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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. As mineral exploration extends to greater depths,
geophysical methods become increasingly important, and their effectiveness
depends on the accurate interpretation of rock physical properties. Because
geological constraints are often limited by sparse drilling, integrated approaches
to the analysis and interpretation of geophysical data are essential. Petrophysical
modeling links geological structure, lithological composition, and rock physical
properties, thereby improving the reliability of geophysical interpretation and
refining exploration criteria for ore deposits. The integrated approach adopted
in this study is consistent with the methodological traditions of the Kazakhstan
geological scientific school established by K.I. Satpayev, which emphasizes
the comprehensive integration of geological and geophysical information in
mineral exploration. Objective. To develop a petrophysical model of the Zhairem
deposit based on the analysis and integration of available geological information,
published petrophysical data, and well logging results, and to evaluate its
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applicability for improving geophysical data interpretation. Methods. The study
was based on the analysis of the geological structure of the deposit, drill core
descriptions, well logging data, and published laboratory measurements of
rock physical properties. The model integrates data on rock density, magnetic
susceptibility, and electrical resistivity. Statistical analyses included descriptive
statistical evaluation, comparative assessment of lithological units, and correlation
of petrophysical properties with geological characteristics to identify systematic
patterns in the spatial distribution of rock physical properties. Results and
Conclusions. Variations in petrophysical properties were found to be controlled
by lithology, hydrothermal alteration, weathering, metamorphism, deformation,
porosity, and stratigraphic characteristics. The integrated analysis established
characteristic ranges of physical properties for the principal rock types and their
relationships with geological factors, improving the interpretation of geophysical
anomalies. The developed petrophysical model systematizes available geological
and published petrophysical data and can be applied to refine exploration criteria
and develop similar models for deposits with comparable geological settings.

