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AnHoOTanus. AkmyaasHocme. B 3anasHo-Marnutoropckoit 3oHe l0xHoro Ypasa J10kaJM30BaHO MHOXKEeCTBO paHHEKaMeH-
HOYTOJIBHBIX TA66POUJHBIX U TPAHUTOUHBIX HHTPY3UH, C KOTOPBIMU CBsI3aHbI pasyinyHble TUIbI opyAeHeHus (Ti-Fe, Cu-Ni-
PGE, Au), ojgHako cBefeHuss 0 P33-MuUHepanv3aluMyd CUJIBHO OrpaHUYeHbl. [IpUKOHTAKTOBble THAPOTEPMa/bHO-
MeTacoMaTH4YeCKHe MPOoLecchl pefiKo NPUBOAAT K MPOMbILIJIEHHBIM KOHLEHTPALUAM, HO UX U3yYeHHe JaéT LieHHble CBejle-
HHS 0 3aKOHOMEPHOCTAX MOBEeJIeHUA peJIKO3eMeJIbHBIX 3/1eMeHTOB. I]es1b. MuHepasoro-reoxuMyuyeckasi XapakTepucTHKa
MeTaoCcaZ,0YHbIX NOPOJ, 3K30KOHTAKTOBOM 30HBI rab6poBOro MaccHMBa Xy/0/1a30BCKOr0 KOMIIJIEKCA, COAEPKALIUXCA B HUX
MHUHEDPAJIOB DPEJKUX 3eMeJb, ONpejiesieHHe YCI0BUH (OPMHUPOBAHUA M HCTOYHMKOB MHHEpa006pasyromux GJIIOHA0B.
Memodsl. MuHepasbl U3yyeHbl METOAAMU ONITHYECKON U CKaHUPYIOIeH 3/1IeKTPOHHOH MUKPOCKOIMH; BaJIOBbIH COCTAB I10-
pon omnpefeneH MetoAgaMu P®A u ICP-MS; ¢ noMombio MUKPOTEDPMOMETPHUHU M PaMaH-CIeKTPOCKONUU U3y4YeHbl Ta30BO-
KUAKUE QJIIOHUJHbIE BKJIIOYEHUS B KaJIbLUTE; JJI CUJIMKAaTHO-KapOOHATHBIX METACOMATUTOB OINpe/iesieH W30TONHBIN Co-
CTaB yrJyieposia U Kucjaopoza. Pezysbmamel u 861800bl. B 3K30KOHTAaKTOBOW 30He raG6pOBOro MacCcHMBa XyZ0J1a30BCKOTO
KOMILJIEKCA OCaJI0YHbIe TMOPOJblI 3UJIAUPCKONW CBUTBI HCHBITAIN THAPOTEPMaJbHO-MeTacoMaTHYeCKHe Ipeobpa3oBaHus,
posiBJIeHHbIe B GOPMHUPOBAHUU IJIOOYISPHBIX U TPAHOOIACTOBBIX CTPYKTYP, CTU/IOJHTOBBIX IIBOB, 00PAa30BaHUY MeTaKpPH-
CTaJIJIOB Pa3/IMYHBIX OPO/L006PaA3yIOMINX U aKLeCCOPHBIX MUHEPAJIOB, B TOM YHCJIe — MUHEPAJIOB PeJKUX 3eMeJsib (CUHXH-
3uT-(Ce), CaCe(CO3)2F, u P33-comepxkamuit kinuHonousut, (Ca,REE)2AI30[Si207][Si04](OH)). CorsiacHO MUKpOTEPMOMETPHHU
ra3oBO-KH/JIKHUX BKJIIOYEHUH B KaiblUTe, popMupoBaHrue P33-MHHepasoB NPOUCXOAUIIO NPU TeMIlepaTypax He Hike 150
°C. UcToyHrKaMU peAKO3eMebHbIX 3J1eMEHTOB MOTJIM ObITh KaK IIepBUYHbIE 0CaZ0YHbIE TIOPO/IbI, TaK U rab6po, 0 4éM CBU-
JleTeJIbCTBYeT POCT KOHLeHTpauui P33 M U30TONHBIN coCcTaB KMCJI0POJA U Yrjepoja B CUJIMKAaTHO-KapOOHATHBIX MeTaco-
matuTax (6§180smow =13,80...15,98 %o, 613C = -5,64...-2,18).

KmodyeBble cnoBa: H0xHbI Ypas, YeGapkyJsbckas IUIOLIQAb, 3K30KOHTAKT, P33-MuHepanusauus, cuHxusut-(Ce), P33-
cojiep>Kalliuii KJIMHOLOU3UT, Te0OXUMHUs, TUAPOoTepManbHbIi ¢utons, C-0-usotonus

BusiaroaapHocTu: ViccieioBaHue BhINONHEHO 3a cueT rpaHTa PH® (mpoekT N2 22-77-10049).

Jna putupoBaHMA: MeTacomaTo3 U P33-MuHepanusaunus ocaZ0ouHbIX NOPOJ, 3UJIAUPCKON CBUTHI B 30HE 3K30KOHTAKTA
rab6poBOro MaccuBa Xy/10J1a30BCKOT0 KoMILlekca (Yebapkyabckas miuoiaab, F0xuelil Ypan) / E.M. Muxees, U.P. Paxumos,
E.O. lllanapenko, E.W. Copoka // U3BecTuss TOMCKOTO HOJUTEXHUYECKOTO YHUBepCcHUTeTa. UHXXUHUPHUHT IeopecypCcoB. —
2025.-T.336.-Ne1.-C.123-138.DOI: 10.18799/24131830/2025/1/4584

123



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2025.V. 336. 1. P. 123-138
Mikheev E.I. et al. Metasomatism and REE mineralization of the Zilair Formation sedimentary rocks in the Khudolaz complex ...

UDC 553.23; 553.08
DOI: 10.18799/24131830,/2025,/1/4584

Metasomatism and REE mineralization of the Zilair Formation
sedimentary rocks in the Khudolaz complex gabbro massif exocontact
zone (Chebarkul area, Southern Urals)

E.I. Mikheev!¥, L.R. Rakhimov?, E.O. Shaparenko?, E.I. Soroka3

I[nstitute of Geology and Mineralogy SB RAS, Novosibirsk, Russian Federation
2 Institute of Geology, UFIC RAS, Ufa, Russian Federation
3 Institute of Geology and Geochemistry, Ural Branch of the Russian Academy of Sciences,
Ekaterinburg, Russian Federation

“mikheev@igm.nsc.ru

Abstract. Relevance. West-Magnitogorsk zone (Southern Urals) hold a lot of Early Carboniferous gabbroic and granitoid
intrusions, which associated with various mineralization types (Ti-Fe, Cu-Ni-PGE, Au), but information about REE mineraliza-
tion is scarce. Contact hydrothermal-metasomatic processes rarely form the economic REE mineral deposits, but they can
provide valuable information about the behaviors of rare earth elements. Aim. Mineralogical and geochemical characteristics
of metasedimentary rocks from exocontact zone of the Khudolaz complex gabbro massif, study of rare earth minerals, deter-
mination of the formation conditions and sources of mineralizing fluids. Methods. Minerals were studied using optical and
scanning electron microscopy; the bulk composition of the rocks was determined by XRF and ICP-MS analytical techniques;
vapor-liquid fluid inclusions in calcite were studied using microthermometry and Raman spectroscopy; the isotopic composi-
tion of carbon and oxygen was determined for metasedimentary silicate-carbonate metasomatites. Results and conclusions.
In the Khudolaz complex gabbro massif exocontact zone, the Zilair Formation sedimentary rocks undergo recrystallization
associated with hydrothermal-metasomatic processes and manifested as the formation of globular and granoblastic textures,
stylolites, the formation of metacrystals of various rock-forming and accessory minerals, including rare earth minerals
(synchisite-(Ce), CaCe(CO3)2F, and REE-rich clinozoisite, (Ca,REE)2Al30[Si207][Si04](OH)). According to microthermometry of
vapor-liquid fluid inclusions in calcite, the formation of REE-bearing minerals occurred at temperatures not lower than
150°C. The sources of rare earth elements could be both the Zilair Formation sedimentary rocks and gabbro, as evidenced by
the increase in REE concentrations and isotopic composition of oxygen and carbon in silicate-carbonate metasomatites
(8180smow =13.80...15.98 %o, §13C = -5.64...-2.18).
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BBeaeHue

B 3anagno-Maruutoropckoii 3oHe IOxHoro Ypana
pacrpocTpaHeHbl COTHH Pa3HOOOpa3HbIX 1O (opme u
BEIIECTBEHHOMY COCTaBy raOOpOWAHBIX M TPAHUTOUJI-
HBIX TeJI PaHHEKaMEHHOYTOJILHOTO BO3pacTa, C KOTO-
peiMu cBsizaHo okcunHoe Ti-Fe, cymbdumHoe Cu-Ni-
PGE u Au-opyznenenue (B TOM 4HCJ€ MIPOMBIIIIEHHBIE
MECTOPOXJICHHsI),  OJHAKO  CcBejeHUss o  P33-
MUHEpaJIu3alii BechbMa orpanudeHsl |1, 2]. Tpagumm-
OHHBIMHU SIBILSIFOTCSI MECTOPOXKACHHS PEIKO3EMEIIBHBIX
9JIEMEHTOB, CBS3aHHbIE C IIECIOYHBIMU TPAHUTOMAAMH U
kapOoHaTHTaMH [3], OJJHAKO MPOMBIIIICHHBIE KOHIICH-
Tpanmu P33 Takke oTMeuaroTcsl BO BMEIIAIOMIUX METa-

COMaTH3UPOBAHHBIX IMOPOJIAX KOHTAKTOBBIX 30H Irab0po-
TPaHUTHBIX MaccuBOB [4, 5]. YciioBUA NPUKOHTAKTOBO-
ro MeracomMaTu3sMa M meramopdus3Ma pazHOOOpa3Hbl,
9TO OTpakaeTcsl HAa TUIAX MUHEPATBHBIX acCOIHAIHN
P33 u ypoBHe ux KoHIeHTpanuii. B HacTosIel cTatbe
MpeCTaBICHbl PE3YyJIbTaThl KOMIUIEKCHOTO MHHEpao-
THYECKOTO, TEOXMMHUYECKOTO M W30TOIMHOTO HM3YYCHUS
OPOTOBHMKOBAaHHBIX M METACOMAaTH3MPOBAHHBIX TEPpPHU-
TeHHBIX, TEPPUTCHHO-KAapOOHATHBIX U KapOOHATHBIX
MOPOJT 3WJIAUPCKOM CBUTHI M3 HK30KOHTAKTOBOW 30HBI
rab0poBOIf HHTPY3UHU XyJI07a30BCKOr0 Kominiekca (Ye-
OapKyJbCKasi TUIONIAJIh), 00CYKIAITCS YCIOBUS 00pa-
30BaHUs U UCTOYHUKH P33D-MuHepanu3anum.
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MeTo/ bl CCIeJ0BAaHMS

Ilonesoe uccrnedosanue ¢ ONMICAHUEM Pa3pe30B U OT-
0opoM Tipo0 B 30HAX JHJIO- M IK30KOHTAKTa rabOpoBOi
HUHTPY3uH TipoBeAieHo B 2023 T. ¢ 1enblo AeTanu3anin
O0COOCHHOCTEH  THAPOTEPMATIBHO-METACOMATHYECKOTO
M3MCHECHUS BMETIAIOMINX OCaJOUHBIX TIOPOI.

