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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asus axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAD Cepusicbly 2bliviMu dcypranvinviy Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRaHuscul Jcypranovl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwviioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei meH canacwin Ycvinaovl. KP YFA Xabapnapeo.
Teonocus scone mexunuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyi 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2e0n02usi JHeaHe MexXHUKAIbIK
EbLIBLIMOAD OOULIHUWA KOHMEHMKe adanoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCEeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY NO 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue2o coobuecmsa.
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Abstract. Relevance. The Caspian region represents one of the most
geodynamically active zones of Eurasia, where tectonic processes significantly
influence environmental stability and industrial safety. Frequent seismic events,
active faults, and heat flow anomalies create conditions for groundwater
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contamination, soil degradation, and landslides. These factors jointly threaten
the ecological sustainability and economic infrastructure of coastal and inland
territories. Objective. The study aims to comprehensively assess the environmental
consequences of tectonic activity in the Caspian region, quantify the relationship
between geodynamic parameters and ecological risks, and identify critical zones
of combined natural and anthropogenic vulnerability. Methods. An integrated
methodology was applied, combining geophysical and thermal field measurements,
remote sensing data (Landsat 8 TIRS, Sentinel-3 SLSTR), GPS monitoring, and
geoecological modeling in COMSOL Multiphysics. Correlations between tectonic
structures, seismic energy accumulation, and contamination levels in water and
soils were determined using GIS-based spatial analysis. Results and Conclusions.
The research revealed a strong spatial correlation between active faults and zones
of elevated pollution by heavy metals and petroleum products. In high-seismicity
areas, heat flow anomalies reach 111 mW/m?, and groundwater temperature has
increased by 1.8-3.4 °C over 15 years. Submarine landslide activity in the Caspian
shelf has risen by 32 %, increasing risks for industrial facilities. The proposed risk-
ranking model shows that up to 54 % of industrial sites are exposed to geodynamic
pressure. Integrating tectonic parameters into environmental planning is essential
to ensure sustainable land use and ecological safety in this geologically unstable
region.

Key words: tectonic activity, environmental risks, Caspian region, seismicity,
heat flow, geoecological modeling
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AnHoTtauus. Ozexminici. Kacniuii aiimarsl EypasusiHbIH €H T€0oAMHAMHKAJIBIK
Oencenyi adWMakTapbIHBIH Oipi OonbIn  TaObUIAABL: OCJICEHII aKaylap/IbIH,
KBUTy AaFbIHBIHBIH JKOFapbUIAYBIHBIH JKOHE JKHI CEHCMHUKAIBIK OKUFalIapIbIH
yiinecyi— cy MeH TONBIPAaKTBIH ayblp METaJIJapMEH KoHE MyHail eHiMAepiMeH
JacTaHyblHAaH OacTal KeIUKiH OeJICeHANIri MEH MH)KEHEpINiK KYpPBUIBICTapIbIH
neopManusIapbIHbIH KYLICIO1HE AeHiH 9KOJIOTHAJIBIK KayinTep KeIIeHIH Kypaiibl.
By hakropnap skaranay MeH KOHTHHEHTTIK 9KOKYHEIepIiH TYPaKThUIBIFBIHA KOHE
OHEPKACINTIK MHPPAKYPBUIBIMHBIH Kayilci3irine Tikenei acep ereni. Maxcamul.
Kacnuii aliMaFbIHOaFbl TEKTOHUKAIBIK OCJICEHIUIIKTIH SKOJIOTHSUIBIK CalJapbiH
KemeHai Oarajay, TeOJMHAMHUKAJIBIK IapamMeTpiepAl 9SKOJOTHSIIBIK TIyeKel
JICHI'eiIepiMeH CaH IbIK OaiiJIaHbICTBRIPY KOHE TAOMFH, TEXHOTCHAIK OCaIBIKTap Ibl
OIpIKTIpY[iH MaHBI3bI alMaKTapblH aHbIKTAy. Oldicmepi. VHTerpanusiaHraH
olicTeMe KOJIaHbUIABL: Teodu3ukanbik epictepai xoHe GNSS OakpuiaynapbiH
Tajay, TePMUSUIBIK KallbIKThIKTaH 30HATay (Landsat 8 TIRS, Sentinel-3 SLSTR),
Cy MEH TOTBIpaK camachlH eaen Oaxpuiay, conaaii-ak COMSOL Multiphysics-Te
CaHJIBIK MOZIeNbey (KYpbUIbIMIBIK MexaHuka skoHe Subsurface Flow momynbaepi)
Oencenai akaynmapabl, Xbuly axaynapblH [AXK canblcThipyMeH aHOMamHsap,
KOPCETKIIITEp OHEPKACINTIK OObEKTUIepAl JacTay JKOHE  OpHAlaCTHIPY.
Homuorcenep men xopwimwinoviiap. belaceHal TEKTOHMKAJIBIK KYPBUIBIMIAPABIH
YKOFapbl JIACTaHy aliMaKTapbIMEH TYPAKThI KeHICTIKTIK KOPPEISIHUsIChl OPHATBUIIBI;
KOFapbl celcMHKaNbIK aygangapaa ~111 MBT/M2 geifinHri KbUly arbIHBIHBIH
ayBITKYJIApbI JKoHE 15 JKbIJT 1MIiH/IE JKep acThl CylTapbIHbIH Temneparypacsl 1,8-3.4
°C-ka neitin ketepineni. Kacrmii kaiipaHeiHIa KemikiH Oencenimiri ~32% - fa
ecTi, OyJ1 TeHi3 MHPPaKYPBUIBIMBI MEH SKOKYHeIepIiH OCalAbIFbIH apTThIPAIbL.
O3IpJeHIeH WHTErpalbl capanay MOJAET eHepkocim oObekTinepiniH 54% - Ha
JeiiiH KOJTalChI3 ClieHapuiiep/e KYIEHTIreH re0JUHaMUKAIIBIK KbICBIM/Ia OOy Bl
MYMKIH €KeHiH KepceTel. DKOJIOTHSIBIK )KOCTapiay *KoHe ayMaKThIK alMaKTapra
Oesty pociMepiHe TEKTOHHMKA MapaMeTpiepin (nedopmanust KbUIIAMIIBIFH,
cepriM/Ii PHEPTUSHBIH KUHAKTAIYBI, )KbUTY aybITKyIapbl) Kocy Kacnuii eHipiHig
reOJMHAMUKAIIBIK TYPAKChI3 aylaHAapblHIa TOyeKeaepAl TOMEHIETYAIiH KOHE
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TaOUFATTHl TYPaKTHl MalfalaHyIbl KaMTaMachl3 €TYMiH KaKEeTTi IMapThl OOIBII
TaOBIIATHIHBI KOPCETIITEH.

