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PEAKUE N PEAKO3EMEADLHDLIE SAEMEHTLI B KWAHUTOBDLIX PYAAX
KOALCKOIO INMOAYOCTPOBA U YPAANA

B. A. Kopotees, B. H. OropoaHukos, 1O. A. INoaeHos, A. H. CaBuues

Rare and rare-earth elements in kyanite ores of Kola peninsula

and the Urals

V. A. Koroteev, V. N. Ogorodnikov, Yu. A. Polenov, A. N. Savichev

Authors distinguish two groups of productive metamorphogenic-metasomatic rocks enriched with high-alumina minerals: stratified horizons in the stratum of
plagiogneisses of early Archean and Proterozoic ages widely spread in Karelia and the Kola peninsula (Keyv formation) — aluminous (kyanite) formation of shields
of the ancient platforms (metamorphic, Keyv type); unstratified metasomatic rocks that form the internal and external suture zones of the gneiss blocks, polyfacial
metamorphic complexes of the andalusite-sillimanite and kyanite-sillimanite thermodynamic types, formed along the uneven-aged, typically pelitic rocks, widely
manifested in the Urals — aluminous formation of folded belts (hydrothermal-metasomatic, Ural type). Comparison of the distribution of rare-earth elements in the rocks
enclosing kyanite deposits of Keyv suite and Ural deposits revealed that they have the same type of directivity, but in the rocks of the Kola peninsula, the amount of
rare-earth elements is higher. The reason is, apparently, a larger process of metamorphism and alkaline magmatism in the Kola peninsula in the Precambrian. A detailed
study of kyanite deposits allowed to determine polygenic and polychronic properties of kyanite ores, as well as to identify three natural morphogenetic ore types:
metamorphic, metamorphogenic-metasomatic and metasomatic. Comparison of the rare-earth elements shows that the metamorphogenic kyanites contain the
greatest amount of rare-earth elements, and the lowest contents are characteristic for the metasomatic kyanites from quartz veins selvages and kyanite porphyroblasts
of recrystallization zones. Deposit reserves of the metamorphogenic-metasomatic kyanites are low. In order to increase their economic importance the authors advise
to implement the industrial development of kyanite deposits containing rare and rare-earth elements at levels that allow under certain dressing technologies to carry

out their complementary profitable extraction.
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BuiaeA€HO ABe rpymribl MPOAYKTMBHLIX METAMOPOreHHO-METaCOMaTUHECKMX MOPOA,
oborateHHLIX BLICOKOTAVHO3EMUCTLIMA MUHEPAAAMM: CTPATUCOULIMPOBAHHDLIE FOPY-
30HTDLI B TOALLE MAArMOrHENCOB PaAHHEro apxest U MPOTEPO30s1, WMPOKO MPOSIBAEHHLIE
B Kapeann n Ha Koabckom noayoctpose (ceuta KeiiB) — ramHosemmuctas (KMaHutoBsast)
chopmaums WMTOB APEBHMX NAATCHOPM (METAMOPCHOTeHHDLIN, KEMBCKMIA TUM); HecTpa-
TUCMLIMPOBAHHLIE METACOMATUHYECKME MOPOADLI, CAAraiolme BHyTPEHHUE U BHelWHue
LIOBHBIE 30HLI THEMCOBLIX GAOKOB, MOAMALMAALHBIX METAMOPMUUECKMX KOMMAEK-
COB AHAAAY3UT-CUAAMMAHUTOBOTO M KMAHUT-CUAAVMAHWUTOBOTO TEPMOAMHAMUYECKUX
TUIMOB, 06PA3yIOWMXCS MO PA3HOBO3PACTHLIM, OOBLIMHO MEAUTOBLIM MOPOAAM, WWPOKO
MPOsIBAEHHLIE HA YpaAe — TAVIHO3eMMCTasl (POPMaLIMsl CKAQAYATLIX MOSICOB (rMApoTep-
MaALHO-METaCcoOMaTMHeCKMiA, ypaAbckuii Tin). CorocraBA€Hne pacripeAeAeHUs Pea-
KO3EMEeALHLIX SAEMEHTOB B MMOPOAAX, BMELAIOWMX KMAHUTOBLIE MECTOPOXKAEHMS! Keli-
BCKOVi CBUTDLI M YPAALCKMX MECTOPOXKAEHWI, MOKA3aA0, YTO OHU VIMEIOT OAHOTHUIHYIO
HarpaBA€HHOCTL, HO B Mopoaax KOALCKOro MOAyOoCTPOBa KOAMHECTBO PEAKO3EMEeAL-
HBIX SAEMEHTOB Bbilie. OBYCAOBAEHO 3TO, MO-BUAMMOMY, GOA€E MACWITAGHLIMU MPO-
Lueccamm MeTamopmama U LIEAOHHOTO MarMmartama Ha KoALCKOM MOAYOCTpOBe B AO-
KeMOpum. AeTaAbHOE U3y4eHUEe KMAHUTOBLIX MECTOPOYKAEHMI MO3BOAMAO YCTAHOBUTL
MOAUT€HHOCTL Y MOAUXPOHHOCTL KMAHUTOBDLIX PYA, & TAK)KE BLIAEAUTL TPU MPUPOAHDLIX
MopcporeHeTMHecKkMx TMrna pyA: MeTamopPOreHHLI, MeTaMoOpP(OreHHO-MeTacoma-
TUHECKUI N METACOMATUHECKUI. (DAKTOPHDLI aHAAM3 MOKA3aA, YTo HanboAaee 3HaUM-
Mble MPeobpasoBaHu sl MOPOA COMPOBOXKAAIOTCS, MPEKAE BCErO, PE3KUMM U3MEHE-
HUSIMU B MOBEAEHUUN PEAKO3IEMEALHLIX SAEMEHTOB. 1253 CPABHEHMST PEAKO3EMEALHDLIX
SAEMEHTOB BMAHO, YTO METAMOP(OreHHbIE KMAHUTLI COAEPIKAT MX HaMBOALLLIEE KOAM-
YECTBO, a4 HAMMEHbLLIME COAEPIKAHUST XAPAKTEPHDLI AASI METACOMATNYECKMX KMAHUTOB
13 3aALOAHAOB KBAPLIEBLIX JKMA M MOPEMPOOAACT KMAHWUTA 30H MEPEKPUCTAAM3ALINY.
3anacbl MECTOPOXKAEHMI METAMOP(OreHHO-METACOMATUHECKMX KMAHUTOB HEBOADL-
wye. AAsl MOBbLILEHUST UX SKOHOMUYECKOM 3HAYMMOCTMU ue/\ecooépae.uo MPOMbDILIAEH-
HO€ OCBOEHME KMAHMTOBLIX MECTOPOXKAEHMIA, COAEPIKALIMX PEAKME U PEAKO3EMEALHDIE
SAEMEHTbI B KOAUMECTBAX, MO3BOASIOLMX MPU OMPEAEAEHHDIX TEXHOAOTMSIX OBOralleHmst
OCYIECTBASIT MX MOIMYTHOE PEHTAGEALHOE M3BAEHEHME.

