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Annomayusn. B pynax menno-nopduposoro mecropoxiaerus Muxeesckoe (IOxubiii Ypai, Poccrs)
ycraHoBiieHsl MuHepaibl Co u Ni: MuHepansl nuzomopdHoro psga kodansTuH-repeaopdut (CoAsS—-NiAsS),
Buonaput (FeNi,S,), mumnepur (NiS), nentnanaut (NissFess)soSso 1 menonut (NiTe,). Onu obpacraror nu-
PHT, XaIbKOIMMPHUT, OOPHUT U OTHOCSTCS K ITO3JHAM, HU3KOTeMIepaTypHbIM acconmanusm. Kooanst u Ni tarxoke
BXOJIST B COCTaB IMUPUTA, KOTOPBIH, 38 CYET CBOEH IMIMPOKOH PacHpOCTPaHEHHOCTH B py/ax, sIBJSIETCS] OCHOB-
HBIM MHUHEPAJIOM-HOCHUTEJEM 3THX 1eMeHToB. [IpnunHoit pasnoobpasus munepaio Co u Ni B pyax mecTo-
POXKIEHUS SBISICTCS HAJIMYME CPEIY BMEIIAIONIHUX [TOPOJI TeJI CEPIEHTHHNUTOB, 3aMECTUBILHUX YIbTpaMa(uThI.

Knrouesote cnosa: Ypai, MegHO-IOp(HUPOBBIC MECTOPOXKACHUS, MUXECBCKOE, KOOAIIBT, HUKEIh, MUHE-
pasorus
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J.A. YnctsakoBo# 3a ToMoIIs B UX 00paboTKe. ABTOPHI TakKe OjaronapsiT peleH3eHTa 3a KOHCTPYKTHBHBIE
3aMe4aHusl, KOTOpPbIE TIOMOIIN YIYYIIHTh CTaThIO.
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Abstract. Co and Ni minerals are described in ores of the Mikheevskoe porphyry copper deposit (South
Urals, Russia). Minerals of the cobaltite—gersdorfite series (CoAsS—NiAsS), violarite (FeNi,S4), millerite
(NiS), pentlandite (NissFes4)s0Ss0 and melonite (NiTe,) are identified. They overgrow pyrite, chalcopyrite and
bornite and belong to late low-temperature assemblages. Cobalt and Ni are also incorporated in pyrite. The
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latter, being the most widespread mineral of the deposit, is a major carrier of these metals. The variability of Co
and Ni minerals is determined by the presence of serpentinites, which replaced ultramafic rocks.
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BBEJAEHUE

MecTopoxieH!sT MeHO-(MOoHuO/IeH )-opdupo-
BOTO CEMEHCTBA SIBISIFOTCS BaKHCHITMMU TTOCTABIIH-
KaMH TaKUX KPUTHUYECKUX METAJIOB KakK TEIUTyp, Ce-
JICH, PSHHIA U 30JI0TO, KOTOPBIC IIPUCYTCTBYIOT B PyJax
B KauecTBe MomyTHbIX koMroHeHToB (Sillitoe, 2010).
B mocnennee BpemMs B MHPOBOH JHTEparype BBIPOC
HUHTEPEC K KOOANbTy (KPUTUYECKOMY METAJUTY) U MPeJi-
MPUHUMAIOTCSI TOTBITKH HM3YYUTh 3aKOHOMEPHOCTH
€ro pacmpeaesiecHus B pyaax mopUpOBBIX HIH CKap-
HOBO-TIOP(UPOBBIX MECTOPOXKIACHUN U OIPEICIIUTh
MEPCIICKTUBbI €r0 U3BJICUCHHS B KAYECTBE IMOIYyTHOI'O
komrioneHTa (Velasquez et al., 2020; Wu et al., 2024).
DTO OnpeeIsieT BAXKHOCTh UCCICIOBAHUS 3aKOHOMED-
HocTel pacnpenenenus Co, a Takke Ni Ha MECTOPOXK-
JICHUSX TOPPHUPOBOTO THIA M U3YUCHUS MUHEPATBHBIX
¢dopm 3THX MeTaiuioB. B nanHO# paboTe BriepBbIe 0Xa-
paxtepu3oBanbl MuHepanbl Co u Ni B pyfax KpymHOTo
MuxeeBcKkoro MenHO-op(UPOBOTO MECTOPONKICHUS
Ha FOxxnom Ypare.

KPATKA I'EOJIOTUYECKA A
XAPAKTEPUCTUKA MECTOPOXIEHNW A
MUNXEEBCKOE

Muxeesckoe Cu-nophupoBoe MECTOPOKICHUE
pacnonoxxeHo B BapHenckom palione UYensOmHCKOM
oOmactu. B re0TeKTOHMYECKOM OTHOLICHHH OHO TpPH-
YPOUECHO K BOCTOUHOH OKpauHe 3aypalibCKON Meraszo-
Hbl OxxHOTO Ypana (puc. 1a) u HaxonUTCs B Mpeaeax
TapyTuHcKko-HOBOHUKONIAEBCKOH MHHEpAareHUUECKOH
non3onbl (TeseneB u ap., 2018). B reonormueckom
CTPOSHUM TEPPUTOPHUU MeCTOpoxkaeHus (puc. 1) mpu-
HUMAIOT YYacCTUE BYJIKAHOTCHHO-OCAJIOYHBIC MOPOAbI
MO3HEIEBOHCKOTO BO3PACTa, KOTOPBIC MOAPA3ICICHbI

Ha 1Be nayky. HukHss nadka npeacrasieHa nepecia-
MBAIOIUMHUCS TIECUaHUKaMH, Ty(ornecyaHukamu, aH-
ne3ubazanbTaMy M X TyQaMu U Ty(GoOpeKdnsiMu Ipu
MOAYMHEHHON POJM aJIeBPOJHUTOB, YIIHCTO-KPEMHHU-
CTBIX TOpOJ, 0a3aibTOB M Ap. BepxHsis mauka cioxe-
Ha JIaBaMH U JIABOKJIACTUTaMH aMPOBBIX 0a3aJbTOB C
MPOCIJIOAMH MECYAHUKOB, CHIIMIUTOB M YIIIUCTO-KPEM-
nucteix nopoA (lapropoackuii u ap., 2005).

