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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pephepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The development of hard-to-recover oil reserves in
tight fractured terrigenous reservoirs remains a major challenge for the oil and
gas industry of Western Kazakhstan due to low matrix permeability, complex
mineral composition, and unfavorable geomechanical conditions. Objective.
This study aims to precisely substantiate the selection of an effective stimulation
technology for a newly discovered, deeply buried fractured terrigenous reservoir
through an integrated laboratory and geomechanical assessment. Methods. A
multidisciplinary workflow was applied, including X-ray computed tomography,
lithological and petrographic analyses, scanning electron microscopy with
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energy-dispersive spectroscopy, geomechanical testing, acid—rock interaction
studies, and dynamic filtration experiments under reservoir conditions. Results.
CT imaging revealed that fluid flow is controlled predominantly by a network
of vertical and subvertical fractures, whereas effective intergranular porosity is
negligible. Geomechanical modeling indicated a reverse stress regime at depth,
which limits the effectiveness of conventional hydraulic fracturing because of
the tendency to generate horizontal fractures rather than vertical ones under high
breakdown pressures. Detailed laboratory experiments performed on 117 core
samples demonstrated that HF-based acid systems promote the rapid formation of
secondary precipitates, including calcium fluorides and fluorosilicates, resulting
in severe pore-space blockage and permeability impairment within the matrix.
In contrast, an optimized 12 % hydrochloric acid solution selectively dissolved
calcite fracture fillings with minimal secondary mineral precipitation. Dynamic
core-flooding tests, conducted under realistic reservoir temperatures and confining
pressures, confirmed a substantial permeability enhancement of fractured samples,
from 0.3x107 to 330x10° um?. Conclusions. The primary scientific novelty of
this study lies in the comprehensive integration of tomographic, mineralogical,
geomechanical, and filtration data to establish a scientifically grounded framework
for stimulation technology selection. The findings demonstrate that hydrochloric
acid treatment is a highly effective alternative to hydraulic fracturing in fractured
terrigenous reservoirs and provide critical practical guidance for the development
of'analogous tight sandstone reservoirs under similar geological and geomechanical
conditions.

