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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immulx 2oiivim akademusicol « KP ¥FA Xabapnapwl. I'eonocus
JICOHE MEXHUKANBIK ZbLIbIMOAP CepUsChly bLibiMU dHcypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyze KabulioaHeaHbiH
xabapnaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIObL
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmeipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yevlnaowvl. KP YFA Xabapnapwl. eonoeus scane mexHUKAIbIK 2blIbIMOAp Cepusicol
Emerging Sources Citation Index-xe enyi 0i30iy Kozamoacmulx ywin ey 03ekmi dcoue
6e0endi eeonocus JHcoHe MEXHUKABIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbl30bl

6indipeoi.

HAH PK coobwaem, umo nayunvii ocypuan «Mseecmuss HAH PK. Cepusa zeonozuu u
MeXHUYecKux Hayky» ool npunsim 015 unoexcuposanus 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codepoicanue 8 3mom uHOEKCUPOBAHUU HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as OanvHeuuezo npUHAMUA
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednazaem xauecmeo u enyoumy
KOHmeHnma O ucciedogamenell, asmopos, uzdameneli u yupedxcoeHuti. Bxmouenue
Hszeecmua HAH PK. Cepus ceonozuu u mexuuueckux Hayk 6 Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUANETbHOMY
KOHMEHMY NO 2e0102UU U MeXHUYeCKUM HAYKAM OISl Hauie2o coodujecmad.



Bac pegakrop

JK¥PBIHOB Mypar /KypbIHYIbI, XUMHS FBUIBIMAAPBIHBIH JOKTOpEL, mpodeccop, KP ¥FA
akagemuri, «Kasakcran PecryOnmukackl ¥ITTBHIK FUTBIM akanemusicel» PKbB-HiH mpesunenti, AK
«/1.B. Cokonbckuii aTbIHAAFEI OTHIH, KaTaJIN3 JKOHE IEKTPOXUMUS HHCTUTYTHIHBIHY» 0ac TUPEKTOPEI
(Anmarsr, Kazakcran) H =4

FpuibiMu xaTmibl

ABCA 1BIKOB BaxsiT Hapnk6aiiyJibl, TeXHHKa FBUIBIMIAPBIHBIH TOKTOPEL, podeccop, KP ¥YFA

JKayanThIXaTIIBICH], A.B. BeKTypoBaThIHAaF BIXUMUS FBUIBIMIaPEIMHCTUTY THI (AnMaTbl, Kazakcran) H=5
PegaknusaablK aJK a:

9BCAMETOB Mauic Kyasicyas! (6ac penakTtopablH opeIHOAcaphl), reoIorus-MHHEPaIoT st
FBUIBIMJIAPBIHBIH  TOKTOpHI, Tpodeccop, KP ¥YFA akagemuri, «Y.M. AxmencaduHa aTbIHAAFEI
THIPOTEOJIOTHS JKOHE T€0IKOJIOTHSI HHCTUTYTHIHBIHY AupekTopsl (AnmMarsl, Kazakcran) H =2

7KOJITAEB TIepoii XKoaraiiyiabl (6ac penakTopAblH OpbIHOAacapsl), TeoJoTrHs-MHHEPaIOTHs
FBUTBIMJIAPBIHEIH TOKTOPEL, Tpodeccop, K. 1. Carnaes THIHAAFbI 00T U FEUTBIMIAPHI HHCTUTY THIHBIH
nupexTopbl (Anmarel, Kazakcran) H=2

CHOY pumen, Ph.D, kayeiMpacteipbuiran mnpodeccop, HeOpacka yauBepcutetiHiH Cy
FBUIBIMJIAPHI 3epTXaHachIHbIH qupekTopsl (HeOpacka mrarsl, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, Taburu Tapux MypaxaibiHsig XKep Typais! FeutbiMaap OemiMinae
METPOJIOTUS JKOHE Iaijayibl Kazbanap KeH OpBIHIAphl CalachIHIArbl 3epTTEYNCpAiH JKeTeKIIici
(Jlonnon, Aurus) H = 37

NAH®UWJIOB Muxaua bopucoBuY, TeXHHMKAa FBUIBIMIAPBIHBIH  JOKTOpBl, HaHcu
yHUBepcuteTiHig npodeccops! (Hanen, ®panmms) H=15

HIEH Iun, Ph.D, KpiTaii reonorusiibik KOFAMBIHBIH Tay F€OJOTHICHI KOMUTETI TUPEKTOPBIHBIH
opbiHOacapsl, AMEpUKAaHABIK SKOHOMHKAJBIK TEONOrTap KaybIMAAcTHIFBIHBIH Mymieci (ITexkuw,
Kprrait) H = 25

OUIIEP Axcenb, Ph.D, JIpe3ncH TeXHUKAIBIK YHHBEPCHTCTIHIH KaybIMAACTHIPBLIFAH
npodeccopsi (Ipe3neH, bepaun) H=6

KOHTOPOBHY Auekceii IMUIbEBHY, I'€OJOTHA-MUHEPAIOTUS FHUIBIMIAPBIHBIH JIOKTOPBI,
npodeccop, PFA akagemuri, A.A. Tpodumyka aTelHIaFEl MyHali-Ira3 Te0JIOTUACHI JKoHE reoU3nKa
unctutyTsl (HoBocubupck, Peceit) H =19

AT'ABEKOB Baagumup EHokoBHY, XHMMHS FhUIBIMAAPBIHBIH HOKTOpH, bemapycs ¥TA
akanemuri, JKana Matepuangap XMMUSIChI HHCTUTYTBIHBIH KYpMeTTi qupektops! (MuHck, benapycs)
H=13

KATAJIUH Credan, Ph.D, [Ipe3neH TexXHUKaIBIK YHHBEPCHTETIHIH KaybIMAACTBIPBUIFAH
npodeccops ([pesznen, bepaun) H = 20