Tyiiin ce3nep: TEKTOHUKAIBIK OEIICEHIITIK, SKOJIOTHSUIBIK Toyekenaep, Kacmuit
aiiMarbl, CECMHKAIIBIK, KBITY aFbIHBI, T€0IKOJIOTHSUIIBIK MOICIIBICY

© B.B. Kykapues'?, A.A. Ctynuna***, E.B. XynsikoBa’, U.A. Baxpymena?,

K.C. My3aJes?, 2025.

"MOCKOBCKHIA TOCYIapCTBEHHBIN TEXHUUECKUI YHUBEPCUTET UMECHHU

H.D. baymana, Mockga, Poccusi;
’Poccuiickuii TOCyIapCTBEHHBII arpapHbiil yauBepcuteT — MCXA nmeHn
K.A. Tumupsszesa, Mocksa, Poccus;
3Cubupckuit Gpenepanphblii yausepcuret, KpacHosipck, Poccust;

*Cubupckas nokapHo-cracarenstas akagemus [ TIC MUC Poccun,

Kenesnoropck, Poccust.
*E-mail: h677hm@gmail.com

HNPUMEHEHHWE METOJOB MAIIMHHOI'O OBYYEHUS JIsA
KOMILUIEKCHOM OLIEHKH KOJOTI MUECKHUX MMOCJIEICTBUIA
TEKTOHUYECKOM AKTUBHOCTH B KACIIMICKOM PETMOHE

Kykapues BuaaucinaB BHKTOpPOBHY — KaHIUAAT TEXHUYECKUX HAyK, JOLEHT, MOCKOBCKUI
TOCYIapCTBEHHBIN TexHUUecKuil yHuBepcuteT nmenn H.D. baymana, Mocksa, Poccust; Poccniickmii
rOCyIapCTBEHHBIH arpapHblii yHuBepcuteT — MCXA nmenn K.A. Tumupszea, Mocksa, Poccus, E-
mail: vlad_saa_2000@mail.ru, ORCID: 0000-0001-6382-1736;

CtynuHa AJsieHa AJieKCAaHAPOBHA — JIOKTOp TEXHUYECKHX HayK, mpodeccop, CHOMpCKHiA
¢denepanpublil yauBepcuret, Poccns, Kpacnosipck, Cubupckas moxapHo-criacaTenbHas akaJaeMus
I'TIC MYC Poccun; XKenesnoropek, Pocenst; Poceniickuii rocynapcTBeHHBIH arpapHbIi YHUBEPCUTET
— MCXA nmenn K.A. Tumupszesa, Mocksa, Poccus,

E-mail: h677hm@gmail.com, ORCID: 0000-0002-5564-9267;

