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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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K. CarnaeBa (Anmarsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100; https://
www.webofscience.com/wos/author/record/1993614
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Abstract. Relevance. The growing demand for rare and rare-earth metals
requires improved exploration criteria for deposits in which rare-earth elements
occur not only as independent minerals but also as impurities in ore minerals. At
the Bayan tungsten deposit, scheelite is the principal ore mineral and contains
rare-earth elements. However, the physical properties of the host rocks and
ore-localizing environments controlling scheelite deposition have not been
sufficiently systematized. Objective. To develop a petrophysical model of the
unaltered and altered rocks of the Bayan deposit and identify the petrophysical
factors associated with scheelite deposition and the incorporation of rare-earth
elements into its crystal structure. Methods. Published geological descriptions,
reference petrophysical data, borehole gamma-logging results, and information
on the mineral composition of rocks and ores were analyzed and synthesized.
Density, magnetic susceptibility, apparent electrical resistivity, radioactivity, and
induced polarization were compared for metamorphic, intrusive, sedimentary,
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hydrothermally altered, and metasomatic rocks. Results and Conclusions.
Unaltered amphibole- and biotite-bearing schists, amphibolites, and gneisses have
the highest densities of 2.81-3.08 g/cm?, whereas granite-gneisses and leucocratic
granites have densities of approximately 2.65 and 2.54 g/cm?, respectively. The
rocks are generally weakly magnetic, with the magnetic susceptibility of the
Zerenda Series ranging from 8 to 75 x 107¢ CGS. Altered sulfide-bearing rocks
show elevated induced polarization values of up to 15-20%. Skarnoids hosting
skarnoid ores have a density of 2.96 g/cm?®, while hydrothermally altered ore-
localizing rocks reach 3.01 g/cm?®. Quartz-feldspar stockworks have a density of
2.72 g/cm?® compared with 2.65 g/cm? for the enclosing granite-gneisses. Thus, the
density contrast between the ore-bearing rocks and ore-localizing environments
is only 0.05-0.07 g/cm?, reflecting their similar mineral composition. This weak
density differentiation is identified as a petrophysical factor favoring scheelite
deposition and the incorporation of rare-earth elements. The developed model
provides a basis for the integrated interpretation of gravity, magnetic, electrical,
induced-polarization, and radiometric data during further exploration of the Bayan
deposit.

