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SURFACE DEFORMATION MONITORING IN EPICENTRAL ZONES
OF UNDERGROUND NUCLEAR EXPLOSIONS USING GEODETIC
METHODS
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Geodetic monitoring, This study examines geodetic monitoring of ground surface deformation
surface deformation, in epicentral zones of underground nuclear explosions at the former
underground nuclear Semipalatinsk Test Site. Underground nuclear explosions significantly
explosions, epicentral alter geological structures and can lead to long-term deformation
zones, Semipalatinsk Test processes affecting the Earth's surface. The research focuses on the
Site, ground subsidence, Balapan testing area, where underground nuclear tests were conducted
geodetic measurements. in deep boreholes.

A geodetic observation network consisting of several benchmarks was
established to monitor vertical displacements of the ground surface.
High-precision leveling observations were performed using digital
geodetic instruments to detect small elevation changes.

The analysis of monitoring data revealed measurable and persistent
deformation processes occurring in the epicentral zone decades after the
explosions. In particular, gradual subsidence of the ground surface was
identified in the crater area, while other monitoring points exhibited
stable uplift and fluctuating behavior. The magnitude of vertical
displacements reached several millimeters per year, confirming the long-
term geomechanical activity of the rock mass.

The results demonstrate the spatial heterogeneity of deformation
processes and confirm the effectiveness of high-precision geodetic
leveling for detecting millimeter-scale vertical displacements.

The scientific contribution of this study lies in the analysis of long-term
observational data from the Balapan testing area and in the identification
of deformation patterns specific to post-nuclear-test environments,
which can support the development of monitoring systems and
environmental safety assessments.
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TyniHai ce3aep:

TYWIHAEME

I'e0e3MsLABIK MOHUTOPYIHI,
Kep OeTiHiH
AepopManIICE, Kep acThl
SIAPOABIK >KaPBLABICTAPEL,
DIMLIEHTPAIK aliMaKTap,
Cewmeit IToauronsl, xepain
IIOIYi, Fe0Ae3NAABIK
ealIeyaep.

bya seprrey Bypomrbr Cemeli IToAMTOHBIHAQFBI >KepacThl SAPOABIK
SKapBLABICTAPBIHBIH ~ SIMUIIEHTPAIK aliMaKTapblHAAFBl >Kep OeTiHiH
AepopMaIVACEIHBIH Te0e3MAABIK MOHUTOPUHTIH 3epTTeriai. Kep acTsr
SAPOABIK, YKapbLABICTaphl T€0AOTMUAABIK, KYPBLABIMAAapAbl aliTapAbIKTa
earepreai xoHe JKep Gerine acep eTeTiH ysax Mepsimai dedpopmanyd
IpouecTepiHe aKeAyi MyMKiH. 3epTTey >KyMBICTaphl TepeH YHFbIMa-
AapJa >KepacTbl SIAPOABIK ChbIHaKTapbl OKyprisiaren baaaman
IOAMUTOHBIHA OAFbITTaAFaH.

JKep OetiHiH TiK KBLAXKYBIH OaKbliay YIIiH OipHellle ®TadOHAapAaH
TYPaThIH reoAe3MsAbIK DaKblaay Kedici KypblaAbl. BUiKTIKTIH Kiniripim
e3repicTepiH aHBIKTay VIIiH CaHABIK TIeOAe3USABIK KypaadjdapAblH
KeMeTiMeH >KOFaphl A9AAIKTeri HuBeAupAey OaKbliayAapsl Ky prisiaai.
MOHUTOPUHT JepeKkTepiH Taajay >KapblAbICTapJaH KeliH OHJAaraH
JKBlAJap ©TKEH COH SIMIIEHTPAIK aiiMaKTa OOABII )KaTKaH ©AIIeHeTiH
>KoHe TypaKTHl AepopMallis IIpoLecTepiH aHBIKTaAbl. ATall alfTKaHAa,
Kparep aliMarblHAQ >Kep OeTiHiH OipTiHAen mIeryi aHBIKTaAAbl, aa Oacka
Oakbliay HYKTeAepi TypakTbl KeTepidy MeH KyOblAMaAbl MiHe3-
KYABIKTH KepceTTi. Tik >KBIAXKyAapAbIH ITaMachl >KBLABIHA OipHere
MUAAVMETpre >KeTTi, OyA Tay >KBIHBICTApPBIHBIH MacCacCBIHBIH V3aK
Mep3iMAi TeOMexaHMKaAbIK, OeaceHAiAiriH pacTaibl.