WuTpy3uBHBIE MOPOABI MOApPA3CICHbl Ha JBa
komiuiekca (I'pabexes, benropoackuit, 1992): ynbs-
HOBCKUH M MHXEeBCKUU. WHTpY3HUH YIBSHOBCKOTO
KOMIIJICKCa MTPECTaBICHbBI, TJIABHBIM 00pa3oM, IITOKa-
MU U JalilKaM¥ JHOPUTOBBIX TOP(YUPHUTOB U aHJE3UTOB,
peke JauuTaMu, puojaudtamu. MonnOaeH-MeaHo-
noppupoBoOe OPYACHEHHE CBS3BIBAIOT C MHTPY3USIMH
muxeeBckoro komiuiekca (I'pabexes, benropoxackui,
1992). OHu npesncraBieHbl HECKOIBKUMH paBHOMEp-
HO3EPHHUCTHIMH M TOP(UPOBBIMU PA3HOCTSAMH, Cpe-
¥ KOTOPBIX HamOoJiee MIMPOKO Pa3BUTHI THOPHTHI U
JUOPUTOBBIE OPPUPHUTHL. Takxke MPUCYTCTBYIOT TO-
CTpyZAHBIC JallKi IPAaHUTOB U rpaHUT-Iopdupos. Kpo-
M€ TOTO, BCTPEUAIOTCS KPYIHbIC NPOTPY3UH CEpIICH-
TUHHUTOB, KOTOPbIE, MPEANOIOKUTEILHO, OTHOCATCS K
JpyxHUHCKOMY rab0po-rapu0ypruroBomMy opHOIUTO-
BOMY KOMIUIEKCY OpOBHKCKoro Bo3pacrta (TeBenes u
np., 2018).

OpyneHeHue NpuypovYeHO K MOSCY JaeK KBaple-
BBIX JMOPUTOB U MX MOP(QHUPOBBIX pazHOCTEH 0OIIeiH
iomaaeto npuMepHo 0.5 x 3.0 kM, KOTOpBIN IpoTs-
ruBaetcst B CCB HanpaBieHnn Mex 1y IByMs KPYITHbI-
MU (mopsiaika 1 KM B AMamMeTpe) MITOKAMHU AUOPUTOB.
[Ipeanonaraercs, 4To Ha ITyOMHE JalKU U HITOKH CO-
eIMHSIOTCA B €AMHBIA MaTepuHcKuil miytoH (I'pabe-
xkeB, benroponckuii, 1992). OCHOBHBIE T'HMIIOI€HHBIC
pyOHbIE MHHEpajbl — MUPUT M XaJIbKOIUPHUT, MEHEe
pacrpocTpaHeHbl OOPHHUT, MOIUOJCHNUT, MarHETHUT, PYy-
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Puc. 1. Textorngeckas cxema FOxHOTO Ypamna u mojoxe-
HHE HanbOoJee KPYITHBIX MOPPHPOBEIX MECTOPOKICHUH (a),
o (Puchkov, 2017) ¢ n3MeHeHHAMH B cXeMaTHIecKast Te0jI0-
THYecKas Kapra MectopokaeHns Muxeesckoe (6), mo (I1lap-
ropoackuit u ap., 2005).

Merazons! Ypana Ha puc. a: I1—Ilpeaypanbckuii KpaeBoit
nporu0; 3 — 3amaxHo-Ypanbckas; 1] — LlenTpansHo-Ypais-
ckast; ['YP — I'maBubiil Ypanbsckuit paznom; M — Maraurorop-
ckast; B — Boctouno-Ypanbckast (¢ TpaHUTHBIME MacCHBaMH );
3 — 3aypanbckas; Ba — BaneppsHoBckast.

Puc. 6: 1-6 — BymkaHOTEHHO-0CAI0YHBIE TTOPOIBL: 1, 2 —
BepXHsA Mavka: | — adupoBble 0a3ambThL, 2 — KPEMHHUCTHIC
W YIIINCTO-KPEMHHCTBIE MTOPOJBI, TTECUaHUKH; 3—6 — HIDKHSSA
mavka: 3 — TMeCYaHuKH, Ty()OIIeCUaHuK; 4 — aHAe3U0a3abThI
u ux TyPbL, TyhuTH; 5 — MopdupoBEIe aHAe3M0a3aTBTEL; 6 —
CHJIMIIUTHI; 7 — CEPIIEHTUHUTEL; § — YIAbSHOBCKUIT KOMILIEKC,
JANUATHl U JAAOPUTOBBIC TMOPPHUPHTEL 9, 10 — MEIXeeBCKHA
KOMITIEKC: 9 — aropuToBbie TophupuThl, 10 — KBapIeBsIe Tu-
oputhsr; 11 — mocTpyaHBIE TPAHUT- U TPAHOAUOPHUT-TIOPHHUPHT;
12 — xouTyp Cu > 0.3 %; 13 — paznomsl; 14 — monoxenne n3-
YYeHHBIX 00pa3oB U X HOMEpA.

Fig. 1. Tectonic scheme of South Urals and location of
major porphyry deposits (a), modified after (Puchkov et al.,
2017) and schematic geological map of the Mikheevskoe
deposit (), after (Shargorodskii et al., 2005).

Major terranes of the Urals (megazones) in Fig. a: II —
Pre-Uralian foredeep; 3 — West-Uralian; L — Central-Uralian;
I'YP — Main Uralian Fault; M — Magnitogorsk; B — East-
Uralian (with granite plutons); 3 — Trans-Uralian; Ba —
Valerianovka.

Fig. 6: 1-6 — volcanosedimentary rocks: 1, 2 — upper
member: 1— aphyric basalt; 2 — sandstone, chert; 3—6 — lower
member: 3 — sandstone, tuff sandstone; 4 — basaltic andesite,
tuff, tuffite; 5 — porphyric basaltic andesite; 6 — chert; 7 —
serpentinite; 8 — Ulyanovsk complex, dacite, diorite porphyry;
9, 10 — Mikheevsky complex: 9 — diorite porphyry; 10 — quartz
diorite; 11 — post-ore granite and granodiorite porphyry;
12 — Cu > 0.3 % halo; 13 — normal faults; 14 — position of the
studied samples and their numbers.

THJI, APCEHOITUPUT, CHaTICPUT, TaJICHUT, OIEKIIbIE PY/bI,
CaMOPOJHOE 30J10TO U Jp.

