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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 Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH 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 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

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

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d 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).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Gold—carbonaceous—sulfide deposits are among the
most economically significant types of gold mineralization and constitute an
important part of the mineral resource base of Kazakhstan. Under conditions
of depletion of easily discoverable gold deposits, increasing importance is
attached to studies focused on ore-forming processes, ore-controlling factors,
and predictive geological criteria that can improve the efficiency of exploration
for concealed and deep-seated mineralization. The Bakyrshik deposit, located
within the West Kalba gold belt of Eastern Kazakhstan, is one of the largest and
most representative deposits of this type and serves as an important object for
studying the genesis, localization patterns, and evolution of gold mineralization
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within carbonaceous—terrigenous complexes. Objective. The aim of the study
is to investigate gold-forming processes and substantiate predictive geological
criteria for gold—carbonaceous—sulfide mineralization using the Bakyrshik
deposit as a case study. Methods. The study is based on the integrated analysis
of field geological observations, mineralogical and microscopic investigations,
geochemical data, as well as published and archival materials. Particular attention
was paid to lithological, structural-tectonic, mineralogical, and geochemical
factors controlling ore localization. The role of carbonaceous matter, sulfide
mineralization, hydrothermal-metasomatic processes, and geochemical barriers
in the accumulation and redistribution of gold was analyzed. Modern concepts
concerning the remobilization and redeposition of gold within carbonaceous—
terrigenous complexes, as well as data on the structural-lithological control of
mineralization, were used to interpret ore-forming conditions. Results. It was
established that reducing geochemical barriers associated with carbonaceous—
terrigenous sequences and tectonic disturbance zones played a decisive role in
gold concentration. Carbonaceous matter was shown to perform simultaneously
as a sorbent and reducing agent, ensuring the fixation and accumulation of mobile
gold forms. A staged evolution of gold mineralization was identified, including the
transformation of ionic, colloidal, and nano-sized gold forms into native gold. The
main predictive criteria include confinement to carbonaceous complexes, structural
control by faults and thrust zones, magmatic influence, development of pyrite—
arsenopyrite associations, and elevated concentrations of pathfinder elements.
Based on the obtained data, a predictive geological model of gold—carbonaceous—
sulfide mineralization for the Bakyrshik deposit was proposed. Conclusions. The
identified predictive criteria and the proposed geological model can be applied
in the forecasting, exploration, and assessment of analogous deposits within the
gold-bearing belts of Kazakhstan and adjacent territories, as well as in determining
nepcriektuBHBIC directions for further geological exploration activities.