Keywords: polymetal, geological structure, intrusive massif, petrophysical
model, density, magnetic permeability, apparent resistivity
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AnHoraumsi. Ozexminici. Ilaiinanel xaz0anap KeH OpBIHAApBIH i3[ey MEH
Oapiay KYMBICTApPBIHBIH TEPEHJICYiHe OalIaHBICThI T€O(PUIUKAIBIK SICTEPIiH
MaHBI3bI apTHI Kelle/i, ajl OJapAblH TUIMALIIT Tay >KbIHBICTAPBIHBIH (PU3UKAIBIK
KAacHMeTTepiH CeHIMAI MHTephpeTanusuiayra Tikened Ttoyenai. bypreuiay
TBIFBI3/IBIFBIHBIH KETKUTIKCI3ITIHEH TeOJIOTHSUIBIK aKIMapaTThIH MICKTEYJi OOy
reoU3uKaNbIK JepeKTepi KEHIeH Il Tanjay MEH WHTepIpeTalysuiayabl Tajar
ereni. Ilerpodu3ukanblk MoOAENbACY TEOJOTHSUIBIK KYPBUIBIM, JUTOIOTHUSIIBIK
KypaM JXKoHE Tay JXKbIHBICTAPBIHBIH (U3UKAJIBIK KAaCHETTEpi apachlHAArbl e3apa
OaliJIaHBICTHI AHBIKTAI, TeO(PU3UKAIBIK MaTepHaIAapAbl TYCIHAIPYAiH CeHIMILTITiH
apTTHIPYFa )KOHE KeH OPBIHAAPBIH 13[ey/IiH KpUTepUIIepiH HaKThIJIayFa MYMKIHAIK
Oepeni. 3eprTeyne KomgaHbUIFaH KemeHai Tocin akagemuk K.M. CordaeB HeriziH
KanmaraH Ka3akCTaHHBIH TEOJOTHSJIBIK FBUIBIMH MEKTEOIHIH 9dJiCHaMalbIK
J9CTYpIIepiHe ColiKec Kee/i )KoHe Mai1asl Kazoanap KeH OpbIHAaPbIH 3ePTTEY MEH
OoipKay/1a reoJOTHsIIBIK JKOHE Teo(U3UKANBIK JepeKTepl KenIeH Al naiatanyra
HeriznenreH. 3epmmeyoiy maxcamol. [€ONOTUSNBIK aKnapaTThbl, KapUsulaHFaH
NeTPOPU3UKAIBIK JIEPEKTEP/Ii JKOHE YHFbIMaJIap/AblH reo(U3NKAIBIK 3epTTeyaepi
HOTHXKeJNepiH OipikTipy HeriziHge JKolipeM KEH OpHBIHBIH JKajlblIaHFaH
NeTPOPU3UKAIBIK MOJENIH o3ipiey >KOHE OHBIH TI'eO(U3UKAIBIK ACpPEeKTepIi
WHTEpHpeTalysIdy CEHIMAUITIH apTTBIpyAarbl KOJNAAHBUTY MYMKIHIIKTEPiH
Oaranay. Qoicmepi. 3eprrey JKolipeM KeH OpHBIHBIH T'€OJOTUSIIBIK KYPBUIBIMBIH,
Oyprbliay KEpHIEpiHIH CHUMNaTTamMalapblH, YHFbIMANapIblH Te0(pU3UKAIBIK
3epTTeyNiepi MaTepuaiapblH )KOHE Tay >KbIHBICTAPBIHBIH (PM3HUKAJIBIK KacHeTTepi
OolbIHIIA JKapUsJIaHFaH 3€PTXaHANbIK eJIIeyJaep HOTIKENEpiH —Tanjgayra
Heriznenred. llerpodu3ukanblk MoOAENbre Tay >KbIHBICTAPBIHBIH THIFBI3/IBIFBI,
MarHUTTIK KaOBUINAFBILTHIFBl JKOHE MEHIIIKTI AJIEKTPIiK KeJeprici Typaibl
nepekTep eHrizingi. Tay KbIHbICTapbIHBIH (PU3UKAIBIK KACUETTEPiHIH KEHICTIKTIK
Tapajqy 3aHIbUIBIKTAPbIH aHBIKTAy YIIiH CHIATTaMalbIK CTaTUCTHKA OSicTepi,
JUTONIOTUSUIBIK  OIpIIKTEpAl CalbICTBIPMANbl Tajjaay >KoHE NeTPO(U3HUKaIBIK
KAacHeTTep MEH TeOJIOTHSUIBIK CHIIaTTaManap apachlHAAFbl KOPPENSLUSIIBIK
Tajnay KONJaHbUIABL. Homuoicenepi men xopwuimwinoviiapel. IleTpodusnkaibik
KACHUEeTTepiH  ©3repriliTiri  JUTOJOTHSUIBIK  KYpaMMEH, THAPOTEPMAIbIK
e3repicTepMeH, Yrimy, MeTamMopdu3M JKOHE TEKTOHUKAIBIK JedopMarus
MpoLeCTepiMEH, COHJA-aK KBIHBICTAPABIH KEYEKTiJIrT MEH CTpaTUrpausuIIbIK
ePEeKIIeTIKTEPIMEH aHbIKTANAThIHBI Oenrinenai. Kemen i Tanaay Herisri »KbIHbIC
TYPJIEpiHiH MeTPOPU3NKAIBIK MapaMeTpIIepiHiH CUMAaTTaMaIbIK AHana3oHJapbiH
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AHBIKTAyFa )KOHE OJIAP/IbIH Fe0JIOTHUTBIK (haKTopapMeH OaliIaHbIChIH alKBIH/IayFa
MYMKIHIIK Oepfi, Oy Teo(pU3NKaIbIK aHOMAIHSIIAPIbl MHTEePIPETaAUsIayIbIH
CEHIMJIUTITIH apTThIpabl. O3IpJIEHTeH MeTPOPU3NKAIBIK MOJENIb Koifa Oap
TeOJIOTHSUIBIK JKOHE KapHUsIaHFaH NeTPOPUNKAIBIK IEPEKTEPIi KyHeIen i )KoHe
1371ey KpUTEpUIIepiH HAKThLIAY, COHAAN-aK TeOJIOTHUIBIK KYPBUIBICHI YKCAC KeH
OpBIHIIAPHI YIIIIH YKCAC MOACTBACPAl KYPy Ke3iHe KOJITaHbUTYbl MYMKIiH.
Tyiinai ce3aep: moIMMeTaN, TEONOTHSIIBIK KYPBUIBIM, HHTPY3UBTI MacCHB,
MeTpO(QU3UKAIBIK MOJIENb, THIFBI3/IBIK, MATHATTIK OTIMJILIIK, MEHIIIIKTI KeIepTi
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AnHotaumsi. Axmyanvnocms. 1lo Mepe yBenuueHUs TIIyOMHBI MOUCKOB
U pasBeOKH MECTOPOXKICHHH IOJE3HBIX MCKOMAeMBIX BO3pPAcTaeT poJib
reopU3nIeCKuX MeTOJ0B, dPPEKTUBHOCTh KOTOPBIX BO MHOTOM ONpEAEsIeTCs
JTOCTOBEPHOCTHIO HHTEPIPETAlMU  (U3HMYECKHX CBOMCTB TOPHBIX IIOPOA.
OrpaHMYeHHOCTh Te0NoTrHuecKol HH(popMannu, 00yCIOBICHHAs HEJIO0CTAaTOYHON
IUIOTHOCTBIO OypeHwust, TpeOyeT NPUMEHEHUsI KOMIUIEKCHBIX MOAXO0/I0B K aHaJIN3Y
¥ MHTEpIpeTaun reopu3ndeckux MaHHbIX. [leTpodusmueckoe MoaenpoBaHe
MO3BOJISIET YCTAHOBHUTH B3aUMOCBS3M MEXKIY TCOJOTHYECKHUM CTPOCHHEM,
JUTOJIOTUYECKAM COCTAaBOM W (PH3MYECKHMH CBOWCTBaMH TOPHBIX IIOPOI,
MOBBICUTH HAIEKHOCTh MHTEPIIPETAIH Te0(PU3NIECKUX MaTePUAIIOB U YTOYHHUTh
MOUCKOBBIE KPUTEPUU PYOHBIX MECTOPOXIACHHH. [IpuMEeHEHHBIH KOMIUIEKCHBIN
MOJIXOZ ~ COOTBETCTBYET  METOJOJIOTHYECKUM  TPaJUIMsIM  Ka3aXCTaHCKOU
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re0JIOTMUeCKOM HayYHOH IIKOIbI, chopmupoBanHoi akagemMukoM K. 1. CarnaeBbiM
U OCHOBAaHHOW Ha HWHTETPAalUM T'€OJIOTHYECKHX M TeO(PHU3NUECKUX TaHHbIX
IPU U3YYCHUU U IPOTHO3MPOBAHUM MECTOPOXKACHUI IIOJIE3HBIX HCKONAeMBbIX.
1env. Paszpaborare 0000HIEHHYIO TETPOPU3NYSCKY0 Mojaeiab JKalpemckoro
MECTOPOXKJCHHS Ha OCHOBE aHAJIM3a M MHTETPalluK TeoJIoTHueckoi nHdopMaimu,
onyOJINKOBaHHBIX METPOPHU3MUECKUX TaHHBIX M MaTepHalioB TIe0(pU3NUIECKHX
WCCIICIOBAaHUN CKBa)XMH, @ TaKXE OLEHUTH BO3MOXXHOCTH €€ MPUMEHEHHS ISt
MOBBILICHUS IOCTOBEPHOCTH UHTEPIPETALNN Te0(pU3nIeCKuX JaHHbBIX. Memoowi.
HccienoBaHnne 0CHOBAHO HA aHAJIN3€E I€OJIOIMYECKOTO CTPOECHUS MECTOPOXKICHHUS,
ONMHMCAaHUN KEepHA, MaTepHalioB TEO(PU3NYECKUX HCCIENOBAaHUM CKBaAXHUH U
oIyOJINKOBaHHBIX PE3YJbTAaTOB JTA00OPATOPHBIX U3MEPEHHH (PU3NUCCKUX CBOWCTB
rOpHBIX TOpoA. B ocHoBy mnerpodu3nyeckoll MOAETH TOJIOKEHBI JaHHBIC
O TIJIOTHOCTH, MAarHUTHOM BOCIHPUHMYMBOCTH M YICJIBHOM 3JICKTPHYCCKOM
COIIPOTHUBIICHUN NOPOA. sl BBISABICHUS 3aKOHOMEPHOCTEH MPOCTPaHCTBEHHOIO
pacupeneneHuss  HNeTPOPU3MUECKUX  IapaMeTpoB  IPUMEHSUINCh  METO.bl
ONHCATENbHON  CTATUCTHKH, CPAaBHUTENBHBI  aHaNU3  JIMTOJOTHYECKUX
MOJIpa3/ICICHUI U KOPPEIILIMOHHBIN aHAJIN3 B3aUMOCBSI3el MEXTYy PU3NICCKUMU
CBOMCTBAMM TIOPOJ] W MX TIEOJOTHYECKUMHU XapaKTepUCTHKaMH. Pe3zynbmamul
U 6b1600bl. YCTAHOBJICHO, YTO HW3MEHYMBOCTH METPOPU3INUECCKUX CBOHCTB
OO KOHTPOJIMPYETCS] UX JHUTOJOTMYECKHM COCTAaBOM, THAPOTEPMaIbHBIMU
W3MEHEHUSIMH, NIPOLECCaMH BBIBETPUBAHUS U MeTaMop(du3Ma, TeKTOHUYECKUMU
neopManusMH,  TOPUCTOCTBIO M CTpaTHrpaUuyeckKuM  TIOJOKEHHEM.
KommekcHpli aHanmM3 TO3BOJNMI  OMNpPENENIUTh XapaKTepHbIE JHaNa3OHbI
OCHOBHBIX TETPO(PU3MYECKUX MapamMeTpoB JJsl DVIABHBIX JIUTOJOTHYECKHX
Pa3HOBHUIHOCTEH M yCTAHOBHUTH MX B3aUMOCBSI3b C I'€OJIOTHYECKHMHU (paKTopamH,
YTO CIIOCOOCTBYET HOBBIIICHUIO JOCTOBEPHOCTH UHTEPIIPETALUH re0(hU3NIECKUX
aHomanuil. PaspaOoranHas mnerpodu3uueckas MOAEIb CUCTEMaTH3UPYET
WUMEIOIINECS] TeOJIOTHUYECKHE MaTepHalibl U OIyOIMKOBAHHBIC METPOPUINIECKHE
JAHHBIE U MOXKET OBITh HMCIIOJb30BaHA JJISl YTOUHCHHS TMOWCKOBBIX KPHTEPHEB,
WHTEpHpeTalNy reo(hu3NnIeCKUX MaTepHaioB, a TAKKE MOCTPOCHHUS aHATIOTHYHBIX
MoJieNieii MeCTOPOXKICHHH CO CXOAHBIM I'€0JIOTHYECKUM CTPOCHHUEM.