Key words: rare-earth elements, scheelite, Bayan deposit, petrophysical
characteristics, petrophysical model
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AnHorauus. Ozexminici. CUpEK KoHE CHPEK JKep MeTaJlJapblHa CYPaHbBICTHIH
apTybl CHpEK JKep JJIEMEHTTEepi KeKe MUHepajjap TYypiHIe FaHa eMmec, KeH
MUHEpaNJapbIHBIH KYpPaMBIHIAFBl KOCTalap pEeTiHJe Je Ke3JeCeTiH KeH
OPBIHJIAPBIH 13]Iey KPUTEPHUIIEepiH KeTuaipyai Tanan ereqi. basa Boabhpam keH
OPHBIH/IA IIEEJTUT HET13T1 KeH MIUHEPAJIbI OOJIBIN Ta0bLIA bl )KOHE OHBIH KYPaMbIH]Ia
CUPEK Kep JIEeMEHTTEp1 Ke3nece 1i. Anaiiia eeInTTiH Ty311yiH OaKbUIalThIH KeH
CBIMBICTBIPYIIBI KBIHBICTAP MEH KEH IIOFBIPIAHATHIH OPTaJapIbIH (U3UKAIBIK
KacHeTTEepl KETKUIIKTI Jopexkesne xyienenoereH. 3epmmeyoiy maxcamol. basu
KEH OpPHBIHBIH ©3TepMETEH JKOHE 03TepreH Tay )KbIHBICTAPBIHBIH METPO(OU3HKAIBIK
MOJIEIIiH d3ipJiey, COH/ali-aK MICCeIUTTIH TY3UIyl MEH CHPEK Kep AJIEMEHTTEPiHIH
OHBIH KpPHUCTaJJBIK KYpPBUIBIMBIHA C€HyiHE OalIaHbICTBl TETPOPUIUKAIBIK
(haxTopmapasl aHBIKTAY. Odicmepi. JKapusimaHFaH TEOJIOTHSUIBIK Marepuaiiap,
AHBIKTAMAJIBIK TETPOPU3UKAIIBIK JEPEKTep, YHFBIMANApAarbl T'aMMa-KapoTax
HOTHOKETIEPI KoHEe Tay KBIHBICTAPhl MEH KEHAECPAiH MHUHEPAIIBIK KYPaMbl Typajbl
MOJIIMETTEp TaJJIaHbIll, KOPBITHIHIABLIAHABL. MeTaMOp(ThIK, HHTPY3HUSIIBIK,
MOTiHAl, TUIPOTEPMAIIBIK ©3TepreH JKOHE METAaCOMATUTTIK IKBIHBICTApIIbIH
TBIFBI3ABIFBl, MAarHUTTIK KaOBUIIAFBIIITHIFRl, KOPIHEPIIK SIEKTPIIK Keaeprici,
PaAMOAKTUBTLIIT MEH TOISPU3AIMSIIAHFBIIITHIFBI CAIBICTBIPBULIBL. Homuoicenepi
MeH KOpblmblHObLIApLl. ©3repMereH aMmpuOOoIasl J)KOHe OMOTUTTI TaKTaracTap,
aMmpuOONUTTEp MEH THeWcTep €H >KOFaphl THIFBI3ABIKIEH — 2,81-3,08 r/cm?
CUTATTaJa/bl, a1 TPAaHUT-THEHCTep MEH JICHKOKPATThI TPAHUTTEPIiH THIFBI3/IBIFBI
THiciHIIE mamaMeH 2,65 xoHe 2,54 r/cm® Kypaiiapl. JKbIHbICTAp HETi31HEH QJCi3
MarHuTTi; 3epeH/l CEepHsIChl JKbIHBICTAPBIHBIH MAarHUTTIK KaOBUIIAFbIIITHIFBI
8—75 x 107¢ CGS apanerpiaga e3repeni. CymbpuarepMer 0albITHUIFAH ©3repreH
JKBIHBICTAPBIH TOJSIPU3ANUSIIAHFBIITEIFBL  15-20%-Fa JeiiiH  JKOFapbUIai b,
CKapHOHITHI KEHJEP/Ii CHIMBICTBIPYIIIBI CKAPHOMATAP/IBIH THIFBI3IBIFEL 2,96 T/CM?,
aJI THJIPOTEPMAJIJIBIK ©3T€PreH KEH IOFbIPJIaH IbIPY bl KbIHBICTAP IBIH ThIFbI3/IBIFbI
3,01 r/cm® kypaitnbl. KBapi-gana mmarTel MITOKBEPKTEPAIH THIFBI3ABIFEI 2,72 1/
cM® 0osica, onapipl CHIMBICTHIPYIIBI I'PAaHUT-THEUCTEPIIH THIFBI3ABIFEI 2,65 1/
cm®. JleMek, KeH ChIMBICTBIPYIIIBI JKBIHBICTAP MEH KEH IIOFBIpJIaHAThIH OpTaiap
apachIHIIAFGI THIFBI3IBIK alibipMachkl HeOopi 0,05—0,07 r/cM?® Kypaif b1, OYIT OJTapAsIH
MHHEPAIBIK KYPaMBIHBIH YKCACTBIFEIMEH TYCIHAIpisie i, THIFBI3MBIKTHIH OChIH TN
onci3 nuddepeHITNAITAACH MESTUTTIH TY3UTyiHe )KOHE CHPEK Kep dIIEMEHTTEPIHIH
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OHBIH KypaMblHa eHYi1HE KOJaibl MeTpOU3NKAIBIK PaKTOp PETiHAe aHBIKTAIIbI.
O3zipiieHreH Mojelb basiH keH OpHBIH 0/1aH 9pi 3epTTey Ke3iHAe rPaBUMETPHUSIIBIK,
MarHUTTIK, 3JEKTPIiK, MOIAPU3ALMIIBIK XOHE PaJUOMETPHUSUIBIK JACPEKTEpIi
KEeIIeH i MHTepIIpeTaIusIayFa Heri3 0onabl.

