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Annomayus. B pabore n3ydeHbl MHApOJIMTOBBIE JTYyHUTHI HipkHerarmibckoro mMaccuBa Ha CpemHem
Vpane, cTpoeHrnEe MUAPOJI U 3aKOHOMEPHOCTU COHAXOXAEHUS B HUX MUHEPAJIOB. J[€TalnbHO OXapaKTepHU30BaHbI
rpaHaThl U3 MUAPOJI, & TAKXKE B CPABHUTEIIBHOM aCIEKTEe — FPAHATHI U3 XPOMUTHUTOB M allolyHUTOBBIX METACO-
MartuToB. CTpoeHHEe MHAPOJI U MUAPOIUTOBBIX JYHUTOB OIUCAHO C UCIOJIb30BAHUEM OHTOI€HUUYECKUX MOJX0-
JoB. CTpoeHue u coctaB rpaHaroB ucciegoBansl Metogamu COM n JIA-UCII-MC. B pe3ynsrare yCTaHOBIEHO
TpH NapareHe3uca rpaHaTtoB B nopojax HuxHeTarnapckoro MaccuBa: XpOMUCTBIHM aHIPAIUT B MUAPOJIUTOBBIX
JIyHUTaX, yBAPOBUT B MACCUBHBIX *KUJIbHBIX XPOMUTUTAX U IEMaHTOU/] B allOJyHUTOBBIX MeTacoMaTuTax. I'pa-
HaTbl N3yYCHHBIX N1apareHe31COB OTHOCSITCS K IPYIIIE YIPaHAUTOB, OJHAKO 00J1aJaf0T BEIPaKEHHBIMH 0COOCH-
HOCTSIMH XMMHUYECKOTO COCTaBa, B TOM YHUCJIE TOBBIEHHBIM cofiepxkanueM Cr,Os. I'paHaTsl u3 pa3HbIX mapa-
TEHE3HCOB XapaKTEePU3YIOTCS KOHTPACTHO OTIMYAIOIUMUCS KOHLEHTPALUSIMH IEMEHTOB-IPUMECEH, TaKUX
kak V, Mn u Ti, a Taxoke pa3nuyHbIM XapakTepoM pacnpenencaus P3D. Ha ocHOBaHMM MONTYYEHHBIX JTAHHBIX
MIPE/IIOKEHA CXeMa OTHOCUTEIBHOTO BPEeMEHN 00pa30BaHMsI OCHOBHBIX ITOPOI000PA3yONIMX MHHEPAIIOB B y-
HUTaX, XPOMUTAX U allOJYHUTOBBIX MeTacoMaTuTax HMKHEeTaruiIbcKkoro Maccuaa.

Knioueswie cnosa: rpanarsl, nemantouipl, JIA-MCII-MC, HuxHeTarunbckuil MaccuB, TyHUTBI, IErMa-
TuThl, Ypansckuil [InarunonocHslii Iosc.
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Abstract. The miarolitic dunites of the Nizhny Tagil massif (Central Urals), the structure of miaroles and
the principles of co-occurrence of minerals are studied. Garnets from miaroles are characterized in details and
are compared with those from chromitites and metasomatites after dunites. The structure of miarolitic dunites
and miaroles is described using ontogenic approaches. The structure and composition of garnets are studied
by SEM and LA-ICP-MS. Three assemblages of garnets are established in rocks of the Nizhny Tagil massif:
Cr-andradite in miarolitic dunites, uvarovite in massive veined chromitites and demantoid in metasomatites
after dunites. Garnets from all assemblages belong to the ugrandite group and are characterized by specific
features of chemical composition including higher Cr,O; content. Garnets are also characterized by contrasting
concentrations of trace elements, such as V, Mn and Ti, as well as differences in REE pattern. A paragenetic
sequence of formation of major rock-forming minerals is suggested for dunites, chromites and metasomatites

after dunites of the Nizhny Tagil massif.

Keywords: garnets, demantoids, LA-ICP-MS, Nizhny Tagil massif, dunites, pegmatites, Urals Platinum

Belt.
BBenenue

KnmHONMMpOoKCEeHUT-TyHUTOBBIE MACCUBHI (MacCH-
BbI Ypaso- AJSICKHHCKOTO THITa) U3BECTHBI B OOJIBIIIMH-
CTBE CKJIQJYaThIX CHCTeM, (HOPMHPOBAHHE KOTOPBIX
MIPOUCXOAMIIO B YCIIOBHUSX OCTPOBOIYKHOTO MarMaTus-
Ma (ITyuaxos, 2010; ®epmrarep, 2013; Cypun, 2021).
OnHOM M3 MpUMEYaTeIbHBIX OCOOCHHOCTEH ITyHUTO-
BBIX YacTel («sep») ITHX MAacCCHBOB SBIISETCS IIUPO-
KO€ PaclpoCTpaHEHHE MAaJIOMOIIHBIX IITHPOBUIHBIX
CKOIIJICHUH XPOMIITHIHEINIa, HHOTAA (POPMUPYIOIIHX
MPOXKUIIKOBO-BKPAIUIEHHBIE W MAaCCHBHBIE >KHIIbHBIE
xpomututhl (Berconkuii, 1913; Beicoukwmii, 1923; 3a-
Bapuukwuii, 1928; Msanos, 1997). B xpomutuTax ckoH-
[IEHTPUPOBAHEI  000COONCHHS  KEIe30-TUIATHHOBBIX
MHUHEPAJIOB, pPa3Mepbl KOTOPBIX OJIaronpUsITHBI JUIS
(dbopMUpOBaHHS TJIATHHOBBIX POCCHINEH, 00pasyro-
HIUXCS B XOJI€ Pa3pyLICHHsI TyHUTOBBIX Tel. C KIMHO-
MTUPOKCEHUT-AYHUTOBBIMA MAaCCHBAMHM CBSI3aHBI KPYTI-
HbIE IUIATHHOBBIE POCCHINM, KOTOpble B XIX croserun
CTaNu OCHOBHBIM 00BEKTOM HccienoBannii (Kaprnmu-
ckmii, 1840; 3aitieB, 1898). B xome nanpHEero reo-
JIOTUYECKOTO M3YYCHHUS TYHUTOBBIX «SAJ€p» BHUMAHHE
YAENAJIOCh CTPYKTYpHO-BEIIECTBEHHBIM 3aKOHOMEp-
HOCTSAM TIPOSIBJICHUS XPOMHT-TUIATHHOBON MHUHEpan-
3amuu U ee rene3ucy (Kapnmuckwii, 1893; Bricomkmid,
1913; 3aBapunxuii, 1928; berextun, 1935), npu 3Tom
JTUCKYCCHS O TIPUPOJIE AYHUTOB U XPOMHUT-TIITATHHOBBIX

PYZIHBIX 30H MPOIOJIKAETCA O HACTOSIEr0 BPEMEHH.
B pesynbrare neTanbHBIX U MHOTOJIETHUX HMCCIIENO0Ba-
HUN KIMHOMMPOKCEHHUT-IYHUTOBBIX MAacCHBOB BIEp-
BbIC UIS YABTPaMa(HUTOBBIX MOPOA OBLIM OMUCAHBI
TyHUTOBBIE mermatuTsl (Bunorpaackas, 1954; Hsa-
HOB, 1986). OHOI M3 yHUKaJIBHBIX Pa3HOBHIHOCTEN
9TUX MOPOJ SABJISAIOTCS MUAPOIUTOBbIE TyHUTHI Hink-
HETarnibCKOTO KIMHOIMUPOKCEHUT-TYHUTOBOTO Mac-
cuBa (3aBapuikuii, 1928; berextun, 1935), muaposst
B KOTOPBIX BbIMoNHeHbI rpanatoM (betextun, 1946) ¢
MOJJYMHEHHBIM KOJMYECTBOM KJIMHOXJIOpa, Be3yBHaHa
u ceprieHTHHa. [1o moBoay reHe3nca Muapost BeIIBUHY-
ThI Pa3JINYHbIE NTPEIMOTI0KEHNUS, OTHAKO CCTeMaTHnye-
CKHE€ MCCJIE0BAHNS MMHEPAJIBHBIX acCOLMAIUI THX
00BEKTOB HE MPOBOAMIHCE.

Lenpio TaHHOTO MCCIIEIOBAaHMUS CTasla pa3paboTka
MozeH GopMUpPOBaHUSI MUAPOJIOBBIX PAa3HOBHIHOCTEH
JYHUTOB Ha OCHOBAaHWH CTPYKTYPHBIX OCOOCHHOCTEH
UX CTPOCHHS U C yYETOM OCOOCHHOCTEH XUMHUYECKOTO
cocTaBa rpaHara u3 Muapoi. IIpoBeaeHHble nccneno-
BaHUS BIIEPBBIC MO3BOJWINM YCTaHOBUTH BEIIECTBEH-
HBIC OTIIMYUS MEXKIY IpaHaTtamu, (OPMHPYIOIIUMHUCS
B KOHTPACTHBIX T€0JIOIHYECKHX YCIOBUsIX. OcoOeHHO-
CTH COCTaBa I'paHaTOB B COBOKYIHOCTH C OHTOT€HUYe-
CKUMH HaOIOICHUSMHU MO3BOJIMIINA BBIIEIUTH CTaIUH
MO3MHUX NPeoOpa3oBaHUN AYHHTOB M XPOMHTHUTOB,
VMHUIMMPOBAHHBIE IMO3HEMarMaTHueCKUMHU, a 3aTeM
C BBICOKOW JI0NICH BEPOSITHOCTH METaMOpPPHUECKUMH
IpoleccaMu.

Jlna yumuposanusa: Crenano C.1O., [Nanamapuyk P.C., [llunosckux B.B., Aprembes JI.A., Kopuees A.B.,
Kosun A.K. I'panaroasi MuHepanm3anysi, CBSI3aHHasl C M03IHEMarMaTiiecKUMH ¥ THPOTEPMAIbHO-METacOMaTH-
YECKMMH TIpoLieccaMM B JAyHHTaX HIDKHETarnibCKoro KIMHOIMMPOKCEHUT-IyHUTOBOrO Maccusa, Cpenuuii Ypai.
Mumnepanorus, 8(4), 59-78. DOI: 10.35597/2313-545X-2022-8-4-4
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Kparkas reojiornyeckasi XapakTepucTUKA
ayHuToB HuKHeTarviibCKoro MaccuBa u
poccebinu p. BoOpoBka

JyHuTel HIKHETarnapCKOro MaccuBa JETaIbHO
uzyueHsl (Beicomkuii, 1913; 3aBapurnkuii, 1928; Ka-
IIMH ¥ 1p., 1956; Banos, 1997). [locTosHCTBO MX MHU-
HEpaJbHOTO COCTaBa M OTHOCHTENBHAS CTPYKTypHas
OJTHOPOAHOCTH CTaJM OJHOW M3 MPUYUH OIPEIeIICHUS
HwmxHeTarmibckoro MHTpy3UBa B Ka4eCTBE IMETPOTH-
ma Juis KauKaHapCKOTO KOMILIEKCa, OOBEIHHSFOIIETO
OOJBIIMHCTBO 30HAIBHBIX KIIMHOITUPOKCEHUT-TYHUTO-
BbIX MaccuBoB Ha Cpemnnem u CeBepHoM Ypaie ([le-
CATHUYEHKO U 1p., 2005; FOxakoB u ap., 2006; [lerpos
u z1p., 2008).

