTH ¥ MOJIYUYEHUs 3HAMEHUN COMEep:KaHmil 9JIEMEHTOB IIPU IIepecdere Ha
cyxoe BemecTBo. JIjist m3ydeHns BepTUKAJILHOTO PACIpeaeeHnsT CBUHIA B JOHHBIX 0CATKAX
manbeKoil Bua guHbl UCIOIL30BAINCH ocaakn Koytonok AM-56018, AM-61001, A11-61002,
AN-61014, A1-61036, AM1-61080 u ACB-54029 (puc. 1, tabm. 1).
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Puc. 1. PaiioH ncciieoBatusi 1 HOJIOXKEHNE U3yUEHHBIX KOJIOHOK JOHHBIX 0CaikoB: A) GaTumerpu-
Jeckas cxema BasTuiickoro Mops 1o JaHHBIM 1udpoBoil Mozenu peabeda nua [HELCOM, 2009].
[IpsIMOYTOIBHUKOM TIOKA3aHO TIOJIOKEHHE PAfiOHa MCCIe0Bannst; B) meranbHas 6GaTuMeTpuaecKast
cxema pailoHa MCCJIeIOBAHUs C yKa3aHHEM IIOJIOXKEHUsI CTAHIUN 0TO0pa KOJIOHOK JIOHHBIX OCaIKOB
(uepuble kpy>xKn). Barnmerpuaeckasa ocnosa cornacuo [Grigelis et al., 1999]. Lndpamu 0603naeHbL:
1 — I'manbckas BraguHa, 2 — JInenaiicko-Kiaitneackast Bo3BbIieHHOCTD, 3 — Bocrouno-l'orranickast

BrragauHa, 4 — p. Bucia.

Ta6smma 1. VcciieqoBaHuble KOJOHKU JOHHBIX OCAJIKOB

Ttybuna

Komonka IIIupora Homrora o160pa, M Hmuna, e IIpoboorbopuuk  Bwu uccieoBanmst
U
Bnaxnocrs,
AU-56018 54°63’ c. m.  19°42’ B. 1. 86 203 BI'T, MI'T aﬂe;(;iiz};{sz;XOM
ocaJKe
Buraxknoctn,
AU-56023  55°98’ c.m.  18°94" . 1. 121 256 BI'T aneﬁcéiiiﬁﬁffw
ocaJike
AN-61001 54°43’ ¢. m.  19°35’ B. m. 83 322 BI'T CO]Z:;Z‘:;}?;Z‘;]O
AU-61002  54°45" c.m. 19°28' B. 1. 98 54 MI'T co];;ggs;{;;;:]}b
AU-61014  55°06" c.m.  19°12" B. . 101 516 BI'T COIZ;I;}’;‘;;;Z‘;b
AU-61036  55°22' c.m.  19°36’ B. 1. 106 245 BI'T Coig;;‘;;;?};b
AT-61080  55°35" c.m.  20°02 B. . 83 310 BI'T, MI'T Coigs}’:;;;?;b
ACB-54029  55°27" c.m.  19°69 B. 1. 84 354 BI'T Braxnocrs,

conepxanue Pb

Anajn3 3/IEMEHTHOTO COCTaBA OCAJIKA OCYIIECTBJISIICS C TIOMOIIBIO TIOpTaTUBHOrO POA
Olympus Vanta C, crammonapruoro PO®A Cnekrpockan-Make-G 1 aToMHO-a6cOPOIMOHHOTO

anaiuzaropa Varian AA240FS.

P®A Olympus Vanta C siBjisieTcsi SHEProIUCIIEpCUOHHBIM, OCHAIIEH KPEMHUEBBIM JIpeii-
POBBIM JTETEKTOPOM M PEHTTEHOBCKOI TPYyOKOI MOITHOCTHIO 4 BT ¢ cepebpsiHbIM aHOIOM.
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IIpu usmepennu pubOp MCIHONB3YeT TPH JIy4da ¢ HanpsizKeHneM Ha Tpyoke 50, 40 u 15 kB
nnsa pexkuma Soil n 10 u 40 kB ga pexxuma Geochem. C momoripio nero ObLIn ompe-
JHeneHbl comep:kanus 31 37eMeHTa, OMHAKO JIJIsi CDABHEHUsI C KJIACCUIECKUMU METOIAMUI
UCII0JIb30BasuCh ToJIbKO KoHlleHnTparuu Al, K, Ca, Ti, Mn, Fe, Co, Ni, Cu, Zn, As, Sr.
Boi6op 3/1eMeHTOB JIJIsl TepecdeTa ONpeesIsjiCs TOPOTOM U3MEPEHUsI KOHIIEHTPAINA, yCTa-
HOBJIEHHOM B IIPOTPAMMHOM ODecIiedeHnr Tpudopa U YKA3aHHOM B JIOKYMEHTAINN, & TaKKe
BO3MOYKHOCTBIO OIpeJIe/IeHns] KOHIIEHTPAIMI 9JIEMEHTOB Ha CTAIlMOHAPHBIX npubopax. Tax,
HaIPUMeED, COJEPXKAHWS BAHAJUS U XPOMa OKA3aJIMCh HUYKE TOPOTOBBIX 3HAUYEHUI M3-3a
BBICOKOH BJIAYKHOCTH OCAJIKa, OITOMY, HECMOTPsI HA TO, YTO STU FJIEMEHTHI OIPEIEJISTIOTCS
Cuekrpockan-Makc-G, 311 j1aHHBbIe HE OBLIM UCIIOJIB30BAHBI JIJIsi COITOCTABJIEHUSI.

Hnst arammsa ma Olympus Vanta C cexnpu nmaEBIX KosoHOK (BI'T) 6bLmn 3auunmmens:
¥ MTOKPBITHI JIABCAHOBOW MJIEHKON TOJIMIUHON 5 MKM, TPHOOP (DUKCHPOBAJICS B BEPTUKAIHHOM
noyiozkernn Ha mratuse. [Ipobsr u3 MI'T 6b1au moMerreHs! B crieruabHble KIOBEThI, TOKPbI-
ThIE TOI YKe ILUIeHKOU. Pa3Mep IsITHa MpU UCCIIeJOBAHUN CEKIUI KOJIOHOK COCTABJIST 1,5 cM.
Ha anasmus omguoit mpobst (1 eM xostonkn) yxommwio 6 munyT. O6CY8T pe3ysibTaToB OCYyIIecTB-
asisest Mmeromamu Soil (st K) u GeoChem (st ocrasibHbIX 3s1eMeHTOB). Jliist 060nx MeTo0B
BCTPOEHHOE IIPOrpaMMHOE obeciiedeHre Vanta aBTOMATUYECKU BBIUUCJISIET KOHIEHTPAIIUN
XUMUYIECKUX JIEMEHTOB HA OCHOBAHUU dHEPreTHdeckoro criekrpa. B meroge GeoChem nc-
MOJIb3YETCsI AJTOPUTM (DYHIAMEHTAJIBHBIX MAPAMETPOB, YTO MO3BOJISIET ABTOMATHYECKU
KOPPEKTHPOBaTh MeXK3JIeMeHTHbIe 3(pdeKThl. AHAIN3 BBINOJHEH B JIAOOPATOPUU T'€0JIOTUU
Arantuku Arnantudeckoro oruesienus VHcturyTta okeanosorun um. 11, I1. ITTuposa
(AO 11O PAH).

P®A Crhekrpockan-Makce-G BOJIHOAUCIEPCUOHHDIN, UMeeT cepeOpsHbli ano. JIuHun
CIIEKTPa BBIJEJISIOTCS Ipy roMony audpakiuy Ha Kpucrasute (bropucrsiii muruit LiF
(200)). MomuocTh PeHTreHOBCKOI TpyOKH cocTaBisier Takxke 4 Br. C ero momormpio 66L1u
onpejiesienbl Kounenrpanuu Sr, Pb, As, Zn, Cu, Ni, Co, Fe, Mn, Ti. Ha ananus ommoi
poObI yxoamio okojio 40 munyT. st aHam3a TpoObl BRICYIINBAJIKCH B CYIIMJIBHOM HIKady
¥ PACTUPAJIHUCH JIO OJHOPOIHOIO TOPOINKa (dpakimeil < 63 MKM, a 3aTeM MPECCOBAINCH
B ClIelMaJIbHbIE KIOBETHI U3 OOPHOI KUCIO0THI. AHAIN3 BHIIOIHSICA B Jaboparopuu BOY
nm. Kanra.

AAC npoBommiack ¢ momorpio ciekrpomerpa Varian AA240FS ma koropom ompe/iestsi-
foTCst 14 3/1eMEHTOB, OJHAKO B HACTOSIIIENR paboTe UCIOJB30BAHBI TOJHKO T€, YTO He ObLIN
onpegesienbl ¢ oMotk Crnekrpockan-Make-G: K u Ca. [ljis anamsa HaBecKa IIpoObI
(0,25 r) marpesasiach B neun g0 remueparypst 500 °C. Hasee B o6pasery 1obaBisiu 5 Ml
[JIABUKOBOM KHUCJIOTHI, 1 MJI XJIODHOU KHUCJIOTHI, BHICYIITHBAJII, 3aT€M JIO0ABJISIIH 5 MJI COJIs-
HOI KMCJIOTHI ¥ HArPeBaJjIu 10 pacTBopeHus coJeil. [loyuernsrit pacTBOp mepeHocuin Kooy,
U JOBOJIMJIA BOOMN 710 Heobxoaumoro obbéma. Jlasiee omperensijioch cofepKaHue 3JIEMEHTOB
B mostygennbrx pactBopax Ha AAC. [l KOHTPOJIS MPABUJIBHOCTH XOJ/a AHAJIN3a 3aKJIa IbI-
BAJINCh MapaJsijie/IbHbIe 00PA3Ibl UCCAEAYEMBIX P00, a TAKXKe CTaHIAPTHBIN 00pa3er] MTOUBEI
C U3BECTHBIM COJIEPXKAHUEM OIIPEJIEJISIEMbIX 9JIEMEHTOB. AHaJ i3 IPOBOAMIICS B jabopaTopun
reosiorun Aritantuku AO 11O PAH.

Jljist onipesiesiennst BJIaXKHOCTH MpoHa Maccoit 15 T BeICyIuBaIach B CyNIUIBHOM IKady
npu Temueparype 100 °C g0 mocrosinHOM Macchl. Bec mpob omnpeeisiicss Ha J1aOOPATOPHBIX
Becax BCJI-200/0.1A. BiaxuoCTh 0OCa/Ka PACCIMTHIBAJIACH KAK IIPOIEHT HOTEPAHHOM MacChl
ocJjie BBICYTIMBAHUS TI0 OTHOIIEHWIO K BJIaXKHON 1pobe. BiaskHocTh ObLIa onpejeneHa
B 22 mpobax; 46 mpob UCIOJB30BAHO IIpU pacdere KoM MUIIMEHTOB Il PACIETOB 3HAUEHUI
CcoJlepzKaHuil CBUHILA.

OripejiesieHne BIayKHOCTH 0 JAHHBIM SHEPTeTHIECKUX CIIEKTPOB, TIOJYYEHHBIX C M0~
motbio POA Olympus Vanta C, nposomuiock mo meroauke Jxk. Boiia ¢ coapropamu
[Boyle et al., 2015]. ABTOpamMn IOKA3aHO, YTO COOTHOIIIEHNE KOTePEHTHOTO U HEKOI€PEHTHOTO
paccesinus (PIJIEEBCKOIO K KOMITOHOBCKOMY ) PEHTTeHOBCKOI TpyOku (Ag ka)) mpsimo mpo-
MOPIMOHAIBHO BJIAXKHOCTH 00pa3ma. [ljis HaX0XKIeH!sT MHTEHCUBHOCTU MMUKOB KOT'€PEHTHOTO
U HEKOIE€PEHTHOIo paccesiHuii Ag OBbLIN HMCIIOJIB30BAHBI JAHHBIE CIIEKTPA, BBIIPY>KEHHbBIE
qepe3 nporpammuoe obecredenre Olympus Vanta C. B mporpamme Microsoft Excel 6b11
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ITOCTPOEH TpaduK CIEKTpa, OIpeeeHbl KOMIITOHOBCKHI 1 pajieeBCcKuit uku cepebpa. [Ipu
9TOM OOJIBITINIT TNK XapAKTEePU3yeT KOMIITOHOBCKOE PACCEsHUE, & MEHBIIHUI — PIJIEEBCKOE
[em. puc. 14.1 B Boyle et al., 2015]. [Iy1st pacdeTa OTHOIIEHHT IMKOB MCIIOIb30BAINCH CPEJIHIE
3Ha4Y€HUd MHTEHCUBHOCTHU IINKOB C BbIY€TOM CIIEKTPaJIbBHOI'O deHa, AIMIPOKCUMUPOBAHHOI'O
IMOJINHOMUAJIBHONW KPUBOW Ha HY2KHOU JJINHE BOJIHBI U BU3YAJIM3UPOBAHHOIO rpadudecKkn
B Excel.

PesynbraTst
OnpesnesieHne BJIAXKHOCTH 110 CIHEKTPAJIbHBIM JaHHbIM 11oprarusHoro POA Olympus Vanta C
CpaBHeHME BIAYKHOCTH OCAJIKA, M3MEPEHHON KJIACCHYECKUM METOIOM, U BJIAYKHOCTHU IO

COOTHOIIEHUIO KOTEPEHTHOTO U HEKOTEPEHTHOIO PACCESHUSA, OKA3AJI0 UX BBICOKYIO KOPPEJIs-
muio (puc. 2). Koaddunuenr xoppessanuu [Tupcona (r) cocrasun 0,95.

banrtniickoe Mope

r=0,95 .o
y = 0,0036x+0,5982

o
o]
]

i
[+

0,78

0,76

0,74

0,72

0,7

KOFCpGHTHOC/HCKOFGpGHTHOG paccedaHue

0.66 1 1 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60 63

Macca cyxoro Berectsa, %

Puc. 2. CpaBHenue COOTHOIIEHNsI KOTEPEHTHOTO/HEKOTEPEHTHOTO paccesHusl Marepuasa anona (Ag)
o gaaabIM Olympus Vanta C u KosimgecTBa CyXOoro BemecTBa, M3MEPEHHOTO METOJOM BBICY IITMBAHUST
JI0 TIOCTOSTHHOM MACCHI.

Ilosyuennble K03 OUITEHTHI JTHHEIHON PErPECCUN TTO3BOJIAIOT II€PECUUTHIBATH COOT-
HOIIIEHUsI KOTE€PEHTHOI0/HEKOTEPEHTHOIO PACCEesiHNs U3 CIEKTPAJIbHbBIX JAHHBIX PACCESTHUS
P®A Olympus Vanta C na Biaaxuocrs (comepxkanue Biaaru, W) mo dbopmyse (1):

a
(a—l)—0,598

W=100-"—=35036 (1)

rJle 4 —3HaYeHNe KOTePEeHTHOro paccessHusi; al — 3HaveHne HeKorepeHTHOro paccessuust; 0,0036
u 0,598 — koapburmenTsl ypaBHeHUS JUHEHHON PErPECCU.

CpaBHeHHe pe3yJIbTaTOB NeOXHMHIECKOro aHa m3a nopraruBHbiM POA u Kiaccumyeckumu
MeTojaMu

CpaBHeHIE Pe3yJIbTaTOB NeOXUMUIECKOTO aHAJIU3a MTPOBOJMIOCH JBYMSI CIIOCODAMU.
B mepBom cityuae cpaBHUBaJINCH JaHHBIE TPOO HATYPAJIBHON BIAYKHOCTH, ITOJIYY€HHBIE TTPU
u3Mepennn nopraruBHbiM PPA Olympus Vanta C, ¢ gaHHBIME 110 TeM Ke Ipobam, HO
BBICYIIIEHHBIM M U3MEPEHHBIM Ha CTAIMOHAPHBIX Ipubopax (BojHOmucrepcuonublii POA
u AAC). Bo BropoMm cilydae ¢ JaHHBIMH CTAIMOHAPHBLIX IPUGOPOB CPABHUBAJIUCH KOH-
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MEHTPAIIH XUMUIECKIX JIEMEHTOB, M3MEPEHHbIE B HATYPAJIHLHOM OCAJKE MOPTATHBHBIM
P®A Olympus Vanta C u nepecantaHible Ha CyXO#l BeC MO BIAYKHOCTH U3 SHEPTETUIECKUX
criekTpoB. Ilepecuer Ha CyxOil BeC BBIIOIHsICA 110 (hopmyiie (2):

Cdry = Cwet-100 9
Y= T00-w @)
e Cdry — KOHITeHTpaIus 3JIeMeHTa B CyXoil Macce BerecTBa, Cwet — n3Mepennast KOHIEH-
Tpalus 3JIeMEeHTa BO BJIaXKHOI 1pobe, W — comep:KaHue Bjaru.

st cpaBHEHMS TIOJIYY€HHBIX JAHHBIX OBbLIA IOCTPOEHB! JTUATDAMMBI DACCESTHUS U PaC-
cantal Kodbdunuent koppessinun [Iupcora (r) 10 KaXKI0My 3JEMEHTY MeXKILy METOJAMHI.
Ha ocHoBe sTHX AmarpaMm Bce U3MEPEHHBIE 9JIEMEHThI Pa3eseHbl Ha TPU I'PYIIIIbL:

1)  rpymma A — KOHIEHTDAIMU JIEMEHTOB, KOTOPBIE [IOKA3aJIM XOPOIILYI0 KOPPEJIAIHIO 10
u 1ocJie nepecuéra Ha BiaaxkuocTh: Mn, Ca, K (crarucruvecku 3mauumbtii v > 0,29 npu
yposre suaunmoctu 0,05, KosmaecTBo onpezenenuii 1 = 49);

2)  rpyuna B — konunenrpaimn snemenTos, K03bhUIMEHTH KOPPEeJIAIUU KOTOPbIX 3HAYU-
TEJIbHO YJIyYIIMJIMCH [IOCJIe IIepecuera Ha BIaYKHOCTb: Zn, Pb, As;

3) rpymma B — KOHIEHTpAIMY 3JIEMEHTOB, KOTOPBIE HOKA3a/Iu CJafyIi0 KOPPEIAMIO JazKe
nocJsie nepecyéra (CTaTHCTUIECKHe He3HAUINMBbIE KOSMMUIMEHTH! KOPPEISINK) NIl UX
koppesiun yxymmuauck: Fe, Co, Ti, Ni, Cu, Sr.

KosddunumenTsr Koppersanun coiepKanuil 371eMEeHTOB, OIPeIeIEHHBIX PA3HBIMUA METO-
namu, y rpynnsl A cocrasssior 0,47-0,78 (puc. 3). Haubospmuit koaddunuent Koppessnun
y MapraHIiia, HAMMEHBIMUH — Y KaJIus.

Puc. 3. Koaddunnenrsr Koppesisiiuu 1 JinHeliHas perpeccus Jjis sieMenToB rpynnbl A. Coneprkanue

3JIEMEHTOB IPUBEIEHO B PpIl.
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B rpynny B BXomdT aJieMeHTHI, KOPPe/siusa KOHIEHTPaIii KOTOPLIX Y/IydIIiIach
[pU TIepecyuéTe ¢ IoNpasKoii Ha BiaaxkHoctsb (puc. 4). Haubosiee 3HAYUTENHLHO YTy YIIIACH
koaddbunmentsr koppeasuu y muaka (¢ 0,21 go 0,87) u y mbimbgaka (¢ 0,03 mo 0,65).
VY cBunIa KOI(DDUINEHT KOPPESITUN MEXKTy U3MEPEHUSIMI KOHIIEHTPAINN TPaIUITMOHHBIM
METOJIOM U IIPH IIOMOIIM IopTaTusHOoro PMA yirydmmics mocie mepecdeTa Ha CyXoil Bec

c 0,68 1o 0,88 (puc. 4).

Puc. 4. Koacdhdunmentsr Koppensinuu u JuHeHast perpeccust [jis daeMerToB rpynnsl b. Coneprkanne
3JIEMEHTOB [IPUBEJIEHO B PPI.

KoHIenTpanuu 3/1eMeHTOB IpyHibl B okasaun ¢jiabyio KOPPeJIsIiio WK ee yXyIIIeHne
[I0CJIe IIepecyera KOHIEHTpaluil 21eMeHToB Ha cyxoil Bec (puc. 5). IIpu srom KonuenTpa-
UK MM, HUKeJIsl U KODAJIbTa CTajld JIeMOHCTPUPOBATH OOPATHYIO CBA3b (OTPUIATEIbHBII
KO03(bDUIHMEHT KOPPEJIAIUN) MEXKILY JAHHBIMHE, MOy Y€HHBIME KJIACCHYECKAM METOIOM U pe-
gyapraramu Olympus Vanta C, nmepecanTaHHBIME Ha CYXOi Bec.

Conepskanne cpuHiia B 1 1aHbCKOI BIaguHe

Ceurer nonajiaer B rpyuity b (puc. 4), 9410 1103B0JIIET [IEPECUUTATH JAHHbBIE, [OJIY-
gennbie Olympus Vanta C B ocajike HaTypabHON BIaXKHOCTH, Ha cyxoil Bec. Tem cambiM
BO3MOKHO U30€KaTh UCKAYXKEHUsI PE3YJIbTATOB, O0YCJIOBJIECHHBIX B IIEPBYIO OYePeIb TOBbI-
[IEHHOI BJIA’KHOCTBIO OCaJIKa, & TakxkKe Apyrumu dhakTopaMu (IpaHyJIOMeTPUIECKHl COCTaB,
BBICOKOE COJIEPXKAHIE OPIaHMIeCKOro BelecTsa). s noydeHns KoJau4eCTBeHHbIX 3HAUeHU
COJIepyKaHus CBUHIIA B ocaikaX [JaHbCKOM BHaaIuHbl BajaTuiickoro Mopsi, COIOCTAaBUMBIX
C JIMTEPATYPHBIME JIAHHBIMHU, IPIMEHEHA JIBOMHAs IPOIIE/ypa repecdera. B mepByio ouepeib
BBIMOJTHEH [T€pecYeT KOHIEHTPAIHi, MOJIYYeHHBIX B TPOOaX HATYPAIbLHOM BJIAYKHOCTH, HA
cyxoii Bec mo dopmyste (2). Hasee, 1jist OJIydeHNs CONOCTABUMBIX 3HAYCHUN KOHIIEHTPAIUIA,
BBIIIOJIHEH IlepecyeT COAepzKaHUl CBUHIIA Ha OCHOBE JIMHEITHON perpeccuu MexKy u3Mepe-
HugMmu B cyxux obpasiax (Cuekrpockan-Makce-G) u usmepenusiMu B 1pobax HATYPAILHOM
siazkaoctu (Olympus Vanta C), nepecunranubivu Ha cyxoit Bec (Cdry,, puc. 6A). B pe-
3yJIbTaTe IepecueTa 3HaYeHNsl KOHIEHTPAIA CBUHIIA, U3MEPEHHBIE BO BJIAYKHBIX IIPODaxX
nopratuBHbIM PDA, cyIecTBeHHO TPUOIN3UINCH K 3HAYCHUSAM, TOJIYIEHHBIM C TIOMOIIBIO
cranuonapuoro POA B cyxux npobax (puc. 6B).
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Puc. 5. Koacddunmentsr Koppensinuu u JuHelHast perpeccust 1jis saeMerTos rpynnsl B. Coneprkanne

JIEMEHTOB IIpUBEJICHO B ppI.

Puc. 6. A) numarpamma paccesiHUSI M JIMHEHHasi perpeccusi MexKJy KOHIIEHTDALUSIMU CBUHIA
B CyxuX 06pa3nax (TpaJMIMOHHBIA METO/) U U3MEPEHUAMH B IPO6aX HATYPAJBLHONW BJIAYKHOCTH
(Olympus Vanta C), nepecanTaHHBIME Ha CyXOl Bec; B) KOHIEHTpanmm CBUHIA B OCIKAX KOJOHKH
AN-56018: zenénas aunus — nanabie Olympus Vanta C B ocajikax HaTypabHON BIAYKHOCTH; KPac-
nas nuaug — gaaable Olympus Vanta C mocite mepecuéra Ha CyXoiil Bec; roJiyOasi TUHUS — JaHHBIE

Cnekrpockan-Maxkc-G.

CoryiacHO JIAHHBIM, TIOJIYYEHHBIM C OMOIIBIO TIOpTaTuBHOr0 PMA u nepecauTannbiM Ha
cyxoil Bec, Bo Beex mpobax ocajka n3 BI'T munuMasnbHble copeprkanus ceunia (~ 30 ppm)
[IPUYPOYEHBI K HUXKHUM CEKIUIM MOPCKUX (JIMTOPUHOBBIX) 0cajakoB (puc. 7). B o3epHbIxX
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IJIMHAX HAOJIIOIaeTCsl HE3HAYUTEIbHBIN POCT KOHIIEHTPAIUN, CBA3AHHBIN C yBeJIMIeHHEM
ILUIOTHOCTH OTJIOXKEHUH. YCTONYIUBEIi pocT KOHIeHTparuit Pb ormedaercst B BepXHUX rOPU30H-
TaX KOJIOHOK, oToOpanubix BI'T. Makcumasbabie 3aaderns: 50-60 ppm B IPUIIOBEPXHOCTHBIX
ropu3oHTax. ['panuna Hadaja pocra 3Ha4UeHUil B ocajikax KosioHOK BI'T Bapbupyercs B 3a-
BUCUMOCTH OT MOIIHOCTU MOPCKHX OTJIOXKeHUi (puc. 7, yepHas crpejika). Hanbosee riyboko
9Ta IPAHUIA PACIIOJIOXKEHA B KOJIOHKAX, TJIe JINTOPIMHOBbIE OTJIOXKEHIS NMEIOT MAKCUMATbHYTO
MOIIHOCTD. Tak, B kosonkax Al1-56018, AM-61001 u AM-61080, moJTHOCTBIO IPEACTaBICHHBIX
MOPCKUMU OTJIOXKEHUSIMU, HUKHSS IPAHUIA HAaYaa POCTa 3HAYeHUil cBUHIA cocTasser 80,
55 u 140 cMm, coorBercTBenno. B kosonkax A-61014, AM-61036 u ACB-54029 mormnoCTD
MOPCKHUX MJI0B coctapjsier 45, 210 u 123 cmM, a rpanuna pocra 3uadenuii Pb pacmnosioxkena
Ha 10, 35 u 40 cM, COOTBETCTBEHHO.

B ocagkax xoporkux kosoHOK, oroOpanubix MI'T, Habsomaercsa TeHIEHIIUSA POCTA
3HAYEHUN COJEPXKAHWS CBUHIA B BEPXHUX IOPU30HTAX C IMOCJIEAYIONIUM CHUYKEHUEM K IIPU-
[IOBEPXHOCTHBIM. MakcuMmaJjbHble 3HAYEHHUsI CYIIECTBEHHO BbIIIe, YeM B KojsioHkax DI'T),
u cocrapisior 124, 93 u 90 ppm B kosmonkax MI'T AM-56018, AM-61002 u AM-61080 na
ropusoHTax b, 18 u 10 cM, COOTBETCTBEHHO.

Puc. 7. Konnenrpanuu csuana (ppm) B KOJOHKAX JOHHBIX OCAJIKOB, OTOODAHHBIX B I IaHbCKOM Gac-
ceitre. Vamepenus nmposeiersl Olympus Vanta C B ocasike HATypaJIbHON BJIAXKHOCTHU ¥ TEPECTUTAHBI
Ha CyXOil Bec 1O JBOWHOII mporeaype nepecdera. 2KupHbIM mpudToM BbleaeHbl Koouku MI'T
u BI'T, orobpannbie B omguoit Touke. [lyHkTrpoM 0603HAYEHBI (DOHOBBIE 3HAYEHUsT KOHIIEHTPAITAIT
ceunna 30 ppm. Cepbim doroM BbAenens! ocanku MI'T ¢ BicokumMu cozmepkanus Pb (> 60 ppm),

He OObHapy»KeHHbIe B AyOsupylomux kogoukax BI'T.

Ob6cyxnenue
Ilepecuer Ha BJIa>KHOCTH W CpaBHEHHE KOHI[EHTPAIAH 9JIEMEHTOB

Broicokue koadpuipeHTsl KOPPessiuu MeXX Iy 3HAYEHUSIMU BJIAXKHOCTH OCaJIKa, W3-
MEPEHHOW WHCTPYMEHTAJIBHO KJIACCHIECKUM METOJIOM M PACCIUTAHHON M3 CHEKTPAIHHBIX
JAHHBIX TOPTATUBHOTO PDA | cBUIETEIBCTBYIOT O HAJEXKHOCTH HCIIOJIH30BAHHOIO METO/IA.
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IMonyvennsie ko3 dunuenTsr (1) MOryT GBITH IPUMEHEHBI JJIT PACIETOB BJIAYKHOCTH IO
narabiM POA Olympus Vanta C it TIOHHBIX 0caikoB BajTuiickoro Mopsi.

CpaBHeHre pe3yJIbTaTOB M3MEPEHUl 9JIEMEHTHOIO COCTaBa PA3IUIHBIMU ITPHOOPAMEI
[IOKA3aJ10, YTO 3HAUEHUsI COJEP’KAHUN JIEMEHTOB, IIOJIyYeHHBIX TopTaruBHBIM PDA | Heobxo-
JIMIMO HCIIOJIB30BATH C OCTOPOXKHOCTHIO0. Hanbostee ciiabast cXOMuMOCTD JTAHHBIX IIOPTATUBHOIO
PDA (ocanok HaTypasbHON BIAXKHOCTH) U MU3MEPEHUil TPaJIUIIMOHHBIMU METOJAaMU (BBICY-
IIeHHAasl 1 TOMOTeHN3upoBaHHas 1poba) BeissieHa s Ti, Fe, Co, Ni, Cu, Sr. ®akropamu
CHI2KEHUsI TOYHOCTHU IMOKa3aHuil mpubopa B OCaJKe HATYPAJIHHON BJIAXKHOCTH SIBJISIOTCS
BBLICOKOE COJiepzKanue Biaaru B wiax Banruiickoro mops [Boyle et al., 2015] u uuskag unren-
CUBHOCTB (DJIyOPECIIEHITUN ITUX JIEMEHTOB BCJIEJCTBUE UX OTHOCUTEBHO HU3KOM aTOMHOMN
Macchl. XapaKTEePUCTUIECKOE PEHTIEHOBCKOE M3JIyYeHNE SJIEMEHTOB C BHICOKMMH aTOMHBIMU
MaccaMu UMeeT OOJIBIIYIO SHEPIUI0 U MPOHUKAIOIIYIO CIIOCOOHOCTD, I€M JIETKAX JJIEMEHTOB.
BcentenierBre aToro BinstHEEe MaTpPUIIBI IPOOBI OKa3biBaeT HAMOObIINN 3 MEKT Ha 3HAUEHUST
KOHIIEHTPAIUI JIEMEHTOB ¢ HU3KAME aTOMHBIME Maccamu [Pesenko, 1994]. Kpome Toro,
BBICOKOE COJIEPYKAHIE OPIaHMYeCKOro BEIecTBa B ocajikax basruiickoro mops (10 10-15%)
[Baaosicuuwun, 1998] Takyke MOXKET BJIMATH Ha pe3ysbrarhl u3Mepennit POA [Hanpumep,
Lowemark et al., 2011]. Yxy/umeHne KOppeJsiiiuyl OPU TI€pecueTe 3HAYEHUN JIAHHBIX TOD-
taruBHOoro PMA Ha cyxoil Bec TakyKe MOXKET BO3HHUKATH, KOTJIa N3MEHUYNBOCTH 3HAYECHUN
BJIAKHOCTHU 3HAYUTEJIHHO IIPEBBINAECT BAPUATUBHOCTH KOHIIEHTPAINHN dJIEMEeHTa. Takas cu-
Tyarust Habromaercs st Ti u Fe, kotopble B ocajikax BaJTHiicKOro Mopsi pacipeesieHbl
OTHOCUTEJILHO PABHOMEDHO, TOT/Ia KaK 3HAYEHUs BJIAXKHOCTU MMEIOT PE3KO BBIPAXKEHHYIO
TEHJIECHIIUIO POCTA B BEPXHUX T'OPU30HTAX OCAIKOB.

IIpobiiema 3aBrCcHMOCTH KOHIIEHTPAIUI 3JIEMEHTOB, NU3MEPEHHBIX B HATYPAJIbHOM OCAJI-
Ke, OT BJIAYKHOCTH, I'PAHYJIOMETPUYIECKOIO COCTaBA, COJIEPXKAHNS OPraHUIeCKOrO BEIIECTBA
U T.JI. JIOCTATOYHO XOPOINO udydena [nampumep, Croudace and Rothwell, 2015; Weltje and
Tjallingii, 2008]. CorsacHO PEKOMEHIAIMSIM ITUX ABTOPOB, JIAHHBIE ITPOBJIEMBI JIOCTATOTHO
HAJIEXKHO PEIAIOTCsl [IPU UCIIOJIb30BaHUN OTHOIIEHUI KOHIIEHTPAIUN 3JIEMEHTOB WU WX
sorapudmoB. Kpome Toro, HOpMupoBaH#e YHCIa OTCIETOB JIEMEHTOB Ha 0DIee KOJIMIECTBO
orcueroB [manpumep, Cuven et al., 2011] nnu obmee paccesnue [manpumep, Berntsson
et al., 2013] Tak:ke MOKET HUBEJMPOBATH HETATHBHOE BJIMsIHUE BJIAYKHOCTH, OPIAHUIECKOTO
BEIECTBA U U3MEHEHUl TPAHYIIOMETPIHIECKOI0 COCTaBA HA PE3Y/IbTATHI 9JIEMEHTHOTO aAHAIN3A.
Cremyer OTMETUTH, YTO B HACTOSAIIEE BPEMsI B IIPOTPAMMHOM O0ECIIEYEHUN TTOPTATUBHOTO
Olympus Vanta C orcyTcTByeT aBTOMaTUYeCKUl PacyeT ILIOMA U IMKOB SHEPreTHIECKUX
CHEKTPOB OTJIEJbHBIX 3JIEMEHTOB. DTO HE TO3BOJISIET TPOBOIUTH HOPMAJIM3AIUIO T'€OXU-
MHUYECKUX JIAHHBIX Ha OOIee KOJUIEeCTBO OTCUETOB. Takmm 0Opa3oM, B M€OXUMHUIECKUX
HCCJIEOBAHUSIX PEIOUTATE/IbHEEe TPUMEHSITh HATYPaJIbHbBIE JIOTapUMMbl OTHOIIEHUN KOH-
nenTpanuii snementos |Weltje and Tjallingii, 2008]. Ilpu usyuennn nopratuBabiM POA
KOJIMYECTBEHHBIX COJEPKAHUI IJIEMEHTOB C BHICOKUMHU ATOMHBIMIA MacCaMU MX KOHIIEHTDA~
MU PEKOMEHJIYETCs IIEPECUUTHIBATD HA CYXO# BeC IO MOMPABKaM, MOJyYeHHBIM U3 CIIEKTPOB
paccestHus.

Conep:kanne CBUHIA B ocagkax I MaHbCKOH BIAIHHBI

Konnenrpamuu cBuHIa, n3MepeHHble nopTaTuBHbiM PDA B BajoOBOM OCajKe W IIe-
pecYnTaHHbIE Ha CyXOi Bec, MOKA3aJIi BBICOKYIO KOPPEJSAINUIO ¢ JAHHBIMU, [TOJIY 9€HHBIMU
KJIACCHYECKMM METOJIOM B CyxXuX 1pobax (puc. 6a). DTo HO3BOJIET UCIOIb30BATh 0Ty YeHHbIE
K03 DUIMEHTHI JIJTsl TlepecyueTa Pe3y/IbTATOB HA CYXOH BeC, MPU U3YyUEHUN PACIIPE/ICJICHIST
CBUHIA B OCAJKAX ¥ MOJyJIeHUsl JOTOJHUTEbHBIX JATHPOBOK OCAJIKOB 110 CBUHILY.

CoryiacHO MOJIyYeHHBIM JIAHHBIM, KOHIIEHTPAIIMKA CBUHIA B HIKHUX ceknusax BT we
npeBbiaioT 3uadenuii 40 ppm. Jlannoe 3HaYeHne KOHIEHTPAIUU ABJIsAeTC (POHOBLIMHU JJIs
ocazkoB Banruiickoro mopst [Shahabi-Ghahfarokhi et al., 2020]. Hauamo pocra snavenmit
konuenaTparuii Pb (puc. 7) ¢ MAaKCUMyMOM B IIPUIIOBEPXHOCTHOM MOPU30HTE COIJIACYETCS
¢ JIAHHBIMYU KOHIIEHTPAIMI CBUHIIA B KOJIOHKAX JOHHBIX OCAJKOB B ['OTJIAHJICKON BIAIMHE
u OUHCKOM 3aJIMBE U CBSI3aHO C MMOCTYIUIEHUEM TsI?KEeJIbIX METasIoB B arMocdepy, I1aTu-
pytomumucst Pumckum (okosto 2000 et maszan) u CpenteBekoBbIM (0Kos10 750 jeT Ha3ax)
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nepuonamu | Virtasalo et al., 2014; Zillén et al., 2012|. B3anMoCBsI3b MeKIy TOJOKEHTEM
TPAHUIBI HAYAJIA POCTA KOHIIEHTPAIMIT U MOITHOCTHIO MOPCKUX OTJIOXKEHUI OObACHAETCS
Pa3IMIHBIME CKOPOCTSIMU OCAIKOHAKOILIEHMUSI.

B ocasikax Bcex MI'T nabsofaiach TEHICHITNS K YBEJIMICHAIO KOHIIEHTPAIINI BBEPX
0 pa3pe3aM 10 MaKCHMaJabHBIX 3HadeHnit 90-124 ppm, a 3aTeM CHUKeHUE 3HAYUEHHUH 10
47-59 ppm (puc. 7). IIuKOBbIe KOHIIEHTPAIUY CBUHIIA B KOPOTKUX KOJOHKAX COMOCTABUMBI
C MaKCHUMAaJIbHBIMU 3HAYEHUsIMU B BEDXHUX I'OPU30HTaX 0CaKoB Bocrouno-lorianckoi
BrnaauHb! |Zillén et al., 2012] n Borawueckoro 3amusa [Shahabi-Ghahfarokhi et al., 2020)]
7 MOTYT OBITH OTHECEHBI K MHIyCTpuaJbHOMYy mepuony 1970-x rr. CHmKeHre KOHIEHTPAIW
B IpHUIoBepxHOCTHBIX ropu3oHTax MI'T cBujerenbcTByeT 06 yMEHBITEHUH TOCTYILJIEHUN
TSKEJIBIX MeTass10B B Basruiickoe mope B 2000-x rr. [Shahabi-Ghahfarokhi et al., 2020].

Hamu nabsmromasucs 6ostee HU3KHE KOHIIEHTPAIINN CBUHIIA B BEPXHUX FOPU30HTAX KO-
JIOHOK WJIMCTBIX OCAJIKOB, oroOpanHbix BI'T, 1m0 cpaBHEHWIO C NMUKOBBIMU 3HAYEHUSIMU
B kosoukax MI'T. Kpome Toro, B ocajgkax, oroopanubix BI'T, oTcyTcTBYIOT TeHeHIINT
K CHI2KEHUIO 3HadeHuit kounenrparuit Pb B npunosepxnoctaom cioe. B kosmonkax MI'T,
ny6spytomux BI'T (AM-56018 u AM-61080), nab/ofaiuch MAaKCUMAJIbHbIE KOHIIEHTPAIUK
cunIa 90-120 ppm, ofHAKO OHM He GbUIN 3aperucTpupoBanbl B Kosonkax BI'T (puc. 7).
Bepositao, ipu ot6ope BI'T mimcThix 0caiKOB TPOUCXOINT CUCTEMATHIECKOE PA3MBITHE
BEPXHUX, CJIa00 KOHCOJIAIAPOBAHHBIX TOPU30HTOB MJIOB. TakuM 00pa3oM, COTJIACHO HAIIAM
nasHbIM, BepxHue 20-30 cM MoryT 6Tk pasMbiTel ipu or6ope BI'T (puc. 7, cepbiii ¢oH).

BriBoapr

BrisiBiiena BbICOKas KOPPeJAIus MeXKJIy BJIAXKHOCTBIO OCAJIKa, OIPEJIeJIEHHONU Tpa-
JUIAOHHBIM METOJIOM I10 OTHOIIEHWIO MACC JIO0 U IIOCJI€ BBICYIIMBAHUS, U BJIAYKHOCTBHIO,
paccYnTaHHOI W3 OTHOIIEHWS IMUKOB KOME€PEHTHOI'O W HEKOIN€PEHTHOI'O pacCesHus ceped-
pa, noJsiyuenHbix nopraruBHbiM PPA Olympus Vanta C. Ilonyuensr koadduiimenTs! j1jist
pacdeTa BIAXKHOCTU HJI0B BasITHIICKOTO MOpS U3 CIIEKTPOB PACCEsHUS.

Bermostren cpaBHUTEIbHBIN aHAIN3 3HAYCHUN KOHIIEHTPAIUN JIEMEHTOB, U3y YEHHBIX
KJIACCUYECKUMH METOJaMM B CyXHX OCaJKaxX U Ipu momornu mopraruBaoro PO@A Olympus
Vanta C B ocajikax HaTypasJbHON Biaaxknoctu. [lokazano, aro noprarusabiiit POA mo3Bo-
JISIET TIOJIYYUTh HAJEXKHbIE 3HAUEHUS P AHAJN3€ HATYPAJIbHBIX 00pa3I0B, OCOOEHHO I
TSYXKEJIBIX 3JieMeHTOB. [IprMenenune mepecyeTa KOHIIEHTPAIIMM HA CYyXOil BEC PU TOMOIITH
BJIA2KHOCTH ITO3BOJISIET YIIYUIIATH CXOIAUMOCTD JAHHBIX, IOy YeHHBIX PA3TUIHBIMUA METO/IAMHU.
OzHAKO CJIe[yeT IPOSBJISTh OCTOPOKHOCTD ¢ HEKOTOPbIMU djieMeHTaMu (Hanpumep, Ti, Ni,
Cu, As) u3-3a BJIMSHUS HA PE3YJIBTATHI AHAJN3A PA3IMIHBIX (DAKTOPOB (ATOMHON MACCHI dJ1e-
MeHTa, COfIEPKaHMe BOJBI U OPTaHUKY B 00pasiax). JIiist TaKnX 3JIeMEHTOB IPEIIOUTHTEbHEe
HCIIO/Ib30BATH OTHOIIEHNUS KOHIIEHTPAIHI.

Waydensl pacupeiesieHnsi CBUHIA B KOPOTKUX U JJIMHHBIX KOJIOHKAX OCAJIKOB | TaHBCKOM
BrIaMHbl Basiruiickoro mopsi. Onpejiesienbl KoahGUIMEHTHI [TepecueTa 3HaAYeHU CBUHIA HA
3HAYEHNs, COMIOCTABUMbIE C TIOJIYI€HHBIMY TPAIUIMOHHBIMI METOIAMU. BhISBJIEH POCT COmep-
JKaHUs CBUHIA B BEPXHUX TOPU30HTAX JJIMHHBIX KOJIOHOK, CBSI3aHHBIN C MHIYCTpPUAIH3AINEH
B Pumckuit u Cpenesekosblie epuoanl. Makcumaibabie copepKanus cputna (90-120 ppm)
3a(UKCUPOBAHBI B KOPOTKUX KOJIOHKAX U COOTBETCTBYIOT COBPEMEHHOMY HHJIYCTPUAILHOMY
nepuony 1970-x rr. Ilocnemyrormiee cHuKeHne KOHIEHTPAINIT CBUHIIA B OCAIKAX KOPOTKUX
KOJIOHOK COOTBETCTBYET YJIYUIIEHHUIO dKoJorudeckoit curyaruu B 2000-x 1.

Brrsisieno cucremarutieckoe pa3dmMbiTie Bepxaux 20—-30 ¢M 0caJIkoB mpu 0TOOpE UI0B
VIapHBIMU T'PYHTOBBIME TPpyOKamu B Baaruiickom mope.

Buaaromapuocru.  Astops! 6arogapsit npodeccopa Ix. ®@. Boitia 3a momors B onpeesie-
HUU BJIA2KHOCTH U3 CIIeKTpoB paccesuus, . I. Bopucosa 3a maomoTBopHOe 00CyKIeHIe
pPe3yJIbTATOB U CTHJINCTUIECKHE MPaBKH TeKcTa, a Takxke K. I1. 2KomHcKyio 3a BbIOTHEHIE
xumuueckux anan3oB Ha AAC. Mer Takke 61aroapumM JIByX aHOHUMHBIX PEICH3EHTOB, YbH
3aMedaHusl MO3BOJIMIA 3HAYUTEILHO YIIYUIIUTh CTAThi0. V3ydyeHre BJIaXKHOCTUA U COIIOCTAB-
JIeHVe 3HAYEHUI COJepKAHUIT 9JIEMEHTOB BBIIIOJHEHO B pamkax roc3aganug 110 PAH (rema
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Ne FMWE-2024-0025), ucciesioBanust pacipe/iesleHusl CBUHIA B KOJOHKaX JIOHHBIX OCAIKOB
BBINIOJTHEHO B paMkax rpanta PH® Ne 22-17-00170, https://rscf.ru/project/22-17-00170/.

Cumcok uTeparypsl

Baaxkuaumun A. U. [Taneoreorpadus u 9BOIONHUS TO3HEYETBEPTUIHOIO OCAIKOHAKOIIeHnsT B Bajiruiickom mope. —
Kamuauurpay : durapusrit ckaz, 1998. — 160 c.

Emenbsnos E. M., Kpasnos B. A., Cuskos B. B. u dp. Tokcuunbie Bemecrsa B jounbix ocajakax // Hedrb u okpyxarommast
cpena Kamuaunrpaackoit obmacru. T. II: Mope / non pexn. B. B. Cuskosa, 0. C. Kagxogana, O. E. ITuuayxkunoi
u dp. — Kaymmuaunrpay : Teppa Banruka, 2012. — C. 304—314.

Pepenko A. I'. PenrrenocnekrpaJibHbIil (JIyOPECIIEHTHBIN aHAJIN3 IIPUPOJIHHBIX MaTepuasoB. — HoBocubupck : Hayka,
1994. — 264 c.

Axosnes . A., Pagomckas T. A., Bopounos A. A. u dp. Obmas reoxumusi: yaebuoe mocodue (Uzm. 2-¢). — UT'Y, 2019.

Belzunce Segarra M. J., Szefer P., Wilson M. J., et al. Chemical forms and distribution of heavy metals in core sediments
from the Gdansk Basin, Baltic Sea // Polish Journal of Environmental Studies. — 2007. — Vol. 16, no. 4. —
P. 505-515.

Berntsson A., Rosqvist G. C., Velle G. Late-Holocene temperature and precipitation changes in Vindelfjillen, mid-western
Swedish Lapland, inferred from chironomid and geochemical data // The Holocene. — 2013. — Vol. 24, no. 1. —
P. 78-92. — DOLI: 10.1177/0959683613512167.

Borges C. S., Weindorf D. C., Nascimento D. C., et al. Comparison of portable X-ray fluorescence spectrometry and
laboratory-based methods to assess the soil elemental composition: Applications for wetland soils // Environmental
Technology & Innovation. — 2020. — Vol. 19. — P. 100826. — DOI: 10.1016/j.eti.2020.100826.

Boyle J. F., Chiverrell R. C., Schillereff D. Approaches to Water Content Correction and Calibration for yuXRF Core
Scanning: Comparing X-ray Scattering with Simple Regression of Elemental Concentrations // Micro-XRF Studies
of Sediment Cores: Applications of a non-destructive tool for the environmental sciences / ed. by I. W. Croudace,
R. G. Rothwell. — Dordrecht : Springer Netherlands, 2015. — P. 373-390. — DOI: 10.1007/978-94-017-9849-5 14.

Croudace I. W., Rothwell R. G., eds. Micro-XRF Studies of Sediment Cores: Applications of a non-destructive tool for
the environmental sciences. — Springer Netherlands, 2015. — DOI: 10.1007/978-94-017-9849-5.

Cuven S., Francus P., Lamoureux S. Mid to Late Holocene hydroclimatic and geochemical records from the varved
sediments of East Lake, Cape Bounty, Canadian High Arctic // Quaternary Science Reviews. — 2011. — Vol. 30,
no. 19/20. — P. 2651-2665. — DOI: 10.1016/j.quascirev.2011.05.019.

Emelyanov E. M., ed. Geology of the Gdansk Basin. Baltic Sea. — Kaliningrad : Yantarny skaz, 2002. — 496 p.

Glasby G. P., Szefer P. Marine pollution in Gdansk Bay, Puck Bay and the Vistula Lagoon, Poland: An overview // The
Science of The Total Environment. — 1998. — Vol. 212, no. 1. — P. 49-57. — DOI: 10.1016/50048-9697(97)00333- 1.

Glasby G. P., Szefer P., Geldon J., et al. Heavy-metal pollution of sediments from Szczecin Lagoon and the Gdansk
Basin, Poland // Science of The Total Environment. — 2004. — Vol. 330, no. 1-3. — P. 249-269. — DOI:
10.1016/j.scitotenv.2004.04.004.

Glazkova T., Hernandez-Molina F. J., Dorokhova E., et al. Sedimentary processes in the Discovery Gap (Central-NE
Atlantic): An example of a deep marine gateway // Deep Sea Research Part I: Oceanographic Research Papers. —
2022. — Vol. 180. — P. 103681. — DOI: 10.1016/j.dsr.2021.103681.

Grigelis A., Gelumbauskaité L. Z., Cato 1., et al. Bottom topography and sediment maps of the Central Baltic Sea : scale
1:500 000 : a short description. — Lithuanian Geological Institute, Geological Survey of Sweden et al., 1999. —
24 p. — DOI: 10.13140/2.1.4477.7288.

Hahn A., Bowen M. G., Clift P. D., et al. Testing the analytical performance of handheld XRF using marine sediments
of IODP Expedition 355 // Geological Magazine. — 2019. — Vol. 157, no. 6. — P. 956-960. — DOI: 10.1017/
S0016756819000189.

HELCOM. Batymatry of the Baltic Sea (BALANCE). — 2009. — URL: https://archive.iwlearn.net/helcom.fi/stc /files,
Data/BALANCEdata/metadata/Bathymetry.htm (visited on 09/15/2023).

HELCOM. Ecosystem Health of the Baltic Sea 2003-2007: HELCOM Initial Holistic Assessment. — Baltic Sea
Environment Proceedings No. 122, 2010. — URL: http://www.springer.com/978-94-017-9848-8.

Ivanova E., Borisov D., Dmitrenko O., et al. Hiatuses in the late Pliocene-Pleistocene stratigraphy of the Ioffe calcareous
contourite drift, western South Atlantic // Marine and Petroleum Geology. — 2020. — Vol. 111. — P. 624-637. —
DOI: 10.1016/j.marpetgeo.2019.08.031.

Russ. J. Earth. Sci. 2024, 24, ES3003, https://doi.org/10.2205/2024es000879 13 of 17


https://rscf.ru/project/22-17-00170/
https://doi.org/10.1177/0959683613512167
https://doi.org/10.1016/j.eti.2020.100826
https://doi.org/10.1007/978-94-017-9849-5_14
https://doi.org/10.1007/978-94-017-9849-5
https://doi.org/10.1016/j.quascirev.2011.05.019
https://doi.org/10.1016/S0048-9697(97)00333-1
https://doi.org/10.1016/j.scitotenv.2004.04.004
https://doi.org/10.1016/j.dsr.2021.103681
https://doi.org/10.13140/2.1.4477.7288
https://doi.org/10.1017/S0016756819000189
https://doi.org/10.1017/S0016756819000189
https://archive.iwlearn.net/helcom.fi/stc/files/Data/BALANCEdata/metadata/Bathymetry.htm
https://archive.iwlearn.net/helcom.fi/stc/files/Data/BALANCEdata/metadata/Bathymetry.htm
http://www.springer.com/978-94-017-9848-8
https://doi.org/10.1016/j.marpetgeo.2019.08.031
https://doi.org/10.2205/2024es000879

BJIAY)KHOCTb U COAEP>KAHME CBHHIIA B JJOHHBIX OCAZKAX I'lanbckoit Bnajuubl (FOB BanTukA). .. JIACKUHA U 1P.

Lowemark L., Chen H.-F., Yang T.-N., et al. Normalizing XRF-scanner data: A cautionary note on the interpretation of
high-resolution records from organic-rich lakes // Journal of Asian Earth Sciences. — 2011. — Vol. 40, no. 6. —
P. 1250-1256. — DOI: 10.1016/j.jseaes.2010.06.002.

MacLachlan S. E., Hunt J. E., Croudace I. W. An Empirical Assessment of Variable Water Content and Grain-Size on
X-Ray Fluorescence Core-Scanning Measurements of Deep Sea Sediments // Developments in Paleoenvironmental
Research. — Springer Netherlands, 2015. — P. 173-185. — DOI: 10.1007/978-94-017-9849-5 6.

Ponomarenko E. Holocene palacoenvironment of the central Baltic Sea based on sediment records from the Gotland
Basin // Regional Studies in Marine Science. — 2023. — Vol. 63. — P. 102992. — DOI: 10.1016/j.rsma.2023.102992.

Shahabi-Ghahfarokhi S., Josefsson S., Apler A., et al. Baltic Sea sediments record anthropogenic loads of Cd, Pb, and
Zn // Environmental Science and Pollution Research. — 2020. — Vol. 28, no. 5. — P. 6162-6175. — DOL:
10.1007 /s11356-020-10735-x.

Szefer P., Skwarzec B. Distribution and possible sources of some elements in the sediment cores of the Southern Baltic //
Marine Chemistry. — 1988. — Vol. 23, no. 1/2. — P. 109-129. — DOI: 10.1016/0304-4203(88)90026-6.

Uscinowicz S., ed. Geochemistry of Baltic Sea surface sediments. — Polish Geological Institute-National Research Institute,
2011.

Virtasalo J. J., Ryabchuk D., Kotilainen A. T., et al. Middle Holocene to present sedimentary environment in the
easternmost Gulf of Finland (Baltic Sea) and the birth of the Neva River // Marine Geology. — 2014. — Vol. 350. —
P. 84-96. — DOI: 10.1016/j.margeo.2014.02.003.

Weltje G. J., Bloemsma M. R., Tjallingii R., et al. Prediction of Geochemical Composition from XRF Core Scanner
Data: A New Multivariate Approach Including Automatic Selection of Calibration Samples and Quantification of
Uncertainties // Developments in Paleoenvironmental Research. — Springer Netherlands, 2015. — P. 507-534. —
DOI: 10.1007/978-94-017-9849-5 21.

Weltje G. J., Tjallingii R. Calibration of XRF core scanners for quantitative geochemical logging of sediment cores: Theory
and application // Earth and Planetary Science Letters. — 2008. — Vol. 274, no. 3/4. — P. 423-438. — DOLI:
10.1016/j.epsl.2008.07.054.

Zillén L., Lenz C., Jilbert T. Stable lead (Pb) isotopes and concentrations - A useful independent dating tool for Baltic Sea
sediments // Quaternary Geochronology. — 2012. — Vol. 8. — P. 41-45. — DOI: 10.1016/j.quageo.2011.11.001.

Russ. J. Earth. Sci. 2024, 24, ES3003, https://doi.org/10.2205/2024es000879 14 of 17


https://doi.org/10.1016/j.jseaes.2010.06.002
https://doi.org/10.1007/978-94-017-9849-5_6
https://doi.org/10.1016/j.rsma.2023.102992
https://doi.org/10.1007/s11356-020-10735-x
https://doi.org/10.1016/0304-4203(88)90026-6
https://doi.org/10.1016/j.margeo.2014.02.003
https://doi.org/10.1007/978-94-017-9849-5_21
https://doi.org/10.1016/j.epsl.2008.07.054
https://doi.org/10.1016/j.quageo.2011.11.001
https://doi.org/10.2205/2024es000879

RUSSIAN JOURNAL of EARTH SCIENCES

WATER CONTENT AND PB CONCENTRATIONS IN THE BOTTOM
SEDIMENTS OF THE GDANSK DEEP (SOUTH-EASTERN BALTIC SEA)
ACCORDING TO THE PORTABLE X-RAY FLUORESCENCE ANALYZER

Recieved: 10 June 2023
Accepted: 10 November 2023
Published: 12 July 2024

© 2024. The Authors.

References

OLYMPUS VANTA C

D. N. Laskina" 12 , E. V. Dorokhoval>2(", and Yu. V. Koroleva?®

1Shirshov Institute of Oceanology, Russian Academy of Sciences, Russia
2Immanuel Kant Baltic Federal University, Russia
**Correspondence to: Daria Laskina, drlaskina@gmail.com

This work describes a method for determining the water content in sediments from the Gulf of
Gdansk of the Baltic Sea, which is based on the analysis of spectral data obtained using the
portable X-ray fluorescence analyzer (XRF) Olympus Vanta C. The water content calculated
from the XRF spectral data showed a high correlation (r = 0.95) with those measured using
the conventional method of drying to constant mass. This allows the conversion between the
results obtained using the portable XRF analyzer on bulk sediments to those obtained on dried
sediments. Comparison of the converted data from the portable analyzer with the results of element
composition analysis performed on dried homogenized samples using the wavelength-dispersive
XRF analyzer Spectroscan-Max-G and atomic absorption spectrophotometer Varian A A240FS
showed high correlation coefficients for Mn, Ca, K, Zn, Pb, As and low coefficients for Fe, Co, Ti,
Ni, Cu and Sr. The results of the analysis using the portable XRF spectrometer, converted to dry
weight of the sediment, were used to study the distribution of Pb concentrations in the sediments
of the Gulf of Gdansk. An increase in Pb content up to 60 ppm was observed in the upper part of
sediment cover. This increase is likely associated with the intensification of anthropogenic activities
in AD 1 and AD 1200. Maximum lead concentrations up to 124 ppm were found in near-surface

sediments, likely related to the period of industrialization in the 1970s.

Keywords: sediment cores, Spectroscan-Maks-G, coherent and incoherent scattering, anthropogenic
source of lead input.
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Abstract: The height of sea waves is one of the most important characteristics describing the wave
climate of the ocean. At the present, the main radar for remote measurement of wave heights
is an altimeter. Measurements are performed at the vertical sounding (incidence angle equal to
zero). The Brown model was developed to describe the waveform of the reflected impulse at the
vertical sounding. There is no theoretical model for the case of oblique sounding. In the Kirchhoff
approximation, the theoretical task about waveform of the reflected impulse at oblique sounding
was considered. In the result of the investigation, the analytical formula for the waveform of the
reflected impulse for oblique sounding at the small incidence angles (< 12°) for a microwave radar
with a narrow antenna beam was obtained. The waveform of the reflected impulse depends on the
width of antenna beam, incidence angle, impulse duration, significant wave height (SWH), altitude
of the radar, mean square slopes of large-scale, in comparison with radar wavelength, sea waves. It is
shown that possibility exist to retrieve SWH using waveform the reflected impulse at the oblique
sounding.

Keywords: altimeter, waveform of the reflected impulse, oblique sounding, significant wave height

Citation: Karaev, V. Yu., Yu. A. Titchenko, M. A. Panfilova, E. M. Meshkov, and D. A. Kovaldov
(2024), Waveform of the Reflected Impulse at the Oblique Sounding of the Sea Surface, Russian
Journal of Earth Sciences, 24, ES3004, EDN: RZDKCC, https://doi.org/10.2205/2024es000910

1. Introduction

Over a long time, regular measurements at small incidence angles have been per-
formed by two types of radars: 1) altimeters, that operate during nadir sounding (incidence
angle ~ 0 degrees) [Fu and Cazenave, 2000; Zieger et al., 1991] and 2) dual-frequency pre-
cipitation radar of the GPM satellite [Japan Aerospace Exploration Agency, 2014] (Global
Precipitation Measurement), which operates in scanning mode (incidence angle ~ £18 de-
grees). In 2018, the Chinese-French satellite (CFOSAT) was launched into orbit, on board
of which a SWIM radar was installed. SWIM is performing measurements at the small
incidence angles (0-10 degrees) [Hauser et al., 2001, 2017]. Its main task is to measure the
spatial spectrum of sea waves. In 2022, the SWOT satellite was launched into orbit, which
also performs measurements at low incidence angles (< 10 degrees) [Fu et al., 2009; NASA,
2024]. SWOT performs a global survey of the Earth's surface water, collecting detailed
measurements of how water bodies change over time.

