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NAS RK 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.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.
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Abstract. This article presents the results of a comprehensive study on modern
geodynamic monitoring methods used to assess surface deformation at the Bozashy
North oil and gas field. The field features a block-faulted structure and shallow
productive horizons, making it highly sensitive to anthropogenic impacts. The study
focuses on analyzing the causes and dynamics of surface subsidence and uplift
driven by hydrocarbon extraction, fluid injection, and natural tectonic factors. An
integrated monitoring approach was applied, combining high-precision geometric
leveling, GNSS observations, gravimetry, and satellite radar interferometry (InSAR).
This integration improved the reliability and spatial resolution of deformation
measurements. Stable deformation patterns were identified: subsidence in the central
uplifted zone and uplift along the periphery, correlating with reservoir pressure
variations and operational activity. A comparative analysis with international
cases enabled classification of the observed deformation behavior as typical for
geodynamically unstable fields under intensive development. Scientific novelty
includes the development of an integrated geodynamic monitoring methodology
that merges ground-based and remote sensing techniques, surface deformation
modeling that accounts for geological, physical, and operational factors, and a risk
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classification system for induced seismicity based on field data and global analogs.
Practical significance lies in the applicability of the methods and findings for
georisk assessment, prediction of surface behavior, optimization of production and
injection strategies, and ensuring safe, sustainable development of oil and gas fields
with similar geological and tectonic settings.

Key words: integrated geodynamic monitoring, geo-hazard, repeatable accurate
levelling, high-precision GPS measurements, GNSS measurements, high-precision
gravimetric measurements, radar interferometry
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Annoranus. byn makanana bozamier ContycTik MyHaii-ra3 KeH OpHBIH/IAFBI JKep
KBIPTBICH OeTiHIH AedopManusuIbIK YIepIiCTepiH 3epTTey MaKcaTbhlHAa 3aMaHayn
reOIMHAMUKAJIBIK MOHUTOPUHT 9JIICTEPIH KEIICHI TYpJe KOJIaHy HOTHXKEIepi
YCBIHBUIAABI. 3epTTEy HBICAHBI OJOKTBHIK-)KAPBUIBIMABIK KYPBIIBIMBIMEH JKOHE
OHIMJII KabaTTaplblH Tas3 TEPCHJIKTE OpHAIACybIMEH epEeKIIeIICHEel, Oyl
OHBI TEXHOTEHJIK acepiepre — acipece KOMipCyTeKTepAl KapKbIHIBI ©HAIPY,
Cy aifmay >xoHe 0acka Ja OHJIPICTIK omepanusuiap — MKOFapbl Ce3iMTal eTell.
3eprrey OaphichiHAA Kep OCTiHIH IIeryi MeH KeTepulyiHiH cebernTepi, oiaplIbiH
KEHICTIKTIK-yaKbITTBIK AMHAMHKACBI MEH OHMIPICTIK (hakTopaapMeH OailyiaHBICHI
aHBIKTAIIBL. JKOFaphl OJIIKTET1 TeoMeTpusuIbIK HUuBeupiey, GNSS-0akpuiaynap,
TPaBUMETPHSIIBIK TYCIpUTiMIEp KOHE CIYTHHKTIK pajgapiiblK HHTephepoMeTpus
(InSAR) omicTepin uHTerpauusiay MOHHTOPHHITIH CEHIMIUIITIH apTTHIPHII,
nehopMaIUSIIBIK  YACPICTEPIl KOFaphl KEHICTIKTIK JKOHE YaKBITTBHIK JIQJJIIKIICH
Oakpulayra MYMKIHIIK Oepai. OpTanbslk KymOe3 aiiMarbiHIa Kep OeTiHiH meryi,
aJl mweTKi OeJiKTepe KoTepinyi TipKesai, Oy I1acT KbICBIMBIHBIH ©3repyiHe )KoHe
TEXHOTCH/IIK KYKTEeMEHIH ayMaKThIK TapaslyblHa OaillaHbICThI €eKSHAIrT KOPCeTIII.
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Founvimu orcayanviest — KazakcTaH/a anFaml pet KepyCTi )KOHE FAPBIIITHIK 30HATAY
JICPEKTepiH OIPIKTIPETIH MHTErpalisUlaHFaH T'€OJMHAMHUKAIBIK MOHUTOPHHT
omicTemeci o3ipieHimn, HAKTHl KeH OpHBIHA Ociimaermin eHrizinmi. [‘eopu3nkambik
JKOHE TEXHOTCHIIK (akTopiapibl €CKepe OTBIPBII, JKep KbIPTHICHIHBIH
neGopMaImsIChIH MOZCTBICY XKY3ere achipbluiabl. COHBIMEH KaTap, MHIy U PICHI €H
CEeHCMUKAIBIK KayinTepAl jKyhenaey MeH KIKTEYmiH KaHa TOCiImepi YCHIHBUIIBI.
Tpaxmuxansix Manwbi30bL1biebl — ANBIHFAH HOTHXKEJICP MYHAM-ra3 KeH OpPbIHAAPbIH
Kayilci3 JKoHe THIMA1 UTepyai FhUIBIMU HETi3[e Kocmapiayra, jJedopManusiibiK
KaTepyiepai ajablH aja OoJpKayFa, TEXHOTSHIIK ocepiepli a3alTyFra JKoHE JKep
KBIPTBICHIHBIH TYPAKTHUIBIFBIH OaKbUIayFa MYMKIHAIK Oepeti. ¥ ChIHBUIFaH Tacinaep
eJIMI3JIET] YKCAC Te0JIOTHsIIBIK-Te0IMHAMMKAIIBIK JKaFqaiiapaarsl xodanap yuriH
YIITi peTiHAe MmaiaataHblTy bl MYMKIH.