HyHnutoBoe «saapo» HmxkHeTarunpckoro Mac-
cuBa 00NajaeT HEOMHOPOMHBIM cTpoeHHeM (lIBaHOB,
1997), BBIpaXC€HHBIM B KOHIIEHTPHUYECKHU-30HAIEHOM
pacIoNOKEeHUH AYHUTOBBIX Tel (puc. 1), KoTopble OT-
JUYAIOTCS MO0 3€PHUCTOCTH OJMBHHA M COTNIACYIOTCS
¢ obme#t crpykrypoit maccuBa (Kammu u ap., 1956;
[lImenes, ®ununmosa, 2010). B neHTpanbHOi YacTu
SIIpa MIAPOKO PACIIPOCTPAHEHBI TPyOO3EPHUCTHIE ITy-
HUTOBBIE MEIMaTHTHI C MOCTEIIEHHBIM YMEHBIIICHUEM
3epHUCTOCTH TI0 Mepe MPHUOIMKEHUS K KOHTAKTy Iy-
HUTOB M KIMHONHUPOKCeHHTOB (puc. 1). KpaeBbie ua-
CTH TeJla rpyO03epPHUCTHIX JTYHUTOB COAEPIKaT MHOTO-
YHUCIIEHHBIE MPOKUIIKOBO-BKPATUICHHBIE U MaCCHUBHBIC
JKUJIBHBIE XPOMHTHUTHI, CJIararolliie MacIITaOHyI MH-
HEpaJN30BaHHYIO 30HY. PacrionoxeHne RKUIbHBIX Tell
JTyHUTOBBIX TIETMAaTHTOB MPOCTPAHCTBEHHO COBITAJaeT
¢ 00IacThI0 HAMOOJBINEH KOHIIEHTPAIIMH XPOMHUTHTO-
BBIX JKHJI. JlyHUTOBBIE MErMaTHTHI MITUPOKO TPEICTaB-
JICHBI B alTUKAIBHOMN YacTH IIEHTPAIBbHBIX (pparMeHTOB
nyHUTOBBIX «sinep» (MBanoB, 1997). B xpomuruTax
OTMCaHbl YBAapOBHUT, XPOMCOIEPKAIIMN UOICHI U
kimuHoxJop (berextun, 1935).

Jyautel HWKHETarmabCKOro MaccuBa IIOBCe-
MECTHO 3aMeIIeHbl MUHEpaJlaMH T'PYyTITBl CEPIICHTHHA
(3aBapunkwuii, 1928; berextun, 1935; MBanos, 1997).
0O.K. lBanoBeM (1997) B 3analHOM DHIOKOHTAKTE Y-
HUTOBOTO S7Jpa BBIJIENIEHA 0c00ast pa3HOBUIHOCTH Cep-
MIEHTHHUTOB — OpYCHT-MarHeTUT-aHTUTOPUTOBBIE TIO-
POIBI, ClIararoIre BhIIEPKAHHYIO 110 MOIITHOCTH 30HY
(B cpeqaem 700 m). mMeHHO ¢ HUMU CBsizaHO boOpOB-
CKO€ KOPEHHOE MECTOPOK/IECHHUE IEMAHTOH 1A, KOTOPOE
OBLIIO OTHUM W3 HamOoJee CyNIECTBEHHBIX KOPEHHBIX
WUCTOYHUKOB JIJIsi (DOPMHUPOBAHHS POCCHIITHOIO MECTO-
POXJIEHUS IEMAaHTOU/IA B AJLTIOBUATIBHBIX OTIOKEHHUSIX
p. bobpogka.
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Pocceiie  p. boOpoBka xapakrepwu3yeTcst Ipo-
CTBIM CTpOEHHEM. MOIIHOCTh aJTIOBHANBHBIX OTJIO-
JKEHUH B MPOTYKTHUBHON 00TaCTH HE TpEBhIMIaeT 3.5 M.
WX crpoeHme THUMUYHO JUISI AJUTIOBHAIBHBIX POCCHI-
Teil: Ha TUTOTHKE M3 3€JICHBIX CIIAHIIEB 3aJIeTaeT IacT
«IIECKOBY» TJIMHHUCTO-TIECYaHOTO COCTaBa MOIIHOCTHIO
10 0.3 M ¢ TOMYMHEHHBIM KOJTUYE€CTBOM TaJieK, B KOTO-
POM CKOHIIEHTPHPOBAaH OCHOBHOW 00BEM JI€MaHTOUAA,
a Tak)Ke B HETPOMBINIUIEHHBIX COMEPKAHMIX YCTaHOB-
neHa pocceimHas rarnHa (CtemanoB u ap., 2015) u
30510T0. IImacT «meckoB» MEpeKphIT IMeCYaHO-TaIed-
HBIMHA OTJIOKEHUSMHU («PEYHHKOM») MOIIHOCTBHIO OT
0.8 mo 1.5 m. Hag «peunmkom» 3ajeraroT «Topday,
0OBIYHO TIPEICTABIIAIONINE COOOHN TIIMHBI U CYTIINHKH.
Poccrinb xapakrepusyercsi BHICOKOW CTENEHU TEXHO-
TE€HHOM MOPaXEeHHOCTHIO.

MaTepna.n bl 1 ME€TOAbI

Jst mccnenoaamii B8 Crapom (CosoBsEBOTOP-
CKOM) TyHUTOBOM Kapbhepe OBLIH OTOOpaHBI 00pa3Iibl
W3 MHApOJHUTOBBIX AYHUTOB U XPOMHTUTOB C TPAHATO-
BOM MuHepanuzaruen. /[ cpaBHUTEIBLHOIO aHaIn3a
WCTIOh30BaHbl EIMHUYHBIE 3€pHA JIEMAHTOHIIOB W3
aTrlOAYHUTOBBIX METaCOMAaTHTOB B BEPXOBBSIX pP. boO-
POBKa, IepeAaHHbIe aBTOPAM MECTHBIMHU CTAPaTEISIMH,
a TaKke eMHUYHBIC MEJKHE 3epHa JEMaHTOHIOB, U3-
BJICYCHHBIE U3 IITUXOB, IMOJyYEeHHBIX aBTOPAMH U3 OT-
JIOXKEHUH pocchinu p. bobposku (puc. 2).

W3 mTydHBIX Tpo0 TYHUTOB B XPOMHUTHTOB H3-
TOTOBJICHEI TTETPOrpaduIeCKre U MUHEparpapuIecKue
Tperaparsl sl U3yYeHUs] C WCIOJIb30BAHHWEM OITH-
YECKOTO MHKPOCKOIIA B MPOXOASAIIEM H OTPAKEHHOM
cBete. 113 HECKOMBKHX TIPOO AYHUTOB W XPOMHUTHTOB
mociie JIpoOJeHHsI TOMy4YeHbl TPABUTAIMOHHBIE KOH-
nenTparsl. [IpoOsr m3 poccemu p. boOpoBka OBITH
MPOMBITEI Ha JIOTKE Ha MecTe WX orOopa. ['paHarsl
OTOOpaHbI BPYUYHYIO ITON OMHOKYISPHBIM MHKPOCKO-
TIOM W3 TIOJTy9€HHBIX MPOTOJIOYEK M IIIJIMXOB W MTOMeE-
MIEHBI B MAW0y W3 SMTOKCHIHOW CMOJBI. AHIITADB U
Maiobl ¢ TpaHaTaMU MCCIICIOBAHbBI ¢ moMonsio COM
Hitachi S-3400N ¢ »HEproaucrnepcHOHHBIM aHATH3a-
topom Oxford X-Max 20 (Canxkt-IleTepOyprckuii ro-
CYNapCTBEHHBI YHHUBEpPCUTET, HEHTp «leomomensy,
r. Cankr-IlerepOypr, anamutuk B.B. IumoBckux).
CocraB rpaHaToB OBUT 3aBEpEH C HCIIOIH30BAaHUEM
PEHTIeHOCIIEKTPaTLHOTO MUKpoaHanu3aTtopa Camebax
SX50 ¢ BomHOBEIME criekTpoMeTpaMu (MOCKOBCKUi
TOCYIapCTBEHHBIN YHUBEPCUTET, I. MOCKBA, aHAIUTHUK
J.A. Xanun).
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Puc. 1. Teonorngeckas kapra HiwkHeTarmibpckoro Maccusa 1o JaaHeM (MBanoB, 1997) ¢ Toukamu onpoboBaHUs MHAPO-
TUTOBEIX TyHUTOB (00p. HT-1M), xpomurtuToB (00p. HT-2M) u nemanTonnoB u3 pocceimu p. bodposka (06p. HT-3M).

1-5 — JIyHUTSHI: | — TOHKO3EPHHUCTHIC; 2 — METIKO3EPHUCTHIC; 3 — MEITKO3EPHICTHIE TTEPEKPUCTAUTH30BAaHHbIC; 4 — CpeIHe-
3€PHHCTHIC; 5 — KPYITHO3EPHHCTHIE; 6 — BEPINTHI U OJIMBUHOBBIC KIIMHOMPOKCEHUTBI; 7, § — KIIMHOIMPOKCEHUTHI: 7 — CpesiHe-
3€PHHUCThIE MOHOMUHEPAJIbHbIE, MATHETUTCOIEPIKAIINE; 8 — MEIIKO3EPHHCTHIC, OJIMBUH- M MAarHETHUTCOZEPIKAIIIE, PEKPHCTAN-
JM30BaHHBIC; 9 — THUIAWUTHI U TUIATHOKIIA3COepIKaIlie KIMHOMUPOKCEHUTHL; 10 — poroBoodmMaHkoBOE Tab0po; 11 — Opycur-
MarHeTUT-aHTUTOPUTOBBIE U MArHETUT-aHTUTOPUTOBBIE CEPIEHTHHUTHI; 12 — KBApL-XJIOPUTOBBIE, KBAPL-CEPUIIUTOBBIE U YIIIH-
CTBI€ CJIAHIIBI, IECYaHUKH, KBAPIUTHI; 13 — XJIIOPUT-aKTHHOINTOBBIE CIAHIIBI U TOp(upuTONIsl; 14 — pOTOBUKH M KBITIIBIMHUTBI
TI0 BYJIKAHOTEHHO-0CA/I0YHOMY CYOCTpary; 15 — auTfoBHANBEHBIE OTIIOKEHUS U POCCHIH; 16 — Toukn 0TO0pa mpod rpaHaToB

Fig. 1. Geological map of the Nizhny Tagil massif after (Ivanov, 1997) with areas of sampling of miarolitic dunite (sample
NT-1M), chromitite (sample HT-2M) and demantoids from a placer of the Bobrovka River (sample HT-3M).

1-5 — Dunite: 1 — close-grained; 2 — fine-grained; 3 — fine-grained recrystallized; 4 — medium-grained; 5 — coarse-grained;
6 — wehrlite and olivine clinopyroxenite; 7, 8 — clinopyroxenite: 7 — medium-grained monomineral and magnetite-bearing; 8 —
fine-grained olivine- and magnetite-bearing recrystallized; 9 — tylaite and plagioclase-bearing clinopyroxenite; 10 — hornblende
gabbro; 11 — brucite-magnetite-antigorite and magnetite-antigorite serpentinite; 12 — quartz-chlorite, quartz-sericite and coal
shale, sandstone, quartzite; 13 — chlorite-actinolite schist and porphyritoid; 14 —hornfels and kytlymite after volcanosedimentary
rocks; 15 — alluvial sediments and placers; 16 — sampling points.

Conepxanue 3ieMeHToB-ipuMeceil B rpanatax PAH (. Muacc, ananutuk J[.A. AprembeB). U3mepe-
MPOAaHAIM3UPOBAHO METOIOM MAaCC-CIIEKTPOMETPUH  HUS TIPOBOJIUIIUCH Ha TIOJMPOBAHHBIX IIACTHHAX C HC-
C MHIYKTUBHO CBSI3aHHOU TIA3MOM M JIa3epPHBIM MPO-  IOJb30BaHHEM Macc-criekTpoMeTpa Agilent 7700x c
6oot6opom (JIA-MCII-MC) B IOY ©®HI| Mul' ¥pO mnporpammubsiM komruiekcom MassHunter u na3epHoi
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Puc. 2. Crapslit IyHUTOBBIH Kapsep (a), IyHHT C TPAaHATOBOM MUHEpann3armei (0, B) ¥ 3epHa IEMaHTOHUIA U3 POCCHIIH P.

Bobposka (T).