Keywords: fractured terrigenous reservoir, hydrochloric acid treatment,
geomechanical modeling, reverse stress mode, oil production intensification
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AHHOTAUUsA. Oszexminici. THIFBPI3 KAPBIKIIAKTHl TEPPUTCHIIK KOJUIEKTOPFa
KOJIJIGKTOpJIapFa IIOFBIPIIaHFaH KUBIH OHIIPIJIETIH MyHall KopiapbiH urepy barsic
KazakcraHHbIH MyHaii-ra3 cajachlHIAFbl €H ©3€KTi MacelenepiHiH Oipi OobIm
TaOpuiazpl. MyHIAl OOBEKTiNEpAl WTepyIdiH THIMIUIITT MaTpPUIAHBIH TOMEH
OTIMJIITIITIMEH, Tay >KBIHBICTAPBIHBIH KYPIEIl MHHEPAIIbIK KYpPaMbIMEH JXOHE
KOJIAliChI3 TEOMEXaHUKAIBIK JKarJaiiapMeH aiTapibIKTail KypaeleHe TyCei.
Maxcamei. KemeHni 3epTxXaHaiblK jKOHE T'€OMEXaHUKANBIK Taljay HeTi3iHIe
KaHa JKapBIKIIAKTHl TEPPUTCHIIIK KOJUIEKTOP YIIH OHIMAUIKTI BIHTAJIAHIBIPY
TEXHOJIOTHSICBIH TaHIAy[Ibl FBUIBIMH TYPIE IQJEIeY OCHI 3€PTTEYHiH MaKCaThI
00T TaOBLTAABL. Odicmepi. KOWBIIFaH MIHAETTI IICNTY YIIiH KeJieci MoHAPabIK
ToCUIIep KOJNIAHBLIIBI, PEHTTEHIIK KOMITBIOTEPIIIK TOMOTpadus, TUTOIOT HsITBIK-
neTporpadusIIbIK 3epTTeyIep, SHEPTUsi-TUCTICPCHSUTBIK TAJIAAy bl 0ap CKaHepIIeyIi
AIIEKTPOH 1B MUKPO CKOTIHSI, T€OMEXaHUKAIIBIK CBIHAKTAP, KBIIIKBIIIBIK JKYHEepaiH
epIrimTITiH 3epTTey JKOHE KalaT jKarJaaiIapblHAaFkl THHAMUKAJBIK CY3UITIIITIK
sKcniepuMeHTTepi. Homuowcenepi. KommbroTepiiik ToMorpadus HOTHXKEIepi Kadbar
(duronaTepiHiy Cy3iMyl HETI3IHEH TIK JKOHE CyOBEpPTHKANIbIbI JKapBIKIIAKTAP
XKylieciMeH OaKblUTaHATBIHBIH, aJl THIM/II TYHIpITiKapalblK KEYSKTUTIKTIH iC )KY3iHIe
KOK eKeHJIITIH KopceTTi. [ eoMexaHnKabIK MOJIENb/IeY Kepi KepHeyli KyHIiH 6ap
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eKEeHIH JJoJIeN/Ie i, 0yJ1 HeT131HeH Kol IeHEeH XKapbIKIIaKTap IbIH TY31Tyi caniapblHaH
Ka0aTThl THIPABIUKAIBIK JKapyAblH ASCTYPJi OAICIHIH THIMIUITIH IIEKTEHIi.
Kepnniyg 117 ynriciame ®ypri3iireH cTaTUKajibIK 3epTTeyiep Kypambinaarsl HF-
KBIIIKBUIBIHBIH KYHeaepi Kaiabluid (Topuai MeH (TOpOCHIIMKATTApIbIH KalTa
MeTIHAUIEPIHIH TY31Tyi, KeyeK KeHICTITiHIH OiTenyiHe oKeNeTiHiH KopceTTi. OFan
Kaparaana, 12 % Ty3 KbIIIKBUIBIHBIH CYIBI €pITiHAICI KaiTa merinainep Ty30ew,
YKAPBIKIIAKTAP/IBIH KaJBIUTTI TONTHIPFBINITAPBIH IPIKTEN epiTyli KamMTamachl3
ereqi. JMHAMUKaJIBIK CY3UITIIITIK 3KCIEPUMEHTTEP]l IKApBIKIIAKTHl YITiHIH
etimmainiria 0,3x107° mxm?*-ger 330x10° MxM>-re JeiiH apTKaHBIH PacTaibl.
Kopvimuinowl. JKYMBICTBIH FBUTBIMHE KaHAJBIFbI — Ka0aTKa acep €Ty TEXHOJOTHUSCHIH
TaHJay/pl HEri3ey YIIiH ToOMOrpadusblK, MHHEPAIOIHsUIbIK, T€OMEXaHHKAJIbIK
XKoHe (DUIBTPAIUSIIBIK MAJIIMETTEpli OipiKTipyne >KaThIp. AJBIHFaH HOTIDKEIEp
CEJIeKTHBTI TY3-KBIIIKBUIBIMEH OHJICYIIH JKOFaphl THIMIITITIH KOpPCETel XoHE
YKCaC TEOJIOTUSIBIK-TEOMEXaHUKAIIBIK YKaFJIalIapbl YKCAC THIFbI3 YKAPBIKIIAKTHI
TEPPUTEH/IIK KOJUIEKTOPJIApIbl UTEPy Ke3iHe KOJMAaHbITYbl MYMKIiH.