It is usually assumed that backscattering at small incidence angles is quasi-specular
and occurs in facets of the wave profile oriented perpendicular to the incident electromag-
netic waves. In this case, the Kirchhoff method is used to describe the backscattered field
[Barrick, 1968; Garnaker’yan, 1978; Isakovich, 1952; Valenzuela, 1978]. In the microwave
range, a two-scale model (TSM) is used to describe the sea surface and the wave spectrum
is divided into two parts: large-scale sea waves and small-scale sea waves compared to the
radar wavelength [Fuks, 1966; Kurjanov, 1962; Wright, 1968].

This model for describing the scattering of electromagnetic waves at small incidence
angles made it possible to obtain an analytical formula for the waveform of the reflected
impulse (Brown model) during nadir sounding [Brown, 1977]. The leading edge of the
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reflected impulse contains information about the significant wave height (SWH) and the
developed algorithms make it possible to determine it [Fu and Cazenave, 2000]. As a result,
the orbital altimeter is the only orbital radar that measures the SWH in the World Ocean
on a regular basis. If an altimeter with a wide antenna beam is used, then the mean square
slopes (mss) of sea waves can be determined from the trailing edge of the reflected impulse
[Karaev, V. Yu. et al., 2014; Titchenko, Yu. et al., 2024]. The dual-frequency altimeter
can measure the height of low intensity waves [Ka and Baskakov, 2015; Ka et al., 2016].
A special place is occupied by the “delay/Doppler” altimeter which represents a new class
of altimeter [Raney, 1998, 2012]. Thus, measurements at small incidence angles are being
actively developed.

The disadvantage of the altimeter is that measurements are performed during nadir
sounding, and a small deviation from the vertical leads to a rapid deterioration in precision.
This problem first appeared on the Jason series satellites, where deviations from the vertical
of more than 0.5° were observed. This required improving the Brown model, which was
done by taking into account the following term in the series expansion in the Amarouch
model [Amarouche et al., 2004].

However, the improved model for the waveform of the reflected impulse is only valid
for small deviations from the vertical (< 1°). Currently there is no model for the waveform
of the reflected impulse at small incidence angles (3°-12°). The advantage of measurements
at small incidence angles is that measurements can be performed not only along the track,
but also in a swath, the width of which is determined by the selected interval of incidence
angles.

In this research, within the framework of a two-scale model (TSM) of a scattering
surface and the Kirchhoff method, a formula for the waveform of a reflected impulse for
a microwave radar with a narrow antenna beam (9y, oy < 1°) is obtained for the first time.

2. Initial problem

Let's consider at the measurement scheme in Fig-
ure 1. The radar is located at an altitude H, from the
scattering surface. Measurements are taken at the inci-
dence angle 6, the distance to the XY plane is Ry and
the distance to the reflection point is R;. The scattering
surface is described by a random function ¢(r,t) with
Gaussian function of distribution of heights.

To describe the reflection of microwave signal by the
sea surface, the concept of a two-scale model (TSM) is in-
troduced. The scattering surface appears as a large-scale,
compared to the radar wavelength, sea surface covered
with short ripples. Within the framework of the TSM, sea
waves are divided into large-scale waves and small-scale
waves (ripples) in comparison with the radar wavelength.
It is suggested, that at the small incidence angles (< 12°),

Figure 1. Scheme of measurement: Hy - altitude of radar, 6¢ —inci- backscattering mechanism is quasi-specular and occurs
dence angle, Ro — distance to XY plane, R; distance until scattering  on the facets of the wave profile oriented perpendicular
point and ¢(7,t) — height of scattering surface in the point of the to the incident electromagnetic waves. The statistics of

backscattering.

such facets is determined by the mean square slopes (1ss)
of large-scale waves.
The backscattering electromagnetic field near the receiving antenna is given by the
following formula [Bass and Fuks, 1979; Zubkovich, 1968]

Regi - Eok

scat = .
21R} cos O - i

Jexp[—ZkR 1] Gz(?)d?,

where R is the effective reflection coefficient which introduced instead of Fresnel coef-
ficient to take into account the influence of the ripple on the amplitude of the reflection
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signal; E is the amplitude of the emitted field near antenna and S — square of antenna
footprint.

To simplify subsequent mathematical transformations, it is assumed that sounding is
performed along the X axis and the antenna beam in the Cartesian coordinate system can
be represented by the following formula [Zubkovich, 1968]

cos4 7] ) y2 cos2 6o
G(r) = exp| —1.38 O(x—xp)?+ 22— ,
") "[ (Héé»%( T ﬂ

where 0, and 0, are the width of the antenna beam at the 0.5 power level in the elevation
and azimuth planes, respectively.

To calculate the dependence the power of the reflected signal on the time (waveform
of the backscattered impulse), the following formula are used

P(t) = (Escat (1) Edear(1)),

where brackets denote statistical averaging over the sea waves and hence
P(t) ~ <J Gz(Fl)Gz(Fz)exp[—Zilzﬁz}exp[ZiEﬁl]dfldfz>,

where the distances from radar to the reflection points are R; and R;.

In this formula and in further transformations, terms will be omitted that are impor-
tant for calculating the power of the reflected signal (a backscattering radar cross section —
RCS), but do not affect the waveform of the reflected impulse.

Let us expand R; and R; into a series relative to the center of the antenna footprint Ry
and saving only significant terms, obtain the following formula [Bass and Fuks, 1979]

P(t) ~ f G'(7)
3
. cos™ O cos 6
Xexp{—sz(sm Bopx + “Hy O(x; - X0)Px + Hy Oylpyﬂ
X<exp|:2ikc0560(g2 —gl)}>dfdﬁ,

where was used the following assumption: 7, = 71 + p = 7 + p. The distribution function of
sea wave heights is Gaussian, so averaging over a statistical ensemble is easily performed
[Bass and Fuks, 1979; Tikhonov, 1982], and the following formula was obtained

<exp[2ik cosOp(cr — ¢ )]> = exp[ — 2k? cos? Go(mssxxp,z( + msswp;)],

where mssy, and mss,, are mss of large-scale waves along X and Y axis respectively. As
a result, the formula for the reflected signal power has the following form

cos* 6, ) cos’ 0y o
P(t) ~ | exp| —5.52 x—xg) +
3
. cos™ O cos By
Xexp{—21k<sm60px+ o (x—x0)px + H, ypyﬂ

X exp{ — 2k?cos? Qo(mssxxp,% + msswpf,)}dxdydpxdpy.
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Dependence of the reflected power on the time describes the waveform of the reflected
impulse. After integration over dp, the formula for the waveform of the reflected impulse

has the following kind
M 4 2
cos 0O 2 cos" 0y 2
P(t) ~ | exp| —=5.52 (x—x0)" +
’ ( mat
5 L
r . 3 6
1 sinBycos” O cos Oy 2
Xexp| — X—xg)+ X—x
p_ coszeomssxx( Hy ( 0) 2H§ ( 0)
r 2
X exp _2})— dxdy.
| 2Hymssyy
Thus, it is necessary to integrate the following formula
4 2
cos 0O 2 cos" Oy 2
Iy =fexp|:—5.52( Hgé% (x—x0)" + H§5§ Y
S
1 sin()ocos3 6o cos® 6o 2 (1)
1
Xexp| — X—x0)+ X—x
p{ coszeomssxx< Hy ( 0) 2H; ( 0) )}
2
X exp _23/— dxdy.
2Hymssyy

The problem of integration of formula (1) over a footprint is not simple. However,
with oblique sounding and short impulse duration, the task is simplified.

In a conventional altimeter (incidence angle equal to zero), the incident spherical
wave reaches the surface at a point directly below the radar and illuminates a circle, which
eventually turns into a running ring.

During oblique sounding (the incidence angle is non-
zero), the incident wave also illuminates a circle on the
reflecting surface, the size of which increases with time.
The maximum size of the circle is determined by the du-
ration of the emitted impulse. After this, the circle turns
into a running ring, the radius of which increases over
time. The antenna beam forms an footprint on the surface
and at some point of time the running ring reaches the
footprint (see Figure 2). At this moment, the receiving
antenna receives the reflected signal.

When integrating over dx and dy it is necessary to
take into account the features of oblique sounding. The
boundaries of the ring are specified by Ryeft and Ryjght and
its width depends on the impulse duration 7jyp, because
Rright = Rieft = CTimp/2 (see Figure 2), where ¢ — speed of
light.

On the other hand, they can be expressed in terms
of the incidence angles for the right and left boundaries

Figure 2. Scheme of measurement. of the ring, i.e.

Hy = Rright Cos erightr Hp = Rieft €08 Ojeft.-

Thus, it is possible to calculate the difference in incidence angles between the left
and right boundaries of the ring, i.e. determine the width of the ring in degrees. This it is
necessary for comparison with the antenna beam.
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Figure 3 shows the dependence of the ring width in
degrees on the current incidence angle for an altitude of
10,000 m (airplane) and impulse duration 3.2 ns. Since
the current incidence angle depends on time, this depen-
dence can also be interpreted as the dependence of the
difference in angles on the propagation time. As the in-
cidence angle increases, the size of the ring “narrows” in
degrees.

The second factor affecting the width of the ring
is the impulse duration. The shorter the impulse, the
narrower the ring.

Let a radar (altimeter) has a narrow antenna beam,
for example 0.2°-0.5°. For a short impulse used in altime-
try, the width of the ring is much smaller than the radar
footprint. This fact simplifies further transformations. In
this case it is possible to assume that the integrands with
respect to X are “slow” and practically do not change over
the width of the ring. This allows to take them out from
under the sign of the integral over X and take the integral
over Y over infinite limits. The integral over X will give
us a slowly varying function, which can be considered
a constant in radar footprint.

After integration (1), the formula for the dependence of the power of the reflected
signal on time (the waveform of the reflected impulse) was obtained

Figure 3. Dependence of the width of ring on the incidence angle:
Hp =10,000 m and Timp = 3.2 ns.

P(t) ~ exp[ = (x = x0)*Ax | exp[ — A (x = o)), (2)

4 4 .

cos O cos 6 sin By cos O,

where A, =5.52 3 ‘20 + > 0 Ay = 0 0
H{ox  2Hymssyy Homssxx

A comparison of the waveform of reflected impulses for vertical (left) [Karaev, V. Yu.
et al., 2014] and oblique (right) sounding is shown in Figure 4. Calculations were done for
Timp = 3.2ns, Hg = 10,000m, 6 = 0.5°, 0 = 8°.

(a) (b)
Figure 4. Dependence of the power of the reflected signal on two-way time for nadir sounding (top)
and oblique sounding (8° — bottom): impulse duration 3.2 ns, width of antenna beam 0.5°, distance
10000 m.
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Figure 5. Scheme of sounding.

From the comparison it is clear that the reflected impulse during vertical sounding of
a flat surface is much narrower than the reflected impulse during oblique sounding. This is
explained by the fact that in the first case, the duration of the reflected impulse is largely
determined by the duration of the incident impulse. Thanks to this, altimeters accurately
measure the distance from the radar to the reflecting surface [Fu and Cazenave, 2000].

At the oblique sounding, the width of the reflected impulse strongly depends on
the incidence angle and the width of the antenna beam (footprint). The narrow ring
“runs” across the antenna beam and repeats its form therefore the reflected impulse is
significantly broadened. In result, the precision of measuring the distance from the radar
to the reflecting surface with an oblique altimeter will be low.

Now consider backscattering from a sea surface that is not flat. Conventional al-
timeters measure the SWH with good precision [Fu and Cazenave, 2000]. To assess the
possibility of measuring the SWH using an oblique altimeter, a formula for the waveform
of the reflected impulse was obtained.

To move from a flat surface to sea waves, it is necessary to perform averaging over
heights of sea waves. As is known, the height distribution function of sea waves is Gaussian.
However, for further transformations it is better to move to its representation in the time

domain, i.e.
T2
exp| -
p 2@2

W(t) = ——, (3)
21o{

where t = ==
Then the waveform of the reflected impulse is a convolution of the waveform of the
impulse from a flat surface (2) and the distribution function of sea wave heights (3)

F(t)=JW(T)XP(t—T)dT. (4)

Both integrands in formula (4) depend on time. Con-
sequently, for further transformations it is necessary to
move from spatial coordinates to time in the formula (2)
for waveform of the impulse. Figure 5 shows the sound-
ing scheme and the position of the current point x is
given by the following formula

2 2 2
Xiek = Riex — Ho = HoCTrek,

where time T is counted from the moment the lead-
ing edge of the incident impulse touches the XY plane
(8 =0°).

Then the difference x — xo will take the form

x = x0 = VHocTrek — VHocTo = (VTrek — VT0)VHoC,

where 7 corresponds to the center of the footprint of
antenna beam on the XY plane. This replacement com-
plicates the integrand in formula (4) and obtaining an
analytical expression for the waveform of the reflected impulse becomes impossible.
Let us take advantage of the fact that the antenna beam is assumed to be narrow and
in the formation of the reflected impulse it will take a surface area near the center of the
footprint, i.e. near point xg or time 7y. Then

2.2
HQC HoC 2
X = \/HQC(TO + AT) =/ Hycty + At — At”. (5)
ZVHQCTO 4(H0CT0)3/2
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For given parameters of the measurement scheme, the third term of the expansion (5)
can be neglected. As a result, it is assumed that

1 HoC
—-x0 = 5\ =—AT.
X=Xo =5\ 7 AT
Time 7y corresponding to the center of the antenna beam can be expressed in terms of
the incidence angle and altitude
Hytg” 0
TO = T.
To find the waveform of the reflected impulse, it is necessary to calculate the following
integral

’cz A c2 2 AyxC
X XX
F(t) ~ J EXP|:—2T.}2}EXP|:—4tg—260(T - t) i|eXp|:—2tg90 (T - t)]d’[.

As a result of further transformations, an analytical formula was obtained for the
waveform of the reflected impulse during oblique sounding

A 4A 07 A 4A 07
F(t) ~exp —7? 2C 1- —= exp| —t xeC 1-—=11|, (6)
4tg® 0 Cx 2tg? 0, Cx

where ¢, = 2tg2 0y + 4Axag2.

3. Discussion

The waveform of the reflected impulse depends on
the following parameters: the width of the antenna beam,
the SWH, the incidence angle, the altitude of the radar,
the mss of large-scale waves.

The slopes (mss) has a significant impact on the prop-
erties of the backscattered signal for the radar with a wide
antenna beam [Karaev, V. Yu. et al., 2002, 2005; Meshkov
and Karaev, 2004]. When using a narrow antenna beam
(< 1°), the mss does not affect the waveform of the re-
flected impulse, but only the power of the reflected signal,
which in this case is not analysed.

It is seen from formula (6), that increasing the dis-
tance to the reflecting surface leads to a broadening of
the waveform of the reflected impulse. Increasing the
incidence angle leads to broadening of the waveform too.

An increase in the width of antenna beam leads to

Figure 6. Waveforms of the reflected impulses for three values of 5 Jecrease in the dependence of the waveform of the

SWH: 1 m (black curve), 3m (red curve) and 5m (blue curve). Al-  reflected impulse on the SWH. Therefore, the choice of
. . o . .

titude Ho = 10,000m; width of antenna beam 6, = 0.27; incidence  optimal width of antenna beam depends on the distance

angle 6 = 8°.

to the reflecting surface and the requirements for the
sensitivity of the waveform of the reflected impulse to the SWH (precision of the retrieval
algorithm). Figure 6 shows reflected impulses for three values of SWH: 1 m (black curve),
3m (red curve) and 5m (blue curve); altitude Hy = 10,000m; width of antenna beam
5, = 0.2°; incidence angle 6y = 8°.

A transition was made to time relative to the center of the antenna beam, so negative
time appeared. It can be seen from the figure that the waveform of the reflected impulse is
sensitive to changes in the SWH, and when choosing a sufficiently narrow antenna beam,
the SWH can be determined from the waveform of the reflected impulses.
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It should be noted that with sounding, the problem of measuring the mean sea level
(msl) will be solved with a significantly larger error in comparison with nadir sounding.

Thus, with oblique sounding, it is possible to measure the SWH in a wide swath
(scanning mode) with high spatial resolution. The distance to the sea surface (altitude of
altimeter) will be measured with low precision. In addition, in the scanning mode it will
be possible to measure the mss of large-scale waves.

4. Conclusions

In the Kirchhoff approximation, the backscattering of the electromagnetic waves of
the sea waves was considered. Research was carried out and an analytical formula was
obtained for the waveform of the reflected impulse for oblique sounding at the small
incidence angles (< 12°) for a microwave radar with a narrow antenna beam.

The waveform of the reflected impulse depends on the width of antenna beam, inci-
dence angle, impulse duration, significant wave height, distance from radar to sea surface,
mean square slopes of large-scale sea waves.

It is shown that SWH influences on the waveform of the reflected impulse and hence,
may be retrieved. However, it is necessary the use microwave radar with a narrow antenna
beam and a short impulse.

To determine the optimal width of antenna beam and impulse duration, it is necessary
to use information about the altitude of the altimeter and the incidence angle. Investigation
in this direction will be continued.
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Abstract: The global production of polymers and accumulation of waste has resulted in the worldwide
problem of environment contamination by plastic debris. Microplastic (MP) particles (<5 mm)
have been found almost everywhere. Despite the significant number of publications devoted to
the microplastic contamination in freshwater and marine environments, Russia is a major gap in
the review articles about worldwide freshwater systems. The article provides the summary of
studies focused on MPs in both water samples and bottom sediments from Russian rivers and
lakes. Information on microplastic concentration, methods, investigated particle size, morphological
characteristics and polymer type are collected in tabular format. The map of the MP distribution
in Russian freshwater systems are presented. The concentration of microplastics in freshwater
system is highly variable in both water and bottom sediments. For the most studied particle size
0.3-5mm in aquatic environments, the minimum content was obtained in the N. Dvina River
(0.004-0.01 items/m3), while the maximum was in the Ob River (26.5-114 items/m3). The highest
MP concentration (4000-26,000 items/m3) in water samples was estimated in the Altai lakes (Western
Siberia) for particle size 10-960 nm. The minimum MP abundance (14 items/kg dry weight (DW)
for 0.06-5 mm size particles) was estimated in Ladoga bottom sediments, the maximum content

(52,107 items/kg DW for 0.174-5 mm size particles) was found in Kondopoga Bay in Lake Onego.

Keywords: Microplastics, contamination, plastic production, plastic waste, microfiber, river, lake,

Russia.
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Introduction

The strength, lightness, toughness, chemical resistance and low cost of polymers have
made plastics a widely used material in various sectors of the market as well as in everyday
human life. Some plastic products are exploited for decades, while others are designed for
a single use.

The rise in plastic production, which is only a slight pause due to Covid-19, creates
a significant amount of waste, most of it being disposed in landfills or discarded into the
environment. The global growth of plastic waste accumulation and poor management
increases plastic contamination on Earth [Geyer et al., 2017; Ritchie et al., 2023]. According
to the UN Environment Programme, if current trends persist, our oceans could have more
plastic than fish by 2050.

The full mineralization of most polymers takes decades or centuries, but their mechan-
ical degradation is orders of magnitude faster and produces many debris particles smaller
than 5mm, termed microplastics [Barnes et al., 2009; Thompson et al., 2004]. Microplastic
(MP) particles have been found in a wide variety of environments: water [Li et al., 2020],
air [O'Brien et al., 2023], soil [Qi et al., 2020], snow [Bergmann et al., 2019], living organisms
[Guzzetti et al., 2018], bottled water [Welle and Franz, 2018]. Plastic contamination of the
natural environment has already become a global problem, and the scientific community is
paying a lot of attention to it.

There are numerous reports on microplastic contamination in the marine environment,
including both individual studies [Chubarenko et al., 2022; Russell and Webster, 2021] and
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reviews [Auta et al., 2017; Bagaev et al., 2021; Cole et al., 2011; Derraik, 2002], while MP
contamination of freshwater systems has been less studied [Cera et al., 2020; Horton et al.,
2017; Li et al., 2020]. Despite limited research, MP in freshwater have been found around
the world: both in the urban areas and in the protected zones [Dusaucy et al., 2021; Mani
and Burkhardt-Holm, 2020; Wang et al., 2017]. River waters transport the microplastic
particles, whereas the sediments of rivers, lakes and oceans accumulate MPs, forming
a global storage of polymers. The 80% of plastic debris in the marine environment brings
from the land, and rivers are the main pathways for the MP transport [Cera et al., 2020;
Horton et al., 2017; Li et al., 2020]. Near-stream pumping wells are often supplied by
induced stream infiltration [Filimonova and Baldenkov, 2015], so pore scale MPs from river
water or bottom sediments can transport into pumping wells. Therefore, there may be a
potential risk for drinking water supplies; estimating MP contamination in the catchment
zone is crucial.

In recent years, several investigations have been conducted on microplastic contami-
nation in rivers and lakes in European and Siberian parts of Russia. Microplastic particles
were detected in the Volga River [Lisina et al., 2021; Yasinskii et al., 2021], the Northern
Dvina River [Zhdanov et al., 2022], the Yenisei River [Frank et al., 2021], the Ob River [Frank
et al., 2020], the Malaya Neva River and the Smolenka River [Pozdnyakov and Ivanova, 2018],
six small rivers of the Kaliningrad region [Krivopuskova and Shibaev, 2022], Lake Ladoga
[Pozdnyakov and Ivanova, 2018], Lake Onego [Zobkov et al., 2020, 2023], six Siberian lakes
[Malygina et al., 2021] and even Lake Baikal [I/'ina et al., 2021; Meyer et al., 2021; Moore
et al., 2021].

However, in foreign reviews on the MP distribution in freshwater systems, relatively
little attention is paid to Russian investigations, and Russia is shown as a white spot on the
world map.

This article aims to fill in knowledge gaps and provide an overview of studies on MP
contamination in Russian freshwater bodies.

Plastic: Production, Use and Waste

Plastics, due to their properties, are widely used in building construction, automotive,
shipbuilding, aircraft construction, mechanical engineering, textile industry, agriculture,
medicine and in everyday life (Figure 1). Most of the plastic is being used in packaging
and building construction, accounting for 40.5% and 20.4% respectively [Plastics Europe
and EPRO, 2021].

All plastics are divided into two large groups: thermoplastic and thermosetting. While
thermoplastics are recyclable polymers which easily melt when the temperature is raised,
take a given shape, solidify, and then can be melted again, thermosets are not capable
of changing from one phase state to another several times. When the temperature of
thermosets rises, an irreversible chemical reaction occurs, resulting in the formation of
a non-molten and insoluble material [Kazmiruk, 2020].The first synthetic polymer was
developed by Leo Baekeland in 1907 (USA), called Bakelite. It is a thermosetting phenol
formaldehyde resin, formed from a condensation reaction of phenol with formaldehyde.
The development of plastics based on phenol and formaldehyde in Russia was taking place
at the same time. A group of chemists synthesized carbolite in 1914, a Russian analogue of
bakelite.

Thermoplastic polymers include such widespread materials as polyethylene (PE),
polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), and polyethylene tereph-
thalate (PET), then thermosets are now less commonly known. However, that in the
mid-20th century thermosetting polymers were more widely used than thermoplastic
plastics, even in the 1980s and 1990s more attention was paid to compositions based on
hardenable resins, their modifications and obtaining products from them. Basic thermo-
plastics were produced quite a long time ago, however, types with strength properties were
not invented for a long time.

Russ. J. Earth. Sci. 2024, 24, ES3005, EDN: HIPUOS, https://doi.org/10.2205/2024es000907 20of 23


https://elibrary.ru/hipuos
https://doi.org/10.2205/2024es000907

MicropLAsTICS IN RUSSIAN FRESHWATER SYSTEMS: A REVIEW FiLimonovA ET AL.

500 - 50
450 - 45
400 - 40
350 35
300 30
250 25

200 - 20

World. Plastic production, Mt
Russia. Plastic production, Mt

150 4 15

100 A 10

50 4

0 4
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Figure 1. Global and Russian plastic production and percentage application in the market sectors.
Figure is based on the data [Geyer et al., 2017; Ritchie et al., 2023; Speranskaya et al., 2021].

The intensive use of plastic began after World War II, in 1950 amounted ~ 2 million
tons (Mt). Further, there has been a rapid growth in the production of polymers (Figure 1).
Cumulative global production of plastics, including both polymer resin and fibers, by 2019
had reached 9.5 billion tons, more than one ton of plastic for every person alive today
[Ritchie et al., 2023].

Bioplastics is not included in this amount. Currently, biodegradable plastics represent
less than one percent of global production [European Bioplastics, 2018]. According to the
latest market data compiled by European Bioplastics global production of biodegradable
plastics should increase from 2.42 Mt in 2021 to approximately 7.59 Mt in 2026, raising its
contribution to 2% of total polymer production. Bioplastics are used in the same market
segments as plastics: packaging, catering products, consumer electronics, automotive,
agriculture, toys and textiles. Packaging is the largest market segment for plastics and
bioplastics with 40.5% and 48%, respectively [European Bioplastics, 2018].

The largest amount of plastic is produced in China (35% of the total volume), North
America (19%), Europe (15%); currently, Russia's contribution to the global production
of plastics is not very large and amounts to about 3% [Plastics Europe and EPRO, 2021].
The production of plastic was 10.2 Mt in 2020, accounting for 15% of the total industrial
production in Russia [Federal State Statistics Service, 1999]. The main types of plastic
production are: polyethylene (PE, 36%), polypropylene (PP, 21%), polyvinylchloride (PVC,
12%). They are followed by groups of plastics based on polystyrene (PS), polyethylene
terephthalate (PET) and polyurethane (PU) (<10% each) [Geyer et al., 2017]. Six groups
of varieties of these plastics account for more than 90% of the global production of all
polymers.

In recent years in Russia, as elsewhere in the world, there has been a significant growth
in the production of various types of plastics. Thus, in 2014-2019 the growth was 64.2%,
PE production increased on average by 7.3%, PP — by 7.1%, PVC — by 8.5%, PS — by 0.9%,
and PET - by 2.2% [Speranskaya et al., 2021]. The distribution of polymer types in global
and Russian primary production is shown in Figure 2.

Geyer et al. [2017] analyzed in detail global primary plastic production, use and waste,
authors obtained, that 6300 Mt of primary and secondary plastic waste have been generated
before 2015. Authors suggested, that approximately 12,000 Mt of plastic waste will be
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Figure 2. Polymer type in global primary production and waste generation. Figure is based on the
data [Geyer et al., 2017; Ritchie et al., 2023; Speranskaya et al., 2021].

in landfills or in the natural environment by 2050 due to current production and waste
management trends. Top 10 countries produced the most total plastic waste in 2016 is
shown in Figure 3. 5800 Mt of global primary plastics is single-used, 600 Mt (9%) was
recycled since 1950, only 10% of which have been recycled more than once [Geyer et al.,
2017]. Non-recyclable plastics are incinerated or discarded. Approximately 800 Mt (12%
of primary and secondary plastics) have been incinerated. Most waste has accumulated
in landfills or in natural environment. Before 1980, plastic recycling and incineration
were negligible. Global recycling and incineration rates have slowly increased, currently,
13-32% of plastics waste is recycled in Europe, and up to 76% is incinerated, in China 25%
is recycled and 30% is incinerated [National Bureau of Statics of China, 1999; Unnisa and
Hassanpour, 2017]. The leader in plastic waste management is Switzerland, where 24% of
waste is recycled, 76% is incinerated and nothing is discarded in landfills. In the Russian
Federation the recycling of plastic is 7-12.5% [Federal State Statistics Service, 1999], while
various experts estimate this rate in the range of 5-25% [Volkova, 2020]. The rest of the
plastic waste is discarded in landfills or incinerated. Approximately 20% of PET bottles are

40 1 Mt
35
30
25 1

20 A

) L 1NDDoon

United India China Brazil Indonesia Russia Germany United Mexico Japan
States Kingdom

Figure 3. Countries, produced the most total plastic waste in 2016 [World Population Review, 2023].
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recycled, 10% of total PVC products, 12% — of PS, 17% — of PP, 12% — of other thermoplastic
[Speranskaya et al., 2021]. According to the Ministry of Trade of the Russian Federation,
there are about 500 companies in the country, which can recycle 350-450 thousand tons of
plastic waste.

Types of Microplastics

Microplastics include a quite wide group of polymers that differ not only in com-
position and physical properties, but also in shape due to different origin. There can
be distinguished primary and secondary microplastics. The primary microplastics are
specially manufactured as microgranules for use in cosmetics, medicines and cleaning,
personal care products, in blasting, in drilling fluids for oil and gas exploration or pellets
(pre-production plastics) to produce larger products [Cole et al., 2011; Duis and Coors,
2016; Kazmiruk, 2020]. This category comprises of pellets, grains, and spheres, beads, i.e.
a number of shapes that are close to spherical, such as ovoid or cylindrical particles [Lusher
et al., 2020]. Microplastics from personal care products represent granules with a less
regular particle surface due to use as exfoliants.

Secondary microplastics is produced by the disintegration of large polymer products:
abrasion of car tires, destruction of road surfaces, losses and defragmentation of plastic
materials; degradation of plastic debris on land and in the oceans, domestic and industrial
washing or production of synthetic textiles [Duis and Coors, 2016; Kazak et al., 2023]. Fibers
and fragments relate to the group of secondary microplastics. Fibers are elongated particles
whose length is significantly greater than their width; fibers may also be present in bundles.
Synthetic textiles are the main source of synthetic fibers. Some researchers classify MPs
produced during the washing processes or synthetic clothes production as primary plastics.
Fragments are a highly diverse category of particles, including such specific subcategories
as foams and films [Lusher et al., 2020]. Fragments are characterized by their relative
angularity. Films are particles with two dimensions are significantly greater than the third.
Foams is fragments from expanded plastics. The majority of fragments are formed during
macroplastic degradation (physical, chemical, biological).

Materials and Methods

Data collection was performed by bibliographical search in several databases such as
Scopus, Web of Science, and Russian Science Citation Index (without a lower time limit,
until August 2023). The keywords given in Russian and English were “microplastic(s)”,
“plastic pollution”, “lakes”, “rivers”, and “Russia”.

16 articles dedicated to microplastic particles in freshwater bodies of Russia were
selected for analysis. Identical results published in different publications were rejected
(e.g., if a brief report was published first, followed by a more detailed paper about the same
site). The following information has been collected from all articles: 1) the investigated
object: bottom sediments, river water or lake water; 2) methodology: sampling method, MP
extraction process, identification techniques; 3) abundance and characteristics of MPs: size,
shape, polymer type. The obtained information is systematized in Table 1 and graphical
formats (Figure 4).

Techniques: Sampling, Extraction and Identification

Investigations of environmental contamination by MPs can be conducted for water,
bottom sediments or coastal deposits. Determination of MP abundance in freshwater
systems include three steps: 1) sampling MPs from nature water or sediments; 2) extraction
MPs from organic and inorganic matter; 3) identification size, shape, color, chemical type
and other properties of polymers.

The sampling methods used for capturing microplastics divided into three groups:
selective, bulk and volume-reduced [Hidalgo-Ruz et al., 2012]. Selective method is used
for analysis MPs from coastal sediments, whereas bulk method is applicable for bottom
sediments. The volume-reduced method is the most commonly implemented for water
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sampling and sometimes for bottom sediments [Zobkov and Esiukova, 2018]. Water sampling
equipment is MANTA trawls, Neuston net, pelagic/bottom trawls, Niskin bathometers,
self-made filtration units, and pumping devices [Bagaev et al., 2021].

Trawling with MANTA net or Neuston net is the main method for sampling surface
water for the estimation of microplastic concentration used in Russia (Table 1). The mesh
size traditionally is 330 pm [Frank et al., 2020; Il'ina et al., 2021; Lisina et al., 2021], in this
case particles of size 0.33-5 mm are analyzed. Net with 67-ym mesh was involved in study
[Krivopuskova and Shibaev, 2022], that allows to catch smaller MP particles. Researches also
used filtration device with mesh size of 100 or 132 pym [Pozdnyakov et al., 2020; Yasinskii
et al., 2021]. The listed methods only collect plastics from the surface and near-surface
water layer, and hence light polymers are analyzed. Pumping systems are applied to sample
MP particles from the water column, this technique is often practiced for studies in the
marine environment [Bagaev et al., 2021; Zobkov and Esiukova, 2018], for freshwater systems
it is used less frequently [[vanova and Tikhonova, 2022; Moore et al., 2021]. Vertical net with
174-pm mesh was involved in study [Zobkov et al., 2023], this sampling technique allows to
research MPs in the water column. In one study [Meyer et al., 2021], bulk method was used,
water samples were taken into bottles and the filtration process was performed into the
laboratory.

Figure 4. Map of microplastic sampling locations and its abundance from investigations in Russian
freshwater bodies in 2018-2023.
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Table 1. Description of microplastic particles found in Russian freshwater systems

Concentration, for

water samples

Metod . 3
Sampling Extraction density Detection items/m for bottom Polymer
Object sediments — Size Shape Reference
methods methods separa- methods items/ka DW; type
tion tems/kg ’
Cm — mean
concentration
0.00045-
.. 0.15 mm -
. Manta- Sieving, Stereo- 19.49 fragments 47.4%;
Ol(jsirrlf(jlgeoxivnalt{elé%rs trawls with oxidation with  NaCl 1.19 micro- 26.5-114; 0.15 0' 3 ;’lm fibers 22.1%; not [Frank et al.,
a 0.33 mm Fenton, density g/ml Cm=44.2-51.2 o films 20.8%; detected 2020]
mesh net separation scope 28.6%0.51 mm — spheres 9.74%
45.5% 1-5 mm — )
6.5%
Sieving,
Manta oxidation with Stereo
Volea Ri - 0 - o/..
0183 Kiver trawls with 000 NaOHand saturated ;0 0.156-4.1; fragments 419; e b b [Lising et al.,
(surface water) with 30% H,O,, solution 0.3-5 mm films 37%; fibers
a 0.3 mm . . scope, Cm=0.9 PVC 2021]
mesh net filtration, NaCl DSC 22%
density
separation
Trawls with ~ Visual analysis,
N. Dvina River . fragments 82%, PE 52.6%,
. .004-0.010; . . Zhd
(surface water) a0.33 mm den_s1ty no data FTIR 0.004-0.010; 0.333-0.5 mm films, fibers, PP 36.8%, [ anov
mesh separation and Cm =0.007 et al., 2022]
Neuston net sieving spheres, foams EEA 10.5%

Continued on next page
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Table 1 — continued from previous page

Concentration, for
water samples

Metod items/m°, for
Object Sampling Extraction density =~ Detection bottom sediments — Size Shape Polymer Reference
methods methods separa- methods . type
. items/kg DW;
tion
Cm — mean
concentration
Nizh- Manta-
nyaya Surface trawls with 1.2+£0.7 to fraements of
Tun- water a 0.3 mm 4.53+2.04 i;gregular
guska mesh net Sieving, Stereo- )
River : oxidation with NaCl micro- 0.30-1.00 mm shape, not detected U7k et al.
Stainless . 1.20 g/ml fibers, 2021]
and teel Fenton, density scope films
Yenisei Bott s eethspoon, Spherés
. ottom en
R +
et sedi- samples 2;23_4_834(:) 1t0
ments  were stored -
in aluminum
foil bags
Siberian lakes 3.
surface Filtration with (4-26)x107; films 21%,
3
water) a vacuum filter Cm=11x10 fragments
Talmen Lake 5_liter pump Filtration 8000 10— 37%, ot [Malygina
glass jars through glass Not used  SEM/EDS 960 nm fibers 9%, detected et al.,
Dzhulukul Lake microfiber 5000 foam 14%, 2021]
Teletskoye Lake filters. Drying 12,000 pellets
Zludyri Lake in Petri dishes 4000 19%
Degtyarka Lake 26,000
Kuchuk Lake 8000
Continued on next page
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Table 1 — continued from previous page

Concentration, for

water samples

Metod items/m°, for
Object Sampling Extraction density =~ Detection bottom sediments — Size Shape Polymer Reference
methods methods separa- methods . type
. items/kg DW;
tion
Cm — mean
concentration
Self-made
Surface filtration
water unl.t mefsh Oxidation with 20-2400
size 0 o
100 um H,0,, sieving Saturgted Stereo- 0.1-1.5 mm B [Pozdnyakov and
Lake & and density solution microscope (more common) not detected Ivanova, 2018]
Ladoga Bottom separation NaCl 1.5-5 mm ’
sedi- no data 60-200 items/kg
ments
0.33-1.6 mm -
[0}
Binocular 16 535.27£m films (59.6%),
. . . . _ . - . - _ 0,
Lake Baikal Trawls with SleV1ng and Satura.ted micro 0.095-0.48; 27 7% fra;gmer'lts PE 500/0, [IVina et al.,
(surface water) a 0.33 mm density solution scope, IR Cim = 0.27 39-5.0 mm — (23.5%), fibers PP - 40%, 2021]
mesh net separation NaCl spectrom- ' ' 8‘2‘V (16.8%), foam PS -10%
. 0 o,
etry 5.0-32.8 mm — (2%)
8.4%
Peterson PC, PE,
grab (2018), Oxidatic?n v'vith Stereomicro- fibers (54.6%), cello-
Lake Onego Box Corer H,0; sieving HCOOK scope with Cm =2188.7 beads (19.6%), phane and [Zobkow et al.
(bottom and Central part of 0.174-5 mm fragments polyacry- ’
) Grab 1.5 g/ml Raman 2020]
sediments) (Hydrobios) dense-liquid spectro- lake 2290-4679 (12.9%), films lonitrile
separation .9% together
' forming 57%)

Continued on next page
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Table 1 — continued from previous page

Concentration, for
water samples

Metod . 3
Sampling Extraction density =~ Detection items/m", for
Object bottom sediments — Size Shape Reference
methods methods separa- methods .
. items/kg DW;
tion
Cm — mean
concentration
Smolenka river Optical
(surface water) Self-made microscope;  Cm=1.1X 10° 3-5mm (2%) fibers (96%)
filtration unit; Raman spec- 1.5-3 mm (9%) beads (19) )
. - - o),
- mesh size of trometry, X 0.1-1.5 mm fragments (3%)
M. Neva river 100 pm FTIR Cm=3.0x10 (89%)
(surface water)
[Pozdnyakov
Smolenka river ) ] etal., 2020]
(bottom 2 times density Optical )
) separation: ) Cm = 60 items/kg
sediments) P ) microscope; 3-5 mm (2%) )
oxidation with Raman o fibers (95%),
0> sievi ZnCl, 1.5-3 mm (9%) beads (4%
. nodata  HyOzsieving 70/ spectromet- 0.1-1.5 mm eads (4%),
M. Neva river and ry, FTIR Cm = 30 items/k ' (8§°/) fragments (1%)
(bottom dense-liquid & ’
sediments) separation
Optical
Ti . .
of the Volge Oxidation with scope [Vasinti
c YO8 10 liters Fenton; — COP (0.5-1.3) x10° 90-2000 ym fibers
River . . with hot etal., 2021]
filtration
(surface water) needle
test

Continued on next page
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Table 1 — continued from previous page

Concentration, for
water samples

Metod items/m°, f
. Sampling Extraction density Detection tems m. » ot .
Object bottom sediments — Size Shape Reference
methods methods separa- methods .
tion items/kg DW;
Cm — mean
concentration
Pumping
300L and
filtration Filtration: Optical
Lake Baikal ’ icro- i 9 .
ake Baika through oxidation with Nal micro 91 15-2946 jm Fibers (31%), [Moore et al.,
(surface water) a nylon H.0 Scope; fragments (69%) alkyd resin 2021]
202
plankton net FTIR
(20-pm
mesh)
h f ing i -
Sout pa.rt © Sampling " FPiltration with St§reo Fibers, fragments, [Meyer et al.,
lake Baikal 1.5L plastic — micro- no data 0.3-5 mm
net 47 ym beads 2021]
(surface water) bottles scope
Six small rivers Planktonic
of the network Filtration Stereo- [Krivopuskova
Kaliningrad with a mesh through the — micro- 20-120 1-5 mm Fibers, fragments and Shibaev,
region size of membrane filter scope 2022]
(surface water) 67 ym
Pumping N . .
Oxidation with Fibers (98%)
Lake L ’
ake Ladoga through Fenton; — . 18-353 Fragments (1%), PET (46%),
(surface water) a net (60-ym . . Optical .
filtration . Films (1%) [Ivanova and
mesh) microscope; 60-5000 i
2 times density Raman ) - Tihonov
2022
Lake Ladoga separation, spectro- !
(bottomg Ekman filtration, ZnCl, metry 14-90 Fibers (99%),
sediments) Berge grab oxidation with 1.7 g/ml Fragments (1%)
Fenton;
filtration

Continued on next page
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Table 1 — continued from previous page

Concentration, for
water samples

Metod items/m°, for
Object Sampling Extraction density =~ Detection bottom sediments — Size Shape Polymer Reference
methods methods separa- methods . type
. items/kg DW;
tion
Cm — mean
concentration
Synthetic
Lake Onego Vertical net  Oxidation 30% aﬁditives
(surface wﬁer) with 174 ym-  H,05; density 78-3680 Fibers (99%) (30%), PP
mesh separation (12%), PET
(12%), PA, PE,
AC, modified
R cellulose etc.
aman
— HCOOK spectro- 174-5000 ym [Zobkov
Lake Onego Peterson Oxidation 30% (1.5 g/ml) metry Fibers (50-60%) PE (17%), °t al., 2023]
8 grab and H,0,; filtration, 234.8-52,107.0; . ’ PC (15%)
(bottom . . beads, films, ’
sediments) Hydrobios density Cm = 6667.1£4326.8 fragments AC (15%), PA,
box grab separation 8 PET, PS,
PU modified

cellulose etc.
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Bottom samples is mostly collected using different grabs (Van Veen, Peterson, Ekman),
box Corer and rockhopper ground gear. In the works under consideration, Peterson grab
and Box Corer (Hydrobios) [Zobkov et al., 2020, 2023] and Ekman Berge grab [[vanova
and Tikhonova, 2022] were used. In study [Frank et al., 2021] sediments were collected
bystainless steel spoon. Two papers do not mention the sampling technique [Pozdnyakov
and Ivanova, 2018; Pozdnyakov et al., 2020].

Sampling and identification methods are varied, but methods of separating plastics are
standardized and modified are based on NOAA protocol [Masura et al., 2015] or modified
NOAA protocol [Zobkov et al., 2020], and consists of the following steps: drying, oxida-
tion, flotation, filtration. The most commonly used flotation reagent is NaCl (1.2 g/mL)
(Table 1), other salts were also used: HCOOK [Zobkov et al., 2020, 2023], ZnCl, [[vanova
and Tikhonova, 2022; Pozdnyakov et al., 2020], Nal [Moore et al., 2021]. In study [Zobkov
et al., 2023], it is noted that the use of HCOOK and ZnCl, as a separation reagent shows
identical results and allows to compare the MP concentrations of different investigations.

Identification techniques for determination poly-
mer type divided into 2 groups: visual and analytical.
Visual characterization of microplastics includes three
descriptive categories al descriptions: morphology (size,
19% shape, and texture), optical properties (color, reflectivity,
and birefringence) and behavior (flexibility, density, etc.)
[Lusher et al., 2020]. Electron microscopy plus energy-
dispersive X-ray spectroscopy (SEM/EDS) determines sur-
face morphology and elemental composition to identify
whether each particle was potentially a plastic [Malygina
et al., 2021]. Researches showed that false identification
of plastic-like particles by microscopy can be 20%, and
for transparent ones — 70%, which was confirmed by sub-
sequent spectroscopic analysis [Hidalgo-Ruz et al., 2012].

Polymer types were identified in 8 studies. The most
commonly used analytical methods for determining the
presence and type of polymers are IR spectroscopic tech-
25% niques such as Fourier Transform Infrared Spectroscopy
(FTIR) and Raman spectroscopy, which were applied in
7 researches (Figure 5). Besides FTIR [Moore et al., 2021;
Zhdanov et al., 2022; Zobkov et al., 2023] and Raman
Figure 5. Techniques for identifying the polymers used for microplas- Spectroscopy [Pozdnyakov et al., 2020; Zobkov et al., 2020,
tics in Russian studies. 2023], thermal methods have been used to identify the

composition of microplastics, among them pyrolysis-gas
chromatography and differential scanning calorimetry. Unlike the spectroscopic approach,
this technique is destructive. DSC was used to identify particles in Volga water [Lisina
etal.,2021].
The detailed description, advantages and limitations of each method are not presented
here, as there are a sufficient number of articles on this subject [Kazak et al., 2023; Kazmiruk,
2020; Zobkov and Esiukova, 20138].

6%

44%

6%

aDSC ®mFTIR ®mIR Raman not detected

Distribution of Microplastics in Freshwater Bodies

The researches of microplastic particles in freshwater environments are widely per-
formed all over the world. In Russia, the first investigation of microplastics in surface
water began in 2018 with the study of surface water and bottom sediments of Lake Ladoga
[Pozdnyakov and Ivanova, 2018]. Later MP contamination determined also in Lake Onego
[Zobkov et al., 2020], Lake Baikal [II'ina et al., 2021; Meyer et al., 2021; Moore et al., 2021],
lakes in the southern part of Western Siberia [Malygina et al., 2021]. MP research in Russian
river systems are at the at the early stages of development, several water samples from
the Volga River have been investigated [Lisina et al., 2021; Yasinskii et al., 2021], in the
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river mouths of the Neva Bay [Pozdnyakov et al., 2020], and samples have been taken in the
Northern Dvina [Zhdanov et al., 2022], the Yenisei and the Ob [Frank et al., 2020, 2021].

The following information is summarized and presented in Table 1: sampling methods,
extraction processes, identification techniques, and MP characteristics such as concentra-
tion, size, shape and chemical composition of polymers.

Microplactics in Lake and River Waters

Fourteen investigations were made to analyze MP contamination in Russian lakes and
rivers. Water samples were collected using 300-pm mesh size trawl net in the Volga [Lisina
et al., 2021], the Yenisey [Frank et al., 2021], the Northern Dvina [Zhdanov et al., 2022],
the Ob and the Tom [Frank et al., 2020]. NaCl (1.2 g/mL) is used as flotation reagent in
these investigations, except the Northern Dvina River, where the separation method is not
mentioned. Single sampling method and NaCl salt for density separation allows reliable
comparison of study data.

A study was conducted along the entire Volga River in 2020. Thirty-four samples
of surface water were taken from upstream to downstream along river. Microplastics
were found at all the locations, but their concentrations varied significantly from 0.16 to
4.1items/m’ [Lisina et al., 2021]. Maximum MP concentrations (1.9-4.1 items/m3) were
detected near large cities: Kazan, Nizhny Novgorod, Volgograd, and Tver (Figure 4). Similar
concentrations were obtained in the middlestream of the Yenisey River of 1.2-4.5 items/m’
[Frank et al., 2021]. MP concentration in the upper Ob River and its tributary Tom River
was ranged from 29.2 to 1 14items/m3, and the maximum abundance was detected near
Novosibirsk [Frank et al., 2020]. In the delta of the Northern Dvina River were collected
9 samples during 9 months’ ice-free period. The amount of microplastics ranged in
the limits 0.004-0.010 items/ma, no clear trend of seasonal variability can be detected
[Zhdanov et al., 2022].

A comparison of MP content in rivers around the world using a similar sampling
method (0.3 mm mesh trawls) shows the same significant range of values. For example, in
the Rhine, the MP concentration is 0.04-9.97 items/ m’ higher MP concentrations in the
downstream German Rhine River versus the Rhine in Basel and upstream Swiss tributaries
are associated with greater anthropogenic pressure and mismanaged waste [Mani and
Burkhardt-Holm, 2020]. Higher concentrations were observed in three urban Chinese
estuaries (100-4100 items/mg) [Zhao, Sh. et al., 2015] and at five locations near major cities
on the Ganga Rive (3.8-6.8 x 10° items/m°) [Singh et al., 2021].

Estimation MP abundance in small rivers in Kaliningrad region, using planktonic net
with 67-pm mesh for sampling, shows 20-120 items/m3 [Krivopuskova and Shibaev, 2022].
The use of the same water sampling method — trawling, but with different mesh sizes,
already at the first stage of research (sampling stage) creates uncertainty for comparison of
polymer particle concentrations.

For tributaries of the Volga [Yasinskii et al., 2021], the M. Neva and Smolenka rivers
[Pozdnyakov et al., 2020] filtration through 132 and 100 pm mesh was used, respectively.
The obtained concentrations of microplastic particles are similar. For the Volga tributaries
the MP abundance is (0.5-1.3) x 10% items/m°, for the mouth parts of the Neva Bay rivers
(1.1-3) x 10° items/m" (Table 1).

The morphological characteristics of microplastics were made for each study, but the
percentage of different forms was not determined in all cases (Figure 6). In the Volga water,
the mean ratio of shapes was: fragments 41%, films 37%, and fibers 22%, but their ratio
was not constant in different locations. It was found that as increase the total abundance of
all types of particles, the proportion of fragments also increases, indicating the emergence
of new sources of contamination [Lisina et al., 2021]. Particles of various shapes (fragments,
films, fibers, spheres, foams) were found in the surface waters of the Northern Dvina
River, the majority of particles were fragments 82% [Zhdanov et al., 2022]. Irregularly
shaped fragments were the most abundant among the Ob and Tom samples (47.4%) and
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exceeded fibers (22.1%), films (20.8%), and spheres (9.74%) on average [Frank et al., 2020].
Microfragments were the most abundant in the all samples, except for the sampling site
near Kemerovo in the Tom River. The highest concentration (56.8%) of microbeads was
observed at this site due to the fact that plastics plants are located in this area. Fibers, film
and fragments were detected in water samples from the Yenisei River [Frank et al., 2021].
Microspheres and pellets were not detected. The percentage ratio of MP particle shapes
obtained in the river water of the Neva and Smolenka rivers is as follows: fibers — 96%,
fragments — 3%, beads — 1% [Pozdnyakov et al., 2020].

T,0.3

B P, 0.02 T,0.33 P, 0.065 \ { NA

The Ob and
Tom

The Volga

Siberian lakes The Baikal The Baikal The M. Neva The Northern The Ladoga The lLadoga The M. Neva The Onego

[II'inaetal, [Mooreetal., andthe Dvina and the
2021] 2022] Smolenka Smolenka
mfragments W fibers  mspheres flm mfoam  mpellets

Figure 6. Shapes of microplastic particles in freshwater bodies and sampling method: T - trawling,
B — bulk method, P — pumping, F — filtration, VN — vertical net, G — grab; number —mesh size of net

or filter in mm.

The morphological characteristics of microplastics help to suggest MP sources and
degradation degree of particles, for this reason, it is recommended to describe the shape of
the particles in as much detail as possible [Lusher et al., 2020]. Significant concentration
of virgin plastic pellets indicates the nearby plastics plants or highways where pellets are
lost during transportation, contamination of polyester fibers located near textile factories;
high values of both fibers and microbeads from personal care products show wastewater
discharge; beads are also used in airblasting technology; fragments reveal the impact of
runoff on the crushing of large pieces of plastic [Auta et al., 2017; Ziajahromi, Sh. et al.,
2016]. Most of the MPs that entered the seas from rivers were synthetic polymers from
WWTP (42%) and plastic-based textiles from laundries (29%), while smaller sources of
fibers came from household dust (19%) and personal care microbeads (10%) [Siegfried et al.,
2017]. A global assessment of the percentage of MP shape found in freshwater showed the
following results: fibers were 59%, fragments counted 20%, beads, films and foams were
also observed in a proportion of less than 10%; the analysis includes all studies addressing
the MP investigations in freshwater bodies without taking into account sampling, extraction
and identification methods [Li et al., 2020].

Identification of the polymer type in the considered works was carried out by different
methods (Table 1). Types of polymers found in Volga are determined by differential
scanning calorimetry. The DSC results showed that PE and PP prevailed in all samples
and represent items of various shape and color, single samples of PVC and PS have been
identified out [Lisina et al., 2021]. Chemical composition of the found plastic items in the
delta of the Northern Dvina River was made by FTIR. The majority of the microplastics
were identified as polyethylene (PE) 52.6%, followed by polypropylene (PP) 36.8% and
Ethylene Ethyl Acrylate Copolymer (EEA) 10.5%. Among types of mesoplastics were found
particles PU and PS [Zhdanov et al., 2022]. The majority of fibers were identified as PET in
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the Smolenka and the M. Neva by methods of Raman and IR-spectrometry [Pozdnyakov
et al., 2020]. Polymer types in other investigations were not detected.

A global estimation of MP composition shows, that PP and PE represent 24% each in
the composition of the microplastics found in freshwater samples, together with PS and
PET contribute almost 3/4 of the contamination in freshwater systems [Li ef al., 2020].
Cera and co-authors note PP and PE are the main contaminants for sediment and water,
while PE and PET are mostly found in biota [Cera et al., 2020].

Microplastic concentration was studied in 9 Russian lakes (Lake Onego, Lake Ladoga,
Lake Baikal and the Altai lakes). Microplastic particles in Lake Baikal water were investi-
gated in three studies, using different sampling methods: MANTA trawling with 330-pum
mesh size [I/'ina et al., 2021], pumping 300 L and filtration through a nylon plankton net
(20-pm mesh) [Moore et al., 2021] and collecting water samples in plastic bottles [Meyer et al.,
2021]. The study [Meyer et al., 2021] has no detailed description of sampling methods and
plastic particles extraction methods, but indicates the size range of detected MPs > 330 ym.
MP concentrations in water samples were 0.27 items/m" for 0.33-32.8 mm size particles
[II'ina et al., 2021], 1.79 items/m” for 0.33-5mm [Meyer et al., 2021], and 291 items/m" for
15-2946 pm size particles [Moore et al., 2021]. Since MPs < 330pum particles are 88% of the
total MPs, content of MPs > 330 pm is 34.92items/m3 in [Moore et al., 2021]. According
to results of [II'ina et al., 2021], the microplastic size range represents 91.6% of the total
content, thus, MP abundance in Lake Baikal varies from 0.25 to 34.92 items/m3, using
different sampling techniques. The research [Barrows et al., 2017] showed that the mi-
croplastic concentration was three times lower by sampling with a mesh size of 335 pm than
similar volume of 1 L surface grab water sampling. [Uurasjdirvi et al., 2019] reported, that
MP abundance in the surface water of Kallavesi Lake (Finland) was 0.27 + 0.18 items/m”,
sampled with a 0.333 mm Manta net, and 1.80 * 2.3Oitems/m3, sampled with a 0.3 mm
filter pump.

Microplastic particles were detected in all water samples taken from Lake Ladoga
during 2018-2021 [Ivanova and Tikhonova, 2022; Pozdnyakov and Ivanova, 2018]. The
minimum MP concentration was 0.02 items/L and maximum was 2.4 items/L at a sampling
point located in several kilometers from the household waste dump [Pozdnyakov and
Ivanova, 2018]. Converting the concentration to m3, the MP content is 20-2400 items/m3
for 0.1-5 mm size particles. In study [Ivanova and Tikhonova, 2022] the summary of the
results of MP investigations in Ladoga water for the period 2018-2021 is given and the
concentration of microplastics is presented as 18-353 items/m” for particles 60-5000 pm
size. Self-made filtration unit with mesh size of 0.1 mm was used initially, later pumping
device with filter of 60-pm mesh size was involved, i.e. the minimum size in previous
studies was 100 ym, in subsequent studies it was reduced to 60 pm. A saturated NaCl
solution was used for floatation [Pozdnyakov and Ivanova, 2018], later ZnCl, was applied
as a separation reagent [[vanova and Tikhonova, 2022]. The location with the maximum
concentration was not included in the analysis 2022 year.

Water samples from Lake Onego were taken using vertical net with 174-ym mesh
size during 2019-2021 period. MP abundance from water column based on the results of
17 samples was 78-3680 items/m’ [Zobkov et al., 2023].

Microplastic contamination were investigated in the surface waters from six lakes in
the Western Siberia. The studied lakes are located both in the Altai mountains and the
West Siberian plain, they differ in size, origin, and climate and human activities [Malygina
et al., 2021]. Samples were collected into 5-liter glass jars. Particles of size 1-350 nm were
investigated in this research. When smaller particle sizes are studied, due to all other factors
being equal, a higher particle content will be detected. Therefore high concentrations
of microplastics (4-26) x 10’ items/m” were detected for all lakes, despite the fact that
the three lakes are situated in a protected area Katunsky and Altaisky Nature Reserves.
Authors suggested tourist litter, motorboat traffic and atmospheric transboundary transport
as potential MP sources. Shoreline population changes have less effect on MP concentration
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in lakes than tributary presence in the lakes, confirming the important role of rivers in
particle transport.

Compared with the other lakes worldwide, there is a significant variation in concen-
trations: from 0.12items/m" in Lake Hovsgol (Mongolia) to 1.9 x 10%items/m” in Lake
Winnipeg (Canada) for particles of size 0.3-5mm [Li ef al., 2020]. MP abundance, de-
tected in water samples from 20 urban Chinese lakes, is 1660-8925 items/m’ [Wang et al.,
2017] for particles 60 to 5000 pm. The mean concentration is 2562 items/m’, obtained
from analysis of 62 water bodies all over the world for particles <5 mm [Cera et al., 2020].
Another study [Dusaucy et al., 2021] reported MP content from 0.27 to 34,000 items/m’
with a median value around 1442 items/m3, summarized from 98 worldwide lakes with
a variety of particle sizes, contrasting sampling techniques and analyses.

Fibers and fragments are the main shapes detected in the water of lakes (Figure 6).
Fibers are the dominant in water samples from Lakes Ladoga and Onego, accounting for up
to 98-99% of the total amount [[vanova and Tikhonova, 2022; Zobkov et al., 2023]. According
to [II'ina et al., 2021] in water samples from Lake Baikal the predominant shape was film
(59.6%), fragments (23.5%) and fibers (16.8%) were found; but according to [Moore et al.,
2021] the fragments accounted for 69%, fibers — 31% of total, the primary plastic was not
detected in both study. The obtained concentrations of plastic particles in Baikal water
correlate with population density and the location of tourist centers. It should be noted
that films and fragments predominate in samples taken near areas with anthropogenic
load, while fibers are prevalent in samples taken at a distance from the main sources of
polymers. The greatest diversity of particle forms was detected in the waters of Siberian
lakes: fragments (37%), fibers (9%), films (21%), foam (14%), pellets (19%) [Malygina et al.,
2021].

Identification of the plastic composition in water samples from lakes has been carried
out only in 5 works using spectrometry (Table 1). The chemical composition of MPs from
Lake Baikal was carried out only for ten particles using IR spectroscopy, the following
results were obtained: PE was 50%, PP 40%, PS 10% [I/’ina et al., 2021]. PET and PVC
were not detected in the analysis. The absence of these polymers is possibly due to their
density, which is higher compared to water, and therefore they are more probably found in
bottom sediments rather than in the surface water layer. In [Moore et al., 2021], a diverse
contrary ratio of polymer types Lake Baikal was obtained: PP 65%, PET 16%, PE 4%, PVC
4% and others due to the use of pumping method and hence collection of polymers from
the water column. Only 20% of particles from Lake Ladoga were detected in [[vanova
and Tikhonova, 2022], the dominant types were PET (46%) and polyacrylate (31%). The
small percentage of PE (8%) is probably due to the large number of narrow fibers that
were burned during identification. In water samples from Lake Onego, 81% of particles
were identified, among which both synthetic and natural polymers were found. Synthetic
additives (30%), PP (12%), PET (12%), PA, PE, AC, modified cellulose and others were
detected [Zobkov et al., 2023].

Notably, 79% of the polymers from the identified samples had a higher specific density
than fresh water. Scanning electron microscopy with energy-dispersive X-ray spectroscopy
(SEM/EDS) was performed for samples from Siberian lakes. EDS analysis determined the
elemental composition and showed ClI peaks that allows us to classify such particles as
PVC [Malygina et al., 2021].

According to review studies, the most common shapes in lake water were fibers and
polymer types were PE and PP [Dusaucy et al., 2021; Li et al., 2020; Wang et al., 2017]. To
reveal patterns in chemical types of polymers from water bodies of the Russian Federation
at this stage is not possible due to the small number of works and contrasting sampling
and identification techniques.
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Microplactics in Bottom Sediments

MP contamination in bottom sediments of freshwater bodies (Lake Onego, Lake
Ladoga, the Yenisei River, the Smolenka River, the M. Neva River) was investigated in
6 studies (Table 1).