XynsikoBa Enena BukTopoBHa — IOKTOp SKOHOMHYECKHMX HayK, mpodeccop, Poccuiickuit
rOCyIapCTBEHHBIH arpapHblii yHuBepcuteT — MCXA nmenn K.A. Tumupszea, Mocksa, Poccus, E-
mail: evhudyakova@rgau-msha.ru, ORCID: 0000-0001-7875-074X;

BaxpymeBa HWHHa AJiekceeBHAa — KaHIWAAT TEJaroruuyeckux Hayk, JOLEHT, Poccuiickuit
rOCyIapCTBEHHBIH arpapHblii yHuBepcuteT — MCXA nmenn K.A. Tumupszea, Mocksa, Poccus, E-
mail: vakhrusheva@rgau-msha.ru, ORCID: 0000-0003-3243-050X;

My3aneB Koncrantun CepreeBu4 — acCHCTeHT, POCCHIICKHI TOCYIapCTBEHHBIH arpapHbIid
yauBepcuteT — MCXA nmenn K.A. Tumupszesa, Mocksa, Poccnsi,

E-mail: Muzalev@timacad.ru, ORCID: 0000-0001-6054-2934.

AnHOTaUMsA. AxmyanvrHocms., KacnulCKUI peruoH sBISETCS ONHOM U3
HamOoyiee TEeOJAMHAMUYECKH aKTUBHBIX 30H EBpasum: codyeTaHWe aKTHBHBIX
pa3jIoMOB, TOBBIIIEHHOTO TEIUIOBOTO IOTOKA M YacThIX CEHCMHUYECKUX
COOBITHH (HOPMUPYET KOMILIEKC IKOIOTHYECKUX YIpo3 — OT 3arps3HEHUs BOJ
Y TIOYB TSOKENBIMU METaUlaMd U HEePTENpOAyKTaMHU J0 YCHUJICHHS OTOI3HEBON
AKTUBHOCTHU U JieopMaluii MHKEHEPHBIX COOPYKEHUN. ITU (HaKTOPBI HAPSIMYIO
3aTparuBalOT YCTOHYMBOCTh MPUOPEKHBIX M KOHTHHEHTAIBHBIX JIKOCHUCTEM U
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0€301acHOCTh MPOMBIIUIEHHOH WHPPacTpyKTypbl. [lens. KOMIIIEKCHO OLICHUTH
9KOJIOTHUECKUE IOCIEICTBHA TEKTOHMYECKOW akTuBHOCTH B Kacmuiickom
peruoHe, KOJMYECTBEHHO CBA3aTh I€OAMHAMHMYECKHE MapaMeTphl C YPOBHIMU
9KOJIOTHUECKOTO PUCKA M BBIACIUTH KPUTHUECKHE 30HBI COBMEIICHUS TIPUPOIHBIX
1 TEXHOT€HHBIX YSI3BUMOCTEN. Memoodsi. [IpumeHena MHTErpupoBaHHAS METOIMKA!
aHanu3 reopusnueckux noned u GNSS-HaOmoneHi, TeIUI0BOe TUCTAaHIMOHHOE
3onnuposanue (Landsat 8 TIRS, Sentinel-3 SLSTR), sxcripecc-koHTpoIIb KadecTBa
BOJ] M [I0YB, a TaKXe YncienHoe MoaenupoBanre B COMSOL Multiphysics (Momymnu
Structural Mechanics u Subsurface Flow) ¢ 'MC-conocraBinenneM aKTUBHBIX
pas3ioMOB, TEIUIOBBIX aHOMAJlMH, IOKa3aTeneil 3arps3HeHUs] U pa3MeleHHs
MPOMBILUICHHBIX OOBEKTOB. Pe3ynbmamsl U 6b1600bl. YCTAaHOBICHA yCTOWYMBAs
MPOCTPAHCTBEHHAS KOPPEJSALMS aKTHBHBIX TEKTOHHYECKHUX CTPYKTYp C 30HaMu
MOBBIILICHHOTO 3arps3HEHUs; B BbBICOKOCEHCMUYHBIX palOHaX (QHUKCUPYIOTCS
AHOMaJIMM TeIUIoBoro nortoka 1o 111 MBT/M? M pocT TemmepaTypbl NOA3EMHBIX
Bon Ha 1,8-3,4 °C 3a 15 ner. Ha menbde Kacrus omonsHeBass aKTHBHOCTh
Bo3pocyia Ha ~32 %, YTO MOBBIIAET YA3BUMOCTb MOPCKOW HMH(PACTPYKTYypbl U
sKocucteM. PaspaboranHas MHTErpajibHas paHKUPYIOLIas MOJENb ITOKa3bIBACT,
910 70 54 % OOBEKTOB MPOMBIIUIEHHOCTH MOTYT HaXOIHUTHCS I0J YCHICHHBIM
reoJMHaMUYECKUM JaBJICHUEM IpH HeOIaronpusTHbIX cueHapusx. IlokazaHo,
YTO BKJIIOUYEHHE IapaMeTpoOB TEKTOHUKHU (CKOpocTed nedopmanuii, HaKOIJICHUS
YyOPYrol SHEPruM, TEIUIOBBIX aHOMalWi) B TNPOLEAYpPHl IKOJIOTUYECKOTO
IUIAHUPOBAHUSI U TEPPUTOPHATIBHOTO 30HUPOBAHUS SIBISETCS HEOOXOAMMBIM
YCJIOBUEM CHMIKEHHUSI PUCKOB M 00ECIIEUeHUs] yCTOWYMBOTO MPUPOAOIIONb30BaAHNS
B T€OJJMHAMHYECKU HeCTaOMIIbHBIX paiionax Kacnuiickoro peruoHa.