KAlo4€eBble CAOBA: PEAKME SAEMEHTbI; PACCESIHHLIE SAEMEHTLI; KMAHMTOBLIE PYADI;
Ypan; KoAbCKuit MOAYOCTPOB; (haKTOPHDLIVE aHAAM3; TAMHO3eMMUCTasi hopmaLimst.

IOKeMOpyieM CBSI3aHa 3HAYMTENbHAs MAacca PelKO3eMeTbHBIX

PYA B IETMATHUTAX, IIE/IOYHBIX, PEJKOMETA/IbHBIX IPAaHUTAX U

KapOOHATUTAX, COIEPIKALINX BHICOKME KOHIIEHTPALMM PEKNX U
penKoseMenbHbIX aneMeHToB (P39). B dpaHepo30iickux cKIaggaThx CTPYKTy-
pax aHaJIOrMYHbIe MECTOPOXK/IEHN Pa3MelaloTCsA B IOKeMOPHIitckux 61okax
B TECHBIX IIPOCTPAHCTBEHHBIX I TeHETUYECKMX CBA3AX C Hanbosiee IMyOMHHbI-
My CyOMaHTUITHBIMMU CYOILIeIOYHBIMY TPAHUTONIAMY U KapOoHaTHTaMM. DTH
accolMalny, KaK M3BECTHO, CTPYKTYPHO IIPUYPOYEHBI K 30HAM J/IMTEIbHO
Pa3BMBAIOIIMXCSA ITyOMHHBIX Pa3/iOMOB PYTOreHHOI IPUPOJBL, TTie LINPOKO
Pa3BUTBI MECTOPOXK/IECHNA KMaHUTOBBIX KBapLuTos [1, 2].

ITporjeccaM pernoHaabHOrO MeTaMoOp(usMa M COIYTCTBYIOLIEMY eMy
OIpefie/IecHHOMY THUITy MarMariaMa Kak pyforeHepupyomeMy GpakTopy mpu-
HaeTcs Bce Gojee 3HAUMTEIbHAs POIb B (OPMMPOBAHMU MECTOPOXKJCHUIL,
3aJIeTANINX B ITTy0OKOMeTaMOp()130BaHHBIX KOMILIEKCAX JoKeMOpus. YcTa-

M3BECTUA YPATIbCKOI0 rOCYAAPCTBEHHOIO FOPHOIO YHMBEPCUTETA

HOBJIEHME TIPUPOABI METaMOP(MOreHHbIX PYJ| 3aK/II0YAETCS B YCTAHOB/ICHUI
TeHeTNYECKNX CBA3e/ KMAaHUTOBBIX PYJ, C TEM W/IM MHBIM TUIIOM PerOHaIb-
HOTO MeTaMopu3Ma, COIYTCTBYIOIIET0 MarMaTH3Ma 1 COMPOBOXK/AIOLINX X
TUPOTEPMaIbHO-METaCOMATUYECKVX TIpeobpasoBaHmil. BbiABIeHbl mpydn-
HbI JIOKQ/TU3ALMY PYJ, B OLIPEe/IeHHBIX YaCTAX KPUCTA/UIINIECKIX TOILL, yCTa-
HOBJICHbI 3aBUCHMOCTH COCTaBa M MAacIITaboB pyJoreHesa, OKasaHa POJb
IIOBHBIX 30H, KOTOPbIE B JOKeMOpuy mpepcTas/sm co6oit 30HbI pudTUHTa
(pacTspxenys). Bo BpeMs KO/IM3MOHHBIX TPpe0Opa3oBaHMii IIOBHbIE 30HBI SB-
JIAIVCH BBICOKOOAPIYeCKIMI 30HAMM AMCTIOKALIMOHHOr0 MeTaMopdusma [2, 3].

Cpeny meTaMopuuecknx GopManuii JokeMOpysA pasBUT [JOCTATOUHO
HIMPOKMIL CIIEKTP MECTOPOK/IEHNIT ITOJIe3HBIX MCKOIAeMbIX (ITIMHO3eMUCTBIE,
MapraHieBble, >KeTe30py/iHble, 30/10TO-ypaHoBble ¥ Jp.). Ilopmasnsmomee
GO/BLUINHCTBO MeCTOPOXKIEHMIT I/IVHO3€MICTOTO ChIPbsl, CBSI3AHHBIX C IVIN-
HO3EeMICTBIMY C/TAHLJAMM OCAJJOYHOTO IeHe3}Ca, He3aBICHMO OT X BO3PacTa
(apxeit W IPOTEPO30Ii) 3a/I€raioT B IOPOAAX, METAMOP(BU30BAHHBIX B YC/IO-
Busax amubommroBoit danun. VIx mMacmTabbl 3aBUCAT OT (GOPMAIOHHOIT
IIPMHAIKHOCTI.