Tyiin ce3mep: cupek XKep »dIEMEHTTepi, IIeeTUT, basH KeH OpHBI,
NeTPOPU3UKAIBIK CUIIaTTaMaap, NeTPOPpHU3UKaIbIK MOJACIIb
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AHHOTAUMA. AxmyansHocms. POCT crpoca Ha penkue M peaKo3eMelbHbIe
MeTaJlIbl  00YCJIOBIMBAET HEOOXOIMMOCTh COBEPIICHCTBOBAHUS IMOUCKOBBIX
KPUTEPUEB IS BBISIBIICHUS MECTOP 0K IEHU I, BKOTOPBIX PEJKO3EMEIIbHBIE 3TIEMEHTHI
MIPUCYTCTBYIOT HE TOJIBKO B COCTABE CAMOCTOSITENIbHBIX MUHEPAJIOB, HO U B KAUECTBE
nmpuMeceil B pyaHbIX MuHepasnax. Ha BoibppamMoBoM MmecTopoxaeHud basu
OCHOBHBIM PYJIHBIM MHHEPAJIOM SIBJISIETCSI LIEETTUT, COACPKAILUN PEKO3EMENBHBIE
aneMeHThl. Bmecte ¢ Tem nerpoduznyeckue XapakTepuCTUKY BMEILAOIINX TIOPOJ
U PYAOJIOKAIU3YOLIUX I€0JIOTUYECKUX CPEJL, ONPEACISIOINX YCIOBUS OTIOKEHUS
LIEETNTa, OCTAIOTCSl HEOCTATOYHO CUCTEMAaTU3UpOoBaHHbIMU. []ens. Pa3paboTars
NeTPOPU3NUECKYI0 MOJEIh HEU3MEHEHHBIX M THAPOTEPMAIBLHO H3MEHEHHBIX
MOpPOA MECTOpOXKACHUs basiH, a Taxke BBIBUTH NETpodu3nueckue (GpaxkTopsl,
CBS3aHHBIE C OTIIOKEHHUEM IIEEJINTA U BKIFOUEHUEM PEJIKO3EMEIIbHBIX JIEMEHTOB
B €ro KpUCTAITMUECKYIO CTPYKTYpY. Memoosi. IlpoBenensl ananu3 1 06o01menne
OITyOJINKOBAaHHBIX I'€OJOTMUECKUX MAaTE€pHajIoB, CIIPABOYHBIX METPOPUINIECKUX
JIAaHHBIX, PE3yJIbTaTOB IaMMa-KapoTa)Ka CKBAXXUH MU CBEACHUI O MUHEPaIbHOM
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cocTaBe TOPHBIX MOPOJ M PyHd. BEIMONHEH CpaBHUTENBHBIN aHAJIN3 IIOTHOCTH,
MarHUTHON BOCIPHUMYMBOCTH, KaXYIIETOCS SJIEKTPUYECKOTO COMPOTHBIICHUS,
PaZMOAaKTUBHOCTH W  MOJSPU3YEMOCTH METaMOP(PHUECKUX, HHTPY3UBHBIX,
0CaJI0YHBIX, THAPOTEPMAIbHO U3MEHEHHBIX UMeTacoMaTnieckux nopox. Haocuose
COIOCTABJICHHS TMOJYYCHHBIX XapaKTEPUCTHK OIpeaesieHbl NeTpoduznueckue
pasnuuus  MEXAYy ~BMELIAIOIIMMH  [OPOJaMH M PYIOJOKAJIH3YIOLIMMU
TEOJIOTHUECKUMH ~ cpellaMu. Pe3ynomamsi U 6b1600bl. YCTAHOBIEHO, YTO
HEU3MEHEHHbIe amMpuOon- M OHOTHTCOIEpKAaIlue CHaHIbl, aM(OUOONIUTHI U
THEHCHI XapaKTEPHU3YIOTCs HanOoJee BEICOKUMH 3HAYCHHISIMHU TUIOTHOCTH - 2,81—
3,08 r/cm®. [Ipu 3TOM MIOTHOCTH I'PAaHUT-THEHCOB M JIEWKOKPATOBBIX T'PAaHHUTOB
cocTaBisgeT MpuOMM3UTEeNsHO 2,65 U 2,54 r/cM® cooTBeTcTBeHHO. Vccnemyemplie
MOPOABI B IIEJOM XapaKTepU3YIOTCs CJIa00H MarHUTHOW BOCIPUHUMYHUBOCTHIO,
3HAUEHUS] KOTOPOM IS TOpOJ 3€PEHAMHCKONW CEpUU BapbUpylOTCI OT § X
10¢ mo 75 x 10°¢ ex. CI'C. Ilonspu3yeMOCTh THAPOTEPMAIHLHO HU3MEHEHHBIX
cynbduuconepxkanux mopox mgocturaet 15-20 %. [lnoTHOCTH CKapHOWIOB,
BMEIIAOMINX CKapHOUIHBIC PYABI, COCTaBIseT 2,96 T/cM?, TOorma Kak IMJIOTHOCTD
THIIPOTEPMAILHO U3MEHEHHBIX PYA0JIOKAIM3YIOMIKX mopoy nocturaet 3,01 r/em?.
Jl1s KBapII-1IOJIEBONINTATOBBIX IITOKBEPKOB YCTAHOBJICHA TUIOTHOCTH 2,72 T/cM?,
YTO HECKOJIBKO MPEBBIIIAET COOTBETCTBYIOIMNI MTOKAa3aTeb BMEIIAIONINX TPAHUT-
raeticos (2,65 r/cm?). Takum 00pa3oM, INTIOTHOCTHOM KOHTPACT MEKY OT/ICIbHBIMU
TUIAMH PYIOBMELIAIOIUX MOPOJ U PYAOJIOKAIM3YIOIINX TE€OJOIMYECKUX Cpel
cocrasisier 0,05-0,07 r/cM?, uTO CBsI3aHO ¢ OJIN30CTHI0 KX MUHEPAJILHOTO COCTaBA.
BrusBiiennast cina0ast minotHocTHas auddepeHnranns paccMaTpuBaeTcsl Kak OAuH
U3 NETPOPHU3NUECKUX TPHUIHAKOB, XapaKTEPU3YIOIIUX YCIOBHS JIOKaIH3alun
LICETUTOBOTO OpylaeHeHus. PaszpaGoranHas merpodusnyeckasi MOAETb MOXKET
CIIY’)KHTb OCHOBOW [JI1 KOMIUIEKCHOW HWHTEPIpETAlii TPaBUMETPHUECKHX,
MarHUTHBIX, SJIEKTPUYECKUX, MOISIPU3ANUOHHBIX H PaJAUOMETPUYECKUX JaHHBIX
IIPU JajbHEHIIEM I'e0JIOTHYECKOM H3yUEHUH MECTOPOXKAEHUs basH.