Tyiiin ce3mep: WHTErpalUsIaHFaH JWHAMHUKAIBIK OaKpLIay, T€OKayilCi3miK,
KalTalaHaThlH /107 HUBenupiey, xorapbl nongikreri GPS emmemaepi, GNSS
OJIIIIEMJICPI, KOFAPhI JAIIKTET] IPaBUMETPHSUIBIK, OIIIEMIIED, PATHOIOKAIIUSITBIK
nHTephepoMeTpus
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AHHoTanus. B crarbe npencTaBieHBl pe3yabTaThl KOMIUIEKCHOTO HCCIEN0-
BaHUS COBPEMEHHBIX METOJOB T'€OJMHAMHYECKOIO MOHHMTOPUHIA, MPUMEHEH-
HBIX IS OLCHKHM MNPOLECCOB Je(opMaliy 3eMHOH IMOBEPXHOCTH Ha HedTe-
ra3oBoM MectopoxiaeHun bozambl CeBepHoe. OOBEKT HCCIECAOBaHMS Xapak-
Tepusyercsi OJOKOBOH Pa3OMHON CTPYKTYpOH M Mayoil IIyOWHOW 3ajeraHus
MIPOAYKTUBHBIX TOPU30HTOB, YTO AENAET €r0 YyBCTBUTEJIBHBIM K TEXHOIE€HHOMY
Bo3zelcTBUI0. OCHOBHOE BHHMAHHE YAEIEHO aHaJlW3y MNPUYMH U JUHAMUKU
MPOLIECCOB TPOCEJaHMsT W TOJHATUS IOBEPXHOCTH, BBI3BAHHBIX J0OBIYEH
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YIJIEBOAOPOIOB, 3aKayKoil (IIoMI0B Ul MOAJACPKAaHUS IUIACTOBOTO JaBJICHHUS
W JelCTBUEM TPHPOAHBIX TEKTOHHYeCKHX (akTtopoB. B pamkax paboThl
peanu3oBaH MHTETPUPOBAHHBIM IIOAXOJ, COYETAIOIIMN JJaHHBIE BBICOKOTOYHOTO
nusenuposanusi, GNSS-naOmioneHnid, rpaBUMETPUN U CIYTHHKOBON paxapHON
unreppepomerpun  (InNSAR), UYTO mMO3BONMIO TOBBICUTH HaA&KHOCTh U
pa3pelanly0  ClIOCOOHOCTh MOHMTOPHHIA. YCTAHOBJICHBI 3aKOHOMEPHOCTHU
MPOCTPAHCTBEHHOTO pachpeacieHus nedopMaluii: npoceJaHue B LEHTPaIbHON
CBOJIOBOM YacTH ¥ TOIHATHE IO Tepudepun, 4To KOPpeIupyeT ¢ M3MEHEHHUSIMHU
IJIACTOBOT'O JIaBJICHUS U ONEPAIIMOHHON aKTUBHOCTHIO. [IpoBe/IEH CpaBHUTENbHBIN
aHamM3 C 3apyOe)KHBIMU AaHaJOraMH, IIO3BOJMBIIMK OTHECTH BBISBICHHBIC
MpOLECChl K THUIOBBIM TPOSBICHUAM TeOAMHAMUYECKOH HeCcTaOMIBHOCTH B
YCIIOBUSX HHTEHCUBHOI'O OCBOEHUSL. Hayyunas noeusna 3aKiIr04aeTcs B pa3padboTke
METOIUKH UHTEIPUPOBAHHOTO TEOAMHAMHYECKOTO MOHUTOPHHTIA, 00bEIUHSIONICH
Ha3eMHbIC U JUCTAHIIMOHHBIC METOJbI, MOJCIUpPOBaHUH Aedopmannii ¢ y4éTom
reooro-GM3NIecKuX W TEXHOTCHHBIX (DAKTOpPOB, a Takke B KIaCCUDUKAINH
PHCKOB MHAYLHMPOBAHHON CEHCMHUYHOCTH HAa OCHOBE CPaBHHMTEJILHOTO aHAJM3a C
MEX/TyHapOJHBIMU aHAJIOTaMU U MOJIEBBIMU JTAHHBIMU. [Ipakmuueckas yeHHocms
PE3YyJIbTaTOB COCTOUT B BO3MOMKHOCTH MX HIMPOKOIO NPUMEHEHMS Ul OLIEHKU
reOJMHAMHUYECKUX PUCKOB, MPOTHO3UPOBAHUS MOBEACHUS 3€MHOM MOBEPXHOCTH,
ONITUMM3ALIUH TTAPAMETPOB JOOBIUH U 3aKaYKH, a TAK)KE 00eCIIeueHHs YCTOHUUBOTO
n 0e30IaCHOTO OCBOEHHUSI HE(TEra3oBbIX MECTOPOXKICHMH € aHaJIOTHYHBIM
re0JIOTHYECKUM CTPOCHHUEM U TEKTOHUYECKUMH YCIIOBHSAMHU.