Hotizxeaep aedpopmanus mpouecTepiHiH KeHiCTIKTiK TeTeporeHAiAirin
KepceTedi >KoHe MIAAMMETPAIK MaciuTabTarbl TiK BIFBICyAapAbl
aHpIKTay VIIiH >KOFapbl J9AAIKTeri TIeoAe3VsAbIK HUBEAUPACYAiH
TUIMAIAITiH pacTaiapl.

bya seprreyain rplapiMmu yaeci basamaH cplHaK aiiMarbIHAAFBl Y3akK,
Mep3imai OaKblaay AepeKTepiH TaljayAa KoHe MOHUTOPUHT Kyliieaepi
MeH 9KOAOTUAABIK KayiIlCi3AikTi Oarasayabl AaMBITyFa KOoA4ay KepceTe
aJaTBIH SAPOABIK CBIHAaKTapJaH KeWiHri oprara ToH Jedopmariyst
3aHABLABIKTAPBIH aHBIKTaya XKaThIP.

Karouessie caoBa:

AHHOTALIVST

T'eoaesnyeckuin
MOHUTOPYVHI, AepopManus
ITOBEPXHOCTH, ITOA3€MHBIE
sIA€PHbIE B3PbIBEL,
SINLIEHTpaAbHbIE 30HB,
CeMmnaaaTUHCKII
JICIIBITaTe ABHBIN ITIOAUTOH,
IIpocaJKa IPyHTa,
reoe3ndecKe U3MepeHusl.

B AaHHOM MccAeAOBaHMM pacCMaTpPUBAEeTCs reoAe3MIecKmii MOHUTOPUHT
AeopManyy 3eMHOI ITOBEPXHOCTU B SIMIIEHTPAABHBIX 30HAX IOA3E€M-
HBIX SIAPHBIX B3PBIBOB Ha ObIBIlleM CeMMUITaAaTMHCKOM MCIIBITaTeABHOM
noauroHe. IToazeMHBle siAepHbIe B3PBIBLI CYIIIECTBEHHO M3MEHSIOT Ie010-
rUdecKre CTPYKTYPbl M MOTYT IIPUBECTU K AOATOCPOYHBIM Jedpopma-
LIMOHHBIM IIpOIleccaM, BAMSIOIIVMM Ha 3eMHYIO ITOBepXHOCTb. Vccaeao-
BaHME COCPEeJOTOYEHO Ha MCIBITaTeAbHOM IoaAuroHe bazamaH, rae
ITPOBOAVAVCE ITOA3E€MHEIE sI/ePHBIE VCITBITAHNS B TAYOOKNX CKBasKITHAX.
AAsl MOHUTOPUHIa BepPTUKAABHBIX CMEIEHUIl 3€MHOI IT0BEPXHOCTHU
Oblaa co3gaHa reoges3udeckass HabAOgaTeAbHasl CeTh, COCTOSINAs U3
HECKO/ABKIX KOHTPO/ABHBIX TOUEK. BBICOKOTOUHbIE HaOAI0AeHIIS 3a HYBE-
AUPOBaHUEM IIPOBOANANCH C UCIIOAb30BAaHMEM LIMPPOBBIX Te0Ae31Iec-
KX MHCTPYMEHTOB A5 OOHapy>KeH!UsI HeDOABIINX IepertaioB BbICOT.
AHaau3 AaHHBIX MOHUTOPMHIA BBLABUA IOAAQIOIINECS U3MEPEHUIO U
ycTOIuMBEIe AepOPMaIIVIOHHBIE TTPOIIECCH], IIPOUCXOASAIINE B DIUIIEH-
Tpa/AbHOI 30HE CITyCTSI AeCATUAETVS II0CAe B3PHIBOB. B wacTHOCTH, B
paitoHe KpaTepa ©OBL10 OOHapy>kKeHO TIIOCTEIIeHHOe OcCejaHue
ITIOBEPXHOCTU 3€MAH, B TO BpeMs KaK B APYTMX TOYKaX MOHUTOPUHIA
HabAI0AaAMCh CTaOMAbHBIE MOABEMBI U KoaeDaHus. Beanunna
BEPTUKAaABHBIX CMEIeHUIl AOCTUTala HECKOABKUX MUAAUMETPOB B
ToJ, 9TO MOATBEPXKAaeT AOATOCPOYHYIO TeOMeXaHWJIeCKyI0 aKTUBHOCTh
TOPHOTO MacCHBa.
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IToaydeHHBIe pe3yAbTaTHl A€MOHCTPUPYIOT IPOCTPaHCTBEHHYIO HEOAHO-
POAHOCTL Ae(POPMAIIVIOHHBIX ITPOIIECCOB U MOATBEPKAAIOT 9PPeKTUB-
HOCTH BBICOKOTOYHOTO Te0/e319eCKOTO HIMBEAVPOBAHM A4S OIpejee-
HIs BePTUKaABHBEIX CMeIlleHUI MIAAMMEeTPOBOTO MacIrTaoa.