Keywords: akyrshik deposit; gold—carbonaceous—sulfide mineralization; gold-
forming processes; carbonaceous matter; geochemical barriers; predictive model;
Eastern Kazakhstan
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AHHOTAUUS. O3¢eKxminiei. ANTBIH-KOMIPTEKTi-Cynb()UITI KeH OPBIHAAPHI AJITHIH
KEH/ICHY1HIH 3KOHOMHKAJBIK TYPFBIIAaH aca MaHbI3[bl TUOTEpiHiH Oipi OobI
TaObUTabl KoHe KazakcTaHHBIH MHHEPAJIBIK-IINKI3aT 0a3achIHBIH MaHBI3/IbI
Oemirin Kypaiinbel. JKeHin aHbIKTaJlaTBIH alThlH KE€H OPBIHAAPBIHBIH CapKbLTybI
JKaFJlalbIHJIa KACBIPBIH JKOHE TEPEH OPHAJNACKAH KCHJEHYIl 137Iey THIMIUIITIH
apTTBIPyFa MYMKIHAIK OepeTiH KeH Ty3Uly MpouecTepiH, KeH/l OaKbLIaylIbl
(hakTopiapabl )KoHE OOJKAMJIBIK TSOJIOTHSIIBIK KPUTEPUIIISPIl 3ePTTEyre epeKIie
Hazap aynapbeutyaa. [Isireic Kazakcrangarel bateic Kanba antein Oenjieyi merine
opHasiacKaH baKbIpIIBIK KeH OPHBI OCBI TUIITET'] €H 1pi 9pi €H KOPHEKT1 HBICAH AP IbIH
Oipi Oousbin TaOBUTAJBI KOHE KOMIPTEKTI-TEPPHUTeHIIIK KEUICHJEepACT1 alThIHIbI
MUHEpaNJaHy/IblH TE€HE3UCIH, OpHAJacy 3aHJbUIBIKTAPBIH YKOHE JBOJIONHUSCHIH
3epTTEY/IiH MaHbI3/Ibl 00BEKTICI CaHaNA L. 3epmmeyOin Makcamvl—BaKbIPIIBIK KEH
OpHBI MBICAJIBIH/A ANTHIH TY31JIy MPOLECTEPiH 3EPTTEY KOHE alThIH-KOMIPTEKTi-
CynbPUATI KEHJCHYIIH OOKaMJIBIK TEOJIOTUSIIBIK KPUTCPHUIIICPIH HETI3/ey.
Odicmepi. 3epTTey JaNalblK T'€OJOTHUIBIK OaKbUIAYJIap/bl, MUHEPAIOTHSIIBIK
KOHE MHKPOCKOMMSUIBIK 3€pTTEYyNeplli, TeOXUMHUSUIBIK MOJTIMETTEp/l, COHJai-
aK JKapHsIaHFaH JKOHE KOp MarepHajJlapblH KEUIeHII TayjayFa HeTi3IeNreH.
Kennmenynin opHanacyblH  OakbUIaWTBIH — JIUTOJNIOTHSUIBIK,  KYPBUIBIM/IBIK-
TEKTOHUKAJBIK, MHHEPAJIOTHSIIBIK JKOHE TECOXMMHUSUIBIK (haKTOpiapra epeKxiie
Ha3ap ayJapbULAbl. AJTHIHHBIH XKUHAIYbl MCH KalTa TapalybIHIaFbl KOMIPTEKTi
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3aTTBIH, CYIb(QHUATI MUHEpAIAaHYIbIH, THIPOTEPMAJIBIK-METACOMATHKAIBIK
MPOLIECTEP/IIH JKOHE TEOXHMHUSIBIK TOCKAyBULAAPABIH peii Taixmanisl. Ken
TY3UTy JKarmaiiapblH TYCIHIIPY YIIIH KOMIpPTEKTi-TepPUTEHIIK KellleHaeperi
AITBIHHBIH PEeMOOMIHM3AIMACHl MEH KaiiTa IIeryi Typajbl 3aMaHayW FBUIBIMHU
Ke3Kapacrap, COHJal-aKk MHHEPAIIAHYAbIH  KYPBUIBIM/IBIK-TATOIOTHSITBIK
OakpuTayBsl SKOHIHIETI JepeKTep NalmamaHblIAbl. Homuoicenepi. ANTHIHHBIH
IIOFBIPJIAHYBIHA KOMIPTEKTI-TEPPUTCHIIK KaOaTTapMEH JKOHE TEKTOHHMKAJIBIK
Oy3puly aliMakTapbIMEH OalJIaHBICTBI TOTBIKCHI3IAH/IBIPFBIII TCOXUMHUSIIBIK
TOCKAyBUIJAP/IbIH TICTIYI POl aTKapaThIHbl aHBIKTAIAbl. KeMipTeKkTi 3aTThiH
COpOEHT IKOHE TOTBHIKCHI3MAHABIPFEINI KBI3METIH Karap arkapa OTBIPHIIL,
AITBIHHBIH KO3FajMalibl (hopMaiapbiH OSKITII, OJIAP/IbIH KUHATYBIH KAMTaMachl3
eTeTIHI KepCeTuINi. AJNTHIH MHUHEPAIJaHYBIHBIH HWOHJIBIK, KOJUIOUITHIK IKOHE
HaHOOIIEM i (opMaliapiaH TaOWFW alThIHFA JICWIHTi CATBUIBI 3BOJFOIHSICHI
aHBIKTaNael. Herisri OomKaMIBIK KpUTEpHUIIepre KOMIPTEKTI KelIeHIepre
TOH MIOFBIPJIAHY, JKAPBUIBIMIAP MEH BIFBICY alMaKTapPbIHBIH KYPBUIBIMJIBIK
OaKpUIaybl, MArMaJbIK dCep, MUPUT-APCECHOMUPUT ACCOIHAIMSIIAPBIHBIH JaMYbl
KOHE WHIMKATOP-3IIEMEHTTEPIH JKOFapbl MeJIIepi KAaTKBI3BUIABL. AJIBIHFaH
MOJIIMETTEp HeTi3iHae BaKbIPIIBIK KeH OPHBIHBIH alTBIH-KOMipTEKTi-CyIb(QHUATI
KEHJICHY1HIH OOJDKaM/IBIK TEOJIOTHSIIBIK MOJEI YCBIHBUIIBL. KOpulmblHObLIAD.
AHBIKTanFaH O0JDKaMIBIK KPUTCPUHIED MEH YCHIHBLIFAH TE€OJOTHSIIBIK MOJICNb
KazakcraHHBIH X0HE OFaH IIEKTEC ayMaKTapiAblH alThIH OeJjieyiepi IeriHaeri
yKcac KeH OpBIHIApBIH O0JDKay, 137ey jKoHe Oaraay »KYMBICTaphIHIa, COHIAN-aK
OoJanrak reoJIOTHSUTBIK Oapiiay OaFbITTApPBIH aHBIKTAYA KOJIaHBLTYbl MYMKIH.