KiroueBble cjI0Ba: NONMMETAIIIMYECKOE OpPYACHEHHE; TIEOJOIMYeCcKOoe
CTPOCHHE; WHTPY3UBHBIH MaccuB; MNeTpodu3UUecKas MOAEIb; IUIOTHOCTD;
MarHMTHas BOCIPUUMYUBOCTb; YIEIHHOE AIEKTPUIECKOE COTPOTHBIICHHE.

Introduction. Petrophysical modeling is a key tool for investigating geological
structures and supporting mineral exploration. It establishes quantitative
relationships among geological structure, lithology, and the physical properties
of rocks, thereby improving the interpretation of geophysical data and the
understanding of ore-forming processes. In Kazakhstan, the development of
petrophysical methods continues the scientific tradition established by Academician
K.I. Satpayev, whose work laid the foundation for the integrated investigation of
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mineral deposits and the rational exploration of the country's mineral resources
(Istekova, 2024:8, Togizov, 2019: 7, Issayeva, 2025: 27).

The integrated analysis of geological structure, ore composition, petrophysical
properties, and geophysical fields has become a defining methodological feature
of Kazakhstan's geological scientific school. This approach, originally advocated
by K.I. Satpayev, views mineral deposits as components of broader geological and
metallogenic systems rather than as isolated ore bodies. Its methodological strength
lies in the combined interpretation of stratigraphic, structural, mineralogical,
petrophysical, and geophysical data. The present study follows this concept by
integrating information on the geological structure, ore-bearing stratigraphy, rock
physical properties, and geophysical characteristics of the Zhairem deposit.

