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I 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 ¥immuolx 2oiivim akademusicol « KP ¥FA Xabapnapwl. I'eonocus
JICOHE MEXHUKANBIK RbLIbIMOAD Cepusiculy bLibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyze KabulioaHeaHbiH
xabapnaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIObL
o0aH api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yevtnaowvl. KP YFA Xabapnapwl. eonoeust scane mexHUKAIbIK 2blAbIMOAp CEpUsiCol
Emerging Sources Citation Index-xe enyi 0i30iy Kozamoacmulx ywin ey 03ekmi dcoHe
6edendi eeonocus HcoHe 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. Codeporcanue 8 3mom UHOEKCUPOBAHUU HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as OanvHeuuezo npuHAmMU
arcypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u the
Arts & Humanities Citation Index. Web of Science npednazaem xawecmeo u 2nyoOumHy
Kowmenma Ons uccieoogamenell, aemopos, uzoameneti u yuypedcoenuil. Brnouenue
Hszeecmua HAH PK. Cepus ceonozuu u mexuuueckux Hayk 6 Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboniee akmyaibHOMY U GIUANETbHOMY
KOHMEHMY NO 2e0102UU U MeXHUYeCKUM HAYKAM 0I5l Haue2o coodujecmad.



Bac penakrop

KYPBIHOB Mypar KypbiHYJIbI, XUMHUS FBUIBIMIAPBIHBIH TOKTOpBI, Tpodeccop, KP ¥FA
akanemuri, Ka3zakcran PecnyOmukackl YarTeik FwutbiM  akagemusichiHbIH mpesuneHTi, AK «/1.B.
CoOKONBCKHI aTBIHAAFBI OTHIH, KaTaln3 jKOHE MEKTPOXUMHS HHCTUTYTBIHBIH» 0ac TUPEKTOpHI (AJIMATHI,
Kazakcran) H =4

FplabiMu XaTiibl

ABCAJIBIKOB BaxbiT Hapukaiiyabl, TeXHUKa FRUIBIMIApBIHEIH JTOKTOpHI, podeccop, KP ¥FA

JKayanThl XaTIbIChl, A.b. BekTypoB aTbIHAaFBI XUMUS FBUTBIMIAPEI HHCTUTYTHI (AnMarsl, Kazakcran) H=5
PepnakunusaablK ajka:

OBCAMETOB Mauic Kyasicyiabl (6ac penakTopablH OpbIHOAcaphl), T€OJOTHS-MHHEPATOTUS
FBUIBIMJIAPBIHBIH  TOKTOpBI, mpodeccop, KP ¥FA akamemnri, «Y.M. Axmencaduna aTbIHAAFBI
THIIPOTCOIOTHS KOHE T€OIKOOTH MHCTUTYTHIHBIHY) TUPEeKTophl (AnMarel, Kazakcran) H = 2

JKOJITAEB Tepoii JKoaraiiynel (6ac pemakTopiblH OpBIHOAcCAPhI), TEONOTUS-MHHEPAIOTHS
FBUTBIMJIAPBIHBIH JOKTOPHI, mpodeccop, K.M. CaTmnaeB ThIHIAFBI T€ONIOTHS FHUIBIMIAPH HHCTUTYTHIHBIH
nupektopsl (Anmarsl, Kazakcran) H=2

CHOY [Ipuuen, Ph.D, kaybiMaacteipbutran npogeccop, Hebpacka yuuBepcuteTinid Cy FhUIBIMIAPDI
3eprxaHachlHbIH qupekTops! (HeOpacka mrarsr, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, taburu tapux Mmypaxaiieinsiy JKep Typassl FbutbiMaap Oestiminjae
TIETPOJIOTHS XKOHE Taiiiasbl Ka30aap KeH OpBIHAAPBI CalachIHAAFEl 3epTTeyIepain kerekmrici (Jlonmomn,
Anrnus) H =37

MMAH®UJIOB Muxaua BopucoBud, TeXHUKa FRUIBIMIAPBIHBIH JOKTOPEI, Hancn yHHBepcHuTeTIHIH
npodeccopsl (Hancu, @panrms) H=15

HIEH IMun, Ph.D, KeITaii reoIorusuIbIK KOFaMBIHBIH Tay T€0JIOTHSACH KOMUTET] TUPEKTOPEIHBIH OPbIH-
Gacapbl, AMEpHKaH/IbIK YKOHOMHKAIBIK Teosiortap KaybiMaacToirbiHbIH Mytieci (ITexun, Kpitait) H = 25

OUIIEP Axkcean, Ph.D, [/IpesneH TeXHUKAIBIK YHUBEPCUTETIHIH KaybIMAACTHIPBLUIFAH Ipodeccopsl
(dpesnen, bepnun) H=6

KOHTOPOBUY Anekceii IMHIbeBHY, T€OJOTUS-MHHEPAIOTNs FHUIBIMAAPLIHBIH JIOKTODBI,
npodeccop, PFA akamemuri, A.A. Tpodumyka arblHIaFbl MyHai-ra3 TeOJIOTHSCHI JKoHEe reodusuka
nHcTuTyTH (HOoBOCHOMpCK, Peceit) H = 19

ATABEKOB Baanuvup EHokoBHY, XUMUs FBUIBIMAAPBIHBIH J10KTOpHI, benapycs ¥FA akanemuri,
YKana matepuanap XUMHACHI MHCTUTYTBIHBIH KYPMETTi aupektopsl (Munck, berapycs) H =13

KATAJUIUH Credan, Ph.D, J/[pe3neH TeXHUKaJIBIK yHUBEPCUTETIHIH KaybIMaCTBIPBUIFaH Podeccopbl
(dpesnen, bepmun) H = 20

CEMTMYPATOBA Dieonopa FOcymoBHA, reoioris-MHHEPANOTHS FHUTBIMIAPHIHBIH JOKTOPHI,
npodeccop, KP ¥FA xoppecnonaent-mymeci, K.J. Carnaes arsiaaarsl [ €0m0Tus FRUTBIMIAPEI HHCTUTYTHI
3epTXaHachIHbIH MeHrepyiici (Anmarsl, Kazakcran) H=11

CATYBIHTAEB Kanaii, Ph.D, xaysimmacteipsuiran npogeccop, Hazapbaes ymmsepcureti (Hyp-
Cyurran, Kazakcran) H =11

DOPATTUHMU IMaouo, Ph.D, bukokk Munian yHHBEpCUTETI KaybIMAACTHIPBIIFAH mpodeccopsl (MmumaH,
Uranus) H = 28

«KP ¥F'A Xa6apaapsl. ['eosiorusi xoHe TEXHUKAJIBIK FHUIBIMAAP CEPUsIChD».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Menmrikreymi: «Kazakcran PecryOnukachiHbIH ¥JITTHIK FRUIBIM akageMusick» PKB (Anmars! K.).
Kazakcran PecmyOnukachiHBIH AKHapar »KoHE KOFaMIBIK JaMy MUHHCTPJITiHIH AKHapar KOMHUTETiHIE
29.07.2020 x. 6epinrer Ne KZ39VPY 00025420 mep3imMaik 6acbUIbIM TipKeyiHe KOWBLTY Typalibl KyoiK.
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Tupaxsr: 300 nana.
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I'naBHBIii penaxkTop

KYPUHOB Mypar ’KypuHOBHY, TOKTOp XMMHUYECKHX HayK, mpodeccop, axagemuk HAH PK,
npesuseHT HanmonanpHoi akagemun Hayk PecryGnmkm Kasaxcran, reHepanbHblii pupextop AO
«MHCTUTYT TOTUIMBA, KaTaiau3a U anekTpoxuMun uM. J1.B. Cokonbckoro» (Anmarsl, Kazaxcran) H = 4

YueHHBIIi cekpeTapb

ABCAJIBIKOB BaxbiT HapukéaeBu4, TOKTOp TEXHHYECKHX HAyK, Mpodeccop, OTBETCTBEHHBIN

cexperaps HAH PK, UucTnTyT XuMnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenaknuoHHasg KodJgerus:

ABCAMETOB Masuc KyapicoBud, (3aMeCTUTEINb ITTABHOTO PEAKTOPA), JOKTOP I'€0JIOTOMHUHEPAIIO-
THYECKHX HayK, mpodeccop, akaaemuk HAH PK, mupextop MHCTUTYTA THAPOTE€OIOTHU U TEOIKOTOTUH M.
V.M. Axmencaduna (Anmarsl, Kazaxcran) H =2