CEUTMYPATOBA Jneonopa FOcynoBHa, reoorus-MUHEPATOTUs FhIIIBIMAAPBIHBIH JOKTOPEI,
npodeccop, KP ¥FA koppecnongent-myieci, K.M. CarnaeB arbinmarbl [€070Tusl FBUIBIMAAPEI
HHCTHTYTHI 3€pTXaHaChIHBIH MeHrepyiuici (Anamarsl, Kazakcran) H=11

CAFYBIHTAEB “Kanaii, Ph.D, xayeiMpacteipbutran mpodeccop, HaszapbaeB yHuBepcuteti
(Hyp-Cyunran, Kazakcran) H =11

®PATTHUHMU Iaono, Ph.D, buxokk Munan yHUBEpPCUTETI KaybIMIACTBHIPbUIFaH HIpodeccopbl
(Munan, Uranus) H =28
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I'naBHbIii perakTop

KYPHUHOB Mypar KypuHoBHUY, TOKTOp XUMUYECKHUX HayK, mpodeccop, akagemuxk HAH PK,
npesunent POO «HarnponansHoit akagemun Hayk PecriyOnuku Kazaxcran», reHepabHbIi TUPEKTOP
AO «MHcTuTyT TOIUMBA, KaTanu3a U a1ekrpoxumud uM. [1.B. Coxombckoro» (Ammarsr, Kazaxcran)
H=4

YueHHbIi cekpeTapb

ABCA/IBIKOB BbaxbiT HapukfaeBu4, JOKTOp TEXHHYECKUX HAYK, TPO(eccop, OTBETCTBEHHBIH

cexperaps HAH PK, UuctuTyT XuMmnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenakuunonHasi KoJgdJerus:

ABCAMETOB Mauc KyabicoBu4, (3aMeCTHTEINb ITTABHOTO PEAAKTOPA), TOKTOP I€0JIOTOMHHE-
panornueckux Hayk, mpodeccop, axagemuk HAH PK, mupexrop HMHcruTyTa Tmaporeosoruu u
reoskosoruu uM. ¥Y.M. Axmencaduna (Anmarsl, Kazaxcran) H = 2

KOJITAEB I'epoii ZKorraeBud, (3aMeCTUTEIND [TIABHOTO PEIAKTOPA), IOKTOP T'€0JI0rOMUHEPaIIo-
THYIECKUX Hayk, mpodeccop, mupexkrop MucTHTyTa reonormyecknx Hayk uM. K.M. Carmaesa (Anmarsr,
Kazaxcran) H=2

CHOY [Ipunea, Ph.D, acconumpoBannslii npodeccop, aupexrop Jlaboparopuu BOJHEIX HayK
yauBepcutera HeOpacku (mrat Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pykoBomurtenb uccienoBaHuii B 00JacTH IMETPOJOTHU U
MECTOPOXK/ICHUH TTOJE3HBIX HCKOmaeMbIX B Otmene Hayk o 3emie My3est eCTeCTBEHHOH HCTOPHH
(Jlonnon, Aurus) H =37

HAH®UJIOB Muxaua bBopucoBHY, TOKTOp TEXHHUYECKHX HayK, Mpodeccop YHUBEpPCHTETA
Hancu (Haucu, ®panmums) H=15

HIEH IMun, Ph.D, 3amecrurens aupexropa Komurera mo ropHoit reomormn Kurtaiickoro
Te0JIOTHYECKOT0 00IIecTBa, WieH AMEPHUKAHCKOH acCONHMAINK SKOHOMHUYeckux reonoros (Ileknw,
Kurait) H = 25

OUIIEP Axceas, acconuupoBanHslii npodeccop, Ph.D, Texanueckuit yausepcuret Jlpesnen
(Apesnen, bepmun) H = 6

KOHTOPOBMUY Auekceii IMUILEBHY, TOKTOP I'E0JI0r0-MHHEPATOrMICCKUX HAyK, Tpodeccop,
akagemuk PAH, MHCTHTYT HedrerazoBoii reonorun u reopmsuku uM. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccus) H=19

ATI'ABEKOB Baagumup EHokoBHM4, 10OKTOp XuMHYecKHX Hayk, akagemuk HAH benapycu,
MOYETHBIN qupeKkTop MHCTUTYTa XMMUHU HOBBIX MaTepuaioB (Munck, benapycs) H =13

KATAJIMH Credan, Ph.D, accoummpoBanubiii mnpodeccop, TexHHYEeCKHil yHUBEPCUTET
(Apesnen, bepmun) H =20

CEUTMYPATOBA Djeonopa IOcymoBHa, [OKTOp TIeO0lOrO-MHHEPAIOTHYECKUX —Hayk,
npodeccop, wieH-koppecnoneHT HAH PK, 3aBenyromas taboparopunt MIHCTHTyTa Te0IOTHYECKUX
Hayk uM. K.M. CarmaeBa (Anmarsl, Kazaxcran) H=11

CAI'MHTAEB Kamnaii, Ph.D, accouuupoBannsiii mpodeccop, HazapbaeB yHuBepcureT
(Hypcynran, Kazaxcran) H = 11

®OPATTHUHMU Iaoao, Ph.D, acconnuposanHblii npodeccop, Munanckuii yausepcuter bukokk
(Munan, Utamus) H = 28
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Editorial chief

ZHURINOV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK,
president of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC
“Institute of fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan)
H=4

Scientific secretary

ABSADYKOYV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive

secretary of NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H =5
Editorial board:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and
mineralogical sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of
hydrogeology and hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEY Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty,
Kazakhstan) H=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska
University (Nebraska, USA) H =32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the
Earth sciences section of the museum of natural history (London, England) H = 37

PANFILOYV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University
(Nancy, France) H=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological
Society, Fellow of the American association of economic geologists (Beijing, China) H =25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden,
Germany) H=6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences,
professor, academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS
(Novosibirsk, Russia) H =19

AGABEKOYV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus,
honorary director of the Institute of chemistry of new materials (Minsk, Belarus) H =13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H =20

SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences,
professor, corresponding member of NAS RK, head of the laboratory of the Institute of geological
sciences named after K.I. Satpayev (Almaty, Kazakhstan) H=11