B Hacrosee Bpem [4, 5] BbIie/IeHO [IBe TPYIIIIBI IPOJAYKTUBHBIX MeTa-
MOP(OreHHO-MeTaCOMaTUIeCKUX MOPOJ, 06OTallleHHBIX BHICOKOITTMHO3EMU-
CTBIMY MVHEpajIaMM:

- crpaTuduLIUpOBaHHbIe TOPM3OHTHI B TOJIIE [UTATMOTHEICOB PAaHHEro
apxes ¥ HPOTePO30s, IMPOKO IposBneHHble B Kapenun u Ha Konbckom mo-
nyoctpose (cBura Keiis), - rmHosemMucras (kuaHnToBas) popManus MUTOB
ApeBHUX IWIaThopM (MeTaMOP(OreHHbII, KEIBCKIIT THII);

- HecTpaTU(ULMPOBAHHbIE MeTACOMATUYECKIUe IIOPOABI, C/Iaraiole
BHYTPEHHNE U BHEIIHNE IIOBHbIE 30HBI THEJICOBBIX 6/10KOB, TMONMyGarmab-
HBIX MeTaMOP(UUIECKNX KOMIUIEKCOB aHIATy3UT-CUIMMAHUTOBOIO U KH-
AQHUT-CUUIMAaHUTOBOTO TEPMOJVNHAMMYECKMX THUIIOB, OOPA3YIOIVUXCA IIO
Pa3HOBO3PACTHBIM, OOBIYHO HEIUTOBBIM IIOPOJAM, LINPOKO IPOsIB/ICHHbIE HA
Ypane, — rmHO3eMucTas GopMalMA CKIAYaThIX M0ACOB (TUAPOTEPMATbHO-
MeTacoOMaTUIeCKIil, ypaabCKIil TUII).

JIns GONMbIIMHCTBA  30HANBHBIX MeTaMOP(UYECKMX  KOMIIIEKCOB
Konbckoro monyocrposa, Kapemnu, Cubupu, Ypama, B KOTOPbIX KHMAaHUT-,
CUIIVIMAaHUTCOflEPKAIie TIOPOJIBI  C/IATaloT OIIpefie/ieHHbIe 30HBI MeTa-
MopdusMa 1 pa3BUBAIOTCS MO OCTAPXEIICKIM, HOCTIPOTEPO3OIICKIM e/ -
TOBBIM TOJILIIAM, 30HBI O0OOTallleHNs BBICOKOIIMHO3EMUCTBHIMM MIHEPaTaMu
[PUYPOYEHbl K IIOBHBIM 30HAM C aKTMBHBIM IIPOSIBJIEHVEM METacOMAaTO3a
U OKBaplieBaHNA ¢ oOpasoBaHMeM MeTaMOpdOreHHoOro, MeraMopQoreHHo-
MeTacoOMaTN4eCKOro ¥ METACOMATIYeCKOTO TUIIOB OPYeHeHNIs.

ITpu aHanM3e reHes3nca MeCTOPOXKJEHMUIT HEMETa/IMYECKMX MOIe3HBIX
MCKOIaeMbIX (KMaHNUTA, MYCKOBITA, TA/IbKa, KePAMIIECKOTO ChIPbsI, aHTODUII-
JIUTA, TOPHOTO XPYCTA/IA U T. JI.), MHOTYE U3 KOTOPBIX CBA3aHbI C Pa3TNYHBIMU
TUIAMV TPAaHUTOMOB, Yallle BCETO He aHANMSUPYETCs HOBeleHMe PYIHbIX,
PeKOMeTa/IbHBIX, PeKO3eMeTbHbIX, 671aTOPOIHBIX ¥ PA/IMOAKTMBHBIX 9/Ie-
MEHTOB. DTU 9/IeMEHTbI, HAXOAACh B BIJie M30MOP(HBIX MM MEXaHIIeCKIX
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Tabnuua 1. CTaTucTUYeckme napameTpbl coaepKaHUn aneMeHTOB-NpuMecei BO BMeLaroLlmx nopoaax Keis n Ypana (ppm).

KerBbl Ypan KerBbl Ypan KerBbl Ypan
OnemeHT OnemeHT OnemeHT
' c ch ' c ch c ch c ch c
Li 47,98 50,08 1,14 1,22 Zr 181,5 225,98 34,37 31,22 Gd 6,27 3,53 2,60 1,88
Be 1,76 1,51 0,67 0,57 Nb 9,86 6,75 2,10 2,27 Tb 0,68 0,31 0,43 0,31
Sc 12,54 6,78 12,01 11,03 Mo 0,54 0,49 5,53 7,40 Dy 3,58 1,46 2,65 1,95
Ti 4008,62 3076,77 1961,28 2601,05 Ag 0,54 0,32 0,02 0,02 Ho 0,65 0,25 0,55 0,42
\% 140,73 10241 104,86 83,62 Cd 0,05 0,05 0,17 0,24 Er 1,71 0,71 1,52 1,18
Cr 27555 592,38 296,27 456,47 Sn 4,32 3,14 0,64 0,58 m 0,25 0,12 0,22 0,17
Mn 666,79 525,04 413 525,82 Sb 0,28 0,33 0,52 1,05 Yb 1,72 0,91 1,36 1,09
Co 23,51 30,01 17,12 27,61 Te 0,04 0,04 0,13 0,08 Lu 0,27 0,16 0,21 0,17
Ni 132,02 29048 112,16 167,01 Cs 4,27 3,98 0,67 1,05 Hf 548 6,47 1,06 0,94
Cu 11,93 7,55 49,26 64,76 Ba 285,08 242,38 157,28 189,27 Ta 0,82 0,62 0,11 0,19
Zn 56,29 31,23 40,05 48,24 La 37,73 27,42 10,54 8,80 % 1,37 1,87 0,86 0,75
Ga 18,59 9,16 751 6,96 Ce 75,09 55,12 23,20 19,09 Tl 0,70 0,71 0,14 0,16
Ge 1,93 1,11 7,24 6,77 Pr 9,20 6,54 3,01 2,57 Pb 13,62 10,96 26,49 46,4
Rb 53,53 45,59 29,52 45,05 Nd 33,97 23,75 12,36 10,43 Bi 1,01 1,98 0,20 0,21
Sr 62,11 58,34 83,2 132,65 Sm 5,92 3,79 2,66 1,95 Th 11,94 10,60 2,71 1,45
Y 12,32 4,49 17,28 17,85 Eu 1,24 0,62 0,62 0,51 U 2,71 2,53 2,92 1,41

PucyHok 1. PacnpeneneHve cpefHux copepxaHWun ch
na / Figure 1. Distribution of the average contents of X

av

IpyMecelt B TaKMX MIHepasax, XapaKTepu3yioT re0IorM4ecKyio 006CTaHOBKY,
ABJIAIOTCA TIPOU3BOJHBIM TeX YIbTPaMeTaMOPGUUECKUX, MarMaTuyeckux,
[OCTMArMaTNYeCKUX U TUAPOTEPMA/IbHBIX IIPOL[ECCOB, KOTOPbIE OCYIIeCTBIIS-
I0TCSL OT TOKeMOPYsL 10 haHepo3ost.

