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Abstract: The paper presents new results of an investigations of the cyclic currents of the Azov
Sea. Using offshore and onshore surveys at buoy ADCP-stations the separation of the characteristic
features of water transport in different areas of the Taganrog Bay was shown. Expeditionary observa-
tions showed that despite of the drift-gradient nature, the resulting current has the direction of the
Don runoff current. Direct coastal measurements showed that the runoff current significantly pre-
dominates on the spits of the southern coast of Taganrog Bay. Seiche pulsations manifest themselves
as a two to three-hour slowdown of the main flow at diurnal intervals. The division of the areas of
the Taganrog Bay according to the trajectories of water movement is noticeable. The eastern part has
a predominantly river regime of water circulation. In the central part the meridional component of
seiche currents plays an important role in water mixing. The marine regime of water mixing prevails
in the western part of the Taganrog bay. Test calculations show that the classical tidal analysis
program T_TIDE is applicable with caution for the Sea of Azov. The visually observed diurnal and
semi-diurnal sea level rises represent a superposition of waves of different natures. The results of the
work correspond to the known patterns of energy exchange between the atmosphere and the ocean.
Even weak winds lead to the development of wave processes at eigen frequencies close to tidal ones.
Increasing winds contribute to the intensification of wave fluctuations and significant transfer of

water during strong surges.
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1. Introduction

The Azov Sea is the most remote inland sea in Eurasia. It is maximally isolated from
the Atlantic Ocean, the basin of which it is part of. Tidal phenomena in their traditional
form are indistinguishable here. Level fluctuations are caused primarily by the forcing
effect of the wind field. As a result of the interference of the oncoming surge waves and
the reflected surge waves, standing waves are formed — seiches. Under the influence of
the Earth's rotation, they are strongly deformed and form a system of seiche currents and
level fluctuations — an amphidromic region [Zhukov, 1976]. Seiche amphidromic systems
are manifested both in cyclic changes in sea level and in current directions [Matishov and
Grigorenko, 2023]. The eigen frequencies of the basin's oscillations are close to tidal ones.
Numerous experimental observations show an obvious cyclicity of the diurnal and semi-
diurnal periods, which can be explained primarily by meteorological factors [Kurchatov,
1925].

It is known that diurnal and semi-diurnal level maximum consist of many single
components, which are formed due to different mechanisms. High-resolution spectral
analysis shows significant influence of radiative tides in the tidal frequency range. It is
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believed that radiation tides in the Sea of Azov are formed under the influence of breeze
circulation [Korzhenovskaia et al., 2022]. However, the regularity of harmonics characteristic
of tides is disrupted by the action of wind. Similar water level dynamics are observed
in other water bodies, for example, large lakes [[vanov et al., 2019]. How closely are the
seiches of the Sea of Azov related to the tides? The work also sets the task of separating
cyclical fluctuations in sea level (seiches) from forced ones (surges), and thus calculating
the magnitude of surges without the influence of seiches.

2. Materials and methods

The work is based on the results of the Southern Scientific Centre of the Russian
Academy of Sciences expeditionary investigations. Researches in the Azov Sea was carried
out using a Doppler current meter Aanderaa RCM 9 LW. The frequency of the instrument's
acoustic signal is 2 MHz, which allows the high-precision measurements at shallow depths.
The discreteness of recording environmental parameters is adjusted by the operator from
30 s to 2 hours. During this period of time, the recorder sends 600 pings and makes one
record of an average measurement with a quality mark. The current meter is additionally
equipped with temperature, salinity and pressure sensors. Measurement data with a period
of 30 min wer used in the work.

Measurements were carried out on board the R/V Deneb in May 2018 (one station)
and December 2021 (five observation stations) Coastal survey data were used on the spits
of the southern coast of Taganrog Bay — Chumburskaya and Sazalnitskaya in May and
August 2023, respectively. Totally, the results of the current parameters measurements at
eight stations in the Taganrog Bay of the Azov Sea were used to analyze water transport

Data from coastal water-level meters in the cities Temryuk, Yeisk and Donskoy village
for 2021 were used to calculate seiche parameters. The estimation of seiches part in the
amplitude of surge level fluctuations was assessed using the classical harmonic analysis
package T_TIDE, implemented in the Matlab environment [Pawlowicz et al., 2002]. A set
of algorithms collected in the package allows to analyze data for periods up to a year,
taking into account specific tidal components using nodal corrections within established
confidence intervals. The list of tidal components includes 45 astronomical and 101 shallow
water components. In the general case, an automatic selection of the closest component
algorithm is used. It is possible to manually set the most characteristic oscillation period.
The isolation and relatively small size of the Azov Sea lead to the formation of oscillatory
systems at different frequencies for different areas of the sea and their mixing. This
specificity forces us to use the most general settings of the T_TIDE package without
specifying specific frequencies of water level oscillations. For the calculations, data of the
water level during a strong negative water setup (06.10.2015 — 06.11.2015) and positive
water setup (01.12.2021 to 31.12.2021) were used. Changes in water level in the Don Delta
are compared with the seaward part of the Taganrog Bay, which is not directly influenced
by the Don runoff (Yeisk from May 1 to June 30, 2021). Algorithms of the T_TIDE package
constructed a spectrum of water level fluctuations in the village of Donskoy and the city of
Temryuk, taking into account and without taking into account cyclic changes.

3. Results and discussion

Previous studies have revealed in detail the role of seiches in the Azov Sea [Matishov
and Grigorenko, 2023]. Basing on long-term databases of expeditions and coastal water-
level meters, it is shown that this is a widespread, regime-forming phenomenon. There
is also given an estimation that the direction of the current will change in 12 to 24 hours,
regardless of the wind field. The most typical vector-progressive diagrams of currents
(Figure 1), constructed according the expeditionary data of the R/V Deneb, show that
despite of the drift-gradient nature, the resulting current has the direction of the Don
runoff current.

It was expected during planning the research that in the distal parts of the spits a
cyclic alternation of the direction and speed of currents should be observed [Matishov et al.,
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Figure 1. Vector-progressive diagrams of currents off the coast of the Sazalnitskaya Spit (a), in the
seaward part of the Taganrog Bay (b) and in the seaward part of the Taganrog Bay near the Dolgaya

Spit (c).

2022]. Direct measurements for a few days showed that the runoff current significantly
predominates on the spits of the southern coast of Taganrog Bay (Figure la). Seiche
pulsations manifest themselves as a two to three-hour slowdown of the main flow at
diurnal intervals. The direction at this time changes to the opposite. This change is
accompanied by minimal speeds, up to 10 cm/s. The establishment of a runoff current
has the character of a breaking wave with a steep front slope close to collapse. During this
phase, maximum velocities were measured — up to 60 cm/s on the Chumburskaya and
Sazalnitskaya spits. After this, the speed levels out within 20-40 cm/s. The total movement
of a water particle in a week under such conditions will reach 40 km.
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In the central part of the Taganrog Bay, the meridional component of wave currents
is noticeable (Figure 1b). The measurement under discussion was carried out during a
strong three-day easterly wind, typical for the Azov region in winter. We will note that
under the conditions of the strongest, during measurements, eastern wind (15-17 m/s), a
northeastern current with a velocity of up to 25 cm/s was recorded. The maximum spatial
transfer reached 20 km. However, the resulting movement of a water particle was reduced
to 14 km, because the completion of measurements coincided with the compensatory stage
of oscillations in the Azov Sea. In a week the transfer would be approximately 40 km.

The trajectory of water movement in the area of the Dolgaya Spit has a different
appearance (Figure 1c). The measurements from the vessel were carried out at a distance
approximately 15 km from the coast in almost calm conditions. The transfer was recorded
strictly in the plane of the axis of the Dolzhansky Strait with a approximately diurnal
period (21 hours). The range of fluctuations from east to west is relatively small, less than
5 km (about 35 km per week). We will note that the measurements were carried out for
only a day, whereas in the cases described in Figures 1a and 1b — more than 3 days. All
water exchange between the Taganrog Bay and the Sea of Azov itself occurs in the narrow
strait between the Dolgaya and Belosarayskaya spits (Dolzhansky Strait). If we consider
the long ridge of the underwater tip of the Dolgaya Spit, the width of the channel is only
20 km, while 30 km to the east the Taganrog Bay expands to 50 km. The narrowness helps
to increase the currents. Even in calm conditions, a maximum speed 34 cm/s was noted.
The average velocity of water movement of the entire Taganrog Bay in different areas to the
west — the drainage direction of the Don, obtained from the results of measurements, is
thus approximately 6 cm/s.

Let us consider the general scheme of water movement in the Taganrog Bay, con-
structed according to the results of current investigations at buoy stations since 2018
(Figure 2). For clarity, the movement of water particles is superimposed on a map of the
Azov Sea bathymetry in the same scale. A vector-progressive diagram shows the distance
and direction of movement of water particles at each time of measurement. Overlay on the
map shows where a particle of water could move if there were no currents in the rest of the

Taganrog Bay.
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Figure 2. Vector-progressive diagrams of Taganrog Bay currents superimposed on a bathymetric map.
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The division of the areas of the Taganrog Bay according to the trajectories of water
movement is noticeable. The types of fluctuations are consistent with the known zoogeo-
graphical regions of the Taganrog Bay [Gershanovich et al., 1991]. From the mouth of the
Don to the cross-section of the Petrushinskaya spit — Chumburskaya bank, a predominantly
river regime of water circulation operates. Salinity maximum during the absence of ex-
treme surges do not exceed 5-7 p.s.u. The Don runoff current dominates in the water area;
seiche transport is expressed in the periodic weakening of the runoff current. Movement of
fresh current stream is possible from the southern to the northern shore. The biotic regime
is close to the river one. The western border of the central region of Taganrog Bay is the
cross-section between the Krivaya and Sazalnitskaya spits. Seiche currents of the merid-
ional direction play an important role in water mixing. The central region is characterized
by an average long-term location of the zoogeographic barrier for the habitat of freshwater
fauna (5-7 p.s.u.). The western circulation volume of the Taganrog Bay is formed by the
shallow ends of the Dolgaya and Belosarayskaya spits. The marine regime of water mixing
prevails here. On the spectrum of level and salinity fluctuations, a pronounced 38-hour
period of the 1-node seiche of the Sea of Azov is added [Matishov and Inzhebeikin, 2009].
Accordingly, the water area is characterized by sea salinity (more than 14 p.s.u. in modern
times) and a corresponding distribution of bottom fauna. Due to the low water level of
the Don, the runoff current in the Taganrog Bay has weakened. It is logical to correct the
boundaries of zoogeographical regions to the east.

In direct form, the tides in the Azov Sea are weakly expressed. Researchers note a
maximum theoretical value of up to 19.5 cm at the top of Taganrog Bay [Korzhenovskaia
et al., 2022]. Water-level meters show that the daily amplitudes of fluctuations in Yeysk
and Donskoy sometimes exceed 1 m. Signal processing at specific periods is significantly
difficult due to the mixing of different factors influencing on the level of the Azov Sea.
A change in wind often leads to a change in the time of the characteristic onset of maximum
and minimum levels. Using classical methods of harmonic analysis, an assessment of the
interaction of radiation tides, seiches and surge water transport in the system of level
fluctuations in the Sea of Azov was obtained (Figure 3).

The reasons and conditions for the formation of extreme surges are discussed in detail
in [Matishov and Grigorenko, 2017]. The initial observation period, October 6-10, 2015
(Figure la), was accompanied by a drop in level to one m and had a strict daily cycle. The
weakening of the surge wind was accompanied by the restoration of the shape of the level
surface and three daily peaks of up to 0.2 m. The minimum phase of the surge was reached
on October 15 with a drop in level of 1.5 m. Moreover, without taking into account cyclic
fluctuations, the drop in level should have been only 0.2-0.25 m. The actual increase in
water level to the initial level occurred from October 15 to October 20. At 20:00 on October
21, the second minimum level was reached — less than 1.2 mBS. The level recovered at 5:20
on October 23. Over the next four days, the level maximums gradually increased at daily
intervals until they reached 0.3 mBS at 1:20 on October 27. With a regular daily period,
the water surface decreased until 22:00 on October 31. Then, it sharply rose by 22:00 on
November 2, 2015 to 0.5 mBS. The next minimum was recorded at 17:20 on November 3.

The absence of daily harmonics would lead to the formation of three surge maxima
(up to 0.5 mBS) and minima (up to —0.5 MBS) of the level with an interval of 3—-4 days.
Changes in water level without taking into account wave dynamics would not lead to
extreme surges.

Diurnal dynamics significantly influence the course of water levels in the east of
Taganrog Bay during surges (Figure 1b). A cyclic series of small (up to 0.7 m) surges from
the first to the fourth of December 2021 had a strict diurnal frequency. The maximum was
reached around two o'clock in the morning, the minimum — around 14:00 — 15:00 daily.

The subsequent difference between adjacent maxima lasted 40 hours. The amplitude
reached 1 m. Until December 10, a pronounced diurnal variation was not observed. In
the spectra of level fluctuations in the Sea of Azov (Figure 4a and 4b) there is a peak with
a period of about 13-14 days. Apparently, it corresponds to the characteristics of the
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Figure 3. Results of processing data of water level in the Azov Sea using harmonic analysis methods.
a) period of heavy wind negative water setup 10/06/2015 - 11/06/2015 in the Don delta; b) a period
containing both daily fluctuations and a positive water setup more than 2 m from 12/01/2021 to
12/31/2021 in the Don delta; c) area of the Taganrog Bay, not directly influenced by the Don runoff
(water-level meter in Yeisk) from 01.05 to 30.06.2021.

cyclonic circulation of the atmosphere in the Azov region. All extreme negative setups
were recorded during two-week phases of decreasing levels. There are positive water
setups, respectively, during long-term semi-monthly maximums. An example of such level
dynamics is shown in Figure 3b and 3c. In particular, Figure 3b shows a negative water
setup about 1 m on December 13th. After which the positive water setup wind phase began
with a peak of water level at 14:50 on December 19 of 2.3 mBS. The diurnal periodicity
of the oscillations appeared on December 25 during the phase of level decline during
the two-week oscillation. Against the background of two-week fluctuations, the diurnal
periodicity is not clearly expressed. At the same time, it is shown that the negative water
setup on December 28 and the positive water setups on December 25 and 26 occurred
because of a wave nature, without taking into account which the range of fluctuations
would not have been 2 m, but about 0.5 m. The long-term stay of high waters on December
19 after filtering the semi-monthly periodicals would lead to an increase in the level up to
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half a meter higher relative to the actual one on December 14 and a decrease in the positive
water setup on the 19th by more than 1 m.

The water-level meter in Yeisk is not directly influenced by the variability of the Don
runoff. At the same time, Figure 3b shows both long-term cycles of increase and decrease
in the level of the Taganrog Bay with a duration of about two weeks, and daily waves, well
smoothed by software methods. The amplitude is significantly smaller compared to the
Don delta. A number of positive and negative water setups were identified that did not
have a distinct daily periodicity. At 2:00 on May 20, with a level of 0.4 mBS, at 6:00 on May
30 and a level of 0.2 mBS, at 9:00 on June 3, with a level of 0.3 mBS. Over the next 12 days,
the daily amplitude of about 0.2 m is smoothed out. Fluctuations from June 14 to June 24
had approximately daily periods, but were mixed due to a general two-week decrease in
water levels.

The spectra of surface level fluctuations were constructed for the Donskoy (Figure 4a)
and Temryuk (Figure 4b) points, located on the opposite borders of the Sea of Azov.
Similar patterns are observed in diurnal and semi-diurnal periods. The elongated shape
of the Taganrog Bay contributes to an increase in wave energy, which is proven by deep
decreases in the density of the filtered spectral signal relative to the original one at tidal
periods. Both observation stations are also characterized by a two-week cycle of level
oscillations. The nature of level changes in Temryuk is distinguished by small daily
amplitudes, only 20-40 cm. The highest positive water setup in 2021 reached the level of
1.1 mBS (12/01/2021), and the negative water setup —0.6 mBS (10/06/2021), i. e. e. the
total level difference throughout the year did not exceed 1.7 m. The Azov Sea in Temryuk
is characterized by a 7-hour period of level fluctuations. This period is poorly recognized
by the T_TIDE package, because it differs from the nearest tidal component (M4, with a
period of 6.21 hours). The wide peak at this frequency is a local seiche of the Temryuk Gulf
or a four-node seiche of the Azov Sea, the estimated period of which is 8.8 hours [Matishov
and Inzhebeikin, 2009]. The maximum of the spectral signal at a frequency close to the
period of a single-node seiche corresponds to a period of 35 hours. This value is also far
from the nearest tidal ones, so the peak is lost in the spectrum, relative to the daily one.

10° 10']
Donskoy  Analyzed Non-tidal Energy Tonryuk | Donskoy g
) . Original (interpolated) Series = =t
1
13 days o
w4 F 1 s
10’1 .......
1073
T -2
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(a) (b)

Figure 4. a) spectrum of level fluctuations in the village of Donskoy, taking into account and without
taking into account cyclical fluctuations in water level in 2021; b) spectrum of level fluctuations in
the city of Temryuk, taking into account and without taking into account cyclical fluctuations in
water level in 2021.

Russian Journal of Earth Sciences 2024, Vol. 24, ES1001, https://doi.org/10.2205/2024ES000890 7 of 9


https://doi.org/10.2205/2024ES000890

SeicHE DyNamics IN THE Azov SEA CURRENT SYSTEM MArtisHOV, GRIGORENKO

4. Conclusions

The paper presents new results of an investigations of currents in the Azov Sea. It has
been shown that water transport characteristics are very different in different areas of the
sea. The dominance of runoff transport, despite of the pronounced wave nature of the
current field, complements the estuarine characteristics of the Taganrog Bay. According to
measurements (Figure 1 and 2), the eastern transport is observed in the areas of greatest
depths of the bay and weakens towards the shores. Near the northern [Matishov et al., 2022]
and southern coasts, at near-zero levels and during negative water setups, the western
current dominates. The current regime corresponds to the generally accepted zoogeo-
graphical zoning of the Taganrog Bay. The depth of location and height of accumulative
sediments in the Azov Sea spit system depends on the maximum water level. For example,
underwater banks (Sand Islands of the Sazalnitskaya Spit) with an upper edge at a depth of
about 1 m are formed by a flow at a water level not lower than the normal one. Numerous
shallows at the ends of the spits in the near-surface layer line up at near-zero water levels.
Thus, the shallows of the underwater ends of the spits are stressed by the daily effects of
seiche oscillations. Positive water setups of 2 m or more occur during extreme winds of
the westerly component and are accompanied by high current speeds. The energy of one
powerful surge is enough to significantly change the shape of the coastal topography of
spits and islands.

This means that basing on the shape and age of accumulative bodies, it is possible to
restore the hydrodynamic conditions of coastal zones in earlier eras.

Continuous fluctuations in the level of the Azov Sea contributed to the formation of
the spits in their modern form. The regular nature of changes in the direction of alongshore
currents leads to the accumulation of sediments at the ends of the spits. Catastrophic wind
surges lift them, completing the body of the spit.

The isolation of the Azov Sea from tidal basins leads to the formation of a complex
system of sea surface level fluctuations. Tides are directly discernible only using high-
frequency spectral analysis [Korzhenovskaia et al., 2022]. The visually observed diurnal
and semi-diurnal sea level rises represent a superposition of waves of different natures.
These include both lunar and solar tides, as well as radiation tides associated with winds.
The bathymetric compartments of the Taganrog Bay are separated from each other by
the underwater ends of the spits, which impede water exchange. Each compartment is
characterized by its own oscillation systems — seiches. When eigen oscillations come into
resonance with tidal ones, coastal level gauges record pronounced daily and semi-diurnal
dependences of the water level.

Test calculations show that the classical tidal analysis program T_TIDE is applicable
with caution for the Sea of Azov. Ocean tides have the character of forced waves, the
period of which strictly corresponds to the period of the forcing forces. Regular rises in the
level of the Azov Sea are formed by a combination of free oscillations at eigen frequencies.
The share of regular, compelling, tidal forces that significantly feed seiches remains to be
calculated. Changes in the wind regime reshape the periods of regular oscillations. For
example, today the period of level peaks is 12 hours, tomorrow it can decrease to 9, and the
day after tomorrow it can rise to 13 hours. At the same time, a general characteristic pattern
is observed: the maximum water level at the top of the Taganrog Bay (Donskoy village) is
observed in between 21:00 pm and 2:00 am. In conditions of constant wind with a speed of
up to 5-7 m/s, or after a strong wind (more than 10 m/s) weakening, fluctuations in water
level with an amplitude of up to 2 m can be completely explained by seiche dynamics.
Single-node seiches of the Sea of Azov in the Taganrog Bay are observed infrequently. They
are accompanied by extreme surges and maximum saturation of amphidromic sea systems
with energy. In this case, the proportion of wave dynamics during level changes decreases.
When the surge winds weaken, the diurnal dynamics of the level and currents are built.
Accurate estimates require continued observations, filtering out low-frequency, biweekly
fluctuations, and calculating the sea's energy balance.
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The results of the work correspond to the known patterns of energy exchange between
the atmosphere and the ocean. Even weak winds lead to the development of wave processes
at eigen frequencies close to tidal ones. Increasing winds contribute to the intensification
of wave fluctuations and significant transfer of water during strong surges.
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Abstract: The study of current sedimentation processes and radioactive contamination in the total
area of the Don Delta is the research goal. The presented paper contains data analysis of radio-
ecological and lithologic studies on bottom sediments, sampled in the northern part of the Don
Delta in 2022. Based on the research results obtained, the authors provide the characteristics of the
current conditions of sedimentation and specific activity of artificial and natural radionuclides in
fluvial deposits, as well as indicate that similar in characteristics sandy-silty aleurites and sandy
aleurite-clayish silts with inclusions of plant and shell detritus compose the bottom sediments of
numerous braided channels. The authors determined the zonal accumulation character of both 137Cs
technogenic and 226Ra, 40K, and 232Th natural radionuclides which conditions their accumulation
and content increase from the lower delta to the upper delta areas. The velocity of currents in the
braided channels (bayous) and related sedimentation conditions of suspended matter, as well as the
lithotype of the bottom ground determine the indicated regularity. We assume that unlike 137 Cs
the distribution of natural radionuclides (*°K, 226Ra, and 232Th) mainly depends on the mineral
content of sediments entering the delta with the river runoff. Relatively low indices — on average ca.
9 Bq/kg of dry weight (d.w.) — characterise the current range of 137Cs radioisotope concentrations
in the sediments of the Northern Don Delta. Such a level of specific activity is of no danger to the
regional ecosystem.

Keywords: Don Delta, braided channels (bayous), river runoff, current velocity, technogenic and
natural radioisotopes, bottom sediments.
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Technogenic and Natural Radionuclides in the Don Delta Sediments, Russian Journal of Earth Sciences,
Vol. 24, ES1002, https://doi.org/10.2205/2024ES000891

1. Introduction

The necessity of studying the dynamics of technogenic radionuclides inflow from
the Don and Dnieper rivers water catchment areas determines the relevance of research
on the radioactive contamination in the Sea of Azov — Black Sea basin. The geochemical
circulation of artificial radioisotopes, which entered the environment after the accident at
the Chernobyl Nuclear Power Plant, is still typical of the considered territory [Bulgakov
et al., 2021; Buryakova et al., 2021; Kryshev et al., 2021]. Besides, the danger of aggravating
the armed conflict situations in the Rostov, Novovoronezh, and Zaporozhye NPP opera-
tion areas enhances the urgent necessity to study the dynamics of radiation background
variability in the region.

A significant element of migration of artificial radioisotopes which are of the potential
threat to the Sea of Azov is the Don River water catchment system as the river forms braided
delta when flowing into the Taganrog Bay. The delta’s sediments accumulate considerable
part of the solid, organogenic, and chemical runoffs.
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Despite the fact that the radionuclides accumulation process in the Sea of Azov bottom
sediments has been studied rather intensively and extensively during the last years, these
studies have barely covered the Don Delta area. Our previously obtained results on the
specific activity of artificial radioisotopes in the Sea of Azov indicate that the granulometric
composition of the bottom sediments is one of the most significant parameters controlling
the level of radioactive contamination of aquatic ecosystem. The content of radionuclides in
sea bottom sediments increased with the decrease in size of the particles of bottom ground
and reached the maximum indices in clayish silts of the Central Sea of Azov [Matishov et al.,
2020].

Considering the above stated, the main goal of the study was the formation of objective
ideas about the current radiation background and the role of the Don Delta in the transit
of radionuclides along the river — the Sea of Azov system. New data on typization of the
Don Delta bottom sediments allow obtaining the general view of geographic conditions
of artificial and natural radionuclides sedimentation and studying their accumulation
patterns in the delta’s various areas.

2. Materials and methods

Radio-ecological and lithologic studies in the Don Delta total area were implemented
in 2022 in the Northern Don Delta located aside the busy transport routes between the
Mertvyi Donets channel (bayou) in the North and Bolshaya Kuterma channel (bayou) in
the South. Sampling of the ground surface layer (0-2 cm) was applying the Van Veen Grab

(Figure 1).
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Figure 1. Bottom sediments’ sampling scheme and 137 Cs specific activity values (Bq/kg of d.w.) in
the Don Delta, 2022.

The primary lithologic description of bottom sediments samples was during the field
studies. The samples then were placed into hermetically sealed containers and transported
for further laboratory research. The subsequent preparation, treatment, and radiometric
analysis of samples to determine the 137 g, 40K, 226R4, 232Th, 210pp specific activities were
at the analytical laboratory of Murmansk Marine Biological Institute RAS. Preparation,
treatment, and measuring procedures were according to the “Manual on Gamma-Ray
Emitting Radionuclides Activity (Specific Activity) Measurements in Test Samples Using
the CANBERRA Gamma-Ray Spectrometer with GENIE 2000 Software” [Federal Information
Foundation for Ensuring the Uniformity of Measurements, 2015].
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The research at that stage covered the following activities: determination of natural
humidity of bottom sediments samples and their dehydration, which prevents the loss of
organic matter, and two-time weighing, grinding, and composing of test samples, which
meet the radiometric measurements requirements.

The measurements of specific activity of radionuclides in test samples were at the
multichannel gamma-ray spectrometer for measuring X-ray and gamma radiation BE5030
(Canberra Semiconductors NV, Olen, Belgium) with lead screen protection of the HPGe
detector Ekran-2P manufactured by Aspekt (Dubna, Russia). Spectra processing took
place and the Genie-2000 Software (version 3.3) was used to identify the technogenic and
natural radionuclides. The measurement time of each sample was 24 hours minimum. We
calculated the specific activity of radionuclides in the studied sample per one unit of dry
weight.

3. Sedimentation conditions

According to I. V. Samoilov, the Don Delta is a multi-channel (braided) delta with the
shallow front-estuary [Samoilov, 1952]. According to the genesis, the tectonic depression of
the delta belongs to the Rostov Ledge of the Ukrainian Shield of the East European Platform
[Sidorenko et al., 1970]. The accumulative formations of fluvial sedimentary material at the
mouth of the delta are pushed into the limits of the sea bay. Its current conditions were
formed during the last 4.5 thousand years with the Sea of Azov level being unstable. The
sea level fluctuations were typical of the Sea of Azov. The sedimentary cover was formed in
the area during the Holocene, which thickness may reach 20 m in some places [Berkovich
and Timofeeva, 2007; Zaitsev and Zelenshchikov, 2009].

The current Don Delta begins where the Mertvyi Donets separates from the Don River
main channel and is a flat alluvial plain composed of isles separated by numerous channels
and bayous. The height of the isles land areas rarely exceeds 1 m in relation to the river
low-water level. The length of the delta is ca. 30 km and the width between the utmost
channels in the near seashore areas is more than 20 km [Samokhin, 1958].

The sea level changes, tidal fluctuations and surges, caused by strong and long-
duration winds, impact the estuary area morphology significantly. They also impact the
delta hydrological and sedimentary rocks accumulation conditions.

The intensive anthropogenic transformation of the river runoff, which began in the
20" century, significantly changed the environmental conditions in the Lower Don basin.
The launch of the Tsymlyansk Water Storage Reservoir in 1952 considerably influenced the
hydrological and sedimentation conditions in the Don Delta and the launch of operations
along the Azov-Don Seaway Canal (in 1927) — the redistribution of the river runoff between
the delta’s channels. These anthropogenic intrusions resulted in the reduction of the Don
River solid runoff by more than 10 times since the middle of the 20" century. The volume
of the river runoff in the Southern Don Delta via the Peschanyi bayou (continuation of the
Staryi (Old) Don channel) via which the canal route runs increased by 4-5 times. At the
same time, its volume in the smaller bayous in the indicated area decreased by 1.5 to 12
times. The velocity of runoff currents also decreased resulting in silting and gradual dying
out of some of them [Polshin et al., 2021].

The change of solid runoff fraction composition took place. The content of sandy
dimension particles decreased in the fluvial suspension and, vice versa, the content of
pelite fraction increased. The abundance of sand in the suspended matter in the river water
of the braided Don Delta by the early 21% century was slightly higher than 3 % and of
clayish particles — ca. 75 % [Bessonov et al., 2009].

The studies we conducted indicate that the spatial distribution of bottom sediments in
the Northern Don Delta depends on the morphologic composition of numerous channels
and bayous, their depth, as well as currents velocity. Admixture of sandy material, which
content increases in areas with intensive flow, is typical of the fluvial deposits in the studied
area. The accumulation of silts of various granulometric compositions of dark-grey and
black colours is more typical of seashore and front-estuary areas overgrown with aquatic
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vegetation. Periodically and due to the strong wind impact, the grounds composing the
upper part of the layer can become stirred up and be transported to the Taganrog Bay area.

Overall, sedimentation conditions in the northern part of the delta determine the
accumulation of deposits of relatively similar granulometric composition. These are mainly
sandy-silty aleurites with inclusions of plant and shell detritus and sandy aleurite-clayish
silts also containing detritus of organic origin. We observed changes in the sediments
composition in close proximity to the confluences of channels and the Taganrog Bay and in
wide channels and bayous with strong flow. The silty fine and middle-size sands, which
also contain inclusions of shells and shell detritus, replace the silt deposits in these areas
(Table 1).

4. Radionuclides in the delta bottom sediments

The accident at the Chernobyl NPP resulted in the subsequent contamination of water
catchment basin of the Sea of Azov and its main freshwater stream flow — the Don River.
However, there was no radiation monitoring of the vast delta aquatic system during that
period. The main focus was on observations made directly in the Sea of Azov water area.
According to research data of 1986, the specific activity of !37Cs in the Taganrog Bay
deposits varied from 2 to 90 Bq/kg. And the level of isotope accumulation depended on
the type of bottom ground. The maximum values of !37Cs content were registered in fine-
dispersed clayish silts. The specific activity of 3*140Pu radioisotopes in fine-aleurite silts
along the axis line of the Taganrog Bay was 1.5 Bq/kg. The silty sediments in the Central
Sea of Azov contained on average up to 75-85 Bq/kg of 137Cs radioisotope [Bufetova, 2002;
Vakulovsky et al., 1994].

The sea area radioactive contamination began to decrease in the early 2000s. However,
there are still sites with high 137Cs specific activity (50-65 Bq/kg) in clay and aleurite-clay
silts of the Central Sea of Azov at the depth of 1013 m. The concentration of '3’Cs in the
Taganrog Bay aleurite-clay silts is 20-45 Bq/kg. The change of the bottom ground lithotype
to the sandy-silty aleurites in the Eastern Taganrog Bay condition the decrease of 37Cs
concentration to 11 Bq/kg [Matishov et al., 2020].

Thus, the river runoff within the Don - Taganrog Bay — the Sea of Azov aquatic
system sustains the existing local background of technogenic radioactivity and ensures
the circulation of radionuclides, of !37Cs in particular. However, both the radio-ecological
conditions of the Don Delta and radiation characteristics of the runoff remain insufficiently
studied. There are only single observations in the mouth part of the river.

The studies we conducted in 2022 also indicate a relatively low level of radioactive
contamination of bottom sediments in some areas of the Don Delta. The specific activity of
technogenic !37Cs ranges within 5-43.5 Bq/kg of d.w. (Table 1).

Table 1. Specific activity of radionuclides in the bottom sediments of the Don Delta, 2022.

No Cs-137 K-40 Ra-226 Th-232 Bottom sediments characteristics
(Bq/kg)  (Bg/kg)  (Bq/kg)  (Bq/kg)
1 7 140.4 602423 17.940.8 21.041.2 Fine aleurite-silty sand with .1nclu510ns of plant and
shell detritus.
) 50403 453422 19.140.9 20.141.0 Sandy-silty aleurite with 1n.clu81ons of plant and shell
detritus.
Sandy aleurite-clay silt with single inclusions of plant
3 11.0£0.8 38331 13.6+1.1 18.3£1.5 and shell detritus. Flooded. Colour: dark grey.
57 77406 678435 25341.3 28.941.6 Sandy aleurite-clay silt of gray-green colour with

inclusions of plant and shell detritus.

Continued on next page
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Table 1. Specific activity of radionuclides in the bottom sediments of the Don Delta, 2022. (Continued)

Ne Cs-157 K40 Ra-226 Th-232 Bottom sediments characteristics
(Bq/kg) (Bq/kg) (Bq/kg) (Bq/kg)
62 1.340.2 299419 13.440.7 13.740.8 Silty fine sand, flooded. Inclusions of shell material.
Colour: grey.
76 8.440 4 446422 18.440.9 23.641.1 Aleurite-clay silt with large content of shell material
(ca. 50 %).
79 53403 318417 15.840.7 14.040.6 Sandy aleurite silt with inclusions of plant material
and shells. Colour: dark grey.
Sandy aleurite-clay silt with inclusions of plant and
82 12.5£0.5 65928 25.7+1.0 29.5+1.1 shell detritus. Flooded. Colour: dark grey.
g7 75406 590431 24 4412 24 341.2 Sandy-silty aleurllte with inclusions of plant and shell
detritus. Colour: dark grey.
92 43,5422 754443 27 4516 33349 1 Sandy-silty aleur}te with inclusions of plant and shell
detritus. Colour: grey-green.
Sandy aleurite-clay silt with inclusions of plant and
73 14.8£0.4 875+36 29.8£1.3 29.1£1.3 shell detritus. Flooded. Colour: dark grey.
94 11.240.9 1217485 37.042.5 517438 Aleurite-clayish s'1lt. Registered inclusions of shell
material. Colour: dark grey.
97 12.241 4 776449 34.042.3 395425 Clayish silt. Registered inclusions of shell material.

Colour: from dark grey to black.

There are no pronounced changes of sediments lithotype in numerous channels and
weakly flowing bayous. As a rule, the bottom sediments are similar in their granulometric
composition sandy-silty aleurites and sandy aleurite-clayish silts with inclusions of plant
and shell detritus. However, there is a pronounced specific activity increase towards the
top of the delta and the main channel of the Don River within the radioisotope distribution
in the aquatic system (Figure 1).

In this particular case the change of currents velocities and intensity of suspended
matter deposition in the bayous of the Don Delta mainly influence the !37Cs accumulation.
The Don River runoff containing suspended matter contaminated with caesium enters
the upper delta areas where its redistribution into streams and bayous takes place at the
decreased velocities of the runoff flows thus conditioning the deposition of suspended
matter and zoning in the redistribution of technogenic radioisotopes.

This trend is less distinct when it comes to the redistribution of natural radioisotopes —
40K, 226Ra, and 232Th. The mineral composition of deposit particles determines the content
of these radionuclides to the greater degree, not their fraction sizes (Table 1).

It is noteworthy that the cases of relatively increased activity of 3”Cs in single samples
of the ground similar to the deposition of the hot particle are possible in the sediments of
the top of the delta (Figure 2a, Sampling Point 92).

The change of lithotype expectedly takes place only in the seashore and front-estuary
areas (Sampling Point 62). Hydrodynamics in the seashore and front-estuary areas condi-
tions the replacement of aleurite silts with sands of various sizes with inclusions of shells
and shell detritus. The !3’Cs concentration in sediments decreases significantly under
such conditions (Figure 2). The currents transport radionuclides related to pelite-aleurite
fraction of sediments to the sediments accumulation areas located in the Taganrog Bay and
the Central Sea of Azov. According to the data of the previous field studies of 2018-2021,
the 137Cs specific activity in the seashore and front-estuary areas was registered at the level
of 2 Bq/kg [Matishov et al., 2022], which corresponds to the values we obtained in 2022. The
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Figure 2. Profile of specific activity of radionuclides in the bottom sediments of the Don Delta, 2022.

change of sediments lithotype also causes the decrease of *?Ra and ?3?Th radioisotopes
concentrations. The content of 4°K remains at the mean value level.

Table 2 presents the averaged values of specific activity of technogenic and natural
radionuclides and its variability in the Don Delta landscape. The averaged value of activity
of potentially hazardous technogenic '3’Cs radioisotope equal to 8.8+1.2 Bq/kg allows
assessing the general radio-ecological situation in the studied delta areas.

5. Conclusions

The studies indicate that the current range of !3”Cs radioisotope concentrations in the
Northern Don Delta bottom sediments is characterised by a relatively low specific activity —
ca. 9 Bq/kg d.w. on average. The distribution of both technogenic '3’ Cs and natural 2?6Ra
and 2*?Th radioisotopes follows a certain zonal pattern related to the radionuclides specific
activity increase from the seashore and front-estuary areas towards the top of the delta.
This pattern depends on velocities of the runoff flows and currents in delta and related
changes in sedimentation conditions of suspended matter inflowing with the river runoff.

Periodic washout and roiling of bottom ground in the shallow near-shore areas of
the Sea of Azov result in the formation of the bottom sediments lithotype different from
the delta one — fine silty sand, which contains insignificant quantity of '37Cs, 4°K, ?2°Ra,
and 232Th. However, unlike technogenic !3”Cs, the mineral composition of suspended
matter transported from the delta is of greater significance for the natural radioisotopes
distribution in these areas.

There are single cases of the peak values of 13’Cs specific activity in the top of the
delta, supposedly related to remote sources of radioactive suspended matter sporadically
transported from the Don River water catchment area. Overall, the concentration of
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Table 2. Statistical characteristics of the distribution of technogenic and natural radionu-
clides in the bottom sediments of the Don Delta, 2022.

Characteristics Radionuclide, Bq/kg dry weight

Cs-137 Ra-226 Th-232 Pb-210 K-40

Average 8.81 23.22 26.69 75.34 620.67

Minimum 1.30 13.40 13.70 23.80 299.00
Maximum 14.80 37.00 51.70 123.00 1217.00

Standard uncertainty 1.20 2.11 2.93 8.84 76.78

Standard deviation 3.97 7.59 10.58 26.52 265.96
Statistical dispersion 15.77 57.61 111.93 703.57 70734.97

technogenic !37Cs radionuclide in the studied area is currently of no danger for the biota
and nature resources exploitation.

The data obtained may be applied to the situation analysis of radio-ecological processes
in the Sea of Azov aquatic ecosystem, as well as when analysing the general patterns of
radionuclides geochemistry in the river — delta — seashore areas aquatic system.
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1. Introduction

The problem of reliable assessment of seismic hazard and its application in practice
has intensified after the catastrophic earthquakes on February 6 and 7, 2023 Mw = 7.8
and 7.5 on the border of Turkey and Syria and the earthquake on September 8, 2023
Mw = 6.8 in Morocco. In Turkey, like in Russia and in most countries located in earthquake-
prone regions, seismic hazard assessments are used in earthquake-resistant construction
standards (building codes) in order to minimize the number of casualties and economic
loses in case of a devastating earthquake. Unfortunately, as it has happened in most cases of
catastrophic earthquakes [Wyss and Kossobokov, 2012], the seismic hazard in the epicentral
zones of these earthquakes is significantly underestimated.

Seismic hazard assessment is understood as an assessment of the probability of exceed-
ing a seismic effect of a certain value in a certain location over a certain time period. The
impact effect is usually measured in terms of macroseismic intensity or in units of ground
acceleration. There are two main approaches to assessing seismic hazard — deterministic
and probabilistic. In the deterministic approach, the possibility of exceeding a certain
effect over a very long time interval (tens of thousands of years) is assessed. This approach
is usually based on active tectonic faults data, paleo- and archaeoseismological studies, and
data on instrumentally recorded large earthquakes. The goal of the probabilistic approach
is to estimate the probability or recurrence of exceeding a certain effect over a certain time
interval. Both, data on active faults and statistical analysis of instrumentally recorded
earthquakes are typically used in this approach. Commonly, the abbreviations DSHA
(Deterministic Seismic Hazard Analysis) and PSHA (Probabilistic Seismic Hazard Analysis)
are used.

Usually, seismic hazard assessment is presented in the form of maps called seismic
zoning maps. In Russia, depending on the detail of the scale, maps are classified as general
(GSZ), detailed (DSZ) and microseismic (MSZ) zoning maps. GSZ maps are used on a state
scale. The actual earthquake impact may depend on ground conditions (on rocky grounds,
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other things being equal, the impact is weaker than on soft or water-saturated soils), so
GSZ maps are designed for average grounds.

The first seismic zoning maps were based on the deterministic approach, so tradition-
ally GSZ maps are constructed in the form of zones of the maximum expected impact —
macroseismic intensity in the MSK-64 scale [Medvedev et al., 1964]. In the framework of
PSHA, several versions of maps are constructed with estimates of the expected maximum
impact for different time intervals (for example, 500, 5000, 10000 years).

Seismic hazard assessment consists of modeling the seismic regime or zones of possible
earthquake sources (PES) and the impact of earthquakes on objects at a distance from the
earthquake source. The seismic regime is a set of earthquakes considered in space and time,
taking into account their magnitude [Riznichenko, 1958, 1968]; in fact, this is more general
concept than PES zones. In PSHA, PES zones imply sources of earthquakes in the form of
points (epicenters), lines (active faults), and areas (“domains”), which are considered as
near-homogeneous seismogenic zones.

Nowadays, despite the apparent complexity, significant progress has been made in the
world seismology in solving the problem of accurate modeling the impact of earthquakes
compared to modeling PES zones. The errors in seismic hazard assessments are usually
associated with inaccurate forecasting of the future earthquake source locations and their
magnitudes. Many cases of earthquakes are known, that occurred in places where no one
expected them to be such a magnitude. The most striking recent example is the magnitude
Mw?9.0 Tohoku earthquake near the coast of Japan on March 11, 2011. A very recent
example is the September 8, 2023, Mw = 6.8, earthquake in Morocco.

In the USSR and then in the CIS many earthquakes were a surprise from the point
of view of the GSZ maps used at that time: Gazli, 1976, M = 7.0 in Uzbekistan, Spitak,
1988, M = 6.8 in Armenia, Zaysan, 1990, M = 6.9 in Kazakhstan, Rachi, 1991, M = 7.0 in
Georgia, Sususamyr, 1992, M = 7.5 in Kyrgyzstan, Khailin, 1991, M = 7.0 in Koryak and
Neftegorsk, 1995, M = 7.6 in Sakhalin. Large earthquakes occurred after the development
of the GSZ-97 map set for the territory of Russia also demonstrated significantly larger
impact than expected: Olyutor, 2006, M = 7.6 in Koryak, Tuva, 2012, M = 6.9, Ilin-Tass
(Abyisky), 2013, M = 6.7 in Yakutia, Katav-Ivanovsk, 2018, M = 5.4 in the Urals, etc.

Another type of errors is a significant overestimation of seismic hazard over large
areas. [Shebalin et al., 2022] showed that in most regions of Russia the seismic hazard is
overestimated by at least 10 times. The analysis was carried out by comparison of the areas
expected in accordance with the map of the OSR-97A zones, and the total isoseismal areas
from earthquakes that occurred in the period after the publication of the OSR-97 maps.

The main contribution to such errors is the overestimation of the recurrence rate of
earthquakes over large areas. Thus, the inaccurate model of PES zones is the main source
of errors in GSZ maps, both target misses and false alarms.

In modern world practice, as a rule, a combined seismic regime model is used for the
purposes of general seismic zoning. The model includes seismicity along linear structures —
“lineaments” (active tectonic faults), on area structures — “domains,” as well as individual
potential earthquake sources. It is assumed that within a structure unit, seismic events
have an equally probable epicenter location, and the same recurrence rate and frequency-
magnitude distribution.

The transition from PES zones to GSZ maps is the construction of model of the
earthquake impact propagated from the source to a point on the surface of the Earth may
be performed either using a “classical” analytical method proposed by [Cornell, 1968] or by
forming of a synthetic earthquake catalog. In the latter method at each location the impact
of different magnitudes is calculated integrating the impacts of all synthetic events.

This approach was used to develop maps of the general seismic zoning of Russia
GSZ-97,GSZ-2015, GSZ-2016, which were used as normative ones for design of earthquake-
resistant construction in seismic regions. The model was created by a large group of authors
under the leadership of V. I. Ulomov and was called the lineament-domain-focal (LDF)
model [Ulomov and The GSHAP Region Working Group, 1999]. It should be noted that it is
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incorrect to interpret the creation of such a model as an innovation first implemented in
Russia, as it is often noted in Russian sources. At the international scope, this approach
was used within the framework of the international project GSHAP (Global Seismic Hazard
Assessment Program), operated from 1992 to 1999 [Giardini et al., 1999]. Nevertheless,
this model was a step forward in the practice of seismic hazard zoning. For the first time,
probabilistic maps began to be used, intended for engineering of the earthquake-resistant
constructions of different categories of vulnerability and length life.

However, the approach to design GSZ maps based on the LDF model can only condi-
tionally be called probabilistic. The determining of lineaments and domain boundaries,
as well as the additional identification of potential sources, is highly subjective, thus, the
location of epicenters and recurrence rate in the model are significantly predetermined
by this human factor. The division of seismic zones into linear and areal structures in
the LDF model historically appeared as an addition to the deterministic model, which
included only linear structures - active faults, and was first proposed by S. A. Cornell
[Cornell, 1968]. Such approach was justified in the era of limited computing capacities,
when analytical solutions could greatly reduce the amount of calculations. The analytical
solutions of S. A. Cornell, thanks to the assumption of spatial homogeneity of earthquake
sources within each structure, made it possible to relatively quickly calculate the recur-
rence of impacts at a given point from potential earthquakes with sources in lineament
and domains.

Nowadays, it is no longer necessary to use Cornell’s analytical solutions. The PES
zone model can be represented in the form of a synthetic catalog of earthquakes. Then,
direct calculations at a given point of the impacts from each synthetic earthquake and,
accordingly, the rate of impacts of a certain intensity are possible. Of course, it is possible
to create a synthetic catalog based on an LDF-type model, but this will not eliminate
subjective factors in determining the boundaries of the structural elements of the LDF
model that significantly affect the modeling results. Therefore, frequent disagreements
among researchers regarding the boundaries of linear and areal structures, criticism of the
“characteristic earthquakes” model underlying the identification of individual potential
sources have led in many countries to the use of smoothed seismicity — a representation of
a seismic regime in which no zone boundaries are needed [Akinci et al., 2018; Helmstetter
and Werner, 2012]. The smoothed seismicity approach models the variability between
the spatiotemporal distribution of past and future seismicity and provides a much more
spatially accurate prediction than zoning models.

Smoothed seismicity models require a significantly larger number of earthquake
observations for a detailed and accurate assessment of seismic regime parameters. A quarter
of a century has passed since the creation of the GSZ-97 maps, and during this period a
huge amount of data on earthquakes has been accumulated, making it possible to move
from zoning models to smoothed seismicity models.

The synthetic catalog is formed based on a seismic regime model that determines the
recurrence of earthquakes of a certain magnitude at different points in the region under
consideration. A common practice is to use recorded earthquakes. It is assumed that the
locations of smaller earthquakes are representative of the locations of larger earthquakes.
In this case, to estimate the frequency of earthquakes of greater magnitude, the Gutenberg-
Richter law is used [Gutenberg and Richter, 1945], which establishes the ratio of the number
of events of different magnitudes. The specific details of which magnitudes are used
depend on the quality of the earthquake catalog and may change over time. It is generally
believed that the reliability of a forecast is related to the length of the catalog, which can
vary from decades to centuries.

The choice of smoothing method can be based solely on expert judgment or can be
decided on the basis of statistical optimization of forecast accuracy using past earthquakes
(e.g. [Petersen et al., 2015; Stirling et al., 2012]). Common practice includes fixed smoothing
radius methods (for example, [Frankel, 1995]), and so-called adaptive methods, in which
the smoothing radius increases as the density of observed earthquakes decreases [Akinci
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et al., 2018; Helmstetter and Werner, 2012; Pisarenko and Pisarenko, 2021; Stock, 2002]. In
both approaches, the value of the estimated parameter is assigned to the center of the circle.
This always leads to a significant decrease in the spatial resolution of the assessment results:
in the most seismically active areas, the activity inevitably turns out to be underestimated,
and at the edges of these areas — overestimated. An additional underestimate of activity
is caused by the fact that during normalization per unit area, the fractal structure of the
seismicity distribution is not taken into account [Kosobokov and Mazhkenov, 1992].

Adaptive estimates provide a more contrasting picture of the distribution of seismicity
compared to the constant radius methods, however, excessive detail may not be entirely
justified due to the significant spatiotemporal clustering of earthquakes, which persists
even after declustering of the earthquake catalog. Another drawback of this model is that
the assessment of the intensity of the flow of events per time unit and per area unit is based
on the assumption of homogeneity, although the method is aimed specifically at identifying
the details of the spatial heterogeneity of the seismicity distribution.

Both constant radius and adaptive estimates must take into account the limits of
applicability of the Gutenberg-Richter law [Gutenberg and Richter, 1945]. The geological
basis of this law is the fractal structure of the support of seismicity — the fault system
[Sadovsky, 1979]. Therefore, when assessing the parameters of the GR law, it is incorrect
to consider narrow areas, since this takes into account events only in the “root” part of
the fractal structure and thereby predetermines the excess of stronger events. It is also
incorrect to consider compact areas (for example, circles) with a radius comparable to the
linear size of the source of the strongest earthquake in the area [Main, 2000; Molchan et al.,
1997; Romanowicz, 1992]. Thus, it is necessary to consider areas of a sufficiently large size,
but this can lead to an unjustified “smearing” of seismic activity over space.

In this paper, we propose a high-contrast smoothing method in which estimated values
are assigned not to the center of the circle, but to the average position of the earthquake
epicenters used in the calculations, and in which areal normalization is performed taking
into account fractal property of seismicity.

2. Method

We propose a modified version of the smoothing method with circles of a fixed radius,
which gives significantly more contrasting results compared to the standard method and
does not contain the disadvantages of the adaptive method described above. The choice of
smoothing radius can be determined taking into account the applicability of the Gutenberg-
Richter law.

The study region is scanned by circles with a constant radius R. The centers of the
circles are located at the nodes of a regular grid with a given step Dy, in latitude and Dy,
in longitude. It is well known that seismicity has a fractal structure in space [Kosobokov
and Mazhkenov, 1992], which must be taken into consideration when normalizing the
intensity of the flow of events. This is taken into account in our method. In each circle
under consideration, an estimate v(M) of the number of earthquakes with a magnitude
m > M earthquakes in the spatial cell Dy, X Dy, is made, normalized to the duration of the

catalog
d
f
Scell (1)
dg
circle

v(M) = N(M)
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d
Here N(M) is the number of earthquakes with magnitudes m > M in a circle, Scef11 and

d . . .
Sdfrcle are the areas of the cell and the circle in d¢-dimensional space:
i nt
f _ pd .
Scircle =RY dg 4
T(l + 7)

ds PP
Seey = D% cos ™ (),

where I' is the gamma function, R is the circle radius, D is the linear size of cell in degrees,
@ is the latitude of the center of the circle, d = fractal dimension of the spatial distribution
of the epicentres.

In the modified method proposed here, we will assign the value not to the center of
the circle, but to the average position of the earthquakes in the sample. As a result of this
operation, there will be several activity values in some cells 0.1° x0.1°. For each such cell,
we will choose a single value of v corresponding to the maximum activity estimate. In
those cells that did not contain a single value, we will restore activity using the built-in
“Surface” interpolation procedure of the Generic Mapping Tool (GMT) package [Wessel
etal., 2019].

The interpolation method used in the “Surface” function of the GMT package is a
modification of the minimum curvature method from [Briggs, 1974]. The main problem of
interpolation methods when mapping data is getting unreasonable outliers in the results
that do not fit well into the real picture (for example, sharp changes in elevation on a plain
in terrain maps, etc.). This is caused by the fact that the values in the intervals between
points with known data are not constrained by anything [Grain, 1970]. The so-called
methods of mathematical surfaces, in which the solution is sought in the form of a single
function for the entire surface, and the coefficients are found by solving equations for each
point, seem to suffer most from this effect. The problem can be partially solved by dividing
the surfaces into separate parts (piecewise), but this increases the computation time and
also causes problems with discontinuities at the boundaries [Grain, 1970].

More advanced from this point of view are the methods of numerical surfaces, which
can generally be divided into two groups: methods with weights and methods of finite
differences. In the first case, the interpolated value is determined by the weighted average
of the surrounding points. The further away the point is, the less its weight. However, this
method produces poor results when the data density varies greatly. Areas of high density
will be smoothed, while areas of low density will be interpolated rather unevenly [Grain,
1970]. It should be noted that in problems of seismicity smoothing, exactly this situation is
realized.

The principle underlying finite difference methods is the assumption that the solution
surface satisfies some differential equation. This equation is then approximated by finite
differences and solved iteratively. In the simplest case, Laplace's equation can be used:

6%z 8%z
—+—=—=0
0%x 8%y

In this case the value at the point z;; will be determined by four other values at the
neighboring points [Grain, 1970].

In [Briggs, 1974], a more complex equation is proposed. Specifically, the equation
of displacement of a thin metal plate being bent by forces acting at points such that the
displacement at these points is equal to the observed value. In this case, the value at point
zjj will be determined by twelve values at the neighboring points. It is also shown that
such an equation fulfills the condition of minimizing the squared surface curvature. That
is, the integral of the squared curvature is proportional to the total elastic energy of the
plate and therefore the solution with the minimum energy corresponds to the surface with
the minimum squared curvature [Smith and Wessel, 1990]. That is, thereby, the interpolated
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values between points with known data are constrained, and a physical justification for
these constraints is provided.

