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Annomayus. OObEKTOM HACTOSIIECTO HCCIEMIOBAHHS CTAIU 3€PHAa MHHEPAJIOB I[UIATHHOBOM TPYIIIIBI
(MIII") n3 KOHIEHTpAaTa, ITOIYYEHHOT0 MPH 0TPabOTKE TEXHOTECHHOHN 30JI0TOHOCHOW pocchiny BOim3nu Ilepso-
MalCKoro AyHHUT-rapiOyprutoBoro Maccusa Ha Cpenaem Ypaie. CTpoeHHE M XUMHUYECKHI COCTaB 3€peH n3y-
YEeH METO/JJaMHU CKaHNPYIOLIEH AIEKTPOHHON MUKPOCKOIIMH M PEHTICHOCTIEKTPaIbHOTO MUKpoaHaiu3a. Ha 3ep-
HaxX TMEePBUYHBIX CAMOPOIHBIX MUHEPATIOB cucTeMbl Ru-Os-Ir pa3BUTHl KOHIIEHTPHUECKH-30HAIBHBIC KaliMbl
BropuuHblx MIII™ nByx THIOB: 1) «KOppo3HOHHBIE», 3ameniatomye nepsuunsie MIIIT 1 2) HanoxeHHbIe, 00-
pa3oBaHHBIC OCIIE KKOPPO3HOHHBIX». «Kopposnonusie» MIII™ ciaaraior yqacTKi TOHKO3EPHUCTBIX WK YKPYII-
HEHHBIX arperaroB cyorpauyeckoro (CHMIUIEKTHTOBOTO) CTPOCHUS M ITPEACTABICHBI TBEPABIMU PACTBOPAMHU
cepun pyapcut-ocapcut-upapcut (RuAsS-OsAsS-IrAsS), As-conepxkamum ayputoM (Ru(S,As),) (pa3BuTh
10 CaMOPOJTHOMY PYTEHHIO), As-cosepkamum spiukmanuToM (Os(S,As),), upapcutoM IrAsS (pa3BuTHI 110 py-
TeHupuaocMuRy), Fe-conepxxammm npuauem (Ir,Os,Fe), TonoBkutom (IrSbS) u npapcutom (IrAsS) (pa3Butsl
1o upuanio). Arperarsl HastoxkeHHbIX MIIT™ MMeroT MaccuBHOE CTpOCHUE W (POPMHUPYIOT BHEIIHIOO KaiiMy Ha
3epHax nepBuuHbix MIII, omnarascs Ha Hux. Hanoxxennsie MIII™ npencrasnenst Fe-copepxaiiuM upuauem
(Ir,Os,Fe) u ocmuem (Os,Ir,Fe), Ir-Ni-Fe crutaBamu, B Tom umcie, rapyruurom (Ni, Fe, Ir), Rh-cogepxarmmmu
TOJIOBKUTOM M MpapcutoM U Ru-conepxkammm xobansrnenmianguroM ((Ni,Co,Ru)eSg). IIpennomnaraercs, uro
«KOPPO3MOHHBIEY U HaJIOXKeHHBIE BropruHble MIII" 00pa3oBaHbI B yCIOBHSAX AEKOMIIPECCHH, ITaCHHSI BCECTO-
POHHETO JIaBJICHUSI 1 CMEHBI BOCCTAHOBUTEIBHOTO PEKUMa Ha OKMCIMTEIBHBIA MTPY BBIABHKEHUH TEJ TUIIEP-
6a3uToB Kk oBepxHOCTH. OOpa3oBanne caMOpoAHBIX BTopHuHBIX MIII™ 00ycI0BICHO MOHMKEHHBIMH TEMIIE-
parypamMy ¥ BOCCTaHOBUTEIBHBIM PEXXUMOM (uIron1a. ApceHH b, Cyab(hoapceHu1bl, CTHOHUABI U CYITb(UIBI
9JIEMEHTOB IIJIATHHOBOW I'PYMIIBI 00pPa30BaHbl B YCIOBHSX IMOBBIILICHHBIX 3HaUCHUH QyrUTHBHOCTH S, As U Sb
1 CMCHBI BOCCTAaHOBHUTEJILHBIX YCIIOBHH HA OKUCIIMTEIILHBIE B BEDXHUX YACTSIX KOPBI.

Kntouegvie cnosa: epBUvHbBIC U BTOPUYHBIE MUHEPAIIBI IIATHHOBOW I'PYIIIBI, POCCHIIH, YCIOBUS 00-
pas3oBaHusi, CepIeHTHHU3AMs, opuoauTsl, [leppomaiicknit Maccus, Cpenanii Ypai.

Qunancuposanue. ViccaenoBaHue BBHINOIHEHO B paMKax rocynapcrseHHoro 3aganus UI'T YpO PAH
(Ne rocpeructparmu 122022600107-1).

Kongpnukm unmepecos. ABTOpHI 3asBISIIOT 00 OTCYTCTBHH KOH(IIMKTa MHTEPECOB, CBSI3aHHOTO C py-
KOIIUCBIO.

Bknao asmopos. B.B. Myp3un, K.H. Manuu — pa3zpabotka koHuenmmu, uccienoBanue; A.1O. Kucun
— uccaeaoBaHue, Busyanuszanus; B.B. Myp3un — Hanucanue yepHoBuka pykonucu; K.H. Mamnu, A.1O. Ku-
CHH — pPelaKTHpOBaHNe (PUHAIBLHOTO BapraHTa pyKomucH. Bee aBTopsl 0100pnimm (MHAIBHYIO BEPCHIO CTaTbU
nepen myOmuKanuei.

Jna yumuposanua: Myp3un B.B., Manna K.H., Kucun A 1O. Bropuunbsle MUHEpaIbl IIaTHHOBON IPyTI-
el pocesinu pexu bosbmoit Can (Cpexnuit Ypai). Munepanorus, 2025, 11(1), 5-16. DOI: 10.35597/2313-
545X-2025-11-1-1.



Mypsun B.B., Manuu K.H., Kucun A.1O.
Murzin V.V., Malitch K.N., Kisin A.Yu.

SECONDARY PLATINUM-GROUP MINERALS FROM A PLACER
OF THE BOLSHOY SAP RIVER (CENTRAL URALS)

V.V. Murzin, K.N. Malitch, A.Yu. Kisin
Zavaritsky Institute of Geology and Geochemistry UB RAS, ul. Akademika Vonsovskogo 15,
Yekaterinburg, 620110 Russia; murzin(@igg.uran.ru