Hay4HbI1 BKAag STOTO MCCAeA0BaHMS 3aKAI09aeTcs B aHaAM3e JaHHBIX
AOATOCPOYHBIX HaOAIOAEHMI Ha UCIIBITaTeAbHOM IToANUTOHe baaman u
B BLIABAEHUM 3aKOHOMepHOCTel gepopMariuii, XxapakKTepHBIX 415 yCAO-
BUI TIOCA€ A€ PHBIX UCIIBITaHUI, KOTOPBIe MOTYT IIOMOYb B pa3paboTke
CICTeM MOHUTOPMHTA M OIIeHKM DKOAOTMYEeCKON Oe3011acHOCTH.

INTRODUCTION

Underground nuclear explosions are among the most intensive forms of anthropogenic
disturbance affecting geological environments. They generate short-term shock effects and long-
term geomechanical transformations, including the formation of underground -cavities,
fracturing of the surrounding rock mass, redistribution of stresses, and changes in the
morphology of the ground surface (Glasstone & Dolan, 1977; Howard et al., 2004; Turchenko et
al., 2023). These processes may continue for decades after detonation and can result in measurable
vertical and horizontal displacements in epicentral zones.

The former Semipalatinsk Test Site in eastern Kazakhstan is one of the most important
territories for studying the long-term consequences of nuclear testing. From 1949 to 1989,
numerous nuclear tests were conducted at this site, including atmospheric, surface, and
underground explosions (National Research Council, 2007; Panitskiy et al., 2023). Underground
detonations were carried out in horizontal tunnels and deep vertical boreholes within several
testing areas, including Degelen, Balapan, Sary-Uzen, and Telkem. These explosions caused
significant disturbances in geological structures, affected rock mass stability, and altered the
surface morphology of epicentral areas.

Post-explosion deformation may be expressed through subsidence, uplift, surface
cracking, and crater formation. In some areas, large depressions developed above underground
explosion cavities, indicating continuing geomechanical adjustment of the rock mass. For
example, in the Balapan testing area, a crater more than 100 m in diameter and over 17 m deep
formed several years after an underground detonation (Howard et al., 2004). Such cases
demonstrate that deformation processes in post-nuclear-test areas are not limited to the
immediate effects of explosions, but may also reflect delayed and long-term ground response.

Monitoring these processes is important for understanding post-explosion geodynamics
and for assessing geological and environmental safety in former nuclear test territories. Geodetic
methods provide a reliable basis for detecting small surface displacements with high accuracy. In
particular, high-precision leveling makes it possible to determine vertical movements of the
ground surface at the millimeter scale (Ghilani & Wolf, 2012). At the same time, modern geodetic
and remote sensing techniques, such as GNSS observations and satellite radar interferometry, are
increasingly used worldwide to complement traditional leveling and improve the spatial
coverage of deformation monitoring (Massonnet & Feigl, 1998; Mukaliyev et al., 2024).

Despite previous studies on the geological and environmental consequences of nuclear
testing, the long-term vertical deformation behavior of individual epicentral zones at the
Semipalatinsk Test Site remains insufficiently interpreted from the perspective of repeated
geodetic observations. In particular, the relationship between the organization of monitoring
networks, the sign and magnitude of measured vertical displacements, and the temporal
evolution of deformation trends requires further clarification.

The aim of this study is to evaluate the applicability of geodetic monitoring methods for
detecting long-term surface deformation in epicentral zones of underground nuclear explosions
at the former Semipalatinsk Test Site. The research is based on the analysis of vertical
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displacement measurements obtained in the Balapan testing area. The scientific novelty of the
study lies in the interpretation of repeated high-precision leveling data for identifying temporal
deformation patterns in a post-nuclear-test environment. Unlike previous works that mainly
describe the general consequences of underground explosions, this study focuses on the geodetic
assessment of vertical displacement dynamics and the practical organization of monitoring
networks in epicentral zones. The results contribute to a better understanding of long-term
geodynamic processes and support the development of continuous geodetic monitoring systems
for geological and environmental safety assessment.