KuaroueBble ci10Ba: KOMIUIEKCHBIH T€0JIMHAMHYECKMH MOHHUTOPHUHI, T€0-
OIIaCHOCTb, IIOBTOPSIEMOE TOYHOE HUBEJIMPOBAHHUE, BbICOKOTOUHBIE GPS-m3me-
pernsi, GNSS-u3MepeHHsi, BBICOKOTOUYHBIE T'DAaBUMETPHUECKHE H3MEPEHHUS,
panuooKaloHHas HHTephepoMeTpus

Introduction. In today’s interconnected world, the oil industry holds a central
and indispensable role in maintaining global economic stability and growth. Despite
the recent surge in the development of renewable “green” energy sources, the vigor
of oil and gas field exploitation remains undiminished. Unsustainable production
of liquid and gaseous hydrocarbons causes significant changes in the structure of
the pore space of reservoir rocks, which can subsequently lead to the emergence of
seismic deformation processes.

These deformations, in turn, pose a tangible seismic hazard that can have far-
reaching implications for a multitude of construction projects (Kenesbayeva, et al, 2020;
Nurpeisova, et al, 2021), pipelines (McCabe, 1986), and other critical infrastructure
(Nicholson, et al, 1990; Yerkes, et al, 1969). To maintain reservoir pressure and support
production rates, some oil and gas fields implement a practice of injecting a certain
volume of fluids, primarily water, into the reservoir to offset the extracted hydrocarbon
volume. However, the responses of the reservoir to injection and extraction are not
always symmetrical, rendering the resultant ground deformation patterns somewhat
unpredictable. Therefore, monitoring these intricate processes is a pivotal endeavor,
effectively executed in select oil fields through the use of Radar Interferometry
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(InSAR technologies) and GPS measurements, high-precision gravimetry, seismicity
monitoring, the results of which are presented in publications.

In this context, we direct our focus to the North Bozashi hydrocarbon field,
situated in southwestern Kazakhstan, adjacent to the Caspian Sea coast. Presently,
this field is in a phase of active exploitation, witnessing the production of 23,518
thousand tons of heavy oil and 1,210.8 million cubic meters of gas from production
wells. This field is distinctive for its relatively shallow oil and gas plays, positioned
at depths ranging from 300 to 550 meters. Consequently, the migration of fluids
within the reservoir due to oil and gas extraction, coupled with water injection, is
anticipated to exert a discernible influence on surface deformations, particularly
when contrasted with deposits situated at far greater depths.

The Bozashi North deposit is located in a region with an elevated seismicity
level, experiencing earthquakes with a amplitudes of up to 4.0-4.5 and higher. This
necessitates specific operational requirements for the development of this deposit.

In this research, we scrutinize ground deformations above the Bozashi North
reservoir using GPS and leveling data. Additionally, we analyze variations in the
gravity field, which yield supplementary insights into the reservoir’s dynamics
such as reservoir pressure depletion, reduction of production rates and increase
of water cut. Ultimately, we endeavor to provide a qualitative explanation for the
observed deformation patterns. This study contributes to our comprehension of
fluid dynamics within the intricate realm of oil and gas deposits.

