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MONITORING FOREST FUND LANDS USING REMOTE SENSING
COMBINED WITH COLLECTEARTH POINT DATA

Sanjarbek M. Muratov'*, Dilbarkhon Sh. Fazilova®
'Mirzo Ulugbek National University of Uzbekistan,
Tashkent, Uzbekistan
2Ulugh Beg Astronomical Institute of Uzbekistan Academy of Sciences,
Tashkent, Uzbekistan
*murotovs@gmail.com

Abstract

Uzbekistan’s mountainous forests, particularly within the Gissar Range, provide vital ecosystem services
such as soil erosion control and biodiversity conservation. However, these semi-arid ecosystems are increasingly
pressured by anthropogenic activities, necessitating efficient monitoring tools. This study develops a robust
methodology for forest area evaluation in the Dekhkanabad forestry organization using a multi-source remote
sensing approach. The methodology integrates Sentinel-2 multispectral imagery with high-resolution Kompsat-3
data and topographic variables derived from an ALOS PALSAR Digital Elevation Model (DEM). To address
the spectral heterogeneity of the mountainous terrain, an Object-Based Image Analysis (OBIA) framework was
employed. Ground truth data were established using the FAO’s Collect Earth tool, through which 1,980 plots were
classified according to IPCC and FAO Forest Resources Assessment guidelines. A supervised classification model
was implemented using a 70/30 training-to-validation split. The results yielded an overall accuracy of 76 % and
a Kappa coefficient of 0.66. While Pasture and Cropland classes showed high reliability, the Forest class (0.198
error) experienced spectral confusion with pastures due to the “open-canopy’ nature of local juniper forests, where
the understory influences the spectral signature. Settlements presented the highest classification challenge (0.731
error) due to spectral mixing with rural vegetation. Despite these challenges, the OBIA approach significantly
reduced “salt-and-pepper” noise and improved boundary definition compared to pixel-based methods. This study
provides a cost-effective, statistically reliable baseline for the Dekhkanabad State Forest Fund, offering a scalable
workflow for sustainable forest management and conservation planning in Central Asia’s semi-arid regions.

Keywords: Remote sensing, object-based image analysis (OBIA), land cover mapping, forest types, forest
fund lands, Uzbekistan, Dekhkanabad, Sentinel-2, Kompsat 3, CollectEarth
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with CollectEarth point data. Vestnik of North-Eastern Federal University. Earth Sciences. 2026;(1):5-18. DOI:
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Haylma}z OpUucUHAIbHAsL cmanmvsi

MOHUTOPHUHI 3EMEJIb JIECHOI'O ®OHIA C IOMOIIbIO
JUCTAHIOUOHHOI'O 30HAUPOBAHUSA B COYETAHUUN
C TOYEYHBIMU JAHHBIMHU COLLECTEARTH

C.M. Mypamog'*, JI.III. ®azunosa’
'HaumoHanbHbIi yHUBEpCUTET Y30ekucTaHa, TamkeHt, Y30ekucran
*murotovs@gmail.com
2ACTPOHOMHYECKHI HHCTUTYT UM. ViyrOeka AKajeMun HayK Y30eKuHcTaHa, TallkeHT, Y30eKucran

AHHOTALUA

Topusle neca Y30exucTana, 0ocoOeHHO B mpezenax ['mccapekoro xpedTa, UTPalOT KIFOYEBYIO POJb B TIPEIO0-
CTABJICHUH JKH3HEHHO Ba)KHBIX SKOCHCTEMHBIX YCIYT, TAaKHX KaK MPEJOTBPAIIEHHE 3PO3HH IMOUYBBI U COXpPaHe-
HHe Onopa3HooOpasus. OfHAKO TH MOTyapHAHBIC YKOCHCTEMBI MOABEPTaIOTCSA PACTYIIEMY aHTPOTIOTCHHOMY
BO3/IEHCTBUIO, YTO OOyCIIaBIMBAET HEOOXOAMMOCTh BHEIpEHHsS 3()(EKTHBHBIX WHCTPYMEHTOB MOHHTOPHHTA.
B nanHOM ncciemoBaHMM pa3paboTaHa HaIEKHAs METOMOJOTHS OLEHKHU JIECHBIX IUIomaaei Jlexxanabanckoro
TOCYAapCTBEHHOTO JIECHOTO XO3SHCTBA C MCIHOIB30BAHHEM MHOTOCEHCOPHOTO TTOAXOIA JUCTAHIIMOHHOTO 30H-
IUpoBaHMst. METOMOMOTHS HHTETPUPYET MYJIBTUCIIEKTpaTbHBIE CHUMKH Sentinel-2 ¢ JaHHBIMH BBICOKOTO pas3-
pemrennss Kompsat-3 n TomorpadguaecKkiMu IepeMEeHHBIMY, MOMyIeHHBIMH HA OCHOBE IM(POBOI MOMENH pe-
meeda (LIMP) ALOS PALSAR. Jlng y4dera cieKTpajJbHOW HEOTHOPOIHOCTH TOPHOI MECTHOCTH OBLT MPHMEHEH
00BEKTHO-OpPUEHTUPOBAaHHBIH aHamu3 m300paxkennit (OBIA). OnopHble TaHHBIE OBLUTH COOPaHBI C TIOMOIIBIO MH-
ctpymenra Collect Earth (PAO), B pamkax kotoporo 1980 ydacTkoB ObUTH KITacCH(UIIMPOBAHEI B COOTBETCTBUU
¢ pyxoBomsmmu nipuHIamMu MI'OUK u ImobansHol oneHkn necHbIX pecypcoB (FRA) ®AO. Monens koH-
TPOJHPYEMOil Kaccu(pUKanuy OblTa peann3oBaHa ¢ Pa3IeICHHeM JAHHBIX Ha 0OYyYaloNIylo M BaIHIAIOHHYIO
BEIOOpKH B cootHOmennn 70/30. Pe3ymbrars! mokasanu o0IIyio TOYHOCTE Kiaccudukanun 76 % mnpu kodddumn-
enre Kanma 0,66. B To Bpems kak kinaccsl «I[lactouma» u «[1axoTHBIE 3eMII» POIEMOHCTPHPOBAIN BBICOKYIO
HaJIe)KHOCTB, Kimacc «Jlecy (ommbka 0,198) mogsepraics CneKTpaJbHOMY CMEUICHHUIO C MacTOMImamMu. JTo 00b-
SICHSIETCS PEIKOJIECHOH CTPYKTYPOif MECTHBIX apIOBBIX JIECOB, T/I€ TPABIHHCTHIH ITOKPOB TIO]] ITOJIOTOM JIePEBHEB
BIIMSIET Ha CIIEKTPasbHYI0 CHTHaTypy. Hanbombme TpyaHOCTH BEI3Bal Kiacc «HaceneHHble MyHKTHD) (OmHOKa
0,731) u3-3a cMemIeHUs CIIEKTPaTbHBIX XapaKTePUCTHK CTPOCHHN M CEIbCKON pacTUTenbHOCTH. HecMoTpst Ha
370, moaxon OBIA 3HaunTENbHO CHU3MI YPOBEHB IH(POBOTO IIyMa U YITyUIIIWII ONpeAeICHue TPaHHIl 00bEKTOB
10 CPaBHEHUIO C TTOMUKCENHBIMI MeToaMH. JlanHoe ncciaenoBanne GopMupyeT SKOHOMUIECKH 3P HeKTHBHYTO
U CTaTHCTHYECKH HAaJIS)KHYIO 0a3y Uit MOHUTOpHHTa J{exkaHabaickoro ecHoro (GoHma.

KiroueBbie ciaoBa: /lucTaHIMOHHOE 30HAMPOBAHHE, 00BEKTHO-OPUEHTUPOBAHHBIN aHAIN3 M300paskeHUI
(OBIA), kapTHpOBaHHE PACTUTEIHFHOTO TOKPOBA, THITHI JIECOB, 3eMJIM JIECHOTO (poHIa, Y30ekucraH, Jlexkanabas,
Sentinel-2, Kompsat 3, CollectEarth

Jns uurupoBanusi: Myparos C.M., ®@azunosa [I.11l. MoHUTOpHHT 3eMeNb JeCHOTO (OHIA C TIOMOIIBIO
TUCTAaHIIMOHHOTO 30HIMPOBAHMS B coueTaHnu ¢ TodeyHbIMU gaHHbIME CollectEarth. Becmuux CBDY. 2026;(1):
5-18. DOI: 10.25587/2587-8751-2026-1-5-18

1. Introduction

A landlocked country in Central Asia, Uzbekistan possesses diverse landscapes, including arid
plains, mountainous regions, and riverine ecosystems. While traditionally known for its vast deserts,
Uzbekistan also harbors significant forest resources, particularly in its mountainous areas (e.g.,
Western Tien Shan, Gissar-Alai ranges) and along river floodplains (e.g., Amu Darya and Syr Darya
river basins) [3]. Though often fragmented and under pressure from anthropogenic activities such as
agriculture, urbanization, and fuelwood collection, these forests provide critical ecological services,
including biodiversity conservation, soil erosion control, water regulation, and carbon sequestration.

Accurate and regular assessment of forest cover is a prerequisite for effective forest management
and conservation. Traditional ground-based surveys are labor-intensive, time-consuming, and often
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logistically challenging, especially in remote or inaccessible areas. Remote sensing technologies,
particularly satellite imagery, offer a cost-effective and efficient alternative for large-scale and
repetitive forest monitoring [1,3]. The advent of free and openly accessible satellite data, such as that
provided by the European Space Agency’s (ESA) Sentinel-2 mission, has revolutionized land cover
mapping and environmental monitoring [2].

Sentinel-2, with its multispectral instrument (MSI) capturing data across 13 spectral bands with spatial
resolutions ranging from 10 to 60 meters, provides a rich source of information for vegetation analysis.
Its frequent revisit time (5 days at the equator with two satellites) ensures the availability of cloud-free
imagery, crucial for monitoring dynamic forest environments. This study aims to leverage Sentinel-2
data and various index-based methods to develop a robust methodology for forest area evaluation and
mapping in Uzbekistan. The objective is to provide a comprehensive and accurate assessment of forest
distribution, aiding in the sustainable management and conservation of these vital ecosystems.

2. Materials

2.1. Study Area

This study evaluates forestry areas within the Dekhkanabad forestry organization in Uzbekistan’s
Kashkadarya region. Located in the southeast of the region, within the Dekhkanabad district, the
forestry spans the slopes of the Gissar Range. The territory is mountainous with diverse altitudes and
natural conditions, featuring three relief types: low-mountain (dissected ridges and adyrs up to 1,500
meters, of denudation-tectonic origin), mid-mountain (slopes of denudation-tectonic origin), and high-
mountain (alpine areas above 3,000 meters, occupying relatively small areas).

The total land area of the Dehkanabad State Forest Fund is 109,392 hectares, of which 55,689
hectares are forested, 28,068.9 hectares are pastures, and 33,467.7 hectares are other non-agricultural
lands. Forests account for 73.6 % of the total forest area, or 55,689 hectares. 36.3 % of the area is non-
forested, or 20,229.5 hectares. Cultivated forests account for 1.2 % of the forest area, or 671.7 hectares.
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The forest plantation region of the forestry enterprise is favorable for the successful growth of
tree species such as juniper, walnut, hawthorn, and fruit trees, allowing for the creation of highly
productive plantations of these species on the territory of the forestry enterprise.

2.2. Satellite Data Acquisition

Effective use of remote sensing data from multiple sources relies on rigorous pre-processing
methodologies to ensure data quality, geometric accuracy, and spectral consistency, thereby optimizing
their usefulness for subsequent analysis. In this study, Sentinel-2 and Kompsat-3 imagery, augmented
with an ALOS PALSAR-derived digital elevation model (DTM) and auxiliary GIS data, underwent
a series of specialized pre-processing steps. Sentinel-2 Level-2A data, already atmospherically
corrected, were initially subjected to an atmospheric correction check through visual inspection and
comparison with ground truth data; where inconsistencies were detected, the FLAASH module in
ENVI was used for re-calibration. Subsequent refinement of the geometric correction involved the use
of ground control points (GCPs) derived from high-resolution orthorectified imagery and GIS layers,
achieving a root mean square error (RMSE) below 0.5 pixels to ensure accurate spatial alignment. The
corresponding spectral bands were then stacked to create a multispectral image, after which all bands
were resampled to a uniform 10-meter spatial resolution using the nearest neighbor method to preserve
the original spectral values.

Complementing Sentinel-2, Kompsat-3 images, offering improved spatial resolution, were
processed using rigorous geometric correction, again aiming for an RMSE below 0.5 pixels, after
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which atmospheric correction was performed using the FLAASH module to obtain surface reflectivity
values. In addition, the Gram-Schmidt pan-sharpening technique was applied to merge the multispectral
and panchromatic bands, resulting in a high-resolution multispectral image.

The ALOS PALSAR L1.1 data, critical for obtaining topographic information, are radiometrically
calibrated and geometrically corrected using Range-Doppler terrain correction, followed by
interferometric processing to create an interferogram and a wrapped phase image. The phase unwrapping
resolves phase ambiguities, and the wrapped phase image is geocoded to create a georeferenced DEM.
This original DEM is then filtered to reduce noise, smoothed to minimize artifacts, and void filled
using interpolation techniques to ensure a complete and accurate representation of the terrain. The
culmination of these pre-processing steps is a carefully prepared dataset ready for subsequent feature
extraction, image classification, and spatial analysis.

2.3. Pre-processing

Sentinel-2 Level-2A data are already atmospherically corrected [2,6,7,9]. Resampling bands with
different spatial resolutions to a common resolution (10m) for consistent analysis was done [5].

2.4. Training data

This study leverages Collect Earth, an open-source tool developed by the Food and Agriculture
Organization (FAO) and Google, for collecting ground truth data within the Dekhkanabad forestry
area. Collect Earth allows for efficient and systematic visual interpretation of high-resolution satellite
imagery, facilitating the creation of a spatially explicit database of land cover types. A total of 1,980
Collect Earth plots were interpreted and classified according to a predefined classification scheme,
aligning with both Intergovernmental Panel on Climate Change (IPCC) and FAO Forest Resources
Assessment (FRA) guidelines (Fig 3). This robust dataset provides the necessary ground truth for
training and validating the supervised object-based classification model. The classification stage used
70 % of the training data, with the remaining 30 % reserved for validation.

The classification scheme used in Collect Earth incorporated the following land cover categories:

1. Forest: Land covered with forest, characterized by a dominance of tree vegetation.
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Fig. 3. Generated 0.8 by 0.8 km grid points CollectEarth
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2. Cropland: Land that is regularly cultivated for the purpose of growing crops. This includes both
annual and perennial crops.

3. Pasture: Areas of land covered with perennial grasses or forbs. Pastures and permanent pastures
include both manicured and unmanicured areas used for grazing livestock.

4. Wetlands: Land covered or saturated with water in whole or in part throughout the year. This
category encompasses marshes, swamps, bogs, and similar ecosystems.

5. Settlement: Land that is part of an urban or rural residential setting. This includes buildings,
roads, and associated infrastructure within residential areas.

6. Other Land: Land not included in other categories. This residual category encompasses a diverse
range of land cover types such as barren land, rock outcrops, and sparsely vegetated areas (Fig 3).

The use of Collect Earth enabled a systematic and consistent approach to ground truth data
collection. The tool’s ability to overlay high-resolution imagery (e.g., from Google Earth) with
plot boundaries and pre-defined classification schemes ensured that the interpreter could accurately
and efficiently assign land cover classes to each plot. Furthermore, the integration with Open Foris
facilitates data management and analysis, streamlining the process of utilizing ground truth data for
land cover mapping and monitoring. The reliance on the IPCC and FAO FRA classification types
ensures the comparability of the results with international standards and reporting frameworks.

3. Methodology

3.1. Justification of Spectral Indices and Topographic Data Selection

The landscape of Uzbekistan presents a complex challenge for Land Use and Land Cover (LULC)
classification due to its semi-arid environment, where spectral confusion frequently occurs between
sparse natural forests, shrublands, and irrigated agriculture. To address the spectral heterogeneity
of these classes, this study moves beyond standard spectral bands by integrating a specific suite of
vegetation indices [10] and topographic data derived from ALOS PALSAR.

For many years, remote sensing imagery has played an essential role in forest inventory and
mapping practices, especially in numerous developed nations. The information gleaned from these
images has become indispensable for understanding and managing forest resources. The application of
automated processing techniques to these images offers the potential for considerable cost reductions,
particularly within the increasingly digital data interpretation environment that is becoming standard
practice. As data analysis shifts toward digital platforms, the efficiency and economy provided by
automation become increasingly significant. Reference [9] highlights the importance of these cost
savings and their connection to the growing digitalization of data interpretation workflows.

However, automated procedures that rely solely on analyzing individual pixels often fall short
of achieving the desired level of accuracy. This limitation stems from their failure to account for
the spatial arrangement and textural characteristics of the landscape. While spectral information is
important, the context provided by spatial relationships and textural patterns is equally crucial for
accurate classification. To achieve effective automated classification of landscape structures, it is
necessary to identify and incorporate the spectral, textural, and geometric features that characterize
different land cover classes. The unique combination of these features allows for better differentiation
between various land cover types.

One of the challenges in this process is the potential for overlapping spectral curves between
different land cover classes. This spectral similarity can make it difficult to distinguish accurately
between these classes based solely on their spectral signatures. Differentiating between species or
forest types based on spectral signature can be particularly challenging. Nevertheless, with a well-
defined, confident methodology, coupled with the appropriate level of experience and expertise, this
problem can be effectively addressed and overcome. Careful analysis and nuanced approaches are
required to leverage spectral information effectively in the face of these challenges.

The creation of meaningful objects within the image analysis process fundamentally involves
identifying and analyzing changes in the heterogeneity or homogeneity of the image features.
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By detecting shifts in these characteristics, it becomes possible to delineate distinct objects and extract
valuable information. Over time, several sophisticated segmentation methods have been developed
to facilitate this process [11, 12]. Common approaches within these segmentation methods typically
involve techniques such as thresholding, which separates pixels based on intensity values, or area
enhancement algorithms, which highlight regions of similar characteristics. Different types of texture
segmentation algorithms are also frequently employed, leveraging the patterns and variations in image
texture to delineate objects.

Beyond these automated techniques, knowledge-based approaches also play a vital role in
operational applications. These approaches incorporate expert knowledge and contextual information
to guide the segmentation and classification processes. Baatz and Schepe [11] introduced a multi-
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resolution segmentation algorithm, a key innovation in the field. This algorithm was first implemented
in the commercial object-oriented image analysis software known as eCognition [12, 13], showcasing
its practical application and impact. The object classification procedure implemented in this software
considers not only the spectral and texture properties of image objects, but also their size and behavior
across different scale levels. This multi-scale analysis allows for a more comprehensive and robust
classification process.

The core principle of the algorithm is to build image objects in a stepwise manner, systematically
minimizing their weighted heterogeneity. This ensures that the resulting objects are as internally
consistent as possible. Current object-based approaches are typically based on the creation of initial
object primitives. These primitives are then subjected to a step-by-step reconstruction process, utilizing
region-specific supervised methods at multiple levels. This iterative refinement process allows for the
creation of highly accurate and meaningful image objects.

The supervised object-based classification approach leverages several key data sources. These
include spectral information derived from Sentinel-2 and Kompsat 3 imagery, elevation data obtained
from a digital terrain model (DTM) generated from ALOS PalSAR data, and auxiliary GIS data, which
provides additional contextual information. Combining these diverse data sources enables a more
comprehensive and accurate classification process [14,15,16,17,18,19].

High spatial resolution satellite imagery, particularly that with four bands in the near-infrared
electromagnetic region and two additional bands in the shortwave infrared region, can serve as a
sufficient data source for automated forest boundary delineation [20,21]. The level of detail captured
by these images allows for precise identification of forest boundaries. To demonstrate this capability,
several Sentinel-2 scenes from the summers of 2024, encompassing the territory of Dehkanabad
forestry, were processed and analyzed. These images provided valuable data for mapping and
monitoring forest resources in the region.

3.3. Accuracy Assessment

The accuracy of the resulting forest maps was assessed using validation points, representing 30 % of
the total number of points used in training, compared with the classification results. Validation yielded
an overall accuracy of 76 %, indicating a high match between the predicted forest types and actual site
conditions. Further analysis revealed that user accuracy for individual forest classes ranged from 83 %
to 92 %, with the lowest accuracy observed for deciduous forests, likely due to their spectral similarity
to other land-use types. The kappa coefficient, a measure of agreement accounting for chance, was
calculated as 0.66, indicating a significant level of agreement between the classification results and
the validation data. These accuracy metrics demonstrate the reliability and usefulness of the resulting
forest maps for a variety of applications, including forest management, conservation planning, and
environmental research.

Table 1
Confusion Matrix for Land Cover Classification and CollectEarth Points
Tabmuma 1
Marpuua ook A1 Kjaaccupukanuy THIOB 3eMJenob3oBanus U Touek CollectEarth
Lancc‘llacs'zver Cropland | Forest | Pasture | Settlement ?;er Wetland Cé?;jivﬁgj;;in

Cropland 448 0 50 3 2 1 0.111
Forest 2 514 120 5 0 0 0.198
Pasture 33 74 1372 31 1 0 0.091
Settlement 21 27 313 133 1 0 0.731
Otherland 28 1 26 2 64 0 0.471
Wetland 4 1 7 2 1 0 1.000
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3.3.1. High-Performing Classes (Pasture and Cropland)

The model demonstrated its highest reliability in identifying Pasture (0.091 error) and Cropland
(0.111 error).

Pasture had the highest number of correctly classified points (1,372), indicating that its spectral
signature is well-defined in the study area.

Cropland also showed strong stability, with only minor confusion with Pasture, likely due to the
similar greenness of irrigated crops and mountain grasses.

3.3.2. The Forest-Pasture Overlap

The Forest class achieved a respectable error rate of 0.198, but the matrix reveals a specific
challenge: 120 forest points were misclassified as Pasture.

This confusion is likely due to the “open-canopy” nature of the Dekhkanabad juniper forests. In
these areas, the satellite captures a “mixed pixel” containing both tree cover and the grass/pasture
growing underneath, leading the classifier to misidentify sparse woodlands as open grassland.

3.3.3. Challenges with Settlements and Other Land

The Settlement class faced significant difficulty with a high error rate of 0.731.

The matrix shows that 313 settlement points were misclassified as Pasture. In rural Uzbekistan,
settlements often consist of houses interspersed with large gardens and grazing patches. This “spectral
mixing” makes it difficult for a 10-meter resolution sensor (Sentinel-2) to distinguish a sparse village
from a grassy field.

Other Land (barren/rocky) also showed high error (0.471), frequently being confused with Cropland
and Pasture, likely due to sparse vegetation growing on rocky soils.

3.3.4. Statistical Limitations (Wetland)

The Wetland class had a 100 % error rate. This is primarily a result of a very low sample size (only
15 total points across all categories). In a semi-arid mountainous region like Dekhkanabad, wetlands
are rare and small; the model likely lacked enough training data to create a distinct spectral profile for
this class.

4. Results and Discussion

4.1. Land Cover Classification Performance

The implemented workflow (Figure 3) integrates Sentinel-2 multispectral data (2024),
preprocessing (atmospheric verification, geometric correction), 10 m resampling, subsetting, and band
stacking, followed by feature integration (vegetation indices, biophysical variables), auxiliary DEM
and Kompsat-3 data, and supervised OBIA classification using Collect Earth reference samples.

The object-based framework successfully delineated spatially coherent land cover patches across
heterogeneous mountainous terrain. Compared to pixel-based classification approaches, OBIA reduced
salt-and-pepper noise and improved boundary definition, particularly along forest—pasture transition
zones.

The resulting forest mask spatially corresponds to juniper-dominated mountainous slopes and
valley forest fragments, consistent with known ecological distribution patterns of the Gissar Range.

4.2. Synthesis of Classification Failures

The analysis of the classification accuracy reveals that the Settlement and Wetland classes
experienced the highest error rates, with values 0f 0.731 and 1.000, respectively. These results highlight
fundamental methodological and data-related limitations when using 10-meter resolution multispectral
satellite imagery, such as data from the Sentinel-2, in heterogeneous and semi-arid landscapes.

Settlement Class: Spectral Fragmentation and Mixed Pixels

The high error rate observed in the Settlement class is primarily attributed to the phenomenon
known as spectral fragmentation. In semi-arid environments, rural settlements typically consist
of small, dispersed buildings surrounded by vegetation patches, bare soil, and agricultural land.
At a spatial resolution of 10 meters, a single pixel often contains a mixture of several land-cover
components, resulting in mixed spectral signatures.
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In the study area, building materials such as clay, brick, or concrete exhibit spectral characteristics
that are frequently similar to surrounding bare soil or dry vegetation. Consequently, the classifier
struggles to distinguish settlement pixels from adjacent land-cover classes. This issue becomes more
pronounced in rural mountainous landscapes where settlements are small and spatially fragmented.
The classification algorithm therefore tends to misclassify settlement areas as bare land, cropland, or
sparse vegetation, leading to significant omission and commission errors.

Another contributing factor is the limited representation of settlement features in the training
dataset. When training samples do not adequately capture the variability of settlement surfaces (e.g.,
roofs, roads, courtyards), the classifier cannot construct a stable statistical model for this class.

Wetland Class: Statistical Insufficiency and Sample Scarcity

The Wetland class exhibited the highest error rate, reaching 1.000, indicating that the classifier
failed to correctly identify wetland pixels. This failure is primarily due to insufficient training data.
With only 15 training points, the model lacked enough examples to establish a reliable statistical
representation of wetland spectral characteristics.

Wetlands in semi-arid regions are typically spatially limited and highly dynamic, often appearing
as small riparian zones along rivers, seasonal marshes, or temporary water-logged areas. Such
environments are difficult to capture using sparse ground reference points. In addition, the spectral
signature of wetlands may overlap with other classes such as dense vegetation or irrigated agricultural
fields, further complicating classification.

4.3. Potential Improvements for Future Classification

Integration of Ancillary Vector Data

One effective strategy for improving settlement detection is the incorporation of ancillary vector
datasets. External spatial datasets can provide explicit structural information that is not detectable
through spectral reflectance alone. For instance, settlement areas can be enhanced by integrating
building footprints or road networks derived from the collaborative mapping platform OpenStreetMap.

2. Hydrological Indicators for Wetland Detection

For improving wetland classification, it is essential to integrate hydrologically sensitive indices
derived from multispectral imagery. One widely used index is the Normalized Difference Water Index,
which enhances the spectral contrast between water bodies and surrounding land surfaces.

The NDWI exploits differences in reflectance between the green and near-infrared bands,
allowing the detection of water-rich surfaces even when they occupy a small proportion of the pixel.
Incorporating NDWI as an additional input band in the classification process can significantly improve
the identification of wetlands and other water-related features.

Additionally, existing hydrographic vector datasets—including river networks and permanent water
bodies—can be integrated into the classification framework. These datasets provide spatial constraints
that help guide the model toward areas where wetlands are more likely to occur.

3. Increasing Training Sample Density

Another critical improvement involves expanding the training dataset, particularly for
underrepresented classes such as wetlands and settlements. Increasing the number of training points
allows the classifier to better capture intra-class variability and improve statistical robustness.

4. Incorporating Multi-Temporal and Multi-Source Data

Future studies may also benefit from integrating multi-temporal satellite observations, which
capture seasonal variations in vegetation and moisture conditions. This approach can improve the
discrimination of wetlands that appear only during certain periods of the year.

Furthermore, combining optical data with radar observations from missions such as Sentinel-1
can enhance classification performance. Radar imagery is particularly useful for detecting surface
moisture and water bodies, even under vegetation cover or cloud conditions.

The generated map and statistics provide a vital baseline for the Dekhkanabad State Forest Fund.
With forests officially accounting for 73.6 % of the forest fund area (as noted in Section 2.1), the
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ability to monitor these resources remotely is crucial. The current methodology offers a cost-effective
alternative to labor-intensive ground surveys.

5. Conclusion

The proposed workflow demonstrates that combining Sentinel-2 multispectral imagery, DEM-
derived terrain variables, and Collect Earth validation within an OBIA framework provides a
statistically reliable and ecologically interpretable approach for forest land monitoring in semi-arid
mountainous regions.

The achieved overall accuracy (76.6 %) and substantial Kappa agreement (0.66) confirm the
operational suitability of the method, while the identified error patterns provide a clear roadmap for
methodological refinement in future studies.
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AHHOTAIHA

B mupe nacunuthiBaeTcs Gonee 80 CONSHBIX PYIHUKOB, 3aTOIUICHHBIX B aBapHHHOM pEXHME, B OCHOBHOM
13-3a HEJIOCTATOYHO ITOJTHOW MH(OpManny 00 HHKEHEPHO-TEONIOTHIECKUX YCIOBUsIX. B 3Tol cBsI3M BecbMa ak-
TyaJIbHOM sBIIsIeTCst TpobiemMa (POpMHUPOBAHUS OJIATONPUSATHBIX CIIEHAPHEB PAa3BUTHUS YCTOHUMBOCTH TIPHPOJHO-
texanueckux cucreM (I1TC) npu nogzemMHo#M pa3paboTKe COMSTHBIX MecTopoxaeHui. Llens paboTs — pa3paboTka
Hay4YHO-METOJMYECKUX OCHOB OIEHKH M IporHosa ycroiunBoctr [1TC npu nomzeMHON pa3paboTKe COJISTHBIX
MecTopoxieHni. nes paboTel — oneHka n nporxo3 ycroiunoctd [ITC Ha 0CHOBE yCTaHOBIICHHBIX 3aKOHO-
MEpPHOCTEH pacnpocTpaHeHUs YHNPYIHX BOJIH B MAacCHUBE, HaXOJAIEMCs IO TeXHOI'€HHbIM Bo3leiicTBueM. [lis
JOCTV)KEHHUSI [IEJIN UCIIOIb30BaHBI METO/bI (PU3MUECKOTO M YHCIEHHOTO MOJAEINPOBAHMUS, IKCIIEPHUMEHTHI, CTa-
TUCTUYECKUH aHanu3. B kadecTBe MarepuasioB UCCIECJOBAaHUI UCIOJIb30BAHbl PE3YIIBTAThl ONBITHBIX M HAYyYHO-
HCCIIEN0BATEIbCKUX paboT. Pa3zpaboTaHHbIE HayYHO-METOIMUYECKHE OCHOBBI 0a3HPYIOTCS HA TE€O(QH3MYECKUX
U uHXKeHepHo-reostornueckux monensax IITC, mo3BossOMUX BBISBIATH ONACHBIC WHKCHEPHO-T€OJIOIMYECKUe
MIPOLIECChl, U HA METOIUKAX OLEHKH MHXKEHEPHO-TeOJIOTMYECKUX YCIOBUI BOMO3ALIUTHON TOJIIM U HMPOTHO3a
YCTOMYUBOCTHU THIPOU3OINPYIOMUX 1ennuKoB. CHopMHUpOBaHHAS METOIOJOTHS ITO3BOJISIET BBINOIHUTE OICHKY
n nporHo3 ycroitunBoctr [ITC st obecriedeHust 6€301MaCHOTO CTPOUTENBCTBA M OKCILTyaTallid COOPYKEHUI
IIPU TIOJ[3¢MHOHN pa3paboTKe COJSTHBIX MECTOPOXKACHMH. Pe3ynbraTsl nccieoBaHmil pearn30BaHbl B METOANKAX
1 TIPOTPaMMHBIX MPOAYKTAX, KOTOPBIE MCHOJIB3YIOTCS B TIPOM3BOJICTBEHHOM Mpoliecce JUTsl 00ecedeH s yCTOH-
YMBOCTU NoA3eMHBIX coopykeHull u [ITC B nenom. [lonyueHHble HOBBIE F€OIOrMYECKHIE CBEICHUS YUTEHBI IIPU
MOCTPOEHUN HH)KEHEPHO-T€OIOTHYECKNX MOJIeJIel, MPOSKTHPOBAHUHU MTPOXOAYECKUX M 3aKJIQJI0YHBIX paboT, Mpu
pa3paboTKe ¥ peau3aliy IPOSKTOB Ha Pa3Be/IKy U J0Pa3BeKy PA3IMUHBIX yJacTKOB BepXxHEKaMCcKoro MecTo-
POXJICHUS CoJlell, peannu3aly IPOEKTOB M0 JIMKBUAALMH YYaCTKOB IIAXTHBIX MOJICH.

KiroueBbie cj10Ba: HHXXEHEPHO-TEOJOIMYECKHE YCIOBUS, COJSIHbIE MECTOPOXKACHMS, HPUPOJHO-TEXHH-
YeCKHe CHCTEMBI, yCTOIYMBOCTD, OMACHBIE MPOIecChl, reodusnka, ceiicMopasBe/Ka, MOA3eMHbBIE COOPYKEHHS,
IIaXTHI, TOPHBIE BEIPAOOTKU

Jst nutupoBanus: [purapa A.M., Tarapkun A.B., Cepeann B.B. I'eonoro-reodusnueckue Monenu u me-
TOAVKY OIIEHKH yCTOHYMBOCTH NMPUPOIHO-TEXHHYECKUX CHCTEM IPU IOJ3eMHOHN pa3paboTKe MeCTOpOXKICHHH
comneit. Becmuux CBDY. 2026;(1):19-36. DOI: 10.25587/2587-8751-2026-1-19-36
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Abstract

There are more than 80 salt mines in the world that have been flooded in emergency mode, mainly due to
insufficient information about engineering and geological conditions. In this regard, the problem of forming
favorable scenarios for the development of the sustainability of natural-technical systems (NTS) during the
underground development of salt deposits is very relevant. The purpose of the work was to develop scientific and
methodological foundations for assessing and predicting the stability of NTS during underground mining of salt
deposits. The idea of the work was to evaluate and forecast the stability of the NTS based on the established patterns
of propagation of elastic waves in an array under man—made influence. To achieve this goal, methods of physical
and numerical modeling, experiments, and statistical analysis were used. The results of experimental and scientific
research works were used as research materials. The developed scientific and methodological foundations are
based on geophysical and engineering-geological models of NTS, which make it possible to identify dangerous
engineering-geological processes, and on methods for assessing the engineering-geological conditions of the water
barrier and predicting the stability of waterproofing structures. The developed methodology makes it possible to
assess and forecast the stability of the NTS to ensure the safe construction and operation of facilities during
the underground development of salt deposits. The research results are implemented in methods and software
products that are used in the production process to ensure the stability of underground structures and substations
in general. The new geological information obtained was taken into account in the construction of engineering
and geological models, the design of sinking and laying operations, the development and implementation of
projects for exploration and additional exploration of various sections of the Verkhnekamskoye salt deposit, and
the implementation of projects to eliminate sections of mine fields.