Fig. 2. Stary (Old) dunite quarry (a), dunite with garnet mineralization (6, B) and demantoid grains from the placer of the

Bobrovka River (T).

npucraBkoii New Wave Research UP-213 ma Y® Nd:
YAG-nazepe ¢ amuHON BOJTHBI 213 HM M HACTpOUKAMHU
mIoTHocTH notoka 12.0—-15.0 JIk/cM?, 94acToTO# MOBTO-
penuit 20 I'u, ra3z-Hocurens B siueiike — He, ckopoctu
mortoka 0.65 n/mmH. HacTpolkm Macc-CIieKTpoMeTpa:
MOIITHOCTH BBICOKOYACTOTHOTO curHaia — 1450 Brt; ras-
HOCHTETh — Ar; ckopocTh motoka — 0.90-0.95 j/mumH;
pacxon mmazmMooOpasyromero raza (Ar) — 15 i/mun;
pacxof BcrioMorarensHoro raza (Ar) — 0.9 ji/mMuH.
AHanu3 TPOBOAMIICS C HCIIONB30BaHUEM TOYEU-
HOTO W JIMHEHHOTO PEXUMOB aOJSAIUH C JHAMETPOM
nydka 55-80 MxM. J{J1s1 ynaneHus NpUIoBEPXHOCTHBIX
3arpsI3HEHUH Tepe]] KaKIbIM aHAIM30M BBITOIHSIIACH
MIpeBapuTeNbHAs a0IAINs TPOJOKATEIBHOCTHIO 3 C.
B teuenue nepBbix 30 ¢ peructpupoBalics X0JIOCTOU
curHayn 0e3 aOIsIuu BEIIecTBa, 3aTeM B TE€UYEHHUE TI0-
cienyromux 60 ¢ oOpadarpIBasicss CUTHAJI OT abmupo-
BaHHOTO Marepuana. KannbpoBka mMacc-criekTpomMeTpa
OCYIIECTBIISUIACH M0 DSTAJIOHHOMY MEXTyHapOTHO-
My cragmaptaomy oOpasiy NIST SRM-612. Ilpu
9TOM KOJMYECTBO MOJEKYISIPHBIX OKCHIHBIX HOHOB
(**Th'*O/**Th) ne npessimmano 0.2 %. CooTHOIICHHE
28U/%2Th 6buro O6mmsko k 1. J[i1st pacdera MCImoap30Ba-
JUCh MEXIyHapOaHbIe pehepeHcHbIe MaTepraibl SRM
NIST-610 1 SRM NIST-612. Jlns yuera HHCTpyMEH-
TaJgpHOTO Jpeiida ma3zepa U Macc-CIeKTPOMETpa CTaH-
JMApTHBIA OOpa3ell aHAIM3UPOBAIN Yepe3 KaKIaple 8—
12 Touek. PacueT xumMuueckoro aHajim3a poBOJIUICS B
nporpammHoM koMmrmiekce lolite (Paton et al., 2011) ¢
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NPUMEHEHUEM CTAHJAPTHBIX MOJXOJIOB, OIMUCAHHBIX B
(Longerich et al., 1996) n ucrionnb30BaHNeM B KauecTBE
BHYTPEHHETO CTaHaapTa *’Si Wiin HopMaIu3aIiei Cym-
MapHoro curaana Ha 100 mac.%.

PesyabTarthl uccienoBaHuii

IHapacenesucor  epanama  Huowcnemazunockoeo
maccuga. OCHOBHBIM OOBEKTOM HCCIICAOBAHUIN CTaln
MHUApOJIMTOBEIE JTYHWUTHL, OOHapykeHHble B Crapom
Kapbepe, B CeBEPHOM CTEHKE KOTOPOTo paHee Oblia 3a-
JIOKYMEHTHPOBaHA CEpHUs JKWIBHBIX THTAaHTOKPHUCTAN-
JUYCCKUX TEerMaTHTOBBIX Tel (BuHOrpanckas, 1954).
Nx 0cobeHHOCTh 3aKiII09aeTcs B OTCYTCTBHH OTYET-
JUBOTO KOHTAKTa C BMEMIAIOIIMMH KPYITHO3EPHHUCTHI-
MU TTOp(UPOBUIHBIMU TyHUTaMU. ViMeHHO B oOmactu
TaKOTO TIABHOTO KOHTAaKTa MerMaTOMJIHBIX M KPYITHO-
3epHUCTBIX TOPPHUPOBUIHBIX TyHHTOB OOHAPYKEHBI
MHOTOYHCJICHHbIE CKOTUICHHS MHapoi, pa3Mep KOTO-
PBIX BapbUpPYeT OT MEPBBIX MUJUIMMETPOB A0 MEPBHIX
CaHTHMETPOB.

JyHUTB B Kaphepe COCTOST W3 OJMBHHA (65—
75 %) u ceprnentuna (25-30 %). B cpemnem, mopomst
cozepxar ~5 % akueccopHoro xpomimuHenuaa. Omm-
BUH TI0 COCTaBYy OTHOCHTCS K BHICOKOMarHe3HaJIbHOMY
thopcreputy (Fo 94-96 %); B penkux ciydasx comep-
JKaHWe (OPCTEPUTOBOTO KOMITOHEHTAa MOMKET TPEBBI-
mare 96 %. AKIIECCOPHBIN XPOMIITIUHENU A U3 TyHH-
TOB, KaK U PYIHBIA U3 XPOMUTHTOB, 00J1a]Ta€T BEICOKOM



64 Cremnanos C.1O., [Tanamapuyk P.C., [Hunosckux B.B. u ap.
Stepanov S.Yu., Palamarchuk R.S., Shilovskikh V.V. et al.

XpOMHUCTOCTRIO U Ha muarpamve H.B. IlaBmora (IlaB-
JOB | 1Ip., 1979) cooTBeTcTBYET CyOheppHXpOMUTY U
cybamoModeppuxpoMuTty ¢ hopmyioit (Mg s:FepssMn
0.01)1.01(CI‘1.46A10.30Feo.22Tio.01)1.9904-

JyHUTBI XapaKTepu3yIOTCs THITHAROMOPQHO3Ep-
HUCTOW CTPYKTYPOMH, UTO COTIIacyeTcs ¢ meTporpadu-
geckumu HaomoneHusmu H.K. Beicomkoro (1913). Ee
0COOCHHOCTBIO SBIISIETCS MIMPOKOE PACIIPOCTPAHEHNE
WHIUBUIOB OJIMBHHA C OTPAHKOH, ONHM3KOW K WAHO-
MOp(HONA. DTH WHANBUABI OKPY)KEHBI arperatoMm 00-
Jiee METKWX 3epeH OJMBHUHA, Y KOTOPHIX COOCTBEHHAS
KpucTayuiorpaduaeckas orpaHka BeIpakeHa ciadee.
[TocTmarmarudeckue mpeoOpa3oBaHUs ONWBHHA 3a-
KITIOYAOTCS B €T0 TUTACTHYECKOH AepopMaIni, HHOTIa
COTIPOBOKIAIOIIEHCS peKpUCTaUTH3aIueH ¢ hopMUpo-
BaHHUEM TOHKO3EPHHCTOTO MOIUAPUIECCKU3EPHUCTOTO
arperara. lIpakTnyecku Bce pa3HOBHIHOCTH TyHHUTA
U3 «S7pay» MacCHBa, BEIXOSIINE Ha TOBEPXHOCTH, TTOJI-
BEPIKEHBI TIETENFIATON CePIICHTHHU3AIIH.

B ommume or OONBITMHCTBA Pa3HOBHIHOCTEH
IIYHUTOB, B TPYOO3EPHUCTHIX TTOPHUPOBUIHBIX Pa3HO-
BUTHOCTSX TOP(GUPOBUIHBIE WHANBH/IBI OJTMBHHA IME-
0T CIIOJKHYTO OTPAaHKY M XapaKTePHU3YIOTCS N30METPHY-
HBIM WM c7Ta00 BBIPAYKEHHBIM ITPU3MAaTHIECKIM 001~
koM. [IpocTpaHCTBO MeXIy KPYITHBIMU TTOP(PUPOBBIMU
BKpaIUIEHHUKAaMH BBITIOITHEHO 00JIe€ MEITKO3EPHUCTHIM
arperatoM oOnMBHHA. VX xapakTepHas OCOOEHHOCTH
— OTUETJIMBOE TIPOSIBIIEHHE KPHUCTAIIIOrpadudIecKoit
OTpaHKH, XapaKTepHOMU /i ofMBUHA. IMEHHO B arpe-
rarax Takoro THIA BCTPEYAIOTCS MUHEpPaIH30BaHHBIC
MHapoJIOBbIe ToJocTH. llomocT MMerT M3oMeTpud-
HBI OOJMK W MPOCTPAHCTBEHHO HE CBA3AHBI C Tpe-
IIMHHBIMEA CTPYKTYpaMH, Pa3BUTHIMU BO BMETIAIOIIIX
nyHATax. VHAWBUABI ONMBWHA HA TPaHUIE MHAPOI
COYETaroT J[Ba THMA OrpaHKu. YacTh MHANBHUIOB, KOTO-
pasi HaxoIUTCS B THITHINOMOP(HO3EPHUCTOM arperare
JTyHWUTA, XapaKTepPU3yeTCsl CKOPEE BCETO TOBEPXHOCTSI-
MH COBMECTHOTO pocTa. YacTh HHIUBUAA, BEIXOSIIAS
B TIPOCTPAHCTBO MHApOIIbI, OTpaHeHa COOCTBEHHBIMU
rpaHsMd. B GonBIIMHCTBE CilydaeB MHApOJIBl HE Me-
Tamopdu30BaHkl U He neopmupoBanbl. OOHAPYKEHBI
eIMHUYHBIE MHAPOJBI CO CeJaMH XPYNKHuX aedop-
Manuii TyHUTOB (puC. 3). B 3TOM ciyuae kpucTaibl
OJTUBWHA, BBITIONHSIONINE TOJIOCTh, YacTO pasapolie-
HBI W JIUIIEHBI COOCTBEHHOM KpHcTauiorpaduaeckoi
OTpaHKH, B TO € BPeMs U MUHEpaJbl B IIEHTPATHHON
YaCTH MTOJIOCTH TaKXke Ae(hOPMUPOBAHBI, YTO OCOOCHHO
XapaKTePHO ISl KPUCTAIUTOB KIIMHOXJIOPA.

OOBIYHO TICHTpaAJThHAS YacTh MHAPOJIBI 3aIlOJTHEe-
Ha CKPBITOKPUCTAJUIMIECKIM CEPIIEHTHHOBBIM arpera-
ToM (puc. 30). B HEKOTOPBIX CITyJasX MEHTP MHAPOIIBI

MOKET OBITH TIOJTHOCTBIO 3aIlOJIHEH TpaHaTtoM (puc. 4).
[lo oTHOmIEHWIO K OJHMBHHY TpaHaT KCEHOMOpP(QEH,
OJTHAKO YaCTh CEYCHHMU MO3BOJSIET MpEIonararb Cy-
IIECTBOBAaHNE MEXIYy OJMBHHOM M TPAHATOM IOBEPX-
HOCTeW coBMecTHOro pocra. Ecnu rpanar 3amosiHsier
BCIO TIOJIOCTH, TO Yallle BCETO OH CJIaraeT 3€pHUCTHIN
arperar. B mpoTuBOmoNo)KHOM cilydae, KOTjia TpaHar
HapacTaeT Ha OJMBHH U 3aIOJHACT MOJIOCTh YaCTHIHO,
WHAMBHIIBI TpaHaTa XapakTepU3yITCS UANOMOPQGHON
OTPAaHKOW CO CTOPOHBI IEHTPAIbHOW YacTH MOJOCTH.
WHornma B Muaposax ycTaHaBIMBACTCS KIHHOXJIOP.

OnuBUH B OyHWUTE W MHapojax (pparMeHTapHO
WIH TIOJTHOCTBIO 3aMEIIeH CEPIeHTHHOM C COXpaHe-
HUEM penuKkToB. CTEeTeHb CeprieHTHHNU3AINN OJIMBHHA
B MHAapoJjIaX CXOJHA C TAKOBOM BO BMEIIAONINX TyHH-
Tax. B mpomecce 00beMHON TETENBIATON CEPIICHTH-
HU3AIMU TpaHaT B MHApOJax TaKXke Mpeodpaszyercs.
YBenmuuenne o0bemMa MOPOIBI NPU CEPIIEHTHHHU3AINH
MIPUBOJIAT K PAaCTPECKUBAHHUIO XPYIKUX 3€PEH TpaHa-
Ta (puc. 4a), €CITU OHH BBIMOIHSIIOT BCE MPOCTPAHCTBO
MHapOJIbI, a BHOBH 00Pa30BaBIIHECS TPEIUHBI 3aI10JI-
HSIOTCSl CEPIICHTHHOM C TTOMYMHEHHBIM KOJIHYECTBOM
kamprura (puc. 40).

