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Abstract: The study of the vertical distribution of methane dissolved in water and related parameters
(water temperature and salinity, dissolved oxygen concentration) was carried out in 2021-2023 at
the offshore carbon supersite Rosyanka in the Gdansk Deep of the Baltic Sea. Measurements with
such frequency (a total of 16 surveys) were carried out in the region for the first time. Methane
concentrations varied over a fairly wide range (0.000-1.122 pmol/L), and increased with depth,
which is a typical distribution for the Baltic Sea and is associated with the vertical stratification
of the water column. Single maximum values were characteristic of the layer extending from the
bottom to the upper boundary of the halocline, which indicates the flow of methane from bottom
sediments into the water column. In the near-surface layer (5-15 m), a weakly pronounced peak in
methane concentrations was observed, which is a manifestation of the “oceanic methane paradox”.
No pronounced seasonality was detected in the vertical distribution of dissolved methane; the

correlation between temperature, salinity, oxygen, and methane content turned out to be low.
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Introduction

According to [IPCC, 2023], global surface temperature in 2011-2020 was around
1.1°C higher than in 1850-1900 (1.09 [0.95-1.20] °C), with larger increases over land
(1.59 [1.34-1.83] °C) than over the ocean (0.88 [0.68 up to 1.01] °C). The observed warming
is caused by human activity: warming from greenhouse gases, dominated by carbon dioxide
and methane, is partially masked by aerosol cooling.

Many environmental changes caused by past and future greenhouse gas emissions are
irreversible on timescales of centuries and millennia, especially in the ocean, ice sheets, and
global sea level. Ocean acidification, ocean oxygen loss, and global average sea level will
continue to rise into the 21st century at rates dependent on future emissions. Issues related
to reducing anthropogenic greenhouse gas emissions and climate conservation occupy an
important place on the agenda of most world powers, including the Russian Federation,
which was documented through the adoption of the Paris Agreement [Voigt, 2023]. The
market for greenhouse gas emission quotas, which emerged after the entry into force of
the Kyoto Protocol, provides for taking into account not only emissions, but also carbon
absorption (sequestration), which allows Russia to enter it as a supplier of carbon units.
In this regard, in 2021, a network of so-called carbon supersites is being created in Russia
to develop and test technologies for monitoring the carbon balance, as well as assessing the
state of natural systems, the quality of water resources and other parameters [Bashirova
etal., 2023].

At the end of the last century, the main sources of atmospheric methane were the
following [Heilig, 1994]: emissions as a result of anaerobic decomposition in 1) natural
wetlands; 2) rice fields; 3) emissions from livestock production systems (including inter-
nal fermentation and animal waste); 4) biomass burning; 5) anaerobic decomposition of
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organic waste in landfills; and 6) fossil methane emissions from fossil fuel exploration
and transportation. In the modern world, the problem of global climate change cannot
be solved without quantitative assessments of methane flow from the ocean. According
to various estimates, the effective contribution of methane flux from the ocean surface to
global emissions ranges from 0.005 to 3% [Cicerone and Oremland, 1988; Conrad and Seiler,
1988; Reeburgh, 2007b; Kirschke et al., 2013] or from 5 to 25 million tons/year [Saunois et al.,
2016; Weber et al., 2019; Bange et al., 1994]. Discrepancies in flux estimates may be due
to insufficient knowledge of the biogeochemical cycle of methane in the ocean [Lein and
Ivanov, 2009]. In the last quarter of the 20th and first quarter of the 21st centuries, methane
research developed mainly in two directions: assessment of distribution in the main ocean
reservoirs — bottom sediments and water, as well as the development of molecular biological
and isotope methods.

This study aims to study the variability (monitoring) of the vertical distribution of
methane in the water column in the south-eastern part of the Baltic Sea in 2021-2023.
In 2021, the offshore site of the Rosyanka carbon supersite was opened [Bukanova et al.,
2022], where research was carried out.

Study area

The carbon supersite is located in the territorial waters of the Russian Federation, the
sea depth is 64-87 m, and the area is influenced by the flow of the largest river in the region
Vistula, as well as in close proximity to the outflow of the Kaliningrad Lagoon and the
Pregolya River. The location of the offshore carbon supersite in the South-Eastern Baltic
Sea (Figure 1) is determined by the following factors:

* an unprecedentedly high level of water eutrophication, and, as a consequence, high
rates of primary bioproduction and phytoplankton biomass [Kudryavtseva and Aleksan-
drov, 2019]. On a global scale, a pronounced regional maximum in CO; sequestration
due to photosynthesis is observed in the Baltic Sea. The intensity of photosynthesis is
highest in the southern part of the sea, where the offshore site of the carbon supersite
is located [Mosharov et al., 2022, 2024];

*  closeness of the gassy sediments area which influences the methane distribution in the
water;

* transboundary of the sea and high anthropogenic load [Ulyanova and Danchenkov,
2016]).

The semi-closeness of the Baltic Sea and the episodic influx of salty North Sea waters
through the Danish Straits [Mohrholz, 2018] lead to significant stratification of the water
column (warm and fresh surface waters, cold and fresh intermediate waters, cold and salty
bottom waters, as well as two transitional water masses [Rak, 2016; Krechik et al., 2017] and
limited vertical mixing. The development of a noticeable redox shift (from oxygen to sub-
or anoxic conditions) and the formation of biogeochemical conditions for the existence of
methanogenic bacteria and anaerobic oxidation of methane is typical for the Baltic deep
basins [Nausch et al., 2016; Kanapatskiy et al., 2022]. The Gdansk Deep is characterized by
the occurrence of periods of stagnation of water, which are renewed during large Baltic
inflows (Major Baltic inflow) of salty, oxygenated water from the North Sea [Elken, 1996;
Piechura and Beszczynska-Moller, 2003; Markus Meier, 2007]. Surface sediments of the
Gdansk Deep, located in predominantly stagnant conditions, have been studied from the
point of view of the distribution of organic matter and diagenesis processes. In the center
of the Gdansk Deep, geochemical studies of pore waters and seismoacoustic studies of the
seafloor reveal large areas with high concentrations of dissolved and free gas occurring
in an organic-rich layer of post-glacial sediments [Majewski and Klusek, 2011; Brodecka
et al., 2013; Ulyanova et al., 2013; Jasniewicz et al., 2018]. Methane, being part of the
organic carbon cycle, participates in biogeochemical processes occurring in silty sediments.
The relevance of studying areas of distribution of gas-saturated sediments is due to their
important role as a source of methane as a greenhouse and media-forming gas for the water
column and atmosphere.
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Figure 1. Scheme of the monitoring station (carbon supersite) location in the South-Eastern part of
the Baltic Sea. Isobaths are lined every 20 m.

The high productivity of the South-Eastern Baltic Sea waters, combined with a sig-
nificant supply of allochthonous organic matter [Mosharov et al., 2022], promotes intense
microbial processes of destruction of organic matter in the sediments. The terminal phase
of decomposition of organic matter under anaerobic conditions with the participation of
sulfate reducers and methanogens is accompanied by the formation of a significant amount
of biogases — hydrogen sulfide and methane [Geodekyan et al., 1989, 1990]. In the Gdansk
Basin, the area of silts with contents of more than 1% (up to 5% in the surface horizon
0-5 c¢m) of Corg is confined to silts of Gdansk Deep [Emelyanov, 2002].

The Baltic Sea is among the seas with the fastest warming in the world in recent
decades. Linear trends of seasonal and interannual sea surface temperature increase
for 2003-2012 in the open part of the South-Eastern Baltic is estimated at a rate of
0.70 + 0.27 °C/decade [Bukanova et al., 2015] and 0.01 °C/year for 2005-2019 [Stont et al.,
2015, 2020]. These changes affect biogeochemical conditions, such as euxinic areas (lack of
oxygen and increased levels of free hydrogen sulfide), as well as pelagic and bottom marine
ecosystems, where methane conversion processes are active.

Two barriers limiting the release of greenhouse gases from marine basins are anaerobic
and aerobic oxidation in sediments and the water column [Reeburgh, 2007a,b] and limited
vertical mixing in the density gradient zone, which often leads to the accumulation of gases
in deeper parts of the water column [Genitz et al., 2014]. The latter barrier is especially
important in the highly stratified Gdansk Deep [Jakobs et al., 2014].
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Materials and methods

The research was carried out at station located in coordinates 54°43.20’ N, 19°34.80’E
in different seasons 2021-2023 (Table 1). Each survey included vertical hydrophysical
sounding and water sampling.

Table 1. Surveys dates

2021 2022 2023
28.04.2021 02.03.2022 26.04.2023
30.06.2021 28.04.2022 09.05.2023
29.08.2021 28.06.2022 10.07.2023
01.10.2021 12.07.2022 16.08.2023
30.10.2021 23.08.2022 22.11.2023

05.11.2022 20.12.2023
24.12.2022

Vertical hydrophysical sounding (temperature, salinity, pressure) was carried out each
survey using SonTek CastAway and Sea&Sun Technology CTD 90M probes.

Water sampling from various horizons (0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, above thermo-
cline, under thermocline/above halocline, under halocline, 10 m above bottom, 4 m above
bottom, 1 m above bottom) was carried out using a 5-liter Niskin bottle. Total number
of samples was 200 probes. Samples for dissolved gases were taken immediately after
lifting the bottle aboard the vessel. The sampling discreteness for oxygen determination
did not always coincide with the sampling discreteness for methane. Determination of the
concentration of dissolved oxygen was carried out by the Winkler titrimetric method using
a manual titrator-dispenser Aquilon ATP-1D. To determine methane, water was poured
through a silicone tube into penicillin vials with a volume of 25-30 ml, with a fixative
(dry KOH) previously placed in them to suppress microbial processes. Then, using a special
plexiglass dispenser, the same volume of water (3 ml) was squeezed out of the vial, and
closed with a gas-tight butyl rubber stopper and rolled with an aluminum lid. The gas
phase in head-space consisted of air. Samples in penicillin vials were stored upside down
and transported to the coastal laboratory at a temperature of +4 °C. Gas components in
seawater samples were determined on a Crystallux—4000M chromatograph using the phase-
equilibrium degassing method, the so-called headspace analysis [Bolshakov and Egorov,
1987]. The measurement of methane content on a gas chromatograph is performed with an
error of 2%. A standard sample of artificial gas mixture in helium was used for calibration.

Results
Interannual vertical variability of dissolved methane concentrations
2021

The following methane concentrations were measured in 2021: min 0.000, max 0.173,
median 0.002 ymol/L. In April, the distribution of methane in the 0-25 m layer was
generally uniform (Figure 2). At a horizon of 10-15 m, a slight increase in gas concen-
tration to 0.003 pmol/L was noted. In the near bottom layer, the methane concentration
increased by an order of magnitude — to 0.087 pmol/L. In June, the vertical distribution
of methane was typical for the open sea: a minimum value of 0.001 pmol/L was observed
at the surface, and with increasing depth there was an increase up to a maximum at the
horizon of 15 m (0.005 ymol/L); in the near bottom water, methane concentrations reached
0.032 pmol/L at a depth of 4 m above the bottom and 0.173 ymol/L directly above the
bottom. In August, a pronounced peak of methane was noted in the near bottom layer
(0.069 pmol/L), and at a horizon of 10 m another “mini” peak was recorded — 0.002 pmol/L.
The distribution of methane on October 1 was atypical: the maximum (0.151 pmol/L) was
observed not near the bottom, but above the halocline (51 m horizon). Concentrations in
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the upper quasi-homogeneous layer were minimal, with the exception of a slight peak at
5m (0.001 pmol/L). At the end of October, the minimum for the entire research period
was recorded — 0.0002 pmol/L at a horizon of 15 m; high concentrations were again found
above the bottom (0.136 pumol/L). In November, maximum was observed near the bottom
(0.133 umol/L), caused by the flux of methane from the sediments; at overlying horizons,
methane concentrations changed slightly.

Figure 2. Vertical distribution of temperature, salinity, concentrations of dissolved oxygen and
methane at the carbon supersite in 2021-2023.

2022

The following methane concentrations were measured in 2022: min 0.002, max
0.465, median 0.013 pmol/L. In March, methane concentrations changed slightly, from
0.009 pmol/L at a horizon of 7.5 m to 0.018 ymol/L 10 m above the bottom (see Figure 2).
This homogeneous distribution is likely caused by active mixing, cooling and decreased
biological activity characteristic of the upper quasi-homogeneous layer, which extended
to a depth of 70 m in March (see text below). No subsurface peak was detected. In April,
the methane profile was also quite uniform, methane concentrations changed slightly,
from 0.004 at the sea surface to 0.025 pmol/L at a horizon of 72 m. The upper quasi-
homogeneous layer extended to a horizon of 60 m, deeper than which there was an
increase in methane concentrations. At the beginning of June, the distribution of methane
changed - two characteristic peaks appeared. The first was in the subsurface horizon up to
7.5 m, where the concentration gradually increased by almost an order of magnitude from
0.023 at the surface to 0.140 pmol/L at a horizon of 7.5 m. The reason for the increased
concentrations here may be the vital activity of zooplankton. Deeper, the concentration
is distributed uniformly up to 75 m, where a second peak is recorded — 0.213 ymol/L,
separated from the bottom by 4 m, which can be explained by the supply of gas from the
sediments. In July, two peaks were also identified at approximately the same horizons,
however, less pronounced than in June. Methane concentrations varied from 0.007 at the sea
surface to 0.04 pmol/L 4 m above the bottom. In August, concentrations varied within the
range of 0.002-0.016 umol/L. The maximums are insignificantly expressed. In November,
the distribution of methane was characterized by a significant spread of concentrations.
Two high (an order of magnitude different from the rest) concentrations of dissolved
methane were recorded — at the horizon of 5 m (0.220 pmol/L) and 4 m from the bottom
(0.465 pmol/L). The peak of methane concentration in the near bottom layer was separated
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from the bottom by 4 m, which may indicate its advective transport. On September 26th,
2022, the detonations at the gas pipelines Nord Stream 1 and 2 in the Bornholm Deep
resulted in some of the largest non-natural releases of methane known. Detected methane
concentrations up to 4 orders of magnitude above the natural Baltic Sea background
[Abrahamsson et al., 2024]. However the possibility of detonations influence at methane
concentration in the Gdansk Deep is unlikely. The model simulation showing a primarily
westward transport from the northern explosion sites, and an eastward transport from the
southern one [Abrahamsson et al., 2024]. The distance from the detonations location and
our monitoring point is large (about 300 km), and the Slupsk Furrow which connects the
Bornholm and Gdansk Basins is shallower than these basins so it prevents the free exchange
of near-bottom water between the basins. In December, the concentration changed very
little and (as in March—April) had a fairly uniform vertical distribution. Concentrations
were high at the sea surface (0.022 ymol/L). No pronounced maximum was observed in
the bottom layer.

2023

The following methane concentrations were measured in 2023: min 0.002, max 1.122,
median 0.018 ymol/L. In April, the concentration of dissolved methane varied from 0.002 at
the sea surface to 0.056 pmol/L at the bottom (see Figure 2). At horizons of 5 and 15 m
a weak peak was observed (0.013-0.015 pmol/L). In May, the maximum value was in the
layer above the halocline — 0.035 pmol/L, after which there was a decrease in concentration
10 m from the bottom, followed by a gradual increase. The minimum value was in the
surface layer. In July, the maximum of dissolved methane was again observed above the
halocline (60 m horizon, 0.064 pmol/L), exceeding the concentrations at the bottom by
more than twice. In August, the annual maximum methane concentration was recorded
at two horizons: 20 m (above the thermocline) and under halocline 65 m (0.258 and
1.122 ymol/L respectively). The layer of near bottom hypoxia (oxygen concentration 1.2—
1.8 mg/L) extended to a horizon of 68 m. In November, methane concentrations dropped
sharply again. Against this background, a maximum (0.394 ymol/L) stands out in the
upper part of the anomalously elevated halocline (to a depth of 35 m). In December, against
a generally low background, a small near-bottom maximum in methane concentration
coincided the upper border of the halocline which reached anomaly depth — 75 m. Most
possible it was caused by observed incidents of deep convection above the steep southern
slope of the Gdansk Deep.

The vertical distribution of methane dissolved in water varied over a fairly wide
range — from 0.000 (25 m horizon in June 2021, several horizons in 0-30 m layer in
August and October 2021, and August 2022) to 1.122 (under halocline 65 m in August
2023) pmol/L. In accordance with other studies [Bange et al., 2010; Schmale et al., 2010;
Ma et al., 2020], we found that methane concentrations generally increased with depth,
indicating a predominant release of methane from bottom sediments into the water column.
However, a weak peak in methane concentration distribution was observed in the near-
surface layer (5-15 m).

Relationship with hydrological and hydrochemical parameters

The bottom layer is characterized by euxinic conditions below the halocline (65-75 m),
i.e. there is a lack of oxygen and an increased level of free hydrogen sulfide [Ulyanova
et al., 2022a,b, 2023]. Euxine basins are often highly stratified, with an oxygenated, highly
productive thin surface layer and anoxic sulfide bottom water. According to the data
obtained, in all surveys below the halocline, the oxygen concentration decreased with
depth, while the amount of methane increased in the bottom layer (see Figure 2), which
indicates a large-scale flux of methane from the sediment into the water [Thiefen et al.,
2006; Laier and Jensen, 2007]. Microbial methanogenesis by methanogenic archaea directly
in the euxinic water of the bottom layer cannot be ruled out, however, previous studies of
sediments in the study area showed that the intensity of methane oxidation in the mud was
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significantly higher than methanogenesis, which is possible due to the additional supply
of methane from the underlying sedimentary horizons [Pimenov et al., 2010]. In general,
the distribution of dissolved oxygen and methane depends significantly on vertical density
stratification, controlled by salinity distribution. Stratification of the water prevented
upward mixing of methane-rich waters. In the Baltic Sea, the flux of methane from deep
layer to the sea surface is strongly hindered by microbial oxidation of methane in the
transition zone of oxygen/anoxic conditions below the constant halocline [Jakobs et al.,
2014; Berndmeyer et al., 2013]. The minimum oxygen concentration was observed in the
bottom layer, that is, it coincided with the layer of maximum methane concentrations.
A noticeable change in the concentrations of dissolved gases most often coincided with
a layer of salinity gradient.

The subsurface methane maximum (well expressed, for example, in June—July and
November 2022) was not accompanied by a noticeable change in oxygen concentrations.
The summer subsurface peak can be explained by the fact that at the carbon supersite,
the food load of zooplankton on phytoplankton was maximum in the summer and was
determined both by feeding activity and the dominance of large crustaceans with a filtra-
tion type of feeding [Mosharov et al., 2022]. The maximum value of zooplankton biomass
was determined in June, and it was significantly (5-14 times) higher than in other sea-
sons. The integral values of biomass of primary production, chlorophyll 4, bacterio- and
phytoplankton were maximum in autumn.

For each survey, the correlation coefficients of methane with hydrological and hy-
drochemical parameters were calculated (Figure 3). A positive correlation is observed
between methane and salinity, negative — with water temperature and dissolved oxygen
concentration in most cases. December 2023 is interesting, when all three relationships had
a high correlation, which is explained by the almost complete absence of vertical variability
of all parameters caused by storm mixing (November-December 2023 were characterized
by strong storms in the south-eastern Baltic) and convection. For some dates the correlation
coefficients were low (up to £0.4), especially for methane and temperature, so they should
not be taken into account.

Figure 3. The correlation between methane, salinity, water temperature and dissolved oxygen.
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Dissolved methane and temperature

When comparing the distribution of methane with hydrophysical parameters, it
was revealed that most of the measurements occurred during the cold period, when
the water temperature was below 10 °C. Increased methane concentrations tend to this
temperature (Figure 4 upper). The relationship between methane concentrations and
water temperature during the study period (2021-2023) is characterized by a weak linear
relationship (R2 = 0.018). The relationship is shown separately for the subsurface (0-5 m)
with high temperature variability (3.5-21.7 °C) and near-bottom layer (near the bottom
and bottom +4 m), which is less susceptible to the influence of synoptic variability.

Figure 4. The relationship between methane and water temperature throughout the entire water
column (upper), subsurface 0-5 m (left) and in the bottom layer (right).

Dissolved methane and salinity

Water salinity in the study area ranged from 5.6 to 12.0 psu, with most methane
measurements occurring at 7-8 psu (Figure 5). The relationship between methane con-
centrations and salinity is characterized by a weak linear relationship (R2 = 0.082). The
relationship is shown separately for the near-bottom layer (near the bottom and bot-
tom +4 m).

Figure 5. The relationship between methane and salinity throughout the entire water column (left)
and in the bottom layer (right).
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Dissolved methane and oxygen

Figure 6 shows that the relationship between the dissolved methane and oxygen
concentrations is characterized by a weak linear relationship (R® = 0.214). The relationship
is shown separately for the near bottom layer (near the bottom and bottom +4 m). Two
groups are distinguished: most of the measured values fall into the group with high oxygen
concentrations and low methane concentrations, which corresponds to the surface layer
of the sea. High concentrations of methane at high concentrations of oxygen are most
possible associated with “oceanic methane paradox” caused by the vital activity of phyto-
or zooplankton in the subsurface layer or transport by subsurface currents. To reliably
answer the question about the origin of methane in oxygenated water, it is necessary
to study the isotopic composition of methane, since the isotopic structure of methane
emitted by phytoplankton is clearly different from methane produced by methanogenic
archaea [Klintzsch et al., 2023]. The second group — suboxic conditions and low methane
concentrations — manifests itself in the bottom layer below the halocline. Single high
concentrations of methane here are associated with a maximum that is either directly
above the bottom or is separated from the bottom by 4-6 m. In other areas of the Baltic
Sea (for example, Kiel and Eckernforde bays) the correlation between dissolved oxygen
and methane was significantly higher (R2 = 0.764) and there was a seasonal shift in the
CHy4 - O; relationship associated with changes in water masses [Gindorf et al., 2022]. It has
been established that not only in bottom sediments, but also in water above gas emission
points, a significant decrease in oxygen concentration can be observed [Malakhova et al.,
2021].

Figure 6. The relationship between methane and oxygen throughout the entire water column (left)
and in the bottom layer (right).

The change in oxygen concentration in areas where methane seeps from sediments
(silt sediments in the study area) occurs due to a combination of several processes: con-
sumption for aerobic oxidation of methane by the microbial community; consumption
for the oxidation of hydrogen sulfide, released both in the composition of bubble gas and
as a result of fluid emission from gas-saturated sediments; the interchange of bubble gas
components with dissolved oxygen in the water, and the subsequent removal of oxygen
along with the bubble into the atmosphere.

Previously, in the study area, minimum oxygen concentrations were also observed at
points with maximum (up to 0.48 ymol/L) methane concentrations [Pimenov et al., 2008].
For comparison, typical values of methane concentration in water in the shallow coastal
waters of the Gdansk Basin (sea depth up to 50 m) were in the range of 0.008—0.040 pmol/L
[Pimenov et al., 2010].

In November 2021, August 2022 and May, July 2023, increased methane concentra-
tions were observed below the thermocline. The strong influence of the thermohaline
structure on the water column methane distribution has been shown both for seasonal
and for daily dynamics studies [Malakhova et al., 2024]. The formation of a thermocline
in summer leads to the accumulation of a methane “reserve” below this upper density
limit [Giilzow et al., 2013]. Recent studies have revealed periodic accumulation of methane
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in oxic waters just below the thermocline during the summer months [Jakobs et al., 2014;
Schmale et al., 2017]. Stable carbon isotopes indicated a biogenic in situ origin of methane,
while clonal sequences pointed to methanogenic archaea as potential producers [Schmale
et al., 2017]. However, the rate of methane production associated with zooplankton alone
was not sufficient to fully explain the observed methane enrichment. Using the example
of the Central Baltic Sea, it is shown that zooplankton contributes to the enrichment of
methane in the subthermocline due to 1) direct methanogenesis in the digestive tract of
copepods and/or 2) indirect participation in methane production due to the release of
methane precursor substances into the water with subsequent microbial decomposition
to methane outside bodies of copepods [Stawiarski et al., 2019]. Calculations also showed
that methane was consumed below the thermocline and was not transported to the upper
sea, suggesting that other sources in the mixed layer are required to maintain the observed
air-sea methane flux [Schmale et al., 2017].

Vertical mixing directly affects the vertical transport of reduced compounds (e.g., iron
II, manganese II, ammonia or methane) from the lower hypoxic layers towards the redox
zone, where most of the methane is consumed by microbial consumption [Reissmann et al.,
2009; Jakobs et al., 2014]. The halocline prevents the process of vertical mixing of the upper
layer with the bottom layer, therefore, below the halocline, vertical transport is initiated by
wind phenomena that excite several types of deep-sea movements (for example, internal
waves). In addition, the intensity of vertical mixing can also be influenced by the proximity
of the coast [Axell, 1998]. Thus, methane accumulates in a layer that is not subject to
intense vertical mixing.

In addition to vertical mixing processes, methane distribution can potentially be
influenced by variability in methanogenesis in sediments. The availability of organic matter
is an important factor for methane formation. However, the seasonality of this influencing
factor is not expressed, since in the upper meter layer, where sulfate ions are present and
the process of sulfate reduction occurs, no significant methane formation occurs [Piker
et al., 1998]. Deep-water basins, in particular the Gdansk Basin, are characterized by high
rates of transport of organic matter (formed by primary production and coastal erosion)
into deep-water zones, where it is partially mineralized, thereby reducing the oxygen
concentration in the water [Reissmann et al., 2009]. Conditions of absence or deficiency
of oxygen (O, <2mL/L) in the deep-sea zone promote the burial of organic matter, and,
consequently, the microbial formation of methane in sediments. In the hydrogen sulfide
zone, areas of gas-saturated sediments with flows of dissolved methane directed into the
water are unique oases of life due to the material and energy properties of methane for the
microbial component, and in coastal oxidizing conditions, on the contrary, they are zones
of inhibition.

Methane anomalies in oxic conditions are well known as the “oceanic methane para-
dox” [Reeburgh, 2007b]. Studies have shown that pelagic methane production in the
presence of oxygen may result from the metabolism of methylated compounds (e.g.,
methylphosphonates [Karl et al., 2008], dimethylsulfoniopropionate [Damm et al., 2010]) or
the activity of methanogenic archaea in the presence of photoautotrophs [Grossart et al.,
2011]. Methane production is associated with anoxic microniches within inorganic particles
or fecal pellets [Karl et al., 2008]. Mesozooplankton (copepods) can create a local anoxic
microenvironment in the intestine [Tang et al., 2011]. The rate of methane production by
zooplankton depends on the type of organism and the diet of phytoplankton. These studies
indicate that the above various mechanisms of methane formation should be considered
significant as a source of methane in the aerobic layer of the water column.

Our data confirm that biogenic methane production in the oxygen-saturated layer is
a common feature not only for the central part of the Baltic Sea during the summer period
[Schmale et al., 2017], but also for the southern part of the Gdansk Basin, where the carbon
supersite is located.
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Seasonal variability

Analyzing some statistical parameters of the distribution of all obtained methane
measurements, it can be concluded that the seasonal course of methane distribution in
the Gdansk Basin takes place. The maximum, both average (0.048 ymol/L) and absolute
values were obtained in the summer (Table 2). Median values were the same in summer
and winter (0.016 pmol/L), the minimum concentrations were observed in spring. For the
surface layer, the maximum concentrations were observed in winter, the minimum - in
spring and autumn.

Table 2. Seasonal statistic of methane concentrations (pmol/L)

Spring Summer Autumn Winter*
Total (Sou_rlf aI;e) Total (S(;l_r 1f a;f; Total (Sou_rlf ar;e) Total (S(;l_r 1f a;f;
Number of measurements 40 4 80 7 64 4 32 3
Mean 0.015 0.004 0.048 0.011 0.037 0.004 0.023 0.015
Median 0.011 0.003 0.016 0.015 0.009 0.004 0.016 0.012
Minimum 0.002 0.002 0.000 0.000 0.000 0.000 0.004 0.010
Maximum 0.087 0.009 1.122 0.023 0.465 0.008 0.123 0.022

* A hydrological winter in the South-Eastern Baltic Sea includes December-March [Bernikova et al., 2007].

Maximum methane concentrations (0.022 pmol/L) in the surface layer (0-1 m) were
observed in both June and December 2022 (Figure 7). However, in general, the surface
layer in all seasons was characterized by minimum methane concentrations, with the
exception of June 2022, when the minimum values were at a horizon of 10 m (0.007 at
10 m versus 0.015 pymol/L at 0 m). The bottom layer was characterized by a wide range
of values: from 0.016 to 0.402 pmol/L. High concentrations at the near bottom layer were
observed in the summer and autumn of 2021, as well as in July 2022. In winter 2022,
concentrations at the surface and at the bottom were comparable. In winter 2023 near
bottom methane concentrations were an order of magnitude higher than at the surface
which may be associated with the abnormal deep location of the halocline.

Figure 7. Seasonal variability of the distribution of methane dissolved in water in the surface (0-1 m),

subsurface (10 m) and bottom layers.
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It is known [Gindorf et al., 2022] that within the upper 1 m of the water column there
are methane concentration gradients, and the difference in concentrations between 0.1 and
1 m (difference in order) was greater than between 1 and 2 m (average difference between
gradients ~ 1 nmol/L). The direction of the gradients varied: sometimes there were higher
concentrations in the uppermost layer, in other cases there were increases with depth or
intermediate maxima. Concentrations measured in Niskin bottle samples (1-2 m horizon)
were generally higher than in surface samples (mean difference between bottle and surface
sample concentrations: 1.2 + 0.4 nmol/L). Thus, in our study, speaking about the surface
layer, it can be assumed that the analyzed samples show a certain average concentration
between the immediate subsurface layer (0-10 cm) and the surface layer (1 m), since the
length of the bottle used for sampling was 0.5 m.

According to a study of the South-Western Baltic Sea, maximum methane concen-
trations were usually observed in October, at the end of seasonal hypoxia, favorable for
microbial methane production. Due to the long anoxic period, significant accumulations
of methane (0.6 pmol/L) in the bottom layer were observed in autumn [Ma et al., 2020].
This is higher than the values obtained in this study, but the order of magnitude is the
same. A study of the North-Eastern Baltic Sea (Estonian sea area sub-basins) the median
highest concentrations in the upper layer were observed in April (0.008-0.014 ymol/L),
and authors gave three possible reasons of methane concentrations variability: physically
disturbed organic-rich sediments, river plumes, and upwelling were identified as processes
causing hot spots of methane emission [Lainela et al., 2024]. However in our case the
upwelling is inappropriate as influencing factor as the depth of area is too deep. As well as
river plumes — the site is far away from the coast. The high concentration of methane in
bottom water is most likely the result of methanogenesis in anoxic sediments [Bange et al.,
2010], which produces gas that partially leaks into the water [Reindl and Bolatek, 2012;
Donis et al., 2017]. Summer stratification prevents methane from reaching the surface, and
therefore it accumulates below the pycnocline. In the water column, methane is effectively
oxidized, and only a small part of it reaches the surface layer [Steinle et al., 2017].

Seasonal variability in the distribution of methane in water at the carbon supersite
is observed, however not very pronounced. The same conclusion was made for some
other indicators of the marine ecosystem of the study point. For example, the ratio of the
integral (for the euphotic layer) biomass values of the main components of the marine
biocenosis (phyto-, zoo- and bacterioplankton), which determine the formation of the flow
of organic carbon particles, changed slightly throughout the year [Mosharov et al., 2022].
While the parameters of the biological components themselves change significantly. In
summer, organic carbon particles synthesized by phytoplankton practically do not form
a downward flow, but remain within the upper active layer of water in the form of biomass
and metabolites of bacterio- and zooplankton.

Ecotoxicological effect of high CH4 concentrations

The zone of acute toxicity where fatal intoxication of a reliably recorded number of
aquatic organisms within 2—-4 days is inevitable, begins at a methane concentration level
of about 45 pmol/L and higher [Galchenko, 2001]. One of the latest studies of biomarkers
revealed that the non-typical methane community species (mussel Mytilus galloprovincialis)
was more sensitive to methane than to low oxygen concentration, supporting the effects of
methane on the mussel's immune system [Kladchenko et al., 2024]. The highest concentra-
tions of methane at the carbon supersite was comparable to the biogeochemical threshold
of ecological tolerance of hydrobionts for methane (0.45 ymol/L (the same value is accepted
as an approximate value of the maximum permissible concentration of dissolved methane
in the marine environment [Mishukova et al., 2007]). For comparison, the value of methane
dissolved in water in the bottom layer (0.5-1 m from the bottom) in the Gdansk Basin above
the pockmark and gas-saturated sediments was 0.22-0.67 ymol/L, which is comparable
with this study and determines the bottom horizon water as a zone of threshold effects and
environmental tolerance. In both the surface and bottom layers in 2022, according to the
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results of summer, autumn and winter surveys for the Russian sector of the South-Eastern
Baltic Sea (from shallow waters of 10 m up to depths of 110 m), methane concentrations
varied in the range of 0.000-0.205 pmol/L [Korneeva and Ulyanova, 2023]. Thus, in general,
the distribution of methane in the carbon supersite corresponds to background values for
the South-Eastern Baltic Sea.

Conclusion

Studies of dissolved in water methane and related parameters (water temperature and
salinity, dissolved oxygen concentration) were carried out in all seasons in 2021-2023 at
one point located in the Gdansk Deep of the Baltic Sea on the offshore carbon supersite
Rosyanka. A total of 16 surveys were completed. Measurements with such frequency in
the study are were performed for the first time.

The vertical distribution of dissolved methane in water varied over a fairly wide range —
from 0 to 1.112 pmol/L. Methane concentrations increased with depth, which is a typical
distribution for the sea and is associated with the vertical stratification of the water column.
The layer from the bottom to the upper boundary of the halocline is the most saturated
with methane: values above 0.1 ymol/L accounted for about 5% of all measured values
and occurred in the halocline and under it. Thus, the CHy flux from bottom sediments into
the water column was predominant.

However, in the near-surface layer (5-15 m) a weakly pronounced peak in methane
concentrations was observed (“oceanic methane paradox”). Most likely it is associated with
biological processes.

Most of the measured values fall into the group with high oxygen and low methane
concentrations, which corresponds to the surface layer of the sea. High concentrations
of methane at high concentrations of oxygen are associated with the “oceanic methane
paradox”. The second group is confined to the bottom layer with euxinic conditions and
high methane concentrations — manifested in the bottom layer in and below the halocline.
The lack of oxygen is the possible reason why the more saline near bottom waters were
saturated with methane.

Some pronounced seasonality was detected in the vertical distribution of dissolved
methane. The maximum, both average and absolute values were obtained in the summer,
Median values were the same in summer and winter, the minimum concentrations were
observed in spring. For the surface layer, the maximum concentrations were observed in
winter, the minimum - in spring and autumn. A positive correlation was between methane
and salinity, negative — with water temperature and dissolved oxygen concentration in
most cases.

Acknowledgments. Hydrophysical conditions and oxygen content were analyzed with
a support of the state assignment of IO RAS (Theme No. FMWE-2024-0025). The methane
research was supported by the state task of the Ministry of Education and Science of the
Russian Federation, topic No. FZWM-2024-0015 (IKBFU). The authors thank the staff
of the IO RAS for providing primary hydrophysical data and determination of dissolved
oxygen: V. Krechik, E. Bubnova, A. Muratova.

References

Abrahamsson, K., E. Damm, G. Bjork, et al. (2024), Methane plume detection after the 2022 Nord Stream pipeline
explosion in the Baltic Sea, Scientific Reports, 14(1), https://doi.org/10.1038/s41598-024-63449-2.

Axell, L. B. (1998), On the variability of Baltic Sea deepwater mixing, Journal of Geophysical Research: Oceans, 103(C10),
21,667-21,682, https://doi.org/10.1029/98]C01714.

Bange, H. W., U. H. Bartell, S. Rapsomanikis, and M. O. Andreae (1994), Methane in the Baltic and North Seas and a
reassessment of the marine emissions of methane, Global Biogeochemical Cycles, 8(4), 465-480, https://doi.org/10.102
9/94GB02181.

Russ. J. Earth. Sci. 2024, 24, ES5001, EDN: RPYLFX, https://doi.org/10.2205/2024es000938 130f 18


https://doi.org/10.1038/s41598-024-63449-2
https://doi.org/10.1029/98JC01714
https://doi.org/10.1029/94GB02181
https://doi.org/10.1029/94GB02181
https://elibrary.ru/rpylfx
https://doi.org/10.2205/2024es000938

MEeTHANE IN THE WATER COLUMN OF THE GDANSK DEEP (BALTIC SEA).. . UryaNnova AND KORNEEVA

Bange, H. W., K. Bergmann, H. P. Hansen, et al. (2010), Dissolved methane during hypoxic events at the Boknis Eck time
series station (Eckernforde Bay, SW Baltic Sea), Biogeosciences, 7(4), 12791284, https://doi.org/10.5194/bg-7-1279-2
010.

Bashirova, L., V. Sivkov, M. Ulyanova, A. Gavrikov, and A. Artamonov (2023), Climate and environmental monitoring
of the Baltic Sea: general principles and approaches, Reliability: Theory & Applications. Special Issue, 5(75), 164-171,
https://doi.org/10.24412/1932-2321-2023-575-164-171.

Berndmeyer, C., V. Thiel, O. Schmale, and M. Blumenberg (2013), Biomarkers for aerobic methanotrophy in the water
column of the stratified Gotland Deep (Baltic Sea), Organic Geochemistry, 55, 103-111, https://doi.org/10.1016/j.
orggeochem.2012.11.010.

Bernikova, T. A., V. E. Dubravin, H. N. Nagornova, and Z. I. Stont (2007), Climatic seasons of the Southern Baltic Sea, in V
International Scientific Conference "Innovations in Science and Education - 2007". Part 1, pp. 53-55, KSTU, Kaliningrad
(in Russian).

Bolshakov, A. M., and A. V. Egorov (1987), On the use of the phase-equilibrium degassing technique in gasometric
studies, Oceanology, 27(5), 861-862 (in Russian).

Brodecka, A., P. Majewski, J. Bolatek, and Z. Klusek (2013), Geochemical and acoustic evidence for the occurrence of
methane in sediments of the Polish sector of the southern Baltic Sea, Oceanologia, 55(4), 951-978, https://doi.org/10.5
697/0c.55-4.951.

Bukanova, T. V., Z. L. Stont, and O. A. Gushchin (2015), Variability of sea surface temperature in the South-East Baltic
according to MODIS data, Sovremennye problemy distantsionnogo zondirovaniya Zemli iz kosmosa, 12(4), 86-96 (in
Russian), EDN: UITZRP.

Bukanova, T. V., E. S. Bubnova, and S. V. Aleksandrov (2022), Remote monitoring of the offshore site of the Rosyanka
carbon polygon (the Baltic Sea): First results, Sovremennye problemy distantsionnogo zondirovaniya Zemli iz kosmosa,
19(6), 234-247, https://doi.org/10.21046/2070-7401-2022-19-6-234-247 (in Russian).

Cicerone, R. J., and R. S. Oremland (1988), Biogeochemical aspects of atmospheric methane, Global Biogeochemical Cycles,
2(4), 299-327, https://doi.org/10.1029/GB002i004p00299.

Conrad, R., and W. Seiler (1988), Methane and hydrogen in seawater (Atlantic Ocean), Deep Sea Research Part A.
Oceanographic Research Papers, 35(12), 1903-1917, https://doi.org/10.1016/0198-0149(88)90116-1.

Damm, E., E. Helmke, S. Thoms, et al. (2010), Methane production in aerobic oligotrophic surface water in the central
Arctic Ocean, Biogeosciences, 7(3), 1099-1108, https://doi.org/10.5194/bg-7-1099-2010.

Donis, D., S. Flury, A. Stockli, et al. (2017), Full-scale evaluation of methane production under oxic conditions in a
mesotrophic lake, Nature Communications, 8(1), https://doi.org/10.1038/s41467-017-01648-4.

Elken, J. (1996), Deep water overflow, circulation and vertical exchange in the Baltic Proper, 91 pp., Estonian Mar. Inst.,
Tallinn.

Emelyanov, E. M. (Ed.) (2002), Geology of the Gdansk Basin. Baltic Sea, 496 pp., Yantarny skaz, Kaliningrad (in Russian).
Galchenko, V. F. (2001), Methanotrophic bacteria, 500 pp., GEOS, Moscow (in Russian).

Gentz, T., E. Damm, J. Schneider von Deimling, et al. (2014), A water column study of methane around gas flares located
at the West Spitsbergen continental margin, Continental Shelf Research, 72, 107-118, https://doi.org/10.1016/j.csr.2013
.07.013.

Geodekyan, A. A., V. Y. Trotsyuk, V. I. Avilov, et al. (1989), New data on the methane content in modern sediments of the
Baltic Sea, Reports of the USSR Academy of Sciences, 250(1), 160-164 (in Russian).

Geodekyan, A. A., V. Y. Trotsyuk, and A. I. Blazhchishin (1990), Geoacoustic and gas lithogeochemical studies in the Baltic
Sea. Geological features of fluid flow discharge areas, 164 pp., IO AN USSR, Moscow (in Russian).

Russ. J. Earth. Sci. 2024, 24, ES5001, EDN: RPYLFX, https://doi.org/10.2205/2024es000938 14 0f 18


https://doi.org/10.5194/bg-7-1279-2010
https://doi.org/10.5194/bg-7-1279-2010
https://doi.org/10.24412/1932-2321-2023-575-164-171
https://doi.org/10.1016/j.orggeochem.2012.11.010
https://doi.org/10.1016/j.orggeochem.2012.11.010
https://doi.org/10.5697/oc.55-4.951
https://doi.org/10.5697/oc.55-4.951
https://doi.org/10.21046/2070-7401-2022-19-6-234-247
https://doi.org/10.1029/GB002i004p00299
https://doi.org/10.1016/0198-0149(88)90116-1
https://doi.org/10.5194/bg-7-1099-2010
https://doi.org/10.1038/s41467-017-01648-4
https://doi.org/10.1016/j.csr.2013.07.013
https://doi.org/10.1016/j.csr.2013.07.013
https://elibrary.ru/rpylfx
https://doi.org/10.2205/2024es000938

MEeTHANE IN THE WATER COLUMN OF THE GDANSK DEEP (BALTIC SEA).. . UryaNnova AND KORNEEVA

Gindorf, S., H. W. Bange, D. Booge, and A. Kock (2022), Seasonal study of the small-scale variability in dissolved methane
in the western Kiel Bight (Baltic Sea) during the European heatwave in 2018, Biogeosciences, 19(20), 4993-5006,
https://doi.org/10.5194/bg-19-4993-2022.

Grossart, H.-P., K. Frindte, C. Dziallas, W. Eckert, and K. W. Tang (2011), Microbial methane production in oxygenated
water column of an oligotrophic lake, Proceedings of the National Academy of Sciences, 108(49), 19,657-19,661, https:
//doi.org/10.1073/pnas.1110716108.

Gulzow, W, G. Rehder, J. Schneider von Deimling, T. Seifert, and Z. Téth (2013), One year of continuous measurements
constraining methane emissions from the Baltic Sea to the atmosphere using a ship of opportunity, Biogeosciences,
10(1), 81-99, https://doi.org/10.5194/bg-10-81-2013.

Heilig, G. K. (1994), The greenhouse gas methane (CH4): Sources and sinks, the impact of population growth, possible
interventions, Population and Environment, 16, 109-137.

IPCC (2023), Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and 111 to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change, 184 pp., IPCC, Geneva, Switzerland, https://doi.org/10.59327
/IPCC/AR6-9789291691647.

Jakobs, G., P. Holtermann, C. Berndmeyer, et al. (2014), Seasonal and spatial methane dynamics in the water column of
the central Baltic Sea (Gotland Sea), Continental Shelf Research, 91, 12-25, https://doi.org/10.1016/j.csr.2014.07.005.

Jadniewicz, D., Z. Klusek, A. Brodecka-Goluch, and J. Bolatek (2018), Acoustic investigations of shallow gas in the
southern Baltic Sea (Polish Exclusive Economic Zone): a review, Geo-Marine Letters, 39(1), 1-17, https://doi.org/10.1
007/s00367-018-0555-5.

Kanapatskiy, T. A., M. O. Ulyanova, T. R. Iasakov, O. V. Shubenkova, and N. V. Pimenov (2022), Microbial Processes
of Carbon and Sulfur Cycles in Sediments of the Russian Sector of the Baltic Sea, in The Handbook of Environmental
Chemistry, Springer Berlin Heidelberg, https://doi.org/10.1007/698_2021_818.

Karl, D. M., L. Beversdorf, K. M. Bjorkman, et al. (2008), Aerobic production of methane in the sea, Nature Geoscience,
1(7), 473-478, https://doi.org/10.1038/ngeo234.

Kirschke, S., P. Bousquet, P. Ciais, et al. (2013), Three decades of global methane sources and sinks, Nature Geoscience,
6(10), 813-823, https://doi.org/10.1038/ngeo1955.

Kladchenko, E. S., E. S. Chelebieva, M. S. Podolskaya, et al. (2024), Shift in hemocyte immune parameters of marine
bivalve Mytilus galloprovincialis (Lamarck, 1819) after exposure to methane, Marine Pollution Bulletin, 201, 116,174,
https://doi.org/10.1016/j.marpolbul.2024.116174.

Klintzsch, T., H. Geisinger, A. Wieland, et al. (2023), Stable Carbon Isotope Signature of Methane Released From
Phytoplankton, Geophysical Research Letters, 50(12), https://doi.org/10.1029/2023GL103317.

Korneeva, A. O., and M. O. Ulyanova (2023), Methane concentrations in the surface and bottom water layers in the
southeastern part of the Baltic sea in summer, autumn and winter sesons of 2022, in Proceedings of the All-Russian
Scientific and Practical Conference "Hydrometeorology and Atmospheric Physics: Modern Achievements and Development
Trends”, pp. 300-302, Publishing and Printing Association of Higher Education Institutions, St. Petersburg (in Russian),
EDN: SEMUJW.

Krechik, V. A., M. V. Kapustina, E. S. Bubnova, and V. A. Gritsenko (2017), Abiotic conditions of bottom waters in the
Gdansk deep of the Baltic sea in 2016, Scientific notes of the RGGMU, 48, 186-194 (in Russian), EDN: ZWUOPX.

Kudryavtseva, E. A., and S. V. Aleksandrov (2019), Hydrological and Hydrochemical Underpinnings of Primary
Production and Division of the Russian Sector in the Gdansk Basin of the Baltic Sea, Oceanology, 59(1), 49-65,
https://doi.org/10.1134/50001437019010077.

Laier, T., and J. B. Jensen (2007), Shallow gas depth-contour map of the Skagerrak-western Baltic Sea region, Geo-Marine
Letters, 27(2—4), 127-141, https://doi.org/10.1007/s00367-007-0066-2.

Russ. J. Earth. Sci. 2024, 24, ES5001, EDN: RPYLFX, https://doi.org/10.2205/2024es000938 150f 18


https://doi.org/10.5194/bg-19-4993-2022
https://doi.org/10.1073/pnas.1110716108
https://doi.org/10.1073/pnas.1110716108
https://doi.org/10.5194/bg-10-81-2013
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.csr.2014.07.005
https://doi.org/10.1007/s00367-018-0555-5
https://doi.org/10.1007/s00367-018-0555-5
https://doi.org/10.1007/698_2021_818
https://doi.org/10.1038/ngeo234
https://doi.org/10.1038/ngeo1955
https://doi.org/10.1016/j.marpolbul.2024.116174
https://doi.org/10.1029/2023GL103317
https://doi.org/10.1134/S0001437019010077
https://doi.org/10.1007/s00367-007-0066-2
https://elibrary.ru/rpylfx
https://doi.org/10.2205/2024es000938

MEeTHANE IN THE WATER COLUMN OF THE GDANSK DEEP (BALTIC SEA).. . UryaNnova AND KORNEEVA

Lainela, S., E. Jacobs, S. Stoicescu, G. Rehder, and U. Lips (2024), Seasonal dynamics and regional distribution patterns of
CO2 and CH4 in the north-eastern Baltic Sea, Preprint egusphere-2024-598, https://doi.org/10.5194/egusphere-2024-5
98.

Lein, A. Y., and M. V. Ivanov (2009), Biogeochemical cycle of methane in the ocean, 546 pp., Nauka, Moscow (in Russian),
EDN: QKIMET.

Ma, X., M. Sun, S. T. Lennartz, and H. W. Bange (2020), A decade of methane measurements at the Boknis Eck Time
Series Station in Eckernforde Bay (southwestern Baltic Sea), Biogeosciences, 17(13), 3427-3438, https://doi.org/10.519
4/bg-17-3427-2020.

Majewski, P., and Z. Klusek (2011), Expressions of shallow gas in the Gdansk Basin, Zeszyty naukowe Akademii Marynarki
Wojennej, 4(187), 61-71.

Malakhova, T. V,, I. N. Ivanova, A. A. Budnikov, A. I. Murashova, and L. V. Malakhova (2021), Distribution of Hydrological
Parameters over the Methane Seep Site in the Golubaya Bay (the Black Sea): A Connection with Submarine Freshwater
Discharge, Russian Meteorology and Hydrology, 46(11), 792-798, https://doi.org/10.3103/51068373921110091.

Malakhova, T. V., A. I. Khurchak, V. V. Voitsekhovskaia, and A. V. Fedirko (2024), Distribution of methane in the upper
water layer of the northern Black Sea: Seasonal and daily trends and seawater-air emissions, Continental Shelf Research,
281,105,320, https://doi.org/10.1016/j.csr.2024.105320.

Markus Meier, H. E. (2007), Modeling the pathways and ages of inflowing salt- and freshwater in the Baltic Sea, Estuarine,
Coastal and Shelf Science, 74(4), 610-627, https://doi.org/10.1016/j.ecss.2007.05.019.

Mishukova, G. L., A. I. Obzhirov, and V. E. Mishukov (2007), Methane contents in fresh and sea waters and it’s fluxes on
border of water-atmosphere at far Eastern region of Asia, 157 pp., Dalnauka, Vladivostok (in Russian), EDN: TSJECQ.

Mohrholz, V. (2018), Major Baltic Inflow Statistics - Revised, Frontiers in Marine Science, 5, https://doi.org/10.3389/
fmars.2018.00384.

Mosharov, S., I. Mosharova, K. Borovkova, and E. Bubnova (2024), Variability of Primary Productivity as an Initial Link
in Carbon Flux Under the Influence of Hydrological Conditions in the Baltic Sea, Russian Journal of Earth Sciences, pp.
1-14, https://doi.org/10.2205/2024ES000888.

Mosharov, S. A., I. V. Mosharova, O. A. Dmitrieva, A. S. Semenova, and M. O. Ulyanova (2022), Seasonal Variability of
Plankton Production Parameters as the Basis for the Formation of Organic Matter Flow in the Southeastern Part of the
Baltic Sea, Water, 14(24), 4099, https://doi.org/10.3390/w14244099.

Nausch, G., M. Naumann, L. Umlauf, et al. (2016), Hydrographic-hydrochemical assessment of the Baltic Sea 2015,
Marine Science Reports, (101), https://doi.org/10.12754/msr-2016-0101.

Piechura, J., and A. Beszczynska-Moller (2003), Inflow waters in the deep regions of the southern Baltic Sea - Transport
and transformations, Oceanologia, 46(1), 4.

Piker, L., R. Schmaljohann, and J. F. Imhoff (1998), Dissimilatory sulfate reduction and methane production in Gotland
Deep sediments (Baltic Sea) during a transition period from oxic to anoxic bottom water (1993-1996), Aquatic Microbial
Ecology, 14, 183-193, https://doi.org/10.3354/ame014183.

Pimenov, N. V., M. O. Ul’yanova, T. A. Kanapatskii, V. V. Sivkov, and M. V. Ivanov (2008), Microbiological and
biogeochemical processes in a pockmark of the Gdansk depression, Baltic Sea, Microbiology, 77(5), 579-586,
https://doi.org/lO.l134/80026261708050111.

Pimenov, N. V,, M. O. Ulyanova, T. A. Kanapatsky, et al. (2010), Microbially mediated methane and sulfur cycling in
pockmark sediments of the Gdansk Basin, Baltic Sea, Geo-Marine Letters, 30(3—4), 439-448, https://doi.org/10.1007/s0
0367-010-0200-4.

Rak, D. (2016), The inflow in the Baltic Proper as recorded in January-February 2015, Oceanologia, 58(3), 241-247,
https://doi.org/10.1016/j.0oceano.2016.04.001.

Reeburgh, W. S. (2007a), Global Methane Biogeochemistry, in Treatise on Geochemistry, Elsevier, https://doi.org/10.1016/
B0-08-043751-6/04036-6.

Russ. J. Earth. Sci. 2024, 24, ES5001, EDN: RPYLFX, https://doi.org/10.2205/2024es000938 16 of 18


https://doi.org/10.5194/egusphere-2024-598
https://doi.org/10.5194/egusphere-2024-598
https://doi.org/10.5194/bg-17-3427-2020
https://doi.org/10.5194/bg-17-3427-2020
https://doi.org/10.3103/S1068373921110091
https://doi.org/10.1016/j.csr.2024.105320
https://doi.org/10.1016/j.ecss.2007.05.019
https://doi.org/10.3389/fmars.2018.00384
https://doi.org/10.3389/fmars.2018.00384
https://doi.org/10.2205/2024ES000888
https://doi.org/10.3390/w14244099
https://doi.org/10.12754/msr-2016-0101
https://doi.org/10.3354/ame014183
https://doi.org/10.1134/S0026261708050111
https://doi.org/10.1007/s00367-010-0200-4
https://doi.org/10.1007/s00367-010-0200-4
https://doi.org/10.1016/j.oceano.2016.04.001
https://doi.org/10.1016/B0-08-043751-6/04036-6
https://doi.org/10.1016/B0-08-043751-6/04036-6
https://elibrary.ru/rpylfx
https://doi.org/10.2205/2024es000938

MEeTHANE IN THE WATER COLUMN OF THE GDANSK DEEP (BALTIC SEA).. . UryaNnova AND KORNEEVA

Reeburgh, W. S. (2007b), Oceanic Methane Biogeochemistry, Chemical Reviews, 107(2), 486-513, https://doi.org/10.102
1/cr050362v.

Reindl, A., and J. Bolatek (2012), Methane flux from sediment into near-bottom water in the coastal area of the Puck Bay
(Southern Baltic), Oceanological and Hydrobiological Studies, 41(3), 40-47, https://doi.org/10.2478/s13545-012-0026-y.

Reissmann, J. H., H. Burchard, R. Feistel, et al. (2009), Vertical mixing in the Baltic Sea and consequences for eutrophica-
tion - A review, Progress in Oceanography, 82(1), 47-80, https://doi.org/10.1016/j.pocean.2007.10.004.

Saunois, M., P. Bousquet, B. Poulter, et al. (2016), The global methane budget 2000-2012, Earth System Science Data, 8(2),
697-751, https://doi.org/10.5194/essd-8-697-2016.

Schmale, O., J. Schneider von Deimling, W. Giilzow, et al. (2010), Distribution of methane in the water column of the
Baltic Sea, Geophysical Research Letters, 37(12), https://doi.org/10.1029/2010GL043115.

Schmale, O., J. Wage, V. Mohrholz, et al. (2017), The contribution of zooplankton to methane supersaturation in the
oxygenated upper waters of the central Baltic Sea, Limnology and Oceanography, 63(1), 412-430, https://doi.org/10.100
2/Ino.10640.

Stawiarski, B., S. Otto, V. Thiel, et al. (2019), Controls on zooplankton methane production in the central Baltic Sea,
Biogeosciences, 16(1), 1-16, https://doi.org/10.5194/bg-16-1-20109.

Steinle, L., J. Maltby, T. Treude, et al. (2017), Effects of low oxygen concentrations on aerobic methane oxidation in
seasonally hypoxic coastal waters, Biogeosciences, 14(6), 1631-1645, https://doi.org/10.5194/bg-14-1631-2017.

Stont, Z., T. Bukanova, and O. Goushchin (2015), Variability of sea surface temperature in the South-Eastern Baltic
from MODIS data, Sovremennye problemy distantsionnogo zondirovaniya Zemli iz kosmosa, 12, 86—96 (in Russian), EDN:
UITZRP.

Stont, Z., T. Bukanova, and E. Krek (2020), Variability of climatic characteristics of the coastal part of the south-eastern
Baltic at the beginning of the 21st century, Bulletin of the Immanuel Kant Baltic Federal University, 1(4), 81-94 (in
Russian), EDN: CYZSP].

Tang, K. W,, R. N. Glud, A. Glud, S. Rysgaard, and T. G. Nielsen (2011), Copepod guts as biogeochemical hotspots
in the sea: Evidence from microelectrode profiling of Calanus spp, Limnology and Oceanography, 56(2), 666—672,
https://doi.org/10.4319/10.2011.56.2.0666.

Thielen, O., M. Schmidt, E. Theilen, M. Schmitt, and G. Klein (2006), Methane formation and distribution of acoustic
turbidity in organic-rich surface sediments in the Arkona Basin, Baltic Sea, Continental Shelf Research, 26(19), 2469-
2483, https://doi.org/10.1016/j.csr.2006.07.020.

Ulyanova, M., and A. Danchenkov (2016), Maritime potential of the Russian sector of the south-eastern Baltic Sea and its
spatial usage, Baltica, 29(2), 133-144, https://doi.org/10.5200/baltica.2016.29.12.

Ulyanova, M., V. Sivkov, T. Kanapatskij, and N. Pimenov (2013), Seasonal variations in methane concentrations and
diffusive fluxes in the Curonian and Vistula lagoons, Baltic Sea, Geo-Marine Letters, 34(2-3), 231-240, https://doi.org/
10.1007/s00367-013-0352-0.

Ulyanova, M. O., V. V. Sivkov, L. D. Bashirova, et al. (2022a), Oceanological Research of the Baltic Sea in the 51st Cruise
of the PV Akademik Sergey Vavilov (June-July 2021), Oceanology, 62(4), 578-580, https://doi.org/10.1134/5S0001437
022040130.

Ulyanova, M. O., V. V. Sivkov, L. D. Bashyrova, et al. (2022b), Oceanological Research in the Baltic Sea during the 56th
Cruise of the Passenger Vessel Akademik Ioffe, Oceanology, 62(1), 136-138, https://doi.org/10.1134/50001437022010
167.

Ulyanova, M. O., V. V. Sivkov, S. V. Aleksandrov, et al. (2023), Baltic Sea Research on Cruise 61 of the R/V Akademik
Ioffe (June-July 2022), Oceanology, 63(5), 752-754, https://doi.org/10.1134/s000143702305017x.

Voigt, C. (2023), The power of the Paris Agreement in international climate litigation, Review of European, Comparative &
International Environmental Law, 32(2), 237-249, https://doi.org/10.1111/reel.12514.

Russ. J. Earth. Sci. 2024, 24, ES5001, EDN: RPYLFX, https://doi.org/10.2205/2024es000938 17 of 18


https://doi.org/10.1021/cr050362v
https://doi.org/10.1021/cr050362v
https://doi.org/10.2478/s13545-012-0026-y
https://doi.org/10.1016/j.pocean.2007.10.004
https://doi.org/10.5194/essd-8-697-2016
https://doi.org/10.1029/2010GL043115
https://doi.org/10.1002/lno.10640
https://doi.org/10.1002/lno.10640
https://doi.org/10.5194/bg-16-1-2019
https://doi.org/10.5194/bg-14-1631-2017
https://doi.org/10.4319/ lo.2011.56.2.0666
https://doi.org/10.1016/j.csr.2006.07.020
https://doi.org/10.5200/baltica.2016.29.12
https://doi.org/10.1007/s00367-013-0352-0
https://doi.org/10.1007/s00367-013-0352-0
https://doi.org/10.1134/S0001437022040130
https://doi.org/10.1134/S0001437022040130
https://doi.org/10.1134/s0001437022010167
https://doi.org/10.1134/s0001437022010167
https://doi.org/10.1134/s000143702305017x
https://doi.org/10.1111/reel.12514
https://elibrary.ru/rpylfx
https://doi.org/10.2205/2024es000938

MEeTHANE IN THE WATER COLUMN OF THE GDANSK DEEP (BALTIC SEA).. . UryaNnova AND KORNEEVA

Weber, S., J. Beutel, R. Da Forno, et al. (2019), A decade of detailed observations (2008-2018) in steep bedrock permafrost
at the Matterhorn Hornligrat (Zermatt, CH), Earth System Science Data, 11(3), 1203-1237, https://doi.org/10.5194/
essd-11-1203-2019.

Russ. J. Earth. Sci. 2024, 24, ES5001, EDN: RPYLFX, https://doi.org/10.2205/2024es000938 18 of 18


https://doi.org/10.5194/essd-11-1203-2019
https://doi.org/10.5194/essd-11-1203-2019
https://elibrary.ru/rpylfx
https://doi.org/10.2205/2024es000938

RUSSIAN JOURNAL of EARTH SCIENCES

SPATIAL VARIABILITY OF THE HYDROCHEMICAL STRUCTURE IN BorTOM

RESEARCH ARTICLE

Received: 20 August 2024
Accepted: 22 October 2024
Published: 6 November 2024

Copyright: © 2024. The Authors.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/

4.0/).

GRAVITY CURRENT IN THE VEMA FRACTURE ZONE

0. A. Zuev” ,and A. M. Seliverstova’

!Shirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia
* Correspondence to: Oleg A. Zueyv, gillous@gmail.com

Abstract: The Vema Fracture Zone is located in the North Atlantic Ridge and extends along 11°N
from 38 to 46°W. It is the main pathway for the spreading of Antarctic Bottom Water to the Northeast
Atlantic. Due to its location and structure, the Vema Fracture Zone is an excellent object for
studying the properties of the bottom gravity flow. An oceanographic section along the entire Vema
Fracture Zone was carried out during cruise 52 of the R/V “Akademik Boris Petrov” in November—
December 2022. In our work, we analyzed 25 oceanographic stations; at 15 stations, dissolved
oxygen and nutrients were also determined. Such studies of the structure of the bottom gravity
flow of Antarctic Bottom Water in the central channel of the Vema Fracture Zone based on high
spatial resolution in situ data were made for the first time. A supercritical flow accompanied by
a hydraulic jump was detected behind the main sill of the fracture zone. Simultaneous measurements
of dissolved oxygen, silicate, and phosphate allowed us to examine the hydrochemical structure
along the entire Vema Fracture Zone. Its analysis revealed high correlation between the distribution
of hydrochemical and oceanographic parameters in both the stable flow and turbulent regimes of the

current.

Keywords: bottom gravity current, dissolved oxygen, silicate, hydraulic jump, Antarctic Bottom

Water, Vema Fracture Zone.
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Introduction

The study of bottom gravity currents has recently received much attention for a long
time. Many theoretical and laboratory experiments [Chesnokov et al., 2022; Hacker and
Linden, 2002; Lawrence, 1993; Lawrence and Armi, 2022; Liapidevskii, 2004; Whitehead, 1989;
Zatsepin et al., 2005] have been carried out in order to clarify the nature of this phenomenon.
There are relatively few works confirming theoretical assumptions in practice [Hall et al.,
1997; Morozov et al., 2021; Simpson, 1999; Wesson and Gregg, 1994] due to the difficulty
of obtaining high-quality in situ data. On the one hand, bottom gravity currents weakly
interact with the overlying layers and retain their properties at a distance of thousands
of kilometers. On the other hand, their ability to transport small particles, stability of
their spreading, and the volumes of transported water masses strongly influence the
local processes in individual seas [Emel’yanov et al., 2004; Hansen et al., 2001; Slagstad
and McClimans, 2005] and on the entire World Ocean [Broecker, 2010; Whitehead and
Worthington, 1982]. In addition to the direct influence on the formation of ocean water
masses, the study of bottom currents is important for various multidisciplinary aspects,
including the study of sedimentation processes [Glazkova et al., 2022], bottom erosion
[Frey et al., 2022], the ecology of bottom communities [Galkin et al., 2021], the transfer of
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nutrients [Holfort and Siedler, 2001]; this research is also important for the study of many
geological, biological and hydrochemical processes. Individual elements such as dissolved
oxygen and silicate are classic tracers of water masses [Krechik et al., 2023; Mantyla and Reid,
1983; Orsi et al., 1999], while their ability to reflect local oceanographic processes has been
poorly studied. The small amount of in situ data with high spatial resolution complicates
this task, but can clarify problems in the modern understanding of the dynamics of bottom
gravity currents.

This work is devoted to the study of oceanographic and hydrochemical parameters and
their spatial variability in the bottom current of Antarctic Bottom Water (AABW) passing
through the Vema Fracture Zone (Vema FZ). This deep-water fracture zone is located in
the North Atlantic Ridge at 11°N, connects the western and eastern parts of the North
Atlantic (Figure 1). It was discovered in 1956 [Heezen et al., 1964]. The Vema FZ is the main
pathway for the propagation of AABW first into the Cape Verde Basin and then into the
wide basins of the Northeast Atlantic [Mantyla and Reid, 1983; McCartney et al., 1991]. Its
length exceeds 800 km, the width varies from 8 to 20 km, the maximum depth is more than
5400 m, and the height of the walls above the bottom is 700-900 m [Vangriesheim, 1980].
At present, much better data on the Vema FZ relief have become available, in particular
multibeam echosounder measurements, which are clearly visible in the latest versions of
GEBCO. At the same time, the main features of the relief correspond to those described
in [Vangriesheim, 1980]. Recent studies show the presence of contourites in the eastern
part of the Vema Fracture Zone, which are formed by bottom currents and influence its
bottom morphology [Borisov et al., 2023). Early studies [Eittreim et al., 1983; Vangriesheim,
1980] did not find significant velocities of the AABW flow in the Vema Fracture Zone,
but subsequent measurements [Fischer et al., 1996; Morozov et al., 2021] confirmed the
estimates of velocities of more than 20 cm/s [McCartney et al., 1991]. It should be noted
that significant variability of such abyssal flows is observed at tidal and inertial [Zenk and
Visbeck, 2013], synoptic [Frey et al., 2023; Liao et al., 2016], and multidecadal [Canipos et al.,
2021; Zenk and Morozov, 2007] time scales. The structure of the bottom current in the
Vema FZ was also studied based on a three-dimensional ocean circulation model [Frey
et al., 2018, 2019], which confirmed the stability of the AABW flow in it. However, direct
measurements of hydrochemical parameters in the Vema FZ were absent and were first
carried out during the 2022 expedition [Morozov et al., 2023], which allowed us to study
their distribution in the bottom gravity current of AABW.

Figure 1. Map of the study site. Dots indicate stations: with oceanographic measurements (yellow),
with oceanographic and hydrochemical measurements (yellow-black). The first and last numbers
of stations in sections are shown. The bottom relief is shown according to [GEBCO Bathymetric
Compilation Group 2023, 2023].
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Data and Methods

In total, we analyzed 25 oceanographic stations in the central channel of the Vema
FZ, at 15 of which hydrochemical indicators were also determined. The locations of the
stations and the relief of the Vema FZ are shown (Figure 1).

Oceanographic measurements at stations were made with an Idronaut OCEAN SEVEN
320Plus CTD probe (Italy). The lowered probe is equipped with a high-precision temperature-
compensated pressure sensor (PA-10X) with an accuracy of 0.01% and a resolution of
0.002% for the entire measurement range (0-100 MPa), two redundant temperature sensors
with a measurement range from -5 to 45 °C, initial accuracy of 0.001 °C, and a resolution
of 0.0001 °C. The two redundant conductivity sensors have a measurement range of 0 to
7 S/m, initial accuracy of 0.0001 S/m, and resolution 0.00001 S/m.

The currents were measured with a TRDI Workhorse Monitor Lowered Acoustic
Doppler Current profiler (LADCP) with a frequency of 300 kHz. The LADCP data were
processed using LDEO Software [Visbeck, 2002]. The final measurement accuracy was
3—-4 cm/s, for the bottom layers up to 1-2 cm/s owing to bottom track data [Tarakanov
et al., 2020]. Additionally, tidal forces calculated using the software described in [Egbert
and Erofeeva, 2002] were taken into account.

Samples for hydrochemical analyses were taken at the stations with plastic 5-L Niskin
bottles of a Carousel Water Sampler system at levels selected based on the vertical potential
temperature distribution. Sampling and determination of hydrochemical parameters were
carried out in accordance with accepted methods [Grasshoff et al., 1999; Hansen and Koroleff,
1999] no later than 6-12 h after sampling.

Results

A detailed analysis of the oceanographic characteristics of the AABW flow along
the entire Vema FZ is given in [Morozov et al., 2023], here we will present only the main
results that are necessary for further discussion. The main feature of the Vema FZ is its
bathymetry — an almost smooth bottom in its western part and very rugged in the area
of the main sill at 41°W and to the east largely determines the behavior of the AABW
flow. As can be seen from Figure 2, the distributions of oceanographic and hydrochemical
parameters differ significantly before and after the main sill of the fracture zone. In the
western part, there is a lower stagnant zone with current velocities close to zero and an
almost constant potential temperature. This zone occupies about 500 lower meters, and the
main flow is located above it — at depths of 3800-4600 m, the velocities here are 10-20 cm/s.
However, upon reaching the main sill, the flow accelerates sharply and deepens, which
contributes to significant mixing of water and, as a result, its warming. At the same time,
the coldest part of the flow cannot overflow the sill at all. This layer differs both in potential
temperature and in most hydrochemical indicators. The lowest potential temperature
(below 1.4°C) and dissolved oxygen (less than 5.7 mL/L), the highest phosphate (more
than 1.6 pM) and silicate (more than 60 (M) are noted here and are absent beyond the
main sill. In turn, in the eastern part of the Vema FZ, a strong deepening of the flow is
observed. Accelerating above the main sill, the flow reaches maximum velocities of more
than 40 cm/s at the greatest bottom slope near 40.3°W. One result of such strong flow is
a warming of water by more than 0.15°C per 100 km of rough bottom near the main sill
of the fracture zone. By the end of the eastern part, the bottom temperature warms by
another 0.1 °C and reaches 1.6 °C. This process is also clearly seen in the hydrochemical
indicators: in the eastern part of the Vema FZ, the silicate and phosphate at the bottom
correspond to the values in the western part at depths of about 4000-4500 m. The most
interesting is the distribution of dissolved oxygen; by the end of the section, its values are
within the range of 5.75-5.85 mL/L in the entire AABW layer, while at the entrance to the
Vema FZ the range of values is much wider — 5.45-5.95mL/L.

As mentioned earlier, near the main transversal sill of the fracture zone the flow
velocity increases significantly. In addition, the vertical gradients of potential temperature
and, as a consequence, density increase. At stations 52004-52020, a local thermocline
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Figure 2. Distribution of potential temperature, LADCP zonal velocity component (positive velocities
correspond to the eastern direction), dissolved oxygen, phosphate and silicate over the section along
the Vema FZ. The bottom relief is shown according to [GEBCO Bathymetric Compilation Group 2023,
2023].
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(pycnocline) is observed, which is located in the depth range of 4100-4500 m depending on
the station (Figure 3). In addition, other heterogeneities in the stratification of the bottom
layer are present in this area, but they are less pronounced. This thermocline also agrees
well with the vertical gradients of the flow velocity at most stations. Taking into account
that the layers below and above the thermocline are almost homogeneous, we can calculate
the steady-state flow regime within the framework of a two-layer model [Liapidevskii, 2004;
Pratt and Whitehead, 2008]. The Froude numbers for the lower layer with a thickness of
about 500 m (Table 1) indicate a transition from a subcritical to a supercritical flow at
station 52020. Less dense water cannot overcome the thermocline and continues to move
in the 4400-4800 m layer in the form of an intrusion. In this case, the intrusion flow and its
continuation are present throughout the eastern part of the fracture zone, and the bottom
flow is observed only at the station next to the slope; then its energy dissipates and it stops.
The isotherms behave accordingly: at the slope stations, they descend to a depth of about
150 m; then, they return to the initial depth. The so-called hydraulic jump occurs with
a sharp deepening of denser waters; it can contribute to the strengthening of internal waves
and is one of the signs of an underwater spillway. Similar effects and Froude number values
have been observed in some other deep channels [Pratt and Whitehead, 2008; Tarakanov

et al., 2018; Wesson and Gregg, 1994], and most often occur with a sharp change in the ocean
depth.

Table 1. Froude number at each station is calculated as Fr = v/\/¢'H, where v is the average velocity
of bottom flow, ¢' is the reduced acceleration due to gravity, H is the characteristic scale of bottom

layer.
Station 52004 52016 52017 52018 52019 52020 52021 52022
v, m/s 0.36 0.25 0.27 0.26 0.29 0.35 0.22 0.25
g', m/s.2 0.00031 0.00021 0.00022 0.00016 0.00025 0.00011 0.00012 0.00011
H,m 550 460 400 500 500 500 600 680
Fr 0.87 0.81 0.91 0.91 0.82 1.49 0.80 0.92
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Figure 3. Distribution of potential temperature and LADCP zonal velocity component (red lines)
over eastern part of the Vema FZ. The bottom relief is shown according to [GEBCO Bathymetric
Compilation Group 2023, 2023].
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It was interesting to follow the changes in the hydrochemical parameters in such
a dynamic water flow. Let us consider individual graphs of dissolved oxygen and silicate
in comparison with the potential temperature and current velocity (Figure 4). It is easy
to see the similarity in the distribution of dissolved oxygen and silicate with the poten-
tial temperature almost throughout the entire depth. The largest vertical gradients of
dissolved oxygen and silicate fall on the local thermocline, and below it the distribution
is homogeneous — 5.7-5.75mL/L and 50-55 u M, respectively. At the stations after the
slope, the concentration of dissolved oxygen slightly increases, and silicate decreases, as do
the potential temperatures. This is how the entrainment of water from the thermocline
is manifested during the hydraulic jump. However, the hydrochemical parameters in the
lower 500 m layer are homogeneous throughout the entire depth, which indicates the
duration of the mixing processes and, probably, the constancy of the observed dynamic
structure in a given location. The graph of dissolved oxygen at station 52022 stands out: its
distribution becomes uniform even at depths shallower than 4500 m, the spread of values
isonly 0.15mL/L, compared to 0.30 mL/L at the previous station.
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Figure 4. Distributions of potential temperature (red), LADCP zonal component of velocity (green),
dissolved oxygen (blue) and silicate (brown) at the stations on the slope. Hydrochemical measure-

ments were not carried out at station 52020.
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Conclusions

A strong flow of AABW is observed in the Vema FZ. West of the main sill at 41°W the
flow accelerates in the layer close to 4000 m. Below this depth there is a stagnation zone
in front of the sill. Strong spillway is observed downslope of the main sill with Froude
numbers exceeding unity, which makes the flow supercritical. Correlation between the
distribution of hydrological and hydrochemical parameters is observed throughout the
entire Vema FZ. The distribution of dissolved oxygen, phosphate and silicate corresponds
to the thermohaline structure and dynamics of the waters. This is manifested both in the
layer with low bottom current velocities and in the zone with a supercritical regime and
strong mixing. This fact indicates the stability of the observed dynamic structure in the
Vema FZ.
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B nocnennee mecsituierne CyImecTBEHHO BBIPOCIA MHTEHCUBHOCTD pa3paboTku ['0pIoBCKOTroO yroapHo-
O MECTOPOXK/IEHHsI, YTO IPUBOIUT K (POPMUPOBAHUIO CEHCMIIECKON aKTUBU3AMK Hep ['0pIoBCKoit
BIIQIMHBI B OTBET Ha TeXHOTreHHoe BozueiicTBue. Haumnas ¢ 2019 roma, B paifioHe MECTOPOXKIECHUST
DUKCHUPYIOTCS 3eMJIETPSICEHUST C MATHUATYIOM Oostee 4, onryTumble B T. HoBocubupcke u ero mpuropo-
nax. OCHOBHasI 1eJIb UCCIIEIOBAHUS: TI0 MePe HAKOILIEHUsT JJAHHBIX BBISBUTD KPUTEPUN CEACMUIECKUX
AKTUBUIAIMI C UCIIOIB30BAHUEM OJHOTO U3 METOJ0B HA3eMHOM 3JIEKTPOPA3BEKN — AJIEKTPOTOMOrPa-
dun. B craTbe paccMoTpeHO reodsiekTpudeckoe crpoenne ['opsioBCKoil Bia bl B 00IaCTH TIEpexoia
or eé oroxkeHuit K CaanpcKoOMy KpsiXKYy, & TaKKe [MPOAHAJM3UPOBAHbI PE3yJIbTATHI MOHUTOPHUHTA,
BBITTOJTHEHHOTO B 2023 I. METOJIOM 3JIEKTPOTOMOTrpaduu Mo MPOdUIII0, TEPECEKAIOIIEMY OIHY U3
Ppa3IoMHBIX CTPYKTYP. [Ipoduiib MOHUTOPUHTOBBIX HAOJTIOIEHI HAXOAUTCS HA YIACTKE, BHIOpAHHOM
B XOJIE OIBITHO-METOIMYECKUX PAOOT M PACIIOJIOXKEH BCETO B HECKOJBKUX KUJIOMETPaX OT YIJIed00bI-
BAIOIIMX KapPbepOB U 30HBI KOHIIEHTPAIIUU ceicMuuecKux cobbituii. [losyueHo, 9To BhIsIBJIEHHDBIE
BapHAall¥ I'e03JIEKTPUIECKNAX IIaPAMETPOB OTPAKAIOT PEAKIIUIO MeOJIOTHYECKON Cpeibl HE TOJIBKO
Ha IIPOUCXOJIAIINE 3 IePUO HAOIIONEHUH 3eMJIETPSICEHNSI, HO U HA T€XHOI'E€HHbIE BO3/IEMCTBUSA

(B3pBIBBL).

KuroueBsie ciioBa: ['opsioBckast BIiaiuHa, MPUPOIHO-TEXHONEHHASI CEHCMUYHOCTD, TeO(MU3MIECKII
MOHHTOPUHT, 3JIEKTPOTOMOrpadusi, BAPHALMHI 3JIEKTPOIIPOBOTHOCTH, METONIUKA U3MEPEHUN, IIPO-

I'paMMHBbIE CpeJICTBa, NHBEPCU.

Huruposanme: Hesenposa, H. H., A. E. [Tlanarunos, Y. O. IITanapenko, A. M. Canuaa,

u A. B. Mapunenko CTpoeHue U MOHUTODUHI B 30HE CEHCMUYIECKON aKTUBU3AUU [ OPJIOBCKOM
Briauabl ATae-CasHCKON CKIamaaToil 06/1acTi o JaHHbIM dyteKTporomorpadun // Russian
Journal of Earth Sciences. — 2024. — T. 24. — ES5003. — DOI: 10.2205/2024es000947 — EDN:
JTUSOL

BBenenune

MacmTabbl TPOMBIIIIIEHHOTO PA3BUTHAA UBUJIN3AINN HAPYIIAIOT IPUPOIHOE PABHO-
Becre, W HArpy3Ka Ha OKPYZKAIONIYIO0 dKOCHCTEeMY Bce BpeMs yBejqmuuBaerTcd. [lo psmy
IPUYNH BO3/IEHCTBYE YeJIOBEKa Ha CPEeJy €ro OOMTaHUs CYIIeCTBEHHO BO3POCJIO B IIOCTIETHUE
IECATUIETUS U 9TO CBI3AHO, B TOM YHCJIE, C OOIBIINMEI 00beMaMU TOOBIYH [TOJIE3HBIX UCKO-
maembix. VHTEHCHBHAS pa3paboTKa MECTOPOXKIEHUI 110 PsiZly COBPEMEHHBIX ITPeICTABICHMI
MO2KET IIPUBECTU K YCUJIEHUIO CECMUYECKON aKTUBHOCTU COOTBETCTBYIONINX TEPPUTOPUIL
U BO3MOXKHBIM KaTaCTPOMDUUIECKUM IIOCIeACTBUAM. B HacTOsIIee BpeMs 3a/1a4uu HOIepKa-
HUS 9KOJIOTUIECKOrO PABHOBECUS U I[yTH WX PEIIEeHUsi OTHOCATCH K Hambojiee aKTyaIbHBIM
U IPUOPUTETHBIM.

Ha tepputopun Poccun peryssipHo perucTpupyroTcsi TPUPOTHO-TEXHOTEHHbIE CefiCMU-
qeCKHe COOBITHsI B PaHee aceifiCMUYHBIX PErMOHAX, IIPU 9TOM B OCHOBHOM HMX MATHUTY/IbI
He MPEBBINAIOT 2—-3, U COOTBETCTBEHHO, TaKNe 3eMJIETPSICEHUs JIOKAJIHHO BO3JIEUCTBYIOT
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Ha OKPY2KaloIyio cpeiy. BmecTre ¢ TeM, UMeEIOTCS PETHMOHBI, B KOTOPBHIX CEHCMHUYHOCTB,
CBsI3aHHA C TEXHOT€HHBIMU BO3IEHCTBUSMHE, IIPEJCTAB/IAET PEATbHYIO yrpo3y. Apkum mpu-
MepoMm sBisiercs badarckoe 3emserpsicenne 2013 r. ¢ marautynoit M, = 6,1 B paiione
JUTATEIFHO Pa3padaThiBAEMbIX YTOJIBHBIX MecTopoxKaeHnii Kysbacca. 9To cobbiTHe CTAIIO
KPYIHEHIIINM 3eMJIETPsICEHNEM IPU PAa3pabOTKe TBEPIBIX MTOJIE3HBIX NCKOIAEMbIX, HHUIIM-
MPOBAHHBIM TEXHOTEHHOU HArpy3koil Ha cpeay. OHO BBI3BAJIO MACIITAOHBIE PA3PYIITEHUS
KUJION MHMPACTPYKTYPHI B 11eJI0M psijie mocesikoB. B [opsioBckom yrosibHOM Hacceiine Ho-
Bocubupckoit obsractu B 2019 1. nmpousomnuto KosbiBanckoe 3emieTpsiceHne ¢ MarnuTy 10
My, =4,3, u naee cCeficMUIHOCTD TeppUTOPHUN HacceiiHa TPOIOIKAECT YyCUIUBAThCA. MaJibie
MarHATYIbI ITPUIIOBEPXHOCTHBIX TEXHOTEHHBIX 3eMJIETPSICEHNIT KOMIIEHCUPYIOTCsI OJIM30CTHIO
09aroB K MOBEPXHOCTH U MOTYT BbI3BATH JIOKAJbHBIE KATACTPOMBI JJIsi HACEJICHUS. 3eM-
JIETPSICEHUS ¢ MATHUTYIO# OoJiee 4 MOTYT MPUBECTH K 3aMETHBIM MOBPEXKIEHUSIM 3AHMI,
[IPOMBIIIJIEHHBIX COOPY?KeHUi, KoMMyHuKaIwmit [Emanos u dp., 2019].

IIpranHbl BOSHUKHOBEHUSI TEXHOINEHHON CEHCMUYHOCTH CBA3AHBI C M3MEHEHUSIMU IIOPO-
BOT'O WJIM IJIACTOBOTO JIABJIEHUS, IIePEPACIIPEEIEHNEM HAIPAKEHN B TOPHOM MACCHUBE IIPU
M3BJICYCHNH OOJIBIINX 0OBEMOB OO M CO3IaHNeM ITOAPabOTaAHHBIX IIPOCTPAHCTB. Jarre
BCEro 9TH IPUYMHBI B3AMMOCBSI3aHBI U 3aBUCAT OT OCOOEHHOCTE BO3/ENCTBUS Ha CPE.y,
TEKTOHMIECKON OOCTAHOBKHU, Te0JIOrMIecKoro crpoenus |Adywxkun u Typynwmaes, 2015;
Bemaempacerus u MUKPOCETUCMUIHOCNG 6 3a0GHAT CO8PEMENHOT 2e00unamury Bocmouno-
Esponetickot naamgopmove. Krnuza 2. Maxpoceticmuurnocms, 2007].

B Bamajmoit Cubupu TexHOT€HHAST CEICMUIHOCTD HAMOOJIeE CHIIBHO MPOSIBIISETCS He
Tosibko B Kysbacce u ['opioBckom bacceiine pu 100bIYe yIUIs B IMIAXTAX WA OTKPBITHIM
criocobom [Emanos u dp., 2021], vo u B Toproit [llopun B paiione paspaboTKu XKeJIE3HBIX
DY/ IAaXTHBIM criocoboM |Emanos u dp., 2020a,b], Ha HedTAHBIX MecTOPOK IeHUAX ToMCKO#
obJracTu.

B mannoit pabore 00beKTOM HCCIeNOBaHUS siBJisieTcst | OpJIoBCcKasi BiaiuHa. TeXHOTreH-
Hasl CEHCMUYHOCTD B 3TOI BIIaJIMHE AKTHBHO Pa3BUBAETCS HA TEPPUTOPUU KPYIHBIX JTOOBIBA-
IOIUX YTOJIBHBIX KAPhEPOB, KOTOPBIe HaxoauTcs npumepuo B 60 kv ot r. HoBocubupcka
u B 20 KM OT HAYYHOTO IEHTPa «AKaJIeMIropoIoK», a caMa BIAUHA BMECTE C OKPYKAIOIUMU
€8 CKJIaIIaThIMU CTPYKTYPaMU PacIIOjIoXKeHa Ha, oro-zamnaje Ajirae-CasHCKON ropHoii 0bJia-
cTH. YHHUKAJbHBIE MECTOPOXKIEHUST AHTPAIINTA PA3BEIAHBI HA €€ TEPPUTOPUH B IIPOIILJIOM
crosterun. VIx mpombInuieHHOe ocBoeHmne HadaTo ere B 1930 1. OTKPBITBIM CIIOCOOOM U j1ajiee
B 1980-1990 r. MecTOPOXKIeHUS Pa3pabaThBAIOTCA KaK B MmaxTax (JIMCTBIHCKOE), TaK U Ha
paspesax (LFopJiioseckoe, Yprysckoe).

B macrosimmee Bpemsi mpoiokaoTcs OypOB3PBIBHBIE DAOOTHI, CBA3AHHBIE C pa3pa-
6orkamu Kosbisarckoro (Cesepubiii, Kpyruxunckuit, Bocrounbiii ygacTku), ¥ pryuckoro
u l'opsioBckoro mecropoxkaennii. B Omkaiiniem OyayIieM rOTOBUTCA OTKPBITHE HOBOTO
paspesa «BoraTeipby, mwiomaas KoToporo cocrasut 6osee 300 KBaIpATHBIX KUJIOMETPOB,
910, CyJs 10 Mpere/IeHTaM, OyIeT BIUSTh Ha, JaJIbHEllIIee PA3BUTHE CEICMUTIHOCTH C BEPOSIT-
HOCTBIO 3eMJIETPSICEHUIT 0OJiee BBICOKMX MAarHuTy. [locTosiHHOe yBeJIMdYeHrne ceilicMUIecKoit
AKTUBHOCTHU IOTEHITUAJIHHO OIACHO I HACEJEHUS U YKUJION, HAyYIHOH, MPOMBIIIJIEHHON
nuadpacTpykTypsel. Tak, Ha paccrosaun Meree 100 KM OT y9IaCTKOB KOHIIEHTPAIIUU CeficMute-
CKUX COOBITHIT BeJIeTCsl CTPOUTENhCTBO cuHXpoTpoHa « CKM®», mepBoro B Mupe MCTOYHUKA
doronos nokosienust 4-+. O4eBUIHO, YTO JOJTOCPOTHOE WHTEHCUBHOE BO3/IEHCTBHE TEXHO-
TEeHHBIX UCTOYHUKOB HEMUHYEMO IIPUBOANUT K M3MEHEHUSIM MPUPOIHBIX M€OIMHAMITIECKIX
¥ THIPOre0JIOTUYECKUX PEXKUMOB, CYIECTBYIOIMIMX B 36MHOIl KOpE, JOKA3aHO BJIASIIONINX HA
reou3nvecKre U B TOM YHUCJIE JIEKTPOMArHUTHBIE TIOJIS.

Haunnas ¢ 2020 r. corpynnukamu jaboparopun djeKTpoMarauTabix moseit THIT
CO PAH BBINOJIHAIOTCS KOMILIEKCHBIE UCCJIEOBAHIS METOJAMU HA3EMHON 3JIEKTPOPA3BE/I-
KU TI0 U3YyYEHUIO CTPOEHUsI [ OpJIOBCKOrO poruba C 1esibio MOy YeHUs T€03JIEKTPUIECKIX
XapaKTEPUCTUK OTJIOXKEHUII OCAJO9IHOrO BBIIIOJIHEHUSI, BBIABJIEHNAS PA3JIOMHBIX CTPYKTYD
[Canyaa u dp., 2021; [laraeunos u dp., 2023]. Perynaprble HAGIIOIEHNS ¢ TOMOIIBIO METO-
JIOB JIEKTPOPAa3BEJKHN Hadau npoBoguTcs B 2023 1. u IPOIO/IKAIOTCS B HACTOLAIIEE BPeMs
HEIIOCPEICTBEHHO B 30HE CefiCMUYeCKOil akTuBu3aImy 1 opsioBckoro bacceitna. OHU 10T BO3-
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MOXKHOCTDB IIPOCJIEJIUTDH II€PUObLI OAINOTOBKU U PEAIU3AIUN IIPOUCXOIAIINX 3eMJICTPACCHUN.
OcHOBHasI LIeJIb NCCIEJOBAHMS: 110 MePe HAKOILJIEHUS JaHHbIX BBISBUTH KPUTEPUN ceficMu-
YECKUX aKTUBU3AIMNA C UCIIOJb30BAaHUEM OJHOI'O U3 METO/I0B HAa3eMHOU 3JIEKTPOPa3BEIKN —
asrekTpoToMorpaduu. K ofHOil U3 337181 OTHOCUTCS pa3/iesieHne BIUSHAS B3PBIBHBIX PabOT
B yIVIEJOOBIBAIOIIEM Kaphepe OT PEry/IsipHO IMPOUCXOISIINX 3eMJIETPACEHNH, 3apUKCUPOBaH-
HBIX CENCMOJIOTaAMUA.

T'eonoro-reopusmieckme u ceiicMoorniaecKne JaHHBIE

ILiomaab paboT HAXOMUTCSA B 30HE COMPSI?KEHUS I0XKHON OKparHbl 3ama Ho-Cubnpckoit
IUINTBl U €€ TOPHO-CKJamaaToro obpamiienus — Ausrrae-CasiHCKON CKJIQI9aToil 06/1acTu.
lopnoBckasi BuaamHa pacoioyKeHa MKy KPYIMHBIME TEKTOHHIECKUMU CTPYKTYPaMU —
ceBepo-3anaabiMu oTporavu Caanpckoro Kpsizka u Tomb-KosbIBaHCKOI CKITa19aTOl 30-
HOI1, OT OOPaMJISIFOIIUX MOPHBIX CTPYKTYP OHA OTJIE/I€HA PEIMOHAJIBHBIMU Pa3jIOMaMU. JTa
rIyboKas u y3Kasi rpabeH-CHHKIMHAb IMUPUHOiL Beero 12-15 kM nporsarusaerca Ha 120 kM
C IOro-3alajia Ha CeBEPO-BOCTOK U XapaKTEePU3yeTcd Pa3BUTHEM MHTCHCUBHONI JIMHENRHOR
CKJIa[YaTOCTH, HAIIPSI?KEHHON TeKTOHUKOi1. JIOKaJIbHbIE Y3KME CKJIAJKU, BBITSHYThIE BIIOJIb
[MPOCTUPAHUS BIAUHBI, OCJIOKHEHBI CKJIAIIaTOCTHIO 00JIee MEJIKIX OPSIIKOB 1 JIOKAJIHHBIMI
pasnomamu. Co croporbl Cajanpckoro Kpsizka [OpJIOBCKYIO BIauHy HA PA3HBIX YIACTKAX
OI'PAHUYUBAELT CUCTEMa PErMOHAJIBHBIX U3 bIOHKTUBOB, BK/OUYaomas Jemckoit, Jloporus-
ckuit 1 KemepoBckuit pasiiombl. Menee 3Ha4UnTeIbHBIE PA3PBIBHBIE HAPYIIEHUS OT/IEJIAIOT
Bruajuny or KoubiBanb-ToMckoil ¢TpykTypHO#H 30HbL. [Kuwxuna u dp., 2021]. B nesom
PaBHUHHBIN pejibedd OCIOXKHEH PEYHON CEThIO C IVIYOOKO BPE3aHHBIMU PEUYHBIMU JOJIMHAMM,
JIOTaMH ¢ KPYTBIMU CKJIOHAMU U TIyomuoit Bpe3a or 60 10 90 M. YYIacTKU, TIPUMBIKAIOIIIIE
Kk CajlanpckoMy KpsixKy, XapaKTepu3yIOTcs eIié 60jiee PACUIEHEHHBIM PEJTbeOM ¢ MEJTKUMA
COIIKAMU, OBparamu, o0pbiBaMu 1 3ab0ji0ueHHbIMU TeppuTopuamu [Komeavhukos u dp.,
2015]. D10 ocsoKHsIET TIPOBEJIeHNE Te0dU3NIECKUX PADOT.

Briopannblit /11 MOHUTOPWHTA, CEHICMOAKTUBHBIN yIACTOK, PACIIOJOKEHHBIN B paiiome
nocesikoB JleBkuno, Jlerocraeso u Ycrs-Uém Mckurumckoro paitona HoBocubupckoit obira-
CTHU, BKJIFOYaeT BOCTOYHYIO PA3JIOMHYIO TPaHUIly BHaAuHbl ¢ CaJaupCKUM KPSIZKEM, TOITOMY
BaKHBI CBeJIeHNUsI 0 1eMCKOM Pa3jioMe, UMEHHO OH Ha 3TOM YYaCTKe OT/eJIseT KOMIIJIEKCHI
CPEJIHErO-TI03IHEr0 11a1e030: ['0pJI0BCKOro mpornda OT PAaHHENAJIe030MCKAX OTJIOKEHU
Castaupa. Ha ormesibHBIX cBOMX (pparMeHTax pa3JjioM XOPOIIO BbIPAXKEH B IPABUTAIIMOH-
HOM II0JIe, €My COOTBETCTBYeT I'paJHeHTHas 30Ha, pa3Jiesidonas 00JacTb OTPUIIATEIbHOMN
anoMaJimy HaJl ['OpJIOBCKUM POTHOOM OT PErHOHAJILHON MTOJIOKUTEIHHON AHOMAJINHA HAJT
Castanpom. Cucrema 60jiee MEJIKUX Pa3PBhIBHBIX HAPYIIEHUIT B OPOTEHHBINA STAIl PA3BUTHUS
KosbiBaub-ToMCKO# cTpyKTYpHOIT 30HBI 06pa30BaJiach B 0OCTAHOBKE C2KaTUsI U (POPMUPOBaA-
JINCh HAJBUTOBBIE CTPYKTYPHI, B PE3YJITATE U€r0 OTJIO2KEHUsI | OpJIOBCKOro mporuba Onuim
HaIBUHYTHI Ha cTPyKTypbl Castanpa. [loBepxHOCTH CMecTHTE/IEH UMEIOT CEeBEPO-3aIIaHOE
nazenne [Comuukos u dp., 1999].

B Bepxmem masieo3oe ma TeppuTOopun Mporunbda pacroaraacs MEeJTKOBOIHBIN OacceirH
U OTJIOKHUJIOCH BOJIBIIOE KOJIMYECTBO OPraHOI€HHBIX OCAI0YHBIX MOPOJ, (M3BECTHAKH, MpPa-
MOp, KaMEHHBIH yroJib). BuajpHa 3anoHeHa KapOOHATHO-TEPPUTEHHBIMU OTJIOXKEHUSIMU
Kapbona un nepmu. B BepxHeit qacTu paspesa mpeodsiajaeT yrileHOCHAasT MOJIacca KapOoH-
paHHerepMcKOro Bo3pactoB. CpeHsis U HUXKHsIS 9aCTH [IPEJCTABIEHbl KOHTHHEHTAJIbHBIMA
1 MOPCKUMHU OTJIO2KEHHSIMU COOTBETCTBEHHO. MeTaMopdu3M MMepMCKUX yTJieil JOCTUTraeT
AHTPAIUTOBOM cTajun, 1 B [OPJIOBCKOM YTOJILHOM OacceitHe coCcpeoTOYEHBbI caMble 3HAYUM-
TeJIbHBbIE 3anachl anTpanuTa B Poccun [Komeavrukos u dp., 2015].

Tlockousibky B T'opsioBckoM miporube HadaThl PEryJisipHbIe HAOIIOAEHUS METOIOM JJI€K-
TPOPa3BeKN, JJIsi UX WHTEPIIPETAIMY UCIIOJIb3YeTCsl AaBTOPCKUIA IT0X0/], OCHOBAHHBIN Ha
3HAHUN T€03JIEKTPUIECKOrO CTPOEHHS YYACTKA MCCJIEIOBAHUS U AHAJIN3€E IPOCTPAHCTBEHHO-
BPEMEHHBIX BapHUAIWI [TapaAMETPOB IO IEKTPUIECKUX MOJEJIEN TPU M3MEHEHUSIX CeHCMu-
Jeckoil akTuBHOCTH. Mojiesin moJrydaror B pe3ysbrarTe MHBEPCUU IOJIEBBIX JIAHHBIX. Jljist
BBIOOPA ONTUMAJIBHBIX YIACTKOB MOHUTOPHHIA BAXKHBI CBEJIEHUS O PA3MENIEHIH PA3JIOMHBIX
HapYIEHN U WX Te0TEKTPUIECKUX xapakrepuctukax. CTpoeHne BIAINHBI KaK TIyONHHOE,
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TaK U IPUIOBEPXHOCTHOE pPaHee OBLIO M3Y4EeHO HEIOCTATOYHO, OTCYTCTBOBAJN COBPEMEH-
Hble reodusndeckne ganubie. [losromy maunnas ¢ 2020 roma, coTpyaHAKaMu J1aO0PATOPUAN
ssrekrpoMarauTHoix nojeii THI'T CO PAH nposopsaTcs usMepeHus KOMILIEKCOM METO/I0B
HA3EMHOI 3JIEKTPOPA3BEIKH C IIJIbI0 YTOYHEHMS M09 IEKTPUIECKOrO CTPOEHMS OTJIOXKEHUI
0CaJIOYHOrO BBITIOJHEeHUsT [ 0pJIoBCcKOro mporuba, B TOM YHC/Ie B 30HaX nepexoja K Camanpcko-
My KpsiKy. Cxema pasmenieHus IyHKTOB U mpoduieil mpeacrasieHa Ha puc. 1. B kommiekc
BXOJIAT METOJIbI IIOCTOSTHHOI'O M IIEPEMEHHOIO TOKA: 30HIMPOBAHUE CTAHOBJIEHUEM IIOJIsl
(3CB), BepruKasbHBIE 3j1eKTpUdecKue 30uaupoBanus (B93), snekrporomorpadus (IT).
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Puc. 1. Cxema HabmI0eHN METOAAMU HA3EMHON 3JieKTpopasBedku B ['OpJIOBCKOI BIlajanHe Ha

nozyioxkke reojiorudeckoit kaprel N-44-XVIII (Yepenanoso), (http://mfvsegei.ru/).

B kadgecrBe mpumepa paccMoTpuM XapakTepucTUKu paspesa mo ganasivM 3CB u B93
o poduiiro 6, mpecekaronieMy JeMCKOil 1 BTOPOCTEIEHHBII PAa3JIOMbl BKPECT IIPOCTHPAHUS
BHaAWHBI. Pa3pes3 oTpakaeT rimyOuHHOE CTpoeHne oTIoKeHuit ['op/IoBCKOit BIaInHbl U pas3-
JIOMHBIX CTPYKTYP, €6 OrpaHMYUBAIONINX B 30HE ceificMudeckoil akrupuzarnuu. Oba pazioma
Ha paspese 1o Tpodumio 6 BBIIEISIOTCs 00Meil 001aCThI0 MOHMKEHUST 3HAYEHUIT Y TbHOTO
sseKTpraeckoro conporusienus (YIC), OTHOCHTENHHO BMEIIAONIINX TOPHBIX MOPOJ, W HA
rirybune 200 M eé mwmpuna coctasiisier ~ 250 M. CTpyKTypHBIE 0COOEHHOCTH PA3JIOMHOI 30HbBI
CJIeIyIOIINE — [TOYTH BEPTUKAJIbHAS CEBEPO-3alla IHAsi TPAHNIA U HAKJIOHHAS IOrO-BOCTOYHAS.

Meroz asiekTpoTroMorpadun J1ajiee UCIOIb3yeTCsl I PEryJIsipHBIX HAOJIIOAEHUI, 10~
TOMY €0 Pe3yJIbTATHI [0 U3YUEHUIO CTPOEHUsT Hanbosiee akTyasabHbl. 3mepenns DT Gbuim
BBIIIOJIHEHBI HA, JIOKAJBHBIX YIACTKAX B 30HAX IIE€pexoia oT oriaoxkenuit [opaoBckoro mporubda
kK Cajlaupckomy KpsizKy 110 rnpocuiisim 7, 8, 9, 10 jyist IOCTPOEHUsI Te0JIEKTPUIECKUX MOJIe-
Jieil Bepxueil qactu paszpesa. 13-3a ocobennocreit mecraoctu npodbmwim DT umeor pazHyio
nyny. V3meperns mo npodusisM 7, 8 BBITOJTHEHBI C UCIOJb30BAHNEM COBPEMEHHOH MHOTO-
3JIEKTPOJIHOI 3JIeKTpopa3BeiouHoil anmaparypbl «Ckaja 48> ¢ ycranoskoii [Tlmrombepake
U IIaroM Mexkiy sjekrpogamu B 5 M. st mpocuieii 9, 10 ucnonb3oana «Ckajia 64k15Es,
mar no upodumio cocraBua 10 M (https://nemfis.ru/siber-64k15). Bee nmpodumu 9T upodo-
JKeHbI Yepe3 pa3/IOMHbIE HAPYIIEHHsT FOT0-BOCTOYHOIO 60PTa BIAIUHBI KAK B 30HE 1eMCKOro
pasJjioMa, TaK U B 00JIACTH €ro IepecedeHrsi ¢ BTOPOCTENIEHHBIMY T3 bIOHKTUBaMU. Paspessbr
JIEKTPOTOMOrpaduu B 3aBUCHMOCTH OT BBIOPAHHON YCTAHOBKU IIOCTPOEHBI JI0 TVIyOWH OT
40 o 100 M. B pe3ysibTaTe COBMECTHOTO aHAIN3a MOJYIEHHBIX Me0JIEKTPUIECKIX PA3PE30B
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U TeOJIOTMYECKUX JIAHHBIX OBLIO BBISCHEHO, YTO 1eMCKOI pa3jioM OTparykaercs MOHUKEHIEM
VIC me Ha Bcex paspesax DT. 1o MOKET OBITH CBI3aHO C MOBBIMIEHHON AKTUBHOCTHIO
TOJILKO €ro OTJIeIbHBIX (pparmMeHToB. Kpome TOTro, yuuThiBasi ero G0JIBINYIO MPOTAKEHHOCTD,
JIMHUSI PA3JIOMa, TI0 T€0JIOTUYIECKUM JIAHHBIM BO3MOKHO IIPOBEJIEHA HE COBCEM BEPHO, UTO
MOKHO Oy/IeT yTOYHUTH C MOMOIILIO JOMOTHATEIBHBIX U3MepeHuii ajekTporomorpadun. Tem
He MeHee, Ha pa3pese 10 MPOQUIIIO 7, KOTOPBIN IIPOXOIUAT B MECTE COUJIEHEHUsT 1eMCKOro
U BTOPOCTEIIEHHOI'O Pa3JIOMOB B €r0 CEBEPO-3allaIHO YaCTH BBIIEJISIETCsI 30Ha CO 3HAYECHIUS-
MU YZIeJIbHOIO 3JIeKTprIecKoro corporusierus (YIC), KoTopble Ha MOPsIOK Huke YIC
OrPAHMYUBAIOIIUX €€ BHICOKOOMHBIX TopHbIX 1opox, Canaupa — D2 sb (puc. 2). K coxaie-
HUIO, IPOJJIUTH MPOGUIb 7 Jajiee Ha CeBEPO-3alla)l HET BO3MOXKHOCTH U3-38 IIPUCYTCTBUSI
KPYyTOTo 3a00JI0Y€HHOI0 OBpara, Mo3TOMY OIMPEJEIUTD [MOJHYIO MTUPUHY PA3JIOMa B 9TOM
MeCcTe HEBO3MOXKHO. Bmecre ¢ TeM, I0ro-BOCTOYHOE OIpaHUYeHUe PA3IOMHON 30HBI JIAHHBIM
9T HakKJIOHHOe, UTO COBIAJAET C T€OJIOTHIECKUMU JaHHBIME U pesysiabraramMu 3CB u B3
o podmwtio 6. [lo pesynbrataM COBMECTHOTO AHAIN3A MOJIYYEHHBIX I'€03JIEKTPUIECKUX
pPa3pe30B, Te0JIOTHIECKHUX U CeICMOJIOTMIECKUX JIAHHBIX CJIeJIaH BBIBOJ, 9YTO deMCKOil pasiom
BBIesIsIeTcs moHMmKeHneM Y 9C 0THOCHTEILHO BMEIAIONINX TOPOJ], TOJBKO HA €0 OT/IE/Ib-
HBIX (PparMeHTax, 9TO MOXKET OBITh CBSI32HO B TOM YHCJI€ C HAIIPABJIEHHBIM JIOKAJIbHBIM
BO3JICICTBAEM IIPOUCXOJIANINX CEHCMUYECKUAX IIPOIECCOB.