B neHTpanbHBIX 30HaX MECTOPOXKIEHHS BCTpe-
yatoTcst Na-Ca MeTtacoMaTuThl (a1b0HUT + aKTHHONHT +
SMUAOT), KOTOPHIE COMPOBOXJAIOT MarHEeTUTOBYIO
MuHepanu3anuto, W K-meracomarutel (OHMOTHT +
myckoBuT + KIIII), compsbkeHHBIE ¢ OOPHUT-Xalb-
KOMIMPUTOBONH MMHepanuzanueil. Oumum3nuThl (KBapii-
CEpUIIMTOBBIE METAacOMaTUThI) BCTpEYArOTCsl TOBCE-
MECTHO M COIMpPOBOXKIAIOT MOJIHOJICHUT-XAIBKOIH-
pUTOBYIO MHHepanu3anuio. [Iponumursl (xjmoput +
SMUJIOT + CEPUIUT) HIMPOKO PAa3BHUTHI HA MepUpepUn
MECTOPOXKJIEHUSI U CONPOBOXKIAIOT MUPUTOBYIO U TH-
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PHUT-XaJbKOMMPHUTOBYIO MUHEPAIN3aLUI0. XIJIOPHT-Ce-
PHUIMTOBBIE METACOMATHTHI PACIPOCTPaHEHbl HamOO-
Jiee MIMPOKO U NMPEACTABISIIOT COOO0H MepexoHbIe 30HbI
MEXIY GUUIM3NTaMH U iponunutamu. [lo tenam cep-
NEHTUHUTOB ¥ B HETOCPEICTBEHHOM OJIM30CTH OT HUX
pa3BUBAIOTCS TaJIbK-KapOOHATHBIE M KBAPI-CEPUIUT-
JOJIOMHTOBBIE METACOMAaTHTBI C XPOMCOACPKAIIUM
MyckoBUTOM (Qykcurom) (Yuctsakosa, IlnmoTmHckas,
2022; AzoBckoBa # 1p., 2022).

MecropoxaeHne pa3padaTbIBa€TCsl OTKPBITHIM
cniocobom ¢ 2013 1. 3amacel MecTopoxkaeHust Ha 2017 1.
COCTaBHWIN 629 MIIH. T py/Ibl IPU CPETHEM COZIEPIKaHUHU
menn 0.41% (Becthuk.. ., 2017).
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METOIbI NCCIIEAOBAHNA

OOpasmpl TSI UCCIICAOBAaHUS OBITH OTOOpaHBI
13 KepHA CKBAXXHH, MTPOOYPEHHBIX Ha MUXEEeBCKOM Me-
CTOpPOXKIIEHUHN W 13 O00pTOB Kapbepa (puc. 10). Xumu-
geckuii coctaB MuHepasioB Ni u Co, a Tak¥Ke acCOITHH-
PYIOIIMX C HIMH MHHEPAJIOB W3y4YeH Ha CKAaHUPYIOIINX
ANIEKTPOHHBIX MUKpockomax Tescan Vega TS 5130 MM
(CamScan) ¢ sneproaucmnepcuonHon (3]1) mpucras-
kot INCA Energy 350 m merekropom INCAPenta
FETx3, Tescan Vega II XMU ¢ /1 npucraskoii INCA
Energy 450 u merextopom INCA xSight (MucTHTYT
sKcnepuMeHTalnbHOW MuHepanoruu PAH, r. Yepno-
ronoBka, Poccus, anamutuk A.H. Hekpacor) m JEOL
JSM-IT500 ¢ D1 cnekrpomerpom INCA X-Maxn (I'eo-
JOTHYECKUH (PakyabTeT MOCKOBCKOTO TOCYIapCTBEH-
HOTO yHUMBepcutTera, I. MockBa, Poccus, aHanuTuk
H.H. KontsikoBa) 1o cTaHIAPTHBIM METOIMKAM.

XUMHUYECKUN COCTaB MUPUTA M3Y4YEH Ha PEHT-
TEHOCIIEKTpaIbHOM  MHUKpoaHaiu3atope JXA-8200
¢bupmer JEOL (Anonwmst) 8 HKIT « MT'EM-ananutika»
(. Mocksa, Poccus, ananmutuk E.B. KoBansayk). [Tapa-
METpbI aHalln3a: yckopstoniee HanpsikeHue 20 kB, Tok
Ha mumuaape dapages 20 HA, nuaMmeTp mydka | MKM,
BpeMs skcrtosutnu i Fe, S, Cu, Ni u Sb cocTasmsuio
10 ¢ Ha muke m 110 5 ¢ Ha hoHe ¢ 00enx CTOPOH, 11 AS U
Co—30u 15 ¢, cooTBeTCTBeHHO. B KauecTBe cTanmap-
toB st Fe (Ka, LIF) u S (Ka, PETH) ncrone3oBancs
aput, 11 As (La, TAP) — GaAs, mis Ni (Ko, LIF) u
Co (Ka, LIF) ucmosp30Baliich COOTBETCTBYIOIINE UH-
cteie MeTauel, s Cu (Ka, LIF) — xanmpkomupwur, mis
Sb (La, PETH) — NiSbS. [Ipenen o6Hapyxenust st 36
uHTepBaia cocrasnseT (mac. %): Fe — 0.05, S — 0.02,
As —0.05, Ni — 0.05, Cu—0.07, Sb — 0.03, Co — 0.06.
Kapter pacripenenenusi B XapaKTepUCTHIECKOM H3ITY-
geaun SKo, CoKoa, NiKo 1 AsLo. CHITBI TIPH YCKOPSIIO-
meM HanpsibkeHun 20 kB, Toke Ha uunubape @apanes
20 HA u BpeMeHHM 3KCo3ulMK B ojiHOM Touke 100 mc.