Tyiiin ce3mep: bakpIpIIbIK KEH OpHBI,  AJNTBIH-KOMIPTEK-CYIb(OUITI
MUHEpalJaHy; aIThIH TY3Y MPOIIeCTePi; KOMIPTEKTi 3aT; TeOXUMUSIIBIK KeJIepTiiep;
0omkam moneii; [ereic KazakcTan
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AHHOTAUMsA. AKmyanrbHocms. 30710TO-YIIEPOAUCTO-CYIb(UIHBIE MECTOPOXK-
JICHHSI OTHOCSATCS K YHCITYy Hanbojee YKOHOMHUYECKH 3HAYUMBIX THUIIOB 30JI0TOTO
OPYIICHEHHUSI U COCTABIISIOT BAXKHYIO YacTh MUHEpaJbHO-CHIPheBOM 0a3bl Kazax-
cTaHa. B ycnoBusX UCTOILIEHHS JIETKOOOHAPYKUBACMBIX 30J0TOPYAHBIX 00BEKTOB
0C00yI0 aKTyaJIbHOCTh PUOOPETAIOT UCCIIEIOBAHMNS, HAIIPABICHHBIC HA H3YYCHUE
PyZI000pa3yonKx NpoueccoB, PYAOKOHTPOIUPYIOMKX (PaKTOPOB W MPOTHO3HBIX
T€0JIOTHYECKUX KPUTEPHUEB, MO3BOJISIOUINX MOBBICUTH 3(P(PEKTHBHOCTH MOUCKOB
CKPBITOTO M TIyOWHHOTO opyneHeHHs. MecTtopokaeHue bakbIpmivk, pacmoso-
KEHHOe B mpenenax 3amnaaHo-KanbuHckoro 3omoropynHoro mosica Boctounoro
Kazaxcrana, siBisieTcsi OMHUM M3 KPYMHEHIINX M HanOoiee MpeacTaBUTEIbHBIX
00BEKTOB TaHHOTO TUIIA ¥ IPEACTABIISIET COO0M BaKHBIN OOBEKT AJISl U3yUEHHSI Te-
HE31Cca, 3aKOHOMEPHOCTEH JIOKATU3aIH 1 IBOJIOLUHN 30JI0TOHOCHONW MUHEpaH-
3allid B YIJIEPOAUCTO-TEPPUTCHHBIX KOMIUIeKcax. [{ens. 3ydunTh 30510T000pasy-
IOLIHE MPOLEeCcChl U 000CHOBATh MPOTHO3HBIE TEOIOTUIECKIE KPUTEPHH 30JI0TO-Y-
[IEPOAMCTO-CYIB(UIHOTO OPYACHEHHS Ha IPUMEPE MECTOPOXKIICHHs bakpIpiuk.
Memoowi. ViccnenoBannue 0CHOBaHO Ha KOMITJIEKCHOM aHAJIM3€ MOJIEBBIX T'€0JIOTH-
YEeCKUX HAOMIONEHHUH, MUHEPAJIOTHYECKUX U MUKPOCKOITMYECKUX HMCCIICAOBAHMM,
TEOXUMHUYECKUX JaHHBIX, a TaKKe OMyOJMKOBAaHHBIX M (POHIOBBIX MaTepHajoB.
Ocoboe BHUMaHHE YJelICHO JTUTOJIOTHYECKUM, CTPYKTYPHO-TEKTOHUYECKUM, MHU-
HEPaJOrMYeCKUM U TEOXUMHUECKUM (pakTopam, KOHTPOIUPYIOIIUM JIOKAIN3ALUI0
opyneHenus. IlpoananusupoBaHa poiib YIIIEPOAMCTOrO BEIECTBA, CYIb(OUIHON
MUHEpaNU3alni, THAPOTePMaIbHO-METACOMAaTHYECKIX TMPOLECCOB M T'COXHUMH-
YeCKUX 0aphbepoB B HAKOIUICHUH W TepepacrpeneieHnu 3010Ta. s uateprpe-
TalUM yCIOBHH PyA000pa30BaHMs MCIOIb30BaHbI COBPEMEHHbIC MPEACTABICHUS
0 Tpoleccax peMOOMIN3AMH U TEPEOTAOKEHHUS 30J10Ta B YIIEPOAUCTO-TEPPH-
TeHHBIX KOMIIJIEKCaX, a TaK)Ke JaHHBIE O CTPYKTYPHO-TUTOIOTHYECKOM KOHTpPOJIE
MUHepanu3auuu. Peszynomamul u 661600b1. YCTAaHOBJICHO, YTO PEIIAIOIIYIO POJb
B KOHIEHTPAIMK 30JI0TA UTPaji BOCCTAHOBUTEIbHBIC TEOXUMHUUECKHE Oaphephl,
CBSI3aHHBIC C YIIEPOAMCTO-TEPPUTCHHBIMU TOJIIAMHU U 30HAMH TEKTOHHYECKHX
HapymeHuid. [lokazaHno, 4T0 yrinepoancToe BEIEeCTBO OMHOBPEMEHHO BBIMOIHSIIO
¢yHKIMU cOpOSHTa U BOCCTaHOBHTENS, obecreunBas GUKCANI0O U HAKOTUICHHUE
MOABMKHBIX QOopM 30510Ta. BhIsiBiIeHA cTaguiiHas HBONIOUMS 30I0TOHOCHOH MH-
HepaJu3alky, BKIOYaIoas npeodpa3oBaHNe HOHHBIX, KOJJIOUIHBIX H HAaHO(POPM
30510Ta B CaMOpOAHYI0 (hopMy. K OCHOBHBIM MPOTHO3HBIM KPUTEPHUSIM OTHECEHBI
MPUYPOYCHHOCTH K YITIEPOAUCTHIM KOMIUIEKCaM, CTPYKTYpPHBIH KOHTPOJIb Pa3iio-
MaMH U 30HaMH HaJIBUTOB, MarMaTu4eckoe BO3/ICHCTBHE, pa3BUTHE THUPUT-apce-
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HOMMPHUTOBBIX ACCOLMALMHA M MOBBILICHHBIE COACPXKAHUS SJIEMEHTOB-MHIUKATO-
poB. Ha ocHOBe monmy4eHHBIX JaHHBIX NPEAJIOKeHa MPOTHO3HAs T'e0JIOTHYeCcKast
MOJIEJb 30JI0TO-YITIEPOAUCTO-CYIIB(UAHOTO OPYACHEHHS MEeCTOpOKAeHUS BakbIp-
UK. BBIABICHHBIC TPOTHO3HBIC KPUTEPHUHU U MPEUIOKEHHAS T€OJI0rHYecKasi Mo-
JieNTb MOTYT OBITh MCIIOJIB30BaHbI MMPU NPOTHO3UPOBAHNH, TIOUCKaX M OLICHKE Me-
CTOPOKACHUH aHAJIOTHYHOTO THIIA B IIPeJiesiax 30J0TOPYAHbIX nosicoB Kazaxcrana
U CONpPEACTbHBIX TEPPUTOPHI, a TaKXKe MPU BBIOOPE TEPCIICKTUBHBIX HalpaBIe-
HUH JanbHEHIINX reoIoropa3Bel0uHbIX PadoT.

