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ABSTRACT

Safe and efficient development of mineral deposits by underground method, occurring at great
depths, is complicated by the fact that with an increase in the depth of mining, the nature of the
course of deformation processes in the rock mass and the degree of their impact on the
environment change significantly. Studies of deformation processes, their control and forecast in
many cases determine the efficiency and safety of the development of deposits of solid minerals.
A practical forecast can be made as a result of continuous tracking in space and time of
deformation processes. This article presents modern satellite radars and their main characteristics.
The features of the radar interferometry method are described, and the advantages and
disadvantages of various methods of interferometric processing of radar images are considered.
The experience of using space radar for monitoring mineral deposits in the Republic of Kazakhstan
is analyzed. The question was raised about the possibility of intensifying the use of radar
interferometry in the mining industry. Regular field observations are provided throughout the
mining site, including hard-to-reach and dangerous areas, regardless of weather conditions. It is
confirmed that the use of the radar interferometry method determines the displacement of the
earth's surface with high accuracy. When using this method, data is received and processed
remotely and generally does not require presence on the site. In addition, this article provides
examples of successful application of the radar interferometry method in foreign countries at
mining and oil facilities. Also, the use of radar interferometry allows you to quickly determine the
zones of possible deformations of the earth's surface and organize high-precision surveying and
geodetic observations in these zones. In this article, radar interferometry has been used to monitor
the surface movement of the Annensky field with high accuracy since 2016 using Sentinel radar
images, and as a result, a displacement map of the earth's surface has been generated.

Keywords: radar interferometry, radar sensing of the Earth, synthesized aperture radar,
interferometric processing methods, radar sensors, surface deformation, mining industry.

Altayeva Assel Abdikerimkyzy

Information about authors:

PhD, Associate Professor of the Department of Geodesy and Cartography, Cadastre at the
International Educational Corporation LLP, Almaty, Kazakhstan. Email: a.aselya_92@mail.ru;
ORCID ID: https.//orcid.org/0000-0002-1675-6828

Sadykov Batyrkhan Bolatuly

PhD, Associate Professor, Leica Geosystems KasaxcmaH, Almaty, Kazakhstan. Email:
batyrkhan_sadykov@mail.ru; ORCID ID: https.//orcid.org/0000-0003-2037-247X

Umirbayeva Aliya Batukhanovna

PhD, Associate Professor of the Department of Geodesy and Cartography, Cadastre at the
International Educational Corporation, Almaty, Kazakhstan. Email: a_umirbayeva@mail.ru; ORCID
ID: https.//orcid.org/0000-0002-4746-3411

Darkenbaeva Assel Berikovna

Doctoral student of the Department of Land Resources and Cadastre, Kazakh National Agrarian
Research University, Almaty, Kazakhstan. Email: darkenbayevaasel@gmail.com; ORCID ID:
https.//orcid.org/0009-0001-7115-8951

Dastan Anel

Student of the Department of Geodesy and Cartography, Cadastre at the International Educational
Corporation, Almaty, Kazakhstan. Email: dastan_a@mail.ru

Introduction

Among the most important problems of

Radar shooting has its advantages in comparison
with the classic methods of ground observation,
laser scanning, aerial photography, space sensing in

monitoring the Earth's surface at mining facilities is
the observation of hard-to-reach and dangerous
areas with a high risk of Geodynamic phenomena. In
this regard, non-contact monitoring methods, in
particular space radar sensing, are actively used.

the optical range. A key point is the ability to conduct
systematic field observations over the entire area of
the object, including hard-to-reach and dangerous
areas and regardless of weather conditions.
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The use of the radar interferometry method
makes it possible to determine the displacement of
the Earth's surface with high accuracy. When using
this method, data acquisition and processing is
carried out remotely and in general does not require
a presence at the object.

In recent vyears, radar sensing has been
developing rapidly: the number of satellites, the
quality and diversity of the received data is
increasing, the technical characteristics of the
shooting system and the methods of processing the
received data are being improved, and new
progressive software for processing data from
satellite radar is constantly being updated and
developed. In addition, the share of space radar data
provided in free access is growing, which expands
the possibilities of their use for scientific purposes.
Successful scientific research, expansion of areas of
implementation, improvement of processing
technologies contribute to an increase in interest in
the commercial use of these technologies [1].