KuaroueBble cjioBa: peaxozeMenbHbIE 3JIEMEHTHI, IIEETUT, MECTOPOXKEHUE
basH, nerpodusnyeckue XxapakTepucTUKU, NeTpoduzndecKas MOAeIb

Introduction. The Bayan deposit has a complex and multi-stage geological
history, forming within the Precambrian metamorphic formations. Metamorphic
rocks form the basis of the deposit, but there are also areas of sedimentary
formations (clays and loams) and zones of weathered rocks.

The Bayan ore field is subdivided into several prospective zones, within which
ore bodies are developed. Main zones: Northern zone: ore bodies vary in thickness
from 2 to 98 meters and in length from 50 to 1500 meters. These bodies are
composed of actinolite-epidote-scheelite metasomatites in skarns and stockwork
zones of quartz-feldspar-scheelite formations. Intermediate zone: thickness of ore
bodies - from 1 to 35 meters, length - from 50 to 1500 meters. Ore bodies are
represented by scheelite-silicate metasomatites. Central zone: thickness of ore
bodies - from 1 to 50 meters, length - from 50 to 1500 meters. The bodies consist
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of amphibole-shelitic metasomatites and stockwork quartz zones. Western zone:
thickness of ore bodies - from 1.5 to 25 meters, length - from 50 to 1500 meters.
(Fig.1,2) (Shcherba et al., 1988; Bespaev and Miroshnichenko, 2004).

There are two natural types of ores at the deposit depending on the petrographic
composition of the source rocks: skarnoid and quartz-feldspar. The first type
includes ores found in skarnoids, amphibolites, amphibole schists and gneisses,
while the second type is associated with ores found in granodiorite-gneisses,
granite-gneisses, granites and other quartz-feldspar rocks of the gneiss-shale
complex.

Figure 1. Bayan deposit according to H. Adamyan.
1 - Zerenda Series: gneisses, granite-gneisses, amphibolites; 2 - Granites of the Zerenda Complex;
3 - Garnet and pyroxene skarns; 4 - Quartzites; 5 - Zones of intense fracturing, brecciation, and
mylonitization of rocks; 6 - Tectonic disturbances; 7 - Ore-bearing zones; 8 - Ore bodies.

Figure 2. Frame model of ore-bearing zone of Bayan deposit in plan (Dossymbekova et al., 2024).
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The main ore mineral is scheelite (CaWO,), and it is noted in four generations,
the main ones are - I, I1, the first is common in actinolite-epidote ores, contains up
to 23g/t rare earths, the second is noted in ore veins and quartz-epidote-phlogopite
metasomatites, where the content of rare earths reaches up to 600g/t. (Shcherba et
al., 1988).