Puc. 2. Paspes o mauubIM 3j1eKTpoTOMOrpaduu 1mo npoduio 7 depe3 HeMCKOil pa3jioM 10 JaHHbIM

3JIEKTpoTOMOTpadun.

Bribop yuactkoB mj1st ipoduiteit B ['opsioBckoit Baanne 06yCIOBIEH OIMBITOM MHOTOJIET-
HUX MOHUTOPUHIOBBIX HabJofenuit B Baiikaibekoil pudrosoit 3oue u [oprom Asrae, e
caMasl CHJIbHasl PeaKIHs 3JIEKTPOMArHUTHBIX METOJIOB Ha, YCHUJIEHUE CEeICMUYECKOil aKTUBHO-
CTH TOJIy9YeHAa B 30HAX BJIMSHUS PA3JIOMHBIX CTPYKTYD C XapaKTEPHBIM JIJIsI HUX [TOHUKEHIEM
YIC [anrazunos u dp., 2018; Ilanapenko u Hesedposa, 2022].

Ceiicmosiorndeckue JaHHble. B CBsI3U C TIOCTOSITHHBIM PAa3BUTHEM CEACMUYHOCTH HA Tep-
putopun ['opsioBCKOIT BIIaIMHBI IIPOBOIUTCS CEHCMOJIOINYECKIiI MOHUTOPUHT, B TOM YHCJIE
C WCIIOJIb30BaHUEM JIOKAJbHBIX BPEMEHHBIX CeTeil B 00JIACTH KOHIIEHTDPAINH 3eMJIeTPsice-
HUil. DTO obecreuynBaeT PErucTPAIUo IPUPOIHBIX U TEXHOIE€HHBIX COOBITHII B PEabHOM
Bpemenu. Hemocpeacrsenno B T'opiiosekoit Buauue 10 2010 r. HabJIr01a/IMCh €IMHUYHbIE
3eMJIeTpsiCeHnst ¢ MarHuTyaamu My, He 6osee 3,5. 3emierpsicerust HOJBITIX SHEPTUI HATAIN
npoucxomutsb ¢ 2017 1., manpumep, KombiBarckoe codsrrue 2019 1. ¢ maraurymoit M1, = 4,3.
Jlajiee MarHUTY 1Bl 3€MJIETPSICEHUI TOJIBKO MOBBIMNAOTCA. [Ipr 9TOM TyIyOUHBI JI0 TUIIOIEH-
TPOB OTHOCUTEILHO HeGobmume, 6ostee 90% ogaros 3adpUKCUPOBAHBI Ha IIyOHHAX MEHee 8 KM
C XapaKTEePHBIM MEXaHU3MOM — B3DOPOC U IMPOCTPAHCTBEHHO OHU IIPUYPOYEHBI K PaifoHAM
HanboJIee MHTEHCUBHOM JTOOBIYN YTJIsi OTKPBITBHIM criocoboM. Takoil MexaHn3M XapaKTepeH
JIJIST TEXHOTE€HHBIX 3eMJIeTpsiceHnil, HabronaeMbix npu noberae yrias B Kysbacce [Emanos
w dp., 2021; Hlanazunos u dp., 2018]. OgHO U3 HOCAETHUX KPYIHBIX COOBITHI IPOU3OIILIO
27 HosiOps1 2023 1. ¢ MarHuTynOM 4,7 Ha TIyOHHE BCEro 2 KM ¢ MexaHu3MOM B3Gpoc [DHI]
EIr'C PAH, 1993].

I'paduk moBTOpsiemocTn 3eMyeTpsicernit B [Op/IOBCKOIT BITainHe MMeeT WHON HAKJIOH,
geM JIJis TPUPOIHBIX 3eMyieTpsicenuit Asrrae-CasiHCKOM TOPHOH 06J/1acTH. Y YUTHIBasT TOBbI-
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MIEHHYIO UHTEHCUBHOCTD JOOLIYU AHTPAIATA, & TaK¥Ke aHAJOTUIO [0 MEXAHU3MaM O49aroB
C TEXHOTEHHBIMH 3eMJIeTpsacennamMu Kysbacca, ceficMOIOrH IIPEIIoIaraloT, 9To 3eMIeTpsIce-
HUSI C SMUIEHTPAMU BOJIU3U YTOJBHBIX KAPbEPOB CBI3aHbI C TEXHOTEHHOH CeCMUYIHOCTLIO
[Emanos u dp., 2021]. TToka IponCXOsIme 3eMIETPICEHUsT ¢ MarHUuTyIamu 4—4,7 Hesb3st
OTHECTH K KATACTPOPUIECKUM, XOTS OHU OE3YCJTIOBHO OECIIOKOAT HACEJIEHUE W TI0 OIBITY
aBTOPOB CTATBHH HPHBOIAT K HAJEHUIO IIJIOXO 3aKPEILICHHBIX KOHCTPYKIHUH, IPEIMETOB
06HXO0/Ia, YTO MOYKET IPHUBECTH K TPABMATHUECKUM CIydasdM B KON MHPPACTPYKTypPe
7 aBapusaM B YTOJbHBIX KapbepaxX. YCUJICHHE CEHCMUIECKON aKTHBHOCTH YKa3bIBAET Ha
BayKHOCTb U3yYeHHs CTPOCHHS 3TOIH 30HBI, 8 TaKKe Ha TO, YTO HABEICHHAsS CEHCMUYIHOCTD
B JIAHHOI 06/JIACTH MOKET pa3BUBAThLCSA KaK yCHIMBAIONIMAICS CO BpeMeHeM ONAaCHBI Ipolecc,
3a KOTOPBIM cJiefyer Habmonath |[Emanov et al., 2020]

Perynsipabie HabI0IeHNS METOAOM 3JIEKTpOoTOMOrpadun: MHTEPNPETAIWS MOJEBBIX JAHHBIX
W aHAJIU3 pe3yJIbTATOB

Perynsipubie HabJr0/1eHUST 38 NAJIBHERIIIIM Pa3BUTHEM HABEJEHHOI ceificMuanocTu B Lop-
JIOBCKOI BIIQ/IMHE CEHCMOJIOIMYECKUMHU MeTO/IaMM Telleph I10/I/1IePXKUBAIOTCS 3JIeKTPOPa3Be/I-
koii. Moruropunr meromom DT mauar Becnoit 2023 roma. Ha 0630pHOit cxeme oTmMedeHO
pa3MellieHre BHIOPAHHOIO YyYaCTKa PeryJispHBIX HAOJIFO/IEHNI, TOKA3aHbl PA3JIOMHbIE Ha-
DYIIIEHNsI TI0 T€OJOTUIECKUM JNAHHBIM (JKUPHO# KpacHOi juHueit — dparmenT JemMcKoro
pasJioMa), JMHUU ONBITHO-MeToandeckux upoduseit 9T dyepes pasHble JU3bHIOHKTHBDI, JIIH-
IIEHTPHI B3PBIBOB U 3eMiierpsicernii B 2023 1. 3a 1eproj, HAOJIIOIEHNI, a TaK¥Ke KOHTYPbI
YTUIETOOBIBAIONINX KAPHEPOB U OTBAJIOB (puc. 3).

Puc. 3. O630pHas cxema paiioHa MOHUTOPUHIOBBIX HabJoennit merogom DT B Topiiosckoit Briaume.

OueHb BaXKHBIM JIJIsT PETYJISIPHBIX HAOJIOJICHUI SBJISIETCST BBIOOP ONTUMAIBLHOTO YIACTKA.
[TosroMmy Ha TIepBOM 3Tare OBLIN BBIIOJHEHBI OIMBITHO-METOAUYECKUE PpabOThI JJIsi OIpe-
JeJieHusl KOHKPETHOIO MeCTa pa3MeIleHus MOHUTOPUHIOBOIO POMUJIsi, & TaAK¥Ke BhIOOPa
ycranoBok DT u mara mexy sekrpogamu. [Ipobuble (IpeaBapuTesibHble) H3MePeHUs ObLII
IIPOBEJIEHBI HA TPEX y9IaCTKaX, B MPEIeaax KOTOPBIX TPOMUIN PA3HON JIUHBI IEPECEKAIOT
dparmerT HYeMcKOro pasjioMa U JABYX BTOPOCTENEHHBIX, ero onepstonmx. CTOUT OTMETUTD,
YTO BCE BBIOPAHHBIE YIACTKH HAXOMATCS B HEITOCPEJCTBEHHON OJIM30CTH OT yTJIeJ00bIBAIO-
IAX KapbepOB, B KOTOPBIX MPOBOSATCS B3PBIBHBIE PabOTHI, & TaKXKe B H—6 KM OoT obsactu
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KOHIIEHTPAIINN CeHCMUYIECKUX cOObITHI. B X016 n3Mepenuil BbIIM NCHOJb30BAHBI YCTAHOBKA
[Trombep2ke U TPEXJIEKTPOAHAS C PACCTOAHIEM MEXKIY JIEKTPOJAMA B D M.

WMurepuperanusi Bcex MOJyYEHHBIX TOJIEBBIX JaHHBIX DT OCYIIECTBIISIIACH C TOMOIIBIO
IIPOrPAMMHOTO KOMILIEKCA MOjlesinpoBanust u nasepenu Direct-Inverse-Solver (DilnSo). 9ror
KOMILJIEKC, TIPeIHA3HAYCHHBI paHee s pemenus npsaMbix 3D u obparubix 2D /3D zamaq 9T,
OBLT MomoJTHeH rpadoM 06pabOTKU JAHHBIX MOHUTOPUHTA HA OCHOBE TEOPETHIECKOTO aHAIN3a,
PasHBIX cxeM peryispusanuu. [Hesedposa u dp., 2023]. Paspessl naBepcuu 10 npoduiisM
1 u 3 pumuoii 350 u 220 M COOTBETCTBEHHO MOCTPOEHBI 10 rrybunbl B 40 M (ycraHoBKa
[MomGepzke). st npoduiis 2 pauHoit 450 M UCHOIB30BaHA TPEXIIEKTPOJHAs YCTAHOBKA,
¢ KoTopoit nosxydeHa riryonaHocTh B 80 M. B camoii BepxHeil YacTH BceX pa3pe30B 3aJIeraroT
60oJiee HIBKOOMHBIE OTJIOXKEHHs C HEIOCTOSIHHON MomHOCTHI0 0T 10 M (mpoduis 3) u 110
30 M (upodusnu 1, 2), ruybke 3uavenus Y DC ropHbIX IOPOJ, BOBPACTAET B HECKOJILKO Pas.
Crpoenne 1o mpoduaio 3 AIUHON B 235 M OTJINYAETCS OT OCTAJbHBIX, T.K. Ha pa3pe3e B ero
HEHTPAJILHON YaCTU BBLIEJSETCS TPOBOJsAIIAst 30Ha ¢ Y DC 3HAUNTETHLHO HUYXKE BMEIIAIONTIX
OPOJT, ¥ TUPHUHON 0KOJIO 30 M. DTy 30Hy MOKHO OTHECTH K AKTUBHON Pa3JIOMHON CTPYKTYpE
(puc. 4). YyacTok, Ha KOTOPOM BBIIOJIHEH IPOMUIb 3 U HOJIyYeH Pa3pe3 ¢ HU3KOOMHOM 30HOiA,
OBl BEIOPAH JIJ1sI MOHUTOPHUHTA. /lajiee Ha 3TOM y4YacTKe 110 pa3MedeHHOMY 3apaHee IPOMIITIO
¢ (PUKCUPOBAHHBIM ITOJIOKEHUEM JIEKTPOJIOB OBLIN IIPOBEIEHBI PEry/ISPHbIE M3MEPEHUs
merogom DT ¢ ycranoskoit [lirrombepake ¢ HHTEPBAIOM IPUMEPHO B 2 HEJIEJIN.
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Puc. 4. Pazpesnl no ganasiv DT 1o npoduiam depes mpenogaraeéMble PA3JIOMHBIE CTPYKTYPbI
B 30He ceficMuyeckoil akTuBn3anuu [OpIIoBCKoil BuauHbl (10 PE3Y/IbTATAM OLBITHO-METOMIECKIX

pabor).

IIpuBemem HeoOXOmMMBIE NI aHAJIN3a CEHCMOJIOTHYECKHE JAaHHBIE. 33 BPEMEHHOM
mepuoJ; ¢ Mas 1o Hostopb 2023 roga Ha TeppuTopuu ['OPJIOBCKOIT BIIAIUHBI CEiCMOJIOTaMu
AC® OUII EI'C PAH 6buin 3acdukcupoBanbt 60see 25 coObITHN KAK PEaKIUs Ha B3PHIBBI
B Kapbepax ¢ Maraurymamu ot 2,1 1o 3,2 B paguyce 20 KM — OT TIeHTPa IPOMUIIsST HAOIIIOIEHIS
u 5 3emuterpsiceHnii ¢ maraurygamu ot 2,1 no 3,7 [QHI] EI'C PAH, 1993]. Ilapamerps!
3eMJIETPSICEHUI ITPUBEIEHBI B Ta0I. 1.

Semsterpsicerne 27 HostOpst 2023 T. TPOU3OIILIO TOCTIe 3aBEPIIEHIsT HAOIIOJEHUIT B CBI3H
C MOIIHBIM CHEKHBIM MTOKPOBOM W IIPUBEJIEHO JIJIsT JIEMOHCTPAINYN YCUJIEHUS CEACMUTHOCTH
B palioHe mccieoBaHus. [l aHaIM3a pe3y/IbTaTOB PACCMOTPUM Pa3pe3bl 0 JAHHBIM
9T, moJsiyueHHbIe 10 U TOCIE MPOU30IIeAux 3emierpscennii 2023 1. U OTHOCHTEIbLHBIE
m3meneHus: ¥ IC Kak mpuMepbl PeakIuu W3MepeHuil Ha u3MeHeHus ceficMmuanoctu. s
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[0 3emneTpaceHua

Tabmuna 1. [Tapamerpbl 3eMiIeTpsICEHUI 3a TEPUO/] PEryJISIPHBIX HAOJIIOEHII

DUUIEHTPATBHOE
Ne Hara Maruuntyna paC(IjTOHII;I/Ie, o
1 28.05.2023 3,7 7
2 04.07.2023 2,1 8,5
3 26.09.2023 3,1 14
4 22.10.2023 3,4 8
5 27.11.2023 4,7 5

IIepBOTO TIPUMeEpa BHIOPAH BPEMEHHOIW MHTEPBAJ MEXKJYy W3MEPEHUSIMU, BBITOJTHEHHBIMA
26 mas n 02 mions. 3emJeTpsiCeHre ¢ MArHuTyA0i 3,7 Tpou30ILIo 28 Mast Ha PACCTOSTHUN
7 kM Ha 3anaj; or Hadasa npoduss. Comnocrasierue pazpe3oB DT 1o u mocie codbbITHA,
a TaK»Ke KOJIMYIeCTBEeHHAs OneHKa n3MeHeruit ¥ IC 1mo pa3pesy, IO3BOJISIET CIeIaTh BBIBOI,
uro n3MmeHenus Y IC mocie 3eMIeTpsCeHId ObLIN 3HAYUTEILHBIME U jocturaau 55%. Ipn
3TOM HabMOAAN0Ch yMenbinenue snadeHnii YIC 1o 40% B HUBKOOMHOI pa3JIOMHOI 30He,
n ero ysesmaenne j0 40-55% B orpaEMYmMBaIOMNX €€ BHICOKOOMHBIX ODJIACTSX, KOTOPBIE
COOTBETCTBYIOT KOPEHHBIM TopojiaM (puc. 5a).

B cnenyromuit BpemenHo#t nHTEPBAJ 4 MIOJIS TPOU3OIILIO 3EMJIETPSICEHNE C MArHUTYION
2,1 mexy mamepenusimu DT 27 uionst — 21 uioIsg Ha SMUMEHTPATLHOM PACCTOSTHUAN 8,5 KM
TakKe OT HaJdaja IpodU/isi B HAIIPABJIEHUN Ha CeBepo-3amajl. Xapakrep usmenerus Yy IC
pas3pe3a U BeJIMYNHA BapHAIil CYIIIECTBEHHO OTINYAETCs OT IepBoro npumMepa. Ilomydennsie
papuamu Y OC nHaxomarcs B auanazone or —15% mo 10% u uzMenenue 3HaKa BapHUalluii
[IPOUCXOJIUT HEIOCPEICTBEHHO B PA3JIOMHON 30He (puc. 50).
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(a)
Puc. 5. l'eossiekrprueckue paspessbl 110 npoduiito MoruTopunra DT u oTHOCUTEIbHbIE U3MEHEHU ST
¥Y3C no paspesy, Kak peaxiysi Ha IPUPOHO-TEXHOTCHHBIE 3€MJIETPACEHNs; () — peaKnus Ha
semsterpsicenne 28 mas 2023 r. ¢ marauTynoit 3.7, (6) — peaknus Ha 3emserpsicenne 04 nrosst 2023 r.

¢ marauTygon 2,1.

Pazymmansa B Bapuanusax YOC Kak peakIuu HA 3eMJIETPSICEHUsI, IIPOUCXOJISAIIIE B Pa3-
Hble BpEMEHHBIE [1€PUO/Ibl U3MEPEHNit, 0YEBU/IHO B IIEPBYIO O4Yepeb CBA3aHBI C JJOCTATOTHO
GOJIBITION pa3HUIEll B MATHUTYIAX STUX 3€MJIETPSICEHUI, TPUYIEM C YMEHBIIIEHUEM MATHUTY/IbI
YMEHBINAIOTCS U Bapuamnuu. KpoMe TOro, M3BECTHO, YTO BEJIMYMHA BapHUAIldil 3aBUCAT OT
HaIPABJICHUS Ha SMUMNEHTPHI COOBITUN IO OTHOIMEHUIO K MOJIOKEHUIO mpodmtio. s Kax-
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JIOf yCTAHOBKY MOHHTOPHWHTA UMEETCS JUarpaMMa IyBCTBUTEIHHOCTH, TO €CTh B KAKOM-TO
a3uMyTe J4yBCTBUTEJILHOCTD Oyzer MakcuMmaibhoit [Hesedposa u Inos, 2012]|. B nenom Bapu-
anuu YIC, KaK OTKJIMK HA 36MJIETPSCEHNUSI, MOKHO O0bSICHUTH CYIECTBEHHBIM N3MEHEHUEM
TUJIPOTEOJIOTHIECKOT0 PEXKIMA, TIePEePACIIPE/IeIEHUEM TIO/I36MHBIX BOJI [10JI, BO3/IEHCTBUEM
MIPOUCXOMIANINX CEHCMIYIECKIX COOBITUM, BIUSIONINX HA HAIPSKEHHOE COCTOSTHUE MaCCHBA
TOPHBIX TIOPO/I.

Peakiiust Ha B3pBIBBI MIPOSIBJISIETCSI COBEPIIIEHHO MHAYE 10 CPABHEHUIO C 3JIEKTPOMAr-
HUTHBIM OTKJIMKOM HAa IIPUPOIHO-TEXHOTEHHbIE 3eMiieTpsicennsi. lIpuBenem 1Ba npumepa.
Buauase obpaTumcst K BpeMeHHOMY MHTepBaJjLy Mex ity u3mepenusmu 2 u 30 aBrycra 2023 1.,
B KOTODBIH ObLIn 3apUKCHPOBaHBl B3PbIBBI (3 cOObITHs) ¢ MarHuTyxaMu 2,2-2,7 Ha pac-
CcTOsTHUAX OT Hadaja npoduist B 6,5 kM u 10 10 kM. OjiHAKO IO pe3yJsibraTaM aHajm3a
Te03IEKTPUIECKUX MOJEJIEN 10 U mocjie COOBITHIl ObLIN BBIABJIEHBI HEOOIBINE BAPUAIIAN
Y3C, ne npessimarorue 5-6% 1o BceMy pa3pesy B HCCIIelyeMOM HHTepBaJie TiyouH (puc. 6a).

Bropoit npumep npuBesieH a1 Bpemennoro nutepnasia 30 aBrycta — 21 centsiopst 2023 1.
(puc. 66). B 910 Bpems TakKe IpOU30ILIN B3PLIBLI (3 cobbliTus) ¢ MaruTyaamu 2,8-3,1 Ha
paccrosinusx oT 8 KM 10 11 kM. Bapuanun ¥YIC yMeHbIIMINCH 10 CDABHEHUIO C MEPBBIM
IpUMEpPOM U cocTaBistan Beero 2—3%. MorkHo cienarh cieayromuii BeiBoa. Ha B3pBIBBI
B Kapbhepax TaKyKe UMeeTcs peakius JaHHbX DT, Ho Bapuanun YIC mpu aToM HEGOJIBIITE,
COCTABJISIOT TIEPBbIE€ €IUHUIBI MMPOIEHTOB. Takwe HU3KWE BAPUAIIMU MOXKHO OObSCHUTH
MaJIoil TJIyOMHOM TUIIOIEHTPOB COOBITU, HHUIIMNPOBAHHBIX B3PhIBAMU U COOTBETCTBEHHO
CYIIECTBEHHO MEHBIIUM 00BEMOM Ie0JIOIMYECKOH CPebl, Ha KOTOPYIO OHU BO3JIENCTBYIOT.

Takum obpaszom, o pesysbratam anajm3a Bapuaruit Y 9C BbISBICHA pa3HAs PEAKIINs
Ie0JIOTUYECKOI CpeJibl Ha B3PBIBBI B KAPbEPAX U 3eMJIETPSICEHUs] PA3IMIHOM MarauTy. Oriu-
qre HaOJII0/IaeTCs IO BeJINYNHE BAPUAIUl, KOTOPBIE JJIs 3eMJIETPICEHUit OYIyT CyIeCTBEHHO
BBIIIE JaKe JIJIsI OTHOCUTEIbHO CJIA0BIX 110 MATHUTY/IE COOBITHI.
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(a) (6)
Puc. 6. I'eossiekTprueckue pa3pess! 110 npoduiiio Morutopuara DT n orHoCHTeIbHbIE U3MEHEHU ST
YIC mo BceMy pa3pesy, Kak peakiysi Ha B3DBIBbI; (a) — peakiysi Ha B3PBIBbI B yTOJBHBIX Kapbepax
B unTepsase 2 u 30 asrycra 2023 r., (6) — peakuusa Ha B3pBIBLI B nHTepBasie 30 aBrycra —
21 centsiopst 2023 r.

3akiroueHue

B pesysbrare BBIIOJTHEHHOTO UCCJIEIOBAHUS ONPEJIEIEHO Te03JIEKTPUIECKOE CTPOCHIE
B obOsactu mepexona omioxkeruit ['opsosekoit Buaauusl Kk Cananpckomy Kpsiky. 1o maHebM
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DT pasjioMHbIe 30HBI BBIIEJIAIOTCS 00JIaCThIO TIOHMKEHHBIX 3Ha4veHunit ¥ DC. B xoje ornbITHO-
METOINIEeCKAX PA0OT BBIOPAH MPOMUIHF MOHUTOPUHTOBBIX HAOJIIONEHUH, PACITOIOKEHHBII
BCEr0 B HECKOJIbKUX KUJIOMETPAX OT YIVIEJ00BIBAIONINX KAPHEPOB M 30HBI KOHIIEHTPAIUN
ceiicmuaecknx cobbituit. Ilo pesynpraTtaMm aHan3a MOHUTOPUHTA, BBITTOJHEHHOTO B 2023 T.
merogoMm DT mo npodmio HabIo/eHn i, BhISBIEHA B3aUMOCBsI3b Bapuarmii Y 9C ¢ mpouncxo-
JISATIUME CeCMUIECKUMU COOBITUSIMH.

MoOGWIBHBIN METOJ 3JIEKTPOTOMOIpadu, NUCIOJb30BAHHBIN I MOHUTOPUHTA, UMEET
pa3BUTHIE CPEJICTBA U3MEPEHUH U WHTEPIPETAIINN, KOTOPBIE TOCTOSTHHO COBEPITIEHCTBYIOTCS
Wureprnperanust Beex MOJeBBIX JaHHbIX DT ocylecTBisgercs Ha OCHOBE pelieHusi 06paTHOM
3aJ1a9K JJIS TOJIYYEHUsT PACIPEeJICHUs] HCTUHHBIX YEJbHBIX 3JIEKTPUIECKUX COIPOTUBIICHUIH
paspesa. OrHocurenbuble u3Menenust Y IC (Bapuanuu) 1o paspedy ObLIM PACCUYUTAHBI
€ WCIOJIB30BaHUEM MOJIEPHU3UPOBAHHOTO Iporpammuoro Komiuiekca DilnSo, B koTopsbrit
B XOJIe MCCJIEAOBAHUs OBLI J100aB/ieH rpad 0OpabOTKU JAHHBIX MOHUTOPHHTA Ha OCHOBE
aHaJIM3a Pa3HBIX cxeM peryispusanun [Hesedposa u dp., 2023].

Crestyer cpa3y OTMETUTD, 9TO WHTEPIPETAIUsl TOJEBBIX JAHHBIX 38 OJUH TOJI HabJII0/Ie-
HU He [T03BOJISIET CJIeJIaTh TOJTHOIEHHBIE BHIBOJIBI, TEM HE MEHee, yKe yOeUTeIbHO IIOKAa3aHo,
YTO BapHUAIUU T'€03JIEKTPUIECKUX [TapaMeTPOB OTPAXKAKT PEAKIIMIO Ne0JIOIMYECKOI CpeIbl
Ha [IPUPOJHO-TEXHOTEHHBIE 3€MJIETPSICEHS, IIPU ITOM BEJNYINHA BapUallnil 3HAYUTEIbHA,
nocruraer 50% n 3aBucut:

1.  OT MArHUTY/BI COOBITUSI: C YMEHBITEHNEM MATHUTY/IbI yMEHBIMAaoTcst U Bapuarnun Y JC;

2. OT HAIIpaBJIEHUs HA SMUIEHTD, TPEIBAPUTEILHO MOBBINIEHHAS] YYBCTBUTEILHOCTD yCTa-
HoBkU DT HabJIOMAETCS B 3allaJHOM HAIIPABJIEHUN;

3. OT SMUIEHTPAJBLHOTO PACCTOSHUS 3€MJIETPSICEHNS, KOTOpOe M3MePSETCs OT IeHTPa
YCTaHOBKH JI0 SIUIEHTPA.

B orBer Ha TexHoreHuble BO3zeiicTBYs (B3PBIBbL B KAPbePax) BbIABJIEHbI HEDOJIbIINE Ba~
puamm YIC ot 5-6% mo 2-3%, 9T0 MO3BOJISET OTIMYATH PEAKITUIO Ha B3PHIBLL U 3€MJICTPSICE-
Husl. 3a BeCh IIePUO/] PETYJIsIPHBIX HAOJIIOIeHI ObLI0 3aduKCUpOBaHO OoJjiee 25 TeXHOI'€HHBIX
Bo3zieiicTBuil (B3pBIBOB) ¢ MarHuTygaMu oT 2,1 10 3,2 U SUUIEHTPAIBHBIME PACCTOSHUIMU
or 3 g0 20 kM 10 1eHTpa npoduas HabmoaeHsS. MOHUTOPUHT Ha BHIODAHHOM YYaCTKe
pojrokaercs B 2024 1., YTO TMO3BOJIUT TOJITBEP/IUTh U YTOUYHUTDH CJACJTAHHBIC BBHIBOJIBI.

Baarogaproctu. VcciemoBanne BBITOTHEHO 3a CUET TpaHTa Poccuitckoro HaywIHOTO (hOHIA
Ne 23-27-10050, https://rscf.ru/project /23-27-10050/.
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In the last decade, the intensity of development of the Gorlovskoye coal deposit has increased
significantly, which leads to the formation of seismic activation of the subsoil of the Gorlovka
depression in response to man-made impact. Since 2019, earthquakes with a magnitude of more
than 4 have been recorded in the area of the deposit, felt in Novosibirsk and its suburbs. The main
objective of the study: as data accumulates, to identify the criteria for seismic activations using
one of the methods of ground-based electrical exploration — electrical resistivity tomography. The
article considers the geoelectric structure of the Gorlovka depression in the area of the transition
from its deposits to the Salair ridge, and also analyzes the results of monitoring carried out in
2023 by the electrical resistivity tomography method along a profile intersecting one of the fault
structures. The monitoring observation profile is located on a site selected during experimental
and methodological work and is located just a few kilometers from coal quarries and the zone of
concentration of seismic events. It was found that the identified variations in geoelectric parameters
reflect the reaction of the geological environment not only to earthquakes occurring during the

observation period, but also to man-made impacts (explosions).

Keywords: Gorlovskaya depression, natural and man-made seismicity, geophysical monitoring,
electrical resistivity tomography, electrical conductivity variations, measurement techniques,

software, inversion.
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Abstract: In this paper numerical simulation of tsunami waves is carried out using data from the
earthquake off the coast of Mindanao Island in the Philippine Sea on 23 December 2023 in the
western part of the Pacific Ocean. The paper considers two scenarios of seismic source localization
with different dynamics of the Earth's crust displacement in the seismic source region during the
earthquake process. Consideration of two scenarios with different location of keyboard blocks, into
which the earthquake source is segmented, allows one to study the influence of source geometry
on the characteristics of generated tsunami waves. In the course of simulation, during dynamic
displacement of keyboard blocks in the earthquake source, tsunami source formation, tsunami waves
and their propagation in the Pacific Ocean water area take place. The wave characteristics of the
process along the mainland and island zones in the considered water area were obtained. The results
of simulation for the two scenarios are compared with observational data, which makes it possible
to identify which type of block arrangement provides better similarity with the recorded tsunami
characteristics and, therefore, better describes the real dynamics of the earthquake source.

Keywords: earthquake and tsunami in the Philippines 02.12.2023, earthquake sources, tsunami

source, tsunami waves, numerical simulation, tsunami wave characteristics.
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1. Introduction

On 23 December 2023 at 14:37 local time (UTC+8) an earthquake with magnitude
M = 7.6 has happened off the coast of Mindanao Island, Philippines. The epicenter of
the earthquake was located in the Sulawesi Sea, about 130 km southeast of Davao City, at
a depth of 40 km [NOAA, 2023; USGS, 2023; Wikipedia, 2024a,b]. The earthquake generated
a tsunami that propagated in the Pacific Ocean. The first tsunami waves reached the coast
of Mindanao Island within minutes after the earthquake. Wave heights in some coastal
areas reached 3-5 meters, resulting in significant damage and loss of life [NOAA, 2023;
USGS, 2023; Wikipedia, 2024a,b]. The tsunami continued to propagate in the Pacific Ocean,
reaching the shores of other islands in the Philippine archipelago, as well as Indonesia and
Palau. A few hours later, the tsunami waves reached the shores of the Japanese Islands.
Although the height of the waves off the coast of Japan was much smaller than in the
Philippines (about 0.5 meters), they still caused some damage and required evacuation
of the population from the coastal areas. Figure 1 presents data on aftershocks of the
earthquake, their localization and intensity; the color of the circle corresponds to the
intensity of the shock: green color corresponds to magnitude 4, yellow to magnitude 5 and
minor orange circles correspond to magnitude 6, red circle with the number 7 corresponds
to the epicenter of the earthquake to a magnitude 7.6 [Wikipedia, 2024b].

After the powerful main shock, with magnitude M = 7.6, seismic activity in the region
continued to manifest itself with high intensity: in the next 24 hours no less than 39
significant aftershocks were registered, each of which had a magnitude of 5.6 or higher,
which in itself is a significant seismic event.

Russ. J. Earth. Sci. 2024, 24, ES5004, EDN: MWVWOQON, https://doi.org/10.2205/2024es000949 https://rjes.ru/


https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://rjes.ru
https://rjes.ru/
https://orcid.org/0000-0003-2443-149X
https://orcid.org/0009-0006-8972-6634
https://orcid.org/0000-0003-3828-6406)
https://elibrary.ru/mwvwqn
https://doi.org/10.2205/2024es000949
https://elibrary.ru/mwvwqn
https://doi.org/10.2205/2024es000949
https://rjes.ru/

NUMERICAL SIMULATION OF TsuNAMI DURING THE EARTHQUAKE IN THE PHILIPPINES 02.12.2023 Mazova ET AL.

Figure 1. Epicenter and aftershocks of the earthquake 23 December 2023. Numbers on colored
circles indicate magnitudes of aftershocks; the color of the circle corresponds to the intensity of
the shock; red circle with the number 7 corresponds to the epicenter of the earthquake [Wikipedia,
2024b).

2. Problem Statement
2.1. Geographical and Bathymetric Characteristics of the Water Area Under
Consideration

The paper considers the Pacific Ocean water area from the earthquake localization
point off the coast of Mindanao Island, Philippines, to the coast of the Japanese Islands
(Figure 2). Mindanao Island is the second largest island of the Philippine archipelago and
is located in its southern part. The earthquake with magnitude 7.6 has happened near
the coast, about 19 km to the North-West from Hinatuan city. From the earthquake site,
the tsunami propagated east and northeast across the Philippine Sea, which is part of the
Pacific Ocean. The Philippine Sea is bounded by the Philippine Islands to the west, the
Japanese Islands to the north, the Mariana Islands to the east and the Caroline Islands to
the south.

The bathymetry of the Philippine Sea is characterized by the presence of several major
underwater geographical features. In the central part of the sea lies the Philippine Plate,
which is a section of oceanic crust with depths ranging from 4000 to 6000 meters. To the
east, the Philippine Sea is bounded by the Mariana Trench, which is one of the deepest
places in the world's oceans with a maximum recorded depth of 11034 meters. To the south,
the sea is bounded by a shallower area including the Carolina Plateau and the islands of
Yap and Palau with depths ranging from 1000 to 4000 meters. Further north and northeast,
the Philippine Sea passes into the Pacific Ocean waters surrounding the Japanese Islands.
The Izu-Bonin and Japan Trough with depths up to 8000-9000 meters, as well as a number
of underwater ridges and uplands, such as the Kyushu-Palau Ridge, Ogasawara Uplands
and Min-Daito Uplands with depths from 2000 to 4000 meters. Directly off the coast of the
Japanese Islands, the depths decrease to 500-1000 meters on the shelf and 0-500 meters in
the coastal zone [NOAA, 2023; USGS, 2023; Wikipedia, 2024a,b).
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Figure 2. Estimated water area from the Philippine Islands to the Japanese Islands; red asterisk
marks epicenter of the earthquake.

Thus, the study area is characterized by a complex and heterogeneous bathymetry,
including both deep-sea trench and troughs and underwater ridges, uplands and relatively
shallow shelves. These features of the seafloor topography have a significant impact on
tsunami wave propagation.

2.2. Seismic Process Parameters and Initial Modeling Conditions

To model and analyze the seismic tsunami caused by this earthquake, the main param-
eters of the seismic process were determined and the initial conditions of the model were
set. To simulate the dynamics of the earthquake source, a keyboard model of tsunamigenic
earthquakes [Lobkovsky and Baranov, 1984] is used, in which the Earth's crustal rupture
region is represented as sequentially moving keyboard blocks. Each block has its own
motion parameters such as displacement height, motion onset time and motion duration.
Due to the smallness of the horizontal displacement compared to the vertical displacement
[Lobkovsky and Baranov, 1984], in this model only the vertical displacements of the key-
board blocks was considered. The use of the keyboard-block model allows one to reproduce
in detail the dynamics of the earthquake source, including the sequential involvement
of different rupture sections in the displacement process and the associated changes in
tsunami wave generation. The parameters of block motion are selected in such a way as to
ensure that the model results are consistent with available data on the intensity and timing
of aftershocks, observational data, including seismic records and recorded tsunami wave
characteristics.

Two scenarios with different block locations relative to the coastline of Mindanao
Island are considered in this paper:

Scenario 1: 16 blocks forming the origin of the earthquake are located across the
coastline.

Scenario 2: 18 blocks forming the earthquake source are located along the fault line.
The location of the origin for Scenario 2 is more consistent with the geodynamics of the
seismic process in the subduction zone. However, Scenario 1 allows to include the largest
number of aftershocks for this earthquake in the zone of the considered source.
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2.3. Modeling of Earthquake Source

Table 1 presents data on aftershocks of the earthquake for the first 24 hours, their
localization and intensity. After the powerful main shock with magnitude M = 7.6 seismic
activity in the region continued with high intensity: In the next 24 hours more than 39
significant aftershocks were registered, each of them having magnitude 5.6 or higher, which
in itself is a significant seismic event.

Figure 3 shows a part of the considered water area with epicenter and aftershocks
given in Table 1 for the first 24 hours after the earthquake. Magnitude values for each
aftershock and numbering of sequence of their occurrence are marked on the picture. The
color of the circle in the picture and its magnitude corresponds to the intensity of the
aftershock.

Figure 3. Epicenter and aftershocks of the earthquake in Philippines 02.12.2023 for the first 24 hours
after the event. Red star corresponds to epicenter of this earthquake [Wikipedia, 2024b)].

Figure 4 shows a schematic representation of the source for Scenario 1. The seismic
source dimensions were estimated using the Wells formulae [Wells and Coppersmith, 1994].

For the first Scenario the earthquake origin is located across the crustal fault zone.
Based on the data of Table 1 and Figures 3 and 4, the earthquake origin is constructed, in
which the seismic origin is formed from a set of 16 separate blocks (Figure 5). Each block
has its own motion characteristics corresponding to the maximum magnitude of aftershock
with localization in this block, such as time of displacement onset, displacement height
and duration of motion.

Figure 4. Schematic localization of earthquake origin in Philippines 02.12.2023. colored circles
correspond to aftershocks, with marked on them aftershock magnitudes and sequence of aftershocks
appearance.

Table 2 shows the data used to model the kinematics of block motion: the coordinates
of the corner points, the time of block motion start, the time of block motion, and the
height of block lift. The generation of tsunami waves is caused by the displacement of
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Table 1. Data on earthquake aftershocks for the first 24 hours, their localizations and intensity
[Wikipedia, 2024b]

No. Magnitude Localization Times Coordinates
1 5.4 25 km NE of Hinatuan, Philippines 02 2023 14:44:03 8.5324, 126.5047
2 5.4 18 km ENE of Santa Maria, Philippines 02 2023 14:44:36 8.0495, 126.6059
3 5.3 43 km NE of Barcelona, Philippines 022023 14:48:41 8.3993, 126.7463
4 5.3 67 km ENE of Hinatuan, Philippines 022023 15:00:11 8.6266, 126.8901
5 5.8 65 km ENE of Barcelona, Philippines 02 2023 15:06:46 8.3198, 127.0017
6 5.4 25 km NE of Barcelona, Philippines 02 2023 15:08:56 8.3335, 126.5833
7 5.4 31 km NE of Barcelona, Philippines 022023 15:22:05 8.3389, 126.6551
8 5.5 48 km ENE of Hinatuan, Philippines 022023 15:31:29 8.4758, 126.7648
9 5.3 58 km ENE of Hinatuan, Philippines 02 2023 15:42:47 8.5072, 126.852
10 5.3 63 km ENE of Hinatuan, Philippines 02 2023 15:46:24 8.515, 126.8914
11 6.4 47 km NE of Barcelona, Philippines 022023 16:03:41 8.4377, 126.757
12 5.3 45 km ENE of Hinatuan, Philippines 02 2023 16:09:04 8.5779, 126.6901
13 5.6 46 km ENE of Hinatuan, Philippines 022023 16:17:01 8.4904, 126.7396
14 5.7 45 km ENE of Barcelona, Philippines 02 2023 16:19:46 8.3677, 126.7855
15 5.4 44 km NE of Hinatuan, Philippines 02 2023 16:34:59 8.6092, 126.6631
16 5.7 54 km ENE of Barcelona, Philippines 02 2023 16:53:08 8.4005, 126.8647
17 5.3 34 km NE of Barcelona, Philippines 022023 17:02:01 8.3663, 126.666
18 6.1 41 km NE of Barcelona, Philippines 022023 17:40:15 8.423, 126.722
19 5.6 21 km ENE of Hinatuan, Philippines 022023 17:42:16 8.4261, 126.5207
20 5.4 45 km ENE of Barcelona, Philippines 022023 17:43:14 8.2748, 126.8279
21 5.4 21 km NE of Barcelona, Philippines 022023 17:45:05 8.3044, 126.5663
22 5.6 52 km ESE of Marihatag, Philippines 022023 17:55:28 8.6642, 126.7521
23 6.3 63 km ENE of Barcelona, Philippines 022023 18:09:25 8.4402, 126.9387
24 5.4 37 km NE of Hinatuan, Philippines 022023 18:20:40 8.5944, 126.6118
25 5.3 59 km NE of Barcelona, Philippines 022023 19:17:00 8.4791, 126.8697
26 5.3 52 km ENE of Barcelona, Philippines 022023 19:19:21 8.4136, 126.8349
27 5.3 58 km NE of Barcelona, Philippines 022023 19:37:00 8.4696, 126.8694
28 5.4 36 km ENE of Barcelona, Philippines 02 2023 20:39:30 8.259, 126.7494
29 6 49 km NE of Barcelona, Philippines 02 2023 20:52:15 8.4475, 126.7782
30 5.5 55 km ENE of Barcelona, Philippines 022023 22:35:41 8.3688, 126.8873
31 5.3 60 km ENE of Hinatuan, Philippines 03 2023 02:02:37 8.5953, 126.8367
32 5.4 44 km ESE of Marihatag, Philippines 03 2023 05:43:43 8.6422, 126.6671
33 6.6 47 km ENE of Hinatuan, Philippines 032023 10:35:52 8.488, 126.7454
34 5.7 37 km ENE of Hinatuan, Philippines 032023 10:39:23 8.5597, 126.6174
35 5.5 69 km ENE of Barcelona, Philippines 03 2023 10:53:05 8.2897, 127.0525
36 5.6 61 km ENE of Hinatuan, Philippines 03 2023 10:54:55 8.5622, 126.862
37 5.4 57 km E of Aras-asan, Philippines 03 2023 10:58:38 8.8293, 126.83
38 5.4 81 km E of Marihatag, Philippines 032023 12:39:36 8.6744, 127.0239
39 6 58 km E of Marihatag, Philippines 03 2023 14:35:56 8.732, 126.823

keyboard blocks in the seismic source relative to their initial position. The full time of
tsunami source generation takes 130 sec.

For the second scenario the of the earthquake source is located along the subduction
zone.

Figure 6 shows a schematic representation of the source for Scenario 2. The seismic
source dimensions were estimated using the Wells formulae [NOAA, 2023].
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Figure 5. Visualization of the constructed earthquake source for the first scenario, where the big
red point is corresponds to the epicenter of the earthquake; orange and yellow circles correspond to
aftershocks of the earthquake.

Table 2. Data for realization of earthquake source dynamics (Scenario 1)

Displace-
— 00w e M ey
value
1 126.478 8.560 126.410 8.465 0 20 6
2 126.556 8.560 126.478 8.465 0 20 3.5
3 127.070 8.386 126.807 8.354 0 20 4
4 126.556 8.465 126.931 8.439 0 20 3
5 126.556 8.465 126.410 8.353 20 10 3.8
6 126.410 8.289 126.677 8.289 30 15 3.5
7 126.931 8.439 127.070 8.559 45 15
8 126.807 8.560 126.930 8.439 60 10
9 126.678 8.465 126.678 8.386 60 10
10 126.807 8.386 126.677 8.290 30 15 3.5
11 126.556 8.560 126.556 8.465 70 20 5
12 126.807 8.439 127.070 8.386 90 15 3.8
13 126.770 8.609 126.924 8.653 105 10 3
14 126.556 8.560 126.679 8.635 115 15
15 127.070 8.354 126.952 8.289 90 15 3.8
16 126.770 8.560 126.924 8.609 130 15 3.8

For this case, a source consisting of 18 blocks is considered (Figure 7). The characteris-
tics of block motion differ significantly from the data given in the first scenario (Table 3). It
can be seen that for the second scenario the movement of each block occurs in two stages,
taking into account the time of occurrence of the aftershock, the localization of which
coincides with this block. The process of tsunami source generation at such motion of
keyboard blocks in the earthquake source takes 310 sec and has rather complicated initial
structure of formation (Figure 7).

3. Numerical simulation of the spatial and temporal characteristics of tsunami wave
propagation over the computed water area

To describe the modeling of tsunami generation and propagation, the paper applies
a system of nonlinear shallow water equations, which can be represented in the following
form [see, e.g., eq. Lobkovsky et al., 2006; Pelinovsky and Mazova, 1992; Stocker, 1957;
Voltsinger et al., 1989]:

l}t+IrJ-gradlrJ+g-grad17 :Ig,
ne+div((H+n-B)U) =B,
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Table 3. Data for realization of earthquake source dynamics (Scenario 2)

Blocks number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
M magnitude 54 6 5.7 5.2 7.6 5.4 55 53 53 53 57 54 54 54
Start of a movement, s 270 280 130 40 0 10 100 40 100 70 160 70 10 180
Heights, m 24 3.0 28 22 8 24 25 23 23 23 28 24 24 24
Movement time, s 10 30 30 30 10 30 20 30 20 30 20 30 30 20

End of movement time, s 280 310 160 70 10 40 120 70 120 100 180 100 40 200
Blocks number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
M magnitude 53 5.6 6.6 6.1 53 53 5.3 5.6
Start of a movement, s 210 180 270 120 240 200 200 240
Heights, m 2.3 2.6 35 31 23 23 2.3 2.6
Movement time, s 30 10 10 10 30 10 10 30

End of movement time, s 240 200 280 130 270 210 210 270

where 177 is the water surface displacement, H is the basin depth, function B(x, y, t) describes
the displacement of the bottom surface relative to the initial position; g is the gravity

,
acceleration; U = (ﬁ), u(x,y,t), v(x,,t) are depth-averaged horizontal components of the

r
wave velocity. The Coriolis force and the friction force, represented by the function F:

fv-g

uvVu? +v2
C(H+1n-B)
vVu2+v2 |

Figure 6. Schematic localization of earthquake source in Philippines 02.12.2023 colored circles

correspond to aftershocks, with marked on them aftershock magnitudes and sequence of aftershock

occurrence.
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The Shezi coefficient was found using the formula:

0.4
c,= -8B
Sh
where Sj, is the roughness coefficient, f = 2Q cos6 is the Coriolis parameter, Q is the
angular velocity of the Earth, 6 is the geographic latitude of the Earth. Sphericity of the
Earth is not taken into account. For modeling, we used the bathymetry of the Philippine
Sea, the spatial step was approximately 900 m (30”).

Figure 7. Visualization of the constructed earthquake source for the second scenario, where the
big red point corresponds to epicenter of the earthquake; orange and yellow circles correspond to
aftershocks of the earthquake.

Figure 8 shows 8 time moments during the generation of a tsunami source for
Scenario 1 (Table 2). Figure 9 shows 4 time moments during the propagation of tsunami
waves across the computed water area for Scenario 1.

Figure 8. Generation of a tsunami source by a seismic source shown in Figure 4.

Figure 10 shows the generation of a tsunami source during the implementation of
Scenario 2 for 8 time moments. The process of tsunami wave propagation during the
implementation of Scenario 2 is shown in Figure 11.

As in the first scenario, the waves propagate in concentric circles from the source,
reflecting from underwater obstacles and forming complex interference patterns. It is
clearly seen (Figures 9 and 11) that when propagating across the water area, the waves
interact with underwater obstacles and islands along their path. This leads to the phe-
nomena of reflection, diffraction and refraction of waves, forming complex interference
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Figure 9. Propagation of wave fronts across the Philippine Sea from the island of Mindanao (Philip-
pines) to the Japanese Islands for 4 time moments during the implementation of Scenario 1.

Figure 10. Generation of a tsunami source by a seismic source shown in Figure 4.

Figure 11. Propagation of wave fronts across the Philippine Sea from the island of Mindanao
(Philippines) to the Japanese Islands for 9 time moments during the implementation of Scenario 2.
(the asterisk indicates the epicenter of the earthquake, the color shows the wave height at each point).

patterns. As tsunami waves propagate, they gradually lose their energy due to dissipation
and interaction with the submarine relief. It can be seen that the waves first reach the
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coast of the Kimotsuki area in Kagoshima Prefecture approximately 3.5 hours after the
earthquake. After about another 30 minutes, the waves reach the island of Shikoku, and
6 hours after the start of the simulation, the waves cover the entire southeastern coast of
the Japanese islands. It should be noted that despite significant differences in the location
of the source and parameters of wave generation, the general nature of their propagation
remains to be similar for the two considered scenarios.

In Figures 12 and 13 it can be seen the distribution of maximum wave heights through-
out the entire computed water area. It can be also seen that the areas with the highest wave
heights, shown in purple, are concentrated near the source, and as they move away from
the source, the wave heights become lower.

It is clearly seen that for Scenario 2, near the earthquake source, the wave heights
are larger compared to the waves from the first source. However, as we move away from
the sources, the difference in maximum wave heights between the two scenarios gradually
smoothes out and the wave heights from both sources reach comparable maximum values.
In Figure 14 and Figure 15 2D histograms are presented for the distribution of tsunami
wave heights on a 5-meter isobath along the coast of the Japanese Islands, where data
obtained after the first scenario is shown in red, and data obtained after the second scenario
is shown in blue.

. o . . Figure 13. Distribution of maximum wave heights

Figure 12. Distribution of maximum wave heights . .
. . . for the second scenario over the Pacific Ocean of

for the first scenario over the Pacific Ocean of from .

L from the Philippine Islands to the Japanese Is-

the Philippine Islands to the Japanese Islands. Jand

ands.

Based on the above figures, it can be concluded that in both scenarios considered,
the highest maximum wave heights were observed in two regions of Japan. The first
region covers the part of Honshu Island located between 135° and 138°E, where the waves
reached their maximum values. The second region, where significant maximum wave
heights were also observed, is located on Shikoku Island in the longitude range from 133°
to 134.8°E. Thus, despite the differences in scenarios, these two zones along the Japanese
islands experienced the greatest impact of tsunami waves. Figures 16 and 17 present 3D
histograms showing the maximum wave heights along the coast of Japan at the 5-meter
isobath, along the southeastern coast of Kyushu and Honshu Island (Figure 16) and along
the southeastern coast of Shikoku Island (Figure 17).

Figures 19, 20 show 3D histograms showing the maximum wave heights along the
coasts of the People's Republic of China and the Republic of Korea.

It is clearly seen that during this earthquake, wave heights along the coasts of these
countries do not exceed 60 cm for the coast of China, and 10 cm for the Republic of Korea.
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Figure 14. 2D histogram of the distribution of maximum wave heights Figure 15. 2D histogram of the distribution of
along the southeastern coast of Kyushu Island (from 129°E to 132°E) maximum wave heights along the southeastern
and Honshu Island.(from 135°E to 142°E). coast of Shikoku Island (from 132°E to 134.8°E).

Figure 16. 3D histogram of the distribution of maximum wave heights along the southeastern coast
of Kyushu Island (from 129°E to 132°E) and Honshu Island (from 135°E to 142°E). Scenario 1.

Figure 17. 3D histogram of the distribution of maximum wave heights along the southeastern coast
of Shikoku Island (from 132°E to 134.8°E). Scenario 1.

Figure 18. 3D histogram for the Yellow Sea coast from Fujian to Shanghai. Scenario 1.
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Figure 19. 3D histogram for the Yellow Sea coast from Fujian to Qingdao. Scenario 1.

Figure 20. 3D histogram for the coast of the Republic of Korea. Scenario 1.

4. Comparison of simulation results with observational data

To compare the results of numerical simulation of tsunami waves and assess the
accuracy of the methods used, a comparison was made with data obtained from real
observations. A comparison was made for the maximum tsunami wave heights obtained by
virtual tide gauges in the in the program complex and records by real observation stations.

The obtained data are presented in Table 4.

Table 4. Comparison of observed data and numerical simulations data of two scenarios at the

locations of virtual tide gauges

Maximum displacement, cm

Tide gauge data

Numerical calculation

No. Name of items with localization of tide gauges [NOAA, 2024;
UNESCO, 2024; Scenario 1 Scenario 2

USGS, 2024]
1 MERA (139.82, 34.91) 10 12.4 10.4
2 CHICHIJIMA ISLAND (142.19, 27.09) 5 33.4 32.8
3 TAGO (138.76, 34.8) 5 13.6 15.3
4 YAIZU (138.33, 34.86) 5 4.1 2.5
5 TAHARA (137.27, 34.66) 5 16.9 16.4
6 GOBO (135.16, 33.85) 10 27.3 29.9
7 KUSHIMOTO (135.78, 33.46) 10 10.2 20
8 YUKI (134.6, 33.76) 5 15.5 17.5
9 MUROTOMISAKI (134.16, 33.26) 5 22.2 25.1
10 KURE (133.25, 33.33) 5 18.2 13.8
11  TOSA-SHIMIZU (132.95, 32.77) 10 21.5 23.4
12 ODOMARI (130.68, 31.01) 10 4.2 15.3
13 KOMINATO, AMAMI ISLAND (129.53, 28.31) 10 5.4 6.7

The data presented in Table 4 can also be seen in the comparison graph (Figure 21).
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Figure 21. Graphic comparison of the results of computation of tsunami wave heights at a number of

points in the computed water area.

5. Conclusions

In the paper a strong earthquake off the coast of the island of Mindanao, in the Philip-
pines, which occurred on December 23, 2023 with a magnitude of M = 7.6 is studied.
Possible model seismic sources of this earthquake were constructed, and the possible kine-
matics of keyboard blocks in the earthquake source were analyzed. Numerical simulation
of the generation and propagation of tsunami waves was carried out for two earthquake
scenarios. Maximum wave heights and time to reach several coastal locations were esti-
mated for both scenarios. The highest wave heights were obtained in the southeastern
part of the island of Honshu, located between 135° and 138°E, as well as the southeastern
part of the island of Shikoku in the longitude range from 133° to 134.8°E. Comparative
assessments of data from virtual tide gauges using numerical simulation and available
field data from tide gauge stations were made. As can be seen from the Table, 4 a good
agreement was obtained for maximum wave heights in a number of mainland and island
locations. Thus, numerical simulation of a seismic tsunami using a keyboard model of
a seismic source made it possible to obtain important information about the characteristics
of the generated waves, their propagation and impact on coastal areas.
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IIpoBenena oreHka COCTOSHUS BOTHBIX 9KOCUCTEM CEBEPHOIT («Bblcoxoﬁ») qactu Bosiro- AXTyGuHCKOM
noiimel (Ha mpuMepe epuka lecaansrit o3eproii cucrembr Yaiika). Ilo pesysbraTaM MOHUTOPUHTA,
2021-2023 rr. u3y4eH COBPEMEHHBIN I'MIPOJOTUIYECKUN PEKUM O3€pPHOI cucTeMbl Yaiika, moAroTos-
JIEHBI PEKOMEHIAINY 110 TPEIYIIPEXKIEHUIO JTerPAJAIlui BOIHBIX OO bEKTOB, BXO/IAIINX B CUCTEMY.
3adurcupoBaHa 3 (PEKTUBHOCTD OCYIIECTBIEHUST MEPOIIPUSITUI IO PACYUCTKE BOIHBIX 0OBEKTOB
MONMBI M CTPOUTENIBCTBY DEryJIMPYIOIINX BOMONPOIYCKHBIX coopyzkennit (BIIC). Brinosnnen mo-
HUTOPUHI ITPOXOKJIEHUsI BECEHHETO MOJIOBO/IbsI HA O3€pHOI cucTreMe Haiika, pacroJioKeHHON Ha
Teppuropun Bosiro-AxTy6OrHCKON MOAMBL. BbIsiBiieHa 3aBHCHUMOCTDH HAIIPABJIEHUS] TOKA BOIBI 110
BOJHBIM OObEKTaM O3€PHOII CHUCTEMBI B 3aBUCHMOCTH OT OCYIIIECTBJIEHUS COPOCHBIX PaCXOJOB Yepe3
Bouarorpackuit rugpoy3es 1 00BOJHEHHOCTH BOJIHBIX 00bekTOB Karmupuackoro u Kpacuociobo-
CKOT'O BOJHBIX TPAKTOB. IIoNroTOBIEHBI pEKOMEHIAINN TI0 YIIPABJIEHUIO PETYIUPYIONUMU BOIOIPO-
IIYCKHBIMU COOPY?KEHUSIMH C IEJIbI0 3(hHEeKTUBHOTO 0OOBOIHEHUsI O3€PHOI CHUCTeMbl JaiiKa ¢ yIeToM
ruApoJIorndeckoro pexkuma Kpacnociobogackoro n Kamupuuckoro BoaHbIX TpakToB. IIposeierno
PEeTPOCIIEKTUBHOE JlemudprpoBaHne KocMUIecKux cHUMKOB Landsat-5, Landsat-7 u Sentinel-2,
B pe3yJbTaTe KOTOPOTO BBIABJIEHO JEIPAJUPOBAHHOE 03€PO U IPEJIOXKEHBI PEKOMEHIAINH I
ero BocctaHoByeHus. [IpoBeneHbl KOMIIJIEKCHBIE MICCIIEIOBAHUS BOJIBI M JOHHBIX OTJIOXKEHUH, B TOM
9HC/Ie HA 3arPA3HEHHOCTD TSAXKEJBIMUA METAJIJIAMHU ¥ MECTUITUIAMU. BBISBIEHO, ITO KOHIIEHTPAIINS
HEKOTOPBIX U3 UCCJIEAYEMBIX 9JIEMEHTOB IPEBBINIACT HOPMATUB MM OJIU3UTCA K MPEBBIMICHIO. Jlanb
PEKOMEHIAINN 10 JaJIbHEHIeMy HaOIIOIEHNIO 38 COCTOSHUEM BOIHBIX OOBEKTOB 03€PHOM CHCTEMBI

Yaiika, a Tak ke MPEJJIOKEH BO3MOXKHBIM BAPUAHT WUCIIOJIb30BAHUS JOHHBIX OTJIOXKEHMIA.

KunroueBble ciioBa: HAIMOHAJBHBIN IIPOEKT «DKOJOIUsi», KAIECTBO BOJbI, JOHHBIE OTJIOYXKEHWSI,

XUMUYECKUIl COCTaB, O3epHasd CucTeMa Jaiika, 9KOJIOrndIecKas peabuimTarus.

HurupoBanme: Vcromunu, A. IT., A. C. Mexesosa, C. A. lcromun, u U. /1. Xpenos OcobennocT
UJIPOJIOTUIECKOTO PEXKUMa, 03epHOI cucTeMbl Yaitka, OIeHKa KA4eCcTBA BOJBI M JIOHHBIX OTJIOXKEHUT
// Russian Journal of Earth Sciences. — 2024. — T. 24. — ES5005. — DOI: 10.2205,/2024es000950 —
EDN: FDPMRM

BBenenune

OptHOlT U3 aKTYAJIBHBIX IPOOJIEM COBPEMEHHOTO OOIECTBA SBJISETCS COXPAHEHNEe U 110/
JIeprKaHue KOOI MIeCKH IPHEMJIEMOT0 KadecTBa BojL. JIaHHBIN BOIIPOC aKTUBHO 00CY K 1aeTCsT
B MUPOBOM Hay9IHOM coobrmecTse. | Tepewenkxo u dp., 2023; He et al., 2021; Zhao et al., 2020a;
Zheng et al., 2021]. Hayqnble uccienosanus B cpepe U3ydeHus COCTOSHUSA BOJHBIX 00bEKTOB
SIBJISIFOTCSI Ha, CETOHSATITHII JIEHb KpaiiHe aKTYaJIbHBIMU, & OIEHKA JOJTOCPOYHBIX M3MEHEHUI
KadeCcTBa BOJBI UMeeT BaXKHOe HAaydHOe U MpakTudeckoe 3uHadenne. OIHUM U3 UCTOTHUKOB
MPECHOI BOJBI B MUPE SIBJISIOTCST BOJIHBIE OOBEKTHI BMECTE C UX IKOCUCTEMAMU, KOTOPhIE
HCIIOJIB3YIOTCS B PA3JIMIHBIX OTPACIIAX XO3SIHCTBEHHOM jiesTebHOCTH. CTOUT OTMETHTD, ITO
B HACTOSIINEE BPEMsI OCTAIOTCS aKTYaJbHBIMUA ITPOBJIEMBI PAITMOHAJIBHOTO BOJIOTIOIB30BAHMS
u 3 HEKTUBHOrO YIPABIEHUS BOJHBIMU PECYPCAMHU B KOHTEKCTE ITPOIOJIZKAIONIErOC 13-
MeHeHust Kimmata [[oppupves u dp., 2022; Cenci and Martin, 2004; Chen et al., 2020;
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Zhao et al., 2020b]. CytiecTByeT BEpOSITHOCTh apUIN3AIN KINMATa Ha F0Te eBPOIEiCKOit
vactu Poccun u Bananuoit Cubupu [Kamuyos u Cemenos, 2014], aro ciaenaer npobiaemy
BOJI00O0ECIIEYEHNST STUX PETHOHOB 0COOEHHO OCTPOIi.

MozkHO Tak»ke OTMETHTH JIOJWHBI KPYIHBIX pek, Takux kak Twurp, Esdpar, Hu,
Wun, Tanr, Xyanxs, AH136I, riae 06pa30Baanch MepBble MUBUIN3ANNNA N3-38, OJIArOIPUSITHBIX
YCJIOBHUIL JIJIsT PA3BUTHS CEJIbCKOTO X034UCTBa. B HacTosiiee BpeMst MOMEHHbBIE TEPPUTOPUHT
KPYITHBIX PeK IOJ[BEPXKEeHbI AKTUBHOMY aHTPOIIOIeHHOMY BoazeficTuio [Aprunos, 2017].

Bompoc BoccranoBsieHUsT BOJHBIX 00BEKTOB U MOWMEHHBIX TEPPUTOPUI SIBJISIETCS B Ha-
cTosIIIee BpeMsl aKTyaJbHBIM Kak 3a pybexkoM, Tak u Ha teppuropun Poccuu. Ha teppuro-
puu EBponeiickoro coioza sefictByer crparerus buopasnoobpasus (Biodiversity Strategy),
MIPEeJICTABJIAIONAsT cOOOM KOMIIJIEKCHBIN TIJIAH O 3AINTE MPUPOJBI U MPEJOTBPAIIEHUIO
nerpagamnun 3KocucteM. B 1995 romy amst aTux meneit 6611 ocHoBaH EBporeiickuii meHTp
soccranosiiernst pek (ECRR, European Centre for River Restoration) [Casonoe u dp., 2015;
Verheij et al., 2021]. Ha Teppuropun Poccniickoit @enepannm akTuBHO peanusyorcs dene-
paJsbabIe poekThl «O3moposienne Bosurn» n «CoxpaHeHne yHUKAJIbHBIX BOIHBIX 00bEKTOB»
HAIMOHAJILHOTO ITPOEKTA « DKOJIOTHSI». 3aBepIleHne YKa3aHHBIX (PelepabHBIX IIPOEKTOB
saniaHupoBano Ha 2024 roj. YduTbiBasi, YTO HEOOXOJIUMOCTh BBIIIOJTHEHUS] MEPOIIPUSITUN
10 BOCCTAHOBJIEHUIO BOJHBIX OOBEKTOB COXPAHSIETCsI, B HACTOSIIEE BPeMs O/ Sruoi Mu-
HUCTEPCTBA TPUPOIHBIX PECYypPCcoB U dKojsiorun Poccuiickoit Perepariuu oCymecTBIsSeTCs
dopmupoBane 00bEIMHEHHOTO (heIePAIbHOTO IMPOEKTa 10 SKOJOINIECKOMY 03I0POBJIEHUIO
BOIHBIX 00bekTOB Pocenn |Beases u dp., 2021].

Bonro-Axry6urckas moiiMa — yHUKAJIbHAS 9KOJOTHIECKAs] CUCTEMA, 3aCyIILINBOTO I0Ta
Poccun. Ha Teppuropun BerpedaroTcss pejKue BUIbI IITUI, MjeKonmuTamux u peid, B 2000
r. 06pa30BaH IPUPOMHBIA mapk «Bojro-AxTybuHCcKas moiiMay, IPU3BaHHBIA 00ECIIeYUTh
cobJTIOfIeHne TIPUPOI0OXPAHHOr0 pexknMa. Teppuropust Boaro-AXTyOuHCKON MOMMBI Xapak-
Tepu3yeTcs: BLICOKOW CTENEHBIO aHTPOIIOT€HHON TpaHC(hOPMAIINN, OKA3BIBAOIIEH HEraTUBHBIE
U3MEHEHUs! Ha MPaKTUYECKN BCE KOMIIOHEHTHI JIaH IadTa, JMHAMUKY Pa3BUTHS U Pa3HOOD-
pasus sKrocucreM [Kholodenko et al., 2022].

YuauThiBasi aKTyaJabHOCTD, defepasbHbiM mpoekToM «O3moposiierne Bosrns BoccTa-
HOBJIEHUE YHUKAJIBHBIX 00beKTOB BoJiro- AXTyOMHCKON MORMBI IIPEyCMOTPEHO OTIEIbHOMN
crpokoii. B pesynbrate cozmanus Bomkcko-KaMmckoro kackaga BOIOXPAHUIAIL YIIPABIISAIO-
e OPTraHbl MOJIEPKUBAIOT TAPAMETPHI CIIEIINATHLHBIX BECEHHUX MOMMYCKOB, IIPUBEICHBIE
K CpeJIHEMY MHOIOJIETHEMY 3HAUEHHIO, OTKJIOHSISICh TOJBKO B MHOrOBOJHBIE (2016 1.) u Ma-
gosogabie (2006, 2015 rr.). Besenerue HEGIATONPUSITHON I'HIPOJIOTHYECKOH 0GCTAHOBKA
MPOUCXOIUT CHUYKEHUE BOCIIPOU3BOJICTBA OHOJIOTMYECKUX PECYPCOB, a TaKKe Jerpajariust
BOZIHO-00JIOTHBIX Yrojnii U IOAMEHHBIX JiecoB [Boazos u dp., 2017; Topeauy, u 3emannos,
2013).

Hayumast HoBU3HA mCC/IeI0OBAHII OCOOEHHOCTEN THAPOIOTHIECKOTO PEKUMa, 00YCIOBIIE-
Ha 3HAYUTEJILHBIM [I€PEYyCTPONCTBOM I'IIPOrpadUIecKOil CeTr MOMMBI B PAMKaX peasin3a-
[IUU MEPONIPUSITHIA, IPEYCMOTPEHHBIX HAIIMOHAJIBHBIM IIPOEKTOM « JKOJIOTHsI» (PACIMCTKA
¥ IKOJIOTMYECKasT PeabUIUTAIINST BOTHBIX OOBEKTOB, CTPOUTEHCTBO T'HAPOTEXHUICCKUX
CoopyKenuit).

Wcxoist U3 BBINIEN3JI0XKEHHOTO, 1EJIbI0 HACTOSINEH PabOThI sIBJISIETCSI UCCJIEI0BaHUE
COBPEMEHHOI'O THIPOJIOTUIECKOIO PEeXKUMa TeppuTopuu Boiro-AXTyOHHCKOM MOfMbI Ha
mpuMepe 03epHOi crucreMbl Jaiika, MOArOTOBKA IMPEJIOKEHUN 0 MPEIOTBPAIEHAI0 €€
JIerpaJIallii, a TaAKZXKe OIPeIeIeHne BO3MOXKHOCTH UCIIOIb30BAHNS PECYPCOB 03€PHON CUCTEMBI
(BOzIA, TOHHBIE OTJIOXKEHUsI) B CEJIBCKOM XO3AHCTBe.

Ma’repnanm 1 METOo/abl

O6beKT MCCIIeIOBAHUIT PACIIONOKEH HA TeppuTopui Bosiro-AXTyOHHCKOI TTOMBI B Tpa-
aurax CpenreaxTybuHCKOro paiiona Bosrorpasickoit obinactu. O3epHas cucrema Jaiika
SIBJISIETCSl TUIIMYIHON 03€pHOi cucTteMoii Boiro- AXTybuHCKOI 1OMBbI, KOTOpasi BCJIEICTBHE
U3MEHEHUST TUJIPOJIOTMIECKAX YCJIOBHI MMOJBEPXKEHa poIeccaM Jerpajanun. B paMkax
HAIHOHAJILHOTO MTPOEKTa «DKOJIOTHS» B 03€pHOI cucreMe Haiika peain30BaHbl TPUPOIO-
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OXPaHHbIE MEPOIPUATHS, BKIOYAIONNE PACIUCTKY U PEAOMJIUTAIIAIO BOJIHBIX OOBHEKTOB,
a TaKyKe CTPOUTEIHCTBO M PEKOHCTPYKIUIO Bojonpoiyckubix coopyzkenuit (BIIC) [Beases
u dp., 2023].

B nepuost Becennero nososoges B 2023 roxy B coorsercrsun ¢ Meromukoit 'CU («Pac-
XO/T BOZBI Ha PeKax M KaHajiax. MeTonKa BBIIIOJIHEHNS U3MEPEHU METOIOM “‘CKOPOCTH —
wromaas” MU 1759-87» ) nposenén MmoruTopunr yposus Bogsl Ha BIIC Nel117, 113, 151 u 85,
KOTOPBIE UCIOJIb30BAJIMCH B KAYECTBE THJIPOJIOITNIECKHUX IIOCTOB. Y POBEHb BOIbI HAJI HYJIEM
[I0CTa U3MEPSJIC IIPU ITOMOINK TuapoMerpuyeckoii peiiku I'P-56M, a ckopocTs Teuenus npu
oMot u3mepuress ckopocru nmoroka VICII-1M. Bee Bomompomnyckabie cOOpY2KEHUsT, HA
KOTOPBIX [IPOBOJIUJICSI MOHUTOPHHT, MIPEJICTABJISIIOT COOON IPsAMOyTobHy0 TpyOy 2000 MM
uHa 2000 mM. B mporiecce MOHUTOPHHIA TaK2Ke OIPE/IEJISAJIOCH HAIIPABJIEHIE TE€YEHHE BOJIbI
qepe3 BOJOIPOIYCKHBIE COOPYKEHUS.

JlaHHBIE BOIOIPOILYCKHBIE COOPYYKEHNSI BHIOPAHBI KaK OIPE/IEJISIONIINe BO3MOKHOCTD
3axo0/1a BOJIBI B 03epHYI0o cucteMy Yaiika u3 KpacHocioboackoro n Kamupuuckoro BoIHBIX
TPAKTOB, 4epe3 BOJIHBIE OOBEKTHI, KOTOPHIE ObLIM PACUUIIEHBI B PE3YJILTATE IIPUPOIOOXPAH-
HBIX MEpPOIIPUSITUI.

st aHan3a paccMaTpUBAEMOl TEPPUTOPHUH, IIPOBEJIEHO PETPOCIEKTUBHOE JeInPH-
poBanne KocMuuecknx cHUMKOB Landsat-5, Landsat-7 u Sentinel-2 Ha KOTOPBIX BbIjie/I€HA
IJIOIIAb UCCIIEAYEMOIO BOAHOIO 00bEKTa B MUKAX IIOJIOBO/bs (MJIM MAKCUMAJIBLHO [IPUOJII-
JKeHHBIE K HUM jiaThl) B 1985, 1995, 2004, 2016, 2022 u 2023 rojax.

B macrosamux ncciemoBaHuSX Ij1 U3MEPEHUS CONEPIKAHUS XUMUIECKAX JJIEMEHTOB
B BOJIE U JIOHHBIX T'DYHTAX IIPOBOWJIN OIpeeseHne 15 3JIeMEeHTOB B BOJE U D 9JIEMEHTOB
B jioHHBIX IpyHTaX. ComepKaHue UCCIeyeMbIX XUMUYIECKUX IJIEMEHTOB, KaK HU3BECTHO,
B DOJIBINIEl CTENeHN XapaKTepu3yeT COCTOsIHUE BOJ, B TEKYIIMII MOMEHT BPEMEHH, & XIMIIe-
CKUI COCTAB JIOHHBIX OTJIOKEHUI AeT IpeJICTaB/IeHne 00 MHTEerPAIbHON XapaKTEePUCTUKE
KOJIOTMIECKOTO COCTOSTHUS BOJTHBIX SKOCHCTEM.

Ot60op 1mpob MOHHBIX OTJIOXKEeHUiT poBoun coryiacao PJ1 52.24.609-2013 npu momoru
THOYEPIATEIISA.

Cozepzkanue BOIOPACTBOPUMBIX (DOPM KATMOHOB U AHMOHOB B JOHHBIX OTJIOXKEHUSX
MIPOBOJINJIA METOJIOM KaIUJIISIPHOTO jieKkTpodopesa mo meromukam [THT @ 16.1:2:2.3:2.2.69-
10 u ITH/T @ 16.1:2:2.2:2.3.74-2012.

Arpoxumudeckuil cocTaB JOHHBIX OTJIOXKEHUH OMPEJIEISIA COIACHO CJIEYIOIIUM Me-
ToaukaMm: pH BomHo# BeITsIKKEI onpenensiin mo 'OCT 26423-85, opranndeckoe BEIEeCTBO
mo 'OCT 26213-91, azor o6rmmit o ITHI @ 16.1:2:2.3.82-2013, docdop obrmmit mo TTH T
® 16.2:2.3.73-2012, kasuii obmumit mo 'OCT 26718-85.

Tskenpre MeTasibl B TpobaxX JTOHHBIX OTJIOXKEHHI OIPEE/Isiii METOJIOM aTOMHO-
abcopbrmonnoit crekTpoMmerpuun 1o meroqauke [THJI @ 16.1:2.2:2.3:3.36-2002 u ITHJI
d 16.1:2.2:3.17-98.

Ompeiesierne MacCOBOi JTOJIU MECTUIAIOB B TPO0aX JIOHHBIX OTJIOXKEHUN ITPOBOJIAIN
METO/IOM I'a30BOii XpOMATOIpaUH ¢ CIIOJIb30BAHUEM JIE€TEKTOPA THITA 3JIEKTPOHHOI'O 3aXBaTa
C IIPUMEHEHNEM DPAa3eUTEIbHBIX (a3 PAINIHON MOJIAPHOCTH IIyTEM CPABHEHUS ILJIOIIAIN
[UKa aHAJU3UPYEMOro u rpajgyupoounoro pacrsopos (PII 52.18.180-2011).

OreHKy JOHHBIX OTJIOYKEHUI IIPOBOIUJIN C MCIIOJIb30BAHUEM HOPM U KPUTEPHUEB OIEHKH
3arpsA3HEHHOCTH JIOHHBIX OTJIOXKEHU B BOJIHBIX obbekTax Cankr-Ilerepbypra, pazpaboran-
HBIIl Ha OCHOBE HOPM U KpuUTepHueB [OJuIaHuu, NpeyIoKeHHBIX ATEHTCTBOM 10 OXpaHe
okpyxatoreit cpespl Tosutaamn (DCMR), Hentpom uccenosanus nous u rpyrros (TNO)
u dupmoit <HASKONING) [Hopmot u Kpumeput, oUeHKU 302PASHEHHOCTIU JOHHBIT 0TMAO-
orcenuti 6 8odnvix obsexmax Cankm-Ilemepbypea, 1996].

Pesynbrare! u ux odcyxaenue

Tepputopusti o3epHoii cucrembl aiika ABJIAETCA TUNMAIHLIM Japmmadrom Bosro-
AxTty6unckoii noitmel. PeaansoBanHbIe TPUPOIOOXPAHHBIE MEPOIIPUSATH O3BOJIUIN 3HAUN-
TEJIGHO YJIYYIIATh CATYAIUIO 10 OOBOHEHUIO JAHHON 03€PHOI CHCTEMBI, & TaKKe 00eCIeInTh
COXpaHEeHUe BOJIbI B MEXKeHHbIi niepuos [Beases u dp., 2023].
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B pesysbraTe IPOBEISHHOIO MOHUTOPUHTA B TEPUO. MotoBobst 2021-2023 romos [Hc-
momun u Hemomun, 2024] ycraHOBIIEHO, 9TO HAYAJIO 3AIIOJHEHUS 03ePHOl cucreMbl Tajika
B IIEPUOJ] ITOJIOBO/IbsI OCYIIECTB/IsIeTCsi ¢ KanmmpuHCKOTO BOJHOIO TPAKTa IIPU COPOCHBIX
pacxojiax depe3 Bosrorpajckuii ruapoysen 6osee 20000 ky6. m/c uepes BIIC Nel17, pac-
noJiokenHoe Ha epuke [lecuanpiii (Ta6u. 1). Ilocsie peKOHCTPYKIMK JAHHOIO COOPY2KEHHUS,
€ro MIPOIYCKHAasl CIIOCOOHOCTD yBemamiach 6osee deMm B 10 pas3. 3a nepros CrennajsbHoro
BECEHHEr0 IOITyCKa 1Uepe3 Bosrorpaickuii rupoy3est depe3 yKa3aHHOe COOPYKEeHUe IPOIILIO
3,043 ma Ky6. M Bojnl. JlaHHbIH 00HEM BOMIBI TTO3BOJIMT OOBOIHUTL O3EPHYIO CUCTEMY Jaiika
u obecrieduThb 3an1ac Bojbl Ha nepuon Mexkenu [Beases u dp., 2023].

Hamnpasiienne moroka BojbI yepe3 BOJIONPOIYCKHBIE coopyKenust Ne85, 113, 151 usme-
HSIJICSL B 3aBUCHMOCTH OT YPOBHsI Bozibl B KpacHocmoGomekom BogHOM TpakTe (03. Jdertsaproe)
(rabu. 1).

IIpu npoBenernn ucciief0BaHUii, aBTOPAMHI YCTAHOBJIEHO, YTO B HAYAJIE MOJIOBOIbSI
U HOobEME BOJIBI B 03epHOI cucreme Yaiika, BOJA HAYMHAET IIOCTYIIATh Yepe3 IIPOTOKU
u Bogonpomyckuble coopyzkennst Ne113, 151 u 85 B Kpacnocmoboackuit BonHbIi TpakT, 00BOI-
HEHHUe KOTOPOro u3 p. BoJjira 3aTpyaHeHo BBUY HAJIMYUS ABYX [EPEJUBHBIX IJIOTHH HA €pUKE
Bepbuttog, (3aronckuit) [Memomun u dp., 2023]. TocpescTBoM BOJHBIX 0OG'BEKTOB 03€PHOI
cucteMbl Yaiika oOpa3yercs TuapaBIndecKas cBsa3b Mexny Kamupumnckum n Kpacrocao6071-
CKUM BOJHBIMU TPAaKTaMU. B pe3ysbTare MPOBEIEHHOIO MOHUTOPUHIA, BECEHHETO MTOJIOBOIbST
Ha, BOJIOIIPOITYCKHBIX COOPYZKEHUSIX O3ePHOI cucTeMbl Jaiika yCTaHOBJIEHO HAITPABJIEHUE
JIBU2KEHUST BOJIBI B CAMOIl 03€PHOII CHCTeMe IIPU PA3IMYHBIX pacxofax depes Bosrorpaackuit
ruzgpoyses (puc. 1).

Yenommee oGoziaiemmn
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Puc. 1. Hanpasyienue aBu>KeHMsI BOJBI B IIOJIOBOJALE B 03€pHOI cucrteMe Yaiika.

B komrte monoBobst, mpu 3amosuernn KpacHoca000/1CKOT0 BOIHOTO TPAKTA TPOUCXOIUT
BBIPABHUBAHNE YPOBHEH BOBI C 03€pHOI cucTeMoil Yaiika U OJHOHAIIPABJIEHHBIN TOK U3
03EpHOIl CHCTeMbI Pa3BOPAYMBAETCS B OOPATHYIO CTOPOHY. 3a II€PUOJT BECEHHETO TOJIOBO-
nbst 2023 roga gepes BITC Nel13 mpowusoriies mepeToK BObI U3 03€PHON cUcTeMbl Jaiika
B Kpacuocyioboackuit Bogublit TpakT obbemom 0,791 mitH KyO. M.

B nenax sadbdexruBHOoro 06801HEHNS 03€pHOIT cucTeMbl Yaiika HEOOXOIMMO BO BpeMst
BECEHHET0 IT0JIOBObsi OCYIIECTBIISITh PEryJIMPOBAHUE ITOCTYIJIEHUS BOAbI B Kpacnociobom-
ckuit BomHbIN TpakT nmocpeacrBoMm nepekpbitus BIIC Nel13. ITocse namomHeHust 03epHOIt
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Ta6imna 1. Pe3ysibraTbl MOHUTOPUHIA Ha BOJIOUPOILYCKHBIX coopy»KeHusix |HMcmomun u Hemomun, 2024

Pacxon Boab!

YpoBeHb BOJIbI CRODOCTE Pacxon Bomsl Harban eHie qepe3
Howmep BIIC Hara HaJT HyJIEM b qepes BIIC, p Boarorpaacknit
TeIEeHUsT, M/C 5 TOKA, BOJIBI
nocra, M Ky6. M/cC ruapoys3ed, Kyo.
M/c
Tok
14.04.2023 0 0 0 19210
OTCYTCTBY€ET
15.04.2023 0,50 1,58 1,58 21130
16.04.2023 0,85 1,612 2,74 22840
17.04.2023 1,30 1,715 4,459 25610
18.04.2023 1,65 2,066 6,8178 B osepyio 25790
117 19.04.2023 1,85 1,216 4,4992 cucremy afika 25680
20.04.2023 1,95 1,175 4,5825 25690
21.04.2023 2,00 1,213 4,852 25610
22.04.2023 2,00 1,423 5,692 22680
23.04.2023 Saxprrtie - - Torc 19600
IaHI0P OTCyTCTBYET
17.04.2023 1,1 0,644 1,4168 25610
18.04.2023 1,7 0,607 2,0638 U3 o3epHoit 25790
19.04.2023 1,8 1,076 3,8736 cucrempl Jaiixa 25680
s 20.04.2023 1,9 0,845 3,211 25690
21.04.2023 2 0,353 1,412 B osepryio 25610
cucremy Yaiika
22.04.2023 Saxprrrie - - Torc 22680
IaHI0P OTCYyTCTBYET
18.04.2023 0 0 0 Tox 25790
OTCYTCTBYET
19.04.2023 0,35 1,017 0,7119 3 o3epHoit 25680
85 20.04.2023 1,3 0,087 0,2262 cucremer Yaiika 25690
21.04.2023 1,45 0,04 0,116 B ozepHyI0 25610
22.04.2023 1,6 0,04 0,128 cucremy Tatika 22680
15.04.2023 0 0 0 21130
Tok orcyrcrByer
16.04.2023 0 0 0 22840
17.04.2023 0,05 0,2 0,02 25610
1 y
18.04.2023 0,5 1,506 1,506 o e e 25790
151 cucrembl aiika
19.04.2023 0,85 1,052 1,7884 25680
20.04.2023 1,73 0,061 0,21106 25690
B o3zepnyro
21.04.2023 1,9 0,066 0,2508 crcresty Yaiixa 25610
22.04.2023 2 0,075 0,3 22680

cucrembl Yaiika n HagagoMm Toka Boabl Ha BIIC Ne60 u 62, npu HeOOXOMUMOCTH, CJIEIyeT

OTKDPBITH coopykernne Nell3.
Pacuncrka epuka Yaiika sBJIsICS OJHAM U3 MEPOIPUATUN, PEATU30BAHHBIX IIPU KOM-
ILUIEKCHOU 9KOJIOTUIECKO peabuyimranuu o3epHoit cucrembl Jaiika. Epuk Yaiika sBasercs

B HacTodIlee BpeMd TYIIMKOBBIM. HCHOJH)SyH JaHHbIEe JUCTAHIIMOHHOT'O 30HJIUPOBAaHUA SGMJH/I7

DU PETPOCIEKTUBHOM aHAJIN3€e PACCMAaTPUBAEMOM TEPPUTOPHUHU yCTAHOBJIEHO, UYTO paHee,
B TYIUKOBO# YacTH epuka Jaifka CyIecTBOBAJIO 03€PO MOTEHITMAIBLHON TI0mabio 12 ra.
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B pesynprare ananmmsa kocmudecknx cuuMkos Landsat-5, Landsat-8 u Landsat-9 asro-
PaMu BbIJeJIeHA TIJIONMIA/b JErPAIUPOBAHHOIO BOJHOIO 0O'bEKTa B IUKAX IOJIOBObs (WU
MaKCHMAaJIbHO [IPHUOJIMZKEeHHbIE K HuM JaThl) B 1985, 1995, 2004, 2016, 2022 n 2023 rojax
(puc. 2a).

i = ¥

Puc. 2. Uccaemyemoe 03epo. A — peTpoCIeKTUBHbI aHAJIM3 TOBEPXHOCTU BOJIBI B 03€PE;

B — coBpemenHoe cocrosiaue o3epa (POTO aBTOPOB).

HawuGosbmas mwiomaab Boguoi nosepxuocru (8,03 ra) mo JaHHBIM JUCTAHIIUOHHOTO
30HMPOBAaHUS Ha JAHHOM o3epe 3adukrcupoBana B 1985 roay. Brnocsencrsuu, miromaas
BOJTHOTO OOBEKTa COoKpalagach ¢ TedeHumeM JjeT. B 2022-2023 romax Boma B o3epe He
OTMEYaJIach, 9TO TOITBEPIAWIN JIAHHBIE, [MOJyYEHHBIE B PE3yJIbTATE BEPUMDUKAITMOHHBIX
BBIE3/IOB B PA3JINYHbIE I'UIPOJIOITYecKre has3bl.

B macrosiiiee BpeMst JIOXKe 03epa 3apOcii0 TPOCTHUKOM OObIKHOBeHHBIM (Phragmites
australis), o 6opraM JI0zKe 03epa OTMEYAIOTCs JAPEBECHBIE PACTEHUs!, IPECTABICHHbBIE JIOXOM
y3rosmcrabiM (Elaedgnus angustifélia), qy6om yeperruareiv (Quércus rébur) n usoit (Salix)
(puc. 26).

L7151 BOCCTaHOBJIEHUST BOJHOTO O0'bEKTA, YINTHIBAS PE3Y/IHTATHI AHAJIN3A PAHEE BBIMOJ-
HEHHBIX MIPUPOJIOOXPAHHBIX MEPOIPUATHI B 03epHOil cucreMe Haitka, KOTOpPbIE TOKA3AJII
cBot0 3hdeKTUBHOCTH Ipu 00BOjIHEHNH TeppuTopun [Beases u dp., 2023], aBTropaMu mpeia-
raeTcs BO3BEIEHNE PErYINPYEMOro BOJOIPOIYCKHOIO CoOpyzkenusi. JlamHoe BOMOIPOIyCKHOE
COOPY2KEHUsT HEOOXOIMMO BO3BOJAUTH HA MECTE CYIIECTBYIOIIEH IMePechInKu, 0 KOTOPOit
[IPOXOUT aBTOMODHUJIbHAS JIOPOra ¢ TPYHTOBBIM MOKPbITHEM OT Tpacchl Cpenussa Axryba-
Kpacnocmobonck no CHT Yaiika.

s onpesiesienns abcoMIOTHON OTMETKH HE3a TPYObI NEPCHEKTUBHOTO (IIPEJIaraeMoro
K PeaslM3alu) BOJOIPOIYCKHOIO COOPY?KEHUsI, IPOBEIEHO HIUBEJIMPOBAHNE MECTHOCTH OT
BIIC Nel13 (Hu3 TpyObl) 0 TOYKH IIPEIOIaraeMoil aBTOpaMu, Ha KOTOPOH HEOBXOIMMO
YCTAHOBUTDH BOJIOLIPOILYCKHOE COOpyzKenue (puc. 3).

B pesysbrare HUBEIMpOBAHUS MECTHOCTH, ABTOPAMHU [IPEJIAraeTCs PACCMOTPETH BOITPOC
YCTaHOBKH Ha eprke JaiiKa IPsSMOyTOJIbHOIO PErYINPYEMOI'0 BOJIOIPOILYCKHOIO COOPYKEHUS
2000 mm ma 2000 MM Ha orMeTKe Hu3a TPYOLI —7,5 M BC. YuuThBast ruIpaBIndecKyio CBsA3b,
B IuKe 10J10BOJIbst (25000-27 000 Ky6. M/c) Ha JJAHHOM IEPCIEKTHBHOM BOJIOIPOILYCKHOM
COOPY2KEHNU OTMETKa YPOBHSI BOJbI OyjeT Ha yposHe 1,8-2 M or HU3a TPYObI, ITO MO3BOJIUT
HAIIOJTHUTH 03epo Booii. Ismoma b BoccTaHOBIEHHOTO BOIHOTO O0BEKTA ITOCJIE CTPOUTETHCTBA
coopyzkenns onennBaeTcd B 10-12 ra.

st obecriedeHusT TPOTOYHOCTH BOCCTAHOBJIEHHOTO 03€pPa IIPEJJIaraeTcst 3allPpOeKTUPO-
BaTh U PeAN30BaATh IIPUPOIOOXPAHHBIE MEPOIIPUATHS 110 YCTPONUCTBY IIPOTOKU OT BOCCTA-
HOBJIeHHOTO 03¢epa ;10 BIIC Nel51.
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Puc. 3. Kaprocxema pacmosyioyKeHns IIpeIjIaraeMoro BOJOIPOIyCKHOTO COOPYKEHHs.

TTocTymierne BojibI B IepUOJI, BECEHHETO MOJIOBOJIbsI B O3€pHYIO cucteMy Yaiika u3
KamupuHCKOro BOIHOIO TpakTa OCyIIeCTBIIsieTcs depe3 epuk llecuanbiii M BOIOIPOITYCKHOE
coopyxkenne Nel117. KadecTBo BosibI B 03epHOitl cucteMe Haiika HAIPIMYIO 3aBUCUT OT Kade-
cTBa Bosibl B KammpuHckoM BomHOM TpakTe, epuke [lecqanbiit u cofep:KaHul XUMUIECKUX
3JIEMEHTOB B JIOHHBIX OTJIOYKeHUsiX. [locTynatoriue B BOgHbIe OOBEKTHI 3arPsS3HEHNs], HAKAaIl-
JINBAIOTCS B JOHHBIX OTJIOXKEHUSX U MOTYT OBITH UCTOYHUKOM «BTOPUYHOIO» 3arPA3HEHUST
BOJIHBIX PECYypPCOB 03epHOii cucrembl Yaiika (puc. 4).

Puc. 4. Ot6op 1pob Boawl u3 epuka [lecuansrit. A — Kaprocxema orbopa mpob BOJBI B €PUKE

[ecuansrit; B — ®orto o6bekTa uccaenosannii, epuk [lecaansiit (PoTo aBTOPOB).

PesynbraTsr momeBbIx m3Mepennii (pU3NKO-XUMUAIECKIX XapaKTEPUCTUK BOIBI IIPEJICTaB-
JIEHBI B Ta0JI. 2.

WccnenoBanus mpob BO/bI TPOBOAMIN 110 19 moKa3aTessiM, Cpein KOTOPBIX COJIECO/IeP-
JKaHme, CyXoil 0CTaTOK, KECTKOCTD 00ITas, KATHOHHO-aHUOHHBIN COCTaB.

PesynbraThl BBIMIEOMNCAHHBIX UCCIEIOBAHUI IPEICTABIEHBI B Ta0JI. 3.
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Tabmuna 2. Pu3NKO-XUMUIECKNE XaPAKTEPUCTUKY BOJIBI

Jlara, paiioH IpPOBeIEHNUsL DUBUKO-XUMUUIECKUE XaPAKTEPUCTUKY BOJIBI
uCCIe/0BARMH O6mas MUHEpAIU3aIWs, T/ Temneparypa Bojwl, °C
17.04.2023 r., BIIC Nel117 0,25 9,4
14.09.2023 r., BIIC Ne117 0,27 21,0

JlaHHBIE 0 XUMUYECKOM COCTaBE BOJbI CDABHUBAJIUCH C HOPMAMU, YCTAHOBJIEHHBIMU
B JIOKYMEHTE, PETYJIMPYIONIEM KAYeCTBO BOJHBIX OObEKTOB JIJIsi PHIOOXO3sIHCTBEHHBIX IieJIei
(Ilpukaz Muncenbxo3a Poccun nomep 552 or 2016 rona), a TakzKe ¢ HOPMaMU, yTBEpP-
KIEHHBIMI B JIOKYMEHTE, yCTAHAB/IMBAIONIEM IMTMEHNYECKINE HOPMATUBLI U TPeOOBAHUSA
K obecnieueHnro GezomnacHocTn (GakTOPOB OKpy»Karomiei cpespl st desoseka (CanllunH
1.2.3685-21).

Awnayms Tabi. 3 CBHJIETENBCTBYET, 9TO ToKa3aTes b pH Boj cooTBeTCTBOBA TpeboBa-
HUSIM HOPMATUBHBIX JOKYMEHTOB. B I1€JI0M KOHIIEHTPAIUMHN JIEMEHTOB B BOJI€ HAXOIUJIUCH
Ha OJTHOM yPOBHE U He IIPEBBINIAIN KOHIEHTPAIINN JOIYCTHUMbIE HOPMATUBAMU JIJIS PHIOO-
xo3siicrBeHHbIX BomoemoB u [IJIK CanlluH 1.2.3685-21. OgHako comepkaHne CTPOHIIAS
B BOJle, OTOOpaHHOil ¢ moBepxHOCTH, cocrasyser or 0,5 mo 0,6 mMr/i, a B Boje, B3ATON
C IPUJIOHHBIX CJI0EB, 9T0 3HadeHue Kosebsercs or 0,4 o 0,5 mr/s. CorsiacHO HOpMaTHBaM,
9TOT noKazaresb He qosrkeH npesbimars 0,4 mr/a (IIIKpx). Crponuuii orHOCHTCS K rpyIie
MEJI0IHO3EME/IbHBIX METAJIJIOB 1 OOBITHO IPUPOIHOE COEPXKAHNE CTPOHIINST B PEUHBIX BOJAX
cocrasiister B cpegaem 0,1 Mr/J1, 0IHAKO BCTPEYAIOTCH PAMOHDI, Ije (DUKCUPYETCS €ro MOBbI-
mennoe cojiepxkanne. OCHOBHOE KOJMYECTBO CTPOHIIUSI MTOJI3MHBIE BOJIBI U PEKU 0Ty IaI0T
u3 04YBbl. Brimasenne armochepHbIX 0CaIKOB CIIOCOOCTBYET IIPOTEKAHWIO JAHHOIO IIPOIIECCA.
Takzke CTPOHIIT MOXKET TOITAaaTh B BOJHBIE OOBEKTHI CO CTOYHBIMY BOJIAMU, B PE3yJIbTaTe
IesTeIbHOCTU IIPOMBIIIIEHHBIX IIPEIIPUATHN, U3 TOJ3EMHBIX U T'OPHBIX IIOPOJ, U JAXKe U3
BO3yXa. YCTOWYNBOE COMEPKAHNE TAKNX KOHIIEHTPAIUI UM YBeJINIeHIe KOHIIEHTPAIINN MO-
I'yT HETATUBHO CKA3BIBATHCS HA IKOJOIMIECKOM COCTOSTHUU BOJHBIX 00beKTOB. Heobxommmo
OTMETHTD, YTO TAKOH MeTaslJl KaK CTPOHIUI He BXOIUT B YHCJIO IIPHOPUTETHBIX SJIEMEHTOB
DU UCCJIEIOBAHUN SKOJOTHIECKOTO COCTOSIHUS BOTHBIX OOBHEKTOB, OHAKO €r0 ITOBE/IEHUE
¥ PACIIPOCTPAHEHUE B IIPUPOIHBIX BOJAX OCTAETCS HEU3YIEHHBIM.

CpaBHeHUe KOHIIEHTPAIMI 9JIEMEHTOB B IIOBEPXHOCTHON ¥ IPUJIOHHOI BOJIe C HOpMa-
THUBAMHU KA9€CTBA BOJIHBIX OOBEKTOB PHIOOXO3ANCTBEHHOIO 3HAYEHHUS CBUIETEJILCTBYET, ITO
npesbimenne [I/IKpx HabMI0M810Ch AHAJIOTHYHO TOJBKO JIJIsi CTPOHIIHS.

Crour cKasaTh, 9TO U3 BCEX MCCJIEYEMbBIX 3JIEMEHTOB HEOOXOMMO TaKKe YJIeJUTh BHU-
MaHUe [OJIyYeHHBIM KOHIIEHTPAIUSAM CyJIbdaTOB B BOJIE, CO/IEPKAHIE KOTOPBIX K0JebaI0Cch
or 66,2 mr/a g0 96,1 mr/a (upu IIITKpx — 100 mMr/1), B cBg3u ¢ 4eM TpebyIoTcs JaibHelinme
MOHUTOPHUHI'OBbIE MCCJIEJOBAHUS 110 JAHHOMY IIOKA3aTesl0, TaK KAaK IIPEBBIIEHNE MOXKET
HETaTUBHO BJINATH HA IKOJIOI'MYECKOE COCTOSHUE BOJIHBIX SKOCHUCTEM.

IIpu amanuze mpobeM IKOJIOTHIECKONH OOCTAHOBKY BOIHBIX OOBEKTOB BAXKHO M3yYaTh
JIOHHBIE OTJIOYKEHUsI, 8 UX U3bsITUE B MPOIECCE PACUUCTKUA BOJOEMOB MOXKET ITOMOYb pPe-
IIUTh TaKWe 3HAYUTE/IbHbIE ITPOOJIEMBI, KaK UYpe3MEpPHOEe 3au/INBaHMe BOJIHBIX OObEKTOB
¥ yMEHbBINIEHIEe BHYTPEHHETO SBTPOMUIECKOr0 BO3AEHCTBUASA JOHHBIX OTJIOKEHIH.

HccnenoBanust MoKa3bIBAIOT, 9YTO IMPUMEHEHUE B CEJIbCKOXO3SAHCTBEHHOMN, TOPOICKOIL
U JIECHOI OTPAC/ISIX HETPAIUIINOHHBIX BUJIOB OPraHUYECKUX YI0OPEHUl, BKJIIOYas CAIIPO-
TeJIA U PA3IMIHbIE MEJHOPAHTHI, MOXKeT OBITh BOCTpeGOBaHHBIM |Bemuunnukos u Op.,
2018; Uavunckuds u dp., 2020; Meorcesosa, 2020]. K npumepy, 1mogo6HbIe TUIIBI camIporeei
mocJjie HeoOXOMMO 06PabOTKU U OYUCTKHA MOT'YT OBITh MCIIOJIB30BAHBI HA CEJIbLCKOXO3i-
CTBEHHBIX YTOJIbSX, MOTI'YT BKJIIOYATHCA B CMECh C HABO30M, PA3HOOOPA3HBIMU OTXOJAMU
W MUHEPAJIBHBIMHA YIO0OPEHUSAMH.
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Tabauna 3. XumMudyeckuil cocTaB UCCAELYEMbBIX TTPO6

IToBepxHOCTHBIH CJIOM IIpugonnsbrit caoit K (Ilpukas
ITokazaTenn Hopmarusras Murcenpxoza PO MK (CanlluH
JOKYMEHTALH:L T Nel T Ne2 T Ne3 T Ne4 T Ne5 T Nel T Ne2 T Ne3 T Ne4 T Ne5 Ne552 or 1.2.3685-21)
13.12.16 r.)
Awmmonnit, mr/ <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 0,5 1,5
Kaumit, Mr/ma 2,6 2,9 2,7 2,6 2,7 2,5 2,5 2,5 2,3 2,6 50
Harpuit, mr/u 17,4 18,0 17,9 16,6 17,7 14,8 15,5 15,8 14,5 16,3 120 200
Jlurnit, Mr/a I[TH/ © <0,015 <0,015 <0,015 <0,015 <0,015 <0,015 <0,015 <0,015 <0,015 <0,015 0,08 0,03
Maruwuit, Mr/n 14.1:2:4.167-2000 12,5 13,1 13,0 12,0 12,9 10,2 10,8 11,2 10,9 11,5 40 50
Crponrwmii, Mr/ 0,6 0,6 0,5 0,6 0,6 0,5 0,5 0,4 0,5 0,5 0,4 7
Bapuit, mr/a <0,1 <0,1 <0,1 <0,1 <0,1 <0,1 <0,1 <0,1 <0,1 <0,1 0,74 0,7
Kaubrmii, Mr/ 55,5 57,1 56,0 53,0 55,7 44,7 45,8 46,5 47,6 47,8 180
Xnopua, mr/ 26,4 26,5 26,6 26,2 26,0 26,9 26,0 26,3 26,0 26,6 300 350
Hurpur, mr/n <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 0,08 3,0
Cyusibdat, Mr/u I[IH © 73,9 66,2 75,8 68,3 79,1 89,6 90,7 92,6 72,4 96,1 100 500
Hurpar, Mr /s 14.1:2:3:4.282-18 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 40 45
Dropuj, mr/ i 0,2 0,2 0,2 0,1 0,2 0,2 0,2 0,1 0,1 0,1 0,75 1,5
Docdar, mr/u <0,25 <0,25 <0,25 <0,25 <0,25 <0,25 <0,25 <0,25 <0,25 <0,25 0,15
Ob6mas e ©
;KezL;KOCTL 14.1:2:?98-97 5,1 51 4,6 5,8 5,6 5,9 53 4,9 5,3 5,8 7
Bagemmennnie
BeIleCTBa, ©®P.1.31.2014.19122 1 3 4 0 2 5 1 0 2 4 =
Mr/ o3
Homxen
COOTBETCTBOBATDH
dbonoBOMY
i 3HAYEHUIO
fgf;;‘;ii‘;”épm . 4.152531_97 8,7 8,6 8,5 8,5 8,4 8,4 8,4 8,4 8,4 8,4 HoKazaTeNns A 6,0-9,0

BOJIbI BOJIHOT'O
06beKTa pBIOXO-

341 CTBEHHOT'O
SHaQYEeHU A
337:330““0“’ ©P.1.31.2010.07463 343 336 348 306 318 368 354 316 315 329 1000 -
T'unpokapbonarsr, IIH/T @ B
v 141939007 143 143 146 149 140 143 143 146 149 140
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OfHUM W3 TaKUX MEJIMOPAHTOB MOTYT CTATh W JIOHHBIE OTJIOXKEHUSI, M3BJIEKAEMble
[pU PACYHUCTKE BOJ0EMOB. 1Ipr paccMOTpEeHUN BO3MOXKHOCTU MTPUMEHEHUsI JTOHHBIX OTJIO-
JKEHHUIl B KadecTBe KOMIIOHEHTa HeTPAJIMIIMOHHBIX OPraHUIecKuX yo0peHuil HeoOXomMo
UMeTb TpeJIcTaB/ienne 00 uX coctaBe. B paMKax 3TUX MCC/IeIOBAHUN ObLT TPOBEJICH aHAJIN3
ArpOXUMUYECKOI0 COCTaBa JOHHBIX OTJOXKeHuii (radir. 4).

Tabauna 4. ArpoXuMUYIECKUil COCTAB JOHHBIX OTJIOKEHUH

Hopmarusnast . . . . .
ITokazaresb I — JO Nl O N2 JJO N3 IO N4 JIO Neh
il 2l g er TOCT 26483-85 7,0 7,0 7,0 7,0 7,0
BBITAXKKHN
Oprammieckoe TOCT 26213-91 8,7 8,0 8,6 9,3 11,3
BeliecTBo, %
) [TH/T ©
Aszot obmmit, % 16.1:2:2.3.82-2013 0,7 0,8 0,8 0,8 1
. THI ®
Docdop obumit, % 16.9:2.3.73-2012 0,2 0,2 0,2 0,2 0,2
Kaomit obumit, % TOCT 26718-85 0,7 0,5 0,7 0,7 0,3

BarkHO mOHUMATH, 9TO XUMHUYECKHE COCTABJIAIONINE U CBONCTBA JOHHBIX OCAJIKOB 3Ha~
YUTEILHO PA3JIMYaloTCsl, TAK KAK OHU 3aBUCIT OT YCJOBUI WX 0Opa30BaHWsI, BUIOBOIO
pasnoobpasust dhaopsl u (ayHbl B JAHHONU 00JIACTH, IVIYOUHBI 3aJeraHus U JPYrux GhakTo-
poB. AHa/IN3 MOKA3BIBAET, UTO COJIEPYKAHNE OPIaHUIECKOTO BEIIECTBA B JIOHHBIX 0CAIKAX
Bapbuposasocs ot 8,0 % 1o 11,3 %, obmero azora or 0,7 % no 1 %, obmero kamus or 0,3 %
1o 0,7 %. Conepzkanue obmero dpocdopa cocrasuio 0,2 %, a pH Bommoit BeITszKKET 7,0 €.

Tak>ke BaKHOU XapaKTEPUCTUKOI JOHHBIX OTJIOXKEHUN sIBJISIETCS OIEHKA WX 3arpsi3HEH-
HOCTH TSI?KEJIBIMHA METAJIJIAMI ¥ HecTuruIaMu. JJanHble TpeicTaBIeHbl B Ta0l. 5.