KiroueBbie ciioBa: MecTOpoXAeHHE bBakbIpIIMK; 30J0TO-YITIEPOAUCTO-
cynp(uAHOE OpYACHEHHE; 30J0TO00PA3yIOIINEe TMPOLECCHl;  YIIIEPOIUCTOE
BEIIECTBO; TCOXMMUYECKHE Oapbepbl; MPOrHO3HAs Mofesb; Boctounstit Kaszaxcran

Introduction. Gold—carbonaceous—sulfide deposits are among the most
economically significant types of gold mineralization and play an important role in
the formation of the mineral resource base of the Republic of Kazakhstan. Under
conditions of depletion of easily discoverable deposits, studies aimed at an in-depth
investigation of gold-forming processes, identification of ore-controlling factors,
and development of predictive geological models that enhance the efficiency of
exploration activities become particularly relevant.

One of the most representative objects of this type is the Bakyrshik deposit,
located within the West Kalba gold belt of Eastern Kazakhstan. The exceptional
scale of mineralization, its confinement to carbonaceous terrigenous sequences,
and the complex multistage history of ore formation allow Bakyrshik to be
regarded as a reference deposit for the study of the gold—carbonaceous—sulfide
deposit type.

Despite the long history of investigation of the deposit, issues related to the
genesis of gold, the role of carbonaceous matter, mechanisms of noble metal
precipitation, and the significance of geochemical barriers remain debated.
This necessitates a comprehensive analysis of geological, mineralogical, and
geochemical data in order to synthesize current concepts of gold-forming processes
and to apply them practically in the prediction of analogous deposits.

The aim of this article is to analyze gold-forming processes and to substantiate
predictive geological criteria for gold—carbonaceous—sulfide mineralization using
the Bakyrshik deposit as a case study, with the development of a generalized
predictive model applicable to the exploration of this deposit type within
Kazakhstan.