Hlempoepaguueckue u munepanozuueckue ucciedo-
6aHUs TIPOBOJAMIMCH METOJOM ONTHYECKON MHUKPOCKO-
muu (Carl ZEISS Axio Scope.Al) u ckaHupyromei
AIIEKTPOHHOW MHUKPOCKOIHH B PEKHUME BBICOKOTO H
HU3KOTO BaKyyMa C MOJYYEHHEM DIIEKTPOHHBIX CHHUM-
KOB BO BTOPUYHBIX U OTPAKEHHBIX DJIEKTPOHAX C MPO-
CTPAHCTBEHHBIM pa3perieHueM 10 2—10 HM U UIeHTH-
¢dukanueil uccuenyeMsix a3 ¢ IPIMEHCHUEM PEHTTe-
HocreKkTpanbHbIX eTexkTopoB EDS u WDS Ha snex-
TPOHHOM CKaHupytomeM mukpockone MIRA 3 LMU
(TESCAN ORSAY Holding) ¢ cucremamu MukpoaHa-
nmu3a INCA Energy 450+/Aztec Energy XMax 50+ u
INCA Wave 500 (Oxford Instruments Nanoanalysis) B
LIKIT MHOTORIEMEHTHBIX U HU30TOITHBIX WCCIICIOBAHNN
CO PAH (r. HoBocrOHUpPCK) 1 Ha 3JICKTPOHHOM MHKPO-
ckonie Tescan Vega Compact ¢ DJIC-gerekropom
Xplorer 15 Oxford Instruments B IucTuTyTE reonorun
(UI') YOUILL PAH (r. Yoa).

CoOepoicanue nempozenHbix 21eMennog B MOpoaax
OTpENIeICHO Ha PEHTIeHO-(DII0OPECIEHTHOM CIEKTPO-
Metpe ARL-9900 XL B LIKII MU CO PAH (r. Ho-
BOCHOMPCK), TOTPEITHOCTH OIPENCNICHHsS HE MPEBBI-
marT 5 oTH. %. Konyenmpayuu npumecnvix snemeH-
1Mo OTPENICIICHbI HA MacC-CIIEKTPOMETPE C WHAYKTHB-
HO cBszaHHOM Tm1asMor 1CAP Qc (ThermoFisher
Scientific) B Kasanckom ®DexnepalibHOM YHUBEPCUTETE
(r. Kazanp) 1o MeToMKe, OMUCaHHOH B [6].

HAns  muxpomepmomempuyeckux — ucciedo8anull
(Muactutyt reosmorun u wmuHepanorun (MI'M) CO
PAH, r. HoBocuOupck) Oblia MCIOJNIb30BaHA TEPMO-
kpro-kamepa TH-MSG-600 Linkam, ¢ momormpio Ko-
TOpPO¥ MOXHO HarpeBath oOpaserr 10 600 °C co ckopo-
ctbi0 OT 0,1 10 90 °C/MUH B aBTOMaTHYECKOM PEKUME.
CrangapTHas TeMneparypHas ommnOka U3MEepeHuil co-
crapmsier +0,1 °C. B uHAMBUAYaNbHBIX (QIIFOUTHBIX
BKITIOUCHHSX B KAJBIIUTE 3aMEPSUIHCh TEMIICPATypPhI
obmield romoreHmzamu (Troy) U (QUKCHpOBANCS BUA
TOMOTEHH3AIMH — B KUJIKYIO WJIH Ta30BYIO (asy.

AHanmM3 W JIMarHOCTHKA KOMIIOHEHTOB (DJIFOMIHBIX
BKJIFOUEHUH 0e3 MX BCKpbITHA BbINoNHEHb B UTM CO
PAH metonoM paMaH-CIEKTPOCKONHMHU € MCIIOIb30BaHH-
em crierpomerpa Horiba Jobin-Yvon LabRam HR800 B
couetannu ¢ MukpockorioM Olympus BX41 [7]. B kade-
CTBC HMCTOYHMKA BO30Y)KACHHUS HCIIOJIB30BAICS TBEPIIO-
TEJIbHBIN JIa3ep ¢ JMOJHON HAKauKoOM M JUIMHON BOJIHBI
532 um (Torus, Laser Quantum). /InarHoctrka pamMaHoOB-
CKHUX CIIEKTPOB BBITOJIHEHA COTIIACHO METOTUKE [8].

H3omonnwiti cocmag yenepoda u KUCI0poOd UCCie-
JoBajcs Ha Macc-criektpomeTpe Delta Plus Advantage
B UHcTHTyTe MuHepanoran FOxHO-Y pambsckoro deme-
PAJIIBHOTO HAYYHOTO LIEHTPa MUHEPATIOTUU U T€0IKOJI0-

rur YpO PAH (r. Muacc). [1pu u3MepeHun HU30TOII-
HBIX  OTHOIICHUH  WCIOJNB30BAIHCH  CTaHAAPTHI
MATATD NBS19 u NBS18. CpenHekBaapaTudHOe
OTKJIOHEHHEe u3MepeHuil crangapra pasHo 0,3 %o,
PDB. Kaxmoe u3 npuBelieHHBIX B paboTe 3HAYCHUI
M30TOITHOTO OTHOILIEHHs SABISETCS CPEIHUM U3 Tpex
u3MepeHuil. I ucciaeloBaHUM MCIIONIb30BaICs dile-
MeHTHbIN aHanmu3atop EA Flash1112, meton — online.

Pe3yJibTaThl HCCJIEJOBaHUSA
T'eos102u4eckoe cmpoeHue paiioHa

Hccnemyemsiii 00BEKT pacmoiioxkeH BHyTpu Yebap-
KYJIbCKOH MOHOKJIMHAJIBHOW CTPYKTYpBl MEPUIUO-
HaJIBHOTO IIPOCTHpaHMs K BOCTOKY oT HOnnamieBckoi
AQHTUKIMHAM B [EHTPaJIbHOW dacTh  3amajgHo-
Marnutoropckoit 30ub1 lOxHoro Ypama (puc. 1, a).
N3ydeHHBIC MOPOABI TPUYpPOUYEHBI K KOHTAKTOBOMY
opeoly HeOOIbIIoro rabdbpoBoro Maccupa (puc. 1, 6)
XyJ10J1a30BCKOT0 Komrmiekca (329-325 muH net) [1].
MaccuB OJIMBHH-POrOBOOOMAHKOBBIX Tab0Opo mMeeT
pasmep B mnane 300200 M 1 B cpefHe yacTu mepe-
ceuéH NTalKoW POroBOOOMAHKOBBIX JIOJICPUTOB. Bme-
LIAIOIIMMHU TOPOJAAMU UHTPY3UH SBJISIIOTCA TJIMHUCTO-
KapOOHATHO-TEPPUTCHHBIC MTOPOJIbI 3UTAUPCKON CBHUTHI
BEpXHEro JieBoHa. Hamboee mpejcTaBUTENIbHBIA pa3-
pe3, OOHaXEHHBIH K CEBEPO-BOCTOKY OT HHTPY3HU
(puc. 1, 6), BBINOJIHEH PUTMUYHBIM NIE€pECTIauBaHUEM Op-
TaHOTCHHO-ACTPUTOBBIX W3BECTHSIKOB, MEPTeNeH U aeB-
POJIUTOB CO CJIOSMHM MOLIHOCTBIO 3—7 ¢M. A3UMYT Npo-
cTupanus cioéB 355°, yron naneHus Oym3ok k 90°, ma-
JICHUE BOCTOYHOE. BMmelatoniye mopoibl n3y4eHbl TakkKe
K IOTY M K CEBEpO-3alaay OT HWHTPY3WH, TJC Pa3BUTHI
QJIEBPUTUCTBIE aPTHIUIUTHL C TIPOCIIOAMH AJIEBPOJIMTOB U
TOHKO3EPHHUCTHIX TMECYAHUKOB, 4 TAKKe W3BECTHAKU. B
30HE 9K30KOHTAaKTa MAacCHBa IOPOJBI OPOTOBHKOBAHEL,
MpPaMOPH30BAHBI U JIOKAJIGHO CKapPHUPOBAHBL.

Ilempoepadus

'a6bpo MaccuBa XyI0JTa30BCKOTO KOMILICKCA Xa-
pakTepusyeTcs CpelHe3epHUCTOH OPUTOBOM, yyacTKa-
MH — HOHKIIIOO(HUTOBOM, CTPYKTypoii. I TaBHBIC MHHe-
pamsl — IUIATHOKIA3, pOoroBas OOMAaHKa, KIMHOIH-
POKCEH U OJIUBUH. AKIIECCOpPHBIE MUHEPAJIbl — XPOMMUT,
WIbMEHUT, MAarHeTUT, THUTAHUT. B Topoje MmUpoKo
MIPOSIBIICHB! BTOPHYHBIC W3MEHEHHs. OJMBHH ITOJTHO-
CTBIO 3aMeMIeH OypbIM HIIWHTCHUTOM, H PEKEe — de-
yHYaThIM arperaToM TallbKa; IUIarHOKJIa3 3amelleH
arperatoM anp0OHTa, XJOpUTa, cepurra. Porosas o0-
MaHKa W KIMHOIMUPOKCEH — Hamboiee YCTONUYMBBIC
MIEPBUYHBIC CHJIMKATHI, BTOPHYHBIC MUHEPAJBI 110 HUM
HEe PUKCUPYIOTCA.

PasznoBuaHOCTH TOpOJ, HE 3aTPOHYTHIE KOHTAKTO-
BBEIMH IPOILIECCAMH, TPEICTABICHB MUKPHTOBBIMU H3-
BECTHSIKAMH, COJIEpKallUMU (parMeHThl PaKOBHH, U
apTHUTUTaMH C TIPIMECBHIO AJIEBPUTOBOTO MaTepHaia
10 10 00. %, CII0KEHHOI'0 JIMTOKJIACTaMH, 00JOMKAMU
anbOuTa, KBapia, ouotura pasmepom a0 0,03 mMm.
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Puc. 1.