Study Area and Geologic Settings. The North Bozashi field lies in Kazakhstan’s
Mangistau region, between the Caspian Sea and Mangyshlak Mountains. Discovered in
1975, it holds 84 million tons of recoverable hydrocarbons, with peak output in 2012.

Drilling has reached 3,500 m at the field, revealing Devonian to Quaternary
deposits. Triassic formations, up to 2,686 m thick in some wells, consist of argillites
and sandstones and show strong deformation. The field structure is an asymmetric
NE-trending anticline, disrupted by faults within the Bozashy arch (Fig. 1).

latitude, degrees

elevation, m

longitude, degrres
Fig. 1 — Location of the study area and the main tectonic structures. Background is relief from
GMRT (Shi, et al, 2019).
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Meso-Cenozoic strata include Triassic to Quaternary deposits. Middle Jurassic
clastic sediments (J-I and J-II horizons) and Lower Cretaceous formations (A—D
horizons) form the main reservoirs. These feature interbedded sands, siltstones,
and clays of varying thickness and depositional environments (lacustrine, deltaic,
marine).

The region is tectonically active, with the Bozashi North fault displacing blocks
by up to 100 m. Secondary fault systems indicate changes in stress regimes between
the Jurassic and Cretaceous periods (Figs. 2, 3). The structure is divided into ~14

blocks, with productive zones controlled by both structural features and reservoir
facies.

Structural map of the J-ll horizon roof
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Fig. 2 — North Bozashi field integrated geologic model: a) general lithology-stratigraphic section;
b) J-1I horizon top structure map; c) geologic section along the line I-II (Turkov, et al, 2020).

97 Number of GPS station

! f 7 GN-34 Number of the combined levelling and gravimetric station
IS i f‘ - / I——1 Levelling profile
o e / / _ VIl Tectonic discontinuity (faults) - the boundary between

vi blocks, block numbers
——  The longest tectonic fault
Boundary of the Northern Bozashy licence contour

Fig. 3 — Geodynamic polygon at the North Bozashi field. The term «geodynamic polygon»
(abbreviated as GDP) refers to a purposefully selected area where a complex of regular geodetic and
gravimetric observations is conducted, aimed at quantitatively determining the deformations of the
Earth’s surface and changes in the local gravitational field.
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Materials and methods. In 2007, a geodynamic monitoring polygon was
established at the Bozashi North oil and gas field to study natural and anthropogenic
deformation processes and their links to field development (Fig. 3). The monitoring
program employed a suite of complementary geodetic and geophysical methods,
enabling cross-validation and reliable identification of deformation anomalies.

The monitoring aimed to assess:

» Activity of fault systems potentially affected by field operations (Abetov, et
al, 2021; Abetov, et al, 2019);

* Amplitudes of vertical and horizontal displacements due to subsurface
processes such as pressure decline, reservoir compaction, and heterogeneous rock
properties (Hubbert, et al, 1959; Kashnikov, et al, 2007; Nesterenko, et al, 2017;
Kazhgeldin, et al, 1996; Sonich, et al, 1997).

The primary methods included:

» Repeated high-accuracy leveling (Class II);

* High-precision GPS measurements;

» Gravimetric observations;

» Radar Interferometry (InSAR).

From 2007 to 2014, 13 full monitoring cycles were conducted, with biannual
observations. Between 2013 and 2016, a GNSS network was deployed to support
continuous coordinate tracking at reference stations.

High-Precision Leveling. Leveling was conducted along the 24.2 km profile
1-1, covering 32 stations using LEICA DNA 03 digital level. RMS error was within
+0.8—1.0 mm/km, ensuring high consistency between cycles.

GPS Measurements. A network of six GNSS stations was installed to monitor
deformation across zones with different production intensities. Equipment included
multi-frequency receivers (Trimble R7, R5) and GNSS Choke Ring antennas. Field
data were processed in Trimble Business Center for QC and Topcon Tools for final
analysis. Typical RMS errors were £0.9 mm horizontally and £1.0 mm vertically.

Gravimetric Measurements. Gravimetric stations (104 total) were co-located
with leveling sites and measured using SCINTREX CG-5 “AUTOGRAV”
gravimeters. Sessions involved simultaneous readings at two instruments, with
multiple 40-second measurements per site. Gravity differences within sets did
not exceed 0.005 milligal. Processing accounted for microseismic noise and tidal
effects, and included control measurements for quality assurance (Eppelbaum ,
2015; Gadirov, et al, 2012; Veselov, 1986).

Satellite Radar Interferometry. Since 2014, COSMO-SkyMed satellite data
(e-GEOS, Italy) have been used for InSAR monitoring. Processing used the
SARscape software (Exelis VIS, USA) and the Small Baseline Subset (SBaS)
technique to track surface deformation trends in near-real time (Karegar, et al,
2015; Umirova, et al, 2015).