B penukTax omMBHHA ONPENEICHO PACTIONOKEHHE
KpUCTAIIIOTpaUIeCcKuX 0Ce, 4TO BMECTE C COCTAaBOM
omuBrHa (Fo 94-97) mo3BONMIIO PEKOHCTPYHPOBATH
OTpaHKy KPHCTAUIOB dTOoro MmHepana (puc. 5). Kax
1 OOJNBITMHCTBO WHAWBH/IOB OJMBHHA B JTYHHUTAX IS
KPUCTAIJIOB 3TOTO MUHEpaja B MUApOJIaXx TaOUTyCHON
dbopmoii seisercs muHakoun {010}, peke ompemens-
folee 3HAYCHNE MMEIOT TPaHU POMOMYECKOH MPHU3MBI
{110}, xpaifHe pemKo BCTPEUAIOTCS KPUCTAIIIBI, CHITh-
HO YIUTMHEHHBIE 110 OCH C.

VBapoBUT, XPOMCOAEPKAIUN JUOTICHT U KIIH-
HOXJIOp TIPUCYTCTBYIOT HCKITIOYMTEIHHO B KHIIAX Mac-
CHUBHBIX XpOMHUTHTOB. Hambonee pacmpocTpaHeHHBIM
CpeIy CHIIMKATHBIX aKIIECCOPHBIX MUHEPAJIOB SBISIET-
¢S KIIMHOXJIOP. DTOT MHUHEpaJ 4acTo 00pasyeT BKIIIO-
YeHHs B BHJIE OTPHUIIATEIBHBIX KPUCTAIIOB B WHIMBH-
Jax XpoMImmuHenuaa (puc. 6a), a Takke ciaaraet mpo-
KHUIKA B XPOMHTHUTaX, C(HOPMUPOBAHHEIE BCIIEICTBHE
XPYIKOH nmedopMaruiyi XpOMATHTOBBIX KEL. [1puOmm-
3UTEIHHO B PABHBIX KOJIMYECTBAX C KIMHOXJIOPOM B
MPOXKHUIIKAX TPUCYTCTBYeT CEpNEeHTHH. B momumHeH-
HOM KOJIMYECTBE PACIpPOCTpPaHEHBI IPaHAT M XPOMCO-
nepkamuii Be3yBuaH. I paHaT 0OBIYHO cllaraeT M30Me-
TPUYHBIE MEIIKO3EPHUCTHIE arperaTrbl CPeTHIM pa3Me-
pom 0.3 MM (puc. 60). B MacCHBHBIX XpOMHUTHTAX, CO-
JIepKaInX KIMHOXJIOP-TPAHATOBYI0 MIHEPAIHU3AIINIO,
B MEX3EpPHOBOM IMPOCTPAHCTBE XPOMIIITHHEIH/IA Ya-
CTO BCTPEYAIOTCS KPHUCTAIUIBI (PeppOHUKENTBILTATHHBI
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Puc. 3. ®ororpadmm nnmpa MHAPOITUTOBEIX IyHUTOB M3 HIDKHETarmiIbCKOTO MacCHBa: a — C aHATM3aTOPOM (TPaHHIIBI
WHIUBHUIOB OTMEYEHBI OeJI0l MyHKTHPHOH INHKEH ); 0-T — (hparMeHTHI ¢ mycToTami (0, B) Mexxay kprctammiamu onwsrHa (Ol),
WHOT/IA 3aMIOJTHEHHBIMHU ceprieHTHHOM (Srp, 0) nm xmoputom (Chl, ).

Fig. 3. Images of thin section of miarolitic dunite from the Nizhny Tagil massif: a — with analyzer (the boundaries of grains
are marked by a white dotted line); 61 — fragments with voids (0, B) between olivine crystals (Ol), locally, filled with serpentine

(Srp, ©) or chlorite (Chl, r).

(puc. 6B), mpencTaBIArOIIME COOON TIONHBIE ICEBIO-
MOpP(HO3BI 110 JKENE3UCTON IIaTHHE WK U30(epporuia-
tuHe (puc. 6r). Peako B rpaHaT-KIMHOXJIOPOBEIX MPO-
JKUIJIKaX BCTpedaeTcs Muuieput (puc. 61). bombmma-
CTBO 3€PEH IpaHara B XpOMHTHTAaX 00ajaeT OJI0KOBOH
CTPYKTYpPOH W CONEPKUT MHOTOYHCIICHHBIE BKIFOYE-
HUS IPYTHX MHUHEPAJIOB.

I'panam poccvinu p. Bobpoexa. leomorude-
CKHe HaONIONEHUS B pailoHE KOPEHHBIX MECTOPOXKJIe-
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HUH JIeMaHTOWAA, MUTAIOLMUX pocchinu p. boOpoBka,
B HacTosIIee BpeMsl 3aTpyaHuTenbHbl. Ha ocHOBaHMM
muTeparypHbix naHHbIX (MBanOB, 1996, 1998) MoxHO
YTBEP)KAATh, YTO IEMAHTOU/I B BUAE OTACIBHBIX METa-
KPHCTAJJIOB M UX arperaroB CPeJHUM Pa3MEpPOM OKOJIO
0.8 cM mUpOKO pacnpocTpaHeH B O(UTOBBIX >KHIIAX
B OpyCHUT-MarHeTHUT-aHTHUTOPUTOBBIX TIOpoJax. OTH
JKHJTBI IPOCTPAHCTBEHHO COMNPSDKEHBI ¢ TEKTOHU3HUPO-
BAaHHBIMH 30HAMH, B KOTOPBIX OHH HUCHBITAN XPYIKHE
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Puc. 4. CTpOCHI/IC MHHGpaﬂH3OBaHHOﬁ TMOJIOCTH B ITHEBMATOJIMTOBBIX AYHHUTAX HmkxHeTarmimbckoro MacCCHBa, IIOJTHOCTBIO

BBITIOJIHEHHOM arperatoM aHzapaanTa (Adr).

TpemmuHbI B rpaHare 3aroIHeHsI ceprieHTHHOM (Stp) 1 kanbsuutoM (Cal). Ol — onusuH, Chr — xpomut.
Fig. 4. Structure of a mineralized cavity in pneumatolytic dunite of the Nizhny Tagil massif completely filled by andradite

aggregate (Adr).

The fractures in garnet are filled with serpentine (Srp) and calcite (Cal). Ol — olivine, Chr — chromite.
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Puc. 5. Kpucrajuibl OJMBHHA, TPUHUMAIOIIHME YYACTHE B BBIIOJHEHUH MUAPOJIOBBIX TIOJIOCTEH: (a) — H30METPUUHOTO 00-
nHKa, (0) — ¢ CyIIeCTBEHHBIM Pa3BUTHEM BTOPOTO MMHAKOW/IA U (B) — YAJIMHEHHOTO 00JIHKa
Fig. 5. Olivine crystals, which fill miarolitic cavities: (a) — isometric; (b) — with second pinacoid; (c) — elongated.

nedopmarn. Camu KUJIbI PEACTABISIFOT COO0H Tea
BBITIOJIHCHUSA TPCIIWH, CJIOXKCHHBIC, NPCUMYIICCTBCH-
HO, KPYITHOIUIACTUHYATBIMU arperaraMu oura U BO-
JIOKHUCTBIMH, HEPCIAKO IMapalyICJIbHO-IICCTOBATBIMU
arperaramMy aHTHTOPUTA (TTUKPOJIUTA).

Ocobennocmu XuUMU4eckozo cocmasa 2paHama
Huoicnemaeunvckoeo maccuea. Tlo pesynpratraMm peHT-
TeHOCIIEKTPaIbHOTO MUKPOAHAIM3a YCTAHOBIIEHO, YTO
BCC€ M3YYCHHLIC I'paHAThI ABJIAIOTCA NPCACTAaBUTCIIAMU
U30MOPGHOTO psijia aHAPaTUT-yBAPOBUT C HEOOIBIIION
JIOJIE TPOCCYIIPOBOrO MUHAJIA.

I'panarel B MHApOIUTOBBIX AyHHTaX (puc. 7, 8a)
10 XUMHUYCCKOMY COCTaBy COOTBECTCTBYIOT XpPOMHUCTOMY
AHJIPAJIUTY CO CPEIAHUM COJICPIKAHUEM aHJIPaJUTOBOTO
muHaia 70 % (comepxanue Fe,O; 20.3-24.9 mac. %,
tabm. 1). ComepxaHue yBapuTOBOTO U TPOCCYIISIPOBO-
ro MuHama, B cpearem, coctarmsier 20 u 7 %, coot-
BercTBeHHO. Copepxkanue CaO komebmercs ot 32 mo
36 mac. %, B cpeqHem ~34 mac. %. Oxcunbl Ti 1 Mg

SABJIAIOTCA BTOPOCTCIICHHBIMU B COCTaBE€ I'pPaHATOB,
OJHAKO OTMEYAKTCA HCECKOJIBKO HMHIAWBUIAOB C IIOBBI-
meHHBIM comepskanremM MgO mo 2.7 mac. % (puc. 80).
AHIpaguT W3 MHAPOJUTOBBIX ITyHUTOB HE 0OJamaet
OTYETINBON 30HAIILHOCTBIO 11O XUMHUYCCKOMY COCTaBy
M XapaKTepU3yeTcs OGHOPOIHBIM CTPOECHUEM.

FpaHaT H3 arperaroB, BBIINOJHAIOMIUX TPCOIU-
Hbl B MAaCCHUBHBIX JXWJIBHBIX XPOMHUTUTaX, COACPKUT
HanOoJblllee KOJMYECTBO YBAapOBHTOBOTO MHHAJA
(B cpemrem 41 %), IO CpaBHEHUIO C TPaHATAMU U3 JIPY-
rUX TapareHe3ncoB Hmxrerarmnbckoro maccusa. 1o
COCTaBYy ATOT IPAHAT JIGKUT BOJIM3U IOTPAHUIHOM JIH-
HUH psJia aHJIPAUT-YBAPOBUT U 110 POPMaIIbHBIM KpPH-
TEPUAM YaCTb 3€PCH OTHOCUTCA K aHAPAAWTY, a 4aCTb
— K yBapoBuTy (puc. 8a). Jlanee B Texcre nist ynoocTBa
BCE€ IpaHaTHl U3 3TOTO MapareHe3uca yCcIOBHO OTHECE-
HbI K YBapoBUTaM. XapaKT€pHOU YEPTOM IPAHATOB M3
JKUJIIbHBIX XPOMUTHUTOB ABJIACTCA BBICOKOC COACPKAHNC
TPOCCYIIPOBOTO KOMIIOHEHTA — 10 23 %. KpoMe moBbI-
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Puc 6. YBaposur (Uv) B acconmanuu ¢ kiuHoxisopom (Cle, a, 6) B xpomurure (Chr), a Takxe depponukensiaruta (Fnp,
B, I') 1 Muuteput (Mlr, B, 1) B XxpomuTnTe HrskHeTaruabpckoro Maccrusa

®DoTo a — nmpoxoAIuii cBeT 0e3 aHanm3aropa, 6—1— COM-doro.

Fig. 6. Uvarovite (Uv) in assemblage with clinochlore (Clc, a, 6) in chromitite (Chr) and ferronickelplatinum (Fnp, B, r) and
millerite (Mlr, B, 1) in chromitite of the Nizhny Tagil massif.

Photo a — transmitted light without analyzer, 6—1 — SEM-images.

500 mMkm . o 100 MkM
— A —

B r

250 MKm 250 MKm
— —

Puc. 7. Cxema pacrionokeHHs TOUEK (KpaCHOE) PEHTTCHOCTIEKTPAIbHOTO aHamm3a (Tabm. 1) u Touek (3emeHoe) v mpodreit
(myaxtupnble muann) JIA-MCIT-MC ananm3a (Tabm. 2) B rpaHaTe U3 MHAPOIUTOBBIX TYHHUTOB (a, 0) M 3epHAX IeMaHTOHIA W3
pocceimu p. bobposka (B, T).