However, as shown in [Smith and Wessel, 1990], even such a method can still produce
unreasonable fluctuations in surface curvature after interpolation. The authors found out
that if horizontal forces are added to the plate equation from [Briggs, 1974], which were
excluded there to simplify the calculations, unwanted outliers and unnecessary inflection
points can be avoided by controlling the tension parameter.

The method from [Smith and Wessel, 1990], implemented in the “Surface” procedure,
has become widespread in solving problems of interpolation of geographical, geological,
and geophysical data.

3. Application examples

The figure shows a map for assessing variations in seismic activity in the regions of
southern Siberia using the described method. The value R = 100 km was used, which
is about 10 times the size of the earthquake source with magnitude M = 6.0. The map
is based on the data from the earthquake catalog for 1982-2021, obtained by combin-
ing catalogs from the yearbooks “Earthquakes in the USSR” for 1982-1991 (digitized
version is available on the link http://www.wdcb.ru/sep/seismology/cat_USSR.ru.html),
yearbooks “Earthquakes in Northern Eurasia” (1992-2021) (http://zeus.wdcb.ru/wdcb/
sep/hp/seismology.ru/cat_N_Eurasia.ru.html) and the catalog of the International Seismo-
logical Center ISC (http://www.isc.ac.uk). Duplicates in the catalog were identified and
removed according to the methodology of [Gvishiani et al., 2022; Vorobieva et al., 2022]. The
catalog was also declustered using the methodology of [Shebalin et al., 2020]. The resulting
catalog is available on the link https://clck.ru/39T8k6. Local estimates of magnitude of
completeness for the catalog according to the methodology of [Vorobieva et al., 2013] (map
is available at https://clck.ru/39T8oy) allow us to accept the value Mc = 3.5 as a regional
estimate. The study region is scanned using circles with a constant radius R = 100 km
(diameter D = 200 km). Value a =log,, v(3.5), where v(3.5) is an estimate of the number
of earthquakes in a cell with magnitude M > 3.5, calculated using the formula (1). Two
versions of estimates can be compared: 1) values are assigned to the centers of the circles,
and then interpolation is not carried out, 2) values are assigned to the average position
of the epicenters and interpolation is carried out using the method described above. The
results for the first option are shown in Figure 1, for the second one — in Figure 2.

&0 90" 100 "o 120 130

Figure 1. Variations in seismic activity a = log;v(3.5), v is the estimate of the number of earthquakes
with magnitude M > 3.5, calculated using the formula (1). Earthquake epicenters are shown as black
dots. The values are assigned to the centers of the scanning circles.

As it can be seen from Figure 2, when using the second approach, the activity corre-
sponds well to the spatial distribution of the epicenters. If we use the traditional option,

Russian Journal of Earth Sciences 2024, Vol. 24, ES1003, https://doi.org/10.2205/2024ES000892 6of 10


http://www.wdcb.ru/sep/seismology/cat_USSR.ru.html
http://zeus.wdcb.ru/wdcb/sep/hp/seismology.ru/cat_N_Eurasia.ru.html
http://zeus.wdcb.ru/wdcb/sep/hp/seismology.ru/cat_N_Eurasia.ru.html
http://www.isc.ac.uk
https://clck.ru/39T8k6
https://clck.ru/39T8oy
https://doi.org/10.2205/2024ES000892

HiGH RESOLUTION SEISMICITY SMOOTHING METHOD. .. VoroBievA, GREKOV, KRUSHELNITSKII, MALYUTIN, SHEBALIN

Figure 2. Variations in seismic activity a = log;v(3.5). Earthquake epicenters are shown as black
dots. The values are assigned to the average position of the epicenters in the scanning circles. The
values at the grid points are calculated using interpolation.

assigning values to the centers of the circles, then the areas of high activity turn out to
be significantly “smeared”. Thus, the proposed method, while retaining the advantages
of the smoothing method with circles of constant radius, provides a significantly more
contrasting activity map, reflecting in detail the distribution of earthquake epicenters.

We propose to use a similar approach for local estimates of the b-value parameter.
Since earthquakes of magnitude 7 have been observed in the region, to estimate the b-value
parameter we use an increased value of R = 200 km, which corresponds to the conditions
for the applicability of the Gutenberg-Richter law. The b-value is calculated using the
Bender method [Bender, 1983], which, unlike the widely used Aki method [Aki, 1965],
gives an unbiased value on small samples. The minimum sample size is 50 events; if the
number of events in the circle is less than 50, we assign the corresponding cell the regional
value of b.

Similar to the activity maps (Figure 1 and Figure 2), we compare two options for
mapping the b-value: 1) values are assigned to the centers of circles (Figure 3), 2) values are
assigned to the average position of the epicenters with subsequent interpolation (Figure 4).

As it can be seen from the figures, the use of our method actually leads to a significantly
more contrasting picture of the distribution of the b-value: the areas of anomalously large
and anomalously small values of the parameter turn out to have much smaller area. At
the same time, unlike the activity maps, areas of homogeneous parameter values show low
correlation with the density of epicenters and do not have an elongated shape.

4. Discussion and conclusion

In this paper, we proposed a high-contrast smoothing method for local estimation and
mapping of seismic regime parameters determined by the Gutenberg-Richter law. When
using this method, on the one hand, the conditions for the applicability of this law are
controlled (a fairly large smoothing radius), and on the other hand, narrow areas of really
high seismic activity are not “smeared” into wider zones that are not actually active at the
edges.

The proposed approach allows to obtain local estimates of the parameters of the
Gutenberg-Richter law with arbitrary detail. We used a scanning step of 0.1 degrees by
latitude and longitude. For comparison, the detail of estimates when constructing GSZ-97,
GSZ-2015, GSZ-2016 was 0.25 degrees. As the analysis of the obtained results shows, there
is no need to further increase the detail, since the obtained estimates in neighboring grid
cells differ, as a rule, by no more than 30%. If necessary, a technical increase in detail can
be achieved using linear interpolation.
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Figure 3. Variations of the b-value parameter. The values are assigned to the centers of the scanning
circles.

Figure 4. Variations of the b-value parameter. The values are assigned to the average position of the
epicenters in the scanning circles. The values at the grid points are calculated using interpolation.

The local estimates of the parameters of the Gutenberg-Richter law obtained using
our method can be used to construct a synthetic catalog of earthquakes. To do this, it is
necessary to estimate the parameters of the Gutenberg-Richter law for the entire simulated
region. This will allow to generate a sequence of seismic events with determined times
(based on the Poisson model) and magnitudes. To generate the coordinates of the epicenter,
it is enough to use local estimates of a and b-value to construct a probability distribution
for the occurrence of an event of a given magnitude in cells of a regular grid and, using
this distribution, select the appropriate cell using a random number generator. For the
epicenters of the strongest earthquakes, additional constrains can be introduced using
some model of the places where strong earthquakes may occur. Modeling of background
earthquakes that follow the Poisson distribution can be supplemented with a synthetic
catalog of clustered events, generated as sequences of aftershocks from background events,
aftershocks of aftershocks, etc.

The approach to constructing a synthetic catalog described above does not require
any subjective decisions other than choosing the boundaries of the region. This is its main
advantage compared to LDF-type models. However, like the LDF model, this is just one
of the possible solutions. To evaluate which approach is more effective, a quantitative
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comparison of different models with a catalog of recorded earthquake is necessary. The
methodological foundation for such a comparison can be tests based on the likelihood
function [Zechar et al., 2010]. Comparison with the catalog that was used to build the
model will only indicate the internal compatibility of the method and data. To compare the
efficiency of different models a test on independent data is necessary. One can, for example,
consider strong earthquakes for the period preceding the start date of the used part of the
catalog.
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Abstract: Geoinformatics is a scientific discipline that focuses on natural, technical, and socio-
economic spatial systems studied through computer modeling of localized objects and phenomena.
The main goals of geoinformatics as a science are visualization, localization, and decision-making
regarding spatial transformations of the environment. The structure of geoinformatics includes such
sections as geosystem modeling, spatial analysis, and applied geoinformatics itself. The development
of technologies for collecting, storing, converting and exchanging spatial and temporal data has led
to the rapid development of GIS technologies and the emergence of a wide variety of industrial GIS
aimed at processing geodata in order to make informed decisions. Currently, geoinformatics in many
industries is perceived as a geoinformation industry, which implies the presence of its own equipment,
the development of commercial software products such as GIS, a staff of experienced expert analysts
and the organization of marketing. The paper highlights three of the most pressing problems faced
by researchers in the field of geoinformatics over the past two decades: interoperability, digital
transformation, and geodata fusion. The characteristic features of these problems and some aspects

of their solution are considered.
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1. Introduction

The current stage of geoinformatics development is characterized by solving three
most pressing problems: ensuring geointeroperability, bringing informatization to the
level of digital transformation, and synthesizing geodata [Rozenberg and Dulin, 2021]. A
detailed review of these problems reveals that they are quite closely interrelated, and
success in solving each of them has a significant impact on solving the rest. The ability
to share geodata has been one of the main requirements since the development of the
first GIS. Despite the fact that the past two decades have been very productive in terms
of the development of geointeroperability, which facilitates the sharing of geographical
data, geointeroperability has not yet become generally significant. Although the standards
developed by ISO/TC 211 and the Open Geospatial Consortium (OGC) Inc. [Open Geospatial
Consortium, 1999] provided the basis for its development, and in international organizations
(Canadian Geospatial Data Infrastructure (CGDI), National Spatial Data Infrastructure
(NSDI), Infrastructure for Spatial Information in Europe (INSPIRE), Global Spatial Data
Infrastructure (GSDI) spatial data infrastructures emerged, geointeroperability is still in
its early stages of implementation.

On the other hand, the Internet and the Web have developed tremendously over the
past two decades. Currently, the Web is being upgraded to Semantic Web (or Web 3.0),
evolving from Web documents to Web data, becoming an international open database.
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2. Geointeroperability

The International Organization for Standardization ISO 19119 offers the following
definition (https://www.iso.org/standard/53998.html): “Interoperability is the ability to
connect, execute programs, or transmit data among various functional modules in a way
that does not require the user to have knowledge of the characteristics of these modules.”

For a geographical area, the following description of the term “geographic interoper-
ability” applies (https://www.iso.org/standard/57465.html): “Geographical interoperabil-
ity is the ability of information systems to 1) freely exchange all types of spatial information
about the Earth and about objects and phenomena on, above and below the Earth's surface;
and 2) share network software for managing such information.”

It should be noted that this definition does not assume that each component uses the
same data format (the coincidence of formats corresponds to the usually incorrect percep-
tion of interoperability by many people), but rather proclaims the ability to understand
each other's format(s).

Semantic interoperability corresponds to human-level collaboration, and deals with
the flow of work, the establishment of partnerships and collaborations, and the need to
remove existing (national, local, organizational) barriers [Dulin et al., 2014]. In other words,
semantic interoperability becomes the ability of a collection of system components to
(a) distribute information and (b) process it according to publicly available operational
semantics in order to achieve a specific goal in a given context.

In the context of geoinformation, interoperability is directly related to GIS, which is
the main environment for implementing geointeroperability.

| Conceptual interoperability |
| Dynamic interoperability | ﬁ
Pragm atic interoperability |

Semantic interoperability

Syntactic interoperability

Interoperability potential

Technical interoperability

Lack of interoperability

Figure 1. Interoperability levels.

Research in the field of geoinformatics points to the need to create interoperability
models that can ensure that interoperability is established between systems in accordance
with different goals and contexts [Makarenko et al., 2019].

There are several approaches to the formation of GIS through interoperability mod-
els [Makarenko et al., 2019]. Each approach has advantages and disadvantages in terms of
achieving interoperability in a particular context. The main advantages of interoperability
models are the ability to (a) define a common vocabulary that ensures consistency of
semantics and analysis, (b) provide alternatives to suggestions regarding the structure of
solutions, and finally (c) evaluate new ideas and add different options.

Examples of interoperability models that have been successfully applied in the GIS
domain are — the Levels of Conceptual Interoperability Model (LCIM) and the Intermodel5.
These models are mainly used at the highest levels of organizational interoperability out
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of the traditional seven levels: zero interoperability level, technical, syntactic, semantic,
pragmatic, dynamic, and conceptual levels (Figure 1) [Mohammad Saied et al., 2015].

3. Semantic Geointeroperability and Semantic Web

Geographic databases and user representations of real phenomena are characterized
by high heterogeneity, which hinders effective geointeroperability. As a rule, heterogeneity
is decomposed into four levels: system, syntactic, structural, and semantic.

Establishing semantic geointeroperability goes beyond simply being able to access
geographic database information on a display or printed on paper. It requires more time,
and the exact dictionary of geographical databases must be known in advance in order to
get the relevant information [Dulin et al., 2016].

Semantic interoperability is a key factor that allows interacting systems to understand
data and process it based on this understanding. Interoperable systems represent compo-
nents and tools in the lifecycle of product manufacturing and service delivery. Standards
are one of the means to achieve semantic interoperability because they provide well-defined
and consistent data requirements, although they are often so narrowly defined that they
cannot provide the complete information model required for interoperability [Gulyayev
et al., 2012]. However, models related to standards can be easily integrated, providing
a fairly broad domain model. The standards provide the necessary foundation for any
interoperability. Creating intelligent infrastructures requires a more holistic exchange
of information between different subject areas, which requires universal interoperability
based on common semantic and ontological foundations with an unconditional availability
of understanding.

Along with the problem of understanding in general, there is the problem of under-
standing the semantics of geodata [Turasov, 2015].

Among the definitions of the concept of understanding for interoperability problems,
the most appropriate is the following:: “Understanding (assimilation) — correlation, com-
parison of newly received information (text, image, speech, behavior, phenomenon, etc.)
with already known, accumulated and structured information (i. e., basic knowledge) by
means of cognitive structures, behavior patterns, concepts and categories of concepts; and
its evaluation from certain positions, based on based on a certain sample, standard, norm,
principle, etc. for example, the accumulated experience or circumstances in which the
process of perception and understanding occurs, the features of the cognitive system/
cognitive style of a person” [Tuarasov, 2015].

Misunderstanding is most often caused by the unfounded, non-obvious or lack of
such a standard, and can also be caused by the emerging cognitive dissonance (in the
terminology of information systems — a violation of the integrity of existing knowledge), as
well as, in the case of the human understanding process, by subjective perception factors
(unfavorable conditions for perception and understanding/assimilation of information). In
the latter case, understanding may also occur with a delay rather than immediately, for
example:

*  after a certain period of time — there was time to “think” or favorable conditions were
created for reflection;

*  when conditions change — additional information was received, for example, certain
events occurred, which supplemented, “pushed” previously misunderstood informa-
tion, “put everything in its place”.

Understanding (or more precisely, meaningful knowledge) makes it possible to per-
form actions with new objects based on already established skills and abilities; as well as
reflect on the understood / learned information (knowledge), deduce various consequences
from it.

Regarding the process of understanding (interpretation), we can formulate the follow-
ing: the author (generator) expresses his subjective images or judgments in a formalized
form (text, speech), and the interpreter restores this image or judgment in his own subjec-
tive context. This subjective context is determined by the subject's previous experience and
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the current circumstances in which the interpretation occurs. Thus, the language acts as a
“universal ontology”, which ensures the interoperability of subjects-native speakers (more
precisely, users of the language).

For the generator, there is no (rather, it is invisible to it) problem of homonymy of
words/terms (ambiguity of the word/term used), since it knows the meaning implied by
it. But the interpreter faces such a problem and is forced to solve it either by relying on
the context of the message, and if this does not help, then it is forced to use probabilistic
(frequency) or fuzzy estimates (such as “the author probably meant the following” or “the
author could have meant either this or that”’). The search for implicitly / vaguely expressed
content occurs as a result of accessing knowledge relevant to this text (Figure 2).

Verfication and Acceptance and

FOFL“‘:”?I}S’Z?W transmission of | compliance of
encoded requests requests with
subjective queries in a subjective 4 qu,“gtmg
d ; context interpretations
/ N Information
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¥
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Figure 2. Structure of semantic interoperability.

Semiotic communication involves the participation of the sender and recipient of an
information message, and in the process of communication, each of them acts as a generator
or interpreter of the message.

Modeling semantics [Dulin et al., 2016] is deeply embedded in the geointeroperability
framework and thus provides a comprehensive description of semantic geointeroperability
in general, which underlies the development of Semantic spatial data infrastructure and
Semantic Web geospatial information.

Geointeroperability is the foundation for the development and implementation of
Spatial Data Infrastructures (SDIs) [Dulin et al., 2019]. The purpose of SDIs is to coordinate
the useful exchange and sharing of geographic information using appropriate services.

In 2001 Berners-Lee the idea of Semantic Web was put forward. It was based on
a proposal to modernize the Web from the document level to the data and information
modeling level.

Semantic Web requires logical statements, classification of concepts, formal models,
rules, and protocols of security and trust. The Semantic Web architecture has been de-
scribed in detail in many publications. It is based on Uniform Resource Identifiers (URIs),
Universal Character Set (Unicode), and eXtensible Markup Language (XML).

The idea of creating a geospatial Semantic Web was first introduced Egenhofer in 2002.
It should expand the concept of Semantic Web, improving the semantic interoperability
of geodata on the Web. But most importantly, establishing semantic geointeroperability
requires that users and providers have a relevant understanding of the semantics of requests
and responses. In the context of the Semantic Web, this feature is becoming more and more
accessible.

During this time, efforts to standardize ISO / TC 211 and OGC and the development
of geoinformatics provided a large part of the foundation for the creation of the geospatial
Semantic Web. The international standards ISO / TC 211 have defined an ontology of
geospatial concepts that are independent of applications. This ontology is the basis for
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describing geographic information, which includes concepts for describing geometry, topol-
ogy, temporal information, spatial reference information systems, features, characteristics,
behavior, relationships, quality, metadata, and services.

4. Aspects of digitalization

Currently, there is an intensification of digitization of geographic information and
processing of digitized geographic information by GIS tools. Digital geodata, as experi-
ence shows, ensure the improvement of the activities of any company. However, most
modern geodata are not interoperable: they are stored in isolated geodata databases, non-
interoperable systems, and are used in restricted access programs. This makes it difficult
to exchange geodata, and it is often impossible to analyze and interpret them.

Digitization, digitalization and digital transformation [Hewlett Packard Enterprise,
2023] - these are different processes that are used differently in different industries. How-
ever, in the field of IT, they usually mean the following;:

» digitization means the transformation of some information resource from an analog
representation to a digital one. For example, scanning manuscripts and storing them
in an electronic library.

+ digitalization means the introduction of a technological process in the field of technol-
ogy and related software. The online shopping service on the Internet is an example
of a digital business process that combines electronic purchase and delivery.

»  digital transformation means that software-based processes are created that can evolve
to increase the company's flexibility and competitiveness. The following definition
can be given: “Digital transformation is the process of integrating digital technologies
into all aspects of business activities, requiring fundamental changes in technology,
culture, operations, and the principles of creating new products and services” [Hewlett
Packard Enterprise, 2023].

When it comes to digital transformation, understanding the processes in the problem
domain takes a significant amount of time and is much more difficult than simply adapting
them to new digital technologies. In digital transformation, new solutions are being sought,
as problems arise that are being solved with the help of new technologies. For example, a
document is not just digitized, but processed and analyzed, and the question of whether a
specific process is needed or whether it can be simplified using a new technology is studied.

Therefore, digital transformation is nothing more than solving problems with the
best technical means. To a certain extent, this also applies to topics such as “agile design
thinking”, “brainstorming” and other creative ways of working, since they are necessary in
order to expand the view of problems. You can solve them by technical means using new
technologies only if you have an understanding of these problems.

Digitalization has led to the emergence of digital content. This content can be pro-
cessed by digital processes, and new technologies will lead to the development of a digital
business strategy. But digital transformation provides much more. Of course, digital con-
tent, digital processes, and a digital business model are essential, but digital transformation
takes into account all aspects of production. Digital transformation is a work that needs
to be carefully planned and takes a long time (3-5 years). Unlike digitalization, digital
transformation does not just require enterprises to apply a large number of advanced
technologies in their activities and cannot be completed in a single project.

The implementation of digital transformation development can be represented in
the idea of three stages: I. Implementation of an information technology and service
management system, II. Development and implementation of a service for analyzing the
use, evaluation, and efficiency of digital technologies, III. Transition from a digital service
to a service based on artificial intelligence, machine learning, and big data for managing
digital technologies.

Complex GIS software can be roughly described as layers of spreadsheets containing
data representing real geographical and spatial features, combined with tools for visualizing
this data, as well as tools for manipulating data and creating new relationships and subsets
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of data. The Esri GIS system, in particular, supports three main views when working with
geodata [ESRI, 2002] (Figure 3).

Figure 3. Three main views of geodata.

Geo data representation: GIS includes a BGA with geo data sets that contain geograph-
ical information in terms of supporting the general GIS data model (functions, rasters,
topologies, networks, etc.).

Geovisualization View: GIS is a set of smart maps and other descriptions that show
features of relationships between objects on the Earth's surface. Various map views of basic
geographic information can be used as a “window to the geodata database” to support
querying, analyzing, and editing information.

Geoprocessing View: GIS is a set of information transformation tools that form new sets
of geodata from existing sets of geodata. These geoprocessing functions take information
from existing geo sets, apply analytical functions, and place the results in new derived geo
sets.

Since digital transformation involves the use of technologies to radically improve
productivity, the digitization of all three representations should provide an appropriate
level of software technology. Digital transformation means that we have managed to
introduce a technology that starts completely new processes, and not just a new way of
processing geodata [Naseer et al., 2015].

Digital transformations have a significant impact on how specialists using geo-resources
interact with each other within the existing geointeroperability, which is a key condition
for implementing digital transformation [Rozenberg et al., 2021].

Implementation of digital transformation of geodata provides at least four benefits:
reduces the cost of maintaining the structure and consistency of geodata, improves the
accuracy and adequacy of generated queries, increases the speed of executed transactions,
and makes working with geodata more meaningful and efficient.

Digital transformation of geodata, which is possible only in the presence of semantic
geointeroperability, requires preliminary digitalization of all geoinformation resources,
which is complicated by the inherent heterogeneity of geodata. This requires accurate and
up-to-date geodata about the location of spatial features, their properties and character-
istics, their movement or change over time, and their interaction with other features. In
other words, we are not talking about expanding attribute data, but about creating a spatial
basis for digital transformation. The geographic information solutions obtained on this
basis will allow both to organize and organize various information flows, as well as receive
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independent timely analytical reports on various spatial features and events taking place
on the map [Rozenberg et al., 2022].

Digitized geodata can be obtained as a result of using modern technical means of
satellite scanning, sensing and positioning, or using aviation means of aerial photography
of the earth's surface. Photogrammetry and mobile laser scanning make a significant
contribution to the formation of geocontent [Ruiz et al., 2011].

5. Geodata fusion

Fusion of spatial data from various sources available on the Web is the main task for
modern applications that use information search on the web and are aimed at making
decisions based on geodata [Stankute and Asche, 2012].

The rapid development of the Web from a data-driven variant to structures for serving
a wide range of queries, along with the widespread adoption of mobile location-based
devices, has greatly affected the understanding, availability, and use of geodata. As a
result, the number of geodata available through the network is continuously increasing.
Successful analysis of geodata sets requires methods for establishing relationships and
combining geodata obtained from a variety of sources. It is becoming clear that once
web services provide the fusion of spatial information from an arbitrary number of geo-
data sources, there will be a much greater processing potential than today's Spatial Data
Infrastructures (SDIs)provide [Dulin et al., 2019], which act only as spatial data delivery
platforms available over the network. Spatial data fusion techniques play an important
role in creating an integrated representation of distributed spatial data sources in the
network. Since flexibility and interoperability are key factors in such geo-data integration,
the use of standards is an indisputable requirement. Therefore, in addition to the geospatial
standards established by the Open Geospatial Consortium (OGC) [Percivall, 2013], semantic
web standards published by the World Wide Web Consortium (W3C) regarding related
geodata [Percivall, 2023], are a good addition for formalizing and managing relationships
between object characteristics as part of the fusion process. Although the SDIs and Semantic
Web architectures are very different in terms of the applied technological processes and
standards, they can complement each other.

The term “Data Fusion” is widely used in the field of electronic data processing and
includes many different definitions and classifications. In 2010, when studying standards,
information data fusion was defined as [Stankute and Asche, 2012] “the act or process
of combining or combining data or information relating to one or more objects that are
considered in an explicit or implicit knowledge structure in order to improve the ability
(or reveal a new opportunity) to detect, identify, or characterize the objects in question.”
Although research was initially focused on solving military intelligence tasks, synthetic
decision-making has proven to be applicable in business, urban planning, and many other
applied areas.

Open standards-based interoperability radically changes the role of data fusion in
classical application domains, creating new ways to identify relationships in small-structure
data.

In this paper, spatial data fusion is considered in relation to a variety of sources to
extract meaningful information related to a particular application context. Therefore,
understanding the geodata fusion proposed here includes what others describe as a fu-
sion [Huang et al., 2023], geo data integration [Al-Bakri and Fairbairn, 2012] or geo data
concatenation [Lopez-Vizquez and Manso Callejo, 2013].

Many fusion processes can be implemented in a closed architecture with a single
software and hardware provider. However, without the use of open standards, many
geodata and services are difficult to automate and scale. Standardized data, applications,
and services provide an automated and interoperable geodata fusion environment, sup-
porting secure geo sharing and transparent reuse of services for processing large volumes
of geodata and unpredictable analytical queries.
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Some elements of the preferred open structure of geographic information fusion
based on geostandards are already being distributed to users. For example, Web Map
Service [Randall, 2014] (WMS) provides map fusion. WMS presents maps as illustrated
layers of images obtained from various sources in order to use the geographical overlay to
create aggregated maps that meet the needs of users (Figure 4).

for the site of design and
|survey work on the railway |

Formation of coverage
with materials of

operational space imagery
on a section of the railway

Figure 4. An example of geographic information fusion based on WMS the standard OGC. The map
image is represented by sequentially generated levels of geospatial information synthesized into a

single visualization.

In the study of geodata fusion, it is customary to consider three categories: compari-
son of observations and measurements (Observation Fusion); comparison of phenomena
(Feature Fusion) and fusion of solutions (Decision Fusion) [Ciuonzo and Salvo Rossi, 2014].

As a result of the fusion of observations, multiple sensor measurements of the same
phenomena are combined into a combined observation. Processes mappings thus, a
combination of different sensor measurements is formed in the form of a well-described
observation, while taking into account the inherent uncertainties of this process (for
example, analyzing the client's signature or recognizing his face from different angles).

Basic requirements for mappings observations and sensor measurements include
[Ciuonzo and Salvo Rossi, 2014]:

1.  Build a system of sensors, necessary observations, and surveillance processes that
meet the needs of users.

2. Determination of sensor capabilities and measurement quality.

3. Availability of sensor parameters that allow you to automatically determine the
location of observations.

4.  Determination of real-time observations in standard encodings, including encoding
of measurement uncertainty, and parameters required for processing measurements.

5.  Configure sensors to make observations of interest.

6.  Generate and publish alerts that will be issued by sensors or sensor services based on
certain criteria.

7. Object identification and classification.

8.  Enabling it mappings observations and measurements provide access to the process-
ing mechanisms and necessary information about the object.

Information for performing fusion can be obtained from both sensor observations
and from people. Information as a result of observation can serve as input to processes
mappings observations and dimensions, or it can be used to identify recognized objects
whose characteristics are processed as input to the fusion process. Standards for mappings,
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observations and measurements have been used for a long time and have proven their
viability.

Comparison of phenomena involves processing observations at a higher level of
semantic properties of phenomena. This improves the understanding of the operational
situation and clarifies the assessment of potential threats and impacts, allowing you to more
correctly identify, classify, link and combine objects of interest. The processes of comparing
phenomena include their generalization and aggregation. Aggregation technology includes
useful options that allow you to work with imperfect, heterogeneous, contradictory, and
duplicated geodata.

Service-oriented architecture (SOA) [Naseer et al., 2015] it is well suited for supporting
distributed services of phenomenon aggregation rules. Comparison of phenomena allows
you to work with more powerful, flexible and accurate information resources than with
those obtained from original sources.

Recommendations for comparing phenomena should be taken into account:

*  Toachieve a level of semantic interoperability, user profiles must be taken into account
when processing geodata.

*  Designing user profiles is a task that concerns not only the selection of appropriate
input and output type definitions, but also the selection of appropriate classifications.

*  Metadata in user profiles is required for registering in directories OGC, to quickly find
and establish links with standardized structures.

Decision fusion initiates processes that support a person's ability to make a deci-
sion, providing an interoperable network service environment for situation assessment
and decision support, using information from various sensors and information already
processed.

Solution Fusion provides analysts with an environment where they can access inter-
operable tools using a single client interface to find, process, and use different types of
data from different sensors and databases. Decision fusion involves the use of information
from corporate geocommunities, which allows you to assess the overall situation and take
advantage of the overall operational situation. Therefore, we can say that the information
available for decision fusion is a collection of information from intellectual corporate
capital. Sources of such information are people, documents, equipment, or technical
Sensors.

This information can be grouped as follows:

* Information received from people.

*  Geospatial information accumulated in the form of geo resources.

* Information in the form of sensor signals.

* Information in the form of measurement data for various parameters.
* Information about open access geodata in any format.

* Information about scientific and technical intelligence geodata.

The development of decision fusion requires the development of standards for struc-
tured information, such as schema mapping methods with appropriate identification of
mapping rules, and an increased emphasis on association processing, since the identifi-
cation of associations between objects is at the heart of fusion. The most efficient envi-
ronment for implementing these categories of fusion is an architecture with distributed
databases and services based on a common core of geodata formats, algorithms, and
applications [Naseer et al., 2015].

Figure 5 shows an example of decision fusion that involves analyzing flood trends and
causes in the Kargasok city area based on geodata from multiple sources. The decision
fusion carried out in this study is a large-scale operation that includes both geodata received
from a person from a mobile device, and geodata of the general situation from the center
of the Ministry of Emergency Situations.
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Figure 5. Fusion of solutions based on switching geodata from various sources.

6. Conclusion

Increasing requirements for joint processing of spatial data for various applications
have revealed an urgent need for GIS scalability with supported geointeroperability.

To achieve semantic geointeroperability, it is necessary to develop both a geo-description
matching system and a set of related services to ensure an efficient bidirectional commu-
nication process, where the user and the geodata provider interact through requests and
responses, understanding each other through their knowledge and reasoning processes.

Digital geodata ensure the improvement of any company's operations. This period
is marked by a large-scale digital transformation, and here we should note the need for
geointeroperability to conduct digital transformation of geodata and the leading role of GIS
in providing users with access to digitized geo-resources and in the process of integrating
digital technologies.

Fusion of spatial data from various sources available in Web, is the main task for
modern applications that use information search in the network and are aimed at making
decisions based on geodata. Geodata fusion in distributed information environments with
open standards-based interoperability radically changes the classical areas of data fusion,
offering completely new ways to represent relationships.
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MOJIEJIM METOJIOM KOHEYHBIX 3JIEMEHTOB I103BOJIMIJIa 0DOCHOBATDH ONTHMAJIbHBIE [TApAMETPhI KaMEepHO
cucreMbl pa3paboTKH, 0HeCIIeYnBAIONe COXPAHHOCTD BOJO3AIIMTHOMN TOJIIIM, BKJIIOYasl ¥ 30HbI

Pa3pBIBHBIX HAPYIIEHU.

KiroueBsle ciioBa: KaJiniiHbIe MECTOPO2KJACHUsT, BOJO3aIlIUTHaA TOJIIIA, TEKTOHUKa, Pa3PbIBHbIE HAPY-
IHeHHH,F&MbH3quCKHe UCCJ/Ie/I0OBaHud, NreOMEeXaHuKa, MaTeMaTHu1IeCKOoe MO/Ie/IMPOBaHne, YUCJI€HHaA

peasin3anusd.

Huruposanume: Bapsax A. A., Candupos U. A., Ipakounos M. B., Jlo6anos C. FO.,
Hukudoposa A. . Nudopmarmonnoe obecriedeHre reOMEeXaHnIeCKIuX PacIeToB yCTORIUBOCTH

MOAPaBbOTAHHOTO TIOPOHOTO MACCHBA CO CJIOXKHBIM TeKTOHWIecKHM crpoerneM // Russian Journal
of Earth Sciences. — 2024. — T. 24. — ES1012. — DOI: 10.2205/2024es000894

BBenenune

B coBpeMeHHBIX YCIOBUAX TII00ATBLHOTO JEMUIUTA TPOJSOBOILCTBUS AKTUBU3UPYETCS
pa3paboTKa MeCTOPOKIEHUN KAJMITHBIX DY B CJIOYXKHBIX TOPHO-I€0JIOTMIECKUX YCIOBUSIX
[Poavrurosa u dp., 2023; Pumgan et al., 2022; Rauche, 2015]. Has momo6HOTO THmA Me-
CTOPOKJIEHUH OOIIEU3BECTHBI TIOBBINIEHHBIE PUCKY, CBSI3aHHBIE C TEOJIOTHIECKUM CTPOCHUEM
BOJZIOYIIOPHBIX IIOPOJI, IEPEKPHIBAOIIIX TPOLYKTUBHYO TOJIIILY, U OIIACHOCTHIO [IPOPBIBA IIPEC-
HBIX BOJ B TOpHBIE BBIpaboTku [Bapax u Fscees, 2019; Pydkosckuds u dp., 2011; Gendzwill
and Brehm, 1993; Prugger and Prugger, 1991]. B sroii ¢Bs3u 0co6yi0 3HAYMMOCTD IIPU
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pa3paboTKe MECTOPOXKJIEHUI MHHEPAJIBHBIX COJieil IprobpeTaeT reoMexaHudecKas OIleH-
Ka BJUSHUS TOPHBIX paboT Ha COXpaHHOCTb Bogo3amuTHbiX Tosr (B3T), ormesnsiomumx
BOJIOHOCHbBIE TOPU3OHTHI OT BHIPAOOTAHHOI'O ITPOCTPAHCTBA.

Tpajuruonto B KadecTBe MHOOPMAIMOHHOTO 00ECIIEYIEeHUs T€OMEXaHNIECKUX PACIeTOB,
OCHOBAHHBIX HA COBPEMEHHBIX YHMCJIEHHBIX METOJaX MaTeMaTHYeCKoro MojesupoBanus |Ha-
pax u dp., 2017; Beasxos u Beauros, 2022; Karasev et al., 2022| u kpurepusax paspylieHus
[Baryakh and Tsayukov, 2022; The ISRM Suggested Methods for Rock Characterization,
Testing and Monitoring: 2007-2014, 2015; You, 2011], ucnonbsytorest: manube 0 GU3NKO-
MEXaHMIEeCKIX CBOMCTBAX TOPHBIX OPO/I, IIPOCTPAHCTBEHHBIE (DU3UKO-TEOJIOTTIECKIE MOJIEIIN
pa3pabaTblBaeMbIX YIaCTKOB IIaXTHBIX I0JIEH, ITapaMeTphbl BeJeHUs TOPHBIX paboT, pe3yJibTa-
ThI MHCTPYMEHTAJIbHBIX U3MepeHnit aedopmarinii B TOPHBIX BRIPAOOTKAX M OCEIAHUI 3eMHOIT
mmoBepxHOCTH. VI3 BCeX MEPEeYnCIeHHBIX COCTABJISAIONNX HAN0OIee HEyCTONYINBON B IIJIaHE
JIOCTOBEPHOCTH SIBJISIETCsI (DUBUKO-TEOJIOTUIECKAST MOJIEITb.

B mpocthix ropHo-reosiornyeckux ycJIOBUAX, 063 3HAUNMON JIATEPAJIbHON H3MEHYN-
BOCTHU CTPOEHHUS] U CBOWCTB IOPOHOTO MACCUBA, MOJEIbHBIE TTOCTPOCHUS TEOPETUIECKN
MOI'yT 0a3UPOBATHCS TOJILKO Ha PE3yJIbTaTaX eoJIoropa3BeodHoro oypenus. Oo6memupo-
Basl IIPAKTUKA SKCILIyaTallid MECTOPOXKIEHNI BOIOPACTBOPUMBIX ITOJIE3HBIX MCKOIAEMBIX
[Bapaz w dp., 2009] mokasbiBaet, 9TO MOAOOHAST CHTyanust HAOJIIOMAETCA KPATHE PEIKO.
Heobxomnmoli siBasieTcss TOBBIMNIEHHAS IPOCTPAHCTBEHHAST JTUCKPETU3AINS OIMPOOOBaHUST
CTPYKTYPHO-(DU3NYIECKUX [IAPAMETPOB pa3pabaTbiBaeMOro MHTEPBaJIA IOPOJHOIO MACCUBA.
C 3T10il 11e/IbI0 TPUMEHSTIOTCS PA3JIMIHbIE TeO(PU3NIECKUE UCCIEIOBAHUs, OOBITHO B BUJIE
OTIPE/IEJIEHHOTO KOMILTIeKca MeTonoB. Comepkanne KOMILIEKCA OMPEIeIsieTCsi OCOOEHHOCTIMMU
cTpoeHusi 00beKTa n3ydeHus. [yt MeCTOPOXK IeHNii MIUHEPAJIBHBIX COJIE IJIACTOBOTO THIIA
HanOOJIbIIIEE PACIIPOCTPAHEHNE IOy IIIN CefiCMO-, 3JIEKTPO- U I'paBUpa3Beika. B kadecTse
MapaMeTpPUIecKOro 00eCrede st NHTEPIPETAINOHHBIX 3aKIIOUEHUN 10 JAHHBIM HA3EMHBIX
HaOJIIO/IeHIH BBIIOJIHSIIOTCS U CKBayKMHHBIE Teodu3myueckue uccieoBanus [Boazapos u
Pocaos, 2009; I'nebos, 2004; Nolet, 2008; Yilmaz, 2008].

Ha xpymmeitimem B EBpome BepxmekaMCKOM MeECTOPOXKIEHUN KAJUAHBIX W MaTHUE-
BBIX COJIEH J1st MHPOPMAIMOHHOTO 00DECIIEUeHNs] T€OMEXaHNIECKIX PACIETOB ITPUMEHSIETCS
ceificMOpa3BejIKa Ha, OTPAXKEHHBIX BOJIHAX C IIPUBJIEYEHHUEM UHTEP(EPEHIIMOHHBIX CUCTEM
PEruCTPAIA TI0 METOJUKE MHOTOKDATHBIX Tepekpbituii [Bapaz u dp., 2017].

ITomobHoe MeToaIYIeCcKOe pertieHrne 0OYCIOBICHO OIArOMPUSITHBIME CEICMOT€0IOTTIECKT-
MU YCJIOBUSIMU, 3aKJTFOYAOIUMUCS B aJI€KBATHOCTH CJIOMCTON KBA3UIIAPAJIIETEHON MOIEIN
PeaJIbHBIM CPeJIaM U TOIXOAIINX JJIsd IIPOBEJICHIST HA3EMHBIX CEfICMOPa3BeI0YHbIX HAOJIIO-
JeHUl IOBEPXHOCTHBIX yCJIOBAAX. Hamdane aHAJIOTMIHBIX YCJIOBUI OIPEIE/IIIO BEIY LY IO
POJIb CcelicMOpa3BeIOYHBIX HAOJIOeHNT 1 Ha KpynHeiineM B Mmupe CackKauyeBaHCKOM MeCTO-
poxxnennu (Kanana) [Gendzwill and Stead, 1992; Halabura (Steve) and Hardy, 2007].

Braronpusarnoe coueranne (pu3NKO-TeOTOTIIECKNX CBOWCTB 00bEKTa M3YUEHUT U YCIO0-
BUI 1J1d IIPOBEJIEHUs CefiCMOPa3BeJ0YHbIX UCCJICJOBAHUN XapaKTEePHO HE BCEM MECTOPOZK-
JIeHUSIM KaJIMHO-MarHUeBBIX Py/l. B cilydae ux 3aJjieraHus B yCJIOBUsIX TOPHOI'O pejibeda
HEOOXOIMMAasT IIOTHOCTD CEHCMOPA3BEI0UHBIX HAOIONEHUI He BCeraa JOCTUKIMA 1 BO3MOXK-
HOCTH TpebyeMoil merann3anuu (PU3NKO-Te0JIOIMIECKO MOJe N pa3pabaThIBAEMOI TOJIIIN
B IIpejiejlaX BCEro MEeCTOPOXKJIEHUsI BECbMa, OMPAHWYEeHbI. B MOM00HBIX CJIydasX BO3MOXKHO
paiioHupOBaHIe TEPPUTOPUHA MECTOPOXKIIEHUS HAa OCHOBE COUeTaHUs 0oJiee «JIETKUX» METO-
JIOB C ceficMOpa3BeI0IHbIMEU uccaeaoBanusmMu. Ha ocHOBaHMM pe3ysibTaToB pailOHHPOBAHUS
MIPOM3BOMIATCS JIeTAIU3aIsl Hanbojiee HeOIarompUsATHBIX YIACTKOB C pa3pabOTKOIl 110 ceficMo-
Pa3BeJIOYHBIM JAaHHBIM THUIIOBBIX (DU3MKO-I€0JIOMMIECKUX MO/IeJIell OCHOBHBIX I'€OJIOTUYECKUX
«OTIACHOCTEM ».

B kadecTBe «Jierkux» MeTOJI0B BO3MOXKHO ITPUMEHEHUE CTAHJIAPTHBIX 3JIEKTPO- U I'Pa-
BUPA3BEJOYHBIX TEXHOJOIMYECKUX pelreHnii. Hanpumep, BepTUKAJIBHOE 3JIEKTPUIECKOE
30HAMPOBAHUE U OJHOKPATHBIE TPABAMETPHIECKIE HAOIIOMEHNUS.

Peanuzamusa komiutekca mHGOPMAIMOHHOTO 0OECIIEUIEHNST TEOMEXAHMIECKUX OTEHOK
OIIACHOCTH HAPYIIEHUsI CIUIOIIHOCTH BOJIO3AIUTHBIX TOJII B YCIOBUSX CJIOXKHOTO TEKTOHUYE-
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CKOTO CTPOEHUsS WJLIIOCTPUPYETCs Ha mpuMepe TroberataHcKoro MEeCTOPOXKICHUS KaTuHHBIX
COJIeii.

1. Obmas xapakTepuctuka Tro0eraranckoro MeCTOpOX/IeHNs U YCJIOBHUIl €ro oTpaboTKu

Troberaranckoe MeCTOPOXKICHE KAJUIHBIX COJIell HAXOIWTCs Ha rpanute Pecrybimku
V36ekucran (Kamkagapburckas obuacts) u Pecriybinku Typrmenucran (Hapapkoyckas
obsacTh) u pasesnsiercs: norparnaHoii pexoit [llopaapbst Ha qBe wacTun. MecTopox ienune
PACIIOIOZKEHO B IOTO-3AIMAHBIX OTPOrax | mccapckoro xpedTa, SBIISIONIErOCs I0T0-3aIa,THBIM
orersienueM Tsanb-IT1Tanbckoit ropaoit cucrembr. MakcuMmasbHbIe BBICOTHBIE OTMETKH I'PsibI
B CeBepHON JacTu cTpyKTyphl — 1443 M (r. TroGeraran), a Ha tore — 1325 M (r. Kapaurar).
OTHOCUTEIbHBIE MTPEBBINEHNST TOPHBIX BEPIIIMH HAJI JTHOM MTPOJOJBHBIX JIOJIUH JIOCTUTAIOT
300-400 M. CKJIOHBI I'Dsij U3PE3AHBI CETHIO TOMEPEYHBIX YINEU.

B reomopdonorudgeckom orHoIennn B mipejienax Tiob6eraraHCKOTO MeCTOPOXK ICHUST
KAJIMIHHBIX COJIell PA3BUT KYICTOBBIH pesibed ¢ aCUMMETPUIHBIM CTPOEHUEM: TIOJIOTUMU 33~
MaIHBIMU U KPYTBIMUA BOCTOYHBIMU CKJIOHAMU. B HUZKHEH YaCTH TaKUX Ky3CTOBBIX ILIOIMIAT0K
pa3BUTHI IVIyOOKO BpPE3aHHBIE Call OBPAXKUCTOIO THIIA, KOTOPBIE SIBJIAIOTCA BOJOCOOPHUKAMU
IIPECHBIX BOJ CO Beell Teppuropnn TroberaTaHcKoit Bo3BbImeHHOCTH (pHC. 1).

B reostornaeckom cTpoeHIE MECTOPOXKICHUs IIPUHUMAIOT YIaCTUe OCAI0IHBIE TTOPO/IBI
IOPCKOIi, MeJIOBOil, HeOreHOBOI 1 YeTBepTUYHON cucrem [Ilosdees u dp., 2010] (puc. 2).
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Puc. 1. O630puas kapra Tio6eraTanCcKoro MeCTOpOXKIeHUsT KAJUHHBIX COJIE.

V3bekckass gactb T100eraTaHCKOro MECTOPOXKJIEHNsS IpUypodeHa K TioberaTanckoit
GpaxuanTukanHa M [aypaak-ToberaTaHcKoll aHTHKIMHAIBHOM 30HbI (pHC. 3) U XapakTepH-
3yeTcs KpaliHe CJIO2KHBIM TEKTOHUYECKUM CTPOEHUEM.

Pazpaborka Troberaramckoro MmecTopoxkienns Ha Teppuropun Pecrybinku Y306ekucTan
Hauata B 2010 roxy (puc. 4). Y4acToK 1epBoOdYepeHON OTPAbOTKI PACIIOIOKEH B CEBEPHOI
YacTH U IPEJCTABIIAET COOOI MHOIOYTOJILHUK, BBITAHYTHIM B CEBEPHOM HAIIPABJIEHUH Ha
3 KM mpu mmpuHe 710 1,8 KM.

Kak n Ha 60bIIMHCTBE KAJUIHBIX U COJITHBIX MECTOPOXKIEHUN 371€Ch TPUMEHSIETCST
KaMepHasl CucTeMa Pas3paboTKH ¢ IMOIJIEPKAHUEM BbIIIEIEXKAIIEH TOJIIU Ha JIEHTOYHBIX
MeXKIyKaMepHBIX Tesnkax. OUucTabie paboThl BEIyTCs 110 JIBYM CHIBBUHUTOBBIM ILIACTAM:
Huxuwit Ila (muupuna kamep a = 5,5 M, mupuna 1eaukos b = 3 M, BbIHUMaeMas MOLIHOCTh
m =5 m) nu Huxnuit 116 (mupuna kamep 4 = 5,5 M, mupuHa 1eauKkoB b = 3 M, BbIHIMaeMast
MorHOCTb 1 = 3,1 M). IIpoMblnuIeHHBIE [ITIACTHI XaPAKTEPU3YIOTCS [TOJIOTUM 3aJleraHIeM
¢ yriioMm najienns Ha ceBepo-3amast 10-15°. Ilopsaok aBukerus GpoHTA TOPHBIX padoOT —
0OpaTHBIN: OT FOTO-BOCTOYHOI I'PDAHUILI B CEBEpO-3alaIHOM Harpasyenunn. Ha HacTosmmii
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Puc. 2. Crparurpadudeckas KojioHKa paiiona TroberaraHcKoro MeCTOpPOXKIeHUsT KAJIUHHBIX COJIEH.

MOMEHT BpPpE€MEHU COCTOAHNE I'OPHBIX Bpra6OTOK Ha y4dacCTKe HepBOO‘-Iepe,Z[HOfI OTpa.6OTKI/I
OI€EHUBAETCA KaK HEY/JIOBJIETBOPUTE/ILHOE: KaMEPbI «3a/JlaBJICHbI» O6pyHIeHHbIMI/I IopoaaMu.

Russ. J. Earth. Sci. 2024, 24, ES1012, https://doi.org/10.2205/2024es000894

4 0f 13


https://doi.org/10.2205/2024es000894

I/IHIPOPMALII/IOHHOE) OBECIIEYEHUE 'EOMEXAHUYECKUX PACYETOB. . . BAPHX, CAHd)I/IPOB, ,ﬂbHKOHOB, .HOBAHOB, HukuooroBa

e
¢ ATV
Conenocran Tomua J,
K,

RE T T T -8
0 10 20 30
A-E  reonorudeckuii paspes /—/-;-’-- paznoMel
" 0 AHTHKNHHANBHBIX CTRYKTYD A" tbponr Hapsura

Puc. 3. ['eosmormueckast kapra paiiona TroberaTaHCKOl aHTUKJINHAIN C SJIEMEHTAMU TEKTOHWKH.

Puc. 4. Cxema mraxtrOro noJtst /lexkanabaICKOro KaJUitHOTO 3aBOJIA.
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2. Komiutekcubre re0¢n3nquKne Hccjie1oBaHnd

B pamkax mapamerpudeckoro obecrevennsi TeOMEXaHnIeCKNX PACIeTOB BBITOTHEHBI
IJIONIA/IHBIE TPABUPA3BEJOUIHbIE U MPOMUIIbHBIE CEHICMO- U 3JIEKTPOPA3BEI0UHBIE HCCIIE0BA-
HUS.

Tlo coBoKymHOCTH HEraTWBHBIX U3MEHEHUI reopU3nIecKuX MapaMeTpoB B Ipejesiax
ropHOro oTBo/a Ti00eraTaHCKOro MEeCTOPOXKIEHUsT HANOOoIee JJOCTOBEPHO BBIIESIOTCT TP
yudacTka (puc. b):

1.  Ha ceBepo-BOCTOKe — 30HBI 1 U 2 ceficMOpa3BEeJ0UHBIX aHOMAJINIl, KOTOPbIE XapaKTe-
PU3YIOTCS MOHUKEHHBIMH 3HAYEHUSIMU CKOPOCTH W MJIOTHOCTH, & TaKXKe YIEJHHOTO
3JIEKTPUIECKOTO CONTPOTHUBJICHUST;

2. B IIEHTpPe Ha ydYacTKe II€PBOOYEPEHOI OTpPaboTKu — 30HA 4 ceiicMOpa3BeIOYHBIX
aHOMAaJINI ¢ aHAJOTHIHBIMU NPU3HAKAMH IO HETATUBHBIM W3MEHEHUSIM BCEX TPeX
COCTaBJISIONINX;

3.  Ha Ioro-3araJie Iomajan paboT, IJie OTMEUIAETCs CHUXKEHUE 3HAYEHUil YIpPyrux Ia-

paMeTpoB IIPU IIPOTUBOPEYNBOM IMOBEJICHUHU JIEKTPOMETPUYECKHUX IIOKazaTeseil oT
HE3HAYUTEJILHOTO [TOHIKEHUs K ITPe00JIaIaI0IeMy TOBBIIIEHAI0 3HAYCHU.

Yenonuide ofosnasennm:
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Puc. 5. CxemMa KOMILIEKCHBIX PE3yJIbTaTOB reobU3NIeCKUX UCCJIETOBAHUIA.

ITomobHbIe coueTannst pacCMaTPUBAEMBIX re0(U3NIECKUX TAPAMETPOB TIO3BOJISIIOT MIPEJI-
[TOJIO’KUTH IIOHMKEHKE [TPOYHOCTHBIX CBOWCTB B IIEJIOM JIjIsl HAJICOJISTHON M COJISTHOM TOJIIIT
Ha BCEX TPeX y4acTKaX, IPH ITOM HA IIEPBBIX JBYX MMEET MECTO Pean3alys HEraTUBHBIX
TUIPOre0JIOMMIeCKIX IIPOIIECCOB, a I TPEThEro IMoKa HeT. ['eosiornyeckas Mpupoa JAHHBIX
30H CBsi3aHA C 30HAME HambOJiee aKTUBHOIO IIPOSIBJICHUS IO36MHOI'O BBIIIEIAUNBAHUS, PAC-
cytoeHust U oopytienus. Hanbostee HATISIIHO OHM TIPOSIBJISIOTCST HA PE3yJIbTaTax I PoBOit
06paboTKU CeficMOpa3BeJOUHBIX JaHHBIX (puc. 6).

Ha BpemeHnHBIX pazpe3ax OTMeUYAETCs Psiji HAnboJIee TMHAMUYECKN BBIPAXKEHHBIX 0Ceil
cHMA3HOCTH, KOTOPbIE COOTBETCTBYIOT IIEJEBBIM CEHCMUYECKUM OTPAXKAIONUM T'OPH30HTAM
(OI'), oTHOCAIMMCH K KOHKPETHBIM I'DAHUIIAM.

CoryacHO reoJIornuecKOil MOJIETIN MECTOPOK/IEHUS ¥ YCTAHOBJICHHOMY CKOPOCTHOMY
3aKOHY II0 PE3yJIbTaTaM CEeICMUYECKUX CKBAYKUHHBIX UCCJIEIOBAHNIT, OCHOBHBIE OTPAYKAIOIIHe
TOPU3OHTHI, BBIIEJIsIEMble HA BPEMEHHBIX Pa3pe3ax, UMEIOT CJIEAYIOILYI0 [e0JIOrHIeCKYIO
npusasky: OT' Krb — kposia Kapa6uibckoit csurer (Kikrby); OT' BC — kposiis coseid
Taypnakckoii ceutsl (J3gds); OT' H2 — kposist npogykrusHoro mnacra Huxamit I1.

IIpu mmudposoit 06pabOTKe OIEHUBAIOTCS CIEAYIONINE TapaMeTPhl BOJTHOBOTO ITOJISI:

1.  crpyKTypa BOJIHOBOIl KapTHHBI, IIpe/ICTABICHHAsA Ha BPEMEHHOM paspese 110 obmieit
riryObuHHOl TOukKe (puc. 6, a);
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Puc. 6. Pesysnbrarsr nndposoit 06paboTku.

2. KWHEMATHYeCKas COCTABJISIONIAs, OIEHNBAEMAs ITO0 CKOPOCTHON XapaKTEePUCTHKE
(puc. 6, 6), npezcTasisionmel pacupeeierne 3bGEKTUBHBIX CKOPOCTEN BO BPEMEHHOM
obj1acTu;

3. WHTEHCUBHOCTDH, OIEHUBaEeMas 10 JUHAMHIECKOMY BPEMEHHOMY pa3pe3y W €ro Mo-

nuduKanysiM B 4acTOTHOM (puc. 6, B) M BBICOKOYACTOTHOM (puc. 6, 1) nuamasoHax
06paboTKH.