Received 22.11.2024, revised 09.12.2024, accepted 22.01.2025

Abstract. The object of the present study includes grains of platinum-group minerals (PGMs) from a
concentrate, which was obtained during mining of a technogenic gold placer near the Pervomaisky dunite-
harzburgite massif (Central Urals). The inner structure and chemical composition of grains were studied using
scanning electron microscopy and electron microprobe analysis. Grains of primary Ru-Os-Ir minerals are
overgrown by concentric-zonal rims of secondary PGMs of two types: 1) “corrosive” PGMs, which replace
the primary PGMs, and 2) overprinted PGMs, which formed after “corrosive” PGMs. The “corrosive” PGMs
comprise areas of fine- or course-grained aggregates of subgraphic (symplectite) structure and include solid
solutions of the ruarsite-osarsite-irarsite series (RUAsS-OsAsS-IrAsS) and As-bearing laurite (Ru(S,As),) after
native ruthenium, As-bearing erlichmanite (Os(S,As),) and irarsite (IrAsS) after rutheniridosmine and Fe-
bearing iridium (Ir,Os,Fe), tolovkite (IrSbS) and irarsite (IrAsS) after native iridium. Aggregates of overprinted
PGMs have monolithic structure and form an outer rim on the grains of primary PGMs. The overprinted
PGMs include Fe-bearing native iridium (Ir,Os,Fe) and osmium (Os,Ir,Fe), Ir-Ni-Fe alloys, including garutiite
(Ni,Fe,Ir), Rh-bearing tolovkite and irarsite, and Ru-bearing cobaltpentlandite ((Ni,Co,Ru)sSg). It is suggested
that secondary “corrosive” and overprinted PGMs formed under conditions of decompression, pressure drop and
change from reducing to oxidative regime, when ultramafic bodies moved toward the surface. The formation of
secondary native PGMs was caused by low temperatures and reducing fluid regime. Arsenides, sulfoarsenides,
stibnides and sulfides of platinum group elements formed under conditions of increased fugacity of S, As and
Sb and due to the change from reducing to oxidizing conditions in the upper parts of the crust.

Keywords: primary and secondary platinum-group minerals, placers, formation conditions,
serpentinization, ophiolites, Pervomaisky massif, Central Urals.
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BBEJEHUE

Cpenu MHOTOYHCIICHHBIX MHHEPAJIOB TUIaTHHO-
Boii rpynmsl (MIIDT), BBISIBIEHHBIX B MacCHBaX OQHOIH-
TOBBIX TUTIEPOA3UTOB U CBA3AHHBIX C HUMH POCCHITISX,
0OBIYHO BBIACTSIOTCS MX NIEPBUYHBIEC M BTOPUIHBIE ac-
cormariu (maparenes3ucs) (Kisileva et al., 2019;Cabri
et al., 2022; Airiyants et al., 2022; ). HaubOomnee oTuer-
JTUBO B3aUMOOTHOIICHHUS STUX MUHEPAJIOB TPOSIBICHBI
B KpynHbIX 3epHax MIII, koTopble KOHUEHTPUPYOTCS
B pocchinax. K nmepBuyHBIM MUHEpanaM 0OBIYHO OTHO-
cat Os-Ir-Ru u Pt-Fe crinmaBsl, a Takke cynbQuIb! psiia
JaypUT-3pIUKMaHUT. BTOopruHbIe MUHEpaibl Tpea-
CTaBJICHBI UX MOCIEAYIONIMMA TEHEPAITUIMH, a TaKKe
MHOTOYHCIICHHBIMH CYAb(GUIaMHU, apCeHUIaMU, aHTH-

MoHuAaMu U Teurypunamu DIl B cocTaBe KOTOPBIX
gacTo mpucyTcTByioT Cu, Fe, Ni u apyrue smeMeHTHI
(Cabri et al., 2022). Cpenu BTOPHYHBIX MHHEPAIOB
paHee MBI TPEIJIOKUINA BBIJIEIATH «KOPPO3HOHHBIE»
(nceBmomMopdHBIE), KOTOPHIE 3aMEIIAl0T 3epHA Tep-
BuuHbIXx MIII, n HanoxeHHbIE (HOBOOOPA30BAHHEIC),
obpacraromue 3epra nepBuaHbIX MIIL, B ToM umcie
C 3aMEMIAIOIMHU UX «KOPPO3UOHHBIMIUY» MHHEpaIaMu
(Myp3uH u zp., 1999).

OOBEKTOM HACTOSIIETO HCCICIOBAHUS SBUIICS
KOHIICHTPAT, TOJYYCHHBIH MPH OTPadOTKE TEXHOT'CH-
HOM pocceinu p. bonpmoit Can BOnu3w ¢. AsiTckoe (Ko-
OpauHATHI pocchinu: 57°25'30.55" ¢. m., 60°39'18.81"
B. 1.) Ha Cpemnem Ypaie. llermouka JOTUHHBIX aJlIIO-
BHAJIBHBIX pocchineit mo p. bompmoit Cam npocnexn-
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Puc. 1. TIporHo3HO-MeTaIIOTEHUUECKas KapTa IIaTHHOHOCHBIX (hopmartwii (3omoeB u zip., 2001) ¢ monoxernem I[epBo-
MaiCKOTro MaccuBa (MPSIMOYTOIBHIUK) () 1 Teoornaeckas cxema [lepBomaiickoro maccuBa (Yamnryxus u ap., 2004) (6).

Puc. la: 1 — nyHUT-KITHHOIIUPOKCEHUT-Ta00pOBast accormarnys [ [maTHHOHOCHOTO 1Tosica; 2 — OHOINTOBAS TyHHUT-TapIOyp-
TUTOBAS aCCONMAINS; 3 — INTATHHOHOCHBIE 30HEI: | — [TmatnHOHOCHOTO Mosica Ypaia; II — CepoBcko-Hesbstackast; 11 — Canaia-
cko-Criceprckast; [Y — AnanaeBckast; 4 — TEKTOHIUYECKIE HAPYIICHNS.

Puc. 16: 1 — mopoap! AyHUT-TapIOyprUTOBOTO KOMITIEKCA M CEPIICHTHHUTHI; 2 — Ta00pOUIBL; 3 — TPAaHUTOHIB; 4 — ByJIIKaHO-
TEHHO-0Ca/I09YHBIC TOPOABI OKPYXEHHSI MACCHBA; 5 — XPOMHUTONPOSIBICHHS; 6 — MOJIOKEHNE pocchin p. bonbmmoit Car.

Fig. 1. Forecasting metallogenic map of Pt-bearing complexes (Zoloev et al., 2001) with location of the Pervomaisk massif
(rectangle) (a) and geological scheme of the Pervomaisk massif (Chashchukhin et al., 2004) (6).

Fig. 1a: 1 —dunite-clinopyroxenite-gabbro association of the Urals platinum belt; 2 — ophiolite dunite-harzburgite association;
3 — Pt-bearing zones: I — Urals platinum belt; IT — Serov-Nevy’ansk; III — Salda-Sysert; IY — Alapaevsk; 4 — faults.

Fig. 16: 1 —rocks of the dunite-harzburgite complex and serpentinites; 2 — gabbroids; 3 — granitoids; 4 — volcanosedimentary
rocks surrounding the massif; 5 — chromite occurrences; 6 — location of placer deposits of the Bol’shoi Sap River.

BAeTCs OT €€ MCTOKOB JI0 BIAJICHUA B p. ASAT Ha Mpo-
TsokeHHH 20 kM. OTpaboTaHHBIN 30JI0TOHOCHBIH TTACT
CJIO’KEH NIECYAHO-TIIMHUCTON Maccol C rajibKou 1 Baty-
HaMH OPQHUPHUTOB U 30JI0TOHOCHOTO KBapua. M3yuen-
HBIH KOHIIEHTpAT IPeJICTaBICH MarHETUTOM, KBapIleM,
XPOMUINUHEINIOM, HIBMEHUTOM, CAMOPOAHBIM 30J10-
TOM U penkumu 3epHamu MIIT, nupkoHa, pyTuia, nei-
KOKceHa, kMHoBapu. Kopennble uctounuku MIIT™ Mbl
cBsi3biBacM C [lepBomMalicKuM THUIIEpOa3UTOBBIM Mac-
cuBOM, pacronararonmmcs B Cananncko-CricepTCKoi
TJIATUHOHOCHOM 30HE (puc. 1a).