PE3VJIbTATbBI

Mumnepaist Co 1 Ni BCTpEUaroTcst B Mi3MEHEHHBIX
(GUITUTH3NPOBAHHBIX WM TMPOTIINTH3UPOBAHHBIX )
JUOPUTOBBIX WJIM TPAHOIUOPHUTOBBIX MOPPHUPUTAX
(00p. 46/245 u 52/67.1), u3MEHEHHBIX aHAe3U0a3alTb-
Tax (06p. 43/107 u 10405/145) nnu TydhonecqannKax
(06p. 1/139). HeckonbKo mupe OHU pacpoCTpaHEHBI B
c1ab0 M3MEHEHHBIX cepreHTHHHUTaX (00p. 1553/583.5
n 5/21) W amocepreHTHUTOBBIX TalbK-KapOOHAT-
(ykcuToBEIX MeTacomarutax (0o6p. 11/19 u 60/74.6).
Munepaist Co 1 Ni aCCOIMUPYIOT € SMTUIOTOM, XJIOPH-

TOM, aTbOUTOM, MYCKOBHTOM, KaJBIIUTOM W KBapIIeM.
OHH 00pa3yroT CaMOCTOSATCIBHBIC BBIICICHUS WITH
cpacTaHus C MHPUTOM, XaJIbKOTIMPUTOM HITH KaliMBI BO-
KpyT 3TUX MHHEpasioB. Pa3mep BeifeeHn 0OBITHO HE
MIPEBBIIIAET TEPBBIC AECITKH MUKPOMETPOB, YTO YACTO
3aTpyaHSAeT AMArHOCTUKY MHHepajoB. Mopdomorus
BBIZICICHUH OOBITHO KCeHOMOp(hHAsI, HO BCTPEUAIOTCS
1 cyouamnoMopgHbIe KPUCTALTHI (puc. 2).

N3 munepanoB Co u Ni HanOoJiee 9acTo BCTpe-
JaIOTCS MHUHEPAIBl psga KoOaTbTHH-TepCAOPPUT
(CoAsS—NiAsS). Kak mpaBuiio, o coctaBy OHA OTHO-
CATCS K KpallHUM YJIeHaM PsJia ¢ HeOONBITUMHE MTPHMe-
cssvu Ni B kobansTrHe u Co B repcnopuTe, M TOIHKO B
00p. 52/67.1 ycTaHOBJICH TPOMEXKYTOUHBIN WICH psa
(Tabm. 1, puc. 3a). KobaasTHH BCTpedaeTcs Jaiie, 9eM
repcaopdut. B oTnensHbBIX cirydasx (00p. 46/245) xo-
OabTHH 00pa3yeT cpacTaHUs C MUHEPAJIaAMHA CHCTEMBI
Cu-S (pwuc. 2a), KOTOphIE TIO COCTAaBY OJM3KH K aHWIIN-
1y (CusS4), mxuputy (CusSs) ¥ TUTEHUTY/POKCOUUTY
(CuoSs). HacTo KOOANBTHH BCTPEUACTCS B BHJE CaMO-
CTOSITENIbHBIX BBIIETICHUH CPEIy JKMIBHBIX MHUHEpa-
JIOB, HAIpUMep, XJIOPUTa WM dHUaoTa (puc. 20) wim
00pasyeT KaitMbl BOKPYT OOpHHTA MJIN XaJbKOITHMPUTA
(puc. 2B).

I'epcmopdut wHOTIA COBMECTHO C OJICKIION py-
JTOW BBITIONTHSIET TPOXKMIIKH B XaJbKomupure (puc. 2r).
B accommanny ¢ k0OaTbTHHOM OTMEYalOTCsS MHUKPOH-
HBIe BhIIENeHus TeurypunoB Pb, Ni, Bi, Ag u camo-
pomHoro 3oioTa (puc. 2a, B). 1 B kobampTHHE, W B
repcaoppuTe MPUCYTCTBYIOT 3aMeTHble Tpumecu Fe
(ot 0.4 1o 4.2 mac. %), comepkaHne KOTOPOToO HE 3a-
BucHT OT comepkarmii Co u Ni (puc. 3a). Kobansrun
XapaKTepHu3yeTcss 3aMETHBIMH BapHaIlUsIMH OTHOIIIe-
HUS AS/S, B TOM 9HClIe B Tpeeiiax OTASIbHBIX 3EPeH.
B HexoToprIx 3epHax (puc. 20) HaOmOgaeTCS 30HAb-
HOE CTpOCHHE: cyonmnoMop(dHbIE BEIICTICHUST KOOAITh-
THHA C OTHOIICHHWEM AS/S, OJM3KUM K CTEXHOMETPH-
YECKOMY, 3aMEIIaroTCsl MHKPO3EPHHUCTHIM arperaroM
¢ As/S oxomo 0.8, T. €. ¢ TIOBBIIIICHHBIM COACPKAHUEM
cepsl (puc. 30). Mexnay BenmunHON As/S W KOHIICH-
Tpauueil Fe numeerca 3Haunmasi OTpUIATeIbHAs KOP-
pemsus (r = —0.56), a Mexay As/S u comep’kaHueM
Ni monoXUTENbHAST KOPPEIAIus, Onm3Kas K Mpeaety
sHagumocTH (r = 0.37) (puc. 36, B). MUHUMAaIBHBIH
3HAYUMBIA KOYPPHUITUEHT KOPPEIAIUHN 11 n = 32 co-
crapisiet 0.35, 31ech U gajnee NpuHATA JOBEPUTEIbHAS
BeposiTHOCTH 0.95.

Munepans! Ni BCTpEUaroTCsl CYIIIECTBEHHO PEkKe.
OHHM yCTaHOBIIEHBI B 00pasliax, OTOOPaHHBIX W3 Tell
CeprieHTHHUTOB (00p. 5/21) WM armocepreHTHHUTOBBIX
MeTacoMarutoB (00p. 11/19) (AzoBckoBa u mp., 2022;
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Co and Ti minerals in ores of the Mikheevskoe porphyry Cu deposit (South Urals)

52/67.1

46/245

Puc. 2. Munepabi Co 1 Ni B pynax MuxeeBCKoro MecTopoxaeHust: a—ko0ainsTiH (Co) B cpacTaHuy ¢ MUHEpasioM chcTeMbl Cu-S
W BKIIIOYEHHEM TesuTypua cepedpa (Ag-Te) cpean kBapua (Qtz), xioputa (Chl), stmnora (Ep) u turanura (Tit), o0p. 46/245; 6 —
30HAJILHBIN KOOAIBTHH C BapbUPYIOIINM OTHOIICHHEM As/S cpenu armioTa, o0p. 46/245; B — kaiiMa KOOAIIETHHA BOKPYT XaJIbKOITH-
puta (Ccp), B Kaiime — Brutodenue mesonuta (Mel) ¢ kaiimoit antanta (Alt), 06p. 52/67.1; T — npoxuinok repcaopgura (Ge) u
terpasputa (Td) B xanskonmpute, 00p. 43/107; 1 — cpacranue nenmiangura (Pnt), Buonapura (Vio) u mumtepura (Mil), o6p.
5/21-1; e — cpacranne musuieputa u nuputa (Py) B xBapue, 06p. 60/74.6. M300paxkeHns B 00paTHO-pacCessHHbIX IEKTPOHAX.