Geological setting. The Bakyrshik deposit is located in the central part of
the West Kalba gold belt, which is characterized by a high concentration of gold
deposits of various scales. The geological structure of the area is controlled by
the development of Carboniferous carbonaceous terrigenous complexes, which
played a key role in the formation of economically significant gold mineralization
(Figure 1).
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Figure 1. Geological map of the Bakyrshik ore field (Zimanovskaya, 2014).

1 — Quaternary deposits; 2—7 — geological formations: 2 — plagiogranite—granodiorite
formation, Cs; 3 — molasse limnic carbonaceous formation, C.—s; 4, 5 — greywacke siltstone—
sandstone formation, Cis (4 — upper sandstone—siltstone subformation; 5 — lower sandstone
subformation); 6 — flyschoid carbonaceous—calcareous—terrigenous formation, Civa—3; 7 —
limestone—sandstone—siltstone formation, Civi; 8-11 — faults (8 — deep-seated; 9 — minor faults; 10
— faults concealed beneath unconsolidated deposits; 11 — ore-controlling faults); 12 — thrust faults;
13 — bedding elements; 14—15 — ore formations (14 — gold—arsenic—carbonaceous; 15 — gold—
quartz). Deposits: 1 — Espe; 2 — Kostobe; 3 — Dalniy I; 4 — Dalniy; 5 — Bolshevik; 6 — Chelobay;
7 — Bakyrshik; 8 — Glubokiy Log; 9, 10 — Promezhutochnoe; 11 — Bizhan.

The stratigraphic section is dominated by carbonaceous terrigenous deposits,
represented by siltstones, sandstones, argillites, and their carbonaceous varieties
enriched in organic matter. These sequences are regarded as a lithogeochemical
framework that facilitated the accumulation and subsequent concentration of gold
during ore-forming processes (Zimanovskaya, 2014; Bespaev and Parilov, 2018).

Magmatic rocks within the deposit are represented by intrusions of the
Kunush gabbro—diorite—granodiorite complex, as well as dike bodies of various
compositions. Their emplacement was accompanied by thermal and fluid
Bo3zeicTBre on the host rocks, which promoted the activation of hydrothermal—
metasomatic processes and the redistribution of ore material (Zenkova, 1975).

The tectonic framework of the deposit is characterized by the development
of thrust and strike-slip structures, zones of intense deformation, pervasive
fracturing, and schistosity of the rocks. Ore bodies are generally confined to zones
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of tectonic disturbances and occur subparallel to the main structural elements.
This structural setting determined the formation of laterally extensive mineralized
zones of considerable thickness and played a decisive role in the localization of
gold mineralization (Starova, 1980).

The structural control and spatial distribution of ore bodies at the Bakyrshik
deposit are shown in Figure 2.
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Figure 2. Ore-controlling structural elements and distribution of ore bodies at the Bakyrshik
deposit.

The combination of stratigraphic, lithological, magmatic, and tectonic factors
led to the formation of the Bakyrshik deposit as a large gold—carbonaceous—sulfide
system with pronounced polychronous and multistage ore-forming processes,
making it a key object for the development of predictive models for this type of
mineralization.

Materials and Methods. The study is based on the integrated analysis of
field geological observations, mineralogical and petrographic investigations,
microscopic studies, geochemical data, published scientific literature, and archival
geological materials related to the Bakyrshik deposit and the West Kalba gold belt.

Structural-tectonic, lithological, mineralogical, and geochemical factors
controlling the localization of gold mineralization were analyzed. Particular
attention was paid to the distribution of carbonaceous matter, sulfide mineralization,
hydrothermal-metasomatic alterations, and geochemical barriers associated with
gold concentration.

Comparative analysis of published geological models and ore-forming concepts
for gold—carbonaceous—sulfide deposits was carried out. Interpretation of gold-
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forming processes was based on modern concepts of remobilization, redistribution,
and precipitation of gold within carbonaceous—terrigenous complexes under
tectono-metamorphic and hydrothermal conditions.

Results and Discussion. Gold-forming processes. The formation of gold—
carbonaceous—sulfide mineralization at the Bakyrshik deposit is associated with
the multistage and polychronous development of ore-forming processes, which
occurred under the close interaction of sedimentary, tectonic, magmatic, and
hydrothermal-metasomatic factors (Marchenko, 1980). A leading role in gold
concentration at various stages of ore formation was played by the carbonaceous
matter of the carbonaceous—terrigenous sequences, which acted as an effective
geochemical accumulator and reductive barrier.

At the early stages of deposit formation, gold was predominantly present in
a dispersed state and was associated with sedimentary and diagenetic processes
within the carbonaceous sequences Zhautikov, 1983; Umarbekova et al., 2017).
Organic matter facilitated the fixation of mobile gold forms through sorption and
complexation mechanisms, creating conditions for the subsequent redistribution
and concentration of the metal.