A detailed study of the bottom sediments of Lake Onego was performed in different
seasons 2018-2021 [Zobkov et al., 2020, 2023]. Sediment samples were collected using
Peterson grab and Box Corer. MP extraction was performed using a modified NOAA
protocol [Zobkov et al., 2020]. The research results showed that the mean concentration of
MPs was 6667.1 + 4326.8 items/kg DW (0.174-5 mm size particles). The MPs abundance
in Onego bottom sediments varied significantly depending on the site location [Zobkov
et al., 2020]. The highest MP abundance in bottom sediments was 52,107 items/kg DW,
located near the Kondopoga pulp and paper mill and the town of Medvezh’egorsk [Zobkov
et al., 2020, 2023].

Investigation of MP particles in Ladoga sediments also began in 2018 [Pozdnyakov
and Ivanova, 2018], unfortunately the sampling technique is not mentioned. MP particle
content in bottom sediments was 60-200 items/kg DW for 0.1-5 mm size particles. Ekman
Berge grab were used to collect sediments in further research [Ivanova and Tikhonova, 2022].
MP abundance was estimated as 14-90 items/kg DW for 0.06-5 mm size particles.

MP particles were also studied in river bottom sediments. The amount of MPs in the
Yenisei bottom sediments were 235-543 items/kg DW (0.15-5 mm particle size) with no
tendency of downstream increasing [Frank et al., 2021]. Sediment samples were collected
with a stainless steel spoon and stored in aluminum foil bags. The concentration of
MP particles in the bottom sediments of the M. Neva and The Smolenka Rivers was
30-60items/kg DW (0.1-5 mm particle size) [Pozdnyakov et al., 2020].

For particles between 500-5000 um, the MP concentration was low (<1 items/kg DW)
in samples taken from the Roter Main River sediments (Germany), while for pore scale
particles (20-50 um) the high content was measured (~ 30,000 items/kg DW) [Frei et al.,
2019]. Dusaucy et al. [2021] reported that MP abundance in bottom sediments from
98 lakes worldwide ranged from 0.7 items/kg DW to 7707 items/kg DW with a median
value around 385 items/kg DW, the authors summarized the results of all studies without
considering particle size range.

In bottom sediments MP was mainly was mainly represented by fibers (Fig. 5). In two
samples from the Yenisei River percentage of fibers reached 100% [Frank et al., 2021], from
Lake Ladoga — 99% [Ivanova and Tikhonova, 2022], from the M. Neva and the Smolenka —
95% [Pozdnyakov et al., 2020]. In Onego sediments fibers accounted for 50-60% of the
total, fragments, films and bears have been also found [Zobkov et al., 2023]. The percentage
of MP morphological forms is caused by the sampling location and the nearness of the
contamination sources.

In total, 16 polymer types have been identified in bottom sediments in the Lake Onego
[Zobkov et al., 2023). PC, PE, cellophane, and polyacrylonitrile were the most dominant
polymers in bottom sediments in the Lake Onego, together accounting for over 57% of the
identified samples, using Raman spectroscopy [Zobkov et al., 2020]. The MP composition of
Ladoga bottom sediments is similar to that of the water samples: PET and polyacrylate
[Ivanova and Tikhonova, 2022]. The majority of polymers from the examined samples from
the M. Neva and the Smolenka sediments were identified as PET [Pozdnyakov et al., 2020].

Similar to lake water, fibers are the most frequently found in lake sediments, and the
dominant types of polymers are PE and PP [Dusaucy et al., 2021; Wang et al., 2017].

Conclusion

The growth of plastic production in Russia, and consequently the accumulation of
plastic waste in landfills leads to increased environmental contamination by microplastics.
The investigation of microplastic contamination in Russian freshwater systems is at the
initial stage; studies are scattered and fragmentary, although researching on plastics in
freshwater is increasing.
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The analysis of 16 articles dedicated to MPs in Russian freshwater bodies resulted in
a summary of the results in tabular and graphical formats. The studies of MPs in freshwater
bodies have focused on both water samples and bottom sediments. The microplastic
particles in the Volga water, the main water artery of the European part of Russia, were
studied in quite detail; MP concentration in the water of the Northern Dvina River delta
was estimated at the single location, but within a time range; water samples were collected
at several points of the Ob, the Tom, and the Yenisei (Siberian rivers), also six small rivers
of the Kaliningrad region and two small rivers near Neva Bay (Leningrad region) were
investigated. Microplastic contamination was studied in water samples from 9 lakes in
European and Siberian parts of Russia. 6 studies reported MP contamination in bottom
sediments of Russian lakes and rivers: Lake Onego, Lake Ladoga, the Yenisei River, the
Smolenka River and the M. Neva River.

Currently, there is no standardized methodology for the MPs analysis (sampling,
extraction, identification). The Russian studies reported the following water sampling
methods: trawling, pump filteration, and bottle collection. Some researchers collect plastics
from surface and near-surface water, while others study MPs in the water column. Using
different salts as a separation reagent also results in different particle counts, NaCl, ZnCl,,
HCOOK, Nal were used as flotation reagent. Application of different methods of MP
identification (microscopy, DSC, FTIR, Raman spectroscopy) also creates uncertainties in
estimation of polymeric particles concentrations.

It is challenging and impossible to compare MP concentrations obtained from different
techniques and particle size ranges. In 4 studies of river systems, MP particles were caught
by MANTA or Neuston nets trawling with the same mesh size (0.330 mm); and NOAA
protocol [Masura et al., 2015] or modified NOAA protocol [Zobkov et al., 2020] were used
as the extraction method. Due to the use of similar techniques, it is possible to compare
the concentrations obtained. The results showed that the MP concentration varies by three
orders of magnitude: from parts of items/kg in the Volga River and the Northern Dvina
River to hundreds of items/kg in the Upper ODb for particles 0.3-5 mm size.

Microplastic particles in Lake Baikal were investigated in three studies. Water sam-
ples were collected using MANTA net, pumping device and plastic bottles. MP abun-
dance in Lake Baikal varies from 0.25 to 34.92items/m’ for particles 0.3-5mm size.
(4-26) x 10% items/m? is the highest MP concentration in water samples, estimated in
the Altai lakes (Western Siberia), which is related to the studied particle size (10-960 nm).

MP contamination of water and bottom sediments in Onego and Ladoga lakes has
been studied in sufficient detail, both spatially and temporally. The highest MP abundance
in bottom sediments was 52,107 items/kg DW for 0.174-5 mm size particles, sampled in
Kondopoga Bay (Lake Onego), while the concentration of MP particles in Lake Ladoga
does not exceed 200 items/kg DW for 0.1-5 mm size particles. MP content in Onego water
reached 3680items/kg (0.174-5mm size), in Ladoga water — 2400 items/kg (0.1-5mm
size).

MP studies conducted in Russian freshwater systems reveal that MP concentration
is highly variable in both water and bottom sediments. The MP content in water bodies
can be distinguished, first, by various sources of contamination in urbanized, agricultural
and natural areas; second, by different natural factors (wind regime, hydrological and
hydrodynamic conditions of water bodies); third, by contrasting sampling techniques and
different size ranges of the investigated particles.

Chemical composition, physical properties and morphological characteristics of mi-
croplastic particles help suggest possible sources of polymer contamination, so it is neces-
sary to examine the caught MPs in as much detail as possible. Identification of the source
of contamination will help to make decisions on environmental protection and to assess
the risk of water contamination.
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[VTVBUHHOE CTPOEHUE CPEOHEI'O YPAJIA ITO TPABUTALIMOHHBLIM
1 MATHUTHBIM JAHHBIM

J. JI. Bemos!®, II. C. MaprIIIIKOl’* , H. B. ®enoposal, u A. JI. PyGues!

1I/IHCTI/ITyT reopusuku um. 0. II. Bynamesuua ¥YpO PAH, Exarepun6ypr, Poccus
* Konrakr: [lerp Cepreesuuy Maprbimko, pmart3@mail.ru

s Cpemnero Ypadia 1 conpenenbHbIX TeppuTopuii Bocrouno-Espomneiickoit n 3anagao-Cubupckoit
mwiaTdopM B mpejenax reorpaduueckux Koopauaar or 56° 10 60° cesepuoit mmuporsr u or 54° 110
66° BOCTOUHOIA IOJINOTHI TPOBEJEHO U3yYEeHUsI CTPYKTYPHBIX OCOGEHHOCTEN aHOMAJILHOTO TPABUTAIIM-
OHHOT'O U MAaTrHUTHOIO TI0JIeH U MOCTPOEHBI KAPThI PA3JIEJEHHBIX AHOMAJIUI JIJIsl CJIOEB 3€MHON KOPDI.
C HCIIOIb30BAHUEM OPUTMHAJIBHBIX apaJsljIebHBIX aJlOPUTMOB PEIIEHUs MPSIMbBIX U OOpaTHBIX
3aJ1a4 TPABUMETPUU U MArHUTOMETPHUM IOCTPOEHBI TJIOTHOCTHAST MOJIE/b JINTOC(hEPDI U pacipee/ie-
HU€ UCTOYHUKOB MarHUTHBIX aHOMaJIMi B 3eMHO# Kope. [IpoBesieHO conocTaB/ieHne pe3yibTaToB
MOJIEJTMPOBAHNST UCTOYHUKOB MArHUTHBIX aHOMAJIMI B 36MHON KOp€ C IJIOTHOCTHON MOJIEJIBIO C IIe-
JIBIO U3yYeHUsI pa3Indusi TIIYOMHHOTO CTPOEHUS 3AIaJHOTO M BOCTOYHOI'O CEKTOPOB MAaJIe030fCKO
VpasbCKOil CKJIaI4aTol CUCTEMBI, & TaKKe 30H ee COUJIeHEeHUsl ¢ peBHeil BocTrouno-EBporneiickoii

u snuureprHcKoii 3anaiao-Cubupckoii miardopmamu.

KiroueBsble cjioBa: MarHUTHBIE U I'paBUTAIlMOHHBIE aHOMAJINH, O6paTHbIe 3a/1a494 I'paBU-MaroHuToOMeTpuu,

TpexMepHbIe MOJIeIU 3eMHOI Kopbl, Cpemaauii Y paJr.

Huruposanme: Broizos, . 1., I1. C. Mapreiuko, H. B. ®enoposa, u A. JI. Py6aes I[ny6bunnoe
crpoermne Cpegaero ¥Ypasa o rPaBUTAIMOHHBIM M MATHUTHBIM JaHHbIM // Russian Journal of
Earth Sciences. — 2024. — T. 24. — ES3006. — DOI: 10.2205,/2024es000924 — EDN: DSSAOD

Bsenenue

PazBurne reodunsnaeckux MeTOI0B MHTEPIIPETAIINNA IPABUTAIIMOHHBIX U MATHUTHBIX
oJieit Jijisi OOJIBINNX MACCUBOB JIAHHBIX IIO3BOJISET MTEPEATH OT U3ydeHus TJIyOUMHHOIO CTPO-
eHns Jiurocdepnl Biosb npoduiteit ['C3 Kk obbeMHbIM MOesIM. Ha ocHOBE KOMILIEKCA
MeTomoB, paspaboranubix B Mucturyre reodusukn YpO PAH, nna teppuropun Gosee
400000 kM2 TIOCTPOEHBI MOJIETN HCTOYHUKOB MPABHTAIMOHHBIX I MAIHUTHBIX AHOMAJIII
B cj10s1X 3eMHO# Kopbl CpejHero YpaJa U COlpeie/bHBIX PerHoHOB. PaiioH ncciemoBanms
PACIIOJIOZKEH B Ipejieiax reorpadudecknx Kkoopauuar or 56° mo 60° ceBepHOil MUPOTHI U OT
54° o 66° BOCTOYHOII JTOJITOTHI M OXBATHIBAET MMAJIEO30UCKYIO CKJIAIATYIO0 001acTh Y paJja
U Ipujeraminue cTpyKTypbl Bocrouno-Esporneiickoit u 3aragHo-Cubupckoii miardopM.

PenukTel nameo30iickoro ¥ pasbCKOTO OporeHa IPOTATHBAIOTCA MEPUINOHAILHO Oostee
geM Ha 2500 KM u B11osib pocTupanust pasaesnensl Ha FOxubriit, Cpenunit, CeBepnbrit, [Ipumo-
sisipublit u [lonsipHbIil cermeHTHI. B onucare/IbHBIX MeOJIOTHYECKUX TEJISX IMUIAIe030iCKasT
YpaJsibcKas CKJIaIdaTas CUCTEMA Pa3esieHa Ha IIeCTb CTPYKTYPHO-TEKTOHMIECKIX MEra30H,
IPOTS2KEHHBIX ¢ ceBepa Ha or (puc. 1). C 3anajia Ha BOCTOK pacioJioxkenbl: [Ipeypaibekuii
KpaeBoii mporu6, 3ana iHo-Y pasbckas, Llerrpanbao-Ypasbckas, Tarmio-Marauroropcekast,

https:/ /elibrary.ru/dssaod

ITonyueno: 14 mas 2024 r.
Bocrouno-¥Ypajbckast 1 3aypajibCKasl MEra3oHbl. Pa3jiejieHne B 3HAYUTEJIBHON CTEleHU

OCHOBAHO Ha PA3IMYUAX B BO3PACTE U MMAIeOreorpaduuecKnx ycJaoBUS (POPMUPOBAHUS
JIOMUHUPYIONMX BHYTPU HUX IIOPOJHBIX KOMILIEKCOB [[Tyuxos, 2010]. MarauTHble u rpa-
BUTAIMOHHBIE AHOMAJINN HAJI MAJCO30MCKUM CKJIATIATHIM Y PAJIOM TaKKe KaK Mera30HbI

ITpunaro: 29 urossa 2024 r.

Omny6isimkoBaHo: 5 aBrycra 2024 r.

B OCHOBHOM IIPOTSIMBAIOTCS B MEPHUIMOHAILHOM HAIPaBJIEHUH C ceBepa Ha tor (puc. 1)

[[ocydapemeennas 2eonozuneckasn kapma, 2011].
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I'TYBUHHOE CTPOEHUE CPE,ELHEFO YPAJIA TIO TPABUTALMOHHBIM 1 MATHUTHBIM OJAHHBIM BrizoB u HAP.

Puc. 1. Ypanbckuii pernoH m npuiieraomye teppuropun Bocrouno-Esponeiickoit u 3amnamgHo-
Cubupckoit mwrardopM: a — KapTa aHOMAJIFHOI'O MATHUTHOTO TMOJIsA; O — KapTa TPABUTAIMOHHOTO
moJisi B peayknuu byre; B — cxeMa, TEKTOHUYECKOTO paffOHUPOBAHUSI TAJIe030uI Y paJia. Meraszo-
vel: 1 — Ilpeaypanbekuit KpaeBoit nporut; 2 — 3amaaao-Y paibekast; 3 — Llenrpanabuo-Y paibekas;
4 — Tarmmo-MarauTtoropckasi; 5 — Bocrouno-Ypasibckast; 6 — 3aypaabcKast; 7 — TPDAHUITBI METra30H
o1 ocago4YHbIM YexJsioMm 3amnaauoii Cubupn; 8 — npodpumau I'C3: 1 — Buxkait—Opck; 2 — Tapararickmii;
3 — Ceepmyiosckuit; 4 — I'panur; 5 — Pyoun-2; 6 — Kpacuoypamnbckuit; 7 — Xaure-Mancuiicknit;
8 — Kpacnomennnckunii; 9 — Ces. CocbBa—slimyToposck; 10 — Py6un-1. I'panuna nsydaemoit Teppu-

TOopHuH 0O03HATEHA MPSIMOYTOTBHIUKOM.

B pabore [ITyuxos, 2010| ormeveno, uto Tpu 3anaabie Merasons! (IIpemypanbekuit kpa-
eBoii nporu6, 3ananuo-Ypaibckas u LleHTpaibao- Y pasbekast) — 9T0 IHaJeOKOHTHUHEHTAIbHAS
qacTh Ypasa, chOpMUPOBABIIAsICS Ha OKpanHe KoHTuHeHTa Bajruka (craBimeil 9acTbio
KOMIIO3UTHOIO KOHTHHEHTa Jlappyccus mocsie Kosumsnu Banruku ¢ JlappenTueit). Bocrou-
uble Merazonsl (Taruno-Maruuroropckasi, Bocrouno-Ypasbckas u 3aypasibckasi) 06pa3yor
[TAJIE0OOCTPOBO/LYKHYIO YaCTh ¥ pajia, IPEJICTABIISIONLYIO cO00i KOoJIIazK 0(PUOIUTOB, OCTPO-
BOJLy?KHBIX U MUKPOKOHTHHEHTAJIbHBIX TEPPEHHOB. DTO pas3jiesIeHue COBIIJIaeT ¢ TPaUIMOH-
HBIM 000COOJIEHUEM MUO- U 9BreOCHHKJIMHAJIBHBIX 30H Y paJia, TPAHUIEl MeXK Ty KOTOPBIMU
siBygiercs 30Ha [yiaBaoro ¥Ypasbckoro pazioma [Coboaes, 1969]. Tarmio-Maruuroropekast
Mera30Ha COCTOUT U3 JIBYX TePPeiHOB: MarHuToropckoro B 10:KHOW U TarujibcKoro B cepep-
HBIX 4aCcTdX Mera3oHbl. B Oosiee pannux paborax BocTo4uno-Ypaabckyio Mera3oHy pas3/iesisiim
na Bocrouno-Ypasnbckoe nogusarue u Bocrouno-Ypanbekuii uporut [Coboses, 1969).

I'panurier 3amna HbIX Mera3oH Y paJia, IPOC/IeyKEeHbI Ha, IIOBEPXHOCTU HA BCEM ITPOTS?KEHUN
nosica. B npenenax Ceseproro, Cperero u cepepHoit yactu HOKHOro cerMeHTOB IpaHUIIBI
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MMOBTOPAIOT KOHTYpBbI BocTouno-Espomneiickoit mmatdopmbl. BocTounble 30HBI TPE/ICTABIEHDI
npeumytiectseaHo B HOxuom n CpenmeMm cermenTax Y pasia, IMOCTEIEHHO HMCYe3as K Ce-
Bepy I0JI, ME3030MCKO-KANHO30MCKUM 4eXj10M MOoJ10/10i1 3anaHo-Cubupckoii miaardopMBbl.
PacriosiozkeHrie BOCTOYHON IpaHUIBI TAJIE030U L Y PaJia siBJISEeTCs IIPeJMETOM MHOI'OJIETHEN
HayvIHOU AucKyccuu. B Hameit paborte rpanmuiia Mexay cTpykrypamu llameoypaabckoro
oporena u 3amnaaao-Cubupckoit maardopMoil Ha moBepxHOCTH (ByHIaMeHTa 0003HAYEHA 10
Tromencko- Yy IMHOBCKOMY Pa3JIOMy.

Hauunas ¢ cepenuub npornuioro Beka, B CCCP mist u3ydenns: TiryOHHHOTO CTPOEHUS
JToCcEPHI BHIIOJIHEH DOJIBITION 00beM CcelicCMUYecKuX UccaeqoBanmii. B mpemenax maseo-
30MCKON Y PaJIbCKOI CKJIAQTIATON CUCTEMBbI HanboJee JeTaIbHO ucciaenoBan paiion Cpe/iHero
Vpasa, gepe3 KoTopslit mpoxoasaT 10 npoduseil riyOMHHOrO CeficMUIeCKOro 30HUPOBAHUS
(I'C3). Psz u3 Hux nepecekaiorcs B paiione cBepxriy6okoii cksaxuubl CI-4 (puc. 18) [Tocy-
dapemeernas 2eonoeuveckas Kapma, 2011]. Pesyabrars! nccsenosanuii mo 3TuM npoduism
OBLIIM UCIIOJIB30BAHBI JIJIsI CO3JIaHUsI IIJIOTHOCTHON MO/JIesin HavaJbHOro npubsmkenns. Mero-
VKA U PE3YJITATHI IOCTPOEHUST TPEXMEPHOH MOJIEH PACIIPEIe/IEHUs IIIOTHOCTH JI0 TUIYOUHBI
80 kM B auTOoChepe M3yYaeMoro pernoHa npuBeJeHsl B pabore [Jadosckutd u dp., 2023]
(ucTIosIb30BaHbI CIly THUKOBBIE TpaBuTanuonuble jganabie XGM2019e 2159 GA [Zingerle
et al., 2020], mar no ceTke BHrAMCIEHUH 1 KM).

B macrosimieit crarbe npuBeieHBI Pe3yIbTATHl MOJEINPOBAHUST NCTOYHUKOB MATHUT-
HBIX AHOMAJIUN B 3eMHOI KOpe W UX COIOCTABJIEHWE C ILJIOTHOCTHON MOJE/IBI0 C IIEJIBIO
U3yYeHNsl Pa3/Inydus TJIyONHHOrO CTPOEHUS 3aIaJHON U BOCTOYHON JacTeil Y pajbCKOil CKIa -
9aToi CHCTEMBI, a TaKxXKe ee cowreHeHns ¢ Bocrouno-EBpomneiickoit n 3anaano-Cubupckoi
wrardopMaMu.

Wcxonubie JaHHBIE

Wcnosip3oBannast HaMu 1udpoBasi MOJIe/Ib IPABUTAIIMOHHOTO TI0JIsI B PeyKiun byre
Oblia ocTpoeHa 1o, pykosoacTBoM A. B. Uypcuna «YpasbCkoii reodpu3nIecKoil 3KCIIe -
mueits Ha OCHOBE OOJIBIIIOr0 HabOpa M3MEPEHMI pa3HbIX JIET ¢ Pa3JINnIHON JeTaJIbHOCTHIO
u macmrabom (or 1:50000 mo 1:1000000). Cunraercsi, 4o MaciTab MOJEIN B CPeJIHEM
1:500000. B craTbe CI0BO «/I€TATBHOCTDY TPUMEHUTEHLHO K MOJIEIAM HUTJ/E HE MCIIOJIb-
3yercs, Be3/ie YeTKO TOBOpPUTCS — «Imar ceTkus. CJI0BO «pas3pelreHne» MTPUMEHUTETHHO
K 1 POBBIM MOJEJIAM yIOTPeOISIeTCsl B CMBICIE «IU(POBOE Pa3peIeHnes, T.e. HEKOTOPast
BEJIMUNHA, OKA3bIBAIOIIAsT KOJINIECTBO CIMILIOB (JIEMEHTOB MIUCKPETU3AINN) HA e/IMHUILY,
B HamreM ciydae, oobema. [Ilar 500 M ceTku pa3dmeHusi MO MOXKET CJIY2KATHh TAKOU Be-
JIMIMHOM, TaK KaK 110 HEMY MOYKHO OJJHO3HAYHO yCTAHOBUTH, 9TO 1 KM> MO/ OIIChIBaeTCsI
8 sJIeMeHTaMM JIUCKPETU3AIIHN.

Nzyvuenne cTpyKTypHBIX OCOOEHHOCTEl aHOMAJHLHOTO MATHUTHOTO IIOJIsT ITPOBEIECHO
C UCIIOJIb30BAHNEM PErHOHAILHOM Oa3bl JAHHBIX, OCHOBAHHOM Ha HA3EMHBIX U a9POMATHUTHBIX
cbhemkax Macmraba 1:200000 [Hypcurn uw dp., 2008]. IIpu coznannm nudpoBoii KapThl JJIst
0oJ1ee TOTHOTO ydUeTa BEKOBOM Bapualliu ObLIa MPOBEIeHA CIIeUaIbHAS adPOMATHUTHAS
CHEMKAa, TI0 TTPOTSI?KEHHBIM MMPOQPUIAM U B KQIECTBE MOJIsSI OTHOCHMOCTH UCIIOIb30BAHA MOJIE/H
riaHoro reoMmarauTHoro moias IGRF-2000. Marpuiia aspoMarHUTHBIX JaHHBIX OII(POBAHA,
gepe3 250 M. Ha Cpesrem Ypaste perunonasbHast 6a3a JAHHBIX OXBATHIBAET TEPPUTOPHIO HA
smcrax O-40 u O-418 macmrabe kapr 1:1 000000.

MeTtomb1
IlocTpoenune mIOTHOCTHOH MOJE/H 3¢eMHOH KOPBI H BEPXHEH MaHTHU

N3moxkuM KpaTKO METOJINKY MOCTPOEHUS PErMOHAJHLHOU TPEXMEPHOH MJIOTHOCTHOMN
MOJIESIN 3eMHOI KOpbI U BepxHeilt manTuu. J[yiss hopMupoBaHus HaYAJILHON MOJIETN HHTEP-
ITOJIMPOBAHHON TIJIOTHOCTH OBLIH IIOCTPOEHBI IJIOTHOCTHBIE pa3pe3bl 10 IyouHbl 80 KM 110
IeCATH ceficMrIecKnM TpoMIIsiM, TIOJIOXKEHNE KOTOPBIX oTMedeHo Ha puc. 1. Hemocrarommue
JIAHHBIE T10 IJIOTHOCTSIM B MEXKITPO(MUIBHOM ITPOCTPAHCTBE 3AII0JTHEHBI HHTEPIIOJTMPOBAHHBIMHI
3HAYEHUSAMU IJIOTHOCTHU. VIHTEPIOISAINS BBITOJIHEHA 110 OTJAEIbHBIM TOPU30HTAJIBHBIM CJIOSIM,
MOIITHOCTY KOTOPBIX B JAHHOM CJIy4ae OIIPEee/IeHbI BEBIODAHHBIM HAMHY [IATOM JIUCKPETH3AINN
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500 M O BEepTUKAJIU U FOPU3OHTAJM. 1 peXMepHas MOJI€Ib HHTEPIOJNPOBAHHON IIJIOTHOCTH
mpejicTaBiseT coboil mapasuresenunes B koopauaarax 56-60° c. mr., 54-66° B. 1. 1 MOIIHO-
ctbio 80 KM C OJHOPOJHBIMHU JIEMEHTaMu pas3duenus — Kyoukamu ¢ pebpom 500 m. TourocTs
MHTEPIOJIAINN B MEXKIIPOMDUIBHOE IIPOCTPAHCTBO MBI HE MOXKEM OIIEHUTH SIBHBIM 00pa3oM
BBU/Ly OTCYTCTBUASA (PAKTHUIECKUX JAHHBIX O IIOTHOCTU B 3TOM IpocTpaHcTBe. KocBennbre
MIPU3HAKK TOBOPSIT O TOM, UTO OHA HE BBICOKA: OTHOCHUTEJIbHAsI HEBS3Ka IPDABUTAIIMOHHO-
r'o IOJIs MHTEePIIOJIUPOBAHHON MOJeIu ¢ HabJII0JeHHLIM MojleM cocTaBiseT nopsaaka 100%.
OjtHaKo, JIUTs HAIIlell METOIUKH IJIaBHOE, 9TOOBI MOJIE/Ib HAYAJIBLHOIO TPUOJINKEHIST KAK MOXK-
HO JIydIlle COOTBETCTBOBAJIA AIIPUOPHBIM JIAHHBIM, IIOCKOJIbKY B JAJbHEHIIEM MBI UIEM MAJIO
OTKJIOHSTIOIILYIOCS OT HYJIsT KOPPEKTUPYIONIYIO JOOABKY K PACIPEIEICHHUIO IOTHOCTH HAYA b
HOl MOJIesIH, KOTOpas ObI COXpPaHsa, B OCHOBHOM, MOP(OJIOIHIO MOJIEJIN U OJHOBPEMEHHO
MIPUBO/IAJIA MOJIEJIBHOE TI0JIe€ B COOTBETCTBUE C HADJIIOEHHBIM. 3aMETHUM, 9TO 0e3 KaKuX-Iudo
aIPUOPHBIX OIPAHUYEHUI Ha TPEXMEPHOE paCIIpeie/IeHIe IIJIOTHOCTU PEIleHne JTUHEHOM
0OpaTHOIT 33291 rpaBUMeTpUH He OyaeT eInHCTBeHHBIM. [[oaToMy 110I00p YTOUHAIONNX
IIOMIPABOK K M30BITOYHON IJIOTHOCTU OCYIIECTBJIEH B MOJEIBHBIX KJIACCAX KOPPEKTHOCTH
IUIOTHOCTHBIX TTapaMeTpoB. [oKa3aHo, YTO B TOPU30HTAJILHOM CJIO€ JIAT€PATbHAA IJIOTHOCTH
BOCCTAHABIMBAETCsI ONHO3HAUHO [Hosoceauykud, 1965]. EMMHCTBEHHOCTh TAKOTO PEIEHMsI
OIMPAETCH HA IPUHIINI JOKAJINU3AINN — BAPUAHTE JIOKATHHO-OJHOMEPHOI'O IIPOEK TUPOBAHUS
Ha TOPU3OHTAJBHYIO ILIOCKOCTH CJIOS, COOTHECEHHOTO C HUM BHEITHEr0 AHOMAJIBHOIO ITOJIS
[Martyshko et al., 2017]. TlosToMy paszeseHue MIOTHOCTHOTO (CETOYHOTO) IIapasiyesent-
1e/1a HAYaJLHON MOJE/IN Ha CEMEWCTBO MOPU30HTAJIBHBIX CJIOEB IIO3BOJISIET PEAJIM30BATH
AJITOPUTM TIOUCKA CJIA00EINHCTBEHHBIX PEIeHnii 00PATHOM 3a/1a9r IPABUMETPHUH JIJIsT TPEX-
MEPHOI M30BITOYHON IIJIOTHOCTH Ha MHOXKECTBE KOPPEKTHOCTU MYJIbTUILINKATUBHBIX 100ABOK
[Mapmowuwro uw dp., 2016].

ITpu pazzgesnenun BHemHero (Pa3HOCTHOIO) MOJIs HA COCTABJISIONINE OT TOPU30HTAIBHBIX
CJIOEB BHYTPEHHUX MCTOYHUKOB HCIIOJIL30BAH aJIlOPUTM HepecdeTa (TpancdopMaryu) noJist
«BBEPX-BHU3» Ha HECKOJBKO ypoBHeil [Martyshko et al., 2021c|. UncTpymerTOM brutbrpanun
SABJIIETCA METOJ CIVIAXKUBAHUS II0JIeH IIPU UX IIepecdere Ha PA3IUIHBIE BBICOTHI 10 (OPMYyIIe
[Tyaccona [ Tuzonos u Camapcrud, 1966] u mocsemyonum aHaMTHIECKUM IIPOJOZKEHAEM HA,
rrybuny. CrieKTpaJjibHble U aMILIUTY/IHbIE XaPAKTEPUCTUKYU PA3HOIVIYOUHHBIX COCTABJISIFOIINX
pa3/IeJIEHHBIX TIOJIEll 3aBUCIAT OT BEJIMYMHBI ITApAMETPa PEryJIspu3aiuin. DTOT HapaMeTp
OAOUPAETCsT [T MOJIEIN KAaXKJIO0TO TOPU30HTAJIBHOIO CJIOS C Te€M, 9TOObI Peaju30BaTh
JIOIYCTUMOE CTJIazKUBaHUE <IOBBICOTHBIX» TpaHcdopMmaHT [Mapmouuko u dp., 2021]. Tlpu
3TOM yCTOIYMBOE pelllenre 0OPaATHON 331249y IPABUMETPUN 110 OTJEIBHBIM IIJIOTHOCTHBIM
CJIOSIM OJTHO3HAYHO COOTHOCHUTCS C IPOCTPAHCTBEHHBIMUA AHOMAJIMSAMY PA3IEJIEHHBIX [TOJIel,
[MePeCUYNTAHHBIX HA YPOBEHBb 36MHOII IOBEPXHOCTH. B HacrosIeil pabore mar HHTepBaJIbHOM
JINCKPETU3AINU [T€PECIETOB U MONTHOCTH AZ) TOPH30HTAJIBHBIX CJIOEB HCTOYHUKOB COCTABIISIET

500 M.

HOCTpOGHI/Ie MarHUTHOH MO/1eJid 3€MHOH KODBbI

Meromuka mocTpoeHrnsi MATHUTHON MOJIEN OCHOBAHA HA M3YyYEHUHU CTPYKTYPHBIX OCO-
OeHHOCTEl aHOMAJILHOTO TI0JIsI, BBIJIEJIEHISI aHOMAJIMA OT PA3JIMIHBIX CJIOEB 36MHOM KOPbI
U TIOCTPOEHUST TPEXMEPHBIX ITOBEPXHOCTEH CJI0EB C PA3HBIMH 3HAYEHUSIMU HAMAIHUYEHHOCTH.

st IpuMeHeHus IPOIEy PhI PA3/Ie/IEHNsT MArHUTHOTO IOJISd OT CJIOEB 3€MHOM KOPBI
HeOo0X0MMO, 9T00BI MHMOPMAIUS O 1MoJie ObLIa MIPeICTaBIeHa TAPMOHUIECKON (DyHKIHEH
(MO}IyIH) II0JId HE TapMOHUYIECKasd (byHKL[I/IH) HOSTOI\/Iy Ha6J'[IOJleHHbIe aHOMaJINNU MOJLYJIL
MarHUTHOTO T0JIs, 3aanubie Ha ceTke 3000% 2000 Touek ¢ marom 250 X 250 M, mogdupaInch
cyMMoit moJieit MHOKecTBa 3 163 840 ogHOPOIHO HAMArHUYEHHBIX OTpe3KoB. Hemspect-
HBIMU SIBJISIFOTCSI TPEXMEPHbIE KOOP/IMHATHI KOHIIOB OTPE3KOB M MOJLYJIb HAMArHUYEeHHOCTHU
(co 3HaKOM), T.€. IO 7 IMApaMeTPOB Ha O0Tpe30K. HanpapiieHne HaMATHUYEHHOCTH OTPE3KOB
BBIOMPAJIOCH TI0 HOpMaJjbHOMY moJti0. [lomgbop ocyrecTBiIsiics TPy OMOIIH TAPAJIIeTbHOM
[IPOrPAMMHON peajim3anuu Jjisi rpapuIecKuX yCKOPUTeeil MOIMMUKAIIMN MEeTO/ I8 MUHUMI-
saruu bpoiiaena — Pmerdepa — lonbadapda — [TlanHOo ¢ OrpaHUYeHHBIM UCIIOIb30BAHIEM
namgaru B muoromepaoM Kybe (L-BFGS-B). Boruncienust mpoBOAMINCh ¢ UCIIOIB30BAHUEM
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4 rpacduyeckux yckopureseit NVidia Tesla K80. Pacuer 6n11 octanossien nocse 2000 ute-
panmii Ipu JOCTHXKEHUN OTHOCUTEIHHON TOIHOCTH Moabopa mossa okoso 5%. Ilocae ompe-
JIeJIeHUsI TapaMeTPOB OTPE3KOB BBIYHC/ISINCH KOMIIOHEHTHI MArHUTHOIO IIOJIS, TTOCJIOWNHOE
pa3jiesieHne BBIIOJIHAJIOCH JIJIsi BEPTUKAJIbHON KOMIIOHEHTHI.

AnomanbHOE MATHUTHOE OJIE UMEET WHTErPAJILHBIN XapaKkTep M COIEPKUT COCTABJIs-
OIIe OT BCeX UCTOYHUKOB, PACIOJIOXKEHHBIX B ymTocdepe. [l BeigeeHnst aHOMAIU OT
HUCTOYHMKOB B Pa3/IMYHBIX CJIOSIX 3€MHOM KOPBI OblLjIa MCIIOJIb30BaHa METONKA, OCHOBAHHAS
HA MOBBICOTHBIX Tepecuerax |Martyshko et al., 2014] (amamornvnast OonucaHHON BHIIIE JJIsT
IPABUTAIMOHHOIO HOJA). 3aja4da Bblieaenns 3hdeKTa OT JOKAJIbHBIX UCTOYHUKOB, Pac-
[TOJIOYKEHHBIX B TOPU30HTAJIBLHOM CJIOE OT 3€MHOM ITOBEPXHOCTH JI0 HEKOTOPOIl Tyryousbl H,
perajach B HECKOJIBKO dTanoB. Ha mepBoM sTalie BepTUKAIbHASA COCTABIIAIONIAS MATHUTHOTO
IIOJIsi C TIOMOIIBI0 YUCJEHHOTO METO/1a IIEPECUYNThIBAIACh BBEpX Ha BhicoTy H. [lnsa Toro
9TOOBI OKOHYATE/IbHO N30aBUTHCsI OT BJIUSIHUS NCTOYHUKOB B BEPXHEM CJIOE, ITEPECUUTAHHOE
BBEPX I10JIe AaHAJIUTHYECKH IIPOJIOJKaAJIOCh BHI3 Ha rirybuny H. Ilockosbky 3amaqa nepecuera
II0JIsI BHUA3 OTHOCUTCS K KJIACCY HEKOPPEKTHO MOCTABJIEHHBIX 33129, TO IPHU BBIYUCICHUSIX
HCITOIb30BAJICST METOI, ¢ IIPUMEHEHneM peryssipusaruu. Ha ciremyromem srarme 1mojie BHOBb
[IEPECUYUTHIBAJIOCh BBEPX HA yPOBeHb jHeBHOI nosepxuoctu H = 0. ITomydennoe rpancdop-
MHPOBAHHOE II0JI€ MOXKHO PACCMATPUBATH KAK II0JI€ OT UCTOYHUKOB, PACIIOJIO?KEHHBIX HIKE
rpaaunpl H. [ocste Bbrauciennst pa3HocT HAOIIOAEHHOTO U TPAHC(HOPMUPOBAHHOTO IOJIei
[OJIyYaeM aHOMAaJIMU OT JIOKAJIbHBIX UCTOYHUKOB, PACIIOJIOXKEHHBIX B BEPXHEM CJIOE.

Takum criocobom my1s pa3HbIX 3HAYEHUi nmapaMerpa H MOXKHO HOJIyYUTh AHOMAJIUU OT
HMCTOYHUKOB, PACIIOJIOKEHHBIX B PA3INIHBIX TOPU30HTAJIBHBIX CJI0SX. PasmesleHHbe aHoMa-
JINY TTO3BOJISIIOT aHAJM3UPOBATH pacIpele/ieHne NCTOYHIUKOB 110 IVIyOuHe, CJIeJ0BATEIbHO,
ITOSIBJISIETCS BO3MOXKHOCTb YCTAHOBUTH CBSI3b MEK/Iy MCTOYHMKAMU MATHUTHBIX aHOMAJIU
Ha Pa3HBIX [VIyOMHAX.

IIpu mocTpoeHnn pernoHaIbHBIX MOJIEIeil BOSHUKAET MOTPEOHOCTh HHTEPIPETUPOBATE
GOJIBIIIIE MACCUBBI IAHHBIX, YTO IPUBOJIUAT K 3HAYUTEIbHBIM 3aTPATaM BPEMEHU IIPU BBIYHCIIE-
HUSIX Ha OHOIIPOIECCOPHBIX KOMITbIoTepax. Vcrosb3oBanne mapasijie/IbHbIX aJITOPUTMOB JIJIsT
MHOT'OITPOITECCOPHBIX BBIYUCIUTEIBHBIX CUCTEM 3HAYUTE/IFHO COKPAIAET BPeMs PACIETOB.
Coznana HOBasi KOMIIBIOTEPHAS TEXHOJIOTHSI, OCHOBAHHASI Ha IMapaJlJIeJIbHBIX BBHIYUC/IEHUSX.
Ornucanne MaATEMATHIECKOTO alllIapaTa U aJIfOPUTMOB [TAPAJIIETbHBIX BBIYUCICHUN Ha CyIep-
KOMIIbIoTepe ¥YpaH npusejieHo B Monorpaduu [Mapmuoiwko u dp., 2016]. B nacrosmeit pabore
WCIIOJI30BAH AJIFOPUTM, PEaN30BaHHbBIN Ha IIEPCOHAJIBHBIX KOMIIBIOTEPAX C I'PapUIECKIMU
nporneccopamu NVidia u AMD [Martyshko et al., 2021a].

IIpu ceficMuaecknx nCCIIEIOBAHUSX TPAJUIIMOHHO 3€MHYIO KOPY PAa3eNIAioT HA 3 CJIOS:
0CaJIOYHBIH, TPAHUTHBIN 1 6a3UTOBBINA. B mpejeiax m3y4aeMoro permoHa MOITHOCTD 0CaI09-
noro cyiog Bocrouno-Esporreiickoit miaTdopMbl cocTaBiasgeT 6osiee 4 KM U yBEJTHINBACTCS
B [Ipeaypannsckom mporube 710 56 KM, a cpeiss TiryOnHa 10 6a3UTOBOTO €105t OKOJI0 20 KM
[leompasepc «'PAHHT», 2002; Apyorcunun u dp., 2003; 1981]. dyist nocTpoeHust MArHUTHOI
MOJIEJIU MbI Pa3JIe/IMIA AHOMAJIUH 10 3 CJIOSIM: IIPUITOBEPXHOCTHBIA OT 36MHO ITOBEPXHOCTHU
0 TUIyOMHBI 5 KM, BEpXHUN WX IPAHUTHLINA OT 5 10 20 KM U HM2KHUI Uau 0a3UTOBBIN OT
20 10 50 kM. Boinossensr pacuersbl TpaHC(HOPMUPOBAHHBIX OJIeH (I€PeCUnTAHHBIX BBEPX
u BHM3) jyis ypoBHeii 5, 20, 50 KM U pacCYuTaHbl MATHUTHBIE AHOMAJHMUA OT UCTOYHUKOB
B 3 ciiosix 3emHOU KOpbI. [Ipu pacyerax Mbl MCIOIB30BAIN JAHHbIE PErHOHAJILHON 0a3bl,
OCHOBAHHO! HA HA3EMHBIX U a3POMATHUTHBIX CbeMKax | Hypcun u dp., 2008|. dng conocras-
JIEHUsI C IJIOTHOCTHBIMU HEOIHOPOIHOCTSIMU JIJIsi ITUX CJIOEB PACCUYUTAHBI I'PABUTAIIMOHHBIE
aroMasuu. KapTel MarHUTHBIX U IPABATAIMOHHBIX AHOMAJIHUN BCEro Y pajbCKOIO PErnOHa
MPUBEJIEHBI HA PUC. 1, a pa3JieIeHHbIX 10 oM it Tepputopuu Cpenero Ypadja Ha puc. 2.

Ha mosygenHbIx KapTax OTYETIMBO BUIHO PA3jIMYKe B PACIPEIEICHIN AaHOMAJIUN B 3a-
& THOI U BOCTOYHOI YacTax ¥ paJia. B 0caJouHOM U 'PAHUTHOM CJIOSIX B IIpeJiesiaX 3alla IHOM
u lenTpanbnoit ¥YpaabCKuX MEra3oH IPUCYTCTBYIOT TOJIBKO HEOOJIBITOE KOJIMIECTBO CAAOBIX
MAarHATHBIX W T'PABUTANMOHHBIX aHoMmanit. K BocToky ot [ytaBHOrO Ypaabckoro pasaoma
B Tarmanckoit 1 Bocrouno-Y paiabekoil Merazonax HabJomaeTcss 06muIne BbICOKOMHTEHCUBHBIX
KaK MarHUTHBIX, TAK U FPABUTAIMOHHBIX AHOMAJIAN, CO3/IAHHBIX MACCUBAMU U IPOTSIKEH-
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Puc. 2. Paszesenne MarouTHBIX (CjleBa) M I'DAaBUTAIMOHHBIX (CIpaBa) aHOMAJIHUI IO CJIOSM:
a — npunosepxHocTHbii (0-5 kM); 6 — rpanuTasii (520 kMm); B — 6asuTossii (20-50 k). OGo-
3HadeHus: 1 — 3amajgHas rpanuna llperypasbckoro KpaeBoro npormnba; 2 — rpaHUIlbl MEra3oH.
Meragzonsbr: 1 — IIpenypasibcknii kpaesoii nporu6; II — 3anamno-Ypasbckas; 111 — Henrpasibao-
VYpambckass; IV — Tarunbckast; V. — Bocrouno-Ypansckas; VII — Baypanbckasi; 3 — riiyOuHHBIE

passiombl: 1 — ImaBubiit Ypaabekuit; 2 — Tromencko-HyuHOBCKUIA.

HBIMHU II0SICAMHU U COCTOSIIUMHI U3 6a3UT-yIbTPaba3UTOBBIX MOPOJ, (JyHUTHI, rapli0yPruThl,
JIEPIIOSIUTHI PA3JIMTHON CTEIIEHN CEPIIeHTUHU3AINY, Tab0po, 6a3aIbThl, aM(UOOINTHI, 8 TaK-
K€ JINOPUTBI).

B 6azuroBoMm citoe 1o YpasioMm (bukcupyercs 3HaUUTEIbHOE [TOHNKEHIE YPOBHS Mar-
HUTHBIX aHOMAJIUI M MOsICA TTPOTIKEHHBIX OTPUIATEIBHBIX aHOMAJIUN MEepPUIMOHAILHOIO
npoctupanus. KpymHbie T0JI0XKUTETbHBIE MATHUTHBIE AHOMAJIMH PACIIOJIOZKEHBI B OCHOB-
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HoM B mipejiesiax Bocrouno-EBpomneiickoit miaTdopMbl U IPOTATUBAIOTCS MO Y PATHCKIE
CTPYKTYPBI BILUIOTH J10 [UytaBHOrO ¥ pasibCKOro passioMa. ['paBUTaAlMOHHBIE HHTEHCUBHDBIE
MIOJIOYKUTEIbHBIE AHOMAJIMK [IPUCYTCTBYIOT TOJBKO B Taruibckoit u Bocrouno-Y paabckoii
Mera3oHax.

Mounenb pacupenerennss HaMarHH9€HHOCTH B 3€MHOI KOPe

Jlsisi BBIYUC/IEHUS] TIOBEPXHOCTH UCTOYHUKOB MATUHUTHBIX AHOMAJINA MBI IPUMEHUJIN
MOAUUIIIPOBAHHBIN METO/T JIOKAJIHHBIX IIOIPABOK PEIeHNs CTPYKTYPHOI 00paTHON 3a1adn
marauromerpun [Mapmoiwko u dp., 2016]. DToT METOJ| O3BOJISIET OLPEIEIUTH T€OMETPHIO
IIOBEPXHOCTHU pa3esa MKy JIBYMs CJIOAMU IIPHU 33/IaHHBIX 3HAYEHUSIX OTHOPOIHOM Ha-
MarHM9YeHHOCTH B CJIOSIX U CpeJHell riryOune 10 BTOpOro cjios. Pa3zpaboran nreparnonHbIi
C1I0c00 HAXOXKJEHUS T'PAHUIGI, OA3UPYIONUIICS Ha, MIPEJIIOJIOKEHIN O TOM, 9TO HAUDOJIbIIIee
BJIMsSIHUE Ha W3MEHEHWe 3HadeHUsl I10JIsi B HEKOTOPOW TOYKE OKA3bIBaeT M3MeHeHue OJiv-
JKaiireit K JaHHON TOYKe JacTh moBepxHocTr. Ha KarkIoM Imare mreparyui yMEeHbDIIAeTCS
Pa3HOCTh MEXKJy 3aIaHHBIMU W TPUOINKEHHBIMYU 3HAYEHUSIMA OIS TOJBKO 3a CUET U3Me-
HEHUs] 3HAYEHUs] UCKOMOI (DyHKIMM B 9TOI TOUYKe. [IpeyioxKeHHbBI MeTOJ] He UCIIOJIb3yeT
HEJIMHENHYI0O MUHAMUA3AIUIO, YTO [T03BOJIET OBICTPO PEIaTh CTPYKTYPHbIE 00paTHbIE 3312491
[Pybaes, 2021; Martyshko et al., 2021D).

Ilpu 3amaHny HAMArHUYEHHOCTH MCTOYHUKOB MArHUTHBIX AaHOMAJIHUiIl OBLIN HCIIOJIb-
30BaHbl PE3YJIBTATHI METPOMATHUTHBIX HCCJIEIOBAHUI ITOPOJ] YPATIBbCKUX BEIECTBEHHBIX
KOMILJIEKCOB, JINTEPATYPHBIE JTAHHBIE [T0 OIeHKAM HAMATHUYIEHHOCTH CJIOEB KODBI, & TaK¥Ke
Pe3yJIbTATHI JIBYMEPHOIO MOJIEJIMPOBAHUS IT0 MHOTOUYHMC/IEHHBIM TPOMUIISIM, TePEeCeKAIOIIIM
Ypaa [@Pedoposa, 2001; Fedorova and Rublev, 2019].

B npunosepxuocraoM cioe or 0 10 5 kM Ha maTtdopMax MOJAETb HAMATHUIEHHBIX
HUCTOYHUKOB ITO3BOJIWJIA, IO CJIOEM OCAJIOYHOrO HUeXJia JOKAJIM30BATh MACCHUBBI, KaK Ipa-
BHJIO, COCTOSIIUE U3 DA3UTOB U YJIbTPAbA3UTOB, HAMAIHUIEHHOCTh KOTOPBIX COCTABJISIET
1-3 A/M, a nosioKeHue BePXHUX KPOMOK UCTOYHUKOB JIAET BO3MOXKHOCTH YTOYHUTH [JIyOUHY
J10 Kpucrajummdeckoro dysgamenta (puc. 3a). B npegenax I[ameoypalbekoii ckiagaaToil
CHUCTEeMbI HaDJIIOMAeTCsl PE3KUIT KOHTPACT B PACIIPE/IEJIEHU MATHUTHBIX MACCUBOB MEXK Ly
MAJIECOKOHTUHEHTAILHON U 11aJIe00CTPOBOIYKHOM dactamu. B 3amasnoit u [lenrpasnbHoit
VpasbCKux 30HaX MPUCYTCTBYIOT JIUIIh HEMHOTOYUCJIEHHBIE UCTOYHUKH, & K BOCTOKY OT
I'naBuoro ¥Ypasbckoro pazinoma B Tarumbcko-Marauroropekoir u Boctouno-Y paibckoit me-
ra3oHax HabOJIoaeTcs H6OIBIIOe KOJIMYeCTBO HAMAIHIYEHHBIX MACCHBOB, YaCTh U3 KOTOPBIX
MapKUAPYIOT MHOTOYUCJIEHHBIE PA3JIOMbl. HaMaramdeHHbe ICTOYHUKA IPUCYTCTBYIOT HE
TOJIBKO B IIPEJIeiax ¥ PaJbCKUX TOp, HO U IO OcajkaMu dexiia 3amnafao-Cubupckoii miar-
dopmbl. B BocTOuHO# yacTu YpaJia IJIOTHOCTh HAMArHUYEHHBIX NCTOYHUKOB 3HAYUTEHHO
CHIDKAETCS B PANOHAX KPYIHBIX IPAHUTHBIX MACCHBOB, HA PUC. 3a 3TU O0JIACTU BBIIEJISIOTCS
CBETJIBIMU TISITHAM.

Ha puc. 36 npuBejieHa MOBEPXHOCTH KPOBJIM HAMATHUYEHHBIX UCTOYHUKOB B BEPXHEM
um rpaHuTHOM cioe oT 5 1o 20 kM. Pacuersl npoBeseHbl Jjisi HaMaraudeHHocT 2 A /m
u acuMToThl 15 kM. VcTouHIKE B OCHOBHOM 00ODPa3yIOT JUHEITHBIE MOsICa, KAaK B IIPeIeIax
Ypausia, Tak u Ha mwaTgopmax. MoKHO OTMETUTD UX IIPAKTUIECKH PABHOMEDPHOE pacIpejielie-
HIE TI0 BCeil TEPPUTOPUN 38 UCKIIOUEHNEM FOT0-3aIaTHOr0 ydacTKa Boctouno-EBponeiickoit
wIaTOPMBI, T/Ie IPOTIKEHHOCTD 10sicoB Hebosbmas oT 20 1o 100 kM, a HApaBJIEHUS UX
MIPOCTUPAHUsT BADBUPYIOT OT MEPUIMOHAIBLHOTO JI0 MUPOTHOTO. [1o-BUINMOMY, OHU SIBJISTEFOTCST
aHaJIoraMu apXeﬁCKHX 3€JICHOKaMEHHBIX ITOACOB.

Ha VYpase u B 3amaguaoit Cubupu nosica umeror npotszkenHoctb or 50 10 300 kM
u Gosiee. Ha 3amaze Ypasia 1osca ypaabCKOro HalpaB/ieHus (CeBep-ior) HOABJISIOTCA K BO-
CTOKY OT TieHTpaabHoil dactu [lenTpasibHo-Y paabckoit Mera3ons! Ha rayonne 10-12 km. Ha
zamajie B [IperypasbckoM KpaeBoM mporude n 3arrajHo- Y PaIbCKO Mera3oHe HalpaBJie-
HIE TPOCTUPAHUS Psifia TOsICOB PE3KO MEHSIETCsI Ha CyOIMPOTHOE, YTO CBUJIECTEIbCTBYET
O MPUHAJIIEXKHOCTU ITUX UCTOYHUKOB dyHIaMeHTy Bocrouno-EBponeiickoii mmardopMbi.
B mpenenax Ilpenypaabckoro KpaeBoro mporuda riryOnHa 10 BEPXHUX KPOMOK UCTOTHUKOB
cocTaBiisieT 5—8 KM, a B 3anaiHo-Y PAIbCKOil 1 BocTouHON YacTu lleHTpanbpHo-Y paabCKoi
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Puc. 3. PegysnpraTsl 06beMHOTO MOIEIUPOBAHUS UCTOYHUKOB MATHUTHLIX aHOMAJIHUN: a — MPH-
TIOBEPXHOCTHBIH CJION; 6 — IPaHUTHBIA CJIOi; B — 6a3uToBblil cioit. Obo3nadenus: 1 — 3amagHas
rpanuna [Ipeaypasibckoro kpaeporo nporuba; 2 — rpanuilbl Mera3on. Merazonbr: [ — [Ipemypasib-
ckuit kpaesoit mporud; II — 3amamuo-Ypansckast; 111 — [enrpanpro-Y panbcekast; IV — Tarnnbckast;
V — Bocrouno-¥Ypanbckasi; VII — 3aypasibckast; 3 — ocHOBHBIE pa3jioMbl: 1 — [J1aBHBIN Y pabcKuit;

2 — Tromencko-YyamHOBCKiA.

Mera30HbI IIPOUCXOANT TTOTpy2KeHue 10 12—14 kM. Pacmosioxkenne 3TuX UCTOTHUKOB TIO3BOJISI-
€T HaJeXKHO OIpPeeIUTh IO ypalInJaMy IIyOuHy no dyHzaMeHTa IpeBHeR mIaTdOpMBIL.
B Tarunbckoit 1 BocTouHO-YpasbCKoil Mera3oHax BepXHHE KPOMKH II0sICOB PACIOJIOZKEHbI
3HAYNTEIBHO BBIIIE U B PAJIE MECT JOCTHUTAIOT BEPXHeH OTMETKH 3TOTO CJIOA — D KM.
PacdeTsl noBepxHOCTH, pa3iedIoniell TPaHUTHBII U Oa3UTOBLIHM CJIOU, IIPOBEIEHBL ML
HECKOJIbKIX BAPUAHTOB HaMarHuueHHocTH 2, 4 n 6 A /M u mosoxkennit acumrorst 20 u 25 KM.
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ITpu mamaramdyenHocTu 2 A/M Bapualuy IIOBEPXHOCTU HOJIYIMJIMCH CJIMIIKOM OOJIbINHAE,
WX BEpXHUE KPOMKH IpeBbImam riayduny 10 KM, 9TO BPs JII COOTBETCTBYET PEATHHOMY
nooxkenuio Berieit. IloBepxHOCTD Jiyisi HamMaruudeHHocTr 6 A /M u riyGuHe 10 ACUMIITOTBI
25 kM mpuBesieHa Ha puc. 3B. B npemenax Bocrouno-EBporeiickoit mmaTdopMbl U 3ama tHoit
qacTu Y pajia PErnoHAIHLHBIM AHOMAJUSM COOTBETCTBYIOT IOABEMBI KPOBJIA HIZKHETO HAMAr-
HUYEHHOTO CJIOST KOPBI 710 15 KM. Pe3koe norpy»kenne moBepxaoctu 710 30-35 KM TPOUCXOIAT
B 30He [UraBHOrO YpaJsibCKOro pasioMa, U 9TO HO3BOJISIET YBEPEHHO OIPE/EIUTH BOCTOUHYIO
rpanuity Bocrouno-EBpomneiickoit maardopmbl Ha ypoBHE HIUXKHEr KOopbl. BocTounee Ha-
GJIIOIAETCs erle HeCKOIbKO Y3KUX 30H HMOTDY2KEHUsI, TPOTATUBAIONINXCS B MEPUINOHATHEHOM
HanpaB/ieHnn. BO3MOXKHO, OHM MapKUPYIOT IJIyOWHHBIE IPAHUIIBI PA3JIMYHBIX TEPPEHHOB,
obpagyonux CTPYKTYPy BOCTOYHO yactu ¥Ypasa. Hanbosee obumpHoe 1o mIoIa/ i morpy-
JKeHHe KPOBJIM HUXKHETO CJIOf MIPOUCXOIUT K 3amary oT TromMeHcKo-UyInHOBCKOTO pa3ioMa
U, BEPOSITHO, SIBJISIETCST TJIyOMHHBIM Da3eJI0OM MEXKIY Y PaJIbCKON CKJIAIIATON CHCTEMOI
u 3anaaHo-Cubupckoii m1aTdopMoii.

Iny6ouHHBIE CTPYKTYpPHI COWwieHeHns masieo3ous ¥ pana ¢ Bocrouno-EBponeiickoii
u 3anagHo-Cubupckoit miatdopmamu (o6cyx/1eHre pe3yIbTaToB)

ITocTpoennbie 00bEMHBIE MOIETN PACIPEIEIEHUs] JIOTHOCTH U HAMATHUYECHHOCTH JIJIst
U3yvIaeMOil TEPPUTOPUM CKOHBEPTUPOBAHBI B (pOopMaTe UMCJIOBOrO IMapaJuiesenumeia. 13
TPEXMEPHBIX MACCHBOB BO3MOXKHO U3BJIEUEHHE JTIOOBIX MACCHBOB MEHBINEH Pa3MEepHOCTH
JIJIsT TPACCUPOBKU BEPTUKAJIBHBIX CEUYEHUI MM TTOCTPOEHUS KAPT TOPU30HTAILHBIX CPE30B.
st u3ydeHusi OTIMIKs TJIyOUHHBIX CTPYKTYP 3€MHOIl KOPBI 3alla{HON 1 BOCTOYHON YacTeil
VpaabcKoit CKJIaI9aToil CHCTEMBI, & TaK2Ke 30H ee cowieHeHus ¢ BocTouno-EBpomneiickoit
u Banaao-Cubupckoii mrardopmMaMu TOCTPOEHBI Pa3pesbl 1o mupoTHOMY Tpoduiio AB
B [IEHTPAJIbHON JacTu ulydaemoit reppuropun. [Ipoduiib mpoxoauT BIOJIb JUHEHHBIX Mar-
HUTHBIX UCTOYHUKOB, IIPOCTUPAIOIIMXCS B IMUPOTHOM Halpas/jieHnn ¢ Bocrouno-Esporeiickoit
wiaTdopMbl 1o ypaauasl (puc. 3).

Ha puc. 4 npuBenena ceBepHasi 9acTh OOBEMHON MATHUTHON MOJIEM MUCTOYHUKOB
Broporo cyost (5-20 kM) u paspes Bosb npodbuss AB, Ha KOTOPOM HOKa3aHBI MPAHUIIBL
BTOPOIO U TPeThero cjioeB. Jljis HUzKHEro (TpeThero) cJios IPUBEEHBI IBa AJIbT€PHATHBHBIX,
9KBUBAJIEHTHBIX BAPUAHTA JIJIS PA3HBIX ACUMIITOT M 3HAYEHWH HaMaraudeHHocTH 4 u 6 A /M.