Feoepagﬁuwecxoe noJiojiceHue U 2eos0cu4eckoe cCmpoeHue paﬁor—la uccaedoeaHull:

¢ OK30KOHTaKTOBAsA 30Ha
[aB6pobas uHTpYauA

b ~ Naiika

AonepuToB

a) cwumolli ¢pazmeHm

Fig. 1.

eeoso02udeckux kapm macwmaba 1:200000 (aucmer N40-XXIII [9], N40-XXIX [10]); 6) cnymHukogblil cHumok Google
UCcned08aHHOU nao0Wadu C 8blHECEHUeM Moyek npoboomobopa; 8) 0OHAXCEHUe Mmeppuz2eHHO-KapOboHamHolu moawu
3usaupckoli ceumbl 3a npedeaamu 3K30KOHMAKmMoeol 30Hbl. JleeeHda: 1-10 - 8Y/1KAHO2EHHO-0CAOOYHbIE NOPOJbL
pasHeix ceum: 1 - 6aiimak-6ypubatickoli (D1), 2 - upeHOdvikckoli (Di1-2), 3 - kapamaavimawckot (Dz), 4 -
sapavikanogckoll (Dz), 5 - yaymayckoii (Dz-3), 6 - mykacosckotl (D3), 7 - 6yzodakckoli (D3), 8 - 3unaupckoti (D3), 9 -
6epézosckoli (C1), 10 - kusuawvckoli (Ci-2); meppuzeHHble omaoxceHus: 11 - mpuacosvle, 12 - HeozeH-yemaepmu4Hble;
cpedHedesoHCcKUe cyb8y/aKaHuYeckue obpasosaHusi: 13 - ocHosHozo cocmasa, 14 - kucaozo cocmasa; 15 -
cepneHmMuHuUmMoswLil MeaaHuc, 16 — 2unepbasumet (02), 17 — 2a66po u donepumet (C1), 18 - epaHumult (C1)

Geographical location and geological structure of the study area: a) 1:200000 scale geological map fragments (N40-
XXIII [9], N40-XXIX [10]); b) Google satellite image of the studied area with sampling points; c) the Zilair Formation
terrigenous-carbonate rocks outcrop outside the exocontact zone. Legend: 1-10 - volcano-sedimentary rocks of differ-
ent formations: 1 - Baymak-Buribay (D1), 2 - Irendyk (D1-z), 3 - Karamalytash (Dz), 4 - Yarlykapovo (Dz), 5 - Ulutau
(D2-3), 6 - Mukasovo (Ds), 7 - Bugodak (D3), 8 - Zilair (D3), 9 - Berezovskiy (C1), 10 - Kizil (C1-2); terrigenous sediments:
11 - Triassic, 12 - Neogene-Quaternary; Middle Devonian subvolcanic formations: 13 - basic rocks, 14 - acid rocks;

15 - serpentinite melange, 16 - ultrabasites (0z), 17 — gabbro and dolerites (C1), 18 - granites (C1)

OK30KOHTaKTOBasi 30HA CJI0KEHA OPOrOBHKOBaH-
HBIMU aprujUITaMu (MeTaaprujUINTaMH), CHIMKATHO-
KapOOHAaTHBIMH METACOMATHTaMHM, CKApHHUPOBAHHBIMHU
U3BECTHSAKAMH U CKapHaMu. Opo2osuxosanHvle apeu-
JUmMel XapaKTepHU3yIoTCs TIOOYIAPHBIMHE CTPYKTypaMu
(puc. 2, a). 'mobynu, pacrnonoxkeHHbIE B MOPOJE U30-
JMPOBaHHO U B CPACTaHWAX APYr € APYroM, HUMEIOT
01M3K0e K KOHIIEHTPHYECKOMY CTPOEHHE M CIIOXKEHBI
CIUIOLIHBIM arperaroM KajlhueBOr0 MOJIEBOro INMAaTa,
OKaMMIIAIONIUM  aJbOUT-XJIOPUTOBOE WM TUTAHHUT-
KIMHOLIOM3UTOBOE PO, € IOAYMHEHHBIM KOJIHYE-
CTBOM KBapia. B MeXrimoOynsipHOM IpOCTpaHCTBE
(parMeHTapHO COXPAHSACTCS PEIUKTOBBI 00J0MOU-
HBI MaTepuall, IPEeUMYLIECTBEHHO IIPEJCTaBICHHBIH
ambONTOM M CLIIEMEHTHPOBAHHBIN MOJIEBBIMH IITATAMH,
KBapLeM M XJOPUTOM. J[Is METaapruIUTOB Xapak-
TEPHO HaJIM4YM€ PAaBHOMEPHO pacIpENeICHHBIX B MaT-
pPHKCE METAKPUCTAJIJIOB XJOPHUTA, KIMHOLOU3UTA, TH-
TaHWTA, PEXe — KalbLUTA. AKIIECCOPHBbIE MUHEpAIbl

MIPEACTABICHBl alaTUTOM W IHpKoHOM. Cunuxamuo-
KapOoHamHuvle  MemacomMamumsl — XapaKTePU3YIOTCs
rpaHoOnacToBeiMi  CTpykTypamu. OnHu Ha 60-80 %
CJIOKCHBI METAKPUCTAIIAMH KaJbIIUTa Pa3sMEpoOM JI0
4-8 MM, B MIPOMEKYTKAX MEXIY KOTOPHIMH PacIioio-
JKCHBI KBapIl, allbOUT M MHUKPOUCIIYHYaTHIH arperat
XJIOPHTA, BO3MOXKHO, C IPUMECHI0 MUHEPAJIOB TPYIIIIHI
cMekTHTa (puc. 2, 6). B HEKOTOPBIX Pa3HOBHIHOCTSX
MOSIBISIFOTCS. MUKPOKPUCTAUIBI TpaHaTa W KIMHOIIH-
pokceHa. B HaOop akiieCCOpHBIX MHHEPAIIOB BXOJSAT
anatut, OapuT, (QIIFOOPHT, PYTHJ, IUPKOH, THTAHUT,
P3D-comepxammii  knuHOMOM3HUT,  CUHXH3UT-(Ce),
cynbhuapl xenesa. CKapHuposarHvle U38eCIHAKU Xa-
pakTepusyroTcs OMoMOp(HOIM CTPYKTYpOH C OcTaTKa-
MH pakoBHH pazmepoM 10 0,5 MM, ClleMeHTHPOBaHHBI-
MU MHKPOKPHCTAJUIMYECKAM I[IEMCHTOM, CIIOXKCHHBIM
KaIlbIATOM, KBaplieM, albOUTOM, XJIOPUTOM (pHC. 2, 8).
B moponmax mpHCyTCTBYIOT CTHIIONHUTOBBIC IIBBI, Map-
KHUPYIOIIHECS XJIOPUTOM C BKPAIUIEHHOCTHIO PYTHIIA,
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amatuTa, Cyinb(QUIoB keie3a. MectaMy B KaJbIIATE
OTMEUACTCs MUKPOKPUCTAJUTNUECKAass BKPAIUIEHHOCTh
KIMHOIIUPOKCEHa (pa3Mepbl KPUCTAIJIOB HE MPEBbI-
maT 15 MKM), IpuypodeHHas K TMOYTH MOHOMHHE-
PATBHBIM KaJbIUTOBBIM IIPOCIOSM B MOpoje. AKIec-
COpHasi MUHEpaln3alusi 0MOMOP(HBIX U3BECTHIKOB BO
MHOTOM aHAJIOTMYHA CWJIMKATHO-KapOOHATHBIM MeTa-
COMAaTUTaM H TIPEACTaBICHA pYTWIOM, AaIllaTHTOM,
¢mooputom, cuaxuszutoM-(Ce). Cxkaprbl UMEIOT TOp-
(upoOIACTOBYIO CTPYKTYPY C TOHKO3EPHHCTBHIM Kallb-
IUTOBBIM MaTpukcoM (80—90 06. %), BKparuieHHUKaMu
rpaHaTta W JaTOJHTA; aKIIECCOPUH MPEICTABICHBI KIIH-
HONIMUPOKCEHOM, XJIOPUTOM U KBapueM (puc. 2, 2). Ilo-
POIIbI BCEX MPECTABICHHBIX T'PYIIT CEKYTCS MOHOMH-
HEpAIbHBIMH KaJbIUTOBBIMH TIPOKWIKAMH MOIITHO-
CTBIO 10 1 MM.

MuHepa/mzuﬂ nopod 3K30KOHIMAKMoa8oli 30Hbl
Kaﬂbuum B CKapHHPOBAHHBIX U3BCCTHAKAX Claract
CKCJICTHBIC OCTATKU OPraHM3MOB W MHUKPOKPUCTAJIIIN-

& .
g \ :
-~ chl,¥fab+qz

geckuit (<100 MKM) BMecCTe C KBapieM H albOHUTOM
HeMeHT. B ckapHax OH mpeacTaBlieH CyOM30METpUY-
HBIMH 3epHaMu MaTpukca pazmepom 100-300 MkmM.
B CI/IHI/IK&THHO—Kap6OHaTH])IX METaCcoMaTuTax, U PCKe
B METaapruwuiUTax, OH 00pa3yeT KpYIHBIC KCEHO-
MOp(HbIE METAaKPUCTAIIIBI pasMepoM J0 4—8 mm. Tak-
KC€ KaJIbIUT BBIINOJIHACT MOHOMHWHEPAJIBHBIC ITPOKUII-
KH, CEKyIIHe pa3HbIe TOpoIsl. OOBIMHBIMU TPUMECIMHU
B Kaibmute sBistores SiO; (0,13-0,77 mac. %), FeO
(0,19-1,57 mac. %), MnO (0,17-1,59 mac. %), MgO
(0,13-0,35 mac. %).

Anebum 1 Kéapy BCTPEUAIOTCS BO BCEX MOPOAAX K-
30KkOHTaKTa. OHH ClIararoT JCTPUTOBBIC 3€PHA B Me-
TaaprujimTax U ayTUIrCHHBIC KCGHOMOp(I)HI)Ie BbIICIIC-
HHS B MaTPUKCE BCEX THUIIOB MOpoj. Kanueswviti noje-
601l winam BCTPEUCH TOJIBKO B METAAPTWILIATAX B BHIC
MHUKPOKPUCTATUTUUECKIX KCEHOMOP(HBIX 3ePEH, B TOM
YHCJIC — BTOPUYHBIX I10 aHI)6I/ITy.

Cmpykmypbl Memaocado4Hblx nopod 30HbI 3IK30KOHMAKMa: a) coyemauue KAACMOMOPPHOU U 2406yAspHOL
CmMpyKmyp 8 0po208UKOBAHHOM apauaaume (Memaapauaiume); 6) Memakpucmasl Kaabyuma u 2paHo6aacmosas
cmpykmypa Keapy-CUAUKamHoll yacmu 6 CUAUKAMHO-KApOOHAMHOM Memacomamume ¢ MOHOMUHEPANbHbIM
Ka/byUumoablM NpoNHCUAKOM; 8) CMUN0AUM 8 CKAPHUPOBAHHOM OGUOMOPEPHOM u3secmHsKe; 2) nopdupobaacmosas
cmpykmypa ckapHa. Caeea usobpadceHus 6e3 aHaauzamopa, cnpasd - ¢ aHa1u3amopom. ab — aavbum, cal - kaavyum,
cal; - Memakpucmananwl kaabyuma, calz — kaavyum uz npoxcuska, chl - xaopum, chl; - mornkoducnepcHbliii X10pum u3
mampukca, chlz - mabaumuyamele mMemakpucmaniel xjaopuma, czo - P33-codepxcawuii kauHoyousum, dat -
damoaum, grt - zpaHam, Kfs - kaaueswill nosesoli wnam, py - nupum, qz - keapy, rt - pymuu, ttn — mumaHum
Textures of the exocontact zone metasedimentary rocks: a) globular texture in metaargillite with detrital grains;
b) calcite metacrystals and granoblastic texture of the quartz-silicate part in silicate-carbonate metasomatite with a
monomineral calcite veinlet; c) stylolite in skarnized biomicritic limestone; d) porphyroblastic skarn. PPL images are in
the left, XPL images are in the right. ab - albite, cal - calcite, cals - calcite metacrystals, calz - calcite from the veinlet,
chl - chlorite, chli - finely dispersed chlorite from the matrix, chlz - tabular chlorite metacrystals, czo — REE-rich clino-
zoisite, dat - datolite, grt - garnet, kfs - potassium feldspar, py - pyrite, qz - quartz, rt - rutile, ttn - titanite

Fig. 2.
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Puc. 3. Cocmas u oyeHka memnepamypbl Kpucmaaausayuu X/JA0pumoe u3 nopood 3k30KoHmakma: a) kaaccuguxkayus Mg-
Al+Y-Fe (¢.e.) no [11]; 6) duazpamma R?+-Si (¢.e.) [12] ¢ usomepmamu [13]. 1-3 - memaapaussumvi: 1, 2 - 06p. kz3-
78: 1 - mampukc, 2 - Memakpucmannvl, 3 - 06p. kz3-82, mampuxkc; 4, 5 - cunukamHo-kap6oHamHbvle Memacomamuimel,
Mmampukc: 4 — 06p. kz3-80a, 5 — 06p. kz3-81; 6, 7 — ckapHUpoBaHHbIU U38eCMHSK, 00p. k23-84: 6 — mampukc, 7 -

cmus0aum
Fig. 3.