Ilo mHapymeHusiM CTPYKTYPbI BOJHOBOI KapTUHBI, CHU2KEHUIO MHTEHCUBHOCTH U 3HaYe-
HUSM CKOPOCTHO# XapaKTEPUCTUKH Ha MPOMUIbHBIX JIMHUAX BBIIEIAIOTCH YIACTKU OCJIOXK-
HeHuit BOJIHOBOTO 11oJisd. [Ipy ux Jiokaam3anum yaIuThBaaach COTJIACOBAHHOCTD HETATHBHBIX
U3MEHEHUNl aHAJU3UPYEMbIX CECMHYECKUX [apaMeTPOB, IPEeJICTaBJICHHAas Ha pa3pe3ax
KOMILJIEKCHOTO TlapameTpa (puc. 6, r). Pacuer ero sHadeHuii oCHOBaH Ha COBMECTHOM HC-
MI0JIb30BAHNN HE3ABUCUMBIX KOJUIECTBEHHLIX XaPAKTEPUCTUK BOJHOBOTO IIOJIsi: 9aCTOTA,
adbderTuBHAsS CKOPOCTH, AMILIATY/IA, OTHOIICHUE CUIHAJ /TToMexa. PYHKIMI, OIUCHIBAIOIITE
[MOBEJIEHNE YKA3aHHBIX XapPaKTEPUCTUK BIOJb TPOMUIIs, Ipeodpa3yioT B IPOMEXKYTOIHBIE
Besm4nHbl, npuHnMaomue 3uadenne 0 win 1. [IpomerxxkyTounoit pyHKIMN IPUCBANBAIOT
0, ecyin Ha JAHHOM IUKeTe UCXOJHAsI (DYHKINS He BLIXOJUT 3 JOBEPUTEJHHBIN HHTEPBAJI,
u 1 — ecau BbixonuT. «KOMIIIEKCHBIN TapaMeTp» HMPeJCTaBIsgeT cO00 HOPMUPOBAHHYIO
CYMMY TIPOMEXKYTOUYHBIX pe3yabraros |Cangupos u dp., 2013].

B wurore dopmupyercss KosmmdecrBeHHasi OIEHKA HETATHUBHBIX H3MEHEHUN YIPYTHX
U CTPYKTYPHBIX APAMETPOB MCCJIELyeMOro MHTEPBaJa Te0JIOrNIecKoro paspesa (puc. 6, e),
yUIUTBIBaeMas [P T€OMEXaHNIECKUX PaCYeTax.

B kadecTBe THIIOBBIX CEICMOTeOIOTMIECKUX MOJEJIEN JIsi OIEHKN IeOMEXaHNIeCKIX
PHUCKOB BBIOpaHbl yyacTku B npesesnax 300 Ne 1 u Ne 2 (puc. 5), rue ormedarorcs: Haubosiee
KOHTPACTHBIE HEraTHBHBIE N3MEHEHUsI Me0(DU3NIeCKUX [1apaMeTpoB. BhljiesieHHbIe TUITOBBIE
reou3nYecKne aHOMAJINU MIPEJCTABISIOT OO0 OcIab/IeHHbIE TI0 MEXAHMIECKIM CBOMCTBAM
30HBI, KOTOPBIE MOI'YT OBITH CBSI3aHBI C TEKTOHMIECKUMU PA3PBIBHBIMU HAPYIICHUSIMHU.

3. Teomexanmveckas ONMEHKA M MPOTHO3 COCTOSHUS BOJO3AIIUTHOMN TOJIIIIHA

ITo pesynbraram reodu3nuecKuxX UCCIEIOBAHUI C YIETOM JAHHBIX OypPEHUs Fe0JI0oropas-
BEJIOYHBIX CKBAXKUH IMOCTPOEHBI XapaKTepHbIe JJIsi MECTOPOXKIEHHsT (DI3UKO-TEOJIOTTIeCKIe
MOJIEIN, KOTOPbIe TPAHCHOPMUPOBAHBI B I€OMEXAHUIECKHNE PACUETHBIE CXEMBI 110 JIBYM
paspesam: I-I u II-I1. Ux mosioxkenune mokazano Ha puc. 4. [Ipoduns I-I mepecekaer yuacTox
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mepBooUepeIHoO 0TpaboTKu, npoduib II-11 mpuypouen K miomaam meperneKTUBHON BhIEMKHI
zamacoB. OTMeTnM, 9TO ceficMOpa3BeIoUHAasT AHOMAJIUSI, PACITOJIOXKEHHAS B IIPEJIEJIax MPO-
duis I-1, npegcrasiena ociabieHHO 30HOI 6€3 OC/IOKHEHNS] TEKTOHUIECKUM HaPYIIIEHUEM;
BBbIJIeJIeHHAs B pafione pacyetHoro npoduirs II-11 cesa3ana ¢ TEKTOHMYECKUM HapyIIEHUEM.
Bce ceitcmopasBemotunbie aHOMAINN, B COOTBETCTBUN ¢ MMEIONIEHCsT T€OTOTHIECKON HHPOP-
Mare, UMeT MPUPOIHOe mpoucxoxkaerne. OIeHKa CTeNeHN CHIKEHUS TPOIHOCTHBIX
1 J1echOpMAIMOHHBIX CBOMCTB IIOPOJL, B IIPEJIeIax OCIab/IEHHBIX 30H [TPOU3BOIMAJIACH Ha OCHOBE
aHAJIM3a M3MEHEHNs! TTapAMETPOB BOJHOBOTO Tonist |Bapax w dp., 2017; 2Kuxun u dp., 2023].

Teomexannyeckas OIeHKa W IMIPOTHO3 U3MEHEHUS HAIPS KEHHO-Ie(DOPMUPOBAHHOTO CO-
CTOSTHUS TIOPOJHOT'O MACCHBA I10JT BO3/IeHCTBUEM MOPHBIX pabOT OCHOBBIBAJINCH HA YHCJIEHHOM
MaTeMaTHIECKOM MOJEJIUPOBAHNHN. MeTo/InKa pacyeToB JOCTATOYHO HOAPOOHO M3JIOXKEHA
B pabore [Bapsax u dp., 2017] u 6asupyercs Ha MOJEIU UACAILHON yIIPYTo-IIACTUIECKON
CpeJibl, KOTOpasi B 00JIACTU JIeCTBUS HAIPSIXKEHUN CXKATUsl peaju3yeTcs B BapUaHTe Iia-
pabosmaeckoro kpurepust Kynona-Mopa [Wang et al., 2019], a B obsacTn HanpszKeHW
pacTsizKeHusi yupyroe aedopMUpOBaHAe OIPDAHMINBAETCS IPEJIEJIOM IIPOYHOCTHA IIPU PAC-
Tsi2kernr. OTMeTuM, 9TO B (PU3MIECKOM BhIpaXKeHuu (pOPMUPOBAHUE 30H ILIACTUIECKUX
nedopMalnii B 00JIaCTAX CKATHS U PACTSYKEHUs CBI3BIBAETCS C IIPOIECCAMU TPEIMHOODpa-
30BaHMs, COOTBETCTBEHHO 3a CYET PA3BUTHS TPENINH C/IBUTA U OTPHIBA.

Teomexanndeckast pacueTHasi cxeMa OTPaXKaJja BeCh KOMILJIEKC TOPHOTEXHUIECKUAX U
TOPHO-TEOJIOrnIecKnx (hakTopoB (IIyOHHY FOPHBIX PAbOT, KOJIMIECTBO OTPabOTAHHBIX ILIa-
CTOB, IIAPAMETPHI CHCTEMbI PAa3pabOTKH, MOPSI0K OTPabOTKH, YroJl HaJeHus [IJIACTOB, YCTa-
HOBJIEHHBIE TI0 PE3yJIbTaTaM reo(U3NIECKIX OCOOEHHOCTH CTPOCHUS MTOIPAOOTAHHOTO MacC-
cuBa u Jp.). B paMkax NpuHATONR CXEMbl MATEMATUIECKOIO MOJEJIUPOBAHUS BPEMEHHOM
dakTOp yIUTHIBAJICSA B COOTBETCTBUU C pa3paboTaHHON MojuduKalmeil 13BeCTHOIO METOA
nepeMeHHbIX MogyJieii pedopmanuu [Bapar u Camodeaxuna, 2005].

I'panugHbIe yCIOBUS OMPEIEISIIACH CJIEIYIOMUM 00pa30M: Ha OOKOBBIX T'DAHUIAX TOPH-
30HTaJIbHbIE CMeEIleHud, a Ha HIU>KHEeR I'paHUIle BEPTUKAJIbHBIE — IIPUHUMAJINCh PaBHBIMU
uysio. Bepxusist rpanuna (JIHeBHAS OBEPXHOCTH) — CBOOOAHAs OT ycuiiuii. Yder cobCTBeHHO-
IO Beca MOPOJI, IIPOBOJUIICS OCPEICTBOM 33/IaHHsi MACCOBBIX CHJI MHTEHCHBHOCTBIO V;. (V; —
YZIEJIbHBII BEC i-TO 9JIeMEeHTa Te0JIONNIECKOro paspesa). VICXoaHoe HaIPSZKeHHOe COCTOSTHUE
HEHAPYIIEHHOIO TOPHBIMEA PA00OTaMU COJITHOIO MaCCHUBA CYUTAJIOCH TMIPOCTATHIECKUM:

a)? = 039 = )/H,T%, =0.

B pacuernbix cxemax ydTeHBI BBIAEJIEHHBIE 110 PE3yIbTaTaM reodu3nvecKux padoT
00JIACTH TTOHMKEHHBIX MEXAHUIECKUX CBOMCTB MOPOJ. Pa3phIBHBIE TEKTOHUYIECKHUE HAPYIIIE-
HUsI MOJIEJINPOBAJIMCH IIPOHUIIAEMON CyOBEPTUKAIBLHON HapyIIIEHHON 30HOW CO CBOMCTBaMU
yMeHbIIeHHbIME B 10 pa3 10 OTHOINEHHUIO K HEHAPYIIIEHHOMY MaccuBy. VcxoiHoe BEpTHKAIb-
HOE HAIPsI)KEHUE TI0 BCEMY Pa3pe3y, BKIII0UYas U ODJACTU CeiCMOPAa3BEI0OIHBIX aHOMAJINI,
[IPUHUMAJIOCh PaBHBIM YH. B reomexanudeckoil Mozen BbIpAOOTaHHOE IIPOCTPAHCTBO OT-
PparkaJioch CpPeJIoil ¢ MOHMXKEHHBIMU 110 OTHOIIEHHUIO K II0POJIaM COOTBETCTBYIOIIETO ILIACTA
MexaHmdecKuMu cBoiicrBaMu. CTeneHb CHIKEHUS MEXAaHUIEeCKUX CBOWCTB OIPEIEsIsiach
MPUHSATBHIME [TapaMeTpaMy KAMEPHOI CUCTEMBI Pa3pabOTKH.

ITapamerpudeckoe obeciiedeHre TeOMEXAHUYIECKUX PACUYETOB OCHOBBIBAJIOCH Ha PE3YJib-
TaTax MEXaHUIECKUX UCIIBITAHUI ITOPOJ, IPEJICTABIEHHBIX B [€0JIOrTIecKOM paspese Trobe-
TaTaHCKOTO MECTOPOXKIEHUSI.

B cBsi3u ¢ orcyTcrBHEM CHCTEMBI MAPKIIEHIEPCKUX HADJIIOIEHII 38 OCEIAHUSIMU 3€M-
HOIl ITOBEPXHOCTU HA MIAXTHOM II0JI€ PYJHUKA KAJUOPOBKA MEOMEXaHUYIECKON MOJIENIH 110
npodmto I-I mpousBoguIace mo pesysibraramM pagapHOi HHTepHEPOMETPUIECKON CheMKN
ciyranka Sentinel-1AL. Tlosryuennble ONEHKH CPEIHErOI0BBIX CKOPOCTEH OCENAHNS 3eMHOM
noBepxHoctu cocrapuin: B 2021 romxy — 200 MM /roz, B 2022 — 300 MM/rog. DTH BEIUIUHBI
MIPUHSATHL B KAYECTBE OPUEHTUPA IPHU KAJIMOPOBKE T€OMEXAHNIECKON MOIE/H M0 OCEIAHUSIM
3eMHOIi ToBepxHOCTH. UnC/IeHHasT pearn3alis reOMeXaHnIeCKoil MO/IeJIN OCHOBBIBAJIACH HA
U3BECTHBIX AJTOPUTMAX METO/A KOHEUHBIX dsieMeHTOB [Borst et al., 2012; de Souza Neto
et al., 2008; Zienkiewicz et al., 2014].
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BoimosiHeHEBIE TEOMEXAHUYIECKHE PACIETHI MMOKA3AJIN, YTO HA YIACTKe TePBOOYEDETHOIMN
orpaborku (puc. 7) yxke na ceropusmauii momenT spemenu B B3T cdopmupoBanbl 30HbI
CcyOBEPTUKAJILHON TPEIMHOBATOCTH, KOTOPBIE MOI'YT CJIY?KUTh KAHAJAMU JIJIs TIOCTYILICHUS
IIPECHBIX BOJ B BBIPAOOTAHHOE MTPOCTPAHCTBO PY/JAHUKA. lIputem, B JAHHBIX YCJIOBUSIX OT-
paborku mHapytenne ciutomuoctu B3T obyciioBieno He HAJUIUEeM BBIJIEJIEHHON aHOMAJINN
(ocabsiennas 30Ha 6€3 OCIOKHEHMsI PA3PLIBHBIM HAPYIICHUEM), & B OOJIbIIEH crereHu
CBSI3aHO C PEAJIM30BAHHBIME [TAPAMETPAMHU OYHMCTHON BBHIEMKH.

C-3—+10-8

0 500 1000 1500 2000 2500 3000 3500
Yeaonusie oboinadenun:
A - recnoropaIBenouHAd CKBREKHHA o - celicMOpaIBeNou AN AHOMAIHA
- orpadorka naactos Hila, HITb ki - TPEUIHHB CARNTE

Puc. 7. Xapakrep ¢dopMUpOBaHUST 30H TEXHOTEHHON HADYIIEHHOCTH B Bojo3amuTHOH Tosme (B3T)

B pezenax orpaborannoro ydacrka (nmpoduis I-1) ma moment 2022 roza.

IIpu onenke onacunoctu Hapymenus: cisomuoctn B3T Ha y4uacTke mepcrieKTHBHON
BBIEMKHW 3aI1aCOB CUIIbBUHUTOBOH pybl (poduis II-11, puc. 8) yeraHOBIEHO, UTO CKBO3HOE
ee pa3pyllleHne IPU COXPAHEHNN PUHSATHIX PAHee MapaMeTpPOB pa3pabOTKU HACTYIIAET yiKe
qgepe3 10 JeT mocsie HavMaa TOPHBIX PaboT.

C-3—10-B
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Puc. 8. Xapakrep ¢popMupoBanusi 30H TexHOreHHOI Hapyennoctr B B3T B paitone mepcnekTuBHON
orpaborku (npoduns II-1T) gepes 10 ser nocse Havaga TOPHBIX PAGOT.

B sTom cirydae 30Ha cyOBEPTHKAJIBLHON HAPYIIEHHOCTH JIOKAJIU3YETCSI HEIIOCPE/[CTBEHHO
B paifoHe pa3pbIBHOIO HapyIIeHus. TakuM 06pa3oM, MOKHO KOHCTATHPOBATD, ITO B YCJIOBHUAX
TroberaraHCcKOro MECTOPOXKIEHNS OCHOBHAS OITACHOCTD IIPOPBIBA MIPECHBIX BOJ B TOPHBIE
BBIPAOOTKY CBsIi3aHA C HAJUYINEM PA3PBIBHBIX TEKTOHMYIECKUX HAPYIIEHUN.

B nesisix obecrietiennst moTeHIMAIBHOM BO3MOXKHOCTH O0TpaboTK 3amacos TroberaTancko-
'O MECTOPOKJIEHUS B YCJIOBUSX CJIO?KHOTO TeKTOHUIECKOT'O CTPOEHUSI BBIITOJTHEHBI PACIETHI
C U3MEHEHUSIMU TIapaMeTPOB KaMEPHOIl cucTeMbl pa3paborku. [Ipu coxpaneHnn MupuHbI
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OYHMCTHBIX KAMEDP U BBIHIMAEMOIl MOIIMHOCTH Ha 000MX pabounx IJIAacTax CODJIIOIAJIOCH CIIe-
myiornee TpeboBaHMe: BHE 3aBUCUMOCTH OT IVIyOWHBI TOPHBIX PAOOT CTENEHDb HAIDYKEHUS
MeXKIyKaMepHBIX IEJINKOB He JIOJIKHA IpeBbimaTh 0,4, T.e. 3amac ux HEeCyIei CrrocoOHo-
cru He MeHee 2,5. Ilpu coburrogeHnn 9TUX ycJIoBuii be3omnacHble yeaopus mnogapadborku B3T
06eCcIIeInBalOTCsI BIUIOTD JI0 3aBEPIEHUsT TIPOTIECCa CABUKEHUS.

4. 3ak/roueHue

Kommekcubre reodu3ndeckne u reoMeXaHUIECKUE UCCJIEOBAHNS, BBIIIOJTHEHHbBIE B Paii-
one TroberaTaHCKOro MeCTOPOXKJIEHUs, MO3BOJIMIN CJIeJIaTh HEKOTOPhIE ODIKe BBIBOIHI,
HaIpaBJ/IeHHbIe Ha obecriedeHne 6€30TaCHOCTH TOPHBIX PADOT B YCIOBUSAX CJIOKHOTO TEKTO-
HUYECKOT0 CTPOEHHS PA3pabaTHIBAEMOrO COJISTHOTO MACCHBA:

1. Hapsiny ¢ TpaauiioHHBIMU T'€0JI0rOpa3Bef0YHbIME paboTaMu, Ha CTAUH ITOATOTOBKHI
MECTOPOXKIEHUS K OTPabOTKE HEOOXOIMMO IPELYCMOTPETh KOMILIEKC reOMU3TIECKIX
HCCJIeJOBAHUI, OpDUEHTUPOBAHHBIM Ha IIPOCTPAHCTBEHHYIO JIOKAJIN3AINI0 aHOMAJIBHBIX
30H, OCODEHHO CBA3AHHBIX C PA3PBIBHBIMU HAPYIIEHUSIMU.

2. Pesynbrarsl reodu3ntuecKnx MCCJIEIOBAHUAN JOJ2KHBI OBITH IMPEICTABJIEHBI B BUJIE
bUBUKO-Te0IOTTIECKIX MOJENIeR st MOCIeAYIomeil nX TpaHCcOpMAINA B T€OMeXaHNU-
JecKHe pacueTHBIE CXEMBI.

3. O6s13aTeIbHBIM 2JIEMEHTOM PAa3pabOTKM KAJIUIHHBIX MECTOPOKICHUI B CJIOKHBIX TOPHO-
Pe0JIOTUYECKUAX YCJIOBUSAX fABJIFETCS COIPOBOJIUTEIbHBI MOHUTOPUHI' COCTOAHUSA IO/~
paboTaHHOIO MaCcCHBa, KOTOPBI BKJIIOYAET PEXKUMHBIN Ie0(pU3NIECKUN KOMILIEKC
HCCJICJOBAHUM, CeICMOJIOINYeCKN KOHTPOJIb IIPOLECCOB Pa3pylIeHUsd, UHCTPYMEHTAJIb-
Hble U,/WIn pajapHbie nHTepdepOMeTpUIecKre HADIIONEHUs 38 PA3BUTHEM OCEIAHUN
3eMHOI MTOBEPXHOCTH, U3MEPEHNUs B THIPOHAO/IIONATEILHBIX CKBasKUHAX. ['eoMexanmye-
CKas WHTEPIIPETAINsS PE3YIHTATOB MOHUTOPUHIA [TO3BOJIUT IOJIYIUTH OOJIee IOCTOBED-
HYyIO OIEHKY YCTONYIMBOCTU BOJIO3AIUTHOMN TOJIIIN U MOBBICUT KAYECTBO 00ECIICICHUS
6e301acHOCTH TOPHBIX PabOT.

Baaromapraoctu. lcciieioBanusi BBINIOJIHEHB! coTpyaHuKaMu VHcTuTyTa dhusnku 3emiin
uM. O. FO. IIImuara PAH nox pykosojcroMm wiiena-koppecnongeata PAH B. O. Muxaitiosa.
Pabora wactuuno BhIMOTHEHA TTpU (DUHAHCOBOI o IepkKe rpanTa PH® Ne 19-77-30008.
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Using the example of the Tyubegatan potash deposit (Uzbekistan), a complex of geophysical
and geomechanical safety assurance for mining operations in conditions of the complex tectonic
structure of the undermined rock mass is considered. Geophysical research included ground-based
seismic surveys using a profile system in combination with «light» standard electro- and gravimetric
techniques. Based on the results of these works, a physical and geological model of the deposit areas
was built with the weakened zones and faults localization. As part of the meaningful interpretation,
the physical and geological model was transformed into a geomechanical calculation scheme, which
reflected the main mining-geological and mining-technical condition of development and was based
on a model of elastoplastic deformation of salt rocks. The geomechanical model was calibrated
from radar interferometric surveys. The time factor was taken into account in accordance with the
developed modification of the well-known method of variable deformation modules. The formation
of plasticity zones in physical terms was identified with the formation of fracturing areas in the water
protection layer, which determine the danger of violating its continuity. Numerical implementation
of the geomechanical model using the finite element method made it possible to substantiate the
optimal parameters of the chamber development system, ensuring the safety of the water protection

layer, including fault zones.

Keywords: potash deposit, water protection layer, tectonic, fault, geophysical research, geomechan-

ical, mathematical modeling, numerical implementation.
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Abstract: For the first time, the results of modern studies of the earth's crust based on gravity
data from the GOCE satellite Project are used for a comparative regional metallogenic analysis
of the geodynamic settings of the formation of polymetallic deposits in Western Europe and the
Mediterranean segment of the Tethys belt. It is shown that exhalative sulfide deposits (SEDEX)
and cuprous sandstones and shales (SSC) are mainly located in the earth's crust with a predom-
inant development of the lower “basalt” layer of the earth's crust. Pyrite copper and lead-zinc
deposits in volcanogenic rocks (VMS), as well as some occurrences of the SEDEX type, are found
in supra-subduction island-arc and accretionary crustal settings with a predominant development
of the middle “granite” layer. Lead-zinc ores of the Mississippi type (MVT) are localized in deep
pericratonic sedimentary basins with petroleum-bearing specialization on the shelf and continental
slope, regardless of the stratification of the earth's crust. The results obtained can be used for regional

forecasting and metallogenic constructions, prospecting and assessment of new deposits.

Keywords: Western Europe, Tethys, lithosphere, Earth's crust, base metal, deposit, SEDEX, MVT,
VMS, SSC.

Citation: Galyamov A. L., Volkov A. V., Lobanov K. V. (2024), The Polymetallic Deposits of the
Western European Plate and Structure of the Earth's Crust According to GOCE Gravity Data, Russian
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1. Introduction

Lead-zinc deposits, widespread in the world, are one of the most important sources of
strategic metals: Cu, Pb, Zn, Ag, Au, PGE, Te, Se, Ge, Ga, Bi, Cd, In, Re, REE [Bortnikov
et al., 2016; Galyamov et al., 2021]. Such large Pb-Zn deposits are known in the world as Red
Dog, Green Creek (Alaska, USA), Selwyn, Howard Pass, Pine Point (Canada), Broken Hill,
McArthur River (Australia), Sullivan, Kidd Creek, Faro, Brunswick in Canada, Citronen
in Greenland, Rio Tinto in Spain, Falun in Sweden, Anguran in Iran, Kholodninskoye,
Ozernoye, Sardana and Pavlovskoye in Russia, as well as many others. The bulk of the
world's reserves of lead and zinc (60%) are in pyrite-polymetallic deposits in terrigenous
and carbonate-terrigenous formations (SEDEX type); reserves of lead-zinc deposits in car-
bonate formations (MVT type) and pyrite-polymetallic deposits in volcanogenic formations
(VMS type) are about 20% each [Dergachev and Eremin, 2008]. Moreover, more than 40% of
the reserves and about half of the resources come from SEDEX-type objects in Precambrian
rocks.

In Western Europe, about four hundred lead-zinc and copper objects are known,
including two dozen large deposits. Pyrite deposits are located in the Caledonides and Alps-
Kristineberg, Garpenbergsfaltet, Renstrom, Boliden (Sweden), Rammelsberg (Germany),
Rio Tinto, Angostura (Spain), Horni Kalna, Kostalov (Czech Republic). Stratiform deposits
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are known in the Hercynian and Alpine complexes of Poland (Upper Silesia, Miedziana,
Pomorzany, etc.), Italy (Iglesiente), Sweden (Horntraskviken, etc.), Ireland (Navan, etc.)
(Figure 1). Vein polymetallic (including silver) deposits are located in the Alpides and
Hercynides of Bulgaria (Madan, etc.), North Macedonia (Sasa, etc.), Slovakia (Banska
Stiavnica, etc.), France (L'Argentiere, etc.)

The origin of large concentrations of base metals and, especially, their sources are
of great interest for forecasting and identifying new deposits. Modern forecasting and
metallogenic studies are impossible without Earth remote sensing materials; generalization
and analysis of geological, geotectonic, geochemical and other spatial data, as well as
information on metallogeny [Volkov et al., 2020].

Previous studies [Blundell et al., 2007] show that the location of polymetallic deposits
in Europe is closely related to geodynamic settings that correspond to deep processes in
the earth's crust-subduction, rifting and orogenesis. The features of the deep structure
of the earth's crust are of significant interest to study the geodynamic conditions of the
formation of deposits in the lithosphere. This article used a global geophysical model of
the earth's crust, the CRUST1.0 model, compiled from the results of remote gravitational
measurements from space within the framework of the GOCE project [Laske et al., 2013;
Reguzzoni and Sampietro, 2015]. The modern ideas about the structure and geodynamic
development of the earth's crust were taken into account.
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Figure 1. Location of polymetallic deposits in Europe (based on materials from [Asch, 2003]).

1-7 — Types of deposits: 1 — copper-pyrite in volcanogenic-sedimentary rocks, 2 — lead-zinc volcanic-
carbonate stratiform, 3 — pyrite-polymetallic in terrigenous rocks, 4 — lead-zinc stratiform in carbonate
rocks, 5 — polymetallic vein, 6 — cuprous sandstones and shales, 7 — silver-polymetallic vein.

8-12 — Age of geological formations: 8 — Cenozoic, 9 — Mesozoic, 10 - late Paleozoic (D-P), 11 — early

Paleozoic (Cm-S), 12 — Precambrian.

This article continues the study of global and regional trends of location of lead-zinc
deposits [Galyamov et al., 2021, 2022, 2023] and focuses on the spatial relationships of
polymetallic ores and features of the deep structure of the earth’s crust within Western
Europe and the Mediterranean segment of the Tethys belt.

2. Model of the deep structure of the Earth's crust CRUST1.0

Currently, a huge amount of material has been accumulated as a result of seismic
studies of the earth's crust using the DSS (deep seismic sounding) and MOV-CDP (reflected
wave — common depth point) methods. The DSS method makes it possible to determine the
thickness of the earth's crust, identify seismic boundaries, deep faults, etc. in its thickness.
In Western Europe, seismic studies at the end of the last century were carried out on
a variety of profiles with an average profile density (4.5 linear km) per thousand km?,
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providing study of the earth's crust and upper mantle [Fountain et al., 1993; Hasterok et al.,
2022].

Currently, one of the most complete and spatially distributed modern systems of
remote sensing data on the earth's crust, based on measurements over a uniform network,
are the results of space gravimetric measurements under the GOCE (Gravity Field and
Steady-State Ocean Circulation Explorer) project. The GOCE spacecraft (weighing 1 ton)
was launched from the Russian Plesetsk cosmodrome by the Rokot launch vehicle into
low-Earth sun-synchronous orbit on March 17, 2009. GOCE is a satellite of the European
Space Agency (ESA), combining gravity reconnaissance and GPS tracking to determine
the average gravitational field of the Earth with unprecedented accuracy and spatial
resolution [Klyuykov, 2018]. To ensure the highest possible accuracy of measurements, a
very low orbit was chosen — 260 km above the Earth's surface.

Based on the results of the GOCE mission, the shape of the planet was determined
in more detail, the gravitational force in various regions and the density of the Earth's
crust were measured, and a new global gravitational map of the Earth was compiled. The
maximum resolution of GOCE gravimetry is 50 km; in general, for many parameters, the
resolution is 100 km. But the GOCE equipment made it possible to measure field values
over a uniform network, which made it possible to build global models of seismic surfaces,
and additional parameters - a rheological model of the upper mantle to a depth of 100 km.

The gravimetric data stimulated the development of global models of the deep struc-
ture of the earth's crust and upper mantle (GEMMA1.0, CRUST1.0), which contributed to
the understanding of the metallogenic specialization of large ore regions and provinces.
The GEMMA (GOCE Exploitation for Moho Modeling and Applications) project, also
funded by ESA, based on GOCE data, carried out an updated assessment and significantly
detailed the boundaries of the Moho [Reguzzoni and Sampietro, 2015].

The global model CRUST1.0 is based on a uniform one-degree network and is the most
complete and combines data on the depth of the Moho (half-degree network GEMMA),
a three-layer sedimentary cover, as well as the upper, middle and lower layers of the
consolidated crust [Laske et al., 2013]. We used this model to explain the spatial patterns of
the location of polymetallic deposits in the structure of the earth's crust. In addition, the
GEMMA model was used — the density and thermal regime of the upper mantle [Cammarano
and Guerri, 2017]. According to the model, the total thickness of the earth's crust on the
continents ranges from 16 km to 72 km. On 95% of the area of all continents, the thickness
of the continental crust varies in the range of 22-57 km.

The sedimentary cover forms the uppermost layer of the earth's crust [Laske et al.,
2013]. Its thickness varies from zero on shields to more than 20 km in deep sedimentary
basins. The rocks of the sedimentary cover are often metamorphosed and seismically
indistinguishable from the crystalline basement rocks. In many regions, metamorphosed
Paleozoic sediments are included in the upper crystalline crust. The upper horizon, up
to 2 km thick, represented by the least dense and weakly metamorphosed sedimentary
complexes, has the widest distribution (more than 500 million kmz), occupying vast oceanic
spaces. Its complexes make up individual deep troughs confined to oil and gas provinces
(for example, the North Sea-German, Cis-Carpathian, Transylvanian, etc.). In general,
hydrocarbon specialization is much weaker in the oceanic and continental sediments of
this horizon [USGS, 2012].

Oil and gas bearing formations are most often confined to the deepest parts of the
sedimentary crust, to areas of development of strata of the middle and lower horizons. The
middle horizon, up to 4 km thick, has a relatively smaller distribution (about 100 million
km?) and covers many hydrocarbon provinces (the Arabian Peninsula, South America,
Western Siberia, etc.) and their frame. The lower horizon of the sedimentary layer of the
lithosphere, the least widespread in the world (less than 20 million km?), is composed
of the most powerful complexes (over 14 km), to which the central sections of the large
hydrocarbon provinces of the world are confined.
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The consolidated crust, according to the CRUST1.0 model, consists of three layers.
The upper and middle layers of the continental crust are composed mainly of metamor-
phic complexes, gneisses, granites and granodiorites. The boundary between the upper
“metamorphic” and middle “granite” layers is often conditional and runs along the velocity
section of about 6.3 km/s. The lower “basaltic” crust is believed to be composed of rocks
of the amphibolite facies, although it is possible that the lower crust may be composed of
andesites and dacites [Hacker et al., 2015].

- 19-35 ¢
.54
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Figure 2. Local thickening of the earth’s crust (in km) and location of ore deposits (using materials
from [Laske et al., 2013]).

1-8 — deposits: 1 — precious metals, 2 — copper-nickel, 3 — copper, 4 — lead-zinc, 5 — base (W, Sn, etc.),
6 —rare, 7 — ferrous and 8 — radioactive metals.

Seismological and geological-geophysical studies have shown that the lower, middle
and upper layers of the consolidated crust are inconsistent in thickness. The deformation
of the crustal layers is expressed in the form of contrasting protrusions and depressions of
the Moho surface, anomalous swelling and thinning of the lower and middle crust. Among
such deep areas, geodynamic areas of different ranks and different types according to the
mechanism of formation are distinguished. They are associated with mantle processes, on
the one hand, and tectonic horizontal movements during the interaction of lithospheric
plates and terranes. Mantle processes, the trigger of the geodynamic situation in the
near-surface region of the crust, cause new deformations in the latter, expressed by uplifts,
troughs and flexures.

Local thickenings — structures of the second and higher orders, are reflected on maps
in the form of stripes and individual areas (Figure 2), identified by calculating average
values in a sliding window. Local areas of increased thickness are clearly distributed
throughout the world, often have linear outlines and most likely highlight the nature of
plate interactions. The thickening of the crust reflected in the seismic section is explained
as a result of the decompression of the upper mantle material and the corresponding
lowering of its upper boundary.

Local thickening of the earth's crust and its layers is characterized by variability.
Sharp variability is often explained by the block structure of the section, features of rifting
and other tectonic and rheological reasons and is revealed by a sharp change in the slope
of the Moho surface. General spatial statistics show that within zones of local crustal
thickening, significantly more than half of all the world's deposits and occurrences of
noble, non-ferrous, rare, ferrous and radioactive metals are located.
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3. Deep structure of the Earth's crust of Western Europe and location of polymetallic
deposits

The Western European young platform has, in general, a Paleozoic folded basement
and a Mesozoic-Cenozoic cover. It is characterized by a distinct block structure: massifs
(Bohemian, Rhine, Armorican, Central), ancient protrusions (Harz, Vosges, Black For-
est) and superimposed depressions (Polish-German, North German, Parisian, Aquitaine,
Thuringian, Sub-Hercynian).

Cenozoic (Rhine) and Mesozoic (North Sea) intracratonic rift systems are developed.
The largest oil and gas deposits are associated with the latter, and deposits of rock and
potassium salts are confined to the fields of development of Late Permian deposits, and
deposits of hard and brown coal are confined to the Carboniferous, Permian and Neogene
territories.

The crust of Western Europe differs from the crust of the East European Platform [Be-
lousov and Pavlenkova, 1989; Galyamov et al., 2023]. Its greatest thickness (average 30 km)
does not exceed 48 km compared to 57 km (average 39 km) in the east of the European
continent. Average speeds there are also somewhat lower: 6.3-6.4km/s compared to
6.5-6.6 km/s on the ancient platform. The consolidated crust is divided into three layers —
upper (“granite-gneiss”), middle (“granite”) and lower (“mafic”). A feature of the crust of
Western Europe is the reduced average thickness of its layers and significant stratification
of the lower layer (based on materials from CDP profiles). Spatial analysis also shows that
the ancient highs (Bohemian, Armorican and Central) are confined to areas of thickened
lower “mafic” layer of the crust, while areas of the Alpine orogeny are spatially associated
with areas of increased thickness of the upper (Pontids and Taurids in Turkey) and, in part,
middle layer.

The basement of the Western European Platform was formed during the Baikal,
Caledonian and Hercynian eras of orogenesis (Figure 3). Ancient consolidated elements of
the earth's crust, complicated by the development of rift structures, repeatedly experienced
orogenesis; ultimately, the age and contours of the main geodynamic regions of Western
and Central Europe are determined by recent orogenic processes that caused extensive
metamorphic restructuring and magmatism [Plant et al., 2005]. In the areas of the British
Isles, the North Sea and the Norwegian Sea shelf, the northern part of the North German
Basin and the border of the East European Platform, the basement is Caledonian age
mainly.

In the southern part of the platform, the basement in the form of protrusions (Ar-
morican, Central, Vosges, Black Forest and Bohemian massifs) is composed of Hercynian
complexes. These formations also compose Ardennes, the Rhine Slate Mountains, Harz,
Thuringian Forest, Ore Mountains, Sudetenland, and in the western and central parts of
the Iberian Peninsula [Plant et al., 2005]. The development of Cenozoic extended grabens
of the European rift system, 1100 km long, in the Alpine foreland complicates the modern
tectonic activity of the Hercynides. The Rhine Grabens remain seismically active currently.

Polymetallic deposits are unevenly distributed in the geological structure (Figure 3).
In general, on the territory of Western Europe, within volcanic and magmatic arcs, the
VMS deposits of Sweden (Renstrom, Kristineberg, Boliden, etc.) and Finland (Pyhasalmi,
Outokumpu, Vihanti, Pirttilampi, Verttuunjarvi, Korppisjarvi, Muittari, etc.) predominate
(more than 30% of the number of polymetallic occurrences).

In orogenic areas, VMS pyrite-volcanogenic deposits (more than 20%) of Norway
(Tverrfjellet, Fosdalen, Sel, Nordre Gjetryggen, Grimsdalen, etc.) and Spain (Arinteiro,
Bama, Filon Sur-Esperanza, Vuelta Falsa, etc.) are predominantly widespread, as well as
exhalative (about 15%) deposits (Germany — Rammelsberg, Meggen, etc.). Next to them, in
the clastic and clay redbed facies, there are stratiform deposits of cuprous sandstones and
shales (SSC) — in Germany (Leitmar, Korbach, Konrad), in Poland (Lubin, Malomice), in
Spain (Granada, Menorca, Santomera) , in France (Bancairon, Cap Garonne, Cerisier).

Carbonate formations of the Paleozoic basement and Mesozoic-Cenozoic cover contain
MVT type deposits (about 15%) in Ireland (Navan, Abbeytown, Ballinalack, Tatestown, etc.),
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Figure 3. Location of polymetallic deposits and geodynamic regions of Europe (based on materials
from [Hasterok et al., 2022; Richards, 2015]).
1 - foredeeps, 2 — accretionary complexes, 3 —island arcs, 4 — magmatic arcs, 5 — orogenic belts, 6 —

superimposed basins, 7 - rifts, 8 — passive margin, 9 - shields, 10 — cratons; 11-13 — age of orogenesis:
11 - Alpides (Ap, MZ-KZ basins), 12 — Hercynides (Hz, Hz+Ap), 13 — Caledonides (Kd); 14 - contours
of the Tethys belt.

Belgium (Verviers), Poland (Upper Silesian basin, Pomorzany), Spain ( Reocin, Rubiales,
Picos de Europa, Troya). Some small this type deposits occur in Early Paleozoic formations
on the periphery of the Hercynian block massifs (Central French, Mesetta, Czech, etc.).
The stratiform occurrencesare mostly transformed into skarnoids (Svardsjo, Lovasfaltet,
Kalvbacksfaltet).

Within shields with a Precambrian age of orogenesis, there are predominantly copper
and polymetallic VMS deposits (more than 30%), occurring in ancient metamorphosed
island-arc volcanogenic-sedimentary deposits and metamorphic complexes of volcanic and
magmatic arcs (Kristineberg, Renstrom, Boliden, Outokumpu, Vihanti, etc.) .

The depth of the Moho surface within the Precambrian protrusions of the Baltic
Shield fluctuates on average about 44 km (Figure 4), the maximum value is 48-50 km, the
temperature of the upper mantle at a depth of 60 km is reduced to 500 °C [Reguzzoni and
Sampietro, 2015].

The concentration of pyrite volcanogenic deposits in Sweden and Finland occurs in
areas of the thickened upper “metamorphic” layer of the consolidated crust, as well as in
areas of increased thickness of the middle layer and decreased thickness of the lower layer.
Similar patterns of crustal structure and placement of VMS ores are also noted in the frame
of the East European and Siberian platforms [Galyamov et al., 2023]. This feature of the
deep structure of the earth's crust is also observed in the Norwegian Caledonides zone in
the north of the Scandinavian Peninsula.

In the areas of the Caledonian orogeny of Europe, pyrite-base metal VMS ores occur
mainly in metamorphosed complexes of Norway (Bjornefjell, Espelandsmyr, Solberg,
etc.) and Sweden (Fosdalen, Joma, Grimeli, Rostvangen, Hersjo, Killingdal, etc.). Along
with them, isolated SEDEX pyrite exhalation occurrences are known (Laisvall in Sweden,
Mofjellet and Bleikvassli in Norway, Ben Eagach in Great Britain, etc.), occurring in
terrigenous and carbonate formations of the Riphean-Vendian and Early Paleozoic, as
well as stratiform MVT deposits of Ireland (Navan, Gortdrum, Garrycam, Abbeytown,
Ballinalack, etc.). The depth of the Moho here is characterized by shallower depths
within 20 km on the Iberian Peninsula and 32-38 km on the British Isles and Norway
(Figure 4), while the temperature of the upper mantle at a depth of 60 km is increased to
900-1000 °C [Reguzzoni and Sampietro, 2015].
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Figure 4. Polymetallic deposits of Western Europe and Moho depth in km (based on materials
from [Reguzzoni and Sampietro, 2015]). Symbol see Figure 1, Figure 3.

VMS-type deposits predominate both in areas of the Hercynian volcanic belts (Spain —
Angostura, Rio Tinto, Cueva de la Mora, San Telmo, San Miguel, etc.) and in accretionary
complexes of supra-subduction zones (Serbia — Zimovnik, Tisovik, Brskovo Zuta Prla,
Koporig, etc.).

The Iberian (Iberian) pyrite belt is one of the world's largest concentrations of vol-
canogenic deposits of non-ferrous metals — Angelita, Esperanza and San Miguel. Polymetal-
lic mineralization here was probably formed under pre-arc extensional conditions [Blundell
et al., 2007]. Previous collisional and lateral movements contributed to the opening of
weakened zones in the earth's crust, where deep magmas and anomalous heat flows were
intruded. Large pyrite-volcanogenic deposits formed in the back-arc basins at the epicenter
of these anomalies. The most intense metal content of the belt appeared with the end of
syn-collisional extension, immediately before post-collisional extension during granulitiza-
tion of the lower crust. The most likely source of metals is lower crustal granulites [Blundell
et al., 2007].

In the Hercynides of Central Europe, especially in areas of widespread development
of rift structures (Rhine Grabens, Vosges, Hesse and Eger), exhalation SEDEX deposits
of Germany (Rammelsberg, Meggen, etc.), France (Bodennec, Porte Aux Moines) and
occurrencea of cuprous sandstones and SSC type shales — Konrad, Korbach, etc. (Germany),
Nowy Kosciol, Sierozovice, etc. (Poland) and France (Cerisier, Giordannet, Liouc, etc.). This
also includes numerous hydrothermal polymetallic deposits associated with the Hercynian
and younger granite intrusions of the Rudnoga polymetallic province.

Of the Mississippian-type deposits in Paleozoic and Mesozoic carbonate rocks, the
French Villemagne and Malines, the Spanish Antonina and Rubiales, karst-type deposits
(Iglesiente and Monteponi in Italy, Upper Silesian objects in Poland, the Belgian Pb-Zn
deposit Schmalgraf, as well as lead-zinc deposits in Ireland) are known .

The Irish Navan, Tynagh, Silvermines, Lisheen and Galmoy deposits, which occur in
Early Carboniferous carbonate layers, contain a large number of strata deposits, formed
partly in the muds of the coastal zone, but generally during diagenesis (dolomitization and
brecciation), sometimes against a background of volcanic activity.

Stratified deposits of the Upper Silesian ore district occur in shallow Triassic lime-
stones and dolomites and belong to the type of replacement of cavities, veins and miner-
alized breccias [Vos et al., 2005]. Under conditions of folding and faulting deformations
during the formation of stratiform deposits of this type, the development of karst occurred
together with the redeposition of sulfides and barite with productive ore deposition at the
end of the Hercynian orogeny [Boni and Amstutz, 1982]. In southwestern Poland there are
deposits of cuprous sandstones and shales, possibly of exhalative origin. The ores of these
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deposits were formed as a result of the movement of brine through permeable zones in the
basement during the Triassic rifting period [Blundell et al., 2007].

A significant part of the Hercynian belts of Western Europe is covered by the Mesozoic-
Cenozoic cover, with the exception of the Paleozoic block massifs (Parisian, Czech, etc.).
The Moho surface within the massifs is distinguished by significant depth, compared with
the areas hidden under the Mesozoic-Cenozoic cover (Figure 1). In general, the Hercynides
are characterized by a thick lower “mafic” layer of the earth’s crust, within the block massifs
its thickness is one and a half to two times or more greater than that of the middle and
upper layers (Figure 5). A significant part of the SEDEX and SSC deposits in Germany,
Belgium, Poland and the Czech Republic are located on the periphery of the Vosges and
Czech massifs, above areas of thickening of the lower crustal layer, relative to the middle
layer (Figure 6).

Alpine activation in Western Europe is manifested mainly in the form of active zones
of the Mediterranean segment of the Tethys belt. The axis of the belt segment is located
between the southern continental margin of Eurasia and the Afro-Arab plate. To the north,
as a result of stretching of the Hercynian crust, the rift system of Western Europe developed,
accompanied by alkali-basalt and alkaline volcanism [Triforov, 2017].

The Tethys volcanic belts host numerous small and large porphyry Cu-Mo-Au deposits
and associated epithermal Au-Cu occurrences. The Tethys Belt also hosts stratiform and
exhalative polymetallic deposits, accompanied by skarn and epithermal polymetallic and
silver occurrences.

The vast majority of polymetallic deposits here occur in Mesozoic complexes. The
most represented lead-zinc deposits of the Mississippian type are in Spain (Reocin, Troya),
Italy (Salafossa, Raibl and Gorno), as well as Slovenia, Switzerland and Austria. There
are also exhalative occurrences of lead and zinc in France (Arrens), Spain (Arditurri) and
cuprous sandstones and shales (Granada and Santomera in Spain, Darno-Hegy in Hungary,
Giordannet in France, etc.).

Within the Tethyan belt, the depth of the Moho varies between 35-45 km, while the
depth of the Pannonian Basin, which is part of the belt, is 22 km [Reguzzoni and Sampietro,
2015]. The temperature of the upper mantle within the belt is characterized by elevated
values, varying around 1100°C, in some places exceeding 1300 °C. The thickness of the
lower layer of crust in the Tethys belt on average does not exceed 15 km; in areas conjugating
with the Hercynian blocks, the values rarely exceed 25 km (Figure 5). The middle layer
has a more uniform thickness within the range of 8-15 km, while the thickness within the
Pannonian Basin is reduced to 7-8 km.

The belt also shows a correlation between the placement of deposits of VMS and
SEDEX types, depending on the ratio of the thickness of the lower and middle layers
of the earth’s crust. In areas with a layer thickness ratio of 1.5-2:1, exhalation deposits
are common (Figure 6), and in areas with a layer thickness ratio of 0.5:1, VMS ores are
predominant. The upper layer of the crust, in general, has an increased thickness (about
15-20 km), but in the Pannonian Basin the values do not exceed 8 km.

4. The discussion of the results
4.1. Thickening of the earth's crust, types, causes and consequences

The main reasons for the increase in the volume of the earth's crust are: tectonic
interaction of plates and thermochemical mantle influence, accompanied by magmatism,
underplating and separation of the crust and mantle. The main consequence of crustal
thickening is delamination, convection, metasomatism and subsequent decompression of
the crust and upper mantle, which is accordingly reflected in the form of thickening on
seismic sections.

Tectonic thickening of the earth's crust is usually associated with collision processes
during collision, subduction of plates, etc. (African and Eurasian). During the collision,
an almost doubling of the thickness of the earth's crust is noted, which is expressed in the
relief by intense folded-block uplifts (Pyrenees, Alps, Apennines, Dinarides, Carpathians).
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Figure 5. Thickness of the upper (a), middle (b) and lower (c) layers of the earth's crust and the
location of polymetallic deposits in Western Europe (using materials from [Laske et al., 2013]). Rifts
are shown in red, rest. conventional designation see Figure 1, Figure 3.
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Figure 6. Polymetallic deposits of Europe and the ratio (from 4:1 to 1:11) of the lower and middle
layers of the earth’s crust (based on materials from [Laske et al., 2013; Richards, 2015; USGS, 2012]).
1 - troughs of the sedimentary crust, 2 — oil and gas provinces.

As a result of orogenic thickening of the crust, thermal erosion occurs [Zhang, 2007]
and delamination, in which the lower “mafic” crust and the underlying lithospheric
mantle are stratified into blocks of varying buoyancy, the denser of which sink into the
asthenosphere [Hacker et al., 2015; Houseman and Molnar, 1997; Pirajno, 2009]. This
leads to a rapid compensatory rise of the less dense asthenospheric mantle, followed by
decompression melting [Luchitskaya, 2014], mafic underplating, and partial melting of
lower crust materials [Artemieva and Meissner, 2012; Pirajno, 2009] and intraplate basaltic
magmatism [Mo et al., 2007]. All this leads to a general decompression of the crust and
thickening in seismic imaging. This is evidenced by the results of geophysical studies,
according to which decompression of the crust and upper mantle under the Central
Tien Shan has been established, which is associated with retrograde metamorphism of
rocks [Makarov, 2005]. A decrease in the speed of seismic waves due to decompaction
is also observed under mountainous areas (Tibet, the Caucasus, the Carpathians and the
Alps).

4.2. Subduction, accretion and VMS deposits

The thickness of the upper “granite-gneiss” crust can also be increased due to sub-
duction, obduction, accretion and magmatism during collisional orogenesis [Artemieva
and Meissner, 2012]. This is reflected in the existence of a thick “felsic” middle crust
beneath deformed complexes of volcanic arcs and accretionary prisms. This feature is
clearly manifested in the structure of the Dinarides and Western Alps system (Figure 5b).

The subduction paleothethic island arc process in the Alps determined back-arc
spreading, rifting, and ophiolite formation in the Devonian period [Graciansky et al.,
2010]. Later, the formation complexes that had formed by this time were accreted to the
subduction and obduction zone under the Apulian-African plate. The continuation of the
collision of the European and African plates led to a thickening of the accretionary prism.

The Dinarides, like the Alps, are a fold-and-thrust belt that extends from the Southern
Alps in the northwest to the Hellenides in the southeast [van Unen et al., 2019]. The main
structural elements of the Dinarides are manifested in Early-Middle Triassic rift troughs
and accompanying magmatism [Huismans et al., 2002; Robertson et al., 2009]. Subduction
and subsequent decompression of the continental crust led to the formation of a back-arc
basin with ophiolitic melange, the influence of which is associated with the formation of
VMS (Cypriot) type pyrite deposits in the Serbo-Macedonian volcanic belt.
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It should also be mentioned that VMS pyrite deposits are confined to areas of thicken-
ing of the middle crust in the Svecofennian accretionary orogen [Balagansky et al., 2016].
The Svecofennian orogenic block was formed as a result of the subduction of oceanic crust
under the Karelian craton, the subsequent formation of island arcs containing numerous
pyrite volcanogenic deposits, and their accretion. The multi-stage nature of accretion
determined the complex nature of the Svecofennian accretionary structures and the sub-
sequent rifting of the Karelian craton, which determined intraplate magmatism and the
accompanying copper-nickel mineralization.

At the same time, there is no evidence of thickening of the middle crust in the Iberian
pyrite belt, which hosts VMS and SEDEX pyrite ores of the Cadomian and Hercynian
age. The Hercynian metallogenesis of the belt was caused by transpressional deformations
of the crust [Tornos et al., 2004], which represented an active continental margin. With
subsequent movements, it was transformed into a collision zone, which could have affected
the thickening of the upper and middle crust relative to the lower crust. However, recent
seismic studies have shown that at a depth of 10-15 km, under the Ossa Morena zone, a
large flat and dense magmatic body is found, possibly of mafic-ultrabasic composition and
Hercynian age (Figure 5b). The parameters and properties of this body could have caused a
general increase in the density of this part of the middle layer and a corresponding upward
displacement of the seismic roof of the lower crust.

4.3. Rifting and SEDEX and SSC deposits

The process of thickening of the earth's crust associated with mantle influence is usu-
ally accompanied by diapirism of the asthenosphere [Mazukabzov et al., 2011], basification
(in the understanding of Academician V. V. Belousov) and eclogitization [Pavlenkova et al.,
2016]. The thickness of the crust also increases during the formation of large igneous
provinces [Artemieva and Meissner, 2012]. The thickness of the earth's crust within the
provinces averages about 40 km, while the lower crust, due to powerful basaltic magma-
tism, has an increased thickness (20 km), sometimes due to the reduction of the overlying
“granite-gneiss” layer.

The consequence of thickening, layering and decompression of the earth's crust is
rifting [Pirajno, 2009], the development of which is associated with the formation of many
deposits (Carlinsky, stratiform, epithermal and other types). In general, rifting is also
characterized by thinning of the middle “acidic” layer and thickening of the “mafic” layer
of the earth’s crust [Artemieva and Shulgin, 2019].

Confinement of polymetallic SEDEX deposits to areas of back-arc and continental-
margin rifting is a common phenomenon in the world [Groves and Bierlein, 2007]. At the
same time, for riftogenic areas, a feature of the deep structure of the earth’s crust is noted —
a local thickening of its lower “mafic” layer (Figure 5b). Thickening of the lower “mafic”
crust is observed mainly in broad areas of spreading and rifting of the continental margin.

In the Western Alps, where local thickening of the lower crust is noted (Figure 5b),
rifting occurred in the Early Cretaceous period and was caused by stretching and thinning
of the continental lithosphere [Graciansky et al., 2010]. Early phases of extension are
associated with the development of Tethys in the Eastern Mediterranean.

The deposits of Central Europe (Rammelsberg, Bieber, etc.) were formed during the
early rift phase of the development of the passive continental margin [Leach et al., 2005].
The position of pyrite lead-zinc ores gravitates to the area of thickening of the lower crust
(Figure 5b), on the passive continental margin with rift structures (Limanskaya, Bresskaya,
Rhine, etc.), among organic-rich Middle Devonian siliceous-clastic rocks.

In areas of rifting there are also deposits of cuprous sandstones and shales (France,
Germany, Poland). The currently accepted model for the formation of these ores during the
period of diagenesis. Copper sandstone and shale (SSC) occurrences occur in Zechstein
rocks in the Permian basin, extending from Great Britain through the southern North
Sea, northern Germany and Poland to Lithuania. The basin is an inland trough and
contains carboniferous sediments with thick coal deposits. The role of metalliferous
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fluids was played by seawater, which migrated down through the sediments into the
basement [Blundell et al., 2007]. In areas of Triassic rifting and elevated thermal conditions,
ore-bearing fluids migrated upward along faults and fractures.