Puc. 4. O6bemMHas MarHUTHAS MOJEIb UCTOYHHUKOB BTOPOro cios (5-20 KM) u pa3pes BIO/Ib
mpocduiss AB, Ha KOTOpOM MOKa3aHbI pesibed KPOBJIU BTOPOTO CJIOS M JIBE aJIbTEPHATHBHBIE,
SKBUBAJIEHTHBIE MOJEJIN HUKHErO CJIOsl JIJIS PA3HBIX aCHMITOT M 3HAYEHHN HaMarHUYeHHOCTH.
O6o3nauenus: 1 — 3anannas rparuna [Ipemypaabckoro kpaeBoro mporuba; 2 — rpaHUIBl META30H.
Merasonsr: I — IIpenypaJibcknii kpaepoii poru6; I — Samamro-Ypasbcekast; 111 — [lenrpasbHo-
VYpambckas; IV — Tarunbckas; V — Bocrouno-Ypaabckas; VII — Baypanbckas; 3 — riiyOuHHBIE

pazisombr: 1 — [raBabIit ¥V panbeknit; 2 — Tiomencko- Yy inHoBCK i,
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Pazpes, nomosHeHHBIT MArHUTHBIMUA UCTOYHUKAMHI B IPUIIOBEPXHOCTHOM CJIOE U I'Da-
HUATIAMHA CTPYKTYPHO-TEKTOHHYECKNX 30H, IPUBeAeH Ha puc. ba. Hmkusgsa rpannmna mMomenn
orpaHnYeHa riryOnHOM 35 KM, YTO COOTBETCTBYET MUHUMAJIBHON OTMETKE TOIOIIBBI 3€MHOIA
kopbl. CedeHne IJIOTHOCTHOM MOJIEIH 110 9TOMY MPOod U0 MoKasaHo Ha puc. 56. Ha paspe-
3bl HAHECEHBI TPAHUIIBI, PA3JIEJIAIONINE OCATOTHBIN 9€X0JI M KPUCTAIINIECKH DyHIaMeHT
wraTdopM.

Ha paspesax or4erminBo BUIHO pa3jinyue 3ala HbIX ¥ BOCTOYHBIX Mera3oH. B Taruiib-
ckoit u Bocroumo-¥Ypaabckoit Mera3oHax BBICOKOILIOTHOCTHBIE U HAMATrHUYEHHbIE 00 bEKTHI
MPUCYTCTBYIOT HE TOJILKO B IPUIOBEPXHOCTHOM CJIO€, HO U 10 rayounbl 20-25 kM. A B 3a-
naiHoM u [leHTpasibHO-Y pasIbCKOil Mera3oHax IMIPOUCXOIUT IIOIPYKEHNEe CJIOEB MOHMKEHHON
wiornoctu 2,7-2,8 v/ oM’ 110 rory6bunbl 12-15 KM, a ¢ wiorHocThio 2,85 1/ oM’ 1o 17-18 kM
(puc. 56). MaruuTHble UCTOYHUKY MPAKTUYECKU OTCYTCTBYIOT JI0 iybunbl 12—-15 KM, 3a
WUCKJII0UeHneM HeOOJIbINX OJIOKOB B IIPUIIOBEPXHOCTHOM CJioe BOJM3uU [J1aBHOTO Y pasibCKOro
riy6uaHOTO pasiaoMa (puc. ba). Ckopee BCero, 3T0 CBUIETENBCTBYET O TOM, YTO B 30HE HAJIBU-
ra ypaaus Ha Kpait Bocrouno-Esporeiickoit mnardopmsel 10 rrybunst 12-15 kKM 1peodiaaioT
0CaI09YHbIE TIOPOJIbI, AHAJIOIMYHBIE 3AJIETAIOIIAM Ha TIOBEPXHOCTHA T€PPUTEHHO-KaPOOHATHBIM
IIOPOIAM.

Puc. 5. Mogenu pacnpezesnienusi HamaraudeHHoct (a) u mioraocru (6) Broas npoduist AB.
O6o3nadenust: 1 — MOJOMIBA 0CALOYHOIO YexJia; 2 — rpanuns! mwiardopm. Merazonsr: 1 — IIpemy-
panbckuit kpaesoit nporu6; II — 3ananno-Ypasbckas; 11 — Ilearpanbuo-Ypasbckas; IV — Ta-
runbekast; V — Bocrouno-Ypasbckast; VII — Baypanbckas; ['YrP — [itaBabIil Ypasbckuii pasioM;

T-Up — TromeHncko-YyInHOBCKU pa3jioM.

B mpenenax Bocrouno-Espormeiickoit maaTdopMbl B BEPXHEM CJI0€ MAarHUTHBIE UCTOY-
HUKH PACIIOJIOXKEHBI Ha TiIyomHe 4-5 KM, 9TO XOPOIIO COOTBETCTBYET ITOJIOZKEHUIO KPOBJIN
KPUCTAJJIMIECKOTro (byHIaMeHTa. BepxHue KpoMKEH 6a3UT-yIbTpaba3uTOBBIX OSICOB IIU-
POTHOI'O IPOCTUPAHUS, YePe3 KOTOPbIE IIPOXOIUT IPOMUIIL, PACIOIOKEHBI Ha 3allalle Ha
rayomHe 5—6 KM, 3aTe€M TOIPY2KAIOTCH B BOCTOYHOM HampasyeHun 10 7-8 kM B [Ipemypasib-
ckoM KpaeBoM mporube u g0 12-14 km B Sanaguoit u [leaTpasbHO-YpasibCKOl Mera3oHax.
ITpodumis nepecekaer Gaszut-ynbrpabasutossiii nosc (I'YP) ypaabeckoro MepumoHaIbHOTO
npocrupanus B paiione nukeros 290-300 kM (puc. 4 u 5a). [eomerpusi MArHUTHBIX UC-
TOYHUKOB B T'PAHUTHOM CJIO€, ITPOru0 HUKHEr0 HaMarHUIEeHHOI'O CJios BOm3u [JraBHOTO
YpaJsibcKoro pa3joMa, a TaK>Ke KOHTYPBI JIETPECCUH Ha INIOTHOCTHOM Pa3pes3e TO3BOJINIIN HaM
YBEPEHHO MOCTPOUTH BOCTOUHYIO TPAHUILY KPUCTAJLIMIECKON KOpbl Bocroumo- EBponeiickoit
wiardopmel (puc. 5).
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Iy1y6uHHBI BOCTOYHBIN pa3ies MexKy Y PajbCKON CKJIaI4aTol CUCTEMOl U 3amaHo-
Cubupckoit mwrardopMOoil MBI IIPOBEJIHU 10 JINHUH, COSTUHSIONIEN PE3KOe YBEeJINIEeHIE MOITHO-
ctu ocagounoro Yexsa (or 500 m g0 1000 M) B6u3u Tromencko-UyMHOBCKOrO pasioma
¢ TIporubGOM HUZKHEro HaMarHWYeHHOro cjos (puc. ba). [panuna nmeer 3amanHoe ma/ie-
are. Kpome BIamHbl B KPOBJIE HUYKHETO CJIOST MOYKHO OTMETHTD, YTO B BOCTOYHOM HOPTY
3aypaJibCKOIl Mera30HbI MATHUTHBIE HCTOYHUKY B TPAHUTHOM CJIO€ 3aJIErafoT Ha OOJIBIION
riyouse, 6osiee 15 kM, a Ha 3anaano-Cubupckoil mwiardopMme riryOuHa 10 BEPXHUX KPOMOK
JIMHEHHBIX OSICOB HAMHOTO MeHbIte u coctasiseT 7—10 k. Ilo pesymbraTam rpasBuTaliy-
OHHOT'O MOJIEJIMPOBAHUS 'PAHUTHBINA CJION 3€MHOIN KOPBI IIAT(MOPMBI IMEET OBBIIIEHHY O
IUIOTHOCTh B CPABHEHUHM C yPAJIbCKUMM CTPYKTypamu (puc. 56).

3akiroueHue

B pesysibrare npoBeeHHBIX UCC/IEI0BAHUI IIOCTPOEHBI KAPThl MAIHUTHBIX M I'PABUTA-
[MHOHHBIX AHOMAJIUI OT UCTOYHUKOB, PA3JIEJIEHHBIX 110 CJIOSIM 36MHON KOPBI. DTH Pe3yJIbTaThI
JAI0T BO3MOXKHOCTH aHAJU3UPOBATH PACIpPEeseHNe UCTOYHUKOB, KaK IO TJIyOMHE, Tak
U B PA3HBIX TEKTOHUYECKUX 30HaX. Ha Kaprax HAIVISIIHO IIPOJAEMOHCTPUPOBAHO Pa3jidvne
B pACIIPe/IeJIEHUSIX AHOMAJIHI B 3aIIa/{HOM U BOCTOYHOM dacTsax ¥YpaJia.

B npenenax 3amagnoit u lenrpanspHoit Y paabCKuX Mera3oH IPHUCYTCTBYET HEOOJIBIITOE
KOJIIYECTBO CJIa0bIX MATHUTHBIX M IPABUTAIMOHHBIX AHOMAJIUI (OT HCTOYHUKOB B IIPUIIOBEPX-
HOCTHOM U IPAHUTHOM CJIO$IX ), & K BOCTOKY OT ['taBHOro ¥YpaJibckoro pazjioMa B Taruiabekoit
u Bocrouno-¥Ypasbckoit Merazonax HabOJIIOMaeTCsA 00MIe BHICOKOMHTEHCUBHBIX KAK MAarHUT-
HBIX, TAK ¥ I'PABUTAIIMOHHBIX AHOMAJIHI.

B perumonaspnoM MarHuTHOM IoJie Y paJia IIPOUCXOJIUT 3HAYUTEHHOE IOHUKEHNE YPOB-
ust anomasuit. Ha sTom dbome BbIieIeHbI INHEHHDBIE IPOTS2KEHHBIE OTPUTIATEIHHBIE AHOMAJIIH
CyOMEpUIMOHAIBHOTO IPOCTUPAHHUSI, KOTOPBIE, BEPOSITHO, MAPKUPYIOT I'PAHUIBI PA3JIAIHBIX
TepPeHOB B HUYKHEM CJIOE 3€MHOIl KOPbI, 00pa3yoIuX 3alafHy0 YacTb [lajgeoypasibekoii
CKJIaaIaTol cucteMbl. KpymnHbIE TOJIOXKUTEIbHBIE MArHUTHBIE AHOMAJIMH DPACIIOIOKEHDI
B OCHOBHOM B TIpejieniax Bocrouno-EBporneiickoit mrardopMbl U MPOC/IEKEHBI IO, 3aIaTHBIE
ypaJibCKue CTPYKTYPbI BIUIOTH 10 [JIaBHOrO Y pajbCKOTO pasjioMa. A MHTEHCHBHBIE OJIOKU-
TeJIbHbIE T'PABUTAIOHHBIE AHOMAJIMK OT UCTOYHUKOB B HIKHEN KOPE IPUCYTCTBYIOT TOJIHKO
B Tarminckoit 1 Boctouno-Ypanbckoit Merazonax.

PesynbraThl OCIORHOrO pas/ieieHrsi MATHUTHOTO TI0JIsl UCIIOJIb30BAHBI JIJIsl [IOCTPOEHMST
[IOBEPXHOCTE}, Pa3/IeISIONNX CJION C Pa3HbIMU pU3NIeCKHMHU cBoiicTBaMu. BMmecre ¢ TeM
X TaKKe MOXKHO HCIIOJIBb30BATH JJIs JIIOOBIX APYTUX CIIOCODOB MOJIETUPOBAHNUS, HAIIPUMED,
B KJIaCCE OIPAHMYEHHBIX 110 MPOCTUPAHUIO UCTOIYHUKOB.

Tlocrpoennbie B popMaTe YHUCIOBOrO HapaJsljieenuiie a o0beMHbIE MOJIEIN PacIpe-
JeJIeHUs IVIOTHOCTH U HAMATHUYEHHOCTH JAI0T BO3MOXKHOCTD U3BJIEKATH JIIOObIE MACCUBBI
MEHBIIEel pA3MEPHOCTH JJIst TIOCTPOEHUsT KAPT TOPU30HTAIHHBIX CPE30B WJIN TPACCUPOBKHU BEP-
TUKAJIBHBIX ceueHuii. JIjist eHTpasibHOM YacTh U3ydaeMoil TEpPUTOPUE HA [TOCTPOEHHBIX 110
ITUM MOJIEJISIM Pa3pe3ax IIPOJEMOHCTPUPOBAHBI OTJINYIUS [JIyOMHHOTO CTPOEHUS 3EMHOW KOPBI
3aIafHON 1 BOCTOYHON YacTell majIe030fCKoil ¥ pasibCKOil CKIIaI9aTol CHCTeMbl. [ eoMeTpust
MArHUTHBIX UCTOYHUKOB, 8 TaKKe KOHTYPHI JIEIIPECCUH Ha IIJIOTHOCTHOM pa3pe3e MO3BOJIMIN
YBEPEHHO MOCTPOUTH 3alaJHYI0 I'DAHUILy MeXKIy ypaiuaamu u Bocrouno-Esporreiickoit
wraTOPMOii.

Brinenennas aBropamu JinHeHAS] OTPUIATEIbHAS AHOMAJINS MEPUIUOHAJIBHOTO IIPOCTH-
paHus Ha 3anaje or TroMeHCKO-UyIMHOBCKOIO pa3JjioMa U COOTBETCTBYIOIIEE €l [TOrpyKEeHNe
KPOBJIM HUKHETO CJIOSI HA MATHUTHON MO/JIEJIH, BO3MOXKHO, SIBJISIOTCS IIPOABJIEHUEM TJIyOMHHO-
0 BOCTOYHOI'O Pazjesia MexKy CKIaIdaTbiM Y pajom u 3amnafao-Cubupckoil miardopMoii.

Baaromaproctu. PaGora Bbinosinena npu nojepxke Poccuiickoro Hayuanoro ®ongya (mpo-
ekt PH® Ne20-17-00058).
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For the Middle Urals and adjacent territories of the East European and West Siberian platforms
within geographic coordinates from 56° to 60° northern latitude and from 54° to 66° east longitude,
the structural features of the anomalous magnetic and gravitational fields were studied and maps
of separated anomalies were constructed for three layers of the Earth's crust. Using original parallel
algorithms for solving forward and inverse problems of gravimetry and magnetometry, a density
model of the lithosphere and sources of magnetic anomalies in the Earth's crust were constructed.
The results of modeling the sources of magnetic anomalies in the Earth's crust are compared with
the density model in order to study the differences in the deep structure of the western and eastern
sectors of the Ural fold system, as well as the zones of junction of the Paleozoic Uralian orogen
with the ancient East European and Epi-Gercinian West Siberian platforms.
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Abstract: Bawean Island is a result of volcanic activity in the back-arc volcanism zone located on the
north side of Java Island. Bawean Island was formed due to the geological structure being controlled
by the Paleogene-Neogene tectonic line in the Meratus Pattern. The mantle tearing resulted in the
formation of the Bawean Arc. The Kepuhlegundi Hot Spring is a component of the volcanism product
on Bawean Island. To analyze the formation of hot springs in more detail, we conducted magnetic
method measurements and integrated the data with gravity satellite and Fault Fracture Density
(FFD) methods. The three methods were used to determine the continuity of the mapped geological
structures surrounding the hot springs. The FFD method can be used to map the weak zone of the
hot spring, which is caused by the lineament surrounding it. The magnetic and gravity methods
reveal anomalous contrasts that extend towards the hot springs in the direction of the structure. The
magnetic and gravity methods reveal anomalous contrasts that extend towards the hot springs in
the direction of the structure. Based on regional anomaly analysis, spectrum analysis indicates that
the structure is located at a shallow depth of 15 to 80 meters. The drawing in each method shows
a dominant orientation in the Northeast-Southwest direction, which corresponds to the orientation
of the Meratus Structure Pattern. Kepuhlegundi Hot Spring is formed due to the control of geological
structures, allowing hot fluids to flow through fractures as an aquifer.

Keywords: bawean, hot spring, geological structure, fault fracture density, magnetic, gravity, aquifer.
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1. Introduction

Bawean Island is located on the north of Java Island, Indonesia, which was formed
due to volcanic activity. The island is in a region of Quaternary back-arc volcanism [Usman
et al., 2010]. Tectonic processes initiated volcanic activity in this area during the Pre-
Paleogene period, forming graben structures in the basement. Magma rises to the surface
through fractures in the structures formed [Hendratno and Khoir, 2019]. The volcanic
rocks of Bawean Island have characteristics indicating that they originate from two distinct
magmas: one resulting from the subduction of the Indo-Australian Ocean Plate at the
Eurasian Plate boundary, and the other from magma in the mantle. This suggests that
Bawean Island is a Back Arc Volcanism zone with a subduction depth of up to 600 km
[Setijadji et al., 2006].

Kepuhlegundi Hot Spring is one of the many hot springs scattered across some islands
as a manifestation of volcanic activity. When a heat source such as intrusion or magma
heats an aquifer in the subsurface, hot springs can form [Rosli et al., 2022]. Geological
structures, such as faults or fractures, can control the occurrence of hot springs by causing
hot fluids to flow in weak zones until they reach the surface [Bense et al., 2013]. Through
the geological conditions of the hot springs, research was conducted on subsurface con-
ditions to understand comprehensively and deeply the control of geological structures
in their formation, which has not been studied before. This research is expected to be
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the preliminary stage in the process of potential geothermal development, especially the
potential that can be explored and validated by the geological conditions that have been
mapped previously based on geophysical and spatial analysis.

Spatial data analysis can be used to mapping the weak zone through Fault Fracture
Density (FFD), which is typically formed by structural presence, it is important to note
that FFD is a form of remote sensing [Danakusumah and Suryantini, 2020]. Geophysical
measurements were conducted through ground magnetic surveys in the vicinity of the
hot spring area, oriented towards the regional structure of Bawean Island. The magnetic
method is expected to effectively reveal subsurface conditions, particularly the geological
structures that control geothermal systems. Volcanic rocks predominantly make up the
research area and are expected to show a strong magnetic response [Alvarez and Yutsis,
2015]. The magnetic method and the gravity method were also combined to make it easier
to figure out what structures are below the ground, get more accurate results, and get
a better picture of how hot springs work. This is because both methods are effective in
determining the geometry of subsurface structures [Araffa et al., 2018; Sismanto et al., 2018].
Using the methods can be a preliminary stage in understanding the potential of geothermal,
especially in utilizing open source data and field data that is regional in nature, so that it
can be a reference in detailing the next research.

2. Geological Setting

The Bawean island is located on the Muria-Bawean volcanic back-arc line, which is
a type of back-arc volcanism. The Bawean Arc is a plateau formed by the Muria-Bawean
Back Arc Volcanic Line, which bisects the North Basin of East Java [van Bemmelen, 1949].
The Bawean Arc Volcanic Line follows the same direction as the Peleogene-Neogene tectonic
line in the Meratus Pattern, which extends from the north of Mount Muria to the Meratus
Mountains in South Kalimantan. Both lines run in a northeast-southwest (NE-SW) direction
[Hamilton, 1974; Pulonggono and Martodjojo, 1994]. Tectonic processes trigger the tearing
of the mantle layer during the formation of graben structures in pre-Paleogan bedrock.
This process causes magma to rise to the surface and form the Bawean Arc [Hendratno and
Khoir, 2019]. The formation of graben is initiated by the Paleogene Extensional Rifting
period, a tectonic event that results in basin formation with hydrocarbon potential. This
is followed by the Neogene Compression Wrenching period, which is characterized by
pressure that causes magma to rise and form Bawean Island. [Hutubessy, 2003; Sidarto and
Sanyoto, 1999]. Geothermal systems can form in the back-arc basin area due to rollback and
pull-apart subduction mechanisms, which trigger the formation of geological structures
in the subsurface. This creates a fracture system that serves as a pathway for hot fluids
[Siringoringo et al., 2024]. The formation of hot springs in non-volcanic areas, such as
Kepuhlegundi Hot Spring, can occur due to the release of water and fluids from slab
sediments and rocks to the mantle boundary because of magmatic fluids originating in the
subducting ocean plate [Hosono and Yamanaka, 2021].

Based on the structural pattern of the Java Sea (Figure 1), Bawean Island follows the
Meratus Pattern, with a structural orientation that tends towards the northeast-southwest
direction. Tectonic processes have shaped the complex structure that formed Mount
Bawean [Puswanto et al., 2022]. These processes include extensional rifting during the
Paleogene period, compressional wrenching during the Neogene period, and compressional
thrust-folding during the Plio-Pleistocene period [Suprijadi, 1992; Usman, 2012]. The
geological structure on Bawean Island tends to be a sinistral fault with a northeast —
southwest orientation, following the Meratus Pattern structure [Arifin and Lugra, 2016].

Regional structure controls the formation of Bawean Island, resulting in a local
surface structure with a consistent direction. Geological structure plays a significant role
in the formation of hot springs. Geological structures, such as faults, can cause secondary
structures to form around the fault line [Choi et al., 2016]. Secondary structures, such as
fractures, can form a damage zone that increases the rock's permeability. This allows hot
fluids to flow through the gaps in the fracture zone [Keegan-Treloar et al., 2022].
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Figure 1. The map displays the structure pattern of Java Island with the Meratus Pattern (red line)
passing through Bawean Island (dashed line), modified from [Pulonggono and Martodjojo, 1994].

Figure 2. a) Geological map showing lithologies, lineament, and faults in the area, modified from
[Aziz et al., 1993] b) Outcrops of travertine deposits from hot springs c) Volcanic rock outcrops in
the form of lava with the type of andesite — basaltic d) Fossilized leaf molds in travertine deposits
around hot springs.

The geological map of the Bawean sheet (scale 1:100,000) shows that marine sedi-
mentary rocks, volcanic rocks, and alluvial deposits make up the research area (Figure 2a).
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These rocks are estimated to be from the Holocene to late Oligocene periods [Aziz et al.,
1993]. The Gelam Limestone Formation (Toml) consists of reef limestone, clastic limestone,
and crystalline limestone. These rocks are marine sedimentary products that formed during
the late Oligocene age. The Balibak Volcanic Rocks (Qv) consist of alternating layers of lava,
volcanic breccia, and tuff, overlying the Quaternary age (Figure 2b). The volcanic rocks
on Bawean Island have a more basaltic nature compared to the volcanic rocks found in
Quaternary volcanoes on Java Island. This is caused by the process of mixing two different
magmas (self-mixing) between the Indian-Australian subduction plate and the magma.
[Hafizh, 2022]. Travertine deposits (Figure 2¢) form around the hot springs as carbonate
hydrothermal sediments precipitate from solutions in the soil and water table [Luo et al.,
2021; Shiraishi et al., 2020]. The results of travertine deposits from hot springs have a wide
distribution and the field also found the presence of fossil leaf molds in these deposits
(Figure 2d), which can indicate that they have a young rock age period. In groundwater
systems in volcanic areas, lapilli tuff rocks have a high hydraulic conductivity value and
can become aquifers or permeable layers, whereas lava rocks become impermeable layers
[Fajar et al., 2021].

3. Data and Methods

This research will integrate three methods, namely Fault Fracture Density (FFD),
Ground Magnetic Method, and Gravity Satellite Method, to analyze the structure alleged
to be the formation of Kepuhlegundi hot spring. The FFD method analyzes the density of
a lineament based on the topographic shape of the research area. The topographic data
utilizes DEMNAS (National Digital Elevation Model) data with an 8-meter resolution. This
is a combination of several data sources, including IFSAR (5m resolution), TERRASAR-X
(5m resampling resolution from the original resolution of 5-10m), and ALOS PALSAR
(11.25 m resolution) [Badan Informasi Geospasial, 2018]. The process of creating a lineament
drawing involves converting elevation data from a DEM into a multidirectional hillshade.
This allows for a clear visualization of the line's shape from eight different directions
(0°, 45°, 90°, 135°, 180°, 235°, 270°, 315°). The calculation process of lineament density is
based on the number and length of lineament in each grid area then the value on each grid
will be contoured with the results in the form of a FFD map [Nahli et al., 2016]. In this
method, a cell size of 1x1 km is chosen because this size is quite effective in calculating the
correlation between fracture density and geothermal features, in this case is hot springs
[Soengkono, 1999]. The effect of selecting this cell size will have an impact on the level
of exaggeration and smoothness of the density distribution calculated [Haeruddin et al.,
2016]. In this study, we used a grid size of 0.25x0.25km and a pixel size of 0.25%0.25
to get a smoother distribution of values. The azimuth magnitude of each lineament was
plotted on a rose diagram to identify trends in azimuth orientation in the Kepuhlegundi
Hot Spring area [Nabhan et al., 2024].

The Geotron Model G5 Proton Memory Magnetometer was used to measure ground
magnetic data. Hills and community plantations dominate the measurement area, with hot
springs located in the middle of the 90-hectare plot. The lot shape is determined by the
orientation of the dominant structures in the study area. The measurement method employs
the Base-Rover system with 50 to 70 meters between measurement points, resulting in
110 stations. During the measurement process, we perform data quality control by taking
5to 7 iterations of data at the same location. Processing the magnetic data involves applying
diurnal correction and IGRF (International Geomagnetic Reference Field) correction to
obtain the Total Magnetic Intensity (TMI) value. The Reduce to Equator (RTE) filter process
is used to transform the dipole anomaly into a monopole, ensuring that the anomaly is in
its true position. [Baranov, 1957]. To separate residual and regional anomalies, a spectrum
analysis stage is performed to determine the depth of each anomaly using an upward
continuation filter.

The gravity method uses secondary data obtained via satellite, specifically GGM
(Global Gravity Model) Plus. This model is the outcome of collaborative research between
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Figure 3. Topographic map of Kepuhlegundi Hot Spring along the positions of magnetic survey
points (blue colored plus) and gravity satellite points (yellow-colored stars).

Curtin University and the Technical University of Munich. GGMplus is a composite of
GRACE and GOCE satellite gravity, EGM2008 and short-wavelength topographic gravity
effects at about 200 m resolution for all terrestrial and near-coastal areas of the Earth
between +60° latitude [Hirt, Ch. et al., 2013]. 63 gravity data points are distributed across
all lots in the magnetic method. The data obtained from GGMplus is in the form of gravity
disturbance data, which is equivalent to a free air anomaly. Therefore, it is necessary to
make corrections using the SRTM2gravity field correction model to obtain the Complete
Bouguer Anomaly (CBA) [Pohan et al., 2023]. Data processing in the CBA separates residual
and regional anomalies using the upward continuation method, which undergoes the same
spectrum analysis stage as the magnetic method.

4. Results and Discussion
4.1. FFD Analysis

Fault Fracture Density (FFD) analysis is a way to look at the area and figure out where
the weak spots are. It does this by counting how many dense lineaments there are in
the area, which is caused by the geological structures in that area [Nayoan et al., 2023].
Based on the lineament interpretation (Figure 4a), the distribution of lineament structures
around the hot springs and around the geological structures that have been previously
identified. A total of 99 lineaments were interpreted with a length range of 0.18-2.34km,
and the average length was 0.60 km (Figure 4b). Based on the rose diagram (Figure 4c), the
orientation of the interpreted lineaments tends to be parallel to the identified geological
structures, dominated by the 30-45 NE direction. Lineaments with directions that tend
to be the same as the regional geological structure can confirm that the research area is
controlled by sinistral faults. The tendency of the same direction or parallel to the main
structure is generally characterized by the strike-slip fault process that occurs in the area
[Blenkinsop, 2008]. Therefore, it can be validated that the research area is controlled by
sinistral fault and is in accordance with the mapped Meratus pattern structure.
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(a)

(b) (c)
Figure 4. a) Lineament interpretation map of the study area with 8 directions of shad-
ing/multidirectional hillshade; b) Histogram and statistical summary of lineament length; c) Linea-
ment orientation in study area by rose diagram.

The result of FFD analysis shows the distribution of the density value of the lineament,
which has been interpreted in the form of a map (Figure 5), with the range of value in
the research area known as 0-4.45km/km?. The area around the hot springs is in an
area with a high FFD value, which is around 2.88-3.93 km/kmz. The increase in value is
consistent with the geological structures discovered near the springs. This is because the
destruction process weakens the area around the geological structure, creating a weak zone,
whereas coastal areas and alluvial plains have undergone a sedimentation process that can
cover traces of the destruction process [Manyoe and Hutagalung, 2022]. High densities are
dominant in the vicinity of geological structures such as faults, while small densities tend
to occur in coastal areas or alluvial plains. With high FFD, the zone can become highly
permeable, making it easier for fluids to flow through the cracks [Arrofi et al., 2022].

4.2. Magnetic Method

The total magnetic intensity (TMI) map is generated by applying the Krigging inter-
polation method to each magnetic measurement point in the field. The Reduce to Equator

Russ. J. Earth. Sci. 2024, 24, ES3007, EDN: JIQGXN, https://doi.org/10.2205/2024es000913 60of 16


https://elibrary.ru/jiqgxn
https://doi.org/10.2205/2024es000913

INTEGRATED ANALYSIS BY GEOPHYSICAL AND SPATIAL DATA. .. RAFI ET AL.

Figure 5. Fault Fracture Density (FFD) map of the Kepuhlegundi hot spring area with geological
structures based on the Bawean geological map.

(RTE) process is then used to get rid of the dipole effect in the study area. This makes
sure that the anomaly is in the right place (Figure 6). Anomalies on the TMI map reflect
changes on the RTE map, indicating the withdrawal of anomalies that tend to shift in
the north-south direction. This may be because of the magnetic field inclination in the
research area [Araffa et al., 2018)]. The magnetic anomaly distribution expresses the level of
susceptibility or the ability to be magnetized in units of nT (nano Tesla).

According to the RTE map, the magnetic anomaly values in the study area range
from —1044 to 126 nT. The distribution of anomalous values in the research area is quite
varied. This may indicate that the area is geologically complex and influenced by geological
structures. Compared to literature on geothermal studies of hot springs, the magnetic
anomaly in this study area typically exhibits lower magnitudes. This may be due to the fact
that the research area is situated in a region with rock formations resulting from volcanic
eruptions, with bedrock taking the form of limestone.

The Radial Average Spectrum technique can determine the condition of regional and
residual anomalies at different depths. The Fast Fourier Transform (FFT) process calculates
this technique [Basantaray and Mandal, 2022]. Applying the Fast Fourier Transform (FFT)
converts magnetic field data from the spatial domain to the frequency domain. This allows
for the separation of regional and residual anomalies based on the breakdown of slope
data. Figure 7 shows the spectrum analysis results in the form of a regional linear line
(orange line) with an anomaly depth of 78 meters and a residual linear line (blue line) with
an anomaly depth of 14 meters.

The magnetic anomaly in the research area was determined using the upward contin-
uation filter process. This process involves lifting the data to a certain height to eliminate
interference effects. According lifting height is twice the depth of the anomaly, as deter-
mined from the spectrum analysis [Arellano et al., 2021]. Figure 8a shows the research
area's regional anomaly following the upward continuation process up to 156 meters. The
anomaly exhibits a regional and uncomplicated distribution, with values ranging from
from —470 to —341 nT. The hot springs are situated in an area with a medium anomaly
between the high and low regional anomalies. However, there are no significant regional
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Figure 6. Magnetic anomaly map after Reduce to Equator (RTE) filter in the Kepuhlegundi Hot
Spting area with lineament by Bawean geological map.

Figure 7. Spectral Analysis from magnetic processing for separation and depth identify of regional
and residual anomaly.

anomalies on the structural lineament of the geological map. This suggests that the struc-
tures and hot springs did not form at a significant depth. At a depth of 78 meters, the
low magnetic anomaly value indicates that the area being researched is already part of
the bedrock of Bawean Island, specifically the gelam limestone. This suggests a strong
correlation between the research area and the island's bedrock. Magnetic residual anoma-
lies are geological anomalies at shallow depths that result from the removal of regional
effects on the RTE map or the difference between the RTE map and the regional anomaly
(Residual Anomaly = RTE Anomaly — Regional Anomaly) [Chouhan et al., 2022].
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(a)

(b)
Figure 8. a) Regional anomaly magnetic map; b) Residual anomaly magnetic map of the Kepuhle-
gundi hot spring area with geological structures and lineament indicated by magnetic measurements
(red dashed line) and lineament from Bawean geological map (black dashed line).

Figure 8b shows a distribution of residual anomalies that is highly variable with
anomalous values ranging from —615 to 505 nT. High magnetic anomalies indicate that
the subsurface rock response in the research area has a high content of magnetic minerals
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such as Fe. Igneous rocks with a high Fe composition, such as lava, basaltic, or andesitic,
typically exhibit a high magnetic response. Upon examining the previously mapped geology
distribution, we find that the research area falls within the volcanic rock region. Therefore,
we can interpret the high anomaly (from 200 to 505 nT in the hot water area as indicating
volcanic rocks, such as lava. Then, in areas with low anomalies (from —80 to —615nT),
it can be indicated by sedimentary rocks, with the case in this study being limestone
or deposits formed from the hot springs themselves, namely travertine deposits with
a magnetic mineral composition that tends to be low. In addition, anomalies that tend
to be moderate (from —26 to 100nT) can be interpreted as the result of volcanic rocks
in the form of tuff deposits. At the hot spring point, a demagnetization phenomenon
occurs which makes the magnetic anomaly tend to be low in the vicinity due to the hot
temperature. The geologic structure is interpreted by the boundary between the low and
high magnetic anomalies, marked by the dashed red line in Figure 7b. The geologic map's
lineament (black dashed line) outlines the region of anomalous contrast that exhibits
a northeast-southwest trend. A significant change in anomaly value, assuming a sudden
difference in rock type that characterizes the existence of a geological structure, leads to
the interpretation of the boundary as a structure. The structure's is also indicated by the
presence of anomalies that have the same value and are separated by what is believed to be
the structure's alignment. The hot spring is indicated to have formed due to the structure
continuity passing through the hot spring point.

4.3. Gravity Method

The satellite gravity method makes a map of where the Complete Bouguer Anomaly
(CBA) is found. The map is measured in milligals (mGal), which are related to how dense
a rock is [Hinze et al., 2013]. Figure 8 illustrates that the anomalies' distribution varies
within a range of —470 to —341 mGal. This similarity with the magnetic anomalies' results
is due to the complex geological conditions and structures in the research area. When
observing the values (Figure 9), it can be noted that hot springs are typically found in areas
with moderate anomalies, even between areas with low or high anomaly contrasts. Based
on the geological map, the lineament is a moderate anomaly. The rock's density affects the
gravity anomaly's value. A high anomaly indicates a higher density closer to the surface,
whereas a smaller anomaly indicates a lower density farther from the surface [Amir et al.,
2021].

The distribution map of CBA is still affected by regional anomalies in the research area.
Therefore, it should be separated into regional and residual anomalies, like the magnetic
method, using the Radial Average Spectrum. The spectrum analysis results (Figure 10)
indicate that the regional gravity anomaly in the research area is located at a depth of 139
meters, while the residual anomaly is at a depth of 86 meters.

The regional gravity anomaly is obtained by upward continuation, similar to the
magnetic method. Spectrum analysis determines the depth. The regional gravity anomaly
(Figure 11a) shows a regional and similar distribution of anomalies, with anomalies ranging
from 26.47 to 30.23 mGal. Anomalies with high values are interpreted as bedrock in the
research area, specifically gelam limestone with high density. The lack of anomalous hot
springs and geological structures in the study area suggests that such features did not form
at this depth.

The residual anomaly is determined using the same method as for the magnetic
anomaly by separating the CBA from the regional anomaly. The results of the residual
anomaly (Figure 11b) show a varied distribution of anomalies, with anomalous values
ranging from —2.78 to 3.11 mGal Removing the influence of regional anomalies has re-
sulted in a shallow anomaly, making the anomaly value relatively small compared to the
CBA. The variation of the gravity anomaly will follow the distribution of rock types in the
research area by looking at the different density values of each rock. In this study area, high
anomalous values (from 0.79 to 3.11 mGal) are interpreted as rocks with a high density,
as in the geologic conditions which tend to be volcanic rocks with the possibility of lava
or breccia igneous rocks. Near the hot springs, previously magnetic was interpreted as
sedimentary rock in the form of travertine deposits from the hot springs themselves, this is
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Figure 9. Complete Bouguer Anomaly (CBA) map of the Kepuhlegundi hot spring with lineament by
Bawean geological map.

Figure 10. Spectral Analysis from gravity processing for separation and depth identify of regional
and residual anomaly.

evidenced by the low anomaly results (from 0 to —2.81 mGal), which are rocks with low
density levels. The residual anomaly contrasts with the anomaly at the hot spring but has
the same continuity as the geological structure in the study area, which runs northeast-
southwest. The geologic map lineament (black line) is thought to be continuous because
the contrast between low and high anomalies is long. This suggests that rock lithology is
different between the anomalous values. The presence of contrasting lithological variations
along a straight line with a consistent trend may suggest a geological structure in the area.
Geological structures control the formation of hot springs.

The study employed three effective methods for identifying regional geological struc-
tures. The FFD method is particularly useful for mapping weak zones influenced by
structural control, while the magnetic and gravity methods are effective at identifying
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(a)

(b)
Figure 11. a) Regional anomaly map; b) Residual anomaly map from gravity satellite in the Kepuhle-
gundi hot spring area with geological structures and lineament indicated by magnetic measurements
(red dashed line) and lineament from Bawean geological map (black dashed line).

anomalous contrast boundaries that indicate geological structures in each area. The struc-
tures found in the three methods show a dominant direction of northeast-southwest, with
a focus on the study area. The structure's orientation matches that of Bawean Island's
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geological structure, as described by [Aziz et al., 1993] on the Regional Geological Map of
Bawean Sheet. The Meratus pattern may influence Bawean Island's geological structure
and show indications of a sinistral fault, as suggested by [Arifin and Lugra, 2016].

The study integrated magnetic and gravity methods to determine the location of the
structure in the hot spring area. It was found that the structure is in a residual anomaly or at
a shallow depth, indicating that it was formed after the end of the Miocene period, during
which the bedrock of Bawean Island, specifically the gelam limestone formation, was
formed. The formation of Kepuhlegundi Hot Spring is controlled by geological structures
in the form of continuous fractures (Figure 12) based on the analysis of the continuity and
weak zones around the hot spring by each method. The effect of fractures on the formation
of hot springs is due to the surrounding weak zone increasing the permeability of the rock
so that hot fluids will be very easily to pass through [Rafi et al., 2023; Zhou et al., 2023]. In
addition, the structure passes through areas with high magnetic and gravity anomalies that
may indicate the presence of solid volcanic rock. This could potentially facilitate heating
of the aquifer through the fracture zone. By integrating spatial and geophysical analyses, it
is possible to validate the relationship between the identified regional geological structures
and the formation of Kepuhlegundi Hot Spring. Furthermore, this study can serve as
an initial illustration for further investigation of Kepuhlegundi Hot Spring's subsurface
conditions.

Figure 12. Map of the results of identifying the structural continuity that controls the formation
of Kepuhlegundi hot springs from the integration of magnetic, gravity satellite, and fault fracture
density (FFD) methods.

5. Conclusion

The Kepuhlegundi Hot Spring formation can be identified by analyzing and integrat-
ing three methods: FFD, magnetic, and gravity. The surface geological structure controls
this formation. The FFD analysis method can accurately identify weak zones around the
hot springs by analyzing the geological structures in the study area. This is achieved by
mapping the dense lineaments caused by these structures. Magnetic and gravity methods
can be used to determine the location and orientation of structures based on the contrast of
low and high anomalies that extend through the hot springs. Both methods predict that
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the controlling structure is at a shallow depth, between 15 to 80 meters below the surface.
This prediction is based on an analysis of both residual and regional anomalies. The orien-
tation of the structure formed at Kepuhlegundi Hot Spring is consistent with the Meratus
Structure Pattern, which runs in a northeast-southwest direction. This suggests that the
structure was formed by the Meratus pattern, as confirmed by the potential method and
FFD analysis. This research can be the first step in further investigation into the subsurface
conditions around hot springs, particularly the geological structure.
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B pabore paccmarpusaercs: 3 dOEKTUBHOCTD T€OXUMUYECKOTO METOA OIPEIesIeHUsI TA30HOCHOCTU
TEpPUTOPUI U [IOUCKOB 3aJIe’Kell IIPUPOJIHOrO ra3a B KOMILIEKCE C JAHHBIMU O XapaKTepe HeOTEKTO-
HUYECKO aKTUBHOCTH T€PPUTOPHUHU, HOJYIEHHBIMU 110 T€OMOPQOJIOrMIeCKOMy aHAIu3y U(pPOBOi
Mozesn penabeda, Ha ogHoN u3 miomaneit Bocrounoit Cubupu. ['eoxuMuyueckue maHHbIE BKIIOYAIOT
B cebs cozmeprkanue merana u ero romosoros (C1—Cg), OpeeseHHbIX METOIOM Tra30BO# XpOMAaTO-
rpadun B mpobax MOJIIOYBEHHOIO IPYHTA, & TAKXKe 3HAYEHUS U30TOITHOIO COOTHOIIEHUS YTIIEPOIA
(613 C) B O6HAPYKEHHOM MEeTaHe, N3MEPEHHOE HA M30TOIHOM MAacC-CIeKTpoMeTpe. PekoHcTpyKIust
9TAIIOB HEOTEKTOHUYECKONH AKTUBHOCTH OBLIA BBIMTOJTHEHA C UCIIOIB30BAHIEM MOIUMUIIITPOBAHHOTO
MOP(MOMETPHUIECKOTO METOa aHAJIN3a IdPpoBoit Mojenn peiabeda. OrneHKa MaKpPOCKOITHIECKOM
TPEIUHOBATOCTH OCAJIOYHOTO YeXJia, TAKXKe O0YCJIOBJIEHHAS HEOTEKTOHMIECKON aKTHUBHOCTBIO, IO~
JlygeHa u3 MudpPOBON MOJETN pebeda Kak MIOTHOCTD ITPUXOB — MEPBAYHBIX JIHHEHHBIX 0OHEKTOB,
BBIPAXKEHHBIX B pesbede, Bhlae/eHHbIX o MeToauke A. A. 3narononbekoro. Undopmarumst, mosy-
JeHHasT U3 MU(PPOBON MOJAETHN pebeda, JaeT BO3MOKHOCTh BBIJIETUTDH YIACTKHU, T/Ie BEPOSITHOCTH
COXPAHHOCTH Ta30BbIX 3aJieyKeil HeBbICOKasi. COBMECTHBIN aHAJIN3 M30TOMMHO-TEOXUMUIECKUX TAHHBIX
¥ WHMOPMAIUHT 0 30HAX, TJe 3aJeXKM MOTVIN OBITh MTOIBEPrHYTHl HHTEHCUBHOMY Pa3pyIIEeHUI0, TO3BO-
JISIET OIEHUTH [TEPCIEKTUBBI FA30HOCHOCTH TEPPUTOPUHN, 8 TAKZKE BBISIBUTH HAMOOJIEE TIEPCIIEKTUBHBIE

YYaCTKU.

KirodeBble ciioBa: MpPOrHO3MpOBaHUe ra3oHOCHOCTH, Bocrounass Cubupb, reoMopdosiorusi, Mopgo-
METPUYECKUI METOJ, M30TOIHBIA aHaJU3 yIryiepoja MeTaHa, MaKpPOTPEIMHOBATOCTh, COXPAHHOCTh

3aJIe2KH.

Huruposanme: Cmupnos, A. C., /1. K. Hypranues, 1. FO. Yepnosa, u 9. P. Suranmun
NuadopMaTHBHOCTE TeOMOPGOJTOTHIECKIX U U30TOIMTHO-TEOXUMUIECKUX METOJOB IIPU OIEHKE
ra3oHocHOCTH Teppuropun (Ha npumepe Anrapo-Jlenckoit medrerazonocunoit obracrtu) // Russian
Journal of Earth Sciences. — 2024. — T. 24. — ES3009. — DOI: 10.2205/2024es000904 — EDN:
BRLAGN

BBeaenune

Hedrerazonocnocts ocaoaHbIX 6acCeiHOB 3aBUCUT OT MHOTUX (PAKTOPOB: HATUIUS
MCTOYHUKOB YTJIEBOJIOPO/IOB, YCJIOBUM WX MUTPAIIUU, CBOWCTB PE3ePBYapOB M HMOKPBIIIEK.
Orpomuyio posib B GOPMUPOBAHUN U PA3PYIICHUH 3aJI€XKEH YITIEBOJIOPOJOB UTPAIOT TEK-
TOHUYIECKIE TTPOIIECCHI, OIPEJIEISIONINE ITAIBl MUTPAIINN (DITIOUIOB B OCA0YHOI TOJIIIE —
reodunonnonuaamuky [Abyxosa u Boaoote, 2021; Heotcdarnos u Cmupnos, 2021]. Samexn
HedTH U Ta3a HAYMHAIOT Pa3PyIIaThCs C MOMEHTa UX 00pa30BaHus 3a cueT UM dy3nun Jerkux
YTJIEBOJIOPOJIOB Uepe3 MOKPHIIIKY U TpocadnBanus ron 0B 1o TperuaaM. OObITHO 9TO Mpo-
ucxoaut 1pu JedopMaIysiX TOPHBIX IOPOJ, BbI3BAHHBIX KAK OBICTPBIME (CEiCMUYECKUMN ),
TaK ¥ MeJUICHHBIMHU (TeKTOHMUeCKUMHE) nporneccamu | eprosa u dp., 2015].
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JpeBHEE TEKTOHUYIECKNE COOBITHS 3a(PUKCUPOBAHBI B CTPYKTYPE OCATOTHOTO UeXJIa
B BHJIE CKJIAJIOK, PA3JIOMOB U 30H TPENIHHOBATOCTH, YACTO yKe 3aJI€ICHHBIX BTOPUIHBIMU
MUHEpaJaMu. ITy HHGOPMAIUI BO3MOYXKHO MTOJIYUYUTh [0 Pe3yJbraTaM OypeHUs CKBayKUH
U MHTEepIIpeTalui I'paBUMal'HUTHBIX U CeI‘/JICI\fIOpEiSBeLLOLIHbIX JJaHHBIX.

XapakTep U HHTEHCUBHOCTH COBPEMEHHBIX TEKTOHUIECKHUX (PeOIMHAMUYIECKUX) [POIEC-
COB MOXKHO M3MEPUTDb CErO/iHsI HEMOCPEJACTBEHHO C MCIOJIb30BAHNEM ONTUYECKUX U CITYTHH-
KOBBIX I€0JIe3NYeCKIX MHCTPYMEHTOB. IIporecchl, KOTOphIe MPOU3OIILIN B I€0JIOTMIECKOM
Maciirabe BpeMeHU HelaBHO (~1—2 MJIH JieT Ha3aJi), [PEeJICTABISeTCS PEeabHbIM PEKOH-
CTPYUPOBATH, aHAJU3UPYS COBPEMEHHBIN penbed. Heorekrornmdeckuii atar, oKa3aBIInil
KJIFOUEeBOe BO3JleficTBre Ha (DOPMUPOBAHUE COBPEMEHHOIO pesibeda, Tak:Ke CyIIeCTBEHHO
MIOBJIUSJI Ha 0Opa30BaHWe, M3MEHEeHWe W paspylneHne HedTerasoBbIx 3asiekeil. MeTomabl
PEKOHCTPYKITUH HEJAaBHEH TeKTOHNIECKON aKTUBHOCTHU TI0 aHAJNU3Y U(POBO MOJIEIN CO-
BpemenHoro pesabeda (IIMP) paspaboranst [JTacmoukun, 1974; Quaocodos, 1975; Yeprosa
u 0p., 2010; Chernova et al., 2021] u MUPOKO UCIOIB3YIOTCSL JJI PEKOHCTPYKIUHE HEOTEKTO-
HIYIECKOI aKTUBHOCTH TEPPUTOPHUIl U MPOrHO3UPOBAHUS YIACTKOB HAUbOJEe TEPCIIeKTUBHBIX
st oObHapyKeHusi HeTera3oBbIxX 3ajexkeil B Bosro-Ypasbckoil HedTerasoHOCHO obracTu
[Hypeaaues u dp., 2009; 2004; Yeprosa u dp., 2013; Chernova et al., 2021]. dys npyrux
TeppuTopuii, B 9actHOCTH — Bocrounoit Cubupn [Bazpomees u dp., 2017|, Taxnx maHHBIX,
MO3BOJIAIONINX YBEPEHHO TOBOPUTH O BJIUSHUN HEOTEKTOHUYECKOIO ITAIa Ha Te0(IIIOU 0/~
HAMUKY, (bopMHUpOBaHUe, epeOpMUPOBaHIe U pa3pylleHne HedTera3oBbIX 3aJIeXKeil, TOKa
HeocTaTouHo. OCHOBHOM TIEJIBIO JIAHHON CTATBU SIBJISIETCS TPEJICTABICHUE U 0OCY K IeHIe
pe3yabraToB anammsa [IMP u nx mwadOpMaTUBHOCTH /I OIEHKN TA30HOCHOCTH YIaACTKA
HEJIp, PacrosioKeHnoro B Aurapo-Jlenckoit HedrerazoHocHoit obiacTu. A Tak»Ke OLEHKA
BO3MOYKHOCTH KOMIIJIEKCHPOBAHUST T€OXUMHUIECKAX U NeOMOPGOTOTHIECKIUX METOIOB JIJIsT
MMOMCKA 3aJIeKeil TIPUPOIHOTO Ta3a.

B mporecce hopmupoanust u paspyiieHus 3ajexeilt HeTH U ra3a B BbIIIEIEXKAITIX
[OpO/IaX 00Pa3YIOTCsI OPEOJIbl PACCEsTHUSI YIJIEBOJOPOIOB, KOTOPhIE MOI'YT CJIy?KUTh WH KA~
TOpaMU HAJUYMs 3aJIeXKell B HIKejIeKaImux KojuiekTopax. OpeoJsibl paccesHusi 00pa3yoTces
B pe3y/ibTaTe MUI'DAIUN YIJIEBOIOPOIOB Ye€Pe3 IMOPOILI-TIOKPLIINKY (JIErKue JIETydne KOM-
[IOHEHTBI) U 10 OCJIA0JEHHBIM, TPEIINHOBATHIM 30HAM PA3JIOMOB B BBIIIIEJIEKAIINE TTIOPOJIBL.
B mporiecce Murparym MOTyT U3MEHSITHCSI COCTAB M COOTHOIIEHUE PA3JIMIHBIX KOMIIOHEHT
B 3aBUCHUMOCTU OT YCJIOBUN OKPYKAIOIIEH CPEIbl U XapakTepa OUOIerpaiaiim.

Onuncanme 06bEKTa M METONOB MCCJIEIOBAHUS

Teppuropus uccae0BaHusI pacoaraeTcs B I0ro-soctouHoit yacru Jleno-Tynrycckoit
HedTerazoHocHo mnposBuHIMU, B Anrapo-Jlenckoit medrerazonocroit obmacru (HI'O).
Amnrapo-Jlenckas HI'O oxsarbiBaer BCio Teppuroputo Aurapo-Jlenckoii crynenu [Bazpo-
mees u dp., 2017] u oro-zanagnyio okoneunocts Hencko-Boryobunckoit anrekauspr. Ona
nzydena rirybokuM Oypennem HepaBHOMepHO. Hanbosiee mcciie/JoBaHHBI €e IeHTPaJIbHbIE
paifioHbI, KOTOpBIE SIBJISIIOTCS OOJIACTIMHU IIPEUMYIIECTBEHHO Ta30HAKOIIEHHUSI C PECypCa-
MU TOpsAKa 12,7 MJIpJ T yCAOBHBIX yriieBooponos [[oezysesa, ITonos u dp., 2009]. Beero
B HacTosIIee BpeMs Ha Teppuropun Anrapo-Jlerckoit HI'O BrisiBiero 6ostee 10 mecTopoxkie-
HUil Ta3a. 37ech BBIIEISAOTC ycTaHoBIeHHas (AHrapo-KoBbIKTHHCKAsS) U JIBe TPOTHO3HBIE
3o0HbI razonakoivienus (Bepxosencko-Kynunckas u Bparckas) [Baxpomees u dp., 2019].
Bepxonencko-Kynunckas 30Ha pacosioxena 3a npeeaamu obaactu uccaenosanus (puc. 1).

Hedrenonckosbre paboThl ¢ HCHOJIB30BAHUEM IJIyOOKOrO OypeHusi ObLIN HadaTh
B Anrapo-Jlernckom paifone B mepBble MOCIEBOEHHBIE TOJIBI U TOJYYUIN PA3BUTHE TOCJIE
OoTKpBITHA B 1962 roy MapKOBCKOrO ra30KOHIEHCATHOT'O MECTOPOXKIEHUSI.

OCHOBHBIE TEPCIIEKTUBBI TA30HOCHOCTH PAOHA CBSI3AHBI C HUXKHE-, CPeJIHEKeMOpUii-
CKMMU OTJIOXKEHUAMU. [IpOsiBJICHIST Ta3a M3 9TUX OTIOXKEHWH OTMEYEHbI HA Psijie TIOMaIei
riy6okoro 6ypenus (Bparckas, FOxnasa, Kacbanosekas, MiuMckast) 1 CBI3aHbI ¢ TIOPOBBIME
KOJIJIEKTOPAMU B TEPPUTEHHBIX OTJIOXKEHUSIX, TPEIMHHBIMU KOJIJIEKTOPaMU B TaJIOT€HHO-
kapboHaTHOM KOoMILIeKce. HedrerazoMarepuHCKUME TIOPOIAME B M3y9aeMOM PEruoHe sIBJIs-
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IOTCs OTJIO2KEHUs PUdeN-BeHICKOT0 BO3PacTa, ¢ KOHIIEHTPAINEl OPraHNnIeCcKOro BENIeCTBa
10 9% ua nopoxy [Baowcenosa, 2016; Konmoposuy u dp., 1995].

Teppuropusi uccaejioBanus pacrojoxkena B Bparckom, Ycrb-¥Ymaunckom u Hukae-
mImMMcKOM paiionax Wpkyrckoii obsactu. JJaHHas 1JI0I1a/Ib OXBATHIBAET CEBEPHYIO YaCTh
Amnrapo-Jlenckoit crymesu, B €€ TPUIIOAHATON YaCTh, TPUMBIKAIOIIEH K BparckoMy BBICTY-
my dyHIAMEeHTa, U B 30HE Iepexoja ee K ro-socrounomy copry Ilpucasiao-Enuceiickoii
CHHEKJI3bI. BpaTckoe MecTopoXK/ieHre ra3a pacroJaraercs B bparckoit 3oHe HedTerazona-
KOILTEHUsI, KOTOpas BblessieTcs Ha 3anane Anrapo-Jlerackoit HI'O B 3ome ee counenenust
¢ IIpucasuo-Enuceiickoit H['O. Ha 6opry pudeiickoro bacceitna, rjie MATPAIMOHHBIE TIOTOKA
BBIXOJIAT 110/ BEHJICKUE TePPUIeHHbIE ITPOIYKTUBHBIE TOPU30HTHI, IPOrHO3UPYETCsT KPYII-
Has 30HA ra30HaKONJIeHus. ToYHbIe rPAHUIIBI 30HBI €Ile He YCTAHOBJIEHBI, HO BO3MOXKHASI
IJI0mA, b cocTapIsieT He Meree 14000 KM?, HeJOKATIM30BAHHBIE PECYPCHI Ta3a, OIEHHBAIOTCS
B 800 Mapa M3 [Meavnuxos u dp., 2011].

Jlannas paboTa BKJIIOYaET B ce0s1 PEKOHCTPYKIINIO HEOTEKTOHUYIECKOTO ITAIla Pa3BUTHS
TEPPUTOPUU HA OCHOBE MOPMOOMETPUIECKOTO AHAIN3A U AHAJIN3A N30TOMHO-T€OXUMUIECKUX
JAHHBIX O COJIEPYKAHUU METAHA U €r0 'OMOJIOTOB B IIOJIITOYBEHHBIX MTOPOIAX.

T'eomopdonormaeckne uccireoBanus. I[Ipumenenre reoMop@OIOrHIECKIX METOI0B OCHOBaA~
HO HA TPEIIOJIOKEHUH O TOM, 9TO JEHCTBHE TEKTOHUIECKUX CUJI, OIPEEIAIOMuX MOpPdo-
JIOTHIO COBPEMEHHOTO pejibeda, He MOJHOCTHIO HUBEJINPYETCs 9K30I€HHBIMU IIPOIECCAMH,
a nHMOPMAIHSI O IIPOCTPAHCTBEHHOM PACIIPEJIe/IEHIN [IEHTPOB aKTUBU3AINA HEOTEKTOHU-
YeCKUX MPOIECCOB U UX MHTEHCHUBHOCTHU, MOXKET OBITH ITOJIyI€HA C IOMOIIBIO CIIEITNATHHBIX
MeToI0B 00paboTKy MM poBLIX Mojeseit peabeda. C 310l TouKM 3peHust Hanbosiee nHPOP-
MaTHBHBIM U HaWMeHee TPYJIOEMKUM siBjisieTcs MopdoMerpudeckKuii merosn anainza [IMP.
OcuoBabIMI paspaborankamu Merona sBisorcs B. I, @unocodoB u psiji 0oTedecTBEHHBIX
reoMOPdOJIOTOB, YCIIEITHO MTPUMEHSBIINAX STOT METOJ JIJI MOUCKA JIOKAJIbHBIX HEOTEKTO-
HUYECKUX CTPYKTYP aHTUKIMHAJBHOIO THIIA IEPCIIEKTUBHBIX JIJIs [TOUCKA 3aJjiexkeil Hedpru
u rasa |[Jacmourun, 1974; Ouaocogos, 1975]. C nosiBennem reonHGOPMAIMOHHBIX CHCTEM
(TUC) u nudposbix Tonorpaduieckux JaHHBIX NPOU3BOJUTEIBHOCTH MOPQMOMETPUYECKO-
ro aHaJjIf3a yBeJIUIUIach 0J1aro/iapst UCIOIb30BAHIIO KOMIIBIOTEPHON 00pabOTKM, U CTAJIO0
BO3MOXKHBIM IIPOBEJIEHNE UCCJIEI0BaHUil 60JIbINX TeppuTopuii. B JaHHOM ucc/ieI0BaHuN
Mopdomerpuaeckuit anaau3 Boimosascsd B T YIC ArcGIS Desktop 10.8 mo meroauke, u3io-
kennoit B [eprosa u dp., 2010; Chernova et al., 2021]. B kadecTBe BXOJHBIX JAHHBIX ObLIK
UCII0JIB30BaHbI 1(POBbIe IJIaHIIETHl TorokapT Maciiraba 1:100000.

Cyrtb Mopdomerputieckoro anaiansa [IMP cocrour B pa3jiokeHnn MOBEPXHOCTH COBPE-
MEHHOr0 pejibeda Ha KOMIIOHEHTBI (YPOBHHU), KAXKJIblii 13 KOTOPBIX COOTBETCTBYET OIIpeIe-
JIEHHOMY 3Tally HEOTEKTOHUYECKON MCTOPUU UCCJIEyEMOI TEPPUTOPUH.

B kadecTBe TaKMX KOMIOHEHT BBIOpPAHBI HA3MCHBIE MOBEPXHOCTH U UX pasHocTu. Pu-
3WYECKUil CMBICJI OA3WCHBIX IIOBEPXHOCTEH, UX PA3HOCTEH, & TAKXKe METOIUKHU PaCIETa
U UHTEpIpeTanui MOpGOMETPHUIECKUX TTIOBEPXHOCTEI 10 IpOGHO U3JI0KeHb! B | Duaocogos,
1975; Yepwosa u dp., 2010; Chernova et al., 2021]. B naunoii paGore GyieT maHa TOIBKO
KpaTKas XapaKTePUCTUKA OA3UCHBIX TOBEPXHOCTEH.

YHucsio 6Ga3uCHBIX MMOBEPXHOCTEH OIPEIESISIeTCsl YUCIOM TIOPSIIKOB BOJOTOKOB, KOTOPBIE
MOTYT OBITH U3BJIedeHbI U3 obpabaTrbiBaemoit [IMP. JIns Tepputopun mncciaeoBaHust BbI-
JIeJIEHO 8 TIOPSIIKOB BOJIOTOKOB, UM COOTBETCTBYIOT 8 3TAIIOB HEOTEKTOHUYIECKON HUCTOPHUH
u 0a3uCHBbIE TTIOBEPXHOCTH C 1-T0O 1o 8-if mopsiaoK. PaznocTtn Ga3snCHBIX MOBEPXHOCTEN siB-
JISFOTCS JIMHAMUYECKUMU [TOKA3aTESIMK, T.K. IPEJICTABIISIOT aMILIUTY/Ibl BEPTUKAIBHBIX
JIBUZKEHUN ¥ 9PO3UU 33 PA3HbIE TAIbl HEOTEKTOHUIeCKO ncropun. Cepust KapT paszHocTeit
6a3UCHBIX TOBEPXHOCTEH CMEXKHBIX TIOPSIKOB AT HH(MPOPMAIINIO O TOM, KAK MEHSIJIINCh TEKTO-
HUYECKUe yCIoBus (U CBA3aHHBIE ¢ HUME (DJIIOUIOANHAMUYECKUE IPOIECChI) HA UCCIeyeMOii
TEPPUTOPHUHU B HeOreH-ueTBepTHIHOe BpeMs. Hambosiee mocTroBepHO Ha MOpdoMeTpude-
CKUX TIOBEPXHOCTSIX OTOOPAXKAIOTCsT O0JIACTH MHTEHCUBHBIX moHsTHil. OiHa U3 pasHocrei
6a3UCHBIX IIOBEPXHOCTEN IT0Ka3aHa Ha puc. Ir.
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Puc. 1. Ucxonnas nudposas Mozesab peiabeda u pesyasrarsl ee obpaborku: a) IIMP macmorraba
1:100000, Ha 1TOBEpXHOCTH HAaHECEHBI MITPUXHU (IIOSICHEHHE JaJlee 110 TeKcry); 6) dparment IIMP co
ITPUXaMH, [IBETOM [TOKa3aHA OPUEHTAIM IITPUXA; B) MAKPOTPEIMHOBATOCTD (IIJIOTHOCTD IITPU-
XOB); T) Pa3HOCTH GA3UCHBIX MOBEPXHOCTEH 6-TO U 7-rO MOPSAIKOB; TOTy6O# IMITPUXOBKON MOKA3AHA
[IEPCIIEKTUBHAs 0BJIACTD, /i€ BO3MOXKHO OOHAPY?KEHME HOBBIX MECTOPOXKIEHUN. 30HbI Ma30HAKOILIe-
mus: | — Bparckas, II — Arrapo-KoseikTnHCKas. MecTOpOXKIeHUS ra30Bble U MAa30KOHICHCATHBIE:

1 — Anrapo-Jlenckoe, 2 — Anrapo-Unumckoe, 3 — Bparckoe, 4 — Bepsimbunckoe, 5 — Arajeesckoe.