KiroueBble cJji0OBa: TEKTOHHMYECKAsh AKTUBHOCTH, OKOJIOTHUECKUE PHCKH,
Kacrnuiickuii pernoH, CeHCMHUYHOCTb, TEIUIOBOW TIOTOK, TI€03KOJIOTHYECKOE
MOJIEJINPOBAHUE

Introduction. In the modern world, environmental safety issues are becoming
increasingly important in light of the increasing frequency of natural disasters
associated with the Earth's internal processes. One of the most vulnerable regions
in this regard is the Caspian region, which is a complex geodynamic system at the
junction of lithospheric plates. In this context, the environmental consequences of
tectonic activity are not only regional but also global in scope, as their effects can
affect the sustainable development of entire countries, energy security, and public
health.

Active tectonic processes, including earthquakes, strike-slip faults, and thrust
faults, not only contribute to the destruction of infrastructure but also cause
delayed environmental effects such as groundwater pollution, the destruction of
protective engineering structures, oil and gas leaks, and landscape degradation.
This is particularly true in the coastal and offshore zones of the Caspian Sea, where
large hydrocarbon deposits are being developed, as well as in the territories of
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the North Caucasus and Dagestan, which are characterized by high population
densities and significant industrial potential. Modern researchers have proposed
various approaches to mitigating the impacts of tectonic activity. The most common
measures include mapping active faults, monitoring seismic activity, and geodetic
observations of crustal movements. Among these approaches are morphostructural
analysis and seismic zoning based on accelerographic measurements. For example,
the morphostructural analysis method, used in a number of studies, made it possible
to identify zones prone to earthquakes with a magnitude of >6. However, these
methods have several limitations. They generally describe the current geodynamic
situation but do not always accurately predict environmental impacts, such as the
nature of the interaction between tectonic processes, man-made structures, and
vulnerable ecosystems (Klyuev et.al., 2024; Malozyomov et.al., 2024).

Additional methods include heat flow modeling and assessment of lithospheric
structural features based on satellite geodesy (e.g., the ITRF system and the NNR
NUVEL 1A model). These methods provide a more complete picture of deep
processes but often require extensive computational resources and a high density of
observation stations. Their advantage lies in the high accuracy of assessing crustal
displacements and deformation trends. However, their drawback is their isolation
from practical aspects—for example, from risk assessment for specific settlements,
enterprises, and infrastructure facilities (Isametova et.al., 2022; Malozyomov et.al.,
2024).

Against this background, an integrated approach is particularly important (Allen,
2009; Govers et al. 2020). The uniqueness of this approach lies in its combination of
seismic transect analysis, geodynamic mapping, energy dissipation calculations, and
spatial comparison of faults with the locations of strategically important facilities,
including power plants and mining enterprises. This comprehensive approach
allows not only for detailed mapping of geodynamically stressed zones but also
for proposing specific measures to prevent negative environmental consequences.
The authors paid particular attention to identifying earthquake focal zones (EFZs)
and comparing them with natural risk levels. The study covers areas where both
industrial and energy infrastructure in Russia are concentrated, including the
Rostov Nuclear Power Plant, the Volga Hydroelectric Power Plant, and several oil
platforms in the Caspian Sea. The emphasis on the fact that a significant portion
of these facilities are located in active tectonics zones confirms the high relevance
of the chosen approach. Furthermore, the methodology for accounting for released
seismic energy and linking it to risk maps allows us to move from purely theoretical
models to pragmatic recommendations for the sustainable development of the
region. Thus, the analysis of the environmental consequences of tectonic activity
becomes an integral part of the integrated planning of areas with high levels of
geodynamic instability.

Considering the above, the objective of this study is to comprehensively assess
the environmental consequences of tectonic activity in the Caspian region based on
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ananalysis of the geodynamic setting, seismic characteristics, and spatial comparison
of active faults with industrial facilities, with the goal of developing scientifically
sound recommendations for minimizing environmental and technological risks.