Methods

Radar capture is an active method of sensing:
the radar antenna emits a radio beam, and then,
with the help of recording equipment, a reflected
signal is obtained from the Earth's Surface [2]. Space
radar sensing is carried out in the L-, C - and X-bands
and provides the receipt of the necessary
information in any weather conditions, regardless of
the illumination of the surface, the state of the
atmosphere. Radar shooting is carried out using a
radar with a synthesized aperture (RSA). The use of
radars with a synthesized aperture makes it possible
to achieve a high spatial resolution in a wide review
bar [3].

Currently, various radar sensor — projects of
leading space agencies are working, among them:
TerraSAR-X/TanDEM-X (DLR, Germany), Cosmo-
SkyMED (ASI, Italy), Sentinel-1, T2 (ESA, European
Space Agency), Radarsat-2 (MDA/CSA, Canada),
ALOS-2 (JAXA, Japan), Kompsat-5 (KARI, Republic of
Korea). In addition, there is a large amount of
archived radar data from the satellites ERS, JERS,
ENVISAT, RADARSAT-1, ALOS, etc. Currently, for
example, New tandem-| shooting systems are being
developed.

The radio waves used in the RSA differ in range,
space resolution, width of the review bar, frequency
of shooting, set of shooting modes (Table 1). These
features must be taken into account when planning

the study and selecting the initial data in accordance
with the characteristics of the object under study.

Table 1 - The main characteristics of modern radar
satellites

TerraSAR-X C;(SEZ Kompsat | Sentinel- | Radarsat ALOS-2
TanDEM-X VD ] 1 2
Radio Wave range X X X C C L
Wavelength (sm) 3.1 3.1 3.2 5.5 5.6 22.9
?;jt'a're“"”t'on 0.25—40 |1—100{0.85—20| 5—40 | 1—100 |1—100

The method of radar interferometry

It uses the effect of electromagnetic wave
interference to make measurements with radar
interferometry. To do this, several coherent
measurements of a certain area of the Earth's
surface are carried out with a change in the position
of the radar in Space [4]. Interferometric processing
involves combining 2 different time PSA-images and
creating an interferogram that allows you to
measure the phase difference of two images, on the
basis of which in the future the calculation of height
marks and displacement will be performed [1].
Interferometric pairs of radar images are used as
input data. The phase component is involved in
processing, the amplitude of radar images is used in
large-scale mapping [[4], [5]].

An important role is played by the
characteristics of the initial images: spatial
resolution, spatial and temporal basis, parameters
of the orbit from which the data were obtained.
These parameters determine the possibility of using
images, in particular, the accuracy of detecting
deformations and the scale of displacement maps
obtained in Geodynamic, geomechanical
monitoring.

Today, the term radar interferometry refers to
various ways of processing radar images. When
using the classical method of differential
interferometry (DINSAR), the analysis of the Earth's
surface displacement is carried out according to two
capture cycles. If there is a Geodynamic,
geomechanical observation of the Earth's surface,
then the survey is carried out before and after the
movements, respectively, and the analysis of the
processes is limited to the period between the two
surveys. A joint analysis of a series of radar images is
more effective. For this, advanced processing
methods are used — the small base distance method
(Small Baseline — SBas) and the permanent reflector
method (Persistent / Permanent Scatterers-PS). The
SBas method uses interferograms with a minimal
spatial basis, which helps to reduce geometric
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decorativeness. When using constant reflector
interferometry, points are selected in the images
that are constant reflectors of the radar signal, and
this is used by them to analyze the phase change.
Anthropogenic objects: buildings and structures,
objects of the road network, bridges, etc. are often
used as permanent sprinklers. In this regard, this
method is most suitable for monitoring on built-in
sites. Artificial angle reflectors are used for
monitoring specific areas and objects [[1], [4], [6]].

Research results and their discussion

The main areas of use of this method in mining
are the creation of digital models of the terrain and
the calculation of the displacement of the Earth's
surface. The problems of storage and visualization of
the received information products are solved with
the help of a temporary data model and
Geoinformation technologies that ensure the
correct presentation of monitoring data, their
effective use, viewing of "historical" data [[7], [8],
[911.

Radar images are a source of information for
solving the following problems in the mining
industry:

- determination of deformation zones on the
Earth's surface;

- control of subsidence and displacement of the
Earth's surface in the cultivated areas;

- control of changes in buildings and structures;

- monitoring the stability of quarries, cemeteries
and dump boards;

- monitoring the condition of hydro-reservoirs
and tailings, including protective structures;

- monitoring the condition of mining transport
equipment in quarries;

- environmental monitoring of reclaimed land.