SAGINTAYEYV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan) H=11

FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H=28
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©Zh.B. Dossymbekova', L.Z. Issayeva', K.S. Togizov!", D.B. Muratkhanov?,
O.N. Maksutov!, 2024.
!Satbayev University, Almaty, Kazakhstan;
Institute of Geological Sciences named after K.I. Satpaev, Almaty, Kazakhstan;
E—mail: k.togizov@satbayev.university

THE SPECIFICS OF RARE EARTH INCLUSION IN ORE MINERALS OF
RARE METAL DEPOSITS OF KAZAKHSTAN

Zh.B. Dossymbekova — 2nd year doctoral student, Satbayev University, z.dossymbekova@satbayev.
university, 0009-0000-6683-4604;

L.Z. Issayeva — doctor of geological and mineralogical sciences, assoc. professor of the Department
of Geophysics and Seismology, Satbayev University, l.issayeva@satbayev.university, 0000-0001—
7184-6351;

K.S. Togizov — PhD, Professor of the Department of Geophysics and Seismology, Satbayev University,
k.togizov@satbayev.university, 0000-0002-4830-405X;

D.B. Muratkhanov — researcher, Institute of Geological Sciences named after K.I. Satpaev, daulet.
mur@mail.ru, 0000-0001-8322-3311;

O.N. Maksutov — master’s student, Satbayev University, o.maksutov@satbayev.university, 0009-
0007-8318-4050.

Abstract. Rare earth elements — yttrium and fifteen chemically similar elements
from lanthanum to lutetium — can be found in ore minerals of rare metal deposits
in Kazakhstan. Therefore, their concentration and form of inclusion in the main
ore minerals are of great scientific and practical interest. N.L. Radenko analysed
the micro-trace composition of scheelites and wolframites from beds of different
formations and genetic types.

In this article, we report the specifics of the inclusion of rare earth elements
in ore minerals from the rare metal deposit in Bayan (Northern Kazakhstan) via
simulations (computer and mathematical) and thermobarogeochemical studies (by
the temperature of the mineral formation). Furthermore, we created a geographic
information system of the studied deposit and the 2D and 3D models representing
the distributions of the contents of tungsten trioxide between all exploration profiles
(2D) and along the whole mineralisation volume. Furthermore, the specifics of the
tungsten trioxide distribution in the 3D space, particularly in vein-stockwork ore
bodies, were studied. This investigation has an influence on the concentration of rare
earth elements and has led to a study of the issue of the condition of the formation
of ore minerals from the geochemical and thermobarogeochemical points of view,
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using the results of actual materials and mathematical simulations of the estimation
of the heat conditions of the ore-localising environment. As a result, the cause-
and-effect aspects of the change of the composition of wolframites in stockwork
ore bodies are disclosed for this deposit, and scientifically-based information was
obtained for the determination of the factors of inclusion of rare types of earth
elements in scheelites from the Bayan deposit.

Key words: geographic information system, 3D deposit models, 2D sections,
ore localising environment, ore-forming solutions, rare metal deposits, tungsten
trioxide, formation temperature, thermodynamic state.

©XK.B. JocvimbexoBal, JI.JK. Ucaesa', K.C. Toruzos!", /I.5. Myparxanos?,
O.H. MakcyTos', 2024.
!Cotnaer Yuusepcureti, Anmarsl, Kazakcran;
2CorbaeB aTbIHIarbl T€OJIOTHSITBIK FRUTBIMIAP HHCTUTYTHI, AnMarsl, KasakcTan;
E-mail: k.togizov@satbayev.university

KA3AKCTAHHBIH CUPEK METAJIJI KEHOPBIHJIAPBIH/IAT'bBI
KEHAI MUHEPAJITAPHBIH KYPAMBIHA CUPEK KEPJIEPAIH EHY
EPEKIIEJIKTEPI

7K.B. JocbiMbexoBa — [eodusnka xoHe ceiicMonorus kadeapackHbIH 2-Kypc JOKTOpaHThI, CoTOaeB
yHEuBepcuTeTi, z.dossymbekova@satbayev.university, 0009-0000-6683-4604;

JL.JK. HcaeBa — ['eouznka sxoHe celicMoorus kadeapachiHbIH KaybIMIACTHIPBUTFaH podeccopsl,
TEOJIOTHS KOHE MUHEpAJIOTHs FBUIBIMIAPBIHBIH MOKTOpHI, CorOaeB yHHBepcuTeTi, lissayeva@
satbayev.university, 0000-0001-7184-6351;

K.C. ToruzoB — PhD, T'eodusuka xoHe ceficmonorus kadenpacklHBIH Tpodeccopsi, Corbaes
yHHBepcuTeTi, k.togizov@satbayev.university, 0000-0002-4830-405X;

A.b. MyparxaHoB — reutbiMH KbI3MeTkep, K.J. CorGaeB aThIHIAaFbl TE€OJNOTHSUIBIK FBUIBIMAAD
nHCTUTYTHI, daulet. mur@mail.ru, 0000-0001-8322-3311;

O.H. MakcyTtoB — ['codmsuka sxoHe ceiicMonorus kadeapachHbIH 2-Kypc Maructpantsl, CorbaeB
yHHBepcuTeTi, 0.maksutov@satbayev.university, 0009-0007-8318-4050

AnHoTamus. Cupex jxep 2JIEMEHTTEPl — UTTPUH KOHE JIAaHTAHHAH JIFOTEIUITe
JEHIHri OH 0eC XUMHSUIBIK YKcac ayieMeHTTep Ka3akcTaHHBIH CHUPEK MeTasUlibl
KCHOPBIHJAPBIHBIH KEH MHUHepajaapbeiHiaa kesgeceni. OcbifaH OaiaHBICTHI
OJIApIbIH KOHIIEHTPAMFACKI MEH HETi3Tl KeH MUHepalmapblHa eHy (hopmaiapsl
YJIKEH FBUTBIMH KOHE MPAKTHKAJIBIK KbI3BIFYIIBUIBIK TyAbIpaabl. H.JI. PageHkoHbIH
eHOeKTepiH/Ie apTYPIIi (hOpMAIHSITHIK-TEHETUKAIIBIK KYPaMIaFbl KEH OPbIHAapbIHAH
QJIBIHFaH MIESIUTTEP MEH BOJIb(PPAMUTTEPAIH MUKPOKOCHIMIIIA KYPaMbl TaJIaH/Ibl.