Tyl ce3mep: >XapbIKIIAKTHI TEPPUTCHJIIK KOJJICKTOP, TY3-KbIIIKBUIBIMEH
OHJICY, TCOMEXaHHMKAIBIK MOIETBILY, Kepi KEpHEY pekuMi, MyHall eHIipymi
KApKBIHJATY
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AnHoTanusa. AxmyanvHocms. Pa3paboTka TpPyZHOU3BIEKAEMBIX 3aracoB
He(TH, TPUYPOUCHHBIX K TUIOTHBIM TPEIIMHOBATHEIM TEPPHUTEHHBIM KOJIIEKTOPaM,
SIBIIICTCS OJHOW W3 aKTyallbHBIX 3a7a4 He]Tera3oBoil oTpaciu 3amagHoro
Kazaxcrana. DQdexkTtuBHOE OCBOEHHE TIOMOOHBIX OOBEKTOB CYIIECTBEHHO
OCJIOXKHSIETCS HU3KOW MAaTPUYHOM MPOHMUIIAEMOCTBIO, CIOKHBIM MHUHEPATHHBIM
COCTaBOM TIOPOJT W HEOJArompusATHBIMA TE€OMEXaHHYECKHUMH YCIOBHUSMHU.
Llenv. HayuHo o00OCHOBaTh BBIOOP TEXHOJIOTHH HMHTEHCHU(DUKAIMH IPUTOKA
Ul TJIOTHOTO — TPELIMHOBATOTO TEPPUTECHHOTO  KOJJICKTOpa Ha OCHOBE
KOMITJIEKCHOTO JTA0OpaTOpHOTO M TEOMEXaHWYeCcKOoTo aHanmmza. Memoowr. Jlns
pelIeHUs] TOCTAaBJIEHHOW 3aJauyd TNPUMEHEH MEXIUCUUIUIMHAPHBIA MOAXOM,
BKJIFOUAIONIMA PEHTTCHOBCKYIO0 KoMmTmbioTepHyto Tomorpaduto (KT), mmromoro-
neTporpaduuecKkre UCCIeOBaHUS, CKAHUPYIONLYIO SJICKTPOHHYIO MUKPOCKOIHIO
C  DSHepromucnepcuoHHsM  aHaimm3oM  (SEM-EDS), reomexanudeckue
WCIIBITAHUS, WCCIIEIOBAHUS PACTBOPSIONICH CIMOCOOHOCTH KHCIOTHBIX CHCTEM
U JUHAMHUYECKHE (UIIBTPAI[MOHHBIC SKCIEPUMEHTHI B IJIACTOBBIX YCIOBUSIX.
Pesynomamuor. 1lo pmanasiMm KT ycTaHoBIeHO, 9TO (UIBTpAIus IUIACTOBBIX
(IFOUIOB  KOHTPOJIMPYETCS TPEUMYIIECTBEHHO CHCTEMOW BEPTHKAJIBHBIX U
CyOBEpTHKANBHBIX TPEIINH, TOTHa Kak d(dexTuBHas MexK3epHOBas MOPUCTOCTh
MPAKTUYECKH OTCYTCTBYET. |eOMEeXaHWYeCKOe MOICIUPOBAHNE TTOATBEPIUIIO
HaJIW4YMe peBepcHOro HampspkéHHOro coctosHus (Sv < Shmin < SHmax),
OTpaHUYMBAIONIETO dPPEKTUBHOCTH TPATUIIMOHHOTO THUAPABINYECKOTO Pa3phIBa
ImacTa BCJCICTBUE MPEUMYIISCTBEHHOTO (OPMUPOBAHUS TOPU3OHTAIBHBIX
TpemmH. Crarndeckue uccinenoBanus 117 oOpasnoB kepHa mokasanu, 9yto HF-
coNlep KaIllie KHUCJIOTHBIE CHCTEMBI BBI3BIBAIOT HMHTCHCHUBHOE OOpa30BaHUE
BTOPUYHBIX OCaJKoB (ropuaa kamplus U (TOPOCWIMKATOB, MPUBOISAIIMX K
KOJIBMATaIM¥ MTOPOBOTO MPOCTpaHCTBA. B oTnmumne ot HuX, 12 %-HbIH BOTHBIN
PaCTBOP COISTHOW KMCIIOTHI 00€CIIEYNBACT CEJICKTUBHOE PACTBOPEHUE KATBIIUTOBOTO
3aIlOIHEHUsT TpeulnH 0e3 00pa30BaHMs 3HAYMTEIHHOTO KOJIMYECTBAa BTOPHYHBIX
ocaskoB. JluHamuueckue (UIBTPAIIMOHHBIC 3KCIICPUMEHTBI  IMOATBEPIUIN
yBeJIMUCHHE MPOHUIIAeMOCTH TpenuHoBaroro odpasma ¢ 0,3 x 1073 mo 330 x 1073
MKM?, Bb1600vi. HayuHas HOBH3HA WCCIIEIOBAHMS 3aKIIOYACTCS B KOMIUICKCHOM
WHTErpaluil  TOMOrpapUuecKnX, MHUHEPAJIOTHYEeCKUX, TEeOMEXaHUYEeCKUX U
(MIBTPAIIMOHHBIX JAHHBIX JUTSI 00OCHOBAaHUS BHIOOPA TEXHOJOTHH BO3EHCTBHS
Ha r1act. [loy4eHHbIe pe3ylibTaThl CBUACTEIBCTBYIOT O BRICOKOW A(h(hDeKTUBHOCTH
CEJIEKTHBHOW COJITHOKHCIIOTHON OOpa0OTKH W MOTYT OBITh HCIIOJIb30BaHbI IPHU
pa3paboTKe TMJIOTHBIX TPEIIMHOBATHIX TEPPUTCHHBIX KOJJICKTOPOB CO CXOIHBIMH
re0JIOr0-reOMEXaHUYECKUMU YCIIOBUSIMHU.