Composition and crystallization temperatures of chlorites from the exocontact zone rocks: a) Mg-Al+ Y-Fe (apfu) classi-

fication diagram [11]; b) R2+-Si diagram (apfu) [12] with isotherms [13]. 1-3 — metaarygillites: 1, 2 - sample kz3-78: 1 -
matrix, 2 - metacrystals, 3 - sample kz3-82, matrix; 4, 5 - silicate-carbonate metasomatites, matrix: 4 - sample kz3-80a,
5 - sample k23-81; 6, 7 - skarnized limestone, sample k23-84: 6 - matrix, 7 - stylolite

Xnopum SIBISETCSL TIABHBIM TIOPOJO0OPA3YIONIHM
MEITAHOKPAaTOBBIM MHHEPAJIOM BceX THIOB mopon. OH
o0pa3yeT TOHKOIWCIEPCHBIC arperatbl YeNIyHuaThix
3epeH, paBHOMEPHO paclpe/ielieHHble B MaTPHKCE Opo-
TOBHKOBAHHBIX apIHJUIATOB M CHIIMKATHO-KapOOHATHBIX
opoz, 00pa3yeT CTSHKEHHsI B ICHTPAIBHBIX YaCTIX
rio0yIel, a Takke — OTIeNbHBIe 0ojiee KpyIHbIe Ta0-
JINTYATBIC MCTAaKpUCTAJJIBI B METaaprujijinTax. BCTpe-
9aeTcsi B CKapHUPOBAaHHBIX HM3BECTHIKAX B COCTaBE
MaTpuKCa U CTWUJIOJUTOBBLIX IIBOB, U PEAKO — B Kade-
CTBE BTOPHYHOTO MHHEpaJIa 10 KIMHOMHPOKCEHY U rpa-
HaTy B CKapHaX. B o0ImIeM XJOpUTHI XapaKTepH3YIOTCS
Hmskoil kenesucrocteio  (Fe?/(Fe +Mg)=0,31-0,51),
npeodaganueM AIYY mag AI™), Bricokim colepxa-
HueM Si=6,18-7,16 GhopMynbHBIX eIWHHUIL (Hajiee —
¢.e.). Ilo ynpomenno# kinaccudukaryu [11] XI0pHUTHI
OTHOCSTCS K MAarHe3HalbHOMY THITY (KIMHOXJIOPY)
(puc. 3, a). [1o oneHke ¢ MOMOMIBIO rpauIecKoro reo-
TepMOMETpa ISl HH3KOTEMIICPATYPHBIX XJIOPHUTOB
(T<350 °C, P<4 xbap) [14] aguamazoH Temmeparyp
(dbopMUpOBaHUS Pa3HBIX ONHMCAHHBIX TCHEPAIMH XJIO-
puta cocraBusier 70—130 °C (puc. 3, 6). Haubonee
HU3KUE TeMIePaTypbl XapaKTEePHBI IS arperaToB XJIo-
puta u3 Matpukca nopox (70-90 °C), Gonee BbICOKHE —
JuIs Xjopura, cnararomero cruionutsl (100-110 °C),
U CaMbIC BBICOKHE — JUISI METAaKPHCTAJUIOB XJIOPHUTA H3
OpPOTOBHKOBAaHHBIX apruiiiuToB (~125 °C).

Knunonupokcen BCTpedeH BO BCEX THIAX MOPOL.
B cmimkaTHO-KapOOHATHBIX METaCOMATHTaX M CKapHU-
POBaHHBIX M3BECTHSKAX OH MPOSIBJICH B BUJIE HIHOMOP)-
HBIX ¥ CyOMINOMOP(HBIX MPU3MATHUCCKUX MUKPOBKIIIO-
yeHndt (o 15 MKM) ¥ WX IDIMPOB B KalbLUTE. AHAIO-
THYHYIO ()OpPMY BBIACICHUS OH MMEET M B CKapHaX, HO
MOMMMO KaJIbLIUTA BKIIOYEHUS! 3[€Ch PACIPOCTPAHEHBI
TaKKe B KBapIie U parointe. B metaaprimmmrax gopmu-
pyeT KCEHOMOP(HBIE METAKPHCTAIUIBI, MHOTIA IOJHO-
CTBIO WJIM YaCTHMYHO 3aMelasch aktuHonutoM. [lo co-
CTaBy KJIMHOIIMPOKCEH OTBEUACT WICHAM TBEPAOTO pac-
TBOpa  JHONCHA-TeNeHOEepruT:  Wos; 55Enjg 30Fsg 2.
B nanbonee kpymHbeIx Kpuctamiax u3 ckapHoB B BSE
M300pakeHUsIX (PUKCHPYETCsl 30HAJIBHOCTD, CBSI3aHHAS C
BapHaIMsIMU CONCPKaHUN JKele3a W MarHus — Jmoo ¢
POCTOM cofepKaHMs jKele3a OT LEeHTpa K Kparo, Juoo
He3aKOHOMepHas.  XapakTepHel — mpuMecn  Na,O
(0,49-0,66 mac. %), ALOs (0,57-3,42 mac. %), MnO
(0,21-3,20 mac. %), TiO, (0,2-0,47 mac. %).

I'panam w3 cUMKaTHO-KApOOHATHBIX MTOPOJI, BMECTE
C KJIMHOIMPOKCEHOM, 00pa3yeT KCEHOMOpP(HBIE MUK-
POBKITIOYCHUS] B KaJbLIUTE M 3aMEIIACTCS JTHM JKe
KaJIBIUTOM M MHKPOYCIIYHYATEIMU arperataMy XJIOPH-
Ta ¥ WUMTa. B ckapHax rpaHaT NpelCcTaBJIeH B OTIENb-
HBIX TIPOCIOSX WAMOMOPQGHBIME CyOM30METPUYHBIMHU
WIA YaCTHYHO pPe30pOMpOBaHHBIMHU MOphUpodIacTaMu
paszmepoM 110 500 MKM, a B 1I€JIOM IO MOPOjE — KCEHO-

128



HW3BecTuss TOMCKOI0 NOJUTEXHUYECKOT0 YHUBepcUTeTa. MHXUHUPHUHT reopecypcoB. 2025. T. 336. Ne 1. C. 123-138
MuxeeB E.U. u ap. MeTacomaTo3 1 P33-MuHepanu3anys 0caJl0YHbIX OPOJ, 3UJIaUPCKON CBUTHI B 30HE 9K30KOHTAKTA ...

MopdHBIME 3epHaAMHU. B 3THX mopomax oH 3amermaercs
accolMaryedl KaubluTa, JATOJHWTa W KBapla, Pexe —
xyopuroM. IlpeobnasaromuyMu MHHAJIAaMH B COCTaBe
IpaHaToOB SIBJIAIOTCS Tpoccysip u aHmpamut: Grsog
s6Adrg |g — B CHIIMKaTHO-KapOOHATHBIX METACOMATUTAX
u Grsyp 76Adrg 53 — B ckapHax. CymMMa NupajibCIIUTOBO-
ro KoMmIoHeHTa He mnpesbimaer 8,2 %. XapakrtepHa
npumechk Ti0;: 0,23—1,55 mac. %.

Jamonum dhopMupyeT CyOM30METPUIHBIC M BBHITS-
HYTBIE TOP(HUPOOIACTHI Pa3MepPOM 0 2 MM B CKapHax.

@nroopum cnaraeT KCeHOMOp(HbIE MUKPOBKIIFOUE-
HUs (mo 10 MKM) B KaJblUTE W3 CHIUKATHO-
KapOOHATHBIX MOPOJ U CKAPHUPOBAHHBIX U3BECTHSKOB.

Pymun B cuauKaTHO-KapOOHATHBIX IOPOAAX W
CKapHHPOBAaHHBIX M3BECTHSIKaX (OPMHUpPYeET, Kak Ipa-
BUJIO, UIMOMOP(HBIE MUKPOKpHUCTAIBL (10 20 MKM),
JIOKANU3ysiCh B KBapl-CWIIMKATHOW YacTH MOPOJ,
4acTo — Ha TPAHUIIE C 3epHAMH KaJbIIUTa, JTH0O0 B CTH-
nmonuTtax. Peqko BcTpewaeTcs B METaapriUIATax B Ka-
YecTBE BTOPUYHOW BBICOKOTUTAHUCTOU (pa3bl IO MeETa-
KpHUCTaJUIaM TUTAHUTA.

P33-codepicaujue akyeccopHsle MUHepaabl
Cumnxusum-(Ce) ~ oOHapykeH B  CHJIHMKaTHO-
KapOOHATHBIX TMOPOAAX M CKApHUPOBAHHBIX W3BECTHS-
Kax. MuHepasn o0pa3yeT pO3CTKOBHIHBIC CPacTaHUS
UIUOMOP(HBIX TAOIUTUATHIX METAKPUCTAIIOB pPa3Me-
poMm 5-10 MkM (puc. 4, a, 6), pacrioOKESHHBIE B KBapIIe,

TLONTE, KaJbIUTE WIM Ha WX TpaHUIaX. XUMHUYCCKUH
coctaB ommuaerca npeobnaganueM Ce,Os (19,26—
22,83 mac. %; Tabn. 1) u La,O5 (15,52-18,28 mac. %),
MeHee pacnpoctpaneHbl Nd,O3; (4,53-7,94 mac. %) u
Pr,0; (1,12-2,92 mac. %). B HekoTOpBIX 3epHAX MpH-
cyrcrByet npumechk ThO; (0,93-4,73 mac. %). Counep-
skanue CaO wmensiercst B npenenax 15,98—16,97 mac.
%, F —5,19-5,93 mac. %. 3apuKcrpOBaHHBIC TOCTOSH-
Hele mpuMecu SiO, n Al,Oz; MoOryT oTpaxkaTh 3axBaT
9THUX JIEMEHTOB M3 MATPHUIIBL.

P3D-codeparcawuii kaunoyouzum BCTPEUACTCS TIpe-
HMMYIIECTBEHHO B OPOTOBHKOBAaHHBIX AaprJUIUTaX, HO
OOHapy»KCH U B CHJIMKATHO-KapOOHATHBIX METaCOMATH-
tax. OH QopmupyeT unuoMophHBIE U CyouanoMopd-
HBIC METaKPUCTAIUTEI C HEOJHOPOAHBIM CTPOCHHUEM, CBSI-
3aHHBIM C BapHAIMAMH KOHLCHTpPAIUH pEeIKo3eMelb-
HBIX DIIEMEHTOB, U UX cpactanus (puc. 4, 6, ¢). B me-
TAaapTWIIATAX YacTo HaOIIoJaeTCs 3aKOHOMEpHas 30-
HaAIBHOCTh C YMEHBIICHUEM cofepkanus P33 or nen-
Tpa K nepudepun kpucramwia. CyMMapHOe colepx aHue
P33 00b1uHO (KpoMe OJHOTO 3a(hMKCHPOBAHHOTO CITy-
gast) He npessimaet 0,5 GopMyIbHBIX enuHuI (Tadi. 2),
410 (hOpMAaNBHO OTIMYAET €ro OT aJUIaHUTa. Paccunran-
HOE 110 GamaHcy 3apsyioB cozxepkanue Fe’  He mpeBsI-
maet 0,44 ¢.e. [TaBHBIMU peIKO3EMETbHBIMU DJIEMEH-
tamu siisirorest CeyO5 (0,67-9,04 mac. %; tabdn. 2),
La,0O3 (o 4,93 mac. %) u Nd,O; (10 3,18 mac. %).