JKOJITAEB TI'epoii KoaraeBuu, (3aMeCTUTENb INIABHOTO PENAKTOpa), JOKTOP T'€OJOTOMHHEpAo-
THYeCKUX Hayk, mpodeccop, mupekrop MHcruryrta reonmornueckux Hayk nm. K.M. CarmaeBa (AmnMarsl,
Kazaxcran) H=2

CHOY Jpuuen, Ph.D, acconnupoBanHslii mpodeccop, aupexrop JlabopaTopun BOTHBIX HayK YHHBED-
cutera Hebpacku (mrar Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pyxoBoauTes HCCIEI0BaHIH B 00JIACTH IIETPOJIOTHU  MECTOPOXKIACHHI
M0JIe3HBIX CKomaeMbIX B OTaene Hayk o 3emie Myses ecrectBenHol uctopuu (Jlonnon, Aurmus) H = 37

IMAH®HWJIOB Muxana BopucoBud, T0KTOp TEXHHYECKNX Hayk, mpodeccop Yansepcutera Hancn
(Hancu, ®dpannus) H=15

HIEH ITun, Ph.D, 3amecturens qupexropa Komutera o ropxoii reosornu Kuraifickoro reooruaeckoro
o01ecTBa, wieH AMEepUKaHCKOW acconmanuy skonomudeckux reoioros (ITexun, Kurait) H = 25

OUIIEP Axkceab, accouunpoBaHHBIA mpodeccop, Ph.D, TexHmueckmit yHuBepcurer [pesneH
(dpesnen, bepnun) H=6

KOHTOPOBUY Aunekceli DMUIbeBHY, TOKTOP TI'eOJIOTO-MHHEPAIOTHIECKUX HAyK, Ipodeccop,
akagemuk PAH, Uuctutyr HedrerasoBoit reomornu u reopusuku um. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccust) H=19

AT'ABEKOB Baagumup EHokoBHY, TOKTOp XMMUUECKUX HayK, akageMuk HAH benapycu, moueTHsIi
mupekTop MHCTHTYTa XUMHUU HOBBIX MarepuaiioB (Munck, benapycs) H =13

KATAJIUH Credan, Ph.D, accouuuposanusiii mpodeccop, Texuuueckuit yausepcuret (pesneH,
Bepnmun) H = 20

CEMTMYPATOBA Dieonopa FOcynoBHa, TOKTOp reonoro-MAHEPAIOrHYECKHX HayK, Tpodeccop,
uneH-koppecnionneHT HAH PK, 3aBenyromas naGoparopun MHcTHTyTa Teonormdecknx Hayk um. K.
CarnaeBa (Anmatsl, Kazaxcran) H=11

CAT'MHTAEB Kanuaii, Ph.D, accormmupoBannslit mpodeccop, Hazapdaes yausepcuter (Hypcynras,
Kazaxcran) H=11

D®PATTUHU IMaoso, Ph.D, accounmmpoBanHBIil mpodeccop, MuUIaHCKUH yHHBEPCHUTET BHKOKK
(Munan, Utamns) H = 28
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© HammonansHas akagemus Hayk PecrryOnuku Kasaxcran, 2022
Anpec tunorpaduu: UIT «Apynay, . Anmarsl, yi1. Mypar6aesa, 75.

4




Editorial chief

ZHURINOYV 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

ZHOLTAEYV 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

PANFILOV 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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V.G. Stepanets!, V.L. Levin?, G.K. Bekenova?, M.S. Khakimzhanov?,
K.S. Togizov**

!Astra Mining Kazakhstan, 207 Regent, London, UK;
*The “Satpayev Institute of GeoSciences” LLP, 69 Kabanbai Batyr St.,
Almaty, Kazakhstan;
’Kazakhstan Fortescue LLP, 140 Dostyk Ave., Almaty, Kazakhstan.
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ACCESSORY COPPER ORE MINERALS AS A KEY ISSUE IN
UNDERSTANDING THE GENESIS OF THE MAYATAS META-
CARBONATITE ORES (ULYTAU, CENTRAL KAZAKHSTAN)

Abstract. The copper-rich ores of the Maike occurrence are a classic
magmatic (hydrothermal) association of sulphides located as a vein within
carbon-bearing muscovite-clinochlore-quartz schists. These ores are sub-solidus
(<600°C) products of decomposition of intermediate solid solution (ISS), which
was crystallised (950-800°C) from highly fractionated sulphide liquid enriched
with the elements: Pt, Pd, Ir, Ru, Rh, Os, Ag, As, Bi, Cd, Pb, Te, Zn, Y, Ce, La.

Study of accessory minerals from the Maike copper ores occurrence, including
sulphoarsenides and tellurides (containing platinoids, Ni, Pd, Sb, Ag, Pb and Co),
allowed us to describe the mineral formation sequence of carbonatites genetically
connected to intrusive and hydrothermal high-temperature activation of ultrabasic
magmatism, possibly associated in early Paleozoic with a suprasubduction zone.
Pentlandite of extremely low quantity contains Co, and pyrite is rich in Ni. Lead
is held in galena, while Zn and Cd are in sphalerite. Rare earth elements (REE)
are associated with phosphates and fluorophosphates.

Platinoids are not concentrated in nonferrous metal sulphides (chalcopyrite,
pentlandite, galena and sphalerite) and form the minerals we have identified
(testibiopalladite (Pd(Sb,Bi)Te), sperrylite (PtAs ). They also are part of zonal
sulphoarsenides and tellurides (melonite (NiTe,) and vavrinite (Ni,SbTe,). The
zonal nickel cobaltite is the richest in Pt, Ir, Rh, Ru, Os.
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The rhenium sulphides found in chalcopyrite and, extremely rarely, in pyrite,
are of mineralogical significance only.

The association of copper ores, carbonates (siderite, apatite), titanite, chrome-
spinel, albite, quartz, garnet (pyrope-almandine series), chromium-bearing
muscovite and chromium-rich clinochlore and their spatial relationship with
graphite-quartz-chlorite schists allow us to consider these rocks as part of the
silicate-carbonate-carbonaceous complex, reflecting the composition of mantle
growth melt.

Key words: Ulytau, carbonatite, copper ores, platinoid, sulphide, sulfarsenide,
arsenide, antimonide, rhenium mineral.

B.I. Crenanen’, B.JI. Jlesun?, I.K. Bekenona?, M.C. XakumM:KaHOB?,
K.C. Toruzos*

'Astra Mining Kazakhstan, 207 Regent, London, UK
2K.MN.CorbaeB aTbIHIAFbI TEONOTUSIIBIK FHUTBIM/IAP HHCTUTYTHI,
Anmarel, Kazakcran;
3Kazakhstan Fortescue XXIIIC, Anmarer, Kazakcran.
E-mail: k.togizov@satbayev.university

MASATAC KEHII AYIAHBI (¥JIBITAY, OPTAJIBIK KA3SAKCTAH)
METAKAPBOHATUTTEPIHIH PYJATEHE3 ITPOLHECTEPIH
TYCIHY KUITI - MbIC KEHAEPIHIH KOCBIMIIIA
MUWHEPAJITAPBI

AnHoTamusi. Meicka 0aii Maiike KeHOUTIHIMACPIHIH pyAaiapbl KYpaMbIHIa
KeMipTeri 06ap MYCKOBHT-KIMHOXJIOP-KBAapUTHl TaKTaTacTapbl IMIHAE XKeli
TYpiH/Ie OpHAIACKaH CYIb(OUIATEPIIH KIIACCUKAIBIK MarMaJIbIK / THAPOTEPMABIK
accormanusicel. byn pymanmap sxorapel (pakmusiianran Pt, Pd, Ir, Ru, Rh,
Os, Ag, As, Bi, Cd, Pb, Te, Zn, Ce, La snementrepiMer OailbiraH CymbQUATI
cyibIKTBIKTaH (950-800°C) kpuctanmanran apaiblK KarThl epiTiHaiHiH (AKE)
cyoconmuaycThik (<600°C) piasipay eHiMIepi OONBIN TaObLIAIBI.