KurueBbie cji0Ba: TpPEIIMHOBAaTBI TEPPUIrE€HHBIA KOJUIEKTOP, COJISIHO-
KHCIIOTHasE 00paboTKa, TeOMEXaHMYEeCKOe MOJICTUPOBAHUE, PEBEPCHBIM PEKUM
HaIpsDKESHUH, MHTEHCH(DHUKAITUS JOOBIYH HEPTH

Introduction. Development of hard-to-recover reserves in low-permeability
fractured reservoirs is a priority for Western Kazakhstan. Conventional production
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methods are ineffective due to low matrix permeability, complex geology, and
secondary mineralization.

In fractured reservoirs, natural fractures are the main flow paths. However,
their conductivity is often reduced by calcite filling during secondary processes.

This study aims to substantiate stimulation technology for fractured terrigenous
reservoirs using integrated laboratory and geomechanical analysis. The novelty is
in linking CT, SEM-EDS, geomechanical and filtration data to select acid treatment
and prevent secondary damage.

The following methods were used: X-ray computed tomography, SEM-EDS
analysis, geomechanical testing, and dynamic filtration of acid systems under
reservoir conditions.2. Literature Review.

Literature review. Effective development of low-permeability reservoirs
requires overcoming high filtration resistance. The two main stimulation methods
are hydraulic fracturing and matrix acid treatments (Qassabi et al., 2022; Wei et
al., 2022).

The success of these methods depends on mineral composition, fracture
morphology, and the current stress state. For fractured reservoirs, an integrated
assessment of geological and geomechanical factors is required to select the
optimal technology.

Application of standard hydraulic fracturing in deep dense formations is often
limited by geomechanics. Under normal stress, fractures propagate vertically.
However, in regions with reverse stress regime S < Sh < SH ., injection
leads to horizontal fractures or bedding plane opening (Li et al., 2022; Li et al.,
2023). These fractures close rapidly under overburden pressure and provide poor
drainage, making conventional fracturing inefficient.

Matrix acid treatments are an alternative. HF/HCI blends are used to dissolve
silicates and clays (Gao et al., 2025). However, reaction of HF with polymict
sandstones forms secondary insoluble precipitates (Qamruzzaman et al., 2021;
Wei et al., 2022). Direct contact of HF with carbonates causes instant precipitation
of CaF2 with very low solubility (Bin et al., 2022):

CaCO3 + 2HF — CaF2| + H20 + CO27

This gel-like CaF2 together with fluorosilicates blocks pore throats and causes
colmatage (Zhang et al., 2020). To avoid this, pre-flush with HCI is recommended
(Xie et al., 2025 Gomaa et al., 2020).

For purely fractured reservoirs, HF is risky due to destruction of the silicate
framework. Therefore, selective treatments with HCI or organic acids are
discussed. HCI does not react with the quartz skeleton but effectively dissolves
calcite bridges in fractures, restoring conductivity without fluoride precipitation.

Despite extensive studies, there is a gap linking calcite dissolution kinetics
with geomechanical behavior under reverse stress. Most filtration models assume
isotropic matrix and are not applicable to fractured systems of Western Kazakhstan.
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This work proposes an interdisciplinary approach combining CT, geomechanical
analysis, and dynamic modeling.

Materials and Methods. Core samples were taken from a new deep deposit
in Western Kazakhstan. The reservoir consists of dense fine-grained polymict
sandstones and siltstones with carbonate-clay cement.