Results. Terrain deformations based on repeated high-precision leveling.
Repeated leveling along the I-1 profile, which spans ~20 km west to east across the
Bozashi North field, revealed a pronounced central subsidence zone. This segment
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coincides with the main cluster of production wells and shows a maximum surface
drop of 81.5 mm over 10 years (Fig. 5).

At the profile’s flanks, particularly near injection wells (e.g., NB753, NB14),
stations recorded uplift up to 40.5 mm—attributed to reservoir pressure support via
water injection. The average subsidence rate along the profile is 7.9 mm/year, with
rates increasing proportionally to cumulative production volumes. This indicates non-
linear and spatially variable deformation, driven by uneven hydrocarbon withdrawal.
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GPS-Based Terrain Deformations. GPS monitoring from 2007 to 2017 (cycles
1-14) shows clear subsidence in the field’s center and uplift along its structural
wings (Fig. 6).

Key findings:

1. Vertical displacements ranged from +115.5 mm to —58 mm.

2. Maximum subsidence overlaps with high-density production zones.

3. Surface movements exhibit a block-like distribution, aligned with structural
elements.

4. Horizontal movements showed a steady trend, averaging 139 mm over 10
years, with a maximum of 35.1 mm at GPS19.

These patterns suggest surface deformation is largely driven by technogenic
effects, particularly intensive production activity.
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Across the 10-year observation period, accumulated horizontal displacements
maintain relatively modest rates, averaging at 139 mm. The maximum horizontal
displacement value recorded from July 2007 to July 2017 is 35.1 mm (as observed
at GPS19).

It is interesting that the maximum amplitudes of surface subsidence at the
Bozashi North field, according to GNSS monitoring data, occur in the area with the
highest concentration of wells with the most accumulated oil and gas production.
Consequently, the observed area of relative subsidence of the terrain may be
associated with the influence of technogenic processes.

Terrain deformations from Space Radar Monitoring. Geodynamic studies at
the Bozashi North oil and gas field included methods of remote sensing of the
Earth. Throughout the monitoring period, a total of twenty-three satellite images
were collected. Specifically, space radar imagery was procured for this field and its
adjacent regions from the COSMO-SkyMed satellite, covering the span between
September 17, 2013, and November 10, 2014.

The employment of interferometric processing of radar satellite images made it
possible to identify displacements and deformations of the surface at the Bozashi
North field, and to obtain an idea of the dynamics of movements of this surface over
a certain period of time.

During the data processing and interpretation of radar satellite images along
profile line I-1, two distinct graphs outlining vertical surface displacements were
constructed (as depicted in Figure 7):
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1) One graph was established based on the radar survey data acquired from
Cosmo SkyMed within the timeframe of October 2013 to May 2014.

2) The other graph was derived from leveling data collected during the period
spanning from September 17, 2013, to May 30, 2014.

Comparison of ground-based instrumental and remote sensing observations
along line I-I revealed a high degree of convergence (Fig. 7).

The maximum discrepancy in the amplitudes of vertical movements over
the observation period (9 months) was recorded at the line ends at the stations
GN103 (9.9 mm) and GNO91 (3.7 mm). Thus, according to the results of InSAR,
the instability of the initial levelling station along the profile I-1 is detected. This
circumstance needs additional study.
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Summarizing the above mentioned, the results of processing the 30-pass radar
survey carried out on the Bozashi North field between 17.09.2013 and 30.05.2014
are in fairly reliable agreement with the results of repeated satellite observations
performed in 11 (October 2013) and 12 (May 2014) cycles of geodynamic
monitoring.

Consequently, the convergence of the results of daily surface displacements
over the same period obtained by two independent methods has been revealed. The
difference in values is within the limits of permissible errors of measurements and
observations, and can be explained by different dates of obtaining information at
one point or another.

For this reason, radar surveys can gradually become a key source of obtaining
reliable information on vertical displacements of the earth’s surface and, if
not completely replace levelling, then reduce the volume of the labor-intensive
terrestrial method (Aimaiti, et al, 2016; Hu, et al, 2020).

At the same time, the use of geodetic observations along the line I-I to control the
unfavorable events of geodynamic processes on the surface not always advisable
due to their high cost, significant time duration, and the large area of the Bozashi
North oil and gas field (Nusipov, et al, 2004; Zemtsova, et al, 2012).
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In this case, it is logically justified to control the dynamics displacement of the
earth’s surface by satellite observations - determination of the position of stations
of the global navigation satellite network, differential interferometry technology,
etc. (Shi, et al, 2019; Staniewicz, et al, 2020).