K. V. Posanos u [I. A. MuHeeB [6] IpeAnonaraot, 4T0 TPaHUTH3ALNS
apXeJCKMX M MPOTEPO3OICKMX TOII COIPOBOXKIACTCS MUTPALIMENT TAXKEBIX
JIAHTAHOWMZIOB B BEPXHMe CTPYKTYPHBIe 3TaXu. B Xoe rpaHmuTHsanuu npo-
IYKTBI QHATEKCMCA OTHOCUTENBHO OOOTAIIAIOTCS JIETKMMY JIAHTAaHOMAAMM.
TsKerble JTAHTAHOMABI BBIHOCATCS IPM IIpoOLleccax yabTpameraMopdusma.
3HaunTenbHOe pasfeneHre P39 gocTuraercs mpu  Iel09HO-GTOPULFHOM
MeTacoMaTo3e, IJie TAK)Ke TAXKe/Ible TAHTAHOMABI M UTTPUIT BBIHOCATCA B
30HBI 9HIOKOHTAKTOB MHTPY3Uil. CO LIeNIOYHBIMU U CYOLIeIOYHBIMY Ipa-
HUTOMAAMM HOKeMOpMs CBsA3AHBI TUIMYHbBIE IMAPOTEPMA/IbHBIE HPOSBIIE-
HuA, GopMupylolecs B yCIOBMAX PasIMYHbIX TeMIIEPATyp ¥ JaBJICHMIL.
Crnenududeckas 0cO6@HHOCTb ITUX TUAPOTEPMATbHBIX 06pa3oBaHMIl — I10-
sIBJIEHIe B HUX B 3HAUNMTE/IbHBIX KOMMYECTBAX MUHEPATIOB PENKUX 3eMellb
(¢propkapbonarsl, Gpocdarsl, cumukopocdarst), HUOOUS, UIBMEHNTA WK
WIBMEHOPYTHU/IA, MOMUOeHNTa 1 APYruX cynbduaos. C pasBuTyeM Ienod-
HOTO MarMaTusMa M MeTacoMmaTusMa cBsisaHa reoxumus Nb (Ta), Zr (Hf) n
penxux 3emens (TR). KaxgoMy KpyIHOMY T€HOTHITY TIOPOJ, CBOVICTBEHHDI
OlIpefie/ieHHble apareHesNChbl, HeCyIye 9TU leMeHThl. VIX BXOXJeHMe B
KPUCTA/UINYEeCKNe PelleTKY U/eT Ha IPOTSDKEHNMN BCEro MarMaTudecKoro
Ipoliecca ¢ IpenMyIleCTBEHHBIM oboralienneM 6onee mosgHux ¢as v mocr-
MarMaTH4YecKux 3TamoB.
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3NeMeHTOB-NpMMeceli BO BMELLAOWMUX Nopoaax MecTopoXAeHWW kuaHuta KenB u Ypa-
of impurity elements in the host rocks of kyanite deposits of the Keyv and the Urals.

Bonbiime KeitBpr — yHI/IKaTIbHafI TIPOBMHIINMA BBICOKOITIMHO3EMMCTBIX
KPUCTa//INYeCKNX CTaHIeB fokeMbpusa Ha Kombckom momyoctpose [7-10].
Ypanbckie MeCTOPOXX/IEHNUA KMAaHUTA Pa3MEIAl0TCsA B THEIICOBBIX TOMIIIAX 10-
KeMOPUIICKOTO BO3PAcTa ¥ BeCbMa CXOXM C MECTOPOXK/ieHnAMY CBUTHI Keiis,
HO YCTYTAIOT MM 110 MacutabaM mposBieHns [5, 6].

Bmerjaronyte ITaTMOTHEVICHI KMAHUTOBBIX MecTopokaeHmit KeiB u
Ypana 6b1mm npoananusyuposansl MetogoM ICP MS na npu6ope ELAN 9000
DRC-e. CpennecTaTucTUyeCcKue 3HAa4E€HMA COMIEPIKAHUI PEIKUX, PeKo3e-
MeJIbHBIX, 67TarOPOIHbIX ¥ Pa/IMOAKTUBHBIX 97IeMEHTOB IIPUBEJIeHbI B Ta071. 1 1
Ha pyc. 1. VI3 Tabnuibl ¥ pUCYHKA BUIHO, YTO BMelaomie nopossl Konbcko-
TO IIOJlyOCTPOBA IO PAJY 3/IEMEHTOB KOMNYECTBEHHO HPEBOCXOIAT MOPOJIBI
Ypaa. TakoBbimu siBisitorest Li, Be, Ti,Rb, Zr, Nb, Sn, Ba, La, TR (Ce-rpymmsr),
HIf, Ta, Bi, Th. O6ycnoBeHo 910 60/1ee MaciITaGHbIMY IIPOLIECCAMI METAMOP-
¢usma, ynprpameramopdusma, IMPOKOTO PasBUTHA MPOIECCOB LIEIOYHOTO
MarMaTusMa 1 KapOOHATUTOB, CO3AIONINX PEKO3eMeTbHYIO CIIeIMa N3N0
IOKeMOpYs IO OTHOLIEHMIO K (haHepOo30I0.