The key feature of the deposit is intense tectonic fracturing with almost no
matrix porosity. To avoid damage during transport, diagnostics were performed
directly in aluminum core tubes. The complex of lab studies included CT, SEM-
EDS, geomechanical tests, solubility tests, and filtration experiments.

X-ray CT and petrography: High-resolution CT-scan CTSKAN-300 (Core
Laboratories, USA) was used for 3D visualization of void space and fracture
geometry.

Geomechanical testing: Strength and elastic properties were measured on
Autolab 2000 (New England Research, USA) under triaxial and uniaxial loading at
reservoir pressures. Dynamic elastic moduli E and Poisson ratio v were calculated
from acoustic velocities Vp and Vs. Static moduli and rock strength were
measured at 5 MPa confining pressure. Dynamic moduli were also determined
under hydrostatic pressures of 5, 10, 15 MPa using 1 MHz ultrasonic sensors.

Dynamic Poisson ratio and Young's modulus were calculated using
acoustoelastic equations:

; _ Vp: _ 2'[.;3:
dyn EVP: _ Vj-:

PVP: ] [EV; _ 41);3)
Edy;-z = Vp: _ IJ;:

where p is bulk density, kg/m?3.

Acid solubility: Tests were done on 117 representative samples by gravimetric
method. Solutions tested: 6%, 9%, 12% HCIl; HCI/HF blends; and organic acid
systems with 3-5% retarders. All tests used fixed hydraulic module and temperature
for comparison. Secondary products were analyzed on SEM-EDS Quanta 650
(Thermo Fisher, USA).

Dynamic filtration: Performed on FDES-650 (LLC KEN Dynamics, USA)
under conditions close to reservoir.

Dynamic filtration procedure: Cylindrical cores with macroscopic cracks
sealed by secondary calcite were tested in 4 steps:

1. Thermobaric stabilization: T=85°C, P=15 MPa, backpressure 5 MPa to
simulate reservoir conditions.

2. Initial brine filtration: Formation water 28 g/L injected at 0.5 mL/min to
determine initial permeability.

3. Acid injection: 12% HCI with corrosion inhibitors and surfactants, 45 mL at
0.3 mL/min. Pressure drop AP recorded continuously.
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4. Final brine filtration: Formation water injected in forward and reverse
directions to assess change in crack conductivity and removal of reaction
products.3.1 Results

Results. Lithology: The reservoir consists of dense fine-grained silty polymict
sandstones and siltstones with carbonate-clay cement. Grains are angular to sub-
rounded with medium sorting.

Fracture system: CT scanning showed vertical and subvertical tectonic fractures.
A significant part is sealed by secondary calcite. Open conductive fractures have
dip angles of 30° to 80° and contain signs of mobile oil Figure 1. The main feature
is fractured-type filtration with extremely low matrix porosity.
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Figure 1. Fracture Geometry and Dip Angles Identified in Core Samples.

Geomechanical tests under triaxial loading were used to assess deformation
and strength for predicting bottomhole treatment behavior. Results are given in
Table 1.

Table 1. Results of Acoustic Wave Velocity Measurements Used for the Calculation of
Dynamic Young’s Modulus and Poisson’s Ratio.

Bul'k Confining Comprcssiogal- ShcarTWaVC ShcarTWavc Young’s Poisson’s
Density, Pressure, | Wave Velocity | VelocityVs,, | VelocityVs,, | Modulus Ratio (1)
x103%, kg/m? MPa (V), m/s m/s m/s (E), GPa

5 5915 3469 3450 78.4 0.240

2,643 10 5952 3510 3441 79.3 0.241

15 5999 3551 3451 80.5 0.242

5 5673 3310 3255 71.4 0.248

2,654 10 5684 3328 3239 71.5 0.250

15 5713 3328 3236 71.7 0.254
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Dynamic Young's modulus of 71.4-80.5 GPa indicates high stiffness and ability
to accumulate elastic stress. Low Poisson's ratio 0.240—0.254 shows limited ductility
and high brittleness. This combination forms a mechanically stable fractured massif
where behavior under hydraulic action depends mainly on the stressed state.

Table 2. Measured Static Bulk Modulus, Compressibility Coefficient, and Shear Modulus of the
Studied Reservoir Rocks.