The Iberian Axial Zone in the northeast of the Iberian Peninsula, which hosts Or-
dovician lead-zinc deposits of the SEDEX type, is part of the Alpine orogeny associated
with the collision between the Iberian block and the European plate. This fold belt is
characterized by local thickening of the Earth's crust, with thickening of the lower crust
covering larger areas (Figure 5b). The earlier history of the development of the Zone affects
the Late Jurassic rifting in the Northern Iberian and Sub-Pyrenean basins, which separated
the Iberian Peninsula from the Armorican massif.

In the Western Mediterranean, the redbed facies is similar in age, lithology, sedimen-
tation history, diagenesis and orogenesis to individual Mesozoic deposits of the interior
Apennines and Maghreb [Perri et al., 2013]. They consist primarily of siliciclastic clastic
materials, including sandstone, silt and clays, brought from areas of Paleozoic metased-
imentary and metvolcanic rocks. Copper mineralization is represented by chrysocolla,
azurite and malachite. The burial depth of the ores is at least 4-6 km with temperatures of
140-160 °C typical of the diagenetic stage.

The association of exhalation polymetallic deposits of the SEDEX and SSC types with
paleorift structures may be associated with the processes of interaction of lower crustal and
mantle fluid material due to delamination and mantle convection. Pyrite VMS deposits
in volcanic rocks are determined by upper- and middle-crustal fluids, which, as a result
of subduction and orogenesis, subsequent thickening of the crust, its delamination and
metasomatism, are ultimately a product of the interaction of mantle-lower crustal and
middle-upper crustal matter. All this does not contradict established ideas about the
commonality of conditions and the mechanism of formation of ores of these types, as
members of a continuous series [Donets and Konkin, 2017; Ruchkin, 1984].

4.4. Sedimentary cover and Pb-Zn deposits of MVT type

Mississippian and similar deposits, unlike VMS and SEDEX, were formed from sources
with a very complex history. As spatial analysis shows, the formation of ores is not
associated with the dynamic interaction of plates, and no patterns are observed in the
placement of ores relative to the ratio of crustal layers. According to popular ideas [Leach
et al., 2005], the formation of these ores was determined by tectonic deformations and
metasomatic changes in the ore-bearing strata of the subplatform cover. Deposits of this
type are localized on the flanks of intra- and pericratonic basins formed in the extensional
regime of the passive margin with terrigenous-carbonate sedimentation with hydrocarbon
specialization and crustal sources of metals and sulfur [Gorzhevsky and Makeeva, 1982;
Leach et al., 2005; Pavlov and Galyamov, 1988; Ruchkin and Donets, 2002]. At the same time,
the deposits gravitate towards deep sedimentary basins in the upper and middle layers of
the sedimentary non-metamorphosed crust. There are many examples of this in Western
Europe.

Consedimentation tectonic movements associated with rifting of deep Mesozoic basins
in the Cantabrian region (with stratiform MVT deposits) caused facies variability of sedi-
ments, the presence of unconformities and paleokarst [Velasco et al., 2003]. At the Reocin
deposit, the productive ore stage appeared in the late stages of dolomitization, when ore
was deposited in karst.

The circulation of metal-bearing fluids and the filling of karst occurred in post-Albian
times. Carbon and oxygen isotopic signatures indicate that the metalliferous fluids were
typical bottom brines [Velasco et al., 2003]. The main source of metals was most likely
siltstones and black carbonaceous shales. Metal chloride-rich brines were likely displaced
from underlying sediments during burial compaction and diagenesis. The main reservoir
of metals was most likely the underlying ones. Lead isotopy indicates its upper crustal
origin [Velasco et al., 2003].
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In the Triassic deposits of the Eastern and Southern Alps, numerous lead-zinc occur-
rences of the Mississippian type are known. They are also found in the Central Alps and the
adjacent European Plate of Austria. Economically important deposits are Bleiberg (Austria),
Mesice and Topla (Slovenia) and the Italian Raibl and Salafossa in the south. All these
Pb-Zn deposits were classified as the Alpine subtype [Schroll, 2005] and are located along
the northern periphery of the Po oil and gas basin [USGS, 2012]. Ore-bearing Mesozoic
carbonates overlie Permian and Early Triassic sandstones overlying the metamorphic base-
ment. The origin of deposits of this subtype is associated with the development of the basin
at the platform stage and subsequent tectonic events. In general, the characteristics of these
deposits define the subclass of “low-temperature Pb-Zn objects in carbonate rocks,” the
ores of which were located in the bottom conditions of platform carbonate sedimentation,
not exposed to thermal sulfate reduction [Schroll, 2005].

Stratiform deposits of the MVT type are also common in the North-East of Algeria,
which represents the most important metallogenic zone of Pb-Zn-Fe-Ba (Cu, F, Sr) ore
deposits. The mineral assemblage is represented by galena, sphalerite, barite, celestine,
pyrite, chalcopyrite and marcasite in dolomite and limestone [Ysbaa et al., 2021]. Stratiform
lead-zinc deposits and occurrences of the MVT type (Ain Kahla, Chellala, Djebel Gustar,
El Abed, etc.) are located in the section near the Hercynian basement, on the periphery
of Mesozoic sedimentary basins. The formation of the deposits is associated with basin
brines, the migration of which was caused by Atlas folding and, probably, Miocene tectonic
activation.

In addition, general spatial analysis shows that the areas of MVT mineralization are
located in areas with a reduced overall seismic thickness of the earth's crust (Figure 4),
which can be explained by eclogitization of its lower horizons. In these environments, the
process of crustal subsidence and the formation of oceanic basins with rifting intensifies.
At the same time, the superimposed transformations of sedimentary rocks are limited by
autometasomatosis, and mobile hydrocarbons were involved in the mechanism of migration
and unloading of ore-bearing fluids during stratiform lead-zinc ore formation. Further
superimposed transformations of ores and host rocks determined the epigenetic appearance
of ores and metasomatic formations.

Thus, a comparison of the position of polymetallic deposits in different tectonic set-
tings shows that there are two typical relationships of layers of the earth’s crust (Table 1,
Figure 5, Figure 6): 1) supra-subduction and back-arc riftogenic areas of local thickening of
the middle “granite” and upper “metamorphic” left of the earth's crust (Balkan Dinarides,
Taurids and Pontids in Turkey); 2) rift structures of the passive margin with the predomi-
nant development of the lower “mafic” layer of the crust (Central Europe, Iberian Zone,
Turkish Taurides). Separately, the settings of pericratonic troughs with subplatform oil and
gas complexes are highlighted (basins — Anglo-Danish, Po in Italy, Zagros in Turkey).

5. Conclusion

Spatial analysis of the distribution of Pb-Zn deposits in the folded frame of the
Western and Eastern European platforms and the Mediterranian segment of the Tethys belt
and comparison of the geodynamic settings of their formation indicates the following:

1.  Sedimentary-exhalation polymetallic and silver-polymetallic deposits are confined
to territories with the predominant development of the lower “mafic” layer of the
earth’s crust. SEDEX ores, as well as cuprous sandstones and shales (SSC), which were
deposited closely simultaneously with the host rocks, are closely related to the rifting
settings of mafic volcanism of the active and passive continental margin, with deep
sources of fluids at the lower crustal and upper mantle levels.

2. VMS copper and lead-zinc deposits are located, more often, in supra-subduction
island-arc and accretionary settings on consolidated crust with the predominant
development of the middle “granite” layer. SEDEX-type mineralization also occurs in
these settings, due to bottom fluid activation associated with island arc volcanism.
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Table 1. Typical relationships of crustal layers and geodynamic regimes framing the Western European Platform and the
Mediterranean segment of the Tethys belt.

Relationship between Thickened middle “granite” Thickened lower “basaltic”
R Platform frame
layers of the earth’s crust layer layer
. Rifting on the passive Pericratonic platform
. Suprasubduction and . . - .
Geodynamic mode . . margin and in the back basins with hydrocarbon
accretion settings . . T
arcs zone of active margins specialization

Subduction and
delamination transport
» crustal material into the
mantle, building up
continental crust

Mafic mantle magmatism
transports mantle material
upward and participates in

the growth of new crust.

Mechanism of mass
transfer “mantle-crust

Sedimentary and upper
crust

MVT Pb-Zn deposits in
carbonate rocks

Depth of metal sources Middle and lower crust Mantle — lower crust

Ore-formation type of

. Volcanogenic VMS deposits ~ SEDEX and SSC deposits
deposits

3. MVT-type stratabound lead-zinc ores are closely associated with pericratonic deep
sedimentary petroleum basins on the shelf and continental slope. At the same time,
their spatial connection with the stratification of the earth’s crust is not obvious. The
ores of this type were formed at the platforms frame in a carbonate host environment
in sedimentary basins with hydrocarbon specialization for a long time, which deter-
mines the polychronism of their genesis and the epigenetic appearance of the ores.
According to recent research results [Zhou et al., 2022] in Chinese SEDEX- and MV T-
type deposits, the source of sulfur in SEDEX ores was a sea water, and in MVT ores —
a catagenetic elision fluids. The source of metals for SEDEX ores was mainly the deep
basement rocks, and for MVT ore — the host sedimentary strata. Rifting determined
the occurrence of synsedimentary SEDEX mineralization, and the formation of MVT
ores at shallow levels of the earth's crust was determined by orogenesis.

At the same time, despite the numerous studies of hydrothermal ore-forming pro-
cesses, an important objective still remains the identification of the mechanism of structural
and matter interaction between the crust and the mantle and the evolution of fluids when
moving from deep sources to the area of ore formation.

The results obtained can be used for regional forecasting and metallogeny, prospecting
and assessment of new gold deposits.
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Abstract: Process of Earth’s density models creation leads to the solution of direct and inverse
gravimetry problems. The inverse problem of gravimetry is a classic example of an ill-posed problem:
in the common statement, its solution is not unique and unstably depends on input data. Therefore,
it is necessary to determine solutions belonging substantial sets of correctness, choosing reasonable
models of an initial approximation. In this paper the application of complex interpretation methods
of seismic and gravitational data for the creation of three-dimensional models of crust and the upper
mantle are presented. Original algorithms and programs were developed for implementation of
these methods. They contain solution of non-linear (structural) inverse problem and the solution
of the linear three-dimensional inverse problem taking note of the side sources. Coefficients of the
“density-velocity” correlation formulas for a number of geo-traverses were defined. Also, we suggest
a technique of tectonic maps construction, which is based on the lithostatic pressure calculation. Its
idea can be applied to both two- and three-dimensional cases. In the 2D case we show the way to
split the mantle to blocks with vertical boundaries. If lithostatic compensation hypothesis is adopted,
the method also allows one to calculate density value for each block. Such separation of the mantle
helps to diminish discrepancy between model and observed fields. In 3D case we suggest a method,
which can be used to construct tectonic structure maps with information about approximate depth

and height of each tectonic block.

Keywords: density crust models, geophysical data interpretation, inverse gravity problems.

Citation: Martyshko P. S., Ladovskii I. V., Byzov D. D., Tsidaev A. G. (2024), Structural Tectonic
Scheme Creation Based on Seismic-Gravity Models and Isostasy Usage: Ural Case, Russian Journal of
Earth Sciences, Vol. 24, ES1007, https://doi.org/10.2205/2024ES000896

1. Introduction

The results of complex interpretation of geophysical data are geological and geophys-
ical models of structure of Earth’s upper lithosphere (crust and upper mantle). One of
main indicators of model correctness is a density [Strakhov and Romanyuk, 1984]. This is
because density reflects petrophysical features of inhomogeneous structure and lithological
consistency more than any of other physical parameters.

It is known that the most visible income to anomaly gravity field is generated by
inhomogeneities that are located in upper part of geological cut (depth down to 10-15 km).
However, seismic survey shows that seismic waves velocity is inhomogeneous not only in
the crust, but also in the upper mantle. Therefore, we can build a compensated model where
gravity anomaly from different inhomogeneous layers are partially (or fully) compensated.
Such a model is a possible density analogue for the velocity model of the deep structures.
The idea of the gravity and seismic methods combination is transparent. Seismic data
allows one to build models of the lithosphere structure down to some specified depth.
Gravity data can be used to connect model density with the observed gravity anomalies.
This joint interpretation is performed under empirical constraints. Correlation between
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longitudinal waves velocities in inhomogeneous media and densities of different rocks
defines desired result. Our goal is to select morphologically similar structures in anomaly
fields of different nature. But the gravity field contains integral information about all
the lithosphere features in the whole depths interval from the surface to the mantle.
Thus, blocks selected by the gravity field could not be split by depth. Moreover, these
blocks are usually invisible in horizontal maps of density distribution. So, even having
the gravity field inverted, an attempt to separate lithosphere blocks by depth will most
likely be unsuccessful. We propose a different approach. Assume that we have a density
model, which can be obtained as a result of the gravity inversion or seismic velocity model
conversion. Such a model is the input data for the calculation of the lithostatic pressure
distribution. We calculate lithostatic pressure in a point by a mass of vertical rock column,
which top is on the Earth surface and the lower end contains the point of calculation. Then,
the mass is converted to the weight. But the lithostatic pressure itself is not representative
parameter because pressure deviations inducted by density variations have much smaller
value than pressure associated with absolute density values. Instead, we analyze lithostatic
pressure anomaly, which is calculated as difference between the actual pressure value at the
point and the mean pressure (hydrostatic) on this depth level. Similar approach was used
by [Jiménez-Munt et al., 2010]. Also the idea of usage of isostasy as an additional constrain
in gravity inversion was studies in [Geng et al., 2022; Li and Yang, 2020; Satyakumar et al.,
2023].

In this paper, we describe our method for both two- and three-dimensional cases. In
the two-dimensional case, we also show how adoption of an idea of isostatic compensation
helps one to reduce the error of density modelling (i.e., to minimize difference between
the observed gravity field and one of the model). Isostatic compensation is the hypothesis
that there are no more lateral changes in pressure starting from some depth level. For
out study region (Ural Mountains in Russia and neighbouring areas), there is a theory of
compensation on level of 80 km [Druzhinin et al., 1990]. We performed our modelling
under assumption that this theory is correct. However, we noticed that block structure
can be traced even without actual performing of isostatic equalization of the model. In a
three-dimensional case, we show that the block boundaries are visible just in the lithostatic
model. Coordinate systems of lithostatic model and density model are equal, so, the block
positions determined in the lithostatic model remain the same in the density model.

2. Data and Methods

Initial data is presented as gravity map of the region and deep seismic survey data
along profiles. Figure 1 shows a fragment of the complete-Bouguer gravity anomaly map
derived from the combined global gravity field model XGM2019e_2159_GA [Zingerle et al.,
2020] and converted to the Gauss-Krueger map projection coordinates. The positions of
the regional seismic profiles are tied to the gravity map fragment; the structural schemes
of tectonic zoning are used to verify the results of quantitative interpretation of gravity
data. Study area is located inside trapezia 60°-68°N, 48°~72°E (Figure la). For territories
in the boundaries of several 6-degree Gauss-Kruger zones it is permissible to use gravity
model of flat layer. This is Near-Arctic zone of important Russian geological provinces
junction: northeastern part of East-European platform, Timan-Pechora plate, northern part
of Ural Folding System and northwestern sector of Western Siberia. Input data for initial
3D density model contains 3 parts: a) profile hodographs, time fields and appropriate 2d
velocity models, b) empiric correlation between density and velocity and c) gravity field
anomalies digital maps in Bougier reduction. The main stages of proposed methods are
[Martyshko et al., 2010, 2013, 2016] construction of velocity sections of the Earth’s crust,
refinement of the coefficients of the regression “velocity-density” dependence from the
results of 2D gravitational modeling for the given region, construction of 3D model of
the initial approximation, calculation of difference between observed and modelling field,
extracting field from layers, density values calculating by method of local corrections with
adaptive regularization in each layer. It is known that correlation between density and
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longitudinal wave velocity for Earth crust rocks can be represented as piece-wise linear
regression dependence. Although the dependence coefficients are different for different
regions, the trend is that density increases monotonically with increasing elastic waves
speed. Density as well as velocity reflects petrochemical structure and physical mechanical
state of rocks only partially. Linear regression does not regulate bijection “velocity-density”,
there can be fluctuation for both of values within the confidence interval. Any change is
equiprobable. Modern views on Ural genesis and its platform structure were taken into
account [Druzhinin et al., 1990; Sobolev et al., 1983] and form map of tectonic structures
(Figure 1b). 2D velocity and corresponding density values along 10 seismic profiles form
3D carcass of initial model. Model itself is obtained after interpolation. We used gradient
velocity cuts of region as the input data. Velocities were converted to density values using
empirical formula Martyshko et al. [2017]. The following correlation between density and
velocity was used for values recalculation. We had obtained this correlation as a result of
inverse linear problem solution for 2D profiles [Ladovskii et al., 2017]:

(a) (b)

Figure 1. a): gravity field and seismic profiles: 1) Agat-2; 2) Globus; 3) Quartz; 4) V. Nildino -
Kazym; 5) Rubin-; 6) Syktyvkarsk; 7) N. Sosva — Yalutorovsk; 8) Krasnolelinsk; 9) Granit — Rubin-2;
10) Polar-Urals transsect. b): Tectonic scheme: Sysolsk vault (SV), Mezensk syneclise (MC), Komi-
Perm vault (KPV), Timan ridge (TR), Izhma-Pechora depression (IPD), Omra-Luza saddle (OLS),
PechoraKolvinsk zone (PKZ), Horeyversk basin (HVB), Pre-Urals deflection (PUD), Urals uplift (UU),
Near-Urals deflection (NUD), East-Urals uplift (EUU), East-Urals deflection (EUD), Nadym block
(NB), Zauralsk uplift (ZU), Hantymansiysk middle uplift (HMU).

0.113V +2.034;2.35< V < 5,
a(V)=4 02V+1.6;5<V <7.75,
0.25V +1.3;7.75< V < 8.5.

Then we performed averaging filtration of density values and, thus, the initial model
was obtained. Figure 2 presents one of the model cuts. All the models are constructed down
to 80 km only, and we accepted the hypothesis of the existence of the isostatic compensation
on this level.

Since the model is obtained as the result of seismic data interpretation, its calculated
gravity field (Figure 2a, red curve) has significant discrepancy comparing with the observed
one (Figure 2a, purple curve). Usage of isostasy hypothesis helps to reduce this difference
[Martyshko et al., 2017].

The lithostatic anomaly AP(x, z) is defined as difference between the lithostatic pres-
sure P(x,z) on a given level h and hydrostatic pressure calculated as mean pressure along
the profile on the same depth
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Figure 2. Density model with homogeneous mantle along the “Quartz” profile obtained from seismic
data (b) and its gravity field (a, red curve) compared with the observed gravity field (a, purple curve).

Isostatically compensated model with the compensation level /; should have no lateral

pressure variations

AP(X, hz) =0.
In our case, h; = —80 km.
The lithostatic model for our density cut is presented
seen, there is no constant value on h; = —80 km.

(1)

in Figure 3. As it can be clearly

To construct such a compensated model, we introduced compensation function p(x).
This compensator shows what density value should be subtracted from the mantle (in our
case, this is the layer between the Mohorovicic discontinuity and the h; level) to make

condition (1) satisfied.

Let AB, o and Aoy, be the deviations of pressure and density from their mean values
on given depth for the model with the homogeneous mantle. Lithostatic anomaly after

addition of p(x) is

AP(x,h;) = AByom(x, h;) = gu(hm (x) = hz)p(x)

Here z = hy,(x) is Mohorovicic discontinuity position.
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800 1000 1200 km

-0.4 -0.2 0 0.2 kBar

Figure 3. Lithostatic model for the “Quartz” density cut; the Mohorovicic discontinuity M is shown
with the double line.

From condition (1), we have

APBhom (%, 1) ! ’
P = R R J, A5 )

The compensator function for study cut is presented in Figure 4. As it could be
easily predicted, it qualitatively repeats form of the Mohorovicic discontinuity. Zeros of
compensator function were taken as boundaries of the mantle blocks. After, we distributed
these excess densities in the upper mantle and performed density averaging inside blocks,
and by this we obtained resulting density model (Figure 5).

As it can be seen from Figure 5a, the model field (red curve) now have a good match
with the observed one (purple curve). Figure 6 presents the lithostatic model of resulting
density distribution. There is isostatic compensation on h; = —80 km now and the lithostatic
anomaly on h; is zero for almost all profile length. It is interesting to note that the
same block boundaries could be selected without performing model compensation at all.
Positions of blocks are clearly seen on the initial lithostatic model (Figure 3). Thus, for
the case of relatively flat Mohorovicic discontinuity (when denominator of (2) is close to
constant) blocks selection can be performed even for isostatically non-compensated model.
We will use this approach in the three-dimensional case in the next section.

0.01
[ . o D i
3 1
-0.011
0 200 400 600 800 1000 1200 km

Figure 4. Compensating function for the “Quartz” density cut.

2D velocity cuts are digitized within the gravity field map limits and then are com-
bined into 3D seismic carcass (Figure 7). This considers the mutual position of the seismic
profiles (with curvature taken into account). Now we go to the 3D array of volume density
model. The missing velocity data are filled with interpolated values. Interpolation was
done in by slicing the model into 800 flat horizontal layers and performing triangulation
and linear interpolation method for all of them. As the result the digital parallelepiped of
3D model is constructed [Ladovskii et al., 2017].

2D-density models usage for 3D construction do not need high accuracy gravity field
alignment along the profiles. It is enough to get qualitative agreement between model field
and observed field projected to profile. There are 2 more important problems: correction
for 3D density distribution near 2D profiles and removal of 3D model field edge attenuation
outside the area under study.

Resulting 3D model contains 1336x969x800 discrete elements. Its anomaly gravity
field is calculated using the background density, which is taken as a function of depth only.
Such a density can be called “hydrostatical”. It is used to calculate excessive density of
anomaly masses on any depth.
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Figure 5. Resulting block density model for the “Quartz” density cut.
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Figure 6. Compensated lithostatic model for the “Quartz” density cut.

The process of density models construction can be reduced to gravity inversion. One
should search solution for the inverse gravity problem on practically meaningful sets of
correctness by selecting reasonable initial models. Layered velocity distribution in a form
of grid arrays fits initial model ideally. This provides stability of inverse gravity problem
in a class of weak-unique solutions for models with inhomogeneous layers [Martyshko
et al., 2013]. The stable algorithm of layer-by-layer inversion use 2D corrective additions
with zero average value [Martyshko et al., 2016]. Iterative scheme of corrective additions
calculations in horizontal layers provides uniqueness of inverse problem solution. In
addition, it keeps the geological meaning of initial model (constructed by seismic data) in
the resulting model (Figure 8).

3D models of upper lithosphere, which were constructed as a result of interpretation
of geophysical fields complex, allows one to select a set of curvilinear layers. Boundaries
of these layers are selected for specified interval of density values. Gravity anomalies on
Earth’s surface level reflect information about density inhomogeneities from all sources
below. Elements of tectonic schemes are not visible in layers of density models. We offer to
calculate masses of columns with unit square from the Earth’s surface level down to some
specified depth. These integral density parameter forms a block model of crystallic crust
on different depth slices. The same is visible in maps of the lithostatic pressure anomalies.
The lithostatic pressure values are proportional to the excess density. So, the 3D density
model can be easily recalculated into a 3D model of the lithostatic pressure anomalies by
summing values from density grids for all layers down to specified depth. The distribution
of the lithostatic pressure on the horizontal slices have a good match with the tectonic
scheme [Ladovskii et al., 2017].
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Figure 7. Density model of initial approximation. Left: spatial position of velocity sections within

min - max

the study area (for profile designations, see Figure 1). Right: graph of changes in depth of one-
dimensional density o(z) of the normal model (curve 3). Here are graphs of the minimum (curve 1)
and maximum (curve 2) density values.

As a next step of the crust study, we select boundaries that are located inside the crust
layer. These boundaries separate layers with constant densities. Such an approximation
of a complex 3D model with a set of 2D boundaries is a possible way to lower number
calculations and calculation time [Martyshko et al., 2010].

Gravity field Ag of a boundary z(x,y) with flat asymptota plane z = h is calculated
using formula

1 1

Ag(x/,y’,O) =Ao f.[: J:: \/(x_ ,) - dxdy.

2 N2 N2 N2
x +(y—y ) +2%(x, ) \/(x—x ) +(y—y ) +h?
Here Ao is density jump on the boundary (density value below boundary minus upper
density value), f — gravity constant.
Using technique of boundary selection in density interval, we selected three bound-

aries. They correspond to density values of 2.8 g/cm?, 2.88 g/cm? and 2.95 g/cm? (Fig-
ure 9).

3. Isostasy three-dimensional case

Input data for the three-dimensional case are a tectonic structures map of the study
region (Figure 1) and a set of two-dimensional profiles (constructed as described above).
Profiles were included in a united 3D model (Figure 7). Then we interpolated this sparse
model to fill density gaps between the profiles. Preferred interpolation methods are
triangulation with linear interpolation method. As a result, the initial model was obtained
in a form of the density prism.

The lithostatic anomaly in the three-dimensional case is defined similarly to 2D

0
AP(x,y,h) = P(x,y,h) - P(h) = gaJ‘ Ao (x,v,2)dz.
h

But for the blocks selection we used a different technique than for the 2D case. Firstly,
we equalized the model field with the observed one. This was done by density inversion
using local corrections method. The description of this procedure was presented in [Mar-
tyshko et al., 2010, 2013], we omit it here. Resulting model has the gravity field equal to the
observed one with error E < 0.001 mGal.
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Figure 8. Three-dimensional density model of the region (a), divided along the surface of the roof of
the crystalline basement and the roof of the upper mantle: sedimentary cover (1); crystalline crust
(2); upper mantle (3). On the right (b) are separated field anomalies calculated from densities that
are excess of the normal model's one-dimensional “hydrostatic” density distribution.
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Figure 9. Resulting crust model: 3D layer (left); upper (1), middle (2) and lower (3) inner crust
boundaries.

Then we calculated anomaly lithostatic pressure distribution for the resulting density
model. Its horizontal cut is presented in Figure 10. Although we used isostatically com-
pensated cuts, neither the initial nor the resulting models are isostatically compensated.
This is related to the interpolation. Since we have no information of 3D positions of blocks,
which were selected earlier on 2D cuts, we cannot perform correct continuation.

However, we are not obligated to compensate the model to detect blocks. As it was
seen from the two-dimensional case, positions of block boundaries could be selected using
the initial lithostatic model. We can perform matching of the map of the tectonic structures
with the horizontal cuts of the lithostatic model (Figure 11).

4. Discussion

The sections were used to create new structural maps of the main boundaries of the
upper lithosphere: between the sedimentary layer and the basement, as well as the Moho
boundary — between the earth's crust and the upper mantle. The boundaries are identified
by extreme values of the vertical gradient of longitudinal wave velocity. The basement map
is in good agreement with previously constructed maps based on both seismic materials
and drilling data (VSEGEI, GEON, etc.). A sharp subsidence of the foundation up to 6-8 km
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(a)

Figure 10. Horizontal section at a depth of 10 km (a), 20 km (b) and 40 km (c) of density model (left)
and lithostatic model (right).

has been confirmed in the Pre-Ural foredeep and in the depressions of Western Siberia.
The map of the Moho surface shows previously known features of the deep structure of
the territory, published in the atlases of VNIIGeophysics, VSEGEI, GEON, CRUST1.0 and
other works. However, the new map significantly clarifies and details the structure of
this surface within the specified territory. The subsidence of the Moho boundary and an
increase in crustal thickness to 50 km under the Urals have been confirmed, but the area
of this subsidence is significantly reduced compared to all previous data. A sharp rise
(from 48-50 to 36-38 km) of the Moho surface was revealed within the Tagil trough, in
the immediate vicinity of the Main Ural Fault. A map of the surface of the basalt layer was
constructed. When constructing, data for longitudinal wave speeds of 6.4-6.5 km/s were
used. The average depth to the border is 18-20 km. Under the Ural Mountains and the
Timan uplift, the surface of this layer has significant deflections, reaching 26-30 km.

5. Conclusion

We applied new methods for density models construction based on joint interpretation
of seismic and gravity data for the structural tectonic schemes creation. These methods
for interpretation of the potential geophysical fields are based on a stable algorithm for
the solution of the inverse problem. Usage of the initial approximation density model and
original fast algorithms for solution of the gravity problems on large grids make it possible
to calculate large-scale geophysical models on a real-time basis.
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1: Basement o € [2.7;2.9] g/cm?:
(V, €[5.6;6.6] km/s)

Relief amplitude:
Az=—-(1.2;6.4) km

2: Basement o = 2.8 g/cm?>:

(V, > 6 km/s)

Relief amplitude:
Az=—-(1.6;15.7) km

3: Basement o = 2.88 g/cm3:

(V, >6.4km/s)

Relief amplitude:
Az =—-(4.2;30.8) km

4: Basement o = 2.95] g/cm?>:

(V,>6.75 km/s)

Relief amplitude:
Az =—-(19;35) km

5: Basement o € [3.24;3.42] g/cm?:
(V, €[7.7;8.4] km/s)

Relief amplitude:

Az = —(32.5;52.2) km

The methods were tested by a practical example: Ural case study. On the first stage,
seismic velocity data are recalculated into density values using known correlation between
velocity and density. Then the interpolation is performed to fill space between profiles
and initial 3D model is obtained. Now, analysing density distribution in the model, it is
possible to select boundaries that correspond to known seismic-geological levels. Crust
roof and the Mohorovicic discontinuity boundaries were selected using this method. These
boundaries slice our model to sediments, crust and mantle. Finally, using the calculated
lithostatic pressure distribution we created structural tectonic schemes of the region.

AP, kBar

I 015

0.05

H ki A P, kBar

I0.15

0.05

H, km A P, kBar

33

I 0.15
30 0.0
43 0.05
-48 0.15

23 |

-53 -0.25

Figure 11. Boundaries of the main structural horizons, constructed using a density model (left) and
lithostatic pressure anomalies on them. The contours of tectonic structures are also plotted (see
Figure 1).
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Abstract: This is a review paper on generation of internal tides in the global ocean based on literature
data and publications of the author. Energy fluxes of semidiurnal internal tide generation over
submarine ridges were estimated based on modeling and measurements on moorings in many regions
of the ocean. Data from 4000 moorings during a period of 50 years are considered. Regions of
intense generation of internal tides are indicated. They are related to several underwater oceanic
ridges. Energy fluxes from submarine ridges greatly exceed those from the continental slopes because
generally the currents of the barotropic tide are parallel to the coastline. If the barotropic tide
currents are normal to the ridge, they generate strong internal tides. They account approximately for
one fourth of the energy losses of the barotropic tide. Decay of internal tide during propagation was
estimated based on the data from lines of moorings located normal to the ridges. Model simulations

and moored measurements result in a global map of semidiurnal internal tide amplitudes.
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1. Introduction

American scientist and politician Benjamin Franklin was the first to notice the exis-
tence of internal waves. In 1762, he described the waves at the interface between oil and
water in a ship’s lantern. More than 100 years passed since F. Nansen made observations
of internal waves in the sea [Nansen, 1902] using water sampling bottles. Intense studies
of internal waves began only in the 1960s [LaFond, 1961; Lee and Cox, 1966; Summers and
Emery, 1963]. In this decade measurements on moorings revealed the existence of strong
oscillations at tidal periods [Cairns and LaFond, 1966].

However, our knowledge of internal waves by the 1960s was quite poor, especially
about the existence of internal tides. This was very briefly written in the book by W. Krauss
[Krauss, 1966]. A paper by W. Munk [Munk, 1966] was published on the influence of tides
on the entire dynamics of the ocean and especially on internal tides, but it was not yet
deeply understood at that time. It is likely that the paper by Tareev [Tareev, 1966] was
the only publication on internal waves in Russia, but it has not been associated yet with
internal tides. The Garrett-Munk model describing the background state of the internal
wave field appeared only in 1972 [Garrett and Munk, 1972]. The authors presented a model
of dimensionless energy of internal waves, from which the observed spectra of temperature
fluctuations and currents on moored buoys and the spectra measured by towed instruments
were obtained. A brilliant American experiment in the technical sense to study internal
waves (IWEX) was conducted in 1973 [Briscoe, 1975]. A pyramidal construction with one
mutual buoyancy moored at three spatially separated locations was set in the Sargasso Sea
where internal waves are very weak. However, at that time, the scientists did not know
that internal tides in the Sargasso Sea are weak. In 1975, C. Wunsch published two review
works summarizing the current knowledge about internal tides [Wunsch, 1975a,b].
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The propagation of internal disturbances along inclined characteristic surfaces (which
fall into the category of attractors, that is, the concentration of disturbances occurs
around specific trajectories) was first described by Phillips [Phillips, 1977]. The find-
ing of Phillips [Phillips, 1977] that unlike surface waves the motion of water particles in
internal waves occurs along sloping lines was continued with the idea that generation of
internal tides over sloping bottom occurs because when currents of the barotropic tide
overflow topography the most intense generation of internal tides occurs over subma-
rine slopes if their inclination is close to the inclination of internal wave characteristic

curves % = lli—z = I‘\‘;z:{; [Baines, 1982; Holloway and Merrifield, 2003; Johnston et al., 2003;
Phillips, 1977; Torgrimson and Hickey, 1979] (Figure 1). Usually this happens in the upper
parts of the submarine ridges and in the regions of the shelf break where stratification is

strong [Hibiya, 2004].

Figure 1. Scheme of internal wave beam. Excursion of water particles is shown by an elongated
ellipse. Beam of internal perturbations is shown in red. Underwater topography is in gray. Formula
describes the slope of internal wave beam.

Joint efforts of many scientists resulted in the idea that internal tides are generated by
the barotropic tide currents flowing over sloping topography; thus, the vertical component
of tidal currents periodically displaces isopycnals [Baines, 1982; Morozov, 1995, 2018;
Sjoberg and Stigebrandt, 1992]. The frequency of these displacements is tidal. Internal
waves are generated by periodical displacements of isopycnals and propagate from the
sloping topography: continental slopes, submarine ridges, and seamounts. Numerous
investigations show that tidal interactions and wind are the main sources of internal wave
generation [Garrett and Kunze, 2007; Munk, 1966; Munk and Wunsch, 1998].

2. Energy fluxes of internal tides from bottom topography

Baines [Baines, 1982] used the following approach when studying generation of inter-
nal tides over continental slopes. After solving the equation system, he found an expression
for mass force F that is responsible for internal wave generation; this force is nonzero over
sloping topography:

— ON? =dh 1 .
F = o 22 Zﬁsmwt.

Here, Q is the water transport by the barotropic tide; z = h(x) is the ocean bottom; w is
the tidal frequency; N is the Brunt-Vaisdlad frequency. This mass force is non-zero only in
regions with variable depth due to the presence of the derivative of depth with respect to
the horizontal coordinate in this formula: h’(x).

Submarine ridges are important regions of internal tide generation [Morozov, 1995;
Sjoberg and Stigebrandt, 1992]. The generation of internal tides over the slopes of ridges
exceeds many times the generation over continental slopes. This result was reported
by Morozov [Morozov, 1995]. After the first publication, the results and estimates were

Russian Journal of Earth Sciences 2024, Vol. 24, ES1009, https://doi.org/10.2205/2024ES000898 20f12


https://doi.org/10.2205/2024ES000898

A GLoBAL ViEw ON INTERNAL TiDES

Morozov

updated. This paper is a progressive report on internal tides in the global ocean and
geographical distribution of semidiurnal internal tide, its amplitudes, and energy. The goal
of this research is to apply observations and modeling to understand the distribution of
internal tide energy and amplitudes over the global ocean.

As was previously written, P. Baines solved the equations, calculated the mass forces
and energy of the internal tide over most of the continental slopes. Morozov [Morozov, 1988,
1995] continued this work and calculated the energy of the internal tide over most of the
underwater ridges (more than 50 ridges). These modeling estimates were compared to the
field observations on moorings. The results were repeatedly updated and published [Mo-
rozov, 1988, 1990, 1995, 2006, 2018]. This publication is an updated review of previous
publications.

The estimated energies from all major ridges and island arcs in each ocean have
been summed. Calculations from previous publications were updated to get more correct
estimates of energy fluxes. The resulting sums of the energy of semidiurnal internal waves
per time unit (power) in the three oceans (including the Southern Ocean as the southern
parts of the three) are the following:

e 3.1x10 W in the Atlantic;
e 2.8x 10 W in the Pacific;
o 2.2x10'!' W in the Indian Ocean.

Thus, the sum for the entire World Ocean is 8.1 x 10!! W, which is approximately 1 of
the energy dissipation of the M, barotropic tide.

One of the first estimates of the total amount of the barotropic tide dissipation given
by Cartwright [Cartwright, 1977] was 4.3 x 1012 W. Previously it was considered that tidal
energy generally dissipates in the shallow seas. More recent astronomical estimates give
a smaller value of tidal energy dissipation of the M, tide. The review papers by Munk
and Wunsch [Munk and Wunsch, 1998] and Garrett [Garrett, 2003] emphasize the role of
mid-oceanic ridges in the generation of internal tide. Egbert and Ray [Egbert and Ray,
2000, 2001] analyzed tidal elevation in the global ocean and estimated the total rate of the
dissipation of tidal energy as 2.5 TW (1 TW = 102 W) for the lunar semidiurnal tide M,,
3.2 TW for all lunar tides. Much smaller energy (0.2 TW) dissipates in the atmosphere and
solid Earth. Later estimates reported by Egbert and Ray [Egbert and Ray, 2003] indicate that
the total dissipation of the M, tide is 2.435 TW, of which 1.649 TW dissipates in the shallow
seas and 0.782 TW in the deep ocean. Kantha and Tierney [Kantha and Tierney, 1997]
suggest on the basis of altimetric observations that the total energy of the M, baroclinic
tide is 50 PJ, while the dissipation is 360 GW (3.6 x 10! W).

Baines [Baines, 1982] estimated that less than 1% of semidiurnal tide energy (1.73 x
10'9W) is transferred to internal tides over continental slopes. Bell [Bell, 1975] estimated
that about 10% of the tidal energy goes to internal tides over uneven abyssal topography in
deep basins.

Let us consider the characteristic regions of very strong internal tides.

3. Regions of intense internal tides
3.1. Mascarene Ridge

The Mascarene Ridge is considered one of the regions, where internal tides of high
energy are generated. The array of moorings was deployed in March 1987 assuming that the
internal tide is generated by barotropic tidal currents in the underwater passage between
the Saya de Malha and Nazareth banks [Morozov and Viasenko, 1996]. The measurements
confirmed the existence of large-amplitude internal tides. The mooring array of six moor-
ings was extended in the direction to the southeast from the strait between the two banks.
A scheme of location of moorings over bottom topography near the banks of the Mascarene
Ridge is shown in Figure 2.

The vertical displacements caused by the internal tide were estimated from the tem-
perature time series and vertical temperature gradient. Their mean amplitude at a depth
of 1200 m was 0.2°C, which gives vertical displacements of the water particles equal to
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120 m and correspondingly the amplitude of the displacement from the mean position as
high as 60 m.

Latitude, deg. S

60 61 62 63 64
Longitude, deg. E

Figure 2. Bottom topography near the shallow banks of the Mascarene Ridge (m) and moorings east
of the ridge. Depth contour lines are shown at depths of 500, 1000, 1500, 2000, 3000, 3500, and
4000 m. Locations of moorings are shown with red dots.

10 20 30 40 50 A(z).m

1000 4

2000 4

3000 4

Depth, m

4000 +

Figure 3. Amplitudes of semidiurnal internal waves near the Mascarene Ridge. The curve is the
eigen function of the first mode (Equation 1). It was normalized by the maximum to fit the data of
measured vertical displacements; the black dots show measured amplitudes of internal tide at the

easternmost mooring.

Below we will analyze vertical distribution of semidiurnal internal tide amplitudes. A
graph of the eigen function for the oscillations of the first mode is shown in Figure 3. It
was calculated by the numerical integration of the equation for the vertical velocity (w)
caused by internal waves at realistic stratification N(z) and zero boundary conditions for
vertical velocity at the surface and bottom [LeBlond and Mysak, 1978]:

d’>w N2?(z)dw N?*(z)-w? ,

—t+t———+———5—wk"=0, 1

dz? g dz  w?-f2 v 1)
where, N?(z) is the squared Brunt-Viisild frequency based on the CTD data; w is the
semidiurnal frequency, f is the Coriolis parameter, and k is the horizontal wave number.
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The theoretical wavelength of the first mode of internal tidal wave based on the
integration of this equation was equal to 130 km, and the phase velocity was 2.9 m/s. The
amplitudes of internal waves were also estimated from the spectra of time series at different
depths on the easternmost mooring. Temperature fluctuations at semidiurnal frequency
were divided by the vertical gradient of temperature; thus, vertical amplitudes of water
particle displacements were estimated.

The wavelength and direction of propagation of internal tides were estimated based on
the spatiotemporal spectra at the semidiurnal tidal frequency. They were calculated on the
basis of measurements at six moorings (serving as an antenna for internal tides) at several
levels using the method suggested by [Barber, 1963]. The wavelength of internal tide was
140-150 km, and its direction from the strait between the banks was 110°. Why are the
amplitudes of internal tide so large over the Mascarene Ridge? Because the barotropic tide
is strong, tidal currents are almost normal to the ridge, the tops of the ridges are shallow,
while the surrounding waters are deep, and the stratification is strong.

3.2. Aleutian Ridge

Cummins et al. [Cummins et al., 2001] used satellite altimetry to analyze internal
tides radiated from the Aleutian Ridge. The authors reported coherent propagation of
semidiurnal internal tides in the southern direction over a distance of at least 1100 km.
The strongest energy fluxes occur in the vicinity of the Amutka Pass (52° N, 172° W).

The moorings were deployed during the GARS, FOCI, and NPBC experiments over
the continental slopes of Alaska and the Aleutian Islands. The amplitude of internal tides
at a depth of 1000 m was estimated at 70 m, while at a distance of 100 km from the slope
the amplitude was 50 m. Locations of moorings are shown in Figure 4 [Morozov, 2018].

L
'

60

Latitude, deg. N

50

45
180 175 170 163 160
Longitude, deg. W

Figure 4. Bottom topography in the study site near the Aleutian Ridge and locations of moorings.
Depth contour lines are shown at depths of 3000, 4000, 5000, 5500, and 6000 m. Land and islands
are shown with gray color. Locations of moorings are shown with red dots.

A strong tidal flow propagates through the passes between the islands generating in-
tense internal tides when overflowing the bottom slopes. A mooring at 52°24' N, 169°45' W
deployed on the southern slope of the Aleutian Islands over a depth of 1050 m recorded
the amplitudes of internal tides exceeding 150 m at a depth of 560 m. The records from
another mooring over a depth of 2000 m showed amplitudes in the range 150-200 m. At a
depth of 3000 m, the amplitudes decreased half of the initial amplitude (70-80 m) and
after further spreading to a depth of 6000 m, they decreased to 25 m.
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3.3. South China Sea

Several experiments were carried out in the South China Sea to study internal waves.
The Luzon Strait is known as a strong generation region of internal tides due to the existence
of two steep submarine ridges along the north-south direction. Internal tides generated
over the pair of ridges propagate in both directions to the South China and Philippine
seas. Many field studies with moored thermistor strings and ADCPs, satellite and radar
observations, and model simulations were dedicated to this region of strong internal tides
together with the theoretical research [Fang et al., 2015; Huan Lee et al., 2012; Kerry et al.,
2016; Mercier et al., 2013; Niwa and Hibiya, 2004; Orr and Mignerey, 2003; Ramp et al.,
2004]. Internal tides generated over the slopes of these two submarine ridges propagate
both sides. Internal tides propagating to the west of the Luzon Strait are very strong.
Those internal tides propagating to the east are less intense. Analysis performed by Jan
et al. [Jan et al., 2008] revealed that strong internal tides are generated over the slopes
of the eastern (70%) and western (30%) ridges. The results of experiments reported by
Ramp et al. [Ramp et al., 2004] report that the amplitudes of internal tides reached 50 m.
Alford with coauthors [Alford et al., 2015] report about the observations of internal tides
at 20°30° N, 119°00 E. The measurements reveal the existence of greater than 200-m high
breaking internal waves in the region of generation. Many other publications report about
amplitudes exceeding 100 m.

3.4. Gibraltar Strait

The flow in the Strait of Gibraltar (Figure 5) is characterized by a two-layer system of
opposite currents that exists due to the difference in sea level and water density between
the Atlantic Ocean and the Mediterranean Sea. Due to high water temperature evaporation
of water in the Mediterranean is intense. Approximately 50 cm of water column evaporates
during one year. This loss is compensated by the surface currents from the Atlantic Ocean.
The velocities of this flow reach 40 cm/s. The flow changes its direction to the opposite at
a depth of 100 m. A deep-water current of more saline Mediterranean Water flows into
the ocean owing to the difference in water density. The velocities of this current in the
lower layer reach 85 cm/s. The velocity maximum is close to the bottom. A barotropic tidal
wave with mean velocities in the range 70-80 cm/s propagates through the strait. Strong
internal tides are generated when the currents of the barotropic tide overflow transverse
Camarinal Sill in the middle of the Strait of Gibraltar [Bryden et al., 1994; Farmer and Armi,
1988; Morozov et al., 2002].

The measurements over the Camarinal Sill reported by Boyce [Boyce, 1975] and
Bockel [Bockel, 1962] indicate that the amplitudes of internal tides over the slopes of the
sill are as high as 200 m.

Figure 5. Satellite photo of the Strait of Gibraltar and surface manifestations of internal waves best
seen in the eastern part. Red dots indicate locations of moorings in 1985-1986.
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Analysis of moored temperature measurements shows that the displacement of the
13°C isotherm gives the best illustration pattern because this isotherm always remains
within the depth interval of measurements. The vertical excursion of water particles
(isotherm 13°C) ranges from 100 to 300 m depth. Superposition of the diurnal and
semidiurnal tidal components based on the data from July 2 to July 31, 1986, is clearly

seen in Figure 6.
1004
_ N | || |
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200 u ul 'é,l
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0 100 200 300 400 500
Time, h
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Figure 6. Depth variation of the 13°C isotherm over the Camarinal Sill from July 2 to July 31, 1986.
Adopted from [Morozov et al., 2002].

The internal tidal oscillations are observed over the sill exactly at the source of their
generation; hence we conclude that these waves are forced internal oscillations, which
transform into free propagating waves east and west of the sill. Internal tide waves lose their
energy while propagating to the east and west from the Camarinal Sill. After propagating
50 km from the sill to the west, the amplitude of internal tides decreases three times.

However, strong internal tides here do not make any notable contribution to the
internal wave energy balance in the ocean. The Strait of Gibraltar from the point of view
of the global processes can be interpreted as a point source unlike quasi-linear sources of
submarine ridges.

4. Decay of internal tides and global map of internal tide amplitudes

We have considered the estimates of energy fluxes of internal tides from most of the
submarine ridges and estimated the amplitudes and energies of internal tides. The highest
energies were revealed at those submarine ridges where the currents of the barotropic tide
are normal to the ridge, and the geometry of the ridge intensifies generation of internal
tides if the slopes of bathymetry are close to the characteristic curves of internal tide.
This usually occurs near the crests if they are relatively close to the surface while the
surrounding waters are deep. The energy of internal tides radiated from the submarine
ridges is estimated as quarter of the barotropic tide dissipation. While propagating from
the ridges internal tides lose their energy and their amplitude decreases. One of the goals
of this study was to construct a global map of amplitudes of semidiurnal internal tides.
In addition to the estimates of energy fluxes from submarine ridges as the sources areas
we need estimates of energy decay in the course of propagation of internal tides. These
estimates were evaluated from those moored measurements where long arrays of moorings
were deployed in the normal direction to the ridge.

Spatial decay of the energy of semidiurnal internal tides in different regions was
performed using the method described in [Lozovatsky et al., 2003]. The density of the
kinetic energy of the horizontal components of internal tide was determined as the sum of
squared amplitudes of velocity. The total energy density of internal tide was calculated
using the following formula [Holloway and Merrifield, 2003; Torgrimson and Hickey, 1979]:

Erw(z)= 0.25p(u12T(z) + vlzT(z) + Nz(z)ClzT(z)). (2)
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Here, urr,vi7 are the amplitudes of the semidiurnal internal tide velocity components,
Crr are vertical displacements. Internal tide velocity components were calculated from the
mooring data subtracting the barotropic tide velocities.

Horizontal velocities of the barotropic tide in the region were calculated using the
OTIS tidal inversion software based on satellite data assimilation [Egbert and Erofeeva,
2002]. The barotropic tide velocities over the slopes of the ridge sometimes exceed 40 cm/s,
while far away from the ridge they decrease to 1-2 cm/s.

We normalized the distances by the scale equal to the wavelength of the first mode
A =145 km. Over a distance of 1000-1500 km the energy density of the internal tide in the
main thermocline (1000-1200 m) decreases by a factor of 10 approximately from 1 J/m3 to
0.1 J/m?>. This is approximately 15% loss of energy over one wavelength; hence, a 10-fold
energy decrease occurs over a distance of 12 wavelengths.

We compared the energy decay of the internal tide in the Mascarene region with
some other regions. The graphs of energy decay in the Kuroshio, Aleutian, Kermadec, and
Mozambique regions, are shown in Figure 7. The energy level in each of the regions is
different but the rate of energy decay is very similar to the one analyzed near the Mascarene
Ridge. The graphs in Figure 7 show that the energy decay with distance is similar in
different regions of the oceans.

10
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= \ ¥
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0.1 1 10
Normalized distance
Figure 7. Combined graph of the semidiurnal internal tide energy decay with the distance from the
source. The graph shows total energy density ETw + Eg + E¢ (see Equation 2) of the semidiurnal
internal tide versus distance from the ridge. The distance from the ridge is normalized by the
wavelength of the first mode A = 145 km. The measurement depth is in the interval 1000-1200 m.
Energy decay from the Mascarene Ridge is shown with circles of red color; from the Aleutian Islands
with blue triangles; from the Mozambique slope with magenta diamonds; from the east Japan coast
(Kuroshio) with green squares, and from the Kermadec Ridge (South Pacific) with brown crosses.

Decay of the semidiurnal internal tide amplitudes with distance in the regions of
the Mascarene ridge and Aleutian Islands is shown in Figure 8. Decay is stronger near
the source of internal tide generation. At greater distances from the ridge the amplitudes
decrease slower, and eventually become close to 20 m, which is the background level of
amplitudes worldwide.

The estimates of energy and amplitude decay made it possible to conclude that ap-
proximately 10% of internal tide energy and 5% of the amplitude are lost over a distance of
one wavelength (~145 km). In deep basins far from the sources the energies of semidiurnal
internal tide approach the natural background level [Garrett and Munk, 1972], 1972]. Thus,
the waves propagate over 12-15 wavelengths. After evaluating the estimates of internal
tide energy flux and decay of internal tides over distance it was possible to construct a map
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Figure 8. Combined graph of the semidiurnal internal tide amplitude decay with the distance from
the Mascarene Ridge (black line and circles) and Aleutian Islands (blue line and triangles) based on
the data of moorings.

of internal tide amplitudes in the ocean (Figure 9). The map is based on modeling and
measurements. The largest amplitudes were found near submarine ridges. Several ridges
in the ocean make the greatest contribution to the global energy balance of internal tide
and dissipation of the barotropic tide. These ridges include the Mascarene Ridge, Aleutian
Islands, Hawaii Islands, Kusu Palau Ridge, Mid-Atlantic Ridge in the South Atlantic, great
Meteor Banks, and ridges in the Luzon Strait. The map is very general because it shows
only the outline of the amplitude distribution. The amplitudes should be considered as
“vertically averaged” and also “time averaged” over a half-month (spring-neap) time scale.

Amplitudes, m

120 1441 L1 180 -le0 -4 1200 .10 -Bir - 40 -1 [ 20 40 L1 ] [L}] 120

Figure 9. World map of the amplitudes of semidiurnal internal tides (meters). Submarine ridges are
shown with heavy brown lines. The regions of the semidiurnal internal tide amplitudes exceeding 50
and 30 m (peak-to-peak) are shown in dark and light brown colors, respectively.

5. Conclusions

The major generation of internal tides occurs near submarine ridges. The highest
energies were revealed at those submarine ridges where the currents of the barotropic tide
are normal to the ridge, and the geometry of the ridge intensifies generation of internal tides
if the slopes of bathymetry are close to the characteristic curves of internal tide. This usually
occurs near the crests if they are relatively close to the surface while the surrounding waters
are deep. The energy of internal tides radiated from the submarine ridges is estimated as
quarter of the barotropic tide dissipation. The balance of tide dissipation energy has been
closed. A quarter of the tide dissipation energy is transferred to internal tides. Previously
it was considered that the major part of the barotropic tide dissipates in shallow seas, but
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the balance was not closed. A map of the amplitudes of tidal internal waves in the ocean
has been constructed.
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0BJIOMKOB MJIM arperatos NeHHble MuHepasasr» |MIIP Poccuu, 2000|. Han6ombimee npombi-
JIEHHOE 3HAYEHNE UMEIOT POCCHIIN 30JI0TA, IIATHHBI, KACCHTEPUTA, TUTAHA, PEIKUX METAJLIOB,
AJIMa30B, sTHTAPsl, XOTsI Pa3PabATHIBAIOTCA U GoJIee IK30THIECKHe TUIIbI (MArHe3uTa, IpaHa-
TOB, XPOMHTA, JIPArOLEHHBbIX KAMHEH U T. J1.).

Poccrinabie MecTOpOK IeHUST SBISIOTCS, [TO-BUANMOMY, IPEBHEUIIINM THUIIOM ITOJIE3HBIX
UCKOIIAEMBbIX, SKCILIyaTUPYeMbIX desioBeKoM. ZKeaBaku KpeMHst (OCHOBHOIO MaTepUaJia JIjis
[POM3BOJICTBA OPYIUIl TPY/la KAMEHHOTO BEKa) MOV JOOBIBATHCS U U3 KOPEHHBIX IIPOsIBJIE-
HUIi, HO B POCCHINAX OHU OOJI€e JIOCTYIIHBI U IMUPOKO PACIPOCTPAHEHDI; 3TOT TUIl POCCHIMIEH
OTHOCHUTCSI K KJIACCY «BAJIYHHBIX» HAPSLY C POCCHINSIMUA XPOMUTA, He(DPUTA-2KAIENTA, OITHU-
YeCKOro KBaplia 1 MaMOHTOBOTO OuBHsI. Tak»ke POCCBIITHOE 30JI0TO OTHOCHUTCS K HamboJiee
JIPEBHEMY TIOJIE3HOMY HCKOIIAEMOMY, JOIIEJIIEMY IO HAC B MUCbMEHHBIX UCTOYHUKAX: YIIO-
MuHaeMmoe B Bubsuu «xoporee 30/10T0 3emyu XaBujiay, Tpuypodennoe K p. OucoH, Takxke,
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PoJib POCCBINTHBIX MECTOPOXKJEHUII B OBECIIEYEHUM. . . BopTHukoOB, BosikoB, JIajioMoB, Bo4yHEBA, IBAHOBA, JIaj1OMOB

CKOpee BCero, sBJISJIOCh POCCHIIHBIM. J[0CTOBEPHO M3BECTHO O JIOOBIYE POCCHIITHOIO 30JI0TA
B JIDEBHOCTHU ¥ B cpejaue Beka B Bocrounoit Adpuke, Ucnanun, FOxuoit Amepuke u . 7.