CormocrapieHne pacrpefe/neH s peaKo3eMebHbIX 3leMEHTOB B II0POfiax,
BMEIIAIOINX KMAHNTOBBIE MECTOPOXKAEHNA KEeBCKOV CBUTHI U ypanbcm/[x Me-
CTOPOXK7IEHMIA, TTOKAa3a7I0, YTO OHM MMEIOT OHOTHUITHYIO HAIIPAB/IEHHOCTD, HO B
nopopax Konbckoro momyoctposa konmdectso P33 soime (pric. 2). O6ycmos-
JIEHO 9TO, TIO-BUMMOMY, 607Iee MacCIITaOHBIMM TIpOLieccaMyt MeTaMopdu3Ma 1
I[e/IOYHOro MarmMaTusMa Ha KonbckoM momyoctpose B JOKeMOpuiu.

AIOMOKpeMHIeBble MEeTaCOMATUTBI I/IMHO3eMUCTOI HOpMaLum JT0Ka-
JIM3YIOTCA B IIOBHBIX JJONTOKMBYIIMX 30HAX CK/Ia[iYaThIX 06/1acTel u oTyer-
JIMBO HAK/IAJBIBAIOTCA HA MeTaMOP(hOreHHble KMaHUTOBbIE PY/IBL.

KopoTees B. A. n op. Pegkue 1 pegKo3eMernbHble 31eMeHTbl B KWaHUTOBbIX pyaax Konbckoro nonyoctposa u Ypana // U3sectus
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Ta6nuua 2. PacnpegeneHue aneMeHTOB-NpUMecei B KNaHMTaxX pasfuyuHbIX MopdoreHeTuyeckux Tunoe Konbckoro nonyoctposa u Ypana (ppm).

Metacomatuyeckue
OnemeHT Meramopdi-eckue Merawmopdoreno-meracomatu-eckue OTOPOYKM KBapLIEBbIX NI MopchmpobnacTbl 30H NepekpucTannmuaawumm
X, c X, G X, G X, c

Li 39,087 56,000 7,466 21,108 6,767 10,184 3,311 2,297
Be 1,346 1,491 0,645 0,799 0,107 0,059 0,215 0,107
Na 1101,150 454,230 962,926 1276,460 981,170 983,196 387,880 193,840
Sc 6,272 5,486 3,926 5,143 1,065 1,781 0,542 0,599
Ti 4637,060 3263,830 3698,900 2499,240 1055,680 1387,940 2766,470 1997,520
\Y 127,208 92,512 123,354 112,396 232,814 228,068 154,912 51,319
Cr 89,733 71,085 49,567 78,283 9,825 6,155 277,432 234,930
Mn 400,528 371,024 37,818 108,644 6,797 4,220 12,313 7,499
Co 8,846 7,453 1,353 3,944 0,183 0,091 0,323 0,238
Ni 22,043 13,866 3,306 6,420 3,787 7,669 1,565 1,172
Cu 16,807 10,309 11,874 7,895 4,880 3,486 7,700 4,494
Zn 47,951 30,139 15,095 16,800 5,194 3,848 9,257 6,015
Ga 22,138 11,978 22,541 12,597 13,661 15,738 27,003 9,109
Ge 2,375 1,673 1,839 1,322 2,126 2,006 2,876 1,030
Rb 30,101 43,483 9,198 16,897 4,780 7,419 1,819 3,068
Sr 35,661 31,529 20,665 29,983 18,725 33,899 12,389 14,057
Y 6,506 4,973 6,071 7,018 0,615 0,959 1,013 0,637
Zr 137,392 98,359 192,284 217,559 59,936 125,661 92,188 42,014
Nb 10,885 7,079 9,764 7,866 1,139 2,309 6,787 4,749
Mo 0,337 0,296 0,767 0,710 0,141 0,171 0,295 0,272
Ag 0,533 0,321 0,421 0,358 0,127 0,129 0,243 0,134
Cd 0,029 0,018 0,023 0,052 0,002 0,002 0,017 0,023
Sn 3,043 1,569 2,933 2,534 1,367 1,592 1,267 0,860
Sh 0,277 0,237 1,275 1,200 0,226 0,208 0,976 0,559
Te 0,039 0,026 0,055 0,131 0,010 0,015 0,018 0,028
Cs 2,011 2,658 0,497 1,052 0,100 0,176 0,043 0,040
Ba 169,07 192,074 90,519 156,690 22,350 22,049 35,130 48,800
La 29,817 23,885 28,494 43,747 4,750 6,872 3,920 3,539
Ce 62,139 47,576 65,308 113,261 10,500 16,060 6,919 6,387
Pr 7,235 5,823 7,770 14,430 1,225 2,086 0,755 0,669
Nd 26,699 20,543 30,914 60,518 4,824 8,816 2,755 2,427
Sm 4,487 3,341 6,012 12,194 0,717 1,407 0,477 0,371
Eu 0,906 0,622 0,857 1,228 0,154 0,297 0,108 0,072
Gd 4,041 3,144 4,311 8,844 0,500 1,049 0,349 0,210
Tb 0,403 0,310 0,396 0,683 0,039 0,074 0,053 0,031
Dy 1,969 1,522 1,848 2,737 0,196 0,342 0,296 0,157
Ho 0,333 0,265 0,305 0,397 0,035 0,057 0,052 0,028
Er 0,868 0,703 0,780 0,929 0,091 0,144 0,135 0,071
m 0,127 0,105 0,115 0,137 0,013 0,020 0,019 0,010
Yb 0,893 0,734 0,826 1,039 0,099 0,152 0,135 0,097
Lu 0,144 0,119 0,132 0,181 0,019 0,029 0,022 0,015
Hf 3,991 2,859 5,632 6,294 1,600 3,272 2,469 1,008
Ta 0,879 0,539 1,168 1,254 0,159 0,308 0,608 0,327
W 3,430 4,837 302,200 1448,330 7,086 7,487 310,670 666,310
Tl 0,296 0,329 0,158 0,326 0,027 0,030 0,030 0,038
Pb 12,558 7,786 29,890 61,288 1,327 0,975 13,634 7,200
Bi 0,232 0,181 0,345 0,485 0,006 0,006 0,258 0,225
Th 12,439 9,238 8,592 14,170 1,300 1,901 1,858 2,018
U 3,340 1,360 4,123 3,223 0,506 0,654 1,918 0,850