During subsequent tectono-metamorphic and magmatic events, fluid flow was
activated, leading to the redistribution of previously accumulated gold. Increases
in temperature and pressure, as well as the influence of hydrothermal solutions,
resulted in the mobilization of gold and its reprecipitation in zones of structural
disturbances and enhanced rock permeability. At this stage, a characteristic pyrite—
arsenopyrite sulfide association developed, closely linked to the concentration of
the noble metal (Marchenko, 2007).

Gold in the deposit occurs in various forms—ifrom fine-grained inclusions in
sulfides and carbonaceous matter to native gold, reflecting the evolution of physico-
chemical conditions during ore formation. The progressive transformation of ionic
and colloidal gold forms into native gold indicates the staged nature of the process
and the changes in redox conditions within the ore-bearing system.

Tectonic zones played a particularly important role in the gold-forming processes
at the Bakyrshik deposit, acting as channels for the migration of ore-bearing
fluids and areas of fluid discharge. These zones provided favorable conditions
for the interaction of hydrothermal solutions with carbonaceous rocks and sulfide
mineralization, promoting intense gold precipitation (Narseev et al., 2001).

Thus, gold-forming processes at the Bakyrshik deposit are characterized by a
combination of sedimentary—diagenetic, tectono-metamorphic, and hydrothermal
stages, each contributing to the formation of economically significant
mineralization. This multistage model of gold formation forms the basis for
identifying predictive geological criteria and developing a generalized predictive
model for gold—carbonaceous—sulfide type deposits.

Geochemical barriers and gold evolution. A key role in the formation of
economically significant gold concentrations at the Bakyrshik deposit was
played by geochemical barriers, which controlled the processes of precipitation
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and redistribution of the noble metal at various stages of ore formation. Their
development was determined by a combination of lithological, structural, and
physicochemical factors, which defined the reducing nature of the ore-bearing
environment.

The most significant were reducing geochemical barriers associated with
carbonaceous terrigenous sequences enriched in organic matter. Interaction
between ore-bearing fluids and carbonaceous rocks caused abrupt changes in the
redox potential of the environment, facilitating the breakdown of gold complexes
and the precipitation of gold in the solid phase. Carbonaceous matter performed a
dual function—as a reductant and a sorbent, ensuring both the fixation of mobile
gold forms and their subsequent concentration (Zairi and Glukhov, 1987).

Structural-tectonic barriers also played an important role in gold evolution.
These were associated with thrust zones, faults, and areas of intense fracturing,
acting both as migration channels for hydrothermal fluids and as discharge zones,
where abrupt changes in fluid physicochemical parameters (temperature, pressure,
composition) created favorable conditions for gold and sulfide precipitation.

The evolution of gold occurrence forms reflects the multistage nature of the
ore-forming process. At early stages, gold was mainly present in fine-grained
and “hidden” forms, associated with carbonaceous matter and sulfide minerals.
Later, as thermodynamic conditions changed, gold progressively coarsened and
transformed into native gold, leading to the formation of economically significant
ore concentrations.

An additional factor enhancing the effectiveness of geochemical barriers was
magmatic influence, which increased temperature and activated hydrothermal
processes. Magmatic fluids facilitated the remobilization of previously accumulated
gold and its reprecipitation in zones with the most favorable geochemical
conditions, resulting in a complex spatiotemporal zonation of mineralization
(Umarbekova et al., 2021).

Thus, geochemical barriers at the Bakyrshik deposit functioned as a dynamic
system operating throughout multiple stages of ore formation. The sequential
evolution of gold—from mobile forms to native gold—determined the formation
of highly productive gold—carbonaceous—sulfide ore bodies and served as the basis
for identifying predictive geological criteria and constructing a predictive model
of the deposit.

Based on the formation and transformation of geochemical barriers, as well
as the nature of fluid sources and ore-deposition conditions, three main stages are
distinguished in the gold-bearing process at the Bakyrshik deposit (Figure 3):

Stage I — Introduction of gold by juvenile fluids, deposition on the floor of
a shallow basin, diagenetic transformation of sediments, and formation of gold-
bearing carbonaceous—pelitic rhythmites.

Stage Il — Remobilization of syngenetic gold in tectono-metamorphic zones
of rock cleavage and deposition on reducing geochemical barriers in areas where
metamorphic fluid flows of different directions merged.
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Stage III — Remobilization and redeposition of gold at geochemical barriers
in thermal fields of dikes and intrusions of the plagiogranite—granodiorite (Cs—
P:) and gabbro—monzonite—syenite—granite (T:) complexes (Umarbekova et al.,
2021).