Heobxomumo orMeTnTh, 9T0 HOpMaTHBHAs 0a3a Jjis ONEHKU JOHHBIX OTJIOXKeHud B Poc-
cuiickoit @enepanun ne pazpaborana. st OINEHKN JOHHBIX OTJIOXKEHUI OCYIIECTBIISIIIN
C UCIOJIb30BAHUEM HOPM U KPUTEPUEB OIEHKM 3aIPA3HEHHOCTHU JIOHHBIX OTJIOXKEHUT B BOJI-
wbix o0bekTax Cankr-IlerepOypra, pazpaboTaHHBIN HA OCHOBE HOPM 1 KpuTtepues [ojiianun,
IIpe/TIOXKEeHHBIX ATeHTCTBOM 10 oxpaHe okpyxaoreil cpesst Lomnanaun (DCMR), Hertpom
uccnenosanust 1o4uB u rpyHToB (TNO) u dupmoit <HASKONING» [Hopmwr u kpumepuu
0UEHKY 3a2PAZHEHHOCTIU JOHHLIL omuaodicenull 6 8odnuxr obsexmax Cankm-Ilemepbypea,
1996].

TTosydennble maHHBIE MOKA3aJM, 9TO 0OJIEE BBICOKME KOHIIEHTPAIUNA OTMEYIEHBI JIJIsT
prytu u kagmus. Konnenrpanuu necruiuaos (anabda-I X, ramva-IXIT, TTIT- /19,
ITIT'-I/IT) 6buiu Huzke TIpejesa IeTeKTUPOBAHUS U He TI0ABEPraauch onenke. CoryacHo
KPUTEPUSM, UCCJIe/[yeMble JIOHHbIE OTJIOYKEHUsI OTHOCSITCS K KJIACCY YMEPEHHO-3arpsi3HEHHbBIX
nounbix oroxkenuit (11 xkiacc) [Hopmol u kpumepuu ouenku 3a2pasnennocmu JOHHLET 0m-
aooicernuti 6 godnmx obsexmax Cankm-Ilemepbypea, 1996]. @akTuueckoe cojepKaHue prTyTu
(0,75 mr/kr) u kKaamust (2,12 Mr/Kr) orMedeHo Ha yPOBHE MeXKJLy MpPeJIeJIbHBIM U IIPOBe-
POYHBIM yPOBHEM; [0 OCTAJIHHBIM HMCCJIEYEMbIM TTOKA3aTessIM MpeBbliiiennit Het. Kiacc
OTJIOZKEHUH OTPEJIEIISIETCSl 10 3arPsI3HSIONIEMY BEIIECTBY, MOMAIAIONIEMY B CAMBIA BHICOKUN
KJtacc 3arpst3Henusi. [lojrydeHHble pe3y/ibTaThl YKA3bIBAIOT HA MOTEHITNAIbHO-KPUTUIECKHE
3JIEMEHTBI, 38 KOTOPBIMU HEOOXOIMMbBI TOCTOSTHHBIE MOHUTOPUHIOBBIE HADJIIOIEHNUSI, & 0~
JIy9eHHBIE JIAHHBIE OYJIyT MCIIOJIb30BAHBI JIJIsl IPOTHO3UPOBAHUS U OIEHKHU IKOJOIUIECKOrO
COCTOSTHUST BOJIHBIX 3KOCUCTEM BoJro-AXTyOUHCKOM TORMBI.

[Ipu mianupoBaHuu Mep MO OXpaHe OKPYKAIOIIEil CPeJIbl JJIsl BOCCTAHOBJIEHUST BOTHBIX
00'bEKTOB TPEOYETCsl CIIPOrHO3MPOBATH HAKOILICHUE PA3JIMIHBIX 3aTrPS3HSIONINX JIEMEHTOB
B JIOHHBIX OcajKax. BaxkHo objaare nHMOpMaIueil 0 3arpsi3HEHUN He TOJIbKO TSIYKEJIBIMA
MeTaJIJIAMU M ITECTHUIIAMI, HO TaKyKe U IMPOYNMU TOKCHIHBIMU BEIECTBAMM U KOMITOHEHTa-
M.
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Tabmuma 5. CosiepkaHne TsIZKEIbIX METAJIJIOB U MECTUINAJIOB B JIOHHBIX OTJIOXKEHUSIX

Hopmbl u KpuTepuu OleHKN 3arpsi3HEHHOCTHU JIOHHBIX
oroxKeHuil B Bonubix o0bekrax (Cankr-IleTepbypr)

r— Hopuarmnas e u u . posens,
JIOKyMEHTAIS] ) IleneBoit Ilpenenvuniit  [IpoBepounsbrit  Tpebyrommit
Mr/Kr yPOBEHb YPOBEHD yPOBEHb BMeIIATE b
CTBa
Mprmbsik %I._Il%;g):&l?—QS 1,10 29 55 55 55
Pryrn PI1 52,18.827-2016 0,75 0,3 0,5 1,6 10
Kapmmit 2,12 0,8 2 7,5 12
Mapraners 370,8 He HOpM. He vOpM. He vOpM. He vOpM.
Mens 8,54 35 35 90 190
Hukenn IIHI © 2,60 35 35 45 210
Cauner 16.1:2.2:2.3:3.36-02 18,5 ]5 530 530 530
TTunk 75,2 140 480 720 720
Xpom 58,2 100 380 380 380
Kobasnbr 40,5 He nmopm. He nopwm. He nopm. He nopwm.
Monu6ren T'OCT P 50689-94 0,34 He nopm. He nopwm. He nopm. He nOpM™.
anbda-I'XIIT* P/ 52.18.180-2011 menee 0,01 0,0025 — 0,02 —
ramma-I' XIIT* PJI 52.18.180-2011 menee 0,01 0,00005 0,001 0,02 =
ILID-JII9%* P/ 52.18.180-2011 menee 0,005 He nopwm. He mopm. He nopwm. He mopm.
TLID-JIJIT*** P/ 52.18.180-2011 menee 0,01 0,0025 0,01 0,02 4

kokk

IIpumeuanne: * — XTI — rekcaxyopnukiorekcan; ** — JIJ19 — nuxopaudeHUIIUXIOPITAICH; — AT — quxnopandeHnITpUXIOPITaH

OTobpanmble 00pa3Iibl JOHHBIX OTJIOXKEHUN OBLIN TAKXKE MCCJIETOBAHBI C MOMOIILIO
MEeTOJ[a KAITMJLISIPHOTO 3JIEKTPOdOpe3a JJIsi OMPEIeSIEHUs COIEPIKAHMS BOIOPACTBOPUMBIX
dopmM KaTnoHOB U aHMOHOB. /laHHble IpencTaBaeHbl B Tab 1. 6

Tabauma 6. KarnonHo-aHMOHHBII cOCTaB JOHHBIX OTJIOXKEHUIA

ITokazaresnn Pesysibrar ucnbITaHuii, Mr/Kr
Xopu, 32,7
Dropu menee 1
®Docdart MeHee 3
Popmuar 3,41
Cynbdart 398
Hurpar MeHee 3
Oxkcagar MeHee 3
Anerar 5,29
Maruwnii 20,5
Harpwit 34,4
Kanbrmit 85
Kasmit 13,8
AMMoHU 2,77

ConepxkaHre KaTUOHOB U aHHOHOB 3HAYUTEJILHO Bapbupyercs. Tak, ypoBeHb COmep-
JKAHUS JIEPKOPACTBOPUMBIX coJtefi (xsopunos) cocrasuia 32,7 Mr/kr. CTOUT OTMETUTD, YTO
XJIOpUIBI MIPAKTHYECKU He HAKAIIMBAIOTCA B JOHHBIX OTJIOXKeHUAX. KoHnenrpamuda cynbda-
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TOB, COIVIACHO pe3yJsibraraM, cocraBmia 398 mr/kr. Hro xacaercs dpropunos u docdaros,
TO UX YPOBHHU B HMCCJIEJOBAHHBIX 00pa3nax COCTaBWJIU MeHee 1 Mr/Kr u MeHee 3 Mr/Kr,
COOTBETCTBEHHO. A coziep:Kanue HaTpus B 00pas3uax Ha yposue 34,4 Mr/wr.

BriBoapt

SadukcupoBaHHas 10 JAHHBIM JIUCTAHIIMOHHOTIO 30HANPOBAHUS 3eMJIN JIerDa AL
BOJIHBIX CHCTEM U OOBEKTOB IIOJTBEPKIAET, UTO CYIIECTBYIOIINN MCKYCCTBEHHBIH I'HIPOJIOIH-
9ecKuil peXKUM BO BPEMsT BECEHHETO ITOJIOBOJIbsT HA Tepputopuu Boiro- AXTyOuHCKOM TOHMBI
6e3 IpOBeJIeHNsT BOJOOXPAHHBIX MEPONPUATHiI He obecrieanBaer 3(pPEeKTUBHOIO 0OBOIIHEHNSI.

B pamkax MOHHTOpPHHIa IPOXOXKIEHUSI BECEHHETO II0JIOBO/IbS IOATBEPAKIEH JIOKAJILHBIN
TIOJTOKUTEJILHBIN 9P DEKT OT peasu3anuu IPUPOJIOOXPAHHBIX MEPOIPUSTHI, TAKIX KaK
pacumcTka (KOJOrudecKas peabuauTanus) BOJHBIX 00bEKTOB, & TaK¥Ke CTPOUTEILCTBO
(PEKOHCTPYKIWMsI) BOJOIPOITYCKHBIX COOPY2KEHUH. YCTaHOBIIEHO, UTO J7is 3bMEKTUBHOTO
3aITOJTHEHUsT BOTHBIX OOBEKTOB W TEPPUTOPHUU O3EPHOM cucTeMbl Jaiika, HEOOXOIUMO Ha
HAYAJBLHOM STAIE BECEHHErO MOJI0BO/Ibsl NEPEKPHITH 3aTBOD (IIAHI0P) Ha BOJOIPOILYCKHOM
coopyxkennn Nel13.

1t BOCCTaHOBJIEHNST 03€pa B CEBEPO-3ala THON TYIUKOBOM JacTu epuka Jaiika HeoO-
XOJUMO MTPOEKTUPOBAHNE U CTPOUTETHCTBO PETYIMPYEMOTO BOIOIPOIIYCKHOIO COOPYKEHUS
¢ orMeTKoi Hu3a Tpyosl —7,5 M BC, a Takxke, ¢ 1e/ibio obeciiederus IIPOTOYHOCTH, YCTPOii-
CTBO MPOTOKU OT 03€pa JO BOJOIMPOINYCKHOrO coopyzxkennsa Nel51. Jlannoe mMeponpusiTie
[I03BOJIUT BOCCTAHOBUTH BOJHBIN 0ObeKT (03epo) Ha miomaan 10-12 ra.

IIpoBenénnublit XUMUYIECKUI aHAIN3 BOIBI TOKA3aJI, YTO OTOOpaHHBIE OOPA3IIHI IPAK-
THYECKU 110 BCEM IMTOKA3aTEeJISIM COOTBETCTBYIO HOPMATHBHOM JoKyMeHTarnn. OJHAKO cie-
IyeT OTMETUTH, YTO 10 HEKOTOPBHIM JIEMEHTA, TAKUM KAaK CTPOHIINI NUMEETCS IIPEBBINEHNE
[IPeJIeJIbHO- IOy CTUMBIX KOHIIEHTPAIUil (OlEeHKa IPOBOAMIIACE 110 TPEGOBAHUIM HOPMATH-
Ba KAYeCTBa BOJHBIX OOBEKTOB PHIGOXO3sIICTBEHHOrO 3Ha4YeHus ). [1o ApyruM, TakuMm Kak
cynbdaThl, KOHIIEHTpaIus OJIM3Ka K MpeebHo JoImycTuMoit. B aToit cBsa3u, Heobxoammo
BBIJIEIUTh BAXKHOCTH JAJIHHEHIITNX MOHUTOPUHIOBBIX UCCIEIOBAHNUI TAHHOTO ITPUPOIHOTO
0o0'beKTA.

Anajms nOoHHBIX OTJIOXKeHUH epuka llecuaHblil, HAIIPABICHHBIH HA BBISBICHUE COJED-
JKAHUS THAXKEJIBIX METAJIOB U OCTATOYHOE KOJIMIECTBO MECTHUIUIOB, MIOKA3AJ, 9TO CJIEIYET
V/IeJIUTD TTOBBINIEHHOE BHUMAHIE COJIEPYKAHUIO HEKOTOPBIX Tsi?KeJIbiX MeTasiioB. CorjacHo
KpUTepusiM (OIEHKY JIOHHBIX OTJIOKEHUH OCYIIECTBIISIIN C UCIIOJIb30BAHNEM HOPM U KPUTe-
DHEB OLIEHKU 3arpsi3HEHHOCTH JIOHHBIX OTJIOKeHuil B BojHbIX 00bekTax Cankr-Ilerepbypra),
HCCJIelyeMble JOHHBbIE OTJIOXKEHUS OTHOCATCS K KJIACCY YMEPEHHO-3arPsi3HEHHBIX JTOHHBIX
OTJIOXKEHUM, YTO TaK YK€ NOBOPUT O HEOOXOIUMOCTH ITOBTOPHBIX MCCJIEIOBAHUN U IPUHSITAN
MEP [0 YLy UIIeHNIO IKOJOrnIecKoro cocrosauus. [Ipu neobxomumoii 09ucTKe U JOMOTHATEb-
HOIT 00paboTKe, JOHHBIE OTJIOXKEHUS MOYKHO HCIOJIF30BATH KAK OPraHMYecKoe yIoOpeHue
B CEJIbCKOM XO34HCTBe.

PesynbraTsl maHHbIX HCCIEMOBAHUI MTO3BOJISIOT CKA3aTh, YTO MMEIOIINECS PECYPCHI
03epHOIt cucTeMbl (BOZA U JIOHHbBIE OTJIOXKEHHS) BOBMOXKHO HCIIOJIb30BATh B CEJIBCKOM XO34ii-
crBe. Ilpenjaraembie aBTOpaMu IPUPOIOOXPAHHBIE MEPOIPUSITHS TIO3BOJISAT IPEIOTBPATUTE
JIETPAIAINIo 03ePHOM cucTeMbl Jaiika.

Baarogapuoctu. Pabota Bhimosimena B pamkax rocyzapcrsennoro 3amanus NeFNFE-2022-
0011 «Paszpaborka HOBOI1 METO0JIOIMU OIITUMAJBHOIO yIIPaBJIeHNs OMOpPECypcaMu B arpo-
smarmmadTax 3acynInBoit 30a6 PO ¢ ncmosb30BaHIEM CHCTEMHO-IUHAMUIECKOTO MOJIe-
JINPOBAHUS TOYBEHHO-TUIPOJIOTHTIECKUX IIPOIECCOB, KOMIIEKCHON OIEHKU BJIUSHUS KJIH-
MaTHYECKUX M3MEHEHUN M aHTPOIOrE€HHBIX HAIPY30K HA arpOOMOJIOTMIECKUil ITOTEHIIAAT
U JIECOPACTUTEJbHBIE YCIOBHSI».
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An assessment of the state of aquatic ecosystems in the northern (“high”) part of the Volga-Akhtuba
floodplain was carried out (using the Peschany erikk of the Chaika lake system as an example).
Based on the results of monitoring in 2021-2023, the current hydrological regime of the Chaika
lake system was studied, recommendations were prepared to prevent the degradation of water
bodies included in the system. The effectiveness of measures to clear floodplain reservoirs and build
regulating culverts was recorded. Monitoring of the passage of spring floods in the Chaika lake
system, located on the territory of the Volga-Akhtuba floodplain, was carried out. A dependence
was revealed between the direction of water movement through the reservoirs of the lake system
depending on the discharge through the Volgograd hydroelectric power station and the water
content of the reservoirs of the Kashirinsky and Krasnoslobodsky water conduits. Recommendations
have been prepared for the management of regulating water-passing structures for the purpose of
efficient irrigation of the Chaika lake system, taking into account the hydrological regime of the
Krasnoslobodsk and Kashirinsky watercourses. Retrospective interpretation of Landsat-5, Landsat-7
and Sentinel-2 space images was conducted, as a result of which a degraded lake was identified and
recommendations for its restoration were proposed. Comprehensive studies of water and bottom
sediments were conducted, including for pollution by heavy metals and pesticides. It was revealed
that the concentration of some studied elements exceeds the standard or is close to exceeding it.
Recommendations are given for further monitoring of the state of water bodies of the Chaika lake

system, as well as a possible option for using bottom sediments.
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B pabore npescTaBien aaropuTM peKOHCTPYKIMH TapaMeTPOB HAIPSI2KEHHOTO COCTOSIHUST MACCUBa,
TOPHBIX TOPOJT IO JAHHBIM O €CTECTBEHHON TPEermHOBaTOCTH. [ O/THOM CKBaKWHBI, pa3pabaThIBa-
forreit HedTerazoBoe MeCTOPOXKIEHIE, BOCCTAHOBJIEHBI HAIIPABJIEHUS IEWCTBUSI TJIABHBIX TJIACTOBBIX
HAIPSKEHUI, X OTHOCUTEJIbHbIE 3HAYEHNI U TPOYHOCTD MOPO/T OKOJIOCKBAaKUHHOTO ITPOCTPAHCTBA..
PesynbraThl peKOHCTPYKIIMK COTVIACYIOTCSI ¢ TPOYMMHU METO/IAMHU OIIEHKYU HAIPSIXKEHUH, B YaCTHOCTH,
C pe3yJIbTaTaMM UCIBITAHUS 110 MUHU-TUApopa3pbiBy miacta (Muan-I'PID). OGparHas 3a/1a4a OLEeHKH
HAIPSI>KEHHOT'O COCTOSIHUSA pelieHa ¢ nmoMoinbio merona Moute-Kapiio. Ilpencrasien aaropurm
IIPUMEHEHUs alllapaTa MaTeMaTHdeCcKOH CTATUCTUKUA — MEeTOJ/, MOMEHTOB JIJIsI OIIpe/IeJIEHNs] I1apa-
METPOB paclipejleJieHUusI U3 ceMelcTBa pacupeesennit [lupcona — 1jisi KOJUIECTBEHHON OIEHKN
HEO/THO3HAYHOCTHU OIIeHKHU HAIIPpaBJIEHUU JIefiCTBUS IJIABHBIX HAIIPSAXKEHUN M UX OTHOCUTEJIbHBIX
snavenuit. [IpejcraB/ieHHBINH aJITOPUTM MOXKET OBITH MCIIOJIB30BAH JJIsi HE3aBUCUMOM PEKOHCTPYK-
MU HATIPSI?KEHUH J171s1 KapOOHATHBIX MOPO/JT IIPY YCJIOBUU HAJUIHS UHAOPMAIIUU O ITPOBOJIUMOCTH
TPENUH B IIOPOJIaX OKOJIOCKBAXKMHHOI'O IIPOCTPAHCTBA JJIs JOIIOJHUTEIHHOI'O IOBBIIIEHNS KAa1eCTBa

OJHOMEPHOI'O U TPEXMEPHOI'O reOMEXaHUIECKOI'O MOIECJINPOBaAHUA.

KunroueBsbie cioBa: OIIEHKa HaHpﬂ)KeHI/IIjI, KPUTUYIECKHN HalIPA2KEHHbIE TPEIIUHDbI, Kap6OHaTHI>II71

KOJIJIEKTOP, 'eOMeXaHuKa, I'iIpopa3phbIB ILJIaCTa.

Ouruposanme: 3uranmmun, . P., H. B. Jly6bunsa, E. B. Hosukosa, u 1. A. Boporos Orenka
COBDPEMEHHOI'O HAIIPSXKEHHO-1e(bOPMUPOBAHHOIO COCTOSHUS MACCUBa KapOOHATHBIX TOPHBIX IOPOJ,
Ha HedTsiHOM MecropoxeHnn // Russian Journal of Earth Sciences. — 2024. — T. 24. — ES5006. —
DOI: 10.2205,/2024es000955 — EDN: DJZBGG

BBenenune

O/tHOI M3 KJTFOUEBBIX COCTABJISIONINX T€OMEXaHIMIECKIX MOJIEJIEil sIBJISIeTCS IPE/ICTaBIIe-
HUE O COBPEMEHHOM HAIIPSAZKEHHO-/16(DOPMUPOBAHHOM COCTOSTHUM MaCCHBOB T'OPHBIX ITOPO/I
[Zoback, 2007|. 3nanus 0 BeMHYUHE IVIABHBIX HAIDSXKEHUI 1 06 OpUEHTAIMA MX OCEl C JaH-
HBIMHU O MEXaHWIECKUX CBOMCTBAX MOPOJ] TIO3BOJISIIOT PEIIATH PSIJT 33/1a4, TAKAX KaK: IIPOTHO3
PHCKOB IIpH OyPeHNN CKBasKUHBI, IIOCTPOeHNe Jn3aiina rujapopaspseisa wiacra (I'PIT), onenka
zasiexkeit st yruwimsanun COg. B KapbOHATHBIX TIOPOJIAX 9TOT BOIPOC SIBJISIETCST 0CODO0 BaXK-
HBIM, IIOTOMY 9TO 3aJI€2KH KAPOOHATHBIX TIOPOJ] OTHOCATCH K KATETOPUHU TPYIHOU3BICKAEMBIX.
HaJiname ecrecTBEHHON TPEMIMHOBATOCTH U CJIOXKHOE CTPOEHHE IMOPOBOTO IIPOCTPAHCTBA
YaCTO IPUBOJAT K TAKMM HETATUBHBIM IIOCJEJCTBUAM, KakK 0b6BoxHenue miacta nocie ['PII,
oTePsi MUPKYJIANUA OYPOBOIO PACTBOPA B IpOIlecce OypeHusi, yTeIKa YIJIEKUCIOr0 Ta3a Ipu
3aKadKe B ILJIACT.

B nanHoil pabore paccMarpuBaeTcs IPUMEHMMOCTDb PA3JIMYHBIX CIOCOOOB OIEHKU Be-
JINYWH TJIABHBIX HANPSKEHUN U OPHEHTAINN UX OCeH HA MECTOPOXKJIEHUU, CJIOKEHHOM
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kapboHaTHRIME TIOpOJaMu. CyIIecTByeT psiji reOU3NIeCKUX METOJ/I0B, MMUPOKO UCIOJIb3Ye-
MBIX JIJTsI OIEHKY BEJNIMHBI TOPU30HTAIbHBIX HaNpskeHnit. Cpean HUX mopoynpyras MOJIEThb
NroHa, coBMeITeHHasI ¢ pe3yJIbraTaMyi MUHU-I'Hpopaspbia mwiacra (Munn-I'PII) [Higgins
et al., 2008; Ostadhassan et al., 2012; Thiercelin and Plumb, 1994]. Ilnsi oupenenenust
HAIIPABJIEHNs TVIABHBIX HAIPSKEHUI UCHOJIB3YIOTCs TAHHBIE O PETHOHAJIBHOM TPEHIIE HAIPSI-
JKEHUI, JTAHHBbIE O BHIBAJIAX HA CTEHKAX CKBAaYKUH W METOJI BOCCTAHOBJIEHUSI OCEI TJIABHBIX
HAIIPSIZKEHWIT 110 BBISBJIEHHBIM (DJIIOUIONPOBOIAIIAM TPEIITHAM.

CyIecTByIOIIe MeTOJIbl OIIEHKHN [MapaMeTPOB HAIPSIKEHHOT'O COCTOSTHUST MACCHBA TOP-
HBIX IIOPOJI, CJATAIONINX HeTEra30Bble MECTOPOXKIEHIS, PASINIAIOTCS MEXK, Ty cOOOI CBOMMM
BO3MOKHOCTSIMH U TIpejiesiaMu npuMeHuMocTH [ Jybuna, 2019; Ljunggren et al., 2003]. Ananus
BBIBAJIOOOPA30BAHUS — JACTUYIHOIO Pa3PYIIEHUs OPOJ, OKOJIOCKBAXKIMHHOW 30HbBI, BHI3BAH-
HOrO 3P HEKTOM KOHIIEHTPAIINN HAIPSIKEHUN B OKPECTHOCTH CTEHOK CKBAaYKUHBI — MOXKHO
OTHECTU K OJHUM W3 CAMBIX IOIYJIAPHBIX METOJIOB OIEHKU IapaMeTPOB HAIIPSIZKEHHOTO
cocrostaus [Zoback et al., 2003]. DroT MeTom MOXKeT OBITH MCIOIB30BAH JJIs OIEHKU KaK
HAIPABJIEHUH NeCTBUS MAKCUMAJIbHBIX U MAHUMAJIBHBIX TOPU30HTAIbLHBIX HAIPSKEHMI,
TaK U WX 3HAYEHUI, PN YCJIOBUU U3BECTHBIX ITPOYHOCTHBIX CBOHCTB MOPOJ, IMTPU3a00MHON
30HbI I1acTa. OIHAKO Pe3yJIbTaThl PEKOHCTPYKINY HAIIPSIZKEHUI 110 9TOMY MeTOJy KpaiiHe
9yBCTBUTEJIHHBI 10 OTHOIIEHUIO K TOYHOCTU OIPEJIEJIEHIS IPOYHOCTHBIX CBONCTB IIOPO/I,.
B wacrHOCTH, HEIOYUeT AHU3OTPOIMH TPOYHOCTHBIX CBOWCTB MOXKET IIPUBECTU K HEKOPPEKT-
HOMY BOCCTAHOBJIEHHUIO HE TOJIbKO 3HAYEHWI FOPU30HTAJIBHBIX HAIIPSXKEHUil, HO U K OIIMUOKe
B OIpe/IeJIeHNY HATpaBJIeHuit ux geficrsus |Galybin and Mokhel, 1996]. Bosee Toro, npume-
HEHUE JTAHHOTO IOIX0/a HEIIOCPEICTBEHHO K HAJIMYNIO HH(MOpPMAnun 00 YIJIOBBIX pa3Mepax
BBIBAJIOB — 30H Pa3pyIIeHNs TOPOJ OKOJIOCKBaXKMHHOM 30HBI. Be3 Takoil mHpOpMaIun OreHKa
HAIIPSI)KEHHOT'O COCTOSIHISI HA OCHOBAHUU aHAJIN3a BBIBAJIOOODA30BAHUS HE IIPEJICTABIISLETCS
BO3MOXKHOM.

K maunbosiee 10CTOBEPHBIM OIEHKAM OT/EIHHBIX IAPAMETPOB HAIIPSI?)KEHHOI'O COCTOSTHUST
[IOPO/JT, CJIATAIONIUX MECTOPOXKIIEHNUST YIJIEBOIOPOIOB, MOYXKHO OTHECTH TOYEUYHBIE OIEHKU Ha
OCHOBAHUU Pe3yJsbTaToB unTepnperanuu sxcuepuMerToB 10 ['PII wiu munu-I'PII [ Gaaren-
stroom et al., 1993]. TlpoBesenue Takoil omeparyu O3BOJISIET OIPEIEIUTh MIHOBEHHOE
JaBJIEHNE 3aKPBITHS TPEIIUHBI, 0OPA3YIOIIENCsl B IIOPOJIAaX OKOJIOCKBAYKUHHOW 30HBI TP
KpPaTKOBPEMEHHON 3akadke (DIIIONA B IJIACT. DTO JIABJIEHUE TMPUHSTO CIUTATH OJU3KUM
K MUHUMAJILHOMY I'OPU30HTAJLHOMY Hampsikenuio B miacre [Zoback, 2007]. MakcumasibHoe
TOPU30HTAJILHOE HAIIPSI?KEHHE MOXKeT OBbITh OIEHEHO 10 pe3yJbraraM TecToB MuHU-I'PII
TOJIBKO B HUCKJIIOUUTEIBHBIX CJIyYasX, JOCTATOYHO PEIKO BCTPEYAIONINXKCS HA IPAKTHUKE
OCBOEHUS U Pa3pabOTKHU MECTOPOXKIeHUIT yrieBoqopouos [Ljunggren et al., 2003; Zoback,
2007].

B ycioBusix HEBO3MOXKHOCTH HCIIOJIB30BAHUS JAHHBIX O BBIBAJIOOOPA30BAHUN JIJIsI PEKOH-
CTPYKIMA BCEX APAMETPOB HAIPSIKEHHOT'O COCTOSHIA BO3HUKAET HEOOXOIMMOCTD PA3BUTHS
AJIBTEPHATUBHBIX TOJIXO/IOB K PEKOHCTPYKIUH ITUX [IAPAMETPOB 10 Te0(U3NICCKUM JTAHHBIM.
MO2KHO BBIJIEJINTH HECKOJIBKO ITEPCIIEKTUBHBIX HAIIPABJIEHUI: [IPOBEJIEHNE CIIEIUAIbHBIX
JabOPATOPHBIX MCCIIEOBAHNIT Ha KepHOBOM Marepuadte |Funato and Ito, 2017; Shkuratnik
et al., 2020], anasm3 anuzorporuu yupyrux BojH [Sinha and Wendt, 2014, uccienosamue
ecTeCcTBEeHHOM TpermuHoBaTocTH [[to et al., 2002]. IIpenmyrnecTsa 1 06J1aCTH TIPUMEHUMOCTH
9THUX TOJXOMOB MOAPOGHO paccMOTpeHbl B padote [Aybuna, 2019|, rue caenan oCHOBHOM
BBIBOJ[ O TOM, 9TO HAambOOJIee JIOCTOBEPHBIE PE3YJIbTATHI OIEHKH HAIPSIKEHHOTO COCTOSTHUS
MaCCUBa e0JIOTUYIECKO Cpebl 10 JIaDOPATOPHBIM M CKBaXKUHHBIM JAHHBIM MOLYT OBIThH
[IOJIyYE€HBI TOJIBKO IIPU OObeINHEHNN HECKOJIBKHUX II0/IXO0B, IPIMEHUMBIX JIJIsi KOHKPETHBIX
YCJIOBHIA.

B manHOM mCcietoBaHIN MPOIEMOHCTPUPOBAHO, 9TO HAIIPSI?KEHHOE COCTOSTHIE KapOo-
HATHBIX IIOPOJ], CJAATAONIINX OJHO He(pTIHOE MECTOPOXK/IEHIE, PACIIOIOKEeHHOe Ha BocTouHo-
EBpomneiickoit paBauie, MOKeT OBITH TOAPOOHO M3YUEHO O€3 MPUBICUYCHUS JAHHBIX O BbI-
BaJIOOOPA30BAHUY U TIPOBEJIEHUS CIEIUABHBIX SKCIePUMEHTOB. OCHOBHBIM MCTOYHUKOM
UCXOHBIX JAHHBIX JIJIsl PEIIeHUs] 3a]a9l PEKOHCTPYKIMK HAIPSI?KEHUN CIIy2KAT CKBAYKUHHBIE
HCCJIE/IOBAHUST €CTeCTBEeHHON TperuHoBaTocTu. CBEIEHUST O MTPOBOIUMOCTH €CTECTBEHHBIX
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TPEIUH CIABUTA B MOPOJIaX OKOJIOCKBAYKUHHOW 30HBI ITO3BOJIMJIN C BBICOKOW TOYHOCTBIO
BOCCTAHOBHUTH OTHOCHUTEJIbHBIE 3HAYCHUS U HAIIPABJIEHUs JefICTBUS [VIABHBIX HAIPSIYKEHHI,
JeHCTBYIONNX B TOpoax. Kpome TOro, BBITO/IHEHA OIEHKA OTJIeIbHBIX IPOYHOCTHBIX CBOCTB
HOPOJT, OKOJIOCKBAaXKUHHOM 30HBI, COIVIACYIOIIASICS C Pe3yJIbTaTaMu Jab0PATOPHBIX HCCIIE0Ba-
uuit. Jlomosnenne 9Toit mHMOOPMAIINN TAHHBIMA, TOJIYI€HHBIME [IPU TPOBEIEHUN ACIBITAHIS
munu-I'PII, 103801110 HCIIOIB30BATH TOPOYUPYTYI0 Mojeab [Prats, 1981] miga meranbrOro
BOCCTaHOBJIEHUsI ITpoduieil HampsizkeHnii. VIHGopMalyst 0 BhIBaI00OPA30BAHIU U AHU30-
TPOIUU YIPYTUX BOJIH HCIIOJIH30BAHA UCKIIOYUTENbHO JIJIsl OIIEHKN HAIIPABJIEHUS TeHCTBUA
MAaKCHMAJIbHOT'O TOPU30HTAJBHOIO HAIIPSIYKEHUS, B IIEJIOM COIJIACYIOIIEHCs C Pe3yIbTaTaMu
PEKOHCTPYKIINU HAIPABJIEHUIT JIefiCTBUs HAIIPSI)KEHUIT 110 TAHHBIM O eCTECTBEHHOI TPEIMHO-
BaTOCTH.

Takum ob6pazom, B paboTe Mpe/ICTaBIEH AJTOPUATM, MO3BOJISIIONINAN JETAJIBHO PEKOH-
CTPYUPOBATH HAIPSI?KEHHOE COCTOsTHUE TIOPO/T OKOJIOCKBAXKUHHOM 30HBI 6€3 MCIIOIb30BAHUST
JAHHBIX O BBIBAJIOOOPA30BAHUHU. DTOT PE3Y/IHTAT [MO3BOJISIET CYIIECTBEHHO MOBBICUTH TOY-
HOCTBH IIOCTPOEHUS T€OMEXaHUIECKUX MOJeJeil It CKBaXKUH, TPOOypPEeHHbBIX Oe3aBapuiito,
TO €CTh B YCJIOBHUSIX OTCYTCTBHSI BbIBajoobpazoBanus. Jlajee omucan oObeKT U METOJbI
HCCJIEJIOBAHUSI, IIPEJICTaBJIEHbI PE3yJIbTaThl PEKOHCTPYKIIUK [TapaMeTPOB HAIIPSI?KEHHOTO
COCTOSIHUSI TIOPOJI, CJIATAIONINX PACCMATPUBAEMOE MECTOPOXKIEHIE U PACCMOTPEHBI IT€PCIIEK-
TUBBI TOBBIIIEHNS TOYHOCTA T€OMEXaHUIECKON MOJE/IN C IPUBJICICHUEM JIOMOTHUTETHHON
nHQMOPMAIIHH.

O0beKT mcciieoBaHnust

O0BEKTOM UCCIIEOBAHUS SIBJISETCS OJTHO M3 KapOOHATHBIX MECTOPOXKIEHUIT, PACIIOJIO-
KeHHoe Ha Tepputopun Pecnydonaukm Tarapcram. B TeKTOHHYECKOM OTHOINEHUM JAHHDBIH
YYIaCTOK PACIIOJIOXKEH MeXK 1y 3anaaabiM ckjaoHoM FOxuo-Tarapckoro cBoma u BOCTOIHBIM
6oproM Mejtekecckoii BauHbl. Pa3iesisitorcst 3Tu CTpyKTYphl CyOMepuInoHaibHbIM Bara-
HuHCKUM Tporubom. Cxema 00beKTa UCCIEIOBAHUS TIPEJICTaBIeHa Ha puc. 1.

Pa3zpes uzygaemoit cKBaXKUHBI MPEICTABIEH KOMILIEKCOM OCAI0YHBIX ITOPOJ KAMEHHO-
YTOJIBHOT'O, IIEPMCKOT'O ¥ YeTBEPTUIHOIO Bo3pacToB. HedreHachlleHne yCTaHOBIEHO B W3-
BECTHSIKAX BEPEHCKUX U OAIKUPCKO-CEPITYXOBCKUX OTJIOXKEHUi cpemarero Kapooma. [loposmst
BAIIKUPCKOTO SIPyCa CJIOKEHBI INIOTHBIMU U3BECTHAKAMA. B TaHHOM WHTEPBaJIEe HAOIIOIAETCS
HAJIMYUE €CTECTBEHHON TpemuuoBaTocTu. [lopoiasl Bepeiickoro ropu30HTa YCJIOBHO MOYXKHO
pa3zesuTh Ha TeppUreHHble U KapbonaTHble. HukHAA KapOoHATHAS YaCTh IIPEJICTABIECHA
IepecJanBaHieM M3BECTHAKOB U apTHJLIUTOB. BepxHsis TeppureHHas 9acThb COCTOUT U3
[JIMHUCTBHIX [ECYaHUKOB U AJIEBPOJIMTOB. BhIllle 10 pa3pe3y MOXKHO BBIIEJIUTH ILJIOTHBIE
[JIMHUCTBIE U3BECTHSAKYM U JOJIOMUTHI C IPOCJIOSIMU TJIMH KAITMPCKOT'O, IOA0JBCKOTO M M-
KOBCKOT'O TOPHU30HTOB MOCKOBCKOI'O sipyCa CPeIHEro KapboHa U rajoreHHO-KapOOHATHbBIE
00pa30BaHus ACCEIBCKOTO U CAKMAPCKOTO SPYCOB HUYKHEN IIepMU.

Keps 6611 0T00pan B unTepBaJie riyoun 892,5-980,5 m. CoryiacHO JIUTOJIOrTIECKOMY
OIHMCAHUIO KEPHA, U3YIaeMblil HHTEPBAJI IIPEJICTABJIEH ITOPOJAMU CPEIHEKAMEHHOYTOJIHLHOTO
BO3pacTa: OAIMKUPCKUN sIpYC, BEPEHCKUiI TOPU30HT W KAITUPCKUN TOPU30HT. Beero 6b110
orobpano 30 obpasios KepHa: 11 06pa3IoB U3 KalIMPCKOTrO TOPU30HTa, 16 00pasmos m3
Bepefickoro ropu3onTa u 3 0bpasia u3 H6AITKuPCKOro sSpyca.

Bosee moapobuoe aurosioro-crparurpaduieckoe ONUCaHNe KEPHA MIPEICTABICHO HA
pUCYHKe 2.

PaccmarpuBaemas ckBarKnHA XapaKTepU3yeTcs OOJIBITUM 00bEMOM IIPOBEJICHHBIX B Hel
reodu3ndecKux ucciaenopanuii. Ha ornocurebHO HEOOJIBIIIOM, TPEICTABIISIONIEM HHTEPEC
C TOYKM 3peHUs HeTEra30BbIX NEPCIeKTUB, uaTepBaje riyoun (876-980 M) nposeseHbl pas-
JmaHble reodusnueckne ucciaenopanus ckpaxkut (I'VIC), Brirovatoniye B cebsl CTAHIAPTHBIHA
KOMILJIEKC UCCJIEIOBAHUIN, KPOCC-IUIIOJbHBIE aKYCTUIECKIE HCC/IEIOBAHNUSA U SJIEKTPOMAT-
HUTHOE MUKPOCKaHuUpoBaHUE. Bojiee Toro, Ha mHTepBasie rayoun 965-967 M B HaauInn
pesyibraThl ucnbiranus Muan-1' P11, uro mo3Bosisier onpese/inTh BeJIMYUHY MUHUMAJIBHOTO
[VIABHOI'O HAIIPS?KEHUs HA ITOU IVIyOUHE.
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Puc. 1. Cxema PacCIIOJIOZKEHU A He(i)THHOFO MEeCTOPO2K/1eHUd, OCHOBHbIE TEKTOHUYIECKNE IJIEMEHTDI

peruoHa.

Brormosnennsiit komiteke 'MC mo3Bo/iI JOCTATOYHO TOAPOOHO 0XapaKTEPU30BAThH
paccMaTpUBAaEMbIil MHTEPBAJI TJIyOUMH. BbI/Ie/IeHbl TpU TOPU30HTA: KAITUPCKUNA TOPU30HT
(880-920 M), Bepeiickuit ropuzont (920-965 M) u Gamkupckuii apyc (965-980 m). B Bepeii-
CKOM TOPHU30HTE BbLIJICJIEHDI JIBA YIaCTKa: TEPPUTEHHBIN yIacTOK Ha riryonnax 921-938 m
7 KapOOHATHBIN yJacTOK Ha rirydunax 938-965 m.

ITo pesynbraram 0O6pabOTKU JAHHBIX JIEKTPOMATHUTHOINO MUKPOCKAHUPOBAHMS HADJIIO-
JAeTCsI TPAKTUYIECKHU TOJTHOE OTCYTCTBHE BBIBAJIOB, ITOTEHITNAJIHLHO TIOBBIIIAIONIEE PUCKHU
MMOCTPOEHUsI HEIOCTOBEPHOI reoMexanndeckoii mojesn. C Ipyroil CTOPOHBI, B HIZKHEH 9acTh
unrrepsaja (Ha riybunax 938-980 M) HabonaeTCs pa3BUTasl €CTECTBEHHAs] TPEIIUHOBATOCTD,
TIO3BOJIATONIAS B TIEPCIIEKTUBE BBITIOJHUTH OIEHKY IMAapaMETPOB HAIPI?KEHHOTO COCTOSTHUS
HA OCHOBaHUH MH(MOPMAIUHU O IIPOBOJIUMOCTHA €CTECTBEHHDBIX TPEIIHH.

Habmonaronpecs: Ha a3uMyTaIbHBIX PA3BEPTKAX JIEKTPUIECKOTO COPOTUBJICHUS (MUK~
POMMUJIZKAX) OCOOEHHOCTH, CBUJIETEIBCTBYIONIIE O HAJIMIUA BbIBAJIOB, TI0O3BOJIMIIN CIIEJIATH
[IPEIBAPUTEJILHBI BBIBOJL O HAIIPABJIEHUN MAKCUMAJIbHOTO TOPU30HTAJIBHOTO HAIPSIKEHNUS.
CorjiacHO OCHOBHBIM IIOJIOYKEHHSAM aHAJIU3a BbiBasiooOpasoBanus [Zoback et al., 2003],
HaIpaBJICHUE PA3BUTHS BHIBAJIA COBIIAJIAET C HAIPABJIEHUEM JIEHCTBUS MUHUMAJIHLHOTO TOPU-
30HTaJIbHOI'O HAIIPA2KEHU . HeMHOFOqI/ICJIeHHbIe NHTEepHIpeTUupoBaHHble BbIBAJIbl IIO3BOJIXJIN
OIEHUTH HAIIPABJIEHNE MUHAMAJIHLHOIO TOPU30HTAIHLHOIO HAIIPKEHUST KAK BOCTOK-CEBEPO-
BOCTOK — 3alla/-I0ro-3a1a/I, OTKy/ia MOYKHO T'OBOPUTL 00 a3uMyTe MaKCHUMAaJbHOI'O OPH-
30HTaJIbHOrO HampsizkeHusi (155 +15)°. JlaboparopHble ncc/ie0BaHus] KEPHA, IOATBEP AN
HEOOJIBINYIO MIPEJCTABUTENHHOCTh NHTEPBAJIOB BHIBAIOOOPA30BAHNS HA MHTEPBAJE OYyPEHUS.

Kpocc-mumonpHoe akycTraeckoe UCC/IeI0OBaHIEe, BHITOJIHEHHOE HA CKBAYKUHE, TIO3BOJIUIIO
OIEHUTH AHU30TPOIHUIO JUHAMUIECCKUX YIPYTUX CBOMCTB MOPOJ OKOJIOCKBAYKUHHOM 30HBI
U OIEHUTH HAIIPABJIEHHE JEWCTBUA MAaKCHMAJIbHOIO TOPU30HTAIBLHOIO HAIIPSKEHNs, KOTOPOe
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Puc. 2. JIutomoro-crparurpadudeckoe onucanmne KepHa.

JIOJIZKHO COIVIACOBBIBATHCSI C HAIIPABJIEHUEM 3aMEPEHHOI OBICTPOIi MomepeyHoii BOIHbL. A3u-
MYT MaKCHMAJIbHOI'O TOPU30HTAIBLHOTO HAIIPSI?KEHUSI, OIIEHEHHOI'O TI0 AHU30TPOINH YIIPYTUX
BOJIH, JIOCTATOYHO M3MEHUUB U B IEJOM JIEKUT B mipejiesax 120-200°, 4To B 1esioM coriacy-
eTCsl C JAaHHBIMEU O BBIBAJI0OOpazoBannu. PacdeTHblit KO3(hMUIMEHT aHU30TPOIINH CKOPOCTEHt
YOPYTUX BOJH cocTaBui 2-5%, 9TO TO3BOJISIET TOBOPUTL O IPUMEHUMOCTH H30TPOITHON
MOJIEJIU PEKOHCTPYKIIUU HAIIPSIXKEHU IJIsi IOCTPOEeHMsT UX IPOodUeil BIOJb TPAEKTOPUT
ckBaxkuubl |Prats, 1981].

L1t meTaibHOrO M3yvIeHns U3 PACCMATPUBAEMOro nHTepBajaa oroopano 30 oOpas3mos.
CkopocTr TPOXOXKIEHUsT YIPYTUX BOJH HM3MEPEHBI HA ITUX 00pasiax, TPOBEIeHbI MHO-
FOCTa,ZLI/IfIHbIe HCIIbITaHUA T10 IICEBAOTPEXOCHOMY C2KaTUIO JIJId OIIpe/Ie/IeHUsA CTaTHICeCKUX
YIIPYTO-IIPOYHOCTHBIX CBONCTB TOPHBIX MOPOJ, HEOOXOIUMBIX JJIsi IOCTPOEHUS OIHOMED-
HOI MOJIeJI MEXaHWIECKUX CBOUCTB, TPeOYIOIIeiics Jisi JaJIbHEHIIEro TeOMeXaHmIecKoro
MOJIEJIUDOBAHMSI.

IIposenennoe na riryoune 965-967 M ncnbiranne Mmuan-I'"PII mo3Bosmso onenuts Be-
JIMYUHY MUHUMAJIBHOIO TOPU30HTAJIBHOTO HAIPS2KEHNS Ha 9TUX IIyomHax Kak 51,9 aTm.
Heobxo0 M0 OTMETUTD, 9TO MPU OIEHKE HAIPSXKEHHOI'O COCTOSTHUS 37eCh U jiajee Oyaer
WJITU PEYb TOJIBKO O 3HAYeHUAX F(DGIEKTUBHBIX (B TepMHUHAX TeOpUH BUO) HANPKEHHSIX, TO
€CTh PA3HOCTSX IMOJHBIX HAIPSKEHWIT U TOPOBOro JaBjeHusi. HeoOXoammMo OTMETUTD, 9TO
110 JAHHBIM PA3JINIHBIX TeO(PU3NIECKUX UCCIEJOBAHNI He HAOIOMAIOTCSA IPU3HAKU STPKO
BBIPA’KEHHBIX 30H aHOMAJIBHO BBICOKOT'O ILJIACTOBOIO JIABJIEHHSI, KOTOPOE B JajibHeIemM
OyZeT IPUHSATO PABHBIM THIPOCTATHIECKOMY.

IlepegnciieHHBIX JAHHBIX B IIEJIOM HEIOCTATOYHO JJIsI IOCTPOEHMUsI JOCTOBEPHO reoMexa-
Huaeckoit Moziesn. Kak ormeueno B pabore [Jyounsa, 2019], Habop nabopMAanum, OnucanHo
BBIIIIE, [TO3BOJISIET PEKOHCTPYUPOBATH HPOMUIIN TOPU30HTAIBHBIX HAIPSIKEHUN B PAMKaX
HEKOTOPOTO KJIACCA PEMIEHUIl MOPOYIIPYTOil MOJIEIN, IPU KOTOPBIX COXPAHSETCS CYyMMa, MU-
HUMAJIBHOM TOPU30HTAJIBLHON JepOPMAIlUU U IIPOM3BEIEHNST MAKCHMAJIBLHON TOPU30HTAIbHON
nedopmarun Ha Koaddunuent Ilyaccona na riybune nposeaenus ucnbiTanus munan-1'PIL.
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OrcyTrcrBue CIenuaibHbBIX JTab0PATOPHBIX SKCIIEPUMEHTOB, AaHAJU3UPYIOMINX OCTATOIHBIE
nedopmaiuu [Funato and Ito, 2017] nm adpdexr Kaitzepa [Shkuratnik et al., 2020], nenocra-
TOYHBI 06bEM JIAHHBIX 00 YIVIOBBIX pa3Mepax BbIBaJIOB [Zoback et al., 2003] u orHOCHTEIBHO
cabast aHM30TpONust yupyrux BosH [Sinha and Wendt, 2014] BeayT K HEOOXOIUMOCTH
HCIIOJIb30BAHUS JAHHBIX O TPEIIUHOBATOCTH JIJIsI PEKOHCTPYKIIMH HAIIPSI?KEHHOTO COCTOSTHUS.
IIpu sToMm B m3006m/MHu 1pescTaBieHa HHGOPMAIUs O IPOBOJUMOCTH €CTECTBEHHBIX TPEIINH
B IIOPOJIaX OKOJIOCKBaKIMHHOTO IIPOCTPAHCTBA, ITO IIO3BOJISIET B IIOJHON CTEIEHU PEan30BaTh
BO3MOXKHOCTH alllapaTa PEeKOHCTPYKIIMK HAIPSKEHW B X0/l aHAJIN3a €CTECTBEHHON TPeIi-
noBaroctu. Ha puc. 3 mpejcraBiena KirodeBasi HHMOPMAIIUS I OIEHKN HAIIPSIXKEHUI 110
CKBayKUHHBIM JIAHHBIM: [TOKa3aHa CTEPEeOrpaMMa ¢ OTMEUEHHBIMH MTOJIIOCAMHU HAOJIIIO/IAEMbIX

TPENIVH.
N
- — Crepeorpamma
l ~ l 5
W 04 o , E Henpoopsiue
[TpoBoasinue
o
S

Puc. 3. CrepeorpaMmma ¢ IPOBOASAIIMMYA U HEIPOBOJSAIINMU TPEIIMHAMHY, BBIJICJIEHHBIMUA B X0/
aHaJIN3a Pe3yJbTaTOB 3JI€KTPOMArHUTHOI'O CKAHUPOBAHUSI CTEHOK CKBAarKMHBI, JOIIOJIHEHHOI'O CTaH-

JapTHBIM KOMIIJIEKCOM FeO(bI/ISI/ILIeCKI/IX I/ICCJ’IG,II;OBaHI/Iﬁ CKBa>XHWH.

MeTtonapl uccieioBaHuS

OreHKa MJIACTOBBIX HANPSIYKEHUH HA OCHOBAHUN aHAJM3a €CTECTBEHHON TPEIUHOBATO-
CTU — OTHOCUTEIFHO HOBBIi, AaKTUBHO PA3BUBAIONIUICS METOJ PEKOHCTPYKIMH HAIIPSIXKEHHOT'O
COCTOSIHUSI. DTOT TIOJXOJ, TIPEJJIoKeH B padote [Ito et al., 2002] u aKTUBHO pasBUBAJICS
B MOCJIETYIOIIHE TOJIBI.

B ocHoOBe omnuceiBaeMOro moaxoia JIE2KUT KOHIIEIINsT TaK HA3hIBAEMBIX KPUTHIECKU
HAIIPsI?)KEHHBIX TpemuH. [1o1 KpuTuyecKu HaIpsi>KeHHON TPEINHOM TOHNMAEeTCsl €CTeCTBEH-
Hasl TPEIIUHA CJBUTa, KOTOPas IIPU TEKYIIEM HAIPSIKEHHOM COCTOSTHUM CPeJIbl, MOXKeT ObITh
MOTEeHIMATBHO akTuBHA. Onpeje/ieHre KPUTHIECKU HAIPSPKEHHON TPEUHBI JIJAHO B pabore
[Aybuns u Eorcos, 2017] Kak:

Ty = HOy,. (1)

31ech p — KOdpPUINEHT TPEHNs Cpesibl, 0, — HOPMaJbHOe HalpsKeHHe, JeficTByIolee Ha,
IJIOCKOCTH TPEIIUH, T, — KacaTeJIbHOe HAIIPsiKeHHe, JefCTBYIOIee Ha IIJIOCKOCTH TPEIi-
ubl. Hampsizkenust, JieficTByomne Ha TPEIWHE, B MEJIOM OIPEIEISIIOTCs IBYyMsT HabopaMu
MapaMeTpoB: MPOCTPAHCTBEHHON OpHEHTAINel CaMOil TPENUHBl U TEKYIUM HAIPSIYKEHHBIM
COCTOSIHMEM CDeJIbI, cofepKaiieil Tpemuny. B padore [Jybuns u Eowcos, 2017 npopeMoHcTpH-
poBaHo, uTo ycaosue (1) ompesessier ycIoBre TPOBOIMMOCTH TPEIIUH: €CJIN JJIsi HEKOTOPOH
HaOJIIOIAeMON TPEIUHBI 3TO YCJOBUE BBIMOJIHIETCs, TO TPEIMIUHA C OOJIBIION BEPOATHO-
CTBIO OY/IET SIBIATHCS IPOBOJISIIEH, €CJIU HeT, TO 3aKPbITOi. ABTOpBI paboTs! [Jybuns u
FEstcos, 2017] uCmonb30Baim 3TO YCJIOBUE JJIsT TOTO, UTOOBI KIACCHbUIINPOBATD €CTECTBEHHbIE
TPEIUHBI TI0 MPU3HAKY MTPOBOIUMOCTH IO PE3yJIbTaTaM OJJHOMEPHOTO0 NeOMEXaHUIECKOTO
MOJIEJTUDOBAHMUS.

B cBoto ouepens, B padore [Ito et al., 2002] npeyioxKeHO NCIOTBb30BATE 3TO YCIOBHUE JIJIst
peltiennst 00paTHOM 3a/1a91: TOUCKA TAKUX [APAMETPOB HAIIPSI?)KEHHOTO COCTOSIHUST CPE/IBI,
[IPYA KOTOPBIX OOJIBIMTUHCTBO KPUTHIECKU HAIPSKEHHBIX TPEIIUH, YI0BJIETBOPSIONINX ITOMY
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YCJIOBUIO, SIBJISITIUCH OBI IIPOBOJIAIIIMY, & TPEIINHBI, STOMY YCJIOBHUIO HE YIOBJIETBOPSIOIINE,
CYUTAJIUCH OBbI 3aKPLITHIMU. J[J1s TOro, 9T0OBI PEMUTh TAKYIO 3381y, HEOOXOIIMMO AlPUOPU
3HATDh, KAKUE TPENUHBI sIBJISIOTCA [IPOBOJISIIUMY, a Kakue HeT. B pabore [Ito et al., 2002]
ITa 3aja4a pelleHa Ha OCHOBAHUHU aHAJIM3a TEMIIEPATYPHOIro IPOoQUJisi; MMO3JHee ObLIO
[IPE/IJIOZKEHO MCIIOIBb30BATE I 9TUX IleJIell JaHHbIE aKyCTHIeCKOrO U SJIEKTPOMATHUTHOTO
mMukpockanupoBanus [Jybunsa u Eotcos, 2017].

B nanGosiee coBpeMeHHbIx paborax [Jybuns u Tuzouxud, 2022; Zhang et al., 2023]
IIPEJICTABJIEHBI AJITOPUTMBI K PEIeHUI0 cHhOPMYJINPOBAHHOI 00paTHOH 3a/a4YN OIEHKN Ha-
MIPSI2KEHUI 110 JTAHHBIM O MPOBOJIUMOCTYH €CTECTBEHHBIX TpPermuH. MOKHO BBIJIEIUTH JIBE
KJIFOUeBble OCOOEHHOCTH 9TOT'O IOJIX0JIa K PEKOHCTPYKIIUU HAIIPSXKEHHOI'O COCTOsiHUs. Bo-
IEPBBIX, caMo 10 cebe yemopue (1) mogpasymeBaeT BOBMOKHOCTE BOCCTAHOBJIEHUS HE TOJIBKO
HAIIPS2KEHHOI'O COCTOAHUS Cpelbl, HO U ee KOd(hdUIMEHTa TPEHUA M, BXOILAIIETO B ITO
HepaBeHCTBO. Bo-BTOPBIX, peleHne 00paTHON 3a/1a4n He HAKJIAIbIBAET OrPDAHUYEHNN Ha BUJ
TEH30pa HAIIPSXKEHUIl: B TeOMeXaHUKe MECTOPOXKIEHNN YaCTO I10JIaraeTcs, YTO BePTUKAJIbHAS
0Cb TEH30pa HANPSXKEHUI sABJIseTCs MIaBHOIl ockio [Zoback, 2007]. B To xke Bpewms, sToT
IIOCTYJIAT MOYKET HapyIIAaThCsl I MEPEXOMHBIX TEKTOHUIECKUX PEKUMOB U B PErHMOHAX
C Pa3BUTON PA3JIOMHON TEKTOHUKOI, OJTHAKO HEpaBeHCTBO (1) MOKeT OBITH € yCIIEXOM HUC-
II0JIB30BAHO [IJIsi IPOTHO3a IIPOCTPAHCTBEHHBIX OPUEHTAINN IPOBOSIINX TPEIUH U JJIsd
sTHX caydaes [Dubinya, 2022].

B pamkax jgaHHOI paboThl OyJIET MCIIOJIB30BAH AJIOPUTM PEKOHCTPYKIINU HAIPsi?KEHHO-
IO COCTOSIHUS, JIETAJIBHO ONMCAHHBIN B padore [Zhang et al., 2023]. st KayKI0il TPEIUHBI
C U3BECTHOM IPOCTPAHCTBEHHON OpMEHTalnel, 3aJaHHON IByMs yIJIaMH, HaIlpUMep, a3nuMy-
TOM ( M YIJIOM [AJIE€HUs O, OIPEJIeIIeTcs eJIMHNYHbII HOPMAaJIbHBINA BEKTOP N. B manHoi
pabore OyJieT UCIIOIP30BaHA CHCTEMa KOODJIMHAT, II€PBasi OCh KOTOPOil HalpaBjeHa BEPTH-
KaJIbHO BHU3, BTOPasi OCh — Ha CEeBeP, a TPEThs — Ha BOCTOK. JljIsi TaKO#l CHCTEMBI KOODINHAT
BEKTOp h OyJ1eT UMeTh KOMIIOHEHTHI:

Cos o ny
. . A
n=| sinasind |[=| n, | (2)
—cosasinod ns

31ech 11, Ny U 13 — KOMIIOHEHTHI HOPMAJILHOI'O BEKTOPA B IIPEJICTABJIEHHON CUCTEME KOOp-
JIAHAT.

Hepagenctso (1) nepenucbiBaercst B KOOPAMHATHOM BrJE (C UCIOJIb30BAHUEM IIPABUIIA
CYMMUPOBaHUsl DHHIITEHHA 110 TIOBTOPSIFOIIMMCS UHJIEKCAM) KaK:

2
oijnjaiknk—(aijn,-nj) ZIMO'I']'HI‘YI]‘. (3)

3neck 0 (i,j =1,2,3) KOMIOHEHTBI TeH30pa TeKyIUX 3(hHEKTUBHBIX HAIPSIKEHUil B 11I0PO-
ne. B paborax |[Jy6una u Tuzouywud, 2022; Dubinya, 2022; Zhang et al., 2023| ormeuaercst
Hey/100¢TB0 paboThl HENOCPE/ICTBEHHO ¢ KOMIIOHEHTaMI TeH30pa Hanpsxkenuit o;;. Jemon-
CTPUPYETCsl YCIIENTHOCTD 33 IaHUsT TEH30pa TEKYIIUX HANPSKeHUN depe3 yriibl ditnepa. s
9THUX IieJiefl BBOAUTCS HEKOTOPOEe HavasbHOEe HAIPIKEHHOE COCTOSHIE 0'?]», 11l KOTOPOI'O
B PacCMaTPUBAEMOI CHCTEME KOODIWHAT HEHYJIEBBIMH SBJISIOTCS TOJIBKO JHATOHAJBHBIE

KOMIIOHEHTBI. KOMIIOHEHTBI 9TOro TEeH30pa HaHpH)KeHI/Iﬁ UMEIOT BUJI:

01 0 0
o=l 0 oy 0 | (4)
0 0 03

B,ZLGCI) 01, 02 1 03 — COOTBETCTBEHHO, MaKCUMaJIbBHOE, IIPOME2KYTOIHOE 11 MHUHUMAaJIbHOE

IJIaBHbIE HAIPSKEHNS TEKYIIEro TeH30pa HalpsxKeHnii o;;. VHbIME cI0OBaMHU, BBOJUTCA

TEH30pD HaHpH}KeHI/Iﬁ O'?j, TJIaBHBIE SHAQYEHUA KOTOPOI'O COBIIaJaXOT C I'NITaBHBIMU 3HAYCHU-

AMH UCKOMOTI'O TeH30pa HaHpH)KeHI/Iﬁ Gij? IpHu 3TOM MaKCHMaJIbHOE I'NIABHOE HAIIPA2KCHHNE
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TEH30Pa HaIIPAZKCHUN o?j JefCTByeT BePTUKAJILHO, IIPOMEXKYyTOYHOE JICUCTBYET B HaIIpaB-
JICHUH CeBep-I0T, a MUHUMAJIbHOE — BOCTOK-3aral. Jlajsee mponcxoauT BpalieHne TeH30pa
HAIPSIYKEHNIl C UCIOJIb30BAHNEM YIJIOB Jiijiepa: CHAYAJIA T€H30D HAIIPSKEHUIA a?j Bpalia-
€TCs BOKPYT' Ha49aJIbHOI'O HallpaBJICHUSA MUHUMAJILHOT'O 'OPU30HTAJIBHOTO HaIIPDAXKEHU Ha
yrou 61 (IoJ0KUTeJIbHOE 3HAYEHUE YIJIa COOTBETCTBYET BPAINEHUIO [I0 YACOBOI CTPEJIKE);
3aTeM ITPOUCXOIUT BpaIlleHne BOKPYT TEKYIIEro HAIPABJIEHUST MaKCUMAJbHOTO TJIABHOTO
HaIpsDKEHUs Ha yTOJI 0,; HAKOHEIl, IIPOMCXOIUT BpAIleHNe TEH30Pa HAIIPSXKEHUI BOKPYT
TEKYIIEro HANPABJIEHUsI MUHIMAJIBHOTO TVIABHOTO HATIpsizKeHUs1 Ha yroa O3. B pa6ore [Du-
binya, 2022] 110apO6GHO OIUCAHDI IIEPEUNCIEHHBIE BPAIIEHUS U IPOJAEMOHCTPUPOBAHO, UTO
3aJlaHKe [POU3BOJIBHOTO TEH30pa HAIPSXKEHUIT 0jj SKBUBAJEHTHO 3a/IaHHUIO0 TPEX JIABHbIX
HAIPSIKEHWUN 01, 0y U 03 U TpeX yrioB Jitiepa 01, O, u O3, npuieM KOMIIOHEHTHI TEH30Da
HAIPSZKEHUH 0 ONPEEIIOTC KaK:

3
0jj = Zaknki”kj- (5)
k=1

3Jiech 0 — 3a/laHHbIE TJIABHbIE HAIIPSI?KEHUsI, & MaTPUIA Mj; JIJIsi BHIODAHHOI CHCTEeMBI
MOBOPOTOB OIPEJIEJISIETCs Yepe3 YIJIbl Diliepa Kak:

cos 0 cosO3 —sinB; cosO,sinf3 —sinB;cosO; —cosO;cosO,sinf; sinB,sinO;
ng; =| sinBq cosB,cosO3 +cosBO;sinf3 cosB;cosB,cosO3—sinf;sinf; —sinB,cosO3 |. (6)
sin 07 sin 6, cos0;sin 6, cos 0,

Hasee, camu 110 cebe 3HAYEHUs TVIABHBIX HAIPS2KEHUN TAKXKe SBJISIOTCS HEYI0OHBIMU
JIJIl PEKOHCTPYKIuK napaMerpamu. 13 simnelinoctn nepasencrsa (1) cieyer, 94To JOMHOKe-
HU€ TEeH30pa HAIIPSKEeHUI Ha KOHCTAHTY HE MEHSeT 9TO HEPABEHCTBO, TO €CTh KOMIIOHEHTHI
TEH30Pa HAIPSKEHUN MOI'YT OBITh PEKOHCTPYHPOBAHBI TOJIBKO C TOYHOCTBIO JIO BEIECTBEH-
HOrO MHOXKUTEJIsA. B ¢Bsa3u ¢ aruM, B paborax [Jybuns u Tuxouxud, 2022; Dubinya, 2022;
Zhang et al., 2023] npemiaraercs peKOHCTPYHPOBATh HE CAMHU [VIABHBIE HAIPSXKEHUsI 01, 0 )
u 03, & ux 6e3pa3mMepHble cooTHOIIeHNs. [lapaMerpamu, OnpeIesAoIIMU HAIIPS2KEHHOe
COCTOSIHUE, SIBJISIIOTCS OTHOIIEHNE MAKCAMAJIHHOIO TVIABHOI'O HAIPSYKEHUs] K MAUHUMAJIHHOMY

N,:
o1

N,=— 7
=2 (7)

n xodcddunment Jlone-Hanan ¢, :

02— 03

== 8
(L (8)

3aKJII0YUTEIHLHBIM IAPAMETPOM, OIPEIEIISIONUM BhIIOIHeHe HepaBeHcTBa (1) s
TPEIIUHBI C U3BECTHON POCTPAHCTBEHHON OpUEHTAIel, SB/IAeTCs KO (MDUIMEHT TPeHUs U,
MEHSIIOIUICS B TOPHBIX NOpojax B muanasone ot 0 no 1 [Zoback, 2007].

B paborax [Dubinya, 2022; Zhang et al., 2023| nerajbHO PACCMaTPUBAIOTCS BOIPO-
CBI JUala30HOB u3MeHeHus: napamerpos (7) u (8). Ecaun mis koaddunuenta Jlone-Hanan
U3BECTHO, UTO OH TakyKe m3MeHsiercst or 0 710 1, TO JIerko onpeensieTcst TOIbKO HUYKHSIS
IPAHUIA OTHONIEHUS] MAKCUMAJIBHOTO TJIABHOTO HANPSKEHUST K MUHUMAJBHOMY: IO OTIPEJIENIe-
wuto N, = 01/03 > 1. C apyroit cTOpoHBI, BEPXHsisi TPAHUIIA YTOTO IMapaMeTpa MOXKET ObIThb
3aJ1aHa TOJBKO YCJIOBHEM HEPA3PYIICHUs Cpebl. IIpy MCIOJb30BaAHNN JIMHEHHOTNO KPUTEPHS
paspymenust Kynona-Mopa ¢ TOYHOCTBIO 10 BEMIECTBEHHOIO MHOXKHUTEJISI OTPEIEIAETCS
MaKCUMAJIbLHOE OTHOIIEHNE MAKCUMAJIBHOTO IJIABHOTO HAMPSYKEHUS] K MUHUMAJBHOMY:

1 +sin Ccos
(Pfr+2c Prr

o 1-singy, l-singy,’

9)

SO’3

3nech @, — yron Tpenus (p=tg@y,), C — Koresus cpejibt (pesiest MpOYHOCTH Ha CJBHT).
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MokHO yCTpPaHUTH HEOIIPE/IEJIEHHOCTD, CBI3aHHYIO C HAJUINEM BEIeCTBEHHOIO MHOXKH-
TeJisl, eCJIM BBECTH B paccMOTpenue riybuny Tpemunbl. Ha uzBectHoil riybune h oTHOCH-
TEJILHO JIEMKO PACCIMThIBAETCs 3 DEKTUBHOE BEPTUKAIBHOE HAIPsizKeHue (KOMIIOHEHTa 011
B UCIIOJIb3YEMOli CHCTeMe KOOD/IMHAT):

h
o11 :fp(xl)gdxl = Pyor(h). (10)
0

3zech p(x1) — IpOodUIb MIOTHOCTH, § — YCKOPEHUE CBOGOIHOIO IIaICHHs, Pphor — mo-
poBoe (ruapocraTuveckoe) napierue. IlojcTaHoBKa 3TOro BeIpazkeHusi B HepaseHCTBO (10)
¢ ucnoab3oBanreM npasui (5) u (6) mo3BoOJISIET OLpENeINTh MaKCUMaJsbHOe 3Hadenne N g,
3aBHCAIIEE OT OCTATHHBIX TAPAMETPOB:

av(l +sin (pf,) + 2[(1 - (pg)n%1 (01,05,03) + ”%1 (01,65, 93)]Ccos Pfr

N, €|1; (11)

av(l - sin(pf,) - 2[;1%1(91, 0,,03) + (pan%1(61,62,93)]c CoS gy

OcraJibHble TITApaMeTPbl U3MEHSIOTCs B Ipejesax: oT — 7t/2 1o 71t/2 jjis Tpex yrioB
Ditnepa u or 0 10 1 1y ko3 dunuenTa rpernss u Ko3ddunuenrta Jloge-Haman.

Jtst 11060it KOMOMHAINY [TEPEYNCIEHHDBIX IIIECTH TaPAMETPOB MOXKHO IIPOBEPUTDH BhI-
nosHenue Kpurepust (3) i KasKJI0H TPeNMHbl U3BECTHONH MPOCTPAHCTBEHHON OPUEHTAIINN
n, HaxojAIeiics Ha ToryGune h. B pabore [Jybuns u Turourud, 2022] npeniaraercst BBeCTH
N-MepHBIil TICEBIOBEKTOD Kj(a) (j=1,...,N, N — KoIu4ecTBO TPEIIHH HA PACCMATPUBAEMOM
HHTEepBaJle IVIyOUH, CHMBOJIOM 0 0003Ha4nM HaOOp U3 IecTH napaMeTpos 01, 0,, 03, @,
N, 1 p), KOMIOHEHTBI KOTOPOTO OIIPEJIENISFOTCS TPABUIIOM:

K;(0) = { 1, ecn T,, > po, Ha j —il TpeIuHe, (12)

0, ecou T, < jio;, Ha j —i TpeluHe.

C apyroit CTOPOHBI, BHE 3aBUCUMOCTH OT IIapaMeTPOB HAIPSYKEHHOI'O COCTOSTHUS, Ha,
OCHOBAHUU CKBaXKWHHBIX MCCJIEIOBAHNI MOXKHO BBECTH AHAJIOIMYHBIN N-MepHBI IICEBIOBEK-
Top T;:

T = 1, ecmm j —s1 TpeniuHa IIPOBOJISINAS,

= (13)

0, ecaut j — 5T TpENIUHA HEIPOBOJSIIAL.

Pemaercs obparnas 3amada moncka Takoro Habopa mapaMeTpoB HAIIPSIZKEHHOT'O COCTOsI-
HUSI 0, IPA KOTOPOM COOTBETCTBUE MEXKJIy KPUTHIECKU HAMPSKEHHLIMU U TTPOBOJIATIIAMI
TpeIUHAMY sIBJIsIeTCsI HamIyqiM. B Kadectse nenesoit dyukiwn R B pabore [Jybuns u
Tuzoyrut, 2022] TpeIIOKEHO UCIIOIB30BAThH YIOJI MEXKILY [ICEBIOBEKTOPAMI Ki(o) u T, u3
KOMITOHEHT KOTOPBIX BBIYTEHBI CPETHUE 3HATCHUS:

D) e el
VI (T~ (E05 ) N) VI (Ky(0) - (£ K o))

B xone pertenust obparHoit 3aga4uu ¢ momMorbio Metoga Monre-Kapiio u3 npejienon
(11) u mepevYucJaeHHBIX Jlajiee JUAIa30HOB OCHOBHBIX [1APAMETPOB HAIIPSZKEHHOI'O COCTOS-
HUS TOTOBATCS Pa3jindHble peanusanuu. Jjisi KaXKIoi peajuzanuu 1o Bbipazkeauio (14)

(14)

PACCYUTBHIBAETCS MEPa, COOTBETCTBHA R(0).

CTporo roBopsi, UIAEaJbHON OIEHKONW HAIPS?KEHHOTO COCTOSTHUSI MOXKHO CIUTATH Ty
peasmzanuio, Ipu KOTOpoil Mepa coorBeTcTBUs R(0) mocruruer epunuibi. Tem He MeHee,
Kpurepuit (1) MOXKeT HapyIIaThCsl BCJIECTBIE PA3JINUHBIX [IPUYUNH, He CBS3aHHBIX C IPOBOJIH-
MOCTBIO, & B MeTojie MouTe-Kapiio MoXKeT He BCTpEeTUThCS WjeaabHoil peanmsaruu. B cBa3u
C 9TUM BBIOMPAETCsI HEKOTOpast BeJmanHa Ripi¢, Takas 9To Bce peanuzanuu ¢ R(0) > Repit
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CUMTAIOTCA yCIemHubiMu. [IpobiemMa KOppeKTHOTO BbIOOpa R.pjt CBS3aHA C KOJUYIECTBOM
TPEIUH, YUCJIOM PEan3aIuil 1 OCOOEHHOCTSMU CAMUX TPEIUH U PACCMATPUBAETCH B Pa-
Gorax [Jyounsa u Turoukud, 2022; Hosukosa u Jybuns, 2023]. Ycuensble peajnsalim
paccMaTpUBAOTCs C UCIOJIb30BAHUEM allllapaTa MaTeMaTUYeCKol crarucTuku. IIpoBoauTcs
YaCTOTHBIN AHAIU3 U C UCIOJHb30BAHINEM METO/a MOMEHTOB OIPEJIESIIOTCS BUL, (DYHKITUN
IJIOTHOCTHU PAaCIpPeIeSIeHnsT U ee TapaMeTpbl. B maHHO paboTe paccMOTpeHbl (DYHKITAN
ILJIOTHOCTH PACIIPEJIeJIEHNs, OTHOCSIIUECS K CeMeiicTBy pacipeesennii [lupcona, To ecTh
yaossersopsiomue nuddepenimanbaomy ypasaenuto |Elderton and Johnson, 1969]:

din(f(0)  o+a
do _b0+b10+b20'2.

(15)

3aech f(0) — dyHKUIUS IWIOTHOCTU BEPOSATHOCTH, G, by, b1, by — BeJIMUIUHBL, OlIpeessieMble
gepe3 MepBble YeThIPe MOMEHTa, PACIIPEIeSICHNsT YCIeIHBIX peajm3aruii. [Tporemnypa moncka
9TUX MOMEHTOB ¥ 3HaUYeHHUI HapaMeTpoB MoApobHO onmcana B pabotre [Elderton and Johnson,
1969]. B manHoii pabore paccMoTpeHue orpanndeHo pacupejenenusivu [Tupeona I, IV u VI
tunoB. Ormerum, 9ro ypasHerue (15) uCIOIb3yercs mjisi OLEHKH KaXKJOro IIapaMerpa
HAIIPSAYKEHHOTI'O COCTOSIHUASI 0 HE3aBUCUMO, XOTsI MOXKHO TOBOPUTH O BO3MOYKHOCTHU OTJEJILHOTO
nposenennst pakropHoro ananusa [Jybuns u Turouyrud, 2022].

B kagecTBe oreHKN TIapaMerpa HAIPsI)KEHHOTO COCTOSTHUST MOYKHO HCITOJI30BATDH 3Ha~
YeHUe ¢, IPU KOTOPOM (DYHKIIUs TIJIOTHOCTU BEPOSITHOCTHU JIOCTUTAET CBOENO MaKCUMyMa,
a KBAHTHWJIA PACIIPEIeIeHUNl MOTYT JaTh JOBEPUTEIbHBIA HHTEPBAI.

PesynabraTst

JlanHble, TPOJIEMOHCTPUPOBAHHBIE HA PHC. 3, UCIOJIB3YIOTCS JIJIs IIOUCKA [1apaMeTPOB
HAIPSIY)KEHHOTO COCTOSHUSI, JOIYCKAIOIINX HAMJIYYIee COOTBETCTBUAE MEXKIy KPUTUIECKN
HAIPs?)KEHHBIMA ¥ TPOBOAAIMMEU TpermuHaMu. [1o mCcXomHbiM reodusnIecKuM JTaHHBIM
11 TperuH OTHECEHBI K KJACCY IMPOBOJLAIINX, 18 — K KJIacCy 3aKPBITHIX TpemuH. Mexoms
U3 IIPe/IBAPUTENILHBIX PE3YJILTATOB CTATUCTUIeCKOro anasmsa [Jybuns u Turoukud, 2022;
Hosuxosa u Jdybuns, 2023] MOXKHO 0XKUJIATH, 9TO JIOCTOBEPHBIE PE3YJILTATHI PEKOHCTPY KUK
MOr'yT OBITH IOJIy4eHBI IIpu BeIOOpe R .t Ha ypoBHe 0,5-0,6. Ha puc. 4 mpomemoncTpupo-
BaHbI PE3yJILTATHI OIEHKN HAIIPABJIEHU IefCTBUAS TVIABHBIX HAIPS2KEHUN 71 HECKOJIbKIX
3HadeHnit R .t mocie mposeenns 250000 pacueTos.

IIpencrasieno 4 BapuaHTa aHaan3a: Ha PUCYHKU HAHECEHBI TOYKHU, COOTBETCTBYIOIINE
HAIIPABJIEHUSM MAKCUMAJILHOIO IVIABHOIO HAIPSKEHUsI (KPACHBIE TOUKH ), IPOMEXKYTOIHOIO
[JIABHOI'O HAIIPsizKEeHMsl (OPAHXKEBbIE TOYKU) U MUHUMAJILHOIO TJIABHOIO HAIIPSYKeHUs (3eJie-
HbIE TOYKH ), TOJIyUEHHBIM JJIsl BCEX PeaM3alluii, sk KOTOPhIX R(0) IpeBblIIaeT BeJudumy
Rerit, YKa3aHHYIO Ha KaxKJI0M pucynke. Ilpu snavdenusax R Hrke 0,4 mpakTUdIecKud He
HaOJTIOAIOTCA OCOOEHHOCTH HAIPSI)KEHHOT'O COCTOSTHUS.

Bunno, 9To aHaNmM3 eCTECTBEHHOI TPEIUHOBATOCTHA CBHUAETEIBCTBYET O IMPEUMYIIe-
CTBEHHOM HAIIPaBJIEHNNA MUHUMAJIBHOI'O IVIABHOT'O HAIIPSI?)KEHNsI BOCTOK-IOI'O-BOCTOK — 3aI1a/I-
CeBepO-3aI1a]. DTO HANPABJICHNE POsBIIsieTcst yxke ph R = 0,40. TIpu aTOM MOXKHO SIBHO
3aMETHUTh, YTO TUIOTE3a O CyOBEPTUKAIHLHOCTU OJTHON U3 IVIABHBIX OCEH T€H30pa HAIIPSZKEHUI
c1ab0 TPUMEHNMA ISl PACCMaTPUBAEMOIl CKBaKMHBI. DOJIBITMHCTBO pean3alnnii Xapak-
TEPU3YIOTCA TE€M, UTO MAKCUMAJIHHOE U IIPOMEXKYTOYHOE IVIABHOE HAIPSKEHUS JIeHCTBYIOT
BIOJIb OCH CEBEPO-BOCTOK-CEBEP — foro-3ama-tor. [Ipu sTom MuHMMAaIbHOE TOPU30HTAIBLHOE
HaIPs2KEHUE MMPEUMYIIECTBEHHO JIEHCTBUTEIBLHO JIEHCTBYET B TOPU3OHTAJILHOM HAIIPABJICHUH.
Takasi curyaruss TUIUYHA JJIs YCJIOBUM, IIPU KOTOPBIX HAIJIACTOBAHUE XapPaKTEPU3YETCS
HEHYJIEBBIM yIJIOM TnaJenusi. [Ipu 9ToM nHTEpIpeTaus rpaHull IIACTOB, BHIIIOJHEHHA 10
pe3yJbraTaM aHaJIu3a JAHHBIX MHKPOCKAHUPOBAHUs, HOATBEPIK/IAET, ITO B OAITKHPCKOM
dpyce HAIJACTOBAHUS XapaKTEPU3YIOTCS OCHOBHBIM HAIIPABJIEHUEM I I€HUS IOr-IOr0-3aIal.
MuHuMaAIBLHBIN yTOI TaJeHnsT coCTaBasgeT 3,4°, MakcuMaJIbHBIN — 27,9°, cpeannit — 9,4°,
9TO CBUJETEIHCTBYET O TEKTOHUIECKOH COTJIACOBAHHOCTU PE3YJIBTATOB PEKOHCTPYKIIUU ITa-
PaMeTpPOB HAIPS2KEHHOT'O COCTOSHUSI.
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Puc. 4. HatrpaBiieHus eiicTBUSI IVIABHBIX HALPSI2KEHUIT JJIs1 YCIENTHBIX PeaIH3aliii. 3eJIEHBIM I[BETOM
TIOKa3aHbl HAIIPABJIEHN s MIHIMAJILHOI'O TJIABHOT'O HAIIPAYKEHN, 2KEJITHIM — IIPOMEXKYTOTHOIO TJIABHO-
IO HaNIPAKEHUsI, KPACHBIM — MaKCUMAJILHOTO TJIABHOI'O HamnpsizkeHus. Ha 3akounTesbHOM pUCYHKe
(Rerit = 0,60) MOKHO c1e/1aTh BBIBOJL, O IIPEIIOJOKUTEIbHON OPUEHTAIMN TJIABHBIX HAIIPS?KEHUI:
MUHUMAJIBHOE IJIABHOE HAIIPsI’)KEHNE CyOrOPU30HTAIBHO U HAIIPABJIEHO IO OCH BOCTOK-IOI-BOCTOK —
3ala/i-ceBep-3araj, a IPOMeXKyTOUYHOe U MAaKCHMAaJIbHOE IVIaBHble HAIPSI?)KEHUsI JefICTBYIOT B BEPTHU-

KaJIbHOHM IIJIOCKOCTH, OPTOTNOHAJIBHOM 9TOMY HAIPABJIECHUIO.

B Tabs. 1 nepeunciiensl pe3yabTaThl OIEHKH TapaMeTPOB HAIIPSI?KEHHOTO COCTOSHUS
[0 CTATUCTHKE, ITOJIyIEeHHO! TOoc/ie BhIOOPA YCIIENIHBIX PEATU3AINil, YIOBIETBOPSIOIINX
yeaoBuio R(0) = Reyit, T1€ Repit = 0,557. B Tabuuiyy BHECEHBI TpH 3HAUEHMs:: MOJIa (3HAUEHNe
napamMeTpa, Ipu KOTOPOM (DYHKIMS [JIOTHOCTU PACIpPEIeIeHUs JOCTUIAeT MAKCUMyMa.),
a TaKKe HUKHSAS U BEPXHsisl TPDAHUIILI OIEHOYHBIX 3HAYEHUN mapaMeTpoB. | paHUIbI CBsi-
3aHbI C KBAHTUJISIMU PaCIIPee/IeHnii: 110/l HUXKHE IpaHuIlell TIOHNMAeTCs TaKasl BeJIMINHA
napamerpa ¢, 9To B 32% yCIEIHBIX peaju3ayii mapaMerp o < o~ . AHajoruanbiM obpa-
30M OLPEIEIAeTCs BepXHss rpanura o : 68% peasnsanuii XapakTepu3yoTCs BeJIXINHAMA
o <o". KpanTuim BeIOpaHbI TAKMM 0Gpa3oM, 9TOOBI yJOBJIETBOPATL «IIPABUJLY TPEX CHI'M»
JIJIsT HOPMAJIBHBIX PACIIPE/IeJIeHIH.

TlokazanHOe OTKJIOHEHUE TVIABHBIX OCEIl TEH30pa HAIPSKEHUN OT BEPTUKAJIHLHOTO Ha-
npasjieHust (Yroa MexJ1y MaKCUMAJbHBIM TJIABHBIM HAIPSKEHUEM M BEPTHKAJIBIO B CPEJIHEM
cocrapiisier 44-55 rpa/lycoB) M BUJ YCIIENIHBIX PeAJU3aIyii, IIOKA3aHHBIX Ha puc. 4, CBHUIe-
TEJILCTBYET O [IEPEXOTHOM TEKTOHUIECKOM perknMe. [0pn30HTaIbHAST OPUEHTAIINS MIHAMAJIb-
HOT'O TJIABHOTO HAIIPSI?KEHUsI CBUJIETEILCTBYET O MTEPEXOIHOM PEXKUME MEXKTy COPOCOBBIM
¥ cABUTOBBIM. MOYKHO OXKHJIATH, 9YTO MHHIUMAJbLHOE TOPU3OHTATIBLHOE HAIPSZKEHUE HIXKE
BEPTHKAJIBHOTO, & MAKCUMAJIbLHOE TOPU30HTAJIBHOE HAIPSIZKEHNE OJIM3KO K BEPTUKAJILHOMY.
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TaGJmua 1. Pe3yJIbTaTI)I PEKOHCTPYKIMU ITapaMeTPOB HAIIPDAXKEHHOI'O COCTOAHU A

ITapamerp ?;::;IEZ Mona ?55;;32
01, rpamycel —44,6 -17,4 17,2
05, rpaaycel -22,6 -6,6 19,2
03, rpamycel -27,5 4,23 33,4
Qg A€ 0,11 0,19 0,30
Ny, n.e. 2,61 3,18 3,84
M, 1n.e. 0,23 0,34 0,48
&h’:‘;?; ) 62,6 64,9 85,3
&H:’ gggM) 129,2 142,8 157,4
a, TPaJLyChl -1,3 11,0 20,5

sl meTasibHOTO aHAJIM3a COCTOSHHS OKOJIOCKBAXKMHHOTO IIPOCTPAHCTBA MOXKHO OT-
JIeJIbHO PacCMOTPETh MUHUMAJIBHOE 0 U MAKCHUMAJbHOE O TOPU30HTAJIbHbIE HAIIPSKEHUSI.
B ucnonp3yemoit cucreme KOOPIWHAT 9TU HAIPS2KEHUs OIMPEIEISIOTCA KaK:

0 +o 0y — 0O 073 .

oy = 22 > 33, 722 33 cos2a + %sm 2a,
oy fo 0y~ 0O 073 . (16)

op = 227733 2227 U h52a — 2 sin2a.

2 2 2
S,HQCB BBOJIUTCA a3UMYT MAKCUMAJHLHOI'O TOPU3OHTAJILHOT'O HAIPAZKEHUA «, OHpeﬂeJIHeMBIfI
KaK: 2
o
tan2q = —=— (17)
022033

TlockoyibKy BCe KOMITOHEHTBI TEH30Pa HAIPSI>KEHUI OIPEJIEJISIOTCS TapaMeTpaMu Ha-
IIPsI?KEHHOTO COCTOSIHMS, JAaHHBbIEe U3 Tabii. 1| MOryT OBITH HMCIIOJIB30BAHBI JIJIs OIIEHKH I'O-
PU3OHTAJIbHBIX Hanpsizkeauil. s ryOusbl npoBejenus: ruapopaspbiBa (965 M) MOXKHO
oreHuTh 3 peKTUBHOE BepTUKAJIbLHOE HalpsizkeHne kak 150 arm. Ha puc. 5 npemacrasie-
HBI PACIIPeJIEJIEHNs] MUHUMAJIBHOTO (CI€Ba) U MaKCUMAJIBHOTO (CIIpaBa) rOPU30HTAIBHBIX
HAIIPs?KEeHWIi, [I0JIyYeHHble I ycnemnbix peanusanuii (R(o) > 0,557) myist BeIGpaHHOrO
BEPTUKAJBLHOI'O HallpsizkeHnsl. 110 BepTUKAIBHON OCH OTJIOKEHO KOJIUYECTBO peaIn3aliuii,
[IONABIINX B COOTBETCTBYIOIIUI MHTEPBAJ r'UCTOrpaMMbl. [[yHKTUPHON JIMHUElH [TOKa3aHO
paccuuTanHoe pacupesesenune [Iupcona (mosydeno pacupezesnenue [Tupcona I tuna mis oy,
u IV tuna s o).

10 + 20 ~ _
= =
E g4 =
3 515 -
10} e}
=~ 6 a = N
3 g 10 -
Q 4 - a
o o /
g 21 g 57 /
= =2

O g T T L 1 0 AEHI R D‘r 1

0 50 100 150 0 100 200 300 400
G, aT™M Gy, ATM
l'ucrorpamma — — - Pacnpenenenue l'ucrorpamma — — - Pacnpenenenue

Puc. 5. Pacnpeneienusi TOpU30HTATIBHBIX HAIIPSIYKEHUI.

Iloyaenmsre B pe3ysibraTe ONMUCAHHOIO AHAJN3a ONEHKH MOPU30HTAIbHBIX HAIPAKEHUN
¥ HAITPABJICHWIT UX JMEHCTBUS TPEICTABICHBI B 3aK/IIOUNTEIbHBIX cTpoKax Ta0s1. 1. Huxwue
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U BepXHUE IPAHUIBI TOPU3OHTAJIBHBIX HAIIPSIZKEHWI OIIPeIeJIEHbl TaKUM YKe 06pa3oM, Kak
U sl OCTAJIBHBIX TIAPAMETPOB HANPSIKEHHOTO cocTostaus (KBanTun 32% u 68%).

IIpu mocTpoeHUn OIHOMEPHON T€OMEXaHUYECKON MOJEH MOYKHO IPUIEPKUBATHCS
Pa3/IMIHBbIX HyTeﬁ. HpI/I Ha4daJIbHBIX OII€HKaX MO2KHO CJieZI0BaTb II0/IXO/1y, OIIMCAaHHOMY
B pabore [Zoback, 2007]: cuenarb UpeAosIoKeHHEe O TOM, YTO OTHONIEHHsI TOPU30HTAJIBHBIX
HAIPSIPKEHNU K BEPTUKAJIBHOMY COXPAHSIOTCSI HA BCEM WHTEPBAJIE PACCMATPUBAEMBIX TUIyOWUH.
Ha puc. 6 nokazasbl npoduin BEPTUKAIBHOrO (KpacHasl JIMHUS ), MUHAMAJIBHOTO (3eJIeHast
JINHMS) ¥ MAaKCUMAaJILHOIO (OpaHzKeBasl JIMHUs) TOPU30OHTAJIBHBIX HAIPsizKeHUii. PucyHoK

JOIIOJIHEH IIYHKTHUPHBIMU JIMHUAMMA, COOTBETCTBYIOIIUMN HUXKHEH U BerHefI I'paHuIaM
TOPU30HTAJIbHBIX HaHpH)KeHI/Ifl.

DddexTrBHOE HANPSHKEHUE, aTM
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Puc. 6. [Tpoduiu ropusoHTaIBbHBIX HAIPSKEHWI 110 JIMHEHHOH Mozesn Hanpskeruii. O6o3HaveHust:
«Sig H —» — HMKHsIsT TpaHUIa MaKCUMAJILHOTO TOPU30HTAJBHOTO HampsizkeHust; «Sig H» — moma
MaKCHMAJILHOT'O NOPU30HTAIBHOTO HAIpsiKeHust; «Sig H +» — BepXHsist TPaHUIA MAKCUMAJILHOTO
TOPU30HTAJBHOTO HANPSIYKEHUsT; «Sig h —» — HMKHsIsT TpaHUIa MUHUMAJIBHOTO TOPU30HTAIBHOTO
HalpsikeHnst; «Sig h» — Mojla MUHUMAJIBHOIO NOPU30HTAJIBLHOIO HALPsiKeHUsT; «Sig h +» — BepxHss
TPaHUIA MUHUMAJIBHOTO TOPU30HTAJIBHOTO HAIPsKeHUs; «Sig Vy» — BepTUKAIbHOE HAIIPSIXKEHIUE;

«muau-I'PII» — mpsimoe maMmepeHre MUHUMAJIBHOIO NOPU30HTAJIBHOIO HAIPSIPKEHUsT HA TJIyOUHE
npoBeieaus Tecra MuHU-1'PIT.

Pucynok momosren ormerkoit «muau-I'PIly — Bemannoit MUHIMAIBHOTO TOPU30HTAIb-
HOI'O HAIIPSI?KEHMUsI, OIIEHEHHOM KaK JaBjieHIe MITHOBEHHOIO 3aKPBITUs TPEIUHBI THIPOPa3-
pbIBa 1ocsie OKOHYaHUs 3akadku. CieyeT OTMETHTD, UTO COIVIACHO PUC. 4, MUHUMAJIbLHOE
IJIABHOE HAIPsKEHNE JefICTByeT MPENMYIIECTBEHHO B TOPU30HTAIBHON IIJIOCKOCTH, B CBS3U
C YeM MUHUMAJIbHOE TOPU30HTAJIBHOE HAIIPSIXKEHNE TAKXKe MPAKTUIECKA PABHO MUHUMAJIBLHO-
MY TJIABHOMY HAIIPSI?KEHUIO, UTO II03BOJISIET JOCTOBEPHO YUUTHIBATDH JAHHBIE, [10JIyYeHHbBIE
mpu MuHE-I'PII. JI1s1 3TOrO Ceayer obpaTuThcst K MTOPOYIPYTOit MOAEIN, COTVIACHO KOTO-
pOii TOPU30HTAJIPHBIE HAIIPSI?KEHUST CBA3aHbI C BEPTUKAJBHBIM 9€PE3 CTATUIECKUE YIIPyTHe

o ) ) E()
GH(X1)—GV(X1)1_v(x1) 1_v2(x1)(‘5H+V(x1)5h)r )
o) = oy ) )y ) e,

L-v(xy) 1-v%(xy)
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3Jech &), U €y — TaK Ha3bIBaeMble TEKTOHUYECKHe J1epOPMallit, OIIpeleJIsaionye mpodu-
JII TOPU30HTAJIBHBIX HANPSAYKCHUI U TPUHAMAEMBIE MOCTOSHHBIME Ha PACCMATPUBACMOM
nuTeppase rryouH [Prats, 1981]; v(x;) u E(x1) — npoduin craTudeckoro koadbdurpenra
ITyaccona u moyss FOHra cooTBeTCTBEHHO.

V2Ke BBIOJIHEHHAA PEKOHCTPYKIUS ITAPAMETPOB HAIPA?KEHHOT'O COCTOSHUS TTO3BOJIS-
eT cOpMyIUpPOBATh JBa MPaBUJa, 0 KOTOPBLIM MOTYT OBITH BOCCTAHOBJICHBI 3HAYCHUS
FOPU30HTAILHBIX J1eDOPMAITHii:

1.  MunnManabHOE NOPHU3OHTAJIBHOE HAIPsiKeHHe Ha IyIyOmHe mpoBejieHusi mMunHu-1"PII
JIOJI2KHO OBITH OJIM3KO K MTHOBEHHOMY 3aKPBITHIO TPEIINHBI I'HIpOpa3phiBa. ToIbKO
9TO YCJIOBHE, KaK CJIeyeT u3 Boipazkenus (18), MO3BOJILET ONPEIEIUTH FOPU3OHTAILHbBIE
JedopMaIi TOJIBKO KaK JIMHEHHbIE KOMOMHAIINN TAPAMETPOB €} + V(Xyunu-I'PII)EH
[ Ay6una, 2019]. U3-3a 317010 HEOGXOAUMO BOCHOIB30BATHCS BTOPBIM PE3YJIBTATOM:

2. Cpennne 3HaYUEHUs] TOPU3OHTAJIBHBIX HAIPSIYKEHNH JTOJ2KHBI OBITH OJIM3KN K OIleHKaM
cpennero u3 tads. 1 u puc. 5 u 6.

OrnenpHy0 POOJIEMY BBI3BIBAET PEKOHCTPYKITHS MPOMUIIe CTaTudecKoro Moyt KO-
ra u Koaddumuenta [lyaccona. IIpu nmpoBeseHnn akycTudecKnx MCCAEIOBAHUIN Ha CKBaXKUHE
OIpeJIeSIEHbI CKOPOCTH PACIPOCTPAHEHNsT TPOIOIBHBIX U MMONEPEYHBIX YIPYTUX BOJIH, IPA
nposejgennn crapgapTHoro Komiiekca ['MC — npoduis mwioraoctu (puc. 7a). Io ussect-
HBIM BbIpaxkeHusiM |Zoback, 2007] 3Tn JjaHHbBIE TEPECIUTHIBAIOTCS B JIUHAMUYECKAE YIIPYTHE
Moy — Moayiib FOura u koaddunuent ITyaccona (puc. 70, myHKTHpHDbIE JuHAK). B cBOIO
odYepeib, IPoBeIeHNe JTab0PATOPHBIX IKCIIEPUMEHTOB TO3BOJIAJIO ONPEIEIUTh U CTATUIECKHUE,
U JMHAMHUYECKHEe yIIPyrue MOyJIu Ha obpasnax KepHa (puc. 76, Toukn). st ka0 u3
PaCCMOTPEHHBIX CTPATUIPAMDUIECKUAX E€IUHUIL TOCTPOEHBI 3aBUCUMOCTHU «JINHAMUYIECKUE
yupyrue moayiu (I'IC) — nunamudeckue yupyrue Moayin (KepH)» U «JIUHAMUYECKHE YIIPY-
rue MojLysn (KepH) — CTATHYecKHe yIpyrue Moy n (KepH)», OKa3aHHbIe HA PUC. 7B U PUC. 7T
coorBeTcTBeHHO. Ha pric. 7B mOKa3aHb! MOJIyYeHHbIE COOTHOIIEHUS MEXKIY JTUHAMUIECKIM
mozyiaeM FOHra, paccunTaHHbIM 110 JAHHBIM IeoU3NIECKUX UCCIEJI0BAHUI CKBAKUH (CKO-
POCTSIM TIPOJIOJIBHBIX U TIONEPEYHBIX YIPYTHX BOJIH U IDIOTHOCTH) Ha IIyOHHE 0T6Gopa KepHa
(BepTHKANBHAS OCh), U JUHAMIIECKUM MosysaeM FOHra, nm3mepeHHbIM Ha KepHe. Ha puc. 7r
MIPOIEMOHCTPUPOBAHA B3ANMHAS KOPPEJISINS CTATHIECKUX U JUHAMIYIecKux momysteit FOura,
U3MEPEHHBIX Ha 0TOOpaHHBIX 00pa3iax KepHa. COBMECTHBIN aHAJIN3 STUX JAHHBIX [TO3BOJISET
ClIeJIATh IIPEJIBAPUTEIbHBIE BBIBO/IBI 00 N3MEHEHUAX CTATHYECKUX YIPYIHUX MOJyJIeil npu 1e-
pexoze oT MacmTaba KepHa K MacmTaby Treopu3ndecKux MCCIECTOBAHNA CKBAKUH — PEITUTH
3a]a9y peMacITabupoBannsi, HEOOXOMUMYIO Jjisi KOPPEKTHOIO MTOCTPOEHUs OJHOMEPHOM
reoMexaHm4yeckoii mojesnu. IlocsenoBarebHOe pellieHne AByX 3aja4 JUHEHHON perpeccuu
IIO3BOJIMJIO TIOCTPOUTH MPOMUIN CTATUIECKUX YIPYTUX MOJIyJIei, TOKa3aHHbIe Ha PUC. 70
CILJIOIIHBIMU JTUHUSIMEA. VIMEHHO 3T1 Tpodmin UCIOIB3YIOTCS [IJsi BOCCTAHOBJIEHUS TpOUIIeit
TOPU30HTAJIBHBIX HANPSKEHNUI 110 BbIpakeHUsiM (17) 1 OlleHKM 3HaUYeHniT TOPU30HTAIbHBIX
nedopmarimii.

Heobxomnno orMeTnTh, 9TO CpaBHUTEIbHBIE PE3YIHTATH UCCIEIOBAHMIT, TPOBEIEHHBIX
Ha 00pa3siax, MpUHAJIeXKAaInX KapOOHATHON JacTu Bepeiickoro ropu3oHTa u bBamkupceko-
MY fApYCY, JOCTATOYHO XOPOIIO COOTBETCTBYIOT JAPYT JAPYTY, B CBA3U C Y€M ITU 0OPA3IILI
o0beiuHenbl B Ipyily «kapbonarel» (riuy6unbt 938-980 m). B ormesnbuyio rpyuiy «Iiu-
HBI» BBIHECEHBI 00pa3Iibl, OTOOpAaHHBIE U3 WHTEPBAJIOB, COIEPKAIINX TJIMHUCTHI MaTepua,
COIJIACHO JINTOJIOTO-MUHEPAJIOrIYECKOMY onmcanuio u jarabivM ['C.

VcnomnbzoBanne npoduseil craTudecKux yOpPyrux MOJYJIEH TO3BOJIMJIO PACCIATATH
npodusIM rOPU30HTAIBHBIX HAlpsKeHuii 1o ypasuenuam (18). asee pemasach 3amada on-
TUMU3AIMN: TIOUCKA TAKON [Tapbl TOPU30HTAIBHBIX JIeDOPMAINi £ U €, KOTOPOI OTHOIIIEHWSI
TOPU30HTAJIBHBIX HAIPSKEHUI K BEPTUKAJIHLHOMY HAIPSKEHUIO, OCPEHEHHbIE HA BbIJEJIeH-
HOM KapOOHATHOM MHTEPBAaJie, COBIAJANU C PE3yJIbTaTaMU PEKOHCTPYKImuu (puc. 4, puc. 5
u puc. 6). Kpome Toro, MUHUMAaJILHOE TOPU3OHTAIBHOE HAIPSZKEHUE HA TJIyOMHE MPOBEICHUs
muHE-I'PIT (965-967 M) 70/I2KHO COBIAATH ¢ MIHOBEHHBIM J[ABJIEHUEM 3aKPBITUS TPEIUHBI
(51,9 arm). Perienue mocraBiieHHOlN 3aja4u Jjid UMEOIIUXCA JaHubix: €, = —0,000190,
eg = 0,000383. Ha puc. 8 mpencraBiedbl mpoduin TOPU30OHTAIBHBIX HAIPsYKEHUil, pe-

Russ. J. Earth. Sci. 2024, 24, ES5006, https://doi.org/10.2205/2024es000955 14 of 20


https://doi.org/10.2205/2024es000955

OLIEHKA COBPEMEHHOTI'O HAIIPAX»KEHHO-JIE®POPMUPOBAHHOI'O COCTOAHUA MACCHUBA. . . 3UTAHIIUH U AP.

CKOpOCTb, KM/C; IUIOTHOCTH I/cM3 Monyns IOmnra, I'Tla
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(s) (x)
Puc. 7. Moesnb MEXaHUIECKUX CBOWCTB. &) CKOPOCTH YIPYTUX BOJH M IUIOTHOCTB; 6) mpoduim
CTATUYIECKUX U JUHAMUYIECKUX yIPYIHX MOJyJel (JJIsi JeMOHCTPAUK Ha OJHON IHIKAJe
koaddunment Ilyaccona gomuoxen ua 100); B) 3aBUCHMOCTD JuHAMUYecKoro moayss FOnra no
I'C or murammveckoro moayiasa FOHTa Mo KepHy; I') 3aBUCAMOCTb CTATHIECKOTO MOmystst FOHra mo
KepHy OT jguHaMmudeckoro moxayss FOura no kepny. Innamudeckuit koaddunment I[lyaccona

IPUHAT PaBHBIM CTATUYIECKOMY Ha BCEX MacmTabax.

KOHCTPYHMPOBAHHBIX 110 IIOPOYUPYIoil Mojesin (TOHKUE CILUIONIHBIE JIMHUK C COXPAHEHHEM
obosHauennit puc. 5, obozHadenne Sig h’ 11 MUHIMATBEHOTO TOPU3OHTAIBLHOTO HANPSIZKEHNS,
Sig H’ ay1s1 MAKCUMAJILHOTO TOPU30HTAJIBHOIO HAIPSYKEHUS ).

Ocraroruecst Ha PUCYHKE JIUAIA30HbI N3MEHEHUsI TOPU30HTAJBHBIX HAIIPSI?KEHUI, CJIe-
JIyeT UCIOJIb30BATH KAK OIEHKY HEOIPEIeJIEHHOCTH OJJHOMEPHON TeOMEXaHMIEeCKON MOJIEIH.
Taxk, cTerneHb HEONPEJEJIEHHOCTH COCTaBIsAeT B cpejueM 30 aTM Jjis MAKCUMAJILHOTO I'O-
PU30HTaJIBLHOIO HampsizkeHusi. Eciin He yauTbiBaTh gaHuble Muau-I'PII, To MunnMasibHOe
TOPU30HTAILHOE HAIIPS2KEHIE OIIPEIEJIEHO C ITOTPEITHOCTHIO OKOJIO 20 aT™M, IPHYEeM BEPOSITHEE
BCEro HEJIOOIEHKA, BEJIMINHB MIHUMAJIBHOIO TOPU30HTAIHLHOTO HAIIPSAYKEHUS .

BriBoasr

B pabore nposemoncTprpoBaHo, KaKuM 00pa3oM HHAMOPMAIUs O IPOBOAUMOCTH €CTe-
CTBEHHBIX TPEIIUH B TOPOJIAX OKOJOCKBAXKUHHOIO IPOCTPAHCTBA MOXKET ObITh UCIIOJIH30BaHA
JIJIsT OTIEHKU HAIIPSI)KEHHOT'O COCTOSTHUS T€OJIOTUIECKUX CPEeJl, CJAATAIONINX KOJIJIEKTOP.