Maiike keHOUTIHIMIHJIET1 MBIC pyJajapbIHbIH aKIIECCOPIBbIK MUHEpaJAapbiH
OJIApJBIH apachlHIa CYJIb(oapceHHATEp MEH Teurypuarepre (KypaMbIHIa
wiatuHouarap, Ni, Pd, Sb, Ag, Pb »xone Co) Hazap aymapein 3epTTey,
epre maneo3oiga CyOmyKuus YCTI alWMakmeH OIpIKTIpUITeH YJIbTpaHeTri3zl
MarMaTu3MHIH WHTPY3UBTI XKOHE THAPOTEPMANILI JKOFAphl TEMIIEpaTypalibl
OCJICEHITITIMEH IeHETUKAJIBIK OalIaHbICTalbl KAPOOHATUTTEP/IIH MHUHEPAIIIBIK
TY3UTy TI30€riH AoMenjii TYp/Ae cunarrayra MyMKiHIIK Oepai. Memnepi eTe a3
MeHTIAaHANTTIH KypambiHaa Co 6ap, an nuput Ni-MeH OaifbiThiiFan. Kopracein
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rasienutTe, an Zn xoHe Cd cdanepurre kesmeceli, CUPEK kKep IIEMEHTTEP
(CXK9) docdarrap meH prophocdarrapmer OalIaHBICTHI.

[InaruHouaTap TycTi MeTaill CylnbQUATEpiHAE (XaIbKOMUPUT, MEHTIAHINT,
TaJICHUT XoHE cdaJepuT) MOFbIpIaHOal bl >kKoHE 013 aHBIKTaFaH MbIHA
MUHEpanaapasl  Kypaiiael: TectuOmonammaaut (Pd(Sb,Bi)Te), cneppunut
(PtAs,), conbiMeH Karap Oenuemai Cynb()OapCeHUATEP MEH TEILTYPUATEPIIH
(menonut (NiTe,), Baspunut (Ni,SbTe))) kypambina kipeni Pt, Ir, Rh, Ru, Os
3JIEMEHTTEpIHE eH Oail — OenaeM/ 1l HUKeIb/i KoOanbT. XalbKOMUPUTTE KOHE OTe
CUPEK IMTUPHUTTE Ke3ACCETIH PCHUI CYIb(OUATEP] TEK MUHEPAIOT USITBIK MOHTE HE.

Mpsic pymanapblHbIH, KapOOHATTapAbIH (CHACPUT, AamaTuT), TUTAHUTTIH,
XPOMIIIUHENBIH, aJbOUTTIH, KBAPUTBHIH, TPaHATTHIH (THPO-aTbMaHINH
KaTapblHBIH), KYpaMbIHIa XpOM 0ap MYCKOBHTTIH >KOHE XPOMMEH OailbIThUIFaH
KIMHOXJIOPJIBIH ~ KaybIMIACTBIFBI JKOHE ONApAbIH TpaduT-KBAPI-XJIOPUTTI
TaKTaTacTapMEH KEHICTIKTIK OaiJIaHbIChI OYJ1 )KBIHBICTAP/Ibl MAHTHSAAH IIBIKKAH
ecy OaJKbIMAChIHBIH KYpPaMbIH KOPCETETIH CHIIMIUT-KapOOHAT-KOMIPTEKTI
KEIIEHHIH KypaM/ac 0eJIiri peTiHae KapacThipyFa MYMKIHJIIK Oepei.

Tyiiin ce3nep: ¥ibiTay, KApOOHATUTTEP, MBIC pyJdaiaphl, IUIATHHOWUITAD,
cynbbuarep, CyibhoapceHUATEP, AapCEHHUATEP, AaHTUMOHUITEp, PEHUM
MUHEPAIIAPHI.
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AKIHECCOPHBIE MUHEPAJIbI MEJITHBIX PY/] KAK
KJIIOY K IOHUMAHUIO ITPOHECCOB PYAOI'EHE3A
METAKAPBEOHATHUTOB MASITACCKOT'O PYTHOI'O PAHOHA
(VJIBITAY, HEHTPAJIbHBIA KABAXCTAH)

AHHoTanus. borarsie Me1bI0 Pyl IPOsiBIEHUs Malike IpeicTaBisoT cO00H
KJIACCUYECKYI0) MarMaTH4ecKO/THIPOTEpPMaIbHYI0 aCCOLHUAIUI0 CYIb(OUIOB,
PaCIIOJIOKEHHYIO B BUJE KWIbBl B COCTaBE YIIIEPOACOAEPIKAIIUX MYCKOBHT-
KIMHOXJIOP-KBApLEBbIX CJIAHIIEB. OTH PYIbl SBIAIOTCS CyOCOMUIYCHBIMH
(<600°C) mpomykramu pacmaja MpOMEXKYTOuHOro TBepaoro pactBopa (ISS),
KoTopelid  Kpuctammmu3oBaiacs (950-800°C) wu3  BBICOKOPPAKITMOHUPOBAHHOU
cynbGUIHON XUIKOCTH, oboramenHoit Pt, Pd, Ir, Ru, Rh, Os, Ag, As, Bi, Cd,
Pb, Te, Zn, Y, Ce, La.
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W3yueHne akiecCOpHbIX MHUHEPAJIOB MEIHBIX pya MposiBieHUs Maiike,
cCpeaM KOTOPBIX OCHOBHOEC BHUMaHHE YACJICHO cyib(oapceHuaaM |
TeuTypuaam (comepskammm ruiatuHousl, Ni, Pd, Sb, Ag, Pb u Co), mo3onmio
apryMEHTHPOBAaHO OIKCaTh IOCJIEAOBATCIBHOCTh MHHEPAI000pa30BaHUs
KapOOHATHTOB, TCHETUYCCKU CBSI3aHHBIX C MHTPY3UBHOW M THIPOTEPMATILHOM
BBICOKOTEMIIEPATypHO  aKTUBW3allMeld  yABTPAOCHOBHOTO  MarMaTus3ma,
BEPOSITHO, CONPSDKCHHOTO B paHHEM Iaje030€¢ C HaJCyOAyKIIMOHHOW 30HOM.
[TeHTIaHANT, KOJIMYECTBO KOTOPOTO KpaiHe Majo, comepkut Co, a mupur
oboramen Ni. CBuHen comepkurcs B rajmenure, a Zn u Cd — B chanepure,
penko3eMenbHble 3neMeHThl (P33) cBsa3ansl ¢ pocdaramu u propdocdaramu.

[InatuHOMIBI HE KOHUEHTPUPYIOTCS B Cylb(HIaX I[BETHBIX METaJIOB
(XambKOTIUPHT, MEHTIAHIUT, TAJICHUT U cdanepuT) u oOpas3yloT BBISBICHHbBIE
Hamu MuHepanbl: TectuOuonamnaaur (Pd(Sb, Bi)Te), cneppumr (PtAs), a
TAKXe BXOMST B COCTaB 30HAJIBHBIX CYIb(OAPCEHUIOB U TEIUTYPUIOB: MEIIOHHUT
(NiTe,), BaBpunur (Ni,SbTe ). Hau6onee Gorareim Pt, Ir, Rh, Ru, Os saBnsercs
30HAJILHBIA HUKETUCTHIH KOOAIBTHH.

Cynpduasl peHus, oOHApYXCHHBIC B XaJbKOIUPHUTE U, KpailHEe PEIKo, B
MUPHUTE, UMEIOT TOJILKO MHUHEPATIOTHUECKOE 3HAYCHHE.

Accomanuss MEIHBIX pya, KapOOHAaTOB (CHUIEPHT, amaTUT), THUTAHUTA,
XPOMIIIIMHENH, anbOuTa, KBapia, rpaHarta (MUPOM-aJIbMaHIUHOBOTO PSJa),
XPOMCOJICPKAIIET0 MYCKOBUTa W OOOTAIIEHHOTO XPOMOM KJIMHOXJIOpAa M HMX
MIPOCTPAHCTBEHHASI CBS3h C TPAPUT-KBAPII-XJIOPUTOBBIMHU CIIAHIIAMH ITO3BOJISTFOT
paccMmarpuBarh JIaHHBIE TMOPOABI COCTAaBHOW YacThIO CHIIMIUT-KapOOHAT-
YIIEPOTUCTOTO KOMIUIEKCA, OTPAXKAIOIIEr0 COCTaB POCTOBOTO PacIliaBa
MaHTHUITHOTO TIPOUCXOXKICHUS.