Fig. 7. Location of EPMA analytical points (red, Table 1) and points (green) and profiles (dashed lines) of LA-ICP-MS
analysis (Table 2) in garnet from miarolitic dunite (a, ©6) and demantoid grains from the placer of the Bobrovka River (B, T).

MUMHEPAJIOTVISI/MINERALOGY 8(4) 2022
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Puc. 8. CoctaB rpanaToB U3 MHAPOIUTOBBIX TYHUTOB (1), XpoMUTHTOB (2) U allOyHUTOBEIX MeTacoMaTuToB (3) Himkaera-
THJIBCKOTO MACCHUBA: @ — COJICPIKAHUSI aHIPAIUT-TPOCCYISIP-yBAPOBUTOBOTO MUHAIA; O — KOHIIEHTPAIHS TPAH3UTHBIX AJIEMEHTOB

B rpaHarax.

3nech u Ha puc. 10, auarpamMmsl moctpoeHs! 1o (Schwasrzinger, 2019).

Fig. 8. Composition of garnets from miarolitic dunite (1), chromitites (2) and metasomatites after dunites (3) of the Nizhny
Tagil massif: a— contents of the andradite-grossular-uvarovite end-member; 6 — concentrations of transiting elements in garnets.

Here and Fig. 10, diagrams are composed after (Schwasrzinger, 2019).

nreHHoro coaepkanusg Cr,O; A7l XpOMUTUTOBBIX Tpa-
HATOB OTMEYAIOTCs MOBBINIEHHBIE cofepxkanHus TiO,
(mo 2.1 mac. %). Konuentpanust MgO Huskas, B cpel-
HeMm, ~0.4 mac. %. B oTenbHBIX (parMeHTax rpaHata
npucytcTByeT npuMech MnO 1o 0.2 mac. %.

[panar u3 KOpPEHHBIX O(UTOBBIX KHI B Opy-
CUT-MarHeTUT-aHTUTOPUTOBBIX MOpPOJax MO XHMH-
YeCKOMY COCTaBy OTBEYAaeT MpPAKTHYECKH KOHEYHO-
My aHIPAAUTY:. COMACpIKAaHWE YBApOBUTOTO MHHAJa
He mpessimaer 0.6 %, a rpocymripoBoro — 2.1 %
(puc. 8a). AHaJOTMYHBIM XUMHYECKUM COCTaBOM Xa-
pakTepusyercsi rpaHar u3 pocceinu p. booposka. s
9TOTO THIA TpaHaTa XapakTepHO MHUHUMAJIbHOE CO-
JepKaHue PUMECHBIX KOMIOHEHTOB. TakK, TOUTH s
TIOJIOBUHBI [TPOAHAIM3UPOBAHHBIX 3€PEH COACPIKaHHE
MgO, AlLO;, TiO,, Cr,O; u MnO HaxoauTcs HIKE
npeznena oOHapyxkeHus. B apyrux oOpasmax ux KoH-
LEHTpaNusi MOXKET JOCTUraTh ACCATHIX Joied mac. %
(tabm. 1).

AHIpaTUTBl U3 MHAPOIUTOBBIX JAYHHTOB OIHO-
POZAHBI TIO paclpeeNieHHIO TIaBHBIX KOMIIOHEHTOB U
aneMeHTOB-ipuMeced (puc. 9a). Cnabasi HEOAHOPO-
HOCTB pacrhpeelieHus XapakTepHa Toibko st MgO
C TIOBBILICHHBIMHU KOHLIEHTPAIMAMHU B KPAEBBIX YaCTAX
WHIMBUIOB IpaHara. [paHaThl U3 XpOMUTHTOB 00Ja-
JIAIOT CJIOKHBIM BHYTPEHHUM CTPOEHHEM U COIepIKaT
MHOTOYHMCIICHHbIC MUKPOBKIIOUCHHSI, M3-32 YETO H3-
MepeHHe COJepKaHUsI OCHOBHBIX JIEMEHTOB METOIOM
JIA-UCII-MC no npoduisiM He MO3BOJHIO yCTaHO-

BUTh TOMOT€HHOCTh HJIM T€TEPOTr€HHOCTh CTPOCHHS.
[To pesynmpraram COM ananu3za nemManTou bl boOpoB-
CKOTO MECTOPOXJICHHS, KaK U I'paHaThl U3 APYTHX TH-
noB nopoJ HmwKHeTarnapckoro MaccuBa, OJXHOPOAHBI
o xumuueckomy coctay. Pesynsrars! JIA-UCII-MC
aHaJu3a JIEMaHTOUAOB JEMOHCTPUPYIOT Cla0ylo BHY-
TPEHHIOK 30HAJBHOCTh C TOBBIIIEHUEM COJEpPKaHUH
Mg 1 Mn B KpaeBbIX 4acTsx 3epeH (puc. 96-1).

Ha Ounapubix nuarpammax (puc. 10) rpaHats! u3
MHapoi B OYHUTax W JAeMaHTOHIbl boOpoBckoro me-
CTOPOXKACHUSI 00pa3yloT JOCTATOYHO BBIICPKaHHBIC
MOJISI COCTAaBOB. [ paHaThl M3 XPOMUTHUTOB XapaKTepH-
3yrOTCsl OoNbIINM pazopocoM cootHomenuit Mn/Ti u
Al/Mg (puc. 10).

3akonomepnocmu  pacnpedenenusi P30 6 epa-
namax. Ananu3 pacnpenenenuss P30 meronom JIA-
NCTI-MC 1o3Boaui BBISIBUTH psii KOHTPACTHBIX OCO-
OCeHHOCTEH TpaHATOB M3 Pa3JIMUHBIX HaparcHe3HCOB.
Haubonee oboramenst P33 rpaHaTel U3 XpOMHUTHTOB.
B anzppamutax u3 MUApOIUTOBBIX JYHUTOB U B JCMaH-
TOWAAX W3 arloJyHUTOBBIX METAaCOMAaTHTOB COZICpIKa-
Hue P33, B cpenHem, B 1Ba pa3a HHUKE MO CPABHEHUIO
C TpaHaTaMy U3 XpPOMUTHUTOB (Taodm. 2). CooTHOIIEHHE
Jerkux 1 Tsokessix P30 B rpanaTax 3 pasHbIX mapare-
HE3HCOB CYIIECTBEHHO OTINYaeTcs. Tak, HaMMeHbIIeH
KOHLIeHTpauuel nerkux P30 xapakrepusyroTcs rpaHa-
THI U3 MHApPOJHUTOBBIX TYHHTOB, B TO BpeMs Kak rpa-
HaThl U3 XPOMUTHUTOB 00OTAIEHBI JISTKUMHU JIaHTaHO-
naaMu. MakcumalnbHble KOHIIEHTpaluy Tskenslx P30
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Tabnuya 1
CocTaB rpaHaToB aHAPAAUT-Tpoccy IsipoBoro psina n3 HuskHerarnibckuii maccusa (Mac. %)
Table 1
Compositions of andradite-grossular garnets from the Nizhny Tagil massif (wt %)
Ne i Hepsuumbiit | o6 | ALO, | Si0, | CaO | TiO, | CrOs | MnO | FeO | Cymwa
/11 HOMEp
1 Cnexrp 1761 2.73 1.44 36.19 | 32.83 0.40 6.59 - 19.82 100.00
2 Cnexrp 1763 - 1.60 36.90 | 34.33 0.41 6.41 - 20.35 100.00
3 Cnexrp 1705 0.11 1.24 37.67 | 34.71 0.53 6.25 - 21.03 101.54
4 Cnexrp 1706 0.18 1.31 37.20 | 34.79 0.48 6.24 - 21.24 101.44
5 Criextp 1724 0.25 1.16 38.34 | 34.94 0.44 5.14 - 22.41 102.68
6 Crextp 1731 0.36 1.51 37.57 | 35.49 0.45 6.21 - 20.97 102.56
7 21 0.40 3.82 35.65 | 34.40 2.10 11.99 - 10.27 98.63
8 22 0.42 4.09 36.20 | 32.12 0.42 12.66 | 0.19 9.82 95.92
9 2 4 0.43 4.50 3592 | 34.42 243 9.30 - 11.69 98.69
10 10_5 - 3.68 37.42 | 34.63 0.52 13.61 - 10.48 100.34
11 10 6 0.39 3.94 35.78 | 34.47 1.24 11.75 - 10.81 98.38
12 12 1 0.18 3.88 36.04 | 34.13 1.09 13.09 | 0.11 10.05 98.57
13 | Cumekrp 1744 - - 37.10 | 34.89 - - - 29.04 101.03
14 | Coekrp 1745 - - 36.34 | 34.82 - - - 28.9 100.06
15 | Cunekrp 1746 - - 37.45 | 35.88 0.75 - - 28.78 102.86
16 | Cunekrp 1747 - - 37.60 | 35.70 - - - 28.84 102.14
17 | Crmektp 1748 - - 37.53 35.60 - - - 28.89 102.02
18 32 3 0.30 0.43 35.15 | 33.34 0.67 0.05 - 27.28 97.22
dopmynbHbIe KOAQ)UIMEHTHI B pacyeTe Ha 8 KaTHOHOB
1 Crextp 1761 0.33 0.14 2.92 2.84 0.02 0.42 - 1.34
2 Cnexrp 1763 - 0.15 3.01 3.00 0.03 0.41 - 1.39
3 Cnexrp 1705 0.01 0.12 3.03 2.99 0.03 0.40 - 1.42
4 Cnexrp 1706 0.02 0.12 3.00 3.00 0.03 0.40 - 1.43
5 Cnexrp 1724 0.03 0.11 3.05 2.98 0.03 0.32 - 1.49
6 Cnexrp 1731 0.04 0.14 2.98 3.02 0.03 0.39 - 1.39
7 21 0.05 0.37 2.93 3.03 0.13 0.78 - 0.71
8 22 0.05 0.41 3.06 291 0.03 0.85 0.01 0.69
9 2 4 0.05 0.43 2.94 3.02 0.15 0.60 - 0.80
10 105 - 0.35 3.03 3.01 0.03 0.87 - 0.71
11 10 6 0.05 0.38 2.94 3.04 0.08 0.76 - 0.74
12 12 1 0.02 0.38 2.97 3.01 0.07 0.85 0.01 0.69
13 | Coexrp 1744 - - 3.00 3.03 - - - 1.97
14 | Coextp 1745 - - 2.97 3.05 - - - 1.98
15 | Coexrp 1746 - - 2.98 3.06 0.04 - - 1.92
16 | Coexrp 1747 - - 3.01 3.06 - - - 1.93
17 | Coextp 1748 - - 3.01 3.06 - - - 1.94
18 323 0.04 0.04 2.95 3.00 0.04 - — 1.92

Ipumeuanue. T'paHaThl U3 THEBMATOMUTOBBIX TYHHUTOB (Ne 1-6), xpomutuToB (Ne 7—12) u poccemu p. bodpoBka
(Ne 13—18). Anamuszer Ne 7, 8, 10—12 — yBaposut. [Ipodepk — comepskaHue HIDKE Tpeena 00HapyKeHHUs.

Note. Garnets from pneumatolytic dunite (nos. 1-6), chromitites (nos. 7-12) and the placer of the Bobrovka River
(nos. 13—18). Analyses nos. 7, 8 and 10—12 — uvarovite. Dash — the content of element is below detection limit.