O6pa305a1—me AIIOMOKPEMHMEBDIX METACOMATUTOB 06YCIIOBH€H0 XMU- TEHCUBHEll, 4YeM aKTUBHee PpacTBOp M BbIIIE€ NPOHMIIAEMOCTDb IIOPOA,. Ecrect-
YECKUM BOSHeﬁCTBmeM I/IHd)I/[JII)prIOU_leI‘OCﬂ pacTBOpa Ha TrOpHBIE IIOPOLBDI, BEHHO, [/Id Pa3BUTNA TAKNX METAaCOMATUTOB Hanboree 6HaFOHpI/I${THbI 30HBI
OHMI (bOpMMpYIOTCH B IIMPOKOM Malla30He TEMIIEPATYPbI M JaB/IEHNA TEM H~ TIOHVDKEHHBIX AVMHAMMYECKMX HArpys3oK, 4€M U OIpeAendeTcs NpuypodeH-
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KeiiBbl

Ypan

PucyHok 2. PacnpegeneHue peako3eMerbHbIX 3MIEMEHTOB, HOPMUPOBAHHbIX MO XOHAPUTY BO BMeLLaloWMX NOpPoAax MeCTOPOXAEHUN KMaHUTa KeMBCKOMN
CBUTbI U MECTOPOXAEHMUI KnaHuta Ha Ypane / Figure 2. Distribution of the rare-earth elements normalized by chondrite, in the host rocks of kyanite depos-

its of the Keyv formation and the Urals.

HOCTb UX K CTPYKTYPaM PacTAKeHMA, YYaCTKaM MOBBIIIEHHON TPeIHOBA-
TocTy U T. i. COOTBETCTBEHHO, [/l BOSHUKAIOIVX aCCOIMALIA XapaKTePHBI
MIHepasibl 6ojIee HU3KOI CTPYKTYPHOIT IZIOTHOCTM, B KOTOPBIX aTIOMUHNIT B
4eTBEPHOI KOOPAMHALMY IpeolIafiaeT HaJ| a/IIOMUHMEM B IIECTEPHOI KOOp-
AVHAIMI: CU/ITUMAHNT, AH[ATTY3UT, MYCKOBUT 1 T. Ji.

Takum 06pasoM, oOpasoBaHNe MeCTOPOXKIEHMII BBICOKOIIMHO3EMM-
CTBIX MMHEPA/IOB CBA3BIBAETCA C METAMOP(PUUYECKMMM KOMIITIEKCAMI apXeli-
CKO-TIPOTEPO3OIICKOr0 BO3pacTa ¥ MeTacCOMATHYeCKMM IpeobpasoBaHmeM
UX BO BpeMs oporeHesa. MeTaMOp()OreHHO-MeTaCOMATHYECKMUII MeXaHMU3M
06pa3oBaHMs KMAHUTOBBIX MECTOPOXK/IEHMIT CO3/IaeT OTHOCUTEIbHO CTPATH-
duIMpoBaHHbIe 3a/eXN C KPYIHBIMU 3aIlacaMy, Hanbo/bIIye 13 KOTOPBIX
cKoHIleHTpupoBanbl Ha Konbckom momyoctpose (cButa Keits), B Kapemnn,
Cubupn 1 Ha Ypae.

JletanbHoe M3y4yeHUe KMAHUTOBBIX MECTOPOXK/IEHUII MO3BOMMIO YCTa-
HOBUTD IOTMTEHHOCTD M MOMMXPOHHOCTb KMAHUTOBBIX PYJ, @ TaKXKe BbIfle-
JIUTh TPY IPUPOFHBIX MOPQOreHeTHIeCKNX THUIA PYH: MeTaMOp(OreHHbIIl,

MeTaMOP(pOreHHO-MeTACOMATIYECKMIT ¥ MeTaCOMATUYECKIIl, KOTOpble pas-
JIMYAIOTCA MUHEPATbHBIM U IPAaHyIOMETPUYECKIM COCTaBaMU U XapaKTepoM
CpacTaHuMit KMaHUTA C APYTUMHU MuHepaaamn [2, 5, 10-12].

OTH PasHOBUIHOCTU KMAHUTOB OBUIM MPOAHATM3UPOBAHBI METOLOM
ICP MS. CormacHo aHanu3y MOBefeHNsA CPEHNX 3HAYEHUI PEKIX VI PefKO-
3eMe/IbHbIX 97I€MEHTOB B Pas/MYHBIX MOP(HOreHeTHIeCKIX TUIIAX KMaHUTOB
KeitB n Ypanma (tabs. 2) ycTaHOB/IEHO, YTO HanboIee BBICOKUE COAEP>KaHMU
P3 n P33 xapakrepHsl /s MeTaMOP()OreHHbIX PyJ, a HauOOMbIINIT pa3bpoc
sHaveHnit - st P39 (puc. 3).

dakTopHBIIT aHaM3 10 IporpaMme Statistica-7 (MeTOJ I/TaBHBIX KOMIIO-
HEHT C BaPMMaKCHBIM BpallleHNeM), IPOBEeHHBII [0 BCell COBOKYITHOI BbI-
6opke knauntos Konbckoro momyocrposa (keitBckas cepust) u Ypana (ta6i.
3), mokasar, 4To Hanbosee 3HAYNMMbIIT pakTOp-1 XapakTepusyeT MeTaMopdo-
FeHHBII1 TUII KMAaHUTOB, KOTOPble 00pPa3ylTCs B IMOPOJAX HOKEMOPHIICKOro
BO3pacTa, B KOTOPBIX HIMPOKO PA3BUTHI 1[€IOYHbIE TPAHUTONBI, C KOTOPBIMI
CBA3aHA PeIKO3eMeTbHAs MIHEPaT3aIVi:

P wWwN R

PucyHok 3. PacnpegeneHue cpegHux coaepxanuil X_ aneMeHTOB-NpUMeceil B KWaHUTax pasHbix MopdoreHeTuyeckux Tunoe Keis u Ypana. 1 — metamop-
doreHHble; 2 — MeTacomaTuyeckme; 3 — OTOPOUKM KBapLEBbIX XuM; 4 — nopdupobnacTuyeckme knaHnTbl 30H nepekpuctannusauum / Figure 3. Distribution of the
average contents of X of impurity elements in kyanites of different morphogenetic types of the Keyv and the Urals.
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Tabnuua 3. PakTOopHbIE Harpysku, Xxapakrepusyrwuiue nosegeHume aneMeHTOB-NpuMecei B KWaHUTax MectopoxaeHu Konsckoro nonyocTtpoBa u Ypana

(Me'ro,q rmaBHbIX KOMMNOHEHT C BapUMaKCHbIM BpaLI.l,eHVIeM).