Xots B Poccun KopeHHBIE MECTOPOXKIEHUS 30JI0Ta CTAJIN IKCILIyaTHPOBATHCS PAHBIIE
POCCBHIIHBIX, HO ¢ oTKpbITHEeM B 1814 1. JI. 1. BpycHurpiabiM Ha YpaJsie pocchlneil 30J10Ta 1
pa3paboTKOiT METOIOB €ro MPOMBIIIJIEHHOTO U3BJIEYEHNSI, OHU BILIOTH 0 Hadaga XXI-ro
BeKa 3aHUMAJIH BeJIyllee MeCTO B 30J10T0/100br4e. Pocchinm pyrux MuHepaabHO-ChIPEBBIX
THUIIOB TaKKe UMEIOT 3HAIUTeIbHOe (& HHOIJIA U BeJyllee) MeCTO B MUPOBOI pecypcHoil 6aze
(rabu. 1).

Tabmuna 1. losis poccpiiieil pa3andHbIX TUIOB B CTPYKTYype 3aracoB u no6urau [lasomos u dp., 2022a; Iasrosckud, 2014;
U.S. Geological Survey, 2020]

Houtst 3amacon
KaTeropuit A+ B+ C; Honsa poccpimeit

Bun cepra (~ measured resources) B obmeii go6b14e, %
poccrimeit, %
Bosoro (Poccust) B 2021 1. 10,2 19,9
ITnarusonapst (Poccust) 0,3 4,5
Anmaser (Poccust, kapat) 6,8 11
OuoBo (CCCP, 1989 1) 12,4 25
OuoBo (Mup) 46,6 65
Turan (Mup) 33 70
Hupkonuit (Mup) 80 95
Huobwii (Mup, ¢ KopaMu BbIBETDUBAHUS ) 20 70
Tanran (MUp, ¢ KOPAMU BHIBETPUBAHMYS ) 4 >10
Bossdpam (¢ TMOS 0,73 3,2
Xpowm (Poccnst) 0,56 1,14

*
TMO — TexHOT€HHO-MHUHEpaJbHbIE 0OPa30BaHUS.

B nepcnexruse 10 2035 rojga B Mupe Iporuosupyercsa kparuoe (B 2-6 pa3) yBejumdeHue
HOTPeGIIeHNs JJIsl TIOIABIISIONIETO IUCJIa BUJIOB BBICOKOTEXHOJIOTMIHBIX METAILIOB [Bopmtu-
k06 u dp., 2022], CymecTBeHHast 9aCTh KOTOPBIX JOOBIBAETCS W3 POCCHITHBIX MECTOPOXK IEHUIA.
XoTst B OC/IEIHIE JECTAIETHAsI OCHOBHOE BHUMAaHUE TOPHOIOOBIBAOIIEH ITPOMBIIIJIEHHOCTH
Kak Poccum, Tak U MUpa B I€JIOM, COCPEIOTOYEHO HA KPYITHBIX KOPEHHBIX O0beKTaX, IIyCTh
IaXkKe ¢ HU3KAMU COJEPKAHUSAMEI, HO OOJIBIIAMY 3aIaCaMU IIOJIE3HBIX KOMIIOHEHTOB, CJIO-
JKUBIAsICA B HACTOsIIEe BpeMsi B Poccnnu curyarus TpebyeT pa3pabOoTK HOBBIX MOIXO/I0B K
BOCIIPOM3BOJICTBY MUHEpaJbHO-ChIpbeBoit 6a3bl (MCB) gedbunnTHBIX BUJOB CTPATEINIECKOTO
MUHEPAJLHOTO ChIpbsi Poccun (pue. 1).

1. 3oaoTo

HecmoTpst Ha BeyTyo poJjib KOPEHHBIX MECTOPOXKIEHU, POCCHIIN TTPOIOJIZKAIOT UT-
paTh BaXKHYIO POJib B JIOOLIYE 30JI0Ta, 9TO OTJnYaeT POCchio OT Jpyrux mpou3BOIuTe el
3os0Ta B Mupe. Ha nporskennn XX BeKa OCHOBHasl YaCTh 30JI10Ta, JOOLIBAJIACH U3 POCCHIII-
HBIX MECTOPOXKJIEHUIA, U TOJHKO B HAYAJE HAIIETO BeKa KOPEHHBIE MECTOPOXKICHUS CTAIN
npeobaaaTh, TPEUMYIIECTBEHHO 38 CIET OTKPBITHS U OCBOEHUST HOBBIX KPYITHBIX KOPEHHBIX
HCTOYHUKOB. PocchinHas 100b14a 3amerHo magaaa ¢ 120 T 8 1990 r. mo 55 T B 2009 r.,
(46 % ot 1990 r), HO OTOM CTajIa BO3PACTaTh, U K KoHIy 2021 1. mocrurma 87,1 T (73 % ot
1990 r.), uro cocrasisier 19,9 % or obuieit go6brau (puc. 2). Posb poceeiiieii mjisi pasHbIx
peruonoB HeoauuakoBa. [lo uroram 2021 1. B I[lepmckom kpae, XMAO, Hosocubupckoii,
Kemeposckoit obmactsax n Espeiickoit AO 30510T0 7066IBAIOCH TOJIBKO U3 pocchitieil. Bosee
30 % pocepinoii go6bran ormeuaercd B Peci. Auraii (74 %), Xaxaccuu (45 %), Ilpumopckom
kpae (37,5 %), Upkyrckoit o6u. (34,5 %), Byparuu (31,1 %) u Maragauckoii 06u. (30,2 %).
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Puc. 1. [lepcekTuBuble 00bEKTHI [JIs1 obecniedenusi Poccuu nepUIUTHBIMEA BUJIAMUA CTPATEITICCKOIO
MUHEPAJILHOTO ChIPbsl. 1 — OCHOBHBIE 30s10TOHOCHBIE ITpoBuHImK Poccum: (1) Kapeso-Kosbckast,
(2) Ypanbckas, (3) FOxxuo-Cubupckasi, (4) Taiimeipo-Ceseposemesbcekasi, (5) Sabaitkanbekast, (6)
Hanbresocrounast, (7) Cesepo-Bocrounast; 2 — 0J10B0, 3 — TuTaH, HIUPKOHMIL, 4 — peKO3eMeJIbHbIe
metassl (P3M), 5 — anmasbl. Mecropoxaenus. P3M: 1 — Jlososepckoe, 2 — ToMTOpCKOE; TUTAH
u 1upkoH: 3 — Bemmarupckoe, 4 — Ienranbaoe, 5 — JlykossHoBcKoe, 6 — Tyranckoe; oy10Bo: 7 —
Tupexrsx, 8 — Yokypuax, 9 — Bambkywmit, 10 — IIbipkaxaif; amvaser: 11 — CrozeBckas (Ces. Ypad),

12 — Hropbunckasi, 13 — Db6esaxckasi.

B nesnom, o pesynpraram 2021 1., u3 crosmux Ha basance Ha Hadaso roga 112201 T
ObLT0 100BITO 87,1 T POCCHITHOIO 30JI0Ta, IIPU ITOM yMEHbITEHNE OAJAHCOBBIX 3aIlacOB
cocramwio 9,8 T (0,9 % or samacos min 11,3 % ot n1o6eran) — g066rToe B 2021 1. pocchIHOE
3071070 6bLI0 Ha 88,7 % KOMIEHCHPOBAHO PE3YJIBTATAMH, B IIEPBYIO OUEPE/Ib, PA3BEIKH, a
TaK¥Ke MEePEOIEeHKN W MOCTAHOBKY HA YUYET HOBLIX 3aIaCOB.

B Tocymapcreentom mokiate «O COCTOSIHUM U MCIIOJIB30BAHUNA MUHEPAJIbHO-CHIPhEBBIX
pecypcos Poceniickoit @eneparun B 2021 rony» |[BUMC-I[HUTPH, 2022] yka3biBaercs,
9TO CPOKU MCYEpHaHus OAJAHCOBBIX 3AIIacOB Pa3pabaThIBAEMBIX POCCHITHBIX MECTOPOKIE-
HUiT cOCTaBJISIIOT MeHee 7 JjieT. [IpuMepHO Ipo Takue »Ke CPOKH UCUYEPIIAHUsT POCCHITHBIX
MECTOPOXKJIEHUI OJINH U3 aBTOPOB CTAThU CJblmast B 1982 r. B Marajjane B o0benHeHUT
«CeBBOCTIeOJIOT US>, & CTAPOKUIIBI YTBEPKIAIH, ITO oI00Hast (hpas3a 3Bydasaa u 3a 20
Jiler 710 31oro. VICTOYHIKOM TaKOro IMeCCHMUCTUIECKOTO MIPOTHO3a CIYZKUT IIPOCTOE JIeICHIe
pacIipe/ie/IeHHBIX 3aIllaCOB POCCHIITHOIO 30JI0Ta Ha 00'beM €XKEroJIHON J00BIYU. Y YNThIBaS,
YTO pa3Be/iKa U II0OCTAHOBKA Ha DAJIAHC HOBBIX 3allaCOB B 3HAYUTEIbHON Mepe (Ha 88,7 % or
no6erroro Merauia win Ha 99,1 % ot crosmero na 6asance, no ganabiv 2021 r.) KoMIeHcH-
PYIOT €ro J00bIvy, UMEOIILYOCs OIIEHKY CPOKOB MCYEPIIAHUST POCCHIITHBIX 3aIIaCOB MOXKHO
YBEJIMYHUTH HA MOPSIJIOK.

IIpu cymecTByromux y»e Ha TPOTSYKEHUU MHOTHX JIECATKOB JIET TEeMIaX BOCIIPO-
u3BojicrBa MCB pocchITHOro 30J10Ta, MOXKHO YTBEPKJIATh BO3MOXKHOCTH IKCILIyaTaIlAN
MIPOMBINIIJIEHHBIX POCCHITHBIX MECTOPOXKJICHUN Ha TPOTSKEHUH JIECSITKOB JIET, U 9TO He
cuutasg 6osbmoro norennuaia TMO, a TakKe HOBBIX THIIOB POCCHIIEl (30J10TO B ECYaHO-
rpasuiiabix cMecsix (IIT'C), 3os0ToHOCHBIE KOHTIOMepaThl [Boakos u dp., 2021], momyTHOE
30JI0TO B PEIKOMETAJILHO-TUTAHOBBIX pocChIsx [Jlesuenko u I'puzopvesa, 2021] u . 1.).
B psane ciaygaes (TMO u IIT'C) ocHoBHBIE POGJIEMBI BOBJICUEHHS ITUX MECTOPOXKICHU
B 9KCILIYATAIIAIO HOCAT HEe SKOHOMUYIECKUN WU TeXHOJIOIMIECKUil, 8 IOPUINIECKU XapaKTep,
YTO BIIOJIHE IIPEOOJIUMO IIyTEeM IIPUHSITHS COOTBETCTBYIOIINX 3aKOHOIATE/IBHBIX PEIIeHUN.
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Puc. 2. Crpykrypa n06erau 3o510ta B Poccun [/asomos u dp., 2022a].

Takum 06pa3oM, MPOIOIKAIOIIASACS IKCIIyATAITST POCCHITHBIX MECTOPOXKICHUIT 30~
JIOTa TIPU MUHUMAJLHOM BJIOXKEHUU CPEJACTB W PEITEeHNN ITPABOBBIX BOITPOCOB MOXKET Ha
NPOTSIZKEHNN JIJIUTEJILHOrO BpeMeHn obecrieunBarh oT 15 10 20 % zonoronobbran Poccun.

2. Os0BO

ITo obmemMy KOMIeCTBY pa3BeJAHHBIX 3aI1aCOB 0JI0Ba Poccust 3aHUMAET 1epBoe MeCTO
B Mupe — 110 KareropusM A+B+C; +C, na rocyaapcrsennoM 6asamce yucianrces 2110,3 Toic. T,
u Hapsy ¢ Bpasusmeit (2000 Toic. T) 1 Knraem (1800 Thic. T) BXOAUT B TPOHKY MHPOBBIX
JINJIEPOB. 3aIachl 0JI0Ba B POCCHINsX 110 KaTeropusm A+ B+ Cq + C, cocraBisior 223,5 ThIC. T
(10,6 % obwepoccniickux 3anacos) [Poceeoagond, 2022].

CripbeBast 6a3a POCCHITHOTO 0J10Ba Poccuu xapakTepu3yercss BHICOKON CTEIeHBIO KOH-
nearpanun: 99,3 % 3amacoe u 97,9 % NpOrHOZHBIX PeCypCoOB COCPEAOTOYEHBI B BOCTOYHOM
cekTope Apkrudeckoit 30ubl. IIpu srom 71,5 % passegaHHBIX 3a11aCOB POCCHIITHOTO OJIOBA
BBICOKUX KATErOpUil CKOHIEHTPUPOBAHO B 4 KPYITHBIX MECTOPOXKIEHUSAX: KOHTHHEHTAJIBHBIX
Tupexrsx, OnuHOKAasl, 1 T€TEPOr€HHBIX TPUOPEKHO-MOpcKuX Jokypmax u Baabkymei.

B Mupe 107151 pOCCBHITHBIX MECTOPOKIeHni B 001meM obbeme 106bau cocrasisgeT 53,4 %
(B Asum — 80,5 %), B Poccun (ma xouner; 1990-x rr.) u3 pocesineit qo6biBanocsk 25 % |Bvizos-
cxutt u Cnopoizuna, 2013; Cmupros u dp., 2008; Kamilli et al., 2017]. Eme Bo Bpemena
Coserckoro Coroza jg00br49a osioBa Ha CeBepo-Bocroke Oblia HepeHTabe/ibHA Ha (POHE MU-
POBBIX T[€H B CHJIY BBICOKHX COIYTCTBYIOIIMX HAKJIAJHBIX PACXOJ0B U JIOTUPOBAJIACH U3
rOCYIapCTBEHHOTO OIO/IPKETa KAK CTPATErMUECKOe Chiphbe. [loc/ie OTKPBITHST PhIHKA U 118 ICHUsT
MHUPOBBIX IIeH Ha 0J10B0 B Hadase 90-x jgobbraa ooBa Ha CeBepo-BocToke Kak Ha POCCHITHBIX,
TaK W HAa KOPEHHBIX 00beKTax Oblila CBEpHYTA.

SHauUTEeIbHBINA POCT IeHbl Ha paduHUpOoBaHHOE 0J10BO (10 40 ThIC. N0JUL /T B epBO
nosiosune 2022 1.) caeas BOBMOXKHBIM BO30OHOBJIEHUE PEHTAOEILHON J0OBIYI Ha POCCUACKIX
MECTOPOXKIECHUAX.

Hawubostee KpymHBIM U3 MOJIrOTABINBAEMBIX K IKCILIYATAIINN OObEKTOB SIBJISIETCS TPYTIITa
[Ierprakalickux MITOKBEPKOB Ha IyKOTKe, 3amachl KOTOPBIX 1o KaTeropusim A + B+ Cq + C,
cocrapysior 238.4 TeIC. T osoBa npu cogepxkanuu 0,25 %. B 2020 r. ITAO «Pyconoso»
(osmoBaunblii muBuznon [TAO «Cenurpap» ) 1o pe3yibraraM ayKIMOHA [IOJIYYUIIO IIPABO Ha
reOoJIOrMYeCcKoe U3yUdeHre, Pa3BeIKy U mo0bIdy 0JioBa MecTopoxaenuil [Ibipkakaiickoro pyji-
HOTO y37a. PazpaboTka MecTOpOXK/ICHNN BO3MOXKHA OTKPBITBHIM CIIOCOOOM; CPOK OTPabOTKH,
0 TIPEIBAPUTENLHBIM OlleHKaM, 0koJio 30 jer. CoriacHO JIMIIEH3NOHHOMY COTJIAIIEHUIO, HE
nozaaee aprycra 2031 r. qospKHA HadaTbes dkciyaranus | BUMC-ITHUT'PH, 2021]. Buoxe-
Hust, HeoOxomuMble Jijisi crpouTeibeTBa 'OKa, Ha ceromusiniaumii e onennBaroTcs B 300
mt $ US. TIpu sToM cofepKanus 0J10Ba B PYIax CYyNIECTBEHHO YCTYIIAIOT MECTOPOK ICHUAM,
pa3pabaThIBAEMBIM 3a PYOEIKOM: COEPXKAHUS 0JI0BA B PY/IaX OCHOBHBIX IKCILIYATHPYEMbBIX
3apy6eKHBIX MECTOPOXK/IEHUH BapbupyoT B nHTepBase 0,27-1,68 % [Kamilli et al., 2017].
YVuauThiBas yJIaJeHHOCTb U CJIOYKHBIE IIPUPOIHBIE YCJIOBUsT OTpaboTKu pyi IIbipkakaiickoro
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MECTOPOXKJIEHNUsI, €r0 KOHKYPEHTOCIIOCOOHOCTh Ha MHPOBOM PBIHKE OJIOBA BBI3BIBAET DS
BOITPOCOB.

Yro KacaeTcsi POCCHITHBIX MecTOpoxKaeHuit, Komnanus AQO «fnososo» jerom 2021 1.
BO300HOBMIA PAa3pabOTKy THPEXTAXCKOM POCCHINH, TI0 KOTOPOIi Ha TOCYIAPCTBEHHOM OajIaHce
Haxomurced 68,2 Toic. T 0j10Ba ¢ copepxkanueM 960 r/ M3 . POCCBIIIb OTHOCHTCS! K AJITIOBHAIBHO-
JIeJTIOBUAJIBHOMY U aJUTIOBHAJIBLHOMY THIIAM. Fe 3amachl JOCTYIHBI [IIsi OTKPBITON OTPabOTKI
(puc. 3). Yke B 1epBbIil TOJ [OCIe BO30OHOBJIEHHsI SKCIIYATAIE HA MECTOPOXKIEHUN OBIIO
100bITO 452 T 0JIOBA.

e
- "':\\.\%"{\‘
A \\‘:“ ‘ ”

» e
R |
q‘ | BN

e A e (== s o e N AN e

Puc. 3. Cxema crpoenunsi TUpPEXTSIXCKONO MECTOPOXKIAEHUST POCCHITHOTO OJIOBA C UCIIOJIb30BAHUEM

naHHbIX |Cnopwzuna w IHamow-Kapa, 1997]: 1 — coBpeMeHHBIE aJUIIOBUAIBHBIE OTJIOXKEHUS, 2 —
OTJIOKEHUS TIJIEHCTOIEHOBOM aKKYMYJISITUBHONH PaBHUHBI, 3 — CKJIOHOBO-TIPOJIIOBUAJIbHBIE ITLIEH-
b1 (BepxHMIT MIIEHCTOIEH-TOIONEH), 4 — TepPUIeHHO-0CAI0UHbIe IOPO/bl BEPXHErO TpUaca, 5 —
TEeKTOHUYIECKNE HAPYINEHUs, BIPAXKEHHBbIE B pesibede KOPEHHBIX MOPOo, 6 — TpPaHUIA PYIHOTO
osist MecTopoxkaenust Jpyx6a, 7, 8 — KoHTyp pocceiu (7 — ¢ GaJaHCOBBIMHU 3alacaMu, 8 —

¢ 3a6aJIAHCOBBIMY 3aIIACaAMH).

Cornacro npoexty (2020 1.), IpeanpusiTHe BBIHIET HA ITPOEKTHYO IIPOU3BOIUTENHLHOCTD
B 3 MJIH M 11€CKOB (2,8 TBIC. T OJ10BA) B 1O B 2025 T., UTO TOJHOCTHIO MTOKPOET TEKYIIHE
norpebroctu Poccun. Oxumaembrit cpok orpaborku 3amacoB — 2051 r. Oboraienne meckoB
GyJleT BeCTUCH 110 IPABUTAIMOHHOI cxeMe (u3Bsedenue Sn > 85 %) ¢ M0JyYeHIeM OJIOBSIHHOTO
konnenTpara Mapku KO-1 (conepkanue Sn > 60 %).

K poccoimibiM MecTOpOXKIEHUSIM 0I0Ba, OTPAbOTKA KOTOPBIX MOXKET OBITH HAaJYaTa B
KpaTJailliine CPOKU, OTHOCATCsT IIPUOPEKHO-MOPCKHUE pocchinu BasibkywMmeiickas Ha YyKoTke
(15,7 Toic. T ipu; comepkanuu 1260 r/M3), Yoxypaax B dxyrun (18,2 ThIC. T IPU COJEPKAHUY
493 r/m%) m Opmmoxas B Axyruu (51,9 Toic. T npu comneprxamm 829 r/m3). Kpome Toro,
3a mpeJieiaMu ToC. DaJIaAHCa OCTAJIUCH POCCHINMH JISXOBCKOTO OJIOBOHOCHOTO y3JIa, TIOUCKOBO-
pa3BeIoYHbIE PADOTHI B KOTOPOM OBLJIN CBEPHYTHI 10 IKOJIOTMIECKUM coobparkeHusiM B 1992 1.,
ryie o Kareropun Co OBLIN OIeHEHBI pocchinu ¢ obmuMmu 3anacamu 109,9 Teic. T pu cpegHux
coneprkanmsx 800-1670 r/m3.

Takum obpazom, B obecliedeHrn CTPAaHbl 0JIOBOM IIPEUMYIIECTBA POCCHIIIEH, KOTOPHIE
TPeOYIOT TOpa3/0 MEHBIINX BJIOYKEHNUH, a OT/Iady JAI0T B T€YEHUE yIKe IIEPBOTO I'Ofa IKCILIY-
aTannn, 10 CPABHEHUIO C KOPEHHBIMU O0bEKTaMU, SBIILAIOTCA HeocrmopuMbimu. [lonnvanue
ITUX ACIHEKTOB HAXOJWT OTKJINK Y PYKOBOJICTBA POCCHUICKON MOPHOIOOBIBAIOIIE OTPACIIBIO:
elle HECKOJIBKO JIET Ha3a/l BJIMSHIE POCCHINEH Ha 0JI0BOJIOOBIMY OIEHUBAJIOCH KaK «HE3HA-
qnresnbHoes («OCHOBOI POCCHUIICKOI CHIPHEBOii 6a3bl 0JIOBA ABJISIOTCI PA3HOMACIITAOHbIE
KOPEHHBIE MECTOPOXKICHUS OJIOBAHHBIX Py, .. Ha momo poccemeii npuxomures meree 11 %
POCCHITCKUX 3aITacoB 0JIOBA; CPEJIU HUX B KOJTUIECCTBEHHOM OTHONIEHUU ITPE00/IaIaloT MEJTKUE
00beKTHI ¢ 3anmacamu MeHee 1 Toic. T osoBay |BUMC-Munepan-Ungo, 2018, c. 178—179)]).
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B macTosiiee BpeMsi OCHOBHBIM TIEPCIEKTHBHBIM O0ObeKTOM Poccuu 110 0JIOBY CUHUTAETCS
pocebiaoe Mecropoxenue Tupexrax [BUMC-IITHUT'PU, 2022, c. 279]. YuaurbiBas, 910
BHIMOE BHYTPEHHEe NOTpebIeHre MeTaImIecKoro oyiosa B Poccun cocrapnster 2-2,6 ThIC. T
B roj [BUMC-I[HUTPH, 2022], ToJbKO cTOsIUE Ha GajaHCe POCCHIMHBIE 3aIlachl 0JI0BA
(233,5 ToICc. T) MOryT OBecrednTh TeKyIue IMOTPeGHOCTH CTPaHbl Hpubau3uTebHo Ha 100
JIeT.

3. Turan

Corytacao Crpareruu pa3BuThs MUHEPAJIHLHO-CBIPbEBOiT 6a3bl 110 2035 roja, yTBepK IeH-
Hoit pacnopsizkenueM [Ipasurenscrsa PO ot 22.12.2018 Ne 2914-p, TuTaH OTHOCUTCS K TPYyIIIIE
NeUINTHBIX MTOJIE3HBIX UCKOMAEMBbIX, BHyTPEHHEE TOTPeOIeHne KOTOPhIX B 3HAYNTEIHLHOM
cTerieHn 0DecIieanBaeTCsi BHIHY K IEHHBIM UMIIOPTOM. KpoMe Toro, THTaH BXOAUT B IEPEYEHb
OCHOBHBIX BHUJIOB CTPATErHYECKOI0 MUHEPAJIBHOI'O ChIPbsl, YTBEPK/IEHHBIN PaCHOpsI?KEHIEM
[IpaBurenscrea PO or 30.018.2022 Ne 2473-p.

Poccus pacnonaraer omHol n3 KpynmHEHIMMX B MUPE CBHIPHEBBIX 0a3 TUTaHa — Ha €e
nosmo npuxoaurea 15 % sanacos mupa. IIpu 3ToM BKJIaJ cTpaHbl B MUPOBOE IIPOU3BOJCTBO
KOHIIEHTPATOB TUTaHa cocTasister seero 0,03 %.

Poccus siBiisiercst omHUM U3 BeAYIIUX B MUPE TIPOJYIIEHTOB TyOYaTOrO0 TUTAHA U THTa-
HOBBIX U3JIEJIUI, HO IPAKTUIECKN BCE POCCHUIICKUE MPEIIPUSATHS, UCIIOIb3YOIe TUTAHOBOE
CBIPbE, UMIIOPTUPYIOT ero. [JIaBHBIM TPOU3BOAUTEIEM T'yOUATOrO TUTaHA, 00ECIIeINBAIO-
muM Poccun craryc smaepa MupoBoro pbiaka, ssisercsa [IAO «Koproparnus BCMITO-
ABUCMA », BeImycKaolias ero Ha TuTaHoMaruuesoMm kombmuare «ABVICMA» B 1. Be-
pesuuku (Ilepmckuii Kpaii). [7IaBHBIM POM3BOAMTEIEM IIUIMEHTHOIO JMOKCHUIA TUTAHA,
HCIIOJIb3YEMOTO B JIAKOKPACOYHOM MTPOMBIIIIEHHOCTH, SBJIseTcs 3aBof, « KpbiMcKuit Turams
(Pecniy6urnka Kpbim).

OcHoBHOI (eI1ie ¢ COBETCKUX BPEMEH) IIOCTABIMK TUTAHOBBIX KOHIEHTPATOB HA 3aBOJIbI
VYpasa — Ykpanna — ¢ mapra 2022 1. OJIHOCTHIO IPEKPATHIA IIOCTABKUA. B HacTosIee
BpEMsT POCCHUIICKUE 3aBObI UCIIBITHIBAIOT OOJIBINON JeMUIUT TUTAHOBOIO ChIPbsI, KOTOPBI
MOKPBIBAETCS 3a CUET CKJAJCKUX 3aIlacoB U IMOCTABOK u3 Bhernama, Mosambuka n Kazax-
crana. 3apo «KpbIMcKuili TuTan» u3-3a AedUINTa ChLIPba paboraeT TOILKO Ha 25 % or
BO3MOXKHOTI0O 00bema nepepaboTku 80 ThIC. T/roj WIBMEHUTOBOIO KOHIEeHTpaTa. [loaromy
obecriedyeHrie POCCUICKON TUTAHOBOM MPOMBIIIJIEHHOCTA COOCTBEHHBIM ChIPHEM SIBJISIETCS
Kpaitte HAaCyIHON TPOOIEMOIl.

Poccuiickas coippeBas 6a3a Turana Ha 97 % coCTOMT M3 MECTOPOXKIEHUIT MArMATOI€H-
HOT'O TeHe3uca B TabOPOUIHBIX U IIEJTOYHBIX MOPOIAaX U JIUTU(MUIMPOBAHHBIX TOIPEOEHHBIX
pocceineit (kpymabie IInxkemckoe n Sperckoe MeCTOPOXKIEHNsI), OTHOCUMBIX 0 YCJIOBUSIM
IKCILIyaTaIlMi K KOPEeHHBIM pygam. B mupe 60-70 % TUTAHOBBIX KOHIIEHTPATOB MPOU3BOJIUT-
sl U3 KOMIUIEKCHBIX POCCBHIIHBIX MecTopoxkaenuii [Suiekpayev et al., 2021; U.S. Geological
Survey, 2020]. DKcruryaTupyeMble B MUPE KOPEHHbIE OObEKTHI OTIUIAIOTCS OT CTOSIIIAX HA
baJiaHce POCCUNCKUX MOBBIMIEHHBIMU COJEPYKAHUSIMY THTAHA: TaK, COJIEPyKAHNE TUTAHA B
pydax mecropoxjenus Jlak-Tuo B Kanane cocrasisier 32-38 % [Charlier et al., 2010],
B pyJax mMecropoxzenusi Tesutnec B Hopsernu — 16-20 % [Charlier et al., 2006], MmecTopox-
nenus Jamuao (Damiao) B Kurae — 8-10 % [Charlier et al., 2015]. Coneprkanue Turasa
B PyJaX POCCHIICKAX KOPEHHBIX MECTOpPOXKIeHuil He mpepbimaer 7-8,5 %. K ToMy xe poc-
cuiickue MeCTOPOXKIEHUsI UCIIBITHIBAIOT OOJIbINIE MPOOJIEMBI ¢ TEXHOJIOTHE 0boraIieHns u
nepepaborku pya [BUMC-ITHUT'PH, 2022, c. 319, 322]. Psix MecTOpoXKieHnii pacioaoKeHbt
B yIAJEHHBIX CJab0 OCBOEHHBIX pajionax. B Hesmauurenbubix kosmdecrsax (3 roic. T TiOg
B 2021 1.) TUTAHOBBII KOHIEHTPAT [OJIYYAIOT TOJILKO U3 JIOIAPUTOBLIX Pyl JIoBO3epcKoro
MEeCTOPOXK JIEHUSI.

Poccpinable MECTOPOXKICHUS [IPEICTABIEHBI ITIOIPEOGEHHBIME JAPEBHUMHE (0T IOPCKUX JI0
IJIMOIEHOBBIX ) IPUOPEKHO-MOPCKUMHE POCCHIIISIMU, PACIOJIOKEHHBIME B IIpeesax BocTouHo-
Esporeiickoii n 3anaano-Cubupcekoii miaardopm (Tabu. 2). Pocebinm nMeroT KOMILIEKCHBIH
XapakTep — MOMUMO TUTAHOBBIX MUHEDAJIOB (MJIBMEHNTA W PYyTHJIA) U MAHEPAJIBHOTO ar-
perara JIEHKOKCeHa OHU COIEPKAT B MPOMBIIIJIEHHBIX KOJUIECTBAX IIUPKOH, YCTONIUBBIE
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AJIFOMOCHUJIMKATHI (JICTEH, CTABPOJIUT, CUJUIMMAHNT ), B OTAEIbHBIX CJIydasX MOHAIUAT, [JIay-
KOHUT, (pOCHOPUTHI, MEJIKOE M TOHKOE 30JI0TO.

B aekabpe 2021 r. AO «Tyraunckuii 'OK | JibMeHuT > BBEJIO B 9KCILIYATAIUIO TIEPBYIO
odepesib 'OKa Ha pOCCHITHOM IUPKOH-PYTHJI-UIBMEHHTOBOM TyTraHCKOM MECTOPOXKJICHUN
B Tomckoit obsactu, 4ro 1103BoJIseT BblryckaTh 11,4 Toic. T/rog wibMenuToBoro u 0,8 ThiC. T
PYTII-JIERKOKCEHOBOTO, a K 2029 1., paboras Ha moJiHyo MoiHOcTh, ' OK cMmoxker exxeromuo
BbIyCKaTh 136,6 ThIC. T/roj uibMeHnTOBOrO 1 9,4 THIC. T PYTUJI-TEKOKCEHOBOIO KOHIIEHTPA-
TOB. YUUTHIBast BUIUMOE MOTpebIIeHne KOHIEHTPaToB ThTana Ha 2021 r. 226,8 Teic. T [BAMC-
ITHUTPH, 2022], upu BBIXOJE HA MOJHYIO MOIIHOCTH KOMOUHAT CMOXKET IIOKPBITH TEKYIIUe
norpebroctu Poccun ma 64 %. Cpok oTpaboTKu BCEX 3aI1aCOB MECTOPOXKICHUST OIICHUBACTCS
B 43-45 Jer.

Taﬁnnua 2. HapaMeprI OCHOBHBIX KOMIIJIEKCHBIX DEJIKOMETaJIJIbHO-TUTAHOBBIX poccmneﬁ Poccun

TiO9 ZrOy
MecTtopox aemmne 3amachr Cpeee 3amachr Cpenee Pacmonoxxenne
TBIC. T ’ concpaa- 3 TBIC. T ’ coacpaa- 3
HEE, KI'/M HUe, KI'/M
Bocrouno-Espormeiickas MerampoBuHIIMs
Bemmarupckoe 2630 20,9 620,6 5,1 CraBporoyibcKuit Kpait
IlenTpasibroe 6396 54,1 830,3 3,1 TamboBCcKast 06/1aCTH
JIykosiHoBCKOE 166 5,5 346,4 13 Hmxkeroposackas obaacts
HogsosbibkoBckoe 237 8,1 27,6 1,7 Bpsirckast obmactb
SBamaro-Cubupckast MErampoOBIHHIIHST
Tapckoe 1001 32,2 1814 6,4 Onckast 001aCTh
CanMCcOHOBCKOE 1674 34,2 266,6 5,2 Owmckast 06J1acTh
Tyranckoe 2502 19,7 1007,3 7,7 Tomckast obacTsb
T'eopruesckoe 1568 17,6 408,8 49 Tomckast 0bs1acTb
Opaprackoe 56 144 15,3 3,9 Hosocubupckas obsractsb
Byrkunckoe 133 16,8 12,3 1,8 CsepioBcKas 001aCTh
[IpaBobepexHoe 270 20 30,7 2,6 XMAO

Cpemu MecTOpOXKIeHUN HepacIpeIeIeHHOro poHIa HeJap Hanbojee MepCleK THBHBIMUI
JIJISI OCBOEHUSI SIBJISIIOTCST TTOTPEeOEHHBIE TPUOPEZKHO-MOPCKHE pocchin CTaBpPOIOIBLCKOrO
Kpas: Bermmarnpckoe mecropoxaenne, Koncrantuaosckuit n KamOymarckmit yaactku. x
COBOKYITHBIE 3aIIaChl, KAY€CTBEHHBIE TIOKA3aTE/IN TOTEHIINAJIBHOM MPOIYKINU U WHMPACTPYK-
TypHasi OCBOEHHOCTb PErrOHa II03BOJISIIOT CO3/1aTh Ha UX 0a3e KPyIHOEe NOpHO-060raTH-
TeJIbHOE MTPOM3BOICTBO. [loyuaeMblii U3 HUX MIBMEHUTOBBIH KoHTeHTpaT (62,2 % TiOs)
MTOJIXO/IAT JIJIsi IPOU3BOJICTBA I'y0YATOr0 TUTAHA W MATMEHTHOI'O JMOKCUA TUTAHA. [eXHUKO-
SKOHOMUYECKHUE TOKA3aTeJ M OTPabOTKH 3aI1aCOB OTKPBITHIM CIIOCOOOM OITpEJIeJIeHbI JIJIst
15-J1eTHEr0 PACYETHOIO IEPUO/A CO CPETHETOAOBBIM IIPOM3BOJICTBOM TOBAPHBIX KOHIIEHTPA-
ToB: pyTmwiIoBoro — 10 Teic. T, wibMeHuTOBOr0 — 28 Thic. T [Buxosckud u dp., 2010a], aro
nokpoer eme 17 % norpedrocreit Poccun.

TaxuMm 00pa3oM, BBOJ, B IKCILIYATAIINIO POCCHITHBIX PEIKOMETAIIBHO-TUTAHOBBIX MECTO-
poxaennit Poccum MoxkeT B KpaTdaiimime cpokn 00ecIedInTh OCHOBHYIO YacTh MOTpebHoCTEH
B TUTAHOBOM CBIPbE M CHU3UTH 3aBUCUMOCTH OTE€YECTBEHHON MPOMBINLIEHHOCTH OT UMIIOPTA.
Pocchiniable MeCTOPOXKIEHNST TUTAHA, 3allaChl KOTOPBIX OIEeHUBaOTCs B 17,8 MJIH T, MOy T
obecrednTh TeKyIue MoTPpeOHOCTH CTPaHbl Ha CPOK 110 80 JeT.

Russ. J. Earth. Sci. 2024, 24, ES1012, https://doi.org/10.2205/2024es000897 7 of 16


https://doi.org/10.2205/2024es000897

PoJib POCCBINTHBIX MECTOPOXKJEHUII B OBECIIEYEHUM. . . BopTHukoOB, BosikoB, JIajioMoB, Bo4yHEBA, IBAHOBA, JIaj1OMOB

4. Pesikue v peiKo3eMeTbHbIE MEeTAJLIbI

Penxue MeTasnbl (K KOTOPBIM OTHOCSITCSL U PEJIKO3EMebHbIE) MAJIO PACIIPOCTPAHEHBI
B IIPUPO/IE, BCTPEYAIOTCS B COOCTBEHHBIX MUHEPAJIBHBIX (POPMaAX WM B KAUECTBE IIPUMeCeit
B IPYyTUX MUHEPaJaX. I3 pOCCHITHBIX MECTOPOXKIEHIH TOOBIBAIOT IUPKOHU, HIOOUIA, TAHTAJI,
IPYyIIy pejaKo3eMesbHbIX MeTalioB (P3M), B HE3HAUNTEJILHBIX KOJIMIECTBaX BOJIb(pam,
B KaJecTBe MPUMecell B POCCHITHBIX MUHEPAJIaX IIPUCYTCTBYIOT radHuii (B IUPKOHE), WHHi
(B xaccurepure). K rpynme P3M ornocarcs nanrtan (La), nepnit (Ce), npaseomum (Pr),
neoguMm (Nd), camapuit (Sm), esponuii (Eu), ragonunuii (Gd), repbuit (Th), aucrnposuii
(Dy), ronbmuit (Ho), sp6uit (Er), tyauit (Tm), urrep6uit (Ib), morennit (Lu), urrpuit (Y) u
can it (Sc).

Hupkonmit. Poccus pacnosaraer kpynuoit MCB mupkonusi, qocrarodHoil st obec-
IlevYeHnsl BHYTPEeHHUX norpedbHocTelt crpanbl: Ha 01.01.2022 Ha rocy/iapcTBeHHOM Oajance
Haxonuauch 12,4 mua v ZrOg9. MCB mupkonus Poccun cTpyKTypHO U KAYECTBEHHO OTJINYA-
ercs OT 3apybexxHoit. Ha 1010 1MupKOH-PY THI-MIIBMEHATOBBIX POCCHIITHBIX MECTOPOXK ICHUIA,
¢ KOTOpbIMU 32 pybexkoM cesazano 80 % zanacoe u 95 % po6urun, B Poccun npuxonnres 33 %
3aI1aCOB, 3aKJIIOYEHHBIX B 10 MECTOPOXKIEHUX, HO IIPOMBINIJIEHHOCTHIO OHU IPAKTUYECKN He
OCBOEHBI.

B 10 ke Bpemst 110 BBIIYCKYy IUPKOHUEBOIO IpoKaTa Poccust — OJMH U3 MUPOBBIX
JINJIEPOB, 00ECIIEYNBAIOINN OKOJIO IIATOM YacTH IIOCTABOK Ha PBIHOK. JlJist Mpou3BOICTBA
METaJUINIECKOro IUPKOHMs (B TOM YHCJIE SIEPHOI YHCTOTHI), €ro CIJIABOB U U3JeJIUN 13
HUX OTE€YECTBEHHbIE TPEIIPUATUS UMIOPTUPYIOT [IMPKOHUEBBIA KOHIIEHTPAT.

OcHoBHas yacTh poccuiickux 3amnacos nupkorust (8,6 muana T ZrOo, 68,9 %) cocpesno-
TO4YeHa B 4 KOPEHHBIX MECTOPOXKIAEHUAX: 3 PEIKOMETAIIHBHOTO IIEJI0YHO-TPAHUTHOTO TUIIA
(Vayr-Tamzekckoe, Karyrunckoe u 3ammxuHcKoe MECTOPOXKIEHNsI) U OJHOIO KAPOOHATUTO-
Boro (Kosmopckoe). Ocrasbible 3a1achl cofep:KaTcs B MOrPeOeHHBIX IIPUOPEKHO-MOPCKUX
pocepiax (3,9 mua v ZrOsg).

3a py6erKoM Ha KOPEHHBIE MECTOPOXKICHHA IIPUXOANTCA Beero 2 % 3amacoB, U OHH He
paccMaTpUBAIOTCS B KAYECTBE MMEPCIEKTUBHBIX UCTOYHUKOB IUPKOHUS. Kpome Toro, Yiryr-
TaH3eKCKOe MECTOPOXKJIEHNe HAXOAUTCs B TPYIHOIOCTYIIHOM paiione (foro-socrounas Tysa).
Kommuekcubie pyast (Ta, Nb, Zr, U, Ti, Fe, P3M) Karyrunckoro u Yiyr-Tanzekckoro
MeCTOPOXK/EHUIT OTHOCATCS K TpyaHooboraTuMbiM [BHMC-ITHHUT PH, 2021].

B Mypwmanckoit obiacTi Tak»Ke ydITeHbl 3a6aIaHCOBbIE 3aIlachl [MPKOHUSI B IBUAJIN-
TOBBIX pymax ydactka AjutyaiiB JIoBozepckoro mecropoxkenusi. XOTs B JaOOPATOPHBIX
yCJIOBUsIX ObLIM PAa3pabOTaHbl PA3JIUYIHBIE BAPDUAHTHI TEXHOJOTMIECKUX CXEM UX IepepadoT-
KU, TIPOMBIIIJIEHHAST TEXHOJIOIMsI OOOTaIlleHUsI U [IePeJIesia TAKOTO ChIPhbsi IIOKa OTCYTCTBY-
er |[BUMC-ITHUT P, 2022].

B kadecTBe mepBoOUEpEIHBIX K OCBOEHUIO POCCHIMHBIX 00bEKTOB HA Teppuropuu Poccun
MOXKHO BBIIEJUTH ciemyoomue: Tyranckoe, Tomckasi obiracts, JlykossHoBckoe, Huxkeropos-
ckasi obJsracTh u Bemmnarupckoe, CTaBpOIOIbCKAN Kpaii.

Banacol Tyzanckozo mecmopostcderus coctapisaior okoiao 1 i T ZrOg. Yike
B HACTOSIIEe BpeMsi KOMOMHAT ITPOU3BOAUT 3,7 THIC. T IIUPKOHUEBOI'O KOHIIEHTPATA, & IOCTe
BeiBosIa ['OKa Ha mosayto montHOocTh K 2029 I. OH CMOXKET €3KEeroJ[HO BBIITYCKaTh 44,2 ThIC. T.
YauTbiBasd, YTO BHAUMOe TOTPebiIienne MMPKOHNEBOro KouenTpara B Poccun cocrasister 9,9
11,6 ThIC. T/T0OM, 3TO MO3BOJUT MOJHOCTHIO OBECIIEUUTH TTIOTPEGHOCTH CTPAHBL U BO3ZMOXKHOCTH
IKCIIOPTa KAK KOHIIEHTPATOB, TaK M U3JIEJINil U3 IUPKOHMS Ha MPoTszKeHun OoJiee dem 20
JIeT.

JIyxosarosckroe mecmopoostcderue — Oorareiiiiee IO COMEPAKAHNIO JTUOKCUIA ITUPKO-
must B Pocenn (13 kr/m3) u BTopoe B Mupe (mocie aBerpastmiickoit pocebinu ATiac-GyHa
Happunr ¢ cogepxanunem 17,4 kr/ M3), IPEJICTABIISIET OO0 TPOCTPAHCTBEHHO U CTPYKTYPHO
pa300IeHHbIe 3a/Ie2K1, 13 KOTOPBIX TOJBKO VITMAaHOBCKAasi POCCHIND JIETAIBHO PA3BEIAHA: 38~
macel 1o kKareropuu C; + C, coctaisior 388,9 ThIC. T IPU COJIEPYKAHUN JTUOKCHUIA TTUPKOHUS
13 kr/ Ve [BUMC-ITHHUT'PH, 2022]. 3anacel nuokcuia radHus, COIEPKAIIErocs B UPKOHE,
oreHensl B 6,3 Toic. T npu cogepxkanuu 0,2 Kr/ M3, TaksKe B COCTaBE POCCHIIHN IPHCYTCTBYIOT
TUTAHOBbBIE MUHEPAJIBI (MIBMEHUT, JEHKOKCEH U PYTHUII), 3AIIaChl JUOKCUIA TUTAHA OLEHEHBI
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B 166,7 THIC. T TIpH comepiKaHu 5,5 KT/ M3, OTymraurenbHas gepra VITMaHOBCKO# pocchInu —
HOBBIIIEHHOE cosepKanue xpomuta (9,9 Kr/ M3), 3amacbl KOTOPOTO COCTABIAIOT 296,9 ThIC. T.
[ny6una 3aneranus pyjaHoro miacra maMensiercsas or 0 go 20 M, npm stom 40 % poccwl-
1 MOXKeT OBITH OTpaboTaHa KaphbepoM, OCTAJIbHbBIE 3aIaChl — C UCIOJIH30BAHUEM METOIa
ckBazknHHO} runponoberan (CT) (puc. 4).

Bokpyr Utmanosckoit 3anexu Ha paccTogHun oT 15 110 40 KM pacrosiozKeHbl JIpy-
rue pocchinu JIyKOSTHOBCKOTO MEeCTOPOXK IeHUSsI, [IONCKOBO-OIEHOYHbIE PAOOTHI Ha, KOTOPBIX
IIO3BOJIMJIN JIOKAJIM30BATH [IPOrHO3HBIE PECYPCHI KaTeropuu P, KOTOpbIe IpU MOITHOCTA
[IPOMBIIIJIEHHOrO Itacta 6ojiee 2 M cocTaBiadioT 678 Thic. T AUOKCHIA UPKOHUS [Bwiros-
cxutl u dp., 2010b], 9TO CyIIECTBEHHO YBEJIMIMBALT CPOK JKHU3HEJESITEIBHOCTH BO3ZMOXKHOIO
JOOBIBAIOIIETO IPEIIIPUATHS.

'“l AHWHHE na

Puc. 4. l'eonormyecknit paspes VtmanoBckoit poccoinu JIyKOSHOBCKOTO THTAHO-IUPKOHUEBOTO
Mmecropoxkaerust [Ocunos, 1985]. 1 — HOUYBEHHO-PACTUTENBHBIN CJI0H; 2 — MIMHBL 3 — mecku; 4 —
AJIEBPUTHL; 5 — IPOMBIIIEHHBIN [1acT; 6 — CKBaxKUHBI (rJIyOGuHA, M); 7 — BBICOTHBIE OTMETKH.
Cpenueropckue otToxkenus: Jobt — 6arckuii sipyc; Jok — KeJmoBeicKuit spyc.

IlepcuekTuBnr obeciedenusi Poccnu MUPKOHUEBBIM CHIPBEM CBSI3AHBI TAKXKE C 3aIacaMu
okoJjio 620 teic. T ZrO9 Bewna2upcko2o mecmoposHcidenust, TIPKOHOBIN KOHIIEHTPAT
koroporo (64,5 % ZrOs) yuosiersopsier TpebOBaHUAM JJIsl IIPOU3BOJICTBA, UPKOHUs, B TOM
qucie simepHoit auctorsl. CpeHero10Boe MpOU3BOJICTBO KOHIIEHTPATA TPOEKTUPYETCsT HA
yposte 15 TbIC. T/TOA.

Takum obpazom, BHyTpeHHUE TOTpeOHOCTH Poccuu m 9KCIIOPTHBIN MOTEHITHAJ 110 TP~
KOHHUIO MOTYT OBITH 0DECIIeYeHbI B KPATUAMIIIEe CPOKI U ¢ MUHAMAJBHBIMA 3aTPATAMA 33
CYET POCCHITHBIX MECTOPOXK ICHMUIA.

P3M. Cripbesas 6aza P3M Poccun xapaxrepusyercs BbICOKOH KoHleHTpaueit: 46,3 %
COCPEIOTOYEHO B AeBsATH oObekTax Mypmanckoit obnactu. 13 aux oxoso 24,9 % — B Jlo-
BO3EPCKOM MECTOPOXKJIEHUH KOMILIEKCHBIX JIOIAPUTOBBIX Py — €IUHCTBEHHOM B Poccun
obbekTe, paspabarsiBaeMoM Ha P3M. OcrajibHble 3am1achbl PErMOHA 3aK/IFOYEHBI B allaTUT-
HedEIMHOBBIX PyJaX BOCBMHU MECTOPOXKIeHUT XUOMHCKOW IPYIIIbI, OCHOBHBIM KOMIIOHEHTOM
KOTOpBIX siBjigercs (ocdop. PBM xapakrepusyioTcs HUKUM COjepzKaHueM (B CpeHeM
0,34 % Y TR503), B HacTOsilIiee BpeMsI He M3BJIEKAIOTCS M HAKAILIMBAIOTCST B IIPOJLYKTAX
OTBAJIHOTO KOMILJIEKCA.

B o6bekrax Cubupu n Jamsrero Bocroka comepxkures 44,2 % 3amacos P3M crpamnsr,
13 KOTOPBIX OCHOBHBIE 3aI1aChl CBSI3aHBI C KPYIIHBIMU MECTOPOXKIEHUSIMU KOMILIEKCHBIX DY/,
B KapOboHATHTAX U PA3BUTHIX 110 HUM KopaM BeiBerpusanus (Tomropckom B Peciiybimke Caxa-
Akyrusa, ykrykornckom B Kpacnosipckom kpae u Besosumunckom B Upkyrckoit obiactn).
OcraJjibHble 3amnackl 3aK/a049enbl B CeJInriapckoM MEeCTOPOXKIEHUN allaTUT-KapOOHATHBIX
MEeTACOMATUTOB, B KOMILIEKCHBIX PEJKOMETAILHBIX METACOMATUIECKUX MECTOPOXKIEHUSIX
o mestounbiM rpaautaM (Yiyr-Tanzekckom B Peciybiuke ToiBa u 3ammxunckom B Up-
KyTckoii obnactu; 3,9 %) u MmeraMopdOreHHbIM IOPOJAM 30H TEKTOHUIECKUX HAPYIICHUH
(Karyruackom B 3abaitkaiabckoM Kpae; 5,8 %), B pyJax KOTOPBIX OTMEYAIOTCsI BBICOKUE CO-
IeprKaHUg UTTPH U JIAHTAHOUIOB UTTPHEBOil rpymmnsl. Eme 3,6 % 3amacos Poccun cBasamb
¢ He(PTEHOCHBIMU JIETKOKCEHOBBIME MTECUaHUKAMU IPErckoro MecTopoxpenns B PeciryOimke
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Komu. Cpennee conepzxkanune P3M B nux coctasiger 0,04 %, IpoMbIILIeHHAsS TEXHOIOTUS UX
u3Baedenus orcyrersyer |BUMC-ITHUTPH, 2022]. 3uaunTebHas 9aCTh MECTOPOK ICHUI
HaXOJIUTCsl B YIAJIEHHBIX TPYIHOIOCTYIIHBIX pailoHaX.

W3 noproraBimBaeMbIX K OCBOGHUIO MeCTOPOXKIeHuil m3iedenne P3M B ToBapHyio
MIPOJLYKITUIO MIPELyCMOTPEHO TOJIBKO JiJisT TOMTOPCKOro u 3alnXuHCKOTO MECTOPOXK ICHUH.
Ocobennocth TOMTOPCKOTO MECTOPOXKIEHUsT B TOM, 9TO €r0 Py SBJISIETCS] IIPUPOIHBIM
KOHIIEHTPATOM, He TPEOYIONUM IIPeJBApUTEILHOr0 oborarnenus. /st Hero xapakTepHO
COBMECTHOE IIPUCYTCTBHE HECKOJIBKUX ITOJIE3HBIX MUHEDPAJIOB, HEPEJIKO MMEIOIINX Pa3HbIe
dOpPMBI BBIIEJIEHNST, TECHBIE CPACTAHUS TIOJE3HBIX MUHEPAJIOB MEXK Ty 000 U ¢ mopomoobpa-
3yOmuMu ha3aMu. ITUM OIPEJIE/ISIeTCsT CJI0KHOCTh TEXHOJIOTUN U3BJIEUYEHUs] U3 PYIbl BCEX
[EHHBIX KOMIIOHEHTOB C IOJIy4YEHHEM HIPOIYKINYA TPeOYEMOro IIPOMBIIIIEHHOCTHIO KAYECTBA.
[IpoekT Tpebyer BechMa KPYIHBIX KAMUTAIOBIOKeHUH. CI0XKHbIE JIOTUCTHIECKUE PEIeHus,
CJIOZKHBIE TEXHOJIOTUYIECKHUE TTPOIIECCHI, a TaKyKe KpaiiHe HeOJIaronpusaTHOE PACIIOIOKEHNE
00beKTa CUJIBHO IIOBBIINAIOT ce0eCTOMMOCTh KOHEYHO! npoxykuuu. HeratuubiM dakTopoM
TaKKe SIBJIIETCS PAINOAKTABHOCTD PY/JI, CBSI3AHHAS C HOBBIIIEHHBIM COJIEPYKAHNEM TODHS.