Methods and materials. This study implemented a comprehensive experimental
design aimed at assessing the environmental impacts of tectonic activity in the
Caspian region. The methodology relied on a combination of remote sensing,
geophysical, and ground-based measurements, followed by geoecological modeling
(Tynchenko et al., 2024; Shabanov et al., 2023). The central objective was to
identify the spatial and energy characteristics of active faults and their correlation
with areas of high environmental risk.

To collect and interpret geophysical data, a hardware suite was used, including a
GNSS-based satellite geodetic system using Trimble NetR9 and Leica GR50 GPS/
GLO stations, as well as StrongMotion SMA-3 accelerographs. These stations
provided continuous recording of horizontal and vertical ground displacement
parameters with an accuracy of 1 mm and an update rate of 1 second. The
equipment was operated automatically with remote control, and data was processed
in the ITRF2014 coordinate system using compression and filtering algorithms in
the GAMIT/GLOBK software package. The observations covered key seismically
active zones of Dagestan, Chechnya, the Astrakhan region, and the Caspian shelf.

To assess thermal anomalies within active tectonic structures, Landsat &
TIRS and Sentinel-3 SLSTR thermal sounding data, atmospherically corrected
in the ENVI environment, were used. Surface heat flow was calculated using the
radiometric contrast method with an accuracy of 5 mW/m?. Additionally, artesian
water temperature measurements were taken using Testo 925 temperature sensors
and Fluke 62 MAX handheld temperature meters installed in wells up to 50 m deep.
Measurements were conducted in different seasons, recording daily and annual
dynamics.

To analyze the chemical composition of water and soil in active seismic zones,
Lovibond ET 99731 automated rapid water quality monitoring stations and Hach
DR 1900 portable spectrophotometers were used. Sampling was carried out in
accordance with GOST 17.1.5.01-80 and GOST 17.4.3.01-83, and laboratory
analysis was conducted under controlled humidity and temperature conditions.
Spectral analysis of heavy metal content in soil samples was performed using a
PerkinElmer A Analyst 400 atomic absorption spectrometer, operating in the 190—
900 nm wavelength range.

The study also utilized numerical modeling methods implemented on a
computing system based on a Dell PowerEdge R740 server equipped with a 64-
core processor and 512 GB of RAM. Modeling of the elastic deformation of the
earth's crust and the propagation of contaminants was performed in the COMSOL
Multiphysics software environment using the Structural Mechanics and Subsurface
Flow modules. Calculations of the thermal field and seismic energy distribution
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were performed with a 250-meter grid resolution and a 1-year time resolution over
the period 1995-2022. This ensured comparability of the obtained data with long-
term monitoring data.

Results and discussion. A comprehensive study of the environmental
consequences of tectonic activity within the Caspian region yielded data that
allow us to quantify the impact of geodynamic processes on the natural and
man-made environments. The study covered the northern, central, and southern
parts of the macroregion, using cartographic, geophysical, and geoinformation
analysis methods, as well as space geodetic data, including horizontal and vertical
displacement vectors in the ITRF and NNR_NUVEL 1A systems (Koteleva et al.,
2024; Zemlyanoy etal., 2024). Comparison of the obtained numerical characteristics
with the spatial distribution of industrial facilities and areas of high environmental
vulnerability revealed a number of consistent patterns.

Earthquakes with magnitudes ranging from 4.0 to 5.4 were recorded in the
northern part of the region, encompassing the southern Volgograd and Astrakhan
regions, the eastern Stavropol Krai, and the Republic of Kalmykia. Moreover, the
intensity of seismic energy increases from north to south, from 107 J to 10° J,
and near Astrakhan, this parameter reaches 1072 J in a local structure. The number
of registered seismic events in this region from 2000 to 2022 amounted to 74,
of which 58 were accompanied by secondary geoecological consequences, such
as local subsidence and the formation of fracturing in the water intake zone. The
highest heat flow (HF) amplitudes are 106—111 mW/m? in the southern part of the
region, indicating the presence of powerful sources of deep geothermal energy,
correlated with active faults and lithospheric block boundaries. According to
calculations, these anomalies affect an area of approximately 12,500 km?. This
study clarified the boundaries of these anomalies and compared them with the
locations of industrial clusters—such as the Volzhskaya and Astrakhan Thermal
Power Plants, oil refineries, and several salt mining facilities. It was found that
within a 25-km radius of these high-frequency zones, more than 70% of energy
facilities are exposed to potential geo-ecological hazards, including groundwater
reactivation and foundation instability. In the Akhtubinsk area, seasonal fluctuations
in groundwater levels of up to 0.7 m were recorded, which correlates with periods
of anomalous microseismic activity. Further south, within the second study area,
encompassing the North Caucasus, including Dagestan, the Chechen Republic,
Ingushetia, North Ossetia, and Kabardino-Balkaria, maximum values of released
seismic energy of up to 10" J were recorded. The main foci of activity are confined
to northwest-trending thrust fault zones passing through Grozny, Makhachkala,
Nazran, and the western part of Dagestan. According to our own analysis based on
NEIC and SMT data (2017), the average hypocenter depth in these zones ranges
from 10 to 65 km, and the amplitudes of vertical displacements exceed 2.2 mm/yr
within the junction of the North Eurasian and Arabian plates (Fig. 1).
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Fig. 1. Spatial distribution of seismicity, active faults, thermal anomalies and industrial facilities
in the Caspian region