EARTH SCIENCES

OnemeHT dakTop 1 dakTop 2 dakTop 3 dakTop 4 dakTtop 5
Li 0,02396 *0,640632 —-0,032731 0,286093 —0,030892
Be 0,15281 **0,756701 0,291481 0,280706 0,054318
Na 0,08735 *0,591075 0,368909 —-0,237860 -0,133997
Sc 0,26547 **0,812358 0,164857 —0,094653 0,182681
Ti —-0,05374 0,131370 0,231870 *0,536645 0,456534
\ —-0,16682 —-0,056328 -0,216718 *0,502176 —-0,024014
Cr —-0,13949 —0,070399 —-0,017908 *0,528024 —-0,012386
Mn 0,07479 *0,526008 0,001499 *0,5687462 0,025950
Co 0,09391 *0,578605 0,020230 *0,594680 0,100571
Ni 0,09863 0,333805 0,004777 0,435340 0,340397
Cu 0,06318 0,375676 *0,516575 0,340655 0,220518
Zn 0,31196 *0,625978 0,143613 0,461192 0,079084
Ga -0,19276 —-0,057190 0,444563 *0,596462 —0,059911
Ge -0,15670 —-0,102358 0,028595 *0,652409 —-0,358820
Rb 0,19888 **0,868069 0,168010 0,094582 —-0,000559
Sr 0,11869 *0,676062 —-0,025605 —0365482 -0,017137
Y **0,78375 0,325397 0,453399 —-0,070731 —-0,065860
Zr 0,33093 0,082354 **0,866005 —-0,69790 -0,011831
Nb 0,00924 0,104922 **0,783678 0,372629 0,294340
Mo 0,22204 0,162322 0,313626 —-0,199406 *0,5624493
Ag 0,17414 0,287119 **0,785939 0,244989 0,095255
Cd 0,02837 0,212045 0,129233 0,338036 0,306782
Sn 0,12114 0,161616 **0,785713 0,103719 —-0,000994
Sb —-0,09371 —-0,372153 0,206611 0,127228 0,411150
Te 0,00393 0,026796 —0,045824 —0,079547 *0,688210
Cs 0,27949 **0,778608 0,190389 0,178476 0,018507
Ba 0,14296 **0,889961 0,065955 -0,059210 0,112689
La *%0,93141 0,091844 0,115094 0,017494 0,136274
Ce **0,97968 0,038975 0,068523 0,003276 0,075500
Pr **0,98673 0,026558 0,048701 —-0,003315 0,038018
Nd *%0,98655 -0,008178 0,024368 -0,006213 0,014655
Sm *%0,96156 —0,044542 0,013227 —-0,010480 —-0,023613
Eu *%0,95122 0,140475 0,089888 —-0,004491 0,082046
Gd **0,97384 0,042108 0,073467 —-0,014598 -0,067079
Tb **0,97036 0,130127 0,165935 0,005645 —-0,052020
Dy *0,91182 0,236527 0,283160 —0,006693 -0,043710
Ho **0,82129 0,338987 0,393694 —-0,030474 —-0,055223
Er **0,71305 0,415432 0,483508 —-0,048135 —-0,068517

Tm *0,61610 0,437213 *0,556715 —-0,071647 —-0,092976
Yb *0,55868 0,420592 *0,607829 —0,098044 —-0,115475
Lu *0,52997 0,415845 *0,620244 —-0,117684 —-0,130371
Hf 0,35328 0,094652 **0,864889 —0,068568 —0,039511
Ta —0,02599 —0,046945 *0,563235 0,135286 0,365160
w —-0,01825 -0,123216 0,110796 0,194395 0,117890
Tl 0,25482 **0,712405 0,458553 —-0,058884 —-0,072935
Pb 0,08376 —-0,093126 0,178886 0,293791 0,112365
Bi 0,02509 0,123489 0,101212 0,041970 **0,775716
Th **0,91523 0,252812 0,076579 0,010123 0,123703
8] *0,50803 0,016294 **0,726630 —-0,063180 0,258364

*PakTopHble Harpy3ku co 3HaveHnem 0,5-0,7 npu ypoBHe 3HaummocTu 0,05; **chakTopHble Harpysku co 3HaveHnem > 0,7 npu ypoBHe 3HavmmocTtn 0,01.

®akrop - 113,09

dakTOp-2 XapaKTepusyeT oOCTAHOBKY BHEPEHNSA IIeOYHBIX U Cy0-
IIe/IOYHBIX TPAHUTOMAOB, TermMaTnToB (Li-Be-HanpapieHHOCTN), COMPOBO-
JKJJAEMBIX IIpOIlecCaMy albOMTU3ALNY, TPE3eHN3AINY, MYCKOBUTU3ALIMM

Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Th, U

n q)OpMI/IpOBaHI/IH MeTaMOp(lJOI‘eHHO-MeTaCOMaTI/I‘{eCKI/IX KIMaHNTOB, Hpen-
CTaBJIEHHDIX paia/IbHO-TyINCTHIMI, TOHKOTIPU3MATNIECKNMI PA3HOCTAMM:

Qaxrop-2-7,9

Li, Be, Na, Sc, Mn, Co, Zn, Rb, Sr, Cs, Ba, Tl
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PucyHok 4. PacnpepeneHue peakosemMenbHbIX 3N1IEMEHTOB, HOPMUPOBaHHbIX No xoHApUTY / Figure 4. Distribution of the rare-earth elements normalized by
chondrite in kyanites of various morphogenetic types in deposits of Keyv and the Urals.