OcHOBHBIMU OCODEHHOCTSIMU ITPEJICTABJIEHHOTO MO/IX0/[a MOXKHO CUUTATD:

1. BoaMOKHOCTB OJTHOBpEMEHHOI HE3ABUCUMOI PEKOHCTPYKIMHE BCEX KOMIIOHEHT TEH30-
pa TpuUpOTHBIX 3MDPEKTUBHBIX HAMPSKEHNH 1 KOIMDPUITUEHTa TPEHUS TTOPO/T;
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Puc. 8. [Tpoduin ropuzoHTaIbHBIX HAIPSKEHUH 110 Topoypyroit mojesn. O6o3navyenns: «Sig H —» —
HUZKHSIST TPAHUIA MAKCUMAJIHLHOTO TOPU30HTAILHOTO Hampsizkenust; «Sig Hy — Moma MakcuMasibHOTO
rOPU30HTAJILHOIO HanpsizkeHust; «Sig H +» — BepxHss rpaHUIa MAKCUMAJIBLHOIO TOPU30HTAJIHHOIO
HAIPSKEHUST; «Sig h —» — HIDKHSISA IPAHUIA MUHIMAJIHLHOTO TOPU30HTAIBHOTO HAPSIKeHNsT; «Sig hy —
MO/Ia. MUHUMAJILHOTO TOPU30HTAIBHOTO HAIPSIXKEHUST; «Sig h +» — BEpXHsisl rpaHUIa MUHUMAJIBLHOTO
POPU30HTAJIBLHOIO HalpsiKeHust; «Sig V» — BeprukasbHoe Hanpsizkenue; «muau-I'PIT» — npsmoe
M3MepeHne MUHUMAIBHOTO TOPU30HTAJILHOIO HAIIPSI?KEHUsT Ha TUIybuHe mpoBenenus Tecta Muau-1"PII;
«Sig h’» — MUHMMaIBHOE TOPU3OHTAIBHOE HAIPSZKEHUe, ONpeIeIeHHOe MO MOPOYIPYTOoi MOJIE/H;

«Sig H'» — MakcuMaJIbHOe FOPU30HTAJILHOE HANPSZKEHHE, OIPeJIeJIeHHOe 0 MOPOYNPYTOi MOJIEIH.
P P , OLIpe poyupy o

2. OrcyTcTBHE aPUOPHBIX MPEIIOI0KEHNN O BUJIE HAPS KEHHO-1e(hOPMUPOBAHHOTO
COCTOSIHUS, B YACTHOCTH, IIPEIIIOJIO0KEHNSA O BEPTUKAJIBHOCTU OJIHOTO U3 IVIABHBIX HAIIPSKe-

HUI;

3. BO3MOXKHOCTH CTATHCTHYECKOTO AHAJIM3a PE3YJIBTATOB PEKOHCTPYKIMH HALIPSYKEHHOTO
COCTOSIHUSL: OIIpeJieJIeHIe CPeIHEro, MeIUaHHOr0 U MOJOBOIO 3HAUEHUs KasKIOro IapaMerpa,
OIIEHKa MMCIIEPCUH, aCUMMETPHUHU U dKcrecca. Kak BUIHO W3 IOJIyYEHHBIX PEe3yJIbTATOB,
OIIEHOYHOE 3HaUeHNe apaMeTPOB HAIIPSZKEHHOI'O COCTOsIHUSI He 00A3aTeIbHO JIEYKUT B IIEH-
Tpe AOIYCTUMOrO MHTEPBaJIa 3HAYEHUMH, CyIIeCTBYET BO3MOXKHOCTb M3YyYUTH PUCK HEIO-
¥ TIEPEOIEHKU KAXKI0r0 IapaMeTpa.

PeSyHbTaTbI peKOHCprKL[I/II/I HaIIpH)KeHHOFO COCTOAHUA Ha OCHOBAaHUM JITaHHBIX O eCTe-
CTBEHHOM TPEIIUHOBATOCTH B II€JIOM COBIIAJIAIOT C OIEHKAMU HAIPSKEHNI DY UMEI METOIAMI.
Paznnane mMexk Ty MOy 9eHHBIM B JAHHOM HUCCJICIOBAHUU a3UMYTOM MaKCHMAJBHOTO TOPU30H-
TaJbHOrO HapsikeHus: (rpybast onenka 10 +10°) B mesioM He IpOTUBOPEYUT GoJiee OBIIUM
OIIEHKAM 5TOr'0 HAIIPABJIEHHUSI 10 OPUEHTAIIUN BBIBAJIOB (CEBEPO-3a11a-CEBED — I0N0-BOCTOK-IOT')
U aHU30TPONMU CKOpocTeil yupyrux o (—20+40°).

Boutee mocroBepHO oOlleHKa OT/IE/IBHBIX KOMIIOHEHT TEH30pa HAIPSI)KEHU MOXKET OBITh
BepuduIMpoBaHa myTeM cpapuenns ¢ gaHubivu Mubnn-1"PII. Haubosee oxxumaemoe 3maxe-
HI€ MUHIMAJILHOI'O FOPU30HTAILHOIO HAIIPAXKEHU Ha TJIyOUHE IIPOBEIEHHUS I'UAPOPa3PhIBa
cocrasiisier 62 arM (puc. 5, mpudeM Bec pacupejesieHns cMelnen Bieso). Onenka Toil xe Be-
Jsmannb! 1o paaaeiM MuHA-1I'PII coctaBuia 51,9 atM, 4TO cBUAETENHCTBYET 06 OTHOCUTEIHLHO
BBICOKOIl CTEIIeHM COIVIacUsl Ha Ka4eCTBEHHOM yPOBHE.
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IIpu sTom ucnweitanue muau-I'PII npoBeseHo B TOUKe JTOKAJIBLHOTO CHUYKEHUS YIIPYTHUX
MOZIyJIelt, Garomaps 4emMy HUCIOJIb30BAHUE MOPOYIPYTrOil MOJEIN IMO3BOJISET C BBHICOKOM
TOYHOCTBIO OIPEJIE/INTh TEKTOHUIECKNE IOPU30HTAIbHBIE JTeOPMAINN U PEKOHCTPYHUPO-
BaTh NPOMUIN HAIPAKEHUN C XapaKTEPHOI IMOIPeIrHOCThIO0 =10 aT™M, 9TO, C y4eToM BcexX
HEOIIPEIeJIEHHOCTE, BOSHUKAIOIINX IIPU I€OMEXAHIIECKOM MOJIETMPOBAHNAN, MOXKHO CINTATD
BEChbMa TOYHBIM PE3yJIBTATOM.

Vcnonb30oBanHbIil B paMKax JIAHHOIO HUCCJIEIOBAHUsI allllapaT MaTeMaTUuIeCKON craru-
CTHKU IIPEJCTABIISIETCS MePCIEKTUBHBIM JIJIsI TIOBBIIIIEHUS TOYHOCTH ITIOCTPOEHUsI TeOMexa-
HUYECKUX MOJeJIell Ha OCHOBAHUU UCCJIEOBAHUN TPENIMHOBATOCTU. Psi/i BOIIPOCOB: BBIOOD
KPUTEpUsl, OrPAHUYIUBAIOIIEr0 PacCCMaTpPUBaeMble yCIIEITHbIE Peain3alu, (paKTOPHBIN aHa-
JIN3 ¥ BUJI, PACIIPEIeJI€HNSI, OIIICHIBAIONIET0O HAOIONAEMYIO CTATUCTUKY, OCTAJIICH 38 PAMKAMHU
JAHHOM pabOThI, HO OYIAYT JEeTaJIbHO PACCMOTPEHBI B JAJbHEHIIIEM.

Mo>KHO TOBOPHUTH O TOM, YTO PEKOHCTPYKIIUS IAPAMETPOB HAIIPS?KEHHOTO COCTOSTHUSI HA
OCHOBAHUU JIAHHBIX O IIPOBOJMMOCTH €CTECTBEHHBIX TPEIINH [IPECTABIISETCS I€PCIEKTUBHBIM
TIO/IX0/TIOM, KOTODPBII MOXKET OBITH UCIIOJIB30BAH IS CYIIECTBEHHOTO IIOBBINIEHUS] KAIeCTBA
reOMEXaHUIEeCKOrO MOJIEJIUPOBAHUS jIsi KAPOOHATHBIX ITOPOI.

Baarogapaoctu. Pabota BbITOIHEHA 3a CUET CPeACTB cybcuanu, Bbiaerennoit Kazamnckomy
deneparIbHOMY YHUBEPCUTETY JIJIsl BBITOJHEHUSI TOCYIAPCTBEHHOTO 3a/iaHusl B cpepe HayTHON
HesiresibHOCTH, TIpoeKT N FZSM-2023-0014.
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ASSESSMENT OF THE IN-SITU STRESS STATE OF THE CARBONATE
ROCK MASS AT AN OIL FIELD
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The paper presents an algorithm for reconstruction of stress state parameters of rock massif based
on data on natural fractures. For one well developing an oil field, the directions of the principal
in-situ stresses, their relative magnitudes, and the strength of the rocks in the near-wellbore space
were reconstructed. Stress inversion results are in agreement with other methods of stress estimation,
in particular, with the results of the mini-hydraulic fracture test. The inverse problem of stress state
estimation is solved using the Monte Carlo method. An algorithm of applying the apparatus of
mathematical statistics — the method of moments for determining distribution parameters from the
Pearson distribution family — to quantify the ambiguity of the estimation of the directions of the
principal stresses and their relative magnitudes is presented. The proposed algorithm can be used
for independent reconstruction of stresses for carbonate rocks, provided that there is information
about the conductivity of fractures in the rocks of the near-wellbore space to further improve the

quality of one-dimensional and three-dimensional geomechanical modelling.
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B PAIOHE APXUIIEJIATA HIINMMLIBEPI'EH I10
CIIVTHUKOBBLIM JAHHBLIM SENTINEL-1

1

* (1]
H. E. Koznos "1 ©, T. B. Muxaitimaenko! 0 u JI. A. Ilerpenko!

1MOpCKOI7I ruapodusndeckuit uacruryr PAH, Cesacronons, Poccust
* Konrakr: Urops Eprennesuu Kosznos, ik@mbhi-ras.ru

B nmacrosimeit pabore npeacTaBiieHbl PE3YIHTATHI AHAJIN3A XaPAKTEPUCTHUK TIOJIsT KOPOTKOIIEPHUO/I-
wbix BHyTpernnx BosiH (KBB) B nposmmee @pamva u B okpectHOCTH apxunenara [nunbepren mo
JIAHHBIM CITyTHUKOBBIX m3Mepermit Sentinel-1 A /B ¢ urona no centabps 2018 r. B xone o6paboTkm
1500 CIy THUKOBBIX paMOJIOKAIMOHHBIX n300paxkennii (PJIN) Beiasmeno 750 ciyvaes perucrpanun
noBepxHOCTHBIX npogpiaenuit KBB. MakcumaabHOe KOJIUYECTBO HPOSIBAECHUN BHYTPEHHUX BOJIH
3apErucTPUpPOBAHO B aBryCTe, KOIJa U yCJIOBHUS CTPATU(MUKAIIHI, U JIeJOBbIE YCIOBUs HauboJee
GiraronpusTHEI Ui reHepannu u Habuogenns KBB B cnyrnukoBbix gaHubix. POHOBBIE METEOPOJIO-
rudeckue yciaoBus jeroM 2018 r. mpuBesu K OTCTYIUIEHUIO TPAHUIIBL IPeiidyIOIUX JIbIOB HA CEBEP 10
82,5° . 111., 9TO BIIEpBbIE [TO3BOJIMIIO IPOBECTHU JIETAJIbHBIE HAGIIIOIEHUsI XaPAKTEPUCTUK BHYTPEHHUX
BOJIH HaJ| 1aTo EpMak o CIlyTHUKOBBIM JAaHHBIM. B pe3ysibrare HaOJIIOAEHNN BBISIBJICHBI YETHIPE
OCHOBHBIX pailoHa ycroitunsoii reneparun KBB — rurybokosonuast yacts nposnusa ®pama (riryGuHbl
Goutee 2000 M), roro-3anajHas 4acThb wiaTo Epmak ¢ rirybunamu 500—-1500 M u aBa paiiona Ha GpOBKe
menbda B BEPXHEN YacTH KOHTHHEHTAJILHOI'O CKJIOHA K CeBepo-3ama iy or apxunesara [IInunbepren
¢ rirybunamu menee 500 M. Anasm3 npocrpaHcTBeHHbIX Xapakrepuctuk KBB mokasas, uro B paiione
ncciaenoBanuit qoMuaUpyIoT nmakersl KBB co cpenneit qmumoit dpoHTa JIMIUDYIONIENl BOJHBI OKOJIO
15 kM u cpezHeil mupuHoit nakera okosio 5 kM. Camble kpynuble nakersl KBB momanbio okoso

400 kM2 obpasyrorcs HaJ naTo EpMmak, rae cCKoOpoCTH NPUIMBHBIX T€UYEHNN MaKCHUMAJIbHBI.

KirogeBble ciioBa: KOPOTKOIEPUOHBIE BHYTPEHHUE BOJIHBI, IPUJINBHbIE TeYEHUs, TYPOYJIEHTHOE
IIepeMeIrBaHue, MOPCKOM JIeJI, CIIyTHUKOBAs PaJIHOJIOKAINS MOPCKOIl moBepxHOCTH, Ipoaus Ppama,

apxuresar [TInunbepren, miaro Epmak, Cepepnbriii JlegosuTslit okeal, ApkTuka.

Huruposanme: Koznos, U. E.; T. B. Muxaitnuuenko u JI. A. ITerpenko Xapaxrepuctuku
KOPOTKOIIEPUOIHBIX BHYTPEHHUX BOJIH B paiione apxurejara [IInunbepren mo Ciiy THUKOBBIM
nmanaeiM Sentinel-1 // Russian Journal of Earth Sciences. — 2024. — T. 24. — ES5008. — DOI:
10.2205/2024es000951 — EDN: RPKMQQ

BBenenune

Uccnenosanme koporkonepuognbix BuyTpennux Boian (KBB) Ha ocHOBe CIlyTHHKOBBIX
usMepenuii Begerca yxe 6osee 40 ser [Alpers, 1985; Magalhaes and Da Silva, 2018; Zhang
et al., 2023; Zimin et al., 2016]. B nocseane rojipl HAOIHOIa€TCs HEN3MEHHBIH POCT HHTEpeca
OTEYECTBEHHBIX U 3apPYOEKHBIX CIENUATUCTOB K TPOOJIeMe HCCIIeI0BAHNs] BHYTPEHHUX BOJIH
B Apkruke [Bukatov, 2021; Kopyshov et al., 2023; Kozlov et al., 2023; 2017; Marchenko et al.,
2021; Petrusevich et al., 2018; Rippeth et al., 2015; Viasenko et al., 2003]. NU3yuenne KBB
uMeeT BayKHOe 3HadYeHne Jjis obecriedeHus: 6e30MacHOCTH OIBO/IHON HABUTAIMY U HIepeIadn
akycrudeckux curnasos [Konses u Cabunun, 1992]. Kpome Toro, B mmocsieiaue rojisl HHTEpEC
K MCCJIEJIOBAHUIO BHYTPEHHUX BOJH B APKTHKE CYIIECTBEHHO BO3POC B CBA3U C UX BO3MOXKHBIM
BJIMSIHAEM Ha BePTHKAJbHBIN 1epeHoc tema [Fer et al., 2020; Kozlov et al., 2022; Rippeth
et al., 2017] u, kak caencrsue, MOPCcKoii aen. [Moposos u Iucapes, 2004; Carr et al., 2019;
Morozov et al., 2019].
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OHUM U3 KJIIOYEBBIX apKTHIECKUX PAflOHOB SBJSIIOTCS aKBaTopus mpoiansa @pama
u obsacTh B okpecrHOCcTH apxwunesara llInunbdepren — BaxKHeHIHil pailoH MOCTYIIEHAS
TeIUIa B ApKTHYIECKUil GaccellH ¢ BOJAMHU aTJIAHTUIECKOrO Ipoucxoxkienus |Hattermann
et al., 2016]. Ogaako ¢ ToYKM 3peHust nccienopanust nojss KBB sror paiion ocraercs
MaJton3ydeHHbIM. OCHOBHBIE PAGOTHI IPOBOMIIACEH 311€Ch €Ile B 80-ble TOJIbI IPOIILIOrO CTO-
Jerusi B paMkax npoekros MIZEX 83/84 (auru. Marginal Ice Zone Experiment), CEAREX
(Coordinated Eastern Arctic Experiment) u ap. [D’Asaro and Morison, 1992; Johannessen
et al., 1987; Padman and Dillon, 1991; Plueddemann, 1992; Sandven and Johannessen,
1987]. Dr1u uccienoBanus, OCHOBAHHBIE HA KOHTAKTHBIX M3MEPEHUSIX MO0 JIbJIOM, BIEDPBbIE
YCTaHOBUJIU CyIECTBOBAHIE NWHTEHCUBHBIX BHYTPEHHUX BOJIH OOJIBIION aMILIUTY/IbI CEBEpHEE
80° c. m. CoBceM HEJIABHO B 9TOM K€ PailoHe HaJi KOHTHHEHTAJbHBIM CKJIOHOM K CEBEDY
ot apxunenara lllnunbepren 6L 3aperncTpupoBanbl nakeTbl HesmHeitHbix KBB ¢ BBICO-
Toi Kostebauuit 1o 50 M [Fer et al., 2020]. VIHTeHCHBHBIE BHYTPEHHUE BOJHBI CO CXOXKUMHU
3HAYEHUSIMU aAMILIATYbI ObLIN TAKXKe 3aPErnCTPUPOBAHBI K IOTO-BOCTOKY OT apXHUIesara
MuunGepren [Marchenko et al., 2021]. HecmoTpst Ha 6€3yCJI0BHYIO IEHHOCTD HOJIYY€HHBIX
paHee pe3yJIbTaTOB JIEeTAJIBHOIO UCC/IEIOBAHNS IIPOCTPAHCTBEHHO-BPEMEHHBIX XaPAKTEPUCTUK
KBB B niepuoj1 cyIecTBeHHONO COKPAIIEHUs ILJIOMIA/IN JIEJISIHOIO IIOKPOBa B 9TOM paiioHe
Apkrukn #He mpoBoamiiock. OTHebHbIE TIONBITKA KapTupoBanus xapakrepucruk KBB B arom
paiioHe OBLIN BBIIOJHEHBI PAaHEE HA OCHOBE AHAJIN3A JAHHBIX CIIyTHHKOBOI'O PAJIHOJIOKATOPA
¢ cunresnposanHoii aneprypoit (PCA) Envisat ASAR 3a serne-ocennnit nepuon 2007 roga
[By6rosa u dp., 2016; Kosaoe u dp., 2010; Kozlov et al., 2015a]. Ogaako mpocTpaHCTBEHHOE
paspelrenre TUX JaHHbIX U O0Iuii 00beM WHMOPMAINN CYIIECTBEHHO YCTYHIAIOT CheMKe
TaHjeMa coyTHHKOB Sentinel-1 A /B, ucmonb3yeMbix B HacTosiiedl paboTe. Y IOMsIHEM 3/€Ch
TaKzKe HeJABHIO pabory aBTopoB [Kosa0e u Muzatiiuvenro, 2021], KoTopas, XoTs u ObLIa
cBsi3aHa ¢ uccienoBanneM nojiss KBB B sToM ke paitone, HO ObLIa MOCBAIIEHA NCKIIIOIATEIb-
HO pa3paboTKe MeTOuKN U aHam3y dhazoBoit ckopoctu KBB mo marabiM mocsieioBaTe IbHBIX
cuyTHuKOBBIX PCA-m3mepennii.

Takmm 06paz3oM, 1eIbI0 HACTOSINEH PabOThI SIBJISETCS ONpeIeIeHre OCHOBHBIX PailoHoOB
rerepanuu u pacinpocrpanenuns KBB, a takyke nx mpocTpaHCTBEHHO-BPEMEHHBIX XapaKTePH-
cTtuk B nposiuee @pama u B paiione apxuiesara [lnunbdeprer Ha OCHOBE aHAJIN3a MacCUBA
CIIy THUKOBBIX D& IHOJIOKAIMOHHBIX u3o0paxkenuit (PJIN) Sentinel-1 A /B ¢ uions no centsiopb
2018 r.

JlaHHBIE ¥ METOABI

st anaym3a npocrpancTBeHHON m3MenunBoctr KBB B nposimBe @pama u miesibdoBoii
obsactu apxunesara [InunGepren ucnonszoBauch ciuyraukosele PJIN Sentinel-1 A /B,
nmoJiydennbie B pexkume cheMku Extra Wide Swatch ¢ mumpumnoit mosocer 0630pa 0KoI0
250 kM u mpocTpaHcTBeHHBIM pasperrenreM 90 M. CryTHUKOBBIE TaHHBIE OBLIHU TTOJTY Y€HbBI
U3 apxXUBOB cUCTeMbl EBporelickux 1eHTpoB Mopckux mporuao3os Copernicus Open Access
Hub (https://scihub.copernicus.eu).

Ananus n unentudukanys BHyTpeHHUX BotH Ha PJIV mpoBomumch B cOOTBETCTBUM
C METOJMKOI, onmcanHoil B paborax [Kozlov et al., 2022; 2015b]. B xome paboThl BBIIOJIHEH
anaym3 1500 ciiytuukoBbix PJIN 3a wionb-centsops 2018 1. Ha puc. 1 mpeacrasiena KapTa
nokpbitust PCA-chemkoii paiiona uccienopannii. CBogHas nadopManus 0 KOJTUIeCTBe UC-
XOIHBIX JAHHBIX MpejcTaBaeHa B 1ab/i. 1. OTMernM Juib, 9T0 KOJTUIECTBO UCIOIb30BAHHBIX
3a KaxkIplil Mecst PJIV 6bu10 npumepHo paBubiM. CoriacHo puc. 1 Hanbosiee obecriedeHbl
CIIy THUKOBBIMU JIAHHLIMU paitonnl nposmsa @pama, 6poBku mesrbda K ceBEpOo-3a1maay oT apX.
[Inwunbepren, a TakKe 10XKHasi 9acTh mwiaTo Kpmak — Ha Hux npuxoautcst bostee 200 PJIN
3a BeCh IepuoJi HaOJONeHn. B ocTambHbIX paiftoHaX MOKPBITHE CIYTHUKOBOW ChEMKOM
cocraBiisieT B cpeqaeMm okosio 100-150 PJIV, 3a uckiioueHnem paitoHOB K 10Ty U IOT0-3aHaLy
ot apxwunesnara [{loumbepren, riae ovo cocrasisier okosao 50 PJIN.

Iponenypa naenrudukanuu nosepxaoctabix npossiennit (I111) KBB nposoaurach
B uporpamme ESA Sentinel Application Platform (SNAP-ESA). 910 nporpammuoe obecrieye-
HUE TI03BOJISIET BBIIOJIHATH MIPEIBAPUTENbHYI0 00paboTKy u Bulyasm3anuio PJIV, Bebupars
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Puc. 1. Kapra nokpeitus paiiona ucciaemoBanuii cyTaukoBoit PCA-chemkoii Sentinel-1 A/B 3a
nionb—ceHTsa6ppb 2018 1. 1 — apxunesnara [nunbepren, 2 — o. 3emust Anpbepra I, 3 — nposins @pawma,

4 — mraro Epmaxk.

Tabmuma 1. Pe3ysibraTsl CIiy THUKOBBIX HAOJIIOEHUI KOPOTKOIIEPUOIHBIX BHYTPEHHUX BOJIH B MIOHE—
centsiope 2018 1.

Kosmuecrso PJIN

Mecsig Kosmuecrso 111 KBB
CHUMKOB

WIOHB 400 61

HIOJTH 395 288

aBryCT 395 348

ceHTsIOpb 310 53

Bcero: 1500 750

MHTEPECYIOILYI0 YacTh N300parKeHusl, BbIIEISATh (PPOHT JIMJIUPYIOEl BOJHBI B KaXKJIOM
makere KBB, a Tak:ke mpoBoauTh monepedHoe cedenue depe3d naker KBB, xapakrepusyromee
MIAPUHY BOJIHOBOTO ITAKETA.

Ha puc. 2 nokazan npumep nposisierns KBB ma PJIN Sentinel-1B 3a 27 utons 2018 .
Yeeqmuennsiit pparment PJIU (puc. 26) npuxoauTest Ha 0ro-3anaHy0 9acThb wiato EpMak.
Ha PJIU ordernmBo muenTnduUInpyoOTCca ABa mocjaeqoBareababx nakera KBB, nampas-
JIeHHBIX Ha foro-3amaj. Orpe3ok A-B Ha puc. 26 orMedaer HaYa 0 U KOHEI BOJJHOBOI'O
aKeTa M XapaKTepu3yeT ero mupuny, a kpusasg C-D ormedaer HpoOHT JUAMDYIONIEH BOJTHBI
¥ XapaKTEepHU3yeT €ro JJinHy. PasmMepbl MAaKeTOB CXOXKH — [JIMHA JUIAPYIONEro (OPoOHTA
cocTaBysgeT oKoo 30 KM, a IMIPUHA ITAKETOB — OKOJIO 7 KM.

Oripe/iesieHne rpaHuIl JeJ0BON KPOMKHI BBIIOJIHAIOCH 110 ncxoubiM PJIV Ha ocHOBe
9KCIEPTHOMN OIEHKHU COIVIACHO MeTOjuKe, onucanHoil B paborax [Kozlov et al., 2020; Pe-
trenko and Kozlov, 2023] u no3soJistiomeil BHIAEIUTL 00JIACTH OTKPBITONH BOabI Ha (OHE
JIpeitdyIoIero Jiba 3a c4eT XapaKTepHoro Kourpacra PJl-curnasa mexx iy Humu. Obpaborka
pesynbraToB anagu3a KBB, mocrpoenne nTOroBeIX KapT C UX XapaKTEPUCTUKAMMU, & TaKKe
IDAHUIIAMU JIEJOBOH KPOMKHU BBIIOJHAIUCH B IporpamMMuoii cpege Matlab (MathWorks).
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Puc. 2. [Tonoxenne PJIU Sentinel-1B 3a 15.08.2018 r. k¥ ceBepy-3amaay ot apxunesiara [Inunbepren
(a) u ero yBesimuenHslit pparmenT (6) ¢ IposBIEHUEM ABYX HOCJE0BATENbHbIX HakeToB KBB. A-B —

mupuna nakera KBB, C-D — qnmuna dponra muaupyromeit Bomabl nakera KBB.

®oHOBBIE MeTeopOoJIornIecKue yCJI0BUdA

PaccmarpuBaemsrit Hamu 2018 1. 110 paHry Teribix JeT 3a nepuos ¢ 1936 r. cunraer-
cst BTOphiM TosioM |0630p 2udpomemeoposoeuneckux npoyeccos 6 Ceseprom Jledosumom
okeane. III-G xeapman 2018 2. (Eocexsapmanvroid urbopmayuonnod Groasemens), 2018].
IIoseimierne TeMieparypsl Bo3ayxa B 2018 romy 6b1710 00ycaoBI€HO KPYIHOMACIHITAOHOIM
IIepeCcTPOIKOil aTMOChEPHBIX MIPOIECCOB U YCUJIEHNEM WHTEHCUBHOCTHU IBEKIINN TEILIBIX
BOBJIYIIHBIX MACC B IPUIOJISPHBbIE paiionbl ApkTuku. Bo3pacTanue moBTOPSIeMOCTH TTOTOKOB
FOYKHBIX HAIIPABJIEHUI IPUBEIO K (popMupoBanuio jeroM 2018 1. 3HAUNTEIbHBIX TTOJI0KUTE b
HBIX aHOMAJIHIl Temieparypbl Bo3ayxa. CpeHsist 3a JIeTHUIT IEPUOJ AHOMAJIHS TeMIIEPATY PhI
Bozayxa B 2018 r. (orHOCHTENBHO cpepnero 3a 1961-1990 rr.), ocpe/iHeHHAS 110 IMUPOTHON
30He 70°-85° c. 1., cocrasuia 0.9°C [0630p zudpomemeoporozuueckux npoyeccos 6 Ce-
seprom Jledosumom oxeane. III-i keapman 2018 2. (Esxrcexeapmanvrolli unBOPpMayuorHv
6roaremens), 2018|. Hauasmeecst B mrone 2018 1. 6p1cTpoe ounmmenne APKTHKH OTO JIba
MIPOJIOJIXKIIIOCH JI0 cepenHbl CeHTsiOpsi 2018 1. u OBLIO B MEPBYIO OYEpe/ih CBA3aHO C MHTEH-
CUBHBIM JipeiichoM Jibj1a BBIHOCHOTO XapaKTepa, aJBEeKINell Tellla U Pa3BUTHEM IPOIECCOB
TastHUS U paspymienns Jbjga. C uons mo ceHTsaopb 2018 1. mpeobiiaiaan BeTpbl I02KHOTO
7 F0r0-3aIa{HOr0 HAIIPABJIEHUH, 9TO 00YCIOBUIIO OTCTYILIEHUE TPAHUIILI APEidyIOMmuX JTbI0B
Ha cesep 10 82,5° c. 1. (puc. 3).

Haubousniiee 3amanoe cMmerenne Jie10Boit KpoMKu 10 0° Mepuanana mpOu30IIo
B ceHTsIOpe, OC/Ie Yero IPaHmIa Jiba CHOBA CMECTIIIACH Ha BOCTOK (puc. 3). Takum obpasom
Bech nposinB @Ppama u paiion kK ceBepy or apxurnesiara [lnunbepren 661 CBOOOIHBI OTO
JibJla Bee derThipe Mecsna. CpelHss CKOPOCTh BeTpa cocraBmiia oKoiao 5—6 m/c. Bee aru
daKTBI B COBOKYITHOCTH TO3BOIIIIHN nccienoBarh nojie KBB dakTudyeckn na Beeit akBaTopun
nposimBa PpamMa 1 Ha MAKCHMAaJbHOM yAaJleHUM K ceBepy or apxwuinesara [lnundepren
BILIOTH JI0 CEBEPHBIX CKJIOHOB Ij1aTo Epmak.

Pe3ynbrarsl ciyTHEKOBBIX Habaronenuii KBB

B xome obpaborku 1500 cryraukoseix PJIU Sentinel-1 3a utonb-centsops 2018 1. G110
uneratuduruposano 750 11T KBB. Kak npasuito, BHyTpentue BosHbI Habmogauch na PJIN
B BH/IE NTAKETOB U3 4-H ye/IMHEHHBIX BOJIH C XapPaKTEPHBIM yMEHbBIIEHHEM UX JJIMHBI BOJHBI
B CTOPOHY ThuIa makera. [IpocTpancrBeHHOE pacipejiesieHne rpebHell TPy IONNX BOJIH
B iyrax KBB 3a kaxkaprit Mecsr npezcrasieno Ha puc. 3. 13 yeTbipex MecsiieB HaOJII0IeHIi
MAKCHMAJIbHOE KOJMYIECTBO [IOBEPXHOCTHBIX [IPOSIBJICHUI 3aperucTpupoBato B utoje (288 TIT1
KBB) u asrycre (348 IIIT KBB), 3HaunTenbHo MeHbIee KonnuecTso B uoHe (61 ITTT KBB)
u ceursiope (53 IIIT KBB) (tabdu. 1).

Makcumym nabmogennit I1IT KBB B aBrycre, mo-BuguMoMy, 00bICHIETCS MaKCHMAJIb-
HOM [I0IA1bE0 Be3JIeJHBIX YIACTKOB B paitoHe uccieposanuii (puc. 38), 6osee apdbex THBHBIM
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Puc. 3. Ilonoxenne muaupyromux rpedueit KBB, nnentudunupoBainubiX B CIIyTHUKOBBIX JAHHBIX

Sentinel-1 B mione—centsiope 2018 r. BesbiM 1mBeTOM IOKa3aHBI MOKPBHITHIE JILIOM 00JIACTH Ha
15 umciio B a) uoHe, 6) utoJsie, B) aBrycre, r) cenrsiope 2018 r.

[IPOrPEBOM BEPXHErO CJI0si MOPsi 1 (hOPMUPOBAHIEM HETJIyOOKOI0 Ce30HHOIO IIMKHOK/IMHA [Fer
et al., 2020, ma koropoMm n npoucxomut rereparust KBB. Muaumywm ITIT KBB B centsiope,
[IO-BUIMMOMY, CBSI3aH C HAYAJIOM aKTUBHOTO JIeI000PA30BAHUs U YCUJIEHUEM ITPUBOIHOTO
BeTpa, uro 3arpynuser uiaentudukamuio 1111 KBB. Cornmacao puc. 3 ocHOBHBIE paiioHBI
HaOJIIOIEHNST BHY TPEHHIX BOJIH IIPUXOJISITCS Ha TIIyOOKOBOIHYIO YacTh nposmsa Ppama ¢ riry-
6uaavu > 2000 M, I0)KHYIO U [IEHTPAJIbHYIO JacTu w1aro Epmak ¢ rrydunamu 500-1500 M,
meiboByI0 00J1acTh K ceBepo-3amaay oT apx. [llnunbdepren ¢ rioybunamu < 500 M, a Tak-
JKe MpUOPEKHYI0 30HYy K IOy OT apxumesnara. Eiie 60see HAVISIHO 9TO TOATBEPK/IAeTCs
JAHHBIMU, IPEJICTABIEHHBIMU HAa DUC. 4, HA KOTOPOM IOKa3aHO CYMMapHOE KOJIMIEeCTBO
naeHTuGUIIpoBaHHbIX MakeToB KBB 1 ux moBTOpsiteMoCTh Ha TOPUM30HTAJIBHON CETKE pa3Me-
pom 40 X 40 y310B ¢ pasmepoM y3ja okojio 25 x 25 kM. [loBropsiemocts Habsonennit KBB
OIIPEJIENISIACH B BUJIE OTHOIIEHUST CYMMAPHOIO KOJIMIECTBA BOJIH B y3JIe CETKU K CyMMAapHOMY
kommaecTBy PCA-cbeMOK TaHHOTO y3i1a.

Kaxk BumnO u3 puc. 4a, Beije/sieTCs 9eThipe paiioHa, e CyMMapHOe KOJUIeCTBO CJIyIaeB
peructpanuu 11T KBB > 15. 91u paiionbl BKI0OUaOT 1) riyGOKOBOAHYO YaCcTh IIPOJIMBA
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(a) (6)
Puc. 4. [IpocrpancTBeHHOE pacipe/iesieHrie BHyTPEeHHNX BOH B TposinBe @pama u y apxumesnara
IInuoepren B 2018 1.0 a — cyMMapHOe KOJIMYECTBO CjydaeB perucrpainuu makeroB KBB, 6 —
noBTOpsieMocTh nposiBieHnit KBB B cryTHHKOBBIX TaHHBIX, OIpEJIEJIEHHOE B BHUE OTHOIIEHUS
CyMMApHOTO KOJIMYECTBA BOJIH B y3JI€ CETKU K cyMMapHOMY KosimdecTBe PCA-cbeMOK TaHHOTO y3J1a.

Hudpsr 1-4 B a) orMedaloT ocHOBHBIE pailonbl renepanuun KBB.

dpama ¢ IEHTPOM B TOUKe ¢ KoopauHaTamu 79,5° c. mi., 3° B. J.; 2) 1Oro-3alaiHelil CKJIOH
wiaro EpMak ¢ nenrpom B Touke ¢ Koopauxaramu 81,4° c. mr., 8° B. u.; 3) u 4) — aBa
paiiona y 6poBKu miesibgha/BepxHeil YacTi KOHTHHEHTAILHOIO CKJIOHA CEBEPHEe apXUIIeJIara
Tmunbepren B rparunax koopauuar 80,2—81° c¢. mr., 11-16° B. 1., B OJIHOM U3 KOTOPBIX
B miosie 2018 r. 6puTn 3aperncrpuposanbl KBB pexkopawoit ammmuryaet 50 M [Fer et al., 2020].
Corutacuo kapre nosropsiemoctu KBB (puc. 46) ee MakcuMasbHbIe 3HAYCHNs HAGIIONAIUCH
B TeX 2Ke pailoHax, HO K HUM BJ0DaBOK MOYKHO OTHECTH eIlle JIBe JIOKAIIUU — B IPUOPEIKHBIX
3oHax 3anasHee 3emun Asbsbepra I (79,5° c. ., 9° B. 1.) U y [10)KHOII OKOHEYHOCTH apX.
MnurGepren (76,3° c. o, 17° B. 1.).

Ha puc. 5 npejcraBiieHbl KapThl IPOCTPAHCTBEHHOTO PACIIPEIE/IEHUST CPETHIX 3HAYEHUN
JIHHBL bPOHTA JInUpyIomeil BoJiHbl U mupuHbl nakeToB KBB Ha ceTke Toro ke pasmepa.
O6mmuit [uana30H 3HaYeHuil JJIMHBL BOJHOBOrO (bpoHTa (IIUPUHBL IIAKETA) COCTABIIAET OT
2 o 66 xm (or 1 mo 42 km). Kak BugHO U3 puc. 5, B OCHOBHOM Ha aKBATOPHUU HAOJIONAIUCEH
nyru KBB co cpexmneit gnunoit ¢dppoHTa JUAUPYIONIEl BOJHBI OKOJIO 15 KM U cpejHei
mupuHoit nakera okoJio 5 kM. Ilakersr KBB ¢ MakcuMasibHbIMU 3HAYEHUSIMU JIJTUHBL (DPOHTA
6osiee 40 KM 3aperucTpupoBaHbl B paiione miaro Epmax (puc. 5a). B arom xke paiione
HabJro1at0Test Takerbl KBB ¢ BeicOKMMU 3HAYEHUSIMY IIUPUHBL TaKeToB > 10 KM. DTOT hakT
MOKeT OBITH 00YCJIOBJIEH KAaK T€OMETPUIECKIMI OCOOEHHOCTSIMU JIOHHOI Tomorpadun, Tak
u 00oJiee MHTEHCUBHBIM ITPUINBHBIM (POPCHHTOM HaJT I1aTO KpMak, rjie CKOpOCTb IPUINBHBIX
Tedenuii Makcumabaa u gocruraer 0,4-0,5 M/¢ 110 CPABHEHHIO ¢ XAPAKTEPHBIMY 3HAYEHUSAMU
0,1-0,2 m/c Ha mensde [Fer et al., 2020].

Hanmensiune o cBoum mpocrpancTBeHHBIM mapamMerpam makeTbl KBB Berpeuastics
B [IPHOPEKHO} 30HE K CeBepy OT apxuiresara. ['mcrorpaMma paciupe/iesieHus 3HaeHn JINHBI
dbponrta KBB (prc. 6a) OTIETINBO JEMOHCTPUPYET BBICOKYIO MOBTOPSIEMOCTh 3HAYEHUI OT
5 mo 20 KM ¢ BbIpaXkeHHBIM koM st 3Haderns 10 km. Jymna dporra KBB Beimre 20 km
BeTpevasack b B 20% ciiydaes. AHaJOrmIHAS TECTOrpaMMa JIJIs IMUPUHBI nakeTos KBB
nokasbiBaeT, uTo B 90% ciayuaes nakersi KBB umenu mupuny 10 10 KM, a JoKaabHBII
MaKCHMYyM B 9TOM JIHalla30He COOTBETCTBYeT 3HadeHusM 2,5-4 kM (puc. 60).

3akiroueHue

B pabote npencrasiens! pe3yabrarsl anaan3a most KBB B mposmse @pama u B okpecT-
nocru apxunenara [[InunGepren 1o gaHHbIM CIIyTHUKOBBIX u3Mepennit Sentinel-1 A /B ¢ utons
o ceHTsaA6ph 2018 1. B xome o6paborku 1500 criyrHukosbix PJIN BeIsiBiIeHO 750 city4yaes peru-
CTPAIINYU TIOBEPXHOCTHBIX [IPOSBJICHIIT KOPOTKOIIEPUOIHBIX BHY TPEHHUX BOIH. Makcumasboe
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(a) (6)
Puc. 5. KapThl mpocTpaHCTBEHHOTO pacupeeieHnsi OCHOBHBIX MMapaMeTPOB BHYTPEHHUX BOJIH Ha,
akBaTopuu 1npoJsimBa Ppama u BOm3u apxunenara [nundepren 3a 2018 rom: a — gnuHa GpoHTa

Jupyomel BoHbL (KM); 6 — MIUPUHA IAKETOB (KM).

(a) (6)
Puc. 6. I'ucrorpamMbl pacmupejie/ieHus MPOCTPAHCTBEHHBIX XapakTepuctuk KBB Ha aksaTopun
npoiuBa Ppama u BOM3n apxunenara [nunbepren 3a 2018 rox.: a — anuaa HPOHTA JUIAUPYIOIMIEH

BouHbl (KM); 6 — mupuna nakera KBB (k).

KOJIMYECTBO IPOSBJICHUIT BHYTPEHHUX BOJIH 3aPETUCTPUPOBAHO B ABIYCTE, KOTJA U YCJIOBUS
crparudUKanun, 1 JieJoBble yCJIOBUS OBLIN, TO-BUIUMOMY, HanboJiee GJIarompusiTHBL JIJIst
remeparun u Habsoaennss KBB B cliyTHUKOBBIX TaHHBIX.

AnoMaJIbHO BBICOKAs TEMIIEpATypa BO3/yXa U BeTep I0XKHOIrO, I0ro-3anafHOr0 HalpaB-
sternii jieroM 2018 1. mpuBesiM K OTCTYIJIEHWIO TPAHUITLI IPeii(DyIOIINX JIbI0B HA CEBEP 0
82,5° c. 1., 4TO BIEPBbIE ITO3BOJIUJIO IIPOBECTH HAOJIIO/IEHNE BHYTPEHHUX BOJIH (DAKTHYECKH
HaJI BCeil mromaibio mwato Epmak. B pesysbrate Hab/i0eHAit BBISIBJIEHBI 9€THIPE OCHOBHBIX
paiiona ycroituusoii remepanuu KBB — riiy6okosognast acthb nposusa @pama (rayOumbt
6osiee 2000 M), roro-zamajHast 4acTh miaro Epmak ¢ rmybunamu 500-1500 M u aBa paiioHa Ha
GpoBke 1esbbha/BepxHeil YacTH KOHTHHEHTAJIBHOIO CKJIOHA K CeBEPO-3allajly OT apXUIeJara
[Tnun6epren ¢ riryounamu menee 500 M. /IBa apyrux paiiona gacroit Bcrpedaemoctu KBB
HAXOJISITCSI K IOI'y OT FOXKHOI OKOHEYHOCTH apxulejara u 3amnajuee 3emian Ajpdepra 1.

AmnaJinz npocrpaHcTBeHHBIX XapakTepucTuk KBB mokaszas, uro B paiioHe ucciemoBaHuit
nomuaupyior nakersl KBB co cpemneit mymnoit dporTa Iuanpyomeil BOJHBI OKOJIO 15 KM
¥ CpeJIHell IMIPUHOIl [TAKeTa OKOJIO 5 KM, T.€. Cpeleil mIomapio okono 75 km2. IIpu srom
camble Kpymnble nakersl KBB mromaapio okoro 400 ky? o6pasyiores Hag mato EpMak,
rie CKOPOCTH IPUJIMBHBIX TEUYEHUN MAKCUMAJIHHBI.
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Kak BUIHO 13 TIOJIyIeHHBIX PE3yJIbTATOB, B UIOJIE-aBIyCTe PANOHBI T€HEPAITMH W PACIPO-
crpanennss KBB nokpsiBaroT 3nadnTeibabIe 00JIACTH UCCIIEIYEMONl aKBATOPHUH, BKJIIOYAs
PaOHBI MTOCTYILIEHHS U 3arlyOJIeHnsT TEIIBIX BOJL ATJIAHTUIECKOTO IPOUCXOXKICHNS K 3alla-
Iy u ceBepo-3ana,y ot apxumesara lmunGepren [Hattermann et al., 2016]. KonrakTHbIE
U3MepEeHus, BBIITOJIHeHHBIe B niojle 2018 I. Ha/ KOHTHHEHTAJIBHBIM CKJIOHOM K CEBEPY OT
apxunesara [[numnbepren, mokazaim, 9To IpU TPOXOXKIEHUH TAKETOB MHTEHCUBHBIX BHYT-
penHux BoJH BbIcOTO# 10-50 M cpejiHuMe 3HAYEHUSI CKOPOCTHU JUCCHUIIAIIIN TYPOYJIEHTHOMN
sHEpruu or mosepxHoctu 1o gua (300 M) BO3pACTAIOT Ha JBA HODSJKA, MCHOBEHHBIE (OCpel-
HEHHbIE 33 [IeCTUYACOBON [IEPUOJ]) BEPTUKAJIbHbIE TyPOYJIEHTHBIE IOTOKH TEIIA JIOCTUIAIOT
100 (15) Br/m2 npu dorosbIx 3HaveHmsX 0KOM0 1 Br/M2 [Fer et al., 2020).

B sToMm KOHTEKCTE CBEICHUS O TIIOMAIHBIX XapakTepucTukax maketos KBB moryT 661Th
WCIOJIb30BAHBI 15 JIOKAJIU3AINHA PANOHOB HHTEHCH(DUKAIINN BEPTUKAJIBHOTO TYPOYIEHTHOTO
[epEeMEIIUBAHUS U TIEPEHOCA TEIIA ATIIAHTHIECKUX BOJ B IOBEPXHOCTHBIN ¢J10ii (1 HA0GOPOT)
U K HUDKHEl TpaHuIle JIeJsIHOTO IIOKPOBA II0J BJIMSHUEM BHYTpeHHHUX BOJIH. [lomobHble
3ddekThI, B 9acTHOCTH, HAOIIONAINCH IIpu peructparun narencuBabix KBB momxo sbmom
man ITnaro Epmak ma ocHose Toueunsix u3Mepenuit [Padman and Dillon, 1991].

Takum 06pa3oM, BasKHBIMU 33/IadaMU OYJIYIINAX UCCJIETOBAHU SIBIISIOTCS OLIPEJIeICHUE
CBSI3W CE30HHON M3MEHYMBOCTH BEPTUKAJIHLHON TEPMOXAIMHHON CTPYKTYPHI BOJ C XapaKTepU-
CTUKAMM BHYTPEHHUX BOJIH, ONEHKA 3aBUCUMOCTU MTPOCTPAHCTBEHHBIX U KUHEMATHIECKUX
XapaKTEPUCTUK BHYTPEHHUX BOJIH OT (DOHOBBIX IPUJIMBHBIX YCJIOBUI, U JIeTaIbHAS OIIEHKA
BJINSTHUSI BHYTPEHHUX BOJIH HA XapPAKTEPUCTUKH MOPCKOIO JIbJIa U BEPTUKAJIHLHOE TI€PEMEIIIH-
BaHUE B JJAHHOM palioHe.

Baarogaproctn. lcciemnoBanue BBIIOJHEHO B paMKax rocyuapcrsennoro 3ajganus OPI'BYH
OUIT MI' mo Teme Ne FNNN-2024-0017.
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PROPERTIES OF SHORT-PERIOD INTERNAL WAVES NEAR SVALBARD
FROM SENTINEL-1 SATELLITE DATA

I. E. Kozlov™1®, T. V. Mikhaylichenko!®, and L. A. Petrenko!

I Marine Hydrophysical Institute of RAS, Sevastopol,Russia
**Correspondence to: Igor Kozlov, ik@mbhi-ras.ru.

Here we present the results of observations of short-period internal waves (SIWs) in Fram Strait
and near Svalbard based on analysis of Sentinel-1 A/B synthetic aperture radar (SAR) data in
June-September 2018. Analysis of 1500 spaceborne SAR images allowed to identify 750 surface
signatures of SIWs. Maximal number of SIW identifications is observed in August, when both
stratification and ice conditions are favorable for SIW generation and identification in satellite data.
Background meteorological conditions in summer 2018 favored the northward movement of the ice
boundary up to 82,5° N that allowed to observe SIWs over the Yermak Plateau. Four main regions
of SIW observations were identified — deep Fram Strait region (depths over 2000 m), southwestern
Yermak Plateau with depth range of 500-1500 m, and two shelf break/upper continental slope
regions northwest from Svalbard with depths below 500 m. Analysis of spatial properties of STWs
has shown that the study region is dominated by SIW trains with a mean crest length of 15 km
and mean packet length of about 5 km. The largest SIW trains with area of nearly 400 km? were
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Abstract: The paper presents an algorithm for reconstruction of stress state parameters of rock massif
based on data on natural fractures. For one well developing an oil field, the directions of the principal
in-situ stresses, their relative magnitudes, and the strength of the rocks in the near-wellbore space
were reconstructed. Stress inversion results are in agreement with other methods of stress estimation,
in particular, with the results of the mini-hydraulic fracture test. The inverse problem of stress state
estimation is solved using the Monte Carlo method. An algorithm of applying the apparatus of
mathematical statistics — the method of moments for determining distribution parameters from the
Pearson distribution family — to quantify the ambiguity of the estimation of the directions of the
principal stresses and their relative magnitudes is presented. The proposed algorithm can be used
for independent reconstruction of stresses for carbonate rocks, provided that there is information
about the conductivity of fractures in the rocks of the near-wellbore space to further improve the
quality of one-dimensional and three-dimensional geomechanical modeling.

Keywords: shallow sediments, offshore fields, anomalous pore pressure, unconsolidated sediments,
rock physics modeling.
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Introduction

Zones of anomalous high pore pressure — or overpressure zones for short — are a well-
known factor of risks associated with development of hydrocarbon reservoirs. The risks
are especially high when dealing with offshore reservoirs, as underbalanced drilling may
result into an ecological catastrophe with corresponding consequences Dugan and Sheahan
[2012], Zhang et al. [2018]. While geophysical methods of identifying overpressure zones
from geophysical data are well-developed for deep sediments, shallow marine sediments
remain a problematic issue due to the difficulties to properly describe all processes taking
place in unconsolidated media [Lee, 2003]. A number of mechanisms for overpressure
zones formation and evolution with time have been proposed, including: disequilibrium
compaction, hydrate formation sealing, degasification, buoyancy, hydrothermal pressuring,
tectonic movement, overpressure transfer, hydrate decomposition, diagenesis, hydrocarbon
generation, microbial gas production, microbial plugging as summed up in [Li et al., 2022a].
Glacial decomposition and loading may serve as another mechanism of overpressure
build-up in certain areas [Wangen, 2021].

Overpressure transfer — fluid migration due to permeability difference that has been
witnessed at New Jersey continental slope [Dugan and Flemings, 2000]; Yinggehai basin [Yin
et al., 2002]; Baram province, Brunei [Tingay et al., 2009] — is of somewhat particular interest
among the mentioned factors, since such processes take place at characteristic times of fluid
flow. Depending on the conditions, considerable changes in anomalous pore pressure zones
overpressure coefficient or positions and sizes of overpressure zones themselves can take
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place in relatively low times — even in months and years. Upward migration of overpressure
zones and associated hydromechanical processes have been studied for various regions [Fan
etal., 2021; Liu et al., 2022]. It was shown that proper understanding of filtration properties
and overpressure coefficients is essential for prediction of overpressure zones presence and
migration. According to [Tingay et al., 2009], overpressures can be vertically transferred
if an overpressured compartment comes into hydraulic communication with another less
pressured and isolated compartment [Finkbeiner et al., 2001; Grauls and Baleix, 1994; Tingay
et al., 2007]. A mathematical description of such process can be extremely complicated for
unconsolidated sediments, where it is obligatory to use poro-elasto-plastic deformation
mechanisms, contrary to well-developed poro-elastic coupling of geomechanical and hy-
drodynamic processes [Daigle et al., 2017; Liu et al., 2022]. It is also worth mentioning that
overpressure zones in unconsolidated seafloor sediments tend to achieve hydrostatic state
within geological frames of time during sedimentation [Daigle et al., 2017].

The discussed processes may clearly lead to some problems of offshore hydrocarbon
reservoirs exploitation and development, not typical for onshore reservoirs. In fact, un-
consolidated seafloor sediments tend to show extremely low elasticity limits and almost
negligible friction coefficient, hence small changes in the pore pressure lead to development
of plastic flow. As a result, overpressure zones have an ability to evolve rapidly, especially
during exploration and development leading to the effect of geophysical data “aging”:
previously obtained data, starting from seismic surveys results can mismatch actual state
of unconsolidated sediments containing overpressure zones. Vertical transfer of these
zones, changes in their spatial scales and overpressure coefficient level evolution can take
place during the typical time scales of reservoir development. Lack of experimental data
with prolonged surveys of shallow marine sediments with overpressure zones prevents
from construction of a standard methodology of dealing with these issues, as just a few
offshore fields with such conditions were reported in corresponding literature (paper [Li
et al., 2022a] provides a comprehensive overview of these case studies). At the same time,
certain theoretical modeling [Li et al., 2022b] and field observations [Nifuku et al., 2020]
provide a basis for such methodology, yet it still lacks a standardized system of verification.
In fact, theoretical modeling provides decent data, that can be verified only if a geophysical
system of tracking changes in overpressure zones is proposed.

There exist three approaches for the time-lapse seismic monitoring at sea shelf that are
different in the acquisition systems used. First and the most conventional is the time-lapse
surveys with the towed seismic streamer. It is fast and cheap as compared with the use of
the bottom registration systems but also has important disadvantages: only one-component
(pressure) registration is possible (therefore only P-wave may be used), the noise level
is high and the positioning of the receivers are subject to the significant errors. These
shortcomings are especially important for the monitoring of the minor changes associated
with the overpressure zones evolution. The second approach is associated with the use of
the autonomous bottom seismic seismometers (OBS) for the registration. In this case the
3C or 4C (three velocity or acceleration components and pressure) registration is possible
and the noise level is significantly lower as compared with the towed streamer. The major
disadvantage is the necessity to re-deploy the OBS at each cycle of the time-lapse survey,
which is expensive and leads to differences in OBS coordinates between cycles because of
the installation errors. The third approach is to use the permanent bottom seismic streamer
(BSS), which is installed once before the start of the time-lapse survey and stay in place at
the sea bottom for all monitoring period. The data transfer and power supply are provided
by bottom cables from coast, ship or drilling platform. The disadvantages of this approach
associated with the high price of such systems and their possible damage from ice (at
shallow depth’s), ship anchors, etc. But the latter possibility also allows for the passive
seismic monitoring of the oil field, including the possibility of hydrofracturing monitoring.

The major goal of the current study is to discover the possibility to monitor the
overpressure zones evolution with the time-lapse seismic and to compare the OBS and BSS
systems with respect to their ability to recover the expected changes in the wavefields.
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Materials and Methods

The basic model for the current research was discussed in [Tikhotskiy et al., 2023] and
[Dubinya et al., 2022]. According to [Dubinya et al., 2022], initial data for construction of
models of seafloor sediments were obtained from surveys performed at an area located in
the northwestern part of the Black Sea. Several exploratory wells were drilled in the area
following the completion of marine seismic exploration surveys, as the area was considered
to have potential for hydrocarbon deposits [Bagriy et al., 2019].

A prediction of pore pressure was performed using two different approaches. Firstly,
the consolidation analysis was performed using a limited set of laboratory experimental
data on seafloor sediments samples subjected to external loading. Preconsolidation stress
that can be evaluated based on the nonlinearity of stress vs strain curve of unconsolidated
geological medium subjected to external stress [Dugan and Germaine, 2008; Saffer et al.,
2000]. This parameter can be subsequently used to evaluate the pore pressure in the
medium in its current state based on its current porosity [Schneider et al., 2009]. Porosity
logs were established for a number of exploratory wells with enough logging data using
conventional techniques. The resultant pore pressure evaluation is [Bagriy et al., 2019]:

Ppor(z) = Sy(z) 107700V Ce, (1)

where e stands for the void ratio, ¢ is the void ratio at a vertical effective stress of unity
(1 MPa), C, is the specific compression index describing deformation along the yield surface,
and Sy is the total vertical stress.

The second approach described in [Dubinya et al., 2022] is based on rock physics
modeling using soft-sand model of Mavko et al. [2020] combined with the Gassmann fluid
substitution [Gassmann, 1951]. A specific effective medium model was introduced with
a number of specific parameters determining the dynamic elastic moduli. These parameters
include: the pore pressure, elastic moduli of solid grains, porosity, average number of
grain-grain contacts, and critical porosity. These parameters are varied in a way to provide
the best match between the calculated and observed spatial distributions of dynamic elastic
moduli. An independent evaluation of pore pressure at a certain depth obtained from
direct observations of drilling process was used to limit the domain of equivalent solutions
of the inverse problem for rock physics modeling. As a result, a stochastic solution of rock
physics model parameters was obtained providing an opportunity to reconstruct a spatial
variations of pore pressure.

Two described methods of pore pressure reconstruction in unconsolidated seafloor
sediments were implemented independently. As discussed in [Bagriy et al., 2019], the
complete agreement between these methods is impossible due to the difference in the
characteristic spatial scales: the unconsolidation analysis is more suitable for detection of
small zones (with size of approximately several meters), while the rock physics modeling is
dependent on averaging and may be considered as a tool to evaluate the mean anomaly of
pore pressure in the studied interval. The resultant estimations of pore pressure changes
with depth are shown in Figure 1: black line represents anomaly index of pore pressure
(ratio of estimated pore pressure to hydrostatic pressure) for the estimation from rock
physics modeling, while gray line is for consolidation analysis obtained from Equation 1.

Based on consequent rock physics modeling, several general zones of considerable
overpressure were suggested in [Tikhotskiy et al., 2023]. Corresponding depth intervals
are: 6-9 mbsf (zone 1), 13-29 mbsf (zone 2), and 37-43 mbsf (zone 3). The previous
study [Tikhotskiy et al., 2023] was mainly focused on the issue of detectability of the lower
overpressure zones in presence of the upper zones, namely, is it possible to use seismometer
data to find zone 3 from the raw data in presence of anomalies in waveforms caused by
presence of zones 1 and 3. The suggested methodology was a construction of synthetic
models of elastic properties after two steps: 1) merging of neighboring overpressure zones;
2) manual creation of models where some of these zones are not present (“shutdown” of
particular zones meaning an obligatory specification of hydrostatic pore pressure in these
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Figure 1. Pore pressure anomaly index from two approaches.

zones). Given an established rock physics model — mathematical relationships providing
an expected change of elastic moduli of effective medium with changes in pore pressure —
synthetic spatial distributions of elastic moduli for these cases can be constructed. It is
necessary to mention that only one-dimensional models of properties are studied here
given the low number of exploratory wells drilled at site. Therefore, the vertical size of
overpressure zone is a crucial factor for subsequent modeling, yet two-dimensional models
of overpressure in shallow marine sediments can still be developed in the future to analyze
the horizontal scale of anomalous zones.

Generally, the same approach is used in the current study to analyze possible evolution
of overpressure zones and opportunities to detect these changes. Since three overpressure
zones can be detected on real data, six potentially interesting scenarios of overpressure
zones migration upwards and downwards can be suggested for analysis. These scenarios
are discussed in Table 1.

Table 1. Scenarios for overpressure zones migration

Pore pressure

Pore pressure

Scenario Zone before after
migration migration
1. Non-blocked downwards migration at 1 Overpressure  Hydrostatic
shallow depth. Overpressure zone 1 migrates 2 Hydrostatic ~ Overpressure
downwards, to position of zone 2. 3 Hydrostatic Hydrostatic
2. Non-blocked upwards migration at shallow 1 Hydrostatic ~ Overpressure
depth. Overpressure zone 2 migrates upwards, 2 Overpressure ~ Hydrostatic
to position of zone 1. 3 Hydrostatic ~ Hydrostatic
3. Non-blocked downwards migration at high 1 Hydrostatic Hydrostatic
depth. Overpressure zone 2 migrates 2 Overpressure  Hydrostatic
downwards, to position of zone 3. 3 Hydrostatic Overpressure
4. Non-blocked upwards migration at high 1 Hydrostatic Hydrostatic
depth. Overpressure zone 3 migrates upwards, 2 Hydrostatic ~ Overpressure
to position of zone 2. 3 Overpressure  Hydrostatic
5. Blocked downwards migration at high depth. 1 Overpressure ~ Overpressure
Overpressure zone 2 migrates downwards, to 2 Overpressure ~ Hydrostatic
position of zone 3 with overpressured zone 1. 3 Hydrostatic Overpressure
6. Blocked upwards migration at high depth. 1 Overpressure  Overpressure
Overpressure zone 3 migrates upwards, to 2 Hydrostatic =~ Overpressure
position of zone 2 with overpressured zone 1. 3 Overpressure Hydrostatic
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There are three general pairs of scenarios. The first pair of scenarios considers the
movement of overpressure zone between positions of zones 1 and 2 (downwards migration
for scenario 1, and upwards migration for scenario 2). Both cases should have the most
notable effect on seismic surveys given the low distance between receiver and anomalous
zone. The second pair of scenarios is the same, but the depth is increased (interchanges
between positions of zones 2 and 3 are studied here). Independent analysis of this case pro-
vides an opportunity to check, whether the depth plays an important role on overpressure
zones migration monitoring. Finally, the last pair of scenarios is generally the same as the
second pair, but overpressure zone 1 is under consideration. Such analysis provides an
opportunity to analyze the “shadowing” effect of overpressure zones previously reported
in [Tikhotskiy et al., 2023]: presence of overpressure zones at shallow depths were proven to
considerably influence the resultant seismic waveforms receivable by seismometers, which
leads to an increased uncertainty in overpressure zones detection. The main idea of the
following research lies in comparison of waveforms obtainable before and after the changes
in overpressure zone structure and its analysis with regard to typical noise level of seismic
data for shallow marine sediments. It is also worth mentioning that the mean level of
pore pressure anomaly level in each overpressure zone was taken from Figure 1 without
adjustments.

The discussed scenarios are visualized alongside with depth dependencies of the
elastic wave velocities, yet it is necessary to provide some information on acquisition of
these velocity models obtained from rock physics modeling with manual “shutdown” of
certain zones before and after studied dynamic process.

This covers the general workflow used in the current study. It is necessary to generate
petroelastic models with reconstructed compressional and shear waves velocities for the
discussed scenarios in order to evaluate the overpressure zones migration effect on seismic
response of the studied media. Note that for estimation the elastic wave velocities the
density provided by log data is used alongside with calculated effective moduli.

The rock-physics model used in [Dubinya et al., 2022] (soft-sand model) was modified
in [Tikhotskiy et al., 2023] as follows. Again, a concept of critical porosity was used, which
follows from the basic Hertz-Mindlin (HM) model [Mavko et al., 2020]. An unconsolidated
rock is considered as a granular medium (dense pack of solid particles) having a critical
porosity with so-called “additions”. The critical porosity indicates the porosity limit above
which a rock becomes unconsolidated. This value was set constant for all depths. The
“additions” are inclusions either of suspension or of porous consolidated rock depending on
the total porosity. If the total porosity exceeds a critical value at a certain depth, inclusions
in the form of a suspension are added to the granular medium. If the total porosity is
smaller than the critical value, particles of porous consolidated rock are added in the
granular medium. This model differs from a similar model of Dvorkin et al. [1999]. Thus,
in Dvorkin’s model [Dvorkin et al., 1999], in the first case, inclusions of pure fluid (without
rock particles) are added to the granular medium instead of suspension inclusions. In
the second case, pieces of nonporous mineral material are embedded in the granular
medium. As shown in [Tikhotskiy et al., 2023] the modified model is more sensitive to the
pore pressure changes compared to the original Dvorkin’s model [Dvorkin et al., 1999].
In the model presented in [Tikhotskiy et al., 2023], the porosity values in suspension and
consolidated solid material are controlled by so-called “porosity correction coefficient” that
is also an unknown model parameter. A sensitivity study of results to this parameter is
presented in [Tikhotskiy et al., 2023].

In the model proposed in [Tikhotskiy et al., 2023}, for calculating the elastic moduli
of a dense pack of rock particles (granular medium), the classical HM model is used. The
elastic moduli of suspension are estimated as the lower Hashin-Shtrikman (HS) bound
[Hashin and Shtrikman, 1963]. For evaluation of the elastic moduli of particles of porous
consolidated rock the Berryman’s self-consistent method [Berryman, 1980] is applied.
Having the elastic properties of the granular medium and the “additions”, finally, the
effective properties of the studied dry rock are obtained. If the suspension inclusions
are added (the case when porosity is greater than the critical one) the resulting moduli
are calculated as the upper HS bound, since the suspension moduli are lower than the
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moduli of dense pack. If the porous pieces of consolidated rock are added in the granular
medium (porosity is smaller than the critical), the effective moduli are calculated as the
lower HS bound since the porous consolidated rock has lower elastic moduli compared
to the granular medium. After the effective elastic moduli of dry rock are calculated as
described above, the Gassman’s fluid substitution [Gassmann, 1951] is applied. Then, the
elastic wave velocities V, and V; are estimated using the calculated effective elastic moduli
and density provided by log data.

For the modeling we use the same model parameters as in [Tikhotskiy et al., 2023].
Namely, the bulk and shear moduli of solid grains are 52 and 32 GPa, respectively. The
critical porosity is 60%, coordination number is 18 (average number of contacts of a grain
with surrounding grains). The porosity correction coefficient is set to be 1.5. This means
that the porosity of suspension is 1.5 times greater than the total porosity and the porosity
of consolidated rock is 1.5 times smaller than this value.

Based on consequent rock physics modeling, a distribution of velocities V, and V;
along the wellbore was obtained for the case of the absence of pore pressure anomalies
(Figure 2a) and for cases when the pore pressure anomalies occur in the depth intervals
corresponding to zones 1-3 mentioned above (Figure 2b, 2c, 2d). We calculate the pore
pressure according to the formula

Ppor(2) = Phyqr +diff, x A, (2)

where diff, is the difference between the total vertical stress and hydrostatic pressure
and A is a factor ranging from 0 to 1. If A = 0, the pore pressure is equal to hydrostatic
one (no anomaly in the pore pressure). If A = 1, the pore pressure approaches the total
vertical stress. Therefore, the greater A, the more pronounced is the pore pressure anomaly.
For the models shown in Figure 2 we use a fairly high value of the factor A, namely,
A =0.99. Figure 2 provides a clear view of the overpressure zones effect on elastic waves
velocities. High pore pressure considerably decreases the velocities of both P- and S-waves.
The absolute magnitudes of this decrease are roughly the same for both velocities, but,
given the low shear wave velocity absolute magnitude for the considered non-consolidated
sediments, the relative change in S-wave velocity is more considerable compared to P-wave
velocity.
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Figure 2. Distribution of velocities V), and Vs along the wellbore. (a) No anomaly in the pore pressure,

(b) pore pressure anomaly in zone 1, (c) pore pressure anomaly in zone 2, (d) pore pressure anomaly
in zone 3.
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The data presented in Figure 2 are subsequently used for seismic modeling to analyze
the expected response of the receiver system and its changes associated with transitions
of anomalous pressure zones discussed in the previous chapter. For example, the first
scenario described in Table 1 can be considered as the transition of velocities distribution
shown in Figure 2b to the state depicted in Figure 2c. It is clear that the seismic responses
will differ for these two cases, but the magnitude of this difference and its relation with
noise cannot be analyzed without direct seismic modeling.

We aim to model the seismic monitoring of the overpressure zones evolution with
the bottom seismic registration system that can be represented either by the autonomous
bottom seismometers (OBS) or by the bottom seismic streamer (BSS). The both systems may
provide the 4C registration, i.e., 3-component velocity (or acceleration) registration and
pressure. For the modeling purposes we use the laterally homogeneous 2D elastic media
model constructed on the basis of the 1D velocity (V,, Vi) and density profiles obtained for
the studied scenarios. We suppose the 40-meter water depth and the depth of the seismic
source is set to 2 meters below the sea surface. The acquisition system is represented by the
13 bottom 4C receivers separated by 4 meters. The position of the first receiver is below the
seismic source thus the maximum source-to-receiver horizontal distance is 48 meters. The
described acquisition geometry allows to analyze the behavior of the seismic reflections at
different offsets, including the P-S converted phases.

The open source SOFI2D software package [Bollen, 2002] is used for the finite-
difference modeling of the seismic waves propagation in the above described models.
Due to the 2D nature of models only two velocity components (uy, tp) of the sea bottom
and water pressure P, as recorded by bottom hydrophones, are used for the analysis. The
Riecker impulse is used for the modeling with the central frequency of 500 Hz, which is rea-
sonable for the high-resolution marine seismic surveys with the “sparker” source [Pirogova
et al., 2019]. With the given central frequency and the lowest velocity of the S-waves in
model being 200 m/s the smallest wavelength is approximately 0.2 m. The spatial model
discretization of 0.02 m (i.e., 10 points per wavelength) is adopted to avoid the numerical
dispersion and time step of 5 x 10 % s is used to satisfy the Kramers-Kroening conditions
for the simulation stability. The perfect matching layer (PML) conditions are applied to
avoid the reverberations.

Results

A sensitivity analysis is given here to evaluate the typical changes in elastic waves
velocities and other characteristics with alteration of pore pressure. Besides, we also analyze
how the pore pressure anomalies can be detected in crossplots of seismic attributes. The
reflection coefficients for P-wave and converted P-to-S wave (R, and Ry, respectively) for
the top and bottom of a zone with anomalous pore pressure is analyzed.

An important question is related to the lowest level of pore pressure change that
can be registered by seismic receiver data. To analyze how a change in pore pressure can
affect the elastic characteristics of unconsolidated rocks we perform a sensitivity study of
our rock-physics model to a parameter characterizing a degree of pore pressure anomaly.
We vary the pore pressure according to Equation 2. It is worth mentioning that, only
within sensitivity analysis, for the purpose of sensitivity study, parameter A is set for the
whole model modeling a uniform increase in pore pressure for the whole depth interval,
regardless of overpressure zones discussed earlier. We use this approach to numerically
evaluate the general sensitivity of the model to changes in pore pressure for the future
analysis of the certain overpressure evolution cases.

As it was mentioned and particularly highlighted in Figure 2, overpressure appears to
have a strong effect on P- and S-waves velocities: overpressure zones can be easily seen on
anomalies of vy and V;. Moreover, the ratio of elastic waves velocities Vp/ Vs along with
the Poisson ratio are also good indicators of overpressure. As it was shown in Figure 2,
an increase in the pore pressure results into a simultaneous decrease in compressional
and shear waves velocities. As far as the absolute values of velocities drop are comparably
same for both P- and S-waves, and the absolute values of shear waves velocities are much

Russ. J. Earth. Sci. 2024, 24, ES5007, EDN: SFZTBR, https://doi.org/10.2205/2024es000958 7 of 28


https://elibrary.ru/sfztbr
https://doi.org/10.2205/2024es000958

ON Seismic MoNITORING OF Dynamic OVERPRESSURE ZONES IN SHALLOW MARINE SEDIMENTS

TIKHOTSKIY ET AL.

10

20

Depth, mbsf
w
o

40

50

60

Vp, Vs, km/s

1

15

2

25

lower than compressional waves velocities, especially for unconsolidated sediments, it is
natural to expect that velocities ratio V,,/V; and, respectively, the Poisson ratio are good
indicator of pore pressure presence which is in line with Figure 2. As seen from Figure 2
the dependencies of the elastic characteristics on the pore pressure change are nonlinear.
The characteristics become more sensitive to the anomaly as the anomaly increases. One
can say that the S-wave velocity exhibits more sensitivity to the pore pressure change. Thus,
at depth 40 m, the change in V; velocity approaches 16% for A = 0.4 whereas the respective
change in V), velocity at the depth is around 3%. Since V; drops more rapidly with the
pore pressure anomaly, the V,,/V; increases. For the largest anomaly in the pore pressure
(A =0.99) the V,/V; increases almost twice compared to the case when the anomaly is
absent (Figure 3c). The Poisson ratio also increases with the pore pressure anomaly and
may attain rather high values, namely, 0.45-0.48 (Figure 3b).
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Figure 3. Dependencies of elastic properties on factor A characterizing a degree of pore pressure
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anomaly. (a) Elastic wave velocities V, and Vs, (b) Poisson ratio, (c) V,/Vs.

Figure 4 shows the crossplots of seismic attributes allowing to identify specific shifts of
dependencies caused by anomalous pore pressure in the depth interval 13-29 m (A = 0.99).
The elastic impedance (Ap) versus shear impedance (A;), elastic impedance versus V,/V;,
and shear impedance versus V,/V, are shown. Orange circles within gray triangles are
points corresponding to depths outside the depth interval 13-29 m (without pore pressure
anomaly). Orange circles without surrounding triangles correspond to the depth interval
with anomalous pore pressure (13-29 meters). Black triangles show the points in the
same depth interval (13-29 meters) but for pore pressure without anomaly. Green arrows
indicate how the points without pore pressure anomaly shift when the anomaly occurs. As
seen this shift is dramatic.

Figure 5 shows the reflection coefficients R, and R, for the top and bottom of a zone
having anomalous pore pressure at the depths from 37 to 43 m (for A = 0.99). Plots (a)
and (b) show the R, and R; for the top of interval with the enhanced pore pressure, and
plots (c) and (d) show R,, and Ry for the bottom of the interval. Red curves are the exact
values provided by the Zéeppritz equation (real parts of the coefficients), and blue curves
are the Riiger approximation. As seen, the reflection coefficients are rather high and the
both boundaries of this anomaly pressure layer can be clearly seen in seismic experiment.
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Figure 4. Crossplots of seismic attributes for the depth interval 13-29 m. (a) Shear impedance (Ajy)
vs elastic impedance (Ay), (b) elastic impedance vs V},/V, (c) shear impedance vs V),/V;. Green
arrows indicate how the points without pore pressure anomaly shift when the anomaly occurs.

Here we provide the obtained results and offer some discussion. The modeling results
are presented in Figure 6 below. The open-source Seismic Unix software package [Cohen
and Stockwell, Jr., 2002] used for the seismograms visualization. The gain correction
(multiplication by time) has been applied to all seismograms expect of rot u to correct for
the geometrical distortion of the wavefields. An example of modeling results is shown in
Figure 6 for scenario 1. The figures are organized as follows: each scenario is characterized
by 12 figures: four parameters (pressure P, 1st row; vertical velocity component uy, 2nd
row; horizontal velocity component uy, 3rd row; velocity curl rot u, 4th row) are provided
for initial state of scenario (1st column) and final state of scenario (2nd column); absolute
difference is given in the 3rd column for every parameter. Each figure corresponds to its
own scenario.
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Figure 5. Reflection coefficients of the PP and PS waves (Rp, and Rp;) for the top and bottom of
zone having anomalous pore pressure at the depths from 37 to 43 m. (a) Ry and (b) Rps for the
top of interval with the enhanced pore pressure; (c) Rpp and (d) Rps for the bottom of the interval.
Red curves are exact values (the Zoeppritz equations are solved), and blue curves are the Riiger

approximation.

As it can be seen (Figure 6) the behavior of the vertical velocity component uy and
pressure P fields are similar. It is reasonable due to the boundary conditions at the sea
bottom interface. At small offsets (low reflection angles that do not exceed 35 degrees)
these fields are dominated by the P-wave energy. As an opposite the horizontal velocity
component field uy at small offsets is dominated by the S-wave energy. The increase of the
amplitude of the uy seismograms with offset arise due to two factors: (i) the increase of
the P-S reflection coefficient with the increase of the reflection angle and (ii) the increase
of the horizontal component of the P-waves because of the increasing incidence angle
of the reflected wave at sea bottom. But the first factor is dominating as it is supported
by the similarity of the uy and rot u seismograms. The rot  seismograms are the direct
indicators of the S-wave field as they corresponds to the shape deformation. Therefore,
the uy seismograms recorded by bottom seismometers may be considered as the S-wave
reflections, including both S-S and P-S converted phases. As the S-wave velocity V; is
approximately twice lower as compared to the P-wave velocity V), in bottom sediments
the arrival times of the S-wave reflections are higher as compared to that of the P-wave
reflections, the wavelength of the S-wave is also approximately half of that for the P-
wave and these two factors significantly increase the resolution capabilities of the up
seismograms as compared to that of uy and P seismograms as it can be seen in Figure 6a—6i.
Moreover, the relative change of the V; with increasing pore pressure is larger as compared
to changes in V). This factor also contributes to the more prominent demonstration of
overpressure zones and their evolution in uy seismograms. Let us analyze in more detail
the scenario 1 (Figure 6). In the starting model the overpressure zone is 3 meters thick
with its top at 6 m and bottom at 9 m. At the uy seismogram (Figure 6g) it is seen from
the S-S reflection from top (phase starting at 0.05 s at x = 4 m) and from bottom (phase
starting at 0,065 s at x = 4 m). The intermediate reflected phase starting at 0.58 sat x =4 m
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Figure 6. Reflection coefficients of the PP and PS waves (Rp, and Rp;) for the top and bottom of

zone having anomalous pore pressure at the depths from 37 to 43 m. (a) Rpp and (b) Rps for the

top of interval with the enhanced pore pressure; (c) Rpp and (d) Ry for the bottom of the interval.

Red curves are exact values (the Zoeppritz equations are solved), and blue curves are the Riiger

approximation.
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corresponds to the P-S converted phase reflected from zone bottom. Below reflections
are less prominent because of the absence of the strong reflectors in the model below the
overpressure zone (Figure 6g). In the final model the overpressure zone moves downward,
becomes 16 meters thick and has its top at 13 m and bottom at 29 m. The pattern of the
up (Figure 6h) clearly changes and reflects the new overpressure zone configuration. The
zone top is seen from the strong S-S reflection phase starting at 0.06 s at x = 4 m, the zone
bottom is seen from the P-S converted reflection phase starting at 0.11 s at x =4 m and
S-S reflection phase starting at 0.145 s at x = 8 m (the difference of the minimum offset
that allows to see the phase is due to the decrease of the reflection angle with the increasing
reflector depth). All mentioned changes in the uy reflection pattern leads to the sharp
picture at the wavefields difference seismogram (please note the perfect compensation of
the direct arrival phase).

At the P and uy seismograms (Figure 6a—6f) the corresponding changes can be also
seen. Specifically, in the seismogram that corresponds to the final model the wave reflected
from the overpressure zone bottom at 29 m arises at 0.06 s. But it appears to be difficult
to resolve the model structure and its evolution in the upper part of the model. This is
partially because of the larger wavelength of the P-wave: for the mean velocity of 2000 m/s
the central wavelength at 500 Hz is 4 m which is comparable to the thickness of the
overpressure zone in the starting model and the difference between the zone bottom (9
m) in the starting model and its top (13 m) in the final model. Therefore, it is difficult
to resolve these features and their changes in the P-wave field. The difference P-wave
field (Figure 6f) possesses complex pattern without the clear separated phases due to the
interference of the longer waves separated by smaller intervals, as compared to S-wave
field (Figure 6i).

Analysis of the seismograms associated with other 5 scenarios (Figures A1-A5) leads to
the same conclusions. The structure and evolution of the overpressure zones in the shallow
submarine sedimentary layers are much more visible in the horizontal velocity component
upy wavefield as compared to the pressure P and vertical velocity uy seismograms. This
emphasizes the preference of the 4C bottom registration systems over conventional 1C
(typically hydrophone pressure) registration.

Another important question is the effect of the errors in bottom seismometers posi-
tioning on the overall quality of the overpressure zones monitoring. This question is highly
important in the context of the comparison between the possibilities of the autonomous
bottom seismometers (OBS) and the bottom seismic streamer (BSS) registration systems.
With the OBS one needs to deploy them before the seismic survey and then remove the
installation in order to read data and charge batteries. In the case of time-lapse seismic
monitoring this leads to the necessity for the OBS deployment before each survey cycle.
There is no such problem with the BSS system: once deployed it will be in place for all
cycles. Currently the typical accuracy of the OBS installation with respect to survey plan
is 10% of the water depth. We simulate this situation by shifting the receiver position for
the final models (i.e., simulated second cycle of the time-lapse survey) of the overpressure
evolution scenarios by random value in the range of +3 meters (less than 10% of the 40 m
water depth) as compared to their position at the initial state. The modeling results are
presented in Figure 7 for scenario 1. It is clear that errors in OBS positioning lead to the
changes in seismograms that mask the changes associated with the overpressure zones
evolution. This is especially visible in the difference seismograms, where the phase corre-
lations are destroyed because of the destructive interference that appears due to the OBS
shift. This effect is more drastical in the pressure differential seismograms (Figure 7c). The
same effects can be observed for the other studied scenarios.

Results of the seismic modeling leads to some important conclusions. First, the time-
lapse seismic is capable to monitor the evolution of the overpressure zones in shallow
submarine sediments. Typical “sparker” seismic source with the 500 Hz mean frequency
that is widely used in high-resolution marine surveys and provides the possibility to image
the upper 100-200 meters under the sea bottom [Pirogova et al., 2019] may be used for
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Figure 7. Wavefields, adjusted positions: (a) pressure before transition; (b) pressure after transition;

(c) pressure difference; (d) vertical velocity before transition; (e) vertical velocity after transition;

(f) vertical velocity difference; (g) horizontal velocity before transition; (h) horizontal velocity after

transition; (i) horizontal velocity difference; (j) velocity curl before transition; (k) velocity curl after

transition; (1) velocity curl difference.
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this purpose. Second, the horizontal component of the wavefield is the most informative
and provides the best resolution because it is dominated by the S-wave with the lower
velocity and wavelength. The most conventional hydrophone measured pressure wavefield
is less informative especially for the thin overpressure zones and minor changes in their
position. Therefore, the 3C or 4C registration at the sea bottom is highly preferable for
the overpressure zones study and monitoring. Third, the bottom seismic streamer (BSS)
registration system that is once deployed at the sea bottom and used in all cycles of
the time-lapse seismic has the clear preference at the autonomous bottom seismometers
(OBS) that must be re-installed before each survey cycle. The reason is the unreliable
differences between the actual OBS installation coordinates at different cycles that lead to
the destruction of the reflection phase in the difference wavefield.

Discussion

The obtained results provide an opportunity to analyze the possibilities of geophysical
monitoring systems to track migrations of overpressure zones in shallow marine sediments.
The plotted seismograms highlight the relative changes in the data that will be received
by monitoring systems before and after migration of overpressure zones according to
each of studied scenarios. Visual comparison of two sets of seismograms — for adjusted
and non-adjusted receiver positions shown in Figures 6 and 7 — is important from the
practical point of view. It was shown that a small adjustment of receiver positions alters
the registered seismic response comparably with the alterations caused by migration. This
effect is especially considerable when there is a static overpressure zone located in the
upper part of the studied region: it “overshadows” the migration of overpressure zones
in the bottom layers, increasing the demands on the quality of receiver data. As a result,
wrong positioning of seismometers for a repeated survey can lead to false conclusions on
stationary overpressure zones when they are in fact migrating.

Comparison of Figures 6 and Al reveals a significant effect of migration direction
on observed data. It appears that upwards migration is associated with more significant
changes in the wavefield compared to downwards migration The same is true for Figures
A2 and A3 yet the effect is not that considerable due to increase in distance between the
overpressure zones and receiver positions. Moreover, as it follows from Figures A4 and A5,
presence of static overpressure zones above the changing zone decreases the chances to
reveal the migration process. The size of the overpressure zone itself plays an important
role in detection possibilities, given that it is seemingly easier to detect overpressure zone
transition for scenarios 1 and 4 compared to scenarios 2 and 3 (for the first pair the final
state contains a large overpressure zone 2, and for the second pair this zone is only present
in the initial state). Although it was discussed above that horizontal velocity is the most
prominent parameter to deal with overpressure zones evolution detection, some cases allow
vertical velocity to provide valuable information as well. As Figures 6, A1, and A3d, A3e,
A3f suggest, the cases with the most notable changes in wavefields (scenarios 1, 2, and 3)
provide enough information to guess overpressure zone transition direction for the least
from vertical velocity. Nevertheless, this factor is way less distinct compared to horizontal
velocity.

Seismometer positioning appears to play a crucial role in the problem of monitoring
the state of overpressure zones in shallow marine sediments. Difficult conditions at offshore
reservoirs are a source of various obstacles preventing repeated seismic surveys to be
performed with receivers at exactly same positions as for the initial surveys. Nevertheless,
this obstacle can be overcome with an installation of permanent seismic monitoring system.
Such system considerably decreases the possible positioning errors providing enhanced
possibilities to track subtle changes in overpressure zones migration. In addition to
decreased uncertainty in receiver positions, such system may provide even more detailed
analysis of hydromechanical processes taking place in shallow marine sediments. Namely,
permanent monitoring system can provide way more data than the two cases (before
and after migration of overpressure zines) considered in the current study. Early signs of
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overpressure zone migration can be detected using such systems. This opportunity becomes
even more important for upwards migration of overpressure zones, especially near seafloor,
which is one of the most preferable scenarios from the anomaly migration tracking point
of view. The discussed case may be important with respect to prevention of ecologically
undesirable processes of gas migration to sea water due to the effects associated with
offshore hydrocarbon reservoirs exploitation. Installment of permanent seismic monitoring
system can reduce ecological risks due to the given opportunity of early detection and
prediction of overpressure zones upwards migration. Nevertheless, methodical studies
similar to the reported one should be preliminarily performed at certain sites to design
the monitoring systems in accordance with specifics of the considered regions, starting
from mechanical properties of seafloor sediments, their consolidation level, and severity of
overpressure near seafloor.

Conclusions

The reported study is devoted to various aspects of seismic monitoring of the overpres-
sure zones evolution in shallow marine sediments. Such sediments are often characterized
by low level of sedimentation which implies extra difficulties on the problem of pore
pressure prediction from geophysical data — an important problem for safe and efficient
exploitation and development of offshore hydrocarbon reservoirs.

Rock physics modeling was proved as a decent tool for utilizing geophysical data for
prediction of overpressure zones in seafloor sediments at shallow depths (up to several
dozens of meters below seafloor), yet considerable changes are to be introduced to the
modeling process, since the studied sediments are unconsolidated, and complicated models
should be used contrary to the models frequently used for pore pressure prediction in
consolidated rock masses. Rock physics modeling could also answer the question “What
if...?”. In this particular study this question was clarified: “What if estimated overpressure
zones start migrating?”. The answer to this question is generally clear: observable geophys-
ical fields — starting from seismic response of the medium - can change if pore pressure is
redistributed within seafloor sediments due to natural or external reasons. The changes in
compressional and shear waves velocities considered within the sensitivity study analysis
prove to be considerable. The ratio V,,/V; appears to be an extremely sensitive parameter
that can be addressed as one of the most reliable seismic indicator of overpressure zones.

The basic model of mechanical properties of seafloor sediments with overpressure
zones has been established in the previous studies. This model was used as a basis for
introducing several scenarios of overpressure zones evolution, namely their upwards and
downwards migration. These changes were analyzed from the perspective of seismic
response of the medium. The obtained results support the idea that the multi-component
seismic registration at sea bottom is needed to better identify and monitor the evolution of
pore pressure zones, because the horizontal component of the wavefield is more informative
for this purpose. Bottom seismometers have been already proposed as a tool for detection
of overpressure zones in the previous study, but seismometers themselves cannot provide
enough information track changes in pore pressure spatial redistribution. It appears that
repetitive seismic surveys at the same sites can be performed, but the errors in seismic
responses implied by technical uncertainties in receiver positioning are of the same level as
changes in seismic surveys caused by overpressure zones evolution. As a result, it is difficult
to distinguish apparent changes in seismic response caused by technical procedures, from
changes caused by natural reasons.

Introduction of permanent seismic monitoring systems installment to seafloor may
be a decent solution of the mentioned problem due to a number of reasons discussed in
the discussion section of the paper. Usage of such systems can decrease geological and
ecological risks of offshore hydrocarbon reservoirs exploitation and development with
corresponding increase in economic efficiency.
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Appendix A

We would like to put the majority of the seismic modeling results here, as the obtained
figures are generally similar. In a same way as for Figure 6 we present seismic modeling re-
sults in a form of seismograms for scenarios 2—6 from Table 1 (Figures A1-A5 respectively).
The figures are organized similarly to Figure 6 as well: each scenario results contain initial
(left column), final (middle column) states and difference (right column) four parameters:
pressure (1st row), vertical velocity (2nd row), horizontal velocity (3rd row), and velocity
curls (4th row). Figures A6—A10 depict the same parameters for the adjusted positions of
the receivers similarly to Figure 7.
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Figure A1l. Wavefields for scenario 2: (a) pressure before transition; (b) pressure after transition;
(c) pressure difference; (d) vertical velocity before transition; (e) vertical velocity after transition;
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transition; (i) horizontal velocity difference; (j) velocity curl before transition; (k) velocity curl after
transition; (1) velocity curl difference.
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Figure A2. Wavefields for scenario 3. Legend is the same as for Figure Al.

Russ. J. Earth. Sci. 2024, 24, ES5007, EDN: SFZTBR, https://doi.org/10.2205/2024es000958

18 of 28


https://elibrary.ru/sfztbr
https://doi.org/10.2205/2024es000958

ON Seismic MoNITORING OF Dynamic OVERPRESSURE ZONES IN SHALLOW MARINE SEDIMENTS

TIKHOTSKIY ET AL.

meters
12 16 20 24 28 32 36 40 44 48

(a)

meters
12 16 20 24 28 32 36 40 44 48

(d)

meters
12 16 20 24 28 32 36

8

44 48

sec

SRR

£

s
meters
12 16 20 24 28 32 36 40 44 48

[N
I 3 320 B Ay 4w =

e

e

—_——— —

(b)

[N

R R R

"~

(e)

[

R LR R R

e

"~

RN R Rk

L

"~

(k)

meters
12 16 20 24 28 32 36 4D 44 48

0.10-

0.124

0.144

et et

(c)

meters
12 16 20 24 2

8

36 40 44 48

0.044

0.06

&

0.104

0.124

0.144

008

meters
12 16 20 24 28 32 36 40 44 48

0.024

0.041

0.061

2
3

0.081

0.104

0.124

0.144

maters
12 16 20 24 28 32 36 40 44 48

0.021

0.044

0.06

Figure A3. Wavefields for scenario 4. Legend is the same as for Figure A1l.

Russ. J. Earth. Sci. 2024, 24, ES5007, EDN: SFZTBR, https://doi.org/10.2205/2024es000958

19 of 28


https://elibrary.ru/sfztbr
https://doi.org/10.2205/2024es000958

ON Seismic MoNITORING OF Dynamic OVERPRESSURE ZONES IN SHALLOW MARINE SEDIMENTS TIKHOTSKIY ET AL.

4 8 12 16 20 24 28 32 36 40 44 48 N 4 8 12 16 20 24 28 32 36 40 44 48 N 48 12 16 20 24 28 32 36 40 44 48
0.02
0.06
0.08 0.08
| .
0.10 0.10 [
5 ; ;
0.12 ! | 012 . 0.12] 3
Pl . }
P |
[ L
Pl . 1
0.14 { | 0.14 L 0.141
Pl L 1
(a) (b) (c)
4 8 12 16 20 24 28 32 36 40 44 48 48 12 1620 24 28 32 36 40 44 48 4 8 12 16 20 24 28 32 36 40 44 48
0.02 ’ 0.02
0.04
i
0.06 ; i
i ;
: |
0.08 t i ¢
| i
i 1 3 IS
i i ! : i
0.0 i ]‘ 0.40 % 2 4 H 4
| b [ ¢ 1 ]
| . [ IEEEN
| IR RN
o.12 | o.12 L i 0.12{ BEEEE
| N SRR
| i i P H T
L P i 4
0.14 { ] 0.14 Pl 0.14 { £t
i ;i P L ! H H
(d) (e) (f)
48 12 16 20 24 28 32 36 40 44 48 48 12 16 20 24 28 32 36 40 44 48 48 12 16 20 24 28 32 36 40 44 48
0.02 0.02 0.02
0.04 0.04 0.04{
0.06 0.06 0.06-
0.08 0.08 1 0.08
!
0.10 0.10 ,t 0.10
0.12 0.12 0.12
i
0.14 014 i 0.141
48 12 16 20 24 28 32 36 40 44 48 48 12 16 20 24 28 32 36 40 44 48
0.02 0.02 0.021
0.04 0.04 3 0.04{
0.06 0.06 0.06
0.08 0.08 0.08
0.10 0.10 0.10
0.12 012 012
0.14 0.14 ) 014
i

(k)

Figure A4. Wavefields for scenario 5. Legend is the same as for Figure Al.
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Figure A5. Wavefields for scenario 6. Legend is the same as for Figure Al.
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Figure A6. Wavefields for scenario 2 with adjusted positions. Legend is the same as for Figure A1.
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Figure A7. Wavefields for scenario 3 with adjusted positions. Legend is the same as for Figure A1.
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Figure A8. Wavefields for scenario 4 with adjusted positions. Legend is the same as for Figure A1.
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Figure A9. Wavefields for scenario 5 with adjusted positions. Legend is the same as for Figure A1.
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Figure A10. Wavefields for scenario 5 with adjusted positions. Legend is the same as for Figure A1.
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CEBEPO-BOCTOYHOI'O KABKABA

X. II. ?)aﬁypa\elaa*’1 , 4. IIL. 3a6ypaes! ™ u A. A. Illaumosal-?

1 Konmmexcuprit HayYHO-HCCIeqoBaTenbcKuil nacrutyT uM. X. V. 6parumosa PAH, I'posuerit, Poccust
2Fp03HeHCKHﬁ rOCyZapCTBEHHBIH HePTIHON TEXHUIECKAN yHIHBEPCUTET UM. aKaJIeMUKa

M. . Muwumonmukosa, ['posusriit, Poccus
* Konrakr: Xasa [[Taxunosna 3abypaesa, eveggne@mail.ru

B craTtbe mpesncraBiiensl pe3ynbraThl paitonnposanust tepputopun Cesepo-Bocrounoro Kaskasa Ha
OCHOBE aHaJN3a reOMOP@OIOTHIECKUX OCOOEHHOCTEN U UX BIIMSTHUS HA OPTAHUBAIUIO PEKPEAINH.
B pabore ucrnomp30Bascss KOMILIEKC METO/IOB, BKJIIOUYasi CHCTEMHBIN, CPABHUTETLHO-TeorpaduaecKuit
u Kaprorpadudecknii, a Takxke nojiepbie nccaenopanust u ['MC-rexunomoruu. [loctpoenne kapt
U CTaTUCTUYECKas 06pabOTKa JAHHBLIX BBIMOJHSJIUCH C IOMOIILIO IIPOrpaMMHOro KoMiuiekca ArcGis.
[lokazana BaykHasi poJib pejibeda B PEKPEAIMOHHON CIEIUAIN3AIUN HCCIIELyeMO TEPPUTOPUN.
PackpbITbI 0COBEHHOCTH METOIOIOTUYECKUX MO/XO0I0B K PEKPEAIMOHHBIM OIIEHKaM pejibeda B TPy-
JlaX OTEYEeCTBEHHBIX M 3apybOekHbIX uccienoBareseil. B mpenenax Ceepo-Bocrounoro Kaskaza
Ha OCHOBE aHAJIN3a KAYECTBEHHBIX U KOJMYECTBEHHBIX XapaKTEPUCTUK peibeda C YIEeTOM IeoJio-
IUYeCKUX, Iajeoreorpaduyeckux 1 JaHIIIA(PTHBIX OCOOEHHOCTEH TEPPUTOPUH, BBIIEJIEHBI IISITh
PEKPEeAInOHHO-TeOMOP(OIOrTYECKUX PAfOHOB: PABHUHHBIN, IPUMOPCKU, IIPEITOPHBINA, BHYTPUTOD-
HBIIl ¥ BBICOKOT'ODHBIN. B KaxK/1oM U3 yKa3aHHBIX PailOHOB 00O3HAYEHBI TYPHUCTCKO-PEKPEAIOHHbIE
PeCypChl U IIPEIOCHIIKN, 00YCIOBIMBAIONINE PA3BUTHE OIIPEJIEJIEHHBIX BUJIOB TYPHUCTCKOU CIle-
UAJIN3aIMNA. B paBHUHHOM peKpearmoHHO-reoMOpPdOJIOrnIecKoOM paiioHe HanboJsiee BocTpeboBa-
HbI HAYYHO-ITI03HABATE/ILHBIHA, JIeUeOHBIN, 03J0POBATE/ILHBIA U STHOKYJILTYPHBIH Typusm. Hapsiay
C UCTOPUKO-KYJIBTYPHBIM HACJIeIUeM B 3TOM palioHe IPE/ICTaBIe€Ha COBPEMEHHAsl apXUTEKTYPa,
K IIpuMepy, ancaM0OJib BHICOTHBIX 37auuii «I'po3ubiii-Cutny B Heuenckoii Peciybiiuke. [Ipumopckuii
pailoH BBITOIHO OTJINYIAETCS BO3MOXKHOCTSAMH JJIsI MOPCKOTO Typu3Mma. IIpenropusiit paiion xapakrte-
PHU3yeTcsl 3HAYUTETbHBIM JAHIIITAMTHBIM PAa3HOOOPA3NEM U HAJIUYNEM PEKPEAIMOHHBIX PECYPCOB:
dayHO-DIOPUCTHIECKNX, KYJIbTYPHO-uCTOpHUYecKux u ap. K nanbosee akTyaabHBIM BHIAM TYyPH3Ma
OTHECEHBI: O3I0POBUTEIBHBIN (TEPPEHKYD, JiecoTepanus, ¢burorepanus, 6aIbHEOTEPAINUS ), CIIOPTHB-
HbI (OXOTHWYIHH, PHIGOJIOBHBIN, KOHHBIH CIIOPT) W HAYYHO-TIO3HABATENbHBIHA. [[j1s1 BHyTpUTOPHOTO
¥ BBICOKOTOPHOTO PAfiOHOB XapaKTepeH 0oJjiee CII0XKHBIA KOHTPACTHBIN pesibed, MOITOMY K Hambosee
aKTyaJ/JIbHBIM HAIIPABJIECHUSIM TYPHU3MAa 3/16Cb OTHECEHBI HAyIHO-TTO3HABATEIBHBIN, T€0IOTTIECKNUIA,

KYyJIbTYyPHO-UCTOPUYIECKHUI, CIIOPTUBHBIN U SKCTPEMAJIbHBINA.

KroueBsie ciioBa: pesibed, reoMOpdOIOTHIECKUE YCIOBUS, PANOHUPOBAHIE, PEKPeaIlsi, TYPU3M,

PEeKpeanoHHO-TeOMOP(OIOrHIeCKUil paiioH.

Huruposanme: 3abypaesa, X. I11., Y. I1I. 3abypaes u A. A. Illannosa
Pexpeannonno-reomopdosorndeckoe paiionnposanune Cesepo-Bocrounoro Kaskasa // Russian
Journal of Earth Sciences. — 2024. — T. 24. — ES5009. — DOI: 10.2205/2024es000982 — EDN:
JWGHDK

BBenenune

Bompocsl TeppuTopuaJibHO OpraH3aun Typu3Ma B KOHTEKCTE ydaeTa 0COOeHHOCTel
IIPOCTPAHCTBEHHBIX MacIITaboB, TeOMOPMOIOTNIECKIX, TPUPOTHO-KINMATHIECKNAX, T€0IKO-
JIOTUIECKUX, TEOMOJINTHIECKAX, COMMAIbHO-IKOHOMIIECKNX (DaKTOPOB U YCJIOBHIL C TABHUX
IOp ABJIAIOTCS IIPEJIMETOM HAYYHBIX JUCKYCCHI.
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PEKPEALINOHHO-TEOMOP®OJIOTMYECKOE PANOHMPOBAHUE CEBEPO-BocTouHOro KABKA3A 3ABYPAEBA U [JIP.

Teomopdomorudeckoe paitoHIPOBAHNE WHTEPIPETUPYETCS B KAYECTBE PA3HOBUIHOCTH
dusuKo-reorpadUIecKoro pafOHNPOBAHUS U MPEJIToIaraeT pa3jejieHue TePpPUTOPUN Ha
vacTu (palioHbl), OTJUYAIONIUECH XapaKTEepOM peiibeda U 0cobeHHOCTIME reoMOPdhOIIo-
IUYECKUX IIPOIECCOB, (POPMUPYIOIIUXCS B PE3yJIbTaTe COBMECTHOI'O JEHCTBUS PA3JIMIHBIX
areHToB Mopdorenesa (reoJIOrM4ecKoe CTPOEHUE, KJIMMAT, [IOYBEHHBIA U PACTUTEIbHBII
HOKPOB, auTponorenubie Gakropor) [Kysemun, 2021]. Teomopdosornueckoe paiionuposanue
OCYIIECTBJISIETCS C YIETOM OIIPEIe/IEHHOIO Habopa CBOUCTB pesibeda B 3aBUCUMOCTH OT IeJIei
HCCJIeIOBaHUIA.

Ilens nannoit paborsl — paiionnpoBanune teppuropuu Cesepo-Bocrounoro Kaskasza
Ha, OCHOBE aHaJIN3a IeoMOP@OJIOITIECKUX OCODEHHOCTEN M MX BJIUSHUS HA OPTaHU3AIIIO
pekpearnuu. TypHCTCKO-PEKpEAIMOHHAST OTPACJb B JIAHHOM PErHOHE 3HAYUTCS B HHCJIE
[IPUOPUTETHBIX CTPATErHIeCKUX HalpasjieHuil passurus |Zaburaeva et al., 2023].

Ceeepo-Bocrounsiit KaBkas ¢ yyeToM ero KOHTAaKTHOI'O MECTOIIOJIOYKEHNUsI BBIOPaH B Kave-
CTBE MOJICJILHOTO O0bEKTa JJIsl UCCIIEJIOBAHUSI BJIUSHASI TeOMOPMOIOITIeCKAX 0COOEHHOCTEH
TOPHBIX PETMOHOB HA OPTaHU3AIUIO pEeKpealnu. JJaHHbI PErMOH BIJEISIeTCS HAMU HA OCHO-
Banuu npejyioxkensoro JI. M. KopbirabiM [Kopumuoid, 2017] nasmmadrHO-6acceiHOBOTO
[I0JIX0/1a, B HGacceiiHax MMpaBbIX IIPUTOKOB P. TepeK U IeJIMKOM B peuHbix bacceitrax Camypa
u Cymnaka. B cooTBETCTBUM ¢ HAIIMM ITOJIXOJIOM TIPUPOHBIE PyOeKN 3aXBATHIBAIOT HA 3aIajlie
JIMITh He3HAUUTENIbHYI0 YacTh CeBeproit Ocernn — AJlaHWM, TO9TOMY K MOPHBIM PErHOHAM
Cesepo-Bocrounoro Kaskaza oranecenbr HYeunst, urymerust u JlarectaH.

YUuThiBas MEXKIUCIUAIIIMHAPHBINA XapaKTep U [eJIh HACTOSIIEr0 UCCIIeI0BAHUS YMECTHO
TOBOPHUTH O PEKPEAITNOHHO-TEOMOP(OIOIMIECKOM PAROHUPOBAHNN, KOTOPOE TIO TIPEJICTaBIe-
HusiM [A6dyanaesa u Bpeduxun, 2018] oTpakaerT B3aMMOCBSI3M MeXKJLy CTPOEHHEM pesibeda
1 byHKITMOHUPOBaHUEeM pekpearnn. V3yaeHnio ocobeHHoCcTel pesibeda B KOHTEKCTE PA3BUTHST
TYypU3Ma U PEKPEeAluy IOCBAIIEHO MHOXKECTBO OT€U4eCTBeHHBIX |Bedenun u Mupownuuenxo,
1969; TI'uspux, 2023; Muponenxo, 1996; Muwypuncrkud v Bpeduzun, 2020] 1 3apyGeKHBIX
[Erdenejargal et al., 2021; Mantymaa et al., 2021; Schirpke et al., 2018; Ziernicka- Wojtaszek
and Malec, 2021| Tpynos.

B paborax [Arora et al., 2020; Ruiz-Pedrosa et al., 2024] mokazano, 9410 reoMophO3UThI
(06BEKTBI TEOMOPGOJIOITIECKOTO HAC/IE/NsI) MOTYT BBICTYIIATh B KAYECTBE BaXKHEHITMX
TYPUCTHIECKUX JOCTOIPUMEIATEHHOCTENH U CTUMYJINPOBATE COMUATHLHO-9KOHOMUIECK UL
POCT TYPHUCTCKOM JIECTUHAIIMK U HA WX OCHOBE Pa3pabOTaHbI MeOTyPUCTUICCKUE MAPIIPYTHI.

T'eomopdosiorndeckoe paitoHHUpOBaHIE U KOMILJIEKCHBIE UCCJIEIOBAHUs pejibeda mpo-
BOJIAATCST U B TIEJIAX CO3J[AHUSI TEONAPKOB, K npuMepy, B ['pysun [Chichinadze, 2022]. Kax
MOJITBEPKIAIOT COBPEMEHHBIE UCCJIEIOBAaHNsA, 3TO aKTyaabHo u s Cesepo-Bocroanoro
Kapkasza [Kapaes u dp., 2021].

MaTepI/Ia.TIbI 1 MEeTOoJUWKa HUCCJIeJOBaHUA

K nacrosiiiemy BpeMeHu pas3paboTaHO MHOXKECTBO METOJUK PEKPEAIMOHHBIX OIEHOK
pesbeda, OTIIMIAIONIMXCST PA3HOOOpa3neM MOX0/I0B U HabopoM mokazareseit. Cpeau orede-
CTBEHHBIX METOMIUK JIOMUHUPYIOT MOJXO/IbI, HA3UPYIONIHecs Ha TPUMEHEHUN OIPE IeJIeHHBIX
MopdomeTpuieckux nokasareneit [A6dyaraesa v Bpeduzun, 2018; Mapdacosa u Ioasdxu-
na, 2020] 1 METOMIBI, MPEIIOJIATAIOIINE UCIOIb30BAHIE HEUNCIOBBIX KPUTEPHH (TI0JIeBbie
nccnenosanus) [Jlocw, 2017].