Keywords: engineering and geological conditions, salt deposits, natural-technical systems, stability,
hazardous processes, geophysics, seismic exploration, underground structures, mines, mining

For citation: Prigara A.M., Tatarkin A.V., Seredin V.V. Geological and geophysical models and methods for
assessing the stability of natural-technical systems in the underground mining of salt deposits. Vestnik of North-
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BBenenue

W3zydyenuem umxkeHepHo-reosornueckux yciosuil (MI'Y) n BompocamMu yCcTOHUMBOCTH MPUPOL-
Ho-TexHmueckux cucteMm (IITC), B ToM 9mciae B paMKax MECTOPOXKICHHUI IOJIE3HBIX HCKOMAeMBbIX,
3aHUMaJIMCh MHOTHE yueHble [1-5]. BaxkHyto poib MpH 3TOM HIparoT U reoduszndeckue MeTosl, pe-
3yABTaThl KOTOPBIX JOCTATOYHO HIMPOKO OCBEIIEHbI B HAyYHOMU nedatu [6-8]. Tem He MeHee, MUpOoBast
MIPAKTHKA TIOKA3bIBAET, UYTO MOA3EMHAS Pa3pabOTKa COMSHBIX MECTOPOKIACHUI COMIPOBOKIACTCS MHO-
TOYHCIICHHBIMU aBaPUIHBIMU CUTYallUSIMH U3-32 OTCYTCTBUS 3()(EKTHBHBIX METOIUK JIJIS MOCTPOEC-
HUS JeTaJbHBIX HHXEHEpHO-reonorndecknx mozeneit (MI'M) roproro maccusa [9, 10]. Beicokum
MOTEHIIMAJIOM COBEPIICHCTBOBAHUS HAYYHO-METOAMUECKIX OCHOB OLICHKH W MPOTHO3a YCTOMYUBOCTH
[ITC obmamarot reopu3ngecKkre METOIbI, B YaCTHOCTH IIaxXTHas ceficMopaspenka [ 11]. Ona obecmeun-
BaCT BO3MOJKHOCTh M3YyUCHUS (PU3UKO-MEXaHUYCCKHX U MPOYHOCTHBIX XapaKTEPHUCTUK TOPHOTO Mac-
cuBa. Takum 00pa3oMm, CymecTByeT ¥ HEOOXOAUMOCTD, U IIEPCIICKTHRA Pa3padO0TKU HOBBIX ITOIXO0B,
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00eCICUNBAOIIUX JIOCTOBEPHOCTH (POPMUPYEMBIX TeO(DU3NICCKIX U HHKCHEPHO-TCOIOTHICCKUX MO-
nenei u oueHok ycronuuBoctu I1TC. Hacrosimast crares onuckiBaeT pe3ysbTaTbl MHOTOJIETHUX UC-
cle10BaHuil, TpoBoaUMBIX B nepuoz ¢ 1997 no 2025 roapl. 3a 3T0 BpeMsl NPONUIEH CIOXKHbBIN MyTh,
B XOZIe KOTOPOTO OBIIO OMTPOOOBAHO 3HAYUTEIFHOE KOIMIECTBO TIOIXOIOB K ITOTyYEHHIO 00bEKTUBHON
napopmannu 06 UI'Y u ycroitunBocTtr [ITC comstHBIX MecTopoxkaeHuil. B kagecTBe oObekTa mccie-
JIOBaHUH BBIOpAHO OJHO M3 KpyINHeWIunx B Mupe BepxHekamckoe mectopoxaenue coneii (BKMC),
pacnionoxeHHoe Ha ceBepe [lepmckoro kpasi. B pamkax cTaTby ONUCHIBAIOTCS PE3YbTaThl MAXTHBIX
HCCIIeIOBaHUM, KOTOpBIE MPOBOAMINCE B Ipefenax npoaykTtuBHeIX miactoB Ab, B, Kpll, Kplll u B
mpejesnax MOACTIIIAIONIeH KAMCHHOM COJIH.

MeTomoJiorusi uccjiea0BaHui

Ecmu obpatutses kK 06uemy IOAXOIY, PEaTM30BAHHOMY B XOJI€ BBIITOJTHEHHBIX MHOTOJICTHHUX HC-
CJICIOBAHHI, TO OH SIBJIICTCSI METOAOJIOTHEH (POPMUPOBAHUS PALIMOHATIBHOTO HAYYHO-IIPAKTHYECKOTO
MOJIX0/1a K MOCTPOCHUIO 3()(HEKTUBHON CUCTEMBI OIICHKU 1 MOHUTOpUHTA ycToitunBoctu [1TC B ycro-
BHSX COJISTHBIX MECTOPOXKICHUN. TepMUH Memooonoeus 31eCh UCTIONB3yeTCs B HAMOOoIee pacipocTpa-
HEHHOM CMBICIIC — KaK HayYHOE UTEPATUBHOC W MHTEPAKTUBHOE HCCIICIOBAHHE METOIOB U METONHUK,
KOTOpBIC IPUMEHSIOTCS B OTIPE/ICTICHHON 00macT 3HaHUH. TepMUH «UTEpaTHBHOCTEY 3/1eCh 0003Ha-
4aeT [UKJINYHOCTh, KOTAAa MOWCK MEPCHEKTUBHBIX ITOIXOJ0B BBINOMHSACTCS IMYTEM MHOTOKPATHOTO
MTOBTOPEHHMSI SKCIIEPUMEHTOB Ha PAa3HBIX ATalax HCCIEAOBAHUN C yUETOM TEKYIEro YpOBHS Pa3BH-
THSL TEXHOJIOTHI U TITyOWHBI TOHUMAHHUS UCCIICAYCMBIX SIBJICHUH U TpoiieccoB. « IHTEPaKTUBHOCTEY,
B CBOKO Ouepe/ib, O3HAYACT YYET PE3yIBTATOB U 3HAHMIA, TOJYUYCHHBIX HA MPEIBIIYIINX HTCPAIUIX,
JUTS TIOUCKa W 0OOCHOBAHUS HANIPABJICHUH NANTBHEHIIINX UCCICIOBAHNHN U Peai3aliH 110 CISIYOIIHX
WTEepaIii Ha HOBOM HayYHOM M TEXHUYECKOM ypoBHE. OCHOBHBIM HHCTPYMEHTOM PEaji3aIiid METO-
JIOJIOTHH SIBIISTIOCH MAaTEeMaTHYECKOE MOJCIMPOBAHUE U HATYPHBIC SKCIIEPHUMEHTHI B Pa3IHMYHBIX yC-
JIOBUSIX C MOCJIEAYIOIIEH OLeHKOW MX d(D(PEKTUBHOCTH IyTEM KOPPEISLUH C JAHHBIMH OObEKTHBHOTO
KOHTPOJISL — pe3yJibTaTaMu OypeHHs, ONPOOOBAHMUS, IIPOXOJKU TOPHBIX BhIPabOTOK. KOHKpeTHBIC ke
METOJIbI, TSXHOJIOTHH W METOJIWKH, Pa3paOO0TaHHBIC aBTOPAMU Il PEHICHUS OIPEICICHHBIX 3a/1ad,
OTIMCAaHBI B CTAThE, U SBIIIOTCS, TI0 CYTH Jella, Pe3yIbTATOM MPAKTHYCCKON pean3aini OICaHHON
BBIIIIE 0OUyell METOJOJIOTHH HCCIISTOBAaHHUH.

IIpumensieMoe 06opyaoBaHMe U MPOrpaMMHOe obecreyeHue

B paMkax HacTOSIIMX HCCIICAOBAHUN MPUMEHSIIOCH CICIHATHN3UPOBAHHOE CEPUITHOE reo(hu3u-
4yeckoe 000pYIOBaHUE, CO3AHHOC JIJIsl BBIMIOJHCHUS MHXCHEPHBIX ceiicMopa3BenovHbIX pabor. Ha
3ape uccienaopanuii, B 1990-e u B Hayasie 2000-X, UCHOIB30BAINCH OTHOCUTENILHO MaJlOKaHAJIbHbIE
aHAJIOTOBEIE ceficMOCTaHIUU — OT 24 no 48 kaHanoB, Takue kak [S-48 (Jlareus). [lanHOE 000pYyIO-
BaHUE, XOTS M 00JIa/1ajio PSIOM HEIOCTAaTKOB, HO JUIS CBOETO BPEMEHH OBLIO BIIOJIHE COBPEMEHHBIM,
1 TI03BOJISUIO BBITIONHSATH MCCIEIOBAaHUS Ha JOBOJBHO BBICOKOM ypoBHE. B cepenmue 2000-x mosiBH-
Jlach BO3MOKHOCTb PACIIMPHUTh 0a3y perucrpaiuu 10 96 u 6osee KaHaIOB, C OJIHOBPEMEHHBIM TIepe-
XOJIOM OT aHAJIOTOBOW perucTpanu K mudppoBoit. K uucity Takux cTaHIMii OTHOCSTCS aKTyalbHBIA U
1o ceii seHb [S-96 (OO0 «Hurpomary, 1. [lepms), n TEJICC-3 (OOO «I'eocurnam», . Mocksa). 1o
ITO3BOJIIJIO 3HAYUTEIHHO CHU3UTH BIMSHUE ITPOMBIIIJICHHBIX IOMEX U alllapaTypHBIX IITyMOB, C OTHO-
BPEMEHHBIM YBEIIMYCHHEM 00beMa perucTpupyeMoil nHpopManuu. B kagecTBe HCTOYHMKA YIIPYTHX
BOJIH ONPOOOBAHBI Pa3IMYHBIC CPEICTBA, B TOM YHCIIC B3PHIBYATHIC BEIIECTBA THUIIA aMMOHHUTA, IO-
POXOBBIC 3apsiiibl, MAJAMOIINIA IPy3, U YIAPHBIH HUCTOYHUK. B kauecTBe Hambosee 3dhekTuBHOrO B
HA3EMHBIX YCIIOBHSX MMPH3HAH B3PHIBHOW UCTOYHUK, a B IIAXTHBIX YCIOBUAX — YAApHBIH.

[Iporpammuoe obecnieuenue (I10) ncnonbp30BaHO Kak CTOPOHHEH, TaK U COOCTBEHHOU pa3padoT-
ku. K croponnemy 1O otnocsarcs ANSYS, RadExpro, SeisPro, Excel, Statistica, Surfer u npyrue.
[Iporpamm coOCcTBeHHOH pa3paOOTKM HA MOMEHT HANWCAHWS JAaHHOW CTAaThH CO3IaHO yxke Oomee 50
—9TO CPeNCTBa IS PeIICHHS IPSMON 11 00paTHOH 3a1a4uu CeHCMOpPas3BEaIKH, KaK JUIsi HOBEPXHOCTHBIX,
TaK ¥ JUIsl AXTHBIX YCIOBHM, a Takxke BcriomorarensHoe [10.
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Pe3ysbrarhl U 00CyKAeHHE

B pesynbrare nmpakTHYecKol peann3aly ONMMCAHHOM BbIIIE METOJOJIOTHH UCCIIEIOBaHUI aBTO-
paMu pa3paboTaHbl HAyYHO-METOJMYECKHE OCHOBBI OIICHKH M TPOTHO33 YCTOWYMBOCTH TPHPOIHO-
TEXHUYECKHUX CHCTEM COJISHBIX MECTOPOKACHUH. JlaHHBIC OCHOBBI BKIIIOUAIOT B ¢e0sl ceousuyeckue
u undicenepno-eeonocudeckue mooenu ITC, a maxace memoouxu npoenosza UI'Y B3CT u npoenosa
YCMOU4U8oCmMU 2UOPOUZOIUPYIOUUX YETUKOB.

Teogpusuueckue mooenu npupoono-mexnuyeckux cucmem. IlpoBesieH 3HAYUTENbHbIH 00beM uHC-
JICHHBIX YKCTIEPUMEHTOB U (pu3mueckoro Moaenuposanus [11, 12], 4To mo3Bommino oneHUuTh 0coOeH-
HOCTH BO30YXJICHHs, paCIPOCTPAHEHHsI U NIPpUEMa yNpyrux KoieOaHWi B yCJIOBHUSX IOJHOTO IPO-
CTPaHCTBA, ¥ NOJYYUTh CIECIYIOIINE OCHOGHbIE BEIBOJIBI:

— IIPXA HUCIOJb30BAHUU BEPTHKAJIBbHO-HAIIPABICHHOIO0 MCTOYHUKA YIIPYTHUX KOHCGaHI/Iﬁ OTpaXCH-
HBIC BOJIHBI OT T€OJIOTHUECKUX TPAHMI] HE (PMKCUPYIOTCS;

— HCIIOJIb30BAHUE TOPU30OHTAILHO-HANPABICHHOTO HCTOYHUKA IPUBOINT K TIOSIBIICHUIO YETKO BbI-
PaKEHHBIX OTPAKEHUH Ha S-BOJHAX OT LIEJICBBIX I'PAHUIL.

Ha ocHOBaHMM TOTYYEHHBIX pPE3yIBTATOB pa3paboTaH BHICOKOPA3PEIIAIOMINN METOJ IMIAXTHOW
ceiicMOpa3BeIkM Ha TONEPEYHBIX BOJIHAX ¢ pasneneHueM orpaxenuid (IIBPO) [11], mogpasymesa-
IOMIMI MCIOIB30BAHUE TOPU3OHTAIBHBIX CEHCMONPHEMHHUKOB, COBMECTHO C TOPH30HTAIBHO-HAIIPAB-
JICHHBIM UCTOYHUKOM YIIPYTHX BOITH, C IBYMs JINHUSIMH BO30YkJieHus1 (pUCYHOK 1, a). B pamkax mero-
Ja chopmMHupoBaHa METOIMKA 00pabOTKH, KOTOPasi yYUTHIBAET OCOOCHHOCTH PETUCTPUPYEMBIX JITAHHBIX
1 HHTEP(EPEHIINIO OTPAKCHUH, MPUXOIAIINX U3 Pa3HBIX MOIYIPOCTPAHCTB. (pUCYHOK 1, b, ) [11].

PazpaboranHblii MeToa OoOecreunBaeT MOCTPOCHUE JeTalbHbIX reodusnueckux mozeneir [1TC
(pucyHoxk 1, d), KoTopBIe TIO3BOIISAIOT MOTy4YaTh HOBBIE cBeneHus 00 VII'Y 1 HeOMHOPOIHOCTSAX MacCH-
Ba FOPHBIX MOPOJI, M, TEM CaMbIM, CYIIIECTBEHHO MOBBICUTH 0€30MaCHOCTh CTPOUTEIbCTBA U IKCILTya-
TaIMX COOPY>KCHUH MPH MOA3EMHON pa3paboTKe COMSTHBIX MECTOPOXKICHUI.

X, M X, M
0 100 200 300 400 500 00 100 200 300 400 500

Pasnenexne
OTpaKeHWI

X, m
50 200 300 400 §Qo\30

_

Puc. 1. briok-cxema pa3paboTaHHOTO MeTO/[a MIAXTHON CeH{CMOpPa3BEIKH: a — CXeMa BBITIOJTHEHHS TTOJIEBBIX
paboT, b — pa3pessl Ui BepXHeH 1 HIKHEH JIMHNIT BO30YKICHNUS, C — Pa3pe3bl IIOCIIe Pa3/IesICHUs OTPaKeHUIT
13 HIDKHETO U BEPXHETO IOIyIpPOCTpaHCcTBa, d — reodusnaeckas moxens [1TC
Fig. 1. Flowchart of the developed mine seismic exploration method: a — field work scheme, b — sections for
the upper and lower excitation lines, ¢ — sections after separation of reflections from the lower and upper half—
space, d — geophysical model of the NTS

Hnorcenepno-eeonozuveckue mooenu npupooHo-mexnuveckux cucmem. Ha MecTOpOXAEHUAX CO-
neit yeroitunBocTh [ITC ompenensercs, B epByIo odepeab, CTPOSHHEM M COCTaBOM BOAO3AIIUTHON
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toium (B3T), kotopast sIBIsleTCsl €CTeCTBEHHBIM BOIOYIIOPOM, MPEAOTBPAIIAIONINM TPOHUKHOBEHNE
MIPECHBIX BOJ B PYIHHKH.

OnnuM U3 Haubosee OmacHbIX reoyioruyeckux sipneHuid B B3T Ha CONSHBIX MECTOPOXKICHUSIX C
Touku 3peHust ycrounsoctu I1TC sBnsercs nuBepcnonuslil pensed (MP), oTMeuaeMslil B KpoBiie
COJIeH Ha KyIoJax COJISHBIX MOonHATHIA. KpoMme Toro, B X0[¢ MPOMBIIUIEHHOTO OPOOOBAaHUS METOa
mIaxTHOM cericMopassenku [IBPO, Takke Ha Kynoiax COJISIHBIX MOTHATHH ObLIH BBISIBJICHBI HCH3BECT-
uele panee Ha BKMC reonormueckue cTpyKTypbl, Ha3bIBaeéMble KaHBOHOOOPAa3HBIMH IPO3HOHHBIMU
Bpezamu (OB) [11]. OmacHocTs OB 3akitodaercs B TOM, YTO OH MOXKET HAPYIIUTH 11eJ0cTHOCTH B3T
3HAUUTENBFHO TIyOxe, yeM 1P (pucyHOK 2), uTo HeceT cepbe3Hyto onmacHoCTh st Beeit [1TC.

[NoBepxHOCTbL 3eMnun

150-

(5]
o

A6C. 0TM, M

0 1000 2000 3000 4000 5000 X, m

Puc. 2. CTpyKTypHO-TEKTOHUYECKAsI MOJIEIIb COJITHOTO MOAHATHA B Ipeaenax BKMC
(f — BpIcoTa M3rnba mIacTuHEL, h — TONMKHA ITACTHHEL, b — JUTHHA ITaCTHHEL

Fig. 2. Development of a structural and tectonic model of salt uplift within the VKSD (f is the bending height
of the plate, h is the thickness of the plate, b is the length of the plate

KanboHOOOpa3Hble 9pO3MOHHBIE Bpe3bl BCErJa OOHApY)KMBAIOTCS B IpeJeslax WHBEPCHOHHOTO
penbeda, 9To TOBOPUT 00 MIX TECHOW T€HETHUYECKOH CBA3M APYT ¢ npyroM. C reolorHdaeckod TOUKA
3peHusi, BEpOsITHEE BCETO, TIEPBOii cTaaueil hopMupoBanus DB sBISIOTCS TPELMHBI OTPBIBA, KOTOPHIE
BO3HMKAIOT B KPOBJIE COJIEH IpH 00pa30BaHUM MOAHATHH. Jlanee 9TH TPEeIMHbI JOCTaTOYHO OBICTPO, B
reoJIOrM4ecKoM IOHUMAaHHH, BBIIIEIAaYNBAIOTCA 10 Pa3MepoB KaHbOHO0Opa3HbIX IB. st o6ocHOBa-
HUSI TaHHOW THUIIOTE3bI BBITOJHEHBI T€OMEXaHUUECKUE PACUETHI, OCHOBAHHBIE HA M3BECTHBIX COOTHO-
IIEHUAX, NPUOIMKEHHO ONPEENAIONINX Paguaibhbie (0,/E) H OKpyKHbIE (aw/E) nedopmaium B 1eH-
Tpe maacTuHsl [ 11]. AHanm3 pacueTHbIX AeopManuii OKa3bIBaeT, YTO OHH JIOCTUTAIOT U MPEBBIIIAIOT
TpeaeNbHbIe 3HAYCHUS, TOTYICHHBIC B Ta00paTOPHBIX yCIOBUAX (Tabmuia 1), 9To JaeT BO3SMOKHOCTh
BKJIIOUHTH M3ydaemble onacHble mporeccs B UT'M TITC.
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Ta6numa 1
Pe3ynbTarel reoMexaHuueckux pacueroB gedopmanuii 11 mogesu IITC, npencrasiieHHol Ha pucyHke 2

Table 1
Results of geomechanical calculations of deformations for the NTS model shown in Fig. 2
Pacuer s IIKC Pacuer s TIKC+KII+CIT

edopmanus K

Aegop Hentp noguarus | Kontyp nopuarus | Llentp noguarus OHTYP
TIOTHSTUS

Pacuernas o_paananbnas 0,24-0,95 % 0,18-0,41 % 0,37-1,48 % 0,44-1,77 %
PacuerHas 6,0KpyxHas 0,24-0,95 % 0,054-0,22 % 0,37-1,48 % 0,13-0,53 %

& E Jliist kam. cotu 0,18-0,35 %
SEts!
g £ & |Mna xapnammira 0,032-0,072 %
E o &

= & | Jlist cupBUHHATA 0,2-0,25 %

Pazpaborana tpexcraguiiHas Texnoiorus nocrpoerust MI'M I1TC. Ha nepBom starne ¢ ucnoss-
30BaHUEM PE3yJIBTaTOB OypeHUs MOBEPXHOCTHHIX ckBaxwH popmupyercs UI'M IITC ¢ nuHeHHBIMI
rpaHMllaMy MHXeHepHo-reosiorndeckux anementos (UI'D) (pucynok 3, a). Ha Bropom srane UI'M
IITC yrounsiercst 1Mo JaHHBIM ITPOXOJKH TOPHBIX BBIPAOOTOK C YUETOM KOPPEISIMU MEXIY JHTO-
JIOTHYCCKUMHU M CTPYKTYPHBIMH XapaKTepucTHKamMu oCHOBHbIX MI'D (pucyHok 3, b). Hecmorpst Ha
3HAUUTENIbHOE YTOYHEHNE MOJAENEH, MONTy4YEeHHBIX Ha BTOPOM dTale, Ha UX OCHOBE BECbMa CIIOXKHO
Ipe/icKa3aTh HAJIMYKME ONACHbBIX I'€0JOTHUECKUX MpoLeccoB. JlanpHelee MOBbIIEHHE AETAIbHOCTH

c2

Puc. 3. Oramsl noctpoenns UI'M IITC: a — no naHHBIM OypeHHUsI CKBaXKHH, O — C yU4ETOM Pe3yNIbTaTOB MPOXOAKH
TOPHBIX BBIPAOOTOK, B — C yUETOM PE3y/IbTaTOB MAXTHHIX ceiicMopa3BenoyHbIX padot [IBPO

Fig. 3. Stages of construction of engineering and geological models of the NTS: a — based on drilling data,
b — taking into account the results of mining, ¢ — taking into account the results of mine seismic surveys
of the air defense
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UI'M obecnieunBaet MeToj MaxTHOU cericMopasBenku [IBPO (pucyHok 3, ¢), KOTOPBIi MPUBICKACTCS
JUTS YTOYHEHHS T'€0JIOTMYEeCKOT0 CTPOCHNS, OOHApyXeHHs 30H 3amerneHus, OB, B, u onpenenenns
apaMeTPOB CKJIAAYaTOCTH (PUCYHOK 4).

Memooura npoenoza UI'Y B3T. B Xone aHanm3za yciioBui, cormytcTByronmx OB u VP, BeisBiIeHb!
Psil 3aKOHOMEPHOCTEH B CTPYKTYPHBIX XapaKTEPUCTUKAX I'€OJOTMYECKOr0 pa3pesa, KOppeaupyeMbIX
¢ HaimuueM omnacHbIx nponeccoB B B3T u ycroitunsoctsio IITC. K BBIIBIEHHBIM 3aKOHOMEPHOCTSAM
OTHOCSTCS: HaNW9#e TUcoBo-ruHUCTON nurstbl (['T'1L), Hammaue mogHATHS IO KPOBJIE COJCH, Yol
TNaJIeHNs1 KPbIIbEB TOMHsTHS, MotiHOcTh purMonadek (PIT), momHocTs [TKC, Hammure noHMKeHUs
penbeda Hajl CONSTHBIM MOHATHEM, PACCTOSHUE OT OCH ITOJHSATHS, HAINYNE 3aMEICHHUS BEpXHHUX Kap-
HaJUTUTOBBIX ILIACTOB.

C uenpo (popMaNIN30BaHHOTO BBIYMCICHUS pucka Haanuus P n OB, BbIsABIEHHBIE 3aKOHOMEp-
HOCTH BBIPaKEHBI B BUJI€ HOPMHUPOBAHHBIX PU3HAKOB HAJIMYMSI OTIACHBIX MPOIIECCOB COOTBETCTBYIO-
umu popmynamu (Tadnuia 2).

C1(500m G2 (500 m
eka

15031 (Q)

0 500 1000 1500 2000 2500 X, M

Puc. 4. Urorosast UI'M IITC ¢ BBIsIBIEHHBIMU ONIACHBIMU MPOLIECCAMHU
Fig. 4. The final engineering and geological model of the NTS with identified hazardous processes

HToroBeIii MoKa3arenb prcKa HAINYNS OMACHBIX POIECCOB BEIYUCISIETCS 110 (hopMyITe:

1, Pl"=1

,(3
P={¥LP @
v =0

e P,— oiMH 13 HOPMUPOBAHHBIX TEOJIOTHYECKUX MPU3HAKOB HATMYHUS OTIACHBIX TPOIECCOB COMIACHO
Tabnue 2, N — KoJIn4ecTBO HOPMUPOBAHHBIX T'€OJOTHYECKUX TPH3HAKOB.
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Tabnuna 2
IIpu3Haky HaJIU4YHSA ONIACHBIX NpoueccoB JJs ycaosuii BKMC
Table 2
Signs of the presence of dangerous processes for VKSD condition
Taxcon IIpusnak dopmyaa
1,M, >0
Hannuue TTII Pr= 0OM. =0
JIuroso- [
THYeCKHUI
Hanuyue 3amerienus KapHaJIUTOB P; = LM, >0
3710,M,=0
1, aHTUKJIHWHAIb
Hanunuune nmonHsTHS 110 KpOBIIE coei PA = 0.5, CKJIOH
0, CUHKJIMHAJIb
a -1 c
Yrous nasieHus KpbUlbeB MOJHATHS Pa = ,a = tan (—)
C aMaKC HC
TPYK-
TYPHBIH H
pu
MormHocts PI1 Ppn =1——-
le‘l_MaKC
Hye
Momsocts ITKC Puc=1-
H, IIKC_MaKC
L
Paccrosnue ot ocu mogHATHSA Pp =1-
MaKC
Mopdo-
JIOrHYecKMii 1, moHMXKeHUEe
[Monmskenue penbeda P =40.5, ckioH
0, nogHaATHE

rae M, — mownocts I'THI, L — juiHa yyacTka Kpbuia nogustust, H, — nepenaj BbICOT y4acTKa KpbLla HOAHATHS,

Hpn — MOIIHOCTh puTMOMnadek, H — MaKCUMaJIbHasi MOLIHOCTh puT™Monadek, H —— MomHocTs TIKC, H

pr_Makc TIKC_MaKe

— makcumanbsHasg MomrHOCTh [IKC, L — paccrosHue oT ocu mogHATHs, L — MakCHMalbHOE PACCTOSIHUE OT OCH

Make

TIOIHATHA, Ma_ MOIIHOCTB 30HBI 3aMCIICHUA KapHAJIUTOB.

Ha ocnoBe ananmza 6onee 1000 mOBepXHOCTHBIX CKBaXKHH, MPOOYpPEHHBIX Tt pasBeaku BKMC
BhIosTHeHO paiionupoBanne BKMC mo pucky nammumst P 1 OB. D10 maet BO3MOXKHOCTH ompeze-
JUTH 00JIaCTH, B IIpeiesiaX KOTOPBIX MPOBEJCHUE JIETATM3AMOHHBIX pabOoT sl TOATBEPKICHUS UITH
UCKJIIOUCHHMS HATMYHNS OTIACHBIX ITPOIIECCOB HEOOXOMMMO B 003aTEIHHOM MOPSIZIKE, a TaKke o0racTy,
IJIe PUCK HaJIMYMsI ONTACHBIX IIPOLIECCOB MUHMMaJIeH. Ha OCHOBE 1oTy4eHHbBIX CBEIeHHI pa3paboraHa
knaccudukanms coctostaus [1TC, koTopas Mo3BOMISET PAHKUPOBATH YUACTKU BEJCHUS TOPHBIX PadoOT
no ycioBusiM ycroiunBocti [ITC. Pa3paborannas knaccuukaius UrpaeT BaXHYI posb B odecrie-
YeHNUH 0e30IMaCHOTO CTPOUTENHCTBA M AKCILTYaTaIMH MTOJ3EMHBIX COOPY>KEHUH IPH TOJI3EMHOM pas-
paboTKe CONIHBIX MECTOPOXKICHHUHN, OTHAKO OHA HE 001aJaeT BCeH MOITHOTOH BO3MOKHOCTEH, TaK KakK
B HEl YUTECHBI TOJIILKO PE3yJIbTaThl OypOBBIX U TOPHOIIPOXOUYECKUX PaboT.

HccnenoBanne 3aKOHOMEPHOCTEH pacIipeAeIeHus XapaKTepUCTHK OTPaKeHUH, CBA3aHHBIX ¢ OP
u WP, 1o3BoMIIO BBIABUTH CEHCMUYECKHE aTpUOYThI, pearupyronye Ha paccMaTpUBaeMble I€0JIOrH-
YeCcKHe aHOMaJIMH. BBISICHEHO, YTO HEKOTOPBIE U3 aTpUOYTOB YETKO PearnpyroT Ha HCKOMbIE OOBEKTHI
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BBIXOJIOM 3a IpEeAeibl 26, YTO JaeT BO3MOKHOCTh MCIOJIB30BaTh UX JUISl TIOCTPOCHHS KapThl paiio-
HupoBaHus u knaccupukanuu cocrosauiit [ITC. CoBMecTHOE NCTIONB30BaHNE aTPUOYTOB PA3TMIHON
¢bu3n4ecKoi NPUPOBI 3HAUUTEIHHO MOBBIIIAET HA/ISKHOCTD BBIIBICHHS O0BEKTOB ITOUCKA, T0ITOMY
OHH OOBEIAMHSIOTCS B CyMMapHEIH ceiicmmrdeckuit atpudyTt (CCA).

C y4eToM BBISBICHHBIX 3aKOHOMEPHOCTEH U KPUTEPUEB YCTOIUMBOCTH, pazpaboraHa Kiaccudu-
Kanuu coctostHui nzyuaembix [1TC (Tabnuna 3), KOTOPBIX BBIIEIICHO TP — YCTOHUMBOE, HEYyCTONYH-
Boe, U KputHueckoe (HapymenHoe). OtHecerne [ITC x TOMy WM HHOMY COCTOSIHUIO BBITTOTHSIETCS
10 HaUXy/IIIEMy U3 YCJIOBHH ycToHunBocTH. Ha ocHOBe pa3paboTaHHOMN KilacCU(HUKAIMK BBITIOIHEHO
paiiornposanne BKMC no nanmuuro P n 9B, u chopMupoBaHa cooTBETCTBYOIIAs KapTa (PUCYHOK
5, a). OCHOBHBIM YTOYHSIIOIINM (haKTOPOM SIBUJIMCh JaHHbIE IAXTHON CECMOPa3BeIKH, IPOBEICHHOM
Ha OonbimHCTBe M3 AelcTBytomux Ha BKMC pynHHKOB. DTH TaHHBIE TTO3BOIMIN (haKTHYECKH yCTa-
HOBHTH, uT0 Hammune OB u P mo xpoBie COMSHBIX MOTHATHN (HUKCHpYeTCs, HaunHas ¢ TIpU3HaKa
P>0.5.

WTorom mpescTaBiIeHHBIX pa3paboToK sABIsETCs METoAuKa orieHkn ycroiunBoctH I1TC, ocHOBaH-
Has Ha YCTAHOBJIEHHBIX MOP(HOIOrHYECKUX XapaKTEPUCTHKAX Te0JOrHUeCKOro pa3pesa U 3aKOHOMep-
HOCTSIX pacrpeaeIeHus CeHCMIUEeCKUX aTpuOyTOB (PUCYHOK 5, b).

Tabmuma 3
Omnenka coctosinus IITC ¢ yuerom reos1oro-reopuzniecKux Npu3HaAKoB

Table 3
Assessment of the state of the NTS, taking into account geological and geophysical features

CocTtosiHue HpI/IpO,Z[HO-TeXHH‘IeCKOﬁ CUCTEMbI «I/IH)KGHepHO-FCOJ'IOFI/I‘{eCKI/Iﬁ MacCCHUB —

Yenosnst [O/I3EMHOE COOPYKEHUEN

ycroitunBocty B3T
1 — ycroitunBoe 2 — HeYCTOIYNBOE 3 — KpUTHYECKOE
Puck nanmuuus
OIACHBIX IIPOLIECCOB P<0.5 0.75>P>0.5 P>0.75
B B3T
Beixon arpubyTtoB WuBepcuonHbIi paszpes MuBepcuonHslii paspes
puoy’ Orcyrcreyer p paspes, P paspes,
3a Tpeneinsl 26 OB 1o KII OB 1o CII
Momrraocts B3T mo Ects KII n [IKC ITKC orcytcTByeT
YTeTBY KII orcyrcrByetr H < 20 M
nanaeiM [IBPO, m H>70m 7T0mM>H>20M
Kocsennsle mpu3HaKky pasno- | Pa3moMel, TpemUHEI ¢ TEUbI0
Anomanuu B B3T p p > TP
OTCyTCTBYIOT, MOB, CyXH€ TPEIHHBI, 30HBl | PaccolIOB, OOIIMPHBIE 30HBI
10 JaHHBIM OypeHHS
100 4 TpymmBl 3aMEIIEHHS, aHOMAITUS 2 WIH 3aMeIeHHs, OTCYTCTBUE
1 TIPOXOJKH
P 3 rpymmbl [IKC, anomainus 1 rpymnst
MouHocTh HEHApY-
meHHbIX cioeB KC H>20m H=20m H<20wm
B B3T
Crenens Harpyxe- | Crenens Ha eHUS
by TPy Crenens Harpyxenns = 0.3 | Crenens Harpyxenus > 0.3
HUS [IEJIUKOB <0.3
Iloctynnenue
IIpuTOK HACHIIIEHHBIX IIpuTOK HEHACHIIIEHHBIX
tmronoB OTcyTcTBYET
tumronioB ¢dmonoB
B BBIPAOOTKH
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Y, m .
McxonHble fAaHHbIe - KapTbl
penseda, reonornieckne
KapTel U pa3spesbl
!
80000 B BeisBNeHre NoNoKUTENbHLIX CTPYKTYP
No KpPOBIe coneit M oTpULATENEHbIX NO
Cocr. [ "I penbedy, [TLL, oueHka yrnoB Kpbinbes
nrc NOAHATURA, MOLLHOCTU pUTMOnavek, MKC
60000 3 PacCTOAHWA [0 0CK NOAHATHA
BriseneHve y4acTKOB C npegnonarae- [ [NpoBegeHue WaxTHORN
5 MbIMW ONACHBIMU UHXEHEPHO-TEONOM- —= celicmopasseaku NBPO Ha
HeckuMU npoLieccamu BbAEMNEHHbIX Y4acTkax
40000 l
SakniodeHe o Hanu4un OBHapyXeHUe CHIKEHWS
[3PO3MOHHLIX BPE30B, MHBEP- AMMAUTYZB! 1 KOPPENHPY-
1 CUOHHOTO penseda, 30H PYEMOCTM OTPAKEHNH B
20000 L SaMeLLeHus kpoene B3T, yeenuyeHuns
WX YTIIOB W CHUXEHNA
PaHX1poBaHWe COCTOSHMS 3Ha4eHmin CCA
MNTC Ha ocHoee pa3apabo-
TaHHOWM Knaccudmkaumm
0, =
HeobxoguMocTs HeT | 3akmiodeHve o Heobxoau-
20000 paclunpenus obnacti MOCTH BHECEHMWS KOPPEKTUB
UccneaoBaHuin B NPOEKT

T
20000 40000 X/ M

Puc. 5. a — kapra paitonupoBarnss BKMC mo cocrosauto [1TC, b — meroguka onenku UT'Y B3T,
obecrneunBaromieil 6e30MacHOCTb MO3EMHBIX COOPYKEHUIT
Fig. 5. a — map of the VKSD zoning according to the state of the NTS, b — methodology for assessing
the engineering and geological conditions of the water protection layer that ensures
the safety of underground structures

Meroanka y4nuThIBaeT:

— T€OTEXHUYECKUE NapaMEeTPbl — CTENIEHb HATPYKEHUS LIEINKOB, MOITHOCTh HEHAPYIIIEHHBIX CJIO-
eB kamenHo# conu (KC) B B3T, nocrymienue (uionioB B BBIpaOOTKH;

— reoJornieckue mapamerpsl — anomanuu B B3T no nanHeM OypeHns: M IPOXOAKH, aHOMAJINHU B
B3T Ha ocHOBE BBISIBIEHHBIX 3aKOHOMEPHOCTEI;

— reou3nIecKre MPU3HAKH — BBIXOJ] CEHCMUUECKIX aTpHOyTOB 3a Ipeensl 26, 1 MomHocTs B3T
0 pe3yabTaTaM IIaxXTHOH ceiicmopassenku [IBPO.