The aim of this study is to develop a generalized petrophysical model of the
Zhairem deposit through the integration of geological information, drill-core
descriptions, well-log data, and published and archival petrophysical datasets.
Specific objectives include identifying the principal stratigraphic units responsible
for density, magnetic, and electrical anomalies and evaluating the applicability
of the integrated geological and geophysical methodology developed within
Kazakhstan's geological scientific school.

This study is scientific and methodological in nature. It does not involve reserve
re-estimation, techno-economic evaluation, mine design, or an independent
reassessment of the industrial significance of the Zhairem deposit. Instead, it
synthesizes the available geological and petrophysical evidence into a generalized
model, identifies the principal anomaly-forming stratigraphic units, and
demonstrates the application of an integrated geological approach to petrophysical
interpretation.

Materials and Methods. At the Zhairem deposit, economically significant ore
bodies are concentrated within three principal sectors: the Far Western, Western,
and Eastern areas. Although these sectors share a common geological framework,
they exhibit local structural variations that become evident at a detailed scale. The
deposit is situated within the Zhailmin synclinal structure, which is composed of
a Middle Paleozoic marine sedimentary succession. This succession comprises a
transgressive sequence of carbonate and clay-siliceous-carbonate rocks overlain
by a regressive sequence of carbonate-siliceous and sandy-argillaceous strata,
with a cumulative thickness exceeding 2,000 m (Brusnitsyn, 2018: 10, Kembayev,
2023:6).

The basement and marginal parts of the Zhailmin structure consist of Givetian-
and Frasnian-age continental to shallow-marine volcano-sedimentary successions
that belong to the Devonian marginal volcanic belt separating the Dzhungar—
Balkhash synclinal zone from the Caledonian consolidated terranes. These
successions are characterized by repeated alternations of volcanic rocks ranging
in composition from diabase to rhyolitic porphyry, together with their reworked
volcaniclastic derivatives, including conglomerates, sandstones, and siltstones.

Stratified iron-manganese and lead-zinc ores of the Atasuy-type deposits are
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hosted in Famennian siliceous-carbonate and clay-siliceous-carbonate sediments,
which approach the surface in the limbs of the Zhailmin syncline and in several
second-order brachyanticlinal structures that complicate its central parts (Leach,
2005,47). One of these is the Zhairem brachyanticline, to which the deposit is
directly related. The Paleozoic deposits are overlain by a cover of loose Cenozoic
formations (sands, loams, and clays) ranging in thickness from 5 to 60 meters,
averaging around 30 meters (Kuz’mina, 2013: 12). Beneath the overburden, the
ore-hosting rocks and ores have undergone intense weathering, resulting in the
formation of loose pelitolitic material that preserves the primary stratification of
the original rocks. The thickness of the weathering profile ranges from 30-60 m
above barren zones to 150—170 m over ore-bearing areas and locally reaches 300
m above major ore bodies.

The principal anticline trends northeastward before curving toward the
southeast. Its core is composed predominantly of Lower Famennian strata and,
locally, rocks of the Daryan Formation. The southeastern limb consists of Lower
Famennian sedimentary rocks with bedding dips of up to 45° (Antonenko, 2020,
7). In contrast, the northwestern limb exhibits a simpler and more gently inclined
geometry, with bedding dips generally ranging from 20° to 30°. Toward the central
part of the deposit, this limb is disrupted by a series of minor fault-related folds
(Fig. 1).

The anticline core is characterized by a system of narrow, steeply dipping
folds accompanied by tectonic shear zones, along which pervasive albitization,
dolomitization, and silicification of the siliceous-carbonate rocks have developed.

Tectonic Structure of the Deposit. From a tectonic perspective, the Zhairem
deposit (according to geological and geophysical data) is associated with the
Zhairem block, located at the intersection zone of the deep faults of Kyzylzhar,
Shashty, Kynek, and Eastern Zhomart, as well as secondary block structures such
as Karaoba—Taszhargan and Zhairem (Kovalev, 2019,13).

The main fold structure of the deposit is the eponymous brachyanticline, which
is presumed to have formed within a horn-shaped structure of the lower structural
tier. The core of the brachyanticline is composed of Lower Famennian stage
deposits and is complicated by higher-order folds.

Geological and Stratigraphic Structure of the Deposit. The stratigraphic
section of the deposit includes marine clayey-siliceous-carbonate deposits of the
Famennian and Visean-Tournaisian ages, overlain by water-bearing Cenozoic
formations (Fig. 2).