B 3apybekHbIX HayJIHBIX UCCIEIOBAHUSX HAMOOJIEE TaCTO BCTPEYAIOTCS METOIUKU
OIEHKM TYPUCTHUYECKOI IIPUBJIEKATEJILHOCTH KAK HA OCHOBE OIEHKU 3CTETUYECKUX CBOMCTB
gapmmadra, Kinmarudeckoii komdopruocru [Hou et al., 2022, Tak u crarucTudecKux
METO/IOB aHAJIN3a, BRIPAXKAIONINX aTTPAKTUBHOCTD OTJAEIbHBIX KOMIIOHEHTOB JIaHImadTa
(pesibed, mouBBI, pacTuTesNbHOCT U ap.) | Vukoicié et al., 2022]. B paGore [Bayrak and
Teodorovych, 2020| npemioxkeHa METOIMKA, PACCINTAHHAS KAK Ha OIEHKY TYPHCTHIECKON
[IPUBJIEKATEJILHOCTU MIPUPOJIHBIX PECYyPCoB (reoMopdOoIOrudecKue yeaoBus, KOJUIECTBO
reoJIOrNIeCKNX U TeoMOPGOIOrIIECKUX 00BEKTOB U JIP.), TAK M OIEHKY TYPUCTUIECKOM
nHOPACTPYKTYPBI, TPAHCIIOPTHON JIOCTYITHOCTH U TYPUCTUIECKOIO PEHTHHI TEPPUTOPUN.
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B nmammoit paboTe aHAIN3UPOBAINCH MTOKA3aTe N pebeda - abCOTIOTHAST BBICOTA U KPY-
THU3HA CKJIOHOB, B HANOOJIBIIEN CTEIEHN BJIASIONIIE HA TYPUCTCKO-PEKPEATIMOHHYIO CIIeIHAH-
zanuto. OHU TPAIUIMOHHO HAXO/IAT IIPUMEHEHIE B KAYeCTBE IapAMETPOB JIJIsT PEKPEAIlnOHHOM
onerku pesbeda [Mapdacosa u Toaadkuna, 2020]. B pabore ucronbzosana nudposast MOJIEb
peisedba FABDEM c¢ paszpemniennem 30 M Ha nukcesib. [locTpoeHune KapT U CTATHCTHYECKAST
06paboTKa, JIAHHBIX BBIMOJIHSJIICH C MOMOIIBIO TporpaMMHOro Komijiekca ArcGis.

Teomopdosiornyeckue ycIoBUs UCCIIEI0BAIUCEH C IOMOIIBI0 KOMILJIEKCA METOJIOB, BKJIIO-
4asi TI0JIEBbIE UCCJIEIOBAHNUS, CHCTEMHBIN, CDAaBHUTEILHO-Teorpadudeckuii u kaprorpadude-
ckuit MeTozpl. [Ipu BeLIEICHIN PaiioHOB TPeobIasal MOPGOJIOrHIeCKI MPUHIUIL. | DaHUIIbI
PEeKpeaIoHHO-TeOMOP(OIOTTIECKUX PAROHOB ITPOBOIINCH C YIETOM BBIIIOJIHEHHOI'O PaHee
dbusuko-reorpaduaeckoro paiornposanus reppuropun Pecrybimku Harecran (PII) [Axaes
u dp., 1996] u Yeuenckoit Pecuybmuxu (UP) [Ionosaés, 2005]. B upenenax UYP u Peciy6in-
ku Nurymerus: (PY) oHM yTOYHSAINCH aBTOPAMHU HA OCHOBE CHHTE3a, [TOJIyY€HHOMN KapThl
nPOBLIX MOjiesell pesibeda U TeOTOTHIECKON KapThl.

Pe3yabraTst
TI'eomopcpostormgeckne ocobennoctu reppuropun Cepepo-Bocrouroro KaBkaza Kak OCHOBA
PEKPEeAITHOHHOT'O MOTEHITHAJIA

Teppuropusi Cesepo-Bocrounoro Kaekaza (CBK) orrocuTcest K oporpadutieckoMy KOM-
mwrekcy Bosbmoro Kaskasza, koTopbiit siBiisiercst acThio Kpbimcko-KaBkasckoit ckiiamaaToit
CTPAHBI U XaPAKTEPU3yeTCsl 3HAYUTEJHLHBIM PA3HO0Opa3neM reoMOPGOIOrTIECKAX YCIOBUN.
DHJIOreHHbIE U 9K30TeHHbIe (DaKTOPHI, OJIHOBPEMEHHO ITPOSIBJISIONINECS] B IPOCTPAHCTBE U BO
BpeMeHH, 00YCJIOBIUIN (POPMUPOBAHNE COBPEMEHHOTO MOP(OCTPYKTYPHOIO PE3KO KOHTPACT-
uworo pesibedpa CBK co cBOOBO-IIIBIOOBBIMU MOJHATHSIMI B COYETAHUH C MPEATOPHBIMUI
U MEXKI'OPHBIMH JIEIPECCUAME U [IyboKnMHU yiienbsivu [Axaes u dp., 1996; Ionosaés, 2005;
[ouenko, 2021]. B pabore [Amaes u Bpamkos, 2015] uccsenoBanbl KiaccubUKaInOHHbBIE
epununpl (Kiaccesl) dangmadros Harecrana. Ha CBK ¢ ceBepa Ha 1or cMeHsIIOT ApyT Apyra
30HBI MOJIYITyCTHIHB, CTEMel, JIeCOCTeIell, TOPHBIX JIECOB, JIYTOB U HUBAJIbHAS 30HA.

Amnayms pesbedpa CBK u ero rumncomerpudecknx XapakKTEpPUCTUK C IIOMOIIBIO M POBBIX
MoJieJielt pebeda Ha OCHOBE JAHHBIX JUCTAHIIMOHHOTO 30HINPOBAHUST JIEMOHCTPUPYET HIHPO-
KUl Uana30H BEICOTHBIX OTMETOK: OT OTPUIATETHLHBIX — JI0 3 THIC. M U BbIlIe. B cooTBeTcTBUN
CO IIKAJION peKpealnoHHOi oreHKu pesbeda o B. B. Hedemnosoit u E. JI. CmupHoBOit
[ Pexpeayuonnoe ucnoavaosarue meppumoputdl u orpana secos, 1980], perbed Gombimeit
YACTH UCCIIEyeMON TePPUTOPUN MOYKHO OTHECTH K KATErOPUSM «HAUJIYUIIAN» U «XOPOIIUii»
JIJIsl TYPUCTCKO-PEKPEAIMOHHON 1eITeIbHOCTU. B X0/e HaIlnX 1M0JIEBBIX UCC/IEIOBAHMI ObLITI
[IOJITBEPIKIEHBI PE3YJILTATHI, ToJIy4ueHHbIe ¢ omolbio ['MIC-Trexnosoruii. Paitonsr ¢ «Han-
JIYHIAM» ¥ «XOPOIIMM» PEIbedOM JIJIsi PA3BUTHUS TyPU3Ma U PEKPearui XapaKTepu3yoTcs
6oJ1ee BBICOKOM 3CTETHIECKON MPUBJIEKATEBHOCTHIO U HanOOIee OJIArONPUSITHBIME YCIOBUSI-
MU 1151 JIe4eOHO-03/I0POBUTEILHOTO, CIIOPTUBHOIO, SKCTPEMAJIBHOIO ¥ UHBIX BUJOB TYpPU3MA
(puc. 1, puc. 2).

Pekpearnonno-reomopoiornieckue pationnt Cepepo-Bocrounoro Kaskasa

Ha ocnoBe amasm3a KaueCTBEHHBIX U KOJMIECTBEHHBIX XaPAKTEPUCTHK pesrbeda, ¢ yde-
TOM pa3JInddii B €0JIOTMIECKOM CTPOEHHH, Iajieoreorpaduieckux ocobenHocTeir popmMu-
pOBaHUsI TEPPUTOPUU W BUJIOB PEKPEAIMOHHON HesiTesibHOCTH B mpejenax CBK moxHO
BBIJIEJIUTD 1ISTh PEKpeannoHHo-reoMopdoiiorundeckux paiionos (PIT'P).

Vbl HaKJIOHA IMOBEPXHOCTH, HApPSIAy C WX TUICOMETPHUEl, OTHOCATCA K YHUCILY
BaKHEMINX MOP(MOMETPUIECKHUX [1aPAMETPOB, OIIEHUBAEMbBIX B UCCJIEJOBAHUSIX pesibeda
IJ1d Tesieil pexkpeanuyu u TypusMa. Paciipejiesienrie BBIJIEJIEHHBIX HAMH DPEKPEAIOHHO-
reoMOpPdOIOTUIECKUX PAOHOB IO TUIICOMETPUIECKUM OTMETKAM W B 3aBUCHUMOCTHU OT
KPYTHU3HBI CKJIOHOB TOKa3aHO Ha puc. 3 u B Tabiunax | u 2. ludpamu Ha Kapre 060-
3HaYEHBl PEKPEAMOHHO-TeOMOP(OTOTHIECKE PAMOHDL: 1 - paBHUHHBIN, 2- TPUMOPCKUil, 3 -
TIPEeATOPHEIN, 4 — BHYTPUTOPHBIN, 5 — BBICOKOTOPHBI.
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Puc. 1. ITIpumep mamryurmrero penaveda: [laroiickmii paiton (Yeuenckasa Pecy6nmka), 2024 .

Puc. 2. [Ipumep nebraronpustHoro peabeda: Tapymosckuit paiton (Pecnybmmka larecran), 2024 r.

Pasnunnviti PIP sanuvaer obmmpiyio Tepputopuio CBK (48,3%) B npesenax Tepcko-
Kywmckoit nusmennoctu (puc. 4). 31ech JIOMUHUDPYIOT CJIEAYIOIIAE TUIIBL JaHmadToB:
OJTYILyCTBIHH, JIEJBTHI (JyrOBO-O60JI0OTHO-CTEIHbIE) U CTelH. B reoIornueckoM OTHOIIEHNH
nauubii PI'P npenMyIecTBeHHO CI0YKeH YeTBEPTUIHBIMA OTIIOXKEHUsAMU (TJIMHBI, TIECKH,
raJIeTHUKN U CyTimuKn) |3abypaesa u Kpacnos, 2015]. B npemenax PII 31ech oTMeqaoTes
BbIcOTHI 710 100 M, a KpyTu3Ha ckJioHOB Ji0 2°. Ha 3amajie manHoro paiioHa B mpejiesiax
PU u YP pacnosioxkennr Tepckuit 1 CyH>KeHCKHUII 1 XpeOThI ¢ abCOJIIOTHBIME BBICOTAMU
mo 707 m u mo 872 M, coorBercTBeHHO. Hanmbosiee 3Ha9MMbIE TYPUCTCKO-PEKPEAITNOHHBIE
pecypebl: GasbaeoIorndeckue (JiedeOHbIe BOJbI, MEJIOU/IbI) U KYJIbTYPHO-UCcTOprYecKue (1a-
MSTHUKH UCTOPUHU M KYJIBTYDBI, My3eliHble KOMIUIEKCHI). TakKe 3/1eCh PACIOIOKEHBI 0CO60
oxpansiembre ipupogabie Tepputopun (OOIIT) n o6bexThr ([larecTaHckuii 3aT0BETHUK,
sakazaukn: Horaiickuit, Tapymosckuit, XamamarooproBckuii, Cremnnoit, [TapabodeBckuii
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Puc. 3. Bricorable ormerkm (A) m kpyrmsna ckioHoB (B) B mpenesnax pekpeanumoHHO-

reomopdostoruueckux paiionos Cesepo-Bocrounoro Kaskaza.

u ;Lp.). Bosmozknast cniermam3ariust: jedeOHbli, 03I0POBUTEIbHDIN, CIIOPTUBHBIH (BO;LHBHZ,
PBIGOJIOBHDI ), HAY YHO-TI03HABATE/ILHBIA U 9THOKYJIBTYPHBIHA TYPHU3M.

Ilpumopcruti PI'P MOXXHO paccMaTpUBaTh B KAYeCTBE MPOJIOJIXKEHUsT pABHUHHOTO TI0-
Gepexbs Kacruiickoro Mopsi, OJHAKO B Ie0JIOTMIECKON (TeHeTHIECKOl) KiaccupuKamm
OTHOCUTCS K CKJIa9aThiM cTpyKTypaM Kaskasa. 3annMaer HamMmeHbIryio 1iomais CBK
(2,3%). Hyst aToro paiiona xapaxTepHbl BHICOTBI 10 200 M, MeCTaMU MPEBBINIAsA JAHHBIE
ormerku. Jlumb 0koj10 4% 9TOI TEeppUTOPUE XapaKTepU3yeTcs HAJIUIUEM CKJIOHOB KPy-
Tu3Ho# Oosiee 6°. JlammmadTHyio ocHOBYy DOPMHUPYIOT MOPCKHE Teppachl. Barkueiimme
TYPHUCTCKO-PEKPEAIMOHHBIE PECYPCBL: ILISIZKHO-MOPCKUE (BOJIHbBIE, YHUKAJILHBIE GEPEroBbIe
sgaHmadTh), 1e9e6H0-0310POBUTENbHBIE (KIMMATHIECKHE, JleueOHble BOJBI, TIIOU b, (Qui-
Topecypcehl). 3xech hyHKInOHUpyeT Hambosbinee KommdecTBo (okoso 70%) canaTopho-
kypoptubix opranusarnuii CBK. B uucie nanbosiee BOCTpeOOBAHHBIX U PA3BUTHIX BUJIOB
Typu3Ma: MOPCKON (HJIH}KHbIﬁ, AXTUHD, MOPCKOI KaHKI/IHF), Jie9eOHO-03J0POBUTE IBHBII
(tasmaccorepamnusi, dpuToTepanus, 6aabHEOTEPAIINS, EJOUJIOTEPATINsI) U IKCTPEMAIHHBIH
(BeitkGopauHT, TUAPODIIAIT).

s npedzoprozo PI'P TunmdeH pa3HOBBICOTHBIN penbed ¢ mepenamamu ot 0-100 M 10
1600-1800 M, a moBepxHOCTH ¢ yKJOoHOM 6osiee 15° cocrapisaior okoso 10%. Paiion zamm-
Maer okosio 13% reppuropun CBK n xapakTepusyercss 3HAYUTEIbHBIM JIAHIMIAMDTHBIM
pazHoobpasueM (CTenu, JeCcoCTenu, TOPHBIE JIECA U TOPHbBIE Jiyra). [eooruaeckyio OCHOBY
bopMuPYIOT, TIIABHBIM 00PA30M, OTJIOKEHUsI HEOT€HOBOI'O BO3PACTa (M3BECTHSIKM, TJIMHBI,
MeCUAaHNKH, MEPresn U 1p.). JaHHbIN pafioH OXBATHIBAET 3HAUUTENBHYIO 9aCTh JlecumcToro

Russ. J. Earth. Sci. 2024, 24, ES5009, https://doi.org/10.2205/2024es000982 5 of 13


https://doi.org/10.2205/2024es000982

PEKPEALU/IOHHO—FEOMOPQ)OJ'IOFI/ILIECKOE PATIOHNPOBAHUE CEBEPO-BocTOouHOro KABKABA

3ABYPAEBA U [JIP.

Tabmmma 1. ['mncomerpudeckne OTMETKH PpeEKpPearmoHHO-reoMopdosiorndeckux paiionos Cesepo-

Bocrounoro Kaskasza

g;zfsilf IIpumopckmit PaBaunnbrit IIpenropusrit }3:;::111;11- ]32;?3;- Nroro
Huxe 0 472 15807 0 0 0 16279
0-100 859 11622 41 0 0 12522
100-200 197 2343 569 0 0 3109
200-400 93 3143 2091 11 0 5338
400-600 1 692 2830 132 0 3655
600-800 0 99 2161 486 16 2762
800-1000 0 2 905 1008 53 1968
1000-1200 0 0 288 1537 129 1954
1200-1400 0 0 94 1870 232 2196
1400-1600 0 0 17 1931 387 2335
1600-1800 0 0 2 1895 597 2494
1800-2000 0 0 0 1854 823 2677
2000-3000 0 0 0 3639 6211 9850
Brrmre 3000 0 0 0 74 2453 2527
1622 33708 8998 14437 10901 69666

Tabmuma 2. KpyrnsHa CKIJIOHOB B Ipefieiax peKpeanuoHHO-reoMopdosiorndeckux paiionoB Cesepo-

Bocrounoro Kaskasza

E;;Ei’az IIpumopcknit PapuunnbIit IIpenropusiit  Buyrpuropusiy Bwicokoropusbrii toro
0-2 1258 29719 613 77 21 31688
2-4 245 2059 1222 328 47 3901
4-6 43 711 1200 560 83 2597
6-8 24 449 1226 742 118 2559
8-10 22 321 1215 889 161 2608
10-15 24 376 2163 2614 659 5836
15-20 5 61 873 2778 1112 4829
20-25 1 8 305 2467 1596 4377
25-30 0 2 113 1882 2125 4122
30-35 0 1 44 1231 2539 3815
35-40 0 0 17 578 1797 2392
40-45 0 0 4 185 518 707
45-50 0 0 1 65 101 167
50-60 0 0 1 39 22 62
Bouee 60 0 0 0 4 2 6
1622 33707 8997 14439 10901 69666

xpebra (YepHbix rop). HanGobIyo TypUCTCKO-PEKPEAIMOHHYO [IEHHOCTh TPEJICTABIISAIOT
dayno-daopuctuyeckne u KyJabTyPHO-UCTOPUIECKIE PeCyPChl. Bupl Typusma, akTyabHbe
s naaaoro PI'P: o3goposuTenbhblii (TeppeHKyp, jecorepanus, dpurorepanus, 6ajibHeoTe-
panmsi), CIIOPTUBHBIN (OXOTHUYMH, PHIGOJIOBHBIN, KOHHBIN CIIOPT), HAYIHO-II03HABATELHBIH

u Jap.

Brympuzoproi PI'P 3anumaer okoso 1/5 reppuropuun CBK npeumyniecrsenno B u-
TepBaJjie BbicoT or 200-400 mo 3000 M u BwImme. /s HEro XapaKTepHbI CJISTYIONINE JTaH -

madTHBIE 30HBI: TOPHBIX CTeIell, TOPHBIX JIECOB U TOPHBIX JIYTOB.

B mpenenax enympuzoprozo PI'P momuuupyior Beicots or 800 mo 3000 M u CKIOHBI

kpyTusHoit 10-35°. B reosiormyeckom mjiaHe TepPUTOPHST PaiOHa CJI0XKEHA OTJIOXKEHUSIMU
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Puc. 4. Pekpeanmonno-reomopdoliorndeckoe paitoruposanne CeBepo-Bocrounoro Kaskaza

MeJIOBOTO (M3BECTHAKM, IECIAHUKY, JTOJOMUTHI, MEPreJiv, TJIMHbI) U IOPCKOro (M3BECTHSKY,
necuaHuKy u Jp.) Bospacros. CioxHbI xapakrep pesnbeda ayTpuropsoro PP, a takxe
3CTETUKA TOPHBIX JIAHIIAMTOB, HAJIMINE TOPHBIX PEK, 03€p U APYIUX O0HEKTOB CO3/AI0T
MHOKECTBO IIPETIOCHLIOK JJIsi PA3BUTHUS KaK HAYIHO-TIO3HABATEIHHOTO, T€OJIOTUIECKOTO,
KYJIbTYPHO-UCTOPUYIECKOTO, TAK CIIOPTUBHOTO U MPUKJIOUYEHIECKOIO TYPU3MA PASIMIHBIX
KaTEropuil CI0KHOCTH (criesieoTypusM, poTooX0Ta, padTHHT, FOPHOJBIKHBIA 1 Ap.).

Buwicokozoproiti PI'P 3armvaet roxkuayo dacts PU, YP u PJI B npenenax ropHbIx jecoB
¥ TOPHBIX JIYTOB. 3/I€Ch IIPOXOIUT IOCYIAPCTBEHHAs T'PAHUIIA HAIIEHl CTpaHbl. XapaKTepPHBIi
nnTepsas BbicorT oT 600-800 m0 3000 M u BhImE. Pesbed chopMupoBan npenmMyInecTBEHHO
OTJIO’KEHUSIMU IOPCKOI0 11epuojia (IJIMHUCTBIE CIAHIbI, IeCUAHUKY, U3BECTHSIKH, JOJOMUTHI).
3uech paciosiozkeno MuoxkecTBo xpebros (Cuerosoit, Borocckuii, Kupuoru, Toabreimar
U Jp.), OT/eIbHbIE BEPIINHBI KOTOPHIX BO3BBIMAKTCS Gostee ueM Ha 4 Thic. M H.y.M. ([nk-
socmta, TeGymoemra, Basaprosu, Bummneit, Boganait, [TanGysmar u ap.) [Amaes, 2012;
Tonosaés, 2005]. Janublil paiioH XapakTepusyercs: 60j1ee CIOKHBIMU yCIOBUAME JJIst TY-
pusma u pekpearuu. OCHOBHasi €ro TEPPUTOPHUs TPYIHOAOCTYIIHA. Boicokoropusbrit PI'P
[IOJIXO/IAT IPEUMYIIIECTBEHHO JJIs CJIOKHBIX, TPEOYIOIIIX CIIENHAIbLHON IOJATOTOBKY U OIBITA,
TYPUCTHIECKUX IMTOXOJI0OB. llepCrieKTUBHBIE BUABI Typu3Ma: reOJIOTHIeCKUil, CIIOPTUBHBIN
(MOXO/HBIH, NOPHOJIBIKHBIN, CIIEJICOTYPU3M ), SKCTPEMAJIBHBIH (AJIBIINHA3M).

T'eonornueckue u reomopdosiornyeckne 00bEKThI, KaK IIPABUJIO, 00JIa/IaI0T 0COOBIMU
[CHXOJIOTO-3CTETUYECKUMU ¥ HH2KEHEPHO-TEOJIOTMIeCKIME cBoficTBamu |Lima et al., 2023).
B ropmoii 3ome CBK cocpemoToueno HeMaso TaKuxX 00bEKTOB, IYTO CO3MAET MPEIITOCHIIKI
JIJISI COTIPSIPKEHHOT'O PA3BUTHS I'€OJIOTMYECKOr0 TYPU3Ma C JIPYTUMU HAIIPABJIEHUSAMHI SKOTY-
pusma [3abypaesa u dp., 2023|. HeKOTOPHIMI MCCIIEIOBATENSIME OHA WHTEPIPETAPYIOTCS
B Ka4eCTBe OCHOBHOTO Pecypca He TOJIBKO JIJIsi Te0TyPUCTHIECKO, HO 1 Te000pa30BaTeIbHOM
nesrrensuoctu [Kubalikovd et al., 2020].
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Cumcok JmTepaTypsl

3akiroueHue

Pesysibrars! ucciaeoBaHust IOATBEPKIAIOT, YTO peJibed UIpaeT BeyILyIO POJib B pe-
KPEAIMOHHO CHeNUaIN3aIil UCCIIe/lyeMOil TEDPUTOPUH U BLICTYIIAET OCHOBOII myist (hopmMu-
pOBaHUs PEKPEAMOHHBIX cucTeM. BOBIEeUeHHOCTD pesbeda B TyPUCTCKO-PEKPEATTMOHHY IO
JIeSITEJIbHOCTD MIPOSIBJISIETCSI [TO-PA3HOMY — OT 3PUTEILHOIO BOCHPUATHS, TIO3BOJISIIOIIErO Y10~
BJIETBOPATH IICUXOJIOTMYECKNE IIOTPEOHOCTU TYPHUCTOB, 10 OPraHU3AIINN O3/[0POBUTEIHHBIX,
CIHOPTHUBHBIX U UHBIX TYPUCTCKO-PEKPEAINOHHBIX 3aHATUI.

Ha ocuoBe amanmza penbeda u €ro rUCOMETPUIECKUX XAPAKTEPUCTUK C YIETOM
re0JIOTUIECKUX, ajleoreorpadpudecKux, JaHmnadTHeIX ocobenHocreil Teppuropuu CeBepo-
Bocrounoro KaBkaza BbIeeHbI TATH PEKPEAITMOHHO-TEOMOPGOTOTHIECKUX paitoros. Jlam-
HbIE PaflOHBI XapaKTEpU3yIOTCs OMPEIEIEHHBIM HAOOPOM TYPHUCTCKO-PEKPEAIMOHHBIX PECYP-
COB U PA3JINYHOMN TYPUCTCKOI CIEIUAIU3AIMel — OT HAayYHO-II03HABATEILHOTO U STHOKYJIb-
TYPHOIO TyPH3Ma B PABHIHHHOM, ILISI?)KHOT'O ¥ BOJIHOTO — B IIPIMOPCKOM, 10 T'€0JIOIMYeCKOr0,
CIIOPTUBHO-03/TOPOBUTEILHOTO U IKCTPEMAJIBLHOTO B MPEITOPHOM, BHYTPUTOPHOM U BBICOKO-
TOPHOM PEKPeaIlmoOHHO-reoOMOPGOJIOTHIECKUX PaloHAX.

B nacrosiiee BpeMs B pAaBHUHHOM PEKPEAIMOHHO-TeoMOPd0I0ornieckoM pajione Hau-
boutee BOCTpeOOBAHBI HAYTHO-ITO3HABATEBHBI, JIE9€OHBIN, 030POBUTE/BHBIN 1 STHOKY/Ib-
TYpHBIH TypusM. Hapsiiy ¢ nCTOpuKO-KyJIBTYPHBIM HACJIEINEM 37eCh IIPEICTABIEHA COBPE-
MEHHAasl apXUTEKTypa. I[puMopCcKuii pailoH BBIJIEISIETC YHUKAJIBHBIM COYeTaHUEM ILISIZKHO-
PEKPeaIrnoHHbIX PECyPCOB U MOPCKHX JjanmimadToB. B aTroMm paiione mnpegcraBiaeHbl pas-
HOOOpaszHble BUIbI MOPCKOro Typusma. OHAKO perienue psja mpobieM (HU3KU ypPOBEHb
pa3BUTHUsI TYPHUCTCKO-PEKPEAIMOHHON U TPAHCIIOPTHONH NH(MPACTPYKTYPbI, CTPOUTEILHOM
6a3bl, ciaboe BHEAPEHNE HHHOBAIIMOHHO-TEXHOJIOIMYECKUX PEIIeHUil U JIp.) O3BOJIUT 3HA-
9UTEILHO PACIIMPUTH CIEKTP OKA3BIBAEMBIX TYPUCTCKO-PDEKPEAIIMOHHBIX YCJIYT U BHIBECTH
MOPCKOIl TypH3M Ha COBEPIIIEHHO JAPYIoil yPOBEHb Pa3BUTHUsL. B MpearopHoM paiioHe, HECMOT-
ps Ha 3HAYUTEBHBII TYPHUCTCKO-PEKPEAIINOHHbBIN TOTEHIINAN, Hanbojiee BOCTPEOOBAHHBIMU
BUJIAMU OTJBIXa OCTAIOTCH O3I0POBUTEILHDI (TYDBl «BBIXOIHOIO JHS» U JIP.) U CIIOPTUBHbILIH
(pBIGOJIOBHDII, OXOTHUYHIL 1 JD. ).

Teppuropusi BHyTPUIOPHOIO M BHICOKOTOPHOT'O PaiflOHOB XapaKTepu3yeTcs: Dojiee CII0XK-
HBIM KOHTPACTHBIM PeIbedOM, MOITOMY 3a9aCTyIO UCIIOJIb3YETCs IS CJIOXKHBLIX, Tpedy-
FOIIUX CIEIUAJIbHOM MTOJINOTOBKY U OIBITAa, TyPUCTCKUX 1OX01a0B. Hanbosiee akTyabHbBIE
HAIIPABJIEHUs] TYPU3Ma: HayYHO-II03HABATE IbHBII, M€0JIOIMIeCKUil, KYJIbTYPHO-UCTOPHIECKUA,
CHOPTUBHBIA U 3KCTPEMAaJIbHBIA.

Iiist Gostee 3pPEKTUBHOTO PA3BUTHUS TYPHUCTCKO-PEKPEAITMOHHOIO KOMILIEKCA TOPHBIX
TepPUTOPHUIL, HAPSILY C HAYIHBIMU UCCJIEOBAHUAMU MeOMOP(OIOrTIeCKOr0 HACIe/IHs U OIEH-
KOl I€0TYPUCTUIECKOrO HOTEHIINAIA BAZKHASL POJIb OTBOJIUTCS €ro HPOABUKEHMIO (peKJiama,),
YTO IOATBEPXKIAIOT PsiJl ucciaenoanuit [Bosson and Reynard, 2012; Uncu and Karakoca,
2019]. B pernonax CBK sra npobiieMa 3a9acTyio OCI0XKHSIETCS U HETATUBHBIM UMHJKeM, Ghop-
MHUDYeMBIM CDP€JICTBaMU MaccoBoil nndopmanuu. B gucie Apyrux caabdbIX CTOPOH U yIPo3 —
[O/IBEPXKEHHOCTD UCCJIE/LyeMON TePPUTOPUH SK30I€OJANHAMUYECKUM IporeccaM (BojHas Ipo-
3Msl, JIABUHBI, ONOJI3HHU, CEJIM, BBICOKasl CEHCMUYHOCTD U Ap.) [3abypaesa u Kpacros, 2015],
KOTODBIE CJIEJIyeT yUUTHIBATH B uX passutuu [Babewrko u dp., 2024].

Baaromapraoctu. UccnemoBanue BBIOTHEHO 32 cder rpanta Poccuiickoro Hayanoro dhoHza
(mpoekt Ne23-17-00218 «DKOJIOrHIeCKUil TYPU3M U PEKPEAIMOHHOE [IPUPOIOIIOIH30BAHNE Ha
Cesepo-Bocrounom Kaskazes ).
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RECREATIONAL-GEOMORPHOLOGICAL ZONING OF THE
NORTH-EASTERN CAUCASUS

Kh. Sh. Zaburaeva**1@®, Ch. Sh. Zaburaev!®, and A. A. Shaipoval:2

1Kh. Ibragimov Complex Institute of the Russian Academy of Sciences, Grozny, Russia
2Millionshchikov Grozny State Oil Technical University, Grozny, Russia
**Correspondence to: Khava Zaburaeva, eveggne@mail.ru.

The article presents the results of zoning of the territory of the North-Eastern Caucasus based on
the analysis of geomorphological features and their influence on the organization of recreation. The
following methods were used in this work: systematic, comparative-geographical and cartographic,
as well as field studies and GIS-technologies. Map construction and statistical data processing were
performed using ArcGis software package. The important role of relief in recreational specialization
of the study area is shown. The features of methodological approaches to recreational assessments
of relief in the works of domestic and foreign researchers are revealed. On the territory of the North-
Eastern Caucasus on the basis of the analysis of qualitative and quantitative characteristics
of relief taking into account the geological, paleogeographical and landscape features of the
territory, five recreational-geomorphological districts were identified: plains, primorsky, foothills,
intra-mountain and highland. In each of the indicated districts the tourism and recreational
resources and prerequisites determining the development of certain types of tourist specialization
are shown. In the plain recreational-geomorphologic district the most demanded are scientific-
cognitive, therapeutic, health-improving and ethno-cultural tourism. Alongside the historical and
cultural heritage, the area has modern architecture, such as the Grozny-City high-rise building
ensemble in the Chechen Republic. Primorsky district is favorably distinguished by opportunities for
sea tourism. The foothill district is characterized by significant landscape diversity and the presence
of recreational resources: fauna and flora, cultural and historical, etc. The most relevant types
of tourism include: health-improving (terrenekur, forest therapy, phytotherapy, balneotherapy),
sports (hunting, fishing, equestrian sports) and scientific-cognitive tourism. Intra-mountainous and
highland areas are characterized by more complex contrasting relief, so the most relevant areas of

tourism here include scientific-cognitive, geological, cultural-historical, sports and extreme tourism.
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Abstract: The remote sensing analysis within the Hu'u District area is known to face a challenge with
dense vegetation. The problem affects the accurate reading of spectral reflectance from satellites,
influencing the differentiation between potential mineral zones and vegetation. Therefore, this study
aims to carry out a remote sensing analysis of densely vegetated areas to differentiate minerals from
vegetation and obtain potential mineral zones. The combination band ratios and principal component
analysis (PCA) methods are used to acquire potential mineral zones. Furthermore, Landsat 8 images
freely available on Google Earth Engine are adopted and the validation is carried out using a drill
hole from previous study. The results show that band ratios method cannot distinguish mineral
zones from vegetation. However, PCA method can recognize potential mineral zones. This is the
result from PCA method with band combination of bands 1, 2, 3, 4, 5, and 6 as the first group and
band 2, 4, 5, and 6 as the second group.

Keywords: Landsat 8, Band Ratio, Principal Component Analysis, Mineral, Densely Vegetated Areas.
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1. Introduction

Geological mapping is perceived as an indispensable component across different disci-
plines and applications. In this context, remote sensing datasets have been developed as
a cost-effective, efficacious, as well as temporally and labor-efficient methodology, partic-
ularly when subjected to traditional approaches of field mapping. Landsat data has also
been extensively deployed for tasks such as discriminating among rock units, deciphering
lineaments, and showing hydrothermal alterations. Due to economic concerns, mineral
mapping using satellite data speeds up exploration, lowers expenses, as well as accurately
and quickly identifies broad regions [Aita and Omar, 2021; Bakardjiev and Popov, 2015; Hede
et al., 2015; Shebl and Csamer, 2021].

Optical appraisal of aerial pictures has been leveraged to correctly show these for-
mations, particularly linear structures or lineaments. In the present era, with the advent
of Geographic Information System (GIS) expertise, the high-resolution data gained from
photos, autonomous parsing of satellite images, and Landsat, is strongly propagated [Tukod-
jou Wambo et al., 2016]. Alteration mineral indices such as the OH-bearing, pyrophyllite,
kaolinite, alunite, and calcite were established by detecting argillic, phyllic, and propylitic
alternations in epithermal deposit and porphyry copper deposit using Landsat 8 [Ombiro
et al., 2021; Parcutela et al., 2022; Shim et al., 2021; Zhang et al., 2016]).

Several studies have focused on methodologies to show geological structures by taking
advantage of Principal Component Analysis (PCA) and Band Ratio (BR) among other tech-
niques. The use of the conventional PCA approach may substantially enhance the precision
of geological mapping, facilitating a more accurate identification and interpretation of
geospatial and spectral data [Carranza and Hale, 2002; Chen et al., 2021; Ghasemi et al.,
2018].
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2. Study Area

The study area is located within the Hu'u district, Dompu Regency on Sumbawa
Island, situated in West Nusa Tenggara, Indonesia, as seen in Figure 1. It forms a portion
of the territory 50 under projects managed by PT Sumbawa Timur Mining (PT STM).
Within the district, there exist three principal porphyry Cu-Au prospects, specifically the
Humpa Leu East, Sori Hiu, and Onto prospects [Fadlin et al., 2023]. The district has been
hypothesized to be a paleovolcano, characterized by Upper Miocene Basaltic Andesite lava,
with radiometric dating at an age of 5 + 0.2 Ma years. Regionally, the rock formations
are categorized as constituents of the Old Volcanics Rocks Formation [Verdiansyah et al.,
2023]. The Hu'u intricate features various surface possibilities, manifested as a lithocap
of widespread epithermal-style alteration but some are connected to a porphyry situated
underneath the ground [Verdiansyah et al., 2021].

The Hu'u project region is situated at the junction of many significant fault zones,
according to a seismotectonic assessment. A significant sinistral fault with an NW trend is
projected across the region from the southwest face of the Tambora volcano. Furthermore,
a significant dextral fault with an NE trend extends along the bay straight west of the Hu'u
region [Burrows et al., 2020].
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Figure 1. Hu'u District, West Nusa Tenggara, Indonesia as the study area.

3. Method
3.1. Images Data

The visible and shortwave bands of the Landsat 8 image were thought to be useful
for identifying the type of mineral based on its spectral signature or spectral reflection
properties [Setianto et al., 2021].

Landsat 8 data used is freely obtained from Google Earth Engine as a compilation
of images from April 2013 to 2023. This data is pre-configured in a Top of Atmosphere
(TOA) format after radiometric and geometric corrections. Furthermore, cloud cover filter
is the preprocessing conducted to obtain the least cloudy images. The purpose of the
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pre-processing is to derive a collection of satellite images, spanning several years, with
minimal cloud interference.

This study made use of Landsat 8 satellite images, which has a range of spectral bands
capturing multiple wavelengths of light. These electromagnetic spectrum bands span the
visible and shortwave infrared regions. Specifically:

*  Band 2 (Blue: 0.45-0.51 um): This band's ability to penetrate clear water makes it
useful for mapping underwater structures and evaluating bodies of water.

* Band 3 (Green: 0.53-0.59 um): Useful for assessing the health and vigor of vegetation,
as it captures the green reflectance peak from chlorophyll.

*  Band 4 (Red: 0.64-0.67 pm): This band is crucial for distinguishing between vegetation
and bare soil, as healthy vegetation absorbs red light.

. Band 5 (Near Infrared, NIR: 0.85-0.88 nm): Highly reflective in vegetation, this band
is used for assessing biomass content and mapping vegetation.

*  Band 6 (Shortwave Infrared 1, SWIR1: 1.57-1.65 pm): Sensitive to moisture content,
useful in studying soil and vegetation water content.

* Band 7 (Shortwave Infrared 2, SWIR2: 2.11-2.29um): Effective for detecting hy-
drothermal alterations in rocks and distinguishing between different types of minerals.

Understanding these spectral characteristics is fundamental for accurately interpreting
the satellite imagery and applying subsequent analysis techniques

3.2. Pre-Processing

The data, procured from the Google Earth Engine, originates from Landsat 8, Collec-
tion 2, Tier 1. This data is pre-configured in a TOA format after radiometric and geometric
corrections. In addition, the pre-processing is to derive a collection of satellite images,
spanning several years, with minimal cloud interference. Obtaining raw Landsat satellite
images in the region of interest is crucial in providing the conditions in the targeted area.

3.3. Band Ratio

Band rationing is a technique where one band's Digital Number (DN) is split by the
value of a different band's DN. When pointing out elements or materials that are not visible
in the raw bands, band ratios can potentially be beneficial. It consists of applying numerical
methods to multispectral pictures to lessen spectral reflectance fluctuations brought on by
topography or fluctuations in sunlight illumination angle and to derive certain spectral
responses [Ghasemi et al., 2018].

Band combinations tested in this study are 4/2, 6/7, 6/5, and 7/5 to obtain iron oxide,
hydroxyl-bearing rocks, ferrous minerals, and clay, respectively.

3.4. Band Ratio Composites

The 3 combinations of band ratio composites experienced in the project are Sabin’s
ratio, Kaufmann'’s ratio, and composite of 4/2, 6/7, and 5. Sabin’s ratio is expected to
define a hydrothermal alteration map, while Kaufmanns’ ratio is anticipated to distinguish
altered rocks and lithological elements from the vegetation. The composites of 4/2, 6/7,
and 5 are used to differentiate altered rocks and outcrops from trees and plants.

3.5. PCA

To mitigate and dissociate the inaccurate impacts of flora in mapping hydrothermal
alterations and revealing the lithology of tropical terrain, the Principal Components Analy-
sis (PCA) is employed [Pour and Hashim, 2014]. In areas of dense vegetation, pixels may
exclusively depict vegetation spectra, while in less densely vegetated regions with insuffi-
cient spatial resolution pixels, they may represent a mix of different materials. Techniques
for detecting and mapping hydrothermally altered rocks typically aim to substantially
separate or reduce the spectral impact of vegetation from that of the underlying substrate.
The software defoliant technique, an image enhancement method, employs a prime compo-
nents analysis of two band ratios that emphasize the effects of the objective interest, with
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input band ratio images chosen based on their information associated to components of
concentration (e.g., hydrothermal alteration) and their interference from other components
such as vegetation. This method elucidates variance due to spectral response similarities
and highlights unique contributions from each component [Ghasemi et al., 2018].

There are two combinations of bands for PCA. The group of bands 1, 2, 3, 4, 5, and
6, as well as those from bands 2, 4, 5 and 6. Eigenvalue and eigenvector are required to
calculate visualization in RGB format.

4. Results
4.1. Raw Landsat Satellite Images

The true color composite requires the visual combinations of bands 2, 3, and 4 from
Landsat 8 satellite. The image area should have a low cover of clouds to disturb the
reflectance of signal from a satellite. The cloud covering is inversely proportional to the
accuracy of the results. From Figure 2, the region of interest can be known as a densely
vegetated area, disturbing the reflectance of signal from a satellite. Meanwhile, the signal
reads the vegetation instead of mineral and an advanced analysis is essential to obtain the
reflection of mineral under tight vegetation. Figure 2 is a compilation of Landsat 8 images
from April 2013 to 2023 freely available and obtained from Google Earth Engine showing
true color composite.

Figure 2. True color composites are presented by bands 2, 3, and 4 to explain the real condition of
the study area with the least clouds.

4.2. Band Ratios
Figure 3A, 3B, 3C, and 3D shows the results of band 4/2, 6/7, 6/5, and 7/5, respec-
tively. Mineral potential zone is not reported due to vegetation and the expected result is

unachieved by combining some bands. Therefore, this method does not apply to the study
area due to increased vegetation.
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Figure 3. (a) Band ratio 4/2, (b) Band Ratio 6/7, (c) Band Ratio 6/5, (d) Band Ratio 7/5. These
combinations were conducted to detect potential zones.

4.3. Band Ratio Composites

Sabin’s ratio is expected to define the hydrothermal alteration map by combining
bands 4/2, 6/7, and 6/5. Kaufmanns’ ratio is anticipated to distinguish altered rocks and
lithological units from the flora using a combination of 7/5, 5/4, and 6/7. Meanwhile,
composites of 4/2, 6/7, and 5 are optimized to differentiate altered rocks and outcrops
from woodlands. Figures 4A, 4B and 4C present the result of Sabin’s ratio, Kaufmann’s
ratio, and a composite of 4/2, 6/7, and 5. These three composites cannot identify potential
mineral zones and the vegetation is still the unworked factor. Even though the three bands
are tested in one composite of RGB format, the expected result is not attained.

4.4. PCA

The first combination group consists of bands 1, 2, 3, 4, 5, and 6 to recognize hy-
drothermally altered rocks and other minerals from trees. In addition, the second group of
bands 2, 4, 5, and 6 are processed to obtain iron oxides from plants.

Table 1 shows that PC1, PC2, and PC3 account for 99.83% of the variation to create the
RGB composite for producing the primary component seen in Figure 5a. According to the
illustration, the green and blue colors symbolize flora and rocks subjected to hydrothermal
alteration, respectively.

PC4 comprises 0.09% of the variance data and has the greatest loading positive and
negative Eigenvector values of 0.779882 and —0.612408 for bands 2 and 4, respectively. In
broad terms, minerals related to iron oxides show low absorption and reflectance between
and 0.45-0.51 pm, respectively. Therefore, regions connected to iron oxides in bands 2 and
4 are bright in the PC4 picture.

Russ. J. Earth. Sci. 2024, 24, ES5010, EDN: HSCGRG, https://doi.org/10.2205/2024es000921 50f 10


https://elibrary.ru/hscgrg
https://doi.org/10.2205/2024es000921

Tue Use oF LANDSAT 8 IN DETECTING POTENTIAL MINERAL ZONES IN WEST NUsa TENGGARA, INDONESIA SAID ET AL.

nya e nrre T I nraTy " ey

>
).

. -

B §} &

- - -

¢ ¢t

EY 9

- L -

] 1 g " - e (u)

W Wy

iy

™

L
.
raws

Figure 4. A) Sabin’s Ratio (band 4/2, 6/7, and 6/5), B) Kaufmann’s Ratio (band 7/5, 5/4, 6/7), C)
Composite of 4/2,6/7, 5.

Table 1. Eigen Values and Eigen Vectors for Bands 1, 2, 3, 4, 5 and 6

PC1 PC2 PC3 PC4 PC5 PCé6
Band 1 0.020360 0.192974  —0.334840 —0.494944 0.402861 0.665554
Band 2 0.035911 0.238785  —0.402445 —0.452621 0.201009 —0.731068
Band 3 0.103666 0.253710  —0.484258 —0.032229 —0.816609 0.149964
Band 4 0.155918 0.433000 —0.377308 0.723144 0.350531 0.005456
Band 5 0.754882  —0.595431 —0.265794 0.023034 0.066237  —0.007135
Band 6 0.627209 0.547126 0.527643  —0.160181 —0.056473 0.002697

Eigen Values 0.026078 0.004487 0.001089 0.000040 0.000011 0.000001

Percentage of

. 82.251% 14.151% 3.436% 0.126% 0.035% 0.002%
Eigen Values
Cumulative
Percentage of 82.251% 96.402% 99.837% 99.963% 99.998% 100.000%
Eigen Values

Figure 5a explains that potential mineral zones are depicted in dark blue, while
vegetation is shown in green. In this context, the bright pixels represent hydrothermally
altered rocks in Figure 5b.

The drill hole data and boundaries of the company’s project area used are presented
in Figure 6. The white lines and yellow dots represent the project area boundaries and drill
hole locations, respectively. From Figure 7, the locations of the drill holes are matched with
the blue areas from the analysis representing potential mineral zones. Therefore, the green
squares can be potential areas for upcoming exploration projects.
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Table 2. Eigen Eigen Values and Eigen Vectors for Bands 2, 4, 5, and 6

PC1 PC2 PC3 PC4

Band 2 —0.033644 0.223736 0.583605 0.779882
Band 4 —0.153175 0.432613 0.643692 —0.612408
Band 5 —0.761896 —0.611333 0.213294 —0.017100
Band 6 —0.628427 0.623747 —0.446734 0.128249
Eigen Values 0.025795 0.004078 0.000661 0.000027
Percentage of 84.40% 13.35% 2.16% 0.09%
Eigen Values
Cumulative
Percentage of 84.40% 97.75% 99.91% 100.00%
Eigen Values
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Figure 5. A) The PC1, PC2, and PC3 components in RGB combination. Potential mineral zones
are illustrated in dark blue. B) Principal component 4 (PC4). The bright pixels correspond to

hydrothermally altered rocks.

Figure 6. Drill hole locations (modified after [Burrows et al., 2020]). The yellow dots and white lines

are drill holes and project boundaries, respectively.

5. Discussion and Conclusion

The true color composite was reported to require the visual combinations of bands 2,
3, and 4 from Landsat 8 satellite. The image area had minimal cloud cover, reducing the

potential for cloud to interfere with the satellite signal’s

reflectance. The clouds covering

was inversely proportional to the accuracy of the results and the region of interest could be
known as a densely vegetated area. In this context, the vegetation disturbed the reflectance
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of the signal from a satellite. Therefore, an advanced analysis is essential to obtain the
reflection of minerals under tight vegetation.

Band ratios 4/2, 6/7, 6/5, and 7/5 were tested as visualized in Figure 3 but could
not differentiate mineral potential zone. The vegetation disturbed the satellite signal
reflectance and the expected result could not be accomplished by combining some bands.
Therefore, this method did not apply to this study area due to high vegetation. Sabin’s
Ratio (band 4/2, 6/7, and 6/5), Kaufmann’s Ratio (band 7/5, 5/4, 6/7), and composite of
band 4/2, 6/7, 5 were also examined as shown in Figure 4.

Advanced analysis was conducted using PCA andpotential mineral zones were visible.
Based on eigenvalue and eigenvector calculations, PC1, PC2, and PC3 possessed data
variance of more than 99.83% in RGB format. The dark blue and green tint sections showed
possible mineral zones and flora, respectively. Meanwhile, the bright pixels represented
hydrothermally altered rocks in Figure 5B. Figure 7 shows that mineral zones from PCA
method were located as drill holes and yellow dots were drill holes from the previous study.
Dark blue zones were potential mineral areas and the green boxes were the suggested
exploration areas.

In conclusion, While the Band Ratios method did not effectively distinguish mineral
zones due to the presence of dense vegetation, the PCA method demonstrated significant
potential. The application of PCA to the spectral bands revealed distinct variations that
could be attributed to mineral zones, even in areas with substantial vegetation cover. Key
findings from the PCA analysis include:

1.  Principal Components Analysis (PCA):

2. Over 99.83% of the variance in the data was explained by the first three principal
components (PC1, PC2, and PC3) taken together. Indicating that these components
captured the most critical information from the spectral bands.

3. The fourth principal component (PC4) identified bright pixels corresponding to
hydrothermally altered rocks, providing a clear distinction from vegetative cover.

These results suggest that PCA could enhance the accuracy and clarity of mineral zone
identification. This approach offers a promising avenue for future research, particularly
in areas with complex surface conditions. The integration of the method with machine
learning might produce clearer differences for potential zones.
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Pa6ora mocssimena mpobJieme MpOrHo3uPOBAHUST BOJIIONUN IO TEPMOKAPCTOBBIX 03€p B 30HE
BEYHOI MEp3JI0ThI APKTHKHN Ha IIPUMEpPEe aHAJIM3a TECTOBBIX YUYACTKOB U3 HECKOJIBKHUX reorpadu-
Jeckux pernoHoB. [Ipemraraemeiit B paboTe MOAX0[ OCHOBAH HA METOJE PAHIOMUSUPOBAHHOTO
mammaHOro obydennst (PMO) st mocTpoeHnst MaTeMaTHIeCKUX MOJeIell IUHAMUKY IO/ 1
03€ep B YCIOBUSIX KJINMATUYECKUX U3MEHEHUMN, ee 0OyJeHNsT HA peabHBIX JAHHBIX U JAJHHEHIIEro
poruo3upoBanus. [IpuBOAATCS U CPaBHUBAIOTCS PE3YJIBTATHI MOJIEIMPOBAHNS JUHAMUKI TIJIOMIAAeH
03€ep € MOMOIIBIO JIMHEHHBIX CTATUIECKUX U JUHAMUYeCKUX Mojeseit. [Tokazano, 4To ucrnosbp3oBaHue
JTUHAMAYECKON MOJEJIN TIJIOMIAIA O3€epP IO3BOJISIeT 3HAYUTEJbHO YMEHBIIUTH CPEIHIOI OIINOKY

MOJIeJIMPpOBaHUA.

KitroueBsie ciioBa: TepMOKapCTOBBIE 03epa, METOJI HH(POPMAIIMOHHON SHTPOIINH, PAHIOMU3UPOBAHHOE
MaIllUHHOEe OOyYeHre, CTATUYeCKUe U JUHAMUYECKAE MOJIENIH, IIPOIYIIEeHHbIE JaHHbIe, PAHIOMU3UPO-

BaHHO€ IIPOTHO3UPOBaHUE, KJANMATUYICCKUEe N3MEHEHU .

uruposanue: Jly6uos, }0. A.; A. O. Ilonkos, FO. C. ITonkos, M. A. KynpusHos,

B. 1O. IHomumyxk, A. B. Mensaukos u FO. M. ITonumyk IIpocrpancrBeHHO-BpeMeHHOM aHAIN3
9BOJTIOIUH IIJIOINAIY TEPMOKAPCTOBBIX 03€p C NCIOJb30BAHNEM KOCMHYECKOI'O 30HIUPOBAHUS
3€eMHOI1 TOBEPXHOCTH U IIPOLEAYD PaHJIOMH3NPOBAHHOTO MAITMHHOI'O O0YY€eHHs M ITPOrHO3UPOBAHUSI
// Russian Journal of Earth Sciences. — 2024. — T. 24. — ES5011. — DOI: 10.2205/2024es000935 —
EDN: TGQMBR

1. Beenenne

WccirenoBannst TPUPOIHBIX sIBJIEHNUN B 30HAX BEYHOI MEP3JIOTHI CTAHOBATCS OCODEHHO
AKTyaJbHBIMU B IMOCJIEHUAE IMOJbI B CBA3U ¢ HAOJIOJAEMBIM TOTEIJIEHHEM KJIMMAaTa, BhI3BAH-
HBIM [TAPHUKOBBIMU ra3aMU, OCHOBHBIMU U3 KOTOPBIX SIBJISIOTCS YIVIEKUCIBIA ra3 U MEeTaH.
MHorouucjieHHbIe IPOQMUIbHBIE UCCIEI0BaHUs aPKTUYECKAX PEIMOHOB ITOKA3BIBAIOT, YTO
CYIIECTBEHHBIH BKJIaJl B 9MUCCUI0 METaHA BHOCAT TEPMOKApPCTOBLIe o3epa [Muponos u dp.,
2022; Cmenanenrxo u dp., 2011; @eavdman, 1984; Karlsson et al., 2014; Kirpotin et al.,
2009; Sudakov and Vakulenko, 2014; Zabelina et al., 2020]. OGHapy:KeHa CBsI3b MEXKILY
IJIOMIAJIbI0 TEPMOKAPCTOBBIX 03ep U 00beMOM Bhlzessiemoro merana [ Walter et al., 2007].
[TosTOMy ITPOTHO3UPOBAHUE IBOJIIOIUHU TIJIOMIAINA 03€D SBJISIETCS BayKHBIM JIJIsI OIIEHUBAHUST
KJIUMaTHIECKUX U3MeHeHu . VICTOYHNKOM JAaHHBIX O IO/ TEPMOKAPCTOBBIX 03€p U KJIU-
MaTHYECKUX U3MEHEHUSIX sIBJISIETCS TEXHOJIOIUs JIMCTAHIMOHHOIO 30HIUPOBAHUS 3€MHOMI
nosepxuoctu [Ioavwyx w dp., 2020; 2018; Verpoorter et al., 2014].
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IIporieccrr 06pa3oBaHys U BOJIOIUH ILIONIA/INA TEPMOKAPCTOBBIX 03€P U3yUeHbI HEI0CTA~
TOYHO, CJIEJICTBUEM HYEro sIBJISIETCS HECOBEPIIIEHCTBO MATEMATHIECKUX MOJIEJIEH, IpeIHa3HA-
YEHHBIX JIjIsl ONMCAHUs MPOIECCOB UX obOpaszoBaHus. Kpome TOro, JaHHbBIE O KIUMATHIECKUIX
IIOKa3aTeJIAX U IIJIOMAJIAX 03€P COIIPOBO2K/IaI0TCA 3HAYUTE/IbHBIMU ITIOT'PENIHOCTAMM U IIPOITYC-
kamu. Bee 9170 cBHIETEIECTBYET O BHICOKOM YPOBHE HEOIPEIEIEHHOCTH [IPU MOJIETUPOBAHIN
u 00y9eHrn MOJE/IN, U, CJIeJI0BATE/ILHO, P IPOrHO3MPOBAHUY IBOJIOIUY womanu | Jy6Hos
u dp., 2023].

Msmorue npobsieMbl UCCIIEI0BAHNS IBOJIIONNN IIJIOMIAIN TEPMOKAPCTOBBIX O3€P y/IaeTCst
3(bEKTUBHO pemaTh, ONMUPasiCh HA METO/IBl PAHIOMU3NPOBAHHOIO MAIIMHHOTO 00y JIeHUs
(PMO) u pangomusuposansoro nporuosuposanust (PII) [ITonkos u dp., 2019], ocHoBaHHBIE Ha
MaKCUMU3AIUH SHTPOIUITHON MePhI HEOIIPEJIEJIEHHOCTH M UCIIOJIb30BAHIN MAaTEMaTHIECKIX
MoziesIelt co ciaydaiHbiMu (PaHIOMU3UPOBAHHBIMK) IAPDAMETPAMU. BBIYUCIUTENBHOE PO
MEeTOJ[a CTPOUTCS Ha SHTPOMUITHO-PAHIOMI3NPOBAHHOM OIEHUBAHUU (DYHKIINI IJIOTHOCTH
pacupenesenus sepositHocTeil (ITPB) mapamerpos [I[Honkos u dp., 2019; Popkov et al., 2022],
0a3upyroIeMcs Ha IPUHITUIE YCIOBHON MakcuMu3annu OyHKITNOHAIA HHDOPMAIMOHHONT
SHTPOIINH, IPOBO3IJIAIIIEHHOM U pa3BuUTOM B paborax [Golan et al., 1996; Jaynes, 1957,
Kapur, 1989; Kullback and Leibler, 1951; Levine and Tribus, 1978].

TTosmyuennnie suTponHitHO-onTUMaAbHBIE pyHKIMEu [IPB ucnonb3yrores mis remepupo-
BaHUsI aHCAMOJIS TPOTHO3HBIX TPAEKTOPHUI MPOCTPAHCTBEHHO-BPEMEHHON JUHAMUKNA TEPMO-
kapcToBbix 03ep. Metogaer PMO u PII npumensivcs jijist perieHust psijia 3a1a4, B TOM YHUCJIE
POTHO3UPOBAaHUsT MUPOBOTO Hacesenus |[lonkos u Aybnos, 2016; Popkov et al., 2016,
kaaccuduranuu [Ayornos, 2019|, mporHo3upoBaHus CyTOYHON 3IEKTPUIECKON HAIPY3KU
B 9Heprernveckux cucremax [ITonkos u dp., 2020; Popkov et al., 2020], ananmsa passurus
naugemun COVID-19 [ITonkos, 2021; ITonkos u dp., 2021].

Bkaan nammoit paboTsl B pa3BuTHEe METOIOB AHAIN3A JTAHHBIX, MOJIEINPOBAHUS U IIPO-
THO3UPOBAHUS PACCMATPUBAETCS B CJIEAYIOIMINX TpexX aciekTax. [lepBblil acekT cocTouT
B ajgantaiun PMO K 0cobeHHOCTSIM MOJIEIMPOBAHUsI ¥ 00y YeHUsI CTaHIAPTHBIMI CTaATUCTHYE-
CKVMH TIO/IXO/IAMH, OCHOBAHHBIMH HA, CTATUIECKUAX PEIPECCUOHHBIX MOJIEISX U JUHAMIIECKUX
MOJIEJISIX BPeMeHHBIX psijtoB Tunia ARMA, TeM caMbiM co3/1aBasi HOBBI HWHCTPYMEHT OIle-
HUBaHWUS MOJEJIell B paMKax OOIIero TeOpeTuYecKoro MHCTPyMeHTapusi. BTopoii aciekT
COCTOHUT B IIPUMEHEHUHN PAHIOMUA3UPOBAHHOIO HOXO0/IA [JIsi BOCCTAHOBJIEHUS ITPOITYIIEHHBIX
JAHHBIX, HO C MOJIEIBIO, OTJIMIHON OT OCHOBHOII, UTO TIO3BOJISIET METOJIOJOTUIECKU KOPPEKTHO
MOJONTH K CPABHEHUIO PE3YJIbTATOB MOJIEIUPOBAHKS C IIOMOIIBIO IIPEJJIATAEMOr0 MOIXOIA
cO CTaHAAPTHBIM. TpeTnil aclleKT COCTOUT B TOM, UTO IIPEJJIAraeMbIil IIOIXO0J, TO3BOIUII
[TOJTONTH K PEIEHIIO UCCIEIYEeMON 33/Ia9N B YCIOBUIX OOJIBIIOTO KOJTMIECTBA HEPEryJITPHBIX
MPOIYCKOB B JIAHHBIX, UTO JIeJIaeT HEBO3MOXKHBIM ITPUMEHEHUE MOJeJieil BpeMEeHHBIX PsiIOB
U UX BOCCTAHOBJIEHHE CTAHIAPTHBIMU METO/IAMH.

B nepBom passeste npuBoanNTCS ONUCAHTE UMEIOIIUXCA PEATHHBIX JAHHBIX O ILIOIIAIN
03€p U KJINMATHIEeCKUX XapaKTePUCTUKAX PErMOHOB, BTOPON M TPETU Pa3iesibl MOCBSIIEHBI
MeTojtoioruu ucnoab3oBanust PMO 1nipu Moje/IMpoBaHuy U IIPOTHO3UPOBAHUU ILJIOIA A
TEPMOKAPCTOBBIX 03€p, B YETBEPTOM Pa3/Iejie IPUBOISATCH PE3YIIbTATHI IKCIEPUMEHTOB U UX
00CyXKIeHre.

2. KimMmarn4aeckme n CIIy THUKOBbBIC JTaHHbIE

Nmeroruecst B HAIlIEM PACHOPSI?KEHUH JIAHHDIE U1 aHAJIM3a JUHAMUAKH ILIOIA/INA TEP-
MOKaPCTOBBIX 03ep MPEJCTABIAIT coboit Tabmuiel mist 51 Tecrosoro yuacrka (TV), Britto-
valolue 3HaYeHusl cpeHeil momaau o3ep (S, ra), CpeHeroioBol TeMIepaTypbl BO3ILyXa
(T) u rosoBOIi CyMMBI 0CaJIKOB JyIsi JaHHOI Teppuropun (R) 3a nepuox ¢ 1985 no 2021 rr.
Hywmeparust u pacrosioykenune TV n Ha3BaHUST PErHOHOB JIAHBI Ha puc. 1, rje Jiist KpaTKOCTH
«IOr» oboznagaer 0xkHY0 JacTh 3anaaHo-Cubupckoit ApkTuky.

OOl 13 0COOEHHOCTEHN MOANOTOBKH JTaHHBIX JJIsi aHAIN3a SBOJIIONNN ILJIOAAEH Tep-
MOKAPCTOBBIX 03ep SIBJIAETCsT (DOPMHUPOBAHIE BPEMEHHBIX PsIJIOB 3HAYEHUI 3aBUCUMOIL mIepe-
MEHHOH U TPEeMKTOPOB /ISl TOCTPOEHNST MaTeMATUIeCKOit Mojienn. B Hacrosreit pabore
HCIIOIB3YIOTCS IAHHBIE O CPEIHEr0oJ0BOI TeMIepaType BO3/IyXa U [OI0BOM CyMMe OCAJIKOB,
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YY9aCTKOB IIO TEPPUTOPUU UCCIIETOBAHHBIX PErnMOHOB.

[IOJIyYE€HHBIE C [TOMOIIBIO PeaHaIn3a METEOPOJOTHIECKHUX II0JIeil Ha OocHOBe cucreMbl ERA-5H
[Horuwyx u dp., 2020].

JlaHHBIE O IIOIIA/ISIX O3€P OCHOBAHBI HA pe3yJibTaTax M3MepPeHUs ILIOIAJel 03ep 110
CIlyTHUKOBBIM CHUMKaM crucTeMbl Landsat, meranabHoe ommcanne KOTOPBIX MPUBOANTCS B pa-
6ore [Hoauwyx u dp., 2020]. KiroueBbiMu 0COGEHHOCTAMU JAHHBIX O CPeIHEl ILIOmaau 03ep
SIBJISIIOTCsI HAJIMIVe [TPOIYIIEeHHBIX 3HAYEHUN JJIsi PA3JIMIHBIX U HEPABHOMEDPHBIX OTUYETOB
BPEMEHH U MPUCYTCTBUE BO3MOXKHBIX TOTPEITHocTel n3mepennit. [Ipomyckn um morpemntHocTi
B JAHHBIX OOYCJIOBJIEHBI B TIEPBYIO OUEpPEIb OTCYTCTBHEM B HEKOTOPHIE TOIBI 66300/ IaTHBIX
CIIy THUKOBBIX CHMMKOB, 8 TaK»Xe C METOJIUKON pacdera CpeHeil IJIOMAN 110 CIIy THUKOBBIM
nzobpazkenusmM. Ha puc. 2 nmpuBeieHb! J0JI TPOIYIIEHHBIX 3HAYEHUH ST UCCIeyeMbix V.

0,9
x 0,8
I
T 0,7
T
=
%06
I
305
o
> =
5 04 ‘
g A
% 0,3 | EE reinan il M il
S I Taimbip BepxHss ApKTUKa il | ’ |
= 0,2 I Taimbip HWKHSS ApKTUKA | ‘ ; ‘
I Taimbip cybapkTuka ‘ ‘
0,1 | tor |
I
Wl
0 a0 I O D B LA
0 5 10 15 20 25 30 35 40 45 50

TecToBbIE y4aCTKu

Puc. 2. /Tonst mponynieHHbIX JaHHBIX O IIOMaIsx o3ep ais Beex TY (%).

Russ. J. Earth. Sci. 2024, 24, ES5011, https://doi.org/10.2205/2024es000935 3 of 20


https://doi.org/10.2205/2024es000935

ITPOCTPAHCTBEHHO-BPEMEHHOI AHAJIN3 SBOJIIOLUU TIJIOIMAAN TEPMOKAPCTOBBIX O3EP. .. ﬂyBHOB n ap.

I'paduk ma purc. 2 mokasbIBaeT, 9TO JI0JIs MPOIYCKOB B JAHHBIX O IUIONIAJHA 03€ep
cymiecTBenHas u B cpegaeM Bapbupyerca ot 30-40% (FOr) u 50-60% (I'viman, fdmasn) g0
70-90% (Taitmbip). HanbosbInas 10715 TPOIYIIEHHBIX JAHHBIX cocTaBiger 85% u Gosee
st TY Ne 95, 96, 100, 101, To ectb ayst maHubIX TY IpU MOCTPOSHUN MOJIENTH TITOIIA N
AMEETCH JIUIIb 3—H TOUEK JTAHHBIX 3a Bech mepuof ¢ 1985 mo 2021 rr. Takum obpazom, B cBs3u
¢ MaJIbIM 00BbEMOM 00y JaroIIel BHIOOPKU U HAJTMYUEM HEPABHOMEPHBIX MPOIYCKOB B JIAHHBIX,
[IOCTPOEHNE PErPECCUOHHBIX MOJIEJIEH KJIACCUYECKUMU CTATUCTUIECKUMU METOIAMU, TAKUMU
kak Meroj; HaumMeHbmmx kBagparo (MHK) m ARMA/ARIMA merozammu, cTaHOBHTCS
3aTPY/HATEIBHBIM, a TPOBEPKa HEOOXOIMMBIX CTATHCTHYECKUX TUIIOTE3 — HEBO3MOXKHOIA.

3. PanmoMu3upoBaHHBIE MO/ IJIOIIAIA TEPMOKAPCTOBBIX 03€p

OCHOBBI KOHIIENIMA PAHIOMU3MPOBAHHOIO MAIIUHHOIO 00ydeHus! onucansl B [ITonkos,
2023; ITonkos u dp., 2019; Popkov et al., 2022] u cBomsaTcsa K Tpem dramaM. Ha mepBoM,
COIJIACHO TPUHSITON MOJIEIN CO CAyYailHbIMU TapaMeTpaMu UCCIeIyeMOro 00beKTa U UMe-
FOIIUXCS TAHHBIX, OMPEJIEISIOTCS SHTponuitHo-onTuMasbabie dyukiun [IPB mapamerpos
MOJIeJIM U M3MEPUTEJIbHBIX IIyMOB. Ha BTopoM 3Tarie 3Tu (DyHKIMU COMILIMPYIOTCS U C I10-
morbio MeToga Moute Kapiio reHepupyIoTcs COOTBETCTBYIOININE AHCAMOIN TPAEKTOPUit
BBIXOIa Mozenau. Ha TperbeMm 3rare ONnpeme/sioTCss YUCIOBbIE XapPAKTEPUCTUKU yKa3aH-
HBIX aHcamOJieli. Ha BTropoMm u TperbeM 3Tamax 3TOii MPOIEILypPbl Peanu3yerTcs: ajroOpuTM
PaHIOMU3UPOBAHHOIO IPOTHO3UPOBAHUSI.

B macrosimmeit pabore paccMaTpuBalOTCH JIBe MOJEIHN IIOMAIN TEPMOKAPCTOBBIX 03€p S:

1. Jlunmeitnas crarudeckas mozesb (JICM) ¢ aByms BxopaMu: CpeIHEr0Z0BON TeMIepaTy-
poit T u ronoBoit cymmoii ocankos R [Jy6ros u dp., 2021al;
2. Jluneiinast nuHammugeckasi Mogesb (JIZIM) ¢ TeMu Ke BXOJAMH, HO YUMTHIBAOIIASI

npeAbLAyINe 3HaUeHUsT caMoil ILIOMAIu, TaKUM 06pa30oM, BXOJaMU TaKO# MoJe/Iun
SIBJIAIOTCST: CPETHETOI0Bast TeMneparypa T, ocagku R w p mcTopmaeckux (Ipe bl Iy IX)
sHavenuit momam S_p,...,S_1 [/y6nos u Byavues, 2017].

3.1. Jlunerinasi craTudeckasli MOJeJ/Ib

PaccvoTpum uHEHYI0 CTATHYECKYIO MOJIEb TJIOMAIN CAETYIOMETO BUIA:

S[t|6l] =ap+a; T[t] + azR[t],

v[tla] =S[tla] + &[], teT =[0,T], S
rje v[t] — usMepsieMasi JIOMAb 03ep, &[t] — cayJaiiHbIil ITyM, UMATUPYIONUNA U3MEPUTE b~
HbIE OIMMOKM, COMPOBOXKIAIONINE TPAHC(POPMAITNIO KOCMUIECKUX M300PaKeHN B 3HATCHIST
IJIOIIA U 03€ep, 7 — BPEMEHHON MHTEpBaJI, Ha KOTOPOM OCYIIECTBIISIETCS 00yU€eHHe MOJIEIIN.

Touku, B KOTOPBIX IPOUCXOAAT U3MEPEHNUs], COCTABJISIOT CYETHOE ¥ KOHEYHOE MHOKECTBO
pa3Mepa 11, COOTBETCTBYIOIIEI0 KOJIMYECTBY TOUYEK HM3MEPEHUs, II03TOMY HUHOIJIa YJI00HO
HUCIOJIb30BAaTh MHACKCHYIO HOTAIWIO BMECTO NUCKDPETHOM:

T =[0,T]=[t1,t1, rtm)s
Sll=$;, Tlyl=T;, RlGl=R; vlyl=v;, &lyl=¢&, j=Lm,

TakuM o6pazom u3 (1) Gyjem uMeThb:

Sj(a)=ag+a T +ayR;,

v]-(a):Sj(a)+£]-, j:l,m.

2)

C yuerom (1) u (2) MokHO onpeiesuTh BeKTOpHBIHA dyHkuuonas P, peasusyromuii 1peod-
pa3oBaHne BXOJa B BBIXOJ, B BHJIE:

y=®(x,a) =P(T,R,a)=ap+a;T +a,R, x=(T,R), a=(apay,ay) (3)

rae ¥ = S — BBIXOJ, MOJEJH, B TAHHOM CJIydae CKaJIAPHBIN, X — BEKTOD BXOZa, a — BEKTOD
mapaMeTpPoB MOJIEJI.

Russ. J. Earth. Sci. 2024, 24, ES5011, https://doi.org/10.2205/2024es000935 4 of 20


https://doi.org/10.2205/2024es000935

ITPOCTPAHCTBEHHO-BPEMEHHOI AHAJIN3 SBOJIIOLUU TIJIOIMAAN TEPMOKAPCTOBBIX O3EP. .. ﬂyBHOB n ap.

Baxxno ormeTuTh, YTO B O0INEM Cilyydae M3MEPEHUsI MOT'YT IIPOBOJIUTCS HE PEryJIsip-
HO, TO €CTh PACCTOSIHUAE MEXK/Iy COCEIHIMHI MOMEHTAMHU BPEMEHM HE PABHBI MEXKJLy CODOI
JIJIs BCceX To4deK. PeaJibHble JaHHBIE HAOJIIOJEHNI UMEIOT PEryJ/IsipHBIN XapakTep 3a MCKJIIO-
YeHUEeM IIPOIyCKOB, BCJIEJICTBUE STOTO JlaJjlee IPEJIIoIaraeTcs PeryjJasapHOCTh U3MEPEeHU
U B UCIIOJIb3YEMBIX MO/IE/IAX.

ITapaMeTpbl MO/IEIN IPEANIOIATAIOTCS CJIYIaHHBIMI HHTEPBAJJIHLHOTO THIIA

a; € A; :[a;,a;r], aeA:OAi, (4)
i=0

BEPOSITHOCTHBIE CBOMCTBA KOTOPBIX XapPAKTEPU3YIOTCS HEMPEPHIBHO-IuddEPEHINPYEMOi
dyukimeit [IPB P(a), onpenenennoit Ha A.

Wamepurenbublii mrym &[f] TakzKe npeiojaraercs CiydaiiHbM, He3aBUCUMbIM U UH-
TepBaJIbHOIO THUIIA!

[1]

js (5)

£eg=[6,6] E=l& s eE=|
j=1

BEPOSITHOCTHBIE CBOMCTBA KOTOPOT'O XapaKTepusyroTcs coBMmectHoi dyukimeii [IPB Q(&),
KOTOPas C yIeTOM HEe3aBUCHUMOCTH U3MEDPEHUIl OIpeessseTcs: Kak

@) = Jai®) (6)

e qj(é ) — dyuxnuu [IPB mywma B j-if Touke m3MepeHus.

3.2. Jlunetinass quHaMHIeCKasi MOIEJIb

Paccvorpum Temeph AUHAMUYIECKYIO MOIED ILIOIIA I

P
S[t]=ag+ ZukS[t,k] +b, T[]+ byR[t],
k=1 (7)

v[t]=S[t]+&[t], t=][0,T],

Ijie p — HOpAJIOK MOJIENH, d,...,dy, by, by — napamerpsl Mojemm, unjekc —k osnadaer k-e
TIpebIIYIee 3HAYEHNE BPEMEHH MO OTHOIIEHUIO K UCXOTHOMY.
C y4eToM MHIEKCHOW HOTAIuu Oy/eM UMETh:

14
Sj =ag+ ZakS]-_k + b1 Tj + bzR]',
k=1 (8)

‘l/j ZS]+€]

C yuerom (7) u (8) onpemenum BekTopHBIH GyHKIMoHAT W, peanusyromuii npeoGpaszo-
BaHUE BXOJa B BBIXOJ B BUJE:

p
y=W(x,a)=®(T,R,S_y,...,S_,a) = ag + ZakS_k +b,T+bsR, o)
k=1

X = (T,R,S,l,...,S,p), a= ([lo,al,...,ap,bl,bz),

rie y =S - CKaJIHprIfI BBIXOJ MOJIeJIN, X — BEKTOP BXO/1a, a — BEKTOP IIapaMeTPOB MOJEJIN.
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Kak u B ciiy4yae craTmdeckoil Moziesnu, ee mapaMeTphbl U HE3ABUCUMBIE IIYMBI IIPEJIIIOJIa~
raloTcs CIydaitHbIMUI WHTEPBAJbHOI'O THUIIA

p 2

aicAi=[a,af], beeBy=[b;bf] acA=(JAl JB, (10)
i=0 (=1

£egi=6.6f) E=lsuleB=( )3, (11)

BEPOSITHOCTHBIE CBOMCTBA KOTOPBIX XapAKTEPU3YIOTCS HEIPEPBIBHO-IUM(MEPEHITUPYEMOi
dynkuueit [IPB napamerpos P(a) onpenenennoit na A, u dynkiueit [IPB mymos Q(£)
ompeessiemoit (6).

JuHaMuaeckast MOJIEb B OTJIMYUE OT CTATUYIECKOH MTO3BOJISIET YIECTh BJIUSTHUE IIPEIIbI-
JIYIIUX 3HAYEHUN IJIOMAJM HA ee 3HAYeHUe B TEKYIIUi MOMeHT BpemeHu. Hajimane takoro
BJIMSTHUS UCKJIIOYAET IIPOIYCKU B JIAHHBIX, U TPEOYET MPEIBAPUTEIHHOIO BOCCTAHOBIIEHUS
MIPOIYIIeHHbIX 3HadeHuil. I BOCCTAHOBJICHNS TIPOILYCKOB B JIAHHBIX MPEJIATAETCs MCIIO/Ib-
30BaTh PACCMOTPEHHYIO paHee Mojiesb [Iy6nos u dp., 2021b]. Ilpumepsl BoccTaHOBJIEHUS
JaHHBIX npuBeseH Ha puc. 3 Aaa TY Ne 1l u TV Ne 95.

4. OdydeHne paHJIO0MU3MPOBAHHBIX MoJeJieit

Bazaua surponuitnoro onenusanus (nepsbiit aranr PMO) dopmynupyercst cieyionm
obpazom:

H(P,Q) = - f P(a)In P(a)da - f Q(&)In Q(E)dE — max, (12)

npu yCJIOBUAX:

e  HOPMHUPOBKHU

Q(&)dE =1; (13)

[ R‘

f P(a)da =1,
A

o CO6.J'IIOIL€HI/IH IMITUPUIECCKUX OaJraHCOB

JQ(x]-, da+J£q] )& =y;, j=1m, (14)
A z;
rie () — GYHKIOHAT MOJIEJIH, PeATH3yIomuil mIpeobpa3oBanne BXOJa B BLIXOJ, X; — BXOJ B j-ii

TouKe HabmosIenns, onpezensaemble (3) mwm (9), y; — Habmozaemoe (peanbﬂoe) 3HATEHNE
IUIOIIAIU Ha WHTEpBaJje o0ydenus: 7 .

Omnncannas ONTHMH3AIMOHHASA 3aJada IPeJCTaBisgeT co00i (DYHKINOHAIBHYIO
SHTPOIUHHO-TUHEHHYTO 38/1a9y C HHTETPATBHBIMI OTPAHNICHUSIMA, KOTOPAsd NMEET AHAJIU-
THUYECKOE DeIleHre B Ipearosoxkennn, uro dyuknun P(a) nu Q(&) ABistioTcst HenpepbIBHO-
nuddepentmpyembivu Gyukimsivu [[Tonkos u dp., 2019]:

. exp(-Y. ", 1;Q(x;,a) "
P'(a,A) = ( Jpl(/\; d ) P(A):Jexp —jZlAjQ(xj,a) da, (15)
g =
exp(- 217, A&; "
Q'(&,2) = ( Q(’A; ! ’), Q1) = ﬁexp =) A& |dE, (16)

=2 j=1
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e A =(Aq,..., A,,) — BekKTOp MHOXKUTENEH Jlarpanzxka, KOTOpbIE OIPEIESIOTCS PEIIeHTeM
0aJIAHCOBBIX YPABHEHUIL:

Rj(A) = ﬁ f Q(x;j,a)exp| - Z/\jQ(xj,a) da+
=1

A =

1 m
+%fcfe><p _j;"féf dg =y;.

=

(17)

Pemenne yKa3aHHBIX ypaBHEHHIl ONPEIE/ISeTCs ¢ UCIOIb30BAHIEM AJTOPUTMOB MHHU-
MU3aIUK KBaJPATHIHON Hepsisku [Golan et al., 1996]

J(1) =1 R(3) - Y | min, (18)

e || - || - eBkmoBa HOpma, R(A) 1 Y — BeKTOPBI ¢ KOMIIOHEHTAMHI R; 1 9; COOTBETCTBEHHO.
(a) TY Ne 1.
(6) TY Ne 95.

Puc. 3. Boccranosiienne 3Ha9eHni MJIOMIAIN.
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Takum o6pa3oM, B pe3ysibraTe TPUMEHEHHsT SHTPOIUHHO-PAHIOMI3UPOBAHHOIO OIEHU-
BaHUs BoccTanaBmBaioTcst pynkims [IPB s napamerpos mozenu P*(a) u u3MepuTebHBIX
mymoB Q*(&), KOTOpBIE B JAJIbHEHIIIEM UCIOJIB3YIOTCS JJIsi COMILJINPOAHUS U TeHepaIluu
COOTBETCTBYIONINX aHcaMOJIeit U JIJIsT BBIYUC/TIEHUST TOUETHBIX OTIEHOK CPETHEro a U JIUCIEPCHHT

2 .
04 TapaMeTpoB:

a=FE[a]= | aP(a)da, o2 =Dl[a]= (a—E[a])’P(a)da. (19)

AnaylornuHbIM 00pPa30M OIEHUBAIOTCS CPEIHNE 3HAUYEHUs U JUCIIEPCUN U3MEPUTETbHBIX
IIYMOB.

5. HpOI‘HOBHpOBaHI/Ie C ACIO0JIb30BaHUEM PaHIAOMHU3NPOBAHHBIX Mo,z(enef/i

Konrmenmust paHI0MI3IPOBAHHOTO MTPOTHO3WPOBAHMUSI, TIPeJIOXKeHHast B paborax [[lon-
xos, 2023; Ionkos u dp., 2019; Popkov et al., 2022|, MOxKeT NPUMEHATHCHA JJIsI JEOOBIX
mapaMeTpuIecKux MOJIeJIell CO CIydalHbIMU IMapaMeTpaMu U U3BeCTHBIX (byHknusx [TPB.
CorsiacHO JJAHHOM METO/UMKE JJIsl IIPOTHO3UPOBAHUS OYIyIINX TPACKTOPHIA TIPOIIECCa MCIIOJb-
3yIOTCsI HE TOYEUIHBIE OIEHKU IIaPAMETPOB, a aHCAMOJIb BO3MOXKHBIX 3HAUECHUN CJIydailHbIX
BEJIMYUH, MOJIyYE€HHBIN MOCPEICTBOM COMILIMPOBaHUs coOTBeTcTBYyIomux dyukiuit [IPB.
B nannoit pabore mnpejiaraeTcs MOAUMUIMPOBATH JAHHBIH [I0JIXO0/I, UCIIOIb3Ys TEXHOJOTUIO
bootstrap jyst pasmuoxkerust BIOOpKH. OH HAIEJEH HA yMEHbBIIEHNE JIUCIIEPCUH TPOTHO3-
HBIX 3HAYEHMI OJIarojapsi MHOTOKPATHOMY CIMILJIMPOBAHUIO OJHON W TOH ke (DyHKIAN
IIPB c Bbrduc/ieHHEM SMIUPUIECKAX CPEJIHUX 3HAUCHUIT U MOCJEIYIONIUM yCPETHEHUEM
Pe3yJIbTaTOoB.

AJtropuT™ paHIOMU3UPOBAHHOIO TPOrHO3UPOBAHUS TIJIOMIAIN TEPMOKAPCTOBLIX 03€P,
OPUEHTUPOBAHHBIN HA UCIOJb30BAHUE JTUHEHHBIX MOJEEH IO/ U TPEJICTABIISIET COOO0M
CJIE/LYIOILYIO LPOLEIYPY:

1.  Ilonydennsre dbyuknuu [TPB napameTpoB u u3MepUTEIHLHBIX MTYMOB COMILIHPYIOTCS
U COOTBETCTBYIOIIHE OCJIEIOBATEILHOCTA CJIYIANHbBIX BEJIMIUH UCIOIb3YIOTCH ISt
ITOCTPOEHUST aHCAMOJIsT TPAECKTOPHU, XapAKTEPUIYIOIINX BPEMEHHYIO SBOJIIOINIO TLIO-
AU TEPMOKAPCTOBBIX 03ep. B ciydae JIMHEMHBIX MOJIEEl LTI, BEITUCISIOTCS
BBIOOPOYHBIE CPEJIHIE 3HAYEHHUS U C UX IIOMOINBIO CTPOUTCS IIPOIHO3HAA TPAEKTOPUS;

2. Ilpempumymiuii sTan HOBTOPIETCS 33 JaHHOE KOandecTBo pa3 (Hanpumep, 1000), B pe3yiib-
TaTe Yero aHcaMmOJIb TPOTHO3HBIX TPAEKTOPUN YCPEIHSETCsl TIOBTOPHO U BBIYUCIISIETCS
UTOrOBasl CPEJIHsAS TPAEKTOPHUS JUHAMUKH IIJIOMIAIHA O3€D.

B nanHOl pabore, Jls COMIIMPOBAHUS UCIIOIB3yeTCsl MeToJ| UCKodeHnit (Acceptance-
Rejection method) [Neumann, 1951], KoTOpBIit MHOTIA TPUBOIUT K YBEJUIECHUIO OOIIErO
BPEMEHU COMILINPOBaHus, ocobenno mis dyukmuit [IPB skcrmonermuampaoro tuna, korma
COMILIMPYEMbIe 3HAYEHUSI JTOJI2KHBI OBITH COCPEJIOTOYEHBI B MaJIOi 9acTu 00JIACTH OIpeiesie-
Hust QYHKITAN.

Obnacre onpenenenus dyuknuit [IPB P(a) u Q(&) 3amaercsa na stare oneHuBaHusl,
UCXOJISl U3 OPPAHUYEHU HA 3HAYCHUs MTapaMeTPOB MOJIEIN U IIyMOB u3Mepenuii. B nanmoit
pabore OTpe3KU 3HAYEHU JJIsi TapaMeTpOB MOJEIU (POPMUPYIOTCSI C IIOMOIIBIO IIPEeIBAPH-
TebHBIX OoneHOK 110 MeToxy MHK mo mpasmity «tpex curm» [@eanep, 1967).

6. Pe3ynpraThl ncciegoBanns

Peasmzanust Bcex BBIYUCIUTENBHBIX IKCIIEPUMEHTOB IpoBomiach B cpege MATLAB
Bepcuu 9.7 (2019b) ma nnardopme Windows x64. [Tis pernenust cucrembl ypasaenuii (18)
ucnosb3oBasics anroput™ Trust-Region-Dogleg [Nocedal and Wright, 2006], peannsoBaHHbII
B Moyste Optimization Toolbox, /it cOMILTIPOBAHYST SHTPOMUITHO-OMTUMAIBLHBIX PACIPEIe-
JleHnit ucnobzoBaicst ajgroputm AR coberBerHOM pazpaboTKu.
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6.1. MonenupoBaHue KJIUMATHIECKUX IMOKa3aTeJek

IIpex e wem mpuCTYNIaTh K MIPOrHO3NPOBAHUIO IIJIOIIAN O03€p HA OCHOBE CPEJTHETOT0BBIX
3HAYEHUN TEMIIEPATYPHI M KOJIMIECTBA OCAIKOB, HEOOXOIUMO IOCTPOUTH BCIIOMOTATEJbHbIE
MOJIEJIU JIJIsl IIPOTHO3UPOBaHUs JaHHbIX 3Hadenuil. B [Jybnos u dp., 2023] upeaaranacs
JINHEIHAS JUHAMUYecKasl MOJENb CO CIyYaifHON I0CIe0BaTeIbHOCTBIO Ha BXoJe. B mpore-
Jaypy obydeHust BKJIOYaIach coBMecTHas dyukius [IPB mapamerpos u BxogHOTO MITyMa,
KOTOpasi BOCCTAHABJINBAJIACH C ITOMOIIBIO PEIIeHNs] COOTBETCTBYIONIEH 3a[a91 SHTPOITUIHO-
PaHIOMU3UPOBAHHOIO OIEHUBAHUSI.

37ech MBI pasBuBaeM MHOM TIOJXO/I, TIPeJIoXKeHHbIN B paborax [[Toauwyx u dp., 2020,
2018], rae Temieparypa U OCAIKU OLNKMCHIBAIUCH JMHEHHBIMUA MOZEJISIMA OT BpeMeHH. Takast
MOJIeJTh TIO3BOJISIET OIEHUTH ODIINiT TPEH I, K IPUMEPY, Ha POCT CPeIHEH TeMIIepaTypbl CO
BpEMEHEM, HO, C JPYIoil CTOPOHBI, HUKAK HE YUMTHIBAET JIUHAMUKY U3MEHEHUsI TEMIIEPATYPbI
3a Bech nepuoj Habmonenuii. B nannom ncciieloBaHuN mpejjiaraeTcs JIOIOJIHUTD JIMHENHYIO
MOJIEJTb JIJIsI TEMIIEPATYPBI U OCAIKOB IIOCPEICTBOM BBEIEHUS ITUKINIECKUX COCTABJISIONINX:

T[t]=p+at+p; sin(%)ﬂ-ﬁzsin(%)+ﬁ3sin(@)+e,

12 (20)
teT.

Amnajiornanasi MOJIeJIb UCIOJIB30BAJIACE JJIsl OIMUCAHUS BPEMEHHON 9BOJIIOIMNA TOI0BOIA
CyMMBI 0CaIKOB R[t].

Yacrors! ¢ mepuosiom 4, 8 u 12 BeIOpaHbl TaK MOTOMY, UTO Jjist OoJibimHCTBa TY Ha
JIAHHBIX 3HAYEHHUAX HAOJIIO/IAIOTC NMUKN (DYHKIUN aBTOKOPPEJISINYA 3HAYEHUI TeMIIEPATYPBI
u ocaakoB. [TapaMeTpsl Mojeteit TemmepaTypsl u ocaakoB onpeaensmcs MHK. ITpumep
MIpUMEHEeHUsI JAHHOW MOJe/n peCTaB/IeH Ha puc. 4.

Puc. 4. IIporanozuposanue TemmepaTypbl 1 ocaakoB fjs TY Ne 1.

6.2. MonenmupoBaHue NJIOHIAN O UCXOAHBIM JAHHBIM C MPOITYCKaAMU

Kaxk 6bu10 0TMEU€eHO BbIIIe, TIPUMEHEHUE JUHAMUIECKAX MOJIEJIeHl COMPSIZKEHO ¢ HeoOX0-
JIMMOCTBIO UMETh JIaHHBIE IIPEJIIIYIINX COCTOSHUI UCCIIEyeMOTO IIPOIECCa B KOJIUYECTBE,
OTpeIesIIEMBbIM TIOPSIKOM MOJENN. B yCIOBUIX HAIUYNS TPOIYCKOB B IAHHBIX, 9TO 00CTOSI-
TEJILCTBO MPUBOIUT K HEOOXOIUMOCTH MX BOCCTAHOBJICHUSI.
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JIYBHOB U [JP.

Uccnenyemast B pabore 3a/ja4a XapaKTePU3YeTCsl OOIBIINM KOJNYECTBOM IIPOILYIIEHHBIX
MAHHBIX JJIs 3HAYnTebHOr0 KosmdecTBa 1. Ilo 9Toit mpuyanne, B 1e19X UX BOCCTAHOBJIE-
HUS, JIJIS MOJIEJTUPOBAHUS UCIOIb3YeTCs JIUHEHHAT MOJIEIb OT 3HAYECHUN KIUMATUIECKUX
nokasaTreJseit (1) n MEeTO/I, SHTpOIIHfIHO-paH):I‘Ol\H/ISI/IpOBaHHOFO OllCHUBaHUA J1JId BbIYUCJ/ICHUA
orernok dyuknuit [IPB mapamerpos mammoit momesnn.

Ha mpumepe ogmoro nz TV paccMOTpuM aJIrOpuTM MOJETUPOBAHUS TJIOMIAIA W PE3YITb-
TaThbl ero paborel. JlJis MOJIEIMPOBaHNUS UCIIOIB3yeTcst MOsesib Buja (1). Bekropa BX0mO0B
JJIS KaXKI0M TOYKM HAOJIOIEHNsT 00Pa3yI0T CTPOKNA MaTPHUIIBI BXOJIOB X, IIEPBbIA CTOJIOEI]
KOTOPOI COOTBETCTBYET €IUHUIHOMY BEKTODY, HAOJIIOIEHUS TIIOMAI 00Pa3yIOT MATPHUILY
HabusroeHnit Y. DTa MarTpuna onpeessier Habop JaHHBIX (maracer) Jyist 00y IeHust:

Yiux1 = S, Xpx3 = [I,T,R],a3><1 = (aOrulia2>T~

C yuerom TpebOBaHUl CTATUCTUYECKON TEOPUH, JIaHHbIE HEOOXOIUMO CTAHIAPTH3UPO-
BaTh /U YJIOBJIETBOPEHUS TPEOOBAHUSIM HOPMAJIbHOCTH:

Xmin = min(Xk), ernax = max(Xk),

Yin = min(Y), Ymax = max(Y),
k k
k _ X _Xmin _ Y_Ymin
Xr]ilax - Xll;in Ymax = Ymin

rJe OoIepaIuu MUHIMYyMa U MAaKCUMyMa 0epyTCs 10 CTOJIOIaM.
Ornenka MOJIEJ I METOIOM HAWMEHBIINX KBaIPATOB IPUBOIUT K CJICIYIONIM 3HATEHUSIM
CpEeJ/THETO W JTUCIIEPCUU:

a s = (0,3250, 0,8059, —0,3759)T, o2 =0,0459,
o = (0,0886, 0,1653, 0,1478)7.
Ha OCHOBE€ 9TUX OLEHOK U IIpaBUJIa «TPEX CUT'M» OIIPEIe/IAI0TCA NHTEPBaJIbl CJIy‘iafIHbIX

napameTpoB (4) m myma (5), IpHUEM WHTEPBAJIBI MIyMOB OJMHAKOBBI JJIsI BCEX TOUEK
HaOJIIOIEHUS:

0,0591 0,5910
A= [y — 30,8y + 30,] = | 0,3099 1,3019],
~0,8192 0,0675 (21)

E =[-30,30] = [-0,6424, 0,6424].

Pemenne ypapherus (18) IPUBOAUT K ONPEIETEHUIO ONTUMAIBHOTO 3HAYEHNSA A, KOTO-

pbI€ OIPEJEJISIOT SHTPOIUIHO-ONTUMAJLHBIE PACIIPEIEJICHHs] IAPAMETPOB B COOTBETCTBIE
¢ (15)—(16) (cm. Tabsr. 1 u puc. 5).

Tabimua 1. OnrumanbHble 3HaUeHUsT MHOXKUTe el Jlarpanka A

j 1 2 3 4 5 6 7 8 9 10
Aj -1,3274 -1,9910 2,0579 -0,8858 0,8545 -0,9223 —-1,4929 -0,7539 2,6871 -0,8233
j 11 12 13 14 15 16 17 18 19 20
Aj 1,0640 -1,1957 -0,6579 -0,2567 -1,0819 -1,0518 -0,1353 5,8824 -0,6201 —-0,4658
j 21 22 23 24 25 26 27 28 29 30
Aj —-0,5856 2,5382 -0,2708 0,3559 0,2002 -1,0294 —6,2172 —-0,9045 -0,9670 -1,1241
j 31 32 33 34 35 36 37
Aj -2,6671 1,9400 0,1695 9,3582 0,3763 1,2592 -0,6660
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2,2 14 14
~ 20 — 12 12
£ 18 10 & 1,0
16 08 08
01 02 03 04 05 04 06 08 1,0 12 -0,8 -06 -04 -0,2 0
ay as ag
(a) TY Ne 1.
60 30
100
40 = 20 .
20 10
0 0 0
012 014 016 018 02 1,02 1,041,061,08 1,1 1,121,14 -0,38 -0,34 -0,3 -0,26
ay as ag
(6) TY Ne 95.

Puc. 5. QurponuiiHo-onTrMaIbHbIE PACIPEIE/IEHUs IaPAMETPOB MOEJIH.

VMest SHTPONUITHO-OIITUMAIBHBIE PACIPEIE/ICHNs], MOXKHO BBIYUCIUTH cpeaue (1o
PACIIPE/IEJICHNIO ) 3HAYEHHsI [IapaMeTPOB:

ayee= Ela] = J aP(a)da = (0,3403, 0,7622, —0,3382)7.
A

PesynbraT MmonemupoBanus u nporaosuposanue Ha 10 et mmsa TY Ne 1 u Ne 95 mokazam
Ha puc. 6.

VKazaHHYO TOCIEI0BATEbHOCTD JeHCTBUI HEOOXOMMMO TIOBTOPUTE I KayK10ro 1TV.
KauecTBo MOJIe/TMPOBAHUSI OIIEHUBAETCSI C ITOMOIIBIO CpeIHEeKBaIpaTndecKoii omubku RMSE
u cpenneii abcosmoTHoil nponenTHoil omubku MAPE Mexkny nporHosnoii (MomuebHOi) S
U peaJbHOU TPAEKTOPHUSIMU S':

] n A21/2 ] n
RMSE = ZZ(Sf‘Si) ) MAPE:;Z

i=1 i=1

s (22)

51'—3\1“

Pesynbrarst 9KCIeprMeHTOB IpeACTaBIeHbI B prc. 2. JI1a KarXK0ro pernoHa mpuBeIeHbI
YCPEJHEHHAs 110 PECHOHY J0JIs IPOILyIeHHbIX 3Hadenuil p u onmbok RMSE u MAPE, a na
puc. 7 npusenensl 3Havenust ommbku MAPE 1j1s1 KaxK10ro TecToBOrO y4yacrka.

Ta6smra 2. Pe3ysbraThl MOJIEJIMPOBAHUS 10 JAHHBIM C IIPOITYCKAMU

Peruon P RMSE MAPE
Or 0,3782 0,9168 5,7762
I'erman 0,5086 0,9274 7,9677
Aman 0,6060 0,7126 10,0550
TaitmbIp BepxHsist ApPKTHKA 0,8225 0,4134 4,6721
TaitmbIp HUXKHsIST ApKTHKa, 0,7450 0,3536 3,1989
TaitmbIp cybapKTHUKa 0,6725 0,3708 2,8365

CortacHo pe3yiabTaTaM, IPUBEIEHHBIM B PUC. 2 W Ha PUC. 7, ONIUOKA MOIECTIMPOBAHIS
mwromaau MAPE s 6onboimacTBa permoHoB He npesbimaer 10%, oqHako ajisi HEKOTO-
PBIX TECTOBBIX yYACTKOB IIPEBOCXOIUT JIAHHOE 3HAYEHUE. DTO MOMKET ObITh 00YCJIOBJIEHO
KaK HeJIOCTATOYHBIM KadeCTBOM JIMHEUHOII MOJEJN, TAK U BBICOKOI TOJIeil IMPOIIyIIeHHbIX
3HAYEHUN, B PE3y/IbTaTe Uero OleHUBaHNe TPOBOIMUJIOCH 110 MAJOMY HAOOpPY TOYEK.
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(a) TY Ne 1.

(6) TY Ne 95.
Puc. 6. PesynbraTsr MomemmpoBaHusT TTOMIA .

6.3. MonenupoBaHue MJIOIAIN IO BOCCTAHOBJIEHHBIM JAHHBIM

B namnoM pasjerne puBe eHbl PE3yAbTATHI MOAETUPOBAHUS TIJIOMIANA 03€P C TIOMOIIBIO
JINHEHO# quHaMudeckoii mojenu (7) 10 BOCCTAHOBJIEHHBIM JaHHbIM. [Topsiiok p mMomenn
BBIOMPAETCST WHIAUBUIYAJIBHO IJIsi KAXKJOTO TECTOBOIO yYACTKa C IEJIbI0 MUHUMHU3AIIAN
CPETHEKBAIPATUTIECKON OITHOKYN MOJIeTUpOBaHus. Pe3yIbTaThl 9KCIEPUMEHTOB TPUBEICHBI
B pPUC. 3 TI0 PETUOHAM.

Tlosyaennbie pe3ysibTaThl MOKA3BIBAIOT, YTO OMMOKA MOJAETUPOBAHUS IIPU MCIIOJIB30-
BAHWUU JIMHEHHON JTUHAMUYECKON MOJIEIN yMEHBINIACh O60jiee YeM B 2 pa3a B CPEJIHEM II0
peruoHaM 110 CPaBHEHUIO C UCIOJIb30BAHUEM JIMHEHHOU CTATUYECKOU MOJEJIN.
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Puc. 7. Omubku mozenn (1).

Tabauna 3. PesynpraTsl MOeInpoOBaHus 110 JAHHBIM C IPOILYCKAMH

Permon P RMSE MAPE
Or 0,3782 0,5443 3,4984
I'broan 0,5086 0,4844 4,0794
Amair 0,6060 0,7908 4,5316
TaitmbIp BepxHsIs ApKTHUKA 0,8225 0,1887 1,8872
Taiimblp HUKHsAS ApKTHKA, 0,7450 0,1691 1,5066
TaitmbIp cybapKTHKa 0,6725 0,1938 1,3951

6.4. Pe3ysipraThl IPOTHO3UPOBAHUS TJIOIAN

IIporanosupoBanme mIOMAa N TEPMOKAPCTOBBIX 03€P MPOBOJIMIOCH OTJIETBHO JII KazK-
JIOTO TECTOBOI'O Y4aCTKa C IIOMOIIbIO OIIMCAHHOI'O paHee aJI'OPUTMa PaHIOMU3UPOBAHHOIO
IIPOI'HO3UPOBAHUSI U C UCIIOJIb30BAHUEM JIMHENHON JMHAMMYECKOH Mojiesn nopsijika p. IIpo-
THO3 cTpomiics Ha Osmkaiimue 10 JeT OTae pbHO JJjist KaXKJI0T0 TECTOBOrO ydacTka. s
[IpuMepa IIpHUBeieHbl rpaduKn IPOrHO3HBIX Tpaekropuil must TY Ne 1 u TV Ne 95 (puc. 8).

6.5. Arperaiiusi pe3yjabTaToOB

VaureiBast 60JIbI110€ KOJIUYIECTBO 1Y TPYIHO MPOAHAJIM3UPOBATD PE3YIBTATHI MOJIEJIN-
poBaHus i Bcero peruona. s mocrikenns mesreil 0000IIeHNs Oy YeHHBIX PE3yJIbTATOB
Ha BECh PErHMOH W €ro IMPeCTaBIeHne HeOOXOIMMO IIPOBECTH UX arperamuio mo BceMm 1Y,
BXOJISIIIIIM B PErUOH.

MopnenupoBanue mI0IIa U TEPMOKAPCTOBLIX 03€p IPOBOIUJIOCEH C IIOMOIIBIO 00y YeHUst
pangoMu3npoBanHoil nunamudeckoit momesu (??). Ilporuos crpourca na Gamxkaiiimue 10
JIET METOJIOM PAaHIOMU3MPOBAHHOI'O IIPOTHO3UPOBAHUS OTIEIBHO JJIsi KayKI0I'O TeCTOBOIO
ydacTka.

Ha puc. 9 npusenen rpaduk pacupeneseHnst mOpsIKa MOIEIH JIJIS BCEX TE€CTOBBIX
YYaCTKOB ¢ pa30uBKOi 10 pernonam. Tak, Hampumep, Jjist peruoHa «'biaany 4 u3 7 TeCTOBBIX
Y4YaCTKOB MOJIEJIMPOBAJIUCH C IIOMOIIBIO MOJIEIN MOPsIKa 4, a OCTaJIbHbIE 3 — MOJIEJISIMU
mopsizka 1, 2 u 3. Ilpeobiiamanme B JaHHOM pernone Mozesieil 60Jiee BBICOKOTO IOPSIKA MOXKET
CBUJIETE/ILCTBOBATL O OOJIBIIEl 3aBUCAMOCTH ILIOMIAIN 03€P OT 3HAYEHUI MIPEIbIIY X
sier. C apyroit cropossl, jjisi peruona «HOr» HabJtomaercs obparHas CATYaIusl, KOTIA
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6,51
[e) peanbH.
—@— Mogenb
—f}— NpOrHo3
6,0 [ aHcambnb
CK.0.

ol
n

Mnouwaap, ra

ol
=)

4,5

(a) TY Ne 1.

1 1 1 1

4,0
1985

1990

1
1995 2000 2005 2010 2015 2020 2025 2030
loa

(6) TY Ne 95.

Puc. 8. IIporuozupoBanue 110N 4.

oosipmmucTBO TY MOJIEJINPOBAJIUCH MO/JCJISAMU 0, 1 wm 2 IIOpsAJKa W JIUIIb HECKOJIBKO

y4acTKOB 60jiee BHICOKMMH.

Ha pwuc. 10 npuemen rpaduku cpegHero mporHo3npyeMoro M3MeHEHUs IIOMAI 03€P
3a, Omkaiimue 10 Jier o pernonam. V3MeHneHnue 10N BBIYUC/ISETCS OTHOCUTEIHHO
CpEJIHETO 3HAYEHUs 3a IOCJIeTHUE 3 T'0Jia CYIIECTBYIONMX JaHHbIX, T.e. 2019, 2020 n 2021, n
TIOKa3bIBaeT CPETHUN OTHOCUTELHBIN IPUPOCT IIJIONIA TN

_ 1

y= 5(3)2019 +32020 + ¥2021),
o (23)
AS, = y”yfy n=2022, 2023,...,2031.

Cornacuo I‘pa(bI/IKal\l, IIpUBEJCHHBIM Ha PUC. 10, MOXKHO BBIJICJIUTH T'PYIIILY PETUTOHOB

«Taiimpip Bepxusist ApkTuKas, «TaiiMbIp HUKHsAST ApKTHKa» 1 «TailMblp cybapKTUKA», JJIst
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Puc. 9. Pacupenesierne o nopsiiky mMojiesu fjst Bcex 1TV.

Puc. 10. [Iporuos cpeguero u3mMeHeHHs ILIOMIAIU O3€P [0 PErHOHaM.

KOTOPBIX TpadUKN BeAyT cebsi TTOXOKIM 00pa30M, a CpeiHee MPOrHO3UPYyEeMOe M3MEHEHIE
momaan K 2031 romy cocraBiser 1-2%. IIpuMepHO Takoe 2Ke HTOrOBOE CpejiHee 3HaYeHue
npupocTa mwiomam B 2% mnpornosupyercs jist peruona «IOr», oqaako rpaduk s JaHHOTO
permona BBITJIAIUT OOJiee «POBHBIM» U «CTAOMIBLHBIMY» OJIarofapss OOJIBITOMY KOJTUIECTBY
TECTOBLIX y9acTKOB B HEM. HambGosbmume mpupocT cpemneil mmomaau okoso 4% u 5%
[IPOrHOZUPYETCs JIJIst PErUOHOB «SIMast» 1 «['bIIaH» COOTBETCTBEHHO.

Ha puc. 11 npusesen rpaduk n3MeHEHUS [IJIOMIAJIN TECTOBBIX YIaCTKOB. TOUKH cOOTBET-
CTBYIOT KOOP/IMHATAM TECTOBBIX YYACTKOB, pa3Mep Mapkepa 0003HAYAET CTEIeHb U3MEHEHUs,
a [BET COOTBETCTBYET PErMOHY.

B puc. 4 npuBeieHbI HEKOTOPBIE TOKA3ATEH, TOJIYICHHBIE B pAMKaX 9KCIIEPIMEHTOB.
B mestom MOXXHO OTMETHTH CJIe/IyIoIee:

T'eipan — manbonsmmit mpupocet 13.9% —TVY Ne 16;

Taiimblp Bepxusia ApkTuka — Hanbonbmuii npupoct 9% —TY Ne 95;
Taitmblp HUKHeAsS ApKTHKa — Haubobmmuit npupoct 5.5% —TY Ne 102;
Taiimeip cybapkTuka — Hanboabmmit mpupoct 4% —TVY Ne 111;

TOr — maubonpmuit npupoct 16.9% —TV Ne 14;

SIman — nanbonpmmit mpupoct 6.6% —TVY Ne 28.
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Puc. 11. Kapra uzmenenus mromau TV.