Bxulll(;]’)lf;l/srgz/, Bulk é\}/[};):ulus, Compreisllgil;\}//[ ISd(ilefﬁclent, Shear Modulus, GPa
2.643 31.28 3.20 14.55
2.654 32.38 3.09 13.78
2.657 31.15 3.21 11.56
2.672 30.13 3.32 15.64

Ta6muma 3. Results of Uniaxial Compressive Strength (UCS) Testing of the Studied Reservoir

Rocks.
Sample Density, g/cm’® | Confining Pressure, MPa | Uniaxial Compressive Strength (c,), MPa
2.672 5 156.8
2.671 5 134.5
2.691 5 148.3
2.677 5 150.6
2.688 5 145.1

Compressive strength reaches 135—157 MPa, comparable to dense carbonates.
High strength combined with high Young's modulus means high energy is needed
to initiate and propagate fractures. This limits effectiveness of conventional
hydraulic fracturing and increases requirements for stimulation tech.

Based on elastic-strength data, logs and density, a 1D geomechanical model
was built. It allowed calculating current stress distribution, verifying the tectonic
regime Sv < Shmin < SHmax, and predicting geometry of artificial fractures under
hydraulic or acid treatment [Fig. 2-4].
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Figure 2. Representative Failure Pattern Observed During Uniaxial Compressive Strength
(UCS) Testing.
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Before After
Figure 3. Representative Core Sample Before and After Uniaxial Compressive Strength (UCS)
Testing.

Figure 4. Secondary Precipitation on the Rock Surface Induced by Treatment with an HF-
Containing Acid System.

The reservoir is in a pronounced reverse thrust tectonic regime: S <Sh, <SH
where vertical stress is the minimum.

Integration of elastic-strength data with density logs confirmed thisregime. Under
such conditions, fractures during hydraulic fracturing propagate perpendicular
to Sh, ., i.e. mainly in the horizontal plane. High-rate injection will not create
effective vertical drainage fractures. This confirms that conventional hydraulic
fracturing is ineffective for this deposit. Acid treatment targeting dissolution of
calcite-filled fractures is the preferred approach to restore conductivity without
creating new horizontal fractures.

This confirms that conventional hydraulic fracturing is ineffective for this
deposit. Acid treatment targeting dissolution of calcite-filled fractures is the
preferred approach to restore conductivity without creating new horizontal
fractures.
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Geomechanical modeling showed limited effectiveness of conventional
hydraulic fracturing. Due to reverse stress regime, injection causes opening of
bedding planes and microcracks instead of a vertical drainage channel. High rock
strength (apph>130 MPa) increases risk of premature proppant "stop".

Acid composition selection. Solubility tests on 117 cores were done to select
optimal HMO. Since the reservoir has carbonate-clay cement and calcite-filled
cracks, the goal was selective dissolution of calcite without destroying the silicate
skeleton.

HF/HCI blends: Caused destruction of both carbonate and silicate minerals.
SEM-EDS showed critical side effect: HF reacts with Ca in cement to instantly
precipitate CaF, with very low solubility:

CaCO, + 2HF — CaF,| + H,0 + CO,1

Innarrow fractures, local Ca** concentration rises and causes dense CaF , Na,SiF,
K,SiF, deposits. These seal pore throats and create colmatage barriers Figure 4.

HCI solutions: Testing 6%, 9%, 12% HCI showed controlled dissolution
kinetics. 12% HCI gave best results. It fully dissolves calcite to form highly
soluble CaCl.:

CaCO, + 2HCI — CaCl + H,0 + CO,1

SEM showed clean fracture walls with intact silicate framework. No secondary
precipitation.

Organic retardants: 3-5% acetic acid reduced corrosion at high T. Base solubility
was still controlled by HCI.

Results agree with (Mahmoud et al., 2020; Almubarak et al., 2022). HF systems
aggressively attack the rock but risk secondary precipitation. 12% HCI provides
selective calcite dissolution without secondary solids.

Comparative results are shown in Figure 5 — Acid System Effectiveness.
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Figure 5. Comparative Dissolution Efficiency of the Investigated Acid Systems.
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Key structural feature: Almost complete absence of matrix porosity. Traditional
matrix filtration is extremely poorly developed and cannot provide industrial oil
flow.