MATERIALS AND METHODS

The research was conducted within the territory of the former Semipalatinsk Test Site,
located in eastern Kazakhstan. Particular attention was given to the Balapan testing area, where
underground nuclear explosions were carried out in deep boreholes during the period of nuclear
testing. The study focuses on the epicentral zone of borehole 1414, where long-term deformation
of the Earth's surface has been observed.

Underground nuclear explosions generate complex geomechanical processes within the
rock mass, including the formation of underground cavities, zones of fractured rocks, and
redistribution of stresses in the surrounding geological structures. Over time, these processes
may lead to subsidence, uplift, or irregular deformation of the ground surface above the
explosion cavity. Therefore, monitoring such deformation processes requires a stable geodetic
observation network capable of detecting small vertical displacements.

Study area and observation object

The object of monitoring is the epicentral zone of borehole 1414, located within the Balapan
testing area. The underground nuclear test in this borehole was conducted on May 26, 1984, at a
depth of approximately 489 m. Long-term geological processes after the explosion resulted in
noticeable deformation of the ground surface around the epicentral zone (Yakovenko, 2013).

A crater formed above the underground explosion cavity as a result of collapse and
compaction processes in the rock mass. The diameter of the crater currently exceeds 100 m, and
its depth is more than 17 m. These morphological changes indicate the continuing influence of
post-explosion geomechanical processes on the surface relief (Yakovenko, 2013).

Geodetic observation network

To monitor surface deformation, a geodetic observation network consisting of several
benchmarks was established in the epicentral zone. The network includes observation points
located both inside the deformation zone and outside it on relatively stable terrain.

The configuration of the monitoring network includes:

—one benchmark located near the center of the deformation zone (crater bottom);

—several benchmarks placed along the slopes of the crater;

—one reference benchmark located outside the deformation zone on stable terrain.

This configuration makes it possible to compare elevation changes between deforming
parts of the crater and the stable reference area. Figure 1 shows the scheme of the geodetic
observation network in the epicentral zone, including the spatial distribution of monitoring
benchmarks and the reference point.

Geodetic monitoring was performed using high-precision leveling. Measurements were
carried out with a SOKKIA SDL30 digital level and fiberglass leveling rods with RAB-coded
scales. This equipment allows elevation differences to be measured with millimeter-level
accuracy. The standard accuracy of the SOKKIA SDL30 digital level is approximately +1.0 mm
per 1 km of double-run leveling under normal field conditions.
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Figure 1. Scheme of geodetic observation network in the epicentral zone
Note — compiled by the authors

To reduce measurement errors, observations were conducted under stable weather
conditions, using calibrated leveling rods and repeated measurement cycles. The estimated total
error of elevation differences for individual benchmarks did not exceed +2-3 mm. This level of
accuracy is sufficient for detecting small vertical displacements in the epicentral zone. Therefore,
the applied geodetic method provides reliable data for analyzing deformation processes.

The monitoring program included repeated measurement cycles performed periodically.
The first observation cycle was conducted in 2009, when the initial elevations of all benchmarks
were determined. Subsequent measurements were carried out in order to detect vertical
displacements of the ground surface and to identify temporal deformation trends.

Figure 2 presents the integrated 3D monitoring scheme of borehole 1414. The figure
illustrates the spatial arrangement of monitoring benchmarks, the crater geometry, and the
reference point located on stable ground. This visualization helps to demonstrate the relationship
between the observation points and the deformation zone.
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Figure 2. Integrated 3D monitoring scheme of funnel 1414.
Note — compiled by the authors
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Data processing and deformation analysis

The monitoring data were processed in a conditional height system, where the benchmark
located outside the deformation zone was used as the reference point. Elevation differences
obtained from repeated measurements were analyzed to determine vertical displacements of
monitoring benchmarks.

The data processing procedure included:

—calculation of elevation changes between observation periods;

—determination of vertical displacement values;

—identification of zones with maximum deformation;

— graphical analysis of deformation dynamics.

Positive displacement values were interpreted as relative uplift, whereas negative values
were interpreted as subsidence. This approach made it possible to analyze not only the
magnitude of deformation, but also the direction of vertical movement over time.

The results of repeated geodetic measurements are summarized in Table 1. The table
presents elevation values and annual vertical displacement changes for monitoring benchmarks
located within the epicentral zone.