Terrain deformations through high-precision gravimetric measurements. Over
14 cycles (2007-2017), 104 gravity stations revealed substantial variation in the
gravity field (Fig. 8):

* Positive anomalies dominated the western and central parts of the field (up to
+68.2 nGal, max at GN39), linked to rock compaction and fluid injection.

» Negative anomalies appeared in eastern and northern zones, potentially due to
excessive extraction and insufficient injection.

* Gravity changes range from —20.3 pGal to +68.2 pGal and align with zones of
vertical displacement, reflecting structural segmentation.

The gravitational field, known for its exceptional sensitivity to environmental
changes, displays a notable response with an increase in values at monitoring
stations due to the technogenic effects on the geological formation. An additional
contributor to this increase in gravity values may stem from the influence of injected
fluids to maintain reservoir pressure

Since fluid injection into productive formations is not uniform across the field,
it is plausible that the negative impact of hydrocarbon production may overshadow
the effects of reservoir rock compaction in the spatial distribution of gravity
variation anomalies.

Fig.8 — Map of gravity variations in the territory of the North Bozashi field based on results of
gravimetric measurements for 10 years.

Thus, assessing the results over a long-time interval (cycles 1-14), it can be
assumed that hydrocarbon production is accompanied by subsequent deformation
(compaction) of reservoir rocks, which is expressed in increased gravity values.
Additionally, the injection of fluids into these formations may contribute to this
phenomenon, given that water has a higher density compared to oil.

An analysis of the spatiotemporal changes in gravity variations from 2007 to
2017 yields the following conclusions:

1) The Bozashi North field predominantly exhibits a positive background of
gravity variations. This background undergoes non-linear changes over time, with a
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prevailing inclination towards increasing gravity values. Over the 1-14 observation
period, accumulated gravity values escalated to 68.2 nGal.

2) The distribution of gravity variations across the field follows a distinct block
pattern, marked by high-gradient shifts at block boundaries, mirroring the zones of
pronounced changes in contemporary vertical movements of the Earth’s surface.

3) Evidently, the principal cause behind the gravity variations at the Bozashi
North field is linked to hydrocarbon production, the injection of reagents into
development horizons, and the complex structural and tectonic makeup, all of
which contribute to the block distribution of gravity variation anomalies.

Modeling surface deformation based on high-precision gravimetric and geodetic
data. Combining leveling, GPS, gravity, and production data, surface deformation
modeling along profile I-1 reveals:

* Maximum subsidence at GN88 (—81.5 mm) corresponds closely with GPS41
(—46 mm).

 Consistent reduction in subsidence towards the eastern edge of the profile
correlates with rising reservoir pressures from active injection (Fig. 9).

Gravity anomalies also track production intensity. For instance, Aga increases
up to +36.3 pGal near GN58 (compaction + injection), then declines to —27.1 pGal
near GN91 (high production, low injection).

Such correlations confirm that surface deformation is tightly coupled to field
development parameters, especially in heavy-oil, shallow, terrigenous, and faulted
TEServoirs.
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Combining leveling, GPS, gravity, and production data, surface deformation
modeling along profile I-I reveals:

* Maximum subsidence at GN88 (—81.5 mm) corresponds closely with GPS41
(—46 mm).

* Consistent reduction in subsidence towards the eastern edge of the profile
correlates with rising reservoir pressures from active injection (Fig. 9).

Gravity anomalies also track production intensity. For instance, Aga increases
up to +36.3 pGal near GN58 (compaction + injection), then declines to —27.1 pGal
near GNI1 (high production, low injection).

Such correlations confirm that surface deformation is tightly coupled to field
development parameters, especially in heavy-oil, shallow, terrigenous, and faulted
TeServoirs.

Between 2011 and 2017, wells within the subsidence zone showed:

* —28% in oil production

* —61.2% in gas production

* +17.6% in water cut

* +128% in fluid injection, which failed to fully offset production-related
compaction.

Average oil and gas output per well declined by 46.2% and 48.7%, respectively.

The integration of leveling, GNSS, gravimetry, and satellite data provides
a comprehensive understanding of surface deformation at the Bozashi North
field. These deformations are clearly linked to production and pressure support
operations, underscoring the need for continuous geodynamic monitoring in
managing reservoir integrity and long-term productivity.

Discussion. To better understand surface deformation at the Bozashi North
field, a comparative analysis was conducted involving 17 foreign hydrocarbon
fields known for subsidence. These analogs helped validate the mechanisms of
deformation observed in Bozashi.