SEM-EDS and XRD results: Analysis confirmed polymict sandstones with
quartz, feldspar, calcite and clay minerals Figure 6. SEM-EDS confirmed that
CaF, precipitation is the main damage mechanism in HF-containing systems. This
supports using selective HCI treatments instead.

Fracture role: A significant part of tectonic cracks is sealed by secondary
calcite. Open conductive channels with oil saturation have dip angles 30° to 80°
and trace through the entire productive section. Fractures play a dominant role in
hydrocarbon migration and are the main filtration channels.

Dynamic filtration verification: Tests on cores with calcite-sealed cracks were
done with 12% HCL.

During the first minutes of contact, a short-term jump in AP occurred due to
active CO2 release and gas-liquid resistance (Jamin effect). As the acid front
progressed and calcite bridges dissolved, differential pressure dropped to minimal
stable values. This indicates acid breakthrough and restoration of fracture hydraulic
connectivity Figure 8-9.

/11 S

Figure 6. Mineralogical Composition of the Reservoir Rock Based on XRD and SEM-EDS
Analyses Prior to Acid Treatment.

Spectrum [0, % [C, % |Al, % |Si,% |K, % |[Na, % |Fe, % | Ti, % |Mg, % |Ca, % | Total, %
Spectrum 152,02 | 1,28 3,11 27,79 11,02 2,59 (2,63 |- 0,65 8,91 |[100
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Figure 7. EDS Characterization of Secondary Precipitates Formed Following Exposure to an HF-
Containing Acid System.

Spectrum Fe, % [Na, % |Al,% |Ca,% |[Si,% |CL % |F, % Total, %
Spectrum 1 - 2,31 6,93 (3429 |1,56 |4,36 [50,55 100

Dynamic filtration results:

Final filtration with model brine 28 g/L at 0.5 mL/min showed permeability
increase from 0.3x10—3 to 330x10—3 pum?.

That is a growth of >1,100 times.

This increase is not due to new channels, but to restoration of hydraulic
connectivity of previously calcitized natural cracks.

Conclusion: The main factor limiting productivity is mineralized filling of
cracks, not low matrix permeability.
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Figure 8. Comparison of Permeability Measurements Before and After Hydrochloric Acid
Treatment (HAT).
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Depth: 326.26 m

Fine-grained silty polymictic sandstone, brownish-gray in color, massive, dense, and mechanically
strong, cemented by a carbonate—clay matrix. A vertical fracture with an aperture of 0.7 mm is present,
partially healed by calcite and exhibiting an open-fracture character.

Water Permeability Before and After Hydrochloric Acid Treatment (HAT), X102 pm?

0.3 330.0

Figure 9. Results of Core-Flooding Experiments Demonstrating Fracture Conductivity
Enhancement Following Hydrochloric Acid Treatment.

Analysis of oil production rate Figure 10 shows steady increase in well
productivity. Cleaning of the fracture network from calcite allowed stable decrease
in water cut and multiple increase in productivity coefficient.

Average production before and after wellwork
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Figure 10. Well results before and after RMS.

Field data correlate with lab studies and confirm reliability of the proposed
integrated approach for dense fractured terrigenous reservoirs in Western
Kazakhstan.
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Discussion. Geomechanical conditions are a key factor limiting effectiveness of
traditional hydraulic fracturing. The identified reverse stressregime S <Sh = <SH
leads to development of horizontal fractures with limited drainage, reducing
expected effect.

For the studied reservoir, filtration is controlled mainly by the fracture
system. Matrix porosity and permeability have almost no role. In such reservoirs,
technologies focused on creating new matrix channels have limited effectiveness.
Similar conclusions for ultra-low permeability sandstones are reported by (Yang
et al., 2023; Zheng et al., 2025).

Geomechanical modeling showed that hydraulic impact mainly opens existing
cracks instead of creating new conductive channels, forming complex T-shaped
structures with low conductivity. Due to this, modern literature focuses more
on matrix acid treatments as an alternative to HF in complicated geomechanical
conditions (Qassabi et al., 2022; Wei et al., 2022).

Success of hydraulic fracturing is strictly controlled by orientation of minimum
principal stress, which agrees with our results for the reverse stress regime.