Table 1. Elevation changes of monitoring benchmarks in the epicentral zone

g £ g E|E| ® E) 2 8| & B
e EVE| E|E|E| E|E| E || E | &
o ~ —_ ~ ~ ~ ~ o ~ ~ =
g Q o o =) — IS — I I\ q o =
= o Q =) Y N o I o N g e\l )
S Q \ Q | | Q | Q | < | =
=} . — . — N . N . o < =
a2 2282|828 ;58
M < ~ 4 < M < H < m <
1414-11 305.62 —4 305.58 | 4 -3 | 305.55 -3 30549 | -6 | 305.44 | —5 |Subsiding
1414-111 312.88 -3 312.85 —3 -6 | 312.79 —6 312.74 | -5 | 312.74 —4 | Declining
1414-1V | 29847 | +4 | 298.51 +4 +4 | 298.55 +4 ] 298.60 | +5 | 298.60 | +3 |Rising
1414-V 28924 | +3 28927 | +3 -5 128922 | -5 289.18 | -4 | 289.18 —2 |Fluctuating

Note — compiled by the authors

The data presented in Table 1 indicate different deformation trends within the epicentral
zone. Benchmarks 1414-1I and 1414-II show a consistent decrease in elevation, indicating
subsidence. Benchmark 1414-IV demonstrates positive vertical displacement values, which may
indicate local uplift or relative stabilization of the slope area. Benchmark 1414-V shows
alternating positive and negative values, suggesting unstable or fluctuating deformation
behavior.

In addition to classical geodetic leveling, modern deformation monitoring techniques such
as Global Navigation Satellite Systems (GNSS) and Interferometric Synthetic Aperture Radar
(InSAR) are widely used for detecting surface displacements. GNSS provides continuous three-
dimensional positioning with high temporal resolution, while InNSAR enables spatial analysis of
ground deformation over large areas using satellite radar data. However, high-precision leveling
remains one of the most accurate methods for detecting small vertical displacements at the local
scale. For this reason, it was selected as the main method for the present study.

The obtained measurements allow the identification of deformation trends in the epicentral
zone and the assessment of ground surface stability in areas affected by underground nuclear
explosions. The combination of benchmark-based elevation measurements, error assessment, and
temporal comparison provides a reliable basis for interpreting long-term deformation processes
in the Balapan testing area.
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RESULTS AND DISCUSSION

Geodetic monitoring data confirm ongoing deformation processes in the epicentral zones
of underground nuclear explosions, even decades after detonation (Dickey et al., 1972). Analysis
of repeated leveling measurements shows noticeable changes in the elevation of observation
benchmarks located around the crater of borehole 1414.

The first observation cycle was conducted in 2009 and served as the initial reference for
subsequent measurements (Nurpeisova et al., 2021). Comparison of elevation data obtained
during the monitoring period revealed both uplift and subsidence processes in different parts of
the observation network. During the first observation interval (2009-2010), slight uplift of the
ground surface was recorded at several monitoring points located in the northwestern and
eastern parts of the epicentral area (Kocharyan & Spivak, 2001). In particular, benchmark 1414-II
showed an increase in elevation of approximately +3.4 mm, while benchmark 1414-III showed a
slightly larger uplift of +5.9 mm.

However, subsequent observations revealed a different deformation trend (Ustavich et al.,
2013). During the periods 2010-2011 and 2011-2012, a gradual decrease in elevation was observed
at most monitoring points (Yakovenko & Ustavich, 2015). This indicates a general subsidence of
the ground surface in the epicentral zone. The largest deformation was recorded at benchmark
1414-111, where the cumulative decrease in elevation reached approximately 8.8 mm during the
monitoring period. Such deformation values confirm that the geological environment above the
underground explosion cavity remains dynamically active.

Spatial analysis of the monitoring network shows that deformation intensity varies
depending on the location of the benchmark relative to the crater center. Monitoring points
located along the slopes of the crater demonstrate larger displacement values compared to the
reference benchmark located outside the deformation zone (Nurpeisova et al., 2014). This pattern
indicates that the main deformation processes are concentrated within the epicentral area where
the underground cavity and fractured rock zone are located.

Table 2. Temporal dynamics of vertical displacement (AH, mm) of monitoring
benchmarks in groups II, III, V and IV in the epicentral zone of borehole 1414 during
the monitoring period 2020-2024

Group 2020 2021 2022 2023 2024
Group II 7.0 7.6 8.8 6.4 5.2
Group III 10.0 8.3 6.9 4.7 -3.0
Group V 8.0 6.1 4.2 33 -4.5
Group IV 6.8 5.5 4.6 3.5 2.6

Note — compiled by the authors

Table 2 illustrates the temporal dynamics of vertical displacement (AH) for different
benchmark groups during the monitoring period 2020-2024, clearly demonstrating the transition
from initial uplift to subsequent subsidence.