CoracHO METO/IMKH, BCSI MMEIOIIAsACcsl TeoJIorMyeckas, reoTeXHhuueckas 1 reodusndeckasl nH-
(hopmanys aHATU3UPYETCS M PAHKUPYETCS COTNIAaCHO pa3paboTaHHON Kiaccupukanuu (tadmuma 3).
B ciyuae, eciiu BBIIBIIEHO HAJIMUKE OMACHBIX MPOIIECCOB, U cocTosHue B3T npusHaHo HeyCTOMUNBBIM
WJIN KPUTHYECKUM, JUI 00ECIEUEHHsI €€ COXPAaHHOCTU U CHIDKEHHUS! PUCKa ONACHBIX AMHAMUYECKHX
TOPHBIX ITPOIIECCOB, CBSI3aHHBIX C €€ HapyIIeHHEM, pa3paboTaHbl PAaKTHYECKUEe PEKOMEHIaI|H, CO-
IIACHO KOTOPBIM B IIPOEKT CTPOUTEIBCTBA TOI3EMHBIX COOPYKEHHH BHOCSTCS HEOOXOMMBIE KOPPEK-
TUBbL. OCHOBHBIM CIIOCOOOM CHIDKEHUSI PUCKOB HapyiieHus B3T sBisercs HCKIIOUeHHE U3 IIPOEKTOB
OTpabOTKH OYMCTHBIX pabOT HA yUacTKaxX ¢ HEYCTONYMBBIM, M TeM OoJiee C KpUTHYECKUM COCTOSIHUEM
B3T, npu HE0OXOAMMOCTH — CTPOUTENBCTBO THIPON3OINPYIOIINX EPEMBIIEK C MOCIECTYIOMIIM IT0CTO-
SIHHBIM MOHHMTOPHHIOM MX CTPOCHHS U IHUPHHBI. 151 MaKcUMalbHO ke 3(QEeKTHUBHOI MPpOoQUIaKTHKH
PHCKOB aKTUBH3AIIMHU ONACHBIX ITPOIIECCOB NPENPUATHSIM-HEAPOTIONH30BATEISIM PEKOMEHTYETCS:

— y4er npeajioKeHHoN KapThl paifonupoBannsi BKMC npu ¢popmupoBaHny MpoeKToB 0TpabOTKH
IIaXTHBIX I0JIEH, JIN00, €CIM peub UJIET O IPYTHX MECTOPOKACHUSIX, pa3padOTaHHOI Ha OCHOBE Npe-
JIOKEHHOW METOAMKHU aHAJIOTUYHON KapThl palOHUPOBAHMS;
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— o0s13aTenbHas peanu3alys Ha MPaKTUKE MPEIJIOKEHHOW METOIUKH OIIeHKH ¥ mporHoza UI'Y
B3T Ha miomaasax, OTHOCSAIINAXCSA K y9acTKaM HEYCTOHYMBOTO HITH KpuTHYecKoro coctosHus I[1TC,
B TO YHCJIE MPOXOJKA JJIsl 3TOTO CIELHAIbHBIX Pa3BEIOYHBIX BHIPAOOTOK 110 MOJICTHIAONICH KaMeH-
HOU couu;

— BBIOOPOYHAS WIIH TIOJTHAS, TIO BEIOOPY MPEANPHATHA-HEAPOIIONB30BATEISA, PeaTu3aIisl Ipeaio-
YKEHHOI METOJIMKH Ha BCEX y4yacTKax, 0€30THOCHUTENBHO cTeneHn ycroiunsoctu [1TC, Takoii monxon
SIBIISICTCST O0JIee 3aTPaTHBIM, HO TapaHTHPYET PE3KOe CHIDKCHHE PHCKOB aKTHBHU3AINHU OTACHBIX TPO-
LIECCOB.

Kak mokas3pIBaeT MIMPOKOE MPAKTUIECKOE OMPOOOBAHME METOMUKH, OHA IO3BOJIICT HAJCIKHO
nporuo3upoBars ycrounBocth [1TC 3a cuer aeransHOi uHpopMaruu 06 UI'Y B3T, u, Tem caMbiM,
o0ecrieunTh 6E30MacCHy0 HKCIUTYaTalnIo TOJ3EMHBIX COOPYKECHHH.

Memoouxa npoerHoza ycmotuusocmu 2u0pou3oIUpyrowux yeauxos. B psame ciydaes 1Mo TeoIorH-
YECKMM U TOPHOTEXHUYECKUM IIPHYMHAM BO3HUKAET HEOOXOAMMOCTD JIMKBUIAIIMHU OT/ICIBHBIX YacTeH
IIaXTHBIX MOJICH MyTEM 3allOTHEHUS WX PacCOIaMH. JTO MPUBOAUT K CHIDKCHHIO TEHCTBYIOIINX Ha-
MPSDKEHUH 1 MHTEHCUBHOCTH CMEIIEHUI MOPOAHOTO KOHTYpa U MOAPAOOTaHHON TOJIIH, YTO TIPUBO-
JWT K (hOPMUPOBAHUIO KBA3UCIUIOIIHOM CHCTEMBI, IIPH KOTOPOH NCKJIIOYAETCS BIMSHUE KOHIIEHTPATO-
pos Hampspkerni [10]. [Ipu 3TOM AEHCTBYIOMIAs YacTh MIAXTHOTO TIOJIS OTACITSACTCS OT 3aIOIHAEMON
paccosaMu Tak Ha3blBaeMbIMH r'uapousonupyromumu nenukamu (I'L]). Beipabotku, coenunsiomme
JEHCTBYIONIYI0 YacTh IIAXTHOTO TIONSA C JIMKBUIMPYEMOMW, TEPEKPHIBAIOTCS THAPOM3OIHPYIOIIMMA
TepeMbIUYKaMH1, KOTOPBIE MPETSTCTBYIOT MPOHUKHOBEHHUIO 3aKJIaIOYHBIX PACCOJIOB B (PyHKIIMOHHUPYIO-
II¥e TIOA3EMHBIC COOPYKCHHS.

Biensix ooecneuenus ycroiauoct [1TC 1 6e30macHOM SKCIUTyaTaluy JSHCTBYFOIIHX ITO3EMHBIX
COOpY)KEHHH HEOOXOIMM CTPOTHI KOHTPOJIb 3a cTpoeHneM u cocrosiHueM 'L, I'maponzonupyromme
MIEPEMBIYKU JeNAf0TCS a0COMIOTHO TIIYXUMH, U BO3MOXXHOCTh YCTAHOBKH B JIMKBHIMPYEMOU YacTH
LIAXTHOTO MOJIS KaKUX-JMOO KOHTPOJIMPYIOUIMX YCTPOHCTB MOJHOCTBIO MCKiIIoUeHa. [loaToMy KoH-
TPOJb 332 CTPOCHUEM U cocTossHHEeM ['1] BO3MOYKEH TONBKO C MCIIOIh30BaHUEM AMCTAHIIMOHHBIX Me-
TOJIOB, CPeAM KOTOPHIX IIAXTHAs celicMOpa3BelKa UTpaeT BeAyIIylo poib. I[[puMEeHMMOCTH mIaxT-
HOH ceiicMopa3BenKy JUIs 1eJIel NCCIeI0BaHNs 1 MOHUTOPHHTA CTPOCHUS, IMUPUHBI 1 PU3HMICCKUX
CBOMCTB IIeJTMKa 000CHOBaHA CHENHATIBHO MPOBEICHHBIM JJIS TOTO YHCICHHBIM U (PU3HMUECKUM MO-
nenupoBanueM [11, 12]

Ha ocHoBe pe3ynabsTaToB BBITIOTHEHHBIX HCCIEIOBAHUHN pa3paboTaHa METOIMKA MPOTHO3a YCTOM-
yuBocty ['1l, ocHOBaHHasi HA KOMIIJIEKCHOM MOHUTOPHHTE (PU3NYECKUX XapaKTEPUCTHK TOPHOTO Mac-
CHUBa, OJIy4YaeMBbIX 110 pe3ynbTaTaM IaxTHOU ceificMopasBeaku [IBPO B ropu3zoHTanbsHO MI0ckoCcTH
(pucyHoK 6). Jlys peau3anyy OMcaHHON METOANKH BBIITOJHEHA alanTalus pa3paboTaHHOTO METo/Ia
[IBPO x ycioBusiM pabOTHI B TOPH30HTAIBHON TUIOCKOCTH M HA JIBYX THIAX BOJIH — Ha IPOJIOIBHBIX
1 TIOTICPEYHBIX.

CoBMECTHOE HCIIOIB30BAHUE MPOOIBHBIX U MONEPEUHBIX BOJIH OTKPHIBAET BO3MOXKHOCTS ISl pac-
4yeTa (PU3UKO-MEXaHMYECKHAX CBOMCTB TOPHOTO MAaCcCHBA C HMCIIONB30BaHHEM (OPMYI TCOPHH YIIPY-
roctd [13] 1 KOppeNALNOHHBIX CBSA3EH, MOMYYSHHBIX IPYTUMH uccienoBarensaMu [14] (pucyHok 7).
Janee depe3 KOppeIALUOHHBIE CBA3U [15] BO3MOXKEH Nepexos K pallOHMPOBAHUIO LENHUKA 10 TaKUM
TEOMEXaHNYIECKIM XapaKTePUCTHKAM, KaK MPe/IeI MPOYHOCTH Ha C)KAaTHE U CTETICeHb HarpyXeHus (pH-
CYHOK 8).

CoBMECTHBIN aHATTN3 TICPEUUCIICHHBIX XapaKTEPUCTHK M CPABHEHUE UX C MPEICTHHO JOIMYCTHMEI-
MU 3HAYCHUSIMH, MPEICTABISICT COOOH MOJICb OIICHKU CTEIICHU YCTOHYUBOCTH lienuKa (Tabnuna 4).
OHa [1aeT IMONHOTY CBEACHUI O CTPOCHUH M COCTOSHHH I[EJIMKAa HA MOMCHT BBITIOTHEHUS MCCIICI0Ba-
HUH, TOCTaTOYHYIO AJis obecrnieueHus ycroiunBoctu [1TC u Ge30macHOi SKCIUTyaTaluy MoA3eMHBIX
COOPYKEHHI.

29



BECTHMK CBdY. Cepua «HAVKH O 3EMMNE No10(4102026 —————————————————————

AHanu3 NCxoaHoW reonoru-
YeCcKoil U MapLueifepcKoi
WHopMaunm

BbinonHeHWe NepBoro LMKNa CeicMopasBeno-HLIX
paBot meTogom MNBPO. MocTpoeHue UexoAHOW
WHXEHEPHO-TEONOrMYEeCKoi MOAENM Lienuka

| [ PaspaBotka npegynpeau-
Y _ | TeNbHLIX MeponpUATMIA

BbinonHeHWe o4epenHoro LMKNa celcMopaaseoyHbIX
paBor meTogom MNBPO. MocTpoeHue Tekylen
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Puc. 6. Merorka KOMIUIEKCHOTO H3Y9eHHSI H MOHUTOPHUHTA THAPOU3O0IUPYIOIIHIX ISTMKOB
Fig. 6. Methodology for the comprehensive study and monitoring of waterproofing pillars
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Puc. 7. dusuko-mMexaHudeckas MOJIENIb THAPOU3OIUPYIOILETO LETIHKA, ITOTyYeHHast
Ha OCHOBE IlepecdeTa CeHCMUIECKHX aTpHOyTOB
Fig. 7. Physico-mechanical model of the waterproofing pillar, obtained based on the recalculation
of seismic attributes
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Puc. 8. PaiionnpoBanue 110 yCIOBHIM 0€30IIaCHOCTH ETHKa: a — (PaKTHIeCKass ¥ MHHIMAJIBHO JOITyCTHMAst
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Fig. 8. Zoning according to the safety conditions of the waterproofing pillar: a — actual and minimum
permissible capacity, b — actual and maximum permissible degree of loading, ¢ — actual and minimum
permissible tensile strength

Tabmuma 4
Mopneb OleHKH CTeNeHN YCTOHYHBOCTH THAPOU30IHPYIONIEro menKa
Table 4
Model for assessing the degree of stability of a waterproofing rear sight
Verous GesomackocTi 'L CocTostHue 1enuKa (CHIbBUHUATHI)
A CHITbBHHHTA) VYeroitunBoe Heycroiiunoe Kputnueckoe

Mupuna I'll — B, M (110 gaHHBIM

upna [l - B, i ( B<Bp B=Bp B>Bp
ceficMOpa3BeIKH)
[Ipu3Haku HapylieHHs CIUIOIIHO-

P Py . CCA moKaJIbHO CCA obumpno
ctu (CCA) (1o maHHBIM CeicMo- CCA<<1

npubnmkaercs K 1 npubmmkaercs K 1
pa3BenKn)
CreneHs Hal eHus Henuka C
TPy C<03 =03 C>03
(110 TaHHBIM CEHCMOpPAa3BeIKH)
3HayeHWe mpenena JUINTENIBHOH
MpOYHOCTH S (MO JAaHHBIM Ceic- s >0.3s s =0.3s s <0.3s
Pt pLiog CK Py CHK Py CHK

MOPa3BEJIKH)
[locTynuienue Boibl CKBO3b LIEIUK Her VBaXHEHUE CTEHOK IToctynaer Bona

31



BECTHMK CBdY. Cepua «HAVKH O 3EMMNE No10(4102026 —————————————————————

MOHHUTOPUHT U3MEHEHUs T€OMEXaHWYECKHX XapaKTePHCTUK, B CBOIO OYepeb, OTKPHIBAET ITyTh
K npoenozy cocrosiuus 'Ll n ycroitunBoctu I1TC. Tak, Ha ogHoM n3 '] MOHUTOPHHTOBBIE CelicMO-
pa3BeiouHbIe PAOOTHI MO3BOIMIN YCTAaHOBUTH (hAKT 3aMETHOTO YMEHBIICHUS €r0 MOIIHOCTH, KOTO-
poe JIOKaIbHO JOCTUIIIO JICBATH METPOB (PHCYHOK 9, @), YTO MPEBBINIAET MOTPEITHOCTH ONPECICHUS
TEOMETPUUECKUX XapaKTePHCTHK M JIOJKHO OBITh MPUHATO BO BHMMaHue. [IporHO3 ycToHunBOCTH
BBIMOJIHACTCS 10 Y4acTKy MAaKCUMAaJIbHBIX U3MEHEHUI MyTeM ASKCTPaNoslUM U3MEHEHUs Ipesena
MIPOYHOCTH Ha C)KaTwe (PUCYHOK 9, b), MupHHBI nennka (PUCYHOK 9, ¢), ¥ CTETICHH er0 HaTrpYyKEeHUS
(pucynok 9, d) Ha HeoOXOOMMBIN Mepuo, B JaHHOM ciydae 10 2050 roxa. BeinosgHeHHSbIH POrHO3
MO3BOJISIET OLIEHUTH MEPCHIEKTUBBI AanbHenIen skcryaranuu 'Ll npu coxpaHeHUH yCTaHOBIEHHBIX
TEMIIOB UX U3MEHEHHUH. B cityyae, eciy TeMIbl H3MEHEHUH N3MEHSIOTCS, COOTBETCTBEHHO MEHSIFOTCS
U TIPOTHO3HBIE OLIEHKU U3MEHEHUS XapaKTEePUCTHUK LIEIHKA.

Taxum 00pa3oM, HA OCHOBAaHMH aHAJHM3a CEHCMHUYECKUX aTpUOyTOB B TOPH30HTAIBHON ILIOCKO-
CTH BBITIOJIHSAETCS] KOMIUIEKCHBIN MPOTHO3 YCTOMYMBOCTH THAPOU3OIUPYIONIUX IETUKOB, C OLIEHKOMH
JUHAMHKH WX IIUPHHBL, BHYTPEHHEH CTPYKTYpPBI M TEOMEXaHWIECKHUX XapaKTepUCTUK. B pesynbrare
peanusyercs rpyIna ciueHapues pa3Butus coctosHus IITC ¢ qucTaHIMOHHBIM KOHTPOJIEM COCTOSIHUS
TUAPOU3OIUPYIONIUX LIETUKOB.
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Puc. 9. HpOl"H03Haﬂ OLICHKA XapaKTCPUCTHUK LECJINKA: a — PE3YJIbTaTbl MOHUTOPHHTA LIEJIMKA 3a IIEPUOI 5 JICT, b,
C, d- IMPOrHo3Has OLEHKA XapaKTECPUCTHUK IICJIMKA Ha YUaCTKE HAUOOJIBIINX U3MECHEHUI COOTBETCTBEHHO
JUI TIpeicyia IPOYHOCTH Ha CXKATHUC, IIMPUHBI LICJINKA 1 MaKCUMaJIbHOH CTENeHH Harpy>XeHus

Fig. 9. Predictive assessment of rear sight characteristics: a — results of rear sight monitoring over a period of 5
years, b, ¢, d — predictive assessment of rear sight characteristics at the site of the greatest changes, respectively,
for the ultimate compressive strength, rear sight width and maximum degree of loading
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3akiiroueHue

Co3nannble reou3nvecKkne, NHKEHEPHO-TECOIOTHYECKUE W TUHAMHUYECKHE MOJIEITH MPUPOIHO-
TEXHUUYECKHX CHCTEM 0a3MpyrOTCsl Ha KOMIUIEKCHOW T'€0J0THYeCKOi, FTOPHOTEXHUYECKOI 1 reousn-
4ecKoil nHpopManuu o cTpoeHHH U pusmdeckux cBoiicTBax UI'M, u HEOOXOAMMBI IJIsi IIPOCKTHOM,
M3BICKATENILCKOM, 00pa30BaTEIbHON 1 HAYYHO-HCCIIE0BATEIbCKOM EATEILHOCTH B INIOCKOCTH pellie-
HUS 3a/1a4 UHKEHEPHOH Ie0JI0Trun.

[onyuen psx HOoBBIX cBeneHuit 060 UI'Y B3T, B ToM umnciie BrepBbIe yCTaHOBICHO HAlWUYWE Ha
BKMC kaHbOHOOOpa3HBIX IPO3HMOHHBIX BPE30B, MPEICTABISIONINX YIpo3y Oe30MacHOCTH MOI3eM-
HBIM COOPY>KCHHSIM. BBITIOJTHEHO TeoMexaHnIecKoe 000CHOBAHHUE IIPUPO/IBI SPO3MOHHBIX BPE30B, CO3-
JlaHa JMHAMHUYECKash MOJENb UX BOZHUKHOBEHUS, U KOMIIJIEKCHBIH aHAIU3 yCIIOBHH, B KOTOPBIX OHU
3a(hMKCHPOBaHbI, 0OHAPY)KEHBI 3aKOHOMEPHOCTH, COITYTCTBYIOLIME UX BO3HUKHOBEHHMIO, MPEIIOKCH
noaxof K (popMann30BaHHOMY BBIYMCICHUIO TTOKA3aTelsl HAIWYNS MHBEPCHOHHOTO pesibeda u 3po-
3MOHHBIX BPE30B, YYUTBIBAIOILETO JIMTOJOIMYECKUH, CTPYKTYPHBIH 1 MOP(HOI0rndecKkuii hakTopsl.

IIpousseneno partonnpoBanne BKMC no npusHaky Hanuyusi ONACHBIX I€0JOTMYECKUX MpOoLec-
coB, copmupoBana kinaccudukanus cocrositus [ITC «AI'M — nojzeMHOe COOpYKEHHE» Ha OCHOBE
re0JIOTMYeCKUX U TOPHOTEXHUUECKUX ITapaMeTPOB. YCTAaHOBIIEHA CBA3b HAJIMUUS SPO3HOHHBIX BPE30B
Y MTHBEPCHH COJIIHBIX IOJHATHI C paclpeesleHueM PAia aMIUINTYIHBIX, YACTOTHBIX U KOPPEIALNOH-
HBIX XapaKTEePUCTHK CEHCMUYECKUX pa3pe3oB, BhInoiaHeHa kinaccupukanus cocrostus [1TC ¢ yuetom
TIOBE/ICHUS CEHCMHUUYECKHUX aTpHOyTOB.

Pa3paboTan Hay4HBIN MOIXOA K MEPEXOAY OT YIPYTUX XapaKTePUCTHK K CTPYKTYpHOH 1 (uznko-
MEXaHHUYECKON MOZENSAM LEIHUKOB, U Jajee — K CTENEHH Harpy>KeHUsI LIEJUKOB U MPeJelly IPOYHOCTU
Ha CXKaTHe ClIararolux ux nopoa. Ha ocHOBe ycTaHOBICHHBIX CBSI3€H, 3aKOHOMEPHOCTEH 1 pa3zpado-
TaHHBIX MOIX0/I0B C(OPMUPOBAHBI METOIMKHU OIIEHKH M IIPOTHO3a YCTOMYMBOCTHU MPUPOJHO-TEXHUYE-
CKHX CHCTEM IIPH MOA3EMHOHN pa3paboTKe COJISTHBIX MECTOPOXKICHUH, oOecTeunBaronye 0e30macHoe
CTPOUTEIBCTBO U IKCILIYaTALUIO TTOI3EMHBIX COOPY KEHHH.

[IpencraBneHHble HAyYHO-METOAUYECKHE OCHOBBI OLEHKH M MPOTHO3a YCTOMYMBOCTH NPHUPOJ-
HO-TEXHHUUYECKHUX CHCTEM ampoOupoBaHbI U BHeApeHB! Ha pynHukax BKMC, rie mokaszanu BBICOKYIO
3 PEKTUBHOCTD NPH PELICHHH T'€0JOTHYECKUX M TOPHOTEXHUUECKHX 3a]ad, ¥ PEKOMEHIYIOTCS IS
MIPAKTUYECKOTO UCIONB30BaHMs IIPH CTPOUTEIBCTBE M DKCILTyaTallul COOPYKEHHH IPH MOJ3EMHOMI
pa3paboTKe COISIHBIX MECTOPOXKICHUI.

Taxum 0Opa3om, B X0Jle MCCIEOBAaHUHA pEIIeHa aKTyalbHas HaydHas MpoOieMa OLEHKH YCTOMH-
YUBOCTH NPHPOIHO-TEXHUUECKUX CHUCTEM IPU TTOJ3EMHOH pa3pabOTKe COJITHBIX MECTOPOXKICHHH,
HMEIOIasl BaXKHOE COLUAIIbHO-PKOHOMHUYECKOE U XO3SIMCTBEHHOE 3HaYeHUE. [131105keHbI HOBBIE Hay4-
HO-00OCHOBAaHHbIE TEXHHMYECKUE U METONUYECKHE PEIICHUs, a TAakkKe pa3paboTaHbl peKOMEHIAlUH
T10 MX MTPAKTHYECKOW pealn3alyy ISl TOBBIMICHUS 0€30I1aCHOCTH TOPHO00BIBAIONINX KOMITIEKCOB
COXPaHHOCTH 3aI1aCOB UCKOMAEMBIX COJIEH, YTO BHOCHT 3HAUUTEIILHBIN BKIIAJ B SKOHOMHYECKOE Pa3-
Butue Poccuiickoit denepanuu.
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HayllHd}l OpUcUHANIbHASL CMAMb

INTYBUHHOE CTPOEHMUE 3ATTAJHO-BEPXOAHCKOI'O CEKTOPA
BEPXOSAHCKOI'O CKJIAJYATO-HA/IBUT'OBOI'O ITOACA
IO TEO®PU3NYECKHUM JJAHHBIM

E.D. Conoeves”, H.H. Caséunos
Cesepo-Bocrounstii ¢penepanpusiii ynusepcuretr uM. M.K. AMmocosa,
r. SIkytck, Poccuiickas @enepanns
*solov.evg@yandex.ru

AHHOTAIHA

BepxostHeknit cknaguaro-uaasuroslii nosic (BCHII) sBnsieTcst kpynHeHIeil reosorndeckoil CTpyKTypoi
BepxostHo-KonsiMckoit oporeHHoi o6iactu. HecMoTpst Ha MHOTONIETHHE M3y4YeHUsT BepXosHCKOTo CKJiauaTo-
HaJIBUTOBOTO 1105iCa, TyOMHHOE CTPOCHUE PETHOHA ocTaeTcst ciiabo n3ydeHHbIM. CyIecTBYIONIE MOJICIHN U CXe-
MBI CTPOEHHS JINTOC(EPBl PETHOHA OCHOBBIBAIOTCS, B OCHOBHOM, HA MHTEPHPETAIIMU ONOPHBIX CEHCMUYECKHX
npoduiieid, pacloIoKeHHBIX B CEBEPHOM OKOHYaHUH M HOkHO-BepXxosHCKOM CeKTope CKIIaa4aTo-HaIBHIOBOTO
nosica. L{enpro HacTostel paboTHI sABIIsIETCsl 0000IIEHNE NMEIOIMXCS JAHHBIX U aHAJIN3 aHOMAJIBHBIX T€OIOTeH-
LMAJIBHBIX TT0JIeH M X TPAaHC(HOPMAHT IUIsl yTOYHEHUsSI NTyONHHOTO CTPOCHHSI.

B pabote mpezacTaBieHbl pe3yibTaThl reou3MUecKux HcciefoBaHuil 3amagHo-BepxosHCKoro cexkropa u
CMEXHBIX TeppuTOpHil BepXosHCKOro cKitajyaTo-HaaBUIoBOro mosca. [t momydeHus nHGopManuy o pacrpe-
JICICHUU MAarHUTHBIX U IUIOTHOCTHBIX HEOIHOPOIHOCTEH BBINOIHEHBI IIEpecUeT BBICIIUX MPOU3BOIHBIX B I€0-
uHpopmarmonHoi cucreme Oasis Montaj, TByMepHas 3HepreTHueckasl GUIbTpalus ¢ pa3jieieHreM Toeil Ha
CpeiHe- U HU3KOYACTOTHBIE COCTaBIAIOIUE B aBToMaru3upoBaHHOl nporpamme COSCAD 3D. Jlns uszyuenus
DIyOMHHOTO CTPOEHHS paccMaTpUBAaeMOW TEPPUTOPHUH ITOCPEJCTBOM PEIIeHUs] 00paTHOH 3a1adu B MporpamMme
COSCAD 3D paccunTaHbl MarHUTHBIE U TPABUTALIMOHHBIEC MOJIEIIH, IO3BOJIAIOIINE OLICHUTh TapaMeTphbl aHOMa-
J1e00pa3youX 00bEKTOB.

[Nomy4yeHHble aHHBIE TTO3BOJIMIM YTOYHUTH TEKTOHHYECKOE CTPOSHHE M OCOOCHHOCTH pa3MEIIeHHs] Mar-
MaTHYeCKUX O00pa30BaHMH, OLEHNUTH IIIYOWHBI HMCTOYHMKOB MAarHHTHBIX M IUIOTHOCTHBIX HEOJHOPOIHOCTEH
3ananHo-BepxosHcKkoro cexropa BepXOsHCKOro CKjIaguaTo-HaJBUIOBOIO MOsICA. YCTAHOBJIEHBI CKPBIThIE TEK-
TOHHYECKHE HapyIIEHHs] CyOIOITOTHOTO M BOCTOK-CEBEPO-BOCTOYHOTO NpocThpaHus. [lokazaHo mosoxeHHe
3anaHo-BepxosiHCKOTO morpedeHHoro pudToBoro rpadexna. [locTpoeHHbIE reOPU3MYECKIE MOCITH BBISBUIN
TPHU CTPYKTYpPHBIX 3Taxka, C Pa3IMYHBIM YPOBHEM IIOJIOKEHHUS MCTOUHMKOB MAarHUTHBIX U IJIOTHOCTHBIX Macc,
KOppEJIUPYIOLIHE C 0CaJl0YHBIM YeXJIOM, BepXHell U HuxkKHel Kopoi.

Kurouesnie cnoBa: 3anagHo-Bepxosuckuii cekrop BCHII, MaruuTHbIE aHOMaNINy, TPaBUTALIMOHHBIE aHOMA-
JUH, TpaHc(hOopManust TeONOTeHIINAIBHEIX MOJIeH, reou3nuecKre MO, NTyONHHOE CTPOCHHUE

Jas muruposanusi: ConosbeB E.D., CasBunoB U.U. [my6rHHOE cTpoeHne 3anaHo-BepXosHCKOTO ceKTopa
BepxosHCKOTO CKJIa[4aTo-HaABUIOBOTO I0sica 1Mo reodu3mdeckuM JaHHBIM. Becmuux CBDY. 2026;(1):37-48.
DOI: 10.25587/2587-8751-2026-1-37-48
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Scientific original article

THE DEEP STRUCTURE OF THE WESTERN VERKHOYANSK SECTOR
OF THE VERKHOYANSK FOLD AND THRUST BELT ACCORDING
TO GEOPHYSICAL DATA

Evgeny E. Solovyov*, Innokenty 1. Savvinov
M. K. Ammosov North-Eastern Federal University, Yakutsk, Russian Federation
*solov.evg@yandex.ru

Abstract

The Verkhoyansk fold and thrust belt (VFTB) is the largest geological structure in the Verkhoyansk—Kolyma
orogenic region. Despite decades of study of the Verkhoyansk fold and thrust belt, the region’s deep structure
remains poorly understood. Existing models and schematics of the region’s lithospheric structure are based
primarily on the interpretation of key seismic profiles located in the northern end and South Verkhoyansk sector
of the fold and thrust belt. The aim of this study is to summarize the available data and analyze anomalous
geopotential fields and their transforms to clarify the deep structure.

This paper presents the results of geophysical surveys of the West Verkhoyansk sector and adjacent territories
of the Verkhoyansk fold and thrust belt. To obtain information on the distribution of magnetic and density
heterogeneities, higher-order derivatives were recalculated in the Oasis Montaj geoinformation system, and two-
dimensional energy filtering with separation of fields into mid- and low-frequency components was performed in
the automated COSCAD 3D program. To study the deep structure of the study area by solving an inverse problem in
COSCAD 3D, magnetic and gravity models were calculated to estimate the parameters of anomaly-forming objects.

The data obtained allowed us to clarify the tectonic structure and distribution of igneous formations and
estimate the depths of magnetic and density heterogeneity sources in the West Verkhoyansk sector of the
Verkhoyansk fold and thrust belt. Hidden tectonic faults with sublongitudinal and east-northeast strikes were
identified. The position of the West Verkhoyansk buried rift graben was demonstrated. The resulting geophysical
models revealed three structural stages, with different magnetic and density mass source positions, correlating
with the sedimentary cover and the upper and lower crust.