YCTaHOBJICHBI B TpaHaTax M3 MHAPOIUTOBBIX JYHHUTOB,
CpeIHHe — B TpaHaTax U3 XpOMHUTUTAX ¥ MUHUMaJIbHbIE
— B JIEMAaHTOMAX U3 allOlyHUTOBBIX METaCOMAaTHTOB.
I'panarbl u3 pasHeix napareHe3ucos HwuskHera-
THJIBCKOTO MAacCHBa TaK)Ke OTIIMYAIOTCA IO XapakTepy
pactpenencuus P332, Xpomconepkanuii aHapaguT 13
MHApPOJIMTOBBIX JYHUTOB XapaKTEPHU3YyeTCs IIIaBHBIMU
KPUBBIMHU pacrpeneierns P30 ¢ monoxxuTenbHbIM Ha-
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KJIOHOM W HAKOIUICHHEM TSDKENBIX JIAHTAHOWIOB (pHC.
11a). YBapoBUT M3 XPOMHUTHUTOB MAaKCHUMalbHO 000-
rameH P33 mo cpaBHEHHIO ¢ ApYTMMHU TpaHaTaMu U3
nopox HwxkHeraruiabckoro maccupa. [l criekrpa
P3D yBapoBuTa xapaktepeH cialOblii OTPHIIATEIbHBIN
HAKJIOH OT JIETKUX K TSDKEINIBIM JIAHTAHOUJIAM C SIBHOM
orpuliarenbHoil aHoManueld Nd B OOJIBIIMHCTBE aHa-
nmu3oB. CpenHee conepskanue jerkux P33 B rpanarax
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Puc. 9. IA-VCII-MC npoduiu B rpaHaTax U3 MHAPOIUTOBBIX JYHHUTOB (2) U JIEMaHTOHIAX M3 POCCHIIH p. boOpoBka

(6-T). ITonoxeHue npoduiiei mokazaHo Ha puc. 7.

Fig. 9. LA-ICP-MS profiles of garnets from miarolitic dunite (a) and demantoids from the placer of the Bobrovka River

(6-T). Position of analytical profiles is shown in Fig. 7.
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Puc. 10. 3aBUCUMOCTH COJICPIKAHUIA M OTHOIIICHUH HEKOTOPBIX 3JIEMEHTOB-TIPUMECEH B IpaHaTax U3 MUAPOJIUTOBBIX TyHH-
ToB (1), XpoMHUTHTOB (2) 1 aIOYHUTOBEIX MeTacoMaTuToB (3) HikHerarnnbckoro maccusa: a—V + Cr—-Mn/Ti; 6 — Al/Mg — Mn/
Ti.

Fig. 10. Correlation between contents and ratios of some trace elements in garnets from miarolitic dunite (1), chromitites
(2) and metasomatites after dunites (3) of the Nizhny Tagil massif: a—V + Cr — Mn/Ti; 6 — AV/Mg — Mn/Ti.

MUHEPAJIOTUSI/MINERALOGY 8(4) 2022



17 panamoedd MuHepanusayus, C6A3aHHas ¢ NO30HEMAMAMUYECKUMU U eu()pomepmanbﬂo—MemaCOMamuuecxwwu npoyeccamu 6 ()yHumax 71

Garnet mineralization associated with late magmatic and hydrothermal-metasomatic processes in dunites

(8T—T11 "sou) saunp Iojje SAILWOSLIOW Pue (()]—§ "SOU) SINIWOIYD (/—] "SOU) 9)IUNP WOIJ SJOUIRL) 2JON
(81—11 aN) SOLMIBNOOBLON XI9O0LMHATOLER U (()[—8) 0LULUNOdX ‘(/—] a\) §OLUHAY €U 191eHed | ‘anuvnhownd]y

. . . . . . . . . . . . ; . . . . 000NN DHdE
900 | L6Y L9°S 100 | ¢0°0 | 100 | 200 | TOO | ¥0°0 10°0 600 | S€0 910 | SL'T | SS0 | ¥SC | CI0 ooHrad))
600 | €9 ITL 100 | SO0 | 100 | ¥0°0 | CO0 | OI'0O | CO0O | OCO | 8I'0 8C0 | 86T | 190 | 95°¢ | LTO Ul ¢'e-LH 61
cro | LS IL°9 100 | 900 | 100 | ¥0°0 | 200 | II'0O | CO0 | ¥TO | 610 620 | €61 | 950 | 80°E | STO [eur ¢'¢-LH 81
€00 | CTY¥ 8% 100 | TO'0 | 100 | 100 | TOO | TOO 10°0 ¥0'0 | I¥°0 600 | 6¥'1 | #S°0 | CI'C | 80°0 U 'e-LH L1
200 | 80F L9V 100 | TO0 | 100 | 100 | TOO | CO0 10°0 Y00 | <¥0 600 | S¥'L | S0 | ¥O'C | LOO [eul ' ¢-LH 91
€r'o | S8°C LY'€ €00 | €00 | €00 | YOO | €00 | €00 | CTOO LOO | STO | OI'0 | S60 | 00 | LV | €10 [eu T°¢-1LH Sl
€00 | 969 06'L 100 | TO'0 | 100 | 100 | TOO | TOO 10°0 900 | 290 IT0 | S8C | 8L0 | 61'E | €10 [eu 1°¢-LH 14!
100 | LTC 144 100 | TO0 | 100 | 100 | 10O | T0OO 10°0 €00 | 8I'0 SO0 | €L°0 | €C0 | €CT'T | 600 e NELH el
100 | ¢¢L ¥0'8 100 | TO'0 | 100 | 100 | TOO | TOO 10°0 00 | IS0 el'0 | ¥9°C | 88°0 | ¥9°€ | 9T°0 I'¢-INE-LH Cl
. . . . . . . . . . . . . . . . . soxodnuIaNpude
0L0 | TO6'L IS°11 €00 | 1€0 | YO0 | 1€0 | OI'0 | 0970 Sro 880 | €20 €6'0 | 9L°1T | T80 | v6'E | OV sonrradr)
IL0 | 688 Ieel $0°0 | €20 | 900 | 860 | 900 | 6¥°0 | CCTO 0’1 120 €Sl | 6¥0 | 19T | LSS | ITT ul-W9CLH 1T
190 | 111 06'C 100 | I¥'0 | 200 | LI'O | €00 | 610 | 800 0 | LOO | OFO | IT°0 | STO | #9°0 | TT°0 | PWZ-WICTIH | Ol
910 | 800 0¢0 100 | #1°0 | 100 | 200 | 100 | 200 10°0 200 10°0 100 | 100 | 200 | ¥0°0 | TO'O | SUW[I-W[CLH 6
€T | 9'1¢C §'6¢ LO0 | L¥VO | 800 | €90 | TEO | IL'T 620 L8] £9°0 8L'T | v¥9 | ov'1 | TS'6 | LTV | lodsz-wy TiH 8
. . . . . . . . . . . . . . . . . o0MoRHLONHde
SI'C | 651 S0'9 LT'O | 00T | €10 | S80 | STO | €01 €ro ¥S°0 | CTI0 §T0 | LSO | CI'O | €L°0 | 810 ooHIad))
9T | 981 S'L 610 | LI'T | 91°0 | OI'T | CE0 | 9¢'1 LT°0 €L0 | ST'0 0 | IL0 | €10 | €8°0 | 61°0 ¢-¢-1LH L
89°C | 1971 8I'L 610 | CCTT | LTO | IT'T | #€°0 | ¥€'1 910 90 | vI'0 9C0 | 090 | CI'0 | #¥L'0 | 9T°0 ¢ ILH 9
60T | CTLT ¥T9 0C0 | CI'T | €10 | S80 | ¥20 | 660 | CI'O s0 7o ¥C0 | LSO | CI'0 | T80 | 0TO [-¢-1LH S
19T | LE'T SL'Y €ro | 9L0 | I1°0 | 190 | 810 | 9L°0 | 600 &0 | 600 120 | 80| OO | ¥9°0 | 91°0 ¢ CIlLH %
69'1 | STI 08t P10 | LL'O | 110 | 89°0 | OCO | 080 | OI0 S¥'0 | 00 IT0 | #¥7°0 | OT°0 | LSO | ¥#1°0 [-C-11H €
8CTT | LL'T 919 0C0 | 80T | ¥I'0 | 98°0 | €C0 | L60 | CI'O L¥Y'0 | 00 ¢C0 | 850 | CI'0O | 98°0 | CC0O ¢ I-1LH C
881 | SC'1 99°¢ 910 | 880 | 110 | #L'0 | 1TO | ¥6'0 | SI0 S0 | v1I°0 9C0 [ 090 | CI'0 | S90 | 61°0 [-1-1LH !
TATA1 domon _
HAIH X e HIEX ny qA wl, q OH el qL PD ny ws PN 1d D el yiannuadoy | LI/ oN
(wdd) yissew [13e], AUYZIN 3Y) JO $}OUIELS JO JUU0d T
Z219nr
(1/1) @AHIILI OIOMIIIMILLIMKU XeleHedl 9 90LHINAIrE XITHIIdWIeoNTdd aunexdaro)
Z vhnugny

MUHEPAJIOTVISI/MINERALOGY 8(4) 2022



72

Crenanos C.1O., ITanamapuyk P.C., IlInnosckux B.B. u gp.

Stepanov S.Yu., Palamarchuk R.S., Shilovskikh V.V. et al.

“\'/’

-y
AL TS

|

| | | | | | 1 | | 1 | | 1

I I Y Y Iy I O N N 2
0
La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu

La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu

Puc. 11. Xougpur-HopmanmsoBarHoe (McDonough, Sun, 1995) pacnpenenenne P33 B rpaHaTtax n3 MHapOIUTOBBIX Y-
HUTOB (1), XpoMUTHTOB (2) M anOTYHUTOBBIX MeTacoMaTnToB (3) Hinkaerarnnsckoro Maccusa. [IlyHKTHPHBIME JTMHHUSMH T10-
Ka3aHbl cpepHeapupMeTHIeckue 3HadeHust P33 u1s rpaHaToB U3 KaXk10To TapareHesnca

Fig. 11. Chondrite-normalized (McDonough, Sun, 1995) REE pattern of garnets from miarolitic dunite (1), chromitites (2)
and metasomatites after dunites (3) of the Nizhny Tagil massif. Dashed lines show the arithmetic mean REE values for garnets

from each paragenesis

13 XpOMHUTHTOB (pHcC. 11a) MouTH B TIATH pa3 BBIIIE 11O
CpPaBHEHHIO C TpaHAaTaMH W3 IYHHUTOB, XOTS CyMMa Ts-
xkenbix P33 yerymaer GonpIrie, 9eM B 4ETBIpE pasa.
Hawnbomee clnoXHBIA XapakTep pacIlpeneicHus
P332 ycranoBimeH B JAeMaHTOMIAX W3 alOAYHHUTOBBIX
MeracomMatuToB (puc. 116). DTu rpaHarsl 0OeTHEHBI
TSDKETBIMU JTaHTaHouaamu. [1o cymme nerkux P30 onn
3aHUMAIOT TPOMEKYTOUHOE MECTO MEXKIY YBAPOBUTOM
W3 XPOMUTHUTOB M aH/APAJUTOM M3 MHAPOIUTOBBIX Y-
HUTOB. Jlerkme P3D pacmpemeneHsl B 3THX rpaHarax
«Top0000pa3HOY C pe3kuM yBenudeHueMm Cey o cpaB-
HeHMIo ¢ Lay ¥ majernro coaepxanust Smy Mo cpaBHE-
Huto ¢ Ndy. B mpaBoif 9acTtu criekTp pacrpeneieHus
P32 B rpaHatax W3 amoOAYHHTOBBIX METAaCOMATHUTOB
XapakTepusyercs caabbIM OTPHUIIATeTFHBIM HAKJIOHOM,
CXOJTHBIM C TaKOBBIM B TpaHaTaX W3 XPOMHUTHUTOB.
HecMmotpst Ha oTCyTCTBHE BUAMMON 30HAJILHOCTH
y OOJNBIIMHCTBA WCCIIEIOBAHHBIX TPAHATOB, PE3YJIBTATHI
JIA-UCII-MC anamm3a 1o mpoduisiM TIOKa3bIBarOT Clla-
OyT0 CKPBITYIO 30HATBHOCTE pactpenesneHus P31 (puc. 9).

Oo6cy:xneHue pe3yJbTaToB

B pesynbrare uccnenosanuii B mopoaax Hukne-
TarmJIbCKOTO MacCHBa BBISBICHBI TPU TapareHesmca
TpaHaTOB: XPOMHCTBIA aHAPAIUT B MHAPOIUTOBBIX
JYHUTaX, MTPOMEKYTOUHBIA WIIEH psa aHIpaIuT-yBa-
POBHT B MAaCCHBHBIX JKHJIBHBIX XPOMHUTHTAX U JIeMaH-
TOWI, OMU3KHUIA TI0 COCTaBy K KOHEYHOMY aHAPAINTY,
B allOYHUTOBBIX METaCOMATHTAX.