Interferometric technologies, as well as
amplitude information processing, are used to
obtain hydrogeological characteristics of the area of
deposits, in particular, to assess wetting [[10], [11],
[12]]. Modern information on the state and level of
groundwater allows for intensive and systematic,
uniform development, with the exception of a
sudden stop in the development process as a result
of unexpected behavior of the Water Horizon [13].

Despite a number of successful projects in the
field of radar interferometry [[14]], the use of radar
technologies in Kazakhstan fields is currently limited,
which is due to a number of factors. High-precision
measurements are required to monitor mining
facilities and infrastructure. To achieve the required

accuracy, large spatial resolution data and the help
of specialized software with a fairly high cost are
required [15]. In addition, not all radar satellites
provide the research frequency required for surface
observation [[16]]. Analysis of vertical and horizontal
shifts is possible in the presence of data from
different orbits. Processing large series of radar
images is a lengthy process and imposes hardware
requirements, the necessary computing resources
are not always available [17].

A significant part of the Earth's surface of
Kazakhstan  deposits is  characterized by
heterogeneity: the presence of snow cover,
wetlands, seasonal changes in vegetation negatively
affect the compatibility of the data obtained, limit
the measurement period and the size of the images
used.

There are different points of view on the need
for additional measurements of the Earth when
conducting radar observations of the Earth's
surface. When wusing radar interferometry at
Kazakhstani fields, it is usually necessary to carry out
underground measurements: for a preliminary
assessment of the possibilities of using radar surveys
at a specific object, monitoring and checking the
results, calculating absolute altitude values. For
open-pit mines, the use of the sprinkler method
involves the installation and control of additional
artificial corner reflectors.

The determination of deformation of the Earth's
surface depends on the capture parameters, the
characteristics of the lower layer of the Earth's
surface, the characteristics of the existing radar
data, the availability of additional information
products (reference DEM, etc.). The correct and
realistic assessment of the determination of the
displacement is still an undeveloped area. Due to all
of the above factors, space radar is increasingly used
to obtain a field idea of the dynamics of the Earth's
surface and is used as an addition to classical
methods to identify areas where high-precision
monitoring is required.

Review of scientific research carried out using
radar interferometry

As you know, natural and man-made
displacement of the Earth's surface in the area of
developing deposits is a potentially dangerous
process, therefore, monitoring of the state of mining
divisions by geodetic methods is provided, which, as
a rule, requires significant costs and is not always
carried out in the mode of operational monitoring.
Currently, many mining companies have begun to
use the radar interferometry method to measure
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the displacement of the Earth's surface with high
accuracy, clarify the displacement values, promptly
assess the situation and dynamics of processes, as
well as predict their development.

An example of the successful application of the
radar interferometry method is the case that
occurred in 2007 on the territory of the city of
Berezniki as a result of emergency flooding of a
mine. The research was carried out by the Technical
University of Claustal. The Department of SGGIS
conducted independent studies of sedimentation
processes in the territory of the city of Berezniki on
the basis of satellite data from the Envisat
spacecraft. In this area, very impressive data were
obtained on the sedimentation detected in the
period from 2007 to 2008, which corresponded to
the actual processes of sedimentation (Figure 1),
[18].

Figure 1 - (A) based on point interferometric analysis,
the sedimentation area in the city of Berezniki and (B)
the detected sedimentation is indicated by isoslines

10ay Subsidence Frotle:
Alorg Longwall Acroms Lol

| Dav Subsidence Profile
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Figure 2 - Comparison of DInSAR interferogram
with mine plan

Since 2007, Australia has been using satellite
radar interferometry to  monitor  surface
deformations of the Carmichael coal field located in
new Wales. An interesting result was obtained using
a tandem pair of ERS SAR. During the 24-hour period,
the maximum amplitude of 1 cm shrinkage was
determined by a resolution of 2 mm (see Figure 2).
This was independently confirmed by the Geodetic
service of the mining company. This example shows
the possibility of temporary high-resolution (i.e.

one-day) monitoring of the displacement of
underground production using the DINSAR
technique.

Since 2017, radar interferometry technology has
been used at the Sishen field (South Africa) to
monitor surface displacement based on data from
the TerraSAR-X satellite. At the Sishen field, the area
of dangerous subsidence was determined using
radar interferometry. Due to the results obtained,
work in this territory was suspended. The
development of subsidence of the Earth's surface
according to the results of radar interferometry is
shown in Figure 3.