Surface subsidence is common during prolonged field development, typically
ranging between 1-2 cm/year, with cumulative subsidence usually within tens
of centimeters. More severe cases can reach several meters, causing damage to
infrastructure and triggering seismic activity.

Notable international examples:

* Wilmington (USA): Up to 8.7 m of subsidence over 40 years, attributed to
reservoir compaction due to pressure loss.

* Ekofisk (Norway): Subsea floor subsided by up to 4.4 m over several decades;
caused by increased effective stress in overlying rocks.

* Inglewood (USA): Subsidence up to 1.7 m over 50 years; deformation
correlated with extraction volumes.

These cases reveal a consistent pattern: subsidence is most pronounced in
structurally elevated zones with intensive production. At Bozashi North, similar
deformation was observed—maximum subsidence in the structural crest,
diminishing toward the flanks, with some uplift in injection zones.
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Across the reviewed fields, reservoir rocks typically consist of unconsolidated
or weakly consolidated sands, gravels, and siltstones with high porosity (20-35%)
and permeability (up to 2000 mD). Bozashi North is comparable, with porosity up
to 34% and permeability between 0.106—0.365 um?.

Most foreign analogs feature structural traps and complex fault systems, leading
to block segmentation and variable reservoir behavior. Bozashi North mirrors this,
being divided into 14 fault-bounded blocks.

Depths of productive intervals across fields vary widely:

* Bozashi North: 320-522 m

 Ekofisk: up to 3000 m

* Wilmington, Surakhani, Shebelinskoye: 180—-1900+ m Yet in all cases,
subsidence tends to affect shallow, productive intervals first.

Subsidence rates also vary:

» Wilmington, Ekofisk: ~0.2 m/year

* Inglewood, Surakhani: 0.03—0.05 m/year

* Bozashi North: up to 0.08 m/year over 10 years

At Inglewood and Ekofisk, central compression and peripheral tension were
observed—patterns mirrored at Bozashi, where subsidence affects the crest and
uplifts occur on the flanks.

This comparative analysis confirms that Bozashi’s subsidence arises from both
natural and technogenic factors. Key contributors include:

* Shallow, high-porosity reservoirs with significant lateral heterogeneity;

 Extensive production concentrated in structural highs;

» Uneven fluid injection and varying reservoir pressures;

* Fault segmentation and block movement potential.

These combined effects heighten the risk of induced tectonic responses—such
as reactivated faults, surface ruptures, or localized seismicity—underscoring the
importance of continuous monitoring and adaptive reservoir management.

Geodynamic Risk Factors at the Bozashi North Field. Several inherent geological
features contribute to elevated geodynamic risks:

» Large field size (20 x 6 km): Increases the number of tectonic blocks and
faults, raising the potential for seismic deformation.

* Block structure and fault density: The field is segmented into 14 tectonic
blocks by a dense fault network, leading to localized stress variations.

* Shallow reservoirs: Productive Jurassic and Cretaceous intervals occur at
shallow depths (340-470 m), accelerating surface deformation.

» Thick pay zones: Combined thickness of productive layers exceeds 100 m
(e.g., A-D, J-1, J-II), amplifying compaction risks.

» Seismic context: Located in a seismically active area (up to M5.6 nearby),
though in-field seismological monitoring is lacking.

» Weakly consolidated rocks: Sands and siltstones in pay zones are prone to
compaction, subsidence, and displacement.
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» Heterogeneous lithology: Variations in physical and mechanical properties
across the field lead to uneven compaction and surface deformation.

* Good reservoir quality: High porosity and permeability facilitate fluid flow
but also increase susceptibility to compaction.

Trigger mechanisms:

» Stress accumulation at block boundaries due to contrasts in rock properties.

* Field development releases built-up stress, especially near active faults.

» Maximum surface subsidence is expected along tectonic block boundaries.

Technogenic Factors or Anthropogenic activities further intensify geodynamic
risks:

* Intensive long-term production: Nearly 70 million tons of oil extracted by
2014 has significantly disturbed local stress fields.

* Uneven production: Irregular hydrocarbon withdrawal disrupts the
geomechanical balance and induces differential subsidence.

* Fluid injection: Over 52 million m? of water injected for pressure maintenance
introduces additional stress, especially if fluids enter fault zones, potentially
reducing friction and triggering fault movement.

* Induced seismicity: Active production and injection near fault zones in a
naturally seismic area increase the risk of anthropogenic seismic events.

Technogenic Triggers of Geodynamic Risks and Induced Seismicity. The
interaction between technogenic activities and the geological environment at the
Bozashi North field contributes to stress field redistribution, leading to surface
deformation—subsidence in the structural crest and uplift at the flanks.