B Hacrosiiiee BpeMsi e MHCTBEHHBIM JEHCTBYIONUM HCTOYHUKOM PEIKO3EMETbHBIX
MeTaJuIoB (M 3HAYNTEsIbHON uacTh penxux) B Poccun sipisiercst JToBozepekuii ropao-oGoraTu-
TeJIbHBII KOMOUHAT, pa3pabaThIBAIOMIAN MECTOPOXK IEHNE JonapuTa JIoBo3epcKoro Maccupa —
WCTOYHUKA HUOOWsI, TAHTAJIA, PEIKUX 3eMesh 1 TuTaHa. B 2021 r. va dhabpuke OBLIO IOy IEHO
7747 T 10NapPUTOBOrO KOHIIEHTpAaTa, cojepskamero B cpeanem 28-30 % okcumos P3M, 35-38 %
TiOq, 7,5-8,0 % NbyOs5, 0,5-0,8 % TagOs5 [BUMC-L[HHUT'PH, 2022|. B macrosimee BpeMst
I00BIYa BEIEeTCs B CJIOXKHBIX TOPHO-TE€OJIOTHIECKUX YCAOBUAX IPU HU3KOW PEHTAOETHHOCTH
CYIIECTBYONIUX pa3pe30B. [ OpHOTEXHIYECKasT aBapus U 3aKpbITre Y MOO3epCKOr0 PYIHUKA
CYIIIECTBEHHO COKPATHJIHM ITOTEHIINAJ PA3BUTUS MECTOPOXK IEHU.

JloToTHATEIbHBIM UCTOYHUKOM PEIKO3EMEIBHOIO ChIPhsi KOMOMHATA MOTYT CJIY2KHUTD
pa3BelaHHbBIE POCCHINH JIOTIAPUTA, PACIIOJIOKEHHbBIE HA CeBepHOM obpamiieHnu JI0BO3epCcKoro
MaCCHUBa, & TAKYKE TEXHONE€HHBIE OTBAJIbI — XBOCTBI oborarureabHol (habpukn KapHacypr.

Poccoinnbie MecTOpOXK I€HIST TECHO CBS3aHDI C IVISIUAJIBHBIMA U (DIIIOBUOIIATINAILHBIMA
OTJIO2KEHUSIMU MECTHOT'O TOPHOTO oJieneHenns. Comep:KaHue JIOMAPUTAa B HUX JOCTUTAET
B OTJIEJIBHBIX CIydasx 36 Kr/ M3, cocraBiisis B CpeJIHEM 0 Pa3HBIM ydacTKaM 2,8-3,9 Kxr/ M3,
MoIrHOCTh TPOAYKTHBHOIO IIJIACTa COCTaBJIAET B cpeaueM 20,7 M; 3ajieranue 1acTa IIPUIo-
BEPXHOCTHOE — KOI(DMUIUEHT BCKPHINK (OTHOMIEHHE MOIIHOCTH II€PEKPHIBAIONINX «TOPQOB»
K MoIHocTH maacra) paset 0,5 [Jlaiomos u dp., 2019].

Haubosee miepcrieKTUBHBIM 110 COBOKYITHOCTH ITapaMeTpoB siBiisiercst CepreBanbCKmin
yuactok Pesnunckoit (Ceseproit) poccbinu. OH paCoIOKeH B HELOCPEICTBEHHO 61m30CTH
BHU3 TI0 joJsiiHe oT XBocroxpanuianima 'OKa (puc. 5).

noc. Pespa

CapreBaHbCKMA YYacTOK
PeBOWHCKOMW pOCCLINK

o ‘,I'p?

) Kapﬁaﬁ.'yﬁT Ep

Puc. 5. O630opnasg cxema paiiona oborarurensuoit dpadbpuku JloBozepckoro 'OKa u xBocroxpanusuig
(Ha OCHOBE KOCMOCHHMKA, IIOJIyY€HHOI'O U3 OTKPBITBIX UCTOYHUKOB — nporpamma «Google Earth»).
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IIponyKTuBHBIHM JIACT NIPEICTABIIEH IECYAHO-TPABUITHO-TAJIETHBIMU OTJIOXKEHUAMU C
HE3HAYUTETHHBIM COIEPKAHIEM [VIMHUCTHIX KJIACCOB, ITO OOYCJIABINBAET XOPOIIYIO IIPOMBI-
BUCTOCTD OTyioXKenuii. Jlomapur cocpeporouen B kaaccax 0,14-0,56 mm (64,3 % ot obmiero
copepxanusi) [Jaaomos u dp., 2022b]. TIpoeieHHBIE MUHEPAIOrO-TEXHOJIOTTIECKHE UCCIIEII0-
BaHMUsI TIOKA3aJIH, 9TO Pybl CepreBanbCKOro yIacTKa MOTYT 0OOTAIATHCS TI0 IPABUTAITHOHHO-
MATrHUTHOI CXeMe, YTO TO3BOJIAT MOJIYIUTh ITPOMBINLIEHHBIN JIOMAPUTOBBIN KOHIIEHTPAT JIJIsi
peaxoMeTalIbHOl npombinutennoctu [Jesuenko w dp., 2023].

YaureiBasi TEKYIILYIO TOJ0BYIO MTPOU3BOAUTEIHLHOCTE JloBozepckoro 'OKa o mpons-
BOJICTBY JIOIIAPUTOBOI'O KOHIIEHTPATA, OTPADOTKA TOJIBKO OTHOINO CepreBaHbCKOIO yIaCTKa
c1ocoOHa 00eCIIeUNTh MOCTABKU JIONAPUTOBOTO KOHIEHTpaTa Ha mpoTskernu 68 jet. Ilpn
3TOM OTPabOTKA POCCHINN He MOTPedyeT 3HAYUTEIbHBIX U JOJITOBPEMEHHBIX (DUHAHCOBBIX
BJIOZKEHUI, KOHIIEHTPAT MOXKET OBITh HOJIyYeH YK€ K KOHILY IIEPBOTO T'OJa IOCJIE HAYAIA
0TpabOTKH, a TEXHOJIOTUIECKasl CXeMa He IMOTPEOYET JJOPOrOCTOsINe U SHEPro3aTPaTHON
omeparuu JpobJIeHus.

BropbiM asbrepHATHBHBIM HCTOIHUKOM OOecIievueHusi ChIpbeBoi 6a3nl JIoBozepckoro
I'OKa moryT ciryKuTh HAKOILJIEHHBIE XBOCTHI oboraTuresbHOI habpuku Kapuacypr. XBocTh
0boraIenust pyJ1 BI3BIBAIOT B [OCJIE/HEE BPEMsI 3HAMUTENbHDII HHTEPEC TOPHO0DBIBAIOIINX
kommanmii. Tax, no onenke cnenmasucros FOAP, nepepaborka xsocros Ha 90 % 6Gosee
sneproaddexTusna u Ha 90 % MeHee KaIMTAIOEMKa, 9eM 3allyCK OCHOBHOT'O Py/IHUKA, He
roBOps1 y2Ke 0 Gosiee KOPOTKOM IMKJIE TIOJIydeHus! paspemenuii [3040modobviua, 2023].

Counepzanue jonapura B xBocrax ¢dabpuku (Kapuacypr-1 u Kapuacypr-2) ouneneno
KaK Ha OCHOBE PacYeTa IO COMEPKAHUIO JIOMAPUTA B MEePepadaThIBAEMbIX PY/IaX U MOTEPIX
pu O0OraIleHuy, TaK U [0 JAHHBIM ToYedHoro onpotosanus (mpober K-1 u K-2). Dru
METO/IbI JaJIl XOPOIIYyI0 CXOJIMMOCTh pe3yibraroB Ha yposHe 0,58-0,77 %. Munepasoro-
TEXHOJIOTUIECKOE HMCCJIEIOBAHNE MAJIBIX TEXHOJOTMIECKHX P00 MOKA3aJI0, YTO JIOMAPUT
B XBOCTaX OOOTAINEHUSI IPUCYTCTBYET B BUJIe KAK OOJIOMKOB KPYITHBIX 3€PEH, TaK U MeJI-
KUX UIUOMODPMHBIX KpucTasutoB. OCHOBHAsT MAacca JIOAPUTA HAXOIUTCS B IPABUTAIOHHO
oboraTuMbIx Kjaccax. CTpyKTypa XBOCTOXPAHUJINING HEOTHOPOIHAS, OHA OMPEeIesIIeT s
repepaclpeiesieHneM TsKeI0# PpakIuy 3a CUeT IPUPOIHO-TEXHOTEHHBIX [IPOIECCOB U IMEET
[IPEUMYIIIECTBEHHO KOHIIEHTPUYIECKYIO (POPMY, U4TO JOJIKHO YUUTHIBATHCS IIPU IOCTAHOBKE
OITEHOYHBIX PabOT.

YVaursiBas CoIepKAHNE TIOJE3HBIX KOMIIOHEHTOB B OTPA0ATHIBAEMBIX PYIaX U U3BJIEUe-
HUE JIONAPUTa B KOHIIEHTPAT, MOYKHO IIPEJIIIOJIOKUTH BAJIOBOE COJIEPXKAHUE B 0OPA30BAHHDBIX
oTBaJIaX. JTa pacdeTHasl OIEHKA BAJIOBOIO COJEPKAHNUsT OJIN3KA K PE3yJIbTaTaM MIHEPAJIOro-
TEXHOJIOIMYIECKOro onpobosanust (tabu. 3). Samacsl Jonapura B xBocTax oboramenus ['OKa
COIIOCTaBUMBI C IPOU3BOAUTEIHLHOCTHIO KOMONHATA 3a 1epuoj, 1520 Jer.

Taxwmm 06pa3om, JIoapuToBbie pocchinu JIOBO3EPCKOro MaccuBa U XBOCTBI 00OTATHTE b~
woit pabpuku 'OKa MOryT ciiyKuTh ajbTepHATHUBHBIM HJIN JIOTIOJTHUTEILHBIM UCTOTHIUKOM
PEIKOMETAIBLHOTO ChIPbs, CIIOCOOHOIO 0DECIednTh MOTPEOHOCTH HAIIE!l CTPAaHbI HA IIPOTIXKE-
HUU JIecATKOB JjieT. OHM MOI'YyT ObITh BOBJIEYEHBI B KCILUIYATAIIUIO B KpaTdailline CPOKUA U
C MUHHMAJIbHBIME 33TPATaMU, 9TO JA€T UM IPEUMYIIECTBA 110 CPABHEHUIO C KOPEHHBIMU
00bEKTAMU.

Tabuuma 3. Cozeprkanue JIONAPUTa U OCHOBHBIX KOMIIOHEHTOB B OTJIO’KEHHAX XBOCTOXPAHUJIMII 110 JAHHBIM PacdeTa 1
TovyeqHOro onpobosanus (B % 0T MCxomHOMN 1PO6HI)

Jlomapur NbyOs, TayOp Y TR503
Kapnacypr-1 (pacuérnoe) 0,77 0,07 0,005 0,25
Kapracypr-2 (pacuérHoe) 0,64 0,058 0,004 0,21
K-1 MTTI PDA* 0,58 0,079 0,005 0,33
K-2 MTII POA" 0,77 0,081 0,005 0,34

*
MumrepaJioro-rexHojiorndeckast mpoda, npoanaiansupoBanias POA.
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5. Aamassl

Ilo cocrositnuro Ha 01.01.2022 GasarcoBble 3amackl aamMas3os Poccun cocrapisior 1 018,9
MJIH KapaT, KOTOpble 3aKJoueHbl B 65 MecTopoxkieHusx (20 KOpeHHbIX U 45 POCCBHIIHBIX).
OCHOBY OTEYECTBEHHOI CHIPHEBOI OA3bl AJIMA30B COCTABJIAIOT KOPEHHBIE KUMOEDJIUTOBBIE
MeCTOPOXKIeHHd, 3aKkaodatomue 93,2 % 3amacos crpanbl u obecrnednsatomue 89 % mo6bran.
CooTBeTrcTBeHHO, POCCHIIHbIE 00bLEKTH BMemaioT 6,8 % 3amacoB ajMa3oB U obecledn-
BaioT 11 % mobbram B 06EMHOM BBIPAKEHUH. 3/1€CH HAJIO0 YUUTHIBATH, 9TO POCCHITHBIE
ajMas3bl 00JIaIat0T O0Jiee BRICOKUM KA9eCTBOM, €M KOPEHHBIE B CUJIy Pa3pyIIeHUs] HEKa-
JeCTBEHHBIX (HEMOHOJIMTHBIX) 3epeH npu BbiBerpubanuu. Ciencreue sToro — ux Gosee
BBICOKasl PbIHOYHAs I[eHA. TaK, CpeliHsisl eHa POCCUIICKUX aaMa30B (IPEeUMYIIeCTBEHHO,
KOpeHHbBIX) — 67,6 7051, /Kap., a aaMa30B B IPpUOPEXKHO-MOPCKUX pocchinax Hamubuun —
466,6 mosur./kap. [BUMC-ITHHUT'PH, 2022]. CpenHsisi 1ieHa POCCHIIHBIX aIMa30B ¥ paJa
B MECTODPOXKJIeHUsAX Burepckoro paitona cocrasaser 450-500 $ US/kapar | Qytixo u dp.,
2023]. Takum 06pa3oM, 3HAYEHUE POCCHIIHBIX AJIMA30B B CTOUMOCTHOM OTHOIIEHUH (OCOBEHHO,
B KJIACCE IOBEJIUPHBIX KAMHEl) 3HAYUTEIHHO BBIIIE, YeM B OO'bEMHOM.

Poccpinum amasoB paciosiozKeHbl, IPenMyIIecTBEHHO, Ha TeppuTopun Pecrybauku Caxa
(dxyrus), naubosee kpynubie — HiopOuHcKas u p. D6eJisIX ABJISIOTCH YHUKAJIBHBIMUA 110
3armacaM U COJEPKAHUI0 AJIMA30B.

Jobbriua aMa30B U3 pocchimeil YpaJsa, MPOI0IKABIIAsICS TOYUTH JIBA, CTOJIETUS, ObI-
Jta ipuoctanoByera B 2005 . U3-3a UCTOIIEHUsT MMEIOMMUXCsT Pocchineii. C OTKpBITHEM HA
Banagnom Ypase (Ilepmckuii kpait) u nocranoBkoii Ha Gamanc Cio3eBCKoit riryGoKo3aeraio-
el pOCCHINU, OTHOCAINENCS K TUITY POCCHINEN HOrpeOeHHBIX I'PabeH-I0IuH, OTKPBIBAIOTCS
HepCIIeKTHBLI BO30OHOBJIEHUA POCCHINHOI qo6bau Ha Ypaste. Bosee 90 % anmazos pocchinm
UMEIOT I0BEJIMPHOE KaYEeCTBO, CPEHsid CTOMMOCTh aima30B pocebinu 361,59 $ US/kapar
[Qytixo u dp., 2023].

6. 3akinouyenne

BbHIO.HHeHHbeI aHaJIN3 (Ta.6ﬂ. 1) IIOKa3aJI, 9TO IIPpaKTUYIEeCKU 110 BCEM KOMIIOHEHTaM J10JId
pocchinieit B H6astamce 100N TPEBBIIIAET UX JOJIIO B Oastance 3amacos. I3 aToro ciemyer,
9TO, HECMOTPSI Ha BaJOBOE Ipeoda ianme B OajIaHce 3a11acoB KOPEHHBIX MECTOPOK/IEHUI],
BOCTPEeOOBAHHOCTH POCCHINEH B NOPHOIOOBIBAIOIIEN IPOMBINIIJIEHHOCTH — BEChbMa BBICOKASI.
DTO 00BSICHIETCS CJIEYIONUMEI (DaKTOPAMIE:

®  OTHOCHUTEJIbHO HerIyGOKOe 3ajleraHne IIPOMBIIITIEHHOTO TIIACTa (JIECITKA METPOB), 103~
BOJISIIOIEE IPOBOUTHL OTPAOOTKY OTKPBITHIM KapbhepoM; I TUIyDOKO3aJIeralonux poc-
coireit Bo3MokHO nipumMenerune mMerona CLJI, koTopsrit o 3 dHEKTUBHOCTH COTOCTABUM
C OTKPBITOI OTPabOTKOIL;

®  TEXHOJIOTMYeCKas IIPOCTOTA IPOIECCOB ODOTalleHusi, He TPEOYIONasi CIOXKHBIX TEXHOJIO-
ruii (IPeuMyIIecTBEHHO IPABUTAIIMOHHOE 0OOralleHue);

e  sHepreTuyecKas 3OPEKTUBHOCTD IIPOIECCOB 0OOTAIIEHNs, NCKIIIOYAONas pobseHne
MaTepuaJia, Ha Koropoe yxoauT 50 % sHepreTuuecKnx 3aTpar npu pa3paboTKe KOPEHHBIX
MECTOPOXKJICHUI;

e  ObicTpoe (YaCTO B TEUEHUE OJHOIO CE30HA) HAYAJO OTIAYU CPEJICTB, BJOKEHHBIX B JI0-
OBIYy POCCHINE.

OTpaboTKa POCCHIITHBIX MECTOPOXK/IEHUI He IIPOCTO IKOHOMUYECKHU BBITOJIHA, B PSIIe
CJIy9aeB OHA JlaeT BO3MOXKHOCTb B KpATUaMIne CPOKH U C MUHUMAJHHBIMEU 3aTpPaTaMu
PeIuTh JIJIs HAIlell CTPaHbI IPOOJIEMY HUMIIOPTO3aAMEINEHIS 1 00eCIIeIeH s BOCIPON3BOICTBA
MCB edunuTHbIX BHIOB CTPATErHIECKON0 MIHEPAJIBHOTO ChIPbs. JTO OCOOEHHO aKTyaJIbHO
B HaCTOsIIIee BpeMsi, Koryua Poccuu TpyIHO pacCYnThIBATH HA MEXKIYHAPOIHOE KPeJIUTOBAHNE
TOPHOIOOBIBAIOIIEH TTPOMBIIIIJIEHHOCTH, & UMIIOPT ChIPbsl UMEET BBICOKHE JIOTHCTHIECKUE
PHCKU.

Kak nokaszsiBaer muorosierHuii onbit CCCP 110 BBOY B CTPOi U 3KCILIyaTaIlUO POC-
CBITTHBIX MECTOPOXKJIEHUI 30JI0Ta U OJIOBA, & TAKXKE PACCMOTPEHHBIE BhIIe TpuMephbl Tupex-
Taxckoro npuuncka n Tyraunckoro I'OKa, 6picTpbiMu TeMITaMu caMoobecIiedeHne mo psiay
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UMIIOPTO3aBUCUMBIX BUJOB CTPATErHYECKOr0 MHUHEPaJbHOro chipbs (Sn, Ti, Zr, Nb, Ta,
REE) moxkeT ObITh JOCTUTHYTO 3& CYeT OCBOEHHs POCCBHIIHBIX MECTOPOXKICHUIA.

BrlmosiHeHHbIli B cTaThe anaiu3 (B [JIaHEe UMIIOPTO3aMEIIEHNUs ) /I IEPBOOYEPEIHOrO
OCBOEHUSI TI03BOJISIET PEKOMEHIOBATD CJieyfoniine o0beKkThl: Sn — Tupextsaxckasi, Hokypaax-
ckas u Banbkymeiickas poceoinu (Axyrust u Hykorka); Nb, Ta, Ti, REE — jounapurosbie
pocchinn PeBiuHCKOM rpyIibl 1 TEXHOTEHHBIE OTJIOXKEHUST B XBOCTOXpaHmuiax JloBozepcko-
ro 'OKa (Kosbckuit moayocpos); Ti u Zr — Tyranckoe un Bemmarupckoe MecTopoxK ieHus,
NrmanoBekuii yaacTok JIyKOSIHOBCKOrO POCCBHITHOTO MeCTOpOXKieHust (Zr).

Baarogapaocts. VcciaemoBanust BBITOJIHEHBI IPU (PUHAHCOBOM MOAIEp:KKe ['0c. 3amanms
WT'EM PAH.
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Placer deposits had (and for a number of components still have) an important role in providing
strategic types of mineral resource base for both Russia and the world as a whole. Placers have a
number of advantages that make them in demand by the mining industry: relatively shallow (often

accessible for open-pit mining) occurrence, disintegrated state of productive deposits, simplicity of
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enrichment processes (mainly gravitational systems), as well as the possibility of rapid involvement
in exploitation, which significantly reduces payback period for investments. All this is even more

relevant for modern Russia, when, in the shortest possible time, in conditions of a shortage of credit

resources, it is necessary to implement a program of import substitution and provide the country
BY with scarce types of strategic mineral raw materials, such as gold, platinum group metals, tin, rare
© 2024. The Authors. metals, titanium, chromium, diamonds.
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Abstract: The space physicists and the earthquake (EQ) prediction community exploit the same
instruments — magnetometers, but for different tasks: space physicists try to comprehend the global
electrodynamics of near-Earth space on various time scales, whereas the seismic community develops
electromagnetic methods of short-term EQ prediction. The lack of deep collaboration between
those communities may result sometimes in erroneous conclusions. In this critical review, we
demonstrate some incorrect results caused by a neglect of specifics of geomagnetic field evolution
during space weather activation. The considered examples comprise: Magnetic storms as a trigger of
EQs; ULF waves as a global EQ precursor; Geomagnetic impulses before seismic shocks; Long-period
geomagnetic disturbances generated by strong EQs; Discrimination of underground ULF sources by
amplitude-phase gradients; Depression of ULF power as a short-term EQ precursor; and Detection
of seimogenic emissions by satellites. To verify the reliability of the above widely disseminated
results data from available arrays of fluxgate and search-coil magnetometers have been re-analyzed.
In all considered events, the “anomalous” geomagnetic field behavior can be explained by global
geomagnetic activity, and it is apparently not associated with seismic activity. This critical review
does not claim that ULF electromagnetic field cannot be used as a sensitive indicator of the EQ
preparation processes, but we suggest that both communities must cooperate their studies more
tightly using data exchange, combined usage of magnetometer networks, organization of CDAW for

unique events, etc.

Keywords: seismo-electromagnetic phenomena, earthquake prediction, geomagnetic pulsations.
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1. Introduction: seismo-electromagnetic ULF phenomena

Monitoring of the near-Earth electromagnetic environment in various frequency bands
by ground and satellite sensors is the main research tool for the space physics community
and the seismic community, though it is used for different tasks. Space physicists are inter-
ested to know how electromagnetic disturbances and emissions convey information about
dynamic processes in the near-Earth plasma. The seismic community attempts to develop
the detection methods of the electromagnetic signatures of the ongoing crust destruction.
A useful signal for one community is an interference for the other, whereas industrial and
lightning sources obscure all desired signals. A zoo of natural electromagnetic emissions,
noise, impulses, and waves is enormous, so any progress in the hunt for seismic-associated
disturbances is possible only with the close collaboration of both communities. However,
such collaboration is still insufficient, and in this critical review, we demonstrate how
seemingly amazing discoveries have turned out to be errors or misinterpretations.
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A search and recognition of electromagnetic precursors of EQs remain one of the
hot topics in geophysics. The observational results indicated that it is promising to study
such phenomena in the ultra-low-frequency (ULF) range (10 mHz-10 Hz) [Petraki et al.,
2015]. The signatures of anomalous electromagnetic ULF activity near the epicenter hours —
days before EQs were reported (see numerous articles in monographs [Hayakawa, 2009,
2013; Hayakawa and Molchanov, 2002]). Several types of ULF geomagnetic anomalies were
noticed: the appearance of broadband electromagnetic noise [Molchanov et al., 1992]; a
change in the spectral composition [Hayakawa et al., 1999]; changes in the polarization
structure [Hayakawa et al., 1996]. Enhancements of broad-band electromagnetic noise
recorded during periods preceding EQ were suggested to be associated with the irregular
flow of the crust fluid [Fedorov et al., 2001; Fenoglio et al., 1995], micro-cracking of the
rock medium [Molchanov and Hayakawa, 1995], acoustic impulsive background [Surkov
and Hayakawa, 2006]. These effects were observed only for strong EQs in the immediate
vicinity (up to several hundred kilometers) from the epicenter [Hattori, 2004].

A surprisingly large number of electromagnetic phenomena can occur within a few
minutes in the temporal vicinity of a seismic shock. A seismic wave propagating from the
quake hypocenter excites a transient burst of the electromagnetic field due to induction
or electrokinetic effects [Surkov et al., 2018]. A few seconds before the arrival of a seismic
wave at the registration point, its electromagnetic “forerunner” may begin to grow, excited
by currents at the wavefront [Surkov and Pilipenko, 1997]. Such a preliminary growth of
the magnetic disturbance immediately ahead of the seismic wavefront was observed by
Iyemori et al. [Iyemori et al., 1996]. In addition, a rapid movement of crustal blocks at the
time of an EQ can cause the appearance of isolated electromagnetic pulse that are several
seconds ahead of the front of a seismic wave [Guglielmi and Levshenko, 1996]. If this pulse
is strong enough, then it will presumably cause a burst of the vertical electric field and
light flash in the near-surface atmosphere (EQ light) [Lockner et al., 1983].

Yet, the situation with ULF electromagnetic precursors remains ambiguous. The
results of disparate observations cannot be considered strictly substantiated, and some of
them are disputed [Masci and Thomas, 2015; Thomas et al., 2009a,b]. Various manifestations
of electromagnetic effects in different events, poor repeatability of the results, and the
absence of a confirmed generation mechanism raise doubts about the reliability of the
relationship between the detected geomagnetic phenomena and EQs.

In this review, we re-analyze some observational results and suggested hypotheses,
published by leading experts in top-level geophysical journals. We consider the following
specific examples: Magnetic storms as a trigger of EQs; Global ULF waves before strong EQs;
Global geomagnetic impulses preceding quakes; Long-period geomagnetic disturbances
generated by strong EQs; Discrimination of underground ULF sources by amplitude-phase
gradients; Depression of ULF power as a short-term EQ precursor, and Feasibility of ULF
precursor detection by satellites. To verify the reliability of the above phenomena, we have
used available data from the existing fluxgate and search-coil magnetometer databases:
INTERMAGNET [Love and Chulliat, 2013], IMAGE [Tanskanen, 2009], PWING [Shiokawa
et al., 2017], and Russian Arctic stations [Kozyreva et al., 2022].

2. Magnetic storms as a trigger of EQs

The possibility of a triggering effect of solar activity and associated space weather
disturbances (magnetic storms) on the Earth's seismicity is actively discussed. When
the accumulated stress along the fault is close to the critical level, even a weak external
impact can provoke instability of lithospheric blocks and serve as an EQ trigger. This
concept is based on the assumed excitation during magnetic storms of telluric fields and
currents flowing along faults, affecting the dynamics of the pore fluid. It was reported
that after magnetic storms with sudden commencement (SC), the number of weak EQs
in Tajikistan and Kyrgyzstan increased by 3—4 per day in an area with a size of about a
hundred km [Sobolev et al., 2001; Zakrzhevskaya and Sobolev, 2002, 2004]. An increase in
the daily number of local EQs in Kyrgyzstan and Carpathians on the 2nd day after the solar
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flare was found [Kuznetsova et al., 2005]. A high correlation was found between the diurnal
variation of weak seismicity and the geomagnetic Sq variation [Duma and Ruzhin, 2003].

To substantiate the idea of a triggered release of energy accumulated in the crust in
the form of weak EQs, experiments were carried out in Tajikistan and Kyrgyzstan with
the magnetohydrodynamic (MHD) generator. Powerful electromagnetic pulses from an
MHD generator were found to cause a noticeable activation of seismicity, which was most
pronounced in its upper 5-km layer [Tarasov, 1997]. The intensity of the EQ flux increased
sharply 5-6 days after the impact, and the release of the seismic energy turned out to be 5
orders of magnitude greater than the pulse energy. These results were confirmed in the
Northern Tien Shan, where similar changes in the seismic regime after the MHD impact
were revealed [Tarasov et al., 1999]. Later, instead of an MHD generator, a capacitor-thyristor
source was used, but, as in previous works, a noticeable activation of seismicity after impact
was revealed [Smirnov and Zavyalov, 2012; Tarasov et al., 2001]. The fundamental possibility
of the initiating effect of electrical impulses on microcracking processes and the level of
acoustic emission was confirmed in laboratory experiments with rock samples under
load [Zeigarnik et al., 2022].

Often the literature presents the observations of possible triggered phenomena related
to a selected event [Straser et al., 2015]. Despite the importance of case studies, this
approach does not provide reliable evidence in favor of the trigger effect reality and should
be supplemented by statistical analysis. Kozyreva and Pilipenko [Kozyreva and Pilipenko,
2020] tested the idea of a magnetic storm as an EQ trigger for a region of Alaska with
high seismicity, and where magnetic activity is much stronger than at low latitudes. They
used the super-posed epoch (SPE) method for the College magnetometer data, whereas the
moment of a quake was chosen as a reference zero point. To characterize the central trend
in the sample, the median value was used, which (unlike the mean value) is resistant to
outliers, and only for a normal distribution coincides with the mean value. If the magnetic
field variations are in no way associated with seismic activity, the dynamics of the magnetic
variation intensity on the SPE plot before and after an EQ will be the same. If strong field
variations are an EQ trigger, then the dynamics in the previous 10 days should show a
systematic increase in the disturbance and variability of the geomagnetic field. The SPE
graphs of the magnetic activity parameters (hourly Dst-index, |[AX]|, and |dX/dt|), before
“strong” (M > 5) EQs did not show any statistically significant enhancement before the
seismic shock that goes beyond the dispersion. Similar negative results were obtained for
weak (3<M<5) near-surface (H<5 km) EQs, weak small-depth (H=5-10 km) EQs, and weak
shallow (H = 10-30 km) EQs. The obtained negative result casts doubt on the hypothesis of
a magnetic storm as a possible EQ trigger.

The question under consideration is part of the fundamental problem of the impact
of solar activity on geophysical processes. Analysis of long-term archives of solar and
geophysical data led to completely different conclusions. On long time scales (tens to
hundreds of years), global seismicity was found to be higher either during periods of solar
maxima [Han et al., 2004; Odintsov et al., 2006], or minima [Simpson, 1967]. On smaller
time scales (monthly and annual variations), it was argued that global seismicity correlates
with geomagnetic variations [Duma and Vilardo, 1998; Rabeh et al., 2009]. At the micro level,
high-frequency seismic noise was claimed to be sensitive to magnetic storms [Adushkin
et al., 2012; Sycheva et al., 2011], but the connection between background seismicity and
geomagnetic variations was denied in [Desherevskii and Sidorin, 2016]. At the same time,
the statistical relationships between seismicity and solar activity were refuted in [Love and
Thomas, 2013; Stothers, 1990].

Nonetheless, attempts to reveal a hypothetical relationship between the solar activity
and seismic process still go on. [Doda et al., 2013] developed the forecasting scheme based
on the empirical fact that a strong EQ happens on 14-th day after the solar ejecta (flare or
coronal mass ejection) in the region of intersection of lithospheric fault with the merid-
ian with most intense geomagnetic disturbance. Dedicated experiments indicated that
“laboratory EQs” (disruption of samples under load) can be triggered by electromagnetic
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impulses [Sorokin et al., 2019]. Authors supposed that similar electromagnetic triggering of
EQs by solar flare or sudden impulses preceding the magnetic storm onset may operate in
the terrestrial lithosphere as well. Thus, a large work is still ahead to validate the reported
solar-seismic relationships an comprehend their mechanisms (if any).

3. Global ULF wave precursors of strong EQs

The possibility of sporadic quasi-monochromatic signals before an EQ deserves special
consideration. There were a number of reports on the observation of “precursory” ULF
signals. At low-latitude station Dusheti before several strong (M>6) EQs in the world,
[Gogatishvili, 1984] observed specific geomagnetic pulsations with a duration from several
minutes to several hours with an amplitude of ~10-15 nT and periods of 1-20 s (range
of Pc1-2) several tens of minutes or several hours before the quake. [Bortnik et al., 2008]
examined the association between EQs and Pc1 pulsations observed for 7.5 years at a low-
latitude station in California. They found a statistically significant enhanced occurrence
probability of dayside Pcl pulsations 5-15 days in advance of EQ (M>3) within 200 km
around the magnetometer. However, [Guglielmi and Zotov, 2010] from the catalogues of Pcl
and earthquakes, revealed that diurnal Pcl activity in the middle latitudes is statistically
higher when the global seismic activity is lower. Before the strongest EQ off the coast of
Antarctica on March 25,1998 (H =10 km, M = 8.8) at station Vernadsky, a series of intense
pulsations with periods of several tens of seconds (Pc3-4 range) was recorded [Bakhmutov
et al., 2003]. A possible mechanism of “anomalous” ULF signal generation has not been
even suggested.

The most active searches for “precursory” ULF signals have been carried out at the
Caucasian Geophysical Observatory (CGO), located at a depth of 3.5 km. In a series of
publications [Sobisevich et al., 2009a,b, 2010a, 2012, 2013] the detection of quasi-periodic
short-term signals with periods of 50-150 s before large EQs (M > 5.5) in the world a few
hours before the shock was reported. However, in [Kosterin et al., 2015] the registered
“precursory” signals were compared with the data of other magnetic stations. The set of
morphological properties of the observed global “precursory” signals — impulsive waveform,
characteristic frequencies, decrease in amplitude with decreasing latitude, confinement to
the night sector — was in good agreement with the characteristic features of magnetospheric
Pi2 pulsations. In a similar way, the reported by [Sobisevich et al., 2017; Sobisevich, 2020;
Sobisevich et al., 2010b] daytime long-term quasi-monochromatic “precursory” signals
turned out to be Pc3-4 pulsations of the magnetospheric origin. Thus, it can almost
certainly be asserted that the recorded signals are magnetospheric ULF pulsations and are
not related to seismic activity.

4. Geomagnetic impulses before quakes

Anomalous ULF disturbances during the activation of seismic activity may have an
impulsive character [Bleier et al., 2009; Naumov, 1999]. An amazing phenomenon was
described in a series of papers [Dovbnya, 2011, 2014, 2021; Dovbnya et al., 2006, 2008,
2019] - the appearance of global magnetic impulses a few minutes before the seismic shock
(see example in Figure 1). The effect was found from the data of induction magnetometers at
stations Borok and College, separated by 12 h in longitude and 10° in latitude. Precursory
pulses with an amplitude not exceeding 20 pT in the frequency range from 0 to 5 Hz
appeared at both stations almost simultaneously at significant distances from the epicenter
(up to 10* km). This intriguing hypothesis may be a truly major discovery in geophysics, so
its critical consideration should be taken carefully.

In [Martinez-Bedenko et al., 2023] the hypothesis about the appearance of a pulsed
magnetic precursor was suggested to test using the network of induction magnetometers
PWING at Far East. Indeed, the appearance of impulse disturbances synchronously at
several stations was detected. However, the waveforms of the pulses indicate that they can
be associated with the excitation of the Schumann Resonance (Figure 2). This resonant
electromagnetic structure with a fundamental frequency of 7.8 Hz is formed by the Earth's
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Figure 1. The appearance of global magnetic impulses few minutes before the seismic shocks in
dynamic spectra from Borok observatory (from [Dovbnya, 2021]).

surface and conductive layers of the upper atmosphere (~80 km) and is effectively excited
by lightning discharges. Comparison with the world-wide lightning monitoring system
WWLLN shows that at least a part of the pulses is a response to a lightning discharge
(Figure 3). Statistics based on automatic calculation of the number of impulses before
and after a seismic shock in a 5-min interval has not shown any predominance of impulse
disturbances before local EQ:s.

Although the detailed analysis did not confirm the hypothesis of ultra-short ULF
pulses as a precursor of EQs, their physical nature was established — they are caused by
atmospheric electric discharges [Marchuk et al., 2022]. In principle, it can be suggested
that the appearance of a lightning discharge before an EQ is not just a coincidence, since a
seismic process can cause changes in the electrochemical properties of the lower atmosphere
due to the release of radioactive emanations [Harrison et al., 2010; Pulinets and Davidenko,
2014]. Additional ionization of the lower atmosphere by aerosols and Rn emanations can
trigger lightning discharges under favorable conditions [Yagova et al., 2019]. In general,
the question of the connection between the process of EQ preparation and atmospheric
electricity remains poorly studied, and any reasonable assumptions in this area are hard
to make. The WWLLN data on global lightning activity may be used to construct the
index characterizing a possible contribution of ULF noise at a particular site produced
by distant atmospheric discharges. This new index may help to avoid confusion about
magnetospheric, atmospheric, and lithospheric sources.

5. Long-period geomagnetic disturbances generated by strong EQs

The study of the Earth's magnetic field variations accompanying seismic phenomena
is important for understanding the mechanisms of inter-geosphere interactions. Besides
the co-seismic magnetic effect, long-period geomagnetic disturbances (time scale of a few
tens of minutes) around the main shock were noticed [Adushkin and Spivak, 2021]. It was
suggested that the probable mechanism of this effect is the excitation of the ionosphere
in the epicentral region by acoustic-gravity waves (AGWs) resulting from movements of
the earth's crust [Adushkin and Spivak, 2021; Chernogor, 2019]. Based on observations at
mid-latitude station Mikhnevo (MKH) [Spivak and Ryabova, 2019] claimed that strong EQs
are accompanied at far-distant stations by geomagnetic long-period disturbances (period
~5-20 min) with amplitude 2-4 nT (see example in Figure 4, where the reported mid-
latitude long-period disturbance is marked by the rounded red box). The authors suggested
that these disturbances of the magnetic field are caused either by underground dynamic
processes or disturbances in the Earth's ionosphere over the epicenter. This interesting
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Figure 2. The example of impulse disturbances synchronously recorded at stations MGD and PTK
(X and Y components).

hypothesis certainly requires a detailed discussion from various points of view [Nosikova
et al., 2023].

All the results presented in those studies were obtained at low- and mid-latitude
stations. We have performed an extended analysis of published events, using additional
data from stations at auroral latitudes in the same longitudinal sector, where anomalous
disturbances were detected. The consideration of magnetograms from a latitudinal profile
of stations from low-latitude up to auroral latitudes evidence that the reported “seismo-
genic” disturbance is just a weak low-latitude response to an intense disturbance at higher
latitudes (Figure 4). Thus, the long-period “seismic-associated” geomagnetic disturbances
are just accidentally coincided with EQs.

Moreover, there are no physical grounds to expect the appearance of harmonic ULF
signals before an EQ, which propagates over the entire globe. Excitation of geomagnetic Pc5
pulsations in the ionosphere above the epicenter by acoustic waves generated by oscillations
of the earth's surface was indeed observed after some intense EQs [Iyemori et al., 2005],
but distant propagation of such a disturbance along the ionosphere over vast distances
is hardly possible. An MHD waveguide in the upper ionosphere capable of propagating
ULF waves over distances of up to several thousand km has a critical frequency of ~0.5 Hz,
which is much higher than the considered frequency range. Although AGWs can reach the
conducting E-layer (~120 km) and induce periodic currents, thereby creating magnetic
disturbances [Zettergren and Snively, 2015], the propagation of AGWs along the earth's
surface occurs at low speeds ~100 m/s, and their magnetic signatures can be revealed after
intense quakes or volcano eruptions on a regional scale only [Gavrilov et al., 2022].
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Figure 3. Comparison of discharge moments from the WWLLN database (green vertical lines) and
geomagnetic impulses (blue) around EQ (marked by red triangle).

6. Discrimination of underground ULF sources by amplitude-phase gradients

The situation with ULF electromagnetic precursors remains ambiguous to date, as the
amplitude of possible electromagnetic noise caused by seismic activity is apparently small.
Therefore, for confident discrimination of seismogenic disturbances, the development of
special methods for recording and analyzing data is required. There were proposals to
use gradient measurements with a small baseline (no more than a few km), which would
suppress the contribution of large-scale disturbances of ionospheric origin [Ismaguilov
et al., 2003].

The approach used in [Ismaguilov et al., 2003, 2006; Kopytenko et al., 2006] is based
on the premise that an electromagnetic field propagates in the conductive Earth in a wave
manner with strong attenuation. The amplitude-phase gradient method assumes that ULF
wave horizontal propagation velocity is determined by crust conductivity as follows U =
A/T =/10p/T, where the relation of the wavelength with resistivity was used A = {/10pT.
The gradient method enabled to seemingly successfully retrieve seismogenic signals several
months before nearby EQs with M = 5-6 in Japan at a distance <100 km [Kopytenko
et al., 2012]. The measured amplitude gradient in the band 0.03-0.1 Hz (Pc2-3 band) was
typically around G = 0.1-1 pT/km, and phase velocity U =~ 20-100 km/s.

However, amplitude/phase gradients of ULF field can be created by the magneto-
spheric wave conversion process in the resonant region, where the period of source T tends
to Alfven period T4 of local field line oscillations. The latitudinal structure of ULF wave
amplitude and phase in the resonant region has been modeled using the numerical solution
of the equations for coupled MHD modes [Pilipenko et al., 2016]. The modeling results
in Figure 5 demonstrate that the resonant component By (corresponding to the ground
H-component) in the meridional direction has a strong gradient of amplitude VB and
phase difference A¢ up to 180°. The spatial-frequency ULF wave structure in a vicinity
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Figure 4. The long-period geomagnetic disturbance detected at mid-latitudes (marked by a red
empty box) that was claimed in [Spivak and Ryabova, 2019] to be associated with strong EQ (marked
by a vertical dashed line). The geomagnetic latitude and longitude are indicated near the station
codes at left-hand vertical axis.

of the Alfven resonance is described analytically by asymptotic decomposition [Best et al.,
1986]. The phase gradient reaches an extreme value at x — x4(f) as follows

2
T =(an, 1)

where a~! = dIn V,;/dx is the latitudinal scale of the Alfven velocity inhomogeneity, and T
is the normalized wave dissipation coefficient. The relationship (1) can be used to estimate
the phase gradient from the data from stations separated by distance Ax, A¢(rad) = Ax/al.
The sign of phase shift corresponds to an apparent poleward propagation. The phase
shift A¢ corresponds to an apparent phase velocity U = w(d¢/dx)~'. The measurements
in [Ismaguilov et al., 2003; Kopytenko et al., 2002] were made for Pc3 frequency band
(0.05 Hz). For the reasonable values I' ~0.1, a~103 km, the apparent phase velocity in the
resonant region is to be U~25 km/s. This estimate is close to the observational results,
presented in Figure 6.

The latitudinal structure of magnetospheric ULF waves with significant amplitude/phase
gradients is formed in the resonance region, therefore, the gradient method of the seis-
mogenic pulsations detection must be applied only in the frequency band far from the
magnetospheric field-line resonator frequency. To choose a proper frequency range not
contaminated by the resonant effect, the theoretically calculated latitudinal profile of
fundamental Alfven period T4 (®P) can be used [Menk and Waters, 2013]. Notice, the results
presented in [Ismaguilov et al., 2003; Kopytenko et al., 2012] were obtained at low latitudes
for geomagnetic signals with periods around the resonant periods. Thus, the gradient
method of seismic-related signal detection must be supported by the examination of reso-
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Figure 5. The numerically modeled resonant structure of ULF waves in the magnetosphere: the
left-hand panel shows the latitudinal profile of amplitudes, and the right-hand panel shows the
phase profile. The magnetospheric By (Bx) components correspond to the components H(D) on the
ground.

nant effects, and can be performed only in a frequency-space domain far from the resonant
region.

The ground magnetic effect of an underground source (e.g. current along a fault)
is a mixture of the source current produced mechano-electrical transformations and the
spreading conductive currents. Moreover, for ULF range the propagation inside the crust
has a diffusive character. Therefore, the reliable gradient method must be augmented by
a numerical model of ULF emission from an underground horizontal current of a finite
length.

7. Depression of ULF power as a short-term EQ precursor

Most of the research on the search for electromagnetic precursors was aimed at
detecting radiation caused by mechano-electromagnetic converters in the earth's crust.
At the same time, the opposite phenomenon was unexpectedly discovered - depression
of ULF noise intensity of the geomagnetic field in the frequency band 0.01-0.1 Hz a few
days before EQs [Hayakawa, 2013; Li et al., 2015; Molchanov et al., 2004; Schekotov and
Hayakawa, 2017; Schekotov et al., 2006, 2008]. This interesting new phenomenon could be
applied to short-term EQ prediction [Hayakawa et al., 2015; Schekotov et al., 2013]. The
ULF depression may be caused by an enhancement of ionospheric turbulence before an EQ,
which leads to additional absorption of magnetospheric noise upon passing through the
ionosphere [Sorokin et al., 2004]. Additional turbulence of the ionosphere can be caused by
the action of AGWs excited by seismic activity.

If the effect of geomagnetic depression is really associated with the processes of
preparation of a seismic event, then the same effect should be absent at observatories
remote from the epicenter. To test this assumption, we have used data from the entire
PWING network of induction magnetometers for the EQ event on April 14, 2016 (M =
6.2, H = 32 km) in Kamchatka, previously described in [Schekotov et al., 2020]. In the latter
study, in the period from April 06 to April 14, 2016, anomalies in the behavior of ULF
noise were detected — the depression of the noise intensity several days before the EQ.
To identify anomalies, the parameter AS was used, which is the reciprocal value of the
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Figure 6. The gradients and phase velocities of anomalous ULF signals in Pc3 frequency band
(0.05 Hz) detected before EQ by gradient method in [Ismaguilov et al., 2003; Kopytenko et al., 2002].

band-integrated spectral density W of the horizontal component, calculated over 3-hour
nighttime intervals. Comparison of the AS parameter with the seismicity index showed
that the largest depression value preceded the moment of the EQ by 4 days (Figure 5).
Using a similar scheme, we have calculated the variations in the spectral power W(t) in the
band 0.01-0.8 Hz for the horizontal Y component at night hours for all PWING stations
(Figure 7). Since the equipment at each station has its own sensitivity, the time series of
W(t) at each station has been normalized separately to the maximum value during the
entire interval. At two nearby stations KRM and PTK, located not far from the epicenter,
the depression was most clearly observed on the nights of April 8-9 and April 10-11. This
behavior of W(t) coincides with the results from [Schekotov et al., 2020]. But if the effect of
geomagnetic depression is really associated with pre-EQ processes, then the same effect
should be absent at observatories far from the epicenter. Therefore, the same method was
used to analyze the data from the distant MSR and MGD stations located 1514 km and
915 km away from the epicenter. Comparison of W(t) variations at different stations shows
that noise intensity depression is observed synchronously both at nearby to the epicenter
and at remote (farther than ~1000 km) stations. Thus, depression turns out to be a general
magnetospheric process, apparently unrelated to seismic activity.

The reason for the global depression of ULF noise is clearly seen in Figure 8, which
shows the planetary geomagnetic index AE, characterizing the disturbance of the geo-
magnetic field at auroral latitudes. During the periods of April 8-9 and April 10-11, the
planetary magnetic situation was exceptionally calm, so even at auroral latitudes the AE
index dropped to about several tens of nT. Only after April 11 the geomagnetic activity
begins to increase, which can be seen from the behavior of the AE index.
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Figure 7. Comparison of the AS parameter (bottom panel), characterizing the depression of the ULF
noise intensity at night, with the seismicity index (top panel) before the EQ on April 14, 2016 with
M = 6.2andH = 32 km in Kamchatka from [Schekotov et al., 2020].

8. Feasibility of the seismogenic ULF disturbance detection by satellites

Attempts are being made to detect seismogenic ULF disturbances on low-Earth-orbit
(LEO) satellites [Kodama et al., 2000; Picozza et al., 2021]. The number of reports of
“anomalous” electromagnetic disturbances in the ULF range, detected by satellites in the
upper ionosphere, is constantly growing [Bilichenko et al., 1990; De Santis et al., 2015; Huang
et al., 2020; Zhu et al., 2021]. The most cited pioneering results of EQ precursors detection
in the upper ionosphere were obtained on the OREOL-3 and IKB-1300 satellites [Chmyrev
et al., 1986, 1989]. During the nighttime flight of IKB-1300 (altitude 800 km) above the EQ
source, 15 minutes before the main shock variations were recorded in the range of 0.1-8 Hz
in the horizontal magnetic components with typical amplitude about several nT and in the
electric field component with amplitude about few mV/m. [Gousheva et al., 2008] revealed
the enhancement up to ~5-15 mV/m of the quasi-DC electric field in the upper ionosphere
at ICB-1300 over epicenters during seismic activity over various regions. In many studies
bursts of electromagnetic noise in the ionosphere in the ELF and VLF frequency bands
were noticed in the vicinity of epicenter before the seismic shock.

These encouraging results have stimulated the development of specialized satel-
lite missions for detecting seismo-electromagnetic emissions - DEMETER (orbit altitude
~660 km) [Parrot and Lil, 2015], CSES (orbit altitude ~500 km) [Zhima et al., 2022],
ESPERIA ([Sgrigna et al., 2008], QUAKESAT [Warden et al., 2020]. Besides, data from
the multi-probe mission SWARM were used for the search of seismogenic ULF distur-
bances [De Santis et al., 2019]. In the specialized satellite project DEMETER the sensitivity
of the electromagnetic complex was so high that at auroral latitudes the sensors went
into saturation. Before an EQ with M = 7.9andH = 10 km, an increase in the electrical
component of the noise was found in the vicinity of 5.8 Hz [Walker et al., 2013]. [Zhang
et al., 2014] introduced a new parameter for the ULF/ELF electric field perturbations,
which includes not only the intensity, but also its attenuation character. After processing
the local nighttime DEMETER data during 5 days around 25 seismic events with M > 6.0
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at night hours for PWING stations. The red color corresponds to nearby stations, blue color denotes
distant stations. The upper panel shows the planetary geomagnetic index AE, characterizing the
disturbance of the geomagnetic field at auroral latitudes.

in Chile they found precursory anomalies before 2/3 of EQs. Clear temporal and spatial
statistical correlations between ULF wave activity in the nighttime ionosphere and EQs
(M >5.0,H <70 km) were found in the electric field data from DEMETER [Ouyang et al.,
2020]. The enhanced ULF wave occurrence rate happened ~1 day and ~1 week before the
EQs at distance <200 km from the epicenters. [Zhang et al., 2014] presented ULF electric
field (DC-15 Hz) observations during local nighttime by DEMETER satellite around seismic
regions of Indonesia and Chile. Anomalous ULF electric field perturbations were revealed
with amplitudes < 10 mV/m before some large EQs. [Akhoondzadeh, 2013] observed anoma-
lies in the ULF magnetic and electric components a few days prior to the strong earthquake.
Electromagnetic measurements on the CSES satellite in the band 75-90 Hz revealed an
increase in noise power in the nighttime ionosphere by 10-30% a few days before EQs with
M =6.4and M =7.4 [Wang et al., 2021]. Zhima et al. [2022] suggested that the possible
abnormal emissions in the ULF band recorded by CSES satellite were emitted during the
EQs.

It is implicitly assumed that the emission from an underground ULF/ELF source
directly reaches a LEO satellite upon propagation through the ionosphere as illustrated
in Figure 9. To estimate the necessary intensity of a seismic source of anomalous radiation
that can be detected at LEO, one has to model the response of the ionosphere to a large-
scale underground emitter. The obtained estimate can be compared with the observational
results, so a conclusion about the prospects of satellite observations for the search for
seismo-electromagnetic emissions may be given. The problem cannot be reduced to the
classical problems of electromagnetic radiation from a dipole buried in a conducting half-
space. In the situation under consideration, the system of oscillating currents in the earth's
crust has a length comparable to the height of the ionosphere, so its finite scale must be
taken into account. Such numerical calculations of the penetration of ULF fields from an
underground source into the ionosphere were performed in [Molchanov et al., 1995; Wang
et al., 2021], but these models have certain significant limitations and cannot provide a
comprehensive solution to the problem.

The advanced numerical model that makes it possible to estimate the ULF fields
generated by an underground horizontal current of finite length both on the earth's surface
and in the upper ionosphere was elaborated in [Fedorov et al., 2023; Mazur et al., 2024].
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This model includes the atmospheric conductivity profile and realistic vertical structure of
the ionospheric parameters derived from the IRI model. With the use of this model, the
spatial structure of the amplitude of the 0.1-Hz radiation field is calculated simultaneously
for the upper ionosphere (z =500 km) and on the ground (Figure 10). The underground
current with intensity 1-A, length 20 km, at depth 20 km in the crust with conductivity
1073 S/m, was taken. The maximum disturbance of transverse electric components directly
above the source current (y = 0) reaches |E| ~2 x 1073 pV/m. The underground current
that is capable to produce the observed in early satellite mission E-field disturbance >
1 mV/m in the upper ionosphere is to be >10% A. However, according to the numerical
model, in this case, a perturbation of the geomagnetic field B~103 nT arises on the earth's
surface (see the bottom panel in Figure 10). Such geomagnetic disturbances, comparable
to disturbances during strong substorms, would be detected by the existing network of
magnetometers. Therefore, ULF disturbances before EQs recorded onboard early satellites
can hardly be associated with direct radiation from underground sources of a seismic nature.
Only modern observations with sensitivity better than 1 pV/m may produce trustworthy
observations because the associated ground signature is to be around 1 nT.

9. Prospects of future research

The most decidedly adverse perspective in EQ studies, mainly from the seismology
and geodesy point of view, is that such complex system as EQ is inherently unpredictable
because of the highly sensitive nonlinear dependence on initial conditions. The situation is
similar to the following example. Having a dense array of all necessary meteodata one can
reliably predict an occurrence of severe weather. However, even with most complete set
of data it would be hardly possible to predict exactly the place and time where lighting
strike. Hopefully, overturning the situation with seismic process is possible through
multidisciplinary science. We believe that a critical analysis of all published results is as
important as a search for new seismo-electromagnetic effects. This may help to shut down
unpromising and misleading directions and thus save time and resources.

The elusive seismogenic ULF emissions are weak, so a simple monitoring of the ULF
power is not sufficient to reveal them from other sources. Advanced methods of time
series analysis may be helpful to resolve this issue. Some encouraging attempts have
been undertaken. [Serita et al., 2005] applied the principal component analysis (PCA) to
ground measurements of magnetic field in order to point out earthquake related anoma-
lies. The authors extracted the first two principal components related to geomagnetic
variation and anthropogenic sources, while the third component pointed out the possible
seismo-associated disturbances. By applying PCA to magnetic data from six observato-
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Figure 10. The spatial structure of the amplitude of the 0.1-Hz radiation field calculated for the upper
ionosphere (z = 500 km) (electric field components), and on the ground (magnetic field components).

ries [Kappler et al., 2017] were able to identify and distinguish global geomagnetic signals
and anthropogenic signals. The application of machine learning methods for automatically
classifying and recognizing earthquake precursors on ground and in space have been
explored [Rouet-Leduc et al., 2017].