ConbIKTaH, 0Chl MakKasiafga MoiembaiK KYpbUIBICTapAbIH (KOMIBIOTEPITIK KOHE
MaTeMaTHKAJIbIK) JKOHE TePMOOapOreOXUMHUSIBIK 3ePTTEYIePAiH (MUHEpaIIapIbIH
TY31UTy TeMIIepaTypachl OOWBIHINA) HOTHXKEIICPIH Tauaay KOHE CHHTE3/ICY apKbLIbI
cupek Metanapl basun (Conryctik KasakcTaH) KEHOPHBIHBIH KEHJ[I MHUHepall-
JApBIHBIH KypaMblHA CHPEK JKEpJepiH €HY epeKIIeNikTepiH amambi3. JKymbic
3epTTENICTIH KCHOPHBIHBIH T'€0aKMapaTThIK KYHECiH KATbINTACTBIPY YKOHE OHBIH
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2D, 3D MopmenbaepiH Kypy apKbUIbl JKY3€re achIpbULIBI, OJap YII TOTHIKTHI
BoJIb(hpaM KypaMbIHBIH OapibIK Oapiay npoduibaepine (2D) xoHe OYKin KeHIeHY
KeJIeMiHe TapaiyblH Oinmipeni. OmapslH HETi3iHAe YII eNmeMai KeHIiCTIKTe Yl
TOTBIKTBI BOJb(PpaM KYPaMBIHBIH Tapaly epeKIIeNliKTepi, acipece CHpeK Kep
AIIEMEHTTEPIiHIH KOHIEHTpAIMAChIHA OalIaHBICTBl TaMBIPIBI-IIITOKBEPKTI KEeHIII
nenenep 3eprrengi. On e3 Ke3eTiHIE HAKTHl MaTepUaNIapblH HOTHXKEIEPiH,
COHBIMEH KaTap KEHIIOFHIPIAHYIIBl OpPTaHBIH JKBUTy JKaFJaiiblH Oaramay
OOMBIHIIIA MAaTEeMAaTHKAIIBIK MOJIEBIIK KYPBUIBICTAPABIH HOTIKEIEPiH makganaHa
OTBHIPBITN, KEHJI MUHEpajlaplblH Taiga 00Ny >XaFJailblH T€OXUMUSUIBIK JKOHE
TepMOOAPOTCOXUMUSIIBIK, TIO3UIMSIIApAaH KapayFa ajibim kenmi. HoTmkecinae
OCBHI KEHOPHBIHAAFBI IITOKBEPKTI KEH JICHENepiHAeri BOIbPpaMUTTEp KYpaMbIHBIH
e3repyiHiH ceOemn-cangapiblK TapanTapbl allbUIBII, CUPEK kepiepai basH
KEHOPHBIHBIH MIEUTTEPiHIH KYpaMbIHA KOCBUTY (haKTOPJIAPBIH aHBIKTAy OOMBIHIIA
FBUIBIMU HETI3/ICNITeH aKIapaT allbIHIbL.

Tyiiin ce3mep: reoakmaparThiK Xyie, kKeHOpbIHHBIH 3D momennmepi, 2D ke-
CiH/ILIEp, KEHIIIOFBIPIAHYIIIBl OpTa, KeH TY3YIi epiTiHIiIep, CUpEeK MeTaul KeH-
OPBIHIAPHI, VI TOTHIKTH BOIb(paM, Ty3i1y TeMIepaTypachl, TEPMOTUHAMHUKAIBIK
sKargait.
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AHHoTanus. Peaxue 3eMenbHbIe 3JIeMEHTHI — UTTPUN U IIATHAALATh XHMHUYECKU
CXOZIHBIX 3JIEMEHTOB OT JIaHTaHa [0 JIIOTELHsS BCTPEUAIOTCs B PYAHBIX MUHEpaIax
peIKOMeTaNTbHBIX MecTopoXxaeHni KazaxcTana. B 3Toli cBsi3u OOIBINON HaydIHBIH
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Y TIPAKTUYECKUI WHTEPEC MPEACTABISIET UX KOHIEHTPAIUS U (OPMBI BXOKICHUS
B IJIaBHBIE pyAHble MuHepaibl. B paborax H. JI. Pamenko mpoanammsupoBaH
MUKPOIIPUMECHBIH COCTaB IICEIIUTOB M BOJB(YPAMUTOB W3 MECTOPOKIACHUN
pasTUIHON (HOPMATMOHHO-TEHETHIECCKON TTPHUHAIIICKHOCTH.