KarwueBbie ciaoBa: YibiTay, KapOOHATHTHI, MEIHBIC PYHbI, TUIATHHOMIIBI,
cynb(uIbI, CyTb(POapCEHUIBI, APCEHUIBI, AHTUMOHUIBI, MUHEPAJIBI PEHUS.

Introduction. Previously, we reported the results of mineralogical studies of
rhenium sulphides of copper ores of fracture-type carbonatites of the Mayatas
ore district of Northern Ulytau (Stepanets, 2019 a: 8), which briefly considered
ore formation stages for copper ores of the Maike occurrence (Levin, 2020: 16).
In the present paper, we will elaborate on the composition of accessory minerals,
focusing on sulfarsenides that contain light and heavy platinoids, Ni and Co,
and tellurides of Ni, Pd, Sb, Ag, and Pb. It can allow us to describe a possible
sequence of mineral formation of carbonatites, genetically connected with
ultrabasic magmatic probably linked to the early Palaecozoic supra-subduction
zone, and to later high-temperature magmatic-hydrothermal. A formation of
carbonatites during Late Proterozoic mantle plume, the product of melting the
subducted oceanic crust (Hofmann, 1997: 10), cannot be excluded.
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Research materials and methods. The core sample for our study was taken
from the n-10 borehole, provided by the “Mayatas” company, which has been
prospecting and exploring the area within the Mayatas ore district for the last ten
years.

Minerals of copper ores have been identified in polished sections made from
the borehole core in the Laboratory of Mineralogy at the Satpayev IGS (Almaty)
using the energy dispersive spectrometer (INCA Energy - the Oxford Instruments,
UK) with the following characteristics: accelerating voltage 25 kV, probe current
25 nA, probe diameter 1-2 pm), mounted on electron-probe microanalyser
Superprobe 733, JEOL (Japan). Comparison samples and analytical lines for
respective elements: Cu, Fe, S (CuFeS,, Cu K, Fe K, S K); Pb (PbS, Pb L); Mo
(MoS,, Mo L), Re (Re M), Ni (Ni K), Zn (Zn K), Rh (Rh L), Sb (Sb L), Bi (Bi
L), Sn (SnL).

Geological structure. The Mayatas ore district includes a group of occurrences
and small deposits of gold, REE, copper, and lead exposed in the Kara-Turgai,
Boshke, and Maike interfluves. There, they are localised along the fault system
trending to north and north-east and extending over 8 km. Its southwestern edge
begins at the Mayatas wintering site and terminates at the headwaters of the
Boshke River, which flows into the Kara-Turgai River. The Mayatas ore district
is part of the Bozai-Sulutas mineralisation zone associated with the outcrops of
fracture-type ultrabasic intrusions extending more than 80 km in the meridional
direction.

The Maike ore occurrence is located north-east of the village of Mayatas in
the basin of the river of the same name flowing into the Kara-Turgai River. A
large part of the Mayatas ore district is overlain by a thick Mesozoic weathering
crust, where yttrium-rare earth mineralisation is known practically within the
Maike occurrence contour (Nsanov, 1993: 17). To the south, weathering crusts
of carbonaceous-dolomitic shales with lead ores of the Zarechnoye deposit
are exposed 3.5 km away from the Maike manifestation. Similar ores are also
known in the source area of the Boshke River. Gold-quartz ore occurrences are
encountered throughout the fault zone but not in-depth. According to Muratbekov
(2017), all the occurrences mentioned above were studied by the “Mayatas™ LLP
in recent years.

The litho-geochemical anomaly within the Maike ore occurrence contour has
a sub-meridional strike up to 4.0 km, 20 to 400 m wide. The mineralised zone at a
depth of 120 m wedges out and is carrot-shaped in cross-section, with a thickness
of more than 30 m at the surface, dipping steeply (70-80°) to the east along its
sub-meridional strike. The mineralisation zone with copper ores no thicker than
35 cm is confined to outcrops of the graphite-quartz-rutile-siderite-muscovite-
chlorite schists, part of the graphite-quartz-chlorite sequence (Stepanets, 2019 a:
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8), historically identified in the Early Proterozoic Aralbay Series (Vishnevskaya,
1967: 11).

According to Vishnevskaya (1967), the accessory minerals in graphite-quartz-
rutile-siderite-muscovite-chlorite schists are represented by apatite, titanite,
zircon, tourmaline, garnet (3%), graphite (up to 12%). The chemical composition
of garnet: almandine (Fe,AlL(SiO,),) 50 mol%, grossular (Ca,Al(SiO,),) 32
mol%, pyrope (Mg, Al (Si0,),) 18 mol%. Zircon, apatite, and titanite often form
rounded grains, 0.02 mm in size, which appears to result from their movement
in the magmatic melt (Litvin, 2012 a: 33). The range of accessories and the
normative mineral composition of the quartz-rutile-siderite-chlorite and siderite-
muscovite-chlorite schists do not exclude the possibility (Stepanets, 2019 a: 8) of
these rocks to be the outcome of metamorphism of ultra-mafic rocks. According
to Litvin (2009 b: 12, 2012 a: 33), a highly effective diamond-forming medium
is a silicate-coal-bearing carbonatite melt. This is confirmed by the finds of
diamonds in the graphite-muscovite-feldspar-quartz schists of Northern Ulytau
(Chudin, 2012: 4). The role of carbon in the formation of copper ores is traced
by the presence of accessory minerals such as apatite and tellurides of Pd and
Bi (Blanks, 2020: 9), Ag, and Pb (Shaibekov, 2013: 108). In carbonate-sulphide
associations, palladium tellurides and bismuthides are spatially related to copper
ores, where carbon is of mantle origin (Graham, 2017: 23).

In existing volumetric models of vertical mineralisation zoning of the plutonic-
type carbonatite massifs (Frolov, 2005: 540), the thorium-rare-earth occurrences
with copper, lead, and zinc sulphides are usually located above hematite and
barite-strontianite deposits, which are confined to ankerite-dolomite veins, such
as the Zarechnoye and Kurgasyn deposits (Bespaev, 1997: 152). The type we
describe is characterised by the presence of graphite-muscovite-clinochlore and
graphite-muscovite-clinochlore-carbonate-quartz veins containing the platinum-
and REE-rich copper ores.

Results. Copper ore mineralogy. Main ore minerals. The Maike occurrence
ores are 95% stoichiometric chalcopyrite (Stepanets, 2019 a: 8; Levin, 2020: 16),
where platinum group elements (PGE) and REEs impurities are not detected.
Significantly less frequent in copper ores are:

- violarite (FeNi2S4), weakly enriched in Co (<1.25%), generally characterised
by an excess of sulphur and iron;

- pentlandite (Fe,Ni,(Fe,Co,Ni)S,) is extremely rare and enriched with
sulphur;

- pyrite (FeS)), with Ni (0.41-3.71%) constantly present as an impurity; high
concentrations of Ni and, much less frequently, Cu (0.63-0.75%) are typical of
crystals associated with violarite;

- pyrrhotite (FeS) is rare and characterised by excess sulphur;
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- sphalerite (Zn, Fe)S is extremely rare and often occurs together with micro-
inclusions of cobaltite. As a rule, sphalerite contains Cd (0.66-0.76%), Cu (0.80-
1.30%) and Fe (6.77-7.03%);

- sphalerite, found in association with acanthite, does not contain Cd but is
enriched in Fe (8.45%) and Cu (2.46%).

Accessory ore minerals. Chalcopyrite contains micro-inclusions of the
following minerals: sperrylite (PtAs)); testibiopalladite (Pd(Sb,Bi)Te); hessite
(Ag,Te) and idiomorphic inclusions of minerals of the cobaltite-gersdorffite series
with platinoid admixtures (Pt, Ir, Rh, Ru, Os); vavrinite (Ni,SbTe,) and melonite
(NiTe,) containing only Pd; violarite (FeNi,S,) with inclusions of hessite (Ag, Te).
Several acanthite (Ag,S) and galena (PbS) grains were found. Altaite (PbTe) was
encountered. Phosphates and fluorophosphate containing Y and elements of the
cerium subgroup (light La, Ce, Pr, Nd, Sm) are also identified. Molybdenite
and rhenium sulphides are extremely rare. Considering the importance of PGE
presence in zonal sulfarsenides and PGM proper, which, as well as REE, serve as
reliable thermobarometers for understanding the ore-forming processes (Dare et
al., 2010), we consider their compositions and relations with main ore minerals
in detail.