MakpocKonmeckas TPeIMHOBATOCTb 0can0uHoro Yexa [Hypeasues u dp., 2009; Cmup-
106 u Op., 2019] Takke 00yCIOBIEHA HEOTEKTOHMIECKON AKTHUBHOCTBHIO. THMCIEHHON Xa-
PaKTEPUCTUKO MAKPOTPEIMHOBATOCTH OCAI0YHOTO Y€XJIa SIBJIAETCS IJIOTHOCTH MITPUXOB,
paccunrannas u3 [IMP o meromuke A. A. 3naronosnbckoro [Zlatopolsky, 1992]. Mlrpuxu —
9TO MEPBUYHBIE JIMHEHHBIE OOBEKTHI, BBIpaYKEHHBbIE B pejibede, MMpeICcTaBJIsiionme coboii
CIPsMJIEHHBIE YYACTKY JIMHAN TAJILBETOB U BOIOPA3/1esioB. I1JI0THOCTD IITPUXOB pacCInThHIBA-
eTcs KaK OTHOIIIEHNEe CyMMAPHON JJIMHBI BCEX IITPUXOB K IUIOMAIN HEKOTOPO OKPECTHOCTH.
Pacder mTpuxoB U MJIOTHOCTH MITPUXOB BbINOJHAJICA B Iporpamme WinLESSA 3.321 no
MeTOJINKe, U3JI0XKeHHOl B [Zlatopolsky, 1992]. HITpuxu u MIOTHOCTH MITPUXOB TIOKA3AHBI HA
puc. 1.

JlaGoparopHbie reoXuMUYECKNe MCCIIEIOBAHUS ITPOBOIUINCH 110 Ta30BOMY COJIEPIKAHUIO
po6 MOAIIOYBEHHOTO IPYHTA B IIPEJIEJIAX yIACTKa JETAIbHBIX nccienosanuit (puc. 1). IIpobst
0oTOUpPAINCh B HUYKHEH YaCcTH CKBaXKUH MIyOWHON 1-3 MeTpa U repMeTHIHO yIAKOBBIBAJINCH
B CTEKJISTHHBIE ODAHKM, 3aIl0JTHEHHBIE COJIEBLIM PACTBOPOM. Jlajiee mpoObI IOABEPrauch IPo-
e/ rype jerazanun B jaboparopun. [losyueHHBIH ra3 HANPABIISLICS Ha XpoMaTorpadudeckue
uccienoBanus yriesogopoaubix ra3os (Cq—Cs) u HA M30TONHBIE UCCIIEIOBAHUS YIVIEPOIA
MeTaHa.

Xpomarorpadudeckuil aHaJU3 ra3a BbINOJIHSJICS Ha razoBoM xpomarorpadpe CLARUS
500, TO3BOJISIIONIEM OIIPEIEJUTh PsiJi HUBKOMOJIEKYIApHbIX coequnenuii Cq—Cg. ObpaboTka
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n3MepeHuil BeIMoIHsAIach coriacHo TpeboBanusm ['OCT P 57975.1-2017 «['a3 wedrsauoit
noryTHBIA. Onpesesienne cocTaBa METOJOM Ta30Boil xpomaTorpadun. Yacts 1. Onpeenenue
conep:kanus yriaesonopoaos C; —Cg y 1 HEOPTAaHNIECKHUX I'a30B € UCIOIb30BAHNEM IIITAMEHHO-
NOHU3aITUOHHOT'O JEeTEeKTOPpa U JAE€TEKTOPa I10 TEIlJIOIIPOBOJIHOCTU».

W3oromHbie nccienoBanms yryiepoia MeTaHa B Fa30BbIX CMECSX OCYIECTBIISJINCH HA
macc-cnekrpomerpe Delta V Plus (ThermoFisher Scientific, Tepmanus). Paznenenue razo-
BBIX CMecell, UX IOJTrOTOBKA U KOHIIEHTPUPOBAHUE MTPOUCXO/MUIIO C MOMOIIBIO IPUCTABKA
razosoro xpomaromacc-criekrpomerpa TRACE 1310 (ThermoFisher Scientific, Tepmanusi),
COIIPSI?KEHHOIO € KBaIPyHobHbIM Macc-gerekTopoM 1SQ (ThermoFisher Scientific, CIIIA),
KOTODBIif COEJINHEH C M30TOIHBIM MAaCC-CIEKTPOMETPOM II0CPEICTBOM nHTepdeiicHOro 6J10Ka
GC Isolink.

W nenrudukariys 3aperucTpUPOBAHHBIX XPOMATOTPAPUIECKIX TTMKOB TPOBOJIIIACE C HC-
nosib3oBanreM 6a3bl maHHbix NIST-14. KoHTpo/ib BpeMeH BBIXOJa ITUKOB U UAEHTHU(DUKAIIN
IIPOBOJIMJICS C UCIIOJIb30BAHUEM IIOBEPOYHOI ra30Boii cMmecu mpouspogcrea OO0 «MOHU-
TOPUHT». KouTposs KadecTBa pas3jie/ieHus TUKOB, BJIUSHAST KOMIIOHEHTOB JPYT Ha JpyTa
[IPU U30TOIIHOM aHAJIN3e KOHTPOJIHPOBAJICH C IOMOIIBIO CMECH BO3JyXa U aprOH-MeTaHOBON
cmecn 1:1 ¢ U3BECTHBIM M30TOIHBIM COOTHOIIEHUEM YIJIEPOJA MeTaHa, KOTOPBIN 3aBEI0MO
WMEET TEPMOTEHHOE IIPOUCXOXKICHIIE.

O06paboTKy pe3y/IbTaTOB aHAJM3a MPOBOIMIA C IMOMOIIBIO IIPOrPpaMMbI 0OPabOTKHU
maHHbIX Isodat. JIjst orpejieieHns: TOPENTHOCTH aHAJIM3A [0 AMILIATYIE UCIOIb30BAIACD
aMILUIUTY/a Ha Macce 6ojiee pacipocTpaHeHHOro u3orona (yriepoj — 12¢, Bomopox — H).

IIpupoxublit ras oboramen u30TonoM 2C 1 XapaKTepu3yeTcst GOIBIINM JAHATA30HOM
U3MEHEHHsI M30TOITHOIO COCTaBa. YCTAHOBJIEHO, YTO M30TOIHBIN COCTAB yIJIEPO/Ia TTO3BOJISET
JIOBOJIBHO HAJIE’KHO PA3JIMIaTh TPU MEHOTHIIA MeTaHa: OaKTepUAIHHBIN METaH, TePMOTEHHDIH
MeTaH 1 NIybuHHBI (abmorenustii) meran [fOdosuy u Kempuc, 2010]. Oun otsimaatorcst
ImanasoHoM suadenuii §5C (OTKJIOHEHMSI U30TOMHOM CUIHATYPBI B¢ / 120 o1 curnaryper
CTaHJAPTHOIO 00pAa3Ia).

Takmm 006pa3oM, reHeTHIecKasi cxeMa (POPMUPOBAHNS Ta30B CTABUT B IMPSIMOE COOT-
BETCTBUE M30TOIHBIN COCTAB yIJIEPOJa B MeTaHe ¢ ero nponcxoxkaenneM. OHaKO KapTHHA
B 3HAYUTEIHHON CTENEHU OCJIOXKHSIETCS MOCIIE/IyIONUMI MUTPAIIMOHHBIMYI U JIUCCUITATHBHbI-
MU siBjleHusIMA. TOra M30TONMHBII COCTaB ra30B MOXKET J1aTh WH(MOPMAIUIO O IPOIEeccax,
MIPOUCXOUBIINX TIOCJIE UX 0OPA30BAHUS.

TepMoreHHBI Ta3 MOXKHO II0/IPA3/ICJINTh B 3aBUCHMOCTH OT €0 IIPOUCXOXKICHUS Ha
Oy THBIN U cBOOOHbIH. [lomyTHBI HedTsHOI raz obpasyercs u3 KeporeHa OJHOBPEMEHHO
¢ obpazoBanueM Hed . Ero MOXKHO paccMaTpuBaTh KaK KOPOTKOIEMTOYEIHBIH KOMIOHEHT
HedTH, U CUUTACTCs, YTO OH HOJIYYEH U3 JIMOUIOB (3(DUPHBIX MACes, KUPOB M BOCKOB)
opraam3moB. CBoOOIHBIN ra3 obpa3yercs U3 JIMTHUHA, KOMIIOHEHTA BBICIINX HA3E€MHBIX
pacTeHuit.

Otrnomenue Cq/Cy+Cg (rue C; — meran, Cy — sran , C3 — nponan) xapakTrepusyer
HCTOYHUK Ta3a U ero MpOUCXoXkKIeHne. a3, acconunposanublii ¢ HedThio (HOIMyTHBIH), OT-
Jmyaercst HuskuM coornontenuem Cp/Co 3 (< 10). DTOT ra3 Takike MOXKeT ObITb CBA3AH
C XKUJKAMY YIVIEBOJOPOJIHBIMU KOMIIOHEHTAMHU (T.e. HeDTh U3BJIEKAETCA BMECTE C Ta30M).
Cpobozublit rasz umeer nospiennble ornomenus Cp/Co 3 (>10). B oboux ciyuasnx snade-
st 613C 151 Merana cocrasisiior 6oiee —60%o. CyIeCTBYeT BepPOSTHOCTD IIPeoGpas0BaHMIsT
€BOOO/THOT'O Ta3a B MOIMYTHBI ra3 PN YCJIOBUHM MUTPAIAN TOI'0 Ta3a B IJIACT C COIEPKAHIEM
HedTH, CTeHEPUPOBAHHON U3 APYTUX He(pTEra30MeTepUHCKUX MOpo/l. B To ke Bpems pa3ie-
Jienre (a3 MOy THOTO ra3a IPU MUTPAIIN MOXKET CIOCOOCTBOBATH 0OOPA30BAHUIO CBOOOIHOTO
raza.

Onmncanue pe3yJIbTaTOB: CONOCTaBJIE€HNE KapT, rpa¢duKoB.

B pesysbrare o6padorku [IMP 6bu1n mosiydeHbl KapThl pa3HOCTel OAa3UCHBIX [TOBEPX-
HOCTell CMEXKHBIX IOPAJIKOB, KOTOPBIE HECYT MHMOPMAINIO 00 HHTEHCUBHOCTU HEOTEKTO-
HUYeCKUX JBukeHuit. st oOHAPYKEHUS CBA3M aMILIATY/T HEOTEKTOHUIECKUX [BUZKEHUIA
C PACIOJIOXKEHNEM MECTOPOXKICHUIT yIIeBOJIOPOIOB HA KaXK/IYI0 IIOBEPXHOCTH OBLIN HAJIOZKE-
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HbI KOHTYDbI M3BECTHBIX MeCTOPOXKieHuil. Hanrydinas koppessnusi Obljia 0OHapyKeHa, JIJIst
pa3HocTH GA3UCHBIX TOBEPXHOCTEN 6-T0 1 7-T0 MOPSAIKOB: MECTOPOXK ACHUS IPEUMYIIIECTBEHHO
PACIIOJIOKEHBI B 00JIACTAX HU3KONH TEKTOHMYECKONH aKTUBHOCTH (B 30HAX HU3KHUX 3HAYCHUI
aMILTATY/1, Ha MopdoMeTpudeckoii mosepxHocTr). Cire0BaTeIbHO, PA3HOCTH BA3UCHBIX T10-
BepxXHOCTEH 6-TO M 7-TO MOPSIKOB MOKET OBITH MCHOJIb30BAHA B KaYeCTBE MPOTHO3HOTO
MIpU3HAKA: OYepUnBaHUe 00JacTell HI3KUX 3HAYEHUN aMILIATY, Ha 9TOI MOBEPXHOCTH O3HA~
JaeT yKa3aHHEe BEPOsITHBIX 00JIacTeil OOHApPYXKEeHUsI MEeCTOPOXKJIEHU YIJIEBOIOPOIOB Ha
TEPPUTOPHUH UCCJIEIOBAHUS. ¥ YACTOK JETAJbHBIX UCCJIEIOBAHIA U KOMILIEKCUPOBAHUS METO-
JIOB TIOJIHOCTBIO HONAIAeT B IEePCIeKTuBHyI0 300y (puc. 1r). Pacdyers! nokazanu, 4ro cpejanee
3HaYeHNe si9eeK MOP(MOMETPUUIECKON TOBEPXHOCTH, KOTOPbIE OMAJal0T BHYTPh KOHTYPOB
MECTOPOXKJIEHUM, CYIIECTBEHHO HMXKe, YEM CpejiHee 3HAUEHUEe BBICOT IIMKCEeJIeH JJisi BCeX
OCTAJIbHBIX 3€MEJIb, M 9TO PA3JIUTINE CTATUCTUICCKN 3HATIMOE.

TlonobHy0 KapTHHY aBTOPBI HADJIIOMAIN TIPU n3ydeHnu Bosro-Ypasibckoit HedTsTHON
nposuniuu. 11 910 He ciydaiino. C TOYKU 3peHUsT HEOTEKTOHUKY OJIATOIPUSITHBIMU YCJIOBUSI-
MU 71t 00pa30BaHus 3aexkeil HedpTH SABIISIIOTCS JIOKAIbHBIE AKTUBHBIE (B HEOTEKTOHUIECK U
[IEPHOJT) TI0JIOXKUTEJIbHBIE CTPYKTYPbI, PACIIOJOKEHHBIE Ha CKJIOHAX BIAIUH (0J1ee BBICOKOTO
nopsizika [Loaodoskun, 1964; Jacmoukun, 1971; Myswuenko, 1962]. Uccrenosanusi, upo-
BeIeHHbIE 3a nocaenane 20 JIeT, TaKKe CBUIETEILCTBYIOT O TOM, 9To bosee 85% 3aserkeit
B Bouiro-YpasibCKoit TpOBUHIME PACIIOJATAIOTCS HA 60PTaX KPYIMHBIX HEOTEKTOHUIECKIX
suajuH [Hypeasues u dp., 2004; Nugmanov and Chernova, 2015].

Kak yka3biBaJjioCh BBIIIE, JIOMOJHUTEIBbHYI0 HH(MOPMAIMIO O COXPAHHOCTU 3aJieyKeil
MOKHO M3BJI€Yb U3 KAPT MAaKPOTPEIIMHOBATOCTH (IJIOTHOCTHU [ITPUXOB-JIMHEAMEHTOB) OCa-
nodHoro dexsia. Ha mcciemyemoit Teppuropun, 0COOEHHO JIJIsi KPYITHBIX MECTOPOXKICHU
B IOr0-BOCTOYHON Yactu (puc. 1B), XapaKTepHO WX PACIIONOXKEHNE MPEUMYIIECTBEHHO B 00-
JIACTSAX C HU3KOH MaKpOTPEIIMHOBATOCTBIO 0CaI09HOro 4exsa. CiieoBare/lbHO, IPU3HAK
MaKpOTPENUHOBATOCTH IPEJICTABJISETCS BO3MOXKHBIM UCIIOJIb30BATh JIJIsl ONPEJIEJIEHUs BEPO-
SATHBIX MECT OOHAPYKEHUsI 3aJIeXKell yIJIEBOJOPOJIOB C TOYKHU 3PEHUs] MX COXPAHHOCTH.

KoMmbuaupyst npusHakyu COXPaHHOCTHU 3aJIeXKell MOXKHO IPUATH K KOMILIEKCHOMY pe-
MIEHUIO, yIUTHIBAIONIEMY BCE PE3YJIbTAThl KoMIbioTepHoit obpaborku IIMP. Kommekcroe
pellleHne, OCHOBAHHOE Ha HEOTEKTOHUYECKUX IPU3HAKAX, IPEeJACTaBIeHo Ha puc. 2. QKO0
[IOJIOBUHBI TEPPUTOPHUH, U300PaKEHHOI Ha KapTe, [IPeICTaBIIseTCsa OeCIIepCIIEKTUBHOMN 110
npegnaraemomy meromy anammsa LIMP. JlanHoe mpemosiokeHne MOIepXKUBACTCS TEM
dakTOM, 4TO UMEIOIIHECS] Ha TEPPUTOPUN MECTOPOXKJIEHUsI TeHCTBUTEBHO PACIIOJIATAI0TCS
Ha [EPCHEKTUBHON 110 JIJAHHOMY KPUTEPUIO TEPPUTOPUHU.

Jlastee 1j1s1 yTOIHEHUST OTIEHOK MEPCIIEKTUBHOCTU TEPPUTOPUN Ha OOHAPYKEHIE 3aIeKei
YIJIEBOJIOPOJIOB OBLI C/I€JIaH AHAJIN3 NeOXUMUIECKUX JTAHHBIX.

ITo pesynbraTaM reOXUMUYECKUX UCCIIEI0BAHII HEOE30CHOBATEIBHO IIPEIIOJIOKUTE, ITO
[IOTOK MeTaHa Ha, JaHHON TepPUTOPHUH BEPOSITHEE BCEIO NCXOIUT U3 Fa30BbIX 3a/1e2Keil. DTa uH-
bopMaIHs oIy YeHA Ha OCHOBE aHAIM3a JaHHBX Ha guarpamye Cp / (Co+Cs)— (613C - CHy)
(puc. 3). IlpakTuuecku Bce MPOAHAIU3NPOBAHHBIE TPOOBI JEMOHCTPUPYIOT HAJIMYNE TI0OTOKA
MeTaHa U3 Ia30BOr0 MECTOPOXKICHUs (3aJIexKi MJIM 3aJIeKeli) Ha PacCMaTpPHBAEMOM yUYacCTKe.
Kpowme Toro, mogasistioniee 60IBLITMHCTBO TPOO O BCeli MJIOMIAIN NCCIEIOBAHUS ITOKA3AI0
HAJIMIMe TEPMOTeHHOro MeTaHa (puc. 3). DToT (HakT MO3BOJISIET B [EJIOM OTHECTH U3YIaeMYI0
TEPPUTOPHUIO K IIEPCHEKTUBHOMA.

Ha pric. 4 mpencraBiieHbl KAPTHI COIEPIKAHNS MeTaHa u pacupeneenus d'3C merana
B IIOJIIOYBEHHOM CJIOE B IIpeJlejiaX y4acTKa JAeTajbHBIX HCCjedoBanuii. KapThl 1eMoH-
CTPUPYIOT 3aKOHOMEPHOCTH PAaCIpPeIe/IEHUs] YUCTO TEPMOTEHHOIO M CMECH TEPMOIE€HHOI'O
1 OMOTEHHOTO MeTaHa. B IesloM MOTOK MeTaHa 60jiee MHTEHCUBEH B I0KHON YaCTH yIacTKa
(puc. 4a). Bno6aBok B 10:KHOI dacTu HaOIIOHAETCs GoJiee TsXKeJIbli (TepMOreHHbI) MeTaH
(puc. 46). Dra 30HA TaKKe IPeJICTABISeTCs Goslee EPCIeKTUBHOM HA OCHOBE KOMILIEKCHOTO
KPUTEPHsl COXPAHHOCTH 3aJiexku (puc. 2).
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Puc. 2. IlepcuekTuBHbIE Y9aCTKH, BBIIAEJIEHHBIE [0 HEOTEKTOHUYECKUM IIPU3HAKAM.

Puc. 3. Juarpamma Beprapna mist 06pa3ios rpyHTa, OTOOPAHHBIX Ha yYaCTKe JETAJbHBIX HCCIIEI0-

BaHUA.

Ob6cyxaeHne pe3yabTaTOB

ITo xapakrepy paclpe/ie/leHns] MeTaHa U U30TOIHOIO COCTaBa yIVIEpOJa B METaHe ydua-
CTOK JIeTAJIBHBIX UCCIIEJ0BAHUI MOXKHO Pas3nesuTb Ha 3 30HbL ceBepHyo (C), HeHTpaIbHyIO
(I) u roxnymo (1O).

OleHKa NEPCIEKTUBHOCTH 3TUX 30H ObLIA BBINOJIHEHA IYTEM NPOCTPAHCTBEHHO-
CTATHCTUYECKOTO aHAJIN3a, KOTOPBI O3BOJISAET BBLIEJISATH OJATONPHSTHBIE (DAKTOPBI 110
KazKJIOMy MeToiy. 1Ipr 9TOM BBISBIEHHBIM AHOMAJMAM IIPUCBAMBAJIACH ONPEJIETCHHAS BECO-
Bas HArPy3Ka, 9TO MO3BOJISIET PAHKUPOBATDH OTIEIbHBIE yYACTKH 10 CTEIIEHU MX TIEPCIIEK-
TUBHOCTH. B aHasmse y9acTBOBasIO aBa napamerpa. [lapaMerp «COXpaHHOCTH 3aJiezKeil»,
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Puc. 4. Kaprsr pacipesesenus comeprxanns metana (a) u 813C—CHy, %o(6).

OCHOBAHHBIN HA OIEHKE AMILIUTYIbl HEOTEKTOHUIECKUX JBUKEHUN U MaKPOCKOIUIECKOM
TPENUHOBATOCTU OCAJI0OTHOIO YeXJIa U «FEOXUMUIECKUN [TapaMerTpy, YINThIBAIOIINN HaJInIne
[IOTOKA MeTaHa, IIPUPOJIy MeTaHa, BEPOATHYIO 3(DDEKTUBHOCTH IMOKPHIEK. Bec Kax10ro us
IByX mapameTpoB ObL1 pasen 0,5.

B orsmmume ot 102kHO# 30HBI, HA ceBepe ydacTKa HAOJII0IAeTCsl MEHbIasi KOHIIEHTPAIIHs
MeTaHa B MOJIOYBEHHOM CJIO€, UTO CBSI32HO CO CJIabbIM MOTOKOM 00JIerdeHHOro (¢ GosbImeit
[IPUMECHIO GUOTEHHOr0) MeTaHa. DTO CBUAETEJIbCTBYET B HOJIb3Y HU3KOI SMUCCUM METaHa U3
3aJIeyKell, BO3MOXKHO, BBUY OTCYTCTBUS 3HAUUTE/IHHBIX 3AIIACOB ra3a B IMPOJAYKTUBHBIX TOPHU-
30HTaxX. Takke OBLIO 3aMEYEHO, YTO CEBEPHAsI YaCTh yYaCTKa MO/BEPIJIACh HHTEHCUBHOMY
HOJHATUIO B CPABHEHUHU C [EHTPAJILHOI 1 107KHOi JacrsMu (okosio 100 M) mocie Murparun
dmonioB u popMupoBaHus 3ajexkeil. MOXKHO MIPEAIIONIOKUTh, YTO 3TO IPUBEJIO K boJiee
3HAYUTEJILHOMY Pa3pPYIIEHUIO 3aJIeXKell Ha ITOW TEPPUTOPUH, U K HACTOSIIEMY MOMEHTY
JacTh 3TUX 3ajeXkeil MoxkeT ObITh paspyiineHa. C JApyroil CTOPOHbBI, 9TO MOXKET OBITH 00Y-
CJIOBJIEHO BBICOKMM KAa9€CTBOM ITOKPBIIMIKA IIPYA HAJTMYUU Ta30BOI 3a/I1€2KU B JAHHON 30HE.
OpHako 3Ta runoresa ObLIa OTBEPTHYTA BBUIY TOTO, YTO 37€Ch UMEIOTCS JIBE OITPOOOBAHHBIE
CKBa>KMWHbBI, KOTOPbIE€ OKa3aJIUCh <«IIyCTBIMM». HO TEeM He MeHee B 3TOI 30He eCThb y4qacTKH
(C-1, C-2, C-3), KOTOpBIE, BIIOJIHE BEPOSTHO, SBJIAIOTCS IIEPCHEKTUBHBIMU Ha ODHAPYKEHUE
ra30BbIX 3aJIeKell ¢ TOUKM 3PEeHUs TeOXMMHUYECKUX NpU3HAKOB (puc. 5). Bo3amoxkHO, 4TO 311
HEOOJTBIIINE 3aJI€’KU CEBEPHOIT 30HBI 00JIAIAI0T MEHee MPOHUIAEMOI TOKPBIIIKON U MOTJIN
JIydIlle COXPAHUTBHCS U3-33 HAJUYIUS TAKON MOKPBIIIKH.

B nmenTpaspHOil 30HE, KOTOpasi B IEJIOM sABJIsI€TCS O0JIee TePCIEeKTUBHON YeM CeBepHas,
TaKzKe OBUIN BBIJEJIEHBI HECKOJIBKO NepcreKTuBHbX yuactkos (II-1, I1-2; I1-3, 11-4) (puc. 5).
Bce nepcriekTuBHBIE YIaCTKH OTOOPAHBI IO TEM K€ KPUTEPUSM, 9TO U B CEBEPHOII 30HE.
3nech, Bocrounee BbimeseHHbIX yaacTkoB 11-1, 11-2, 11-3, mabmogaercs mmpokas moJioca
C BBICOKOI 9MUCCHENl TEPMOTEHHOTO Ira3a. ITO CBUIETEILCTBYET O TOM, UTO 3/1€Ch HECOMHEHHO
IIPUCYTCTBYET BBICOKAs IIPOJLyKTHUBHOCTb HEJIP U UJET Pa3PyIIeHNe UMEIOIINXCS 3aJIeXKeN.
B nenTpasibHoil 30H€ MMerONTHeCs 3aJI€2KU MO2KHO PACCMATPUBATH KAK MEHee Pa3pPyIIeHHbIE,
9eM B CEBEPHOIl 30He, BO3MOXKHO, M3-38 HAJINYINS HU3KOIIPOHUIIAEMOIl TIOKPBIIIKI U MEHBIIIeH
MaKPOCKOIINYECKON TPEIMHOBATOCTH Y€XJIa B IIEJIOM.
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Puc. 5. KapTa pacrupenesJeHudA U30TOIMHOI'O COOTHOIICHHWA MeETaHa U IIEPCIEKTHUBHBIX 30H IJId

TeoJIoropa3BeJOIHbBIX pa60T.

O671aCcTh MHTEHCUBHOTO MOTOKA M30TOIHO TAMKEJIOI0 METaHA MOKPBIBAET MPAKTUIECKH
BCIO ILJIOIIA/b I02KHOM 30HBL. TeM He MeHee 3/1eCh BO3MOXKHO OTMETHTH HECKOJILKO HAJIEKHBIX
C TOYKHU 3PEHUS TIEPCIIEKTUBHOCTH yYACTKOB, OTMEYEHHBIX OTCYTCTBHEM 3MUCCHU TE€PMOTCH-
HOI'O METaHa, BEPOATHO, u3-3a Hajguums xopoieii nokpsimku (FO-1, FO-2, F0-3) (puc. 5).
Hamu BBIBOJBLI OATBEPKAAIOTCS IPUTOKOM T'a3a B CKBaykKnHe, IpOoOypeHHON Ha ydacTKe

10-2 (puc. 5).

3akiroueHue

Ha ocnose anaanza reoMopdoI0rnIecKnx, N30TOMHO-T€OXUMAIECKUX JAHHBIX W JAHHBIX
0 HedTEra30HOCHOCTU TEPPUTOPHUH Oro-BocTouHoil dactu Jleno-TyHrycckoit HedTerazonoc-
HO NMPOBUHIMK TTOKa3aHOo, uTo anaan3 [IMP mo3BosisieT BbIABUTH MH(MOPMATUBHBIE C TOUKHU
3peHusl COXPAHHOCTHU /Pa3PYyIIeHNsl 3aJIezKell IIPU3HAKU — OTHOCUTEJbHYI0 MHTEHCUBHOCTD
BEPTUKAJBHBIX JIBUXKEHUI HA TEPPUTOPUU B PA3INIHbIE HEOTEKTOHMYECKUE SIIOXU, 8 TAK¥Ke
IUIOTHOCTH MITPUXOB (JMHEAMEHTOB), XaPAKTEPU3YIOILYI0 MAaKPOCKOIIMIECKYIO TPEIITHO-
BaTOCTh OCa04YHOro dexsa. Oba 3TUX NPU3HAKA OTKPBIBAIOT BO3MOYKHOCTH OIPEIEIUTH
YYaCTKN, KOTOPble HANMEHEE MEePCIIEKTUBHBI ¢ TOYKU 3PEHUsI COXpAaHHOCTHU 3aJjexkeil. Ha
OCHOBE KOMIIJIEKCHOTO aHAJIM3a, 3TUX NIPU3HAKOB BbIJIEJIEHbI YIACTKN C PA3JIUIHON CTEIEHbIO
BEPOSITHOTO pa3pyIIeHUsT 3a/IeKeil.

Russ. J. Earth. Sci. 2024, 24, ES3009, https://doi.org/10.2205/2024es000904 9 of 13


https://doi.org/10.2205/2024es000904

MNHPOPMATUBHOCTH TEOMOP®OJIOTUYECKUX U U30TOMHO-TEOXUMUYECKUX METOOB. . . CMUPHOB U HAP.

JlaHHBIE IO COEPKAHUIO MeTaHa M U30TOIHOMY COCTAaBY YIVIEDOJIa B METaHE B IIOIIOY-
BEHHBIX Ip00ax, 0TOOPAHHBIX HA TEPPUTOPUH, [TO3BOJIMIN BBISBUTH YIACTKA C PA3IUIHON
WHTEHCUBHOCTHIO IMUCCAN OMOTEHHOI'O, TEPMOTEHHOTO U, BO3MOYKHO, IJIyOMHHOI'O METaHa.

Komriuiekcublit anans JJaHHBIX 00 M30TOITHOM COCTaBE U COJIEPXKAHUU METaHa B ITOJI-
IIOYBEHHBIX OTJIOXKEHUHAX ITO3BOJIUJI BBISIBUTH y9IaCTKU, HANOOJIEe MMEePCIeKTUBHBIE HA 00-
HapyKeHne 3ajIeXKeil ra3a, KOTOpble HeoOXoauMo 0ojiee JeTabHO HUCCIeI0BATH JIPYyTUMA
reosioro-reodusnyeckuMu Merogamu (ceficmopassenka 2D nim 3D, nounckosoe Gypenne).

Bamaromaproctn. Pabora Bbimosmena npu mogmep:kke Mumnobpaayku Poccnu B paMkax
corytariernss Ne 075-15-2022-299 o npepocrasienun rpanTta B ¢hopme cybcuanit u3 dee-
paJIbHOrO OOJPKeTa Ha OCYIIEeCTBJIEHUE IOCYIapPCTBEHHON IO/JIEPXKKY CO3JAHUsI M PA3BUTHS
HAYJHOTO IEHTPAa MUPOBOTO YPOBHsI «PalroHaibHOe OCBOGHNE 3AIIACOB XKUJKUX YTIIEBOJIO-
POJIOB ILJIAHETHI.

Cumcok juTeparypsl

Abyxkosa JI. A., Bomox FO. A. Teodonmonuunamuka ryrybOKOIOrPYKEHHBIX 30H He(TErazoHAKOIIEHUS 0CAT0UHBIX
Gacceiinos // Teonorust n reodpusuka. — 2021. — Ne 3. — DOIL: 10.15372/GiG2021132.

Baxenosa T. K. Hedrerazomarepunckue dopmanun apesuux miardopm Poccun u nedrerazonocunocrs // Hedrerazosas
reosiorust. Teopust u npaktuka. — 2016. — T. 11, Ne 4. — DOI: 10.17353/2070-5379/45 2016.

Baxpomees A. T., Topsios U. B., Cmupnos A. C. u dp. Heorekronndeckuii sran akruBusanuu Kpaesoii obactu Cubupckoro
KpaToHa KakK KoHeuHast ¢daza dhopmupoBanus KoBbIKTUHCKOI 30HBI Hedrerazonakomenus // [eomunamuyeckast
sposnonus Jurocdepst LeHTpanbHo- A3MaTCKOro MOABUKHOIO Mosca (0T OKeaHa K KOHTUHEHTY): MaTrepuasibl HaydHOrO
cosemanusg. Bein. 15. — Upkyrcek : Uncruryr 3emuoit koper CO PAH, 2017. — C. 26—29.

Baxpomees A. I'., Cyvupros A. C., Mazyka6308 A. M. BepxHejileHCKOe CBOJIOBOE IIOJIHATHE - [JIABHBIN OO'BEKT IOJAIOTOBKH
pecypcHOil 6a3bl yIrieBOJIOPOIHOIO Chipbst Ha 1ore Cubupckoii miardopmbr // Teosorus u MuHEPAIBHO-CHIPHEBBIE
pecypcnr Cubupu. — 2019. — T. 39, Ne 3. — C. 38—56. — DOI: 10.20403/2078-0575-2019-3-38-56.

Toryzesa E. U., Ilonos . 1. v dp. OTuér 0 pesynbraTax ceificMopa3BeoIabix pabor B Aurapo-MimMckoM Mex1ypedbe
Ha 3asgpckoii mwiomaau B pkyrckoit obnactu. — Moscow : Pocreosdom, 2009. — 495 c.

Tonomoekun B. 1. Tekronndeckoe crpoerue CTaBpONOJILCKON JEIPECCUU TI0 JAHHBIM MOPGMOMETPUYIECKOro aHaausa //
l'eosnorus, reoxumust, reopusuka. «Tp. Kyiiowimesckoro HUN Hedranoit npombiniennoctus . T. 27. — Kyiiobiiies
HUN HII, 1964.

Konroposuu A. 9., Menbuukos H. B., Bopo6nér B. H. u dp. Hedrerazonocunie bacceittnl u pernonbr Cubupu. Boimyck 8.
Upkyrckwnit 6acceitn. — OUTTM CO PAH, 1995.

Jlacroukun A. H. O dopmax mposiBiieHnsi pa3pbIBHBIX HapyIneHnit B pesbede 3ananno-Cubupckoil paBHUHBL 1 CTPYKTYPHO-
reomopdosiorudgeckoM MeroJie ux obuapyzxenunst // Uzsecrus BI'O. — 1971. — Ne 1. — C. 48—56.

Jlacroukun A. H. HeorekTonndyeckue JIBUXKEHUS W pasMelienne 3ajexeil neptu u raza. — Jlemunrpas : Heapa, 1974, —
68 c.

Mensuukos H. B., Menpaukos I1. H., Cmupnos E. B. 3onbr Hedrerazonakomnienns: B pafioHaX MMPOBEJIEHUS T€0JI0r0-
passepounbix pabor Jleno-Tyurycckoii nposuuiuu // Teosorus u reopusuxa. — 2011. — T. 52, Ne 8. — C. 1151—
1163.

Myszbraerko H. M. CoBpeMenHasi TEKTOHMKA KAMEHHOYTOJIBHBIX OTyIoKeHuil Bosrorpasicko-Caparosckoro [ToBomxkbst B
CBH3U C OLEHKOI nepcrekTus ux nedprenocaocru // Marepuassr o rekronuke Huzknero [loBoskbst. — Jlenunrpay :
Tocronrexuzmar, 1962.

Hexnanos A. A., Cyvupros A. C. QuronjouHaMudecKas HHTEPIIPETALMS CeliCMOPa3BeI0YHbIX JaHHbIX. — TIOMEHb :
Tromenckuit magycTpraabubiit yausepcurer, 2021. — 286 c.

Hypramues /1. K., Xacanos . 1., Yeprosa U. FO. u dp. Hayurbie 0CHOBBI COBpEMEHHO# TEXHOJIOIUU TPOrHO3UPOBAHS
HedTerazoHoCHOCTH TeppuTopuii // Yuensle 3amucku Kasanckoro ynusepcurera, cepus EcrecTBenHble HAyKi. —
2009. — T. 151, Ne 4. — C. 192—202.

Hypranues /1. K., Yeprosa U. FO., Bunpganos P. P. u dp. Heorekronnueckue haxTopsl pa3mernenus 3ajexeil Hedpru
B Bouro-Bsirckom permone // Hosble nien B reosornu u reoxumun Hedpru u raza. — Mocksa : MI'Y, 2004. —
C. 367—368.

Cwvupnos A. C., Baxpomees A. T'., Kypunkos A. P. u dp. BoisiBiienue u kaprupoBanue (GJIIONJI0OHACHIIEHHBIX AHA30TPOITHBIX
KaBEPHOBO-TPEIIMHHBIX KOJIJIEKTOPOB KOBBIKTHHCKOTO Ia30KOHIEHCATHOrO MecTopox ieHust // Teosorus, reodusnka

Russ. J. Earth. Sci. 2024, 24, ES3009, https://doi.org/10.2205/2024es000904 10 of 13


https://doi.org/10.15372/GiG2021132
https://doi.org/10.17353/2070-5379/45_2016
https://doi.org/10.20403/2078-0575-2019-3-38-56
https://doi.org/10.2205/2024es000904

MNHPOPMATUBHOCTH TEOMOP®OJIOTUYECKUX U U30TOMHO-TEOXUMUYECKUX METOOB. . . CMUPHOB U HAP.

u pa3paborTKa HedTIHBIX U ra30BbIX MecTopoxKaeHuit. — 2019. — Ne 5. — C. 4—12. — DOI: 10.30713/2413-5011-2019-
5(329)-4-12.

®uiocodos B. II. OcHoBBI MOPHOMETPUIECKOTO METOJA ITOMCKOB TEKTOHUIECKUX CTPYKTYpP. — U31-Bo CapaToBcKOro
yH-Ta, 1975. — 232 c.

Yepuosa U. 10., Hyrmanos U. U., Tayros A. H. [lpumenenne anamurudeckux yurnuit ['YIC s ycoBeprieHCTBOBaHMS
U Pa3BUTHUSL CTPYKTYPHO-MOPMOIOrUIecKuX METOIOB u3ydenus neorekronunku // Teonndopmaruka. — 2010.

Yepuosa U. FO., Hyrmanos U. U., Hypramues . K. u dp. Ilpumenenne MeTO10B KOMIIBIOTEPHOUH 00PabOTKY 1IMPOBOI
MoJiesin pestbeda Jiyist 0OHAPYKEeHUsT 30H MOBBIIIIEHHON TPEIUHOBATOCTH U (DITIOUIOMHAMIYIECKON aKTHBHOCTH TOPOJ,
ocajrouroro dexia // Hedrsanoe xossitcrso. — 2015. — Ne 11. — C. 84—88.

Yepuosa 1. FO., Hypraaues /1. K., Hypraauesa H. I'. u dp. Pekoncrpyknusi ucropun Tarapckoro cBojia B HEOI€H-
YeTBEPTUYHBIA [IEePHOJ[ 110 JaHHBIM Mopdomerpudeckoro anauusa // Hedranoe xozaiicrBo. — 2013. — Ne 6. —
C. 12—15.

I0a08uua 4. 3., Kerpuc M. II. CoorHomenus u30Tonos yriepofa B crparucdepe u 6uocdepe: dernipe crenapus //
Buocdepa. — 2010. — T. 2, Ne 2. — C. 231—246.

Chernova I. Y., Nourgaliev D. K., Chernova O. S., et al. Applying the combination of GIS tools with upgraded structural
and morphological methods for studying neotectonics // SOCAR Proceedings. — 2021. — SI2. — P. 93-103. —
DOI: 10.5510/0GP2021S1200560.

Nugmanov L. I., Chernova I. Y. Effects of neotectonic activity on the distribution of petroleum deposits in space (by the
example of the Volga-Ural petroleum and gas province) // 15th International Multidisciplinary Scientific Geoconference
SGEM 2015. Geology, Mineral Processing, Oil & Gas Exploration. — 2015.

Zlatopolsky A. A. Program LESSA (Lineament Extraction and Stripe Statistical Analysis) automated linear image features
analysis-experimental results // Computers & Geosciences. — 1992. — Vol. 18, no. 9. — P. 1121-1126. — DOI:
10.1016,/0098-3004(92)90036-Q.

Russ. J. Earth. Sci. 2024, 24, ES3009, https://doi.org/10.2205/2024es000904 11 of 13


https://doi.org/10.30713/2413-5011-2019-5(329)-4-12
https://doi.org/10.30713/2413-5011-2019-5(329)-4-12
https://doi.org/10.5510/OGP2021SI200560
https://doi.org/10.1016/0098-3004(92)90036-Q
https://doi.org/10.2205/2024es000904

RUSSIAN JOURNAL of EARTH SCIENCES

GEOMORPHOLOGICAL AND [SOTOPE-GEOCHEMICAL METHODS IN
ASSESSING THE GAS POTENTIAL OF A TERRITORY (USING THE
EXAMPLE OF THE ANGARA-LENA OIL AND GAS REGION)

1,2 3

A. Smirnov , D. Nourgaliev®, I. Chernova®(, and E. Ziganshin3

1Gazprorn VNIIGAZ LLC, Tyumen, Russia

2Industrial University of Tyumen, Tyumen, Russia

3Kazan (Volga region) Federal University, Kazan, Russia
**Correspondence to: Eduard Ziganshin, erziganshin@kpfu.ru.

The paper examines the geochemical method's effectiveness for assessing the gas potential of
territories and prospecting for natural gas fields in combination with data on a territory's
neotectonic activity obtained from the digital elevation model analysis in the Eastern Siberia
area. Geochemical data include the content of methane and its homologues (C1—Cg), determined
by gas chromatography in subsoil samples, as well as the carbon isotope ratio (613 C) of the detected
methane, measured on an isotope mass spectrometer. The reconstruction of neotectonic activity
areas was carried out using a modified morphometric method of digital elevation model analysis.
Estimates of the macroscopic fracturing of the sedimentary cover, also caused by neotectonic
activity, were obtained from the digital elevation model as the density of lines — primary linear
objects expressed in relief, identified using the method of A. A. Zlatopolsky. The information
obtained from the digital elevation model allows to identify areas where the probability of gas
fields destruction is the highest. A joint analysis of isotope-geochemical data and information on
the probable hydrocarbon deposits destruction makes it possible to assess the prospects for the

territory's gas content, as well as identify promising areas.
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Abstract: This article describes a new, efficient, and quick method for conducting field measurements
to create a three-dimensional model of ice formations. The method involves the use of a total station
geodetic instrument, a powerful LOZA georadar, and an unmanned aerial vehicle with a camera.
The technique is especially useful for measuring unstable ice formations with horizontal dimensions
ranging from 50 to 300 meters. Examples of applying this method during winter fieldwork on the
Sakhalin Island's eastern shelf in 2019 are provided.

Keywords: field measurements of ice characteristics. ice formations, 3-dimensional model, georadar
LOZA, unmanned aerial vehicle.
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Introduction

When designing structures in the sea covered by ice, it is necessary to take into
account the ice loads that may be applied to the structures. In order to calculate these
ice loads, a significant amount of information is required, including information about
the morphometric characteristics of ice formations (IFs) — their geometric dimensions, the
relief of their upper and lower surfaces, their thickness, and so on. An IF is understood
to be an element of the ice cover that is characterized by a specific set of features — for
example, ice fields, ice ridges, floebergs, rubble fields, and icebergs [GOST R 58283-2018,
2018; World Meteorological Organization (WMO), 2014].

The most frequently used modern method for measuring the relief and the dimensions
of the upper (above the water level) and lower (beneath the water level) parts of the IF
is the determination of the horizontal coordinates and heights of points on the IF with
a distance between the points of 5 m (in some cases 2.5 m) and subsequent mechanical
drilling of ice at these points to measure ice thickness. Coordinates are determined in
the local coordinate system associated with a concrete IF. The relief of the IF surfaces is
determined relative to the water level in the ice hole drilled at the zero point of the local
system of coordinates [Mironov, Ye. U. et al., 2015].

If thermal drilling is used during the period of time that was spent on mechanical
drilling, then, since thermal drilling is faster, more ice holes can be drilled and thus
potentially obtain more detailed information about the thickness of the IF. It should be
noted that the equipment for performing thermal drilling weighs 100-200 kg, which is
about an order of magnitude more than the weight of the equipment for mechanical drilling.
The personal experience of the authors of this article indicates that moving thermal drilling
equipment among ice ridges requires considerable time.

The surface topography of the ice sheet can be determined more accurately using
a geodetic laser scanning system, while the underwater topography can be measured using
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systems that use side-scan sonars. [Mironov, Ye. U. et al., 2015]. Laser scanner and side-scan
sonar measurements require several hours of continuous operation because of the methods
of measurement used by these devices themselves, the need to change the position of the
scanner and sonar in order to measure the entire ice field, as well as the need to drill new
ice holes at each new position of the sonar. If it is necessary to stop the measurements
because, for example, the ice field has been destroyed, the evacuation of the scanner and
the sonar to a more stable platform (a ship or shore) must be done carefully and cannot
be completed within less than 15 to 20 minutes. In addition, both devices are quite heavy
(several dozen kilograms) and expensive (10 million Russian rubles or more). During the
work, both devices usually require an electrical generator, which further adds to the weight
of the devices if they need to be quickly evacuated.

When using a laser scanner, there is an additional difficulty due to the scanning of
the surface occurring in a horizontal direction and within the line of sight of the scanner.
Therefore, in order to scan a hammock with a ridge that is taller than the scanner on
a tripod, it is necessary to scan it from at least two different sides. If the ice cake (or small
ice cake, thin young ice or open water), is close to one side of the hummock, it is not
possible to install the scanner there. This means that it is also not possible to measure the
complete topography of the ridge in such cases.

When the authors of this article carried out field winter ice surveys on the eastern
shelf of Sakhalin Island in 2016, it turned out that 80% of the largest, in terms of volume,
IFs in this area were hummocky or layered first-year ice with horizontal sizes of 50-300 m
only. The landing to the such IFs from icebreaker, for performing a set of measurements,
has always been accompanied by the risk of a quick split of the IF due to the difference in
the drift vectors of the ship and ice [Pisarev, 2016]. In order, on the one hand, to ensure
that three-dimensional (3D) IF models are created with maximum accuracy, and, on the
other, to be able to, if necessary, quickly evacuate the measuring equipment from an ice
floe in case of emergency, in 2019, when studying the IFs of the eastern Sakhalin shelf
again, a new, extremely effective express method of measurements was implemented.

In this article, we will briefly describe how field measurements were conducted
on drifting IFs, how the results were processed, and provide several examples of three-
dimensional models of the IFs studied on the eastern shelf of Sakhalin in the winter of
2019.

Field Measurements

During field work in 2019 on the eastern shelf of Sakhalin Island among the drifting
ice, the IFs of the largest volumes were selected. High-resolution satellite images analyses,
visual observations from a helicopter, from an unmanned aerial vehicle (UAV) and from the
icebreaker's navigation bridge were used for the selection. Unfortunately, even the largest
local IFs were potentially unstable. The first cause of instability is a collision, sometimes
leading to a split, of the selected IF with the icebreaker and (or) other surrounding ice floes.
The second reason is the swell, which on some days spread from the ice-free Pacific Ocean
and destroyed the IF on which the measurements were carried out (Figure 1, right).

After a group of specialists with equipment was landed on the selected IFs, a wide
range of measurements of various characteristics of the ice and the water column under the
ice was carried out. In relation to the topic of this article, five main devices were used to
measure the 3D characteristics of a selected IF — a set of geodetic milestones (see Figure 1
(right), Figure 2), a 50 m long topographic tape measure, a Kovacs ice drilling equipment,
a total station Sokkia SET230 RK3, a ground penetration radar (GPR) LOZA B and a UAV
DJI Phantom 4 PRO.

The surface of each selected IF was marked by geodetic milestones with a step of 5
m. (The markup was carried out in full accordance with [Mironov, Ye. U. et al., 2015]). As
arule, the area covered by milestones was smaller than the entire IF because of two main
reasons. Firstly, frequent cracks in the ice at the edge of the IF made it impractical to stay in
that area for any significant period of time. Secondly, it was unsafe to stay for an extended
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Figure 1. The most voluminous IF among the 22 investigated during the 2019 winter expedition was
numbered 18 and was moored to an icebreaker on its starboard side. Length of the icebreaker is 73
meters and its beam athwartships is 15.5 meters. A photo was taken using a UAV (left). A crack on
the IF numbered 14 formed due to swell arriving through drifting ice from the ice-free Pacific Ocean
(right).

period near the ice anchors that the icebreaker used to moor to the IF. At each IF, two to
four thick wooden logs, installed almost vertically into holes drilled into the ice, served
as ice anchors (Figure 1). When we worked on three of the twenty-two IFs we surveyed,
the load on the mooring ropes became so great that the logs snapped and flew apart in
unpredictable directions. However, we determined the boundaries of each IF by measuring
the coordinates of a station rod with an ejector at several points along the boundary.

In the case that an ice ridge existed on the selected IF, rows of geodetic milestones
were laid perpendicular to the ridge at its intersection point. One of the lines was laid in
the place of the maximum heights of the ice ridge. Each milestone received its own unique
number. The letters in the number designate a number of milestones located approximately
parallel to the moored icebreaker or ice ridge under study, although the number designates
milestones in a direction perpendicular to the icebreaker or ridge. Part of the IF, covered
with milestones, formed a geodetic polygon (Figure 2).

After marking the geodetic polygon, a total station survey was conducted. The purpose
of the survey was to determine the height of the IF at the points where milestones were
installed and build a map for the placement of milestones in a local coordinate system.
A total station was placed on flat ice, which was labeled as the zero of horizontal coordinates
within the local 3D coordinate system related to the specific IF. At the site where the
total station was mounted, an ice hole was created with an auger bit to the water line,
and a vertical zero mark was attached to the water level within the hole in the local
3D coordinate system. Subsequently, the local positions of each point where geodetic
milestones were installed, as well as additional points along the perimeter of the IF and
the locations where 3-5 identification markers were placed for UAV photography, were
identified. Sheets of bright, non-white building insulation measuring 20x20 cm were fixed
to the IF surface as identification marks. At each installation point, mechanical drilling
was used to determine the ice thickness.

The work listed in this section, with the exception of determining the coordinates of
identification marks, is not directly related to the express method we propose, but it is the
most frequently used [Mironov, Ye. U. et al., 2015] for creating a 3D model of the IF. During
the 2019 expedition, we used the most frequently used method only because we were not
yet completely confident in the effectiveness of our new express method.

The implementation of our new method involves performing only part of the work
above — installing a total station and installing two extreme milestones along each line,
with determining their coordinates and the thickness of ice in those coordinates using
mechanical drilling. Then, determining the coordinates for identification marks and other
points along the boundary of the IF is done.
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Figure 2. Surface topography of IF number 18: A set of measurements was carried out on this thick
IF over two days, and the results are shown separately for the hummocky part (left) and flat part
(right). Dots indicate the positions of milestones. Letters and numbers above the dots are the
identification numbers of the milestones of the polygons, while the numbers below the dots indicate
the heights in the local coordinates determined using a total station. Color indicates the height
determined by the UAV.

Our new method suggests using an UAV instead of a total station or laser scanner to
measure the topography of the IF. UAVs have been used for almost 10 years in industrial
and scientific activities when performing topographic, geodetic, cadastral works, as well
as engineering and geodetic surveys. When processing data from UAVs, a well-tested
complex of photogrammetric works is being performed to obtain a digital terrain model.
An example of the application of a well-known method using UAVs and photogrammetry
to determine the relief of the upper surface of sea ice is well presented in [Borodkin et al.,
2018]. We used UAV for our purposes following the algorithms developed in geodesy and
cartography. To obtain a series of photographs of the surface of each of the measured IFs, we
performed UAV flights in manual mode, at an altitude of 80-100 m with a photographing
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frequency of 30 frames per minute and with an overlap of images by 60-80%. The UAV
camera has always been aimed strictly at the nadir. UAV takeoffs and landings were carried
out both from the ice surface and from the deck of the icebreaker. The duration of flights
in all cases did not exceed 15 minutes.

A continuation of the application of our new method was the measurement of ice
thickness using the GPR LOZA B along each row of geodetic milestones and in the middle
lines between them. The spatial resolution of the GPR measurements was 0.2 m along
the rows of milestones, and 2.5 m between the rows. The characteristics of the sea salt
ice thickness meter, GPR LOZA, which is new for ice researcher, and the experience of
successful use are detailed in [Morozov et al., 2021]. In areas with great variation in ice
topography, we found it helpful to take additional mechanical thickness measurements to
verify our GPR readings.

Data Processing

Based on the results of the UAV survey, a digital elevation model (DEM) was created
for every IF using Agisoft PHOTOSCAN. DEM is a collection of heights taken at the nodes
of a certain network of points with coordinates and encoded in numerical form. The
method for processing UAV survey data is described in detail in literature [Eltner et al.,
2016; Koci et al., 2017]. Based on our measurements in 2019, we created DEMs for the IFs
first with a step size of 0.1 meters vertically and horizontally.

The technique for processing GPR measurements using the program package supplied
with it is described in [Morozov et al., 2021]. The GPR measurement area was smaller than
that covered by the DEM, as the radar survey was only carried out within the established
geodesic milestones.

It is necessary to note that, since the dielectric constant of sea ice is 5-6 and that of
air is 1, the direction of the probing beam from the GPR towards the lower hemisphere
is determined. The cone angle of this diagram can be calculated by taking the arcsine of
1 divided either by the refractive index or by the square root of the dielectric constant in
the medium. For the diagram of GPR LOZA, the angle is 26 degrees [Morozov et al., 2021],
and the diameter of the integral reflection area, with an average ice thickness of 9.2 meters,
such as for IF 18, exceeds 2.5 meters.

Taking into account the size of the reflection zone, it was decided to increase the
distance between GPR measurements along the rows of geodetic milestones from 0.2 m
to 1 m. The horizontal spacing of the DEM was also increased from 0.1 m to 0.5 m. Then,
using standard two-dimensional linear interpolation from the MATLAB data processing
software, the ice thickness measured by-GPR were transferred to the coordinate grid of
DEM points. After that, the heights of the initial DEM at grid nodes were subtracted from
the measured ice thickness at these same nodes. As a result, the DEM was taken as the
surface portion of the 3D IF model, and the measured thickness minus the DEM height
was taken as underwater part of IF.

Examples of the 3D Models of the IFs

As can be seen in Figure 1 (left part) and Figure 2, IF 18 consists of a flat and hum-
mocky area. Due to the large average ice thickness of IF 18 (9.2 m), the application of the
most frequently used method for determining ice thickness through mechanical drilling
had to be done over two work days. It was decided to present the surface features and 3D
models of each area separately in Figure 2, 3, 4, 5.

The reader familiar with the characteristics of the ice on the eastern shelf of Sakhalin
Island knows that the oldest and thickest ice there is first-year one. Even in severe winters,
the thickness of such smooth ice does not exceed 1.2 meter [Astafyev et al., 1997]. Therefore,
it's strange that the flat portion of IF 18 has a thickness of about nine meters (Figure 3, 4,
5). This large thickness of IF 18 can be explained by the fact that it consists of layered,
first-year ice.
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Figure 3. View from a UAV of the hummocky part of IF18 (left). 3D model of IF18 from one of the
possible viewing angles (right). In a 3D image, 1 m vertically is equal to 10 m horizontally. The
horizontal surface corresponds to sea level. View of the IF18 3D model from approximately the same
angle as in the photo on the left.

Depicted as a monolith in the 3D model, the flat part of IF 18 actually consists of more
than ten compressed layers of first-year ice blocks. The horizontal dimensions of the blocks
are tens of times larger than their vertical dimensions. These layers can be seen in GPR
measurements, photographs taken by remotely operated underwater vehicles, and in ice
core structures. [Morozov et al., 2021; Pisarev and Tsvetsinskiy, 2021].

Figure 4. 3D model of IF 18. In the figure, 1 meter vertically is equal to 10 meters horizontally. The
horizontal surface corresponds to sea level. Views of IF18 from the sides of the beginning of GPR
profile measurements (Figure 2, left) and from the side of an icebreaker (Figure 1, 3, 5, left). The
images in the current figure differ only due to the choice of different sea level slope angles.

An experienced ice observer can identify IF of layered first-year ice among the floes of
regular, one-layer first-year ice due to its abnormally high surface position above sea level.
The finding that many of the largest IF on the eastern shelf of Sakhalin Island are made up
of layered first-year ice is an important discovery from our expeditions in 2016 and 2019.
[Pisarev and Tsvetsinskiy, 2021]. However, a more detailed description of the properties of
layered first year ice and the possible reasons for its formation are beyond the scope of this
article.

The 3D model of the part, consisting of hummocks, of IF 18 also looks unusual in the
case that such a shape was created as a result of only the ridging process. (Figure 3, 4, 5).
Although the keel of the ridge is noticeable (the maximum thickness, according to both
mechanical drilling and GPR, is slightly more than 14 meters), in general, it seems that the
layering process played an essential role in creating the volume of IF.
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Figure 5. The view from a UAV of the flat part of IF 18 (left). A 3D model of IF18 from one of the
possible viewing angles (right). In a 3D image, 1 meter vertically is equal to 10 meters horizontally.
The horizontal surface corresponds to sea level. The horizontal axis from —10 to —50 meter is located
parallel to the icebreaker in Figure 1 (left) and the left part of Figure 5.

Conclusions

The first advantage of our express method compared to the more widely used one is
its ability to quickly remove our light instruments from a collapsed ice field. When imple-
menting our method to build a 3D model of IF, each specialist performing measurements
on an unstable IF had no more than 5-10 kg of measuring equipment with him. Each
specialist could dismantle their equipment in 1-3 minutes and quickly evacuate aboard
the icebreaker.

Another method, which was mentioned earlier in this article [Borodkin et al., 2018]
and which, like our method, can be defined as new, also involves the use of an UAV to build
the relief of the upper part of the IF as part of creating a 3D model. However, to measure
the lower part of the LO, this new method involves the use of a round-scan sonar. The
sonar was lowered using a tripod and a hand winch on a steel cable to a depth of up to
95 m through pre-drilled holes with a diameter of 0.5 m located evenly along the perimeter
of the studied ice object at a distance of up to 60 m. The survey through the one hole covers
a circle with a radius of 100 m, in the center of which there is a sonar. Survey from a single
point without taking into account preparatory work, such as drilling an ice hole, deploying
and configuring equipment, takes, according to the authors, 1.5 hours. According to our
estimates, before the sonar begins its measurements at a depth in the water column, the
entire complex of equipment preparation will take at least 2 hours. The evacuation of the
sonar itself and heavy auxiliary equipment from the measuring point will take about one
hour in the most favorable case. In general, the method of creating a 3D model using UAVs
and round-scan sonar is definitely not suitable for rapid evacuation, and, it seems, that this
method is not as fast as the one we propose in this article.

Thanks to the smaller volumes of mechanical drilling and the measurements of
coordinates for geodetic markers, our express method, along with providing the possibility
of rapid evacuation, also saves time when measuring a specific IF. The amount of time that
can be saved varies depending on various factors in expeditionary work, and it may not be
possible to calculate in advance for all possible situations. As an example, let's estimate
the time savings for working on IF 18, which has already been discussed here.

During measurements at IF18, in order to implement the most frequently used mea-
surement method, 82 geodetic milestones were installed and their three-dimensional
coordinates determined. In addition, the coordinates of 17 more points along the boundary
of the IF and 5 identification marks for referencing UAV images were also determined.