Keywords: West Verkhoyansk sector of VFTB, magnetic anomalies, gravitational anomalies, transformation
of geopotential fields, geophysical models, deep structure

For citation: Solovyov E.E., Savvinov LI. The deep structure of the Western Verkhoyansk sector of the
Verkhoyansk fold and thrust belt according to geophysical data. Vestnik of North-Eastern Federal University.
Earth Sciences. 2026;(1):48-37. DOI: 10.25587/2587-8751-2026-1-37-48

BBenenue

BepxosiHckuii  ckiaquaro-HaasuroBslii nosic (BCHII) sBnsieTcst kpymHeWIIed reonoruyeckoi
CTpyKTypoit BepxosHo-KompIMCcKo# OporeHHON 001acTH M IPEICTABISIET COOO0H CIOKHBINA KOMILIEKC
Pa3NUHBIX TEKTOHMYECKHUX 30H, C(DOPMUPOBAHHBIX B PE3YJIbTaTe MACIITAOHBIX aKKPEI[MOHHO-KOJLIN-
3HOHHBIX coObITHH Ha CeBepo-Boctoke Asun B mo3mHeM Me3030¢ [1]. [To coBpeMeHHBIM MpeacTaB-
nenusM crpykrypsl BCHIT obpa3oBanuce B pe3ynsrare akKyMyJSIUH Pa3HOBO3PACTHBIX 0CaJOYHbBIX
KOMIIJIEKCOB Ha BOCTOYHOH OIyIIeHHON okpanHe CHOMPCKOro KpaTtoHa W IMOCIEAyIOIeil uX HHTEH-
cuBHOU nmedopmarmeii [2]. HecmoTpss Ha MHOTONETHHE M3YYCHUS PETHOHA, TIyOWHHOE CTPOCHWE
BCHII ocraetcst cnabo usyueHHbIM [2, 3, 4, 5, 6]. CyliecTBYIOIIAE MOJCIIN U CXEMbI CTPOCHHUSI JINTOC-
(heprI pernoHa OCHOBBIBAIOTCS, B OCHOBHOM, HA MHTEPIIPETAIIMN OMOPHBIX CEHCMUYECKUX MPOopHIIeH
cepun JIAPTE u 3-JIB, ocTaBmnsist AMCKyCCHOHHBIMH BOTIPOCHI O TIIyOMHHOM apXUTEKType OCHOBHBIX
TEKTOHUYECKUX CTPYKTYp CKJIaadaroro nosca [6, 7].

lenbto HacTosIEl PAaOOTHI SIBIsIETCS 0000IIEHNE NMEIOIINXCSI IAaHHBIX U KaUe€CTBEHHBIN aHAJIN3 aHO-
MaJIbHBIX F€ONOTEHIMATBHBIX TOJIEH M UX TPaHC(HOPMAHT JUISl yTOUHEHHS ITyOMHHOTO CTPOEHHMS 3aria iHo-
BepxosiHCKOro cexropa U CMEKHBIX TEPPUTOPHI BepXosHCKOro CKi1aquaro-HaJBUIOBOIO NOsICA.
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O0BeKT uccae10BaAHNI

Hccnenyemast TeppuTOpusi OXBaThIBAET NPUILIAT(GOPMEHHYIO YacTh 3araHo-BepxosHckoro cex-
topa BCHII u cmexnsie Tepputopun (puc. 1). B 3amagao-Bepxosackom cextope BCHII Beimens-
IOTCSL Pa3IUYaIoINecs TeoloTHYeCKUM CTpoeHHeM Xapaynaxckuil, Opynranckuii, Kypanaxckuii, u

CHUBUPCKASL

132"

Puc. 1. Texronnueckas cxema 3anaiHo-BepXosSHCKOTO CEKTOpa U CMEXHBIX TEPPUTOPUI
BepXosHCKOro cKJiauaTo-HaABUTOBOTrO MOsACa

1 — pa3nomsl u ux HauMeHoBaHue: 3BP — 3ananno-Bepxosuckuii, LIBP — Llentpansao-Bepxosuckuit, X —
Ore-Xaiickuii, Xa — Xanteicuackuii, CT — Cesepo-Tupexraxckuii, FOT — FOxuO-TupexTaxckuii; 2 — rpaHuisl
TEKTOHUUECKHX 30H; 3 — Cubupckas miarpopma (IIpuBepXxosHCKHUiA KpaeBoi porud); 4 — TEKTOHUYECKUE Cer-
MeHThI 3amagno-BepxostHckoro cekropa BCHIL: X — Xapaynaxckuii, Op — Opynaranckuii, K — Kypanaxckwuid,
b — bapauHckuii; 5 — cunknuHanu Tei10Bo# 30861 BCHIT: OM — Omonoiickas, C — Capranrckas; 6 — Xo6oitory-
Duniickuil TPaHUTONIHBI MAaCCHB U TOJIOKEHUE CKPBITOTO IUTyTOHA 110 re0(pU3NUSCKUM JaHHBIM; 7 — MOJI0XKe-
HHE reo(U3NUECKUX Pa3Pe30B MATHUTHBIX M IUIOTHOCTHBIX Macc, 8 — MoyiokeHue 3araiHo-BepxosHcKkoro mno-
rpeGeHHoro rpadeHa 1o reopu3nIeCKUM JaHHBIM
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Fig. 1. Tectonic scheme of the Western Verkhoyansk sector and adjacent territories
of the Verkhoyansk fold and thrust belt

1 — faults and their names: 3BP — West Verkhoyansk, I[IB — Central Verkhoyansk, X — Ege-Khaisky, Xa —
Khaltysinsky, CT — North Tirekhtyakhsky, IOT — South Tirekhtyakhsky; 2 — boundaries of tectonic zones; 3 —
Siberian platform (Priverkhoyansk foredeep); 4 — tectonic segments of the West Verkhoyansk sector of the VFTB:
X — Kharaulakhsky, Op — Orulgansky, K — Kuranakhsky, b — Barainsky; 5 — synclines of the rear zone of the
VFTB: Om — Omoloyskaya, C — Sartangskaya; 6 — Khoboyotu-Echiysky granitoid massif and the position of the
hidden pluton according to geophysical data; 7 — position of geophysical sections of magnetic and density masses,
8 — position of the West Verkhoyansk buried graben according to geophysical data

Bapauncknii cerments [2]. K BocToky pacmonoxensl Omonoiickuii n CapTaHTCKUH CHHKIMHOPHH,
Bxojsamue B TolIoByt0 30Hy BCHII. OcHoBanmneM mosica sBAseTCsS JOME30IMPOTEPO30IMCKUN MeTa-
Mopdudecknil (pyHIaMEHT, MEePEeKPHITHI MOIIHBIMU OT 6 0 21 KM BEpXHENPOTEPO30HCKUMH, TIa-
JIC030MCKUMH U HIYKHEME3030HCKUMHU ocalouHbIMU Tommamu [4, 5, 8]. Ha 3amage TekToHHMuUeckue
30HBI OTPaHUYCHBI 3ammagHO-BepxosHCKIM paszioMoM. Marmarudeckrne 00pa3oBaHus B perHOHE IPo-
SIBJICHBI HC3HAYUTCIIBHO. 3JICCI) BbIZICJICHBI Maje030MCKUE U ME3030MCKHE MarMaTHYeCKUE KOMITJICK-
CBbl OCHOBHOTO, CPEJJHEr0 M KHUCJIOTO COCTaBoB. [IpeoliiaiatoT moposibl KMCIIOro U CPeTHEro COCTaBa,
UMEIOIINE MO3THEME3030MCKUIT BO3PACT U MPEICTABICHHbIE MHOTOUHCICHHBIME JIaliKaMH, PEIKUMHU
MaccuBaMu U mrokam# [9, 10].

MeToauka uccjaea0BaHui

B kadectBe OINOPHBIX MATEPUATIOB HCIHOJB30BAaHBI: KapThl I'PaBUTAMOHHOTO IIOJIA MacmTa6a
1:2 500 000 B penyknuu byre, ungpossie Mogenu rpaButanoHHoro noist 3emian GOCO2025s, a Tak-
K€ KapThl MArHUTHOTO T0J1s Macmtada 1:2 500 000 [11, 12, 13]. McxonHbie MaTepuabl epeBeIeHb
B aBTOMaru3upoBanHyto nporpaMmmy COSCAD 3D, rae npousBeneHsl onepaiuy — BOCIIOIHEHHE OT-
CYTCTBYIOLIMX 3HAYEHUI U CIUIaiiH MHTepnoasuus JaHHbIX. [Tociie yka3aHHBIX UTEpaluil TOJTy4YEHbI
rQpoBbie MaTpHILbl 1 X1 KM MarHUTHOTO M I'PaBUTALIMOHHOTIO (B peAyKIHK byre ¢ mIoTHOCTBIO 1po-
MEXYTOIHOTO ciiost 2.67 T/cM?) mosteit n3yuaeMoi TeppHTOPHH.

IIJ'IH MOJIYyYCHUA I/IH(bOpMaHI/II/I O pacnpeaCICHNU MAariMTHBIX U IJIOTHOCTHBIX HeO}IHOpOHHOCTCﬁ )41
CBSI3H MX C T€OJIOTMYECKUMH CTPYKTYPaMH BBITIOIHEHBI ClIeyIOIIne TpaHchopMaiy reopu3niecknux
ToJIeH — TIepecyueT BBICIIINX MMPOU3BOIHBIX B TeonH(popMannoHHo# cucteme Oasis Montaj, 1BymepHas
SHepreTUyYecKast (GPUIIBTPALIUS C pa3/ieIeHHEM IoJIel Ha Cpe/lHe- ¥ HU3KOYAaCTOTHBIC COCTABIISIONINE B
aBTomarm3upoBanHoii mporpamme COSCAD 3D [14].

Jliist u3yueHus IIyOMHHOTO CTPOCHHUS PACCMAaTPHBAEMON TEPPUTOPHH MTOCPEACTBOM PEIICHUS 00-
partHoii 3agaun B nporpamme COSCAD 3D paccunTanbl MarHUTHBIE U TPABUTAL[IOHHBIE MOJIEIH, [10-
3BOJISIFOIIIME OLICHUTh apaMeTpbl aHOMalleo0pa3yoiux 00bekToB [15]. BeiOpanHas riyOuHa pacyer-
HOW MOZIETH € YYETOM CYIIECTBYIOUIUX MPEICTABICHUNA O MOLTHOCTH 36MHOM KOpBI cocTaBmiIa 50 kM.

Pe3yabTaThl u 00Cy:KAeHUE

Maenumnvle anomanuu. MaraHuTHOE TMOJ€ UCCIEAYEMOIl TEPPUTOPUHN XapaKTEpU3yeTCss HEOIHO-
pomHBIM cTpoeHueM. Ha 3amane, smons rparniisl BCHII u I[TpuBepxosHCKOTO Tporrba BEIIEISIOTCS
KPYNHBIE BBICOKOMHTCHCHUBHBIC MAarHvTHBIC aHOMAJIWU ITOJIOKHUTCIIBHOTO 3HAKa. MarauTHbIe Mak-
CHUMYMBI BBITSHYTBI B CyOMEpHIMOHAIBHOM HalpaBlICHUU Ha paccrosiHue cBbime 800 kM mpu mmu-
pune oxono 120 kM Ha ceBepe n 72 KM Ha tore. Bricokast MarHUTHAasE HHTEHCUBHOCTh OOBSICHICTCS
HIMPOKUM pa3BUTHEM MarMaTHYeCcKHX 00pa3oBaHMi (CHIIJIOB U J1a€K) OCHOBHOI'O COCTaBa M IPHCYT-
CTBHEM B OCA/IOYHBIX TOJIIIAX TOPU30HTOB, OOOTANIEHHBIX MATHETUTOM M IMPPOTHHOM, BO3SHUKIIINX
B pe3ysbTare pa3mbiBa Tpanmos [ 10]. BEICOKOMHTEHCHBHBIE MOJIOKUTENbHBIE MATHUTHBIE aHOMAJTUH B
XapaynaxcKoM CETMEHTE CBSI3aHBI C BHICTYIIAMH IIaTOPMEHHOTO OCHOBAHMUSL.

B menTtpanbHoit yactu 3anagHo-BepxosHckoro cekropa BCHII, oTaenssick OT MarHUTHBIX Mak-
CHUMYMOB, IETIOYKOH COMMIKEHHBIX MaJOAMILIMTYIHBIX aHOMAJIMH, OTMEUYaeTCsl y3Kasi IPOTsHKCHHAs
MOJI0Ca OTPHUIIATEIFHOTO MAarHUTHOTO TTOJIST MHTEHCUBHOCTHIO OT -100 10 -150 Hra. IpoTshkeHHOCTH
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BBIICTIEHHOW MarHUTHOM MOJIOCKI cocTapisieT cBbiie 800 KM, MpH MKUPHHE Ha ceBepe 10 96 KM, Ha tore
— oKoJo 35 kM. B cTpyKkTypHOM OTHOIIEHMH, 37IeCh ()parMEHTapHO pacroiaraiTcs XapayllaXxCKHH,
Opynranckuii, Kypanaxckuii cerMeHThl 1 OMOIOMCKUI CHHKIMHOpUH. HUu3knii ypoBeHb aHOMAIIbHO-
TO MarHUTHOTO TTOJIsI COOTBETCTBYET NOTPYKEHHOMY 3anaaHo-BepxosiHCKoMy rorpedeHHOMY pHu(TO-
BOMY rpabeny [4].

B BocTOUHON yacTu HccleayeMol TeppUTOPUH, NPEUMYIIECTBEHHO B mpeaenax CapTaHICKOTO
CHHKJIMHOPHS, (PUKCUpyeTcss 007IacTh claboOTPUIIATEIBHBIX M OMU3HYIIEBBIX 3HAYCHUH MAarHUTHOTO
noyst. B paiione pacripocTpaHeHuss MarMaTH4ecKuX 0O0pa3oBaHUil MONEPEYHOro rPaHUTHOTIO Tosica 1
KOHTAaKTOBO-U3MEHEHHBIX TTOPOJI, OKPYXKAIOUINX TPAHUTOWIHBIE HHTPY3UBHBIC Tela, CTPYKTypa Mar-
HUTHOT'O TIOJIA OCJIOXHACTCA BBITAHYTBIMU B BOCTOK-CEBEP-BOCTOUYHOM HAITPABJICHUHN JIOKAJIBHBIMU
N30METPUYHBIMI aHOMAJTUSIMU TTOJIOKUTEIBHOTO 3HAKA.

B menom, Ha XapakTep aHOMaJIbHOTO MAarHUTHOTO TT0JIs pututaTgopmenHoit gactu BCHII snusitor
DTyOMHHBIE HEOAHOPOJHOCTH — IPUIIOAHSATHIC M OITyIICHHBIC OJIOKM 3€MHOW KOpPBI, MarMaTHuecKue
00pazoBaHMs PA3IMIHOTO COCTABA M TUIOMIAAN KOHTAKTOBO-M3MEHEHHBIX TIOPOJ.

I'pasumayuonnvie anomanuu. I'paBUTALIMOHHOE TIOJIE HCCIEAYEMON TEPPUTOPHM TUIMYHO IS
30HBI COYJICHEHHMSI CKJIQ[4aTOM CHCTEMBbl M KOHTHHEHTAJIBHOH IIaT(OpMBbI C pa3BUTHEM KPYIHBIX
UHTPY3UBHBIX 00pa3zoBaHUi. TeKTOHHUECKHE BBICTYIBI U TOJHATHUS BBIACNSAIOTCS IOBBIIICHHBIMU
3HAQUEHUSIMHU T'PaBUTAIIMOHHBIX aHOMAJIMMU, IIPOrUObl U BIIAJIMHBI — TOHWKEHHBIMH, MarMaTuuecKue
00pa3zoBaHMs — B 3aBUCHMOCTH OT MX BEIIECTBEHHOTo cocTaBa. HaOmiomaercst mpenMyIeCTBEHHO
CyOJIOJITOTHBII XapakTep M30aHOMaJl, KOPPEIUPYIOIIUA ¢ OCHOBHBIM IPOCTHPAHUEM I'€OJIOTMYECKUX
CTPYKTYp. 3anagHo-BepxosHckuil pasnom, orpannuuBaromuil ctpykrypsl BCHIL, tpaccupyercs ce-
puel BBICOKOTPAaJUEHTHBIX JIMHEHHBIX TPABUTALIMOHHBIX aHOMAJIHM.

I'paBUTanIIOHHBIE MaKCUMyMBI OOYCIIOBJICHBI BBICTYIIOM B IUIaT(OPMEHHOM OCHOBAHUH
XapaynaxcKoro CerMeHTa 1, BEPOSTHO, C CyIIECTBEHHBIM COKPAIICHNEM MOIIIHOCTH IEPEKPHIBAIOIINX
OTJIOKEHUH Ha ceBepe. B 1ieHTpanbHON yacTu H3ydaeMoi MIoIaay TpaBUTAllMOHHbIE aHOMATIHU KOP-
PENUpYIOT ¢ MarHUTHBIMKA. HabnmrogaeTcs BEITSHyTast B CyOZOITOTHOM HANpaBICHUH T0J0Ca JUTMHON
oosee 800 kM, XapaKTEpPU3YIOLIAsICS OTPHUIIATSIBHBIM YPOBHEM I'PABUTAILIMOHHOTO MOJsl. Takum 00-
pa3oMm, 1o Teo(hU3NUECKUM JaHHBIM KPYIHBIH MOrpeOeHHBIN IpabeH MpOCIIeKNBAETCs Yepe3 BCIO U3-
y4aeMyo TEPPUTOPHIO.

BbieeHHy 0 aHOMaJIbHYO TIOJIOCY OCIIOMKHSIET PsiJi MUHUMYMOB. | paBUTaIllOHHbIE MUHUMYMBI 00-
YCIIOBJICHBI COYETAaHUEM TEKTOHUUECKHX BIAIMH M CKPBITBIX HHTPY3HH, IPEIIOIOKUTEIBHO, OCHOBHOTO
U KHCJIOTO COCTaBOB. B mpeenax miIoTHOCTHOW HEOIXHOPOMHOCTH pa3MeracTcs Xo00HoTy-Duniickuii
TPaHUTOUTHBIM MAacCUB, YTO MTO3BOJISICT MPEATIONOKNUTH HAJINYNE Ha TIIyOMHE KPYITHOTO IUTYTOHA.

I'paBuTanIOHHOE TIOJIE TEPPUTOPUH OOYCIOBICHO B3aMMOOTHOIIEHHEM CTPYKTyp Cubupckoi rar-
¢dopmer 1 BCHI, naymramem prudToBoro rpadeHa npoTspkeHHOCTHIO eBbinie 800 KM, pa3pbIBHBIX Hapylle-
HUH Pa3IMIHOTO IPOCTUPAHMS M KHHEMATHKH, @ TAKXKE KPYITHBIX CKPBITBIX MArMaTHIECKUX 00pa30BaHMH.

Tpancgopmuposannvie eeopusuveckue noid. Bvicokouacmomnvie anomanuu. Ilpu untepnpera-
LMY MarHUTHBIX ¥ TPAaBUTAIMOHHBIX aHOMAJIMI IPUHATO CYUTATh, YTO HU3KOUACTOTHBIE (PEernoHalb-
HI)Ie) KOMITOHCHTBI I'COIMOTCHIMAJIbHBIX IOJICH CBSA3aHBI C FJ'Iy61/IHHBIMI/I T€OJIOTUIYCCKUMU CTPYKTYypa-
MH, BBICOKOYACTOTHBIE (JIOKAJIBHBIEC) — C BO3MYIIAIOIIMMHU 00BEKTaMHU B BEPXHHX CIIOSIX 36MHOU KOPBI.

Pacuer BepTHKAIbHBIX MPOU3BOAHBIX MAarHUTHOTO MOJIS MO3BOJIMJI ONPEAEIUTH IOJNI0KEHHUE JI0-
KaJIbHBIX BO3MYIIAIOLINX HEOIHOPOAHOCTEH. B pesynbrare ananusa TpancopMUPOBAHHOIO MarHMT-
HOTO TIOJIA 110 MPOTSHKCHHBIM JIMHEHHO-BBITSIHY THIM M HHTEHCUBHBIM aHOMAJTUSIM YCTAHOBJIEHBI CKPBI-
ThIE Pa3pbIBHbIC HAPYIICHHS CYOAOJITOTHOIO U CyOIIMPOTHOTO MpocTupanus. JInHelHble MarHUTHBIC
CTPYKTYPBI OCJIOKHEHBI JIOKAITbHBIMH H30METPHYHBIMHA aHOMAIIUSIMH, KOPPEIUPYIOIIMMHUCS ¢ MarMa-
TUYCCKHUMMU TCIIaMH.

CornacHO MarHUTHBIM aHOMAJIUSIM, TEKTOHMYECKHE HapyLICHUS CyOMEpHUANOHAIBHONH OpUEHTH-
POBKH cyOmapaiiensHbl 1 IMEIOT TyrooOpa3Hblil xapakTtep (puc. 2A). OHH COMOCTABIAIOTCS C W3-
BECTHBIMHU PErHOHAIILHBIMU pa3iioMaMu — 3anaaHo-BepxosiHckuM u LlenTpansHo-BepxosHeknm.
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Puc. 2. BricokoyacToTHble MarHuTHBIE (A) 1 rpaBuTannonHble (b) aHoMann uccneyeMol TeppuTopun
1 — ycranoBnenHsle pasnomsl: 3BP — 3ananno-BepxosHckuii, LIBP — Llentpansno-Bepxosackuii, 9X — Ore-
Xatickwmii, Xa — Xanteicuackuit, CT — CeBepo-Tupextaxckuit, FOT — FOxxHo-TupexTsaxckuii; 2 — ocu reodusmye-
CKUX JTHHEHHBIX aHoMamuii: LM — MarautHbIX, LG — rpaBUTAIMOHHBIX; 3 — MOJOKEHUE Te0()U3NIECKUX Pa3pe3oB
MarHUTHBIX ¥ TNIOTHOCTHBIX Macc
Fig. 2. High-frequency magnetic (A) and gravitational (B) anomalies of the studied area

1 —established faults: 3BP — West Verkhoyansk, I{B — Central Verkhoyansk, 9X — Ege-Khaisky, Xa — Khaltysinsky,
CT — North Tirekhtyakhsky, FOT — South Tirekhtyakhsky; 2 — axes of geophysical linear anomalies: LM —
magnetic, LG — gravitational; 3 — position of geophysical sections of magnetic and density masses

Paznom LM2 cerMeHTHpOBaH CyOUIIMPOTHBIMU Pa3phIBHBIMU HapyueHusMu (LMS, LM6, LM7)
(puc. 2A). AMIuMTyna jarepaibHBIX CABUIOB 3/I€Ch JIOCTUTACT IO Teo(H3HMYECKHM JTaHHBIM JI0
6 kM. [Ipennomaraemsrii paziaom LM3 BeimensieTcs Mo pe3Koil cMeHe XapakTepa TpaHc(hopMUpoBaH-
HOTO MarHUTHOTO MOJS U LENOYKE JIOKAJIBHBIX U30METPUYHBIX aHOMAJIUH, BEPOSITHO, COOTBETCTBYET
(hpoHTANBHOH TPAHUIIE HONEPETHOTO MArMaTHIECKOro rnosica. UKCHpyeMbIe 3[1eCh CyOITMPOTHBIE JIH-
HelfHble MarHUTHBIC aHOMAIMU MapKupyroT Ore-Xaiickuii, XanTeicuHckuid, CeBepo-TUpeXTIXCKUA,
HOxHO-THUpeXTAXCKUIT 30HBI Pa3IIOMOB.

TpaHnchOpMUpPOBaHHOE BBICOKOYACTOTHOE I'PABUTAIIMOHHOE II0JIE MMEET SIPKO BBIPAKEHHBIIM
JVHEHHBIA XapaKkTep ¢ 4Yepe/loBaHMEM IMOJOXKHUTEIBHBIX M OTPHIATENbHBIX aHoManuii (puc. 2B).
ITpoctupanue u KoH(PUTrypamys aHOMaJIUH COMIACYETCsI CO CTPOSHUEM BBIXOAALINX HA JHEBHYIO IO-
BEPXHOCTb I'€0JIOTHYECKUX CTPYKTYp. OTpULlaTeIbHbIE JINHEHHbIE aHOMAINK KOPPETUPYIOT C OCAMU
CHUHKJIMHAJIBHBIX CKJIAJIOK, TTOJIOKUTEIbHBIC — aHTUKINHAIBHBIX. PernoHaIbHBIC pa3loMbl 3araHo-
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Bepxosuckuit u LlenTpansHo-BepxosHckuil Tpaccupyrores auHelHbiME aHoMmanusiMu LG1 u LG2.
BbleneHHBIC B MATHUTHOM T10JI€ MarMaTHYECKHE T0sica OTpakaroTest ciabo M parMeHTapHO, 4TO
yKa3bIBaeT HA MX HE3HAYUTEIbHBIH 00bEM.

Cpeone- u nuskouacmommuvle aHomanuu. AHAIN3 CpeTHe- U HU3KOYACTOTHONW KOMITOHEHT MarHUT-
HOTO TOJISL pacCMaTPUBAEMOH TEPPUTOPHH YKa3bIBAET HA OBICTPOE 3aTyXaHHUE JIOKATBbHBIX aHOMAIIUH 1
HECYIIECTBEHHOE N3MEHEHHE XapaKTepa pernoHaIbHBIX aHOMaJINi ¢ nryOuHoi (puc. 3). KonrpactHo
BBIJIENISICTCS PSII KPYIHBIX MOJOKUTEIBHBIX MarHUTHBIX MAKCHMYMOB BBICOKOW MHTEHCHBHOCTH Ha
rpanune [TpuBepxosiackoro nporuba u 3amaano-BepxosiHckoro cekropa BCHIL.

B nenTpanbHON 4acTH M3y4aeMoil IUIOIAIM BBIICISETCS AyrooOpa3Hblil peTHOHAIBHBIN MHHU-
MyM MarHWTHOTO TIOJSA MPOTsDKEHHOCTHIO Oonee 800 kM, cBs3aHHBIN ¢ 3amagHo-BepxosHCKUM Mo-
rpebeHHbIM TpadeHoM. CTpyKTypa perMoHaIbHONH aHOMaJIMM HeojHOpoaHa. Ha ceBepe MarHUTHBIH
MUHUMYM Xapakrepusyercs mupuHoit 10 110 kM, naTeHCHBHOCTBIO 10 -300 HTI U BBIpaKEHHBIM
KOpBITOOOpa3HbIM cTpoeHHeM. K rory anomanus pesko cyxaetcst 10 40 KM U IproOpeTaeT TUHCHHBIN
XapakTep, ypOBEHb 3HAUEHUN MarHUTHOIO 1oJist nogHumaetrcs 1o -120 T
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Puc. 3. Cpenne- (A) u Hu3KouactoTHOe (b) aHOManbHBIE MArHUTHBIE TTOJIST HCCIIEYEMON TEPPUTOPHH
YcnoBHBIE 0003HAYEHUS CM. PHC. 2.
1 — mpeamonaraeMele TpaHUIIBI 3anaaHo-BepxosHcKoro morpedeHHoro rpadbeHa

Fig. 3. Medium- (A) and low-frequency (B) anomalous magnetic fields of the studied area
See Fig. 2 for the legend
1 — assumed borders of West Verkhoyansk buried graben
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Crenyromasi perioHajbHasi MarHUTHAsT aHOMaJIHsl B FOXKHOW yacTn CapTaHICKOrO CHHKIMHOPHS
mupruHOH 10 230 KM MpHypoveHa K IONEPeyHOMY TPAaHUTHOMY TI0SICY M MMEET BOCTOK-CEBEpPO-BOC-
TOYHYIO OpueHTUPOBKY. OHa (pUKCHpyeTCs C1a0OMHTCHCUBHBIMU 3HAYCHUSIMH MAarHHTHOTO ITOJISI B
nuamasose ot -50 go 15 uTm.

CpenHe- U HM3KOYACTOTHBIC KOMITOHEHTBI ITOJISI CHUIBI TSKECTH HUMEIOT CYIIECTBEHHBIE pa3ilu-
yus. CTPyKTypa CpeHEYaCTOTHBIX aHOMAaJIMH COCTOMT U3 TPABUTALIMOHHBIX MaKCUMyMOB M MUHH-
MYMOB pa3IMYHON KOHPHUTYpaIuy U MPOTsLKEHHOCTH (puc. 4A). M3BecTHBIE pernOHAIBHBIC TEKTO-
HUYECKHE HAPYIICHUs] KOPPEIUPYIOT C 30HaMH I'PaJMEeHTOB rpaBUTALMOHHOrO 1moss. Jlist 3ananHo-
BepxosiHCKOTO pa3iioMa XapakTepHO pe3Koe N3MEHEHHE aMIUINTYAbl AaHOMAJINH, yKa3bIBaIOIIee Ha €ro
CyOBEpTHKaJIbHOE CTPOCHHE C Ma/ICHIMEM Ha BOCTOK Ha JIaHHOM IIIyOMHHOM cpese. Pasnom, BeizieseH-
HBII BOCTOYHEE, 110 Te0(U3MUECKIM CBOWCTBAM, IIPEICTABIICH MOJIOTUM CPBIBOM C 3aIlaJHOM BEpTeHT-
HOCTBIO. KOMITITEKCHI TOPOA B €T0 KPBUIBAX PA3IMUYAIOTCS] aHOMATIBHON INIOTHOCTBHIO.

max

min

132°

Puc. 4. Cpenne- (A) u Hu3KouactoTHOE (Bb) aHOMaNbHBIE TPaBUTALIOHHBIE OIS HCCIEAYEMON TEPPUTOPUH
1 — Xo6oiioTy-D4UriCKNil TPAHUTONIHBII MaCCHB U MOJIOKEHHE CKPHITOTO TIYTOHA MO re0(pU3NUSCKUM JaHHbBIM.
VYcnoBHBIE 0003HAYEHUS CM. PUC. 2.

Fig. 4. Medium- (A) and low-frequency (B) anomalous gravitational fields of the studied area
See Fig. 2 for the legend
1 — Khoboyotu-Echiysky granitoid massif anf hidden plutoniun location according to geophysical data

a4



— BECTHHK CB®Y. Cepua «HAVKH 0 3EMINIE Ne1041) 2026

Hawubonee nHTEHCHBHBIE OTpUIATENILHBIE AHOMAJIMK CBSI3aHBI C TIPOTMOOM B XapayIaxCKOM Cer-
MEHTE M MarMaTH4ecKUMH TeJaaMu B npenenax Kypanaxckoro cermenTa. KpynHblid rpaBUTannoHHbBIA
MHUHHMYM I103BOJISET MPEIoiarars HaJu4ue CKpbIToro 0aroura pazmepom 63x45 kM o Xo0oHoTy-
OUMICKUM TPAaHUTHBIM MACCUBOM.

HuskouacToTHAs: KOMIIOHEHTA TPABUTALIMOHHOTO TTOJISI OTPAXKAET MIyOOKHE MIIOTHOCTHBIE HEOTHO-
POIHOCTH 36MHOM KOPBI M [TOKa3bIBaeT 00I11ee TEKTOHMYECKOE CTPOCHHE N3y4aeMOro peruoHa, CBsi3aH-
HOE C penbedoM Kpuctamummieckoro gpyrmamenra (puc. 4b). [To nanHbIM TpaBuUMeTprH, GyHIAMEHT
npumiarpopMeHHoi yactu 3anaaHo-BepxosHckoro cextopa BCHIT ocnioxkueH kpynHo# ienpeccueit
CyOZIOJITOTHOTO TIPOCTUPAHMS, CONOCTaBUMON ¢ 3amangHo-BepxosHckuM rpabenoM. IlorpeOGeHHbIH
rpa0eH, MPOTSATUBACTCS Yepe3 BCIO UCCICAYEMYIO TUIOIIAb, U OTPAHUYUBACTCS BO3AbIMaHHEM (yH-
JlaMEHTa Ha ceBepe. BhlnenenHas cTpyKTypa Ha IyOMHHOM ypOBHE XapaKTepH3yeTcsl KpyThIM CyO-
BEPTHKAJIBHBIM 3aaJHBIM U HAKJIOHHBIM BOCTOYHBIM OOpPTaMH, O Ye€M CBHUIETEILCTBYIOT TPAIUEHTHI
HU3KOYACTOTHBIX IPAaBUTAI[IOHHBIX aHOMAaJIHH.

Maznumnvle u epasumayuonnvie mooeau. Pacdér 3KBHUBAJIEHTHOTO PACIpEEICHNS MArHUTHBIX
Macc 1oKa3ajl, YT0 OCHOBHAS YaCTh BHICOKOYACTOTHBIX (JIOKaJIbHBIX) aHOMAJIMI pa3MelaeTcs Ha I1y-
6unax ot 1.3 1o 7 kM. HeoOXomuMo OTMETHUTB, UTO TPHUBE/ICHHBIE 3/I€Ch OIICHKHU NITyOHH 3aJIeTaHus OT-
HECEHBI K IIEHTPaM MarHuTHbIX Macc. Cepusi JOKalbHbIX aHOMAJINH, MAPKUPYIOIIMX TEKTOHUUECKOE

b

K |1

0 100 200 300 km

Puc. 5. Maruutnsie (A) u rpaButanuonssie (b) Mogenu uccieyeMoil TeppuTopun
1 — TeKTOHUYECKHE 30HbI, HAUMEHOBAHUS CM. PHUC. 1

Fig. 5. Magnetic (A) and gravitational (B) models of the studied area
1 — techtonic zones, see Fig. 1 for the names
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HapyIlICHHE B LIEHTPAJIbHONW YacTH M3y4aeMOW TUIOMIAAN ¥ BBI3BAHHBIX MHTPY3USMH, (QUKCUPYIOTCS
Ha TryonHax 4.2-5.1 kM. HeomHOpomHOCTH, 00YCIOBICHHBIC TPAaHUTOMIAMH TOMIEPEIHOTO MarMaTH-
YECKOTO T0sICa PACTIONOKEHBI Ha YPOBHSX OT 3.7 110 6.6 KM.

Crenyromuii TOpu30HT MarHUTHBIX HCTOYHHUKOB, CBSI3aHHBIN CO CPEAHEUACTOTHBIMU aHOMAJIHSIMH,
ycTaHoBIeH Ha TiryouHax 9-10 km. Hamnbonee rimyOokue EHTPH HCTOYHIKOB MarHUTHBIX aHOMAJWR
OrpaHUYEHbl BEPXHEH KPOMKOI Ha ypoBHE 15 KM U HUXKHEH KpOMKO# 24 KM.

VICTOUHUKHN JTOKATBHBIX IIOTHOCTHBIX OOBEKTOB (PUKCHPYIOTCS B IHana3zoHe rayomH 1.3-6 kM.
L{eHTpBI MacC CPEeTHEYACTOTHBIX TPABUTAIMOHHBIX aHOMAJIUI pa3MeIIeHbl Ha TyOuHax 12.5-20.7 kM,
HHU3KOYacTOTHBIX — 25-41 kM. COIIacHO CyIIECTBYIOINM I'€0JI0Tr0-Te0(hU3NIECKIM MOJIEIISIM, MOXKHO
MIPE/TONIOKHUTh, YTO HCTOUHHKH JIOKAIBHBIX TeO(U3NUECKIX aHOMAJIHH 00yCIIOBICHBI TEKTOHUYECKH-
MH U MarMaTH4eCKUMH HEOIHOPOAHOCTSIMU B TEPPUI€HHO-KapOOHATHOM CJIOE C IUIOTHOCTBIO 2.52-
2.67 t/em® (IlpoxkomseB, 1998, Illepbakos, Kpomaues, Iamsann, 2008, Tpetbsikos, 2017) [myOuns!
HCTOYHUKOB CPEIHEUACTOTHBIX aHOMAJIMI COOTBETCTBYIOT BepxHeit kope (hynmaamenta (6=2.80 r/cm?),
HHU3KOYACTOTHBIE — HauOOJIee IIOTHOM HIbKHEN (6=2.95 r/cm?).

3akii04eHue

B pe3synbrare npoBeseHHbBIX HCCIICIOBAHUN TIOCTPOCHBI CXEMBI TPAHC(HOPMUPOBAHHBIX TEOTIOTEH-
LUATIBHBIX NoNel U reodusndeckue Mozenu 3anaaHo-BepxosiHckoro cekropa BepxostHckoro ckia-
4aTO-HA/IBUTOBOTO T0SICA M CMEKHBIX TeppuTopuii. [lonyueHHbIe JaHHbIE TT03BOIMIN YTOYHUTD TEK-
TOHHYECKOE CTPOCHHE U OCOOCHHOCTH Pa3MENICHUSI MarMaTHIeCKNX 00pa30BaHuUil, OIICHUTH ITyOHUHbI
MCTOYHHUKOB MAarHUTHBIX M IUIOTHOCTHBIX HEOJHOPOAHOCTEH. AHOMAJIMU MarHUTHOTO TOJIsi 00yCIIOB-
JICHBI TIPUITOJHSATHIMHM M OITYHIEHHBIMH OJIOKaMH 3€MHOM KOpBI, MarMaTHYeCKHUMHU 00pa30BaHUAMH
Pa3IMYHOrO COCTaBa U COMYTCTBYIONIMMH KOHTaKTOBO-W3MEHEHHBIMHU MOpPOAaMHU. | paBUTAllMOHHbBIE
AQHOMaJIMM, B OCHOBHOM, BBI3BaHbI BIMSHUEM HPOTSHKEHHOTO IMOTrPeOEHHOTO TpadeHa, pa3phIBHBIMU
HapYIICHUSAMH U KPYITHBIMH CKPBITBIMH MarMaTHIeCKUMHU 00Pa30BaHUSIMU.

YCTaHOBIICHBI CKPBITHIE TEKTOHUYECKUE HAPYILICHUS! CYOJI0JITOTHON U BOCTOK-CEBEPO-BOCTOYHOM
OPHEHTHPOBOK, TpacCUpyeMble MarMaTHuecKuMu oopazoBanusmu. IIporsokennas 6onee 800 kM pas-
pBIBHAS AMCIOKAIMS BBIFETICHA K BOCTOKY OT LleHTpanbHo-BepxosHCcKkoro pasioma Ha pacCTOSIHUU
55-105 kM. I1o reodmsnueckum TaHHBIM, TOATBEP)KAACTCS HANW4Me 3ana Ho-BepxosHcKkoro morpe-
6ennoro pudrosoro rpadena. OTMeuaercs ciaokHas KoHGHUrypanus aenpeccud. OHa UMeeT KOPBITO-
00pa3Hyro (popMy Ha CeBepe U Y3KYIO JIMHCIHYIO Ha fore. [ pabcH acuMeTpuucH, ¢ KPyThIM CYOBEpTH-
KaJIbHBIM 3aITaIHBIM OOPTOM M HAaKJIOHHBIM — BOCTOUHBIM.