Fig. 2. Co and Ni minerals in ores of the Mikheevskoe deposit: a — cobaltite (Co) intergrown with minerals of the Cu-S series
and inclusion of silver telluride (Ag-Te) within quartz (Qtz), chlorite (Chl), epidote (Ep), and titanite (Tit), sample 46/245; 6 —
zoned cobaltite with varying As/S ratio in epidote, sample 46/245; B — cobaltite rim around chalcopyrite (Ccp), melonite (Mel)
inclusion with altaite (Alt) rim in cobaltite, sample 52/67.1; r — gersdorfite (Ge) and tetrahedrite (Td) veinlet in chalcopyrite,
sample 43/107; n — pentlandite (Pnt), violarite (Vio), and millerite (Mil), sample 5/21-1; e — millerite and pyrite (Py) within
quartz, sample 60/74.6. Back-scattered electron images.
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Puc. 3. lnarpaMMbl COCTaBOB MHHEPAJIOB psijia KOOAIBTHH-TEpC1op(uT.
Fig. 3. Plots showing composition of minerals of the cobaltite—gersdorfite series.
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Tabnuya 1

IpencraBuTeabHble aHAJU3BI KoOaabTHHA (1-19), repcaopdura (20-21), Buoaapura (22-24), MULjIepuTa
(25-27) u nenTnanguTa (28) MuxeeBckoro Mmectopoxaenus (Mac. %)
Table 1
Representative analyses of cobaltite (1-19), gersdorfite (20-21), violarite (22—24), millerite (25-27), and
pentlandite (28) of the Mikheevskoe deposit (wt.%)

Ner/m| O6p. | Co | Ni | Fe |[Cu| As | Sb| S |Cymma dopmya As/S
1 18.84(13.05] 2.50 {0.29|45.35 19.96| 99.99 (COo,s}Nio,mFCo,mCUo,o1)o,ggASLooS],o_z 0.97
2 26.34| 4.51 | 3.20 |1.38(42.94 21.61| 99.99 (C00_72Nio_12F€o_09CUO_o4)0_98ASO_93S1_09 0.85
3 52/67.1124.92| 6.66 | 2.26 [1.04(44.51 20.62(100.00 (COo,sgNio,19FC(),07C110,03)0,97ASo,97s1,05 0.92
4 16.27({16.67| 1.70 {0.00|45.81 19.54{100.00 (C00,46Ni0,47Feo‘os)olggAS1,01S1A01 1.00
5 2792|454 | 2.47 |0.77|43.33 20.97(100.00 (C00,77Ni0,13Feo,07cU0‘02)0A99ASO,94S1,07 0.88
6 31.16| 1.95 | 1.57 45.73 19.79|100.19 (CO()_87Ni0,05F€0,05C11)0,97AS],01S],oz 0.99
7 35311 0.36 | 1.61 41.11 22.941101.33 (C00,95Ni0,0]Feolos)l_ooASo,mS],]} 0.77
8 32.95)0.88 | 2.38 42.50 22.02(100.73 (CO(),g()Nio,ozF60‘07)0,99A50,91S]Alo 0.83
9 33.28| 0.83 | 0.90 45.38 19.99(100.36 (C00‘93Ni0A02Fevo3)0,93AS1_0081A03 0.97
10 33.86| 0.81 | 1.10 45.92 20.02|101.72 (Co00.93Nig.02F€0.03)0.99AS1.0051.01 0.98
11 3471 1.95 40.73 22.48| 99.87 (C00,95F€0,06)1_00A50,g7 S],]} 0.78
12 46/245 (35.49( 0.37 | 1.48 41.33 22.95(101.62 (C00,95Ni0,01Feo‘o4)1,00ASo,g7S1,13 0.77
13 34.5310.27 | 1.98 41.44 23.31(101.53 (COo‘gzNivo1FeoA06)0,99ASO_37S1A14 0.76
14 33.44|1.40 | 1.39 42.82 21.75(100.80 (CO()_()1Ni0_04Feo_04)0_99ASo_gQS1_09 0.84
15 34.10( 0.76 | 0.89 45.49 20.31|101.55 (C00.94N10.02F€0.03)0.99A80.9951.03 0.96
16 32.84| 1.63 | 1.02 45.23 19.47(100.19 (COo,gzNio,osFeo‘m)1,00A51,0()S1,()0 0.99
17 32.19| 0.54 | 4.26 39.65 22.98| 99.61 (C00‘37Ni0A01Fe()A12)1,01AS()_3581A15 0.74
18 33.25/1.46 | 0.82 46.09 20.19]101.81 (COo‘gzNioAmFevoz)o,gsASl_oos1A02 0.98
19 | 1/139 [29.61 2.05 [1.87]46.93 20.34|100.80 (Co0.82F€0.06CU0.05)0.93AS1.03S 1.04 0.99

20 | 5/21 34.88| 0.37 43.4810.55[19.59| 98.87 (Nig.09F€0.01)1.00(AS0.975b0.01)0.98S 1.02 0.95
21 11/19 | 0.31 |32.78]| 2.67 44.4110.63(19.56|100.36 (NiongOo.o1Feo,03)1A01(ASO‘93 Sb 0‘01)09981‘01 0.97
22 7244 6 41.12114.89|1.32 41.14| 98.48 (Niz.16Fe0.5:C0.06)3.0553.96

23 ) 41.43|14.76|1.04 41.43| 98.66 (Nip.17Fe0.51Cu0.05)3.0353.97

24 | 5/21 |4.98 |33.16]18.49 41.95| 98.58 (NirzFero1 C0o.26)3.0084.00

25 160/74.6 64.35| 0.83 36.65/101.84 (Nig.e7Fe0.01)0.99S 101

26 0.25 |61.01] 2.03 34.95| 98.24 (Nig.osFe0.03)0.99S 1.01

27 5/21 | 0.38 |64.71]| 0.31 35.89]1101.29 (Nig.99C00.01)1.00S1.00

28 41.39|24.20 32.81] 98.40 (Nis saFe3.41)8.055s.05

Ipumeuanue. Anammssl 1-5 Hopmuposansl k 100 mac. %. IlycTas kneTka — comepskaHue IeMEHTa HIDKE Mpejera
oOHapysxeHUs. OPMYIIBI MUHEPAIOB PACCUUTAHBI HA COOTBETCTBYIOMIEE KOITHIECTBO K03 duinerTon B popmyie.