DakTOp-3 XapaKTepusyeT OOCTAHOBKY pasBUTHA TIUAPOTEPMA/IbHO-
METAacOMAaTUYEeCKMX IIPOLECCOB, COMPOBOKIAEMBIX (OPMUPOBAHIEM MeTa-
COMATUYECKVX KMAHUTOBBIX KBAapIMTOB C KMAHUTOM UIOIBYATOTO OO/IMKA,
06pasylolux paanaabHO-Ty4NCTbIe arperaTbl, OTIOKEHNEeM CyTb(puoB,
LMPKOHA, TAHTA/I0-HMOOATOB U YPAHOBOI MUHEPaIN3aLVNL:

Cu, Zr, Nb, Ag, Sn, Tm, Yb, Lu, Hf, Ta, U
Paxrop - 3 - 7,32 .

dakrTop-4 XapaKTepusyeT 30HBI IIePEOTIOKEHNA CUePODUIbHBIX d71e-
MEHTOB B 30HaX KMC/IOTHOTO BbIIe/IaYMBAHMSA, MHTEHCUBHON MYyCKOBUTH3a-
myn (yKcuTHU3anMy) U MepeKPUCTa/IM3AlNN KHAaHUTOB C 0OpasoBaHyeM
XOpOIIO OKPMCTA//IM30BAHHBIX, KPYIHONOPGUpPOOIACTOBBIX KPUCTA/IIOB
KIaHuTa C 60]'IbI_LI]/IM KO/INYEeCTBOM BKJIIOUEHUI reMaTUTa U UTOJIOK pyT]/ma,
OT KOTOPBIX O4eHb CJIO)KHO M30aBUTBCS IIPU 0OOTAIEHNMN:

Ti, V, Cr, Mn, Co, Ga, Ge

®axrop - 4 - 3,8

DakTOp-5 XapaKTepusyeT MO3JHIOI CTaANI0 0Opa3OBaHMs METaCOMa-
TUYECKOTO UTOJIbYATOrO KMAHNUTA, [IPETEPIIEBLIEr0 aKTUBHOE PaclielIeHNe C
o6pasoBaHyeM CGeponTOB ¥ KOHKPELNUIT U OCaXK/eHIeM BUCMYTa, MOING-
JleHa ¥ TeJULy pULOB:

Mo, Bi, Te
QaxTop -5—-2,64 —.

@DaxTOpHBIT aHA/MN3 [TOKa3asl, YTO Hauboee 3HAUMMBbIe IIpeoOpa3oBa-
HVA TIOPOJI, CONPOBOXK/IAIOTCSA, TIPEXK/ie BCETO, PE3KMMY M3MEHEHUAMN B T10-
BemeHun P33.

VI3 cpaBHeHMs PeKO3eMe/bHBIX 37IEMEHTOB BUJJHO, YTO MeTaMopgo-
reHHble KMAHUTHI COflepKaT Hamboblee KomudecTso P39 (puc. 4), a Han-
MeHbIINe COfEP/KaHNA XapaKTePHbI /1A MeTaCOMATHYeCKMX KMAHWUTOB U3
3a/1b6AHI0B KBAPLIEBBIX XX 1 TOPHMUPOOIACTOB KMAHNTA 30H IIePeKPUCTAI-
TIM3ATUI.

3amachl MeTacOMaTHMYeCKOTO KMaHUTa HeOosbline, 03TOMy Haubo-
Jlee 1e71eco00pasHo pa3pabarbiBaTh MeTaMOP(HOreHHO-MeTacOMaTUIeCKIe
KMaHUTbI, KOTOPbIE COIEPKAT MPUMECH B KOTMYECTBE, MO3BOJIAOLIEM IIpU
OIIpefIe/IeHHBIX TeXHONIOIMAX 00OoralleHNns JOObIBAaTh KMAHUTOBOE ChIPbe B
IPOMBIIIIEHHBIX MAaCIITa6aX, MOy THO A06bIBas PO u P39, Takoit OMBIT O-
JTydeH Ha MecTopoxkzieHnsAx Konbckoro nmomyocrposa [11]. B ma6opaTopHbix
YCIOBMAX U3 KPYNHOKOHKPEIMOHHOI pyfibl (MeTaMopdoreHHO-MeTacoMa-
Tideckuit i) Mectopoxaenns Hopas Ilyypypra, KpoMe KMaHMTOBOTO
KOHILIeHTpaTa, Mo/Iy4YeH 4epHOoBoit KoHLeHTpaT PO u P33. locturayro co-
mep>xanme cymMmbl P39 u nrtpnsa 1,62 %, pepkux anemenTos 0,37 %. Kon-

LeHTpupoBanue P33 mpomcxoguT HepaBHOMEPHO, 37IEMEHTOB IiepUeBOit
rpynmnel — B 11-13 pa3 OTHOCUTEIbHO MICXO[JHOI PYyZIbl, S7IEMEHTOB UTTPU-
eBoll rpynmnel — oT 1,5 fo 8 pas. B 13 pas yBenmmumaach U KOHIEHTpalus
Th. C Y4€TOM MUHEPATOTNYeCKUX JIAHHBIX MPEJIIONaraeTcsa, YT0 OCHOBHOM
koHLeHTpaTop P39 mepuesoit rpymmsl u Th — Monanur. Takum obpasom,
ToKa3aHa BO3MOXKHOCTb IIOTyYeHNs KOHIjeHTpaTa PO m P39 u3s pAmoBbIx
KOHKPEIIMOHHBIX KUAHUTOBBIX PYF.

Paboma evinonmena 6 pamxax Ilpoepamm ¢yHoamenmanvHoix uccnedo-
sanuil Ne 14-23-24-27 IIpesuouyma PAH u Vnmezpayuonnozo npoexkma «Pas-
sumUe MUHEPAILHO-CoIPbesoti 6azvl Poccuu...» (pyKosodumenv npoexma axa-
demux PAH B. A. Kopomees) u Ilpesuduyma YpO PAH Ne 15-11-5-17. Kpome
M020, UCCTIE008AHUSL YACMUYHO PUHAHCUPOBAUCL no 20c3adanuto PAHO no
meme 0393-2014-0022 «leoxumuueckue GaxmopoL 3aporoeHUss U 60MH0UUU
IHO02EHHDIX PYO02EHEPUPYIOULUX CUCEM CKIA04AMbIX 0071acmeil», PyKo8oOu-
menv npogpeccop B. H. Oz0podHukos.
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