An additional factor reducing acid effectiveness is formation of secondary
precipitates with HF-containing systems. SEM showed that HF reacts with
carbonates and aluminosilicates to form Ca, Na, K fluorides and fluoroaluminates.
This causes colmatation of fracture space and deterioration of filtration properties
(Gao et al., 2025; Qamruzzaman et al., 2021; Zhang et al., 2020).

To prevent this, chelated and organic acid systems are used (Gomaa et al.,
2020; Hassan et al., 2021; Almubarak et al., 2022; Barri et al., 2022). Results are
consistent with literature (Qamruzzaman et al., 2021; Almubarak et al., 2022;2022-
2023; Gao et al., 2025).

However, in fractured reservoirs with reverse stress, negative impact of
secondary sedimentation is significantly enhanced because filtration is controlled
by fractures. Alternative ways include delayed acid systems and gemini-surfactant
compositions (Mahmoud et al., 2020; Zhao et al., 2021; Yan et al., 2021; Abdallah
et al., 2022; Zhao et al., 2022; Xie et al., 2025).

Filtration studies confirmed high efficiency of 12% HCI. It dissolves calcite
without intensive formation of secondary deposits. Permeability increase confirms
effectiveness for this reservoir type. Selective dissolution of carbonate with HCI
and organics without destroying silicate framework is also confirmed in recent
cases. Absence of permeability decline agrees with data on minimizing fines
migration with correct composition.

The selective salt-acid treatment proposed is a technologically simple and
economical solution compared to complex HF and HF fracturing, which increase
risks of secondary sedimentation (Gao et al., 2025; Qamruzzaman et al., 2021;
Zhang et al., 2020).

For fractured terrigenous reservoirs with reverse stress, traditional HF-acid
and hydraulic fracturing have limited efficiency due to complex geomechanics
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and intensive secondary precipitation. Salt-acid treatment is more effective with
minimal risk of fracture colmatation.

Conclusions. Reservoir is dense polymict sandstones and siltstones with very
low matrix porosity. Main filtration occurs via natural tectonic fractures. Many
cracks are partially/completely filled with secondary calcite, which reduces
conductivity.

1. Digital models showed promising channels are vertical/subvertical fractures
with dip 30°-80°. These form the main migration system. Matrix contribution is
negligible.

2. Geomechanical studies: Young's modulus 71.4-80.5 GPa, Poisson ratio
0.240-0.254, UCS 135-157 MPa. Rocks are stiff and mechanically stable.

3. Integration with modeling confirmed reverse stress state S <Sh <SH .
Induced fractures develop horizontally, reducing effectiveness of conventional
fracturing.

4. Solubility studies showed HF systems dissolve carbonates/silicates but also
form secondary insoluble CaF2 and fluosilicates, causing colmatation.

5. SEM-EDS confirmed CaF2 accumulations on crack surfaces after HF
exposure. High risk of damage in high-calcite conditions.

6. 12% HCI salt-acid treatment selectively dissolves calcite to highly soluble
CaCl2, which is removed without secondary precipitation. Permeability increased
>1100x in lab tests and productivity increased in pilot well. The proposed
integrated approach allows scientifically based selection of stimulation technology
for fractured reservoirs in Western Kazakhstan.

7. Dynamic filtration studies under reservoir conditions confirmed high
efficiency of salt-acid impact. During treatment, hydraulic connectivity of natural
cracks was restored and filtration resistance decreased. Permeability increased
from 0.3x10—3 to 330x10—3 pm?. That is an increase in conductivity by >1000
times.

8. Pilot field results are consistent with lab data. This confirms the possibility
of effective use of salt-acid treatment for hard-to-recover oil reserves in fractured
terrigenous reservoirs with calcitic cracks.

Summary

The studies allowed developing criteria for choosing salt-acid treatment as the
preferred technology for fractured terrigenous reservoirs of Western Kazakhstan
with calcitic cracks and reverse stress.

Scientific significance: Integrated approach based on X-ray CT, geomechanical
modeling, SEM-EDS, and filtration tests. This approach makes it possible to
increase reliability of stimulation method selection, reduce risk of secondary
formation damage, and ensure efficient restoration of reservoir properties of
fractured reservoirs.
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