Cpenu MIII" B KOHIIEHTpATe MPUCYTCTBYIOT 3€p-
Ha CaMOPOAHBIX MeTaUTOB cucTemMbl Os-Ir-Ru (ocMmuid,
upuauil, pyrenuii, pyrenupugocmun) u Pt-Fe cruma-
BOB, OJIM3KHX MO COCTaBy K M30(eppoIiaTiHe, a TaK-
e CYIb(QUIIOB PsJia JTaypUT-IPIMKMAHUT, OTHECEHHBIX
Hamu K nepsuuHbiM MIIIL. Ha 3HauuTenpHOM yacTu 3e-
peH nepBuYHbIX camopoaHbix Os-Ir-Ru crutaBoB npu-
CYTCTBYIOT KalMbl, CIOKE€HHble BTOpUYHbIMHU MIIT.
BrisiBieHNIO CTPOSHHS ATUX 000JI0UEeK, UX MUHEpab-

MUMHEPAJIOTVIAI/MINERALOGY 11(1) 2025

HOTI'0 COCTaBa, a TAKKC U3YyYCHUTIO XUMHUYECKOI0 COCTa-
Ba BTOPUYHBIX MUHEPAJIOB IMMOCBAIICHA JaHHAS CTATbs.

KPATKASI TEOJIOTUUECKA S
XAPAKTEPUCTUKA OFBbEKTA
UCCJIEJJOBAHUN

Pexa bonpmioit Can BMecTe ¢ JOTUHHBIMHA POC-
CBITISIMH pacriojiaracTcsi B 3anaJHOM OOpamIICHHHU ce-
BepHOM uactu IlepBoMaiickoro maccuBa, JpPEHUPYS
BMEIIAIONIUE BYJIKAaHOT€HHO-OCAJ0YHbIE IOPOIBI, B
KOTOPBIX 3aKJIFOYEHbI MHOTOYMCIICHHbIE MEJKHE JIMH-
30BHJIHBIC TEJIa CEPIICHTUHUTOB (puc. 10).

Ilo nmamweiM U.C. YamyxwnHa ¢ coaBTOpaMu
(2004) Tlepromaiickuii MaccuUB CJIOXKEH amorapioyp-
TUTOBBIMA AHTUTOPUTOBBIMH W XPU3OTHI-TU3APIH-
TOBBIMH CEpPIEHTHUHUTAMH, 3aJIETalONUMH B BYJKa-
HOTEHHO-OCAJIOYHBIX TOPOJaX CPETHENane030HCKOro
Bo3pacTta (puc. 16). B ceBepHOii yacTu MaccuBa cpeau
anorapIOypruTOBBIX CEPIICHTUHUTOB PAa3BUTHI JTYHU-
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Thl W ATllOAYHUTOBBIE CEPIIEHTHHHUTHI, KOTOphIe 00pa-
3yIOT CyOMEpHIMOHATBHO BBITSHYTHIE JIHH30BUIHBIE
TeJa MPOTsHKEHHOCTRI0 110 3 kM. C 1ora rumep0a3uTh
OKPYXKCHBI TIOYTH HEMPEPBIBHON TOJ0COW TabOopo-
WJOB, OTHIEJCHHBIX OT TapHOyprUTOB IMOPOAAMH Y-
HUT-BEPIINT-KIMHOTTMPOKCEHUTOBOTO  KOMITJIeKca. B
[EHTPAJHHYIO0 YacTh MAacCHBa BHEIPEHO TEJIO TPaHU-
TOUJIOB MPOTSHKEHHOCTBIO OKOJIO 15 KM, cozepikaiiee
KCEHOJIUTHI CEPIIEHTHHHUTOB, KOTOPOE pa3/iessieT Imoje
yasTpaMauTOB Ha JBE YACTH: CEBEPO-BOCTOUHYIO H
[0ro-3amainyro. B MaccuBe m3BecTHO OONBIIOE KOJH-
YECTBO HEOOJIBIINX MECTOPOKICHUH XpoMma, KOHIEH-
Tpupytomuxcst B CeBeprom, LieaTpamsaom n FOxaOM
pymsbIX mossix (Yammyxus u np., 2004).

METOJIbI UCCJIEJIOBAHUIA

Jlns viccnenoBaHns XMMHYECKOTO COCTaBa Iuia-
TUHOWTHOW MHWHEPAIN3ali{ HCIIOIB30BaH KOMILIEKC
METO/IOB, BKJITFOUAIOIINY CKaHUPYIOIITYTO SIEKTPOHHYIO
mukpockonuio (JEOL-JSM6390LV) u peHTreHOCTIeK-
TpanpHBI Mukpoanamm3 (Cameca SX 100 ¢ msaThio
BOJTHOBBIMH CIEKTPOMETpamMH, MHCTUTYT T€OoloTHH U
reoxumun YpO PAH, 1. Exarepun0ypr, Poccus). Ko-
JTUYECTBEHHBI aHAIIN3 MPOBEICH C HCIIOIB30BAaHUEM
CIEIYIOMUX PEHTTeHOBCKUX CIEKTPANbHBIX JIMHUAN
" craHmapTHeIX 00pasnos: OsMa, IrLa, RuLa, RhLa,
PtLa, PdLB, NiKoa (Bce umcteie Mertamisl), FeKa,
CuKa, SKa (xanbkoruput), AsLa (crutaB InAs); yure-
HO HaJOXCHHE CIEKTPaNbHBIX JTHHUHA (Rula Ha AsLo;
RuLp na Rhia; IrLo na CuKa). Yckopsrorniee Hamps-
JKeHue coctarisuio 15 kB, cuia Toka mydka 35ekTpo-
HOB — 20 HA, JUIMTENHHOCTh U3MEPEHUS] UHTEHCHUBHO-
cti Ha iike — 10 ¢, Ha PoHe — 10 5 ¢, TMaMeTp TOIKH
aHaIu3a — 2 MKM.

PE3VJIbTATBI UCCJIEJOBAHUI

Bropuansie MIITT poccemu p. bonwmmoit Cam
HauOoylee IMUPOKO TPOSIBIICHBI B 3€pHAX HMPHUANA, B
MEHBIIIeH CTeNeHH, PyTeHUS W PYTEHHUPHUAOCMHHA U
OTCYTCTBYIOT B iepBUUHBIX Pt-Fe crumaBax n Os-Ir-Ru
cynshugax. B 60nbpIIMHCTBE 3epeH BTOPUUHBIC MUHE-
palibl ciararoT KaiiMbl MOIITHOCTRIO 10 50 MKM Ha 3ep-
HaX TIEPBUYHBIX MHUHEPAJOB, 3aMelias Wik odpacras
ux. Menkue 3epHa nepBuuHbix MIII" yacto 3amerna-
F0TCsI BTOpUIHBIMA. O0omoukn BropmuHbix MIITT Ha
3epHax nepBuUHBIX Os-Ir-Ru crimaBoB moamMuHepab-
Hble (Tabmn. 1) u, Kak MpaBwiIO, 30HANBHEIE (pHc. 2—4).
XUMHUYECKUN COCTaB BTOPUYHBIX MHUHEPAJIOB TPHUBE-
JIeH B Ta0m. 2.