The lower substage of the Famennian stage (D,fm ) is subdivided into
three blocks: massive (D3fmla), rhythmic (D,fm b), and flyschoid (D,fmc).
The massive block consists of brachiopod reef limestones, as well as clayey-
siliceous-carbonate rocks that form the aggregate of the rhythmic block. Overall,
their petrophysical parameters are similar: the average density is 2.55-2.60 t/
m?, magnetic susceptibility reaches 30-50x10° SI, and the average electrical
resistivity is about 6500 Ohm-m. (Emsbo, 2016,148)
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Figure 1. Geological Map of the Zhairem Deposit
1 —argillites with sandstone interlayers (C v, ,); 2 — siliceous-carbonate rocks (C,t,b); 3—6 —
limestones: 3 — siliceous nodular limestones (Ct,a), 4 — wavy-bedded carbonaceous limestones
(Cltla), 5 —red-colored siliceous nodular-bedded limestones (D,fm,b), 6 — wavy-bedded gray-colored
limestones (D,fm,a); 7 — interbedding of organogenic-detrital limestones and clayey-siliceous-
calcareous rocks (D,fm c.); 8 — interlayers of low-grade iron ores in clayey-siliceous-carbonate
deposits (D,fm c,); 9 — rhythmites of clayey-siliceous-calcareous, pyritic, carbonaceous, and sphalerite
composition; carbonate-K-feldspar—siliceous rocks (D,fm,c, ,); 10 — interbedding of carbonaceous—
siliceous—calcareous layers, carbonaceous and pyritic rhythmites, and tuffaceous—sedimentary rocks
(D,fm b, ); 11 —rhythmic alternation of siliceous—calcareous concretion-bearing rocks, pyrite—
sphalerite ores, and organogenic—detrital limestones (D,fm b, ,); 12 — thin-bedded clayey-siliceous—
carbonate deposits (D,fm,a,); 13 — carbonaceous—clayey—calcareous bedded rocks (D,fm a, ); 14
— trachytic porphyries; 15 — fault zones; 16 — hinges of intersecting folds.

14

The Flyschoid Unit (D,fm c) is represented by five horizons: flyschoid—
concretional rocks with barite—sulfide rhythmites (D,fm ¢ ); nodular carbonate—
feldspar—siliceous rocks (D,fm c,); flyschoid rocks of horizon (D,fmc,) are
lithologically similar to the rocks of horizon (D, fm c,); the banded iron ore horizon
(D,fm c,) is composed of albite-carbonate and carbonate-siliceous rocks with
interlayers and lenses of magnetite—hematite ores; flyschoid siliceous—calcareous
rocks (D,fmc;) in Eastern Zhairem contain the first zinc ore layer with a thickness
of 20 m. (Zeinedinov, 2021: 11) The overall average density of the flyschoid unit,
due to the presence of barite—sulfide and magnetite—hematite ores, is 2.97 t/m?3,
and the magnetic susceptibility () is 730x107¢ SI.

The Ore-Hosting Gray-Colored Unit of the Upper Famennian Substage
(D,fm,a) consists of four horizons. In the Western and Far Western Zhairem
deposits, these are barren gray-colored nodular—bedded siliceous limestones
with interlayers of carbonaceous clayey—siliceous rocks. In Eastern Zhairem, this
unit hosts hydrothermal-sedimentary iron—manganese and lead—zinc, as well as
hydrothermal-metasomatic barite—polymetallic mineralization and consists of four
horizons: the horizon of carbonate nodular-bedded siliceous limestones (D,fm a,)
composed of interlayers of hematite, magnetite, and jaspers; the horizon of clayey—
siliceous—calcareous rocks (D,fm.a,); the horizon of nodular-bedded and siliceous
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limestones (D,fm,a,) is represented by barite-lead—zinc mineralization with
interlayers of hematite—magnetite ores; the horizon of rhythmically interbedded
carbonaceous—clayey-siliceous—carbonate rocks (D,fm,a,) is mainly composed of
zinc-bearing ore layers. The weighted average density of the ore-hosting gray-
colored unit is 2.99 t/m?, magnetic susceptibility is 550x10°¢ SI, and electrical
resistivity (p) is 600 Ohm-m (Togizov K, 2020:5).

The Red-Colored Unit of the Upper Famennian Substage (D, fim,b) is composed
of wavy—bedded, coarse—grained siliceous—calcareous rocks interbedded with
magnetite—hematite ores and lies above barite metasomatites. Due to the presence
of ores, its density (weighted average) is 2.94 t/m3. It is also characterized, due
to the magnetite—hematite ores, by the highest value of magnetic susceptibility
- 11698x107¢ SI - and represents the main anomaly-forming layer in the deposit
section.
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Figure 2. Geological Cross-Section of the Zhairem Deposit.

1 — argillites with sandstone interlayers (C,v,.2); 2 — siliceous-carbonate rocks (C,t,b); 3-6 —
limestones: 3 — siliceous nodular (C,t,a), 4 — wavy-bedded carbonaceous (Ct,a), 5 —red-colored
siliceous nodular-bedded (D,fm,b), 6 — wavy-bedded gray-colored (D,fim,a); 7 — interbedding of
organogenic-detrital limestones and clayey-siliceous-calcareous rocks (D, fim,c,); 8 — interlayers

of low-grade iron ores in clayey-siliceous-carbonate deposits (D,fim c,); 9 — rhythmites of clayey-
siliceous-calcareous, pyritic, carbonaceous, and sphalerite composition; carbonate—K-feldspar—
siliceous rocks (D,fm,c, ,); 10 — interbedding of carbonaceous-siliceous—calcareous layers,
carbonaceous and pyritic thythmites, and tuffaceous-sedimentary rocks (D,fim b, ); 11 —rhythmic
alternation of siliceous—calcareous concretion-bearing rocks, pyrite—sphalerite ores, and organogenic—
detrital limestones (D,fm b, ,); 12 — thin-bedded clayey-siliceous—carbonate deposits (D,fim a,); 13 —
carbonaceous—clayey—calcareous bedded rocks (D,fm a, ,); 14 — trachytic porphyries; 15 — fault zones;
16 — hinges of intersecting folds; 17 — Cenozoic sandy-clayey sediments; 18 — clayey—siliceous—
calcareous deposits (D,fim,c,); 19 — carbonaceous carbonate-K-feldspar—siliceous rocks (D,fm,c,);
20 — tuff interlayers; 21 — barren rocks of the ore-bearing unit (D,fm b+c)); 22-23 — syngenetic lead—
zinc mineralization: 22 — subeconomic, 23 — commercial-grade; 24-25 — regenerated hydrothermal—
metasomatic ores: 24 — zinc—lead—barite, 25 — copper—barite; 26 — cleavage zones of anticline folds.
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Mineralization at the Zhairem deposit formed during a complex geological
evolution involving sedimentary, hydrothermal, and, to a lesser extent, magmatic
processes that affected carbonate and volcanogenic—sedimentary rocks. As a
result, the deposit contains a diverse mineral assemblage, with more than 110
mineral species identified (Table 1).