OCO0EHHOCTH Cpe/iHe- ¥ HU3KOYACTOTHBIX aHOMAJINIT O3BOJISIFOT MPEATOI0KUTh HAJTMYHUE HA [ITy-
OuHe 1mog DYMHCKUM MAacCHBOM KPYITHOTO I'PaHUTHOTO TUIYTOHA.

[TocTpoeHHbie Te0(hU3NUECKIE MOJICITH BBISIBUIM TP CTPYKTYPHBIX 3TaXa, C Pa3InYHbIM YPOBHEM
TIOJIOKCHUSI NCTOYHUKOB MAarHUTHBIX M IUIOTHOCTHBIX Macc. BBICOKOUACTOTHBIE IeONnOTeHIMAIbHbIC
aHOMaJuu OOyCIIOBJIEHBI TEKTOHNIECKUMH M MarMaTn4eCKUMH HEOJHOPOAHOCTSIMH B BEPXHEM Oca-
JqouHoM cioe 1.3-6 kM. [myOuHBI pa3MenieHus] HCTOYHUKOB Cpe/lHe- M HU3KOYaCTOTHBIX aHOMAJINi
KOppeupyroT ¢ BepxHei (12.5-20.7 kM) u HIKHEH Kopoit (25-41 km).
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I'EOPAJJAPHBIE UCCJIEJOBAHUSA CYBAJPAJIBHBIX TAJIMKOB
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AHHOTALHUA

B paGote mpencraBieHb! pe3ynbTaThl T€OPaAMONIOKAIMOHHBIX HCCIEIOBAHMI, BBIMOIHEHHBIX HA KIIOYe-
BBIX ydacTkax LleHTpanmpHOH SIKyTHH, pacmoloKeHHBIX BAONB (enepantbHbBIX aBTonopor «Bumoi» n «Jlenay.
OCHOBHO# IIENTbIO MCCIIEIOBAHUH SBISIIOCH BRIABICHNE HAJMEP3JIOTHBIX CyOa’spanbHBIX TAIHUKOB, KOTOPBIE Xa-
PaKTEpU3YIOTCS CIIOKHOM CTPYKTYpOM M BBICOKON C€30HHOM M IOI0BOW M3MEHYMBOCTBIO MX I'€OMETPHUUYECKHX
1 pusndeckux mapaMeTpoB. MccienoBaHus IPOBOIMINCE ¢ HCIONb30BaHueM reopagapoB OKO-3 ¢ gactoramu
150 MI'm, 250 MI'n u 400 MI'p MmeTomoM reopagapHoro npodumupoBanus. [ myOnHa uccaeqoBaHui COCTaBU-
1a Gomee 25 METPOB B MECYAHBIX OTIOKEHUSAX KPUONMUTO30HEL. [loirydeHHbIe JaHHBIE TOKa3aIH, 9TO OCHOBHBIM
JMAaTHOCTUYIECKUM TPH3HAKOM TAJMKOB SIBIISICTCS] HAJIMYHE TPAHUIIBI «TaJ0e-MEeP3I0e», PACTIONOKEHHON HIDKE
CE30HHO-TAJIOTO CJIOA. JTa TpaHuIa, 00yCIOBICHHAs Pa3HULEH B KOd(pUIIHEHTaX IHAIEKTPUIECKON MPOHHUIIA-
€MOCTH, YeTKO (PMKCHPYETCsl Ha pajaporpaMMax B BHJE KOHTpAcTHOTO oTpaxeHus. Ha 22 u3 76 reopamapHbIX
npodueii (28 %) 6puTH 0OHAPYKEHBI HAMEP3TIOTHBIE CyOa’pabHbIe TATUKN MOITHOCTBIO OT 5 110 20 MeTpoB.
[Ipu 3TOM TITyOMHA CE30HHO-TAIOTO CJI0s BapbupoBaiack oT 2,3 1o 4,0 merpoB. PazpaboranHast B xome uccie-
JIOBaHUH TanukoB Oacceiina pekn lllecTakoBka reopagapHas METOIUKA TO3BOMISET Y(D(HEKTHBHO BBISBISATE TaH-
KOBBI€ 30HBI Ha TeppuTopun LlenTpansHoi AxyTun. B pamMkax JaHHON METOAMKH Ul MOUCKA HAAMEP3IOTHBIX
Cy0a’pabHBIX TAJHKOB B MECYAHBIX OTIOKCHUSX PETHOHA OBUIM OMpEeNeHbl ONTHMAIbHBIE YaCTOTHBIC THa-
MIa30HbI Te0PaIHOIOKAMOHHBIX HccaenoBannii. Hanbonee s dexkTnBHBIMY T peIIeHns TOCTAaBICHHBIX 3a/1a4
OKa3aJIMCh YacTOTHI B Tuana3one 75+225 MI'1i, KOTOpBIi COOTBETCTBYET YaCTOTHOMY JHAIa30Hy IO SHEpTreTHYe-
CKOMY YPOBHIO CIIEKTpa CHUTHaJla aHTEHHOTO OJIOKa ¢ EeHTPabHOH 9acToToi 150 MI'm.

KonroueBble c10Ba: reopaaroNoKanus, reopagap, CIUIONIHAs KPHOINTO30HA, CyOa’paibHBIN TaNWK, Haj-
MEp3JIOTHBIH TaJIMK, BOMOHOCHBIN TaluK, LlenTpanbHas SIKyTHs, aBTOMOOMIIEHBIE TOPOTH, TepMOCY(h(HO3HOHHBIE
TIPOIIECCHI

Hdas uurupoBanusi; Janmnos K.II., Xpucropopo WM., Jledenera JI.C., TopoxoB U.B. I'eopamapusie
HCCIeN0BaHNs Cy0adpanbHBIX TAIMKOB BJIONE (elepanbHbIX aBTofopor «JleHa» n «Buimoit» B KpHOMHTO30HE
Henrpansnoit Sxytun. Becmuux CBDY. 2026;(1):49-62. DOI: 10.25587/2587-8751-2026-1-49-62
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GPR RESEARCH OF SUBAERIAL TALIKS ALONG
THE FEDERAL HIGHWAYS “LENA” AND “VILYUY”
IN THE PERMAFROST OF CENTRAL YAKUTIA

Kencheeri P. Danilov', Ivan I. Khristoforov'*, Lyudmila S. Lebedeva', Ivan V. Gorokhov*
"Melnikov Permafrost Institute, Siberian Branch of the Russian Academy of Sciences,
Yakutsk, Russian Federation
2Yakutsk Science Centre, Siberian Branch of the Russian Academy of Sciences,
Yakutsk, Russian Federation
*zodik@mail.ru

Abstract

The paper presents the results of GPR sounding of key areas in Central Yakutia along the federal highways
“Vilyui” and “Lena” to search for suprapermafrost subaerial taliks. Suprapermafrost taliks are characterized
by complex structures and dynamic seasonal and annual variations in geometric and physical parameters. The
measurements were carried out using 150 MHz, 250 MHz, and 400 MHz OKO-3 GPRs with the GPR profiling
technique. The survey depth exceeded 25 meters in sandy frozen rocks. The data show that the main indicator
of taliks is the presence of a thaw-frozen boundary below the seasonally thawed layer. This boundary is clearly
visible on radarograms due to the contrast in dielectric permittivity coefficients. Suprapermafrost subaerial taliks
with thicknesses ranging between 5 and 20 meters were detected in 28 % of the GPR profiles. The depth of the
seasonally thawed layer varied from 2.3 to 4.0 meters. The GPR technique for detecting and mapping talik zones,
tested in the Shestakovka River basin, proved effective for identifying taliks in Central Yakutia. The most effective
frequencies for solving the assigned tasks turned out to be in the range of 75+225 MHz, which corresponds to
the frequency range of the energy level of the signal spectrum of the antenna unit with a central frequency of 150
MHz.

Keywords: GPR, georadar, continuous permafrost zone, subaerial talik, suprapermafrost talik, aquifer talik,
Central Yakutia, roads, thermosuffosion processes

For citation: Danilov K. P., Khristoforov I. 1., Lebedeva L. S., Gorokhov 1. V. GPR research of subaerial
taliks along the federal highways “Lena” and “Vilyuy” in the permafrost of Central Yakutia. Vestnik of North-
Eastern Federal University. Earth Sciences. 2026;(1):49-62. DOI: 10.25587/2587-8751-2026-1-49-62

BBenenue

Meuoroneraemepaibie nopoasl (MMII) 3anumaror cBeie 60 % teppuropun Poccun, Gpopmupys
YHHKAJIbHBIE TEOKPHOJIOTHYECKHE YCIOBHs, 0COOeHHO B LleHTpanbHOl SIKyTHH — OJHOM M3 KpyTI-
HeWMxX 1 Hanbosiee OCBOCHHBIX PETHOHOB KPHOIMTO30HKI. 3/1ECh, B MEXAypeubsix Jlensl u Buios,
MIPOXXUBAET OKOJIO TTOJYMHJUTHOHA YEJIOBEK, @ yCTOWYNBOCTh HH(PACTPYKTYPHI HAIIPSIMYIO 3aBUCHT OT
COCTOSIHHSI MEP3JIOTHOI'O OCHOBAHM.

Crutomrnocts MMIT MoykeT HapymaThCst TAIMKaMy Pa3IMYHOTO CTPOSHHMs M reHesuca. Hanbomnee
pacIpoCTpaHEHHBIM THUIIOM TAIHKOB B LleHTpanpHOI SIKyTHH cunTaroTcst CyOakBatbHbIE, (OPMHUPYIO-
yecs noj BojoeMaMu. [ maporeHHble CKBO3HBIE HIIM HECKBO3HBIE TAIMKK BCTPEUAIOTCS MO PeKaMu
1 03epaMH, KOTOpbIe HE MPOMEP3aloT JI0 JTHA, & TAKXKE MO HEKOTOPBIMH MTPOMEP3aIOIIMMHU BOIHBIMH
obwextamu. B nmureparype (boitios, 1985; Mounurtopusr..., 2002; ITogzemubie Bogbl..., 2003) onu-
CaHbl eIMHUYHBIE CITydau HaJIMEP3JIOTHBIX CyO0aspasIbHBIX TAIUKOB B LleHTpansHol SIkyTHH, CBsI3aH-
HBIE C (QMIBTpaIlel MOA3eMHBIX BOJ B IeCUaHBIX MaccuBax. [10mo0HBIe 00BEKTHI OBUTH 0OHAPYKEHBI
Ha CyXHUX IOJIOTMX CKJIOHAaX HEBBICOKMX BOJOpa3ieioB B OacceitHe peku lllecrakoBku, mpuMepHO
B 20 kM K tory ot Skyrcka (MonutopuHr..., 2002; Jlebenera u ap., 2019; ITonos u ap., 2025), Ha
4eTBepTOi (OecTIXCKOI) HaMoHMEeHHOH Teppace npaBoro Oepera pexu Jlenst (ITog3eMHbie BOABI. . .,
2003; Tarapun u np., 2019; [aBmoBa u ap., 2020), a Takke B MacCHBaX IEPEBEBACMBIX IICCKOB
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(tykynanax) (ITonomapesa, 1999). B Gacceiine p. IllectakoBku (170 kM?) HaAMEP3IOTHBIE TATHKH
3aHUMAIOT 23 % TEeppHUTOPHUH COCHOBBIX JiecoB U 9,5 % Bcero BogocOopa (Jlebenesa u ap., 2025).
[I1omans 3TUX TAaNWKOB BapbUpPYeT OT HECKOJNBKHUX KBAJPATHBIX METPOB JO JECATKOB THICSY KBa-
JpPaTHBIX METPOB. B mecuaHbIX OTIOXKEHUSIX CPEAHEBBICOTHBIX Teppac pek Jlensl n Bumos pacrpo-
CTpaHEHB! YHUKAJIbHbIC BOJOHOCHBIE TOPU30HTHI HAAMEP3JI0THO-MEKMEP3IOTHBIX BOJ, HE MMEIOIIUE
anasnoros. Ha mpaBoOepexbe peku JIeHbl ecTeCTBEHHBIE BBIXOJbI ATHX BOJ Ha IMOBEPXHOCTH YacTO
TIPE/ICTaBIICHBI IPYIIIAMHU UCTOYHUKOB, TIPHYPOUCHHBIX K MOAHOXKHIO OecTsixckoi Teppack! (ITaBinoBa
u ap., 2020).

Hecmotpst Ha equHWYHBIC Cilydyad, ONMCAHHBIC B JIMTEpAType, MAacIITaOHOE BBISBICHHE CyOas-
palIbHBIX TAJIMKOB BIIOJb aBTOAOPOT paHee He MPOBOIMIOCh. AKTYalIbHOCTD U3y4eHHs CyOaspaibHbIX
TaJIMKOB OOYCIIOBJICHA MX MOTEHIMAJIBbHBIM BIMSHHUEM Ha Pa3BUTHE ONACHBIX I'€OKPHOJIOTHUECKHX
MIPOIIECCOB, TAKUX Kak TepMocyddo3nsa, oOpa3oBaHHEe MPOBAIOB M OBPAroB, YTO MPEICTABISACT Ce-
PBE3HYIO Yrpo3y ISl TPAHCIIOPTHOW M MHOW MH(PACTPYKTYpPhI pernoHa. BrlsiBiieHHE TaINKOB 3aTpy/-
HEHO HEOJHO3HAYHOCTHIO TPAKTOBKH OTPAKEHHBIX AJIEKTPOMArHUTHBIX CUTHAJIOB, BBICOKO M3MEHYH-
BOCTBIO MEP3JIOTHBIX JaHAIA(TOB U OTCYTCTBUEM YHUBEPCAIBHBIX KPUTEPHEB HHTEPIIPETALIUH I'e0-
(U3MYECKHX TAaHHBIX. DTO TpeOyeT MPUMEHEHHSI KOMIUIEKCHBIX TTO/IX0/I0B, MHTETPUPYIOIINX METO/IBI
reopagruoIOKAK C TEPMOMETPUUECKUMH JAaHHBIMU M JIUTOJIOTHYECKUM aHAJIN30M.

Lenbto HacTosimiel paboTHI SIBISIETCS N3y4YEHUE TPOCTPAHCTBEHHOTO paclipe/ieieHus: 1 Mop¢hoIio-
I'Un cyOa’paibHBIX TaIUKOB B LIeHTpanbHOM SIKyTHH C HCTIOJIB30BaHIEM T€OPAANOTIOKAIINH, A TAKKE
OIICHKA BIUSHUS JIUTOJIOTMYECKOTO COCTAaBa U YaCTOTHOTO AMANa30Ha aHTEHH HAa TOUHOCTh MHTEPIIpe-
Tanuy ux rpaui. [loxydeHHbIe pe3ysbTaThl BXKHBI JUISI CBOEBPEMEHHOT'O BBISIBIICHHS 30H PUCKA NIPH
MIPOSKTUPOBAHNH ¥ IKCIUTyaTalliid OOBEKTOB B YCIOBHUSX CIUIOIIHOW KPHOJMUTO30HBI M MOTYT OBITH
HCIIONIb30BAHbI ITPU pa3paboTKe CHCTEM MOHUTOPHHIA COCTOSIHUS MEP3JIBIX TPYHTOB.

Paiion ucciienoBanui

J171s1 OLIEHKH OTEHIMAIbHO OMACHBIX TPOIECCOB, CBSI3aHHBIX C Pa3BUTHEM TaJIMKOB BOJIM3M (erie-
PaNBHBIX aBTOMOOMIBHBIX AopoT, B 2020 u 2021 rogax mpoBeeHBI MaCIITaA0HBIE TeOPaIHOIOKAIIIOH-
HBIE UCCIICIOBAHUS, HAIIPABICHHBIC HA BBISIBICHUE M OKOHTYPHUBAHHE TaJIbIX 30H.

B LenrpanbHoii SIkyTuu pacnonoxens! (enepanbHbie aBToMoOmbHbIe Joporu (PAJ]) — «Jlenay
n «Bumoity, pacxonsaimuecs oT I. SIKyTCcka B I0’KHOM M 3allaJHOM HAlpaBICHUSIX COOTBETCTBEHHO.
B 500 m ot ®AJ] «Jlena» B parioHe pyubs YiaxaH-TapbiH 3aQHKCHPOBaHBI CBEXKUE TEPMOCYPPO3HOH-
uele BopoHkH ([arapus u ap., 2019), KOTOpBIe MOTYT YTPOXKaTh YyCTOWIMBOCTH JOPOKHOTO TIOJIOTHA.

st BeisiBnieHust TanukoB BAoiab DAJ[ A360 «Jlena» u A331 «Butoii» Obl10 BBITIOTHEHO 76 Teo-
pamapHbIX mpodwieil JUHOK B cpeqHeM 1mo 300 MEeTpOB KaxIblif Ha KITFOUEBBIX y4acTKaX, COOTBET-
CTBYIOIIHX CIIETYIONIUM KPUTCPHUSIM:

* PACTUTEJIbHBIN OKPOB: COCHOBOE PEAKOJIECHE UM FOPEIBHUK COCHOBOIO JIECA;

* TEOJIOTHIECKNI COCTaB: TIECUAHbIE OTIIOKEHHS;

* TPAaHCIIOPTHAS JOCTYIHOCTb: YI00CTBO TIO/IbE3/1a U MPOBEICHNUS HCCIIEIOBAaHNH;

* penbed: HeOOMBIME YKIOHBI MECTHOCTH 10 4-5°.

UccnenoBanus Broas PAJ[ A331 «Bumoit» mpoBOAUINCH B MEPHUO] MAKCUMAaJIbHOTO IPOTanBa-
HUst ce30HHO-Tasoro ciost (CTC), uto obecreunBano HAWTyUIIHe YCIOBUS JUTS BBISIBJICHHS TAINKOB.
[IpoTspKkeHHOCTH yuacTka paboT coctaBmia okoio 500 kM (puc. 1). B paMkax mccienoBaHMA BBITION-
HeHo 37 reopajapHbix npoduiei pmmHoi no 300 M kaxasiil. O01as NIpOTSHKEHHOCTD MTpoduiIel co-
craBmuia 11 xm.

Uccnenosanus Baons PAJ] A360 «Jlenay Oblu IpoBeieHbI B OKTIOpE, B IEPUO MAKCHMAIILHOTO
MIPOTANBAHUS CE30HHO-TAJIOTO CJIOS, B CXOXKUX YCIIOBHSX PACTUTEILHOCTH U penbeda. [IpoTskeHHOCTh
HCCIICAYeMOT0 ydacTKa cocTaBuia okoso 300 KHJIOMETpPOB, I7i¢ OBLIO BBIOJIHEHO 39 reopamapHbIX
npoduiteit mo 300 merpoB (puc.2). O6mast npoTsLKEHHOCTH Npoduieii coctasmna 10,4 kM.

a1
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Puc. 1. Yuacrok pador PAJ] A331 «Bumoii»
Fig. 1. Work section of the federal highway A331 “Vilyui”
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Puc. 2. Yuacrok pador PAJ] A360 «JIena»
Fig. 2. Work section of the federal highway A360 “Lena”

Mertoa uccienoBanus

HccenenoBanus MpOBOIMIMCH C HCIIONB30BAHUEM CEPTHGHUIIMPOBAHHBIX TeopagapoB cepuu OKO-3
npousBozacTBa OO0 «Jloruc-T'eorex» (r. Mocksa) ¢ nieHTpaibHbIMU yacTtoTamu 150 MI'n, 250 MI'iq
n 400 MI'm. Ilepen HagamoM CHEMKH OBLTH OTIPENCIICHBI KITFOUEBBIC ITapaMeTpPhl 3aIliiCH, BKIIOUAs
BPEMCHHOMU JMana3oH, GUIBTPBI, YCUICHUE U IUIOTHOCTh CKAaHUPOBaHUS. B mporiecce BBIMOTHECHUS
padot Ha MPOGUIAX OTMEUAINCH XapaKTePHBIC TOUKH, TUKETHI M CKBAKUHBL. KanmOpoBka omoMeTpa
BBITTOJTHSIACH B 3aBUCUMOCTH OT THIIA TIOKPBITHS.
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HawubGonee onTUMalibHBIM JUTS BBISIBJICHUSI HAMEP3JIOTHBIX TAJMKOB B TIECYaHBIX OTIIOKECHUSIX Ha
DTyOHHE 710 25 METPOB OKazajcs aHTEHHBIH OJI0K ¢ IIeHTpansHoi yactoroi 150 MI't. Mcrione3oBanme
omometpa TN u GPS-naBuraropa Garmin GPS 64st o6ecreunsio 10CTaTOYHY0 TOYHOCTh H3Mepe-
HUH U IPUBS3KH JaHHBIX.

Obpabomxa u unmepnpemayus OAHHbIX

OcHoBHas 3a/1a4a 00paOOTKH reopaIMoIOKalMOHHBIX JaHHBIX 3aK/II0YAETCs B BBISIBICHUH U OLIU(]-
POBKE IIETIEBBIX TPAHMII. DTO AOCTHUTACTCS C MOMOIIBIO PA3IMIHOTO MPOTPAMMHOTO OOECIICUSHHS.
Xopomue pe3ynbTaThl JOCTUral0TCA HCnoab30BaHneM mporpamMbl GeoScan32 (OO0 «Jlormueckue
CHCTEMED», T. PameHckoe). B Hell mMeeTcst BOSMOKHOCTD BBIICIICHHUS ITOJIC3HBIX CUTHAJIOB U ITPECTaB-
JICHWE JAHHBIX B BHJIC BDEMEHHBIX Ie0opaJilapHbIX Pa3pe3oB.

OO0paboTka BKIIIOYANA CICAYIOINE ITAIBI:

1. @unprpanys U yCUICHHE CUTHAJIOB: BEITIOIHEHHE TIPOIEAYP (UIBTPAiH, YCHICHHUS U COKATHA
TIOJTY4EHHBIX CUTHAJIOB.

2. CraTH4ecKue MOMPAaBKHU: BBOJA CTATHICCKUX ITOTIPABOK IS KOPPEKTHPOBKH JaHHBIX.

3. OmpeneneHre TUIICKTPHUUCCKON MPOHUIIAEMOCTH: PACUYeT MPUOTU3UTEIbHBIX 3HAYCHUH 13-
JIEKTPHYECKON MPOHNUIIAEMOCTH ISl TUTACTOB C PA3IMYHBIMU dIEKTpopU3nIecKuMu cBoiicTBamu. [1pn
9TOM YYUTBIBAIUCH METOINKH, TIPUMEHSIEMBIC IS HCCIEIOBAHIS OOBOJHEHHBIX TE€OIOTHIECKIX CPENl
(Omenbsienko u ap., 2013; Khristoforov, 2018), a Takske onbIT, oncanHbii B MoHorpadusx (Bianos
u ap., 2017; CraposoiitoB A.B., 2008).

[TpumMeHeHHne ONMCaHHOM METOAMKU 0O0pabOTKH M MHTEPIPETAlMU JaHHBIX reopaJnoIoKalnoH-
HBIX HCCIICIOBAHMI TI03BOIISICT d(h()EKTHBHO BBISBIATH M aHAIM3UPOBATH TITyOMHHBIC TPAHUIIEL, a TaK-
)K€ MCKJIF0YATh JIOKHBIE CUTHAIBI. JTO 00ECIIEUNBACT BBICOKYIO TOUHOCTH TIOCTPOCHHS Te0paanoio-
KaI[MOHHBIX Pa3pe30B, YTO SBJISETCS BAXKHBIM JUISl M3yUCHHUS CTPYKTYPBI 'PYHTOB U BBISIBIICHUS TaJIbIX
30H B YCIOBHAX KpHONUTO30HBL. Ha pucynke 3 mpencraBieHs! (otorpaduu BHITONHEHUS paboT B
pa3yInuHbIE CE30HBI, IEMOHCTPHUPYIOIIHME YCIOBHS TIPOBEICHHS HCCIICT0BAHHM.

- ) | 2 \
¥ Ar;pejzb 2022, ,ZZaHquoe.l;\ .

Puc. 3. ®ororpadun BbIoOIHEHUS pabOT B pa3HbIE CE30HbBI

Fig. 3. Photos of work performance in different seasons
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Pe3ysibrarhbl U 00CYy:K/IeHHE

I'eopanapHoe npodmiMpoBaHue MPOAEMOHCTPUPOBAIO BBICOKYIO 3(D(EKTUBHOCTh B BBISIBICHHU
TAINKOB, (DOPMHUPYIOIIHUXCS B KPUOINTO30He. HaMu ObLIO BBIMOIHEHO MHOXKECTBO reopaiapHbIX Mpo-
(et It IOUCKa Cy0a’pajIbHBIX TAJHMKOB HA YYaCTKaX CO CXOXKHUMH YCJIOBHSMH: COCHOBOE PEIIKO-
necke, cnabo 3aJepHOBaHHAS ITOBEPXHOCTh M HEOONBINNE YKIOHBI MECTHOCTH. 3a0iIaroBpeMeHHOE
OTpe/IeICHUE HATMYUSI MIIM OTCYTCTBHS TAJIMKOB UCKIIIOUUTEIBHO Ha OCHOBE aHann3a pelibeda Mect-
HOCTH WJIA XapaKTepa PacTUTEILHOCTH HEBO3MOXHO (pHUC. 4a). DTH NMPU3HAKU HE SBISIOTCS OIIHO-
3HAYHBIMH MHINKATOPAMH, TaK Kak (POPMUPOBAHHE TAIMKOB U CBSI3AHHBIX C HUMH IPOLIECCOB 3aBUCUT
0T KOMILIEKCa (PaKTOPOB, BKITFOUAs THAPOTCOIOTUICCKHE YCIOBUS M TUHAMUKY MEP3JIOTHBIX TIPOIIeC-
coB. O6pazoBanue TepMocy(H(HO3HMOHHBIX BOPOHOK, & B IAIBHEHIIIEM M OBPAroB, IPOMCXOANT B OTHO-

CHUTEJIbHO KOPOTKHE CPOKH — B TeueHHe 3—5 JIeT. DTO CBA3aHO C MHTEHCHBHBIM Pa3BUTHEM TepMOCy (-
(hO3MOHHBIX TIPOIIECCOB, KOTOPHIE BKJIIOYAIOT MEXaHWIECKNI BBIHOC TOHKOIUCTIEPCHBIX YaCTHIL TTOPOJT
npu ux orrauBanuu (puc. 40). Takue mporiecchl MOI'YT MPUBOJUTH K 3HAYMTENbHBIM H3MEHECHUSIM
penbeda 1 peiCTaBiIsITh YIpo3y AJsl HHPPaCTPyKTyphI.

Puc. 4. O6pazosanue Boponok. doro 'arapuna JI.A. Centsiops 2017 1.
Fig. 4. Funnel formation. Photo by Gagarin L.A. September 2017.

CpaBHEHHE JaHHBIX, TTOJYYEHHBIX Ha YU9aCTKaX CO CXOXKUMH JIaHIIA(THBIMH, T€OJIOTHYECKUMHU
KPHOTCHHBIMH YCJIOBUSIMH, HO PA3INYAOIINXCS] HAINYNEM U OTCYTCTBHEM TAJIMKOB, IEMOHCTPUPYET
CYIIECTBEHHBIE PA3/INUUsl B aMILIUTY/IaX OTPAKEHHBIX CUTHAJIOB HA BPEMEHHBIX I€0PanoI0KalluOH-
HBIX pa3pe3ax (puc. 5). AMIDIMTYIHbIC 3HAYCHUS OTPAKCHUH OT IPAaHMI] TAJIMKOB HAa pajiaporpamMmax
3HAUUTENBHO MIPEBBIMIAIOT AMIUIUTYRY OTpaskeHuii oT rpanuiel CTC. I'panuna Tanuka Xxapakrepusy-
€TCsl pe3KUM KOHTPAcTOM (PM3MUYECKHX CBOMCTB CPEIbl, TAKUX KaK AMAIEKTPHUYECKask IPOHUIIAEMOCTb,
B OTJIMYHE OT OoJiee TIaBHOTO TIepexo/ia Ha TPAHUIE CE30HHO-TAJIOTO CJI0s. DTO 00YCIIOBICHO HAIH-
YHEM B TaJIMKE 30HBI C BBICOKON BJIa)KHOCTBIO, I7Ie HAOMIONACTCsl pe3Kas CMEHa BOJOHOCHBIX TaJIbIX
nopoxt Ha Mep3iible. [10nMoOHBINH KOHTpPACT BBI3BIBAET MHTEHCHUBHOE OTPAKEHHE 3JIEKTPOMAarHUTHBIX
BOJIH, YTO (PUKCHpYETCs Ha pafgaporpaMMax B BHJE BBICOKOAMIUIMUTYJHBIX CHUTHAJIOB, B YaCTHOCTH
aMITINTY/Ia OTpaXKeHHOro curuajia pasHa 3100 oTHocHTeNnbHBIX enuHuUL (0.€.). B T0 e Bpems rpanu-
a CTC mMeHee KOHTpPAcTHA, TaK KaK MEPexXoJ My TaJILIMU U MEP3JIBIMU TIOPOJAMH B 3TOM CiTydae
Oosiee TUTaBHBIN, YTO MPUBOANT K MEHbBIIECH aMIUIUTYEC OTPAXKEHUH, KaK ITOKa3aHO Ha PUCYHKE 5, I7e
aMILTUTYa OTPaKEHHOTO CUTHAJa cocTaBisieT 125 o.e. Takum o0pa3om, pa3HHUIA B aMILUTUTyAaX O/~
TBEPIKAAeT HAJIMYKE TaluKa ¥ 03BOJIAET BbLIenuTh ero Ha (one CTC.
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Puc. 5. CpaBHEHHE aMIUTUTY/IHBIX XapaKTEPHCTUK OTPAKEHHBIX CHIHAJIOB OT IPAHMI[BI CE30HHO-TAJIOTO CIIOSI
U rpaHuIbl Tanuka. O.e. — OTHOCUTEINbHAS SNHALIA
Fig. 5. Comparison of amplitude characteristics of reflected signals from the boundary of the seasonally thawed
layer and the talik boundary. O.e. — relative unit

BeIcOKOaMIITUTYJHBIE KOHTPACTHBIE TPAHHIIBI, UMEIONIHE (HOpPMY KEI000B ¢ UepeayIOMIHMMHCS
TIOHVDKCHUSIMH U TIOJHATHSIMU Ha PagaporpaMmax, MOTyT yKa3bIBaTh Ha HAJIM4ME BOJIOHOCHBIX TaJU-
KOB. BbICOKasi aMIIMTya CUTHAJIOB OTPAKEHUsI OT TPAHMIIBI TAJTUKOB OOYCIIOBIICHA PE3KHM HU3MEHe-
HUEM JIMAJICKTPUYECKON MPOHMIIAEMOCTH Ha KOHTAKTE TaJIbIX U Mep3JbIX Mopoa. JuanexTpuueckas
TIPOHUIIAEMOCTH TaJIBIX BIATOHACBIIICHHBIX IIECKOB MOXET A0CTUTaTh 25-30 eAnHMII, Toraa KaK JUIs
MEp3JIBIX MECKOB ATOT MOKazaTelb cocTaBisieT 4—6 equani. (puc. 6). CKOpOCTh pacIpOCTpaHEHUS
9JIEKTPOMArHUTHBIX BOJIH CHM)KAETCSl B BOJIOHACHIIICHHBIX CPEIax, MOITOMY B OONACTSAX C TalbIMH
BOZOHOCHBIMU NIOPOAAMH BpeMsl PETHCTPALK OTPAKEHHOTO CHI'HAJIA YBeNM4YKMBaeTcs. B pesynbrare
IpaHMIBl TAJIMKA HA PaJaporpaMmax MpruoOpeTatoT BBITSAHYTYI0 BHU3 opmy. Ha pagaporpammax ta-
JIMKA UMEIOT (POopMy KeJT00O0B, YTO CBHJIETEIBCTBYET 00 MX NMPUYPOUYEHHOCTH K 30HAM JIaTepabHOM
MHIpalUH MOA3EMHBIX BOA. Mep3aible MOPOAbI BBINOIHAIOT POJb BOAOYIOPA, OrpaHUYMBAs BEPTHU-
KaJIbHOE JIBIJKEHHE BOJBI M CIIOCOOCTBYSI €€ TOPH30HTAIBHOMY IIepeMeleHuto. Table TucrepcHble
MIOPOZBI, 00NaaroNINe BEICOKOH (DUIBTPALMIOHHON CIIOCOOHOCTBIO, aKTUBHO HPOIYCKAIOT BOLY, KO-
TOpasi MUTPUPYET B Mpe/iesaX TaTUKOB I107 BO3JICHCTBHEM IPaBUTALMOHHBIX CHII. DTO MPHUBOIAMT K
(OPMHPOBAaHHIO NPOTKEHHBIX 30H MOBBIILCHHOH BIaKHOCTH, KOTOpbIE (DPMKCHPYIOTCS Ha paxapo-
rpamMMax B BUJIE XapaKTEPHBIX aHOMAaJIHH.

E1me otHO# 0COOEHHOCTHIO BBISIBICHUS TAIUKOB SBIsieTCs 2P (EKT 3aTeHEHNsT HIDKE NX TPaHUIBI.
Beicokuii k03(hGHUIMEHT OTpakeHUs Ha KOHTPACTHOM I'paHMLEe MPUBOIUT K MPAKTHYECKH HOJIHOMY
OTPaXXCHHIO CUTHAJIA, B PE3yJIbTAaTe Yero HIKE TAJIMKOB Ha pajaporpaMmax HaOJIoatoTCsl JINIIb OCTa-
TOYHBIE TIEPEOTPAIKCHUS.