Ha 3epnax pyTteHms 00pa3yroTcsi 30HaJbHBIE
KOPKH ParalibHO-TY9YHCTOTO CTPOECHHS, CIOKEHHBIE
«KOPPO3MOHHBIMI»  AS-COMEpKAIIUM  JIAypUTOM U
(Ni,Co)-comepkamuM TBEPABIM PACTBOPOM pPyapCHT-
ocapcut-upapcuta (RuAsS-OsAsS-IrAsS) (puc. 2a).
B 3epHax pyTeHus W PyTEHHPHUAOCMHHA BTOPHUUYHBIE
MIII" npencraBieHbl As-coaepKaliiuM dPIUKMaHUTOM
¥ MPapCUTOM, KOPPOAUPYIOITUMH TTOBEPXHOCTH 3€peH
WJIM Pa3BUBAIOIIIMHUCS BHYTPU HUX B BUJIE BETBSIINX-
CsT MUKPOTTPOXKIITKOB (puc. 20).

Hawnbomnee paznooOpa3Hbl 30HAIBHOCTD U MIHE-
panbHblid cocTaB BropuuHbix MIIIT B 3epHax upuaus
(puc. 2B). B o0miem BuIe B 3TUX 3epHAX BBIACISIOTCS
HECKOJIBKO 30H: a) 30Ha TOHKO3EPHHUCTOH cMecH (ydacT-
KaMH CyOTrpaduueckoil) camMOpOIHBIX, CYIb(UITHBIX
n cyabhoapCceHUIHBIX (a3, 3aMemaronux IepBHY-
HBIE CIIJIAaBBl 1 OTHECEHHBIX HAMH K «KOPPO3UOHHBIM»
MIII'; 6) 30Ha MHHEpAIOB YKPYITHEHHOTO CyOTpadu-
YECKOTO (CHMIUIEKTUTOBOTO) arperara W B) BHEITHSS
30Ha MacCHBHOTO CTpOeHHsI. MUHepasbl IByX MOCIe/-
HUX 30H OTHECEHBI HAMH K HAJIOKEHHBIM (Ta0m. 2).

30Ha TOHKOW TIOPUCTOH  «KOPPO3HOHHOM»
cyOrpadudeckoii cMecu clokeHa JamemrsaMu Fe-
COJIEPIKAIIETO UPHUINS M B MEHBIIIEM KOJIIMYECTBE CYITb-
¢una Ir, Ni, Fe u Cu, mpeanonoXuTebHO, KyBacBUTa
(IrsNi10)Sis (Bapkos u ap., 2022) B MaTpuile UpapcuTa
IrAsS (puc. 2r) nmu TomoBkuta IrSbS (puc. 3). Cyomu-
KpOHHBIA pa3Mep MHHEpAJIOB B 30HE TOHKOH CyOrpa-
(mdecKoil cMecH He TO3BOJISET BBITTOJHHUTH KOJIHYE-
CTBEHHBIE aHAIM3Bl UX COCTaBa, OTHAKO TI0 pacrpesie-
JIEHUIO DJIEMEHTOB Ha KapTax KOHIIEHTparuii (puc. 3)
BHHO, YTO B HAMPABICHUH OT PEITUKTOBOM YaCTH 3ep-
Ha UPUINS B €T0 IeHTpe cMech Fe-conmeprkariero upn-
JTUST ¥ TOJIOBKHTA CMEHsIETCS cMechio Fe-comepikariero
UpUAMS M UpapcuTa. 30Ha YKPYIMHEHHOH cyOrpadrmde-
CKOM CM€CH B ATOM 3€pHE OTCYTCTBYET, & HAJIO)KEHHbBIN
MPapCHUT BO BHEIIHEH €r0 YacTH MMPOHNUKAET B PaTHAITb-
HBIE MUKPOTPEITMHBI BHYTPEHHUX 30H TOHKOH CyOrpa-
(ugeckoit cMecH.

30Ha yKPYITHEHHOTO CyOrpaduaeckoro arperara
B HEKOTOPBIX 3€pHAX OTCYTCTBYET (pHC. 3a), B APYTHUX
OHAa 3aHWMAaeT TPOMEXYTOYHOE TIOJOKEHHE MEXKIY
PETMKTOBOM 4YacThi0 3€pHA HUPUJIMS W HAJOKEHHOU
KaiiMolf MaccwBHOTO HWpapcuta (puc. 4). YKpyIHEH-
HBIN cyOrpadudeckuii arperar CiIOXeH IIaCTHHKAMH
Fe-comeprkamero wpuaws, OpPUEHTHPOBAHHBIMU II0
HaTpaBICHWI0O K KOHTAKTy PEIWKTOBOW HYacTH 3ep-
Ha W CIIEMEHTHPOBAHHBIMH TOJOBKHT-UPAPCUTOBON
Maccoil. B HEKOTOpbIX 3epHaxX B 30HE YKPYIMHEHHOIO
cyOrpadudaeckoro arperara MpuUCyTCTBYIOT YIJIOBAaTHIE
BKIIFOYEHHST Ru-comepikamiero KoOalbTIIEHTIIAHINTA.
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Tabnuya 1
Bropuunbie MIIT B 3epHax nepBu4yHbIX Ru-Os-Ir cniiaBos
Table 1
Secondary PGMs in grains of primary Ru-Os-Ir alloys
[lepBuuHBIC MUHEPAITBI «KopposnoHHBIe» MUHEPAITBI «HanoxeHHBIE)» MUHEPAITBI
Ni,Co-conepxarie TBEpIbIe
. PacTBOPHI PyapCUT-0CAPCHUT-
Pyrerii npapenT (RUASS-OSASS-IFASS), As- He petiBicisl
conepkaniuii mayput RuS,
Pyrenupunocmun As-coziepxaiiii JpmkMauT OsS,As),, He BuIsIBIIE€HBI
upapcur IrAsS
N N Fe- conepxamuit npuauii (Ir,0s,Fe), Fe-conepxarnruit
Fe-conepamumit upuaui, ocmuit (Os,Ir,Fe), nenassaunsiii MIIT (Ir,Ni,Fe),
. nenasanubiii MIIT (Ir,Ni,Fe), . N
Wpunnii ronoBkut IrShS. Hpapcut IrASS rapytuut (Ni,Fe,Ir), Rh-conepxammii ronoskut (Ir,Rh)
» Mpap SbS, Rh-copepskarmii upapeut (Ir,Rh)AsS, Ru-
conepskamntuii kodansreHTIaHauT (N1,C0)9s8

(Ru,0s,1r)
. &

- *

X450 S0um 13 60 BES

20KV X450  50pm 13 60 BES

Puc. 2. 30HamBpHOCTD 3epeH MUHEpaioB cucTteMbl Ru-Os-Ir (a, 6) n kyOmdeckoro upuans (B, T) ¢ BTOPUIHBIMH «KOPPO3HU-
OHHBIM» ¥ «HAJIOKEHHBIM» TTapareHe3ncaMu: a — oKpymioe 3epHo pyreHus (Ru,Os,Ir) ¢ 30HanbHON MOPHCTO-TPEIIHOBATON
Kaitmoii As-comepxkariero maypura (1) m (Ni,Co)-comepskariero TBepmoro pactBopa RuAsS-OsAsS-IrAsS (2); 6 — 3epHo pyTe-
rupunocmuHa (Ir,0s,Ru) ¢ pa3BuBaromemycs o Hemy As-conepkarieMy dpaukMannTy (1) u upapeury (2); B — 30HaIBHOE 3€p-
Ho npuaws (1), 3aMereHHOTr0 TOHKO3EPHUCTOH CMECHI0 CAaMOPOIHBIX, CYAb(PHUIHBIX U CYIb(poapceHUIHBIX (a3 (2) ¢ yuacTKaMu
cyOrpadmaecKoro CTpOeHHs, KpaeBasi 30Ha CJIOKeHa YKPYITHEHHBIM cyOrpadmdeckim arperatom Ir-Os crmasa (3), oOpacrato-
MM HPAPCUTOM U TOJIOBKUTOM (4); T — cyOrpadudeckuii arperar namesuiei Fe-comepikamniero Hpuaus 1, IpeIIoI0KATENBHO,
KyBaeBuTa (2) B upapcute (3).