The average horizontal displacement rate at GPS monitoring stations ranges from
22.8 to 27.4 mm/yr. According to accelerograms, zones with ground acceleration
levels of 3.2 to 6.0 m/s? contain both settlements with population densities exceeding
800 people/km? and strategic infrastructure facilities (Table 1). An analysis of
vertical deformations based on satellite data for the period 2010-2022 revealed
a 27% increase in the zone of maximum uplift in the region of southern Dagestan
and eastern Chechnya, potentially related to the accumulation of tectonic stress.
Additional calculations showed that the average annual accumulation of elastic
energy in this zone is equivalent to 5.2x109 J per 100 km?.

Table 1. Characteristics of seismic and thermal activity by subregions of the Caspian region

Focal Horizontal
. Earthquake Energy Heat Flow .
Region . Depth Displacement (mm/
Magnitude (M J mW/m?
goitude M) | () |2 | (mWim?) o

North (Astrakhan, 40-54 [ 107-10° | 530 | 63-111 20,1-23,7
Kalmykia, etc.)
Caucasus (Dagestan, 49-73 10-10 | 10-65 | 79-94 22,8274
Chechnya, etc.)
Szzlf of the Caspian 5,0-6.,5 10-10° | 10-40 | 70-97 18,5-22,0

One of the key findings was the establishment of a direct link between active
tectonic structures and local environmental disturbances. By comparing activity
maps with soil and surface water pollution in the lower reaches of the Terek and
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Sulak rivers, local peaks in heavy metal (Zn, Pb, Cu) concentrations coincided
with linear fault zones. The average zinc concentration in surface water near
such structures is 0.31 mg/L, exceeding the MAC by 2.5 times. In areas without
significant tectonic activity but with comparable anthropogenic impacts, this value
averages 0.11 mg/L. This indicates increased leaching processes in zones with
anomalous geodynamic mobility. This is also confirmed by data on hydrothermal
heating of groundwater: the temperature of artesian springs in southern Dagestan
has increased by an average of 1.8°C over the past 15 years, due to thermodynamic
effects along faults. In some springs near Khasavyurt, the temperature increase
reached 3.4°C.

The eastern part of the region, encompassing the coastal areas of the Caspian
Sea and its shelf zone, is characterized by increased vulnerability in terms of marine
and coastal ecosystems. Based on our own analysis of satellite images and Caspian
Sea level dynamics from 1995 to 2020, we have identified a consistent trend toward
an increase in the number of coastal landslides in areas with pronounced tectonic
instability. Specifically, within 50 km of the Absheron-Balkan Trough fault, a 32%
increase in landslide activity has been recorded, especially in areas adjacent to oil
production platforms. The average annual number of landslide events in such zones
increased from 8.3 in 1995-2000 to 14.6 in 2015-2020. Using numerical models
based on the Boussinesq equations for weakly cohesive soils, the potential landslide
area for earthquakes with a magnitude greater than 6.5 was calculated. Under current
saturation and tectonic tilt parameters, it reaches 18-24 km? per source. Potential
risks to marine life include a sharp increase in water turbidity, changes in the salt
balance, and oil contamination in the event of damage to underwater infrastructure.
The estimated average concentration of oil products in water after a leak from an
underwater rupture reaches 3.7 mg/L within a 1-km radius of the accident.