The data reveal a clear change in deformation behavior over time. In the earlier years
(2020-2021), most monitoring groups are characterized by positive displacement values,
indicating localized uplift of the ground surface.

However, in the later period (2022-2024), the displacement pattern shifts toward
predominantly negative values, reflecting consistent subsidence across the epicentral zone. The
largest negative values are observed in groups III and V, indicating more intensive deformation
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processes in these areas. The predominance of negative displacement values in recent years
indicates that subsidence has become the dominant deformation process in the epicentral zone.

This transition from uplift to subsidence suggests a change in the dominant geomechanical
processes. Initial uplift may be associated with residual stress redistribution and partial elastic
recovery of the rock mass after the explosion, whereas subsequent subsidence reflects long-term
compaction of fractured rock and gradual collapse of underground cavities.

The observed subsidence is controlled by several geomechanical processes occurring in the
rock mass after the explosion. One of the most important mechanisms is the gradual collapse or
compaction of underground cavities formed during the nuclear detonation. Over time, the
surrounding rock mass undergoes stress redistribution, which leads to progressive deformation
of the ground surface.

Another possible factor influencing surface deformation is the presence of fractured rock
zones created by the explosion (Massé, 1981). These zones may experience gradual compaction
and displacement under the influence of gravitational forces and long-term geodynamic
processes. In addition, infiltration of groundwater into fractured zones may contribute to further
weakening of the rock mass and acceleration of subsidence processes (Saharan, Mitri & Jethwa,
2006).

The results obtained from the geodetic monitoring network confirm that long-term
deformation processes continue to develop in epicentral zones of underground nuclear
explosions (Vincent, Foxall & Romano, 1997). Although the recorded displacement values are
relatively small, their systematic character indicates the ongoing adjustment of the geological
environment to the structural changes caused by the explosion.

Therefore, continuous geodetic monitoring remains an essential tool for assessing the
stability of the ground surface in former nuclear test areas (Yadernye ispytaniya SSSR, 2000). The
establishment of observation networks and periodic measurement of benchmark elevations
provide valuable data for understanding long-term geodynamic processes and evaluating
potential geological hazards in such territories (Busygina & Rykova, 2018).

The observed deformation patterns are consistent with results reported in international
studies of underground nuclear test sites, where initial uplift is followed by long-term subsidence
due to cavity collapse and rock mass compaction (Wang et al., 2018; Adushkin & Spivak, 2004).

CONCLUSION

The results of the conducted research demonstrate the significance of geodetic monitoring
for the investigation of long-term deformation processes in the epicentral zones of underground
nuclear explosions at the former Semipalatinsk Test Site. The establishment of a geodetic
observation network made it possible to detect minor vertical displacements of the Earth’s surface
and to assess deformation trends over time.

The analysis of repeated leveling observations carried out during the monitoring period
showed that deformation processes continue to occur in the epicentral zone even decades after
the underground nuclear explosion. During the initial observation period, slight uplift of the
ground surface was recorded at several monitoring benchmarks. However, subsequent
measurements revealed a gradual tendency toward subsidence in most of the benchmarks
located around the crater.

The maximum recorded vertical displacement reached approximately 8.8 mm at one of the
monitoring points located on the crater slope. These results indicate that the geological
environment above the underground explosion cavity remains dynamically active. The observed
surface subsidence may be associated with long-term geomechanical processes within the rock
mass, including gradual compaction of fractured rocks and redistribution of stresses in the
surrounding geological structures.
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The conducted study confirms that high-precision geodetic monitoring is an effective
method for detecting small-scale surface deformations and assessing ground surface stability in
areas affected by underground nuclear explosions. Continuous monitoring of epicentral zones is
essential for a better understanding of long-term geodynamic processes and for ensuring
environmental safety in former nuclear testing areas.

Future research should focus on expanding the geodetic observation network and
integrating geodetic monitoring data with remote sensing technologies and geomechanical
modeling methods. Such an integrated approach will provide more comprehensive information
on deformation processes and improve the reliability of geological hazard assessment in
territories affected by underground nuclear explosions.

Overall, the obtained results highlight the importance of long-term monitoring for
detecting delayed geomechanical effects in post-nuclear-test environments and for supporting
scientifically grounded decisions related to environmental and geological safety.
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