XapaxkTep B3aUMOOTHOIIIEHUH XPOMHUCTOIO aH-
JIpauTa C CeprIeHTHHOM yKa3bIBaeT Ha TO, YTO ITOT
MHHEpan ObIT COPMUPOBAH TOPKE, UEM KPHUCTAILIHI
OJTMBWHA, CIIATalOIie MHApPOJIOBBIE TIOJOCTH B TyHH-
Tax, HO paHbIle METeNHFIaTOl CEepPIeHTHHU3AINH [Ty-
HUTOB. Hambonee BeposTHO, UTO 00pa30BaHUE XPOMU-

CTOTO aHAPAJNTa B MHAPOJIaX MPOUCXOIMIIO Ha 3aBEp-
[IafoIel CTaauy IMO3THEMarMaTHYeckoro Iporecca,
MIPUATOM TpaHAT B MHAPOIUTOBBIX MOJOCTAX KOHIICH-
TPUPOBAIT TIPAKTUIECKH BCE DIIEMEHTHI-IPUMECH, He-
KOTepEHTHBIE TI0 OTHOIIEHHIO K OJINBUHY.
[IprypodeHHOCTh yBapoBHTa K TpEIIMHAM JIe-
(hopMarii MaCCHBHBIX XPOMHTHTOB YKa3bIBAET Ha €ro
(hopMHpOBaHUE B THAPOTEPMATIHHO-METACOMATHUYECKYIO
craauto. [laparene3suc MHHEpaoOB, B KOTOPBIM BXOAMUT
YBapOBUT, TUIIMYEH IS BEICOKOTEMITEPATyPHBIX THIIPO-
TepMaTbHO-METACOMATHUECKIX TIPOIIECCOB, Hambomee
OMM3KUX K M3BECTKOBUCTHIM cKapHam (ILmrormeB u mp.,
2012). BakHO OTMETHTH, YTO B TPOXKHWIKAX HAPSIY
C KJIIMHOXJIOPOM W YBapOBHTOM TMPUCYTCTBYIOT HWANO-
MOp(QHBIE KPUCTAIUTEI MUHEPAJIOB TIATHHOBOM TPYIITIHI
(MIII"). MoXHO TPEanoiIoKNUTh, 9TO (HOPMHPOBAHUE
MIII" B maHHOM ciydae OOyCJIOBJICHO Pa3BHTHEM TH-
JpoTepMalibHO-MeTacoMaTiHdecknx mporeccos (ITym-
KapeB u ap., 2015). Ograko mpu IeTaasHOM H3YUICHUH
yCTaHOBJIEHO, 4TO MHAMBUABI MIII" — 3TO wyacTH4HBIE
WM TIOJTHBIE TICEBIOMOP(O3bI (heppOHNKEITHILIATHHEI IO
paranM Pt-Fe munepanam. 3amernenue n3ohepporniaTi-
HBI WJIM JKEJIe3UCTON TUIATHHBI TIO3THUMH MUHEpajJaMu
TpymIbl TeTpadeppOIIaTHHBI — IUPOKO TPOSBICHHBIN
MPOIIeCC B 30HAIBHBIX KIMHOMHPOKCEHUT-TYHHUTOBBIX
MaccuBax (Tolstykh et al., 2015; KoznoB u mp., 2019;
CrenanoB u jap., 2020), 0OBIMHO CBS3aHHBIN C CEPIICH-
TUHU3aued TyHuToB. TakuM oOpasoM, GpopMupoBaHHe
YBapOBUTOBOTO TIapareHe3uca CBsI3aHO C THIPOTEpMAalTh-
HO-METaCOMaTHYEeCKUM TPpeoOpa3oBaHIEM XPOMHUTHTOB
U ipucyTcTBytoumMu B HUX MIII™ u npeaiecTByer cra-
JTIF MaCCHBHOM CEpPTIICHTHHU3AINHN TyHUTOB.
JemanTonmHas MHUHEpalu3alus IMPHypoYeHa K
obmacTy HamOOINBIIEro MeTaMop(OTeHHO-METacoMa-
TUYECKOTO MpeodpazoBaHust AyHUTOB. 110 pazmuaHbIM
OIIEHKaM CTEeIeHb IMPeoOpazoBaHMs AYHUTOB B TPH-

MUHEPAJIOTUSI/MINERALOGY 8(4) 2022
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Puc. 12. TlocnenoBareabHOCTh 00pa30BaHMs PAa3HbIX MAparcHe3UCOB TpaHaTa M JPYTUX IHUPOKO PacpOCTPaHEHHBIX MHU-

HCPAJIOB B IYHUTAX HmxneTarnnbsckoro Maccuaa.

3eeH0e — OJIMBHMH U 3aMCHIA0IUEe €ro MUHEPAJIbI; KPACHOC — XPOMIIITUHEIN U 3aMCIIAI0IINE €T0 MUHECPAJIbI; OPAHIKE-

BOC — MUHECPAJIbL IJIATHHOBOM TPYIIIBL.

Fig. 12. A paragenetic sequence of formation of garnet and other abundant minerals in dunites of the Nizhny Tagil massif.
Green — minerals, which mostly replace olivine; red — minerals, which replace Cr-spinel; orange — platinum group minerals.

KOHTAKTOBBIX YaCTSX TYHUTOBBIX «SIEP» COOTBETCTBY-
eT CTeNeHW IMpeoOpa3oBaHMsl MOPOA B IK30OKOHTAKTE
Hwxnerarunsckoro maccusa (MBanos, 2015) u 6muska
K yclioBusiM am(puOonuToBoi (armu. IMEHHO B 3THX
YCIOBUSIX TPOUCXOAUT (OPMHUPOBAHHE AHTHIOPUTO-
BBIX U OpYCHT-aHTUTOPHTOBBIX METACOMAaTHTOB, YaCTO
JIOKAJIM30BaHHBIX B BUJIE MOIIHBIX MPOTSIKCHHBIX 30H
B 3amaJHOM 4YacTH AYHHTOBBIX «saep». Ckopee Bce-
ro, (hopMHpOBaHHE MAarHETUT-OPYCUT-aHTHUTOPUTOBBIX
METAaCOMAaTUTOB CBS3aHO C MO3HUMH KOJJTM3HOHHBIMH
nporneccamu (Kucun u ap., 2020). C 3aBepiiaroimumMu
CTaJIUsIMH ITHX MPOLECCOB, [TO-BUANMOMY, CBSI3aHO H
(dhopMUpoBaHHE OPHUTOBBIX KU C JICMAHTOUJIHON MHU-
Hepanuzaueit (MBanos, 1988). JlanbHelmue npouec-
CBI pETMOHAIBHOTO MeTaMopdu3Ma mpuBenu K Gopmu-
poBaHUIO Oojiee HHM3KOTEMIECPATypHBIX CEPIECHTHUHH-
TOB c mpeoOnamanueM xpuzoTwia. IIpeoOpazoBanust
ANBIIMHOTHITHBIX TUNEepOa3uToB Ypaia 3aBepliaroTcs
pa3BUTHEM aIroOJYHUTOBBIX U allOCEPIEHTHHUTOBBIX
Kop BeIBeTpuBanus (Tanosuna, Xaiine, 2016), koTopbie
B mpeaenax HuKHETaruibCcKoro MaccuBa HE pacipo-
CcTpaHeHbl. XapakTep B3aUMOOTHOIIECHHUN TIpaHara C
JpyTUMH MUHEpaJlaMH B TyHUTaX, XPOMUTHTAX H O3]~
HUX aroJyHHTOBBIX METACOMAaTUTaX MO3BOJIMI IMpE-
JIO)KUTh CXEMY OTHOCHTEIBHOTO BO3pacTa MHHEpPaJo-
oOpasoBanusi (puc. 12).

OHToreHn4YecKre HaOMIOICHUSI TONTBEPIKIAIOT-
Csl 0COOCHHOCTSIMA XMMHYECKOTO COCTaBa TPAHATOB.
Tak, B HanOoee BHICOKOTEMIICpATypHOM TapareHe3u-
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ce rpaHara (MHApOJIMTOBBIX JIyHHUTaX) MPHCYTCTBYET
BBICOKOXPOMUCTBIM aHAPaIUT, MPAaKTHUYECKU JIUILICH-
HBII TPOCCYISIPOBOTO MHHAJIA, TOTJA KaK B XPOMHUTH-
Tax pacrnpoCTpaHEeH rpaHar ¢ OOJBIIUM COJEPKAHUEM
IpOCCYJIIPOBOM KOMIIOHEHTHI. JIeMaHTOUIbI U3 alloLy-
HUTOBBIX MeTacoMaTuToB HIrKHETarniabckoro maccu-
Ba [TOJTHOCTHIO aHAJIOTHYHBI [TOJOOHBIM TPaHaTaM, pas-
BUTBIM T10 yJIBTPAOCHOBHOMY CyOCTpary, B TOM UYHUCIIE,
Y B aJIbIIMHOTHITHBIX TUriepOazurax Ypana (Andeposa,
2006; Murzin et al., 1995; Kissin et al., 2021).
I'enernyeckue NOCTPOEHUSA TOATBEPKIAOTCS
xXapaktepoM pacnpezenenus P35 B rpanarax u3 pas-
JUYHBIX MapareHe3ucoB. Ecim B kadecTBe Mojenu
paccMarpuBaTh (OPMHUPOBaHHE TpaHaTa B MHUApOIH-
TOBBIX AYHHTaX W3 MO3IHEMAarMaTHYECKUX (IIIOUIOB,
00OTalIeHHBIX HECOBMECTUMBIMH DJJIEMEHTaMH, TO
TUIaBHBIHA CIIEKTP paclpeiesieHHs] ¢ HAKOIUICHHEM Tsi-
Kenblx P30 sBisieTcss 3aKOHOMEPHBIM  PE3yIbTaTOM
Takoii 00cTaHOBKU. B TO ke Bpemsi, pacmpejeicHue
P32 B yBapoBHTE M3 XPOMHUTHUTOB XapaKTepU3yeTCs
cnabbIM TeTpaa-3hdexTom, 4To yKa3bIBaeT Ha y4acTHe
BBICOKOTEMIIEPATYPHBIX BOIHBIX (IIIOUIOB U THIPO-
TEepMaJIbHBIX PACTBOPOB MpH (HOPMUPOBAHUU DTOTO
naparenesuca (Lee et al., 1994; Tang, Liu, 2002; Cky-
608, 2005). DTa 3aKOHOMEPHOCThH MOATBEPIKIACTCS
HAKOIJICHHEM B yBapoBUTE Oojiee MOOMJIBHBIX B TH-
JpoTepMalibHBIX mporeccax jerkux P30 (CkyOnos,
2005). Haubonee sipkuii terpan-3¢hdekr xapakrepeH
Jutst pactipenenenus P39 B rpaHarax U3 arnoJyHUTOBBIX



74

Crenanos C.1O., ITanamapuyk P.C., IlInnosckux B.B. u gp.

Stepanov S.Yu., Palamarchuk R.S., Shilovskikh V.V. et al.

W3 ckapHoB

10 | | \ \ | | |

La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu

Puc. 13. Pactipenenenue cpenneapudmerrmdeckux copepskannidi P39 mo pesynsraram JIA-UCII-MC anannza B TpaHaTax
13 MHAPOIUTOBBIX AYHUTOB (1), XpoMUTHTOB (2) U armoIyHUTOBEIX MeTacoMaTuToB (3) HinKHeTarnmbcKkoro MaccuBa U IeMaH-
TOWAAX M Toma3onuTax u3 Mamnarackapa (4) (Pezzotta et al., 2011).

Jlist cpaBHEHUSI IPUBEICHBI TTOJIs COCTABOB AHIPAJINTOB 13 JKEIE30PYAHBIX CKAPHOBBIX MECTOpOXIeHNH Boctounoro Ku-
tas (Yang et al., 2020), angpamuT-rpocCcyasipoB U3 rpaHaToBBIX ampudonuToB Unemerckoro maccusa (Mensenesa, 2010) u
BAJIOBBII COCTaB MEITKO3EPHUCTHIX AyHUTOB HimkHeTarmmsckoro Maccusa (Crenanos, 2018).