Fig. 2. Zonation of hexagonal Ru-Os-Ir minerals (a, 6) and cubic iridium (8, T) with secondary corrosive and overprinted
assemblages: a — round ruthenium grain (Ru,Os,Ir) with zoned porous fractured As-bearing laurite rim (1) and (Ni,Co)-bearing
solid solution RuAsS-OsAsS-IrAsS series (2); 6 — rutheniridosmine grain (Ir,Os,Ru) with As-bearing erlichmanite (1) and irarsite
(2); B — zoned grain of iridium (1) replaced by fine-grained mixture of native phases, sulfides and sulfoarsenides (2) with areas
of subgraphic structure; the marginal zone is composed of an enlarged subgraphic aggregate of the Ir-Os alloy (3) overgrown by
irarsite and tolovkite (4); T — subgraphic aggregate of lamellae of Fe-bearing iridium and, probably, kuvaevite (2) in irarsite (3).

MUMHEPAJIOTVIAI/MINERALOGY 11(1) 2025
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Tabruya 2
Xumnyeckuii cocraB BropuuHbIX MIII u3 pocebinu p. bosasmoii Can, mac. %
Table 2
Chemical composition of secondary PGMs from the Bolshoi Sap River placer, wt. %

No 1/rr | Ne zepra| Ir Os | Ru Pt Pd | Rh Fe Ni Co | Cu | As | Sb S | Cymma
1 68-3 6627 0121006257008 - |11.12]16.11]050 (016 - |005] - 97.04
2 68-4 |49.84| 040 | 0.06 | 2.13 | 0.14 | 0.08 | 11.47(31.22] 0.70 | 0.72 | 0.07 | 0.36 | — 97.19
3 102-2 [42.31[49.47| 1.53 | 1.04 | 0.05 | 0.00 | 1.96 | 0.61 | 0.02 | 0.08 | — — 1002 9709
4 20-3 |49.82(4437| 0.09 | — | 0.07 | 0.03 | 2.76 | 0.20 | 0.03 | 0.06 | 0.02 | 0.02 | 0.0 | 9748
5 74-3 153.42(40.52] 009 | - | 011 | - | 3.8 1023]005]|009]| - - - 98.31
6 8-1 | 200 1.08| 745|032 0.09|0.06 | 2.11(29.07|26.30| 0.01 | — | 0.02 |31.56| 100.07
7 82 291|097 7.11 | 046 | 0.04 | 0.10 | 2.01 |28.47|25.40| 0.15 | - — 13139 99.01
8 103-2 |3824| - — 1 0171004]|981 001 005]| - — 1029 [38.52]10.56| 97.69
9 2-3 4958 0.02 1016|053 | — |045| — |006)| 0.0l 0.14 | 1.13 |36.46| 9.76 | 98.3
10 20-2 |54.49| 0.16 | 0.74 | 2.94 | 0.06 | 0.64 | 0.02 | 0.37 | 0.16 | 0.14 |24.20| 2.22 [11.77| 97.91
11 46-2 5156|053 | 080 | 408 | — | 085]0.07 029|018 | 0.13 |26.13| 1.07 | 11.76| 97.45
12 74-2 5566|043 069 | 241 | - |08 | — | 0.07]0.16]| 0.03 [2625| 0.12 |11.65| 98.29
13 94-2 5619 0.15] 0.23 | 142 — | 0.16 | 0.03] 0.02 | 022 | 0.03 |23.55| 4.25 | 11.45| 97.70
14 31-3 |55.15| 0.03 | 036 | 1.45 | 0.04 | 097 | 0.02 | 028 | 0.42 | 0.03 [24.63| 3.09 | 11.77| 98.24
15 67-2 |44.84(38.56(1032| 0.05| — | 003|216 | 144|012 002| - | 001 0.01]| 97.56
16 80-2 |14.14(17.95|18.17| 1.41 | 0.02 | 0.51 | 0.53 | 2.22 | 2.31 | 0.08 [20.43| 0.08 |21.70| 99.55
17 80-3 |14.09/16.57|16.45| 1.39 | — | 038 | 0.62 | 2.26 | 1.82 | 0.06 |33.44| 0.08 |13.31| 100.47
18 50-2 | 9.86 |48.53| 6.69 | 3.01 | 0.0 | 0.83 | 0.87 | 0.04 | 0.23 | 0.20 | 4.79 | 0.04 | 25.66| 100.85
19 50-3 |54.06] 030 | 0.20 | 1.05| — |358|007| — |0.03]0.09|2555| 045 |12.48| 97.86

Kpucramnoxumuueckue GopMyibl 1 MUHEPAIIbI

(I l0.41 Ni0.32F90.24Pt0.02C00.0])].00 — HeHaBBaHHLIﬁ MHF
(Nio.52110.25F€020C00.01CUo.01Pto.01)1.00 — TapyTHHT

(||'0A47050A43F90A09Ni0.01)1,00 — Fe-conepxauuii upuauit

(Os0.47110.40F€0.07RU0.03N10.02Pt0.01)1.00 — Fe-comeprkaruii ocmuii

(Ni4_10C03_(,9RU()_(,1 Feo_31 Iro,OQOSo_()sPto_o]Pdo_o])3,36 88_14 — Ru—co;[ep)}ca]_uI/If/'I KO6aJ'ILTHeHTJ'IaHI[I/IT

(Ni4.07C03 61R U0 50F€0 301 10.130S0.04Pt0.02CUo0.02Pdo 01)5.56 Ss.14 — Ru-comeprkarimii kobansTHEHTIAH AT
(Ir0A64Rh0.30)0‘94Sb1()051‘()4 — Rh-coz[epmaumﬁ TOJIOBKUT

1

2

3

4

5 (lr0_49050_3gF60_12Ni0_01)1,00 - Fe-co;[epn(amnﬁ I/IpI/I,IlI/Iﬁ

6

7

8

9 (Ir0.87RNo.01RU0.01Pto.01CU0.01)0.91(SD1.01AS0.05)1.0651 03 — TOTOBKHT

10 | (Iros2Pto.04Nig.02RNg.02RU002CU0.01C00.01)0.94(AS0.94SP0.05)0.99S1.07— upapcuT

11 (| ro.78Pt0.06N1i0.01RN0.02RUg 02CUg o1 C00,01050.01)0.92(A51,ooSbo.os)l.ossl.os — UpapCcuT