I

“w')

Figure 3 - Subsidence areas of the Earth's surface of the
Sishen mine according to TerraSAR-X

Observation of the deformation of the Earth's
surface of the Annensk field using radar
interferometry:

The Zhezkazgan copper deposit is located in the
central part of Kazakhstan, in the Kara-Kengir River
Basin, in the south-east of the Ulytau mountains, in
the west of the city of Zhezkazgan and the kengir
reservoir, near the settlements of Satpayev. It
includes the S mines and covers an area of 10 x 7 km.
Active underground mining of the deposit has been
carried out since the middle of the 20th century.
Currently, the field is being developed by the
Kazakhmys Corporation.

During the development period, a significant
part of the reserves of the field was withdrawn. The
field is mined by a chamber-column system. The
empty excavated underground space is supported
by pillar posts between tens of thousands of stones.

Of course, such a volume of underground
cavities causes displacement and deformation of the
Earth's surface and structures along the amplitude.
Since the mid-1990s, individual settlement areas
have been merged into larger areas that have been
weakened. Underground and surface rock collapses
began to occur, including leading to the destruction
of buildings, structures, and infrastructure elements.
Taking into account the location of settlements near
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the field (Satpayev. Rudnik, etc.), these processes
pose a serious threat to human life.

In 2011, Kazakhmys Corporation organized
monitoring of surface displacement at the entire site
of the Zhezkazgan field using the methods of space
radar interferometry conducted by the Russian
company Sovzond [19].

The initial control was carried out on 17.01.11.
During the observation period (9 months), the
greatest subsidence of the Earth's surface was
recorded at the combined mulda shift in the zone of
Block 4-4yug along the Ann-4-I field of about 35 mm,
at the Annensk field in the south-eastern part.

According to the results of observations, it was
found that the rate of constant subsidence of the
Earth's surface is on average 4 mm per month.

In accordance with the requirements of the"
methodological guidelines for the identification of
weakened sites and the operational assessment of
the state of the excavated space in mines according
to Zhezkazgan, 2011 " (Zhezkazgan, 2011), the
Earth's surface is considered to be more than 35 mm
of subsidence and sedimentation rate of more than
1 mm/month. The state of the mined space of block
4-4 south at the Ann-4-| field should be assessed as
unstable.

Figure 4 shows the dynamics of the
development of subsidence mulda from February to
July 2012 according to the space radar
interferometry.

f o
i ‘.' . '

Figure 4 - Plan of subsidence of the Annensk field from
February to July 2012

In addition, since 2016, with the help of Sentinel
radar images, we have tracked the subsidence of the
Earth's surface of the Annensk field. This scientific
work was carried out at the Department of
Surveying and geodesy of Satbayev University within
the framework of the grant funding project
"development of a system and methods for
predicting the displacement of mountain mass in
dangerous areas of the Earth's surface during subsoil
development based on innovative methods of GIS

technology" in 2018-2020. As a result of complex
processing and interpretation of radar images, a
vertical map of the Earth's surface displacement of
the Annensky mine was obtained (Figure 5) [[20],
[21]]. For a comparative analysis of the obtained
interferometric data, the site where the control reps
are located was selected. On this site, instrumental
monitoring of surface deformations is carried out
annually by the surveying service of Kazakhmys
Corporation LLP. High-precision leveling is carried
out along the profile lines, which are a network of
soil and supporting rappers.

Figure 5 - Map of the Earth's surface displacement of
the Annensk mine

We continued our research and continued
monitoring the subsidence of the Annensk field
surface using Sentinel radar images from 2021 to
2023 (Fig. 6).

Figure 6 - Earth's surface shift map of the Annensk field
obtained using Sentinel radar images

The study, conducted between 2021 and 2023,
showed that due to the heating of the Annenskoye
field, there are deposits characteristic of the Central
and South-Eastern parts of the earth's surface. At
the same time, the maximum absolute value of the
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subsidence of the earth's surface within the
shrinkage of the Annenskoye field was 0.8 cm

For a more complete and detailed assessment of
deformations in the deposit area, it is necessary to
analyze monthly mining plans and space data.
During the research, some areas were processed
and secured, which made them inaccessible for the
corresponding analysis.