[TosToMy B NaHHOH CTaThe aHATU30M M CHHTE30M PE3yJIBTaTOB MOIEIBHBIX
MOCTPOEHHH (KOMIIBIOTEPHBIX W MAaTEMAaTUYECKUX) M TepMOOapPOreOXUMHUIECKIX
ruccienoBannii (Mo Temmeparype 00pa3oBaHHsS MHHEPAIOB) pPacKpbIBaeM
OCOOCHHOCTH BKJIIOUCHHS PEIKUX 3€MeIb B COCTaB pPYAHBIX MHHEPAIOB
peaxoMeTauibHOTO MecTtopokneHns basa (CesepHbrit Kazaxcran). Pabora Onlna
BBITIOJIHEHA MyTeM (POPMHUPOBAaHUS T'€OMH(POPMAIIMOHHONH CUCTEMBI U3yd4aeMOro
MECTOPOXACHUS 1 co3anusi ero 2D, 3D Mmoaenelt, npecTaBIsoIue pacpeaesiCHUs
COZIep’KaHHH TPEXOKHCH BOJb(pama 1o BceM pa3BenodHbIM npodwisiM (2D) u mo
BceMy 00beMy opyneHeHus. Ha ux ocHOBe U3yueHbl 0COOCHHOCTH PACIIpe/IeIeHUs
COZepKaHUK TPEXOKUCH BoNb()pamMa TPEXMEPHOM TMIPOCTPAHCTBE, OCOOEHHO
MIPOXUJIKOBO-IIITOKBEPKOBBIX PYAHBIX TEJNaX, C YEeM CBs3aHa KOHIICHTpALUs
PENKO3EMENBHBIX AIEMEHTOB. DTO MPUBENIO K PACCMOTPEHHIO BONPOCa 00 yCIOBHH
00pa30BaHus PyJHBIX MHHEPAJIOB C TCOXUMHUECKHUX U TEPMOOAPOTCOXMMHUECKUX
TTO3UIINHA, TNIe OBLIM HMCIIONB30BaHBI PE3yabTaThl (PAKTHUECKHUX MAaTepHaioB, HO
U Pe3ylbTaThl MaTEMATHUECKUX MOMCTHHBIX MOCTPOSCHUU IO OICHKE TEIUIOBOTO
COCTOSIHHSL PYJOJIOKaTU3YIOIIEH cpe/ibl. B pesynbsrare ObUIM PacKphITHI IPUYUHHO-
CJIEZICTBEHHBIE CTOPOHBI W3MEHEHHS COCTaBa BOJb(PPAMUTOB B IITOKBEPKOBBIX
PYAHBIX TelaX Ha JaHHOM MECTOPOXICHHH, TEM CaMbIM IOJyYeHa HaydHO —
o0ocHOBaHHas WH(pOpPMAIHS TO OIpPENeNIeHUI0 (aKTOPOB BKIFOUEHHUS PEIKUX
3eMeIIb B COCTaB IIIEEINTOB MEeCTOpOXKIeHNs basH.

KaroueBbie ciioBa: reowHpopMmanmoHHas cuctema, 3D wmomenu Mecto-
poxaenusi, 2D cpessl, pyIoIOKAIM3YIOMIas Cpeaa, pyaoo0pas3yrolie pacTBOPHI,
PEIKOMETaNIbHBIC MECTOPOXKICHUSI, TPEXOKUCH BOJIb(hpama, Temiieparypa oopa3o-
BaHUSs, TEPMOIMHAMHYECKOE COCTOSTHHE.

Introduction

Rare earth elements are common elements in geological displays of our Republic;
therefore, they are mentioned in all types of ore deposits, such as iron ore, copper,
complex, and golden ore. The noticeable concentrations of rare earth elements are
typical mainly for rare metal displays.

The study on the inclusion of rare earth elements in the main ore minerals of rare
metal deposits in Central Kazakhstan has shown that the highest concentrations
of the rare earth elements are typical for quartz-stockwork and greisen deposits
(Radenko, 1991: 15; Shcherba, 1988 a).

In the wolframites of the quartz—greisen deposits, such as Akchatau and Karaoba
(Central Kazakhstan), maximum concentrations of rare earth elements have been
found; on average, 630 g/t with the range of up to 1.9 kg/t with a significant
predominance of the yttrium sub-group through the important contribution of
yttrium and other heavy lanthanides. The cerium sub-group is represented by two
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elements—lanthanum and cerium. In this deposit group, hubnerites have been
found (Akchatau) with top-cut grades of rare earth elements (2.7%) with "——55
Sixty-five percent of this amount is attributed to the yttrium sub-group (Radenko
1991: 15).

According to a report, the concentration of rare earth elements in wolframites
can be attributed to the variations in ferrous and manganous elements in the
composition of wolframites. Wolframites from Kazakhstan form an almost uniform
continuous series, from ferberites (5.9% MnWO,) to hubnerites (99.2% MnWO,).
This research data has confirmed that the concentration of rare earth elements in
wolframites increases with the increase of MnWO,; besides, the share of light
lanthanides increases for the Akchatau deposit, while the relation of Ln_ u Ln +Y
for Karaoba deposit does not change (V.P. Koval, et al., 1975).

In the late 1980s, high concentrations of rare earth elements were found for
the first time in scheelites from the Verkhnie Kayrakty deposit: 3 kg/t (Central
Kazakhstan) (Radenko, 1991: 15). This data was confirmed by geochemical works
in the process of geological and metallurgical sampling to the depth of 300 m
(Romanov and others, 1990). According to the research data, rare earth elements
in the Verkhnie Kayrakty deposit increase the industrial significance of stockworks
by 20%—40%.

The works of N.L. Radenko (1990) describe the studies on the determination of
the form of inclusion of rare earth elements in scheelites of the Verkhnie Kayrakty
deposit. Scheelites of three generations from quartz streaks were studied, and it was
found that trivalent ions of rare earth elements (TR*") in scheelite crystal lattice
replace isomorphically bivalent ions of calcium (Ca*") with compensation of the
charge by univalent alkaline cations according to the scheme: 2Ca*" = TR¥*+R";
(Getmanskaya and others,1984). Furthermore, a non-isomorphic form of inclusion
of rare earth elements in scheelites was found where microscopic insertions of
cerium minerals—monazite and rhabdofane—were found in scheelites of II and
[T generations.

In the deposit Karagaylyaktas (Southern Kazakhstan), rare earth elements
are present in the form of natural minerals (monazite, xenotime, and others) as
well as disseminate in rock-forming (micas, fluorite, feldspars) and ore minerals
(wolframite, scheelite, and others), where their content reaches 0.2% (Shcherba,
1988 a). During the industrial processing of ores of such deposits, rare earth
elements may be extracted from scheelite, fluorite, monazite, and wolframite.