Ta6auya 1. Xumuueckuil cocmas (mac. %) u kpucmananoxumuueckue gopmynast (¢.e.) cunxusuma-(Ce) u3 cuaukamuo-

Kap6OHamelX memacomamumos

Table 1. Chemical analyses (wt %) and crystal chemical formulas (apfu) of synchysite-(Ce) from silicate-carbonate metasomatites
JnemenT/Element k23-80a ds-16
Si02 3,49 2,48 511 5,48 1,56 4,58 4,39 1,29
Alz0s3 0,36 0,87 1,8 0,36 0,34 0,32 0,28 -
FeO - 1,24 0,76 - - - - 0,58
Ca0 16,3 16,4 16,0 16,5 16,7 16,8 16,3 16,5
Naz0 - - 0,97 - - - - -
Ce203 20,2 19,8 19,3 21,2 22,1 22,8 21,1 21,6
Laz03 15,5 17,4 16,7 16,6 17,6 17,4 18,3 15,2
Pr203 1,92 1,58 1,12 1,69 2 2,04 1,85 2,92
Nd20s 6,25 5,37 4,53 5,88 6,74 6,49 5,25 7,94
Sm>03 - - - - - - - 0,85
ThO2 4,73 1,01 1,66 0,93 - - 1,04 1,14
F 5,89 5,19 5,29 5,87 5,51 5,89 5,93 -
Cymma/Total 74,7 71,28 73,13 74,5 72,57 76,55 74,47 67,93
PaccuuTano Ha 2,5 atoma O/Calculated on the basis of 2,5 (0)
Si 0,208 0,149 0,270 0,302 0,099 0,252 0,253 0,068
Al 0,025 0,062 0,112 0,023 0,025 0,021 0,019 0,000
Fe 0,000 0,062 0,034 0,000 0,000 0,000 0,000 0,025
Ca 1,040 1,056 0,905 0,976 1,135 1,002 1,008 0,924
Ce 0,440 0,436 0,373 0,429 0,512 0,461 0,445 0,413
La 0,340 0,385 0,324 0,337 0,410 0,354 0,388 0,293
Pr 0,042 0,035 0,022 0,034 0,046 0,041 0,039 0,056
Nd 0,133 0,115 0,085 0,116 0,152 0,128 0,108 0,148
Sm 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,015
Th 0,064 0,014 0,020 0,012 0,000 0,000 0,014 0,014
F 1,108 0,987 0,884 1,024 1,103 1,026 1,080 -
2P33+Th/ZREE+Th 1,019 0,985 0,824 0,927 1,121 0,984 0,994 0,939
0=F2 2,480 2,185 2,227 2,472 2,320 2,480 2,497 -

Ipumeuanue: [Ipouepk — codepiicarue 31eMeHmMa He 0npedessocs Uau HuUxce npedeana 06HaAPYyHCeHUs.

Note: A dash means the value not determined or below the detection limit.
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Ta6auya 2. Xumuueckuti cocmas (mac. %) u kpucmaanoxumuveckue gopmyant (p.e.) P33-codepicaujezo kauHoyousuma us
CUUKAMHO-KapOOHamHbuix Memacomamumos (kz3-81) u memaapauaiumos (kz3-78, 60-6)

Table 2. Chemical analyses (wt %) and crystal chemical formulas (apfu) of REE-rich clinozoisite from silicate-carbonate
metasomatites (kz3-81) and metaargillites (kz23-78, 60-6)
JnemenT/Element ke3-81 k23-78 60-6
SiO2 34,1 35,4 35,2 37,7 34,1 41,7 38,3 37,2 34,1 41,0
TiO2 - - - - 0,73 0,37 1,43 - - -
Al203 21,6 24,8 24,5 27,3 19,1 25,8 22,7 21,2 20,3 24,3
FeO 9,31 6,43 6,95 5,43 8,98 6,47 7,54 8,13 9,71 7,28
MgO - - 0,27 - 0,78 0,2 0,4 0,45 0,4 -
Ca0 18,3 23,2 20,0 22,5 13,5 21,2 16,9 16,4 14,8 17,6
Na.0 - - - - - 0,94 - - - 1,52
Ce203 6,83 3,23 3,55 2,04 9,04 0,67 57 6,44 8,48 3,3
Laz03 4,93 1,72 3,08 1,5 4,2 - 2,85 2,85 4,43 1,82
Pr203 0,83 - - - - - - 0,95 - -
Nd20s 1,56 0,9 0,52 0,54 3,18 - 2,1 2,33 1,43 -
Cymma/Total 97,35 95,68 94,04 96,89 93,68 97,41 97,94 95,94 93,63 96,84
Paccyutano Ha 8 katuonoB/Calculated on the basis of 8 cations
Ca 1,702 2,047 1,817 1,928 1,342 1,766 1,523 1,528 1,444 1,509
Na 0,000 0,000 0,000 0,000 0,000 0,142 0,000 0,000 0,000 0,236
Ce 0,217 0,098 0,110 0,060 0,307 0,019 0,176 0,205 0,283 0,097
La 0,158 0,052 0,096 0,044 0,144 0,000 0,088 0,092 0,149 0,054
Pr 0,026 0,000 0,000 0,000 0,000 0,000 0,000 0,030 0,000 0,000
Nd 0,048 0,027 0,016 0,015 0,105 0,000 0,063 0,073 0,047 0,000
cymMa A/sum A 2,152 2,223 2,039 2,047 1,897 1,927 1,850 1,928 1,922 1,926
XP33/XREE 0,450 0,176 0,222 0,120 0,555 0,019 0,327 0,400 0,478 0,151
Ti 0,000 0,000 0,000 0,000 0,051 0,022 0,091 0,000 0,000 0,000
Al 2,209 2,412 2,452 2,574 2,085 2,366 2,253 2,179 2,175 2,299
Fe3+ 0,418 0,443 0,362 0,277 0,000 0,229 0,000 0,000 0,129 0,182
Fe2+ 0,259 0,000 0,131 0,087 0,696 0,191 0,531 0,592 0,611 0,306
Mg 0,000 0,000 0,034 0,000 0,108 0,023 0,050 0,058 0,054 0,000
Cymma M/sum M 2,886 2,855 2,979 2,937 2,940 2,831 2,924 2,830 2,970 2,787
Si 2,961 2,922 2,982 3,015 3,163 3,242 3,225 3,242 3,109 3,287

Ipumeuarue. ITpouepk — codepacaHue 31emeHma He onpedesiIoch UAU HUdice npedeaa obHapyswceHust. Fed* paccuumaro no 6aaaHcy 3apsiooe.
Note: A dash means the value not determined or below the detection limit. Fe3* is calculated from charge balance.

Puc. 4. BSE u300padxceHuss 2/a8HbIX aKYeccopHwulx P33-
codepicawjux MuHepa.os: a, 6) po3emkogudHvle
cpacmawnus kpucmananos cuxxusuma-(Ce) e cuau-
KamHo-Kap6oHAmMHbuIX MemacomMamumax: da) oo6p.
k23-80a; 6) 06p. D3-16; 6, 2) P33-codeprcawjuii kau-
Hoyousum: 8) uduomop@Hbuili HeOOHOPOOHbIU Kpu-
cmaan 8 CUAUKAMHO-Kap6OHaAMHOM MemacoMma-
mume, 06p. k23-81; 2) cpacmaHue y0AUHEHHbIX KDPU-
cma.noe 8 Memaapau/aume, o6p. 60-6

Fig.4. BSE images of the most common accessory REE-
bearing minerals: a, b) synchysite-(Ce) crystals ro-
sette-shaped aggregates in silicate-carbonate meta-
somatites: a) sample kz3-80a; b) sample D3-16; c, d)
REE-rich clinozoisite: c) euhedral zoned crystal in sil-
icate-carbonate metasomatite, sample kz3-81; d)
elongated crystals intergrowth in metaargillite,
sample 60-6

Anamum TPUCYTCTBYeT BO BCEX THIAX MOpoOX W B cocTaBe CTHIIONUTOB anmaTUT (POPMUPYET CKOTUICHHUS
(dbopMHpyeT AUMTUPAMHIATBHO-IPU3MATHUECKHE KpU-  KPUCTAJUIOB pa3MepoM 10 3 MKM COBMECTHO C PyTH-
CTAJITBI, TPAHH KOTOPBIX HEPEIKO YaCTUYHO Pe30pOHpo-  JIOM M cyiab(uaamu xenes3a. [lo coctaBy oH cooTBeT-
BaHbl. Pa3mep 3epeH B cpemnem coctaBisieT 10-50 MmxM.  ctByeT propamatury (F=1,57-4,51 mac. %), perymsip-
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aeiMH TipuMecsiMu siBistioTest Cl (0,34-1,13 mac. %),
SiO, (0,32-1,84 mac. %), FeO (0,27-0,55 mac. %),
penxo ormevaercs npumech Ce, 05 (0,43-0,55 mac. %).

Tumanum B BUIE CyOMTUOMOP(HBIX KINHOBUIHBIX
W CTOJIOYATHIX, & TAKXKE KCEHOMOP(MHBIX METAKPUCTAII-
JIOB pazMepoM He Oosiee 50 MKM pacrnpocTpaHeH mpe-
HUMYIIECTBEHHO B MeTaapruuurax. ConepKuT mocTo-
saHyto npumech F (0,87-2,92 mac. %). Hpyrue mpu-
Mecu npexacraBinensl Al,Os (3,51-8,86 mac. %), FeO
(0,23-1,12 mac. %) u pexxe — MgO, Na,O, K,0, V,0s,
Sc,05 (<0,5 mac. %). EnuanvHbIe H3MepeHus ToKasa-
mu pumeck Nd,O5 (0,56-0,80 mac. %).

Ieoxumus

[Ipn mepexome OT CKapHOB Yepe3 CHIMKATHO-
KapOOHATHbIE METACOMATHTHI M CKapHUPOBAaHHBIE H3-
BECTHSIKM K METaapruuIuTaMm, MpekJe BCero, oTMeva-
eTcst pocT conepxanuii SiO, u ymenbienne CaO, 4ro
OTpa)kaeT M3MEHCHHE OOBEMHBIX COOTHOIICHHH IBYX
TJIaBHBIX MWHEPANTOTHYECKHX COCTaBJISIOMIUX TMOPO/I:
KapOOHaTHOW W KBapu-cwiaukatHoH. IlommMmo sToOTO,
MPOUCXOUT yBenmuueHue KouueHTpamuii TiO,, Al,Os,
Fe,0;, MgO, Na,O, K,O wu ywmenbmenue MnO
(tabm. 3, puc. 5). CkapH XapaKTEpU3yeTCs] BHICOKUM
cogepkanmem CaO (50,17 wmac. %) um MnO
(0,59 mac. %) W HU3KHM COJEp)KaHHUEM OCTaJbHBIX
MOpO1I000pa3yOIINX KOMIOHEHTOB, CBSI3aHHBIX C BTO-
POCTCTICHHBIMU CHJTMKAaTHBIMHA MHHEpalTaMH, a TakxkKe

HaXOJIIIUXCS B BUAE MpUMecH B Kanpuute. CHIHKaT-
HO-KapOOHATHBIE METACOMATUTH MMEIOT OJIM3KHE CO-
craBbl (S10,=31,80-39,08 mac. %, Ca0=27,33-32,82
Mac. %), HauOoNbIIMe BapHallid HAOIIOJAOTCS IS
AlLO;5 2,89-6,94 mac. %, MgO 0,93-3,30 mac. %,
Na,O 0,33-1,95 mac. %, ckopee Bcero, KOppenupyro-
IKe C COIePIKAHUEM anbOuTa u Xjopura. [leTpoxumu-
YeCKH OJNIM3KAMH K CHIIMKATHO-KapOOHATHBIM METaco-
MaTHTaM OKa3alllCh CKAPHHPOBAHHBIC W3BECTHSIKU
(Si0,=43,65 mac. %, Ca0=24,26 wmac. %). Me-
TaaPTUJUTHTHI o0amaT HauboJee KUCJIBIMA
(S10,=58,63-66,14 mac. %) u HauMeHee KaJTbIUEBBIMH
(Ca0=5,12-7,63 mac. %) cocTaBamu U CYIIECTBEHHO Bapb-
upyronmmu KorteHTparpsva ALOs (12,79-17,51 mac. %),
Fe,05 (2,47-6,23 mac. %), NayO (5,12-9,07 mac. %),
K,0 (0,17-2,83 mac. %), KOTOpbIE SABISAIOTCS OOBIU-
HBIMU [UIs TIIMHUCTBIX U 00JIOMOYHBIX TIOPO/I.