Though the reported results on the effect of magnetic storms on seismicity seem
questionable, we do not completely deny the possibility of a relationship between solar
activity, the geomagnetic field, and seismicity, and do not deny in principle the possibility
of triggered effects in geophysical processes. It is possible that a trigger effect can manifest
itself only under a unique combination of favorable factors that are extremely rare and do
not appear in general statistics.

Though our analysis has not confirmed the occurrence of impulsive disturbances
few minutes before EQs, the study of the generation of electromagnetic pulses at the
stage of rock destruction seems to be very promising [Bleier et al., 2010; Freund et al.,
2021; Tsutsui, 2005]. To isolate unipolar magnetic pulses, presumably associated with an
increase in tectonic load on the rock, specialized time series analysis algorithms are to be
developed [Kappler et al., 2019].

A comparison of the variations in the integrated spectral power of magnetic noise
at array of stations showed that the depression of nighttime magnetic noise, which was
previously considered an operative precursor, occurred simultaneously at all nearby and
distant stations. Thus, at least for the re-examined event, noise depression cannot be
considered as a local short-term precursor. Thus, an additional analysis of all the reported
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events is required using an extended regional network of magnetometers to validate this
effect.

The evident weak point of seismo-electromagnetic studies is the lack of quantitative
physical models. Many studies are still based on qualitative concepts, without any esti-
mate of expected effect even with simplified theoretical models. Theoretical modeling
would make it possible to discard unrealistic physical mechanisms, otherwise, random
coincidences can be perceived as reliable experimental evidence. In particular, a new theo-
retical formalism is needed for calculating electromagnetic fields in the Earth-atmosphere-
ionosphere system, created by an underground current source. This numerical model can
be used to indicate characteristic features of such an underground source field that can
be used to discriminate disturbances from seismogenic sources. The first application of
such model to estimate the self-consistently expected amplitude of ULF emission in the
topside ionosphere and on the ground has shown that early “classical” results of satellite
observations cannot be interpreted as a result of direct ULF emission from a hypothetical
seismogenic source.

In all presented events, the geomagnetic field “anomalies” can be explained by global
geomagnetic activity and are apparently not associated with seismic processes. The consid-
ered issues are a clear illustration of the fact that the analysis of anomalous disturbances
should be carried out jointly by specialists in EQ physics and space weather. We suggest
that both communities must cooperate their studies more tightly and perform data ex-
change. A very effective tool for the in-depth study of geophysical phenomena and the
unification of the researcher's expertise is the common data analysis workshop (CDAW).
During the CDAW), all participants combine their observational data and modeling efforts
for a selected event to achieve the most comprehensive understanding of a phenomena
under study.
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Abstract: The Eastern Paratethys Konkian sedimentary succession of the Zelensky section (Taman
peninsula, Russia) was investigated by cyclostratigraphy methods based on magnetic susceptibility
measurements. Cyclostratigraphy is a new scientific direction in stratigraphy and sedimentology, the
purpose of which is to identify astronomical cyclicity for the reconstruction geochronology using
high-precision technologies. Time series analysis (Lomb-Scargle and REDFIT periodograms, wavelet)
revealed statistically significant signals corresponding most likely to long-term insolation periodici-
ties in studied sediments. In the deep-water Konkian sediments of the Zelensky section, the signal
at 3.3 m corresponds to the 100-kyr eccentricity cycle. The astronomically tuned these sediments
result in an average sedimentation rate of about 3.3 cm/kyr with the duration of accumulation of the
Sartaganian and Veselyankian beds about 200 kyr. The obtained cyclostratigraphic results generally
do not contradict the new data about the possible duration of the Konkian (Kartvelian, Sartaganian
and Veselyankian beds) of about 750 kyr [Palcu et al., 2017].

Keywords: Eastern Paratethys, Konkian, Taman peninsula, Zelensky section, cyclostratigraphy,
magnetic susceptibility.
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1. Introduction

It is often the term cyclostratigraphy understood as a subdiscipline of stratigraphy that
uses the cyclicity of sediments to subdivide and correlate sedimentary strata [Gladenkov, Y.
B., 2004]. However, there are other interpretations of the term. According to [Hilgen et al.,
2012], cyclostratigraphy is a new scientific direction in stratigraphy and sedimentology,
the purpose of which is to identify, characterize, correlate, and interpret cyclic changes
in sedimentary successions, thereby reconstructing geochronology using high-precision
technologies. In this case, the priority is the definition of astronomical cyclicity, globally
appearing and reflected in the structure of sedimentary rocks. Analysis of the astronomical
cyclicity primarily evaluates fluctuations in the Milankovitch cycles. These fluctuations in
insolation significantly influence climate conditions, the variability of which is reflected
in the action of different sedimentation factors, leading to the accumulation of sediments
differing in lithology. The duration of the Milankovitch cycles can be different, depending
on the orbital parameters, and vary from the first tens to hundreds of thousands of years, as
well as amount to millions of years. One of the features of these cyclostratigraphic studies
is the possibility to analyze also monotonic sedimentary successions, in which there is no
clear alternation of different rock types. For these cyclostratigraphic studies, a generally
accepted methodology has been developed [Weedon, 2003]. These cyclostatigraphic studies
allow dating of rocks and estimation of sedimentation rates.

The Neogene sediments, including the Konkian rocks, of the Eastern Paratethys are
much less studied by cyclostratigraphic methods. In this paper, the astronomical cyclicity
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of the Konkian sediments of the Eastern Paratethys (Zelensky section) will be considered,
which is important when studying basins whose stratigraphy is based on complexes of
endemic fauna, the regional correlation of which is difficult due to this.

2. Material and Methods

The objects of cyclostratigraphic studies were the Konkian sediments, which were
exposed in the Zelensky section of the Taman Peninsula (Russia) (Figure 1). In the Zelen-
sky section (N 45°13’54.6”; E 36°65’21.7”), Konkian deposits about 22-23 m thick are
represented by clays containing separate interbeds of carbonate rocks (up to 0.2-0.3 m). Ac-
cording to the micropaleontological data, the studied sediments are divided into Kartvelian
(about 16 m), Sartaganian (about 2-2.5 m), and Veselyankian (about 4-4.5 m) beds [Palcu
et al., 2017; Vernigorova, Yu. V. et al., 2006]. The Konkian sediments of the Zelensky
section accumulated in relatively deep-water environment [Rostovtseva, Yu. V. et al., 2019].
According to the new data [Palcu et al., 2017], the Konkian stage is distinguished in the
volume of Kartvelian, Sartaganian and Veselyankian beds.

The cyclostratigraphic studies were based on measurements of rock magnetic suscep-
tibility. The magnetic susceptibility was measured in situ with a “KT-5” portable magnetic
susceptibility meter with a sensitivity of 10> SI units (Geofyzika BRNO, Czech Republic).
Three measurements at each point were made every 20 cm across the strike of the layers.
In total, 345 determinations have been obtained for Zelensky section. Average values of the
magnetic susceptibility were obtained from three measurements made at each sampling
point. These average data were taken as the basis for the statistical analysis. Furthermore,
these average values were logarithmically transformed before the trend along the section
was removed. For the statistics, the program PAST [Hammer et al., 2001] was used for spec-
tral analysis (Lomb-Scargle periodograms) including REDFIT [Schulz and Mudelsee, 2002]
and wavelet analysis. The frequency values of the Lomb-Scargle and REDFIT periodograms
were then transformed into the depth-domain to indicate the statistically relevant cycles.

The main mineral carrying of primary magnetization is magnetite in the Konkian
sediments of Zelensky section [Palcu et al., 2017].

According to paleomagnetic data, the studied Konkian sediments, including Kartvelian,
Sartaganian, and Veselyankian beds, are characterized by the presence of three intervals of
reversed and normal polarity [Palcu et al., 2017] (Figure 2).

3. Results

The magnetic susceptibility (K) of the Zelensky section sediments varies from 0.060 x
1073 t0 0.240x 1073 SI (average 0.150x 1073 SI) (Figure 2). Spectral analysis of the magnetic
susceptibility data from this section revealed the presence of two well-defined peaks. The
REDFIT analysis supports the peak at 3.3 m, passing the 95% and 99% confidence interval,
indicating the reliability of the orbitally calibrated record. Another peak at 14.3 m, passing
through the 95% confidence interval, is observed on the REDFIT periodogram (Figure 3a).
This peak is only 1.5 times smaller than the total thickness of the section, making its use
less valid. The peak values were determined based on statistical processing of the magnetic
susceptibility data both for the whole section and for the sediments of the Veselyankian
and Sartaganian beds as well as the top of Kartvelian beds. The spectral analysis of the
data from the lower part of Kartvelian beds did not reveal a strong periodicity.

In the lower part of Kartvelian beds, along with clays, there are microbial carbonate
interlayers associated with the development of benthic cyanobacterial communities [Ros-
tovtseva, Yu. V. et al., 2019]. The Sartaganian and Veselyanskian beds contain separate
carbonate interlayers consisting mainly of nannoplankton (coccolith). Different sedimen-
tation regimes of microbial and nannoplanktonic carbonate rocks as well as clays may
be reflected in the orbitally calibrated record, making interpretation difficult. Taking
this into account, it is assumed that the data related to the upper part of the section (to
the Sartaganian and Veselyankian beds) are the most validity to estimate the duration of
accumulation of the studied sediments by cyclostratigraphic methods.
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Figure 1. Paratethys during the last large marine transgression in the Middle Miocene (in the
Konkian), modified after (Studencka et al., 1998) (a) and scheme of correlation of the Paratethys
Lower-Middle Miocene divisions with the Mediterranean stratigraphic scale (b). Land zones (1),
shallow-water (2), deep-water (3), location of the study area (Ze — the Zelensky section) (4).

The repetitive signal is also clearly visible in the wavelet analysis for the sediments of
the Veselyankian and Sartaganian beds as well as the top of Kartvelian beds (Figure 3b).

4. Discussion

Stratigraphy. One of the problems of stratigraphy of the Neogene of the Eastern
Paratethys is the determination of the age of the Miocene and Pliocene regional stages
boundaries, as well as the correlation of these regional stages with the Geologic Time Scale
(GTS). The duration of the stratigraphic units, including the Konkian, are particularly
debated. The Konkian rocks contain flora and fauna of complexes, indicating that these
sediments accumulated during the connection the Eastern Paratethys with marine waters
(the last large marine transgression in the Middle Miocene). Due to this, the study of the
Konkian sediments is very importance.

According to [Nevesskaja et al., 2004], the Konkian Regional Stage includes Sartaganian
and Veselyankian beds, which reflect the stage-by-stage onset of marine transgression.
According to other scientists [Andrusov, 1903; Merklin, 1953; Palcu et al., 2017; Popov
et al., 2016], the Konkian Regional Stage should also include Pholadidae or Kartvelian
beds, which some researchers consider as part of the Karaganian [Nevesskaja et al., 2004] or
propose to distinguish them as a separate regional stage [[I'ina, 2000; Jgenti and Maissuradze,
2016]. At the same time, there is an opinion that the established units of the Konkian
Regional Stage are only facies types of sediments without a consistent stratigraphic position
[Belokrys, 1987; Vernyhorova, 2017]. The presence of problems in stratigraphic division
of Konkian sediments makes it difficult to select the necessary intervals of the section for
cyclostratigraphic studies, as well as to provide regional correlations.

Based on the presence of mollusk fauna, microfauna, and nannoplankton of undivided
NN6-NN7 zones, it is assumed that the Konkian regional stage of the Eastern Paratethys
corresponds to the lower Serravallian of the Mediterranean and the upper Badenian (Koso-
vian) of the Central Paratethys [Hilgen et al., 2012; Popov et al., 2013]. There are no absolute
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Figure 2. Lithological column, the results of the magnetic susceptibility (MS) measurements and
main types of carbonate rocks of the studied Konkian sediments. Stratigraphic subdivision, polarity
and possible age dating of rocks according to (Palcu et al., 2017). 1-2 — weakly calcareous (1)
and calcareous (2) clays; 3-5 carbonates: microbial (3), coccolith (4), and strongly dolomitized (5).
Carbonate beds: general view (GV), in thin section (OM), under an electron microscope (EM).

dates of the Konkian deposits. It is proposed that the accumulation of the Konkian sed-
iments could occur from 13.8-13.4 to 13.0-12.1 Ma [Nevesskaja et al., 2004; Palcu et al.,
2017; Popov et al., 2013]. The maximum estimates of this regional stage duration are no
more than 1,7 Ma [Hilgen et al., 2012; Nevesskaja et al., 2004; Popov et al., 2013]. According
to new data [Palcu et al., 2017], obtained on relatively deep-water middle Miocene sedi-
ments in the Zelensky section (Taman Peninsula), the upper and lower boundaries of the
Konkian Regional Stage (including Veselyankian, Sartaganian or Kartvelian Beds) are dated
to 12.65 and 13.4 Ma, respectively. It is believed that Veselyankian and Sartaganian beds
generally correspond to the middle part of the C5Ar chrone (C5Ar.2n, C5Ar.2r, C5Ar.1n,
and the lower C5Ar.1r); they accumulated within ~240 kyr (approximately from 12.89 to
12.65 Ma) with a sedimentation rate of approximately 2.2 cm/kyr. The Konkian sediments
in the Eastern Paratethys, including the Kartvelian, Sartaganian, and Veselyankian beds,
accumulated during ~750 kyr.

Astronomical forcing. The spectral analysis suggests the signals at 3.3 and 14.3 m, which
very likely is an astronomical cyclicity imprint in studied sediments. The ratio between
the observed periodicities is 1 : 4 (1 : 4.3), which correlates with long-term insolation
variations associated with 24-kyr and 100-kyr cycles (precession and eccentricity). If the
signal at 3.3 m corresponds to the 24-kyr precession cycle, the duration of accumulation of
Sartaganian and Veselyanian beds with the total thickness of about 6-7 m is about 50 ka.
In this case, the sedimentation rate was about 12-14 ¢cm/1000 years. If we consider this
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Figure 3. REDFIT spectral analysis (a) and wavelet analysis (b) of the magnetic susceptibility data

from Konkian sediments of Zelensky section (the Taman Peninsula).

signal as a record of 100-kyr eccentricity cycle, the Sartaganian and Veselyankian beds
were deposited at an average rate of 3.3 cm/kyr for about 200 ka. In this case, the obtained
values are well consistent with new published data [Palcu et al., 2017]. However, it should
be noted that these are rather low values of sedimentation regims, which are generally
not typical for the intracontinental paleobasins. Apparently, this can be explained by the
difference in the rates of accumulation of clayey and carbonate sediments, among which
microbial calcareous layer might differ in a duration formation.

5. Conclusion

Based on spectral analysis and frequency-selective filtering of magnetic susceptibility
data, the influence of astronomical cycles could be detected in Konkian sediments of the
Zelensky section (Taman Peninsula, Russia). Spectral analysis revealed a likely 100-kyr
eccentricity cycles.

The relatively deep-water Konkian sediments of the Zelensky section are characterized
by low sedimentation rates (3.3 cm/kyr) and the presence of a record of astronomical
cyclicity, possibly related to eccentricity changes in insolation.

According to the cyclostratigraphic results, the accumulation duration of the Sarta-
ganian and Veselyanian beds in the Zelensky section is about 200 kyr.

If the Kartvelian, Sartaganian and Veselyanian beds are biofacies (not substage) in the
Konkian sediments of the Eastern Black Sea region, these beds could have appeared in the
Konkian at different times. In this case, the duration of accumulation of these beds may be
different depending on the conditions of sedimentation in certain parts of the paleobasin.
Considering these and other problems in the stratigraphy of the Konkian, the study of the
astronomical cyclicity of these sediments should be continued on the example of other
sections of the Eastern Paratethys.

The obtained cyclostratigraphic results generally do not contradict the new data about
the possible duration of the Konkian (Kartvelian, Sartaganian and Veselyankian beds) of
about 750 kyr [Palcu et al., 2017].
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Crarpst mocssinieHa 0630py OYHKINOHUPYIOIINX B HACTOSINEE BPEMsI CECMOJIOIMYECKIX areHTCTB,
CO3/1aBa€MBIX, PAa3BUBAEMbIX U IOJJIEPXKUBAEMBIX UMM CEMCMHYECKUX MOHUTOPUHIOBBIX CeTel,
a Tak’Ke [IPOM3BOJIMMBIX KaTaJoroB 3emierpsicernii. Ocoboe BHIMaHMe CHOKYCHPOBAHO HA MEXKIY-
HAPOJHBIX U HAIMOHAJBHBIX CEIICMOJIOTMYECKUX IIEHTPaX U ceficMudecKux ceTsax. Mcropuueckmit
9KCKYPC O IePBBIX HAOJIIOJEHUSX, BBIIOJHIEMbIX CECMUYECKIMH CETSIMU, JIONOJHAET KapTuHy. Pac-
CcMOTpeHb! 6a30BbIe ITapaMEeTPbl OCHOBHBIX CECMUYECKUX CeTell ¥ MPUHIUIBI (DYHKIMOHUPOBAHUS
ceficmostorndeckux 1eHTpoB. O6CYKIEHbI KJIIOUEBble XapaKTEPUCTUKN CEICMUYIECKNX KAaTaJIOIOB,
OIIpEJIeJIAONIe KPUTEPUN UX KadecTBa. lIpuBeieH cucTeMHO-aHAJIUTUYIECKUN ITOIXOT K PEIIEHUIO
aKTyaJIbHOU 33/1a9H CO3JaHUsA HanboJsIee MOJHBIX U IIPE/ICTABUTEIbHBIX KATAJIOIOB 3€MJIETPACEHHI
¢ YHUDUIMPOBAHHON MArHUTY/HON IIKAJION IIyTeM MHTEIPHPOBAHUS B M3Yy4YaeMOM PErMOHE BOEIMHO

JaHHBIX U3 MEXK/IYHAaPO/IHbIX, HAIIMOHAJIBHBIX U PEIrHOHAJIBHBIX KaTaJIOT'OB.

KunroueBsle ciioBa: ceiicMuyeckue CeTHu; celiCMOJIOTUYEeCKHe areHCTBa; KaTaJlIoTr'nu 36MJIeTpHC€HPIﬁ;
npeacraBuTe/IbHad MalrHUTy/[da; IIKaJla MaronuTy/d; IIOJIHOTa KaTaJiora, O6']>€,ILI/IH6HI/16 KaTaJiIoOI'OB

3eMJIeTPACEHUI.

Huruposanume: ['summanu A. /1., Izepanos B. B., Ckopkuna A. A., /Ize6oes B. A. Muposbie
celicMuyecKue cetu u Karajoru semierpsicenuii // Russian Journal of Earth Sciences. — 2024. —
T. 24. — ES1012. — DOI: 10.2205/2024es000901

BBenenune

Karasorn 3emierpsicenunii siBJIsIIOTCST OCHOBHBIM MHTEIDAJIbHBIM PE3YJIbTaTOM CedcMude-
ckoro MonuTopuHra. OHE COCTABJISAIOT OCHOBY [JIsl IIPOBEeHUsI OOJIBIINHCTBA COBPEMEHHBIX
HCCIIEIOBAHUN, HAIIPABIEHHBIX HA U3yYeHHE CEICMIYECKOr0o PeKUMa PErnoHa, IIOCTPOEHHE
OITEHOK CEfiCMUYIECKOI OIMaCHOCTH W CEMCMUYIECKOr0 PUCKA. KaTaJoru mo3BOJISIIOT, B TOM
qucJie, U3y4daTh U OIEHUBATH YaCTOTY BO3SHUKHOBEHUSI CUJIbHBIX 3€MJIETPSICEHUl B pac-
CMATPUBAEMOM CeCMOAKTUBHOM pernoHe. VHdOpMaIms 0 PACIIOIOKEHUN 30H BO3MOYKHBIX
ouaros 3emiierpscenuii (BO3), sBiisiomasics neHTpaJbHOl IIPH IPOBEIEHIH PABOT 110 OIIEHKe
ceficMIIeCKOil OIACHOCTH, B 3HAYUTEJILHOM cTeleHn H6a3upyercsi Ha JAHHBIX O IPOU3OIIE/I-
mux paHee semierpsicenusx |Wang, 2010]. Takum o6paszom, celicMuIecKuii MOHUTOPUHT
u dhopMupyeMble Ha ero 6a3e KATAJIOrU 3eMJIETPSICEHUI SBJISIOTCS OCHOBOIIOJIATAIOITIMI
KOMIIOHEHTAMU COBPEMEHHBIX CeCMOJIOTMIeCKUX UCCIIeI0BAHUIA.

IlepBble MPOTOTUIIBI COBPEMEHHOIO PEMUCTPUPYIONIEr0 CEACMUYIECKOTO 000Dy I0BaHUSI
nosiBUNACH emme B KoHMe XIX Beka [Dewey and Byerly, 1969]. Tem me menee, HaqaIOM HH-
CTPYMEHTAJIbHBIX CEHCMOJIOrndecKuX HabJoaennit npuasaTo cantath 1904-1906 romsr, korma
HaJaJM BHEJPAThCs ceficMoMerphl Buxepra u Tomunbiaa [Agnew, 2002; Aki and Richards,
2002|. Torma ke MOSIBUIINCH METOIbI, TIO3BOJISIOIINE HA 3AIIUCH «CMEIIEHe-BPEMsI» He TIPOCTO
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UeHTUOUINPOBATH 3eMJIETPSICEHAE, HO U ONPEJIENIATD €r0 MapaMeTPhl U SHEPTHIO | 0AuybiH,
1912]. B 30-x rogax XX Beka 6Guarogaps paboram Y. Puxrepa ocHOBHOII Mepoii sueprun
3eMJICTPSICEHUsT CTAHOBUTCS MarHuTyna [Richter, 1935].

IlepBble MOHUTOPUHTOBBIE HAOJIIO/ICHNSI, BBITIOJHAEMbIE CECMUIECKUME CETSIMU, ObLIN
peasmzoBanbl B fdnonun u Kamudopuuu B 20-e roapt XX Beka |Gutenberg, 1932; Wa-
dati, 1928]. DT0 MO3BOJIWIO TOJyYUTh PETHOHAILHBIE 3aBUCUMOCTH AMILJIUTYJL OT PACCTO-
staust [ Wadati, 1928; 1931]. syueHne Takux 3aBUCHMMOCTEH 110 PETHOHAJIBHOMY KATAJIOTY
semuterpsicennii | Gutenberg, 1932] mpuBeso K MOBCEMECTHOMY BBEJIEHUIO MATHUTY B! | Richter,
1935).

VY Hac B cTpaHe mjiesi CO3/IaHus IEPBO ceiicMUYIecKoil ceTu ObLTa BeickazaHa V. B. My-
keToBbIM B 1888 1. [Minina, 2019]. 3a ee cosnanune B3szics akagemuk B. B. Tomuieis, ¢ nve-
HEM KOTOPOT'O CBSI3aHO CTAHOBJIEHHE WHCTPYMEHTAJIBHBIX CEHCMOJIOTHIECKUX HADJIIONEHUIA.
B 1906 r. um 6b11 pazpaboTaH 3JeKTPOMArHUTHBIN ceiicMorpad, TpeacTaBIsomuii coboit
dyHIaMeHTAIbHYI0O HHHOBAIUIO B ceficMoMmerpuu. B. B. TomuibiabiM OBLIO TIPE/TOXKEHO
coznanne B Poccnn ceficMuYecKuX CTAHIUI ABYX KJIACCOB: JIJISi PECUCTPAIMH YIAJeHHBIX
(TesteceiicMuuecKnX) U GJIM3KUX CHJIBHBIX (pernoHaJbHBIX) 3emierpsicennit [Minina, 2019].

HecmoTpst Ha cTpeMuTe/IbHOE YBEJIUYEHNE KOJUIECTBa CeICMUYECKUX CTAHIMI B MUDe
HauanHad ¢ 1904-1906 1., 1Be IepBBIE CTAHIAPTU30BAHHBIE CETH HAYAJIN PA3BUBATHCS TOJBKO
B 1956-1958 rr. Do coerckast Exunas cers ceficmnuecknx Habmonennii (ECCH) [Kondop-
cxasn u Pedoposa, 1996] u amepuranckass World-Wide Standardized Seismograph Network
(WWSNN) [Kisslinger and Howell, 2003; Oliver and Murphy, 1971]. Henpto nx coznanus,
B IIEPBYIO OY€PE/Ib, SIBJISAJICS B3aUMHBIN KOHTPOJIb SIEPHBIX B3PHIBOB.

IlepBoHava bHO ceiicMUYECKHE CTAHIINK BeJIM 3aluch B aHajioropoM Buje. C romamu
[IPOM30IIIeJI, TIOYTH TOJIHOCTBIO, Tiepexo/i Ha 1ndpoBoii dopmar perucrparuu. C pa3Bu-
THEM CPEJICTB CBA3U U IePeIadn JAHHBIX CECMUIECKUE CETH IIePEeCTAIN OrPAHMINBATHCS
JIOKaJIbHBbIME MaciinTabamu. Ha ceromHsmmmamii 1IeHb ceficMudecKne CeTu MOTYT ObITh KakK
HallUOHAJIbHBIMU WJIM PEruoHaJIbHbIMH, TaK 1 F.]'IO6aJ'IbeIl\/H/I. OCHOBHoe pa3anvane MexKy
HUMU 3aKJII0YAETCS B MACIITabe UCCIIEIOBAHNUs, IIPOCTPAHCTBEHHOM DA3pEIIeHNH, KOTImIe-
CTBE, KAUeCTBE M PA3HOOOPA3UHU OJIYyIAEMbIX JIAHHBIX M CKOPOCTH UX 06paborku [['suwuary
u dp., 2023; Havskov and Alguacil, 2004].

Hacrostiiuit 0630p MOCBSIIIEH KPATKOMY TPEJICTABICHUIO MUPOBBIX CEICMIYIECKUX Ce-
Tell ¥ UX CECMOJIOTUIECKUX IEHTPOB, BEIYIIAX MOHUTOPUHT U U3yUI€HUE 3eMJIETPsICEHUN
B IuIaHeTapHOM Maciirabe. IHbIMU cJIOBaMu, 3/1€Ch HIET PEYb O IVIODAJBHBIX U KPYIIHBIX
PErHOHAIBHBIX CEeTSX, MOIYJAIONIX JAHHBIE O 3eMJIETPSCEHUIX BCEIO 36MHOTO Mapa, JIJIst
HEKOTOPOr0 MArHUTYIHOTO Tiopora. IIpu aTom, 6a30Boe hpUHAHCHPOBAHUE ITUX CETEH U UX
IIEHTPOB OCYIIECTBJISIETCS OTAEIbHBIMU CTPAHAMY WM IpymnnaMu cTpad. K HuM oTHOCATCS
Poccuiickast @enepanust, Kuraiickast Hapognast Pecnyosmka, Coenunennbie Iltarsr Amepu-
ku, Opannus, dnonus, EBporeiickue crpansi, sxojgmnme 8 EMSC i ORFEUS. Ornensao
cienyer 3aech ynomsHyTh Opranmsanuio JloroBopa o BceoOIeM 3allpeleHny sIepHbIX
ucnbitanuii (CTBTO), ABIIsIONLy0CsT CAMOCTOSITEIBHON MEXKIyHAPOJIHOM OpraHu3anuei.

1. CeilicMuyeckue ceTH U CEHCMOJIOTTIeCKHEe EHTPhI

Ha ceronmsiiumit 1eHb caMbIM KPYIHBIM CEHICMOJIOTHIECKAM IIEHTPOM B MUPE sIBJISIETCST
IRIS (Incorporated Research Institutions for Seismology) — koncopiuym u3 Gosee yem 125
yuusepcuteroB CIITA. IlenTp BemeT ucciieoBanus B 06JACTH CEHCMUYIECKOIO MOHUTOPUHTA
U PaclpoCcTpaHeHus celicMosiorndeckux Jganabix. B IRIS mocrynator gaHHble ¢ OoJiee yem
8 ThIC. ceficMuueckux crannumit us Beex crpan mupa (https://www.iris.edu) (nara obpamiemmust:
26.12.2023). B 2023 r. upouzonwio causaue IRIS ¢ UNAVCO (nekommepuecKuii KOHCOPIUYM,
CO3JIAHHBIN JIJIsl PACHIUPEHUS UCIIOJIb30BAHIS METOJ/OB I'€0/Ie3UU B T'€0JIOMMYECKUX HCCIIeI0-
Banusx). O6pasoBanHas B pe3yibrarTe o0beJUHEeHUs Opranu3anus HasbiBaercss Koncopumym
EarthScope.

ToBopst 0 npyrux HamboJiee KPYIIHBIX U BaXKHBIX MUPOBBIX CEHCMUYECKUX CETSIX, HEOD-
XOIUMO YTIOMSIHYTh CETh aMepuKkanckoii [eosormueckoii ciay:x661 USGS (The United States
Geological Survey). B ee cocras xougar: [iiobasnbuas ceiicmorpadudeckas cerb GSN (Global
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Seismographic Network), IlepenoBas nanmonanbHas ceiicmudeckasi cucreMa ANSS (Ad-
vanced National Seismic System) n Hanuonasnbubiii niearp nadopManuu o 3eMIeTPICeHUAX
NEIC (The National Earthquake Information Center).

Ormernm Takxke esporneiickyto cetb ORFEUS (Observatories and Research Facilities
for European Seismology), dpaniny3ckyio ri1o6aibHyio ceTb IIPOKONOIOCHBIX CefiCMOIIOrH-
geckux crariuiit GEOSCOPE (French Global Network of Seismological Broadband Stations),
CeTh SITOHCKOrO Mereoposiorndeckoro arenrersa JMA (Japan Meteorological Agency), ku-
tajickuil nienTp ceiicmudeckux cereii CENC (China Earthquake Networks Center), cerb
Enunoit reopusnueckoii ciayxx6n1 Poceniickoit akagemun nayk (PUL ET'C PAH), a Takxke
cetb Opranmsanuu Jorosopa o BceobbemtionieM 3anperiernn saepubix ucnbiranuniit CTBTO
(The Comprehensive Nuclear-Test-Ban Treaty Organization).

IIpuBenem 6a30BBIe XaPAKTEPUCTUKNA OCHOBHBIX CEICMUYECKUX CeTel M CeficMOJIOTmIe-
CKUX IEHTPOB.

(1.1) Equnas reodusmueckas ciyx6a Poccumiickoii akagemun nayk (PHUIL ET'C PAH,
http://www.ceme.gsras.ru/new/ssd news.htm) siistercs 6a30Boii opranuzaiueii, ocymecTs-
JISTFOITIE ceficMuIecKnii MOHUTOPUHT Ha Teppuropun Poccuiickoit Penepanun. OHa sBIsieTcs
IIPeeMHUIIEH IIePBOii CTAHIAPTU30BAHHOI celicmudaeckoii cetn B mupe — ECCH (E,QI/IHaSI
cucrema ceiicmuueckux nabuogenuit CCCP). Haroii ee o6pasoBanus cantaercs 4 siHBapsi
1963 r., korna B 1. O6HuHCKE ObLTa co3mana [lenTpasibHas reodusndeckas: odcepBaTOPHUst
(I'O) «Mocksa» Nucruryra dusuku 3emum um. O. FO. HImuara AH CCCP.

B nacrosmee spemss @UIL EI'C PAH umeer mepapxudeckyio CTPYKTYPY M BKJIIOYAET
B cebst citemyorue (hUIHasIbL:

- enrpasnbuoe orgenenue, r. Obuunck (68 crannwuii), kox ceru OBGSR;

—  Jlaboparopust ceficMIIecKOro MOHUTOPUHTA BOPOHEKCKOr0 KPUCTALTMYECKOIO MACCUBA,
r. Boponesxk (11 cranunit), kox ceru OBGSR: VMGSR,;

- Aurae-Cagnckuit dunnas, . Hoocubupck (89 crannmii), kox ceru ASGSR;

- Kamaarckuii dusmau, r. erponasiosek-Kamaarckuii (97 crannmit), ko cern KAGSR;

- Caxamunckuit dumman, r. FOxuo-Caxamunck (59 cranmmit), kox cern SAGSR;

- Maraganckuii dunnas, r. Maragan (16 crannuit), kox ceru NEGSR;

— Harecranckuit dbusmai, r. Maxaukana (17 crannumit), ko ceru DAGSR;

- Cesepo-Ocernnckuii dbummarn, r. Baajmkaskas (13 cranmmit), kox cern NOGSR;

—  Kombscernit dumas, r. Anarors: (9 crannuit), ko ceru KOGSR;

—  Baiikanbckuit bumai, r. Upkyrex (51 cranmums), kox ceru BAGSR;

- dxyrckuit busmar, r. dxyrex (23 crannunm), kox cetn YAGSR;

—  Byparckuit duimas, . Vioan-Yus (9 cranmmit), kog ceru BUGSR.

Ormerum, aro OUIT EI'C PAH TecHO coTpyHUYAET M UCTIOIL3YET JTAHHBIE Psijia celi-
CMOJIOPTYECKUX TIEHTPOB, (DYHKIMOHUDYIOMUX Ha 6a3e POCCUICKUX HAYIHBIX OPTaHU3aIMii:

- Topubiit uncruryr Ypanbckoro oriaesenus PAH, r. Tlepmb (5 crannwmit), Kom cern
MIRAS;

—  Apxamrenbckas ceficMuueckas ceTb, I. Apxanresnbck (8 crannmii), kox cetn FCIAR;

— Wucruryr punamuku reocdhep PAH, r. Mocksa (4 crannun), kox ceru IDG.

Cxema pacnonoxenus cranmuiit UL EI'C PAH nokazana wa puc. 1.

OUIL EI'C PAH Bener dyHaMeHTaIbHBIE HAYYHbIE U IPUKJIA/IHBIE UCCJIEI0BAHUS B 00-
JIACTHU CEHCMOJIOTUH U APYTUX CMEXKHBIX paszeioB reodusuku. Cosmectro ¢ Pocrumpomerom
P® srimonHsitoTcs nccieioBanms, HAIPABJICHHBIE HA TIPEIyIpexKIeHne o myHamu Ha Jlasb-
Hem Bocroke. B pamkax Jlorosopa 0 BceoObEMIIIONIEM 3aIIPEIEHUN SIIEPHBIX UCIBLITAHII
(CTBTO) obecnieanBaercsi GyHKIMOHUPOBaHNE 9 CEfCMUYIECKUX CTAHIMN MeKIyHapO-
HOH CHCTEeMbl MOHUTOPHUHIA, OCYIIECTBIISETCH MOHUTOPUHT BYJIKAHUIECKON aKTUBHOCTU HA
Kamyartke, u sip.

Pesyabrars! ceiicMuueckoro MoruTopunra, einosasgemoro @UIL EI'C PAH, exxerosso
ny6siukyiorcs B cbopaukax «3emierpsicenust Cesepnoii Espazun» (http://www.gsras.ru/
zse) |[QUI] EI'C PAH, 2023b] u «3emuterpsicenusi B Poccun» (http://eqru.gsras.ru) [QHI]
EI'C PAH, 2023a]. Ciiesiyer oTMeTHTB, UTO ceficMuaHOCTh Poccuiickoit @enepanun B 31X
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Puc. 1. Pacnosnoxenue ceficmuueckux cranmuit @I EI'C PAH
(http://eqru.gsras.ru/index.php?inc=main, nara obpamenus: 26.12.2023).

cOOpHUKAX MPEICTaBJIEHA B BHJIe HAOOPA CJIEIYIONNX OTAE/IBHBIX KATAJIOIOB, C IEPEKPHIBaA-
FOIUMUCS 30HAMU OTBETCTBEHHOCTH PErHOHAJIBHBIX (DUINAJIOB:

—  Cesepubriit KaBkasz;

—  Bocrouno-Eponeiickas miardopma, Ypan u Samnaguas Cubups;
—  Apxkruka;

—  Augrait u Casabr;

—  Ilpubaiikanbe n 3abaiikaibe;

—  Ilpuamypse u IIpumopne, Caxamun u Kypuno-Oxorckuii perunow;
- Axyrns;

— Cesepo-Bocrok Poccun u Hykorka;

—  Kamuarka n Komanmgopckue octposa.

Takoe pazbuenune o0yCJIOBIEHO MpeeMcTBeHHOCTRIO Jiesiennsi Teppuropun CCCP na
X1V moapernoHoB Ha OCHOBE T€HEPAJIBHON CeHCMOTEKTOHMIECKO OOIHOCTH, TPUHSITON TIPH
cocrapiennn [Hoswill kamanoe cusvhor semaempacerut wa meppumopuu CCCP ¢ dpesneti-
wuz epemen do 1975 2. 1977| Beimatommmvucs coserckumu ceticmosoramu H. B. Kormopekoii
u H. B. lllebamuuabiv. HeobxoauMo oTMETHTD, ITO B COBETCKUIT IEPUO/T TIPU COCTABJICHAN
exxeroguukoB «3emiierpsicenusi B CCCP» ucniosp3oBasiocs erie 6oJiee moapobHoe jiejieHne
HA PErUOHBI.

Ha caiire ®UIT ET'C PAH (http://www.gsras.ru/new/ssd news.htm) Begercs omepa-
TUBHOE MH(MOPMUPOBAHKE O MTPOUBOIIEIINX 3EMIETPICEHUSIX, 8 TAKXKe OPraHU30BaH OHJIANH
JIOCTYII K CEICMUYIECKAM KaTaJoraM W BOJIHOBBIM (hOPMaM.

(1.2.1) TnobamsHas ceiicmorpadudeckas cerb (Global Seismographic Network (GSN),
https:/ /www.usgs.gov/programs/earthquake-hazards/gsn-global-seismographic-network) —
[TOCTOSTHHO JIEHICTBYIONIAsl CeTh COBPEMEHHBIX IMUMPOBBIX CEHCMUYECKUX CTAHIUN, COeu-
HEHHBIX TEJIEKOMMYHHUKAITMOHHOW CEThIO, CJIyKallas MHOTOIEJEBBIM HAyJIHBIM ITEHTPOM
7 COIMAIILHBIM PECYPCOM st Tiesieiil MoruTopuHra. CeTh siBjsieTcst T100aIbHOM TpeeMHUIIel
o/HOH U3 nepBbIxX cTanmapTu3oBanubix cereit WWSNN u cocrout u3 150 ceficmutieckux
craruii (puc. 2), OTHOCHTENBHO PABHOMEPHO MOKPHIBAIONIAX MOBEPXHOCTD emim. OTMeTnm,
aro 12 crannuii pacnosoxkensl Ha Teppuropuu Poccun u obeiyxusatorcs OUIT EI'C PAH.
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Distribution of Global Seismogﬂraphlc Network (GSN) Stations
180* 120°W 60°W . 60°E 120°E 180°

A GSN Station (Total: 150)
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Puc. 2. Pacnosioxkenne ceiicmudeckux cranmuii ceru GSN
(https://www.usgs.gov/programs/earthquake-hazards/gsn-global-seismographic-network, nara 06-
pamienusi: 26.12.2023).

Hocryn k manabim cetn GSN moxno nosyuants Ha caitre IRIS. B pamkax IRIS na josio
GSN 1puxXOAUTCsi OTHOCUTEILHO HEOOJIBIION 06'beM JAaHHBIX, HO IVI00a/IbHO pacIlpeleieHHasT
CEeThb MUPOKOIOJOCHBIX CEICMOIIPUEMHUKOB C HU3KUM YPOBHEM IIIyMa JEJIAET TU JTAHHbIE
menabiMu. KommaecTso cranmmit B GSN ocTaercss OTHOCHTEIFHO TTOCTOSTHHBIM B TEUEHUE
JIOJITOTO BPEMEHHU. DTO MO3BOJISET COCPEJIOTOUNTHCS HA YTy IIIEHIN KAIeCTBa CYIIECTBYOIMIIX
craunyit [Ringler et al., 2019].

(1.2.2) IlepenoBasi HanmonansHas ceiicmudeckas cucrema (Advanced National Seis-
mic System (ANSS), https://www.usgs.gov/programs/earthquake-hazards/anss-advanced-
national-seismic-system) Gbiaa yupexaena [eomornueckoii cayxooit CIITA (USGS) B 2000 1.
Ha nannbrit MOMEHT OHA SIBJISETCST OCHOBHOM OpraHm3alieil, 3aHIMAIOIIeics KOOpanHaIueit
CefiCMOJIOrMYeCKUX UCCIIeI0BaHNUIl, a Takxke ceiicmuaeckuM MmouuToputrrom B CIITA. B pamkax
cBoeil MOHUTOPUHTOBOM nesitesibHocTr ANSS BRItouaeT B cebst HanuonaabHyo ceiicMuye-
CKyI0 ceTh, HarmonanbHbI 1ienTp nHbopMarun o semuerpsicernsax (NEIC), Hanmonanbabrit
MIPOEKT CUJIbHBIX JIBUKEHUI u 15 permoHabHbIX ceficMuaecKux cereit, yrnpasiasgeMbix USGS
u ee napraepamu [U.S. Geological Survey, 2017]. Bosbinas gacts crannuii ANSS ochamena
OJIHOBPEMEHHO MTHPOKOITOJIOCHBIMU CECMOMETPAMH U CEHCMOMETPAME CUJIBHBIX JIBUKE-
Huil. PervonajbHbie CeTH COCTOSAT U3 MJIOTHO PACIIOJIOXKEHHBIX CTAHIUH B CEHCMOAKTUBHBIX
paiioHax JJIsl PErMCTPAIU JOCTATOYHO CJIAOBIX 3€MJIETPSICEHUH M MOBBINIEHNS] TOYHOCTH
OTIPEJIEJIEHUs] UX XaPAKTEPUCTHUK.

ITo pesyabraram cBoeit pesrenbrnoctu ANSS dbopmupyer komekcHbiit katamor ANSS
Comprehensive Catalog (ComCat). OH cofepKut napaMeTpbl 049aroB 3eMJIETPSCeHUN U JIPy-
Iy WHMOPMAIMIO, oJIydeHHyo oT cereil, Bxongamux B ANSS. Karamor ComCat Takxke
wHTErpupyeT WHGOPMAIINIO O IMapaMerpax 04aroB 3emjeTpsiceHnit u3 karagoros Centen-
nial Catalog u Global Centroid Moment Tensor Catalog. HoBble n o6HOBII€HHBIE JIAHHBIE
JIOGABJISIIOTCST B KATAJIOT JUHAMUYECKH 110 MEPE TOrO, KaK UCTOYHUKY MyOJIUKYIOT WU
o6uoBIIsAI0T PO AyKTHL. Joctynm k ComCat ocyriecTBisieTcs: 4epe3 CTPAHUILY OHJIANH-IIONCKA
(https://earthquake.usgs.gov/data/comcat), Ha KOTODPOIi 1MOJIBb30BATENb MOXKET BBIOPATH
HMHTEPECYIOIINE er0 36MJIETPSICEHUsI TT0 TIUPOKOMY CIEKTPY KPUTEPHUEB.

(1.2.3) Hanmonanbusiii nentp uadopmamuu o 3emierpsiceausx (National Earthquake
Information Center (NEIC), https://www.usgs.gov/programs/earthquake-hazards/national-
earthquake-information-center-neic), pacnosoxennsiit B ropose Tosen, mrar Kosopasio
(CIIIA), cosnan B 1966 1. B cocrase USGS. B pamkax csoeit nearensaoctu NEIC pentaer
TPU OCHOBHBIE 3aJIa4N:

- MaxkcnmaabHO OBICTPOE W BO3MOXKHO TOTHOE OIPeIe/IeHre KOOPANHAT SIUIEHTPA U Mar-
HUTY/IBI BCEX 3HAUUTEIHLHBIX 3eMJIeTpsicennit, npoucxozsmnmux B Mupe. NEIC oneparusao
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PACIIPOCTPAHSIET STy MH(MOPMAIIUIO CPEJIN 3aMHTEPECOBAHHBIX HAIMOHATBHBIX U MEXKLY-
HAPOJIHBIX Ar€HTCTB, UCCIIeI0BATeel U IMUPOKO OOIIECTBEHHOCTH.

—  C6op u mpeaocTaBjieHIe YIeHBIM U OOIECTBEHHOCTU OOIIMPHOM 6a3bl CECMUYIECKUX
JIAHHBIX JIJIst HayIHBIX ucciaenosanuii. NEIC siBisieTcst HAIMOHAIBHBIM IEHTPOM JIAHHBIX
U apXUBOM HHQMOPMAIUH O 3€MJIETPSICEHUSIX.

—  IIposenenue uccre0BaTeILCKON PAGOTHI O YIYIIIEHUIO BOSMOKHOCTE pErncTpannn
3eMJIETDSICEHUI U TIOHMMAHWIO MEeXaHU3Ma 3eMierpsicennii [Benz, 2017].

(1.3.1) EBponeiicko-Cpeauzemuomopckmii ceficmosormdeckuii menrp (Euro-Mediterra-
nean Seismological Centre (EMSC), https://www.emsc-csem.org) ocuosan B 1975 r. Espo-
neiickoit ceitcmosoruueckoii komuccueit (ESC). Ou upezacrasisger coboii HEKOMMEPYECKYIO
OPraHu3aIio, OObEIUHIONYI0 84 MHCTUTYTA U3 55 cTpaH Mupa. Poccrio B opranuzanuu
npejcrasiaser UL EI'C PAH. B 1987 r. Coser Esponsr nagennn EMSC mosmromoun-
MU OCHOBHOI OpraHm3amuu, oOecrevunBaonieil KEBpoeiicKyo cucTeMy OIOBEIIeHUs 10
ocHOBHBIM onacHocTsiM (https://www.emsc-csem.org/#2, nara obpamenus: 26.12.2023).
EMSC dopmupyer karajoru, moib3ysch gaaabivu ORFEUS, nakammBaeMbIMu B HACTO-
amee BpeMsa B GFZ Potsdam. K ganabiM oprann3oBaH yIaJI€HHBIA TOCTYII ¢ ITOMOIIBIO
nakera ObsPy [Beyreuther et al., 2010]. ITocientee 1aeT BO3MOXKHOCTb CTPOUTH YHUMDUILH-
POBaHHBIE MOJIEJIN CeHCMUTHOCTH Jiyist Tepputopun Esponst [Kotha et al., 2020], nokpsrToii
HECKOJIBKUMU JIECATKAMHI OTIeabHbIX cerelt [Cauzzi et al., 2021].

(1.3.2) ®panmysckas riaobanbHasi CETh IMUPOKOMOIOCHBIX CEHCMOIOIAIECKIX CTAHIMIA
(French Global Network of broad band seismic stations (GEOSCOPE), http://geoscope.
ipgp.fr) — cosmannast B 1982 r. ceTh 3 35 MUPOKOMOIOCHBIX CEHICMUYECKUX CTAHIHMI [JIsT pe-
NIEHUS 31894 TI00aJIbHOTO HHCTPYMEHTaIbHOro MoruTopunra (puc. 3). Cranunuu padoraior
HEIPEPBIBHO U TIePeIaloT JIAHHBIE B PEKUME PeajibHOIO BPEMEHH, YTO IIO3BOJISET UCIIOIb30-
BATh WX, B TOM YHCJIE, IIEHTPAMU OMOBEINeHus O IyHamMu. JlaHHbIe OOJIBIMTUHCTBA CTAHIINN
MMOCTYTAIOT B MEHTD JAHHBIX [lapuKCKOro MHCTUTYTa (PU3UKUH 3eMJIA U apXUBUPYIOTCS
nocie nposepku [Roult et al., 2013]. GEOSCOPE npeocrasisier 1aHHbIe U MHOOPMAIIUIO
0 3eMJIETPSICEHUSIX, IPOU3OIIEIINNX B MUPe, C MarHuTy10#t 6osee 5.5—6.0. Anajornanas
nHOOPMAIS MOXKET ObITh IIPEIOCTABIIEHA MJId OoJtee CIabbIX 3eMJIETPSICEHU, HAIIPUMED,
npounsornieamnux Bo OpaHIuu Wid B eBPOIEHCKO-CPEIN3eMHOMOPCKOM peruone. Ha caiire
GEOSCOPE M02KHO MOJIyYHTB JOCTYII K KaTajioram 3emjierpsicerunii Haunnast ¢ 2006 r.

Geoscope Network (G)

2023-12-08

® Real-time stations @ Locally accessible stations

Puc. 3. Pacnosioxxenne mupokomosocHsix cranuuii riobansaoit ceru GEOSCOPE (http://geoscope.
ipgp.fr, nara obpamenus: 26.12.2023).

(1.4) Cern ceiicmuyeckoro monuropunra Anonnu. Bricokas ceificMudyeckass akTUBHOCTH
Snonnu oOycoBuIIa 3HAYUTENIBHYIO IJIOTHOCTDH CceTeil CefICMUYeCKOro MOHUTODUHIA, UX
pa3Hoodpasue U BBICOKYIO CTeIIeHb allllapaTHOM OCHaIeHHOCTHU. JIOmOMHITeIbHBII HMITYJIbC
Pa3BUTHIO CeTell IPUIAIN PA3PYIINTEIbHbIE 3eMeTpsicenusi, mpou3sorie/mme B Kobe B 1995 1.
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u Toxoky B 2011 r. [Ozawa et al., 2011]. Oba cobbiTus: 6bLTH KiIaccubUIUPOBAHBI KAK TIPUPOJI-
HbIE KATAaCTPO(MBDI, IPUHECITNE YOBITKY MOPSIKA HECKOJIBKUX COTEH MUJLUIAPIOB J0JLIAPOB.
Opranuszanueii u 06CIyKUBaHIEM CeTeil CeiCMIIeCKIX HAOIIOIeHN Ha TeppuTtopuu AnoHnn
3aHnMaercss HalmoHaIbHBIN nCciieI0BaTeIbCKUIl HHCTUTYT HAYK O 3eMJie U yCTONIMBOCTH
k cruxuitaeiM GegcrBusim (National Research Institute for Earth Science and Disaster
Resilience (NIED), https://www.bosai.go.jp/e). B duciio smnonckux ceficMudeckux cereit
BxogaT: K-NET, KiK-net, Hi-net u F-net [Aoi et al., 2020]. Kpome Toro, cozmana cerhb
V-net nisa mormTOpuHTa ByJIKanudeckoir aktusHocTu. [locse 3emuerpsicenns Toxoky 2011 1.
Ha JHe oKeaHa ObLIu pasBepHyThl cetu S-net w DONET mna omeparusHOil perucrparun
IOJIBOJIHBIX 3eMJIETDPSICEHUN U CBsI3aHHBIX ¢ HUMH IyHamu [Aoi et al., 2020].

B nesnsx pannero npemynpexxieHust O 3eMJIETPACEHUAX U [[yHAMU CEeCMUYeCKne TaHHbIe
IIepelaloTCA B PEXKMME PeaIbHOTO BPeMeHH B ZIMOHCKOE MEeTeOPOJIOrHIeCcKOe areHTCTBO
(Japan Meteorological Agency (JMA), https://www.jma.go.jp/jma/indexe.html). Cremyer
orMeTuTh, 9To JMA co3maer n pa3BuBaeT Kak CBOU CEHCMUUIECKUE CETH, TAK U yIACTBYET
B Pa3BUTUU YKA3aHHBIX BbIle cereil. JMA urpaer BayKHYIO POJIb B TIPEJOCTABIEHUN CTPAHAM
ceBepo-3anafHoil 9acTu THUXOOKeaHCKOro pernoHa IIPOrHO3HOM MH(MOPMAIUHT O ILYHAMHU.

(1.4.1) K-NET (Kyoshin Network,

'/www.kyoshin.bosai.go.jp/kyoshin/docs/overview kyoshin index en.html) —

https
obIIeHAIIIOHAIbHASI CETh MOHUTOPHWHTA, CHJIBHBIX JBUKEHUH, cocTosmasa n3 6osaee aem 1000
ceficCMUYeCKUX CTAHIUI, PABHOMEPHO IIOKPBIBAIOIINX TEPPUTOPUIO SMIOHUIO Yepe3 KaxK ible
20 kM. Cerp K-NET dyukiumonupyer ¢ uons 1996 roga.

(1.4.2) KiK-net (Kiban Kyoshin Network https://www.kyoshin.bosai.go.jp/kyoshin/
docs/overview kyoshin index en.html) — ceTb MOHUTOpPHHIa CHJIBHBIX JBUZKEHUH, COCTOSI-
mas u3 nap ceficmorpadoB, YCTAHOBJIEHHBIX Ha IIOBEPXHOCTH 3€MJIM U B CKBayKHHE BMECTE
¢ ceficmomeTpamu BbicoKoit gyBerBuTenabroctu (Hi-net). Takue mapsl npubopoB yCTaHOBJIEHBI
npuMepHo B 700 myHKTax no Teppuropuu Beeit Hmonun.

(1.4.3) Hi-net (https://www.hinet.bosai.go.jp/summary) — ceTb BBICOKOTYBCTBUTEJb-
HBIX ceficMorpadoB /jIsi MOHUTOPHHIA MUKPO3eMJIeTpsicennii, cocrodmas u3 modtu 800
cTaHImil co cpeqanM paccrosgareM Mexry Humu 20 kM. CeficMOMeTphI yCTAHOBJIEHBI B 32006
ckBaxkuH Ha Tyryomne 100-3500 M it CHUXKEHUS TTyMa, CO3/I1aBaeMOI'0 BETPOM, MOPCKUMU
BOJIHAMH U JI€ATEIHHOCTHIO Y€JIOBEKA.

(1.4.4) F-net (https://www.fnet.bosai.go.jp) — cerb u3 70 NHUPOKOIOJIOCHBIX CTAHIIMIA,
[IpEeTHA3HAYEHHAS JIJIsl OIIEPATUBHOTO OIIPEJICJIEHUs XapaKTepPUCTUK 3emieTrpsicennii. Ceii-
CMOMETPBI YCTAHABIUBAIOTCS B [VIyOWHE MITOJIHHY, IJI€ TEMIIEPATYPA U JIABJIEHNAE CTAOMIHHBI.
DTO MO3BOJISAET U3MEPATH KOJIeDaHUs TPYHTA B IIMPOKOM JTHANA30HE JACTOT. JAIUCH CETH
MTO3BOJIATOT TOJYyYaTh UHAMOPMAIMIO O MEXaHM3MAaX 0YaroB 3eMJIETPSCEHUN U CTPYKTYpe
3emutn.