12 (|r0A84Pto.o4Rho.02RU0,02C00,01050.01)0A94A51,0131.05* UpapCcuT

13 | (Iro.ssPto.02Nio.01RU0.01C00.01)0.92(AS093SD0.10) 1.03S1.0s — HpapcuT

14 | (Iro.83RNo.03Pt0.02C00.02Nio.01RU0.01)0.92(AS0.95S00.07)1.02S1.06 — HpapCcuT

15 | (Iro390S034RUg.17F€0.06Ni.04)1.00 — Fe-comepkaruii upuanit

16 | (Ru39080.20170.16C00.08Ni0.08F€0.02Pt0.02RN0.01)0.96(S1.45AS0.59)2.04 — As-comepaxaruii maypur
17 (RU0A38030A20||'0A17Ni0,09C00.o7Feo.03PtvozRh0A01)0.98A51A0530A97 — pyapCuT-0CapCUT-upapCcuT
18 | (Oso.61RU.151T0.12F€0.04P10.04C00.01CU0.01)0.05(S1.57AS0.15)2.02 — AS-COmepIKALLMIT IPITUKMAHUT
19 [ (Iros0RN0.10Pto.02RU0.01)0.03(AS0.96S00.01)097S1.10— Rh-coneprkamuii upapcut

Ilpumeuanue. Ananussl 1-14 u 15-19 — cocTaB HaNOKEHHBIX M «KOPPO3MOHHBIX» MHHEPAJIOB, COOTBETCTBEHHO.
KypcruBoM BBIIETICHBI OTIPEICIICHHUSI B IIPe/Ieax MorpentHocT 26. [Ipouepk —aneMeHT He 00HapyskeH. KpucTamioxuMuaeckue
(OPMYJIBI PACCUNTAHBI HCXOMIS M3 KOIMYECTBA ATOMOB B TEOPETHUECCKON (HOPMYyIIe MHUHEPATIOB.

Note. Analyses 1-14 and 15-19 — the composition of overprinted and corrosive minerals, respectively. The analyses
within 26 error are italicized. Dash — not detected. Crystal chemical formulas are calculated based on the number of atoms in

theoretical formula of minerals.

BHewnss 30Ha B 3epHAX MPUAMA CIOXKEHA HPUCYT-
CTBYIOILMMH B PA3IMYHBIX COOTHOIICHHUIX UPAPCUTOM
Y TOJIOBKUATOM (pHC. 3, 4).

K BTOpHYHBIM MHHEpajgaM OTHOCSATCSI TaKKe
(a3bl BapbUPYIOLIETO COCTaBa, MPUHAJIC)KAIINE TPOIi-
HeIM Ir-Ni-Fe crimaBam. B HexoTOpBhIX 3epHAX MpUANI

B OTHX CIUIaBaX NpeoOiagaeT HaJ HUKEIEeM U JKele-
3oMm (Ir,Ni,Fe) (Tabm. 2, an. 1) u 0Opa3yeT coBMeCTHBIE
cpactanus ¢ Rh-cogepxamum TomoBkuTOM (puc. 5a).
B nmpyrux ciygasix crutaB cocrasa (Ir,Ni,Fe) mpucyt-
CTBYeT B COCTaBE 30HAJBHBIX 3epeH. B meHTpansHOi
YaCTH 3epeH CIUIaB 00pa3yeT TOHKO3EPHUCTHIN arperar
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20k X700  20pm 13 6O BES

Puc. 3. 3onansabie Bropuunsie MIII™ B 3epHE EPBUYHOTO UPUANS, MEIKUI PEIUKT KOTOPOTO COXPAHIJICS B IIEHTPATbHON
YacTH.

30HBI: | — penuKTOBas 4acTh 3epHa; 2, 3 — KOPPO3HMOHHBIE MUHEPANBIL: 2 — TOHKas cyOrpaduieckas cmech Fe-comepaxariero
UpUANS U TOJIOBKUTA; 3 — TOHKO3EPHUCTBIN arperar UpHAUS U upapcuta; 4 — 000JI0uKa 3epHa — HANOKECHHBIN MOHOJIUTHBIHA
upapcut. O6muii BUL (a) U 1eTajb ero HeHTpaibHoi yactu (6), BSE ¢oT0; KapThl KOHIIGHTpaIMii B pEHTT€HOBCKOM H3ITyYCHUH
Os (B), Ir (1), Fe (1), Ni (e), Sb (k) u As (3).

Fig. 3. Zoned secondary PGMs in primary iridium grain, a small relic of which is preserved in the central part.

Zones: 1 —relict part of the grain; 2, 3 — corrosive minerals: 2 — thin subgraphic mixture of Fe-bearing iridium and tolovkite;
3 — fine-grained aggregate of iridium and irarsite; 4 — grain rim consisting of overprinted monolithic irarsite. General view (a)
and detail of its central part (6), BSE images; elemental maps for Os (), Ir (1), Fe (1), Ni (¢), Sb (3x) and As (3).

B cpacTtanuu ¢ Fe-upuanem, a BO BHEIITHEH 30HE BBISIB-  COCTaBY K rapyTHHTY, KOTOPBIU SIBISICTCS TeKCArOHAIb-
JICHBI TUTACTUHKU OCMUS U CIUIAB € peo0sialaHieM HA-  HbIM mouMopdom camopoaHoro Hukesst (McDonald
kenst (Ni,Ir,Fe) (puc. 56). Crmassr (Ni,Ir,Fe) omusknmo et al., 2010).
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Puc. 4. 306paxenus upunust (Ir,0s) ¢ 30HaMu yKpyIHEHHO# cyOrpaduyeckoii cMecH 1 MOHOJIMTHOM BHEIIHEH KaiiMbl (a)
¥ €ro KpaeBoro yuyactka (0) B 00paTHO-pacCcessHHbIX JIEKTPOHAX M KapThl KoHLeHTpauuii Ir (B), As (r), Os (1), Sb (e), Fe (k)
u S (3). 3oHa cyOrpaduyecKkoil cMecH ciokeHa JlaMeIusiMu Fe-coneprkaiiiero npuus, ClieMeHTHpOBaHHbIX upapcutoM (Irs) u
TOJIOBKHTOM, 4 BHCIIHAA Karima HpapCUTOM.

Fig. 4. BSE images of iridium (Ir,Os) with areas of enlarged subgraphics and a monolithic outer rim (a) and its margin (6);
elemental maps for Ir (B), As (), Os (x), Sb (e), Fe () and S (3).

The subgraphic zone is composed of lamellae of Fe-bearing iridium enclosed in irarsite (Irs) and tolovkite. The outer rim
consists of irarsite.
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Puc. 5. BzaumoorHomenust Bropnysbix Ir-Ni-Fe crimaBos: a — arperar ¢assl (Ir,Ni,Fe) u Rh-coneprkamero Tonoskura (Tol);
0 — KpaeBasi 4acTh 3epHa, ClIokeHHOro arperarom Fe-coneprkatero npuaust (Fe-Ir) u kopposuonnoro Ir-Ni-Fe crnaBa u kaii-
MO} ¢ IuTacTHHKaMH HaslokeHHBIX ocMust (Os), Ir-Ni-Fe cruiaa u rapytuunra (Gar).