KoHieHTpanuu MUKPOIJIEMEHTOB OMPEICICHBI TS
mpo® OPOTOBHKOBAHHBIX ApPTMLINTOB W CHJIMKATHO-
KapOOHATHBIX METACOMATHTOB C aKIECCOPHBIMH P33-
COJIEpKAIIUM KIMHOIOM3UTOM M CHHXH3UTOM-(Ce).
CymmMmapnsie coaepxkanust P30 B Meraapruumrax
(70181 1/T) HE TPEBHIIAIOT TAKOBBIC VISl TOCTapXEH-
cKoro aBcTpaimiickoro cianua (PAAS), a ux cnekTpsl
XapakTepU3yIOTCs OTpUIaTeIbHON aHomanuneld Eu/Eu*
¥ OJHM3KOW WK OOJIbIIEH CTEMEeHbI0 (PPaKIIMOHUPOBA-
Hus oTHOcuTenbHO PAAS (Tabm. 4, puc. 6).

Ta6auya 3. CodepixcaHue nopodoobpazyrujux saemeHmos (mac. %) e 2abbpo Xydo.a1a308CK020 KOMNAEKCd, 0CAJO4YHbIX NOPO-
dax 3usnaupckoll ceumbl U Memaocado4HbiX NOPOIax IK30KOHMAKMOB0U 30Hbl

Table 3. Concentration of the main elements (wt %) of Khudolaz complex gabbro, the Zilair Formation sedimentary rocks
and the exocontact zone metasedimentary rocks
Ne 06p./sample Si02 TiO: Al203 Fe203 MnO MgO Ca0 Na20 K20 P20s nnn/LOI Cymma/Total
k23-85 48,8 1,8 16,0 9,52 0,16 6,32 6,69 4,66 0,76 0,35 4,02 99,17
k23-86 6,03 0,04 1,02 1,05 0,39 0,43 50,9 0,14 0,09 0,06 39,9 100,1
ka3-77 72,2 0,43 12,1 3,65 0,09 2,02 0,9 4,14 1,7 0,07 2,5 99,96
60-2 62,6 0,6 17,5 3,78 0,05 1,75 1,32 9,07 0,17 0,2 2,52 99,58
60-5 59,0 0,61 13,8 6,23 0,2 2,96 7,63 7,01 0,43 0,09 1,58 99,62
60-6 65,9 0,57 12,8 2,47 0,09 1,71 5,43 512 2,83 0,06 2,49 99,54
k23-78 65,1 0,59 16,2 3,75 0,06 1,88 1,06 6,49 2,56 0,17 2,19 100,16
k23-79 66,1 0,54 13,6 2,8 0,14 1,65 3,88 6,88 0,51 0,04 3,82 100,06
k23-82 58,6 0,64 15,3 3,34 0,16 1,94 5,88 6,91 1,12 0,07 5,53 99,62
k23-83 64,3 0,51 16,6 3,65 0,11 2,42 091 7,35 0,19 0,06 3,01 99,12
ko3-80a 39,1 0,21 5,25 2,16 0,26 1,26 27,3 1,95 0,08 0,07 22,1 99,81
k23-80b 38,6 0,21 52 2 0,26 1,2 28,1 1,75 0,15 0,09 22,4 100,04
k23-81 34,7 0,1 2,89 2,02 0,26 0,93 32,8 0,33 0,26 0,06 25,7 100,1
kig-3 35,1 0,21 4,07 2,29 0,23 1,93 30,5 1,45 0,05 0,1 23,2 99,06
ds-16 31,8 0,19 6,94 2,33 0,21 3,3 28,5 1,66 0,17 0,09 22,8 98,07
ko3-84 43,7 0,22 5,76 1,97 0,21 1,25 24,3 2,2 0,08 0,06 19,7 99,46
60-4 11,2 0,11 2,25 2,07 0,59 0,94 50,2 0,03 0,02 0,14 32,3 99,91

Ipumeuanue: kz3-85 - 2a66po xydo.1a308ck020 KoMnjaekca; HeUsMeHeHHble 0cadovHble Nopodbl 3UAAUPCKoll ceumvl: kz3-86 -
useecmmsK, kzz-77 - asespumucmbvlli apeuaaum; memaocado4Hvle nopodsvl 3k3okoHmakma: 60-2, 60-5, 60-6, kz3-78, kz3-79,
k23-82, k23-83 - opozosukoganHbvle apzuaaumel (mMemaapauaaumbvl), kzs-80a, kz3-80b, kz23-81, kig-3, d3-16 - cuaukamHo-
Kap6oHamHubsle Memacomamumel; k23-84 - ckapHuposaHHblil uzeecmmsik; 60-4 — ckapH. [Ipouepk - codeprcaHue 3siemeHma He
onpedessa0ch uau Hudce npedeaa o6HapydiceHus. CymmapHoe dceneso npusedeHo 8 popme Fez03.
Note: k23-85 - the Khudolaz complex gabbro; unaltered sedimentary rocks of the Zilair Formation: kz23-86 - limestone, kz3-77 -
argillite; the exocontact zone metasedimentary rocks: 60-2, 60-5, 60-6, kz3-78, kz23-79, k23-82, k23-83 — metaargillites, kz23-80a, kz3-
80b, k23-81, kis-3, ds-16 - silicate-carbonate metasomatites; kz3-84 - skarnized limestone; 60-4 - skarn. A dash means the value

not determined or below the detection limit. Total Fe as Fez03.
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Ta6auya 4. CodepicaHue npumMecHblx 31emMeHmos (2/m) 8 2abbpo xy0041a308ck020 KOMNJAEKCd U MemaocadovHblx Nopoodax

9K30KOHMAKMOBO1l 30Hbl

Table 4. Concentration of the trace elements (ppm) of Khudolaz complex gabbro and the exocontact zone metasedimentary
rocks
daemenT kes-85 60-2 60-6 kas-79 kes-82 kes-80a kas-81 ds-16
Element
Li 89,1 34,3 26,4 22,9 15,5 28,9 32,2 14
\' 219 70 58 59 44 32 14 30
Cr 231 74 66 63 19 30 18 19
Co 36,1 15,1 13,0 5,6 6,8 7,5 4,9 4
Ni 78,0 105,6 51,9 39,7 24,1 13,7 3,9 24
Cu 35,2 - 13,8 - - - - 2,8
Zn 62,4 68,7 30,5 9,2 19,4 37,5 16,7 25
Ga 20,3 27,8 12,2 15,7 12,9 8,3 7,3 6
Rb 14,4 3,4 55,2 6,9 14,8 1,3 9,9 4
Sr 901 251 158 163 368 305 207 400
Y 32,7 9,3 9,7 13,4 8,7 20,0 42,7 16
Zr 216 200 145 140 211 65 34 120
Nb 10,7 20,7 9,3 7,22 11,7 4,1 1,7 7
Ba 493 92 684 114 486 40 72 22
La 18,2 41,8 24,4 15,1 14,7 20,4 21,2 12
Ce 41,8 84,6 46,4 33,9 29,2 33,8 35,5 19
Pr 57 9,0 5,6 4,6 3,5 3,8 4,2 2,1
Nd 25,9 31,6 21,4 19,9 13,5 15,0 18,1 8
Sm 6,28 4,82 4,01 4,08 2,5 2,9 3,48 1,4
Eu 2,0 0,93 0,73 0,82 0,61 0,72 0,78 0,37
Gd 6,09 3,03 2,68 3,29 1,83 2,78 4,15 1,7
Tb 0,93 0,4 0,37 0,48 0,25 0,42 0,7 0,21
Dy 6,25 2,27 2,15 2,92 1,57 2,7 517 1,4
Ho 1,22 0,38 0,39 0,52 0,28 0,56 1,16 0,28
Er 3,52 1,02 1,09 1,43 0,85 1,59 3,81 0,8
Tm 0,48 0,14 0,15 0,2 0,11 0,21 0,55 0,11
Yb 3,1 0,85 1,02 1,23 0,67 1,34 3,77 0,7
Lu 0,42 0,1 0,13 0,17 0,1 0,19 0,58 0,11
Hf 4,46 6,09 3,76 3,68 5,77 1,65 0,73 2,1
Ta 0,53 1,94 0,58 0,42 0,75 0,22 0,06 0,42
Pb 2,03 29,3 8,43 14,2 10,7 1,12 1,31 1,3
Th 1,91 33,9 8,72 6,67 10,6 4,11 1,91 10
U 0,36 511 1,03 0,69 1,17 0,79 0,4 1,2
Eu/Eu* - 0,74 0,68 0,68 0,88 0,78 0,63 0,73
Lan/Ybn - 33,04 16,18 8,24 14,8 10,3 3,79 11,6
XP33/ZREE 122 181 111 89 70 86 103 48

IIpumeuanue: kz3-85 - 2abbpo xydonasosckozo komnsaekca;, 60-2, 60-6, kz3-79, k23-82 - opozosukosaHHble apauaaumol
(memaapauanumsl); k23-80a, kz3-81, d3-16 — cunukamHo-kap6oHamHble Mmemacomamumul. [Ipouepk — codepicanue snemeHma
He onpedes110Chb UAu Hudice npedena 06HApyHCceHUsl.
Note: kz3-85 - the Khudolaz complex gabbro; 60-2, 60-6, kz3-79, k23-82 - metaargillites; kz3-80a, kz3-81, d3-16 - silicate-
carbonate metasomatites. A dash means the value not determined or below the detection limit.

nopoaa / XoHapuT
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Fig. 6.