This feature of the processes of collapse and
displacement of rocks in the real conditions of the
Annensk highlands leads to the following practical
conclusions:

e Mining operations in the collapse zone are
permitted only after the process of displacement
and stabilization of the geomechanical environment
has been completed, which can be determined by
comprehensive observation of the massif. Based on
the results of visual observations of the state of
mining operations and the development of
manifestations of rock pressure, simple beacons,
signs, gates, as well as the weakening of the seismic
activity of the massif and the shift of the earth's
surface;

e for further monitoring of the development
of rock deformations it is necessary to continue
geomechanical monitoring based on an expanded
model of geomechanical monitoring of the territory
of the Annensky mine using topographic and
geodetic methods and space radar interferometry
technologies;

e Use permanent reflector techniques to
improve the accuracy of geomechanical
observations using space radar interferometry
technologies.

Conclusion

Space radar interferometry is an important part
of an integrated system for monitoring the condition
and creating a continuous situational map of
deformations on the earth's surface. We chose to
use Sentinel spacecraft data and SAR interferometry
methods to monitor the drift of the Annensk field's
earth's surface.

To properly use SAR interferometry methods, it
is necessary to use a tandem pair of radar satellite
images with a minimum value of the perpendicular
baseline (the distance between the spacecraft) and
a minimum consistency value to determine the
absolute values of the Earth's surface displacement
generated during the studied period of time. To
apply SAR interferometry methods, a coherent
analysis of tandem pairs of radar satellite images
was carried out to determine their optimal
parameters.

As a result of the work carried out, a land
management map of the Annensk mine territory
was compiled. In addition, the maximum absolute
value of the subsidence of the earth's surface within
the subsidence of the Annenskoye deposit was 0.8
cm. Shifts occurred both in the direction of increase
during the formation of rock dumps, and in the
direction of decrease as a result of subsidence of the
earth's surface.

The obtained results have proven that they
correspond to the data of radar interferometry,
conducted by surface measurements, as well as by
the limited liability company "Sovzond".

Thus, radar technologies have great potential,
their use in the mining industry is very promising.
This is facilitated by the development and
improvement of technologies for obtaining and
processing radar data. Also, the use of radar
interferometry allows you to quickly determine the
zones of possible deformations of the earth's surface
and organize high-precision mine surveying and
geodetic observations in these zones.
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Papgapnbik uHTEpdEepomeTpua 3A4iCiHiH KemerimeH Xep 6eTti meH
Tay-KeH HbiCaHAApPbIH 6aKblnay

Antaesa A.A., 2Capgbikos b. b., ! Ymupb6aesa A.b., 3flapkeH6aesa A.B., ‘lactaH A.

Xaneikapansik 6inim 6epy koprnopayuscs! XLUC, Aamamel, KazakcmaH
3TOO Leica Geosystems KazaxcmaHx, Aamamsi, Kazakcmat
3Kazak yammeiK azpapsik 3epmmey yHugepcumemi, Aamamel, KazakcmaH

TYRIHAEME

YNKeH TepeHJiKTe opHanackaH nanganbl kasbanapablH, KeH OpbIHAAPbIH XepacTbl agicTepimeH
Kayinci3 aHe TUIMAi urepy Tay-KeH KYMbICTApPbIH KYPri3y TEepeHAiriHiH, yafalobIMeH Tay-KeH
maccacblHaafFbl aedbopmauma NPOLLECTEPIHIH, CMNATbl MeH O0NapAblH, KOpLuafaH opTaFa acep ety
[J9peXeciHiH, alTapabIKTall e3repyimeH KublHAanabl. [Jedbopmaumansik NpouecTepai 3epTrey,
onapabl H6akplnay xaHe bonxkay Ken afdanaa KatTbl Nangansl KasbanapabiH, KEH OpbIHAAPbIH
Urepygain, TMiMainiri MeH KayincisgiriH aHbikTanabl. Jedopmauma npouectepiH KeHICTiKTe XaHe
YaKbIT apanblfblHAA Y34iKCi3 6aKblay HITUKECIHAE NPaKTUKaNbIK 60MKam KacayFa 6onagpl. byn
MaKanaga Kasipri 3amaHfbl CMNYTHUKTIK pajapnap *KoHe ofapAblH Heri3ri cunatramanapbl
YCbIHbINFaH. PaaMonoKauuanblk UHTEphEpPOMETPUA SAICiHIH, epeKweniktepi cunatranbin,