The use of our express method in this part of fieldwork allows us to reduce the
number of milestones on the geodetic polygon from 82 to 27. Although this involves the
measurement of local coordinates for the remaining 5 identification marks, it does save
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time by avoiding the need to install and determine the coordinates for 39 additional points
on the IF18 geodetic polygon. Assuming the qualifications of two surveyors, this saves
2.8 hours of measurement time (or approximately 50% of the total time spent measuring
local coordinates on the geodetic polygon).

To measure the thickness of the ice using mechanical drilling, 390 running meters
were drilled in the hummocky area of IF 18 and 357 running meters in the flat area. The
total time spent on drilling simultaneously by two qualified teams of three people was
approximately 12 hours of continuous work. At the same time, two specialists used a GPR
to measure 15 profiles in the hummocky area and 21 in the flat area. About 3 hours were
spent taking measurements along these profiles. Most of the time was spent on measuring
the ice thickness with the GPR from the top of the ice blocks that form the hummocks.
Measurements with the LOZA B GPR, with control drillings at the start and end of each
second profile, can reduce drilling time by about 50%. Drilling at a single control point for
each second profile, as experience with GPR measurements has shown, is also sufficient,
allowing for a time savings of about 75%.

As a result, using our express method for performing measurements in order to create
a 3D model of ice formation for IF18 allow us to spend approximately 4 hours instead of
12 hours when using the most frequently used method.
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PaccMoTpens! pe3ybraThl KOMIIEKCHOIO aHAIN3a Pa3jIOMHOI TeKTOHUKM KOJIbCKOro moJyocTpoBa,
BBIIIOJTHEHHOI'O B peruoHaibHOM MaciiTabe. Ha ocHoBe nndpoBoit Monenu pesbeda, reHepaausnpo-
BAHHOM JUIsI PA3JIMYHBIX MACIITAOHBIX YPOBHEN, BBIJEJIEHbI JIMHEAMEHTHl PYYHBIM U aBTOMAaTHYe-
ckuM criocobamu. [losry4deHnHbIe pe3yabTaThl B KOMILJIEKCE C JINTEPATYPHBIMU JTAHHBIMU IIO3BOJIMIII
IIPOBECTU TEKTOHODU3UIECKNE PEKOHCTPYKIMHU C ncrnosib3oBanueMm mozenu II. JI. Xsnkoka. Ha
OCHOBE PE3YJIbTATOB JIAHHBIX PEKOHCTPYKIIUI OIIPeIesIeHbl IIPeIoaraeMble yIacTKN TeKTOHNIECKIX
CTPYKTYD, ObOJiaJaBIirie HAOOIbIell I'1IPABINIeCKOl aKTUBHOCTHIO HA MOMEHT BHEJIpEeHUs H6a3UT-
yIbTPaba3UTOBBIX MACCHBOB U MANKOBLIX KOMILIEKCOB IIEIMATUTOBBIX IIOSCOB, C KOTOPBIMHU CBSI3aHbI
PYZHDbIE MECTOPOXKIEHUS AeMPUIIMTHBIX BUIOB CTPATErNIECKOr0 MUHEPAJIBHOIO ChIpbs KoIbCcKOro
mosyocTpoBa (Me/b, HUKEJIb, XPOM, PEJKUE METAJUIbL U Jp.). BBIJe/eHbl yIacTKu, NepCIeKTUBHBIE

Ha OOHAPY?KEHNE HOBBIX PY/IHBIX OOBEKTOB.

Kurouessle ciioBa: Kousbckuii mosryoctpos, Bantuiicknii mut, pa3iaoMsl, HudpoBas MOAEIb pejibeda.
7 Kl ) t
JQUCTAHIMOHHOE 30HIMPOBAHUE 3€MJIH, JIMHEAMEHTBI, TEKTOHOPU3NKA, PYIHbIE MECTOPOXKICHUS,

reonHGMOPMAITMOHHAST CHCTEMA, CTPATETMIECKIe METAJLIIBI.

IurupoBanme: Munaes, B. A., C. A. Ycrunos, B. A. Ilerpos, A. /1. CBeuepeBckuii, u

U. O. Hacdurun PernonasbHbIil 1UCTAHIMOHHBINA aHAJIN3 PA3JIOMHOM TeKTOHUKYM KOoIbCKOro
HOJIyOCTPOBa U €€ posu B pynoobpasosanuu // Russian Journal of Earth Sciences. — 2024. — T. 24.
— ES3010. — DOI: 10.2205/2024es000918 — EDN: NOVWIX

Bsenenue

JlokeMOpUiiCKIe MUTHI ABJSIOTCS BayKHEUIITUM UCTOYHUKOM MHOTHUX BUJIOB MUHEPAJIb-
HOTO CBIPbst B ApkTuueckoii 30He [Boakos u dp., 2019]. HecMoTpst Ha XOPOIIYIO U3y I€HHOCTb,
Teppuropusi KoJIbCKOTO MOIyOCTPOBA MMeEET BBICOKHUE TEPCIEKTUBBI HA OTKPBITHE HOBBIX
MECTOPOXK IeHUH JeUIUTHBIX BUJIOB CTPATEIMIECKOIO MUHEPAJBHOIO ChIPbs, KAK TPaJIU-
IIMOHHBIX JJIsl JJAHHOT'O PErMoHa, TAaKUX KaK Me/lb, HUKEJIb, XpOM, THTAH, PeJKUue MeTaJIIbl,
TaK ¥, HAI[PUMEP, 30JI0TOCEPEOPSIHBIX 00BEKTOB, TPOOJIEMA [TOUCKA KOTOPBIX yKe HE OJHO
JlecATHIIeTHe 3aHIMAaeT OTeYeCTBEeHHBIX reosioros [Jlobanos u Cagonos, 2012]. C yuérom
MMEIOIIEHCsT XOPOIO Pa3BUTON TPAHCIOPTHON MHPPACTPYKTYPHI PACCMATPUBAEMOTO pe-
TMOHA OTKPLITHE HOBLIX PYIHBIX OOBEKTOB IO3BOJIMJIO ObI BHECTH 3HAYUTEILHBIN BKJIAT,
B pacIlIpeHre MUHEPaJIbHO-CHIPLeBoi 6a3bl ApkTrieckoii 30ubl Poccuiickoit @enepannn.

N3Bectra cBsa3b pyn KosbcKoro mosiyocTpoBa ¢ JOKAJbHBIMA MAIMATUIECKUMU apXeii-
nporepozofickuvu uaTpy3usMu [I[Tosrcusenko u dp., 2002; Camconos u dp., 2019]. Hapsiry
¢ 9TUM aBTOpBI Hacrogmel crarbu paszzeistor muenue M. T. Kosmnosa [Kosaos, 1979)
0 KOHTPOJIE UHTPY3UBHBIX IPOIECCOB PA3PBIBHON TEKTOHUKOM 33 MCKJIIOUEHUEM ITUPOKUX
IJIOIIATHBIX (DPOHTOB IPAHUTU3AINN U MUTMATH3AIUH. TakuM 06pa3oM, MbI MOXKEM F'OBOPHUTH
0 Pa3pbIBHOI TEKTOHUKE KaK 00 OTHOM M3 BaXKHEUINX PYIOKOHTPOIUPYIOMUX (HAKTOPOB
MIPUMEHUTEIHHO K U3yYaeMOl TepPUTOPUU.
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Hecmorps na 10, uTo KosbeKnil 1oIyocTpoB ¢ MaJOMOIIHBIM 9€XJIOM YeTBEPTUIHBIX
OTJIOKEHUH, 3aJIETAIONINX HEIIOCPEJICTBEHHO HA MOPOIaxX DyHIAMEHTa UMeeT OJIATOIPUSITHDIE
YCJIOBUSI JIJIsl UCCJIEIOBAHUS PA3PBIBHBIX CTPYKTYD, aBTOPAMU CTaTbU HANJIEHBI JIUIIb €/T1-
HUYHBIC JINTEPATYPHbIC NCTOYHUKHU, JETAJIbHO OIIMCBIBAIOIINE apXei-IIpOTePO30ICKU KapKac
PAa3PBIBHBIX HAPYIIEHUI jisT Bcero peruona. I11o 60sbImeil vacTn mpoBeIeHHbIe pabOTHI CO-
CPEJIOTOYEHBI Ha M3YUIEeHNH ero JIOKAJIBbHBIX yuacTKoB [Sim et al., 2011] uam ke MOCBAIIEHBL
JeTBepTUUIHOl reonunaMuke [Hukonaesa u Eesepos, 2018]. D10 MOKHO OOBICHUTD OT/Ia-
JIEHHOCTBIO BO BPEMEHU MHTEPECYIONIET0 HAC OTPE3KA [e€OJIOTMIEeCKON MCTOPUU M MOIITHBIMU
reoIMHAMIYECKAMHY [TPOTIECCAMY B ToJIONeHe u mieiicroreHe. OqHAKO Pe3yIbTaThl UCCIIEI0-
sanuii M. T. Kozsosa [Ko03.408, 1979] yka3bIBaroT Ha BO3MOYKHOCTH BBISIBJIEHUS! J[PEBHETO
KapKaca pa3pbIBHBIX HapyIlieHuit KoIbCKOro moJsiyocTpoBa ¢ HCIOJIb30BAHIEM KOMILIEKCA
reostoro-MopdocTpyKTypHbIX MeTo10B. Kpome toro, C. B. IIIBapeB yka3biBaeT Ha BBHICOKYIO
CTeNeHb HacJIe[0BaHust MOP(hOINHEAMEHTAME apXefiCKO-TIPOTEPO30HCKUX CTPYKTYD [Shvarev,
2022]. Dt 06CTOSITENBCTBA MOOY N ABTOPOB HACTOSAIIEH CTATHU MOMBITATHCS TIPOAHAJIN3H-
poBaTh KapKac JPEBHUX PAa3PBIBHBIX HapyireHuit KosbCKOro mosyocTpoBa ¢ npuMeHeHneM
KOMILJIEKCA COBPEMEHHBIX METOI0B 00pPabOTKHU NAHHBIX JUCTAHIIMOHHOIO 30H/IMPOBAHUA 3€M-
JI ¥ TeKTOHO(MDU3WIECKNX PeKOHCTPYKIWil. [losyaeHnbie pe3yabTaThl MO3BOJININ COCTABUTD
CXeMy MOTEHINAJIHHO MEPCIEKTUBHBIX YIACTKOB HA OOHAPYKEHHE PYIHBIX O0HEKTOB.

O06beKT mccite/IoBaHMIA U KPaTKasl NCTOPHS €r0 Te0JOrHIeCKOro Pa3sBUTHS

Paiton uccnenosanunit — Kosibekuii mosyocrpos (puc. 1) — pacnosiokeH B IIpeieiax
ceBepo-BoCTOUHON actu Basruiickoro mokembpuiickoro muta. Ha ceromHsmamii 1eHb He
CyIIeCTBYeT OOIIENPUHATON MO/ apxeiickoi sposmonuu Kosbekoro kparona [Mints and
Dokukina, 2020]. ABTOpBI CTAThU IPUIEPKUBAIOTCS IPEJICTABJICHNUI, H3JI0KEHHBIX B paboTax
M. B. Munna u coasropos [Muny u dp., 1996; Mints and Dokukina, 2020]. Ipenmnosna-
raercs, 9To (GopMuUpOBaHUEe JUTOCHEPHI N3YyIAEMOT0 PErHOHA, ITPOU3OIIIO0 B UHTEPBAJIE
mpubIu3nTeHHO 3,5-2,8 MIIp/ JIeT B pe3yabTaTe O0beIUHEHNS HECKOIbKUX M3HATATILHO
Pa300IEHHBIX MUKPOKOHTUHEHTOB. 06 9TOM CBUIETEIBCTBYIOT U UHIUBUIYAJIHHBIE I€DTHI
crpoenns apxeiickux 6;0koB Kosbckoro mosyocrposa [Sim et al., 2011].

I'panuier npeBHEHIIIIX MUKPOKOHTHHEHTOB (PUKCUPYIOTCS HPOTAKEHHBIMU 3€JI€HOKA~
MEHHBIMU TIOSICAMHU CEBEPO-3aI1aJHOrO IpOoCcTUpanusd. [IpuMepom Takoit CTPYKTYPhI MOXKET
cayxuth mosic Kosmozepo-BopoHbst, n3BeCTHBIH peIKOMETAJIBHBIMU [IETMATHTOBBIMU TI0JIsI-
MM [AJIEONPOTEPO30TicKoro Bozpacta (2,45-2,3 mapm aet) [Mopososa u dp., 2020]. BpemenHoit
OTPE30K, COOTBETCTBYIONNIT 0OPA30BAHUIO METMATUTOBBIX KUJI, MAPKUPYET CJIEIYIONTHii
BaxkHeimuit sran ncropuu KoJibCKOro mosiyocTpoBa — BpeMst (DYHKIIMOHUPOBAHUS KaHA~
JIOB IUPKYJISIIIUN PYIOHOCHBIX (DJIIOMIOB, COOPMUPOBABIINXCS B PE3yJIbTrare aKTUBAaIIUN
CIABUTOBBIX JBUKEHHUI 110 30HAM apXEUCKOr0 3aJI02KEHUS.

Panunenporeposoiickuii nepuoz, (2,5-1,7 M, JieT) 03HAMEHOBAJICS HOJHATHEM MAHTHA-
HOT'O ILJIIOMA&, BO3JIBIMAHUEM apPKOI'€HHOI'O MOJHSITUSI, ¥, KAK CJIEJICTBHE, PACKPHITHEM UHTDA-
KPATOHHBIX PUMTOBBIX 30H CEBEPO-3aIaIHOIO IpOcTUpanus Takux kak lleyenra-Mmamapa-
Bapayrckas [IToorcuaenxo u dp., 2002]. K naseopudroBbiM 30HAM IPHYPOYEHBI PYIOHOCHBIE
(Cr, Cu, Ni, 9IIT, Pd) paccioennsie Madur-yiabrpaMaduToBble MHTPY3UBBI PaHHEro pudro-
Boro srana (2,49-2,4 muppy ser) — Monueropekuit miyton, ®enoposo-IlaHckuit KOMILTEKC,
HUKEJIEHOCHBIe 1ab0pPO-BePJIMTOBbIE KOMILIEKCHI 03aHero srana (2,2-1,9 mipy jer) [Opcoes,
2011].

Orpesok 1,9-1,7 MiIp/t JieT OTHOCSAT K KOJIM3UOHHOMY JTAITy € IPe0bJIaIaHueM TaHTeHITH-
AJIbHBIX HanpszkeHnil. C 9TUM 3TAOM CBI3bIBAETCS (DOPMUPOBAHUE CKJIAIATO-HAIBUTOBBIX
CTPYKTYP.

Tosnuenporeposoiickuit iepuof (1,65-0,65 MIIpJL JeT) Pa3sBUTUS PETUOHA SIBJISLICS
mrardopmeHubiM. B Tevdenne mero popMUpPOBAINCH KOHTUHEHTAJIBHBIE OTJIOXKEHUA, TTeTbg
¥ KOHTHMHEHTAJbHBIN CKJIOH.

TTasieozo0iickuii meproJ1, O3HAMEHOBAJICS TEKTOHO-MAarMaTHIeCKOW AKTUBU3AIIAEH, CBsI-
3aHHOM € TePIIMHCKUM TEKTOHOI'€HEe30M Ha ceBepo-3amnaje Banruiickoro mura. PesysnsraTom
9TOI AKTUBU3AINH CTAJIO MIPOSBJIEHNE MIEJIOTHO-YIBTPAOCHOBHOTO MArMaTu3Ma U BHEIpe-
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Puc. 1. Cxemarndeckas reosorudeckas kapra Konabckoro nosyocrposa macmraba 1:500000 (co-
craBnena no marepuanaMm |leosoeuneckasn wapma Koawvcrkozo pezuona, 2001; ocydapecmeennasn
zeonozuneckas xapma, 2007; Tocydapcmeennasn zeonozuueckasn xapma, 2008; locydapcmeertasn
zeonozuneckan xapma, 2012a; Iocydapcmeennan eeonoeuneckasn kapma, 2012b]). 1 — apxeiickue
rpanuTo-rHeiickl MypMaHcKoro 6710Ka; 2 — amduboIoBble THeCH Beomopcekoro 6Ji0ka; 3 — apxeii-
CKHe TOHAJUTHI U aJrroMo-rHeiickl Kosmbecko-HopBeskckoro 6J/10Ka; 4 — apxeicKue aJIioMO-CJIaHIIbI,
rHelicbl 1 KBapuuThl KeitBckoro 6j10Ka; 5 — apxeiicKue TPaHy/IUThI; 6 — TPOTEPO30ICKIe OCATOTHO-
BYJIKQHOT€HHBbIE KOMIIJIEKCEI; 7 — IIPOTEPO30iiCKIe OCAJOUYHbIE TIOPOIBI; 8 — MACCUBBI AHOPTO3UTOB
1 rabOpPO-aHOPTO3UTOB; 9 — MACCHUBBI TPAHUTOB U T'PAHOAUOPUTOB; 10 — MACCUBBI IMIETOYHBIX TDAHU-
TOB; 11 — IIEJIOYHBIE U IIEJIOYHO-YIBTPAOCHOBHBIE MACCUBBL; 12 — MECTOPOXKIEHNS METAJIMIECKIX
TIOJIE3HBIX UCKOMAEMBIX; 13 — PYIOIPOSBICHHUS U IIYHKTHl MITHEPATHIAIINH METAJINIECKAX MTOJTE3HBIX

HNCKOITaeMBbIX.

nue Kosnopckoro maccusa (378,5-372,2 mun Jjier), Xubunckoro, JIoBo3epcKoro miyToHoB
(371-362 mutH JeT) u APYrUX MaccuBoB. Kpome TOro, IpeiosoKuTesbHO, B JI€BOHE TIPOHC-
xouaa nHTeHcuBHAs 5po3usi. O6 3TOM roOBOPST BBICOTHBIE OTMETKU KPOBJIM XUOUHCKOTO
u JloBozepckoro maccuBoB cocrasisomue 600-700 M, B TO BpeMs: Kak (POPMUPOBAHUE UX
[IPOUCXONIIO Ha riiyOuHe He MeHee 5 KM [ITootcunenro u dp., 2002].

IIaseoren-aneoreHoBbIE OTJIOXKEHHUS HA PACCMATPUBAEMOIl TEPPUTOPUHU OTCYTCTBYIOT.
B nmozamem mteiicTorieHe n roJIoNeHe UMe MECTO PA3HOMACIITAOHbIE BEPTUKAJIbLHBIE TEK-
TOHUYIECKNE JIBUZKEHUS B PA3HBIX y4dacTKax Kosbckoro mosryoctposa. B mociiemnee Bpems
bUKCUPyeTCsT TEHJICHIINS K BO3ILIMAHUIO PETUOHA TPU COBOKYITHOCTU ME/IJIEHHBIX TEKTOHU-
YECKNX BOCXOISAIINX U OBICTPHIX PA3HOHAIIPABJIEHHBIX 10 BEPTUKAJN TVISIIHOM30CTATHIECKUIX
nerkennit [Ioocuaenxo u dp., 2002].

Mertoauka mcciieJoBaHUi

JluHeaMeHTHBII aHAJN3 TEPPUTOPUN ITPOBOIUJICS C IIOMOIIBIO CIIEIIUAIBLHON METOIUKU
Ha OCHOBe HocTpoeHus: u obpaborku udposoii Mogeau pesaseda (IIMP), npeoxennoit
¥ BepuUINPOBAHHON HA PEAJBHBIX I'€OJIOTHIECKUX O0BEKTAX COTPYAHUKAMH JIAOOPATO-
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pun reonrdopmarnku UTEM PAH [Vemunos u Ilempos, 2016]. Metonuka addexTnrna
naxke B obsractsix co ciabo pacuaiaeHéHabiM peabedom. IIMP Tteppuropun coznana ¢ mc-
[M0JTb30BAHUEM OTKPBITHIX JIAHHBIX PAJIaPHOl nHTEPGhEPOMETPUYIECKON CbEMKHU TTOBEPXHOCTH
zemuoro mapa ASTER GDEM (Global Digital Elevation Model) tperweii Bepcun. ITpu
9TOM B paboTe MCIIOJIb30BAINCH MOJIE/IN PA3JIMYHbIX YPOBHEll reHepasm3aiuu — 1 KM/ IuKcest
u 250 M/TIHKCeIT JJI PEIeHUsT COOTBETCTBYIOIUX 110 MacIiTaly 3a/1ad.

PesysbraThl cheMKE MpeicTaBIsioT o000l pacTpoBbie N300parKeHMsI CO 3HAYEHUSIMU
BBICOTHBIX OTMETOK pesibeda it Kaxkoro mukcesa B dopmare GeoTIFF, conepxxarmmem
MeTaJIaHHbIe 0 reorpadudeckoii mpussaske. Jluneamentor Ha [IMP BBIIBIAINCH ¢ TOMOIIBIO
Ppa3pabOTaHHOIO € YYACTUEM OTE/IbHBIX aBTOPOB JAHHON CTAThU IIPOIPAMMHOIO 0beCIIeYeH s
Ha OCHOBe HelpoceTeBbIx TexHosoruit [Ipuwros u dp., 2023].

Ob6imue npuHIUIBL PAOOTHI JAHHOTO ITPOIPAMMHOIO OOeCIedeHnsl OCHOBAHbI Ha QyHIa-
MEHTAJIbHBIX KOHIENIUsIX PabOThl HEPOHHBIX CeTell M HAlpaBJIeHbl Ha M3BJIeUeHe HADOPOB
YHUKAJIbHBIX TPU3HAKOB N300PaKEHUs MM KOHKPETHOTO 00BEKTa. DTO JOCTUTAETCS 38 CUeT
napaJiIesIbHON 00pabOTKN N300paKEHNsT B PA3JIMIHBIX CJIOSIX CETH € MOMOIIBIO YePeIOBAHIS
csi0eB cBepTKH (06paboTKa N306PasKeHUs JIOKAJILHBIME ONEPAIMSIMU € [IOMOIIBIO (QUILTPOB)
u cxkarus (cxkaTre n300paXkeHusl, O0beInHsIsl 3HAUEHNsI (DIIIBTPOB), & TAKXKe IIOJHOCBSI3-
HOTO CJI0s1, (DOPMUPYIONIEro UTOI U3 MMOJIy9YEeHHbIX 3HadYeHuil. B pesysbrare BHIIEISAIOTCS
JINHEAMEHTHI B BHJIE KOPOTKUX TIPSIMBIX CEMMEHTOB, KOTOPBIE MOT'YT OBITH IIPOUHTEPIPETHPO-
BaHbI B KQYECTBE TaK HAa3bIBAEMBIX «METraTPEIIUH», ONEPSIOIINX IPOTIKEHHYI0 Pa3PBIBHYIO
crpykTypy [ITempos u dp., 2010; Pebeuruti u dp., 2017].

o mporieypbl uaeHTH(MOUKAITE JTHTHEAMEHTOB ¢ TIOMOIIBIO CO3/IAHHON HEHPOHHON ceTn
JJ1sl HanboJiee TOYHOIO BbIJIEJIEHUS] JINHEAMEHTOB Ha dTalle [IPeIBAPUTEIbHON OArOTOBKHI
IIMP mpumensisicss MeTo T HeTMHEHHON HalpaBIeHHol duIbTpannu n3oopaxenus. B man-
HOM HCCJIEIOBAHUH HAITpaBJIeHHAs (DUIHTPAIIUST UCIIOIH30BAIACE JJIs YTy IIIeHUs] TPAHULL
IPaJINEHTHOrO IEPEX0/Ia, MEXKJLY 3HAUYEHUSIMU IMKCEJIeH C IeJIbI0 BBIIEJEHUsS OIPeIe/eH-
HBIX XapaKTEPUCTUK M300paskeHusl Ha OCHOBE UX YaCTOThI, CBSI3aHHON CO CTPYKTYPHBIMU
ocobennoctamu Tepputopun. Hampasiaennasa puabTpalius n300parkKeHunsi, B COOTBETCTBIHI
¢ obimeunsBecTHbIMU MeToauKamMu [Enoh et al., 2021; Paplinski, 1998; Suzen and Toprak,
1998|, npoussoamiack 1o YerbipeM ocHOBHBIM Hampasienusiv: C—FO (0°), CB-103 (45°),
B-3 (90°), FOB-C3 (135°) ¢ nmocrpoeHnemM COOTBETCTBYIOIIMX CXeM TEHEBOro pesibeda ¢ 1ie-
JIBIO TIOMYEPKHYThH BCE BO3MOXKHBIE OPUEHTUPOBKY BBIIEISIEMbIX Ha U300PaKEHUN CTPYKTYP.

B wuccienoBanum Takke IpUMeHSIJIACh METOJUKA BBIJEJIEHUs] U 3aBEPKU KPYITHBIX
PaspBIBHBIX 30H, KOoTOpasi Obuta npemyoxkena . B. CukosbiM u coasropamu |Cuekos
u dp., 2020]. B eé ocHOBe JIe2KUT aHAJIU3 [IPOCTPAHCTBEHHOIO HOJIOKEHUSI U CO3JAHUSL CXEM
IUTOTHOCTH HEIPOTSI?KEHHBIX JIMHEAMEHTOB, BBIIE/ISIEMbIX ABTOMATHIECKHN PA3JIMIHBIMUA IIPO-
IPAMMHBIME cpejicTBaMu. JIJIsi KayKJI0ro JIMHEHHOTO0 CErMeHTa BBIJIEJEHHBIX C HOMOIIHIO
HelipouHoit ceru JinHeamenToB (Ha ocuose IIMP ¢ paspemenuem 1 KM/muKces) HaMu pac-
CYNTAH W IPUCBOEH B BUjie aTpuOyTa MCTUHHBIA a3uMyT ero npocrupanus. Ha ocHOBe 3TOr0O
aTpubyTa IIPOBEJ/IEHO PAHKUPOBAHNE JIUHEAMEHTOB 110 KJIACCAM U IOCTPOEHBI BOCEMb CXEM
OTHOCHUTEIBHBIX Y/IEJbHBIX IJIOTHOCTEH JTMHEHHBIX OOBEKTOB ¢ mmaroM B 22,5+ 11,25°.

B anmiossbranoii aureparype, B COOTBETCTBUU C TeOpHeil pasioMo0Opa3OBaHUs
E. M. AnziepcoHa, BBIJIEJISIIOTCS. TPU OCHOBHBIX THIIA, PAa3JIOMOB: COPOCHI, CIBUTY U HAJIBUTU
[Anderson, 1905].

K macrosiimeMy BpeMeHH CJIOXKHUJIACH CUTYAIHs, KO/ OOJBITHHCTBO CIIEIUANCTOB
B 00J1aCTH M3yYeHUs PA3JIOMHON TEKTOHUKHU JIOIYCKAIOT OTPBHIBHOM XapaKTep pa3pyIleHust
TOPHBIX TIOPOJI, HO JIJIsi ONNCAHWS KHUHEMATUKHU CMEIEHUs 110 00PA30BAHHOMY Pa3pPbIBY
UCIIOJIB3YIOT B OCHOBHOM CIBUIOBOE Iepemernenue (¢ mosunuii Mexanuku). Capurosasi
COCTABJISIIONIAS yCTAHOBJICHA B HACTOSIIEE BPEMsl M IPAKTUYECKU BO Beex pudrax Mupa (Kak
JIPEBHUX, TaK U COBPeMeHHbIX) |Ymxun u dp., 2016].

s pEeKOHCTPYKIMK TapaMeTPOB PErHOHAJLHOTO IOJIsl HAIpszKeHui-nedopmanuii
(ITH/T), KuHeMaTUKu OCHOBHBIX Pa3JIOMOB U CTajuil (hOpMUPOBaHMs KAPKACA PA3PBIBHBIX
CTPYKTYP H& OCHOBE MHTEPIIPETAIMH BbIJIEJIEHHbIX JUHEAMEHTOB HEOOXOAMMO IIPUHSITH OJIHY
U3 PACIPOCTPAHEHHBIX TEKTOHOMUINIECKUX MOjeseil (hopMUpoBaHus TapareHe3nuca ore-
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PAIONMX TPEIIAH MAruCTPAJBLHOTO Pa3IoMa (OCHOBHOTO Pa3phIBHOIO HADYIIEHUsI TIEPBOTO
nopsijika B Maciirabe IUIOMa i UCcie[oBanus) B 3oue casura. s 308 casura (10 06-
Pa30BaHUs B HAX MarUCTPAJIbHOTO PA3PbiBa) MPUPOJIHbIE KAPTUHBI HAPYIIEHUH BTOPOrO
HOPsIJIKa YCTAHOBJIEHBI U O0bICHEHBI ¢ MO3MIMiT MexaHuku |Pebeuykuti u dp., 2017; Ce-
munckud, 2003]. Ha HagaiabHOM 9Talie B OTHOCUTENBHO OJHOPOJHOM [IJIsl OIIPEIeJIeHHOMN
reppuropuu [THJI Bo3HUKAIOT KyJInCOOOPA3HbIE CUCTEMbI TPENUH OTPhIBa (OJ(Ha CHCTEMA)
U cKosia (J(Be COUpsI?KEHHbBIE CHCTEMBI). B 30HAX CIBUra OPUEHTUPOBKA TPEIIUH JIAHHBIX
CHCTEM OTBEYAET HANPSIZKEHHOMY COCTOSHWIO dncToro casura | Cemunckut, 2003]. B cayuae,
€CJIM Ha YUCTHII CIBUT HAKJIAIBIBAETCH HEOOJIBINOE CXKATHE UJIM PACTSI)KEHNE BKPECT OCH 30-
HBbI, HAIIPsI?’KEHHO-1e(DOPMUPOBAHHOE COCTOSTHAE MOYKET OCTAThCsI OJIM3KUM K YUCTOMY CJIBUTY,
HO OPHEHTUPOBKA OCEil CXKATHUA U PACTSKEHUs, & TAKXKE CBA3aHHAS C HUIMHU OPHEHTHPOBKA
TPEIIUH, 3aKOHOMepHO u3Mensitorcs [I'sosckut, 1975; Cemunckud, 2003]. Dro ucxomnoe
ITH/T 30H caBura m TPEIIUHBI, BOSHUKIINE B PE3yJIbTATEe €ro JAeHCTBUs, MOXKHO CUYUTATH
OTBEYAIONIMMH 1-My STAIly Pa3BUTUS MArUCTPAJIHLHOIO Pa3pbiBa — ITAILYy €r0 IOJOTOBKH.
Cy1iecTByIOT pa3indHble 00bsiCHeHUsT (DOPMUPOBAHUST HAPYIIIEHUN BTOPOTO MOPSIIKA
BOKDYT y>Ke aKTHBHBIX Pa3JIOMOB ¢ mosuruilt mexanuku [Cemunckud, 2003; Hancock, 1985].
I1. JI. X5HKOK npuBOIUT HAnbOJIee MOJIHY0 CBOIHYIO CXEMY PsIZIOB BTOPHYHBIX CTPYKTYD,
HaOJIIOaeMbBIX B 30HAX C/IBUTA 0 O0PA30BaHUs B HUX MATUCTPAJIBLHOIO PA3PHIBA U IIOCJIE
ero dopmuposanus [Hancock, 1985] (puc. 2). DTy Momeab Mbl HCHOIH30BAIN B KAYECTBE
OCHOBHOI1 B HaIlleM HUCCJIEJOBAHUN.
CrenuaJjbHO JIJIsT PeIlieHust 3a1a9 Ha-
III€T0 UCCJIETOBAHUS HAMMCAHO IIPOTPAMM-
Hoe obecrieuenue (I10) «Lineament Stress
Calculator» (aBrop A. JI. CeuepeBckuii,
NUT'EM PAH) syt uaTepuperanuu OpueHTy-
POBOK BBIJIEJIEHHBIX JIMHEAMEHTOB 10 MO/Ie-
g I1. JI. Xsukoka. PazpaboTanHblil CKpUIT
[TO3BOJISIET ABTOMATUYECKH AHAJM3UPOBATH
JINHEHbIE BEKTOPHBIE JTAHHBIE, OIPEIEIsis
1 KjaccuuIupys pas3jIudHble THUIIBI TPe-
IIIUH Ha OCHOBE MX I'€OMETPUYUECKUX U IIPO-
CTPAHCTBEHHBIX XapaKTEPUCTUK.
Ha ocHoOBe pekoHCTPYKIUN OpUEHTH-
POBKH OCH I'JIABHBIX COKUMAIONIUX MJIN PaC-
TATUBAIONINX YCUJIMI B PETHOHE I KaXK-
JIOi M3 30H JIUHAMUYECKOTO BJIMSTHUS Pa3-
Puc. 2. CucreMbl 311€JIOHUPOBAHHBIX CTPYKTYP- PBIBHBIX HAPYIIEHUH BO3MOKHO BH3YaJlH-
HBIX JIEMEHTOB, OOPa3yIOIIMUXCs B CBUTOBON Pa3- 3UPOBATH CEIMEHTBI CTPYKTYD, B PA3JIHt-
JIOMHO#I 30He TIpu mpocToM cKaibiBaruu [Hancock, goit cremenu IPEIPACIIOIOKEHHBIE K CABH-

. ’
1985]: Y — marucrpasnbuble casura, R u R’ — conpst- I'y, y9aCTKH KOHIICHTPAIIIH U PACCPEIOTO-
JKeHHble CKoJTbl Pujienst, X, P — BTODUYHBIE CABUTH, oSt JiedpOpMAITHIL.

€ — OTPBIBBI, 71 — COPOCEL, t — B3OPOCHI, f — CK/IaJKH, Capurossle (1) n saddexrususie (0,)
S1 — KIMBaX, 0] — OCb MaKCUMAJILHOTO CKaTUsl, HOpMAaJbHbLIC HAIPIKEHUsS MOXKHO PaCCUU-
03 — OChb MaKCHMAJIbHOTO PACTSAKCHUA. Tath 1o (opmyite |Fuchs and Miiller, 2001]:
51-53 .
T= — sin2¢,

_Sl+S3—Pf+Sl_S
a 2 2

rie 51 — 3Ha4deHue HaHpH)KeHHfI II0 OCH MaKCUMaJIbBHOI'O C2KaTH4d, 53 — 3Ha4deHue HaHpH}KeHI/Iﬁ

oy 3 cos 2¢,

10 OCH HAMMEHBIIETo cxarus, Py — dionHoe naBienne, @ — yrosu MexkJy HOPMAaJIbIo
K IUIOCKOCTU PA3PhIBHOIO HAPYIIEHUsI U OChIO jieiicTBus Hanpsikenus Sp (puc. 3).
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Tennenuus K caBury (p) OUPEIEIEHHONO CTPYKTYPHOTO SJEMEHTa (CerMeHTa) pasaoMa
MOXKET OBITH BBIYHUCJICHA KAK OTHOINCHUE CABUIOBBIX HAIIPSIKCHHN K 3(D(DEKTHBHBIM:

H= o,

IIpu sToM HamboJlee THAPABINYECKH AKTUBHBIE CEIMEHTDLI Pa3PhIBHBIX CTPYKTYpP 00JIa-
nator y= 0,6 [Fuchs and Muller, 2001; Jaeger and Cook, 1979].

JlaHHBIE TTOXO/BI UCTIOJB30BAHBI B paboTe /I PEKOHCTPYKIINA KAPKACa PA3PBIBHBIX
HapyIIeHUi 110 CTPYKTYPHO-reoMopdOIoruaecKuM IIpusHakaM, napaMerpos ITHJI, ycra-
HOBJICHUSI KHHEMATHKU OCHOBHBIX BBISIBJICHHBIX PA3JIOMHBIX 30H, OIPEIEICHAS HAnOOIee
IUJIPABIMIECKE AKTUBHBIX CEIMEHTOB Pa3JIOMOB, BOCCTAHOBJICHHsI CTaIUIHOCTH (hOpMUPOBa-
HUSI CTPYKTYP.

Puc. 3. OGmas cxemMa OIpeesie s TEHAEHIMI K CABUTY (J) Ha OCHOBE KOMOUHAIIMH OPUEHTUPOBOK
PernoHaJIbHBIX AHU30TPOIHBIX HAIPsi2KEeHNUil (YepHBle CUMBOJIBI — OPUEHTHPOBKA OCU MAKCHMAJIBLHOIO
C2KaTHusl) ¢ OPHEHTUPOBKAMY CETMEHTOB Pa3PBIBHBIX CTPYKTYD C PACYETOM OTHOILIEHUS CIBUIOBOTO
(T) K HOpMAJIBHOMY HANPSI?KEHUIO (0;) JJISI CETMEHTOB Pa3JIOMOB: S| — OPHEHTHPOBKA OCH MaK-
CHMAJILHOTO CXKAaTHUsA, S) — OCh MUHUMAJBHOIO CXKAaTUsA, Spy — PeruOHaJIbHAsT OPUEHTUPOBKA OCH
MAKCHMAJIBHOTO CoKaThs. 2KKEIThIM U OPAHKEBBIM [IBETAMH YKA3aHBI CETMEHTBI, JIEMOHCTPHPYIOIIHAE

HanGOJIBIILY O CTEIeHb TUAPABINIecKoil akTusHOCTH (10 Fuchs and Miiller, 2001].

[Ipu sTOM He UMest JOCTOBEPHOI HHMOPMAIUH O BEJUINHAX HATPSKEHUN 1 (DIIFOUTHOTO
JaBjeHusi 1 Oepst BO BHUMaHUe TOT bakT, 910 i POPMHUPOBAHUS PA3JIOMA CIBUTOBOTO
TUIa HeoOXOMMa 3HAUUTEIbHAS PA3HUIA MEXKy 3HadeHusMu S; u S3 mpu S1> S3 [Bobax,
2018] mbr npuHsin yemosHbe 3HaueHnst S = 70 MIla u S, = 20 MITa. B takom ciyuaae
3HAYMEHNUs CABUTOBBIX HAILIPSIKEHUIT DU HAINX 3HAYEHHUIX YIJIA (P JOCTUTAIOT 3HAYEHHS 25
MITIa, 9T0 COOTBETCTBYET YCPEIHEHHBIM 3HAUEHUSIM KACATEIbHBIX HAIIPSIZKEHUIl JIJIsT COBpe-
MEHHBIX OOCTAHOBOK BHYTPUILIMTOBOIO OPOT€HE3a U CYOLyKIIMOHHBIX 00JIacTell U TpaHuI]
surocdepubix wint [Pebeukud u dp., 2009]. Kpome Toro, npu takux 3nadenusx S1 u Sz jid
Halell BBIOOPKH 00'beKTOB 3HaueHns Y < 0,67, UTO ympomaer JAJbHEHNTYI0 KI1acCHpUKAINIO.
YUnuTHIBasI, ITO U3MEHEHNE PA3HUIBI MEXK/y 3HAUEHUsIMEI S| U S3 BIIMsieT Ha 3HAUEHUE M,
MBI JIOIIYCKAJIN TUAPABJINYIECKH aKTUBHBIMI CEIMEHTHI co 3HadeHusiMu p ot 0,45 mo 0,67.
Qrron1HOE JABJIEHNE B HAIIEH MOJIEIN UTHOPUPOBAJIOCH KaK Il€peMeHHasl, He OKa3bIBAIOIIAs
CYIIECTBEHHOT'O BJIUSIHUS Ha UTOroBbIi pesynbrar. [lo muenuo FO. JI. Peberkoro dirio-
uamnoe nasierne coctapisgeT 0,6—0,8 OT JIUTOCTATHYECKOTO /T COBPEMEHHBIX obJtacTeit
BHYTPUILIATOBOrO oporenesa [Pebeyrud, 2008].
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PesynbraTst

Kax yxke 01710 yIIOMSHYTO, 71 n3yvuaeMoii Tepputopun Ha ocHoBe [IMP BbIeI€HBI
JIMHEAMEHTBI aBTOMATHIECKUM c1iocoboM (puc. 4)

Wcmonb3yemblit oIX0/1, yIUTHIBasi BHICOKOE TPOCTPAHCTBEHHOE Pa3peIleHne UCIOIb3Y-
emoit IIMP, 110380/ BBIIEINTD HA TEPPUTOPUE MHOXKECTBO HEIIPOTSI?KEHHBIX JIMHEAMEHTOB
(7405 . pgist IIMP ¢ pasperernem 1 knv/mmkcen u 99 698 mr. st IIMP ¢ paspernennem
250 M/mmKcen).

Puc. 4. Busyanusuposannbie B ['MIC-cpene mudposble Moaenn pebeda ¢ MPOCTPAHCTBEHHBIM
paspemenreM 1 km/mukcen (A) u 250 m/nukces (B) ¢ BbLIeIeHHBIME CO3JAHHON HEHPOCETHIO JIMHE-
aMeHTaM¥ (CHHHE JIMHUM) U PO3aMU-JUarpaMMaMy UX OPHEHTHPOBOK. IIBeToBast ImKasia oTparkaeT

BBICOTHBIE OTMETKH pem;ed)a. N — KoIM4ecTBO JIMHEAMEHTOB.

Jlasiee m3ydeHbl CyIeCTBYIONME KapThl PETHOHAIBLHOIO MACIITaba, Ha KOTOPBIX BbI-
HeceHa MHMOPMAIIUSA O MECTOIOJIOKEHIN PA3PBIBHBIX HAPYIIeHui. [0Cy1apCcTBEHHBIE Te0-
JIOTMYIecKne KapThl MusinoHHoro macmraba (smerst R-(35)36; R-(37)38; Q-(35)36; Q-37)
[[eonoeuneckas kapma Koavckozo pezuona, 2001; Tocydapemeennas 2eonozuneckas xapma,
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2007; Muny w dp., 1996; Mints and Dokukina, 2020] comep:Kar BeChbMa OrpaHUYEHHYIO
uaGOpPMAIMIO 0 KapKace pa3pbiBHbIX Hapylienuii (puc. 5A). Ha kapre siBHO BUJHBI [VIABHbBIE
MarucTpaJjbHble PA3JIOMbl CEBEPO-3aI1a/THOIO IIPOCTUPAHNUs, paccekaloliye Bech Kosbeknit
oJIyocTpoB. Po3a-marpaMmMa TakyKe yKa3bIBAeT Ha CyIECTBOBAHUE MOPA3J/I0 MEHee Pa3BUTON
CHCTEMBI PA3JIOMOB CEBEPO-BOCTOYHOIO TPOCTUPAHUS.

Puc. 5. A — Cxema TpOCTPAHCTBEHHOTO PACIpPeIeeHNUs PA3PhIBHBIX HAPYIIEHUNH HA TEPPUTO-
pun KoJibcKoro mosryocTpoBa 1o MarepuajiaM rocyJapCTBEHHBIX MeOJIONMYECKUX KapT MacIirada
1:1000000, u posa-guarpaMma UX OpUEHTHPOBOK; b — CxemaTuveckasi KapTa TJIABHBIX Pa3JIOMOB

Koubckoro nosyocrposa 1o MarepuaiaM [Kos.06, 1979]. N — Kou4uecTBO pasioMoB.

Topazno 6ostee nuHbOPMATUBHOIN ABJISIETCST KAPTA, COCTABIEHHAS] HA OCHOBE JIMIHBIX
nccaenopanuit M. T. Kosznosa (puc. 5B) [Kos.a0e, 1979]. IloMuMo npocTpaHCTBEHHOIO TIOJIO-
JKEeHUs TJIABHBIX Pa3PBIBHBIX HAPYIIEHUI Ha Hell IPOBejIeHa UX KJIACCH(MUKAIHS 110 BO3PACTY
3AJIOKEHUsI. DTY KAPTY PA3JOMOB HEJIb3sl CIMTATH MOJIHOM, TaK KaK Ha Hell He yUUTHIBAIOTCS
PAa3JI0MbI, 06PA30BAHHBIE B IIPOIECCE TEOIMHAMUIECKON IBOJIIONUN PETHOHA B MO3THEM TLIEi-
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crornene u rosonene [Hukxoraesa u Eeszepos, 2018]. Oaako Ha KapTe MMMPOKO MPEICTABIEHBI
PAa3JIOMBI, 3aJI02KEHHBIE B [IPOTEPO30€, KOTJa HA TEPPUTOPHUHU PErHOHA 00PA30BAJINCEH IerMa-
TuToBbie pejakoMerasibibie (Bacun-Mbuibk (Cs), Osennit xpeber (Ta), Oxmbuibk (Cs-Ta),
IMommoctyuaposekoe (Li), Konmmosepckoe (Li), onryiickoe (Be)) n marmMaTuieckue MeaHO-
nukesesble (Monderopekuit mwiyron, @enoposo-Ilanckux ryuap, JloBuoosepckuii paiion,
[Teuyenrckoe u AJutapedenckoe pyIHble 1moJist) 00beKThl. Takum 06pasoM ObLIO PEIIEHO B3ATh
kaprty, cocraBiernyio M. T. Ko3oBbiM, B KadecTBe OCHOBBI KapKaca Pa3pbIBHBIX HapyIile-
unit. Poza-auarpaMma, mocTpoeHHasl i STUX PA3JIOMOB aHAJIOIMIHA PO3e-IHarpaMMe JJIst
Pa3JI0MOB, BBIHECEHHBIX C IOCYIAPCTBEHHON re0JIOrMIecKOl KapThl 33 MCKJIIOYEHUEM TOTO,
YTO 3JIECh CHCTEMa PA3JIOMOB CEBEPO-BOCTOUHOTO IIPOCTUPAHUS ITPOsIBJIEHA OOJIee SIPKO.

V4aurbiBasg BBICOKYIO CTEIeHb HACJIeI0BaHUs MOPQMOJIMHEAMEHTAMH apXeHCcKo-
IPOTEPO30iicKUX CTPYKTYD [Shvarev, 2022, B nejsax JONOJHEHUS KAPKACA Pa3PLIBHBIX
HapYIIEHUN OBLIO MPUHSATO PEIIEHUE BBIJICINTH PYUHBIM CIIOCOOOM IPOTHKEHHBIE JIIHE-
aMeHThI (I[P UTHOPUPOBAHWU OTHOCHUTEJILHO Mesikux) Ha ocHoe IIMP ¢ paspemennem
1 k™M/mmkcen (puc. 6).

Puc. 6. Busyanusuposannasa B I'MIC-cpene nmdpoBasi Mozmens pesbeda ¢ IPOCTPAHCTBEHHBIM
paspemnienreM 1 KM/IHUKCEJ ¢ BbIAEAEHHBIME PYYHBIM CIIOCOOOM MPOTS?KEHHBIMY JINHEAMEHTAMUI
(cuume MHEUM) W PO30H-TMATPAMMO WX OPMEHTHUPOBOK. L[BeTOBas MKaIa OTPArKaeT BBICOTHBIE

OTMETKH penbecba. N — KOoJIM4ecTBO JIMHEAMEHTOB.

Takue JiMHEAMEHTHI MOI'YyT MapKHPOBATH JOJIIOXKUBYIIAE PA3JIOMHbIE 30HBI. BbIOOD
yposis remepasm3anun [IMP o6yciioBeH 11e/1610 1, B COOTBETCTBUAM C HEl, MACIITAOHBIM
YPOBHEM UMEIOIIUXCs T€0JI0OInIecKux Marepuaos (puc. 5). B nporecce paborbl ormedeHa
I0’KHasi 9acTh KOJIBCKOIO II0JIyOCTPOBa C OTHOCHTEJIBHO IIOJIOTUM PesibedOM, JIJIsi KOTO-
POii Oy INJIOCHh BBIJAEIUTH BEChbMa MaJjioe KOJMYeCTBO JuHeaMeHTOoB. Ha poze-anarpamvme
BBIJIEJISIETCST CHCTEMa CTPYKTYP C CEBEPO-3alaHBIM IIPOCTUPAHNEM, COOTBETCTBYIOMAS Ma~
TUCTPAJIBHBIM pasJjioMaM, 60jiee pa3BHUTasl CEBEPO-BOCTOYHOIO MIPOCTUPAHUsSI U HamboJiee
fABHAs CHCTEMa CYyOMEPUIMOHAJIBLHOrO pocTupanusd. llociaenuss, mo-BUINMOMY, COOTBET-
CTBYeT IPOsIBJICHUSAM HOBEHIIel TEKTOHUKH. SIPKUM MPUMEPOM TAKUX PA3JIOMOB SIBJISETCST
Bosmmenaxckuii casur (puc. 5A) [Hukoraesa u Eesepos, 2018]. st gajabHERIMX onepanuit
JINHEAMEHTHI, BbIJIEJIEHHbIE DYYHBIM CIIOCOO0M, OBLIN Pa3/ie/ieHbl Ha IPIMOJIUHEHHbIE CerMeH-
Tol. B coorBercTBHU ¢ MeToauKoi, npemoxentnoi 1. B. CuskosbiM u coaBropamu |Cuskos
u dp., 2020], mOCTPOEHBI CXEMBI OTHOCHTEIBHBIX YEIbHBIX IUIOTHOCTE! JINHEAMEHTOB I10
MHTEpPBAJaM OPHEHTHPOBOK C BBISIBJIEHHBIMU TpeHgaMu (puc. 7).

Ha Bcex cxemax HAOJIOMAIOTCS JIOKAJIBHBIE MAKCUMYMbI OTHOCATEIBHON YIEIbHOMN
ILUTOTHOCTH JINHEAMEHTOB, KOTOPBIE BHICTPANBAIOTCS B JIMHEIHBIE «IIETOYKUY> U (DOPMUPYIOT
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Puc. 7. A-3 — cxeMbl OTHOCHTEILHBIX Y/IeJIbHBIX IJIOTHOCTEH JIMHEaMeHTOB 10 WHTepBaJaM OpHeH-
TUPOBOK C BBbISIBJIEHHBIMU TPeHAaMU (IOKA3AHbI KUDHBIMU JIMHUSIME 9EPHOTO [[BETA) [0 METOJIUKE
[Cusxos u dp., 2020]: A —11°-34°; B — 33,5°-56,5°; B - 56°-79°; I' - 78,5°-101,5°; /I — 101°-124°;
E —123,5°-146,5°; 2K — 146°-169°; 3 — 168,5°-11,5°. LiBeroMm 1moKa3aHa OTHOCUTE/IbLHAS YIEJIbHA
IOTHOCTH JimHeaMeHToB oT 0% (kénreiit nser) 1o 100% (Témmo-kpacubrii nset); - posa-auarpaMma

OPUEHTUPOBKHU TPEHIOB JIMHEAMEHTOB. N — Koim4ecTBO O6’b€KTOB7 HCIIOJIB30BaHHBIX JIJIg IIOCTPOECHUA

PO3BI-IuarpaMmsbl.
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HEeKOTOpBIe TpeHibl. [10100HbIe TPEHIBI 00Pa3yI0T MHOXKECTBO COTMKEHHBIX KOTLTAHAPHDBIX
smaeaMeHTOB. COOTBETCTBEHHO, BHICTPAUBAIONINECS B JTMHUIO MAKCAMYMBI OTHOCHTE/IHHOM
VI€BLHOU TIJIOTHOCTH, COBIIAAIOIINE TI0 a3UMYTY C JIMHEAMEHTAMU OIIPEIe/IEHHBIX OPUEHTHPO-
BOK, Oy/IyT MapKHpOBaTh KPYIIHbIE JIMHEHHbIE I'€0JIOrHTYecKie 00beKThI, HanboJee BEepOsiTHO,
30HBI IPOTAKEHHBIX PA3JIOMOB.

Ha 06061ménHnoii po3e-auarpaMme TpeHI0B juHeaMenToB (puc. 7U) aBHO BBIAEIAIOTCS
JIBE CHCTEeMBI CEBEPO-BOCTOYHOIO IPOCTUpaHus. Hapsiy ¢ 9TUM, COBOKYIIHBIN aHAJIN3 [IPUBE-
IEHHBIX PE3YJIbTATOB IO3BOJISET CIIEJIATH CJIEYIONINE BBIBOJALI — HA Teppuropun Koabckoro
MIOJIyOCTPOBA CYIIECTBYET JBE MATUCTPAJIBHBIE PA3JIOMHBIE 30HBI CEBEPO-3aIIaTHOTO TPOCTHU-
panust — 1o [Kosaos, 1979] sro Ceepo-KeiiBckast 1, COCTOSINAS N3 HECKOJBKHUX KPYIHBIX
pasznomos (ITanckuit, Ocesoit u ap.), Ilevenra-Nmannpa-Bapsyrckas (puc. 5B). Tlpemmosto-
KUTEJBHO B MAPATE€HE3UCHON CBA3U C HUMU C(OOPMUPOBAHBI PA3JIOMbBI CEBEPO-BOCTOTHOTO
npocrupanus (Haruackuit, Xubuno-Xapsosckuit u ap.). Bee amu pasiomsl ¢hopMUPOBAHBI
B IPOTEPO30€e U B OOMBITUHCTBE CBOEM TyiybuHHbIe. [lo reodusndeckuM JTaHHBIM TIyOMHA
MarucTpaJbHbIX pa3iaomoB gocruraer 35-40 kv [Kozaos, 1979).

Ilepen Tem kak mepeiitun K pekoHcTpykimu napamerpos [TH]/T meobxomumo onpeienTs
HUCTOPUYECKHE TPUIUHBI (DOPMUPOBAHUS MAIMCTPAJIBHBIX 30H PA3JIOMOB.

CyMMupysi XapaKTEepPUCTUKHU TJIABHBIX CTPYKTYPHBIX 3JIEMEHTOB CEBEPO-BOCTOYHOM
gacrtu Kosbekoro nosnyocrposa (Cesepo-Keiliekasi Marucrpajibaast 30Ha), MOKHO OTMETHTh
HaJIMYMe [IPU3HAKOB TEKTOHNYECKOTO Pa3BUTHSI, KOTOPOE B PAMKAaX KOHIIEIIINNA TEKTOHUKU
IUINT OTBEYaeT BTOPOU IIOJIOBUHE ITUKJIA Y MJICOHA, & CaMa IMOBHAs 30HA CHOPMHUPOBAHA
B pe3yJsibTare CcOMMKeHns u nocieayiomeil koganusun [lenrpansao-Kombsckoro, KeitBckoro
u MypMaHCKOro MUKPOKOHTHHEHTOB (2,7-2,6 Mupj, jger Hazan) [Muny u dp., 1996].

IIpu stom cormacuo pexkonctpykimsam M. B. Munma u coaBTOpoB, OCh CXKaTHUs Me-
HslJla OPHEHTUPOBKY C CeBEepPO-BOCTOUHON (2,8—2,6 Mupi JieT) Ha CyOMEPHIMOHAILHYIO
(2,5 (2,45) muipg sier). VI3 sToro ciemyer, 9TO MMEHHO B YCJIOBUSAX CYOMEPUIMOHAIBHO-
ro CXKaTHsl TPOM30IILIa aKTUBAIUs 30HbI couieHeHns Koabckoit 1 MypMaHCKOl apxeilcKux
IIPOBHUHITUI, TO €CTh ¢(hOPMUPOBAJIACH JIUHENHAS TPAHCKOPOBAs CIABUATOBAS IIPOHUIIAEMAS
30HA, TOCTYKUBITAs TOABOIAIINM KaHAJIOM B mporecce ¢popmupoBanusi KoIbCKOro pemako-
MeTaJUILHOIO [erMaTuToBoro nosica (2,45-2,3 mupy jaer) [Mopososa u dp., 2020].

Teomnnamuaeckas sBosorus Ilewenra-Mmamnapa-Bap3yrckoit 30HbI peKOHCTPYHPOBAHA
M. B. Munnewm u coasropamu [Muny u dp., 1996] g pansero nporepozos. E€ 3amoxenue
[IPOM30IILIO B pe3yJibTaTe aKTUBAIIUH IIPOIECCa KOHTHHEHTAJIBHOTIO PU(MTOreHe3a B pe3yJibraTe
[O/IHATHS MAaHTUWHOTO ILITIOMA.

IIpu sTom, cornacuo pekoncrpykimsam M. B. MuHna u coaBTOpoB 0Cb C2KATUS MEHSIIA
OPHEHTUPOBKY OT cyOmuporHoit (2,49-2,4 Mip jier) 10 ceBep-ceBepo-BocTounoit (2,02-1,87
MJIDJ, JIET).

Bazkno ormerurs, uro, ecau Baeapenue pyponocubix (Cr, Cu, Ni, 9IIT, Pd) paccioen-
ubix Madur-yiasrpamadurossix uaTpy3uBos (Mongeropekuit mwiyron, ®enoposo-Ilanckuii
KOMILJIEKC) CBSI32HO C CAMBIM HAYAJIOM IIporiecca obpasosanust pudra (2,49-2,4 Mupg jer),
T0 popMupoBanue HOraThIX IMUTEHETHIECKUX MeTHO-HUKeIeBbixX py/ [ledenrckoro u Asape-
YEHCKOrO PYAHBIX pailonos (2,2—1,9 Mip jieT) yzKe HPOUCXOIUIIO B yCJIOBUAX (DOPMUPOBAHUS
TBIJIOBOJIY>KHOT'O HAJIBUTOBOT'O ITOSICA.

Takum ob6pa3oM, IIpu MONbITKE peKoHCTpyKimu napamerpos [TH/I Ha ocrnoBe Momean
IT. JI. Xsukoka [Hancock, 1985] He06X0MMO BBIIEJIUTD J[BE YCJIOBHbIE CIBUTOBBIE OJIOK-30HBI —
Cesepo-Keiisckas u Vmangpa-Bapsyrckasi, kak cdopMupoBaHHBIE B pa3HOE BpeMsi U B
pe3ysbTaTe Pa3IndHbIX IpoleccoB. Vmanapa-Bap3yrckyio 300y MOKHO pacCMaTpUBaTh B Ka-
9eCTBE CABUTOBOI MMEHHO B HAYAJBHON CTAINU PAa3BUTUS PUMTA, OCHOBBIBASCH HA HAJIUINN
CJIBUIOBBIX COCTABJISIIONIAX IpU (GOPMUPOBAHUE TaKUX CTPYKTYD |Ymxun u dp., 2016]. Tle-
YeHrcKasl Ke 30Ha c(hOPMUPOBaHA B IPYIUX TEKTOHOJIMHAMUYECKUX YCIOBUAX ¥ 3HAUUTETHHO
OCJIOXKHEHA B IPOIECCE BHEAPEHUS IPAHUT-MUTMATHTOBBIX U I'PAHATO-THEHCOBLIX KYIIOJIOB
(puc. 1). CremoBarenbuo, napamerpot ITH/T mis Heé He MOryT GBITH PEKOHCTPYHUPOBAHDBI HA
OCHOBE MOJIEJIEl 30H CIBUTA.
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BJIOK-30HBI COCTOSIT U3 YCJIOBHON JIMHUU (<«TPEHa» ) MCCIELyEMOTO CIABUTA U CAMUX
3JIEMEHTOB PA3PBIBHON TEKTOHUKM, KOTOPBIE MOTYT OBIThH IIPEICTABIEHBI PA3JIOMAMU WJIN
JINTHEaAMEHTaMU. B 1e/isix KOPPEeKTHON PEKOHCTPYKIMK [TOCJIEIHIE PA3/IEIE€HbI Ha, IPSIMOJIH-
Heiinbie cermenThl. Takum obpaszom Cepepo-KeiiBckast 6J10K-30Ha, 110 CBOE# IIPOTSKEHHOCTH
paccekaeT IEJUKOM H3yJaeMblil PErHOH, KaK W OJHOMMEHHBIH passoM. lIporskéHHoCTD
Nmanapa-Bap3yrckoit 30HbI ycTaHABINBAIACH IO MPOTSKEHHOCTH PA3JIOMOB, BXOMSIINX B €6
COCTaB, & TaKKe 10 PACIPOCTPAHEHUIO PAHHEIPOTEPO30HCKUX BYIKAHOTE€HHO-OCATI0OTHBIX
TOJIII ¥ MArMaTHYECKUX TeJ, KOHTPOJUPYeMbIX srumu pasiomamu. [Hupuna (ycioBuas
«30Ha, BJIUAHUS» ) OJIOK-30H OLPEIEIIACH IKCIEPUMEHTAIBHBIM CIIOCOOOM, TaK KAK TP M-
OHHOE TIOHSITUE «30HbI TEKTOHUYECKOIO BJIMSHUS PA3JIOMay He BIIOJIHE MOIXOUT U3y IaeMbIM
CTPYKTypaM HaJIPErnOHAJIBLHOIO MaciiTada. s Kaxk o0t 6/10K-30HBI BOCCTAHABINBAJIOCH
I[TH/ mjist pa3au<HbIX 0 pa3Mepy «30H BiausHusy» — or 10 kM mo 100 kM ¢ marom B 10 kM.
Ycranosyeno, uro Kak jyisi Cesepo-Keiisekoit, Tak u jjis manapa-Bap3syrckoit 30HbI opreH-
TUPOBKU ry1aBHbIX Hanpsekeruit [TH/T coxpansiucs npu mmuprHe «30HBI BiIuAHUSA» 0T 10 KM
JI0 HECKOJIBKUX JIECTKOB KUIOMeTPOB. [lepemena opreHTHPOBOK HAIPSKEHUN TPOUCXOJIIIIA
SIBHO B CJIy4Yae B3AaUMHOI'O HAJIOXKEHUSI «30H BJIMSIHUSI» PA3HBIX CTPYKTYP. | paHUIIBI TAKOTO
repexojia (pUKCUPOBAJIUCH U CJIYKUJIM B HAIUX MOJEJISIX OTPAHUYUTE IsIMA OJIOK-30H II0
MIAPUHE.