Rhenium sulphides. A special group of rare sulphides are rhenium’s minerals,
and mineral phases described previously (Levin, 2020: 16). Here we mention
only those minerals helpful in determining the sequence of the copper ore
formation: Re(Mo,Cu)S, (ReMo)S, ReS, (Re,Fe)(Pb,Bi)S, (Re,Pb,Fe)S,
(Pb,Re)S.. Figure 1 shows forms of rhenium sulphides.

Ccp

R#{Ma,Cu)S 4
e it

[Re Fe)PbBi)S (Re,Pb,Fe)3;
10 MK 3 MKEM

Figure 1. Microcrystals of rhenium sulphides (Levin, 2020: 16).
The back-scattered electron image (BEI)
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Sulfarsenides. Intermediate members of the cobaltite-gersdorffite series
mainly represent sulfarsenides of Ni and Co: nickel-containing cobaltite and less
frequently cobaltite, ferro-cobaltite and gersdorffite. They form minerals of two
types: zonal and non-zonal crystals, forming, in the plane of polished sections,
chains of crystals and single well-cut rectangular, rhombic, pentagonal, and
hexagonal plates (figure 2). The maximum size of single plates does not exceed
30 um; as a rule, they are 5 to 15 um. The association of cobaltite with sphalerite
is quite common. The crystals are often framed by melonite, testibiopalladite,
silver telluride and magnetite (figure 2). In the composition, arsenic significantly
predominates over sulphur irrespective of the level of Co and Ni.

Gersdorffite (NiAsS) has stoichiometric composition (Ni, ,,As .S ,,) With
insignificant amount of impurities Sb (1.60%), Fe (0.2%) and Co (0.1%) (table 1).

Figure 2. Polished section of ore minerals from core no. n-10: a-6 — the nature
of the relationship between chalcopyrite (Ccp) and the cobaltite-gersdorffite
series mineral (Cob), which forms solid masses and sometimes crystals, B — the
cobaltite-gersdorffite series mineral ingrown with testibiopalladite (Tes) and

silver telluride. Pyrite (Py) and melonite (Mel) in chalcopyrite. BEI

Minerals of cobaltite-gersdorffite series (Co,Fe)AsS - (Ni,Fe)AsS are among
the most frequent micro-inclusions in chalcopyrite. The varieties are represented
by single crystals and aggregates (tables 1 and 2). Aggregate crystals do not
contain platinoids (except for Pd), while single crystals may contain them and
appear as zonal. Cut such crystals in polished sections often show a central
nucleus-germ with high platinoid content. In the case of PGE present in the
analysis and the cut of the polished section does not pass through the centre of
the grain, the core cannot be observed. In some single crystals, the platinoids are
not fixed, probably, because of the low concentration of the latter.

Table 1. Results of microprobe analyses (wt. %) of gersdorffite and nonzonal
crystals of minerals of the cobaltite-gersdorffite series.

No. Mineral S Fe Cu Co Ni As Sb z

1 2 3 4 5 6 7 8 9 10

Nonzonal crystals

1 | Gersdorfite | 19.00 | 020 | 0.00 | 0.10 | 3570 | 4430 | 1.60 99.30
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2 Cobaltite 20.23 4.83 1.39 | 25.00 6.05 42.50 0.00 100.01
3 20.67 569 | 2.14 | 23.90 6.19 41.41 0.00 99.99
4 P 20.72 597 | 2.93 | 2046 7.68 42.25 0.00 100.10
5 % 8 19.80 543 1.48 | 21.08 8.69 42.51 0.00 98.99
6 § § 20.11 5.37 1.08 | 20.46 9.20 42.98 0.00 99.20
7 o (g 20.23 6.70 | 0.80 | 13.54 15.33 44.43 0.00 101.03
8 % “g 20.52 7.22 1.28 | 13.37 14.86 43.87 0.00 101.12
9 = @ 19.77 8.09 | 2.00 | 12.28 14.88 42.98 0.00 100.01
10 QE’ & 20.04 8.20 | 0.00 | 10.03 18.21 43.52 0.00 99.99
11 = 18.96 7.36 1.22 | 9.37 17.75 43.84 0.00 98.50
12 18.68 6.29 | 0.33 7.75 21.17 46.37 0.00 100.59
Structural formula based on three atom
1 Gersdorffite 0.99 0.00 | 0.00 | 0.00 1.02 0.99 0.00
2 Cobaltite 1.03 0.14 | 0.04 | 0.69 0.17 0.93 0.00
3 1.05 0.17 | 0.05 0.66 0.17 0.90 0.00
4 b 1.05 0.17 | 0.08 0.57 0.21 0.92 0.00
5 % 8 1.02 0.16 | 0.04 | 0.59 0.257 0.94 0.00
6 '§ § 1.04 0.16 | 0.03 0.57 0.26 0.94 0.00
7 _E é& 1.00 0.20 | 0.02 | 0.38 0.43 0.97 0.00
8 5 5 1.04 0.21 0.03 0.37 0.41 0.95 0.00
9 = @ 1.01 0.24 | 0.05 0.34 0.42 0.94 0.00
10 f:_) & 1.00 0.20 | 0.02 | 0.38 0.43 0.97 0.00
11 = 0.99 0.22 | 0.03 0.27 0.51 0.98 0.00
12 0.96 0.19 | 0.00 | 0.22 0.60 1.02 0.00

The crystal aggregates reach 90 pm in cross-section. They are well-cut, with
hexagonal and rectangular plates (figures 2-3) and contain micro-inclusions
of testibiopalladite, melonite and silver telluride, sometimes skeletal crystals

(figure 3, c).

The cobaltite-gersdorffite series minerals vary in the cationic part (nickel,
cobalt, iron, and copper), sulphur, and arsenic (tables 1 and 2).

Table 2. Microprobe analyses (wt. %) of zonal crystals of the cobaltite-
gersdorffite series minerals.