Makana kengi: 28 xcenmokcaH 2024 pPagMoNOKaUMANbIK  KeckiHgepai WHTepdepoMeTpuANbiK — eHAey4iH, SpTypAai  aaicTepiHiH,
CapanTtamagaH eTTi: 28 kaHmap 2025 APTbIKLWbINBIKTaPbl  MEH KeMwWinikrepi KapacTbipblnagpl. KasakctaH PecnybaunkacbiHAafbl
Kabbinganapl: 24 aknar 2025 naigansl Kasbanap KeH oOpbiHAApblH 6akplnay YLiH fapbilWTbiK PaAMONOKALMAHBI KONdaHy

Toxipubeci TangaHapl. Tay-KeH eHepkacibiHae paaMONOoKaUMANLIK MHTEepdepomeTpus aaiciH
KONAQHYAbl KaHOAHAOBIPY MYMKIHAiM Typanbl macene KeTepingi. Tay-KeH KeleHiHiH Oykin
ayMafblHAQ@, OHbIH, iWiHAE KETyi KWbIH XaHe KayinTi alimakTapha, aya palibl KafaahnapbiHa
KapamacTaH TypakTbl Aananblk 6bakplnaynap Kyprisyre 6onatbiHAblfbl AanengeHai. Pagap
MHTEPPEPOMETPUACHI 94iCIH KONAAHY HITUXKECIHAE Kep BETiHiH KblIXKYbIH XOFfapbl Ad/4iKneH
aHblKTayFa bonatbiHbl pactangbl. byn a4icTi KonpaHfaHAa [epekTepdi any KaHe eHAey
KaLWbIKTbIKTAH Kyprisineai }aHe annbl afaanaa obbvektiae 6onyapl Tanan etnengi. CoHbiMeH
Katap, byn MmaKanaga weT engepae pagap uHTepdepomeTpus SAiCIH Tay-KeH, MyHaWn
obbekTiNepiHAe  CATTi  KONZaHyAdblH,  Mbicangapbl  KentipinreH. CoHpaW-ak,  pagap
MHTepdEepPOMETPUACHIH KONAAHY Kep 6eTiHiH MymKiH 6onaTbiH Aedopmauma aiMaKTapbiH xKeaen
aHbIKTAyFa }KaHE OCbl alMaKTapaa ASNAirT *KoFapbl MapKLLERAEPNiK-reoae3nanbIk 6akblnaynapab
ybIMAACTbIPYFa MYMKIHAIK Gepegi. Byn makanaga 2016 KbinFbl Sentinel pagvonokaumsanbik,
CypeTTepiH XXaHe pafMoNoKauuanbiK MHTepdpepomeTpua a4iciH nailaanaHa oTbipbin, AHHEHcKoe
KEH OpPHBbIHbIH Xep BeTiHAeri KblKynapbl Xofapbl AINAIKNEH aHbIKTaNbiN, OPbIH aybICTbIpy
KapTacbl Kacangabl.

TyiiiH ce30ep: pafap VHTeppepOMETPHUACHI, Kepai PafUONOKaALMANBIK 30HATAY, CUHTE3aeNreH
anepTyp/ibiK PaAMoNIoKaToOp, UHTEPOEPOMETPAIK BHAERY dAiCTepi, pagap CeHCopaapsbl, ep 6eTiHiH,
Aedopmaumackl, Tay-KeH eHepKacibi.
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AHHOTALUMUA

besonacHoe M 3¢deKTBHOE OCBOEHME MECTOPONKAEHWI MOAEe3HbIX MCKOMAembIX MOA3EMHbIM
cnocobom, 3aneraroLmx Ha 60/bLUMX FYBUHAX, OCIOKHAETCA TEM, YTO C YBEAUYEHUEM FYBUHbI
BEAEHMWA TOPHbIX PaboT CyLeCTBEHHO WM3MEHAETCA XapaKTep npoTekaHua AedopMaLMOHHBIX
NpOLLEccCoB B MaccuBe MOPOJ U CTEMEHb MX BAWUAHWUA Ha OKpPYXKalowyto cpedy. MccnenoBaHus
£ebOpPMaLMOHHbIX MPOLLECCOB, MX KOHTPOAb M MPOrHO3 OMNPEAENAT BO MHOMMX CAy4yasx
3¢ dEKTUBHOCTb U 6e30MacHOCTb Pa3pPaboTKM MECTOPOXKAEHUI TBEPAbIX MONE3HbIX UCKOMAEMbIX.
MpaKTUYecKUii NPOrHO3 MOMKET BbiTb OCYLLECTB/IEH B Pe3y/bTaTe HEeMpepbiBHOTO CNEKEHWUA B
NpPOCTpaHCTBE U BO BpemMeHW 3a JePpopMauMOHHbIMM npoueccamu. B aJaHHOW cTaTbe
npeAcTaBNeHbl COBPEMEHHbIe CMYTHUKOBbIE Pafapbl U UX OCHOBHbIE XapaKTePUCTUKU. OnucaHbl
0cO06EeHHOCT MeToaa PafMo/IOKaLMOHHOW MHTephEepOoMEeTPUM, PAaCCMOTPEHbI NPeMMyLLeCTBa U