Stage 1
Ters0C Accumulation of gold in sedi
W

Deposition area Au NE

2 . . " "
5w 1S'|32g§0-350°(‘ Remobilization and precipitation of gold NE

Geochemical barrier

Stage 3
Kmsw T<3g5 0-450°C Re-deposition of gold in contact-scar zone

NE

1 [em ], -3 -4 -5 -6 -7-8 -9 -10@11
12[313 Z14|Z]151s§171s1920 gm =]..
@2324 25.2@272329@30@ 31 32 33

Figure 3. Diagram of gold-forming processes and the functioning of geochemical barriers at the
Bakyrshik deposit.
1 — Bakyrshik black shale sequence, Cs; 2 — Bukon conglomerate—sandstone suite, Com;

3 — Siltstone—sandstone sequence, Cis:—Czb; 4 — Aganakht siltstone—sandstone suite, Cisz; 5 —
Opanov argillite-limestone suite, Civ; 6 — Karabay basalt—siliceous—limestone suite, Dsfm.—Cit;
7 — Siltstone—pelite deposits, Dsfmi—; 8 — Andesite—basaltic terrigenous deposits; 9 — Oceanic-type
basement; 10 — Andesite—basalt—siliceous—terrigenous formations, €,—02; 11 — Plagiogranite—
granodiorite intrusions, Cs—P1; 12 — Sub-alkaline granite—porphyry and monzonite—porphyry
dikes (a), diabase and diorite porphyrites (b) of the Semetau (T:) and Kunush (Cs—P1) intrusive
complexes; 13 — Ultrabasic rocks; 14 — Faults; 15 — Folded viscous fractures; 16 — Kyzylov thrust
zone; 17 — Serpentinite lithomelange; 18 — Gold-bearing carbonaceous—pelite—siltstone horizons
with syngenetic gold—pyrite—arsenopyrite mineralization; 19 — Directions of juvenile fluid flows
(a), metamorphic solutions (b), and meteoric waters (c); 20 — Ore-forming components remobilized
during tectono-metamorphic transformation of rocks (a) and introduced by juvenile fluids (b);

21 — Gold ore deposits; 22-27 — Ore-adjacent metasomatic halos: 22 — Intense quartz—sericite
alteration; 23 — Albite, chlorite, and carbonate alteration; 24 — Ankerite—quartz veins; 25 —
Albite and weak sericitization; 26 — Shungite—sericite metasomatites; 27 — Sideritization of
sandstones; 28-29 — Lead isotope ratio diagrams: 28 — Single-stage development model; 29
— Plumbotectonics; 30-31 — Lead isotopes: 30 — O.G. Koshevoy data for ores (a) and syngenetic
mineralization (b); 31 — Generalized data by N.G. Syromyatnikov; 32 — Average horizon values
of sulfur isotope composition of pyrites (a) and arsenopyrites (b); 33 — Trends in the distribution of
5%S values of pyrites (a) and arsenopyrites (b) with ore deposit depth.
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Predictive geological criteria for gold—carbonaceous—sulfide mineralization
at the Bakyrshik deposit. The identified features of the geological structure, gold-
forming processes, and functioning of geochemical barriers at the Bakyrshik
deposit made it possible to formulate a system of predictive geological criteria for
gold—carbonaceous—sulfide mineralization, which have practical significance for
the exploration and assessment of analogous deposits (Table 1).

Among the primary stratigraphic—lithological criteria is the confinement of gold
mineralization to Carboniferous carbonaceous—terrigenous sequences enriched in
organic matter. The presence of high-carbon horizons, interlayers of black shales,
carbonaceous siltstones, and argillites is considered a critical condition for the
formation of reducing geochemical barriers that promote the accumulation and
precipitation of gold (Lyubetsky, 1984). Zones of abrupt lithological variability,
reflecting rhythmic sedimentation and enhanced rock permeability, are of particular

predictive importance.

Table 1. Predictive geological criteria for gold—carbonaceous—sulfide mineralization at the