Additionally, using GIS modeling and heat flow data analysis, a spatial model of
environmental stress was constructed based on a synthesis of seismicity parameters,
industrial infrastructure density, and soil degradation indicators (Morgoeva et al.,
2024). It was found that the highest concentration of risks is observed in the foothills
of the Greater Caucasus, where at least 22 high-risk environmental facilities—
including oil refineries, chemical plants, and hazardous waste storage facilities—
are located within a 15-kilometer radius of active thrust faults. According to the
integrated risk scale developed as part of the study, 38% of these facilities are
located in a zone with a risk level greater than 0.7 on a scale from 0 to 1, where 1
corresponds to the highest probability of a combination of negative geodynamic and
environmental factors. Calculations show that, during a hypothetical magnitude 6.8
earthquake in this zone, the probability of failure of at least one large, environmentally
hazardous facility exceeds 54%. Retrospective analysis of the results also revealed
that abrupt changes in geodynamic conditions can cause cascading environmental
impacts. For example, the 2001 magnitude 6.2 earthquake off the Caspian coast,
according to post-factum data, caused pipeline deformation and a partial leak
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of approximately 1,200 tons of oil products onshore and 300 tons offshore. As
a result, the contaminated area of coastal waters amounted to approximately 7.8
km?, and the restoration of natural systems took more than five years. Current
calculations, taking into account the increased intensity of activity, suggest that
a similar earthquake under current conditions could increase the contaminated
area by 40-60%, depending on the nature of the seismic rupture and the depth of
the hypocenter. Furthermore, the increase in leak volume could reach 2,100 tons
if the main pipelines were to depressurize. The obtained results demonstrate the
need to develop integrated monitoring methods that combine remote sensing data,
geophysical network observations, and regular environmental monitoring. Based
on mathematical modeling of pollutant propagation through aquifers under active
tectonics, it was found that with a vertical displacement component greater than
1 mm/year and the presence of karst structures, the average pollutant migration
rate increases by 3-5 times compared to stable areas. In quantitative terms, this
corresponds to an increase in the pollution propagation radius from 1.4 km to
5.9 km over 10 years. This emphasizes the need for geodynamic conditions to be
incorporated into algorithms for assessing environmental risks and forecasting
transboundary pollution transport in the Caspian Sea and adjacent catchment areas.
In summary, the environmental consequences of tectonic activity in the
Caspian region are not limited to direct destruction or landslides. The most
significant impact appears to be a complex one, including the intensification of
hydrogeological and geochemical processes, disruption of ecosystem connections,
and increased vulnerability of man-made structures due to inadequate consideration
of the geodynamic environment (Table 2). The resulting numerical characteristics
and models suggest that sustainable development in the region is only possible
with systematic consideration of the geotectonic environment in planning for
environmental management, construction, and infrastructure operation.

Table 2. Comparison of tectonic activity zones by degree of environmental risk

Parameter Active faults of the | Caspian Sea coast Volgograd-
North Caucasus (shelf) Astrakhan region

Average density of ?erustrlal 52 38 46
infrastructure (facilities/100 km?)
Proportion of facilities in the risk 38 % 26 % 19%
zone > 0.7
Goroundwater temperature increase 1,834 11-17 0.6-1,0
(°C/15 years)
Average heavy metal concentration 031 0.27 0.11
(mg/L, Zn)
Increase in landslide activity (%) 12 32 <5

Comparative analysis of the obtained results. An analysis of the comprehensive
study revealed a clear correlation between the intensity of tectonic activity and the
dynamics of environmental change in the Caspian region. The northern territories,
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despite moderate seismic activity (magnitude 4.0-5.4, energy up to 10%)),
demonstrate significant changes in hydrogeology — heat flow of 106111 mW/m?
and groundwater level fluctuations of up to 0.7 m. This trend has previously been
noted in studies (Stein and Okal, 2005; Wang and Fialko, 2018), which described
the influence of increased heat flow on moisture redistribution and increased soil
deformation. Observations in the Astrakhan region and Akhtubinsk confirm this
trend: despite the low frequency of earthquakes, cumulative deformation processes
gradually alter the stability of infrastructure and the nature of water intakes.

Regularities comparable in scale to international studies have been identified in
the North Caucasus. In high-seismicity zones, energies of up to 10'*J and vertical
displacements of 2.2 mm/yr are values that partially match the intensity observed in
models of the active thrusting zone of Southern Albania. The uniqueness of our study
lies in the quantitative measurement of elastic energy accumulation (5.2x10°J/100
km?), which has not previously been used in regional risk assessments. Furthermore,
the amplitude of horizontal displacements (22.8—-27.4 mm/yr) demonstrates active
crustal transformation, exceeding widely available GPS data for the South Caucasus
hypocenter by 15-20%.

The link between seismic activity and water pollution has been quantitatively
confirmed: zinc concentrations of 0.31 mg/L, exceeding the MAC by 2.5 times, are
significantly higher than those in adjacent regions, where they are 0.11 mg/L. These
figures are comparable with observations (Ghalambor et al., 2020), which recorded
Zn concentrations of up to 0.28 mg/L in areas with similar geophysical conditions.
In elevated zones, groundwater temperatures have also increased by up to 3.4°C
over 15 years, exceeding thermodynamic effects along the active Jaeger faults (Bai,
Liu, Zhao, 2019).

The coastal zone of the Caspian Sea has proven particularly vulnerable: the
number of landslides increased by 32%, from 8.3 per year (1995-2000) to 14.6
(2015-2020), and the area of potential landslides reached 18—24 km?. These data
are close to estimates (Audin et al., 2021; Schulte et al., 2010), which suggest
a landslide zone of up to 20 km? in areas with similar underwater topography.
Furthermore, the model's oil concentration of 3.7 mg/L indicates the true scale of
the risk to ecosystems.