132

Cnexkmpul pacnpedesnerus P33 e 2a66po xydosazos-
CK020 KOMNJEKca U Memaocado4HblX Nopooax 3K3o-
KOHMAaxkma, HOpMUpO8AaHHble Ha XoHdpum [15]:
1 - 2a66po; 2 - memaapausiumel; 3 - CUAUKAMHO-
KapboHamHsle memacomamumel; 4 - nocmapxel-
ckuli ascmpanultickutl caauey (PAAS) [16]
Chondrite-normalized REE spectra of the Khudolaz
complex gabbro and the exocontact metasedimen-
tary rocks [15]: 1- gabbro; 2 - metaargillites;
3 - silicate-carbonate metasomatites; 4 - PAAS [16]
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Puc. 5. BapuayuoHHble duazpammbl Xapkepa 0151 2a66po Xy001a308CK020 KOMN/IEKCA, 0CA00UHbIX NOPOO 3UIAUPCKOL c8UMbL
U Memaocado4yHwvlXx nopod 3k30koHmakma: 1 - 2ab6po; 2, 3 - HeuaMeHeHHble 0cado4Hble Nopodbl: 2 — U38ECMHSIK,
- asespumucmblil uatum; 4-7 - M YHb! bl H : - M uaAUMblL,
3 asnegpumucm ape m; 4-7 emaocado e nopodvl 3Kk30KOHmMakma: 4 emaape m
- cuau - e M Mamumbl, 6 - u 1 u , 7 -
5 - cunukamuo-kapboHamHble Memacomamumal, 6 — CKAPHUPOBAHHbIU U3BECMHSIK, 7 — CKAPH
Fig. 5. Major-elements variation diagrams for the Khudolaz complex gabbro, the Zilair Formation sedimentary rocks and the

exocontact zone metasedimentary rocks: 1 - gabbro; 2, 3 - unaltered sedimentary rocks: 2 - limestone, 3 - argillite;
4-7 - the exocontact zone rocks: 4 - metaargillites, 5 - silicate-carbonate metasomatites, 6 — skarnized limestone, 7 - skarn

Cpenu cUIMKaTHO-KapOOHATHBIX IOPOJ ABE MPOObI
HUMEIOT CIIEeKTphI cxoxue mo ¢popme ¢ PAAS, Ho ¢ 6o-
nee Hu3knMH cymMMmamu P33. OnHa u3 mpob xapakTe-
pHU3yeTCs KOHICHTPAIMSAMHU TsDKeNbIx P30, mpeBbima-
IOLUMH UX ypoBeHb B PAAS. D10 MoxeT ObITh cBsi3a-
HO C MPHUCYTCTBUEM I'paHaTa B MOPOJEC, KOHIEHTPUPY-
IOIIETO TSDKETBIe peaKue 3eMid. B 1emoM KoHIeHTpa-
uuu P30 B cunmnkaTHO-KapOOHATHBIX opoaax (48—103
I/T) COMOCTaBUMBI WM HUXKE, YeM B METaaprujlIuTax,
YTO, TI0 BCEH BEPOSATHOCTH, 3aBUCHT OT OOBEMHOTO
coJiepKaHusI KapOOHATHOM COCTABJISIFOIIEH TTOPOJIBI.

TepmoGapozeoxumus

OronHbIe BKITIOUCHHS B 3¢pHAX KaIIbLIUTA CHIIHKAT-
HO-KapOOHATHBIX METACOMATHTOB U CEKYIIUX X MOHOMHU-
HEPAIBHBIX KAJIBIMTOBBIX MPOXKUIKOB MPEACTABISIOT CO-
00ii JBYX(ha3HbIE T'a30BO-KHJIKHE OOpa3oBaHHs. Pasmep
BKJIIOYEHHMH cocTaBiger 5-12 mkM, ¢dopma Bakyonen
OBaJIbHAs, PACIIpEe/IENICHHE B 3¢pPHAX XaO0THIHOE (pUC. 7, @).
Temmeparypa roMoreHm3almu (B SKHIKOCTB), OIIpere-
JICHHAs METOIOM  MHKPOTCPMOMETPHH, COCTaBHIIA
139-152 °C, B cpennem 145 °C (10 3amepoB). Pamanos-

CKasl CHEKTPOCKOMHUS II0Ka3ajda BO BKIIIOUEHHUSX CIICK-
TpaneHble uHUE HyO (puc. 7, 6). Kakux-mubo apyrux
npumeceii (Hanpumep, CO,, CHy, N;) oOHapyxeHO He
ObU10. VcX0ms U3 TONMyYeHHBIX NaHHBIX, KAIBIUT 00CHX
reHepauuii (mopoja u xuna) ObuU1 choOpMUPOBAH HU3KO-
TEMITEpaTypHBIM BOAHBIM (DIFOUIOM.

H3zomonus

M30TONHBIN cOCTaB KUCIOPOJA U YIVIEPOAA CHIIU-
KaTHO-KapOOHATHBIX METAaCOMATHUTOB H3ydaJICs B 4e-
THIpEX npobax, BKIOYAs MATpUIly M kuiy (Tadm. 5).
3HaueHus SISOSMOW BO BCEX MpO0ax YKIaJbIBAIOTCS B
nurana3od 13,80-15,98 %o. OTu maHHBIE MTOKA3BIBAIOT,
qro BenmumHa 8'*Osyow B M3ydeHHBIX MPoGax He 3a-
BHCUT OT OTHOCHUTEJIBHOTO COJEp)KaHWs KajblUTa, B
CBSI3U C YEM MOXHO 3aKIIOYUTh, YTO AIBOUT M KBapIl
HMEIOT TOT € HM30TONHBIM coctaB kuciopopa. Co-
[JIACHO MOJEIM HM30TOMHOro  (ppakMOHUPOBAHUS,
npeasioskeHHo B [17], 3HaueHus 80 mis BomHOTO
¢daronna cocrapumu 2,8—4,98 (nns cpenHeil Temmepa-
Typhl 145 °C 1o pe3ynbrataM MUKPOTEPMOMETPHH).
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Fig. 7.

Fluid inclusions in calcite from silicate-carbonate metasomatites (a) and their Raman spectra (b): red lines - calcite
metacrystals from rock matrix, blue lines - calcite veins

Ta6auya 5. H3omonHblii cocmas Kuca10poodd u yeaepood 8 CUAUKAMHO-KAPOOHAMHbIX Memacomamumax

Table 5. Oxygen and carbon isotopic composition of silicate-carbonate metasomatites
O6paszern CocraB 5180 %o, | 5180 Yo0pmons, paccy.| 813C %o, | 513C %o ¢pmons, paccy.
Sample Composition V-SMOW | in fluid, calculated PDB in fluid, calculated
Ds-16 [Topozaa B nestom/Bulk rock (Cal 65 %, Qz 30 %, Ab 5 %) +13,80 +2,80 -4,67 -6,37
Kis-3 [Topozaa B nesom/Bulk rock (Cal 70 %, Qz 25 %, Ab 5 %) +15,98 +4,98 -2,18 -3,88
Kis-3a Kanbuuroseii npoxusok/Calcite vein (Cal 90 %, Ab 5 %) | +14,34 +3,34 -3,81 -5,51
Kis-3b MeTakpucrasi kanbuura/Calcite metacrystal (Cal 80 %) | +15,61 +4,61 -5,64 -7,34
10 13 o
[ — 0 °C %o: —7,34...-3,88 (T=145 °C). Ha wu3zoTonHO#
YneTpabaaut-b6aantel
5 1 Koot eALNA DA O-C-guarpaMMe TOYKH COCTaBOB H3YYEHHBIX I10POJ
R Fpant Mausmams T | hopoh kepBosiar JIOKAJIU3YIOTCSl B 00JIACTH MEXAY HEePeOTI0KEHHBIMH
&£ . “KapGoramoe pacoperue MOPCKHMHU KapOOHATaMU U THAPOTEPMATBEHO H3MEHEH-
8 — HBIMH «MarMaToOTeHHBIMK» KapOoHaTamu (puc. 8).
< 10 A HuakoTemnepaTypHoe MameHeHne o~ o
15 ) CnaOpblif pa3dpoc 3HAYCHUI M30TOIHOTO COCTaBa KHUC-
:‘3 lenmapokcunuaauyms
_ - KapboHatutel
SR i s JIOpOJia M YIIIepoja BO BCeX MpoOax CBUAETEIBCTBYET
20 4 00 MX eIMHBIX YCIOBUSIX F'CHE3HCA.
Oxucnexne
25 - OcagouHasn
b opranica 06cyx/jeHue pe3yIbTaToB
-30 T . . : T MouwHocm®b 3K30KOHMAKMOB0Il 30Hbl
0 5 10 15 20 25 30

615O\l.smom.' (%B)

Puc. 8. /luaepamma u3omonHozo cocmasa Kucsaopoda u
yanepooa 8 CUNUKAMHO-KAPOOHAMHBIX
Memacomamumax: 1 - nopoda, 2 - pacuémHblil
daroud. O6.racmu uzomonHuix pesepgyapos no [19].
Oxygen and carbon isotopic composition of silicate-
carbonate metasomatites: 1 — rock, 2 - calculated
fluid. Isotope reservoirs areas according to [19]

Fig. 8.

Bemunna §°C B IIOPOAAX BapbUPYET B IIpelenax —
5,64...-2,18, mpuuém Oomnee NETKUHA W3OTOMHBIN CO-
craB yriepona (8°C= —5,64) umeer mpoGa u3 MeTa-
KPHCTAJUIOB B OCHOBHOII Macce, HPEeANoiI0KUTEILHO
CIIOKEHHBIX 0oJIee MO3JHUM KaabIUTOM. 11 BOXHOTO
¢aronna mo Metoauke [18] paccuuTaHbl 3HAYCHHUS

2a66poeoli uHmpy3uu

JanHble 10 meTporpaduu ¥ MUHEPAILHOMY COCTa-
By TOpO/]] MO3BOJISIOT IPy00 OYEpPTUTH 00JIACTh 9K30-
KOHTaKTa WHTpYy3uu (puc. 1, 6), olHAKO JTaHHBIX JJIS
BBIJICJICHHUS 30HAJIBHOCTH PACHpPEACICHUS] MHHEpPAIb-
HBIX acCOIMalMii HejocTaTouyHo. B paspese, omucan-
HOM K IOTY OT HHTPY3HUH, Pa3/ACIAIOTCs] HEN3MEHEHHBIC
QIEBPUTHCTHIC aPTHIUINTHI U TPYIIIIA MTOPOA Pa3IHIHO-
IO COCTaBa, B KOTOPBIX MPOSIBICHBI CIEIBI MEPEKPH-
craunzanuu. B HanbOonee yJajeHHBIX OT KOHTAaKTa
aprismutax (150 M 1o MPOCTUPAHUIO TOJIIIH) CIIEIOB
MepeKpucTaiu3anuy He HaOmomaercs. [Ipu npudim-
JKEHUU K KOHTAKTy Ha paccTtostHue 50-100 M, Hapsagy ¢
COXpPaHEHHEM ICPBHUYHBIX OOJIOMOYHBIX CTPYKTYp, B
0CAJIOUHBIX MTOPOAAX MPOSBITIOTCS N3MEHEHUS CTPYK-
Typ U MHHEpAJIBHOTO cocraBa. dopMupoBaHue riody-
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JSIPHBIX U TPAHOOIIACTOBBIX CTPYKTYpP, CTHJIOJIWTOB U
METaKPHUCTAIIJIOB KaJIbLUTA, XJIOPUTa, TUTaHUTa U P33-
COJIepKAIEro KIMHOLOM3UTA YKa3bIBAaeT Ha MEPEeKpH-

CTAJTA3AIINIO TEPPUTCHHBIX, TEPPUTECHHO-
KapOOHATHBIX W KapOOHATHBIX BMEMIAIOIINX TOPOJ B
pe3ynbTaTe KOHTaKTOBBIX TUAPOTEPMATILHO-

METaCOMaTHYECKUX MPOIIECCOB, KOTOPBIC B TOM YHCIIC
MIPUBEIU K JIOKAJbHBIM IIPOSBJICHUSAM CKapHOBOW ac-
COLIMAIMH KITMHOMTUPOKCEH + KaJIbI[MEBBIN IPaHaT.