The Zhairem deposit is a stratiform polymetallic deposit whose economic
mineralization is dominated by lead, zinc, barite, iron, and manganese ores. The
principal ore minerals are galena, sphalerite, pyrite, marcasite, barite, hematite,
magnetite, and manganese-bearing minerals. The main gangue minerals include
calcite, dolomite, quartz, and subordinate fluorite. Sulfide mineralization occurs
predominantly as stratiform, disseminated, and vein-type ores hosted by carbonate
and volcanogenic—sedimentary rocks.

Magmatic rocks are represented by four varieties. At the Far Western site, a
stock-shaped body of amygdaloidal trachytic porphyrites intrudes the deposits of
the Lower Famennian substage and the base of the ore-bearing unit. Drilling has
revealed its apical part at depths down to 90 meters. At the Western and Eastern
sites, a complexly constructed laccolith-like body of specific magmatic rocks lies
at the base of the ore-bearing unit. It includes fully sericitized fluidal varieties
hosting large blocks and fragmental segregations of potassic-altered porphyrites,
quartz—potassium feldspar metasomatites, felsite porphyries, and amygdaloidal
porphyrites similar to those at the Far Western site. The thickness of this body
reaches approximately 200 meters, with lateral dimensions exceeding 1.5%1.5
km. At the Eastern site, a concordant body of spilites, locally amygdaloidal, is
intersected in the upper part of the iron ore horizon. The contacts of the body are
parallel to the bedding of the host rocks. Endocontact alterations are manifested
by the brightening and "quenching" of the spilites, while exocontact alterations are
not developed (Table 1).

In all ore zones and beyond, at various stratigraphic levels, zones of explosive
breccia are intersected. The cement and part of the clastic material of these
breccias are composed of a fine-grained quartz—albite aggregate. The clasts also
abundantly include host rocks of various stratigraphic levels. The breccias form
both concordant and cross-cutting dikes and vein-like bodies (Oitseva, 2023: 7).

Petrophysical Model of the Deposit. Petrophysical datasets are usually
summarized and presented in the form of numerical tables, using some average
values with or without indicating statistical measures of dispersion/range.
Although this approach allows for basic conclusions, we consider it insufficient
for a complete understanding of the significance of internal variability within a
petrophysical dataset.

The variability of petrophysical properties and the fact that the data often reflect
the combined influence of various geological factors suggest that a more suitable
method of analysis is to study the data in terms of populations using frequency
histograms and cumulative distribution plots (Amralinova, 2025: 24).

The deviation of the petrophysical characteristics of the ore-bearing zones of
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the Lower and Upper Famennian formations of the Zhairem deposit was assessed
in relation to a reference model from the Atasuy district, which is composed
primarily of normal, unaltered rocks.

According to the obtained petrophysical parameters, the nature of the gravity
and magnetic anomalies at the Zhairem deposit is primarily determined by the
ore-bearing layers of the Lower and Upper Famennian substages. Moreover, the
ore layers are characterized by both normal and anomalous physical properties.

The widely distributed Tournaisian deposits in the region are represented by
marine carbonates, siliceous carbonates, and to a lesser extent, sandy-clayey
rocks. The average density of the nodular-bedded shells of the Lower Tournaisian
(C,t,)) sublayer at the deposits ranges from 2.0 to 2.50 t/m?, and for the siliceous-
carbonate rocks and siliceous coarse-grained limestones of the upper formations
(C,t,) with an ash-gray shell — from 1.90 to 2.40 t/m* (Reed, 2021: 6).

Analogous layers in the generalized section of the region have the following
density values: C t —2.62 t/m’® and C t, —2.55 t/m’. The lower density values of the
studied deposits compared to the generalized section are explained by the intense
development of the weathering crust, which in some places reaches a thickness of
up to 300 meters.

The anomalous petrophysical characteristics of the ore-hosting units represented
by the Lower and Upper Famennian rock sequences of the Zhairem deposit were
evaluated relative to the generalized stratigraphic section of the Atasu district,
which is composed predominantly of unaltered sedimentary rocks.

As discussed above, the mean densities of the flyschoid (Dsfmic), gray-colored
(Dsfmea), and red-colored (Dsfm:b) units of the Famennian Stage at the Zhairem
deposit are 2.97, 2.99, and 2.94 g/cm?, respectively.

In the generalized stratigraphic section of the Atasu district, the corresponding
units have mean densities of 2.62 g/cm? for Dsfmic, 2.68 g/cm? for Dsfmea, and 2.68
g/cm? for Dsfmzb. Comparison of these values revealed excess density anomalies
of 0.35, 0.31, and 0.26 g/cm?, respectively. These values indicate that the ore-
bearing sequences exhibit anomalously high density compared with equivalent
stratigraphic horizons in the regional generalized stratigraphic section.

The obtained results indicate that the gravity anomaly of the Zhairem deposit is
primarily controlled by the increased density of the ore-hosting Lower and Upper
Famennian strata of the Upper Devonian (Dsfm).