No. |Mineral| S |Fe|Cu|C0 | Ni | As |Pt |Ir

|Rh|Ru|Os

)y

Zonal crystals

19.39

8.42

1.26

14.56

12.73

42.40

0.00

0.00

0.00

0.00

0.00

98.76

18.60

8.32

1.14

10.25

14.11

40.46

2.50

4.93

0.00

0.00

0.00

100.31

18.94

7.76

1.17

10.10

15.74

42.37

2.39

2.99

0.00

0.00

0.00

101.46

18.42

7.67

2.76

9.06

13.86

39.87

3.93

3.48

0.80

0.00

0.00

99.85

19.31

7.36

1.25

9.45

17.11

43.46

1.60

0.00

0.00

0.00

0.00

99.54

19.42

series mineral

7.40

1.97

9.91

15.24

41.72

1.84

1.50

0.00

0.00

0.00

99.00

19.73

7.78

1.59

10.13

15.68

42.67

1.45

0.12

0.00

0.00

0.00

99.15

19.36

the cobaltite-gersdorffite

7.81

2.03

10.26

15.51

42.96

1.50

0.56

0.00

0.00

0.00

99.99

O ([0 |Q [N |W[IN|—

19.96

8.01

2.41

10.76

14.35

40.11

1.82

1.91

0.00

0.00

0.00

99.33
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10 19.88 | 8.40 | 2.08 | 9.54 | 16.38 | 42.22 | 1.60 | 0.00 | 0.00 | 0.00 | 0.00 | 100.10
11 21.41|10.61| 0.00 | 10.91 | 14.73 | 39.88 | 0.98 | 0.00 | 0.00 | 0.00 | 0.00 | 98.52
12 19.10| 7.46 | 1.83 | 9.10 | 17.18 | 43.61 | 0.89| 0.00 | 0.00 | 0.00 | 0.00 | 99.17
13 20.78 | 8.50 | 2.89 | 9.49 | 15.53 | 41.20 {098 | 0.50 | 0.00 | 0.00 | 0.00 | 99.87
14 19.01| 7.39 | 1.68 | 8.57 | 17.44 | 43.58 | 1.48 | 0.00 | 0.00 | 0.00 | 0.00 | 99.15
Table 2 continue
15 19.74 | 7.57 | 0.59 | 12.45| 15.84 {43.28| 0.76 | 0.00 | 0.00 | 0.00 | 0.00 | 100.23
16 18.46 | 6.95 | 2.14 | 7.65 | 17.07 [41.96| 1.98 | 0.78 | 0.35 | 1.94 | 0.91 | 100.19
17 20.57 | 9.49 | 6.39 | 6.42 | 8.09 [30.68| 2.34 | 13.88 | 0.00 | 0.00 | 1.18 | 99.04
18 19.04 | 7.67 | 1.74 | 9.15 | 16.22 [41.80| 0.98 | 2.98 | 0.41 | 0.00 | 0.00 | 99.99
19 19.25 | 7.77 | 1.70 | 9.79 | 16.88 [42.30| 0.65 | 1.66 | 0.00 | 0.00 | 0.00 | 100.00
20 21.87 | 11.54| 6.74 | 8.83 | 13.17 [37.00| 0.63 | 0.00 | 0.00 | 0.00 | 0.63 | 100.41
21 19.77 | 7.18 | 2.50 | 9.52 | 14.65 [41.99| 0,00 | 0.00 | 0.00 | 2.70 | 1.69 | 100.01
22 18.33 | 547 | 1.39 | 8.12 | 13.22 {39.49| 2.08 | 8.83 | 1.68 | 1.37 | 0.00 | 99.88
23 22.03 | 9.77 | 6.11 | 8.10 | 10.38 {35.60| 1.13 | 6.87 | 0.00 | 0.00 | 0.00 | 99.98
24 19.69 | 6.81 | 2.81 | 8.30 | 12.34 {38.24| 248 | 6.37 | 1.09 | 1.87 | 0.00 | 100.01
25 18.72 | 7.18 | 2.85 | 8.69 | 13.21 {39.17| 1.50 | 823 | 0.44 | 0.00 | 0.00 | 99.99

Structural formula based on three atom
1 1.01 | 0.25 | 0.04 | 0.41 0.36 | 0.94 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00| 3.01
2 1.00 | 0.26 | 0.03 | 0.30 | 0.41 | 093 | 0.02 | 0.05 | 0.00 | 0.00 |0.00 | 3.00
3 1.00 | 0.23 | 0.03 | 0.29 | 0.45 | 095 | 0.02 | 0.03 | 0.00 | 0.00 | 0.00 | 3.00
4 1.00 | 0.26 | 0.03 | 0.30 | 0.41 | 0.93 | 0.02 | 0.04 | 0.00 | 0.00 | 0.00 | 2.99
5 1.01 | 0.22 | 0.03 | 0.27 | 049 | 0.97 | 0.01 | 0.00 | 0.00 | 0.00 |0.00 | 3.00
6 1.04 | 022 [ 0.05 | 028 | 044 | 094 | 0.02 | 0.01 | 0.00 | 0.00 | 0.00| 2.99
7 6| 1.03 | 023|004 | 029 | 045 | 095 | 0.01 | 0.00 | 0.00| 0.00|0.00| 3.00
8 2 [ 101 | 023]005] 029 044 | 094 0.02 [ 0.00 |0.000.00|0.00] 298
9 ;:“: 1.05 | 0.24 | 0.06 | 0.31 | 0.41 | 090 | 0.01 | 0.02 | 0.00 | 0.00 |0.00 | 3.00
10 g 1.03 | 0.26 | 0.05 | 0.27 | 0.46 | 093 | 0.01 | 0.00 | 0.00 | 0.00 [0.00 | 3.01
11 £ | 1.09 | 031 | 0.00 | 0.30 | 0.41 | 0.87 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 2.99
12 :?f 1.00 | 0.23 | 0.05 | 0.26 | 0.49 | 0.96 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 3.00
13 E | 1.06 | 025 | 0.07 | 026 | 0.43 | 0.90 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 2.98
14 %S 1.00 | 0.22 | 0.04 | 0.25 | 0.50 | 0.98 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 3.00
15 o | 1.01 [ 022002035 044 | 095 0.01 | 0.00 | 0.00 | 0.00 |0.00]| 3.00
16 f 098 | 0.21 | 0.06 | 0.22 | 0.50 | 0.96 | 0.02 | 0.00 | 0.00 | 0.03 [ 0.01 | 2.99
17 % 1.16 | 0.31 | 0.18 | 0.20 | 0.25 | 0.74 | 0.02 | 0.00 | 0.00 | 0.00 | 0.01 | 2.86
18 E 1.01 | 0.23 | 0.05 | 0.26 | 0.47 | 094 | 0.01 | 0.03 | 0.01 | 0.00 [0.00| 3.01
19 § 1.00 | 0.23 | 0.05 | 0.28 | 0.48 | 0.94 | 0.01 | 0.01 | 0.00 | 0.00 | 0.00 | 2.99
20 1.09 | 033 | 0.17 | 0.24 | 0.36 | 0.79 | 0.01 | 0.00 | 0.00 | 0.00 |0.01 | 3.00
21 1.03 | 0.22 | 0.06 | 0.27 | 0.42 | 0.94 | 0.02 | 0.00 | 0.03 | 0.02 |0.00 | 2.99
22 1.03 | 0.18 | 0.04 | 0.25 | 040 | 095 | 0.02 | 0.08 | 0.03 | 0.02 | 0.00| 3.00
23 1.15 | 029 | 0.16 | 0.23 | 0.30 | 0.80 | 0.01 | 0.06 | 0.00 | 0.00 | 0.00 | 3.00
24 1.07 | 0.21 | 0.08 | 0.24 | 0.37 | 0.89 | 0.02 | 0.06 | 0.02 | 0.03 | 0.00 | 2.99
25 1.03 | 0.22 | 0.08 | 0.26 | 0.39 | 0.89 | 0.01 | 0.07 | 0.01 | 0.00 |0.00 | 2.96

181



NEWS of the National Academy of Sciences of the Republic of Kazakhstan

(A
2 1

A0 K D it

Figure 3. The zonal (a) and nonzonal (0) crystals and the aggregate of skeletal
crystals of minerals of the cobaltite-gersdorffite series (8). Sp —fluorophosphate.

Some photos of zonal crystals are shown in figure 4. A core, white in general
(seen in the BEI), enriched with platinoids is a characteristic feature of the
crystals’ structure.

Figure 4. Zonal crystals of minerals of the cobaltite-gersdorffite series. BEI

The maximum platinoid content obtained in one of the zonal crystal analyses
was 17.40%, with Ir 13.88, Pt 2.34, Os 1.18. The light (Ru, Rh) and heavy (Pt,
Ir, Os) in platinum metals are found together (table 2). Rhenium’s minerals
and mineral phases of PGE are registered in single crystals of the cobaltite-
gersdorffite series minerals: (Pt, Ir), (Pt, Ir, Ru, Os, Rh), (Ir, Pt, Os), (I, Pt, Rh),
(Ru, Os), (Ir, Pt, Rh, Ru), (Pt, Os) all of them are present. Still, some of the
concentration is below the detection limit.

Arsenide. Sperrylite (PtAs,) occurs much less frequently than crystals of the
cobaltite-gersdorffite series and contains Rh (<1.57%), Sb (<2.22%), Pb (1.33%)
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and Ag (0.58%) impurities. Micro-inclusions in chalcopyrite shaped from
rounded to well-cut forms. The crystals are up to 10 um (figure 5). The average
chemical composition (wt.%) of sperrylite upon five analyses is as follows: As
- 40.35; Pt - 58.73; Rh — 0.69; X - 99.77. Calculated formula: Pt Rh,  As .

Figure 5. Sperrylite in chalcopyrite. BEI

Antimonide. Ulmannite (NiSbS). One corroded mineral crystal is in a
concretion with pyrite and silver telluride (figure 6). The normalized chemical
composition (wt%) is S - 10.88; Fe - 1.77; Sb - 41.28; Co - 0.25; Ni - 18.79; As
-1.23; Bi-8.07; Ag-7.51; Te - 7.26; Pd - 2.96.

Tellurides. This group of minerals is represented by tellurides of silver, lead,
testibiopalladite and extremely rare vavrinite and melonite.