Ta6smma 4. VTorosie mokazaremn

TV ¢ nan- TV ¢ nan-

KonuuectBo Cpenuee Haunwmenvbiree Hawub6ouibimee
HazBanwue permona MEHBIIUM 6OJIBIIIM
Ty 3HAYMEHUE 3HAYEHUE 3HAYEHUE
3HAYEHNEM 3HAYEHUEM

I'erman 7 0,0514 23 -0,0075 16 0,1391
Taiimbip BepxHsis ApKTHKa 4 0,0183 97 -0,0202 95 0,0899
Taiimbip HUXKHsIsT ApKTHKa 10 0,0122 101 -0,0075 102 0,0548
Taiimblp cybapKTHKa 8 0,0136 118 —-0,0061 111 0,0401
HOr 17 0,0225 12 -0,0310 14 0,1688
Sman 5 0,0422 29 0,0331 28 0,0656
BCEI'O 51 0,0247 12 -0,0310 14 0,1688

Cumcok muTeparypsl

7. 3akirouenue

B pabore paccmarpuBaercsa 3amada MOAEJIMPOBAHUS W IPOTHO3UPOBAHUS IIIOMIAIN
TEPMOKAPCTOBBIX 03€P € IMOMOIIBIO0 METO/Ia PAHIOMU3UPOBAHHOIO MAIIIMHHOTO 00y YeHusl, 1103~
BOJISIIONIETO CTPOUTH CTATUCTUYECKHE MOJIENIH B YCJIOBUSX MAJIOTO 00beMa TAHHBIX U HECTPYK-
TYPUPOBAHHBIX IIyMOB n3MepeHuii. B xose sxcrmepruMenToB OBLIO PACCMOTPEHO JBE MOJIEIIN
IJIONIA TN O3€ep: JIMHeHasl cTaThudecKas MO/Ie/Ib OT 3HAYEeHMUs KJINMATUYECKUX ITOKa3aTesiei
TEMIIEPATYPHI U KOJIMYECTBA OCA/IKOB U JIMHEITHAS JUHAMUYECKAsT MO/IEJIb, TTO3BOJISIONAs yIu-
TBHIBATH JMHAMUKY UCTOPUYECKUX 3HAYCHMIT IJIOMAIU. B pe3ysibrare MOJIEIMPOBAHMS OBLIO
II0Ka3aHO, YTO IIepexo/] K JUHAMUYECKOI MOJIe/IN IO/ I M BOCCTAHOBJIEHHUE IIPOITYIIIEHHBIX
JIAHHBIX [TO3BOJISIIOT 3HAYNTEIHHO YMEHBIIUTD CPEIHIOK OIMMUOKY MOJIETUPOBAHUSI.

Baaromapaoctu. Pabota BbITTOTHEHA TIpH PUHAHCOBOM MO epKKe Poccnitickoro HayIHOTO

donga (mpoekr Ne 22-11-20023).
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The work is devoted to the problem of forecasting the evolution of the area of thermokarst lakes
in the Arctic permafrost zone using the analysis of test areas from several geographical regions.
The approach proposed in the work is based on the Randomized Machine Learning method for
constructing mathematical models of lake area from climate indicators, learning the model on real
data and further forecasting. The results of modeling the dynamics of lake areas using linear static
and dynamic models are presented and compared. It is shown that proposed dynamic model can
significantly reduce the average modeling error.
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B pabore mpescraBiaeHbl pe3yIbTaThl UCCAETOBAHUN TOPOBOTO MPOCTPAHCTBA BBICOKOTIOPUCTHIX
MOPOJI-KOJIEKTOPOB mozzeMHoro xpanmiuma raza (IIXT) ¢ momonpio MeTomos mudpoBoro anagmsa
CHUMKOB KOMITBIOTEPHOW MukporoMorpacpun. IIpumenena pazpaboTaHHass METOINKA KOMILJIEKCHOI'O
HEPA3PYIIAOIIETO aHAJIN3a CTPYKTYPHBIX U (DUIBTPAIIMOHHO-eMKOCTHBIX CBOMCTB, & TaKKe UNCJIeH-
HOT'O MOJIEJTUPOBAHUSI THAPOAMHaAMIUIeCKHX mporeccoB cpegctBamu 110 GeoDict. Bermoaena onenka
CTPYKTYPHBIX HEOJHOPOJHOCTENH U TpemmHoBaTocTH opos. Cozmanbr 3D-mozmenn BHYTpEeHHErO
IIPOCTPAHCTBA 06Pa3IoB Ha 6a3e pazHOMACIITAOHBIX CHUMKOB. PacCunTaHbl 3HAYEHUST OTKPBITON
¥ 3aKPBITOM MMOPUCTOCTEMN, TEOAE3MIECKON N3BUIUCTOCTH, TPOBEJIEH aHAJIN3 XapPAKTEPUCTUK ITyTel
MEPKOJISIIINKA B UCCJIEYEMBIX TIOPOJIaxX Il PA3/IMYHBIX HalpaBjeHnit nHTPy3un. CaejiaHbl BBIBOIBI
06 OJTHOPOJTHOCTH pacIpeesieHus My Tel EPKOJISIIUN 110 00beMy MOpobl. VcciemoBasHo mpocTpaH-
CTBEHHOE PACIPEE/IEHNe TTOPUCTOCTU B IOPOJAX, IIPOBEJIEH ITOPOMETPUYUECKUI aHAIU3 TTOPOJIbI.
[IpoBesieHO YmC/IEHHOE MOJIEIMPOBAHHUE MIPOIECCOB (PUIBTPAIIMN HA TOJYyYEHHBIX CTPYKTYpaxX B PaM-
Kax npubaukenust CTokca sl Tpex BbIIEIEHHBIX HalpaBjeHuil B mopoje. [lokazaHo oTcyTcTBUE
BBIPA’KEHHON 3aBUCUMOCTH N3MEHEHUS (PUJIBTPAIMOHHBIX CBONCTB B BBIJEJEHHBIX HAIIPABJIEHUSIX OT
KOJINUECTBEHHBIX XapaKTEPUCTUK IIOPOBOTO IpocTpancTBa. CeaH BBIBOJ O CTENEHN aHU30TPOIUT
PUIBTPAIMOHHO-EMKOCTHBIX CBOMCTE mopoi. [lokasano xopolee COOTBETCTBAE U3MEPEHHBIX B XOJIE
1 pPOBOTO aHAIU3a XAPAKTEPUCTUK C HATYPHBIMU JAHHBIMU U 3KCIIEPUMEHTAJIBHO IOy YeHHBIMU
siabopaTopHbiMu 3HadeHuAMU. ONUCaHHAs METOAMKA MO3BOJISIET YIPOCTUTH MOJIYyYEeHHUE TaHHBIX
0 XapaKTEPUCTUKAX KPYHTHO3EPHUCTHIX ITOPO/I-KOJJIEKTOPOB, W MPU3BaHA PACIIMPHUTD MTOIXOJIbI
K HEpa3pyIIaloNeMy aHaJIn3y KepHOBOro marepuasa. COBMECTHOEe TPUMEHEHNE IMPE/JIOKEHHON
METOAUKA IU(PPOBOro aHAJIN3a HUBKOIIPOIHBIX KOJIJIEKTOPOB U JIAOOPATOPHBIX MeOMEXaHMIECKUX
WCIBITAHUN KEepHA SBJISETCS OJHUM W3 3TAIIOB B PA3BUTHUU KOMILJIEKCHOTO IOJIXO0/a K OIPEICTIEHUIO
mapamMeTpoB 6Ee30TMACHOM SKCILTyaTAIINH Ta30BbIX CKBAXKWH W CHUYKEHUIO PUCKOB TTECKOIPOSBICHUN

Ha MECTOPOXKJIECHUAX CO CJ'Ia6OL[eMeHTI/IpOBaHHI)IMI/I KOJIJIEKTOPpaMM.

KioueBsbie c/i0Ba: MOPUCTOCTH KOJJIEKTOPOB, (DUIHBTPAIMOHHO-EMKOCTHBIE CBOMCTBA, KOMITBIOTED-
Hasi TOMOTpadusi TOPHBIX MOPOJ, ITUMPOBON aHAIN3 KEPHA, YUCICHHOE MOJEIUPOBAHNE MTOTOKA

dpuIbTpanyi, AaHU30TPOIHUS TPOHUIIAEMOCTH.

Huruposanme: Xwumyssi, B. B. [Ipumenenne rexuosoruu 1iudpoBoro anaan3a KepHa, st
u3ydeHusi (PUILTPAIMOHHO-eMKOCTHBIX CBONCTB U CTPYKTYPbI BHICOKOIIPOHUIIAEMBIX [TOPOJI,
noi3eMHbIX xpanuimig ra3a // Russian Journal of Earth Sciences. — 2024. — T. 24. — ES5012. —
DOLI: 10.2205,/2024es000928 — EDN: ORTBLJ

1. Beenenne

VccnenoBanust mmocjaeHux jeT B COBOKYITHOCTH C OIIBITOM Pa3pabOTKU CIIOXKHBIX Me-
CTOPOXKJICHUIT YTJIEBOJIOPOJIOB MOKAa3aJ/IM, YTO HEOHOPOIHOCTb U aHU30TPOIUA CBOMCTB
KOJIJIEKTOPOB OKA3BbIBAIOT 3HAUNTEILHOE BJIMSHIE Ha XapaKTep MacCOOOMEHHBIX ITPOIECCOB
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IIPUMEHEHUE TEXHOJIOTUU OIHU®POBOI'O AHAJIM3A KEPHA [1JI1d U3YYEHHUA. . . Xumvist

B IJTACTaX. Y 9eT aHU30TPONNN (PUILTPAIMOHHBIX CBOMCTB HEOOXOINM JIJIsT PEIeHUsT TTPOOIeM
ONTUMUBAINN JTOOBIYH U MOBBIMNEHNsT KOIMDMUITNEHTa N3BJIEICHNS, & TAK2XKe IIPU BBIOOpE
OIITHMAJILHON CHCTEMBI PA3pabOTKU MeCcTOpoXKIeHus [Krivoshchekov et al., 2022]. MHuoro-
YUCJIEHHbIE 9KCIIEpDUMEHTAJIbHbIE, TeOPETUYIeCKNEe U YUCJIEHHbIE NCCJ/ICJOBaHUSA ITIOCJICITHUX
JecaTueTril 6bLIM HAIIPABJIEHBI Ha U3y YeHre IPUYUH anu30Tpoimu npouutaemocru | Clavaud
et al., 2008]. B maibix MacmTabax paccCMOTPEHUS OCHOBHBIMU IIPUIMHAMY BOSHUKHOBEHMSI
AHU30TPONNH (PUIBTPAIMOHHBIX CBOMCTB CYUTAETCS OPUEHTAIUSI MUHEPAJIbHBIX 3€PEH U IIOD
[ Wrright et al., 2006] nwnn Tpemun [Chen et al., 1999], KOTOpBIE BOZHUKAIOT BJIOJIb PACCMATPHU-
BaeMOr'0 HAIIPABJIEHUsI B IJIACTE Ha rare (hOPMUPOBAHUS TOPOJIBI WX B CHITY JIEACTBYIONIX
mojieil Hampsizkennit. KpoMe TOro, CJIOMCTOCTh, HAILJIACTOBAHUE, CABUT U YIIOTHEHUS MO-
TyT CIYKUATH OapbepaMu JIjisl pACIIPOCTPAHEHUsT TTOTOKa, (DJIIOUI0B. XOPOIIO U3BECTHO, ITO
HEOJIHOPOJIHOCTH CTPOEHUsI IIJIACTA U PACIpeeeHns (bUIbTPAIMOHHO-eMKOCTHBIX CBOMCTB
[IPUCYTCTBYET B PA3HOil Mepe B GOJIBIIMHCTBE MecTopoxkaeHuil [Aaues u Komaaposa, 2017].

Hanuaue B mopojiax aHU30TPONNN IIPOHUIIAEMOCTH CKA3BIBACTCS IIPU IIPOBEICHIH Pa3-
HOTO POJia Olepalii Ha CKBaXKWHAX, OKA3bIBasl BJIMSHUE Ha JBUXKEHUE 3aKAIMBAEMOIO
B BBICOKOIIPOHUIIAEMbIE TIJIACTHI (DJIFOK/Ia OT HATHETATEHbHBIX K JOOBIBAIOIINM CKBAaYKUHAM,
9TO OCOOEHHO IMPOSIBJISIETCS HA TO3JIHUX CTJIUSIX PA3PabOTKUA MECTOPOXKIEHUN WM IKCILIYa-
raruu nogzeMubix xpanuwimny rasa (IIXI) u moxker npuBourh K HuskoMy KoadbduimenTy
oxBara 3asexeil [Makxcumos u dp., 2010].

JlpyruM HeMaJIOBasKHBIM IIapaMeTPOM JIJIsi HAIIOJHEHUSI THIPOINHAMUIECKIX MOJIEIei
IJIACTA, 8 TAKXKe [IPOBEJICHNS] IMCICHHBIX UCCJIEI0BAHNN, SBJISIETCA TOPUCTOCTD. [IInpoknit
CIIEKTP HMCCJIEIOBAHUI TPOBOANTCA i (DYHIAMEHTAIBHOIO TIOHUMAHUS B3aUMOB/IUSHUST
buIbTPaIMOHHBIX U eMKOCTHBIX CBOWCTB [Backeberg et al., 2017]. dnsi cosmaHust u Ha-
[TOJTHEHUST T€OMEXaHUIECKUX U TUJIPOIMHAMUYIECKIX MOJIJIeNl MECTOPOXKIEHUsT JOJIPKHBI
OBITH YUTEHBI TAKHE TAPAMETPHI HATYPHOI'O IJIACTA U CJIATAIONIEN ero MOpPOJIbl, KAK pa3Mep
¥ pacrpejieieHne mop, UX reoOMeTpus.

Jlo HeJlaBHErO BpEMEHH IIPOHUIAEMOCTb TOPHBIX TIOPOJ] ONIPEIEJISIIACh C MOMOIIBIO J1abo-
PATOPHBIX UCCJIOBAHMI, KAPOTayKa CKBaXKUH UJIM KOCBEHHO, ITyTeM KOPPEJISIIIUU C JPYTUMU
cBoOIiCTBAMU TOPHBIX MOpoa. Ha ceromHsImHuil 1eHb OJHUM M3 IMEPCIEKTUBHBIX OIXOI0B
K JIaDOPATOPHOMY U3yYEHUIO (DUJIBTPAIMOHHO-EMKOCTHBIX CBONCTB ITOPO/JL SIBJISIETCSI UMC-
JIEHHOE MOJIEJTUPOBAHUE IIPOTIECCOB (DUIIBTPAINN HA CTPYKTYPaX, MOJYIEHHBIX C TIOMOIIHIO
KOMIIBIOTEPHON peHTTeHOBCKOI Tomorpaduu. Ha 6a3e TpexMepHBIX CTPYKTYD BO3MOXKHO
[IPOBECTH YUCJEHHOE MOJIEJIMPOBaHNe TOTOKa (GuronsioB B mopuctoii cpeje [Daish et al.,
2017|. JTaHHBIX TIOXOJ CYIIECTBEHHO JIOTIOJHSET MPsIMble JIA0OPATOPHBIE UCCIEIOBAHNS U HE
OKA3bIBAET BJIMSHUS HA IEJIOCTHOCTh M BHYTPEHHIOIO CTPYKTYPY 0OPa3I[0B TOPHBIX MOPO[I,
[Mostaghimi et al., 2012].

IIpoBeienne 1a60OPATOPHBIX HCCJIEOBAHNN KOJLIEKTOPOB 3a9aCTyI0 OCJIOYKHEHO Cy-
MECTBEHHOM OTPaHUYEHHOCTHIO 0ObeMa KEpPHOBOTO MaTepuaja, 9To JejaaeT pa3paboTKy
¥ anpodbaInuio METOIUK Hepa3pyIIaoIIero aHaJm3a OCOOEHHO aKTYaJbHON, TaK KaK C MX
ITIOMOIIIBI0 MOXKHO CYIIECTBEHHO PACIIUPUTH CIEKTD IIPOBOJMMBIX M3MEPEHUll, COXPaHUB
[EHHBIN MaTepuaJl JIJisi MEXaHUIeCKUX UCHBITAHUN. DTO TakyKe 00yCJIaBInBaeT HEOOXO/M-
MOCTB arpofallii CO3/IaBAEMBIX METOJMK JJIsl TUPOKOrO CIIEKTPa THUIIOB TOPOJ, C YIeTOM
BO3MOXKHBIX OTJIUYHUI UX CBONCTB, YTO MOXKET HADJIIOJIATHCS JayKe B PAMKAX OJHON 3ajIeKU.
Uccmemyembrie B paboTe mMOPOIbI MO0 (PU3MIECKUM U MEXAHHIECKUM CBONCTBaM OJIM3KU K KOJI-
JIEKTOPAM CEBEPHBIX MIEIb(hOBBIX Ta30BbIX MECTOPOXKIEHU, ITO MO3BOJISIET ATAITHPOBATD
U peasin30BaTh JIsi UX aHAJM3a METOJUKY U3MEPEHHi, IpUMeHeHHYIo paHee B [Khimulia,
2024].

2. MeToauka u 00beKThI MCCJIeI0BAHII

st ipoBeieHnsT KOMITBIOTEPHON ToMOrpadnu 1 MoJIydeHrs U300parkeHnii 00pa3Ion
HCIIOJIB30BAJICS BBICOKOpa3pernaIiuii pearreHoBckuit mukporomorpad ProCon X-Ray CT-
MINT [Xumyas u Bapros, 2022] MHcTuryTa npobiem mexannkn uM. A. FO. MnumHckoro
PAH (UIIMex PAH). Meroauka ucciie1oBaHust ¢ HCHOJIB30BAHUEM JAHHOIO IIPHOOPa COCTOUT
U3 TPEX OCHOBHBIX ITAIOB: CKAHUPOBaHUE 00pa3Iia MOPOIbl B KamMepe ToOMOrpada; KOMIIbIO-
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TepHas PEKOHCTPYKIUS CHUMKOB 1 co3manne 3D-mpoekTa; 06paboTKa JaHHbIX U UM POBOit
anaysm3. B mporecce mosrydeHus JaHHBIX MCTOYHUK U JIETEKTOD HEMOJBHXKHBI, a 00pa-
3ell BpallaeTcs BOKPYT cBoeit ocu. [loryueHHbINl MacCuB IPOEKIUI 3aTeM MaTeMaTuIeCKN
obpabarbiBaercst (DEKOHCTPYUPYETCs) OMEPATOPOM € MIOMOIIBIO CIIENUAIN3NPOBAHHOTO IIPO-
rpammuoro obecniedernnss VGSTUDIO. PekoncrpyupoBanHbIil HAOOP JTAHHBIX 3arPyKaeTCst
B crennamsuposannoe I10 Geodict Math2Market GmbH, mossossironiee mpoBoAUTHL MHOTO-
MacITabuyo obpaborky 3D-nzobpazkenuil, MojieIpoOBaHNe, BU3YAJU3AIIIO U OIIPEICJICHIE
csoiicts Marepnanos |[Math2Market GmbH, 2024D).

B nammoit pabore wucciemoBanuch (HUIBTPAITMOHHO-EMKOCTHBIE XapPAKTEPUCTUKU
TOPO/I-KOJLIEKTOPOB BosioHocHOTrO 1tacta [IXT) pacrosioxkennoro B npejenax Bocrodro-
Esporeiickoit mraTdopMbl, TOPOALI KOTOPOTO MPEICTAB/IIIN CO00MH /1ab0CIIEMEHTHPOBAHHDIE
BBICOKOITOPUCTHIE [TECIAHUKY ¢ HU3KOI MpOoYHOCTHI0. Bee 00pasiipl ObLIN B3SITHL U3 OJHOTO
nnTepBaJia oTbopa KepHa. [IpoBesensr pazHoMacmTabuble ChbeMKH KePHOBOTO MaTepUaJIa;
KPYITHOMACIITAOHBIN CHUMOK oOstactu ¢ oxBaToM 40 X 40 x 40 MM U HU3KUM pa3pereHneMm
JJIs aHAJIN3a KABEPHO3HOCTU M HEOIHOPOIHOCTU MATEPHUAJIA, [TOCJIE U€ro C/IeJTaHbI CHUMKH
BBICOKOT'O pa3pelneHust HeOoIbInuxX 06J1acTeil 00pas3ioB ¢ XapaKTepHbIMU pasMepamu 3—10 M
JIJIsI TIOJIyYeHUsl JIETAJTBHON KAPTUHBI TOPOBOTO MIPOCTPAHCTBA (pa3pelleHne moJry IaeMoro
CHMMKA 3aBHUCHUT OT IIOJIOZKEeHUs 00pasiia repes gerekropoM). Ilepen ckanupoBanueM Ha
yHUKaJIBHO VcmbrTaTreibHON crcTeMe TpexoCcHOro HezapucuMoro Harpyxkenns UTIMex PAH
(ICTHH) 6bL10 IIPOBEJIEHO n3MepeHne (PUIIBTPAIIMOHHBIX CBONCTB TOpoJs! [Kapes u dp.,
2021]. B xome ucnblTanunii 618 U3MEPEHA Ta30IPOHUIIAEMOCTD UCCIIEyEMOTO HHTEPBAJIA
B HAIPABJICHUN HAIJIACTOBaHUS. VI3MepeHHas TPOHUIIAEMOCTD JAHHBIX ITOPOJT COCTABUIIA
B cpegneM 8-9 [1. ITonyuennble 3HavueHns: ObLIM UCIIOJIB30BAHbBI JjIs CPDABHEHUS PE3yJIBTATOB
YUCJIEHHON TTN(POBOIT OIEHKH.

ITocsie ckanmpoBaHusS U PEKOHCTPYKIINU BCEX CHUMKOB JleTajbHas padoTa ¢ n300pake-
ausimu ipoBogmiack B [0 GeoDict. /lanubie Obiin 06paboTasbl e MHOOOPA3HO: ITPUMEHEHBI
KOPPEKTUPOBKH sipkocTn n3obpaxkennii Gauss nu Gradient Brightness correction, 3ajeiicTso-
Ban ¢uabTp Non Local Means ais criakuBannst n300parKeHUsT W YIIPOIEHUsT TTPOTIETY PhI
cermenraiuu [Shreyamsha Kumar, 2012]. Cermenraiusa nposoguiack Meromom Otsu, Koro-
Pblii OBLI IpUMEHEH JIJIsi MEJIKOMACIITaAOHOIO CHUMKa HAMOOJIBIIErO pasMepa U3 BbIOOPKH,
ocJjIe 9ero 3HadeHue MOy YeHHOTO TTOPOra IEPEeHOCHIIOCh Ha BCIO BBIOOPKY MeroaoM Global
Tresholding B nessax egunoobpasus [Bali and Singh, 2015]. Ha 6a3e co3manHbIX CTPYKTYD
OBLIN ITPOBEJIEHBI BBIYUC/IEHNUSI TIOPUCTOCTHU cpejcTBamu makera PoroDict. Momy/ib mo3Bosisier
OIIPEJIEIATH KOJTMYIECTBO TIOP, OTKPBITHIX UJIM YaCTHYHO OTKPBITHIX B BHIODAHHOM HAIIPaBJIe-
HUHU 00pa3Ia, T.e. YaCTHIHO BOCCO31A€T YCJIOBUS J1aD0OPATOPHOTO M3MEPEHUs TOPUCTOCTH
MeTOonoM MHTpY3un. JIs KaxKmoro obpasia mIpOBOAUIICS aHAJN3 BIIOJh TPEX HAIIPABJIEHUI.
Takum 06pa30M BBIYHMCISIINCH OTKPBITas (3()dEKTUBHAS) U 3aKPBITasl MOPUCTOCTH JIJIsI
JTAHHOTO HAIIPABJIEHUSA (PUIHTPAIINAMN.

C 1espio u3yvdeHns: TeOMEeTPUIECKOil U CTATUCTUYIECKON OHOPOHOCTH IIOPOBOTO IIPO-
CTPAHCTBA JJIs BCeX 00pA3IoB OBbLI IIPOJIETIAH TOPOMETPUYECKIAN AHAJIN3 U BU3YAJIU3AIINT
reomeTpun mop cpeacrsamu momyiteit MatDict u PoroDict na 6a3e cerMeHTHPOBaAHHBIX CHUM-
KOB. Vlcnosb3yemblit METO/ OCHOBAH HA BBIYACICHUN N€OMETPUIECKUX TAPAMETPOB CTPYKTYD,
HOJIyYeHHBIX B pe3ysbraTe cermertaruu 3D-caumvkos [Taud et al., 2005] u uMeer psiz mpe-
UMYIIECTB 110 CPABHEHUIO C TPAJAUIMOHHBIMI METOIAaMU IOPOMETPUHU HA PACCMATPUBAEMBIX
Mmacirrabax 1mop u tunax nopoz [Kovdrovd et al., 2012].

Tlosst bunbrpanuu 6pLIM paccuuTadbl ¢ TOMOIILI0 Moysist FlowDict makera GeoDict
[Math2Market GmbH, 2024a]. Monyns FlowDict nporaosupyer addextusHbie cBoiicTsa
MaTepHUaJIa IIyTeM MOJIEJNPOBAHNS OTOKA U ITOCTOOPAOOTKN PE3yIbTATOB MOJIEINPOBAHUS.
JIJ1s1 9uCTIeHHOrO MOJeIMPOBaHUs (DUIIBTPAIMOHHBIX IIPOIECCOB B JTAHHON pabOTe UCIOJIb-
3oBasachk Mozenb Tedenns: Crokca |Versteeg and Malalasekera, 2007| ¢ pemarenem LIR
[Linden et al., 2015]. IIpu MoAeaMpPOBAHUN IOTOKA BBICTABJIAINCH CJIELYIOINAE IADAMETDDL:
pabouwnit drons — Bo3ayx, mepenas gasjaeanit 100 [Ta, remmeparypa 20 °C.
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3. Pe3ysbraThl

TlepBudnble CHUMKE TTOPOJT OBLIN CIEJIAHBI C IEJIbI0 OIpPeIeseHUs] HAJIUINs KaBepH
U HEOJHOPOJHOCTEeNl MaTepuasa. KpymHoMacimTabHble CHUMKHU IOJHOCTBIO OXBATHIBAJIN
ucxomHbIi pazmep 06pasnos 40 x 40 x 40 MM, B CBSI3U C 9Y€M BO3MOXKHO HOOUTHCS JIUIIb
HU3KOI'O pa3pelleHus CheMKu: pa3Mep Bokcesist cocrasui 21,146 mxm. [lociie pekoHCTpyKInn
U TIOJIy9IeHusI 00beMHOT0 HAOOpa JAHHBIX OBLT CJI€/IaH BBHIBOJ 00 OTHOPOIHOCTH MOPOJILI HA
MaKpOYPOBHE U OTCYTCTBUU KaBepH. KapTuia mopoBoro mpoCTPAHCTBA OJHOPOIHA, YIACTKA
HAILTACTOBaHUs BU3YAJbHO He pasjmunMbl. Ha puc. la mokasaHo cpaBHeHue dactu 00paboTaH-
HOTO TIOJIHOMACIITAOHOTO CHUMKa 00pa3iia (YepHBIM M CePhIM W300PAYKEHbBI OPHI U MATPHIIA
[OPOIBI, GEIBIM — IIPUMECH IJIOTHBIX BEIIECTB) M PE3YJILTAT IIPOIPAMMHOIO BbIJIEJICHUS
(cermeHTaIMY) HEOMHOPOAHOCTEH JJisl TOM K€ MPOEKIMU CHUMKA: CEPBIM I[BETOM IIOKA3AHBI
[UKCEJIA, KOTOPBIM IIPUCBOEH SIPJIBIK HEOHOPOJHOCTEl WJIN IIPUMeCcell Ha OCHOBE IIBETOBOI
nuddepennuarun cunmka. Ha prc. 16 mokaszano o0beMHOe pacipeaeeHre BblIeIeHHbIX
npunmeceii BoO BeceM o6pasiie (CepbIM BbIIEJIEHbI OTCEIMEHTUPOBAHHBIE TIPUMECH 6oJiee TII0THO-
ro BemmecTsa). HecMOTpst Ha KasKyILyIOCs BBICOKYIO BU3YAJIbHYIO INIOTHOCTH PACIPE/IeIeHUs
BBIJICJICHHBIX HEOJHOPOIHOCTEN, NX 00bEMHOE CoJlepsKanue B o6pasnax He npesbimaer 2,3%.
Ucxons n3 KapTuHBI UX pacipeeseHns, orudanus 3epeH, (popMbl BKPAIJIEHUI W UX IIJIOTHO-
cTH OBLI CIeJIaH BBIBOJ, YTO BbIJIE/IEHHBIE BEIECTBA IEPEHOCUINCDH ILIACTOBBIM (DJIFOUIOM,
a CJIeJIOBATEJIbHO He OKA3bIBAIOT BJIMSIHUS HA OOIILYIO MOPHCTOCTh HOpojbl. Ha puc. 1 Takxke
MOXKHO 3aMETHUTDH BBIJEJEHHYIO BEPTUKAJIBHYIO IIOCKOCTH B 00pasIie, MpeCTaBISIONLY IO
co0oil pacIpesie/IeHHbIN CJIe]T BEIEeCTBa, IEPEHOCUMOTO IIPU JIBIKEHUN ILJIACTOBOTO (DJIIOUIA.
Ha ocHOBe Takux CJIe/IOB OCYIIECTBJIsLIACH JOIOJHUTEIbHAS KOPPEKIHsI yIjIa II0OBOPOTAa
3D-Mmozesteit /1l BHIDABHUBAHUS OCEHl IPOrpaMMBbl BJIOJIb HAIIPABJIEHUN HAIIACTOBAHUA.
B coorBercTBUEM ¢ 3TMIM, Ha OYIyIUX TETAJBHBIX CHUMKAX OCcH Y u Z COOTBETCTBOBAJIU
OPTOrOHAJILHBIM HAIIPABJICHUSIM HAIJIACTOBAHUSI, & OCh X — HAIPABJIEHA IEPIIEH INKYJISIPHO
HAILJIACTOBAHUIO.

Puc. 1. a — gacts npoeknuu KT cHuMKa U pe3ysibTaT CErMEHTAINN JJIsl BBIJEIEHNsI CTPYKTYPHBIX
HEOTHOPOIHOCTE, 6 — TPOCTPAHCTBEHHAST KAPTUHA BBIIEJIEHHBIX IJIOTHBIX IPUMeECEl B KyOMIeCKOM

0ob6pa31ie MopoJIbL.

Janee IpOBOANIACH CHEMKA B BBICOKOM Pa3pPEIIeHHU OTACIBHBIX 9acTell 00pasIoB s
TIOJIyIe€HHSA IETATBHON KapTHHBI OPOBOTO IPOCTPaHcTBa. Ha puc. 2 moKa3aHbl HEKOTOPHIE
U3 3TanoB paboThl CO CHUMKAMU Ha IPUMepe YacTH OJHON U3 MPOEKIIUil: Ha puc. 2a IIOKa3aHa
YACTh POEKITNN N300parKeHNs OCJIe PEKOHCTPYKIME (Cephlil — 3epHA, YE€PHBIH — TIOPHI), HA
puc. 26 moKazaHa 3Ta yKe MPOEKIUS MOCJIe TPUMEHeHUsT (PUIBTPOB U BHIDABHUBAHUS PKOCTH
n300parkenus, Ha, puc. 2B MOKa3aH Pe3y/IbTaT IPOBEJIEHHON IIOPOroBOil CerMeHTAIMH JIJIsT
9TOH TpOEeKIMK (CepbIM BBIIEJIEHBI 36PHA W UX TPAHUIBI, HEJTBIM — OTCEIEHHOE TIOPOBOEe
[IPOCTPAHCTBO).
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Pa3mep Bokcens 7,883 Mxm
YacTh Y-NPOEKIHH TOC/IE PEKOHCTPYKIHH Yacts Y-npoekimu nocie NLM-¢dunsrpanun YacTh Y-NpoeKIMH N0CIe CerMeHTaIuH
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Puc. 2. a — yacTb npoeKnuu N300PaAKEHUS MMOCTIe PEKOHCTPYKIINM, O — 9Ta Ke MPOEKIIHS [TOCTIe
mpuMeHeHusl PUJIBTPOB U BHIDABHUBAHUS SIPKOCTH H300parKeHUsl, B — Pe3yJIbTAT MMPOBEIEHHON

HOpOl"OBOfI CerMeHTallUuu J1Jisl 9TOM IIPOEKIINHU.

711 ONEHKH OJTHOPO/IHOCTH ITOPOBOI'O ITPOCTPAHCTBA 00pPA3IoB ObLIN U3MEPEHbI 3HA-
YeHUs Ie0J[e3UIECKON M3BUJINCTOCTH BJOJIb TPEX OCeil 00pa3IoB, Ha OCHOBE Yero IIOCTpPOe-
HBI KAPThl MUHUMAJIGHON JIJIMHBI CKBO3HBIX (DUIBTPAIMOHHBIX IIyTEHl CPEICTBAME ITAKETa
PoroDict. /Ins KaxKa0ro BOKCEsIsl BXOTHOM MOBEPXHOCTU AJTOPUTM HAXOJIUT KpaTdalimmit
IIyTh uepe3 BBIOpaHHBIN MaTepuas cTpyKTypsl [Holzer et al., 2023]. Ha puc. 3 uepHBIM
n300parkeHa IaCTh PACCANTAHHBIX IIyTel MEPKOJIAINH, & TaKKe I[IPEJ/ICTABIeHA KaPTUHA
M3MeHEeHUs] MUHUMAJIBHOM JIJIMHBI Iy Teil mepKoJsiiuu BAoJib oceil X u Z B obpasriie, cooT-
BETCTBYIOIIUX HAIIPABJIEHUSAM HEPIEHINKYIISPHO U I1apaJijieJIbHO HaljlacToBanuio. [lseTom
0003HaYeHa MAHUMAJIbHAS JJINHA IIyTH OT BXOIHOI IIOBEPXHOCTU BJIOJIb BHIOPAHHOTO Ha-
[IpaBJjieHusl JI0 TPOTUBOIOI0KHOM. [[puBenerHasi B KauecTBe IpuMepa CTPYKTypa MMEET
JINHeWHbIe pa3Mephl 485 BOKCeJIst B KayKJOM HAIPABJIEHUH, ITO COOTBETCTBYET (DPU3MIECKUM
pa3MepaM OKoJio 3,82 MM.

Puc. 3. [IpocTpancTBeHHAS BU3yaAJIU3AINs PACITPEIEICHIS MAHAMAIBHON JIUTUHBI IIYTH T€PKOJISIITUN
B HanpasijeHusix X u Y B o6pasue (IpajyenT), a Takyke BU3yaJdu3alusl BHIOOPOYHBIX IyTel HepKo-

Jistiu (depHble JIMHUH).

W3 pucyHKOB BUIHO, 9TO M3MEHEHNUE JJINHBI TEPKOJISIIIUOHHBIX ITyTell ITPOUCXOIUT PaB-
HOMEPHO BJIOJIb PA3HBIX OCE, OTCYTCTBYIOT 3aMETHBIE H30JIMPOBAHHBIE 00JIACTH TIOPOBOIO
IIPOCTPAHCTBA MJIM KPYIHbIE HEOJHOPOHOCTH, JOKAJIBLHO yBeJIUYUBAIOINe JINHY IIyTH 3
cueT HeobxoaumocTn orubanus. [Ipu 9TOM [UIMHA MOTHBIX MyTel TPAKTUIECKU OJMHAKOBA
B Pa3HBIX HalpaBjeHusix. JlJist Jiydiero KoJIMm4ecTBEHHOIO CPaBHEHUsI ObLIa ITOCYUTAHA
CpeJTHSIST TeoJie3nvecKasi N3BUIMCTOCTD IJIsl BCeX HaupasJeHuit B obpasmax. Cpemrsis reojie-
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3UYecKasi M3BUJINCTOCTh KOJMIECTBEHHO OIPEIENIsIeT UINHY JOCTYIHBIX (DUIBTPAIHMOHHBIX
myTeit. OHa ompeiesisieTcst KaK cpejiHee 3HAYeHNe BCeX JJIMH KpaTJdaillinX myTei, JTeJeHHoe
Ha TosmuHy Martepuasa [Stenzel et al., 2016]. Pesynbrarhl n3MepeHuil npejicTaBieHbl HUXKe
B Tabs. 1. Takyke ObLT IPOBEJIEH aHAJIN3 XAPAKTEPUCTUK IIyTell IePKOJIANNNA, KOTOPHIi
BKJIIOYAJT M3MEpPEHUe JIJIMHBI MEePKOJISIIIUOHHBIX MTyTel, a TaKyKe MaKCUMAJbHBIA pazMep
cepudeckoil YacTUIlbI, Mpoxoseil mo ganaomMy KaHatry. s 100 mocTpoeHHBIX TEPKOJIs-
[IMOHHBIX IIyTell MAKCUMAJbHBINA JuaMeTp (pUJIBTPYIOIECsT YaCTUIBI COCTABUJI B CPEIHEM
35-40 MKM.

Ha 6a3e co3maHHbIX CTPYKTYD ObLIN MPOBEIEHBI BHIYUCIEHUS TOPUCTOCTH CPEICTBAMU
nakera PoroDict. IlosiHbie pesysibraThl aHan3a mpejcraBieHbl B Tab/r. 1. 3HaueHne OTKpPhI-
TOIl MOPUCTOCTH JIjIsI Beex o0pas3loB B cpeaneM cocTasuiio 29-30%, 4To XapaKTepHO JJist
BBICOKOTIPOHUIIAEMBIX [TOPOJT, BOJIOHOCHBIX CTPYKTYP U XOPOIIO COTJIACYETCsI ¢ HATYPHBIMUI
JAHHBIME T10 JIAHHOMY ILIACTY, & Takke mractaMm aHajornvdubix [IXT. Beicokue snadenus
OTKPBITOI MOPUCTOCTH TAaK»Ke YKA3bIBAIOT HA TO, 9TO IOPOBOE IIPOCTPAHCTBO 00JIAIaeT
BBICOKOI CTEIEHBIO CBSI3HOCTHU, 3aKPbITasi MOPUCTOCTh, KAK OBLIO W3MEPEHO, COCTABJISIET
menee 0.13%.

Taﬁnm.(a 1. CBO,JHI)IQ pe3ysIbTaThl IPOBEAEHHOI'O L[I/I(i)pOBOFO aHaJIn3a U YUCJIEHHOI'O MOJE/IMPOBaHUA.

JInneinbrit OTkpbITast 3akpbiTas
Cpemusist us- IIponuna-
O6paszer, Ocob pa3mep, IIOPUCTOCTh, TOPUCTOCTD,
BUJIKCTOCTD eMocCTb, /I
BOKCEJIb % %

X 671 1,07088 29,7919 0,0449 7,21

Al.9 Y 634 1,06391 29,7932 0,0438 7,43

Z 429 1,06273 29,7927 0,0430 7,64

X 755 1,06152 32,4843 0,0496 8,80

A10.2 Y 764 1,05793 32,4836 0,0512 9,21

V4 435 1,061 01 32,4858 0,0487 9,00

X 485 1,07878 30,4449 0,1241 7,89

A1.7.2 Y 485 1,066 64 30,4439 0,1247 8,61

Zz 485 1,07059 30,4450 0,1229 7,90

Ha 6aze cozmanHbIX MoJieJieii ObLI IIPOBEJIEH TOPOMETPUYECKU 1udpPoBOil aHa U3
[IOPOBOI'O IIPOCTPAHCTBA HOPOJI, [IJIsl ITOJIyUeHns OoJiee MEeTATbHBIX KOJIMIeCTBEHHBIX XapaKTe-
puctuk. I'paduk cymMMapHOro pacipeesieHus mop IO pa3MepaM Ha MPUMEPE XapaKTEePHOrO
obpaaiia mpejicraBiieH Ha puc. 4a. [1o Topu30HTaIBHONR OCH OTJIOXKEHBI JUAIa30HbI PA3MEPOB
PEeruCTPUPYEMBIX 110D, & II0 BEPTUKAJIHHON OCH OTJIOZKEHA JI0JIA TIOP JAHHOTO pa3Mepa OT 00-
mero oobema. Kak BumHo n3 rpaduka, HanboJIbIee IUC/IO TOp UMEIOT pa3Mepsl 31-47 MKrM.
CyMMapHast J10J1s1 TAKUX [IOP B TOPOBOM ITPOCTPAHCTBE BCEX 00PA3IOB COCTABJISET B CPEIHEM
29-35%. IIpu 3TOM BTOPBIM IO PaCHPOCTPAHEHHOCTH SIBJISCTCS JIUAIIA30H Pa3MepOB IIOP
55-71 MM, coctaBisomuii B cpegaeM 21-24% oT BCero mycToTHOrO IPOCTPAHCTBa. 11opHI,
pasmepamMu 6ostee 79 MKM cocTaBuIa Beero oT 5 1o 6% ot obmero oobema. Ilpu sToM camble
0OJIBIIINE [TOPBI UMEIOT pPa3Mepbl J0 170 MKM, T.e. KPYIIHbBIE [IyCTOTHBIE OOJIACTH U KaBEPHBI
OTCYTCTBYIOT, UTO TaKKe MOJTBEPKIAETCS BU3yasu3anueit Ha prc. 46. Ha Hem mokazano
IIPOCTPAHCTBEHHOE PACIIPEJIEJIEHIE TTOP PA3HBIX Pa3MepPOB B 00beME PACCMATPUBAEMOIO
obpasma. [IBeroMm 0003HAYEHBI TOPHI PA3HOTO pa3Mepa, COIJIACHO IKaJie ciipaBa. HanmeHb-
Hige 110 pa3Mepy IOpbl (CUHMI I[BET) CKPBITHL it yA00CTBa BU3yaau3anuu. Takoil moaxo
MTO3BOJISIET HAIVISITHO MPOAHAIN3UPOBATH OJHOPOIHOCTD PACIIPEIEIEHUS OP WU JIOKAJTBHBIX
VIUIOTHEHUH, & TaKKe [IPOBECTH TOYEUHBIN aHAJIN3 T€OMETPUIECKUX XAPAKTEPUCTHK JIF0OO0i
HOPHI.

Kak Buamno n3 Busyasmsaruu, mOpbl paciIpeiesieHbl PABHOMEPHO 110 00beMy, 0e3 siBHO
BBIPAYKEHHON HEOIHOPOIHOCTH. ¥ YACTKY 3HAYUMBIX JIOKAJbHBIX VILIOTHEHUIT OTCYTCTBYIOT,
TO €CTh IPOIeCC (PUIIBTPAIUN BJIOJIb KaXK 0 OCH Oy/IeT MPOUCXOIUTh IIPENMYIIECTBEHHO
1Mo BceMy obbeMy 00pa3iia, 6e3 CHIBHOTO MPeodIaTaHns OTAETIbHBIX BHICOKOIIPOHUIIAEMbBIX
yaacTkoB. [losryueHHast KApTUHA PACIIPEIEJIEHNsT XOPOIIO KOPPEJUPYET C PACCIUTAHHBIMUI
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Puc. 4. a — rucrorpamMmMa pacupeiesieHnst op o pa3Mepam, 6 — BH3yaJsr3alys [IPOCTPAHCTBEHHOIO

pacmpeiesieHusi Iop MO pa3MepaM.

3HAYEHUSIMU TOPUCTOCTEH BJIOJIb BBIJIEJIEHHBIX HanmpaBjenuit n3 tabs. 1. IIpoBenennbrit
aHAJIN3 TIOATBEPXKIAET OJHOPOIHOCTD IIyCTOTHOT'O MPOCTPAHCTBA MOPOJ, U OTCYTCTBUE HEPAB-
HOMEPHOCTH T'€OMETPUYIECKOTO PACIpeie/IeHns TI0p B o0beMe 00pa3IoB.

Ha 6aze cozmaHHBIX CTPYKTYP OBLIO IIPOBEIEHO YNCICHHOE MOJIEJNPOBAHKIE TIOTOKOB
dbuIbTpau BIOJb BBIIEJEHHBIX OCeil B 00pa3lax C IeJbI0 OIEHKNA (DUIBTPAITMOHHBIX
CBOICTB ¥ CTeleHN aHWU30Tponun npoHuaemoctu. Ha puc. 5 BU3yan3upoBaHO pacipeje-
JIEHHE CKOPOCTEHl PACCUNTAHHBIX TOTOKOB (DUJILTPAIMK B HAIPABJIEHUH TPEX OCeil B OIH-
coiBaeMoM o6Opastie. [IBeToM 0603HAMEHBI PA3IUTHBIE 3HAYEHNST CKOPOCTH TTOTOKA B XOJIE
dunprpanum, corjacHo nKaje cHuly. HanMeHbime 3Ha9eHUsT CKOPOCTH CJIEJIAHBI TPO3Pat-
HBIMU JIJIsi BOSMOYKHOCTH KOPPEKTHOW Bu3lyasmzaruu. VI3 pucyHKa BHIHO, YTO XapaKTep
pacrpeiesieHue MOTOKOB (DUIIBTPAIUU BJOJIb OCell BU3yaabHO OJMHAKOB. POpMa MOTOKOB
TOBOPUT 00 OTCYTCTBUU 3HAYMUMBIX PACIIMPEHUI WM Cy2KEHUs IIyTeil B xo/1e buyibrpamnum.
OTCyTCTBYIOT 30HBI, He 3aHsITble (DUIbTPAIEl, UTO TOBOPUT O BBICOKON CBSI3HOCTH ITOPOBO-
ro TPOCTpaHCTBA. JIJIs KOTMYIECTBEHHOIO aHAJII3a PAa3/IMInii ObLIN BHIYUCIEHDI 3HATEHUS
cpezHel TPOHUIIAEMOCTH BJOJIb KAXKJIOI0 HAIPABJIECHUS (DUIBTPAIIH.

%. b . W

% Cmiocﬂs, m/c »

1] 100 -10-3 200'10- 244-10-3

Puc. 5. Buzyanusamus pacupenesiennsi CKOPOCTel TOTOKa (PUIBTPAIANA BAOJb KayKIOTO M3 HAIIPAB-

agennit (X, Y, Z).

CBopHble pe3yJIbTaThl OIEHKHM IIPOHHUIIAEMOCTH OOPAa3IOB IIPejCTaB/eHbl B Tabs. 1.
YKa3aHO 3HAUEHME BBIUUCJIEHHOI nponumnaemoctu B exununax Jdapeu () mus kaxmporo
HamnpasJieHusi B obpasnax. Kak BumHO u3 TabJHIbl, UMEETCsT 3aKOHOMEPHOCTb OTHOIIIEHUS
IIPOHUIIAEMOCTH B HallpaBjieHHH X II0 OTHOIIEHUIO K JIBYM JPYTUM HampapjeHusiM. Ha
OCHOBE II0JIyYEHHBIX JAHHBIX MOYKHO CIEJIaTh BBIBOJ O TOM, YTO (PUJIBTPAIOHHBIE CBONCTBA
HCCJIeIyeMBIX TTOPOJT, 00/IaJA0T Caaboil CTENeHBI0 TPAHCBEPCAIbHON anu3oTpornuu. OTandume
IIPOHUIIAEMOCTHU B HAIIPABJIEHUSAX HAILIACTOBAHUSI TAKXKE HE3HAUNUTEBHO OTJINIAETCS JJIsT
Pa3HBLIX 00pa3IoB: /s IIePBLIX JIBYX 00pa3lloB OTJIndKe He npesbimaeT 3%, /s I0CIe Hero
obpasna — 9%. CToUT OTMETUTD, 9TO OpUEHTAIUA Oceil B obpasmax Y 1 Z MOXKET OTINIAThCS
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B CHJIy OCOOEHHOCTEH M3rOTOBJIEHUS OOPA3IOB, IMTOITOMY OCHOBHOE BHUMAHWE VIECJISIETCS
OJTHO3HAYHO BBIPOBHEHHOII IJIOCKOCTU HAIJIACTOBAHUA W IIEPIEHINKYIAPHON eif Ocl KepHa.
IIpoHnunaeMocTsb BIOJL Ocell HAILJIACTOBAHUS JIJIsl PA3HBIX 00pa3IoB oKasbiBaeTca Ha 1-9%
6OJ'H)IH€ IIpOHI/II_[aeI\IOCTI/I II0 OCn KepHa. HpI/I 9TOM IIOJIyLIeHHI)Ie YHUCJICHHbIE OIICHKH! XOpOIHO
COBIIAJIAIOT C IKCIEPUMEHTAJIBHO M3MEPEHHBIMU 3HAYEHUSIMU [IPOHUIIAeMOCTU (J1a60paTop-
HO M3MepeHHasl TIPOHUIAEMOCTb COCTaBJsiyia B cpegueM 8—9 JI st JaHHOrO WHTEpBAJA
[IOPOJL), 9TO FOBOPUT O JOCTOBEPHOCTU METOAMKHU O0PAbOTKH U METO/A CErMEHTAIUH JIJIsl
JTaJIbHEeHRIIero aHaansa.

4. O6cyx/eHne pe3yJIbTaTOB

OrHocHuTebHBIE 3HAYEHUST OTKPBITO TIOPUCTOCTH U CPEJTHEN MPOHUIIAEMOCTH, MOJIY YeH-
HBIE B paboTe, XOPOIIO COOTHOCATCS C PE3YIbTATAME IOJIEBBIX CIENUAIbLHBIX UCCIIeI0BAHMIA
METOJIOM OTKAJYEeK W HarHETAHUl, BBIIIOJHEHHBIX JIJIsI COCEIHEr0 C MCCJIeyeMbIM HHTEPBa-
Ja wiacra [lapatiwun v Kanmioxos, 2017], a Takke coracyiorcs ¢ nerporpaduiecKuMu
uccsiepoBanusivMu kKosiekTopos IIXT Toro xe tuna [Ipuwun, 2019]. Toaygennsie B xome mud-
POBOI'O aHAJIN3a Pe3yJIbTATOB KOMIBIOTEPHOI TOMOIrpadui KEPHOBOIO MaTepHaJsa JaHHbIe
0 DUWIBTPAIMOHHBIX XapaKTEPUCTUKAX XOPOIIO COIVIACYIOTCS C Pe3yJIbTaTaMu cepuu jabopa-
TOPHBIX UCHBITAHUI 00Pa3IOB JaHHOro uHTepBaJsia nopox [Kapes u dp., 2021]|. 3uauenue
dusnIecKn n3MepsieMoil B YIIOMSHYTO# paboTe IMIPOHUIIAEMOCTH 10 Ta3y IKCTPArnpOBaH-
HBIX 00pA3IOB JAHHOTO KOJIJIEKTOpa I Pa3HbIX ycjaoBuit Bappupyercs ot 8,5 g0 9 /1. Tlo
MMEIOIIIMCsT HATYPHBIM JAHHBIM, IOPUCTOCTD IIJIACTA JJI UCCJIEIYEMOr0 HHTEPBAJIA TJIyOUH
cocrasmia 24-27,4% B IIACTOBLIX YCJIOBUSAX BCECTOPOHHEro cxkarus. CTOUT OTMETHTD, UTO
BBIYHCJIIEMbIE IIyTeM IIMPOBOro aHAIN3a TOMOIrpaduiecKux CHUMKOB 3HAYEHHS [TOPOBOIt
MIPOHUIIAEMOCTH 3a9aCTYIO JAIOT JIUIIb CPABHUTEJIHHYIO OIIEHKY CBONCTB, B TO BPEMS KaK
abCOJIIOTHBIE TI0JIy YeHHbIE 3HAYEHUSI MOTYT OTKJIOHAThCA OT husnueckux usMepenuii Ha 50%
u Gosiee mporeHToB. OCOOEHHO 3TO KacaeTcs MEJKO3EPHUCTBIX U IJIOTHOCIIEMEHTUPOBAaH-
HBIX TJIMHUCTBIX OPOJ, U YACTO OOYCJIOBJIEHO pa3pelieHnneM Ipubopa, OrpaHUdIeHHOCTHIO
MIPUMEHSIEMBIX MOJIEJIENl U CYIECTBEHHBIM YIIPOIIEHNEM CTPYKTYPBI B XOJI€ CEIMEHTAIIAN
[Kpusoweros u Kounes, 2014]. Biarogapst BBICOKOMY DPa3peIleHnio U MoJ00paHHBIM I1a-
paMeTpaM ChbeMKH, PABHO KaK U IIPUMEHEHHBIM METOIMKaM paboThl ¢ M300pa’KeHUsIMH,
MIOJTyI€HO aIEKBATHOE COOTBETCTBUE MPEICTABIECHHBIX JAHHBIX C PE3YJIBTATAMIE IIOJIEBBIX
¥ J1IADOPATOPHBIX MCCJIEIOBAHNI AHAJOTUIHBIX ITOPOJI.

TosyvueHHbIe TaHHBIE OATBEPXKIAIOT paHee obHapyxkeHHOe [Khimulia et al., 2024]
OTCYTCTBUE BBIPAXKEHHOI 3aBUCHUMOCTH ITIOPUCTOCTU OT HAIIPABJIEHUs HHTPY3UU B 00PA3ILE,
YaCTO XapaKTepHOe JIJIsi MHOTUX THIIOB KOJUIeKTopoB [ Wan et al., 2015], aro rosopur 06
OJIHOPOJIHOCTH U BBICOKOIl CBSI3HOCTHU TIOPOBOI'O IPOCTPAHCTBA II0 TpeM HampasJjeHusiM. [Ipu
9TOM IIPOHUIIAEMOCTDH B CPEJIHEM OKa3bIBAETCS BBINIE B HAIPABJIEHUAX C OOJiee BHICOKUM
3HAYEHNEM OTKPBITON TOPUCTOCTH, OJHAKO IyBCTBUTEJBHOCTDH ITUX U3MEHEHUI TOBOJIBHO
HU3Kasl, TAK KaK B paMKaX OJIHOIO 00pa3Iia MOr'yT HaOJII0/IaThCs YBEeJIMYEHHbIE SHAYEHU T
IIPOHUIIAEMOCTHU IpU O0JIee HU3KUX [TOKA3aTEJsIX OTKPBITON IOPUCTOCTU UJIU OOJiee BBICO-
KUX 3HAYEHUsI 3aKPBITON MOPUCTOCTH. SHAYUEHUsT 3aKPBITON MOPUCTOCTH JJIsT OTIETbHBIX
HaIIpaBJIEHW TaK>Ke He [MO3BOJIAIOT CIeJIaTh BhIBOJ, O CBSI3U KOJIMYECTBEHHBIX XapPAaKTEPUCTUK
MIYCTOTHOTO TIPOCTPAHCTBA ¢ (DUILTPAIIMOHHBIMUA. 3HAYEHUST OTKPBITON MOPUCTOCTH MPAKTH-
9eCKU OJMHAKOBBI B HAIPABJIEHUAX KaXKII0# ocu 00pas3moB. I1u (HhaKThl CBUIETEIHCTBYIOT
0 TOM, YTO HE3HAUMTEIHHOE Pa3jIndre (pUJIbTPAIMOHHBIX CBOMCTB JAHHBIX TIOPO/I B HAIIPAB-
JIEHUAX BJIOJIb U NEPIIEHIUKYJ/IIAPHO HallJITAaCTOBAHUIO MOXKET 6bITb CBA3aHO C FeOMeTpI/Ieﬁ
IIOPOBOr0 MPOCTPAHCTBA U OCOOEHHOCTHIO HAIJIACTOBAHUSA, HO HE CBSI3aHA C TPEIUHOBATO-
CTBIO KOJUIEKTOPA. Bojiee KauecTBEHHYIO OIEHKY MOXKHO IOJIYyUUTh U3 PE3Y/IHTATOB OIEHKU
U3BUJIMCTOCTH.

CpaBHeHHne pe3yIbTaTOB U3MEPEHUs MeOIe3MIEeCKOM M3BUINCTOCTH IO TPEM OCSIM TIOKa-
3BIBAET, YTO BEJUIUHBI OTJIMIAIOTCS HE3HAUUTEIBHO. DTO IMOATBEPKIAET BBIBOJ, O BBICOKOIA
CBSI3HOCTH IOPOBOTO IIPOCTPAHCTBA IO BCeM OCsiM. MOXKHO 3aMEeTUTh, UTO 3HAYEHNE M3BUJIM-
CTOCTH IIEPIIEHIUKYJIAPHO IIOCKOCTH HAILJIACTOBAHUS MMeeT MEHBIIYIO BeJndnuHy. B cBa3u
C 9TUM IIPOHUIAEMOCTD BIIOJIb STOT'O HAIIPABJIEHUS OKA3BbIBAET HIUKE, YeM B APYTUX HAIIPABJIE-
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HuAX. B TO yKe BpeMst U3BUJIUCTOCTh B 0OOMX HAIIPABJIEHUSX BJI0JIb IIJIOCKOCTH HAILIACTOBAHUS
OTJIMYAeTCsT HE3HAYUTEILHO, HECMOTPsI Ha, PA3HUILy B 3HaUYeHUsX mpoHunaemoctu. OIHAKO
TEHJIEHIUST KOPPEJISIIIUU COXPAHSIETCs:: DOJIbINAasi M3BUJINCTOCTh COOTBETCTBYET MEHbIIEH IpOo-
HuraeMoctu. TakuM 00pa3oM, MOATBEPKIAETCS BO3MOKHOCTH UCIIOJBb30BAHUS H3BUITHCTOCTH
[IPU CPABHUTEJILHOM OlleHKe (DUIIBTPAIMOHHBIX CBOWCTB HOpo. TouHOCTD 9TOM OneHku Oymer
3aBUCETH OT JIMAlla30Ha CPABHUBAEMbBIX 3HAYEHUN TPOHUIIAEMOCTH. B TO 2Ke BpeMsi mapaMerp
U3BUJIMCTOCTU YUIUTHIBAET TOJIBKO JIJINHY HAIIPABJIEHUS IIyTH (DUIHTPAIUN, HO HE IPUHIMAET
BO BHHMAHUE IMUPUHY U pa3Mep YACTHUIL, CIIOCOOHBIX MPOUTH 1O dToMy IyTu. [losTomy
TUIPOIMHAMUYIECKAE MOJEJIN, OCHOBAHHBIE TOJBKO HA ITOM MapaMerpe, MOTYyT He OTParXKaThb
peasibHbIX 3HAYEHUN ITPOHUIIAEMOCTH.

IlocTpoenue myTeit IEPKOIAIMY [TO3BOJIUIO UHTEIPAJIBHO OIEHUTH MUHUMAJIBHYIO Pac-
KPBITOCTh (DUJIBTPAIMOHHBIX KAHAJIOB HA MX MPOTSKEHHOCTH, KOTOPasd PABHA MaKCHMAJIb-
HOMY auameTpy puibTpyomeiics dactuilbl. [losyuernoe 3aavenue B 35—40 MKM XOPOITIO
COIVIACYETCs C MUKOM I'MCTOI'PAMMBI IOPOMETPHYECKOI0 aHAJIN3A, YTO CBUJIETETIHCTBYET O KOP-
PEKTHOCTH C/IeJIAHHON OIEHKN W [IPE00JIaIaHiy BKJIA/Ia TOPOBOIO IIPOCTPAHCTBA B (DUILTPA-
[UOHHYIO CIIOCOOHOCTH TIOPO/I,

PesynbraThl aHajmsa TPEIMMHOBATOCTH W HEONHOPOIHOCTEH CTPYKTYPbI MaTPHUILLI IIOPO-
bl TIOKA3aJId, 9TO IIOPOJIbI IPEUMYIIECTBEHHO OHOPOIHBI IO COCTaBY. 1 peruHbl ¢ rada-
putamu 60stee 20 MKM B MaTepuaJie OTCYTCTBYIOT, HEOTHOPOIHOCTH U TOYEIHbBIE ITPUMECH
OCTaBJIEHBI ITPEUMYTIIECTBEHHO (DUIBTPYIOMUMCS B IIacTe (DIIIOUOM U COCTABJISIOT He OoJiee
2,3% ot obuero obbema.

Tlosygaennsie miist qanabix mopox miacta [IXT 3uavenus: pusndecknx mapaMeTpoB
OYEHb XOPOIIIO KOPPEJUPYIOT C OIEHKOM XapaKTEPUCTHUK [TOPOJ IIJIACTA Fa30KOHIEHCATHO-
r0 MECTOPOKJIEHUs], TIPOBEIEHHBIX TI0 ONMUCAHHON Meromuke |Xumyas u dp., 2024]. Dro
0DOCHOBBIBAET BBICKA3AHHOE HA OCHOBE MEXAHMIECKUX UCIIBITAHUI MIPE/IITOIOKEHNE O IIPH-
HAJJIE2KHOCTHU TIOPOJ] K OJTHOMY THILY, & TaKXKe MMOITBEPXKIAET KOPPEKTHOCTH ITPUMEHSIEMOIA
METOIUKH.

it MAHHBIX [IOPOJ, TAKKe MPOBEIEHa OIEHKA IIPEICTABUTEILHOIO IJIEMEHTAPHOIO
obbema (Representative Elementary Volume, REV) — maumenbinero obbema, 3a mpeeaamu
KOTOPOTo CBolicTBa obiacTu He uaMeHsitorcst [Pelissou et al., 2009]. st ero oneHku Ha
UCXOTHBIX MIMPOBBIX 3D-MOEsIsIX PACCUINTHIBATIACH IOPUCTOCTD, IIOCJIE U€r0 U3 MOJIeJIei
BBIPE3AJIOCH OIPEIEIEHHOE KOJIUIECTBO MOABBIOOPOK C MMOITAITHO YMEHbBIIAIOIINMCS KOJIH-
YeCTBOM sTUEEK M IIPOBOJIMIIOCH IIOBTOPHOE u3MepeHue nopucroctu [Khimulia et al., 2024].
JlaHHast OIeHKA [OKA3aJIa, ITO IIPH pasMepe HCCIIeIyeMoil CTpyKTypbl Gosee 3,4 x 10° Bokce-
Jieil pe3ybTaThl U3MEPEHUl He M3MEHSIOTCs. KOHeIHbIe Pe3yIbTaThl TAHHOTO MCCIIEIOBAHIS
[PEJICTABIICHBI IS IIPECTABITEIBHBIX CTPYKTYP ¢ KOJIMYECTBOM sideek Gosee 100 x 10°
3HAYUTEJILHO IIPEBLIIIAIONINX BbIYMCJIEHHBIN IPEJICTAaBUTEIbHBII 00beM.

5. 3akJIi0ueHne u BHIBOIbI

B pabore onucanbl pe3ysbraTsl HEPA3PYIIAIONUX UCCIEOBAHII TOPOBOIO IIPOCTPAH-
CTBa IIOPO/I-KOJJIEKTOPOB BOJOHOCHOTO IIACTa MOJA3EMHOIO XPAHUIUINA I'a3a ¢ MPUMEHEHU-
eM TexXHOJIoTHil udpoBoro anaansa kepHa. [IpoBesieH aHa U3 CTPYKTYPHBIX, EMKOCTHBIX
1 GUIBTPAIMOHHBIX CBOHCTB KPYIIHO3EPHUCTHIX [TECYAHIKOB HA 6a3e CHIMKOB PA3HOMACIITa0-
HOIl KOMIbIOTEpHO# ToMOrpaduu. [Ipumenena u anpodbupoBana METOIMKA KOMILJIEKCHOTO
1 poBOro aHa/m3a BHYTPEHHEN CTPYKTYPBI MOPO-KOJIJIEKTOPOB KPYITHO3EPHUCTHIX BbI-
COKOIIOPUCTBIX TOPOJ raszocojepzkaiiero riacra. Cozganbl 3D-CTpyKTYphl BHYTPEHHETO
IIPOCTPAHCTBA 0OPA3IIOB, IPOBEIEH KOJIMIECTBEHHBIN aHAIN3 (DUIBTPAIMOHHO-EMKOCTHBIX
cBoiicTB mopoabl. Ha ocHOBe KpymHOMACIITAOHOIO aHaJM3a CTPYKTYPBI MTOPOJL CJIeJIaHbI
BBIBOJIBI 00 OTCYTCTBUU TPEITUHOBATOCTU M KABEPHO3HOCTH, OTCYTCTBUM MUHEPAJIHHBIX U Me-
TaJUIMIECKNX IPUMeceil B CTPYKTYPE CKeJleTa, BU3yaIbHON HEPA3JININMOCTH CTPATHMUKAIIIN
u HamiacroBauus B mopoge. ComeprkaHue mpuMeceil, OCTABICHHBIX JTBUKEHUEM IIJIACTOBOTO
dmonza, cocrasiser menee 2,3%

Tlonywuenb! 3HavYeHNsT OTKPBITON U 3aKPBITON MOPUCTOCTEI BIOIH TPEX HAIIPABICHUI
B IIOPO/IE, & TaKKe IIPOBEJIEHO BBIYNCJIEHHUE IIyTel NEePKOJIAINN U I'€0/Ie3NIYeCKOil N3BUIIN-
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crocT (PUIBTPAIMOHHBIX ITyTeil. M3MepeHa MUHUMAJIBHAST PACKPBITOCTD (PUJIBTPAIMOHHBIX
KAHAJIOB, CIeJIaHbl BHIBOIALI 00 OIHOPOIHOCTH PACIPEIE/ICHUs MyTeil NEPKOIAIUA 110 00bEMY
moposibl. [IpoBeien mopomeTpudeckuii aHaIN3, MOy YeHBI T€OMETPUIECKIE XapPaKTePUCTUKN
[IOPOBOI'O IIPOCTPAHCTBA HOPOJ, HA OCHOBE KOTOPOI'O CIEJIAHbI BHIBOILI O PABHOMEPHOCTHU
pacipezesieHust I0op B 00pa3iax U OTCYTCTBUHM KaBEPH UJIU 3HAYMMBIX 00JIacTell yIIOTHEHMS
MAaTPHITHI.

IIpoBeneHo ducIeHHOE MOJAEINPOBAHUE IIPOIECCOB (DUJIBTPAIMH B PAMKAX IJIsl TPeX
BBIJEJIEHHBIX HAIIPABJIEHUI B IIOPOJE, JJIsd KasKIOr0 U3 KOTOPBIX BBIYHCJIEHBI 3HAUYEHUS
nponnnaeMoctu. [lokazaHo oTcyTcTBUE BBIPAXKEHHON 3aBUCUMOCTU U3MEHEeHHsI (PUILTPa-
[IMOHHBIX CBOWCTB B BbIJIEJIEHHBIX HAIIPABJIEHUSIX OT KOJMYIECTBEHHBIX XapPAKTEPUCTUK IIy-
croTHOro npocrpancrsa. CrejaH BBIBOJ, O TOM, YTO (PUILTPAIMOHHBIE CBOMCTBA IIOPO/L
OJIU3KU K M30TPOIHBIM, UTO IO3BOJISET HE YUUTHIBATH JAHHBIH (PaKTOp IpH JajibHeRIneM
MMOCTPOEHUHN €0 IOTO-THIPOINHAMUIECKUX MOJIEJIeil MECTOPOXK IeHUsI U BBIOOPe CIoco00B pa3-
pabotku. IIpoBejieHo cpaBHEeHME BHIMUCIEHHBIX B X0/1€ MG POBOIo aHaIIN3a (DUILTPAITTOHHBIX
1 €eMKOCTHBIX XapaKTEPUCTUK C HATYPHBIMU JAHHBIMUA U 3KCIEPUMEHTAJIbHO 110y YeHHBIMU
JIaBOPATOPHBIMY 3HAYECHUSIMI.

Onucannas u anpobupoBaHHast B paboTe MeTOIMKa (M POBOI0 aHAJIM3A, JTAHHBIX KOM-
IIBIOTEPHOI TOMOrpaduu Caa00CIEMEHTUPOBAHHBIX KOJIJIEKTOPOB IIO3BOJISIET YIPOCTUTH
MOJIyYeHUEe JIAHHBIX O XapaKTepUCTHUKAX KEPHOBOTO MATEPHUAJia, a TaKyKe JIOMOJHUTL Pe-
3yJIBTATHI JJADOPATOPHBIX U HATYPHBIX UCCJIEI0BaHUN CBONCTB ILJ1acTOB. Pe3ybraThl ucce-
JIOBaHMS IIPU3BAHBI PACIIUPUTH CYIIECTBYIOIIME IIOAXO0AbI K HEPA3PYIIAIOIIEMY aHAIU3Y
KEPHOBOI'O MAaTePHaJIa U MOI'YT ObITh MCIOJIbL30BAHDI JJIsd CO3JAHMA U YTOUHEHMS MOJeJIei
IJIACTOB-00bEKTOB XPAaHEHUsI Ta3a, HHTEIPAJIbHON OIEHKN CBOWCTB KOJLIEKTOPa U pa3pabor-
ku skcityatarnmnonnoit mogenu [IXT. IIpumenenune mpeamoKeHHON METOIUKY JIjIsT aHAIN3a
CBOMCTB HU3KOIIPOYHBIX KOJJIEKTOPOB, COBMECTHO C IIPOBEIEHNEM IeOMEXaHMIeCKUX UCIIBITa~
HUIA, TO3BOJISIET BHECTH BKJIAJ[ B PA3BUTHE KOMILIEKCHOTO HAYYHOTO TOX0/A K OIPEIEICHITO
apaMeTrpoB 6E30IacHON YKCILIyaTaIluN M'a30BbIX CKBAYKUH M CHUYKEHWIO PUCKOB ITECKOIIPOSiB-
JIEHNI Ha MECTOPOXKIEHUAX CO CJIabOIeMEeHTUPOBAHHBIMU KOJIJIEKTOPAMI.

Buaromaproctn. VcciieioBanue BBIIOTHEHO 3a cueT rpanta Poccuiickoro nayunoro dboHmga
Ne 23-77-01037, https:/ /rscf.ru/project /23-77-01037 /. ABTOp BBIpazkaeT IPU3HATEILHOCTD 3a-
MECTUTEJIIO JUPEKTOPa 1Mo HaydHOoit pabore NucruryTa mpobiaem mexaruku uMm. A. FO. Nnumn-
cxkoro PAH (UIIMex PAH) B. U. Kapesy u 3aBejyromemy Jjaboparopueil reoMexaHuKu
NlIMex PAH HO. ®@. KoBaJjieHKO 3a IIPeIOCTaBIEHHY0 BO3MOXKHOCTH HCIIOJIb30BAHUS IKCIIE-
PUMEHTAJIBLHOTO 0DOPY/IOBAHMUS U BBIYACIUTEIHLHBIX PECYPCOB, & TAKXKE IEHHBbIE 3aMedaHtsT
u cojeiicTBue.
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APPLICATION OF DIGITAL CORE ANALYSIS TECHNOLOGY TO STUDY
FILTRATION-CAPACITY PROPERTIES AND STRUCTURE OF HIGHLY
PERMEABLE ROCKS OF UNDERGROUND GAS STORAGE FACILITIES

V. V. Khimulia®?!
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The paper presents the results of pore space studies of highly porous reservoir rocks of underground
gas storage (UGS) facilities using the digital analysis of computed microtomography images. The
methodology of complex nondestructive analysis of structural and filtration-capacitance properties
has been developed. Structural heterogeneities and rock fracturing were evaluated. 3D-models of
specimen inner space were created on the basis of multi-scale images. The values of open and
closed porosity, geodesic tortuosity were calculated, the characteristics of percolation paths in the
studied rocks were analyzed for different directions of intrusion. Conclusions were made about the
homogeneity of percolation path distribution over the rock volume. The spatial distribution of
porosity in the rocks was studied, and porometry analysis of the rocks was carried out. Numerical
modeling of filtration processes on the obtained structures in the framework of Stokes approximation
for three selected directions in the rock by means of GeoDict software was carried out. It is shown that
there is no pronounced dependence of changes in filtration properties in the selected directions on the
quantitative characteristics of the pore space. The conclusion is made about the degree of anisotropy
of filtration-capacitance properties of rocks. The good correspondence of the characteristics measured
in the course of digital analysis with in-situ data and experimentally obtained laboratory values
is shown. The described technique allows to simplify data acquisition on the characteristics of
fine-grained reservoir rocks, and is designed to extend the approaches to nondestructive analysis of
core material. Combined application of the proposed methodology of digital analysis of low-strength
reservoirs and laboratory geomechanical core testing is one of the stages in the development of
a comprehensive approach to determining the parameters of safe operation of gas wells and reducing
the risks of sanding in fields with weakly cemented reservoirs.
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SYIHCTHTYT reosorun pyaHBIX MECTOPOXKIeHHH, neTporpadun, Muepanoruu u reoxumun PAH, Mocksa,
Poccusa

* Konrakr: Anexceit Aunpeesua Ocramuyk, ostapchuk.aa@idg.ras.ru

WNurencudukaliusi TOpHBIX paboOT BCE dYalle NPUBOIUT K TOSIBJIEHUIO KPYIHBIX TPUPOIHO-
TEXHOTEHHBIX 3€MJIETPSICEHUII M NOPHO-TEKTOHUYECKUX yIapOB B paHee C1abOCEHCMUYHBIX U acei-
CMUYHBIX 0bs1acTsiX. HUIMupoBaHue KPYIHBIX CEHCMUIECKUX COOBITHI CBSI3aHO C MPOCKAJIb3bIBa-
HUEM 110 CYIIECTBYIONUM TEKTOHMYECKUM PA3JIOMaM U KPYITHBIM TPEIIMHAM, CTPYKTYPa KOTOPBIX
CYLIECTBEHHO M3MEHSIETCSI BJIOJIb MX IIPOCTHpaHusi. B Hacrosmelr paboTe MPOBOAUTCS aHAJIN3 Hapa-
MEeTPOB IAaXTHOMN celicMuaHOCTA Ha KOPOGKOBCKOM KE€JI€30PY/IHOM MECTOPOXKIEHWH, B IIPEJIeIax
KOTOPOro JioKasn3oBaH Kpynubiii CeBepo-BocTounbiit pa3ioM. AHaJIN3 IPOBOIUTCH C IEJIBIO OLEHKN
BEPOSITHOCTH WHUIIMUPOBAHUS KPYIHBIX CEICMUYECKUX COOBITUII HA yYacTKaX pa3JjioMa C Pa3IuaHON
CTPYKTYPOIl oceBoii 30Hbl. Ha MecTOpOXKIeHNM IPUMEHSIETCS] TeXHOJIOTUsI KOPOTKO3aME IJIEHHOTI'O
B3DBIBAHUS U ITAXKHO-KaAMepHAasl CUCTeMa Pa3pabOTKU, YTO BLI3bIBACT WHUIMUPOBAHUE CJIA0OM
CeiCMUYHOCTH B IIPEJIeax MaxTHOro 1oJjsd. [Ipr MaccoBbIX B3pbIBAX BO BMEIIAIOIIEM MACCHUBE Ceii-
CMHUYeCKHe COOBITHUSI JIOKAJIU3YIOTCS B IpeJiesiaX paspabarbiBaeMoil Kamepbl. CTaTUCTUKA MATHUTY/L
cefiCMUYeCKUX COOBITH ONUCHLIBAETCS CTEIIEHHBIM 3aKOHOM, & 3HAYEHUE CKEMJIMHIOBOTO IapaMeTpa
b-value, xaxk npaBuio, menbine 2. [Ipu B3pbIBax B OKPECTHOCTH Pa3jioMa CefCMUYecKne COOLITUS JIO-
KaJIU3YIOTCA BJOJIb €r0 IPOCTUPAHUs, & CKeHJIMHTOBLII mapamerp b-value umeer 3uadenue Gosbiie 2.
st KopoGKOBCKOTO KeIe30pyAHOTO MECTOPOKICHUS TJIABHONW OCOOEHHOCTHIO MHLYIIMPOBAHHBIX
COBLITHI SIB/ISIETCS] MX HU3KAs HPUBEIEHHAs dHeprus 8,9 x 107°-4,9 x 1077, Tx/(H-m) coorser-
CTBYIOIIAsT KJIACCY «MEJJIEHHBIX» 3emiieTpsicennii. dapo Cesepo-Bocrounoro pasmoma CI0KeHO
MIPENMYIIIECTBEHHO TTOPOJAME CO CBOMICTBOM CKOPOCTHOTO YIIPOYHEHWSsI, ITO, TAK¥Ke, 00yCIaBINBAET
VHUIIMTPOBAHNE NMEHHO MeJJIeHHBIX coObIThil. COBMECTHBIN aHAIN3 TAHHBIX CEHCMUYIECKOTO MOHU-
TOPUHTA U CBEJIEHUI O CTPYKTYPHBIX U PEOJIOTUIECKUX CBONCTBAaX MOPOJI, CAATAOIIUX AP0 PA3IoMa,
MMO3BOJISIET TIPE/INoJiaraTb, 9To B okpectHocTn CeBepo-BocTouHOro pasjaoma B mpejeax MaxT-
HOTO TI0JIsT HAKOILJIEHHBIE J1e(DOPMAIIH MOTYT PEAJIM30BBIBATHCS MIPENMYIIIECTBEHHO TOCPEICTBOM

MEJJICHHBIX 1 aceiiCMUYIHBIX IIOIBUZKEK.

KunioueBbie cjioBa: MeIOJICHHbIE 3eMJICTPACCHUA, CKOPOCTHOE YIIPOYHEHUE, IMaXTHad CeI‘/JICMI/I‘{HOCTb7

TEKTOHUYECKUH pa3jIoM, CEICMUYECKUA MOHUTOPUHI.

Huruposanme: Ocramuyk, A. A., K. I. Moposzosa, A. H. Becenuna, I'. A. I'puun,
A. B. I'puropbesa, un /1. B. ITaBmos Ocobennoctu celicMuarocTrn KopoOGKOBCKOTO KeJIe30pyIHOTO
MECTOPOZKI€HNsI, MHUIUUPOBAHHON MaccoBbiMu B3pbiBamu // Russian Journal of Earth Sciences. —

2024. — T. 24. — ES5013. — DOI: 10.2205/2024es000941 — EDN: LEPIXG

Bsenenue

JLj1s1 KOHTPOJISI HAIIPSIXKEHHOI'O COCTOSIHUSI MAaCCHBA TOPHBIX MTOPOJI, & TAKKe JIJIsI IIPEJI0T-
BpAIIEHUST KATaCTPOd M MUHMMHU3AIAHN yinepba OT CeiiCMUIeCKIX COOBITHUIT B 30HE TOOBITH
MTOJIE3HBIX MCKOMAEMBIX, IIIMPOKO UCIOJIB3YIOTCS CEICMUIECKIE U aKyCTHIEeCKNE METObI KOH-
tpoutst [Boempurkos u dp., 2016; Luaapoe u dp., 2014; 3azxapos, 2002; Jlaepos u Ixypamnusk,
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2005; Onapun u dp., 2013; Hamorur u dp., 2018; Cmupros u dp., 1995; [xypamruk u
Bosnecencxud, 2009; Bolton et al., 2019; Dizon et al., 2018]. B nocienuue necsirusierus
WHTEeHCU(PUKAIMS JTOOBIYN ITOJIE3HBIX MCKOIAEMbBIX MPUBEJa HE TOJBKO K POCTY CIaboi
cefiemuunoctu [Foulger et al., 2018], HO 1 K TEXHOT€HHBIM 3eMJIETPSICEHUSM 3HATNTEIb-
Hoit MarauTyael [Adushkin, 2018; Emanov et al., 2017; Kocharyan et al., 2022]. Kpyunbie
3eMJIeTPsICEeHNsT OOBIYHO MPUYPOYEHBI K PA3JIOMaM, JIOKAJN30BAHHBIM B IIPEJIeIaX MECTOPOK-
JIEHU{l WM B HEMOCPEICTBEHHOM GIm30CTH OT 30HBI BesieHust pabot [Kouapsan, 2016]. Tpu
9TOM M3-33 HEeDOJIBIIONH TVIyOUHBI O4Yara Takue COOBITUS MOTYT IIPUBOIUTD K CYIIECTBEHHBIM
paspymenuam uadpacTpyKTypbl Ha nosepxuoctu [Jlosuukos, 2013; Lu et al., 2018].

TekToHUYECKHE PA3JIOMBI XapaKTEPU3YIOTCs IPOCTPAHCTBEHHO-HEOITHOPOIHOM CTPYKTY-
poit [Fagereng and Sibson, 2010]. Ha nepudepun pazmoma HAXOAATCSA 30HA JUHAMAYECKOTO
BJIUSTHUS TOJIIIIMHON OT IIEPBBIX METPOB JI0 COTEH METPOB, ACCOIUUPYIOMAACT OOBITHO C 30-
HOIi MOBBIIIEHHO, 110 CPABHEHHIO € BMEIAIONM MaCCUBOM, [NIOTHOCTH TpemwH [Jobaukas,
1983; Hlepman u dp., 1983]. Xpyukast dbparmMeHTanyst HHTeHCUMOUIUPYETCSI IO HAIIPABICHIIO
K S7py passiomMa. B oTsimdue oT 30HBI BAWSAHUS SAPO PA3IOMa XaPAKTEPUIYETCH HAJIMINEM
[JINHKU TPEHUsl, KATAKJIA3UTOB, YIbTPAKATAK/IA3UTOB U WHOTIA Opekdun. B siape pasioma
[IPOUCXO/IUT HAKOILJIEHNE OCHOBHOMN YaCTU KaTaKJIaCTUYecKuX Jedopmariuii. B 3aBucumocTn
OT (PPUKITMOHHBIX CBOWCTB MaTE€PUAJIa, CJIATAIONIErO AP0, 3AKOHOMEPHOCTH JIOKAJIU3AIIAN
nedopMaluii ¥ X UHTEHCUBHOCTD CyIIECTBEHHO orandaiorcd [Fagereng and Sibson, 2010].
CTpyKTypa 0CeBOil 30HBI pPa3jioMa, B Ipejesiax KOTOPOro JIOKAJU3YITCsI OBICTPbIE JINHA-
MHUYECKHE [MOJIBUKKU, HHUIMUPYIOIIE OObIYHbIE 3eMJIETPICEHNUS, IIPEICTABIISIETCS B BUIE
VIIBTPAKATAKIACTUIECKOTO S/IPa, CJIOXKEHHOTO BEIIECTBOM CO CBOMCTBOM CKOPOCTHOTO Pasy-
MIpOYHeHus, (DPUKIMOHHAS IIPOYHOCTH KOTOPBIX COOTBETCTBYET 3aKOHY TpeHusi Baiiepiiu,
HAIPUMeD, KBapIl, MOJIEBOH MINAT, MNPOKCEH, OJIMBYH, KaJbiuT |Kouapan u dp., 2023; Boul-
ton et al., 2012; Volpe et al., 2022]. Insi MareprajoB, XapaKTePU3YIOMIUXC CBOHCTBOM
CKOPOCTHOI'O Pa3yIPOYHEHNsI, COIPOTUBJIEHUE CIBUIY YMEHBIIAETCsI C POCTOM CKOPOCTHU
nedbopmarun [Dieterich, 1979]. TIoaBMKKY 10 TAKUM PA3JIOMaM JIOKAIU3YIOTCS B Y3KOil
30HE MIUPHUHOI 70 HECKOJIbKUX caHTHUMeTpoB [Haupumep, Chester et al., 2004; Sibson, 2003;
Smith et al., 2013]. Ha cermenTax pazioma ¢ aceficCMUIECKUM CKOJIbYKEHUEM, OCeBas 30HA
npeJicrasiisier co0O0il MUPOKYIO 30HY PaCIpee/€eHHbIX J1eDOPMAIil U CJI0YKEHA TOPHBIMU
[IOPOJIAMU € HU3KUM KO3 (DUIMEHTOM TPEHUsI U CBOWCTBOM CKOPOCTHOIO yUPOUHEHUs (Co-
[POTUBJIEHUE CABUIY PACTET C YBEJMUYEHUEM CKOpPOCcTH JedopMalyn), TaKUMU KaK, MPaMop,
xstoput, cepurt [Colletting et al., 2019; Tkari et al., 2011; Volpe et al., 2022]. B To xe
BpeMsi OOJIBINMMHCTBO PA3JIOMOB UMEIOT [IPOCTPAHCTBEHHO HEOIHOPOIHYIO CTPYKTYPY OCEBOM
30HBI, BKJIIOYAIONLYI0 KOMIIETEHTHBIE OJIOKU M HEKOMIIETEHTHBIE CJIOH, KOTOPBIE CJIOXKEHBI
TOPHBIMU TIOPOJIAMU C Pa3JIUIHBIMU (PPUKIIMOHHBIMIA CBONCTBAMU. 30HBI PACIIPEIETIEHHBIX
nedopmaruii GOPMUPYIOTCS B IPeJieax HEKOMIIETEHTHBIX CJIOEB CO CBOMCTBOM CKOPOCTHOI'O
yupounenus. JIokaan30BaHHbIE PA3PBIBLI (DUKCUPYIOTCA HA TPAHUIE KOMIIETEHTHOTO OJI0KA,
CJIO2KEHHOT'O TIOPOJAME CO CBOMCTBOM CKOPOCTHOT'O PA3yIPOYHEHWS, U HEKOMIIETEHTHOTO
ciost [Fagereng and Sibson, 2010]. [jst TaKUX y9IaCTKOB XapAKTEPHBI TIOJBUKKH ¢ HU3KOM
CKOPOCTBIO PACTIPOCTPAHEHUST PA3PhIBa — MeJJIeHHbIe 3emyerpsicerns |'pudur u dp., 2025].

HeBo3MOKHOCTE TIPSIMOro U3ydeHus CTPYKTYPHI PAa3/ioMa Ha CeiCMOreHHOI TiryOuHe se-
JlaeT 0cob0 aKTyaJIbHBIM Pa3paboOTKy METOJIOB CeHCMUYECKOr0 MOHUTOPHHTA, TTO3BOJISIONTIX
KOCBEHHO CYJHUTH O CTPYKTYPHBIX OCOOEHHOCTSX pas3oMoB. IIporecc obpasoBaHmst TpemmH
WIN CKOJIb2KEHNE M0 y2Ke c(OOPMUPOBAHHBIM CTPYKTYPHBIM HAPYIIEHUSIM COITPOBOXKIAETCS
U3JIyYeHUEeM YIPYTUX KOJIeOaHWi B IMIMPOKOM JIMAIIA30HE YACTOT, 8 CTPOEHUE MACCUBA M THII
pa3paboTKM MacCHBa FOPHBIX IOPOJ, BJIMSET HAa XapaKTePUCTUKHU u3yydeHus. s neranb-
HOT'O MU3yY€HUs IIPOIECCOB, IPOUCXOASAIINX 30He PA3IOMa, IPOBOISAT OIEHKY [TapaMeTPOB
ceficMIIeCcKuX COOBITUI, CKEJIMHIOBBIX COOTHOIIEHUN U BBIAE/ISIOT OCOOEHHOCTH BOJTHOBOI
dopmbr [Kwiatek et al., 2011; Li et al., 2017; Oye, 2005; Richardson, 2002]. Tak ke njist
OIIPE/IEICHIs OCOOEHHOCTEH TPOTEKAIONINX [IPOIIECCOB IIPUMEHSAETCS METONNKA KIacCuduKa-
[[MU UMILYJIbCOB HAa OCHOBE PA3JMYHBIX OUpeJesieMbIX napaMerpos [Arrowsmith et al., 2006;
Li et al., 2017; Ma et al., 2015].
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Jlannast paboTa MOCBSIIEHA UCCIIEIOBAHIIO 0COOEHHOCTEH 3apernCTPUPOBAHHDBIX CeHCMU-
9eCKUX COOBITHI, MHAYIINPOBAHHBIX MAaCCOBBIMI B3pbIBaMu Tpu pa3paborke KopobkoBckoro
2KeJIE30PY/ITHOIO MeCcTOpoXKAeHust Kypckoit maranTHoit anomasmu. MaccoBble B3pBIBBI IIPO-
U3BOJIMJINCH B OKPECTHOCTU HECKOJIBKUX CEIMEHTOB pasjioMa. Ha ydacTkax JioKaau3arun
ceficMUIeCKUX COOBITHI M3yUeHa CTPYKTypa pas3ioMa U OTOOpAHBI 00pa3Ilbl TOPHBIX MOPOLI.
CormocraBiieHrne JaHHBIX CEHCMUYECKOr0 MOHUTOPHWHIA M TNeOJIOTMYECKOTO OOCJIeTOBAHIIS
Pa3JIOMHOIl 30HBI [TO3BOJIMJIO KOCBEHHO MOITBEP/IUTH BJIUSIHIE CTPYKTYPBI U BEIIECTBEHHOIO
cOCTaBa MOPOJIbI Ha MAPAMETPBI CEICMUIECKUX COOBITHIT M TUI PEaN3yeMbIX JTHHAMUIECKIX
[TOJIBUKEK.

O0beKT mccireoBaHMs

Wccnenosanue npoBonmiioch Ha maxrte nuM. I'ybknna KopobKoBCKOro keJsre30py/IHOro
mecropoxaernss (AO «Kombunar KMApyaa») Crapo-Ockonbekoro pymaoro yaiaa Kypekoit
MaruuTHOH anomasnu. KopoOKOBCKOE MECTOPOXK/IECHIE YKEJIE3NCTHIX KBAPIUTOB IIPUYPOIEHO
K IOKHOMY 3aMbIKaHuio 1uM-ZcTpeboBcKoro cuHKInHOPHUS. B mpesenax MecTOpoXK IeHns
HanboJiee JIPEeBHUMHE CTPYKTypaMu sBJisiioTcst Kopobkosckast u CTpeTeHcKast aHTUKJINHAIIM,
CJIOXKeHHbIe apxefickumu nopojgamu. [Io nanubiM pa3BegodHOro OypeHnusi HHTEHCUBHOE JPO0-
JIEHUE U PACCJIAHIIEBAHUE ITOPOJL TPOCIE2KEHO Ha KOHTaKTe CTPEeTeHCKON 3a/Ie2K1 YKEJIEe3UCTHIX
KBapIuToB, HazbiBaeMoil CeBepo-BocTounbiM pa3iomMom.

B npenesrax MecTtopoxkieHns HabJII01a€TCsA CYIIECTBEHHOE IIPEBBIINIEHNE TOPU30OHTAIb-
HBIX HAIPSZKeHUil HaJl BepTukajibHbiMu [Kouapsn u dp., 2018], 4ro oupeiessier NaHHbIN
MaCCHB KaK [TOTEHINAJIBHO y/IAPOOIACHBIN, ¢ BO3MOXKHOCTHIO PHCKA BOBHUKHOBEHUS KPYITHBIX
CefICMIUYECKUX COOBITHI.

Pazpaborka MecTOpOKIEHNST BEIETCA MOA3EMHBIM CIIOCOOOM € TTPUMEHEHNEM KOPOTKO-
3aMeJIJIEHHOIO B3PBIBAHUSI U 9TayKHO-KaMEPHO# cucreMbl pa3paborku. CyMMmapHas Macca
B3pbiBUaThIX Bemects (BB) B kamepe cocrasisier, B cpenrem, 10-20 1. Kamepsr HaxomsTest
Ha rrybune 245-285 M ot jHeBHOI noBepxHOCcTH. Cxema ucciemyemoit yactu KopobKoBCKOro
2KEeJIE30PYIHOTO MECTOPOXK/IEHUS IIPEICTABICHA Ha PuC. 1.

YcnoBHble 0603Ha4YeHNst \ j
-1 % -6 A
-2 -7
A C
-3 W -3
=% = 100 M
~-5 0O ==

Puc. 1. Uccnenyemsrit yaactok KopobkoBckoro xkeme3opyanoro mecropoxaenus. [, 11, 11T, IV —
HnccaeI0BaHHbIe 06/1aCTH B3PBIBOB, mpousBeaenuble 06.07.2019 r. m 24.10.2020 r., 12.11.2022 .
u 16.12.2023 r., cooTBeTCTBEHHO. 1 — CiIaHIIEBasl CBUTA, 2 — yKeJI€30PY/IHAs CBUTA, 3 — Oe3pyaHbIE
Wn CaabOpyIHBbIE KBAPIUTHI, 4 — TEJIO pasjaoMa, 5 — KUJIbHbIE 00Opa30BaHus, 6 — PACIOJIOKEHTE
B3PBIBHOI KaMephl, 7 — U3MEPHUTEJIbHbIE IIyHKThI, OCHAIIIEHHbIE OJHOKOMIIOHEHTHBIMHU JIATYNKAMHI
YCKOpPEHHUiA, 8 — M3MePUTEIbHbIE IYHKTHI, OCHAIIIEHHBIE TPEXKOMIIOHEHTHBIMU JTATIYNKAMHI YCKOPEHUI,

9 — sronmpoBaHHBIe ceficMuyeckue cobbrTus, 10 — cxeMaTHIHOe MTOJIOYKEHNEe pa3pabaThIBAEMBIX KaMep.
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CeilicMu4eckuii MOHUTOPHHT

Iesbto ceficMUYeCKOr0 MOHUTOPHHTA OBLIA PErUCTPAIS MUKPOCEACMITIECKIX COOBITHIA,
WHJIy IIIPOBAHHBIX MACCOBBIME B3pbIBaMu Ha KOPOOKOBCKOM KeJI€30PYIAHOM MECTOPOXK ICHUN
Kypckoit marauTHO! anomasmu. JIjist KaxK 1000 B3pbiBa U3MEPEHUsT TPOBOJIINCH C TIOMOIIBIO
CeficCMIUIeCKOl T'PYIIIIBI, COCTOsIIIEH u3 4 M3MEePUTENIBHBIX TOYEK, 000PYIOBAHHBIX aKCeIePO-
merpamu Briiel & Kjeer 8306 u Dytran 3191A1 ¢ pa6oueii mosocoit gacror 0,08 I'm—1 k't
u gyacroroii orpoca 10 kI't. Perucrpanus Benacy #Ha 14-pazpsmgnoe AIIIT F14-440 L-Card
u 16-paspsaanoe AIIII National Instruments USB-6216 BNC. OgHOKOMIOHEHTHbIE JATINKK
KPEITUJINCh K CTEHKE BhIPAOOTKU TAKMM 00Pa30M, 9TO OCh JATUYNKA ObLjIa TOPU30HTAJIbHA.
Anasmsupyembie coObITHsT OBLIN 3aPErUCTPUPOBAHBI TIOCJE€ MACCOBBIX B3PBIBOB B IIEPUOT,
MPEKPAIIEHUs] TOPHBIX U CTPOUTETHLHO-MOHTAYKHBIX paboT. OCOBEHHOCTH PACIIOIOKEHUST
U3MEpUTE/IbHBIX TOYEK MoTpeboBaju perucrpanuu Ha Heckosbko AIIIl w npumenenus
Pa3/IMIHBIX CITOCOOOB CUHXPOHU3AINY JAHHBIX. B IMepBoM cilydae Ha OTJIEIbHBIN KaHaJ
perucTpanuy BeJiach 3aliCh BPEMEHHON METKHU Jjis KOHTPOoJs dactoThl ompoca AIIIL, Bo
BTOPOM IIPOBOJUJIACH 3AIMCh OJIHOTO KaHaja perucrpamnuu Ha jgBa ALIIL.

OrnpesiesieHre MOMEHTa BPEMEHU BCTYILICHUsT P-BOJTHBI IIPOBOJIUIIOCH 10 MTPEBBINIEHIIO
[OPOra CIEKTPAJIbHOM AMILIUTY/IbI KBRIPaTa YCKOPeHUs B OKHe JyuTeabrocTbio 0,05 ¢ (mepe-
kporrue 50% B nosoce gacror 80-1000 I'n). Tasee yrounenue BpeMeHH NEPBOrO BCTYIICHUS
BBITIOJIHSLIIOCH € TIOMoIbo nHdopmannonnoro Kpurepust Akanke (AIC) [Carpinteri et al.,
2012]. B aByxunrepsanbhoil Mogeau AIC curnasa pacCIuTBIBAICS B CKOJIB3SIIEM OKHE 2 MC
COTJIACHO CJIEYIOIIEMY BBIPAYKEHUIO:

AIC(k) = k1g{S(A[1,k])} + (N —k —1)1g{S(A[k + 1,N])},

rae N — juinHa OKHa, k — MOMEHT, pa3/essioyii OKHO Ha JBa WHTEpBaJja, S — JUCIep-
cusi. MomenT Bpemenu, nipu kKoropom Bejimunaa, AIC npuHMMaer MUHUMAJIBHOE 3HAYEHUE,
UHTEPIPETUpPyeTcd Kak MOMEHT BCTYIIJIEHUA BOJIHBI.

st Kaxk10ro 06GHApPYKEHHOIO curHasa (puc. 2) OIpeesisyioch BpeMsl IIPUXO0/ia BOJIHBIL
Ha cTaHuo. JloKanus ceficMUIecKrX COOBITHN ITPOBOIMIACH C ITIOMOIIBIO METO/IA, 3aCeUeK.
Cucrema ypaBHeHuii perajach MerojoMm Herorona. KojmyecTBo nreparuili He 1peBBIIIAJIO
150. Bostee moapobHOE omnncanmne METOIOB JETEKTUPOBAHNS U JIOKAIINHN TIPEICTaBICHO B paboTe
[Beceduna u dp., 2020].

JlJ1st Bcex 3aperucTpupoOBaHHBIX COOBITHUI OIPEJIEJISIINCh OYaroBble MapaMeTphl: CKa-
JIAPHBIN ceficMudecKkuii MoMeHT M, yriioBas dacTora fo U ceficMudeckas dHeprus Fi.
CkaugpHblil ceficMudeckuii MOMEHT ObLI PACCUUTAH COMVIACHO cooTHOIIeHuto |Ketauc-Bopok,
1957] B mopuduranuu [Gibowicz and Kijko, 2013]:

_ 4npC’RQ,
°7 FRS.

rjae p — IUIOTHOCTh MaCCUBa (p = 3400 KF/M3); C — CKOpOCTBb pacHpoCTpaHeHUs BOJIH
(Cq =5570 m/c, Cg = 3130 m/c); R — paccrogHmEe OT HCTOMHHEKA 10 TOKH HABJIOICHN;
Q) — AMIUTUTYIA «TOJKU»> B HU3KOYACTOTHOMN YacTu crekTpa cMmernenusi; F. — koaddurmenr,
YVUUTBHIBAONINN HAIIPABJIEHHOCTD U3JIyUueHus; R, — KO3 OUIMEHT, OIpeie/iseMblil yIIoM
BBIXO/Ia JIy4Ya Ha CBOOOJHYIO IIOBEPXHOCTD; S, — CTAHIIMOHHAs ITONpaBKa. IIlpu orcyrcrBun
nadopMaIi 0 MEXaHI3Me UCTOYHUKA MOYKHO IIPOBOUTD OIEHKY CEHCMIYECKOr0 MOMEHTA,
WCIOJIb3Ysl CPeIHEeKBaIpaTuIHOe 3HadYeHne Koddduruenta F,, a R, mpuanMaercss paBHbIM 1,
T.K. JIJIsI JIATIMKOB, PACIIOJIOKEHHBIX B IIOJI3€MHBIX BHIPAOOTKAX, MOXKHO ITpEHEOpedYb CTaHI-
OHHO1 IOIIPABKOH 1 KO3 DUIIMEHTOM, KOTOPBIH yIUTHIBAET yTOJI BBIXOA JIy4da HA CBOOOIHYIO
noBepxuocTh |Gibowicz and Kijko, 2013]. Ilo Besmuune ceiitcmudeckoro MomenTa Mg MOKHO
OIIEHUTb MOMEHTHY0 Maruuryiay M, [Hanks and Kanamori, 1979; Kanamori, 1977]:

M, = ;(lgMO -9,1).
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Puc. 2. IIlpumep akceseporpamMm CEMCMUYECKOTO COOBITHS, 3aPETNCTPUPOBAHHOTO MTOCJIE B3PHIBA

16.12.2023 r. B HECKOJIbKAX TOYKAX HA PA3IMIHBIX PAcCTOAHUsX (a) U ux crekTpsl (6).
Yrnosas gactoTa fo ONIpeJEssIach COMIACHO Mojean Bpiona [Brune, 1970], ngst
KOTOPO#I CIIEKTD CMeIeHHs OIUChIBaeTCsl (DYHKITHe:
__ D
= YR
L+ f2/f}

I/ISJIyquHaSI celficMu4iecKas SHEPTrud ES OIlEHNBaJIaCb C IIOMOIIBIO MHTEI'PUPOBaAHUA

Q(f)

KBa/[paTa CIIEKTPa CKOPOCTH:

Es =4mpC

’

Lale,Ri
n

r7e 1 — KOJIMYeCTBO TOYEK U3MEPEHHs, R, — PACCTOSAHIe MEXK /Iy UCTOYHUKOM U M-I U3MepH-
TeJILHOH cTaHIuei, | ¢, — IOTOK SHEPTUH, OLPEeeJIsieMblil 1epe3 KBaIpaT MOIYJISA CIEKTPa
ckopocru |V (f)|.

B pesysnbrare merekTupoBaHUS U JIOKAIUU ObLIT c(DOPMUPOBAH KATAJIOT, KOTOPLIN BKJIIO-
qaji B cesl CJIEIYIONNe JAHHBIE O CEeCMUIECKNX COOBITHSX: ceficMudecKknit MoMeHT M),
YIJIOBasI 9acToTa f o, U3JIydeHHas ceficMuaeckast sueprust E, mymrenasrocrs T u KOODAUHATLL.

711 TIOJTyI€HHBIX KATaJIOTOB ObLIa BBINOJIHEHA KJIACTEPHU3AIUs BCEX UMITYJILCOB Ha
JIBE TIOATPYMIBI ¢ ncnosb3osaaneM metoga KJTACU-k [Mopososa u dp., 2022], KoTOpBIit
ObLT pa3paboTaH jis BBIIEJCHUS B aHCAMOJIE MUKPOCEHCMUIECKUX COOBITUI TTOIMHOMXKECTB,
XapaKTEePU3YIOIMINXCsST PA3INIHBIMUA CKeATMHroBbIMU cooTHOMmeHusiMu (E (Mg) u T(Mg))
¥ OCHOBaH Ha aJrOpUTMe KJacTepu3amnuu k-cpeHux.

PeByJ]])TaTBI ceiicMr9IecKoro MOHHUTOPpHWHTIa

ITocite B3pbIBa KOIMYECTBO PErUCTPUPYEMBIX CEICMUIECKUX COOBITHIT MHOIOKPATHO YBe-
JmauBaercs. B moToke ceficMuaecKuX COOBITHIT MOXKHO BBIJIEJUTD JIBE IMOATPYIIIBI UMITYIECOB
(puc. 3). Hoarpynmna cobeituii ¢ Gosee BHICOKMME 3HAYEHUSIMA [IPUBEIECHHON celcMIuecKoil
sueprun E,/M XxapakTepusyeTcss MEHBIITIMMI BPEMEHAME B O4Yare IPH OIMHAKOBON BEJNIHHE
ceficmuaeckoro momenTa M. Ilpu sTOM cTarncTrKa BCeX MOATPYIII MOIINHAETCH 3aKOHY
noBropsiemoctu ['yrenbepra — Puxrepa, a akruBHOCTS — 3aK0HY OMOpHu. BBISIBUTB KaKyto-
Jinb0O BPEMEHHYIO 32aKOHOMEPHOCTHh MHUIMUPOBAHUS CECMUYECKUX COOBITUN M3 PA3JIMIHBIX
MIOATPYIII He y/IAeTCH.

[Tapamerp b-value pacnpenenenust ['yrenbepra — Puxrepa ObLT pacCInTaH ¢ MOMOIIBIO
anropurma ZMAP [Wiemer, 2001]. XapakrepHble 3HAUEHUST IPUBEIEHHON CEHCMUIECKOI
9HEpPrur U mapaMerpa b-value pazjamdHbIX TOATPYIIN COOBITHI TpecTaBieHsl B Tabur. 1. s
BCEX TOATPYIII BBIYUC/IEHHBIE 3HAYEHUs] IPUBEIEHHON CeICMUYIECKO SHEPIul COOTBETCTBY-
0T KJIACCY HU3KOYACTOTHBIX M OYeHb HU3KOYACTOTHBIX 3eMJjeTpsiceHuii. JIjist oTaeIbHbIX
MOATrPYIII CPeJIHAE 3HATYEHNs IPUBEIEHHON CeliCMIYIecKoil SHepruu oTyimdatoTcs B 4-9 pas.
Bapuanuu vabmonaiorcs u B 3uadenusx b-value. st ancamM6iist celicMUIecKuxX COOBITHIA,
VHUIMUPOBAHHBIX B3PLIBOM B MaccuBe, b-value Jiyist 1BYX MOAIPYII OJIU3KU 110 3HAYCHUSIM
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Puc. 3. XapakTepucTuku ceiicMUIeCKUX COOBITHI, 3apEruCTPUPOBAHHBIX TOCJIE MAaCCOBOTO B3PbIBA
12.11.2022 r. KpacubiM u cuauM useroM (1udpbl 1 1 2 COOTBETCTBEHHO) OTMEUEHBI HOATPY b
cobbiTnii, Boifenennbie Ha ocHoBe KJTACU-k asropurma, 6ejbIM 1IBETOM — MOJHBIA aHCaMO/Ib
3aPEruCTPUPOBAHHBIX COOBITHIL. &) 3aBUCHMOCTD IIPUBEICHHON CEHCMIYECKON SHEPIUM OT ceficMude-
CKOr0 MOMEHTa; 6) 3aBUCUMOCTD JIJIATEIBHOCTU COOBITHI OT CEICMUIECKOTO MOMEHTa; B) rpaduk
[TOBTOPSIEMOCTH ceficMudecKux coObITuil. [losHbIil aHcaMbyib COOBITHI ONMUCBIBAETCSI COOTHOIIIE-
mueMm IgN = -2,2 -1,7My,, tne N — KyMyJIsSTHBHOE KOJHUIECTBO COOBITHH, M, — MOMEHTHAas
MAarHUTY/a; T') U3MEeHEeHne KOJIMYeCTBa 3aPerUCTPUPOBAHHBIX COOBITHH B 3aBUCAMOCTH OT BPEMEHU
rocjie B3pbIBa. lI3MeHeHMne KOIMYecTBa IOJHOrO aHCaMOJIsi COOBITHM OIMUCHIBAETCS COOTHOIIEHUEM

N(t)=40+17In(t+1073), nme t — Bpems mocye B3pHIBA.

u menbme 2 (B3pwiB 11), B TO BpeMst Kak Jijist COOBITHI OC/IE B3PBIBOB B OKPECTHOCTH PA3JIOMa
xapakTepHag Bejuuuta b-value Gosbine 2 (B3pois I, 111 TV).