A spatial model of environmental stress revealed that in the Caucasus foothills,
there are 22 sites within a 15 km radius of active thrust faults, 38% of which have a
risk greater than 0.7. Oil fields of similar density demonstrate ecological marginality
with a risk of 0.65 to 0.75, confirming the validity and relevance of our indicators.
The historical case of the 2001 earthquake (M=6.2) demonstrated that a 1,500-
ton hydrocarbon leak contaminated a water area 7.8 km? wide. Modeling suggests
that, with similar seismic activity, contamination could increase by 40—60% today,
consistent with pollution expansion trends assessed by (Avouac et al., 2015; Lin,
Ren, 2009), and predicting more persistent pollution of marine and coastal basins.
A consistent trend was identified: with a vertical displacement of >1 mm/year,
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contamination spreads up to 5.9 km over 10 years (in stable conditions, 1.4 km).
Similar patterns have been recorded by other researchers in fault hydrogeology,
who have indicated an increase of up to 4-5 times in soil permeability after seismic
events.

Thus, the results suggest that the environmental consequences of tectonic
activity are multifaceted: from changes in thermohydrological conditions in the
northern part to large-scale pollution and degradation of coastal marine ecosystems.
Comparison of data with international studies confirms the adequacy of the models
and the high information content of our approach by taking into account energy
accumulation, somatic soil movement, and specific pollutants.

The identified patterns require an updated approach to territorial management.
First, even regions with low seismicity require monitoring of soil structure and heat
flow. Second, the high infrastructure density in coastal areas and southern foothills
necessitatesrigorousriskassessmentsbasedon GPSandInSAR approaches,compared
with environmental mapping. Finally, seasonal fluctuations in groundwater levels
and groundwater temperature confirm the need for interdisciplinary monitoring:
hydrogeological, geophysical, and chemical-ecological. Thus, a discussion of the
results demonstrates that the Caspian's regional context allows for the identification
of unique patterns not observed in classical seismic regions (e.g., the Pacific Ring of
Fire). This makes it possible to construct predictive models that take geoecological
consequences into account when planning sustainable development, construction,
and industrial development.

Conclusions. The study provided a comprehensive understanding of the scale and
nature of the environmental impacts of tectonic activity in the Caspian region. Based
on the integration of seismic, geophysical, thermal, and environmental monitoring
data, a multi-level model of the interactions between geodynamic processes and
components of the natural and man-made environment was constructed. The results
of a quantitative assessment showed that even moderate geotectonic processes can
trigger cascading consequences encompassing hydrogeological, geochemical, and
engineering-geological aspects.

Among the most significant findings was the identification of a stable relationship
between the density of active faults and the level of contamination of surface and
groundwater with heavy metals and petroleum products. Using the northern Caspian
region and the foothills of the North Caucasus as examples, a spatial contiguity was
established between zones of tectonic instability and industrial clusters, significantly
increasing the level of environmental risk. It has been confirmed that groundwater
temperature and pollutant migration rates in areas of active structural faults increase
by 1.8-3.4 times compared to geodynamically stable areas, exacerbating the risks
of secondary pollution and ecosystem degradation.

Analysis of the Caspian Sea coastal zone has shown that tectonically driven
landslide processes are becoming increasingly pronounced, especially in offshore oil
production areas. It has been established that the average area of potential landslide
bodies during seismic events exceeds 20 km?, and the level of oil pollution in water
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can reach 3.7 mg/l, indicating the high vulnerability of the marine environment.
With increasing anthropogenic load, such risks are becoming systemic.

One of the key scientific achievements is the quantitative assessment of elastic
seismic energy accumulation and its correlation with infrastructure density and
environmental vulnerability. This approach has enabled the development of an
integrated scale of environmental risks, which has been used to identify critical
hazard zones where seismic events are likely to damage 38 to 54% of facilities with
potentially hazardous environmental impacts.

These findings highlight the need to reconsider approaches to industrial and
infrastructure development planning in tectonically active areas. Even regions with
relatively low seismicity, as demonstrated by the Volgograd-Astrakhan subregion,
require mandatory consideration of thermal background and seasonal soil mobility
when designing engineering structures. At the same time, for southern regions—
particularly the Caucasus foothills—the development of comprehensive monitoring
schemes using GPS deformation analysis, thermal sounding, and chemical-
ecological assessment of the environment is essential. Thus, this study demonstrates
that tectonic processes act not only as a physical and geological factor but also as
a catalyst for complex anthropogenic-natural interactions. Without systematically
considering them, it is impossible to ensure the sustainable development of the
Caspian region, preserve the ecological integrity of its ecosystems, and reduce
risks to the population and economy. The results of the study serve as a basis
for developing new environmental safety protocols and integrating geodynamic
parameters into territorial planning algorithms.
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