Earlier we considered geological factors of rare earths inclusion in scheelite
composition at Bayan deposit. We noted the following factors: 1) geochemical
conditions under which scheelites are formed; 2) crystallochemical conditions
where it is energetically advantageous for the scheelite crystal lattice to get a
trivalent REE ion (TR®")) with high energy coefficient instead of divalent calcium
cation (Ca*"; 3)thermodynamic conditions under which ore minerals, including
scheelite, crystallized, where the remoteness of ore-localizing structures from the
source of thermal energy (granite intrusion) is the main factor in the manifestation of
thermodynamic disequilibrium during their crystallization, leading to isomorphic
entry of other ions into the crystal lattices of scheelite. (Dossymbekova et al.,
2024).

At this stage the actual task is petrophysical peculiarities of medium of
scheelite deposit with content of rare earths (mainly yttrium, cerium, gadolinium).

Materials and Methods. Information on physical characteristics of rocks and
ores of Bayan deposit are presented in detail in the works of Sheyanov A.K. and
etc. (1982). Besides there is a reference book of physical properties of rocks
of Kazakhstan (Kurskeev, 1983). Therefore, we will use literature and reference
data on petrophysical properties of rocks developed in the area of this deposit.
The main method of research is scientific analysis and synthesis of materials
on petrophysical characteristics of rocks of the ore district. On the basis of this
scientific method, we will try to solve the main task of the study, dividing it into
two parts: 1) construction of petrophysical model of unaltered rocks of the ore
district; 2) systematization of petrophysical characteristics of altered rocks in the
area of this deposit. As a result, we evaluate the petrophysical characteristic of
the environment of scheelite deposition as the main concentrator of rare earth
clements. (Issayeva et al., 2019; Issayeva et al., 2025)

Results. The petrophysical model of the Bayan deposit area was developed
using data from previous studies of the petrophysical characteristics of rocks and
reference data on the physical properties of rocks in Kazakhstan. These materials
were processed using scientific analysis and data synthesis methods. It should also
be noted that the electrical properties of the rocks in the model are represented
by their chargeability. The geophysical data were subsequently integrated with
geological information, including the stratigraphic column, which reflects the
geological evolution of the area.

A petrophysical model of unaltered rocks of the Bayan deposit area was
constructed on the basis of the stratigraphic column. As it is known, zerendin series
of metamorphites (PR zr), where this deposit is localized, is composed of a number
of crystalline schists, amphibolites, gneisses and granite-gneisses (Table 1).
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This petrophysical model reflects such petrophysical characteristics as density,
magnetic susceptibility, and radioactivity of unaltered rocks of this ore district.

1) Density of metamorphic rocks. This petrophysical model shows that such
metamorphic rocks in the section of the Zerendin series (PR, zr) as amphibole
and biotite schists, amphibolites have densities ranging from 2.81 to 3.08 g/cm?.
They are the highest density within the deposit area and are composed with rock-
forming minerals such as biotite, amphibole, microcline, and plagioclase. These
metamorphic rocks are widespread within the deposit and play an important role
in the development of the ore process as ore-bearing medium, which is controlled
by mineralization (skarnoids). Among themamphibolites are the least widespread
within the deposit. (Istekova, 2024)

Among metamorphic rocks, gneisses are the second most abundant in the section
of the Zerendinsky series; they were formed at the early stage of granitization
on mica and amphibole schists. The mineral composition of amphibole gneisses
contains plagioclase and ferruginous hornblende, totaling from 60 to 90%.
(Adamyan, 1989). Therefore, amphibole gneisses are dense rocks and their density
is determined within 2.87 g/cm?.

Biotite gneisses, formed on mica schists, differs from amphibole gneisses in
petrodensity characteristics, where their density according to reference data is
noted within 2.65 g/cm?®. (Kurskeev, 1983). Gneisses also play a role in the ore
process as ore-bearing medium for ore stockworks. (Omirserikov et al., 2017;
Kurmangazhina et al., 2026)

Quartzites have a limited distribution at the deposit. In the southern part of the
ore field, a quartzite interlayer was mapped. The density of quartzites according to
reference data is indicated within 2.68g/cm?. (Kurskeev, 1983).

2) Density of intrusive formations. The intrusive formations include
leucogranites, injected-metasomatic granite-gneisses, pegmatoidal quartz-feldspar
rocks and gneissogranodiorites. Granite-gneisses are the most widespread among
these rocks. Granite-gneisses are small, elongated bodies with thickness from
fractions to tens of meters. In the composition of the rocks are large separations
of sericitized oligoclase, microcline and quartz. The total amount of them in the
rock reaches up to 92-96%, the share of other minerals - biotite, epidote, chlorite,
apatite calcite and sphene is less than 4-8%. The density of such rocks in the area
of Bayanskoye deposit is determined within 2.65 g/cm?.