From the aforementioned discussion, is studying ore minerals of rare metal
deposits as a concentrator of rare earth elements is challenging (Mizernaya, 2021:
6; Amralinova, 2023 a: 24; Amralinova, 2023 b: 6; Zhihua Wang, 2024; D’yachkov
a: 23, 2020 a: 8). The exhaustiveness of complex geological information and the
application of innovative research technologies allows studying the cause-and-
effect aspects of the inclusion of rare earth elements in ore minerals of rare metal
mineralisation (Togizov, 2020 a: 8).

In this regard, we have chosen the Bayan deposit (Northern Kazakhstan) where
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rare earth element content is increased to 600 g/t in the main ore mineral (scheelite)
(Shcherba, 1988 a).

The Bayan deposit has a long multi-stage formation history. It is localised in a
metamorphous rock column. Only clays and clay soils are determined in the deposit
area among sedimentary formations. A weathered rock area of low thickness is
marked. On this ore deposit, some potentially productive zones are identified where
ore bodies are forming. The body thickness reaches dozens of metres (Northern:
2-98 m, Intermediate: 1-35 m, Central: 1-50 m, Western: 1.5-25 m), their length is 50
to 1,500 m, and they are contoured within the boundaries of the ore field (Figure 1).

The main ore mineral is scheelite, bismuthinite, and native bismuth. Scheelite
is identified in four generations, the main ones being first and second; the first
one is found in actinolite-epidote ores and contains up to 23 g/t of rare earth
elements, while the second one is found in ore veins and quartz epidote-phlogopite
metasomatites where the rare earth content reaches up to 600 g/t.

The main research interest relates to the isomorphic inclusion of rare earth
elements in scheelite. We have studied this issue by considering the thermodynamic
conditions of ore mineral deposits and geochemical conditions to determine the
energetic stability of scheelite crystal lattices.

Research Methods and Materials

The following materials have been used in this study:

- the digital base of geodata: geographic information system (with complex
geological, geophysical, geochemical, space, petrological, mineralogical, and
petrophysical data and ERS data) in the Bayan deposit area based on the GIS
technology with the use of ArcGIS — 10 software;

- 3D models (wireframe and block types) of this deposit represent digital
visualisation of the distribution of rare metals and rare earth elements in its
boundaries with the use of Micromine software. It allows one to relate the pattern
of distribution of ore elements of mineralisation to its ore-controlling factors and
to improve the methods and criteria of forecasting and the search for rare metals
(Omirserikov, 2017 a: 9)

- the results of mineral-thermometric studies with the determination of
temperature intervals of ore formation;

- the results of geochemical studies for the determination of wolframite formation
conditions.

Asseen above, the methods of Bayan deposit study, besides field geological works,
include transformations of geological information (complex geodata) to digital data
based on GIS technology. This technology is provided by the software: Mapinfo,
Arcgis, and Micromine (Zakrevsky, 2009; Goovaerts, 1997). The geographic
information system of the Bayan deposit and its 2D models and 3D wireframe and
block models were created with the use of these. The temperature conditions of ore
mineral deposits were analysed by the results of thermobarogeochemical methods
of the study of gas and liquid inclusions in minerals, and theoretic developments
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in the simulation of temperature fields of ore-bearing arrays in the system of an
intrusive super-intrusive zone (Oceane Rocher, 2024; Togizov 2023 b: 17).

Results

To create the three-dimensional models of this deposit, 39,428 items of geological
data were entered into a computer database. The boundaries of the ore-carrying
area were considered as the basis of the wireframe model according to the cut-off of
tungsten trioxide of 0.06% (Guliaev, 1980; Shcherba, 1984 b: 8; Adamyan, 1989).

In the three-dimensional space, the complex structure of the ore-carrying area
is clearly visualised, where the ore-carrying area is narrowed to the south-east, and
thus the ore-carrying area has an asymmetrical image. In the deep levels of the ore-
carrying area, separate ore bodies are found in the form of atomised skarnoids and
skarnified rocks which are found in all the ore-controlling areas, and empty rock
levels are clearly visualised in the ore-carrying areas and the ore sections (Figure
1A).

In Figure 1B, irregularity of the thickness of the section of the ore-carrying
areas can be seen. According to the geological data, it relates to the occurring
transformations of ores that have undergone scarnification to other types,
unfavourable to the ore deposit, on the one hand, and with intense processes of
granitisation leading to full skarnoid destruction, on the other hand.

Thus, the created wireframe model of the ore-carrying area allows one to show
the specifics of the Bayan deposit structure and the changeable thickness of the ore
intervals within its limits in digital form.

According to the researchers’ data, more than 60 hypogene minerals are
determined in the primary ores of the Bayan deposit where scheelite determines the
production value of the deposit, and it is found in four generations (Shcherba, 1988
a; Adamyan, 1989).
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Figure 1. 3D wireframe model of the ore zone of the Bayan deposit
(Blue: Northern zone, Red: Intermediate zone, Yellow: Western zone, Green: Central zone,
Lilac: Southern zone). (a) combined with the geological map and the map of actual materials;
(b) in the three-dimensional space.

Two generations are leading. Scheelite I, whose amount reaches 2%, is spread in
actinolite-epidote ores in the form of small (0.2—0.8 mm) disseminated inclusions
of irregular isometric granules and rare bunches (1-10 mm) in quartz-epidote-
actinolite metasomatites in close association with epidote II, actinolite II, granite II,
quartz, pyrite I, pyrrhotite I, and other minerals. Its specific feature is the increased
content of M 0,(0.17-1,3%), which allows one to attribute it to molybdenum
scheelite. Its section is yellow in ultra-violet rays. The rare earth element content
is not high (23 g/t).