The Ilateral zonation of the hydrothermal-sedimentary iron-manganese
mineralization mirrors that of the lead-zinc mineralization. The central part of
the deposit, which is spatially associated with potassium feldspar porphyries,
is characterized by elevated silica and iron contents. Outward from the center,
hematite-magnetite ores grade into magnetite-hematite ores, which are succeeded
by iron-manganese ores and, ultimately, by mineralized siliceous limestones.

Analysis of the petrophysical parameters (density, magnetic susceptibility,
and induced polarization) of ores from different lateral zones shows that these
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parameters adequately reflect the physical state of the mineralized zones and are
consistent with the observed geophysical field patterns.

The Pearson correlation coefficient between magnetic susceptibility (y) and
density (p) is 0.54 for the red unit (Dsfm:b), 0.41 for the gray unit (Dsfm-a), and
0.48 for the flyschoid unit (Dsfmic).

The statistical significance of these correlations was evaluated using Student's
t-test. The results indicate that the correlations between density and magnetic
susceptibility are statistically significant for the red and gray units, whereas the
correlation observed for the flyschoid unit does not reach statistical significance.

Relationships between the petrophysical properties of the ore-hosting units and
the corresponding geophysical fields were also examined. The calculated Pearson
correlation coefficients are as follows:

p—Ag: 0.597

Y—AZ: 0.512

These results demonstrate a positive linear relationship between geophysical
anomalies and the anomalous petrophysical properties of both the ores and the
hydrothermally altered host rocks. This relationship is expressed in both the
vertical and lateral distributions of the ore-bearing sequences.

A distinctive feature shared by all three ore bodies of the Zhairem deposit is the
occurrence of lens-shaped magmatic bodies within the footwall. In the Far Western
sector, these bodies are composed predominantly of amygdaloidal porphyries,
whereas in the Western and Eastern sectors they are represented by potassium
feldspar porphyries.

In general, these intrusive bodies are concordant with the surrounding host
rocks, although their upper contacts locally display cross-cutting relationships.
They are considered to be genetically associated with the ore-forming processes.
Throughout the district, even the felsic varieties of these magmatic rocks exhibit
relatively high magnetic susceptibility and are associated with pronounced
magnetic anomalies.

Density. Rock density is one of the principal petrophysical parameters used in
mineral exploration because it provides important constraints on the composition
and internal structure of ore bodies and facilitates the identification of anomalous
mineralized zones. At the Zhairem deposit, density measurements reveal significant
departures from regional background values, indicating an elevated abundance of
ore minerals within the ore-hosting stratigraphic units.

The mean densities of the flyschoid (Dsfmsc), gray (Dsfmza), and red (Dsfmzb)
units are 2.97, 2.99, and 2.94 g/cm?, respectively. These values are substantially
higher than those of the corresponding units in the generalized stratigraphic section
of the Atasu district, where the mean densities are 2.62 g/cm? for Dsfmic and 2.68
g/cm? for both the Dsfmza and Dsfm:b units (Mabiala, 2025,10).

The observed density contrasts of 0.35, 0.31, and 0.26 g/cm?, respectively,
indicate anomalous enrichment of the ore-hosting strata in high-density metallic
minerals. These petrophysical contrasts account for the positive gravity anomaly
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observed over the Zhairem deposit and demonstrate the close relationship between
ore mineralization and the corresponding geophysical response.

Thus, the conducted studies confirm that the gravity anomaly of the Zhairem
deposit is specifically due to the ore layers of the Lower and Upper Famennian
substages (D,fm). These results demonstrate the importance of geophysical
methods, such as density analysis, in the study of deposits, their structural
characterization, and the prediction of prospective ore zones.

Magnetic susceptibility (y) is one of the principal petrophysical parameters
used to characterize ore-bearing rocks and to distinguish mineralized bodies from
the surrounding country rocks. At the Zhairem deposit, magnetic susceptibility
measurements reveal pronounced contrasts between the ore-hosting stratigraphic
units and the enclosing sedimentary succession, indicating that the observed
magnetic anomalies are controlled primarily by the mineralogical composition of
the ores (Ma, 2021,19).

The mean magnetic susceptibility values of the principal ore-hosting units are
730 x 10°¢ SI for the flyschoid unit (Dsfmic), 550 x 10°¢ SI for the gray unit
(Dsfmea), and 11,628 x 107¢ SI for the red unit (Dsfmob), the latter exhibiting the
highest magnetic susceptibility. These values are substantially higher than those
of the corresponding units in the generalized stratigraphic section of the Atasu
district, where magnetic susceptibility typically ranges from 40 to 50 x 107¢ SI.

The pronounced contrast in magnetic susceptibility demonstrates that the
ore-hosting units possess distinctive petrophysical characteristics that clearly
differentiate them from the surrounding sedimentary rocks. Potassium feldspar
porphyries associated with the deposit exhibit intermediate magnetic susceptibility
values of 120-180 x 10°¢ SI, exceeding the regional background but remaining
markedly lower than those of the ore-bearing horizons.