Temnepamypa npeo6pa3zosanust nopod 6 30He
IK30KOHMAKMA U 3Mansl MUHepa/s1006pa3o8aHus

OneHkr TemIepaTypbl TOMOTEHH3AIUU (IIFOUIHBIX
BKJTFOUCHUH B KaJBIUTE CHJIMKATHO-KapOOHATHBIX Me-
TACOMAaTUTOB OKa3alUCh MJCHTUYHBIMH Kak Ul Kajb-
LUTa U3 MacChl MOPOJbL, TaK U AJIS KUIBHOTO, YTO MO-
JKET TOBOPHUTH 00 OJHOBPEMEHHOM (OPMHUPOBAHUHU MeE-
TaKpPHCTAJIIOB, PACTBOPECHUU H MEPEOTIOKEHUN KapOo-
HaTHOro BemlecTBa B jkmiax. CaM HHTEpBal OIEHOK
MOKa3bIBACT MUHHMMAIBHYIO TEMIIEPaTypy KpHCTaILIH-
3ammu 139-152 °C, koTopasi COOTBETCTBYET HU3KOTEM-
nepaTypHbIM TUPOTEPMAIEHO-METACOMATHYECKUM
mporeccaM. BJIM3KMMHM K DTHM OLEHKaM OKa3aHCh
JAaHHBIE TI0 TeMmIiepatype (HOpPMUPOBAHHS METaKpH-
CTAJUIOB XJIOPUTA B OPOI'OBUKOBAaHHBIX apruliIMTax U
XJIOpUTA, CJaraloniero CTUIOIUTOBBIE ILBbI B CKApHHU-
poBaHHbIX wu3BecTHAKax (100-130 °C, puc. 3, 0).
O BO3MOXHEIX 00J€e BBICOKMX JIOKAJbHBIX TEMIIEepa-
Typax TFOBOPUT HalM4KMe€ B HEKOTOPHIX MOPOAAX KIIH-
HOMHUPOKCEHA JUOTICUI-TeIeHOEPTUTOBOrO psAjia U rpa-
HaTa TPOCCYIIP-aHAPAAUTOBOTO PsAa, KOTOPhIE 00BIU-
HO SIBIIIIOTCSI HanOoJIee BBICOKOTEMITEPATYPHBIMU MH-
HepajlaMi KOHTaKTOBO-METacOMaTUYeCKUX MopoA (To-
psaaka 300400 °C u Beime [20, 21]). YuuTsiBas TO,
9TO B MOpoJax HaOIrogaeTcsl 3aMelleHHe IpaHara, B
TOM 4YHCJIe KalIbLIUTOM M XJIOPUTOM, KIMHOIHMPOKCEH-
IpaHaTOBYIO aCCOIMALIMI0 MOKHO OTHECTH K MEPBOMY
BBICOKOTEMIIEPATYPHOMY JTaly MeracoMarosa. [lpu
9TOM XJIOPUT, 3aMELIAlOIlMi M TpaHaT, U KaJlblLUT,
KPUCTAJUIM30BAJICA B MOCIEAHIOI OYepe/lb MPU CaMbIX
Hu3kux Temmeparypax (70-90 °C) Ha sTame ocThIBa-
Husa. C apyroi CTOPOHBI, MPOUCXOKICHUE XJIOpUTA U3
MaTpUKCa METapTrILINTOB, O0pa30BaBIIEroCs IIPH
OJM3KUX TEeMIIEpaTypax, CKOpee BCEro, CBSI3aHO C JIU-
TrduKanueil caMoil 0caJ0YHON TOPOIBI, 10 TEPMalb-
HOTr'0 BO3/JIMCTBUSA CO CTOPOHBI HHTPY3HU.

3aKkoHoMepHOCMU A0KAAU3AYUU
P33-munepaauzayuu

['maBHBIMH ~ KOHUEHTPATOpPaMU  PEIKO3EMENbHbIX
OJIEMEHTOB M3Y4YCHHBLIX IMMPUKOHTAKTOBBIX METaCOMaTU-
ToB sBisttored cuHXu3uT-(Ce) m P3D-conmeprkarmii
KIMHOLIOM3HUT, B €AMHUYHBIX CIIydasx HaOJIOJIAl0TCs
npumecu P3D B amatute m tutanure. HaOmiomaercs
KOppEJSIns MEeXy JoKanuzanue P33-muHepanoB u
COCTaBOM IIOPOJI, B KOTOPhIX OHM HaxojsaTcs. CUHXU-
3ut-(Ce) (CaCe(COs),F), ans KOTOpOro KIO4YEeBBIMHU

KOMITOHEHTaMH SIBJISIOTCSI KaNBIMA W (QTOp, pacmpo-
CTpaHEH B CHJIMKATHO-KapOOHATHBIX METACOMATHTAX H
POICTBEHHBIX UM MO XUMHYECKOMY COCTaBY CKapHH-
POBAaHHBIX M3BECTHSKAX — B MOPOJAaX C BBICOKHM CO-
JIepyKaHUEM KalbIlUTa M aKIICCCOPHOM BKparIeHHO-
cTeio  Quirooputa. P3D-copeprkarimii  KIMHOIOW3UT
((Ca,REE),Al;0[Si,07][Si04](OH)) rnaBHBIM 00pa3zom
XapakTepeH Ui OPOTOBHKOBAHHBIX APTHIUTUTOB, TIE
TOPOI000PA3YIOIIIMU MUHEpajlaMu SIBILSTFOTCS
AIFOMOCHIIMKATHI (IIOJIEBBIE IIMATHI, XJIOPUT) U KBApIL.
Pexxe KIMHOIOW3WUT BCTpeYaeTcss B  CHIMKATHO-
KapOOHATHBIX TOpoJax BMecTe ¢ cHHXH3UTOM-(Ce).
O06a MuHepaja He KOHTAaKTUPYIOT MeXIy co0oil, cia-
raloT uauoMopdHele W CyOMAnOMOp(HBIE METaKpH-
CTaJUTBl U uX cpactanus. ClegoBaTeNnbHO, OHU HE SIB-
JSIOTCS IPOJLYKTOM 3aMELIeHUs IpyT Ipyra U, BEeposT-
HO, (OPMHUPOBAITUCH HA OJTHOM 3Tale MUHEparoodpa-
30BaHUSl C KaJBLUTOM IIPH TEMIIEpaType HE HUXKE
150 °C. bimskue ycnosus (180-240 °C) mokaszansl Ha
npuMepe 00pa3oBaHUs PEAKO3EMENbHBIX (PTOpKapOo-
HATOB B aCCOLMAIMK C KambIUTOM M (pmooputom Ca-
(bbsiHOBCKOTO MecTopokneHus: Ha CpemgneM Ypaie
[22].

Hcmo4HuKu MuHepas1006pasyroujux g.11oudos
u P33-muHepaausayuu

CymmapHoe coaepkanue P30 B MeTaocajodHbIX
mopoJiax 3k30koHTakTa (48—181 r/T, B cpenHem 95 1/T)
BbIILIE, YeM B HEM3MEHEHHBIX TEPPUIE€HHBIX MOPOAAX
3unanupckoil cButhl (32-114 r/1, B cpeanem 42 1/T)
[HamM HeommyOIMKOBaHHBIE JaHHBIC], UTO TIpeInoIara-
eT HeOOJIbIION MPUBHOC ITHUX AJIEMEHTOB U3 BHELIHETO
HUCTOYHHMKA. DTOro MPUBHOCA OKAa3aJoCh JOCTATOYHO
it popmupoBaHus B HUX P33-mmuepanusamuu. Pac-
YETHBI W30TONHBIA COCTAaB YIrJepoJa M KHUCIOPOIa
BoIHOTrO (hironaa OJHM30K K IIONIO YIBTPAOCHOBHBIX-
OCHOBHBIX TIOpOJ (puc. 8), YTO corjacyercs C reoJio-
THYECKUM CTPOCHHEM H3yYeHHOW TabOpoBOIl HMHTPY-
3MM ¥ B LEJIOM OTPa)KaeT MarMaTOreHHYIO MPHUPOLY
runporepManbHoro ¢uitonga [23]. TloHmwkeHHast OTHO-
CUTEJIBHO TI0JISI MarMaTuyeckux mnopoxa Ha 1-2 %o Be-
JIMYHHA SISOSMOW B MOJEITHHOM (piroune, BEpOsTHO,
CBsSI3aHA C MPUBHOCOM METEOpHOW BOAbI. Emeé omHum
HUCTOUYHUKOM P3D-MHHepanu3anuu SBISIOTCS CaMU
TJIMHUCTBIE MUHEpPajbl HEM3MEHEHHBIX OCaJIOYHBIX
MOPOJ] 3WJIANPCKOM CBUTHI, COPOMPOBABIIHE PEIKO3E-
MeJbHbIE DJIEMEHThI B HK30T€HHBIX YCIOoBHAX [24], a
BIIOCIICJICTBUM yTPATHUBIINE MX B XOJE MEPEKPUCTAII-
JIU3aLH.

BeiBOABI

1. MeraocagoyHbIe TOPOABI 3WIANPCKON CBUTHI B IK-
30KOHTaKTOBOW 30HE rabOpOBOro MacchBa XymoJia-
30BCKOro Komiuiekca (Yebapkyibckas IUIOMIAIbL
OxHoro VYpana) cojepkar peaKko3eMelbHYI0 MHU-
HEpaIM3aIio, MPeACTaBICHHYI0 cUHXM3UTOM-(Ce)
u P3D-copepxamum knuHOIOM3UTOM. HeOobime
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COJIEpXKAHHS PEAKO3EMEIbHBIX 3JIEMEHTOB yCTa-
HOBJICHBI B TUTAHUTE U (PTOpANIATHTE.
Cunxusut-(Ce) jokaim3yercs B  CHIJIMKATHO-
KapOOHATHBIX METACOMATUTaX W CKapHUPOBAHHBIX
M3BECTHSKAX, TJIE OH aCCOMUUPYET C (IIFOOPUTOM,
(hropanaTuTOM, pyTHIIOM.

P33-copepxamuii KIMHOLOU3UT MPEUMYIECTBEH-
HO paclpOCTPaHEH B OPOTOBHKOBAHHBIX apTHIIIH-
Tax, PekKe BCTPEUACTCS B CHIIMKATHO-KapOOHATHBIX
METaCOMAaTHUTax BMecTe ¢ cuHxu3uToM-(Ce).

2,18) cuimuKaTHO-KapOOHATHBIX  METaCOMATHTOB
CBUJICTEIBCTBYET B MOJB3y MarMaTOreHHOH IpUpO-
JIbl MEHEpaJI000pa3yroiero dirona.

®opmupoBanue P3D-muHepanusanuu Npoucxonu-
70 B pesynbTare THAPOTEPMAIBHO-
MeTacomaruyeckux mpoueccoB (T>150 °C), cBs-
3aHHBIX C peakiueil (UIouaa, OTACTUBIIETOCS OT
rab0pOBOI MHTPY3UH, C BMEIIAFOIIUMH OCaJI0YHbI-
MH TOPOJaMH; BEPOSTHO, MArMaTOTEHHBIA (IIIOU]T
obecrieunit JIONOMHUTEIbHBIH MPUBHOC PEIKO3e-

W3oTomHbId  cocTaB  KHCIIOpOja (618OSMOW
=13,80...15,98 %o) u yriaepoma (8°C = —5,64...—
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