Fig. 5. Relationships of secondary Ir-Ni-Fe alloys: a — aggregate of Ir-Ni-Fe alloy and Rh-bearing tolovkite (Tol); 6 —
marginal part of a grain composed of aggregate of Fe-bearing iridium (Fe-Ir) and corrosive Ir-Ni-Fe alloy and a rim with plates

of overprinted osmium (Os), Ir-Ni-Fe alloy and garutiite (Gar).

OBCYXXJIEHME PE3VJIbTATOB

BunoBoit cocra MIII" pocceinu p. bomnbiioit
Cam B 1enoM XapakTepeH ISl MHOTHX DPOCCHITIEH
MHpa, CBS3aHHBIX C O(PHUOJUTOBBIMH THUIIEPOA3ZUTAMHU
(Cabri et al., 2022). Ilepuunbie muHepansl Os-Ir-Ru
acCOIMAIMM B HW3yYEHHOW DPOCCHIN TPEACTABICHBI
CaMOPOJHBIMH MHUHEPATbHBIMU BUAAMH (OCMHH, Py-
TeHUU, PyTEHUPHUIOCMHUH, UPUINN), a TaKXKe CyIbhu-
JlaMi psifia JaypuT-3piaukMaHuT. Bropuunsie MIIT
Os-Ir-Ru accomuaruu BKJIFOUAIOT KaK CaMOpPOIHBIE
MUHEpaJbl 3TUX JJIEMEHTOB, TaK M CYIb(oapceHuIbI
1 cynb(poaHTUMOHHUABI. [Ipyras 0COOEHHOCTH BTOPHY-
HbIX Os-Ir-Ru MuHEpaIoB cBs3aHa ¢ BEICOKOM MTOIBIIK-
HOCTBIO TP UX 00pa3oBaHWU HE TONBKO As, Sb u S,
HO M HEeOJIaropoAHBIX METaJUIOB, MpeXae Bcero Fe u
Ni. Tak, cogepxanue Fe BO BTOpUIHBIX OCMUHU U UPH-
muu noBeimaercs A0 2.0-3.2 mac. % (tabm. 2) mo ot-
HOIIIEHHWIO K €TO COAEP)KaHWI0 B TIEPBUYHBIX OCMHUH U
nupuaun, He npesbimatomemM 0.7 mac. %. XKenezo u Ni
KOHIIEHTPHUPYIOTCS M B COOCTBEHHBIX BTOPHYHBIX MH-
Hepanax — Ir-Ni-Fe cmmaBax, B ToM dncie, TapyTHATE,
u Ru-conepxarmiem koOansTieHTIaHANTE (TadM. 2). 3a-
MEIIeHNEe CaMOPOIHBIX UPHIUSI ¥ OCMUS CyIbhuIaMH,
apcenuaamu u ctuOHumamu D117 Habmrogaocs paHnee
B xpomutuTax Kapabamickoro maccuBa Ha HOskHOM
VYpane (Ilonosa u ap., 2022).

Paznoo6pazue MIIIT m ocoOeHHOCTH cocCTaBa
OTIENBFHBIX MUHEPAJIOB MOTYT OBITH O0YCITOBIIEHBI pa3-
JUYHBIM T€HE3MCOM XPOMHTOB, B KOTOPBIX 3aKITIOUEHBI

MUMHEPAJIOTVIAI/MINERALOGY 11(1) 2025

MIII. XpomuToBOE OpyaeHeHHE B O(DHOTUTOBEIX Mac-
cuBax CpenHero Ypana sBISI€TCS T€TEPOTeHHBIM, YTO
00yCITIOBICHO y9JacTHEeM B MX (POPMHPOBAHUHM Marma-
TUYECKUX ¥ METACOMATHYECKUX TPOIIECCOB B PA3IN-
HBIX cooTHOmEeHUAX (Yanryxun u ap., 2005; Yanryxus,
2019). XpoMUTHTHI KEMIITUPCANCKOTO THITA OTHECEHBI
K JlaTepaib-CeKPEIIMOHHOMY THITy W 0Opa3oBaHBI B
pe3ynbTare MepeoTOKEeHNS XpOMa U3 HIDKEIeKaIuX
HETPOMBIIIJICHHBIX TyHUT-XPOMHTHTOBBIX TTOPOIHBIX
accolualuil moj; BO3JAEHCTBUEM BBICOKOTEMIIEpATYP-
HBIX BOCCTaHOBJICHHBIX (uronnoB (LlITeiinGepr u mp.,
1990). B IlepBomaiickoM MaccHMBe IMHPOKO Pa3BHUTHI
METacOMaTHYeCKHEe XPOMHUTHUTHI, CBSI3aHHBIE C JIO-
KalbHON MeTaMmopdudaeckoit nuddepeHIuanueii BMe-
MIAIONUX TapIOypruTOB ¢ paHee CHOPMHUPOBAHHBIM
Jarepaib-CeKpeMOHHBIM  opyneHeHneM (YaryxuH
u ap., 2004, 2005). MeracomaTnuecKue XPOMHUTHTHI
chopmupoBanbl Ooiiee OKUCICHHBIME (DIIFOMIAMU 10
OTHOIIIEHUIO K JIaTepalib-CeKpennoHHbIM. Kpome Toro,
B HHUX BBIICTSAIOTCS TaKke HambOoyiee TO3THUE peak-
ITHOHHO-METACOMATHYECKHE IKETIE3UCThIe XPOMHUTHUTHI
OMaHCKOTO THTIa, 00pa30BaHHBIE B PE3YIbTATE PEAKIINN
raOOpOUMIHOTO paciliaBa M CBSI3aHHBIX C HUM PacTBO-
POB ¢ TOpPOAAMH AYHUT-TApLIOYPTHTOBOTO KOMILIEK-
ca C paHHUMH THUNaMH XpoMuTHUTOB (YamyxuH u np.,
2005). B IlepBomaiickoM MacCHBE JIaTepaib-CEKpeIr-
OHHBIE XPOMHUTHTHI Pa3BUTHI B CEBEPHOU €ro 4acTH,
MeTacoMaTH4YeCcKHe Ha BCEeH IUIOMaaN, a PEaKIIHOHHO-
MeTacoMaTUYECKHe B ICHTpalbHON dacTu (YanryxuH
u 1p., 2004). lupokuii BUIOBOW COCTaB BTOPUIHBIX
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MIII" B poccwimu p. bompmioit Cam, TakumM o0pazoM,
coryiacyercsi ¢ MOJUIeHHON MPUPOJIOH XPOMUTUTOB U
y4acTHEM METaCOMAaTHUTH3MPYIOIINX ITOCTMarMarnde-
CKUX (DITFOMIIOB.