The late leucocratic granites are associated with the formation of ore stockworks
(Shcherba et al., 1988). The density of leucocratic granites is determined within
2.54 g/cm?. (Oitseva et al., 2023).
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Table 1. Petrophysical model of the Bayan deposite area.
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Thus, the unaltered rocks in this ore field are subdivided into three groups by
density:

1- group - rocks with relatively high density (2.81 - 3.08 g/cm?), these are
metamorphic amphibole-bearing and biotite-bearing schists and gneisses;

2- group of rocks with average density (2.68 - 2.65 g/cm?®), these are
metamorphic rocks: quartzites, intrusive formations: granite-gneisses;

3- group - rocks with low density within 2.54 g/cm?®), these are leucocratic
granites.

In addition, rocks of the Sharyk Formation (PR ’sh) are found in the area
of the Bayan field, among which the following predominate: shales of phyllite-
like structure, microshales of different composition, metamorphosed siltstones,
marbleized limestones, and their density according to reference data varies within
2.47 to 2.65 g/cm® depending on the mineralogical composition of shales. The
densest rocks of the Sharyk Formation are marbleized limestones with density of
2.68 g/cm?®. (Kurskeev, 1983).

As it was noted, the Bayan deposit is concentrated in the section of metamorphic
strata, and only clays and loams are established from sedimentary formations in
the deposit area. (Table 1). (Adamyan, 1989).

Magnetic susceptibility of unaltered rocks. As noted by researchers, the
Zerendin series is composed of very weakly magnetic schists, amphibolites, and
gneisses. (Kurskeev, 1983). The analysis of actual materials of amphibolite facies
metamorphism shows that these rocks are devoid of ferromagnetic minerals, so
they belong to very weakly magnetic formations. In the area of Bayan deposit
magnetic susceptibility of rocks of this series, according to reference data varies
from 8 to 75*10 *CGS.

The rocks of the Sharyk Formation are also weakly magmatic, with magnetic
susceptibility varying from 3-31*10 *CGS

Apparent resistivity of unaltered rocks. Low electrical resistivity (5—-10 Ohm)
is characteristic of Quaternary sandy-clayey rocks, while weathering crusts
have resistivities on the order of 20-40 Ohm. Fractured granites, granodiorites
and granitogneisses typically have resistivities of 1000 to 5000 Ohm. Fracture
zones, often coinciding with ore intervals, are characterized by reduced electrical
resistivity of up to several hundred Ohm.

Radioactivity of unaltered and hydrothermally altered rocks of the deposit
(Tables 1,2). Radiometric observations in boreholes and mine workings were
carried out at the Bayan deposit (Adamyan, 1989). In 1976—1982 during detailed
prospecting works for tungsten in the area of Bayan deposit by Ruzayevskaya FST
CKSGGE was revealed 15 radioactive anomalies with intensity 100—230 microR/h,
confined to gneisses and biotite-amphibole schists. The anomalies are preferably
associated with redistribution and small uranium supply during calichepatization
of rocks. (D’yachkov et al., 2021)

The nature of the anomalies is uranium, thorium and potassium-uranium. The
main method of mass prospecting was gamma logging of boreholes. As a result of
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gamma logging in the exploration contour of Bayan deposit about 150 anomalous
intervals with maximum intensity from 100 to 297 microR/h against the background
of 15-35 microR/h in gneisses, granite-gneisses, skarnoids, migmatites and other
rocks were revealed. Moreover, they are observed extremely rarely in the upper
part of the section. This, apparently, can explain the fact no radioactive anomalies
were detected in trenches and near-surface underground mine workings. The
thickness of ore intervals is from the first tens of centimeters to 1.5-20m and rarely
5-10 meters. (Dyachkov et al., 2020; Kenzhetaev et al., 2026)

Characteristically, the thickest intervals with high activity are found at depths
0f 390-528 m (wells 17, 49, 65).

Generalization of radiometric data obtained at the deposit during its preliminary
exploration allowed to localize a number of areas of increased contamination of
rocks with uranium-thorium mineralization within the northern extremities of
lines O-TIT, TX-XII, XIX-XXI, XXIU.

According to the results of separate radiometric analysis of samples taken from
anomalous intervals, it was found that all tested anomalies of mixed nature with
thorium predominating over uranium by 2-5 and more times. The intervening
rocks are characterized by low values of uranium 10+ %, thorium 10* %. This is
significantly below the regional geochemical zone.