B HIDKHHMX TOPU30HTAX TAIMKOB 3a(pUKCHPOBaHbI AaHOMAJIHMHU B BUE AU(PPAKIMOHHBIX IHIIEPOOIT 1
KpaTHBIX BOJH, KOTOPbIE HHTEPIPETUPYIOTCS KaK MPU3HAKK MTOBBINICHHON BIakHOCTH. Ha mpodmuie
(puc. 6), Ha paccrosHusx 29, 144, 176, 186, 197, 220 u 273 MeTpoOB, BBISBICHBI 30HBI MOHUKCHUS
TIO/IOIIBBI TAJINKA, IJIE JIAHHBIE AaHOMAJIMU BBIpaXKEHBI HauOosiee sipko. J{udparupoBaHHbIe U Kpart-
HBIE BOJIHBI, XapaKTEePHBIC JUIs TPYOOIIPOBOAOB, B JTAHHOM CITy4ae BO3HHKAIOT Ha MEepeyBJIaKHEHHBIX
y4yacTKax TAJIUKOB. DTO CBSI3aHO C TEM, YTO JIOKAJIbHBIE 30HbI BBICOKOH BIQ)KHOCTH B TAJIMKAX CO3/1AI0T



BECTHMK CBdY. Cepua «HAVKH O 3EMMNE No10(4102026 —————————————————————

3¢ deKThI, CXOKUE C TEMHU, KOTOPBIE HAOMIONAIOTCS TPH HAJTMYHUHU TPYyOOIIPOBOJIOB: TU(pparupoBaHHbIC
BOJHBI (POPMUPYIOTCS M3-32 OTHOAHMS PaJIMOBOIHAMH T'PAHHIl BOJOHACKHIIIICHHBIX YYacTKOB, a Kpar-
HBIE BOJIHBI — 33 C4€T MHOI'OKPATHBIX OTPa)KeHUI CUTHAJIa BHYTPU 00BOIHEHHBIX 30H. Habmonaemble
SIBJICHUSI TTOJTBEPIK/IAIOT HAJIMYUE 30H aKKyMYJISIIIUH BOJBI, YTO COIIIACYETCS ¢ JaHHBIMH OypeHus,
BCKPBIBIIETO BOJOHACBIIIEHHbIE TAJIBIE TOPO/BI, T/I€ MOA3EMHBIE BOJbI B HEKOTOPBIE CE30HBI HMEIOT
KPUOTE€HHBIN Hamop. DTH aHOMAJIMU MHTEPIPETUPYIOTCS KaK WHAUKATOPbl JIUHEHHBIX BOJOHOCHBIX
30H, (POPMHUPYIOMINXCS 32 CUET JIaTEPATbHON MUTPALIUH MOA3EMHBIX BOJI.

PaccrtosiHne, m.
e 0 50 100 150 200 250 300

Mepanbin
50 = e - X NepeneTok

[ny6uHa, m.

300
350

400

Puc. 6. Pamaporpamma 289 0004
Fig. 6. Radarogram 289 0004

B cityuasix, Korja TaJuK| Ha HUCCIIEyeMOM MPpOQuiIe OTCYTCTBYIOT, OTYyUYSHHBIE PaaporpaMMbl,
KaK MPaBWJIO, HE COMAEP)KAT BHICOKOAMILTUTYIHBIX KOHTpacTHBIX rpanull (puc. 7). I'panuna CTC B
TaKUX YCIIOBHSX XapaKTEPHU3yeTCsl MPSIMOINHEHHBIM FTOPU30HTAIILHBIM 3aJIeTaHHeM 0e3 Pe3KHX Iepe-
maoB win oTkiIoHeHnd. Ha pamaporpamme 249 rpannma CTC mpociexuBaercs Ha IITyOnHe oT 2,5 10
3,5 metpoB. OHaKo Ha HEKOTOpBIX ydyacTkax rpaHuna CTC oTcyTCTBYeT, 4TO MOXKET OBITh CBSI3aHO C
HU3KOH BIQKHOCTHIO BMEIIAOIUX mopos. Cyxue Talbie ecyaHble OTIOKEHHs 00JI1a/1al0T TUAJICKTPHU-
YEeCKOW MPOHUIIAEMOCTHIO, OJIM3KOI K MEp3JIbIM TIecKaM, uTo 3aTpyaHseT Boiaenenue rpanuibs CTC

Ha pajiaporpaMmax.

PaccrtosHue, m.
H 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

ny6uHa, m.

Puc. 7. Panaporpamma 249 0000
Fig. 7. Radarogram 249 0000

Jlst BepuduKkanum pe3ysibTaToB, MONTYYCHHBIX B XOJE I'€0paHOJIOKAIMOHHBIX HCCIICIOBAHHUH, B
anpene 2022 roaa Ha yyactke DA/ «Buiioit» ObLIO MPOBEACHO MOBTOPHOE reopasapHoe npoduu-
poBanue. Ha 1anHOM yuyacTke paHee ObUT BBISIBICH HaIMEP3JIOTHBII Cy0aspasibHbII TaJIUK.

Ha npoduine Obuta BhIOpaHa TOYKa /sl 3aBEPOYHOTO OypeHHs, KOTOPOE MOATBEPIHIO HATHUHUE
TaJIBIX BOAOHOCHBIX ITOPOJI MOLITHOCTBIO 8§ METPOB. BCKPBITHIH TaIMK XapaKTepH30BaJICSI KPHOTCHHBIM
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HAIlOpOM, YTO COIIACYeTCs ¢ AaHHBIMH reopaauosiokanuu (puc. 8). Ha pucynke npencrasieHa pana-
porpaMma ¢ 0003Ha4E€HHOH TOUKOil OypeHnst; 00IacTh TalMKa BbIAEIEHA KPACHBIM LIBETOM (pHC. 9).

Touka

OypeHus
e 121 141 161 181 201 221 241 259

100
150
200
250
300

350

460-

Puc. 8. BckpriTe Tanuka 6ypeHuem
CKBAaXKHMHBI Puc. 9. Pagaporpamma 2140000
Fig. 8. Opening of the talik by Fig. 9. Radarogram 214_0000
drilling a borehole

Ha pucynke 10 npezncrapieH pes3ynbrar IeopaJnosIOKalliOHHOTO MPpO(QUINPOBAHNS, BBIITOIHCH-
HOTO Ha MOoJy4yacTKe 3, I7ie MPU3HAKH TaIuKoB oTcyTcTBYIOT. Ha panaporpamme CTC uyérko uueHTH-
¢unupyercst o BceMy IpO(MITI0, JEMOHCTPUPYS TOPU3OHTAIBHOE 3aJ€TaHUE C MOIIHOCTBIO OKOJIO
1,5 M. OTCcyTCTBHE aHOMAIBHBIX OTPAKCHUH M Ae(OopMalHii B CTPYKTYpEe CHIHAJIOB ITOATBEPIKIACT,
YTO MCCIIElyeMBbIH Y4acTOK XapaKTepHU3yeTcs HaJIndneM Mep3JbiX rmopox mox mogomsoid CTC 6e3
Pa3BUTHS TAMKOBBIX 30H. Takue JaHHbBIE CBUIIETELCTBYIOT O PABHOMEPHOM paclpee]IeHHN IUdIIeK-
TPUYECKUX CBOWCTB I'PYHTOB, THITMYHOM JJIsl HEHAPYILICHHBIX KPHOTEHHBIX YCIIOBHH.

PaccrosiHue, M.
H 0 20 40 60 80 100 120 140 160 180 187

M
0.00

my6uHa

Puc. 10. Pagaporpamma 310 0006
Fig. 10. Radarogram 310 _0006

Ha pucynxe 11 npencrasiena pagaporpaMmma, Ha KOTOpoi 3a()MKCHPOBAH TAINK Ha 4-M TOTydacT-
ke. Tanuk BBIAESETCS KOHTPACTHBIMM, BBHICOKOAMIUIUTYAHBIMH I'DaHUIIAMH, YTO CBMJECTENILCTBYET
0 BOJOHACBHIIIEHHOCTH MOPOJIBI B 0OIACTH €ro MOoxouIBbl. MOIIHOCTD TaJlMKa B OTAEIBHBIX MECTax
mpesbimaeT 14—15 metpos. Kpome Toro, Ha pamaporpamme deTko mpocnesknuBaercs rpannia CTC
Ha nyOuHax ot 2,5 1o 5 metpoB. B manHoMm ciyuae rpanunia CTC KOHTpacTHO BBIICISICTCS U3-3a
HaJIMYUS] OCTATOYHOTO MEP3JIOTO CJI0sI, KOTOPBIH HE YCIEN OTTasTh K MOMEHTY IPOBEICHHS UCCIIEIO0-
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BaHui. Hanmuune Takux XapakTepUCTUK MOJATBEPKIACT aKTUBHOE Pa3BUTHE KPUOTEHHBIX MPOIECCOB
Ha TaHHOM yYacTKe, 9TO TpeOyeT AaTbHEHUIIIero MOHUTOPHHTA M aHAIN3a IS OICHKH N3MEHCHUH.

PaccTtosiHue, M.
e 0 50 100 150 200 250 300

300

Puc. 11. Pagaporpamma 310 0011
Fig. 11. Radarogram 310_0011

B pesynbrare reopagapHsix uccienoBanuii Ha yyactkax OAJ] «Jlena» u3 39 npodueii Tanuku
ObutH BhIsIBIIEHBI Ha 13 podmisax. MakcumaibHas DTyOHHA MOIOMIBBI TAIMKOB OCTHTaeT 18 MeTpoB.
Bce o0Hapy)eHHBIE TATNKH JOKATH30BaHBI HA 4-M TOAYYaCTKe, YTO, BEPOSTHO, 00YCIOBIEHO 0COOBI-
MU I'€OKPHOJIIOTHUECKIMH M JIAHIAQTHBIMHU YCIOBUSMHU IAHHOH TEPPUTOPHH.

Ha yuactkax @A/l «Bumoit» u3 37 reopagapHsIX mpoduieit mpoTskeHHOCThIo 300 METpoB Kaxk-
IbIi Tanuky ObuIH 3adukcupoBaHbl Ha 9 Mpoduiax. MOIHOCTE TaIMKOB B 9TOM paifoHe JOCTUraeT
20 MeTpoB.

Pe3ysibTaThl MOATBEPXKIAIOT, YTO TeopajapHoe NPOGHUIMPOBAaHUE ABIsACTCS dPPEKTHBHBIM Me-
TOJIOM JUIS BBISIBIICHUS! TAQJIMKOB U M3Yy4YEHUS! UX XapaKTEPUCTHUK. BbICOKas aMIUINTyna OTpaskeHUil 1
YEeTKHE TPaHMIBI HA pajaporpaMMax MO3BOJITIOT TOUYHO ONPEJEISITh MECTOIOIIOKEHHE W MOIIHOCTh
TaJINKOB.

Hanunuue TaankoB MOXET OKa3bIBaTh 3HAUUTEIBHOE BIUSHIE HA YCTOHUMUBOCTD JIOPOKHOTO ITOJIOT-
Ha ¥ MHPPACTPYKTyphl. BOIOHOCHBIE TAJIMKK CLIOCOOHBI BBI3BIBATh MPOCAIKU IPyHTa, 0Opa3oBaHUE
BOPOHOK U JIpyrue fedopManny, 4to TpeOyeT ydera py NPOEeKTHPOBAHNH U SKCIUTyaTalluy JTOPOL.

3akJ0ueHne

BeinosHeHHbBIE reopaInoIOKaMOHHbIE UCCIIEI0BaHUS BJIOMIb (ellepalibHBIX aBToAopor «JleHa» u
«Bumoit» B LleHTpanpHO# SIKyTHH TIO3BONMIN BIEPBBIC HAa OONBIIOM (PAaKTHYSCKOM MaTepHaie BbI-
ABUThH LIMPOKOE PACIPOCTPAHEHUE HAAMEP3IIIOTHBIX CyOadpasbHBIX TAJIUKOB B YCIOBHAX CIUIOLIHOMN
KpHONMMTO30HBI. OO0Imas mpoTsHkeHHOCTh 76 mpogwiieit cocrasuna 21,4 KM, U3 KOTOPHIX Ha 22 Tpo-
¢dmsix (28 %) oOHapyKEHbI TAIMKH MOIIHOCTBIO OT 5 10 20 METpPOB, YTO CYIIECTBEHHO MPEBBIIIAET
paHee OIyOIMKOBaHHBIC OLIEHKH M CBUJIETEILCTBYET O HEOOXOIMMOCTH MEPECMOTPa MPEACTaBICHUI
0 PEIKOCTH U JTOKATBHOCTH MOZOOHBIX OOBEKTOB B PETHOHE.

OnTUMasbHBIM JIJIsl TIOUCKA U OKOHTYPHBAHHS TAJIMKOB B NECYaHBIX OTIIOKEHHAX L{eHTpanbHOi
SIkyTHM OKa3zalsicsl Auana3oH 4actor 75+225 MI'L, KOTOpbId COOTBETCTBYET YACTOTHOMY JIMANa30HY
YPOBHIO 110 HEPIUH CIIEKTpa aHTEHHBI ¢ IIeHTpalIbHOI yacToToit 150 MI'1, uto obecrnieunBaer HE0O-
XOJMMBIH OajlaHC MeK/1y INIyONHHOCTBIO 30HIMPOBAHHMS U pa3peliaoniel criocooHocTho. KirtoueBsim
JMArHOCTUYECKUM TPHU3HAKOM TAJIMKOB SIBIISICTCS BBIPAXKEHHAS T'PAHUIA «TaJ0E-MEpP3II0e», YETKO
(ukcupyemast Ha pajgaporpaMmax Onarojapst KOHTPACTy JTUIEKTPUIECKUX CBOMCTB.
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[TokazaHo, 4TO TPaAUIIMOHHBIC JIAaH AP THBIC U PACTUTEIIbHBIC TIPHU3HAKN HEJ0CTATOYHbI ISl Ha-
JOEKHON MICHTH()UKAINY TaJMKOB, TaK Kak MX (JOPMHUPOBAHUE OTPEEINACTCS] KOMIIIIEKCOM THAPOTe-
OJIOTMYECKHUX U MEP3JIOTHBIX (PAKTOPOB, & TAK)KE COBPEMEHHBIMH KIMMATHYECKUMH TEHJCHIUSIMH.
BbIsIBIICHHBIE TallMKK CBS3aHBI C 30HAMH TTIOTEHIIMAIBHOTO Pa3BUTHS TepMOCY(P(PO3UOHHBIX MpoLec-
COB, 4TO MOAYEPKUBACT MX BAKHYIO POJIb KaK MHIAMKATOPOB MHKCHEPHO-TEOJIOTHUECKUX PUCKOB IS
TPAHCIIOPTHOM UH(PACTPYKTYPBI.

PazpaboTanHas METOANKA reopajMoNIOKalHOHHOTO TIOMCKA W aHaJIN3a TAIMKOB MOXET OBITH pe-
KOMEH/I0BaHa JJIsl MH)KCHEPHBIX N3bICKAHNI 1 MOHMTOPHHTA B pailoHaX CIUIOIIHON MEp3JIOTHI, a TaK-
e JUI TIPOTHO3a OIACHBIX T'€OKPHOJIOTHYECKHX MporneccoB. [lomydeHnblie pe3yasrartel GOPMHUPYIOT
OCHOBY /ISl JaJIbHEHIINX KOMIUICKCHBIX MCCICOBAaHUM, HAITPABICHHBIX Ha YTOYHEHHE MEXaHH3MOB
(OopMHUPOBaHMS TATMKOB U UX BIUSHUS HA yCTOWYNBOCTh HHPPACTPYKTYPHI B YCIOBHSIX N3MCHSIOIIE-
rocsi KIIMMara.
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Opuaunanvras HayuHas cmambsi

I'EOKPUOJIOI'MYECKOE COCTOSAHHUE TAXOTHbBIX 3EMEJIb
JIEHO-AMI'MHCKOI'O MEXKAYPEYbS [TPU IIOTEINVIEHUU KIIMMATA

I1.B. E¢hppemos
WuctutyT mepsnorosenenns CO PAH um. I1.1. MensHukoBa
Sxytck, Poccuiickas @enepanus
pvefremov(@mpi.ysn.ru

AHHOTALUA

B cTarbe paccMOTpeHO BAMSHME TTOTEIICHHS KIMMaTa Ha pa3BUTHE TEPMOKAPCTOBEIX MPOIIECCOB HA MAXOT-
HBIX 3eMJIsIX JIeHO-AMIHMHCKOTO MEKIAypeubs. B urore MHOrne nmamHu U3 CenbX0o3yrofui mpeBpaaTcs B 3a-
OporIeHHbIe 3eMITH. 1 ¢ Ka)IbIM TOIOM HX KOJIHMIECTBO yBennuuBaeTcs. OCHOBHAS IIeNb PabOTHI — OIIEHHUTH I'e0-
KPHOJOTHYECKOE COCTOSTHUE ATHX 3a0POIICHHBIX TAXOTHBIX 3eMelb. McToprieckn Ha JIEHO-AMIHHCKOM MEXTy-
pedbe, B OCHOBHOM, TMAITHU CO3/AIOTCSI ITyTeM BBIPYOKH M PACKOPYEBKHU JINCTBEHHUYHOTO JIeca Ha MEKalacHBIX
ydacTKaX MECTHOCTH, KOTOPBIE OTIHMYAIOTCS BBHICOKOH JIBANCTOCTBIO JINTOTEHHONW OCHOBEL. OCHOBHBIM MOHHUTO-
PHHTOBBIM MOJUTOHOM MHCTHTYTa MEpP3JI0TOBEICHNS ATl HCCIEOBAHMS CcTana MamHs «{pIpreadaity, koropas
SIBJIIETCSL TUNMYHBIM JUIs1 TioHTIomoHckol teppacs! p. Jlensl. [loBbilieHne temmnepaTypbl BO31yXa MPHUBENIO K
POCTY TIIyOMHBI IPOTAaNBaHMs MOYBOTPYHTOB Ha TAITHE U AETPATAINHN JIET0BOTO KOMILIEKCA. 3a TO/BI NCCIIEN0-
BaHMI BEPXHSSI KPOMKA MHOTOJIETHEMEP3JIBIX TPYHTOB OITycTriack ot 1,8 M 10 2,7 M. Ha cuiibHO yBIasKHEHHBIX
y4acTKax NIyOMHa MPOTaWBaHMA yBEIUYMIach 10 3,5 — 4,5 M. Ha moBepxHOCTH 3a0poIIeHHO manrHun 00paso-
BAJICh MHOTOUYHCIICHHBIC TEPMOKAPCTOBBIE SBICHHMS BIIOTH 10 OBULIAPOB U 03€p PA3IMIHON CTAANH PA3BUTHSI.
Crenana OIeHKa COCTOSHHMS 3a0POIIEHHBIX MAXOTHBIX 3€MeNb B MATH aAMHHUCTPATUBHBIX paiOHaX PETHOHA IO
TpeM KaTeropusM: 1) HapyIIeHHbIE TEPMOKapCTOM 3eMJIH; 2) He HapyIICHHBIE TEPMOKAPCTOM; 3) He HApYIICHHEIE
TEPMOKAapCTOM TTaXOTHBIE 3eMJIH, HO 3apacTalonie KyCTapHUKaM{ M JpeBOCTOeM. B maHHOe Bpems B pernone
MOBEPXHOCTH 33 % 3a0pOIICHHBIX MAaXOTHBIX 3€MeNb HapyIIeHa OCTaTOYHO-TIOINTOHAIBHEIM PElTbe)OM U 3ada-
TOYHBIMH TEPMOKAPCTOBEIMH 03epaMu, 57 % TOBEpPXHOCTH 3eMelb He HapymieHa, a 10 % 3apactaeT apeBecHOU
1 KyCTapHUKOBOW PacTUTENHHOCTEIO. [Ipy manbHeleM MoTerIeHnd KINMaTa B PerHoHe OIS HapyIIeH s Mo-
BEPXHOCTH KPUOTEHHBIMH TIPOIECCAMH €IIe YBEITUIUTCS.

KunioueBble cjioBa: MOTEIUIEHNE KIMMaTa, KPUOT€HHBIE TIPOIIECChI, CE30HHO-TAJIBIN CIIOH, AeATeNbHbIH CII0H,
MHOTOJIETHEMEP3TbIe TPYHTHI, TEPMOKAPCT, TIOBTOPHO-KIIBHBIN JIe]], CPEIHET00Bast TEMIIEpaTypa BO3ayXa, 3a-
MaIMHHO-OYTPHUCTHIN penbed, JIeTOBBII KOMILIEKC

dunancupoBanue. Pabora BhIoIHEHa 3a cyeT 6a30Boro mpoekra MuctutyTa MepsnoroBeneruns CO PAH
«DBOMIONHUS U YCTOIHYMBOCTH MEP3NOTHBIX JaHAmadToB BocTounoit Cubupuy» (per. Ne 126020516688-9)

Jas uutupoBanus. Eppemon [1.B. [eoxpronornyeckoe cOCTOsIHUE MAaXOTHBIX 3eMeNb JIeHO-AMIHHCKOTO
MEXIypeubsi IPU TOTEIUIeHNH KimMara. Becmuuk CBDY. 2026;(1):63-73. DOI: 10.25587/2587-8751-2026-1-
63-73

Original article

GEOCRYOLOGICAL STATE OF CROPLANDS IN THE LENA-AMGA
INTERFLUVE IN A WARMING CLIMATE

Pyotr V. Efremov
Melnikov Permafrost Institute SB RAS, Yakutsk, Russian Federation
pvefremov@mpi.ysn.ru

Abstract

This article examines the climate warming effects on thermokarst development on cropland surfaces in
the Lena—Amga interfluve. An increasing number of cropland fields have to be abandoned due to enhanced
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thermokarst. The main purpose of this study is to assess the condition of the abandoned lands. Historically,
land for agriculture in the Lena—Amga interfluve was cleared by clear-cutting larch forests in inter-alas terrain
underlain by ice-rich permafrost. Monitoring observations by the Melnikov Permafrost Institute have been
conducted mainly in the Dyrgyabai field which is representative of the Tyungyulyu terrace of the Lena River.
Increasing air temperatures have resulted in deeper soil thawing and degradation of the Ice-Complex permafrost.
During the monitoring period, the permafrost table has lowered from 1.8 m to 2.7 m. In wet areas, thawing
has reached the depths of 3.5-4.5 m. The abandoned cropland surface is now dotted by numerous thermokarst
features, including byllars and incipient to mature thaw lakes. An assessment of abandoned cropland condition
is provided for five administrative districts in the region by three categories: 1) land disturbed by thermokarst;
2) land unaffected by thermokarst; 3) undisturbed land overgrown with shrubs and trees. Presently, 33 % of the
abandoned croplands in the region is distorted by residual polygonal landforms and incipient thermokarst lakes,
57 % is undisturbed, and 10 % is overgrown with trees and shrubs. Further warming in the region will increase
the percentage of disturbed land.
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Brenenne

3a mocnennue 25-30 neT cOCTOSTHUE OONBIIMHCTBA MAXOTHBIX 3eMeNb JIeHO-AMIHHCKOTO MEXKIY-
peubs, co3naHHbIX B 50—60-X rogax mpouuioro Beka, yXyIIWIoCh H3-32 Pa3BUTHs Ha UX ITOBEPXHO-
CTH Pa3IUYHBIX TEPMOKAPCTOBBIX MPOIIECCOB U SBICHUH MO BIMSHUEM MOTEIUICHHS KiauMaTta. [lpu
YBEJIMYCHUH TIYOMHBI MPOTaUBaHUs Ce30HHO-TaIOro ¢jios (CTC) mpoucxoauT Aerpaaaius Je0BOro
KOMIUTEKCA C MOIIHBIMH MOBTOPHO-KWIbHBIME JbaaMu (IDKJI). [Ipu oTTamBaHWU JHIUCTHIX TPYH-
TOB CO BPEMEHEM Ha IMOBEPXHOCTH 00pa3yIOTCs OCTaTOUHO-NOJMIOHATIBHBIN peibed (ObLuIapsl) U
B JIEATEIILHOM CJIO€ TIOJ[3€MHBIE ITyCTOTHL. MecTaMu Ha IIOBEPXHOCTH IAIIHK HOSBISIOTCS HEOOIb-
M€ TePMOKAPCTOBBIE 03epKH. B HTOre MHOTHE ANTH BEIBOAATCS M3 CEBOOOOPOTA M MPEBPAIIAIOTCS
B OpocoBbie 3eMitn. Llenb paboThl: OLIEHUTH TE€OKPHOJIOTHYECKOE COCTOSTHUE 3a0POIICHHBIX TAXOTHBIX
3eMeJb PerHoHa.

Panee kpruoreHHOE CTPOEHHE pacCMaTpUBaeMOil TEPPUTOPUHN U PA3BUTHE 3/1€Ch TEPMOKAPCTOBBIX
npoueccoB uzydanu ConosweB [1.A. [1], I'aBpunses ILIL. [2, 3], bocuxoB H.II. [4], Bocukos H.II.
u ap. [5], TaBpuibes [LI1. u ap. [6], Yrapos U.C., Manaapos A.A. [7], Denopos A.H. [8], Bapnamos
C.IL u gp. [9], Abe et al. [10], Varlamov et al. [11] u MHOTHE ApyTHE.

B Meruno-Kanraracckom paifoHe W3 MHOKECTBa IAaxXOTHBIX 3eMeNb ObLTa BhIOpaHa Tmami-
Hs «JlpIpreiabaity asst co3JaHusi MOHHUTOPUHIOBOrO mojurona. OHa sBIsUIaCh THIUYHOW JUIS
TroHTTOMIOHCKOH Teppackl p. JIlerpl. OCHOBHOW MPUYMHON U BBIOOpa MAITHU ObLTAa ONHU30CTH OT
I. SIkyTcKa M HalMuKe Xopolueil Toporu B Jitodoe Bpems rozaa. [lamins Obita oOpazoBana B 1956 1. Ha
Mexanache B 2-X KM [oro-3amajHee ot c. Yroiis u umena miomaps 159 ra. MOHUTOPUHTOBBIN OJTUTOH
6511 cozman B 1992 1. mox pykoBoacTBoM A.T.H. ['aBpuiseBa ILI1. mpu ygactim x.r.H. Yraposa 1.C.,
Aprynosa P.H. u aBropa crarbu. [lo Mepe ncciieoBaHus TEppUTOPUH MAIIHK ObLIM OOHApY)KEHbI
mHuorouuncieHHsie [DKJI, kotopsre 3ameranu Ha rmyoune 1,8 M. [IpoOypuin ckBaXiHY MEXaHIHYECKUM
Oypom mryouHo# 12 M. He BeisiBuuM HmkHIOW KpoMky [IKJIL. Psgom ¢ namneit HaxomsTcsi anacel
Maiist, Uroiist, Yiryy-Cotheisl, Moopo, niryOnHa KoTopbIx u3MeHsiercst oT 15 1o 20 m. CnenoBareisHo,
MotHocTh [TXKJT MoxeT Taxxke BapbupoBath OT 15 10 20 M. BBIsIBUIM TpaHUIIBI KPOBIH JIba, KOTO-
past m3mensiercs ot 0,8 1o 3,0 M. OObeMHAS JIBIUCTOCTh TPYHTA MAIIHU cocTaBmiia 0,6 TOIH CIHULY
¢ yaerom 3tux pazmepor IDKJL. IIpu otbope mpob rpyHTa Ha BIAXKHOCTH M MIPU MPOXOIKE IIypdoB
BCTPEYAINCh MHOTOYHCIIEHHBIE PHIXJIbIC TPYHTHI U MOA3EMHBIE TyCTOTHI HA MECTE OTTASABIIETO JIbJA.
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Co BpeMeHEM Ha MOBEPXHOCTH MAIIHU CTaJIU MPOSABIATHCS MHOTOUUCIICHHBIE TepMOIpocaku. B pe-
3yaBTaTe 3TOTO MamrHs Obuta 3adpomeHa B 1996 . U ¢ Tex mop oHa IpeBpaTiiiach B 3aJI€Kb U CTala
HCIIONIB30BATHCS KaK MacTOuIIe Jyisi cKoTa. MHOTIa TpyHT IOJIMroHa 6epyT JJisi pEeMOHTA aBTOJIOPOTH.
Ceituac OBEPXHOCTH ITOJIMTOHA UMEET, B OCHOBHOM, 3aITaIMHHO-OYTpHUCTHIH penbed.

Martepuajbl 4 MeTOAbI HCCJIEIOBAHUS

Junst ynoberBa m3ydeHus Ha rojurone «/lpipreradaii» ObUIM OpraHU30BaHbl 6 MOHUTOPHUHIOBBIX
mromanok. [Tmomanka 1 Opia co3maHa B TUCTBEHHUIHOM JIECy ¢ Pa3HOTPAaBHO-OPYCHUYHBIM OKPO-
BOM Ha I0r0-BOCTOUHOM vacty namrHu B 100 M ot ero kpas. Beicota BepxHero spyca cocrapiseT 15-
17 m, cpennero — 7-8 M. luameTp cTBOIOB JgpeBocTost usmensaercs ot 0,25 no 0,50 M. CoMKHYTOCTh
kpoH — 0,5-0,7. MormHocTh ecHor noacTiiku coctanisiet 0,02 M. Huke 10 0,04 M — croif mepenpe-
BILUX KOpHEH TpaBbl. MOIHOCTH r'yMycoBoro ciost 0,15 M. TTouBbl maomaaku coCTOAT U3 MEP3JI0T-
HBIX TMAJEBBIX CPEIHEOCOIONCNBIX CYIITHHKOB. OcTaabHbIe 5 TUIOMAI0K OBUTH BEIOPAHBI HA Pa3ny-
HBIX ydacTkax nmamsiu. B 2002 r. B1obaBok 3THM Oblia co3/iaHa Iuiomiaka 7 B BOCTOUYHOM 4acTH 1o-
JIUTOHA B TOHKOCTBOJHHOM JINCTBCHHUYHOM JIECy C OpYCHIYHO-3EJICHOMOIITHBIM ITOKPOBOM. B nanHOE
BpeMsI MOHUTOPHUHTOBBIE HCCIICAOBAHMS IIPOBOATCS Ha 4 IUIOIMAAKaX: B ABYX JIECHBIX (TJIOMIAAKU | 1
7) ¥ B IByX Ha OTKPBITOM Y4acCTKe, IJIe IPOTPECCHPYIOT TEPMOKAPCTOBBIC SABJICHUS (TIOMAAKN 4 1 5).

Ha nonurone Op11 cO31aH KOMIUIEKC THAPOTEPMUUECKUAX U MEP3JIOTHBIX HCCICOBAaHIH HA MOHH-
TOPHHIOBBIX ILTOMIAKaxX. JJ1s MpoBeIeHns TeMIIepaTypPHbIX HaOIOeHN ObIIIM YCTaHOBJIEHBI TEPMHU-
CTOpHBIEC THPIISH/BI Ha ITyOonHaX OT 2 10 10 M. [TorpenmHocTs n3MepeHus TeMIepaTypsl He BBIXOIIIA
3a ipenensl +0,1°C. Temmneparypa moBepXHOCTHOTO ¢J10s1 TPyHTOB J10 0,2 M orpenessiiach ¢ TOMOIIBIO
tepmomerpoB CasunoBa. B 2002 1. Ha miomaake 7 6611 ycraHoBieH jorrep TP-52 smonckoro mpo-
M3BOJICTBA C JIATYMKOM Ha IyOuHe 1,6 M, KOTOPBI HOPMaJILHO PaboOTaeT /IO HACTOSIIEr0 BPEMEHH.
I'myOGuna nmpoTanBaHus MTOYBOIPYHTOB M3MEPSIETCS IIPH MOMOIIH JKEJIC3HOTO LIyTa, TPYOUaThIX U3Me-
pUTEeTe MpOoTauBaHUA U BO BpeMs POXOAKH mrypdoB. [y onpenereHns BIaKHOCTH TPYHTOB TIPO-
BOJMJICS OTOOP MPOO MOYBEHHBIM U MEXaHHYECKMM OypoM. [ pyHTHI BHICYIIMBAIM B TEPMOCTATE TPH
temneparype 105°C. OObeMHBIN Bec TPyHTa ONPENEIBIICS METOIOM PEXKYIIUX KOJICI, a YACIbHBIN
BEC, IPaHyJIOMETPUYECKHil COCTaB, INIACTUYHOCTh I'PYHTOB ONPENIEIISUINCH B aHAJTMTUUECKOM J1adopa-
topuu MuctutyTa Mep3notoBeneHuss CO PAH. Bee npoBoanMeie paboThI COOTBETCTBOBAIN METOIH-
KaM, IPUHSITHIM B MEP3JIOTOBEACHUH, TTIOYBOBEICHUH, SKOJIOTHU ¥ Memuoparuu [12, 13, 14].

Pe3ysbTarsl U 00cy:KaeHHE

Kak m3BecTHO, TeMmeparypa BO3IyXa SBISICTCS TJIABHBIM ITOKA3aTeNieM KIIMMaTa, W Yalle BCETO
HM3MEHEHHUE KJIMMaTa XapaKTepU3yIoT M0 M3MEHEHUIO UMEHHO TOT0 KIIMMaTHIeCKoro napamerpa [15].
Jpyrue smeMeHTh KIMMaTa, TaKue KaK OCaIKH U CHEXXHBIH MOKPOB, TaKkke BaKHBI. HO OHM MMeroT
HECKOJIbKO MOAYMHEHHOE 3HauCHHEe. B HaImMX MCCIeTOBaHUAX CPEIHUE TOIOBBIC TEMIIEPaTyphl BO3-
ayxa omnpezessutick 1o merony A.B. ITasnosa [16]. B pacuer Opanu naHHBIE ¢ OKTAOPS MPEIbIIYIIEro
rona, Koraa TeMIeparypa TpyHTa JOCTUTAeT YCTOMYHUBOTO OTPHUIATEIBHOTO 3HAYEHHS, IO CEHTAOPH
nocneaytoero roga. IIpu 3ToM Bech XONOMHBINA MEPUOJ] OKA3bIBAETCS BHYTPH OJHOTO PAcYETHOTO
(TCOKPHOIOTHIECKOTO) TOAA.

3a nmocnennue 80 1T JaHHBIE TEMIIEPaTYPHl BO3AyXa IO METEOCTAHIIUH I. SIKyTCKa IOKa3ajH, 4To
110 cepenHbI 60-X TOI0B MPOIILIOTO CTOJICTHS MOTEIUICHNS He Obut0. HaunHas ¢ 1966 r. cTana He3Ha-
YUTEIHHO MOBHIIATECS. [loTemIeHne 3MMHNX TeMIepaTyp IMOBIHSIIO Ha PEe3KOe MOBHIIICHUE CPEIHEN
rogoBoii Temreparypsl B 1988-1989 rr. (puc. 1). DTo npuBeEIO K pa3BUTHIO TEPMOKAPCTOBBIX MPOLIEC-
COB U sIBJICHUH Ha namnHe «/[pIpreradait» B Hagare 90-X ToI0B IMPOIIIOro CTONeTHs. Bkian neTHux mMe-
csieB (Maii-ceHTsI0ph) HesHauuTeneH [15]. Temneparypy Bo3nyxa B JIeHO-AMIMHCKOM MEXAypeube
paccmarpuBai 1o TpeM MeTeoctaHuusM: I. SIkyTck, c. Amra u c. blteik-Kroens. Ha meteocranuuun
r. SIkyrcka B mepuon ¢ 2019 o 2020 romasr 0bUT0 3a()UKCHPOBAHO MaKCUMAJIbHOE 3HAYCHUEC CPEIHE-
rofioBoil Temneparypsl Bozayxa -6,2°C. B nepuoz ¢ 1961 no 1990 rr. cpeaHsisi MHOTOJIETHSISL TEMITe-
parypa Bo3xmyxa cuntanack -10°C. [1o cpaBHEHHIO C 3TUM MIEPHOIOM OHa TMoBBIcHIack Ha 3,8°C. Ha
METEOCTaHIUAX, PACTIONIOKEHHBIX B cénax Amra u blTeik-Kroens, MakCUMabHbIC 3HAYCHUS CpEHE-
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TOJIOBOM TeMIIEpaTyphl JOCTUTHYTHI B Oosiee mo3nuuil nepuoa — ¢ 2024 mo 2025 rojasl, ¥ COCTAaBUIN
-7,4°C 1 -8,4°C COOTBETCTBEHHO, UTO 3HAUNTEIHHO MPEBBIIIACT JaHHBIC METEOCTAHITUH T. SIKyTCKa.
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Puc. 1. MHOTONETHSIST H3MEHUYNBOCTE CPEAHEH TO0BOH TeMITepaTyphl BO3AyXa (THAPOIOTHIECKOTO TO/1a)
10 JJaHHBIM MeTeocTaHiu, 1945-2025 rr.