Across the surrounding area, the magnetic susceptibility of most rocks generally
ranges from 20 to 50 x 107¢ SI, reflecting the relatively uniform petrophysical
properties of the regional geological succession. In contrast, the exceptionally high
magnetic susceptibility of the ore-hosting units at the Zhairem deposit accounts
for the prominent magnetic anomalies and provides an effective geophysical
criterion for delineating mineralized zones during exploration. The high magnetic
susceptibility values of the ore horizons suggest that they are the main source of
the gravity-magnetic anomalies characteristic of this deposit.
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Table 1. Petrophysical Model of the Zhairem Deposit.
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Electrical Resistivity. Electrical resistivity is an important petrophysical
parameter for characterizing the composition, structure, and fluid content of
rocks and for delineating mineralized zones in geophysical investigations. At the
Zhairem deposit, the primary (unweathered) rocks generally exhibit relatively high
electrical resistivity, reflecting their compact nature and the presence of poorly
conductive rock-forming and ore minerals.

The electrical resistivity of the rocks ranges from approximately 600 to 6,500
Q-m, indicating considerable heterogeneity in lithology and physical properties.
Higher resistivity values are typically associated with compact carbonate rocks
and silicified lithologies, whereas lower values may reflect fractured, weathered,
or water-saturated rocks. The observed variations in resistivity therefore record
differences in both lithological composition and post-depositional alteration.

The broad range of electrical resistivity values emphasizes the structural
and lithological complexity of the deposit and demonstrates the importance of
integrated interpretation of geophysical and geological data for identifying
anomalous ore-bearing zones.

The methodological framework of this study is based on an integrated
geological interpretation in which petrophysical properties are evaluated in
conjunction with stratigraphy, lithology, mineral composition, structural setting,
hydrothermal alteration, weathering, and the corresponding geophysical response.
This systems-based approach is consistent with the methodological traditions of
Kazakhstan's geological scientific school established under the influence of the
scientific principles of Academician K.I. Satpayev.

Results. The integrated analysis enabled refinement of the geological model of
the Zhairem deposit and identification of prospective mineralized zones based on
established metallogenic models of Central Kazakhstan. The results demonstrate a
clear spatial correspondence between the principal gravity and magnetic anomalies
and the Lower and Upper Famennian stratigraphic units that host the ore-bearing
horizons (Spiridonov, 2017, 13; Wellmann, 2018, 121).

These results confirm that the main ore bodies are concentrated specifically
within these horizons, making them key targets for further geological exploration.
The identified patterns emphasize the need for more detailed investigation of the
deposit using additional geophysical and geochemical methods.

Thus, the conducted research plays an important role in refining the industrial
reserves of mineral resources as well as in strategic mining planning. Further
detailed investigations will not only improve the delineation of the ore bodies
but also provide a basis for optimizing future exploration and mining strategies
(Oldenburg, 2012, 9).

The obtained result is not limited to the compilation of individual physical-
property values. The integration of stratigraphic, lithological, mineralogical, and
geophysical data enabled the development of a unified interpretative framework
for identifying the principal anomaly-forming units of the Zhairem deposit. This
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framework represents a contemporary application of the integrated geological
methodology characteristic of Kazakhstan’s geological scientific school.

Discussion. The petrophysical model of the Zhairem deposit plays a key role in
optimizing exploration work, assessing ore bodies, and planning their development.
The use of the obtained data allows the creation of predictive models that help not
only in refining the deposit boundaries but also in improving the efficiency of
mineral extraction.

Future research will concentrate on refining the lithological characterization of
the hostrocks and evaluating the influence of structural controls on the distribution of
ore bodies. These investigations will provide a more comprehensive understanding
of the deposit's geological architecture and facilitate the identification of additional
prospective mineralized zones.

The resulting model demonstrates the continuity of the integrated research
methodology characteristic of Kazakhstan’s geological scientific school. The joint
interpretation of geological structure, stratigraphy, mineralization, physical rock
properties, and gravity, magnetic, and electrical responses develops the system-
based approach associated with K.I. Satpayev’s scientific legacy. This approach
requires that a mineral deposit be interpreted not as an isolated anomalous body,
but as a component of a stratigraphic, structural, lithological, and metallogenic
system.

Instead, it contributes to the analysis, systematization, and present-day
application of the methodological traditions of Kazakhstan’s geological scientific
school and prepares the obtained results for integration into research and university
education.

Therefore, the development and refinement of petrophysical models contribute
to more accurate forecasting of ore-bearing horizons and improvement of
exploration and production strategies in the region.

Conclusion. In the course of the research, such petrophysical characteristics
of the Zhairem deposit as density, magnetic permeability, and apparent resistivity
were determined. Based on these data, a petrophysical model of the deposit was
developed, which allowed updating information on its geological structure and
identifying the most promising ore-bearing horizons.

These studies are of great importance for the further exploration of the deposit.
The results not only improve the delineation of the deposit and its internal
geological architecture but also provide a robust foundation for subsequent
geological investigations. The refined petrophysical model supports more reliable
geological interpretation, improves exploration targeting, and contributes to the
optimization of future exploration programs.

Overall, the integrated dataset provides a reliable basis for further research
and more detailed investigations of the Zhairem deposit. It also contributes to
more accurate prediction of ore-bearing zones and to the continued refinement of
exploration models for similar hydrothermal-sedimentary deposits.

The integrated interpretation adopted in this study reflects the methodological
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continuity of Kazakhstan's geological scientific school and the scientific legacy of
Academician K.I. Satpayev. The results demonstrate the contemporary application
of a systems-based approach that integrates geological structure, stratigraphy,
mineralization, petrophysical properties, and geophysical responses within a
unified interpretative framework. The proposed petrophysical model may serve
as a reference for future scientific investigations and as an educational resource in
university courses on petrophysics, exploration geophysics, geological modeling,
and economic geology, thereby promoting the continued development of the
integrated geological methodology established by K.I. Satpayev.
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