(1.4.5) V-net (https://www.vnet.bosai.go.jp) — cerp Habrofenuii 3a 16 ByJIKaHaMA
C IeJBI0 pa3pabOTKN IPOTHO30B M3BEPXKEHUI U CMSAIYEHHs] PUCKOB OT BYJIKAHUIECKOMN
onacHocTH. IIyHKTBI HabJIFO/IeHNST ODOPYI0BAHBI HECKOJBKUMU TUITAMU IIPUOOPOB, B TOM
qucIie, CKBAXKUHHBIMU CeficMOMeTpaMu, CKBaXKUHHbIME HakJioHoMepamu, GPS npuemuankavu
¥ TITIPOKOITOJIOCHBIMU CEHCMOMETPAM.

(1.4.6) S-net (https://www.seafloor.bosai.go.jp) — ceTb HaGIOEHNIT 3a JHOM OKeaHa,
cocrosas u3 150 MyHKTOB HAOIOAEHNUS, PACIIOJIOKEHHBIX OT OCTPOBa XOKKAaMI0 /10 IIpe-
dekryper Tuba. Kaxkaprit myHKT 000pyI0BaH CECMOMETPAME U TATIYNKAME JABJICHUS BOIBI
J171sT HaOJTIOIEHUsI 38, IIOABOIHBIMI 3eMJIETPSICEHUSIMU ¥ IlyHAME. Perucrpupyemble JTaHHbIE
repeaioTcs Ha HAa3eMHbIe CTAHIINK IO OMTOBOJOKOHHOMY Kabeso u moctymnaior B NIED
B pEXKUMe PEaIbHOIO BPEMEHH.

(1.4.7) DONET (https://www.seafloor.bosai.go.jp) — ceTb HabIIOEHNIT 32 JTHOM OKeaHa,
cocrositiiast u3 51 cranmuu y . Kymanonasa u nposmea Kuu. Ha craHiusx ycraHOBJIeH Iiu-
pOKHii CrieKTp TpuOOPOB Jyisi MOHUTOPUHTA 3emiteTpsicennii u iyynamu. CeTb CIIPOEKTUPOBAHA
TakK, 9TOOBI €e MOYXKHO OBLIIO JIENKO PACIIUPUTH, 3aMEHUTh WU J00ABUTH CTAHIIUNA U IIPU-
Oopsbl. /laHHbIe 11epeIalOTCsl B MCCJIEI0BATE/IbCKIE HHCTUTYThl U YHUBEPCUTETHI B PEIKUME
peaIbHOrO BPEMEHH.
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W3mepennst B pexkuMe peaabHOTO BPEMEHU C ITOMOIIBIO CeTeil HAOJIIONEHNsT 38 JTHOM
okeana S-net u DONET yBenuunBaior 3a071aroBpeMEHHOCTD TPEYIPEKIEHUI O MOIBOTHBIX
3eMJIETPSICEHUSIX U TIPEJOCTABJISIOT ONEPATUBHYIO U TOYHYIO UH(MOPMAIIIO O I[yHAMHU.

(1.5) Ienrp ceiicmmueckux cereit Kuras (The China Earthquake Networks Center
(CENC), https://www.cenc.ac.cn) ocuosan 18 okrsbpst 2004 r. CENC nazesren mosHo-
MOYMSIMU OIEPATUBHOIO PYKOBOJCTBA U YIIPABJIECHUS] HAIMOHAJIBLHON CEHCMUYIECKON CEThIO
Kurast CSN (Chinese Seismic Network). Ceromust CSN cocrout u3 ceitemorpadudeckoit cern,
CeTHU CUJIbHBIX JIBUXKEHHUI U MHXKEeHEPHO-ceficMOMeTpuvIecKoit cetn — Bcero 4082 cranmun
(puc. 4). Ormerum, uto ceficmorpadudeckas CeTh OXBATHIBAET BCIO KOHTUHEHTAIBHYIO 9aCTh
Kuras, a jBe Apyrue ceTu paclojiozKeHbl B CEiCMOOIacHBIX 30HaX. Bee crannmm Kuras
00CITY KUBAIOTCS 31-M PErMOHAJIBHBIM [IEHTPOM, (DYHKITHOHUPYIOIIMMHE II0JT YIIPABJIEHUEM

CENC [Dai and An, 2020].
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Puc. 4. Pacnonoxenue cranuuit cetu CSN [Dai and An, 2020]. KpacubiM 0603Ha4€eHbI ceficMorpa-
dpuyecKre CTAHIUN, YePHBIM — CTAHIUU CUJIbHBIX JIBUYKEHUH, 3€JIEHbIM — CTAHINA WH>KEHEPHO-

CeIICMOMETPUYECKOI CeTH.

(1.5.1) Ceiicmorpadmaeckas cerb (The Seismographic Network) nacaursiBaer 1107
cTaHuii, B ToM uncie 166 HanmonasapbHbix u 941 permonaspayo. HamponaabHble cTaHInm
B OCHOBHOM OCHAIIeHbI 120-CeKyHIHBIMU CBEPXIITMPOKOIIOJIOCHBIME ceficMoMeTpaMu (HEKO-
TODPBIE CTAHIMU UMEIOT CBEPXIIUPOKONOJIOCHDBIE 360-CeKyH IHbIE CEACMOMETPBI), KOTOPbIE
HCIOJIB3YIOTCS JIJIsT MOHUTOPHHTA II00a/IbHON ceficMuyaHocTH. Ha permoHaabHbIX CTaHIUsIX
IpenMynieCTBEHHO yCTaHOBJIEHBI MIMPOKOIIOJIOCHBIE CeﬁCMOl\JeprI 60—X I'0J1I0B J1JIgd MOHHUTO-
pUHTa PErHOHAJIBHON CeHCMUIECKO aKTUBHOCTU. Pa3indust B INIOTHOCTH PACIIOIOXKEHUST
CTAHIUI B Pa3HBIX pernoHax Kuras cBsI3aHbI CO CTEIEHBIO SKOHOMUIECKOTO Pa3BUTH U IIJIOT-
HOCTBIO HACEJIEHUs. DTUM O0bsICHsIETCs 60jiee IJIOTHOE pa3MelleHne CTAHIII Ha BOCTOKE
Kuras mo cpaBaenuio ¢ ero 3amajiHoi 9acTbio. JJaHHbIE OT CTAHIINN B peajbHOM BPEMEHU
nepenarorcsts B CENC depe3 pernoHasibHbIE TIEHTPHI.

(1.5.2) Cerp cmibubix apumxkenuii (The Strong Motion Network) cocrour uz 1965
CTaHIUi, OCHAINEHHBIX aKcesepoMerpaMu (2g) Jis PerucTpalii yCKOPeHUii B OJinzKHeil
3one. IIpu sTrom, Tosbko 393 crammuit mepemaor nanabie B CENC B pexxume peaabHOTo
BPEMEHH 4Y€epe3 CeTeBOil IEHTP.

(1.5.3) Cerp uncrpymenros uatencusHoctu (The Intensity Instrument Network) co-
croutr 3 1010 crammuii, pacupeeseHHbIX 0 TEPPUTOPUAM IrecTu npoBuunmit: [lekum,
TauabiEunab, X963, Cerayans, FOubHanb 1 Pynzsia. B coderanuu co craHmusMu Ipyrux
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cereit Kurasi oHM MCIIOIB3YIOTCS JJIsl OEPATUBHOIO OIOBENIEHNsT 00 MHTEHCUBHOCTH U Te-
CTHPOBAHUS PAHHETO MPEIYIPEKACHUS O 3eMJIETPACEHUsIX. ITOOBI YIIyUIINTh BO3MOKHOCTH
MOHUTOPHUHIA, CHJIBHBIX 3eMJIETPSICEHUI B MPpUTrpaHUYHbIX paiionax Kurast u Bo BceM mupe
B pexkume, 6uim3koM K peasibaoMy, CENC obMmeHunBaeTcst ceficMIYeCKIMU JTAHHBIME C TJI0-
GasbHOI celicmorpadudeckoit cerbio GSN. Ormerum, uto Kpome aroro, CENC obmenuBaercst
nanubivu ¢ Kopeiickoit mereoposiorngeckoii agmunucrpanueii (Korea Meteorological Ad-
ministration (KMA), https://www.kma.go.kr /neng). IIpu BOSHUKHOBEHUN 3eMJIETPSICEHUsI
marauTyoit Boite 5,0 CENC ormnpasiisier Janabie BOJTHOBBIX (GopM ¢ 20 HAIMOHAJILHBIX
craanmit Ha FTP-cepsep IRIS.

(1.6) Opranusanus JloroBopa 0 BceoGbeMIIIOIEM 3aPEIIEHNN SIJIEPHBIX MCIIBITAHUN
(Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO), https://www.ctbto.org)
ocHoBaHa B 1996 r. m BkimouaeT 50 ocHOBHBIX n 120 BCcmoMOraTeIbHBIX CEMCMUIECKUX
CTaHINN, PACIIOJIOXKEHHBIX IO BeceMy Mupy. Kak ObLIO OTMeYeHO BbIllle, HA TEPPUTOPUU
Poccun pacnosiozkenst 9 cranmuit CTBTO, obcayxusaembix @PUIT ET'C PAH. OrmerumM,
9TO CHCTEMa MOHHTODHWHIA TaK:Ke BKJo4daeT 11 ruapoakycrudeckux, 60 mHDpPa3ZByKOBBIX
u 80 pajuonykmanbix crannuii (puc. 5). Cranmuu ceru CTBTO perucrpupyior nanabie,
KOTOpBIE TIEPeIAt0TCs JJIsl aHAJIN3a B MEXKIYHAPOIHBIN IeHTp 00pabOTKH JIaHHBIX B BeHe.
PesynbTaThr aHATM3a OTIPABISIOTCS TocynaperBam-yaactankam Oprarnsannu |Coyne et al.,
2012].

%5, CTETO

International Monitoring System

Puc. 5. Cxema mexynapognoii cucrembr moantopuara CTBTO (https://www.ctbto.org/our-work,

ims-map, gara obpamenus: 26.12.2023).

2. Ceiicmosiorndeckme areHTCTBa u IIPOEKTHI IVIaHETaAapHOIr'o Macmtaba

Kpowme peryiisipHbIX CeficCMUYECKUX CeTeil CyIIeCTBYIOT CeACMOJIOTHYECKIe areHTCTBA
U IPOEKTHI, KOTOPBIE, He 00J1a7as1 COOCTBEHHBIMU CETSIMU, arperupyioT U 0O6pabaThIBAIOT
JaHHBIE IPYTUX CETEH W CO3AI0T COOTBETCTBYIONINE KATAJIOTH 1 OIOJIETEHN 3eMJIETPSICEHNA.
K mepednio TaKOBBIX B IIEPBYIO 0Yepe/ib HEOOXOIUMO OTHECTH MeXKIyHAPOIHBINA CeiicMOJIo-
ruveckuii 1ieHTp (ISC), The Global Centroid-Moment-Tensor (GCMT) u SCARDEC.

Meotcdyrnapodnuti ceticmonozuveckuti uewmp (The International Seismologi-
cal Centre (ISC), http://www.isc.ac.uk ) ocHoBan B 1964 1. KaK He3aBUCHMAsT MEXK /Ty HAPO/I-
Hasl OPraHM3alysl, B KOTOPYIO BXOJSIT MHOTHME CTPaHbI, BKJIOUas Poccuiickyo @ejepaliuio.
Opranuzanuu, IpeCTaBIIAoNNe CTPaHbl-yaacTHUIBI B [SC, eXKeroHo miaTaT dieHCKue
B3uockl. ISC 6buio cozpano npu cogeiicreun FOHECKO B kauecrse npeemuuka ISS (Inter-
national Seismological Summary). Ienbto ISC siBasiercst c60p, apXuBnpoBaHue n 06paboTKa
celicMUYeCKUX JaHHBIX, OrojieTeneil cranmuii u cereit. ISC ocyiiecTBIisieT IOATOTOBKY U pac-
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IpOCTpaHenne OIOJIIeTEHsI ¢ HETPEPHIBHON OKOHYATEIHHON CBOJIKON CEHCMIYIHOCTH B MUDE.
Hanmsie ISC 06/181a10T BBICOKOI CTEIEHBIO JTOCTOBEPHOCTH, HO HOCTYIAIOT C OOIBITAM
3ana3nplBaHueM. brojuterensb Oasmpyercss Ha WHMOPMAINH, HocTynapmei ot 6osee 130
CeiCMUYIEeCKUX CeTell U MEeHTPOB JTAHHBIX, PACIIOJIOKEHHBIX 10 BceMy Mupy. Kpome Toro,
ISC coBmectro ¢ NEIC/USGS Bezser MexK/IyHADOIHBIA peecTp CefiCMUYECKUX CTAHIIUIA.
Cosmecrro ¢ IASPEI (Mexxynaponnas acconuaims ceficMoyioruu u busuku HeAp 3eMiIu,
http: www.iaspei.org) B ISC Bemercs cripaBOYHBIA CIIMCOK COOBITHIA, BKIIOYAIOMINHA HHAPOP-
maruio o 12 090 3eMieTpsiCeHUsIX U B3PbIBaX (€ 3alMCAMU BOJIHOBBIX (GOPM Ha PErHMOHABLHBIX
U /W TeJIeCeHCMUYECKUX PACCTOSHUAX ), 3aPEIUCTPUPOBAHHBIX € BHICOKON TOUHOCTBIO ¢ 1959
o 2020 rr.

B reuenne nourn 50 jier mamuabie ISC aBistorcs oOMENPUHSTHIM OKOHIATETHHBIM HC-
TOYHUKOM ceiicmosiorndeckoit nadopmarnyu. OHI UCHOIB3YIOTCH YIEHBIMI BO BCEM MUPE JIJIst
OIIEHKU CECMUYIECKOil OMACHOCTH, TEKTOHUIECKUX UCCJIEJOBAHMIA M MOCTPOEHUSI [JIODAJTBHBIX
U PErmOHAaJIbHBIX TOMOI'PaUUIECKUX U JAPYrux reodpusndeckux mojesieit. brojuierens ISC
JIEZKUT B OCHOBE TAKUX XOPOIITO U3BECTHBIX MPOAYKTOB, KaK IVI00AIbHAS OJHOMEPHAsT CKO-
pocrHas Mojesb akl3b [Kennett and Engdahl, 1991; Kennett et al., 1995], a Takke KaTagorn
EHB [Engdahl et al., 2020; International Seismological Centre, nodate; Weston et al., 2018]
u Centennial [Engdahl and Villaserior, 2002]. Uctounnk marubx ISC mpencrasisier co6oit
BauKHBI KpuTepuit KoHTposist Kadectsa st CTBTO. Kpowme Toro, o siBisiercs 6a30it st
nocTpoeHus robanbHol Mogenu pucka demnerpscenuit (GEM) [Storchak et al., 2015].

Tnobaavmwili mensop uenmpoud-momenmos (The Global Centroid-Moment-
Tensor (GCMT), www.globalcmt.org) — npoekt, ocHoBauubiii B ['apBapickom yHuUBEpP-
curere CIITA B 1982 1. JIo 2006 r. on HazwBavicst Lapsappckuii npoekr CMT. B 2006 r.
nestresrbrOCTh TipoekTa, CMT mepemectmmace B Komym6niicknit yausepenter Hpio-Iopxka.
C aTOro BpeMeHH HUCCJIeIoBaTEeIbCcKast pabora mpojsuraercsa mof, Hazsanuem The Global
Centroid-Moment-Tensor. IIpoekt CMT ¢dbunancupyercs HanponaapHbIM HayIHBIM (DOHIOM
CIIA [Woodhouse and Deuss, 2015].

Karanor GCMT sBiisitercst BayKHBIM UCTOYHUKOM UH(MDOPMAIIH, OOODIIAIONIMM TJI0-
basbHbIe ceficMmaecKkue mporiecchl 3a mocaeanne 40 mger. Cosmanne kartagora GCMT 6b1mo
TPYI0EMKO# paboToii, 3aHsIBIIENl HECKOJIBKO JIECITUJIETHI U TIO3BOJIUBIIEN 1101y YUTh BHICO-
KOKAYEeCTBEHHBII PeCypC O pa3Mepax M OPUEHTAINN 09aroB 3emuierpsicennit. Ompeesenne
mexaran3ma CMT B HacTositiee BpeMsi OCYIIECTBIISETCS I BCex 3emiterpsicennit ¢ Mw > 5,0.
B karasiorax semterpsicennit MarauTyabl, paccantanabie GCMT, umeror coorBeTcTBYyIO-
muii nHAeKe B obosnadenun. Ha ceropusmmmuii nenb karajgor GCMT skiaodaer jgaHHble O
napamerpax 6osiee 40 000 zemuerpsicennii | Woodhouse and Deuss, 2015].

Basa dannvix epemennbir ouazosvir gynkuyut (Source Time Functions
Database (SCARDEC), http://scardec.projects.sismo.ipgp.fr ) — Be6-pecype, comepxa-
[Uit: OTIpeJIeSIeHUsT CEeICMIUIECKOr0 MOMEHTa, MOMEHTHON MAarHUTY/Ibl, MEXaHU3Ma OJara
¥ BpeMeHHOU (DYHKIMHU 0Yara Jjisi CUJIbHBIX 3eMJIeTpsCeHuil. Pacuersl Ipou3BeIeHbI C 0-
Motpio ojaonMenHoro meroga (SCARDEC), ocHOBaHHOTO Ha JIEKOHBOJIIOIAN 00'bEMHBIX
BoutH | Vallée et al., 2010]. BapmanT apromMaTnsanun Metogmkn 66wt mpegoxken B 2011 r. | Val-
lée et al., 2010] u B HacTOdAmEE BpeMsi IPUMEHSAETCS PYTUHHO KO BCEM 3€MJIETDPSICEHUIM
MarHuTyo#l Beirre 5,8, comepxkamumcs: B kKarajiore NEIC-PDE ¢ 1992 r. Basa nannabix
MOCTOSTHHO OOHOBJISIETCS W TIOTIOJIHsIeTCsT Ha cepBepe llapikckoro nncruryta dbusuku 3emin
(IPGP). Hanuble, nauunas ¢ 2014 roga, MoxkHO Bu3yau3upoBarhb Ha BeG-cafite GEOSCOPE.

Ocnosroii niesibio npumenenust meroauku SCARDEC sBiisiercst onepaTuBHOe 10Ty deHue
6oJiee TOYHBIX OIEHOK MOMEHTHBIX MATHUTYJ, OCODEHHO JJIsi TIOBEPXHOCTHBIX CHJIHLHBIX
zemuterpsicernii (¢ Mw > 7,0-7,5, B TOM 4mcjie HOTEHIMAJIBHO Iy HAMUTeHHbBIX ). 3BecTHO,
9TO JJIsl TAKAX 3€MJIETPSICEHNI CTAHOBUTCS CYIIECTBEHHBIM BKJIAJI 09arOBOIO IIPOIECCA, & CAM
ouar He MOXKeT ObITh IIPEJICTABJIEH TOYETHBIM UCTOUYHUKOM (KAKUM OYar 3eMJIeTPSICEHMsT
upescrasiserca B mMeroge GCMT). Takum obpazom, B ormuun or GCMT, B meroze
SCARDEC Bpemennas dyHKIus odara (IpOU3BOHAS CEHCMUYECKOIO MOMEHTa 110 BPEMEHH )
OIIpeJIe/IsieTcs, & He (PUKCUPYETCsi. DTO IO3BOJISET, B TOM YHCJIE, IOJyIUTh [IEPBLIE OIEHKH
TOr0, HACKOJIbKO CTPEMUTEIHFHO ¥ PABHOMEDHO PA3BUBAJICS OYATOBBII IIPOIECC BO BPEMEHU.
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Onenku MoMenTHBIX MarauTys SCARDEC moryTt ormmyarscest ot onenok GCMT na —0.2
MATCHATYIHBIX €IAHAL,

3. Karanoru 3eMiieTpsaceHuil, UX MapaMeTpPbl U XapaKTePUCTUKN

CoBpeMeHHOE yBeInYeHne KOJIMIECTBa CeICMUIeCKIX CTAHIUIT TPUBEIO K HEOOXOIMMO-
CTU MOJIEPHUBAIMY [TPOIecca 0OpabOTKMU CeiCMUIeCKUX JaHHbIX. [lepBoHAYAIBHO, B SIIOXY
YCTAHOBKM OJITMHOYHBIX CTAHNUi (MepBble qecsaTuiieTnss XX BeKa), OCHOBHBIM PE3YJIBTATOM
SIBJISAJICS OIOJIETEeHDb, KOTOPBIH BKJIIOYAJ B cebs nHMOpMAINIO 0 Thre ceficMuaecknx ¢as, Ha-
6JIF0/IaeMBIX Ha 3alliCH, U UX IIapaMeTpax: BpeMeHa BCTYILJIEHHUs], YeTKOCTh BCTYILJIEHUsI, 3HAK
BCTYILJIEHUs, aMILIATY/ 1A, Iepuoji. B 9To BpeMs BecbMa PacIpOCTPaHEHHBIM METO/IOM OIpeie-
JIEHUSI MECTOIIOJIOXKEHUS 3€MJICTPSICEHNUS SIBJISIJICS «METOJ OIIPEIEICHIS [0 OHON CTAHITIIS.
O 1HAKO JTOCTATOYHO CKOPO MPUIILIO IOHUMAHUE, YTO OIOJIJIETEHU C PA3HBIX CTAHIINN JTOJIZKHBI
aHAJIM3UPOBATHCS COBMECTHO, 4TO peasn3oBa Jxk. MuiH, nmojoxus Hadaao MexkiyHapoi-
HoMy ceficmostornueckomy Giosuterenio (International Seismological Summary, 1899-1912),
MIPABOIIPUEMHUKOM KOTOPOTO MPUHSTO CUUTATh MexKIyHaApPOIHBIN CEeCMOJIOTIIECKAN TIEHTD.

B Hacrosimiee Bpemsi 06paboTKa ceficMUYeCKUX JIAHHBIX OCYIIECTBJISIETCS] TOJIBKO II0
ceTu CTAHIMil (PErMOHAIBHON MK TJI00AJILHOI ), UTO HO3BOJIMIIO YJIYUIIUTh TOYHOCTD OIlIpe-
JleJIeHus TUIIOIIEHTPA, a IJIABHOE, aBTOMATU3UPOBAThH caM mpoiecc obpadorku. C apyroit
CTOPOHBI, CTOUT OTMETUTh, YTO CYIIECTBEHHO COKPATHJICS 00beM COXPaHSEeMO MHMOPMAIUU
C UHIUBHIYAJIHHBIX 3alucell, Kak, HApUMep, KaueCTBO BCTYIUIEHUs, TUI (ba3bl (epBbie
BeTyIUleHnsE P He Bcerjja MHTEPIPETUPYIOTCs Kak Pr, Pg), KOJIMYECTBO TeIecefiCMIIeCKIX
da3 u 1. 1. PactipocTpanenuble panee OI0JUIETEHN CefTaC YaCTO CMEHSIOT KATAJIOIH 3eMJIETPs-
CEeHUIi, KOTOPBIE BBIILYCKAIOT CEICMOJIOIMYECKIe areHTCTBA, II0JIyYeHHbIE [0 PA3HOMY HADOPY
HMCXOJHBIX JIAHHBIX. B I11eJIOM MOXKHO CKa3aTh, 9TO COBPEMEHHBIE AJTOPUTMBI 00PabOTKM
CeiCMOJIOTHIECKHX JIAHHBIX SABJIAIOTCS THOKMMY ¥ He YHUMDUITMPOBAHHBIME, ITPOIOJIKAIOT MO-
JIEPHU3UPOBATHCS, & BMECTE C STUM OYJI€T IIPOI0JIKATH BAPhUPOBATHCS U KAYECTBO HTOIOBOIO
pesysbrara — GIJUIeTeHs U/ UiIi KATajora, COOTBETCTBEHHO.

OrmernM, 9TO KA9€CTBO KATAJIOTA 3eMJIETPSICEHUN 3aBUCUAT OT TAKUX (DyHKIMOHATIHHBIX
XapaKTEPUCTUK PErUCTPUPYIOIIEH CeTU M PA3JINYHBIX [TapaMeTpOB, KaK: OCOOEHHOCTH peru-
CTPUPYIOIIEro 060PYI0BaHMs, allepTypa CelCMUYECKOll CeTH, IIPOLEeAy Pl JIOKAuU (B TOM
quciie, CKOPOCTHAS MOJIEJIb) U OIIPEeeJeHNust MAarHuTy L (B TOM YUC/Ie, MOJE/b 3aTyXaHuUs
ceficMuUecKUX BOJIH) U Jp. Bee 9T0, BK/IIOYAs HEOAHOPOIHOCTH BPEMEHN PErUCTPAIN Celi-
CMHUYECKUX CETell, ABJIIeTCd IPUINHON HAOIIOTAEMbIX OTJINYUI B TAHHBIX O 3eMJIETPICEHUIX,
[IPEJICTABJICHHBIX B PA3JIMIHBIX KATAJIOTAX.

OpHOl U3 MEHTPATBHBIX XapPAKTEPUCTUK KATAJIOIOB 3€MJIETPSICEHUI STBJISIETCS MATHU-
TyJla TIpeJICTaBUTENbHON perncrpanuu (npecraBuTesbHas MarauTyaa) Mc [Mignan et al.,
2011]. Maruuryzna Mc upezcrasisger coboit MUHUMAJIbHYIO MAIHUTYJLY, BbIIE KOTOPOH Ha-
JIEXKHO PETUCTPUPYIOTCS BCE 3€MJIETPSCEHUS IJTsT 33 IaHHOM ITPOCTPAaHCTBEHHO-BPEMEHHOM
obaacru [Mignan and Woessner, 2012]. OHa sIBJIsIeTCSI KJIFOUEBBIM [IAPAMETPOM, OTPAYKAO-
MM 3P HEKTUBHOCTD CEHCMUTIECKOH CETH, T. €. €€ PErHCTPUPYIONINX BO3MOKHOCTeH. s
aHa/M3a Karajora crpoar rpaduk nosropsemoctu 3emierpsicennit [ Wiemer, 2000]. Ha nem
3HaveHne Mc GyJieT COOTBETCTBOBATh HAYAJLY ero JuHelHoi yactu [ Vorobieva et al., 2013].
ITo maksony rpaduka mosropsiemoctu (b-value) mesaercst BbIBOL 06 ypOBHE CECMUIHOCTI
perunona. Yem Gosbllie 3HaUeHME MapaMerpa b, Tem GOJIbINE TPOMOPIUS 3EMIIETPICEHU
MaJIbIX MATHUTYJ OTHOCUTEIHLHO OOJIBIINX.

Hpyroit, 1acTo IpoOJIEMHOM, BaXKHON XapaKTEePUCTUKON KATAJIOTOB 3eMJIETPSICEHU
SIBJIIeTC MKaja MaranTy 1. OHa pa3ndaercs BUJOM CefICMUYIEeCKOI BOJIHBI, HCIIOJIb30BAHHON
JJIs ee pacdera.

WNpes orapudMudeckoil mkajbl MArHUTY/] 3eMJIETPICEHUIT ObLIa BIEPBBIE MTPEJIOXKEHA
erme Yapabzom Puxtepom B 1930-x romax Jjist OTEHKY CUJIBI 3€MJIETPSICEHIH, TPOMCXOIATIIAX
B IOxmnoit Kasudopuuu [Richter, 1935]. Ouenka MArHUTYIbI IIPOU3BOAUIIACH C UCIOJIBb30BA-
HIEM OTHOCUTEJIbHO BBICOKOYACTOTHBIX JIAHHBIX C OJIN3JIEXKAIINX CEACMUIECKUX CTAHITAIA.
Taxkas mkaja obo3nadanach My, e L MapKupyeT JIOKAIbHYI0 MAarHuTyLy. BriociaencTsun ee
cTaJu Ha3blBaTh MKayoil Puxrepa, wim sokanbHoil (peruonanbuoit) maruuryoit. C passu-
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THEM CeHCMUYECKHUX CETell CTajlo OY4EBHIHO, YTO pa3paboTanHas PUXTepoM IKaJia MarHUTYL
JIEHCTBUTEIbHA TOMBKO JIJIST OTIPEIeJIeHHbIX TUATIA30H0B MATHUTY.L U paccTosauit | Richter,
1933).

B umciio mambosiee pacrpocTpaHEHHBIX B HACTOsIEE BPEMs THUIIOB MAarHUTY/I, OIpe-
JIGJIAEMbIX BEJYIIMMU MUPOBBIMU CEICMUYECKUME areHTCTBAMHU, BXOJAT BBEJICHHbIE Beno
Cyrenteprom B 1945 r. [Gutenberg, 1945]:

— Ms — MarHuTya 1o IMOBEPpXHOCTHBIM BoyiHaM Penes u JIsBa;
- mb — MarHuTyJia 110 0O'beMHBIM BOJIHAM.

Heobxomnmo oTMeTnTh, 9TO B CBOMX paborax ['yTeHOepr mepBOHAYAIBHO CTHIKOBAJI
mKkajasl Ms u mb ¢ My rtak, arober npu M; = 5,0, Ms u mb makxke Obuin paabl 5,0.
Tak peasm30BbIBAIACH UJEs TPUBECTH PECHOHAJBHBIE U TEJIECEHCMUYECKUE MATHUTYIbI
K eauHoil mkase. OgHAKO ObLIO OOHAPYXKEHO, YTO IIKAJbI O-PA3HOMY XapaKTEepHU3YIOT
pa3HbIe AUATA30HBI MATHUTY/I.

- Mw — MoMeHTHasT MArHUTY/Ia, ipeyioykeHa Xupo Kanamopu B 1977 . OHa ocHOBaHa Ha
CefiCMIIeCKOM MOMEHTe 3eMJyieTpsicenust. Mw HaunboJjiee TECHO CBSI3aHA C SHEPIHUeil, BbI-
JIeJIUBIIeCS IPU 3eMJIETPSICEHNN, U JaeT OoJiee HAJIeYKHBIE OIEHKHU JJI OYeHb CHUJIBHBIX
semsterpscennit [Kanamori, 1977|.

B nepsbie roap! mocsie BBeieHUs MATHUTYABI M w MOSBUINCH HAJIEXKIBI, IYTO OHA CTAHET
YHUBEPCAJIbHOI MarHUTYJHOU mKasoii. OJHaKo, pe3yJbTaThl MOCAEIHUX uccyeaoBanuii [Di
Giacomo et al., 2021] 10Ka3BIBAIOT, YTO MIUPOKOE IpUMeHeHne Mw Bee elle He MO3BOJIHIIIO
Ha BCEM JIMAlla30HE MArHUTYJ, IIepeiTh K OJHOPOJAHON yHUBEPCAJIbHOU MAIrHATY/IHON IIKaJe,
bazupyroreiica va Mw.

B CCCP 6bu1a mmmpoko paciupocTpaHeHa OIeHKA SHEPreTUIeCKOro KJiacca 3eMJIeTPsI-
cenusg — K, nmpemioxkennas B 1964 T. I'. Paytuan xKak jJecaTuaHbIi JorapudmM SHEPTHH,
BBICBOOOIUBITIENCS ITPU 3€MJIETPSICEHUH. JHEPTeTUIECKHN KIIACC ABJIAETCS yIO0HBIM ITapaMeT-
pOM JJisi CJIAOBIX M CPEIHUX 3€MJIETPSICEHUN M MOXKET JIETKO OBITh IePeCYNTaH B MATHUTYILY
¢ IOMOIIBIO cooTBeTCTBYONMX dopmya [Rautian et al., 2007]. OneHka CHIIBI 3eMIIETPSICEHMI
B 9HEPreTUIECKUX KJIACCAX 0 CHX IOD IPOBOIUTCS HA Teppuropuu Poccum u B mocrcoBer-
CKOM ITPOCTPAHCTBE.

IL1aHUpPOBAIOCH, UTO OIEHKA SHEPTETUIECKOTO KJIACCa CTAHET (PUBUTECKUM TapaMeTPOM
BMecTO Ge3pa3MepHoii onerku MarauTyapl. Onuako B [A6ybarxupos u dp., 2018] GbuI0 TOKA-
3aHO, YTO, HECMOTDSl HA TECHYIO CBsI3b ¢ (DU3MIECKUM [apaMeTpoM (dHeprueil ceficMuIecKux
BOJIH), OIIEHKHU KJIacCa, [0 CYTH, SBJISIOTCS TAKAMHU YK€ OICHKAMEI MATHUTY/I.

4. NaTerpupoBaHie KaTaJIOroB 3eMJIeTPICEHMIT

O1HOI 13 6A30BBIX COCTABJISIFOIIUX CEHCMUYECKOIO PAOHMPOBAHUSL SIBJISIETCS UCIIOJIB30-
BaHUE ONTHMAJIBLHOIO, IPEICTABUTEILHOIO KATAJIOTa 3eMJIETPSICEHUN UCCIEIYEMOr0 PErHOHA.
OpHako B CHUTy Pa3jMYHBIX KOH(UTYpPAIWii MOHUTOPUHTOBBIX CETENl M METOI0B 00pabOTKMI
3anuceil ceficMUIeCcKne areHTCTBa MOTYT IIPONYCKATH (He PErMCTPUPOBATH) 3€MJIETPSICEHMUs],
KOTOpBbIe 3abUKCUPOBAHBL (JIOKAIN30BAHbI) CETSMU JAPYIruX areHTcTB. [Ipu sToM nrdopma-
s O CJIabbIX COOBITHSX COCPEIOTOYEHA IMPENMYIECTBEHHO B PDErMOHAJBHBIX KATAJIOTaX.
Takum o6pazom, HauboJIee MOJHY0 HHMOPMAIMIO 000 BCEX ITPOU3OIIEIIINX 3eMJIETPSICEHIIX
MOKHO TIOJIY9IUTh TOJBKO MHTETPUPOBaHNEM (OObeINHEHNEM ) HECKOIBKUX CYIECTBYIONIIX
JIJIs1 9TOTO PErnOHa KATAJOTOB B e€anHbIi. Takoe 00beInHEHe CEeHCMIIeCKIX TAHHBIX U3 Pa3-
JIMYHBIX JOCTOBEPHBIX UCTOYHUKOB MTO3BOJISIET YBEJIUYINTH MOJHOTY U IPEICTABUTETLHOCTD
ceficMUIeCKUX COOBITUIT B MHTEIPUPOBAHHOM KaTAJIOre 3eMJIETPSICEHMIT.

B mporecce obbeannennst KaTaJaoroB 3eMJIETPSICEHII HEOOXOIMMO BO3HUKAET 38,18~
4ya UAeHTUMUKAIUT U yAaJIeHus 00pasyomuxcs ayoJeii (3anuceii, B OJHOM UM PA3HBIX
KaTaJorax, BO3MOYKHO OTHOCSIIUXCST K OJHOMY COOBITHIO). JIJIsi Tiesielf MHTerpupoBaHmst
(cucremuOro 06beMHEHNs) KATAIOr0B 3eMierpscenuit B | Vorobieva et al., 2022] 6puna co-
3maHa GopMaIn30BaHHAST METOIUKA, MCIOJIB3YIOMAas aBTOPCKYI0 MOIUMUKAIINIO METOIA
Gamkaiimero cocena |Zaliapin and Ben-Zion, 2013; 2016]. OTmernm, 910 0COGEHHOCTH
coznannoro B | Vorobieva et al., 2022] MaTeMaTHIeCcKOro MeTO/Ia 3aKJIIOUAETCS B TOM, ITO
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OH JIaeT BO3MOXKHOCTH Pa3/IeJIsATh BOZHUKAIONHE Jy0sn 1 adTepIoOKU ¢ BBICOKAM YPOBHEM
nocroBeproctu. [lociennee sBisercst CJI0XKHOI 3ajadeil paco3HaBanusi 06pa3os, T. K. U Te
U JIPYTHE SIBJISIIOTCST COOBITUSIME, OJTM3KUMU B IIPOCTPAHCTBE W BPEMEHH.

Db dbeKTUBHOCTD UCTIOMB30BAHUST CO3AHHON METOIMKY IPOJIEMOHCTPUPOBaHa B | Voro-
bieva et al., 2022] na upumepe obbemunenus karajioroB ANSS u JMA adrepuiokosoit
HOCJIEIOBATEILHOCTH ANOHCKOro 3emyierpsicenus Toxoky 2011 r. [Ozawa et al., 2011]. Boibop
obbenunseMbix B | Vorobieva et al., 2022] monkaTanoros ceificMIIeCKUX COOBITHN CBSI3QH
C CYIIECTBYIOIMIUMHI Y MHOTUX CEHCMOJIOTHYECKUX CeTel CJIOKHOCTSIMU PETUCTPAIINN PDAHHIX
adrepriokos. [locnennue comepxkar BaskHy0 HHGOPMAIUIO 0 (DUNIECKUX MEXAHU3MAX, Jie-
JKAIIX B OCHOBE BOBHUKHOBEHUSI 3eMJIETPSICEHUIN M MOCTCECMUYIECKOil JiechbopManum BOKpYT
30HBI pas3JjiomMa. 1o nroram mHTErpupoBaHus JaHHBIX B Karajore ANSS 6bLI10 06HAPYKEHO
6ostee 700 cobbITHit, oTcyTCTBYOMUX B Karajore JMA. BosbmuHCTBO U3 HUX TTPOU3OIILIO
B Havajie adTEPITOKOBOM ITOCJIE0BATEILHOCTH 3eMIETPsICeHsT TOXOKY.

B 20212023 rr. B [Guishiani et al., 2022; Vorobieva et al., 2023a,b] A. 1. T'eumnanmu,
II. H. le6amunabiv, 1. A. Bopobbesoii, b. A. /I3e60eBbIM 1 MX COABTOPaMU BIEPBbLIE
cO3/1aH HamboJIee MOJHBIN U MIPeICTABUTE/IbHBIA WHTEPAIbHBIN KATAJIOr 3€MJIETPICEHU
Apkruueckoii 3oubr Pocentickoit @eneparin (ASPD), Britouasi CpeMHHO-OKEAHNIeCKIe
xpebrol Nakkesst u Kuunosnua, a rakxke apxunesar [HnunGepren (puc. 6). B unrerpaisuom
KaTaJore BIEPBbIE BLITOJHEHA YHIU(DUKAIMA MATHUTYTHOHN mKaJibl. Karajor BriodaeT B cebst
HHTEIPUPOBAHHBIE JTaHHBIE O 3eMJIETPSICEHUSIX U3 pernoHajibHbIX KaTajoros OUIT EI'C PAH
(dAkyrus, Cesepo-socrok Poccuu u Yykorka, Kamuarka, Apkruka, Bocrouno-Esponeiickas
wiardopma u Hlnunbepren), peruoHaIbHOrO Karajora ApXaHreabCKol ceficMUYecKoi ceru,
PeruoHaJIbHOTO KaTajiora 3amnaqHoro cekropa ASP® [Moposos u dp., 2023] u nanueix ISC.

Karasor comepxkut madopMatmio o 45 793 ceficMuiaecknx cOOBITHSX 3a mepuosr 1962—
2022 rr. On omybGJIMKOBAH B CBOOOIHOM JIOCTYIIE Ha caiite MUpOBOTO IeHTpa JAHHBIX 110
dbusuxe rBepaoit 3emsn (http://www.wdcb.ru/arcticantarctic/arcticseism 4.html, mara
obparmennst: 26.12.2023). Heo6xoM0 OTMETHTB, UTO B IIpoOIecce COOPKU 0O'beMHEHHOTO
katasora reppuropusd ASP® 6buia pasbura na tpu yactu (I — Bocrounstit cexrop |Guishi-
ani et al., 2022]; II — Banagusiit cekrop [ Vorobieva et al., 2023a]; 11T — xpebrbr Takkesst
n Kunnosuua, apxunesar [Inuntepren [ Vorobieva et al., 2023b]). Ha nepsom srame o6b-
e/lMHEHHbIe (MHTErpaJIbHbIE) KATaJIOTU CO3/aBaJIICh OTIEIbHO JIJIs KaXKJION U3 9TUX TPeX
qacreii ABP®. Bo-niepBbix, 5T0 OBLIO CBSI3aHO KAK C MPOCTPAHCTBEHHBIM Pa3Jie/IEHUEM
ceiicmuanoctr B A3P®, Tak u €O CJIOKHOCTBIO ITOCTPOEHHS BO BCEM PErHOHE KOPPEJISIINOH-
HBIX COOTHOIIEHUIT MEXKJIy PA3IUIHBIMU MATHUTY/IAMU C TEJIbI0 YHUMDUKAIIMT MATHUTYIHON
mKkaJbl. Bo-BTopbix, Takoe pasneienne A3P® ObL10 TPOJUKTOBAHO, B TOM YHCJIE, PA3HO-
00pa3ueM U CJ0KHOCTHIO TEKTOHUIECKUX CTPYKTYP, BKIIIOUAONUX rpaHully KBpasuiickoii
u CeBepoaMepUKAHCKOM ILIUT.

B 2024 r. . A. Bopo6wesoit, A. /1. I'summuanu, B. A. /I3e6oessim u B. B. JI3epa-
HOBBIM B [Vorobieva et al., 2024] 6b11 cosznan Haubosiee MOJHBIA U IIPEJICTABUTEIbHBIH
MHTErpaJIbHBIN KaTasor 3emierpsicennii OceTnHckoro cekropa Bosbioro Kaskasza ¢ yuu-
dunuposannoii MaruuTyaHON Mmikanoil. Karasor npejacrasisier co6oii oobeaunenue (MH-
TerpupoBaHue) JIAHHBIX O 3eMierpscenusnx u3 kKarajoros @UIT EI'C PAH (Kaskasz, Ce-
BepHbiit Kakas n I'pysust), karamora Kaskasa, mojarorasiusaemMoro patnee VHCTUTYTOM
reocpusuku AH I'pysunckoit CCP, u karasora ISC. uTerpupoBaHHbIii KATAJIOT COAEPIKUT
undopmanuio o 16 285 cobbiTusax 3a mepuog, 1962-2022 rr. ABropckast yHupUIUPOBAHHAS
MarHUTYIHAs [IKAJIA, CBEIeHHasi K «proxi-Mws, siBjasiercss ogHOpoaHoil. Karajor BbLIo-
JKeH B OTKPBITHII JI0CTyI Ha cafite MUpoBOro meHTpa JaHHBIX 10 (DU3NKE TBEPIoi 3eMJin
(http://www.wdcb.ru/sep/seismology/Ossetia/Ossetia.html, nara obpamenuns: 26.12.2023).
OrMmeTnM, 9TO B pe3yJbTare CO3/[aHUs NHTEITPUPOBAHHOIO KATAJIOra CYIECTBEHHO IIOIOJIHE-
HO HavaJ0 adTePITIOKOBOI TTOCTeI0BaTeIbHOCTH PatnHckoro 3emyerpsicenns 29.04.1991 1.
¢ M =7,0 [Apegves u dp., 20006], siBistromerocs: CUIIbHEHIIUM 3apPEerUCTPUPOBAHHBIM Ha,
Kasxkage.
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Puc. 6. O6bequaennbIil KaTajaor 3emierpscennii Apkrudeckoii 3oub1 Poccuiickoit @eneparun.
I — Bocrounsrii cexrop; II — Banaausrii cexkrop; I1I — xpebrer [akkenss u Kaunosuya, apxumnenar

Iaunbeprex.

5. O6cyxmenmne

B craTbe npejsicraBieH 0630p OCHOBHBIX MUPOBBIX U KPYITHBIX HAITMOHAJBHBIX CEHCMO-
JIOTUYIECKUX areHTCTB 1 (PYHKIIMOHUPYIOMMX IO X yIPABIECHUEM CEHCMUIECKUX CeTei
U IIEHTPOB JAHHBIX. Takske B 0030pe pacCMOTPEHBI 6a30BbIe XapaKTePUCTUKMU, OIPEIEISIIONTTE
KPUTEPUN KavYeCcTBa KaK 3aluceil O CeHCMUYIECKUX CODBITHSAX, TaK U KATAJOIOB 3eMJIETPsICe-
auit B 1iesioM. HeobxoammMo oTMeTHTh, ITO OJaroapss MEXK/IyHAPOIHOMY COTPYIHUIECTBY
CeCMOJIOTHIECKOTO COODIIECTBa B MTOCTEIHNE JECITUICTHST HAYAI AKTUBHO Pa3BUBATHLCSI
[poIIecC TJIO0AIM3AINH, BHIPAYKAIOIIUICA B TOM, YTO OJHU U Te Ke CeiCMUYIeCKNe CTAHIIUN
BXOJIIT B COCTaB pasHbIX cerell [suwuanu u dp., 2022|. Hanpumep, oxono 30 cranmmit
cetu GSN ognOBpemenno BxomsaT B coctaB cetu CBTBO, a 12 asistiorcst 9acTbio cetn
OUIL EI'C PAH.

Bompoc cranmapTusaliiyn mosiBJIeHUsT COMPOBOK/TAIONIe nHMOPMAIUNA O pabOTAIONINX
¥ TOSIBJISTIOTIIUXCSA CEMCMUYIECKNX CETAX JIO0 CHX IMOP OCTAETCsT OTKPBITHIM. HecmoTpst Ha
nocrynatonue Haunaas ¢ 1912 1. (B. Tonmnun) npemioxKenus 0 CO3JaHUU PACIITUPEHHO-
ro nacropta ceficmuueckoii cranuuu [Haslinger et al., 2022], 0cobeHHO aKTyaJbHOTO JJIst
BO3MOXKHOCTH aHAJU3UPOBATDH JaHHbIE TPUOOPOB PETUCTPAINN CUAbHBIX JBMKEHUIT, U MTPH-
CBOEHHE YHHKAJIbHBIX KOJOB ceficMuueckuM ceram [Suarez et al., 2008], e Bcerma ymaercst
BOCCTAHOBUTH HEOOXOAMMYIO MH(MOPMAIINIO, HAIIPUMED, O CKOPOCTHOM CTPOEHUM BEPXHUIX
30 M moj craHumeii, o mepeHoce cTaHUU (IyCTh W HE 3HAUUTENBHOM, TO €CTh JI0 1 KM),
3aMeHe TUIa OOOPYIOBAHUS WJIM CIIOCOOA yCTAaHOBKH U T.1. K coxKajeHuio, 9TH 3aJa49u
MIPEJICTOUT PEIMIATh PETPOCIEKTUBHO.

IIpobaema cTaHgapTU3AIMET KACAETCs He TOJBKO CEHCMUIECKUX CeTel, HO U UTOTOBOTO
pe3ysibTaTa — KaTaJaoroB 3emierpscennit. VlcTopust MHCTPYMEHTATBHBIX CEHCMOTOTTIECKIX
HaOJII0/IeHNT HACIUTHIBAET y2Ke DoJjiee BeKa. 3a 9T0 BpeMsi KOJUIECTBO CEHCMIIECKUX CTAHITHIA
BO BCEM MUPE BBIPOCJIO JI0 HECKOJIBKUX JIECATKOB ThiCsid. OT CeiicMOJIOrOB-IIHOHEPOB, CO3/Ia~
BABIMNX W PA3BUBABIINX MEPBbIEe MOHUTOPUHTOBBIE CETHU, CECMOJIOTHAS TIPUITLIA K COTHIM
MEK/TyHAPOIHBIX, HAIMOHAJBHBIX W PETMOHAJIBHBIX CEICMOJIOTNYECKUX ar€HTCTB U IEHTPOB.
Ha ¢one Takoro 6ypHOro u CTpEeMUTEILHOTO Pa3BUTHs BCE €Ille OCTAeTCs aKTYaJIbHON U He
JI0 KOHIIa Pa3pelIeHHO 3a1a49eil — cOo3/jaHue, Jijid KOHKPETHOIO CeiCMOaKTUBHOIO PErdOHA,
HanboJIee TMOTHOTO TMPEACTABUTEILHOTO KATAJIOTa, 3EMJIETPSICEHUI ¢ OMHOPOIHON MarHUTYIHOMN
mkasoil. Kak yske 6b110 ormedeno B paborax [Guishiani et al., 2022; Vorobieva et al., 2013;
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Vorobieva et al., 2024; 2022; 2023a,b] GbLI ceial CyIECTBEHHBIH AT BIEpe] B IIPOIECCce
peIleHnst 9TON BaXKHOH MPOOJIEMBI CEICMOJIOTUU U OIEHKH CEHCMUIECKON OIAaCHOCTH.

Ha rimobanbaoMm yposHe 3amady pemaer [SC myreMm oObeIuHEHNs JAHHBIX O ceificMumde-
CKHUX COOBITHSIX OT MHOYKECTBa MUPOBBIX cereil n arenTcTB. [ISC Ha meproanaecKkoii 0CHOBe
dopmupyer BoiBepennbiii Grosuterens 3emiierpsicennii (Reviewed ISC Bulletin). B nporecce
ero (hOpMUPOBAHUS ABTOMATHIECKUH AJITOPUTM PeIaeT, Kakne coObiTus B 6aze manabrx 1SC
3aC/IyKUBaIOT paccMoTpenus: aHaautukamu [SC. Pemrenne ocHOBBIBaeTCsl Ha MAKCHMAaJIbHOM
3HAYEHUN U3 BCEX 3aPETUCTPUPOBAHHBIX MATHUTY, JJIA JAHHOIO CEICMUYECKOr0 COOBITHS.
Heob6x01mMo 0oTMeTHTh, 9TO MPOXOAAT IPOBEPKY BCe 3emyerpsicenus: ¢ M > 3,5, cobbrTust
¢ 2,5 < M < 3,5 mpoBepsiorcst BLIOOpodHO, a ¢ M < 2,5 — He paccmarpuBaioTcs. OOBIYHO
aHaJUTUKK nepecMarpuBaiorT npumepno 20% Beex cobbituii B 6ase mannbix ISC — B Ha-
crostmee Bpems oT 3500 mo 5000 B mecsitt. PaboTa BeITOTHSIETCS € 3a/1€PKKOii, IPUMEPHO,
24 Mecsria, 9Tob6bI 00eCIeYnTh HAnboJIee MOJHBINH cOop MHPOPMAIIUA OT CeTeill U IEHTPOB
006paboOTKM! JIAHHBIX II0 BCeMy MHUPY. TaKoil MOIX0 TrapaHTUPYET BBICOKOE KAdeCTBO IIPO-
BEJICHHOTO aHAJIM3a W [IOJIyYeHHOro pedyibraTa. B To ke Bpems karajor ISC mocrymaer
¢ OOJIBIIUM 3aI03/IaHUEM. JTO HE TIO3BOJISIET HUCIIOJIb30BAThH €r0 B UCCIEIOBAHUSX, TPEOY-
IOIIUX PE3YJIbTATOB B TEKYIIEM BPEMEHU, WJIU JIayKe JIOCTATOYHO OIEPATUBHO. BoJjiee Toro,
ISC ne paboraer ¢ BoJHOBBIMU (DOpMaMU, a 3HAYUT KadecTBO KarajgoroB ISC Bcerma Gyer
OrPAHUYIEHO KAYECTBOM IOCTYIAIONINX OIOJIIETEHEN OT PA3JIMIHBIX areHTCTB.

Kak cremyer uz [Guishiani et al., 2022; Vorobieva et al., 2024; 2023a,b|, uadopmanust
0 cjabbIX 3eMJIETPACEHUSX OOJIBbIIEeHl YaCThIO COMEPKUTCH B PErHOHAJBHBIX KATaJIOraxX.
Hamnpuwmep, B karasmore ISC orcyTcTByeT 1esiblit psij cOObITHI, HHMOPMAIIAA O KOTOPHIX
nmMeercs B perumoHaibHBIX KaTajgorax @UIL EI'C PAH. Takum 06pa3oM CHCTEMHBII TOIXO/,
npesioxkennubiit B8 | Vorobieva et al., 2022|, saasiercst 3pHeKTUBHBIM WHCTPYMEHTOM JIJIsT
CO3J[aHUs IIPEJICTABUTE/IbHBIX KATAJIOI0B 3eMJIETPACEHNU T ¢ yHUDUIMPOBAHHOH (aBTOPCKOIA)
MarHATYIHOI IIKaJION.

OrMmeruMm, 9To (popMUpOBaHUe HauboJIee MOJHBIX O0bEeMHEHHBIX KATaJIOIOB, COIEP-
2KAIMUX BCIO U3BECTHYIO MHMOPMAIUIO O CJIAOBIX 3€MJIETPSCEHUSX, HO3BOJIUT IIOJIYYaTh
JIOKAJIbHBIE OIEHKU KOI(MMUIMEHTOB 3aKOHA TIOBTOPSIEMOCTH U MAPAMETPa 3aKOHA POy K-
TUBHOCTH 3eMieTpsicenuii [Shebalin et al., 2020]. DTu oreHKH GYyT ONpPEIESITh PErHOHAIBHO
IIOBTOPSIEMOCTH COOBITHI PA3HON CHJIBI, DAJTAHC MEXKIY KOJIUIECTBOM OOJIBIIUX M MAJIBIX
coOBITHI M (PPAKTAIBHYIO PA3MEPHOCTDh HOCUTEIS CeHCMUIHOCTH. Bee 910 MOXKeT 103BOIUTH
YTOYHUTH OIEHKHN CEHCMUYECKON OIMMACHOCTU W celicMuyuecKoro pucka. llociiegaee BaxxHO
JJ18 ONTHMU3AIIN BO3MOXKHBIX SKOHOMUYECKHUX ITOTEPH U 3aTPAT HA MEPOIPUATHUS 110 UX
[IPEIOTBPAIIEHUIO.

Baaromapraoctu. Pabora BbioJiHEHa B paMKaxX IOCYJapCTBEHHBIX 3ajaHuii [eodusmnye-
ckoro nearpa PAH, Uucruryra dpusuku Semiu um. O. FO. MImuara PAH u UacTuryTa
TEOPUU MPOrHO3a 3eMJIETPSCeHn U MareMmaTudeckoit reodusnkn PAH, yTBep:k1eHHBIX
Munobpuayku Poccun.

B pabore ucnosib3oBaauck gaHHbE U cepBUCHI, IpegocTaBiennbie [TKIT «Anaauruye-
CKUil IIEHTP IreOMAarHUTHBIX JaHHbIX» [eodusngeckoro neurpa PAH (http://ckp.geras.ru).
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BY scale by integrating data from international, national and regional catalogs in the studied region is
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