The equilibrium between uranium and radium is significantly shifted towards
radium. Uranium companion elements are noted only in single anomalies and
are represented by Rv, Mo, P, Ag, Si, Zn, W, Sn, Cr. Despite the dense network
of drilling and mine workings, the anomalous intervals are not linked and have
insignificant (first tens of meters) dimensions along the strike.

Based on all of the above, they concluded that the radiometrically surveyed area
within the Bayanskoye deposit is unpromising for the discovery of commercial
uranium deposits. When developing the deposit, one should only take into account
the presence of some areas with increased contamination by uranium-thorium
mineralization.

But as a result of gamma logging data processing, information on radioactivity
of rocks and ores of the deposit was obtained.

Its values for gneisses, granite-gneisses, and shales vary from 10 to 30
microR/h. Low values (8—14 microR/h) are characteristic of unaltered or quartzed,
migmatized and dissimilarities, as well as strongly quartzed migmatized shales
and gneisses. Values of 18-24 microR/h are characteristic of rocks affected by
calichepatization, metasomatically altered.

Amphibole schists, skarnoids have higher values of radioactivity (from 18 to 34
microR/h). The lowest values have clays of Neogene age (12 microR/h). Granites
and granodiorites of the Bayan massif are characterized by moderate radioactivity
in the range from 16 to 22 microR/h. Granite dikes in the gneiss-shale formation
have a wide range of radioactivity values from 16 to 32 microR/h.

The ores of Bayan deposit are practically not radioactive, their radioactivity
is commensurate with the background values of radioactivity of rocks in the area
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Analysis of petrophysical characteristics of altered rocks in the area of
Bayan deposit. Hydrothermally and metasomatically altered rocks are usually
enriched with sulfides such as pyrite, pyrrhotite, chalcopyrite, magnetite and other
minerals, and are characterized by increased density, polarizability and magnetic
susceptibility (Table 2). (Issayeva et al., 2025; Sirazhev et al., 2025; Togizov et
al., 2026)

Polarizability of altered rocks. Ore zones formed by vein and disseminated
sulfidization of rocks usually have elevated (up to 15-20%) polarizability values
as measured by IP logs. Also, high polarizability is characteristic of some ancient
metamorphic rocks, such as gneisses and schists, which often contain pyrite.

Density of altered rocks. Altered rocks in the area of Bayan deposit were formed
at the final stages of granitization and ore deposition.

Among metamorphic rocks, hydrothermally altered gneisses have densities in
the range of 3.01 g/cm®.

Hydrothermally altered become low-density rocks, and depending on the
mineral composition their density varies from 2.48 to 2.59 g/cm?.

Skarnoids cover a complex of metasomatically transformed rocks of
epidote-pyroxene, pyroxene-granate-epidote composition, including aposcarnet
metasomatites. They are not only the main ore-controlling factor, but also ore-
bearing medium, as richer tungsten ores are more often concentrated in skarnoids,
which were formed at the expense of amphibole-bearing rocks (amphibole schists
and gneisses, amphibolites) at the testamentary stage of granitization. The density
of skarnoids at this deposit was determined within the limits of 2.96 g/cm?. As can
be seen, the main ore-bearing medium is also high-density. (Amralinova et al.,
2023; Togizov et al., 2019)

Greisen is accompanied by leucogranites. Intrusive leucogranites and quartz-
feldspar rocks show quartz-muscovite greisen mineralization in the form of
small and rare veins, and the density of greisen is determined within 2.78 g/cm3.
(Gulyaev, 1980; Shcherba and Gubaidullin, 1984; Kuzmina et al., 2025).

Stockworks. The vein mineralization in stockworks is represented by various
types of veins, such as scheelite-pyrite-quartz, scheelite-epidote-phlogopitquartz
and scheelite-quartz, which are usually of small thickness. They intersect various
strata of metamorphic rocks of this deposit. According to researchers, the density
of stockwork zones is determined within 2.72 g/cm?. (Gulyaev, 1980; Shcherba
and Gubaidullin, 1984; Kurmangazhina et al., 2026).

Table 2. Petrophysical characteristics of altered rocks at Bayan field.