Paccmorpum mosydennble pesynbraThl pekoncrpykrmuu [IHJL cornmacno momenn
I1. JI. Xsukoxka. s Ceepo-KeiiBckoil 6JI0K-30HBI B KAYECTBE BXOIHBIX JAHHBIX HCIIOJIb-
30BaHBI IPOTEPO30iicKme pasaoMmel 10 [Kosaos, 1979] (puc. 8A) u BBIEIEHHBIE BPYIHYTO
IPOTSKEHHBIE JInHeaMeHThl (puc. 8B).

B 06oux ciiydasix och permoHaJIbHOIO MAKCUMAJIBHOTO CXKATHUsI MMeJa CyOMepHmo-
HAJIBHYI0 OpUEeHTUPOBKY (= 0°), a 0Chb PErmOHAJIBLHOTO MAKCHMAJBHOTO PACTSIKEHUS Xa-
pakTepu3oBajach cyommporHbiM HanpasiaenueM (x 90°). Takas cuTyarus coOrJiacyercs co
CTPYKTYPHO-BENeCTBEeHHBIMU peKoHCTpyKimsamu M. B. Munna u coasropos [Muny u 0p.,
1996] Ha HaUATIO CABUIOBOIl AKTHBAIMHK IIOBHOI 30HbI (2,5 (2,45) Mupy Jer). IIpu sTom cama
IOBHAs 30Ha B Hamieil Mogeau (Y-TpemuHbl) 0JHO3HAYHO UHTEPIPETUPYETCsl KaK IIPABbIii
CIBUT, YTO OTBEYAET PEKOHCTPYKIMSIM, IPUBEIEHHBIM B pabore [Mints and Dokukina, 2020].

Pazjiombl ceBepo-BOCTOYHOIT OPUEHTUPOBKH, KOTOPbIE UMEIOT 3HAYMMOE PACIIPOCTPa-
HEeHUe Ha TePPUTOPUH, sIBJIAIoTCs anTupuaersesckumu (R’) u, coorsercrBenHo, xapakrepu-
3YIOTCs IIPOTUBOIIOJIOKHOMN (JIEBbIE CIABUIY) KUHEMATUKONW OTHOCUTEIHHO MAIMCTPAIBLHBIX
crpykryp. locimeanee moareep:kpeno npu pekoncrpykiuu [THJL st HekoTopbix Hanbosee
KPYIHBIX PA3JIOMHBIX 30H CEBEPO-BOCTOYHOIO MIPOCTUPAHUs, BXOaAnux B cocras CeBepo-
Keiisckoii 6s10k-30mb1 (puc. 8B). CoracHo mMaciiraby ucciesoBanus, B KA4eCTBE UCXOIHOIO
MaTepuaJa JJjis 9TUX JIOKAJTBHBIX MOJE/el MOC/IYKIJIA JINHEAMEHTHI, BbIJEJIeHHbIE C TOMO-
Mo HefiporHo# cetn Ha ocHoBe IIMP ¢ mpocTpaHcTBeHHBIM paspernerneM 250 M/ THKCEL.
s aux Ha pucynke 8B npusenena 0600IMEHHAST PO3a-THATDAMMA.

Hng Vmanapa-Bapayrckoit 610k-30Hb1 (puc. 9) B KA4€CTBE BXOAHBIX JAHHBIX MCIIOIb30-
BaHBI IPOTEpo30iickue pasnomsl 10 [Kosnos, 1979] (puc. 9A) u BbIeIeHHBIE HEHPOCETHIO HA
ocuose IIMP ¢ npocrpancTBenHbIM pasperienueM 1 KM/ nukces jguneamenTst (puc. 9B).

Vcnonb3oBanue JIMHEAMEHTOB, BBIJEJCHHBIX HEIPOCETHIO, SBUJIOCH BBIHYKIEHHON Me-
poii, TaK Kak JIsl JAHHOU TEPPUTOPUU HE IPeJICTABIISIIIOCh BO3MOXKHBIM BBIJIEJIUTH IIPECTa-
BUTEJIbHYIO BHIOOPKY HMPOTSKEHHBIX JIMNHEAMEHTOB BPY4UHYIO. B 000X CiIy4asx och permo-
HAJIBHOI'O MAKCUMAJIBHOIO CXKATHUS UMeeT GJU3CyOIIMPOTHYIO OPUEHTHPOBKY (=~ 75°), a ochb
PEerruoHaAJIBHOIO MAaKCHUMAJIBHOIO PACTSXKEHNs] XapaKTepU30Bajiach OJIM3CyOMepr INOHAIbHBIM
HanpasierreM (~ 165-170°). Takas curyaiust B I[eJIOM COIVIACYETCs ¢ PEKOHCTPYKIIUSIMU
M. B. Munna u coasropos [Muny u dp., 1996] na nauaso pudroobpazosanus (2,49-2,4
mapg Jsier). Ilpu sTom cama mmoBHas 30Ha B Harieil Mogesu (Y-TPerunb) OJHO3HAIHO
UHTEPIIPETUPYETCST KAK JIEBBIN CJIBUT.

Pazombr ceBepo-BOCTOUHOI OPHEHTHPOBKU, UMEIONINE 3HAYNMOE PACIPOCTPAHEHNE
HA TEPPUTOPUH, SIBJIAIOTCs aHTUpuieaeBckuMu (R') U, COOTBETCTBEHHO, XapaKTEpU3yIOTCs
IPOTHBOIIOJIOKHOM (IIPaBbIe CJIBUIM) KUHEMATUKOM OTHOCUTEIbHO MATHCTPAJIBHBIX CTPYKTYD.
Ilocnennee 6nL10 TTOATBEpKAeHO Tpu pekoHcTpyKimu [IHJI mia HekoTOphIx Hambosee
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Puc. 8. A-B — Pekoncrpykiusa [TH/T mis Cesepo-Keiisckoii 6,10k-30Hb1 Ha ocroBe Mogesn 11. JI. Xon-
KOKa Jyuisi: A — pa3yioMoB nporeposoiickoro Bospacra (o [Kosaos, 1979]); B — nporskéHHBIX
JIMHEAMEHTOB, BbIJeJIeHHBIX Bpy4uHyIo; B — pekoncrpykuus [TH/L gy pa3iomoB ceBepo-BOCTOTHOIO
mpoctupanusi. CHHIE CTPEJIKH — OPUEHTUPOBKA OCH MaKCHUMAJIBHOTO CXKATUST; 3eJIEHbIE CTPETKHA —
OPHEHTHUPOBKA OCH MAaKCHUMAaJbHOI'O pacTsKeHnsA. N — KOJUIECTBO OObEKTOB, HCIIOIb30BAHHBIX /I

IIOCTPOEHUA PO3bI-AUarpaMMBbI.

KPYIHBIX PA3JIOMHBIX 30H CEBEPO-BOCTOYHOIO ITPOCTUPAHUSI, BXOJANINX B cocTaB VMaHpa-
Bapayrckoit 6s10k-30mb1 (puc. 9B). Coracuo maciraby ucciesoBanusi, B KAYeCTBE HCXOIHOTO
MaTepuaJia JiJisi STUX JIOKAJIBbHBIX MOJIeJIell TIOC/IY2KUJIH JINHEAMEHThI, BbIJIEJIEHHBIE C TIOMOIIHIO
HeiiponHoii ceru Ha ocHoBe IIMP ¢ npocrpancrsenusiv paspenienneM 250 M/nukcest. st
HuX Ha pucyHke 9B mpuBenena oboOIMEHHAS PO3a-IHarpaMma.
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Puc. 9. A-B — Pekoncrpykuns ITH/I misa Vmanapa-Bapsyrckoit 6/10K-30HBI Ha OCHOBE MOIEJIH
IT. JI. XsHKOKa Jy1si: A — pa3ioMoB IpoTepo3oiickoro Bospacra (1o [Kosaos, 1979]); B — nuneamenTos,
BBIJICJIEHHBIX HEHpOHHO# ceTbio Ha ocHoBe IIMP (1 kM/mukcen); B — pekoncrpykims ITH/T muis
Pa3JIOMOB CEBEPO-BOCTOYHOrO npoctupanusa. CUHME CTPEJIKA — OPUECHTUPOBKA OCU MAKCUMAJILHOTO
CXKaTHsI; 3€JIEHbIE CTPEJIKM — OPUEHTHPOBKA OCH MAKCHMAaJIbHOIO pacTsizKeHus. N — KOJIUIECTBO

00BEKTOB, UCIIOIb30BAHHBIX JIJIsI TIOCTPOEHUST PO3BI-INATDAMMBI.

Mper nmpeamonaraeM, ITO BOCCTAHOBUIN OPUEHTUPOBKY TiiaBHBIX oceit [THJL ams aByx
OJIOK-30H B CBS3M C KOHKPETHBIMH dTAIaMHU UX reosjormdeckoro pazsutusd. s Cesepo-
KeiiBckoit 6JI0K-30HBI — 9TO HAYAJIO CABUTOBOIl aKTHUBAINHU ITOBHOM 30HBI 1 (DOPMUPOBAHUE
PeIKOMETaJUIbHBIX MerMATUTOBBIX ToJel, a mis Umanapa-Bap3yrckoit — natasio mporecca
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pudTo0OpazoBaHusad U BHEJIPEHHUE PYJIOHOCHBIX PACCIOEHHBIX MadUT-yIbTPpaMadUTOBBIX
HHTPY3HUBOB.

Ha ocHoBe pe3ynpTaToB PEKOHCTPYKIUU OPUEHTHPOBKYU IVIABHBIX PETMOHAJIBHBIX Ocell
CXKATUS U PACTSIKeHUsI, pacdeTa KO3 UIMEeHTa TeHIECHIINN K CABUTY ( /")7 BO3MOZKHO BU-
3yaJIM3upOBATH CEIMEHTHI YCTAHOBJICHHBIX U IIPEANOIAraeMbIX (JIMHEAMEHTBHI) Pa3pBIBHBIX
CTPYKTYD, B Pa3/IMIHON CTEIEHH IIPEJIPACIIOIOKEHHBIX K CJIBUNY (TpaHcTeHcnn). PacueTs
IPOBOJIMJINCH JIJIsT PA3JIOMOB IIPOTEPO30icKoro Bospacta (o [Kos.nos, 1979]) u Tpenmos mwioT-
HOCTE}l JIMHEAMEHTOB, BBIACJICHHBIX 110 MeToauke [Cuskos u dp., 2020], kak comacurrabHbIM
obbekTam (puc. 10).

PI/IC. 10. Pe3yJIbTaTI)I PEKOHCTPYKIIUN I‘I/I,HpaB.HI/I‘{eCKOI‘/'I AKTHUBHOCTHU CEIMEHTOB TEKTOHHNYECKUX
3/1eMeHTOB: A — KJlaccupUIMPOBAHHBIE CETMEHTBI BCEH Pa3JIOMHON CETH NPOTEPO30HCKOTO BO3-
pacra 3asoxenust (o [Kosaoe, 1979]) u TpeHABl MUIOTHOCTEl JINHEAMEHTOB CEBEPO-BOCTOYHOIO
mpocTupaHus. 1 — HeIPOHHUIaeMbIe CeIMEHTBI; 2 — CIabOIPOHUIaeMble CeIMEeHTRI; 3 — CerMeHThI
cpeliHeil TPOHUIIAEMOCTH; 4 — TPOHUIAEMbIE CEIMEHTBI; 5 — CEIMEHTHI IOBBIIIIEHHONH ITPOHUIIAEMOCTH;
B — cxeMa IJIOTHOCTH TIepecevdeHnl CerMeHTOB Pa3/IoOMOB Me¥KIy coboit U ¢ CerMeHTaMH TPEHIOB
IJIOTHOCTEN JIMHEeaMEeHTOB CEBEPO-BOCTOYHOT'O IMPOCTHUPAHUA ITPOHUIIAEMBIX W IIOBBIIIIEHHOM IIPOHUILA~
€MOCTU; 6 — MEeCTOPO2K/IeHUd METAJIJINYECKUX ITOJIE3HBIX NUCKOIIa€MbIX MarMaTHY€CKOTI'O I'eHe3ucCa;

7 — PYIOIIPOABJIEHUA METAJIJIMNIECKUX ITOJIE3HBIX MCKOIIaE€MbIX MarMaTHUYI€CKOI'0 I'eHe3uca.

IIpu sToM, B 11e/19X IOIIOTHEHNS] KapKaca Pa3pbIBHBIX HAPYIIEHU MapareHe3nca Ma-
TUCTPAJBHBIX PA3JIOMOB CEBEPO-3aIaTHOTO TPOCTUPAHNUS U TVIyOMHHBIX PA3JIOMOB CEBEPO-
BOCTOYHOI'O ITPOCTUPAHUS, TPEHJbI IJIOTHOCTEN JIMHEAMEHTOB PACCMATPUBAJINCH MMEHHO
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Cumcok nuTeparypsl

CeBEpPO-BOCTOYHO} OpUEHTHPOBKH (a3uMyThl npoctupanus ot 20° mo 50°). ITo vammMm mpes-
CTABJIEHUSIM TU JIB€ OPTONOHAJBLHBIE CHCTEMBI (CEBEPO-3AIaHOTO0 U CEBEPO-BOCTOYHOIO
IPOCTUPAHUI) TIyOMHHBIX PA3PLIBHBIX HAPYIIEHUI CIYXKUJIM KaHAJAMY JJI BHEJIPEHUS
PYAOHOCHBIX MaI'M, a 3Ha4YUT B IeJIdAX OIIpeJIe/IeHUA HaI/I60.Hee INEePCIEKTUBHBIX IIJIOIIa-
Jieli cJie/lyeT BBISIBUTH Cpei HUX HamboJjiee THAPABINYECKN aKTUBHBIE CEIMEHTRI. B cBs3u
¢ pasauIHbIME TapaMerpamu pexoncrpyupoBannoro [TH/I Beraucienust koaddunuenta Ten-
JIeHIY K casury (p) nposomunuch orenbio s Cesepo-Keiisckoit n Mmanapa-Bap3yrexoit
6J10K-30H.

B pesymbraTe cermMeHThI paccMaTpUBaeMbIX CTPYKTYP KJIACCHMDUIIMPOBAHBI OT HEIIPO-
HUIAEMBIX JI0 BBICOKOIPOHUIIAEMBIX U IPEJICTABIEHbl Ha 00beIuHEHHOI cxeme (puc. 10A).
JIJ1sT HATUISITHOCTH [TOCTPOEHA CXeMa IIJIOTHOCTEH MepecevdeHuil CerMEeHTOB PA3IOMOB MEXK Ty
€000l 1 ¢ CerMeHTaMu TPEHJIOB IJIOTHOCTElH JIMHEAMEHTOB C€BEPO-BOCTOYHOIO TPOCTAPAHUS
NIPOHUIIAEMBIX U TOBbIIeHHOH npouunaemoctu (puc. 10B). TIpeamnonmokuTe /bHO UMEHHO
HepecevdeHnst MAruCTPAIbHBIX PA3JIOMHBIX 30H CEBEPO-3AIIA/THOIO IIPOCTUPAHUS U [VIyOHHHDBIX
PAa3JIOMOB CEBEPO-BOCTOYHOIO IIPOCTUPAHUST UI'PAJIM HAUOOJIBIIIYIO POJIb IIPYU UPKYJISAIIAN
PYIOHOCHBIX (DJIFOMIOB. DTO MPE/IITOJIOKEHNE TIOATBEPKIAETCST TeM, ITO abCOIOTHOE OOJIb-
muHCTBO (77%) M3BECTHBIX PY/IHBIX OOBEKTOB, KAK CBA3AHHBIX C NErMATHTAMH, TAK U C
PACCIOEHHBIMY UHTPY3USIMU, JIOKAJIU30BAHBI B PAJINYCe BIUSHUS TAKUX [€pecedeHuii. DToT
pajuyc BIUSHUS NPUHAT HAMHU YCJIOBHO U cocTasiser 10 K.

3akJroyeHue

ITo pe3ysibraTaM BBIIIOJTHEHHOI'O NUCCJICJOBAHUA MOXKHO CAe/IaTh CJICAYIOIMUe BBIBOIbBI:

1.  Hus teppuropun KoJabCcKoOro ImojyocTpoBa IPOBEIEH KOMILJIEKCHBI CTPYKTYPHO-
JINHEAMEHTHBI aHaJIM3 Ha OCHOBE PA3JIMYHBIX JIAHHBIX U HAYYHO-METOINIECKUX IOJIXO0-
JIOB, B TOM YHCJI€ aBTOPCKUX, K BBIIEJCHUIO JIMHEAMEHTOB C UCIO/Ib30BaHueM nudpoBOi
MOJIesTu peJibeda, BKIIIoUast eé Pa3HOHAIIPABJIEHHYO (DUIBTPAIUIO U C IPUMEHEHNEeM
reOnHMOPMAIMOHHBIX TEXHOJIOTHIA.

2. Ha ocnoBe Momesin pa3BuUTHsi BTOPUIHBIX CTPYKTYD B 30He ckosa [1. JI. Xsukoka u ycra-
HOBJIEHHBIX Pa3PBIBHBIX HAPYIIEHUI PEKOHCTPYUPOBAHBI HAPAMETPhl (OPUEHTUPOBKH
[JIABHBIX OCeil) PErMOHAJIBHOIO MOJIsl HAIPSIPKeHU-1edbopMaruii, a TakxKe KHHEMATHKA
OCHOBHBIX THUIIOB Pa3PbIBOB JJjIsl ABYX PErMOHAJIBHBIX 0JI0K-30H KOJIbCKOro permoHa.
PesynbraThl nNageopeKOHCTPYKIUA OTBEYAIOT KOHKPETHBIM 00CTAHOBKAM, BBISBJICHHBIM
paHee JpyruMu ucciaenoparensmu [Muny u dp., 1996; Mints and Dokukina, 2020] Ha
OCHOBE IIPUMEHEHMsSI UHOI'O HAyYHO-METOIMYECKOrO ITO/IXOIA.

3. Pacuer nokasaresist TEHIEHIUU K CABUIY (TPAHCTEHCHHU) C YIETOM, YCTAHOBJIEHHON OpU-
E€HTUPOBKHU TJIABHBIX OCEH PErHOHAJILHOTO OIS HAIIPAYKEHUT-1epopMaIiyii I03BOJIMIT
BBISIBUTH HauboJiee THIPABJINIYECKU aKTHUBHbBIE CEIMEHTBI Pa3PBhIBHBIX CTPYKTYP.

4.  C TOYKH 3peHHs IPOrHO3a Pa3MeNIeHNs IOJE3HBIX NCKOIAEMBIX, JaIbHeAIne qeTaj n3u-
pyfoinue paboThl HEOOXOINMO COCPEIOTOYNTh HA U3YYEHUU 30H IepecedeHnit HanboJee
[UJIPABINIECKN AKTUBHBIX (IIPOHUIAEMBIX) PA3JIOMOB CEBEPO-BOCTOUHOIO U CEBEPO-
3ana/HOro IpocTupanus. JJaHHbIe HaJ peruoHabHbIE U PErMOHAJbHBIE CTPYKTYPHI
MOIJIY BBICTYTIATH B KAYECTBE MArMO- U (DJIIOVIOTOABOISIIIX.

Baaromapraoctu. lcciienoBanue BBIIOJIHEHO B MOJIOExKHON jaboparopun UT'EM PAH
«JlabopaTopust TPOrHO3HO-METAJIJIONEHUIECKUX UCCJIEIOBAHMIT» B paMKax TeMbI TOCYIap-
CTBEHHOTO 3aJjiaHus «lIpuMeHeHune COBPEMEHHBIX METOJIOB OIEHKH, TIOUCKA W MPOTrHO3a
MECTOPOXKJIEHUI TBEPIBIX MOJIE3HBIX UCKOIAEMBIX, B TOM YHCJIE CTPATernIecKuX, B ApKTu-
qeckoit 3oue Poccuiickoit Pemepariun ¢ 1e/IbI0 pacIIupPeHns MUHEPATLHO-CHIPHEBOM 0a3bI
¥ IUIAHUPOBAHUS PA3BUTUS TPAHCIIOPTHO-KOMMYHUKAITMOHHBIX CETEH».

Bousikor A. B., Bopraukos H. C., Jlobanos K. B. u dp. MecTropoxaenusi cTpaTernyecKuX MeTajljioB apKTUIECKOrO
peruona // Tpyast @epcmanosekoit mayunoit ceccun ' KHIT PAH. — 2019. — T. 16. — C. 80—84. — DOI:
10.31241/FNS.2019.16.016.
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REGIONAL REMOTE SENSING ANALYSIS OF FAULT TECTONICS OF
THE KOLA PENINSULA AND ITS ROLE IN ORE FORMATION
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The results of a comprehensive analysis of fault tectonics of the Kola Peninsula, carried out on a
regional scale, are considered. Based on a digital relief model, generalized for various scale levels,
lineaments were identified manually and automatically. The results obtained in combination with
literature data made it possible to carry out tectonophysical reconstructions using the Hancock
model. Based on the results of these reconstructions, the proposed areas of tectonic structures were
identified that had the greatest hydraulic activity at the time of the introduction of mafic-ultrabasic
massifs and dike complexes of pegmatite belts, which are associated with ore deposits of scarce
types of strategic minerals of the Kola Peninsula (copper, nickel, chromium, rare metals, etc.) The
areas were identified, promising for the discovery of new ore objects.
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AHATUTUYECKAS MOJEIb MAJIBIX KOJTEBAHUN
CYKUMAEMOIN MAT'MBI C PEOJIOTUEN

MAKCBEJIJIA B IIMTAIOILIEN CUCTEME BVJIKAHA.
YACTDb 2. OCUUJIJIALNN BEPTUKAJIBHOU CKOPOCTU

A.A. Pa,z(HOHOBl’*

L1Oskupiit MaTeMaTHICCKMI nucTuTyT Biagukaskasckoro Hay4unoro nenrpa PAH, Pecuy6iinka Cesepnast
Ocerus — Ananus, Baagukaskas, Poccus
* KonrakT: Anaronuii Anaronbesnd Paguonos, aar200772@mail.ru

[Ipezncrasiieno pelenue Jjisi BEPTUKAJIBHBIX JIBUXKEHUN MArMbl B KAHAJIE BYJIKAHA B PAMKAX AHAJIATH-
9eCKON MATEMATHIECKON MOJIEN BOSHUKHOBEHUS JTMHHOIEPUOIHBIX BYJIKAHUIECKIX CEHCMUIECKIX
cobbiTHit. Marma onmceiBaeTcss MOMENIbio cxkumaemoro tena Makcsemna. [Ipu Bodmymnennn mroTHO-
CTH MarMaTHUYIeCKOTO PACIiaBa, HAIIPUMED, IIPU HMOCTYILUIEHUH [JIOTHOM MAarMbl U3 TIyOOKMX CJIOEB
WIN JIera3aliiy PaciiaBa Ha HEKOTOPOH riryOuHe, B KaHAJE MOTYT BO3HHUKATH OCIUJLISIIIAN TIJIOTHO-
CTH, KaK peakIus Ha 3TO cobbiTue. J[JIsi MarMaruieckoro KaHaJjia IpOCTERINeH IIMINHIPTIECKON
GOPMBI OCHUJIISIIASAM ITOABEPXKEHA, IIJIOTHOCTH MarMbl M JIB€ KOMIIOHEHTBI CKOPOCTHU JBUKEHUSI.
IIpu sTOM BepTHKaAJIBHAS KOMIIOHEHTa CKOPOCTU MCIBITHIBAET BBIHYXKIEHHBIE KOJIEOAHUST KAK IO
NeficTBUEM OCIUJIISIIIAN TJIOTHOCTH, TaK W TOJI JeWCTBUEM WHUIIMUPYIOIIEro BO3MYyIeHus. Bce
TU OCHUJLISIIIAY SBJISTFOTCSI TADMOHUYECKUMU 3aTYXAIOIMUMU KOJTeOaHUSIMU, KOIDMUIMEHT 3aTy-
XaHUsI KOTOPBIX OIPEJIENISIETCS BPEMEHEM peJIaKCAIMM MarMaTHIeCKOro paciliaBa, a COOCTBEHHAsT
YacTOTa 3aBUCUT OT (DUBUUYECKUX XAPAKTEPUCTUK MArMAaTUYECKOIO PacIliaBa U T€OMETPUIECKUX
pa3MepoB KaHasa. OCIHUJLISAINY IJIOTHOCTH PACILIaBa MPUBOIAT K MEPUOIUIECKUM BaPUAIUSIM
JINTOCTATUYIECKOTO TIepernaa JaBJeHNs, YTO, B CBOIO OY€pE/lb, BbI3bIBAET BEPTUKAJIbHBIE JIBUKEHUST
paciuiaBa, HauboJiee aMILIUTYIHBIE BIOJb OCH MarMaTHYECKOro KaHaJja. MojiesbHoe onmcanue
CMEIIEHNH TIOBEPXHOCTU KPAaTepa CPABHUBAETCS ¢ HAOJIIOIEHUSIMU Ha TOBEPXHOCTH KpaTepa BYJIKaHa

CaHTbaruTo.

Kirouessie ciioBa: ,H.HI/IHHOHepI/IO,HHbIe BYJIKaHUYECKUE 3eMJIETPACEHUA, ITUTAIOIad CUCTEMa BYyJIKaHa,
peoJsiorusd MarmMaTuvIeCcKoro pacijiaBa, C2KUMaeMO€ MarMaTUuIeCKoe TeJI0o, aHaJIUTUYIeCKasd MO/IeJIb,

BeEpTHUKaJIbHbIE CMEIIEHNA KpaTepa BYJIKaHa.

HurupoBanme: Panuonos, A. A. AnajurTryueckast MOJEIb MAJILIX KOJEOAHUN CXKUMAEMON MarMbl ¢
peosorueit Makcpessia B muTaromeil cucreme Bysikana. Jacts 2. OCnuuisinuy BepTUKATHHOM
ckopoctu // Russian Journal of Earth Sciences. — 2024. — T. 24. — ES3011. — DOI:
10.2205/2024es000912 — EDN: XKIQCY

BBenenune

Jnmuuaonepuosiabie Bysikanudeckue 3emyerpscenus (JIB3) mabogarorcs IpakTuIecKu
BO BCEX U3BECTHBIX TEKTOHUYECKU aKTUBHBIX PailOHAX M CYUTAIOTCS OJIHUM U3 IIPU3HAKOB
https://elibrary.ru/xkiqcy AKTUBU3AIIY BYJKAHUIECKON nesresibaoctu. OCHOBHBIM MeTojioM udyuernus: JIB3 sBisercs

aHaJIN3 JTaHHbIX ceficMIIeCcKnX CTaHHI/IfI, B TO BpeMdA KaK HEIIOCPEIACTBCHHBIC Ha6JHO,ZLe—
Ionyueno: 16 oxkrsabps 2023 r.

Mpumsro: 22 mas 2024 r. HUA ABU2KEHUN ITIOBEPXHOCTHU KpaTepa IIPU BOSHUKHOBEHHUN ILBB 3aTPYAHEHbI NJIX 9aCTO
Ony6nukosano: 27 asrycra 2024 r. HEBO3MOZKHDI.

Penxuit mpumep HemocpeacTBEHHOrO HAOJIIOIEHNS IBUKEHUN TOBEPXHOCTHA KpaTepa
npu BozHukHoBeHnu JIB3 s Bynkana Canrbsiryuro, I'Baremasta, ony6uukosad B [Johnson

et al., 2008]. Ha ocroBe xomItekca reodusnyecKnx HAOIIOAEHNH TOKA3aHO, UTO BBIOPOC
© 2024. Asrop.
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ra30-IIeIJI0BOIl CMeCH COIIPOBOXKIAETCS BEPTUKAIBHBIMI CMEIEHUSIMI IIOBEPXHOCTH KpaTepa
Byskana zHa 20-30 cM 3a BpeMs BbIOpOCca, HAOIIOMAEMbIE YCKOPEHUS COCTABIISIOT TOPSIIKA
20-30 m/ ¢? ISt IEPBOTO BOCXOJISIIIETO JIBIKEHNS BOIM3M IEHTPa KpaTepa, 3aTeM JedopMa-
[IUH PACIPOCTPAHSIIOTCS Ha 1epudeprio KpaTepa B TeUeHne HECKOJIbKUX CeKyH. CMerneHus
PACIPOCTPAHSIOTCS PAIUAIbHO, (BPOHT STUX cMellenuii umeer ckopoctb 30-50 m/c, 9To
CJIUIIIKOM MEJIJIEHHO [IJIsi YIPYTUX BOJH B TBEPAON WM YKUIKONH MarMe W CJIUIIKOM OBICTPO
JIJIsT BOJIH IIaBydecTr. Pajuyc KaHaja ByjKaHa orneHuBaercst B 14—100 M, BOJIU3HM TOBEPXHO-
ctu nopsaka 100 .

Hawnbosiee BepoOsATHBIM MPUBOIHBIM MEXAHU3MOM CUATAETCS JI€Ta3alusi PACIIaBa Ha
HEOOJIBIINX TUIyOUHAX, B Pe3y/IbTaTe KOTOPOW HAPYIIIAETCs JIMTOCTATUIECKUN DaJIaHC, CMelna-
ercsd U pa3pyllnaeTcs BEPXHUH CJIOfl KpaTepa M ra30-IIeIIoBasi CMeCh BbIOPACHIBAETCS BBEDX,
IIOCJIe 9€ero MOBEPXHOCTh KpaTepa MeJJICHHO omyckaeTcs: BHU3. CoObITHE COPOBOXKIAETCS
Byakanndeckum /[B3, snuieHTp KOTOPOTro perucTpupyercs mojl MEHTPOM KpaTepa BYJIKAHA,
Ha riyonHe nopsaka 1000 M 1 MOXKHO IpenoJiararsk, 9ro u JIB3, u BepTuKaJbHBIE CMeEIIe-
HUsI KpaTepa eCTh MPOsBJIEHUs OHOTO pusmdeckoro dhenomera. OO 9TOM CBHIETEIBCTBYIOT
CIIEKTPAJIbHAST COIJIACOBAHHOCTH, BDEMEHHOE COBIIAJIEHNE U KOPPEJISIUs MEXKy CMEeIleHU-
eM KymoJsia u MarauTynoii JIB3 u yKassBaroT Ha IMOJIHSATHE KYyIIOJa KakK Ha MPOsIBJIEHHE
MexaHu3Ma BosHukHOBeHus JIB3 mis Bysnkana Canrbsryuro. OcHoBHble yacTtoTsl JIB3
pacmosioxkerbl B uatepsaje 0,5-2 I'n. BeprukasibHoe nBukeHne BHU3 B HAO/IIOACHUSX HE
OTMEYaeTCs, YTO CBSI3BIBAETCSI C TPYAHOCTHIO HAOJIIOIEHNs U3-38 ra30-I1eIlJIOBOrO BhIOpOCa,
COIIPOBOK/TAIOIIETO CMEITEHIIE.

DKCIEePUMEHTAJIBHOMY U TeopeTudeckoMy u3ydennio /IB3 mocssimmeno MHOXKeCcTBO paboT
[2uist npumepa. Chouet, 1996; Crosson and Bame, 1985; Fujita et al., 1995; Kumagai and
Chouet, 1999; 2001; Neuberg et al., 2006]. OCHOBHBIM MeXaHU3MOM BO3HMKHOBeHUs1 /B3
CUNTAETCS MEXAHM3M PE30HAHCHOTO BO30YXKIEHUsT KOJIEDAHUN HEKOTOPOI ITOJIOCTH, 3aII0JI-
HEHHO} ra30-IeMJIOBBIMU KOMIIOHEHTaMH MarMarndeckoro pacmiasa |Chouet, 1996]. Do
MO/IEJIbHOE OIMCAHUE XOPOIIO COOTBETCTBYET HAOJIIOIEHUSIM U MI03BOJISIET OIEHUTh pa3Mephbl
KaMephl U cBoiicTBa ra3a. CyIecTBeHHBIM HEJOCTATKOM 9TON MOJIEJIN SIBJISIETCS HEBO3MOXK-
HOCTh CYIIECTBOBAHUS Ta30BOIl MOJIOCTH, HE3AJICUNBAOINIENCs UINTEIBHOE BPEMsT MEXK LY
[IeproIaMy aKTUBU3AIUK ByJIKaHa. Tak»Ke MHOXKECTBO pabOT IOCBSIIIEHO YCTAHOBJIEHUIO
OT/IEJIBHBIX TIOJIY-IMIUPUIECKUX MATEMATHIECKNX 3aKOHOMEPHOCTEH KaK CAMOIO sIBJIEHUS
JIB3, Tak n MeXaHU3MOB, IPUBOJSAIINX K €r0 BOSHUKHOBEHUIO, 8 TAKXKE MOJEJel IBUKEHUS
JIaBOBOM NpobKu [Hampumep, Ymrun u Meavnuk, 2018; Ilakuposa u dp., 2020; Girona
et al., 2019; Tverson et al., 2006; Johnson et al., 2014; Ozerov et al., 2003].

B paborax [Paduonos, 2020; 2023| npescraBiien aJbTepHATUBHbIA MEXaHU3M BOSHUKHO-
Berus JIB3, yunTeiBaromuii JuHaMUdecKre POIEcChl B MAarMaTUIeCKOM KaHaJ e BYJIKAHA
¢ peosorueit Tesia Makcesura. 31eCh caM KaHAJ SIBJISIETCST PE30HATOPOM, KOTOPBIN HCIIBITHI-
BAaeT TapMOHUYIECKIE 3aTyXaMoIne KoJeOaHnsl, JaCTOTa KOTOPBIX ONPEJIESISeTCs] TeOMeTpUYIe-
CKUMU pa3MepaMy KaHAJa ¥ CBONCTBAMM Marmbl, a KOI(MD@MUIMEHT 3aTyXaHUusl — BPEMEHEM
pesiakcanuu MarMbl. B Hacrosieil pabore pacCcMaTpUBalOTCS BEPTUKAJIBHBIE JBUXKEHUS
MAarMbl COTJTACHO MOJIETTBHOMY MeXaHu3My BosHUKHOBeHmst JIB3, msnoxennomy B |Paduoros,
2023] u siBIsIeTCS TPOJOJIZKEHUEM 3TOH PabOTHI.

MaremaTmueckass MOIEIb

KomMbunupyst ypaBHeHue JTBUKEHUS

Jw  Jdw Jw 1 dp 1(dc"™ do* o™
tU—+w— = =

ot o TV T g0z o\ ar T T )

U BBbIpaXKeHUe sl JINHEHHOH peostorntdeckoii monenu Makcseia o' + A(do'//dt) = pe'l,
HECJIOXKHO II0JIYYUTh yPABHEHUE JIJIsl OLMCAHUS MAJIbIX OCHMILIAIMN BEPTUKAJIBHON CKOPOCTH
JIBUKEHUS CZKUMAEMOI0 MAarMaTHIECKOrO PACILIABA B KAHAJE BYJIKAHA:

w 1w p (Pw 1w 1 (dp g

T ape\ar Trar )T ape\ a2 TP08) Rpn® W
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rie (r,0,z) — WMJIMHAPUYIECKas CUCTeMa KOODJMHAT: Z — BEPTUKAJbHAsl OCb, I' — PaJUyC-
BEKTOD; t — BpeMms; p, P, i, E, A = y/E — maBnenue, NIOTHOCTE, BA3KOCTD, MOJYJIb YIPYTOCTH
1 BpeMs peslaKCalliyd MarMbl; W — KOMIIOHEHTa CKOPOCTH HallpaBJICHHAaA BJI0OJIb OCH NUJIMHIPA
(OCGBaH KO]\/IHOHeHTa)7 IIOJIOZKHUTEJIbHOE 3HaYCHUE KOTOpOﬁ COOTBETCTBYET HalIpaBJICHUIO
BBepx; 0/ — remsop manpsixkenuii, tue (i, j)=1(r,6,2); ¢l — rersop ckopocreii medopmanun,
g — TOCTOSIHHOE YCKOPEHHUEe CBOGOAHOrO mageHust; (dp/dz + pgg) — INTOCTATUIeCKHUH IIepenaj
JdaBJICHU . HJIOTHOCTI) MarMaTH4I€eCKOT'O pacClljylaBa 3allUCbhIBA€TCA B BUJIE CyMMBbI p = pO + p,
rze po = const, o = p(r,z,1) — Majloe U3MeHEHNe IJIOTHOCTH. PaccMarpuBaeTcst UIHHIPHIe-
CKOII KaHAJ BYJKaHa PaguycoM R, 3alOTHEHHBI MarMaTHIeCKIM PACIJIABOM C PEOJIoTHeit
Maxkcsesta. IIpuHIMAOTCS Te XKe YIPONIAINIFE NPE/IIOI0KEH s, IT0 U B padore [Paduoros,
2023].

st onpenesienus perenusi ypaBHeHus (1) UCIOIB3YIOTCH IPAHUYHBIE U HAYAbHBIE
YCJIOBUSI:

ow

w(r=0)<oo, w(r=R)=0, w(r,t=0)=D(r), o

(r,t=0)=W(r). (2)

Pemennga

Permenne it Masioro BO3MyIeHust IOTHOCTH O(7, ) mokasaHo B pabore [Paduonos,

2023]:

o(rt)= eXp(—ﬁ)ilo(wm%) Pucos(tyy) + yi(ebn + %)sin(tn) : (3)
n=1 "

3necs @(r) = p(r,t = 0) — HaYaabHOE YCJIOBHE I BO3MYIIEHHUS ILJIOTHOCTH;
P(r) = do/dt(r,t =0) — HadagbHOE YCJOBHE JIsi CKODOCTH BO3MYUICHHS ILIOTHOCTH;
Jo(x) — dyukmua Beccesst Hymnesoro nopsiika, @, — Ko3bMOUIHEHT Pa3/IoKeHus! (DyHKIIUH
@(r) B psin o dynknusm Beccesst nepsoro nopsiaxa Ji(wy ,7/R), n=1,2,3,...; ¢, — ko3d-
dunnent paszsoxkenus: GyHKIUU P(r) B TAKOH 2Ke Psify;
2
2 B @Ln 1

e VR 4

w1, — M-I TOIOKUTEIBHLIN KOPeHDb ypasHenus [y (w) =0, n =1, 2, 3,.... Bopaskenue (4)
3armmcano jyis ciiy4as 2 > 0, KOr/ia BO3MOYKHO OCIIJLIHPYIONIEe MOBEICHIe BO BPEMEHI.

VYpasaenue (1) 3aBUCHT OT U3MEHEHUII INIOTHOCTH, KOTOPBIE IPUBOJAT K HADYIICHUIO
JIOKAJILHOTO JINTOCTATHYEeCKOro paBHoBecust. Besmuna Ap/H = dp/dz+pgg, e H — roybuma
KaHaya, B ypapHeHuu (1) IpU HEM3MEHHON MUIOTHOCTH SIBJISIETCS] TEM IePerajioM JaBJIeHHtsl,
1OJ, JieficTBUEM KOTOPOI'O Marma TedeT BBepX 10 KaHaJly ByJkaHa. [[pakTudecku BO Bcex
CJIydasix TeYeHHs MarMbl [10 KaHajaM BYJIKAHOB BeqndnHON Ap/H MOXKHO npeHeOpedsb,
OJIHAKO 3/IECh 9TO CJIATaeMO€e YIUTBIBACTCs. ECIIH IIOTHOCTD B HEKOTOPOU TOUKE Paiyca
KaHaJla M3MEHsIeTCsl Ha BEJINYUHY O, K I'DaJMEHTY JABJeHus H00aBIISIeTCsl BeJUIUHA 0F,
KOTOpasi 3a4acTyIOo CyIIecTBeHHO Ipesbinraer Ap/H.

Perienne HeoiHOPOIHOTO ypasHeHust (1) MIneTcs Kak cyMMa OJHODPOJHOIO YPaBHEHUsI
(1) ¢ HeHyJIEBBIMU HAUAJIbHBIMHA YCIOBUSIMA U HEOJHOPOJHOTO ypasHeHus (1) ¢ HyseBbIMU Ha-
YaJIbHBIME yCa0BusiMU. [Ipu nocrosiHHOM 1ytoTHOCTH MarMmbl B KaHase (npu o = 0), perienue
ypasretus (1) mokazano B [Paduonos, 2020]. Yder u3MeHeHHH [IIIOTHOCTH J00aBIISET K UC-
KOMOMY DEIIeHHUIO ellle OJHO ciaraemoe. [Ipu HyseBbIX HAYAJIBHBIX ¥ TPAHHYIHBIX YCIOBHIX
(2): ©(r)=0,¥(r) = 0, BepTUKaJbHAS KOMIIOHEHTa CKOPOCTHU olipejesercs u3 (1) ToiabKo
[IPABOii YaCcThIO STOrO ypaBHEHHs. JIpyruMu croBaMu, OCIMJUIAINE BEPTUKAJIBLHON CKOPOCTH
MLy IUPYIOTCST OCIMILISIIIUSIMI [IIIOTHOCTH.

Huss pemenuss (1)  npuHmMaercs — momcranoBka  [[Hoaanun, — 2001]:
w(r,t) = exp(—t/2A)W(r, t), KoTOpas IPUBOIUT K YPABHEHHUIO

2 2
W u (8 w 18W) 1 W+ P(r, ).

o2 Apo\ a2 "7 ar )T a2
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3aece P(r,t) = —exp(t/2A)pg/(Apg). Pemenue ecrs [Hoaanun, 2001, ctp. 295]:

R
W=, [ o0cwenies [ et ae

J J‘ 51 r:é t— )dng;

rie dyaknus ['puHa nmeer BuI:

Gt = exp( 2t;\)i%h(a)o,i%)h(mo,i%)%@,

wy,; — i-il I0JIOKUTEIbHEII KOpeHb ypasHeHus Jo(w)=0,1=1, 2, 3,...,

w? . 1
62 "l O Z - (6)

7 dpg R2 4)%

oTyIIaeTcst or (4) BeTMIHHON Wy ;.
Pemenue (5) MoxKHO 3aIucarh B Buie

__Bp 5 o _ \ hom |, 28 _t L\
w(r,t) _4P‘H(R r )+exp( —2/\) E : WO+ % exp( _ZA) El E : Wi (7)
n= i=1 n=

3mech
whom — ](w )CD cos(y,t)+ \If—qi 1sm( t)],

0 0,n4 Vn n 21 Vn Vn
w1,n]o(@o,i )1 (w1,1) = wo,i]1(@o,i)]o(w1,n)
7/7161']1 (wO,i)(w(%’i - win )di,n

X [ai,n/\ynéi COS()/nt) + Ci,néi Sin(an)
- yn)\exp( ! )(6 a; , cos(0;t) + bj ,sin(d; t))]

Wi ]O(“’OlR)

e JJId COKpallleHusl 0003HAYeHO
=3+ 05+ 722 3 + 03 -7 %),
= (07 -y2 )X 2pu - A9, - L1,
bin = (67— 12)02, + 570, — L2,

2
o= (322 g, - O 2

B (7) nauboJsiee 3HaUUMbBIE AMILIUTY/IbI UMEIOT TPU FAPMOHUKHI BEPTUKAJIBHON CKOPO-
cTu 6IM3KHe K OCHOBHOI rapMOHMKE B PA3JIOXKEHUU JIsl IIOTHOCTH (3). DTO BUIHO U U3
CTPYKTYPBI PelleHns: PN OJM3KUX 3HAYEHUAX W1 i, W, ¥ Oy, Yi SHAMEHATETb YMEHBITAETCS,
YTO MPUBOJUT K yBEJIMYCHUIO AMILIUTYJIBI COOTBETCTBYIONIEH rapMonuku. [pyrumu ciioBa-
MM, ecJIi BO30YKIaeTCsl BTOPasi TADMOHUKA B (3), TO CYIECTBEHHO 3HAYMMBIE aMILIUTY/IbI
B (7) umeror nepBasi, Bropasd U Tperbs rapMoHuku. C pOCTOM HOMEpa MapMOHUKH i ee
amiaryga B (7) 6bICTPO yMeHbIIAETCs, NP (DUKCUPOBAHHOM HOMEDE 7. DTO O3HAYAET, YTO
ecJi HabJIIOIAIOTCsT TP TAPMOHUKHI B OCIIHJLISIMAX BEPTUKAIBHON CKOPOCTH (HAIpUMED,
~0,5; 1,0; 2,0 cex. jyist Byiakana CaHTBAIYHUTO), TO MOYKHO IIPEJIIOJIAIaTh, YTO aMILIUTY/IA
BTOPOil rapMOHUKHU $IBJIAETCsl HanboJbineil B Bosmynenun wiotnoctu (3). Ecan xe Bo3-
Gy»Kaercs epBasi TapMOHUKa B (3), To ecTb 1 = 1, TOo BepTUKaIbHBIE ocIuLsnun B (7)
co/IepKaT JBe TAapMOHUKH, TIEPBYIO U BTOPYIO, aMILIUTY/1a KOTOPHIX 3HAYUMA, OCTAJIbHBIE
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UMEIOT 3aMETHO MEHBIIYI0 aMIUIATY/Ly. 3a9acTyio HAOJIIOMAIOTCS JBe TADMOHUKH TIPH U3Me-
penusx /JIB3 Bo MHOXKeCTBe BYJIKAHUYECKUX IEHTPOB. KKOHEYHO, 3TH yTBEPKICHUS HOCSIT
OIIEHOYHBIN XapaKTep, MOCKOJIbKY KOHKPETHBII B pas3JjioxKenus (3) olpeneisieTcs: Hadab-
HBIMH YCJIOBUSIMH U MOZKET COJIEP?KATh MHOYKECTBO MAPMOHUK C PA3HBIMU aMILTATYIaMHU,
Ho (7) onuchIBaeT OAUH M3 MEXAHU3MOB, IPUBOJSIIUIL K IIOSBJICHUAIO HECKOJILKUX FAPMOHUK
B CUTHAJIE.

Ananm3 mozesm u 0o0cyXKaIeHue

Pemenue (7) moKa3bIBaeT, 9TO CaM KaHAJ BYJIKAHA SIBJIFETCH OCIHUJLIATOPOM, B KOTO-
POM MOT'YT BO3HUKATDH CBA3AHHBIE C HM3MEHEHNEM IIOTHOCTU KOJIeOaHUsl, KOTOPhIE, B CBOIO
oYepeib, NHAYIUPYIOT OCIUIJISIINN BEPTUKAJIBHON CKOPOCTH. JacToTa 3TUX OCIUJLISAIINIA
OlPEJIEJISIETCsT BUJIOM HAYAJIBHBIX YCIOBUI (2) M HAYabHBIX yeJoBuil @(r), P(r) ais Bo3My-
IIEHUs] TIJIOTHOCTU MarMbl, CBONCTBAMEI MarMaTUIeCKOTO PaciljiaBa U MeoMeTpUueil KaHaJa.
Kosdbdunuent 3aryxanus B (7) olpe/ieJisieTcsi BDEMEHEM PeJIAKCAIMUA MAIMbI .

Ipumenum momesb (7) jis ONUCAHUS HAOIIOACHWUI IMHAMUKY JIBUKEHUSI 3AI0JTHSIIO-
el Kparep ByJIKAHA MarMbl BO BpeMsi BO3HUKHOBeHus JIB3, KoTopble COMPOBOXK IAIOTCsI
BBIOPOCOM Ta30-TIETLIOBOI CMeCcH, IPeJICTaBIeHHble B padore [Johnson et al., 2008].

IIpeamonaraemas miuna kanaaa B 1000 M aBseTCs MpaBIOTOL00HON OIEHKON JIHHDBI
KaHaJ1a, IMOCKOJIbKY MHOXKecTBO JIB3 durcupyercs nMeHHO Ha 3TOi riryOMHE, XOTsI KaHAJ
MOXKeT ObITh 1 JyinHHee. B Bepxuux 1000 MeTpoB KaHaja 3aMEeTHO CO/IEpyKAHNE My3bIPHKOB
U CKAMAEMOCTh MarMaTHYeCKOTO PACIIABA BEJINKA, 9TO OOOCHOBBIBAET ITPUMEHMMOCTD
MeXaHu3Ma KoJiebaHuii cxkumaeMoil MarMbl u penterus (3).

Bemmrauna Ap/H oneHuBaeTcs 110 pacxoiy BYJIKaHa B COOTBETCTBHU ¢ pernenneM Ilyazeii-
a1 s marmsl Bysikama CaHTLAIYHTO MMeeTCsI OlleHKa IIoTHOCTH P = 1800 + 2400 kr/ M3
CO cpenHHMM 3HadeHueM Pg = 2100 xr/ M3, YKa3bIBaeTCsI, YTO BYJIKAH PACTET CO CpeJHel
ckopoctbio 0,41 M3/C i pacxon Q =~ 0,41py = 1025 kr/c. 113 3axkona Ilyaseiins ciemyer
Ap/H =~ 0,03. DTa BesmunHa COOTBETCTBYET TOMY II€PENaLy JABJICHUs, O JEHCTBIEM KOTO-
pOro Marma TeJeT [0 KaHAJIy. DTa BEeJIUINHA MPEHEOPEKNMO MaJIa [0 CPABHEHUIO C MaJIbIM
BO3MYIIEHUEM IUIOTHOCTH g0 Ipu paccMmorpenuu /IB3.

OreHKa aMIUTHTY/BI BO3MYIIEHUsI IUIOTHOCTH JIOBOJIBHO IMPOU3BOJIbHA U OIPEIEIISIeTCS,
BEPOLATHO, IPOIECCAMU HYKJICAIH /GbICTPOro pOCTa Iy3bIPHKOB HA HEKOTOPOI rirybute
B KaHaJie ByJikaHa. [Ipu 9TOM Marma paccMaTpuBaeTcsi Kak oHO(MA3HAsI CXKUMAEMas CPeJia.
Beymanna miorHocTH pgy = 2700 xr/ M3 MarMbl 63 y3bIpbKOB Ha TiyGune Goxee 1000 M ne
KayKeTCsl 3aBBINIEHHOI O1eHKoi. [[1oTHOCTD MarMbl BOTHM3K TIOBEPXHOCTHA MOYXKET COCTABJISITD
po = 1800 kr / M3, Takum 00pa3oM, MaKCHUMAJIbHOE 3HAYEHUE BO3MYIIEHHUsI IJIOTHOCTH MOXKET
nmocturath 0 ~ 900 Kr/ M3 I HHTEHCHBHBIX CIOHTAHHBIX IPOIECCOB HYKJICAIMN 1 POCTa,
IIy3BIPHKOB, KOTOPbIE MOT'YT IPUBOJIUTH K 3HAYATETHHBIM BO3MYIIEHUSIM ILIOTHOCTH. 1]o-
CKOJIbKY Marma IIOJHUMAETCs MEIJIEHHO U BCE BPEMsi O beMa IMIy3bIPbKU PACTYT, PeaaTbHOEe
3HAYEHNe BO3MYIIEHUsI IJIOTHOCTH IIPH Jiera3aluu MarMbl Ha riayouse 1000 M cymecTBeHHO
MenbIte. [Ipumem onenky jst o =1+ 100 KI‘/M3.

g Bynkana Cantbaryuro, I'Baremasia, napamerpbl Mozean (7) BHIOUPAJIUCH CIIEIy-
omuMu: pg = 2100 Kr/M3, n= 1073 IMa-c, R =100 M, A =5 ¢, paccMaTpUBaJIACh IepBasi
rapMOHHKa BO3MyIeHust miotHocTu # = 1 B (7), Bropas cymma B (7) orpaHHYHBAJIACH
nsATBIO TepBeIMH ciraraembivu (i =1, 2,...,5 B (7)), Bosmymmenue mwiotHocTH @ = 100 kr/M3,
1, =0, Ap/H = 0 Ila/m, HauasIbHbIE YCIIOBHS TaKxKe IPUHUMAINCH Hydesbivu: © = 0, W = 0.
[Tepuommuecku Bosuukatomue JIB3 Byjikana CaHTbATyUTO UMEOT PA3HYIO aMILIMTYLy, HO
OJIM3KME CIEeKTpaJIbHbIe XapaKTepUCTUKN. Pasjimyanas aMimTya curaaia IB3 moxker
YUUTBIBATHCA B MoZeau (7) OTJMYAIONMMUCS 3HAYCHUSIMEI BO3MYIIEHUS [LJIOTHOCTU (.

Borancsiennst mo (7) MOKa3BIBAIOT, UTO MPHU BO3MYIIEHUN ILIOTHOCTH O ~ 100 KI/ M3
BEPTHUKAJIbHAS CKOPOCTh MMeEeT aMILIUTyIy nopsiaka 0,015 M/c, a ycKOpeHust — nopsijika
0,06 m/ ¢?. DTy 3HAYEHHsT yCKOPEHMii Tpubm3nTeabao B 600 pas MeHbIe HaGII0IaeMbIX.
OpHako crekTpaJjibHble XapaKTePUCTUKHN, CTPYKTYPa U JUHAMUKA OCIIUJIJISIUN, CKOPOCTH
IBM2KeHUs (PPOHTA neOPMAIH HA IOBEPXHOCTH KPATepa, IPeICKa3bIBaeMble BbIPAKEHNEM
(7), XOpOIIIO COOTBETCTBYIOT U3MEPEHUSIM.
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PasmanbHOe pacnpesiesieHne BEPTUKAIBHON CKOPOCTH W, BBIYUCIEHHOE cOracHo (7)
B IOCJIEJIOBATEJbHBIE PA3HbIE MOMEHTHI, TOKA3aHO HA PUC. 1. DTOT PUCYHOK JIEMOHCTPHUPYET
MIPOXO02K IeHNe (PPOHTA BOJIHBI HA MOBEPXHOCTU KpaTepa. J[BuKeHne HAUYNHAETCS B IEHTPAJIb-
HOli obsractu Kanasa (r = 0) u pacnpocTpaHsieTcs: Ha nepudepuro.

0.005-
0.004-

w  0.0031
0.0021
0.0011

0

-0.001 -

-0.0024- -+ .
[— w(r=0.53) —— w(1=0.6875) —-— w(r=0.815) ----- w(t=0.9) |

Puc. 1. Pagnasbaoe pacipejesienne BEPTUKAILHON CKOPOCTH W, BPEMsl B CEKYHIaX. SHAYCHUsI [1apa-
merpos: 1 =1; i =1,2,3,4,5; po = 2100 xr/m3; p=1073 IMa-c; R=100 m; A =5 ¢; ¢ = 100 xr/m3,
Y, =0.

TopusonTanbHble CKOPOCTH ABHXKeHUs (QPOHTA BOJIHBI oueHuBaerca u3 (7) Kak OT-
HOIIEHIe BOJHOBOTO UHCJIa K YaCTOTEe TapMOHUYIECKUX OCHMIIANmiL: 6,R/wq, ~ 31,7 M/c
u yiR/w , ~ 44,8 M/c, BBIYUCIIEHHbIE DU BA3KOCTH Y = 1073 Tla-c, 1 MaJjI0 3aBHCAT OT HO-
Mepa rapMoHuKH. Takum o6pa3om, MoJeib (7) OKa3bIBaeT CYIIECTBOBAHUE JBYX CKOPOCTEi
IBUYKeHus (PPOHTA BOJIHBI. B HAOIIONEHUSIX OTMEYAIOTCH JJIs CKOPOCTH JIBM2KEHUS (DPOHTA
nedopmarn 3uadenust ot 30 g0 50 M/c [Johnson et al., 2008], 4To MO3BOJISIET CIENATH
BBIBOJI, 9TO MOJIEJIb YJIOBJIETBOPUTEIHHO OIMUCHIBACT HADOJIIOAEMBII WHTEPBAJ CKOPOCTU
PaIuAIBHOTO JIBUKEHUS [TIOBEPXHOCTU Kparepa. Jnnamuka GppoHTa BOJIHBI, HAOIIOLAEMOIT
Ha [MOBEPXHOCTHU KPATEpa, TaKyKe KAYECTBEHHO COBIIAJIAET C M3MEPEHUSIMU: HAYAIHbHOE CAMOE
AMILIATYIHOE JIBUYKEHUE BO3HUKAECT B IEHTPE Kparepa (B TOYKE BHIXOJA IEHTPA KAHAJIA HA
HOBEPXHOCTb) ¥ JiaJlee PACIPOCTPAHAETC HA Iepudepuio.

J71s1 9THX OIIEHOK MCIOIb30BAIACh AMILINTY/ A BOSMYIIEHHs IIoTHOCTH 01 = 100 K1/ M3,
KOTOpasl COCTaBIsACT Nopaaka 3% OT IUIOTHOCTH Marmbl 6€3 Iy3bIpLKOB U mopsiaka 5% or
MJIOTHOCTH MArMbl, CoJiepKaIieii my3sIpbKu. OTHAKO 9TOr0 3HAYEHHST BO3MYIIIEHUS TIIOTHOCTH
HEJIOCTATOYHO, ITOOBI O0bSICHUTH HAOJIIOMAIONINECS] BEPTUKAIbHBIE YCKOPEHUS TOBEPXHO-
cru kparepa (mopsaka 20-30 m/ C2), JUTsT OO'bSICHEHUSI KOTOPBIX TPEOYIOTCsT BO3MYIIEHUS
ILIOTHOCTH, Ipubn3uTepH0 B 600 pa3 mpeBocxofsiue BoIOpanHoe 3nadenue. /laxke ec-
JIM UCIIOJIb30BATh MAKCHMAJIBHYIO OIEHKY JIIS BO3MYIIEHUs IIoTHOCTH ¢ = 1000 Kr/ M3
Tpebyercs ycuseHue ceficMudaeckoro curasia B 60 pa3, 9ToObI onmcaTh HAOJIOIAIONUECS
YCKOPEHHsI Ha TOBepXHOCTH KpaTepa. [Ipu 60sbInoit cKOpOCTH BOBHUKHOBEHUST BO3MYIIIEHUA
BeJIMYNHA 1), 3HAYNTE/IbHA U IPAHUYIHOE ycJoBHe (r) MOXKeT OObSICHUTH HAOJIIOIATEIb-
Hble JTaHHble. MexaHn3Mbl, TIPUBOAAIINE K YCUJICHUIO CEICMUIECKOTO CUTHAJIA B KAHAJIAX
BYJIKAHOB, CyIIECTBYIOT U MOT'YT OBITH CJIEJLYFOIIAMU.

B crosbe my3bIppKOBOil MarMbl AefCTBYIOT (pu3nydecKue IPOIEeCcChl YCUIEHUs CefcMu-
YEeCKOTO CHUT'HAJIA, KOTOPBIE IMPOUCXOISAT 33 CUYET SHEPIHUH IIy3bIPHKOB, U9TO ODCYKIAETCH
B [Kurzon et al., 2005; 2011]. TToxpoGHbIH yueT STUX SBICHIN BOSMOXKEH B PAMKAX JI€TAJIbHBIX
YUCJIEHHBIX MOJIEJIENl IIPOXOXKIEHNs CEeICMUYeCKNX BOJIH B IIy3BIPbKOBOI Marme. Besmdmna
YCUJIEHUS CEICMUYIECKOTO CUTHAJIA 3aBUCUAT OT BE3UKYJISIPDHOCTH U Ta30HACHIIEHHOCTH Mar-
MBI, TJIyOWHBI KaHaJa H, 10 BCeIl BUIUMOCTH, SIBJISIETCS YHUKAJBHON XapaKTEePUCTUKOMN J1JIst
KayKJIOro ByJIKaHa. JIpyruM BO3MOXKHBIM MEXaHU3MOM SIBJISIETCS YCUJIEHNE BEPTUKAJIBHOIO
JIBUKEHUST BEPXHUX CJIOEB MATMATHIECKOr0 KaHaia ByJakana CaHThTyUTO, CBI3aHHOE C HEJIU-
HEHBIM TPEHHEM JIABOBOM IIPOBKHU CO CTEHKAMU KaHaJla, IoKa3aHHoe B padore [lverson et al.,
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2006]. Takzke MpeICTABIEHHBIN MEXAHU3M MOYKET SIBJISITHCSI TPUTTEPOM, MHUTUUDY FOIIAM
BEPTUKAJIbHbBIE JIBUKEHUsI B MOJIEJISIX B3ANMOJIEICTBYS JIABOBON MPOOKU C Ta30-HACKHIIIEHHON
obsacThio o Helt [ YVmxun u Meavnuxk, 2018; Girona et al., 2019; Johnson et al., 2014]. Tak-
JKe BO3MOYKHO YCUJIEHIE CeiCMUYECKOIO CUTHAJIA B TEOMETPUIECKH CJIOYKHBIX MarMaTUIeCKUX
KaHaJaX U B CBA3U C HEJIMHEHHOCTHIO 3aKOHOMEPHOCTEN PaCIpPOCTPAHEHUA CEHCMUYECKOIO
CUTHAJIA B PEOJIOTHYECKH CJIOYKHBIX CPEIax.