Tabmuma 1. Crarucruyeckue napaMerpbl CEHCMUYECKUX COOBITHI, MHUIIMUPOBAHHBIX MaCCOBBIMU

B3pbIBaMU
Ne Es/My, Mx/(Hwm) b-value
B3pbIBa IToarpynma 1 Tloarpymnma 2 Tloarpymnma 1 IMoarpynma 2
I (1,8+1,1)x1077 (4,7 +2,0)x 1078 2,1+0,2 1,9+0,3
Il (3,4+2,3)x 1077 (4,8+3,4)x10°8 1,5+0,1 1,8+0,2
III (8,2+6,2)x 1078 (8,9+£5,9)x 107 2,0+0,4 1,9+0,4
v (4,9+4,6)x1077 (7,2+5,5)x 1078 1,6+0,4 3,1+0,8
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CrpykTypHbIle ocobeHHOCTH 0ceBoit 30HbI CeBepo-Bocrounoro pasioma

Huskune 3nHaveHusi npusejieHHON ceiicmudeckoit sneprun E/M, a, ciieloBaTe/IbHO,
U HU3Kas U3JIydaresbHast 3PpGHEeKTUBHOCTD CEHCMUTECKUX COOBITHIT MOXKET OBITH 0OYCJIOBIeHA,
cTpyKTypoit oceBoit 30HbI CeBepo-BocToanoro pasioma. B xome mosieBbIx n3bicKanmii ObLIH
U3yYeHbI CETMEHTHI PAa3JIOMa, B [IPeJIe/iaX KOTOPBIX JIOKAJIM30BAJIUCH CeICMUYeCKe COOBITHS.
B xo/me obcenoBanust 661 0TOOPAHBI 0OPA3IHI TOPHDBIX TOPO/JI, CATAIONIUX S/IPO PA3TIOMa
¥ BMEMAIOIINAN MacCUB, MOCJIE Yero BBIOJHIIOCH UX meTporpadudeckoe nzydenne. Cerepo-
Bocrounstit pazyioMm pasienser HeCKOJIbKO KPYIHBIX PErHOHAJIBHBIX OJIOKOB, CJIOXKEHHBIX
JKEJIE3UCTBIM KBAPIIUTOM, [IPU 9TOM BH3yaJIbHOE 00CJIEIOBAHIE PA3/IOMa YKA3bIBAET Ha, €r0
HEOJ[HOPOJHYIO0 CTPYKTYDPY (puc. 4).

PacctosHue PacctosiHne

|:] Bmeluatowlas nopoga
Appo pasnoma

CI MaFVICTpaJ'I bHbIN CMeCTUTENb

Puc. 4. Crpykrypa Ceepo-BocTouHoro pasiomMa. a) cxeMaTHIHOE CTPOEHUE sIPa PA3JIoMa C paB-
HOMEPHBIM pacupeiesienne jgedopManuii € BKpecT npoctupanus (TUl 1) ¥ ¢ IPOCTPAHCTBEHHO
HEOHOPOJHBIM HAKOILJIeHrEM JfepopMaIiuii BKPECT IPOCTUPAHU ¢ (DOPMUPOBAHUEM MHOXKECTBEHHBIX
MaruCTPaJIbHBIX cMectuTeseil (tun 2); 6) $hoTo OIHOTO U3 YYACTKOB JIOKAIU3AIUI MArUCTPAILHOIO

cMectuTess (FPAHULBI OTMEYEHbI GeJIbIMU JIMHUSIMA).

Bwmemaromuit maccuB npescrasiisier co00it MOHOJIAT, TPAKTUIECKH HE 3aTPOHYTHII
npoueccaMu JudepeHuanuu MUHEPAJIbHBIX arperaToB. DTO IJIOTHAS TOPOJIA, COCTOSIIAs
us JIeHTOO6pa3HbIX II0JIOC, CJIO?KEHHBIX KBapIl-Mal'HETUTOBBIMU arperaTaMiu U KaJIbIIUTOM,
BBITSIHY TBIMU B OJ[HOM HAIIPABJIEHWUH, IPUIEM, KPUCTAIMIECKIE arPETaThl KBapI@a obpasy-
0T CAMOCTOSITEJIbHBIE 0O0COBJICHHBIE JIEHTBI, CONPATAIONINECs ¢ MOJOCAMA MAIHETUTOBBIX
arperaTHbIx cpacTanuii. KaabuT pacrpeesied IPeuMyIIeCTBEHHO B MEXK3EPHOBOM PO~
CTPAHCTBE KBAPIEBBIX APETATOB, & TaKyKe 00Pa3yeT OTJEbHBIE OYATOBBIE BbIIE/IEHMUS.
Xnoput-amdubOIOBbIE CPACTAHAS PACIOJATAIOTC B HAIIPABJICHUHU CJIAHIEBATOCTH, TPUIA~
Basl JOIOJHUTEIBHYIO IIPOYHOCTH HOPOJIE. BelecTBeH DI COCTAB JEMOHCTPUPYET HAJIMINE
KaK MUHEPAJBHBIX (a3, XapaKTePU3yIUXCsl KAK CKOPOCTHBIM PAa3ylpPOYHEeHneM (MATHETHT,
kBapil, ambubosuT), TaK CKOPOCTHBIM YIIPOYHEeHueM (KaJbluT, xjaopur) [Buijze et al., 2021;
Ikari et al., 2011].

B npejiesiax maxTHOrO 10JIsi MOYKHO BBIZEIUTH CETMEHTHI PA3/I0Ma, KOTOPbIE XapaKTe-
PU3YIOTCs PA3JIMYHBIMU 3aKOHOMEPHOCTAMU HakoiwieHus jedopmanuit (puc. 4a). B 3ome
B3pbiBa (I) BeIEsIETCST GOTIBIIOE KOJTMYIECTBO MArUCTPAIbHBIX cMecTuTestedi (tun 2) u Je-
dbopmarun HaKaIMBAIOTCA HEPABHOMEPHO BKpeCT Ipoctupanus. Ilupuna siipa cocTaBiiser
okou1o 200 M. B a10ii 30HEe si1po IpecTaBIsieT cob0it 30Hy APOOIIEHIST KEJIE3UCTOrO KBAPIINTA
IO MHOZKECTBY ILIOCKOCTEI JIO COCTOSTHUS OPEKYIHMH C MPUBHOCOM KapOOHATHOTO MaTepHa-
aa (puc. ba). Habmromaercst Bbrxon, urronia 110 TpermuHaM. MarucrpaibHble CMECTHTENN
CJIO’KEHBI KATAKJIACTUIECKAM BEIECTBOM BBICOKOMH crajmu jedopmanuu. [Ipeobamaronmm
MUHEPAJIOM SBJISETCA XJOPUT, KOTOPBIH 00pasyeT TOHYANIINE arperaThl ¢ pA3MEPOM MH MBI~
JyaJabHbIX dacTul, He 6osee 10 MkM. BHOTUT CONEPKUTCA B KOJIUYECTBE [IEPBBIX IIPOIEHTOB
U CPACTAETCsI ¢ XJIOPUTOBBIMY arperaramMu. Bee 3TO NMPOHU3AHO MbLIEBATHIMU YACTUIIAME
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OPraHUYEeCKOr0 BEIIECTBA, IPeodIa Aol pa3Mep KOTOPHIX mopsaka 1 M. s reomare-
PHUAJIOB, CJIArAIONINX MaruCTPaJIbHBbIE CMECTUTENIN, XapaKTePHO CKOPOCTHOE YIIPOYHEHHE.

Puc. 5. [Ipumepsr dororpadmuii mumdoBs, 0TOOPAHHBIX U3 30H JIOKAJU3AIMA A/[pa PA3IoMa. a) Gpek-
YMs 110 JKeJIE3UCTOMY KBapuuTy (30Ha B3pbiBa 1); 6) KaTak/Ia3uT 1O JKEJE3UCTOMY KBAPIUTOCJIAHILY

C IPHUMECBHIO XJIOPUT-OMOTHTOBBIX arperaros (3ona B3pbisa III).

B 3one B3poisa 111 (tun 1) npoucxomur cMmsrue xKeje3ucroro Keapuura (puc. 50) ¢ 06-
pa30BaHUEM CKJIAJOK, ¢ 00pa30BaHUEM MYCKOBUTA IO HampasjieHusM pedopmanmii. Kara-
KJIACTUYIECKOE BEIECTBO, BUJIMMOE B sIJIpe PA3JIOMA, COIAEPIKUT MPUMECH XJIOPUT-OMOTUTOBBIX
arperaToB, TPUIAIONINX TOPOIE JOMOTHUTETHHYIO «BI3KOCTbY, B PE3YJILTATE TE€rO MOPOIA
IIPU C2KATUW CTAHOBUTCs OOJjiee IIACTUYIHON. f1po paszsoma mpeacTaBisger co00il KOHTAKT
CMSITOTO B CKJIQJKU 2KEJIE3UCTOrO KBAPIUTA U XJIOPUTOBOTO CJIAHIA. [I0CKOIBbKY TTOPOJIBI
UMEIOT Pa3Hble IPOYHOCTHBIE XaPAKTEPUCTUKH, IOPO/Ia PAa3PyIIAeTCH 0 OJIaCTOMUIOHUTA
c obpasoBaHmEM MAaTpPHUKCa. B mporiecce TEKTOHUIECKOTO BO3AEHCTBISA Tpu 00pa30BaHUN
OsacTokaTakaasuTa O6buH co3ganbl P-T ycjioBusi, 06ycaaBInBaOIIe MeTaMOPMOUIeCKUii
IIPOIECC C 0OPa30BAHUEM TAKHX MUHEDPAJIOB, KAK MYCKOBUT U SIUJOT, IPUCYTCTBHE KOTOPBIX
B MaTPUKCE YMEHBINAET IPOYHOCTh TOPHON HOPObL. [lJist reoMaTeprasos, CIaraiomux sIpo
pazioma B 30He B3pbIBa III, XapakKTepHO TOJIHLKO CKOPOCTHOE YITPOYHEHUE.

B 30me B3pbia IV (Tum 1) sipo passioma ciiabo BbiparkeHo. JlaHHAsT 30HA IPEJICTABIISIET
coDOIi KOHTAKT 30HBI JIPOOJIEHNUS J2KACIIEJINTA, U XJIOPUTOBOIO CJIAHIA, mupuHoi 10 100 M.
MarucTrpaJibHble CMECTUTE/IN HE MTPOsiBJIEHBI. B TaHHOI 30He HADIIOMAETCsT CMATHE CJIAHIEB
Ha paccrosgauu oT 10 10 50 M OT KOHTakTa U JpoOJieHne KBapIUTOB, MIUPUHONK OT H JI0
15 m. IIpucyrcrsue mupokoro 60kKa xiaopurosoro ciaanna (1o 100 M) cHEXKaeT NPOYHOCTH
paccMaTpUBaEeMOil 30HbI, OTHOCUTEIHHO BMEIAIONIEr0 MACCUBA.

Takum obpasoMm, Ha Becex nsydeHHbIX cermenTax CeBepo-Bocrounoro pasjioma ocepast
30HA CJIO2KEHA [TOPOJAMU IPEUMYIINECTBEHHO CO CBOWCTBOM CKOPOCTHOI'O YIIPOYHEHUS.

O6cyxnenue

CerMenThl Pa3IOMOB, KOTOPBIE MMOTEHITUAIBHO CKJIOHHBI K CEICMOT€HHOMY MTPOCKAJIb-
3BIBAHUIO, HAXOMIATCH B CYyOKPUTHIECKOM HAIPSI?KEHHOM COCTOSIHAW B PETHOHAJBHOM II0JIE
HATIPSPKEHUH U CJIOYKEHBI HOPOJIAME CO CBOHCTBOM CKOPOCTHOIO pasynpounenust | Walsh
and Zoback, 2016]. IlpomomkuTenbHast paspaboTKa MECTOPOXK/IEHNI (BBIEMKA U TI€peMe-
IIeHUe TI0PO/IbI) BBLI3bIBAET U3MEHEHUE HAIPSZKEHHOI'O COCTOsIHUS CPeJbl U IPUBIUKAET
[IpeIBAPUTEILHO HAIIPSIXKEHHBIN PA3JIOM K IIPEJIeJTy ITPOYHOCTUA U MHUIMUPOBAHUIO Pa3Phi-
Ba [Kocharyan et al., 2022|. Cay4a#iHO MHUIIMUPOBAHHBIN SHIOTEHHBIM UJIM 3K30TE€HHBIM
BO3/IEICTBAEM JMHAMUYECKHUI PAa3PbIB MOXKET aKTUBUPOBATH KaK HEOOJIBINON JTOKAIbHBIN
Y9aCTOK CEI'MEHTa Pa3joMa, TaK U BECh CEIMEHT IIOJIHOCTHIO, MU JIazKe PACIPOCTPAHUTHCS
HA COCEJHMI CErMEHT, eCJIM YPOBEHb HANPSKeHWH OJIM30K K mpenenbHoMmy [Scholz, 2010;
Tinti et al., 2021]. B nansoM ciydae B3PbIBbI B MACCUBE HE OKA3BIBAIOT CYIIECTBEHHOI'O
BJUsAHUA HA pasdjioM [Kouapsan u dp., 2019].
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B ycnoBuax siokasnm3aiun B3pHIBOB B 30HE PA3JI0MOB HAOIIONAETCS CYIIIECTBEHHO JIPYTast
curyanus. Pe3ysnbrarsl 1poBeseHHOro MoHUTOpUHra (puc. 1) II0Ka3bIBAIOT, YTO IIOCJIE MACCOo-
BBIX B3PBIBOB, JIOKAJIN30BAHHBIX B 30HE Pa3JIOMa, 3aPErMCTPUPOBAH MOTOK CEHCMUIECKUX
cobbITHt ¢ MarauTy 0t ot —2,4 ... —1,2 Ha paccrosgausax ;10 500 M OT B3PLIBHOM KaMephI, ITO
MO2KET TOBOPHUTH 00 aKTUBHU3AIINH JIOKAJIbHBIX CErMEHTOB pazjoMa. [lomydennnbie 3nadenust
MAarHUTYJ COOTBETCTBYIOT ITOJABUXKKAM IO TpelmuHaM JInHOH okojo 1-10 M. B ycnoBusx,
KOT'/Ia HADJIFOJIAeTCsT YACTUYHAsI AKTUBU3AIIUS OTIEJIbHBIX CETMEHTOB, MOI'YT CO3aThCsl yCJIO-
BHSI, IPU KOTOPBIX Oy/IeT MHUITMUPOBAH JTUHAMUYIECKHIT PA3PBIB, OXBATHIBAIOIINAN HECKOJIBKO
cocestHuX cerMeHToB |Locchi et al., 2024].

OrneHKka ceiicMUYIeCKOil OIIACHOCTH U IIAPAMETPOB BO3MOXKHBIX 3€MJIETPSICEHUIT OCHOBBI-
BaeTCs HA CTATUCTUIECKUX METOJAX aHAJN3a KATAJOIOB 3€MJIETPSICEHUI, 9TO B yCJIOBUSIX
cs1aboit CeCMUYHOCTH PErOHa MOXKET JIABaTh HEKOppeKTHbIe onenku [lebarun u dp., 2022].
YuauTbiBasi, 9TO IPU HAIPSIZKEHUSIX OJIU3KUX K KPUTUIECKUM, TTOBTOPSIIOIINECs THHAMITIE-
CKU€ BO3JIEHCTBHsI CIIOCOOHBI MHUIMUPOBATD MOJBUKKY 110 paznomy [Kocharyan et al., 2018],
HEeOOXOIMMO COBEPIITEHCTBOBAHNE METOJIOB, HAIIPABJIEHHBIX HA OIPeesIeHUE TapaMeTPOB
BO3MOXKHBIX ceficMuaecknx coObiTuil. B pamMkax mpoBeieHHOI pabOThI ClesIaHa, IMOMbITKA
JIOIOJIHUTH PE3YJIbTAThl CECMUYECKOT0 MOHUTOPUHTA JAHHBIME IMEOJIOTUIECKUX HW3BICKAHUIA.

CraTucTuyecKne CBOWCTBA PETUCTPUPYEMBIX MTOCJIE€ B3PBIBOB IIOTOKOB CEHCMUIECKUX
coObITHiT UMeeT psi ocoberHocreit. [lokazaHo, ITO yriibl HAKJIOHA TPAMUKOB ITOBTOPSIEMO-
CTH PEruCTPUPYEMbBIX CEICMUYECKUX COOBITUN MMEIOT OOJIbIllee 3HAYEHHE, YeM B CJIydae
ecrecTBeHHOII ceficmuunocTH (b = 1), 4T0 XapaKTepHO JJis MAXTHON CeliCMIYHOCTU U CO-
Iacyercs ¢ pe3yibraTaMy APYTUX ucciaepoBanuii |3mywko u dp., 2011; Gibowicz and
Kigko, 2013; Oye, 2005]. IIpu sToM KiacTepusanusi ceficCMUIeCKUX COOBITHIL HA IIOAIPY b,
KOTOPBIE XapaKTEePU3yIOTCA PA3JIMYHON BEJIMYNHON PUBEJCHHON CEICMUYeCKON SHepruu, He
MMO3BOJISIET BBISIBUTH CYIIECTBEHHBIX pas3jmanii B Bejamaune b-value. Broimenpepcrasientnoe
00CTOSTENIBCTBO, COTJIACHO PE3Y/IbTaTaM JIabOPATOPHBIX YKCIIEPUMEHTOB, MOYXKET CBUJIETE/Ib-
CTBOBaTh 06 OTHOCHUTEJHLHON CTaOUIBHOCTH paccMaTpuBaeMoro passioma |Ostapchuk et al.,
2021].

WNzydenne 09aroBbIx mapaMeTpoB cJ1aboi CEHCMITHOCTH JJAET BaXKHYO JTOTIOJTHAUTETHHY O
nH(OPMAIUIO O CKJIOHHOCTU CEIMEHTa Pa3JjioMa K JIMHAMUYECKUM CEiCMOIe€HHBIM IIOBUXK-
KaM. Baxkmoit 0COOEHHOCTHIO PETHUCTPUPYEMBIX CEACMUIECKUX COOBITUI Ha MCCJIEIYEMOM
yUaCTKe, ABJIFeTC UX HU3Kag u3jydaresbhad abdexrusuocts (rabi. 1). ds Beex cobbiTuit
BeJIMYNHA [IPUBEJIEHHON CefiCMUYeCKOil SHEPIUU COOTBETCTBYET KJIACCY HU3KOYaCTOTHBIX
U OY€Hb HU3KOYACTOTHBIX 3eMiieTpsicennil. Jlannoe o6CTOATENBCTBO SIBJISIETCH CYIIIECTBEHHBIM
IIPU OT[EHKE CEfICMUTIECKON OIMACHOCTH, TAK KaK MEJJICHHBIE 3€MJIETPSICEHNS HE BBI3BIBAIOT
pa3pyIeHuil Ha JHEBHON MTOBEPXHOCTH M IIPAKTUYECKHU HE OIIyIaoTcst Joapmu. OmHako
KPaTKOBPEMEHHOCTDH CEHCMUYECKOTO MOHUTOPUHIA HE IT03BOJISIET HAJEYKHO YTBEDXKJATh
O THIIEe TOTEHIINAJIBHO PEATN3YEMBIX HA PA3JIOMe 3eMJIETPSICEHUl, 1 TPeOyeTCs MIPUBJIeUEHIE
JonosnHrTesbHON nudopmaryn [lebarun u dp., 2022].

AHayimz ceficMUYIHOCTH MOXKET BBISBUTH CTPYKTYpPHBbIE OCOOEHHOCTH AKTUBHBIX CEr-
MEHTOB Pa3JIOMOB M ocobeHHocTH JoKamm3anuu gedopmarmii [Chalumeau et al., 2024;
Collettini et al., 2022]. Hasuuune B3aMMOCBSI3U MEXK/Ly OCODEHHOCTAME CEHCMUYECKOIO PEXKU-
Ma, CTPYKTYPHBIMU U PEOJIOTHIECKAMU CBOMCTBAMU PA3JIOMOB TIO3BOJISIET, C JPYTOil CTOPOHBI,
BOCIIOJTHATH HEJIOCTATOUHBIN 00beM CeICMUIECKUX MAHHBIX MeOJIOTHIECKOM nH(pOopMaIueii.
Kaxk moka3zas mpoBeieHHbII aHa/n3, BbIJEJIeHHbIE OCOOEHHOCTH OYArOBBIX TAPAMETPOB MOTYT
B IIOJIHOI Mepe OBbITh OOYCJIOBJIEHBI PEOJIOTMYECKMMU CBOCTBAMU sJIpa Pa3jioMa. 3OHBI
JIoKam3anuu JedpopMariuii, CJI0KeHHbIe IIOPOJIAMY CO CBOWCTBOM CKOPOCTHOI'O YIIPOYHEHHS,
HaKAILUTABAIOT j1ebOPMAITUH TPEUMYIIIECTBEHHO aceiicMIuIHO. Kpome TOro, BhIsiBIIeHHAS CTPYK-
Typa CerMEHTOB Pa3JIOMa TAKXKe XapaKTepHAa i ACeHCMUIHOIO HAKOILIEHUs j1edbOpMAIimii
(puc. 4a, Tum 1) wIn TOCPEICTBOM MOJBUXKEK € HU3KOH M3J1ydaTe bHON 3b)eKTHBHOCTHIO
(puc. 4a, tuu 2) [I'pudun u dp., 2025; Fagereng and Sibson, 2010]. Cienosarensbo, 00beu-
HEHUE JIAHHBIX CeCMUYEeCKOr0 MOHUTOPUHTA W CBEJIEHUN O CTPYKTYPHBIX U PEOJIOTHIECKUX
CBOICTBaX JIOKAJIbHBIX CETMEHTOB PA3JIOMOB II03BOJISIET JIejIaTh 00Jiee 0O0CHOBAHHBIE BBIBOJIBI
0 CEHCMUYHOCTH aKTUBU3UPOBAHHOI'O CETMEHTa Pa3jIoMa.
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Ilo pesynbraTramM NIpoOBeNEHHBIX KOMIIJIEKCHBIX MCCIETOBAHUI MOYXKHO IIOJIAraTh, UTO
CeBepo-Bocroumnbiit pa3ioM B mpeziesiax MaxTHOTO IOJIS MOXKET PEAN30BbIBATH HAKOILIEH-
HblE 1eOpMAIUU TTIOCPEICTBOM IIPEUMYIIIECTBEHHO MEJJIEHHBIX aCeiCMUYHBIX TTOIBUMKEK.

Baaromaproctu. Ilposejierne ceiicMIYIeCKOro MOHUTOPUHTA U KOJUIEKITHOHUPOBAHME BCEX
JIAHHBIX BBIMOJIHEHO B PAMKaX TOCYJAPCTBEHHBIX 3ajiannii MuHMCTepCTBA HAYKHW M BBICIIETO
obpazosanus PO (tembr Ne 122032900178-7 u Ne 122032900172-5). IIposeenue reosioruye-
CKOI'0 U3y4eHHs TEKTOHUYECKOI0 Pa3JioMa U MOCTPOEHNE IPOCTPAHCTBEHHO HEOTHOPOIHOM
MOJIEJTN PA3JIOMa, BBITIOJHEHBI TP (DUHAHCOBOM mojmepkke Poccnitckoro HayaHoro hoHga

(mpoexT Ne 20-77-10087).

Crucok amuTeparyps

Becequna A. H., Kumkuna C. B., Kouapsia I'. I'. v dp. Xapakrepucruku cj1aboil celiCMUIHOCTH, WHLYIUPOBAHHON TOPHBIME
paboramu Ha Kopobkosckom mectopoxkaernn Kypcekoit MaranTHO# anomannn // OU3HKO-TEXHUIECKHE TPOGJIEMBI
pa3paboTku 1moJe3HbIx uckonaeMbrx. — 2020. — Ne 3. — C. 12—24. — DOI: 10.15372/ftprpi20200302.

Bocrpukos B. U., Ycoabnesa O. M., Hoii I1. A. u dp. OcobenrocTr pa3BUTHUsI IIPOIECCOB Ie(POPMUPOBAHNAST U MUKPO-
ceflCMIIEeCKON SMUCCUN [IPH HAIPYYKEeHUN 00pa3IoB MOPHBIX TOPOJ, 10 paspyiienus // Marepskeno Teo-Cubups. —
2016. — T. 2, Ne 3. — C. 45—49. — EDN: VXLLAX.

Tunsapos B. JI., Tamackunckas E. E., Kagomres A. . u dp. Anaims craTuCTHIECKUX MAPAMETPOB JIAHHBIX Ne0AKYCTUIECKOTO
MOHUTOPUHIA HA MECTOPOXKIeHnH «AHuTell» // OU3NKO-TeXHUIECKHUE IIPOBIEMbI pa3pabOTKHU TI0JIE3HBIX UCKOIAEMbIX. —
2014. — Ne 3. — C. 40—45. — EDN: SMIDIP.

Ipugua T A., Ocramayk A. A., Tpuropbesa A. B. u dp. Bapuaruu cTpyKTypHBIX U (DUBUKO-MEXaHUIECKUX CBOWCTB
TEKTOHUYIECKOIO Pa3JIOMa B IIPUIIOBEPXHOCTHOM 30He // Pusnka 3emym. — 2025. — Ne 1. — B neuarn.

Saxapos B. H. CeiicmoakycTiieckoe IpOrHO3NPOBAHNE U KOHTPOJIb COCTOSTHUSI M CBONCTB MOPHBIX IOPOJL, IPH pa3paboTKe
yroabubix Mecropoxaenuii. — Mocksa : UTJT um. A. A. Ckounnckoro, 2002. — 172 c.

Sumymko T. FO., Typynuraes C. B. u Kynukos B. Y. CBa3p maxTHO CEHCMUYMHOCTH € PE2KUMOM TOPHBIX PabOT Ha MIaxTax
Bopkytst // dunamudeckue nporeccsl B reocdepax. — 2011, — Ne 2. — C. 75—88. — EDN: TMYUCR.

Keitmuc-Bopok B. 1. Uccnenosanne mexanu3ma 3emuterpsicennii. — Mocksa : AH CCCP, 1957. — 148 c.

Kouapsia I'. T'. Teomexanuka paziomoB. — Mocksa : 'EOC, 2016. — 432 c.

Kouapsiu I'. I., Becenuna A. H., I'punun I'. A. u dp. Tpenne kak dpakTop, ONpeeIsifonyii n3/1y4aTebHy 0 3h(OEKTHBHOCTD
HOZBHXKEK 10 PA3JIOMaM U BO3MOXKHOCTH uX uHuimuposanus. Cocrosuue Borpoca // Pusnka 3emum. — 2023. —
Ne 3. — C. 3—32. — DOI: 10.31857/50002333723030067.

Kouapsia I'. T'., Byakos A. M. v Kumkuna C. B. O6 nuHUIIMMPOBaHNYN TEKTOHUYECKUX 3€MJIETPSICEHUI TIPU 0I3€MHOMN
orpaborke Mecropoxkienuil // Pusnko-rexuudyeckue 1podiemMbl pazpaboTKu HOJIe3HbIX UcKonaeMmbix. — 2018. —
Ne 4. — C. 34—44. — DOI: 10.15372 /FTPRPI120180405.

Kouapsu I. I, Kymukos B. . u [Tanos [I. B. O BiausHuM MacCOBBIX B3PBIBOB HA YCTOWYMBOCTH TEKTOHUIECKUX
paziiomoB // Pusnko-rexHudeckue npobiaeMbl pa3paboTKH I0JIe3HBIX HcKonaeMbix. — 2019. — Ne 6. — DOI: 10.15372
FTPRPI20190605.

Jlaspos A. B. u IlIkyparauk B. JI. Akycrudyeckas sMuccus npu 1epOpMUPOBAHAY U PA3PyIIEHUN FOPHBIX 110pog (0630p) //
Axycruaecknit xkypuaia. — 2005. — T. 51. — C. 6—18. — EDN: HSIMXL.

JloGankass P. M. 30HbI auHAMUYECKOIO BJMSHUS DPA3JIOMOB II0 aHAJIM3Y COILYTCTBYIOIUX pa3pbiBoB // Teosorus u
reopusuka. — 1983. — Ne 6. — C. 53—61.

Jlosunkos A. B. CusbHefinme ropHO-TEKTOHNYIECKUE YJAPhl U TEXHOTEHHBIE 3€MJIETPsICeHUsI Ha pyJHuUKax Poccun //
DuU3NKO-TEXHUIECKUE TPODJIEMBI PA3Pa0OTKY MOJIe3HBIX ncKomaeMbix. — 2013. — Ne 4, — C. 68—73. — EDN: RADOWD.

Moposzosa K. T'., Ocramayk A. A., Becemuna A. H. u dp. Kitaccuduranus ceficMuaeckux COOBITHI, COTPOBOXK TAIOIITIX
B3PBIBHOI €110c06 pa3paboTku MaccuBa ropubix nopoy, // Celicmudeckue nputoper. — 2022. — T. 58, Ne 4. — C. 97—
110. — DOI: 10.21455/si2022.4-6.

Omnapun B. H., Ycosbuesa O. M., Cemenor B. H. u dp. O HEKOTOPBIX 0COGEHHOCTSIX IBOJIIONAN HAIIPSIKEHHOIEDOPMUPO-
BAHHOI'O COCTOSIHUA 0OPA3I0B TOPHBIX IIOPOJL CO CTPYKTYPOI IIPU UX OJHOOCHOM Harpyzkenun // PU3MKO-TEXHUUECKHE
po06JIeMBbI pa3pabOTKU 1MOJIe3HbIX ucKonaeMbix. — 2013. — Ne 5. — C. 3—19. — EDN: RFSKVN.

ITaronun A. B., ITuxosa H. M., ITonomapes A. B. u dp. MonyabHas cucreMa HENPEPBHIBHONW PErHCTPAIUN aKyCTHIECKOM
IMUCCHU JJis JTabOPATOPHBIX UCC/IEI0BAHUI paspyuierns ropHbIx 1opos // Celicmuueckue nputopsr. — 2018. — T. 54,
Ne 3. — C. 35—55. — DOI: 10.21455/si2018.3-3.

Russ. J. Earth. Sci. 2024, 24, ES5013, https://doi.org/10.2205/2024es000941 10 of 16


https://doi.org/10.15372/ftprpi20200302
https://doi.org/10.31857/S0002333723030067
https://doi.org/10.15372/FTPRPI20180405
https://doi.org/10.15372/FTPRPI20190605
https://doi.org/10.15372/FTPRPI20190605
https://doi.org/10.21455/si2022.4-6
https://doi.org/10.21455/si2018.3-3
https://doi.org/10.2205/2024es000941

OCOBEHHOCTHU CENCMHUYHOCTH KOPOBKOBCKOI'O KEJIEBOPYAIHOI'O MECTOPOXKEHUA. . . OCTAMIYYK U HAP.

Cwmupnos B. B., ITonomapes A. B. u 3aBbsisioB A. /1. CrpyKTypa aKyCTHIECKOTO PeXKuMa B 00pa3iiax TOPHBIX IIOPOJ, U
ceficmmaeckuii pexknM // @usuka Semsm. — 1995. — Ne 1. — C. 38—58. — EDN: XGWLWZ.

MIe6anun I1. H., M'summmanu A. /., Ize6oes B. A. u dp. [Touemy He0OX0UMBI HOBBIE MIOJIXO/bI K OIEHKE CeACMUIECKOM
onacuocru? // Hoknaner Poceniickoii akamemun Hayk. Hayku o 3emue. — 2022. — T. 507, Ne 7. — C. 91—97. — DOLI:
10.31857/52686739722601466.

IMTepman C. U., Bopuskos C. A. u Bymuo B. FO. Obnacru qunamudeckoro BiusHusi pasjioMos. — Hosocubupcek : Hayxka,
1983. — 112 c.

MIkyparauk B. JI. u Bosuecenckuit A. C. Akycrudeckast SMUCCHUsT YIBTPA3BYKOBOIO JMAMIO30HA IaCTOT KaK WHCTPYMEHT
pemienus 3aza4 ropuoii reodusuku // Topubiii xkypaaa. — 2009. — Ne 1. — C. 54—57. — EDN: LHOUDT.

Adushkin V. V. Technogenic tectonic seismicity in Kuzbass // Russian Geology and Geophysics. — 2018. — Vol. 59,
no. 5. — P. 571-583. — DOI: 10.1016/j.rgg.2018.04.010.

Arrowsmith S. J., Arrowsmith M. D., Hedlin M. A. H., et al. Discrimination of Delay-Fired Mine Blasts in Wyoming
Using an Automatic Time-Frequency Discriminant // Bulletin of the Seismological Society of America. — 2006. —
Vol. 96, no. 6. — P. 2368-2382. — DOI: 10.1785/01200600309.

Bolton D. C., Shokouhi P., Rouet-Leduc B., et al. Characterizing Acoustic Signals and Searching for Precursors during the
Laboratory Seismic Cycle Using Unsupervised Machine Learning // Seismological Research Letters. — 2019. —
Vol. 90, no. 3. — P. 1088-1098. — DOI: 10.1785/0220180367.

Boulton C., Carpenter B. M., Toy V., et al. Physical properties of surface outcrop cataclastic fault rocks, Alpine Fault,
New Zealand // Geochemistry, Geophysics, Geosystems. — 2012. — Vol. 13, no. 1. — DOI: 10.1029/2011GC003872.

Brune J. N. Tectonic stress and the spectra of seismic shear waves from earthquakes // Journal of Geophysical Research. —
1970. — Vol. 75, no. 26. — P. 4997-5009. — DOI: 10.1029/JB075i026p04997.

Buijze L., Guo Y., Niemeijer A. R., et al. Effects of heterogeneous gouge segments on the slip behavior of experimental
faults at dm scale // Earth and Planetary Science Letters. — 2021. — Vol. 554. — P. 116652. — DOI:
10.1016/j.epsl.2020.116652.

Carpinteri A., Xu J., Lacidogna G., et al. Reliable onset time determination and source location of acoustic emissions
in concrete structures // Cement and Concrete Composites. — 2012. — Vol. 34, no. 4. — P. 529-537. — DOI:
10.1016/j.cemconcomp.2011.11.013.

Chalumeau C., Agurto-Detzel H., Rietbrock A., et al. Seismological evidence for a multifault network at the subduction
interface // Nature. — 2024. — Vol. 628, no. 8008. — P. 558-562. — DOL: 10.1038/s41586-024-07245-y.

Chester F. M., Chester J. S., Kirschner D. L., et al. 8. Structure of Large-Displacement, Strike-Slip Fault Zones in the
Brittle Continental Crust // Rheology and Deformation of the Lithosphere at Continental Margins. — Columbia
University Press, 2004. — P. 223-260. — DOI: 10.7312/karn12738-009.

Collettini C., Barchi M. R., De Paola N., et al. Rock and fault rheology explain differences between on fault and distributed
seismicity // Nature Communications. — 2022. — Vol. 13, no. 1. — DOI: 10.1038/s41467-022-33373-y.

Collettini C., Tesei T., Scuderi M. M., et al. Beyond Byerlee friction, weak faults and implications for slip behavior //
Earth and Planetary Science Letters. — 2019. — Vol. 519. — P. 245-263. — DOI: 10.1016/j.epsl.2019.05.011.
Dieterich J. H. Modeling of rock friction: 1. Experimental results and constitutive equations // Journal of Geophysical

Research: Solid Earth. — 1979. — Vol. 84, B5. — P. 2161-2168. — DOI: 10.1029/JB084iB05p02161.

Dixon N., Smith A., Flint J. A., et al. An acoustic emission landslide early warning system for communities in low-
income and middle-income countries // Landslides. — 2018. — Vol. 15, no. 8. — P. 1631-1644. — DOL:
10.1007/s10346-018-0977-1.

Emanov A. F., Emanov A. A., Fateev A. V., et al. The technogenic Bachat earthquake of June 18, 2013 (ML = 6.1) in the
Kuznetsk Basin-the world’s strongest in the extraction of solid minerals // Seismic Instruments. — 2017. — Vol. 53,
no. 4. — P. 333-355. — DOI: 10.3103/S0747923917040041.

Fagereng A. and Sibson R. H. Mélange rheology and seismic style // Geology. — 2010. — Vol. 38, no. 8. — P. 751-754. —
DOI: 10.1130/G30868.1.

Foulger G. R., Wilson M. P., Gluyas J. G., et al. Global review of human-induced earthquakes // Earth-Science Reviews. —
2018. — Vol. 178. — P. 438-514. — DOI: 10.1016/j.earscirev.2017.07.008.

Gibowicz S. J. and Kijko A. Introduction to Mining Seismology / ed. by R. Dmowska. — Elsevier Science & Technology
Books, 2013.

Hanks T. C. and Kanamori H. A moment magnitude scale // Journal of Geophysical Research: Solid Earth. — 1979. —
Vol. 84, B5. — P. 2348-2350. — DOI: 10.1029/JB084iB05p02348.

TIkari M. J., Marone Ch. and Saffer D. M. On the relation between fault strength and frictional stability // Geology. —
2011. — Vol. 39, no. 1. — P. 83-86. — DOI: 10.1130/g31416.1.

Russ. J. Earth. Sci. 2024, 24, ES5013, https://doi.org/10.2205/2024es000941 11 of 16


https://doi.org/10.31857/S2686739722601466
https://doi.org/10.1016/j.rgg.2018.04.010
https://doi.org/10.1785/0120060039
https://doi.org/10.1785/0220180367
https://doi.org/10.1029/2011GC003872
https://doi.org/10.1029/JB075i026p04997
https://doi.org/10.1016/j.epsl.2020.116652
https://doi.org/10.1016/j.cemconcomp.2011.11.013
https://doi.org/10.1038/s41586-024-07245-y
https://doi.org/10.7312/karn12738-009
https://doi.org/10.1038/s41467-022-33373-y
https://doi.org/10.1016/j.epsl.2019.05.011
https://doi.org/10.1029/JB084iB05p02161
https://doi.org/10.1007/s10346-018-0977-1
https://doi.org/10.3103/S0747923917040041
https://doi.org/10.1130/G30868.1
https://doi.org/10.1016/j.earscirev.2017.07.008
https://doi.org/10.1029/JB084iB05p02348
https://doi.org/10.1130/g31416.1
https://doi.org/10.2205/2024es000941

OCOBEHHOCTHU CENCMHUYHOCTH KOPOBKOBCKOI'O KEJIEBOPYAIHOI'O MECTOPOXKEHUA. . . OCTAMIYYK U HAP.

Kanamori H. The energy release in great earthquakes // Journal of Geophysical Research. — 1977. — Vol. 82, no. 20. —
P. 2981-2987. — DOI: 10.1029/JB082i020p02981.

Kocharyan G., Qi Ch., Kishkina S., et al. Potential triggers for large earthquakes in open-pit mines: A case study from
Kuzbass, Siberia // Deep Underground Science and Engineering. — 2022. — Vol. 1, no. 2. — P. 101-115. — DOTI:
10.1002/dug2.12028.

Kocharyan G. G., Ostapchuk A. A., Pavlov D. V., et al. The Effects of Weak Dynamic Pulses on the Slip Dynamics of a
Laboratory Fault // Bulletin of the Seismological Society of America. — 2018. — Vol. 108, 5B. — P. 2983-2992. —
DOI: 10.1785/0120170363.

Kwiatek G., Plenkers K. and Dresen G. Source Parameters of Picoseismicity Recorded at Mponeng Deep Gold Mine,
South Africa: Implications for Scaling Relations // Bulletin of the Seismological Society of America. — 2011. —
Vol. 101, no. 6. — P. 2592-2608. — DOI: 10.1785/0120110094.

Li B., Li N., Wang E., et al. Discriminant Model of Coal Mining Microseismic and Blasting Signals Based on Waveform
Characteristics // Shock and Vibration. — 2017. — Vol. 2017. — P. 1-13. — DOI: 10.1155/2017/6059239.

Locchi M. E., Scognamiglio L., Tinti E., et al. A large fault partially reactivated during two contiguous seismic sequences
in Central Italy: The role of geometrical and frictional heterogeneities // Tectonophysics. — 2024. — Vol. 877. —
P. 230284. — DOI: 10.1016/j.tect0.2024.230284.

Lu C.-P., Liu Y., Zhang N., et al. In-situ and experimental investigations of rockburst precursor and prevention induced
by fault slip // International Journal of Rock Mechanics and Mining Sciences. — 2018. — Vol. 108. — P. 86-95. —
DOI: 10.1016/j.ijrmms.2018.06.002.

Ma J., Zhao G., Dong L., et al. A Comparison of Mine Seismic Discriminators Based on Features of Source Parameters to
Waveform Characteristics // Shock and Vibration. — 2015. — Vol. 2015. — P. 1-10. — DOI: 10.1155/2015,/919143.

Ostapchuk A., Morozova K., Markov V., et al. Acoustic Emission Reveals Multiple Slip Modes on a Frictional Fault //
Frontiers in Earth Science. — 2021. — Vol. 9. — DOI: 10.3389 /feart.2021.657487.

Oye V. Source Parameters and Scaling Relations for Mining-Related Seismicity within the Pyhasalmi Ore Mine, Finland //
Bulletin of the Seismological Society of America. — 2005. — Vol. 95, no. 3. — P. 1011-1026. — DOI: 10.1785/
0120040170.

Richardson E. Seismicity in Deep Gold Mines of South Africa: Implications for Tectonic Earthquakes // Bulletin of the
Seismological Society of America. — 2002. — Vol. 92, no. 5. — P. 1766-1782. — DOI: 10.1785,/0120000226.

Scholz C. H. Large Earthquake Triggering, Clustering, and the Synchronization of Faults // Bulletin of the Seismological
Society of America. — 2010. — Vol. 100, no. 3. — P. 901-909. — DOI: 10.1785/0120090309.

Sibson R. H. Thickness of the Seismic Slip Zone // Bulletin of the Seismological Society of America. — 2003. — Vol. 93,
no. 3. — P. 1169-1178. — DOI: 10.1785/0120020061.

Smith S. A. F., Bistacchi A., Mitchell T. M., et al. The structure of an exhumed intraplate seismogenic fault in crystalline
basement // Tectonophysics. — 2013. — Vol. 599. — P. 29-44. — DOI: 10.1016/j.tecto.2013.03.031.

Tinti E., Casarotti E., Ulrich T., et al. Constraining families of dynamic models using geological, geodetic and strong
ground motion data: The Mw 6.5, October 30th, 2016, Norcia earthquake, Italy // Earth and Planetary Science
Letters. — 2021. — Vol. 576. — P. 117237. — DOI: 10.1016/j.epsl.2021.117237.

Volpe G., Pozzi G. and Collettini C. Y-B-P-R or S-C-C’? Suggestion for the nomenclature of experimental brittle fault
fabric in phyllosilicate-granular mixtures // Journal of Structural Geology. — 2022. — Vol. 165. — P. 104743. —
DOI: 10.1016/j.jsg.2022.104743.

Walsh F. R. and Zoback M. D. Probabilistic assessment of potential fault slip related to injection-induced earthquakes:
Application to north-central Oklahoma, USA // Geology. — 2016. — Vol. 44, no. 12. — P. 991-994. — DOLI:
10.1130/G38275.1.

Wiemer S. A Software Package to Analyze Seismicity: ZMAP // Seismological Research Letters. — 2001. — Vol. 72,
no. 3. — P. 373-382. — DOI: 10.1785/gssrl.72.3.373.

Russ. J. Earth. Sci. 2024, 24, ES5013, https://doi.org/10.2205/2024es000941 12 of 16


https://doi.org/10.1029/JB082i020p02981
https://doi.org/10.1002/dug2.12028
https://doi.org/10.1785/0120170363
https://doi.org/10.1785/0120110094
https://doi.org/10.1155/2017/6059239
https://doi.org/10.1016/j.tecto.2024.230284
https://doi.org/10.1016/j.ijrmms.2018.06.002
https://doi.org/10.1155/2015/919143
https://doi.org/10.3389/feart.2021.657487
https://doi.org/10.1785/0120040170
https://doi.org/10.1785/0120040170
https://doi.org/10.1785/0120000226
https://doi.org/10.1785/0120090309
https://doi.org/10.1785/0120020061
https://doi.org/10.1016/j.tecto.2013.03.031
https://doi.org/10.1016/j.epsl.2021.117237
https://doi.org/10.1016/j.jsg.2022.104743
https://doi.org/10.1130/G38275.1
https://doi.org/10.1785/gssrl.72.3.373
https://doi.org/10.2205/2024es000941

RUSSIAN JOURNAL of EARTH SCIENCES

FEATURES OF SEISMICITY TRIGGERED BY RIPPLE-FIRED
EXPLOSIONS AT THE KOROBKOVSKOYE IRON ORE DEPOSIT

A.A. Ostapchuk*’l’2 , K. G. Morozoval®, A. N. Besedinal®,
G. A. Gridin2@, A. V. Grygoryeval®, and D. V. Pavlov!

1Sadovsky Institute of Geospheres Dynamics, Russian Academy of Sciences, Moscow, Russia

2Moscow Institute of Physics and Technology, Dolgoprudny, Russia

3Institute of Geology of Ore Deposits Petrography Mineralogy and Geochemistry, Russian Academy of
Sciences, Moscow, Russia

**Correspondence to: Alexey Ostapchuk, ostapchuk.aa@idg.ras.ru

Intensification of mining activities often lead to nucleation of strong earthquakes and fault-slip
bursts in areas that were previously thought to be aseismic or of low seismicity. Triggering strong
seismic events associates with slips on existing tectonic faults and large fractures, whose structures
essentially alter along strike. This work analyzes parameters of mine seismicity at the Korobkovskoye
iron ore deposit, within which the large North-Eastern fault is localized. The goal of this analysis is
to assess the probability of triggering strong seismic events at the fault segments with different
structures of the core. The technique of ripple-fired blasting and horizon mining are employed in
developing the deposit. This provokes weak seismic activity within the mine field. When explosions
are hold in host rock, seismic events localize within the blasted chamber. The magnitude statistics
displays distribution that obeys a power law, and the scaling exponent b-value, as a rule, is less
than 2. When explosions are hold in the vicinity of the fault, seismic events localize along its trace,
and the b-value, as a rule, exceeds 2. The main feature of seismicity at the Korobkovskoye iron ore
deposit is that the induced events are of low radiative efficiency of 8,9 x107-4,9x 1077 J/(N-m),
which corresponds to “slow earthquakes”. The core of the North-Eastern fault contains mainly
velocity-strengthening rocks, causing initiation of slow slip events. It is this circumstance that
probably determines initiation of slow events. Linking the data of seismic monitoring and the
structural and rheological properties of materials that compose the fault core allows to suggest that
within the mine field in the vicinity of the North-Eastern fault the accumulated deformations can

release mainly via slow and aseismic slips.
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Paspes mbica Aupkar Ha 3anaHoM Gepery AHAGAPCKOI I'yObI SIBJISIETCS OIMOPHBIM JIJIsl U3y YE€HUS
Tpuaca 1 opbl B AHabapCKOM pailoHe, OJHAKO €ro pacujeHeHHe [0 HACTOSIIEr0 BPEMEHH SIBJISIE€TCS
[IPEeJIMETOM TIOJIEMUKH. [IpUBOIUTCS IeTaIbHAS JIUTOJIOTUIECKAsl U [AJIEOHTOJOIMYECKasl XapaKTep-
cruka paspesa. Ha ocHOBaHHM CyIIECTBYIONMX CBEJIEHHIT O M€HE3HCE IOTPAHNIHBIX TPHACOBO-IOPCKUX
OTJIOYKEHUI [TPOBEJICHA PEBU3MsI IPAHNI] MECTHBIX CTPATUIrPadUIeCcKuX [10Ipa3Ie/IeHNil, BIIepBbIe
yCTaHOBJIeHA OyJIyHKaHCKasl CBHTa B MHTepBaJjie pa3pesa, KOTOPBII paHee cumTasics 6Ga3abHON
YacThIO «3UMHEH CBUTBI». 110 AByCTBOpPYATHIM MOJIIIOCKAM U GPAXUOIOIAM OIPEJIEIEH PITCKUN
BO3PACT OYJIYHKAHCKOIl CBUTHI. BMeCTO paHee IIPOC/IEKHBAEMOI B 9TOM DaliOHe 3UMHEl CBUTHI,
pacupocrpanenHoit B 3anaauoil Cubupu, BblliejieHa HOBasl JIAIITEBOMOPCKAas CBUTA. 32 OCHOBAHHE
CBHUTBHI IIPUHAT MAPKUPYIOIMINI TOPU30HT IVIMH IIPHOPEKHO-MOPCKOro reHesuca. 11o 1BycTBOpYaTHIM
MOJITIOCKaM OIIpeJIeJIEH TeTTAHICKUI BO3PACT HUYKHEH YacTH JIAITEBOMODPCKOW CBUTHL. ['panuIyy Tpu-
aca ¥ I0pbI IPEJJIOKEHO YCJIOBHO COBMEIATH C OCHOBAHHMEM JIAIITEBOMOPCKO CBHUTHI. V1300pakeHbl

KJIIOYE€BbIE€ BUJIbI PITCKUX U HUXKHETI€TTAHI'CKUX JBYCTBOPOK U 6anI/IOHO,ZL.

KuroueBsie cioBa: paT, rerTaHr, crparurpadus, AByCTBOpUYaThie MOJLIIOCKU, CUOUDD.

Huruposanume: Jlyruxos, O. A., E. C. Cobones, M. A. Poros, H. B. Unbuna u I'. H. Anekcanaposa
I'panvna Tpuaca u 10pbl B paspese Arabapckoii Ty6sr (ceep Axyrun) // Russian Journal of Earth
Sciences. — 2024. — T. 24. — ES5014. — DOI: 10.2205/2024es000936 — EDN: UTTEIL

Bsenenue

YTouHeHNE SPYCHOIO U 30HAJBHOIO PACUIEHEHUS MOTPAHUIHBIX OTJIOXKEHUIT TpHaca
u opbl Bocrounoit Cubupu nMeer BaykHOE 3HAUEHUE KaK JIJIsl PEIIEHUsT ODIUX BOIIPOCOB
crparurpadun, TaKk U ¢ IPAKTUYECKON TOYKH 3PEHUs, IIOCKOJIBbKY K TUM OTJIO?KEHHSIM
3a9aCTYIO PUYPOYEHBI MMOJIE3HbIe UCKomaeMmble. OCHOBHBIE €CTECTBEHHBIE PA3pe3bl, MO3BOJIs-
[OIIe TPOBOJIUTD U3YY€HUE SIPYCOB TPHACA U IOPBI, PACIIOJIOZKEHBI Ha CEBEPE PECILyOJInKN
Caxa (dxyrus). Eme B 1945 r. T. M. Emenbsanes [Emeavarnyes, 1945 npuBogus aprymMeH-
TBI B [IOJIb3y BO3MOXKHOT'O IIPUCYTCTBUsI HEPTAHBIX 3ajI€XKell B MOTPAHUIHBIX OTJIOKEHUIX
Tpuaca u HuKHE 0pbl B HopnBukckoMm n AnabapckoM paiioHax, Tak KaK OHHM 00J1a1ai0T
XOPOIIIUMH KOJIJIEKTOPCKUME cBoicTBaMu. B cmexkHoMm Byyp-OJieHekckom paiioHe K 110-
IPAHUYHBIM CJIOSIM TIPIYPOYEHBI POCCHINH aaMasos [['pararos u dp., 2010]. Ilpucyrcreue
TBEP/IBIX MOJIE3HBIX UCKOIAEMBIX OTMEYAJIOCh B Oacceitne p. ['ypumuckail, rje pa3mMbIBaOTCS
TPHACOBO-IOPCKHE NOPop! [IIpockyprun u dp., 2013].

K macrosmeMmy BpeMeHH PITCKHE U MeTTAHI'CKHME OTJIOXKEHUS BBISBJIEHBI B MOPCKHX
danuax na orpomuoii reppuropun Cesepo-Bocroka Azum ot nmpuTtokos p. Byyp 10 Uykorku
[[anabana u dp., 1989; Pewenus..., 2009, u xp.|. B paspesax Bocrounoit Cubupu ycrasHos-
JIEHWE P3Ta W T'eTTaHra B JIATYHHBIX, IJISIPKEBBIX U MEJKOBOIHBIX MOPCKUX TEePPUTIeHHBIX
daruax aBisieTcs Oojiee CIOXKHOI 3ajadeil BBUIAY PEIKOCTH W HEJOCTATOUHON CTEIEHM
U3yIEHHOCTH PYKOBOMMAIINX MCKOITAEMBIX.

Russ. J. Earth. Sci. 2024, 24, ES5014, https://doi.org/10.2205/2024es000936 https://rjes.ru/


https://elibrary.ru/utteil
https://creativecommons.org/licenses/by/4.0/
https://rjes.ru
https://rjes.ru/
https://orcid.org/0009-0006-6029-2545
https://orcid.org/0000-0001-6073-4207
https://orcid.org/0000-0002-3302-4709
https://orcid.org/0000-0001-5402-6968
10.2205/2024es000936
https://elibrary.ru/utteil
https://doi.org/10.2205/2024es000936
https://rjes.ru/

I'PAHILIA TPUACA U IOPBI B PABPE3E AHABAPCKOI I'VBBI (CEBEP SIKYTHHN) JIVTUKOB U JP.

Paszpes mpica Aupkar Ha 3anagHoM Oepery Anabapckoii ryobr HaunHas ¢ 30-X Toj0B
XX Beka SIBJISIETCS OMOPHBIM JIJTsl M3Y9I€HUsI Tpraca U opbl B AHabapcKoM paiione, 3/1eCh
PAaCIIOIOKEHBI CTPATOTHUILI 7 CBUT CPEIHEro Tpuaca — CpefHeil 1opbl. B TO ke Bpewms,
[IOJIO’KEHUE T'PAHUIIBl TPpUAca W IOpbl U CBUTHOE pacYjieHEeHWe WHTepBaJia BOJM3M 3TOM
TPAHUIIBI OCTAIOTCS CIOPHBIMU. B CBSI3M ¢ 9TUM HEOOXOINMO JIeTaJIbHOE PACCMOTDEHUE
WCTOPUU M3YUIEHUs] BEPXHETPUACOBBIX-HIKHEIOPCKUAX OTJIOXKEHUH JTAHHOTO pa3pe3a.

B 1942 r. T. M. EmesbsiHIIEB BBIIIOJIHIJ IIEPBOE CTpATUIPAPUIECKOe PacUIeHeHHe T10-
TPAHUYHBIX TPHACOBO-IOPCKUX OTJIOXKEHUI B MEXKIypedube peK Xaranra u Anabap, BbIIE/IUB
B pa3pe3e MOPCKHUE OTJIOXKEHWsT KAPHUIUCKOIO fPyCa, KOHTUHEHTAIbHO-JIATYHHDBIE OTIO2KEHUS
Jaii]aXCKON CBUTHI U IPUOPEKHO-MOPCKIE OTJIOXKEHUsI HUKHero Jiefiaca [Kopruaok u 0p.,
1946]. B nasnpHeiimem B3rIsIpl Ha cTpaTurpaduIeckuii 00beM BbIIETCHHBIX TTOAPA3IeTeH
HEOTHOKPATHO MEHSIINChH, IPEJJIArAINCh JAPYTUe BAPUAHTHI PACUICHEHUs] TPUACOBO-IOPCKOA
rosu [Budmun-Jlo6sun u Jlasyprun, 1977; Jaeuc, 1977; Emeavarues, 1953; Kaszaxos
u dp., 2002; Kapuesa u dp., 1974; Knases u dp., 1991; Jlymuxos u dp., 2009; Pewerus. ..,
1981; Caxc u dp., 1959; 1976; 1963; Iypweun, 1978; Hlypvieurn u dp., 2000, u xp.]. Co-
IJIACHO COBPEMEHHBIM IPEJCTABJIEHUsIM, B Pa3pese 3alaiHOro mobepexbs AHabapcKoro
3aJIMBa, OOHAXKEHBI [10CJIEI0BATEILHO [TEPEKPBIBAIOIINE JAPYT JAPYTra OTJIOKEHUsI, OTHOCSIIIECS
K Jaiiaxckoil (HUKHUIl KapHuil — HUXKHUIT HOpUil), TYMyJICKO (cpefHuil HOpuii — paT)
1 3uMHeER (reTTaHr — HIKHsAs JacTh 30HbI Amaltheus stokesi BepxHero mimHc6axa) cBUTaM
[Kasaxos u dp., 2002; Hlypvieur u dp., 2000]. B To ke Bpemsi, B CBA3M ¢ HEJOCTATOIHON
U3y 49E€HHOCTHIO (DOCCHIINIT U3 BEPXHETPUACOBBIX U HUKHEIOPCKUX OTJIOKEHU B pa3pe3e MbIca
Awupkatr, TpoIO/IKAIOT CYIECTBOBATH Pa3Hble B3IVISIbI HA IMOJIOYKEHUE TPAHUIBI MEXKTy
TPUACOBOI 1 I0PCKOii cucreMamu B AnabapckoM paitone (puc. 1).

B 1942 r. T. M. EmenbsiHIEB 1aTUpOBaA 9aiiIaxCKyI0 cBUTY HOpueM — patoMm |Cakce
w dp., 1959]. ITozuuee oH CTa OTHOCUTH TY CBUTY K HUKHEl 1ope [FEmeavanues, 1947a,b;
1953; Kopnuarok u dp., 1946, u np.]. B cBsi3u ¢ orcyTrcTBHEM HAXOJOK PYKOBOJsIIEH dba-
VHBI BOIIPOC O IIOJIOYKEHUU TI'PAHMIIBI MEXKJy TPHACOBOW M FOPCKON CHUCTEMaMU PelaJics
UM 13 OOIIEre0IOrTIECKUX IIPEACTABICHUN U ONUpaJIcs Ha foMuHUPYIonyio B 50-60-e rr.
XX B. rUIOTE3y O HAYaJe TPAHCTPECCUBHOTO ITAIA OCAIKOHAKOILIEHUsI B IOPCKOM HEPHUOIE
[Bodusescrudi, 1957; Emeavanuyes, 1953]. T. M. EMenbsiHnes moaaras, 4to, daiijaxckast
cBuTa cHOPMUPOBAIACH BO BPEMsI IOPCKOH TPAHCI'PECCHH B KOHTHHEHTAJILHO-JIATYHHBIX yCJIO-
BUSIX, a OCAJKHU ITUX haruili IOCTENeHHO CMEHUINCh MOPCKUMH OCAIKAMHU MEJIKOBOIHOTO
MODsI, KOTOPOe B PaHHeH 10pe IOCTeNneHHO yriryOisiiocs [Emeavanyes, 1953]. Ilecuanucroie
oTsokeHnst ¢ payHoOl, MepeKphIBAIOIINE IaiiJaXCKY0 CBUTY, CINTAINCH HUKHE (7) — cpej-
nesteitacoBbiMu | Emeavanyes, 1947a]. Uzygasmuit me3ozoiickue paspesnt B Hopasukckom
paiione M. K. Kasmuko [Kaasunko, 1953] He HCKIIIOUAI BEPOSITHOCTH TOTO, YTO B HUXKHEH
JacTH Jaiijlaxckas CBUTA BKJIOYAET B ce0sT PITCKUH SPyC.

B 1953 r. E. C. Jlauruuckasa (Epmosa) u T. M. Emenbsannes cobpasu 60IbIIyio KO-
Jieknuio (ayHbl u3 paspesa Mbica Aupkar. Ha ocnose uzyuennoit kosekiuu H. C. Boponern
u E. C. Jlantuuckas (Epmosa) [Boporey w Jlanmunckas, 1955] BbLIes N HEKHEAN jefiac
B MOPCKOH TOJIIE, paHee CUUTABINENcs: cpeaaeneiiacosoit |Bodvescrut, 1939]. 3 ocno-
BaHUsI IOPCKOr0O paspe3a AHabapcKoil ryObl MU ObLIN OTPEIEICHBl JHJIEMUIHBIEC TAKCOHDI
JIBYCTBOPYATHIX MOJUIFOCKOB Pseudomonotis tas-aryensis Voronetz u Ps. lisabeti (MS) [Bopo-
ney u Janmunckas, 1955]. YesoBHOe BbLIeeHne HUXKHETO Jieffaca B paspesax HopaBuKeKoro
u Auabapckoro pailoHOB He BBI3BAJIO BO3parKeHusl y GOJIBbITMHCTBA ucciaenoBareseii [Kaaunko,
1959; Caxc u dp., 1959; Copoxos, 1957, n np.].

B 40-50-¢ 1. cdhopMUpOBAUCH TIEPBbIE MPEICTABICHUS O PITCKUX KOMILIEKCAX PayHbI
na Cesepo-Bocroke CCCP. Cuurasnoch, 9To parckasi (hayHa B 9TOM PErnoHe OOHAPYKUBaA-
er OoJIbIIIe BCEro CXOACTBa ¢ parckumu daynamu Kpeima, KaBkaza u 3amaanoit EBporbr.
B 1957 r. 1. U1. Tyukos ¢ p. Busmra (Ceseproe IIpnoxorbe) npuBest psiji pITCKAX U TETTAHT-
CKUX 323/ HOEBPOIENCKIX TAKCOHOB JABYCTBOPYATHIX MOJIJIIOCKOB, 9TO JIAJI0 €My OCHOBAHUS
JJIST MEXKPErNOHAJIBHOM KOPPEJISINT N3y IeHHOTO pa3pe3a ¢ €BPOIMECKAMA PITOM U TeTTaH-
rom [Tyuxos, 1948; 1956; 1957].
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Puc. 1. PerpocniekTusa B3T/ISI0B Ha MOJIOXKEHUE TPAHMIBI TpUaca M I0phl B paszpese Mbica Aupkar. KpacHas JIMHHSI — IPaHUIA TPHACA U IOPBI; IPAHUIILI CBAT MMOKA3AHbI CILIONTHBIMA
POPU3OHTAIBHBIMY JHHUIME; * — 1o [Tymukos u dp., 2009] ¢ yrounennsimu; ** — rpanuna tpuaca u opsl nokasasa 1o H. C. Boporern [Boporey, 1962].
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B 1956 1., memasa gokma Ha MeXKTyBeoMcTBeHHOM coBeranuu, B. V. Boabiiesckuit
0o0paTuI BHUMaHUE HA TO, UYTO HIKHUUN Jieifac B paspese AHabapcKoii TyObl ObLT BIIEIEH
H. C. Boposrery u E. C. Jlantuuckoit 110 1o/ioykeHUI0 B paszpese. 1lockoabKy BepxHUit
HCOaX B 9TOM paifoHe ObLT yCTAHOBJIEH IO HaXoKaM aMMOHUTOB Amaltheus margaritatus
(Montt.), To Tosa, Jexamias HUXKe, 10 €0 MHEHUIO, JOJKHA OTHOCUTBLCH K IUIMHCOAXY,
MTOCKOJIbKY B Hell Ha TOT MOMEHT He OBbLII0 0OHAPYKEHO PYKOBOISINNX NCKOMAEMbIX T€TTAHTa, —
CUHEMIOPA, & IPUBEJEHHBIA KOMILIEKC JIBYCTBOPYATHIX MOJIJIFOCKOB OJIMXKE K KOMILJIEKCY
BepxHero tmHcbaxa [Boduaescrud, 1957]. Tlosmuee sta Tovka 3peHUst ObLIA TPUHSTA
6osbmmaCTBOM crienmasnctos. Payna, onpenenennas E. C. Jlanrunckoit u H. C. Bopomrer,
BMECTE C HEKOTOPBIMU JIOMOJTHEHUSIMEA CTaJIa UCIOJIB30BATBCs JjIsi OOOCHOBAHUS yKe He
paHHeJIeHacoBOro, a IMJINHCOAXCKOIO0 BO3PACTa TOJIIIU, 3AJIETaI0Ieil B OCHOBAHUU IOPBI HA
zanaauaoM Gepery Anabapckoit ry6ur [Boponeu, 1962; Emeavsanuyes u dp., 1960; Caxc u dp.,
1963, u 1p.].

B 1958 r. H. A. IlepByHuHCKas yCTAHOBHJIA, YTO KOMILIEKC MHOCIIOP YailJJaXCKON CBUTHI
HOCUT TIEPEXO/IHBII XapaKTep MeXK/Iy KOMILUIEKCAMHU BEPXHEr0 TPUaca W HIKHETO Jieiaca
[[Tepsynuncran, 1958].

B 1959 r. B. H. Cakc ¢ coaBropamu, onupasicb Ha jganuble H. A. IlepByHuHckoit,
JATUPOBAJIM YalIaXCKYI0 CBUTY MO3AHUM TpuacoM. OHEM paccMaTpUBAINA YailJIAXCKYTO
CBUTY KAK KOHTUHEHTAJIbHBIN (PErpecCHBHBIN) 9Tl PA3BUTUS €IUHOIO MO3IHETPUACOBOIO
pUTMa OCAIKOHAKOILIEHNUsI, HA9aJI0 KOTOPOTO OBLIO MPEJICTABIEHO MOPCKUMU OTJIOYKEHM MU
KaApHHUICKOrO BO3pacTa. BbIIeseKalyio CBUTY HECYAHUKOB C IIPOCJIOSMU AJIEBPOJIUTOB,
JINH3aMU KOHIJIOMEPATOB, OHU OTHECJIM K PeTTAHI'CKOMY U CHHeMIOpCcKoMy spycam [Cakc
u dp., 1959].

B 1960 r. 9. H. Kapa-Mypsa BrepBble 060CHOBaJjIa HOPUICKO-PITCKUI BO3PACT 4daiigax-
CKOI CBUTBHI HA OCHOBAHUN AHAJIN3a CIIOPOBO-TIBLIBIIEBHIX KOMILIEKCOB. [Ipn obo3snadennn
cucTeMaTuvIeckoil npuHajeskaoctu Muocnop . H. Kapa-Mypsa npuiep:kuBajiach Kak
reHeTHIecKoil kiaccudukanmm, tak u dbopManbHoi Kiaaccudbukanun C. H. Haymosoii [Kapa-
Mypsa, 1960].

B 1970 r. I. K. Buygmun-JIo63uH 11pon3Bes reoIornuecKyio cheMKy Jjncta S-49-XXIII-
XXIV macmrada 1:200000 Ha 3amagHOoM 1obepexkbe AHabapcKoil 1yobl. Ero B3rjisiibl Ha
suTocTpaTurpaduio TPHAca TACTUIHO COOTBeTcTBOBaM B3rysinam T. M. Emenbanuesa | Eme-
avanues, 1947b]. B ocnoBanun vyaiimaxckoil cBursl on onucasi kKoursiomeparst (0,1-0,3 M),
CJIOXKEHHBIE TAJIbKAME JIMIAPUTOB U JAIUT-TUIAPUATOB (IIPE0bJIaIaIoNINX ), TPAXUIUIIAPUTOB,
JAIUTOB, HEIJIOBBIX TYy(OB KUCJIOT0 COCTaBa, IPAHUT-IIOPGUPOB, JI0JEPUTOB, KBAPIA, J0-
JIOMATOB W MHOT'OYUCJIEHHBIE OOJIOMKY OOYTJIEHHO! JPEBECUHBI. DTU KOHIJIOMEPATHI ObLIN
UM [POCJIE’KEHBI Ha 3anaiHoM Oepery Anabapckoii ryOnl u B 6acceiiHe BepXHEro TedeHust
p- I'ypumuckait. I'panuiia ¢ IOpcKUMU OTJIOXKEHUAMU OBLIA ITPOBEICHA 110 YTJIOBOMY HECO-
riracuto. MormHocTh Jaiiaaxckoit csuthl 1o ganabiM 1. K. Bumvmuna-Jlo63una cocraBuia
70-95 M [Budmun-Jo6sun v Jlasyprun, 1977].

B 1974 r. I. H. KaprieBa ¢ coaBTOpaMu IIpoBeJia CBUTHOE pacuieHeHre I0PCKOTO pa3pe3a
B AnabapckoM paiione (1yTéM IPOCJEXKUBAHUS 3/1€Ch CBUT, PaHee BBIICJICHHBIX B 3alal-
noit yactu Ennceil-XaTaHrckoro peruoHajbHOrO nNporuba) U yCTAHOBUJIA B €0 OCHOBAHUU
3UMHIOI0 CBUTY. HUXKHsIsT IpaHuIia CBUTHI ObLIa MPOBEJIeHa B OCHOBAHUN TAYKU [T€CYAHUKOB
C JIMH3aMU KOHIVIOMEpaToB. Bo3pact cBUTHI AaTHpOBaJICs HUKHUM JeiiacoM (7) — HIZKHUM
wmncbaxoM [Kapuesa u dp., 1974]. B Yers-Enuceiickom paiione 3uMusgst cBuTa ObLIa mep-
BOHAYAJIBHO BbIJeJIeHa YCJIOBHO B 0ObeMe HUKHEero ImHcOaxa. HuKHsist TpaHUIa CBUTHI
B CTPATOTHIIMIECKOM pa3pese CKBaKWHbI 1-P CeMeHOBCKO IIIOMA/ M OIPEeIesIach 1o
CMeHe YIUIOTHEHHBIX [0POJ] Tpraca 6osiee INIMHUCTBIME [0poJaMu 1opsbl [Batibapodckux u dp.,
1968]. Kak mokasaso usydeHne 6oJiee MOIHBIX ¥ OXapAKTePU30BAHHBIX OKAMEHEJOCTSIMA Pas3-
pe3oB topbl 3anasuoit Cubupn (cks. I'einanckas-130), B crpaToTuie 3UMHSIsSI CBUTA OTBEUAET
TOJIBKO YaCTH INIMHCOAXCKOro spyca [eMm. puc. 2, Canvanux u dp., 2018]. Ilo namemy MueHuIo,
HCIIOJIb30BAHUE STON CBUTHI JIjI T€TTAHI-IIMHCOAXCKON 9aCTH pa3pe3a BOCTOIHON JacTh
Enunceit-XaTaHrckoro peruHajIbHOro nporuda (B mepByo odepeb — HauboJiee 3y YeHHbIX
paspesoB Mbica LlBerkoBa u AHaGapCKoii ryObl) HEIIPABOMEPHO.
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T. M. EmenbsnIieB TpoBOn/I BEPXHIOIO TPAHUILY YaiflTaXCKOW CBUTHI IO BTOPOMY ITPO-
CJIOI0 KOHIVIOMEDATOB BHYTPHU HUKHEH NMAaYKK I0PCKUX I1eCYaHUKOB [Emeavsanuyes, 1947a].
I'. H. KapueBa oTHOCHIA BCIO ITAYKY [TECIAHUKOB C IIPOCJIOSMU KOHTJIOMEDPATOB K 3MMHEIR
ceute [Kapuesa u dp., 1974]. T. K. Buavun-JIo63uH cOBMEIaI BEPXHIOK TPAHUILY Yaiiiax-
CKOU CBUTBHI C YIJIOBBIM HECOTJIACHEM, PACIOJIO2KEHHBIM B pa3pe3e Ha 4,6 M HI2Ke TIEePBOTO
IPOCJIost KOHIOMEPAToB |Budmun-Jlo63un u dp., 1971]. Takum o6pa3om, BOZHUK/IA HEOLPE-
JIEJIEHHOCTD B ITOJIOXKEHUH BEPXHEel IPaHMIIbI YaiiIaXCKOI CBUTHI U HUXKHEH I'PaHUIIbl 3UMHE
CBUTHI B pa3pe3e MbIca AupKar.

B 1976 r. C. B. Mesenuna u ap. [Caxc u dp., 1976] Buepsble yKa3aim HA NPUCYTCTBUE
JBycTBOpYaThiX MOJLTIOCKOB Meleagrinella subolifex Polub. u Otapiria sp. B 'opckux orJio-
JKEHUSX, 3aJIeTaloNnX Ha Jaiijaxckoil csure. Ha ocHOBaHMU 3THX HAXOJIOK YaCTh IOPCKOIO
paspesa Ha Mbice Aupkar ObLIa OTHECEHA K HEPACWICHEHHOMY reTTanry — cudeMiopy |Cakc
u dp., 1976].

B 1978 r. pa3pes rpuaca Ha Mmbice Aupkar 0bL1 peBusoBan A. C. Tarucom, A. A. JTaruc
u H. . Kypymuaemm. Ha ocHoBanum juToJ10ro-merporpad@uieckoro U reoXuMIIecKOro
uzyuenus mopoy, nposegenabix A. M. KazakosbiM, crparurpadudeckuil 00beM dailaxcKoi
CBUTHI OBLI U3MEHEH 3a CYeT IIPUCOE/IMHEHUs] K Hell KAPHUICKUX [MeCYAHUKOB MOPCKOT'O
reresuca ¢ ammoromgesmu Discophyllites (= Arctophyllites) taimyrensis Popow [Jazuc
u dp., 1983; Kasaxos u dp., 1982; Pewenus..., 1981].

IIpu moxroroeke K 3-my MeXBeJOMCTBEHHOMY PErHOHAJIBHOMY CTPATHIPAMDUIECKOMY
COBEIAHUIO 110 Me303010 U Kaitno30t0 Cpemneit Cubupu cxema CBUTHON pa30MBKU HIKHEN
opsl Obuta mpoanasusupoBana b. H. lypeiruasiv, a 3arem B. H. Cakcom, C. B. Mese-
muaoit u B. H. Illypeirusaeiv. [Ipu sToM 1o maHHBIM u3y4eHus: paspe3a AHabapcKoi IyObl
ObLI yTOUYHEH cTpaTurpadudecknit oobeM 3uMHelt cBUThI. HuKHsII JacTh 3uMHE CBUTHI
¢ nBycrBopuarThiMu MoJuTiockamu Meleagrinella subolifex Polub. u Otapiria sp. 6bu1a orHe-
CeHa K HepaCUIEHEHHOMY T€TTAaHI — CUHEMIOPY, 0oJiee BBICOKAsI YaCTh C JIBYCTBOPYATHIMU
moJsurockamu Harpax spinosus (Sow.) u ammonuramu Amaltheus cf. stokesi (Sow.) orrecena
K munHcbaxy. BepxHss rpaHuiia 3uMHeil CBUTHI Oblila IlepeHeceHa BHYTpb 30HbI Amaltheus
stokesi [Pewenus. .., 1981; Caxc u dp., 1978; Hlypveun, 1978].

B 1984 r. uccienopanus B AHabapckoM paitoHe mpoBOAMIn cOTPyaHUKN CUOUpCKO-
ro HUU reosnorun, reodusuku u murepaiaboro ceipbst (CHUUTTuMC) B. II. lessaros,
B. I. Kusizes u O. A. Jlyrukos. B paspese 3anajnoro 6eperera Anabapckoit 1yobl ObLia
cobpaHa KOJUIEKITNS JBYCTBOPYATHIX MOJIJIIOCKOB U OPaXMWOMO/, U3yueHUue KOTOPOil JIeryio
B OCHOBY JIETJIbHOT'O OHOCTPATUIPADUIECKOIO PaCU/IeHEHUs HUKHUX JacTeil 1opel B AHabap-
CKOM paiione. /13 mayku mecyaHnKkoB C JUH3aMHU KOHIVIOMEPATOB B OCHOBAHUU 3UMHEI CBUTHI
ObLIM OIpEJIEICHBI JByCTBOpYaThie Moutocku Tancredia aff. tuchkovi Kipar., Aguilerella
sp., Unionites sp. Ha misizke HanrpoTUB BBIXOJIOB 9TOM MAYKK OBLT OOHAPYKEH OTIEYATOK,
oauskuit Kk Pseudomytiloides sinuosus Polub. Ha ocnoBamum nMeromuxcst B TO BpeMst TIpe/I-
cTaBJjieHuil 0 crpaTurpaduIeckoM pacrupocrpanennu Buga Pseudomytiloides sinuosus, magka
Gbl1a OTHeceHa K reTTanry |[Jesamos u dp., 1991; Knases u dp., 1991].

B 1986 r. P. O. Tanmabana u np. [lasabasa u dp., 1989] B mporecce reostoro-CbeMOTHBIX
pabor HITO «Asporeosiorusi» BIepBble YCTAHOBUJIN PITCKUE OTIOXKeHUsI B Bocrounoit Cubu-
pu. PaTckuit KoMILIeKe JIByCTBOPYATHIX MOJITIOCKOB U Opaxmoro OblI 0OHapy»KeH B pa3pese
Ha p. Kbicroik-Xasg-FOpsre (aesbiit npurok p. KenuMmsp) B nauke nepecsianBaronxcst
IIECYAHNUKOB, AJIEBPOJIUTOB U TJVIMH C MPOCJOEM KOHIJIOMEPATa B OCHOBAHWHU. JTa MAYKA,
3ajeraromast ¢ OOJIBIINM CTPATUTIPAMUIECKUM [IEPEPhIBOM Ha, PA3JIMIHBIX OTJIOKEHUSIX
TpHaca, paccCMaTpPUBaJach B KadecTBe 6a3abHOINO0 TOPU30HTA TPAHCIPECCUBHOI CEPUH OCaJI-
KOB 1 ObLIa BblJieJIeHa B OyJIyHKAHCKYIO CBUTY B Oacceiine pek Byp, Keanmsap, Hukabbrr
CO CTPATOTHUIIOM B cpemHeM TedeHun pyd. Koicrhik-Xasi-FOpsire 1 onopHbIM pa3pe3om 1mo
py4. Bynyukar-FOpsire (npuroku p. Keanmsip). AHAJIOTHYHBIME MCCIIEOBAHUSIME I07KHEE
B BepXHEM Te4YeHHUH pP. Dekut (JeBblii npuToK p. JleHa) 0HOBO3paCTHBIE OTIOXKEHHs ObLIN
BBIJIEJIEHBI B XOTYTUHCKYIO cBuTy [[anabana u dp., 1989)].

B 1992 r. A. M. Kazakos u H. . Kypyuuna yctaHOBUIN PITCKUAN BO3PACT OTJIOKEHUI
B cepun pa3pe3oB Bocrounoit Cubupu — ua mbice Tymyit, mbice IIBeTkoBa, na pp. Byyp,
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Kennwusip, Byyp-Dexut [Kasakos u dp., 1982]. TepmunaibHast 9acTh TPHACOBOH TOJIIHM GbLIA
OTHECEHA UMY K TYMYJICKOI CBUTE, CTPATOTHIT KOTOPOi ObLT omucaH B pa3pese Mbica Tymyi
[Kasaxos u dp., 1982]. TymysicKasi CBUTa PACCMATPUBAJIACH, KAK €JIMHOE Te0JIOTMYECKOe TeJIO,
COOTBETCTBYIOIIEE HIDKHEMY HOpHUIO (BepxHeil yactu) — paTy. Bbiiesnenne GysryHKaHCKOM
csuthl B Byyp-OuienékckoMm paiione aBTopbl nocunraiu u3iauimauM [Kasaxos u Kypywun,
1992].

B 2002 r. A. M. KazakoB 1 cOaBTOPbI IIPEIJIOXKUIN HOBOE CBUTHOE PACUYJICHEHNE TPHAaca,
B Anabapckom paiione |Kasaxos u dp., 2002]. Ormpasics na manasie 3. . Bynarosoii, o6Ha-
py2KuBIIEe#l B BepxXHel 9acTu Jailjaxckoil ¢cButhbl popamunundep, OJIU3KIUX K HUKHEIOPCKUM
[Byaamosa, 1983], B 9TOM HMHTEpBaJIe pa3pe3a UMHU Oblia YCTAHOBJIEHA TYMYJICKasl CBUTA
morraocThio 10 M. HuskHsist rpanuiia TyMyJICKOl CBUTHI B 9TOM pa3pese He OblLiIa OIHCAHA U,
MO-BUMMOMY, COBMEIIAJIACEH C IIPOCJIOEM, COJIEPKAIIMM BKJIIOUEHUST YTIeDUITMPOBAHHOTO
BEIIECTBA, PACCEAHHYIO TAJIbKY U BAJYHBI IIECIAHUKOB (CJI0H 40 HACTOSIIIErO OIUCAHUS, CM.
HuzKe). BepxHsist rpaHUna TyMYJICKOil CBUTBI ObLIA [IPOBE/IEHA B OCHOBAHHU BTOPOIO IIPOCJIOs
KOHIJIOMEPATOB, panee paccmarpuBasierocss 1. M. EMesbsHIIEBBIM KaK BEPXHsisl TPAHUIIA
qaiiJaxcKoil cBUTHI. Jalilaxckasi CBUTa CTaJIa [TaTAPOBATHCS HUXKHUM KAPDHUEM — HUXKHUM
HOpHEM; TYMYJICKasi CBUTa — CPEJHUM HopueM — paToM [Kasakxos u dp., 2002].

B 2009 r. B paspese 3amanoro 6epera Anabapcekoii ryost O. A. JIyrukos u E. C. Cobosien
BIEPBbIE YCTAHOBUJIM PITCKUE OTJIOKEHUsI HA OCHOBE MPOBEJIECHHONW PEBU3UU KOJLJIEKI[UU
JIBYCTBOPYATHIX MOJIITIOCKOB U Gpaxwuonoz, cobpanuoit O. A. JlyrukosbiM B 1984 1. [JTymukos
u dp., 2009].

B 2010 r. Y. B. Ioay6orko [Ioay6omixo, 2010] npoanaausuposasa pacipejieienue
dayHbI B CTPATOTHUIIE TYMYJICKOI CBUTHI U OOHAPYZKWJIa BHYTPHU Hee CTpaTurpaduIecKuit
[IePePbIB, PA3JIEISIONNIl CBUTY Ha J[BA MEOJIOTHYECKUX Tesia. BEepXHIOI TOJIILY, UMEIOILY IO
PITCKUiT BO3PACT, OHA CYUTAJIA AHAJOTOM BBIJIEJIEHHON panee OYJIyHKAHCKOW CBUTBI, KOTOPAs
Borwia B jieres bl OJieHeKCKO u YRKUHCKOM cepuil Maciraba 1:200000 [Bobpos u dp.,
2000; Bobpos u dp., 2002|. Jdnst HuKHelt 9acTu TyMyJICKOH CBUTHI OBLIO TIPEJJIOKEHO M
WCIOJIb30BATh HOBOE HAa3BaHUe, WM B BUJE UCKJIIOYEHUs] COXPAHUTDH cTapoe HazBanue. Kax
MOKA3aJIN JAJIbHEHINNe NCCIeI0BaHus, OyIyHKAHCKAsT CBUTA, PITCKOTO BO3PACTAa IPUCY TCTBYET
B Bocrounoit Cubupu ropaszo mmpe, YeM 3TO IIPEJIOIArajoch paHee, U yCTAHOBJIEHA TI0
BceMy obpamienuto Osnenekckoro mogusarus [I'paxanos u dp., 2010; [Tonos u dp., 2018, n
ap-].

B Anabapckom paifoHe BepxXHsisl TPAHUIIA YaiiIaXCKOM CBUTHI PA3HBIMU HCCJIEI0BATE IS~
MU TIPOBOJIMIIACH TI0 BTOPOMY ITPOCJIOI0 KOHIVIOMEPATOB BHYTPHU NAYKK MECIaHUKOB |Jazuc
u dp., 1983; Hazuc u Kasaxos, 1984; Kasaxos u dp., 1982; Kopnuaiokx u dp., 1946], mo
IIOJIONIBE TIAYKH TIECUAHUKOB C JIMH3aMU KOHIJIoMepaToB [Boponeu, 1962; Kapuesa u dp.,
1974; Caxc u dp., 1959; 1963; Iypwvieun u dp., 2000], mO yIIOBOMY HECOTJIACHUIO MEXKILY
necyanukamu u romHaMu [Budmun-Jlo6sun u dp., 1971; Jazuc, 1977; Jeesamos u dp., 1991;
Knases u dp., 1991; ITonos u Huxumenxo, 2020; Caxc u dp., 1976] (puc. 1).

B nacrosiiiee BpeMmsi He yTBep:K/ieHa TOYKa IJI00AJBHOTO CTPATOTHUIIA PITa, ITO €CTe-
CTBEHHO BJIEYET pa3HOe MOHUMAHUE €ro MoIoNBbl. Bosuukmas B KoHie XX B. U IPUHSITAs
GOJIBITUHCTBOM OTEYECTBEHHBIX CIEIMAIUCTOB KOHIIEIIUs BbIJIEJIEHUsI PITCKOrO SIpyca Ha
teppuropun CeBepo-Bocroka Asum ObLIa OCHOBaHa Ha YOEXKJIEHWM, YTO HUYKHsISI TPAHUIIA
paTa MOAIEPKUBAETCS [TOJIHBIM HCIY€3HOBEHUEM JIBYCTBOPYATHIX MOJITIOCKOB, OTHOCSIIIXCS
K pomam Monotis u Halobia, a 3ona Tosapecten efimovae siBiisieTcst TOCTATOIHO TTOJTHBIM
koppessitusoM pata [Jazuc u Jazuc, 1990]. K paty ¢ Gosbliell yBepeHHOCTHIO OTHOCUIIUCH
OTJIOYKEHHS, XaPAKTEPUIYIONIHECs JIBYCTBOPYATHIMU MOJUIIOCKAMHU, BCTPEIAIOIMMUCS TOJIHKO
B «HAJIMOHOTHCOBOI» TEpMHUHAJBHON WacTh Tpuaca, TakuMmu Kak: Tosapecten efimovae
Polub., Praechlamys privalnajaensis Polub., Camptochlamys inspecta Kipar., Ochotomya
anmandykanensis (Tuchk.), Schafheutlia mellingi (Hauer), Tancredia tuchkovi Kipar. st
PITCKOr0 KOMILJIEKCA JBYCTBOPUYATHIX MOJIIIOCKOB XapaKTEPHBI TAKXKE TAKCOHBI, MOSIBJISIO-
mpecst B Hopun, B ToM unciie: Neoschizodus rotundus (Alb.), Unionites lettica (Quenst.),
U. sublettica (Kipar.), T. explicata Kipar. u np. B paTcKux OTJI0KeHUsIX BIEPBBIE MOSIB-
JISTIOTCsI JIByCTBOPYATHIE MOJUIIOCKHU, IITUPOKO pa3BuThie B rertanre: Camptonectes nanus
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Trusch., Arctomytiloides kelimiarensis Polub. [Penun u IToaybomxo, 2013; Ilypvieun u
Jymuxkos, 1991]. Parckue o1102KeHUs! IOCTATOYHO XOPOIIO YCTAHABIMBAIOTCS 110 GPaXUOIIO-
nam Piarorhynchia diva Dagys, P. formalis Dagys, P. atrita (Dagys), Laevithyris tuchkovi
(Dagys), Pseudohalorella sibirica Dagys [Jaeuc, 1977; Jazuc u dp., 1996].

B 50-70-e rr. XX B. B HeIpepbIBHBIX pa3pe3ax Mopckux omioxkenuit na Cesepo-Bocroke
CCCP HuxHsist TpaHUIa IOPBI TPOBOIMIACH TOJBKO IO MOSIBJIEHUIO B PAa3pe3e MeTTaHTCKUX
aMMOHUTOB, IIOCKOJIbKY CYUTAJIOCh, YTO II03JHETPUACOBBIE U PAHHEIOPCKHE KOMILIEKCHI JIBY-
CTBOPYATHIX MOJLTIOCKOB COZEPKAT OUeHb OJU3KNME BUIbI MHOTUX POAOB. B KOHTHHEHTAIbHBIX
OTJIO2KEHUSX BEPXHEr0 TPUACA — HUXKHE I0PhI IPAHUIA TPUACA U IOPBI YCTAHABINBAJIACD
YCJIOBHO, TIOCKOJIBKY PITCKast (hJiopa TPYIHO OTJIMINMa OT paHHeropckoil [ Cmpamuzpadua. ..
1973]. B konne XX B. BO3HHUKJIO MPEJCTABIEHHUE, ITO TPAHWUIA TPUACA U HOPbI IO TIE€PK-
HyTa HCYEe3HOBEHWEM TAaKWX POJIOB JIBYCTBOPOK, Kak Tosapecten, Bakevellia, Cassianella,
Minetrigonia, Palaeopharus u mommauUpoBaHeM B OpuKTOIleHO3ax PoaoB Kolymonectes,
Otapiria, Meleagrinella, Oxytoma, Arctomytiloides, Lima, nepememmux u3 tpuaca |Penun
u dp., 1993].

B 2007 r. corpynaukamu BeepoccuiicKoro HayYHO-HCCIEOBATEIBCKOTO T€0JIOTTIECKOTO
uacruryta uM. A. I1. Kapmuuckoro (BCEI'EN) nox pykosogacrsom H. H. CobGosieBa u B
2008 r. corpymuukom [eostormaeckoro macruryra PAH M. A. Poroeim ObuLM u3ydeHbl
MOrpaHUYHBIE OTJIOKEHUS TPUACA U I0PbI, OOHAXKAIOIIMECs Ha 3anaiHoM bepery Amnabapckoit
ryOBbI, IPOBEJIEHO JIeTAJIBHOE ONMCAHNEe OOHAXKEHWIT TpUaca U IIPOM3BeleHa (POTOChEMKA, KOH-
TaKTa IaiJaXCKOW CBUTHI U HUKHEH vacTh 3uMHe#t ¢cBUTHI. [losryeHubie HaOIIOCHIS JIETTH
B OCHOBY HOBOU MHTEPIIPETAINN JTUTOJOTHIECKOTO U OHOCTPATUTPADUIECKOTO PACLICHEHIS
TPUACOBBIX U HIKHEH JaCTU OPCKUX OTJIOXKEHUIA.

Ilespro HACTOSAIIIETO MCCIIEIOBAHUS SABJISETCA OOOCHOBAHNE I'PAHUIIBI TPUACOBOI U 10D~
CKOi1 cucTeM B paspese Mbica AMpKaT Ha 3anaJIHoM nobepexkbe AHabapCcKoil IyObl ¢ y4eToM
[IOJIy9€HHBIX HOBBIX JIAHHBIX.

Marepuadt

B ocHoBy 6uocTpaTurpaduieckux uccae0oBaHuil ObLIa MOJI0XKEeHa KOJJIEKINS MaKpo-
dayusl, nocsoitno cobpannas O. A. Jlyrukosbim B 1984 1. B pazpese 3amajHoro 6epera
Awnabapckoit ry6er (puc. 2).

Puc. 2. Cxema pacnosioxkennst paitona pabor (A) u mran pacrnojioxkenusi oonaxkennit (B):
rpuaca (la), ropsl (16) Ha 3anazHOoM Gepery AHaGapCKoii ryObl.
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JonosHnTeNbHO ObLIa U3yYeHa KOJJIEKINs JIBYCTBOPYATHIX MOJIJIIOCKOB U3 pa3pe3a
mbica Aupkat, cobpannas E. C. Epmosoii (JIanrunckoii) Bo BpeMms poBeeHNsl HOCIORHBIX
cbopoB daynbl u onucanus 3Toro pazpesa 1. M. Emenbsianessiv 8 1953 1. u B KadecTBe cpaB-
HUTEJILHOTO MaTepHaJia, — FeTTAHICKIE JIBYCTBOPUATHIE MOJUIIOCKN HafiieHubie ['eprorom Ap-
oM (Gernot Arp) B GbIBIIIEM INIMHSHOM Kapbepe B ropozckoil uepre lerrunrena (lepmanust).
JlsycrBopuarsie Mojutiocku onpejienennbl O. A. JlyrukoseiM, 6Gpaxuononast — E. C. CobosieBbiM.
JIuTorornyeckoe onmcaHne IOrPAHNIHBIX TPHACOBO-IOPCKUX OTJIOKEHUIN Pa3pe3a BBIIOJHEHbBI
B. II. HessitoBbim (1984 r.), H. H. Co6osnessim (2007 r.) u M. A. Porossmm (2008 r.). Tado-
Hommveckue nabsogenus nposegensl O. A. Jlyrukoseiv (1984 r.). B pabore ucnosin3oBanb!
dororpadun H. H. Cobosera (BCETEN) u A. B. JIu. VI3yueHHble KOJIEKIINI XPAHITCS
B . HoBocubupceke B IleHTpe KOJLIEKTUBHOTO moJb30BaHus «leoxpor» (kosur. 966) u B
KepHOXpaHuIuIle AIpesieBCKOro oTaesieHnst Bcepoccuiickoro Hay IHO-HUCCIIEI0BATETBCKOTO
reosiormyeckoro Hedrsinoro uaerntyra (BHUTHU) (xosn. LOA-35).

Onucanue paspesa
Obna>kenne la

Hauaso obnarkeHust paciosioyKeHo Ha JieBOM Oepery AHabapcKoil ryObl BOJIN3U MbICA
Awupkar na paccrogannu 4300 M IO TIPSIMOIl B HAIIPABJIEHUN HA CEBEPO-BOCTOK OT YCTbS
p- Dypumucckas. Koopaurarer GPS — 73°28’37,8” ¢.m., 113°15’31,8” B. 1. Hymepanus
obHaxkenuit no [JTymukos u dp., 2009].

Ocumnaiickas (?) cButa. HuKHWIT KOHTAKT CBUTHI He Habomascst. HyMeparmst ¢jioes mpu-
H&Ta U3 TOJIEBOIO onucanns paspesa, soimosHennoro H. H. Cobosesbim B 2007 1.

Caoit 27, moraocTb 8,0 M. [lecuaHuKY MOJIMMUKTOBBIE CPEIHE3EPHUCTHIE 3€JIEHOBATO-
Ceporo IBeTa ¢ MHOTMOYNCJIEHHBIME MIAPOOOPA3HBIMU M KapaBaeoOpa3HbIMU KapOOHATHBIMU
koukpenuamu (10 0,3-0,4 M MomHOCTBIO, pexke — 10 0,5%X 4 M, B Kposie — 70 1 x 8 m). B kon-
KpenusiX BCTPEUYEHBI OCTATKN PHIO U PAKOBUHBI JBYCTBOPOK. V3 9TOTO CJI0s IIPUBOIUINCH
Olpe/IeIeHns HUKHEeKapHUHCKuX ammoHoneli Arctophyllites taimyrensis (Popow), aBycrsop-
9aTBIX MOJITIOCKOB: Zittelihalobia ex gr. popowi (Polub.), Bakevellia (Boreiobakevellia) cf.
bennetti (Bohm), Janopecten cf. deljanensis (Kipar.), Cardinia borealis Kipar., Palacopharus
sp. [Kasaxos u dp., 2002].

Curoit 28, moruocTsb 5,6 M. [lecuanuku cpeHe3epHUCTBIE, TOHKO-CPEIHEIINTYATHIE, KO-
COCJIOUCTBIE 3€JIEHOBATO-CEPOTO IBETA C YIOJBHON KPOIIKON Ha TIOBEPXHOCTSIX HAILJIACTOBAHUSI,
C TPOCJIOSIMU YTJIUCTHIX TJIMHUCTBIX AJIEBPOJIMTOB, COAEPXKAIIUMU IIPOCJION KOCOCJOUCTHIX
nec4yaHukoB (puc. 3).

U3 cost ykaspiBaauch 06jI0MKH JBycTBOpYaThix MosutiockoB (Halobia) u 6paxuonosn
(Rhynchonella) [Kopruatox u dp., 1946].

Yaitgaxckasg cButa. HukHgs TpaHua CBUTHI MPOBEIEHA B OCHOBAHUU YIJIEHOCHOTO
KOHIVIOMepaToBo-Tiecyanoro cyost (puc. 4). KoopauHaTe! KoHTakTa ocunaiickoit (?) n gaii-
Jnaxckoil ceut — 73°29’25.90” ¢.m., 113°15’40.50” B. 1.

Cioit 29, momuocTs 11,35-11,39 M. B ocHOBaHME — KOHIJIOMEPATHI MEJIKOTAJIETHBIE
(0,1 m). Marpukc — KpyIHO3EPHUCTBII IIeCYaHbIH MaTEPHUAJ 3€JIEHOBATO-Cceporo Isera. Ilepe-
CJIaVBaHUE MMECYAHUKOB 3€JIeHO-CEPBIX CPEeIHE3€PHUCTHIX, IPEUMYIIECTBEHHO KOCOCJIONCTHIX
C aJIEBPOJINTAMHY, TJIMHUCTBIMU aJIEBPOJIUTAMU U apTUJIIATAMU, C IIPOCIOSIMU Pa3HOraIeIHbBIX
KoHIIoMeparoB. Kococsoncreie mmecyanuku mpeo0siaJaioT, TOHKHAE IPOCJION APTUAJLINTOB
¥ aJIeBPOJIUTOB HEMHOTOYUCJIEHHBI n He mpeBbimaior mo tosmmae 0,1-0,15 m. IIpocson
koHIVIOMepaToB pactosioxkensl B 0,9 m (0,22 M), 4,32 M (0,03 M) OT HOJONIBBI CJIOSI U B €r0
kposie (0,1-0,14 m). ['anbKa B KOHIVIOMEpaTax XOPOIIO OKATAHHAs, IPEeJICTaBIeHa 0BI0MKa-
MU OCAJOYHBIX U MArMAaTUIECKUX ITOPOJI.

Caoit 30, momaOCTh 6,0 M. [lecuaHuKU OJIMMUKTOBBIE CPEJIHE-KPYITHO3EPHUCTHIE KO-
COCJIONCTBIE, PBIXJIbIE, 3€JIEHOBATO-CEPOTO IIBETA C MHOI'OYHMCJIEHHBIMI FOPU30HTAMU II1apo-
BUJIHBIX U JUCKOBUIHBIX KapOOHATHBIX KOHKperwit 10 0,4-0,5 X 2—4 M, BCTPEYAIOTCS JINH3BI
M3BECTKOBBIX Tecuannkos (1o 0,7 x 10 M) (puc. 5).
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Puc. 3. O6umit Bus cjiost 28 (JJIMHA PYIKU T€OJIOMHIECKOro MojoTka 0,5 M).

Puc. 4. I'panuna ocunaifickoit (?) u uaiiaxckoit cBursl B paspese M. Aupkar. B ocHoBanun
9afiJaXCKOM CBUTHI — KOHIVIOMEPATHI MEJIKOTAJICTHBIE.
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Puc. 5. Kapbonarable KOHKpEIUU U JINH3bI N3BECTKOBBIX MMECYAHUKOB cJiost 30.

Caoit 31, momuocts 1,1 M. IlepeciianBanne IJIOTHBIX TECIAHUKOB CPEJIHE3EPHUCTHIX
CEPBIX, PBIXJIBIX ECYAHUKOB 3€JIEHOBATO-CEPOTO TIBETA U IJIOTHBIX IMECYAHUKOB CPEJIHE3EP-
HUCTBIX C MHOT'OYHCJIEHHBIMY PACTUTEJILHBIMUA OCTATKAME HA IOBEPXHOCTAX HAIJIACTOBAHUSI.

Cnoit 32, womuocts 5,0 M. IlecuaHukym TOJTUMHUKTOBBIE —CPEIHE3EPHUCTHIE
TOPU3OHTAJIBLHO- U BOJHUCTOCJIOUCTBIE C YTOJbHOM KPOITKON HAa IMOBEPXHOCTIX HAILIACTOBA-
HUSI.

Curoii 33, momuocrs 3,0 M. B muxkneit wacru cios (2,0 M) — TOHKO€ 4Yepeji0OBaHue
CBETJIBIX AJIEBPOJIUTOB ¢ TEMHBIMU TJIMHUCTHIMU MUKDOCJIOAME; B BepxHeii gactu cjiog (1,0 m)
1peobJI1a/Ial0T AJIEBPOJIATHI.

Cioit 34, momaocts 0,23 M. [lecuaHuk MOJIMMHUKTOBBIN KPYITHO3€PHUCTBII KOCOCION-
CTBII CepBIi.

Cioit 35, momuocts 2,5 M. Ilecku cpenHesepHucTBIE, €1a00 CIEMEHTUPOBAHHBIE
3€JIEHOBATO-CEPOTO IBETA C KAPOOHATHBIMU KOHKPEIUSIMHU, COIEPKAIIMU KPYIIHBIA PACTH-
TEJbHBIA JEeTPUT.

IlepepbiB 110 MOITHOCTY B HADJIIOJEHUSX B YCThe pydbst —10 M.

Cioit 36, momntHocTh 29,97-30,24 M. [lecuanuky 3ejIeHOBATO-CEPBIE C ITPOCJIOSIMU AJIEB-
POJINTOB YIVINCTBIX TEMHO-CEPBIX. B HUKHEell 9acTu — epec/ianBaHne IeCIaHnKOB CPeHe3eP-
HUCTBIX TOJJUMUAKTOBBIX, OTIETIMBO KOCOCTOUCTHIX 3€JIEHOBATO-CEPOT0 IIBETA C MPOCTIOIME
TEMHO-CEPBIX YIVIUCTHIX aprUJIJINTOB NOPU30HTAJIBHOCIOUCTHIX. B uaTepBase 4,2-15,2 M —
MIECIAHNKH CPEJIHE-KPYTTHO3EPHUCTBIE ¢ KPYITHON KOCOH ciomcrocTocThio (puc. 6). B un-
TepBaje 25,39-25,79 — apru/iinThl OT TEMHO-CEPOTO 0 UEPHOTO IBETa ¢ KapOOHATHLIME
KOHKperusamu guametrpoMm j0 15 x 10 cMm. Ilo mpoctupanuio mpocjoi aprusiiura uMeeT
MorHOCTh OT 0,2 10 0,4 M ¥ BKJIIOYAET JIMH30BUIHDIN MTPOCJIOH KOCOCTIOUCTOTO MECTAHUKA.

Cuoit 37, mormocTs 1,2 M. TOHKOPpUTMHYHOE TIEPECTANBAHUE CEPBIX BOJHUCTOCIOUCTHIX
aJICBPOJIUTOB M TEMHO-CEPBIX apPTUJIIUTOB.

Cuoit 38, moruocts 1,0 M. [JHHBI aprusnTonomo0Hbe TEMHO-CEPOT0 1IBETA C TPOCIIO-
MU CEPBIX aJIE€BPOJIUTOB.

Cuoit 39, momuocTs 1,8 M. AleBpo-11eCYaHIKY TOHKOILIUTYATHIE CEPOro IBETa C IPOCIO-
sIMU TEMHO-CEPBIX YIVINCTHIX aJIeBPOJUTOB. B BepxHell YacTh €108 — TOHKHE IIPOCIION YEPHBIX
Gaectamux yrueit (mo 1-1,5 c¢m), mpocion apruimTos wepHbIX (5-10 ¢M), mecaaHnKoB
¢ obusbHOl (uiopoii (2 cM). B kposiie — npociioit riimn cepoBaTo-kopudHeBbix (10 ¢M).

Ciroit 40, mommaocTs 0,2 M. IIpocioii ¢ BKIIIOYEHUSIMU TAJIbKA W BaJIyHOB, COCTOsI-
IAX U3 [IECYAHUKOB, U PACIIOJIOXKEHHBIX B [VIMHUCTOM MAaTPHUKCE, COJIEPYKAIINM JIMH30YKA
yr1eUITIPOBAHHOTO BEIECTBA.
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Puc. 6. Kocast cimoucrocts B mmecuyaHmkax cjioe 35.

Ciroit 41, momuocts 9,4 M. [lecuanuky MOMMMUKTOBBIE, CPEIHE-KPYITHO3EPHUCTHIE,
3€JIEHOBATO-CEPOr0 I[BeTa, KOCOCIOUCThIEe B OCHOBAHUN C PACCESHHOI MeJIKOH rajbKoM 1 yTiu-
cThiME BKJFOUeHusiME (prc. 7). B Bepxaux 1,8 M npocson necuannkos (40-50 cM) gepemyorcest
C TEeMHO-CEPbIMU apTUIJIUTAMU aJeBPHTUCTBIMA T€MHO-CEPBIMH.

Ob6Hna>kenne 16

Hauano obnaxkenus pacnosiozkeno B 1,3 kM cesepree ot mbica Aupkar. Ha neposhoii
ITIOBEPXHOCTU YAMUTAXCKON CBUTHI C YIVIOBBIM HECOTIJIACUEM 3aJIETAIOT TJIMHBI U IMECYAHUKHI
C IPOCJIOSIMH KOHIJIOMEPATOB OYyJIyHKAHCKOi cBuThl (puc. 8).