Fig. 1. Long-term variability in mean annual (hydrologic year) air temperature according
at weather stations data, 1945-2025

B nauase nccnenoBanus Ha ioniaake 1 (B IMCTBEHHUYHOM JIeCy) TEMIIEpaTypa IpyHTa Ha IIy-
6une 7 m cocraBmia -2,6°C, a Ha myoune 10 m -2,8°C. A Ha camoii namse B 1993 1. Ha mIiomaakax
2,3 u 5 Temneparypa o nryouHe Obia onuHakoBa. Tak, Ha NTyOWHE TOAOBBIX TeII0000poTOB (10 M)
cocraBmia -2,2°C, a Ha mryoune 7 M -1,8°C. TloTeruienne KMMara IpuBeIo K MOBBIIICHUIO TEMITepa-
TYpPBI TPYHTOB Ha 0€3JIeCHOM y4acTKe oJMroHa «Jlpipreiadaiiy. 3a rojibl HCClIeI0BaHMi Ha IUIOIIAIKe
2 teMrieparypa MHOToseTHeMep3ibix mopoa (MMII) va mmyonne 10 M oBsicHiach ¢ -2,2°C B 1993 .
110 -0,9°C B 2006 . Ha nnomazike 5, rae oOpaszoBasics 3pesiblii Obuniap, Ha IyOuHe 7 M TemIeparypa
rpyHTa nossicuiacs ¢ -0,8°C B 2009 r. 1o -0,5°C B 2024 r. Ha miiomaznxke 4 Ha poBHOM y4actke B 2001-
2004 rr. MEHAMaNTbHAS TeMIepaTypa rpyHTa Ha IryouHe 2,4 M moBsIicHiiach ot -3,7°C mo -1,9°C (puc.
2a). A B 2021-2024 rr. Temrieparypa IpyHTa Ha TOW ke niryouHe Bapbuposaia ot -0,4°C no +3,0°C
(puc. 20). MakcumainpHas Temreparypa O0buta nocturayTa B 2023 1. Jlaxke Ha mryOmHe 3,2 M TeMIiepa-
Typa rpyHTa ¢ 2023 I. ¢ OTpHIIATeNbHOM MOBBICHIACE IO MOJOKUTENBHOT0, MaKCUMaibHO a0 +0,6°C
(cwm. puc. 20).
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Puc. 2. 1I3MeH4YnBOCTE TeMIEpaTypbl IPyHTOB Ha Tuiomiaake 4 mo rogam: a) 2001-2004 rr; 6) 2021-2024 rr.
Fig. 2. Variability of soil temperature at plot 4 over the years: a) 2001-2004; b) 2021-2024

Ha necHbIX momankax Ha TITyOMHY MPOTaWBaHUS TPYHTOB BIHSIOT 3aTCHSIONMIAS POITb ICPEBBEB,
TOJIIIIMHA JIECHOW MOACTHIIKM, HAJIMYHE MXa, BBICOKAs HayalbHas BJIQXKHOCTH MOYBBL. 3a HCCIIEaye-
MeIif ieproy Ha iomanke 1 momurocTs CTC m3mensttack ot 1,15 o 1,45 M (puc. 3). B ogHO Bpems
MEeCTHOE HaceJIeHHE MPOBEJI0 YaCTUIHYIO BEIPYOKY IepeBbEB I CTPOUTENBCTBA H3ropoan. 1 31o mo-
BIUSI0 HA HeKoTopoe yBenuueHue mourHoctu CTC. PacturenbHOCTh Ha TUIONIaike 7 MpeAcTaBieHa,
B OCHOBHOM, JIICTBCHHHYHHKOM TOHKOCTBOJIEHBIM OpYCHHYHO-3€JICHOMOIITHBIM. BEICOTa BepxHETro
spyca 14-16 m. [lnametp nepesreB Bapbupyet ot 0,08 10 0,15 M. meroTcs eIMHUYHbIE JINCTBEHHUITBI
tomuuHoi 1o 0,45-0,55 M. ComknyTOCTB KpoH — 0,7-0,8. JlecHast moacTHIKa Ha IUIOMAKe 7 TOJIIE
Ha 3-4 cM, yem Ha rutomiajke 1. [myOuHa npoTanBaHus 3a rojibl KccienoBanus u3Mensuiack ot 0,92 o
1,22 m. B nocnennue roJpl UAET TEHACHIUS K YBETUUYEHUIO, HO 332 CUET MOIIHOM JE€CHON MOJICTHIIKH
3a Bce BpeMs m3Mepernit MormHocTh CTC Oplira MeHbIIe, YeM Ha IIIommazke 1.
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Puc. 3. lunamuka CTC Ha pa3snuyHbBIX TUIONIAJKAaX MOJUroHa «/Ipipreiadaii» mo ronam

Fig. 3. Variation in active layer thickness at several plots, Dyrgyabay monitoring site

Ha namrse B Hayajie MOHUTOPHHIOBOT'O MCCIIEIOBAHUSI HA BCEX IUIOIIA/IKAX IIyOHHA POTAaUBaHHS
rpysToB Ob11a 1,80 M (cMm. prc. 3). C 1993 1. oHa cTana moCcTeneHHO BO3pacTaTb, HO HEPaBHOMEPHO 110
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wiomaakam. Ha mromanke 2 B koHrie 90-x rofioB MepBBIM Ha MOJIUTOHE «/IpIpreiadain»y oOpazoBaiics
ObULTap, KOTOPBIM CO BpEMEHEM 3HAYUTENILHO YBEIMYHII CBOU pa3Mephl. 3a CUET BEICOKON BIIaKHOCTH
rpyHTOB ryouHa npotauBanus B 2008 r. yBenuumiach 10 4,36 M, T.e. Bo3pocia B 2,5 pasa. Ha atom
MecTe B HACTOSIIIIEE BPEMS 3a CUET HAKOTUICHHS TaJIbIX CHETOBBIX U JOX/IEBBIX BOJ, U MOCTYIAIOMINX
Box oT TasHust MoutHbIX [DKJI oO6pazoBanace qroéns — TepmokapcToBoe 03epo. Ha miomanke 5 kpuo-
TeHHbIE TIPOLIECCHI CTAJIN Pa3BUBATHCS UyTh Mo3xke. beiutap o0pazosascs B Hauase 2000-x ronos. Yxe
¢ 2008 1. cTana CKarTUBaTHCS BOJIA IO Hadayla MIOHs, HO OBICTPO McTapsiachk. B HacTosmee BpeMs 1o
Mepe yrryOlieHHs TpocelaHus BOJa IEPKUTCS yKe 10 KOHIA hroist Mecsita (puc. 4). CooTBETCTBEHHO
BiIaXHOCTh I'pyHTOB B CTC cTaHoBHTCS BBICOKOH, T.e. He HIXKE 30 % oT oObema. B 2023 1. rpyHTHI
npoTasiii Ha r1youny 3,5 M. [lnomanka 4 Obuta co3gaHa Ha POBHOM Y4acTKe MAllHU HEJAaJeKo OT
TepMOKapcToBOii mpocaaku. [1o3xke Ha MecTe TOH TEpMOIIPOCaaKH 00pa3oBaicst ObIILIap ¢ MEHBIINMHU
pa3Mepamu 1o miomaan. Ho nryGuHa nporanBaHus Ha IUIONIAIKE 4 IOCTENIEHHO BO3pacTalia v ceiuac
moctunia 3,26 M. 3HaUUT ObULIAP MPOIOJIKACT YCHIICHHO Pa3BUBATHCS U YBEIUYHUBATH CBOO ILIOIIA h
B CTOpOHY poBHOro ydactka. Eme B Havane 1990-x romos mpodeccop aBpmises [1.I1. mucai, uro
TPYHTBI BEPXHEH 4acTH JISJOBOTO KOMIUIEKCa onuroHa «/lpipreiabaid» Ha y4acTkax 0e3 JISCHOro Io-
KpOBa MEPELUIH U3 YCTOMYUBOIO COCTOsIHUS B HeycToiuuBoe [3]. [Ipu aToM ucue3 Tak Ha3bIBaeMblil
«3aLUTHBIN IPYHTOBBIM CII0I», 1101 KOTOPHIM ITOHUMAETCS MEP3JIbII CIOW IPYHTA, PacON0KEHHbIN
HIDKE MaKCMMaJIbHOM TITyOMHBI TPOTauBaHUs /10 YPOBHs BepXHHUX orojoBok [IDKJI. 3amunTHbld crnoit
paHbIIIe IPEOXPAHsUT OT TastHUS BepxHIoo yacTh [1XKJI, mosTomy B TO Bpemst HE OBLIO MPOCa0K HO-
BepxHocTH. Ceifuac gaxe Mpu OTHOCHTENILHO HEOOJIBIIIOM MOBBILICHUH CPEeIHEW rOI0BO TeMIepary-
PBI BO3/lyXa yBEJIMUYHBACTCS ITyOWHA NPOTAWBAHUS I'PYHTOB M IIPOUCXOIUT TAsSHUE BEPXHEH KPOBIU
MMIT ¢ ITKJI.

Puc. 4. beumnap ¢ Tanoi 1 JOXXICBOM BOJOH, Tutomanka 5, ntoHb 2023 1.

Fig. 4. A byllar with melt- and rainwater, plot 5, June 2023

Ocajiku IPUBEJICHEI 110 JTaHHBIM METCOCTAHITUH T. SIKyTCKa 3a aBTyCT U CCHTSAOPH, TaK KaK BBI-
MaBIIKE B aBTYCTE JAOXK/IM HE YCIIEBAIOT UCTIAPUTHCS TIOJTHOCTHIO, M OKa3bIBAIOT OOJIBIIOE BIMSHHE HA
BJIQ&XKHOCTB TPYHTOB B CEHTIOpe Mecsiiie. MUHUMaTbHBIC Ocaaku Bbimaiaun B 2020 . 1 COCTaBUIIN BCETO
15 MM (9 1 6 MM cooTBeTCTBeHHO) (pHcC. 5). MakcumanbHble ocaaku 0sum B 2006 romy (205 mm).
B aBrycre Boimanu 151 MM ocankos, a B ceHTs0pe — 54 MM. Biiaro3zamac METpOBOIO CJi0si [PYHTOB Ha
POBHOM ydacTke Turomaaku 4 mmensuics ot 144 (2018 r) mo 255 mm (2006 1.). A TBYXMETPOBOTO
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Puc. 5. MexrojioBasi ©3MEHYUBOCTh OCEHHETO BJIaro3ariaca o4BOIPYHTOB Ha MOJUTOHE «JIbIpreiabaiiy»
10 CJIOSIM: @) TUIoNIaKa 4; 0) miomnaaka 5
Fig. 5. Interannual variability of autumn soil moisture content at the Dyrgyabay test site by layers:
a) site 4; b) site 5

ciost BappupoBai ot 234 (2018 ) mo 532 mm (2007 1.). Ha muromazke 5 Biraro3amnac TpyHTOB HAMHOTO
BBIIIE M3-32 3aMaIMHHO-0yTrPUCTOTO MUKpOpebeda, I7e HAKATUTMBAIOTCS Tajble U J0XKAEBbIC BOJIbI,
KOTOPBIE B ITOCJIETHHE TO/IbI UCTIAPSIOTCS TOJIBKO B KOHIIE MO Mecsa. B MeTpoBoM cioe TpyHTOB
3amac Braru mamensiercsa ot 148 (2016 r) go 359 mm (2006 1), a B ABYXMETPOBOM Cllo€ — OT 362
(2016 T.) mo 766 MM (2006 1.). MakcuMaibHas pa3HHLA 2-XMETPOBOTO CJI0S MEXKTY IDIOIIAIKaMu ObLiia
B 2006 . 1 cocTaBnna 246 mMm.

B 2023 1. mo nanHbIM cheMoK KBagpokontepom DJI Phantom 4 monmrona «Jlpipreiabaii» Obuia
c/enaHa OIEHKa COCTOSIHMSI €TO MOBEPXHOCTH. [1o ero pesynbraraM Oblila cOCTaBlICHAa KapTa-cxema
TEOKPUOJIOTUYECKOTO COCTOSIHHSI MTOBEPXHOCTH JAHHOTO MOJUroHa (puc. 6). Onpeaenuin Kakue oc-
HOBHBIE HJIEMEHTHI peibedpa CKOIBKO IIIoImaaeii 3aunmaror. OKa3anock, 4T0 HaHOOIBIIYIO TUIOMIAb
W3 HUAX 3aHUMAIOT TOJUTOHAIBHO-OYTpUCTHIE TpocanodHbie GopMbl penbeda — Opuntapsl. OHn 3a-
HUMAIOT 66 % OT BCeill TeppUTOPHHU MOJUroHa. HauMeHbIIYIO 101 UMEIOT YYacTKH, Ije oopa-
30BaJIUCh TEPMOKAPCTOBBIE 03€pa B PA3IUYHON CTaJuM pa3BUTHs: ME, MIOENs, ThIMIBL Bcero onu
cocTaBuIH 3 % OT BCeil TEPPUTOPUH MTOJTUTOHA.
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Fig. 6. Schematic map of the geocryological state, Dyrgyabay site

Tepputopus JIeHO-AMIMHCKOTO MEXAypeubs pas3lieleHa Ha 5 aJIMHUHHCTPATUBHBIX pailOHOB:
Meruno-Kanranacckuid, Ycrb-Anganckuil, AMruackuit, Uypamuunckuid 1 Tartunckuid. Y no kaxgo-
My paifoHy ObLIa c/ieJaHa OlleHKa TePPUTOPHUHN TaXOTHBIX 3€MeIb M0 TPeM KaTeropusM: 1) HapyIiieH-
HBIE TCPMOKAPCTOM 3EMJIH, III¢ 00Pa30BaTUCh MHOTOYUCIICHHBIC OBLLITAPHI M TEPMOKAPCTOBBIC 03€pa;
2) He HapyIIeHHBIE TEPMOKAPCTOBBIMH IIpoIleccaMi; 3) HE HapyIICHHBIE TEPMOKAPCTOM 3eMITH, HO
3apacTarolie IPEBECHON M KyCTaAPHUKOBON PACTUTEILHOCTHIO (TabmuIa).

Tabmura
CocTosiHMe AXOTHBIX 3eMeJlb 110 AIMUHHCTPATHBHBIM paiioHaMm ( %)
Table
Condition of arable lands by administrative districts ( %)
Paiiomst Hapymennsie He napymenssie 3apociime JpeBecHOit
TEPMOKAPCTOM TEPMOKaPCTOM PaCTUTEITBHOCTHIO

TarruHCcKUi 61,5 32,3 6,2
YypanmunHcKuit 42,5 48,1 9,4
AMIUHCKHUI 33,6 59,9 6,5
Meruno-Kanranacckuit 15,5 67,3 17,2
VeTh-Annanckui 7,4 74,2 18,4
Hroro 32,8 57,0 10,2

ITo uroram oleHKM BBISIBIIINCH PAHOHBI, T/IE TUIONIA 1 3a0pOIICHHBIX TAXOTHBIX 3eMeNb HanuMe-
Hee OB KEeHBI KPHOTEHHBIM TporieccaM. O1o Meruno-Kanranacckuii u YeTb-Anganckuii pailoHsl,
y KOTODBIX JIOJIsL IO TIEPBOM KaTeropuu (HapylIeHHbIE TEPMOKapCTOM 3eMiM) coctamisieT 15,5 % u
7,4 % cooTBETCTBEHHO. TakKKe BBISIBUINCH B PETMOHE PAHOHBI, Y KOTOPBIX TEPPUTOPHS MaxXOTHBIX
3eMelb HanboJiee MoIBEePIKeHa TEPMOKAPCTOBBIM MporieccaM. OnepexaeT Bcex TaTTHHCKHI paiioH —
61,5 %. Uyt orcraer UyparmanHCKuid paiioH, I1e KpHOT€HHBIM IpolieccaM roasepkena 42,5 % mio-

10
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[aqu 3a0pOIICHHBIX CEIbCKOXO3SHCTBEHHBIX 3eMelib. A B AMIMHCKOM paiiOHE 4yTh OOJBIIC TPETH
3a0pOIICHHBIX TAXOTHBIX 3€MEITh ITOIBEPIKCHA K a3 IMIHBIM TEPMOKApPCTOBBIM IIpolieccaM. B nanHoe
BpEMsI B PETHOHE MOBEPXHOCTH 33 % 3a0pOIICHHBIX MAXOTHBIX 36MEJIb HAPYIIICHA MHOTOYHCIICHHBIMU
TEPMOKAPCTOBBIMU IIpouieccaMu, 57 % MOBEPXHOCTH 3e€MeNlb OTHOCUTEIBHO HOpMasbHas, a 10 % 3a-
pacTaeT APEeBECHON U KyCTapHUKOBOW pacTUTENbHOCTBIO. [Ipy nanpHeieM NOTEIUIEHUU KiMMara B
TaKOM TEMIIC HEKOTOpasi YacTh 3a0POIMICHHBIX 3€MEIb C POBHOM MOBEPXHOCTHIO MOXKET IPEBPATUTHCS
B HapyLIEHHbIE U3-3a aKTUBU3ALIUU TEPMOKAPCTA.

3akioueHue

HccrienoBarre B MOHUTOPUHTOBOM ITOJUTOHE «JIBIpreIadaid) MOoKa3bIBACT, YTO MPH MPOIODKECHIH
MOTETJICHUST KJIMMaTa PerroHa J0Jisl HAPYIIEHHBIX MaxOTHBIX 3€MeNb TePMOKApCTOM OyleT pacTH.
B Ommxaiimem OyaymieM Ipu MPOSKTUPOBAHUU MAXOTHBIX 3eMEIb HEOOXOAMMO HCKIIOUUTH CO37a-
HHE HOBBIX TAIICH B MEXaJACHOM THIIE MECTHOCTH, TAE TPYHTHl OTIMYAIOTCS OOIBIION JIBAMCTO-
cThI0. bhTa mpoBeneHa MmIonaaHas OICHKa COCTOSHUS 3a0pOIICHHBIX MAaXOTHBIX 3eMelb Ha JIeHo-
AMIMHCKOM MEXIypeube M0 aAMUHUCTPATUBHBIM pailoHaM. B ycIoBHSIX COBPEMEHHOTO MOTEIICHUS
KJIMMara akTyaJIbHOW SIBJISIETCS 3ajjada OLEHKH BCEX CEJIbCKOXO3AWCTBEHHBIX 3emenb LleHTpanbHol
SIkyTHM Ha peaMeT BO3MOXKHOM JIeTpaJlallii OT aKTUBU3ALMU KPUOTEHHBIX MTPOLIECCOB.
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AHHOTAIMS

B HacTosimee Bpemsi ¢ pa3BUTHEM TOPHOAOOBIBAIOIICH OTPAcid U C POCTOM TOTPEONCHHs TOIUIMBA Ha
ApxkrudeckoMm ceepe SIKyTHu, oOnafaroniell 3HaYMTEIbHBIM MHHEPATBHBIM 3aI1acoOM B CTpaHe, 0OJIbIIOe 3Ha-
YEHHUE MMEIOT aCMEKThI, CBI3aHHBIC C MOBBIMICHUEM SKOJIOTHUECKUX TPEOOBaHHIA K JTOOBIBAIOIINM KOMITAHUSIM,
MOUCKOM OallaHca MEX/Ty SKOHOMHKOW U COXpAaHCHUEM MIPUPOTHOM Cpefibl. A TaKKe B YCIOBUSIX TCHJICHIUH 0~
TEIUICHHS KITUMaTa Ha OOJbIIeH YacTH KPUOIUTO30HBI Poccuu 0co0yr0 BaXKHOCTh PHOOPETAIOT MEPOTIPUSTHS,
HaIpaBJICHHBIC HA U3YyUYCHUE U Pa3BUTHE CUCTEMbI TCOTEXHUUECKOTO MOHUTOPUHTA HA IPOMBIIIICHHBIX H IPaX-
JTAHCKUX O0BEKTaxX B pailoHaxX pacrpOCTPaHEHHs MHOTOJIETHEMEP3IBIX Mopoa. CTOUT OTMETHTh, YTO XPAHCHHE
HE(PTEPOIYKTOB B ApKTHYCCKHUX pallOHAX OCYILECTBISICTCS B Pe3epBYapHbBIX MapKax, BO3BOAUMBIX Ha IPYHTOBOM
ocHoBaHuH. [o3TOMY H3ydeHHE ATUX MPOOIEM HEAPOIOIB30BATEIIIMH HMEET 0COOYI0 BAXKHOCTH JIJIsl o0ecrede-
HUS YCTOMYMBOTO CONUALHO-3KOHOMHUECKOTO U HH(PPACTPYKTYPHOTO Pa3BUTHUS TCPPUTOPUH B COOTBETCTBHHU C
TpeOOBaHUSMHU MPOMBIIUICHHOMN U 3KOJOTHYEeCKON OE30MaCHOCTH.

B cratbe mpencTaBieHbl METO/BI 10 UCTIOIh30BAHHIO €CTECTBCHHBIX HAYYHBIX METOJIOB B MPOIIECCE MCCIIe-
JTIOBaHHIA B 00JIACTU WHXKCHEPHOM 3alUThI OKPYKAIOIICH CPe/bl M PAI[OHATBLHOTO HCIOIBb30BAHUS TPUPOTHBIX
pecypcoB. Teopernueckue uccnenoBanus QyHIaMEHTATBHOTO MaciTada 4acTo OCHOBAHBI Ha OTOCPEIOBAHHOM,
MBICJICHHOM U3Y4YCHUH TPOLIECCOB U SIBICHUMN (CHHEPTeTHUECKH B3aUMOCBA3aHHBIX MPUPOTHO-TEXHUICCKUX T€0-
cucreM). [Ipu 3TOM NpakTHYECKOE B3aHMOJICHCTBHE C HEMTOCPEICTBEHHO MCCICYEMBIMA O0BhEKTaMH (KOHKPET-
HBIMHU 00BEKTAMH IPOMBIIICHHOW HHYPACTPYKTYPBI) MOXKET OTCYTCTBOBATH.

Ha ocHOBe aHanIM30B TEOPETUUCCKUX METOIOB YCTAHOBJICHBI U BBISBICHBI OOIINE MPUHIIMITBI HHXECHEPHON
3aIUTHI OKPYKAFOIICH Cpe/Ibl B HAMPABICHUH MUHUMU3AI[MH WHTETPATBHBIX MOTEPh HEXKUBOW U )KUBOU MIPUPO-
nel. [TocTaBeHBI HOBBIC, paHEE HEU3BECTHBIC WITH HE PEIICHHBIC 33/1a4l, NMCIOIIIE BAXKHOE TIPUKIIAHOC 3HAUYC-
Hue. [IpoBe/icHa KaueCTBEHHASI M KOJIMYCCTBCHHAS OIICHKA PaHee MONYyUCHHBIX MPEEICHTOB MO aHATOTUYHBIM
METOJIOJIOTUYECKUAM HAMPABJICHUSIM H3y4aeMbIX MpooieM. PazpaboTaHa MpUHIMITHAIILHO HOBAsl CUCTEMA TTOHH-
MaHHs SBJICHUI, MEXaHU3MOB U MPOIIECCOB IKOJIOTHUECKU OE30MaCHOTO MPHUPOIONOIH30BAHMS HA IPOMBIIILICH-
HO-O0CBaUBAEMBIX TEPPUTOPHUSIX.

KiwueBble cjioBa: panmoHaILHOE IPUPOIONOIB30BAHUE, IPUPOTHO-TEXHUIECKUE TEOCUCTEMbI, TEOTEXHH-
YECKUI MOHUTOPHUHT, T€OIKOJIOTHS, WHKCHEPHAs 3alllUTa OKPYKAIOIIEH Cpelbl, POMBIIIICHHBIH 00BEKT, SKC-
TUTyaTalus, SKOJIOTHUECKast 6€30MaCHOCTh, IKOTOIL, )KHU3HCHHBIN ITHKJL.

Jas uurupoBanus: SAnpuxunckuit U.B., Eroposa T.P., Brnacenko B.B., Eroposa C.P., [lenucoBa A.A.,
3axapoB JI.I. MexaHH3MbI B3aUMOJICHCTBHS B MIPUPOTHO-TEXHUUECKUX T€OCHCTEMAX «IIPOMBIIIICHHBIN 00BEKT-
OKpyxaromias cpenay. Becmuuxk CBOY. 2026;(1):74-84. DOIL: 10.25587/2587-8751-2026-1-74-84
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Abstract

With the development of the mining industry and growing fuel consumption in the Arctic north of Yakutia,
which boasts significant mineral reserves, increasing environmental requirements for mining companies and
finding a balance between economics and environmental conservation are increasingly important. Furthermore,
given the trend of global warming in Russia’s permafrost zone, measures aimed at studying and developing
geotechnical monitoring systems at industrial and civil facilities in permafrost areas are particularly important.
It is worth noting that petroleum products in Arctic regions are stored in tank farms constructed on ground
foundations. Therefore, studying these issues by subsoil users is important to ensure sustainable socio-economic
and infrastructural development of the territory in accordance with industrial and environmental safety
requirements.

This article presents methods for using natural sciences in research in the field of environmental engineering
and the rational resources.

Fundamental theoretical research is often based on an indirect, conceptual study of processes and phenomena
(interconnected natural and technical geosystems). However, practical interaction with the objects being directly
studied (industrial infrastructure facilities) may be absent.

Based on analyses of theoretical methods, general principles of environmental engineering aimed at
minimizing integral losses of inanimate and animate nature were established and identified. New, previously
unknown or unsolved problems of significant practical significance were posed. A qualitative and quantitative
assessment of previously obtained precedents in methodological areas of the problems under study was conducted.
A fundamentally new system for understanding the phenomena, mechanisms, and processes of environmentally
sound nature management in industrially developed areas was developed.

Keywords: rational use of natural resources, natural-technical geosystems, geotechnical monitoring,
geoecology, environmental engineering, industrial facility, operation, environmental safety, ecotope, life cycle
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Brenenne

OO MPUHINT WHKCHEPHOH 3aIIUTHI OKPYKAIOIICH Cpebl B HAIPaBICHNH MIHUMHU3AINN WH-
TErpajbHbIX IIOTEPh HEXKHMBOM U )KUBOM MPHUPOJIBI Oa3upyercsi Ha (PU3MKO-MaTEeMAaTHIECKUX acleKTax
WCCIICIOBAaHUS MEXaHM3MOB B3aUMOJACUCTBHS B MPHUPOAHO-TexHHYecknx reocuctemax (I1TT) «mpo-
MBIIUICHHBIH 00BEKT — OKpYsKaroras cpeaay [1]. [Ipu aTom yiepd, HAaHOCUMBII OKPYKAIOICH cpeie
(OC) B noKabHOM, PETMOHAILHOM HJIM INIO0AJIBHOM MaciTade MOXeT ObITh popMaiM30BaH Ciemy-
oM o0pasom:

- aDCOJIIOTHO HEBOCIIOJIHMMBIE TIOTE€PH, CBSI3aHHBIC C YHUUTOKCHUEM OMOJIOTMYECKUX MOIYIISIHNA
(pacTUTENBEHOTO M KUBOTHOTO BHJIA) WM HEOOPATHMOTO M3MEHEHHUS OMOTEOICHO30B 3a MpeaeiaMu
IpaHHUI] CaMOBOCCTaHOBJICHHUS;
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- Ka4eCTBEHHBIC TOTEPU HEKUBOI NMPHUPOJBI B NMEPBOHAYAIBHBIX KOJIMYECTBEHHBIX MPOIOPIHIX
(yxyzmeHue miogopoIHO CTPYKTypHI IT0YB, U3MEHEHHE I'HIPOTe0IOrMYECKOT0 PeXXUMa TEUCHHH, J1e-
rpajalyy MouB B HanboJjee SKOJOTHYECKH YA3BUMBIX paiioHax Kpaitnero Cesepa;

- oOpaTHMBbIe MTOTEPH KHUBOW TMPHPOBI B TPAHHUIIAX CAMOBOCCTAHABINBACMOCTH MIIM SKOJIOTHYE-
CKOHM pEeKOHCTPYKIIMHU TI0 Pe3yIbTaTaM Te0TeXHUIEeCKOTO MOHUTOPHUHTA [2].

AHanmu3upyst MexaHu3M (pOpMHPOBAHMUS SKOJIOTHUECKUX TOTeph 1o KoMnoHeHTtam OC 1nenecoo-
OpazHo paccMarpuBath Tpu cragun pyaxmmoruposanus [ITI [3]. Ha mepBoii ctanuu pa3BUTHS TIPO-
1ecca NPOUCXOIUT HOPMATUBHO JIOIYCTUMOE MCIIOJIb30BaHHE NPUPOIHBIX PECYPCOB, XapaKTepHU3u-
pyloliee OKOHYaHHWE aKTHBHOHM (ha3bl MPOMU3BOJCTBEHHO-TEXHOJIOIMYECKoro nukia. Jlamsee mpomecc
MIEPEXOIUT B COCTOSIHUE OTHOCUTEIbHON MHKEHEPHO-IKOJIOTMYECKOH YCTOHUMBOCTH B IIpejesax co-
XpaHeHust OaslaHca Gnocdepsl B TpaHUIlax €€ eCTECTBEHHON caMopereHepaiy. TpeThst craans Xapak-
TEPU3UPYET HAPACTAIONLYIO JTHHAMHKY ITOTEPH IKOJIOTMYECKON YCTOWINBOCTH Iponecca (PyHKIMOHHU-
posanust I1TI mo nByM BO3MOXHBIM CIICHApHUSIM — €CTECTBEHHOM OMosKoorndeckoit agantannu OC
1 KOMIUTEKCHOW WHXEHEpHO-3Konorndeckoit peadbumuranun [1TT, cozmatomeit HanGonpmmii 3¢ dexr
BOCCTAHOBIICHUSI IPUPOJIHOM CPEIbl U 0OBEKTOB IIPOMBIIIIEHHO-TEXHOI€HHOM MH(PACTPYKTYPBI.

Marepuajibl 1 METOAbI HCCJIEIOBAHUS

Or1ieHKa HKOJIOTHYECKOTO PaBHOBECHS MPOMBIIUICHHO OCBAaUBAEMOI TEPPUTOPHM OIMHMPAETCS Ha
TyOOKHMH KOJIMYECTBEHHBIH aHainn3 MHorodyHKiuoHaiabHbIX IITIT mo Bcem Tpem craamsiM HKOJIO-
rugeckux morepb. OOBEKTUBHON XapakTeprucTHKoi paBHOBecHs [ITT ¢ TOUKH 3peHHS WHKEHEPHOH
saiuThl OC MOXKET CIIYKHTh BEKTOP SKOJIOTHYECKHX I10TEPh R, OPUEHTHPOBAHHbINA B HAIPABICHAN
KOHKPETHOTO KOMITOHEHTa MPUPOoIbL. [Ipu 3TOM uIHHA BEKTOpA MPOIOPIHOHATIBHA CMELIEHHIO, Olle-
HUBAaEMOMY KOA(P(PHIMEHTOM PENpe3eHTaTHBHOCTH, XapaKTEePU3YIOLIeMY 3KOJIOTHYECKYI0 acuMMe-
TpHIO /, IO KOMIIOHEHTaM 3KoToma (aTMocdephl — 4, ruapocdepst — I, murocepsl — /1) 1 GuoneHos3a
(pmopsr @1, paynsr @r), T.e. [4]:

R~ A, (AA,I",JY;A@/:,@H) )

B aroMm cityuae TeopeTHYecKOi uaeann3aiuei OyneT ClyKUTh Takas HOPMATHBHO 00eCIcueHHast
akostormyecku ycroituusas I1TT, nst kotopoit o6mue norepu OC MUHIMH3UPOBAHEI 10 IIPHEMIIEMO-
ro Omocdepoi ypoBHS, HIIH JaKe PaBHBI HYITIO:

R=minA, AArﬂaZArpqch

R

2

s peansnoit IITT Bekrop moTeHImmansHbx moteps B OC QyHKIIMOHATBFHO XapaKTepHU3yeT Kaue-
CTBO MH)KCHEPHBIX M3bICKaHHUI Ha TIPEIIIPOESKTHOM dTarle, a Tak)Ke KauecTBO paboT CTPOUTETLHO-MOH-
TaXXHOTO U TIPOU3BOACTBEHHO-TEXHOIOTHYECKOTO KA. Bekrop pakrndeckux noteps B OC sBiseT-
csl GyHKIMEH SKCIUTyaTalMOHHOW HA/Ie)KHOCTH M DKOJIOTHYECKOH 0€30I1aCHOCTH JIOJDKHA OBITh yCTa-
HOBJICHA perNIaMEHTHPOBAHHASI HOPMA, SIBIISIOIIASICS TPAHUIICH IPE/IENIbHO JOIYCTUMBIX BO3/ICHCTBUH
Ha OC. IlpexenpHO AOMYCTHUMBIE BO3ACHCTBUS Ha 3Tamax XU3HEHHOTO LUKIA (YHKIIHOHHPOBAHUS
MIPOMBIIIJICHHOTO 00bEKTa (CTPOUTENBCTBO HA BCEX ATAIax MIPOM3BOJICTBA pabOT: 3eMIISIHBIX, CBAPOU-
HO-MOHTQ)XHBIX, H30JIAIIMOHHO-YKIIAJ0YHBIX 1 T.1.; SKCIUTyaTaIys) TpeOyIoT HHKXEHEPHO-IKOIOTHIe-
CKOTr0 00OCHOBAHUSI [0 OCHOBHBIM HAlpaBiICHUSIM 00CCIICUCHHUS YCTORYMUBOTO OanaHca Ouocgepsr:

a) JIOKAJTBHOTO IKOJIOTHYECKOTO MPECCUHTA (MJIM MHTEHCUBHOCTH MECTHBIX TOTEPh KOHKPETHOTO
BHIA);

0) BOBMO)KHOCTH Pa3BUTHsI HEOOPATHMBIX CMEIIEHHH 3KOJIOTHYECKH YCTOWYNBOTO PABHOBECHSI 1O
MHTEHCHBHOCTH BO3HUKHOBeHMs noteps B OC — dR / 4> T BEPOATHOCTH HOBBIIIICHNS JKONIOTHe-
ckoro pucka P(R , A3) <1 [4];
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B) CaMOKOMIICHCATMOHHOT'O WJIN ACTPAAAIIMOHHOIO XapaKTepa 3KOJIOTHYCCKOTO HpOTHBOZ[eﬁCTBHH
CO CTOPOHBI 6I/IOC(1)CPBI Ha TCXHOT'CHHOC BOSHCﬁCTBHe TIPOMBIIIIIICHHOTO o0BeKTa.