Fig. 13. REE patterns based on arithmetic mean results of LA-ICP-MS analysis of garnets from miarolitic dunites (1),
chromitites (2) and metasomatites after dunites (3) of the Nizhny Tagil massif and demantoids and topazolites from Madagascar

(4) (Pezzotta et al., 2011).

The compositional fields of andradites from iron skarn deposits of East China (Yang et al., 2020), andradite-grossulars from
garnet amphibolites of the Ilmeny complex (Medvedeva, 2010), and bulk composition of fine-grained dunites of the Nizhny

Tagil massif (Stepanov, 2018) are given for comparison.

METacoMaTHuTOB, C(POPMHUPOBAHHBIX U3 THIPOTEPMAIIb-
HBIX PaCTBOPOB.

I'panarel psmga aHApagUT-TPOCCYISAP THUITUIHBI
JUTSL TIOPOJT M3 PA3HBIX TE€OJOTHYECKUX 00CTaHOBOK, U3
KOTOPBIX HamOoJiee XapaKTepHbI CKAPHOBBIE U HEKOTO-
peie MeTamopduaeckue acconuanun (Codomnes, 1964),
MIPH ATOM aHAPAIUTHI U3 PA3TMYHBIX MOPOJ OTIUYA-
FOTCS TIO COZIEPYKaHUIO0 MakpO- U MHUKPOKOMITOHEHTOB.
Jlnst rpaHaToB M3 CKAPHOB U METAaMOP(PUUECKHUX TTOPOJT
XapaKTEePHO CYIIECTBEHHOE CONEp’KaHUE TPOCCYISIPO-
BOTO MUHaJa U HU3KKe copepxkanust Cr,Os;, B oTimune
OT W3Y4YEHHBIX HAMH TpaHaToB M3 mopon Hmxnera-
THIIBCKOTO MaccuBa. CrekTpsl pacmpenencHus P30 B
rpaHarax u3 MeTaMop(UIecKUX MOPOA, HOPMHPOBAH-
HBIE K XOHJIPHUTY, XapaKTePHU3YIOTCS MOJOKHUTEITHHBIM
HAKJIOHOM C HaKOIUIeHHEM TsDKedbix P30, B ckapHax
cniektp P30y cyOropusoHTaneH ¢ MOBBINIEHHBIMU CO-
nepxkanusivu P33. Criextp P30y n3y4eHHBIX rpaHaToB
W3 MHUApOJMTOBBIX ITYHUTOB HIDKHETarninCKoro mac-
CHBa JEMOHCTPUPYET HAKOIUICHHUE TsOKENBIX P30, kak
9TO CBOWCTBEHHO METaMOP(OTEHHBIM I'paHaTaM, HO C
MeHbIIIe WHTeHCHBHOCTHIO. Crnextp P30y yBapoBu-
Ta U3 XPOMHUTHTOB MPAKTUYECKH CYOTOPU3OHTAJICH, a
JIEMaHTOH Il 00OTaIeHBI JIETKUMH P33 1 neMoHCTpH-
PYIOT 3HAYUTENbHYI0 aHOManmuio Eu , 94T0 MOXeT yka-
3p1BaTh Ha W3MeHenne Eh cpenwr (puc. 13; Cxisipos,
2001). OT™MeuaeTcs MOUTH IMOTHOE CXOACTBO pacipere-

nenus P33 B nemantongax p. booposka n Mamaracka-
pa (Pezzotta et al., 2011).

Kpome conepskanus 1 xapakrepa pacupeaeneHus
P33, B kadectBe TMIIOMOP(HBIX MPHU3HAKOB TpaHara
MOYKHO WCIOJIB30BATh COAEPIKAHNE TAaKWUX DJIEMEHTOB,
kak V, Cr, Mn u Ti. Ha cniertudnueckue yciaosust dop-
MUPOBAHUS TPAHATOB B MUAPOJIUTOBBIX TYHUTAX KOC-
BEHHO yKa3bIBae€T 000COOIEHHOE IOJIE COCTABOB ATHX
rpanaroB Ha auarpamme Al/Mg—Mn/Ti (puc 14), B To
BpEMsI KaK TOYKH COCTABOB IPAHATOB U3 XPOMHUTHUTOB H
arolyHUTOBBIX METACOMATHTOB TONAJIAIOT B OISl CO-
CTaBOB I'PaHATOB M3 JAPYIMX KOPEHHBIX MECTOPOXKIIE-
Huii nemanrouna (Y daneiickoe, Kopkoguackoe, puc.
14a). OTnenapHO pacmojaraloTcsi TOYKA COCTaBOB Tpa-
Hara W3 POJMHTUTOB BakeHOBCKOTO MECTOPOXKIICHHS
(puc. 14a) (Schwarzinger, 2019).

Ha rpaduxe V + Cr—Mn/Ti Toukn cocTaBoB rpa-
HATOB M3 Pa3IMYHBIX MapareHe3ucoB HipkHeTarwib-
CKOTO MacCHBa pPacroiararoTcsl Ha yJaJeHHUH APYT OT
npyra (puc. 146). [Ipu 3ToM IeMaHTOUIBI U3 APYTUX
mectopoxnaenuii (Y daneiickoe, Kopkommackoe, me-
cropoxnenuss Hamubum) (Schwarzinger, 2019) otnu-
YaroTCs IO COAEPIKAHUIO ITHUX AIIEMEHTOB OT BCEX W3-
YYEHHBIX HAMH TpaHaToB (puc. 140).

MUHEPAJIOTUSI/MINERALOGY 8(4) 2022



I panamosas munepanu3ayus, C6A3aHHAA C NO3OHEMAMAMUYECKUMU U 2UOPOMEPMATIbHO-MEMACOMAMUYECKUMIL npoyeccamu 8 Oyrumax 75
Garnet mineralization associated with late magmatic and hydrothermal-metasomatic processes in dunites

10'8)@ 100000 -
i
® 10000
4 s
1 . . 1000 -
A . 100 -
o N S
= ?
= 0.1 R > 10 4
< s
R 1]
oord © 1 A 4
01 R 0.1 -
*2 @5 007
e 3 6 0.01 4
0.01 0.1 1 10 100 1000 0.01 0.1 100 1000

10
Mn/Ti Mn/Ti

Puc. 14. 3aBucUMOCTb conepKaHUH M OTHOIIEHHH HEKOTOPHIX 3neMeHToB-Tipumecedd mo nanHeM JIA-MCIT-MC B rpa-
HaTax U3 MHApOJHUTOBBIX AyHUTOB (1), XpOMHUTHUTOB (2) M allOAYHUTOBBIX MeTacoMaTuToB (3) HmkHeTarmmbckoro mMaccuaa,
VYoaneiickoro (4) 1 Apyrux AEMaHTOUIHBIX MeCTOpOKACHHUI YensaOuHckon obactu (5), BKIIIOUast MeCTopoxaeHne booposka,
onHoMMeHHOH p. bodposka HiwkHerarmnbckoro maccusa (6), baxkenosckoro mectopoxaenusi (7), [TonaueBckoro u Kopkoaun-

CKOTO JIEMaHTOM/IHBIX MECTOPOXKACHHH (8), TeMaHTONHBIX MecTopoxaeHnid Hamuouu (9).

CocraBbl TpaHaTOB U3 MECTOPOXKICHUI 4—9 B3SITHI U3 JIMTEpATypHBIX aHHbIX (Schwarzinger, 2019).

Fig. 14. Correlation of LA-ICP-MS-based content and ratios of some trace elements in garnets from miarolitic dunites (1),
chromitites (2) and metasomatites after dunites (3) of the Nizhny Tagil massif; Ufaley (4) and other demantoid deposits of the
Chelyabinsk region (5) including the Bobrovka deposit, the eponymous placer of the Bobrovka River of the Nizhny Tagil massif
(6), Bazhenovskoe deposit (7), Poldnevoy and Korkodin demantoid deposits (8), demantoid deposits of Namibia (9).

The compositions of garnets 4-9 are taken from (Schwarzinger, 2019).

3akjaoueHue

B noponax HuxHeTaruabCkoro mMaccvuba rpaHar
oOHapykeH B 1) MHapOJIUTOBBIX JTyHHTaX, B KOTOPHIX
OH 00pa3yeT OT/AeIbHBIE KPUCTAILIBI B IYCTOTaX WU
3aIONTHSET IyCTOTHI IEJIMKOM, 2) TpelrHaXx B Mac-
CUBHBIX JKWJIBHBIX XPOMHUTHTaX W 3) OpycHT-aHTH-
TOPUT-MarHeTUTOBBIX METAaCOMAaTHUTaX 1O TyHHUTaM, B
KOTOPBIX T'paHaT OOBIYHO 00pa3yeT MeTaKpHCTAJLIBI.
I'panaTsl W3 pa3HBIX MapareHe3WCOB OTIMYAIOTCS IO
COJIepKaHUSIM Makpo- U MHKPOKOMITOHEHTOB. B mma-
POJMTOBBIX TYHHUTaX OOHApPYKEH BBICOKOXPOMHUCTBIN
aH/IPAJIAT ITOYTH 0€3 IPUMECH IPOCCYIIIPOBOTO KOMIIO-
HEHTA, IPU 3TOM ceKTpbl P30y xapakTepusyrorcs ciia-
OBIM TIOJIOKUATENBHBIM HaKIIOHOM. B XpoMuTuTax mpu-
CYTCTBYET TPaHAT MPOMEKYTOYHBIM COCTAaBOM MEKIY
aH/IPAJIUTOM U YBAPOBUTOM, JUUIsI KOTOPOTO XapaKTepeH
criekTp P30y co citabbIM OTpHUIIATEIBHBIM HAKJIOHOM
U HE3HAYNTEIbHBIM IPOSIBIICHHEM TeTpan-dQdekra.
B amomyHHTOBBIX MeTacOMaTHTax pacHpOCTPaHEHBI
JIEMAHTOHIBI C MHHUMAJIbHBIMU COACPKAHUAMU IIPH-
MeceH, COCTaB KOTOPBIX (hOpMaTbHO OTBEYaeT MPAKTH-
YECKM KOHEYHOMY aHApaauTy, a cnekTp P33y xapak-
TEpPHU3YyeTCsl OTPUIATEIHHBIM HAKIOHOM C CHJIBHBIM
BIUSTHAEM TeTpan-3QQekra U 3HAUNTEITHHOU TOJIOKHU-
TeapHOUM anomanueit Eu.
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YCTaHOBJIEHO, YTO aHAPAAUT M3 MUAPOIUTOBBIX
MYCTOT KPUCTAJUIM30BaJCAd Ha 3aBEPLUAIOIUX CTaIu-
SX MarMaTU4ecKoro 3Tarna, B TO BPEMsI KaK yBapOBUT B
TpELIMHAX MACCUBHBIX XPOMUTUTOB 00pa30BaJICs B TU-
JpOTEPMaJIbHO-METACOMATHUECKYIO CTaJNIO, Mpeiie-
CTBYIOILLYIO CEPIICHTUHU3ALNU TyHUTOB. OOpa3oBaHue
JE€MaHTOMIOB CBSI3aHO C HaJIOXKEHHBIMH IIPOLIECCAMU
PErHoHAIILHOTO MeTaMop(u3Ma, aHaJIOTNYHO yCIIOBU-
M (OPMUPOBAHHUS B APYTUX U3BECTHBIX MECTOPOXKIE-
HUSIX IEMAHTOUAOB B aJbIIMHOTHUIIHBIX rUnepOasnuTax.

ABTOpBI BBIpaXKAIOT NIyOOKYIO MPU3HATEIbHOCTD
peNaKuy M PELEH3CHTY, 3aMEYaHusl KOTOPOro MO3BO-
JIWIM YIIyYIIUTh TEKCT pyKomucH, a Takxke . A. Xanu-
HY 32 IPOBEACHUE AHAIUTUYECKUX PaboT.

Paboma evinonnena 3a cuem cpedcme epanmos
PH® NeNe 20-77-00073 u 22-17-00027.
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