Silver telluride forms frequent micro-inclusions spatially associated with
minerals of the cobaltite-gersdorffite series, sphalerite, pyrite (figure 6) and
chalcopyrite (figure 7). The habitus of silver telluride crystals is plate-like, but
they often form irregular and rounded grains no larger than 10 pm.

Lead telluride (PbTe) was identified minor inclusions in chalcopyrite.

Figure 6. Micro-inclusions of ullmannite (Ull), vavrinite (Vav) and silver
telluride. BEI

Testibiopalladite Pd(Sb,Bi)Te is observed slightly more often than sperrylite
and occurs together with minerals of cobaltite-gersdorffite series (figure 2) and
chalcopyrite. In aggregates of cobaltite-gersdorffite crystals, the mineral forms
grains up to 2-5 um, and in chalcopyrite, it reaches 22 microns. It contains
impurities: Fe (<1.36%), Cu (<2.10%), Ni (2.49%) and significantly rare Sb, Ag,
Co (table 3).
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cop

Figure 7. Micro inclusions of ore minerals of copper pyrite. BEI

Quite rare minerals include melonite NiTe, and vavrinite Ni SbTe,, each
detected in two tiny crystals. Table 3 (No 9-10) shows two normalised analyses
of vavrinite containing elements of the chalcopyrite matrix.

Table 3. Results of microprobe analyses (wt%) of micro-inclusions of
testibiopalladite and vavrinite.

No. | Mineral | S Fe | Cu | Co | Ni Sb As | Ag | Te Pd Bi )y

1 0.00 [ 096 | 1.47 | 0.00 | 2.49 | 23.81 | 0.00 | 0.00 | 39.51 | 23.48 | 8.06 | 99.78

2 Q 0.00 | 0.87 | 1.33 | 0.00 | 2.47 | 23.98 | 0.00 | 0.00 | 40.57 | 23.74 | 8.20 | 101.16
3 § ’[% 0.00 | 1.36 | 1.31 | 0.00 | 2.37 | 24.17 | 0.00 | 0.00 | 40.13 | 23.37 | 7.71 | 100.42
4 Zg & |0.00]0.40[0.00 | 0.00 | 2.60 | 22.84 | 0.00 | 0.00 | 39.98 | 25.94 | 8.23 | 99.99

5 ;g é 0.00 | 0.29 | 0.55 | 0.00 | 2.78 | 24.49 | 0.00 | 0.48 | 41.03 | 23.18 | 8.52 | 101.32
6 .fvg E 0.00 [ 0.96 | 1.47 | 0.00 | 2.49 | 23.81 | 0.00 | 0.00 | 39.51 | 23.48 | 8.06 | 99.78

7 = 0.00 | 0.87 | 1.33 | 0.00 | 2.47 | 23.98 | 0.00 | 0.00 | 40.57 | 23.74 | 8.20 | 101.16
8 0.00 | 1.36 | 1.31 | 0.00 | 2.37 | 24.17 | 0.00 | 0.00 | 40.13 | 23.37 | 7.71 | 100.42
9 Vavrinite 5.841634(595|0.00 [17.31| 18.78 | 0.00 | 0.19 | 42.40 | 3.18 | 0.00 | 100.00
10 7.48 | 828 | 7.93 | 0.00 | 14.06| 13.72 | 0.00 | 4.91 | 41.17 | 2.55 | 0.00 | 100.00

Table 3 continue
Structural formula based on three atom

1 0.00 0.06 | 0.08 | 0.00 | 0.15 | 0.69 [0.00| 0.00 | 1.10 | 0.78 | 0.14 | 3.00

2 2 0.00 | 0.05 | 0.07 | 0.00 | 0.15 | 0.69 [0.00| 0.00 | 1.11 | 0.78 | 0.14 | 2.99

3 § ﬁ 0.00 | 0.08 | 0.08 | 0.00 | 0.14 | 0.70 {0.00| 0.00 | 1.10 | 0.77 | 0.13 | 3.00

4 :a & | 000 | 002 |0.00]0.00]0.16|0.67 [0.00] 0.00 | 1.13 | 0.88 | 0.14

5 -g @ 0.00 | 0.02 | 0.03 |0.00|0.17 | 0.71 [0.00| 0.02 | 1.14 | 0.77 | 0.14 | 3.00

6 "é 2 0.00 | 0.06 | 0.08 | 0.00 | 0.15 | 0.69 [0.00| 0.00 | 1.11 | 0.78 | 0.14 | 3.01

7 = 0.00 | 0.05 | 0.07 | 0.00 | 0.15 | 0.69 [0.00| 0.00 | 1.10 | 0.78 | 0.14 | 2.98

8 0.00 | 0.08 | 0.07 | 0.00 | 0.14 | 0.69 [0.00| 0.00 | 1.10 | 0.78 | 0.14 | 3.00

Structural formula based on five atoms
9 Vavrinite 0.76 | 046 | 0.39 | 0.00 | 1.23 | 0.64 [0.00| 0.01 | 1.38 | 0.12 | 0.00 | 4.99
10 094 | 0.58 | 0.50 | 0.00 | 0.96 | 0.45 [0.00| 0.18 | 1.29 | 0.06 | 0.00 | 4.96

Phosphates and fluorophosphate. A total of four small (<5 pm) inclusions were
detected: two phosphates and two fluorophosphate with light REEs, and only
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one fluorophosphate inclusion had yttrium (table 4, figure 8). Matrix elements
are present in all analyses.

Table 4. Results of microprobe analyses (wt%) of the REE fluorophosphate

and phosphate.

No| S Cu Fe | Ni (6] Ca| F P |Y La Ce | Pr | Nd | Sm Z
1 [13.81[12.5813.00[0.00 |23.48|1.94 | 1.12[7.79 ] 0.31[4.95| 11.89 [ 1.69 | 6.65 | 1.16 | 100.37
2 [14.81[12.74[14.39]0.72 {22.88|2.64|2.06 | 6.85|0.00 | 5.13 | 11.87 | 1.57 | 5.86 | 1.16 | 102.68
3 [13.08]12.72]12.83[0.00 [26.08 | 2.07 | 0.00 | 7.82 | 0.00 [ 6.33 | 12.18 [ 0.00 | 5.76 | 0.37 | 99.24
4 [14.58]12.13 12.46]0.4525.35[2.06] 0.00 | 7.66 | 0.00 [ 6.04 | 13.74 | 0.00 [ 6.80|0.00 | 101.27

Figure 8. Micro inclusions: a) fluorophosphate, 6) phosphate of REE in
chalcopyrite. BEI

Rare minerals of the ore-bearing sequence. Sulphides in this group form two
mineral subgroups (Figure 9). The first one consists of well-cut single crystals
of pyrrhotite, chalcopyrite and pyrite. The second group consists of veins of
pyrite-chalcopyrite association, which, like the first, are mainly found in carbon-
bearing muscovite-clinochlore-quartz schists.

F‘!'l

Kl Py

J0 MEM, 3 100 mem i

Figure 9. The polished section of unmineralized mass. BEI
The carbon-bearing muscovite-clinochlore-quartz schists were noted to

contain veinlets of aluminosilicates (figure 10) with elements of the yttrium and
cerium subgroups (table 5).
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Table 5. Results of microprobe analyses (wt%) of REE alumosilicates.