Bropuunasie MIIIT B 0(hMONHUTOBBIX MacCHBax
OOBITHO CBSI3BIBAIOTCS C 00JIee HU3KOTEMITEPaTyPHBIMHU
MIpOIeCcCaMy CEePIICHTHHH3AINH, PeXe, XITOPUTH3AINN
(Garuti, Zaccarini, 1997; Zaccarini et al., 2008, 2022;
Kiseleva et al., 2019; Farré-de-Pablo et al., 2022). Ha
Cpemnem Ypane Bropuanbie MIITT Habmomanucs HaMu
B XPOMHTHTAX AJIalaeBCKOTO MAacCHBa. 3/1€Ch BTOPHY-
HbIE MHUHEpaJIbl OJaropomHbIX METAJUIOB 00pa30BaHbI
mpu Temrireparype Hmke 350 °C cOBMECTHO ¢ TpaHa-
TOM, aMm(pUOOTIOM, XJIOPUTOM W CYIb(OHUIAMU HHUKEIIS
(Myp3un u ap., 20236). 3epna mepuaabix Os-Ir-Ru
CIUTAaBOB TIPY DMHUTEHETHYECKUX MPOIEeccax MOJaBEp-
TIUCh CYNMbQypHU3alnd ¢ 00pa30BaHUEM TOHKO3CPHH-
CTOW TOPHUCTON CMECH CAaMOPOIHBIX WM CYIh(UITHBIX
(mHOTIA ¢ AS) MHHEpAJIOB, a TAKXe 3aMEIICHUIO WX
Ru-copmeprkarim rmeHTIaHAUTOM.

Cyobrpadudeckoe (CHMIUICKTUTOBOE) W PaId-
albHO-JTy4ncTOoe cTpoeHre BropudHbix MIII™ B pocchi-
mr p. boipmroit Canm MOXKET CBHIETEILCTBOBATh 00 MX
00pa30BaHNN B YCIOBUAX IEKOMIPECCHU W TAJACHUN
BCECTOPOHHETO AaBIICHUS TPW TPOABIDKEHUH TEJ TH-
mep6a3uToB K MoBepxHOCTH. [logo0HBIC yCcmoBUS pa-
Hee HaMH OTMEYaNICh IS 3epeH TpaHara, MarHeTHuTa,
Cynb(pHITHO-CAMOPOIHBIX <CKETBaKoB» B llonmHeBckoM
MecTOpokIeHnH aeManTtonaa (Myp3ud u ap., 2023a).
HanoxxeHHsle ruapoTepManbHble MHHEpANbl OTia-
rajuch W3 Hambosee MO3THETO (IIFOHIa B OTKPBHITOM
MPOCTPAHCTBE, O YeEM CBUICTEIHCTBYIOT MX MAaCCHBHOE
CTpOEHHE W YacToe MPHUCYTCTBHE Ha TTOBEPXHOCTH 3€-
pen MIIT" B BuJe XOpOIIO OrpaHEHHBIX KPHUCTAJIOB.
[TosiBnenne rapytuuta u Fe-comepikaimiero wpuaus
00yCJIOBJICHO TOHIKEHHBIMH TEMITEpaTypamMHu U BOC-
CTAHOBHUTENBHBIM PEXUMOM (Ionaa. ApPCEHHIIBI,
Cynb(h0oapCeHNU B, CTHOHUIBI B CYIh(UIBI DIIEMEHTOB
TUTATHHOBOM TPYIITEI 00pa30BaHbI B YCIOBHSIX ITOBBI-
MEHHBIX 3HaYeHW QyrutuBHOCTH S, As 1 Sb u 00y-
CJIOBIIEHBI CMEHOHM BOCCTAHOBUTEIHHBIX YCIOBHHA 00-
pa3oBaHMSA OKUCIWTENFHBIMA B BEPXHUX 3€MHOW dHa-
ctsx kopsl (Barkov et al., 2018; Kiseleva et al., 2020).

OCHOBHBIE BbIBO/IbI

1. B pocceimm p. bonbmoit Can (Cpegauit Ypau)
npucyTcTByioT MIII, oTHECEHHBIC K TIEPBUIHBIM (paH-
HUM) W BTOPUYHBIM (TTO3THUM) oOpa3oBanusM. Cpemu
BTOPUYHBIX MHHEPAJIOB BBIIETSAIOTCS «KOPPO3UOH-
HbIe», 3aMeniatoiiye 3epHa nepsuyHbix MIIL, u Hano-

YKEHHBIC (HOBOOOpa30BaHHBIC), 00paCTAIOIINE TICPBHY-
Hble 3epHa. Bropuunbsie MIII pa3BuThl Ha 3epHaXx mnep-
BUYHBIX Ru-Os-Ir citaBoB W OTCYTCTBYIOT Ha 3€pHAX
Os-Ru cynshumos u Pt-Fe cruraBos.

2. «Koppo3uoHHbBIe» MUHEpabl PEACTaBICHbI
(Ni,Co)-comepkaiiMu TBEPIBIMU PACTBOPAMH CEPHH
pyapcut-ocapcut-upapcut  (RuAsS-OsAsS-IrAsS),
As-comepKamuM J1aypuTOM (Pa3BUTHI 1O PYTEHUIO),
As-cofiepKamuM PIUKMAHATOM, UPAPCUTOM (pa3BH-
TBIMH TI0 PyTEeHHPHAOCMUHY), Fe-comepikammum npu-
JTUEM, TOJIOBKUTOM, WPAPCUTOM (Pa3BUTHIMH TIO WPH-
nuto). Hamo)xeHHbIe MUHEpAIThl OTIArajich Ha 3epHaxX
WpHIUS; OHM TIPENCTaBICHB Fe-comepkamnMu upH-
IMEM W OcMHueM, ciutaBaMu cucteMbl Ir-Ni-Fe, B Tom
gucie rapytuntoMm (Ni,Ir,Fe), Rh-comepxamumu To-
nmoBkuToM 1 Rh-upapcurom, Ru-comeprkariium kooarb-
trienTTanauToM. Hanoxennsre MIII™ oO6pa3zoBanuce u3
HauboIIee MO3/ITHET0 OTHOCHTEBHO HIU3KOTEMIIepaTyp-
HOTO (DITFOH/Ia B OTKPBITOM TPOCTPAHCTBE.

3. [lIupoxkwuit BuAoBoit coctaB MIII" cornacyercs
C MOJUTEHHOCTHIO XpOMUTUTOB B [lepBomaiickom Mac-
cuBe (JaTepalib-CeKPEINOHHbBIE, METACOMATHIECKUE U
pEeaKIMOHHO-METACOMaTHYECKNE) U YIaCTHEM METaco-
MaTH3UPYOIINX TOCTMAarMaTHIeCKUX (MIIIOU/IOB.

4. Ilpennonaraercs, 4TO BTOPUYHBIE «KOPPO3H-
oHHBIC» 1 HajoxeHHBIe MIII™ 00pa3oBaHbI B yCIOBUAX
JIEKOMIIPECCHH, TaJeHIH BCECTOPOHHETO JaBJICHHUS,
CMeHE BOCCTAHOBHTEIHHOTO PEXMMa Ha OKHUCIIHTEINb-
HBII TIPU BBIBIDKEHUH TEJl THIEPOa3HTOB K MOBEPX-
Hocth. OOpa3zoBaHue CaMOPOMHBIX BTOPUIHBIX MIIT
00yCJIOBJICHO TOHIKEHHBIMH TEMITEpaTypamMHu U BOC-
CTAHOBHUTENBHBIM PEXUMOM (Ionaa. ApPCEHHIIBI,
Cynb(h0oapCeHNU B, CTHOHUIBI B CYIh(UILI DIIEMEHTOB
TUTATHHOBOM TPYMITBI C(POPMHUPOBAHBI B YCIOBHX TIO-
BBIMIICHHBIX 3HAYeHUH (QyruTHBHOCTH S, As u Sb u
CMEHON BOCCTaHOBMTEJBHBIX YCIOBUU OKHCIHUTEIb-
HBIMH B BEPXHUX YaCTAX KOPHI.
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