Bakyrshik deposit.
Group of criteria | Characteristic Predictive significance
Confinement of mineralization Identification of prospective
to Carboniferous carbonaceous— stratigraphic levels for gold
terrigenous sequences mineralization localization
Presence of high-carbon horizons Formation of reducing geochemical
Stratigraphic (black shales, carbonaceous siltstones, | barriers promoting gold concentration
argillites)
Lithological Rhythmic alternation of terrigenous Increased permeability and favorable
rocks of varying composition conditions for migration of ore-
bearing fluids
Presence of carbonaceous matter with | Sorption and accumulation of mobile
varying degrees of metamorphism gold forms
Structural- Zones of thrusts, faults, and shear Channels for migration and discharge
tectonic structures of hydrothermal fluids
Nodes of fault intersection Most favorable sites for ore body
localization
Intense schistosity and rock fracturing | Improvement of filtration properties of
ore-hosting sequences
Magmatic Presence of intrusive and dike bodies | Source of heat and fluids, activation of
ore-forming processes
Contact zones of intrusions Areas of superimposed hydrothermal—
metasomatic alteration
Mineralogical Pyrite—arsenopyrite sulfide association | Indicator of gold—carbonaceous—
sulfide type mineralization
Presence of “hidden” gold in sulfides | Sign of early ore-forming stages and
and carbonaceous matter potential productivity
Geochemical Elevated contents of pathfinder Identification of ore-bearing zones and
elements (As, Sb, Hg, Ni, Co, etc.) dispersion halos
Reducing character of the Favorable conditions for gold
geochemical environment precipitation
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Physl.co- Cha'nges in redox potential of the Deposition of gold from mobile forms
chemical environment

Evolution of gold occurrence forms Formation of industrially significant
from dispersed to native concentrations
Integrated Combination of carbonaceous Most prospective areas for exploration
Predictive sequences, fault zones, and magmatic |and resource assessment
Features influence

Structural—tectonic criteria are defined by the localization of ore bodies in zones
of thrusts, faults, and shear zones, as well as areas of intense schistosity, fracturing,
and tectonic brecciation. Intersections of faults with varying orientations, zones
of deformation, and cleavage—mylonite structures create favorable conditions for
migration and discharge of ore-bearing fluids, and should be considered priority
targets for exploration. The spatial relationship of ore bodies with subparallel
bedding of the host sequences is a characteristic feature of gold—carbonaceous—
sulfide mineralization.

Among magmatic criteria is the presence of intrusive and subvolcanic
bodies that exerted thermal and fluid influence on carbonaceous—terrigenous
complexes. Magmatic pulses facilitated the activation of hydrothermal processes,
remobilization of previously accumulated gold, and its reprecipitation in zones
with favorable geochemical conditions. Contact zones of intrusions and areas of
superimposed metasomatic alteration are of particular predictive value.

Mineralogical-geochemical criteria include the development of pyrite—
arsenopyrite associations, the presence of carbonaceous matter of varying degrees
of order, and elevated contents of pathfinder elements (As, Sb, Hg, Ni, Co, etc.).
Forms of gold occurrence—from fine-grained and “hidden” forms to native
gold—reflect the staged nature of ore formation and can be used to evaluate the
productivity of ore zones. Gold assay values are also important as indicators of the
physico-chemical conditions of gold precipitation.

The synthesis of these criteria made it possible to propose a predictive geological
model of gold—carbonaceous—sulfide mineralization at the Bakyrshik deposit,
based on the multistage evolution of the ore-forming system. Within the model,
stages are distinguished, including primary accumulation of gold in carbonaceous
sediments, subsequent remobilization under tectono-magmatic influence, and
concentration of gold on reducing geochemical barriers, resulting in the formation
of economically significant ore bodies (Zholtayev, 2025).

The proposed model can be applied in the forecasting and exploration of
analogous deposits within the gold-bearing belts of Kazakhstan, as well as in the
assessment of previously known but insufficiently studied deposits associated with
carbonaceous—terrigenous complexes.

Conclusion. The Bakyrshik deposit is a reference example of gold—
carbonaceous—sulfide mineralization, the formation of which is controlled by
the combination of carbonaceous—terrigenous sequences, tectonic activity, and
hydrothermal-metasomatic processes.
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Gold mineralization at the deposit is multistage and polychronous, including
stages of primary gold accumulation in carbonaceous sediments, its remobilization
under tectono-magmatic influence, and subsequent concentration on reducing
geochemical barriers, resulting in the formation of economically significant ore
bodies.

A key role in gold concentration is played by reducing geochemical barriers
associated with carbonaceous matter and zones of tectonic disturbances, where
changes in redox conditions lead to the precipitation of gold from mobile forms.

The evolution of gold occurrence forms—from fine-grained and “hidden”
forms to native gold—reflects changes in the physico-chemical parameters of the
ore-forming system and can serve as an important indicator of the productivity of
gold-bearing zones.

Based on a comprehensive analysis of geological, mineralogical, and
geochemical data, a system of predictive geological criteria was formulated, and
a predictive model for gold—carbonaceous—sulfide mineralization at the Bakyrshik
deposit was proposed.

The proposed model and the identified predictive criteria can be applied in
the forecasting, exploration, and assessment of gold potential in carbonaceous—
terrigenous complexes within the gold-bearing belts of Kazakhstan and adjacent
territories.
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