Name of altered rocks Density, Magnetic Polarization, | Radioactivity
g/cm? susceptibility, % microR/h
10 -6 CGS
Hydrothermally altered gneisses 3.01 672 5.88 18 to 24
Granite-gneisses of chloritic and 2.59 60 18 to 24
Mmucovitosir.
Granite-gneisses zeolitize. 2.48 30 18-24
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Cataclasites 2.45 5

Scarnoids 2.96 21-1700 0.80 16-34
Graysens 2.78 13 2.48

Stockworks 2.72

Discussion. As a result of the analysis of petrophysical characteristics of
altered and unaltered rocks of the Bayan deposit area, some of its petrophysical
features should be noted:

1) the deposit is localized in a metamorphic medium with high petrodensity
characteristics with density up to 3.08 g/cm?;

2) The ore-bearing medium for skarnoid ores is metasomatites in skarnoids,
where their petrodensity characteristic is determined within 2.96 g/cm?®.

3) The ore-bearing medium for quartz-feldspar ores is granite-gneiss and
gneiss with petro-density characteristic of 2.65g/cm?;

4) the main sources of tungsten are the host medium with high petrodensity
characteristics within the range of 2.81-3.08g/cm* and intrusive formations with
lower petrodensity characteristics within the range of 2.54g/cm?;

5) amphibole schists and skarnoids, i.e. denser metamorphic rocks and their
altered varieties, are characterized by relatively elevated values of radioactivity
from 18 to 34 microR/h;

6) granites are characterized by moderate radioactivity in the range from 16 to
22 microR/h.

7) rocks within the deposit are weakly magnetic but highly resistive.

Conclusion. In our previous study, we examined the geological factors
controlling the incorporation of rare-earth elements (REEs) into scheelite and
identified the following principal factors (Dossymbekova et al., 2024):

1. Geochemical conditions of tungsten mineral formation, under which
scheelite crystallizes in near-neutral to weakly alkaline environments;

2. Crystal-chemical conditions under which the heterovalent substitution
of divalent calcium (Ca?") by trivalent rare-earth ions (REE*") in the scheelite
crystal lattice may be energetically favorable, provided that appropriate charge
compensation occurs;

3. Thermodynamic conditions governing the crystallization of ore minerals,
including scheelite. The distance between ore-localizing structures and the source
of thermal energy was considered one of the factors contributing to thermodynamic
disequilibrium during crystallization. Such conditions may promote higher crystal-
growth rates and the incorporation of trace ions into mineral crystal lattices.

The present study focuses on the petrophysical characteristics of the environment
in which scheelite mineralization was formed.

These features allowed us to draw conclusions about the petrophysical
peculiarity of the environment of scheelite deposition as a concentrator of rare
earths in this deposit:

1) in skarnoids. As is known, the deposit distinguishes two main differences
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of metasomatic rocks formed by skarnoids: quartz-epidote-actinolite and quartz-
epidote-phlogopite metasomatites, on which there were re-deposits of tungsten ore
(scheelite) from the host medium. Consequently, the ore-bearing rock is skarnoids
with a density of 2.96 g/cm?®, and aposcarn metasomatites, i.e. hydrothermally
altered rocks are ore-localizing medium with a density of 3.01 g/cm?. (Table 2).

In such a case between them appears relatively insignificant differentiation by
their petrodensity characteristic within 0.05 g/cm?, and the reason is their close
mineralogical composition. For example, quartz-epidote-phlogopite metasomatites
with scheelite, the REE concentrator, contain all minerals occurring in skarnoids
and quartz-epidote-actinolite metasomatites: relict minerals of source rocks,
sulfides, fluorite, calcite, sphene, apatite.

2) in stockworks. The main mass of scheelite is concentrated in pyrite, pyrite
- quartz veins and veins developed among granite-gneisses and gneisses, forming
quartz-feldspar ores. The leading minerals of this type of ores are feldspars in
total their content reaches up to 92%. The role of other minerals such as epidote,
actinolite, garnet, pyroxene, phlogopite scheelite, pyrite is sharply subordinated.
The petrodensity characteristic of rare-metal ore stockworks is indicated by many
researchers in the range of 2.72 g/cm?.

Granite-gneisses, where the ore stockwork is localized, consists of quartz and
feldspars, where their total amount in the rock reaches up to 92-96%. Petrodensity
characteristics of such rocks for this ore district are determined within 2.65 g/cm?.
Then when scheelite is deposited in stockworks between ore-bearing rock (granite-
gneisses) and ore-localizing structure (stockworks) there appears insignificant
petrodensity differentiation within 0.07 g/cm?’, the reason is close content of
feldspars in their mineralogical composition (Table 2).

In general, insignificant petrodensity differentiation within the range from 0.05
to 0.07 g/cm? between ore-bearing rocks and ore-localizing media, formed due to
their close mineralogical composition, is one of the petrophysical factors of rare
earths inclusion in the composition of scheelites at Bayan deposit.
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