Scheelite II associates with minerals of quartz-epidote-phlogopite metasomatites
and ore veins. It is represented by small (0.2-2 mm) irregular, often isometric
granules, bipyramidal crystals, and aggregate bunch segregations (reaching 2-3 cm
in quartz-sulfide veins 2-3 cm), and more seldom — by micro-veins and even veins
(Figure 2). Its colour in UV-rays is blue. It features a low (0.006-0.09%) content
of M O, and a slightly increased amount (up to 600 g/t) of rare earth elements
(Shcherba, 1988 a; Adamyan, 1989).
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(d

Figure 2. Scheelite extraction morphology: (a) Granular scheelite aggregate of pointed form
(grey well-shaped) in quartz (light) replacing the skarnoids (dark-grey relicts), without analyser,
magnification 70; (b) ‘Branched’ scheelite aggregate (dark) in quartz (light) — fluorite (grey) vein
cutting the skarnoids (their relicts are at the bottom right section), without analyser, magnification
70;. (¢) A scheelite micro vein (grey) in biotite-feldspar gneiss, without analyser, magnification 100;
(d) A granular scheelite inclusion (light-grey well-shaped) associated with phlogopite (grey), apatite
(light granules), and sulfides (black), without analyser, magnification 100.

The 3D digital model of the Bayan deposit created by us allows us to visualise
the distribution of the contents of tungsten trioxide (scheelite) along the studied ore
field (Figure 3). Within its limits, even distribution of tungsten trioxide in the interval
0.1%-0.5% is found. Such specifics of tungsten trioxide distribution remain along
the vertical section. The areas containing tungsten trioxide in the amount of 0.5%—
1.0% are spread in all ore zones but are unevenly distributed. Most areas containing
tungsten trioxide (0.5%—1.0%) are located in the Intermediate and Southern zones.
Areas with the highest contents of tungsten trioxide from 1.0 to 2.0% and more
are spread in the central part of the Northern zone where their distribution is equal
on all levels, from top to bottom. According to geological data, a sharp increase in
mineralisation concentration is seen in the areas with a combination of replacement
and vein ores. It is also worth mentioning that actinolite-epidote ores (replacement)
in skarnoids are richer in tungsten than in quartz-feldspar rocks (G.N. Shcherba,
1988).
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Figure 3. 3D block model of the Bayan deposit:
(a) in the three-dimensional space; (b) on the exploration profile plan.

Thus, a 3D model of the rare metal Bayan deposit shows that it features not
only a complex structure but also an uneven distribution of the main ore element—
tungsten trioxide—in space.

Micromine allows one to study a ready model from a perspective of any
direction where 2D sections of the exploration profiles have an applicable value.
Its matches to the respective geological sections allow one to determine the nature
of confinedness of ore element contents to specific types of rocks of the contained
environment as well as to the structure specifics of an ore field (Table No.1).

Table 1. Image of 2D sections of the block model of the Bayan deposit.

K
Pr. Vis Images of 2D sections of the block model and geological sections
No. i:::', of exploration profiles of the Bayan deposit
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The results of the studies showed that the lower levels of the western and north-
western parts of this deposit have the applicable interest for it which is confirmed
by the following factors:

1. The visualisation of tungsten trioxide distribution along the sections of the
exploration line shows that its highest concentrations are located in skarnoids
among granite gneiss. Also, the tungsten mineralisation is associated with gneiss-
amphibolite sequences in the deposit’s central part and with granite gneiss rocks in
its peripheral parts (Table No.1, pr. No. 3, 7);

2. Areas with high content, from 1.0% to 2.0% and above (exploration lines 3
and 1) are also found in the bottom levels of the deposit’s western part. Here the
stockwork veins are crossed by skarnoid bodies at the depth of 200 to 300 m, which
is the main reason for the occurrence of areas with a high concentration of tungsten
trioxide (Table No.1).

3. Tectonic faults limiting the deposit on its western flank play an important role
in the formation of ore stockwork where the prevailing system of ore fractures in
the deposit has a northern—western direction.

Considering that an ore body has been found in the Northern zone, and the
tungsten trioxide content is higher than the cut-off (0.06%) at the depth of 410 m
(pr. No.7), then ore bodies with high content of tungsten trioxide may be localised
below the level of 200 m (Table No.1).

In general, the visualisation of tungsten trioxide distribution at the Bayan deposit
shows that the bottom deposit levels may give an additional reserve increment.
Besides, areas with high contents of tungsten trioxide of 1.0%—2.0% and above are
found in the western and north-western deposit parts.
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The above-mentioned means that the depth of exploration can be increased at
the western flank of the Bayan deposit. However, the potentially productive areas
are determined by the bottom levels (250400 m) of its western flank, between
exploration lines No.1 and 5. Deep levels are also potentially productive in industrial
ores mainly in the Northern and partially in the Central zone (Figure 3).

The ore bodies at this deposit are formed by actinolite-epidote-scheelite
metasomatites in skarns and stockwork quartz-feldspar-scheelite zones. Vein
mineralisation is associated with granites and metasomatic as well asgranites and
granodiorites (Radenko, 1991: 15).

Based on the data of A.B. Darbadaev (1988), four temperature intervals of ore
formation can be determined. The earliest quartz and feldspar-quartz associations
have been crystallised from solutions enriched with gases with a temperature interval
of 420°C—400°C. Further main scheelite-sulfide-quartz associations have been
formed from gas-liquid solutions with the temperature interval of 320°C-200°C,
scheelites = 300°C-255°C, while the main volume of sulfides has been extracted
with the temperature interval of 250°C—-200°C. The ore process has been completed
by the formation of quartz-fluorite associations with the temperature interval of
200°C-150°C.

Discussion

Vein-stockwork ore bodies are composed of a network of parallel, (and more
seldom — crossing, quartz, quartz-sulfide, quartz-albite) veins of several generations
with scheelite. Scheelite features slightly increased content of rare earths.
Consequently, their concentrators are scheelites. Let us consider this issue from the
point of view of geochemical conditions of mineral formation and thermodynamic
conditions of ore stockwork formation.