Note. Analyses 1-5 are normalized to 100 wt. %. Empty cell — the content of element is below detection limit. The
formulas of minerals are recalculated for corresponding amount of formula units.

Uucrsikoa, [lnorunckas, 2022). Munepansr Ni acco-
MUUPYIOT C MUPUTOM M XAJIBKOIMPUTOM, MarHETUTOM
u wHoTMa — XpomutoM. Buomapur (FeNi,S,) oOpasyer
BKIIFOYCHUS B XaJIbKOIIMPHUTE WU CPACTaHUS C TICHT-
JAH/IATOM U TIO TPEIIMHAM 3aMeIIaeTCs MUJIICPUTOM
(puc. 2n). Buonapur comepxxut npumecu Cu (mo 1.3
Mmac. %) u uHorna — Co (mo 5 mac. %). Mumrepur
(NiS), momMuMO BHONApUTA, ACCOIMHPYET TaKKE C
nupuToM (pHc. 2e) u cogepkut a0 2 Mac. % Fe u no
0.4 mac. % Co (tabn. 1). EmuHCTBEeHHOE YCTaHOB-
JICHHOE 3€pHO TEHDIAHJUTa OTBe4YaeT (opmyre
(NissFes.4)s0Ss0. Kpome Toro, panee Hamu B pynax Mu-
XEEBCKOTO MECTOPOXK/ICHUS OBbLI YCTAHOBJICH MEIIOHUT
(NiTe,) B acconmamuu ¢ KOOaJIbTHHOM W alITAUTOM
(Plotinskaya et al., 2018).

[ToMuMO COOCTBEHHBIX MHHEPAIOB, B PYyAax
MuxeeBckoro mectopokaenusi Co u Ni BXomsT B co-
craB niupura (puc. 4, Tabn. 2). lllupokoe pacnpoctpa-
HEHHE MOCIETHETO MO3BOJISIET TOBOPUTH O TOM, YTO
MMEHHO OH UTPaeT BEAYILYIO pojib B OamaHce STHX die-
MeHToB. KobGanbrom 1 Ni oOoraiieHsl eHTpaIbHbIE 1
nepudeprudeckre 30Hbl KPUCTAIIOB mupuTa (puc. 40,
B, 1, €). Pactipenenenne Ni JeMOHCTPUPYET CIOKHYIO
OCHMJIISITOPHYIO 30HAIBHOCTD, 3aTYXAIOUIYIO K KpasiM
kpuctaiioB (puc. 40, n). B memom, comepxkanus Ni
MOCTENICHHO CHIKAIOTCST K mepudepun oT Oolee
0.60 mac. % gm0 HmWKe Tnpenena OOHAPYKEHHS
(0.05 mac. %), HO u B KpaeBbIX YacTAX HAOIIOMAOTCS
30HBI MUKPOHHOW LIMPHHBI C MOBBIIICHHBIMHA KOHIICH-
tpauusimu Ni. [losenenne Co, B 11e7I0M, aHATOTUYHO
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Puc. 4. TTuput U3 cepreHTUHUTOB MUXEEBCKOT0 MECTOpOKACHUs, 00p. 1553/583.5: a — u3obpakeHue B oOpaTrHO-pacce-
SIHHBIX 2JIEKTPOHAX; 0—K — KapThl paciipesiesieHust B XxapakrepucriudeckoM nainydennn AsLo, CoKa n NiKa (6-r — y4acrok 1,
JI-K — Y4acToK 2); 3 — KOMOMHHPOBaHHAasI KapTa pacrpe/ieJeH st HHTeHCUBHOCTeH 1u1st yuactka 2 (Co — KpacHbIi, Ni — 3eNeHbli,

As — cunwmii).

Fig. 4. Pyrite from serpentinite of the Mikheevskoe deposit, sample 1553/583.5: a — back-scattered electron image; 6—x—
AsLa, CoKa and NiKo maps (6- — site 1, i—x — site 2); 3 — phase map of site 2 (Co — red, Ni — green, As — blue).

Ni (puc. 48, ), HO 13-3a OoJIee HU3KHUX €r0 COACPKaHui
(ae 6omnee 0.16 mac. %) 3aKOHOMEPHOCTh €r0 pacipe-
JIeTICHUsI HE CTOJIb OYeBHAHA. TeM He MEHee, YUacTKH C
MaKCHUMaJIbHBIMU copiepkaHussMu Co u Ni 0ObIYHO He
coBnagaroT. Kak BuaHO Ha puc. 5, conepkanust Ni Me-
Hee 0.6 mac. % oOHapyxwuBaroT ¢ comepxanusimu Co
cabyio, HO 3HAYMMYIO TOJIOKUTEIBHYIO KOPPEIISIHIO
(r = 0.66 npu nopore 3Haunmoctu 0.63 mpu n = 10), a
JIBA aHAJM3a C HAuOOJee BHICOKUMHU KOHIICHTPAIMSIMU
Ni 3Toif 3aKOHOMEPHOCTH He MomuuHstoTCs. Kpaesble
30HBI KpHCTAILIOB oborateHs! As (10 0.25 mac. %), pac-
npeesieHue KOTOPOTo TaKKe JEMOHCTPUPYET OCLMIIIS-
TOPHYIO 30HANBHOCTH (puc. 41, k). Ilpu 3TOM MHOTIA
HaOJroaeTcs COoBIaIeHNE 30H, oborameHHbIX As 1 Ni,
HO OOBIYHO OHH Pa300IICHBI B IPOCTPAHCTBE (pUC. 43).