MNoctynuna: 28 dekabps 2024 HEeOCTaTKM Pas/IMYHbIX MEeToAO0B WHTepdepomeTpuyeckor 06paboTKM PaAMONOKALMOHHBIX
PeueHsuposaHue: 28 aHsapa 2025 n306pakeHuit. MpoaHasM3npPoBaH OMbIT UCMONb30BAHUA KOCMWUYECKOW PALMOIOKALMUM B LEAX
MpuHaTa B nevats: 24 hespans 2025 MOHUTOPUHIrAa MECTOPOXAEHUIN MONE3HbIX MCKONaemblx B Pecnybaunke KasaxcraH. Bbui nogHaTt

BOMPOC O BO3MOXHOCTM MHTEHCUOMKALMM  NPUMEHEHUA METoAa PaAMONOKaLMOHHOM
uHTepbepometpun B ropHogobbiBatoweit otpacau. [lokasaHa BO3MONKHOCTb NpOBeAeHUs
perynsapHbIX MoneBbiX HabnAeHUI Ha BCell TeppPUTOPUM TOPHOPYLHOTO KOMMEKca, BKAoYas
TPYAHOZOCTYNHbIE U OMACHbIE Y4aCTKU, HE3ABUCMMO OT NOTOAHbIX ycnoBUiA. MOATBEPKAEHO, UTO
NPUMEHEHWE MeToAa PaAMONOKALMOHHOW MHTepPhEPOMETPUN ONPEAENseT CMeLLeHNe 3eMHOM
MOBEPXHOCTU C BbICOKOM TOUHOCTbIO. [1PM MCNONBL30BaHWUM 3TOTO MeToAa NoayveHue 1 obpaboTtka
[aHHbIX NPOV3BOANTCA AUCTAHLMOHHO M B 0b6LLEeM Cyyae He TpebyeT NpucyTCTBUA Ha O6beKTe.
Kpome TOro, B [aHHOW CcTaTbe nNpuBeAeHbl MNPUMEPbl YCMELWHOro MPUMEHEHWA MeToAa
PafMONOKALMOHHOM HTEPdEPOMETPUN B 3apyOENKHbBIX CTPAHAX Ha rOpHbIX, HedTAHbIX 06beKTax.
TaKKe NpUMEHEHWE PaSMONOKALMOHHON MHTEPHEPOMETPUM NO3BONAET ONEPATUBHO ONPEAENATb
30Hbl BO3MOXHbIX Jedopmaupii 3eMHOM MOBEPXHOCTM W OPraHM30BbIBAaTb BbICOKOTOUHbIE
MapKLUeiaepcKo-reogesnyeckne HabnlogeHWa B 3TUX 30HaX. B AaHHOW cTaTbe, MCMonib3ys
pafapHble cHUMKM Sentinel or 2016 roga W meToa pajapHoW MHTepbepomeTpun 6Hblan
onpeaeneHbl CABUMKEHUA 3EMHOW MNOBEPXHOCTU AHHEHCKOTO MECTOPOXKAEHUA C BbICOKOW
TOYHOCTbIO M MOCTPOEHA KapTa CMeLLeHuA.

Kntoveebie caoea: pagnonoKaLMOHHas MHTEPGEPOMETPUSA, PASMOIOKALMOHHOE 30HAMPOBaHME
3eM/IM, CUMHTE3WPOBAHHbIN anepTypHbIA PAZMONOKATOP, METOoAbl MHTephEepoMEeTPUYECKOoit
06paboTKK, pagapHble AaTunky, aedopmaums 3eMHOM MOBEPXHOCTU, ropHoAO6bIBaKOLWAA
MPOMbILLINEHHOCTb.
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