Tapmonnueckue Kosebanus (7) cOCTOAT U3 HECKOJBKUX TADMOHUK, [IEPBbIE HECKOJIBKO
OCIIWJUIAII MOT'YT YCHJIMBATBHCH, & 3aTeM 3aTyxaloT. Takke BepTukasbhble cMemnienus (7)
KaHaJja ByJIKAHa UMEIOT JIBe WU TPU FApMOHUKH B CIydae, €CJaU OCIUJUIANNNA IJIOTHOCTH
BO30Y2KJIAI0TCsI C OJIHOM TapMOHMKOM. B ceficmuaeckom curnase JIB3 3auactyio ormedarorcst
TaK’Ke JIBe-TPH TAPMOHUKH, UTO TIO3BOJISIET TIOJIATaTh, ITO perenne (7) He IPOTUBOPETNT
HAOTIOICHUSIM.

MopesbHbie BepTHKAJbHbIE cMemenus (7) He 3aBUCAT OT BEPTUKAJILHON KOODAMHATHL.
Ha moBepxHocTH KpaTepa OHM HAOJIIOMAAIOTCS HEITOCPEICTBEHHO, a Ha HEKOTOPOil Tirybure
nopsaka 1000 M, e MarMa yzke He SBJISETCS CYIIECTBEHHO CXKUMAEMOI, 3TU OCITAJLIS-
mun J1epOpMUPYIOT TUIYOOKHUE CJIOM MarMbl. ITH 1e(OPMAINH SIBJISIOTCA TAPMOHUIECKAMU
U MOI'YT OBITh MHTEPIPETHPOBAHBI KAK OJ[HA €IMHCTBEHHAs CUJIa, KOTOpas (pOpMUPYET COOT-
BETCTBYIOIIHIT MEXaHU3M UCTOIHHUKA 3TuX gedopmarmii. s JIB3 3agacryio npumensiercs
MeXaHU3M UCTOYHHKA, CBI3AHHBIN ¢ JeficTBreM OJHON cuibl [Hanpumep, Nishimura et al.,
1995; Ohmi and Obara, 2002].

DkcnepuMeHTANBHBIE UCCaenoBanus |Anguaozos u dp., 2005; Jlebedes u Xumapos,
1979; Iepcuxos, 1984; Gonnermann and Manga, 2007] HOKa3bIBAIOT, YTO PEOJIOIHs Mar-
MBI HE COOTBETCTBYET JINHEWHOI Mojesm Makcseiuia, a siBjsieTcs OoJiee cioxkuoi. Jacto
MPUHIMAETCS 3aBUCHMOCTD BSI3KOCTH MarMbl OT IIEPBOIO M BTOPOI'0 MHBAPUAHTOB TEH30DA,
ckopocreil nedopmanuu [Hanpumep, Bapmun u dp., 2012]. ITomgobHy0 IKCIIEPUMEHTAILHO
YCTAHOBJIEHHYO 3aBUCUMOCTD BSI3KOCTH OT CKOPOCTEl JlehopMaIui MOXKHO HCIIOJIb30BaTh
U B paMKax JIMHeNHHOU Mojen MakceBesia, 9To0 MOXKET YTOYHUTH ITOJIyYaeMble Pe3yJIbTATHI,
OJIHAKO, B PAMKAX aHAJIMTHIECKOTO PACCMOTPEHUS STOTO CIIEJIATH HE Y/IAeTCs.

IIpu momoru BhIpaXKeHUst Jjisi KWHETUYECKON SHEPIUU BEPTUKAJBHOTO JIBUYKEHUST
cTtosiba MarMbl B KaHAJIE ponHR2w2/2 ~ 8-10% JIx, rue po = 2000 KF/M3, H =1000 m,
R =100 M, w=0,005 m/c (puc. 1), momygaercs snepreruyeckas oueHka s B3, upu
YCJIOBUH, UTO 3aMETHbIE CKOPOCTU HABJIIOIAIOTCS TOJIHKO BOIM3U OCH KAHAJIA, UM MATHUTY 1A
4 + 5, u Tak)Ke 3aBUCUT OT BO3MYIIeHHUs ioTHOCTH. Habsrrogaromuecst marautyasr JIB3
Ha CanTbsiryuro cocrasusiior 1,8 +5,6 [Gottschammer et al., 2021; Lamb et al., 2019,
a MarHuTyJIa CAMBIX CHJIBHBIX ceficMuaeckux cobbiTuil npesbimraer 6. [losxyuennas onenka
COOTBETCTBYET MHTEPBaJLy MarHUTYJ Habromarormmxes JIB3.

IIpemaraemast MOJIEJIb YIOBIETBOPUTEIBHO OObSICHSIET HADJIIOAEMbIE CIIEKTPAIbHBIE
xapakrepuctuku /B3 msa Byskana Canrbsaryuro. Takke yacToThl u KoahdumeHTs 3a-
Tyxanusi JIB3, cBoiicTBa MarMpl ¥ reOMeTpPUUECKHE XaPAKTEPUCTUKU KAHAJIA HAXOJIATCS
B yJIOBJIETBOPUTEIHLHOM COOTBETCTBUU C UMEIOIIUMUCS OIIEHKAMH 3TUX BEJIMYUH. DTO COOT-
BETCTBUE KaK KAaIeCTBEHHOE, TaK W KOJWYECTBEHHOE. B pesysibrare MpUMeHEHUsT MOJIEJN
(7) MOXKHO CIIeJIaTh BBIBOJ, YTO IPUMEHEHUE JINHEHHON Mojesn MakcBeuia OKa3bIBaeTC st
VIOBJIETBOPUTE/IBHBIM JiJTst onucanust JIB3 u MoxKeT MpOyKTHUBHO HUCIOJIB30BATHCS, 11O
KpaiiHeil Mmepe, B HEKOTOPBIX CJLy4dasX.

3akiroueHue

B smureparype mpejicTaBIeHO MHOXKECTBO MATEMATHIECKUX MOJIE/Iell BO3BMOXKHBIX (DU3HU-
9eCKUX MEXaHM3MOB, KOTOPBIE IIPUBJIEKAIOTCS JjIs OObSICHEHNsT MHOTOO0OPA3Usl PA3IUIHBIX
[IPOSIBJIEHUI BYJIKAHUYECKON aKTUBHOCTH, B dacTHocTH JIB3, npoucxogsimux mnpu axTu-
BU3AIMHU BYJIKaHA W €ro mU3BeprKeHusi. MareMaTudecKast MOJIEJb OHOTO M3 BO3MOYKHBIX
MEXaHU3MOB, OCHOBAHHOT'O HA PEIIEHNN YPABHEHUN COXPAHEHUs, C YIETOM CJIOXKHOI PeoJIo-
UU MarMbl U ee C)KUMAaeMOCTH, [IPeJICTaB/IeHa B HacTosIel pabore. Moe/ib IIOKa3bIBaeT,
g1o JIB3 MOryT ObITh 00bICHEHBI KOJECOAHISAMI CAMON MATMATHYIECKON MTUTAIONIEH CHCTEMbBI
BYJIKAHA, B YaCTHOCTH €r0o KaHaJa WM OOKOBBIX PyKaBoB. HaOsromaromascst TuHaMuKa
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TOPU30HTAJIBHBIX JledbopMariuil moBepxuoctr Kparepa npu B3 mis Bysnkana CaHThITyUTO
YZOBJIETBOPUTEIBHO OIUCHIBAETCH IIPEJICTABJICHHON MO/EIbIO KaK IIPOABJICHUE OCIUJIIIAIIII
KaHaJla ByJIKaHA.

Baaromaproctb. ABTOp BhIpaxkaer 6JIaroJJapHOCTh pelleH3eHTaM XKy pHaJja «Russian Journal
of Earth Sciences» 3a mosiezHoe 00CyzKIeHNE U IIEHHBIE 3aMEIAHUS.
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The analytical solution for vertical magma movements in a volcanic conduit within the occurrence
of low-frequency volcanic seismic events is presented. Magma is described by Maxwell's compressible
body model. When the density of the magmatic melt is disturbed, for example, when dense magma
enters from deep layers or the melt degasses at a certain depth, density oscillations may occur in
the channel as a reaction to this event. For the magma conduit of the simplest cylindrical shape, the
magma density and two components of the velocity of movement are subject to oscillations. In this
case, the vertical component of the velocity experiences forced oscillations, both under the influence
of density oscillations and under the influence of the initiating disturbance. All these oscillations
are harmonic damped oscillations, the damping coefficient of which is determined by the relaxation
time of the magmatic melt, and the natural frequency depends on the physical characteristics of
the magmatic melt and the geometric dimensions of the conduit. Melt density oscillations lead to
periodic variations in the lithostatic pressure drop, which in turn causes vertical movements of
the melt, the most amplitude along the axis of the magma conduit. The model is used to describe

crater surface displacements observed on the surface of the Santiaguito volcano crater.
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PEKPEALIMOHHBIX LIEJIEN

X. III. 3a6ypae13a*’1 , 4. IIL. 3a6ypaesl®, M. B. Ceauesal ™, u A. A. Illanmosal-2

1K ommexcubrit Hay YHO-MCCJIeJ0BATE/ILCKUM HHCTUTYT uM. X. V. M6parumosa PAH, I'posusbrii, Poccus
2’ posHeHCKHIT TOCYIAPCTBEHHEIH HedpTIHON TEXHUUECKHH YHUBEPCATET HM. aKaJeMUKa

M. . Munnuonmukosa, ['po3usriii, Poccus
* Konrakr: Xasa [[laxunosna 3abypaesa, eveggne@mail.ru

B craTbe mpencraBieHbl pe3yIbTaThl CPABHUTEIHHOIO AHAJIN3a OCHOBHBIX I'€0yPOAHUCTHUIECKIX IIPO-
reccos Ha Cesepo-Bocrounom Kaskaze. [IpuBesieHbl coBpeMeHHBIE KOHIENIINN U TIOAXOAbI B TPYIAaX
POCCHIICKUX 1 3apyDerKHBIX HCcieoBaTes el K MYHKIMOHAIFHOMY 30HUPOBAHHUIO T'OPOJCKUX TEPPH-
TOpHUIl KaK BaXXKHEHIIIEro MHCTPYMEHTA UX PEryJIMpOBaHus U ylnpasieHus. 3a rnepuoz 19862023 rr.
BBISIBJICH 3HAYUTEJILHBIA POCT ILIOIIAIN 3aCTPOEHHBIX 3eMeJIb B KPYIHBIX ropojax. Hanbosee ak-
TUBHBIE TEMIIBI 3aCTPOiiKH 3aduKrcuposanbl B Maxaukase u ['posHoM. B paccMOTpeHHBIX B CTaTbe
KPYIIHBIX I'OPOJIaX 3a IOCJIeJ[Hee JeCSITUIETHe ITPON3O0IIeN POCT IJIOMIa el KUIbIX U ODIIeCTBEHHO-
JIeJIOBBIX 30H. B coBpeMeHHOI cTpyKType 3eMesbHBIX donnoB Maxaukassl 1 Haspann noMuHUpyIoT
CeJIbCKOXO3SCTBEeHHbIE 3eMJIH, & B ['DO3HOM TakrkKe BBICOKA JOJIsA »Kujoi 30HBI. Ilokazano, uro
IJIOINA M PEKPEAIMOHHBIX 30H B UCCJIEIyeMbIX IOpO/IaX HEJOCTATOYHBI KaK JJIsI y/I0BJIETBOPEHNUST
PEeKpealyioHHbIX IOTpeOHOCTEl TOpoXKaH, TaK U I pa3surus Typusma. ObocHOBaHa 1esIeco0bpa3-
HOCTH PAaCIINPEHNs] PEKPEAIMOHHBIX 30H 3a CUeT CeIbCKOXO3sNCTBEHHBIX 3eMeb, a B ['po3HOM elre
7 COKPAIIEHNs [IPOM3BOICTBEHHO-NHKEHEPHOH 30HbI. OIieHKa IUIOMa/eit TOPOICKHIX JIECOIOKPBITHIX
TeppUTOPHUil U UX Kaprorpadutieckas BU3yaJIN3alis BbISIBUIN HEIOCTATOYHBIN YPOBEHb O3€JIEHEH-
HOCTH U HEPABHOMEPHOCTH PACIIPEIEIeHUsI JIECHBIX MaccuBOB. Kpaiiie HU3KUil yPOBEHb O3€JI€HEHUSI
obuapy:xen B Haszpanu (menee 1%) u Maxaukasne (6%). C y4eroM BBIsSIBJIEHHBIX OCOOEHHOCTEIH
U TEHJEHIUI B COOTHOIIeHNN (DYHKIMOHAJILHBIX 30H B KpyHHLIX ropogax Cesepo-Bocrounoro
KaBkaza maHbl peKOMEHIAIMN 10 ONTUMA3ANNN (DYHKINOHAJIHLHOIO 30HHPOBAHMS IIOCPEICTBOM pPe-
TyJIMPOBAHUS COOTHOIIEHNs (DYHKIIMOHAIBHBIX 30H, 3€JIEHbIX HACAXKICHUI, BKIIIOUas BEPTHKAJILHOE
O3€JICHEHUE, BHEIPEHH: JIEMEHTOB KPEATUBHBIX JIMHIBUCTHUIECKUX JyanamadToB. Ocoboe BHUMAaHIE

yIeJIeHO 00eCIIeYeHII0 MHOTOOOPa3Usi 30H PEKPEAIIHH.

KroueBblie ciioBa: (QyHKIIMOHAJIBHOE 30HUPOBaHME, YPOOT€OCUCTEMBI, TOPOA, YCTONINBOCTD, Pe-

Kpealusi, JIECOTTOKPBITHIE 3€MJIH.

HurupoBanme: 3abypaesa, X. 1., Y. III. 3abypaes, M. B. Cenuesa, u A. A. Illaunosa
OyHKIMOHAJIbLHOE 30HUpOBaHue ypbauusnpoBanubix Teppuropuii Cesepo-Bocrounoro Kaskaza st
pekpeannonHsIx 1eieit // Russian Journal of Earth Sciences. — 2024. — T. 24. — ES3012. — DOI:
10.2205/2024es000931 — EDN: NAKKHK

BBenenune

AKTyaJbHOCTB MIPO6JIEM 30HMPOBaHUs YPOAHU3MPOBAHHBIX TEPPUTOPHUIT 00YCIOBJIEHA
HEOOXOMMOCTBIO TIONCKA ONTUMAJILHBIX PEIIEHUI B PA3/Ie/IeHnN nX Ha (DYHKITMOHAJIbHBIE
30HBI C OIIPEJICJIEHIEM COCTaBa, IPAHMIL M PEXKUMOB UCIIOJIH30BAHUS B YCJIOBHUAX Pa3pacTaro-
IIIXCsI TOPOJIOB U COBPEMEHHBIX TMeOMOJUTUIECKUX, COIMUAIBHO-9KOHOMIIECKUX W T'€0IKOJIO-
TUYECKUX BBI30BOB U yrpo3. Jlamnbie mpoOeMbl JABHO CTAJIU IIPEIMETOM HAYYHOTO AHAJII3A
BO BCEM MUpE, TeEM HE MEHee He CYIIeCTBYeT YHUBEPCAJIbHBIX IOIX0/0B, 00ECIEeINBAIONTIX
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(DyHKLU/IOHA.HbHOE 30HUPOBAHUE YPBAHUBUPOBAHHBIX TEPPUTOPUII CEBEPO-BocTOuHOro KABKABA. . . 3ABYPAEBA U HAP.

YCTOHYNBOE yIIPaBJIEHHE MOPOJIAMHE, KaK CJIOXKHBIMHU COIHO-3KOJIOTO-9KOHOMUYECKIME CUCTE-
mamu (ypboreocucremamu) [Jing et al., 2022]. B coBpemennbix uccienoBanusx [Xue et al.,
2022; Zhou et al., 2024] 3auacTyro ycroiunBoe pasBuTie ypOAHU3MPOBAHHBIX TEPPUTOPHI
CBS3BIBAIOT C Pa3pabOTKOIl 1 BHEJIPEHNEM HAYIHO-OOOCHOBAHHBIX M I(PMEKTUBHBIX CIOCOOOB
X (QYHKIIMOHAJIHFHOTO 30HUPOBAHUS.

B pa6ore [Liu et al., 2021a] npuBogurca 0630p UCCIEIOBAHUN TI0 KIACCUDUKAIUNT
1 uaeHTHMUKAIMHE TOPOACKUX (DYHKINOHAIBHBIX 30H (P3), omy6GIMKOBaHHBIX 32 EPHOL
20002021 rr. B MexkayHApOoaHBIX O6a3ax jpanabix Scopus u CNKI, KoTopblil BBISBHI OO0
TEHJCHIUIO K POCTY C PE3KUM yBejnderneM mybdsmrarmit 8 2018 r.

OYHKIIMOHAIFHOE 30HUPOBAHUE PACCMATPUBAETCS B KAYECTBE BarXKHEHIIIEro NHCTPYMEH-
Ta PeryJIMpOBaHUsl W YIPABJIEeHUs yPOaHU3NPOBAHHBIMU TeppuTopusamu [I'pomuauna, 2020;
Liu et al., 2021b]. Ecau rpagocrpouTesibHasl IPAKTUKA IPeKIe ObLIa IPEUMYIIECTBEHHO
OPHMEHTHPOBAHA HA SKCTEHCUBHOE OCBOEHUE U yBEeJIMYEHUE ILIOMAIN 3aCTPOUKHU Oe3 T0JIZKHOTO
BHUMaHUs K OJaroyCTpOiCTBY, TO COBDEMEHHBIE Deasini TPEOYIT HOBBIX (MEHTAJILHBIX)
MIO/IXOJIOB K 30HUPOBAHUIO TEPPUTOPHUH IOPOJIa, OPHEHTHPOBAHHOIO HA Y€JIOBEKA, C OCOOBIM
AKIIEHTOM Ha peKpeanuoHHble ycuyru [Jing et al., 2021]. B cucreme dyHKIMOHATIBHOIO
30HMPOBAHUS TEPPUTOPUU PEKPEAIMOHHBIE 30HBI IPU3BAHBI 00ECIIEUNBATE OJIATOIPUATHY O
Cpemy ISl JKU3HEIEATETHbHOCTH YeJI0BEKA W BKJIIOUEHBI B MEPEUeHb 00sI3aTebHbIX 30H |Mac-
a06a v Kynpswuna, 2020]. YpbanusupoBanHas peKpealmoHHas cpeia hopMUpPyeTcs Mo,
BO3eiCTBHEM MHOXKeCTBa (haKTOPOB: COIUAIbHO-YKOHOMIUIECKUX, MeIUKO-OMO0IOTTIeCKUX,
IPUPOTHBIX U MATEPUATBHBIX |Boposcetixuna u dp., 2016]. TIpocTpaHCTBEHHO-BPEMEHHAST
CTPYKTyPa TOPOJCKUX PEKPEAMOHHBIX 30H OTPAXKAET CTENEHb YIOBJIETBOPEHUS IICHXOJIOTT-
YeCKUX MOTPeOHOCTeH JetoBeKa.

O tHO#t 13 HanbOIee AKTYATHHBIX HA IPOTSXKEHNN JIJTUTEILHOTO BDEMEHN B HAIIIEH CTpaHe
KOHIIEIIHI I'PAJOCTPOUTEIHHOTO PA3BUTHUS OCTACTCS JIaHAMAMTHAS KOHIEIIN, PACCMATPHU-
BAOIIAsi COBPEMEHHBIN IOPOJI KaK CHHTE3 apXUTEKTYPHOI 1 npupojaHoii cpenpt [Kouypos
u dp., 2024]. B pasBuTumM ropoJioB I0XKHOTO PErHOHa Pocchy mpociieskKMBatTCsl HEKOTOPHIE
JIEMEHTBI CXOJCTBA, MPOSABJISIONINECS B MHOIOOOPA3UU CXeM ILIAHHPOBOYHON OPraHU3aINN
TOPOJICKUX TEPPUTOPHUIA, JOMUHUPOBAHUY ONPEJIEJICHHBIX (DYHKIII, 3HAIUTETbHOM HHBECTHU-
[IMOHHOM IIOTEHIHAJIE PEKPEAIMOHHBIX PAOHOB, MOJIMITHUYHOM U HOJIUKOH(pECCHOHAIBHOM
cocrase Hacesenus u ap. [Aauesa u Oswunnurosa, 2020).

Peruonnt Cesepo-Bocrounoro Kaskaza (CBK) ornocarest K c1a60ypOaHU3UPOBAHHBIM
pernonaMm Poccun [3abypaesa u Kpacros, 2016]. CorsiacHO CTATUCTHYECKUM JIAHHBIM 110
coctogunio Ha 1 suBaps 2024 roja 107151 TOPOJICKOTO HACEJIEHUsT OT OOIIel IMCIeHHOCTH
B Yeune, Unrymernn n Jdarecrane cocrasasier 38%, 54% u 45%, coorsercTenno. Kpyn-
uoie ropoga Ceepo-Bocrounoro Kaskaza urpator KIIFOUEBYIO POJIb B PA3BUTUU PEKPEATNH
U TypHU3Ma, IIOCKOJIBKY B HUX COCPE/IOTOYEHBI OCHOBHBIE OOBEKTHI CONUATIBHO-KYJIBTYPHOIO
HACJIeJMsl U UHHOBAIIMOHHBIN MOTEHIUA) (MaTepuaJbHble, (PUHAHCOBBIE M MHTEJLIEKTYa b
HbIE PECYPCHI), HauboJjiee Pa3BUTa TPAHCIOPTHAL CETh, (PYHKIIMOHUPYIOT MEK Ly HAPOHbIE
aspomnoptel (['posusbiit (CesepHyiit), Marac u Maxaukasa), OTKy/ia PErYJISPHO BBIIOIHSIOTCS
pelichl IO MHOTUM HampasJeHusiM Poccun n 3apyGexna |Zaburaeva et al., 2023].

Iesb paborer — anan3 GYHKIMOHAIBHOTO 30HUPOBAHUS TEPPUTOPHIT KPYITHBIX TOPOIOB
Cepepo-Bocrounoro KaBkaza B KOHTEKCTE PA3BUTHSI PEKPEAIINN U TYPU3MA.

O0DbeKThI nccIeJ0BaHNS

AHaJIn3 COOTHOIIEHNS UCIIOIb30BAHIS TEPPUTOPUH IO [EJIEBOMY HA3HAYEHWUIO OCYIIECTB-
JISJICS Ha MarepuaJiax Haubosiee KpylHbix ajgmunucrparuubix nearpos CBK (I'posusbiii,
Haspann, Maxaukana). Beibop ropoga Haspanb o6yc/ioBieH TeM, 9TO OH MHOI'OKPATHO
[IPEBOCXO/IUT HBIHEIITHIOK CTOJIMILY PECIryOJIMKY 110 ILJIOMAU ¥ YUCJIEHHOCTH HacejeHus. Ha
3HAYUTEJHHYIO POJIb U CTATYC UCCIEIYyeMbIX IOPOJIOB YKA3bIBAET U TOT (PAKT, IYTO CBBIIIIE
1/3 uucnennocru Jui, padoraonux B opranusanuax Jeunu u larecrana, a TakKe OKO-
JIO TIOJIOBUHBI YMCJIEHHOCTH PabOTaloNUX B Opranu3aiusix VHrymeTnu, He OTHOCSIIINXCS
K CyO'beKTaM MAaJIOro IPEeIIIPUHAMATE]bCTBA, 33/I1eICTBOBAHBI IMEHHO B 9TUX [OPOIAX.
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MaTepI/Ia.TIbI n MEeTOoJKa HCCJIeJOBaHUA

BOHI/IpOBaHI/Ie TOPOACKHUX TeppI/ITOpI/Iﬁ BBITIOJTHEHO C y49€TOM 30H, OIIpeJIe/JICHHbIX Fpa;::o—

crpoutesbHbIM KogekcoM PO (2004). Ilo momuHHpyIOMEMY THUILY HCIIOIb30BAHUS BbIIEJICHbL:
JK7J1asi, OOIIECTBEHHO-EJIOBAs, PEKPEAIMOHHAS, IPON3BOICTBEHHO-NHKEHEPHAs, CEJIbCKOXO0-

34iCTBEHHAsI U 30HA CIIeIIaJIbHOI'O Ha3HaYCeHMI. ,B;.HH ITUX ueﬂeﬁ IIPUMEHAJINCH KOMOUHU-

POBaHHBIE METO/Ibl BU3YaJILHOIO U aBTOMATHU3UPOBAHHOIO JienPUPOBAHNUS TEPPUTOPHII,

I'IC-rexnomnoruit.

Kak noka3piBaeT MUPOBOI OIIBIT, T€ONHMOPMAIIMOHHBIE CUCTEMBI XOPOIIO 3aPEKOMEH/I0-
Bau cebsi B neHTUMUKAIMN TOPOJICKUX TIPOCTPAHCTBeHHBIX dhyHKIwmii [Chen et al., 2021;

Luo et al., 2023]. Kaprorpaduueckas pusyasnusanus ropojackux O3 umeer 6oJblioe 3Haue-
HUe Jiisi TOPOJACKOrO YIIPABJICHHsI, IPOEKTUPOBAHUS U yCTOWIUBOroO passurus [Fan et al.,

2021].

B kavecTBe HCXOHBIX JAHHBIX HAMU UCIIOJIH30BAJIMCH CHUMKHU B BUJIMMOM JIMANIA30HE CO
cuyruukos cepun LandsatTM/ETM ¢ npocrpancTBeHHbIM pa3peniedueM 15 M/ IuKceb 1 pas-

HOBpE€MEHHbI€ CHUMKHU CBEPXBBICOKOI'O IIPOCTPAHCTBEHHOI'O pa3pelleHuA 1 I\/I/HI/IKCB.HB7 npe-

craBjieHHbIX depe3 cepeuc Google Earth. Iyis Bepudukanum ucioib30Baauch myb/naHbe
K&JIaCTPOBBIE KAPTHI U IEHIJIAHBI HCCIeAyeMbIX roponoB. Kaprorpadbudyeckne obopmieHme
¥ KapTOMETPUUYECKHE OMEPAIUH 110 BBIYUCIEHUIO IIOMIAell TPON3BOIUINCH C IIPUMEHEHIEM

dyuximonaapabix BodmokHocTel ['MC-makera ArcGis 10.3. Jljist BbISIBJI€HHST JIECOMOKPBITHIX

TepPPUTOPUIl BBLIEIAINCh KPYIIHbIEe MaCCUBBI PACTUTEIbHOCTU C BBIYUCIECHUEM HOpMaJIH-
30BaHHOTO BETETAIMOHHOIO WHIEKCA B aBTOMATHYECKOM peXuMe 1o cHmMKam Landsat

C ImocJjie IyrommuMu BU3YaJIbHBIM ﬂ‘eIHI/I(pr/IpOBaHI/Iel\I u KOppeKTI/IpOBKOfI C OKOHTYpHUBaHUEM

MaccuBOB n Bepudukanueil mo canmram Google.

Pesynbrars

CymHOoCTh (QyHKIIHOHAJIBHOIO 30HUPOBAHUST TOPOJCKOH TEPPHTOPHH

O yHKITMOHAIBHOE 30HUPOBAHUE IIPEICTABIISET CODOI MPOCTPAHCTBEHHOE 000Cc0bIeHIE

(BbLIEICHNE) 30H (YKPYIIHEHHBIX YIACTKOB TEPPUTOPUHU TOPOJIA), OJHOPOIHBIX 1O IPUPOI-
HBIM XapaKTepUCTUKAM, (DYHKITHOHAJIHLHOMY HA3HAYEHUIO U PEXKUMY UCHOJIb30BaHus. [1o
HEKOTODBbIM mpejcrasienusM |Chin et al., 2024], dyHKIUHOHAIBHBIE 30HBI — 3TO YYaCTKA
TFOPOJICKON TEPPUTOPHH, KOTOPBIE IIPEJIOCTABIAIOT OIPE/ICIEHHYIO YCJIyTry Jubo HAbOp yCIIyT.
Kak mokasbpIiBaeT MHPOBOIi OIBIT, 3HAYEHUE PEKPEAIMOHHBIX YCJIYI B rOpojiax, 0CODEHHO

B KPYIHBIX METalnoJincax, 3HaTuTeabHo yenmmBaeres |Bdacklin et al., 2024; Wang et al.,

2022].

Anamms Hay‘lHOfI JIATEPATYPBDI, paCKprBaIOH_[ef/'I BOIIPOCHI @yHKU,I/IOHaJIBHOI‘O 30HHUPOBa-

HUsI TOPOJICKOI TEPPUTOPHH, JEMOHCTPUPYET MHOXKECTBO MOJIXO/IOB K Kiaccudukanun O3
B 3aBHCHMOCTH OT KPUTEPUEB WX BBIIEICHUS] — OT OOIIUX, MPEIYCMATPUBAIONINX BbIIEIEHIE

geThIpex 30H (cequTeOHOl, IPOU3BOACTBEHHON, KOMMYHAIbHO-CKJIAICKONR U 30HbI BHEIIHErO
TpaHcnopTa) [Apzumexmypa u epadocmpoumenvcemso. Inyuraonedus, 2001], mo Gosee
JEeTaJIu3UPOBAHHBIX, BKJIIOYAIONINX JIBEHAIATH TUIIOB 30H HA OCHOBE YY€Ta MPUHIUIIOB

rpajocrpouresbersa u ap. [latumapdanosa, 2020].

B sapybexubix nccnenopanusx [Liu et al., 2021a; Yang et al., 2023] B coorBeTcTBIN

C XPOHOJIOTHIECKUM TOPSIKOM U COJEPZKAHUEM BBIIEJSIIOT NATh OCHOBHBIX METOJIOB: TPau-
[MOHHBIH (HA OCHOBE CTATHCTHUYECKUX JIAHHBIX, SKCIEPTHBIX 3HAHUN U Jp.), AaHAJNU3 IJIOTHO-

CTH, KJIACTEPHBIN aHaJN3, METOJ PACITUPEHHON CTPYKTYPhI U MOJIEJIMPOBAHUS TJIYOOKOTO

obyIeHmsI.

TI'eoypbarncruaeckue nporeccer Ha CeBepo-Bocrounom Kaskase

Uccmenyembre ropoga CBK mpomo/mKamoT cTpeMUTeIbHO PACTH U JUHAMUYHO DAa3BU-
BATbCsl. 3a IMOCJIeIHUE TPU-YeThIPEe JIEeCSITUIETHsI IIOMA L 3aCTPORKN 31eCh 3HAUUTEIHHO
YBEJINYMJIACh. AHAJIM3 JUHAMUKY 3aCTPOEHHBIX 3eMejib B ['posnom, Hazpanu u Maxaukaiie

B nepuoy; 1986-2023 rr. BBIABUII UX 3HAUYUTEJIBHBIN POCT, YBEJINIUIACH TAKyKe U INCJIEH-
HocThb Hacestenus (tabir. 1). Poer uuciennoctu Hacesenusi 00YCJIOBIEH KAK MUTDAIIMOHHBIME

npoleccaMu, Tak U €CTEeCTBEHHbBIM IIPUPOCTOM HaCEJICHU.
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Ta6mmma 1. /IuramMuka 3acTpOeHHBIX 3eMelb B ropogax Cesepo-Bocrounoro Kapkasza B 1986—2023 rr.
2
(xm?)

VYBesmuyeHnue

Toner NE . %

“ 5 =
- S W .
5 EE3
< gz ¥

Topon, g S B

1986 1998 2006 2015 2023 g = g

=]

1 2 1 2 1 2 1 2 1 2 =

I'posnbIit 102 - 111 - 112 218 127 287 158 332 56 114
Maxaukama 38 289 57 335 75 466 111 583 119 623 81 334
Hazpanb 19 - 27 76 29 128 41 109 44 124 25 48

HpHMeanHe: «—» — HeT NaHHbIX; 1- IIomaJab 3aCTPOEHHBIX 3€MeJIb; 2 — YHCJIEHHOCTH HACEJIEHUS Ha KOHeI[

roj1a.

HawubGoJsiee akTHBHBIE TEMITBI 3aCTPOMKHU BO BCEX TpexX ropojax 3adukcupoanbl ¢ 2015 1.
o Hacrosiiee Bpemsi. [opojickast 3acTpoiika B mpejesax Maxadkaiibl, OTINYIAIONIASICT OT
I'poznoro u Hazpanu najamdauem mpubpeKHON 30HBI, UMEET CBOU CHenupUIECKUe IePTHI.
3ech IIOIIA M 3aCTPOEHHBIX 3€MeJib yBEJUYUINCh B OCHOBHOM 33 CYET MaJIOdTaXKHOMI
(1-4 sraxa) 3acTpoitkn, IPOTAHYBIIelcst Baoub Kacnuiickoro mobepexkbst. I'po3HbIii BbIIE-
JISIETCSI TE€M, 9TO 3a MOCJEIHIE HECKOJIBKO JIET 0COOEHHO aKTHBHO 3/1€Ch HAYATA PEeaIU3aIlHs
IIPOEKTOB [0 CTPOUTEIHCTBY MHOTOITAXKHBIX (70 18-25 9rakeil) KUIBIX KOMILJIEKCOB.

Ananus quaavmukn 1wiomnaeiit @3 Ha ocHOBaHUU JIeNMTU(MPUPOBAHUST KOCMOCHUMKOB
3a nepuon 2015-2023 rr. B ropomax ['posmsiit, Hazpanr u Maxadkasa meMOHCTpUDPYET
pan ocobennocreii (puc. 1, rabs. 2). B T'po3HoM 3a 9TOT 1epuo, yBeJIUIUIUCH [LIONIAIN
xuoit (¢ 24,2% no 29,1%), obmecrsenno-aenosoit (¢ 1,6% mo 2,9%) u npoussojcTBEHHO-
nmkeneproit (¢ 18,4% mo 22,6%) 3om. Ilnomans peKpearumoHHO# 30HbI, HATIPOTHUB, COKPATH-
aacw (¢ 27% mo 20,2%).

Tabmuma 2. Junamuka GyHKIMOHAIBHBIX 30H B I'po3nom, Maxaukase n Hazpanu B 2015-2023 rr.

3 I'po3zubrit Hazpans Maxaukama
OHBbI

2015 2023 2015 2023 2015 2023
Kuas 24,2 29,1 28,4 33,5 21,0 23,4
Obmectsento- 1,6 2,9 1,6 2,0 1,1 1,6
IIesIoBast
Ipoussoncrsero- 18,4 22,6 5,4 6,2 6,5 6,0
I/IH}KeHepHaﬂ
Pexpearmonnas 27,0 20,2 2,7 3,7 9,1 13,1
Ceanexoxossii- 24,6 20,7 61,5 53,7 62,2 55,6
CTBEHHAA
Crenasssoro 4,2 4,5 0,4 0,9 0,1 0,3
Ha3HAYECHUA
Uroro 100 100 100 100 100 100

OTuacTu 3TO0 06YCIOBIEHO COKpAIEHNeM <«3eeHOi 30HBI» Ha I0To-3aIaje TOPOJA.
Kpome Toro, Kak oTMedasioch BbIle, B I'DOZHOM pa3BepHYThI MacHITaGHbIC paOOTHI 110
CTPOHUTENLCTBY YKUILIX KOMILIEKCOB, BBOJSATCS B 9KCILIYATAIINIO HOBble OOLEKTHI JIOCYTa,
(TOproBble KOMILIEKCHI, pecTOpaHbl, Kade U JIp.) U Pa3BUBAETCS TPAHCIOPTHAS UHMPACTPYK-
typa. B Maxaukase n Hazpanu quHamuka okasajiach He CTOJIb OILyTuMOiL. B 0bonx ropomax
BBISIBJIEHO HE3HAMMTENbHOE yBeauderne jon Kuioit (¢ 21% mo 23,4% u ¢ 28,4% 1o 28,7%)
u obmectserno-nenosoit (¢ 1,1% mo 1,6% u ¢ 1,6% mo 1,8%, coorBeTcTBEHHO) 30H.
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Puc. 1. @yHKipoHaIbHOE 30HUPOBAaHUE ropoACcKux teppuropuii I'posunoro (A), Maxaukaiusl (B)
u Haspanu (B): 2015 r. (caesa), 2023 r. (cupasa).

Kaprorpaduieckas Busyasmsaius ropoackux 3emenb Hazpann oTparkaeT IPUMbBIKAHNIE
OCHOBHOT'O apeaJjia PACcCesIeHns K I02KHOI OKpamHe TOPOJa, a BCIO CEBEPHYIO YaCTh 3aHUMAET
CeJIbCKOXO03siicTBeHHas1 30Ha. B I'pozHoM m MaxaukaJjie 30HBI ILJIOTHEE IIPUJIETAIOT JIPYT
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K JIDYT'y U TOPOJICKHE TEPPUTOpPUN 0OoJiee T'yCTO 3aCTPOEHBbI. 3/1eCh W IIOTHOCTH HaceJe-
HUS 3HAYUTEIbHO BbIle, veM B Haspanu. YuciieHHOCTH HAaCeIE€HUS BO BCEX TPEX TOPOJIAaX
YBEJIMYUBAETCS 3a CHET BBICOKOI'O YPOBHSI €CTECTBEHHOI'O IIPUPOCTA.

B nacrositiiee Bpemst B cTpyKType 3emMenbHbIX doumoB Maxaukasst u Hazpann momMunm-

PYIOT cesibcKoxossiiicTBennble 3emitn (55,6% u 53,7%, coorsercrBento), a B I'poznom — 3emin
skuitoit 30861 (puc. 2). Xora 3a nepuog, 2015-2023 rr. Bo Bcex TPEX UCCIEAYEMBIX MOPOIAX
IIPOM30IILJIO COKpalleHne ux moiaeit. B Haspann u Maxadkaje 3a paccMaTpuBaeMbIil 1e-

PHOJ[ CTPOUTENIECTBO OObEKTOB (PKUJIBIX, IPOU3BOJICTBEHHO-X03ICTBEHHBIX, TPAHCIOPTHBIX
U JIp.) B OCHOBHOM OCYIIECTBJIAJIOCH 38 CUET CEJIbCKOXO3sHCTBEHHBIX 3€MEJIb.

%
60

50
40

30

20,2
20 13,1
3,7
10

Tpoznsrit Haszpaus Maxauxkana

B Kunas

B OOmIecTREHHO-CTOBAS
IIpon3RosicTBEHHO-
HH)XEHEpHas
Pexpeannonnas

B CelncKoXo3gicTBeHHas

B CrienuaJIbHOTO
Ha3HAYEHHS

Puc. 2. Coornomenne GpyHKIMOHAIBHBIX 30H B ['posnom, Haspauu nu Maxaukadie.

IpoussoacrBenHO-uHKeHepHaga 30Ha ['posnoro (22,6%) 3HaunTe/bHO OBIIUpPHEE 110
cpasrenuto ¢ Haszpanbio (6,2%) n Maxaukasoii (6,0%) 3a cuer o6bekToB HedTEM06bIMU

U TPAHCIIOPTUPOBKH YIJIEBOAOPOIOB. SHAUMUTEIEH 3/1eCh U 0TBOJ 3eMedb (4,5%) nyist 30HbI
PEXXHUMHBIX O0BEKTOB CIIEMUAILHOTO HAZHAYEHUsI, BKJIIOUAs MEKIyHAPOIHBIN a3pOIopT

«I'po3HbIit».

Joms pexpeanuonnoit 30ue1 B I'posunoMm 3a nepuon 2015-2023 rr. coKpaTHIach U COCTaB-
aser 20,2% or obmeit mromaam ropoga. Hesnaunrensno sta 30Ha yBenmanitach B Hazpann —
na 0,5%, a B Maxaukase — Ha 4%. O6beKTBl peKpeallmoHHOr0 Ha3HAYEHUsI B 3THX IOPOJax

COCPEJIOTOYEHBl U B TPAHUIAX OBIIECTBEHHO-/IEIO0BOM 30HBI (Kade, pecTopaHsl, TOProBo-
pasBiieKaTesbHble KOMIUIEKCHI U JIp.). HecMOTpsi Ha BBISBIEHHYIO Pa3HOHAIIPABJICHHYIO
JUHAMUKY PEKPEAIMOHHON 30HBI B UCCJIEIyeMbIX ropojiaX, B ['po3HOM OHa 3HAYUTEILHO

Gosbie, yem B Haspanu (3,7%) u Maxaukase (13,1%). C dusuko-reorpadbuuecknx mosumuii
9TO BIIOJIHE OODBACHUMO: CTOJIHUIA JeUHN PACIIOJIOKEeHa B CBOEODpa3Hoil KOT/IoBuHE, a Maxad-
KaJia, Kak u coceauue ropoga Kacnuiick, Vz6epbart, /lepbeHT — B IpuMOpPCKOil HU3MEHHOCTH

C 6JIaFOHpHHTHbIMI/I ycaoBudaMM Jjisl CAHATOPHO-KYPOPTHOI'O CTPOUTEJ/IbCTBa U PEKpealluu

nacenenusi. [opox Haspaub pacmosioyken Ha 3amajie MperopHoil paBHIHBI ¢ aOCOTIOTHBIMHI

ormeTKamu cBbimre 500 M HaJl yPOBHEM MODSI.

PereaL[I/IOHHbIG 30HBbI UCCJIEIyEMbIX I'OPOJI0OB HapsAdy C O6L[H/IMI/I (HapKI/I, Ca/ibl, BO/IOE€MbI,

POPOJICKHUE JIeCa U JIP.) UMEIOT U OTinduTebHble ocobennocTr. Crenuduka peKpearmoHHbIX
30H MaxadukaJibl B cpaBHeHUH ¢ ropojamu ['posubiit 1 Hazpans 3akiodaercs B HaInInn

POPOZICKUX IIIsizKed (puc. 3).

B I'poznom rHanbosiee n3Ii00€HHBIM MECTOM TYPUCTOB M MECTHBIX YKHUTEJIE SBIISeTCS
kpynueiimmit B EBpore pesnrnozno-kyabrypublit nentp «Cepne YedHns, BKIIOYAIONTNT
MmedeThb, Poccuiickuit cramckumit yauepcurer nMm. Kynra-XaJKu 1 JIyXOBHOE YIIPABJICHUE
mycyabMan euerckoit Pecriybimku (puc. 4). 37ech NPAKTUUECKN He TPEKPAITAETCsI U TIOTOK

[IAJIOMHUKOB Kak u3 poccuiickux peruonos (Kabapauno-Basnkapus, Tarapcran, Kapauaeso-
Yepkecus u ap.), tak u u3 Caynosckoit Apasuu, Typrun, Nopaanuu u gpyrux crpas.
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Puc. 3. Pekpeanmonnas 3oma r. Maxaukassi, uoanb 2024 r. (doro Y. III. abypaesa).

B manupoBaHuuM ropoJICKUX TEPPUTOPUI BayKHAsI POJIb OTBOJIUTCSI JIECHBIM HACAYKJIE-
HUSIM, UMEHYEMbIM 3€JICHOH MHMPACTPYKTY POl WK 3eJIeHbIM TosicoM. KpyTHbie ropojia, Kak
[IPAaBUJIO, XAPAKTEPU3YIOTCsI IJIOTHOM YKUJION 3aCTPOMKON M HEIOCTATOYHBIM O3eJIeHEeHHEM,
YTO CHUZKAET WX PEKPEANMOHHYIO NEHHOCTD |Bdcklin et al., 2024]. Mexy Tem roposckast
3esieHast MH(MPACTPYKTYPaA BBIMOJHSIET PsiJT BaskKHEHHX (DyHKINNA: peKpearioHHbIe YCIyTH,
9KOCHUCTEMHBIE YCJIYTH, COXpaHeHne 6uopasHoobpasust [Breuste and Artmann, 2020; Wang
et al., 2021], cnocoberByeT noazepKanuio Gananca B ypooskocucremax [Chen et al., 2021],
obecrieunBaeT 0YeBUIHBIN oxJaKpaomuii addexr [ Varentsov et al., 2023]. Urobbl ymosie-
TBOPUTH PACTYIIUI CIIPOC TOPOJICKUX YKUTEJIe HA PEKPEAIMOHHOE MCIIOJIb30BAHNE TOPOJICKIX
3€eJIEHBIX [IPOCTPAHCTB OCHOBHAsI (DYHKIIUS 3€JIEHBIX IT0SICOB, HAIEJIEHHBIX Ha YKOJIOTHYe-
CKYIO 3aIlUTY, TPaHCHOPMUPOBAJIACH U3 CYyTy0O IKOJIOIMIECKON B COYETAHUE FKOJOTTIECKOM
u pekpeanuonnoit [Zhao et al., 2021].

Hamwu uccienoBanust 10 JIUCTAHIIMOHHBIM JaHHBIM Ha 2022 I. OKa3aJ/Ii, YTO 110 YPOBHIO
03eJIeHeHUsI TEPPUTOPHUU UCCIIElyeMble TOPO/ia B 3HAYUTEIBHON crenenn audepeHimpoBaHbl
(puc. 5).

MuHuMaJbHasl CTeleHb o3esieHeHus: (MeHee 1% or obimedi 1wromaau) oGHapy»KeHa
B Haspanu. 31ech 0TCyTCTBYIOT KPYITHBIE TPOMBINIJIEHHBIE TIPEIIPUATUSI, B 3arPS3HEHNN
BOBZYIIHOTO OacceliHa 3HAYUTEIBHYIO POJIb UrpaeT aprorpancrnopt. B Maxaukase na mosto
JIECOTIOKPBITOMN IIJIOMIAH TIPUXOIAUTCsE OKOJI0 6 % Teppuropun. [lpuMedaresibHO, 9TO BO BCEX
TpexX ropojiax JieCHbIe COOOIECTBA IPEICTABIEHBI 000CODIEHHBIMI «OCTpOBKaMuy. B ['poznom
[OKPBITHIX JIECOM 3€MeJIb 3HAYUTesIbHO Godibine (0Ko10 17%), olHaKo pacupocTpaHeHbl OHK
HEPABHOMEDHO U COCPEIOTOYEHBI IIPEUMYIIECTBEHHO Ha Iore ropoja (B «3e/ieHoil 30He» ).

B kauecTBe 3pHEKTUBHONO MHCTPYMEHTA B YJIYUIIEHUU CJIOXKUBIIEACS] CUTYAIIUN B O3€-
JIEHEHUU MOXKET TIOCJTYKUTh CO3JIaHUE MTPUJOPOKHBIX 30H KYCTAPHUKOBOI PACTUTEIHLHOCTH
U TOCAJIOK JIEPEBBEB, HE MPUXOTJIUBBIX K KAYeCTBY armMocdepHOro Bo3jayxa. Ilpu cHoce
BETXOI'0 W aBapUIHOIO XKUJIbs HAa MX MeCTe Iejiecoo0pa3Ho pa3duBaTh IMapKU U CKBEPHI,
a BEPTUKAJBHOE 03eJIeHEHHEe CTeH BBICOTHBIX JIOMOB C OBICTPOPACTYIIUMMHE JIHAHAME (IO IIPH-
Mepy MHOIUX I0XKHBIX [OPOJOB EBpPOIIbI) U yCTPORCTBO 3€JIEHBIX Teppac HA BEPXHUX TAZKAX
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Puc. 4. Typucrst Bozse Bxona B Mederh «Cepane Yeunn», asrycr 2024 r. (doro X. I11. Babypaesoit).

CITOCOOHBI JTOCTATOYHO OBICTPO U 3PPEKTUBHO MPEOOPA3UTH 3€JTIEHBIN «HAPSI> KPYITHBIX
ropomos CBK.

B coBpeMeHHBIX yCJI0BHSX OBICTPOTO POCTA ITUX IOPOJIOB Ba’KHO 0OECIIEINBATH MHOT000-
pasue 30u pekpeanuu. K mpumepy, MojiepHu3aIys MapKkoB, CKBEPOB U JIPYTUX PEKPEATTNOHHBIX
MPOCTPAHCTB C HACBIIEHNEM UX HOBBIMU (DYHKIIMOHAJIHHBIMU 30HAMH MOXKET CTATH OJITHAM
n3 GakTOPOB UX OoJiee YCTONIMBOTO Pa3BUTHA. Y UNTHIBasi YHUKAJIHHOE STHOKYIBTYDPHOE
1 s13bIK0BOe MHOToObpasue pernonos Cesepo-Bocrounoro Kaskasza [Zaburaeva, 2024, B mwia-
HUPOBAHUM OOIIECTBEHHBIX TPOCTPAHCTB U PA3BUTHH PEKPEAIMOHHBIX 30H CIMTAEM BEChMa
[EPCIEKTUBHBIM BHEJIPEHUE 3JIEMEHTOB KPEATUBHBIX JIMHIBUCTUIECKUX (A3bIKOBBIX) JIAH]I-
madTOB, AKTUBHO N3YYIAEMbIX B HACTOSINIEE BPEMs U TPAKTYEMBIX B KAUeCTBE COBOKYIITHOCTH
CUMBOJIOB WJIM TEKCTOB B OOIMIECTBEHHOM TIpocTpaHcTBe Topoga [Nie and Yao, 2022; Sun
et al., 2024].

3akJroyeHue

Opranuzarus IOJTHOIIEHHONW PEKPEAlMOHHON Cpejibl B TOPO/AaX MpeJcTaBiasgeT coboit
CJIOKHYIO U TPYJAO0EMKYIO 33/a49y C YIeTOM 3aKOHOMEPHOCTEH B3anMOJICHCTBUS TPUETNH-
CTBA <«4€JIOBEK-IIPUPOIA-APXUTEKTYPa». YIIpaBjieHne ypOOIKOCUCTEMAME IIPE/II0JIATaeT
KOMILJIEKCHBIN TIOJIXOJ] HA OCHOBE YPOOIKOMMATHOCTUKM C IIEJIBIO JOCTUYKEHUs] IKOJIOTO-
IPaJI0CTPOUTENBLHOTO Gastanca Teppuropun [Hseawkuna u Kowypos, 2019]. To ectb B n071-
TOCPOYHOI ITePCIIEKTHUBE CJIEIYET OPUEHTHPOBATHCS Ha WHHOBAIMOHHBIE MOJIEN PA3BUTHS
¥ 9KOJIOTUIECKHU OoJiee cOATAHCHPOBAHHOE PEKPEAIMOHHOE IIPUPO/IOTOIb30BAHNE.

Ouenka reoypbanucruueckux mnporeccoB Ha Cerepo-Bocrounom Kaskase ¢ ucmosib3o-
BaHMEM MATEPUAJIOB JMCTAHIIMOHHOTO 30HupoBanust 3emyin u ['VIC-TexHosiornit BuIIBUIIA
pan ocobennocreit. 3a nepuog 1986-2023 rr. B kpyunbix ropogax (I'posubiii, Maxaukasa,
Haspanb) npounsores1 3Ha9uTeIbHBIN POCT ILIOMAIeH 3aCTPOCHHBIX 3eMeb. Bo Beex Tpex ro-
po/lax caMble aKTUBHBIE TEMIIBI 3acTpoitku oTMedeHbl ¢ 2015 r. Haubosbmuit pocT mrormaaeit
3aCTPOEHHBIX 3eMesb 3adukcnposan B Maxadkase n ['posuom. [Ipu aTom oHm oTImIaroTcs
XapaKTepoM TOpoJIcKoil 3acTpoitku. Tak, ecou B MaxadkaJe 3TOT POCT ITPOU3BOIIIENT TPEUMY-
IIIECTBEHHO 3a CYeT MAJIOITAXKHOI 3acTpoiiku B0 ib Kacnuiickoro mobepexkbsi, To B ['poznom
AKTUBHO PEAJIM3YIOTCs IIPOEKTHI IO CTPOUTEIHCTBY MHOTIOITAXKHBIX 2KHUJIBIX KOMILJIEKCOB.

Ananuz gunamMuku QyHKIMOHAIHLHOIO 30HUpOBanus ['posnoro, Maxaukanasl u Hazpa-
HU [0 Pa3/ITYHOMY I1eJIEBOMY Has3HadeHHUIO B repuoji 2015-2023 rr. BhISIBUI yBeJIMYEHUE
ILJTOTIAIN KIJIBIX 30H U OOITEeCTBEHHO-Ie/I0BbIX 30H. B Maxaukasme n Hazpanu ne3naunTeb-
HO PaCIIUPUINCh PEKPEAITMOHHBIE 30HBI, OJTHAKO B | DOZHOM OHA, HAIIPOTUB, COKPATUIACD.
B crpykrype dyHKImoHaIbHBIX 30H Maxadkaybl 1 HaspaHu HOMUHUDYIOT 3eMJIH CEJIbCKO-
XO3gWCTBEHHOIO Ha3HAUYeHUs, a B ['po3HOM — Km0l 30HbI. Ha /10110 peKpeamonHoil 30HbI
B ['posnom npuxomuTest smmb okosio 20% or obmieil miomaam ropojia u pacipeeseHa OHa
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(a) (6)

()

Puc. 5. Pacnipeesienne neconokpeiThix 3emensb B I'posaom (A), Haspanu (B), Maxaukane (B).

KpaifHe HepaBHOMEDHO (IIPenMyIIECTBEHHO Ha foro-3anaje). Eme 6osee HebiaronpusiTHast
curyanus B Maxaukase n Haszpanu, rje peKpeallioHHasl 30Ha 3aHUMaeT Beero Jjumb 13,1%
n 3,7% TOPOJICKON TEpPUTOPUH, COOTBETCTBEHHO.

OreHKa YPOBHST 03€JIEHEHUST MCCJIE/LyeMbIX TOPOJIOB IMOKA3aJ1a, YTO HAUMEHEE 3eJIEHBIM
okazascst ropoy, Haspanb (meree 1%). B Maxaukase TakKe JIECOMOKPBITHIX 3€MeJIb COBEP-
nreHHo HegocTarodHo (6%). osist JIECOIOKPBITHIX 3€MeJIb [0 Pe3yibraTaM AeindpUupOBaHUs
B I'posznom cocrasiger okoso 17% or obimell miomaim ropoza.

Takum obpazom, jijist bosiee ycroityuBoro passutusi KpynHbix ropogos CBK reobxo-
JIMM KOMIIJIEKCHBI TTO/IXOJT, K UX ONTUMI3AIMN TTOCPEICTBOM DETYJINPOBAHUS COOTHOIIEHUS
bYHKIIMOHAJIBHBIX 30H, 3€JIEHBIX HACAXKICHUI U WHBIX MEXAHU3MOB.
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Coornomrerre (hyHKIIMOHATBHBIX 30H, [IOJIATAEM, CJIEJYET OITUMU3UPOBATDL B CTOPOHY
YBEJUYIEHNsI PEKPEAINOHHBIX 30H, YUATHIBAS €CTECTBEHHBIN IIPUPOCT HACEJIEHUsI, II0JIO-
KUTEJIBHOE CAJIBJI0 MUTDAIUU U JIUHAMUKY YCTOWYIUBOIO POCTa TYPUCTUIECKOTO MOTOKA
B HCCJIe/IyeMble IOpOJIa.

B Maxaukase u Hazpamn 310 MOXKeT OBITH peam30BAHO MOCPEICTBOM COKPAIIEHUST
JOMHUHHPYIONIEN TO TITOMAIN CeTHLCKOXO3IHCTBEHHON 30HbI. TaKKe B 9TUX FOPOJAX CJIEIyeT
OPUEHTHPOBATHCsI Ha 6ojiee paBHOMEDPHOE pacipejesieHue ILIONAJIell PeKPealluOHHbIX 30H
B TIpejiesiaX TOPOJCKUX T'PAHMUIL, TOCKOIBKY 3Ta IMpobeMa HanboJiee BhIpaykeHa, eM B ['pos-
HOM. XOTS ¥ 37[eCh OHA aKTyaJbHa, OCOOEHHO JJIs IeHTpabHoi yactu. B I'poznom mapsimy
C CEeJIbCKOXO3sIICTBEHHBIMU 3€MJISIMU B IIEPCIIEKTUBE MOTI'YT OBITh UCIIOJIb30BAHBI 3€MJIU
[IPOU3BO/ICTBEHHO-TH2KEHEPHOIT 30HBI. Be3yC/I0BHO PacCInThIBATh HA IIOJIHYIO U MI'HOBEHHYIO
JIMKBUIAINAIO HEDTIHON OTPaC/iA 3/1eCh HE IIPUXOJINATCH, OHAKO €€ POJIb B PETHOHAJIBHOM
9KOHOMUKE IIOCTEIIEHHO OcjiabeBaeT. B «uiease» Ha JIOJI0 PEKPEAIMOHHON 30HBI B 9THUX
roposIax JIOJIKHO OTBOAUThCs He MeHee 40% reppuropun [3abypaesa u Kpacros, 2016].

Jpyroit BaxKHeHInii *HCTPYMEHT OINITHUMHU3AINNA PEKPEAIINOHHBIX 30H B UCCIIEIYEMBIX
ropojilax — O3eJIeHeHWe, BKJoUYas BepTuKajbHOoe. HeobXxoauMo 3HAYUTETBHO PACIINPATD
JIECOIIOKPBITHIe Teppuropun B Maxaukaje u Haszpanu. B I'posHom curyarusi He CTOJIb
KPUTUYHA, OJHAKO B CBHA3U CO CIENU(MUIECKIME IKOJIOTO-reOMOPGMOTOrTIeCKUMHA YCIOBUSI-
MU (pacCIIOJIOKEH B CBOEOOPA3HOI NPEIrOpHOil KOTIIOBIHE) YyPOBEHb O3EJEHEHHOCTHU 3/16Ch
[IPEJICTABJISIETCS BEChbMa 3HAYUMBIM (hakTOpoM. [10CKOJIBKY OCHOBHOII MACCUB 3€JIEHBIX Ha-
CayKJEHNI COCPEIOTOYEH Ha [ore, HeOOXOIUMO HAPAIINBATH TEMIIBI O3€JIEHEHUS BCEX PAlOHOB
roposa.

Buaromaproctu. VcciieioBanue BBIIOTHEHO 3a cdeT rpanta Poccuiickoro nayanoro dhoma
(mpoekT Ne 23-17-00218 «DKoa0rudecKuil Typu3M U PEKpeanuoHHOe IPUPO/IOI0Ib30BaAHUE
Ha Cesepo-Bocrounom Kagskaze ).
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The article presents the results of comparative analysis of the main geourbanistic processes in the
North-Eastern Caucasus. Modern concepts and approaches in the works of Russian and foreign
researchers to the functional zoning of urban areas as the most important tool for their regulation
and management are revealed. The period 1986—2023 reveals a significant increase in the area of
built-up territories in large cities. The most active rates of construction occurred in Makhachkala
and Grozny. In the larger cities considered in the article, the last decade has seen an increase in the
area of residential and public-business zones. The current structure of land funds in Makhachkala
and Nazran is dominated by agricultural land, while Grozny also has a high share of residential
area. It is shown that the areas of recreational zones in the cities under study are insufficient
both to meet the recreational needs of residents and for the development of tourism. It is proved
that it is necessary to increase the area of recreational zones at the expense of agricultural land,
and in Grozny also by reducing the industrial-engineering zone. Assessment of the areas of urban
forested territories and their cartographic visualization revealed an insufficient level of greening
and uneven distribution of forest areas. Very low level of greening was found in Nazran (less than
1%) and Makhachkala (6%). Taking into account the identified features and trends in the ratio
of functional zones in large cities of the North-Eastern Caucasus, recommendations are given to
optimize functional zoning by regulating the ratio of functional zones, green spaces, including
vertical landscaping, introduction of elements of creative linguistic landscapes. Special attention is
paid to providing a diversity of recreational areas.
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