MUMHEPAJIOTVIAI/MINERALOGY 11(1) 2025

OBCYXIAEHUE

CobcTBennsie MuHepaisl Co 1 Ni Ha MECTOPOXK-
JEHUSX MOP(HUPOBOTO CEMEHCTBA BCTPEUAIOTCS PEIIKO.
Tak, B 0a3e nmanHbIX [eomormdeckoit cmyxObr CLIA
(Singer et al., 2008), onn oTMe4yeHbl Ha 4yTh Oojee
JIECSATH MECTOPOXKACHUSX 13 690, mpuyeM 0OBIYHO 3TO
KOOanbTUH U, pexke, repcaopdur. Kak ciencraue, npo-
MBbIIIeHHOTO 3HaueHust HU Co, Hu Ni B mop(UpOBBIX
pyZAax HE UMEIOT U, BO3SMOKHO M3-3a 3TOTO B T'€0JIOTH-
YECKOM JIMTEpaType UM YIEJISIOT Majlo BHUMaHHMS.

OtHocutenbHO pazHoobpasnas Co-Ni MuHepa-
JM3anus onvcaHa Ha MecTopoxaeHnu bomekyns (Ka-
3axcTaH): 371€Cb YCTAHOBJICHBI MEHTIAHANT, JTUHHEUT
CosS,, xappomut Cu(Co,Ni),Ss 1 TUPUT ¢ cofeprKaHu-
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Tabnuya 2
XHMMHUYecKHii COCTaB MUPHUTA U3 CEPIIEHTUHUTOB MuXeeBCKOro MecTopo:kaeHus (Mac.%)
Table 2
Chemical composition of pyrite from serpentinite of the Mikheevskoe deposit (wt. %)
Ne /it Fe S Ni Co As Cu Cymma
1 46.55 | 53.10 | <0.05 | <0.06 | <0.05 | <0.07 99.75
2 46.39 | 53.14 0.05 <0.06 | <0.05 | <0.07 99.63
3 46.39 | 53.36 0.43 0.13 <0.05 | <0.07 100.33
4 46.09 | 53.36 0.25 0.16 <0.05 0.08 99.95
5 46.13 | 53.34 0.73 0.11 <0.05 <0.07 100.38
6 46.08 | 53.27 0.05 0.07 <0.05 0.16 99.64
7 46.23 | 53.45 0.13 0.13 <0.05 | <0.07 100.02
8 46.78 | 53.18 | <0.05 | <0.06 | <0.05 0.13 100.15
9 46.22 | 53.25 0.41 0.11 <0.05 <0.07 100.03
10 46.06 | 53.22 0.64 <0.06 0.25 <0.07 100.27
11 46.36 | 53.29 0.36 0.10 <0.05 | <0.07 100.19
12 46.45 | 53.51 0.19 0.06 <0.05 0.07 100.29

Ipumeuanue. Conepxanus Sb Hmke npeaena ooHapysxerust (0.05 mac. %) Bo Bcex aHaIN3aX.
Note. The Sb content is below detection limit (0.05 wt. %) in all analyses.

0.2 -
*
o . .
(8]
© .
*
= 011" r=o066 *
@]
(&} . .
$ N
As =0.25 mac. %
0.0 : . . ’ . .
0.0 0.2 0.4 0.6 0.8
Ni, mac.%

Puc. 5. Inarpamma Co—Ni (mac. %) s mupuTa (1aHHBIE
n3 Tabm. 2).
Fig. 5. Co—Ni plot (wt. %) for pyrite (data from Table 2).

ssmu Co 10 6.4 mac. % u Ni 1o 1.8 mac. % (DummMonHo-
Ba, CmocapeB, 1974). KobanbTrH, KappoIuT U MUPHT,
conepxkamuit 1o 1.7 mac. % Co, onucaHel Ha MECTO-
poxnenuu Axcyr, TeiBa (Llagunn u np., 2024 u nuTH-
pyemas nuteparypa). CxonHblii HAOOp MUHEPAJIOB BbI-
SIBJICH Ha MEIHO-OP(QUPOBBIX MECTOPOXKICHUSAX 30HbI
Cpennoropue B bonrapum: xobanbstus, repcaopdur,
muHHenT/Kapponut, Pd-pammenscOeprur (Pd,Ni),As
Ha Enmarnure u xapposurt, Badcut NiS, u nupur, comnep-
skammii 10 6.7 mac. % Ni u 1o 14.9 mac. % Co Ha Me-
cropoxxnenun Meger (Strashimirov et al., 2002).
Baxno ormeruts, yto MuHepansl Co BcTpeda-
I0TCsI Ha OP(HUPOBBIX 0OBEKTAX Yallle, YeM MUHEPaJIb
Ni — koOanbTHH OTMEYaeTcs yaiie repcaopdura, a u3
IPYIIBI THOLUIMHENEH Yallle OMHUCHIBAIOT KappPOJIUT U
JMHHEHUT, a HE BHUOJAPUT WM MOIuAMMHT. MHTepec-