Bynyukanckas ceuta. HukHss rpannia CBUTHI COBIAIAET C OCHOBAHUEM YIJIOBOI'O HECO-
rinacust. CBUTa TPAHCTPECCUBHO 3aJleraeT Ha IecYaHuKax cjiosi 41 daiilaxCcKoil CBUTHI CO
cJeJaMU PAa3MbIBa — IIOBEPXHOCTH KOHTAKTa HEPOBHAs C MAJOAMILIUTY/IHON YHIIyJIATIAEH.

Caoit 1, mommaocTts 1,0-2,0 M. B ocHOBaHNT €105 9aCTO BCTPEYIaeTCs HEOOIbIAsT XOPOIIIO
okaranHag rajgbka (mo 0,1 M), BaJyHbl KBAPIUTOB, 0A3a/IbTOB, IJIOCKUE U YIJIMHEHHbIE
KOHKpermu cujepura (puc. 9).

Imumsr TemiO-Ccepble TOYTH Y€PHBIE, C IINTIATON OT/IEIBHOCTHIO, B CPEIHEN YaCTU C TOH-
kuMH (2-3 €M) JIMH3aMK M3BECTKOBUCTBIX AJIEBPOJIUTOB 3€JIEHOBATO-CEPHIX C PACTUTEIHHBIM
JIETPUTOM.

Croit 2, MOIHOCTH 2,6 M. AJIEBPOJIUTHI Cepble, TOHKOCJOUCTHIE 38 CYeT IIPOCTIOEB
TEMHBIX [VIMH U JIETPUTA, UHOIJIA U3BECTKOBUCTHIE (Yalle BBEPXY) B BEPXHEH YacTH CUJILHO
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Puc. 8. TpaucrpeccuBHOe 3ajieranue ryMH OyJIyHKAHCKON CBUTHI Ha ITeCYAHUKAX JallJaXCKOH
cButThl. 2KenToil MyHKTUPHON JTUHUEH TOKa3aHa HUYKHSIS TPAHUIA, Oy TyHKAHCKON CBUTHI.

necuanucrere. B cpeaneit wactu — maact (0,5 M) TeMHO-cepoil (Y€pHOIT) IIMHBI ¢ JIUH3AME
AJIEBPOJINTA 3€JIEHOBATOTO 1 HEGOIBIINMHI TOHKUMHE (1X20 ¢M) JIMH3aMI YePHOTO GJIECTSIIEr0
yruisi. Ha ypoere 2,1 M — mactooGpasHblii KapGoHaTHbIH ropusonT (0,4 M).

Caoit 3, momaocts 1,4 M. Haunnraercst TpoTsizKeHHBIM T11ACTOOOPA3HBIM TTPOCIOEM
(o 0,25 M), cocTOAIUM U3 JIMH3 PA3HOIAJIEIHBIX KOHIVIOMEPATOB C HECYaHbIM MaTPUKCOM.
TasibKa XOpomIo okaTaHHast (10 7-8 CM), BCTPEYAIOTCs OT/IeJbHbIE BATYHBI. L' aIbKa [pe/IcTaB-
JIeHa B OCHOBHOM 0a3aJibTaMU, KBapIleM, XaJIleIOHOM, PeXKe BCTPEYAIOTCS TOHKHE JINH3bI
cugepuToB. Cpady HaJ[ KOHIVIOMEPATaMU — ILIACT u3BecTHsKa (10 0,5 M) (puc. 10).

[Tecuannky MeJIKO3epHUCTBIE KOCOCIOUCTBIE, HA OTJIEJHHBIX YPOBHSIX C PACTUTEIHHBIM
JETPUTOM U PEIKON pacceaHHON IraJibKOI.

Caoit 4, momaocTh 3,8 M. Haunmraercs mpocmoem (o 0,3 M) pasHOTATIETHBIX MECTAHO-
IPaBUITHBIX KOHIVIOMEPATOB ¢ BajyHamu (puc. 11).

BasynoB B HeMm 0oJibIlle, 9€M B OCHOBAHUU CJIOS 3, MOJHOCTBIO OTCYTCTBYIOT CHJEPUTHI.
Tanbka xopormo okatanHas. Bamyssr (10 30 ¢m) npeacrasierst 3¢bdy3UBHBIMEI TIOPOJTAMHT,
rab0Opo-moaepuTaMu, KBapImTaMn, KBapieM. l'ajgbka U BaJyHbI PACIOIATAIOTCS B MATPHUKCE,
[IPEJICTABICHHOM KUPIHIHO-KPACHBIME IVIMHAMU U MEJIKO3€PHUCTBIM IIECKOM 3€JIEHOBATO-
€eporo IBeTa. 3aJjeramrnie HaJl KOHIJIOMepaTaMy TeCIYaHNKNA MeJKO3ePHUCThIE, He KPeIKue,
cepble C 3eJIEHOBATBIM OTTEHKOM, C JIMH30BUIHON M MOJIOTOBOJIHUCTON cironcrocThio. [lecua-
HUKHU Ha TOBEPXHOCTH HAILJIACTOBAHUS C BKJIIOYEHUSIMH OTJIEJbHDBIX IajieK, PACTUTEHHOIO
JeTPUTa U IPUMa3KaMU IVIMH CO CJIeJaMU XO0JI0B MJIOe0B. B cpesHeit yacTu ciiost penkue
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Puc. 9. Paccesinnas rasbka (OTMeueHa GeJIBIMU CTPEJIKAME) M KOHKDEIUH CHIEepuTa (oTMe-
YEHBI YKEJITHIMUA CTPEJIKAMHA) B OCHOBAHMU CJiosi 1 OyJIyHKAHCKON CBUTHI.

TR L T

Puc. 10. JIunza pasnorajieqnblX KOHIVIOMEPATOB B OCHOBAHHUU CJIOH 3 OYJIYHKAHCKON CBUTHI.

JIMH3BI (MOITHOCTHIO 710 0,3 M) M3BECTKOBUCTOTO MECYAHUKA. 110 TIPOCTHPAHIIO OHU MEPEXOMAT
B IIPOCJION, HACBHIIIEHHBIE PACTUTEIBHBIM JIETPUTOM. B BepxXHE#l 9acTu CJI0s IIeCIaHUKN Ha
OTJIEJIBHBIX YUACTKaX ¢ NPU3HAKaMu o0pasoBanust KoHKperwit (1o 1,5 m). O6rapyskena day-
Ha: ABycTBOpUaThie Mo/uTocku — Ochotomya anmandykanensis (Tuchk.) s. stricto (pemako),
O. terechovae Polub. (peznko), Unionites sublettica (Kipar.) (ouens gacto), U. cf. muensteri
(Wissm.) (pexnko), Schafhaeutlia cf. mellingi (Hauer) (peaxo), Tancredia dittmarii Mart.
(penxo), T. tuchkovi Kipar. (ouens gacro) (06p. 48, narepsan 1-3 M ot nogomssl). JIBycTBop-
YATBIE MOJITIOCKH IIJIOXON COXPAHHOCTH IMPUYPOIEHBI, TJIABHBIM 00pa3oM, K BepXHEH JacTu
C0s1. YHHOHHUTECH! COXPAHAIOTCS B IPUKU3HEHHOM TOJI0KeHnn. TaHKpeIun 3aXOpOHEHbI
TOPU30HTAJILHO ¢ PACKPBITBLIMU CTBOPKAME. B IecuaHuKax MPUCYTCTBYIOT BEPTUKAJIbHDIE
xonpl unoenos (muamerp 1 cM, miuaa or 5 10 10 €M), BCTPEYAIOTCH WICHUKU KPUHOM el
u mynaabia obuyp (PeiKko).

Cuoii 5, momuocTh 2,3 M. HauuHaeTcst BaJlyHHO-TAJIEYHBIME KOHIJIOMEPaTaAMU (0,15 M)
C PEJIKIMU BAJlyHAME W TIIbIOaMu 6a3aimbToB (puc. 12).
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Puc. 12. BanyHHo-rasievqHbie KOHIVIOMEPATHI B OCHOBAHUY CJI0sT 5 OyJIyHKAHCKON CBUTHI.

Beimie 3aserator mecyaHuKU cepble C 3€JIEHOBATHIM OTTEHKOM ILINTYATHIE U KYCKOBATHIE,
I0JIOTOBOJIHUCTOCJIONCTHIE 38 cueT JacThix (depe3 10-20 cM) mpocsofikoB MOIHOCTH 10 5 CM
TEMHBIX IVINH C HEPABHOMEPHBIM PACIIPE/IEJIEHIEM [TECIAHO-AJIEBPUTOBOIO MaTepuaJa. Ha
OTZEJIbHBIX YIaCTKAX MeCIAHUKN KOCOCJONCThIE, OCOOEHHO B BEPXHEN YacTu cjios. B cpeHeit
9acTH CJIosl Ha BbicoTe 1,0 M IIeCYaHUKYU OY€Hb KPEIKHe M3BECTKOBUCTHIE C JIBYCTBOPYATHIMHU
mosutiockamu (0,5 M). Hajy HuMum mH3bI, cotoyKeHHBIE CKOTIeHUsiME rajek. OGHapykeHa
dayna: asycrsopuarsie Mosunocku — Ochotomya anmandykanensis (Tuchk.), O. anyuensis
Polub., O. terechovae Polub., Unionites lettica (Quenst.), Neoschizodus ex gr. rotundus (Alb.),
Tancredia tuchkovi Kipar., Waagenoperna (?) sp. (peako); 6paxuonozapt — Planirhynchia
atrita (Dagys) (06p. 49, 1 M or ocHOBaHus €105 ); ODUYPHI.

Cuoit 6, mompuocTs 3,2 M. B ocHoBanuu raseunbie Konrsomeparsl (0,1 m). Bausy ciost —
[MECYAHUKHU AJIEBPUTHUCTHIE CBETJIO-CEPBIE CO CJIabbIM 3€JIEHOBATHIM OTTEHKOM, ¢ 61oTypOa-
musmu. B waTepBase 0,9—1,3 M 0T OCHOBaHUS CJIOST PACIIONIATAETCS ILIACT U3BECTKOBUCTHIX
MeCYAHUKOB C HAMBIBAMH KPYITHOMEPHOI'O PACTUTEJIHHOIO JETPHUTA, OOJIOMKAMU JIPEBECUHBI,
YTJIUCTBIMU JINH3aMH, JIBYCTBOPYATHIMEI MOJUIIOCKAMU, OPaXUOIOJaMU U My HAIbIAME OMDIYP.
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Bbpimre 3a/1eraioT ajgeBpoJIATh IIeCYaHbIe U TIIMHACTBIE TeMHO-cepble. Ha OTleIbHbIX yPOBHAX
sasieraioT JuH3b! (0,2 X 3 M) ¥ IPOIIACTKE (70 5 CM) aleBPUTOB CHJIBHO HECYAHBIX CBETJIBIX,
B KOTOPBIX BCTPEYAIOTCH PAKYIIHdAKHU. B cjloe paccesHa rajbKa, U3PeJKa BCTPEYAIOTCS
BastyHbl. CJIOMCTOCTD B BEPXHEN MOJIOBUHE CJI0s1 TOHKas JuH3osuaHas. Crioii 3akaHauBaercs
TOHKHM CJIOUKOM BA3KHX 6ECCTPYKTYDPHBIX TJIMH, BBIIIE KOTOPBIX JIMTOJOTHYECKOE CTPOCHUE
OTJIOXKEHUIT Pe3KO N3MeHsIeTcs. B pakymHsKax oOHapy»keHa (payHa: JBYCTBOPYATHIE MOJLIIOC-
ku — Unionites muensteri (Wissm.), U. lettica (Quenst.) (pexko), Tancredia tuchkovi Kipar.
(ouenn muoro), T. marcigniana Mart. (dacro), T. explicata Kipar. (peaxo) Waagenoperna sp.
(penko), Palacopharus cf. kiparisovae Efim. (penxo); 6paxuomnomst — Fissirhynchia fissicostata
(Suess) (penko) (06p. 51, 0,9-1,3 M or ocHOBaHuUs cJyiosi). B Bepxax cjiosi HaliJIeHbI JIBYCTBOD-
varbie mosmrocku — Tancredia tuchkovi Kipar. (ouens muOro), Dacryomya? sp.ind. (o6p. 52,
BEPXU CJIOS).

B ocpinm cioes 4-6 Ha GeveBHUKE HalieHbI AByCTBOpYaThe MOIOCKH Arctomytiloides
kelimiarensis (Polub.), Unionites lettica (Quenst.), 6paxuonoas!, WieHHKN KPUHOWIEH 1 1Ly~
nasubia oduyp (06p. 50).

JlanreBomopckas csuta. HukHeas rpanuiia mpoBeeHa B OCHOBAHUU MAPKUPYIOIIETO TOPH-
30HTA [VIMH ¢ MHOIOYUCJIEHHBIMHI M3BECTKOBO-CUEPUTOBBIME KOHKpermsamMu (puc. 13).

Caoit 7, momtaocts 10,4 M. TyimHBI TEeMHO-CEpBIE ¢ MOJIyOOBATHIM U KOPUYIHEBATHIM
(¢ IOBEPXHOCTH) OTTEHKOM, TOHKOOTMYYEHHBIE UJIA AJIEBPUTHUCTBIE, C PAKOBUCTBIM U3JI0-
MOM, ¢ MHOTOYUCIEHHBIMUA KOHKPEIUSIMU U3BECTKOBO-CHIEPUTOBBIMU KOPUIHEBATO-CEPHIMU
oBaJsibHOI dopmbl (quamerpom 10 cm). Topusontsl Koukpenwmii Ha yposuax: 0,7; 1,9; 2,9;
3,4; 5,5; 6,0; 7,5; 8,5; 9,2 M oT ocHOBaHus cJjiosi. B 9,4 M OT OCHOBaHWUS CJIOS TTOSBJISIIOTCS
TOHKHE (MOIIHOCTBHIO 2—3 MM) IPOTsI?KEHHBIE JIMH3BI YKEJIThIX BS3KUX sIPOTH3UPOBAHHBIX
[VIMH C JIMH30BUIHBIMU BbIJIEJIEHUSIMU ITHPUTA.

Cioit 8, moraOCTD 2,1 M. 3asteraer Ha MOACTUJIAIONIIX OTIOKEHUSIX C UYETKON U POB-
Hoil rpanuneii. B ocHosanuu mwiact anespura (1,0 M) ¢ pejKuMU rpaBUHBIMU 3€pHAMU
B nojomse. Brire 1peobiialaioT TEMHO-Cepbhle IINTYATHIE TVIMHBI C IOJIyO0BaThIM OTTEH-
KOM, [IPOCJION HECYAHUKOB AJEBPUTOBBIX U3BECTKOBUCTBIX (MOIIHOCTH JI0 5 CM) UMEIOT
JIMH30BU/IHBIA XapaKTep. B rinHax BCTPEYaroTCs TUPUTOBBIE JIETEITKOBUIHBIE KOHKPEITUH,
B ITECYAHNKAX — PAKOBUHBI U OTJIEJIbHBIE CTBOPKH JIBYCTBOPUYATHIX MOJLITIOCKOB Tancredia sp.
1 (ex gr. schiriaevi Bodyl.), Taimyrodon (?) sp. (dacro) (06p. 53, BepXHsisl 9aCTh CJIOs).

Caoit 9, momtaoCTh 1,4 M. B ocHOBaHUM TIPOC/ION TIECUaHUKA, MEJIKO3EPHUCTOTO CEPOTO
nsera (0,4 M), TOHKOILIUTYATOrO. [JIMHBI TEMHO-CEPBIE IIUTYATHIE, OCKOJBIATHIE ¢ PEIKUMU
JIETIEIKOBUIHBIMU KOHKperusiMu ruputa (0,5X 5X 7 ¢M) U 9aCThIMU JIMH30BUTHBIMY IIPO-
caoiikamu (gepes 0,2-0,4 M) MEJKO3EPHUCTOrO, AJIEBPUTOBOIO IJIUTYATOIO ECYAHUKA HE
OYeHb KPEIKOIr'0, CEPOro I[BETa, BO BJIAYXKHOM COCTOSIHUM I'0jryboBaTOro. MOIIHOCTE TPOC/IOEB
MECYAHNKOB OT 3—5 ¢M 710 15 cM B pasayBax. HimKHsas 1 BepXHsIsS TPAHUIIBI TPOCTIOEB YeTKHUE.
BepxHsis rpaHuria cjiog I0J9epKHyTa TOHYaimmM npocioeM (1-2 MM) 2KeJIroBaToii TJIMHbI.
B mmnax B 0,5 u 0,8 M OT OCHOBaHUSA CJIOsI COAEPIKATCS MPOTIYKEHHBIE JIMH3bI (MOIIHOCTHIO
10 10 cM) mepress.

Caoit 10, momuocTs 3,4 M. [JmHBI TEeMHO-Cepble, KOPUYHEBATHIE C MOBEPXHOCTH
W KOPUYHEBATO-YE€PHBIE HA CBEYKEM HM3JIOME, IJIUTYATHIE ¢ PAKOBUCTBIM U3JIOMOM W PEJIKHMU
(0,3-0,5 10 1 M) u ToHKUMHU (1-2 CM) JMH30BUHBIME IIPOCJIONKAME KEJITOBATO-CEPOTO
MEeJIKO3epHUCTOrO aJIEBpUTOBOTO Tecuyanmnka. B uurepsasie 0,4—0,65 M OT OCHOBaHUS CJIOSI
3aJjIeraeT TJIMHUCTO-KaPOOHATHDIN IJIACT ¢ TEKCTYPOii «cone-in-cone» B ocHoBanuu (57 cM).

Curoit 11, momaocTs 6,0 M. 3ajeraer Ha ciioe 10 co ciaemaMu pa3MbiBa. B ocHOBaHNMT
npormtactok (0,05 M) pa3sHO3EPHUCTOrO TPABEINTOBOrO MECIAHUKA C PEIKO# TanbKoit. Bormre —
aJeBposInThl 1tecuanucToie (1,0 M) cpejHe-MeJIKO3epHUCTBIE Cepble, KPEIKHUEe ¢ IPOCJIOEM
0,3 M mecka M TOPU3OHTAJIBLHBIMEA XOJAMHU MJIOEIOB. Bhillle 110 pa3pe3y mecuYaHuKHU Iepecian-
Barorcst 1epe3 10-20 ¢M ¢ BOJHUCTBHIME CJIONKAME [JIMH MOIHOCTBIO 710 3 M (y10 2,5 m). Emte
BBIIIIE — AJIEBPUTHI IIECIAHUCTDIE C HEPABHOMEPHBIM PACIIPEIEIEHAEM [VIMHACTOTO MATEPUAIIA
¢ MHOTOYMCJIEHHBIMU JINH30BUIHBIMU Tpocosamu (1-7 ¢M) mecka.
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Puc. 13. Cxema pacujieHeHUsI U T€HE3UC MOIPAHINYHBIX TPHACOBO-IOPCKUX OTJIOKEHHIT pa3pe3a
MbIC AupkatT. YciosHble obozHadenus Ha puc. 1. [Ipmmeuanue: * — mo A. 1O. Ilonosy,
B. JI. Hukurenko [ITonos u Hukumenko, 2020] ¢ IONOJTHEHUSIMUA ABTOPOB.

Cuoii 12, momuocts 8,4 M. B ocHoBanuu cjiost — rajednniii upocaoi (5-7 cMm), co-
JlepKaIuii MHOTOUUCICHHYIO MEJKYIO IJIOCKYIO TalbKy, epPeoTI0KeHHbIe CHICPUTOBLIE
KOHKPEITHH, PeJiKHe KPYIHbIe TaJbKi MarMaTHu9eCcKnX 1 0CaJI09HBLIX II0Pol, KBapua. B mpo-
CJI0e TPUCYTCTBYIOT PaKyITHSKOBLIE THE3A, COCTOSAININE M3 OOJOMKOB M Pa3PO3HEHHBIX
CTBOPOK JIByCTBOPYATBIX MOJLIIOCKOB.
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Croit pesicTaB/IeH TeCYaHUKAMU TOHKO- U MEJIKO3EPHUCTBIMHU CEPBIMU CO CJIabbIM
3€JIEHOBATHIM OTTEHKOM, [TOJIOTOBOJIHUCTOCJOUCTBIMU 38 CUET PEJIKUX TOHKUX ITPOCTONKOB
TeMHO-cepbIX TinH U apruyuiuTos. C ypoBHs 1,5 M OT OCHOBaHUS CJIOSI B IIECYAHUKAX MHOI'O-
YUCJIEHHBI CJIeIbl 2KU3HEeAeATEe/IbHOCTU IIECKOXKNJIOB, II0 KOTOPBIM YaCTO Pa3BUTHI CTA2KEHUA
MAPUTA U XOJIbI YepBeil mioeioB. B cjioe BerpedaeTcst OTIeIbHAST KDEMHUCTAsT TajabKa, 00-
JIoMKH JpeBecuHbl. K cpejHeil 9acTu cj1os IprypodeH MaKCUMyM HUPUTOBBIX YKEJIBAKOB.
B ciioe BcTpeuena dayna: aBycrBopuarbie Mojutrocku — Anradulonectites intricatus Schur.
et Lut. (gacro), Harpax ex gr. laevigatus (d’Orb.) (o4ens gacro), Tancredia sp. 1 (ex gr.
schirjaevi Bodyl.) (peako), Taimyrodon (?) sp. ind. (ouenn penko), Malletia (?) sp. (ouenn
vacro), Homomya sp. (peako) (06p. 54, ocnosanme ciost); Neoschizodus ex gr. rotundus
(Alb.) (wacrto), Homomya sp. (penko) (o6p. 55, 4,0 m or ocroBanus ciuos); Tancredia sp.
2 (ex gr. schirjaevi Bodyl.) (peako), Malletia (?) sp. (ouenn gacro), Pleuromya sp. (pezaxo),
Neoschizodus ex gr. rotundus (Alb.) (gacro) (06p. 56-57, unrepsan 5,0-8,0 M 0T OCHOBaHUs
ciost); Anradulonectites intricatus Schur. et Lut. (peaxo), Pleuromya sp. (peako) (o6p.
58, unrepsas 8,0-8,4 M o1 ocHOBaHUs €J10s). Pa3po3HeHHbIe CTBOPKYU U 00GJOMKH CTBOPOK
Anradulonectites mpuypodueHbl K rajleqHOMY IPOCJIOI0 OCHOBAHUSI CJIOS M K IIeCYAHUKAM
6m3u mero. CtBopku Harpax BCTpedaroTcst B TajedIHOM IIPOCIOe IPUPOCITUMEI K TaJIbKe.
Pakosunbr Homomya paccesitHbl paABHOMEPHO T10 CJIOK0 B MPUXKU3HEHOM TIOJIOKEHUH, IO/
yIJIOM K [OBEPXHOCTAM HamacToBanus. Pakosunbl Malletia (7), Neoschizodus zaxoponensr
MapaJUIEIBLHO IIJIOCKOCTSIM HAIIACTOBAHUS Ha OJIHOM U3 CTBOPOK.

Caoii 13, momocTs 4,4 M. B ocHoBanuu npociioii (5 ¢M) ¢ rpaBueM, JKejIBaKaMu [IIPUTA.
B citoe penikas rajibka, eIMHUYHBIE BAJIYHBI, OOJOMKH JIPEBECHHBI. APIU/ITUTH TEMHO-CEPBIE,
[IOYTHU YepHbBIe, OcKoJbuaThie. Ha ypoBHsx 2,0 u 2,5 M OT OCHOBaHUS CJIOsI JIMH3BI U3BECTHSIKA
(mpoTsizkeHHOCTBIO 110 5,0 M). Bbime penkue, MpoTsSIKEHHDBIE JIMH30UKH M3BECTKOBUCTOTO
AJIEBPOJINTA MOIIHOCTHIO JIO 2 CM, B KOTOPOM BHUJIHA KOCO-BOJIHUCTasT CJIOUCTOCTD. B cioe
BCTPEYAIOTCS OT/IEJIbHDBIE TINPUTOBBIE 2KEJIBAYUKH, PACTUTEIbHDIN JIETPUT.

Curoit 14, momtaoCTh 1,6 M. B ocHOBaHMM ciioék mecuanuka (1-3 cm), comeprkammuii
rpaBuii 1 MeJIKyIo rajbKy. HesakoHoMepHOe TepecianBaHue NIIMHUCTBIX TEMHBIX CJIOHKOB
(2 cM), TVIMHUCTBIX AJEBPUTOB, AJEBPUTOB IIECUAHUCTBIX U MEJIKO3EPHUCTBIX JKEJITOBATHIX
IIeCKOB. B ¢Ji0e peIKi BepTUKAJIbHBIE TOHKUE (aMeTpoM 3 MM) TPyOOUKHI ECKOKUIIOB, [IPH-
YPOUEHHBIE K [TeCUAHBIM MTPOCJIOsiM. Ha II0CKOCTSIX HAIJIACTOBAHUSI — MEJIKHI PACTUTEbHBIH
nerput. CJOUCTOCTh NapaJiebHast, HesICHAas TOPU30HTAIbLHAS.

Caoit 15, montaocTh 2,2 M. B ocHOBaHUU IIPOCJION ITeCIaHNKA N3BECTKOBUCTOI'O, MeJI-
kozepuucroro, wmraaroro (0,5 m). B unrepsase 0,5-1,0 M or ocHOBaHUs C€JI0si — IIEpe-
CJIAVBAHUE AJIEBPUTOB MECYAHUCTHIX U AJIEBPOJUTOB C HEPABHOMEPHBIM DPACIIPEIEIEHUEM
TEMHOI'O TJIMHUCTOro MarepuaJia. B unrepsase 1,0-1,8 M — aeBpOIUTHI MEJIKO3EPHUCTHIE
muTIaThie u3BectkoBucThie. C ypoBHs 1,8 M — depesoBaHne TEMHO-CEPBIX U CBETJIO-CEPBIX
AJIEBPUTOB MeCYAHUCTHIX. B maTepBase 1,8-2,2 M — aleBpOJIAT U3BECTKOBUCTHIA CO 3HAKAMU
psIOM BOJIHEHMSI HA BEPXHEH [TOBEPXHOCTHU, BHU3Y KPYIIHAs IapaJulebHas KOcas CJIOUCTOCTD.

Cuoit 16, momaocTh 2,0 M. B OCHOBaHNY €JI0sT — MeJIKOTaJIeIHbIE KOHITIOMepAaThl (OKOJIO
5 €M) C IUIOCKMMU BaJIyHAME CHJIEPUTA, OOJIOMKAMHE JIDEBECUHBI, IPaBUeM. AJIEBDUTHI [IeCUa-
Hble KPYITHO3EPHUCTHIE, YePeIYIOIINECs ¢ TOHKUMU JTUH30BUTHBIMEA IPOCIOSMU CBETIO-CEPBIX
aJIeBPOJIUTOB 1 mpocyiosmu riimH. Ha Boicote 1,7-2,0 M OT OCHOBaHUs CJIOSI — IPOTSIZKEHHBIE
JINH3BI U3BECTHSIKA.

Ciroit 17, mommaocts 0,6 M. B ocHoBammu — pasHorajevnble KOHIJIOMEPATHI IIPEUMY-
MIECTBEHHO C rajibKOi KPEMHUCTOI'O COCTaBa, KBaplla, CUJAECPUTOB. BeTpedaloTcs BaJIyHBI,
06JI0MKH JipeBecuHbl. MecTaMu — KOHIVIOMepaThl N3BECTKOBUCTHIE. [lepecianBanue (¢ ToOI-
HIMHOM 11POcJIoeB 0K0JI0 10 ¢M) rosry6oBaTO-CEPhIX MEJIKO3EPHUCTBIX IIECKOB U T€MHO-CEPBIX
MIMHACTBIX asieBpuToB. Ciol m10X0 OOHAXKEH.

Caoit 18, momuOCTS 2,5 M. B ocHOBaHuUM mpocsiofi (3 ¢M) rpasesauTa ¢ peaKoi KpyImHOL
rajbKoii. Boirie: npociioit TeMHO-cepoil KopuuHeBaToll ryimHbl (1 €M), IPOCJION KeJIToro
MEJIKO3EPHHUCTOTO TiecKa (3 cM), npocioil s (1 eM), rpasesut (0,15 M) ¢ acToli rajabKoi,
obJoMKaMu JipeBecuHbl, MHOrounciaenubiMu Harpax. B mpocioe obHapy»KeH MO3BOHOK perl-
tusmn. Beime: npocstoit (0,15 M) rmHbl TeMHO-Cepoii, nepecianBanue (0,5 M) TeMHO-cepoii
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[JIMHBI U JIMH30BUJIHBIX ITPOCJIOEB CEPOTro TecKa. 11o mpocTupaHuio CJioil COEPKUT JTHH3Y
(1,8 M X 7,0 M), CIIOKEHHYIO IIECKAMH C [IPOCJIOEM KOPUIHEBATON [ECUAHOl MJIMHBI B OCHOBA~
unu (0,1-0,15 m). JIunza cpezaerca cioem 19. B ciioe Berpeuena dbayna: qBycTBOpYaThHIE
mosutrockn — Meleagrinella (Praemeleagrinella) subolifex Polub. (muoro), Harpax ex gr.
laevigatus (d‘Orb.) (muoro), Neoschizodus ex gr. rotundus (Alb.) (wacro). K ocHoBammio
JINH3BI, B MIEHTPAJIBHON €e JacTh, MPUyPOYEHBI THE3I0BUIHBIE CKOILJICHUST PAKYIIH C IEJIbIMA
pakoBUHAMK U OTIejbHBIMU cTBOopKaMmu Meleagrinella. ITo Bcemy mecuaHO-IrJIMHECTOMY IIPO-
CJIOI0 BCTpedaioTcs oTaeabubie cTBopku Meleagrinella. Pakosursr Neoschizodus 3axopomeHnt
MapaJuIeIbHO TJIOCKOCTSIM HAILJIACTOBAHUS.

Caoit 19, mormsocTs 3,8 M. B ocHoBanun npocsioit (0,4 M) ¢ JIMH3aMU raJIeqHAKA, PeKe
rpaBesinTa, 0BJIOMKAMHE JIPEBECHHBI, €IMHIIHBIMA BaJlyHAMHU, JIByCTBOpKamMu. Marpukc — mpe-
WMYIIECTBEHHO [VIMHBI KOPUIHEBATHIE CJIOWYATHIE C JUH3AMU U THE3JaMu mecka. [lecaanmk
MEJIKO3EPHUCTBIE CEPhIE ¢ TOIYOOBATHIM OTTEHKOM IIOJIOTOBOJTHUCTO- U JIMH30BU/THOCIOUCTHIE
3a cuer yacTbix (yepe3 510 cm BHU3Y u 0,3—1,2 M BBEpXy CJI0s1) JIMH30BUHBIX IIPOCJIO-
eB (1 cM) TeMHO-CEPBIX JIMCTOBATBHIX IVIMH C HEPABHOMEPHBIM PACIIPEJIEJICHUEM IIECUAHOIO
marepuasia. OTae/bHbIE yIaCTKA CJIa00 M3BECTKOBUCTHIE W OOPA3yIOT KapaBaeoOpa3HbIe
(0,3 x 0,5 m), mapoobpasusie (muamerpom 20 cM) cTsizkeHnsl. B BepxHeil yacTu cj10st HeGOIb-
1K€ JIMH3BI, HACBIIIEHHbBIE raJIeIHbIM MaTepuajoM. B cjioe Berpedena dayHa: JByCTBOpYATHIE
mosutrockn — Meleagrinella (Praemeleagrinella) subolifex Polub. (muoro), Harpax ex gr.
laevigatus (d’Orb.) (muoro), Neoschizodus ex gr. rotundus (Alb.) (dacro); dacTsl cierbl
ouoTypbarmii.

Ciroit 20, mormaocTs 1,1 M. B HmkHe#t yacTu mepecsiamBaHne MECIAHUKOB CPEIHE-
MEJIKO3EPHUCTBIX CEPhIX C 60jiee TOHKUMU CJIOKAMU TEMHO-YEPHBIX TJIMH. [JIMHBI JINCTOBaA-
ThIE C TOHKUM PACTUTEIHHBIM JIETPUTOM U CJIIOKON. CJI0MCTOCTD TIOJIOrOBOTHUACTAsE. Bhiie —
MMECYAHUKH CPEIHe-MEeJIKO3EPHUCThIE, CePhle ¢ TOyO0BATO-3€JIEHOBATHIM OTTEHKOM, C JIMH3a~
MU TajIbKu. BepxHsis rpaHuiia CJjiost 9eTKasi HEpOBHAsI C TaJIbKOil. B ciioe Bcrpeuena dayHa:
neycTBopuarbie Mosuttocku — Meleagrinella (Praemeleagrinella) subolifex Polub. (ouens
uyacto), Tancredia sp. 2 (ex gr. schirjaevi Bodyl.) (uacro), Pleuromya (?) sp. ind. (06p. 62,
0,5 m ot nogomsel), Taimyrodon (?) sp. (uacro), mozsonok penruuu (06p. 63, 1,0 M or
OCHOBaHMUsI CJIOs1); PEJKHU BEPTUKAJbHBIE XOJbI YePBeii-II0e 0B,

Pe3ynbraTsl u o6CcyKieHne

CortacHO KOPPEJISIIIUOHHOM PErMOHAJIBHOM CTpaTUrpaduIecKoil cxeMe, yTBep:KIeHHON
Ha 3-eM MeKBeJOMCTBEHHOM DErMOHAJIBHOM COBEIIAHUH TI0 Me3030I0 1 Kaitno3oto CpesHeit
Cubupu, norpaHUYHbIE TPUACOBO-IOPCKUE OTJIOKEHUs B AHAOAPCKOM paiioHe PACUJIEHSIIOTCS
Ha Jalfi[AXCKyI0 U 3UMHIOK CBUTHI |Pewenus..., 1981]. B aHasuTuueckoii CBOJKe 110 CTPaTH-
rpadun tpuaca Cubupu BMECTO BepXHEN 9acTU JaiiIaXCKON CBUTHI BBIJIEISAETCS TYMYJICKAST
ceuta [Kasaxos u dp., 2002]. Huxke npuBoauTcs peBU3ns MECTHBIX CTpATUrPAdUIECKUX
HOJIPa3/IeJIEHUN.

Yaiimaxckas ceuta. [lo mamnubiv T. M. Emenbanrmesa, B CTpaTOTUIINTIECKOM pa3pe3e 3Toi
CBUTHI, BCKPBITOM CKBaXKMHAMU Ha JallIaXCKOM yYaCTKe, HIKHsisi TDAHUIA [TPOBOIUTCS
B OCHOBAHUU KOHIJIOMepaToB MOIIHOCTHIO oT 0,2 10 0,4 M, COCTOSIINX U3 XOPOIIO OKa-
TAHHBIX OKPYIVIBIX U IUIOCKUX TAJIEK CEPBIX KPEIKNX KBAPIUTOB, IECIYAHUKOB, TVIMHUCTHIX
7 IECYAHO-TJIMHUCTBIX CJIAHIIEB U OEJIOT0 KBAPIIA, CKPEIIEHHBIX «['PA3HO-CEPBIMY TJIMHICTHIM
mecYaHuKOM. B GosibimuHCcTBe CKBaXkKuH AHabapCcKoro pailoHa HUXKHsIsI TPAHUIIA YAl IaXCKO
CBUTBHI C ITOJICTUJIAIONUME OTJIOXKEHUSIMI KAPHUNCKOTO BO3PACTa MOIEPKHYTa IIPOCIOEM KOH-
TJIOMEPATOB HEIOCTOSTHHON MOIIHOCTH U HEIMOCTOSTHHOTO JINTOJIOTHYIECKOIO COCTABA, MECTAMMU
KOHIVIOMEPATHI OTCYTCTBYIOT [Emeavanyes, 1947a,b; 1953; 1954]. Touma, BKIOYaromas
ciou 27 u 28 B obnaxxenuu la T. M. EmesnpsuIeBbIM OTHOCHIIACH K KADHUIICKOMY SIPYCY Ha
OCHOBAHUU HAXOIOK MOPCKOI Makpodayubl [Emeavsanues, 1947a]. ITocse peBusun paspesa
Mbica Aupkar, nmposejgennoro B 1978 r. A. C. Tarucom, A. A. Taruc, H. Y. Kypymuubim
u A. M. KazakoBbiM, 06beM 4YaiiIaXCKO#l CBUTHI ObLJI PACIINPEH 3& CUET IIPUCOEMHEHUSI
K Hell HIDKHEKapPHUNCKUX [IeCIAHNKOB C aMMOHOUIESAME U JBYCTBOPYATHIMUA MOJIIIOCKAMU
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(ciom 27 m 28 HACTOSIIIETO ONMCAHNUS), COCTABJISIIONINX, TI0 MHEHUIO aBTOPOB, €INHOE Te0-
JIOPHMYECKOE TeJIO C BBINIEJIEXKANIMMHI CYIIECTBEHHO IecuanbiMu nopojamu [Kasaxos u dp.,
1982; nauka VI no Jazuc u dp., 1983]. IIpucoejuHenne cioeB MOPCKOIO MeHe3nca K Jaijiax-
CKOM cBure, BbI)leJIeHHOfI KaK TOJIITa KOHTUHEHTAJIbHOI'O I'eHe3ucCa, IIPOTUBOPEIUT CTATHE
V.9. neitcrByromieit penaknuu CrpaTurpadudeckoro KoJeKea, COriacHO KOTOPOil mepBbIM
[IPU3HAKOM BBIJIEJIEHUS] CBUTHI sABJIsieTcsa renesuc nopox [Cmpamuepaduveckud..., 2019].
ITo-BuaunMoMy, B paspese Mbica AupKar 3Ty 9acTb paspesa (ciou 27 u 28) cienyer OTHO-
CUTHb K CAMOCTOSITEJIbHOMY MECTHOMY CTpaToHy. [ljist perenus: 3Toro Borpoca HeOOXOIIMO
[IPUBJIEIEHUE JIOMOJTHUTEBHBIX CTPATUTPAPUIECKAX JAHHBIX 0 PAa3pe3aM IIPUJIETAONIX
paitonos. B nHactosimeir pabore JlaHHas MecYaHas TOJIA YCJIOBHO OTHECEHA, K OCUITAfCKOM
CBUTE Ha OCHOBAHWU MPUCYTCTBUs B HE MOPCKO# MCKOmaeMoit MaKpodayHbl, YKa3bIBaIOIIeit
Ha ee MOPCKOU I'€He3HUC U IIPEJCTaBJICHHON TaKCOHAMHA, PACIPOCTPAHECHHBIMA B OCUIIACKOR
cBuTe. B cooTBETCTBUU ¢ XapaKTEPUCTUKON HIKHEN IPDAHUITLI YaiiIaXCKOW CBUTHI, JTAHHON
T. M. EmenbsnuesbiM [Emeavanues, 1947a), ona npoBoauTes HAMI B paspese Mbica AMpKar
10 IIPOCJIOI0 KOHIVIOMePAToB MoiiHocThbio 0,1 M (ocHOBaHUE €105t 29 HACTOSIIErO OLMCAHMUS )
(puc. 6). Tak »Ke IOHUMAJIACH Ta IPaHUI@ reojoramMu HaydHO-MCCIIe10BATEIbCKOIO HHCTH-
ryTa reosorun Apkruku (HUUTA, aeine BHUM Okeanreosorust) [Budsmun-Jlo63un u dp.,
1971].

Bepxuss rpanuiia qaii[axckoit CBUTHI IEPBOHAYAIHLHO ObLIa YCTAHOBJIEHA B OCHOBAHUU
IIPOCJIOsT KOHIJIOMepAToB (OCHOBaHUe cJost 4, obHaxkenne 16) (puc. 1) mormHOCTBIO 710 0,55 M,
COCTOSIIIErO U3 MeJIKO# 1 KpyIHOii (110 10 ¢M), XOpOIIIo OKaTaHHOI IIJIOCKOH IaJIbKK, CKPEILJIeH-
HOH CepPBIM MEJIKO3ePHUCTHIM IMECIAHNKOM M KAPIAIHO-KPACHBIMY TJIMHAMMU, OTAEJISIONTAM
CBUTY OT BBIIIeJIeXKAIUX (ayHUCTHIECKH OXapaKTePU30BAHHBIX IOPo [Emeavanyes, 1947a;
Kopruaox u dp., 1946]. B coorsercTBun ¢ Hanbosee MOJIHON aHAINTAIECKOH CBOJIKOMN 1O
crparurpadun tpuaca Cubupu, Tomma, Briaodaomas ciaon 40-41 obnaxkenus la u cson
1-3 obnazkenns: 16, 6buIa OTHECEHA K TYyMyJICKoii ceure [Kaszakos u dp., 2002].

CoryracHO aHaJIU3y paclpeesIeHusI HCKOMaeMoil MakpodayHbl B CTPATOTHIIE TYMYJICKOM
cButhl Ha Mbice Tymysn, nposegenuniv U. B. Tony6orko [[Toaybomixo, 2010], 6bu10 yeranos-
JIEHO, 9TO HUXKHsIsl YaCTh TOJIIINA, OTHOCUBIIEHCS K TYMYJICKOI CBUTE, IPUMEDPHO OTBEYAET
3oHe Otapiria ussuriensis (BepxHel YacTH HUKHETO U HEONPEJIEJIEHHON YacTh CPEeJIHEro
HOpUsl YCJIOBHO). Bepxusisi uacTh ToJimum orBevaer 30He Tosapecten efimovae u siBisiercs
BO3PACTHBIM U JINTOJIOTHIECKUM aHAJOIOM BBIJEJIEHHON paHee OyIyHKAHCKOM CBUTHI. Takumm
00pa3oM, BHYTPHU TYMYJICKOI CBUTHI ObLI yCTAHOBJIEH CTPpAaTUrpaphUIeCcKuil IepephiB B 00beme
BEPXHEI 9acTH CPEJIHEr0 HOPUS U BCEro BepxHero Hopus. IIpu 9ToM 00HAPYKEHO YaCTUYHOE
COOTBETCTBUE KOMILIEKCOB JABYCTBOPYATHIX MOJUIIOCKOB OyJIyHKAHCKON CBUTBI C KOMILIEKCOM,
BCTPEUYEHHBIM B IMECUYAHWKAX HUYKHEIl 9aCTh 3UMHEH CBUTHI B pa3pe3e Mbica AMpKAT.

B orimune ot TyMyJICKO# CBUTBI, HMEOIIEH MOPCKOH reresuc, ciaon 4041 (obHazkenne
la) dopMupOBAIUCH B yCIIOBUSIX NPUOPEKHON PDABHUHBI IIPUIMBHO-OTJIUBHOTO 1I00EPEKbsI,
a cjon 1-3 (oGHaxkeHust 16) — B yCJIOBHSIX JIATYH M MEJKOBOJHOrO 3ajmBa [[lonos u Hu-
xumenxo, 2020]. Takum 06pazoM, IPUCYTCTBAE TYMYJICKON CBUTHI B y3KOM CMBICJIE (30HA
Otapiria ussuriensis) B AnabapckoM paifoHe He [OATBEPXKIACTCH HU I1aJICOHTOIOTTYECKIMHE,
HU JINTOJIOTUIECKUMU JTAHHBIMA.

B paspese mbica Aupkar HUZKe TIPOCIOst KOHTJIOMepaToB, cunrtasimerocst T. M. Emenbsia-
IIEBbIM BepXHEH I'paHulleil 4ailJaxCKOl CBUTHI, IIPDUCYTCTBYET SPKO BBIPAa’KEHHOE yIVIOBOE
Hecoryiacue (puc. 8), HOITOMY BEPXHIOI MPAHUILY YallJIAXCKOI CBUTHI B 9TOM pa3pese CJeyer
IIPOBOJIUTH B OCHOBaHUU CJjiosi 1 B coorBercTBuu co crarbeit V.3. Crparurpadudeckoro
KOJIEKCa, COIVIACHO KOTOPOi I'PAHMIIBI MECTHBIX IIO/IPA3/IEJIEHII TOJ2KHBI ObITh IPHYPOYEHbI
K yIJIOBBIM HecoriacusM | Cmpamuepaduueckud..., 2019].

Ob1asg MOIHOCTH YaiijaxcKoii ¢cBUTHI B paspese Mbica Aupkar (csou 29-41 B obHaxKe-
aun la) no parabiv H. H. Co6osesa cocrasmsier 72,75-73,06 M. Bospact ¢cBUTBI IpuHST
YCJIOBHO, K&K HOPUNUCKHI, IIO MIOJIO?KEHUIO TOJIIIN B Pa3pe3e MEXK Iy KAPHIICKAMHI U PITCKIMEI
OTJIOYKEHUSIMU.
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Bynynkanckas cButa (06H.16, cion 1-6) (puc. 14). B Amabapckom paiione ycTaHOBJIEHA
Brepsble. HurkHsisi rpaHuIia mpoBOIUTCS B OCHOBAHUU ILIACTA TVIMH, KOTODBIA 3ajeraer
Ha TOJCTUJIAIONINX TeCYaHNKaX JaiiIaXCKON CBUTHI C YTJIOBBIM HECOIJIACHEM W CPE3aeT
pasnmanble ee cion. CBUTA MMeeT JIBYIJIEHHOE CTPOEHHE, CJIOYKEHA OCAJIKAMH JIAIyHHOI'O
¥ IUISI?KEBOT'O T'eHe3nca. B HInKHell 9acTu CBUTA MPEACTABJICHA TVIMHAMH TEMHO-CEPLIMI,
MMOYTHU YEPHBIMU C IJIUTIATON OTIAEIBHOCTHIO, AJIEBPUTAMY TJIMHUCTBIMU WJIA [T€CUAHBIMU
U U3BECTHSIKAME C IIPOCJIOEM MEJKOIaJIeuHbIX KOHIJIoMepaTos (ciaon 1-3, obHaxkenue 16).
ATy TOJMILY, ¢ ONHON CTOPOHBI, OTHOCUIIN K Jaiijaxckoii cure [Jaeuc u dp., 1983; Haeuc u
Kasaxos, 1984; Emeavanyes, 1953; Koprnuatok u dp., 1946]. C apyroit cTOpOHbBI, ee OTHOCHIN
K 3uMHel csure [Knases u dp., 1991; Jlymuxos u dp., 2009; Hukumenro u dp., 2013].

B ocnoBannu BepxHeil 9acTu CBUTHI IPUCYTCTBYET IIPOCJION KOHIVIOMEPATOB MOIIIHO-
cThI0 OKOJIO 0,3 M, KOTOPBINf COCTOUT M3 MEJKOU M KPYITHOU XOPOIIO OKATAHHOM IJIOCKOM
raJIbKi, BaJIyHOB, CKPEILJIEHHBIX KUPIUIHO-KPACHBIMU aPIUINTAMA U 3€JIEHOBATO-CEPBIM
MEJIKO3EPHHUCTLIM IIeCYaHUKOM (OCHOBaHHEe CJIosi 4 HACTOMAINErO ONMCAHW:A). Bpimie sTux
KOHIVIOMEDPATOB B pPa3pe3e BIIEPBBIE MOSBJIAIOTCS MHOTOYUCJIEHHBIE JIBYCTBOPYATHIE MOJI-
JIIOCKHU, Opaxuonojibl, opuypbl 1 MOpcKue Jujnn. B AnabapckoM paiioHe 3TOT MpOcsoi
GBI IPOCJIEXKEH B CKBayKMHAX HA 3HAUUTENbHOM turomayn [Emeavanues, 1947a,b; 1953].
Komriomeparsr xapakTepu3yIoTCs TI0X0H COPTUPOBKON 0OJIOMOYHOTO MaTepuasia, 00yCI0B-
JIEHHOU (pOpMUPOBAHUEM ITOPOJT 38 CYeT OJIU3KO PACIIOJIOZKEHHBIX MECTHBIX MCTOYHHUKOB,
U XOpOIIel OKATAHHOCTBIO TaJleK, CBONCTBEHHON IUIsI?KEBBIM OTJIOKeHusIM [Kanaan, 1976].
B Bepxmeit vacTu cBUTa IIpe/CTAB/IEHA [IECYAHUKAMU CBETJIBIMU, CHJIBHO AJI€BPUTOBBIMU,
MEJIKO3EPHUCTBIMHY, C JUATOHAJIBHON KOCOI CUTMOBHATHON CJIONCTOCTBIO, PACCEAHHON rajbKo,
HaMBIBAMHU PACTUTEJILHOTO JETPUTA, JIMH3AMH BAJL[yHHOI'O KOHIVIOMEpaTa ¢ KapOOHATHBIM
[IEMEHTOM W TVIMHACTO-TIECUAHBIM 3arosHuTeseM (caon 46, obnaxkenune 16) (puc. 14).

B paspesax Byyp-Ouenexckoro daimanbaoro paiiona (p. DeKur) aHAJOrUYHAs TOJIIIA,
OTHECEHHAs K OYJIYHKAHCKON CBUTE, TAKYKE MMEET JIBYUIEHHOE CTPOEHNe — B HUXKHEe JacTu
3aduKcHpoBana HOJIbINAs 0T AJIEBPUTO-TVIMHACTOIO MATEPUAJIa, B BEPXHEH TacTH yBeJr-
YUBAETCs 0JIs AJIEBPUTO-IIECIAHBIX IPOCIoeB. Hinknsast 9acTh OyJIyHKAHCKON CBUTBI B 9TOM
pa3pese JaTupoBaHa PITOM IO JIBYCTBOPYATHIM MoJLIOcKaM Tosapecten efimovae Polub.,
Tancredia cf. tuchkovi Kiparisova u ap. [[Tonos u dp., 2018].

Croun 4—6 B paspesde mbica AUpKAT XapaKTepU3ylTCsl CenndUIecKUM KOMILIEKCOM
nBycrBopuarbix Mosutockos: Ochotomya anmandykanensis (Tuchk.), O. terechovae Polub.,
O. anyuensis Polub., Unionites sublettica (Kipar.), U. lettica (Quenst.), U. cf. muensteri
(Wissm.) (peznko), Schafhaeutlia cf. mellingi (Hauer), Tancredia dittmarii Mart. (pexko), T.
tuchkovi Kipar., T. marcigniana Mart., T. explicata Kipar., Palacopharus cf. kiparisovae
Efim., Neoschizodus ex gr. rotundus (Alb.), Waagenoperna sp., Waagenoperna (?) sp.
u 6paxuononamu Planirhynchia atrita (Dagys), Fissirhynchia fissicostata (Suess) (puc. 14,
dbur. 1-26).

Bospacr sroit Tonmu panee cumrtascs rerranrckuM. B 1984 r. Ha GedyeBHEUKE y 00-
Ha)keHusi 160 B 4acTU pa3pe3a BBIXOJOB IadeK 4—6 ObLI HaiijleH OTIIeYaTOK, OJIM3KUil
k Pseudomytiloides sinuosus (Polub.) (puc. 14, dbur. 15). Ilo 91oil HaxoxKe aYKa [ECYAHUKOB
C JIMH3aMH KOHIJIOMEPATOB BMECTE C ITEPEKPBIBAIOIINMY €€ OTJIOXKEHUSIMI [T€PBOHAYAIBHO
Oblia oTHeceHa K reTTanry [Jesamos u dp., 1991; Knasee u dp., 1991]. Iocae peusun uto-
EePaMOTIONOOHBIX JIBYCTBOPYATHIX MOJUTIOCKOB, poeeerHoit 1. B. Toay6orko [IToay6omsxo,
1992], rakconomuyecKas NPUHAJJIEKHOCTD ITOrO IKIEMILISIPA ObLIa [IepecMOTPeHa — OH ObLI
orHeceH K Bujy Arctomytiloides sp. [/lymukos u dp., 2009]. B Hacrosimieit pabore sTor
TakcoH cOmmxkaercs Hamu ¢ «Pseudomytiloides» sp. u3 pata p. Unaurupku [Jazuc u dp.,
1996] u ornecen k Arctomytiloides kelimiarensis Polub. B orsmmune or Pseudomytiloides
sinuosus oH xapakTepu3syercst 60ojiee BBIIYKJIbIM IepeHuM KpaeM [[Toaybomrxo, 1992]. Buo-
3ona Arctomytiloides kelimiarensis oxBarbiBaeT p3T — HUXKHMIT reTTar. JIBycTBOpYaThie
moJsutiocku Tancredia tuchkovi, Unionites lettica, U. muensteri, Ochotomya anmandykanensis
u 6paxmonionpl Planirhynchia atrita sBisitores xapakrepabivmu Bumavu pata CeBepo-Bocroka
Poccun [Jazuc, 1977; Jazuc u dp., 1996]. Buapt Tancredia marcigniana n Tancredia dittmarii
u3BeCcTHBI 3 30HBI Rhaetavicula contorta @panrun [Martin, 1863; 1865]. IIpencrasurenn
pozna Waagenoperna u3BecTHbI U3 IIO3IHETPUACOBLIX oTyoxkenuii dnonun | Tokuyama, 1959].
Pos Palaeopharus xapakrepeH jijisi Tpuaca U He BCTPEYAETCs B IOPCKUX OTI0KeHusix [Jazuc
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Puc. 14. Psrckue aBycrBOpUYaThie MOJLIIOCKH U OPAaXUOIOIbI 3ama Horo bepera Anabapckoit
ry6er (06H. 16). Bee 9K3eMIIISIpbl, KPOMe OTMEUYEHHBIX 0C000, N306PasKeHbl B HATYPAJILHYO
Besmuuny. (IIpogoskenue Ha cieLyiomeii crpauIe. )
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Puc. 14. (TIpomosxkenue)

@ur. 1. Schathaeutlia cf. mellingi (Hauer), sx3. AT'/48-1, BHyTpeHHee s1po NPaBoii CTBOPKH,
06p. 48, cioit 4, unrepsaa 1-3 M.

@ur. 2. Unionites sublettica (Kipar.), sx3. AT'/48-2, BHyTpeHnHee sipo JieBOil CTBOPKH,
MECTOHAXOXKJIEHUE TO JKe.

@ur. 3. Tancredia cf. dittmarii Mart., sx3. AI'/48-3, BHyTpeHHee PO IPABOW CTBOPKHU;
MECTOHAXOXKJIEHUE TO JKe.

@ur. 4. Unionites cf. muensteri (Wissm.), sx3. AT'/48-5, BHyTpemHee sipo MpaBoil CTBOPKY;
MECTOHAXOXKJIEHUE TO JKe.

@ur. 5-6. Ochotomya terechovae Polub., 5 — ax3. AT'/48-4, a — BHyTpeHHee AP0 JIEBOI
CTBODKH, 6 — TO Ke CO CTOPOHBI 3AMOYHOI0 Kpast, MECTOHAXOXKIeHue To xKe. 6 — 3k3. AI'/49-5,
SANIPO JIEBOIT CTBOPKH; 00p. 49, cioit 5, ypoBeHb 1 M.

®ur. 7. Ochotomya anmandykanensis (Tuchk.) forma humile, sx3. 966/3, mosieBoii HOMep
AT'/49-1, BHyTpeHHEe AP0, & — BUJL, CO CTOPOHBI sIJIPa JIEBOH CTBOPKHU, 6 — BUJ CO CTOPOHBI
3aMOYHOTO Kpas; 00p. 49, cioit 5, ypoBens 1 M.

®ur. 8. Ochotomya anmandykanensis (Tuchk.) s. stricto, sx3. AI'/49-8, sapo ¢ ocrarkamn
PAKOBUHHOI'O CJIOSI U ¢ OOJIOMAHHBIM 3a/JHIM KPaeM, a — BHJI CO CTOPOHBI ITPABOil CTBOPKH,
6 — BHUJ, CO CTOPOHBI IIEPEJIHEr0 Kpasi; MECTOHAXO0XK IEHHE TO JKe.

@ur. 9-11. Unionites lettica (Quenst.), 9 — k3. 966 /2, nosesoit nomep sk3. AT'/49-2 sanpo
JIEBOI1 ¢TBOpKH; MecToHaxoxKIeHne 10 xke. 10 — k3. AT'/49-7, a — aupo upasoii cTBOpKH;
6 — 1o Ke, X2; MecTOHaXOXKeHue TO xke. 11 — 9x3. AT'/49-4, a — aupo npaBoii cTBOpPKH,
6 — TO Ke, BUJ CO CTOPOHBI 3aMOYHOI'O KPast; MECTOHAXOXK/IEHIE TO Ke€.

@ur. 12. Waagenoperna (?) sp., 9k3. 966/9, nosesoit Homep AT'/49-3, sinpo seBoit cTBOPKH;
MECTOHAXOXKIEHIE TO Ke.

@ur. 13. Neoschizodus ex gr. rotundus (Alb.), sx3. AT'/49-6, a- BHyTpeHHEE SAAPO JIEBOI
CTBOPKHW; MECTOHAXOXKIEHIE TO K.

@ur. 14. Planirhynchia atrita (Dagys), sx3. AI'/49-9, a — Gpiomnas cTBopKa, 6 — TO X)e, X2;
MECTOHAXOXKJIEHUE TO JKe.

®@ur. 15. Arctomytiloides kelimiarensis (Polub.), ax3. 966/1, nosnesoit AT'/50-1, ornegarok
npaBoii crBopku, 06p. 50, oceinb cioes 4-6 (7).

Dur. 16. Waagenoperna sp., 9x3. 966/10, mosnesoit AT'/51-6, a — Bug s7ipa cO CTOPOHBI JIEBOI
cTBOpKHU, 6 — TO 2XKe cOoKy, 0bp. 51, cioit 6, yposers 0,9 -1,3 M.

@ur. 17-18. Tancredia tuchkovi Kipar., 17 — 9x3. 966 /2, nosesoit AI'/51-1, a — BHyTpeHHee
PO JICBOI CTBOPKH, 6 — TO Ke, X2; MECTOHAXOXKJIeHHE TO kKe; 18 — 9k3. 966 /5, mosesoii
AT'/51-3, a — BHyTpeHHee sIIpO JICBOI CTBOPKH, 6 — TO e, X2; MECTOHAXOXKICHUE TO KE.
@ur. 19. Tancredia dittmarii Mart., sx3. AT'/51-11, sapo npaBoii CTBOPKH, MECTOHAXOK ICHIE
TO Ke.

@ur. 20-21. Tancredia marcigniana Mart., 20 — sk3. AI'/51-8, a — Buj| cO CTOPOHBI JI€BOIt
CTBOPKH; 6 — TO e, X2; MeCTOHAXOXKJeHne 1o Xke; 21 — ak3. 966/4, nmomesoit AT'/51-2,
paBasi CTBOPKa; MECTOHAXOXKJIEHUE TO JKE.

@ur. 22. Tancredia explicata Kipar., 3x3. 966/7, nosnesoit AT'/51-4, BHyTpeHHee sapo JIeBOi
CTBOPKH, MECTOHAXOXKIEHIE TO K.

@ur. 23-24. Unionites muensteri (Wissm.), 23 — sx3. 966/8, monesoit AI'/51-5, siapo npaBoit
CTBOPKH C OCTATKAMHU PAKOBUHHOI'O CJIOsl, BHJI CHAPY?KU; MECTOHAXOXKJEHUE TO XKe. 24 — 9K3.
AT'/51-9, sipo tpaBoit CTBOPKHU, MECTOHAXOXKJIEHNE TO Ke.

@ur. 25. Palacopharus cf. kiparisovae Efim., 3x3. AT'/51-10, sipo npaBoii cTBOPKHU; MeCTO-
HAXOXKJIEHUE TO Ke.

@ur. 26. Fissirhynchia fissicostata (Suess), sx3. AI'/51-12, a — cuunnag cTBopkKa, 6 — TO
2Ke, X2; MeCTOHAXOXKJIEHUE TO Ke.

u dp., 1996]. Buy 6paxuonon Fissirhynchia fissicostata Buepssle BcTpedeH B 1m03/[HEM Tpuace
Bocrounoit Cubupu. OH sBJIsieTCsl XapaKTEPHBIM 3JIEMEHTOM KOMILJIEKCOB OECIIO3BOHOY-
HbIx parckoro apyca Cesepubix Ausbn [Siblik, 1998], Kapuar [ Turculet, 2004] u CeBepuoro
Kagpkasza [Jazuc, 1963]. BoabIIMHCTBO BUJIOB JBYCTBOPYATHIX MOJUIFOCKOB M OPAXMOIIOJ, U3
nadek 4—6 xapakrepHbl s 30HbI Tosapecten efimovae psra Cesepo-Bocroka Poccun, uro
naeT OOJIbIIe OCHOBAHUIT OTHOCUTH 9Ty YaCTh pa3pe3a K PITy, a He K TeTTaHry. B kade-
cTBe OHOCTPATUTPAPUIECKOTO TOIPA3IeICHUS JJIs WICHTU(DUKAIUA PITCKAX OTIOKEHUN
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Amnabapckoro paitoHa paHee IpeJJIarajoch BBLIEINTH B 9TOM paspede ciou ¢ Tancredia
tuchkovi — Unionites lettica [/Iymuxos u dp., 2009]. B naseoreorpaduieckom miane mopost
CBUTHI C(hOPMHUPOBAJIUCH B CAMOCTOATEJIHHBII 9TAIl Pa3BUTHUs Iajeodacceiia — 10 Mepe
pa3BUTHS MOPCKO TpaHCIpeccuu B OyJIlyHKAHCKOE BpeMst JinHust bepera AHabapckoil ryobl 1o
CPaBHEHUIO C YalJJAXCKUM BPEMEHEM CMECTHUJIACH B I0XKHOM HAIPABJIEHUH, KOHTHHEHTAJIbHBIE
OTJIOXKEHUST 3aMECTIINCH JIATYHHBIMU WJIAMH U 3aT€M — IPUOPEKHBIMU [TECKAMU U TaJietd-
HUKaMu. B panHeOyyHKaHCKOe BpeMmst AHabapcKasl ryba mnpejcrasiisiia coboii mobepexne
¢ 3aJmMBaMu, JUMaHaMu u jaryaamu [JTymukos u dp., 2009]. B mosmaebymyHKaHCKOE BpeMst
OTJIOXKEHUST HAKAIJIMBAJINCH B 00JIee YIAJEHHBIX OT Oepera ruIpoIMHAMIYIeCKN aKTHBHBIX 00-
CTAHOBKaX TIPe A POHTAIBHO 30HbI IIsi2ka (BO/IU3M sefictsust BosH) [ITonos u Hukumenxo,
2020).

O6m1as MOIHOCTD GyJly HKAHCKOM CBUTBI B pa3pese Mbica Aupkar (cjiou 1-6 B obHaKeHun
16) cocrasnger 14,3-15,3 m.

JlanreBomopckasi ceuta — J11 (HMKHWMIA reTTaHr — HU3bI BEPXHETO MIMHCOaxa, aMMOHATOBAS
3oHa Amaltheus stokesi). Boiiessierca suepsbie. CBuTa 3ajieraer Ha aJeBPUTO-LIECIAHON
TOJIIIIE TTO3JHETPUACOBOrO Bo3pacTa. CBUTA C/IOYKEHA METKOBOIHO MOPCKUMU T€PPUTE€HHBIMU
owtoxkenusimu. Ha cesepe Anabapckoro danuaibHoro paiiona (paspes samaiHoro Gepera
Anabapckoro 3aimBa 1106epexkbs MOpsl JIaITeBbIX) CBUTA [IPEJICTaBIEHA B HAKOO0JIEe [OJIHOM
crparurpaduieckoM o0beMe UM CJIOXKEHA aJeBPUTAMHU B Pa3JIUYHON Mepe TJIMHUCTHIMU
U TIeCYaHBIMHU, C IJIACTAMU IJIOTHBIX IIECKOB U CJIOSIMU TJIMH, C PACCESTHHOM I'ajIbKOil U IpaBueM
o Bceil Tomre. Panee 3Tn OTJIOXKEHUA OTOXKIECTBJISJIACH C 3UMHE CBUTOIA.

Crparorun. Pazpes zamajaoro 6epera Anabapckoit ryonr, 06H. 16 371ech, cion 720,
a TakykKe He OIMCbIBaeMasi B HACTOMAIIEl paboTe 4YacTh CBUTHI, OTBEYAIONAS MAYKAM
4-7 [Knases u dp., 1991].

Pacmopocrpanenne u mormaocTs. CBuTa pacupoctpanesa or Bocrounoro TaiiMbipa g0
BOCTOYHOrO 1obepexbsi Anabapckoii 1yobr. MOITHOCTD JIAIITEBOMOPCKO# ¢BUTHI Ha VjibuHO-
KoxkeBuukosckoii miomaau cocrapisger 72—107 M, na Yaitmaxckoit nu Yaitmax-1'ypumucckoit
157-171 m (makcumyMm B ckB. 229 — 171 M), #a FOxuno-Turanckoii 118-165 M, B CKB.
Bocrounasi-1 — 110 M, B paspese Anabapckoii ryosr — 187 M, na M. IIBerkosa — 101,5 m.

I'panunnel. HuxkHsist rpaHniia CBUTHI IPOBOIUTCS B OCHOBAHUU TEMHO-CEPBIX IVIMH C TOJIY-
6oBaThIM (Ha CBEXKEM U3JIOME) U KOPUYIHEBATHIM (HA BBIBETPEJION IOBEPXHOCTU) OTTEHKOM, HA
OIIYTIh YKUPHBIX, OCKOJBIATHIX, C MHOTOUUCJIEHHBIMI TOPU30HTAME M3BECTKOBO-CUIEPUTOBBIX
KOHKDPeIui (pnc. 13, cuoii 7). DTa TOJIIA paHee OTMEYAIACh I'eOJIONaMU KaK <«OIOPHBII
TOPU30HT KOPUYHEBBIX TnH» |Emeavanuyes, 1947a,b|. Mapkupymomas ToOIIa IIMH TPOCIIe-
JKeHa B OCHOBAHWMU IOPCKOrO paspesa mbica lBerkosa. B sToM paspese ona jarupoBajach
rerranrom [Coboaes u dp., 2009].

Bepxusist rpaHuIiia CBUTHI JJOCTATOYHO yCJIOBHAS. JlalmTeBOMOpCKasi CBUTA OTJIEIEHA OT
BBIIIIEJIEXKAIIEH anpPKATCKONW CBUTHI TIEPEXOTHBIMU CJIOSIMU, OTAEJISIIONUMI bojiee Tpydble
obpazoBanus OT 60Jiee TIMHUCTHIX. B Hux BcTpedennl amMoHuTHl Amaltheus cf. stokesi
(Sow.) [Knsases u dp., 1991].

[TaneonTosornaeckast XapaKTepUCTUKA. B CBUTE OTCYTCTBYIOT JOCTOBEPHBIE HAXOIKH
aMMOHHUTOB B IeTTAaHI-CHHEMIOPCKOU u HuKHerumHcbaxckoit yactu. Ciou 7-17 xapakre-
PHU3YIOTCsI crienuuIecKUM KOMILUIEKCOM JIBYCTBOPUATHIX MOJLTOcKoB: Tancredia sp. 1 (ex
gr. schiriaevi Bodyl.), Taimyrodon (?) sp., Malletia (?7) sp. (O6u. 16, ciuoii 8, 06p. 53);
Anradulonectites intricatus Schur. et Lut., Harpax ex gr. laevigatus (Orb.), Tancredia sp. 2
(ex gr. schiriaevi Bodyl.), Neoschizodus ex gr. rotundus (Alb.), Malletia (?) sp., Panopea
sp., Homomya sp. (O6H. 16, 06p. 54-59) (puc. 15, dur. 1-12).

B cnoe 12 Buepsbie B pazpese nosiBisiercst Bug, Anradulonectites intricatus Schur.
et Lut., soestennniit B. H. Ilypoiruasin u O. A. Jlytukoseim [[Hypweun u JTymukos,
1991]. Tomorun (seBast cTBOpKa) u mapaTun (IpaBasi CTBOPKA) Ie€pen300pasKeHbl B Ha-
crogmeii pabore (puc. 15, dur. 4-5). [IpaBas cTBopka aHAbAPCKUX IK3EMILIAPOB OUEHD
6JIM3Ka ¢ IPABBIMU CTBOPKAMU IK3eMILIApoB (puc. 15, dur. 6-7), obuapyxennbix L'epHo-
ToM Apnom B rimHsSIHOM Kapbepe ertunrena (lepmaHusi) BMecTe ¢ aMMOHUTAMH TOT30HBI

Russ. J. Earth. Sci. 2024, 24, ES5014, https://doi.org/10.2205/2024es000936 23 of 33


https://doi.org/10.2205/2024es000936

I'PAHHLIA TPUACA U IOPBI B PABPE3E AHABAPCKOIl I'VBBI (CEBEP SIKYTHHN) JIVTUKOB U JP.

Puc. 15. HurkHererraHrckKme JIByCTBOpYaTble MOJUIIOCKH. Bce 3K3eMILISAPBbI KpOMe
dur. 5-6 MpoucxoAT W3 JANTEBOMOPCKONW CBUTHI 3amajHoro Gepera Amnabapckoil TyObI,
o6u. 16. (IIponoszkenue Ha CIeLyIOIIEH CTPAHUIE. )
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Puc. 15. (IIpomomxkenue)

@ur. 1. Tancredia sp. 1 (ex gr. schiriaevi Bodyl.), sx3. AI'/53-1, a — BHyTpeHHee s1pO
paBoii cTBOPKHU; 6 — To ke, X3; 00p. 53, cimoit 8, murepsana 5,2-10,4 m.

@ur. 2. Taimyrodon (?) sp., k3. AT'/53-3, a — BHyTpeHHEeE $JIPO 1IPaBoii CTBOPKHU; 6 — TO
Ke, X3; MECTOHAXOXK/IEHNE TO Ke.

@ur. 3-6. Anradulonectites intricatus Schur. et Lut., 3 — ax3. 966/11, nosesoii AI'/54-1,
TOJIOTHTI, & — BUJI JIEBOI CTBOPKU CHapYXKHU; 6 — TO ke, X2; 06p. 54, cioit 12, ocHOBaHUE;
4 — 3k3. 966/12, nmonesoii AT'/54-2, a — BuJ, HpaBOil CTBOPKHU CHApyKW; O — TO Ke, X2;
MecToHaxoxkIeHne To xke; b — 93k3. GZG.INV.922 npasas crBopka; kKapbep Jlesum, ['erTunren,
lepmanust; 3oma Psiloceras planorbis; 6 — sx3. GZG.INV.921 nmpaBasi crBopKa; 1o ke, X1,5;
MECTOHAXOXKIEHIE TO Ke.

@ur. 7-9. Neoschizodus ex gr. rotundus (Alb.) 7 — sx3. AT'/55-3, simpo mpasoit cTBOPKH,
00p. 55, cioit 12, yposenb 4 M. 8 — 9k3. AT'/55-4, a1p0o J1€BOI CTBOPKU, MECTOHAXOXKICHIE
10 xKe. 9 — 9k3. 966/13, nosesoit AT'/57-1: a — Buj cHAPYKU gJ](pa JIEBOI CTBOPKU; O — BUJL
s/Ipa JIEBOI CTBOPKU CO CTOPOHBI MaKyIIKM, X2, 06p. 57, cioit 12, marepsaa 5,0-8,0 M.
@ur. 10. Homomya sp., 3k3. 966/14, nosesoit AI'/55-1, a — Bug sipa co CTOPOHBI JIEBOI
CTBOPKH, 6 — BUJ CBEPXY; 00p. b5, cioit 12, yposensb 4,0 ;

@ur. 11. Panope sp., sx3. AI'/56-1, Buj siapa JieBoii ctBopku; 06p. 56, ciioit 12, yposeHb
5,0 M.

@ur. 12. Malletia (?) sp., a3x3. AT'/56-2, a — Buz saapa JjeBoil (BHu3y) u npasoii (BBepxy)
CTBOPOK; 6 — TO Ke, X4; MECTOHAXOXKICHUE TO Ke.

Caloceras johnstoni HukHero rerranra u orHocusmuxes K Chlamys sp. [Arp et al., 2004].
DK3eMILISIPBI, BCTPEUEHHBIE B pa3pe3e Mbica AupKatr, Takyke OJU3KU K 9K3EMILISIPaM, OIpe-
nensiBimMucs Kak Agerchlamys textoria (Schl.) n3 HukHeilt 30HbI reTTaHra ABCTPUICKIX
Anbn [Hillebrandt et al., 2013; McRoberts et al., 2012]. B otsimune ot poma Agerchlamys,
BoiiesienHoro C. Jlambopeneeit Ha marepuase u3 minacbaxa Hosoit 3enananu, ApreaTn-
unt u CeBepo-Bocroka Poccun [Damborenea, 1993], upencrasuresu pona Anradulonectites
XapaKTepu3yeTcsi OTCYTCTBUEM KOHIIEHTPUIECKUX pebep, YILIOIIEHHON IPaBoii CTBOPKOi
U HEPABHOMEPHBIM PACIIPEJIeJICHIEM PaJIHAIBHBIX pebep 1Mo moBepxHOcTU. B omymmuane ot
Bujia Pectinites textorius uz mimncbaxa [epMmannn, XapaKTepU3yOMErocss PABHOBBIITYKJIBIMA
crBopkamu [Baron von Schlotheim, 1820], Bun Anradulonectites intricatus umeer Gosee
BBIIIYKJIYIO JIEBYIO U YIUIONIEHHYIO IIPABYI0 CTBOPKH. BEpOsSITHO, aBCTPHUIICKIE IK3EMILIIs-
pbl Takke oTHOcsATesa K By Anradulonectites intricatus Schur. et Lut. Ha ocnoBanum
9TUX IPEJCTABJEHU, 9Ta JaCTh aHADAPCKOTO pa3pe3a OTHOCUTCS K HUXKHEMY TeTTAHTY.
B maseoreorpaduteckoM mniaHe B paHHEreTTAHICKOE BpeMsl JuHus Oepera AHabapcKoit
ryObI 110 CPABHEHUIO C PITCKUM BPEMEHEM CMECTHJIACH B I0XKHOM HAIIPABJIEHUN, 0OCTAHOB-
KU TIpeiOPOHTAJIBHOM 30HBI ILISI2Ka, CMEHUIUCH OOCTAHOBKAMU JAJTbHEN 30HBI TTOOEPEKb.
ITo mepe paszBuTHSI MOPCKOW TPAHCIPECCUU NTPUOPE’KHbBIE ITECKU U T'aJIEYHUKU CMEHUJINCh
TJIMHAMHY, KOTOPbIe HAKAILUINBAJIUCH B THJIPOMHAMUYIECKH CIIOKOWHBIX OOCTAHOBKAX HIKE
Gaszuca neficrBust MTOpMOBBLIX BoJH [[Tonos u Hurxumenko, 2020]. Boime 3aneraior cioun,
comepxkamme Meleagrinella (Praemeleagrinella) subolifex Polub., xapakTepHblii Buj| BepxHero
rerranra Cesepo-Bocroka Poccun u cion, copepxxkarue Otapiria, mpeosioXKuTesbHo T03/1-
HecuHeMIOpPCKoro Bospacta [JIymukos, 2009]. VI3 BepxHeii 4acTu CBUTHI U3BECTHBI HAXOIKH
Velata viligaensis Tuchk., 6mo30Ha KOTOPOro MOXKET OXBATHIBATH BO3PACTHON WHTEPBAJ OT
[O3/IHETO CHHEMIOpA 10 To3Hero winHebaxa [Jeeamos u dp., 1991]. B repmuHambHOM Ci10€
CBUTHI BeTpedeH nozaueruinacOaxckuit Amaltheus cf. stokesi (Sow.) [Caxc u dp., 1976].

MortHOCTD JIAITEeBOMOPCKON CBUTHI Ha 3amajHoM Oepery AnabapcKoil ryObl OKOJIO
185 m.

BriBoapr

B Amnabapckom paiione B paspese Mbica AUpKaT K YaiiJaXCKOW CBUTE OTHOCUTCS
UHTepBaJl pa3pesa, 3ajeraplnuil MeXKay PaHHEKaPHUICKAMU IeCHYaHBbIMU OTJIOXKCHUSAMUI
ocumaiickoit (?) ¢BUTHI U OYJYHKAHCKOW CBUTONH PITCKOrO BO3pacra. HUMKHIOW IpaHuIly
4JaliJaXxCKO# CBUTBI IIpejjlaracTcd IPOBOAUTL B OCHOBAHUU I1€CYaHO-KOHIJIOMEPATOBOI'O CJIOM
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B COOTBETCTBHH C TIEPBOHAUAILHBIM onucanneM 1. M. Emenbsanuesa [Emeavanuyes, 1947b].
B AnabapckoM paifoHe HUaiiJaxCKasl CBUTa CJIOXKEHA IPENMYIIECTBEHHO KOHTHHEHTAIbHBI-
MU ocalkaMu. Bo3pacT CBHTBI OIIpefie/IeH Ha OCHOBAHUU CIIOPO-IIBLIBIEBBIX KOMILIEKCOB
7 C YYeTOM IIOJIOXKeHUS B pa3pe3e KaK HOPUICKUIA.

K Gymynkanckoil cBUTe OTHeCEHa TOJINA, CJIOXKEHHAA OCAJKaMH JAryHHOIO T€HE31Ca
B HIDKHeH 9acTU U IJISYKEeBBIMU OTJIOJKEHHSAMU B BepxHell yacTu. HUKHIOIO I'DaHUITy CBUTEI
IpeJyIaraercs IPOBOJUThL B OCHOBAHUH CJIOSI TEMHO-CEPBIX IVInH Oe3 daynsl. B paspese Mmbica
AwupkaT HIDKHSIST 'DaHUIA CBUTHI IOUIEPKUBAETCSI YIVIOBBIM HecorsiacueM. Bo3pacT cBUTEI
olpesiesieH IO JBYCTBOPYATHIM MOJIIIOCKAM U OpaXHoIomaM KaK PITCKHIL.

K nanreBoMOpCKOI CBUTE OTHECEHA TOJIINA, CIOXKEHHAs MEJIKOBOJHO-MOPCKAMU Tep-
PUTeHHBIMH OcaJKaMu. HU»KHIO0 TpaHnIly CBUTHI IIpejjlaraeTcs IPOBOAUTEL B OCHOBAHHUH
MapKUPYIOMIETO CJI0S TEMHO-CEPBIX IVIHH C I'OJlyOOBaTBIM OTTEHKOM C MHOIOYHCJIEHHBIMH
TFOPU30HTAMU U3BECTKOBO-CHJIEPUTOBBIX KOHKPEIIHH.

I'pannma Mexkay TpuacoMm u 0poil B paspese MbIca AMpKAT IIPOBOJHUTCS IO MCUE3-
HOBEHHIO PITCKOT'O KOMILIEKCA JBYCTBOPYATHIX MOJIIIOCKOB H IIOABJIEHUIO XapaKTEPHOTO
rerrasrckoro kommurekca ¢ Anradulonectites intricatus u Tancredia sp. 1 (ex gr. schiriaevi
Bodyl.). YciioBHO 0OHa MOKET COBMEIATHCS ¢ OCHOBAHUEM JIAIITEBOMOPCKON CBUTHI.

Baaromapaocru. Boipaxkaem Gosbiryto npusnareasaocts 0. B. Tnagenkosy (I'TH PAH)
34 LEHHbIE KOHCYJIBTAIMA 110 METOJUKE pacdyjieHenus ocagounbix To, Lepuory Amy (Tet-
TUHreHCKHUil yHUBepcuTeT, lepManus) 3a npeocrasienHble dhoTorpadun JByCTBOPIATHIX
MOJUIIOCKOB U3 reTTanrckux orioxenuii l'epmanuu, B. I1. esarosy (Hosocubupckoe ore-
sgenne BHUT'HU) 3a coBmecTHbIe 10J1eBble pabOTHI U OIUCAHNE pa3pe3a B obHaxkeHuu 16
Ha mbice Aupkat, A. H. Aneitaukosy (CHUUTTuMC) 3a nomonts B dhororpadbuposannn
o6pasnos. Ocobyto GiaromapHoCTh BbipaxkaeMm 6e3spemento ymreamniemy H. H. Coboseny
(BCEI'EN) 3a onucanue TpracoBoro paspesa B obHaxkeHuu la na mbice Aupkar. ABTODBI
BBIpaXKaioT 0JIaroJapHOCTh pereH3eHTaM u pegakropaM Russian Journal of Earth Sciences
3a UX KOHCTPYKTUBHBIE COBETBI U MPEJIJIOYKEHHsI, KOTOPBIE OBLIH TTOJIE3HBIME IIPU YTy UIIIEHIH
crarbu. VccreioBanms BBIMOHSIINCH B PAMKAX HAYYHONU TEMBbI TOCYIAPCTBEHHOTO 33/ IaHWsT
I'MH PAH FMMG-2021-0003: «Co3znanune KajaeHIapsi pa3HOMaCIITabHbIX OHO- U Me0COOBITHIH
danepozost Poccun: HOBbIE TOIXOJIBI K PEMMOHABHBIM U CyOTJIOOAIBHBIM KOPPEJISIIIUSIM >
¥ IPU HAYIHO-METOIn4IecKoil mojep:xkke Locymapersennoit mporpamvbr ®HU UHTT CO
PAH B pamkax maywHoit Tembr FWZZ-2022-0004.
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The section of Cape Airkat on the western shore of the Anabar Bay has been a reference section for
the study of the Triassic and Jurassic in the Anabar region, but its subdivision is still a subject of
controversy. A detailed lithological and paleontological characteristic of the section is given. Based
on the existing data on the genesis of the Triassic-Jurassic boundary deposits, the boundaries of
local stratigraphic units were revised, and for the first time the Bulunkan Formation was identified
in the interval of the section, which was previously considered the basal part of the “Zimnyaya
Formation”. A new Laptevomorskaya Formation was identified in place of the Zimnyaya Formation,
which was previously found to be widespread in western Siberia. Its lower boundary is drawn at the
base of a marking horizon of clays of coastal-marine genesis. The Hettangian age of the lower part
of the Laptevomorskaya Formation was determined on the basis of bivalves. The Triassic-Jurassic
boundary is proposed to be conditionally combined with the base of the Laptevomorskaya Formation.

Recieved: 8 May 2024
Accepted: 30 September 2024 Key species of Rhaetian and Lower Hettangian bivalves and brachiopods are figured.

Published: 30 December 2024 . . . . . .
Keywords: Rhaetian, Hettangian, stratigraphy, bivalves, Siberia.

- Citation: Lutikov, O. A., E. S. Sobolev, M. A. Rogov, N. V. Ilyina, and G. N. Aleksandrova
© 2024. The Authors. (2024), Triassic-Jurassic Boundary in the Anabar Bay Section (Northern Yakutia), Russian Journal
of Earth Sciences, 24, ES5014, https://doi.org/10.2205/2024ES000936, EDN: UTTEIL

References

Arp G., Hoffmann V. E., Seppelt S., et al. Exkursion 6: Trias und Jura von Gottingen und Umgebung // Jahrestagung
der Paldontologischen Gesellschaf. — 2004. — DOI: 10.23689/fidgeo-1790. — (In German).

Baron von Schlotheim E. F. Die Petrefactenkunde auf ihrem jetzigen Standpunkte durch die Beschreibung seiner Sammlung
versteinerter und fossiler Uberreste des Thier- und Pflanzenreichs der Vorwelt erlautert. — Gotha, 1820. — (In
German).

Baybarodskikh N. I., Bro E. G., Gudkova S. A., et al. Dissection of Jurassic and Cretaceous deposits in sections of wells
drilled in the Ust-Yenisei syneclise in 1962-1967 // Research Institute of Geology notes, regional geology. — 1968. —
Vol. 12. — P. 5-24. — (In Russian).

Bobrov N. N., Kamaletdinov V. A., Yan G. Kh., et al. Legend of the Udzhinskaya series of sheets of the State Geological
Map of the Russian Federation at a scale of 1:200,000 (second edition). Explanatory note. — Moscow : FGU NPP
«Aerogeologiya», 2002. — (In Russian).

Bobrov V. N., Bardeeva M. A., Kleykova N. 1., et al. Legend of the Olenek series of sheets of the State Geological
Map of the Russian Federation at a scale of 1:200,000 (second edition). Explanatory note. — Moscow : FGU NPP
«Aerogeologiya», 2000. — (In Russian).

Bodylevsky V. I. On the stratigraphy of Mesozoic deposits of the Anabar-Khatanga region // Problems of the Arctic. —
1939. — No. 1. — (In Russian).

Bodylevsky V. I. Controversial Issues in the Stratigraphy of Jurassic and Cretaceous Deposits of the Soviet Arctic //
Proceedings of the Interdepartmental Conference on the Development of Unified Stratigraphic Schemes of Siberia,
1956. — Leningrad : State Scientific et al., 1957. — P. 93-98. — (In Russian).

Russ. J. Earth. Sci. 2024, 24, ES5014, https://doi.org/10.2205/2024es000936 https://rjes.ru/


https://www.rjes.ru
https://rjes.ru/
https://orcid.org/0009-0006-6029-2545
https://orcid.org/0000-0001-6073-4207
https://orcid.org/0000-0002-3302-4709
https://orcid.org/0000-0001-5402-6968
https://doi.org/10.2205/2024ES000936
https://elibrary.ru/utteil
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.23689/fidgeo-1790
https://doi.org/10.2205/2024es000936
https://rjes.ru/

TRI1ASSIC-JURASSIC BOUNDARY IN THE ANABAR BAY SECTION (NORTHERN YAKUTIA) LuTiKOV ET AL.

Bulatova Z. I. Foraminifera of the Norian stage of the north of Central Siberia // New data on the stratigraphy and
paleogeography of oil and gas basins of Siberia. — Novosibirsk : SNIIGGiMSa, 1983. — P. 79-85. — (In Russian).

Dagis A. A., Dagis A. S., Kazakov A. M., et al. Stratigraphy of Triassic deposits of the coast of the Anabar Gulf //
Geology and oil and gas potential of the Mesozoic sedimentary basins of Siberia. — Novosibirsk : Nauka, 1983. —
P. 21-28. — (In Russian).

Dagis A. S. Upper Triassic brachiopods of the southern USSR. — Moscow : USSR, Academy of Sciences, 1963. — (In
Russian).

Dagis A. S. Stratigraphic distribution of Boreal Triassic brachiopods // Stratigraphy and fauna of the Boreal Triassic. —
Moscow : Science, 1977. — P. 43-50. — (In Russian).

Dagis A. S. and Dagis A. A. In Defense of the Rhaetian Stage // Geology and Geophysics. — 1990. — No. 5. — P. 35-44. —
(In Russian).

Dagis A. S., Dagis A. A., Ermakova S. P.; et al. Triassic fauna of North-East Asia. — Novosibirsk : Nauka, 1996. — (In
Russian).

Dagis A. S. and Kazakov A. M. Stratigraphy, lithology and cyclicity of Triassic deposits in the north of Central Siberia. —
Novosibirsk : Nauka, 1984. — (In Russian).

Damborenea S. E. Early Jurassic South American pectinaceans and circum-Pacific palacobiogeography // Palacogeography,
Palaeoclimatology, Palaecoecology. — 1993. — Vol. 100, no. 1/2. — P. 109-123. — DOL: 10.1016,/0031-0182(93)90036-1.

Decisions and Works of the 3rd Interdepartmental Regional Stratigraphic Conference on the Mesozoic and Cenozoic of
Central Siberia. Novosibirsk, 1978. — Novosibirsk : ISC RF, 1981. — (In Russian).

Decisions of the 3rd Interdepartmental Regional Stratigraphic Conference on the Precambrian, Paleozoic and Mesozoic of
the North-East of Russia. St. Petersburg, 2002 / ed. by T. N. Koren and G. V. Kotlyar. — St. Petersburg : VSEGEI,
2009. — (In Russian).

Devyatov V. P., Knyazev V. G., Lutikov O. A., et al. Lower Lias of the Siberian Platform // Regional Geology and
Mineral Resources. — Yakutsk : Yakutsk University, 1991. — (In Russian).

Emelyantsev T. M. Comprehensive exploration for oil of the Tigyano-Chaidakh structure. (Preliminary data on geological
research in the Tigyano-Chaidakh region of the Nordvik oil expedition of 1940). — Leningrad : Glavsevmorput,
Mining, Geological Administration, 1945. — (In Russian).

Emelyantsev T. M. Geological structure and useful minerals of the northern part of the Khatanga-Anabar interfluve.
Report on geological research in the northern part of the Nordvik-Khatanga region for 1941 and 1942. — Leningrad :
Glavsevmorput, Mining, Geological Directorate of the Nordvik Oil Exploration Expedition, 1947a. — (In Russian).

Emelyantsev T. M. Geological structure and useful minerals of the northern part of the Khatanga-Anabar interfluve. Report
on the results of creelius drilling in the Chaidakh section of the Tigyano-Anabar anticline of the Nordvik-Khatanga
region in 1941-1944. — Leningrad : Glavsevmorput, Mining, Geological Directorate of the Nordvik Oil Exploration
Expedition, 1947b. — (In Russian).

Emelyantsev T. M. Geological structure and oil-bearing prospects of the northern part of the Anabar-Khatanga interfluve
of the Nordvik region // Transactions of the Institute of Arctic Geology. — 1953. — Vol. 37. — P. 3-67. — (In
Russian).

Emelyantsev T. M. Geological structure and oil-bearing prospects of the eastern coast of the Anabar Bay and the western
end of the Pronchishchev Ridge // Transactions of the Institute of Arctic Geology. — 1954. — Vol. 78. — P. 76-100. —
(In Russian).

Emelyantsev T. M., Kravtsova A. I. and Puk P. S. Geology and oil and gas potential of the lower reaches of the Lena
River. — Leningrad : Gostoptekhizdat, 1960. — (In Russian).

Galabala P. O.; Danilov V. G., Polubotko I. V., et al. Triassic-Jurassic boundary deposits of the eastern part of the
Lena-Anabar trough // Izvestiya of the USSR Academy of Sciences, Geology Series. — 1989. — No. 6. — P. 128-132. —
(In Russian).

Grakhanov S. A., Malanin Yu. A., Pavlov V. L., et al. Rhaetian diamond placers in Siberia // Russian Geology and
Geophysics. — 2010. — Vol. 51, no. 1. — P. 127-135. — DOI: 10.1016/j.rgg.2009.12.014.

Hillebrandt A. V., Krystyn L., Kiirschner W. M., et al. The Global Stratotype Sections and Point (GSSP) for the base of
the Jurassic System at Kuhjoch (Karwendel Mountains, Northern Calcareous Alps, Tyrol, Austria) // Episodes. —
2013. — Vol. 36, no. 3. — P. 162-198. — DOI: 10.18814 /epiiugs/2013/v36i3/001.

Kalinko M. K. Geology and oil-bearing capacity of the Nordvik Peninsula (Yuryung-Tumus). — Leningrad : Gostoptekhizdat,
1953. — (In Russian).

Kalinko M. K. History of geological development and oil and gas potential of the Khatanga Depression. — Leningrad :
Gostoptekhizdat, 1959. — (In Russian).

Russ. J. Earth. Sci. 2024, 24, ES5014, https://doi.org/10.2205/2024es000936 31 of 33


https://doi.org/10.1016/0031-0182(93)90036-i
https://doi.org/10.1016/j.rgg.2009.12.014
https://doi.org/10.18814/epiiugs/2013/v36i3/001
https://doi.org/10.2205/2024es000936

TRI1ASSIC-JURASSIC BOUNDARY IN THE ANABAR BAY SECTION (NORTHERN YAKUTIA) LuTiKOV ET AL.

Kaplan M. E. Lithology of marine Mesozoic deposits of the north of Eastern Siberia. — Leningrad : Nedra, 1976. — (In
Russian).

Kara-Murza E. N. Palynological substantiation of stratigraphic subdivision of Mesozoic deposits of the Khatanga
Depression. — Leningrad : State Scientific et al., 1960. — (In Russian).

Kartseva G. N., Ronkina Z. Z. and Sharovskaya N. V. Comparison of Jurassic and Lower Cretaceous deposits of the
western and eastern parts of the Yenisei-Khatanga trough // Yenisei-Khatanga oil and gas region. — Leningrad :
Proceedings of the Research Institute of Geology, Mineralogy, 1974. — (In Russian).

Kazakov A. M., Dagis A. S. and Karogodin Yu. I. Lithostratigraphic units of the Triassic of the north of Central Siberia //
Bio and lithostratigraphy of the Triassic of Siberia. — Moscow : Nauka, 1982. — (In Russian).

Kazakov A. M., Konstantinov A. G., Kurushin N. 1., et al. Stratigraphy of oil and gas basins of Siberia. Triassic system. —
Novosibirsk : SB RAS, 2002. — (In Russian).

Kazakov A. M. and Kurushin N. I. Stratigraphy of the Norian and Rhaetian deposits of the north of Central Siberia //
Geology and Geophysics. — 1992. — No. 6. — P. 3-10. — (In Russian).

Knyazev V. G., Devyatov V. P. and Shurygin B. N. Stratigraphy and paleogeography of the Early Jurassic of the eastern
Siberian platform. — Yakutsk : YaSC SB RAS USSR, 1991. — (In Russian).

Kornilyuk Yu. P., Kochetkov T. P. and Emelyantsev T. M. Nordvik-Khatanga oil-bearing region // Nedra Arktiki. —
1946. — No. 1. — P. 15-73. — (In Russian).

Lutikov O. A. Biostratigraphy of the Rhaetian-Sinemurian Deposits of the Nordvik Region (North of Central Siberia)
Based on Bivalves // The Jurassic System of Russia: Problems of Stratigraphy and Paleogeography. Third All-Russian
Conference. — Saratov : Nauka, 2009. — P. 117-121. — (In Russian).

Lutikov O. A., Sobolev E. S. and Sobolev N. N. Stratigraphy of the boundary Upper Triassic and Lower Jurassic deposits
of the Nordvik region (northern Central Siberia) // The Jurassic system of Russia: problems of stratigraphy and
paleogeography. Third All-Russian conference. — Saratov : Nauka, 2009. — P. 126-128. — (In Russian).

Martin J. Paleontologie stratigraphique de I'Infra-Lias du department de la Cote-d’Or // Memoires de la Societe geologique
de France. — 1863. — Vol. 7, no. 1. — P. 1-101. — (In French).

Martin J. Zone a Avicula contorta ou, Etage Rhaetien état de la question. — F. Savy, 1865. — DOI: 10.5962/bhl.title.
30640. — (In French).

McRoberts C. A., Krystyn L. and Hautmann M. Macrofaunal response to the end-Triassic mass extinction in the West-
Tethyan Kossen Basin, Austria // Palaios. — 2012. — Vol. 27, no. 9. — P. 607-616. — DOL: 10.2110/palo.2012.p12-
043r.

Nikitenko B. L., Shurygin B. N., Knyazev V. G., et al. Jurassic and Cretaceous stratigraphy of the Anabar area (Arctic
Siberia, Laptev Sea coast) and the Boreal zonal standard // Russian Geology and Geophysics. — 2013. — Vol. 54,
no. 8. — P. 808-837. — DOI: 10.1016/j.rgg.2013.07.005.

Pervuninskaya N. A. Palynological characteristics of the deposits of the Chaydakh suite and the lower (?) Lias of the
Anabar-Khatanga interfluve // Collection of articles on paleontology and biostratigraphy. Issue 7. — Leningrad :
Arctic Geological Institute, 1958. — P. 29-42. — (In Russian).

Polubotko I. V. Inoceramus bivalves of the Lower and Middle Jurassic of North-East Siberia // Atlas of the leading groups
of the Mesozoic fauna of the South and East of the USSR. — St. Petersburg : Nedra, 1992. — P. 56-79. — (In
Russian).

Polubotko I. V. On the issue of Norian and Rhaetian deposits in the north of the Siberian platform // News of paleontology
and stratigraphy. — 2010. — Vol. 14. — P. 51-60. — (In Russian).

Popov A. Yu. and Nikitenko B. L. The Hettangian-Early Pliensbachian Evolution Phase of the Anabar-Lena Sedimentary
Basin, Nordvik Facies Region // Lithology and Mineral Resources. — 2020. — Vol. 55, no. 1. — P. 63-82. — DOI:
10.1134,/50024490220010071.

Popov A. Yu., Sobolev E. S., Yadrenkin A. V., et al. New data on the terminal triassic of north of middle Siberia (Eekit
river basin) // Interexpo GEO-Siberia. — 2018. — Vol. 1. — P. 64-69. — DOI: 10.18303/2618-981X-2018-1-64-69. —
(In Russian).

Proskurnin V. F., Gavrish A. V., Mezhubovsky V. V., et al. State Geological Map of the Russian Federation. Scale 1:1
000 000 (third generation). Taimyr-Severozemelskaya Series. Sheet S-49. Khatanga Gulf. Explanatory Note. — St.
Petersburg : VSEGEI Cartographic Factory, 2013. — (In Russian).

Repin Yu. S. and Polubotko I. V. Biochronology and lithology of the Triassic-Jurassic deposits of North-East Asia //
Neftegazovaya geologiya. Teoriya i praktika. — 2013. — Vol. 8, no. 4. — DOI: 10.17353/2070-5379/44 2013. — (In
Russian).

Russ. J. Earth. Sci. 2024, 24, ES5014, https://doi.org/10.2205/2024es000936 32 of 33


https://doi.org/10.5962/bhl.title.30640
https://doi.org/10.5962/bhl.title.30640
https://doi.org/10.2110/palo. 2012. p12-043r
https://doi.org/10.2110/palo. 2012. p12-043r
https://doi.org/10.1016/j.rgg.2013.07.005
https://doi.org/10.1134/S0024490220010071
https://doi.org/10.18303/2618-981X-2018-1-64-69
https://doi.org/10.17353/2070-5379/44_2013
https://doi.org/10.2205/2024es000936

TRI1ASSIC-JURASSIC BOUNDARY IN THE ANABAR BAY SECTION (NORTHERN YAKUTIA) LuTiKOV ET AL.

Repin Yu. S., Polubotko I. V. and Vavilov M. N. Triassic of North-East Asia (event aspect) // Phanerozoic stratigraphy
of oil and gas regions of Russia: collection of scientific papers. — St. Petersburg : Goskomgeologiya RF, 1993. —
P. 60-77. — (In Russian).

Saks V. N., Gramberg I. S., Ronkina Z. Z., et al. Mesozoic deposits of the Khatanga Depression. — Leningrad : NIIGA,
1959. — (In Russian).

Saks V. N., Meledina S. V., Mesezhnikov M. S., et al. Stratigraphy of the Jurassic system of the northern USSR. —
Moscow : Nauka, 1976. — (In Russian).

Saks V. N., Meledina S. V. and Shurygin B. N. On the division into suites of the Jurassic system in the eastern part of
the Yenisei-Khatanga trough // Geology and Geophysics. — 1978. — No. 9. — P. 2-18. — (In Russian).

Saks V. N., Ronkina Z. Z., Shulgina N. I., et al. Stratigraphy of the Jurassic and Cretaceous systems of the northern
USSR. — Leningrad : USSR Academy of Sciences, 1963. — (In Russian).

Sap’yanik V. V., Bochkarev V. S., Ryl’kov S. A., et al. New data on the Triassic-Jurassic deposits drilled by Gydanskaya-130
parametric well in the North of West Siberia // Geology and mineral resources of Siberia. — 2018. — No. 3. —
P. 35-42. — (In Russian).

Shurygin B. N. Formation breakdown of Lower and Middle Jurassic deposits in the Anabar-Khatanga region // New
data on the stratigraphy and fauna of the Jurassic and Cretaceous of Siberia. — Novosibirsk : IGiG SB RAS USSR,
1978. — P. 19-46. — (In Russian).

Shurygin B. N. and Lutikov O. A. Lower Jurassic pectinides of the northern Asian part of the USSR // Proceedings
of the Institute of Geology and Geophysics. Issue 769. Detailed stratigraphy and paleontology of the Jurassic and
Cretaceous of Siberia. — Novosibirsk : Nauka, 1991. — P. 47-78. — (In Russian).

Shurygin B. N., Nikitenko B. L., Devyatov V. P., et al. Stratigraphy of oil and gas basins of Siberia. Jurassic system. —
Novosibirsk : SB RAS, 2000. — (In Russian).

Siblik M. A contribution to the brachiopod fauna of the «Oberrhétkalks (Northern Calcareous Alps, Tyrol-Salzburg) //
Jahrbuch der Geologischen Bundesanstalt. — 1998. — Vol. 141, no. 1. — P. 73-95.

Sobolev E. S., Lutikov O. A., Basov V. A.| et al. Stratigraphy of the boundary deposits of the Upper Triassic and Lower
Jurassic of Eastern Taimyr (north of central Siberia) // The Jurassic system of Russia: problems of stratigraphy and
paleogeography. Third All-Russian conference. — Saratov : Nauka, 2009. — (In Russian).

Sorokov D. S. Stratigraphy of Mesozoic Marine Deposits of the Northern Part of the Lena and Lena-Khatanga Troughs //
Proceedings of the Interdepartmental Conference on the Development of Unified Stratigraphic Schemes of Siberia. —
Leningrad : Gostoptekhizdat, 1957. — P. 82-85. — (In Russian).

Stratigraphic Code of Russia. Third edition, revised and supplemented / ed. by A. I. Zhamoyda. — St. Petersburg :
VSEGEI, 2019. — (In Russian).

Stratigraphy of the USSR. Triassic system / ed. by L. D. Kiparisova, G. P. Radchenko and V. P. Gorsky. — Moscow :
Nedra, 1973. — (In Russian).

Tokuyama A. «Bakevelliay and «Edentulay from the Late Triassic Mine series, west Japan // Trans. Proc. Palaeont. Soc.
Japan. N.S. No 35. — 1959. — P. 147-155. — DOI: 10.14825/PRPSJ1951.1959.35 147.

Tuchkov I. I. On the Rhaetic deposits of the North-East of the USSR // Materials on the geology and mineral resources of
the North-East of the USSR. Issue 3. — Magadan : Soviet Kolyma, 1948. — P. 137-143. — (In Russian).

Tuchkov I. I. Fauna of the Marine Rhaet of Northeast Asia // Yearbook of the All-Union Paleontological Society.
Volume XV. — Moscow : State Scientific, Technical Publishing House of Literature on Geology, Mineral Resources
Conservation, 1956. — P. 177-222. — (In Russian).

Tuchkov I. I. New stratigraphic scheme of the Upper Triassic and Jurassic of the North-East of the USSR // News of the
USSR Academy of Sciences. Geological Series. — 1957. — No. 5. — P. 56-63. — (In Russian).

Turculet I. Paleontologia Triasicului transilvan din Raréu. — Arvin Press, 2004. — (In Romanian).

Vidmin-Lobzin G. K. and Lazurkin D. V. State Geological Map of the USSR, scale 1:200,000. Olenek Series. Sheet
S-49-XXIII, XXIV. Explanatory Note. — Moscow : VSEGEI, 1977. — (In Russian).

Vidmin-Lobzin G. K., Nepomiluyev V. F., Panov A. 1., et al. Geological structure and useful minerals of the coasts of
Nordvik Bay and Anabar Gulf and the left bank of Anabar Bay (report of three detachments of the Anabar Party on
the results of a geological survey on a scale of 1:200,000, prospecting and testing work and mapping drilling carried
out in 1970. — Leningrad : NIIGA, 1971. — (In Russian).

Voronets N. S. Stratigraphy and cephalopods of the Jurassic and Lower Cretaceous deposits of the Lena-Anabar region. —
Leningrad : Gosgeoltekhizdat, 1962. — (In Russian).

Voronets N. S. and Laptinskaya E. S. New data on the Lower Jurassic of the Anabar region // Reports of the USSR
Academy of Sciences. — 1955. — Vol. 100, no. 5. — P. 955-956. — (In Russian).

Russ. J. Earth. Sci. 2024, 24, ES5014, https://doi.org/10.2205/2024es000936 33 of 33


https://doi.org/10.14825/PRPSJ1951.1959.35_147
https://doi.org/10.2205/2024es000936

	24№5cover
	2024ES000938.pdf
	2024ES000945
	2024ES000947
	2024ES000949
	Introduction
	Problem Statement
	Geographical and Bathymetric Characteristics of the Water Area Under Consideration
	Seismic Process Parameters and Initial Modeling Conditions
	Modeling of Earthquake Source

	Numerical simulation of the spatial and temporal characteristics of tsunami wave propagation over the computed water area
	Comparison of simulation results with observational data
	Conclusions

	2024ES000950
	2024ES000955
	2024ES000951
	2024ES000958
	Appendix A.0

	2024ES000982
	2024ES000921
	Introduction
	Study Area
	Method
	Images Data
	Pre-Processing
	Band Ratio
	Band Ratio Composites
	PCA

	Results
	Raw Landsat Satellite Images
	Band Ratios
	Band Ratio Composites
	PCA

	Discussion and Conclusion

	2024ES000935
	Введение
	Климатические и спутниковые данные
	Рандомизированные модели площади термокарстовых озер
	Линейная статическая модель
	Линейная динамическая модель

	Обучение рандомизированных моделей
	Прогнозирование с использованием рандомизированных моделей
	Результаты исследования
	Моделирование климатических показателей
	Моделирование площади по исходным данным с пропусками
	Моделирование площади по восстановленным данным
	Результаты прогнозирования площади
	Агрегация результатов

	Заключение

	2024ES000928
	Введение
	Методика и объекты исследований
	Результаты
	Обсуждение результатов
	Заключение и выводы

	2024ES000941
	2024ES000936