O}IHI/IM 13 OCHOBHBIX ACIICKTOB BCECTOPOHHETO MHKCHCPHO-OKOJIOTHYCCKOI0 aHa/Iu3a peanLHoﬁ
aHTpOHOFGHHOﬁ 00CTaHOBKH B KOHerTHOP'I IITI sBnstercs FJ'Iy6OKO€ HUCCICAOBAHUEC BCCX BO3MOXKHBIX
HUCTOYHUKOB BPECIHBIX BO3IEHCTBUH HA KOMITOHEHTHI 6I/IOI‘QOHCH033.

AmnTtponorennsre (ITTT) |

4' IIo nponcxoxaeHHIO Ii

|
11

EcTecTBeHHBIE (IPHPOTHBIE) |

Atmocdepusie (4) |

11

AxBatopuansHeie (G) |

4' Ilo MecTy HaxoXKeHHA Ii

Kourunenranbueie (L) |

TlocTosumste (f=const) |

KpaTkoBpeMeHHEIe (3MHM30HIECKHE ) |

4| ITo BpemeHHOMY (akTOpy Ii

PazoBwie |

Cryuaiinsie (ider)

4' ITo xapakTepy nposBIeHHA Ii

Ilo mpocTpaHCTBEHHO-
BpeMeHHOMY IIPH3HAKY

DuKcHpyeMble

HcTouHAKH BO3IeHCTBHSI HA OKPYRAIONLYIO Cpey

|
3akoHOMepHBIE (der) |
|
|

He ¢ukcnpyemsie

L1 LT 111 [

Puc. 1. Kitaccudukanus HCTOYHUKOB HETAaTHBHOTO BIUSHUS Ha OKPYKAIOIIYIO CPEAY

Fig.1. Classification of sources of negative impact on the environment

Ha puc.l npencraBiena o600ménHas kinaccuuKanmsi UCTOYHUKOB HETAaTHBHOTO BIUSHUS Ha
OKPY’KaloOIIyI0 Cpejly, KOTopasi OTpa)kaeT peajbHyl0 KapTHHY B3aMMOJACHCTBUS 00b €KTOB IPOMBIII-
JICHHOW W COIMaIbHONW HMH(PACTPYKTYPhl MHOTOOTPACIEBOTO MPUPOIHO-TEPPUTOPHATHLHOTO KOM-
riekca Skytun 3a nepuox HaOmonenust 2011-2022 rr. iHTeHCHBHOE UCIIOIB30BaHUE MPHUPOIHBIX
pecypcoB, ocoberHo B paiionax Kpaiinero Ceepa, co3paér Bc€ Oosee BEICOKHMI PHCK MPEBBIIICHUS
AQHTPOIIOTEeHHBIX HArPy30K BOCCTAHOBUTEIHHOTO MOTEHIIMANIA OHOCchephl pernoHa.

PernonanbHO-9K0JIOTHYECKHUH TTOAXO0/] K OIIEHKE ITOCIIE/ICTBUI B3aUMOJCHCTBHS ITPOMBILIICHHBIX
00BexToB ¢ OC 6a3mpyeTcs Ha pe3ybTaTax CTaTHCTHYECKOTO aHaI3a MHOTO(AaKTOPHOH peTpocIek-
TUBHOIM MH(OPMAINH, TAaHHBIX T€OTEXHUYECKOTO U IKOJIOTMYECKOT0 MOHUTOPHHTA, a TaKKe MHOTO-
CTOPOHHHX SKCTIIEPTHBIX MccaeqoBanusx [12, 13].

Pe3yabraThl U 00cyK/IEHHE

HccnenoBanne Mexanu3moB B3ammMopeiictBust [ITIT Ha pernoHasbHOM M MEXPETHOHAIHHOM
YPOBHSIX UMEET LI CO3/1aHMUs KOMIUIEKCHON MHKeHepHOI 3amuTsl OC ¢ yuéToM 30HaIBHBIX (ak-
TOPOB reorpaguyecKux, HHKEHEPHO-T€OJIOTHIECKHUX, OMOPU3NKOXUMHUYECKUX YCI0BUI TpaHchop-
MHUPOBaHUS TPUPOJHON CPEIBI O/ ACHCTBHEM aHTPOMOTCHHBIX MPOIECCOB B IPAHHUIIAX HCCIIEAY-
eMoi Tepputopuu. [103TOMY € MO3UIMKM CUCTEMHOTO aHAJIM3a YKOJIOTUYECKas 3allUTa MPUPOIHO-
TEPPUTOPUATBHOTO KOMILIEKCa MOJPa3yMEeBaeT, MPEeXk/Iie BCETO, CO3AaHNE YCIOBHHA, HEOOXOAMMBIX
JUIsl pealin3aliil MEXaHW3MOB €CTECTBEHHOT0 CaMOpPEryJIUPOBAHUS U CaMOBOCCTAHOBIICHUS TIPH-
POAHOM cpeabl MyTEM aHTPOIIOTEHHBIX OIpPaHMYCHUH PETMOHAIBHOTO M MEKPETHOHAIBHOTO SHEp-
ro-MaccolepeHoca MeKIy KOMIOHEHTaMHu OmoreoneHo3a (atmocdepsl — A, ruapocdepsr — G, nu-
Tocdeps! — L, buochepst — B).
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C 1mo3unMu pacCMOTPEHHOTO B JJAHHOW CTaThe 3aKOHA O PE30HAHCHBIX d(PPEeKTax aHTPOIOTeHHO
CBSI3aHHBIX CONPEIENIBHBIX TEPPUTOPHI, IPOLECCH YHEPrO-MaCCONEPEHOCA, HHUIIMHPYEMbIE TEXHO-
reHHbIMU (haKTOpamu, OOYyCIIOBIMBAIOT SKOJIOTHUECKH OOBEKTUBHBIM MPUHIUI MPUYHMHHOCTH B3au-
MOBJIMSTHUS. KOMIIOHEHTOB OHOTeoIeH03a. V3ydenne 3Toro NpuHIUITA SKOJIOTHYECKOW TPUIMHHOCTH
umeeT (PyHAaMEHTaIbHOE 3HAYEHHUE, TIOCKOIIbKY TPeOyeT ITyOOKOrO MCCIIeOBaHUS TPOCTPAHCTBEH-
HO-BPEMEHHBIX IPaHHIl (PU3NKO-XMMHYECKOTO B3aUMO/ICHCTBHUS U B3aUMOCBSI3H TIOTOKOB TEXHOT€HHO-
TO 9HEPTO-MAaCCOIEPEHOCA.

Pemenne 310l yHaameHTaNbHON 3aJa4M B COOTBETCTBHM C 3aKOHOM, C(OPMYIMPOBAHHBIM
SAnpuxunckum 1.B. [5], morpedoBaio B kagecTBE HEOOXOIUMOTO UCXOIHOTO YCIOBHS KapAHHATHHOTO
MepecMoTpa ¥ COBEPIICHCTBOBAHMUS €CTECTBEHHO-HAYYHOTO COJCPKAHNS BaKHEHIIIEH COCTABIIAIOMIEH
BETBH 001IIEH 9KOJIIOTHH-TE0IKOJIOTHU. B cOOTBETCTBIY ¢ OOIIEIPUHSTHIM OIIpeieIeHueM [6], reodko-
JIOTHS — 3TO «M3y4deHHE reocdep, X JUHAMHUKN U B3aUMOJCHCTBHS, re0(pU3NIeCKuX YCIOBUH KHU3HH,
(haKTOpOB HEIKHMBOH OKPYKAIOIIEH CPeJIbl, ICHCTBYIONIECH Ha OPraHU3MBbD).

K cokasiennto, Takoe orpezereHie HOHITHS T€03KOJIOTHH HE OTBEYAET COBPEMEHHBIM TpeOOBa-
HUSIM OPTaHM3ALUHU UCCIEAOBAaHUN MO KOMIJICKCHOM 3alUTe OKPYKAIOLIEH Cpeabl B YCIOBHAX IJIO-
GanbHOI TpaHchopManmu 6nocdeps! 3emin B Ono-Texnocdepy. Bo-nepBbix, MOHATHIHBIN anmapar
TPaJULHOHHO PACCMAaTPUBAEMOM IT€0IKOJIOT U YUUTBIBAET TOIBKO re0(pU3UICCKHE YCIOBHSI )KU3HHU T10
(hakropam HexuBoit OC co croponsl reochep (4, G, L). Bo-BTOphIX, HE YUYUTHIBAIOTCS MEXaHU3MbI
pearbHON CHHEPTETHKY B HAMIPABICHUH CaMOOPTAaHU3AINH, BOSHUKHOBEHUS, yCTOMYNBOCTH U JIETpa-
JIAlIY PA3IMYHbIX CTPYKTYp 6nocdepsl (B — duopsl u GayHbsl). B-TpeTbux, 110 Mepe HeynpaBiIsieMoro
pocTa aHTPOIIOT€HHOTO BIIMSIHUS Ha reorpaMuecKylo cpeay 1 JIeIPEeCCUBHBIX IPOIeccoB TpaHchop-
MUPOBaHHMs JTaHAIIA(THOH 0007I0UKH 3eMITH yBEITHMYMBACTCSI 30HA B3AaUMOIPOHUKHOBEHHSI (3MTUTe0c-
(hepbl) ¥ TEXHOTEHHO BBIPAKEHHOTO B3aUMOJICHCTBHS 110 OMO(PH3MKOXHMHYECKHM CBOMCTBAM BCEX
KOMITOHEHTOB OHMOTre0IeH03a;

A>Geo LB,
YTO B UTOTE CO3AET HKOJOTHUECKH ONAacHBbIC pe30HaHCHbIC 3(deKTsI, Tpedyromue aaeKBaTHONW WH-
YKEHEPHOH 3aIUThl IPUPOAHON cpefbl. M, HakoHel reod’kosorust Ha (yH/IaMEHTAIbHOM YPOBHE Ha-
JIeNieHa eCTeCTBEHHO-HAYYHOH METOJI0JIOTHEH MCCIEeA0BaHNS HEOOXOJUMBIX Ieorpa)MuecKux U Jo-
CTAaTOYHBIX MH)KEHEPHO-IKOJIIOTHYECKUX KPUTEPHEB, U METOJOB 3AIUThI NPHUPOBI B JOKAIHHOM U
100aIbHOM M3MEPEHHH.

Ha puc. 2 npencraBneHa cTpyKTypHO-(YHKIMOHAIbHAS XapaKTepHCTHKA (DyHIaMEHTAIBHOI reo-
9KOJIOTHH, OTpakarolasi MPUHINITHAIBHBIC HAIPaBICHUS Pa3BUTHS 3TOH yCOBEPIIEHCTBOBAaHHOI Ha-
YYHOH TUCHIUIUIHHBL.

[Mpouecc dynkimonupoanus [1TT, «IpoMbIIUIEHHBIH 00BEKT — OKpYKaroIasi MPUPOIHas cpe-
Jlay, CIeAyeT pacCMaTpuBaTh B PAa3BUTUU JABYX JUAJIEKTHUECKU B3aUMOCBA3AHHBIX IPOTUBOIOIONK-
HBIX HOATPOLIECCOB!

- €CTECTBEHHOTO KOMITCHCAI[HOHHOTO (332 CUET MEXaHHU3MOB CAMOpPETeHEepaIUy TOMYJISIUi OHo-
cteper);

- TeXHOTEHHOTO TOAABICHHS KOMIICHCAIIMOHHBIX MEXaHH3MOB CaMOpereHepaluyi KOMIIOHEHTOB
9KOTOIa ¥ OMOIIEHO3a 0] IEHCTBHEM ITPOMBIIITICHHOTO aHTPOIIOTeHEe3a.

[epBEIif moATpoOIIeCC XapaKTepU3yeT MOTEHIINAT KU3HECTIOCOOHOCTH €CTECTBCHHON MPUPOIHON
HKOCHCTEMBI 110 KPUTEPHSIM €€ CONPOTHUBISIEMOCTH M MPHUCIIOCOOSIEMOCTH (aAaNTHPYEMOCTH) ITOTO-
KaM aHTPOMOTeHHOH Aerpasanuu. Bropoii moxnpomece xapakTepu3yeTcsi TEXHOTEHHBIMH (pakTopamu
9KOJIOTMYECKH DKCTPEMAJIbHBIX PHCKOB 10 KOMIIOHEHTaM DKOTOIA U OMOIEH03a, KOHCTPYKTUBHO-TEX-
HOJIOTHYECKOHM HaI&KHOCTBIO M OE30MaCHOCTHIO 110 BCEM CTAAMSM JKU3HEHHOTO MK MPOMBIIIICH-
HOTO 00BbeKTa (M3bICKaHUsI, IPOSKTUPOBAHUE, CTPOUTEIBCTBO, UCTIBITAHKS, SKCILTyaTaIlHs).

B taxkoMm koHTekcTe uccinenoBanus npouecca I1TI, HakanmuBaromero JoKajabHbIE, HEIPEPHIBHO
TOSIB/IATOIINECS BO BPEMEHH M3MCHEHHA A , MOXKHO PacCMaTpHUBATh KaK CHCTEMY, o0naaronyo 3a-
KOHOMEPHBIM CHHKEHUEM IKOJIOTHUECKON YCTOMYMBOCTH MO OTHOIICHUIO K BHEIIIHUM TEXHOT'€HHBIM
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BO3JICHCTBHSAM. YCIIOBHBIE BEPOSITHOCTH TIEPEX0/Ia SKOCUCTEMBI B rporiecce ¢pyHkiponnposanus [T
MOTYT PacCMaTpHUBAaTHCS 0 PA3IMYHBIM CTAAMSAM COCTOSIHUS — OT HadanbHOH (0€3 SBHOTO HaKoILIe-
HUS QaHTPOIIOTEHHO HETaTUBHBIX M3MEHEHHI) Yepe3 MPOMEXYTOUHbIe (C HE3HAYUTEIbHBIMU OCTATOU-
HBIMHM aHTPOIIOTEHHBIMH M3MEHEHHsIMH) [7, 8], K mepexomy SKOCHCTEMBI B MPEebHOE COCTOSHUE
(c MONMHBIM HapylICHHEM paBHOBecHs). IIpu 3TOM BEpOATHOCTH IEpexosia SKOCUCTEMBI U3 OIHOTO

COCTOSIHHSL B JIPYTO€ 3aBHCAT OT OAHOTO A , MIM IPYMIIbl JOKANBHBIX H3MCHCHHIi Z?_ 1 A g l,

UCXOAs M3 xapakTepa (MHTCHCHMBHOCTH W MOIIHOCTH) (HaKTOPOB TEXHOTCHHOTO BO3JCHCTBUS.

B o0miem ciydae 3aiaqu Mo ONPEIETICHUIO YCIOBHBIX BEPOSITHOCTEH IEepexo/a SKOCHCTEMbI U3
OJIHOTO COCTOSIHHSI B JIPYyrO€ METOMYECKH PEIIAOTCsl HA OCHOBAHUM TEOPEMbl YMHOKEHHUST BEPOSIT-
Hoctei. C TOYKHM 3pCHUS B3aUMHON 00YCIIOBICHHOCTH PaCIpEICIICHIA HAKAILTUBAOIIUXCS aHTPOIIO-
TeHHBIX U3MEHEHHH U BPEMEHHU HAXOXK/CHHUS YKOCUCTEMbI B PABHOBECHH (DU3UUECKHUI CMBICIT IKOJIO-
IMYECKON OE30MacHOCTH COCTOUT B MOCIIEIOBATEIILHOM CYMMHPOBAHHH BPEMEH IEPEX0/ia CHCTEMbI
OT HAYaJbHOTO PABHOBECHOT'O COCTOSIHHS Yepe3 MPOMEKYTOUHBIE YCIOBHO PABHOBECHBIE COCTOSHHS
K IPEACIbHOMY, XapaKTePU3YIOIIEMYCsl KpUTHYCCKUM YPOBHEM HAKOILUICHHS aHTPOITOTCHHBIX H3Me-
HeHuit [8, 9]:

tnp = Zti(g,-) = t(g,-) + t(g,-) Tt t(gl-) (3)

JIrobomy uHTEepBay BpeMeHU At = t(gl_) - t(gH) COOTBETCTBYIOT INPpUPALICHUS aHTPOIIOICHHBIX H3-
MEHCHHII B SKOCHCTEME B LIEJIOM ;. MIIH B KOHKPETHBIX KOMIIOHEHTAX 3KOTONA (4, G, L) u buotnieHo3a
B (@, ® ), a Takike BEPOATHOCTH TOTO, YTO TAKOE HAKOTICHHE H3MEHEHUH IPOM30UIET B PaCCMaTpH-
BaeMoM uHTepBane At [9]. B atom ciydae nmeeM (yHKIMOHAIBHO CBSI3aHHYIO MTOCIIE0BATEILHOCTD
At — AQZ — AP, XOTOpYIO XapaKTepU3yIOT aHTPOIOTCHHBIE N3MEHEHUS B pacCMaTpUBAeMOil KO-

cucreme B rpanuuax IITT™:

AP = P(t + At) — P(1)

ADy = 3(t + Ar) - Dy (¢) @)

Ha puc. 3 orpaken pusnueckuii cmpich GyHKIMOHANBHBIX TiepexonoB [ITT no craausm anTporno-
TeHHBIX U3MEHEHHH B cOOTBETCTBHH ¢ popmynamu (1), (2) [10-11]. ITockombKy mokas3arenu cocTos-
nust [T P(7) n BZ(t) 00yCIIOBIMBAIOT OOIIYIO TCHACHIIMIO H3MEHEHUI, TPOUCXOASANINX B IKOCHCTEME
32[(A, G, L); (B)], To g ouleHKH ycToiumBoro QyHKIHoHNpoBaHus e€¢ B coctase IITI HeoOxomu-
MO Y4HTBIBATH HHTCHCHBHOCTH TEXHOrCHHOTO BIMAHMSA V, HA MPUPOXHBIC KOMIIOHCHTBI CO CTOPOHBI
MIPOMBINIJICHHBIX OOBEKTOB (SIBIISIOIIMXCS MCTOYHUKAMHU TEXHOTE€HE3a). YUNTHIBAas MPOTHBOCTOSHUE
3aIIUTHBIX (YHKINI MPUPOAHOI Cpeasl TEXHOTEHHBIM (paKTOpaM aHTPOMOTCHHOTO BO3ICHCTBHS CO
CTOPOHBI IPOMBIIIIEHHBIX 00BEKTOB, (PDYHKIIMOHAIbHAS B3aUMOCBSI3b IPOTHBOIIOIOKHBIX TIPOIECCOB
B peanbHOit [ITI Oyner mmeTs BUI:

AP(t)=-8, ® AD;[(4,G, L);(B);t] )

CrienuanbHble OMBITHO-CTATUCTHYECKHE nccaenoBanus peanbHbix [1TT mo3BossIT riyoke H3ydnuTh
MEXaHU3MbI B3aUMOJICHCTBHSI PACCMATPUBAEMBIX TOJICHCTEM TI0 BBIIIE PACCMOTPEHHBIM aHATUTHYE-
CKUM MOJIEJISIM.

3akJioueHue

Takum 00pa3oM, F€0IKOIOTHUYESCKHN ACIIEKT 3alUThl IPUPOIHON CPEJibl 3aKIIFOUACTCSI B HEO0XO-
JIMMOCTH BBISIBJICHHUSI JIOITYCTHMBIX MacliTaboB TpaHCHOPMUPOBaHHs Teorpaduieckoil 000J0UKH HC-
CJIEIyeMOro TPUPOJHO-TEPPUTOPHATIBHOTO KOMILJIEKCA B SMUreocepy ¢ Mpu3HAKaMHU JIOKAILHOTO U
00I1IepPernOHAILHOTO aHTPOIIOT€HHOTO 3arpsi3HeHust. [[puuém 3KoIornuecKoe 3arpsi3HeHHe B paMKax
nonsitust, onpeaenéuHoro FOHECKO, BkitouaeT He TONBKO MPsIMOE, HEMOCPEICTBEHHOE BBEICHHE
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(PU3UKO-XMMHUUECKUX PEarcHTOB MJIM DHEPTHU B reorpaduueckyto o00JI0uKy, HO ¥ KOCBEHHOE Hapy-
IICHHE YKOJIOTHIECKON MET0CTHOCTH IpuponHoro JanamadTa [14]. K npumepy, pazpymratontwii Me-
XaHH4YecKHi 3 PeKT Ha IeHCTBYIONMX HePTeNPoBoIax U He(TEXPAHWINIIAX CYIIECTBEHHO MEHBIIIE,
4yeM Ha 00BEKTax TPaHCHOpTa M XpaHeHus raza. OnHako, aBapysi HA MarucTpajJIbHOM HE(TEIPOBOJIE
N EMKOCTAX-XpaHIIUIIAX HePTH (HEPTETIPOTYKTOB) COMTPOBOKIACTCS BBIXOIOM, KaK IMPABHJIO, 3HA-
YUTEIILHOTO KOJIMYECTBA ITPOJIYKTA, B PE3YIIbTATE YEro PE3KO BO3PACTAET ONACHOCTD JUIS 3arpsi3HEHHS
(c mOATOBPEeMEHHBIMHU TIOCIEACTBUSMHI) TPYHTOB, ITOYBO-PACTUTEIHHBIX TMOKPOBOB M BOIHBIX 00B-
ekToB. [IpnuéM (PU3UKO-XUMHUCCKOE BO3/CHCTBHE HE(DTEIPOBOIOB HA TIOYBY U BOAY, KaK MPABUJIO,
MIPUBOIUT K PEKUMY TPYIHOBOCCTaHABIMBAEMOTO (M Ja)Ke HEBOCCTAHABIMBACMOT'0) CAMOOYHIICHHS.

Jluteparypa

1. Cepreesa A.}O. Mozxenu u MeTOIBI YIPABICHHUS CTPOUTEIBHBIMH MPOEKTAMH C YUETOM SKOIOTHIECKOH
00CTaHOBKH B PETHOHE: JTUC. ... KaHI. TeXH. HayK: Boponex: 2004:212.

2. Jlareimenko, K.I1. Dxonocuueckuti monumopune: yueOHUK u npaxmuxym 0is 8y308. 3-e u3ll., mepepad. u
nor. Mocksa: [Opaiit. 2025. 450. HoctymHo Ha: https://urait.ru/bcode/560602 (mata obpamenus: 11 despans
2025).

3. KymukoBa E.1O. [loozemnasn ceosaxonoeuss mezanonucos: yaeobnoe nmocoodue. l'opras kaura Mocksa: 2005.
480 c. JocrynHo Ha: https://e.lanbook.com/book/3242 (mara oopamenns: 20.02.2026).

4. Epumos B.M. Snpuxunckuii U.B., Monnasanos O.U. ['eorexumyeckmii MoHUTOpUHT B MMI Kak ycinoBue
obecredeHns] NHKEHEPHO-3KOIOTHIECKOH 0€30MacHOCTH MPOMBIIUICHHOTO OCBOCHUS TEPPUTOPHH. MaTeprais
XV Obmepoccuiickoit HaydHO-TIpakTHIeckol KoH(epeHn «IlepcreKTHBEI pa3BUTHS WHKCHEPHBIX N3BICKAaHHIA
B cTpouTenbcTBe B Poccuiickoit dexepammm. Mocksa: 2019.

5. Snpuxunckmii M.B. O 3Ha4eHUN (QyHIaMEHTAIBHBIX HCCICIOBAHUHA B PEIICHHH II00aTBHBIX IKOJOTH-
YeCKUX TpodneM. Medscoynapoorvlil Hayuro-ucciedosamenvckuti sicypuan. 2021;(4):106. DOIL: 10.23670/
IRJ.2021.106.4.030

6. Ctypman, B. U. ['eosxonoeus. 5-e uzn., crep. Cankr-IletepOypr: Jlanp, 2023. 228. JloctymHo Ha: https://e.
lanbook.com/book/276458 (nara oopamenus: 22.02.2026).

7. Anues, P. A., ABpamenko A.A., E. JI. basuneBa Ocrogwl 0bwyetl axonocuu u MedxncOyHapooOHoU IKoIozuye-
ckou nonumuxu: yaeoHoe mocodbue. Mocksa: Acnekr [Ipecc, 2014. 384. JloctymHo Ha: https://e.lanbook.com/
book/68658 (nata obpamenus: 22.02.2026).

8. Mepxkymnos I1. U. I'eosxonozuueckuii ananusz 3mHocoyuonpupooHsix npoyeccos Ha meppumopuu SmHo2eHe-
3a Mopdosckoeo Hapooa. Capanck: M3n-Bo Mopaosckoro yH-Ta, 2015:181.

9. AsumoB [0.U., Axmanymmnaa U.A., bune O. H. Hayka, obpasosanue, mexnonozuu 8 snoxy n06aibHotl
mpancpopmayuu. IerpozaBoack: Hosas Hayka, 2024:314.

10. KammnmukoB B.W. Teoskonormdeckuii aHalu3 TEXHOTCHHO-TIPHPOAHBIX TEOCHCTEM: Ha TIPUMEpe
r. Boponexa: muc. ... kaHz. Teorp. HayK. Boponex: 2007:177

11. Cypuxosa, T.b. Dxonorndeckuii MOHUTOPHHT: Y9eOHUK. 4-€ U311, mepepad. u nor. Craperid Ockon: THT.
2020. 344. loctynHo Ha: https://www.tnt-ebook.ru/library/book/211 (mara obpamenus: 17 dpespains 2025).

12. Tapanos P.A. Mapuenko A.B., OcoOeHHOCTH MTPOCKTUPOBAHNUS, CTPOUTEIHCTBA U IKCILTyaTalldil Maru-
CTpPaBHBIX HEPTEIIPOBOIOB B 30HAX BEUHOI MEP3NOTHI, Becmuux nayku u oopazosanus. 2019:(12)66.

13. Lapamos M.H., Kotos I1.11 CoiicTBa Mep3/bIX TPYHTOB TIPH OTTaUBAHUU [lymb u nymesoe X035UCmeo.
2013:31-34.

14. TTucapenko A.B. ObecnieyeHne SKOIOTHIECKON 0e30MacHOCTH 0€30TKa3HON pabOThI HKOCHCTEMBI «YeII0-
BEK-TPYOOTIPOBOI-OKpY XKaromas cpenay. B coopuuke: besonacuwiil u komgpopmuuiii 2opod. COOPHUK HAYIHBIX
TPYHOB 10 MaTepuaizaM IV MexIyHapoIHOH HaydHO-TIpakTHdeckoil koHdepeHmu. 2020:490-492.

82



— BECTHHK CB®Y. Cepua «HAVKH 0 3EMINIE Ne1041) 2026

References

1. Sergeeva A.Yu. Models and methods for managing construction projects taking into account the
environmental situation in the region: diss. ... Cand. of Technical Sciences: Voronezh: 2004:212 (in Russian).

2. Latyshenko K.P. Environmental monitoring: textbook and workshop for universities. 3rd ed., revised. and
expanded. Moscow: Yurayt; 2025. Available at: https://urait.ru/bcode/560602 (accessed: 11 February 2025) (in
Russian).

3. Kulikova E.Yu. Underground geoecology of megacities: a study guide. Moscow: Gornaya kniga; 2005:480.
Available at: https://e.lanbook.com/book/3242 (accessed: 20 February 2026) (in Russian).

4. Efimov V.M., Yadrikhinsky 1.V., Moldavanov O.1. In: Geotechnical monitoring in MMG as a condition
for ensuring engineering and environmental safety of industrial development of the territory: Proceedings of
the XV All-Russian scientific and practical conference “Prospects for the development of engineering surveys in
construction in the Russian Federation. Moscow: 2019 (in Russian).

5. Yadrikhinsky I.V. On the importance of fundamental research in solving global environmental problems.
International Research Journal.2021;(4):106 (in Russian). DOI: 10.23670/IRJ.2021.106.4.030.

6. Sturman V.I. Geoecology. St. Petersburg: Lan; 2023:228. Available at: https://e.lanbook.com/book/276458
(accessed: 22 February 2026) (in Russian).

7. Aliev R.A., Avramenko A.A., Bazileva E.D. Fundamentals of general ecology and international
environmental policy: a study guide. Moscow: Aspect Press; 2014:384. Available at: https://e.lanbook.com/
book/68658 (accessed: 22 February 2026) (in Russian).

8. Merkulov P.I. Geoecological analysis of ethnosocionatural processes in the territory of ethnogenesis of the
Mordvin people. Saransk: Publishing house of Mordovian University, 2015:181 (in Russian).

9. Azimov Yu.l., Akhmadullina I.A., Bil O.N. Science, education, and technology in the era of global
transformation. Petrozavodsk: Novaya Nauka, 2024:314 (in Russian).

10. Kashnikov V.I. Geoecological analysis of technogenic-natural geosystems: on the example of the city of
Voronezh: diss. ... Cand. Geogr. Sciences. Voronezh: 2007:177 (in Russian).

11. Surikova T.B. Environmental monitoring: a textbook. 4th ed., revised and add. Stary Oskol: TNT; 2020.
Available at: https://www.tnt-ebook.ru/library/book/211 (accessed: 17 February 2025) (in Russian).

12. Taranov R.A., Marchenko A.V. Features of design, construction, and operation of trunk oil pipelines in
permafrost zones. Bulletin of Science and Education. 2019;(12):66 (in Russian).

13. Tsarapov M.N., Kotov P.I. Properties of frozen soils during thawing. Track and Track Facilities. 2013:31—
34 (in Russian).

14. Pisarenko A.V. Ensuring environmental safety and failure-free operation of the “human-pipeline-
environment” ecosystem. In: Safe and Comfortable City: Proceedings of the IV International Scientific and
Practical Conference. 2020:490—492 (in Russian).

CaeeHusi 06 aBTopax

}Y,ZZPHXHHCRHI/VI HUsan Bacunvesuu — X.H., NoHeHT MHcTHTyTa ecTtecTBeHHBIX Hayk CBOY um. M.K.
AmMocoBa, T. SIkyTck, Poccntickas @enepannsi, SPIN-kox: 3493-9605, AuthorID: 747609

EIOPOBA Tyiiaapa Pycnanoéna — Beq. CHel. MO MPOMBIIIICHHONH M paJualMoHHOW Oe3omacHOoCTH, AO
«Anmasel AHabapay, . SIkyTck, Poccmiickas @enepanns, ORCID: 0000-0002-7117-9218

BJIACEHKO Banenmuna Baraoumuposna — BeAi. Criel. JemapTaMeHTa [0 BOJHBIM OTHOIICHUSIM U PETYIHPO-
BaHMIO PHIOOJIOBCTBA MUHHCTEPCTBA HKOJIOTHH, MPHPOIOTIONB30BAHUS U JIECHOTO X03siicTBa Pecmybmmnkn Caxa
(Sxyrus), r. SIkytck, Poccntickas @enepanns

EIOPOBA Capevinaana Pycranosna — crygentka rp. b-Th-22 OI'0O MEH CB®Y um. M.K. Ammocosa, T.
Sxytck, Poccuiickas ®@enepanus

JIEHUCOBA Anacmacusa Anopeesna — cryaentka rp. b-Th-22 OI'0O UEH CB®Y um. M.K. AMmocoBa, T.
Sxytck, Poccuiickas ®@enepanus

34AXAPOB Jlasuo I pueopvesuy — crynent p. b-Th-22 O3I'O UEH CB®Y num. M.K. AmmocoBa, T. SIKyTcK,
Poccuiickas ®@enepanus



BECTHMK CBdY. Cepua «HAVKH O 3EMMNE No10(4102026 —————————————————————

About the authors

Ivan V. YADRIKHINSKY — Cand. Sci. (Geography), Associate Professor, M. K. Ammosov North-Eastern
Federal University, Yakutsk, Russian Federation, SPIN-kox: 3493-9605, AuthorID: 747609

Tuiaara R. EGOROVA — leading specialist in industrial and radiation safety, Almazy Anabara JSC, Yakutsk,
Russian Federation, ORCID: 0000-0002-7117-9218, SPIN-kox: 5218-5617, e-mail: tuyaruslanovna@mail.ru

e-mail: tuyaruslanovna@mail.ru

Valentina V. VLASENKO — leading specialist, Department of Water Relations and Fisheries Regulation,
Ministry of Ecology, Nature Management and Forestry of the Sakha Republic (Yakutia), Yakutsk, Russian
Federation

Sargylaana R. EGOROVA — student, Ecological and Geographical Department, Institute of Natural Sciences,
M. K. Ammosov North-Eastern Federal University, Yakutsk, Russian Federation

Anastasia A. DENISOVA — student, Ecological and Geographical Department, Institute of Natural Sciences,
M. K. Ammosov North-Eastern Federal University, Yakutsk, Russian Federation

David G. ZAKHAROV — student, Ecological and Geographical Department, Institute of Natural Sciences,
M. K. Ammosov North-Eastern Federal University, Yakutsk, Russian Federation.

Bkaan aBTopos

Aopuxunckuii M.B. — pa3paboTka KOHIEIIMN, METOAO0JIOTHs, IPOBEICHUE MCCIICIOBAHMS, aHAIIU3 IaHHbIX.
Ezoposa T.P. — BepuduKalys JaHHBIX, aHAJIU3 MOJIYYCHHbIX JaHHBIX, PeJaKTHPOBAHHE.

Bnacenko B.B. — npoBeieHUE UCCIIEJOBAHUS

Eeoposa C.P. — cb6op naHHBIX

Jlenucosa A.A. — cOOp TaHHBIX

3axapos J].I" — cO0p AaHHBIX.

Authors’ contribution

Ivan V. Yadrikhinsky — concept development, methodology, research implementation, data analysis.
Tuiaara R. Egorova — data verification, data analysis, editing

Valentina V. Vlasenko — research implementation

Sargylaana R. Egorova — data collection

Anastasia A. Denisova — data collection

David G. Zakharov — data collection.

Konduaukr unrepecon

ABTOPBI 3asBIISIOT 00 OTCYTCTBHH KOHQIMKTA HHTEpecoB. KOppeCHOHAEHT UMEET MpaB M MOJHOMOYHS BbI-
CTyTIaTh OT IMEHHU BCEX aBTOPOB 110 ATOMY HCCIETOBAHHIO.

Conflict of interests

The authors declare no relevant conflict of interests. Corresponding author has the right and authority to speak
on behalf of all authors on this study.

Iocmynuna 6 peoaxyuro / Submitted 03.03.2026

Tocmynuna nocie peyensuposanus / Revised 23.03.2026
Ipunsma k nyénuxayuu / Accepted 27.03.2026

84



Bectauk CeBepo-BocTouHoro ¢enepaibHOro ynusepcurera
uM. M.K. AmmocoBa.

Vestnik of North — Eastern Federal University.

Cepust "Hayku o 3emute. Earth Sciences”

CeteBoe HAYYHO€ MEPUOANIECCKOEC M3JaHUE

Ne 1(41) 2026

Texunueckuil penakrop A.H. Ezoposa
Komnerorepnast Bepctka JI.M. Bunoxyposa
Odopmnenne o0moxku I1.4. Anmunun

[onmucano B mevyars 30.03.2026. @opmar 70x108/16.
Jlara Beixona B cBeT 30.03.26.