HO, 9TO B CTPOCHUH BCEX MEPEUHCICHHBIX MECTOPOXK-
JICHU MPUHUMAIOT y4acTHE OCHOBHBIE MOpOjbl. Tak,
KpyTHBIC WHTPY3UH TaOOpOUIOB W3BECTHBI HA TEPPHU-
Topusix Mectopoknennii Mener (Strashimirov et al.,
2002 u mutmpyemas ymrteparypa), Akcyr (Kyxkyrer
u 1p., 2023 u nutupyemas auteparypa) u borexyinn
(Seltmann, Porter, 2005 n muTHpyemas TuTeparypa).
Ha MuxeeBCKkOM MECTOPOXKIEHUHU IIUPOKO PAa3BUTHI
0a3anbThl, @ TaK)Ke BCTPEUAIOTCS MPOTPY3UU CEPIICH-
TUHUTOB, 00pa30BABIINXCS, MPEANOIOKATEIHHO, IO
MopoJiaM yIBTPAOCHOBHOTO cocTaBa. Kirapky KOHIIEH-
Tpanmii Co B yIBTPAaOCHOBHBIX MOPOJIaX B HECKOIBKO
pa3 BBIIIE, UM B CPEIHHX HJITH KACIBIX (COOTBETCTBEH-
O 80 m 20 1/1), a Kimapk Ni Beime mpuMepHo B 20 pa3
(cootBeTcTBeHHO, 1230 1 61 1/T) (UBaHOB, 1995). OTO
MTO3BOJISIET MPENIOaraTh, YT0 OCHOBHBIM MCTOYHUKOM
Co u npexnae Bcero Ni B pynax MuxeeBCKOTO MECTO-
POXIEHUS SBISLTUCH IMEHHO CEPIIEHTHHU3UPOBAaHHBIE
VIBTpaMa@UTEL. ITO OOBSICHICT YACTYIO IPUYPOUCH-
HOCTh MUHEpasioB Ni K TeJlaM CEepIIEHTHHHUTOB.
3amenieHre MeTHIaHINTa BHOJIAPUTOM WJIH ac-
conpanueil BUOMApUT + MHIJUIEPUT HEPEAKO COTPOBO-
KTaeT TPOIECCHl CePIIEHTHHU3ANNN YAbTpaMapuTOB
(Groves et al., 1974; Grguric, 2002; Gonzalez-Jiménez
et al., 2021). IToaToMy HENB3sI UCKIIOYATh, YTO HEKO-
Topble MuHEpanbl Ni (BHOJAPUT W, BO3MOXKHO, MUII-
JIepUT) 00pa30BaJUCh TIPH CEPIICHTUHU3AINH YIIETPa-
Ma(uTOB eIIe 0 CTAaHOBJICHHUS MOPPUPOBOIN CHCTE-
Mbl MuxeeBckoro MectopoxiaeHus. [IeHTnanaur us
TeJ CEepPIeHTHHUTOB, B CBOIO OYepe/Ib, MOXKET MMETh
¥ MarMaTH4yeckoe MPOMCXOXKIEHUE, Kak U Ooiee pac-
MPOCTpPaHEHHBIE TaM XpoMmmmuHe uasl (Yuctsakosa,
[Tmotuuckast, 2022). Ocranbabie Muaepaitsl Co n Ni
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Ha MHXEEeBCKOM MECTOPOXKICHHH 00pacTaroT MUPHT,
XaTBKOTTUPUT (pHUC. 20), OOPHUT WITH BBITIONHSIOT TIPO-
JKWJIKY B HUX (pHC. 2T), T. €. 10 BpeMeHH 00pa30BaHus
OTHOCSTCS K O0Jiee TIO3THIM aCCOIHAITUSIM.

TemrmiepaTypa roMoreHHu3aIie (GIFOUIHBIX BKITIO-
YeHWH M3 KBapILEBBIX MPOXKIIKOB B M3MEHEHHBIX CEp-
neHTHHUTaX coctaBmia 235-240 °C (Yuctsakosa u 1p.,
2022). TemmepaTypsl 00pa3oBaHHs XJIOpHUTa W3 00-
pastoB, comepxammx Co-Ni U 30JI0TO-TEeIUTYPHIHYIO
MUHEPaIN3alnio, OJU3KH u cocTaBisioT 177-260 °C
(Plotinskaya et al., 2018). Kpome Toro, xoOambTHH-
repcropduT OBIT YCTAaHOBJICH B apTHUTH3UTaX Muxe-
€BCKOTO MECTOPOXKIEHUS, CEKYIINX Bce Ooyee paHHUE
MHUHEpaTbHBIC accoruanuu (A30BckoBa u jap., 2015).
TTosBnenne muuepanoB Co u Ni B MO3JHUX, OTHOCH-
TETHHO HU3KOTEMIEPaTYPHBIX MUHEPATBHBIX aCcCOIIH-
anusaxX XapakTepHO W IS Py APYTUX MOP(GUPOBBIX
MecTopokIeHni, Hanpumep, Axcyr (Kyxyrer u mp.,
2023; Wlagunu u ap., 2024 1 nuTUpyeMas JuTepary-
pa) u Enamure (Strashimirov et al., 2002 u nutupyemas
JTUTEpaTypa). ITO TOBOPUT O TOM, 4TO MuUHepansl Co
u Ni 00pazoBaauch Ha TIO3THUX CTAIUAX (POpMHUpPOBa-
HUSI MECTOPOXKICHHS, Korjaa B MOpP(QHUPOBOH crcTeMe
IAPKYIUpOoBaIu MeTeopHsIe Bomkl (Sillitoe, 2010), uro
CIOCOOCTBOBAIO BHIHOCY 3JIEMEHTOB M3 BMEIAIOIIIX
MOpOJ] M YBEIMYMBAJIO MHHEpaJhbHOE pa3zHooOpasme
omnaraBmmxcs pya. Ha Oomee paHHUX CcTaausx pynao-
obpazoBanus Co u Ni, TO-BHINMOMY, KOHIIEHTPUPOBa-
much B mupute. [Inpokas pacmpocTpaHEeHHOCTh 3TOTO
MUHepaia Ha GOHE PEIKUX HAX0MOK COOCTBEHHBIX MHU-
HepaioB Co u Ni MO3BOJSET YTBEPKAATh, YTO UIMEHHO
MAPUT SBIAETCS Bemymel dhopmoit Haxoxaerus Co u
Ni B pymax MUXeeBCKOTO MECTOPOXKICHUS.

3AKJIFOYEHUE

B pynax mMemHO-TIOP(QHUPOBOTO MECTOPOKIACHUS
MuxeeBckoe Ha FOxHOM Ypasne yCTaHOBJICHBI MHHE-
pansr Co u Ni: K00ansTHH, TepcIop(UT, MEIIOHUT, BH-
OJIAPUT, MIJIJIEPUT ¥ TMeHTIaHANT. Ha paHHUX cTaamsx
pymnoobpazoBanus Co u Ni BXOIWIN B COCTaB ITUPH-
Ta, a Ha MO3JHEH HU3KOTEMIIEPATYpHOH CTaJUU OHU
OTJIaralvch B BU/E€ COOCTBEHHBIX MHHEpAJIOB, Halle
Bcero, kobansTHHA U repcaopduta. CoOCTBEHHBIE MU-
Hepaibl Co 1 Ni Ha MuXeeBCKOM MeITHO-TIOPGHUPOBOM
MECTOPOXKIEHUN PACIIPOCTPAHEHbI HE3HAUYNUTENHbHO U
HE WMEIOT MPOMBIIIIEHHOTO 3Ha4eHnsA. VX Hanmmune u
pazHooOpasne MPEATOTOKUTEITHFHO O0YCIOBICHO TIPH-
CYTCTBHMEM TEJNl CEepPIEHTHHUTOB CPEIN BMEIAIOIIIX
TTOPOJT MECTOPOKACHUS.
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