Component 1 2 3 4 5 6 7 8
SiO, 35.83 | 3237 | 34.63 33.12 33.46 32.84 | 33.05 | 3534
ALO, 23.59 | 21.03 | 22.15 | 20.83 21.06 21.82 | 21.41 | 24.16
FeO 8.37 12.28 8.40 8.76 8.69 9.11 9.09 8.38
CaO 16.31 10.96 | 15.33 13.69 13.56 13.41 14.51 | 16.96
K,0 0.03 0.22 0.31 0.19 0.34 0.00 0.00 0.00

Cl 0.00 0.00 0.00 0.00 0.00 0.12 0.15 0.07
Y,0, 1.70 1.40 1.14 1.34 0.86 0.83 1.46 1.66
La,0, 1.56 3.06 2.02 3.31 2.49 3.18 2.51 1.49
Gd,0, 0.85 0.37 0.83 0.77 0.11 0.57 0.48 0.19
Ce,0O, 3.87 6.13 4.46 7.69 5.94 7.44 5.51 2.99
Pr,0, 0.11 0.06 0.59 0.81 0.85 0.75 0.04 0.20
Nd,0, 1.45 3.33 2.52 3.25 3.29 3.33 2.54 1.41
Sm 0, 0.71 0.87 1.14 0.55 0.44 0.87 0.87 0.63
Eu,0, 1.55 1.03 1.84 0.88 0.44 0.98 0.83 0.89

95.94 | 93.11 95.36 | 95.18 91.33 9524 | 92.44 | 94.37

Note. The general formula of the mineral are (Fe,Ca,LREE)SiAlO

: 200 MEM |

Figure 10. The polished section of carbon-bearing muscovite-clinochlore-
quartz schists with the LREE alumosilicate vein (light grey). BEI

Discussion. Mineralogical investigations of copper ores of the Maike
manifestation have shown that elements of the platinum group (Ir, Pt, Rh+Ru,
Os) are present only in zonal sulfarsenides, and PGM are presented by platinum
arsenide (PtAs,), testibiopalladite Pd(Sb,Bi)Te and palladium-bearing minerals:
melonite (NiTe,), vavrinite (Ni,SbTe,) and ulmannite (NiSbS). The platinum-
bearing minerals of the cobaltite-gersdorffite series sharply prevail over all
other micro-inclusions containing Pt and Pd and appear to be the primary
sources of Pt, along with sperrylite (PtAs,). These micro-inclusions are reliable
thermobarometers, as shown by studies of copper-rich Cu-Ni-PGE Sudbury ores
(Dare, 2010 a: 25, 2014 b: 23) and Cu-Ni-PGE Bushveld and Stillwater ores
(Mansur, 2020: 23).
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Given the ore composition of the Maike occurrence and the sequence model for the
formation of PGM, rare earth minerals and the Cu-Ni-PGM ore sulphides developed
earlier (Naldrett, 2004: 728, Dare, 2010 a: 25, 2014 b: 23), it can be assumed that the
formation of copper ore carbonatites took place under magmatic (figure 11) and post-
magmatic mineralisation processes (figure 12).

a)  1200-1000%C b a50"C

Magmete oy sty lization Exaciuticn of suiSden

Figure 11. The formation sequence model for PGE, PGM, rare minerals and
copper ore sulphides of the Maike deposit is based on materials of the article
(Dare, 2010 a: 25).
Legend: Liquid - sulphide melt, Sil — silicates, Ccp — chalcopyrite, MSS — mono-
sulphide solid solution, Pn — pentlandite, Po — pyrrhotite.
a) early crystallisation of small idiomorphic zonal PGE-sulfarsenides and
sperrylite from sulphide liquid and their fusion in MSS;
b) evolution of sulphide minerals (pentlandite, pyrrhotite, chalcopyrite), including
sulphides of rhenium and molybdenum, when cooled to a temperature below 650°C.

Following the authors (Dare, 2014 b: 23, Mansur, 2020: 23), we can assume that,
at the early stage, the main mass of crystals of platinum-bearing sulfarsenides and
sperrylite crystallised from the sulphide melt, which is typical of the magmatic mineral
formation stage. This melt also contained a small amount of MSS cumulates void of
noble metals (figure 11 a).

Experimental data support this model according to which the PGE sulfarsenides and
sperrylite crystallised at high temperature: sperrylite crystallises at ~ 1400°C (Bennett,
1966: 5) and nickel-containing-cobaltite is stable up to at least 800°C (Maurel, 1974: 13).

The bulk of the PGE (Ir, Pt, Rh £ Ru, Os) as impurities was present in the sulfarsenide
phases, less in the arsenide phases; this contributed to the depletion of the sulphide
melt PGEs before or during the crystallisation of MSS (figure 11 b).

High-temperature crystallisation of PGE sulfarsenides directly from the sulphide
melt has also been reported previously (Power, 2004: 16, McDonald, 2008: 10).

Subsequent decrease of temperature below 650°C stimulates the release of minor
amounts of pyrrhotite and pentlandite from MSS and significant masses of chalcopyrite
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from intermediate solid solution (ISS). At the same time, the accessory minerals
of sulphides of Re-Mo-Cu, Re-Mo, which form idiomorphic thin plates, and
sulphides of Re-Fe-Pb-Bi, Re-Pb-Fe, Pb-Re, which form needles, are separated
from ISS. Molybdenite plates are formed extremely scarcely.

el =sa0c o] Late-stage deformaticn/ hydrethermal
Late-magmatic! Mydrotharmial activiby
ar

Intergrowih of secondary
silicales with sulfdes

Codicikicn of sulfarssmnide fmg

crystallizes

Figure 12. The formation sequence model for PGE, rare minerals, and copper
ore sulphides from the Maike deposit, based on materials of the article (Dare,
2010 a: 25):
c¢) late magmatic and/or hydrothermal activity and the subsequent
recrystallisation of sulphides of base metals with secondary silicates
simultaneously with the formation of testibiopalladite and Pb-Te phases either
as dissolution of sulphides of base metals or during crystallisation from small
volumes of trapped melt;

d) demobilisation of sulphides at a later stage in fracture zones, corrosion of
existing PGE-sulfarsenides, formation of acanthite on sphalerite, and formation
of fluorophosphate and REE-phosphates in cracks.

In the late magmatic or hydrothermal stage (figure 12¢), non-ferrous metal
sulphides which do not form regular crystallographic shapes are superimposed
on sulphides from previous steps. These minerals, testibiopalladite, melonite,
and vavrinite are significant palladium sources. Ulmannite is exceptionally rarely
encountered in association with corroded Ni, Co sulfarsenides. A wide range of
impurity elements characterises it: Ag, Pd, Te, Bi, typical of hydrothermal stage
mineral associations (Dare, 2014 b: 23). Under the influence of hydrothermal
fluids, violarite replaces pentlandite, sometimes up to complete pseudomorphosis
(Stepanets, 2019 a: 8).

In the final stage of the magmatic-hydrothermal process (figure 12d), the
copper ores were deformed and embedded in the graphite-quartz-muscovite-
chlorite Proterozoic schists subsequently subjected to hydrothermal-metasomatic
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processing. At this stage, the copper ores are overlain by polymetallic mineralisation.
Sphalerite is generally accompanied by the formation of acanthite and native silver.
The most recent formations are phosphates and fluorophosphate of REEs.

The assumed sequence of formation of copper ores, spatially and genetically
connected with carbonatites of the fracture-type, is indirectly confirmed by the isotopic
composition of the lead of the Northern Ulytau pyrite-polymetallic deposits, studied
earlier by (Koshevoy, 1984: 19). He thought that lead isotopic compositions of deposits
in this area indicate a complex multistage history of the formation of several deposits
in the Northern Ulytau by mixing ancient anomalous lead of Proterozoic age with
common lead, associated with subsequent periods of tectonic-magmatic activations in
the Early Palaeozoic (Stepanets, 2020 b: 15).

Probably, most of the deposits of carbonatites associated with mantle chambers,
originally formed above subduction zones or in the process of melting of the oceanic
crust, were developed according to such a scenario. Their spatial association with
subduction zones is confirmed by the presence of halite, rutile, apatite, and monazite
in initially plutonic ultrabasic rocks (Manning, 2018: 30, Ayers, 1991: 10, Naumov,
2017: 168).

The ore genesis of the Mayatas ore district is completed by forming Nd-bearing
weathering crusts (Nsanov, 1993).

Conclusion. Petrographic and mineralogical studies of copper ores of the Maike
occurrence can hardly be compared with the liquation Cu-Ni-PGE ores genetically
and spatially associated with ultramafic dikes (Chudin, 2012).

The copper-rich ores are sub-solidus (<600°C) products of the decay of ISS, which
has crystallised (950-800°C) from a highly fractionated sulphide liquid, rich in Pd, Ir,
Ru, Rh, Os, Ag, As, Bi, Cd, Pb, Te, Znu Y, Ce, La.

Platinoids are not concentrated in non-ferrous metal sulphides (chalcopyrite,
pentlandite, galena and sphalerite). They constitute minerals of the platinum group,
which includes testibiopalladite (Pd(Sb,Bi)Te), sperrylite (PtAs,), as well as zonal
sulfarsenides and tellurides, where platinoids are present as impurities.

The richest in Pt, Ir, Rh, Ru, Os are zonal sulfarsenides Ni, Co, and the palladium
impurity is usually present in tellurides.
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