Many authors pointed out the following geochemical factors leading to a
concentration of rare earth elements in scheelites of Kazakhstan deposits:

- The first one is the conditions of wolframite formation. According to the
researchers’ data, the increase of alkalinity of acid greisenising solutions creates
a favourable environment for the formation of tungstates of Fe, Mn, and Ca in the
order of increase of solubility of their compounds expressed by the row FeWO, :
MnWO, -CaWO, with the presence of Fe**, Mn**, Ca*" cations in the ore-forming
solutions (Bryzgalin, 1976). The increase of pH and Eh of acidic greisenising
solutions leads to the decrease of the content of the ferberite molecule in the
tungstate. Scheelites crystallise in almost neutral weakly alkaline conditions (pH =
7.3) (Radenko, 1991: 15);

- The second one is the energy characteristics of the strength of crystal lattices
determined as a share of energy contributed by each ion to a heteropolar compound
when it is formed from ions. The values of energy coefficients of ions of the above-
mentioned chemical elements also influence the change of wolframite composition.

For bivalent cations Fe?*, Mn**, Ca?", the energy coefficients are determined, and
they, respectively, have the values of 2.15, 1.95, and 1.75 eq. (eq. is a conditional
unit, it can be expressed in electron volts) (Gavruseevich, 1988). Crystal lattices
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created by the composition of ions of different types will be stable and strong if
their energy coefficients are high. That is why we can state that wolframite crystal
lattices with a ferberite molecule are much stronger than crystal lattices of hubnerite
and scheelite.

At the Bayan deposit, the concentration of rare earth elements in scheelites
shows that it is advantageous energetically if we add an ion (TR*") with a high
energy coefficient (3.6-4.1 eq.) to the scheelite crystal lattice instead of the bivalent
calcium cation (Ca**). In this case, the energetic stability of the scheelite crystal
lattice increases.

The host medium and the mineral formation temperature make additional changes
to mineral composition. Temperature and pressure are considered crucial factors
determining the wolframite composition by many authors (Ermilova, 1964, and
others): with temperature decreases, the hubnerite molecule in wolframite increases.
The vast practical materials in thermobarometry show that the temperature limits of
wolframite formation of different formation and genetic types on average fall within
a narrow interval of 380°C-280°C. Hubnerites fall within the same interval. Skarn
deposit scheelites feature lower temperature intervals (340°C-200°C). As we can
see, the mineral formation temperature also influences the wolframite composition.

That is why thermodynamic conditions of crystallisation of ore minerals, in
particular, scheelites, are of great interest. Such issues are solved by the application of
data of thermobarogeochemical studies of the temperature of ore mineral formation
as well as of the results of quantitative simulation considering the estimation of the
thermodynamic conditions of the ore localising environment (Togizov, 2019: 8).

That is why we have analysed the thermodynamic conditions of concentrator
mineral crystallisation. At this deposit, the sources of the tungsten ores were
represented by the intrusions of early granodiorites and late granites, with the latter
being associated with vein mineralisation that was formed in its thermal field.
Therefore, we have thoroughly reviewed the types of heat flows in endogenous ore
formation (conductive and convective).

As it is known, a combination of some conditions is necessary for the formation
of endogenous rare metal deposits. The first of them is the presence of granitoid
intrusions with dome morphology, the second one is the position of the potentially
productive area in the interval of temperature zonal sequence meeting the
requirements of high-temperature rare metal formation, and the third one is the
extensive development of faults contributing to the increased permeability of the
mineral formation medium.

The above conditions allow us to determine the state parameters in the ore-
forming system consisting of ore-forming fluids and their operation medium for
the deposit of ore substances. They are temperature, pressure, and the substance
composition of ore-forming systems, which are determined by methods of analytical
studies, in particular, the methods of thermobarogeochemistry. These methods
can describe the thermodynamic state of the ore-forming system in the period of
ore formation, but the thermodynamic state of the ore localising system can be
determined only by mathematic simulation of the heat field of granitoid intrusions.
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Late leucocratic granites, related to the vein mineralisation at the Bayan deposit,
form the energetic state of the ore localising medium. Besides, the analysis of
temperature conditions of deposit of ore minerals shows that ore formation at the
Bayan deposit is of a hydrothermal nature. Consequently, the ore-forming fluids
with temperatures of 350°C-200°C adjust the patterns of heat distribution in zones
of ore component deposit, i.e., create heat-abnormal areas interacting with the main
heat field of the granite intrusion.

In such an analysis, it is obvious that the study of the ore formation process is
based not only on geologic patterns but also on the principles of heat and mass
transfer and exchange. In this case, such important issues are covered as relations
between ore-forming and ore localising heat systems in mineral formation.

In general, unstable heat conditions are typical for all zones of the intrusive
granitoid level of ore formation (except the intra-intrusive one) at mineral
crystallisation. But their aspects are different, and they are clearly expressed in the
super intrusive zone. The low migration speed in relation to the low-temperature
front determines the immobility of the heat field of ore carrying massive in the
super intrusive zone. When the ore forming solutions with high temperatures reach
a low-pressure zone, they create ‘heat-abnormal’ areas and disturb the immobility
of the heat field of the ore-hosting medium. The contrast in ore-forming and ore
localising systems contributes to sharp fluctuations of temperature driving the
system to balance and leading to a high speed of crystal growth.

In this regard, it is worth mentioning that the speed of crystal growth depending
on thermodynamic conditions is a factor leading to the isomorphic inclusion of
other ions in crystal lattices.

Scheelites associated with granite gneiss rocks at this deposit have been
crystallised in unbalanced thermodynamic conditions due to their spatial position.

Conclusion

Thus, the specifics of rare earth inclusion in scheelites at the Bayan deposit are based on:

1. geochemical conditions of wolframite formation where scheelites crystallise
in almost neutral weakly alkaline conditions;

2.the energetic specifics of the strength of wolframite crystal lattices; it is more
advantageous energetically for scheelite crystal lattice to receive an ion (TR*") with
high energy coefficient instead of the bivalent calcium cation (Ca?");

3.thermodynamic conditions of ore mineral crystallisation, including scheelites.
The remoteness of ore localising structures from the source of thermal energy
(granite intrusion) is the main factor of expression of thermodynamic imbalance
at their crystallisation leading to the high speed of crystal growth and isomorphic
inclusion of other ions in crystal lattices.
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