Subsidence is frequently accompanied by induced seismicity—microseismic
events or tremors triggered by human activity, such as hydrocarbon extraction or
fluid injection. These events reflect the release of stored tectonic stress, possibly
accelerated by field development, though the precise cause-effect relationship
remains under study.

Observed patterns of induced seismicity include:

* Most induced earthquakes are moderate (M 3.5—4.5), with stronger events (M
> 4.5) typically occurring below or adjacent to hydrocarbon fields.

* Epicenters often align with pre-existing faults in accordance with the regional
stress field and are triggered by anthropogenic changes such as pressure drops or
fluid migration.

Five Models of Induced Seismicity Formation:

1. Fluid Injection: Documented in the USA and Canada, high-pressure water
injection near fault zones can exceed rock strength and initiate seismicity.

2. Subsidence-Driven Fault Slip: Large-scale subsidence (e.g., Wilmington,
USA) induces horizontal fault movement, generating M 3.5-4.5 quakes.

3. Caprock Deformation: Severe pressure depletion beneath a rigid caprock can
lead to brittle failure and seismicity within the caprock (M < 4).

4. Stress Rebalancing from Extraction:
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o Oil fields: Extraction without pressure support (e.g., Coalinga, USA) reduces
load on deeper formations, causing M > 5 events.

o Gas fields: Replacing gas with denser brine increases loading on already
stressed rocks, as seen in Gazli (Uzbekistan), where M > 6 quakes occurred.

5. Hydrogeological Effects: Fluid migration along permeable faults reduces
friction and triggers earthquakes in overstressed zones.

Timing: Seismicity can occur from 2 to 87 years after production begins (e.g.,
Strachan gas field in 2 years; Coalinga oil field after 87).

Seismicity by Depth and Location:

A. Caprock Interval: Example is Lacq (France), where pressure reduction
deformed the caprock overlying the gas reservoir, triggering seismicity.

B. Productive Reservoir Interval examples:

» Extraction-induced: Fashing and Imogene (USA) gas fields.

* Injection-induced: Rangely (USA), where water injection increased pore
pressure >170 bar above original, and Cogdell (USA), where seismicity followed
fluid pressure exceeding hydrostatic gradients.

In both cases, imbalance between fluid extracted and injected, or excessive
injection pressures, led to seismic events.

C. Beneath Reservoirs examples:

* Gazli (Uzbekistan): Injection of 600 million m* water led to deep, destructive
earthquakes.

» Strachan (Canada): Pressure depletion in the gas reservoir caused fault
reactivation in the Precambrian basement.

Induced seismicity at hydrocarbon fields, including Bozashi North, arises from
both extraction and injection operations. When pore pressure increases or rock
stress balance is disrupted—especially near faults—seismicity can be triggered.
Monitoring, modeling, and controlled reservoir management are key to mitigating
these risks.

Conclusions. This study presents the results of a decade-long geodynamic
monitoring program at the Bozashi North field, aimed at identifying and analyzing
the emergence of seismic-deformation processes of both natural and anthropogenic
origin.

Extensive data from Kazakhstan and international analogs were analyzed to
assess:

* Activation potential of fault systems during hydrocarbon development;

* Modern vertical and horizontal surface movements linked to production,
reservoir pressure decline, and heterogeneous reservoir properties;

* Localized rock compaction processes within productive horizons contributing
to broader deformation.

Key findings at Bozashi North include:

* Persistent subsidence in the field’s crest, confirmed by GPS and leveling data,
corresponds to high production zones and declining reservoir pressure.
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» Uplift at the field’s periphery is linked to water injection and pressure increases
in sparsely drilled zones.

* Gravity anomalies correlate with hydrocarbon extraction and fluid injection
volumes, revealing the impact of reservoir dynamics on the gravitational field.

» Strong agreement between instrumental and satellite-based monitoring
confirms the reliability of results, with discrepancies attributed to permissible
measurement errors and observation timing.

The robustness of the findings was reinforced through integrated interpretation
and modeling of geological, geophysical, and production data, taking into account
measurement frequency, duration, and spatial coverage.

This research highlights the importance of systematic, long-term geodynamic
monitoring in detecting early signs of surface deformation. In contrast, short-term
or irregular observations limit the ability to assess and forecast such changes.

Although most geodynamic indicators at Bozashi North are of moderate intensity,
certain zones show elevated risk levels. These are driven by the combined effects of
natural block structure and technogenic activities, such as uneven production and
fluid injection.

In conclusion, hydrocarbon extraction and water injection are the primary
drivers of subsidence and uplift. The observed block-structured distribution of
vertical and horizontal movements is shaped by both reservoir compaction and
tectonic segmentation, confirming the multifactorial nature of geodynamic risks at
the field.
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